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Immune checkpoint inhibitors have demonstrated unprecedented clinical activity in a wide range of cancers. Significant therapeutic responses have recently been observed in patients presenting mismatch repair-deficient (MMRD) tumours. MMRD cancers exhibit a remarkably high rate of mutations, which can result in the formation of neoantigens, hypothesized to enhance the antitumour immune response. In addition to MMRD tumours, cancers mutated in the exonuclease domain of the catalytic subunit of the DNA polymerase epsilon (POLE) also exhibit an ultramutated genome and are thus likely to benefit from immunotherapy. In this review, we provide an overview of recent data on hypermutated tumours, including MMRD and POLE-mutated cancers, with a focus on their distinctive clinicopathological and molecular characteristics as well as their immune environment. We also discuss the emergence of immune therapy to treat these hypermutated cancers, and we comment on the recent FDA approval of an immune checkpoint inhibitor, the programmed cell death (PD)-1 antibody (pembrolizumab, Keytruda), for the treatment of patients with metastatic MMRD cancers regardless of the tumour type. This breakthrough represents a turning point in the management of these hypermutated tumours and paves the way for broader strategies in immunoprecision medicine.

.

Deficiency in replication error repair pathways leads to an hypermutator phenotype

Faithful DNA replication is necessary to maintain genome stability and prevent mutations, and thus carcinogenesis (1). In eukaryotes, normal cells replicate their DNA with remarkable fidelity, accumulating less than one mutation per genome per cell division (2). It is estimated that the replicative DNA polymerases epsilon and delta make errors approximately once for every 10 4 -10 5 nucleotides that they polymerize (3,4). Thus, each time a mammalian cell divides approximately 100,000 polymerase errors occur, which must be corrected at near 100% efficiency to avoid deleterious mutations. Correction is accomplished through the combined actions of the 3′ to 5′ exonuclease activity (proofreading) of polymerase epsilon and delta, and the mismatch repair (MMR) system (3,4). Indeed, owing to their proofreading activities, these replicative polymerases can recognize and remove misincorporated nucleotides during genome replication, and in vitro studies have shown that proofreading improves replication fidelity by approximately 100-fold (5,6). However, some errors always escape proofreading and are then corrected by the MMR system, which is a post-replication repair process that is activated when incorrect nucleotides have been incorporated into newly synthesized strands (7). Essential MMR system components include the heterodimer of MSH2 and MSH6 (MutSα) that detects base-base mismatches or 1-2 base pair insertion/deletion loops (IDLs) and the heterodimer of MSH2 and MSH3 (MutSβ) that identifies larger IDLs (8). IDLs are mainly caused by replicative polymerase slippage during the replication of DNA regions containing short tandem repeats (mono-to tetranucleotide repeats), also known as microsatellites. Then, the MutLα heterodimer, consisting of MLH1 and PMS2, forms a ternary complex with one of the MutS complexes bound to the mismatch site, and together with Exonuclease 1 (EXO1), proliferating cell nuclear antigen (PCNA) and the DNA polymerase delta, execute error removal and DNA resynthesis. In this way, the MMR system improves the fidelity of replication by several orders of magnitude (9). Recent large-scale genomic studies have revealed that hundreds to thousands of somatic mutations can exist in a single cancer genome and the highest mutated cancer genomes exhibit alteration of MMR system and/or mutations in the exonuclease domain of the catalytic subunit of the polymerase epsilon (POLE) and to a lesser extent, polymerase delta (POLD1). The clinicopathological and molecular characteristics as well as the immune environment of these hypermutated tumours will be described, with a focus on the emerging immune therapy to treat them.

Lynch syndrome and sporadic MMRD tumors

2.a. Mutations in MMR genes

Lynch syndrome (LS), previously known as hereditary non-polyposis colorectal cancer (HNPCC), is a cancer-predisposing syndrome characterized by the autosomal dominant inheritance of a heterozygous germline mutation in one of the MMR genes (mutations in MLH1, MSH2, MSH6 or PMS2) (10). The proportion of mutations in LS is MLH1 (40%), MSH2 (34%), MSH6 (18%), and PMS2 (8%), although the PMS2 mutation frequency may be underdiagnosed due to technical issues. Deletion of the last exons of EPCAM, located immediately upstream of the MSH2 gene, is also involved in LS (11). However, the cancer risks appear be variable according to the gene involved, with a lesser penetrance being observed for the MSH6 or PMS2 mutation (12). In addition to familial form, sporadic MMR deficient (MMRD) tumours also exist, and result mainly from hypermethylation of the MLH1 promoter, thus provoking MLH1 expression silencing, leading to a complete loss of MLH1 protein expression. (13,14). This methylation can be sporadic or associated with a CpG island methylation phenotype (CIMP) (15,16).

2.b. Mutational burden and signatures in MMRD cancer genomes

LS and sporadic MMRD tumour genomes harbour a high frequency of insertion/deletion (indels) due to unrepaired DNA polymerase slippages in microsatellite sequences (MSI events). Thus, the microsatellite instability (MSI) phenotype is the hallmark of MMRD (14).

Microsatellites are distributed throughout the genome, both in coding and non-coding regions, and MSI within coding regions can alter the reading frame (frameshift), resulting in the production of truncated, functionally inactive proteins (17). Alternatively, RNA transcripts carrying MSI can be targeted for degradation through the nonsense mediated decay pathway (18). In addition to MSI, MMRD tumours are characterized by high rate of single-nucleotide substitutions, predominantly C>T transitions in the NCG context and C>A transversions in the CCN context (17,19). Considering all types of mutations, MMRD tumours display a high mutation rate, with 12-40 mutations/Mb (20,21). Since mutation rates are considered elevated when the tumour mutational burden is > 12 mutations/Mb, MMRD cancers are typically hypermutated tumours (19,20).

2.c. The diagnosis of MMRD tumours

MMR gene mutations may be frequent in the general population, up to 1/400, and LS represents the most common hereditary form of colorectal cancer (CRC) (22). In CRC, sporadic MMRD and LS tumours represent 12% and 3%, respectively (18,23,24). Amsterdam and Bethesda criteria were developed to identify potential LS patient candidates for genetic testing (25,26). Two types of testing are being used: polymerase chain reaction (PCR), which detects mutations in microsatellite regions, and immunohistochemical staining (IHC), which assesses the expression levels of MMR proteins (MLH1, MSH2, MSH6 and PMS2) within the tumour. For PCR tests, revised Bethesda criteria recommend using a "pentaplex" of five mononucleotide microsatellites (BAT25, BAT26, NR21, NR24 and NR27) (27). Tumours with three or more unstable markers are called MSI-high (MSI-H), and tumours with one unstable marker are called MSI-low (MSI-L). While the PCR and IHC techniques are both sensitive and specific for MMRD and have good concordance (>95%) (28)(29)(30), they remain complementary to one another; PCR determines functional abnormalities, while IHC identifies in situ protein abnormalities (16,31). In MLH1-negative MMRD tumours, the BRAF V600E mutation is a highly specific marker for somatic silencing of MLH1, and thus precludes LS (32)(33)(34)(35). Of note, MSI has also been detected in tumours without MMR gene mutations, and in premalignant conditions associated with chronic inflammation (36), suggesting that changes in cellular environments, such as hypoxia (37), may result in transient MMR deficiency and give rise to a mutator phenotype (38).

Managing LS patients

In MMR gene mutation carriers, the spontaneous lifetime risk of CRC is estimated to be 50-80%. Women have a further endometrial cancer (EC) risk, estimated at 40-60%, with LS being diagnosed in approximately 2% of all EC patients (39). The risk for other extra-colonic cancers associated with MMR gene mutations is cumulatively less than 10%, and these cancers may be more frequently associated with MSH2 mutations (40-43) (Figure 1). The large variation in their age at cancer diagnosis in LS requires starting surveillance protocol as early as in their third decade of life. Monitoring patients with LS is well defined, consisting of a colonoscopy with chromoscopy (ablation of polyps) every 1 or 2 years, beginning at 20 years of age, and for females, yearly utero-ovarian ultrasonography beginning at 35-40 years of age (NCCN V6 2017). Along with predisposition to visceral neoplasms, LS patients may be affected by cutaneous neoplasms, such as sebaceous adenomas, epitheliomas, or carcinomas, and keratoacanthomas. This so-called Muir-Torre syndrome affected up to 20% of LS patients, more frequently in case of MSH2 germline alteration (44). However, MMR IHC and MSI in cutaneous neoplasms are not as sensitive as they are in CRCs and are therefore not recommended as first-intent procedures (45).

2.d. Clinicopathological features and prognostic impact of MMRD cancers

2.d.1 Colorectal cancers

Clinically, MMRD CRCs are more often located in the proximal colon, poorly differentiated, and of a mucinous or signet-ring cell histological type than their MMR-proficient counterparts. Another prevalent finding in MMRD CRC is the abundant presence of tumourinfiltrating T cells and the so-called Crohn's-like reaction with prominent lymphoid aggregates at the periphery of the tumour (46,47). In LS patients, the adenoma-carcinoma sequence progression is often fast, and may take less than 2-3 years compared to 8-10 years in sporadic CRCs (48). The prognosis of patients with either inherited (LS) or sporadic MMRD CRCs appears to be similar (49), while the prevalence of MMRD CRCs with MSI is different among disease stages. Indeed, while MMRD CRCs represent 15% to 20% of stage II and III CRCs, and harbour a better prognosis than MMR-proficient tumours (50), they represent only 5% of metastatic CRCs (mCRC) cases. This lower frequency highlights the weakened capacity for MMRD CRCs to develop metastasis (51). However, MMRD mCRCs harbour a worse prognosis than MMR-proficient mCRCs (52). Unlike LS CRCs, sporadic MMRD CRCs are associated with the BRAF V600E mutation in approximately 50% of cases, while this mutation is diagnosed in only 5-10% of all CRC tumours (53). BRAF mutation incidences may depend on the tumour stage, with a higher rate in MMRD mCRCs (35%) compared to early-stage MMRD CRCs (24%) (52). Thus, the poor prognosis of patients with MMRD mCRCs may be at least partly due to the higher BRAF V600E mutations rate, these mutations conferring a dismal prognosis in mCRC (overall survival < 1 year, compared to > 2.5 years in wild-type BRAF mCRCs) (52, 54).

2.d.2. Non-colorectal MMRD cancers

The MMRD phenotype has been identified in more than 15 cancer types, including endometrial adenocarcinoma, small intestine, stomach, ureter, ovary, and brain, and the MSI status frequencies across tumour types have recently been summarized in (55) (Figure 1). MSI has been found in 30% to 40% of endometrioid EC and only in 2% of serous EC, yet scarce data are available regarding the prognostic and predictive impacts of MMR deficiency in EC (56). A large meta-analysis pooling 23 studies summarized the lack of concrete evidence of association between MMRD status and clinical outcome (57). A recent study regarding the molecular classification of gastric cancers (GC) reported that the MMRD subtype represented 22% of all GC and had the best overall prognosis with the lowest recurrence rate (58,59). The prognosis of MMRD GCs without chemotherapy seems similar to that of patients who received chemotherapy after surgery, suggesting that the MMRD GC subtype is unresponsive to adjuvant chemotherapy (60). A comprehensive analysis of genomic data from 206 glioblastomas revealed a link between MGMT promoter methylation and hypermutator phenotype resulting from MMR deficiency in treated glioblastomas (61). Indeed, a significant proportion of recurrent glioblastomas (37%, 7/19) that were pretreated with alkylating agents had a hypermutator phenotype, and 6 of 7 tumours harboured mutations in one of the four MMR genes (5/6 in the MSH6 gene). This positive correlation may be explained by the fact that glioblastomas respond well to treatment with alkylating agents, such as temozolomide, in part as a consequence of MMR-dependent cell death (62). Thus, downregulation of the MGMT gene in conjunction with treatment may lead to the selective pressure to lose the MMR function, thus allowing tumour recurrence (63). Whether these recurrent glioblastomas harbour a hypermutated genome remains unknown. If so, new immune-based therapeutic strategies may be a treatment prospect for patients with recurrent MMRD glioblastomas (see the "immunotherapy" section).

2.e. Molecular characterization of the MMRD tumours

Molecular data integration of has generated two CRC classification systems: First, The Cancer Genome Atlas (TCGA) network conducted a genome-scale analysis of 276 CRCs that were categorized into two subgroups: (1) nearly diploid tumours with a high mutation load due to either MMRD or POLE mutations, and (2) cancers with high somatic copy number alterations (SCNA), detected in approximatively 84% of sporadic CRCs (20).

Fifteen genes were recurrently mutated in the ultra/hypermutated cancer subgroup, including ACVR2A (63 %), APC (51 %), TGFBR2 (51 %), BRAF (46 %), MSH3 (40 %), MSH6 (40 %), MYOB1 (31 %), TCF7L2 (31 %), CASP8 (29 %), CDC27 (29 %), FZD3 (29 %), MIER3 (29 %), TCERG1 (29 %), MAP7 (26 %), PTPN12 (26 %) and TP53 (20 %) (20), and the recurrently altered oncogenic pathways in this subgroup were WNT (97%), TGF-β (87 %), MAPK and PI3K. Of note, RNF43, involved in regulating the WNT pathway, has frequently been shown to be mutated in MMRD CRCs and ECs and is mutually exclusive with inactivating APC mutations in CRCs (64). The genes frequently mutated in MMRD ECs (mostly EEC) are different from those of CRCs, and include PTEN (88%), RPL22 (33%), KRAS (35%), PIK3CA (54%), PIK3R1 (40%), and ARID1A (37%) (65)(66)(67) suggesting that the alteration of genes is more dependent of the organ than of MMRD status.

Second, an international expert consortium has defined four consensus molecular subtypes (CMS) using transcriptomic data: CMS1 (14%) encompassed most MMRD CRCs and the key features of this subgroup are strong immune activation, which was characterized by the increased expression of genes associated with immune infiltrate, mainly composed of T helper 1 (Th1) and cytotoxic T cells, along with a strong activation of immune evasion pathways; CMS2 included "canonical" tumours associated with high chromosomal instability and was characterized by activated WNT and MYC pathways; CMS3 included tumours associated with KRAS mutations and metabolic deregulation; and CMS4 included tumours characterized by the increased expression of epithelial-mesenchymal transition genes and the activation of TGF pathway (68).

Interestingly, the MSI landscape was first characterized in CRC and EC genomes prior to being defined in various other tumour types (17,69,70). These analyses revealed that the frequency of MSI events is highly variable within and across tumour types and confirmed that colorectal, endometrial, stomach and oesophageal cancers considered MSI-prone tumours, comprise most MSI events. The frequency of MSI events in more than 100 cancer-related genes showed the tumour-type specificity of frameshift MSI. For instance, frameshift mutations were present in TGFBR2 for 58% of CRCs and 80% of stomach tumours, but only for 5% of EC. The authors suggested that certain tumour types or tumour environments are favourable to the occurrence of particular MSI events (17). Moreover, Cortes-Ciriano et al showed that ECs were enriched in frameshift mutations in the JAK1 gene, while Sveen et al found that 24% of CRCs have frameshift mutations in the JAK1 gene, although they were primarily heterozygous (17,71). Thus, at least two MMRD cancers types harbour frequent alterations in the JAK1 gene. This is important given that JAK1/2 mutations may lead to the loss of interferon gamma signalling, which allows cancer cells to escape antitumor T cells, and prevents the adaptive programmed death-ligand 1 (PD-L1) tumour cell expression, the target of PD-1 blockade therapy (see the "immunotherapy" section). Indeed, JAK1 mutations have been shown to be involved in the resistance to anti-PD-1 therapy in melanomas (72,73).

2.f. The constitutional MMR (CMMRD) syndrome

The CMMRD syndrome is an autosomal recessive disorder caused by biallelic germline mutations in MMR genes (MLH1, PMS2, MSH2, MSH6), and glioblastomas due to CMMRD exhibited massive substitution mutations (>250/Mb). These ultramutated CMMRD cancers acquired early somatic driver mutations in the exonuclease domain of POLE or POLD1 (74).

The number of CMMRD patients is limited (less than 200 patients), which makes it difficult to identify commonly mutated coding microsatellites. One can expect that some MSI are shared with MMRD tumours. This rare syndrome is characterized by the childhood onset of brain tumours, CRC, haematological malignancies, cutaneous manifestations of neurofibromatosis-1 like café au lait spots, and occasionally other rare malignancies (75). It is a highly penetrating cancer predisposition syndrome, with most biallelic mutation carriers developing cancer in the first two decades of life (75) (Figure 1). The prognosis for patients with CMMRD is much worse than for patients with LS, and no curative treatment options are currently available for CMMRD patients (75,76).

Tumours mutated in POLE and POLD1 exonuclease domain

a. Somatic mutations in POLE

Recent large-scale genomic studies have revealed tumours mutated in the POLE exonuclease domain, that result in a remarkably hypermutated (ultramutated) phenotype with an extremely high number of mutations in the tumour genome (20,65). The most common mutation found in POLE involves the replacement of proline by either arginine or histidine at codon 286 (POLE P286R/H ); recurrent substitutions were also identified at codons 411 (POLE V411L ) and 459 (POLE S459F ). Intriguingly, very few cases of somatic POLD1 mutations have been identified in tumours (77,78) and the reasons underlying the drastic difference between POLD1 and POLE remains unexplained and merit further investigation. In contrast to MMRD tumours, cancers with POLE mutations are primarily microsatellite stable (MSS) since MMR system is proficient (79,80). However, some POLE mutated tumours have been found MMRD due to somatic mutations in one of the MMR genes (81). In any case, POLE mutated tumours harbour extremely high rates of single-nucleotide substitutions, often exceeding 100 mutations/Mb and characterized by a high prevalence of TCT→TAT and less TCG→TTG substitutions and are thus called ultramutated tumours (80). POLE have been found mutated in CRC and EC (20,65,78). Indeed, approximately 1-3% of CRC have POLE mutation (65), and a recent retrospective study on 6517 patients with resected stage II-III CRCs reported that 66 (1.0%) had a somatic POLE mutation (82). The clinico-pathological characteristics of POLE CRCs was a young age at diagnosis, a right-sided tumours, and a better prognosis than MMR-proficient tumours (82). Approximately 7% of EC have POLE mutation, and integrated genomic characterization of EC revealed that the POLE mutated tumours are EEC (~10% of EEC), and show mutations in PTEN (94%), PIK3CA (71%), PIK3R1 (65%), FBXW7 (82%), ARID1A (76%), KRAS (53%), and ARID5B (47%) (65,77).

3.b. Germinal mutations in POLE and POLD1

Germline mutations in human POLD1 and POLE exonuclease domains have been recently reported and predispose to 'polymerase proofreading-associated polyposis' (PPAP), a disease characterized by multiple colorectal adenomas and carcinomas, with dominant inheritance and suspected high penetrance. POLE L424V and POLD1 S478N were the first two variants found in polyposis or non-polyposis CRC families (83)(84)(85), and six new POLD1 variants (four with strong evidence for pathogenicity-p.D316H, p.D316G, p.R409W, and p.L474P) have since been identified in 529 CRC families by sequencing the exonuclease domain of 456 MMRproficient familial non-polyposis and 88 polyposis CRC cases. In these families, breast cancers and EC were diagnosed in 33% (n = 2/6) of female POLD1 mutation carriers (86).

Again, it is surprising that few somatic POLD1 mutations have been detected in cancers, whereas germline POLD1 is associated with a high risk of CRC and predispose to EC. The POLE L424V mutation has thus far been identified in more than 20 independent carriers, suggesting that its commonality of being a POLE germline mutation. Although this mutation is predominantly associated with CRCs, this variant also predisposes to ECs (80). Patients carrying germline mutations in the POLE or POLD1 exonuclease domain show variable phenotypes; some have tens of adenomas that do not rapidly progress rapidly to cancer, whereas others have a small number of large adenomas or early-onset carcinomas, thus resembling LS (84).

Immunophenotype of ultra and hypermutated tumours

The development of cancer involves interactions between the tumor and the immune system of the host. It is becoming increasing clear that the immune infiltration at the tumor site is indicative of host response. The prognostic impact of tumour-infiltrating immune cells on primary CRC has been extensively studied. An "Immunoscore" (IS) has been defined as a tool to stratify CRC through the quantification of lymphocytes populations densities (CD3/CD45RO or CD3/CD8 or CD8/CD45RO) in the invasive margins and in the centres of the tumours (87,88). While high ISs have been significantly correlated with MSI status, only IS and not the MSI status was associated with progression-free survival and overall survival in multivariate analysis (89). Importantly, Llosa et al examined the immune microenvironment of primary CRCs using IHC, laser capture microdissection/qRT-PCR, and flow cytometry. They showed that MMRD tumours were highly infiltrated with activated CD8 + cytotoxic T lymphocytes (CTLs) and had a strong activation of Th1 response characterized by IFN-γ production. Interestingly, up-regulation of multiple immune checkpoints, including PD-1, PD-L1, CTLA-4, LAG-3 and IDO, was also observed, suggesting that a Th1 microenvironment results in the compensatory induction of immune checkpoints that protect tumours from killing. Thus, these data could explain why MMRD tumours are not naturally eliminated despite hostile Th1/CTL microenvironments (90).

Conflicting results are present in the literature regarding up-regulation of the immune checkpoint PD-L1 in MMRD CRCs. Several studies have reported higher of PD-1 and PD-L1 expression in MSI-H CRCs than in MSS CRC (90)(91)(92). However, Droeser et al. observed a higher frequency of PD-L1 expression in patients with MSS tumours (93). This discrepancy might be due to different anti-PD-L1 antibodies being used in these studies to assess PD-L1 expression by IHC. While little are published on POLE mutants, POLE EC and CRC display an enhanced cytotoxic T cell response, evidenced by the elevated numbers of CD8 + tumourinfiltrating lymphocytes that are accompanied by the up-regulation of T cell exhaustion markers, which is consistent with chronic antigen exposure (82,94,95). Altogether, these studies demonstrated a strong link between hyper/ultramutated tumours and the infiltration of cytotoxic T-lymphocytes. However, whether immune contextures in LS CRCs are comparable to those of sporadic MSI-H CRCs remains undetermined. In addition, immunoprofiling data reported for MSI-H CRCs have been achieved mainly for primary tumours and the important question of whether MSI-H metastatic cancers have similar immune environments to those defined for primary MSI-H CRCs remains unanswered. Another unresolved question is whether MMR deficiency induces equivalent immune contexture in all cancers types (e.g. endometrial, biliary, ovarian…). For instance, by applying the method developed by Becht and colleagues (96), we examined the relative abundance of 7 immune cell populations in endometrial and colorectal MSI-H and POLE tumours using transcriptomic data from TCGA (20, 65) (Figure 2). Despite sharing common mechanisms, including high tumour mutational burden, MSI-H, and to a lesser extent POLE samples, showed different infiltrates in CRC and EC. In CRC, MSI-H tumours are highly infiltrated as already described (97). POLE CRC are less infiltrated than MSI-H CRC samples, albeit cytotoxic and T cells are highly abundant in all samples. In contrast to CRC, various levels of immune infiltration are observed in EC, with approximately one quarter of MSI-H EC samples displaying low immune infiltrates. In addition, altered oncogenic pathways, such as WNT, PIK3, RTK/RAS and TP53 pathways, are not discriminating criteria for explaining these low immune infiltrates in MSI-H EC tumours (Figure 2). These observations are in concordance with data from Van gool et al., showing that MSI EC tumours exhibit moderately increased T cell infiltration (94). Further investigations are warranted to explain the heterogeneous immune infiltrates in MMRD ECs.

Altogether, these studies strongly suggest that, even though the 'hypermutator' phenotype facilitates carcinogenesis, it also elicits the infiltration of T lymphocytes (TILs), acting as the gatekeepers in preventing dissemination. The theory that explains the association between the high numbers of somatic mutations in cancer genomes and the high Th1/CTL tumour microenvironment is the generation of neoantigens in hypermutated cancers (98). The massive numbers of non-synonymous substitutions and/or frameshift mutations that accumulate in the MMRD and POLE tumour genomes can lead to the formation of new peptides (neoantigens, also called MANA for mutation-associated neoantigens), which are absent in normal genomes. The major histocompatibility complex (MHC) may present those neo-epitopes to the immune system, which suppresses tumour cells by recognizing them as being "non-self". Predicted neoantigen load has been correlated to the mutational burden (99).

MMRD tumours have 10 to 50 times more predicted neoantigens than MSS tumours (90,[START_REF] Le | PD-1 Blockade in Tumors with Mismatch-Repair Deficiency[END_REF], and POLE exo-tumours have 15 times more neoantigens than MMRD tumours and 100fold more than MSS tumours (78,[START_REF] Howitt | Association of Polymerase e-Mutated and Microsatellite-Instable Endometrial Cancers With Neoantigen Load, Number of Tumor-Infiltrating Lymphocytes, and Expression of PD-1 and PD-L1[END_REF]. Of note, neo-peptides are relevant as tumour neoantigens for T cells only if they can be processed and presented on self-MHC (102).

Immunotherapy treatment in ultra/hypermutated tumours: where we are, where we go

The goal of immunotherapy is to restore or augment antitumour immune response. An increased understanding of tumour immunology has led to the identification of novel targets for new immune-based approaches, including a group of cell-surface molecules known as immune checkpoint proteins [START_REF] Pardoll | The blockade of immune checkpoints in cancer immunotherapy[END_REF]. The interaction of the immune checkpoint PD-1 with its ligand PD-L1 promotes an immunosuppressive tumour microenvironment. PD-1 is located on activated T cells, B cells,and natural killer (NK) cells and can bind its ligand PD-L1, which is typically located on stromal cells and tumour cells [START_REF] Gandini | PD-L1 expression in cancer patients receiving anti PD-1/PD-L1 antibodies: A systematic review and meta-analysis[END_REF]. Upon binding, the PD-1/PD-L1 axis produces an inhibitory signal that results in T cell exhaustion and inactivation [START_REF] Chen | Anti-PD-1/PD-L1 therapy of human cancer: past, present, and future[END_REF]. Blocking this interaction can reverse T-cell exhaustion and induce tumour regression [START_REF] Chen | Molecular Pathways: Next-Generation Immunotherapy-Inhibiting Programmed Death-Ligand 1 and Programmed Death-1[END_REF][START_REF] Zou | PD-L1 (B7-H1) and PD-1 pathway blockade for cancer therapy: Mechanisms, response biomarkers, and combinations[END_REF].

Immune checkpoint inhibitors, such as monoclonal antibodies (mAbs) targeting PD-1 or PDL-1, are at the forefront of immunotherapy development and their efficacy has been proven in more than 15 cancer types, including melanoma, non-small cell lung cancer (NSLC), and renal cell carcinoma, bladder carcinoma and Hodgkin's lymphoma [START_REF] Sharma | The future of immune checkpoint therapy[END_REF].

Immunotherapy in colorectal and non-colorectal MMRD tumors

Given that colorectal MMRD tumours are characterized by an exceptional mutational burden, an immune active tumour microenvironment and high expression of multiple immune checkpoints (including PD-1 and PD-L1), a clinical trial of anti-PD-1 mAb (pembrolizumab) in 41 patients with metastatic carcinoma was conducted and demonstrated response of 40% in MMRD tumours versus no response in MMR-proficient cancers (100). This study was expanded in 86 patients with advanced MMRD cancers across 12 different tumour types and objective radiographic responses were observed in 53% of the patients, with 21% achieving a complete radiographic response. No significant difference was observed between CRC and non-CRC tumours, or in LS and non-LS patients. The estimated progression-free survival (PFS) at 1-and 2-years were 64% and 53% respectively, and the estimated overall survival (OS) at 1-and 2-years were 76% and 64%, respectively [START_REF] Le | Mismatch-repair deficiency predicts response of solid tumors to PD-1 blockade[END_REF].

Furthermore, two cases of siblings treated with the anti-PD-1 mAb nivolumab for recurrent, highly mutated CDMMR glioblastoma multiform have been reported. Nivolumab demonstrated high clinical activity with profound and durable responses in both cases, whereas survival is usually inferior 6 months after recurrence [START_REF] Bouffet | Immune Checkpoint Inhibition for Hypermutant Glioblastoma Multiforme Resulting From Germline Biallelic Mismatch Repair Deficiency[END_REF].

Very recently, the Food and Drug Administration (FDA) granted accelerated approval to pembrolizumab (Keytruda®) for the treatment of adult and paediatric patients with unresectable or metastatic MSI-H or MMRD solid tumours that have progressed after prior treatment and who have no satisfactory alternative treatment options, as well as for patients with MSI-H or MMRD colorectal cancer following progression on a fluoropyrimidine, oxaliplatin, and irinotecan [START_REF] De | Approved Drugs -FDA grants accelerated approval to pembrolizumab for first tissue/site agnostic indication[END_REF]. Importantly, this is the first histology-agnostic accelerated FDA treatment approval. The objective response rate (ORR) was 36% in patients with CRC and 46% in patients with other tumour types. For the pooled patients of the study, the ORR with pembrolizumab was 39.6%, including 11 (7.4%) complete responses (CR) and 48 (32.2%) partial responses (PR). Among patients who responded to pembrolizumab, 78% had responses that lasted for at least 6 months [START_REF] De | Approved Drugs -FDA grants accelerated approval to pembrolizumab for first tissue/site agnostic indication[END_REF]. Accelerated approval for pembrolizumab in this setting is contingent on the results of a confirmatory trial.

Ongoing trials evaluating immunotherapies in cohorts of patients with MMRD or MSI-H cancers are listed in Table 1 [START_REF] Diaz | Pembrolizumab therapy for microsatellite instability high (MSI-H) colorectal cancer (CRC) and non-CRC[END_REF]. Thus, immune checkpoint therapy based on the MMR deficiency status recently approved by the FDA for pembrolizumab paves the way for broader treatment personalization strategies.

Conclusions and future directions

Modulation of the immune system through checkpoint inhibition is an emerging approach in cancer therapy, and initial data have provided evidence that hypermutated/MSI tumours are highly responsive to the immune checkpoint inhibitor anti-PD-1 antibody [START_REF] Le | PD-1 Blockade in Tumors with Mismatch-Repair Deficiency[END_REF][START_REF] Le | Mismatch-repair deficiency predicts response of solid tumors to PD-1 blockade[END_REF]. Since the FDA has granted accelerated approval to pembrolizumab for the treatment of adult and paediatric patients with metastatic MMRD tumours, identification of those tumours is now important, not only to screen for LS but also to identify individuals who could benefit from immunotherapy. Notably, the selection criteria to identify MMRD tumours must be improved given that this phenotype has been detected in more than 15 cancer types. The current method of detecting MSI by PCR techniques has been optimized for CRCs and whether MSI markers in the Bethesda panel are relevant for all cancer types remains unknown. Indeed, the frequency of MSI events and the localization of these loci are highly different across tumour types (17). A large catalogue of microsatellite loci frequently altered in numerous cancers has been built and can be profiled to serve as highly sensitive MSI markers across tumour types (17), thus improving the detection of MMRD tumours. Alternatively, mutational load may be a good surrogate of MMRD status, which can be assessed by targeting only ~1.1 Mb of the coding genome (21). On the other hand, clinical trials showed that a significant proportion of MMRD patients do not respond to immune therapy, highlighting the urge for developing robust predictive biomarkers that would guide an appropriate selection of patients. For instance, as JAK1 mutations have been involved in anti-PD-1 therapy resistance (72,73), the detection of frequent JAK1 alterations in MMRD tumours might define patients with cancer who are unsuitable for PD-1 blockade therapy. In addition, PTEN mutation and activation of the WNT/β-catenin signaling pathway have also been shown to confer anti-PD-1 therapy resistance while both are recurrently mutated in MMRD tumours (Spranger S et al, Nature, 2015) [START_REF] Peng | Loss of PTEN promotes resistance to T cell-mediated immunotherapy[END_REF]. Finally, given the high mutational burden in POLE tumours associated with active Th1/CTL microenvironment and an up-regulation of immune checkpoints (95), these cancers as CMMRD tumours also constitute an ideal target for immune checkpoint therapy. Immune signatures were scored using enrichment GSVA score. Altered oncogenic pathways PI3K, RTK/RAS, TGFb, TP53, and WNT are shown for each sample. Method: Using normalize transcriptomic expression from Firebrowse (http://firebrowse.org/), immune infiltrate in MSI-H/POLE are described using MCP-counter signature (96). Each signature is scored in Endometrial/Colorectal colorectal cohort with the package GSVA (137). From Mutect2 annotated gdc somatic data, mutational genes signatures are filtered on quality and impact (https://portal.gdc.cancer.gov/). Pathways alterations are based on methodologies and signatures described in the Colorectal TCGA article, except that amplification gene data have been excluded (20) 

  The approval was based on pooled data across5 uncontrolled, multi-centers and single-arm clinical trials. In total, 149 MSI-H or MMRD patients were involved in the KEYNOTE-016 (NCT01876511, n = 58) (109), KEYNOTE-164 (NCT02460198, n = 61) (112), KEYNOTE-012 (NCT01848834, n = 6) (113), KEYNOTE-028 (NCT02054806, n = 5) (113), and KEYNOTE-158 (NCT02628067, n = 19) (114) clinical trials, sponsored by Merck®. Taken together, most patients (98%) included in these trials had metastatic diseases, as 19 patients had mCRC and the remaining 59 patients had one of the 14 other cancer types of the Lynch spectrum.

Figure 1 :

 1 Figure 1: Frequencies and risks of various cancers harbouring MMR deficiency (MMRD), POLE mutation, or CMMRD syndrome. A: Frequencies of cancers harbouring MMRD, POLE mutation, or CMMRD syndrome. B: Comparison of cancer risks between general population, Lynch Syndrome and CMMRD syndrome. Abbreviations: CMMRD: Constitutive mismatch repair deficiency, CRC: Colorectal cancer, EC: Endometrial cancer, MMRD: mismatch repair deficiency, POLE: Mutation in the exonuclease domain of the catalytic subunit of the polymerase epsilon(39-43, 51, 55, 58, 65, 69, 77, 78, 117-136).

Figure 2 :

 2 Figure 2: The abundance of infiltrating immune cells was investigated in MSI-H and POLE CRC and EC using data from the TCGA. Heatmap representation and hierarchical clustering of 7 immune signatures in POLE exo-or in MSI-H EC (left panel) and CRC (righ panel).

  Figure 1

  . For example, the KEYNOTE-164 and KEYNOTE-158 trials are ongoing global, open-label, non-randomized, multi-cohort, multi-center phase 2 studies evaluating the efficacy of pembrolizumab in patients with advanced MSI-H CRC (KEYNOTE-164) or MSI-H non-CRC (KEYNOTE-158) solid tumours. The ORR for MSI-H CRC was 26.2% (95% CI, 15.8%-39.1%) and ORR for MSI-H non-CRC was 42.9% (21.8%-66.0%)

  . POLE/ colorectal tumors were selected on missence/nonsensence mutation and hypermutated statut. Heatmap representation and hiearchical clustering are made using R pheatmap package.

	A	Most studied cancers		Other cancers
		<1% 1% <0,5%	LUNG	<1% <1%	PANCREAS		8-17% <1%
				BREAST	<1% <1%	KIDNEY		2% <1%
	20-40% 6-12% <0,5%	ENDOMETRIOID		STOMACH	8-22% <1%	BLADDER		≈1% <1%
	2% 9-25% <0,5%	SEROUS		OESOPHAGE	7% PROSTATE	OVARY	1%	10%
	B						
		Risk			Mean age		
	Cancer type						
		general population	LS	general population	LS		CMMRD
	Colon	4,3%	52-82%	65-74 years	44-61 years		8-35 years
	Endometrium	2,8%	25-60%	55-64 years	48-62 years		23-31 years
	Stomach	0,8%	6-13%	65-74 years	56 years		
	Ovary	1,3%	4-12%	55-64 years	42,5 years		Not reported
	Small bowel	0,3%	3-6%	65-74 years	49 years		
	Brain/central nervous system	0,6%	1-3%	55-64 years	≈ 50 years		2-35 years
	(138)						

Table 1 : Ongoing trials evaluating checkpoint inhibitors in MMRD/MSI tumours

 1 

	Study identifier	Current status	Tumor type	Drug treatment	Drug mechanism
				FOLFOX/FOLFIRI	Chemotherapy
				Avelumab	Anti-PD-L1
	NCT03186326	Not yet recruiting	MSI metastatic colorectal cancers	Panitumumab Cetuximab	Anti-EGFR Anti-EGFR
				Bevacizumab	Anti-VEGF
				Aflibercept	Anti-VEGF
			MSI colorectal cancers; MSI non-		
	NCT01876511	Recruiting	colorectal cancers, MSS	Pembrolizumab	Anti-PD-1
			colorectal cancers		
	NCT03104439	Recruiting	MSS colorectal and pancreatic cancers, MSI-H colorectal cancers	Nivolumab ipilimumab ionizing radiation	Anti-PD-1 Anti-CTLA-4
	NCT01885702	Active, not recruiting	Lynch Syndrome or MSI colorectal cancers	Dendritic cell vaccination	
	NCT02982694	Not yet recruiting	Chemotherapy-resistant MSI-like colorectal cancers	Atezolizumab bevacizumab	Anti-PD-L1 anti-VEGF
				Atezolizumab	Anti-PD-L1
	NCT02997228	Not yet recruiting	MSI-H metastatic colorectal cancers	Bevacizumab Fluorouracil	Anti-VEGF Chemotherapy
				Oxaliplatin	Platinum-based chemotherapy
				mFOLFOX6	Chemotherapy
	NCT02563002	Recruiting	MSI-H or MMRD stage IV colorectal carcinomas	FOLFIRI Pembrolizumab Bevacizumab	Chemotherapy Anti-PD-1 Anti-EGFR
				cetuximab	Anti-EGFR
	NCT02912559	Not yet recruiting	MSI-H or MMRD stage III colorectal carcinomas	Atezolizumab Fluorouracil Oxaliplatin	Anti-PD-L1 Chemotherapy Platinum-based chemotherapy
			MSS, MSI-H or POLE-mutated		
	NCT02912572	Recruiting	recurrent or persistent	Avelumab	Anti-PD-L1
			endometrial cancers		
	NCT02791334	Recruiting	Advanced refractory MSI-H solid tumors; Advanced refractory cutaneous melanomas	Ly3300054 Ramucirumab Abemaciclib Merestinib	Anti-PD-L1 Anti-VEGF CDK4 CDK6 inhibitor c-Met inhibitor
	NCT03150706	Not yet recruiting	MSI-H or POLE mutated metastatic colorectal cancers	Avelumab	Anti-PD-L1
	NCT02460198	Active, not recruiting	Locally advanced unresectable or metastatic colorectal cancers	Pembrolizumab	Anti-PD-1
	NCT02646748	Recruiting	Advanced solid tumors *	Pembrolizumab Itacitinib INCB050465	Anti-PD-1 JAK1 inhibitor
			Carcinoma Renal Cell;		
	NCT03012581	Not yet recruiting	Head and Neck Neoplasm; Skin Neoplasms MSI; Penile	Nivolumab	Anti-PD-1
			Neoplasms		
			Endometrial adenocarcinoma,		
	NCT02178722	Recruiting	MSI-H colorectal cancer, gastric cancer and other solid tumor	Pembrolizumab epacadostat (INCB024360)	Anti-PD-1 IDO inhibitor
			types		
			Urothelial carcinoma; MSI-high		
	NCT02482168	Recruiting	tumors and other solid tumor	APX005M	CD40 agonist
			types		

*Endometrial Cancer; Melanoma; MSI colorectal cancer; MMRD Tumors; Non-small Cell Lung Cancer; Renal Cell Carcinoma; Head and Neck Squamous Cell Carcinoma; Triple Negative Breast Cancers; Transitional Cell Carcinoma of the Genitourinary Tract; Pancreatic Ductal Adenocarcinoma; Small Cell Lung Cancers

Table 1 : Ongoing trials evaluating checkpoint inhibitors in MMRD/MSI tumours (continued)

 1 

	Study identifier	Current	Tumor type	Drug treatment	Drug mechanism
		status			
	NCT02628067	Recruiting	Advanced cancers	Pembrolizumab	Anti-PD-1
			CMMRD, Lynch syndrome,		
	NCT02359565	Recruiting	malignant glioma, other	Pembrolizumab	Anti-PD-1
			recurrent CNS tumours		
	NCT03126110	Recruiting	Advanced malignancies; metastatic malignancies	INCAGN01876 nivolumab ipilimumab	Anti-GITR Anti-PD-1 Anti-CTLA-4
			Refractory or recurrent		
	NCT02992964	Recruiting	hypermutated malignancies;	Nivolumab	Anti-PD-1
			biallelic MMRD patients		
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