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Abstract: To achieve the scheme of “magic bullets” in antitumor therapy, antibody-drug conjugates
(ADCs) were developed. ADCs consist of antibodies targeting tumor-specific antigens, chemical link-
ers, and cytotoxic payloads that powerfully kill cancer cells. With the approval of ado-trastuzumab
emtansine (T-DM1) and fam-trastuzumab deruxtecan (T-DXd), the therapeutic potentials of ADCs in
breast cancer have come into the spotlight. Nearly 30 ADCs for breast cancer are under exploration
to move targeted therapy forward. In this review, we summarize the presenting and emerging agents
and targets of ADCs. The ADC structure and development history are also concluded. Moreover, the
challenges faced and prospected future directions in this field are reviewed, which give insights into
novel treatments with ADCs for breast cancer.
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1. Introduction

In cancer treatment, maximizing the injury of tumor cells while reducing the dam-
age to normal tissues has always been the pursuit. As the normal adjuvant therapy,
chemotherapy may cause various severe side effects during treatment due to its relatively
low specificity [1]. The scheme of “magic bullets” was first imaged in the early 20th century,
describing the direct access of some compounds to specific targets within cells that could
cure the disease [2]. For antitumor therapy, the ideal agents should give precision strikes to
only cancer cells and be innoxious to normal tissues. Despite great progress with a series of
monoclonal antibodies targeting antigens that are aberrantly expressed in tumors in recent
decades, they have shown insufficiency in certain cases [3].

To achieve the goal of ideal treatment, antibody-drug conjugates (ADCs) that combine
antibodies and cytotoxic drugs with a linker have been developed. ADCs combine the
advantages of chemotherapy and monoclonal antibodies, composing the ability to reach
tumors precisely and with elevated tumor-killing toxicity [4]. For drug resistance to
targeted therapy with monoclonal antibodies, the activation of alternative pathways is a
common mechanism [5]. Compared with the strategies of combining antibodies, ADCs that
facilitate both antibody-mediated effects and cytotoxic payloads provide preferable efficacy
by the addition of different antitumor effects. Clinical trials of ADCs in tumor treatment
confirmed markable therapeutic effects, leading to the launch of Mylotarg (gemtuzumab
ozogamicin), the first ADC to be approved by the Food and Drug Administration (FDA)
since 2000 [6]. There have been 15 ADCs that received market approval so far worldwide,
and over 100 ADC candidates are being investigated in clinical stages at present [7].

As the most common cancer worldwide, breast cancer is of great clinical interest, and
its treatment is being revolutionized by the emergence of ADCs [8]. Based on the success
of anti-human epidermal growth factor receptor 2 (HER2) antibodies in HER2-positive
breast cancer, anti-HER2 ADCs were explored and then constructed. Ado-trastuzumab
emtansine (T-DM1) and fam-trastuzumab deruxtecan (T-DXd) were subsequently approved
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by the FDA for the treatment of HER2-positive metastatic breast cancers [9,10]. In further
exploration, an anti-trophoblast cell surface antigen 2 (Trop2) ADC named sacituzumab
govitecan (IMMU-132, Trodelvy, SG) was also approved for treating triple-negative breast
cancers (TNBCs) [11]. With expanding novel targets and indications, ADCs are expected to
lead a new era of targeted cancer therapy in breast cancer. In this article, ADCs for breast
cancer treatment are reviewed, including existing and emerging agents, targets, challenges
faced in the field, and future directions for ADC development. Representative clinical trials
are discussed, as well as the structure and evolution of ADCs.

2. Structure and Evolution of ADCs
2.1. The Structure of ADCs

ADCs consist of three elements: antibodies, chemical linkers, and cytotoxic payloads
(Figure 1) [7].

TARGET: antigens expressed by tumor cells
| [N or tumor microenvironment

\\W ANTIBODY: human or humanized IgG

~~~ LINKER: cleavable or non-clevable linkers

PAYLOAD: tubulin inhibitors,
DNA-targeting agents, or immunomodulators

U\

Figure 1. The structure of ADCs. ADC, antibody-drug conjugate.

Antibodies are responsible for recognizing tumors, for which the choice of target
antigens plays a pivotal role. The target antigen is the direction guidance for ADCs to
neoplasms, which are also attributed to the internalization of cytotoxic payloads into
cancer cells. An ideal antigen should be expressed only or primarily in tumor cells, be
non-secretory, and can be internalized when binding with the matching antibodies [12].
Conventionally, molecules that are specifically highly expressed in cancer cells are often
selected as antigens, and the possibility of targeting potential antigens in the tumor mi-
croenvironment (TME) is coming to the fore [13]. To precisely direct ADCs to cancer cells,
antibodies need to be facilitated with high affinity, appropriate plasma half-life, as well as
efficiency to enter cells [14]. To maintain low immunogenicity, humanized antibodies were
put into ADC construction [15].

Linkers are the significant component deciding the stability of ADCs and the effective
release of payloads in cancer cells. The mainstream of linkers includes cleavable and
non-cleavable linkers, depending on the metabolic outcomes in cells [16].

Cytotoxic payloads are the part that actually kills tumor cells in ADCs. Also known
as a warhead, payloads are usually small molecules with high efficacy, including tubulin
inhibitors, DNA-targeting agents, and immunomodulators [17].

Together, ADCs play an antitumor role through the following steps (Figure 2). Step 1:
circulating and binding antigens. ADCs are mostly administered intravenously to enter cir-
culation, after which antibodies recognize and combine with antigenic epitopes specifically.
Step 2: internalization. Endocytosis would begin in the tumor cell after antigen-antibody
binding, making the ADCs swallowed into the cell. Step 3: drug release and tumor eradica-
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tion. Of note, the active cytotoxic load can also kill surrounding cancer cells, known as the
bystander effect [18].
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Figure 2. ADCs play antitumor roles by circulating and binding antigens, internalization, and drug
release. ADC, antibody-drug conjugate.

2.2. First-Generation ADCs

First-generation ADCs, represented by Mylotarg, were not satisfying due to the high
off-target toxicity and low drug efficacy. Mylotarg was designed to treat leukemia, in which
calicheamicin was taken as a cytotoxic payload to cause DNA damage. Calicheamicin was
linked to gemtuzumab, a mutated anti-CD33 IgG4 subtype monoclonal antibody with a
cleavable linker containing a hydrazone bond [19]. Although hydrazone should be stable
at physiological pH, in theory, Mylotarg exhibited instability in circulation that led to its
off-target toxicity. Moreover, the conjugation of antibodies and payloads of first-generation
ADCs was based on the random coupling of amino acid residues, resulting in a highly
heterogenous drug-to-antibody ratio (DAR) mixture and fluctuating efficacy [20].

2.3. Second-Generation ADCs

Second-generation ADCs, represented by Brentuximabvedotin and T-DM1, have
improved clinical efficacy and safety. DM1 was coupled to the lysine residue of trastuzumab
via a non-cleavable linker, succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(SMCC) [21]. Since the linker was non-cleavable, T-DM1 could turn to an active state
only by digestion in the lysosome after internalization. T-DM1 was an effective drug
for HER2-positive breast cancer; hence, it was approved by the FDA in 2013 [22]. Linker
improvements in second-generation ADCs achieved better plasma stability and harmonized
DAR distribution. The cytotoxicity and coupling of payloads in second-generation ADCs
were also improved, and the increase of payloads’ water solubility reduced the occurrence
of antibody aggregation.

In addition, some of the second-generation ADCs utilized cleavable linkers, such
as Adcetris and Polivy for lymphoma treatment [23,24]. These ADCs with cleavable
linkers can cause a bystander effect in vivo, referring to the phenomenon that payloads
can be released and kill surrounding cells. Despite the considerable safety advances of
second-generation ADCs, the shadow therapeutic window due to off-target toxicity is still
a challenge for ADCs [25].
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2.4. Third-Generation ADCs

Well-known third-generation ADCs include T-DXd, SG, and later-approved ADCs [26,27].
Compared to first and second-generation ADCs, third-generation ADCs have a more
harmonious DAR, showing less off-target toxicity. Antibodies used in third-generation
ADCs are humanized antibodies rather than chimeric antibodies, leading to a reduction
in immunogenicity [28]. Fab fragments of antibodies are in exploration, which helps the
internalization of ADCs. Additionally, multiple types of payloads like immunomodulators
are in application [4]. Third-generation ADCs exhibited better antitumor efficacy, lower
toxicity, and a more proper half-lifetime in circulation.

Next-generation ADCs are putting efforts into combining different targets or payloads
to enhance specificity and curable effects. Meanwhile, developing non-internalized ADCs
and further reducing molecular weights of ADCs are also research hotspots [29].

3. ADCs Targeting HER2 in Breast Cancer

The positive expression of HER2 has been established as a biomarker for molecular
typing of breast cancer. Abnormal expressions of HER2 regulate a series of pathways and
promote tumor cell proliferation. In the field of treating HER2-positive breast cancers,
trastuzumab has achieved monumental success. Based on trastuzumab and other antibod-
ies against HER?2, various ADCs were constructed targeting HER2 [30]. Six representative
anti-HER2 ADCs are discussed as follows, as shown in Table 1.

Table 1. ADCs for breast cancer targeting HER2 and representative trials.

ADCs Antibodies Payloads Representative Trials Phase Approval
T-DM1 Trastuzumab DM1 EMILIA (NCTO00829166) I Yes
KATHERINE (NCT01772472) I
ATEMPT (NCT01853748) I
KATE2 (NCT02924883) I
KATE3 (NCT04740918) I
Astefania (NCT04873362) I
T-DXd Trastuzumab DXd DESTINY breast-03 (NCT03529110) I Yes
DESTINY breast-09 (NCT04784715) I
NCT02564900 I
DESTINY breast-04 (NCT03734029) I
DESTINY breast-07 (NCT04538742) I/1
DESTINY breast-08 (NCT04556773) Ib
RC48 Hertuzumab MMAE NCT02881190 I Yes
NCT03052634 Ib
SYD985 Trastuzumab Duocarmycin TULIP (NCT03262935) III Not yet
Al66 Trastuzumab Duostain-5 NCT03602079 I Not yet
anti-HER2 monoclonal
ARX788 antibody with the Amberstatin NCT03255070 I Not yet
modified heavy
chain Alall4
3.1. T-DM1

T-DM1 is the first ADC targeting HER2, which is developed by linking DM1 to
trastuzumab with a non-cleavable linker. The phase III EMILIA study (NCT00829166) eval-
uated T-DM1 in 991 HER2-positive advanced breast cancer patients who have experienced
trastuzumab and taxane treatment. Compared with the capecitabine plus lapatinib group,
the T-DM1 group improved progression-free survival (PFS) by 3.2 months and overall
survival (OS) by 5.8 months [9]. Based on positive responses in advanced breast cancers, the
KATHERINE study (NCT01772472), a phase III trial was set to test T-DM1 as adjuvant ther-
apy for patients with residual tumors. Invasive disease-free survival (iDFS) in the T-DM1
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group was 88.3%, significantly more than the 77% iDFS rate in the trastuzumab group [31].
The ATEMPT trial (NCT01853748) compared T-DM1 with paclitaxel plus trastuzumab
in Stage I HER2-positive breast cancer patients. The 3-year iDFS for the T-DM1 group
reached 97.8%, exhibiting an exciting outcome without an obvious increase in adverse
events [32]. Based on promising results from plenty of clinical trials, the T-DM1 has been
approved for second-line HER2-positive metastatic breast cancer treatment and therapy
for HER2-positive early-stage breast cancer with residual cancer following neoadjuvant
taxane and trastuzumab [33]. Clinical trials are on the way to explore the efficacy of T-DM1
as neoadjuvant therapy or first-line therapy.

An important field in ADC drug application is combination regimens, and immunother-
apy is in rising exploration. Immunotherapy is a burgeoning therapy that eradicates tumor
cells by stimulating the immune system of the host, among which the immune checkpoint
inhibitors (ICIs) are the most widely-used immunotherapy in solid tumors. Emerging
evidence has shown that ADCs contribute to enhancing antitumor immunity and may
conduce to overcoming the resistance of immunotherapy [34]. T-DM1 exhibited the ability
to enhance T-cell responses in the combination of ICIs in preclinical models, emphasiz-
ing the potential to be a candidate in clinical practice [35]. The phase II KATE2 study
(NCT02924883) is the first clinical trial that explored the combination of T-DM1 and ate-
zolizumab. Atezolizumab is an ICI against programmed cell death receptor 1 (PD-1), one
of the most successful immune checkpoints. In the KATE2 study, 202 enrolled participants
with HER2-positive locally advanced or metastatic breast cancer who have previously
received trastuzumab and taxane were treated with T-DM1 plus atezolizumab or T-DM1
plus placebo at a ratio of 2:1. The median PFS was 8.2 months for atezolizumab group, and
6.8 months for the placebo group (p-value = 0.33). The difference in median PFS among
programmed cell death ligand 1(PD-L1) -positive population was not significant, either
(8.5 months vs. 4.1 months, p-value = 0.10) [36]. Although T-DM1 plus atezolizumab
did not provide meaningful clinical improvement in the KATE2 study, further studies on
the combination of ADCs and ICIs are on the way. The ongoing phase III KATE3 study
aimed to recruit 96 participants with locally advanced or metastatic HER2-positive breast
cancer. The PFS and OS will be measured in the T-DM1 plus atezolizumab group and the
T-DM1 plus placebo group. Another phase III study, Astefania (NCT04873362), was set to
explore combining T-DM1 with atezolizumab for HER2-positive breast cancer patients at
high risk of recurrence. T-DM1 with atezolizumab or placebo would be given to patients
following preoperative therapy, and iDFS was set as the primary endpoint. In this ongoing
study, trastuzumab would be used to complete 14 treatment cycles if T-DM1 treatment was
terminated due to toxicity [37].

3.2. T-DXd

T-DXd was constructed with trastuzumab, cleavable linkers, and topoisomerase in-
hibitors named deruxtecan (DXd). The DESTINY breast-01 study (NCT03248492) confirmed
the efficacy of T-DXd. The study consists of two parts in patients with HER2-positive
metastatic breast cancer who has received T-DM1 treatment. A recommended dose of
5.4 mg/kg was established in part one, and the dose was administered to participants in
part two. The objective response rate (ORR) was 60.9% in the intention-to-treat population,
and 6% of patients achieved a complete response. The median PFS was 16.4 months, with a
mean response duration of 1.6 months. Compared with chemotherapy, T-DXd achieved
antitumor activity after a similar rapid response duration [38]. The finding accelerated the
exploration of T-DXd, both in metastatic second or third-line treatment and in first-line
treatment. The effects of T-DXd and T-DML1 for the treatment of HER2-positive advanced
patients who have received trastuzumab and taxane were compared in the clinical trial
DESTINY breast-03 (NCT03529110). A total of 584 patients were randomized in this study.
The 12-month PFS was 75.8% for the T-Dxd group and 34.1% for the T-DM1 group. The OS
was 94.1% and 85.9%, respectively [39]. The PFS and OS interpreted a favorable efficacy
of T-DXd. In addition, the potential of T-DXd as an adjuvant therapy was accessed in the
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trial DESTINY breast-09 (NCT04784715). T-DXd alone, T-DXd plus pertuzumab, and the
combination of trastuzumab, pertuzumab, and taxane are three arms of DESTINY breast-09.
The PFS will be observed and compared.

Of note, T-DXd exhibited certain efficacy in HER2-low breast cancer in a phase I
study (NCT02564900) [40]. This remarkable property of T-DXd was further investigated
in DEATINY breast-04 study (NCT03734029). Patients with HER2-low breast cancers
who have experienced 1 or 2 prior chemotherapies were enrolled in this phase III study.
The median PFS for the T-DXd group was 10.1 months, while it was 5.4 months for the
physician’s choice group. Despite the predominant efficacy T-DXd has achieved, it may be
allied with higher grades of adverse events. The toxicity of T-DXd should be monitored
and managed while utilizing its antitumor activity [41].

Similarly, the efficacy of combining T-DXd with immunotherapy was investigated.
Durvalumab is a monoclonal antibody belonging to ICIs that is against PD-L1. The com-
bination of T-DXd and durvalumab was explored in module 1 of the DESTINY breast-07
study (NCT04538742) and module 2 of the DESTINY breast-08 study (NCT04556773). These
two studies were designed to assess the safety, tolerability, and antitumor activity of T-
DXd plus durvalumab in HER2-positive and HER2-low advanced or metastatic breast
cancers, respectively. Occurrences of adverse events and serious adverse events would
be monitored. In addition, PFS and ORR would be measured as secondary endpoints
to preliminarily evaluate the efficacy. Other combination regimens with T-DXd, such as
chemotherapy drugs, targeted therapy drugs, and endocrine therapy drugs would also be
assessed in these two studies.

3.3. Other ADCs Targeting HER2

A range of other ADCs targeting HER2 are in trials, including RC48, SYD985 (trastuzumab
duocarmazine), A166, and ARX788.

RC48 is made up of microtubule inhibitor payload monomethyl auristatin E (MMAE)
and a humanized monoclonal antibody against HER2, hertuzumab. RC48 has been ap-
proved for advanced HER2-positive gastric cancer and urothelial carcinoma by the FDA
and National Medical Products Administration (NMPA), boosting its exploration in breast
cancers. A phase I study (NCT02881190) tested the efficacy of RC48 at 2.0 and 2.5 mg/kg
for patients with solid tumors, which both showed 33.3% ORR and 53% disease control
rate (DCR). The safety profile was also manageable [42]. RC48 showed an ideal DCR of
96.7% (29 among 30 patients with HER2-positive metastatic breast cancer) in a phase Ib
study (NCT03052634). The dose of 1.5 mg/kg and 2.0 mg/kg were accessed in this study,
leading to 26.7% and 46.7% ORR, respectively [43].

SYD985 combines duocarmycin and the backbone of trastuzumab with a cleavable
linker. The payload duocarmycin is cell permeable, which enables SYD985 to kill sur-
rounding cells at whatever level HER2 was expressed. SYD985 showed clinical activity in
previously heavily treated HER2-positive breast cancer, including those who were resistant
to T-DM1 [44]. The phase IIl TULIP trial (NCT03262935) aimed to further explore SYD985 or
physician’s choice as second-line therapy. The PFS was improved by SYD985 for 2.1 months
(7.0 months vs. 4.9 months), indicating the therapeutic potential of SYD985 in breast cancer
patients who have received heavy treatments [45].

A166 comprises trastuzumab and microtubule inhibitor duosatatin-5. In the trial
NCT03602079, the first-in-human phase I study of A166, 27 patients with solid tumors
received A166 monotherapy. Of the 27 participants, 7 patients reached partial response.
A166 showed meaningful efficacy in breast patients, for which DCR was 100% [46].

ARX788 is an ADC utilizing an anti-HER2 monoclonal antibody with the modified
heavy chain Alal14 [47]. Results from a phase I clinical study (NCT03255070) revealed
ARX788 can lead to the eradication of tumors, in which ORR ranged from 56% to 63%
with increased doses. Ongoing phase II trials were set to explore the efficacy of ARX788 in
both HER2-positive and HER2-negative metastatic breast cancer patients. A single-arm
phase II study (NCT04829604) aimed to investigate ARX788 in HER2-positive metastatic



Int. J. Mol. Sci. 2023, 24, 11903

7 of 17

breast cancer patients who have received T-DXd previously. The ORR will be monitored in
71 participants for 2 years. Another phase II study (NCT05018676) is recruiting patients
with low expression of HER2. This study was set to observe the ORR of ARX788 in
54 participants.

4. Emerging Targets of ADCs in Breast Cancer

With the great progress of ADCs targeting HER?2, efforts were taken to extend the
application of ADCs in other subtypes of breast cancers. However, TNBC has long been
known as a hard-to-cure subtype due to the lack of molecular markers [48]. For hormone
receptor (HR)-positive breast cancers, endocrine therapy, rather than targeted therapy
was recommended as the first-line therapy [49]. It was in doubt whether there existed
potential targets for ADC treatment in HR-positive breast cancers and TNBCs. To address
the efficacy of ADCs in these subtypes, as well as explore the possibility of improving
therapeutic effects in HER2-positive breast cancers, more targets are being investigated
in breast cancer. Herein, we discussed emerging ADC targets including Trop2, protein
tyrosine kinase 7 (PTK?7), receptor tyrosine kinase-like orphan receptor 1 (ROR1), ROR2, B7-
H3, glycoprotein-NMB (gpNMB), Folate receptor o« (FRx), HER3, and CA6. Representative
ADCs and clinical trials are listed in Table 2.

Table 2. Emerging ADC Targets for breast cancer and representative trials.

Targets ADCs Antibodies Payloads Representative Trials Phase Approval
Trop2 SG Sactizumab SN-38 ASCENT(NCT02574455) I Yes
TROPiCS-02 (NCT03901339)  1III
Trop2 Dato-DXd Datopotamab DXd TROPION-PanTumor01 I Not yet
(NCT03401385)
TROPION Breast01 I
(NCT05104866)
TROPION Breast02 11
(NCT05374512)
Trop2 SKB264 Anti-Trop2 Topoisomerase NCT05347134 III Not yet
I inhibitor NCT05445908 I
NCT04152499 I/1
PTK7 Cofetuzumab Cofetuzumab Au0101 NCT02222922 I Not yet
pelidotin
ROR1 NBE-002 Anti-ROR1 PNU-159682 NCT04441099 I/1 Not yet
ROR2 CAB-ROR2-ADC Anti-ROR2 Undisclosed NCT03504488 I Not yet
B7-H3 MCGO018 Anti-B7-H3 Duocarmycin NCT03729596 I Not yet
gpNMB CDX-011 Glembatumumab MMAE EMERGE (NCT01156753) I Not yet
NCT00704158 I/1
METRIC (NCT01997333) I
FRo MORAB-202 Anti-FRa Eribulin NCT04300556 I/1 Not yet
HER3 HER3-DXd Patritumab DXd NCT02980341 I/1 Not yet
NCT04610528 I
CA6 SAR566658 DS6 DM4 NCT02984683 I Not yet
4.1. Trop2

Trop2 is a transmembrane protein encoded by the TACSTD2 gene. With aberrant high

expressions in tumor cells and low or no expressions in normal cells, Trop2 also regulates
several signaling pathways [50]. Trop2 involves in promoting cell proliferation, inhibiting
cell apoptosis, and regulating transcription factors via the MAPK pathway, 3-catenin
pathway, etc. Trop2 is overexpressed in about 62.4% of breast cancers and was especially
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overexpressed in TNBC at a rate of 78.1% [51]. Administering ADCs targeting Trop2 is
another prospective treatment for breast cancer.

SG is an ADC targeting Trop2 with SN-38 payloads. In the phase IIl ASCENT study
(NCT02574455), a total of 468 patients with locally advanced or metastatic TNBC were
recruited. All participants received two or more chemotherapy regimens and did not have
brain metastases before administering SG. There were 235 patients randomized to the SG
group and 233 patients randomized to the chemotherapy group. For the refractory or
relapsed participants, the median PFS in the SG group was 3.9 months longer than the
chemotherapy group (5.6 months vs. 1.7 months, p-value < 0.001). The median OS was
also improved by SG with 5.4 months (12.1 months vs. 6.7 months). The ORR was 35%
for the SG group, while only 5% for the chemotherapy group [52]. Owing to the efficacy
SG has shown, it has currently been approved by the FDA for the treatment of metastatic
TNBC [53].

Another trial TROPiCS-02 (NCT03901339) aimed to study the effect of SG in HR-
positive/ HER2-negative breast cancer patients. Of 543 endocrine-resistant metastatic breast
cancer patients in this phase III study, 272 patients received SG, and the rest 271 patients
received chemotherapy. A longer median PFS was seen in the SG group (5.5 months vs.
4.0 months), and improved PFS rates at 6 and 12 months were also revealed (46% vs. 30%,
21% vs. 7%, respectively) [54].

Datopotamab Deruxtecan (Dato-DXd, DS-1062a) is another ADC targeting Trop2,
which loads cytotoxic drug DXd. The phase I study TROPION-PanTumor01 (NCT03401385)
was carried out in metastatic TNBC with failed previous treatment. The latest outcome
of TROPION-PanTumor01 came up with a 32% ORR in the Dato-DXd group, of which
one participant reached complete remission (CR). Encouraging efficacy and acceptable
side effects motivated researchers to further access Dato-DXd in phase III clinical trials,
including TROPION Breast01 (NCT05104866) and TROPION Breast02 (NCT05374512) [55].

SKB-264 is also an ADC targeting Trop2, utilizing novel topoisomerase I inhibitors
as payloads. Preclinical experiments denoted the promising antitumor ability of SKB-
264 and longer half-life compared with SG [56]. Trials administering SKB-264 are also
recruiting locally advanced metastatic or recurrent TNBC patients in China (NCT05347134,
NCT05445908, NCT04152499).

4.2. PTK7

The transmembrane PTKY7 is a receptor tyrosine kinase in the Wnt signaling path-
way, which was found to be highly expressed in TNBC and non-small cell lung cancer
(NSCLC) [57]. Cofetuzumab pelidotin is an anti-PTK7 ADC coupled with a microtubule
inhibitor (Au0101). A phase I clinical trial was set to explore the efficacy and safety of cofe-
tuzumab pelidotin in advanced solid tumors (NCT02222922). In TNBC patients, curative
effects were observed in 21% of the participants. Patients whose tumors expressed higher
PTK7 may get better results with cofetuzumab pelidotin [58].

4.3. ROR1 and ROR2

ROR1 and ROR2 were identified as transmembrane proteins, acting as receptors of
Wntba. High expression of ROR1 and ROR2 was proved to be associated with tumor
invasion and proliferation, more rapid disease progression, as well as poor prognosis [59].

ROR1 was found to be highly expressed in tumors and limited expressed in normal
tissues. Furthermore, ROR1 was detected to be relevant to important genes and pathways
of TNBC, including the SMAD pathway and Wnt pathway. An ADC targeting ROR1 named
NBE-002 was constructed. On the basis of the preclinical antitumor activity of patient-
derived xenografts (PDX) models [60], the NBE-002 was being explored in an ongoing
phase I/1I clinical trial (NCT04441099). NBE-002 would be given to patients with advanced
solid tumors, including TNBC intravenously. As primary endpoints, the recommended
dose and antitumor activity of NBE-002 would be analyzed.
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The expression of ROR2 was found to be relevant to the expression of ROR1, demon-
strating its potential as an ADC target [61]. The tolerability and efficacy of CAB-ROR2-ADC
targeting ROR2 were investigated in a phase I ongoing study (NCT03504488). A total of 420
patients with metastatic, locally advanced, or unresectable solid tumors including TNBC
were recruited and received CAB-ROR2-ADC alone or combined with anti-PD1 reagents.

4.4. B7-H3

B7-H3, also known as CD276, is a molecule of the B7 superfamily, whose overex-
pression was correlated with cancer progression. Being highly expressed in various solid
tumors and TME, B7-H3 also acts as an immunomodulator that inhibits T cell responses [62].
Enoblituzumab, an antibody against B7-H3, was combined with duocarmycin payloads to
construct the ADC MGC018. MGCO018 demonstrated curative effects in PDX models includ-
ing TNBC, prostate cancer, and head and neck squamous cell carcinoma (HNSCC) [63]. The
tolerance and pharmacodynamics of MGC018 were also favorable in cynomolgus monkeys.
Therefore, an ongoing clinical trial was carried out to evaluate MGC018 in solid tumors
(NCT03729596). This study aimed to explore the antitumor activity and dose of MGC018
in TNBC, NSCLC, HNSCC, and melanoma, and adverse events and toxicities would be
primary endpoints.

4.5. gpNMB

The gpNMB is a glycoprotein expressed in multiple tumors and is linked with cancer
promotion. Experimental evidence has shown the immunosuppressive role of gpNMB
by ameliorating the activities of adaptive immune cells [64]. The gpNMB-targeted ADC
is CDX-011 (glembatumumab vedotin, GV), which contains tubulin inhibitor payloads
MMAE. The phase I EMERGE study (NCT01156753) and a phase I/1I study (NCT00704158)
investigated the CDX-011 in the treatment of breast tumors and found the safety profile was
acceptable [65]. Additionally, the ORR in the CDX-011 group was 18% and reached 40% in
TNBC patients [66]. Subsequently, the METRIC study (NCT01997333) was conducted to
compare capecitabine with CDX-011 treatment in gpNMB-overexpressing TNBC patients.
The median PFS was 2.9 months in the CDX-011 group and 2.8 months in the capecitabine
group (p-value = 0.761), which showed no priority for CDX-011 [67]. Whether CDX-011
can be an effective treatment for TNBC needs further exploration.

4.6. FRa

Antitumor treatments interrupting the metabolism of folate have gained thriving
progress. FRo is a receptor located on the cell surface that facilitates folate intake. The
overexpression of FRx was detected in a variety of solid tumors and was associated with
adverse outcomes [68]. The ADC MORADb-202 was developed, including a humanized
farletuzumab against FRx, and eribulin was coupled as payloads. The administration of
MORADb-202 exhibited elevated antitumor activity in preclinical TNBC PDX models and
FRo-positive cell-derived xenograft (CDX) models [69,70]. An ongoing phase I/1II study
aimed to evaluate the safety and tolerability of MORADb-202 in endometrial cancer, ovarian
cancer, TNBC, and NSCLC (NCT04300556). The study warranted enrolling 55 participants,
and MORAD-202 will be intravenously administered. As primary outcomes, tolerance dose,
ORR, toxicities, and adverse events will be monitored.

4.7. HER3

HERS3 is a member of the HER family, whose functions rely on forming homodimer-
ization with the HER family members. HER3 mainly homodimerizes with HER2 or EGFR,
enhancing tumor proliferation, aggressive phenotypes, and drug resistance [71]. Various
malignancies overexpress HER3, such as tumors in the digestive, urinary, and reproductive
systems [72]. Patritumab deruxtecan (HER3-DXd, U3-1402) is an ADC targeting HER3,
which contains anti-HER3 antibody patritumab, cleavable linker, and cytotoxic payload
deruxtecan. A total of 184 patients with HER3-positive metastatic breast cancer were
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enrolled in a phase I/II study to investigate the dose and pharmacodynamics of HER3-DXd
(NCT02980341). For the HER3-high/TNBC group, the ORR was 22.6%, and the ORR
for HER3-high/HER2-positive groups reached 42.9%. Adverse events are neutropenia,
thrombocytopenia, and anemia [73]. The efficacy of HER3-Dxd was also evaluated in
early breast cancers. A window-of-opportunity study (NCT04610528) was conducted in
HR-positive/HER2-negative breast cancer patients or TNBC patients. The ORR for the
overall population was 32%, with TNBC and HR-positive/HER2-negative having ORRs of
35% and 30%, respectively. HER3-DXd for the neoadjuvant treatment of HER2-negative
early breast cancer showed a promising ORR, which was independent of baseline HER3
levels, and the treatment is well-tolerated [74].

4.8. CA6

Cancer-induced aberrant glycosylation produces the CA6 sialoglycotope of Mucin-1
(MUC1)-glycoprotein. CA®6 is barely observed in normal adult tissues, while it is often
positively expressed in malignancies. The anti-CA6 ADC consists of DS6 monoclonal
antibody, cleavable linker, and tubulin inhibitor DM4 [75]. The efficacy and safety of
SAR566658 were investigated in CA6-positive metastatic TNBC patients (NCT02984683).
Unfortunately, the study was terminated due to limited efficacy. In each arm, about 70%
of patients encountered disease progression. The rate of adverse events ranged from 25%
to 27%. Despite the antitumor activity SAR566658 has shown in preclinical PDX models,
unsatisfying results in clinical research reminded it may not be an ideal treatment for TNBC.

The approval of SG for TNBCs provoked attention to expanding ADC treatment
for breast cancers beyond the HER2-positive subtype. Of note, ADC treatment for these
patients was permitted as second or third-line therapy. Additionally, the side effects of
ADCs should be closely monitored when administered to advanced breast cancer patients.

5. Challenges and Future Directions in ADCs

With the in-depth understanding of the mechanism of ADCs and the continuous
breakthrough of drug development technology, the new generation of ADCs has made
progress. However, challenges are still faced and efforts are still warranted to promote the
application of ADCs in frontline cancer treatment.

5.1. Challenges in ADCs

In clinical practice, the most obvious and unavoidable challenge was adverse effects.
Target selection, drug mechanisms, chemistry characters of linkers, and coupling sites are
all important determinants of ADC-related adverse effects. Severe adverse effects can occur
in the hematologic system, liver, kidney, and lung, and adverse effects need to be dealt
with in time [76]. Neutropenia, thrombocytopenia, leukopenia, and anemia may be related
to the early release of cytotoxic payloads. Those cytotoxic drugs mainly injure the actively
proliferating cells, which locates in the bone marrow and liver. In clinical settings, doses of
ADCs need to be adjusted cautiously when encountering adverse effects. For hematologic
toxicity, blood cell count ought to be well-monitored. Also, symptomatic drugs can be
used to raise neutrophil, platelet, or erythrocyte counts. The immune response can be
stimulated by ADC drugs, which may cause autoimmune responses, resulting in kidney
injury [77]. Fatal lung injury manifests as interstitial lung disease (ILD) and was observed
in patients receiving T-DXd [78]. The mechanism underlying ILD remains unclear, and
one of the hypotheses was that abundant blood flow brought ADCs and payloads to the
lung [41]. Once the ILD was diagnosed, the dose of T-DXd should be strictly controlled,
and glucocorticoids should be administered. For severe circumstances, ADC treatment
needs to be terminated. As the most widely used ADCs in breast cancer, specific adverse
effects of T-DM1, T-DXd, and SG are listed in Table 3, as well as their frequencies. Although
all anticancer drugs have adverse effects, seeking to minimize the toxicity to healthy tissues
is always in pursuit.
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Table 3. Adverse effects and frequencies related to T-DM1, T-DXd, and SG.

Adverse Events Frequency in T-DM1 [79] Frequency in T-DXd [38] Frequency in SG [52,80]
Thrombocytopenia 14.3% 4.3% 14%

Neutropenia 2.4% 20% 26%

Anemia 3.8% 8.6% 11%

Fatigue 2.4% 6% 9%

ILD - 15.5% (Grade 3:1%) -

Drop of LVEEF (left ventricular

. . 2% (Grade 3: 0.7%) 1.6% (Grade 0.5%) -
ejection fraction)
Increase in ALT 15% - -
Nausea - 7.6% 6%
Vomit - 4.3% 6%

Another major challenge specific to ADCs was drug efficiency which could be influ-
enced by multiple factors. To precisely target tumor cells by intravenous injection, the
half-life, and linkers were crucial. Proper half-life guarantees ADC to reach tumors [81],
and the strength of the linker needs to be modified to avoid the early release of cytotoxic
payloads. Internalization is also important to display drug efficacy [29]. Hence, expression
levels of antigens and molecular weight of ADCs need to be arranged. Furthermore, since
only a small fraction of ADCs can currently reach the tumor site, the toxicity of payloads
should be powerful while avoiding toxicity.

Drug resistance, however, was encountered while the promising effect ADCs has been
achieved. Drug resistance can be both primary (resistant at the beginning) and secondary
(resistant after responding). Reasons for drug resistance can be antibody-related, payload-
related, and cancer cell function-related. Inadequate antigen expression levels can lead to
the deduction of ADC specificity, and mutated targets of payloads may also induce failure
in therapy [82]. For cancer cells, impaired trafficking and destroyed lysosome function
contribute to drug resistance [83,84]. Failure and disruption in each part of exploiting the
antitumor activity can bring drug resistance.

5.2. Future Directions

The three key elements of ADCs are antibodies, linkers, and payloads. The direction
of improvement also lies in modifying the three parts.

The concept of dual-epitope or dual-target ADCs has inspired ADC innovations.
In breast cancer, there are candidates to be targeted together with HER2. By bispecific
antibodies targeting HER2 and prolactin receptors (PRLR), the internalization and traffic
efficiency were significantly improved, which promotes efficacy [85]. By combining HER2
and CD63 targets, the internalization of ADCs was enhanced in preclinical models, since
CD63 is a membrane protein expressed in the lysosome [86].

Similarly, dual-payload was proposed in advancing ADCs. Greater efficacy can be
realized by mixing two payloads at a fixed ratio and killing cancer cells synergistically.
Payloads that kill cancer cells by different pathways also ameliorated the rate of drug
resistance [87]. Therapies currently in development have been investigating these pos-
sibilities. The dual-payload ADC coupled with MMAE and monomethyl auristatin F
(MMAF) showed antitumor activities in mouse models and brought light to overcome
tumor heterogeneity [88].

Another strategy is to reduce the molecular weight of ADCs. The currently commonly
used antibodies for constructing ADCs are IgG molecules, with an approximate molecular
weight of 150 kDa. Replacing the antibodies with polypeptides to construct ADCs was pro-
posed, which was expected to shrink the molecular weight and improve drug penetration.
According to this strategy, the anti-somatostatin receptor 2 ADC PEN-221 was developed.
The molecular weight of PEN-221 was only 2 kDa, but it was found to be rapidly cleared in
circulation. To generate small-size ADCs, more efforts are needed [89].
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Site-specific ADCs are a recent trend in constructing ADCs. By coupling cytotoxic
payloads to engineered specific amino acids, unnatural amino acids, short peptide tags, or
through glycoengineering, researchers have developed next-generation site-specific conju-
gation techniques [90]. In fact, some site-specific ADCs have been put into clinical trials.
The anti-HER2 ADC ARX788 and the anti-ROR1 ADC NBE-002 were both site-specific
ADCs, as discussed in the previous two sections. A promising technique named AJICAP
brought about widespread attention. ADCs constructed with AJICAP technology exhibited
increased drug tolerance and expanded therapeutic index in preclinical experiments [91].
The updated second-generation AJICAP technique further improved the stability of Fc
affinity reagents, which can be used to produce more than 20 ADCs including various anti-
bodies and payloads [92]. The site-specific ADCs were expected to be ideal next-generation
ADCs with homogeneity, safety, and efficacy that are worth expecting.

Breakthroughs also may take place in using immunomodulators as payloads. One of
the goals of the next-generation ADCs was to combine the immune-stimulating property
of immunotherapy and the precise targeting property of antibodies, namely, immune-
stimulating antibody conjugates (ISACs) [93]. ISACs significantly differ from traditional
ADCs with cytotoxic payloads because of their ability to boost the immune system to kill
cancer cells instead of killing cancer cells directly. Toll-like receptors (TLRs) are believed to
be able to switch the TME and promote antitumor immune responses. TLR agonists can be
payloads for ISACs due to their preferable tolerance. In preclinical models, an anti-HER2
ISAC with TLR7/8 antagonist effectively resulted in tumor elimination in mouse models.
Surprisingly, the ISAC-mediated immunological memory can protect mice from both HER2-
positive and HER2-negative tumors in the rechallenge [94]. Another anti-HER2 ISAC with
TLR7 agonist confirmed the activation of antitumor immunity [95]. The application of
ISACs in the clinical practice of breast cancer is expected.

6. Conclusions

The arise of ADCs has made great breakthroughs in cancer treatment. The ADCs
approved by the FDA and the promising efficacy of ADCs in clinical trials have attracted
increasing attention after three generations of development. For breast cancer, ADCs includ-
ing T-DM1, T-DXd, and SG brought hope to those who suffer from advanced, metastatic
tumors. Emerging ADC agents and targets are under exploration to further eradicate cancer
cells precisely. To overcome challenges, the mechanism underlying adverse effects, pharma-
cokinetics, and drug resistance needs comprehensive comprehension, and the development
and progress of ADCs are still warranted. Identifying and validating new antigens and
antibodies, designing payloads with optimal toxicity, and designing linkers to balance
stability and payload release appear to be significant in the field of optimizing ADCs.
Explorations in site-specific ADCs and ISACs may also make breakthroughs in developing
ADCs. Altogether, future ADCs for targeted cancer therapy are anticipated expectations
given the continuous efforts in this field.

Author Contributions: Writing—original draft preparation, T.Y.; writing—review and editing, T.Y.,
W.L. and ].Z; visualization, J.Z. and T.Y.; supervision, T.H. and J.Z. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Key Program of Natural Science Foundation of Hubei
Province (Grant No.2021BCA142).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to Figdraw (www.figdraw.com, accessed on 20 July 2023) for the
help in visualizing figures.

Conflicts of Interest: The authors declare no conflict of interest.


www.figdraw.com

Int. . Mol. Sci. 2023, 24, 11903 13 of 17

References

1.  DiNardo, P; Lisanti, C.; Garutti, M.; Buriolla, S.; Alberti, M.; Mazzeo, R.; Puglisi, F. Chemotherapy in patients with early breast
cancer: Clinical overview and management of long-term side effects. Expert Opin. Drug Saf. 2022, 21, 1341-1355. [CrossRef]

2. Strebhardt, K.; Ullrich, A. Paul Ehrlich’s magic bullet concept: 100 years of progress. Nat. Rev. Cancer 2008, 8, 473-480. [CrossRef]

3. Vendramin, R; Litchfield, K.; Swanton, C. Cancer evolution: Darwin and beyond. EMBO ]. 2021, 40, €108389. [CrossRef]
[PubMed]

4. Drago,].Z.; Modi, S.; Chandarlapaty, S. Unlocking the potential of antibody-drug conjugates for cancer therapy. Nat. Rev. Clin.
Oncol. 2021, 18, 327-344. [CrossRef]

5. Pohlmann, P.R.; Mayer, L. A.; Mernaugh, R. Resistance to Trastuzumab in Breast Cancer. Clin. Cancer Res. 2009, 15, 7479-7491.
[CrossRef]

6. Hills, R.K.; Castaigne, S.; Appelbaum, ER.; Delaunay, J.; Petersdorf, S.; Othus, M.; Estey, E.H.; Dombret, H.; Chevret, S.; Ifrah,
N.; et al. Addition of gemtuzumab ozogamicin to induction chemotherapy in adult patients with acute myeloid leukaemia: A
meta-analysis of individual patient data from randomised controlled trials. Lancet Oncol. 2014, 15, 986-996. [CrossRef]

7. Fu,Z;LiS,;Han,S,; Shi, C.; Zhang, Y. Antibody drug conjugate: The “biological missile” for targeted cancer therapy. Signal
Transduct. Target. Ther. 2022, 7, 93. [CrossRef]

8.  Sung, H,; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, L; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer |. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

9.  Verma, S.; Miles, D.; Gianni, L.; Krop, L.E.; Welslau, M.; Baselga, J.; Pegram, M.; Oh, D.Y.; Dieras, V.; Guardino, E.; et al.
Trastuzumab emtansine for HER2-positive advanced breast cancer. N. Engl. . Med. 2012, 367, 1783-1791. [CrossRef] [PubMed]

10. Chau, C.H.; Steeg, PS.; Figg, W.D. Antibody-drug conjugates for cancer. Lancet 2019, 394, 793-804. [CrossRef]

11.  Shastry, M.; Jacob, S.; Rugo, H.S.; Hamilton, E. Antibody-drug conjugates targeting TROP-2: Clinical development in metastatic
breast cancer. Breast 2022, 66, 169-177. [CrossRef] [PubMed]

12.  Tarantino, P.; Carmagnani, P.R.; Corti, C.; Modi, S.; Bardia, A.; Tolaney, S.M.; Cortes, ].; Soria, J.C.; Curigliano, G. Antibody-drug
conjugates: Smart chemotherapy delivery across tumor histologies. CA Cancer J. Clin. 2022, 72, 165-182. [CrossRef]

13. Xiao, Y;; Yu, D. Tumor microenvironment as a therapeutic target in cancer. Pharmacol. Ther. 2021, 221, 107753. [CrossRef]
[PubMed]

14. Singh, A.P; Guo, L.; Verma, A.; Wong, G.G.; Thurber, G.M.; Shah, D.K. Antibody Coadministration as a Strategy to Overcome
Binding-Site Barrier for ADCs: A Quantitative Investigation. AAPS J. 2020, 22, 28. [CrossRef] [PubMed]

15. Abdollahpour-Alitappeh, M.; Lotfinia, M.; Gharibi, T.; Mardaneh, J.; Farhadihosseinabadi, B.; Larki, P.; Faghfourian, B.; Sepehr,
K.S.; Abbaszadeh-Goudarzi, K.; Abbaszadeh-Goudarzi, G.; et al. Antibody-drug conjugates (ADCs) for cancer therapy: Strategies,
challenges, and successes. |. Cell. Physiol. 2019, 234, 5628-5642. [CrossRef] [PubMed]

16. Bargh, ].D,; Isidro-Llobet, A.; Parker, ].S.; Spring, D.R. Cleavable linkers in antibody-drug conjugates. Chem. Soc. Rev. 2019, 48,
4361-4374. [CrossRef]

17.  Zajac, M.; Kotynska, J.; Zambrowski, G.; Breczko, J.; Deptula, P.; Ciesluk, M.; Zambrzycka, M.; Swiecicka, I.; Bucki, R.; Naumowicz,
M. Exposure to polystyrene nanoparticles leads to changes in the zeta potential of bacterial cells. Sci. Rep. 2023, 13, 9552. [CrossRef]

18. Samantasinghar, A.; Sunildutt, N.P.; Ahmed, F; Soomro, A.M.; Salih, A.; Parihar, P.; Memon, EH.; Kim, K.H.; Kang, I.S.; Choi, K.H.
A comprehensive review of key factors affecting the efficacy of antibody drug conjugate. Biomed. Pharmacother. 2023, 161, 114408.
[CrossRef]

19. Beck, A.; D’Atri, V,; Ehkirch, A.; Fekete, S.; Hernandez-Alba, O.; Gahoual, R.; Leize-Wagner, E.; Francois, Y.; Guillarme, D.;
Cianferani, S. Cutting-edge multi-level analytical and structural characterization of antibody-drug conjugates: Present and future.
Expert Rev. Proteom. 2019, 16, 337-362. [CrossRef]

20. Beck, A.; Goetsch, L.; Dumontet, C.; Corvaia, N. Strategies and challenges for the next generation of antibody-drug conjugates.
Nat. Rev. Drug Discov. 2017, 16, 315-337. [CrossRef]

21. Lacasse, V,; Beaudoin, S.; Jean, S.; Leyton, J.V. A Novel Proteomic Method Reveals NLS Tagging of T-DM1 Contravenes Classical
Nuclear Transport in a Model of HER2-Positive Breast Cancer. Mol. Ther. Methods Clin. Dev. 2020, 19, 99-119. [CrossRef]
[PubMed]

22.  Ferraro, E.; Drago, J.Z.; Modi, S. Implementing antibody-drug conjugates (ADCs) in HER2-positive breast cancer: State of the art
and future directions. Breast Cancer Res. 2021, 23, 84. [CrossRef] [PubMed]

23. Etrych, T,; Braunova, A.; Zogala, D.; Lambert, L.; Renesova, N.; Klener, P. Targeted Drug Delivery and Theranostic Strategies in
Malignant Lymphomas. Cancers 2022, 14, 626. [CrossRef]

24. Zhao, P; Zhang, Y.; Li, W.; Jeanty, C.; Xiang, G.; Dong, Y. Recent advances of antibody drug conjugates for clinical applications.
Acta Pharm. Sin. B 2020, 10, 1589-1600. [CrossRef]

25. Shen, Y, Yang, T,; Cao, X,; Zhang, Y.; Zhao, L.; Li, H.; Zhao, T.; Xu, J.; Zhang, H.; Guo, Q.; et al. Conjugation of DM1 to anti-CD30
antibody has potential antitumor activity in CD30-positive hematological malignancies with lower systemic toxicity. mAbs 2019,
11, 1149-1161. [CrossRef]

26. Poh, A. T-DXd Keeps Shining in Breast Cancer. Cancer Discov. 2023, 13, 254.


https://doi.org/10.1080/14740338.2022.2151584
https://doi.org/10.1038/nrc2394
https://doi.org/10.15252/embj.2021108389
https://www.ncbi.nlm.nih.gov/pubmed/34459009
https://doi.org/10.1038/s41571-021-00470-8
https://doi.org/10.1158/1078-0432.CCR-09-0636
https://doi.org/10.1016/S1470-2045(14)70281-5
https://doi.org/10.1038/s41392-022-00947-7
https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.1056/NEJMoa1209124
https://www.ncbi.nlm.nih.gov/pubmed/23020162
https://doi.org/10.1016/S0140-6736(19)31774-X
https://doi.org/10.1016/j.breast.2022.10.007
https://www.ncbi.nlm.nih.gov/pubmed/36302269
https://doi.org/10.3322/caac.21705
https://doi.org/10.1016/j.pharmthera.2020.107753
https://www.ncbi.nlm.nih.gov/pubmed/33259885
https://doi.org/10.1208/s12248-019-0387-x
https://www.ncbi.nlm.nih.gov/pubmed/31938899
https://doi.org/10.1002/jcp.27419
https://www.ncbi.nlm.nih.gov/pubmed/30478951
https://doi.org/10.1039/C8CS00676H
https://doi.org/10.1038/s41598-023-36603-5
https://doi.org/10.1016/j.biopha.2023.114408
https://doi.org/10.1080/14789450.2019.1578215
https://doi.org/10.1038/nrd.2016.268
https://doi.org/10.1016/j.omtm.2020.08.016
https://www.ncbi.nlm.nih.gov/pubmed/33024794
https://doi.org/10.1186/s13058-021-01459-y
https://www.ncbi.nlm.nih.gov/pubmed/34380530
https://doi.org/10.3390/cancers14030626
https://doi.org/10.1016/j.apsb.2020.04.012
https://doi.org/10.1080/19420862.2019.1618674

Int. . Mol. Sci. 2023, 24, 11903 14 of 17

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Goldenberg, D.M.; Sharkey, R.M. Sacituzumab govitecan, a novel, third-generation, antibody-drug conjugate (ADC) for cancer
therapy. Expert Opin. Biol. Ther. 2020, 20, 871-885. [CrossRef]

Dragovich, P.S. Degrader-antibody conjugates. Chem. Soc. Rev. 2022, 51, 3886-3897. [CrossRef]

Jin, Y;; Schladetsch, M.A.; Huang, X.; Balunas, M.]J.; Wiemer, A.J. Stepping forward in antibody-drug conjugate development.
Pharmacol. Ther. 2022, 229, 107917. [CrossRef]

Swain, S.M.; Shastry, M.; Hamilton, E. Targeting HER2-positive breast cancer: Advances and future directions. Nat. Rev. Drug
Discov. 2023, 22, 101-126. [CrossRef]

Ghiasi, A. The effect of gender-role orientation on attitudes towards menstruation in a sample of female university students. J.
Turk. Ger. Gynecol. Assoc. 2019, 20, 138-141. [CrossRef]

Tolaney, S.M.; Tayob, N.; Dang, C.; Yardley, D.A; Isakoff, S.].; Valero, V.; Faggen, M.; Mulvey, T.; Bose, R.; Hu, J.; et al. Adjuvant
Trastuzumab Emtansine Versus Paclitaxel in Combination with Trastuzumab for Stage I HER2-Positive Breast Cancer (ATEMPT):
A Randomized Clinical Trial. J. Clin. Oncol. 2021, 39, 2375-2385. [CrossRef] [PubMed]

Berardi, G.; Vitiello, A.; Abu-Abeid, A.; Schiavone, V.; Franzese, A.; Velotti, N.; Musella, M. Micronutrients Deficiencies in
Candidates of Bariatric Surgery: Results from a Single Institution over a 1-Year Period. Obes. Surg. 2023, 33, 212-218. [CrossRef]
[PubMed]

D’Amico, L.; Menzel, U.; Prummer, M.; Muller, P.; Buchi, M.; Kashyap, A.; Haessler, U.; Yermanos, A.; Gebleux, R.; Briendl, M.;
et al. A novel anti-HER2 anthracycline-based antibody-drug conjugate induces adaptive anti-tumor immunity and potentiates
PD-1 blockade in breast cancer. J. Immunother. Cancer 2019, 7, 16. [CrossRef] [PubMed]

Muller, P.; Kreuzaler, M.; Khan, T.; Thommen, D.S.; Martin, K.; Glatz, K.; Savic, S.; Harbeck, N.; Nitz, U.; Gluz, O.; et al.
Trastuzumab emtansine (T-DM1) renders HER2+ breast cancer highly susceptible to CTLA-4/PD-1 blockade. Sci. Transl. Med.
2015, 7, 315ra188. [CrossRef]

Emens, L.A,; Esteva, EJ.; Beresford, M.; Saura, C.; De Laurentiis, M.; Kim, S.B.; Im, S.A.; Wang, Y.; Salgado, R.; Mani, A_; et al.
Trastuzumab emtansine plus atezolizumab versus 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, 1283-1295.
[CrossRef] [PubMed]

Hurvitz, S.A.; Bachelot, T.; Bianchini, G.; Harbeck, N.; Loi, S.; Park, Y.H.; Prat, A.; Gilham, L.; Boulet, T.; Gochitashvili, N.; et al.
ASTEFANIA: Adjuvant ado-trastuzumab emtansine and atezolizumab for high-risk, HER2-positive breast cancer. Future Oncol.
2022, 18, 3563-3572. [CrossRef]

Modi, S.; Saura, C.; Yamashita, T.; Park, Y.H.; Kim, S.B.; Tamura, K.; Andre, F,; Iwata, H.; Ito, Y.; Tsurutani, J.; et al. Trastuzumab
Deruxtecan in Previously Treated HER2-Positive Breast Cancer. N. Engl. ]. Med. 2020, 382, 610-621. [CrossRef] [PubMed]
Barroso-Sousa, R.; Tolaney, S.M. Clinical Development of New Antibody-Drug Conjugates in Breast Cancer: To Infinity and
Beyond. Biodrugs 2021, 35, 159-174. [CrossRef] [PubMed]

Tamura, K.; Tsurutani, J.; Takahashi, S.; Iwata, H.; Krop, LE.; Redfern, C.; Sagara, Y.; Doi, T.; Park, H.; Murthy, RK,; 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, 816-826. [CrossRef]

Hackshaw, M.D.; Danysh, H.E.; Singh, J.; Ritchey, M.E.; Ladner, A.; Taitt, C.; Camidge, D.R.; Iwata, H.; Powell, C.A. Incidence
of pneumonitis/interstitial lung disease induced by HER2-targeting therapy for HER2-positive metastatic breast cancer. Breast
Cancer Res. Treat. 2020, 183, 23-39. [CrossRef] [PubMed]

Gong, J.; Shen, L.; Wang, W.; Fang, J. Safety, pharmacokinetics and efficacy of RC48-ADC in a phase I study in patients with
HER2-overexpression advanced solid cancer. J. Clin. Oncol. 2018, 36 (Suppl. 15), €16059. [CrossRef]

Xu, B.; Wang, ].; Zhang, Q.; Liu, Y.; Feng, ] E; Wang, W.; Fang, ]. An open-label, multicenter, phase Ib study to evaluate RC48-ADC
in patients with HER2-positive metastatic breast cancer. . Clin. Oncol. 2018, 36, 1028. [CrossRef]

Banerji, U.; van Herpen, C.; Saura, C.; Thistlethwaite, F.; Lord, S.; Moreno, V.; Macpherson, L.R.; Boni, V.; Rolfo, C.; de Vries, E.;
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, 1124-1135. [CrossRef] [PubMed]

Manich, C.S.; O’Shaughnessy, J.; Aftimos, P.G.; van den Tweel, E.; Oesterholt, M.; Escriva-de-Romani, S.I.; Tueux, N.Q.; Tan, T.].;
Lim, J.S.; Ladoire, S.; et al. Primary outcome of the phase III SYD985.002/ TULIP trial comparing [vic-]trastuzumab duocarmazine
to physician’s choice treatment in patients with pre-treated HER2-positive locally advanced or metastatic breast cancer. Ann.
Oncol. 2021, 32, S1288. [CrossRef]

Liu, Y,; Lian, W,; Zhao, X.; Qi, W.; Xu, ].; Xiao, L.; Qing, Y.; Xue, T.; Wang, ]. A first in-human study of A166 in patients with locally
advanced/metastatic solid tumors which are HER2-positive or HER2-amplified who did not respond or stopped responding to
approved therapies. J. Clin. Oncol. 2020, 38, 1049. [CrossRef]

Skidmore, L.; Sakamuri, S.; Knudsen, N.A.; Hewet, A.G.; Milutinovic, S.; Barkho, W.; Biroc, S.L.; Kirtley, J.; Marsden, R.; Storey, K.;
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, 1833-1843. [CrossRef]

Yin, L.; Duan, J.J.; Bian, X.W.; Yu, S.C. Triple-negative breast cancer molecular subtyping and treatment progress. Breast Cancer
Res. 2020, 22, 61. [CrossRef]

Loibl, S.; Poortmans, P.; Morrow, M.; Denkert, C.; Curigliano, G. Breast cancer. Lancet 2021, 397, 1750-1769. [CrossRef]


https://doi.org/10.1080/14712598.2020.1757067
https://doi.org/10.1039/D2CS00141A
https://doi.org/10.1016/j.pharmthera.2021.107917
https://doi.org/10.1038/s41573-022-00579-0
https://doi.org/10.4274/jtgga.galenos.2018.2018.0122
https://doi.org/10.1200/JCO.20.03398
https://www.ncbi.nlm.nih.gov/pubmed/34077270
https://doi.org/10.1007/s11695-022-06355-8
https://www.ncbi.nlm.nih.gov/pubmed/36331725
https://doi.org/10.1186/s40425-018-0464-1
https://www.ncbi.nlm.nih.gov/pubmed/30665463
https://doi.org/10.1126/scitranslmed.aac4925
https://doi.org/10.1016/S1470-2045(20)30465-4
https://www.ncbi.nlm.nih.gov/pubmed/33002436
https://doi.org/10.2217/fon-2022-0485
https://doi.org/10.1056/NEJMoa1914510
https://www.ncbi.nlm.nih.gov/pubmed/31825192
https://doi.org/10.1007/s40259-021-00472-z
https://www.ncbi.nlm.nih.gov/pubmed/33666903
https://doi.org/10.1016/S1470-2045(19)30097-X
https://doi.org/10.1007/s10549-020-05754-8
https://www.ncbi.nlm.nih.gov/pubmed/32591987
https://doi.org/10.1200/JCO.2018.36.15_suppl.e16059
https://doi.org/10.1200/JCO.2018.36.15_suppl.1028
https://doi.org/10.1016/S1470-2045(19)30328-6
https://www.ncbi.nlm.nih.gov/pubmed/31257177
https://doi.org/10.1016/j.annonc.2021.08.2088
https://doi.org/10.1200/JCO.2020.38.15_suppl.1049
https://doi.org/10.1158/1535-7163.MCT-19-1004
https://doi.org/10.1186/s13058-020-01296-5
https://doi.org/10.1016/S0140-6736(20)32381-3

Int. . Mol. Sci. 2023, 24, 11903 15 of 17

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

Lenart, S.; Lenart, P; Smarda, J.; Remsik, J.; Soucek, K.; Benes, P. Trop2: Jack of All Trades, Master of None. Cancers 2020, 12, 3328.
[CrossRef]

Zhao, W.,; Kuai, X.; Zhou, X,; Jia, L.; Wang, ].; Yang, X.; Tian, Z.; Wang, X; Lv, Q.; Wang, B.; et al. Trop2 is a potential biomarker for
the promotion of EMT in human breast cancer. Oncol. Rep. 2018, 40, 759-766. [CrossRef] [PubMed]

Bardia, A.; Hurvitz, S.A.; Tolaney, S.M.; Loirat, D.; Punie, K.; Oliveira, M.; Brufsky, A.; Sardesai, S.D.; Kalinsky, K.; Zelnak, A.B.;
et al. Sacituzumab Govitecan in Metastatic Triple-Negative Breast Cancer. N. Engl. |. Med. 2021, 384, 1529-1541. [CrossRef]
Adams, E.; Wildiers, H.; Neven, P; Punie, K. Sacituzumab govitecan and trastuzumab deruxtecan: Two new antibody-drug
conjugates in the breast cancer treatment landscape. ESMO Open 2021, 6, 100204. [CrossRef] [PubMed]

Rugo, H.S.; Bardia, A.; Marme, F,; Cortes, J.; Schmid, P; Loirat, D.; Tredan, O.; Ciruelos, E.; Dalenc, F.; Pardo, P.G.; et al.
Sacituzumab Govitecan in Hormone Receptor-Positive/Human Epidermal Growth Factor Receptor 2-Negative Metastatic Breast
Cancer. J. Clin. Oncol. 2022, 40, 3365-3376. [CrossRef] [PubMed]

Bardia, A.; Krop, I.; Meric-Bernstam, F.; Tolcher, A.W.; Mukohara, T.; Lisberg, A.; Shimizu, T.; Hamilton, E.; Spira, A.L;
Papadopoulos, K.P; et al. Datopotamab Deruxtecan (Dato-DXd) in Advanced Triple-Negative Breast Cancer (TNBC): Updated
Results From the Phase 1 TROPION-PanTumor01 Study [abstract]. Cancer Res. 2023, 83 (Suppl. S5), P6-10-03. [CrossRef]
Cheng, Y.; Yuan, X; Tian, Q.; Huang, X.; Chen, Y,; Pu, Y.; Long, H.; Xu, M,; Ji, Y; Xie, ].; et al. Preclinical profiles of SKB264, a
novel anti-TROP2 antibody conjugated to topoisomerase inhibitor, demonstrated promising antitumor efficacy compared to
IMMU-132. Front. Oncol. 2022, 12, 951589. [CrossRef]

Damelin, M.; Bankovich, A.; Bernstein, J.; Lucas, J.; Chen, L.; Williams, S.; Park, A.; Aguilar, ].; Ernstoff, E.; Charati, M.; et al. A
PTK7-targeted antibody-drug conjugate reduces tumor-initiating cells and induces sustained tumor regressions. Sci. Transl. Med.
2017, 9, eaag2611. [CrossRef]

Maitland, M.L.; Sachdev, J.C.; Sharma, M.R.; Moreno, V.; Boni, V.; Kummar, S.; Stringer-Reasor, E.; Lakhani, N.; Moreau, A.R;;
Xuan, D,; 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, 4511-4520. [CrossRef]

Parker, B.A ; Shatsky, R.A.; Schwab, R.B.; Wallace, A.M.; Wolf, D.M.; Hirst, G.L.; Brown-Swigart, L.; Esserman, L.J.; van Veer, L] ;
Ghia, E.M.; et al. Association of baseline ROR1 and ROR2 gene expression with clinical outcomes in the I-SPY2 neoadjuvant
breast cancer trial. Breast Cancer Res. Treat. 2023, 199, 281-291. [CrossRef]

Vaisitti, T.; Arruga, E; Vitale, N.; Lee, T.T.; Ko, M.; Chadburn, A.; Braggio, E.; Di Napoli, A.; Iannello, A.; Allan, J.N.; et al. ROR1
targeting with the antibody-drug conjugate VLS-101 is effective in Richter syndrome patient-derived xenograft mouse models.
Blood 2021, 137, 3365-3377. [CrossRef]

Hellmann, I.; Waldmeier, L.; Bannwarth-Escher, M.C.; Maslova, K.; Wolter, F.I; Grawunder, U.; Beerli, R.R. Novel Antibody Drug
Conjugates Targeting Tumor-Associated Receptor Tyrosine Kinase ROR2 by Functional Screening of Fully Human Antibody
Libraries Using Transpo-mAb Display on Progenitor B Cells. Front. Immunol. 2018, 9, 2490. [CrossRef]

Mortezaee, K. B7-H3 immunoregulatory roles in cancer. Biomed. Pharmacother. 2023, 163, 114890. [CrossRef]

Scribner, J.A.; Brown, J.G.; Son, T.; Chiechi, M.; Li, P; Sharma, S.; Li, H.; De Costa, A.; Li, Y.; Chen, Y.; et al. Preclinical Development
of MGCO018, a Duocarmycin-based Antibody-drug Conjugate Targeting B7-H3 for Solid Cancer. Mol. Cancer Ther. 2020, 19,
2235-2244. [CrossRef]

Lazaratos, A.M.; Annis, M.G.; Siegel, PM. GPNMB: A potent inducer of immunosuppression in cancer. Oncogene 2022, 41,
4573-4590. [CrossRef]

Bendell, J.; Saleh, M.; Rose, A.A.; Siegel, PM.; Hart, L.; Sirpal, S.; Jones, S.; Green, J.; Crowley, E.; Simantov, R.; et al. Phase I/1I
study of the antibody-drug conjugate glembatumumab vedotin in patients with locally advanced or metastatic breast cancer. J.
Clin. Oncol. 2014, 32, 3619-3625. [CrossRef] [PubMed]

Yardley, D.A.; Weaver, R.; Melisko, M.E.; Saleh, M.N.; Arena, EP,; Forero, A.; Cigler, T.; Stopeck, A.; Citrin, D.; Oliff, I; et al.
EMERGE: A Randomized Phase II Study of the Antibody-Drug Conjugate Glembatumumab Vedotin in Advanced Glycoprotein
NMB-Expressing Breast Cancer. J. Clin. Oncol. 2015, 33, 1609-1619. [CrossRef]

Vahdat, L.T.; Schmid, P,; Forero-Torres, A.; Blackwell, K.; Telli, M.L.; Melisko, M.; Mobus, V.; Cortes, J.; Montero, A.].; Ma, C.; et al.
Glembatumumab vedotin for patients with metastatic, gpNMB overexpressing, triple-negative breast cancer (“METRIC”): A
randomized multicenter study. NPJ Breast Cancer 2021, 7, 57. [CrossRef]

Scaranti, M.; Cojocaru, E.; Banerjee, S.; Banerji, U. Exploiting the folate receptor alpha in oncology. Nat. Rev. Clin. Oncol. 2020, 17,
349-359. [CrossRef] [PubMed]

Cheng, X.; Li, J.; Tanaka, K.; Majumder, U.; Milinichik, A.Z.; Verdi, A.C.; Maddage, C.J.; Rybinski, K.A.; Fernando, S.; Fernando,
D.; et al. MORADb-202, an Antibody-Drug Conjugate Utilizing Humanized Anti-human FRo Farletuzumab and the Microtubule-
targeting Agent Eribulin, has Potent Antitumor Activity. Mol. Cancer Ther. 2018, 17, 2665-2675. [CrossRef] [PubMed]

Furuuchi, K.; Rybinski, K.; Fulmer, ].; Moriyama, T.; Drozdowski, B.; Soto, A.; Fernando, S.; Wilson, K.; Milinichik, A.; Dula, M.L.;
et al. Antibody-drug conjugate MORADb-202 exhibits long-lasting antitumor efficacy in TNBC PDx models. Cancer Sci. 2021, 112,
2467-2480. [CrossRef]

Kumar, R.; George, B.; Campbell, M.R.; Verma, N.; Paul, A.M.; Melo-Alvim, C.; Ribeiro, L.; Pillai, M.R.; Da, C.L.; Moasser, M.M.
HER family in cancer progression: From discovery to 2020 and beyond. Adv. Cancer Res. 2020, 147, 109-160. [PubMed]


https://doi.org/10.3390/cancers12113328
https://doi.org/10.3892/or.2018.6496
https://www.ncbi.nlm.nih.gov/pubmed/29901160
https://doi.org/10.1056/NEJMoa2028485
https://doi.org/10.1016/j.esmoop.2021.100204
https://www.ncbi.nlm.nih.gov/pubmed/34225076
https://doi.org/10.1200/JCO.22.01002
https://www.ncbi.nlm.nih.gov/pubmed/36027558
https://doi.org/10.1158/1538-7445.SABCS22-P6-10-03
https://doi.org/10.3389/fonc.2022.951589
https://doi.org/10.1126/scitranslmed.aag2611
https://doi.org/10.1158/1078-0432.CCR-20-3757
https://doi.org/10.1007/s10549-023-06914-2
https://doi.org/10.1182/blood.2020008404
https://doi.org/10.3389/fimmu.2018.02490
https://doi.org/10.1016/j.biopha.2023.114890
https://doi.org/10.1158/1535-7163.MCT-20-0116
https://doi.org/10.1038/s41388-022-02443-2
https://doi.org/10.1200/JCO.2013.52.5683
https://www.ncbi.nlm.nih.gov/pubmed/25267761
https://doi.org/10.1200/JCO.2014.56.2959
https://doi.org/10.1038/s41523-021-00244-6
https://doi.org/10.1038/s41571-020-0339-5
https://www.ncbi.nlm.nih.gov/pubmed/32152484
https://doi.org/10.1158/1535-7163.MCT-17-1215
https://www.ncbi.nlm.nih.gov/pubmed/30262588
https://doi.org/10.1111/cas.14898
https://www.ncbi.nlm.nih.gov/pubmed/32593399

Int. . Mol. Sci. 2023, 24, 11903 16 of 17

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

92.

93.

Kiavue, N.; Cabel, L.; Melaabi, S.; Bataillon, G.; Callens, C.; Lerebours, E; Pierga, ].Y.; Bidard, F.C. ERBB3 mutations in cancer:
Biological aspects, prevalence and therapeutics. Oncogene 2020, 39, 487-502. [CrossRef] [PubMed]

Krop, LE.; Masuda, N.; Mukohara, T.; Takahashi, S.; Nakayama, T.; Inoue, K.; Iwata, H.; Toyama, T.; Yamamoto, Y.; Hansra, D.M.;
et al. Results from the phase 1/2 study of patritumab deruxtecan, a HER3-directed antibody-drug conjugate (ADC), in patients
with HER3-expressing metastatic breast cancer (MBC). J. Clin. Oncol. 2022, 40 (Suppl. 16), 1002. [CrossRef]

Pascual, T.; Oliveira, M.; Ciruelos, E.; Bellet, E.M.; Saura, C.; Gavila, J.; Pernas, S.; Munoz, M.; Vidal, M.].; Margeli, V.M.; et al.
SOLTI-1805 TOT-HER3 Study Concept: A Window-of-Opportunity Trial of Patritumab Deruxtecan, a HER3 Directed Antibody
Drug Conjugate, in Patients with Early Breast Cancer. Front. Oncol. 2021, 11, 638482. [CrossRef] [PubMed]

Nicolazzi, C.; Caron, A.; Tellier, A.; Trombe, M.; Pinkas, J.; Payne, G.; Carrez, C.; Guerif, S.; Maguin, M.; Baffa, R.; et al. An
Antibody-Drug Conjugate Targeting MUC1-Associated Carbohydrate CA6 Shows Promising Antitumor Activities. Mol. Cancer
Ther. 2020, 19, 1660-1669. [CrossRef]

Mecklenburg, L. A Brief Introduction to Antibody-Drug Conjugates for Toxicologic Pathologists. Toxicol. Pathol. 2018, 46, 746-752.
[CrossRef]

Mahalingaiah, PX.; Ciurlionis, R.; Durbin, K.R.; Yeager, R.L.; Philip, B.K.; Bawa, B.; Mantena, S.R.; Enright, B.P; Liguori, M.].; Van
Vleet, T.R. Potential mechanisms of target-independent uptake and toxicity of antibody-drug conjugates. Pharmacol. Ther. 2019,
200, 110-125. [CrossRef]

Tarantino, P.; Modi, S.; Tolaney, S.M.; Cortes, J.; Hamilton, E.P.; Kim, S.B.; Toi, M.; Andre, F,; Curigliano, G. Interstitial Lung
Disease Induced by Anti-ERBB2 Antibody-Drug Conjugates: A Review. JAMA Oncol. 2021, 7, 1873-1881. [CrossRef]

Dieras, V.; Miles, D.; Verma, S.; Pegram, M.; Welslau, M.; Baselga, J.; Krop, LE.; Blackwell, K.; Hoersch, S.; Xu, 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, 732-742.
[CrossRef]

Syed, Y.Y. Sacituzumab Govitecan: First Approval. Drugs 2020, 80, 1019-1025. [CrossRef]

Khera, E.; Thurber, G.M. Pharmacokinetic and Immunological Considerations for Expanding the Therapeutic Window of
Next-Generation Antibody-Drug Conjugates. Biodrugs 2018, 32, 465-480. [CrossRef]

Li, G.; Guo, J.; Shen, B.Q.; Yadav, D.B.; Sliwkowski, M.X.; Crocker, L.M.; Lacap, J.A.; Phillips, G. Mechanisms of Acquired
Resistance to Trastuzumab Emtansine in Breast Cancer Cells. Mol. Cancer Ther. 2018, 17, 1441-1453. [CrossRef] [PubMed]
Chen, Y.F,; Xu, Y.Y.; Shao, Z.M.; Yu, K.D. Resistance to antibody-drug conjugates in breast cancer: Mechanisms and solutions.
Cancer Commun. 2023, 43, 297-337. [CrossRef] [PubMed]

Sung, M,; Tan, X,; Lu, B.; Golas, J.; Hosselet, C.; Wang, E; Tylaska, L.; King, L.; Zhou, D.; Dushin, R.; et al. Caveolae-Mediated
Endocytosis as a Novel Mechanism of Resistance to Trastuzumab Emtansine (T-DM1). Mol. Cancer Ther. 2018, 17, 243-253.
[CrossRef] [PubMed]

Andreev, J.; Thambi, N.; Perez, B.A.; Delfino, F.; Martin, J.; Kelly, M.P; Kirshner, ].R.; Rafique, A.; Kunz, A.; Nittoli, T; et al.
Bispecific Antibodies and Antibody-Drug Conjugates (ADCs) Bridging HER2 and Prolactin Receptor Improve Efficacy of HER2
ADCs. Mol. Cancer Ther. 2017, 16, 681-693. [CrossRef]

de Goeij, B.E.; Vink, T.; Ten, N.H.; Breij, E.C.; Satijn, D.; Wubbolts, R.; Miao, D.; Parren, PW. Efficient Payload Delivery by a
Bispecific Antibody-Drug Conjugate Targeting HER2 and CD63. Mol. Cancer Ther. 2016, 15, 2688-2697. [CrossRef]

Tang, F; Yang, Y.; Tang, Y.; Tang, S.; Yang, L.; Sun, B,; Jiang, B.; Dong, ].; Liu, H.; Huang, M.; et al. One-pot N-glycosylation
remodeling of IgG with non-natural sialylglycopeptides enables glycosite-specific and dual-payload antibody-drug conjugates.
Org. Biomol. Chem. 2016, 14, 9501-9518. [CrossRef]

Yamazaki, C.M.; Yamaguchi, A.; Anami, Y.; Xiong, W.; Otani, Y.; Lee, J.; Ueno, N.T.; Zhang, N.; An, Z.; Tsuchikama, K. Antibody-
drug conjugates with dual payloads for combating breast tumor heterogeneity and drug resistance. Nat. Commun. 2021, 12, 3528.
[CrossRef]

Whalen, K.A.; White, B.H.; Quinn, ].M.; Kriksciukaite, K.; Alargova, R.; Au, Y.T.; Bazinet, P.; Brockman, A.; DuPont, M.M,;
Oller, H.; et al. Targeting the Somatostatin Receptor 2 with the Miniaturized Drug Con-jugate, PEN-221: A Potent and Novel
Therapeutic for the Treatment of Small Cell Lung Cancer. Mol. Cancer Ther. 2019, 18, 1926-1936. [CrossRef] [PubMed]

Zhou, Q. Site-Specific Antibody Conjugation for ADC and Beyond. Biomedicines 2017, 5, 64. [CrossRef]

Matsuda, Y.; Seki, T.; Yamada, K.; Ooba, Y.; Takahashi, K.; Fujii, T.; Kawaguchi, S.; Narita, T.; Nakayama, A.; Kitahara, Y.;
et al. Chemical Site-Specific Conjugation Platform to Improve the Pharmacokinetics and Therapeutic Index of Antibody-Drug
Conjugates. Mol. Pharm. 2021, 18, 4058—-4066. [CrossRef] [PubMed]

Fujii, T.; Matsuda, Y.; Seki, T.; Shikida, N.; Iwai, Y.; Ooba, Y.; Takahashi, K.; Isokawa, M.; Kawaguchi, S.; Hatada, N.; et al.
AJICAP Second Generation: Improved Chemical Site-Specific Conjugation Technology for Antibody-Drug Conjugate Production.
Bioconjug. Chem. 2023, 34, 728-738. [CrossRef] [PubMed]

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. [CrossRef] [PubMed]


https://doi.org/10.1038/s41388-019-1001-5
https://www.ncbi.nlm.nih.gov/pubmed/31519989
https://doi.org/10.1200/JCO.2022.40.16_suppl.1002
https://doi.org/10.3389/fonc.2021.638482
https://www.ncbi.nlm.nih.gov/pubmed/33968735
https://doi.org/10.1158/1535-7163.MCT-19-0826
https://doi.org/10.1177/0192623318803059
https://doi.org/10.1016/j.pharmthera.2019.04.008
https://doi.org/10.1001/jamaoncol.2021.3595
https://doi.org/10.1016/S1470-2045(17)30312-1
https://doi.org/10.1007/s40265-020-01337-5
https://doi.org/10.1007/s40259-018-0302-5
https://doi.org/10.1158/1535-7163.MCT-17-0296
https://www.ncbi.nlm.nih.gov/pubmed/29695635
https://doi.org/10.1002/cac2.12387
https://www.ncbi.nlm.nih.gov/pubmed/36357174
https://doi.org/10.1158/1535-7163.MCT-17-0403
https://www.ncbi.nlm.nih.gov/pubmed/29054985
https://doi.org/10.1158/1535-7163.MCT-16-0658
https://doi.org/10.1158/1535-7163.MCT-16-0364
https://doi.org/10.1039/C6OB01751G
https://doi.org/10.1038/s41467-021-23793-7
https://doi.org/10.1158/1535-7163.MCT-19-0022
https://www.ncbi.nlm.nih.gov/pubmed/31649014
https://doi.org/10.3390/biomedicines5040064
https://doi.org/10.1021/acs.molpharmaceut.1c00473
https://www.ncbi.nlm.nih.gov/pubmed/34579528
https://doi.org/10.1021/acs.bioconjchem.3c00040
https://www.ncbi.nlm.nih.gov/pubmed/36894324
https://doi.org/10.1016/j.bcp.2015.12.008
https://www.ncbi.nlm.nih.gov/pubmed/26686577

Int. . Mol. Sci. 2023, 24, 11903 17 of 17

94. Ackerman, S.E.; Pearson, C.I.; Gregorio, ].D.; Gonzalez, ].C.; Kenkel, ].A.; Hartmann, EJ.; Luo, A.; Ho, P.Y.; LeBlanc, H.; Blum,
LK, et al. Immune-stimulating antibody conjugates elicit robust myeloid activation and durable antitumor immunity. Nat.
Cancer 2021, 2, 18-33. [CrossRef]

95. Fang, S.; Brems, B.M.; Olawode, E.O.; Miller, ].T.; Brooks, T.A.; Tumey, L.N. Design and Characterization of Inmune-Stimulating
Imidazo[4,5-c]quinoline Antibody-Drug Conjugates. Mol. Pharm. 2022, 19, 3228-3241. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s43018-020-00136-x
https://doi.org/10.1021/acs.molpharmaceut.2c00392

	Introduction 
	Structure and Evolution of ADCs 
	The Structure of ADCs 
	First-Generation ADCs 
	Second-Generation ADCs 
	Third-Generation ADCs 

	ADCs Targeting HER2 in Breast Cancer 
	T-DM1 
	T-DXd 
	Other ADCs Targeting HER2 

	Emerging Targets of ADCs in Breast Cancer 
	Trop2 
	PTK7 
	ROR1 and ROR2 
	B7-H3 
	gpNMB 
	FR 
	HER3 
	CA6 

	Challenges and Future Directions in ADCs 
	Challenges in ADCs 
	Future Directions 

	Conclusions 
	References

