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Abstract

:

Simple Summary


Advanced hormone receptor-positive (HR+) breast cancer remains a significant clinical challenge despite novel treatment options. The standard therapeutic choice for advanced HR+ breast cancer includes endocrine therapy in combination with cyclin-dependent kinase 4/6 (CDK4/6) inhibitors. However, most of the patients eventually develop endocrine resistance leading to disease progression. Antibody–drug conjugates (ADCs) are a promising class of targeted therapeutic agents that selectively deliver highly potent cytotoxic drugs to cancer cells. This review describes their mechanism of action, preclinical and safety data as well as their indications and future perspectives in the treatment of advanced HR+ breast cancer.




Abstract


Breast cancer is the most common cancer type in women. The vast majority of breast cancer patients have hormone receptor-positive (HR+) tumors. In advanced HR+ breast cancer, the combination of endocrine therapy with cyclin-dependent kinase 4/6 (CDK4/6) inhibitors is considered the standard of care in the front-line setting. Nevertheless, resistance to hormonal therapy and CDK4/6 inhibitors eventually occurs, leading to progression of the disease. Antibody–drug conjugates (ADCs) comprise a promising therapeutic choice with significant efficacy in patients with HR+ breast cancer, which is resistant to endocrine treatment. ADCs typically consist of a cytotoxic payload attached by a linker to a monoclonal antibody that targets a specific tumor-associated antigen, offering the advantage of a more selective delivery of chemotherapy to cancer cells. In this review, we focus on the ADC mechanisms of action, their toxicity profile and therapeutic uses as well as on related biomarkers and future perspectives in advanced HR+ breast cancer.
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1. Introduction


Breast cancer is the most common cancer type in women, and hormone receptor-positive (HR+) breast tumors are the subtype most frequently diagnosed, counting for approximately 80% of all breast cancer cases [1]. Endocrine therapy in combination with CDK4/6 inhibitors constitutes the mainstay of treatment in metastatic HR+ disease, associated with a meaningful survival benefit in both postmenopausal and premenopausal women [2,3,4,5,6,7,8], even for those with a visceral crisis [9]. In the case of the failure of first-line endocrine treatment, the sequential use of hormone therapies remains the backbone of metastatic HR+ breast cancer management. However, during the last decade, the therapeutic landscape for advanced, endocrine-resistant breast cancer has changed with the incorporation of novel targeted therapies including phosphatidylinositol-3-kinase/Akt and the mammalian target of rapamycin (PIK3CA/AKT/mTOR) signaling pathway inhibitors [10,11,12], next-generation selective estrogen receptor (ER) degraders (SERDs) [13,14,15] and poly ADP ribose polymerase (PARP) inhibitors [16,17], as well as novel treatment approaches, such as ER proteolysis-targeting chimeras (PROTACs) [18] or immunotherapy [19,20,21,22], which are currently being evaluated as monotherapies or in different combinations. Until recently, subsequent therapeutic choices for endocrine-resistant metastatic breast cancer were limited to sequential single-agent chemotherapy, usually associated with low response rates [23,24,25].



The vast majority of HR+ breast tumors are characterized as human epidermal growth factor receptor 2 (HER2) negative; however, approximately 60% of them are defined as HER2 low, characterized by low levels of HER2 expression with immunohistochemistry (IHC) expression 1+ or 2+ and negative in situ hybridization (ISH) for HER2 gene amplification [26]. Historically, the HER2 status was categorized as either positive or negative, but advances in the understanding of the underlying molecular mechanisms shed light on the heterogeneity of HER2-negative disease. This group consists of tumors with different expression levels of HER2, including HER2 low, which still can be targetable by antibody–drug conjugates [27,28]. ADCs represent a rapidly developing group of anti-cancer therapy consisting of a monoclonal antibody (mAb), specifically directed against tumor-associated antigens on the cancer cell surface, and a chemotherapy payload linked to the mAb through a linker. Although the first ADC was approved for HER2-overexpressing breast tumors, preclinical data demonstrated activity of ADCs even in tumors with lower HER2 expression levels, regardless of the hormone receptor status [28]. Thereafter, numerous other ADCs were developed, targeting different antigens on the breast cancer cell surface. ADCs have already changed the therapeutic algorithm in metastatic breast cancer, and ongoing clinical trials test their clinical value in early stage disease either as a monotherapy or in combination with other groups of drugs, such as immunotherapy or targeted therapies.




2. Antibody–Drug Conjugates


2.1. Mechanism of Action


ADCs are composed of a cytotoxic agent attached by a linker to a monoclonal antibody. The antibody binds the target on the surface of the cancer cell and then the ADC is internalized into the cell by endocytosis. As a result of lysosomal enzyme cleavage, the payload is released from the mAb and exerts its cytotoxic activity. The clinical efficacy and toxicity profile of ADCs are affected by each of these components [29,30,31,32,33,34].



Optimal antigen selection and antibody formulation can lead to more selective payload delivery with less toxicity. This could be achieved by choosing tumor-specific targets with high density on the cancer cell surface and taking into account their expression on normal tissue cells in order to minimize on-target/off-target toxicity and achieve an acceptable therapeutic window for ADC applications. Currently, more than 50 antigens have been used as targets for the development of ADCs, including, but not limited, to HER2 and trophoblast cell surface antigen 2 (TROP2) [31,35,36,37,38]. Heterogeneous antigen expression could be partly overcome thanks to the bystander effect, which is induced either by the cytotoxic payload release from the mAb before the ADC is internalized into the cancer cell or after the payload has been released intracellularly due to its high transmembrane permeability [31,39,40].



The linker formulation defines the drug-to-antibody ratio (DAR) and pharmacokinetic properties of ADCs. The DAR refers to the amount of cytotoxic drug attached to the antibody. Thus, a higher DAR increases the antitumor efficacy even with lower expression of the targeted antigen on the cancer cell surface. Moreover, the cleavable or non-cleavable formulation of the linker regulates the payload release rate and ADC solubility in circulation, thus determining its potency and toxicity profile. Cleavable linkers are designed to conditionally respond to the tumor microenvironment or intracellular environment, such as low pH or proteolysis, while in the case of non-cleavable linkers, the payload is released only after lysosomal degradation of the antibody [39,40].



The cytotoxic payloads are highly efficient chemotherapeutic agents that are approximately 100- to 1000-fold more potent than conventional chemotherapy. Therefore, they are very toxic to be administered freely, but their toxicities can be minimized by conjugating them to a tumor-specific antibody. There are two major types of ADC payloads: tubulin inhibitors (e.g., MMAE, MMAF and DM1) and DNA-damaging agents (e.g., calicheamicin, SN-38 and DXd) [31].




2.2. ADCs in HR+ Breast Cancer Available in Clinical Practice


2.2.1. Trastuzumab Deruxtecan


T-Dxd is a HER2-targeted humanized IgG1 monoclonal antibody, which consists of trastuzumab covalently linked to the DNA topoisomerase I inhibitor deruxtecan by a cleavable tetrapeptide linker. HER2 is a tyrosine kinase receptor that promotes the proliferation, survival and invasiveness of cancer cells upon homodimerization or heterodimerization with other partners of the human epidermal growth factor receptor family. It is a biomarker related to aggressive disease and poor prognosis compared to HER2-negative breast cancers [27]. T-Dxd binds to the extracellular domain of the HER2 receptor on the cancer cell surface, thus being internalized into the cancer cell, and releases its cytotoxic payload intracellularly after enzymatic cleavage from its linker, leading to DNA damage and cell apoptosis. A high drug-to-antibody ratio (8:1) increases the amount of payload delivered to HER2-expressing cells, while its high transmembrane permeability potentiates the bystander cytotoxic effect on proximal tumor cells, regardless of their HER2 expression status. Deruxtecan has a short half-life in plasma, thus reducing the systemic circulation time and off-target effects on normal cells, while the high stability of the linker in plasma allows for the selective cleavage of the ADC into cancerous cells [41].



Apart from breast cancer, T-Dxd has been evaluated in many HER2-positive tumors, such as gastric, lung and biliary tract cancers. In the multicohort DS8201-A-J101 study, including patients with HER2-positive advanced solid tumors, meaningful objective response rates (ORRs) were observed in most sub-cohorts, especially in gastric, non-small-cell lung and breast cancers, including a separate cohort for advanced pretreated HER2-low breast tumors [42]. In 2019, based on the results of the DESTINY-Breast01 trial, the FDA granted accelerated approval to T-Dxd in metastatic or unresectable HER2-positive breast cancer patients previously treated with at least two anti-HER2-based regimens [43]. The findings from the phase III, randomized DESTINY-Breast02 trial confirmed the robust activity and safety of T-Dxd in heavily pretreated metastatic HER2-positive patients resistant to T-DM1, proving that a newer ADC can surpass this resistance [44]. In the DESTINY-Breast03 trial, T-Dxd compared with T-DM1 showed the longest reported median progression-free survival (PFS) and a significant increase in OS in patients previously treated with trastuzumab and a taxane, establishing T-Dxd as a second-line treatment in this setting [45].



As far as it concerns HR+ breast cancer, there is evidence supporting the use of T-Dxd also in this subgroup. According to the DESTINY-Breast04 study, patients with advanced HR+, HER2-low breast cancer can benefit from T-Dxd [46]. This study randomly assigned 557 HER2-low metastatic breast cancer patients, who had been treated with one or two previous lines of chemotherapy, to receive trastuzumab deruxtecan (5.4 mg/kg, every 21 days) or treatment of the physician’s choice (TPC). The primary end point of the trial was PFS in the HR+ cohort and key secondary end points were PFS in all comers (regardless of HR status) and overall survival (OS) in HR+ and all comers. The vast majority of patients (88.7%) had HR+ tumors, whereas the remaining 11.3% of the study population had HR-negative disease. All HR+ patients had previously received hormonal therapy (a median of two lines) and the vast majority of them had previously received a CDK4/6 inhibitor (70%). According to the recently reported secondary interim analysis (median follow-up of 32 months), the efficacy and safety profile of T-Dxd were consistent with the results of the primary analysis across all key subgroups, regardless of previous CDK4/6 inhibitor administration or HER2 status (IHC 1+ or 2+/ISH−). The median PFS in the HR+ cohort was 9.6 months for the T-Dxd arm and 4.2 months in the standard chemotherapy arm (HR 0.37), and the median OS was 23.9 months and 17.6 months, respectively (HR 0.69). For all patients, the median PFS was 8.8 months versus 4.2 months (HR 0.36) for T-Dxd and the standard chemotherapy arm, while the median OS was 22.9 months vs. 16.8 months, respectively (HR 0.69). No new safety signals were observed [46,47].



Regarding the safety profile, T-Dxd was associated with a range of AEs across all grades, with the most frequently reported being nausea, fatigue and alopecia. However, grade 3 or higher side effects were reported in a lower percentage of patients receiving T-Dxd as compared to those treated with the physician’s choice of chemotherapy (52.6% vs. 67.4%). Neutropenia, anemia and fatigue were the most frequent grade 3 or higher AEs observed in the T-Dxd group. The incidence of interstitial lung disease or pneumonitis in patients who received T-Dxd was 12.1%, primarily of grade 1 or 2, whereas 0.8% had grade 5 events [46].



Moreover, recent data support the activity of T-Dxd in breast cancer patients with central nervous system (CNS) involvement. Evidence from the DESTINY-Breast03 study showed that the confirmed CNS ORR was 63.8% for T-DXd versus 33.3% for T-DM1. However, it should be pointed out that only patients with stable brain metastases were eligible in this trial and the type of local interventions as well as brain lesion radiotherapy status were not available [48]. A recent pooled analysis from the DESTINY-Breast01-02-03 trials of T-Dxd in patients with HER2-positive metastatic breast cancer having both treated and untreated brain metastases (BMs) at baseline (n = 148) reported an intracranial objective response rate (IC-ORR; i.e., CR and PR in brain lesions) in 45.2% and 45.5% of the patients with treated and untreated brain metastases, respectively. The intracranial duration of the response and CNS-progression-free survival rates were substantially prolonged compared to the comparator arm for patients with treated BMs (IC-DoR 12.3 vs. 11 months, and CNS-PFS 12.3 vs. 8.7 months) and untreated BMs (IC-DoR 17.5 vs. 2.8 months, and CNS-PFS 18.5 vs. 4.0 months) [49]. Additionally, according to recently reported data from the phase 2 DAISY trial, investigating the T-Dxd potency in HER2-overexpressing, HER2-low and HER2-negative pretreated metastatic breast cancer patients with clinically inactive brain metastases at baseline (n = 24), T-Dxd elicited a best objective response rate (BOR) of 62.5%. A confirmed BOR was achieved for 91.7%, 30% and 50% of HER2-positive (n = 12), HER2-low (n = 10) and HER2-negative breast cancer patients (n = 2), respectively [50]. The results from these studies suggest the promising efficacy of T-Dxd in patients with brain metastases that warrants further investigation.



Moreover, DEBBRAH is an ongoing multicohort, phase II study, recruiting pretreated metastatic HER2-positive and HER2-low breast cancer patients with either stable or untreated or progressing brain metastases and/or leptomeningeal carcinomatosis. The results from both the HER2-positive and HER2-low groups demonstrated a high IC-ORR of T-Dxd. In HER2-low cases with asymptomatic brain metastases and progressing brain lesions after local treatment, the IC-ORR was 66.7% and 33.3%, respectively. Notably, the overall IC-ORR in patients with active brain metastases was 46.2%, indicating the promising intracranial activity of T-Dxd, with manageable toxicity [51].




2.2.2. Sacituzumab Govitecan


TROP2 is a pan-epithelial cancer antigen, which is overexpressed in all subtypes of breast cancer. TROP2 is less expressed on normal tissues, thus representing an attractive target for ADCs [52]. Sacituzumab govitecan is the first-in-class TROP2-targeted ADC that combines a humanized anti-trophoblast cell surface antigen-2 antibody with SN-38, a cytotoxic metabolite of the topoisomerase 1 inhibitor irinotecan, through a cleavable linker. SG is also characterized by a high drug-to-antibody ratio (7.6:1). The results from the ASCENT phase III trial have established SG as the standard of care for metastatic triple-negative breast cancer in the second or subsequent lines of therapy. This study demonstrated that the use of SG was associated with an absolute increase in the median OS from 6.7 months to 12.1 months, compared to a single-agent chemotherapy of the physician’s choice (HR 0.48; p < 0.001) [53,54,55].



TROPiCS-02 was a randomized, open-label, phase 3 trial, which included 543 pretreated patients with endocrine-resistant HR+, HER2-negative metastatic breast cancer who had received at least one endocrine therapy, a taxane and a CDK4/6 inhibitor in any setting and more than two lines of chemotherapy in an advanced setting [56]. The patients were randomized in a 1:1 fashion to receive either SG (10 mg/kg IV d1 and 8, every 21 days) or the treatment of the physician’s choice. The primary end point was PFS, whereas the OS by the HER2 IHC status was evaluated in an exploratory analysis. In the final OS analysis (data cutoff December 2022), SG demonstrated its superiority in OS over standard chemotherapy. The median OS was 14.5 vs. 11.2 months, favoring SG (HR 0.79; p = 0.01). The OS rates at 12, 18 and 24 months were 60.9%, 39.2% and 25.6% for SG and 47.1%, 31.7% and 21.1% for the control arm, respectively [57]. This improvement was independent of the HER2 status by IHC, as the median OS was 13.6 vs. 10.8 months (HR 0.86) for the HER2 IHC 0 group and 15.4 vs. 11.5 months (HR 0.74) in HER2-low cases [58].



Because TROP2 is expressed in more than 90% of breast cancers, no biomarker pre-screening was required in the TROPiCS-02 trial of SG, in contrast to the anti-HER2 antibodies for which HER2 screening is mandatory [52]. However, because the TROP2 IHC data were available in about 85% of patients, the SG efficacy was evaluated based on TROP2 expression. This analysis showed that there was a probability of decreased activity with decreased TROP2 levels; however, there was no clear level at which there was a better treatment effect for SG. Membrane TROP2 expression was determined on primary or metastatic archival tumor tissue by IHC and expressed as a histochemical score (H-score) at a range of 0–300. The H-score was ≥100 in 58% of patients and <100 in 42%. The median PFS for an H-score ≥ 100 was 6.4 months with SG and 4.1 months with standard chemotherapy (HR 0.60), whereas for an H-score < 100, it was 5.3 months and 4.0 months, respectively (HR 0.77). An overall survival benefit was observed with SG over the control arm in all the TROP2 H-score subgroups (H-score < 100, median OS 14·6 months vs. 11·3 months; and H-score ≥ 100, median OS 14·4 months vs. 11·2 months), including TROP2 very low expression tumors with an H-score ≤ 10 in which the median OS was 17·6 months vs. 12·3 months, respectively (HR 0.61) [56,57].



This is mainly attributed to the high affinity of the antibody and to the SN-38 payload release in the tumor microenvironment without internalization or enzymatic cleavage from the antibody, leading to a bystander effect, regardless of TROP2 expression. Thus, given that SG outperformed chemotherapy in all the prespecified subgroups, immunohistochemical testing for TROP2 expression is not required for selecting patients eligible for treatment with SG [56,57].



The most common AEs included fatigue, hematologic (leukopenia, neutropenia and anemia) and gastrointestinal toxicity (diarrhea and nausea). A dose reduction was required in approximately 30% of patients, mostly due to neutropenia and diarrhea. Drug discontinuation was reported in 6% of patients and was attributed mainly to asthenia and neutropenia. Fatal adverse reactions occurred in 2% of patients [56,57].






3. Antibody–Drug Conjugates in Therapeutic Algorithm of HR+ Breast Cancer


In patients with advanced HR+, HER2-negative breast cancer, the combination of endocrine therapy with a CDK4/6 inhibitor is considered the standard of care in first-line therapy, given the ability of this treatment to prolong patients’ PFS [2,3,4,5,6,7,8]. Following the progression of the disease, switching to another hormonal agent is supported by most guidelines, considering that the patient retains some degree of hormonal sensitivity. In this setting, different approaches are available, including single-agent hormonal therapies, as well as combinations of hormonal treatments with other agents. Moreover, recent data supporting the use of CDK4/6 inhibitors in the adjuvant setting makes the therapeutic decisions even more complicated [59].



Most of the currently available studies evaluating treatment options following first-line endocrine treatment have used fulvestrant as the control arm. These trials have been associated with poor outcomes for the standard therapy, with a reported PFS in the range of 2–4 months. These suboptimal results clearly indicate the need for the development of more effective options. Therapeutic decisions following progression on first-line treatment with endocrine therapy and CDK4/6 inhibition should be based, whenever this is possible, on a genomic analysis of the patient’s tumor or circulating tumor DNA (ctDNA). This is crucial in order to identify specific groups of patients who could benefit from targeted agents. Given the availability of alpelisib in combination with fulvestrant [10,11], it is important to evaluate for somatic PIK3CA mutations, while detecting PIK3CA/AKT/PTEN alterations could provide a target for capivasertib plus fulvestrant. [60]. Moreover, in patients who relapse during or after the combined hormonal therapy with a CDK4/6 inhibitor, the determination of ESR1 mutations is essential, based on recent data demonstrating the activity of elacestrant in this particular setting [13]. Other novel estrogen receptor-targeted agents, like novel selective estrogen receptor degraders (SERDs), selective estrogen receptor covalent antagonists (SERCAs) or complete estrogen receptor antagonists (CERANs), are also under evaluation [61,62]. In addition, in patients with germline BRCA1/2-mutated tumors, the use of PARP inhibitors such as olaparib and talazoparib has been associated with significantly improved PFS compared to chemotherapy in the OlympiA [16] and EMBRACA trial [17], respectively. The combination of endocrine therapy with the mTOR inhibitor everolimus still remains a viable option for patients without such actionable genomic alterations [12].



At the point that the disease becomes refractory to hormonal treatments, a variety of chemotherapy options are used, offering modest benefit to these subpopulations, while specific guidelines do not exist regarding the optimal sequence of these regimens [23,24,25]. Recently, ADCs, such as T-DXd and SG, became available based on the positive results of prospective phase III studies. Currently, there are no clear indications for neither the order nor the efficacy of the sequential use of these ADCs in breast cancer patients. Concerning advanced HR+, HER2-low breast cancer cases, T-DXd has proven its superiority over chemotherapy in second- and third-line treatment according to the DESTINY-Breast04 trial [46]. On the other hand, in the TROPiCS-02 trial, SG showed significant activity in patients with HR+, HER2-negative advanced breast cancer who had been treated with a median of three previous lines of chemotherapy for advanced-stage disease [56]. Moreover, a post hoc subgroup analysis based on the HER2 immunohistochemistry status showed the efficacy of SG in HER2-low as well as in HER2-0 subpopulations [57]. Of note, previous treatment with a CDK4/6 inhibitor was reported in 70% of patients in the DESTINY-Breast04 trial, whereas in the TROPiCS-02 study almost all patients had previous exposure to a CDK4/6 inhibitor. A prespecified subgroup analysis in the HR+ cohort of the DESTINY-Breast04 trial showed a PFS HR 0.55 (95% CI, 0.42–0.74) for CDK4/6 inhibitor-pretreated patients compared to HR 0.42 (95% CI, 0.28–0.64) for CDK4/6 inhibitor-naïve patients, while the median PFS was similar between the two subgroups, i.e., 10.0 months vs. 5.4 months and 11.7 months vs. 5.9 months, respectively [46,47].



Considering the available data from these trials, T-DXd is now considered the standard of care for pretreated HR+, HER2-low cases due to its robust clinical activity in a less heavily pretreated population than SG. However, SG is an option especially for HER2 IHC 0 disease, which was not included in the DESTINY-Breast04 trial. On the other hand, the National Comprehensive Cancer Network (NCCN) guidelines suggest that SG can be used in the second-line setting for unresectable locally advanced or metastatic HR+, HER2-negative breast cancer if the patient is not a candidate for T-DXd and can be considered beyond second-line treatment [63] (Figure 1). So far, there are no clinical data that definitely answer if these two ADCs can be effectively used in sequence, as both contain topoisomerase inhibitors as the payload, which potentially leads to cross-resistance. Emerging evidence from real-world studies supporting that the resistance from the sequential use of ADCs is a relevant scenario shows significantly shorter PFS for the subsequently administered ADC, especially if both ADCs share the same target [64,65]. However, given the recent approval of these drugs, the number of evaluated patients that have already received more than one ADC is still small for extracting safe conclusions.




4. Future Perspectives


Numerous other ADCs, with different payloads and/or different targets, are emerging and tested in clinical trials and some of them have already shown promising activity in HR+ metastatic breast cancer. Also, ADCs are evaluated as monotherapy or in combination with other therapeutic agents in an earlier setting in the treatment of HR+ metastatic breast cancer as well as in adjuvant or neoadjuvant settings. Currently, novel ADC strategies are in development, like bispecific ADCs or ADCs with dual payloads or non-cytotoxic payloads, such as immunomodulatory and anti-apoptotic agents.



4.1. Hormone Receptor-Positive Metastatic Breast Cancer


4.1.1. Novel HER2-Targeted ADCs


Datopotamab deruxtecan (Dato-DXd) is another anti-TROP2 drug conjugate that is composed of the topoisomerase I inhibitor deruxtecan, linked to a cleavable tetrapeptide linker that makes it more stable in circulation with a longer half-life than SG. Dato-Dxd has shown promising activity in patients with metastatic TNBC and HR+/HER2-negative breast cancers, according to the results of the phase I TROPION-PanTumor01 trial. In this study, an ORR of 32% and a median PFS of 4.4 to 7.3 months were observed. Notably, in topoisomerase I inhibitor-naïve patients, the ORR was 44% [66]. Proceeding from these findings, the phase III TROPION-Breast01 trial aimed to compare the activity of Dato-Dxd to standard chemotherapy in pretreated HR+/HER2-negative advanced breast cancer patients. In the first interim analysis, the ORR was improved in the Dato-Dxd arm compared to the control arm (36.4% versus 22.9%), while the median PFS was 6.9 months and 4.9 months, respectively (HR 0.63). Moreover, there was a trend toward an OS benefit, but the data are not mature yet. The benefit favoring Dato-Dxd was observed in all patient subgroups, regardless of the number of previous lines of therapy or previous CDK4/6 inhibitor use. Importantly, Dato-Dxd was better tolerated compared to standard chemotherapy, associated with fewer grade ≥3 AEs and led to less dose interruptions and reductions. AEs of special interest included oral and ocular defects, predominately oral mucositis / stomatitis and dry eyes that were mostly of grade 1 or 2 and manageable with a very low rate of discontinuation. The drug-related interstitial lung disease rate was 3% with only 1% related to grade ≥3 [67].



Trastuzumab duocarmazine (SYD985) is one more HER2-directed ADC comprised of trastuzumab covalently bound via a linker to the alkylating agent duocarmazine. Trastuzumab duocarmazine has proved its efficacy in pretreated patients with advanced HER2-positive breast cancer in the phase III TULIP study [68]. Accordingly, a phase I trial [NCT02277717], including pretreated, advanced solid tumors with different levels of HER2 expression, indicated activity of trastuzumab duocarmazine among 47 HER2-low cases. Notably, an ORR of 28% was observed among participants with HER2-low, HR+ breast cancer (all partial responses). The most common all-grade AEs were fatigue, conjunctivitis and dry eye [69].



Furthermore, disitamab vedotin (RC48-ADC) is a recombinant humanized anti-HER2 mAb conjugated by a cleavable linker to the microtubule inhibitor monomethyl auristatin E (MMAE). The pooled analysis from the phase I C001 CANCER and phase Ib C003 CANCER studies, which examined the RC48-ADC activity in pretreated breast cancer patients with variable HER2 expressions, demonstrated consistent efficacy in both HER2-positive and HER2-low disease with a manageable toxicity profile. In the HER2-low cohort, the ORR was 39.6% (42.9% for IHC 2+/ISH− and 30.8% for IHC 1+) and the median PFS was 5.7 months (6.6 months for IHC 2+/ISH− and 5.5 months for IHC 1+). A grade 1-2 adverse event was related to gastrointestinal, hematologic and sensory neuropathy toxicity, while neutropenia, GGT elevation and fatigue were the most common grade 3 or more treatment-related AEs [70]. An ongoing randomized, phase III study [NCT04400695] will investigate the efficacy and safety of disitamab vedotin in locally advanced or metastatic breast cancer with low HER2 expression [71].



The potential of HER2 mutations as a biomarker for ADCs is also under investigation. Up to 5% of HER2-negative metastatic breast cancers have HER2 mutations, most commonly on exon 20, which predict the response to anti-HER2 tyrosine kinase inhibitors (TKIs) [72]. Interestingly, a recent study reported that within HER2-mutated breast cancers, about 70% of them are hormone receptor positive, suggesting that the emergence of HER2 mutations may represent a mechanism of acquired resistance to endocrine therapy. Therefore, the use of anti-HER2 agents may partially restore the sensitivity of these tumors to endocrine therapy [73,74]. The DESTINY-Lung01 trial evaluated T-Dxd in metastatic HER2-mutant NSCLC patients. The response rate in this study reached 55%, leading to a median PFS of 8.2 months and a median OS of 17.8 months [75]. The ongoing tissue-agnostic DESTINY-PanTumor01 trial is exploring T-DXd activity in patients with solid tumors (other than NSCLC) who have received multiple previous lines of therapy and harbor specific HER2-activating mutations. In this phase II study, the ORRs were 50.0% for breast (n = 20), 20.0% for colorectal (n = 20) and 10.5% for biliary tract (n = 19) cancers [76].




4.1.2. HER3-Targeted ADCs


Human epidermal growth factor receptor 3 (HER3) is overexpressed in breast cancer cells, among many other solid tumors, and is associated with a poor prognosis. Patritumab deruxtecan (U3-1402; HER3-DXd) is a HER3-directed human IgG1 mAb bonded to deruxtecan through a stable, cleavable linker. This agent has demonstrated antitumor activity in preclinical models with a variable HER3 expression status [77,78]. The results from early phase trials have demonstrated the preliminary efficacy of patritumab deruxtecan in HR+/HER2-negative and triple-negative breast cancers. The ICARUS-BREAST01 trial is a phase II study investigating patritumab deruxtecan in endocrine-resistant patients with HR+, HER2-negative metastatic breast cancer following the progression on one line of chemotherapy. This study reported partial responses in 28,6% of patients with an acceptable toxicity profile [79].




4.1.3. LIV1-Targeted ADCs


LIV-1 is an estrogen-regulated protein expressed in a number of solid tumors, such as prostate, ovarian and uterine cancer and melanoma, as well as in breast cancer [80]. The Ladiratuzumab vedotin ADC consists of a LIV-1-targeted mAb linked to the MMAE cytotoxic agent by a proteolytically cleavable linker. In a phase I trial including advanced HR+, HER2-negative and triple-negative breast cancers, ladiratuzumab vedotin achieved a disease control rate of 59% and 64%, respectively [81,82].




4.1.4. ADCs in Earlier Setting of Metastatic Disease


Ongoing prospective clinical trials evaluate the use of ADCs in hormone receptor-positive metastatic breast cancer in earlier line settings. The ASCENT-07 trial [NCT05840211] evaluates SG versus conventional chemotherapy in patients with advanced HR+, HER2-negative breast cancer who have progressed on hormonal treatment (with or without a targeted therapy) and who had not received previous chemotherapy in an advanced setting [83].




4.1.5. ADC Combinations


For ADC activity to be enhanced and resistance mechanisms to be overcome, rational combination strategies will probably be key. Current research efforts, based on preclinical data, are exploring different combinations of ADCs with endocrine therapies, immune checkpoint inhibitors and other targeted agents. The phase I DESTINY-Breast08 trial is a multicohort study investigating T-Dxd combinations with other anti-cancer agents, including durvalumab, anastrozole, fulvestrant or capivasertib, in patients with metastatic HER2-low breast cancer, including hormone receptor-positive breast cancer patients [84,85]. The Saci-IO HR+ phase II trial is evaluating the safety and efficacy of SG with or without pembrolizumab in HR+/HER2-negative metastatic disease [86]. Also, the efficacy of disitamab vedotin is evaluated in the phase III trial ROSY in endocrine-resistant, hormone receptor-positive, HER2-low expression metastatic breast cancer [NCT05904964] (Table 1 and Table 2).





4.2. Hormone Receptor-Positive Early Breast Cancer


Ongoing trials are investigating the potential role of ADCs in hormone receptor-positive early breast cancer. SASCIA is an ongoing phase III, randomized trial (NCT04595565) testing the efficacy of SG in the adjuvant setting for high-risk, early stage HER2-negative breast tumors having residual disease after standard neoadjuvant therapy. Hormone receptor-negative patients must have residual invasive disease >ypT1mi, while HR+ patients should have a CPS+EG score ≥ 3 or CPS+EG score 2 and ypN+ to be considered as high risk. The first data from the safety interim analysis showed that sacituzumab govitecan related to more all-grade and grade 3 or higher AEs, all of them manageable with appropriate supportive care, and more dose delays and reductions [87].



The phase II TALENT trial (TRIO-US B-12) is aiming to evaluate the efficacy of T-Dxd, with or without endocrine therapy, in a neoadjuvant setting for HR+, HER2-low early breast cancer. The vast majority of participants were stage II (77%, n = 45) and had HER2 expression 1+ (79%, n = 46). The ORR was 75% for the T-Dxd-only arm and 63.2% for the T-Dxd plus anastrazole arm [88].



In the I-SPY 2 trial, ladiratuzumab vedotin evaluated at a neoadjuvant setting in high-risk stage II/III HER2-negative breast cancer patients showed analogous efficacy compared to chemotherapy regarding the pCR rates, with similar side effects and even less peripheral neuropathy [89].



Moreover, in early stage HER2-negative breast cancer, the SOLTI TOT-HER3 window-of-opportunity study demonstrated the activity of single-dose patritumab deruxtecan in treatment-naïve patients, regardless of the HER3 levels at baseline [90] (Table 1 and Table 2).




4.3. Precision Medicine in ADCs Era


ADCs are part of the technological advances of precision medicine because they have the unique characteristic of combining cytotoxic chemotherapy and targeted therapy using predefined surface targets to deliver highly potent antitumor agents directly to cancer cells. Antigen expression on the surface of the cell is considered as a continuous variable, thus raising the question of whether antigen levels on the surface of the cell should be prescreened for our decision-making. However, among all the molecules that have been used as targets for this class of drugs, HER2 overexpression and/or amplification remain the only biomarkers for therapeutic decisions regarding ADCs. Thus, a lot of efforts in translational research studies are directed toward the evaluation of the anti-HER2 ADCs activity in relation to the HER2 expression status and identifying resistance mechanisms through a biomarker analysis. The ongoing phase III DESTINY-Breast06 trial [NCT04494425] focusing on HER2-negative, ER and/or PR-positive breast cancer aims to investigate the efficacy of T-Dxd in endocrine-resistant, metastatic HER2-low (IHC 2+/ISH− and IHC 1+), HER2-ultra-low (IHC < 1+ but >0) or HER2 non-expression breast tumors. In addition, DAISY is a phase II study that will investigate the T-Dxd activity and explore HER2 expression patterns among advanced breast tumors with HER2 overexpression, HER2 low or HER2 non-expression. In the prespecified interim analysis, this trial reported ORRs of 70.6%, 37.5% and 29.7%, respectively, indicating a T-DXd efficacy even in HER2 non-expressing tumors. There was a significantly greater uptake of T-DXd in HER2-low cells than in HER2-negative cells (p = 0.053), indicating that the activity of T-DXd in these cells is due to the bystander effect [91].



There is also evidence that the activity of T-Dxd is not only dependent on the presence of the HER2 antigen but also on its distribution within the tumor, with higher response rates in clustered HER2-expressing cells than if they are spatially distant. In any case, the fact that T-Dxd is active in HER2 non-expressing tumors indicates that the existing definition of HER2-low disease as well as the available evaluation methods are insufficient [92]. According to a recently published survey of data from the College of American Pathologists and a Yale University-based study regarding the concordance of 18 pathologist reports, there was only 26% concordance among pathologists on IHC scores 0 and 1+, compared with 58% concordance between IHC 2+ and 3+ [93]. The ADCs’ activity may be predicted and classified more accurately with the development of quantitative assays for HER2. In addition, HER2 expression is unstable and could change during treatment. Retesting HER2 expression at relapse, when it is possible, is offering the opportunity of a dynamic tracking approach, with the ultimate goal of enhancing therapeutic opportunities. Observation on liquid biopsies has shown the conversion of HER2-negative circulating tumor cells (CTCs) into HER2-expressing CTCs and vice versa [94,95].



Numerous other biomarkers are tested as potential targets for novel ADCs in phase I or II trials in an effort to improve efficacy, minimize toxicity and/or surpass resistance to currently approved ADCs.




4.4. Novel ADC Technologies


ADCs with dual or non-cytotoxic payloads as well as bispecific ADCs (BsADCs) are in development in order to exceed tumor heterogeneity and drug resistance. Dual-payload ADCs incorporate two separate payloads, each with a different mechanism of action, providing a potent cytotoxic response by delivering them in a controlled manner to cancer cells [96]. Alternatives to cytotoxic agents, like immunotoxins, pro-apoptotic payloads and immunomodulatory payloads, are also being investigated as payloads in animal models or phase I clinical trials [97,98,99]. Compared to traditional ADCs, BsADCs target dual antigens or dual epitopes, showing enhanced selectivity, improved internalization and eventually treatment effectiveness while minimizing toxicity [100].



Alternative technologies to monoclonal antibodies for constructing ADCs are also being explored, such as Nanobodies and protein scaffolds, like the designed ankyrin-repeat proteins (DARPins). These technologies can offer unique advantages over monoclonal antibodies, such as higher specificity, better stability and a smaller size, which can result in improved drug delivery and therapeutic efficacy. Nanobodies, for example, are single-domain antibodies derived from the heavy-chain-only antibodies found in camelids and can penetrate deep into tissues due to their smaller size [101]. DARPins, on the other hand, are protein scaffolds engineered to bind to specific targets with high affinity and selectivity [102].





5. Conclusions


Antibody–drug conjugates have transformed therapeutic algorithms in breast cancer. Given the fact that more than 60% of HR+ breast tumors are expressing HER2 to some extent, the clinical relevance of HER2-low expression has led to new therapeutic opportunities for patients with HR+ disease. Trastuzumab deruxtecan and SG have proved their efficacy over standard chemotherapy in advanced endocrine-resistant HR+, HER2-low breast cancer after second-line therapy, while SG has shown activity even in HER2 non-expressing tumors. Amplification and/or overexpression of HER2 currently remains the only biomarker for therapeutic decisions regarding HER2-targeted ADCs. However, HER2 heterogeneity is an obstacle that could be partly overcome by the high target affinity and bystander effect of novel ADCs.



At present, no data are available to guide the decision for selection between T-DXd and SG in hormone receptor-positive, HER2-negative metastatic breast cancer patients. In this population, both agents have demonstrated substantial activity with T-DXd proving its efficacy in a less pretreated population, resulting in a preference for using it early in the treatment process. Hence, for patients with endocrine-resistant HR+, HER2-low disease, T-Dxd is the standard treatment option, although SG could be an alternative option in this setting. Currently, SG is the only ADC approved for HER2-zero metastatic breast cancer, despite some evidence indicating that T-Dxd can potentially be active even in this subset of patients. Concerning the sequential use of ADCs, recently reported real-world data suggest significantly shorter PFS for the subsequently administered ADC. Moreover, numerous novel ADCs, like Datopotamab deruxtecan, are showing promising results in this set of patients, giving more potential options for these patients, but at the same time, it may complicate the choice and the sequence of appropriate ADC for each patient even more in the near future. The optimal initial ADC approach remains unclear and may depend on multiple factors, such as target expression or intrinsic resistance to the payload. Identifying the mechanisms leading to ADC resistance would be essential to guide subsequent therapeutic strategies. Therefore, well-designed randomized clinical trials giving emphasis to translational research as well as real-world data are necessary in order to delineate the optimal sequencing and appropriate patient selection for these agents. Finally, considering that ongoing studies may demonstrate the activity of ADCs in earlier lines of therapy, it is possible that these agents will further challenge the sequence of available treatments, as well as the current algorithm in HR+, HER2-negative breast cancer.







Author Contributions


Conceptualization, M.G. and A.K.; methodology, M.G., F.-I.D. and A.K.; writing—original draft preparation, M.G.; writing—review and editing, M.G., F.-I.D. and A.K.; supervision, A.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA. Cancer J. Clin. 2018, 68, 394–424. [Google Scholar] [CrossRef] [PubMed]

	



Goetz, M.P.; Toi, M.; Huober, J.; Sohn, J.; Tredan, O.; Park, I.; Campone, M.; Chen, S.; Sanchez, L.M.; Paluch-Shimon, S.; et al. LBA15 MONARCH 3: Interim overall survival (OS) results of abemaciclib plus a nonsteroidal aromatase inhibitor (NSAI) in patients (pts) with HR+, HER2- advanced breast cancer (ABC). Ann. Oncol. 2022, 33, S1384. [Google Scholar] [CrossRef]

	



Hortobagyi, G.N.; Stemmer, S.M.; Burris, H.A.; Yap, Y.-S.; Sonke, G.S.; Hart, L.; Campone, M.; Petrakova, K.; Winer, E.P.; Janni, W.; et al. Overall Survival with Ribociclib plus Letrozole in Advanced Breast Cancer. N. Engl. J. Med. 2022, 386, 942–950. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Y.-S.; Im, S.-A.; Colleoni, M.; Franke, F.; Bardia, A.; Cardoso, F.; Harbeck, N.; Hurvitz, S.; Chow, L.; Sohn, J.; et al. Updated Overall Survival of Ribociclib plus Endocrine Therapy versus Endocrine Therapy Alone in Pre- and Perimenopausal Patients with HR+/HER2- Advanced Breast Cancer in MONALEESA-7: A Phase III Randomized Clinical Trial. Clin. Cancer Res. 2022, 28, 851–859. [Google Scholar] [CrossRef] [PubMed]

	



Neven, P.; Fasching, P.A.; Chia, S.; Jerusalem, G.; De Laurentiis, M.; Im, S.-A.; Petrakova, K.; Bianchi, G.V.; Martín, M.; Nusch, A.; et al. Updated overall survival from the MONALEESA-3 trial in postmenopausal women with HR+/HER2- advanced breast cancer receiving first-line ribociclib plus fulvestrant. Breast Cancer Res. BCR 2023, 25, 103. [Google Scholar] [CrossRef] [PubMed]

	



Neven, P.; Rugo, H.S.; Tolaney, S.M.; Iwata, H.; Toi, M.; Goetz, M.P.; Kaufman, P.A.; Lu, Y.; Haddad, N.; Hurt, K.C.; et al. Abemaciclib plus fulvestrant in hormone receptor-positive, human epidermal growth factor receptor 2-negative advanced breast cancer in premenopausal women: Subgroup analysis from the MONARCH 2 trial. Breast Cancer Res. BCR 2021, 23, 87. [Google Scholar] [CrossRef] [PubMed]

	



Cristofanilli, M.; Rugo, H.S.; Im, S.-A.; Slamon, D.J.; Harbeck, N.; Bondarenko, I.; Masuda, N.; Colleoni, M.; DeMichele, A.; Loi, S.; et al. Overall Survival with Palbociclib and Fulvestrant in Women with HR+/HER2- ABC: Updated Exploratory Analyses of PALOMA-3, a Double-blind, Phase III Randomized Study. Clin. Cancer Res. 2022, 28, 3433–3442. [Google Scholar] [CrossRef] [PubMed]

	



Finn, R.S.; Rugo, H.S.; Dieras, V.C.; Harbeck, N.; Im, S.-A.; Gelmon, K.A.; Walshe, J.M.; Martin, M.; Mac Gregor, M.C.; Bananis, E.; et al. Overall survival (OS) with first-line palbociclib plus letrozole (PAL+LET) versus placebo plus letrozole (PBO+LET) in women with estrogen receptor–positive/human epidermal growth factor receptor 2–negative advanced breast cancer (ER+/HER2- ABC): Analyses from PALOMA-2. J. Clin. Oncol. 2022, 40, LBA1003. [Google Scholar]

	



El Saghir, N.S.; Yap, Y.S.; Eralp, Y.; Im, S.-A.; Azim, H.A.; Rihani, J.; Volkov, N.; Chen, S.-C.; Harputluoglu, H.; Sunpaweravong, P.; et al. Outcomes with first-line (1L) ribociclib (RIB) + endocrine therapy (ET) vs physician’s choice combination chemotherapy (combo CT) by age in pre/perimenopausal patients (pts) with aggressive HR+/HER2-advanced breast cancer (ABC): A subgroup analysis of the RIGHT Choice trial. J. Clin. Oncol. 2023, 41, 1063. [Google Scholar]

	



André, F.; Ciruelos, E.; Rubovszky, G.; Campone, M.; Loibl, S.; Rugo, H.S.; Iwata, H.; Conte, P.; Mayer, I.A.; Kaufman, B.; et al. Alpelisib for PIK3CA-Mutated, Hormone Receptor–Positive Advanced Breast Cancer. N. Engl. J. Med. 2019, 20, 1929–1940. [Google Scholar] [CrossRef]

	



Rugo, H.S.; Lerebours, F.; Ciruelos, E.; Drullinsky, P.; Ruiz-Borrego, M.; Neven, P.; Park, Y.H.; Prat, A.; Bachelot, T.; Juric, D.; et al. Alpelisib plus fulvestrant in PIK3CA-mutated, hormone receptor-positive advanced breast cancer after a CDK4/6 inhibitor (BYLieve): One cohort of a phase 2, multicentre, open-label, non-comparative study. Lancet Oncol. 2021, 22, 489–498. [Google Scholar] [CrossRef] [PubMed]

	



Baselga, J.; Campone, M.; Piccart, M.; Burris, H.A., III; Rugo, H.S.; Sahmoud, T.; Noguchi, S.; Gnant, M.; Pritchard, K.I.; Lebrun, F.; et al. Everolimus in postmenopausal hormone-receptor-positive advanced breast cancer. N. Engl. J. Med. 2012, 366, 520–529. [Google Scholar] [CrossRef]

	



Bidard, F.-C.; Kaklamani, V.G.; Neven, P.; Streich, G.; Montero, A.J.; Forget, F.; Mouret-Reynier, M.-A.; Sohn, J.H.; Taylor, D.; Harnden, K.K.; et al. Elacestrant (oral selective estrogen receptor degrader) Versus Standard Endocrine Therapy for Estrogen Receptor-Positive, Human Epidermal Growth Factor Receptor 2-Negative Advanced Breast Cancer: Results from the Randomized Phase III EMERALD Trial. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2022, 40, 3246–3256. [Google Scholar] [CrossRef] [PubMed]

	



Mottamal, M.; Kang, B.; Peng, X.; Wang, G. From Pure Antagonists to Pure Degraders of the Estrogen Receptor: Evolving Strategies for the Same Target. ACS Omega 2021, 6, 9334–9343. [Google Scholar] [CrossRef] [PubMed]

	



Shomali, M.; Cheng, J.; Sun, F.; Koundinya, M.; Guo, Z.; Hebert, A.T.; McManus, J.; Levit, M.N.; Hoffmann, D.; Courjaud, A.; et al. SAR439859, a Novel Selective Estrogen Receptor Degrader (SERD), Demonstrates Effective and Broad Antitumor Activity in Wild-Type and Mutant ER-Positive Breast Cancer Models. Mol. Cancer Ther. 2021, 20, 250–262. [Google Scholar] [CrossRef] [PubMed]

	



Robson, M.; Im, S.A.; Senkus, E.; Xu, B.; Domchek, S.M.; Masuda, N.; Delaloge, S.; Li, W.; Tung, N.; Armstrong, A.; et al. Olaparib for Metastatic Breast Cancer in Patients with a Germline BRCA Mutation. N. Engl. J. Med. 2017, 377, 523–533. [Google Scholar] [CrossRef] [PubMed]

	



Litton, J.K.; Rugo, H.S.; Ettl, J.; Hurvitz, S.A.; Gonçalves, A.; Lee, K.-H.; Fehrenbacher, L.; Yerushalmi, R.; Mina, L.A.; Martin, M.; et al. Talazoparib in Patients with Advanced Breast Cancer and a Germline BRCA Mutation. N. Engl. J. Med. 2018, 379, 753–763. [Google Scholar] [CrossRef]

	



Lin, X.; Xiang, H.; Luo, G. Targeting estrogen receptor α for degradation with PROTACs: A promising approach to overcome endocrine resistance. Eur. J. Med. Chem. 2020, 206, 112689. [Google Scholar] [CrossRef]

	



Esteva, F.J.; Hubbard-Lucey, V.M.; Tang, J.; Pusztai, L. Immunotherapy and targeted therapy combinations in metastatic breast cancer. Lancet Oncol. 2019, 20, e175–e186. [Google Scholar] [CrossRef]

	



Rugo, H.S.; Delord, J.-P.; Im, S.-A.; Ott, P.A.; Piha-Paul, S.A.; Bedard, P.L.; Sachdev, J.; Le Tourneau, C.; van Brummelen, E.M.; Varga, A.; et al. Safety and Antitumor Activity of Pembrolizumab in Patients with Estrogen Receptor-Positive/Human Epidermal Growth Factor Receptor 2-Negative Advanced Breast Cancer. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2018, 24, 2804–2811. [Google Scholar] [CrossRef] [PubMed]

	



Masuda, J.; Sakai, H.; Tsurutani, J.; Tanabe, Y.; Masuda, N.; Iwasa, T.; Takahashi, M.; Futamura, M.; Matsumoto, K.; Aogi, K.; et al. Efficacy, safety, and biomarker analysis of nivolumab in combination with abemaciclib plus endocrine therapy in patients with HR-positive HER2-negative metastatic breast cancer: A phase II study (WJOG11418B NEWFLAME trial). J. Immunother. Cancer 2023, 11, e007126. [Google Scholar] [CrossRef] [PubMed]

	



Chau, I.; Haag, G.; Rahma, O.; Macarulla, T.; McCune, S.; Yardley, D.; Solomon, B.; Johnson, M.; Vidal, G.; Schmid, P.; et al. MORPHEUS: A phase Ib/II umbrella study platform evaluating the safety and efficacy of multiple cancer immunotherapy (CIT)-based combinations in different tumour types. Ann. Oncol. 2018, 29, viii439–viii440. [Google Scholar] [CrossRef]

	



Kaufman, P.A.; Awada, A.; Twelves, C.; Yelle, L.; Perez, E.A.; Olivo, G.V.S.; He, Y.; Dutcus, C.E.; Cortes, J. Phase III open-label randomized study of eribulin mesylate versus capecitabine in patients with locally advanced or metastatic breast cancer previously treated with an anthracycline and a taxane. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2015, 33, 594–601. [Google Scholar] [CrossRef] [PubMed]

	



Cortes, J.; O’Shaughnessy, J.; Loesch, D.; Blum, J.L.; Vahdat, L.T.; Petrakova, K.; Chollet, P.; Manikas, A.; Diéras, V.; Delozier, T.; et al. Eribulin monotherapy versus treatment of physician’s choice in patients with metastatic breast cancer (EMBRACE): A phase 3 open-label randomised study. Lancet Lond. Engl. 2011, 377, 914–923. [Google Scholar] [CrossRef] [PubMed]

	



Aogi, K.; Iwata, H.; Masuda, N.; Mukai, H.; Yoshida, M.; Rai, Y.; Taguchi, K.; Sasaki, Y.; Takashima, S. A phase II study of eribulin in Japanese patients with heavily pretreated metastatic breast cancer. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2012, 23, 1441–1448. [Google Scholar] [CrossRef] [PubMed]

	



Schettini, F.; Chic, N.; Brasó-Maristany, F.; Paré, L.; Pascual, T.; Conte, B.; Martínez-Sáez, O.; Adamo, B.; Vidal, M.; Barnadas, E.; et al. Clinical, pathological, and PAM50 gene expression features of HER2-low breast cancer. NPJ Breast Cancer 2021, 7, 1. [Google Scholar] [CrossRef] [PubMed]

	



Tarantino, P.; Hamilton, E.; Tolaney, S.M.; Cortes, J.; Morganti, S.; Ferraro, E.; Marra, A.; Viale, G.; Trapani, D.; Cardoso, F.; et al. HER2-Low Breast Cancer: Pathological and Clinical Landscape. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2020, 38, 1951–1962. [Google Scholar] [CrossRef] [PubMed]

	



Modi, S.; Park, H.; Murthy, R.K.; Iwata, H.; Tamura, K.; Tsurutani, J.; Moreno-Aspitia, A.; Doi, T.; Sagara, Y.; Redfern, C.; et al. Antitumor Activity and Safety of Trastuzumab Deruxtecan in Patients with HER2-Low-Expressing Advanced Breast Cancer: Results from a Phase Ib Study. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2020, 38, 1887–1896. [Google Scholar] [CrossRef] [PubMed]

	



Maiti, R.; Patel, B.; Patel, N.; Patel, M.; Patel, A.; Dhanesha, N. Antibody drug conjugates as targeted cancer therapy: Past development, present challenges and future opportunities. Arch. Pharm. Res. 2023, 46, 361–388. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Khongorzul, P.; Ling, C.J.; Khan, F.U.; Ihsan, A.U.; Zhang, J. Antibody-Drug Conjugates: A Comprehensive Review. Mol Cancer Res. 2020, 18, 3–19. [Google Scholar] [CrossRef] [PubMed]

	



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

	



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

	



Jin, S.; Sun, Y.; Liang, X.; Gu, X.; Ning, J.; Xu, Y.; Chen, S.; Pan, L. Emerging new therapeutic antibody derivatives for cancer treatment. Signal Transduct. Target. Ther. 2022, 7, 39. [Google Scholar] [CrossRef] [PubMed]

	



Krop, I.E.; Kim, S.-B.; Martin, A.G.; LoRusso, P.M.; Ferrero, J.-M.; Badovinac-Crnjevic, T.; Hoersch, S.; Smitt, M.; Wildiers, H. Trastuzumab emtansine versus treatment of physician’s choice in patients with previously treated HER2-positive metastatic breast cancer (TH3RESA): Final overall survival results from a randomised open-label phase 3 trial. Lancet Oncol. 2017, 18, 743–754. [Google Scholar] [CrossRef] [PubMed]

	



Okeley, N.M.; Miyamoto, J.B.; Zhang, X.; Sanderson, R.J.; Benjamin, D.R.; Sievers, E.L.; Senter, P.D.; Alley, S.C. Intracellular activation of SGN-35, a potent anti-CD30 antibody-drug conjugate. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2010, 16, 888–897. [Google Scholar] [CrossRef] [PubMed]

	



Phillips, A.C.; Boghaert, E.R.; Vaidya, K.S.; Falls, H.D.; Mitten, M.J.; DeVries, P.J.; Benatuil, L.; Hsieh, C.M.; Meulbroek, J.A.; Panchal, S.C.; et al. Characterization of ABBV-221, a Tumor-Selective EGFR-Targeting Antibody Drug Conjugate. Mol. Cancer Ther. 2018, 17, 795–805. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Z.; Guo, D.; Jiang, Z.; Tong, R.; Jiang, P.; Bai, L.; Chen, L.; Zhu, Y.; Guo, C.; Shi, J.; et al. Novel HER2-Targeting Antibody-Drug Conjugates of Trastuzumab Beyond T-DM1 in Breast Cancer: Trastuzumab Deruxtecan(DS-8201a) and (Vic-)Trastuzumab Duocarmazine (SYD985). Eur. J. Med. Chem. 2019, 183, 111682. [Google Scholar] [CrossRef] [PubMed]

	



Tsuchikama, K.; An, Z. Antibody-drug conjugates: Recent advances in conjugation and linker chemistries. Protein Cell 2018, 9, 33–46. [Google Scholar] [CrossRef] [PubMed]

	



Birrer, M.J.; Moore, K.N.; Betella, I.; Bates, R.C. Antibody-Drug Conjugate-Based Therapeutics: State of the Science. J. Natl. Cancer Inst. 2019, 111, 538–549. [Google Scholar] [CrossRef] [PubMed]

	



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. Off. J. Am. Assoc. Cancer Res. 2016, 22, 5097–5108. [Google Scholar] [CrossRef] [PubMed]

	



Tamura, K.; Tsurutani, J.; Takahashi, S.; Iwata, H.; Krop, I.E.; Redfern, C.; Sagara, Y.; Doi, T.; Park, H.; Murthy, R.K.; 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. [Google Scholar] [CrossRef] [PubMed]

	



Modi, S.; Saura, C.; Yamashita, T.; Park, Y.H.; Kim, S.-B.; Tamura, K.; André, F.; Iwata, H.; Ito, Y.; Tsurutani, J.; et al. Trastuzumab Deruxtecan in Previously Treated HER2-Positive Breast Cancer. N. Engl. J. Med. 2020, 382, 610–621. [Google Scholar] [CrossRef] [PubMed]

	



André, F.; Park, Y.H.; Kim, S.-B.; Takano, T.; Im, S.-A.; Borges, G.; Lima, J.P.; Aksoy, S.; Gregori, J.G.; De Laurentiis, M.; et al. Trastuzumab deruxtecan versus treatment of physician’s choice in patients with HER2-positive metastatic breast cancer (DESTINY-Breast02): A randomised, open-label, multicentre, phase 3 trial. Lancet 2023, 401, 1773–1785. [Google Scholar] [CrossRef]

	



Hurvitz, S.A.; Hegg, R.; Chung, W.-P.; Im, S.-A.; Jacot, W.; Ganju, V.; Chiu, J.W.Y.; Xu, B.; Hamilton, E.; Madhusudan, S.; et al. Trastuzumab deruxtecan versus trastuzumab emtansine in patients with HER2-positive metastatic breast cancer: Updated results from DESTINY-Breast03, a randomised, open-label, phase 3 trial. Lancet Lond. Engl. 2023, 401, 105–117. [Google Scholar] [CrossRef]

	



Modi, S.; Jacot, W.; Yamashita, T.; Sohn, J.; Vidal, M.; Tokunaga, E.; Tsurutani, J.; Ueno, N.T.; Prat, A.; Chae, Y.S.; et al. Trastuzumab Deruxtecan in Previously Treated HER2-Low Advanced Breast Cancer. N. Engl. J. Med. 2022, 387, 9–20. [Google Scholar] [CrossRef]

	



Modi, S.; Jacot, W.; Iwata, H.; Park, Y.; Losada, M.V.; Li, W.; Tsurutani, J.; Zaman, K.; Ueno, N.; Prat, A.; et al. 376O Trastuzumab deruxtecan (T-DXd) versus treatment of physician’s choice (TPC) in patients (pts) with HER2-low unresectable and/or metastatic breast cancer (mBC): Updated survival results of the randomized, phase III DESTINY-Breast04 study. Ann. Oncol. 2023, 34, S334–S335. Available online: https://www.annalsofoncology.org/article/S0923-7534(23)01389-3/fulltext (accessed on 28 December 2023). [CrossRef]

	



Jacobson, A. Trastuzumab Deruxtecan Improves Progression-Free Survival and Intracranial Response in Patients with HER2-Positive Metastatic Breast Cancer and Brain Metastases. The Oncologist 2022, 27 (Suppl. S1), S3–S4. [Google Scholar] [CrossRef] [PubMed]

	



Hurvitz, S.A.; Modi, S.; Li, W.; Park, Y.; Chung, W.; Kim, S.-B.; Cortés, J.; Yamashita, T.; Pedrini, J.; Im, S.-A.; et al. 377O A pooled analysis of trastuzumab deruxtecan (T-DXd) in patients (pts) with HER2-positive (HER2+) metastatic breast cancer (mBC) with brain metastases (BMs) from DESTINY-Breast (DB) -01, -02, and -03. Ann. Oncol. 2023, 34, S335–S336. [Google Scholar] [CrossRef]

	



Epaillard, N.; Lusque, A.; Pistilli, B.; André, F.; Bachelot, T.; Pierga, J.-Y.; Ducoulombier, A.; Jouannaud, C.; Viret, F.; Salabert, L.; et al. 260P Antitumor activity of trastuzumab deruxtecan (T-DXd) in patients with metastatic breast cancer (mBC) and brain metastases (BMs) from DAISY trial. Ann. Oncol. 2022, 33, S656. [Google Scholar] [CrossRef]

	



Pérez-García, J.M.; Batista, M.V.; Cortez, P.; Ruiz-Borrego, M.; Cejalvo, J.M.; de la Haba-Rodriguez, J.; Garrigós, L.; Racca, F.; Servitja, S.; Blanch, S.; et al. Trastuzumab deruxtecan in patients with central nervous system involvement from HER2-positive breast cancer: The DEBBRAH trial. Neuro-Oncol. 2023, 25, 157–166. [Google Scholar] [CrossRef] [PubMed]

	



Ambrogi, F.; Fornili, M.; Boracchi, P.; Trerotola, M.; Relli, V.; Simeone, P.; La Sorda, R.; Lattanzio, R.; Querzoli, P.; Pedriali, M.; et al. Trop-2 is a determinant of breast cancer survival. PLoS ONE 2014, 9, e96993. [Google Scholar] [CrossRef] [PubMed]

	



Bardia, A.; Tolaney, S.M.; Loirat, D.; Punie, K.; Oliveira, M.; Rugo, H.S.; Brufsky, A.; Kalinsky, K.; Cortes, J.; O’Shaughnessy, J.; et al. Sacituzumab govitecan (SG) versus treatment of physician’s choice (TPC) in patients (pts) with previously treated, metastatic triple-negative breast cancer (mTNBC): Final results from the phase 3 ASCENT study. J. Clin. Oncol. 2022, 40, 1071. [Google Scholar] [CrossRef]

	



Olivier, T.; Prasad, V. Sacituzumab govitecan in metastatic triple negative breast cancer (TNBC): Four design features in the ASCENT trial potentially favored the experimental arm. Transl. Oncol. 2022, 15, 101248. [Google Scholar] [CrossRef] [PubMed]

	



Carey, L.A.; Loirat, D.; Punie, K.; Bardia, A.; Diéras, V.; Dalenc, F.; Diamond, J.R.; Fontaine, C.; Wang, G.; Rugo, H.S.; et al. Sacituzumab govitecan as second-line treatment for metastatic triple-negative breast cancer-phase 3 ASCENT study subanalysis. NPJ Breast Cancer 2022, 8, 72. [Google Scholar] [CrossRef] [PubMed]

	



Rugo, H.S.; Bardia, A.; Marmé, F.; Cortés, J.; Schmid, P.; Loirat, D.; Trédan, O.; Ciruelos, E.; Dalenc, F.; Pardo, P.G.; et al. Overall survival with sacituzumab govitecan in hormone receptor-positive and human epidermal growth factor receptor 2-negative metastatic breast cancer (TROPiCS-02): A randomised, open-label, multicentre, phase 3 trial. Lancet Lond. Engl. 2023, 402, 1423–1433. [Google Scholar] [CrossRef] [PubMed]

	



Tolaney, S.M.; Bardia, A.; Marmé, F.; Cortés, J.; Schmid, P.; Loirat, D.; Tredan, O.; Ciruelos, E.M.; Dalenc, F.; Pardo, P.G.; et al. Final overall survival (OS) analysis from the phase 3 TROPiCS-02 study of sacituzumab govitecan (SG) in patients (pts) with hormone receptor–positive/HER2-negative (HR+/HER2–) metastatic breast cancer (mBC). J. Clin. Oncol. 2023, 41, 1003. [Google Scholar] [CrossRef]

	



Schmid, P.; Cortés, J.; Marmé, F.; Rugo, H.; Tolaney, S.; Oliveira, M.; Loirat, D.; Jhaveri, K.; Yoon, O.; Motwani, M.; et al. 214MO Sacituzumab govitecan (SG) efficacy in hormone receptor-positive/human epidermal growth factor receptor 2-negative (HR+/HER2–) metastatic breast cancer (MBC) by HER2 immunohistochemistry (IHC) status in the phase III TROPiCS-02 study. Ann. Oncol. 2022, 33, S635–S636. [Google Scholar] [CrossRef]

	



Johnston, S.R.D.; Toi, M.; O’Shaughnessy, J.; Rastogi, P.; Campone, M.; Neven, P.; Huang, C.-S.; Huober, J.; Jaliffe, G.G.; Cicin, I.; et al. Abemaciclib plus endocrine therapy for hormone receptor-positive, HER2-negative, node-positive, high-risk early breast cancer (monarchE): Results from a preplanned interim analysis of a randomised, open-label, phase 3 trial. Lancet Oncol. 2023, 24, 77–90. [Google Scholar] [CrossRef]

	



Turner, N.C.; Oliveira, M.; Howell, S.J.; Dalenc, F.; Cortes, J.; Moreno, H.L.G.; Hu, X.; Jhaveri, K.; Krivorotko, P.; Loibl, S.; et al. Capivasertib in Hormone Receptor–Positive Advanced Breast Cancer. N. Engl. J. Med. 2023, 388, 2058–2070. [Google Scholar] [CrossRef]

	



Shastry, M.; Hamilton, E. Novel Estrogen Receptor-Targeted Agents for Breast Cancer. Curr. Treat. Options Oncol. 2023, 24, 821–844. [Google Scholar] [CrossRef] [PubMed]

	



Hamilton, E.P.; Wang, J.S.; Pluard, T.J.; Johnston, S.R.D.; Morikawa, A.; Dees, E.C.; Jones, R.H.; Haley, B.B.; Armstrong, A.C.; Cohen, A.L.; et al. Phase I/II study of H3B-6545, a novel selective estrogen receptor covalent antagonist (SERCA), in estrogen receptor positive (ER), human epidermal growth factor receptor 2 negative (HER2-) advanced breast cancer. J. Clin. Oncol. 2021, 39, 1018. [Google Scholar] [CrossRef]

	



Gradishar, W.J.; Moran, M.S.; Abraham, J.; Abramson, V.; Aft, R.; Agnese, D.; Allison, K.H.; Anderson, B.; Burstein, H.J.; Chew, H.; et al. NCCN Guidelines® Insights: Breast Cancer, Version 4.2023. J. Natl. Compr. Cancer Netw. 2023, 21, 594–608. [Google Scholar] [CrossRef]

	



Huppert, L.; Mahtani, R.; Fisch, S.; Dempsey, N.; Premji, S.; Raimonde-Taylor, A.; Jacob, S.; Quintal, L.; Chien, J.; Melisko, M.; et al. Multicenter retrospective cohort study of the sequential use of the antibodydrug conjugates (ADCs) trastuzumab deruxtecan (T-DXd) and Sacituzumab govitecan (SG) in patients with HER2-low metastatic breast cancer (MBC). Cancer Res. 2024, 84 (Suppl. S9), PS08-04. [Google Scholar] [CrossRef]

	



Abelman, R.O.; Spring, L.; Fell, G.G.; Ryan, P.; Vidula, N.; Medford, A.J.; Shin, J.; Abraham, E.; Wander, S.A.; Isakoff, S.J.; et al. Sequential use of antibody-drug conjugate after antibody-drug conjugate for patients with metastatic breast cancer: ADC after ADC (A3) study. J. Clin. Oncol. 2023, 41, 1022. [Google Scholar] [CrossRef]

	



Meric-Bernstam, F.; Krop, I.; Juric, D.; Kogawa, T.; Hamilton, E.; Spira, A.I.; Mukohara, T.; Tsunoda, T.; Damodaran, S.; Greenberg, J.; et al. Abstract PD13-08: PD13-08 Phase 1 TROPION-PanTumor01 Study Evaluating Datopotamab Deruxtecan (Dato-DXd) in Unresectable or Metastatic Hormone Receptor–Positive/HER2–Negative Breast Cancer (BC). Cancer Res. 2023, 83, PD13-08. [Google Scholar] [CrossRef]

	



Bardia, A.; Jhaveri, K.; Kalinsky, K.; Pernas, S.; Tsurutani, J.; Xu, B.; Hamilton, E.; Im, S.-A.; Nowecki, Z.; Sohn, J.; et al. TROPION-Breast01: Datopotamab deruxtecan vs chemotherapy in pre-treated inoperable or metastatic HR+/HER2- breast cancer. Future Oncol. Lond. Engl. 2023, 20, 423–436. [Google Scholar] [CrossRef]

	



Manich, C.S.; O’Shaughnessy, J.; Aftimos, P.; Tweel, E.v.D.; Oesterholt, M.; Escrivá-De-Romaní, S.; Tueux, N.Q.; Tan, T.; Lim, J.; Ladoire, S.; et al. LBA15 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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Liu, Y.; Zhang, Q.; Feng, J.; Fang, J.; Chen, X.; Han, Y.; Li, Q.; Zhang, P.; Yuan, P.; et al. RC48-ADC, a HER2-targeting antibody-drug conjugate, in patients with HER2-positive and HER2-low expressing advanced or metastatic breast cancer: A pooled analysis of two studies. J. Clin. Oncol. 2021, 39, 1022. [Google Scholar] [CrossRef]

	



RemeGen Co., Ltd. Randomized, Controlled, Multicenter Phase III Clinical Study Evaluating the Efficacy and Safety of RC48-ADC for the Treatment of Locally Advanced or Metastatic Breast Cancer with Low Expression of HER2. Clinical Trial Registration NCT04400695, December 2023. Available online: https://clinicaltrials.gov/study/NCT04400695 (accessed on 1 January 2023).

	



Razavi, P.; Chang, M.T.; Xu, G.; Bandlamudi, C.; Ross, D.S.; Vasan, N.; Cai, Y.; Bielski, C.M.; Donoghue, M.T.A.; Jonsson, P.; et al. The Genomic Landscape of Endocrine-Resistant Advanced Breast Cancers. Cancer Cell 2018, 34, 427–438. [Google Scholar] [CrossRef] [PubMed]

	



Ma, C.X.; Bose, R.; Gao, F.; Freedman, R.A.; Telli, M.L.; Kimmick, G.; Winer, E.; Naughton, M.; Goetz, M.P.; Russell, C.; et al. Neratinib Efficacy and Circulating Tumor DNA Detection of HER2 Mutations in HER2 Nonamplified Metastatic Breast Cancer. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2017, 23, 5687–5695. [Google Scholar] [CrossRef] [PubMed]

	



Croessmann, S.; Formisano, L.; Kinch, L.N.; Gonzalez-Ericsson, P.I.; Sudhan, D.R.; Nagy, R.J.; Mathew, A.; Bernicker, E.H.; Cristofanilli, M.; He, J.; et al. Combined Blockade of Activating ERBB2 Mutations and ER Results in Synthetic Lethality of ER+/HER2 Mutant Breast Cancer. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2019, 25, 277–289. [Google Scholar] [CrossRef] [PubMed]

	



Li, B.T.; Smit, E.F.; Goto, Y.; Nakagawa, K.; Udagawa, H.; Mazières, J.; Nagasaka, M.; Bazhenova, L.; Saltos, A.N.; Felip, E.; et al. Trastuzumab Deruxtecan in HER2-Mutant Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2022, 386, 241–251. [Google Scholar] [CrossRef]

	



Li, B.; Meric-Bernstam, F.; Bardia, A.; Naito, Y.; Siena, S.; Aftimos, P.; Anderson, I.; Curigliano, G.; Luken, M.D.M.; Kalra, M.; et al. 654O Efficacy and safety of trastuzumab deruxtecan (T-DXd) in patients (pts) with solid tumors harboring specific HER2-activating mutations (HER2m): Primary results from the international phase II DESTINY-PanTumor01 (DPT-01) study. Ann. Oncol. 2023, 34 (Suppl. S2), S459–S460. [Google Scholar] [CrossRef]

	



Koganemaru, S.; Kuboki, Y.; Koga, Y.; Kojima, T.; Yamauchi, M.; Maeda, N.; Kagari, T.; Hirotani, K.; Yasunaga, M.; Matsumura, Y.; et al. U3-1402, a Novel HER3-Targeting Antibody-Drug Conjugate, for the Treatment of Colorectal Cancer. Mol. Cancer Ther. 2019, 18, 2043–2050. [Google Scholar] [CrossRef] [PubMed]

	



Krop, I.E.; Masuda, N.; Mukohara, T.; Takahashi, S.; Nakayama, T.; Inoue, K.; Iwata, H.; Yamamoto, Y.; Alvarez, R.H.; Toyama, T.; et al. Patritumab Deruxtecan (HER3-DXd), a Human Epidermal Growth Factor Receptor 3–Directed Antibody-Drug Conjugate, in Patients With Previously Treated Human Epidermal Growth Factor Receptor 3–Expressing Metastatic Breast Cancer: A Multicenter, Phase I/II Trial. J. Clin. Oncol. 2023, 41, 5550–5560. [Google Scholar] [CrossRef] [PubMed]

	



Pistilli, B.; Ibrahimi, N.; Lacroix-Triki, M.; D’Hondt, V.; Vicier, C.; Frenel, J.-S.; Dalenc, F.; Bachelot, T.; Benderra, M.-A.; Loirat, D.; et al. 189O A phase II study of patritumab deruxtecan (HER3-DXd), in patients (pts) with advanced breast cancer (ABC), with biomarker analysis to characterize response to therapy (ICARUS-BREAST01). ESMO Open 2023, 8, 101378. [Google Scholar] [CrossRef]

	



Sussman, D.; Smith, L.M.; Anderson, M.E.; Duniho, S.; Hunter, J.H.; Kostner, H.; Miyamoto, J.B.; Nesterova, A.; Westendorf, L.; Van Epps, H.A.; et al. SGN-LIV1A: A novel antibody-drug conjugate targeting LIV-1 for the treatment of metastatic breast cancer. Mol. Cancer Ther. 2014, 13, 2991–3000. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, M.; Han, H.; Montero, A.; Tkaczuk, K.; Assad, H.; Pusztai, L.; Hurvitz, S.; Wilks, S.; Specht, J.; Nanda, R.; et al. 259P Weekly ladiratuzumab vedotin monotherapy for metastatic triple-negative breast cancer. Ann. Oncol. 2021, 32, S474–S475. [Google Scholar] [CrossRef]

	



Modi, S.; Pusztai, L.; Forero, A.; Mita, M.; Miller, K.; Weise, A.; Krop, I.; Burris, H.; Kalinsky, K.; Tsai, M.; et al. Abstract PD3-14: Phase 1 study of the antibody-drug conjugate SGN-LIV1A in patients with heavily pretreated triple-negative metastatic breast cancer. Cancer Res. 2018, 78, PD3-14. [Google Scholar] [CrossRef]

	



Gilead Sciences. A Randomized, Open-label, Phase 3 Study of Sacituzumab Govitecan versus Treatment of Physician’s Choice in Patients with Hormone Receptor-Positive (HR+)/Human Epidermal Growth Factor Receptor 2 Negative (HER2-) (HER2 IHC0 or HER2-low [IHC 1+, IHC 2+/ISH-]) Inoperable, Locally Advanced, or Metastatic Breast Cancer and Have Received Endocrine Therapy. Clinical Trial Registration NCT05840211, December 2023. Available online: https://clinicaltrials.gov/study/NCT05840211 (accessed on 1 January 2023).

	



AstraZeneca. A Phase 1b Multicentre, Open-label, Modular, Dose-finding and Dose-expansion Study to Explore the Safety, Tolerability, Pharmacokinetics and Anti-Tumour Activity of Trastuzumab Deruxtecan (T-DXd) in Combination with Other Anti-Cancer Agents in Patients with Metastatic HER2-Low Breast Cancer (DESTINY-Breast08). In Clinical Trial Registration NCT04556773, October 2023. Available online: https://clinicaltrials.gov/study/NCT04556773 (accessed on 1 January 2023).

	



Andre, F.; Hamilton, E.P.; Loi, S.; Im, S.-A.; Sohn, J.; Tseng, L.-M.; Anders, C.K.; Schmid, P.; Boston, S.; Darilay, A.; et al. Dose-finding and-expansion studies of trastuzumab deruxtecan in combination with other anti-cancer agents in patients (pts) with advanced/metastatic HER2+ (DESTINY-Breast07 [DB-07]) and HER2-low (DESTINY-Breast08 [DB-08]) breast cancer (BC). J. Clin. Oncol. 2022, 40, 3025. [Google Scholar] [CrossRef]

	



Garrido-Castro, A.C.; Keenan, T.E.; Li, T.; Lange, P.; Callahan, C.; Guerriero, J.; Tayob, N.; Anderson, L.; Stover, D.G.; Gogineni, K.; et al. Saci-IO HR+: Randomized phase II trial of sacituzumab govitecan (SG) +/- pembrolizumab in PD-L1+ hormone receptor-positive (HR+)/HER2- metastatic breast cancer (MBC). J. Clin. Oncol. 2021, 39, TPS1102. [Google Scholar] [CrossRef]

	



Marmé, F.; Hanusch, C.; Furlanetto, J.; Morris, P.; Link, T.; Denkert, C.; Fasching, P.; Jackisch, C.; Antolín, S.; Solbach, C.; et al. 58O Safety interim analysis (SIA) of the phase III postneoadjuvant SASCIA study evaluating sacituzumab govitecan (SG) in patients with primary HER2-negative breast cancer (BC) at high relapse risk after neoadjuvant treatment. Ann. Oncol. 2022, 33, S148–S149. [Google Scholar] [CrossRef]

	



Bardia, A.; Hurvitz, S.; Press, M.F.; Wang, L.S.; McAndrew, N.P.; Chan, D.; Phan, V.; Villa, D.; Tetef, M.L.; Chamberlain, E.; et al. Abstract GS2-03: GS2-03 TRIO-US B-12 TALENT: Neoadjuvant trastuzumab deruxtecan with or without anastrozole for HER2-low, HR+ early stage breast cancer. Cancer Res. 2023, 83, GS2-03. [Google Scholar] [CrossRef]

	



Beckwith, H.; Schwab, R.; Yau, C.; Stringer-Reasor, E.; Wei, S.; Chien, A.J.; Albain, K.S.; Kalinsky, K.; Wallace, A.; Elias, A.; et al. Abstract PD1-10: Evaluation of SGN-LIV1a followed by AC in high-risk HER2 negative stage II/III breast cancer: Results from the I-SPY 2 TRIAL. Cancer Res. 2021, 81, PD1-10. [Google Scholar] [CrossRef]

	



Oliveira, M.; Falato, C.; Cejalvo, J.; Vila, M.M.; Tolosa, P.; Salvador-Bofill, F.; Cruz, J.; Arumi, M.; Luna, A.; Guerra, J.; et al. Patritumab deruxtecan in untreated hormone receptor-positive/HER2-negative early breast cancer: Final results from part A of the window-of-opportunity SOLTI TOT-HER3 pre-operative study. Ann. Oncol. 2023, 34, 670–680. [Google Scholar] [CrossRef] [PubMed]

	



Mosele, F.; Deluche, E.; Lusque, A.; Le Bescond, L.; Filleron, T.; Pradat, Y.; Ducoulombier, A.; Pistilli, B.; Bachelot, T.; Viret, F.; et al. Trastuzumab deruxtecan in metastatic breast cancer with variable HER2 expression: The phase 2 DAISY trial. Nat Med. 2023, 29, 2110–2120. [Google Scholar] [CrossRef]

	



Tarantino, P.; Viale, G.; Press, M.; Hu, X.; Penault-Llorca, F.; Bardia, A.; Batistatou, A.; Burstein, H.; Carey, L.; Cortes, J.; et al. ESMO expert consensus statements (ECS) on the definition, diagnosis, and management of HER2-low breast cancer. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2023, 34, 645–659. [Google Scholar] [CrossRef] [PubMed]

	



Fernandez, A.I.; Liu, M.; Bellizzi, A.; Brock, J.; Fadare, O.; Hanley, K.; Harigopal, M.; Jorns, J.M.; Kuba, M.G.; Ly, A.; et al. Examination of Low ERBB2 Protein Expression in Breast Cancer Tissue. JAMA Oncol. 2022, 8, 607–610. [Google Scholar] [CrossRef] [PubMed]

	



Miglietta, F.; Griguolo, G.; Bottosso, M.; Giarratano, T.; Mele, M.L.; Fassan, M.; Cacciatore, M.; Genovesi, E.; De Bartolo, D.; Vernaci, G.; et al. Evolution of HER2-low expression from primary to recurrent breast cancer. NPJ Breast Cancer 2021, 7, 137. [Google Scholar] [CrossRef] [PubMed]

	



Jordan, N.V.; Bardia, A.; Wittner, B.S.; Benes, C.; Ligorio, M.; Zheng, Y.; Yu, M.; Sundaresan, T.K.; Licausi, J.A.; Desai, R.; et al. HER2 expression identifies dynamic functional states within circulating breast cancer cells. Nature 2016, 537, 102–106. [Google Scholar] [CrossRef] [PubMed]

	



Tang, F.; Yang, Y.; Tang, Y.; Tang, S.; Yang, L.; Sun, B.; Jiang, B.; Dong, J.; 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. [Google Scholar] [CrossRef] [PubMed]

	



Boni, V.; Sharma, M.R.; Patnaik, A. The resurgence of antibody drug conjugates in cancer therapeutics: Novel targets and payloads. Am. Soc. Clin. Oncol. Educ. B. 2020, 40, e58–e74. [Google Scholar] [CrossRef] [PubMed]

	



Moyes, K.; Brender, T.; Smith, S.W.; Xu, H.; Setter, B.; Fan, L.-Q.; Brunette, R.; Killebrew, J.; Tan, P.; Coburn, C.; et al. Abstract 3271: A systemically administered, conditionally active TLR8 agonist for the treatment of HER2-expressing tumors. Cancer Res. 2019, 79, 3271. [Google Scholar] [CrossRef]

	



Bauss, F.; Lechmann, M.; Krippendorff, B.F.; Staack, R.; Herting, F.; Festag, M.; Imhof-Jung, S.; Hesse, F.; Pompiati, M.; Kollmorgen, G.; et al. Characterization of a re-engineered, mesothelin-targeted Pseudomonas exotoxin fusion protein for lung cancer therapy. Mol. Oncol. 2016, 10, 1317–1329. [Google Scholar] [CrossRef] [PubMed]

	



Andreev, J.; Thambi, N.; Bay, A.E.P.; Delfino, F.; Martin, J.; Kelly, M.P.; Kirshner, J.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. [Google Scholar] [CrossRef] [PubMed]

	



Abdolvahab, M.H.; Karimi, P.; Mohajeri, N.; Abedini, M.; Zare, H. Targeted drug delivery using nanobodies to deliver effective molecules to breast cancer cells: The most attractive application of nanobodies. Cancer Cell Int. 2024, 24, 67. [Google Scholar] [CrossRef] [PubMed]

	



Hammill, J.A.; VanSeggelen, H.; Helsen, C.W.; Denisova, G.F.; Evelegh, C.; Tantalo, D.G.M.; Bassett, J.D.; Bramson, J.L. Designed ankyrin repeat proteins are effective targeting elements for chimeric antigen receptors. J. Immunother. Cancer. 2015, 3, 55. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 16 01801 g001] 





Figure 1. Treatment algorithm for hormone receptor-positive, HER2-negative metastatic breast cancer patients. ET, endocrine therapy; PD, progression of disease. 
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Table 1. Phase III clinical trials of ADCs in advanced hormone receptor-positive breast cancer.
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Trial

	
Intervention

	
Comparator

	
Patients

	
Setting

	
Primary End Points

	
PFS

	
OS

	
ORR

	
AEs






	
METASTATIC BREAST CANCER




	
DESTINY-Breast04

Phase III

Randomized

Open Label

	
Trastuzumab deruxtecan

	
TPC

(eribulin, capecitabine, gemcitabine, paclitaxel, nab-paclitaxel)

	
n = 557

HER2 negative



HR positive 88.7%

HR negative 11.3%

	
≥1 previous line of HT +/− CDK4/6i and ≥1 previous chemotherapy lines in the metastatic setting

	
PFS in HR+ disease

	
HR positive:

9.6 mo (8.4–10.0) vs. 4.2 mo (3.4–4.9); HR 0.37 (95% CI 0.30–0.46)



All patients:

8.8 mo (8.3–9.8) vs. 4.2 mo (3.0–4.5); HR 0.36 (95% CI 0.29–0.45)

	
HR positive:

23.9 mo (21.7–25.2) vs. 17.6 mo (15.1–20.2); HR 0.69 (95% CI 0.55–0.87)



All patients:

22.9 mo (21.2–24.5) vs. 16.8 mo (14.1–19.5); HR 0.64 (95% CI 0.48–0.86)

	
HR positive:

52.6% (47.0–58.0) vs. 16.3% (11.0–22.8) (95% CI)



All patients:

52.3% (47.1–57.4) vs. 16.3% (11.3–22.5) (95% CI)

	
All grades:

99.5% vs. 98.3%



Grade ≥3:

52.6% vs. 67.4%




	
TROPiCS-02

Phase III

Randomized

Open Label

	
Sacituzumab govitecan

	
TPC

(eribulin, vinorelbine, capecitabine, gemcitabine)

	
n = 543

HR positive

HER2 negative



n = 217; HER2 low, n = 283)

	
≥1 previous HT, a taxane + CDK4/6i in any setting and 2–4 previous chemotherapy lines in the metastatic setting

	
PFS

	
All patients:

5.5 mo (95% CI 4.2–6.9) vs. 4.0 mo (95% CI 3.0–4.4); HR 0.65 (95% CI 0.53–0.81)



Exploratory analysis:

HER2 IHC 0:

5.0 vs. 3.4 mo; HR 0.70 (95% CI 0.51–0.98)



HER2 low:

5.8 vs. 4.2 mo; HR 0.60 (95% CI 0.44–0.82)

	
All patients:

14.5 mo (95% CI 13.0–16.0) vs. 11.2 mo (95% CI, 10.2–12.6); HR 0.79 (95% CI 0.65–0.95)



Exploratory analysis:

HER2 IHC 0:

13.6 vs. 10.8 mo; HR 0.86 (95% CI 0.63–1.13)



HER2 low:

15.4 vs. 11.5 mo; HR 0.74 (95% CI 0.57–0.97)

	
21% versus 14% (95% CI 1.03–2.56), p 0.035

	
Grade ≥3:

74% vs. 60%




	
TROPION-Breast01

Phase III

Randomized

Open Label

	
Datopotamab deruxtecan

	
TPC

(eribulin, capecitabine, vinorelbine, gemcitabine)

	
n = 700

HR positive,

HER2 negative

	
Previous HT and 1–2 previous chemotherapy lines in the metastatic setting

	
PFS, OS

	
6.9 mo (95% CI 5.7–7.4) vs. 4.9 mo (95% CI 4.2–5.5); HR 0.63 (95% CI 0.53–0.76)

	
OS data not mature

HR 0.84 (95% CI 0.62–1.14)

	
36.4% vs. 22.9%

	
All grades:

94% vs. 86%



Grade ≥3:

21% vs. 45%




	
Disitamab vedotin

(RC48-ADC) NCT04400695

Phase III

Randomized

Open Label

	
Disitamab vedotin

	
TPC

(paclitaxel, docetaxel, vinorelbine, capecitabine)

	
n = 366 (estimated)

HER2 low

	
Previous HT and 1 to 2 lines of prior chemotherapy lines in metastatic setting

	
PFS

	
Not yet reported

	
Not yet reported

	
Not yet reported

	




	
DESTINY-Breast06

Phase III

Randomized

Open Label

	
Trastuzumab deruxtecan

	
TPC

(capecitabine, paclitaxel, nab-Paclitaxel)

	
n = 886

HR positive,

HER2 low or

HER2 IHC > 0 < 1+

	
≥2 previous lines of HT +/−-targeted therapy in any setting

	
PFS in HR+, HER2-low disease

	
Not yet reported

	
Not yet reported

	
Not yet reported

	




	
ASCENT-07

Phase III

Randomized

Open Label

	
Sacituzumab govitecan

	
TPC

(paclitaxel, nab-paclitaxel, capecitabine)

	
n = 654 (estimated)

HR positive,

HER2 negative (HER2 IHC0 or HER2 low)

	
≥2 previous lines of HT +/−-targeted therapy or recurrence within 6 months of first-line HT +/− CDK4/6i or while on the first 24 months of adjuvant HT with CDK 4/6i

	
PFS

	
Not yet reported

	
Not yet reported

	
Not yet reported

	




	
EARLY BREAST CANCER




	
SASCIA

Phase III

Randomized

Open Label

	
Sacituzumab govitecan

	
TPC

(capecitabine, carboplatin, cisplatin)

	
n = 1332 (estimated)

	
ADJUVANT



HER2-negative patients with high risk of relapse

after standard NACT

For HR negative: any residual invasive disease > ypT1mi and/or ypN1> 1 mm

For HR-positive disease: a CPS+EG score ≥ 3 or CPS+EG score 2 and ypN+

	
iDFS

	
Not yet reported

	
Not yet reported

	
Not yet reported

	
SIA (n = 88)

All grades:

100% vs. 86%



Grade ≥3:

66.7% vs. 20.9%








AEs: adverse events, CI: confidence interval, HR: hazard ratio, HT: hormonal therapy, iDFS: invasive disease-free survival, NACT: neoadjuvant chemotherapy, ORR: objective response rate, OS: overall survival, PFS: progression-free survival, SIA: safety interim analysis and TPC: treatment of physician’s choice.













 





Table 2. Phase I/II clinical trials of ADCs in advanced and early stage hormone receptor-positive breast cancer.
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Trial

	
Intervention

	
Patients

	
Setting

	
Primary End Point

	
PFS

	
OS

	
ORR

	
Adverse Events






	
METASTATIC BREAST CANCER




	
DAISY

Phase II Open Label

	
Trastuzumab deruxtecan

	
n = 186

Cohort 1 (n = 72) HER2 positive

Cohort 2 (n = 74) HER2 low

Cohort 3 (n = 40) HER2 non-expressing (IHC0+)

	
At least 1 previous line of chemotherapy in metastatic setting

Additionally:

For HER2 positive: previous trastuzumab and TDM-1

For HER2 negative, HR positive: previous ET and CDK4/6i and capecitabine

	
BOR

	
Cohort 1

11.1 months (95% CI 8.5–14.4)

Cohort 2

6.7 months (95% CI 4.4–8.3)

Cohort 3

4.2 months (95% CI 2.0–5.7)

	
Cohort 1

not reached (95% CI 16.7–not reached)

Cohort 2

not reached (95% CI 11.5–not reached)

Cohort 3

11.6 months (95% CI 8.3–17.3)

	
Cohort 1

70.6% (95% CI, 58.3–81)

Cohort 2

37.5% (95% CI, 26.4–49.7)

Cohort 3

29.7% (95% CI 15.9–47)

	
All grade:

Cohort 1 98.5%

Cohort 2 98.6%

Cohort 3 89.5%



Grade ≥3:

Cohort 1 33.8%

Cohort 2 39.7%

Cohort 3 31.6%




	
DEBBRAH

Phase II Open Label

	
Trastuzumab deruxtecan

	
Cohorts 1 and 3: HER2 positive

Cohort 4: HER2 low

Cohorts 2 and 5: HER2 positive and HER2 low



	
For HER2 positive, previous taxane and at least one HER2-targeted therapy for advanced disease

For HER2 low/HR negative, at least one previous chemotherapy regimen

For HER2 low/HR+, at least one chemotherapy and one HT in the metastatic setting

	
Cohort 1: 16 weeks PFS

Cohort 2, 3, 4: ORR-IC

Cohort 5: OS

	
No results for HER2 low yet

	
No results for HER2 low yet

	
No results for HER2 low yet

	
Grade ≥ 3:

28.6–52.4%




	
Cohort 1: Treated BM stable after local intervention *

Cohort 2: Asymptomatic BM without clinical requirement for local intervention *

Cohorts 3 and 4: New and/or progressive BM following previous local intervention *

Cohort 5: LMC with positive CSF cytology




	
Saci-IO HR+

Phase II Randomized Open Label

	
Sazcituzumab govitecan

vs.

Sazcituzumab govitecan + Pembrolizumab

	
n = 110 (estimated)

HER2 negative,

HR positive

	
At least 1 prior HT and ≤1 prior chemotherapy for HR+ metastatic setting

	
PFS

	
Not yet reported

	
Not yet reported

	
Not yet reported

	




	
ICARUS-BREAST01

Phase II

Open Label

	
Patritumab deruxtecan

(U3-1402) (HER3-DXd)

	
n = 56

HER2 negative,

HR positive

	
Progression on HT and CDK4/6i (+/−-targeted therapies) and one previous chemotherapy in the metastatic setting

	
ORR

	
Not yet reported

	
Not yet reported

	
3m-RR 28.6%

	
All grade

fatigue (89.3%), nausea (76.8%)



Grade ≥ 3:

fatigue (14.0%)

Confirmed ILD: 1 Grade1 (1.8%)




	
DESTINY-Pantumor01

Phase II

Open label

	
Trastuzumab deruxtecan

	
n = 102

HER2-mutated advanced solid tumors EXCEPT HER2-positive breast, gastric or gastroesophageal junction adenocarcinoma or HER2-mutant NSCLC

Breast cancer cohort (n = 20)

	
Progression following prior treatment or no satisfactory alternative treatment options, including approved second-line therapies in the specific tumor type

	
ORR

	
All patients

5.4 months (95% CI 2.7–7.1)

	
Not yet reported

	
ORR

All patients: 29.4%

Breast cancer 50%

	
Grade ≥ 3:

51%



ILD 10.8%

(Grade 3 n = 1;

Grade 5 n = 2)




	
DESTINY-Breast08

Phase Ib Open Label

	
Trastuzumab deruxtecan combos

Module 1: T-DXd +