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Ado-trastuzumab emtansine (T-DM1) is an antibody–drug conjugate approved by the FDA in 2013 for advanced HER2-positive breast cancer treatment exhibiting promising clinical benefits. However, HER2 overexpression and gene amplification have also been reported in other cancers like gastric cancer, non-small cell lung cancer (NSCLC), and colorectal cancer. Numerous preclinical studies have also revealed the significant antitumor effect of T-DM1 on HER2-positive tumors. With the advancement in research, several clinical trials have been conducted to investigate the antitumor effect of T-DM1. In this review, we briefly introduced the pharmacological effects of T-DM1. We reviewed its preclinical and clinical studies, especially on other HER2-positive cancers, establishing what has been encountered between its preclinical and clinical studies. In clinical studies, we found that T-DM1 has a therapeutic value on other cancers. An insignificant effect was observed on gastric cancer and NSCLC, inconsistent with the preclinical studies.
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1 INTRODUCTION
Breast cancer (BC) is the leading cause of cancer incidence worldwide, affecting nearly 2.3 million people and causing nearly 680,000 deaths each year. Although the treatment of BC has improved after the advent of targeted therapy, it remains a serious disease worldwide (Sung et al., 2021). In clinical studies, the early treatment of BC was mainly through cytotoxic chemotherapy (Tinoco et al., 2013), which has many limitations (Chiuten et al., 1983). According to the immunophenotypic classification, BC is categorized into hormone receptor-positive (including estrogen receptor and progesterone receptors), HER2 overexpressed BC, and triple-negative breast cancer (TNBC) (Hammond et al., 2010; Garrido-Castro et al., 2019). HER2+ BC is one of the more aggressive BC phenotypes among all BC phenotypes. HER2 is an ErbBs or type I receptor tyrosine kinase family member, also known as ErbB-2 and Neu, structurally related to the epidermal growth factor receptor (EGFR) (Elizalde et al., 2016). The HER2 gene encodes a 185-kDa heavy transmembrane glycoprotein, composed of an extracellular ligand-binding domain, a transmembrane domain, and an intracellular receptor domain (Schlessinger, 2002). In 1983, Slamon et al. (1987) first found that the HER2 gene was amplified in human BC cell lines; this aspect was studied over the past 4 decades. Several studies have shown that HER2 regulates cell proliferation, tumor growth, cell migration, invasion, and angiogenesis through phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase pathways (Atalay et al., 2003; Riecke and Witzel, 2020). Immunohistochemical analysis exhibited that overexpression of HER2 in BC cells could increase the number of HER2 receptors in each cell to nearly 2 million (Derakhshani et al., 2020). Targeted therapy with HER2, especially with the HER2 antibody trastuzumab, has become the standard treatment for HER2+BC. Trastuzumab, a drug with successful implications in targeted therapy, shows an antitumor effect on breast cancer with HER2 overexpression, while having no significant effect on tumors with normal HER2 expression (Cameron et al., 2017; Tolaney et al., 2019; Derakhshani et al., 2020). However, clinical studies revealed serious acquired resistance to trastuzumab in its clinical use (Vivekanandhan and Knutson, 2022), restricting the clinical use of trastuzumab, and a new drug is urgently required to solve this problem.
With the unremitting efforts of researchers, an antibody–drug conjugate (ADC) named ado-trastuzumab emtansine (T-DM1 or Kadcyla), with a powerful antitumor effect, has been developed. In 2020, Montemurro et al. (2020) conducted the KAMILLA study involving 398 patients with HER2+ advanced or brain–metastatic breast cancer and yielded promising results, pointing toward the potential of T-DM1 in treating HER2+ metastatic BC. Conferring to the results of clinical studies, T-DM1 shows a strong antitumor effect, and it can obtain encouraging results in treating BC and mBC (Clark et al., 2021; Daniels et al., 2021). Interestingly, HER2 overexpression is not limited to BC. Genome sequencing has revealed the presence of HER2 amplification in other types of solid tumors, which has inspired more research in this direction. More recently, studies have shown the therapeutic effect of T-DM1 on not only HER2+ BC but also on other HER2+ cancers (Table 1) (Peters et al., 2019; Rinnerthaler et al., 2019).
TABLE 1 | Clinical trials of T-DM1 in various cancers.
[image: Table 1]To illustrate and provide practical evidence of the antitumor effects of T-DM1 in other cancers, we collected, summarized, and reviewed the most relevant literature in the past 5 years, aiming for the significant therapeutic potential of T-DM1 on all types of cancer treatment in PubMed, Web of Science, etc (Dhillon, 2022). Duplicate articles and articles with similar results were excluded. Finally, 96 articles were included after reading the titles, abstracts, and complete manuscripts.
2 T-DM1 IS AN ANTIBODY DRUG APPROVED BY THE FDA FOR BREAST CANCER TREATMENT TYPES
2.1 The clinical indication of T-DM1
T-DM1 is a novel ADC that was first approved by the Food and Drug Administration (FDA) and European Medicines Agency (EMA) in 2013 for metastatic breast cancer (mBC) treatment (Amiri-Kordestani et al., 2014). In phase III, the EMILIA study involved patients with HER2+ mBC previously treated with trastuzumab and taxane, and T-DM1 significantly improved progression-free survival (PFS) and overall survival (OS) compared with combination therapy consisting of capecitabine and lapatinib (Verma et al., 2012). In an interim analysis of the KATHERINE trial involving patients with HER2-positive early breast cancer (EBC) and residual invasive disease in the breast or axilla after neoadjuvant therapy with trastuzumab and taxane, T-DM1 provided better prognosis than trastuzumab in these patients (von Minckwitz et al., 2019). Based on this result, the FDA approved T-DM1 as adjuvant therapy for patients with HER2-positive EBC (Hunter et al., 2020).
2.2 The mechanism of T-DM1
T-DM1 comprises three components: trastuzumab, linker, and cytotoxic payload—small-molecule microtubule inhibitor DM1 (Xu et al., 2019). As mentioned previously, trastuzumab has a satisfactory targeting effect on the HER2 receptor, but its killing effect on tumor cells is not strong enough due to the acquired drug resistance to trastuzumab. DM1, a small-molecule microtubule inhibitor, is a derivative of maytansine. Maytansine has been found to have a strong killing effect on tumor cells (Lambert and Chari, 2014). However, maytansine can cause a series of side effects in normal tissue cells due to its low selectivity (Xu et al., 2019). Scientists obtain the essence and discard the dregs, adding a sulfhydryl functional group to maytansine (for easier formation of antibody–drug conjugates) and coupling trastuzumab to DM1 with a stable linker-heterobifunctional agent 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC), which can release effective loads specifically on specific target cells (Su et al., 2021). It was shown that even trastuzumab had undergone MCC derivations and retained its original mechanism of action against the HER2 receptor (Junttila et al., 2011).
The antitumor mechanism of T-DM1 is two-fold. First, it retains the antitumor mechanisms of the humanized monoclonal antibody trastuzumab: HER2 signaling inhibition, inhibition of HER2 extracellular domain shedding, and mediation of antibody-dependent cell-mediated cytotoxicity (ADCC). In addition, through DM1-mediated cytotoxicity, T-DM1 partially binds to HER2, specifically through trastuzumab to form the HER2–T-DM1 complex (Barok et al., 2014), which is then internalized into early endosomes via receptor-mediated endocytosis. A fraction of the internalized vesicles mature to deliver the T-DM1 receptor complex to cell lysosomes, and the HER2–T-DM1 complex in the other fraction of vesicles is recycled back to the plasma membrane (Figure 1) (Hunter et al., 2020). In the lysosome, trastuzumab is proteolytically degraded to liberate the lysine–MCC–DM1 moiety (Barok et al., 2014; Hunter et al., 2020). Next, the lysine–MCC–DM1 moiety will enter the cytoplasm to exert cytotoxic effects, but because the lysine–MCC–DM1 moiety is structurally a lysine derivative with a positive charge at physiological pH, it cannot pass directly over the lysosomal membrane structure by osmosis (Erickson et al., 2006). The lysine–MCC–DM1 moiety must be transported into the cytoplasm by various lysosomal membrane transporters to exert cytotoxic effects (Hamblett et al., 2015). After entering the cytoplasm, the lysine–MCC–DM1 moiety plays a similar role to that of vinca alkaloid vincristine, which can effectively bind to tubulin, and then prevent the polymerization of tubulin, leading to failure of spindle assembly, cell cycle arrest in the metaphase, multinucleated cells and abnormal mitoses, and finally leading to mitotic catastrophe (Issell and Crooke, 1978).
[image: Figure 1]FIGURE 1 | Mechanisms of the action of T-DM1.
3 ONCOGENIC ACTIVATION OF HER2
A low expression of HER2 in normal tissue cells of the human body is usually inevitable for the development of the liver, kidney, breast, lung, ovary, central nervous system, and other tissues (Maximiano et al., 2016). There are three main mechanisms of oncogenic activation of HER2: first, overexpression and amplification of HER2; second, HER2 receptor mutation activation; third, inhibition of phosphatase activity (Herter-Sprie et al., 2013). Among them, HER2 amplification and overexpression are the most common oncogenic activation mechanisms of HER2 in cancer (Mishra et al., 2017). Due to the good targeting effect on HER2 and cytotoxicity, T-DM1 has made remarkable achievements in treating HER2-positive BC.
4 T-DM1 PLAYS A PROMISING THERAPEUTIC ROLE ON OTHER TYPES OF CANCER
4.1 Gastric cancer
As one of the most malignant tumors among all cancer types, gastric cancer (GC) ranks fifth in incidence and fourth in case fatality; more than 1 million new cases of GC were reported in 2020. It was estimated that about 769,000 people died from GC, which means that every 13 deaths worldwide contained one GC case in 2020 (Sung et al., 2021). Studies have shown that HER2 overexpression or amplification was observed in 20% of GC patients, and the HER2-positive rate of gastroesophageal junction (GEJ) cancer (32.2%) was higher than that of gastric tumors (21.4%) (Van Cutsem et al., 2015).
Therefore, early studies have been conducted to determine the effects of T-DM1 in GC. In 2011, Barok et al. (2011) obtained encouraging results using four human GC cell lines: OE-19, MKN-7, N-87, and SNU-216. They confirmed HER2 gene amplification in all four cell lines through fluorescence in situ hybridization (FISH) analysis. Moreover, the flow cytometry assay exhibited the overexpression of HER2 protein in N-87 and OE-19, similar to the BC cell line SKBR-3. However, about 1/3 was detected in MKN-7 and SNU-216 cells. In addition, the results first elucidated the therapeutic potential of T-DM1 on HER2+ GC in vitro and indicated that T-DM1 had a better antiHER2+ GC bioactivity than trastuzumab. Following it, Yamashita-Kashima et al. (2013) investigated whether a combination of pertuzumab and T-DM1 would enhance the antitumor effect of T-DM1 in vivo, by utilizing five human GC cell lines: NCI-N87, SNU-16, SCH, MKN-28, and 4-1ST to construct GC xenograft models. They found overexpression of the HER2 gene in NCI-N87, 4-1ST, and SCH cell lines (IHC3+ or 2+, FISH+: HER2/CEP17 ratio 2.0) and low expression in SNU-16 and MKN-28 cell lines (IHC 1+ or 0, FISH+: HER2/CEP17 ratio 2.0). The results indicated that 20 mg/kg of T-DM1 exhibited significant antitumor activity, with tumor volume reduction observed in the HER2-upregulation group, but not in the HER2-downregulation group. Thus, they used a positive control with T-DM1 to evaluate the efficacy of the combination therapy of T-DM1 and pertuzumab. The combination of T-DM1 and pertuzumab showed notably enhanced antitumor activity (p < 0.05) by enhancing the signaling inhibition of the HER family. Furthermore, the antitumor efficacy of T-DM1 against NCI-N87 was much stronger than that of trastuzumab used at the maximum effective dose in previous studies (Fujimoto-Ouchi et al., 2007). In SCH cells, trastuzumab did not produce a significant antitumor effect; conversely, T-DM1 could significantly inhibit tumor cell growth. In addition, the combination also potentiated the reduction in the normalized cell index induced by T-DM1 or pertuzumab, enhancing ADCC activity in vitro.
However, when researchers supposed that T-DM1 could be used as a second-line drug for the clinical treatment of HER2+ GC, resistance to T-DM1 was observed in GC. Thuss-Patience et al. (2017) conducted a clinical trial called GATSBY. GATSBY was a three-arm, randomized, open-label, adaptive, and phase 2/3 global study. GATSBY was designed to determine the difference in safety and efficacy between taxane and T-DM1 in previously treated patients with HER2-positive advanced GC. The GATSBY trial was carefully designed, consisting of two parts: the purpose of the phase 2 study was to establish the most suitable T-DM1 dosing regimen from the two T-DM1 dosing regimens, laying the foundation for the phase 3 trial. The phase 3 study was designed to investigate the efficacy and safety of this dose of T-DM1 as compared to that of taxane. In STAGE 1, in the phase 2 study, patients were randomly assigned to the following treatment groups (2:2:1), low-dose T-DM1 group: 3.6 mg/kg every 3 weeks T-DM1; high-dose T-DM1 group: 2.4 mg/kg weekly; T-DM1 taxane monotherapy group: the physician’s choice of taxane (intravenous docetaxel [75 mg/m2 every 3 weeks] or intravenous paclitaxel [80 mg/m2 every week]) and two administration doses of T-DM1 (2.4 mg/kg weekly compared with 3.6 mg/kg every 3 weeks) were investigated in this phase. In the phase 3 study, patients were randomly assigned to treatment groups (2:1) to receive either T-DM1 (2.4 mg/kg weekly) or the physician’s choice of taxane treatment. The phase 3 study was designed to compare the efficacy and safety of the selected doses of T-DM1 with those of taxanes. The primary endpoint was overall survival (OS). The secondary endpoint was median progression-free survival (PFS). At the end of the experiment, T-DM1 did not show OS superiority. Median OS was 7.9 months (95% CI 6.7–9.5) in the 2.4 mg/kg weekly T-DM1 group and 8.6 months (7.1–11.2) in the taxane group (HR 1.15, 95% CI 0.87–1.51, p = 0.86). Median PFS: 2.7 (in the T-DM1 group) (95% CI 1.6–2.7) vs. 2.9 months (in the taxane group) (HR, 1.13, 0.89–1.43, and p = 0.31); no significant difference in the objective response rate (ORR) was observed between the two groups. Unfortunately, T-DM1 did not produce the expected effects, despite having a safety profile consistent with its use in metastatic BC; furthermore, there are no data showing the benefit of T-DM1 in patients with HER2-positive advanced GC.
Peter C Thuss-Patience et al. provided some explanations for this result: First, for some reasons, such as discordant HER2 expression between the primary tumor and the metastatic tumor (Peng et al., 2015) or varying HER2 expression after first-line chemotherapy with or without trastuzumab in metastatic disease (Ishimine et al., 2015), the molecular profile of the tumor was altered. Furthermore, it could then lead to alterations and loss of HER2 during progression. Second, GC is a heterogeneous disease. Different from BC, the incidence of heterogeneity in GC is much higher than that in BC (Rüschoff et al., 2012), and the heterogeneous expression of HER2 may affect the activity of trastuzumab since the nature of the non-cleavable linker does not allow bystander activity (i.e., the production of catabolic metabolites that are cytotoxic to neighboring tumor cells). Third, the authors noted that cancer patients are prone to develop resistance to T-DM1, and studies by Loganzo et al. (2015) revealed that tumor cells develop resistance with different mechanisms after long-term administration of T-DM1. In terms of the DM1 fraction, GC itself was susceptible to DM1 resistance, and several studies have shown that microtubule inhibitors (such as vinorelbine and taxane) are much less active in GC patients than in other cancers (Kulke et al., 2006; Galletti et al., 2020). Since DM1 binds to tubulin in cells, altered or mutated tubulin may also affect the response to T-DM1 (Kavallaris, 2010). Another major mechanism is the multidrug resistance (MDR) mechanism; MDR1 (also known as P-glycoprotein) is an ATP-dependent transporter that mediates the efflux of drugs and toxins in cells. This mechanism allows the drug to escape toxic effects by directly pumping the drug out of the cell before it reaches its target (Kavallaris et al., 2008). Considering T-DM1 as a whole, there are multiple mechanisms for the resistance of tumor cells to T-DM1, including inefficient internalization of the HER2-T-DM1 complex, defective endosomal trafficking after internalization, and further insufficient lysosomal degradation (Barok et al., 2014).
4.2 Non-small cell lung cancer
More than 80% of lung cancer (LC) patients are smokers, making LC a high-incidence disease with a high mortality rate. It principally consists of small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC) (Molina et al., 2008). NSCLC patients account for a large proportion, i.e., 85% of LC patients. Lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) are two common subtypes of NSCLC (Molina et al., 2008; Herbst et al., 2018). As a basic measure of cancer treatment, chemotherapy was proven to be effective, but due to its narrow therapeutic index and non-specific cytotoxic effect, clinical research on targeted therapy for NSCLC had commenced (Wang et al., 2022). Human epidermal growth factor-tyrosine kinase inhibitors (EGFR-TKIs), such as gefitinib, erlotinib, and afatinib, can be used in NSCLC patients with activating EGFR receptor mutations (Akamatsu et al., 2019). Various studies have shown that trastuzumab, alone or in combination with other chemotherapeutic agents, including cisplatin, gemcitabine, docetaxel, and paclitaxel, was effective in treating patients with HER2-mutated NSCLC, and it significantly improved the survival (Zinner et al., 2002; Mazieres et al., 2022). However, a majority of patients develop resistance to trastuzumab and EGFR-TKIs, and new drugs are urgently needed.
Following the discovery of HER2 receptor amplification in BC and GC, the amplification, overexpression, and mutation of the HER2 receptor have also been identified in NSCLC, and recent literature confirmed that its frequency was 2%–5%, 10%–15%, and 1%–4%, respectively (Huang et al., 2020). However, unlike BC and GC, many years ago, there were different methods for testing HER2 receptors in LC, and all of them had different criteria. The boundaries of HER2 positivity, amplification, and overexpression in LC were unclear (Bontoux et al., 2022). In most clinical practices, next-generation sequencing (NGS) was used to test HER2 gene amplification, but there is no unified standard to define the results of NGS; the gold standard for HER2 gene amplification remains ISH (Ren et al., 2022) as well as IHC staining for HER2 overexpression (defined as IHC0 or 1+ is HER2 negative, and IHC2+ or IHC3+ is HER2 positive). For HER2 mutational activation in LC, pathways used to estimate HER2 mutations include Sanger sequencing, NGS, and reverse-transcription polymerase chain reaction (RT-PCR) (Imyanitov et al., 2021; Ren et al., 2022). In NSCLC, HER2 mutational activation occurs in approximately 5% of patients with NSCLC, including exon 20 insertions and point mutations, both in the kinase domain (Stephens et al., 2004). HER2 mutations occur predominantly in exon 20 insertions (approximately 95%), expressed as insertions or deletions, with the Y772dupYVMA mutation being the most common HER2 mutation (Stephens et al., 2004; Riudavets et al., 2021).
In 2014, Daniele Cretella et al. conducted an in vivo and in vitro study to explore the role of T-DM1 in HER2-overexpressing NSCLC cell lines. They first obtained the expression of HER2 protein in individual cells by immunoblotting cell lysates from a panel of NSCLC cell lines (including H3255, Calu-6, and Calu-3). Three of these NSCLC cells, Calu-3 (very high expression of HER2 protein), H3255 (strong expression of HER2), and Calu-6 (weak expression of HER2), were selected for the study. After T-DM1 was applied to these three cell lines, significant results were obtained. T-DM1 showed a stronger antiproliferation effect in HER2-overexpressing Calu-3 cells. No obvious effect was seen after T-DM1 treatment of Calu-6 cells with low levels of HER2 expression, and intermediate results were observed in H3255 cells. Simultaneously, Daniele Cretella et al. also studied the H1781 cell line carrying the mutant HER2 (G776insV_G/C) and showed that the sensitivity of H1781 to drugs was not affected by the mutant receptor. Daniele Cretella mentioned that T-DM1 sensitivity is closely related to cell surface HER2 expression and ruled out the hypothesis that the differential effect of T-DM1 could be attributed to differential sensitivity to the microtubule polymerization inhibitor DM1. In subsequent experiments, it was found that T-DM1 retained natural killer cell (NK)-mediated ADCC, T-DM1 also affected the cell cycle and caused an increase in the proportion of cells in G2-M phase and a decrease in G1 and S phases, and no change in cell cycle distribution was observed in trastuzumab-treated cells. The potent targeted therapeutic effect of T-DM1 was studied by Daniele Cretella et al. They also studied the effect of T-DM1 on a gefitinib-resistant HER2-overexpressing PC9 cell line. Overexpression of HER2 tremendously heightens the efficacy of T-DM1. The inhibition of cell viability was 40% at 1 μg/mL. Decreased AKT and p70S6K phosphorylation was observed after 48 h of treatment with T-DM1, suggesting that T-DM1 may improve gefitinib treatment. Interestingly, Daniele Cretella et al. investigated the relationship between the in vivo activity of T-DM1 and tumor size by seeding mice with 4 × 106 or 8 × 106 Calu-3 cells, and the tumors were clearly visible. Trastuzumab (15 mg/kg i. p.) or T-DM1 (15 mg/kg i. v.) was administered every 6 days. The results showed that both T-DM1 and trastuzumab significantly inhibited tumor growth in small tumors. However, in large-volume tumors, trastuzumab does not express satisfactory antitumor effects compared with the control group given solvent, and there was no significant difference between the two groups. Conversely, T-DM1 showed an unexpected therapeutic effect in bulky tumors, significantly reducing tumor growth compared with the control group. In response to this result, Daniele Cretella et al. demonstrated that tumor cells that make up small tumors exhibit a higher degree and intensity of HER2 immunolabeling than large tumors. The experiment by Daniele Cretella et al. suggests that even in the case of resistance to EGFR-TKIs, T-DM1 may provide a new therapeutic strategy for NSCLC with HER2 overexpression (Cretella et al., 2014). These experimental results show that T-DM1 may be an efficacious and novel drug for treating LC with HER2 gene mutation or amplification and has a more significant therapeutic effect on cancers with HER2 mutation.
In 2017, La Monica et al. (2017) found that T-DM1 synergizes third-generation EGFR-TKI in combination treatment of EGFR-mutation-activated NSCLC cell lines. Silvia La Monica et al. treated PC9 cell lines (characterized by E746-A750 deletion) and PC9-T790 M cell lines (characterized by E746-A750 deletion and T790M mutation) (produced by exposing PC9 cells to high concentrations of gefitinib) carrying in-frame deletions in exon 19 of the EGFR gene with osimertinib and observed that the drug showed strong antitumor effects on those two cancer cell lines. The IC50 values of PC9 and PC9-T790 M cells were 14.4 ± 2.3 and 7.6 ± 0.5 nM, respectively. Flow cytometry analysis showed that the plasma membrane EGFR level was not significantly upregulated after osimertinib treatment. Conversely, in PC9 and PC9-T790 M cells, osimertinib enhanced HER2 expression on cell membranes, and this effect was positively correlated with dose and time. This result is undoubtedly suggestive of a possible interaction between osimertinib and T-DM1. Based on this result, Silvia La Monica et al. investigated the effects of the combination of osimertinib and T-DM1 on cell growth, death, and antibody-dependent cell-mediated cytotoxicity (ADCC). PC9 cells and PC9-T790 M cells were treated with 2.5 μg/mL or 1.5 μg/ml T-DM1 after 72 h of pretreatment of osimertinib, and MTT results observed additive inhibition of cell proliferation in the combination treatment group, which would reduce cancer cell proliferation only within a single utilization. In addition, the presence of IL-2-activated NK cells in PC9-T790 M cells pretreated with osimertinib significantly enhanced T-DM1-dependent cytotoxicity, implying that osimertinib may improve the efficacy of T-DM1 in vivo. Some studies have suggested that HER2 amplification is a mechanism of resistance to osimertinib in cancer patients (Planchard et al., 2015). This concept was also confirmed in another study by Silvia La Monica et al. An assay was performed by treating PC9 and PC9/HER2c1 cells (obtained by stable transfection of PC9 cells with a HER-2 expression vector) with high concentrations of osimertinib. The rate of proliferation of both cell types was then assessed 72 h later. HER2 overexpression was found to reduce sensitivity to osimertinib significantly. Dose–response curves of osimertinib in the presence of fixed concentrations of T-DM1 showed synergistic effects. Western blot analysis showed that combining the two drugs was much more effective than the use of a single drug. These included significant inhibition of HER2 phosphorylation and enhanced activation of AKT and MAPK pathways. To further demonstrate the significant antitumor effect of T-DM1 combined with osimertinib, Silvia La Monica et al. conducted in vivo experiments in which PC9/HER2c1 cells were inoculated subcutaneously into the back of BALB/c nude mice. Animals were randomly divided into four groups, and each group received different drugs (saline, osimertinib, T-DM1, or a combination of the two drugs). Osimertinib was administered orally at a dose of 10 mg/kg, and T-DM1 was administered intraperitoneally at a dose of 15 mg/kg. The results completely intersected with our expectations, and T-DM1 significantly inhibited tumor growth. Moreover, the tumor growth was completely suppressed in the two-drug combination group. The remarkable therapeutic effect of T-DM1 combined with osimertinib in EGFR-mutated or HER2-overexpressing NSCLC cell lines was shown by Silvia La Monica et al. and validated by several other researchers over the years. Clinical trials were conducted by Katsuyuki Hotta et al. and Bob T Li et al.
In a phase II study designed by Hotta et al. (2018), the effect of T-DM1 on HER2-positive NSCLC was investigated. Eligible patients had an IHC score of 3+, IHC2+ and FISH+ (median ratio of HER2 to chromosome 17 copy number = 2), and an exon 20 insertion mutation. A total of 15 patients with LC were enrolled. The trial showed that 1 of 15 patients responded to T-DM1, and the ORR was 6.7% (90% CI: 0.2%–32.0% and 95% CI: 0.3%–27.9%). No tumor reduction was observed in the subgroup of tumors with IHC score 3+ or IHC2+/FISH+, the median PFS time was 2.0 months (95% CI: 1.4–4.0), and the median OS time was 10.9 months. All adverse effects that occurred during the course of the experiment were known, mainly thrombocytopenia (40%) and hepatotoxicity (20%). T-DM1 did not exhibit a significant therapeutic effect in patients with HER2-positive NSCLC, contrary to the conclusions drawn from cellular and animal studies and in contrast to gastric cancer, which showed similar results. The therapeutic effect of T-DM1 in humans is significantly different from the effect of the drug on cells. The specific reason is unknown, but Katsuyuki Hotta et al. pointed out that this may be due to the heterogeneity of tumors. Similar to gastric cancer, NSCLC also shows a high incidence of heterogeneity, and another study pointed out that about 30% of NSCLC cases show heterogeneity (Kobyakov et al., 2015). The other reason for this effect may be the “selective” effect of T-DM1, not simply the targeting of HER2 by T-DM1, but the selective killing of strongly staining cells throughout the tumor by T-DM1, and the survival and proliferation of weakly staining tumor cells that cannot be selected by T-DM1. This study is too small and has many other limitations to answer all our questions. After this research, many clinical trials were conducted to prove the potential of T-DM1. However, the trials could not achieve satisfactory results, implying that the research of T-DM1 in NSCLC has reached a bottleneck.
However, things transformed a bit after the trial by Li et al. (2018). In this single-center, T-DM1 phase II basket trial, patients with IV LC or LC with recurrent HER2 gene mutations detected by NGS were included. Every 21 days, patients received T-DM1 at a dose of 3.6 mg/kg intravenously until disease progression or unacceptable toxicity. A total of 18 patients were screened, and the ORR was 44% (95% CI, 22%–69%) with three of 18 patients (17%) showing disease progression as the best response. Median PFS was 5 months (95% CI, 3–9 months) for all patients; meanwhile, it was 6 months (95% CI, 4 months to not reached) for responders, with the longest PFS observed (11+ months) in patients with stable disease, where the best response was 27% tumor shrinkage. The results of this trial, with stable disease in 39% of the patients, include disease control lasting more than 11 months, which has not been observed in the previous clinical trial, demonstrating the efficacy of T-DM1 and providing insight into the future of drug development in this field. Previous studies have used IHC staining as a criterion based on experience in breast cancer and gastric cancer. For T-DM1 to work, tumor cells need to exhibit HER2 overexpression, making sense to apply this rule to LC. However, this study reveals that HER2 IHC may not be a desirable biomarker for LC. Numerous studies have shown that mutations activate the EGFR, and this discovery led to the approval of many cancer gene-targeted therapies, which altered cancer treatment worldwide. HER2-activating mutations have shown promising therapeutic targets, and next-generation sequencing should be more widely used in evaluating NSCLC.
Based on the experimental results of Bob t li et al., Solange Peters conducted a multicenter, single-group trial (trial registration NCT02289833) to investigate the efficacy and safety of T-DM1 in patients previously treated for HER2-overexpressing metastatic NSCLC (Peters et al., 2019). Patients with HER2-positive (IHC2+ or 3+), and with HER2 mutations detected by NGS, were eligible for the trial. The study enrolled 49 patients and divided them into two cohorts, IHC2+ (n = 29) and IHC3+ (n = 20). Cancer patients received T-DM1 at a dose of 3.6 mg/kg intravenously every 3 weeks, until investigator-assessed disease progression, uncontrolled toxicity, or study termination. The results showed that in the IHC 2+ cohort, there was no treatment response; eight out of 29 patients (28%) had stable disease (SD), 16 (55%) had disease progression (PD), and five out of 29 patients could not be evaluated (17%); in the IHC3+ cohort, the ORR was 20% (95% CI, 5.7%–43.7%); four out of 20 patients (20%) achieved partial response (PR), four patients (20%) achieved SD, 11 patients (55%) achieved PD, and one patient (5%) died before the first planned tumor evaluation. In IHC2+ and 3+ cohorts, the median PFS was 2.6 months (95% CI, 1.4–2.8) and 2.7 months (95% CI, 1.4–8.3), respectively. The median OS was 12.2 months (95% CI, 3.8–23.3) and 15.3 months (95% CI, 4.1-Not Estimable), respectively. These results indicate that patients with IHC3+ tumors had objective responses, whereas no responses were observed in the IHC2+ cohort. Interpretation of these results is limited due to a small number of patients enrolled and fewer patients in each molecular subgroup. Therefore, the NCT02675829 basket trial results further validate and support the potential antitumor effects of T-DM1 in advanced NSCLC characterized by HER2 oncogenic alterations.
In a recent study, Iwama et al. (2022) explored the role of T-DM1 in patients with NSCLC whose HER2 was activated by an ex vivo exon 20 insertion mutation, which is detected by NGS. Patients with histologically or cytologically confirmed stage III or IV LUAD or positive HER2 exon 20 insertion mutation tests were included in the study. The 21 patients enrolled received intravenous infusions of T-DM1 (3.6 mg/kg) every 21 days. Of these 21 patients, 11 (52.4%) had a reduction in tumor size from baseline, of whom eight (38.1%) had a partial response and three (14.3%) had SD. Thus, the ORR and disease control rates were 38.1% (90% CI, 23.0%–55.9%, p = 0.2091) and 52.4% (90% CI, 35.2%–69.0%), respectively. The median PFS was 2.8 months (95% CI, 1.4–4.4 months), and the median OS was 8.1 months (95% CI, 3.5–13.2 months); a significant response was observed in this study consistent with that observed in Bob T li’s study (ORR 38.1%). In addition, the data showed that the incidence of adverse events of grade 3 or higher was low throughout the trial, and T-DM1 is expected to be a potential therapeutic drug for such mutations. Despite the excellent efficacy of T-DM1 for this mutation, nearly half of the patients still do not respond to the drug, so new biomarkers are desirable to improve the efficacy of NSCLC with this mutation.
4.3 Colorectal cancer
Colorectal cancer (CRC) is a serious disease that is common in both men and women. According to the statistics, there were nearly 1.9 million new cases in 2020, and 930,000 people died of colorectal cancer in the same year, accounting for about one in 10 cancer cases and deaths (Sung et al., 2021). After years of efforts, although improved screening, solvability, and awareness of CRC increased the number of nonmetastatic cases, combinations of molecular therapies (including bevacizumab, cetuximab, panitumumab, aflibercept, and regorafenib) and other cytotoxic agents have doubled the chances of surviving CRC. However, as for metastatic colorectal cancer (mCRC), approximately a quarter of CRC patients were diagnosed at stage IV; thus, identifying new therapies and therapeutic advances in the field became crucial (Afrăsânie et al., 2019). In mCRC, approximately 6% of patients reported HER2 gene amplification and protein overexpression, but only 4% of patients showed activated HER2-receptor tyrosine kinase mutations (Seo et al., 2014; Parikh et al., 2017). Moreover, HER2 overexpression was also detected in CRC in different studies, varying from 0.5% to 40% (Essapen et al., 2004; Kruszewski et al., 2010; Ingold Heppner et al., 2014). A recent study proves that HER2 may also be an ideal target in CRC, leading to unexpected effects. This study points to the need for further preclinical studies and clinical trials, and consistently, favorable treatment response was observed in patients with HER2-targeted amplification cancer in clinical trials; this study increases the feasibility of the HER2-targeted CRC treatment strategy (Mangiapane et al., 2022). Multiple case reports have observed tumor shrinkage and clinical benefits in colorectal cancer patients who were treated with T-DM1, suggesting its potential in CRC (Haslem et al., 2017; Parikh et al., 2017; Sandhu et al., 2020). In 2020, Chung et al. (2020) conducted a cellular experiment to evaluate the effects of T-DM1 on colon cancer and its relationship with metformin in improving the efficacy of T-DM1 through caveolin-1-mediated endocytosis. In this study, three colon cancer cell lines (SW48, HT-29, and LS174T) were used. Among them, LS174T highly expressed HER-2; HT-29 and LS174T were BRAF- and KRAS-mutated, respectively; and SW48 was wild-type colon cancer cells with high expression of EGFR. Cetuximab, trastuzumab, and T-DM1 were added to the three types of colon cancer cells, respectively. The effects of cetuximab, trastuzumab, and T-DM1 on the growth and apoptosis of the cancer cells were detected after 72 h of incubation. The results showed that cetuximab had a significant influence on SW48 cells, but HT-29 and LS174T cells were resistant to it. In addition, treatment of colon cancer cells with trastuzumab plus T-DM1 showed a synergistic effect, with a stronger inhibitory effect than that of T-DM1 alone, especially LS174T cells, which showed high HER2 expression and had better sensitivity. Moreover, the number of apoptotic cells also increased in the LS174T group, which was not observed in all three groups at the same cell level even when treated with high trastuzumab concentration (10 μg/mL). To further verify the effects of T-DM1 on HER2-positive colon cancer cells, Yuan-Chiang Chung et al. performed an in vivo experiment in which SW48, HT-29, and LS174T cells were subcutaneously transplanted, constructing a xenograft nude mouse model. The results showed that cetuximab inhibited the growth of SW48 xenograft tumors and had no effect on HT-29 and LS174T tumors. In contrast, trastuzumab combined with T-DM1 showed considerable efficacy and could effectively inhibit the growth of HT-29 and LS174T tumors. In addition, the levels of anti-apoptotic and survival markers were also significantly reduced in the tumors. The immunohistochemical (IHC) studies of tissue sections also showed a decrease in the proliferation marker Ki67 in the combination therapy group. This study indicated that T-DM1 did have a therapeutic potential in HER2-positive colon cancer, but clinical trials were still needed for further confirmation.
Furthermore, the HERACLES-B trial was designed based on the success of the previous HERACLES trial (Sartore-Bianchi et al., 2016). The HERACLES trial is a proof-of-concept, multicenter, open-label, phase 2 trial that was performed at four academic cancer centers in Italy to evaluate the efficacy of trastuzumab and lapatinib in patients with HER2-positive, KRAS exon 2 (codons 12 and 13) wild-type mCRC. Of the 27 enrolled patients, 59% (95% CI 39–78) achieved disease control, and no serious adverse effects were observed during the course of the trial. It demonstrated that trastuzumab plus lapatinib had been shown to be efficacious in patients with HER2-positive mCRC, none of whom are sensitive to chemotherapy and anti-EGFR antibody therapy. Moreover, it highlighted the importance of trastuzumab as a potential molecular targeted therapy in colorectal cancer.
HERACLES-B is a multicenter, open-label, phase 2 trial involving patients with histologically confirmed RAS wild-type mCRC (KRAS exons 2, 3, and 4; NRAS gene exons 2, 3, and 4 positive). Moreover, HER2+ CRC patients were included in this study and tested positive for IHC and FISH (Sartore-Bianchi et al., 2020). The primary objective of this study was to investigate the role of pertuzumab plus T-DM1 in HER2+mCRC, which was administered in cycles, with pertuzumab administered on day 1 of cycle 1 and T-DM1 on day 1 of every three cycles. A total of 31 patients were included. The results showed that three patients achieved partial response, and the ORR was 9.7% (95% CI: 0–28). A total of 21 patients (67.7%, 95% CI: 50–85) achieved SD, and the disease control rate was 77.4%. The median PFS was 4.1 months (95% CI: 3.6–5.9). By applying statistics, researchers found that in the cohort of patients with HER2 IHC score 3+, the PFS was 5.7 months, but in the cohort of patients with HER2 IHC score 2+, the PFS was only 1.9 months (HR 0.20, 95% CI: 0.07–0.56, p = 0.0008). This study concludes that patients with higher HER2 IHC scores have longer PFS. This association was also observed for objective response rates and long-term stable disease (p = 0.03). Although T-DM1 can show a certain antitumor effect, the effect is inadequate. There is still a long way to go for T-DM1 to show excellent efficacy in CRC, such as through specific compatibility or chemical modification, which needs to be improved by scholars.
4.4 Ovarian and uterine cancer
Ovarian cancer (OC) is an extremely severe disease among women. According to the statistics, 240,000 women are diagnosed with OC each year, with the 5-year survival rate lower than 45%, causing 150,000 deaths (Webb and Jordan, 2017). The histological types of OC mainly include the serous type, mucinous type, endometrioid type, and clear cell type. HER2 overexpression was also observed in ovarian cancer, with a HER2-positive rate of 3.8% by IHC and 5.7% by SISH (Chung et al., 2019). The American Society for Clinical Oncology and the College of American Pathologists states that HER2 IHC testing should be combined with FISH testing in OC patients. This approach effectively reduces the false-negative rate of HER2 status in mucinous ovarian cancer, and the corresponding HER2-positive detection rate is effectively increased (Hodeib et al., 2015). The efficacy of molecular targeted therapy for ovarian cancer was investigated as early as 2013, but the results with trastuzumab were unsatisfactory. In the GOG-160 trial, 41 patients with epithelial OC underwent trastuzumab treatment at a dose of 4 mg/kg weekly, administered over 90 min, and showed an ORR of only 7.3% (Bookman et al., 2003). Yu et al. (2014) conducted an in vivo and in vitro experiment to explore the role of T-DM1 in HER2-positive human OC cells, using OC cells SKOV3, ES-2, A2780s, A2780cp, PA-1, and HO8910 and BC cell lines SKBR-3 and MCF-7. Repeated experiments exhibited high expression of HER2 protein in SKOV3 and SKBR-3 cells, low expression in other cells, and almost no HER2 protein expression in ES-2 OC cell lines. After T-DM1 treatment, the results showed that T-DM1 had a strong suppressive effect on HER2-overexpressing SKOV3 and SKBR-3 cells, but had a weak inhibitory effect on HER2-negative cells (ES-2 and MCF-7). IC50 values exceeded 1,200 nmol/L and 720 nmol/L, respectively. The results of the in vivo study showed that the inhibitory effect of T-DM1 on the xenograft model was concentration-dependent. The low dose (3 mg/kg) of T-DM1 showed no inhibitory effect on tumor growth, while the moderate dose (10 mg/kg) of T-DM1 presented complete tumor remission in three out of five mice without regrowth. Tumor regression was complete in mice treated with a high dose (30 mg/kg) of T-DM1. This phenomenon persisted for such a long time that no tumor regrowth was observed throughout the treatment. T-DM1 demonstrated impressive antitumor activity in this study, directing later targeting studies in ovarian cancer. Nicoletti et al. (2015) stated that T-DM1 showed surprising efficacy against ovarian and uterine carcinosarcoma (CS). Nicoletti et al. (2015) established a total of eight uterine and ovarian CS cell lines (SARARK-1, 3, 4, 5, 6, 7, 8, and 9) from fresh tumor biopsy samples. HER2 was highly expressed in SARARK-6 (IHC3+ and FISH+) and low expressed in SARARK-1 (IHC0/1+ and FISH−). SARARK-6 cells were plated in six wells and treated with T-DM1 and trastuzumab 24 h later and then counted after 72 h by flow cytometry. The results showed that, unlike trastuzumab, T-DM1 showed a more potent antiproliferation effect on SARARK-6 cells. They found a mean number of viable cells ±SEM of 17.98% ± 2.73% versus 81.75% ± 1.31% for T-DM1 versus trastuzumab (p < 0.0001). Moreover, this function was positively correlated with the HER2 expression in the cells. Furthermore, Roberta Nicoletti et al. established a CS xenograft tumor model by injecting SARARK-6 cells subcutaneously into mice that received five intraperitoneal injections of T-DM1 (15 mg/kg/week), trastuzumab (15 mg/kg/week), and vehicle. T-DM1 showed a potent antitumor effect in vivo, and the tumors were clearly visible in all mice before the drug treatment. After treatment with T-DM1, the tumors of the mice achieved complete remission compared with the other two groups (p = 0.0001 and p < 0.0001, respectively). In fact, during the study period (more than 90 days), mice in the T-DM1 group had no detectable tumors after treatment with T-DM1. In addition, Menderes et al. (2017) evaluated the antitumor activity of T-DM1 versus trastuzumab and pertuzumab in epithelial ovarian cancer (EOC). They established 10 primary EOC cell lines. The results showed that the cytotoxicity of T-DM1 was significantly more powerful than that of trastuzumab and pertuzumab in vitro. The mean percentage of viable cells +SD for trastuzumab alone was 68.54 ± 7.82, that of pertuzumab alone was 49.80 ± 4.51, that of trastuzumab combined with pertuzumab was 33.24 ± 3.34, and that of T-DM1 was 3.01 ± 0.38. In vivo results showed that compared with mice treated with trastuzumab alone (p = 0.02), pertuzumab alone (p = 0.03), and trastuzumab combined with pertuzumab (p = 0.004), T-DM1-treated mice showed a significant survival benefit.
Uterine cancer (UC) is the sixth most common cancer in women and the 14th most common cancer worldwide. Uterine serous carcinoma (USC) usually occurs in postmenopausal women and is a rare histological type of endometrial cancer (accounting for approximately 10%). As an aggressive malignancy, it is characterized by poor prognosis with few treatment options, and the treatment effect of both surgery and radiotherapy/chemotherapy is unsatisfactory (Artioli et al., 2015). HER2 overexpression is also seen in USCs. Several studies have shown that 6% of USCs express HER2 IHC3+ and 15% of USCs express FISH+ (Jenkins et al., 2022). A preclinical study has revealed that T-DM1 seems to have a therapeutic effect on primary HER2-overexpressing USCs. In 15 USC cell lines established from fresh tumor biopsy samples, 2.5 μg/mL of T-DM1 and trastuzumab induced potent ADCC in all HER2-overexpressing USC primary cells (mean cytotoxicity ±SEM, 61.6% ± 5.3% vs. 58.4% ± 5.74% (T-DM1 vs. trastuzumab). Interestingly, T-DM1 was more potent than trastuzumab in inhibiting the proliferation of USC cells. T-DM1 achieved the same experimental results as observed by Roberta Nicoletti et al.; all 490 animals in the T-DM1 group had no detectable tumors after T-DM1 treatment (English et al., 2014). In 2016, Alessandro D Santin et al. reported a clinical case of T-DM1 in a patient with HER2-overexpressing metastatic USC, who was resistant to both radiotherapy and chemotherapy, and found clinical activity of T-DM1 in USC patients (Santin et al., 2017). However, the current research on T-DM1 and USC is limited to preclinical studies, and it remains unclear whether T-DM1 is effective for USC. Although the preclinical trials of T-DM1 have achieved promising results, these results still need to be verified in some well-designed large trials before they can be widely accepted.
4.5 Bladder cancer
Bladder cancer (BCa) is a common urinary tract malignancy. According to statistics, there were more than 57,000 new BCa cases in 2020 and more than 20,000 deaths from BCa in the same year (Sung et al., 2021). In all BCa patients, HER2 overexpression was present in 9.2% of patients, and HER2 amplification was present in 5.1% of patients (Laé et al., 2010). Studies of molecular targeted therapy for BCa began 10 years ago, and clinical phase 2 studies showed that patients with HER2-positive advanced urothelial carcinoma are sensitive to trastuzumab (Hussain et al., 2007). However, so far, the research on T-DM1 remains in preclinical studies. Tetsutaro Hayashi et al. used IHC and FISH to screen BCa cells RT112, UM-UC14, and RT4V6 with high HER2 expression, among which RT4V6 had the highest HER2 expression. The antitumor effect of T-DM1 was different from that of trastuzumab in RT4V6 cells. At the concentrations of 1 μg/mL for both T-DM1 and trastuzumab, the growth inhibition effect of T-DM1 was higher than that of trastuzumab. Moreover, T-DM1 can also increase the number of subG0/G1 and G2/M cells, and this implies that G2/M cell cycle arrest induces apoptosis. These results indicate that T-DM1 is superior to trastuzumab in inhibiting HER2-overexpressing BCa cells. Interestingly, this study also found that cisplatin-resistant bladder cancer cells exhibit higher HER2 expression and higher T-DM1 sensitivity, and overexpression of HER2 may contribute to development of metastatic tumors (Hayashi et al., 2015). This is the same result obtained in another study, in which HER2 amplification was significantly higher in patients with lymph node metastasis of urothelial BCa than in patients with primary tumors (Fleischmann et al., 2011). The immense achievement of T-DM1 in the preclinical study of bladder cancer suggests that T-DM1 is more efficacious than trastuzumab in the targeted therapy of bladder cancer, and these studies have laid the foundation for the research of T-DM1 in bladder cancer. However, the role of T-DM1 in bladder cancer has not been clinically validated, and discrepancies between preclinical and clinical studies are also frequent in other cancer fields. To define the efficacy of T-DM1, several well-planned clinical studies are essential.
4.6 Biliary tract cancer
Biliary tract cancer (BTC) is an aggressive and heterogeneous disease. Anatomically, BTCs are categorized into intrahepatic cholangiocarcinoma (ICC), extrahepatic cholangiocarcinoma (ECC), distal cholangiocarcinoma (dCCA), gallbladder carcinoma (GBC), and ampullary carcinoma (Tella et al., 2020). For patients with advanced and unresectable BTCs, systemic chemotherapy, such as gemcitabine plus cisplatin, is the standard of care (Valle et al., 2017). However, the therapeutic effect of chemotherapy is unsatisfactory. Targeted therapy for BTCs has been started recently. HER2 gene alterations were present in 5.4% of patients with BTCs, including 2.7% with HER2 amplification and 2.3% with HER2 mutation (Mondaca et al., 2019). Studies have shown that the rate of HER2 overexpression in ECC (17.4%) changes from that in ICC (4.8%) (Galdy et al., 2017). Milind Javle et al. conducted the MyPathway clinical trial. MyPathway is a multicenter, open-label, phase 2a, multiple basket study conducted in 2021. This study explored the antitumor activity of pertuzumab in combination with trastuzumab and its safety in patients with metastatic HER2-positive BTC. The average response rate with trastuzumab-targeted therapy was superior to that with second-line chemotherapy, and even though the sample size of MyPathway is too small to conclude that trastuzumab and pertuzumab have therapeutic activity in BTC, this trial provides hope for BTC targeted therapy (Javle et al., 2021). The role of T-DM1 in BTC was first investigated in 2019, and Yoriko Yamashita-Kashima et al. conducted a preclinical study of T-DM1 in BTC cells; six cholangiocarcinoma cell lines (KKU-100, KMCH-1 etc.); seven gallbladder carcinoma cell lines (Mz-ChA-1, OCUG-1, etc); and four ampullary carcinoma cell lines (TGBC-18-TKB, TGBC-50-TKB, TGBC-51-TKB, and TGBC-52-TKB) were used in the study. The sensitivity of KMCH-1 to T-DM1 was about one-tenth of that of BC cell lines after treatment with T-DM1. Nevertheless, the growth inhibitory activity in BTC cells was correlated with the level of HER2 expressed by the cells (R2 = 0.6127). Subsequently, Yoriko Yamashita-Kashima et al. established KMCH-1, Mz-ChA-1, OCUG-1, and KKU-100 BTC cell line xenograft tumor models in nude mice. The results showed that HER2 status in KMCH-1, Mz-ChA-1, OCUG-1, and KKU-100 models was HER2-positive, HER2-positive, HER2-negative, and HER2-negative, respectively. T-DM1 was administered every 3 weeks, KMCH-1 and Mz-ChA-1 models in all three medium-dose groups, and the OCUG-1 model observed significant antitumor effects in the high-dose group of T-DM1, but not in the KKU-100 model. Yoriko Yamashita-Kashima et al. showed that T-DM1 acts in BTC cells in a similar way as in BC cells, including cell cycle arrest and inducing apoptosis (Yamashita-Kashima et al., 2019). Trastuzumab combined with pertuzumab has achieved a surprising therapeutic effect in BTC. However, the role of T-DM1 cannot be ignored in the targeted therapy of BTC. The experimental results of Yoriko et al. may lead to new treatment options for BTC patients. However, these results still need to be verified in clinical trials. Recently, scholars reported a case of a HER2-amplified ECC patient who achieved partial response to T-DM1 targeted HER2 therapy, and the patient achieved partial response after 1 week of T-DM1 treatment (Mondaca et al., 2019). Although one clinical case report cannot be considered as proof that T-DM1 is effective, the results are hoped to encourage scholars to pursue further research in this direction.
5 CONCLUSION AND PERSPECTIVE
In the clinical trial, the basic cancer treatment regimen is traditional radiotherapy and chemotherapy (Mun et al., 2018), but with serious drug resistance emerging as a major challenge for cancer treatment, it gradually cannot meet the clinical needs (Nussinov et al., 2021). As a first-line drug for HER2+ BC, T-DM1 has significantly improved the survival of HER2+ BC patients (Ferraro et al., 2021). Recent studies confirmed that T-DM1 had a significant antitumor effect on other HER2+ cancers, both in vitro and in vivo, and the clinical trials were also consistent, showing great therapeutic value (Cretella et al., 2014; Thuss-Patience et al., 2017). Despite this, we have to point out that T-DM1 had a poor therapeutic effect on the HER2+ NSCLC patients, even though its effect was observed in clinical patients with HER2-mutated NSCLC (Hotta et al., 2018). Some reasons did exist affecting the clinical trial results of T-DM1 on HER2+ GC (Ishimine et al., 2015; Peng et al., 2015). T-DM1 still showed the same therapeutic effect as taxanes on HER2-positive GC, and Mark Barok and Yoriko Yamashita-Kashima et al. have shown the therapeutic potential of T-DM1 on HER2-positive GC cells in vitro and in vivo (Barok et al., 2011; Yamashita-Kashima et al., 2013). Peter C Thuss-Patience et al. attributed the difference in results to discordant HER2 expression between the primary tumor and the metastatic tumor or after first-line chemotherapy for metastatic disease with or without trastuzumab, the molecular profile of the tumor being altered, and HER2 may be altered and lost during progression. Another study by Manish A Shah et al. partially explains this theory. The loss (or low expression) of the HER2 receptor on gastric cancer cells does affect the action of T-DM1, but as a result, the therapeutic effect of T-DM1 on gastric cancer patients with low HER2 expression is even less effective than that of taxanes. Only in patients with HER2-positive gastric cancer, T-DM1 expression results in the same efficacy as that of taxanes. The author believes that this discrepancy in clinical studies is most likely due to the second reason proposed by Peter C Thuss-Patience et al. Because of the high incidence of heterogeneity in gastric cancer, the heterogeneous expression of HER2 may affect the action of T-DM1. Moreover, this heterogeneous expression of HER2 may not be detected by conventional methods, such as IHC staining or ISH. Therefore, the clinical study of T-DM1 in patients with HER2-positive GC seems to have entered a bottleneck period, and the identification of the heterogeneous expression of GC and the changes in HER2 may become the future research direction in this concern. In addition to T-DM1, several other novel ADCs have been developed, including DS-8201. DS-8201 achieved a significantly higher objective response rate than chemotherapy (51% vs. 14%, p < 0.001) in patients with HER2 expression, and locally advanced or metastatic gastric or gastroesophageal junction cancer (Shitara et al., 2020). The stronger inhibitory effect of DS-8201 on HER2 heterogeneous expression in GC than on T-DM1 may be related to the higher cytotoxic payload concentration of DS-8201 in target cells (DAR approximately equal to 8) than T-DM1 (DAR3.5) (Xu et al., 2019). Studies have shown that one of the resistance mechanisms of T-DM1 is related to the low cytotoxic payload concentration in the target cells (Vernieri et al., 2019), which sheds light on and provides ideas for the future development of T-DM1, implying that improving the cytotoxic payload concentration of T-DM1 in target cells may be a promising direction. For ovarian cancer, uterine cancer, bladder cancer, and biliary tract cancer, T-DM1 has been shown to have potent antitumor effects, observed in preclinical studies. However, preclinical studies are insufficient, and more clinical trials should be designed to prove the role of T-DM1 in treating corresponding cancers. The clinical utilization of T-DM1 needs further exploration before its application on other types of HER2+ cancers, but we should not neglect its great therapeutic potential, as was affirmed by various studies, as better than trastuzumab in cancer-targeted therapy and did well for breast cancer treatment.
AUTHOR CONTRIBUTIONS
This review was conceptualized by all the authors. YZ conceived ideas; YZ and JZ prepared the original draft; CS, FP, and CP edited the manuscript; FP and CP administrated funding; and FP revised the manuscript. All authors have read and agreed to the published version of the manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
The study was supported by the National Natural Science Foundation of China (Nos. 82003879 and U19A2010), the Key Project of Science and Technology Department of Sichuan Province (No. 2021YFS0044), the National Natural Science Foundation of Science and Technology Department of Sichuan Province (No. 2023NSFSC 1928), the Project of State Administration of Traditional Chinese Medicine of China (No. ZYYCXTD-D-202209), Young Elite Scientist Sponsorship Program by China Association for Science and Technology (no. CACM-2020-QNRC1-01), the Traditional Chinese Medicine Science and Technology Industry Innovation Team of Sichuan Province, and the Multi-dimensional Evaluation and product Development Innovation Team of Characteristic Traditional Chinese Medicine Resources (No. 2022C001).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Afrăsânie, V. A., Marinca, M. V., Alexa-Stratulat, T., Gafton, B., Păduraru, M., Adavidoaiei, A. M., et al. (2019). KRAS, NRAS, BRAF, HER2 and microsatellite instability in metastatic colorectal cancer - practical implications for the clinician. Radiology Oncol. 53 (3), 265–274. doi:10.2478/raon-2019-0033
 Akamatsu, H., Ninomiya, K., Kenmotsu, H., Morise, M., Daga, H., Goto, Y., et al. (2019). The Japanese Lung Cancer Society Guideline for non-small cell lung cancer, stage IV. Int. J. Clin. Oncol. 24 (7), 731–770. doi:10.1007/s10147-019-01431-z
 Amiri-Kordestani, L., Blumenthal, G. M., Xu, Q. C., Zhang, L., Tang, S. W., Ha, L., et al. (2014). FDA approval: Ado-trastuzumab emtansine for the treatment of patients with HER2-positive metastatic breast cancer. Clin. cancer Res. official J. Am. Assoc. Cancer Res. 20 (17), 4436–4441. doi:10.1158/1078-0432.CCR-14-0012
 Artioli, G., Wabersich, J., Ludwig, K., Gardiman, M. P., Borgato, L., and Garbin, F. (2015). Rare uterine cancer: Carcinosarcomas. Review from histology to treatment. Crit. Rev. oncology/hematology 94 (1), 98–104. doi:10.1016/j.critrevonc.2014.10.013
 Atalay, G., Cardoso, F., Awada, A., and Piccart, M. J. (2003). Novel therapeutic strategies targeting the epidermal growth factor receptor (EGFR) family and its downstream effectors in breast cancer. Ann. Oncol. official J. Eur. Soc. Med. Oncol. 14 (9), 1346–1363. doi:10.1093/annonc/mdg365
 Barok, M., Joensuu, H., and Isola, J. (2014). Trastuzumab emtansine: Mechanisms of action and drug resistance. Breast cancer Res. BCR 16 (2), 209. doi:10.1186/bcr3621
 Barok, M., Tanner, M., Köninki, K., and Isola, J. (2011). Trastuzumab-DM1 is highly effective in preclinical models of HER2-positive gastric cancer. Cancer Lett. 306 (2), 171–179. doi:10.1016/j.canlet.2011.03.002
 Bontoux, C., Benzaquen, J., Hofman, V., Heeke, S., Hannetel, P., Capela-Brosseau-Laborde, P., et al. (2022). Deciphering the impact of HER2 alterations on non-small-cell lung cancer: From biological mechanisms to therapeutic approaches. J. personalized Med. 12 (10), 1651. doi:10.3390/jpm12101651
 Bookman, M. A., Darcy, K. M., Clarke-Pearson, D., Boothby, R. A., and Horowitz, I. R. (2003). Evaluation of monoclonal humanized anti-HER2 antibody, trastuzumab, in patients with recurrent or refractory ovarian or primary peritoneal carcinoma with overexpression of HER2: A phase II trial of the gynecologic Oncology group. J. Clin. Oncol. official J. Am. Soc. Clin. Oncol. 21 (2), 283–290. doi:10.1200/JCO.2003.10.104
 Cameron, D., Piccart-Gebhart, M. J., Gelber, R. D., Procter, M., Goldhirsch, A., de Azambuja, E., et al. (2017). 11 years' follow-up of trastuzumab after adjuvant chemotherapy in HER2-positive early breast cancer: Final analysis of the HERceptin adjuvant (HERA) trial. Lancet (London, Engl. 389 (10075), 1195–1205. doi:10.1016/S0140-6736(16)32616-2
 Chiuten, D., Vogl, S., Kaplan, B., and Camacho, F. (1983). Is there cumulative or delayed toxicity from cis-platinum?Cancer 52 (2), 211–214. doi:10.1002/1097-0142(19830715)52:2<211:aid-cncr2820520205>3.0.co;2-u
 Chung, Y. C., Chiu, H. H., Wei, W. C., Chang, K. J., and Chao, W. T. (2020). Application of trastuzumab emtansine in HER-2-positive and KRAS/BRAF-mutated colon cancer cells. Eur. J. Clin. investigation 50, e13255. doi:10.1111/eci.13255
 Chung, Y. W., Kim, S., Hong, J. H., Lee, J. K., Lee, N. W., Lee, Y. S., et al. (2019). Overexpression of HER2/HER3 and clinical feature of ovarian cancer. J. Gynecol. Oncol. 30 (5), e75. doi:10.3802/jgo.2019.30.e75
 Clark, A. S., Yau, C., Wolf, D. M., Petricoin, E. F., van 't Veer, L. J., Yee, D., et al. (2021). Neoadjuvant T-DM1/pertuzumab and paclitaxel/trastuzumab/pertuzumab for HER2(+) breast cancer in the adaptively randomized I-SPY2 trial. Nat. Commun. 12 (1), 6428. doi:10.1038/s41467-021-26019-y
 Cretella, D., Saccani, F., Quaini, F., Frati, C., Lagrasta, C., Bonelli, M., et al. (2014). Trastuzumab emtansine is active on HER-2 overexpressing NSCLC cell lines and overcomes gefitinib resistance. Mol. cancer 13, 143. doi:10.1186/1476-4598-13-143
 Daniels, B., Kiely, B. E., Tang, M., Houssami, N., Lord, S. J., and Pearson, S. A. (2021). Trastuzumab emtansine for HER2-positive metastatic breast cancer: Outcomes from a whole-of-population Australian cohort. Breastedinbg. Scotl. 58, 106–112. doi:10.1016/j.breast.2021.05.001
 Derakhshani, A., Rezaei, Z., Safarpour, H., Sabri, M., Mir, A., Sanati, M. A., et al. (2020). Overcoming trastuzumab resistance in HER2-positive breast cancer using combination therapy. J. Cell. physiology 235 (4), 3142–3156. doi:10.1002/jcp.29216
 Dhillon, P. (2022). How to write a good scientific review article. FEBS J. 289 (13), 3592–3602. doi:10.1111/febs.16565
 Elizalde, P. V., Cordo Russo, R. I., Chervo, M. F., and Schillaci, R. (2016). ErbB-2 nuclear function in breast cancer growth, metastasis and resistance to therapy. Endocrine-related cancer 23 (12), T243–t57. doi:10.1530/ERC-16-0360
 English, D. P., Bellone, S., Schwab, C. L., Bortolomai, I., Bonazzoli, E., Cocco, E., et al. (2014). T-DM1, a novel antibody-drug conjugate, is highly effective against primary HER2 overexpressing uterine serous carcinoma in vitro and in vivo. Cancer Med. 3 (5), 1256–1265. doi:10.1002/cam4.274
 Erickson, H. K., Park, P. U., Widdison, W. C., Kovtun, Y. V., Garrett, L. M., Hoffman, K., et al. (2006). Antibody-maytansinoid conjugates are activated in targeted cancer cells by lysosomal degradation and linker-dependent intracellular processing. Cancer Res. 66 (8), 4426–4433. doi:10.1158/0008-5472.CAN-05-4489
 Essapen, S., Thomas, H., Green, M., De Vries, C., Cook, M. G., Marks, C., et al. (2004). The expression and prognostic significance of HER-2 in colorectal cancer and its relationship with clinicopathological parameters. Int. J. Oncol. 24 (2), 241–248. doi:10.3892/ijo.24.2.241
 Ferraro, E., Drago, J. Z., and Modi, S. (2021). Implementing antibody-drug conjugates (ADCs) in HER2-positive breast cancer: State of the art and future directions. Breast cancer Res. BCR 23 (1), 84. doi:10.1186/s13058-021-01459-y
 Fleischmann, A., Rotzer, D., Seiler, R., Studer, U. E., and Thalmann, G. N. (2011). HER2 amplification is significantly more frequent in lymph node metastases from urothelial bladder cancer than in the primary tumours. Eur. Urol. 60 (2), 350–357. doi:10.1016/j.eururo.2011.05.035
 Fujimoto-Ouchi, K., Sekiguchi, F., Yasuno, H., Moriya, Y., Mori, K., and Tanaka, Y. (2007). Antitumor activity of trastuzumab in combination with chemotherapy in human gastric cancer xenograft models. Cancer Chemother. Pharmacol. 59 (6), 795–805. doi:10.1007/s00280-006-0337-z
 Galdy, S., Lamarca, A., McNamara, M. G., Hubner, R. A., Cella, C. A., Fazio, N., et al. (2017). HER2/HER3 pathway in biliary tract malignancies; systematic review and meta-analysis: A potential therapeutic target?Cancer metastasis Rev. 36 (1), 141–157. doi:10.1007/s10555-016-9645-x
 Galletti, G., Zhang, C., Gjyrezi, A., Cleveland, K., Zhang, J., Powell, S., et al. (2020). Microtubule engagement with taxane is altered in taxane-resistant gastric cancer. Clin. cancer Res. official J. Am. Assoc. Cancer Res. 26 (14), 3771–3783. doi:10.1158/1078-0432.CCR-19-3018
 Garrido-Castro, A. C., Lin, N. U., and Polyak, K. (2019). Insights into molecular classifications of triple-negative breast cancer: Improving patient selection for treatment. Cancer Discov. 9 (2), 176–198. doi:10.1158/2159-8290.CD-18-1177
 Hamblett, K. J., Jacob, A. P., Gurgel, J. L., Tometsko, M. E., Rock, B. M., Patel, S. K., et al. (2015). SLC46A3 is required to transport catabolites of noncleavable antibody maytansine conjugates from the lysosome to the cytoplasm. Cancer Res. 75 (24), 5329–5340. doi:10.1158/0008-5472.CAN-15-1610
 Hammond, M. E., Hayes, D. F., Dowsett, M., Allred, D. C., Hagerty, K. L., Badve, S., et al. (2010). American Society of Clinical Oncology/College of American Pathologists guideline recommendations for immunohistochemical testing of estrogen and progesterone receptors in breast cancer. J. Clin. Oncol. official J. Am. Soc. Clin. Oncol. 28 (16), 907–922. doi:10.1043/1543-2165-134.6.907
 Haslem, D. S., Ji, H. P., Ford, J. M., and Nadauld, L. D. (2017). Precision Oncology strategy in trastuzumab-resistant human epidermal growth factor receptor 2-positive colon cancer: Case report of durable response to ado-trastuzumab emtansine. JCO Precis. Oncol. 1, 1–6. doi:10.1200/PO.16.00055
 Hayashi, T., Seiler, R., Oo, H. Z., Jäger, W., Moskalev, I., Awrey, S., et al. (2015). Targeting HER2 with T-DM1, an antibody cytotoxic drug conjugate, is effective in HER2 over expressing bladder cancer. J. urology 194 (4), 1120–1131. doi:10.1016/j.juro.2015.05.087
 Herbst, R. S., Morgensztern, D., and Boshoff, C. (2018). The biology and management of non-small cell lung cancer. Nature 553 (7689), 446–454. doi:10.1038/nature25183
 Herter-Sprie, G. S., Greulich, H., and Wong, K. K. (2013). Activating mutations in ERBB2 and their impact on Diagnostics and treatment. Front. Oncol. 3, 86. doi:10.3389/fonc.2013.00086
 Hodeib, M., Serna-Gallegos, T., and Tewari, K. S. (2015). A review of HER2-targeted therapy in breast and ovarian cancer: Lessons from antiquity - CLEOPATRA and PENELOPE. Future Oncol. Lond. Engl. 11 (23), 3113–3131. doi:10.2217/fon.15.266
 Hotta, K., Aoe, K., Kozuki, T., Ohashi, K., Ninomiya, K., Ichihara, E., et al. (2018). A phase II study of trastuzumab emtansine in HER2-positive non-small cell lung cancer. J. Thorac. Oncol. official Publ. Int. Assoc. Study Lung Cancer 13 (2), 273–279. doi:10.1016/j.jtho.2017.10.032
 Huang, X., Jin, R., Lou, L., Zhao, J., Xia, L., Zhao, J., et al. (2020). The efficacy of ado-trastuzumab emtansine in patients with ERBB2-aberrant non-small cell lung cancer: A systematic review. Transl. cancer Res. 9 (8), 4507–4516. doi:10.21037/tcr-19-2759
 Hunter, F. W., Barker, H. R., Lipert, B., Rothé, F., Gebhart, G., Piccart-Gebhart, M. J., et al. (2020). Mechanisms of resistance to trastuzumab emtansine (T-DM1) in HER2-positive breast cancer. Br. J. cancer 122 (5), 603–612. doi:10.1038/s41416-019-0635-y
 Hussain, M. H., MacVicar, G. R., Petrylak, D. P., Dunn, R. L., Vaishampayan, U., Lara, P. N., et al. (2007). Trastuzumab, paclitaxel, carboplatin, and gemcitabine in advanced human epidermal growth factor receptor-2/neu-positive urothelial carcinoma: Results of a multicenter phase II national cancer institute trial. J. Clin. Oncol. official J. Am. Soc. Clin. Oncol. 25 (16), 2218–2224. doi:10.1200/JCO.2006.08.0994
 Imyanitov, E. N., Iyevleva, A. G., and Levchenko, E. V. (2021). Molecular testing and targeted therapy for non-small cell lung cancer: Current status and perspectives. Crit. Rev. oncology/hematology 157, 103194. doi:10.1016/j.critrevonc.2020.103194
 Ingold Heppner, B., Behrens, H. M., Balschun, K., Haag, J., Krüger, S., Becker, T., et al. (2014). HER2/neu testing in primary colorectal carcinoma. Br. J. cancer 111 (10), 1977–1984. doi:10.1038/bjc.2014.483
 Ishimine, Y., Goto, A., Watanabe, Y., Yajima, H., Nakagaki, S., Yabana, T., et al. (2015). Loss of HER2 positivity after trastuzumab in HER2-positive gastric cancer: Is change in HER2 status significantly frequent?Case Rep. Gastrointest. Med. 2015, 132030. doi:10.1155/2015/132030
 Issell, B. F., and Crooke, S. T. (1978). Maytansine. Cancer Treat. Rev.5 (4), 199–207. doi:10.1016/s0305-7372(78)80014-0
 Iwama, E., Zenke, Y., Sugawara, S., Daga, H., Morise, M., Yanagitani, N., et al. (2022). Trastuzumab emtansine for patients with non-small cell lung cancer positive for human epidermal growth factor receptor 2 exon-20 insertion mutations. Eur. J. cancer (Oxford, Engl. 1990) 162, 99–106. doi:10.1016/j.ejca.2021.11.021
 Javle, M., Borad, M. J., Azad, N. S., Kurzrock, R., Abou-Alfa, G. K., George, B., et al. (2021). Pertuzumab and trastuzumab for HER2-positive, metastatic biliary tract cancer (MyPathway): A multicentre, open-label, phase 2a, multiple basket study. Lancet Oncol. 22 (9), 1290–1300. doi:10.1016/S1470-2045(21)00336-3
 Jenkins, T. M., Cantrell, L. A., Stoler, M. H., and Mills, A. M. (2022). HER2 overexpression and amplification in uterine carcinosarcomas with serous morphology. Am. J. Surg. pathology 46 (4), 435–442. doi:10.1097/PAS.0000000000001870
 Junttila, T. T., Li, G., Parsons, K., Phillips, G. L., and Sliwkowski, M. X. (2011). Trastuzumab-DM1 (T-DM1) retains all the mechanisms of action of trastuzumab and efficiently inhibits growth of lapatinib insensitive breast cancer. Breast cancer Res. Treat. 128 (2), 347–356. doi:10.1007/s10549-010-1090-x
 Kavallaris, M., Annereau, J. P., and Barret, J. M. (2008). Potential mechanisms of resistance to microtubule inhibitors. Seminars Oncol. 35, S22–S27. doi:10.1053/j.seminoncol.2008.01.006
 Kavallaris, M. (2010). Microtubules and resistance to tubulin-binding agents. Nat. Rev. Cancer 10 (3), 194–204. doi:10.1038/nrc2803
 Kobyakov, D. S., Avdalyan, A. M., Klimachev, V. V., Lazarev, A. F., Lushnikova, E. L., and Nepomnyaschikh, L. M. (2015). Non-small cell lung cancer: HER2 oncogene status. Arkhiv Patol. 77 (2), 3–9. doi:10.17116/patol20157723-9
 Kruszewski, W. J., Rzepko, R., Ciesielski, M., Szefel, J., Zieliński, J., Szajewski, M., et al. (2010). Expression of HER2 in colorectal cancer does not correlate with prognosis. Dis. markers 29 (5), 207–212. doi:10.3233/DMA-2010-0742
 Kulke, M. H., Muzikansky, A., Clark, J., Enzinger, P. C., Fidias, P., Kinsella, K., et al. (2006). A Phase II trial of vinorelbine in patients with advanced gastroesophageal adenocarcinoma. Cancer investig. 24 (4), 346–350. doi:10.1080/07357900600705268
 La Monica, S., Cretella, D., Bonelli, M., Fumarola, C., Cavazzoni, A., Digiacomo, G., et al. (2017). Trastuzumab emtansine delays and overcomes resistance to the third-generation EGFR-TKI osimertinib in NSCLC EGFR mutated cell lines. J. Exp. Clin. cancer Res. CR 36 (1), 174. doi:10.1186/s13046-017-0653-7
 Laé, M., Couturier, J., Oudard, S., Radvanyi, F., Beuzeboc, P., and Vieillefond, A. (2010). Assessing HER2 gene amplification as a potential target for therapy in invasive urothelial bladder cancer with a standardized methodology: Results in 1005 patients. Ann. Oncol. official J. Eur. Soc. Med. Oncol. 21 (4), 815–819. doi:10.1093/annonc/mdp488
 Lambert, J. M., and Chari, R. V. (2014). Ado-trastuzumab emtansine (T-DM1): An antibody-drug conjugate (ADC) for HER2-positive breast cancer. J. Med. Chem. 57 (16), 6949–6964. doi:10.1021/jm500766w
 Li, B. T., Shen, R., Buonocore, D., Olah, Z. T., Ni, A., Ginsberg, M. S., et al. (2018). Ado-trastuzumab emtansine for patients with HER2-mutant lung cancers: Results from a phase II basket trial. J. Clin. Oncol. official J. Am. Soc. Clin. Oncol. 36 (24), 2532–2537. doi:10.1200/JCO.2018.77.9777
 Loganzo, F., Tan, X., Sung, M., Jin, G., Myers, J. S., Melamud, E., et al. (2015). Tumor cells chronically treated with a trastuzumab-maytansinoid antibody-drug conjugate develop varied resistance mechanisms but respond to alternate treatments. Mol. cancer Ther. 14 (4), 952–963. doi:10.1158/1535-7163.MCT-14-0862
 Mangiapane, L. R., Nicotra, A., Turdo, A., Gaggianesi, M., Bianca, P., Di Franco, S., et al. (2022). PI3K-driven HER2 expression is a potential therapeutic target in colorectal cancer stem cells. Gut 71 (1), 119–128. doi:10.1136/gutjnl-2020-323553
 Maximiano, S., Magalhães, P., Guerreiro, M. P., and Morgado, M. (2016). Trastuzumab in the treatment of breast cancer. BioDrugs: Clinical immunotherapeutics, biopharmaceuticals and gene therapy. BioDrugs 30 (2), 75–86. doi:10.1007/s40259-016-0162-9
 Mazieres, J., Lafitte, C., Ricordel, C., Greillier, L., Negre, E., Zalcman, G., et al. (2022). Combination of trastuzumab, pertuzumab, and docetaxel in patients with advanced non-small-cell lung cancer harboring HER2 mutations: Results from the IFCT-1703 R2D2 trial. J. Clin. Oncol. official J. Am. Soc. Clin. Oncol. 40 (7), 719–728. doi:10.1200/JCO.21.01455
 Menderes, G., Bonazzoli, E., Bellone, S., Altwerger, G., Black, J. D., Dugan, K., et al. (2017). Superior in vitro and in vivo activity of trastuzumab-emtansine (T-DM1) in comparison to trastuzumab, pertuzumab and their combination in epithelial ovarian carcinoma with high HER2/neu expression. Gynecol. Oncol. 147 (1), 145–152. doi:10.1016/j.ygyno.2017.07.009
 Mishra, R., Hanker, A. B., and Garrett, J. T. (2017). Genomic alterations of ERBB receptors in cancer: Clinical implications. Oncotarget 8 (69), 114371–114392. doi:10.18632/oncotarget.22825
 Molina, J. R., Yang, P., Cassivi, S. D., Schild, S. E., and Adjei, A. A. (2008). Non-small cell lung cancer: Epidemiology, risk factors, treatment, and survivorship. Mayo Clin. Proc. 83 (5), 584–594. doi:10.4065/83.5.584
 Mondaca, S., Razavi, P., Xu, C., Offin, M., Myers, M., Scaltriti, M., et al. (2019). Genomic characterization of ERBB2-driven biliary cancer and a case of response to ado-trastuzumab emtansine. JCO Precis. Oncol. 3, 19.00223. doi:10.1200/PO.19.00223
 Montemurro, F., Delaloge, S., Barrios, C. H., Wuerstlein, R., Anton, A., Brain, E., et al. (2020). Trastuzumab emtansine (T-DM1) in patients with HER2-positive metastatic breast cancer and brain metastases: Exploratory final analysis of cohort 1 from KAMILLA, a single-arm phase IIIb clinical trial(☆). Ann. Oncol. official J. Eur. Soc. Med. Oncol. 31 (10), 1350–1358. doi:10.1016/j.annonc.2020.06.020
 Mun, E. J., Babiker, H. M., Weinberg, U., Kirson, E. D., and Von Hoff, D. D. (2018). Tumor-treating fields: A fourth modality in cancer treatment. Clin. cancer Res. official J. Am. Assoc. Cancer Res. 24 (2), 266–275. doi:10.1158/1078-0432.CCR-17-1117
 Nicoletti, R., Lopez, S., Bellone, S., Cocco, E., Schwab, C. L., Black, J. D., et al. (2015). T-DM1, a novel antibody-drug conjugate, is highly effective against uterine and ovarian carcinosarcomas overexpressing HER2. Clin. Exp. metastasis 32 (1), 29–38. doi:10.1007/s10585-014-9688-8
 Nussinov, R., Tsai, C. J., and Jang, H. (2021). Anticancer drug resistance: An update and perspective. Drug Resist. Updat. Rev. Comment. Antimicrob. anticancer Chemother. 59, 100796. doi:10.1016/j.drup.2021.100796
 Parikh, A., Atreya, C., Korn, W. M., and Venook, A. P. (2017). Prolonged response to HER2-directed therapy in a patient with HER2-amplified, rapidly progressive metastatic colorectal cancer. J. Natl. Compr. Cancer Netw. JNCCN. 15 (1), 3–8. doi:10.6004/jnccn.2017.0002
 Peng, Z., Zou, J., Zhang, X., Yang, Y., Gao, J., Li, Y., et al. (2015). HER2 discordance between paired primary gastric cancer and metastasis: A meta-analysis. Chin. J. cancer Res. = Chung-kuo yen cheng yen chiu 27 (2), 163–171. doi:10.3978/j.issn.1000-9604.2014.12.09
 Peters, S., Stahel, R., Bubendorf, L., Bonomi, P., Villegas, A., Kowalski, D. M., et al. (2019). Trastuzumab emtansine (T-DM1) in patients with previously treated HER2-overexpressing metastatic non-small cell lung cancer: Efficacy, safety, and biomarkers. Clin. cancer Res. official J. Am. Assoc. Cancer Res. 25 (1), 64–72. doi:10.1158/1078-0432.CCR-18-1590
 Planchard, D., Loriot, Y., André, F., Gobert, A., Auger, N., Lacroix, L., et al. (2015). EGFR-independent mechanisms of acquired resistance to AZD9291 in EGFR T790M-positive NSCLC patients. Ann. Oncol. official J. Eur. Soc. Med. Oncol. 26 (10), 2073–2078. doi:10.1093/annonc/mdv319
 Ren, S., Wang, J., Ying, J., Mitsudomi, T., Lee, D. H., Wang, Z., et al. (2022). Consensus for HER2 alterations testing in non-small-cell lung cancer. ESMO open 7 (1), 100395. doi:10.1016/j.esmoop.2022.100395
 Riecke, K., and Witzel, I. (2020). Targeting the human epidermal growth factor receptor family in breast cancer beyond HER2. Breast care (Basel, Switz. 15 (6), 579–585. doi:10.1159/000510998
 Rinnerthaler, G., Gampenrieder, S. P., and Greil, R. (2019). HER2 directed antibody-drug-conjugates beyond T-DM1 in breast cancer. Int. J. Mol. Sci. 20 (5), 1115. doi:10.3390/ijms20051115
 Riudavets, M., Sullivan, I., Abdayem, P., and Planchard, D. (2021). Targeting HER2 in non-small-cell lung cancer (NSCLC): A glimpse of hope? An updated review on therapeutic strategies in NSCLC harbouring HER2 alterations. ESMO open 6 (5), 100260. doi:10.1016/j.esmoop.2021.100260
 Rüschoff, J., Hanna, W., Bilous, M., Hofmann, M., Osamura, R. Y., Penault-Llorca, F., et al. (2012). HER2 testing in gastric cancer: A practical approach. Mod. pathology official J. U. S. Can. Acad. Pathology, Inc. 25 (5), 637–650. doi:10.1038/modpathol.2011.198
 Sandhu, J., Wang, C., and Fakih, M. (2020). Clinical response to T-DM1 in HER2-amplified, KRAS-mutated metastatic colorectal cancer. J. Natl. Compr. Cancer Netw. JNCCN. 18 (2), 116–119. doi:10.6004/jnccn.2019.7371
 Santin, A. D., Bellone, S., Buza, N., and Schwartz, P. E. (2017). Regression of metastatic, radiation/chemotherapy-resistant uterine serous carcinoma overexpressing HER2/neu with trastuzumab emtansine (TDM-1). Gynecol. Oncol. Rep. 19, 10–12. doi:10.1016/j.gore.2016.12.003
 Sartore-Bianchi, A., Lonardi, S., Martino, C., Fenocchio, E., Tosi, F., Ghezzi, S., et al. (2020). Pertuzumab and trastuzumab emtansine in patients with HER2-amplified metastatic colorectal cancer: The phase II HERACLES-B trial. ESMO open 5 (5), e000911. doi:10.1136/esmoopen-2020-000911
 Sartore-Bianchi, A., Trusolino, L., Martino, C., Bencardino, K., Lonardi, S., Bergamo, F., et al. (2016). Dual-targeted therapy with trastuzumab and lapatinib in treatment-refractory, KRAS codon 12/13 wild-type, HER2-positive metastatic colorectal cancer (HERACLES): A proof-of-concept, multicentre, open-label, phase 2 trial. Lancet Oncol. 17 (6), 738–746. doi:10.1016/S1470-2045(16)00150-9
 Schlessinger, J. (2002). Ligand-induced, receptor-mediated dimerization and activation of EGF receptor. Cell 110 (6), 669–672. doi:10.1016/s0092-8674(02)00966-2
 Seo, A. N., Kwak, Y., Kim, D. W., Kang, S. B., Choe, G., Kim, W. H., et al. (2014). HER2 status in colorectal cancer: Its clinical significance and the relationship between HER2 gene amplification and expression. PloS one 9 (5), e98528. doi:10.1371/journal.pone.0098528
 Shitara, K., Bang, Y. J., Iwasa, S., Sugimoto, N., Ryu, M. H., Sakai, D., et al. (2020). Trastuzumab deruxtecan in previously treated HER2-positive gastric cancer. N. Engl. J. Med. 382 (25), 2419–2430. doi:10.1056/NEJMoa2004413
 Slamon, D. J., Clark, G. M., Wong, S. G., Levin, W. J., Ullrich, A., and McGuire, W. L. (1987). Human breast cancer: Correlation of relapse and survival with amplification of the HER-2/neu oncogene. Sci. (New York, NY) 235 (4785), 177–182. doi:10.1126/science.3798106
 Stephens, P., Hunter, C., Bignell, G., Edkins, S., Davies, H., Teague, J., et al. (2004). Lung cancer: Intragenic ERBB2 kinase mutations in tumours. Nature 431 (7008), 525–526. doi:10.1038/431525b
 Su, Z., Xiao, D., Xie, F., Liu, L., Wang, Y., Fan, S., et al. (2021). Antibody-drug conjugates: Recent advances in linker chemistry. Acta Pharm. Sin. B 11 (12), 3889–3907. doi:10.1016/j.apsb.2021.03.042
 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA a cancer J. Clin. 71 (3), 209–249. doi:10.3322/caac.21660
 Tella, S. H., Kommalapati, A., Borad, M. J., and Mahipal, A. (2020). Second-line therapies in advanced biliary tract cancers. Lancet Oncol. 21 (1), e29–e41. doi:10.1016/S1470-2045(19)30733-8
 Thuss-Patience, P. C., Shah, M. A., Ohtsu, A., Van Cutsem, E., Ajani, J. A., Castro, H., et al. (2017). Trastuzumab emtansine versus taxane use for previously treated HER2-positive locally advanced or metastatic gastric or gastro-oesophageal junction adenocarcinoma (GATSBY): An international randomised, open-label, adaptive, phase 2/3 study. Lancet Oncol. 18 (5), 640–653. doi:10.1016/S1470-2045(17)30111-0
 Tinoco, G., Warsch, S., Glück, S., Avancha, K., and Montero, A. J. (2013). Treating breast cancer in the 21st century: Emerging biological therapies. J. Cancer 4 (2), 117–132. doi:10.7150/jca.4925
 Tolaney, S. M., Guo, H., Pernas, S., Barry, W. T., Dillon, D. A., Ritterhouse, L., et al. (2019). Seven-year follow-up analysis of adjuvant paclitaxel and trastuzumab trial for node-negative, human epidermal growth factor receptor 2-positive breast cancer. J. Clin. Oncol. official J. Am. Soc. Clin. Oncol. 37 (22), 1868–1875. doi:10.1200/JCO.19.00066
 Valle, J. W., Lamarca, A., Goyal, L., Barriuso, J., and Zhu, A. X. (2017). New horizons for precision medicine in biliary tract cancers. Cancer Discov. 7 (9), 943–962. doi:10.1158/2159-8290.CD-17-0245
 Van Cutsem, E., Bang, Y. J., Feng-Yi, F., Xu, J. M., Lee, K. W., Jiao, S. C., et al. (2015). HER2 screening data from ToGA: Targeting HER2 in gastric and gastroesophageal junction cancer. Gastric cancer official J. Int. Gastric Cancer Assoc. Jpn. Gastric Cancer Assoc. 18 (3), 476–484. doi:10.1007/s10120-014-0402-y
 Verma, S., Miles, D., Gianni, L., Krop, I. E., Welslau, M., Baselga, J., et al. (2012). Trastuzumab emtansine for HER2-positive advanced breast cancer. N. Engl. J. Med. 367 (19), 1783–1791. doi:10.1056/NEJMoa1209124
 Vernieri, C., Milano, M., Brambilla, M., Mennitto, A., Maggi, C., Cona, M. S., et al. (2019). Resistance mechanisms to anti-HER2 therapies in HER2-positive breast cancer: Current knowledge, new research directions and therapeutic perspectives. Crit. Rev. oncology/hematology 139, 53–66. doi:10.1016/j.critrevonc.2019.05.001
 Vivekanandhan, S., and Knutson, K. L. (2022). Resistance to trastuzumab. Resist. Trastuzumab. Cancers. 14 (20), 5115. doi:10.3390/cancers14205115
 von Minckwitz, G., Huang, C. S., Mano, M. S., Loibl, S., Mamounas, E. P., Untch, M., et al. (2019). Trastuzumab emtansine for residual invasive HER2-positive breast cancer. N. Engl. J. Med. 380 (7), 617–628. doi:10.1056/NEJMoa1814017
 Wang, H., He, Y., Zhao, W., and Tong, Z. (2022). Ado-trastuzumab emtansine in the treatment of lung adenocarcinoma with ERBB2 mutation: A case report and literature review. Anti-cancer drugs. 33 (8), 773–777. doi:10.1097/CAD.0000000000001369
 Webb, P. M., and Jordan, S. J. (2017). Epidemiology of epithelial ovarian cancer. Best Pract. Res. Clin. obstetrics Gynaecol. 41, 3–14. doi:10.1016/j.bpobgyn.2016.08.006
 Xu, Z., Guo, D., Jiang, Z., Tong, R., Jiang, P., Bai, L., et al. (2019). 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. 183, 111682. doi:10.1016/j.ejmech.2019.111682
 Yamashita-Kashima, Y., Shu, S., Harada, N., and Fujimoto-Ouchi, K. (2013). Enhanced antitumor activity of trastuzumab emtansine (T-DM1) in combination with pertuzumab in a HER2-positive gastric cancer model. Oncol. Rep. 30 (3), 1087–1093. doi:10.3892/or.2013.2547
 Yamashita-Kashima, Y., Yoshimura, Y., Fujimura, T., Shu, S., Yanagisawa, M., Yorozu, K., et al. (2019). Molecular targeting of HER2-overexpressing biliary tract cancer cells with trastuzumab emtansine, an antibody-cytotoxic drug conjugate. Cancer Chemother. Pharmacol. 83 (4), 659–671. doi:10.1007/s00280-019-03768-8
 Yu, L., Wang, Y., Yao, Y., Li, W., Lai, Q., Li, J., et al. (2014). Eradication of growth of HER2-positive ovarian cancer with trastuzumab-DM1, an antibody-cytotoxic drug conjugate in mouse xenograft model. Int. J. Gynecol. cancer official J. Int. Gynecol. Cancer Soc. 24 (7), 1158–1164. doi:10.1097/IGC.0000000000000179
 Zinner, R. G., Kim, J., and Herbst, R. S. (2002). Non-small cell lung cancer clinical trials with trastuzumab: Their foundation and preliminary results. Lung cancer (Amsterdam, Neth. 37 (1), 17–27. doi:10.1016/s0169-5002(02)00035-1
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Zheng, Zou, Sun, Peng and Peng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Ado-tratuzumab emtansine beyond breast cancer: therapeutic role of targeting other HER2-positive cancers		1 Introduction

		2 T-DM1 is an antibody drug approved by the FDA for breast cancer treatment types		2.1 The clinical indication of T-DM1

		2.2 The mechanism of T-DM1





		3 Oncogenic activation of HER2

		4 T-DM1 plays a promising therapeutic role on other types of cancer		4.1 Gastric cancer

		4.2 Non-small cell lung cancer

		4.3 Colorectal cancer

		4.4 Ovarian and uterine cancer

		4.5 Bladder cancer

		4.6 Biliary tract cancer





		5 Conclusion and perspective

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-10-1165781-g001.gif





OPS/images/fmolb-10-1165781-t001.jpg
HER2 criteria

Efficacy

Adverse event

References

NCT01641939 | I/II | THC2 and an ISH-positive or 08:7:9vs.8.6 months (HR 1-15,95% | Any grade 97% vs. 97%, | Gastric ‘Thuss-Patience
THC3", regardless of ISH status CI0-87-1:51, and p = 0:86) PES: | grade >3 60% vs. 70% cancer etal. 2017)
27 vs. 2.9 months (HR, 113,
0:89-1-43, and p = 031)
NCT02675829 | 1L Exon 20 insYVMA, insGSP, or ORR: 44% (95% CI, 22%-69%) PES: | Grade 3:6% and Grade | Non-small | Li etal. (2018)
insTGT; single-base pair 5 months (95% CI, 3-9 months) | 40% cell lung
substitutions L7554, L7558, V777L, cancer
VGS9E, or S310F; or other likely
activating mutations
NCT02289833 | II THC2" or 3* EGFR mutated or ALK | THC3" cohort: ORR20% (95% CI | Any grades: 92% Grade 3: | Non-small | Peters et al.
gene rearranged 5.7%-43.7%) THC2" and 3* cohort: | 20% and Grade 4:2% cell lung (2019)
PFS: 2.6 vs 2.7 month (95% CI cancer
1.4-2.8) OS: 12.2 vs 15.3 months
(95% CI 3.8-23.3)
JapicCTI- 1 HER2 exon-20 insertion mutations | ORR: 38.1% (90% CI, 23.0%-559%, | Toxicity was mild, with the | Non-small | Iwama et al.
194620 and p = 0.2091) PES: 2.8 months | frequency of adverse cell lung (2022)
(95% CI, 1.4-4.4 months) OS: events of cancer
8.1 months (95% CI, grade 23 being low
3.5-13.2 months)
NCT03225937 | 1 THC3" or IHC2 and an ISH-positive | ORR: 9.7% (95% CI, 0-28) PES: Grade 23:1% Colorectal | Sartore-Bianchi
mCRC with RAS (KRAS exons 2, 3, | 4.1 months (95% CI, 3.6-5.9) cancer etal. (2020)

and 4; NRAS exons 2, 3, and 4) wild-
type status










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





