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1 | BACKGROUND

According to the most recent data obtained from GLOBO-
CAN online database, breast cancer has now become
the most diagnosed malignant disease worldwide among
women; breast cancer is also the primary cause of cancer
death among 20- to 59-year-old women [1]. Breast can-
cer can be categorized into five molecular subtypes based
on the expression status of hormone receptors, including
estrogen and progesterone receptors (ER and PR), human
epidermal growth factor 2 (HER2), and levels of Ki-67:
luminal A with ER+/HER2-, Ki-67 low, and PR high; lumi-
nal B with ER+/HER2-, and either Ki-67 high or PR low;
luminal B-like with ER+, HER2 overexpression or ampli-
fication, any Ki-67, and any PR; and triple-negative breast
cancer (TNBC) with ER-, PR-, and HER2- [2]. Among
these subtypes, hormone receptor+/HER2- breast cancer
is the most common, and TNBC is associated with the
worst prognosis [3]. Treatments for breast cancer have pro-
foundly developed over the past few decades. Thanks to
the improved therapeutic approaches, most patients with
early-stage breast cancer are now curable. Even though
various emerging therapies with promising efficacy and
safety profiles have improved the survival of patients with
advanced breast cancer to a great extent, it is still incurable.

Antibody-drug conjugates (ADCs) are a novel class of
targeted therapy in cancer treatment and have shown
promising efficacy with tolerable systematic toxicity. ADCs
for breast cancer are now under rapid development
(Table ;1). ADCs consist of a monoclonal antibody (mAb)
conjugated to a cytotoxic agent (referred to as payload) via
a chemical linker. This unique structure allows specific
cytotoxicity against tumor cells. Trastuzumab emtansine
(T-DM1, Kadcyla), the first ADC that obtained the US
Food and Drug Administration (FDA) approval for breast
cancer, has proven effective in HER2+ metastatic breast
cancer. It has also profoundly changed the treatment
paradigm and now become a standard second-line option
for these patients [4]. The US FDA then granted accel-
erated approval to trastuzumab deruxtecan (DS-8201a,
T-DXd, Enhertu) for the treatment of HER2+ advanced
breast cancer 6 years after the approval of T-DM1. Remark-
ably, in an ongoing head-to-head trial, this novel ADC
acheived a superior clinical response over T-DM1 [5]. Saci-
tuzumab govitecan (IMMU-132, Trodelvy) is the first ADC
that received the US FDA approval for TNBC and was also
approved as a second-line treatment for TNBC in Europe.
Furthermore, with trastuzumab duocarmazine (SYD985)
and ARX788 on the US FDA fast track, this novel therapeu-
tic approach shows a rather promising future. However, a
substantial amount of patients with distinct genetic fea-
tures progress on ADC treatment. Resistance to ADCs
has gained more attention since it was applied in clinical

use, and a more in-depth understanding of the underly-
ing mechanisms is crucial. Multiple approaches have been
launched to address resistance to ADC treatments.

This article briefly introduces the mechanisms of action
of ADC with a summary of the efficacy profile of ADCs
in breast cancer. This review also focus on drug resistance
noticed in clinical application and discussed the poten-
tial strategies for overcoming emerging resistance and
improving the clinical activity of ADCs in breast cancer.

2 | STRUCTURE OF ADCS

ADCs contain three major parts: a mAb, a chemical linker,
and cytotoxic payloads (Figure 1A).

2.1 | Antigen and mAb

An ideal tumor antigen should be expressed abundantly
and homogeneously on the surface of tumor cells with
minimal shedding and high specificity [6]. The endocytic
properties of the target antigen are also important, since
internalization is generally considered essential for the
activity of ADCs; in some cases, the potency of some
ADCs is directly associated with receptor internalization
[7]. Optimal mAbs for ADCs require high tumor speci-
ficity to reduce off-target toxicity, a long half-life in the
bloodstream, and low immunogenicity [6, 8]. The affinity
of antibodies needs to balance between tumor penetra-
tion and internalization rate. High affinity of antibodies
facilitates receptor internalization and compromises pen-
etration of solid tumors [9]. It is also desirable for mAbs
to retain their intrinsic antitumor activity after linking
to a cytotoxic payload. Except for binding to the tar-
get antigen via the Fab portion, mAbs can also mediate
antibody-dependent antitumor immune responses via the
Fc portion. The IgG isotypes commonly used in therapeu-
tic mAbs are IgGl, IgG2, and IgG4. Most ADCs utilize
IgG1 due to its ability to mediate antitumor immunity,
while IgG2 is harder to develop and is used only when the
antigen-binding activity is required, and IgG4 undergoes
Fab-arm exchange and becomes functionally monovalent
in vivo [10].

2.2 | Linker

Linkers connect the cytotoxic payload to mAbs and stabi-
lize the structure of ADCs. Their ability to remain stable
in the bloodstream and to be cleaved in target cells is
important to prevent potential systemic toxicity caused
by premature cleavage. The linker chemistry affects the

35US017 SUOWIWOYD BAIIERID) 3|eat|dde ayy Ag pausenoh ale sajonte YO ‘esn Jo Sa|ni oy Areiqi]auluQ A3[IAA UO (SUONIPUOD-PUR-SWIBILI0D A3 1M Afeiq 1 U1 |UO//SANY) SUORIPUOD PUe SWB | 81 39S *[€202/T0/0] Uo ARligiauluQ A31IM BuIyDRURIY0D AQ /8EZT 2980/200T OT/I0p/Wod A3 1M Afeiq1pul|uo//sdny wolj papeojumo( ‘0 ‘8YSEEZSE



25233548, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/cac2.12387 by CochraneChina, Wiley Online Library on [04/01/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

o
‘A (senunuo))

CANCER
COMMUNICATIONS

CHEN ET AL.

€CLY8TEOLON
P8I8CEOLON

PYI8LTYOLON

6L0C09€0LON
€STCYLYOLON
6697C610.LON
S$6900¥0LON
9L98T0SOLON
096C810.LON
TC1E86Y0LON
LITZO9%0LON

SE6C9CE0LON
6LECOTOLON

STrv6ry0LON

6C0VELEOLON

G8SECSE0LON

OTI6¢SE0LON
SILY8LYOLON
ISTETISOLON
61€CCOY0LON

8160¥LYOLON

9916Z800.LON
T9EEL8YOLON
CLYTLLTOLON
I2quInu [eLLy,

1 9seyq
19seyq

11 aseyd

I1 3seyd
II aseyd
11 aseyd
111 9seYd
II aseyd
II aseyd
II aseyd
19seyd

111 @seyg
I 9seyd

111 3seYd

111 3seYd

pasoaddy

11 aseyd
111 aseyd
111 aseyd
111 aseyd

II aseyd

pasoaddy

III dseyd
pasoiddy

aserd rery,

9[0zonaT
pUe qI10q[ed +/-
SUON

QRUIN[OAIN+/-

SUON
SUON
QUON
QUON
QUON
QUON
ared[ew qIUNOIAY

[oxe3roed

QUON

SUON

QUON

QUON

QUON

QUON
qewnznyrdd+/-
dH.L £q pamor[od/-
QUON

qeUWINZI[0Z3)Y

SUON
qeWNZI[0ZA)Y
QUON

uoneUIquIo)

g paoueapy /4
09 +TJdH paosueApvY /A
190ued Jurssardxa-zydH
padsueApY ¥/d
190ued Jurssardxe-gyaH
pasueApy ¥/4
Dd MO TIHH paoueApy /4
09 +7ddH padueApy 4/4
Od MOT-ZIHH PaoueApY /4
D9 MO[-CIHH PIdUBAPY ¥/d
04 +CYHH pduBAPY /Y
09 +2ddH juean(peooN
I90UBD O1IRISBIDN M/
o4
+7¥dH PadueApE SUI[-PIIY L,
09 MO[-7IHH JueAn[peoaN
dATRU OWAYD ‘DY
MO[-ZYHH PIdUBAPR QUI[-PIIY],
owayd isod ‘Og
MO[-ZIHH PIdUBAPE QUI[-PIIYL,

od
+2ddH padueApe aul[-pIIy],

od
+ZHHH padueApe SUI[-PU0IAS

09 +2ddH padueApe aull-1s11
04 +2daH 1uean[peoaN
g +79dH 1uean(py

04 +17-dd pue
+ZHH PIOUBADPE SUI[-PUOISS

od
+ZHHH padueApe SUI[-PU0IAS

04 +244dH 1uean(py
g +79dH 1uean(py
snjels Omdm.mmﬁ—

I90ued Jsea1q ur aurpedid juswdoraasp DAV

€01+0890-4d
Ld-L'TV

1001-Dd4d

991V

C00DIIN
8¥Od

88LXIV

S86dAS

BI10T8-SA

TNd-L
oav



25233548, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/cac2.12387 by CochraneChina, Wiley Online Library on [04/01/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

d
&
Z
g
qewnznjiad pue qewnznisern) ‘Exejroed ‘qHL, ‘A10joergar/asderar /Y 1 pueSi| urejoxd yjesp 190 pawrwerSold ‘TT-dd 190ued iseaiq aaneSou-o1din
JnEISEIOW ‘OGN, LW I90UERD JSBIQ dNJe)ISLIoW ‘D ‘¢ 10)daoa1 10308 y3moid fewropids uewny ‘€HH ‘7 103dadar 1030e] Yjmois [eurraprde uewny ‘YA H (190Ued I1sealq Of 9rednfuod Snip-Apoqnue OV :SUONBIAIQQY
¥CcOTy0LON I oseyd SUON SIOWN) PI[OS PIJdUBAPY ¥/d YOONSY
6601¥170LON I oseyd SUON SIOWN) PIIOS PIDUBAPY ¥/d 200-H9N
CT6CTTCOLON I9seyd SUON SIOWN) PI[OS PIDUBAPY ¥/ 020L1990-dd
881770S€0LON II °seyd Ioynqmyur I-Ad+/- SIOWN) PI[OS PAOUBAPY ¥/ q Teoevd
LTISTZYOLON IT °seyd SQUON SIOWN) PI[OS PAOUBAPY /Y HINTZ-DSV
6¥7S671€0LON IT °seyd SQUON SIOWM) PI[OS PADUBAPY ¥/Y
0ST96S¥0LON II °seyd C¢LO-XD D4 -CYHH PI9dUBAPY ¥/¥ 6002-XD
661CSTYOLON II oseyd SUON SIouIn) Prjos padueApy ¥/J YoCdAS
9SS00€Y0LON II oseyd SUON SIouIn) Prjos padueApY ¥/J 202-QVION
od
-2ddH/+101d9031 suourioy
998+70TSOLON IIT °seyd SUON PpadueApE SUI[-PU0ISS 2901-Sd
€7969610LON I °seyd qewnznjserr+/- odqw g/d
LS60TEE0LON II °seyd qewnzijoIquisd+/- OAN.LW SUIf 3SI1 TAI'T-NDS
T7€086C0LON II °seyd SUON DdW +¢dH ¥/4
0€966970LON II °seyd SUON odquw /¥
D4 -cddH/+101dada1
SZSOT9¥0LON 1 aseyd QUON Juowioy aAne1adoalq 0vI-€N
04 -7daH/+101d90a1
6£€T06£0LON IIT oseyd SQUON QUOULIOY padueApe SUI[-PIIY ],
SSPYLSTOLON panoiddy SUON OGN LW SUI[-PU0ISS
T9089%10LON II °seyd qewmnzIjoiquiad+/- OAN.LW SUI-3SI1
6010€C0.LON II oseyd qewnzoiquiad +/- DANL 1ueAn(peOSN
G9SS6S0LON III oseyd SUON 04 -CYdH ueAnfpeoauisod CET-NININT CIdHH-UON
6CLTS6C0LON I sseyd SUON I90ued +7dH /4 CCST-LINX
m CELOSYYOLON I eseyd SUON T90uRd +Z2HH 9/d 100TOD
m COTISYEOLON I eseyd QUON 190ued +79HH /4 VSI80SHHA
RM €ECIT8E0LON I eseyd SUON 190ued +79HH /4 6V MZ
WW Jaquinu JeLry, aseyd 1eriy, uoneuIquIo) snje)s aseasIq oav 1981e],
PAunw (ponupuod) T HTAVL



CHEN ET AL.

s

ANCER
COMMUNICATIONS

(A)

Mostly IgG1
Fab portion of antibody
« Bind to target antigen

Fc portion of antibody
* FcyR binding: ADCC
* FcRn binding: recycle

Linker

* Non-cleavable linker

+ Cleavable linker
Chemically cleavable
Enzyme cleavable

Payload
* Disrupt microtubule polymerization
+ Inhibit topoisomerase | Neighboring

tumor cells

* DNA intercalation/alkylation

C1 complex Linker
cleavage in \

Macrophage

(B) NK cell A exreacellular™
| . : space ¥
X AN 9N = il
‘ﬁt\ Binding(//; ; \~
/ "\& X ADCC ADCP CDC
FcRn L}
\4
Internalization Antitumor immunity @ OQ
Downstream (el @B
signaling pathways Recycle 9 &\O
- ek
L mal degradation ¥ ruf
Early endosome ysosomal degradatio 0o Y0
*
N Apoptosis
Lysosome vy’ Payload e
QO Lysosomal release TOPI inhibition
transporter

FIGURE 1 An integrated illustration of the structure and mechanisms of actions of ADCs. (A) structure of ADC; (B) mechanisms of
actions of ADC. Abbreviations: ADC, antibody-drug conjugate; ADCC, antibody-dependent cell-mediated cytotoxicity; ADCP,
antibody-dependent cell-mediated phagocytosis; CDC, complement-dependent cytotoxicity; NK, natural killer celles; FcyR, Fc gamma

receptor; FcRn, neonatal Fc receptor; TOPI, topoisomerase I.

stability of the ADC and the amount of payload release in
the plasma, hence the nature of the linker being the main
cause of toxicity [11]. It also requires high water solubility
to assist adequate release of the cytotoxic payload-linker
metabolite [12]. Based on their drug release mechanisms,
linkers in ADCs are categorized into cleavable and non-
cleavable linkers. Considering the different conditions for
the cleavage of cleavable linkers, they can be subcate-
gorized into chemically cleavable and enzyme cleavable
linkers [13]. Non-cleavable linkers remain intact in the
bloodstream and in the intracellular catabolism process
[14]. ADCs with non-cleavable linkers require efficient
lysosomal degradation of the mAb portion to release the
active cytotoxic complex [15]. Compared to cleavable link-
ers, non-cleavable linkers have superior plasma stability

and a relatively longer half-life, thus milder systematic
toxicity [8, 16].

However, it was noticed that ADCs with non-cleavable
linkers release membrane-impermeable cytotoxic com-
plexes and exhibit a reduced bystander effect compared to
those with cleavable linkers [17]. Bystander effect is that
cytotoxic payloads escape from the cell or are released
extracellularly and kill neighboring cells, including non-
antigen-expressing tumor cells [18]. This effect can be used
to enhance therapeutic effects in heterogeneous or low
target antigen levels [19]. ADCs with non-cleavable link-
ers, however, are more effective for hematological cancers
or high target-expressing solid tumors [13]. For exam-
ple, T-DM1 with non-cleavable linkers is cleaved in the
lysosome and releases Lys-SMCC-DM1, which shows low
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membrane permeability compared to DXd, the cytotoxic
compound released by DS-8201a with cleavable linkers.
Lys-SMCC-DM1 has a permeability coefficient (Peff) value
lower than 0.1 at both neutral and acidic pH, while Dxd
released by DS-8201a has a Peff value over 10. This sug-
gested that Lys-SMCC-DM1 could not penetrate neither
lysosomal membrane nor cytoplasm membrane without
facilitation [20]. This kind of amino acid-linker-payload
released by ADCs with noncleavable linkers require mem-
brane transporters to move across biological membranes,
such as SLC46A3 for the transportation of Lys-SMCC-DM1
released by T-DM1 [21].

2.3 | Payload

An ideal cytotoxic agent in ADCs requires high tumor
specificity and a balance between cytotoxic potency and
tolerability. Typical targets for payloads include DNA,
microtubule/tubulin, and topoisomerase I (TOPI). Even
though highly potent payloads are usually preferable, this
is not always the case. For instance, IMMU-132 uses a mod-
erately toxic agent that is more tolerable and allows a more
favorable therapeutic window [22]. Drug-antibody ratio
(DAR) is an important indicator of ADC, which means
the number of cytotoxic molecules attached to one mAb.
Low DAR indicates lower activity but a higher therapeu-
tic index, while high DAR can improve the efficacy but
lead to faster drug clearance and increased toxicity. The
compositions of ADCs in breast cancer are summarized in
Table 2.

3 | MECHANISMS OF ACTIONS

Upon being given intravenously, the circulating ADCs bind
to tumor targets and initiate endocytosis. So far the mostly
used ADCs in breast cancer are anti-HER2 ADCs, where
HER?2 is targeted by the mAb portion by recognizing the
corresponding epitope. Natural antibodies are monospe-
cific, which have two identical antigen-binding sites on
both heavy and light chain variable domains to bind to
specific targets. By antibody engineering, bispecific anti-
bodies are developed, which can bind to either two distinct
targets or two different epitopes on one target, those tar-
geting two different epitopes on one target are referred
as biparatopic antibodies [23]. Biparatopic antibodies are
also equipped in ADCs, such as MEDI4276 that binds to
two distinct HER2 epitopes, which leads to enhanced inter-
nalization and increased lysosomal trafficking [24]. Endo-
cytosis can be manifested either by clathrin-dependent
or clathrin-independent pathways [25]. Clathrin-mediated
endocytosis is the most prominent pathway reported for

ADC internalization, which is specific and requires recep-
tor binding [25, 26]. Clathrin-independent pathways such
as caveolae-mediated endocytosis and macroscale endocy-
tosis also play a role. Caveolae is the essential invagination
of the plasma membrane that is composed of lipids and
caveolin proteins. Caveolins and other additional proteins
facilitate the budding of caveolae, among which caveolin-1
is vital in this process [27, 28]. Macroscale endocyto-
sis includes phagocytosis and macropinocytosis, both of
which are non-specific. After binding to the target anti-
gen, the endocytic process starts and leads to the formation
of early endosomes. Notably, a small fraction of ADCs
bind to neonatal Fc receptor (FcRn) in endosomes and
return to the extracellular environment [6]. The vascu-
lar endothelium is the major site of recycling [29]. This
recycling mechanism plays a critical role in long half-lives
of IgGs and performs as a protective approach for nor-
mal cells in case of misdelivery. However, excess recycling
in cancer cells might also contribute to resistance. The
majority of endosomes then fuse with lysosomes, where
ADCs undergo lysosomal degradation and free cytotoxic
payloads into the cytosol ensues. The intracellular cyto-
toxic payloads thereby induce apoptosis, and the bystander
effect expands apoptosis to neighboring target-negative
cells.

Aside from the cytotoxic effects of payloads, mAbs
can also exert their intrinsic antitumor activity such
as blocking target antigens and triggering antibody-
dependent immune responses. As mentioned above,
IgG1 is the dominant IgG isotype in ADCs due to its
advantage in inducing antitumor immunity. IgGl sup-
ports immune responses, including antibody-dependent
cytotoxicity (ADCC), complement-dependent cytotoxic-
ity (CDC), and antibody-dependent cellular phagocytosis
(ADCP), while IgG2 and IgG4 induce weak immune
responses. In ADCC and ADCP, effector cells such as nat-
ural killer cells and macrophages bind to target tumor
cells by binding Fc fragment and FcR. CDCs are acti-
vated upon the binding of mAbs and their targets, followed
by the assembling of a membrane attack complex. These
immune responses constitute ADC antitumor activity. T-
DM1 even showed slightly stronger ADCC activity than
trastuzumab in vivo, which indicated that the function of
the Fc portion remains unaffected after the engineering
of trastuzumab in T-DM1 [30]. Moreover, payloads also
contribute to the immune activity of ADCs. For instance,
DS-8201a increased tumor-infiltrating dendritic cells and
CD8+ T cells. The expression of dendritic cell marker,
CDS86, was also increased, which resembled the immune
effect of Dxd treatment. Programmed cell death 1 ligand 1
(PD-L1) and major histocompatibility complex class I were
also upregulated on tumor cells [31]. The mechanisms of
actions of ADCs are demonstrated in Figure 1B.
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4 | EFFICACY OF ADCS IN BREAST
CANCER

4.1 | HER2-targeted ADCs

HER?2 is a member of the epidermal growth factor receptor
family of receptor tyrosine kinases. HER2 overexpression
is known to associate with more malignant tumor behav-
iors and unfavorable prognosis. HER2 serves as an ideal
therapeutic target for HER2+ breast cancer due to the
significantly high levels of HER2 expression compared to
normal tissues [32]. HER2+ is defined as immunohisto-
chemistry (IHC) assay 3+ or in situ hybridization (ISH)
test positive, while HER2-low is described as IHC 2+/1+
with ISH test negative. It has been noticed that the addition
of trastuzumab failed to improve invasive disease-free sur-
vival (IDFS) in patients with HER2-low breast cancer [33].
Considering that HER2-low breast cancer is insensitive to
traditional HER2-targeted therapies, new approaches need
to be developed. Under this circumstance, ADCs are a
potential therapeutic option for these patients [34]. The
efficacy results of HER2-targeted ADCs are summarized in
Table 3.

T-DM1 received the US FDA approval in 2013 for the
treatment of patients with HER2+ advanced breast cancer
who were previously treated with trastuzumab and a tax-
ane [35]. It is composed of anti-HER2 mAb trastuzumab
conjugated to the microtubule polymerization inhibitor
DM1 via a non-cleavable thioether linker, with an aver-
age DAR of 3.5 [36]. The efficacy and safety profile of
T-DM1 has been demonstrated in multiple phase III tri-
als, and T-DMI1 is now a standard second-line treatment
for advanced HER2+ breast cancer. The US FDA approval
of T-DM1 was based on the EMILIA trial (NCT00829166),
which showed favored median progression-free survival
(mPFS), objective response rate (ORR) and median overall
survival (mOS) of T-DM1 over lapatinib plus capecitabine
[37, 38]. T-DM1 was then investigated as the first-line
treatment for advanced HER2+ breast cancer in the MARI-
ANNE trial (NCT01120184), where T-DM1 +/- pertuzumab
was compared to the standard first-line therapy. The T-
DMI-containing therapies showed a non-inferior but not
superior mPFS and OS along with an improved safety pro-
file [39, 40]. This result indicated the possibility of T-DM1
being used as the first-line therapy in certain patients.

Six years after its first approval, T-DM1 received new
approval to expand its use to HER2+ breast cancer patients
with residual invasive cancer following neoadjuvant ther-
apy based on the results of the KATHERINE trial in
May 2019. The KATHERINE trial (NCT01772472) showed
a significantly longer IDFS with adjuvant T-DM1 com-
pared to trastuzumab [41]. The efficacy of T-DM1 in

neoadjuvant setting was evaluated in the KRISTINE trial
(NCT02131064), which compared T-DM1 plus pertuzumab
to the standard of care in early HER2+ breast cancer.
However, the control arm showed a higher pathological
complete response (pCR), a lower risk of an event-free
survival (EFS) event, and an equivalent risk of an IDFS
event. An EFS event is defined as disease progression
or disease recurrence (local, regional, distant, or con-
tralateral, invasive or non-invasive), or death from any
cause; and an IDFS event is defined as ipsilateral, ipsi-
lateral locoregional, contralateral invasive breast tumor
recurrence, distant recurrence, and death from any cause
[42, 43]. Even so, the recent results from the neoad-
juvant I-SPY2 trial (NCT01042379) indicated that this
combination could serve as a safe strategy for de-escalate
therapy [44]. A comparable conclusion was drawn in a
phase I trial (NCT02568839) which compared neoadjuvant
T-DM1 monotherapy to the current standard treatment
in HER2+ breast cancer. Similar pCR rates (43.9% vs.
45.5%) were reached in both arms [45]. More studies of
T-DM1-containing therapies are ongoing.

DS-8201a has been granted the US FDA accelerated
approval in 2019 for unresectable or metastatic HER2+
breast cancer patients who have received at least two
prior anti-HER2-based regimens in the metastatic setting
[46]. DS-8201a is comprised of a humanized anti-HER2
mAb and a membrane-permeable TOPI inhibitor conju-
gated by an enzyme-cleavable linker with an average DAR
of 8. DS-8201a showed a more vigorous anti-proliferation
activity than T-DM1 and promising antitumor activity in
both HER2+ T-DMl-refractory and HER2-low patient-
derived xenograft (PDX) models [47, 48]. The US FDA
approval was based on the results of the DS8201-A-
J101 trial (NCT02564900) and DESTINY-BreastOl trial
(NCT03248492), both of which showed a promising ORR
of DS-8021a in heavily pretreated patients with HER2+
advanced breast cancer [49-51]. DS-8201a was also stud-
ied separately in HER2-low breast cancer in the J101
trial, whose efficacy results supported DS-820la as a
treatment option for HER2-low patients who exhausted
meaningful treatment [52]. In the DESTINY-Breast03 trial
(NCT03529110), where DS-8201a was compared to T-DMI,
patients with HER2+ advanced breast cancer achieved a
significantly longer PFS using DS-8201a than T-DM1 [53].

Trastuzumab duocarmazine (SYD985) and ARX788 are
two investigational anti-HER2 ADCs that have received
fast-track designation by the US FDA for HER2+ advanced
breast cancer. Both have demonstrated clinical benefits in
both HER2+ and HER2-low breast cancer, even though
ARX788 was designed with limited bystander effect [54].
SYD985 and ARX788 are currently on phase III trials, and
their outcomes are awaiting.
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Other anti-HER2 ADCs such as disitamab vedotin
(RC48), PF-06804103, MRGO002, and A166 are being inves-
tigated in both HER24+ and HER2-low breast cancer
in ongoing phase I trials, and their promising efficacy
results are reported in multiple international conferences.
The encouraging clinical data from ADCs shed light on
the future of the treatment of HER2-low breast cancer.
More anti-HER2 ADCs are now under investigation, such
as XMT-1522 (NCT02952729) incorporated with a mAb
which binds to a distinct epitope from trastuzumab, ZW49
(NCT03821233) with biparatopic antibody, and FS-1502
(NCT03944499), all demonstrated antitumor activity in
preclinical studies.

4.2 | Non-HER2-targeted ADCs

TNBC lacks hormone receptor and HER2 expression and
is related to more aggressive tumor biology than other
subtypes of breast cancer. TNBC is heterogeneous at the
molecular level and absent of distinct molecular targets.
Thus, the development of targeted therapy in TNBC is in
urgent need. The efficacy results of non-HER2-targeted
ADCs are summarized in Table 4.

Sacituzumab govitecan (IMMU-132, Trodelvy) received
its first US FDA approval in April 2020 for the treatment of
metastatic TNBC patients with at least 2 prior treatments
based on the result of a phase I/1II trial (NCT01631552) and
then was approved in Europe as a second-line treatment for
metastatic TNBC by European Medicines Agency (EMA)
according to the results of the ASCENT trial [55]. Saci-
tuzumab govitecan consists of an anti-Trop-2 monoclonal
antibody (hRS7) site-specifically conjugated to a SN-38,
which is an active metabolite of irinotecan and a moder-
ately toxic TOPI inhibitor. IMMU-132 is incorporated with
a carbonate linker which is cleaved at low pH and releases
payload gradually over time [22]. It has demonstrated its
antitumor activity in trophoblast cell surface antigen 2
(TROP2)-expressing tumor models, including TNBC [56].
TROP2 is a transmembrane glycoprotein that acts as a
transducer for intracellular calcium signaling. It appears
to be a preferable target due to its overexpression in 80%
of TNBCs [57]. The ASCENT trial (NCT02574455) investi-
gated the efficacy of IMMU-132 in advanced TNBC patients
with at least two prior treatments, and IMMU-132 signifi-
cantly improved PFS, OS and ORR compared to physician’s
choices as reported in the primary outcome analysis [58].
IMMU-132 also proved its preliminary efficacy among
pretreated hormone receptor+/HER2- metastatic breast
cancer patients in a phase I/II trial (NCT01631552), with
an encouraging ORR (31.5%), mPFS (5.5 months), and
mOS (12 months) [59]. The most common adverse events
of IMMU-132 treatment (any grade) were neutropenia,

diarrhea, nausea, alopecia, fatigue, and anemia. Neutrope-
nia is also the most common grade 3 or higher treatment-
related adverse event. Notably, UDP glucuronosyltrans-
ferase family 1 member Al (UGT1ALl) status, a predictor
of irinotecan-induced toxicities, is not related to the occur-
rence of dose-limiting toxicities [60]. The clinical benefits
in this population of patients will be further evaluated
in a phase III trial (TROPiCS-02 [NCT03901339]), where
IMMU-132 will be compared with physician’s choices.

Aside from IMMU-132, other TROP2-
targeting ADCs such as datopotamab
deruxtecan (Dato-DXd; DS-1062) and SKB264
also demonstrated preliminary clinical
activity in TNBC. Multiple ADCs target-
ing different antigens are currently under
investigation in TNBC as well, including
ladiratuzumab vedotin (SGN-LIV1) targeting
the zinc transporter SLC39A6, patritumab
deruxtecan (U3-1402) targeting HER3,
and cofetuzumab pelidotin (PF-06647020)
targeting protein tyrosine kinase 7.

5 | RESISTANCE

As the first ADC approved for breast cancer, T-DM1
has been widely used in HER2+ breast cancer patients.
However, some patients experience relapse or progress
on T-DMI treatment. Such resistance may develop after
responding to the treatment (acquired resistance) or exist
from the beginning (de novo resistance). The antitumor
activity of ADCs depends on both the antibody and the
payload, while the drug release process is also necessary
for payloads to exert cytotoxic effects. Thus, we catego-
rized the resistance mechanisms into 1) antibody-mediated
resistance, 2) impaired drug trafficking, 3) disrupted lyso-
some functions, and 4) payload-related resistance (Figure
2A).

5.1 | Resistance mechanisms in breast
cancer
51.1 | Antibody-mediated resistance

Reduced target expression is a common mechanism for
inadequate antigen-antibody binding. For instance, the
correlation between higher HER2 levels and greater T-
DMI1 efficacy was observed in a phase II trial [61].
Decreased HER2 expression and reduced binding were
noticed in T-DMI-resistant cell lines from separate stud-
ies, which indicated HER2 loss as a mechanism of T-DM1
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resistance [62, 63]. The absence of target expression has
also been noticed in a TNBC patient with de novo resis-
tance to IMMU-132, who showed undetectable expression
of TROP2. In the same study, mutated TACSTD2 (encod-
ing TROP2) was detected in another patient with acquired
resistance to IMMU-132, which led to reduced binding
due to an altered subcellular localization of TROP2 [64].
Interestingly, although the appearance of TROP2 is nec-
essary, higher level of TROP2 does not necessarily result
in a better response [65]. Low levels of antigen expression
were also noticed in other cancer types. Downregulation of
CD30 induced brentuximab vedotin-resistant in Hodgkin
lymphoma [66], and reduced CD33 expression level on
leukemic cells was associated with worse outcomes of
gemtuzumab ozogamicin in acute myeloid leukemia [67].

51.2 | Impaired drug trafficking

Compromised endocytosis is considered another mech-
anism of ADC resistance. Many proteins are essential
in the ADC cellular internalization process. Endophilin
A2 (Endo II) is a scaffolding protein and is involved
in clathrin-independent endocytosis. Impaired Endo II
expression is related to decreased HER2 internalization
and reduced response to T-DM1 in HER2+ breast cancer
models [68]. Aberrant caveolae-mediated endocytosis has
also been noticed in T-DMI-resistant cell lines. Enhanced
caveolae-mediated endocytosis was noticed in a gastric
cancer N87 cell line with acquired T-DM1 resistance, pos-
sibly due to caveolae not favoring drug trafficking to
lysosomes [69]. However, knockdown of caveolin-1 did
not appear to restore the sensitivity to T-DMI. In another
study, upregulated caveolin-1 appeared to improve T-DM1
activity in a different cell line (BT-474) [70]. Furthermore,
hypoxia-induced translocation of caveolin-1 from vesicles
to the plasma membrane was suggested to be the pos-
sible mechanism of reduced trastuzumab internalization
in the hypoxia microenvironment in breast cancer SKBR3
cells [71]. In the study conducted by Sung et al. [69], they
noticed that the ADC:CAV1 ratio differs in different cell
lines, which indicates the caveolae-mediated endocytosis
weighs differently, and the impact of CAV-1 level. In con-
clusion, the impact of caveolae-mediated endocytosis in
resistance to T-DMI1 remains debatable possibly related to
the leading endocytosis pathway of the target antigen in a
certain cell line.

Except for impaired intracellular trafficking, the way
of ADCs trafficking in the circulation system also con-
tribute to drug resistance. T-DM1 is a large hydrophilic
molecule and is difficult to diffuse through the blood-
brain barrier, which shares a similar tissue distribution
with trastuzumab. However, in preclinical studies, T-DM1

demonstrated active in trastuzumab-resistant mouse mod-
els with breast cancer brain lesions due to the cytotoxicy of
the payload component, DM1 [72]. However, patients with
brain metastases did not achieve improved mPFS in T-
DM1 group compared to the control group in the TH3RESA
trial [73]. Comparable results were also reached in the
KATHin ERINE trial, where similar central nervous sys-
tem recurrence rates were noticed with or without T-DM1
[41]. Notably, breast cancer with brain metastases appears
to be better managed using DS-8201a. In the DESTINY-
Breast03 trial, patients with brain metastases benefited
more with DS-8201a than T-DMI1 [53]. Encouraging results
were also yielded in the phase II TUXEDO-1 trial, 11
out of 15 patients with brain metastases respond to DS-
8201a treatment, including 70% had received prior T-DM1
treatment (NCT04752059) [74].

5.1.3 | Disrupted lysosomal function

The lysosomal degradation of ADCs depends on the acidic
lysosomal environment and active lysosomal enzymes.
Lysosomal alkalization and impaired lysosomal prote-
olytic enzyme activity were identified in a T-DMI-resistant
breast cancer cell line [75]. The cleavage of non-cleavable
ADCs depends on the activity of lysosomal enzymes which
require a highly acidic environment. The acidic envi-
ronment is ensured by V-ATPase, a proton pump that
regulates lysosomal acidification [76]. Aberrant V-ATPase
activity was tested in T-DM1-resistant N87 gastric cancer
cellline [77]. The inhibition of V-ATPase by bafilomycin Al
reduced the production of active metabolites of T-DM1 and
thus the cytotoxicity of T-DMI1 in N87 gastric cancer cells
but notin T-DMI-resistant N87 cells [ 77]. A comparable sit-
uation was also noticed in a T-DM1-resistant breast cancer
cell line, where lysosomal alkalization and impaired lyso-
somal proteolytic enzyme activity were observed in BT474
cells [75].

Cytotoxic payloads need to be transported across the
lysosomal membrane to exert their cytotoxic effect. As
for ADCs incorporated with membrane-impermeable pay-
loads, transporters are required for payload release.
SLC46A3 belongs to the solute carrier (SLC) transporter
family and serves as a transporter on the lysosomal mem-
brane of maytansine-based catabolites. Decreased levels
of SLC46A3 lead to an accumulation of maytansine-
based catabolites in lysosomes, while ADCs carrying
auristatin-based monomethylauristatin F (MMAF) remain
unaffected [21]. Loss of SLC46A3 conferring resistance to
T-DM1 was also confirmed in a different study using T-
DMI-resistant BT-474M1 cells [63]. A similar mechanism
was also noticed in brentuximab vedotin for the treatment
of lymphoma. Lysosomal multidrug-resistance protein 1
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(MDR1) mediates the efflux of monomethyl auristatin E
(MMAE) across the lysosomal membrane. It was inferred
that the inhibition of lysosomal MDR1 enhanced the cyto-
toxicity of brentuximab vedotin in the Hodgkin lymphoma
KM-H2 cell line [78].

5.1.4 | Payload-related resistance

Payloads are the main agent for the antitumor activity of
ADCs. Some cells may develop resistance by upregulating
drug efflux pumps and interrupting drug deposition. In
a study of a non-Hodgkin lymphoma cell line that was
made resistant to anti-CD22-ve-MMAE and anti-CD79b-
vc-MMAE, upregulated MDR1 (encoded by ABCB1)
expression was identified to be responsible for resistance
to ve-MMAE-based conjugates [79]. Likewise, since vc-
MMAE-based conjugates are utilized in breast cancer,
the overexpression of MDR1 might also be a resistance
factor for ADCs in breast cancer. Maytansinoids are
another class of substrates for drug efflux transporters.
Overexpression of multidrug resistance-associated protein
1 (MRP1, encoded by ABCCl), MRP2 (ABCC2), and
MDR1 was demonstrated in different T-DMIl-resistant
cell lines, and their sensitivity could be restored by the
concomitant use of MRP1, MRP2, and MDRI1 inhibitors,
respectively [62, 63, 80]. Similar mechanisms are also
noticed in IMMU-132. Overexpression of breast cancer
resistance protein (BCRP, encoded by ABCG2) was
verified in IMMU-132-insensitive breast cancer -cell
lines, and the inhibition of ABCG2 helped to overcome
resistance [81].

Tumor cells can also avoid cytotoxic effects via altered
targets of payloads. A specific point mutation in TOPI was
identified in TNBC patients who were resistant to IMMU-
132, which has been previously described and is known to
induce resistance to clinical TOPI inhibitors [64]. Other
than TOPI mutations that directly disrupt the target of
SN-38, the proficiency of the homologous recombinational
repair (HRR) pathway is also related to IMMU-132 resis-
tance by compensating for DNA damage caused by SN-38
[82]. Regarding ADCs with anti-mitotic agents like T-DMI,
modifications in the microtubule/tubulin complex were
found in T-DM1-resistant MDA-MB-361 cells [83].

Anti-mitotic agents arrest target cells at the G2/M
phase of the cell cycle and lead to apoptosis. Cyclin
Bl1/cyclin-dependent kinase 1 (CDK1) complex is essential
for cell mitosis and mitotic catastrophe [84]. Some T-
DM1-resistant cells manage to escape mitotic catastrophe
and apoptosis through defective cyclin Bl. This mecha-
nism was verified in HER2+ breast cancer cell lines with
various levels of acquired T-DM1 resistance, where T-
DM1 failed to induce the upregulation of cyclin Bl and

the consequent CDK1 activation. In addition, cyclin Bl
knockdown induced T-DMI resistance, while upregula-
tion of cyclin Bl partially sensitized the resistant cells
[85]. Moreover, the inability to eliminate genetically unsta-
ble cells might further increase tumor malignancy [86].
Besides cyclin B1, Bcl-2/Bcl-xl also participate in cell
cycle regulation. Overexpression of Bcl-2/Bcl-xl is associ-
ated with resistance to gemtuzumab ozogamicin in acute
myeloid leukemia and anti-CD79b-vc-MMAE in NHL cell
lines [87, 88]. The inhibition of polo-like kinase 1 (PLK1)
can rescue T-DMI1 resistance via CDKI1-dependent Bcl-2
phosphorylation [89], and the inhibition of Bcl-2/Bcl-x1 sig-
nificantly enhanced the antitumor activity of T-DM1 in
PDX models that are either T-DM1-sensitive or T-DM1-
resistant [90].

5.2 | Resistance mechanisms specific to
HER2+ breast cancer

The specificity of the ADC resistance mechanismsin breast
cancer mainly lies in the special traits of HER2. Here we
categorized HER2-related resistance mechanisms into 1)
impaired binding of HER2, 2) heterogeneous HER2 expres-
sion, 3) dysregulated downstream signaling pathways, 4)
HER?2 instability (Figure 2B).

5.2.1 | Impaired binding of HER2

The binding of mAbs to HER2 is related to multiple factors.
HER?2 shedding generates soluble truncated extracellular
domain of HER2 molecules and leaves the 95-kDa intra-
cellular domain, p95SHER2 [91]. High level of p95SHER2
is associated with resistance to trastuzumab and is also
expected to confer to T-DM1 resistance. Furthermore,
a membrane-bound glycoprotein mucin 4 (MUC4) was
also considered a source of T-DM1 resistance. The tumor
necrosis factor o (TNFa)-induced upregulation of MUC4
impaired binding and inhibited ADCC by masking the epi-
tope of trastuzumab in HER2, while silencing MUC4 can
restore sensitivity to T-DMI. This clinical relevance was
proved in patients that the MUC4-positive tumors were
associated with unfavorable DFS [92].

5.2.2 | HER2 heterogeneity

HER?2 intratumoral heterogeneity is referred to as differ-
ent HER2 expression or amplification status within the
same tumor, which can be identified by an area with HER2
amplification in >5% but <50% of tumor cells, or a HER2-
negative area by fluorescence in situ hybridization (FISH)
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[93, 94]. Intratumoral HER2 heterogeneity presents more to a recent retrospective clinical study, patients with var-
in breast cancers with low-grade HER2 amplification and ious statuses of HER2 (heterogenous, reduced, and loss)
equivocal HER2 expression [95]. benefited from DS-8201a [98].

T-DM1 showed limited efficacy when encountering It was reported that HER2 heterogeneity was related to
tumors with heterogeneous HER2 expression. As noticed centromere 17 copy number gain, possibly associated with
in the KRISTINE trial, none of the patients with HER2 chromosomal aneuploidy [99], whereas chromosomal ane-
intratumoral heterogeneity responded to T-DM1 therapy; uploidy was also noticed in T-DMI-resistant cells [83]. As

and a lower pCR was more prevalent in tumors with het- a consequence of chromosomal instability, chromosomal
erogeneous HER2 expression than homogenous in the aneuploidy is a known cause of multidrug resistance in
exploratory biomarker analysis [96]. This underlying asso- cancer and an indication of poor prognosis [100]. Alto-
ciation was also investigated in a phase II trial in early = gether, chromosomal aneuploidy might also contribute to
breast cancer patients, based on which HER2 heterogene- T-DM]1 resistance.

ity is suggested to be related to T-DMI resistance, where

the fraction of HER2-nonamplified cells was the critical

factor [93]. This mechanism was studied in vitro, where ~ 5.2.3 | Dysregulated downstream signaling
HER2 heterogeneity was mimicked by coculturing HER2+  pathways of HER2

KPL-4 cells and HER2- MDA-MB-468 cells. T-DM1 failed

to suppress HER2- cells, while DS-8201a induced cyto- mAbs in ADCs also exert intrinsic cytotoxic effects
toxicity to HER2- cells which neighbor HER2+ cells due apart from binding to the target antigen. The
to its effective bystander effect, which is also confirmed  phosphatidylinositol-3-kinase (PI3K)/Akt and the mam-
using phosphor-integrated dots imaging [97]. According  malian target of rapamycin (mTOR) signaling pathway is
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an important HER2 downstream pathway that is related
to cancer development. Upregulation of this pathway is
a known mechanism of resistance to anti-HER2 therapy.
The tumor suppressor gene, phosphatase and tensin
homolog deleted on chromosome ten (PTEN), negatively
regulates the PI3K signaling pathway. Decreased PTEN
expression in T-DMl-resistant BT-474M1 cells was also
noticed, and adding pan-PI3K inhibitor, GDC-0941,
resensitized T-DM1-resistant BT-474M1 cells [63]. In the
EMILIA trial, patients with absent or decreased tumor
PTEN expression benefited more from T-DM1 than
capecitabine and lapatinib compared to patients with
normal or increased tumor PTEN expression [101].

In the WSG ADAPT TP trial (NCTO01779206),
phosphatidylinositol-4,5-bisphosphate  3-kinase, cat-
alytic subunit alpha (PIK3CA) mutation was significantly
associated with poor prognosis in early HER2+/hormone
receptor+ breast cancer [102]. With respect to advanced
HER2+ breast cancer, PIK3CA mutation status was also
considered a prognostic factor for PFS in the MARTANNE
trial; however, this impact was contradictory to the results
from both the EMILIA trial and TH3RESA trial, where
the clinical efficacy of T-DM1 treatment is irrelevant to
PIK3CA mutation status [101, 103]. Given the conflicting
results among trials, the investigators hypothesized that
due to the co-occurrence of HER2 amplification and
PIK3CA mutation following prior treatments, a rela-
tively smaller scale of tumor cells with both HER2- and
PIK3CA mutation were presented in pretreated tumors
than treatment-naive tumors, even though these tumors
were all identified as HER2+ and PIK3CA-mutated as a
whole. Hence the impact of PIK3CA mutation status was
insignificance in the EMILIA trial and the TH3RESA trial
where T-DM1 was used as a second- or later-line treatment
[104]. The relationship between PIK3CA mutation and
T-DMI1 sensitivity still requires further exploration.

Moreover, since other tyrosine kinases share common
downstream signaling molecules with HER2, their abnor-
malities also contribute to T-DM1 resistance. A study
investigating the combination therapy of pertuzumab and
T-DM1 suggested that the HER3 ligand, heregulin (NRG-
1b), reduced cytotoxic activity of T-DM1 in some cell lines
by inducing HER2-HER3 heterodimerization and activat-
ing downstream PI3K signaling pathways [105]. Receptor
tyrosine kinase-like orphan receptor 1 (ROR1) is a recep-
tor tyrosine kinase-like orphan receptor. It was reported
that RORI1-positive cells showed increased T-DM1 resis-
tance than ROR1-negative cells [106]. ROR1 overexpression
induced by T-DMI treatment, in turn, leads to T-DM1
resistance through Hippo/YAP pathway and the increase
in stemness and self-renewal properties [106]. YES Proto-
Oncogene 1 (YESI) is a non-receptor tyrosine kinase whose
amplification leads to resistance to HER2-targeted drugs,

including T-DM1. The addition of YES1 inhibitor dasatinib
could resensitize the resistant cells [107].

5.2.4 | HER?2 instability

It is essential for ADCs to be transported to lysosomes,
where they undergo lysosomal degradation and release
cytotoxic payloads. HER2 is endocytosis-deficient with
rapid recycling [108]. Insufficient lysosomal trafficking
due to excess endosomal recycling has been noticed in
T-DM1-resistant JIMT-1 cells [62]. Fewer ADCs were
transported to lysosomes since more were shunted to
the recycling pathway and traveled back to the plasma
membrane.

The membrane stability and signal transduction of
HER?2 are also in close association with the heat shock
protein 90 (HSP90) chaperone machinery. Hyperactive
HER2 on HER2+ breast cancer cells require chaper-
oning by HSP90 to maintain their stability, and the
inhibition of HSP90 promotes HER2 to undergo ubiquitin-
dependent degradation [109]. The irreversible tyrosine
kinase inhibitor neratinib has shown to induce HER2
endosomal-lysosomal endocytosis by dissociating HSP90
from HER2 and triggering ubiquitylation [110]. This mech-
anism was further applied in improving ADC potency,
where irreversible pan-HER kinase inhibitors such as ner-
atinib and afatinib were used in combination with T-DM1.
This combination enhanced T-DMI activity in vitro and
was also verified in a patient with HER2-amplified breast
cancer enrolled in a clinical trial (NCT01494662) who
experienced partial response upon T-DMI1 progression
[111].

6 | SOLUTIONS

6.1 | New drug development

A variety of novel strategies have been developed for
ADCs to improve drug efficacy and overcome resistance
(Figure 3A). ADCs with non-cleavable linkers, such as T-
DM1 with thioether linker and ARX788 with maleimide
linker, utilize an active cytotoxic complex that includes
a single amino acid (lysine or cysteine) attached to the
linker and the payload. The cytotoxic complex has lim-
ited membrane permeability and insufficient bystander
effect [15]. This design limits drug potency in tumors
with low or heterogeneous HER2 expression. Some newly
developed ADCs have overcome this obstacle and have
shown promising efficacy in this population of patients.
For instance, DS-8201a showed superior antitumor activ-
ity in patients with low HER2 expression and HER2
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intratumoral heterogeneity compared to T-DMI1, owing to
its cleavable linker, a higher DAR, and more potent payload
[97]. Cleavable linkers now remain dominant in the ADC
market due to their high feasibility and compatibility.
However, unlike T-DMI1, ARX788 showed activity
in HER2-low breast cancer PDX models because of its
site-specific conjugation manner, implying that efficient
drug delivery could compensate for the low levels of
antigen expression [54]. The conventional conjugation
procedure yields heterogeneous products with different
DARs and conjugation sites. In contrast, the site-specific
conjugation method selectively yields ADCs with a mod-
erate DAR, which endows the ADC products with higher

homogeneity and more favorable therapeutic index [112].
Since the site-specific conjugation is based on engineered
cysteines at specific sites in antibodies and restrained
to one payload per cysteine, this technology met its
limitation when producing ADCs with a DAR greater
than 2. Currently, this conjugation technology is being
revised for the production of site-specific ADCs with
higher DARs. Refinements such as engineering multiple
unpaired cysteines in the antibody or utilizing branched
linkers are under development [113, 114].

Aside from optimizing linker and conjugation chem-
istry, antibody engineering is also important for ADC
production. Biparatopic antibodies appear to be an

35UBD17 SUOWWOD dAIS1D) 3|ceal|dde ay Aq pausenob ale sajolie YO ‘ash Jo Sa|n 1oy Ariqi]auljuQ A3]IA UO (SUO L IPUOD-PUe-SWLBIW0Y" A3 1M Alelq 1 pul|uo//sdiy) SUOIIPUOD pue SWB | au) 89S *[€202/T0/70] Uo AriqiTauljuo AB]IM BUIyDSURIY0D AQ Z8EZT 29e9/200T 0T/I0p/Wod A8 |Im Afeiq ijuluo//:sdny Wwolj papeojumoq ‘0 ‘8rSEEZST



CANCER
22 | COMMUNICATIONS

CHEN ET AL.

inspiring approach for drug resistance, which allows
increased binding, more rapid HER2 internalization,
and enhanced lysosomal degradation. ZW49 utilizes an
anti-HER?2 biparatopic antibody, ZW25, which shares the
same domains as trastuzumab and pertuzumab. ZW49
has shown growth inhibitory activity in both low and
high HER2-expressing breast cancer models [115]. This
biparatopic ADC has also demonstrated manageable
tolerability and preliminary efficacy in a phase I dose-
escalating study (NCT03821233) in patients with HER2+
advanced breast and gastric cancers who are refractory
to all standard treatments, including T-DM1. However,
dose-limiting toxicity is a concern for biparatopic ADCs.
Another biparatopic ADC with site-specific conjuga-
tion, MEDI4276, showed limited clinical activity and
unfavorable toxicity in the phase I trial (NCT02576548)
[116].

Strengthening antitumor immunity is another possible
way of improving ADC efficacy and tackling resistance. Fc-
mediated immune responses can be strengthened through
mAD engineering. Glycolengineering and amino acid sub-
stitution were developed to enhance the ADCC activity
of mAbs [117]. However, such engineered mAbs have not
been applied in ADCs yet.

Although cellular internalization is considered neces-
sary for its function, a non-internalizing mechanism is
under investigation. For instance, cathepsin B is a lysoso-
mal enzyme that exists in extracellular spaces due to its
overproduction by tumor cells and tumor-associated cells;
therefore the cathepsin B-cleavable linker can be cleaved
both intracellularly and extracellularly. ADCs equipped
with cathepsin B-cleavable linkers, such as SYD985, are
expected to exert cytotoxic effects in tumors with low anti-
gen expression or defective internalization pathways. In
this way, ADCs can use poorly internalized antigens on
tumor cells or even extracellular antigens as targets, which
has broadened the landscape of potential target antigens
[18, 118, 119].

As an important component of ADCs and part of
the reason for resistance, innovative payload selection
is another aspect of addressing drug resistance. Asides
from suitable cytotoxic potency, lacking susceptibility
to drug efflux pump-mediated resistance is also crucial
[120]. An ADC with dual payloads was produced to
combat HER2 heterogeneity and drug resistance. This
ADC is equipped with MMAE and MMAF, the com-
plementary properties of which allow the ADC to over-
come resistance while remaining effective. This dual drug
ADC has exerted prominent efficacy in animal mod-
els of refractory breast cancer with heterogeneous HER2
expression and is ready to proceed into the clinical
phase [121].

6.2 | Combination therapy

Combining ADCs with other targeted therapies with
distinct action mechanisms and minimal overlapping
toxic effects seems to be an effective approach to over-
come or prevent resistance; while combining ADCs with
immunotherapies can enhance antitumor immunity and
exert a prolonged clinical benefit (Figure 3B).

6.2.1 | Combine with
chemotherapeutics/targeted therapies

The inability of ADCs to elicit antitumor effects in tumors
with target loss or target heterogeneity implies the impor-
tance of systemic chemotherapy that targets all tumor
cells irrespective of target expression [122]. The combina-
tion of T-DM1 and docetaxel was efficacious, yet toxic and
induced severe adverse events occur in nearly half of the
patients [123].

Dual HER2 blockade appears to be more effective
than monotherapy and can overcome resistance possi-
bly by inducing efficient internalization and degradation
of HER2 [124, 125]. Pertuzumab binds to HER2 and
inhibits HER2 dimerization, particularly HER2-HER3 het-
erodimerization. The co-administration of pertuzumab
and T-DMI resulted in synergistic inhibition in HER2+
tumor models [105]. However, a pooled analysis of the
efficacy of adding pertuzumab to T-DMI1 showed a non-
inferior but not superior clinical outcome [126].

Tyrosine kinase inhibitors (TKIs) bind to the intracel-
lular domain of HER and are thus expected to overcome
resistance related to HER2 shedding. Lapatinib is a dual
TKI that binds to EGFR/HER2 reversibly. Concomitant use
of lapatinib plus T-DM1 and chemotherapy yielded signif-
icant efficacy results in both early and advanced HER2+
breast cancer [127, 128]. Neratinib is a second-generation
TKI that irreversibly binds to EGFR, HER2, and HER4.
The addition of neratinib to T-DM1 has shown preliminary
clinical efficacy in a dose-escalation study (NCT02236000)
[129]. Tucatinib, a selective HER2 inhibitor, is also being
studied in combination with T-DM1 in a phase III trial
(HER2CLIMB-02 [NCT03975647]) in patients with pre-
treated metastatic HER2+ breast cancer.

Cyclin D1 and CDK4/6 are essential for tumor cell
proliferation in HER2+ breast cancer. Other than sup-
pressing Rb phosphorylation and inducing cell cycle arrest,
CDXK4/6 inhibitors also cause suppression of HER down-
stream mTORC1/S6K/S6RP signaling pathways, thereby
disinhibiting HER family phosphorylation and resen-
sitizing HER2-resistant cells to HER2 blockade [130].
The addition of CDK4/6 inhibitors can aid anti-HER2
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therapies and induce suppression of HER2+ tumor cells
that are refractory to T-DM1 in a preclinical study [131]. The
combination of ribociclib and T-DM1 has acheived promis-
ing PFS results independent of the prior use of T-DM1
in heavily pretreated patients with HER2+ breast cancer
[132]. A phase I/Ib study (NCT01976169) also verified that
the addition of palbociclib resensitized patients who were
resistant to T-DMI1 and other anti-HER?2 treatments [133].

Cotreatment of T-DM1 and PI3Ka inhibitors such as
alpelisib and taselisib may enhance the activity of T-DM1
by working synergistically to inhibit the PI3K pathway. In
aphase I trial investigating alpelisib plus T-DM1 in HER2+
metastatic breast cancer patients (NCT02038010), this
combinational therapy appeared to be able to overcome
T-DM1 resistance [134].

More potential combinational therapies containing
HER2-targeted ADCs have been studied in cell lines and
animal models, including co-administration with TNF-
a inhibitor, drug efflux pump inhibitors, PLK1 inhibitor
volasertib, and HSP90 inhibitor geldanamycin. These
inhibitors can help restore sensitivity to T-DM1 by counter-
acting the corresponding resistance mechanisms, but more
investigations are needed before clinical application.

ADC-containing combination therapies are also being
researched in TNBC. Poly(ADP-ribose) polymerase 1
(PARP1) inhibitors specifically target PARP which is
involved in base excision repair for DNA single-chain
breaks. PARP1 inhibitors are indicated for patients with
BRCAIl/2-mutated breast cancer [135]. The combination
of IMMU-132 and PARP inhibitors has been confirmed
to have enhanced and synergistic effects in IMMU-132-
resistant TNBC tumor models compared to monotherapies
[136]. The combination of IMMU-132 and talazoparib is
currently being studied in a phase Ib/II study in patients
with metastatic TNBC (NCT04039230).

6.2.2 | Combine with Immunotherapy

Immune checkpoint inhibitors, such as antibodies against
immune inhibitory receptors cytotoxic T-lymphocyte
antigen-4, programmed death-1 (PD-1), and programmed
death ligand 1 (PD-L1), unleash the inhibition of T cells
and activate antitumor immunity; while ADCs mediate
antitumor immunity via activation of antigen-presenting
cells and mediating intrinsic immunogenic tumor cell
death [137]. It was noticed that stromal tumor-infiltrating
lymphocytes increased in response to T-DMI1, which
promoted the augmentation of tumor-specific immunity.
The potential for ADCs to act synergistically with immune
checkpoint inhibitors to overcome or prevent resistance
is rather inspiring [138, 139]. The combination of T-DM1
and anti-PD-1 mAbs appeared to be more efficacious

than monotherapies in preclinical models. However, the
addition of atezolizumab did not improve PFS and was
related to more severe toxicity than the monotherapy with
T-DM1 in the KATE2 trial (NCT02924883) [140]; even so, a
possible OS benefit was noticed in PD-L1+ patients. This
combination is now being explored specifically in patients
with HER2+ and PD-L1+ metastatic breast cancer [141].
Another anti-PD-L1 antibody, pembrolizumab, is also
being investigated with T-DM1 and DS-8201a.

The combinations of ADCs and immune checkpoint
inhibitors are also being studied in TNBC. IMMU-132
and anti-PD-1 antibodies, such as atezolizumab and pem-
brolizumab, are now being investigated in multiple clinical
trials (NCT044638061, NCT04434040), which are expected
to optimize the treatment of TNBC.

6.3 | Resistance prediction

Except for switching to new drugs or combination ther-
apies when acquired resistance develops, we can also
predict insensitivity to ADC therapies using predictive
biomarkers (Figure 3C). Target antigen expression levels
are always the primary biomarker for ADC sensitivity. For
instance, low HER2 expression is a known biomarker of
T-DMI resistance. In addition to IHC and ISH, a study
showed that HER2 amplification levels can be measured by
analyzing circulating tumor DNA (ctDNA) in the plasma.
Negative HER2 gene amplification in ctDNA was associ-
ated with the occurrence of progressive disease. This study
supported predicting de novo resistance of T-DM1 by ana-
lyzing ctDNA, as well as hormone receptor status [142].
MUC4 expression can also serve as an independent pre-
dictor for T-DMI sensitivity. With regard to IMMU-132,
besides the expression of TROP2 as the primary biomarker,
other secondary biomarkers such as HRR proficiency
should also be considered when predicting the clinical
benefit of IMMU-132 [82].

RABSA (RABSA, member RAS oncogene family) regu-
lates clathrin-mediated endocytosis and serves as an early
endosome biomarker. Overexpression of RAB5A was iden-
tified as a predictive factor of the aggressive manner of
breast cancer [143]. A recent study discovered that T-
DM1 sensitivity was associated with RABS5A levels in five
HER2-expressing cell lines. This association was further
verified in the neoadjuvant I-SPY2 trial and KAMILLA
trial (NCT01702571), where patients with higher levels of
RABS5A tended to have more significant clinical benefits.
Moreover, this study proposed that the combination of
RABSA and HER2 expression levels can serve as a better
predictive biomarker compared to using either one sepa-
rately [144]. As mentioned before, SLC46A3 is a lysosomal
drug efflux transporter and is related to the resistance
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of maytansine-based ADCs. A study evaluating SLC46A3
in PDX in vitro models suggested that SLC46A3 can be
examined as a potential patient selection biomarker with
immediate relevance to maytansine-based ADCs such as
T-DMI1 [145]. Evaluations of more prospective biomarkers — A]j
for ADCs in breast cancer are ongoing.
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7 | CONCLUSIONS

To date, T-DM1, DS-8201a, and IMMU-132 have been
approved by the US FDA, SYD985 and ARX788 are on the
US FDA fast track for the treatment of breast cancer, and
more investigational ADCs are on the way. ADCs combine
mAbs with cytotoxic agents, which allows effective tumor

cell killing with high specificity. This novel class of drugs L

has exhibited great efficacy in both early and advanced
breast cancer, even in HER2-low breast cancer and TNBC,
which are considered treatment refractory. However, it is
emphasized that the emerging resistance to ADC treat-
ment is still troublesome. Understanding the mechanisms
of resistance is crucial for optimizing new drug develop-
ment, as well as providing predictive biomarkers for ADC
treatment. More investigations are still necessary for more
in-depth knowledge of addressing resistance. To overcome
the limitations of ADCs in clinical use, modifications of
the target, payload, and linker, as well as the discovery
of conjugation chemistries, are priorities in ADC develop-

ment. Furthermore, inspired by the results from studies 5.

in cell and animal models, combining ADCs with other
targeted therapies or immunotherapies can synergistically
improve clinical outcomes with minimal toxicity. Multiple
clinical trials are ongoing to investigate the efficacy and
safety profiles of combination therapies.

DECLARATIONS: ETHICS APPROVAL
AND CONSENT TO PARTICIPATE
Not applicable

CONSENT FOR PUBLICATION
Not applicable

AVAILABILITY OF DATA AND

MATERIAL 10.

Not applicable

11.

COMPETING INTERESTS
The authors declare that they have no competing interests.

12.

FUNDING
Supported by grants from the National Natural Science

Foundation of China (82072916), the 2018 Shanghai Youth 13.

Excellent Academic Leader, the Fudan ZHUOSHI Project,

ORCID
Ke-Da Yu

https://orcid.org/0000-0002-2883-1282

REFERENCES

Lei S, Zheng R, Zhang S, Wang S, Chen R, Sun K, et al.
Global patterns of breast cancer incidence and mortality: A
population-based cancer registry data analysis from 2000 to
2020. Cancer Commun (Lond). 2021;41(11):1183-94.

. Inic Z, Zegarac M, Inic M, Markovic I, Kozomara Z, Djurisic I,

et al. Difference between Luminal A and Luminal B Subtypes
According to Ki-67, Tumor Size, and Progesterone Recep-
tor Negativity Providing Prognostic Information. Clin Med
Insights Oncol. 2014;8:107-11.

. Harbeck N, Penault-Llorca F, Cortes J, Gnant M, Houssami

N, Poortmans P, et al. Breast cancer. Nat Rev Dis Primers.
2019;5(1):66.

. Patel A, Unni N, Peng Y. The Changing Paradigm for the

Treatment of HER2-Positive Breast Cancer. Cancers (Basel).
2020;12(8):E208L.

Cortés J, Kim S-B, Chung W-P, Im S-A, Park YH, Hegg R,
et al. LBA1 Trastuzumab deruxtecan (T-DXd) vs trastuzumab
emtansine (T-DM1) in patients (Pts) with HER2+ metastatic
breast cancer (mBC): Results of the randomized phase III
DESTINY-Breast03 study. Ann Oncol. 2021;32:S1287-S8.

. Chau C, Steeg P, Figg W. Antibody-drug conjugates for cancer.

Lancet. 2019;394(10200):793-804.

. Ingle GS, Chan P, Elliott JM, Chang WS, Koeppen H, Stephan

JP, et al. High CD21 expression inhibits internalization of
anti-CD19 antibodies and cytotoxicity of an anti-CD19-drug
conjugate. Br J Haematol. 2008;140(1):46-58.

. Peters C, Brown S. Antibody-drug conjugates as novel anti-

cancer chemotherapeutics. Biosci Rep. 2015;35(4).

. Rudnick SI, Lou J, Shaller CC, Tang Y, Klein-Szanto AJ, Weiner

LM, et al. Influence of affinity and antigen internalization on
the uptake and penetration of Anti-HER2 antibodies in solid
tumors. Cancer Res. 2011;71(6):2250-9.

Davies A, Sutton B. Human IgG4: a structural perspective.
Immunol Rev. 2015;268(1):139-59.

Saber H, Leighton J. An FDA oncology analysis of antibody-
drug conjugates. Regul Toxicol Pharmacol. 2015;71(3):
444-52.

Drake P, Rabuka D. An emerging playbook for antibody-drug
conjugates: lessons from the laboratory and clinic suggest a
strategy for improving efficacy and safety. Curr Opin Chem
Biol. 2015;28:174-80.

Bargh J, Isidro-Llobet A, Parker J, Spring D. Cleavable linkers in
antibody-drug conjugates. Chem Soc Rev. 2019;48(16):4361-74.

35US017 SUOWIWOYD BAIIERID) 3|eat|dde ayy Ag pausenoh ale sajonte YO ‘esn Jo Sa|ni oy Areiqi]auluQ A3[IAA UO (SUONIPUOD-PUR-SWIBILI0D A3 1M Afeiq 1 U1 |UO//SANY) SUORIPUOD PUe SWB | 81 39S *[€202/T0/0] Uo ARligiauluQ A31IM BuIyDRURIY0D AQ /8EZT 2980/200T OT/I0p/Wod A3 1M Afeiq1pul|uo//sdny wolj papeojumo( ‘0 ‘8YSEEZSE


https://orcid.org/0000-0002-2883-1282
https://orcid.org/0000-0002-2883-1282

CHEN ET AL.

ANCER
COMMUNICATIONS

s

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Tsuchikama K, An Z. Antibody-drug conjugates: recent
advances in conjugation and linker chemistries. Protein Cell.
2018;9(1):33-46.

Rock B, Tometsko M, Patel S, Hamblett K, Fanslow W, Rock D.
Intracellular Catabolism of an Antibody Drug Conjugate with
a Noncleavable Linker. Drug Metab Dispos. 2015;43(9):1341-4.
LuJ, Jiang F, Lu A, Zhang G. Linkers Having a Crucial Role in
Antibody-Drug Conjugates. Int J Mol Sci. 2016;17(4):561.
Erickson HK, Widdison WC, Mayo MF, Whiteman K,
Audette C, Wilhelm SD, et al. Tumor Delivery and In
Vivo Processing of Disulfide-Linked and Thioether-Linked
Antibody—Maytansinoid Conjugates. Bioconjug Chem.
2010;21(1):84-92.

Staudacher A, Brown M. Antibody drug conjugates and
bystander killing: is antigen-dependent internalisation
required. Br J Cancer. 2017;117(12):1736-42.

Makawita S, Meric-Bernstam F. Antibody-Drug Conjugates:
Patient and Treatment Selection. Am Soc Clin Oncol Educ
Book. 2020;40:1-10.

Ogitani Y, Hagihara K, Oitate M, Naito H, Agatsuma T.
Bystander killing effect of DS-8201a, a novel anti-human epi-
dermal growth factor receptor 2 antibody-drug conjugate,
in tumors with human epidermal growth factor receptor 2
heterogeneity. Cancer Sci. 2016;107(7):1039-46.

Hamblett K, Jacob A, Gurgel J, Tometsko M, Rock B, Patel S,
et al. SLC46A3 Is Required to Transport Catabolites of Non-
cleavable Antibody Maytansine Conjugates from the Lysosome
to the Cytoplasm. Cancer Res. 2015;75(24):5329-40.

Cardillo T, Govindan S, Sharkey R, Trisal P, Arrojo R, Liu D,
et al. Sacituzumab Govitecan (IMMU-132), an Anti-Trop-2/SN-
38 Antibody-Drug Conjugate: Characterization and Efficacy
in Pancreatic, Gastric, and Other Cancers. Bioconjug Chem.
2015;26(5):919-31.

Labrijn AF, Janmaat ML, Reichert JM, Parren P. Bispecific anti-
bodies: a mechanistic review of the pipeline. Nat Rev Drug
Discov. 2019;18(8):585-608.

Li JY, Perry SR, Muniz-Medina V, Wang X, Wetzel LK,
Rebelatto MC, et al. A Biparatopic HER2-Targeting Antibody-
Drug Conjugate Induces Tumor Regression in Primary Models
Refractory to or Ineligible for HER2-Targeted Therapy. Cancer
Cell. 2016;29(1):117-29.

Mahalingaiah P, Ciurlionis R, Durbin K, Yeager R, Philip B,
Bawa B, et al. Potential mechanisms of target-independent
uptake and toxicity of antibody-drug conjugates. Pharmacol
Ther. 2019;200:110-25.

Ritchie M, Tchistiakova L, Scott N. Implications of receptor-
mediated endocytosis and intracellular trafficking dynam-
ics in the development of antibody drug conjugates. MAbs.
2013;5(1):13-21.

Parton R, Simons K. The multiple faces of caveolae. Nat Rev
Mol Cell Biol. 2007;8(3):185-94.

Yang C, He B, Dai W, Zhang H, Zheng Y, Wang X, et al.
The role of caveolin-1 in the biofate and efficacy of anti-tumor
drugs and their nano-drug delivery systems. Acta Pharm Sin B.
2021;11(4):961-77.

Roopenian DC, Akilesh S. FcRn: the neonatal Fc receptor
comes of age. Nat Rev Immunol. 2007;7(9):715-25.

Junttila T, Li G, Parsons K, Phillips G, Sliwkowski M.
Trastuzumab-DM1 (T-DM1) retains all the mechanisms of

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

action of trastuzumab and efficiently inhibits growth of lap-
atinib insensitive breast cancer. Breast Cancer Res Treat.
2011;128(2):347-56.

Iwata T, Ishii C, Ishida S, Ogitani Y, Wada T, Agatsuma
T. A HER2-Targeting Antibody-Drug Conjugate, Trastuzumab
Deruxtecan (DS-8201a), Enhances Antitumor Immunity in a
Mouse Model. Mol Cancer Ther. 2018;17(7):1494-503.
Tagliabue E, Balsari A, Campiglio M, Pupa S. HER2 as
a target for breast cancer therapy. Expert Opin Biol Ther.
2010;10(5):711-24.

Fehrenbacher L, Cecchini R, Geyer C, Rastogi P, Costantino
J, Atkins J, et al. NSABP B-47/NRG Oncology Phase III Ran-
domized Trial Comparing Adjuvant Chemotherapy With or
Without Trastuzumab in High-Risk Invasive Breast Cancer
Negative for HER2 by FISH and With IHC 14 or 2. J Clin Oncol.
2020;38(5):444-53.

Tarantino P, Hamilton E, Tolaney S, Cortes J, Morganti S,
Ferraro E, et al. HER2-Low Breast Cancer: Pathological and
Clinical Landscape. J Clin Oncol. 2020;38(17):1951-62.
Amiri-Kordestani L, Blumenthal G, Xu Q, Zhang L, Tang S,
Ha L, et al. FDA approval: ado-trastuzumab emtansine for
the treatment of patients with HER2-positive metastatic breast
cancer. Clin Cancer Res. 2014;20(17):4436-41.

Yao X, Jiang J, Wang X, Huang C, Li D, Xie K, et al. A
novel humanized anti-HER2 antibody conjugated with MMAE
exerts potent anti-tumor activity. Breast Cancer Res Treat.
2015;153(1):123-33.

Verma S, Miles D, Gianni L, Krop IE, Welslau M, Baselga J, etal.
Trastuzumab Emtansine for HER2-Positive Advanced Breast
Cancer. N Engl J Med. 2012;367(19):1783-91.

Diéras V, Miles D, Verma S, Pegram M, Welslau M, Baselga
J, et al. Trastuzumab emtansine versus capecitabine plus
lapatinib in patients with previously treated HER2-positive
advanced breast cancer (EMILIA): a descriptive analysis of
final overall survival results from a randomised, open-label,
phase 3 trial. Lancet Oncol. 2017;18(6):732-42.

Perez E, Barrios C, Eiermann W, Toi M, Im Y, Conte P, et al.
Trastuzumab emtansine with or without pertuzumab versus
trastuzumab with taxane for human epidermal growth factor
receptor 2-positive advanced breast cancer: Final results from
MARIANNE. Cancer. 2019;125(22):3974-84.

Perez E, Barrios C, Eiermann W, Toi M, Im Y, Conte P, et al.
Trastuzumab Emtansine With or Without Pertuzumab Ver-
sus Trastuzumab Plus Taxane for Human Epidermal Growth
Factor Receptor 2-Positive, Advanced Breast Cancer: Primary
Results From the Phase III MARIANNE Study. J Clin Oncol.
2017;35(2):141-8.

von Minckwitz G, Huang C, Mano M, Loibl S, Mamounas E,
Untch M, et al. Trastuzumab Emtansine for Residual Invasive
HER2-Positive Breast Cancer. N Engl J Med. 2019;380(7):617-
28.

Hurvitz S, Martin M, Symmans W, Jung K, Huang C,
Thompson A, et al. Neoadjuvant trastuzumab, pertuzumab,
and chemotherapy versus trastuzumab emtansine plus per-
tuzumab in patients with HER2-positive breast cancer (KRIS-
TINE): a randomised, open-label, multicentre, phase 3 trial.
Lancet Oncol. 2018;19(1):115-26.

Hurvitz S, Martin M, Jung K, Huang C, Harbeck N, Valero V,
et al. Neoadjuvant Trastuzumab Emtansine and Pertuzumab in

35UBD17 SUOWWOD dAIS1D) 3|ceal|dde ay Aq pausenob ale sajolie YO ‘ash Jo Sa|n 1oy Ariqi]auljuQ A3]IA UO (SUO L IPUOD-PUe-SWLBIW0Y" A3 1M Alelq 1 pul|uo//sdiy) SUOIIPUOD pue SWB | au) 89S *[€202/T0/70] Uo AriqiTauljuo AB]IM BUIyDSURIY0D AQ Z8EZT 29e9/200T 0T/I0p/Wod A8 |Im Afeiq ijuluo//:sdny Wwolj papeojumoq ‘0 ‘8rSEEZST



CANCER
36 | COMMUNICATIONS

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

CHEN ET AL.

Human Epidermal Growth Factor Receptor 2-Positive Breast
Cancer: Three-Year Outcomes From the Phase III KRISTINE
Study. J Clin Oncol. 2019;37(25):2206-16.

Clark AS, Yau C, Wolf DM, Petricoin EF, van ‘t Veer LIJ,
Yee D, et al. Neoadjuvant T-DM1/pertuzumab and pacli-
taxel/trastuzumab/pertuzumab for HER2+ breast cancer in
the adaptively randomized I-SPY2 trial. Nat Commun. 2021;
12(1):6428.

Hatschek T, Foukakis T, Bjohle J, Lekberg T, Fredholm H,
Elinder E, et al. Neoadjuvant Trastuzumab, Pertuzumab, and
Docetaxel vs Trastuzumab Emtansine in Patients With ERBB2-
Positive Breast Cancer: A Phase 2 Randomized Clinical Trial.
JAMA Oncol. 2021;7(9):1360-7.

Narayan P, Osgood C, Singh H, Chiu H, Ricks T, Chiu Yuen
Chow E, et al. FDA Approval Summary: Fam-Trastuzumab
Deruxtecan-Nxki for the Treatment of Unresectable or
Metastatic HER2-Positive Breast Cancer. Clin Cancer Res.
2021;27(16):4478-85.

Ogitani Y, Aida T, Hagihara K, Yamaguchi J, Ishii C, Harada
N, et al. DS-8201a, A Novel HER2-Targeting ADC with a Novel
DNA Topoisomerase I Inhibitor, Demonstrates a Promising
Antitumor Efficacy with Differentiation from T-DMI. Clin
Cancer Res. 2016;22(20):5097-108.

Takegawa N, Tsurutani J, Kawakami H, Yonesaka K, Kato R,
Haratani K, et al. [fam-] trastuzumab deruxtecan, antitumor
activity is dependent on HER2 expression level rather than on
HER2 amplification. Int J Cancer. 2019;145(12):3414-24.
Tamura K, Tsurutani J, Takahashi S, Iwata H, Krop I, Redfern
C, et al. Trastuzumab deruxtecan (DS-8201a) in patients with
advanced HER2-positive breast cancer previously treated with
trastuzumab emtansine: a dose-expansion, phase 1 study.
Lancet Oncol. 2019;20(6):816-26.

Modi S, Saura C, Yamashita T, Park Y, Kim S, Tamura K, et al.
Trastuzumab Deruxtecan in Previously Treated HER2-Positive
Breast Cancer. N Engl J Med. 2020;382(7):610-21.

Modi S, Saura C, Yamashita T, Park YH, Kim S-B, Tamura
K, et al., editors. Abstract PD3-06: Updated results from
DESTINY-breast0l1, a phase 2 trial of trastuzumab deruxtecan
(T-DXd) in HER2 positive metastatic breast cancer. Poster Spot-
light Session Abstracts; 2021: American Association for Cancer
Research.

Modi S, Park H, Murthy R, Iwata H, Tamura K, Tsurutani J,
et al. Antitumor Activity and Safety of Trastuzumab Deruxte-
can in Patients With HER2-Low-Expressing Advanced Breast
Cancer: Results From a Phase Ib Study. J Clin Oncol.
2020;38(17):1887-96.

Cortés J, Kim S, Chung W, Im S, Park Y, Hegg R, et al.
Trastuzumab Deruxtecan versus Trastuzumab Emtansine for
Breast Cancer. N Engl J Med. 2022;386(12):1143-54.

Skidmore L, Sakamuri S, Knudsen N, Hewet A, Milutinovic S,
Barkho W, et al. ARX788, a Site-specific Anti-HER2 Antibody-
Drug Conjugate, Demonstrates Potent and Selective Activity
in HER2-low and T-DM1-resistant Breast and Gastric Cancers.
Mol Cancer Ther. 2020;19(9):1833-43.

Syed Y. Sacituzumab Govitecan: First Approval. Drugs.
2020;80(10):1019-25.

Goldenberg DM, Vahdat LT, Starodub AN, Bardia A, Chuang
E, Moroose RL, et al., editors. Abstract P5-19-08: IMMU-
132, a potential new antibody-drug conjugate (ADC) for the

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

treatment of triple-negative breast cancer (TNBC): Preclini-
cal and initial clinical results. Poster Session Abstracts; 2015:
American Association for Cancer Research.

Son S, Shin S, Rao NV, Um W, Jeon J, Ko H, et al. Anti-Trop2
antibody-conjugated bioreducible nanoparticles for targeted
triple negative breast cancer therapy. Int J Biol Macromol.
2018;110:406-15.

Bardia A, Hurvitz S, Tolaney S, Loirat D, Punie K, Oliveira
M, et al. Sacituzumab Govitecan in Metastatic Triple-Negative
Breast Cancer. N Engl J Med. 2021;384(16):1529-41.

Kalinsky K, Diamond JR, Vahdat LT, Tolaney SM, Juric D,
O’Shaughnessy J, et al. Sacituzumab govitecan in previously
treated hormone receptor-positive/HER2-negative metastatic
breast cancer: final results from a phase I/II, single-arm, basket
trial. Ann Oncol. 2020;31(12):1709-18.

Han F, Guo C, Yu D, Zhu J, Gong L, Li G, et al. Associ-
ations between UGT1A1*6 or UGT1A1*6/*28 polymorphisms
and irinotecan-induced neutropenia in Asian cancer patients.
Cancer Chemother Pharmacol. 2014;73(4):779-88.

Burris H, Rugo H, Vukelja S, Vogel C, Borson R, Limentani
S, et al. Phase II study of the antibody drug conjugate
trastuzumab-DM1 for the treatment of human epidermal
growth factor receptor 2 (HER2)-positive breast cancer after
prior HER2-directed therapy. J Clin Oncol. 2011;29(4):398-405.
Loganzo F, Tan X, Sung M, Jin G, Myers J, Melamud E,
et al. Tumor cells chronically treated with a trastuzumab-
maytansinoid antibody-drug conjugate develop varied resis-
tance mechanisms but respond to alternate treatments. Mol
Cancer Ther. 2015;14(4):952-63.

Li G, Guo J, Shen B, Yadav D, Sliwkowski M, Crocker L, et al.
Mechanisms of Acquired Resistance to Trastuzumab Emtan-
sine in Breast Cancer Cells. Mol Cancer Ther. 2018;17(7):1441-
53.

Coates J, Sun S, Leshchiner I, Thimmiah N, Martin E,
McLoughlin D, et al. Parallel Genomic Alterations of Anti-
gen and Payload Targets Mediate Polyclonal Acquired Clinical
Resistance to Sacituzumab Govitecan in Triple-Negative Breast
Cancer. Cancer Discov. 2021;11(10):2436-45.

Bardia A, Tolaney S, Punie K, Loirat D, Oliveira M, Kalinsky
K, et al. Biomarker analyses in the phase III ASCENT study
of sacituzumab govitecan versus chemotherapy in patients
with metastatic triple-negative breast cancer. Ann Oncol.
2021;32(9):1148-56.

Chen R, Hou J, Newman E, Kim Y, Donohue C, Liu X, et al.
CD30 Downregulation, MMAE Resistance, and MDR1 Upreg-
ulation Are All Associated with Resistance to Brentuximab
Vedotin. Mol Cancer Ther. 2015;14(6):1376-84.

Fenwarth L, Fournier E, Cheok M, Boyer T, Gonzales F,
Castaigne S, et al. Biomarkers of Gemtuzumab Ozogamicin
Response for Acute Myeloid Leukemia Treatment. Int J Mol
Sci. 2020;21(16):E5626.

Baldassarre T, Truesdell P, Craig A. Endophilin A2 promotes
HER2 internalization and sensitivity to trastuzumab-based
therapy in HER2-positive breast cancers. Breast Cancer Res.
2017;19(1):110.

Sung M, Tan X, Lu B, Golas J, Hosselet C, Wang F, et al.
Caveolae-Mediated Endocytosis as a Novel Mechanism of
Resistance to Trastuzumab Emtansine (T-DM1). Mol Cancer
Ther. 2018;17(1):243-53.

35UBD17 SUOWWOD dAIS1D) 3|ceal|dde ay Aq pausenob ale sajolie YO ‘ash Jo Sa|n 1oy Ariqi]auljuQ A3]IA UO (SUO L IPUOD-PUe-SWLBIW0Y" A3 1M Alelq 1 pul|uo//sdiy) SUOIIPUOD pue SWB | au) 89S *[€202/T0/70] Uo AriqiTauljuo AB]IM BUIyDSURIY0D AQ Z8EZT 29e9/200T 0T/I0p/Wod A8 |Im Afeiq ijuluo//:sdny Wwolj papeojumoq ‘0 ‘8rSEEZST



CHEN ET AL.

ANCER
COMMUNICATIONS

L

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Chung Y, Chang C, Wei W, Chang T, Chang K, Chao W.
Metformin-induced caveolin-1 expression promotes T-DM1
drug efficacy in breast cancer cells. Sci Rep. 2018;8(1):3930.
Indira Chandran V, Mansson A, Barbachowska M, Cerezo-
Magafia M, Nodin B, Joshi B, et al. Hypoxia Attenu-
ates Trastuzumab Uptake and Trastuzumab-Emtansine (T-
DM1) Cytotoxicity through Redistribution of Phosphorylated
Caveolin-1. Mol Cancer Res. 2020;18(4):644-56.

Askoxylakis V, Ferraro GB, Kodack DP, Badeaux M,
Shankaraiah RC, Seano G, et al. Preclinical Efficacy of
Ado-trastuzumab Emtansine in the Brain Microenvironment.
J Natl Cancer Inst. 2016; 108(2):djv313.

Krop I, Kim S, Gonzalez-Martin A, LoRusso P, Ferrero J, Smitt
M, et al. Trastuzumab emtansine versus treatment of physi-
cian’s choice for pretreated HER2-positive advanced breast
cancer (TH3RESA): a randomised, open-label, phase 3 trial.
Lancet Oncol. 2014;15(7):689-99.

Bartsch R, Berghoff AS, Furtner J, Marhold M, Bergen ES,
Roider-Schur S, et al. Trastuzumab-deruxtecan (T-DXd) in
HER2-positive breast cancer patients (pts) with active brain
metastases: Primary outcome analysis from the TUXEDO-1
trial. Ann Oncol. 2022;33:S198-S.

Rios-Luci C, Garcia-Alonso S, Diaz-Rodriguez E, Nadal-
Serrano M, Arribas J, Ocafia A, et al. Resistance to the
Antibody-Drug Conjugate T-DM1 Is Based in a Reduction in
Lysosomal Proteolytic Activity. Cancer Res. 2017;77(17):4639—
51.

Xu H, Ren D. Lysosomal physiology. Annu Rev Physiol.
2015;77:57-80.

Wang H, Wang W, Xu 'Y, Yang Y, Chen X, Quan H, et al. Aber-
rant intracellular metabolism of T-DM1 confers T-DM1 resis-
tance in human epidermal growth factor receptor 2-positive
gastric cancer cells. Cancer Sci. 2017;108(7):1458-68.
Liu-Kreyche P, Shen H, Marino A, Iyer R, Humphreys W,
Lai Y. Lysosomal P-gp-MDRI1 Confers Drug Resistance of
Brentuximab Vedotin and Its Cytotoxic Payload Monomethyl
Auristatin E in Tumor Cells. Front Pharmacol. 2019;10:
749.

Yu S, Zheng B, Go M, Lau J, Spencer S, Raab H, et al. A
Novel Anti-CD22 Anthracycline-Based Antibody-Drug Conju-
gate (ADC) That Overcomes Resistance to Auristatin-Based
ADCs. Clin Cancer Res. 2015;21(14):3298-306.

Le Joncour V, Martins A, Puhka M, Isola J, Salmikangas
M, Laakkonen P, et al. A Novel Anti-HER2 Antibody-Drug
Conjugate XMT-1522 for HER2-Positive Breast and Gastric
Cancers Resistant to Trastuzumab Emtansine. Mol Cancer
Ther. 2019;18(10):1721-30.

Chang C, Wang Y, Zalath M, Liu D, Cardillo T, Goldenberg
D. Combining ABCG2 Inhibitors with IMMU-132, an Anti-
Trop-2 Antibody Conjugate of SN-38, Overcomes Resistance
to SN-38 in Breast and Gastric Cancers. Mol Cancer Ther.
2016;15(8):1910-9.

Cardillo T, Rossi D, Zalath M, Liu D, Arrojo R, Sharkey R,
et al. Predictive biomarkers for sacituzumab govitecan efficacy
in Trop-2-expressing triple-negative breast cancer. Oncotarget.
2020;11(43):3849-62.

Sauveur J, Conilh L, Beaumel S, Chettab K, Jordheim L, Matera
E, etal. Characterization of T-DM1-resistant breast cancer cells.
Pharmacol Res Perspect. 2020;8(4):e00617.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Castedo M, Perfettini J, Roumier T, Andreau K, Medema R,
Kroemer G. Cell death by mitotic catastrophe: a molecular
definition. Oncogene. 2004;23(16):2825-37.

Sabbaghi M, Gil-Gémez G, Guardia C, Servitja S, Arpi
O, Garcia-Alonso S, et al. Defective Cyclin Bl Induction
in Trastuzumab-emtansine (T-DM1) Acquired Resis-
tance in HER2-positive Breast Cancer. Clin Cancer Res.
2017;23(22):7006-19.

Visconti R, Della Monica R, Grieco D. Cell cycle checkpoint in
cancer: a therapeutically targetable double-edged sword. J Exp
Clin Cancer Res. 2016; 35(1):153.

Dornan D, Bennett F, Chen Y, Dennis M, Eaton D, Elkins
K, et al. Therapeutic potential of an anti-CD79b antibody-
drug conjugate, anti-CD79b-vc-MMAE, for the treatment of
non-Hodgkin lymphoma. Blood. 2009;114(13):2721-9.

Walter R, Raden B, Cronk M, Bernstein I, Appelbaum F, Banker
D. The peripheral benzodiazepine receptor ligand PK11195
overcomes different resistance mechanisms to sensitize AML
cells to gemtuzumab ozogamicin. Blood. 2004;103(11):4276-84.
Saatci O, Borgoni S, Akbulut O, Durmus S, Raza U, Eyiipoglu
E, et al. Targeting PLK1 overcomes T-DMI resistance via CDK1-
dependent phosphorylation and inactivation of Bcl-2/xL in
HER2-positive breast cancer. Oncogene. 2018;37(17):2251-69.
Zoeller JJ, Vagodny A, Taneja K, Tan BY, O’Brien N, Slamon DJ,
et al. Neutralization of BCL-2/XL Enhances the Cytotoxicity of
T-DMI1 In Vivo. Mol Cancer Ther. 2019;18(6):1115-26.

Nami B, Wang Z. HER?2 in Breast Cancer Stemness: A Nega-
tive Feedback Loop towards Trastuzumab Resistance. Cancers
(Basel). 2017;9(5):E40.

Mercogliano M, De Martino M, Venturutti L, Rivas M, Proietti
C, Inurrigarro G, et al. TNFa-Induced Mucin 4 Expression Elic-
its Trastuzumab Resistance in HER2-Positive Breast Cancer.
Clin Cancer Res. 2017;23(3):636-48.

Filho O, Viale G, Stein S, Trippa L, Yardley D, Mayer I,
et al. Impact of HER2 Heterogeneity on Treatment Response
of Early-Stage HER2-Positive Breast Cancer: Phase IT Neoad-
juvant Clinical Trial of T-DM1 Combined with Pertuzumab.
Cancer Discov. 2021;11(10):2474-87.

Hamilton E, Shastry M, Shiller S, Ren R. Targeting HER2 het-
erogeneity in breast cancer. Cancer Treat Rev. 2021;100:102286.
Seol H, Lee H, Choi Y, Lee H, Kim Y, Kim J, et al. Intratumoral
heterogeneity of HER2 gene amplification in breast cancer: its
clinicopathological significance. Mod Pathol. 2012;25(7):938-48.
de Haas S, Hurvitz S, Martin M, Kiermaier A, Lewis Phillips
G, Xu J, et al., editors. Abstract P6-07-09: Biomarker analysis
from the neoadjuvant KRISTINE study in HER2-positive early
breast cancer (EBC). Poster Session Abstracts; 2017: American
Association for Cancer Research.

Ogitani Y, Hagihara K, Oitate M, Naito H, Agatsuma T.
Bystander killing effect of DS -820la, a novel anti-human
epidermal growth factor receptor 2 antibody-drug conjugate,
in tumors with human epidermal growth factor receptor 2
heterogeneity. Cancer Sci. 2016;107(7):1039-46.

Nakajima H, Harano K, Nakai T, Kusuhara S, Nakao T,
Funasaka C, et al. Impacts of clinicopathological factors on effi-
cacy of trastuzumab deruxtecan in patients with HER2-positive
metastatic breast cancer. Breast. 2022;61:136—44.

Halilovic A, Verweij D, Simons A, Stevens-Kroef M, Vermeulen
S, Elsink J, et al. HER2, chromosome 17 polysomy and DNA

35UBD17 SUOWWOD dAIS1D) 3|ceal|dde ay Aq pausenob ale sajolie YO ‘ash Jo Sa|n 1oy Ariqi]auljuQ A3]IA UO (SUO L IPUOD-PUe-SWLBIW0Y" A3 1M Alelq 1 pul|uo//sdiy) SUOIIPUOD pue SWB | au) 89S *[€202/T0/70] Uo AriqiTauljuo AB]IM BUIyDSURIY0D AQ Z8EZT 29e9/200T 0T/I0p/Wod A8 |Im Afeiq ijuluo//:sdny Wwolj papeojumoq ‘0 ‘8rSEEZST



CANCER
38 | COMMUNICATIONS

100.

101.

102.

103.

104.
105.
106.
107.
108.
109.
110.

111.

112.

CHEN ET AL.

ploidy status in breast cancer; a translational study. Sci Rep.
2019;9(1):11679.

Lukow D, Sheltzer J. Chromosomal instability and aneuploidy
as causes of cancer drug resistance. Trends Cancer. 2021:52405-
8033(21)00190-4.

Baselga J, Lewis Phillips G, Verma S, Ro J, Huober J, Guardino
A, et al. Relationship between Tumor Biomarkers and Effi-
cacy in EMILIA, a Phase III Study of Trastuzumab Emtansine
in HER2-Positive Metastatic Breast Cancer. Clin Cancer Res.
2016;22(15):3755-63.

Harbeck N, Nitz U, Christgen M, Kuemmel S, Braun M,
Biehl CM, et al. LBA13 Predictive impact of biomarkers on
PCR and survival after de-escalated neoadjuvant T-DM1 with
or without endocrine therapy (ET) vs. trastuzumab+ET in
HER2+/HR+ early breast cancer: WSG ADAPT TP trial. Ann
Oncol. 2021;32:S1285.

Kim S-B, Wildiers H, Krop IE, Smitt M, Yu R, Lysbet de
Haas S, et al. Relationship between tumor biomarkers and
efficacy in TH3RESA, a phase III study of trastuzumab emtan-
sine (T-DM1)vs. treatment of physician’s choice in previously
treated HER2-positive advanced breast cancer. Int J Cancer.
2016;139(10):2336-42.

Perez E, de Haas S, Eiermann W, Barrios C, Toi M, Im Y,
et al. Relationship between tumor biomarkers and efficacy in
MARIANNE, a phase III study of trastuzumab emtansine +
pertuzumab versus trastuzumab plus taxane in HER2-positive
advanced breast cancer. BMC Cancer. 2019;19(1):517.

Phillips GDL, Fields CT, Li G, Dowbenko D, Schaefer G,
Miller K, et al. Dual Targeting of HER2-Positive Cancer with
Trastuzumab Emtansine and Pertuzumab: Critical Role for
Neuregulin Blockade in Antitumor Response to Combination
Therapy. Clin Cancer Res. 2014;20(2):456-68.

Islam S, Uddin M, Noman A, Akter H, Dity N, Basiruzzman
M, et al. Antibody-drug conjugate T-DMI1 treatment for
HER2+ breast cancer induces RORI and confers resistance
through activation of Hippo transcriptional coactivator YAPI.
EBioMedicine. 2019;43:211-24.

Wang L, Wang Q, Xu P, Fu L, Li Y, Fu H, et al. YES1 ampli-
fication confers trastuzumab-emtansine (T-DMI1) resistance in
HER2-positive cancer. Br J Cancer. 2020;123(6):1000-11.
Austin C, De Maziere A, Pisacane P, van Dijk S, Eigenbrot
C, Sliwkowski M, et al. Endocytosis and sorting of ErbB2
and the site of action of cancer therapeutics trastuzumab and
geldanamycin. Mol Biol Cell. 2004;15(12):5268-82.

Citri A, Kochupurakkal BS, Yarden Y. The Achilles Heel of
ErbB-2/HER2: Regulation by the Hsp90 Chaperone Machine
and Potential for Pharmacological Intervention. Cell Cycle.
2004;3(1):50-9.

Zhang Y, Zhang J, Liu C, Du S, Feng L, Luan X, et al. Nera-
tinib induces ErbB2 ubiquitylation and endocytic degradation
via HSP90 dissociation in breast cancer cells. Cancer Lett.
2016;382(2):176-85.

Li B, Michelini F, Misale S, Cocco E, Baldino L, Cai Y,
et al. HER2-Mediated Internalization of Cytotoxic Agents in
ERBB2 Amplified or Mutant Lung Cancers. Cancer Discov.
2020;10(5):674-87.

Junutula JR, Raab H, Clark S, Bhakta S, Leipold DD, Weir
S, et al. Site-specific conjugation of a cytotoxic drug to an

13.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

antibody improves the therapeutic index. Nat Biotechnol.
2008;26(8):925-32.

Kumar A, Mao S, Dimasi N, Gao C. Design and Validation of
Linkers for Site-Specific Preparation of Antibody-Drug Conju-
gates Carrying Multiple Drug Copies Per Cysteine Conjugation
Site. Int J Mol Sci. 2020;21(18):E6882.

Zhou Q, Kyazike J, Boudanova E, Drzyzga M, Honey D, Cost R,
et al. Site-Specific Antibody Conjugation to Engineered Double
Cysteine Residues. Pharmaceuticals (Basel). 2021;14(7):672.
Hamblett K, Barnscher S, Davies R, Hammond P, Hernandez
A, Wickman G, et al., editors. Abstract P6-17-13: ZW49, a HER2
targeted biparatopic antibody drug conjugate for the treatment
of HER2 expressing cancers. Poster Session Abstracts; 2019:
American Association for Cancer Research.

Pegram M, Hamilton E, Tan A, Storniolo A, Balic K,
Rosenbaum A, et al. First-in-Human, Phase 1 Dose-Escalation
Study of Biparatopic Anti-HER2 Antibody-Drug Conjugate
MEDI4276 in Patients with HER2-positive Advanced Breast or
Gastric Cancer. Mol Cancer Ther. 2021;20(8):1442-53.

Herbst R, Wang Y, Gallagher S, Mittereder N, Kuta E,
Damschroder M, et al. B-cell depletion in vitro and in vivo with
an afucosylated anti-CD19 antibody. J Pharmacol Exp Ther.
2010;335(1):213-22.

Bernardes G, Casi G, Triissel S, Hartmann I, Schwager K,
Scheuermann J, et al. A traceless vascular-targeting antibody-
drug conjugate for cancer therapy. Angew Chem Int Ed Engl.
2012;51(4):941-4.

Gébleux R, Stringhini M, Casanova R, Soltermann A, Neri
D. Non-internalizing antibody-drug conjugates display potent
anti-cancer activity upon proteolytic release of monomethyl
auristatin E in the subendothelial extracellular matrix. Int J
Cancer. 2017;140(7):1670-9.

Beck A, Goetsch L, Dumontet C, Corvaia N. Strategies and chal-
lenges for the next generation of antibody-drug conjugates. Nat
Rev Drug Discov. 2017;16(5):315-37.

Yamazaki C, Yamaguchi A, Anami Y, Xiong W, Otani Y, Lee
J, et al. Antibody-drug conjugates with dual payloads for com-
bating breast tumor heterogeneity and drug resistance. Nat
Commun. 2021;12(1):3528.

Ocafia A, Amir E, Pandiella A. HER2 heterogeneity and resis-
tance to anti-HER2 antibody-drug conjugates. Breast Cancer
Res. 2020;22(1):15.

Martin M, Fumoleau P, Dewar J, Albanell J, Limentani S,
Campone M, et al. Trastuzumab emtansine (T-DM1) plus
docetaxel with or without pertuzumab in patients with HER2-
positive locally advanced or metastatic breast cancer: results
from a phase Ib/Ila study. Ann Oncol. 2016;27(7):1249-56.
Patel T, Dave B, Rodriguez A, Chang J, Perez E, Colon-Otero
G. Dual HER2 blockade: preclinical and clinical data. Breast
Cancer Res. 2014;16(4):419.

Skeie M, Nikolaysen F, Chitano Y, Stang E. Hsp90 inhibition
and co-incubation with pertuzumab induce internalization and
degradation of trastuzumab: Implications for use of T-DM1. J
Cell Mol Med. 2020;24(17):10258-62.

ZhangJ, LiJ, Zhu C, Song Y, Xia F, Ma X. Safety and efficacy of
the addition of pertuzumab to T-DM1 + taxane in patients with
HER2-positive, locally advanced or metastatic breast cancer: a
pooled analysis. Drug Des Devel Ther. 2017;11:3235-44.

35UBD17 SUOWWOD dAIS1D) 3|ceal|dde ay Aq pausenob ale sajolie YO ‘ash Jo Sa|n 1oy Ariqi]auljuQ A3]IA UO (SUO L IPUOD-PUe-SWLBIW0Y" A3 1M Alelq 1 pul|uo//sdiy) SUOIIPUOD pue SWB | au) 89S *[€202/T0/70] Uo AriqiTauljuo AB]IM BUIyDSURIY0D AQ Z8EZT 29e9/200T 0T/I0p/Wod A8 |Im Afeiq ijuluo//:sdny Wwolj papeojumoq ‘0 ‘8rSEEZST



CHEN ET AL.

ANCER
COMMUNICATIONS

A=

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Patel TA, Ensor J, Rodriguez AA, Belcheva A, Darcourt JG,
Niravath PA, et al. Phase ib study of trastuzumab emtan-
sine (TDM1) in combination with lapatinib and nab-paclitaxel
in metastatic HER2-neu overexpressed breast cancer patients:
Stela results. J Clin Oncol. 2018;36(15 suppl):1035-1035.

Patel T, Ensor J, Creamer S, Boone T, Rodriguez A, Niravath
P, et al. A randomized, controlled phase II trial of neoadjuvant
ado-trastuzumab emtansine, lapatinib, and nab-paclitaxel ver-
sus trastuzumab, pertuzumab, and paclitaxel in HER2-positive
breast cancer (TEAL study). Breast Cancer Res. 2019;21(1):100.
Abraham J, Montero A, Jankowitz R, Salkeni M, Beumer J,
Kiesel B, et al. Safety and Efficacy of T-DM1 Plus Neratinib in
Patients With Metastatic HER2-Positive Breast Cancer: NSABP
Foundation Trial FB-10. J Clin Oncol. 2019;37(29):2601-9.

Goel S, Wang Q, Watt AC, Tolaney SM, Dillon DA, Li W, et al.
Overcoming Therapeutic Resistance in HER2-Positive Breast
Cancers with CDK4/6 Inhibitors. Cancer Cell. 2016;29(3):255-
69.

Witkiewicz A, Cox D, Knudsen E. CDK4/6 inhibition provides
apotent adjunct to Her2-targeted therapies in preclinical breast
cancer models. Genes Cancer. 2014;5(7-8):261-72.

Spring L, Clark S, Li T, Goel S, Tayob N, Viscosi E, et al. Phase
1b clinical trial of ado-trastuzumab emtansine and ribociclib
for HER2-positive metastatic breast cancer. NPJ Breast Cancer.
2021;7(1):103.

Haley B, Batra K, Sahoo S, Froehlich T, Klemow D, Unni N,
et al. A Phase I/Ib Trial of PD 0332991 (Palbociclib) and T-DM1
in HER2-Positive Advanced Breast Cancer After Trastuzumab
and Taxane Therapy. Clin Breast Cancer. 2021;21(5):417-24.
Jain S, Shah A, Santa-Maria C, Siziopikou K, Rademaker A,
Helenowski I, et al. Phase I study of alpelisib (BYL-719) and
trastuzumab emtansine (T-DM1) in HER2-positive metastatic
breast cancer (MBC) after trastuzumab and taxane therapy.
Breast Cancer Res Treat. 2018;171(2):371-81.

Singh D, Parveen A, Yadav D. Role of PARP in TNBC: Mech-
anism of Inhibition, Clinical Applications, and Resistance.
Biomedicines. 2021;9(11):1512.

Cardillo T, Sharkey R, Rossi D, Arrojo R, Mostafa A,
Goldenberg D. Synthetic Lethality Exploitation by an Anti-
Trop-2-SN-38 Antibody-Drug Conjugate, IMMU-132, Plus
PARP Inhibitors in BRCA1/2-wild-type Triple-Negative Breast
Cancer. Clin Cancer Res. 2017;23(13):3405-15.

Bagchi S, Yuan R, Engleman EG. Immune Checkpoint
Inhibitors for the Treatment of Cancer: Clinical Impact and
Mechanisms of Response and Resistance. Annu Rev Pathol.
2021;16:223-49.

Gerber H-P, Sapra P, Loganzo F, May C. Combining antibody-
drug conjugates and immune-mediated cancer therapy: What
to expect. Biochem Pharmacol. 2016;102:1-6.

Miiller P, Kreuzaler M, Khan T, Thommen DS, Martin K, Glatz
K, et al. Trastuzumab emtansine (T-DM1) renders HER2 +
breast cancer highly susceptible to CTLA-4/PD-1 blockade. Sci
Transl Med. 2015;7(315).

Emens L, Esteva F, Beresford M, Saura C, De Laurentiis M,
Kim S, et al. Trastuzumab emtansine plus atezolizumab ver-
sus trastuzumab emtansine plus placebo in previously treated,
HER2-positive advanced breast cancer (KATE2): a phase 2,
multicentre, randomised, double-blind trial. Lancet Oncol.
2020;21(10):1283-95.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Loi S, Schneeweiss A, Song E, Harries M, De Laurentiis M, Li Y,
et al. 329TiP KATE3: A phase III study of trastuzumab emtan-
sine (T-DM1) in combination with atezolizumab or placebo
in patients with previously treated HER2-positive and PD-
L1-positive locally advanced or metastatic breast cancer. Ann
Oncol. 2021;32:S509.

Sakai H, Tsurutani J, Iwasa T, Komoike Y, Sakai K, Nishio K,
et al. HER2 genomic amplification in circulating tumor DNA
and estrogen receptor positivity predict primary resistance
to trastuzumab emtansine (T-DM1) in patients with HER2-
positive metastatic breast cancer. Breast Cancer. 2018;25(5):605-
13.

Frittoli E, Palamidessi A, Marighetti P, Confalonieri S, Bianchi
F, Malinverno C, et al. A RAB5/RAB4 recycling circuitry
induces a proteolytic invasive program and promotes tumor
dissemination. J Cell Biol. 2014;206(2):307-28.

Engebraaten O, Yau C, Berg K, Borgen E, Garred @, Berstad
M, et al. RABSA expression is a predictive biomarker for
trastuzumab emtansine in breast cancer. Nat Commun.
2021;12(1):6427.

Kinneer K, Meekin J, Tiberghien A, Tai Y, Phipps S, Kiefer
C, et al. SLC46A3 as a Potential Predictive Biomarker for
Antibody-Drug Conjugates Bearing Noncleavable Linked May-
tansinoid and Pyrrolobenzodiazepine Warheads. Clin Cancer
Res. 2018;24:6570-82.

Hu X, Zhang J, Liu R, Gao S, Qing Y, Yi S, et al. Phase I study
of A166 in patients with HER2-expressing locally advanced or
metastatic solid tumors. J Clin Oncol. 2021;39(15_suppl):1024-
1024.

Park YH, Ahn HK, Kim J-Y, Ahn JS, Im Y-H, Kim S-
H, et al. First-in-human phase I study of ALT-P7, a
HER2-targeting antibody-drug conjugate in patients with
HER2-positive advanced breast cancer. J Clin Oncol
2020;38(15_suppl):3551-3551.

Barok M, Le Joncour V, Martins A, Isola J, Salmikangas M,
Laakkonen P, et al. ARX788, a novel anti-HER2 antibody-drug
conjugate, shows anti-tumor effects in preclinical models of
trastuzumab emtansine-resistant HER2-positive breast cancer
and gastric cancer. Cancer Lett. 2020;473:156-63.

Challita-Eid P, Satpayev D, Yang P, An Z, Morrison K, Shostak
Y, et al. Enfortumab Vedotin Antibody-Drug Conjugate Tar-
geting Nectin-4 Is a Highly Potent Therapeutic Agent in
Multiple Preclinical Cancer Models. Cancer Res. 2016;76(10):
3003-13.

Sharp LL, Chang C, Frey G, Wang J, Liu H, Xing C, et al., edi-
tors. Abstract 833: Anti-tumor efficacy of BA3021, a novel Con-
ditionally Active Biologic (CAB) anti-ROR2 ADC. Experimen-
tal and Molecular Therapeutics; 2018: American Association
for Cancer Research.

Boni V, Burris III HA, Liu JF, Spira Al, Arkenau H-T, Fidler
MJ, et al. CX-2009, a CD166-directed probody drug conjugate
(PDC): Results from the first-in-human study in patients (Pts)
with advanced cancer including breast cancer (BC). J Clin
Oncol. 2020;38(15_suppl):526-526.

Okajima D, Yasuda S, Maejima T, Karibe T, Sakurai K, Aida
T, et al. Datopotamab Deruxtecan, a Novel TROP2-directed
Antibody-drug Conjugate, Demonstrates Potent Antitumor
Activity by Efficient Drug Delivery to Tumor Cells. Mol Cancer
Ther. 2021; 20(12):2329-2340

35UBD17 SUOWWOD dAIS1D) 3|ceal|dde ay Aq pausenob ale sajolie YO ‘ash Jo Sa|n 1oy Ariqi]auljuQ A3]IA UO (SUO L IPUOD-PUe-SWLBIW0Y" A3 1M Alelq 1 pul|uo//sdiy) SUOIIPUOD pue SWB | au) 89S *[€202/T0/70] Uo AriqiTauljuo AB]IM BUIyDSURIY0D AQ Z8EZT 29e9/200T 0T/I0p/Wod A8 |Im Afeiq ijuluo//:sdny Wwolj papeojumoq ‘0 ‘8rSEEZST



CANCER
% | COMMUNICATIONS

153.
154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

CHEN ET AL.

Furuuchi K, Rybinski K, Fulmer J, Moriyama T, Drozdowski
B, Soto A, et al. Antibody-drug conjugate MORAb-202 exhibits
long-lasting antitumor efficacy in TNBC PDx models. Cancer
Sci. 2021;112(6):2467-80.

Li H, Zhang X, Xu Z, Li L, Liu W, Dai Z, et al. Preclinical
evaluation of MRG002, a novel HER2-targeting antibody-drug
conjugate with potent antitumor activity against HER2-positive
solid tumors. Antib Ther. 2021;4(3):175-84.

Tolcher AW, Meric-Bernstam F, McKean M, Beerli
RR, Waldmeier L, Gebleux R, et al. NBE-002: A novel
anthracycline-based antibody-drug conjugate (ADC) targeting
RORI1 for the treatment of advanced solid tumors—A phase
1/2 clinical trial. J Clin Oncol. 2021;39(15_suppl):TPS1108-TPS.

Maitland M, Sachdev J, Sharma M, Moreno V, Boni V, Kummar
S, et al. First-in-Human Study of PF-06647020 (Cofetuzumab
Pelidotin), an Antibody-Drug Conjugate Targeting Protein
Tyrosine Kinase 7, in Advanced Solid Tumors. Clin Cancer Res.
2021;27(16):4511-20.

Graziani EI, Sung M, Ma D, Narayanan B, Marquette K,
Puthenveetil S, et al. PF-06804103, A Site-specific Anti-
HER2 Antibody-Drug Conjugate for the Treatment of HER2-
expressing Breast, Gastric, and Lung Cancers. Mol Cancer
Ther. 2020;19(10):2068-78.

Sussman D, Smith L, Anderson M, Duniho S, Hunter J, Kostner
H, et al. SGN-LIV1A: a novel antibody-drug conjugate targeting
LIV-1for the treatment of metastatic breast cancer. Mol Cancer
Ther. 2014;13(12):2991-3000.

Liu Y, Lian W, Zhao X, Diao Y, Xu J, Xiao L, et al. SKB264
ADC: A first-in-human study of SKB264 in patients with
locally advanced unresectable/metastatic solid tumors who
are refractory to available standard therapies. J Clin Oncol.
2020;38(15_suppl):TPS3659-TPS.

van der Lee MMC, Groothuis PG, Ubink R, van der Vleuten
MAJ, van Achterberg TA, Loosveld EM, et al. The Preclini-
cal Profile of the Duocarmycin-Based HER2-Targeting ADC
SYD985 Predicts for Clinical Benefit in Low HER2-Expressing
Breast Cancers. Mol Cancer Ther. 2015;14(3):692-703.

Lewis Phillips G, Li G, Dugger D, Crocker L, Parsons K,
Mai E, et al. Targeting HER2-positive breast cancer with
trastuzumab-DM1, an antibody-cytotoxic drug conjugate. Can-
cer Res. 2008;68(22):9280-90.

Hashimoto Y, Koyama K, Kamai Y, Hirotani K, Ogitani
Y, Zembutsu A, et al. A Novel HER3-Targeting Antibody-
Drug Conjugate, U3-1402, Exhibits Potent Therapeutic Efficacy
through the Delivery of Cytotoxic Payload by Efficient Internal-
ization. Clin Cancer Res. 2019;25(23):7151-61.

Krop I, Kim S, Martin A, LoRusso P, Ferrero J, Badovinac-
Crnjevic T, et al. Trastuzumab emtansine versus treatment of
physician’s choice in patients with previously treated HER2-
positive metastatic breast cancer (TH3RESA): final overall
survival results from a randomised open-label phase 3 trial.
Lancet Oncol. 2017;18(6):743-54.

Montemurro F, Ellis P, Anton A, Wuerstlein R, Delaloge S,
Bonneterre J, et al. Safety of trastuzumab emtansine (T-DM1)
in patients with HER2-positive advanced breast cancer: Pri-
mary results from the KAMILLA study cohort 1. Eur J Cancer.
2019;109:92-102.

Montemurro F, Delaloge S, Barrios CH, Wuerstlein R, Anton A,
Brain E, et al. Trastuzumab emtansine (T-DM1) in patients with

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

HER2-positive metastatic breast cancer and brain metastases:
exploratory final analysis of cohort 1 from KAMILLA, a single-
arm phase IIIb clinical trial¥r. Ann Oncol. 2020;31(10):1350-8.
Banerji U, van Herpen CML, Saura C, Thistlethwaite F, Lord
S, Moreno V, et al. Trastuzumab duocarmazine in locally
advanced and metastatic solid tumours and HER2-expressing
breast cancer: a phase 1 dose-escalation and dose-expansion
study. Lancet Oncol. 2019;20(8):1124-35.

Saura Manich C, O’Shaughnessy J, Aftimos PG, van den
Tweel E, Oesterholt M, Escrivd-de-Romani SI, et al. LBA15
Primary outcome of the phase III SYD985.002/TULIP trial
comparing [vic-Jtrastuzumab duocarmazine to physician’s
choice treatment in patients with pre-treated HER2-positive
locally advanced or metastatic breast cancer. Ann Oncol.
2021;32:51288.

Xu'Y, Wang Y, Gong J, Zhang X, Peng Z, Sheng X, et al. Phase
I study of the recombinant humanized anti-HER2 monoclonal
antibody-MMAE conjugate RC48-ADC in patients with HER2-
positive advanced solid tumors. Gastric Cancer. 2021;24(4):913-
25.

Xu B, Wang J, Fang J, Chen X, Han Y, Li Q, et al., editors.
Abstract PD4-06: Early clinical development of RC48-ADC in
patients with HER2 positive metastatic breast cancer. Poster
Spotlight Session Abstracts; 2020: American Association for
Cancer Research.

Hu X, Zhang J, Ji D, Xia G, Ji Y, Xiong G, et al., editors.
Abstract P1-18-16: A phase 1 study of ARX788, a HER2-
targeting antibody-drug conjugate, in patients with metastatic
HER2-positive breast cancer. Poster Session Abstracts; 2020:
American Association for Cancer Research.

Meric-Bernstam F, Calvo E, Moreno V, Chung HC, Park YH,
Bang Y-J, et al. A phase I dose escalation study evaluating
the safety and tolerability of a novel anti-HER2 antibody-drug
conjugate (PF-06804103) in patients with HER2-positive solid
tumors. J Clin Oncol. 2020;38(15_suppl):1039-1039.

Guo Y, Xue J, Peng W, Xue L, Ge X, Zhao W, et al. 271P
First-in-human, phase I dose escalation and expansion study of
anti-HER2 ADC MRGO02 in patients with HER2 positive solid
tumors. Ann Oncol. 2021;32:5480-S1.

Harbeck N, Im S-A, Barrios CH, Bonnefoi HR, Gralow J,
Toi M, et al. Primary analysis of KAITLIN: A phase III
study of trastuzumab emtansine (T-DMI1) + pertuzumab ver-
sus trastuzumab + pertuzumab + taxane, after anthracyclines
as adjuvant therapy for high-risk HER2-positive early breast
cancer (EBC). J Clin Oncol. 2020;38(15_suppl):500-500.
JR,JL,JX,YD,YX,GL,etal. 5140 An open-label, global, first-
in-human study of SKB264 in patients with locally advanced or
metastatic solid tumors. Ann Oncol. 2021;32:S585.

Shimizu T, Lisberg AE, Sands JM, Greenberg J, Phillips P,
Tajima N, et al. 02-1 Datopotamab Deruxtecan (Dato-DXd;
DS-1062), a TROP2 ADC, in patients with advanced NSCLC:
Updated results of TROPION-PanTumor01 phase 1 study. Ann
Oncol. 2021;32:5285.

Tsai M, Han HS, Montero AJ, Tkaczuk KH, Assad H, Pusztai
L, et al. 259P Weekly ladiratuzumab vedotin monother-
apy for metastatic triple-negative breast cancer. Ann Oncol.
2021;32:S474-S5.

Han HH, Diab S, Alemany C, Basho R, Brown-Glaberman U,
Meisel J, et al., editors. Abstract PD1-06: Open label phase

35UBD17 SUOWWOD dAIS1D) 3|ceal|dde ay Aq pausenob ale sajolie YO ‘ash Jo Sa|n 1oy Ariqi]auljuQ A3]IA UO (SUO L IPUOD-PUe-SWLBIW0Y" A3 1M Alelq 1 pul|uo//sdiy) SUOIIPUOD pue SWB | au) 89S *[€202/T0/70] Uo AriqiTauljuo AB]IM BUIyDSURIY0D AQ Z8EZT 29e9/200T 0T/I0p/Wod A8 |Im Afeiq ijuluo//:sdny Wwolj papeojumoq ‘0 ‘8rSEEZST



CHEN ET AL.

1=

ANCER
COMMUNICATIONS

178.

179.

1b/2 study of ladiratuzumab vedotin in combination with
pembrolizumab for first-line treatment of patients with unre-
sectable locally-advanced or metastatic triple-negative breast
cancer. Poster Spotlight Session Abstracts; 2020: American
Association for Cancer Research.

Krop I, Yonemori K, Takahashi S, Inoue K, Nakayama T,
Iwata H, et al., editors. Abstract PD1-09: Safety and efficacy
results from the phase 1/2 study of U3-1402, a human epider-
mal growth factor receptor 3 (HER3)-directed antibody drug
conjugate (ADC), in patients with HER3-expressing metastatic
breast cancer (MBC). Poster Spotlight Session Abstracts; 2021:
American Association for Cancer Research.

Shimizu T, Fujiwara Y, Yonemori K, Koyama T, Sato J,
Tamura K, et al. First-in-Human Phase 1 Study of MORAb-202,
an Antibody-Drug Conjugate Comprising Farletuzumab
Linked to Eribulin Mesylate, in Patients with Folate

Receptor-a-Positive Advanced Solid Tumors. Clin Cancer
Res. 2021;27(14):3905-15.

180. Liu JF, Zein IA, Dang T, Lyman SK, Spira A, Uboha N, et al.

Abstract PS11-07: Intratumoral activation and phase 1/2 clinical
activity of CX-2009, a probody drug conjugate (PDC) targeting
CD166. Cancer Research. 2021;81(4_Supplement):PS11-07-PS11-
07.

How to cite this article: Chen Y-F, Xu Y-Y, Shao
Z-M, Yu K-D. Resistance to antibody-drug
conjugates in breast cancer: mechanisms and
solutions. Cancer Communications. 2022;1-41.
https://doi.org/10.1002/cac2.12387

35UBD17 SUOWWOD dAIS1D) 3|ceal|dde ay Aq pausenob ale sajolie YO ‘ash Jo Sa|n 1oy Ariqi]auljuQ A3]IA UO (SUO L IPUOD-PUe-SWLBIW0Y" A3 1M Alelq 1 pul|uo//sdiy) SUOIIPUOD pue SWB | au) 89S *[€202/T0/70] Uo AriqiTauljuo AB]IM BUIyDSURIY0D AQ Z8EZT 29e9/200T 0T/I0p/Wod A8 |Im Afeiq ijuluo//:sdny Wwolj papeojumoq ‘0 ‘8rSEEZST


https://doi.org/10.1002/cac2.12387

	Resistance to antibody-drug conjugates in breast cancer: mechanisms and solutions
	Abstract
	1 | BACKGROUND
	2 | STRUCTURE OF ADCS
	2.1 | Antigen and mAb
	2.2 | Linker
	2.3 | Payload

	3 | MECHANISMS OF ACTIONS
	4 | EFFICACY OF ADCS IN BREAST CANCER
	4.1 | HER2-targeted ADCs
	4.2 | Non-HER2-targeted ADCs

	5 | RESISTANCE
	5.1 | Resistance mechanisms in breast cancer
	5.1.1 | Antibody-mediated resistance
	5.1.2 | Impaired drug trafficking
	5.1.3 | Disrupted lysosomal function
	5.1.4 | Payload-related resistance

	5.2 | Resistance mechanisms specific to HER2+ breast cancer
	5.2.1 | Impaired binding of HER2
	5.2.2 | HER2 heterogeneity
	5.2.3 | Dysregulated downstream signaling pathways of HER2
	5.2.4 | HER2 instability


	6 | SOLUTIONS
	6.1 | New drug development
	6.2 | Combination therapy
	6.2.1 | Combine with chemotherapeutics/targeted therapies
	6.2.2 | Combine with Immunotherapy

	6.3 | Resistance prediction

	7 | CONCLUSIONS
	DECLARATIONS: ETHICS APPROVAL AND CONSENT TO PARTICIPATE
	CONSENT FOR PUBLICATION
	AVAILABILITY OF DATA AND MATERIAL
	COMPETING INTERESTS
	FUNDING
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	ORCID
	REFERENCES


