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Abstract

:

Simple Summary


Microsatellite instability (MSI) is an established predictive biomarker for immune checkpoint inhibitors with potential prognostic value in different types of tumors. Its prevalence and clinical utility vary in gastrointestinal cancers. In this review, we will discuss the role of MSI status in the management of non-colorectal cancers of the digestive system and address ongoing research work and mechanistic rationale(s) for future studies in this field.




Abstract


Microsatellite instability (MSI) is a hallmark of genetic predisposition to DNA damage. It arises from either germline or somatic events leading to impaired function of the mismatch repair system. It can be detected via genetic sequencing or immunohistochemistry with relatively high concordance rates. The presence of MSI in a tumor reflects a high neoantigen load and predicts favorable treatment response to immune checkpoint inhibitors (ICIs). In gastrointestinal cancers, MSI is a predictive biomarker for ICIs with potential prognostic impact but its clinical utility varies widely depending on tumor type. This may be explained by the complexity of tumor microenvironment as highlighted by recent translational studies. In this review, we will discuss the predictive and prognostic value of MSI status in non-colorectal cancers of the digestive system, important clinical trials involving ICIs and potential strategies to overcome resistance to immunotherapy.
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1. Introduction


Microsatellites are short tandem repeats of 1–6 base pairs often found in the non-coding regions of DNA; replication errors in these areas are mainly corrected by the mismatch repair (MMR) system [1]. Inactivation or suppressed expression of MMR proteins gives rise to microsatellite instability (MSI), a hallmark of genetic predisposition to DNA damage. This could occur as a result of genetic mutation or promoter methylation due to epigenetic events secondary to either germline or sporadic changes [2,3,4]. For instance, Lynch syndrome is an autosomal dominant germline disorder marked by impaired MMR, predisposing its carriers to multiple types of malignancies [4].



MSI is divided into high (MSI-H), stable (MSS) and low (MSI-L) based on the frequency of changes in alleles, which can be quantified by polymerase chain reaction (PCR) amplification or next-generation sequencing (NGS). MSI-H tumors have histopathological and clinical characteristics distinct from MSS and MSI-L tumors, whereas MSS and MSI-L tumors behave similarly [5,6]. For PCR-based testing, DNA is extracted from paired tumor and normal tissue and amplified at five chosen markers (BAT25, BAT26, D5S346, D2S123 and D17S250); alterations in the repeat length of each marker are compared between tumor and normal tissue [6]. MSI-H tumors are defined as having instability in ≥2 markers, MSI-L tumors have instability in one marker and tumors without instability are MSS [6]. If more than fiver markers are tested, MSI-H tumors will be defined as having instability in ≥30% of the loci studied [6]. NGS-based testing is becoming more popular, but the performance of this test highly depends on the selection of microsatellite loci. Compared to PCR-based detection, NGS does not require matched normal tissue and may be more sensitive [7].



Deficient MMR (dMMR) entails a process whereby dysfunctional MMR proteins at the germline or somatic level lead to the MSI-H phenotype. This can be detected via immunohistochemistry (IHC) that assesses the expression of four MMR proteins (i.e., MLH1, PMS2, MSH2 and MSH6). MSI-H and dMMR have, thus, been used interchangeably to describe the same phenotype with high concordance between diagnostic tests (i.e., PCR, NGS and IHC) [5,8,9,10]. However, it is important to acknowledge the discrepancy. About 5–11% of MSI-H tumors are tested normal by IHC, as they have nonfunctional MMR proteins which are not evaluated by the current IHC method [11]. Vice versa, loss of MSH6 protein that is detectable by IHC can be associated with MSS or MSI-L tumors [12].



MSI-H tumors were first noted to be enriched by tumor-infiltrating lymphocytes (TILs) in colorectal cancer (CRC) [13], making them attractive targets for immune checkpoint inhibitors (ICIs) that predominantly induce tumor cell killing by reinvigorating the adaptive immune system. T-cell signaling plays an indispensable role in orchestrating the adaptive immune response. Apart from the antigen-specific signaling through T-cell receptors, stimulation through CD28, a co-stimulatory cell surface receptor on T cells, via antigen-nonspecific mechanisms further augment T-cell activity [14]. Co-inhibitory receptors (e.g., programmed death-1 [PD-1], cytotoxic T lymphocyte associated protein-4 [CTLA-4]) were discovered along the unearthing of CD28 [15,16,17]. ICIs are antibodies that are designed to block co-inhibitory receptors or their ligands and downregulate immunosuppression. They have been approved for different indications in gastrointestinal (GI) cancers (Table 1).



Efficacy of ICIs in MSI-H tumors was first noted in a phase 1 study of nivolumab (a PD-1 inhibitor), which enrolled 39 patients with heavily treated solid tumors [18,19,20]. Only one patient with MSI-H CRC had a complete response to nivolumab that was maintained for three years without recurrent disease, providing strong evidence to support the hypothesis that MSI-H tumors carry high neoantigen load and stimulate the immune system more effectively than MSS/MSI-L tumors [21,22,23]. Le et al. subsequently showed that pembrolizumab (another PD-1 inhibitor) led to radiographic responses in ≥30% of patients with MSI-H tumors [24], leading to the first tissue/site agnostic approval for its use in MSI-H/dMMR solid tumors refractory to prior systemic therapies by the U.S. Food and Drug Administration (FDA). Nivolumab with or without ipilimumab (a CTLA-4 inhibitor) were also approved for the treatment of MSI-H CRC that has progressed on chemotherapy based on the CheckMate142 study which reported response rates (RRs) of 31% with nivolumab monotherapy and 55% with the combination [25,26].



The prevalence of MSI-H varies in GI malignancies. It occurs with relatively high frequency in CRC (10–15%) [3] and gastric cancer (~10%) [27]. It was reported to be less than 5% in hepatocellular carcinoma, cholangiocarcinoma, esophageal and pancreatic adenocarcinoma, respectively [28,29,30]. Universal screening for MSI is recommended at the diagnosis of CRC by most guidelines but not yet in non-CRC GI cancers. With the dramatic response of MSI-H tumors to immunotherapy, MSI testing has, however, increased significantly in all solid tumors. The FDA has recently approved pembrolizumab as a first-line therapy for MSI-H/dMMR metastatic CRC based on the phase 3, randomized KEYNOTE-177 study, which reported an improved RR (43.8% versus 33.1%) and progression-free survival (PFS, median 16.5 vs. 8.2 months, hazard ratio [HR] 0.60, 95% confidence interval [CI] 0.45–0.80, p = 0.0002) with pembrolizumab monotherapy compared to the physicians’ choice of 5-fluorouracil-based chemotherapy [31,32]. Given the success of ICIs in frontline therapy for metastatic CRC, there is a surge of clinical trials aiming to improve its use for the treatment of non-CRC GI cancers. We will review major clinical trials involving ICIs in non-CRC GI cancers and the current state of research focusing on this area (Table 2).




2. Landmark Studies and Key Concepts in MSI-H Non-CRC Cancers of the Digestive System


In 2017, Le et al. published a retrospective study based on data from five clinical trials (KEYNOTE-012, 016, 028, 158 and 164) and established the efficacy of pembrolizumab in MSI-H tumors [23]. For the final market application of pembrolizumab, 149 patients with MSI-H tumors of 15 different tumor types (90 CRC and 59 non-CRC) were identified with an RR of 39.6% (complete response rate of 7%) and more than two-thirds of patients maintained responses for ≥6 months [63].



Besides MSI, tumor mutational burden (TMB) and PD-L1 are important biomarkers in the era of ICIs. Similar to MSI, TMB reflects neoantigen load and high TMB (TMB-H) predicts responses to ICIs [21,22,23]. TMB is usually quantified by exome sequencing or NGS of tumor tissues but the cutoff for TMB-H varies among different studies and testing platforms [34,64]. Based on the phase 2 KEYNOTE-158 study, 29% of 102 patients with TMB-H (≥10 mut/Mb) tumors that had progressed on prior therapy responded to pembrolizumab monotherapy (median duration of response [DOR] not reached [NR]) and the FDA granted accelerated approval to its use for the treatment of solid tumors with TMB ≥10 mut/Mb (determined by an FDA approved test) that is refractory to prior treatment [34].



PD-L1 staining of tumor cells and/or TILs, on the other hand, is perhaps more reflective of immune responses and it predicts favorable outcomes to ICIs in certain tumor types only. It is evaluated by IHC assays; PD-L1 combined positive score (CPS) using the PD-L1 IHC 22C3 pharmDx (Agilent, Carpinteria, CA, USA) is commonly applied to GI cancers [65]. Notably, PD-L1 CPS accounts for both PD-L1 positive tumor cells and immune cells and seems highly reproducible in gastric cancer with higher CPS indicating increased likelihood of responding to pembrolizumab [66]. In the phase 2 KEYNOTE-59 study, 15.5% of 148 patients with PD-L1 CPS ≥ 1 gastric cancer that had progressed after 2 or more prior lines of therapy had radiographic responses to pembrolizumab with a median DOR of 16.3 months (range 1.6–17.3 months) [37], and it was approved by the FDA for this indication.



The presence of MSI-H/dMMR, TMB-H and PD-L1 overlap in solid tumors with different frequencies [10,34,67] and their predictive power has not been compared in a systematic fashion (Table 3). Reproducibility and reliability of these test results remain a significant problem too. Intertumoral heterogeneity (e.g., primary vs. metastatic tumors), specimen preservation conditions (e.g., cryopreservation vs. paraffin embedding), technique variations across different platforms (e.g., FoundationOne CDx vs. Tempus Xt) and inconsistent scoring systems (e.g., CPS vs. others) confound the interpretation of test results. Overall, there is a lack of data to guide testing choice. Research is ongoing to harmonize the results and discover better biomarkers and technologies, which will help to address these challenges.




3. Gastric and Gastroesophageal Adenocarcinoma


Gastric cancer (GC) consists of malignancies arising from the stomach and the gastroesophageal junction (GEJ). Traditionally, GEJ adenocarcinoma is classified based on the anatomic Siewert system, and Siewert type III GEJ adenocarcinoma, located below 1 cm above the gastric cardia, are grouped within GC [81]. GC is commonly divided into four subtypes based on a molecular classification system: microsatellite unstable, Epstein-Barr virus (EBV) positive, genomically stable and chromosomal instable tumors [82]. MSI-H and EBV-positive GC are associated with lymphocyte-rich GC, which has a better prognosis than other types of GC [83]. It was proposed that the presence of lymphocytes in tumor tissues reflects effective host immune response against malignancy and confers survival benefits.



The prevalence of MSI-H was reported ranging from 4–25% in gastric and GEJ adenocarcinoma without significant differences between Asian and Caucasian population [27,37,38,39,67,82,84]. MSI-H GC is diagnosed at older age, more common in female and non-cardia GC and with less lymph node involvement [82,84,85]. Data suggest that MSI-H GC is associated with improved survival, but these studies were retrospective in nature and confounded by inter-study heterogeneities [84,86,87,88,89]. Based on a meta-analysis of four major randomized clinical trials, MSI-H GC was independently associated with improved disease-free survival (five-year DFS rates, 71.8% vs. 52.3%, p < 0.001) and overall survival (five-year OS rates, 77.5% vs. 59.3%, p < 0.001) [88]. Although one study reported similar survival, patients with surgically resected MSI-H GC did not derive survival benefits from perioperative chemotherapy, indicating that MSI may be a predictive biomarker for resistance to chemotherapy [88,89].



MSI-H GC was also found to have increased immune cell infiltration and PD-L1 expression [90], hinting that improved survival of these patients may be secondary to upregulated immunosurveillance. In turn, MSI-H tumors may be more sensitive to ICIs. In the relapsed or refractory setting, 45.8% of 24 patients with MSI-H GC had radiographic responses to pembrolizumab in the single-arm, phase 2 KEYNOTE-158 study [35]; similar responses (RR 50%) were also observed with MSI-H tumors in the gastric cancer cohort of the phase 1b KEYNOTE-12 study [36]. Another South Korea-based, phase 2 study reported an RR of 85.7% in seven MSI-H metastatic GC patients [72]. In general, previously treated MSI-H tumors had higher RRs to pembrolizumab, nivolumab or the combination of nivolumab plus ipilimumab compared to non-MSI-H GC [36,37,38,40]. Additionally, MSI-H GC that had progressed after first-line therapy was more likely to respond to pembrolizumab versus paclitaxel (RR 46.7% vs. 16.7%) with better OS based on the phase 3 KEYNOTE-61 study but the difference was not statistically tested [38]. Therefore, ICIs may be more effective than chemotherapy for MSI-H GC that had progressed on prior chemotherapy.



In the first-line setting, pembrolizumab with or without chemotherapy was compared with chemotherapy alone in HER2-negative, PD-L1 CPS ≥ 1 GC in the randomized, phase 3 KEYNOTE-62 study [39]. For those with CPS ≥10 irrespective of the MSI status, pembrolizumab improved median OS (mOS) versus chemotherapy (17.4 vs. 10.8 months, HR 0.69, 95% CI 0.49–0.97), but the difference was not statistically tested; pembrolizumab plus chemotherapy was not superior to chemotherapy (mOS 12.3 vs. 10.8 months, HR 0.85, 95% CI 0.62–1.17, p = 0.16) [39]. In the exploratory analysis of MSI-H tumors, pembrolizumab monotherapy prolonged mOS compared to chemotherapy in those with CPS ≥ 10 (NR vs. 13.6 months, HR 0.21, 95% CI 0.06–0.83). For CPS ≥ 1, pembrolizumab with or without chemotherapy were not superior to chemotherapy alone (mOS 12.5/10.6 vs. 11.1 months), but pembrolizumab monotherapy improved mOS compared to chemotherapy in those with MSI-H tumors (NR vs. 8.5 months, HR 0.29, 95% CI 0.11–0.81) [39]. ICIs are an emerging first-line therapy for MSI-H GC. Whether concurrent PD-L1 expression should also be a prerequisite for its first-line use needs to be investigated.



ICIs in combination with chemotherapy may soon become front-line therapy for metastatic GC. The addition of nivolumab to chemotherapy improved mOS compared to chemotherapy alone (14.4 vs. 11.1 months, HR 0.71, 95% CI 0.59–0.86, p < 0.0001) in treatment-naive, CPS ≥ 5 GC based on interval analysis of the CheckMate649 study [43]. However, the ATTRACTION-4 study in Asian patients did not demonstrate OS benefits of the immunochemotherapy approach, but this cohort was heavily treated with multiple lines of therapies [42]. Subgroup analysis with MSI-H GC may shed light on the role of ICIs as a first-line treatment for this population. In the perioperative setting, ICIs, in combination with chemotherapy and radiation therapy, are being investigated in patients with surgically resectable GC [91].



Overall, ICIs have made significant strides in the treatment of GC. Their success likely stems from a hot tumor microenvironment (TME) marked by MSI-H-, TMB-H- and PD-L1-positive tumors and pathological associations with Helicobacter pylori and EBV infections. In addition to chemotherapy, combining ICIs with targeted therapies such as inhibitors against the VEGF or HER-2 pathway that are capable of modulating the TME have produced encouraging results [92,93]. Sequential therapy from ICIs to chemotherapy is another promising strategy [94]. Subgroup analysis of MSI-H GC in these clinical studies will provide unique insights to further understanding of TME and resistance mechanisms to immunotherapy.




4. Esophageal Squamous Cell Carcinoma and Adenocarcinoma


Esophageal cancer is histologically categorized into squamous cell carcinoma (ESCC) and adenocarcinoma (EAC). Siewert type I and II GEJ adenocarcinoma is commonly considered as esophageal cancer but clear demarcation between esophageal and gastric cancer remains controversial [79]. A comprehensive molecular analysis of esophageal tumors showed that ESCC and EAC have different genetic signatures [91]. Frequent amplifications of CCND1, SOX2 and TP65 were found in ESCC while ERBB2, VEGFA, GATA4 and GATA6 were more common in EAC [95].



The prevalence of MSI-H in esophageal cancer was reported ranging from 0–3.3% [10,28,29,44,67,68]. Some studies note that the presence of MSI-H was limited to EAC of GEJ origin (primarily Siewert type II and III disease), supporting that the rates of MSI-H tumors are much lower in esophageal cancer than gastric cancer [95,96]. In the KEYNOTE-180 study, one of 98 evaluable patients was found to have MSI-H esophageal tumor but did not respond to pembrolizumab [44]. Currently, there is insufficient evidence to conclude the role of MSI status in esophageal cancer.



The percentage of TMB-H tumors seems higher in ESCC than EAC [67] and ESCC is more sensitive to ICIs compared to EAC (RR 14.3% vs. 5.2%) based on the KEYNOTE-180 study [44]. This was further supported by the phase 3 KEYNOTE-181 study, which showed that pembrolizumab versus chemotherapy as a second-line therapy for refractory esophageal cancer improved survival in patients with ESCC (mOS 8.2 vs. 7.1 months, HR 0.78, 95% CI 0.63–0.96, p = 0.0095) and those with CPS ≥ 10 irrespective of histology (mOS 9.3 vs. 6.7 months, HR 0.69, CI 95% 0.52–0.93, p = 0.0074) [45]. For previously treated ESCC, nivolumab also improved survival compared to chemotherapy (mOS 10.9 vs. 8.4 months, HR 0.77, 95% CI 0.62–0.96, p = 0.019), but the RR was lower (RR 19% vs. 22%) in the phase 3 ATTRACTION-3 study, which predominantly enrolled Asian patients [48]. No relevant interaction was observed in the pre-specified subgroup analysis by the levels of PD-L1 expression (cutoff points at 1, 5 and 10) in this study [48]. Taken together, ICIs are reasonable options for ESCC and PD-L1 CPS ≥ 10 esophageal cancer that have progressed on prior therapies.



It is anticipated that ICIs will also become part of first-line therapy for metastatic ESCC and PD-L1 CPS ≥ 10 esophageal cancer. Interval analysis of the phase 3 KEYNOTE-590 study showed that pembrolizumab in combination with chemotherapy prolonged survival compared to chemotherapy alone in patients with ESCC (mOS 12.6 vs. 9.8 months, HR 0.72, 95% CI 0.60–0.88, p = 0.0006), CPS ≥ 10 (mOS 13.5 vs. 9.4 months, HR 0.62, 95% CI 0.49–0.78, p < 0.0001) and all esophageal cancer patients (mOS 12.4 vs. 9.8 months, HR 0.73, 95% CI 0.62–0.86, p <0.0001); similar benefits were also seen in PFS and RR [46]. Compared to non-MSI-H tumors, MSI-H esophageal cancer is likely to derive greater benefits from ICIs, but it remains unclear whether the combination of ICI plus chemotherapy is superior to ICI monotherapy for this group of patients.




5. Small Bowel Adenocarcinoma


Small bowel cancer accounts for less than 5% of GI cancers with adenocarcinoma being the most common (~40%) histology [97,98]. It is a rare cancer despite that the small intestine makes up 75% of the GI tract. Small bowel adenocarcinoma (SBA) carries a worse prognosis than CRC (5-year OS rates, 34.9% vs. 51.5%, p < 0.0001) [99]. Although Lynch syndrome is a known risk factor for both SBA and CRC, there is no consensus on appropriate screening for SBA in this high-risk population yet [100].



Clinical management of SBA has been based on experience extrapolated from CRC but SBA is increasingly recognized as a distinct category of luminal cancers given improved understanding of its genetic landscape. Compared to CRC, rates of genomic alterations in SBA are higher in HER2 (9.5% vs. 5.1%, p = 0.001) and CDKN2A (14.5% vs. 2.6%, p < 0.001), lower in APC (26.8% vs. 75.9%, p < 0.001) and similar in BRAF (9.1% vs. 7.6%, p = 0.37) [101]. The duodenum is the most common site of SBA and the genetic profiles of duodenal SBA versus SBA of unspecified locations appear similar [98,101].



The prevalence of MSI-H and TMB-H tumors in SBA was, respectively, reported to be 2–8.3% and 8.3–10.2% [10,67,101]. One study containing 317 patients with SBA noted that all MSI-H tumors had intermediate (10–20 mut/Mb) to high (>20 mut/Mb) TMB [101]. MSI-H is a favorable prognostic biomarker in stage II and III CRC [102,103], and it may predict a lack of benefits from fluoropyrimidine-based adjuvant chemotherapy in stage II disease [104]. In SBA, MSI-H was found to be associated with early-stage disease and lower rates of recurrence in a retrospective study of 74 patients [105]. Additionally, dMMR/MSI-H was associated with improved cancer-specific survival in stage II SBA [106], improved postoperative cancer-specific survival and higher CPS, regardless of disease stage [107].



Although the predictive value of MSI status in SBA is not fully elucidated, MSI-H SBA is likely to respond to ICIs. Eight of 19 patients (42.1%) with previously treated MSI-H SBA in the KEYNOTE-158 study responded to pembrolizumab [35]. In a single-arm phase 2 study involving 40 patients with SBA refractory to at least one prior line of systemic therapy, three patients had confirmed response to pembrolizumab and two of them were MSI-H [49]. In addition, responders to pembrolizumab had lower Bim (a pro-apoptotic molecule) levels in circulating CD8+ T cells at baseline; upregulation of CX3CR1/granzyme B in these T cells was associated with improved survival [108]. Currently, fluorouracil-based chemotherapy remains the standard first-line treatment while ICIs are recommended as a second-line therapy for MSI-H SBA [109].




6. Anal Carcinoma


Anal carcinoma (AC) is primarily of squamous cell histology with human papillomavirus (HPV) infection detected in ~90% of AC [110,111]. Both HPV positivity and increased TILs were associated with improved survival and treatment responses to chemoradiation in AC [112,113,114,115], indicating that HPV infection may trigger immune response and enhance the activity of ICIs, similar to what has been observed in clinical trials with ICIs in squamous cell carcinoma of the head and neck [116,117].



MSI-H is rare in AC but TMB-H tumors constitute 8.3–33% of AC [34,67]. Regardless of the MSI status, ICIs targeting PD-1 are the preferred therapy for anal squamous cell carcinoma after disease progression on first-line chemotherapy [50,74,75,76]. A combined analysis of the KEYNOTE-28 and KEYNOTE-158 study reported an RR of 10.9% in 137 patients with higher RRs in the PD-L1 positive group versus negative group (14.0% vs. 3.3%); median DOR was not reached after a median follow-up of 11.7 months [75]. Nivolumab led to radiographic responses in 24% of 37 patients with a median DOR of 5.8 months; responders had higher expression of PD-L1 on tumors cells, PD-1, LAG-3 and TIM-3 in CD8+ T cells at baseline [50].




7. Hepatocellular Carcinoma


Incidence and mortality rates of hepatocellular carcinoma (HCC) are climbing [118], with viral hepatitis, alcoholic cirrhosis and nonalcoholic fatty liver disease/nonalcoholic steatohepatitis as known risk factors [119,120,121], emphasizing the importance of disease prevention and screening in those at risk. For patients with limited disease burden, partial hepatectomy and locoregional therapies are promising [122,123,124,125,126]. Liver transplantation is a curative treatment reserved for early-stage HCC only [127,128].



Historically, first-line systemic therapies inhibiting the VEGF pathway such as sorafenib and lenvatinib have limited efficacy in HCC, prolonging OS by 2–3 months [129,130]. With better understanding of chronic inflammation as a major mediator of tumorigenesis in HCC [131], immunotherapy has become an area of active research. Nivolumab with or without ipilimumab were shown to have significant activity in Child-Pugh A-B HCC that was previously treated with sorafenib based on the phase 2 CheckMate040 study [53,54,55]. Pembrolizumab also improved OS compared to placebo (mOS 13.9 vs. 10.6 months, HR 0.781, 95% CI 0.611–0.998, p = 0.0238) for Child-Pugh A HCC that was previously treated with sorafenib with an RR of 18.3% in the phase 3 KEYNOTE-240 study; patients with baseline α-fetoprotein <200 ng/mL or history of hepatitis B derived more survival benefits [51,52]. ICIs targeting PD-1 are, therefore, reasonable choices for HCC refractory to sorafenib with potentially longer OS than other approved agents including regorafenib [132], cabozantinib [133] and ramucirumab [134].



The combination of atezolizumab (ICI targeting PD-L1) plus bevacizumab as a first-line therapy for HCC is a major breakthrough. Compared to sorafenib, this combination improved RR (27.3% vs. 11.9%, p < 0.001) and OS (HR for death 0.58, 95% CI 0.42–0.79, p < 0.001) for Child-Pugh A HCC based on the phase 3 IMbrave150 study [57]. Nivolumab monotherapy, however, is not superior to sorafenib as a first-line therapy (mOS 16.4 vs. 14.7 months, HR 0.85, 95% CI 0.72–1.02, p = 0.0752; RR 15% vs. 7%) based on the phase 3 CheckMate459 study [56].



MSI-H occurs in less than 3% of HCC and MSI tends to be higher in patients with cirrhosis [28,29,67,69]. PD-L1 positive HCC was also shown to have higher RRs to ICIs [51,56]. Overall, further studies will need to be performed to interrogate the predictive value of MSI and PD-L1 in HCC.




8. Biliary Tract Cancer


Biliary tract cancer (BTC) encompasses gallbladder cancer and cholangiocarcinoma, which can be further divided into intrahepatic and extrahepatic cholangiocarcinoma. BTC is often diagnosed at an advanced stage. Cisplatin plus gemcitabine is the standard first-line therapy for unresectable disease (RR of 26%, mOS 11.7 months) [135] and fluorouracil plus oxaliplatin for subsequent treatment (RR not reported, mOS 6.2 months) [136]. Tyrosine kinase inhibitors targeting NTRK, IDH1 and FGFR2 are efficacious in BTC with corresponding genetic alterations [137,138,139,140]. Due to limited therapeutic choice, BTC carries an extremely poor prognosis.



The prevalence of MSI-H BTC is less than 3% [10,29,30,67], but ICIs targeting PD-1 was shown to have significant antitumor activity in these tumors. In the KEYNOTE-158 study, 40.9% of 22 patients with MSI-H BTC that had progressed on prior therapy responded to pembrolizumab with a median OS of 24.3 months [35]. Given high RRs and prolonged OS, pembrolizumab is a reasonable alternative for patients with MSI-H BTC who are not candidates for chemotherapy.



ICIs also have good activity in BTC refractory to prior therapy. A phase 2 study with nivolumab showed an RR of 11% (22% by investigator-assessed response; median DOR was NR after a median follow-up of 12.4 months) in previously treated BTC, and surprisingly, all responders had MMR proficient (pMMR) tumors [58]. PD-L1 expression in tumor specimens was statistically associated with prolonged PFS [58]. Adding ipilimumab to nivolumab further enhanced RRs (23%) in a phase 2 study, and again, none of the responders had MSI-H tumors [59]. A combined analysis of the KEYNOTE-28 and KEYNOTE-158 study reported an RR of 7.1% in 127 BTC patients with higher RRs in the PD-L1 positive group versus negative group [77]. Altogether, these data suggest that judicious selection of patients with BTC for ICIs will need to be guided by predictive biomarkers and warrants further studies.




9. Pancreatic Ductal Adenocarcinoma


Pancreatic ductal adenocarcinoma (PDAC) accounts for 90% of pancreatic cancer and chemotherapy currently remains the standard of care. Targeted therapies against the most common somatic mutations in PDAC, including KRAS, TP53, SMAD4 and CDKN2A, are being investigated with limited success [141]. Their therapeutic efficacy is likely impaired by desmoplasia, which consists of dense fibrosis produced by pancreatic stellate cells, posing significant barriers to drug penetration [142,143].



The rates of MSI-H and TMB-H tumors are low in PDAC [10,29,30,67,71]. In general, PDAC also appears much more resistant to ICIs than other GI tumors. Only 18.2% of 22 patients with previously treated MSI-H PDAC responded to pembrolizumab in the KEYNOTE-158 study [35]. Ipilimumab monotherapy did not result in any radiographic responses [78]. Durvalumab with or without tremelimumab led to responses in 3.1% and 0% of patients with refractory PDAC [60]. One of the three responders was MSI-H with germline dMMR [60]. The resistance of PDAC to ICIs has been attributed to a TME devoid of infiltrating immune cells [144]. It was suggested that ICIs alone are not likely to induce a tumor response in PDAC, and future studies should focus on developing strategies to prime the TME to enhance the reactions of ICIs [145].




10. Tumors of the Ampulla of Vater


Tumors arising in the vicinity of the ampulla of Vater are rare and occur more frequently in patients with Lynch syndrome. They have a better prognosis than periampullary cancers such as BTC and PDAC. Fluoropyrimidine- or gemcitabine-based chemotherapy are often recommended for advanced ampullary cancers that are not amenable to surgical resection, but as of yet, there is no consensus on systemic therapy due to the lack of randomized controlled trials [146]. Interestingly, MSI-H/dMMR was found in up to 18% of ampullary cancers and was associated with better survival [147,148], indicating a potential role of ICIs in the management of this malignancy.




11. GI Neuroendocrine Neoplasms


Neuroendocrine neoplasms of the GI origin comprise a diverse group of malignancies. In general, they are categorized into neuroendocrine carcinomas (NECs) and neuroendocrine tumors (NETs). NECs are distinct from NETs as NECs are poorly differentiated with a poor prognosis [149]. NETs are further divided into high, intermediate and low grade based on the mitotic rate and Ki-67 index according to the 2019 World Health Organization guidelines [149]. Classification of GI NETs has been evolving over the past decade, but pancreatic NETs (PNETs) remain a unique category with potentially worse prognosis but better responses to chemotherapy [150].



Although MSI-H was reported to be 0% in PNETs [67], 3.6% in NETs [10] and 12.4% in NECs [151], ICIs may be effective in high-grade NETs and NECs based on preliminary results from a few clinical trials [152]. The phase 2 DART SWOG 1609 study aims to evaluate the efficacy of the nivolumab plus ipilimumab in patients with rare tumors and reported an RR of 13% (2/15) in patients with previously treated, non-pancreatic GI NETs [61]; the PNET cohort is accruing. Both responders had high-grade NETs and MSI data were not available [61]. The overall RR was 25% for nonpancreatic NETs and higher in high-grade NETs versus intermediate/low-grade NETs (44% vs. 0%, p = 0.004) [61]. Another phase 2 study that evaluated the antitumor activity of spartalizumab, a humanized PD-1 antibody under investigation, led to an RR of 7.4% and 4.8% in NETs and NECs, respectively [153].



The efficacy of pembrolizumab monotherapy has also been evaluated. The KEYNOTE-158 study showed an RR of 3.7% in 107 patients with previously treated, well to moderately differentiated NETs [80,154]. All four responders had GI NETs (three PNETs and one rectal NET) and none of them was positive for PD-L1 expression [154]. The KEYNOTE-28 study recruited PD-L1 positive tumors only and showed an RR of 12% and 6.3% in 25 and 16 patients, respectively, with carcinoid tumors and PNETs refractory to prior therapy [79]. Furthermore, the combination of atezolizumab plus bevacizumab resulted in an RR of 20% in the PNET cohort and 15% in the extrapancreatic NET cohort [62]. Similar to PDAC, ICIs are likely more efficacious in GI NETs or NECs when used in combination with agents that modulate the TME to augment the activity of immune cells.




12. Future Directions


12.1. Overcoming Resistance to ICIs


Although MSI-H predicts favorable treatment response to ICIs, RRs vary depending on tumor type and treatment responses are not exclusively seen in MSI-H tumors, raising two important questions. First, are there tumor-specific characteristics that we could harness to improve therapeutic efficacy of ICIs and develop novel strategies to target treatment? Second, are there patient-specific factors that we need to overcome on the individual level?



Schreiber et al. proposed the concept of cancer immunoediting in 2011, illustrating that the TME is capable of suppressing and promoting tumor development depending on cellular signaling [155]. Subsequently, O’Donnell et al. divided TME into four types based on TMB (high vs. low) and inflammation gene signatures (high vs. low), taking into consideration both intrinsic tumor characteristics and immune reactions in response to tumor antigens [144]. According to this framework, tumors with high TMB and inflammatory TME such as gastric cancer are likely to respond to ICIs because tumor antigens are presented to a milieu with abundant immune cells. However, ICIs targeting PD-1 could also exert an off-target effect on PD-1 positive tumor-associated macrophages (TAMs) and dampen the adaptive immune response [156]. Therefore, focusing on mechanisms that reduce inhibitory signaling to the adaptive immune system will be critical to improve the use of ICIs in this type of tumors. On the other hand, tumors with low TMB and lack of TILs such as pancreatic cancer will be resistant to ICIs. Promoting antigen presentation and immune cell infiltration will be the first step to enable the action of ICIs. Altogether, developing strategies to overcome resistance to ICIs should be ideally guided by the nature of the tumor and TME.



On the individual level, patients could have primary resistance (no clinical response or disease control after initial exposure to treatment) or acquired resistance (cancer progresses after an initial response or disease control on treatment) to ICIs. Many of these pathways overlap [157,158] with altered interferon-γ signaling as a result of JAK1/2 mutation being a classical example [159,160]. Primary resistance to ICIs can be partly explained by intratumoral and intertumoral heterogeneity of infiltrating immune cells. Yoon et al. reported that in a retrospective study of patients with CRC, the density of TILs was higher at the invasive margin than the tumor core within a dMMR tumor (i.e., intratumoral heterogeneity) and the variance of TIL densities were much higher in dMMR tumors compared to pMMR tumors (i.e., intertumoral heterogeneity) [161], suggesting that dMMR tumors have different distribution of TILs, which may lead to differential responses to ICIs.



Acquired resistance to ICIs may arise from mutations in certain genes. Le et al. noted five cases of acquired resistance after initial response to pembrolizumab and performed exome sequencing of both primary and metastatic tumors from two of these patients [24]. The mutation profile of metastatic lesions resembles that of primary lesions in each patient, but a new/second mutation in beta-2 microglobulin (B2M) gene was identified in the metastatic tumor of respective patients [24], suggesting that B2M mutations may contribute to secondary resistance to ICIs. As more mechanisms of resistance are being revealed, we may be able to develop molecular therapies that target these pathways in the future.



To date, active research is ongoing to test combination therapies with ICIs, novel combinations of ICIs, sequential therapies with chemotherapy, radiation therapy and ICIs, cellular therapies, oncolytic virus and microbiota modulation with ICIs. Fundamental rationales for these studies all build upon understanding of the response and resistance mechanisms to immunotherapy. Conducting well-designed mechanistic studies along with these clinical trials will, thus, be crucial to sustain the momentum of immuno-oncology as a field.




12.2. Perioperative Use of ICIs


Extending the use of ICIs to the perioperative setting is also an exciting frontier [162]. The CheckMate577 study showed that adjuvant nivolumab improved DFS compared to placebo (median 22.4 months vs. 11.0 months, HR 0.69, 95% CI 0.56–0.86, p = 0.0003) in patients with esophageal cancer following neoadjuvant chemoradiation and surgical resection [163], providing first-hand evidence to support that ICIs may benefit cancer patients with early-stage disease. Demonstrating the clinical efficacy of ICIs in the neoadjuvant setting is challenging, as radiation therapy and surgical resection are cytoreductive in nature and perioperative serial radiographic measurements do not solely reflect tumor response to systemic treatment. Careful grading of pathological responses, serial metabolic imaging and circulating tumor DNA (ctDNA) could be potential solutions, but prospective studies need to be performed to validate their clinical utility.




12.3. Atypical Responses to ICIs


Another interesting phenomenon that deserves more attention is whether MSI-H tumors are associated with higher rates of atypical responses to ICIs (e.g., pseudoprogression and hyperprogression) as their TME is substantially enriched with immune cells and cytokines compared to non-MSI-H tumors. Atypical responses to ICIs were reported in up to 29% of patients based on existing criteria that is not yet standardized [164,165,166,167,168] and they could lead to either premature or delayed discontinuation of ICIs, undermining patient care. Currently, we do not have any tools that can reliably differentiate atypical treatment responses. Studies that evaluate the use of molecular signatures such as ctDNA in disease monitoring will potentially expedite the discovery of novel biomarkers that can directly measure host immunity against tumor cells, providing rationales to improve the clinical management of MSI-H tumors.





13. Conclusions


The approval of ICIs for the treatment of MSI-H tumors represents a paradigm shift in oncology. Since ICIs have become part of front-line therapies for unresectable or metastatic solid tumors, we are in the search of universal predictive biomarkers that consistently identify proper candidates for immunotherapy across tumor types. MSI, TMB and PD-L1 have been widely investigated and proven useful in GI cancers. Studies have also shown that favorable clinical outcomes to immunotherapy were associated with subsets of TILs, T cell receptor diversity, cytokine levels, metabolites in the peripheral blood etc. in certain tumor groups [169,170,171,172,173,174,175,176]. As novel precision medicine technologies are being developed, we envision that therapeutic decisions in the near future will be guided by a wealth of genetic information and composite biomarkers in addition to the MSI status.
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Table 1. Major classes of immune checkpoint inhibitors indicated for gastrointestinal cancers.






Table 1. Major classes of immune checkpoint inhibitors indicated for gastrointestinal cancers.





	
Target

	
Generic Name

	
Disease Category

	
FDA Indications




	
Required Biomarker

	
Required Prior Therapy

	
Monotherapy 1

	
Combination 1






	
PD-1

	
Nivolumab

	
CRC

	
MSI-H/dMMR

	
Fluoropyrimidine, oxaliplatin and irinotecan

	
√

	
With/without ipilimumab




	
HCC

	
None

	
Sorafenib

	
√

	
With/without ipilimumab




	
PD-1

	
Pembrolizumab

	
Solid tumor

	
MSI-H/dMMR or TMB-H 2

	
Previously treated with no satisfactory

alternative treatment options

	
√

	
×




	
CRC

	
MSI-H/dMMR

	
None or fluoropyrimidine, oxaliplatin and

irinotecan

	
√

	
×




	
HCC

	
None

	
Sorafenib

	
√

	
×




	
GC

	
PD-L1 CPS ≥ 1

	
At least two prior lines of therapy including fluoropyrimidine- and platinum-containing chemotherapy and if appropriate, HER2

targeted therapy

	
√

	
×




	
PD-L1

	
Atezolizumab

	
HCC

	
None

	
None

	
×

	
With bevacizumab




	
CTLA-4

	
Ipilimumab

	
CRC

	
MSI-H/dMMR

	
Fluoropyrimidine, oxaliplatin and irinotecan

	
×

	
With nivolumab




	
HCC

	
None

	
Sorafenib

	
×

	
With nivolumab








Abbreviations: CRC, colorectal cancer; HCC, hepatocellular carcinoma; GC, gastric cancer; MSI-H, microsatellite instability-high; dMMR, deficient DNA mismatch repair; TMB, tumor mutational burden. 1 √ indicates FDA approval of therapy and × indicates lack of FDA approval. 2 TMB-H is defined as TMB greater or equal to 10 mutations/megabases.
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Table 2. Major clinical trials involving immune checkpoint inhibitors in non-colorectal gastrointestinal cancers.
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Disease Category

	
Clinical Study (Phase)

	
References

	
Interventions

	
Inclusion Criteria

	
Major Findings Pertinent to MSI






	
Solid tumor

	
KEYNOTE-28 (1b)

	
[33]

	
Single-arm P

	
PD-L1 positive, previously treated

	
Higher RR in MSI-H tumors vs. non-MSI-H tumors




	
KEYNOTE-158 (2)

	
[34,35]

	
Single-arm P

	
Previously treated

	
Higher RR in MSI-H or TMB-H tumors vs. non-MSI-H tumors




	
GC

	
KEYNOTE-12 GC cohort (1b)

	
[36]

	
Single-arm P

	
PD-L1 positive, previously treated

	
Higher RR in MSI-H tumors vs. non-MSI-H tumors




	
KEYNOTE-59 (2)

	
[37]

	
Single-arm P

	
Progression after ≥2 prior lines of therapy

including platinum and fluoropyrimidine

	
Improved RR and survival in MSI-H tumors vs. non-MSI-H tumors




	
KEYNOTE-61 (3)

	
[38]

	
P vs. paclitaxel

	
Progression after first-line therapy with

platinum and fluoropyrimidine

	
P improved RR and survival vs. paclitaxel in MSI-H tumors




	
KEYNOTE-62 (3)

	
[39]

	
P vs. P + C vs. C

	
CPS ≥1, HER2 negative and treatment-naive

	
P improved RR and survival vs. C alone in MSI-H tumors




	
CheckMate032 (1/2)

	
[40]

	
N vs. N + I

	
Previously treated

	
Higher RRs in MSI-H tumors vs. non-MSI-H tumors




	
ATTRACTION-2 (3)

	
[41]

	
N vs. placebo

	
Previously treated with ≥2 prior lines of therapy

	
N/A




	
ATTRACTION-4 (2/3)

	
[42]

	
N + C vs. placebo + C

	
HER2 negative, treatment-naive

	
N/A




	
CheckMate649 (3)

	
[43]

	
N + C vs. N + I vs. C

	
HER2 negative, treatment-naive

	
N/A




	
EAC and ESCC

	
KEYNOTE-180 (2)

	
[44]

	
Single-arm P

	
Progression after ≥2 prior lines of therapy

	
Only one patient had an MSI-H tumor but did not respond to P




	
KEYNOTE-181 (3)

	
[45]

	
P vs. C

	
Progression after first-line therapy

	
NA




	
KEYNOTE-590 (3)

	
[46]

	
P + C vs. placebo + C

	
Treatment-naive

	
NA




	
ESCC

	
ATTRACTION-1 (2)

	
[47]

	
Single-arm N

	
Refractory or intolerant to fluoropyrimidine-, platinum- or taxane-based C

	
NA




	
ATTRACTION-3 (3)

	
[48]

	
N vs. C

	
Refractory or intolerant to first-line therapy with platinum and fluoropyrimidine

	
NA




	
SBA

	
ZEBRA (2)

	
[49]

	
Single-arm P

	
Previously treated

	
Higher RR in MSI-H tumors vs. non-MSI-H tumors




	
AC

	
NCI9673 (2)

	
[50]

	
N vs. N + I

	
Previously treated

	
NA




	
HCC

	
KEYNOTE-224 (2)

	
[51]

	
Single-arm P

	
Refractory or intolerant to sorafenib

	
NA




	
KEYNOTE-240 (3)

	
[52]

	
P vs. placebo

	
Refractory or intolerant to first-line therapy with sorafenib

	
NA




	
CheckMate040 (1/2)

	
[53,54,55]

	
N vs. N + I

	
Previously treated with sorafenib

	
NA




	
CheckMate459 (3)

	
[56]

	
N vs. sorafenib

	
Treatment-naive

	
NA




	
IMbrave150 (3)

	
[57]

	
A + B vs. sorafenib

	
Treatment-naive

	
NA




	
BTC

	
NCT02829918 (2)

	
[58]

	
Single-arm N

	
Progression after 1–3 prior lines of therapy

	
All responders had pMMR tumors




	
NCT02923934 (2)

	
[59]

	
Single-arm N + I

	
Prior therapy allowed

	
All responders had MSS/MSI-L tumors




	
PDAC

	
NCT02558894 (2)

	
[60]

	
D vs. D + T

	
Progression after first-line therapy with fluorouracil or gemcitabine

	
One out of three responders had MSI-H tumor with germline dMMR




	
GI NET

	
DART SWOG 1609 (2)

	
[61]

	
Single-arm N + I

	
Progression after ≥1 prior line of therapy

	
NA




	
NCT03074513 (2)

	
[62]

	
Single-arm A + B

	
Prior therapy allowed

	
NA








Abbreviations: disease category—GC, gastric cancer; EAC, esophageal adenocarcinoma; ESCC, esophageal squamous cell carcinoma; SBA, small bowel adenocarcinoma; AC, anal cancer; HCC, hepatocellular carcinoma; BTC, biliary tract cancer; PDAC, pancreatic adenocarcinoma; GI NET, gastrointestinal neuroendocrine tumor; interventions—P, pembrolizumab; C, chemotherapy; N, nivolumab; I, ipilimumab; A, atezolizumab; B, bevacizumab; D, durvalumab; T, tremelimumab; results—RR, response rate; NA, not available.
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Table 3. Prevalence of MSI-H, TMB-H and PD-L1 in non-colorectal gastrointestinal cancers and response rates to immune checkpoint inhibitors (ICIs).
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Tumor Type

	
Biomarker (%) [10,28,29,30,34,67,68,69,70,71]

	
Response Rates to ICI Monotherapy (%)




	
MSI-H

	
TMB

	
PD-L1

	
First Line 1

	
Beyond First Line 1

	
MSI-H Tumors 2






	
Gastric cancer

	
4–25

	
3.1–13

	
6.6–30.7

	
14.8 [39]

	
11.6–22 [36,37,38]

	
45.8–85.7 [35,36,72]




	
Esophageal cancer

	
0–3.3

	
0.5–17

	
16.2–24.9

	
Not reported [46]

	
9.9–30 [44,45,73]

	
Not reported [35]




	
Small bowel adenocarcinoma

	
2–8.3

	
8.3–10.2

	
10.5–16.7

	
-

	
7.5 [49]

	
42.1 [35]




	
Anal cancer

	
0

	
8.3–33

	
38

	
-

	
10.9–24 [50,74,75,76]

	
-




	
Hepatocellular carcinoma

	
0–2.9

	
1.4–7

	
6.1–9.6

	
15 [56]

	
10.2–20 [51,52,53,54]

	
-




	
Biliary tract cancer

	
1.4–2.5

	
3.4–26

	
8.5–18.6

	
-

	
7.1–11 [58,77]

	
40.9 [35]




	
Pancreatic adenocarcinoma

	
0–5.3

	
1.2–1.4

	
8.6–21.6

	
0 [78]

	
0 [60]

	
18.2 [35]




	
Pancreatic neuroendocrine tumor

	
0

	
1.3

	
2.9

	
-

	
6.3–7.5 [79,80]

	
-








1 Both MSI-H and MSS/MSI-L tumors were included. 2 Response rates in MSI-H tumors irrespective of lines of therapy.
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