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Abstract: Antibody–drug conjugates (ADCs) are a new class of targeted anti-cancer therapies that
combine a monoclonal tumor-surface-receptor-targeting antibody with a highly cytotoxic molecule
payload bonded through specifically designed cleavable or non-cleavable chemical linkers. One such
tumor surface receptor is human epidermal growth factor 2 (HER2), which is of interest for the
treatment of many gynecologic tumors. ADCs enable the targeted delivery of a variety of cytotoxic
therapies to tumor cells while minimizing delivery to healthy tissues. This review summarizes the
existing literature about HER2-targeting ADC therapies approved for use in gynecologic malignancies,
relevant preclinical studies, strategies to address ADC resistance, and ongoing clinical trials.

Keywords: antibody–drug conjugate; gynecologic malignancy; HER2; ERBB2; chemotherapy; cervical
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1. Introduction

Gynecologic malignancies, a major contributor to worldwide morbidity and mortality,
are increasing in incidence and prevalence [1]. Chemotherapy, along with cytoreductive
surgery, are fundamental in the treatment of gynecologic malignancies, whether newly
diagnosed, recurrent, or metastatic. It is common for patients with recurrence or progres-
sion to require several lines and combinations of chemotherapies. Historically, doublet
platinum chemotherapy has been widely utilized in these cancers but is associated with
significant side effects. The rates of platinum resistance are also high [2]. For these rea-
sons, immunotherapy and targeted drugs are now gaining momentum [3–6]. Given that
gynecologic cancers encompass a wide variety of histologic subtypes, each with a host of
associated genetic mutations that drive oncogenesis, there is remarkable potential for the
use of targeted therapies.

State-of-the-art targeted therapies are an exciting new frontier. Antibody drugs are
the fastest-growing drug class, with many having been approved for therapeutic use and
new antibody drugs in the pipeline [7]. Further antibody–drug conjugates (ADCs) are an
opportunity to develop antibodies with novel mechanisms of action that can overcome
conventional obstacles, with their efficiency rooted in the selection of the antibody, epitope,
payload, linker, and drug-to-antibody ratio (DAR) [7]. ADCs have shown efficacy in other
solid malignancies and are now being studied for their use in gynecologic cancers [8]. ADCs
are composed of a humanized monoclonal antibody that is complementary to a specific
tumor cell surface antigen, a cytotoxic payload, and a linker complex that connects the two
(Figure 1). The payloads are either antimicrotubule compounds or DNA-damaging agents,
which have cytotoxicity due to mitotic arrest and cell cycle death (Figures 2 and 3) [9].
A fundamental component of ADCs is the controlled biodistribution of the payload to
maximize drug delivery to tumor cells and minimize cytotoxicity elsewhere [10]. Noncleav-
able linkers have the advantage of greater stability in serum, while cleavable linkers have
been observed to possess a greater bystander effect because of the high permeability of the
payload into neighboring cells [11]. Whereas traditional platinum doublet chemotherapy
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causes cytotoxicity in off-target healthy cells, the paradigm-shifting technology of ADCs
improves the specificity of drug delivery [8].
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ADCs are designed to target complexes in key cellular pathways that underly tu-
mor proliferation and spread. One such pathway of interest in gynecologic cancers in-
volves human epidermal growth factor receptor-2 (HER2). In gynecologic malignancies,
HER2 is most often overexpressed in endometrial cancer (17–30%) and ovarian cancer
(5–60%) [12–14]. HER2 is a tyrosine kinase receptor. The amplification of its parent gene,
ERBB2, is seen in a range of solid malignancies (Figure 4). The dimerization of HER2 to
other tyrosine kinases in the HER2 family is the initial step in the mitogen-activated protein
kinase and PI3K signaling pathway [15]. This pathway ultimately leads to the transcription
and translation of genes whose products bolster malignant cellular potential through an
alteration of cell cycle regulation, protein transcription and translation, glucose metabolism,
cellular migration, and cellular differentiation. HER2 overexpression is associated with
chemotherapy resistance and unfavorable outcomes in both gynecologic malignancies and
other solid tumors, making it an all-the-more valuable target for developing ADCs [13,16].
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Although ADCs offer exciting potential, like all developing drugs, there are expected
limitations to their use. As ADCs become increasingly utilized in the clinical setting, it is
anticipated that resistance development will pose a threat, as seen with other anti-tumor
agents [17]. Therefore, strategies to combat potential resistance, including careful selection
of the target, the linker, and the payload, are critical to enhancing the efficacy of ADCs [17].
An additional consideration is the combination of ADCs with other agents known to be
effective in tumors, such as immune checkpoint inhibitors, tyrosine kinase inhibitors, and
chemotherapeutic drugs, to enhance ADC activity. Theoretically, ADCs are designed to
have an enhanced safety profile via a stable linker to promote an improved therapeutic
index; however, their successful implementation is often quite challenging [18]. Many of the
undesired dose-limiting toxicities and adverse events seen with ADCs are similar to those
of traditional anti-cancer therapy because the payloads use the same mechanism of action
as chemotherapeutics and result in hematologic, neurologic, and hepatic toxicity [18,19].
As previously emphasized, a stable linker is required to minimize the non-specific systemic
release of the cytotoxic drug from the monoclonal antibody in circulation [20].

While targeted therapies such as ADCs are widely recognized as the future of cancer
treatment and already linchpins in the management of other solid malignancies, there is a
dire need for trials demonstrating their safety and efficacy in gynecologic malignancies.
There are only two Food and Drug Administration (FDA)-approved ADCs for the treat-
ment of gynecologic malignancies at the time of writing: one on an ADC that targets a
folate receptor subclass (Mirvetuximab soravtansine), and another that targets the tissue
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factor protein (Tisotumab vedotin) [21,22]. While there are not yet any FDA-approved
HER2-targeting ADCs for gynecologic malignancies at present, several ongoing preclinical
and clinical trials evaluating their safety and efficacy show significant promise and are
reviewed here.

2. HER2 ADCs in Clinical Trials
2.1. Trastuzumab Deruxtecan

Trastuzumab deruxtecan (T-DXd, or DS-8201a) is a novel HER2-directed antibody–drug
conjugate with established use in other solid tumors, currently under investigation for use
in gynecologic malignancies. T-DXd consists of trastuzumab, a humanized monoclonal
antibody, which targets the extracellular domain of HER2 cell surface receptors, a topoiso-
merase I inhibitor, and a linker protein (maleimide glycine-phenylalanine-glycine (GGFG)
peptide). The tetrapeptide GGFG linker protein use is intentional, designed to be cleaved
by tumors overexpressing lysosomal enzymes such as cathepsins B and L [23]. Following
the internalization of T-DXd into tumor cells, DXd is liberated from the complex. DXd
then infiltrates through the cell membrane to adjacent tumor cells causing DNA damage
and cell death, independent of their HER2 status; therefore T-DXd exhibits clinical efficacy
amongst heterogenous HER2 tumors [24]. The high membrane permeability of DXd allows
for a significant bystander effect on cells expressing low HER2, which is an advantageous
feature of the ADC T-DXd compared to the conventional monoclonal antibody alone [25].

The pharmacokinetics of T-DXd have been evaluated in multiple studies to understand
the efficacy of the ADC. Utilizing xenograft mouse models and phosphor-integrated dots
imaging, it has been demonstrated that the accumulation of T-DXd is correlated with the
level of HER2, with no accumulation of DXd in HER2-negative tumors [25]. This thereby
suggests that T-DXd binds to HER2-positive cells, then DXd acts on the surrounding
cells through cell membrane permeability, independent of HER2 status [25]. It is likely
that the effectiveness of T-DXd is reliant on HER2 protein expression, but unlike other
HER2-targeted therapies, it does not require HER2 amplification [26]. Amongst cases
of gastric and breast cancer with low or heterogenous HER2 expression, studies suggest
T-DXd to be an effective treatment [27]. Additional factors contributing to the effectiveness
of T-DXd include a higher drug-to-antibody ratio, facilitating increased delivery of the
payload to target cells, high stability in plasma following intravenous infusion, and retained
responsiveness [24,27].

Based on the approved FDA usage of T-DXd in metastatic breast cancer, non-small-
cell lung cancer, and gastric cancer, the median half-life of T-DXd ranges from 5.4 to
6.1 days [28]. The relatively short half-life, consisting of days compared to weeks in their
unconjugated components, adds to the stability of ADCs [29]. The primary metabolism of
DXd is via the CYP3A4 system [28]. Utilizing radiolabeled DS-8201a, it was concluded that
the major route of excretion for DXd is fecally, with the only detectable metabolite in urine
and feces being unmetabolized DXd [30].

Based on completed clinical trials to date on T-DXd, the most common adverse effects
are gastrointestinal and hematologic toxicities [31]. An FDA black-box warning for intersti-
tial lung disease and pneumonitis has been reported with use of T-Dxd [28]. An additional
warning is present for the risk of development of left ventricular dysfunction as a possible
severe complication [28]. Due to special interest in these possible severe adverse effects,
close monitoring with dose modification and discontinuation with signs of occurrence is
recommended [32]. Overall, its safety profile is similar to that of related agents, and most
oncology teams have become skilled at proactively preventing, monitoring, and managing
its adverse events to facilitate the use of T-DXd safely [33].

T-DXd is now undergoing investigation in multiple clinical trials, specifically for its
use in gynecologic malignancies [34]. Completed early-phase clinical trials have shown
preliminary success with the use of trialed T-Dxd as well. The STATICE trial was a multi-
center phase II, single-arm study amongst several centers in Japan evaluating the use of
T-DXd. The enrollment eligibility required patients to have advanced or recurrent uterine
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carcinosarcomas (UCS) that had received prior chemotherapy. Various levels of HER2
expression were accepted [35]. The study recruited 32 patients, who were then stratified
into cohorts based on HER2 expression, with 22 HER-2-high and 10 HER2-low-expressing
tumors. The trial treatment regimen involved T-DXd administered as two doses (6.4 or
5.3 mg/kg) intravenously every 3 weeks with continued therapy until proven disease
progression, unacceptable adverse effects, or withdrawal from the trial. Within the pa-
tients stratified as HER2-high, there was a reported response rate (ORR) of 54.5% (95% CI,
32.2 to 75.6), and amongst the HER2-low group, a rate of 70% (95%CI, 45.1 to 86.1). The
median duration of response (DoR) was 6.9 months and 8.1 months for the HER2-high and
HER2-low groups, respectively. Most notably, both groups had a 100% disease control rate
regardless of HER-2 stratification.

Clinical trials have also demonstrated the effective use of T-DXd more broadly in
patients with solid tumors, including endometrial cancer, such as in the Phase I trial
(NCT02564900) conducted in the United States. Amongst the 59 patients with HER2-
positive solid tumors enrolled in the trial, 2 had endometrial cancer and 1 had cervical
cancer. Similar to the results of the STATICE trial, the potential benefits appear to be on the
order of months: the reported median DoR was 11.5 months (95% CI, 7.0 to not met) and
the median PFS was 7.2 months (95% CI, 4.8 to 11.1) [36]. This trial highlights the greatest
success of T-DXd for tumor shrinkage in HER2-expressing patients.

With promising phase I outcomes, a follow-up multicenter phase II open-label trial
(DESTINY-PanTumor02, NCT04482309) was conducted for HER2-expressing solid tumors.
In total, 267 patients with solid tumors, including bladder, biliary tract, cervical, endome-
trial, ovarian, and pancreatic cancers, were enrolled, with ongoing data collection in
progress. Preliminary data were reported at the ASCO 2023 annual meeting, and when
specifically looking at uterine cancers, 57.7% of patients had either a partial or complete
response to treatment. Most significantly, patients with HER2 tumors with an IHC of
3+ had the greatest response to treatment at 84.6%, with a response rate of 47.1% seen in
HER2 tumors with an IHC of 2+.

Although T-DXd has demonstrated effectiveness, like other targeted HER2 therapies,
it is also subject to resistance. The DAISY trial, investigating the use of T-DXd in metastatic
breast cancer, was the first to explore the possible mechanisms of resistance. Tumor biopsies
were analyzed using whole-exome sequencing at baseline and during progression with the
use of T-DXd [37]. Cells with mutations in the SLX4 gene, which regulates endonucleases
and resistance to topoisomerase I, required higher quantities of DXd for killing, implying
that SLX4 loss contributes to resistance towards the payload activity [37,38]. IHC was
performed on HER2 at baseline and at the time of disease progression. The majority of
patients (65%), showed a decreased in HER2 expression, indicated a potential secondary
resistance mechanism [37].

Despite threats of resistance, the utility of T-DXd has been exemplified through its
FDA-approved use in non-gynecologic malignancies, including metastatic breast cancer,
HER2-positive gastric cancer, and HER2-mutated non-small-cell lung cancer [39–41]. The
proven success of this ADC as a treatment in other solid tumors as well as the existing
preclinical evidence for its use in gynecologic malignancies make it a promising therapeutic
alternative in the pipeline. We anticipate that forthcoming results from current clinical
trials will provoke further studies on T-DXd and promote progress towards its approved
clinical use.

2.2. Trastuzumab Duocarmazine

Trastuzumab duocarmazine (SYD985) is an ADC that utilizes the prodrug seco-duocar
mycin-hydroxybenzamide-azaindole (seco-DUBA) as the cytotoxic agent. SYD985 incorpo-
rates a duocarmazine linker, which allows Trastuzumab duocarmazine to have a unique
cytotoxic profile via binding to the minor groove in DNA, causing selective alkylation
of N3 adenine residues [42]. The cell-permeable seco-DUBA released by SYD985 leads
to efficient cell killing with cytotoxic effects in low-HER-2-expressing cells (IHC 1+, 2+),
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demonstrating that toxin activity is not exclusively dependent on HER-2 targeting [43].
Compared with T-DM1, SYD985 has shown a magnitude of 3–50 fold more cytotoxicity in
low-HER2-expressing cells [43]. Phase I studies on breast cancer demonstrate that phar-
macokinetics of the ADC follow a monophasic log–linear, time-independent decline [44].
This study found the half-life to consist of 2–3 days for the conjugated antibody when at
doses of 1.2 mg/kg or higher and substantially lower levels of the free toxin compared
to the concentration of the conjugated antibody [44]. Plasma stability is rooted in the use
of duocarmycin for linker-drug technology. The low plasma stability of the antibody and
rapid clearance from the systemic circulation result in low systemic exposure and reduced
off-target toxicity. Therefore, the increased half-life is driven by the linker duocarmycin
degradation [42]. The stable linker is also critical in preventing hepatotoxicity from the
liver metabolism of seco-DUBA by stabilizing the ADC, preventing plasma release, and
preventing unintentional off-target effects [42].

Clinical-trial-derived data on breast cancer show the most common adverse events of
trastuzumab duocarmazine to include conjunctivitis, stomatitis, fatigue, and anorexia [45,46].
Grade 3 and 4 adverse events were an uncommon occurrence, and overall, SYD985 is
considered a safe drug [46].

Trastuzumab duocarmazine was tested on a population of patients with HER2-positive
endometrial, urothelial, gastric, and breast cancers in a Phase 1 dose-expansion clinical trial.
There were a total of 14 endometrial cancer patients. The regimen consisted of 1.2 mg/kg
Trastuzumab duocarmazine administered once every 21 days. A partial disease response
was seen in five of the fourteen patients with endometrial cancer (39%, 95% CI, 13.9 to
68.4) [44].

NCT04205630 is a phase II trial of 64 patients with HER2-expressing recurrent, ad-
vanced, or metastatic endometrial carcinoma (Table 1). The inclusion criteria required pa-
tients to have disease progression while receiving, or following, platinum-based chemother-
apy as their first-line treatment and HER2 immunohistochemistry scores of 1+, 2+, or 3+.
Patients that had received two or more lines of chemotherapy due to advanced or metastatic
disease were excluded. The release of the results is pending, with an anticipated primary
outcome of ORR and secondary outcome assessments of PFS, OS, and AEs.

Table 1. Summary table of HER2-directed ADCs under development for gynecologic malignancies.

ADC Target
Antigen Payload Mechanism

of Action
Gynecologic
Cancer Type

Trial
Phase

Clinicaltrials.gov
Identifiers Key Arms

Trastuzumab
deruxtecan
(DS-8201a)

HER2
Deruxtecan
(Exatecan

derivative)

inhibition of
topoiso-
merase I

Endometrial,
Ovarian,
Cervical

II NCT04482309 DS-8201a
monotherapy

Trastuzumab
Duocar-
mazine

(SYD985)

HER2 Duocarmycin DNA
alkylation

Endometrial,
Ovarian

II NCT04205630 SYD985
monotherapy

I NCT04235101
SYD985 +

Niraparib at
various doses

The use of Trastuzumab duocarmazine in ovarian cancer has not yet been explored in
clinical trials, but preclinical studies provide a basis that this ADC may also have a role
in the treatment of epithelial ovarian carcinomas. When compared to T-DM1, SYD985
was found to have significantly more cytotoxicity against epithelial ovarian carcinoma
cell lines both in vitro and in vivo, regardless of HER2 expression. The higher cytotoxicity
potency of SYD985 compared to T-DM1 is believed to be from the higher toxicity of the
duocarmycin payload compared to the maytansin payload. This study showed a potent
bystander effect, which highlights its versatility for treating epithelial ovarian carcinomas
with heterogenous HER2 tumor expression [47].

Trastuzumab duocarmazine is an ADC with early-phase clinical trials (Table 2) demon-
strating its disease response. Preclinical studies on its use in HER2 epithelial ovarian
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carcinoma, uterine serous carcinoma, and uterine and ovarian carcinosarcomas show
antitumor activity and are anticipated to be the subject of further investigation [47–49].

Table 2. Summary of active * clinical trials testing HER2-targeting agents in solid tumors.

Clinicaltrials.gov
Identifiers Phase Drug Drug Class Study Population

NCT02491099 2 Afatinib Tyrosine Kinase Inhibitor Persistent or recurrent
HER2-positive USC

NCT04235101 1
Trastuzumab

Duocarmazine
(SYD985)

ADC HER2-expressing recurrent, advanced
or metastatic endometrial carcinoma

NCT04294628 1
Trastuzumab
deruxtecan

(T-DXd, DS-8201a)
ADC HER2 expressing metastatic or

unresectable solid tumor

NCT04482309 2
Trastuzumab

deruxtecan (T-DXd,
DS-8201a)

ADC
Locally advanced, metastatic, or

unresectable endometrial cancer with
HER2 overexpression (Cohort 4)

NCT04585958 1 T-DXd + olaparib ADC

HER2-expressing
metastatic/unresectable cancers, with

dose expansion phase limited to
endometrial serous carcinoma

NCT04639219 2
Trastuzumab
deruxtecan

(T-DXd, DS-8201a)
ADC HER2-overexpressing metastatic or

unresectable solid tumor

NCT04704661 1
Trastuzumab

deruxetcan with
ceralasertib

Advanced endometrial cancer with
HER2-positive expressing with

progression following at least one line
of systemic chemotherapy

NCT05256225 2/3

Trastuzumab/
pertuzumab or

trastuzumab with
carboplatin-paclitaxel

Monoclonal antibody
Primary, chemotherapy-naïve,

HER2-positive endometrial serous
carcinoma or carcinosarcoma

NCT05372614 1
Trastuzumab

deruxtecan with
neratinib

ADC + Kinase Inhibitor HER2 expressing metastatic or
unresectable solid tumor

NCT05765851 1 T-DXd + DS-1103a ADC HER2-positive metastatic or
unresectable solid tumor

USC, uterine serous carcinoma. * Active based on information provided on ClinicalTrials.gov (accessed 30
August 2023).

3. Preclinical Development

Because HER2-targeted ADCs hold significant promise for improving clinical out-
comes, additional combinations of antibody and payload systems are in the stages of
preclinical development. These ADCs under development possess unique conjugation
techniques, altering conjugation sites, increased drug-to-antibody ratios, and are capable of
the bystander effect (Table 3) [9].

Excellent preclinical data exist for the use of two ADCs, trastuzumab emtansine (T-
DM1) and DHES0815, in USC and UCS; however, neither is currently under investigation
in clinical trials.

ClinicalTrials.gov
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Table 3. Summary of ADC components.

ADC Monoclonal Antibody Linker Payload DAR

Trastuzumab Deruxtecan
(T-DXd) Trastuzumab Cleavable Deruxtecan 8

Trastuzumab
duocarmazine (SYD985) Trastuzumab Cleavable Duocarmycin (Seco-DUBA) 2.8

Ado-trastuzumab
Emtansine (T-DM1) Trastuzumab Non-cleavable Emtansine (DM1) 3.5

DHES0815A IgG antiHer2 Non-cleavable
Purrolo [2,1-c] [1,4]

benzodiazepine monoamide
(PBD-MA)

2

Disitamab Vedotin (RC-48) Hertuzumab Cleavable Monomethyl auristatin E
(MMAE) 4

Trastuzumab-SN-38
conjugates (T-SN38) Trastuzumab Cleavable SN-38

A: 3.7
B: 3.2
C: 3.4

DAR = Drug Antibody Ratio.

Trastuzumab emtansine (T-DM1) is composed of the HER2-directed monoclonal anti-
body trastuzumab attached via a non-cleavable thioethyl linker to emtansine [50]. Typically,
3–4 molecules of DM1 are conjugated to trastuzumab [51]. T-DM1 binds to the extracellular
domain IV of HER2, is internalized, then, following degradation, the toxic payload DM1 is
released into the cytoplasm, leading to cell cycle arrest and apoptosis [52,53]. T-DM1 dis-
tinguished itself by being the first ADC to receive FDA approval for use in HER2-positive
metastatic breast cancer and has since become a widely utilized therapeutic option in
advanced and recurrent cases [54].

In a study on HER2-overexpressing USC, the inhibition of USC cancer cell proliferation
following T-DM1 was demonstrated in vitro. Subsequent in vivo studies on xenograft
USC mice models treated with T-DM1 exhibited slower tumor progression compared to
models treated with trastuzumab alone [51]. The clinical activity of TDM-1 in a HER2-
overexpressing (3+ by IHC), recurrent, chemotherapy-resistant USC has been shown in
one case report, in which a patient received TDM-1 and went on to experience complete
resolution of disease as well as prolonged systemic control [55].

In a different study, the use of T-DM1 in uterine and ovarian carcinosarcoma overex-
pressing HER2 was evaluated in vivo and in vitro. T-DM1 was found to be significantly
more effective in causing cell death than trastuzumab amongst both uterine and ovarian
carcinosarcoma cell lines with HER2 overexpression. In carcinosarcoma cell lines with low
or negative HER2 expression, minimal apoptotic activity was observed. In mice treated
with T-DM1, a complete gross response was observed with an undetectable tumor through-
out the duration of the study period. Conversely, mice treated with trastuzumab died due
to tumor burden or required euthanasia due to the extent of the tumor growth [52].

An additional ADC, DHES0815A, uniquely utilizes a non-trastuzumab HER2-
specific humanized monoclonal antibody linked to a DNA monoalkylating agent,
pyrrolo [2,1-c] [1,4] benzodiazepine monoamide. DHES0815A binds to an alternative
domain of the HER2 extracellular domain compared with ADCs that utilize trastuzumab,
which precludes it from competing with other HER2-targeted agents and could potentially
allow it to be used in combination with other HER2-targeted treatments [56,57].

Preclinical studies on DHES0815A in vitro in the USC cell line show significant an-
titumor cytotoxicity compared to a nontargeted control ADC (p < 0.05). Unlike T-DXd,
DHES0815A had no significant cell cytotoxicity in USC without HER2 expression. In vivo
mouse xenograft USC models reflected the preliminary in vitro results, with slower tumor
growth and increased survival advantage in the DHES0815A-treated mice compared to the
control mice (p < 0.01) [56].
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Although fewer studies have been conducted on HER2-targeted ADCs in ovarian
cancer, preclinical studies have shown their successful use. Disitamab vedotin (RC48-ADC)
is a HER2-directed ADC made of an anti-HER-2 monoclonal antibody, Disitamab, bound to
monomethyl auristatin E (MMAE) via a valine–citrulline cleavable linker [58]. Disitamab
vedotin utilizes MMAE to bind to HER2-expressing cancer cells, where the ADC undergoes
endocytosis, at which time enzymatic digestion causes the release of toxins that cleave
the linker to release MMAE [59]. The release of MMAE in cytoplasm allows it to bind
to microtubulins, causing damage to their structure and ultimately leading to cell cycle
arrest and apoptosis [59,60]. MMAE concentrations are significantly higher in tumor tissues
compared to serum, indicating that MMAE is more favorably released in tumor tissue,
resulting in high tumor cytotoxicity [59,60]. Additional advantages of Disitamab vedotin
include bystander killing and the ability to overcome tumor HER-2 heterogeneity [60,61].

A preclinical study on Disitimab vedotin showed that in vitro ovarian tumor cell
lines underwent viability assays with sensitivity to Disitamab vedotin and tolerance to
the nontargeting control ADC. Ovarian tumor cell lines negative for HER2 expression
showed effective cytotoxicity, likely due to the bystander effect. In vivo mouse xenograft
models showed results ranging from significantly inhibited growth to complete regression,
depending on the dose received. Further, the anti-tumor effects in mice with the use of
RC48-ADC were compared to T-DM1 and chemotherapy (paclitaxel, paclitaxel + cisplatin)
and showed significant efficacy with lower toxicity [62].

In another study on ovarian cancer therapy, an alternative ADC was composed of
trastuzumab conjugated to the cytotoxic molecule SN-38. Three iterations of the ADC
were created using different types of linkers; an ester bond in T-SN38A, a carbonate bond
T-SN38B, and a PEG linker in T-SN38C [63]. The payload, SN-38, is the active metabolite of
irinotecan, which has anti-proliferation effects on tumor cells [63]. SN-38 independently has
a narrow therapeutic window, prohibiting it from being used alone as therapy; however,
its delivery in the form of an ADC allows for its safer use [63,64]. The in vitro results
showed a strong cytotoxic efficiency of T-SN38, which was not paralleled with trastuzumab
alone. In vivo, all three T-SN38 groups and trastuzumab had an impact on tumor growth;
however, a tumor regrew in the trastuzumab group during the study period. In both the
in vitro and in vivo experiments, T-SN38B had the best therapeutic effect, proposed to be
due to its longer half-life.

4. Overcoming Resistance

At present, the mechanisms of resistance to ADCs directed against HER2 are poorly
characterized, given that their use in gynecologic malignancies remains in the preclinical
and clinical trial phases only. However, for the more prolific use of FDA-approved HER2-
directed ADCs in breast cancer and other solid tumors, several mechanisms of resistance
have been described. It can be extrapolated and anticipated that with the use of HER2
ADCs in gynecologic malignancies, resistance will develop as well. Common resistance
mechanisms include antibody-mediated resistance with reduced target expression, im-
paired endocytosis preventing ADC internalization, disrupted lyososomal function, and
payload resistance (Figure 5) [65].

Novel strategies are being explored to both prevent and overcome resistance to allow
ADCs to remain a promising treatment option. The most appealing solutions involve
combining anti-HER2 ADCs with cytotoxic agents with alternative modes of action such
as immune checkpoint inhibitors, statins, tyrosine kinase inhibitors, and DNA-damaging
agents [66]. By combining drugs, the agents can overcome developing resistance while
taking caution to avoid overlapping toxicities [11].
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Checkpoint inhibitors, which have independently proven their effectiveness in cancer
therapy, have the ability to turn immunologically cold tumors into hot tumors with an
anti-tumor T cell response [67]. ADCs induce strong immunogenic cell death due to the
pro-inflammatory properties of the toxic payloads, making them an attractive option to be
paired with immune checkpoint inhibitors [68]. The combination of a checkpoint inhibitor
with an ADC would lead to the destruction of tumor cells, independent of the down-
regulation or loss of antigen the ADC is directed towards [67]. Although the potential for
synergistic effects is present in the sequential treatment of an ADC followed by a checkpoint
inhibitor, further studies are required to determine the clinical impact this could have and
to circumvent the adverse effects that occur when combining treatment modalities.

The use of statins in cancer treatment is not a new concept. For many years, it has been
known that statins pose anticancer activity, varying from cell-cycle arrest to the induction
of apoptosis to the inhibition of metastatic lesions, suggesting that they can effectively
be combined with other therapies [69]. In gastric PDX models, the addition of a statin to
T-DM1 increased HER2 membrane stability, allowing ADC binding to be increased and
subsequently requiring lower doses of the ADC to achieve the same therapeutic effect [70].
Similarly, in breast cancer, statin use together with T-DM1 resulted in significantly increased
overall survival (p = 0.016) [71]. Although statins modulate antitumor activity via multiple
mechanisms, in this circumstance, it is believed that statins overcome anti-HER2 resistance
by inhibiting downstream signaling when HER2 signaling is blocked [72].

While both ADCs and tyrosine kinase inhibitors (TKIs) target HER2, TKIs act on an
intracellular domain while ADCs act extracellularly [73]. These different targets allow TKIs
and ADCs to work differently, and therefore they can theoretically be given together to
improve efficacy [73]. Tyrosine kinase inhibitors can widen the therapeutic index of an
ADC by altering surface antigen availability to sensitize low-antigen-expressing tumor
cells [11]. A meta-analysis on the addition of tyrosine kinase inhibitors to trastuzumab
has shown promise in breast cancer trials [74]. It is proposed that in cases of breast cancer
with trastuzumab resistance, the addition of a TKI aids in overcoming resistance due to
the shedding of the extracellular domain of HER2, which typically results in less effective
binding of the unconjugated antibody [74].

ADCs combined with chemotherapy have received FDA approval thus far for hemato-
logic cancers and urothelial cancers [11]. The rationale for combining ADCs with chemother-
apy is multi-faceted. The payload component of ADCs causes DNA damage, and when
paired with chemotherapy, this inhibits DNA repair, resulting in cell cycle arrest, allowing
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for a synergistic effect. Further, chemotherapy paired with an ADC may modulate surface
antigen expression, with upregulation allowing the ADC to work more effectively [11].
Thoughtful consideration of an ADC and chemotherapy combination is obligatory due to
potentially overlapping toxicity profiles to avoid intolerable combinations.

5. Conclusions

The rates of gynecologic malignancies are increasing worldwide; the most com-
monly used chemotherapy regimens, platinum doublets, are associated with high rates of
treatment-limiting side effects and platinum resistance. There is an imperative need for
effective targeted therapies such as ADCs, which specifically target cells with cancerous
changes and halt processes that enable malignant transformation and spread. HER2-
directed ADCs in particular have the potential to target some of the rarest and most
aggressive subtypes within gynecologic malignancies. With continued research interest
and investment into trials such as those highlighted in this review, HER2-targeting ADCs
may revolutionize the treatment of common gynecologic malignancies and confer not
only a survival benefit when compared to traditional platinum chemotherapy but also
dramatically improve quality of life.

Author Contributions: Conceptuliazation, B.M., M.G. and A.D.S.; methodology B.M. and M.G.;
software, M.G.; Validation, B.M., M.G., L.M. and N.P.; formal analysis, B.M. and M.G.; investigation,
B.M. and M.G.; resources, B.M., M.G. and A.D.S.; data curation, B.M.; writing—original draft
preparation B.M.; writing—review and editing, B.M., M.G., N.P. and L.M.; visualization M.G.;
supervision, A.D.S.; project administration, B.M.; funding acquisition, A.D.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported in part by grants from NIH U01 CA176067-01A1, the Deborah
Bunn Alley Foundation, the Domenic Cicchetti Foundation, the Discovery to Cure Foundation, and
the Guido Berlucchi Foundation to A.D.S. This investigation was also supported by NIH Research
Grant CA-16359 from NCI and Standup-to-Cancer (SU2C) Convergence Grant 2.0 to A.D.S.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: A.D.S. reports grants from PUMA, grants from IMMUNOMEDICS, grants from
GILEAD, grants from SYNTHON, grants and personal fees from MERCK, grants from BOEHINGER-
INGELHEIM, grants from GENENTECH, grants and personal fees from TESARO, and grants and
personal fees from EISAI. L.M. reports consulting fees from Ethicon. The remaining authors have no
conflict of interest.

References
1. Giaquinto, A.N.; Broaddus, R.R.; Jemal, A.; Siegel, R.L. The Changing Landscape of Gynecologic Cancer Mortality in the United

States. Obs. Gynecol 2022, 139, 440–442. [CrossRef] [PubMed]
2. van Zyl, B.; Tang, D.; Bowden, N.A. Biomarkers of Platinum Resistance in Ovarian Cancer: What Can We Use to Improve

Treatment. Endocrine-Related Cancer 2018, 25, R303–R318. [CrossRef] [PubMed]
3. Colombo, N.; Dubot, C.; Lorusso, D.; Caceres, M.V.; Hasegawa, K.; Shapira-Frommer, R.; Tewari, K.S.; Salman, P.; Usta, E.H.;

Yañez, E.; et al. Pembrolizumab for Persistent, Recurrent, or Metastatic Cervical Cancer. N. Engl. J. Med. 2021, 385, 1856–1867.
[CrossRef] [PubMed]

4. Eskander, R.N.; Sill, M.W.; Beffa, L.; Moore, R.G.; Hope, J.M.; Musa, F.B.; Mannel, R.; Shahin, M.S.; Cantuaria, G.H.; Girda, E.; et al.
Pembrolizumab plus Chemotherapy in Advanced Endometrial Cancer. N. Engl. J. Med. 2023, 388, 2159–2170. [CrossRef]

5. González-Martín, A.; Pothuri, B.; Vergote, I.; DePont Christensen, R.; Graybill, W.; Mirza, M.R.; McCormick, C.; Lorusso, D.;
Hoskins, P.; Freyer, G.; et al. Niraparib in Patients with Newly Diagnosed Advanced Ovarian Cancer. N. Engl. J. Med. 2019,
381, 2391–2402. [CrossRef]

6. Pujade-Lauraine, E.; Hilpert, F.; Weber, B.; Reuss, A.; Poveda, A.; Kristensen, G.; Sorio, R.; Vergote, I.; Witteveen, P.;
Bamias, A.; et al. Bevacizumab Combined with Chemotherapy for Platinum-Resistant Recurrent Ovarian Cancer: The AURELIA
Open-Label Randomized Phase III Trial. J. Clin. Oncol. 2014, 32, 1302–1308. [CrossRef]

7. Carter, P.J.; Lazar, G.A. Next Generation Antibody Drugs: Pursuit of the “High-Hanging Fruit”. Nat. Rev. Drug Discov. 2018,
17, 197–223. [CrossRef]

https://doi.org/10.1097/AOG.0000000000004676
https://www.ncbi.nlm.nih.gov/pubmed/35115431
https://doi.org/10.1530/ERC-17-0336
https://www.ncbi.nlm.nih.gov/pubmed/29487129
https://doi.org/10.1056/NEJMoa2112435
https://www.ncbi.nlm.nih.gov/pubmed/34534429
https://doi.org/10.1056/NEJMoa2302312
https://doi.org/10.1056/NEJMoa1910962
https://doi.org/10.1200/JCO.2013.51.4489
https://doi.org/10.1038/nrd.2017.227


Molecules 2023, 28, 7389 12 of 14

8. Fu, Z.; Li, S.; Han, S.; Shi, C.; Zhang, Y. Antibody Drug Conjugate: The “Biological Missile” for Targeted Cancer Therapy. Signal
Transduct. Target. Ther. 2022, 7, 93. [CrossRef]

9. Díaz-Rodríguez, E.; Gandullo-Sánchez, L.; Ocaña, A.; Pandiella, A. Novel Adcs and Strategies to Overcome Resistance to
Anti-Her2 Adcs. Cancers 2022, 14, 154. [CrossRef]

10. Tolcher, A.; Hamilton, E.; Coleman, R.L. The Evolving Landscape of Antibody-Drug Conjugates in Gynecologic Cancers. Cancer
Treat. Rev. 2023, 116, 102546. [CrossRef]

11. Fuentes-Antrás, J.; Genta, S.; Vijenthira, A.; Siu, L.L. Antibody–Drug Conjugates: In Search of Partners of Choice. Trends Cancer
2023, 9, 339–354. [CrossRef] [PubMed]

12. Diver, E.J.; Foster, R.; Rueda, B.R.; Growdon, W.B. The Therapeutic Challenge of Targeting HER2 in Endometrial Cancer. Oncol.
2015, 20, 1058–1068. [CrossRef] [PubMed]

13. Luo, H.; Xu, X.; Ye, M.; Sheng, B.; Zhu, X. The Prognostic Value of HER2 in Ovarian Cancer: A Meta-Analysis of Observational
Studies. PLoS ONE 2018, 13, e0191972. [CrossRef] [PubMed]

14. Tuefferd, M.; Couturier, J.; Penault-Llorca, F.; Vincent-Salomon, A.; Broët, P.; Guastalla, J.P.; Allouache, D.; Combe, M.; Weber, B.;
Pujade-Lauraine, E.; et al. HER2 Status in Ovarian Carcinomas: A Multicenter GINECO Study of 320 Patients. PLoS ONE 2007,
2, e1138. [CrossRef] [PubMed]

15. Citri, A.; Yarden, Y. EGF-ERBB Signalling: Towards the Systems Level. Nat. Rev. Mol. Cell Biol. 2006, 7, 505–516. [CrossRef]
16. Morrison, C.; Zanagnolo, V.; Ramirez, N.; Cohn, D.E.; Kelbick, N.; Copeland, L.; Maxwell, L.G.; Fowler, J.M. HER-2 Is an

Independent Prognostic Factor in Endometrial Cancer: Association with Outcome in a Large Cohort of Surgically Staged Patients.
J. Clin. Oncol. 2006, 24, 2376–2385. [CrossRef]

17. Beck, A.; Goetsch, L.; Dumontet, C.; Corvaïa, N. Strategies and Challenges for the next Generation of Antibody-Drug Conjugates.
Nat. Rev. Drug Discov. 2017, 16, 315–337. [CrossRef]

18. Masters, J.C.; Nickens, D.J.; Xuan, D.; Shazer, R.L.; Amantea, M. Clinical Toxicity of Antibody Drug Conjugates: A Meta-Analysis
of Payloads. Investig. New Drugs 2018, 36, 121–135. [CrossRef]

19. Zhu, Y.; Liu, K.; Wang, K.; Zhu, H. Treatment-Related Adverse Events of Antibody–Drug Conjugates in Clinical Trials: A
Systematic Review and Meta-Analysis. Cancer 2023, 129, 283–295. [CrossRef]

20. Thomas, A.; Teicher, B.A.; Hassan, R. Antibody–Drug Conjugates for Cancer Therapy. Lancet Oncol. 2016, 17, e254–e262.
[CrossRef]

21. Coleman, R.L.; Lorusso, D.; Gennigens, C.; González-Martín, A.; Randall, L.; Cibula, D.; Lund, B.; Woelber, L.; Pignata, S.;
Forget, F.; et al. Efficacy and Safety of Tisotumab Vedotin in Previously Treated Recurrent or Metastatic Cervical Cancer (innovaTV
204/GOG-3023/ENGOT-Cx6): A Multicentre, Open-Label, Single-Arm, Phase 2 Study. Lancet Oncol. 2021, 22, 609–619. [CrossRef]
[PubMed]

22. Heo, Y.A. Mirvetuximab Soravtansine: First Approval. Drugs 2023, 83, 265–273. [CrossRef] [PubMed]
23. Andrikopoulou, A.; Zografos, E.; Liontos, M.; Koutsoukos, K.; Dimopoulos, M.A.; Zagouri, F. Trastuzumab Deruxtecan (DS-8201a):

The Latest Research and Advances in Breast Cancer. Clin. Breast Cancer 2021, 21, e212–e219. [CrossRef] [PubMed]
24. Ogitani, Y.; Aida, T.; Hagihara, K.; Yamaguchi, J.; Ishii, C.; Harada, N.; Soma, M.; Okamoto, H.; Oitate, M.; Arakawa, S.; et al.

DS-8201a, a Novel HER2-Targeting ADC with a Novel DNA Topoisomerase I Inhibitor, Demonstrates a Promising Antitumor
Efficacy with Differentiation from T-DM1. Clin. Cancer Res. 2016, 22, 5097–5108. [CrossRef]

25. Suzuki, M.; Yagishita, S.; Sugihara, K.; Ogitani, Y.; Nishikawa, T.; Ohuchi, M.; Teishikata, T.; Jikoh, T.; Yatabe, Y.; Yonemori, K.; et al.
Visualization of Intratumor Pharmacokinetics of [Fam-] Trastuzumab Deruxtecan (DS-8201a) in HER2 Heterogeneous Model
Using Phosphor-Integrated Dots Imaging Analysis. Clin. Cancer Res. 2021, 27, 3970–3979. [CrossRef]

26. Takegawa, N.; Tsurutani, J.; Kawakami, H.; Yonesaka, K.; Kato, R.; Haratani, K.; Hayashi, H.; Takeda, M.; Nonagase, Y.;
Maenishi, O.; et al. [Fam-] Trastuzumab Deruxtecan, Antitumor Activity Is Dependent on HER2 Expression Level Rather than on
HER2 Amplification. Int. J. Cancer 2019, 145, 3414–3424. [CrossRef]

27. Doi, T.; Shitara, K.; Naito, Y.; Shimomura, A.; Fujiwara, Y.; Yonemori, K.; Shimizu, C.; Shimoi, T.; Kuboki, Y.; Matsubara, N.; et al.
Safety, Pharmacokinetics, and Antitumour Activity of Trastuzumab Deruxtecan (DS-8201), a HER2-Targeting Antibody–Drug
Conjugate, in Patients with Advanced Breast and Gastric or Gastro-Oesophageal Tumours: A Phase 1 Dose-Escalation Study.
Lancet Oncol. 2017, 18, 1512–1522. [CrossRef]

28. ENHERTU®(Fam-Trastuzumab Deruxtecan-Nxki)|Official Patient Website. ENHERTU®(Fam-Trastuzumab Deruxtecan-Nxki)
Patient Website. Available online: https://www.enhertu.com (accessed on 24 August 2023).

29. Han, T.H.; Zhao, B. Absorption, Distribution, Metabolism, and Excretion Considerations for the Development of Antibody-Drug
Conjugates. Drug Metab. Dispos. 2014, 42, 1914–1920. [CrossRef]

30. Nagai, Y.; Oitate, M.; Shiozawa, H.; Ando, O. Comprehensive Preclinical Pharmacokinetic Evaluations of Trastuzumab Deruxtecan
(DS-8201a), a HER2-Targeting Antibody-Drug Conjugate, in Cynomolgus Monkeys. Xenobiotica 2019, 49, 1086–1096. [CrossRef]

31. Guo, Z.; Ding, Y.; Wang, M.; Liu, J.; Zhai, Q.; Du, Q. Safety of Trastuzumab Deruxtecan: A Meta-Analysis and Pharmacovigilance
Study. J. Clin. Pharm. Ther. 2022, 47, 1837–1844. [CrossRef]

32. Cortés, J.; Kim, S.-B.; Chung, W.-P.; Im, S.-A.; Park, Y.H.; Hegg, R.; Kim, M.H.; Tseng, L.-M.; Petry, V.; Chung, C.-F.; et al.
Trastuzumab Deruxtecan versus Trastuzumab Emtansine for Breast Cancer. N. Engl. J. Med. 2022, 386, 1143–1154. [CrossRef]
[PubMed]

https://doi.org/10.1038/s41392-022-00947-7
https://doi.org/10.3390/cancers14010154
https://doi.org/10.1016/j.ctrv.2023.102546
https://doi.org/10.1016/j.trecan.2023.01.003
https://www.ncbi.nlm.nih.gov/pubmed/36746689
https://doi.org/10.1634/theoncologist.2015-0149
https://www.ncbi.nlm.nih.gov/pubmed/26099744
https://doi.org/10.1371/journal.pone.0191972
https://www.ncbi.nlm.nih.gov/pubmed/29381731
https://doi.org/10.1371/journal.pone.0001138
https://www.ncbi.nlm.nih.gov/pubmed/17987122
https://doi.org/10.1038/nrm1962
https://doi.org/10.1200/JCO.2005.03.4827
https://doi.org/10.1038/nrd.2016.268
https://doi.org/10.1007/s10637-017-0520-6
https://doi.org/10.1002/cncr.34507
https://doi.org/10.1016/S1470-2045(16)30030-4
https://doi.org/10.1016/S1470-2045(21)00056-5
https://www.ncbi.nlm.nih.gov/pubmed/33845034
https://doi.org/10.1007/s40265-023-01834-3
https://www.ncbi.nlm.nih.gov/pubmed/36656533
https://doi.org/10.1016/j.clbc.2020.08.006
https://www.ncbi.nlm.nih.gov/pubmed/32917537
https://doi.org/10.1158/1078-0432.CCR-15-2822
https://doi.org/10.1158/1078-0432.CCR-21-0397
https://doi.org/10.1002/ijc.32408
https://doi.org/10.1016/S1470-2045(17)30604-6
https://www.enhertu.com
https://doi.org/10.1124/dmd.114.058586
https://doi.org/10.1080/00498254.2018.1531158
https://doi.org/10.1111/jcpt.13777
https://doi.org/10.1056/NEJMoa2115022
https://www.ncbi.nlm.nih.gov/pubmed/35320644


Molecules 2023, 28, 7389 13 of 14

33. Bardia, A.; Harnden, K.; Mauro, L.; Pennisi, A.; Armitage, M.; Soliman, H. Clinical Practices and Institutional Protocols on
Prophylaxis, Monitoring, and Management of Selected Adverse Events Associated with Trastuzumab Deruxtecan. Oncologist
2022, 27, 637–645. [CrossRef] [PubMed]

34. Mauricio, D.; Bellone, S.; Mutlu, L.; McNamara, B.; Manavella, D.D.; Demirkiran, C.; Verzosa, M.S.Z.; Buza, N.; Hui, P.;
Hartwich, T.M.P.; et al. Trastuzumab Deruxtecan (DS-8201a), a HER2-Targeting Antibody–Drug Conjugate with Topoisomerase I
Inhibitor Payload, Shows Antitumor Activity in Uterine and Ovarian Carcinosarcoma with HER2/Neu Expression. Gynecol.
Oncol. 2023, 170, 38–45. [CrossRef]

35. Nishikawa, T.; Hasegawa, K.; Matsumoto, K.; Mori, M.; Hirashima, Y.; Takehara, K.; Ariyoshi, K.; Kato, T.; Yagishita, S.;
Hamada, A.; et al. Trastuzumab Deruxtecan for Human Epidermal Growth Factor Receptor 2-Expressing Advanced or Recurrent
Uterine Carcinosarcoma (NCCH1615): The STATICE Trial. J. Clin. Oncol. 2023, 41, 2789–2799. [CrossRef] [PubMed]

36. Tsurutani, J.; Iwata, H.; Krop, I.; Jänne, P.A.; Doi, T.; Takahashi, S.; Park, H.; Redfern, C.; Tamura, K.; Wise-Draper, T.M.; et al.
Targeting Her2 with Trastuzumab Deruxtecan: A Dose-Expansion, Phase i Study in Multiple Advanced Solid Tumors. Cancer
Discov. 2020, 10, 688–701. [CrossRef] [PubMed]

37. Mosele, M.F.; Lusque, A.; Dieras, V.; Deluche, E.; Ducoulombier, A.; Pistilli, B.; Bachelot, T.; Viret, F.; Levy, C.; Signolle, N.; et al.
LBA1 Unraveling the Mechanism of Action and Resistance to Trastuzumab Deruxtecan (T-DXd): Biomarker Analyses from
Patients from DAISY Trial. Ann. Oncol. 2022, 33, S123. [CrossRef]

38. Shah, S.; Kim, Y.; Ostrovnaya, I.; Murali, R.; Schrader, K.A.; Lach, F.P.; Sarrel, K.; Rau-Murthy, R.; Hansen, N.; Zhang, L.; et al.
Assessment of SLX4 Mutations in Hereditary Breast Cancers. PLoS ONE 2013, 8, e66961. [CrossRef]

39. Narayan, P.; Osgood, C.L.; Singh, H.; Chiu, H.J.; Ricks, T.K.; Chow, E.C.Y.; Qiu, J.; Song, P.; Yu, J.; Namuswe, F.; et al. FDA
Approval Summary: Fam-Trastuzumab Deruxtecan-Nxki for the Treatment of Unresectable or Metastatic HER2-Positive Breast
Cancer. Clin. Cancer Res. 2021, 27, 4478–4485. [CrossRef]

40. FDA Approves First Targeted Therapy for HER-2 Low Breast Cancer. Available online: https://www.fda.gov/news-events/
press-announcements/fda-approves-first-targeted-therapy-her2-low-breast-cance (accessed on 3 February 2023).

41. FDA Grants Accelerated Approval to Fam-Trastuzumab Deruxtecan-Nxki for HER2-Mutant Non-Small Cell Lung Cancer.
Available online: https://www.fda.gov/drugs/resources-information-approved-drugs/fda-grants-accelerated-approval-fam-
trastuzumab-deruxtecan-nxki-her2-mutant-non-small-cell-lung (accessed on 3 February 2023).

42. Elgersma, R.C.; Coumans, R.G.E.; Huijbregts, T.; Menge, W.M.P.B.; Joosten, J.A.F.; Spijker, H.J.; De Groot, F.M.H.;
Van Der Lee, M.M.C.; Ubink, R.; Van Den Dobbelsteen, D.J.; et al. Design, Synthesis, and Evaluation of Linker-Duocarmycin
Payloads: Toward Selection of HER2-Targeting Antibody-Drug Conjugate SYD985. Mol. Pharm. 2015, 12, 1813–1835. [CrossRef]

43. Van Der Lee, M.M.C.; Groothuis, P.G.; Ubink, R.; Van Der Vleuten, M.A.J.; Van Achterberg, T.A.; Loosveld, E.M.; Damming, D.;
Jacobs, D.C.H.; Rouwette, M.; Egging, D.F.; et al. The Preclinical Profile of the Duocarmycin-Based HER2-Targeting ADC SYD985
Predicts for Clinical Benefit in Low HER2-Expressing Breast Cancers. Mol. Cancer Ther. 2015, 14, 692–703. [CrossRef]

44. Banerji, U.; van Herpen, C.M.L.; Saura, C.; Thistlethwaite, F.; Lord, S.; Moreno, V.; Macpherson, I.R.; Boni, V.; Rolfo, C.;
de Vries, E.G.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]

45. Aftimos, P.; van Herpen, C.; Mommers, E.; Koper, N.; Goedings, P.; Oesterholt, M.; Awada, A.; Desar, I.; Lim, J.; Dean, E.; et al.
Abstract P6-12-02: SYD985, a Novel Anti-HER2 ADC, Shows Promising Activity in Patients with HER2-Positive and HER2-
Negative Metastatic Breast Cancer. Cancer Res. 2017, 77 (Suppl. 4), 6–12. [CrossRef]

46. Saura, C.; Thistlethwaite, F.; Banerji, U.; Lord, S.; Moreno, V.; MacPherson, I.; Boni, V.; Rolfo, C.D.; de Vries, E.G.E.;
Van Herpen, C.M.L.-; et al. A Phase I Expansion Cohorts Study of SYD985 in Heavily Pretreated Patients with HER2-Positive or
HER2-Low Metastatic Breast Cancer. J. Clin. Oncol. 2018, 36 (Suppl. 15), 1014. [CrossRef]

47. Menderes, G.; Bonazzoli, E.; Bellone, S.; Black, J.; Altwerger, G.; Masserdotti, A.; Pettinella, F.; Zammataro, L.; Buza, N.;
Hui, P.; et al. SYD985, a Novel Duocarmycin-Based HER2-Targeting Antibody-Drug Conjugate, Shows Promising Antitumor
Activity in Epithelial Ovarian Carcinoma with HER2/Neu Expression. Gynecol. Oncol. 2017, 146, 179–186. [CrossRef]

48. Black, J.; Menderes, G.; Bellone, S.; Schwab, C.L.; Bonazzoli, E.; Ferrari, F.; Predolini, F.; De Haydu, C.; Cocco, E.; Buza, N.; et al.
Syd985, a Novel Duocarmycin-Based Her2-Targeting Antibody-Drug Conjugate, Shows Antitumor Activity in Uterine Serous
Carcinoma with Her2/Neu Expression. Mol. Cancer Ther. 2016, 15, 1900–1909. [CrossRef]

49. Menderes, G.; Bonazzoli, E.; Bellone, S.; Black, J.; Predolini, F.; Pettinella, F.; Masserdotti, A.; Zammataro, L.; Altwerger, G.; Buza,
N.; et al. SYD985, a Novel Duocarmycin-Based Her2-Targeting Antibody–Drug Conjugate, Shows Antitumor Activity in Uterine
and Ovarian Carcinosarcoma with HER2/Neu Expression. Clin. Cancer Res. 2017, 23, 5836–5845. [CrossRef]

50. Burris, H.A.; Tibbitts, J.; Holden, S.N.; Sliwkowski, M.X.; Phillips, G.D.L. Trastuzumab Emtansine (T-DM1): A Novel Agent for
Targeting HER2+ Breast Cancer. Clin. Breast Cancer 2011, 11, 275–282. [CrossRef]

51. English, D.P.; Bellone, S.; Schwab, C.L.; Bortolomai, I.; Bonazzoli, E.; Cocco, E.; Buza, N.; Hui, P.; Lopez, S.; Ratner, E.; et al. T-DM1,
a Novel Antibody-Drug Conjugate, Is Highly Effective against Primary HER2 Overexpressing Uterine Serous Carcinoma in Vitro
and in Vivo. Cancer Med. 2014, 3, 1256–1265. [CrossRef]

52. Nicoletti, R.; Lopez, S.; Bellone, S.; Cocco, E.; Schwab, C.L.; Black, J.D.; Centritto, F.; Zhu, L.; Bonazzoli, E.; Buza, N.; et al. T-DM1,
a Novel Antibody-Drug Conjugate, Is Highly Effective against Uterine and Ovarian Carcinosarcomas Overexpressing HER2.
Clin. Exp. Metastasis 2015, 32, 29–38. [CrossRef]

https://doi.org/10.1093/oncolo/oyac107
https://www.ncbi.nlm.nih.gov/pubmed/35642907
https://doi.org/10.1016/j.ygyno.2022.12.018
https://doi.org/10.1200/JCO.22.02558
https://www.ncbi.nlm.nih.gov/pubmed/36977309
https://doi.org/10.1158/2159-8290.CD-19-1014
https://www.ncbi.nlm.nih.gov/pubmed/32213540
https://doi.org/10.1016/j.annonc.2022.03.277
https://doi.org/10.1371/journal.pone.0066961
https://doi.org/10.1158/1078-0432.CCR-20-4557
https://www.fda.gov/news-events/press-announcements/fda-approves-first-targeted-therapy-her2-low-breast-cance
https://www.fda.gov/news-events/press-announcements/fda-approves-first-targeted-therapy-her2-low-breast-cance
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-grants-accelerated-approval-fam-trastuzumab-deruxtecan-nxki-her2-mutant-non-small-cell-lung
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-grants-accelerated-approval-fam-trastuzumab-deruxtecan-nxki-her2-mutant-non-small-cell-lung
https://doi.org/10.1021/mp500781a
https://doi.org/10.1158/1535-7163.MCT-14-0881-T
https://doi.org/10.1016/S1470-2045(19)30328-6
https://www.ncbi.nlm.nih.gov/pubmed/31257177
https://doi.org/10.1158/1538-7445.SABCS16-P6-12-02
https://doi.org/10.1200/JCO.2018.36.15_suppl.1014
https://doi.org/10.1016/j.ygyno.2017.04.023
https://doi.org/10.1158/1535-7163.MCT-16-0163
https://doi.org/10.1158/1078-0432.CCR-16-2862
https://doi.org/10.1016/j.clbc.2011.03.018
https://doi.org/10.1002/cam4.274
https://doi.org/10.1007/s10585-014-9688-8


Molecules 2023, 28, 7389 14 of 14

53. Lewis Phillips, G.D.; Li, G.; Dugger, D.L.; Crocker, L.M.; Parsons, K.L.; Mai, E.; Blättler, W.A.; Lambert, J.M.; Chari, R.V.J.;
Lutz, R.J.; et al. Targeting HER2-Positive Breast Cancer with Trastuzumab-DM1, an Antibody-Cytotoxic Drug Conjugate. Cancer
Res. 2008, 68, 9280–9290. [CrossRef]

54. Peddi, P.F.; Hurvitz, S.A. Ado-Trastuzumab Emtansine (T-DM1) in Human Epidermal Growth Factor Receptor 2 (HER2)-Positive
Metastatic Breast Cancer: Latest Evidence and Clinical Potential. Ther. Adv. Med. Oncol. 2014, 6, 202–209. [CrossRef] [PubMed]

55. Santin, A.D.; Bellone, S.; Buza, N.; Schwartz, P.E. Regression of Metastatic, Radiation/Chemotherapy-Resistant Uterine Serous
Carcinoma Overexpressing HER2/Neu with Trastuzumab Emtansine (TDM-1). Gynecol. Oncol. Rep. 2017, 19, 10–12. [CrossRef]
[PubMed]

56. Tymon-Rosario, J.; Bonazzoli, E.; Bellone, S.; Manzano, A.; Pelligra, S.; Guglielmi, A.; Gnutti, B.; Nagarkatti, N.; Zeybek, B.;
Manara, P.; et al. DHES0815A, a Novel Antibody-Drug Conjugate Targeting HER2/Neu, Is Highly Active against Uterine Serous
Carcinomas in Vitro and in Vivo. Gynecol. Oncol. 2021, 163, 334–341. [CrossRef]

57. Zhang, D.; Pillow, T.H.; Ma, Y.; Cruz-Chuh, J.D.; Kozak, K.R.; Sadowsky, J.D.; Lewis Phillips, G.D.; Guo, J.; Darwish, M.;
Fan, P.; et al. Linker Immolation Determines Cell Killing Activity of Disulfide-Linked Pyrrolobenzodiazepine Antibody-Drug
Conjugates. ACS Med. Chem. Lett. 2016, 7, 988–993. [CrossRef] [PubMed]

58. Zhu, Y.; Zhu, X.; Wei, X.; Tang, C.; Zhang, W. HER2-Targeted Therapies in Gastric Cancer. Biochim. Biophys. Acta Rev. Cancer 2021,
1876, 188549. [CrossRef]

59. Shi, F.; Liu, Y.; Zhou, X.; Shen, P.; Xue, R.; Zhang, M. Disitamab Vedotin: A Novel Antibody-Drug Conjugates for Cancer Therapy.
Drug Deliv. 2022, 29, 1335–1344. [CrossRef]

60. Li, L.; Xu, M.Z.; Wang, L.; Jiang, J.; Dong, L.H.; Chen, F.; Dong, K.; Song, H.F. Conjugating MMAE to a Novel Anti-HER2 Antibody
for Selective Targeted Delivery. Eur. Rev. Med. Pharmacol. Sci. 2021, 25, 12929–12937. [CrossRef]

61. Dai, L.; Jin, X.; Wang, L.; Wang, H.; Yan, Z.; Wang, G.; Liang, B.; Huang, F.; Luo, Y.; Chen, T.; et al. Efficacy of Disitamab Vedotin
in Treating HER2 2+/FISH-Gastric Cancer. OncoTargets Ther. 2022, 15, 267–275. [CrossRef]

62. Jiang, J.; Dong, L.; Wang, L.; Wang, L.; Zhang, J.; Chen, F.; Zhang, X.; Huang, M.; Li, S.; Ma, W.; et al. HER2-Targeted Antibody
Drug Conjugates for Ovarian Cancer Therapy. Eur. J. Pharm. Sci. 2016, 93, 274–286. [CrossRef]

63. Yao, Y.; Yu, L.; Su, X.; Wang, Y.; Li, W.; Wu, Y.; Cheng, X.; Zhang, H.; Wei, X.; Chen, H.; et al. Synthesis, Characterization and
Targeting Chemotherapy for Ovarian Cancer of Trastuzumab-SN-38 Conjugates. J. Control. Release 2015, 220, 5–17. [CrossRef]

64. Santi, D.V.; Schneider, E.L.; Ashley, G.W. Macromolecular Prodrug That Provides the Irinotecan (CPT-11) Active-Metabolite SN-38
with Ultralong Half-Life, Low C Max, and Low Glucuronide Formation. J. Med. Chem. 2014, 57, 2303–2314. [CrossRef] [PubMed]

65. 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]

66. Guidi, L.; Pellizzari, G.; Tarantino, P.; Valenza, C.; Curigliano, G. Resistance to Antibody-Drug Conjugates Targeting HER2 in
Breast Cancer: Molecular Landscape and Future Challenges. Cancers 2023, 15, 1130. [CrossRef] [PubMed]

67. Collins, D.M.; Bossenmaier, B.; Kollmorgen, G.; Niederfellner, G. Acquired Resistance to Antibody-Drug Conjugates. Cancers
2019, 11, 394. [CrossRef] [PubMed]

68. 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]

69. Matusewicz, L.; Meissner, J.; Toporkiewicz, M.; Sikorski, A.F. The Effect of Statins on Cancer Cells—Review. Tumor Biol. 2015,
36, 4889–4904. [CrossRef]

70. Brown, E.L.; Shmuel, S.; Mandleywala, K.; Panikar, S.S.; Berry, N.-K.; Rao, Y.; Zidel, A.; Lewis, J.S.; Pereira, P.M.R. Immuno-PET
Detects Antibody–Drug Potency on Coadministration with Statins. J. Nucl. Med. 2023, 64, 1638–1646. [CrossRef]

71. Akyildiz, A.; Guven, D.C.; Yildirim, H.C.; Ismayilov, R.; Yilmaz, F.; Tatar, O.D.; Chalabiyev, E.; Kus, F.; Yalcin, S.; Aksoy, S.
Do Statins Enhance the Antitumor Effect of Trastuzumab Emtansine (T-DM1)?: Real-Life Cohort. Med. (United States) 2023,
102, e33677. [CrossRef]

72. Sethunath, V.; Hu, H.; De Angelis, C.; Veeraraghavan, J.; Qin, L.; Wang, N.; Simon, L.M.; Wang, T.; Fu, X.; Nardone, A.; et al.
Targeting the Mevalonate Pathway to Overcome Acquired Anti-HER2 Treatment Resistance in Breast Cancer. Mol. Cancer Res.
2019, 17, 2318–2330. [CrossRef]

73. Schroeder, R.L.; Stevens, C.L.; Sridhar, J. Small Molecule Tyrosine Kinase Inhibitors of ErbB2/HER2/Neu in the Treatment of
Aggressive Breast Cancer. Molecules 2014, 19, 15196–15212. [CrossRef]

74. Li, L.; Zhang, D.; Wu, Y.; Wang, J.; Ma, F. Efficacy and Safety of Trastuzumab with or without a Tyrosine Kinase Inhibitor
for HER2-Positive Breast Cancer: A Systematic Review and Meta-Analysis. Biochim. Biophys. Acta (BBA)-Rev. Cancer 2023,
1878, 188969. [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/10.1158/0008-5472.CAN-08-1776
https://doi.org/10.1177/1758834014539183
https://www.ncbi.nlm.nih.gov/pubmed/25342987
https://doi.org/10.1016/j.gore.2016.12.003
https://www.ncbi.nlm.nih.gov/pubmed/28018954
https://doi.org/10.1016/j.ygyno.2021.08.014
https://doi.org/10.1021/acsmedchemlett.6b00233
https://www.ncbi.nlm.nih.gov/pubmed/27882196
https://doi.org/10.1016/j.bbcan.2021.188549
https://doi.org/10.1080/10717544.2022.2069883
https://doi.org/10.26355/eurrev_202012_24196
https://doi.org/10.2147/OTT.S349096
https://doi.org/10.1016/j.ejps.2016.08.015
https://doi.org/10.1016/j.jconrel.2015.09.058
https://doi.org/10.1021/jm401644v
https://www.ncbi.nlm.nih.gov/pubmed/24494988
https://doi.org/10.1002/cac2.12387
https://www.ncbi.nlm.nih.gov/pubmed/36357174
https://doi.org/10.3390/cancers15041130
https://www.ncbi.nlm.nih.gov/pubmed/36831473
https://doi.org/10.3390/cancers11030394
https://www.ncbi.nlm.nih.gov/pubmed/30897808
https://doi.org/10.1016/j.bcp.2015.12.008
https://doi.org/10.1007/s13277-015-3551-7
https://doi.org/10.2967/jnumed.122.265172
https://doi.org/10.1097/MD.0000000000033677
https://doi.org/10.1158/1541-7786.MCR-19-0756
https://doi.org/10.3390/molecules190915196
https://doi.org/10.1016/j.bbcan.2023.188969

	Introduction 
	HER2 ADCs in Clinical Trials 
	Trastuzumab Deruxtecan 
	Trastuzumab Duocarmazine 

	Preclinical Development 
	Overcoming Resistance 
	Conclusions 
	References

