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Abstract
Antibody-drug conjugates (ADCs) are a rapidly developing therapeutic approach
in cancer treatment that has shown remarkable activity in breast cancer. Cur-
rently, there are two ADCs approved for the treatment of human epidermal
growth factor receptor 2-positive breast cancer, one for triple-negative breast can-
cer, andmultiple investigationalADCs in clinical trials. However, drug resistance
has been noticed in clinical use, especially in trastuzumab emtansine. Here, the
mechanisms of ADC resistance are summarized into four categories: antibody-
mediated resistance, impaired drug trafficking, disrupted lysosomal function,
and payload-related resistance. To overcome or prevent resistance to ADCs,
innovative development strategies and combination therapy options are being
investigated. Analyzing predictive biomarkers for optimal therapy selection may
also help to prevent drug resistance.
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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 Awith 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 efficacywith 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)
andARX788 on theUS 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 IgG1, 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
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F IGURE 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; FcγR, 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



302 CHEN et al.

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 amod-
erately toxic agent that is more tolerable and allows amore
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

Uponbeing given intravenously, the circulatingADCs bind
to tumor targets and initiate endocytosis. So far the mostly
used ADCs in breast cancer are anti-HER2 ADCs, where
HER2 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 distinctHER2 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. IgG1 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 ofmAbs 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,
CD86, was also increased, which resembled the immune
effect of Dxd treatment. Programmed cell death 1 ligand 1
(PD-L1) andmajor histocompatibility complex class I were
also upregulated on tumor cells [31]. The mechanisms of
actions of ADCs are demonstrated in Figure 1B.



CHEN et al. 303

T
A
B
L
E

2
C
om

po
si
tio
ns
of
A
D
C
si
n
br
ea
st
ca
nc
er

A
D
C

Ta
rg
et

A
nt
ib
od
y

Ig
G
is
ot
yp
e

Pa
yl
oa
d

Li
nk

er
D
A
R

D
ev
el
op
m
en
t

ph
as
e

R
ef

A
16
6*

H
ER

2
Tr
as
tu
zu
m
ab

Ig
G
1

A
nt
i-m

ic
ro
tu
bl
e

ag
en
t,
D
uo
-5

C
le
av
ab
le

2
Ph
as
e
II
cl
in
ic
al

tr
ia
l

[1
46
]

A
LT

-P
7*

H
ER

2
Tr
as
tu
zu
m
ab

bi
ob
et
te
r

H
M
2

Ig
G
1

M
ic
ro
tu
bu
le

po
ly
m
er
iz
at
io
n

in
hi
bi
to
r,

au
ris
ta
tin

an
al
og
ue

M
M
A
E

C
le
av
ab
le

2
Ph
as
e
Ic
lin
ic
al
tr
ia
l

[1
47
]

A
R
X
78
8*

H
ER

2
Tr
as
tu
zu
m
ab

En
gi
ne
er
ed

Ig
G
1

M
ic
ro
tu
bu
le

po
ly
m
er
iz
at
io
n

in
hi
bi
to
r,

au
ris
ta
tin

an
al
og
ue

M
M
A
F

N
on
-c
le
av
ab
le

1.9
Ph
as
e
II
cl
in
ic
al

tr
ia
l

[1
48
]

A
SG

-2
2M

E
N
ec
tin
-4

En
fo
rt
um

ab
Ig
G
1

M
ic
ro
tu
bu
le

po
ly
m
er
iz
at
io
n

in
hi
bi
to
r,

au
ris
ta
tin

an
al
og
ue

M
M
A
E

C
le
av
ab
le

3-
4

Ph
as
e
Ic
lin
ic
al
tr
ia
l

[1
49
]

BA
30
21

RO
R2

O
zu
rif
ta
m
ab

Ig
G
1

M
ic
ro
tu
bu
le

po
ly
m
er
iz
at
io
n

in
hi
bi
to
r,

au
ris
ta
tin

an
al
og
ue

M
M
A
E

C
le
av
ab
le

N
A

Ph
as
e
II
cl
in
ic
al

tr
ia
l

[1
50
]

C
X
-2
00
9

C
D
16
6

C
X-
19
1

Ig
G
1

M
ic
ro
tu
bu
le

po
ly
m
er
iz
at
io
n

in
hi
bi
to
r,

m
ay
ta
ns
in
oi
d

de
riv
at
iv
e
D
M
4

C
le
av
ab
le

3.
5

Ph
as
e
II
cl
in
ic
al

tr
ia
l

[1
51
]

D
S-
10
62

TR
O
P2

hT
IN
A
1

Ig
G
1

TO
PI
in
hi
bi
to
r,

ca
m
pt
ot
he
ci
n

an
al
og
ue

D
Xd

C
le
av
ab
le

4
Ph
as
e
II
Ic
lin
ic
al

tr
ia
l

[1
52
]

D
S-
82
01
a

H
ER

2
Tr
as
tu
zu
m
ab

Ig
G
1

TO
PI
in
hi
bi
to
r,

ca
m
pt
ot
he
ci
n

an
al
og
ue

D
Xd

C
le
av
ab
le

8
A
pp
ro
ve
d

[4
7]

IM
M
U
-1
32
*

TR
O
P1

hR
S7

Ig
G
1

TO
PI
in
hi
bi
to
r,

ca
m
pt
ot
he
ci
n

an
al
og
ue
sS
N
-3
8

C
le
av
ab
le

7.
6

A
pp
ro
ve
d

[2
2]

(C
on
tin
ue
s)



304 CHEN et al.

T
A
B
L
E

2
(C
on
tin
ue
d)

A
D
C

Ta
rg
et

A
nt
ib
od
y

Ig
G
is
ot
yp
e

Pa
yl
oa
d

Li
nk

er
D
A
R

D
ev
el
op
m
en
t

ph
as
e

R
ef

M
O
R
A
b-
20
2

FR
α

Fa
rle
tu
zu
m
ab

Ig
G
1

M
ic
ro
tu
bu
le

in
hi
bi
to
r,
er
ib
ul
in

C
le
av
ab
le

4
Ph
as
e
II
cl
in
ic
al

tr
ia
l

[1
53
]

M
R
G
00
2

H
ER

2
M
A
B8
02

Ig
G
1

M
ic
ro
tu
bu
le

po
ly
m
er
iz
at
io
n

in
hi
bi
to
r,

au
ris
ta
tin

an
al
og
ue

M
M
A
E

C
le
av
ab
le

3.
8

Ph
as
e
II
cl
in
ic
al

tr
ia
l

[1
54
]

N
B
E-
00
2*

RO
R1

XB
R1
-4
02

Ig
G
1

H
ig
hl
y
po
te
nt

an
th
ra
cy
cl
in
e

de
riv
at
iv
e

PN
U
-1
59
68
2

N
on
-c
le
av
ab
le

N
A

Ph
as
e
Ic
lin
ic
al
tr
ia
l

[1
55
]

PF
-0
66
47
02
0

PT
K
7

hu
6M

02
4

Ig
G
1

M
ic
ro
tu
bu
le

po
ly
m
er
iz
at
io
n

in
hi
bi
to
r,

au
ris
ta
tin
-b
as
ed

pa
yl
oa
d
A
ur
01
01

C
le
av
ab
le

4
Ph
as
e
Ic
lin
ic
al
tr
ia
l

[1
56
]

PF
-0
68
04
10
3*

H
ER

2
T-
(ĸ
kK

18
3C
+
K
29
0C
)

Ig
G
1

M
ic
ro
tu
bu
le

po
ly
m
er
iz
at
io
n

in
hi
bi
to
r,

au
ris
ta
tin

an
al
og
ue

A
ur
01
01

C
le
av
ab
le

4
Ph
as
e
Ic
lin
ic
al
tr
ia
l

[1
57
]

R
C
48

H
ER

2
H
er
tu
zu
m
ab

Ig
G
1

M
ic
ro
tu
bu
le

po
ly
m
er
iz
at
io
n

in
hi
bi
to
r,

au
ris
ta
tin

an
al
og
ue

M
M
A
E

C
le
av
ab
le

4
Ph
as
e
II
Ic
lin
ic
al

tr
ia
l

[3
6]

SG
N
– -
LI
V
1

LI
V
-1

hL
IV
22

Ig
G
1

M
ic
ro
tu
bu
le

po
ly
m
er
iz
at
io
n

in
hi
bi
to
r,

au
ris
ta
tin

an
al
og
ue

M
M
A
E

C
le
av
ab
le

4
Ph
as
e
II
cl
in
ic
al

tr
ia
l

[1
58
]

SK
B
26
4*

TR
O
P2

N
A

Ig
G
1

TO
PI
in
hi
bi
to
r,

be
lo
te
ca
n-
de
riv
ed

pa
yl
oa
d

C
le
av
ab
le

7.
4

Ph
as
e
II
cl
in
ic
al

tr
ia
l

[1
59
]

SY
D
98
5

H
ER

2
Tr
as
tu
zu
m
ab

Ig
G
1

D
N
A
-a
lk
yl
at
in
g

ag
en
t,

du
oc
ar
m
yc
in

C
le
av
ab
le

2.
8

Ph
as
e
II
Ic
lin
ic
al

tr
ia
l

[1
60
]

(C
on
tin
ue
s)



CHEN et al. 305

T
A
B
L
E

2
(C
on
tin
ue
d)

A
D
C

Ta
rg
et

A
nt
ib
od
y

Ig
G
is
ot
yp
e

Pa
yl
oa
d

Li
nk

er
D
A
R

D
ev
el
op
m
en
t

ph
as
e

R
ef

T-
D
M
1

H
ER

2
Tr
as
tu
zu
m
ab

Ig
G
1

M
ic
ro
tu
bu
le

po
ly
m
er
iz
at
io
n

in
hi
bi
to
r,

m
ay
ta
ns
in
oi
d

de
riv
at
iv
e
D
M
1

N
on
-c
le
av
ab
le

3.
5

A
pp
ro
ve
d

[1
61
]

U
3-
14
02

H
ER

3
U
3-
12
87

Ig
G
1

TO
PI
in
hi
bi
to
r,

ca
m
pt
ot
he
ci
n

an
al
og
ue

D
Xd

C
le
av
ab
le

8
Ph
as
e
II
cl
in
ic
al

tr
ia
l

[1
62
]

X
M
T-
15
22

H
ER

2
H
T-
19

Ig
G
1

M
ic
ro
tu
bu
le

po
ly
m
er
iz
at
io
n

in
hi
bi
to
r,
A
F-
H
PA

m
oi
et
y

C
le
av
ab
le

12
Ph
as
e
Ic
lin
ic
al
tr
ia
l

[8
0]

ZW
49

H
ER

2
ZW

25
Bi
sp
ec
ifi
c
Ig
G
1

M
ic
ro
tu
bu
le

po
ly
m
er
iz
at
io
n

in
hi
bi
to
r,

au
ris
ta
tin
-b
as
ed

pa
yl
oa
d

C
le
av
ab
le

N
A

Ph
as
e
Ic
lin
ic
al
tr
ia
l

[1
15
]

* :
si
te
-s
pe
ci
fic

co
nj
ug
at
io
n

A
bb
re
vi
at
io
ns
:A

D
C
,a
nt
ib
od
y-
dr
ug

co
nj
ug
at
e;
A
F-
H
PA
,a
ur
is
ta
tin

F-
hy
dr
ox
yp
ro
py
la
m
id
e;
C
D
16
6,
cl
us
te
r
of
di
ffe
re
nt
ia
tio
n
16
6;
D
A
R,
dr
ug
-a
nt
ib
od
y
ra
tio
;D

M
,d
er
iv
at
iv
e
of
m
ay
ta
ns
in
es
;F
Rα

,f
ol
at
e
re
ce
pt
or
al
ph
a;

H
ER

,h
um

an
ep
id
er
m
al
gr
ow

th
fa
ct
or
re
ce
pt
or
;M

M
A
E,
m
on
om

et
hy
la
ur
is
ta
tin

E;
M
M
A
F,
m
on
om

et
hy
la
ur
is
ta
tin

F;
N
A
,n
ot
ac
qu
ire
d;
PT
K
7,
pr
ot
ei
n
ty
ro
si
ne

ki
na
se
7;
RO

R,
re
ce
pt
or
ty
ro
si
ne

ki
na
se
or
ph
an

re
ce
pt
or
;

TL
R,
to
ll-
lik
e
re
ce
pt
or
7/
8;
TO

P,
to
po
is
om

er
as
e;
TR

O
P2
,t
ro
ph
ob
la
st
ce
ll
su
rf
ac
e
an
tig
en

2



306 CHEN et al.

4 EFFICACY OF ADCS IN BREAST
CANCER

4.1 HER2-targeted ADCs

HER2 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-DM1 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) andmedian overall
survival (mOS) of T-DM1 over lapatinib plus capecitabine
[37, 38]. T-DM1 was then investigated as the first-line
treatment for advancedHER2+ breast cancer in theMARI-
ANNE trial (NCT01120184), where T-DM1+/- pertuzumab
was compared to the standard first-line therapy. The T-
DM1-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 toHER2+ 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-DM1-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-Breast01 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-8201a 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-DM1,
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 theUS FDA forHER2+ 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, MRG002, and A166 are being inves-
tigated in both HER2+ 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/II trial (NCT01631552) and
thenwas approved inEurope 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 advancedTNBCpatients
with at least two prior treatments, and IMMU-132 signifi-
cantly improved PFS,OS andORRcompared 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 A1 (UGT1A1) 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-DM1 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 resistancemechanisms 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

5.1.1 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-
DM1 efficacy was observed in a phase II trial [61].
Decreased HER2 expression and reduced binding were
noticed in T-DM1-resistant cell lines from separate stud-
ies, which indicated HER2 loss as a mechanism of T-DM1



CHEN et al. 317

T
A
B
L
E

4
Ef
fic
ac
y
re
su
lts

of
no
n-
H
ER

2-
ta
rg
et
ed

A
D
C
si
n
br
ea
st
ca
nc
er

R
eg
is
tr
at
io
n

nu
m
be
r

Tr
ia
ln
am

e
A
D
C

A
D
C

ta
rg
et

Pa
yl
oa
ds

Ph
as
e

In
di
ca
ti
on
s

In
te
rv
en
ti
on
s
vs
.

co
nt
ro
l

Ef
fi
ca
cy

A
dv
er
se
ev
en
ts

R
ef

N
CT

02
57
44
55

A
SC
EN

T
IM

M
U
-1
32

TR
O
P2

SN
-3
8

Ph
as
e
II
I

Lo
ca
lly

ad
va
nc
ed

or
m
et
as
ta
tic

TN
BC

,≥
2

pr
io
r

tr
ea
tm
en
ts

IM
M
U
-1
32
vs
.T
PC

PF
S:
5.
6
m
on
th
s,

95
%
C
I=

4.
3-
6.
3

vs
.1
.7
m
on
th
s,

95
%
C
I=

1.5
-2
.6

(H
R
=
0.
41
,9
5%

C
I=

0.
32
-0
.5
2,
P

<
0.
00
1)

Th
e
m
os
tc
om

m
on
ly

re
po
rt
ed

TR
A
E
(a
ny

gr
ad
e)

[5
8]

O
S:
12
.1
m
on
th
s,

95
%
C
I=

10
.7
-1
4.
0
vs
.6
.7

m
on
th
s,
95
%
C
I

=
5.
8-
7.
7,
H
R
=

0.
48
,9
5%

C
I=

0.
38
-0
.5
9,
P
<

0.
00
1.

N
eu
tr
op
en
ia
(6
3%

vs
.

43
%
),
di
ar
rh
ea
(5
9%

vs
.

12
%
),
na
us
ea
(5
7%

vs
.

26
%
),
al
op
ec
ia
(4
6%

vs
.

16
%
),
fa
tig
ue

(4
5%

vs
.

30
%
),
an
d
an
em

ia
(3
4%

vs
.2
4%
)

O
R
R
:3
5%

vs
.5
%

Th
e
m
os
tc
om

m
on
ly

re
po
rt
ed

gr
ad
e3
/3
+

TR
A
E

ne
ut
ro
pe
ni
a
(5
1%

vs
.

33
%
),
le
uk
op
en
ia
(1
0%

vs
.5
%
),
di
ar
rh
ea
(1
0%

vs
.<
1%
),
an
em

ia
(8
%

vs
.5
%
),
an
d
fe
br
ile

ne
ut
ro
pe
ni
a
(6
%
vs
.

2%
).

(C
on
tin
ue
s)



318 CHEN et al.

T
A
B
L
E

4
(C
on
tin
ue
d)

R
eg
is
tr
at
io
n

nu
m
be
r

Tr
ia
ln
am

e
A
D
C

A
D
C

ta
rg
et

Pa
yl
oa
ds

Ph
as
e

In
di
ca
ti
on
s

In
te
rv
en
ti
on
s
vs
.

co
nt
ro
l

Ef
fi
ca
cy

A
dv
er
se
ev
en
ts

R
ef

N
CT

01
63
15
52

/
IM

M
U
-1
32

TR
O
P2

SN
-3
8

Ph
as
e
I/
II

H
or
m
on
e

re
ce
pt
or
+
/H
ER

2-
m
et
as
ta
tic

br
ea
st
ca
nc
er
,

pr
io
r

en
do
cr
in
e-

ba
se
d
th
er
ap
y

an
d
at
le
as
t

on
e

ch
em

ot
he
r-

ap
y

IM
M
U
-1
32
(s
in
gl
e

ar
m
)

O
R
R
:3
1.5
%
,9
5%

C
I

=
19
.5
-4
5.
6

Th
e
m
os
tc
om

m
on
ly

re
po
rt
ed

gr
ad
e
3/
3+

TR
A
Es

[5
9]

PF
S:
5.
5
m
on
th
s,

95
%
C
I=

3.
6-
7.
6

ne
ut
ro
pe
ni
a
(5
0.
0%

),
an
em

ia
(1
1.1
%
),
an
d

di
ar
rh
ea
(7
.4
%
).

O
S:
12
m
on
th
s,
95
%

C
I=

9.
0-
18
.2

N
CT

04
15
24
99

/
SK
B2
64

TR
O
P2

TO
PI in
hi
bi
to
r,

be
lo
te
ca
n-

de
riv
ed

Ph
as
e
I/
II

Lo
ca
lly

ad
va
nc
ed
/m

et
as
ta
tic

so
lid

tu
m
or
s,

no
av
ai
la
bl
e

st
an
da
rd

th
er
ap
ie
s

SK
B2
64

(s
in
gl
e

ar
m
)

O
R
R
:o
ve
ra
ll:
35
.3
%

(6
/1
7)

Th
e
m
os
tc
om

m
on
ly

re
po
rt
ed

TE
A
Es

[1
74
]

2
TN

BC
ac
hi
ev
ed

PR
(4
0%

,2
/5
)

N
au
se
a
(7
2.
2%
)a
nd

al
op
ec
ia
(6
6.
7%
)

(g
ra
de

1-
2)

1H
ER

2+
br
ea
st

ca
nc
er
ac
hi
ev
ed

PR
(1
00
%
,1
/1
)

Th
e
m
os
tc
om

m
on
ly

re
po
rt
ed

gr
ad
e
3/
3+

TE
A
Es

D
C
R
:7
0.
6%

(1
2/
17
)

D
ec
re
as
ed

ne
ut
ro
ph
il

(2
7.
8%
),
w
hi
te
bl
oo
d

ce
ll
(2
2.
2%
)c
ou
nt
,a
nd

an
em

ia
(1
6.
7%
)

(C
on
tin
ue
s)



CHEN et al. 319

T
A
B
L
E

4
(C
on
tin
ue
d)

R
eg
is
tr
at
io
n

nu
m
be
r

Tr
ia
ln
am

e
A
D
C

A
D
C

ta
rg
et

Pa
yl
oa
ds

Ph
as
e

In
di
ca
ti
on
s

In
te
rv
en
ti
on
s
vs
.

co
nt
ro
l

Ef
fi
ca
cy

A
dv
er
se
ev
en
ts

R
ef

N
CT

03
40
13
85

TR
O
PI
O
N
-

Pa
nT
um

or
01
D
S-
10
62

TR
O
P2

D
Xd

Ph
as
e
I

A
dv
an
ce
d
so
lid

tu
m
or
s,
no

av
ai
la
bl
e

st
an
da
rd

tr
ea
tm
en
t

D
S-
10
62

(in
TN

BC
)

Th
e
m
os
tc
om

m
on
ly

re
po
rt
ed

TE
A
Es

[1
75
]

O
R
R
:4
3%

N
au
se
a
(5
0%

),
st
om

at
iti
s

(4
4%
),
al
op
ec
ia
(4
0%

),
an
d
fa
tig
ue

(3
3%
)

D
C
R
:9
5%

N
CT

01
96
96
43

SG
N
LV
A
-0
01

SG
N
-L
IV
1

LI
V
-1

M
M
A
E

Ph
as
e
I

Se
co
nd

lin
e

m
TN

BC
SG

N
-L
IV
1(
si
ng
le

ar
m
)

O
R
R
:2
8%
,9
5%

C
I

=
13
-4
7

Th
e
m
os
tc
om

m
on

TE
A
Es

[1
76
]

na
us
ea
(6
0%

),
fa
tig
ue

(5
8%
),
pe
rip
he
ra
l

se
ns
or
y
ne
ur
op
at
hy

(5
4%
),
de
cr
ea
se
d

ap
pe
tit
e
(4
4%
),
an
d

co
ns
tip
at
io
n
(3
9%
)

Th
e
m
os
tc
om

m
on

gr
ad
e
3/
3+

TE
A
Es

ne
ut
ro
pe
ni
a
(2
1%
),

fa
tig
ue

(1
4%
),

hy
pe
rg
ly
ce
m
ia
(1
2%
),

hy
po
ka
le
m
ia
(1
2%
),

an
d

hy
po
ph
os
ph
at
em

ia
(1
2%
)

Th
e
m
os
tc
om

m
on

se
ri
ou
s
ad
ve
rs
e

ev
en
ts

pn
eu
m
on
ia
(6
%
)a
nd

ab
do
m
in
al
pa
in
(4
%
)

(C
on
tin
ue
s)



320 CHEN et al.

T
A
B
L
E

4
(C
on
tin
ue
d)

R
eg
is
tr
at
io
n

nu
m
be
r

Tr
ia
ln
am

e
A
D
C

A
D
C

ta
rg
et

Pa
yl
oa
ds

Ph
as
e

In
di
ca
ti
on
s

In
te
rv
en
ti
on
s
vs
.

co
nt
ro
l

Ef
fi
ca
cy

A
dv
er
se
ev
en
ts

R
ef

N
CT

03
31
09
57

SG
N
LV
A
-0
02

SG
N
-L
IV
1

LI
V
-1

M
M
A
E

Ph
as
e
Ib
/I
I

Fi
rs
tl
in
e
lo
ca
lly

ad
va
nc
ed

or
m
et
as
ta
si
s

TN
BC

SG
N
-L
IV
1p
lu
s

pe
m
br
ol
iz
um

ab
(s
in
gl
e
ar
m
)

O
R
R
:5
4%
,9
5%

C
I

=
33
.4
-7
3.
4

Th
e
m
os
tc
om

m
on
ly

re
po
rt
ed

TE
A
Es

[1
77
]

N
au
se
a
(5
3%
),
fa
tig
ue

(4
5%
),
di
ar
rh
ea
(4
3%
),

al
op
ec
ia
(3
3%
);

co
ns
tip
at
io
n(
29
%
),

hy
po
ka
le
m
ia
(2
9%
),

vo
m
iti
ng

(2
7%
),

de
cr
ea
se
d
ap
pe
tit
e

(2
5%
);
ab
do
m
in
al
pa
in

(2
4%
);
de
cr
ea
se
d

w
ei
gh
t(
22
%
)

Th
e
m
os
tc
om

m
on
ly

re
po
rt
ed

gr
ad
e
3/
3+

ev
en
ts

N
eu
tr
op
en
ia
(1
6%
);

di
ar
rh
ea
,f
at
ig
ue
,

hy
po
ka
le
m
ia
,a
nd

m
ac
ul
op
ap
ul
ar
ra
sh

(8
%
ea
ch
);
an
d

ab
do
m
in
al
pa
in
,

in
cr
ea
se
d
A
LT
,a
nd

ur
in
ar
y
tr
ac
ti
nf
ec
tio
n

(6
%
ea
ch
)

Th
e
m
os
tc
om

m
on

SA
Es

A
bd
om

in
al
pa
in
an
d

co
ns
tip
at
io
n
(6
%

ea
ch
).

(C
on
tin
ue
s)



CHEN et al. 321

T
A
B
L
E

4
(C
on
tin
ue
d)

R
eg
is
tr
at
io
n

nu
m
be
r

Tr
ia
ln
am

e
A
D
C

A
D
C

ta
rg
et

Pa
yl
oa
ds

Ph
as
e

In
di
ca
ti
on
s

In
te
rv
en
ti
on
s
vs
.

co
nt
ro
l

Ef
fi
ca
cy

A
dv
er
se
ev
en
ts

R
ef

N
CT

02
22
29
22

/
PF
- 06
64
70
20

PT
K
7

A
ur
01
01

Ph
as
e
I

Lo
ca
lly

ad
va
nc
ed

or
m
et
as
ta
tic

so
lid

tu
m
or
s,

no
av
ai
la
bl
e

st
an
da
rd

th
er
ap
y

PF
-0
66
47
02
0

(s
in
gl
e
ar
m
)

(in
TN

BC
)

Th
e
m
os
tc
om

m
on

TE
A
Es

[1
56
]

PF
S:
1.5
m
ot
hs
,9
5%

C
I=

1.4
–4
.3

na
us
ea
,a
lo
pe
ci
a,
fa
tig
ue
,

he
ad
ac
he
,

ne
ut
ro
pe
ni
a,
an
d

vo
m
iti
ng

O
R
R
:2
1%
,9
5%

C
I

=
8-
40

Th
e
m
os
tc
om

m
on
ly

re
po
rt
ed

gr
ad
e
3/
3+

ev
en
ts
ne
ut
ro
pe
ni
a

N
CT

02
98
03
41

/
U
3-
14
02

H
ER

3
D
Xd

Ph
as
eI
/I
I

H
ER

3+
m
et
as
ta
tic

br
ea
st
ca
nc
er

U
3-
14
02

(s
in
gl
e

ar
m
)

O
R
R
:H

ER
3-
hi
gh
:

20
.3
%
(1
3/
64
),
al
l

PR

Th
e
m
os
tc
om

m
on
ly

re
po
rt
ed

gr
ad
e

≥3
TE

A
Es

[1
78
]

H
ER

3-
lo
w
:2
9%

(6
/2
1)
al
lP
R

D
ec
re
as
ed

ne
ut
ro
ph
il

co
un
t(
25
%
),
de
cr
ea
se
d

pl
at
el
et
co
un
t(
23
%
),

de
cr
ea
se
d
w
hi
te
bl
oo
d

ce
ll
co
un
t(
16
%
),
an
d

an
em

ia
(1
8%
)

C
B
R
:H

ER
3-
hi
gh
:

31
.3
%
(2
0/
64
)

H
ER

3-
lo
w
:3
3%

(7
/2
1)

(C
on
tin
ue
s)



322 CHEN et al.

T
A
B
L
E

4
(C
on
tin
ue
d)

R
eg
is
tr
at
io
n

nu
m
be
r

Tr
ia
ln
am

e
A
D
C

A
D
C

ta
rg
et

Pa
yl
oa
ds

Ph
as
e

In
di
ca
ti
on
s

In
te
rv
en
ti
on
s
vs
.

co
nt
ro
l

Ef
fi
ca
cy

A
dv
er
se
ev
en
ts

R
ef

N
CT

03
38
69
42

/
M
O
RA

b-
20
2

FR
α

er
ib
ul
in

Ph
as
e
I

FR
α-
po
si
tiv
e

so
lid

tu
m
or
s,

no
av
ai
la
bl
e

st
an
da
rd

th
er
ap
y

M
O
RA

b-
20
2

(s
in
gl
e
ar
m
)

O
R
R
:4
5.
5%

(1
C
R+

9P
R
/2
2)

Th
e
m
os
tc
om

m
on
ly

re
po
rt
ed

TE
A
Es

[1
79
]

D
C
R
:8
1.2
%

(1
C
R+

9P
R+

8S
D

/2
2)

Le
uk
op
en
ia
an
d

ne
ut
ro
pe
ni
a
(4
5%

ea
ch
),
in
cr
ea
se
d
A
LT

(3
2%
),
an
em

ia
an
d

in
cr
ea
se
d
A
ST

(2
7%

ea
ch
)

N
CT

03
14
95
49

/
C
X-
20
09

C
D
16
6

D
M
4

Ph
as
e
I/
II

Lo
ca
lly

ad
va
nc
ed
/m

et
as
ta
tic

so
lid

tu
m
or
s

C
X-
20
09

(s
in
gl
e

ar
m
)

O
R
R
:H

or
m
on
e

re
ce
pt
or
+
/H
ER

2-
:1
1%

(n
=

18
)

N
A

[1
80
]

TN
BC

:3
8%

(n
=
8)

C
B
R
(a
t2
4
w
ee
ks
):

35
%

A
bb
re
vi
at
io
ns
:C
BR

,c
lin
ic
al
be
ne
fit
ra
te
;C
R,
co
m
pl
et
er
es
po
ns
e;
D
C
R,
di
se
as
ec
on
tr
ol
ra
te
;F
Rα

,f
ol
at
er
ec
ep
to
ra
lp
ha
;H

ER
,h
um

an
ep
id
er
m
al
gr
ow

th
fa
ct
or
re
ce
pt
or
;H

R,
ha
za
rd
ra
tio
;N
A
,n
ot
ac
qu
ire
d;
O
RR

,o
bj
ec
tiv
e

re
sp
on
se
ra
te
;O
S,
ov
er
al
ls
ur
vi
va
l;
PF
S,
pr
og
re
ss
io
n-
fr
ee
su
rv
iv
al
;P
R,
pa
rt
ia
lr
es
po
ns
e;
SD
,s
ta
bl
er
es
po
ns
e;
TE

A
E,
Tr
ea
tm
en
t-e
m
er
ge
nt
ad
ve
rs
e
ev
en
ts
;T
N
BC

,t
rip
le
-n
eg
at
iv
eb
re
as
tc
an
ce
r;
TP
C
,t
re
at
m
en
to
fp
hy
si
ci
an
’s

ch
oi
ce
.



CHEN et al. 323

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].

5.1.2 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-DM1-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-DM1. 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-DM1 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 mousemod-
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-DM1 [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-DM1-resistant
breast cancer cell line [75]. The cleavage of non-cleavable
ADCs depends on the activity of lysosomal enzymeswhich
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
cell line [77]. The inhibition of V-ATPase by bafilomycinA1
reduced the production of activemetabolites of T-DM1 and
thus the cytotoxicity of T-DM1 in N87 gastric cancer cells
but not in T-DM1-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-basedmonomethylauristatin F (MMAF) remain
unaffected [21]. Loss of SLC46A3 conferring resistance to
T-DM1 was also confirmed in a different study using T-
DM1-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-vc-MMAE and anti-CD79b-
vc-MMAE, upregulated MDR1 (encoded by ABCB1)
expression was identified to be responsible for resistance
to vc-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 ABCC1), MRP2 (ABCC2), and
MDR1 was demonstrated in different T-DM1-resistant
cell lines, and their sensitivity could be restored by the
concomitant use of MRP1, MRP2, and MDR1 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 ADCswith anti-mitotic agents like T-DM1,
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
B1/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 B1. 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 B1 and

the consequent CDK1 activation. In addition, cyclin B1
knockdown induced T-DM1 resistance, while upregula-
tion of cyclin B1 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-DM1 resistance via CDK1-dependent Bcl-2
phosphorylation [89], and the inhibition of Bcl-2/Bcl-xl 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 theADCresistancemechanisms in breast
cancer mainly lies in the special traits of HER2. Here we
categorized HER2-related resistance mechanisms into 1)
impaired binding ofHER2, 2) heterogeneousHER2 expres-
sion, 3) dysregulated downstream signaling pathways, 4)
HER2 instability (Figure 2B).

5.2.1 Impaired binding of HER2

The binding ofmAbs toHER2 is related tomultiple factors.
HER2 shedding generates soluble truncated extracellular
domain of HER2 molecules and leaves the 95-kDa intra-
cellular domain, p95HER2 [91]. High level of p95HER2
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 α (TNFα)-induced upregulation of MUC4
impaired binding and inhibited ADCC bymasking the epi-
tope of trastuzumab in HER2, while silencing MUC4 can
restore sensitivity to T-DM1. This clinical relevance was
proved in patients that the MUC4-positive tumors were
associated with unfavorable DFS [92].

5.2.2 HER2 heterogeneity

HER2 intratumoral heterogeneity is referred to as differ-
ent HER2 expression or amplification status within the
same tumor, which can be identified by an area withHER2
amplification in >5% but <50% of tumor cells, or a HER2-
negative area by fluorescence in situ hybridization (FISH)
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F IGURE 2 Resistance mechanisms of ADC. (A) Resistance mechanisms in breast cancer; (B) Resistance mechanisms specific to HER2+
breast cancer. Abbreviations: ADC, antibody-drug conjugate; BBB, brain-blood barrier; Endo II, Endophilin A2; CDK, Cyclin-dependent
kinases; HER2, human epidermal growth factor receptor 2; HSP, Heat-shock protein; MUC4, Mucin 4; PTEN, Phosphatase And Tensin
Homolog; FcRn, neonatal Fc receptor; PI3KCA, Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha; ERBB2, erb-b2
receptor tyrosine kinase 2

[93, 94]. Intratumoral HER2 heterogeneity presents more
in breast cancers with low-grade HER2 amplification and
equivocal HER2 expression [95].
T-DM1 showed limited efficacy when encountering

tumors with heterogeneous HER2 expression. As noticed
in the KRISTINE trial, none of the patients with HER2
intratumoral heterogeneity responded to T-DM1 therapy;
and a lower pCR was more prevalent in tumors with het-
erogeneous HER2 expression than homogenous in the
exploratory biomarker analysis [96]. This underlying asso-
ciation was also investigated in a phase II trial in early
breast cancer patients, based on which HER2 heterogene-
ity is suggested to be related to T-DM1 resistance, where
the fraction of HER2-nonamplified cells was the critical
factor [93]. This mechanism was studied in vitro, where
HER2 heterogeneity wasmimicked by coculturingHER2+
KPL-4 cells and HER2- MDA-MB-468 cells. T-DM1 failed
to suppress HER2- cells, while DS-8201a induced cyto-
toxicity to HER2- cells which neighbor HER2+ cells due
to its effective bystander effect, which is also confirmed
using phosphor-integrated dots imaging [97]. According

to a recent retrospective clinical study, patients with var-
ious statuses of HER2 (heterogenous, reduced, and loss)
benefited from DS-8201a [98].
It was reported that HER2 heterogeneity was related to

centromere 17 copy number gain, possibly associated with
chromosomal aneuploidy [99],whereas chromosomal ane-
uploidy was also noticed in T-DM1-resistant cells [83]. As
a consequence of chromosomal instability, chromosomal
aneuploidy is a known cause of multidrug resistance in
cancer and an indication of poor prognosis [100]. Alto-
gether, chromosomal aneuploidy might also contribute to
T-DM1 resistance.

5.2.3 Dysregulated downstream signaling
pathways of HER2

mAbs in ADCs also exert intrinsic cytotoxic effects
apart from binding to the target antigen. The
phosphatidylinositol-3-kinase (PI3K)/Akt and the mam-
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-DM1-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 (NCT01779206),

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 MARIANNE
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-DM1was used as a second- or later-line treatment
[104]. The relationship between PIK3CA mutation and
T-DM1 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 ROR1-positive cells showed increased T-DM1 resis-
tance thanROR1-negative cells [106]. ROR1 overexpression
induced by T-DM1 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 (YES1) is a non-receptor tyrosine kinasewhose
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 HER2 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

HER2 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
fromHER2 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-DM1 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-DM1 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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F IGURE 3 Solutions to ADC resistance in breast cancer. (A) strategies for novel ADC development; (B) combination therapies to
overcome resistance; (C) approaches to predict ADC resistance. Abbreviations: ADC, antibody-drug conjugate; CDK, cyclin-dependent
kinases; DAR, drug-antibody ratio; HER2, human epidermal growth factor receptor 2; TKI, tyrosine kinase inhibitor; PI3K, phosphoinositide
3-kinase; PARP, poly (ADP-ribose) polymerase; PD-1, programmed death-1;PD-L1, programmed death ligand 1, Rb, retinoblastoma protein.

intratumoral heterogeneity compared to T-DM1, owing to
its cleavable linker, a higherDAR, andmore potent payload
[97]. Cleavable linkers now remain dominant in the ADC
market due to their high feasibility and compatibility.
However, unlike T-DM1, 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
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inspiring approach for drug resistance, which allows
increased binding, more rapid HER2 internalization,
and enhanced lysosomal degradation. ZW49 utilizes an
anti-HER2 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 improvingADC efficacy and tackling resistance. Fc-
mediated immune responses can be strengthened through
mAb 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-DM1 resulted in synergistic inhibition in HER2+
tumor models [105]. However, a pooled analysis of the
efficacy of adding pertuzumab to T-DM1 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 toEGFR/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-
pressingRbphosphorylation and inducing cell cycle arrest,
CDK4/6 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-DM1 and other anti-HER2 treatments [133].
Cotreatment of T-DM1 and PI3Kα inhibitors such as

alpelisib and taselisib may enhance the activity of T-DM1
by working synergistically to inhibit the PI3K pathway. In
a phase I trial investigating alpelisib plus T-DM1 inHER2+
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-
α 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 resistancemechanisms, butmore
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
BRCA1/2-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 tumormodels compared tomonotherapies
[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-DM1, 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 inmultiple clinical
trials (NCT04468061, 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-DM1 resistance. In addition to IHC and ISH, a study
showed thatHER2 amplification levels can bemeasured 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-DM1 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].
RAB5A (RAB5A, member RAS oncogene family) regu-

lates clathrin-mediated endocytosis and serves as an early
endosome biomarker. Overexpression of RAB5Awas 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 RAB5A 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
RAB5A tended to have more significant clinical benefits.
Moreover, this study proposed that the combination of
RAB5A 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-DM1 [145]. Evaluations of more prospective biomarkers
for ADCs in breast cancer are ongoing.

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
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
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.
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