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Abstract

:

Gastrointestinal (GI) tumors account for a quarter of all the cancer burden and a third of the global cancer-related mortality. Among them, some cancers retain a dismal prognosis; therefore, newer and innovative therapies are urgently needed in priority disease areas of high-unmet medical need. In this context, HER2 could be a relevant prognostic and predictive biomarker acting as a target for specific drugs. However, if the role of HER2 has been object of investigation for several years in gastric cancer, it is not well established in other GI malignancies. The aim of this narrative review was to portray the current landscape of the potential role of HER2 as a predictive biomarker for GI tumors beyond gastric cancer. In colon cancer, the benefit from anti-HER2 therapies is less clear than in gastric neoplasms for the lack of controlled studies. Pancreatic, biliary tract adenocarcinomas and hepatocarcinoma may derive a less clear clinical benefit by using anti-HER2 agents in HER2 positive tumors. Overall, the results are promising and seem to suggest that the integration of multiple modalities of therapies can optimize the cancer care. However, further prospective trials are needed to validate the use of personalized targeted therapies in this field.
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1. Introduction


Tumors arising from the gastrointestinal (GI) tract account for a quarter of all the cancer burden and a third of the global cancer- related mortality [1,2]. In 2018, an estimated 4.8 million new cases and 3.4 million related deaths occurred. The Surveillance, Epidemiology, and End Results population-based (SEER) data estimated that 1- and 3-year cancer specific survival rates for GI tumors are approximately 29% and 6.2% in patients <60 years, and 22.8% and 4.8% in patients ≥60 years old, respectively [3]. However, some GI tumors still retain a dismal prognosis: the 5-year overall survival (OS) rate for advanced gastric cancer is still below 30% and less than 3% for patients with metastatic pancreatic cancer [4,5]. Given the poor survival rates, newer and innovative therapies are urgently needed in priority disease areas of high-unmet medical need.



In the last decade, significant advances have taken place in the diagnosis, treatment, and prognosis of GI tumors, and the progresses in molecular biology have resulted in the introduction of target therapies, positioned as cornerstones of treatment, thus transforming the characterization of tumors and the consideration of therapeutic combinations [6,7,8].



Gastric and colon cancers spearhead the incidence and mortality of GI cancers, and account for the most data regarding the benefits reached with the incorporation of molecular diagnosis and target therapy in recent years [9,10]. One of the most intensively studied pathways is RAS-RAF- mitogen-activated protein kinase (MAPK), linked to the epidermal growth factor receptor (EGFR) signaling. There are several other transmembrane proteins functioning as receptors that might play a significant role in the GI tumorigenesis, including the human epidermal growth factor receptor 2 (HER2). A growing number of studies consolidated HER2 as a relevant driver of cancerogenesis with a reproducible value as a prognostic and predictive biomarker in upper GI cancers, linking it to a more aggressive biological behavior, actively involved in tumor progression, serosa involvement, local and distant metastases, higher disease stage, and higher frequency of recurrence.



In gastric and esophago-gastric junctional adenocarcinoma (EGJ), HER2 is a known oncogenic driver, with important implications for treatment. Overexpression or amplification, determined by immunohistochemistry (IHC), occurs in a range between 9% and 27% of all the tumors [11]. The relevance of anti-HER2 drugs in GI cancers was established with Trastuzumab in the ToGA trial for patients with advanced and metastatic EGJ and gastric adenocarcinomas. In the HER2 positive tumours, the addition of trastuzumab was associated with a median OS improvement of 2.7 months if compared to chemotherapy alone, with a predictable safety profile. These results established Trastuzumab as the standard of care in the first-line treatment for HER2 positive gastric cancer in combination with platinum-based chemotherapy [12].



Moving from its evidence in gastric cancer treatment, the evaluation of HER2 status is becoming important also in other GI tumor types. Colorectal cancer is one of the most investigated in this field, reporting the strongest evidences existing in the literature beyond gastric cancer regarding the role of HER2 as predictive biomarker [13]. However, in colon cancer the benefit from anti-HER2 therapies is less clear than in gastric neoplasms, for the lack of controlled studies. In fact, although the breakthrough for target therapies came after the discovery of anti-EGFR treatments for RAS-RAF wild type tumors, anti-HER2 therapies have not been found to have the same impact on response or survival in colorectal cancer if compared to the gastric one [14,15].



The use of anti-HER2 in other GI malignancies and non-adenocarcinoma histology variants are recent fields of investigation. Pancreatic, biliary tract adenocarcinomas, and hepatocarcinoma may derive a less clear clinical benefit by using anti-HER2 agents in HER2 positive tumors [8,14,15].



Based on this background, the aim of this narrative review is to portray the current landscape of the potential role of HER2 as a predictive biomarker for GI tumors beyond EGJ and gastric cancer. Therefore, we provided an overview of the HER2 assays and HER2 targeted treatments in this field, alongside with the future perspectives.




2. HER2 pathway and Its Alterations in GI Tumors


The first molecular pathway studied in GI tumors was the EGFR family pathway, which includes EGFR/HER1, HER2/neu, HER3, and HER4 receptors. Each receptor consists of an extracellular ligand-binding domain, an intracellular domain with tyrosine kinases activity, and a short, lipophilic, transmembrane component. The selective binding of ligands to the receptors leads to homo- or hetero-dimerization with other members of the EGFR family, the phosphorylation of intracellular domain, and the activation of downstream pathways including the RAS/RAF/MAPK and phosphatidylinositol-3 kinase/protein kinase-B/mammalian target of rapamycin (PI3K/Akt/mTOR) pathways. Stimulation of these pathways influences many aspects of tumor cell biology, such as proliferation, differentiation, migration, and apoptosis [16].



Among these receptors, HER2 plays a key role in GI tumors. HER2 alterations were historically investigated in breast cancer [17]. However, over the last decades the research has focused also on the role of HER2 in GI tumors. HER2/neu gene, located on chromosome 17q21, encodes the HER2 protein; when the oncogene is amplified, it can lead to HER2 receptor overexpression, resulting in a prolongation of trasductional signal with uncontrolled cell growth and tumorigenesis. To date, the specific ligand of this receptor has not been identified yet and it is considered a ligand-independent orphan receptor. Additionally, HER2 mostly acts as the suitable partner for the other EGFR receptors to create heterodimers, especially HER3.



The other most frequent alterations of HER2 pathway beyond amplifications are somatic mutations. These are variable according to the cancer type and can lead to pathological uncontrolled signal transduction [18].



An interesting field of research in this regard has focused on the role of HER2 as mechanism of acquired resistance to anti-EGFR agents. In particular, in colorectal cancer the presence of HER2 amplification or overexpression could lead to resistance to those drugs in patients with RAS-RAF wild type tumors [13]. Likewise, the presence of alterations in other EGFRs as well as the loss of HER2 expression after treatment with anti-HER2 drugs could be responsible for the primary and/or acquired resistance to anti HER2 agents, respectively [19,20,21].




3. HER2 Assessment in GI Tumors


HER2 is a well-known pharmacological target in breast cancer [17], and a variety of anti HER2 agents had deeply changed the treatment practice for both metastatic and early breast cancer, with significant benefit in the outcomes [22]. In the last few years, the assessment of HER2 status (including HER2 overexpression/amplification and HER2 mutations) and the implementation of clinical therapeutic interventions by using anti-HER2 agents, such as Trastuzumab, has become important in non-breast solid cancers, including esophageal, EGJ, gastric, colorectal and possibly small intestinal and pancreato-biliary cancers (Table 1) [23]. Accordingly, it is of paramount importance to develop optimal protocols to assess HER2 status in solid cancers in order to select patients who might derive a benefit by using anti-HER2 treatments.



The majority of the evidence available in the literature came from testing HER2 in gastric cancer. In this tumor, in fact, HER2 overexpression is observed in nearly a quarter of the patients, according to the histological tumor type and the primary tumor location [24]. In contrast to breast cancer, HER2 heterogeneity is more common in GI cancers as shown in some studies. In particular, a study by Lee et al. showed that concordant HER2 results between biopsy and surgical specimen were found in 87% of gastric cancer patients; however, 3/7 of discordant results exhibited false negative HER2 status on biopsy assessment and 4/7 specimens showed positive HER2 overexpression on biopsy specimen, whereas surgical specimen had HER2 negative status. This fact could be mostly related to the tumor heterogeneity of gastric neoplasms, so that HER2 variably positive and negative sub clones may co-exist at the same time, with a geographical pattern of positivity. In summary, the HER2 inter-tumoral heterogeneity is substantial [25]. Since HER2 assessment is often performed in advanced/inoperable or metastatic tumors, small endoscopic samples obtained by esophagogastroduodenoscopy are generally used for histological diagnosis and HER2 evaluation. However, the biopsies used to assess HER2 status are representative only for a limited area of the tumor. On the other hand, small specimens obtained by biopsy might give better antigen preservation and, hence, better HER2 assessment [25]. Therefore, in order to improve the sensibility of HER2 test in gastric cancer and to define a more realistic picture of HER2 status of the tumor (considering the aforementioned intra-tumoral heterogeneity), a minimum of 6–8 endoscopic biopsies from the primitive lesion and surrounding area should be provided for the HER2 assessment [26].



Additionally, the discordance in the HER2 assessment is also an issue between samples taken from primary versus metastatic lesion sites as already shown some years ago by Kim et al. and Perrone et al. [27,28]. In particular, they reported 2.4% and 11% rates in HER2 status in primary versus metastatic sites. According to them, the discordance was mainly related to the positive HER2 conversion from the primary site to the metastatic one [20,21]. Additionally, some studies suggest taking biopsies from both primary and metastatic site in order to overcome the aforementioned discordance in HER2 status. Therefore, in order to address the pre-analytical factors important for HER2 assessment, ASCO/CAP breast cancer guidelines can be followed for the sample collection and preservation to ensure reliable results [29].



Moving from the evidence in gastric cancer, the same criteria for HER2 assessment have been applied also to all GI tumors. Up to date, there are two validated and approved HER2 assessment kits: HERCEP Test Kit (HercepTest™ pharmDx, Agilent, Santa Clara, CA, USA) [30] and Pathway kit (i.e., VENTANA HER2 Dual ISH DNA Probe Cocktail, USA) [29]. In addition, based on ASCO/CAP, in-home built tests can be developed if align with the standard for performance and quality [29].



Combined IHC and molecular protocols, such as in situ hybridation (ISH), can be used to identify HER2 amplified tumors, selecting, in this way, the patients to candidate to anti-HER2 agents. In general, ASCO/CAP designed the protocol for a primary screening of HER2 status with IHC, that is largely available and cost- effective; then, for equivocal cases, confirmation with ISH is required [31]. According to that, three staining variables must be assessed for each sample in order to maximize the concordance rates between IHC and FISH (gold standard test) [31]:




	
Pattern or Quality of staining (complete, basolateral, or lateral membranous staining versus luminal, cytoplasmic, or nuclear staining);



	
Intensity of staining (weak, moderate, or strong);



	
Fraction of tumor cells that are positive (a cutoff of 10% is used for resection specimens).








In colorectal cancers, HER2 gene amplification and subsequent product overexpression have been reported in a range from 0% to 84%. The wide range can be attributed to the differences in scoring system, technical approaches, sample size and heterogeneity of study populations [32]. Then, when using validated scoring systems, membrane and cytoplasmic positivity were observed from 5% to 30%.



The HERACLES study represents the landmark trial in this field [33]. On the base of HER2 amplification data, the authors have defined two order of 2+ and three order of 3+ IHC scores. Indeed, 2+ score with any membrane positivity in <50% of neoplastic cells and 3+ score with intense circumferential, basolateral, and lateral positivity in <10% of neoplastic cells are not considered as positive staining, thus patients are not amenable to anti-HER2 treatments; 2+ score with moderate circumferential, basolateral and lateral positivity in ≥50% of neoplastic cells and score 3+ with intense circumferential, basolateral and lateral positivity in ≥10% of neoplastic cells but <50% of cells require further IHC confirmation and then ISH documentation of HER amplification before candidating the patients to anti-HER2 treatments. Finally, tumors showing a 3+ score with intense circumferential, basolateral and lateral positivity in ≥50% of neoplastic cells, after IHC confirmation, could be candidate to combined therapy without ISH documentation of HER2 amplification, although suggested.



In biliary tract cancers, 10.9% of tumors have HER2 positive state (IHC 3+), whereas HER2 gene amplification is identified in 5–15% of cases. Data from MyPathway (IHC 3+ and/or ISH positive) and SUMMIT (HER2 and/or HER3 alterations identified using next generation sequencing) can be used as reference for assessment of HER2 [34,35]. (Table 2).



Overall, the pathology assessment of HER2 status in GI tumors is still object of debate. Several definitions have been used across the different clinical trials, and the best threshold for the single cancer types predicting the greatest benefit of anti-HER2 medicines is to be identified. In addition, more complexity has emerged with new anti-HER2 molecules, for example, drug-conjugate monoclonal antibodies, which have demonstrated to target cancer cells and provide a benefit across a large range of HER2- positive IHC staining [39]. More interestingly, these compounds have showed activity in HER2-low positive tumors, namely HER2 positive samples at IHC with negative ISH [40]. In such a perspective, the assessment of HER2 staining with IHC alone has been proposed as a screening procedure for multiple innovative compounds that utilize HER2 as a membrane antigen for tailored cytotoxic drug-delivery.




4. A Pharmacological Overview on the Anti-HER2 Biological Agents


The effective pharmacological manipulation of HER2 has resulted in landmark achievements in the treatment of cancer. The identification of pharmacological strategies to target key oncoproteins in human cancers has been declinated through multiple mechanisms, to switch off the pathogenetic drivers by direct binding (monoclonal antibodies or Mab), tackling the intrinsic tyrosine kinase activity (small molecules or TKI), delivering cytotoxic payloads via membrane receptors (antibody-drug conjugate MAb or ADC and radio-conjugate) or enhancing the immune-function of antibodies antibody-dependent cellular cytotoxicity (ADCC).



The first in class anti-HER2 agent implemented in clinical practice has been trastuzumab. Trastuzumab is a MAb IgG1 class, developed as a humanized murine compound able of binding to the extracellular domain IV of HER2 [41]. The binding of trastuzumab to the receptor prevents the dimerization of HER2 that is the key mechanism identified for the oncogenic signal transduction [42]. Such an inhibiting activity results in the dampening of the key downstream transductors and effectors of the cell response to mitogenic signals, namely the MAPK and the PI3K/Akt pathways [43]. Of interest, when PI3K signaling acquires some independency from the HER2 receptor, as observed in the dysregulation of the pathway (e.g., for mutational events), the tumor cells appear resistant to trastuzumab—suggesting a key role mediating the therapeutic effects [44]. In addition, trastuzumab seems to trigger the internalization of the HER2 receptor, thus resulting in its degradation [45]. Eventually, trastuzumab retains the functions of immunoglobulins that is the ADCC, recalled as one main mechanism of action of this drug [46]. ADCC mediates humoral and cellular immune responses: the fragment crystallizable region (Fc) of the immunoglobulin of class G1 can be recognized by a specific receptor on some effectors of the immune response, mainly Natural Killer cells, through the receptor FcγRIII [47]. The most relevant toxicity observed with trastuzumab is the cardiac toxicity. Alterations of the heart function have been observed in 1% of the patients; however, the pattern of trastuzumab-related cardiotoxicity is self-limiting in nature, and commonly reversible with a treatment temporary withdrawn [48]. This pattern of toxicity is defined “type 2” cardiotoxicity, as non-cumulative and reversible, possibly due to functional alterations of the HER2 signaling in cardiomyocytes, to distinguish it to the type 1 related to anthracyclines [49].



Even if major successes have been reported with the use of trastuzumab, resistance to this agent ultimately can occur with multiple mechanisms and new compounds have been identified in order to potentiate the frontline therapy or overcome the treatment resistance. HER2 is capable to link to other transmembrane receptors for the activation of the tumorigenic signaling, including with HER3. However, trastuzumab is not able to tackle the hetero-dimerization events, so that HER2/HER3 interaction can occur in the presence of this MAb [50].



Pertuzumab was identified as a MAb capable to bind HER2 in a different domain of trastuzumab, namely the domain II [51]. The current evidence on the pharmacology of trastuzumab and pertuzumab suggests that the exposure of cancer cells to trastuzumab upregulates HER3 (compensatory mechanism) [52]. This fact has provided the rationale to utilize a HER2 double blockade to switch off the HER2 and HER3 mediated signaling in cancer cells, thus providing a synergistic effect [53]. In fact, the entire drug development of pertuzumab has focused on its role as an enhancer of the response of the anti-HER2 treatments, and it is not currently approved for the use as a single agent. Like trastuzumab, the ADCC-inducing capability of pertuzumab seems to be one key mechanism for its antineoplastic activity [54].



In the attempt to enforce the ADCC capability of the MAb, the bioengineering technology has provided a strategic manipulation of the Fc domain, by increasing the FcγRIII binding capacity to the immune effectors [55]. Margetuximab was designed as an anti-HER2 chimeric immunoglobulin G, capable to bind the same HER2 epitope of trastuzumab with an increased affinity to the FcγRIII and lower binding capacity to CD32B, an FcγR inhibitory receptor [56]. When used in trastuzumab- resistant models, margetuximab demonstrated an improved antitumor activity, prompting its implementation in clinical trials [57].



Some fusion molecules have been introduced with the aim to use a single antibody with multiple functions, and/or enhance the immune- activity. In general, bi-functional antibodies are engineered MAb capable to bind two different epitopes, aiming to bind to multiple antigens on the cancer cells (e.g., HER2 and HER3) or recruit different cell types (e.g., immune-cells). Zenocutuzumab, ZW25, PRS-343, and GBR1302 are bi-functional monoclonal antibodies under clinical development for the treatment of HER2- positive tumors. Zenocutuzumab and ZW25 are bi-functional MAb, designed to bind epitopes on the transmembrane receptors on cancer cells [56]. Zenocutuzumab is able to recognize HER2 and HER3 with enhanced ADCC, while ZW25 binds to the domain II and IV of HER2, recapitulating the activity of trastuzumab and pertuzumab. On the other hand, PRS-343 and GBR1302 are MAb designed to bind immune- and cancer cells. PRS-343 recruits the co-stimulatory immune-checkpoint protein CD137 (4-1BB), an immune- activating member of the tumor necrosis factor receptor superfamily and HER2; GBR1302 binds to the T-cell receptor and HER2 [57]. The use of single molecules with double activities is a promising strategy for the treatment of cancer, intending to provide a contemporary physical linkage of multiple epitopes or produce a favorable milieu of immune-activity by linking effector cells to cancer cells [58].



MAbs have been also invested with a novel role that is the delivery of potent cytotoxic chemotherapeutics specifically into cancer cells [40]. An ADC is composed of a MAb plus a cytotoxic agent linked by a molecular linker [59]. The first approved ADC for the treatment of breast cancer was trastuzumab emtansine (T-DM1). T-DM1 is an ADC combining trastuzumab to mertansine, an inhibitor of the microtubular assembly [40]. The second ADC approved for breast cancer is trastuzumab-deruxtecan (T-DXd, DS-8201), composed of trastuzumab conjugated to a topoisomerase I inhibitor [60]. When binding to the cancer cells via HER2, T-DXd is internalized by the cells and cleaved by lysosomal cysteine proteases, thus releasing the payload. The payload can exert intra-cellular direct cytotoxic activities in the targeted cells and can induce bystander effects in the tumoral milieu, thus enhancing the overall antineoplastic activity e.g., on HER2 heterogeneous tumors with variable expression of the membrane oncoprotein [61]. Though developed for the precise delivery of chemotherapy agents, some spillover of the conjugated compounds can be observed, resulting in some classic toxicities of chemotherapy. For example, the use of T-DXd is associated with nausea in three-quarter of the patients, fatigue and alopecia in a half; in addition, moderate to severe hematological toxicities has been reported in one-fifth of patients, including anemia and neutropenia. Of relevance, the accumulation of the cytotoxic compounds in the lungs has been associated with interstitial lung disease, the most concerning toxicity from ADCs, prompting the treatment discontinuation in the largest proportion of the patients and being lethal in around 2% of the cases [62]. Several other ADCs anti-HER2 are on the pipeline for the treatment of solid tumors, including Trastuzumab duocarmazine (SYD985), Disitamab Vedotin (RC48-ADC) and the bi-specific ADC MEDI4276. Envisioning the use of MAb as “carriers” of pharmaco-therapeutics, some have suggested using trastuzumab conjugates to deliver radioisotopes (radio-immunotherapy) [63]. The first in class anti-HER2 compound implemented in clinical trials is 212Pb-TCMC-trastuzumab, a radio-immunoconjugate of trastuzumab with an alpha emitting isotope [64]. More recently, the conjugates of 227Th have emerged as favored compounds, alpha- emitting and with a better stability both in serum and vivo conditions [65]. The advantage to use alpha vs. beta-emitters is related to short half-lives, short rage of actions to deliver localized higher burden of radiations [66]. So far, none of the anti-HER2 radio-immunoconjugates is approved up to date.



Another strategy to tackle the pathogenetic HER2 signaling in tumors is to target the tyrosine kinase activity with TKI. The use of TKI against HER2 has been the second strategy implemented in the clinical practice for patients with HER2- positive breast tumors, with the advent of lapatinib. HER2 TKIs block the ATP binding pocket, thus preventing auto-phosphorylation of the receptor and resulting in the downregulation of the transduction signal. While the kinome of the small molecules can be quite promiscuous, these TKIs are mainly distinguished by their ability to block reversibly or irreversibly HER2 and their capacity to cross the blood- brain barrier. All the TKI used in the treatment of HER2- positive cancers are administered as oral agents. As HER2 blockers, a special precaution for the cardiac effects should be provided for patients taking these molecules, as for trastuzumab. Additionally, according to their capability to bind to other protein of the EGFR family, cutaneous and GI effects are also reported [67]. Neratinib and Pyrotinib are irreversible HER2 inhibitors targeting HER1/EGFR, HER2, and HER4; Poziotinib is an irreversible pan-HER blocker with activity on key pathogenetic mutations of HER1 [68]. Lapatinib and tucatinib are reversible HER2 blockers; however, while lapatinib exerts pharmacological activity on HER2 and on HER1/EGFR, tucatinib is HER2 very selective resulting in a better safety profile and less skin or intestinal side effects [69]. In addition, tucatinib has a better bioavailability in the central nervous system, thus widely suggested for the control of HER2- positive brain (secondary) tumors [70].



The complex treatment landscape of development of anti-HER2 agents includes some innovative approaches to cancer treatment. The presence of HER2 on some tumor cells and the wide utilization of it as a cancer- specific antigen (though not exclusive of tumors) has suggested its role for the development of preventive or therapeutic anticancer vaccines. Peptide- based vaccines (e.g., HER2 369–377) have been engineered and used in preliminary studies for cancer patients, with promising results [71]. Immune-stimulating effects have been variously reported, with an acceptable safety profile and no major myocardial toxicities [72]. Additionally, dendritic cell-based vaccines have been developed, using autologous cells pulsed with HER2 peptides [73]. Eventually, cell-based strategies have also been proposed, using adoptive T-cell therapies. These strategies generate T cells with chimeric antigen receptor, to enhance the recognition of HER2 epitopes and tailor precisely the cancer cells expressing the cancer-associated antigen [74]. Variously combined or as single agents, these molecules represent appealing new strategies to treat solid tumors, including GI tumors positive to HER2; however, definitive results with prompt clinical applications beyond gastric cancers are still await.




5. Role of HER2 across Gastrointestinal Cancer Types


5.1. Colorectal Cancer


Colorectal cancer (CRC) has benefited from anti-HER2 targeted therapy [23,75]. HER2 overexpression in CRC is an emerging biomarker and accounts for around 5% of all cases [76,77]. Patients with HER2-positive CRC have been enrolled in several early phase I-II trials in order to investigate various combinations encompassing HER2 targeted drugs. Previously, a phase II trial (NCT00003995) tested the addition of trastuzumab to irinotecan in the first and second lines for advanced CRC [38]. HER2 status was assessed by IHC and verified by fluorescent in situ hybridization (FISH). Despite the discordant findings between these techniques, patients harboring HER2 amplification had partial response to this combination. Unfortunately, the trial was closed earlier because of poor accrual [38]. Similarly, another phase II trial (NCT00006015) that combined trastuzumab to FOLFOX regimen as a second line treatment in the metastatic disease was also terminated because of the lack of sufficient accrual [78]. Trastuzumab was also combined to a farnesyl protein transferase inhibitor (tipifarnib) in a phase I trial in molecularly unselected patients; it proved to have an acceptable safety profile (NCT00005842). However, this new agent failed to show improved survival for this indication in a phase III trial [79]. Since then, most clinical studies showed some signs of early efficacy but without further development [80,81]. Later, the combination of pertuzumab, the EGFR inhibitor cetuximab, and irinotecan has been evaluated in the second line by a phase I trial (NCT00551421) in a molecularly unselected group of patients, refractory to first-line chemotherapy plus cetuximab [82]. The trial terminated early due to the safety issues of the combination. The reported objective response rate was 14% [82]. Recently, the phase II HERACLES-A trial evaluated the objective response rate of dual trastuzumab and lapatinib in metastatic CRC patients with HER2 overexpression and amplification and KRAS exon 2 wildtype [13,83]. At a median follow-up of 94 weeks, the combination resulted in 8/27 objective responses (30%, 95% confidence interval (CI): 14–50%) with one complete response (3%). The reported median progression-free survival (PFS) was 4.7 months (95% CI: 3.7–6.1), and the median OS was 10.0 months (95% CI: 7.9–15.8). Interestingly, intracranial progression was reported in 19% of the patients [83]. Grade 3 adverse events were reported in 22% of the patients. The second cohort (NCT03225937) of this trial evaluated the combination of pertuzumab and T-DM1, reporting an objective response of 10% (95% CI: 0–28); the proportion of patients with stable disease was 70% (95% CI: 50–85) [33]. However, this study did not meet its primary endpoint.



The efficacy of trastuzumab combined with tucatinib was explored in CRC patients with HER2 overexpression or amplification in the phase II open-label MOUNTAINEER trial in the second line setting [84]. A CLIA-certified HER2 IHC or next generation sequencing (NGS) test or an FDA-approved FISH test confirmed molecular status. Trastuzumab and tucatinib produced an overall response rate of 55% (12/22). After a median follow-up of 10.6 months, median PFS was 6.2 months (95% CI, 3.5-not reached (NR)), and median OS was 17.3 months (95% CI: 12.3-NR). The planned primary completion date of the trial will be in August 2021 [84]. Additionally, the phase II MyPathway basket trial has assessed the combination of trastuzumab and pertuzumab in 57 patients with HER2-amplified metastatic CRC [34]. Objective responses were observed in 32% of the patients (95% CI: 20–45); one patient had a complete response (2%). More recently, the TAPUR phase II study that enrolled 28 HER2-amplified CRC patients and treated with the pertuzumab/trastuzumab combination showed objective responses in 14% of the patients (14% (95% CI: 4–33) [85].



The ADC of trastuzumab was investigated in the phase II DESTINY-CRC01 trial that evaluated the efficacy of trastuzumab deruxtecan, focusing only on HER2 expressing CRC [86]. The confirmed objective response rate was 45.3% (95% CI: 19.8–70.1%), with a disease control rate of 83.0% and a median PFS of 6.9 months (95% CI: 4.1 months-NR). The authors emphasized recognizing and managing treatment-related interstitial lung disease, which occurred in 6.4% of the patients [86].



In conclusion, targeting HER2 amplified/overexpressed CRC is still under investigation and the current data are not mature yet to provide actionable findings for this group of tumors. There are currently more than 40 recorded clinical studies ongoing trials in this field [87]. This may potentially provide promising findings in the future for improving outcomes.




5.2. Small Bowel Cancers


Small bowel cancer is a rare subset of GI tumor (3% of all), whose genome profile is still under debate. Up to date, in fact, it is not very clear if these tumors might be more similar to the stomach, duodenum, or colon ones and, therefore, the systemic treatments in case of metastatic disease is mainly based on the chemotherapy schedules generally used in other GI malignancies (e.g., FOLFOX schedule) [2]. Therefore, there is a lack of target treatment for tumors, which arise from the small bowel. However, the small bowel cancers show deeply differences from CRC, with a poor prognosis (poorer than CRC), mostly due to a late diagnosis. Additionally, the knowledge available today seems to report a genetic profile more similar to the stomach cancer, but with some peculiarities. Schrock et al. analyzed 7559 samples from patients affected by gastric (n: 889), CRC (n: 6353) and small bowel cancer (n: 317) with the aim to compare the genomic profile of those tumors [88]. The genomic alterations in small bowel tumors were different from either CRC or gastric ones, confirming that those tumors represent a distinct entity. Additionally, they revealed to have HER2 mutations in 8.2% (versus 9.5% of gastric cancer and 5.1% of CRC) of samples, HER2 amplifications in 2.2% and both co-occurring alterations in three cases. The most important activating mutations were S310F/Y, V777L, V842I, D769Y and L755S. These alterations could represent possible targets for personalized treatment also in this group of tumors. However, further investigations are needed in order to evaluate the role of HER2 in small bowel carcinomas and to eventually design prospective randomized trials with target therapies in this field.




5.3. Gastrointestinal Stromal Tumors (GIST)


Several small series in Europe and USA found no GIST patient to be positive for HER2. Yan et al. examined 37,992 patients with diverse cancer types, including 143 GIST. Nevertheless, no GIST expressed a positive HER2 status [89]. Likewise, another trial including 94 GIST failed to show gene amplification for HER2 [90]. However, a small Egyptian study including 32 patients showed a 43.7% positivity in HER2 status [91]. Additionally, it reported that high-risk grade, tumor size, mitotic count, and increased risk of relapse were significantly correlated with HER2 positivity. Interestingly, a large study from China [92] involving 453 GIST patients showed a positive HER2 status in 52.3% of patients, even if the author used a non-conventional scoring system for the HER2 assessment.



Therefore, the role of HER2 in GIST is not still defined. However, further investigations also exploring the heterogeneity of HER2 expression according to ethnicity could be of interest.




5.4. Biliary Tract Cancer and Pancreatic Cancer


5.4.1. Biliary Tract Tumors


Cancers of the biliary tract includes different kind of tumors, which are intrahepatic and extrahepatic cholangiocarcinoma and gallbladder carcinoma. The highest incidence rates are reported in India, Pakistan, Korea, Japan, and some South American countries [93]. Surgery is considered the only curative approach; however, only few patients have an early stage amenable to surgical resection at diagnosis. Therefore, the majority of patients are diagnosed with a locally advanced disease; those patients show high recurrence rates even after adjuvant chemotherapy [94].



Regarding the molecular profile, the knowledge about carcinogenesis and genetic alterations in the biliary tract cancers is still incomplete. However, some reports in the literature have showed an HER2 overexpression in 10–82% biliary tumors [95]. Additionally, a metanalysis showed a higher HER2 overexpression in extrahepatic than intrahepatic cholangiocarcinoma (19% versus 4.8%). Among patients with HER2 overexpression, almost 60% of patients has HER2 amplification too [96]. Another case series showed an HER2 positivity in 16.6% of gallbladder cancer [97].



The role of HER2 as predictive or prognostic biomarker is still unclear in the field of biliary tract cancers. In this regard, Vivaldi et al. did one of the largest retrospective mono-institutional analysis of 100 patients with biliary tract tumors after curative surgery [98]. HER2 positivity was found in 11% of patients and was associated with a poorer disease-free survival (DFS): 10.6 versus 20.9 months in HER2 positive and HER2 negative patients, respectively. However, the HER2 status alone did not affect the OS. Another Japanese analysis evaluated the HER2 status in samples from 454 patients with biliary tract cancers who had undergone to curative surgery (intrahepatic cholangiocarcinoma: 110 patients, perihilar extrahepatic cholangiocarcinoma: 67, distal extrahepatic cholangiocarcinoma: 19, gallbladder carcinomas: 80, ampullary carcinomas: 79) [99]. HER2 positivity was seen in 14.5% of tumors (intrahepatic cholangiocarcinoma: 3.7%, perihilar extrahepatic cholangiocarcinoma: 3%, distal extrahepatic cholangiocarcinoma: 18.5%, gallbladder carcinomas: 31.3%, ampullary carcinomas: 16.4%) [99]. Unlike the work by Vivaldi et al. [98], in this analysis HER2 positive tumors were mainly differentiated with low rate of invasion. Therefore, the prognostic role of HER2 is still unclear.



Regarding the therapeutic application, up to date there are no randomized controlled trials in the field of biliary tract cancers showing efficacy of anti-HER2 agents. In fact, all the evidence about their activity in those tumors are retrospective or at an early stage of development, such as preclinical (in vitro and in vivo models) or from phase I trials [100]. In particular, in a retrospective series from a single institution, 14 patients with metastatic HER2 positive biliary tract cancers (9 gallbladder cancer patients and 5 cholangiocarcinoma patients) had received trastuzumab, lapatinib, and pertuzumab, alone or in association with chemotherapy [101]. In this experience, the authors recorded a complete response in one patient with gallbladder cancer, whereas 4 patients had a partial response by RECIST. The median duration of response was 40 weeks. No response was seen in patients affected by HER2 positive cholangiocarcinoma, even if they had higher proportion of HER2 overexpression or mutation. However, these results should be considered with caution due to the limitations of the study, mainly related to the heterogeneity of treatment and the retrospective design. Another case report describes a good response by using trastuzumab in combination with Paclitaxel in the second line treatment of a patients affected by HER2 positive metastatic gallbladder cancer. Then, lapatinib plus FOLFOX was evaluated in a phase I trial, regardless of HER2 status, showing partial responses in 2/34 patients [102].



Among phase II trials, the California consortium and the MyPathway trial are the best match for anti-HER2 treatments in this field [103,104]. In the first one, 19 patients with advanced biliary tract tumors were treated with lapatinib. However, no objective responses were seen in those patients and only five patients had a stable disease as best response at the radiological assessment [103]. The MyPathway trial is an open label basket trial aiming to find the genomic peculiarities of each kind of tumors in order to develop a personalized target therapy for each alteration. It included 11 patients with HER2 positive biliary tract tumors (eight patients had HER2 amplifications and three had somatic mutations), showing good responses after treatment with the target anti-HER2 agents trastuzumab and pertuzumab (four patients had a partial response and five patients a stable disease as best response) [104]. Then, another basket trial (SUMMIT) evaluated the use of neratinib in patients with HER2 positive solid tumors, including nine patients with HER2 positive biliary tract tumors, who had a 22% overall response rate (ORR) [105].



In conclusion, the evidence regarding a potential role of HER2 in the field of biliary tract cancers is immature at the time of writing. Therefore, further phase III trials are needed in order to consider HER2 as a potential target for effective target treatments in this field.




5.4.2. Pancreatic Cancer


The prevalence and diagnostic criteria for HER2 status in pancreatic cancer remain unclear as well as its role as predictive or prognostic biomarker. In general, few experiences have reported an HER2 positivity in 24–26% of pancreatic adenocarcinomas [106]. Additionally, the data available in the literature showed no correlation between the HER2 status and the outcome in pancreatic cancer patients [107].



Regarding the therapeutic implications of HER2, preclinical studies have evaluated the role of trastuzumab in human pancreatic cancer cell lines both in vitro and in vivo [108]. Cells with high level of HER2 positivity had the best response to treatment, whereas there were no significant responses in those with low HER2 expression. A similar anti-tumor effect of trastuzumab was seen in another in vitro study in combination with gemcitabine, causally related to HER2 level expression [109]. Moving from the preclinical to the early drug development field, a phase II study evaluated the efficacy of using trastuzumab in combination with capecitabine in 17 HER2 positive pancreatic cancer [106]. The trial showed a median OS and PFS of 23.55 and 6.9 months, respectively, without improvement in the outcomes if compared with the “historical” data of chemotherapy alone [106].



Another single arm study by Safran et al. evaluated the response rates by using Trastuzumab and gemcitabine in 34 patients with metastatic HER2 positive pancreatic adenocarcinoma [110]. Thirteen patients had >50% reduction of CA 19–9 levels; median OS was 7 months, and 1-year OS rate was 19%. Nevertheless, trastuzumab appeared not to give a benefit if compared with chemotherapy (gemcitabine) alone.



In conclusion, the evidence regarding a potential role of HER2 in the field of pancreatic cancers is immature and not conclusive at the time of writing. Therefore, further phase III trials are needed in order to consider HER2 as a potential target for effective target treatments in this field.






6. Future Directions and New Strategies for HER2-Positive GI Tumors


The progress in molecular tumor biology is growing, and the research focusing on targeted therapies in GI cancers is incessant. Currently, more than one-third of the ongoing clinical trials with anti-HER2 agents evaluates the combination of chemotherapy and monoclonal antibodies or TKI. More commonly, these agents are conceived to target HER2- amplified tumors; however, with the advent of conjugated MAb, some studies are ongoing against tumor types positive to HER2 at IHC without an ISH-confirmed tumor amplification (HER2-positive, non-HER2 oncogene driven tumors).



A third of the enrolling phase I or II trials assess bispecific antibodies (zanidatamab, zenocutuzumab, SBT6050) and antibody-drug conjugates (trastuzumab emtansine, trastuzumab deruxtecan, disitamab vedotin, ZW49). A smaller segment of the ongoing clinical trials evaluates the efficacy of the combination of trastuzumab and pertuzumab or of MAb with TKIs.



Interesting results are awaited from HER2-directed vaccine trials (chimeric HER-2 B-cell peptide, NANT pancreatic cancer vaccine, FATE-NK100, ACE1702), an innovative approach in the immune-stimulation against tumors. In fact, HER2 has been commonly referred as a tumor- association antigen, with the potentiality to be recognized by the immune system, thus targeting specifically the cancer cells. In addition, for HER2 mutant tumors, TKIs (neratinib, poziotinib, and TAS0728) are under evaluation in clinical trials, as single agents or in combination with immune- agents (i.e., afatinib plus nivolumab). Then, Atezolizumab with trastuzumab or pertuzumab (NCT04551521), avelumab with trastuzumab deruxtecan, nivolumab combined with afatinib (ChiCTR1800018149) represent all possible future immunotherapy combinations and are under clinical investigation (see Table 3 for additional details).



Finally, while the current standard for the evaluation of the treatment response is based on radiological assessment criteria, multiple trials will provide valuable information about the utility of blood-based initial detection of HER2 amplification and the role of circulating tumor DNA (NCT04183712), resulting in dynamic and non-invasive modalities to monitor treatment responses and anticipate resistance to therapies.




7. Conclusions


The landscape of anti-HER2 therapeutics for non-gastric GI tumors is rapidly evolving, and innovative paradigms of cancer treatment are emerging. While nonspecifically considered an agnostic marker, the amplification of HER2 has been recognized as a driver mechanism of tumorigenesis in selected tumor types beyond breast cancer—and the benefits of anti-HER2 therapies confirmed in multiple disease areas. In addition, the demonstration of a membrane stain at IHC of HER2 is emerging as a possible “agnostic-like” marker for cancer treatment, using treatment delivery modalities that target the cancer cells via membrane antigen- recognition. This is the case of ADCs, therapeutic vaccines and Chimeric antigen receptor T cells—which utilize HER2 as a “non-self” recognition signal, delivering cytotoxic agents or immune-mediated cytotoxic responses, respectively—thus not primarily aiming to switch-off the HER2 pathological signaling, as for TKIs or classic MAb. Which strategy is the most promising and in what setting is expected will be determined by clinical trials. So far, the results are promising and seem to suggest that the integration of multiple modalities of therapies can optimize the cancer care, including the combination of multiple innovative therapies.







Author Contributions


Conceptualization, A.P.; resources, C.G.L., B.H., S.Z.K., K.E.B., S.C.A.; S.H., S.A.M., D.T., A.P.; writing—original draft preparation, all authors; writing of particular sections: all authors; writing—review and editing, A.P., D.T., K.E.B.; supervision, A.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


The authors appreciate the contributions of the members of the global network of the cancer providers ONCOLLEGE, for the inputs on the original draft, the discussion of some key points of the outline, supporting the aim to raise the global research capacity, including through independent collaborative research networks, and by sharing relevant educational materials. Inter alia, we would thank El Faham Essam (Egypt), Andrew Odhiambo (Kenya), Fahmi Usman (Ethiopia) who volunteered to coordinate the network and expand into their Regions and Countries of origin. We all acknowledge that the power of a positive commitment for change is fruitful, though impervious: that is the way ONCOLLEGE committed to step on.




Conflicts of Interest


C.G.L. declares employment by Bristol Myers Squibb; A.P. had past fees with Eli-Lilly, MSD. and Servier outside the submitted work. The other authors declare no conflict 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]

	



NCCN Guidelines. May 2020. Available online: nccn.org (accessed on 4 October 2020).

	



Li, X.; Wang, W.; Ruan, C.; Wang, Y.; Wang, H.; Liang, X.; Sun, Y.; Hu, Z. Age-specific impact on the survival of gastric cancer patients with distant metastasis: An analysis of SEER database. Oncotarget 2017, 8, 97090–97100. [Google Scholar] [CrossRef] [PubMed]

	



Brenner, H.; Rothenbacher, D.; Arndt, V. Epidemiology of Stomach Cancer. In Cancer Epidemiology: Modifiable Factors; Verma, M., Ed.; Humana Press: Totowa, NJ, USA, 2009; pp. 467–477. [Google Scholar] [CrossRef]

	



Lepage, C.; Capocaccia, R.; Hackl, M.; Lemmens, V.; Molina, E.; Pierannunzio, D.; Sant, M.; Trama, A.; Faivre, J. EUROCARE-5 Working Group:. Survival in patients with primary liver cancer, gallbladder and extrahepatic biliary tract cancer and pancreatic cancer in Europe 1999–2007: Results of EUROCARE-5. Eur. J. Cancer 2015, 51, 2169–2178. [Google Scholar] [CrossRef]

	



Wang, H.L.; Kim, C.J.; Koo, J.; Zhou, W.; Choi, E.K.; Arcega, R.; Chen, Z.E.; Wang, H.; Zhang, L.; Lin, F. Practical Immunohistochemistry in Neoplastic Pathology of the Gastrointestinal Tract, Liver, Biliary Tract, and Pancreas. Arch. Pathol. Lab. Med. 2017, 141, 1155–1180. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.S.; Kim, W.H.; Kwak, Y.; Koh, J.; Bae, J.M.; Kim, K.M.; Chang, M.S.; Han, H.S.; Kim, J.M.; Kim, H.W.; et al. Gastrointestinal Pathology Study Group of Korean Society of Pathologists; Molecular Pathology Study Group of Korean Society of Pathologists. Molecular Testing for Gastrointestinal Cancer. J. Pathol. Transl. Med. 2017, 51, 103–121. [Google Scholar] [CrossRef]

	



Fusco, N.; Bosari, S. HER2 aberrations and heterogeneity in cancers of the digestive system: Implications for pathologists and gastroenterologists. World J. Gastroenterol. 2016, 22, 7926–7937. [Google Scholar] [CrossRef]

	



Tirino, G.; Pompella, L.; Petrillo, A.; Laterza, M.M.; Pappalardo, A.; Caterino, M.; Orditura, M.; Ciardiello, F.; Galizia, G.; De Vita, F. What’s New in Gastric Cancer: The Therapeutic Implications of Molecular Classifications and Future Perspectives. Int. J. Mol. Sci. 2018, 19, 2659. [Google Scholar] [CrossRef]

	



Xie, Y.-H.; Chen, Y.-X.; Fang, J.-Y. Comprehensive review of targeted therapy for colorectal cancer. Signal Transduct. Target. Ther. 2020, 5, 22. [Google Scholar] [CrossRef]

	



Abrahao-Machado, L.F.; Scapulatempo-Neto, C. HER2 testing in gastric cancer: An update. World J. Gastroenterol. 2016, 22, 4619–4625. [Google Scholar] [CrossRef]

	



Bang, Y.J.; Van Cutsem, E.; Feyereislova, A.; Chung, H.C.; Shen, L.; Sawaki, A.; Lordick, F.; Ohtsu, A.; Omuro, Y.; Satoh, T.; et al. ToGA Trial Investigators. Trastuzumab in combination with chemotherapy versus chemotherapy alone for treatment of HER2-positive advanced gastric or gastro-oesophageal junction cancer (ToGA): A phase 3, open-label, randomised controlled trial. Lancet 2010, 376, 687–697. [Google Scholar] [CrossRef]

	



Siena, S.; Sartore-Bianchi, A.; Trusolino, L.; Martino, C.; Bencardino, K.; Lonardi, S.; Zagonel, V.; Leone, F.; Martinelli, E.; Ciardiello, F.; et al. Abstract CT005: Final results of the HERACLES trial in HER2-amplified colorectal cancer. Cancer Res. 2017, 77, CT005. [Google Scholar]

	



Huynh, J.C.; Schwab, E.; Ji, J.; Kim, E.; Joseph, A.; Hendifar, A.; Cho, M.; Gong, J. Recent Advances in Targeted Therapies for Advanced Gastrointestinal Malignancies. Cancers 2020, 12, 1168. [Google Scholar] [CrossRef]

	



Harada, K.; Mizrak Kaya, D.; Shimodaira, Y.; Song, S.; Baba, H.; Ajani, J.A. Translating genomic profiling to gastrointestinal cancer treatment. Future Oncol. 2017, 13, 919–934. [Google Scholar] [CrossRef] [PubMed]

	



Ciardiello, F.; Tortora, G. EGFR antagonists in cancer treatment. N. Engl. J. Med. 2008, 358, 1160–1174. [Google Scholar] [CrossRef] [PubMed]

	



Harbeck, N.; Gnant, M. Breast cancer. Lancet 2017, 389, 1134–1150. [Google Scholar] [CrossRef]

	



Pahuja, K.B.; Nguyen, T.T.; Jaiswal, B.S.; Prabhash, K.; Thaker, T.M.; Senger, K.; Chaudhuri, S.; Kljavin, N.M.; Antony, A.; Phalke, S.; et al. Actionable Activating Oncogenic ERBB2/HER2 Transmembrane and Juxtamembrane Domain Mutations. Cancer Cell 2018, 34, 792–806.e5. [Google Scholar] [CrossRef]

	



Pietrantonio, F.; Fucà, G.; Morano, F.; Gloghini, A.; Corso, S.; Aprile, G.; Perrone, F.; De Vita, F.; Tamborini, E.; Tomasello, G.; et al. Biomarkers of Primary Resistance to Trastuzumab in HER2-Positive Metastatic Gastric Cancer Patients: The AMNESIA Case-Control Study. Clin. Cancer Res. 2018, 24, 1082–1089. [Google Scholar] [CrossRef]

	



Pietrantonio, F.; Caporale, M.; Morano, F.; Scartozzi, M.; Gloghini, A.; De Vita, F.; Giommoni, E.; Fornaro, L.; Aprile, G.; Melisi, D.; et al. HER2 loss in HER2-positive gastric or gastroesophageal cancer after trastuzumab therapy: Implication for further clinical research. Int. J. Cancer 2016, 139, 2859–2864. [Google Scholar] [CrossRef]

	



Seo, S.; Ryu, M.H.; Park, Y.S.; Ahn, J.Y.; Park, Y.; Park, S.R.; Ryoo, B.Y.; Lee, G.H.; Jung, H.Y.; Kang, Y.K. Loss of HER2 positivity after anti-HER2 chemotherapy in HER2-positive gastric cancer patients: Results of the GASTric cancer HER2 reassessment study 3 (GASTHER3). Gastric Cancer 2019, 22, 527–535. [Google Scholar] [CrossRef]

	



Cesca, M.G.; Vian, L.; Cristóvão-Ferreira, S.; Pondé, N.; De Azambuja, E. HER2-positive advanced breast cancer treatment in 2020. Cancer Treat. Rev. 2020, 88, 102033. [Google Scholar] [CrossRef]

	



Oh, D.Y.; Bang, Y.J. HER2-targeted therapies—A role beyond breast cancer. Nat. Rev. Clin. Oncol. 2020, 17, 33–48. [Google Scholar] [CrossRef] [PubMed]

	



Petrillo, A.; Smyth, E.C. Biomarkers for Precision Treatment in Gastric Cancer. Visc. Med. 2020, 36, 364–372. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.E.; Park, K.U.; Yoo, S.B.; Nam, S.K.; Park, D.J.; Kim, H.H.; Lee, H.S. Clinical significance of intratumoral HER2 heterogeneity in gastric cancer. Eur. J. Cancer 2013, 49, 1448–1457. [Google Scholar] [CrossRef] [PubMed]

	



Kwack, W.G.; Ho, W.J.; Kim, J.H.; Lee, J.H.; Kim, E.J.; Kang, H.W.; Lee, J.K. Understanding the diagnostic yield of current endoscopic biopsy for gastric neoplasm: A prospective single-center analysis based on tumor characteristics stratified by biopsy number and site. Medicine 2016, 95, e4196. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.A.; Lee, H.J.; Yang, H.K.; Bang, Y.J.; Kim, W.H. Heterogeneous amplification of ERBB2 in primary lesions is responsible for the discordant ERBB2 status of primary and metastatic lesions in gastric carcinoma. Histopathology 2011, 59, 822–831. [Google Scholar] [CrossRef]

	



Perrone, G.; Amato, M.; Callea, M.; Rabitti, C.; Righi, D.; Crucitti, P.; Coppola, R.; Onetti Muda, A. HER2 amplification status in gastric and gastro-oesophageal junction cancer in routine clinical practice: Which sample should be used? Histopathology 2012, 61, 134–135. [Google Scholar] [CrossRef]

	



Wolff, A.C.; Hammond, M.E.H.; Allison, K.H.; Harvey, B.E.; Mangu, P.B.; Bartlett, J.M.S.; Bilous, M.; Ellis, I.O.; Fitzgibbons, P.; Hanna, W.; et al. Human Epidermal Growth Factor Receptor 2 Testing in Breast Cancer: American Society of Clinical Oncology/College of American Pathologists Clinical Practice Guideline Focused Update. J. Clin. Oncol. 2018, 36, 2105–2122. [Google Scholar] [CrossRef]

	



Hopkins, B.D.; Pauli, C.; Du, X.; Wang, D.G.; Li, X.; Wu, D.; Amadiume, S.C.; Goncalves, M.D.; Hodakoski, C.; Lundquist, M.R.; et al. Suppression of insulin feedback enhances the efficacy of PI3K inhibitors. Nature 2018, 560, 499–503. [Google Scholar] [CrossRef]

	



Davison, J.M.; Pai, R.K. HER2 Assessment in Upper Gastrointestinal Tract Adenocarcinoma: A Practical, Algorithmic Approach. Surg. Pathol. Clin. 2013, 6, 391–403. [Google Scholar] [CrossRef]

	



Panarese, I.; Toni, G.; Costanzo, R.M.A.; Casaretta, G.; Giannatiempo, R.; Sabetta, R.; Franco, R.; Zito Marino, F. HER2 expression in gastrointestinal tumor. A focus on diagnostic algorithm of HER2 status from gastric to intestinal cancer. WCRJ 2019, 6, e1230. [Google Scholar]

	



Sartore-Bianchi, A.; Martino, C.; Lonardi, S.; Fenocchio, E.; Amatu, A.; Ghezzi, S.; Zagonel, V.; Ciardiello, F.; Ardizzoni, A.; Tosi, F.; et al. LBA35—Phase II study of pertuzumab and trastuzumab-emtansine (T-DM1) in patients with HER2-positive metastatic colorectal cancer: The HERACLES-B (HER2 Amplification for Colo-rectaL cancer Enhanced Stratification, cohort B) trial. Ann. Oncol. 2019, 30, v869–v870. [Google Scholar] [CrossRef]

	



Meric-Bernstam, F.; Hurwitz, H.; Raghav, K.P.S.; McWilliams, R.R.; Fakih, M.; VanderWalde, A.; Swanton, C.; Kurzrock, R.; Burris, H.; Sweeney, C.; et al. Pertuzumab plus trastuzumab for HER2-amplified metastatic colorectal cancer (MyPathway): An updated report from a multicentre, open-label, phase 2a, multiple basket study. Lancet Oncol. 2019, 20, 518–530. [Google Scholar] [CrossRef]

	



Smyth, L.M.; Saura, C.; Piha-Paul, S.A.; Lu, J.; Mayer, I.A.; Brufksy, A.M.; Spanggaard, I.; Arnedos, M.; Cutler, R.E.; Hyman, D.M. 30P—Update on the phase II SUMMIT trial: Neratinib + fulvestrant for HER2-mutant, HR-positive, metastatic breast cancer. Ann. Oncol. 2019, 30, iii10–iii11. [Google Scholar] [CrossRef]

	



Hecht, J.R.; Bang, Y.J.; Qin, S.K.; Chung, H.C.; Xu, J.M.; Park, J.O.; Jeziorski, K.; Shparyk, Y.; Hoff, P.M.; Sobrero, A.; et al. Lapatinib in Combination With Capecitabine Plus Oxaliplatin in Human Epidermal Growth Factor Receptor 2-Positive Advanced or Metastatic Gastric, Esophageal, or Gastroesophageal Adenocarcinoma: TRIO-013/LOGiC--A Randomized Phase III Trial. J. Clin. Oncol. 2016, 34, 443–451. [Google Scholar] [CrossRef]

	



Satoh, T.; Xu, R.H.; Chung, H.C.; Sun, G.P.; Doi, T.; Xu, J.M.; Tsuji, A.; Omuro, Y.; Li, J.; Wang, J.W.; et al. Lapatinib plus paclitaxel versus paclitaxel alone in the second-line treatment of HER2-amplified advanced gastric cancer in Asian populations: TyTAN—A randomized, phase III study. J. Clin. Oncol. 2014, 32, 2039–2049. [Google Scholar] [CrossRef]

	



Ramanathan, R.K.; Hwang, J.J.; Zamboni, W.C.; Sinicrope, F.A.; Safran, H.; Wong, M.K.; Earle, M.; Brufsky, A.; Evans, T.; Troetschel MRamanathan, R.K.; et al. Low overexpression of HER-2/neu in advanced colorectal cancer limits the usefulness of trastuzumab (Herceptin) and irinotecan as therapy. A phase II trial. Cancer Investig. 2004, 22, 858–865. [Google Scholar] [CrossRef]

	



Pondé, N.; Aftimos, P.; Piccart, M. Antibody-Drug Conjugates in Breast Cancer: A Comprehensive Review. Curr. Treat. Options Oncol. 2019, 20, 37. [Google Scholar] [CrossRef]

	



Nicolò, E.; Zagami, P.; Curigliano, G. Antibody-drug conjugates in breast cancer: The chemotherapy of the future? Curr. Opin. Oncol. 2020, 32, 494–502. [Google Scholar] [CrossRef]

	



Pinto, A.C.; Ades, F.; De Azambuja, E.; Piccart-Gebhart, M. Trastuzumab for patients with HER2 positive breast cancer: Delivery, duration and combination therapies. Breast 2013, 22 (Suppl. 2), S152–S155. [Google Scholar] [CrossRef]

	



Spector, N.L.; Blackwell, K.L. Understanding the mechanisms behind trastuzumab therapy for human epidermal growth factor receptor 2-positive breast cancer. J. Clin. Oncol. 2009, 27, 5838–5847. [Google Scholar] [CrossRef]

	



Junttila, T.T.; Akita, R.W.; Parsons, K.; Fields, C.; Lewis Phillips, G.D.; Friedman, L.S.; Sampath, D.; Sliwkowski, M.X. Ligand-independent HER2/HER3/PI3K complex is disrupted by trastuzumab and is effectively inhibited by the PI3K inhibitor GDC-0941. Cancer Cell 2009, 15, 429–440. [Google Scholar] [CrossRef] [PubMed]

	



Narayan, M.; Wilken, J.A.; Harris, L.N.; Baron, A.T.; Kimbler, K.D.; Maihle, N.J. Trastuzumab-induced HER reprogramming in “resistant” breast carcinoma cells. Cancer Res. 2009, 69, 2191–2194. [Google Scholar] [CrossRef] [PubMed]

	



Klapper, L.N.; Waterman, H.; Sela, M.; Yarden, Y. Tumor-inhibitory antibodies to HER-2/ErbB-2 may act by recruiting c-Cbl and enhancing ubiquitination of HER-2. Cancer Res. 2000, 60, 3384–3388. [Google Scholar] [PubMed]

	



Molina, M.A.; Codony-Servat, J.; Albanell, J.; Rojo, F.; Arribas, J.; Baselga, J. Trastuzumab (herceptin), a humanized anti-Her2 receptor monoclonal antibody, inhibits basal and activated Her2 ectodomain cleavage in breast cancer cells. Cancer Res. 2001, 61, 4744–4749. [Google Scholar]

	



Wang, W.; Erbe, A.K.; Hank, J.A.; Morris, Z.S.; Sondel, P.M. NK Cell-Mediated Antibody-Dependent Cellular Cytotoxicity in Cancer Immunotherapy. Front. Immunol. 2015, 6, 368. [Google Scholar] [CrossRef]

	



Lynce, F.; Barac, A.; Geng, X.; Dang, C.T.; Yu, A.F.; Smith, K.L.; Gallagher, C.; Pohlmann, P.R.; Nunes, R.; Herbolsheimer, P.M.; et al. SAFE-HEaRt: A pilot study assessing the cardiac safety of HER2 targeted therapy in patients with HER2 positive breast cancer and reduced left ventricular function. J. Clin. Oncol. 2018, 36 (Suppl. 15), 1038. [Google Scholar] [CrossRef]

	



Ewer, M.S.; Ewer, S.M. Cardiotoxicity of anticancer treatments: What the cardiologist needs to know. Nat. Rev. Cardiol. 2010, 7, 564–575. [Google Scholar] [CrossRef]

	



Lee-Hoeflich, S.T.; Crocker, L.; Yao, E.; Pham, T.; Munroe, X.; Hoeflich, K.P.; Sliwkowski, M.X.; Stern, H.M. A central role for HER3 in HER2-amplified breast cancer: Implications for targeted therapy. Cancer Res. 2008, 68, 5878–5887. [Google Scholar] [CrossRef]

	



Franklin, M.C.; Carey, K.D.; Vajdos, F.F.; Leahy, D.J.; De Vos, A.M.; Sliwkowski, M.X. Insights into ErbB signaling from the structure of the ErbB2-pertuzumab complex. Cancer Cell 2004, 5, 317–328. [Google Scholar] [CrossRef]

	



Ghosh, R.; Narasanna, A.; Wang, S.E.; Liu, S.; Chakrabarty, A.; Balko, J.M.; González-Angulo, A.M.; Mills, G.B.; Penuel, E.; Winslow, J.; et al. Trastuzumab has preferential activity against breast cancers driven by HER2 homodimers. Cancer Res. 2011, 71, 1871–1882. [Google Scholar] [CrossRef]

	



Goltsov, A.; Deeni, Y.; Khalil, H.S.; Soininen, T.; Kyriakidis, S.; Hu, H.; Langdon, S.P.; Harrison, D.J.; Bown, J. Systems analysis of drug-induced receptor tyrosine kinase reprogramming following targeted mono- and combination anti-cancer therapy. Cells 2014, 3, 563–591. [Google Scholar] [CrossRef]

	



Hsiao, H.-C.; Fan, X.; Jordan, R.E.; Zhang, N.; An, Z. Proteolytic single hinge cleavage of pertuzumab impairs its Fc effector function and antitumor activity in vitro and in vivo. Breast Cancer Res. 2018, 20, 43. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Mathieu, M.; Brezski, R.J. IgG Fc engineering to modulate antibody effector functions. Protein Cell 2018, 9, 63–73. [Google Scholar] [CrossRef] [PubMed]

	



Mezni, E.; Vicier, C.; Guerin, M.; Sabatier, R.; Bertucci, F.; Gonçalves, A. New Therapeutics in HER2-Positive Advanced Breast Cancer: Towards a Change in Clinical Practices? Cancers 2020, 12, 1573. [Google Scholar] [CrossRef]

	



Liu, L.; Yang, Y.; Burns, R.; Li, J.; Li, H.; Gorlatov, S.; Moore, P.; Nordstrom, J. Abstract 1538: Margetuximab mediates greater Fc-dependent anti-tumor activities than trastuzumab or pertuzumab in vitro. Cancer Res. 2019, 79 (Suppl. 13), 1538. [Google Scholar]

	



Labrijn, A.F.; Janmaat, M.L.; Reichert, J.M.; Parren, P.W. Bispecific antibodies: A mechanistic review of the pipeline. Nat. Rev. Drug Discov. 2019, 18, 585–608. [Google Scholar] [CrossRef]

	



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

	



Lewis Phillips, G.D.; Li, G.; Dugger, D.L.; Crocker, L.M.; Parsons, K.L.; Mai, E.; Blättler, W.A.; Lambert, J.M.; Chari, R.V.; Lutz, R.J.; et al. Targeting HER2-positive breast cancer with trastuzumab-DM1, an antibody-cytotoxic drug conjugate. Cancer Res. 2008, 68, 9280–9290. [Google Scholar] [CrossRef]

	



Staudacher, A.H.; Brown, M.P. Antibody drug conjugates and bystander killing: Is antigen-dependent internalisation required? Br. J. Cancer 2017, 117, 1736–1742. [Google Scholar] [CrossRef]

	



Modi, S.; Saura, C.; Yamashita, T.; Park, Y.H.; Kim, S.B.; Tamura, K.; Andre, F.; Iwata, H.; Ito, Y.; Tsurutani, J.; et al. Trastuzumab Deruxtecan in Previously Treated HER2-Positive Breast Cancer. N. Engl. J. Med. 2019, 382, 610–621. [Google Scholar] [CrossRef]

	



Yong, K.; Brechbiel, M. Application of (212)Pb for Targeted α-particle Therapy (TAT): Pre-clinical and Mechanistic Understanding through to Clinical Translation. AIMS Med. Sci. 2015, 2, 228–245. [Google Scholar] [CrossRef] [PubMed]

	



Meredith, R.; Torgue, J.; Shen, S.; Fisher, D.R.; Banaga, E.; Bunch, P.; Morgan, D.; Fan, J.; Straughn, J.M., Jr. Dose escalation and dosimetry of first-in-human α radioimmunotherapy with 212Pb-TCMC-trastuzumab. J. Nucl. Med. 2014, 55, 1636–1642. [Google Scholar] [CrossRef] [PubMed]

	



Frantellizzi, V.; Cosma, L.; Brunotti, G.; Pani, A.; Spanu, A.; Nuvoli, S.; De Cristofaro, F.; Civitelli, L.; De Vincentis, G. Targeted Alpha Therapy with Thorium-227. Cancer Biother. Radiopharm. 2020, 35, 437–445. [Google Scholar] [CrossRef] [PubMed]

	



Poty, S.; Francesconi, L.C.; McDevitt, M.R.; Morris, M.J.; Lewis, J.S. α-Emitters for Radiotherapy: From Basic Radiochemistry to Clinical Studies—Part 1. J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 2018, 59, 878–884. [Google Scholar] [CrossRef]

	



Blackwell, K.L.; Burstein, H.J.; Storniolo, A.M.; Rugo, H.; Sledge, G.; Koehler, M.; Ellis, C.; Casey, M.; Vukelja, S.; Bischoff, J.; et al. Randomized study of Lapatinib alone or in combination with trastuzumab in women with ErbB2-positive, trastuzumab-refractory metastatic breast cancer. J. Clin. Oncol. 2010, 28, 1124–1130. [Google Scholar] [CrossRef]

	



Kim, T.M.; Lee, K.W.; Oh, D.Y.; Lee, J.S.; Im, S.A.; Kim, D.W.; Han, S.W.; Kim, Y.J.; Kim, T.Y.; Kim, J.H.; et al. Phase 1 Studies of Poziotinib, an Irreversible Pan-HER Tyrosine Kinase Inhibitor in Patients with Advanced Solid Tumors. Cancer Res. Treat. Off. J. Korean Cancer Assoc. 2018, 50, 835–842. [Google Scholar] [CrossRef]

	



Konecny, G.E.; Pegram, M.D.; Venkatesan, N.; Finn, R.; Yang, G.; Rahmeh, M.; Untch, M.; Rusnak, D.W.; Spehar, G.; Mullin, R.J.; et al. Activity of the dual kinase inhibitor lapatinib (GW572016) against HER-2-overexpressing and trastuzumab-treated breast cancer cells. Cancer Res. 2006, 66, 1630–1639. [Google Scholar] [CrossRef]

	



Lin, N.U.; Borges, V.; Anders, C.; Murthy, R.K.; Paplomata, E.; Hamilton, E.; Hurvitz, S.; Loi, S.; Okines, A.; Abramson, V.; et al. Intracranial Efficacy and Survival With Tucatinib Plus Trastuzumab and Capecitabine for Previously Treated HER2-Positive Breast Cancer With Brain Metastases in the HER2CLIMB Trial. J. Clin. Oncol. 2020, 38, 2610–2619. [Google Scholar] [CrossRef]

	



Lowenfeld, L.; Zaheer, S.; Oechsle, C.; Fracol, M.; Datta, J.; Xu, S.; Fitzpatrick, E.; Roses, R.E.; Fisher, C.S.; McDonald, E.S.; et al. Addition of anti-estrogen therapy to anti-HER2 dendritic cell vaccination improves regional nodal immune response and pathologic complete response rate in patients with ER(pos)/HER2(pos) early breast cancer. Oncoimmunology 2017, 6, e1207032. [Google Scholar] [CrossRef]

	



De La Cruz, L.M.; Nocera, N.F.; Czerniecki, B.J. Restoring anti-oncodriver Th1 responses with dendritic cell vaccines in HER2/neu-positive breast cancer: Progress and potential. Immunotherapy 2016, 8, 1219–1232. [Google Scholar] [CrossRef]

	



Koski, G.K.; Koldovsky, U.; Xu, S.; Mick, R.; Sharma, A.; Fitzpatrick, E.; Weinstein, S.; Nisenbaum, H.; Levine, B.L.; Fox, K.; et al. A novel dendritic cell-based immunization approach for the induction of durable Th1-polarized anti-HER-2/neu responses in women with early breast cancer. J. Immunother. 2012, 35, 54–65. [Google Scholar] [CrossRef] [PubMed]

	



Morgan, R.A.; Yang, J.C.; Kitano, M.; Dudley, M.E.; Laurencot, C.M.; Rosenberg, S.A. Case report of a serious adverse event following the administration of T cells transduced with a chimeric antigen receptor recognizing ERBB2. Mol. Ther. J. Am. Soc. Gene Ther. 2010, 18, 843–851. [Google Scholar] [CrossRef] [PubMed]

	



Petrillo, A.; Ferraro, E.; Ghidini, M.; Trapani, D. An Introduction to the Current Management of Colorectal Cancer in the Era of Personalized Oncology. In Illuminating Colorectal Cancer Genomics by Next-Generation Sequencing: A Big Chapter in the Tale; El Bairi, K., Ed.; Springer International Publishing: Cham, Switzerland, 2020; pp. 1–27. [Google Scholar]

	



Seo, A.N.; Kwak, Y.; Kim, D.W.; Kang, S.B.; Choe, G.; Kim, W.H.; Lee, H.S. HER2 status in colorectal cancer: Its clinical significance and the relationship between HER2 gene amplification and expression. PLoS ONE 2014, 9, e98528. [Google Scholar] [CrossRef] [PubMed]

	



El Bairi, K.; Lengyel, C.; Marra, A.; Afqir, S. Colorectal Cancer Genetics: An Overview of the Actionable Building Blocks. In Illuminating Colorectal Cancer Genomics by Next-Generation Sequencing: A Big Chapter in the Tale; El Bairi, K., Ed.; Springer International Publishing: Cham, Switzerland, 2020; pp. 29–71. [Google Scholar]

	



Clark, J.W.; Niedzwiecki, D.; Hollis, D.; Mayer, R. Phase II trial of 5-fluororuacil (5-FU), leucovorin (LV), oxaliplatin (Ox), and trastuzamab (T) for patients with metastatic colorectal cancer (CRC) refractory to initial therapy. In Proceedings of the 2003 ASCO Annual Meeting, Chicago, IL, USA, 31 May–3 June 2003. Abstract No: 3584. [Google Scholar]

	



Rao, S.; Cunningham, D.; De Gramont, A.; Scheithauer, W.; Smakal, M.; Humblet, Y.; Kourteva, G.; Iveson, T.; Andre, T.; Dostalova, J.; et al. Phase III double-blind placebo-controlled study of farnesyl transferase inhibitor R115777 in patients with refractory advanced colorectal cancer. J. Clin. Oncol. 2004, 22, 3950–3957. [Google Scholar] [CrossRef]

	



Albanell, J.; Montagut, C.; Jones, E.T.; Pronk, L.; Mellado, B.; Beech, J.; Gascon, P.; Zugmaier, G.; Brewster, M.; Saunders, M.P.; et al. A phase I study of the safety and pharmacokinetics of the combination of pertuzumab (rhuMab 2C4) and capecitabine in patients with advanced solid tumors. Clin. Cancer Res. 2008, 14, 2726–2731. [Google Scholar] [CrossRef]

	



Yamamoto, N.; Yamada, Y.; Fujiwara, Y.; Yamada, K.; Fujisaka, Y.; Shimizu, T.; Tamura, T. Phase I and pharmacokinetic study of HER2-targeted rhuMAb 2C4 (Pertuzumab, RO4368451) in Japanese patients with solid tumors. Jpn. J. Clin. Oncol. 2009, 39, 260–266. [Google Scholar] [CrossRef]

	



Rubinson, D.A.; Hochster, H.S.; Ryan, D.P.; Wolpin, B.M.; McCleary, N.J.; Abrams, T.A.; Chan, J.A.; Iqbal, S.; Lenz, H.J.; Lim, D.; et al. Multi-drug inhibition of the HER pathway in metastatic colorectal cancer: Results of a phase I study of pertuzumab plus cetuximab in cetuximab-refractory patients. Investig. New Drugs 2014, 32, 113–122. [Google Scholar] [CrossRef]

	



Tosi, F.; Sartore-Bianchi, A.; Lonardi, S.; Amatu, A.; Leone, F.; Ghezzi, S.; Martino, C.; Bencardino, K.; Bonazzina, E.; Bergamo, F.; et al. Long-term Clinical Outcome of Trastuzumab and Lapatinib for HER2-positive Metastatic Colorectal Cancer. Clin. Colorectal Cancer 2020. [Google Scholar] [CrossRef]

	



Strickler, J.H.; Zemla, T.; Ou, F.S.; Cercek, A.; Wu, C.; Sanchez, F.A.; Hubbard, J.; Jaszewski, B.; Bandel, L.; Schweitzer, B.; et al. 527PD—Trastuzumab and tucatinib for the treatment of HER2 amplified metastatic colorectal cancer (mCRC): Initial results from the MOUNTAINEER trial. Ann. Oncol. 2019, 30, v200. [Google Scholar] [CrossRef]

	



Gupta, R.; Garrett-Mayer, E.; Halabi, S.; Mangat, P.K.; D’Andre, S.D.; Meiri, E.; Shrestha, S.; Warren, S.L.; Ranasinghe, S.; Schilsky, R.L. Pertuzumab plus trastuzumab (P+T) in patients (Pts) with colorectal cancer (CRC) with ERBB2 amplification or overexpression: Results from the TAPUR Study. J. Clin. Oncol. 2020, 38 (Suppl. 4), 132. [Google Scholar] [CrossRef]

	



Siena, S.; Bartolomeo, M.D.; Raghav, K.P.S.; Masuishi, T.; Loupakis, F.; Kawakami, H.; Yamaguchi, K.; Nishina, T.; Fakih, M.; Elez, E.; et al. A phase II, multicenter, open-label study of trastuzumab deruxtecan (T-DXd; DS-8201) in patients (pts) with HER2-expressing metastatic colorectal cancer (mCRC): DESTINY-CRC01. J. Clin. Oncol. 2020, 38 (Suppl. 15), 4000. [Google Scholar] [CrossRef]

	



Available online: https://www.clinicaltrials.gov (accessed on 29 October 2020).

	



Schrock, A.B.; Devoe, C.E.; McWilliams, R.; Sun, J.; Aparicio, T.; Stephens, P.J.; Ross, J.S.; Wilson, R.; Miller, V.A.; Ali, S.M.; et al. Genomic Profiling of Small-Bowel Adenocarcinoma. JAMA Oncol. 2017, 3, 1546–1553. [Google Scholar] [CrossRef] [PubMed]

	



Yan, M.; Schwaederle, M.; Arguello, D.; Millis, S.Z.; Gatalica, Z.; Kurzrock, R. HER2 expression status in diverse cancers: Review of results from 37,992 patients. Cancer Metastasis Rev. 2015, 34, 157–164. [Google Scholar] [CrossRef] [PubMed]

	



Tornillo, L.; Duchini, G.; Carafa, V.; Lugli, A.; Dirnhofer, S.; Di Vizio, D.; Boscaino, A.; Russo, R.; Tapia, C.; Schneider-Stock, R.; et al. Patterns of gene amplification in gastrointestinal stromal tumors (GIST). Lab. Investig. 2005, 85, 921–931. [Google Scholar] [CrossRef] [PubMed]

	



Abd El-Aziz, A.M.; Ibrahim, E.A.; Abd-Elmoghny, A.; El-Bassiouny, M.; Laban, Z.M.; Saad El-Din, S.A.; Shohdy, Y. Prognostic Value of Her2/neu Expression in Gastrointestinal Stromal Tumors: Immunohistochemical Study. Cancer Growth Metastasis 2017, 10, 1179064417690543. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, W.Y.; Zhuang, C.; Xu, J.; Wang, M.; Zhang, Z.Z.; Tu, L.; Wang, C.J.; Ling, T.L.; Cao, H.; Zhang, Z.G. HER4 is a novel prognostic biomarker in gastrointestinal stromal tumor specifically originated from stomach. Am. J. Cancer Res. 2014, 4, 838–849. [Google Scholar]

	



Kawamoto, T.; Krishnamurthy, S.; Tarco, E.; Trivedi, S.; Wistuba, I.I.; Li, D.; Roa, I.; Roa, J.C.; Thomas, M.B. HER Receptor Family: Novel Candidate for Targeted Therapy for Gallbladder and Extrahepatic Bile Duct Cancer. Gastrointest. Cancer Res. 2007, 1, 221–227. [Google Scholar]

	



Jarnagin, W.R.; Shoup, M. Surgical management of cholangiocarcinoma. Semin. Liver Dis. 2004, 24, 189–199. [Google Scholar] [CrossRef]

	



Nakazawa, K.; Dobashi, Y.; Suzuki, S.; Fujii, H.; Takeda, Y.; Ooi, A. Amplification and overexpression of c-erbB-2, epidermal growth factor receptor, and c-met in biliary tract cancers. J. Pathol. 2005, 206, 356–365. [Google Scholar] [CrossRef]

	



Galdy, S.; Lamarca, A.; McNamara, M.G.; Hubner, R.A.; Cella, C.A.; Fazio, N.; Valle, J.W. HER2/HER3 pathway in biliary tract malignancies; systematic review and meta-analysis: A potential therapeutic target? Cancer Metastasis Rev. 2017, 36, 141–157. [Google Scholar] [CrossRef]

	



Yoshida, H.; Shimada, K.; Kosuge, T.; Hiraoka, N. A significant subgroup of resectable gallbladder cancer patients has an HER2 positive status. Virchows Arch. 2016, 468, 431–439. [Google Scholar] [CrossRef] [PubMed]

	



Vivaldi, C.; Fornaro, L.; Ugolini, C.; Niccoli, C.; Musettini, G.; Pecora, I.; Cacciato Insilla, A.; Salani, F.; Pasquini, G.; Catanese, S.; et al. HER2 Overexpression as a Poor Prognostic Determinant in Resected Biliary Tract Cancer. Oncologist 2020, 25, 886–893. [Google Scholar] [CrossRef] [PubMed]

	



Hiraoka, N.; Nitta, H.; Ohba, A.; Yoshida, H.; Morizane, C.; Okusaka, T.; Nara, S.; Esaki, M.; Kishi, Y.; Shimada, K. Details of human epidermal growth factor receptor 2 status in 454 cases of biliary tract cancer. Hum. Pathol. 2020, 105, 9–19. [Google Scholar] [CrossRef] [PubMed]

	



Sirica, A.E. Role of ErbB family receptor tyrosine kinases in intrahepatic cholangiocarcinoma. World J. Gastroenterol. 2008, 14, 7033–7058. [Google Scholar] [CrossRef]

	



Javle, M.; Churi, C.; Kang, H.C.; Shroff, R.; Janku, F.; Surapaneni, R.; Zuo, M.; Barrera, C.; Alshamsi, H.; Krishnan, S.; et al. HER2/neu-directed therapy for biliary tract cancer. J. Hematol. Oncol. 2015, 8, 58. [Google Scholar] [CrossRef] [PubMed]

	



Siegel-Lakhai, W.S.; Beijnen, J.H.; Vervenne, W.L.; Boot, H.; Keessen, M.; Versola, M.; Koch, K.M.; Smith, D.A.; Pandite, L.; Richel, D.J.; et al. Phase I pharmacokinetic study of the safety and tolerability of lapatinib (GW572016) in combination with oxaliplatin/fluorouracil/leucovorin (FOLFOX4) in patients with solid tumors. Clin. Cancer Res. 2007, 13 Pt 1, 4495–4502. [Google Scholar] [CrossRef]

	



Ramanathan, R.K.; Belani, C.P.; Singh, D.A.; Tanaka, M., Jr.; Lenz, H.J.; Yen, Y.; Kindler, H.L.; Iqbal, S.; Longmate, J.; Gandara, D.R. Phase II study of lapatinib, a dual inhibitor of epidermal growth factor receptor (EGFR) tyrosine kinase 1 and 2 (Her2/Neu) in patients (pts) with advanced biliary tree cancer (BTC) or hepatocellular cancer (HCC). A California Consortium (CCC-P) Trial. J. Clin. Oncol. 2006, 24 (Suppl. 18), 4010. [Google Scholar] [CrossRef]

	



Hainsworth, J.D.; Meric-Bernstam, F.; Swanton, C.; Hurwitz, H.; Spigel, D.R.; Sweeney, C.; Burris, H.; Bose, R.; Yoo, B.; Stein, A.; et al. Targeted Therapy for Advanced Solid Tumors on the Basis of Molecular Profiles: Results From MyPathway, an Open-Label, Phase IIa Multiple Basket Study. J. Clin. Oncol. 2018, 36, 536–542. [Google Scholar] [CrossRef]

	



Hyman, D.M.; Piha-Paul, S.A.; Won, H.; Rodon, J.; Saura, C.; Shapiro, G.I.; Juric, D.; Quinn, D.I.; Moreno, V.; Doger, B.; et al. HER kinase inhibition in patients with HER2- and HER3-mutant cancers. Nature 2018, 554, 189–194. [Google Scholar] [CrossRef]

	



Harder, J.; Ihorst, G.; Heinemann, V.; Hofheinz, R.; Moehler, M.; Buechler, P.; Kloeppel, G.; Röcken, C.; Bitzer, M.; Boeck, S.; et al. Multicentre phase II trial of trastuzumab and capecitabine in patients with HER2 overexpressing metastatic pancreatic cancer. Br. J. Cancer 2012, 106, 1033–1038. [Google Scholar] [CrossRef]

	



Li, X.; Zhao, H.; Gu, J.; Zheng, L. Prognostic role of HER2 amplification based on fluorescence in situ hybridization (FISH) in pancreatic ductal adenocarcinoma (PDAC): A meta-analysis. World J. Surg. Oncol. 2016, 14, 38. [Google Scholar] [CrossRef]

	



Büchler, P.; Reber, H.A.; Büchler, M.C.; Roth, M.A.; Büchler, M.W.; Friess, H.; Isacoff, W.H.; Hines, O.J. Therapy for pancreatic cancer with a recombinant humanized anti-HER2 antibody (herceptin). J. Gastrointest. Surg. 2001, 5, 139–146. [Google Scholar] [CrossRef]

	



Kimura, K.; Sawada, T.; Komatsu, M.; Inoue, M.; Muguruma, K.; Nishihara, T.; Yamashita, Y.; Yamada, N.; Ohira, M.; Hirakawa, K. Antitumor effect of trastuzumab for pancreatic cancer with high HER-2 expression and enhancement of effect by combined therapy with gemcitabine. Clin. Cancer Res. 2006, 12, 4925–4932. [Google Scholar] [CrossRef] [PubMed]

	



Safran, H.; Iannitti, D.; Ramanathan, R.; Schwartz, J.D.; Steinhoff, M.; Nauman, C.; Hesketh, P.; Rathore, R.; Wolff, R.; Tantravahi, U.; et al. Herceptin and gemcitabine for metastatic pancreatic cancers that overexpress HER-2/neu. Cancer Investig. 2004, 22, 706–712. [Google Scholar] [CrossRef]

	



Available online: http://ctri.nic.in/Clinicaltrials/pmaindet2.php?trialid=37732&EncHid=&userName= (accessed on 5 November 2020).

	



Nakamura, Y.; Okamoto, W.; Sawada, K.; Komatsu, Y.; Kato, K.; Taniguchi, H.; Kato, T.; Nishina, T.; Esaki, T.; Nomura, H.; et al. TRIUMPH Study: A multicenter Phase II study to evaluate efficacy and safety of combination therapy with trastuzumab and pertuzumab in patients with HER2-positive metastatic colorectal cancer (EPOC1602). Ann. Oncol. 2017, 28, v207. [Google Scholar] [CrossRef]

	



Nakamura, Y.; Okamoto, W.; Kato, T.; Hasegawa, H.; Kato, K.; Iwasa, S.; Esaki, T.; Komatsu, Y.; Masuishi, T.; Nishina, T.; et al. TRIUMPH: Primary efficacy of a phase II trial of trastuzumab (T) and pertuzumab (P) in patients (pts) with metastatic colorectal cancer (mCRC) with HER2 (ERBB2) amplification (amp) in tumour tissue or circulating tumour DNA (ctDNA): A GOZILA sub-study. Ann. Oncol. 2019, 30, v199–v200. [Google Scholar] [CrossRef]

	



Takahashi, K.; Ishibashi, E.; Kubo, T.; Harada, Y.; Hayashi, H.; Kano, M.; Shimizu, Y.; Shirota, H.; Mori, Y.; Muto, M.; et al. A phase 2 basket trial of combination therapy with trastuzumab and pertuzumab in patients with solid cancers harboring human epidermal growth factor receptor 2 amplification (JUPITER trial). Medicine 2020, 99, e21457. [Google Scholar] [CrossRef]

	



Raghav, K.P.S.; McDonough, S.L.; Tan, B.R.; Denlinger, C.S.; Magliocco, A.M.; Choong, N.W.; Sommer, N.; Scappaticci, F.A.; Campos, D.; Guthrie, K.A.; et al. A randomized phase II study of trastuzumab and pertuzumab (TP) compared to cetuximab and irinotecan (CETIRI) in advanced/metastatic colorectal cancer (mCRC) with HER2 amplification: S1613. J. Clin. Oncol. 2018, 36 (Suppl. 15), TPS3620. [Google Scholar] [CrossRef]

	



Zymeworks Corporate Overview. Available online: https://web.archive.org/web/20200303114801/https://ir.zymeworks.com/Cache/IRCache/4104abae-d8cb-0cba-3a94-0d96f4895c40.PDF?O=PDF&T=&Y=&D=&FID=4104abae-d8cb-0cba-3a94-0d96f4895c40&iid=5148240 (accessed on 3 November 2020).

	



Siena, S.; Bardelli, A.; Sartore-Bianchi, A.; Martino, C.; Siravegna, G.; Magri, A.; Leone, F.; Zagonel, V.; Lonardi, S.; Amatu, A.; et al. HER2 amplification as a ‘molecular bait’ for trastuzumab-emtansine (T-DM1) precision chemotherapy to overcome anti-HER2 resistance in HER2 positive metastatic colorectal cancer: The Heracles-Rescue trial. J. Clin. Oncol. 2016, 34 (Suppl. 4), TPS774. [Google Scholar] [CrossRef]

	



Li, B.T.; Shen, R.; Buonocore, D.; Olah, Z.T.; Ni, A.; Ginsberg, M.S.; Ulaner, G.A.; Offin, M.; Feldman, D.; Hembrough, T.; et al. Ado-Trastuzumab Emtansine for Patients With HER2-Mutant Lung Cancers: Results From a Phase II Basket Trial. J. Clin. Oncol. 2018, 36, 2532–2537. [Google Scholar] [CrossRef]

	



Available online: https://rctportal.niph.go.jp/en/detail?trial_id=JMA-IIA00423 (accessed on 5 November 2020).

	



Yagisawa, M.; Nakamura, Y.; Yoshino, T.; Komatsu, Y.; Kadowaki, S.; Muro, K.; Sunakawa, Y.; Satoh, T.; Nishina, T.; Esaki, T.; et al. A basket trial of trastuzumab deruxtecan, a HER2-targeted antibody-drug conjugate, for HER2-amplified solid tumors identified by circulating tumor DNA analysis (HERALD trial). J. Clin. Oncol. 2020, 38 (Suppl. 15), TPS3650. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Distribution of HER2 amplifications, overexpression, and mutation in gastrointestinal (GI) tumors [23].






Table 1. Distribution of HER2 amplifications, overexpression, and mutation in gastrointestinal (GI) tumors [23].





	Tumour Types
	HER Amplification (%)
	HER2 Overexpression (%)
	HER2 Mutation (%)





	Stomach
	11–16
	20
	3



	Biliary Tract
	5–15
	20
	2



	Pancreas
	2
	26
	<1



	Colorectal
	5.8
	5
	2







Amplification is defined according to the status assessment with molecular diagnostics, like in-situ hybridization. Over-expression is defined based in IHC.
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Table 2. HER2 assessment criteria used in different Trials in GI cancers’ field.
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	Trial

(N of Patients)
	Cancer Type/Phase
	HER2 Criteria





	1-TRIO-013/LOGIC [36]

(N = 545)
	Gastric/III
	IHC 3+ and/or ISH-Positive



	2-ToGA [12]

(N = 594)
	Gastric/III
	IHC 3+ and/or ISH-Positive



	3-TyTan [37]

(N = 261)
	Gastric/III
	ISH positive



	4-MyPathway [34]

(N = 13)
	Colorectal/II
	HER2 Alterations (by NGS)



	5-HERACLES [13]

(N = 27)
	Colorectal/II
	IHC 3+ or 2+ and/or ISH positive



	6-Ramanathan et al. [38]

(N = 9)
	Colorectal/II
	IHC 3+ or 2+



	7-MyPathway [34]

(N = 11)
	Biliary tract/IIA
	IHC 3+ and/or ISH-positive



	8- SUMMIT [35]

(N = 11)
	Biliary tract/II
	HER2 and/or HER3 alterations(by NGS)







Abbreviations: NGS: next generation sequencing; IHC: immune-histochemistry; ISH: in-situ hybridization.













[image: Table] 





Table 3. Ongoing trials using anti-HER2 agents in gastrointestinal tumors.






Table 3. Ongoing trials using anti-HER2 agents in gastrointestinal tumors.





	
Name of Drug, Intervention

	
Tumor Type

	
Phase

	
Planned Primary Completion Date (PCD)

	
Study Name, Trial ID






	
Monoclonal antibodies and their combinations




	
trastuzumab + chemotherapy

	
HER2 positive colorectal, biliary tract and liver carcinomas

	
II

	
July 2021

	
NCT03185988




	
trastuzumab + gemcitabine-cisplatin chemotherapy

	
HER2 amplified biliary tract cancer (first-line)

	
II

	
NA

	
CTRI/2019/11/021955 [111]




	
trastuzumab + gemcitabine-cisplatin chemotherapy

	
HER2 positive biliary cancer

	
II

	
September 2020

	
BILHER, NCT03613168




	
trastuzumab + pertuzumab

	
HER2 amplified (RASwt) CRC

	
II

	
March 2023

	
TRIUMPH, UMIN000030505 and UMIN000027887 [112,113]




	
trastuzumab + pertuzumab

	
HER2 amplified solid tumors (basket trial)

	
II

	
NA

	
JUPITER, jRCT2031180150 [114]




	
trastuzumab + pertuzumab versus a combination of cetuximab and irinotecan (CETIRI)

	
HER2 amplified CRC (KRAS/NRAS/BRAF wild type)

	
II

	
April 2021

	
SWOG S1613, NCT03365882 [115]




	
trastuzumab or pertuzumab combined with the PD-L1 inhibitor atezolizumab

	
HER2 overexpressed or amplified solid tumors

	
II

	
April 2024

	
NCT04551521




	
Bispecific antibodies. Dual HER-2 signal blockade




	
Zanidatamab

	
refractory colorectal cancer

	
II

	
NA

	
NA [116]




	
Zanidatamab

	
HER2 amplified biliary tract cancer

	
IIb

	
July 2022

	
NCT04466891




	
Zanidatamab

	
HER2 amplified biliary tract cancer

	
II

	
September 2025

	
ChiCTR2000036161




	
zanidatamab with or without selected chemotherapies

	
HER2 expressing colorectal, hepatocellular, and pancreatic neoplasms

	
I

	
January 2022

	
NCT02892123




	
zenocutuzumab

	
solid tumors with neuregulin-1 gene (NRG1) fusions

	
I/II

	
September 2021

	
NCT02912949




	
SBT6050 (TLR8 agonist conjugated to a HER2 directed monoclonal antibody)

	
HER2 expressing solid tumors

	
I/Ib

	
August 2023

	
NCT04460456




	
Antibody-drug conjugates (ADCs)




	
trastuzumab emtansine

	
HER2-amplified colorectal cancer (after the use of trastuzumab and lapatinib)

	
II

	
NA

	
HERACLES-RESCUE, NCT03418558 [117]




	
trastuzumab emtansine

	
HER2-amplified or mutant solid tumors, including colorectal and hepatocellular cancer (basket trial)

	
II

	
NA

	
NCT02675829 [118]




	
trastuzumab deruxtecan

	
HER2 positive solid tumors, including biliary tract cancer, pancreatic cancer and colorectal cancer

	
II

	
March 2023

	
DESTINY-PanTumor02, NCT04482309




	
trastuzumab deruxtecan

	
HER2 positive biliary tract cancer (second-line)

	
II

	
NA

	
HERB, JMA-IIA00423 [119]




	
trastuzumab deruxtecan

	
HER2 amplified cancers, including colorectal, biliary tract and pancreatic cancer

	
II

	
July 2022

	
HERALD, JapicCTI-194758 [120]




	
trastuzumab deruxtecan + avelumab

	
HER2 expressing or mutant, solid tumors

	
I

	
NA

	
NA




	
disitamab vedotin

	
HER2 overexpressed metastatic biliary tract cancer (second-line)

	
II

	
August 2022

	
NCT04329429




	
ZW49 (anti-HER2 bispecific comprised of a yet undisclosed cytotoxic drug)

	
HER2 expressing solid tumors

	
I

	
May 2021

	
NCT03821233




	
Tyrosine kinase inhibitors (TKIs)




	
lapatinib or trastuzumab and GEMOX chemotherapy

	
HER2 pathway altered extrahepatic cholangiocarcinoma and gallbladder carcinoma (first line)

	
II

	
December 2019

	
NCT02836847




	
lapatinib and trastuzumab combined with chemotherapy for HER2 mutant or HER3 mutant/amplified, trastuzumab combined with gemcitabine-cisplatin or gemcitabine-oxaliplatin chemotherapy for HER2 amplified

	
HER2/3 mutant or amplified biliary tract cancers

	
II

	
NA

	
CTRI/2020/05/025147




	
neratinib

	
solid tumors with activating mutations in EGFR or HER2 including colorectal and biliary cancers

	
II

	
NA

	
SUMMIT, NCT01953926 [105]




	
neratinib + cetuximab (NC) or neratinib + trastuzumab (NT)

	
quadruple wild-type (KRAS/NRAS/BRAF/PIK3CA wild-type) colorectal cancer, HER2-mutant patients receive NT, HER2 amplified or HER2- “wild-type” (non-mutated and non-amplified) patients receive NC

	
II

	
December 2020

	
NCT03457896




	
poziotinib

	
solid tumors with activating mutations in EGFR or HER2 including colorectal cancer

	
II

	
June 2023

	
NCT04172597




	
tucatinib + trastuzumab + FOLFOX chemotherapy

	
colorectal, hepatocellular and gallbladder cancers, and cholangiocarcinoma (molecularly unselected, safety and pharmacokinetics only)

	
I

	
May 2021

	
NCT04430738




	
pyrotinib with or without trastuzumab

	
HER2 amplified colorectal cancer

	
II

	
December 2020

	
NCT04380012




	
pyrotinib with or without trastuzumab

	
HER2 amplified colorectal cancer

	
II

	
July 2022

	
NCT03843749




	
pyrotinib + trastuzumab + FOLFOX6 chemotherapy in the preoperative setting

	
HER2 positive colorectal cancer

	
II

	
September 2025

	
ChiCTR2000037827




	
afatinib + capecitabine chemotherapy

	
solid tumors, including biliary tract and pancreatic cancers

	
I/Ib

	
January 2022

	
NCT02451553




	
afatinib + GEMOX chemotherapy after radical surger

	
HER2 pathway altered gallbladder carcinoma

	
II

	
May 2021

	
NCT04183712




	
afatinib + nivolumab

	
HER2 or HER3 mutant metastatic extrahepatic cholangiocarcinoma or gallbladder carcinoma

	
II

	
December 2021

	
ChiCTR1800018149




	
TAS0728 (HER2 inhibitor)

	
solid tumors with HER2 or HER3 abnormalities, including biliary tract cancer with HER2 or HER3 mutation, colorectal cancer with HER2 mutation or amplification

	
I/II

	
January 2021

	
NCT03410927




	
Vaccines




	
chimeric HER-2 B-cell peptide vaccines

	
solid tumors including colorectal cancer

	
I

	
December 2021

	
NCT01376505




	
NANT pancreatic cancer vaccine combined with several agents (Aldoxorubicin, ALT-803, ETBX-011, ETBX-021, ETBX-051, ETBX-061, GI-4000, GI-6207, GI-6301, haNK for infusion, bevacizumab, capecitabine, cyclophosphamide, fluorouracil, leucovorin, nab-paclitaxel, oxaliplatin, avelumab)

	
pancreatic adenocarcinoma

	
Ib/II

	
December 2019

	
NCT03586869




	
FATE-NK100 (allogeneic CD3- CD19- CD57+ NKG2C+ NK cells)

	
HER2 positive solid tumors including colorectal cancer, hepatocellular and pancreatic cancer

	
I

	
October 2021

	
NCT03319459




	
ACE1702 (anti-HER2 oNK cells)

	
HER2 expressing solid tumors

	
I

	
December 2021

	
NCT04319757
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