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Neutrophils are associated with resistance to anti-PD-1 monotherapy in mismatch repair-deficient tumors
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Background: Clinical studies have highlighted the efficacy of anti-PD-1 treatment in patients with hypermutated tumors deficient in DNA mismatch repair (MMRD). However, the responsiveness of MMRD tumors to anti-PD-1 treatment is variable, and the cause to explain this variability remains unclear.

ECOLE DOCTORALE N°582

Cancérologie :

Introduction : Ce projet se focalise sur les tumeurs déficientes en réparation des mésappariements de l'ADN (DRMM). Ces tumeurs ont un défaut de réparation des gènes lors de la division cellulaire conduisant au phénotype MSI (Instabilité des MiscroSatellites). Des études cliniques ont mis en évidence l'efficacité d'un traitement anti-PD-1 chez des patients atteints de tumeurs DRMM (environ 40% de réponse).

Cependant, la réponse au traitement par anti-PD-1 est variable chez les patients ayant des tumeurs DRMM, et la cause pour expliquer cette variabilité reste incertaine.

Méthodes : Deux lignées cellulaires tumorales de souris inactivées pour le gène Msh2, 4T1 Msh2 -/-et CT26 Msh2 -/-, ont été générées pour récapituler le phénotype DRMM. Les cellules Msh2 -/-ont été passées en série in vitro. La charge mutationnelle ainsi que le nombre d'insertion/délétion de l'ADN ont été mesuré par séquençage sur exome entier.

Après injection de cellules tumorales Msh2 -/-dans des modèles murins, l'efficacité des traitements par anti-PD-1 ou anti-PD-1 + anti-CTLA-4 avec déplétion ou non des neutrophiles (anti-Ly6G) a été évalué. Le Afin de déterminer l'intérêt clinique de ces travaux, nous avons calculé le pourcentage de la variation RNL entre deux mois après l'instauration du traitement anti-PD-(L)1 et avant initiation du traitement chez 104 patients ayant des tumeurs DRMM. La durée médiane du suivi de l'étude, définie comme le temps écoulé entre la première administration d'ICB et le dernier contact, était de 14 mois (95%CI 9,10, de 0,3 mois à 5,5 ans). La survie globale médiane restait indéfinie définie pour le % de variation du RNL < 0 % alors qu'elle était définie à 23,13 mois pour les patients avec le % de variation du NLR > 0 % (HRlogrank=0,40 ; IC à 95 % : 0,18-0,91).

Conclusion :

L'accumulation de neutrophiles est associée à une résistance à la monothérapie anti-PD-1 dans les tumeurs DRMM. La combinaison anti-PD-1 + anti-CTLA-4 pourrait représenter une stratégie efficace chez les patients DRMM présentant une accumulation anormale de neutrophiles.
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Besides all these collaborators of my work, I would like to thank Constance Lamy and Amaury Bongers for our Thursday lunch ritual which was the moment I waited for the Faithful DNA replication is necessary to maintain genome stability and prevent mutations, and thus carcinogenesis (Loeb, 1991). In eukaryotes, normal cells replicate their DNA with remarkable fidelity, accumulating less than one mutation per genome per cell division (Drake et al., 1998). It is estimated that the replicative DNA polymerases epsilon and delta make errors approximately once at every 10 4 -10 5 nucleotides that they polymerize (Arana and Kunkel, 2010;Kunkel, 2004). 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 mainly accomplished through the combined actions of the 3′-5′ exonuclease activity (proofreading) of polymerase epsilon and delta and the mismatch repair (MMR) system (Arana and Kunkel, 2010;Kunkel, 2004). 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 activity improves replication fidelity by approximately 100-fold (Bebenek and Kunkel, 2004) (Kane and Shcherbakova, 2014). However, some errors always escape proofreading and are then corrected by the MMR system,

I. Mismatch repair deficiency and Microsatellite instability

A. MMR

1) Canonical role of MMR

MMR is a post-replication repair process that is activated when incorrect nucleotides are incorporated into newly synthesized DNA strands (Jiricny, 2006). Essential MMR system components include the heterodimer formed by MSH2 and MSH6 (MutSα) proteins that detects base-base mismatches or 1-2 base pair insertion/deletion loops (IDLs), and the heterodimer composed by MSH2 and MSH3 (MutSβ) that identifies larger IDLs (Genschel et al., 1998) (Figure 1). These IDLs are usually generated by the slippage of DNA polymerases during replication of microsatellite sequences that are defined as mono, bi, or tri-nucleotide repetitions, usually occurring 10-60 times throughout coding and non-coding regions of the genome [START_REF] Findeisen | T25 Repeat in the 3′ Untranslated Region of the CASP2 Gene: A Sensitive and Specific Marker for Microsatellite Instability in Colorectal Cancer[END_REF]. Following recognition and fixation of the MutS complex, the MutLα heterodimer, consisting of MLH1 and PMS2 proteins, forms a ternary complex with one of the MutS complexes bound to the mismatch site, and together with the 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 (Kunkel and Erie, 2015).

The MMR machinery has been described to be more efficient in exons than introns, in part, due to the differential positioning of histone marks in these two genic regions [START_REF] Frigola | Reduced mutation rate in exons due to differential mismatch repair[END_REF]. However, the precise mechanism underlying this phenomenon remains unclear. Eso, Y., Shimizu, T., Takeda, H., Takai, A., and Marusawa, H. (2019). Microsatellite instability and immune checkpoint inhibitors: toward precision medicine against gastrointestinal and hepatobiliary cancers. J Gastroenterol.

2) Non-canonical role of MMR a) MMR-mediated mutagenesis

Counter-intuitively, the MMR can also be implicated in mutagenesis when coupled to the enzyme activation-induced deaminase (AID) during somatic hypermutation of immunoglobulin genes in activated mature B lymphocytes [START_REF] Rada | Mismatch Recognition and Uracil Excision Provide Complementary Paths to Both Ig Switching and the A/T-Focused Phase of Somatic Mutation[END_REF]. In this mechanism, the MMR machinery cooperates with a post-translationally modified monoubiquitinated PCNA (Ub-PCNA) to recruit the error-prone polymerase eta (Pol η), resulting in mutations at dA:dT base pairs in the immunoglobulin gene variable regions (V-regions), in both mice and humans [START_REF] Langerak | A/T mutagenesis in hypermutated immunoglobulin genes strongly depends on PCNAK164 modification[END_REF]) [START_REF] Zeng | DNA polymerase η is an A-T mutator in somatic hypermutation of immunoglobulin variable genes[END_REF].

b) MMR-mediated apoptosis

MMR can also be implicated in apoptosis upon DNA damage. The first experimental evidence of this process was described in 1999, when Meuth's team unrevealed that apoptosis could be induced by the overexpression of MSH2 or MLH1 in human cell lines [START_REF] Zhang | Apoptosis induced by overexpression of hMSH2 or hMLH1[END_REF]. Conversely, they showed that embryo fibroblasts derived from Msh2deficient mice have lost their ability to undergo apoptosis after treatment with N-methyl-N'nitro-N-nitrosoguanidine (MNNG). Then, MSH2 and MLH1 were described to favor the recruitment of protein kinases involved in apoptosis and cell-cycle regulation during DNA damage, notably Ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3 related (ATR) [START_REF] Pabla | hMSH2 Recruits ATR to DNA Damage Sites for Activation during DNA Damage-induced Apoptosis*[END_REF] [START_REF] Luo | ATM-Mediated Stabilization of hMutL DNA Mismatch Repair Proteins Augments p53 Activation during DNA Damage[END_REF]) [START_REF] Chen | Proteolysis of the Mismatch Repair Protein MLH1 by Caspase-3 Promotes DNA Damage-induced Apoptosis*[END_REF]. DNA-adducts induced by DNA damaging agents over-activate the MMR pathway and consequently activate both cell-cycle arrest and apoptotic pathways [START_REF] Wang | Mismatch repair proteins as sensors of alkylation DNA damage[END_REF]) [START_REF] Yoshioka | ATR kinase activation mediated by MutSalpha and MutLalpha in response to cytotoxic O6-methylguanine adducts[END_REF].

Consequently, under reduction of MLH1 or MSH2 expression, apoptosis could be impaired, contributing to oncogenesis, resistance to cytotoxic agents such as methylating, thioguanine, and oxidizing agents, carboplatin, methyl-methanesulfonate, and 5-fluorouracil (5-FU).

B. MMRD Etiologies

1) Lynch syndrome

Lynch syndrome is a cancer-predisposing syndrome characterized by the autosomal dominant inheritance of a heterozygous germline mutations in one of the main MMR genes (MLH1, MSH2, MSH6 or PMS2) [START_REF] Peltomäki | Update on Lynch syndrome genomics[END_REF]. 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, may also lead to LS (Ligtenberg et al., 2009). However, the cancer risks appear to be variable according to the gene involved, with a lesser penetrance being observed among MSH6 and PMS2 mutation carriers (Senter et al., 2008).

Historically, cancer associated with Lynch syndrome (LS) were grouped with other familial colorectal cancer (CRC) cases and referred to as Hereditary Nonpolyposis Colorectal

Cancer (HNPCC). The term HNPCC is no longer preferred due to observations that patients with LS may develop adenomatous polyps that are more likely to progress to cancer (Lynch et al., 2015). Cancers arise when the reaming wild type allele of LS patients is impaired due to somatic loss of heterozygosity, spontaneous mutations or hyper methylations.

2) Sporadic MMRD

In addition to the hereditary form, sporadic MMRD tumors also exist and result mainly from the hypermethylation of the MLH1 promoter leading to a complete loss of MLH1 protein expression. This methylation can be isolated or associated with CpG island methylation phenotype (CIMP phenotype) that is frequently found in colorectal cancer.

Interestingly, the CIMP phenotype is also associated with the BRAF V600E mutation in about 70% of colorectal MMRD tumors (Wang et al., 2003) (Chen et al., 2017). Moreover, sporadic MMRD tumors can also arise due to a double somatic loss of MMR genes [START_REF] Lefol | Acquired somatic MMR deficiency is a major cause of MSI tumor in patients suspected for "Lynch-like syndrome" including young patients[END_REF][START_REF] Mensenkamp | Somatic Mutations in MLH1 and MSH2 Are a Frequent Cause of Mismatch-Repair Deficiency in Lynch Syndrome-Like Tumors[END_REF])

3) Constitutional MMRD

The constitutional MMR deficient (cMMRD) syndrome is an autosomal recessive disorder caused by biallelic germline mutations in MMR genes (MLH1, PMS2, MSH2 and MSH6). These ultramutated CMMRD cancers are characterized by a massive substitution mutations (>250/Mb) due to early somatic driver mutations in the exonuclease domain of POLE or POLD1 (Shlien et al., 2015). 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 MSIs are shared with MMRD tumors. This rare syndrome is characterised by the childhood onset of brain tumors, CRC, haematological malignancies, cutaneous manifestations of neurofibromatosis-1-like café au lait spots and occasionally other rare malignancies (Wimmer et al., 2014). It is a highly penetrating cancer predisposition syndrome, with most biallelic mutation carriers developing cancer in the first two decades of life (Wimmer et al., 2014). 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.

4) Unexplained MMRD

Rarely, MMRD tumors cannot be link to Lynch syndrome, sporadic MMRD or constitutional MMRD. [START_REF] Chen | Molecular genetics of microsatellite-unstable colorectal cancer for pathologists[END_REF]. Molecular genetics of microsatellite-unstable colorectal cancer for pathologists. Diagn. Pathol. 12,24. Regardless of the cause inducing the impairment of the MMR machinery (Table 1), MMRD cells have the inability to repair either IDLs or mismatches. Thus, during the following round of DNA replication, the original parental strand is accurately copied but the strand with mismatches leads to an erroneous strand. Single base-pair mismatches occurring in exonic regions may result in point mutations whereas IDLs may result in in-frame or frameshift mutations. These frameshift mutations, that particularly take place on microsatellite sequences, lead to microsatellite instability (MSI).

Lynch syndrome

Sporadic

MMRD

In addition, alterations in genomic regions encoding for tumor suppressor genes are considered as major driver events in the tumorigenesis of colorectal tumors harboring MMRD [START_REF] Alhopuro | Candidate driver genes in microsatellite-unstable colorectal cancer[END_REF]) [START_REF] Duval | Gender difference for mismatch repair deficiency in human colorectal cancer[END_REF]) [START_REF] Woerner | Pathogenesis of DNA repair-deficient cancers: a statistical meta-analysis of putative Real Common Target genes[END_REF]. The MMRD phenotype leads to a cumulative risk of 60%-70% to develop colorectal cancer in men, and 30-40% in women (Stoffel et al., 2009).

C. Diagnostics of MMRD tumors

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) [START_REF] Hampel | Feasibility of screening for Lynch syndrome among patients with colorectal cancer[END_REF]. In CRC, sporadic MMRD and LS tumors represent 12% and 3% of cases, respectively (Boland and Goel, 2010;Hampel et al., 2005;[START_REF] Müller | Molecular pathological classification of colorectal cancer[END_REF]. Two methodologies are classically used to detect MMRD in tumors: polymerase chain reaction (PCR), which detects MSI and immunohistochemistry (IHC) staining, which assesses the expression levels of MMR proteins (MLH1, MSH2, MSH6 and PMS2).

1) PCR

Polymerase Chain Reaction (PCR) tests are carried on DNA extracted from frozen or formalin-fixed, paraffin-embedded (FFPE) tumor tissue when tumor cellularity reaches at least 20% [START_REF] Vasen | Recommendations to improve identification of hereditary and familial colorectal cancer in Europe[END_REF]. MSI is assessed by analysing microsatellite loci either using the Bethesda or the Pentaplex panel. The first one consists of PCR targeting two mononucleotide loci and three dinucleotide loci (D2S123, D5S346, and D17S250) [START_REF] Rodriguez-Bigas | A National Cancer Institute Workshop on Hereditary Nonpolyposis Colorectal Cancer Syndrome: Meeting Highlights and Bethesda Guidelines[END_REF]. Given the high rate of polymorphism in dinucleotide, a comparison with non-tumor matching DNA is mandatory. Tumors with three or more unstable markers are classified as MSI-high (MSI-H), while tumors with one unstable marker are called as MSI-low (MSI-L) and the others without any instable loci are named as microsatellite-stable (MSS) (Vasen et al., 2013).

The second panel, called Pentaplex, consists of five mononucleotide microsatellites (BAT25, BAT26, NR21, NR24 and NR27). Because of the quasi-monomorphic nature of these microsatellites [START_REF] Buhard | Quasimonomorphic mononucleotide repeats for high-level microsatellite instability analysis[END_REF], the analysis of this panel is easier than the Bethesda panel, do not need healthy tissue DNA extraction and is recommended by most of the international guidelines for MSI testing [START_REF] Stoffel | Hereditary colorectal cancer syndromes: American Society of Clinical Oncology Clinical Practice Guideline endorsement of the familial risk-colorectal cancer: European Society for Medical Oncology Clinical Practice Guidelines[END_REF]. Based on the Pentaplex panel, a tumor with no instability, or one unstable marker, is classified as MSS (Figure 2 

2) IHC

The diagnosis of MMRD by IHC consists of FFPE tumor tissue staining to look for the absence of expression of one of MMR proteins. This methodological approach is considered to be less burdensome and less expensive than PCR. Moreover, by identifying in situ protein abnormality, IHC makes it possible to theoretically search for the constitutional mutation in families predisposed to LS. Nevertheless, as explained in the Canonical role of MMR part of the introduction, Muts, Muts and MutLα are complexes working in dimers. As a result, when MLH1 or MSH2 is functionally lost, the heterodimer becomes unstable and PMS2 or MSH6, respectively, is degraded (although the inverse is not usually observed). In other terms, a lack of PMS2 or MSH6 protein staining may indicate a genetic abnormality in PMS2

or MSH6 genes, respectively, while a MSH2/MSH6 or MLH1/PMS2 loss likely reflects a defect in MSH2 or MLH1 genes, respectivelly (Chen et al., 2017) (Figure 3, Figure 4, and Figure 5). [START_REF] Chen | Molecular genetics of microsatellite-unstable colorectal cancer for pathologists[END_REF]. Molecular genetics of microsatellite-unstable colorectal cancer for pathologists. Diagn. Pathol. 12, 24. 

Intact nuclear expression of MSH2 (d). This tumor showed absent nuclear staining of MSH6 (e).

Genetic sequencing confirmed mutation of the MSH6 gene. Published in [START_REF] Chen | Molecular genetics of microsatellite-unstable colorectal cancer for pathologists[END_REF]. Molecular genetics of microsatellite-unstable colorectal cancer for pathologists. Diagn. Pathol. 12,24. Although PCR and IHC techniques are both sensitive and specific for MMRD and have good concordance (>95%) (Bartley et al., 2012;McConechy et al., 2015;Zhang and Li, 2013), they remain complementary to each another.

3) New methods

Since sporadic (but not LS) MMRD CRCs are associated with the BRAF V600E mutation in approximately 50% of cases, (Lochhead et al., 2013), sporadic MMRD tumors diagnosis could be improved by the testing BRAF V600E in CRs (Chen et al., 2017). Additionally, the analysis of MLH1 promoter methylation status could also be undertaken to further confirm the sporadic etiology of MMRD tumors.

Given the gradual development of the "-omics" tools, it could be hypothesized that

Next-Generation Sequencing (NGS) technologies, such as Whole Genome Sequencing (WGS)

and Whole Exome Sequencing (WES) could also be used to diagnose MMRD tumors. By using different NGS pipelines, the MANTIS or MSI sensor algorithms accurately detect MSI and constitute a proof of concept of the relevance and feasibility of such studies even though limited by the high cost of such techniques [START_REF] Kautto | Performance evaluation for rapid detection of pan-cancer microsatellite instability with MANTIS[END_REF][START_REF] Niu | MSIsensor: microsatellite instability detection using paired tumor-normal sequence data[END_REF]. Based on an extensive study on 12,288 advances solid tumors, the United States Food and Drug Administration has approved MSI sensor algorithm for MSI screening [START_REF] Middha | Reliable Pan-Cancer Microsatellite Instability Assessment by Using Targeted Next-Generation Sequencing Data[END_REF].

Recently, a novel NGS based algorithm called MSICare was proposed to diagnose MSI with a better accuracy than MSI sensor with almost 100% sensitivity and specificity [START_REF] Ratovomanana | Performance of Next-Generation Sequencing for the Detection of Microsatellite Instability in Colorectal Cancer With Deficient DNA Mismatch Repair[END_REF].

To reduce the invasiveness, many scientists are trying to detect MSI via liquid biopsies. Georgiadis et al., have developed an approach based on a hybrid-capture-98 kb pancancer panel to target MSI frameshift alleles in blood (Georgiadis et al., 2019). They demonstrated impressive results: beyond an excellent specificity of >99% (n = 163) and sensitivity of 78% (n = 23), liquid biopsies could also be a useful tool to monitor patient during treatment. This clinical proof of concept paves the way towards the development of these NGS-based analytical methods.

D. MMRD across different organs

Historically, MMRD phenotype has been identified in colorectal carcinoma, mostly among LS patients. However, MSI tumors may also be found in more than 15 extracolonic cancer types, including endometrial, small intestine, stomach, ureter, ovary and brain. The frequencies of MSI status across tumor types are summarized in ref. (Nebot-Bral et al., 2017) (Figure 6). [START_REF] Nebot-Bral | Hypermutated tumours in the era of immunotherapy: The paradigm of personalised medicine[END_REF]. Hypermutated tumours in the era of immunotherapy: The paradigm of personalised medicine. Eur. J. Cancer 84,[290][291][292][293][294][295][296][297][298][299][300][301][302][303].

1) MMRD colorectal cancer

Clinically, MMRD Colorectal cancers are more often located in the proximal colon and are more frequently represented by poorly differentiated tumors with a mucinous or signetring cell histological type than their MMR-proficient counterparts. In LS patients, the adenoma-carcinoma sequence progression is often fast and may take less than 2-3 years compared with 8-10 years in sporadic CRCs (Pino and Chung, 2011) (Colle et al., 2017).

The prognosis of patients with either inherited (LS) or sporadic MMRD CRCs appears to be similar (Haraldsdottir et al., 2016) and is globally associated with a better prognosis than MMR-proficient tumors (Ribic et al., 2003). However, MMRD metastatic CRCs have a worse prognosis than MMR-proficient metastatic CRC (Venderbosch et al., 2014). This might be, at least partly, due to the higher BRAF V600E mutation rates in LS mCRCs as compared to MMR-proficient metastatic CRCs (Venderbosch et al., 2014), (Goldstein et al., 2014). Indeed, BRAF mutation incidence depend on the tumor stage, with a higher rate in metastatic MMRD CRC (35%) compared with early-stage MMRD CRC (24%) (Venderbosch et al., 2014).

2) MMRD endometrial cancer

MSI has also been found in 30-40% of endometrioid endometrial cancers (ECs) and in up to 2% of serous ECs. A TCGA study revealed that most of the MSI-H ECs are caused by the hypermethylation of MLH1 and are frequently associated with other mutations in KRAS and ARID5B families. Moreover, approximately 5% of sporadic MSI-H ECs also harbor POLE mutations affecting DNA polymerase proofreading activity (Billingsley et al., 2015).

Additionally, findings related to the prognostic and predictive impacts of MMR deficiency in ECs remain unclear (Richman, 2015). A large meta-analysis pooling 23 studies summarized the lack of concrete evidence between MMRD status and clinical outcome in ECs (Diaz-Padilla et al., 2013).

3) MMRD gastric cancers

MMRD subtype represents up to 22% of all gastric cancers (GCs) (The Cancer Genome Atlas Research Network, 2014)., Sporadic MMRD GCs, as well as MSI CRCs, are most frequently associated with hypermethylation of MLH1 in the context of CIMP [START_REF] Falchetti | Gastric cancer with high-level microsatellite instability: target gene mutations, clinicopathologic features, and long-term survival[END_REF]. However, unlike MSI-H CRCs, MSI-H GCs are not associated with BRAF V600E

mutations [START_REF] Sunakawa | Molecular classification of gastric adenocarcinoma: translating new insights from the cancer genome atlas research network[END_REF]. This could be the reason why MMRD GC have a better prognosis and the lowest frequency of recurrence (22%) regardless of metastasis status [START_REF] Choi | Is microsatellite instability a prognostic marker in gastric cancer? A systematic review with metaanalysis[END_REF] (Cristescu et al., 2015).

4) MMRD glioblastoma

A comprehensive analysis of genomic data from 10,924 glioblastomas has revealed that two key pathways trigger hypermutated glioblastoma [START_REF] Touat | Mechanisms and therapeutic implications of hypermutation in gliomas[END_REF]. The first one is mediated by a constitutional defect in the exonuclease proofreading domain of POLE and a subsequent defect in the MMR pathway. The second one proposes a link between temozolomide treatment, MGMT promoter methylation, and MMRD, which has also been found in a TCGA analysis (Cancer Genome Atlas Research Network, 2008). 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 (York and Modrich, 2006) (cf MMR-mediated apoptosis part of the introduction). Thus, downregulation of the MGMT gene in association with alkylating agnets may lead to the selective pressure to lose the MMR function, allowing tumor recurrence of MMRD clones (Yip et al., 2009). The most recent study published by Toutat et al., reported that MSI could only be diagnosed in these post-treatment glioma by single-cell whole-genome sequencing analysis but not with bulk analyses suggesting a heterogeneity of MMR profile among temozolomide treated glioblastoma [START_REF] Touat | Mechanisms and therapeutic implications of hypermutation in gliomas[END_REF]. Correspondingly, only 25.8% of temozolomide treated patients have an increased mutation rate associated with temozolomide-related COSMIC mutational signature (SBS 11).

E. Patients with MMRD are refractory to chemotherapy

As explained in the MMR-mediated apoptosis section, MMR and apoptotic pathways interplays explain why all histological types of MMRD tumors have a moderate response to DNA damaging chemotherapies [START_REF] Devaud | Chemotherapy of MMR-deficient colorectal cancer[END_REF] [START_REF] Qin | Prognostic and predictive roles of DNA mismatch repair status in colon cancer patients treated with oxaliplatin-based chemotherapy: a retrospective study[END_REF]. However, when MMRD tumors are not resectable, fluorouracil-based treatments used to be the only therapeutic option for these patients. As a result of this unmet medical need, a growing body of research has further investigated the genetic and immunologic characteristics of MSI tumors to find new therapeutic opportunities.

II. The genomic landscape of MSI tumors shapes its immunological profile

A. Genetic features of MSI tumors

1) COSMIC signatures and specific genomic targets of MSI

MMRD tumors are characterized by a high rate of single nucleotide substitutions and insertion/deletion [START_REF] Ballhausen | The shared neoantigen landscape of MSI cancers reflects immunoediting during tumor evolution[END_REF] [START_REF] Chung | DNA polymerase and mismatch repair exert distinct microsatellite instability signatures in normal and malignant human cells[END_REF][START_REF] De Grassi | Ultradeep sequencing of a human ultraconserved region reveals somatic and constitutional genomic instability[END_REF]. This confirmed these findings and discovered additional driver genes associated with positive and negative drivers of oncogenesis such as WNK1 and BMPR2 [START_REF] Jonchere | Identification of Positively and Negatively Selected Driver Gene Mutations Associated With Colorectal Cancer With Microsatellite Instability[END_REF]. In addition, another study described the increased rate of mutations in several DNA Damage Repair pathways (DDR) in MSI tumors as compared to their MSS counterpart [START_REF] Lin | Crosstalk Between the MSI Status and Tumor Microenvironment in Colorectal Cancer[END_REF].

2) MMRD tumors are hypermutated

Given that cells with the MSI phenotype accumulate mutations at each cell division, MSI tumors display a high mutation rate, with 12-40 mutations/Mb (Alexandrov et al., 2013) (Chalmers et al., 2017) (The Cancer Genome Atlas Network, 2012). These tumors are consequently considered as hypermutated since they have more than 12 mutations/Mb (Alexandrov et al., 2013)(The Cancer Genome Atlas Network, 2012). In the MANTIS study, the mean of somatic mutations, both nonsynonymous and synonymous, was found to be constantly increased in MSI-H versus MSS tumors within all the tumor types [START_REF] Kautto | Performance evaluation for rapid detection of pan-cancer microsatellite instability with MANTIS[END_REF]. MSI-H tumors typically harbor more than 1,000 coding somatic mutations per tumor genome compared to 50-100 somatic mutations found in MSS tumors (Timmermann et al., 2010).

B. Link between genetics and immunology: the neoantigen paradigm

MMRD-induced destabilizing mutations can lead to the production of truncated, functionally inactive, or de novo proteins due to a modified genetic sequence absent in the normal genome (neoantigens). This proteome instability results in either aberrant mRNA degraded by the non-mediated decay pathway [START_REF] Müller | Molecular pathological classification of colorectal cancer[END_REF] or the presentation of neo-epitopes deriving from neoantigens by the Major Histocompatibility Complex (MHC), which presents these "not-self" neoantigens to the immune system for removal (Schumacher and Schreiber, 2015); this is the basis of cancer immunosurveillance.

MSI-H cancers contain 7-50 times more putative neoantigens than MSS tumors (Howitt et al., 2015) (Le et al., 2017) (Llosa et al., 2015). Moreover, since MSI tumors present a large number of frameshift mutations, neoantigens presented by them tend to be more immunogenic due to their higher sequence divergence as compared to neoantigens produced by single point mutations (Figure 7) (Chen and Mellman, 2017). The rational of this hypothesis was based on the analysis of whole-exome sequencing data from 5,777 solid tumors, spanning 19 cancer types from The Cancer Genome Atlas, showing that neoantigens harboring indels mutations are 9 times enriched for neoantigens with high affinity binding to MHC [START_REF] Turajlic | Insertion-and-deletion-derived tumour-specific neoantigens and the immunogenic phenotype: a pan-cancer analysis[END_REF]. characterized in 2015 the dynamic tumor co-evolution of the immunophenotype and antigenome of CRCs and revealed that hypermutated tumors are devoid of immunosuppressive cells (Angelova et al., 2015). These findings were confirmed by Charoentong et al. showing that the tumor genome could drive cancer immunity in a pancancer cohort consisting of more than 20 solid cancers.

Altogether, MSI tumors exhibit a high tumor mutational burben (TMB), with more than 12 non-synonymous mutations/Mb. Non-synonymous mutations can be translated into neoantigens that may further be presented to the immune system for removal. Thus, it can be hypothesized that i) immune activation could be gradually modified during MMRD carcinogenesis (Figure 8); ii) the TME of MSI tumors could be distinct from their MSS counterpart (Figure 9) K., Stadler, Z.K., Cercek, A., Mendelsohn, R.B., Shia, J., Segal, N.H., and Diaz, L.A. (2019). Immunotherapy in colorectal cancer: rationale, challenges and potential. Nat. Rev. Gastroenterol. Hepatol. 16,361.

C. The cancer immunity cycle

It has long been recognized that the TME, and particularly tumor infiltrating Concerning CD8 + cells, they have a principal role of killing targeted cells that present foreign-antigens by their MHC I. CD8 + cells exhibit their killing abilities by releasing perforin/granzyme molecules [START_REF] Voskoboinik | Perforin and granzymes: function, dysfunction and human pathology[END_REF]. Perforin punches holes in the target-cell membrane through which the granzymes can enter into the target cell and initiate apoptosis. To be functionally active, CD8 + cells need a specific enriched milieu with notably IFN mediated by Th1 cells [START_REF] Keene | Helper activity is required for the in vivo generation of cytotoxic T lymphocytes[END_REF]) [START_REF] Wang | Cutting edge: CD4+ T cell help can be essential for primary CD8+ T cell responses in vivo[END_REF].

All these immune populations require a characteristic profile of cytokines to be activated. They will subsequently secrete their own chemokines that will trigger activation/inhibition mechanisms on other cells. The homeostasis of the immune system is hence in perpetual evolution, especially during tumor growth. The key steps of the immune response during oncogenesis is termed the cancer-immunity cycle and is summarized in Figure 10 (Chen and Mellman, 2013). Briefly, the release of cancer-associated antigens by cancer cells ① will subsequently be internalized by antigen-presenting cells ②. Then, T cell activation occurs in secondary lymphatic organs ③. During this step, dendritic cells present antigenic peptides though MHC molecules to prime T cells displaying an appropriate TCR (T cell receptor). After this priming phase, dendritic cells and T cells interactions requires other ligand-receptor interactions to be functionally active. For example, binding of the dendritic cell protein B7 (CD80/86) to its CD28 receptor, expressed by the CD4 + T cell, is essential.

Following T cell activation, the expression of the CTLA-4 (Cytotoxic T lymphocyte-associated antigen) receptor on its membrane is increased, leading to a competition between the two receptors CD28 and CTLA-4 since they have the same ligand. Given that CTLA-4 has a much higher affinity for both CD80/86 compared to CD28 [START_REF] Linsley | Human B7-1 (CD80) and B7-2 (CD86) bind with similar avidities but distinct kinetics to CD28 and CTLA-4 receptors[END_REF], the binding of the CTLA-4 receptor to the protein B7 will overcome the protein B7-CD28 liaison and will induce an inhibitory signalling pathway responsible for the dissociation of the cell from the T lymphocyte. The CTLA-4 molecule has an "immune checkpoint" role that inhibits prolonged T cell activation and thus prevents autoimmunity [START_REF] Topalian | Immune checkpoint blockade: a common denominator approach to cancer therapy[END_REF].

Following its activation, activated T cells will divide, differentiate into effector cells and migrate to the tumor site through blood vessels to lyse cancer cells expressing antigens for which T cells are specific (steps ④ to ⑦). As a result of cancer cell death, additional tumor-associated antigens will be released to further restart the initial step ①. Noteworthy, after a prolonged activation, T cells will become exhausted and will highly express PD-1

(programmed death-1) on its membrane. The inhibition of the interaction between PD-1 and its ligands PD-L1 or PD-L2 results in inhibition of T cell proliferation, decreased cytokine secretion and T cell death (Melero et al., 2007) (Nirschl andDrake, 2013).

Thus, immune cells composition and state of activation, cytokines, and checkpoint molecules such as CTLA-4 or PD-1, are dynamically changing during tumor evolution. Given the high rate of mutations in MMRD, the comprehensive characterization of MMRD TME is of utmost importance to investigate the rational use of new therapies for these patients. The cycle is also characterized by inhibitory factors that lead to immune regulatory feedback mechanisms, which can halt the development or limit the immunity. This cycle can be divided into seven major steps, starting with the release of antigens from the cancer cell and ending with the killing of cancer cells. Each step is described above, with the primary cell types involved and the anatomic location of the activity listed. Abbreviations are as follows: APCs, antigen presenting cells; CTLs, cytotoxic T lymphocytes. Inspired by [START_REF] Chen | Oncology meets immunology: the cancer-immunity cycle[END_REF]. Oncology meets immunology: the cancer-immunity cycle. Immunity 39, 1-10

D. The favourable tumor microenvironment of MMRD tumors

1) MSI colorectal cancer

As genetic features, the TME of MSI tumors has been firstly described in MMRD CRCs. Llosa et al. examined the immune microenvironment of primary CRCs using IHC, laser capture microdissection, qRT-PCR and flow cytometry (Llosa et al., 2015). This first study showed that MMRD tumours are highly infiltrated with activated CD8 11) [START_REF] Lin | Crosstalk Between the MSI Status and Tumor Microenvironment in Colorectal Cancer[END_REF]. This approach has the benefit of investigating much more immune populations and biomarkers as compared to classical IHC experiments. 

2) Other MSI cancers

Distinct patterns of TME exist between MSS and MSI, not only in CRC but also across other tumor types. MSI EC have an increased infiltration in CD8 + cells, reduced number of intratumoral macrophages, and are associated with an elevated expression of PD-1 (Asaka et al., 2018;[START_REF] Pakish | Immune microenvironment in microsatellite instable endometrial cancers: Hereditary or sporadic origin matters[END_REF]. On the other hand, MSI GC display an high recruitment of CD8 + cells, CD4 + cells, NK cells and have a pronounced expression of PD-L1 [START_REF] Kim | Combined prognostic effect of PD-L1 expression and immunoscore in microsatellite-unstable advanced gastric cancers[END_REF]) [START_REF] Buttura | Mutational Signatures Driven by Epigenetic Determinants Enable the Stratification of Patients with Gastric Cancer for Therapeutic Intervention[END_REF].

Altogether, these studies demonstrated a strong link between hypermutated tumors and a favorable recruitment of TILs among different tumor histologies suggesting the use of immune-based therapies to patients harboring MSI tumors, regardless of tumor origin.

III. High efficiency of ICB for patients bearing MMRD tumors

A. Immunotherapy

As explained by Chen and Mellman, "Unlike chemotherapy or oncogene-targeted therapies, cancer immunotherapy relies on promoting an anticancer response that is dynamic and not limited to targeting a single oncogenic derangement or other autonomous feature of cancer cells" (Chen and Mellman, 2017). Anti-tumor immunotherapy can be defined as a therapeutic approach capable of activating innate and adaptive immune responses against tumor cells, while neutralizing immunosuppressive mechanisms [START_REF] Mellman | Cancer immunotherapy comes of age[END_REF]. Immunotherapy can be classified into active vs passive and specific vs aspecific therapies (Figure 12). Passive immunotherapy is based on the administration of isolated or activated effectors such as monoclonal antibodies, cells, or cytokines. Alternatively, "active" immunotherapy stimulates the own immune system of the patient (e.g. vaccination).

Moreover, immunotherapy can be further segregated into specific, i.e. when tumor cells are targeted (e.g. monoclonal antibodies), and non-specific, when an active immune system is maintained, without particularly targeting the tumor.

In the next part of the manuscript, we will focus our work on monoclonal antibodies and notably Immune checkpoint blockades. 

1) Monoclonal antibodies

Since 1997, with the approval of rituximab anti-CD20 antibody as a therapy for chronic lymphocytic leukaemia, monoclonal antibodies (mAbs) have been part the anticancer therapeutic arsenal used in oncology. Most mAbs are class G immunoglobulins (IgG) and are designed to directly target an epitope via the fragment antigen binding (Fab) portion of the antibody. However, the interaction between the fragment constant (Fc) of the antibody and receptors for the Fc region of IgG (RFc) can also activate the immune system via antibody-dependent cell mediated cytotoxicity (ADCC) or complement-dependent cytotoxicity (CDC) (Weiner, 2015).

Theoretically neutralizing mAbs targeting negative feedback loops of the cancer immunity cycle (or agonist mAbs of positive pathways of immuno-edition) could drastically provide the immune system with the means to generate T cell responses that recognize and eradicate cancer cells. mAbs interrupting immune checkpoints, called immune checkpoint blockade therapies (ICB) such as anti-CTLA-4, anti-PD-1, anti-PD-L1, and others have been the subject of intensive preclinical and clinical studies. [START_REF] Chen | Oncology meets immunology: the cancer-immunity cycle[END_REF]. Oncology meets immunology: the cancer-immunity cycle. Immunity 39, 1-10.

2) Distinct Mechanisms of Action of anti-CTLA-4 and anti-PD-1 mAbs

As descibed in Figure 13, the conventional knowledge suggests a role of anti-CTLA-4

and anti-PD-(L)1 in phase ③ and ⑦ of the cancer immunity cycle respectively. Thus, on one side anti-CTLA-4 therapy boosts T cell priming and expands clonal diversity of CD4 + cells, and notably ICOS + Th-1-like CD4 effector population [START_REF] Sharma | The Next Decade of Immune Checkpoint Therapy[END_REF][START_REF] Wei | Distinct Cellular Mechanisms Underlie Anti-CTLA-4 and Anti-PD-1 Checkpoint Blockade[END_REF].

One the other side, anti-PD-(L)1 antibodies induce the expansion of specific tumor infiltrating exhausted-like CD8 T cell subset via a CD28-dependent mechanism [START_REF] Hui | T cell costimulatory receptor CD28 is a primary target for PD-1-mediated inhibition[END_REF]Kamphorst et al., 2017;[START_REF] Wei | Distinct Cellular Mechanisms Underlie Anti-CTLA-4 and Anti-PD-1 Checkpoint Blockade[END_REF].

In addition to its role in dampening activation of effector T cells in lymph nodes, anti-CTLA-4 treatment has also shown to block the immune-suppressive function of tumoral Treg cells [START_REF] Peggs | Blockade of CTLA-4 on both effector and regulatory T cell compartments contributes to the antitumor activity of anti-CTLA-4 antibodies[END_REF][START_REF] Wing | CTLA-4 control over Foxp3+ regulatory T cell function[END_REF] through an ADDC mechanism (Simpson et al., 2013). Thus, it is possible that, beyond acting in step ③, anti-CTLA-4 also affects intratumoral immune responses. This hypothesis could explain, at least partially, the fact that direct administration of anti-CTLA-4 blockade can induce tumor rejection (Simpson et al., 2013). Conversely, PD-1 has been shown to play a role in early fate decisions of T cells recognizing antigens presented in lymph nodes [START_REF] Goldberg | Role of PD-1 and its ligand, B7-H1, in early fate decisions of CD8 T cells[END_REF].

In any case, even though the precise role(s) of anti-PD-(L)1 and anti-CTLA-4 still remain elusive, blocking these costimulatory molecules surely modulates the immune system to treat cancer. ICB has been proven to be efficient as therapy for more than 15 cancer types, including melanoma, non-small cell lung cancer and renal-cell carcinoma, bladder carcinoma and Hodgkin's lymphoma (Sharma and Allison, 2015). Given that MMRD tumors are characterized by an high mutational burden, an immune active tumor microenvironment, and an elevated expression of multiple immune checkpoints (including (PFS) were reached in the MSI CRC group (after 5 months of anti-PD-1 therapy) (Figure 14). Published by Le, D.T., Uram, J.N., Wang, H., Bartlett, B.R., Kemberling, H., Eyring, A.D., Skora, A.D., Luber, B.S., Azad, N.S., Laheru, D., et al. (2015). PD- (André et al., 2020). This multi-center study randomly assigned pembrolizumab (153 patients) or chemotherapy (154 patients). The median PFS was 17 months ( 95% CI, 5 to 32 months) in patients treated with pembrolizumab and 8 months ( 95% CI, 6 to 10 months) in the group that received chemotherapy (hazard ratio, 0.60; 95% CI, 0.45 to 0.80; P=0.0002) (Figure 15). The response to anti-PD-1 treatment was durable with 83% of ongoing response at 24 months compared to 35% in the chemotherapy arm. -K., Kim, T.W., Jensen, B.V., Jensen, L.H., Punt, C., Smith, D., Garcia-Carbonero, R., Benavides, M., Gibbs, P., et al. (2020). Pembrolizumab in Microsatellite-Instability-High Advanced Colorectal Cancer. New England Journal of Medicine.

Considering these findings, the Food and Drug Administration approved in June 2020 the pembrolizumab (KEYTRUDA, Merck & Co.) as a first-line treatment for patients with unresectable or metastatic microsatellite instability-high (MSI-H) or mismatch repair deficient (dMMR) colorectal cancer. The European Medicine agency also provided its approval in December 2020 followed by a nation approval by the French's authorities (ANSM: agence national de sécurité du medicament) in June 2021.

c) Addition of anti-CTLA-4 to anti-PD-1 in refractory MSI CRC

The strong scientific rational of using anti-CTLA-4 and anti-PD-1 to block different steps of the cancer-immunity circle has led to the conduction of several clinical trials combining both ICB treatments. In 2015, the FDA granted the first combination regimen of these two immuno-oncology agents for the treatment of patients with BRAF wild-type unresectable or metastatic melanoma. This approval was based on the Phase II, double-blind CheckMate-069 trial of 142 patients diagnosed with previously untreated unresectable or metastatic melanoma who were randomized to receive either Nivolumab (Opdivo®, anti-PD-1) with Ipilimumab (Yervoy®, anti-CTLA-4) or Yervoy® alone.

Given that PD-1 monotherapy treatment may results in a ORR ranging from 30-40% (Le et al., 2015[START_REF] Le | Phase II Open-Label Study of Pembrolizumab in Treatment-Refractory, Microsatellite Instability-High/Mismatch Repair-Deficient Metastatic Colorectal Cancer: KEYNOTE-164[END_REF]Overman et al., 2017) in MSI CRC patients, the combination with anti-CTLA-4 might be useful to increase response rate of ICB. In 2018, Overman et al., published the first study combining anti-PD-1 and anti-CTLA-4 to treat patients with CRC refractory to at least 1 line of chemotherapy and harboring MSI. The 119 recruited patients presented a median follow-up of 13 months and a ORR at 55% ( 95% CI, 45 to 64%) [START_REF] Lenz | Durable clinical benefit with nivolumab (NIVO) plus low-dose ipilimumab (IPI) as first-line therapy in microsatellite instability-high/mismatch repair deficient (MSI-H/dMMR) metastatic colorectal cancer (mCRC)[END_REF]. After one year of treatment, the PFS and OS were respectively 71% and 85%. Thus, indirect comparisons suggest that the combination therapy provides improved efficacy relative to anti-PD-1 monotherapy. Based on this phase II trial, the FDA in 2018, followed by the EMA in 2021, approved the association of anti-PD-1 and anti-CTLA-4 in refractory MSI CRCs. This combination has not been accepted by the French authorities yet.

d) First line use of anti-CTLA-4 and anti-PD-1 in MSI CRC

After these promising results, Lenz et al., conducted another subgroup analysis in the checkmate 142 clinical study. The authors reported the efficacy and safety of Nivolumab combined with low-dose Ipilimumab as a first-line therapy for patients with MSI-H/dMMR metastatic CRC [START_REF] Lenz | Durable clinical benefit with nivolumab (NIVO) plus low-dose ipilimumab (IPI) as first-line therapy in microsatellite instability-high/mismatch repair deficient (MSI-H/dMMR) metastatic colorectal cancer (mCRC)[END_REF]. The ORR accessed in 45 patients was 60% ( 95% CI, 44 to 74%), the PFS was 77% and OS was 83%. Considering the low disparities between the use of this combination as a first-line treatment or after failure to chemotherapy, together with the lack of a control arm in this study, the clinical use of this combined treatment approach has not been authorized so far.

2) MSI non-CRC

Knowing that MMRD represents 15%-30% of endometroid ECs, two phase II studies have investigated the clinical efficacy of anti PD-L1 therapy for patients with MSI EC. The ORR on Durvalumab in 35 patients was 47% ( 95% CI, 32 to 63%) [START_REF] Antill | Clinical activity of durvalumab for patients with advanced mismatch repair-deficient and repair-proficient endometrial cancer. A nonrandomized phase 2 clinical trial[END_REF] while the ORR on Avelumab in 33 patients was 27% ( 95% CI, 8 to 27%) (Konstantinopoulos et al., 2019).

However, it is important to note a plausible artefact of the better efficacy of Durvalumab due to i) the low number of patients included in these studies ii) the first intention to treat some patients in the durvalumab study iii) the lack of a control arm in each study.

In addition to ECs, MSI can also be detected in other tumor sites, as described in MMRD across different organs part of the introduction. The first study of Le et al., showing efficacy of anti-PD-1 therapy in MMRD CRC (Le et al., 2015), was expanded to 86 patients with advanced MMRD cancers across 12 different tumor types refractory to at least one line of chemotherapy (Le et al., 2017). Objective radiographic responses were observed in 53% ( 95% CI, 42 to 64%) of the patients, with 21% achieving a complete radiographic response. No significant difference was observed between CRCs and non-CRCs tumors, or in LS and non-LS patients. The estimated 2 year PFS rate and OS rate were 53% ( 95% CI, 42 to 68%) and 64%

( 95% CI, 53 to 78%), respectively (Le et al., 2017). Furthermore, the authors reported two patients treated with the anti-PD-1 mAb nivolumab with a diagnosis of recurrent, highly mutated CMMRD multiform glioblastoma. Nivolumab treatment demonstrated high clinical activity with profound and durable responses in both cases, whereas survival is usually inferior to 6 months after recurrence (Bouffet et al., 2016).

Based on these results, in May 2017, the FDA granted accelerated approval to Pembrolizumab for the treatment of adult and paediatric patients with unresectable or metastatic MSI-H/MMRD solid tumors that have progressed after prior treatment and who have no satisfactory alternative treatment options, as well as for patients with MSI-H or MMRD CRC following progression on a fluoropyrimidine, oxaliplatin and irinotecan.

Importantly, this is the first histology agnostic-accelerated FDA treatment approval.

The efficacy of anti-PD-1 treatment in patients harboring MSI tumors, regardless of the histological type, was further investigated in two independent phase II studies. One gathered 233 refectory patients to chemotherapy with 27 different tumor types (Marabelle et al., 2019) and the other, 42 refractory patients including more than 15 tumor types [START_REF] Azad | Nivolumab Is Effective in Mismatch Repair-Deficient Noncolorectal Cancers: Results From Arm Z1D-A Subprotocol of the NCI-MATCH (EAY131) Study[END_REF]. Interestingly, none of these studies investigated the efficacy of this ICB in MSI CRC. Globally, both studies reported a similar ORR with 34% (95%CI, 28 to 41%) and 36%

(90% CI, 24 to 50%) while the median overall survival after one year was 24 months and 17 months for Marabelle and Azad studies, respectively. Even though these two studies tend to support the overall efficacy of anti-PD-1 treatment, independently of MSI organ, the responsiveness of Pembrolizumab was highly variable across MSI tumors, with response ranging from 0% in MSI brain tumors to 57.1% in MSI endometrial cancers (Marabelle et al., 2019). This findings suggest that, in MSI tumors, intrinsic and/or extrinsic factors may hamper anti-PD-1 response. However, underlying molecular mechanisms remain elusive.

IV. Extrinsic factors modulating ICB response

In this manuscript, we define intrinsic factors as parameters susceptible to trigger oncogenesis or modify cancer cells biology while extrinsic parameters refer to extra-cancer cell features. Both parameters can be modulated by exogenous/external factors (e.g., viruses, drugs, smoking, nutrient intake, physical activity); and endogenous factors that are related to the characteristics of an individual (e.g., metabolism, DNA damage response, hormone levels).

The immune system of the host is one of the key extrinsic parameters modulating ICB response and will be described more precisely.

A. TILs

The importance of the intra-tumoral immune infiltrate was first described as a prognostic tool in CRC. A study of 599 patients with stage I to stage IV CRC uncovered the gradual decrease of TILs throughout the stages of the disease (Mlecnik et al., 2011).

Moreover, the immune score, composed by both CD45RO (memory T cells) and CD8 staining, was presented as an "easy-to-use" tool for the prognostic of relapse in CRC patients. In 2018, the analysis of 3,539 CRC samples from 2,681 patients showed that the immunoscore summarizing the density of CD3 + and CD8 + cells within the tumor and its invasive margin had a greater prognostic value in CRC than TNM stage, lymphovascular invasion, tumor differentiation, or even MSI status [START_REF] Pagès | International validation of the consensus Immunoscore for the classification of colon cancer: a prognostic and accuracy study[END_REF]. Consequently, extensive work has been conducted by many scientists to determine the main immune cells shaping cancer progression in various tumor types (Figure 16). In conclusion, the steps of oncogenesis are complex and dynamic and rely on a close interaction between tumor cells and the immune system. The comprehensive characterization of the immune profile of the tumor has consequently been proposed to be of utmost importance to predict response to ICB. Given that the aim of ICB treatment is to inhibit checkpoint molecules impairing T cells function, it is not surprising that a TME enriched by TILs is positively correlated with ICB response. In 2017, Chen and Mellman proposed the "cancer immune set point", which is defined as the equilibrium between the factors that promote or curb anti-cancer immunity, to predict ICB response (Chen and Mellman, 2017). These authors distinguished 3 immune profiles of cancers independently of tumor type: i) the immune inflamed phenotype in which tumors are highly infiltrated by TILs and their respective effector cytokines but could also present some immune suppressive cells; ii) the immune excluded phenotype, which is characterized by a high infiltration of immune cells in the parenchyma of the tumor but that do not penetrate into the center of the tumor; and iii) the immune desert phenotype, where the tumors are devoid of T cells both in the margin and the center of the tumor. According to these authors, ICB treatment should be indicated to patients bearing immune inflamed tumors.

More recently, a study analysing more than 10,00 RNA-seq across 20 tumor types Collectively, these new tumor classifications highlight the role of TILs in ICB effectiveness and pave the way towards the precision onco-immunology field to treat patients. However, the nature of immune cells (TILs and non-TILs) or cytokines that positively or negatively shape ICB response remain unclear, particularly in MSI tumors.

1) CD8 + TILs

CD8+ T cells are historically considered as the most powerful effectors in the anticancer immune response and constitute the backbone of cancer immunotherapy [START_REF] Raskov | Cytotoxic CD8 + T cells in cancer and cancer immunotherapy[END_REF]. Thus, several studies determined the pre-existence of CD8 + cells as a positive biomarker of ICB response [START_REF] Herbst | Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in cancer patients[END_REF]. However, this cell population is highly heterogeneous depending on the T cell state of differentiation and dysfunctionality.

Durable ICB response might mostly rely on CD8 + cells with a less dysfunctional CD8 + state (van der [START_REF] Van Der Leun | CD8+ T cell states in human cancer: insights from single-cell analysis[END_REF] as assessed in two independent cohorts treated with anti-PD-1

where a specific level of either PD-1 or CTLA-4 on CD8 + cells were predictive of response [START_REF] Daud | Tumor immune profiling predicts response to anti-PD-1 therapy in human melanoma[END_REF][START_REF] Thommen | A transcriptionally and functionally distinct PD-1 + CD8 + T cell pool with predictive potential in non-small-cell lung cancer treated with PD-1 blockade[END_REF]. Likewise, the presence of memory-like CD8 + cells (that are mutually exclusive with exhausted T cells) are associated with an increased response to anti-PD-1 blockade in patient with metastatic melanoma [START_REF] Sade-Feldman | Defining T Cell States Associated with Response to Checkpoint Immunotherapy in Melanoma[END_REF].

2) CD4 + TILs

While CD8 + T cells are considered as major drivers of anti-tumor immunity, CD4 + TILs have a dual role in promoting or inhibiting anti-tumor response [START_REF] Kim | CD4 T-cell subsets and tumor immunity: the helpful and the not-so-helpful[END_REF].

More precisely, the anticancer role is based on cytotoxic CD4+ TILs, T helper cell type 1 (TH1),

T helper cell type 2 (TH2), and Follicular helper T cells as opposed to regulatory T cells, which have a suppressive phenotype (Figure 17).

a) Cytotoxic CD4 + TILs

The cytotoxic activity of CD4 + TILs mainly depends on the recognition of MHC-II expressed by tumor cells or the costimulatory activity of OX-40 (Hirschhorn-Cymerman et al., 2012). The acquisition of cytolytic activity is accompanied by the expression of the eomesodermin (Eomes) and responsible of the secretion of granzyme B, IFN, TNF-, IL-4 and IL-5. However, the scientific proof of concept showing that this population is clearly promoting ICB response is still missing.

b) T helper CD4 + TILs

TH1 and TH2 cells are the first-defined and best-characterized T helper (TH) lineages.

By mediating CD8 + cytotoxicity, TH1 cells are described to exhibit a strong anti-tumor activity as compared to TH2 [START_REF] Nishimura | Distinct role of antigen-specific T helper type 1 (Th1) and Th2 cells in tumor eradication in vivo[END_REF] and have been widely studied. Spritzer et al.

proved that CD4 + cells coming from secondary lymphoid organs are necessary to drive an effective tumor eradication following ICB administration [START_REF] Spitzer | Systemic Immunity Is Required for Effective Cancer Immunotherapy[END_REF]. Additionally, Alspach et al. created mice syngenic models that expressed two different neoantigens that were only recognized by either CD8 + cells or CD4 + cells. By using these models, the authors demonstrated that immunotherapy-induced anti-tumor responses require the activity of both tumor-antigen-specific CD8+ and CD4+ T cells, even in tumors lacking of MHC-II expression. Alspach et al. also confirmed that antigens restricted to MHC-II were responsible for the activation of TH1 cells and the subsequent cytotoxic phenotype of CD8 + cells [START_REF] Alspach | MHC-II neoantigens shape tumour immunity and response to immunotherapy[END_REF].

The global role of TH17 cells is still a matter of debate between pro-tumoral and antitumoral effect [START_REF] Kim | CD4 T-cell subsets and tumor immunity: the helpful and the not-so-helpful[END_REF] and has not been linked to ICB response yet.

c) Follicular helper TILs

Follicular helper T (TFH) cells are described to migrate to follicles in secondary lymphoid organs and interact with B cells to promote their differentiation into antibodysecreting cells [START_REF] Kim | CD4 T-cell subsets and tumor immunity: the helpful and the not-so-helpful[END_REF]. These cells express the Bcl-6 transcription factor associated with other chemokine receptors. Clinical studies in CRC and breast cancer have revealed the presence of TFH in tumors and evidenced a correlation between the density of this cell population and a better survival [START_REF] Coppola | Unique ectopic lymph node-like structures present in human primary colorectal carcinoma are identified by immune gene array profiling[END_REF][START_REF] Gu-Trantien | CD4 + follicular helper T cell infiltration predicts breast cancer survival[END_REF].

Concerning ICB response, a translational study (mice and clinical cohort) has proven that ICB triggered the activation of TFH that consequently switched on B cells towards an antibodysecreting phenotype responsible for ICB response [START_REF] Hollern | B Cells and T Follicular Helper Cells Mediate Response to Checkpoint Inhibitors in High Mutation Burden Mouse Models of Breast Cancer[END_REF].

d) Treg TILs

Tregs have univocally an immune-suppressive role while activated. Such cells are characterized by the expression of Foxp3 transcription factor and a high density of the CD25 receptor at the cytoplasmic membrane. They are usually presented as gatekeepers of the autoimmunity by promoting the prevention of excessive immune response, notably during pathogen infections. In the cancer physiopathology, the Treg cells are recruited to the tumor from pre-existing thymic-derived Tregs [START_REF] Malchow | Aire-dependent thymic development of tumor-associated regulatory T cells[END_REF] and may represent up to 30% of the TME [START_REF] Kim | CD4 T-cell subsets and tumor immunity: the helpful and the not-so-helpful[END_REF]. Tregs are usually associated with a poor prognosis in various cancers [START_REF] Takeuchi | Roles of regulatory T cells in cancer immunity[END_REF]. Even though anti-CD25 antibodies were shown to result in an improved anti-tumoral response in mice [START_REF] Onizuka | Tumor Rejection by in Vivo Administration of Anti-CD25 (Interleukin-2 Receptor α) Monoclonal Antibody[END_REF]) [START_REF] Chaput | Regulatory T Cells Prevent CD8 T Cell Maturation by Inhibiting CD4 Th Cells at Tumor Sites[END_REF], such therapies failed to display clinical effectiveness [START_REF] Powell | Administration of a CD25-directed immunotoxin, LMB-2, to patients with metastatic melanoma induces a selective partial reduction in regulatory T cells in vivo[END_REF].

Moreover, as anti-CTLA-4 treatment directly inhibits Treg that constitutively express CTLA-4 [START_REF] Walker | Treg and CTLA-4: Two intertwining pathways to immune tolerance[END_REF], Crosby et al. demonstrated the role of anti-CTLA-4 in Treg depletion which consequently allows the multiplication and diversification of TCRs in breast syngenic models [START_REF] Crosby | Complimentary mechanisms of dual checkpoint blockade expand unique T-cell repertoires and activate adaptive anti-tumor immunity in triple-negative breast tumors[END_REF]. In addition, the association of Treg depleting drugs, such as anti-CD25

or CCR4, antagonists to ICB had also been shown to have a synergic effect in syngenic models [START_REF] Sutmuller | Synergism of Cytotoxic T Lymphocyte-Associated Antigen 4 Blockade and Depletion of Cd25+ Regulatory T Cells in Antitumor Therapy Reveals Alternative Pathways for Suppression of Autoreactive Cytotoxic T Lymphocyte Responses[END_REF]) [START_REF] Marshall | Tumors establish resistance to immunotherapy by regulating Treg recruitment via CCR4[END_REF]. Altogether, T cells generally contribute to ICB efficacy, which is dependent on their diversity and functionality (Petitprez et al., 2020a).

Figure 17 : Contribution of CD4+ T cells to antitumor immunity. TH1 cells that express T-bet and IFN-γ exert prominent antitumor activity by blocking the formation of new blood vessels and promoting recruitment of immune cells including CD8 T and NK cells that mediate tumor-killing activity. TH2 cells characterized by GATA-3 expression contribute to antitumor responses through IL-4-and IL-13dependent recruitment of eosinophils, whereas TH2-derived IL-5 has tumor-promoting effects. TH17 cells are characterized by RORγt expression and secretion of canonical cytokines IL-17 and IL-21. Selfreactive TH17 cells are highly pathogenic, induce severe inflammation, and augment development of autoimmunity. Although low-level chronic exposure to TH17-associated cytokines may facilitate cancer progression, induction of antitumor inflammatory activity and stem cell-like features of TH17 cells suggest that TH17 cells may be a prominent candidate for ACT. Specific host conditioning can induce CD4 T cells with cytolytic activity (CD4 CTL) that express transcription factor

3) Peripheral T cells and clinical efficacy of ICB

Nowadays, more and more data suggest that lymphocytes in the periphery (lymph nodes surrounding the tumor or even in the blood) could constitute a reservoir of lymphocytes essential to the antitumor response. Indeed, and as discussed above, most of studies have focused on TILs and other immune cells in the tumor microenvironment. It has been reported that ICB efficacy was dependent on i) rejuvenation of tumor-infiltrating lymphocytes [START_REF] Herbst | Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in cancer patients[END_REF], ii) invasion of CD8+ T cells from the invasive margin of the tumor, [START_REF] Tumeh | PD-1 blockade induces responses by inhibiting adaptive immune resistance[END_REF], iii) infiltration of CD8+ PD-1+ TILs that have been shown to be more tumor specific, [START_REF] Gros | PD-1 identifies the patient-specific CD8+ tumor-reactive repertoire infiltrating human tumors[END_REF][START_REF] Thommen | A transcriptionally and functionally distinct PD-1 + CD8 + T cell pool with predictive potential in non-small-cell lung cancer treated with PD-1 blockade[END_REF], iv) the abundance of PD-1 high TILs, that have been associated with better prognosis under ICBs [START_REF] Thommen | A transcriptionally and functionally distinct PD-1 + CD8 + T cell pool with predictive potential in non-small-cell lung cancer treated with PD-1 blockade[END_REF].

Nevertheless, there is increasing evidence suggesting that expansion and recruitment of circulating T cells during ICB treatment may have a prominent role to play in disease progression [START_REF] Acharya | New Clones on the Block[END_REF]. First, several studies have confirmed that intratumoral T lymphocyte have limited expansion ability in melanoma [START_REF] Sade-Feldman | Defining T Cell States Associated with Response to Checkpoint Immunotherapy in Melanoma[END_REF]. Second, some studies suggest that circulating T cells can be recruited, leading to a "clonal replacement" rather than the reinvigoration of existing T cell clonotypes [START_REF] Yost | Clonal replacement of tumor-specific T cells following PD-1 blockade[END_REF]. T cell receptor (TCR) clonotype analysis in mice and humans have shown that new clonotypes appear in tumors during treatment and that some of these novel TIL clones can be recruited from peripheral sources [START_REF] Yost | Clonal replacement of tumor-specific T cells following PD-1 blockade[END_REF]. In another study, clonotypic expansion of effector-like T cell in tumor tissue, adjacent tissue and peripheral blood has been associated with better response to PD-(L)1 therapy. A recent study compared both single cell TCR sequencing and RNA sequencing on paired tumoral and blood samples (Wu et al., 2020). In this study, CD8 + T cells that developed in tumors was preexisting in blood, suggesting a possible recruitment from peripheral blood. These data support that in responsive patients, intratumoral T cells are replenished with fresh, non-exhausted T cells, that originate from outside the tumor [START_REF] Wu | Peripheral T cell expansion predicts tumour infiltration and clinical response[END_REF].

As in TME, circulating PD-1 + T cells have also been reported to be tumor-specific in melanoma [START_REF] Gros | Prospective identification of neoantigen-specific lymphocytes in the peripheral blood of melanoma patients[END_REF]. Notably, circulating and tumor infiltrating CD8 + PD-1 + shared a similar TCR repertoire suggesting that there is a relationship between circulating and infiltrating PD-1 + T lymphocyte [START_REF] Gros | Prospective identification of neoantigen-specific lymphocytes in the peripheral blood of melanoma patients[END_REF]. PD-1+ T cell in tumor-draining lymph nodes were also described as tumor-specific and can interact closely with non-tumoral dendritic cells [START_REF] Dammeijer | The PD-1/PD-L1-Checkpoint Restrains T cell Immunity in Tumor-Draining Lymph Nodes[END_REF]. In mice, the targeting of PD-L1-expressing dendritic cells in the tumor draining lymph node induced seeding of the tumor site with T cells, and improved tumor control [START_REF] Dammeijer | The PD-1/PD-L1-Checkpoint Restrains T cell Immunity in Tumor-Draining Lymph Nodes[END_REF]. In a recent study, deeper characterization of exhausted CD8 + T cells population was evaluated. This work highlighted the existence of 4 four-stage developmental hierarchy of exhausted CD8 + T cells [START_REF] Beltra | Developmental Relationships of Four Exhausted CD8+ T Cell Subsets Reveals Underlying Transcriptional and Epigenetic Landscape Control Mechanisms[END_REF]. Two populations were progenitor (TCF1 high Tox high and TCF1 int Tox high ), with TCF1 high Tox high being quiescent and resident and able to convert to TCF1 int Tox high . This conversion was associated with a relocalization from lymphoid residence to blood locations and a proliferation-driven transition to a third subpopulation TCF1 neg T-bet high Tox int that have similarities to circulating "effector-like" cells. Finally TCF1 neg T-bet high Tox int can convert into TCF1 neg Tbet low Tox high Eomes high these terminally differentiated exhausted CD8 + T cells are absent from the blood but can accumulate in peripheral tissues such as tumors [START_REF] Beltra | Developmental Relationships of Four Exhausted CD8+ T Cell Subsets Reveals Underlying Transcriptional and Epigenetic Landscape Control Mechanisms[END_REF].

Interestingly, intermediate circulating "effector-like" exhausted CD8 + T cells can be activated and proliferate under PD-(L)1 blockade while terminally exhausted CD8 + T cells cannot, suggesting a prominent role for these circulating T cells during immunotherapy [START_REF] Beltra | Developmental Relationships of Four Exhausted CD8+ T Cell Subsets Reveals Underlying Transcriptional and Epigenetic Landscape Control Mechanisms[END_REF]. These results support that the recruitment of new T cell clones have an important role in the response to treatment and not only expansion/reactivation of intra-tumor T cells that were already in the tumor site before the initiation of treatment. In line with the role of peripheral T cells, blocking the migration of immune cell from the secondary lymphoid organ impaired response to ICB in murine preclinical models. In this model, peripheral T cells were mandatory for antitumor activity, in particular a subset of activated effector memory Th1 CD4 + T cells, expressing low levels of PD-1 and CD127 [START_REF] Spitzer | Systemic Immunity Is Required for Effective Cancer Immunotherapy[END_REF]. This work emphasized the need of poorly exhausted CD4+ helper T cells to reach clinical response in hosts treated with ICB.

All of this work suggests the role of peripheral immunity and may help to understand why certain systemic inflammatory effectors may limit the clinical response in patients treated with ICB.

B. B cells and tertiary lymphoid structures

Whereas T cells have been described as major drivers of tumor regression, several recent publications have pointed out B cells as also playing a prominent role in ICB response.

In mice, previous studies revealed an overall pro-oncogenic role of B cells, as well as the antibodies produced by them [START_REF] Fridman | B cells and cancer: To B or not to B?[END_REF]. B cells could also inhibit T cells by the secretion of immunosuppressive cytokines [START_REF] Denardo | Interactions between lymphocytes and myeloid cells regulate pro-versus anti-tumor immunity[END_REF]. Consequently, depletion of B cells by anti-IgM antibodies could reduce the incidence of metastases as compared to control mice [START_REF] Brodt | Anti-tumor immunity in B lymphocyte-deprived mice. I. Immunity to a chemically induced tumor[END_REF]. However, a preclinical study found contradictory results by reporting that B cell depletion could impair the TH1 IFN production necessary for an effective anti-tumoral response [START_REF] Dilillo | B Cells Are Required for Optimal CD4 + and CD8 + T Cell Tumor Immunity: Therapeutic B Cell Depletion Enhances B16 Melanoma Growth in Mice[END_REF].

In humans B cells have been associated with a better prognostic in breast cancer, CRC [START_REF] Edin | The Prognostic Importance of CD20+ B lymphocytes in Colorectal Cancer and the Relation to Other Immune Cell subsets[END_REF], Non-small cell lung cancer [START_REF] Fridman | B cells and cancer: To B or not to B?[END_REF] metastatic melanoma [START_REF] Cabrita | Tertiary lymphoid structures improve immunotherapy and survival in melanoma[END_REF] and sarcoma (Petitprez et al., 2020b). The presence of CXCL13, a chemoattractant of B cells that contributes to the formation of tertiary lymphoid structures (TLS) within the tumor melanoma, is equally a determinant of favourable prognosis [START_REF] Cabrita | Tertiary lymphoid structures improve immunotherapy and survival in melanoma[END_REF]. These structures may be present in inflamed TME due to the continuous antigen presentation by cancer cells. The presence of TLS in various tumor types and their relative contribution to modulate prognosis and ICB response has been reviewed in Figure

18 [START_REF] Fridman | B cells and cancer: To B or not to B?[END_REF].

Beyond its prognostic role, B cells are correlated with ICB response, both in mice and presentation and antibody production, for review see [START_REF] Fridman | B cells and cancer: To B or not to B?[END_REF]. Finally, Fridman et al., have recently described a potential deleterious effect of B regulatory cells (Breg), showing that these cells could blunt ICB response through suppressive cytokines secretion [START_REF] Fridman | B cells and cancer: To B or not to B?[END_REF].

C. Neutrophils

1) Origin and phenotype

Myeloid cells are the most abundant hematopoietic cells in the human body ranging from 50 to 70% of all blood circulating leucocytes in humans (while they account for 10-25% in mice) [START_REF] Mestas | Of mice and not men: differences between mouse and human immunology[END_REF]. Neutrophils are derived from multipotent hematopoietic stem cells (HSCs) that develop two additional groups of terminally differentiated myeloid cells, the macrophages and dendritic cells. Neutrophils had initially been described to have three major functions : i) they represent the first line of defence against pathogens, ii) they eliminate dying cells; iii) they mediate tissue remodelling [START_REF] Gabrilovich | Coordinated regulation of myeloid cells by tumours[END_REF]. Neutrophils initiate innate immune response by the succession of events stating with the activation of their pattern recognition receptors (PRR) followed by various effector responses such as the release of cytokines, notably IL-1ß and IL-18, reactive oxygen species (ROS) production and antibacterial degranulation [START_REF] Lebegge | Innate Immune Defense Mechanisms by Myeloid Cells That Hamper Cancer Immunotherapy[END_REF].

Neutrophils, also called polymorphonuclear neutrophils or granulocytes due to their characteristic cytoplasmic granules, are currently being proposed as a major immuno-oncomodulator.

Since 1863, Virchow has proposed unresolved inflammation as a major driver of oncogenesis. Today, chronic inflammation is estimated to be associated with at least 25% of cancers [START_REF] Hussain | Increased p53 mutation load in noncancerous colon tissue from ulcerative colitis: a cancer-prone chronic inflammatory disease[END_REF]. Since neutrophils are major source of ROS, granule release of elastase and cathepsin, they could promote cancer initiation [START_REF] Lebegge | Innate Immune Defense Mechanisms by Myeloid Cells That Hamper Cancer Immunotherapy[END_REF].

Neutrophils are usually phenotypically characterized as CD11b + Ly6G + Ly6C int F4/80 -CD11c -in mice and CD15 + CD14 -CD66b + CD16 + in human [START_REF] Gabrilovich | Coordinated regulation of myeloid cells by tumours[END_REF]. Once infiltrated in tumors, neutrophils can polarize into an antitumor (N1) or pro-tumor (N2) phenotype [START_REF] Masucci | Tumor Associated Neutrophils. Their Role in Tumorigenesis, Metastasis, Prognosis and Therapy[END_REF].

2) In the tumor

Intratumoral neutrophils, also called tumor associated neutrophils (TAN), can be divided in N1 and N2 subtypes. The differential production of "CCL2, CCL3, CCL4, CCL8, CCL12, and CCL17, and CXCL1, CXCL2, IL-8/CXCL8 and CXCL16" chemokines contributes to the distinction between these two classes of TAN [START_REF] Fridlender | Tumor-associated neutrophils: friend or foe?[END_REF]. In mice, the transforming growth factor-β (TGF-β), an immunosuppressive cytokine, is one of the main modulators of neutrophil polarization towards a N2 phenotype [START_REF] Fridlender | Polarization of Tumor-Associated Neutrophil (TAN) Phenotype by TGF-β: "N1" versus "N2[END_REF]. As expected, blocking TGF-β promotes the polarization into N1 neutrophils (Figure 19). The anti-tumoral role of N1 neutrophils was first demonstrated in 2011. The excessive production of reactive oxygen species by N1 neutrophils could be cytotoxic to cancer cells and also prevent metastatic seeding in the lungs [START_REF] Granot | Tumor entrained neutrophils inhibit seeding in the premetastatic lung[END_REF]. Moreover, the release of neutrophil's DNA with their associated proteolytic enzyme in nuclear extra cellular traps (NET), also referred as NETosis, has also been reported to lead to cancer cell death in CRC [START_REF] Arelaki | Gradient Infiltration of Neutrophil Extracellular Traps in Colon Cancer and Evidence for Their Involvement in Tumour Growth[END_REF]. Another anti-tumor role of N1 neutrophils was proposed in mice and rely on the ability of these cells to recruit TILs (Zhang et al.) and activate them as well as B cells, Natural killer (NK), and dendritic cells [START_REF] Mantovani | Neutrophils in the activation and regulation of innate and adaptive immunity[END_REF]. More recently, a novel neutrophil cytotoxic activity, termed "trogoptosis", was described, through which the neutrophils could eliminate antibody-opsonized cancer cells [START_REF] Matlung | Neutrophils Kill Antibody-Opsonized Cancer Cells by Trogoptosis[END_REF].

Indeed, neutrophils display Fc-receptors that can trigger antibody dependent cellular toxicity towards cancer cells.

b) N2 tumor infiltrating neutrophils: pro-tumoral role

As opposed to N1, N2 TANs promote tumor growth, as demonstrated in a study conducted in 1995, where the direct in vivo depletion of neutrophils using anti-Gr-1 antibody triggered drastic tumor shrinkage [START_REF] Nozawa | Infiltrating neutrophils mediate the initial angiogenic switch in a mouse model of multistage carcinogenesis[END_REF]) [START_REF] Pekarek | Inhibition of tumor growth by elimination of granulocytes[END_REF]. This intriguing result was further confirmed in other preclinical studies [START_REF] Stackowicz | Mouse Models and Tools for the in vivo Study of Neutrophils[END_REF].

There are various mechanisms explaining the deleterious effect of neutrophils:

Promotion of Angiogenesis mediated by Matrix metalloprotease type 9 (MMP-9) activity Matrix metalloprotease type 9 (MMP-9) is a protein that functionally contributes to both angiogenesis and tumor progression in genetic mouse models of pancreatic and colon cancer [START_REF] Bergers | Matrix metalloproteinase-9 triggers the angiogenic switch during carcinogenesis[END_REF]. After showing that neutrophils were the immune population with the highest expression of MMP-9, Nozawa et al. demonstrated that MMP-9 high N2 are localised along angiogenic islets [START_REF] Nozawa | Infiltrating neutrophils mediate the initial angiogenic switch in a mouse model of multistage carcinogenesis[END_REF]. Consequently, the ablation of this cell population markedly suppressed the VEGF:VEGF receptor interaction and abrogated the angiogenic switch. Altogether, the authors concluded that MMMP-9 coming from TAN have a pivotal role in angiogenesis and could potentially promote metastasis.

NETosis

Contrary to their role in N1 [START_REF] Arelaki | Gradient Infiltration of Neutrophil Extracellular Traps in Colon Cancer and Evidence for Their Involvement in Tumour Growth[END_REF], sustained inflammation caused by

NETosis was described in mice to "awaken" dormant cancer cells and provokes metastasis, which is partially mediated by MMP-9 (Albrengues et al., 2018). NETosis has also been identified in triple negative breast cancer using intravital imaging in both 4T1 syngenic model and patients [START_REF] Park | Cancer cells induce metastasis-supporting neutrophil extracellular DNA traps[END_REF]. These two studies concluded that NET could favor metastasis. Interestingly, Zhang and collegues uncovered that IL17 recruits neutrophils and promote NETs formtaion [START_REF] Zhang | Interleukin-17-induced neutrophil extracellular traps mediate resistance to checkpoint blockade in pancreatic cancer[END_REF].

Metabolism and EMT transition

A study both showed in mice and human that the depletion of the fatty acid transport protein 2 (FATP2) in neutrophils could abrogate their suppressive activity by slowing down their arachidonic acid uptake. In addition, epithelial-mesenchymal transition (EMT) plays an important role in tumor invasion. By co-culture experiments of neutrophils from patients with lung adenocarcinoma and cancer cells, Hu et al. associated the production of TGfβ with the up-regulation of EMT makers and a promotion of the migration activity in cancer cells [START_REF] Hu | Intratumoral neutrophil granulocytes contribute to epithelial-mesenchymal transition in lung adenocarcinoma cells[END_REF] Immunosuppressive cytokines and Treg control

TANs from patients with non-small cell lung cancer (NSCLC), have been demonstrated

to secrete arginase 1 (ARG1) [START_REF] Rotondo | IL-8 induces exocytosis of arginase 1 by neutrophil polymorphonuclears in nonsmall cell lung cancer[END_REF], which is implicated in the inhibition of T cell proliferation. In tumor mouse models, TAN were reported to induce CD8 apoptosis via

TNFα pathway and NO [START_REF] Masucci | Tumor Associated Neutrophils. Their Role in Tumorigenesis, Metastasis, Prognosis and Therapy[END_REF]. Additionally, the expression of the gene encoding for CCL17 is up-regulated in most of the N2 TAN and is related to tumor progression in mice models (Mishalian et al., 2014). This impaired anti-tumor immunity was coming from lung tumors also secrete CCL17. Alternatively, Tregs could also produce high amount of CXCL-8 to recruit neutrophils [START_REF] Himmel | Human CD4+ FOXP3+ regulatory T cells produce CXCL8 and recruit neutrophils[END_REF].

c) TAN and prognosis

Four different clinical studies in melanoma, head and neck cancer, renal cell carcinoma, and hepatocellular carcinoma have conjointly confirmed the poor prognosis of patients with TAN [START_REF] Me | Tumour-associated neutrophils in patients with cancer[END_REF]. However, in some types of cancer, such as CRC and lung cancer, the prognostic relevance of TANs remains a matter of debate. Thus, clinical impact of infiltration by either N1 or N2 TANs, as well as their role in modulating the TME, should be further investigated.

d) TAN and ICB response

Concerning ICB response, two preclinical studies uncovered the reduced benefit of these treatments in neutrophils enriched tumors [START_REF] Zhang | Interleukin-17-induced neutrophil extracellular traps mediate resistance to checkpoint blockade in pancreatic cancer[END_REF][START_REF] Nicolai | Suppression of tumor-associated neutrophils by lorlatinib attenuates pancreatic cancer growth and improves treatment with immune checkpoint blockade[END_REF].

Both studies used syngenic pancreatic ductal adenocarcinoma (PDAC) models. The first publication demonstrated the role of IL-17 in TAN recruitment, NETosis and the eviction of CD8 + cell from the tumor [START_REF] Zhang | Interleukin-17-induced neutrophil extracellular traps mediate resistance to checkpoint blockade in pancreatic cancer[END_REF]. Neither anti-PD-1 nor anti-CTLA-4 treatment triggered tumor shrinkage by themselves, but the addition of the IL-17 neutralizing antibody restored the sensitivity to anti-PD-1 and anti-CTLA-4 treatments in their model. In the second study, the authors discovered Lorlatinib as a tyrosine kinase inhibitor capable of slowing down the PDAC growth by several mechanisms of action, including the attenuation of TAN activity Moreover, the addition of anti-PD-1 therapy to Lorlatinib improved response rates. [START_REF] Nicolai | Suppression of tumor-associated neutrophils by lorlatinib attenuates pancreatic cancer growth and improves treatment with immune checkpoint blockade[END_REF]).

An additional study in syngeneic model conducted by Kargl et al., revealed that the CXCR1/CXCR2 axis blockade by SX-682 antagonized neutrophil functions, by promoting the infiltration of IFN- secreting TILs. Based on these findings, it is possible to infer that such immunomodulators could potentially improve ICB response [START_REF] Kargl | Neutrophil content predicts lymphocyte depletion and anti-PD1 treatment failure in NSCLC[END_REF].

3) In blood

The production of neutrophils after differentiation from the bone marrow and their release in the bloodstream is drastically increased in patients with cancer [START_REF] Lecot | Neutrophil Heterogeneity in Cancer: From Biology to Therapies[END_REF].

The most-extensively described tumor-promoting function of circulating neutrophils relies on their ability to suppress T-cell proliferation and/or activation in vitro by blocking IFN secretion [START_REF] Pillay | A subset of neutrophils in human systemic inflammation inhibits T cell responses through Mac-1[END_REF], and their production of reactive oxygen species and arginase 1 [START_REF] Lecot | Neutrophil Heterogeneity in Cancer: From Biology to Therapies[END_REF]. Additionally, neutrophils have the ability to protect and promote the proliferation of circulating tumor cells that lead to the promotion of metastasis potency [START_REF] Szczerba | Neutrophils escort circulating tumour cells to enable cell cycle progression[END_REF]. Finally, NETs have been identified in the bloodstream and have been linked to metastasis dissemination [START_REF] Me | Tumour-associated neutrophils in patients with cancer[END_REF]. Moreover, neutrophils might impair T cells immunity as already described with TANs.

e) NLR/dNLR LIPI

Given that neutrophils are routinely measured in peripheral blood draw and that neutrophilia is commonly associated with lymphocytopenia in cancer patients, the calculation of Neutrophil to Lymphocyte ratio (NLR) as 𝑁𝐿𝑅 =

Absolute Neutrophil count

Absolute lymphocyte count has been the subject of intensive clinical research. NLR values are usually stratified into two categories: ≥ 5 and < 5 [START_REF] Cassidy | Neutrophil to Lymphocyte Ratio is Associated With Outcome During Ipilimumab Treatment[END_REF][START_REF] Ferrucci | Baseline neutrophil-to-lymphocyte ratio is associated with outcome of ipilimumab-treated metastatic melanoma patients[END_REF]. Other ratios and scores have been developed based on the NLR such as the derived neutrophil to lymphocyte ratio (dNLR), defined as 𝑑𝑁𝐿𝑅 = Absolute Neutrophil count (Absolute leucocyte count-absolute neutrophil count) or the Lung Immune Prognostic index (LIPI) score that takes into account both the dNLR and the lactate dehydrogenase (LDH) levels, and ranges from 0 to 2 (Mezquita et al., 2018).

The manuscript will focus on NLR and its role in prognosis and ICB response as it is the most described parameter monitoring neutrophils in blood.

f) Prognosis

To our knowledge, all clinical data converged towards the deleterious prognosis in patients with high NLR values. Two retrospective studies have notably gathered an extensive number of patients to investigate this question (Howard et al., 2019) (Templeton et al., 2014). Howard et al., explored NLR in more than 5,000 patients gathering 8 tumor types during more than 10 years (Figure 20) (Howard et al., 2019). During this period, poorer overall survival in patients with above-median NLR was observed universally across cancer types. On the other hand, Templeton et al., gathered more than 40,000 patients and had the same conclusions (Templeton et al., 2014). (2019). Exploring the prognostic value of the neutrophil-to-lymphocyte ratio in cancer. Sci. Rep. 9

g) ICB response

At baseline: NLR as a predictive biomarker?

Since ICB were first indicated for melanoma treatment, the first publications that investigated the role of the NLR in predicting ICB were initiated in this cancer type. In 2015, Ferrucci et al., reported that melanoma patients treated with anti-CTLA-4 and a baseline NLR<5, had a significantly improved PFS (HR=0.38; 95% CI: 0.22-0.66; P=0.0006) and OS (HR=0.24; 95% CI: 0.13-0.46; P<0.0001) compared to those with a NLR⩾5 [START_REF] Ferrucci | Baseline neutrophil-to-lymphocyte ratio is associated with outcome of ipilimumab-treated metastatic melanoma patients[END_REF]. Regarding to anti-PD-1 treatment, Capone et al., inversely correlated NLR levels and Overall Survival [START_REF] Capone | Baseline neutrophil-to-lymphocyte ratio (NLR) and derived NLR could predict overall survival in patients with advanced melanoma treated with nivolumab[END_REF].

During treatment: NLR as a biomarker of response or resistance?

Given that there is no available blood biomarker for ICB response to guide clinicians and that patients, are less subjected to scanner than blood sampling, another question was addressed: does NLR could also be a biomarker of response or progression after ICB initiation? Concerning anti-PD-1 treatment, while Lalani et al. investigated the NLR at 6 (±2) weeks in patients melanoma (Lalani et al., 2018), Choi et al. reported NLR values at 2,4,and 6 weeks in cases of advanced hepatocellular carcinoma (Choi et al.), and Chen et al.

measured the NLR at 6 and 12 weeks in advance non-small cell lung adenomarcinoma (Chen et al., 2021). Altogether, these authors concluded that NLR decreased during response to ICB for the tumor types investigated in their studies. To determine whether NLR variation was either a marker of response/progression in specific organs or a pan-cancer biomarker, Ameratunga et al. explored NLR during 6 months after treatment initiation across more than 6 cancer types. They also found that NLR was reduced over time in patients that responded to immunotherapy, regardless of the cancer histology.

The dynamic role of NLR in anti-CTLA-4 treatment was also examined in melanoma patients [START_REF] Cassidy | Neutrophil to Lymphocyte Ratio is Associated With Outcome During Ipilimumab Treatment[END_REF]. Patients under anti-CTLA-4 treatment, whose NLR values had increased more than 30% in comparison to baseline, presented worse OS and PFS in comparison to patients with NLR variation <30%.

D. Others

Other immune cells, such as dendritic cells, monocytes, macrophages, myeloid-derived suppressor cells (MDSC), fibroblast, Natural Killer cells, Monocytes/macrophages, fibroblasts could also modulate the TME and, consequently, the ICB response. Their distinctive roles are reviewed in (Petitprez et al., 2020a). Moreover, other non-immune components such as endothelial cells and fibroblasts infiltrate the tumor and drive or interrupt ICB response.

Finally, the microbiome, the environment and drug exposure must also be taken into account in the immuno-oncology paradigm (Chen and Mellman, 2017). Given that intrinsic factors could largely contribute to modify cancer cell biology, they can c drastically reshape tumor physiopathology, initiation/development and modulate ICB response.

V. Intrinsic factors modulating ICB response

A. Oncogenic pathways Oncogenic pathways can be activated by loss-of-function alteration in tumor suppressor genes or by gain-of-function alterations in oncogenic genes. In this section, we are going to discuss the role of PTEN, Wnt-catenin and other molecular pathways as intrinsic factor with the potential to modulate the response of tumors to ICB treatment.

1) PTEN: loss of function

The tumor suppressor phosphatase and tensin homolog gene (PTEN) is an important regulator of the host immune response by downregulating the activation of the phosphoinositide 3-kinase (PI3K) signalling network (Figure 21). Consequently, PTEN loss constitutively activates the PI3K pathway and may cause a spectrum of phenotypes including benign overgrowths, malignancies, metabolic, and neurodevelopmental disorders. PTEN loss is present in various cancers, more frequently in endometrium, central nervous system, skin, and prostate cancers (Chalhoub and Baker, 2009). PTEN is a pleiotropic gene and is notably involved in cell metabolism, cell mobility and polarity, cell proliferation and survival, cellular senescence, genome maintenance, and modulation of the TME [START_REF] Lee | The functions and regulation of the PTEN tumour suppressor: new modes and prospects[END_REF]. Concerning genome integrity, PTEN mediates the tumor-suppressor function by controlling centrosome integrity and whose loss leads to extensive centromere breakage, chromosomal translocations, and defects in the double strain breaks (DSB) repair [START_REF] Shen | Essential Role for Nuclear PTEN in Maintaining Chromosomal Integrity[END_REF].

Regarding the TME dynamic, PTEN loss have been described to promote the secretion of immunosuppressive cytokines such as IL-6, IL-10, CCL2, and IDO (Peng et al., 2016) [START_REF] Dong | PTEN functions as a melanoma tumor suppressor by promoting host immune response[END_REF]) [START_REF] Vidotto | PTEN-deficient prostate cancer is associated with an immunosuppressive tumor microenvironment mediated by increased expression of IDO1 and infiltrating FoxP3+ T regulatory cells[END_REF]. PTEN suppression could also be involved with the modulation of PD-L1 expression, even though this subject still remains a matter of debate:

while Dong et al., reported that PD-L1 expression is inversely correlated with PTEN levels, Peng et al., did not identify any relationship between the expression of these two proteins.

Finally, a decrease in the expression of autophagy-related genes, such as caspase 3 is observed in tumors lacking PTEN expression (Peng et al., 2016) Prostate cancer, PI3K, PTEN and prognosis. Clin. Sci. Lond. Engl. 1979 131, 197-210. As a result of these various mechanisms, PTEN loss triggers an overall decreased T cell infiltration, and have been linked to ICB resistance. In melanoma patients, brisk response to ICB treatment was observed in tumors with 1.5-fold higher PTEN expression as compared to the non-brisk response tumors [START_REF] Dong | PTEN functions as a melanoma tumor suppressor by promoting host immune response[END_REF]. Moreover, PI3Kβ inhibitors improved the efficacy of both anti-PD-1 and anti-CTLA-4 antibodies in murine models, supporting the rationale to explore combinations of immunotherapies and PI3K-AKT pathway inhibitors (Peng et al., 2016). Recently, a clinical study of 45 patients harboring MSI gastrointestinal tumors, reported that PTEN loss was restricted to MSI TMB high tumors [START_REF] Chida | A low tumor mutational burden and PTEN mutations are predictors of a negative response to PD-1 blockade in MSI-H/ dMMR gastrointestinal tumors[END_REF].

The same study stressed that the nature of the PTEN mutation was of utmost importance to predict ICB response. Compared to wild-type PTEN, PTEN mutations in the phosphatase domain were associated with significantly lower ICB response rates (12.5 vs 54.8%, P = 0.049), shorter PFS (2.6 vs 15.6 months; HR: 5.04, P < 0.001), lower intratumoral CD8 + T cell levels, higher intratumoral CD204 + macrophage levels, and PI3K/AKT/mTOR pathway enrichment, in opposite to PTEN mutations in the C2 domain.

2) WTN/-catenin: gain of function

Wnt/β-catenin signalling pathway was first described to promote oncogenesis in CRC and melanoma and was associated with a cytosolic accumulation of -catenin [START_REF] Morin | β-catenin signaling and cancer[END_REF].

Currently, this pathway has also been involved in proliferation, differentiation, migration, genetic stability, apoptosis, stem cell renewal, and T cells exclusion within the TME [START_REF] Pai | Wnt/beta-catenin pathway: modulating anticancer immune response[END_REF]. The role of this pathway in preventing anti-tumor immunity was reported for the first time in melanoma patients by Spranger et al. in 2015(Spranger et al., 2015). Spranger et al,. showed that melanoma tumors with inactivated Wnt/β-catenin pathway express CCL4 cytokine that induce the recruitment of dendritic cells (DC), particularly BATF3 DCs, and consequently, attract TILs [START_REF] Spranger | Tumor-residing Batf3 dendritic cells are required for effector T cell trafficking and adoptive T cell therapy[END_REF].

Wnt/β-catenin activated tumors induce the expression of the ATF3 transcription factor that acts as an inhibitor of the CCL4 secretion and consequently reduce T cell recruitment in the tumor (Galluzzi et al., 2018a;Spranger and Gajewski, 2018). In 2019, Luke et al., analysed more than 9,000 of TCGA samples from different cancer types and confirmed that mutations in β-catenin signalling genes are three-fold enriched in non-T cell-inflamed tumors in comparison with T cell-inflamed tumors [START_REF] Luke | WNT/β-catenin pathway activation correlates with immune exclusion across human cancers[END_REF].

Although most studies have described an immunosuppressive role of the Wnt/βcatenin signalling pathway, some authors have raised the possibility of an anti-tumor role of this pathway. Mechanistically, Wnt/β-catenin could disrupt the Foxp3 transcriptional factor and thus sustain Treg recruitment [START_REF] Van Loosdregt | Canonical Wnt signaling negatively modulates regulatory T cell function[END_REF]. Moreover, the Wnt signaling pathway has a key role in stemness maintenance of memory CD8 + T cells by blocking T cell differentiation and promoting the generation of CD8 + memory T cells [START_REF] Gattinoni | Wnt signaling arrests effector T cell differentiation and generates CD8+ memory stem cells[END_REF].

In summary, the WNT signalling pathway may influence the TME by various mechanisms and could have both anti and pro-tumoral functions. Given its opposite roles, it

would not be surprising to find dual roles of Wnt/β-catenin signalling in predicting the outcome of ICB treatment. The deleterious role of WNT in ICB response have firstly been reported in melanoma in both mouse models and clinical data (Spranger et al., 2015) (Spranger and Gajewski, 2018), then observed in patients harbouring MSI tumors [START_REF] Tsukiyama | Molecular Role of RNF43 in Canonical and Noncanonical Wnt Signaling[END_REF] [START_REF] Roudko | Shared Immunogenic Poly-Epitope Frameshift Mutations in Microsatellite Unstable Tumors[END_REF]. Indeed, RNF43 inactivating mutations, that are frequently observed in different MSI tumor types, can activate the WNT pathway. RNF43 mutations might be linked to T cell paucity within the TME and ICB resistance (Grasso et al., 2018).

Regarding the anti-tumoral role of Wnt, a recent publication based on preclinical and clinical data in MSI tumors demonstrated the role of WNT loss, together with, elevated Dickkopf (DKK) proteins, in mediating immune desert and resistance to anti-PD-1 blockade [START_REF] Sui | Dickkopf 1 impairs the tumor response to PD-1 blockade by inactivating CD8+ T cells in deficient mismatch repair colorectal cancer[END_REF].

3) Others

Apart from PTEN and WNT/-catenin pathway, other oncogenic pathways may also trigger evasion of anti-tumor immunity (Figure 22). Regarding to gain of function alterations, the MYC transcription factor was found to be overexpressed in many cancers [START_REF] Dang | MYC on the Path to Cancer[END_REF].

Besides its role in oncogenesis, MYC amplification could also be involved with the modulation of the TME (Spranger and Gajewski, 2018). Concerning loss of function alterations, the occurrence of type of mutations in several genes was reviewed elsewhere (Spranger and Gajewski, 2018). Briefly, loss of liver kinase B1 (LKB1; also known as STK11), a tumour suppressor gene, is correlated with TANs. In addition, loss of TP53, a tumour suppressor gene that modulates a range of changes in cytokines production, have also been associated with reduced immune infiltration (Spranger and Gajewski, 2018). 

(PDL1) on tumour cells through transcriptional regulation. Expression of these immune inhibitory molecules interferes with antigen uptake by antigenpresenting cells (APCs) via engagement with signal regulator protein-α (SIRPα) and inhibits T cell function via PD-1 engagement, respectively. LKB1: loss of liver kinase B1 (LKB1) signalling within tumour cells results in increased expression of various cytokines, including interleukin-6 (IL-6), IL-33 and CXCL7. IL-6 mediates recruitment of neutrophils into the tumour microenvironment, an immunosuppressive cell type that contributes to reduced T cell infiltration and promotes T cell dysfunction. LKB1 mutations can also lead to activation of MYC signalling within the same tumour cells, providing potential crosstalk between pathways. PTEN: loss of PTEN protein function and thereby activation of PI3K inhibits lipidation of the autophagosome protein LC3 and autophagy in tumour cells, a process that can diminish T cell priming and also mediate resistance to T cell-mediated apoptosis. TP53: effector T cell exclusion from the tumour can occur owing to inactivating TP53 mutations, which results in reduced chemokine production by tumour cells. In particular, TP53mutated tumour cells lack production of key chemokines required for the recruitment of natural killer (NK) cells and T cells, which is required for NK cell recruitment into the tumour microenvironment.

Published by [START_REF] Spranger | Impact of oncogenic pathways on evasion of antitumour immune responses[END_REF]. Impact of oncogenic pathways on evasion of antitumour immune responses. Nat. Rev. Cancer.

B. Beyond quantity, the quality of mutations matter

Murine and human based evidence have demonstrated the strong association between mutational load, modulation of the TME, and ICB response. However, beyond quantity, the quality of mutations is of utmost importance and is currently being widely investigated.

1) Clonal fraction: unique vs shared neoantigens

As tumor accumulate genetic alterations, evolutionary processes could be distinct among subclonal population of cells, resulting in intra-tumor heterogeneity (ITH). Scientific rational propose that neoantigens that are only presented by few cancer cells, called subclonal neoantigens, have less ability to result in effective immune response. Hence, studies from mouse models have suggested a minimal threshold of shared antigens being presented by cancer cell to elicit T cell-mediated immune rejection [START_REF] Gejman | Rejection of immunogenic tumor clones is limited by clonal fraction[END_REF].

Clinical implications of ITH on the prognostic and ICB response have poorly been described so far. In 2016, Morris et al., realized a pan-cancer analysis over 3,000 tumors and showed that high subclonal diversity is related to poor prognosis and low TILs infiltration [START_REF] Morris | Pan-cancer analysis of intratumor heterogeneity as a prognostic determinant of survival[END_REF] [START_REF] Miao | Genomic correlates of response to immune checkpoint blockade in microsatellite-stable solid tumors[END_REF].

2) The nature of the mutations

As discussed in the Link between genetics and immunology: the neoantigen paradigm part of the introduction, neoantigens with a higher sequence divergence are most likely immunogenic. Consequently, frameshift mutations trigger highly immunogenic peptides [START_REF] Turajlic | Insertion-and-deletion-derived tumour-specific neoantigens and the immunogenic phenotype: a pan-cancer analysis[END_REF] and could, at least partially, explain the high effectiveness of ICB in patients with MSI tumors. Along this line, dinucleotide variation (DNV) must be more immunogenic than single nucleotide variation (SNV). Indeed, if the SNV is targeting 2 different codons, a double amino-acid change may occur. On the other hand, the targeting of the same codon by DNV leads to a more radical change in amino-acid properties.

Litchfield et al., confirmed this statement by reporting approximately 150 amino-acid change due to SNV and 250 caused by DNVs [START_REF] Litchfield | Meta-analysis of tumor-and T cell-intrinsic mechanisms of sensitization to checkpoint inhibition[END_REF]. Additionally, these authors have showed that DNV mostly target the same codons.

Finally, antigens derived from intratumoral bacteria have recently been described in various tumors [START_REF] Nejman | The human tumor microbiome is composed of tumor type-specific intracellular bacteria[END_REF]. Both antigen presenting cells and cancer cells can present these bacterial epitopes through MHC I and II. Consequently, these antigens could modify the TME composition and T cell immune activity [START_REF] Kalaora | Identification of bacteria-derived HLA-bound peptides in melanoma[END_REF]. However, the role bacterial antigens in ICB responsiveness has not been studied yet.

3) Antigen-presentation machinery

Please refer to MHC-I destabilization hampers only partially immune checkpoint blockade response in mismatch repair-deficient tumors. in the additional results part of the manuscript.

C. Epigenetic factors

Promoter hypermethylation has also been proposed to modulate neoantigens presentation. Rosenthal et al., have shown that hypermethylation could affect the expression of up to 23% of the neoantigens in lung cancer samples from the TRACERx cohort [START_REF] Rosenthal | Neoantigen-directed immune escape in lung cancer evolution[END_REF]. Conversely, the addition of epigenetic therapies has also been proposed to increase antigenic presentation through interferon (IFN) dependent mechanisms. Indeed, a previous study in a mouse ovarian syngeneic model showed that tumors from animals treated with demethylating agents expressed more IFN and were also more infiltrated by immune cells as compared with non-treated tumors [START_REF] Stone | Epigenetic therapy activates type I interferon signaling in murine ovarian cancer to reduce immunosuppression and tumor burden[END_REF].

The combination of epigenic drugs and ICB treatment might thus be useful to increase response rates of immune based therapies.

VI. At the crosswords of extrinsic and intrinsic factors A. Checkpoint molecules

As seen in the Monoclonal antibodies part of the introduction, immune checkpoints, including both stimulatory and inhibitory molecules, are regulators of immune activation. [START_REF] Wei | Emerging immune checkpoints in the tumor microenvironment: Implications for cancer immunotherapy[END_REF]. Emerging immune checkpoints in the tumor microenvironment: Implications for cancer immunotherapy. Cancer Lett. 511, 68-76 ). This process triggers a variety of immunogenic forms of cell death that actionates the immune system.

B
Depending on the nature of the stimuli, PAMPs, DAMPs, or cytosolic DNA/RNA will be recognized by Toll-like receptors (TLRs) or RIG-I-like receptors (RLRs). TLRs and RLRs are recapitulated bellow (Table 2). The expression of both receptors is cell-type specific and compartmentalized within the cells to avoid cross-reactivity with host nucleic acids [START_REF] Desmet | Nucleic acid sensing at the interface between innate and adaptive immunity in vaccination[END_REF]. The various pattern recognition receptors (PRRs) can subsequently activate different signalling pathways and result in IFN production. IFN-induced signalling transduction and transcription activation proceeds through the classic JAK/STAT pathway. Interferon first binds specifically to cell surface receptors, leading to their activation, activates; type I interferons such as IFN-α and IFN-β bind to type I receptors (IFNAR1/2), IFN-γ binds to type II receptors (IFNGR1/2) , and IFN-λ binds to type III receptors (IL-10R2, IFNLR1) [START_REF] Zhang | Overview of Interferon: Characteristics, signaling and anti-cancer effect[END_REF]. Apart from the JAK/STAT pathway, interferons can also utilize other signalling pathways. Altogether, the binding of IFN to its receptor will initiate signalling cascades leading to the induction of more than 300 IFN-stimulated genes (ISG) [START_REF] Der | Identification of genes differentially regulated by interferon alpha, beta, or gamma using oligonucleotide arrays[END_REF].

Depending on the nature of the IFN and its location of cells at the vicinity, IFNs have multiple roles. We will focus on the role of IFN in oncology pathogenesis in this manuscript.

2) Anti-tumoral role

Given that IFNs control the expression of hundreds of ISG, IFNs have been involved in many anti-tumoral activities such as the promotion of apoptosis, senescence and immune activation, while reducing metastasis seeding and angiogenesis [START_REF] Zhang | Overview of Interferon: Characteristics, signaling and anti-cancer effect[END_REF]. Regarding to immune response, IFN has been described to enhance the activity of NK cells and lymphocytes activity notably by favoring antigenic presentation through MHC I and II by antigen presenting cells [START_REF] Raval | Cytokine regulation of expression of class I MHC antigens[END_REF][START_REF] Wijdeven | Chemical and genetic control of IFNγ-induced MHCII expression[END_REF].

Beyond the global role of IFNs, IFN- is particularly critical to induce T helper polarization into TH1 and consequently the efficiency of CD8 + cells, which are also able to produce high levels of IFN- during the effector phase of immunity (see The cancer immunity cycle part of the introduction) (Figure 25) [START_REF] Kursunel | The untold story of IFN-γ in cancer biology[END_REF]. 

3) Pro-tumoral role

Since 1918, IFN-I loss in animal models was described to drive an uncontrolled viral replication [START_REF] Müller | Functional role of type I and type II interferons in antiviral defense[END_REF]. However, chronic viral infection resulting in a sustained IFN-I signalling could also results in immunosuppression as demonstrated in 2003 in a persistent model of chronic lymphocytic choriomeningitis infection [START_REF] Wilson | Blockade of chronic type I interferon signaling to control persistent LCMV infection[END_REF]. The authors revealed that blockade of the IFN-I axis 2 months after the initial infection leads to a restauration of lymphoid structure and an accelerated clearance of the virus though the activation of CD4 + cells and IFN secretion. This "IFN paradox" have also been described

during HIV infection where in vivo IFN-I blockade decreased T helper cell exhaustion and restored HIV-specific cytotoxic T cells functions [START_REF] Cheng | Blocking type I interferon signaling enhances T cell recovery and reduces HIV-1 reservoirs[END_REF][START_REF] Zhen | Targeting type I interferon-mediated activation restores immune function in chronic HIV infection[END_REF].

The timely regulated role of IFN can also been applied in cancer. Indeed, the sustained or chronic IFN signalling have been associated with ① the up-regulation of inhibitory ligands such as PD-L1 that can directly block T cells and NK anti-tumor response;

② the activation of oncogenic pathways; ③ immunosuppressive potency [START_REF] Kursunel | The untold story of IFN-γ in cancer biology[END_REF]. The upregulation of PD-1 supports the scientific rational use of anti-PD-1 or anti-PD-L1 blocking antibodies to promote anti-cancer immunity. However, this upregulation of checkpoint molecules might not be sufficient to drive clinical response with ICB treatment. A translational study in melanoma identified the role of chronic IFN signalling as a mechanism of acquired resistance to anti-PD-1 treatment [START_REF] Jacquelot | Sustained Type I interferon signaling as a mechanism of resistance to PD-1 blockade[END_REF]. In this study, chronic IFN-I is responsible of the high expression of nitric oxide synthase 2 (NOS2) that promoted the recruitment of Tregs and myeloid cells with the TME that altogether hinder anti-PD-1 response. 

4) JAK/STAT and ICB response

JAK1/JAK2 mutations resulting in lack of response to IFN- were first reported during the relapse of patients treated with PD-1 blockade in melanoma (Zaretsky et al., 2016).

Additionally,, mutations in these genes have were also been identified during primary resistance to PD-1 Blockade in MMRD CRCs (Shin et al., 2017) and MMRD gastrooesophageal cancer [START_REF] Von Loga | Extreme intratumour heterogeneity and driver evolution in mismatch repair deficient gastro-oesophageal cancer[END_REF]. Moreover, a case report of a patient with a lung MMRD tumor revealed that, despite of an abundant T cell infiltration, down regulation of JAK1 was impairing T cell activity and was responsible for primary immunotherapy resistance [START_REF] Takahashi | Dynamics of genomic and immune responses during primary immunotherapy resistance in mismatch repair-deficient tumors[END_REF].

5) cGas/STING and ICB response

A variety of perturbations can trigger the accumulation of cytosolic DNA such as infection, DNA damage, immunologic cell death, and chromosomal instability (Galluzzi et al., 2018b). Cyclic GMP-AMP synthase (cGAS) responds to cytosolic DNA by generating cyclic GMP-AMP (cGAMP). cGAMP subsequently activates the transmembrane protein 173 (TMEM173, also known as STING for "stimulator of interferon response cGAMP interactor"), a protein from the endoplasmic reticulum that ultimately engages the production of type I IFN to ensure the preservation of the organism homeostasis. Given the diversity of the cGAS/STING-stimuli nature and the variety of activities played by type I IFN, it is not surprising to find dichotomous roles of cGAS/STING in tumor immunity and development.

Regarding anti-tumor activities, cGAS/STING has been described to product CXCL9 and CXCL10 mediating DCs priming as well as TILs recruitment and their subsequent activation [START_REF] Woo | STING-Dependent Cytosolic DNA Sensing Mediates Innate Immune Recognition of Immunogenic Tumors[END_REF]. cGAS/STING pathway has also been reported to be involved in the repolarization of macrophages from an M2 immunosuppressive state to an anti-cancer M1 phenotype [START_REF] Ohkuri | Intratumoral administration of cGAMP transiently accumulates potent macrophages for antitumor immunity at a mouse tumor site[END_REF]. Finally, STING may promote NK tumoricidal function followed by tumor regression [START_REF] Takashima | STING in tumor and host cells cooperatively work for NK cell-mediated tumor growth retardation[END_REF].

On the other hand, studies revealed that cytosolic DNA sensing via the cGAS/STING pathway could induce indoleamine 2,3 dioxygenase (IDO), which catabolizes tryptophan to suppress effector and helper T-cell responses and activate Tregs [START_REF] Lemos | Cytosolic DNA Sensing via the Stimulator of Interferon Genes (STING) Adaptor: The Yin and Yang of Immune Responses to DNA[END_REF].

Moreover, Barkhoum et al. showed that chromosomal instability is correlated with metastasis promotion due to a sustained activity of cGAS/STING pathway [START_REF] Bakhoum | Chromosomal instability drives metastasis through a cytosolic DNA response[END_REF]. These authors also suggested that an acute sensing of cytosolic DNA might likely promote CD8 + cells activity, as opposed to chronic STING stimulation resulting in aberrant inflammatory response associated oncogenesis. Moreover, cGAS has also been described to inhibit DNA repair by supressing homologous recombination (Liu et al., 2018b), and promoting the immune-suppressive activation of myeloid cells [START_REF] Liang | Host STING-dependent MDSC mobilization drives extrinsic radiation resistance[END_REF].

The modulation of the cGAS/STING machinery has consequently been suggested as a potential immunotherapeutic adjuvant to potentiate ICB response. Since STING mediates IFN I secretion, many studies have investigated the role of direct agonists of STING or exogenous cyclic dinucleotides. In 2017, a preclinical study demonstrated that cGASdeficient mice exhibit slower growth of B16 melanomas in response to PD-L1 antibody treatment, as compared to their WT counterparts. Moreover, cGAMP delivery was shown to reduce melanoma growth, and the addition of anti-PD-L1 to cGAMP administration exerts a synergistic effect by activating DC and the cross presentation of MHC I epitopes recognized by cytotoxic T cells [START_REF] Wang | cGAS is essential for the antitumor effect of immune checkpoint blockade[END_REF] [START_REF] Nicolai | Suppression of tumor-associated neutrophils by lorlatinib attenuates pancreatic cancer growth and improves treatment with immune checkpoint blockade[END_REF].

In MSI tumors, both mice and human research have proposed DNA sensing as a critical factor of anti-tumor immunity and response to ICB. Two back-to-back publications revealed that MLH1 deficient tumors display an increased secretion of IFN compared to their WT counterparts due to DNA hyper excision, RPA exhaustion, and chromosomal instability leading to cytosolic DNA accumulation [START_REF] Lu | DNA Sensing in Mismatch Repair-Deficient Tumor Cells Is Essential for Anti-tumor Immunity[END_REF]) [START_REF] Guan | MLH1 Deficiency-Triggered DNA Hyperexcision by Exonuclease 1 Activates the cGAS-STING Pathway[END_REF]. This MSI model did not respond to ICB treatment due to the inhibition of cGAS/ STING. Correspondingly, human MSI tumors lacking cGAS-STING expression are refractory to ICB [START_REF] Lu | DNA Sensing in Mismatch Repair-Deficient Tumor Cells Is Essential for Anti-tumor Immunity[END_REF]) [START_REF] Guan | MLH1 Deficiency-Triggered DNA Hyperexcision by Exonuclease 1 Activates the cGAS-STING Pathway[END_REF].

Although no Phase III have been launched so far, a large number of clinical evidences suggests that cGAS/STING agonists have triggered clinical activity (Le Naour et al.). However, side effects of such immunonomodulatory drugs are non-negligible and prone the use of intra-tumoral injections of such therapies.

Altogether, the wide response rates to ICB among patients with MSI tumors may be due to both inter-patient and intratumor heterogeneities, which may be modulated by both intrinsic and extrinsic parameters of the tumor (Figure 27). The components of both heterogeneities may influence each other. Consequently, it is necessary to understand the immunologic meaning of each component and the balance between immune activation and suppression to discover underlying mechanisms that should be targeted to further enhance clinical response rate in patients treated with immunotherapy. Although basic immune phenotypes can be distinguished, mainly by IHC or cytometry, a wide range of cytokines together with neoantigen burden can define more precisely the genetic and immune context of the tumors. These parameters can be grouped based on more complex scores and open the way towards precision onco-immunology field to treat patients [START_REF] Nebot-Bral | Why is immunotherapy effective (or not) in patients with MSI/MMRD tumors?[END_REF]. Kofman, E., Mo, S.S., Elmarakeby, H., and Van Allen, E. (2018). Genomics of response to immune checkpoint therapies for cancer: implications for precision medicine. Genome Med. 10. Chen and Mellman characterized the cancer-immune set point, which can be defined as the equilibrium between the factors that either enhance or block anticancer immunity.

C. Form precision medicine towards precision onco-immunology

These authors pointed out that tumor genetics and epigenetics, microbiome, hypoxia, exposure to pharmacological agents, and sunlight should be taken into account for future precision immune-oncology (Chen and Mellman, 2017). Moreover, the understanding of the dynamics of the tumor microenvironment evolution can support the choice of the better treatment at the right time.

More recently, a retrospective study of 1,714 patient with 16 different cancer types reported a score combining NLR with tumor mutational burden (TMB). The probability of benefiting from ICB was significantly higher (OR = 3.22; 95% CI, 2.26-4.58; P < 0.001) in the NLR low/TMB high group compared to the NLR high/TMB low group [START_REF] Valero | Pretreatment neutrophil-to-lymphocyte ratio and mutational burden as biomarkers of tumor response to immune checkpoint inhibitors[END_REF]. In this context, NLR is presented as a suitable cost-effective biomarker, and can be combined with TMB for better ICB prediction. (Mlecnik et al., 2011). 2: parameters used to define Immunoscore®. 3: parameters used to define the antigenome and immphenotypes described by Angelova et. al. (Angelova et al., 2015)]. 4: parameters used to define Immunophenoscore (Charoentong et al., 2017)]. 5: parameters used to define Cancer-immune set point (Chen et al., 2017) 

VII. MSI tumors, all the same?

Several etiologies of MMRD can lead to MSI phenotypes that are observed in more than 15 tumor types (Nebot-Bral et al., 2017). Moreover, each MSI tumor type may be subjected to distinct intrinsic and extrinsic changes that could modulate the TME, and consequently ICB response. Thus, we wondered whether disparities between MSI phenotypes have already been reported.

A. Does the MMR etiology impact ICB response?

Even though all etiologies of MMRD tumors should result in the same MSI phenotype, in MLH1-negative CRC tumors, the BRAF V600E mutation is a highly specific marker for somatic silencing of MLH1 and thus precludes LS (Capper et al., 2013;Loughrey et al., 2007). In the same way, WES of 16 patients with MSI CRC revealed an increased rate of somatic mutations and neoantigen burden in the Lynch-associated tumors compared with the sporadic MMRD tumors (Liu et al., 2018a). A distinct pattern of microsatellite instability has also been observed in cMMRD cancers as compared with LS and sporadic MMRD tumors [START_REF] Chung | DNA polymerase and mismatch repair exert distinct microsatellite instability signatures in normal and malignant human cells[END_REF]. Moreover, genome-wide analysis of LS tumors has showed highest number of 1 bp deletion in MSH2 mutant cancers, followed by MLH1 [START_REF] Chung | DNA polymerase and mismatch repair exert distinct microsatellite instability signatures in normal and malignant human cells[END_REF].

The heterogeneity of TME between Lynch-associated and sporadic MMRD tumors has also been observed in MSI CRCs. Notably, TILs are observed at a higher rate in LS tumors (Liu et al., 2018a). The same tendency has also been reported in MSI EC [START_REF] Ramchander | Distinct Immunological Landscapes Characterize Inherited and Sporadic Mismatch Repair Deficient Endometrial Cancer[END_REF]. A systematic literature review conducted by Bohaumilitzky et al., collected available data from Lynch and sporadic MSI CRC and EC. These authors confirmed the enrichment of T cells in Lynch tumors and uncovered the increased rate of B2M mutations in these tumors [START_REF] Bohaumilitzky | Implications of Hereditary Origin on the Immune Phenotype of Mismatch Repair-Deficient Cancers: Systematic Literature Review[END_REF]. In another study, Pakish et al., showed an increased infiltration in CD8 + cells, with reduced macrophages in stroma in Lynch MSI EC compared to sporadic MSI EC [START_REF] Pakish | Immune microenvironment in microsatellite instable endometrial cancers: Hereditary or sporadic origin matters[END_REF]. In addition, sporadic MSI-H had increased PD-L1 + macrophages in stroma and tumor compared to LS MSI-H EC.

Altogether, etiology seems to induce some heterogeneity at both genetic and immunologic levels. The higher accumulation of indels associated with higher TILs in hereditary tumors might also partially explain why hereditary EC and CRC are less aggressive than sporadic ones [START_REF] Kim | Understanding the clinical implication of mismatch repair deficiency in endometrioid endometrial cancer through a prospective study[END_REF]) (Liu et al., 2018a) and underline the need for the differentiation between sporadic and hereditary tumors in clinical trials evaluating ICB therapy in MSI tumors [START_REF] Bohaumilitzky | Implications of Hereditary Origin on the Immune Phenotype of Mismatch Repair-Deficient Cancers: Systematic Literature Review[END_REF].

Very recently, a phase II clinical trial gathering 25 women with MSI EC treated with pembrolizumab after chemotherapy failure, revealed an ORR at 100% in LS, but only 44% in sporadic tumours (p=0.024) [START_REF] Bellone | A phase II evaluation of pembrolizumab in recurrent microsatellite instability-high (MSI-H) endometrial cancer patients with Lynch-like versus MLH-1 methylated characteristics (NCT02899793)[END_REF]. Alongside, the 3-year PFS rate was 100% versus 30% (p=0.017) and OS 100% versus 43% (p=0.043), for LS and sporadic tumors, respectively. However, it is important to note that, in total, 6 (25%) patients harboured Lynch-like tumors whereas 18 (75%) had sporadic endometrial cancer. Therefore, further investigations in MSI EC and CRC must be conducted to confirm these preliminary conclusions.

B. Does the MMRD tumor type impact ICB response?

Given that each tumor type displays its own TME [START_REF] Giraldo | The clinical role of the TME in solid cancer[END_REF] and that the MMRD phenotype can arise in various tumors types, another intriguing question is whether MMR deficiency induces an equivalent immune contexture in all cancers types. To our knowledge, there is no current clinical data that directly compares MSI TME across tumor types. However, two key clinical investigations showed a high disparity of ICB response depending on MSI tumor type (Tableau 3) [START_REF] Azad | Nivolumab Is Effective in Mismatch Repair-Deficient Noncolorectal Cancers: Results From Arm Z1D-A Subprotocol of the NCI-MATCH (EAY131) Study[END_REF]Marabelle et al., 2019). For example, no MSI brain tumors responded to ICB while 57.1% of MSI endometrial cancers were sensitive to this treatment (Marabelle et al., 2019). et al., 2017). MMRD tumors accumulate short insertion/deletion mutations notably in coding microsatellites regions of the genome. These tumors may consequently display very high rates of somatic mutations (Alexandrov et al., 2013) (Chalmers et al., 2017) (The Cancer Genome Atlas Network, 2012) which can generate neoantigens with the potential to be targeted by the immune system. However, the responsiveness of MSI cancers to anti-PD-1 treatment is very variable [START_REF] Azad | Nivolumab Is Effective in Mismatch Repair-Deficient Noncolorectal Cancers: Results From Arm Z1D-A Subprotocol of the NCI-MATCH (EAY131) Study[END_REF]Marabelle et al., 2019), suggesting that in MSI-H/MMRD tumors, intrinsic and/or extrinsic factors can hamper anti-PD-1 response.

One of the critical factors that influence the efficacy of immunotherapy is the tumor microenvironment (TME). While many studies reported high recruitment of tumorinfiltrating lymphocytes in MMRD (Llosa et al., 2015), little is known about other immune cell populations in these tumors which may have a role in limiting anti-tumor immune responses. Therefore, we aimed to elucidate the relative impact of mutation load and TME evolution during ICB response (Figure 29). 

Introduction

The DNA mismatch repair (MMR) pathway is a major mechanism that safeguards the fidelity of genome replication by recognizing and repairing misincorporated bases during DNA replication. The MMR machinery is also able to correct small insertions and deletions (indels) that may occur during DNA replication, particularly at repetitive sequences known as microsatellites (1) (4,5). As a consequence, these tumors often have increased expression of neoantigens, high infiltration with activated CD8 + cytotoxic T lymphocytes (CTL) as well as Th1 cells, which underlie immunogenicity and clinical responsiveness to immune checkpoint blockade (ICB) therapy (6). Indeed, programmed death 1 (PD-1) blockade has emerged as a highly effective therapy for patients with MSI-H/MMRD cancers that are refractory to standard chemotherapy combinations (7)(8)(9). Such clinical responses have contributed to the Food and Drug Administration (FDA) approval of the anti-PD- One of the critical factors that can influence the efficacy of immunotherapy is the tumor microenvironment (TME) (12,13). While many studies have reported typically high lymphocyte infiltration in primary MSI-H tumors (6), little is known about other immune cell populations that may limit the antitumor immune response.

Inflammation has been recognized to be linked to tumor development (14). Cancerassociated inflammation occurring in the TME and in the systemic circulation is correlated with disease progression and prognosis in many cancers. Blood cells, such as neutrophils and monocytes, and platelets have been associated with inflammatory responses, and the neutrophil-to-lymphocyte ratio (NLR) and plateletto-lymphocyte ratio (PLR) have been used as inflammatory markers to predict outcomes in various malignancies (15,16). Several studies have evaluated the role of inflammatory cell ratios (e.g., NLR and PLR) as predictive biomarkers in patients with solid tumors treated with immune checkpoint blockades, and higher NLR and PLR ratios at baseline are associated with treatment failure (17). Whether inflammation is associated with ICB resistance in MSI-H/MMRD tumors remains unclear.

In this study, we addressed this question at the preclinical and clinical levels. We first generated different MMRD mouse tumor models, including one with abnormal neutrophil elevation, and longitudinally explored the impact of this immune cell population on response to αPD-1 treatment in hypermutated tumors. We then monitored the dynamic changes in the NLR ratio in a cohort of 104 patients with 18 different MMRD tumor types treated with αPD-(L)1 to determine whether variation in the NLR during treatment could predict resistance to αPD-1 therapy regardless of the type of MSI tumors.

Results

Genetic and immune characterization of MMRD murine tumor models

To generate MMRD murine models, we used CRISPR/Cas9-mediated genetic editing to inactivate the Msh2 gene in breast (4T1) and colorectal (CT26) murine cancer cell lines (Figure 1A-B). The 4T1 tumor cell line was chosen for its very low background mutation rate (18). Moreover, when injected into the mammary fat pad of BALB/c mice, 4T1 cells are refractory to αPD-1 or αCTLA-4 monoclonal antibodies and are associated with an accumulation of neutrophils and other granulocytic cells. In contrast, CT26 tumor cells contain a substantial number of somatic mutations. When transplanted subcutaneously into the right flank in BALB/c mice, CT26 tumors have been shown to respond to αCTLA-4 but not to αPD-1 monoclonal antibodies, and these tumor cells are not associated with neutrophil accumulation (18).

Given that mutations accumulate in each round of DNA replication in MMR-deficient cells, parental cells and MMRD derivatives were serially passaged in cell culture, and TMB as well as indels were monitored over time in both 4T1 and CT26 MMRD models (Figure 1C-D). We observed a gradual increase in TMB in 4T1 Msh2KO tumors with passage, reaching up to 64 mutations/Mb at passage 40 weeks (p40w). As expected, TMB remained stable in 4T1 Msh2WT tumors over time (Figure 1C). The mutagenic spectrum caused by Msh2 inactivation was consistent with COSMIC mutational signatures associated with MMR deficiency (i.e., signatures 6, 14, 15, 20, 21, 26, and 44) with a relatively high contribution of signatures 21 and 26 in 4T1 Msh2KO (4). We also found an important increase in indels in 4T1 Msh2KO A high density of activated tumor-infiltrating lymphocytes (TILs) has been widely described in MSI tumors in the clinic (6,19,20). MMR deficiency in CT26 model has suggesting a less immunosuppressive microenvironment only in highly mutated tumors. MMRD int tumors exhibited a significant higher proliferation of TILs (Figure 1F-G) compared to parental tumors, which was more pronounced in CD8 + cells, that is consistent with the tendency towards a higher CD8 + /CD4 + ratio in this model (Figure 1E, right and middle panels). ICOS + activation maker and PD-1 expression were significantly increased within the CD4 + T and CD8 + cell population in both MMRD int and MMRD hi tumors as compared to parental tumors (Figure 1F-G).

Altogether, there is higher activation of TILs in 4T1 MMRD tumors counterbalanced by an increased expression of the exhaustion marker PD-1 as compared to parental tumors.

αPD-1 treatment is not effective in all MMRD models

Considering the immune infiltration in both MMRD CT26 and 4T1 tumors (21) and this study, respectively, we anticipated that these murine models would respond to αPD-1 therapy. As expected, the parental tumors did not respond to αPD-1 therapy myeloid cells such as neutrophils largely account for this expansion of the WBC compartment, which might contribute to ICB resistance in parental 4T1 cells (22).

(
However, this phenomenon remains unstudied in MMRD tumor models. We thus monitored the myeloid cell to lymphocyte (myelo/lympho) ratio in the blood of mice after transplantation of parental and MMRD tumor cells. We observed a 10-to 20-fold increase in the myelo/lympho ratio in the blood of parental and MMRD hi 4T1 tumorbearing mice as compared to CT26 model (Figure 2A). Similarly, a 5-to 15-fold increase in the myelo/lympho ratio was detected in the TME of both parental and 4T1

MMRD hi tumor models. Hence, the increase in indels and single base substitutions in MMRD 4T1 cells did not prevent the accumulation of myeloid cells in these preclinical tumor models.

To determine whether neutrophils preclude an αPD-1 response in MMRD hi 4T1 tumors, mice were treated with the neutrophil-depleting antibody αLy-6G, clone 1A8 (23,24), or its isotype control. As expected, αLy6G antibody-treated tumor-bearing mice showed a reduction in circulating neutrophil numbers compared to mice treated with isotype control (Figure S1 

Neutrophils and Treg cells are related

We next decided to deplete the Treg cell population in 4T1 tumor-bearing mice with a CD25-depleting antibody. Depletion with αCD25 is not straightforward as Treg depletion before tumor implantation induces total tumor regression in approximately 50% of mice (25). Thus, the injection of the αCD25 antibody was performed one day before αPD-1 treatment, resulting in a decrease in Treg cells in the blood (Figure S3 upper panel). Moreover, even if αCD25 therapy is associated with a potential risk of depletion of CD25 + T effector cells and not only Treg cells, we did not observe a clear difference in the CD4 + cell proportion between all groups (Figure S3 lower panel).

As anticipated, αPD-1 treatment along with Treg cell depletion restored antitumor activity in the MMRD hi 4T1 model (Figure 2E). Interestingly, no accumulation of neutrophils was observed in mice treated with αCD25 + αPD-1 in contrast to mice in the other groups (Figure 2F). These data demonstrate that immunoregulatory effectors such as neutrophils and Treg cells appear to be related and counter αPD-1 efficacy even in highly mutated MMRD hi 4T1 tumors.

Given the widely described role of αCTLA-4 in modulating Treg cell suppressive functions (26), αCTLA-4 +/-αPD-1 was administered. Mice transplanted with MMRD int or MMRD hi 4T1 cells were resistant to αCTLA-4 monotherapy (Figure 2G).

However, combination treatment with αCTLA-4 + αPD1 triggered tumor shrinkage in MMRD hi 4T1-bearing mice, while parental and MMRD int tumors were still unresponsive (Figure 2H). Accordingly, survival was increased in MMRD hi 4T1bearing mice treated with combination treatment (Figure S4). Interestingly, by

performing rechallenge experiments, we demonstrated that mice curing MMRD hi primary tumors with the αCTLA-4 + αPD-1 combination were protected from MMRD hi 4T1 tumors but not from parental 4T1 tumor cells, although we observed a tumor growth delay (Figure S5). These results suggest that the combination of αPD-1 and αCTLA-4 blockade elicits an effective and long-lasting memory immune response in MMRD hi 4T1 tumors, possibly directed against neoantigens.

Although the αCTLA-4 + αPD-1 combination was very effective, with mice showing a complete response (28%; n=7/25), some mice showed stable disease followed by tumor immune escape (28%; n=7/25), and others showed primary resistance (44%; n=11/25) (Figure 2I). Monitoring the myelo/lympho ratio in blood revealed that neutrophil accumulation was completely absent in the mice with a complete response in contrast to those that experienced progression (Figure 2K). A strong increase in CD4 + and CD8 + T cells in the TME of responding mice (Figure 2J), a decrease in neutrophil infiltration, and an increase in the activation marker ICOS and a decrease in the exhaustion marker PD-1 among TILs were observed in mice with complete response compared to those that experienced progression (Figure S6). Finally, the αCTLA-4 + αPD-1 + αLy6G triple combination induced a 100% clinical response with up to 86% of mice achieving complete regression in the 4T1 MMRD hi group, while parental 4T1 cells showed only no significant delay in tumor growth (Figure 2L and

Figures S7).

Overall, these data strongly suggest a causal role for tumor-induced neutrophil accumulation in αPD-1 resistance, even in MMRD tumors, and could have a major clinical impact on the management of patients with MSI-H/MMRD cancers.

NLR variation percentage can predict resistance to αPD(L)-1 therapy in patients with MMRD tumors regardless of the primary tumor site

To evaluate the relevance of our preclinical findings in the clinic, we retrospectively collected data from a cohort of 104 patients with MMRD tumors who received at least one dose of αPD(L)-1 treatment from November 2014 to October 2020 at Gustave Roussy. The median time of follow-up of the study, defined as the time between the first administration of ICB and last contact, was 14 months (95%CI 9.67-20.10, from 0.3 months to 5.5 years). Eighteen distinct primary tumor types were represented, with a majority being colorectal cancers (CRC) (n=33) and endometrial cancers (EC) (n=30) (Figure 3A). Tumor burden was quantified by RECIST1. 4A, Table 1). We observed a strong disparity in the response rate and progression-free survival (PFS) according to tumor type, as illustrated in the waterfall plot and swimmer plot, respectively (Figure 3B-C and 4B), with no response (0% of 8 patients) and 42% of response (14 of 33 patients) for patients with brain tumors and CRC, respectively.

To better understand the heterogeneity of the response to αPD(L)-1 therapy in patients with MMRD tumors, we investigated systemic inflammation parameters such as the NLR at baseline (NLRbaseline), which reflects the relative neutrophil abundance in blood before the first administration of αPD(L)-1 monoclonal antibodies. We found that NLRbaseline was highly heterogeneous between MMRD tumor types (Figure 4C).

NLRbaseline was nearly 4 times higher in EC than in CRC or gastric cancer (p=0.0002 and p=0.0034, respectively, determined using Dunn's test). Thus, NLRbaseline values do not predict the efficacy of αPD(L)-1 therapy in MMRD tumors with MSI. We then compared NLR changes in CRC and EC. Within one organ subtype, the NLRbaseline We observed that the NLRvariation was higher during progressive disease than during response in both CRC and EC MMRD subtypes with MSI (p=0.0084 and p=0.0443, respectively), suggesting that this parameter might be a predictive marker of response to αPD(L)-1 treatment in MMRD tumors. We thus determined the NLRvariation for all patients regardless of tumor site at initiation of response, Nadir (defined as the smallest size of the sum of the targeted lesions determined by RECIST 1.1) or progression (Figure 4E). We found that NLRvariation completely reflected the clinical response. This finding was validated in 42 tumor samples (CRC and EC) by detecting tumor-infiltrating neutrophils (CD15 + ) and/or TILs (CD3 + ) using immunohistochemistry (IHC). We found that the CD15 + /CD3 + ratio variation percentage in the tumors mirrored the NLRvariation in blood samples (Figure 4F-G).

We then evaluated the relevance of NLRvariation as a preemptive biomarker by performing a Kaplan-Meier estimation of OS and PFS according to cutoffs of NLRvariation > or < 0% after two months of treatment. This time cutoff was determined because the mean time before response or progression was estimated to be 5 months (95%CI 3.6-6.4 and 95%CI 2.8-6.3, respectively) (Figure 4H). We revealed that NLRvariation predicted the prognosis of patients (Figure 4I). Indeed, the median OS was not reached for patients with NLRvariation <0% and was estimated to be 14 months for patients with NLRvariation>0% (HR log rank 0.37; 95%IC: 0.20-0.40).

Similarly, the median PFS was 17 months for patients with NLRvariation<0% and 5 months for patients with increased NLRvariation (HR log rank 0.51; 95%IC 0.29-0.92)

(Figure 4I). The estimated ORR at two months was 55% (95%IC 40.6-=70.0) for patients with NLRvariation<0% and 24% (95%IC 11.7-36.3) for patients with NLRvariation>0% (Figure 4J). We then determined the NLRvariation for each patient in the cohort with an objective response or progression and found that NLRvariation could also be used to track acquired resistance or long-lasting response to ICB over time (Figure 4K). Altogether, these results reveal the importance of the NLRvariation in predicting response or resistance to αPD(L)-1 treatment for patients with MMRD tumors, regardless of tumor anatomic site or histology.

Discussion

Identifying mechanisms of resistance to ICB is an area of high clinical need. In this study, we have shown that inactivation of the MSH2 gene results in a drastic increase in indels and single nucleotide substitutions over time in both colorectal CT26 and breast 4T1 syngeneic tumor models. However, these models did not show the same response to αPD-1 antibodies, as only mice bearing MMRD hi CT26 tumors responded to αPD-1 monotherapy, while tumor-induced neutrophil abundance impeded the αPD-1 response in the MMRD hi 4T1 model. Depletion of tumor-induced neutrophils or targeting of Treg cells using αCD25 or αCTLA-4 antibodies restored an αPD-1 response in MMRD hi 4T1 tumor-bearing mice, demonstrating that neutrophils can initiate αPD-1 resistance in hypermutated tumors, which can be counteracted by the combination αPD-1 + αCTLA-4. We then revealed that in patients with MMRD tumors, the NLR dynamically evolves in response to αPD-1 monotherapy regardless of tumor histology and might be considered an early on-treatment biomarker to identify αPD-1 responders. This study highlights the importance of tumor-induced neutrophil abundance as a potential resistance mechanism to αPD-1 therapy in MMR-deficient tumors. Therapeutic strategies that hamper neutrophil accumulation, such as αCTLA-4 and αPD-1 therapies, should benefit these patients. Moreover, serial analysis of the NLR (a noninvasive and cost-effective biomarker) over the first two months of treatment might guide adaptive therapeutic strategies in patients with MSI-H/MMRD tumors.

Using two engineered mouse tumor models, we found that the number of indels (and to a lesser extent TMB) correlates with response to immunotherapies. Indeed, only MMRD hi CT26 or 4T1 tumors responded to αPD-1 or αPD-1 + αCTLA-4 treatment, respectively. This is consistent with the study reported by Chan and colleagues that demonstrated that the intensity of MSI is critical in the αPD-1 response in MMRdeficient tumors (21). We also revealed that despite the presence of high TMB and high PD-1 expression (the two most clinically validated biomarkers for predicting response to αPD-1), αPD-1 monotherapy was ineffective in the MMRD hi 4T1 model, and only the combination of αPD-1 + αCTLA-4 therapy resulted in total regression of MMRD tumors in mice. Based on these results, one can expect that a subset of patients with MSI-H cancers might be resistant to PD-1 inhibition but respond to the αPD-1 + αCTLA-4 combination. Interestingly, the results of the phase II CheckMate-104 than previously reported for nivolumab (55% vs. 31% ORR) in patients with pretreated MSI-H/MMRD metastatic CRC (9,27). Our preclinical results also question the reliability of TMB as a predictive biomarker for αPD-1 monotherapy. Of note, the FDA approved the use of the immune checkpoint inhibitor αPD-1 antibody, pembrolizumab) in the treatment of adult and pediatric patients with advanced solid tumors with a high TMB (TMB > 10 mut/Mb). Our data showed that αPD-1 monotherapy was ineffective in the MMRD hi 4T1 model with a TMB>50 mut/Mb, suggesting that TMB should be used with caution as a predictive biomarker for αPD-1 monotherapy. This is in agreement with a recent study that investigated TMB as a biomarker of ICB response across all cancers (28).

Beyond TMB, we also explored immune features and the tumor microenvironment in MMRD mouse models. It has been reported that MMRD hi CT26 tumors show a modest enrichment of cytotoxic T cells compared to parental tumors, reflecting an increase in the immunogenicity of MMRD hi CT26 model that leads to αPD-1 response (21) In the 4T1 model, no difference in the abundance of T cell infiltration was detected in MMRD hi compared to parental tumors as reported for the B16F10 model inactivated for Msh2 gene (21). However, we observed a marked activation and exhaustion in tumor-infiltrating T cells in 4T1 MMRD model compared to parental cells. Recent works have highlighted that TILs, even when abundant, could be dysfunctional, limiting the response to αPD-1 therapy. For instance, studies revealed the importance of costimulation in αPD-1 therapy efficacy, such as costimulation of CD28 ( 29) or, more recently, costimulation of CD226. The loss of CD226 expression in CD8+ T cells infiltrating the tumor has been proposed as an additional mechanism of tumor resistance to αPD-1 therapy (30). Moreover, the MMRD hi phenotype did not prevent neutrophil accumulation in the 4T1 model. Since tumor-induced neutrophils impaired the response to αPD-1 therapy in MMRD hi 4T1 tumors, it is conceivable that tumor-induced neutrophils cause functional modifications of TILs, leading to αPD-1 resistance. Many reports have shown that neutrophils can favor immunosuppression (31)(32)(33)(34). In line with our data demonstrating that the adoptive transfer of tumorinduced neutrophils leads to increased Treg cell infiltration in the TME, neutrophils can recruit Treg cells (35,36). Additionally, neutrophil extracellular traps (NETs) were

shown to facilitate crosstalk between innate and adaptive immunity by promoting Treg cell activity and Treg cell differentiation from naïve CD4+ T cells (37). NETs are extracellular DNA conjugated to neutrophil proteins that were originally described as being able to entrap microorganisms (38). NETs have been shown to awaken dormant cancer cells (39), and delayed tumor progression was reported in mice in which neutrophils were unable to form NETs (40). The role of NETs in tumor immunity remains poorly understood, but recent data suggest that NETs can limit cytotoxic immunity against 4T1 subcutaneous tumors (41).

In line with our preclinical data, we uncovered that patients with MMRD tumors who demonstrated NLR variation<0 over the first two months of treatment achieved partial or complete response to αPD(L)-1 therapy. Thus, NLR reduction early after treatment initiation might be a good predictor of αPD(L)-1 response in patients with MMRD tumors. Other studies have reported that dynamic changes in the NLR shortly after treatment are associated with the treatment outcomes and prognosis of patients with different cancer types (42)(43)(44). In our study, clinical data revealed high variability in OS and PFS in our cohort of 104 patients with 18 different cancer types with MSI treated with αPD(L)-1 therapy. This result is consistent with previous clinical studies (11). By evaluating the NLR value at baseline, we were not able to identify a common cutoff predicting αPD(L)-1 response across cancer types with MSI. However, our results showed that NLRvariation at 2 months after treatment initiation could well discriminate patients with progressive disease from those with response to PD(L)-1 inhibition, regardless of the anatomic sites of MMRD tumors. Given that the mean time to observe radiological variation was approximately 5 months in our cohort, our findings suggest that variation in NLR may precede the first radiological assessment, thus allowing an early evaluation of the response and adaptation of the therapeutic strategy.

Our study has some limitations. Preclinical data did not provide mechanistic insights to explain how neutrophils drive primary resistance to PD-1 inhibitors in MMRD hi mouse models. Clarifying the interplay between neutrophils and Treg cells is important for answering this question. Moreover, the clinical data came from a singlecenter retrospective study with a relatively small size, and multicenter prospective cohort studies with larger sample sizes are warranted in the future. Finally, the NLR can be influenced by multiple factors, such as infection or drug uptake, which were not assessed in this stud.

Taken together, our results.suggest a unexpected crosstalk between Treg cells and neutrophils (or their NETs) that could favor immunosuppression and lack of αPD-1 response even in MMRD hi tumors. Finally, our data provide a rationale for the use of αPD-1 + αCTLA-4 combination therapy in individuals showing elevated levels of neutrophils.

Methods

Mouse cell lines

Mouse 4T1 and CT26 cell lines were purchased from the American Type Culture Collection (ATCC CRL-2539 and CRL-2638, respectively) and were cultured at 37°C under 5% CO2 in RPMI-640 medium supplemented with 10% fetal calf serum, 100 U.ml-1 penicillin (Gibco®) and 100 mg.ml-1 streptomycin (Gibco®). Cell lines were regularly tested for mycoplasma contamination using the MycoAlert® Mycoplasma Detection Kit (LT07-418, Lonza).

Msh2 knock-out clones generated by CRISPR-Cas9

"All in one" CRISPR-Cas9 plasmid targeting Msh2 were FACS sorted at one cell per well in 96-well plates then single cells were expanded.

Genetic validation of Msh2 knock-out clones

Genomic DNA was extracted from CRISPR-edited clones using NucleoSpin® Tissue (Machinery Nagel) then PCR was performed using Phusion High-Fidelity DNA polymerase (ThermoFisher scientific) with the following primers: for 5'-AGACTGACAGGCATGATTTTGT-3'; rev 5'-GGAAATACAGGGGAAGGGGTAT-3'.

Cloning of PCR products was processed with CloneJET PCR Cloning kit (ThermoFisher scientific) and verified by Sanger sequencing.

Cell lysis and western blot

For validation of Msh2 inactivation, CRISPR-edited clones were lysed in SDS lysis buffer (50 mM Tris pH 7.5, 20 mM NaCl, 10 mM MgCl2, 0.1% SDS, anti-proteases Complete cocktail from Roche) supplemented with benzonase (Millipore) for 10 min at room temperature. Proteins were quantified with Bradford assay and denatured in Laemmli buffer. Proteins were separated on 8% acrylamide SDS-polyacrylamide gels and transferred on PVDF membranes (Millipore). Membranes were blotted with antibodies directed to the following proteins: MSH2 (rabbit, #Ab70240, Abcam, 1/5000), β-actin (mouse, #A5441, Sigma Aldrich, 1/10000).

Mouse studies

Experiments were performed in accordance with French government and institutional For neutrophil retro-orbital injection, negative magnetic neutrophil isolation from spleen were undertaken following Milteny® protocol (130-097-658) after ACK (Gibco®) red blood cell lysis. Cells were stained before and after the neutrophil enrichment to confirm the validity of the protocol. For mice bearing 4T1 tumors, mice were scarified two weeks after 4T1 cells inoculation.

Mice treatment

For ICB treatments, mice with a volume between 70-100mm 

Exome analysis

Genomic DNA extraction from mouse tumors was performed using AllPrep DNA/RNA micro Handbook (Qiagen). The exomes were sequenced according to the manufacturer protocols (BGI Tech solutions, Hong Kong, Co., Ltd) with BGISEQ-500 sequencer. We mapped reads using BWA-MEM software (45) to the mm9 mouse reference genome and then used the standard GATK best practice pipeline (46) process the samples and call somatic mutations. PCR duplicates were removed and base quality scores recalibrated using MarkDuplicates and BaseRecalibrator tools (GATK package) (47). Somatic SNVs and INDELs were called and filtered using GATK tools Mutect2, FilterMutectCalls and FilterByOrientationBias and functional effects of mutations were annotated with ANNOVAR (48). Quality control of FASTQ and mapping was done with FASTQC (49), samtools (50), GATK HSmetrics and multiqc (51). The processing steps were combined in a pipeline built with snakemake scripts (52).

Somatic mutations with PASS flag from GATK Mutect2 were additionally filtered to be supported by at least 1 read from each strand and at least 3 reads in total. The contribution of the COSMIC mutational signatures was assessed using MutationalPatterns package (53). Classification of mutations and insertions/deletions by types was done with SigProfilerMatrixGenerator (54).

To calculate TMB, the total number of somatic non-synonymous mutations was normalized to the total number of sequenced megabases.

Immunohistochemical analysis of mice tumor tissue

All immunohistochemical techniques were performed on an automated stainer (Bond RX, Leica Biosystems, Nanterre, France). For detection of CD8, deparaffinized 3 µm-thick tissue sections were submitted to heat-induced antigen retrieval for 20 min at 100°. Sections were then incubated with the primary antibodies (CD8 clone D4W2Z, Cell Signaling, Danvers, MA) for 1h at room temperature. The signal was revealed with DAB. For simultaneous detection of CD4 and FoxP3, after antigen retrieval, sections were successively incubated with the primary antibodies (CD4 Patients were treated with αPD(L)1 until disease progression, intolerable toxicity and/or the investigator's decision. Tumor assessment was performed at baseline, and during treatment with varying frequency. Clinical response was classified according to response evaluation criteria in solid tumors (RECIST).

NLR was calculated as NLR = ANC/ALC and dNLR was calculated as dNLR = ANC/(WBC -ALC). Progression-free survival (PFS) was determined from the first cycle of treatment to disease progression documented by imaging, or death (event), or last follow-up (censored). Overall survival (OS) was calculated from the first cycle of treatment to death (event) or last follow-up (censored). The objective response rate (ORR) was defined as the number of patients with either a complete response (CR) or a partial response (PR) divided by the number of patients who were treated in the study.

Immunohistochemical analysis of human tumor tissue

Immunohistochemical techniques were applied to 3 µm-thick deparaffinized sections of FFPE tissues and performed on automated stainers, after heat-induced antigen retrieval. CD15 was detected with the mouse monoclonal antibody MMA (Roche Diagnostics, Basel, Switzerland) and CD3 with a rabbit polyclonal antibody (DAKO, Glostrup, DK).

Statistical analysis

Data analysis were performed using Prism 9 (GraphPad, San Diego, CA, USA 

VIII. Additional results

A. Evolution of mutation load in MMRD hi models

By monitoring the evolution of TMB and indels over time in both CT26 and 4T1 MMRD models, we observed a common TMB cutoff ( 30 mut/Mb) to induce ICB response (anti-PD-1 and combination anti-PD-1 + anti-CTLA-4, respectively). Intriguingly, we found that the levels of indels and TMB reached a plateau after this TMB cutoff (Figure 30A).

Figure 30 : Counts of total number of exonic mutations from whole-exome analysis in 4T1 and CT26 MSH2ko clones and their parental counterparts after serial passages (in weeks) in culture. A, Total number of exonic mutations compared as their parental counterpart before CRISPR/Cas9 initation. B, corrected total number of exonic mutations as compared to BALB/c genome.

However, we have calculated the evolution of mutation load in MMRD models using parental cells as reference (parental 4T1 and CT26). Intrinsic number of mutations in parental cell lines has not been taking account. By analysing WES in these cell lines, Mosely and colleagues reported that 4T1 cells have a very low background mutagenic rate with less than 500 mutations/exome while CT26 cells have a higher mutation burden with 3,250 mutations/exome [START_REF] Mosely | Rational selection of syngeneic preclinical tumor models for immunotherapeutic drug discovery[END_REF]. We thus modified the levels of exonic mutations detected in our MMRD models (Figure 30B). Interestingly we observed a common plateau of about 10,000 mutations/exome in both MMRD models..

B. MHC-I destabilization hampers only partially immune checkpoint

blockade response in mismatch repair-deficient tumors.

1) Introduction

As already mentioned, inactivation of MMR system leads to numerous single-nucleotide substitutions and microsatellite instability, and both drive anti-PD-1 response as demonstrated by several clinical studies [START_REF] Antill | Clinical activity of durvalumab for patients with advanced mismatch repair-deficient and repair-proficient endometrial cancer. A nonrandomized phase 2 clinical trial[END_REF] (André et al., 2020). (Azad et al., Corrected total number of exonic mutations
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4T1 MSH2+/+ corrected 4T1 MSH2-/-corrected CT26 MSH2+/+ corrected CT26 MSH2-/-corrected A B
2019) (Le et al., 2017) (Le et al., 2015) (Marabelle et al., 2019) (Overman et al., 2017). The prevalent hypothesis to explain this high efficacy to ICB therapy is that the elevated number of insertion/deletion mutations in coding microsatellites promotes translational frameshifts and generates long neoantigens. Major histocompatibility class I (MHC I) molecules may present these neoantigens on the surface of cancer cells, eliciting strong immune responses against MSI tumors (Dolcetti et al., 1999) (Mandal and Chan, 2016). One mechanism by which cancers can evade immune control is by losing MHC-I antigen presentation machinery.

Alteration of MHC-I can be mediated by mutations of the Beta2-microglobulin (B2M) gene, a crucial factor required for MHC-I assembly and for the stable presentation of antigens by the tumor cells [START_REF] Hulpke | The MHC I loading complex: a multitasking machinery in adaptive immunity[END_REF]. Point mutation, deletions or loss of heterozygosity in B2M gene have been viewed as an important mechanism of tumor resistance to T cellmediated immune responses and lead to resistance to immunotherapy in patients with metastatic melanomas (Sade-Feldman et al., 2017;Zaretsky et al., 2016) as well as lung cancer [START_REF] Gettinger | class I antigen processing and presentation as a mechanism of acquired resistance to immune checkpoint inhibitors in lung cancer[END_REF]. Whether B2M mutations in MMRD tumors lead to resistance to immune checkpoint blockade is a matter of debate. Indeed, from a cohort of 87 patients with MSI tumors who received anti-PD-1 therapy, Le and colleagues identified two patients who developed progressive disease. Both patients had acquired alterations in B2M (Le et al., 2017). Consistent with that, independent studies reported that B2M is more commonly mutated in MSI CRC compared with MSS CRC (24% vs 12% respectively) (Clendenning et al., 2017) [START_REF] Bohaumilitzky | Implications of Hereditary Origin on the Immune Phenotype of Mismatch Repair-Deficient Cancers: Systematic Literature Review[END_REF]Na et al., 2021) (Zeestraten et al., 2014) (Grasso et al., 2018). This may reflect that MMR-deficient cancers develop escape mechanisms upon strong immune selection pressure. In contrast, recent data have shown that MMR-deficient colorectal cancer patients respond to anti PD-1 independently of the expression status of B2M proteins [START_REF] Middha | Majority of B2M-Mutant and -Deficient Colorectal Carcinomas Achieve Clinical Benefit From Immune Checkpoint Inhibitor Therapy and Are Microsatellite Instability-High[END_REF]. Although B2M loss has been mainly found in colorectal MSI tumors, whether B2M deficiency could modulate responses to ICB in MMRD tumors of non-colorectal origin remains also unclear.

2) B2M knock-out destabilizes MHC-I in 4T1 MMRD models

We generated a 4T1 model inactivated for B2M from the 4T1 MMRD hi model which has been shown to respond to anti-PD1, anti-CTLA-4 combination. For that, we used CRISPR-Cas9 approach with a RNA guide directed against exon 1 of B2M gene. Two clones were validated by western blot (Figure 31A) then Sanger sequencing.

We confirmed that this 4T1 MMRD hi-B2MKO model harbors high mutational load by performing WES (Figure 31B). We found that the TMB was more than 5.5 times higher in 4T1 MMRD hi and 4T1 MMRD hi-B2MKO than the one in 4T1 parental model. When examining total indel size distribution, we revealed 2,000 single base pair deletion in 4T1 MMRD hi and 4T1 MMRD hi- B2MKO cells. All these genetics features can be recapitulated with the COSMIC mutational signatures associated with MMRD (i.e signature 6,14,15,20,21,26,44) where the relative contribution of signature 21 and 26 were highly discriminating MMRD cells from their parental counterpart. Thus, we have validated that the genomic of 4T1 MMRD hi-B2MKO is comparable to the parental cells 4T1 MMRD hi .

We then assessed the functional inactivation of B2M activity using flow cytometry to determine MHC-I expression (PE anti-mouse H-2Kd Antibody, clone SF1-1.1, Biolegend®) at the surface of cells which have been incubated with or without IFN (40ng/L for 24h). As expected, IFN treatment lead to a drastic increase of MHC-I expression in all models but MMRD hi-B2MKO (Figure 31C). We also evaluated the expression of PD-L1 (PE anti-human CD274 Antibody, clone MIH2, Biolegend®). When comparing 4T1 MMRD hi-B2MKO cells with 4T1 parental or 4T1 MMRD hi cells, we observed that before treatment MHC-I destabilization led to a slight increase of PD-L1 expression at the cell surface (Figure 31D). The addition of IFN enhances the global overexpression of PD-L1 in each cell line (Figure 31D). These results indicate that IFN response physiologically induces MHC-I and PD-L1 upregulation.

Interestingly, these pathways do not depend one from the other as 4T1 cells both have an inducible MHC-I and PD-L1 expression while MMRD hi-B2MKO can only up-regulate PD-L1 expression following IFN incubation.

same tendency when comparing 4T1 parental to MMRD hi-B2MKO as we observed responsive mice and better survival fractions in MMRD hi-B2MKO tumor-bearing mice (at boundary point: mean tumor volume isotype =744.2mm 3 vs mean tumor volume anti-PD1 + anti-CTLA4 = 445.3, p = 0.0261 determined by LSD Fisher test). However, we pointed out some disparities between MMRD hi cells expressing or not B2M. First, as shown in Figure 32B and Figure 32C, mice with 4T1 MMRD hi-B2MKO tumors experienced more progressive disease (61% vs 44%) and less complete response (4% vs 28%). Second, the difference of tumor growth after ICB administration was also less pronounced in tumors lacking functional MHC-I (Figure 32D: 

tumor volume post-ICB in 4T1 MMRD hi = 665mm

4) Total regression of primary 4T1 MMRD hi tumor after ICB treatment leads to a long-term memory response independently of the presentation machinery of cancerassociated-antigens

To further characterize ICB response in 4T1 MMRD hi-B2MKO model, we simulated clinical recurrence in patients using rechallenging experiments (Figure 33). To do so, mice that underwent complete regression after cell implantation of 4T1 MMRD hi and combination therapy group received re-implantation of 4T1 parental or MMRD hi or MMRD hi-B2MKO on the opposite mammary fat pad after at least one month of wash-out. 4T1 MMRD hi and MMRD hi- B2MKO cells did not grow while 4T1 parental tumors showed a slight delay in the outgrowth.

These experiments indicate that, in MMRD tumors, anti-PD1 + anti-CTLA-4 treatment can elicit a long-lasting memory immune response independently of immunogenic peptides presented by MHC-I. 

C. Anti-PD1+ anti-CTLA-4 combination hamper metastasis potency in 4T1 MMRD tumor bearing mice

So far, our preclinical results regarding the association between MMR-deficiency and ICB treatment were based on primary tumor response. In our study, 4T1 cells have always been transplanted orthotopically into BALB/c mammary fatpads. These cells are highly malignant and form metastases with a preferential tropism in lungs, bone and brain (Heppner et al., 2000). CT26 cells were transplanted subcutaneously into the right flank into mice and never formed metastases. We reasoned that the environment of the pulmonary tumor is probably different from that of the primary tumor in fatpads, and this may impact the response to immunotherapy treatment.

We thus decided to explore the response of MMRD metastases to anti-PD-1 treatment. For that mice were orthopically injected with parental or 4T1 MMRD int and were treated with +/-anti-PD-1 antibodies. Metastasis were detected by injecting Indian Ink in the trachea after mice sacrifice. Unexpectedly, anti-PD-1 treatment elicits a drastic reduction of lung metastases in mice bearing 4T1 MMRD int tumors while the number of metastases from parental 4T1 cells remains unchanged (Figure 34) 

DISCUSSION

In oncology, research and development costs are among the highest (e.g. 2.5 times more than in acquired immunodeficiency syndrome, AIDS) and the failure rate of a phase 3 study is still high, achieving up to 50% [START_REF] Adams | Spending on new drug development1[END_REF]. Given the risky and costly development of ICB as well as their impressive efficacy to drive complete disease remission, long discussions between health authorities and pharmaceuticals industries were initiated to negotiate the price of such therapies. Currently, about 600,000,000€ are spent each year by the French health insurance to cover expenses of ICB treatments in the country. The drastic increase of cancer-drugs prices is challenging the national social security system and will possibly end up threatening everyone's access to other therapeutic innovations. To tackle these problems, the French National Health Products Agency is trying to establish conditional marketing authorizations for the assessment of added therapeutic value, with a view of a "refund" if the dug is not as effective as predicted.

In addition to the high cost, the response to ICB treatment is variable, ranging from 11 to 40% [START_REF] Dammeijer | Rationally combining immunotherapies to improve efficacy of immune checkpoint blockade in solid tumors[END_REF]. Therefore, the identification of biomarkers with the potential to predict the patients that would benefit the most from this expensive treatment can be useful to optimize the use of financial resources addressed to this therapeutic approach and ensure its access to patients with real chances to benefit from this treatment.

In this research project, we have investigated the role of the balance between mutational load and TME in modulating anti-PD-1 response in MMRD tumors. The results have suggested that anti-PD-1 response, or its potentiation with anti-CTLA-4, could be effective, for the treatment of MMRD tumors, only with a minimal mutational threshold. We thus confirmed the scientific rational of using immune-based therapies for patients with specific tumoral mutational landscape. Moreover, we demonstrated the causal role of neutrophils in anti-PD-1 treatment failure using both mice models and a clinical cohort of different MMRD tumor types. We suggest the use of NLRvariation as a preemptive and costeffective biomarker to administrate anti-PD-1 monotherapy for patients displaying MMRD tumors without abnormal neutrophil accumulation during treatment.

In this section, we will first discuss the mutational landscape found in MMRD syngeneic models as well as the current understanding of how neutrophils could modulate ICB response in MMRD tumors. Additionally, we will discuss whether the TMB cut-off is relevant to predict anti-PD-1 response. We will also present the NLRvariation as a preemptive biomarker of anti-PD-1 response, describe even more specific biomarkers that could be used, and lately, we will discuss about other plausible mechanisms driving ICB response or resistance in MMRD tumors.

I. Mutational landscape of MMRD tumors

The COSMIC mutational signatures described in the MMRD CT26 and 4T1 models revealed a high enrichment in signature 21 (SBS 21) in both MMRD systems and SBS 26 in 4T1 models (Figure 1B, 1C in the article). MMRD human tumors are commonly associated with SBS 6, SBS 14, SBS 15, SBS 20, SBS 21, SBS 26, and SBS 44 mutational signatures (Alexandrov et al., 2020). Five hypotheses could explain why these signatures are not found in the MMRD syngeneic models generated in this study. First, COSMIC signatures result from the analysis of MMRD tumors, independently of their etiologies. Given that distinct patterns of microsatellite instability have been observed across MMRD etiologies (MMRD Etiologies part of the introduction), we can suppose that COSMIC signatures could result from a mixture of different MMRD etiologies [START_REF] Németh | Two main mutational processes operate in the absence of DNA mismatch repair[END_REF]. As a result, the "pure" MSH2 KO signature generated in both 4T1 and CT26 mice models partially constitutes MMRD COSMIC signatures found in humans. Second, all COSMIC signatures of MMRD are not found within a same MMRD tumor (Alexandrov et al., 2013(Alexandrov et al., , 2020)). For instance, SBS 15 and SBS 44 are particularly described in MSI CRC. This might be the reason why these signatures could not be detected in the MMRD 4T1 breast adenocarcinoma and only in the MMRD CT26 colorectal adenocarcinoma model, with a small contribution to the mutations identified in this model. Third, SBS 14 and 20 have a common etiology of MMRD and polymerase mutations in POLE and POLD1 genes, respectively. Given that the 4T1 and CT26 MSH2 KO models have only a defect in mismatch repair pathway, these signatures were not detected.

In addition, both SBS 21 and SBS 26 signatures are characterized by an increased number of T > C transitions in the GTN context, where N can be A, T, C or G, and have been reported in different MMRD tumors such as stomach, colorectal and endometrial adenocarcinomas (Alexandrov et al., 2020). The similarity of these signatures could explain why they were both identified in the 4T1 MMRD cells and partially in CT26 MMRD models. Finally, all COSMIC signatures were discovered in humans and not in mice. Németh et al., already reported that T>C transitions were enriched in MMRD cells lines as compared to MMRD tumors in patients [START_REF] Németh | Two main mutational processes operate in the absence of DNA mismatch repair[END_REF]. Interestingly, the authors also found a low contribution of SBS 6 in their MMRD cell lines. Overall, COSMIC signatures validate 4T1 and CT26 MSH2 KO as MMRD models but also raises a new interrogation: how could a same mutational process trigger different COSMIC signatures depending on the organ?

Both MMRD models gradually accumulated -1bp deletions along in vitro cell passages (Figure 1B, 1C in the article) which is also a typical feature of MSI tumors [START_REF] Chung | DNA polymerase and mismatch repair exert distinct microsatellite instability signatures in normal and malignant human cells[END_REF]. Usually, frameshift mutations that occur in exonic regions can generate peptides which are more immunogenic than peptides generated by point mutations, as demonstrated by Swanton's team in 2017 [START_REF] Turajlic | Insertion-and-deletion-derived tumour-specific neoantigens and the immunogenic phenotype: a pan-cancer analysis[END_REF]. Using 5,777 solid tumors, the authors unrevealed that peptides produced by frameshift mutations have a higher binding affinity for the MHC molecules and are correlated with CD8 + infiltration and ICB response [START_REF] Turajlic | Insertion-and-deletion-derived tumour-specific neoantigens and the immunogenic phenotype: a pan-cancer analysis[END_REF]. In a retrospective analysis of 65 patients with MSI metastatic prostate cancers, the frameshift mutation proportion, defined as the number of frameshift divided by the total of genomic alterations, is also a predicting marker of anti-PD-1 response [START_REF] Sena | Tumor frameshift mutation proportion predicts response to immunotherapy in mismatch repair-deficient prostate cancer[END_REF].

Interestingly, Sena et al., validated these findings in a confirmation cohort of non-prostatic MSI tumors. In addition, the preclinical experiments and clinical data of Mandal et al., are in line with these findings (Mandal et al., 2019).

While MMRD tumors are mainly characterized by -1bp deletions and single base substitutions, mutation in the exonuclease domain of POLE display only a high frequency of base substitutions, especially G:C>T:A transversions (Church et al., 2013). Therefore, the critical role of frameshift mutations in ICB response could be experimentally investigated by comparing the ICB response between MMRD and POLE-mutated tumors in the same syngeneic model and with the same number of non-synonymous mutations/Mb.

IX. Neutrophils depletion or negative regulation by Tregs restore anti-PD1

sensitivity in MMRD hi 4T1 model MMRD syngeneic models presented in this study recapitulate MSI phenotypes found in human tumors. As demonstrated by Chan's team, the degree of indels is critical to modulate the TME and drive ICB response (Mandal et al., 2019). Nevertheless, no response was observed in the MMRD hi 4T1 model neither using anti-PD-1 nor anti-CTLA-4 as single therapies (Figure 1H of the article). To our knowledge, the MMRD hi 4T1 model is the first MMRD model described to remain unresponsive to anti-PD-1, even at a high TMB and with a TME marked by a strong PD-1 expression.

We demonstrated, by two complementary experiments, that neutrophils can drive anti-PD-1 resistance in MMRD hi models. While in vivo neutrophil depletion in the MMRD 4T1 model restored sensitivity to anti-PD-1 (Figure 2B of the article), adoptive transfer of neutrophils from 4T1 tumors hampered anti-PD1 response in mice bearing CT26-MMRD tumors (Figure 2C of the article)). G-CSF infusion was also described to induce neutrophil recruitment [START_REF] Szczerba | Neutrophils escort circulating tumour cells to enable cell cycle progression[END_REF]. Nevertheless, G-CSF administration induce an increased production of neutrophils and other immature myeloid cells and was consequently not used in our study [START_REF] Solito | A human promyelocytic-like population is responsible for the immune suppression mediated by myeloid-derived suppressor cells[END_REF].

Interestingly, both αCD25 Treg depleting antibody and αCTLA-4 treatment hampered neutrophil accumulation and resulted in αPD-1 response (Figure 2E-I, Supplementary figure 1A of the article) (Figure 36). These findings might suggest that Tregs could favour neutrophil differentiation from hematopoietic progenitors and/or mobilization in the blood and/or recruitment in the TME. Few data exist on the Treg/Neutrophils interaction, Himmel et al., reported that human Tregs can produce high levels of CXCL8 (IL-8) that attracts neutrophils in vitro [START_REF] Himmel | Human CD4+ FOXP3+ regulatory T cells produce CXCL8 and recruit neutrophils[END_REF]. Lewkowicz et al., uncovered that Treg cells might play an important role in the direct control of innate immune responses through the induction of neutrophils with immunosuppressive properties that generate IL-10, TGF-β1, IDO and HO-1 [START_REF] Lewkowicz | Neutrophil -CD4+CD25+ T regulatory cell interactions: A possible new mechanism of infectious tolerance[END_REF]. In the MMRD hi 4T1 model, neutrophil depletion did not result in any changes in Treg levels in blood (Supplementary figure 1B of the article). However, we did not monitor Tregs in lymph nodes or TME in this setting. Consequently, we cannot rule out a possible role of neutrophils on Tregs. Indeed, and in line with our data demonstrating that the adoptive transfer of tumor-induced neutrophil led to an increase Treg infiltrate in the TME, neutrophils were shown to recruit Tregs (Mishalian et al., 2014;Zhou et al., 2016).

As we discussed in the article, a bidirectional cross-talk between neutrophils (or their NETs)

and Tregs could exist. However, the precise mechanisms involved in this dialogue remain to be fully elucidated.

As neutrophils/Tregs crosstalks, whether αCTLA-4 antibodies could act directly on neutrophils and/or modulate neutrophil-Treg communication remains elusive and further investigated. Noteworthy, anti-PD-1 Ab such as nivolumab and pembrolizumab, belongs to the human IgG4 subclass, that has relatively low binding affinities to human FcγRs [START_REF] Dahan | FcγRs Modulate the Antitumor Activity of Antibodies Targeting the PD-1/PD-L1 Axis[END_REF]. On the contrary, Ipilimumab is a IgG1 antibody that have a high affinity biding to most FcγRs, which is proposed to favor ADCC effector mechanisms and facilitate the selective elimination of tumoral Tregs [START_REF] Bruhns | Properties of mouse and human IgG receptors and their contribution to disease models[END_REF]. Two principal studies further confirmed this hypothesis [START_REF] Selby | Anti-CTLA-4 Antibodies of IgG2a Isotype Enhance Antitumor Activity through Reduction of Intratumoral Regulatory T Cells[END_REF] (Simpson et al., 2013). Selby and colleagues showed different response rates to anti-CTLA-4 treatment depending on the isotypes that differed in their affinity for FcγRs [START_REF] Selby | Anti-CTLA-4 Antibodies of IgG2a Isotype Enhance Antitumor Activity through Reduction of Intratumoral Regulatory T Cells[END_REF]. Simpson et al., revealed that anti-CTLA-4 selectively trigger Treg depletion in a FcγRIV dependant mechanism mediated by myeloid cells and particularly macrophages (Simpson et al., 2013). Since neutrophils are known to express FcγRs [START_REF] Wang | Expression, Role, and Regulation of Neutrophil Fcγ Receptors[END_REF], we cannot exclude that anti-CTLA-4

mAbs could engage neutrophil's FcR leading to decrease immunosuppressive functions of neutrophils. Noteworthy, in a clinical dataset of melanoma patients, Coaña et al., revealed that after the first dose of ipilimumab, granulocytic MDSCs are significantly decreased and remained low until 9 weeks of treatment [START_REF] Coaña | Ipilimumab Treatment Results in an Early Decrease in the Frequency of Circulating Granulocytic Myeloid-Derived Suppressor Cells as well as Their Arginase1 Production[END_REF]. In this paper at that time, authors called granulocytic MDSC the CD15 + population that is recovered in PBMCs.

However, this population should be called low-density neutrophils (LDN), a mixed population of immature, inflammatory neutrophils and granulocytic MDSC. Overall, anti-CTLA-4 mAbs through an action on its target CTLA-4 and via its Fc domain could modulate the neutrophil/Treg dialogue in cancer bearing hosts. This suggest that beyond this cut-off, additional mutations might be lethal. However, tumors with POLE exonuclease mutation display more single base substitutions with up to 500 mutations/Mb (i.e 25,000 mutations/exome; (Henninger and Pursell, 2014)). One explanation to understand this difference is that the nature of the mutation (frameshift vs point mutation) might differentially impact cell viability. As previously described, the genomic instability generated by MMRD frameshift mutations leads to transcriptional and proteomic instability [START_REF] Mcgrail | Proteome Instability Is a Therapeutic Vulnerability in Mismatch Repair-Deficient Cancer[END_REF] while point mutation has a milder effect on the overall replication-transcription-translation machineries.

Our results also suggest that TMB should be used with caution as a predictive biomarker for αPD-1 monotherapy, in agreement with a recent review that interrogated TMB as a biomarker of ICB response across all cancer types [START_REF] Mcgrail | High tumor mutation burden fails to predict immune checkpoint blockade response across all cancer types[END_REF]. The mutational threshold of ICB response determined in this study was more than 3 times higher than the cut-off determined by the FDA (10mut/Mb) for the accelerated approval of pembrolizumab based on TMB. Samstein et al. already revealed a high variability in TMB cut-offs associated with ICB, used as single agents or in combination, across cancer types [START_REF] Samstein | Tumor mutational load predicts survival after immunotherapy across multiple cancer types[END_REF]. Our data also propose that the TMB cut-off could vary regarding the nature of ICB therapy. Indeed, at 30 mut/Mb, anti-PD-1 is effective in MMRD hi CT26 model while the addition of anti-CTLA-4 to anti-PD-1 is necessary to drive response in 4T1 MMRD hi tumors (Figure 1I, Figure 2H-I of the article). On the other hand, the MMRD hi 4T1 model remains refractory to anti-PD-1 treatment regardless of the mutation load. To our knowledge, this is the first time that response to anti-PD-1 monotherapy in MSI tumors is demonstrated to both depend on mutational load and the TME of the tumor site (Figure 37) Given the wide trend of converting "non-responding tumor" into "responding tumor"

to ICB, it could be tempting to artificially increase mutation burden in tumors to drive ICB effectiveness. However, in our experimental conditions this threshold was reached after a minimum of 17 weeks of cell culture. Since the clinical translation of in vitro culture is tumor progression, there is no clinical relevance of designing drugs impairing MMR in solid tumors.

Nevertheless, impairing the nonsense-mediated mRNA decay (NMD) in combination with MMR inhibitors might be promising. Indeed, the NMD pathway leads to the degradation of mRNAs harboring truncating mutations, usually generated by frameshift mutations.

Lindeboom et al., reported that only frameshift mutations that escape from NMD predict a clinical response to ICB [START_REF] Lindeboom | The impact of nonsense-mediated mRNA decay on genetic disease, gene editing and cancer immunotherapy[END_REF]. Thus, the inhibition of NMD could decrease the eviction of mutated RNA/protein and would result in a global increase of immunogenic peptides, in MMR-deficient tumors harboring a low mutational load.

XI. NLRvariation predicts ICB outcome

Based on the findings from our preclinical MMRD models, we investigated whether neutrophils could also be involved in primary resistance to anti-PD-1 therapy in patients with MSI tumors. The prognostic role of NLR and in predicting anti-PD(L)1 response have already been reported in MMR proficient tumors (Howard et al., 2019) [START_REF] Capone | Baseline neutrophil-to-lymphocyte ratio (NLR) and derived NLR could predict overall survival in patients with advanced melanoma treated with nivolumab[END_REF] with different MMRD tumor types [START_REF] Auclin | Association of the Lung Immune Prognostic Index with Immunotherapy Outcomes in Mismatch Repair Deficient Tumors[END_REF]. Given that the authors did not take into account the number of patients in each MMRD tumor type, their analysis might be biased.

Regarding dynamic changes in NLR with response to anti-PD-1 therapy in a MMR proficient context, only one study reported modifications in NLR over time in a variety of solid tumors treated with PD-1 blockade [START_REF] Ameratunga | Neutrophil-lymphocyte ratio kinetics in patients with advanced solid tumours on phase I trials of PD-1/PD-L1 inhibitors[END_REF]. However, the authors mainly focused on the NLR change between complete + partial response vs stable + progressive disease which is less accurate and informative than PFS or OS in the clinical practice. In MSI clinical data, there is no direct association between NLR dynamics and response to ICB reported so far. A single recent publication assessed changes in the Pan-Immune-Inflammation Value (PIV), defined as followed (neutrophil count × platelet count × monocyte count)/lymphocyte count, during ICB resistance in MSI mCRC [START_REF] Corti | The Pan-Immune-Inflammation Value in microsatellite instability-high metastatic colorectal cancer patients treated with immune checkpoint inhibitors[END_REF].

The question of whether NLR could vary over time in MSI organs still have to be addressed.

In our study, we uncovered that NLRvariation over the 2 first months after treatment initiation could discriminate progressive disease and response regardless of MSI anatomic site (Figure 4I-J of the article). Moreover, the 2-month cut-off is particularly interesting given that the mean time to detect radiological variation was about 5 months in our cohort (Figure 4H of the article). These findings suggest that NLRvariation could change even before first radiological assessment. Therefore, we could propose to calculate NLRvariation during the two first months after ICB administration to discriminate patients that will respond or resist to anti-PD-1 monotherapy. For patients with NLRvariation>0, we could propose the addition of anti-CTLA-4 to anti-PD-1 (Figure 38). Moreover, combination of anti-PD-1 + anti-CTLA-4 has already been shown to be more effective as compared to anti-PD-1 therapy in a clinical cohort of patients refractory to at least 1 line of chemotherapy and harboring MSI (Lenz et al., 2018). Currently, patients, are less subjected to scanner than blood sampling. During patient follow-up, an increase of NLRvariation could indicate the need for a scan to check-up for plausible progression disease. Moreover, optimal duration of treatment remains unclear [START_REF] Gauci | Long-Term Survival in Patients Responding to Anti-PD-1/PD-L1 Therapy and Disease Outcome upon Treatment Discontinuation[END_REF]) [START_REF] Bassanelli | Immunotherapy discontinuation and outcome: A multicenter real-life experience[END_REF]) [START_REF] Friedlaender | Rethinking the Optimal Duration of Immune Checkpoint Inhibitors in Non-small Cell Lung Cancer Throughout the COVID-19 Pandemic[END_REF]. Particularly, the interruption of treatment for patients who do not progress within one year remains a matter of debate [START_REF] Yilmaz | Durable response after discontinuation of nivolumab therapy in the absence of disease progression or toxicity with two advanced NSCLC patients[END_REF] Therefore, the use of NLRvariation could assist clinical decision-making. Concerning to limitations in the clinical part, the study was retrospective and without any control arm. Validation on larger prospective studies to consolidate NLRvariation as a preemptive biomarker of ICB response. In addition, the line of therapy, mutation status, as well as infection or concomitant drug uptake were not assessed in this study. The last two parameters could notably contribute to NLR modifications [START_REF] Forrest | Baseline neutrophil-to-lymphocyte ratio predicts response to corticosteroids and is associated with infection and renal dysfunction in alcoholic hepatitis[END_REF]. Moreover, the cohort included patients who were treated with either PD-1 or PD-L1 inhibitors and there may be subtle differences between these drugs. In addition, there might be a bias in our IHC analysis since we did not take into account the origin of the biopsy (primary site vs metastasis site). Finally, due to the low number of available samples, we were not able to correlate NLR in blood with tumor infiltrating neutrophils and the dynamic variation of CD15 + /CD3 + staining did not reach statistical difference despite of showing a tendency towards an increase of TAN during progression.

XII. More specific biomarkers are needed to target immunosuppressive neutrophils

Whether targeting neutrophils could be used as a complementary treatment option for MSI-H/MMRD αPD-1 non-responders tumors warrants further exploration. Neutrophils based therapeutic strategies could either hinder neutrophils recruitment to the tumor or metastatic site or could revert their immunosuppressive functions. While G-CSF inhibition or IL-17 neutralizing agents would prevent neutrophil release from the bone marrow, impeding CXCR2/CXCR4 axis would inhibit neutrophil migration [START_REF] Lecot | Neutrophil Heterogeneity in Cancer: From Biology to Therapies[END_REF]. In addition, while Arginase 1 inhibitors or NETosis prevention using PAD-4 antagonists would hamper neutrophil mediated immunosuppression, ADCCC agonists could promote anti-tumoral role of neutrophils [START_REF] Lecot | Neutrophil Heterogeneity in Cancer: From Biology to Therapies[END_REF]. To date, most of these therapeutic strategies have been explored in pre-clinical models. Arginase 1 inhibitors are currently being studied in clinical trials. Only CXCR4 inhibition (Plerixafor) is FDA/EMA approved. Intriguingly, this dug is used in combination with G-CSF to mobilize hematopoietic stem cell to the bloodstream for autologous transplantation. The modulation of CXCR4 axis could thus be context dependent.

When considering neutrophil targeting therapies, we must also consider the impact of such treatment on other myeloid cells. For instance, macrophages are also expressing CXCR2

receptor [START_REF] Di Mitri | Re-education of Tumor-Associated Macrophages by CXCR2 Blockade Drives Senescence and Tumor Inhibition in Advanced Prostate Cancer[END_REF]. As a consequence, CXCR2 inhibition could also alter macrophage phenotype [START_REF] Di Mitri | Re-education of Tumor-Associated Macrophages by CXCR2 Blockade Drives Senescence and Tumor Inhibition in Advanced Prostate Cancer[END_REF]. There is an imperative need to characterize more precisely which neutrophil subtype should be targeted to improve ICB effectiveness.

NLR/NLRvariation is an easy to use and cost-effective tool. Thus, this ratio can be used in clinical routine. Nevertheless, more specific blood biomarkers could accurately predict ICB effectiveness, even if they will not be routinely used. The presence of neutrophils in blood could be evaluated by different methods, including density gradient centrifugation, cytokine profile, NETs quantification, and FACS immunophenotyping. First, density gradient centrifugation could separate low density neutrophils (LND) present in the mononuclear layer from high-density neutrophils (HDNs) in the granulocyte layer [START_REF] Moses | Human neutrophils: Their role in cancer and relation to myeloid-derived suppressor cells[END_REF]. LND are almost not found in the blood of heathy volunteers and are substantially increased in many cancers [START_REF] Moses | Human neutrophils: Their role in cancer and relation to myeloid-derived suppressor cells[END_REF]. Additionally, in opposite to HDN, this heterogeneous population is constituted of immature and mature neutrophils, whose are both able to suppress CD8 + cells functions [START_REF] Giese | Neutrophil plasticity in the tumor microenvironment[END_REF]. Interestingly, TGF-β mediates the transition from HDN to LDN in humans and in mice models [START_REF] Giese | Neutrophil plasticity in the tumor microenvironment[END_REF] [START_REF] Sagiv | Phenotypic diversity and plasticity in circulating neutrophil subpopulations in cancer[END_REF].

Second, the increased levels of of IL-8 and IL-17 in serum have been associated with immunosuppressive neutrophils and ICB resistance [START_REF] Alfaro | Tumor-Produced Interleukin-8 Attracts Human Myeloid-Derived Suppressor Cells and Elicits Extrusion of Neutrophil Extracellular Traps (NETs)[END_REF] [START_REF] Schalper | Elevated serum interleukin-8 is associated with enhanced intratumor neutrophils and reduced clinical benefit of immune-checkpoint inhibitors[END_REF]. Tumor production of CXCL8 (IL-8) can attract neutrophils [START_REF] Himmel | Human CD4+ FOXP3+ regulatory T cells produce CXCL8 and recruit neutrophils[END_REF] and elicit NETosis [START_REF] Alfaro | Tumor-Produced Interleukin-8 Attracts Human Myeloid-Derived Suppressor Cells and Elicits Extrusion of Neutrophil Extracellular Traps (NETs)[END_REF]. In line with this, in a clinical study gathering 1,3444 patients with different tumor types treated with Nivolumab+/-Ipilimumab, baseline serum levels of IL-8 of ≥23 pg/mL were identified in 27.1-34.3% of the cohort and predicted shorter OS [START_REF] Schalper | Elevated serum interleukin-8 is associated with enhanced intratumor neutrophils and reduced clinical benefit of immune-checkpoint inhibitors[END_REF]. Regarding IL-17, in a translational study, Zhang et al., associated high levels of this cytokine with neutrophil infiltration, NETosis and resistance to ICB [START_REF] Zhang | Interleukin-17-induced neutrophil extracellular traps mediate resistance to checkpoint blockade in pancreatic cancer[END_REF]. Since both IL-17 and IL-8 are associated with NETosis, we propose also to monitor NETosis potency to specifically identify immunosuppressive neutrophils. To quantify NETs, neutrophils would be incubated for 2-4 hours at 37°C. Then, membrane-impermeable DNA-binding dye, Sytox Green (Invitrogen) will be added (0.1 μmol/L) to bind extracellular DNA, and captured fluorescence will be quantified using a fluorescence spectrophotometer as described in [START_REF] Alfaro | Tumor-Produced Interleukin-8 Attracts Human Myeloid-Derived Suppressor Cells and Elicits Extrusion of Neutrophil Extracellular Traps (NETs)[END_REF]) [START_REF] Zhang | Interleukin-17-induced neutrophil extracellular traps mediate resistance to checkpoint blockade in pancreatic cancer[END_REF]. Alternatively, serum samples could be incubated with a peroxidase-labeled anti-DNA monoclonal antibody (component 2 of the Cell Death ELISA Kit, Roche) [START_REF] Wang | Expression, Role, and Regulation of Neutrophil Fcγ Receptors[END_REF].

Finally, a deep characterization of neutrophils by FACS immunophenotyping could be helpful. Neutrophils are usually phenotypically characterized as CD15 + CD14 -CD66b + CD16 + in humans [START_REF] Gabrilovich | Coordinated regulation of myeloid cells by tumours[END_REF]. Lang et al. used this phenotyping approach to successfully isolate neutrophils from blood samples in a cohort of 49 patients with head and neck cancer and 22 patients with urological tumors. The isolated neutrophils were further evaluated for their suppressive activity in vitro and those expressing high levels of arginase 1 (ARG1) were found to be more immunosuppressive [START_REF] Lang | Clinical Relevance and Suppressive Capacity of Human Myeloid-Derived Suppressor Cell Subsets[END_REF]. Moreover, in the 4T1 mouse model, ARG1 + neutrophils were promoting pro-metastatic niche formation [START_REF] Secondini | Arginase inhibition suppresses lung metastasis in the 4T1 breast cancer model independently of the immunomodulatory and anti-metastatic effects of VEGFR-2 blockade[END_REF]. Additionally, MMP-9 expressing neutrophils were shown to initiate angiogenic switch and metastasis in mice [START_REF] Nozawa | Infiltrating neutrophils mediate the initial angiogenic switch in a mouse model of multistage carcinogenesis[END_REF]. Instead of ARG1 and/or MMP-9 quantification, metabolic assays should be promising and be further developed. Metabolic changes such as ATP production and lipid storage in neutrophils have stated to be correlated with outcome [START_REF] Patel | Unique pattern of neutrophil migration and function during tumor progression[END_REF].

XIII. Other mechanisms driving ICB response/resistance in MSI tumors

A. MHC-I destabilization partially impair ICB response in MMRD hi 4T1 model

Others mechanisms driving resistance to ICB such as mutations in B2M or JAK/STAT have already been described in MSI tumors [START_REF] Le | Mismatch-repair deficiency predicts response of solid tumors to PD-1 blockade[END_REF]) (Ballhausen et al., 2020) [START_REF] Gurjao | Intrinsic Resistance to Immune Checkpoint Blockade in a Mismatch Repair Deficient Colorectal Cancer[END_REF] (Konstantinopoulos et al., 2019) [START_REF] Takahashi | Dynamics of genomic and immune responses during primary immunotherapy resistance in mismatch repair-deficient tumors[END_REF][START_REF] Nebot-Bral | Why is immunotherapy effective (or not) in patients with MSI/MMRD tumors?[END_REF].

During my PhD, I investigated the B2M mutation in the MMRD hi 4T1 model. We showed that inactivation of B2M generated a complete destabilization on MHC-I in 4T1 MMRD hi-B2MKO (Figure 31). Regarding ICB response, we revealed that 4T1 MMRD hi-B2MKO display an intermediate phenotype in comparison to parental and MMRD hi 4T1 animals (Figure 32).

Thus defects in antigen presentation machinery did not totally impair response to ICB, but rather triggered lower complete regression associated to higher primary resistance than in MMRD hi 4T1 animals. Therefore, our results might explain why, on the one hand B2M mutation has been associated with primary resistance to ICB blockade in MSI tumors (Grasso et al., 2018) [START_REF] Gurjao | Intrinsic Resistance to Immune Checkpoint Blockade in a Mismatch Repair Deficient Colorectal Cancer[END_REF]) (Le et al., 2017b), and on the other hand, correlated with a clinical benefit [START_REF] Busch | Beta-2-microglobulin Mutations Are Linked to a Distinct Metastatic Pattern and a Favorable Outcome in Microsatellite-Unstable Stage IV Gastrointestinal Cancers[END_REF][START_REF] Germano | CD4 T cell dependent rejection of beta 2 microglobulin null mismatch repair deficient tumors[END_REF][START_REF] Middha | Majority of B2M-Mutant and -Deficient Colorectal Carcinomas Achieve Clinical Benefit From Immune Checkpoint Inhibitor Therapy and Are Microsatellite Instability-High[END_REF]. Resistance to ICB in B2M KO tumors might be due to the fact that MHC-I closely cooperates with cytotoxic cells that are one of the key immune population described to drive anti-tumor response.

Our results are complementary to the ones of Germano et al., as we both showed, on two different syngeneic models, that MMRD hi-B2MKO respond to ICB while the parental model do not. In addition, we have demonstrated a decreased response in MMRD hi tumors as compared to MMRD hi-B2MKO tumors. Moreover, our results on rechallenge experiments showed that MHC-I is not mandatory to create a long-lasting memory response (Figure 33).

The mechanism explaining response in MMRD hi-B2MKO models still remains to be further elucidated. Germano and colleagues reported that CD4 + cells, but not CD8 + , are mandatory to drive ICB response [START_REF] Germano | CD4 T cell dependent rejection of beta 2 microglobulin null mismatch repair deficient tumors[END_REF]. Based on these findings, the authors proposed that CD4 + cells could both eliminate MHC-II negative tumors without any CD8 + cell contribution and promote its priming in lymphoid organs. We can also propose the potential role of NK cells that can eradicate MHC-I negative cells and/or an indirect role of B cells that could mediate cancer cell cytotoxicity. Furthermore, preclinical studies based on the injection of genetically modified cells into mice do not mimic clonal evolution that drives tumor progression in the clinic. Therefore, the increased rate of primary resistance observed in MMRD hi-B2M-KO 4T1 tumor-bearing mice cannot be considered as primary resistance in the clinic. To further address this issue, we propose to inject 4T1 cells with different ratios of MMRD hi-B2M-KO vs MMRD hi cells. One can expect that following injection into mice, MMRD hi- B2MKO will be less subjected to immune surveillance than MMRD hi cells. As a result, a clonal increase of MMRD hi-B2MKO over MMRD hi cells could be anticipated and would result in acquired resistance following ICB treatment.

B. Innate immune system could potentiate ICB response in MSI tumors

Other mechanisms responsible of ICB response such as cGAS/STING activation and cellular characterization in the draining lymph nodes must be further examined in our models. Mice and human-based experiments have proposed cGAS/STING activation as a critical factor of anti-tumor immunity and response to ICB in MLH1 deficient tumors (Lu et al., 2020) [START_REF] Guan | MLH1 Deficiency-Triggered DNA Hyperexcision by Exonuclease 1 Activates the cGAS-STING Pathway[END_REF]. Two back-to-back publications revealed that MLH1 deficient tumors display an increased secretion of IFN compared to their WT counterparts due to DNA hyper excision, RPA exhaustion, and chromosomal instability leading to cytosolic DNA accumulation [START_REF] Lu | DNA Sensing in Mismatch Repair-Deficient Tumor Cells Is Essential for Anti-tumor Immunity[END_REF]) [START_REF] Guan | MLH1 Deficiency-Triggered DNA Hyperexcision by Exonuclease 1 Activates the cGAS-STING Pathway[END_REF]. This MSI model did not respond to ICB treatment due to the inhibition of cGAS/STING. Correspondingly, human MSI tumors lacking cGAS-STING expression are refractory to ICB [START_REF] Lu | DNA Sensing in Mismatch Repair-Deficient Tumor Cells Is Essential for Anti-tumor Immunity[END_REF]) [START_REF] Guan | MLH1 Deficiency-Triggered DNA Hyperexcision by Exonuclease 1 Activates the cGAS-STING Pathway[END_REF]. Moreover, STING agonists have recently been reported to counter immunosuppressive properties of various myeloid cells [START_REF] Ager | High potency STING agonists engage unique myeloid pathways to reverse pancreatic cancer immune privilege[END_REF]. Given that MSH2 and MLH1 are respectively implicated in the first step and second step of the MMR pathway (Kunkel and Erie, 2015), the role of cGAS/STING in modulating the TME and ICB response in MSH2 KO tumors should be further examined.

It has been shown that draining lymph nodes can serve as reservoirs for lymphocytes, with an essential role in mediating antitumor response. Therefore, the characterization of draining lymph nodes (dLN) might be relevant for a better understanding of ICB response. Dammeijer et al., proposed that PD-L1 expressing dendritic cells in dLN could be key targets of anti-PD-1 treatment [START_REF] Dammeijer | The PD-1/PD-L1-Checkpoint Restrains T cell Immunity in Tumor-Draining Lymph Nodes[END_REF]. In this study, dLN was reported as the critical site for stimulating neoantigen specifc T cells. Additionally, Inamori et al., found that excessive dLN resection in patients with MSI tumors is associated with a worse prognosis [START_REF] Inamori | Importance of lymph node immune responses in MSI-H/dMMR colorectal cancer[END_REF]. Since neutrophils migrate into dLN and could have a dual role in both innate and adaptive immunity [START_REF] Masucci | Tumor Associated Neutrophils. Their Role in Tumorigenesis, Metastasis, Prognosis and Therapy[END_REF]) [START_REF] Me | Tumour-associated neutrophils in patients with cancer[END_REF], investigating the role of neutrophils in the dLN in MMRD models could help to understand mechanisms associated with ICB response.

C. Is anti-PD-1 effective on MMRD metastasis?

Based on preliminary observations, we reported that anti-PD-1 with or without anti-CTLA-4 treatment hamper MMRD int lung metastasis potency (Figure 34). This response could be due to the immune contexture of the lung metastatic niche that would be different from the breast. To solve this question, we could compare the immunological profile of primary site and micro-dissected lung metastasis by flow cytometry and RNAseq.

Another plausible hypothesis explaining ICB response in MMRD int metastasis is based on the mutational load. Given that MMRD cancer cells accumulate mutations at each cell cycle and that metastasis arise from the tumor, we could suppose that MMRD int cells invading metastatic niches have accumulated more mutations than cells in the primary tumor. This hypothesis is in accordance with the publication of Schnidrig et al., that reported a systematic increase of the TMB in metastatic sites as compared to primary tumors in different cancer types [START_REF] Schnidrig | Tumour mutational burden: primary versus metastatic tissue creates systematic bias[END_REF]. To investigate the role of mutational load in metastatic response to anti-PD-1 +/-anti-CTLA-4, we could dynamically harvest primary tumor and lung after treatment and sacrifice, proceed with tumor and lung dissociation, and cultivate cell lysates in RPMI medium supplemented with 6-thioguanine at 60 M as described in [START_REF] Pulaski | Mouse 4T1 Breast Tumor Model[END_REF]. Since 4T1 cells are resistant to this drug, only 4T1 metastases and primary tumors will be selected and expanded (and not the other cell populations). DNA extraction will then be performed to assess mutational load by whole exome sequencing.

One important question is how to explain that mismatch repair deficiency influences metastasis formation in 4T1 model (Figure 35)? 4T1 model is known to promote metastatic niches enriched in neutrophils, notably in lungs [START_REF] Teijeira | CXCR1 and CXCR2 Chemokine Receptor Agonists Produced by Tumors Induce Neutrophil Extracellular Traps that Interfere with Immune Cytotoxicity[END_REF] [START_REF] Park | Cancer cells induce metastasis-supporting neutrophil extracellular DNA traps[END_REF]) [START_REF] Bosiljcic | Targeting myeloid-derived suppressor cells in combination with primary mammary tumor resection reduces metastatic growth in the lungs[END_REF]) [START_REF] Yu | TNFα-activated mesenchymal stromal cells promote breast cancer metastasis by recruiting CXCR2+ neutrophils[END_REF]) [START_REF] Ouzounova | Monocytic and granulocytic myeloid derived suppressor cells differentially regulate spatiotemporal tumour plasticity during metastatic cascade[END_REF]) [START_REF] Secondini | Arginase inhibition suppresses lung metastasis in the 4T1 breast cancer model independently of the immunomodulatory and anti-metastatic effects of VEGFR-2 blockade[END_REF].

Neutrophils accumulate prior to the arrival of metastatic cells and persist for two weeks after resection of the primary tumor [START_REF] Granot | Tumor entrained neutrophils inhibit seeding in the premetastatic lung[END_REF][START_REF] Bosiljcic | Targeting myeloid-derived suppressor cells in combination with primary mammary tumor resection reduces metastatic growth in the lungs[END_REF]. NETosis and disruption of extracellular matrix are proposed as explanations for the metastatic spread in this model. NETosis promote metastasis seeding and is abolished by in vivo administration of DNAse I [START_REF] Park | Cancer cells induce metastasis-supporting neutrophil extracellular DNA traps[END_REF] [START_REF] Teijeira | CXCR1 and CXCR2 Chemokine Receptor Agonists Produced by Tumors Induce Neutrophil Extracellular Traps that Interfere with Immune Cytotoxicity[END_REF]. Since we observed no modification in myeloid to lymphocyte ratio in MMRD hi models, both in tumor and blood, as compared to parental tumors (Figure 2A of the article), we assume that mutational load does not impair neutrophil tropism towards metastatic niche. However, neutrophils were described to protect circulating tumor cells interactions when evading for the tumor site to metastatic niches [START_REF] Szczerba | Neutrophils escort circulating tumour cells to enable cell cycle progression[END_REF]. Inactivation of VCAM1 gene in cancer cells abolished the interaction CTCs-neutrophils and metastasis formation [START_REF] Szczerba | Neutrophils escort circulating tumour cells to enable cell cycle progression[END_REF]. It would be interesting to determine whether VCAM1 gene is recurrently mutated in our MMRD hi 4T1 model. Moreover, mutational load could also impair metastasis formation by altering other pathways involved in cellular adhesion, cell mobility or EMT.

As metastasis potency in 4T1 model is not restricted to lung, the reduction of metastasis spread must be confirmed on other sites. To address this issue, we have inactivated MMR in 4T1 luciferase cells (4T1luc) and maintained these cells in culture over one year to accumulate mutations. 4T1luc parental cells were also harvested in parallel.

4T1luc injection into mice will allow to longitudinally monitor both primary tumor growth and metastasis formation in various sites by in vivo bioluminescent imaging. We are currently assessing metastasis potency in 4T1luc MMRD parental, MMRD int and MMRD hi .

Once the decrease of metastasis potency along mutational load on various sites is observed, we will subsequently investigate whether ICB additionally impede metastasis seeding.

Altogether, the findings from 4T1 model shed light on the complex mechanisms that control the microenvironment in primary and metastatic MSI-high tumors during tumor progression and in response to immune checkpoint inhibitors treatment.

CONCLUSION

In conclusion, our preclinical and clinical studies shed new lights on the heterogeneity of the TME and consequently anti-PD-1 response across hypermutated MMRD tumors. We also demonstrated the causal role of neutrophils in anti-PD-1 resistance in these tumors. A possible rescue with the addition of anti-CTLA-4 could be proposed in patients with abnormal neutrophil accumulation. Moreover, neutrophil infiltration is a dynamic parameter that should be investigated throughout time. NLRvariation could be proposed as a costeffective preemptive biomarker that could have a major impact on the clinical management of patients bearing MSI tumors Abstract 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, hypothesised 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 Immunotherapy; Immune checkpoint inhibitor the emergence of immune therapy to treat these hypermutated cancers, and we comment on the recent Food and Drug Administration approval of an immune checkpoint inhibitor, the programmed cell death 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. ª 2017 Elsevier Ltd. All rights reserved.

ANNEXES

Deficiency in replication error repair pathways leads to a 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].I ti s estimated that the replicative DNA polymerases epsilon and delta make errors approximately once for every 10 4 e10 5 nucleotides that they polymerise [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 0 e5 0 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 recognise 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 postreplication repair process that is activated when incorrect nucleotides have been incorporated into newly synthesised strands [7]. Essential MMR system components include the heterodimer of MSH2 and MSH6 (MutSa) that detects baseebase mismatches or 1e2base pair insertion/deletion loops (IDLs) and the heterodimer of MSH2 and MSH3 (MutSb) 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 tetra-nucleotide repeats), also known as microsatellites. Then, the MutLa 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, proliferating cell nuclear antigen 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 the 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 MMR deficient tumours

Mutations in MMR genes

Lynch syndrome (LS), previously known as hereditary non-polyposis colorectal cancer, is a cancerpredisposing syndrome characterised 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 to 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 [15,16].

Mutational burden and signatures in MMRD cancer genomes

LS and sporadic MMRD tumour genomes harbour a high frequency of insertion/deletion due to unrepaired DNA polymerase slippage in microsatellites sequences (microsatellite instability [MSI] events). Thus, the MSI phenotype is the hallmark of MMRD [14]. Microsatellites are distributed throughout the genome, both in coding and non-coding regions, and MSI within the coding regions can alter the reading frame (frameshift), resulting in the production of truncated, functionally inactive proteins [18]. Alternatively, RNA transcripts carrying MSI can be targeted for degradation through the nonsense-mediated decay pathway [20]. In addition to MSI, MMRD tumours are characterised by high rate of single-nucleotide substitutions, predominantly C > T transitions in the NCG context and C > A transversions in the CCN context where N can be A, T, C or G [17,18]. Considering all types of mutations, MMRD tumours display a high mutation rate, with 12e40 mutations/Mb [19,21]. Because mutation rates are considered elevated when the tumour mutational burden is > 12 mutations/ Mb, MMRD cancers are typically considered as hypermutated tumours [17,19].

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 [20,23,24]. Amsterdam and Bethesda criteria were developed to identify potential LS patient candidates for genetic testing [25,26]. Two types of testing are being used as follows: polymerase chain reaction (PCR), which detects mutations in microsatellite regions and immunohistochemical (IHC) staining, 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). Although the PCR and IHC techniques are both sensitive and specific for MMRD and have good concordance (>95%) [28e30], they remain complementary to one another; PCR determines functional abnormalities, whereas IHC identifies in situ protein abnormalities [16,31].I nMLH1-negative MMRD tumours, the BRAF V600E mutation is a highly specific marker for somatic silencing of MLH1 and thus precludes LS [32e35]. 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 Lynch syndrome patients

In MMR gene mutation carriers, the spontaneous lifetime risk of CRC is estimated to be 50e80%. Women have a further endometrial cancer (EC) risk, estimated at 40e60%, with LS being diagnosed in approximately 2% of all EC patients [39]. The risk for other extracolonic cancers associated with MMR gene mutations is cumulatively less than 10%, and these cancers may be more frequently associated with MSH2 mutations [40e43] (Fig. 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 35e40 years of age (National Comprehensive Cancer Network (NCCN), version 6. 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 MuireTorre 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].

Clinicopathological features and prognostic impact of MMRD cancers 2.4.1. 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 MMRproficient 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 2e3 years compared with 8e10 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 15e20% of stage II and III CRCs and harbour a better prognosis than MMR-proficient tumours [50], they represent only 5% of metastatic CRC (mCRC) cases. This lower frequency highlights the weakened capacity for MMRD CRCs to develop metastasis [51]. However, MMRD mCRCs harbour a worse prognosis than MMRproficient mCRCs [52]. Unlike LS CRCs, sporadic MMRD CRCs are associated with the BRAF V600E mutation in approximately 50% of cases, whereas this mutation is diagnosed in only 5e10% of all CRC tumours [53]. BRAF mutation incidences may depend on the tumour stage, with a higher rate in MMRD mCRCs (35%) compared with 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 [OS] < 1 year, compared with >2.5 years in wild-type BRAF mCRCs) [52,54].

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 summarised in Ref. [55] (Fig. 1). MSI has been found in 30e40% of endometrioid EC (EEC) and only in 2% of serous EC, yet scarce data are available regarding the prognostic and predictive impacts of MMR deficiency in EC [57]. A large meta-analysis pooling 23 studies summarised the lack of concrete evidence of association between MMRD status and clinical outcome in EC [56]. A recent study, regarding the molecular classification of gastric cancers (GCs), 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 six of seven 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 , glioblastoma [39e43,51,55,58,65,69,77,78,117,118e136].

immune-based therapeutic strategies may be a treatment prospect for patients with recurrent MMRD glioblastomas (see the 'immunotherapy' section).

Molecular characterisation of the MMRD tumours

Molecular data integration of the MMRD tumours has generated two CRC classification systems:

First, The Cancer Genome Atlas (TCGA) network conducted a genome-scale analysis of 276 CRCs that were categorised 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, detected in approximately 84% of sporadic CRCs [19]. 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%) [19], and the recurrently altered oncogenic pathways in this subgroup were WNT (97%), TGF-b (87%), MAPK and PI3K. Of note, RNF43, involved in regulating the WNT pathway, has been shown to be frequently 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%) [65e67], suggesting that the alteration of genes is more dependent of the organ than that 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 were characterised 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 characterised by activated WNT and MYC pathways; CMS3 included tumours associated with KRAS mutations and metabolic deregulation and CMS4 included tumours characterised by the increased expression of epithelialemesenchymal transition genes and the activation of TGF-b pathway [68].

Interestingly, the MSI landscape was first characterised in CRC and EC genomes before being defined in various other tumour types [18,69,70]. 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 ECs. The authors suggested that certain tumour types or tumour environments are favourable to the occurrence of particular MSI events [18]. Moreover, Cortes-Ciriano et al. showed that ECs were enriched in frameshift mutations in the JAK1 gene, whereas Sveen et al. found that 24% of CRCs have frameshift mutations in the JAK1 gene, although they were primarily heterozygous [18,71]. Thus, at least two MMRD cancer 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 antitumour T cells and prevents the adaptive programmed death-ligand 1 (PD-L1) tumour cell expression, the target of programmed cell death 1 (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].

The constitutional MMR syndrome

The constitutional MMR deficient (CMMRD) syndrome is an autosomal recessive disorder caused by biallelic germline mutations in MMR genes (MLH1, PMS2, MSH2 and 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 MSIs are shared with MMRD tumours. This rare syndrome is characterised by the childhood onset of brain tumours, CRC, haematological malignancies, cutaneous manifestations of neurofibromatosis-1elike cafe ´au lait spots and occasionally other rare malignancies [75].I ti sa highly penetrating cancer predisposition syndrome, with most biallelic mutation carriers developing cancer in the first two decades of life [75] (Fig. 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].

3. Tumours mutated in POLE and POLD1 exonuclease domain

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 [19,65]. 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) because 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 characterised by a high prevalence of TCT/TAT and less TCG/TTG substitutions and are thus called ultramutated tumours [80]. POLE has been found mutated in CRC and EC [19,65,78]. Indeed, approximately 1e3% of CRCs have POLE mutation [65], and a recent retrospective study on 6517 patients with resected stage IIeIII CRCs reported that 66 (1.0%) had a somatic POLE mutation [START_REF] Domingo | Somatic POLE proofreading domain mutation, immune response, and prognosis in colorectal cancer: a retrospective, pooled biomarker study[END_REF]. The clinicopathological characteristics of POLE CRCs were a young age at diagnosis, a right-sided tumour and a better prognosis than MMR-proficient tumours [START_REF] Domingo | Somatic POLE proofreading domain mutation, immune response, and prognosis in colorectal cancer: a retrospective, pooled biomarker study[END_REF]. Approximately, 7% of EC have POLE mutation, and integrated genomic characterisation of EC revealed that the POLE-mutated tumours are EEC (w10% of EEC) and show mutations in PTEN (94%), PIK3CA (71%), PIK3R1 (65%), FBXW7 (82%), ARID1A (76%), KRAS (53%) and ARID5B (47%) [65,77].

Germinal mutations in POLE and POLD1

Germline mutations in human POLD1 and POLE exonuclease domains have been recently reported and predisposed to 'polymerase proofreadingeassociated polyposis', a disease characterised 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 nonpolyposis CRC families [START_REF] Palles | Germline mutations affecting the proofreading domains of POLE and POLD1 predispose to colorectal adenomas and carcinomas[END_REF][START_REF] Briggs | Germline and somatic polymerase epsilon and delta mutations define a new class of hypermutated colorectal and endometrial cancers[END_REF], and six new POLD1 variants (four with strong evidence for pathogenicityp.D316H, p.D316G, p.R409W and p.L474P) have since been identified in 529 CRC families by sequencing the exonuclease domain of 456 MMR-proficient familial nonpolyposis and 88 polyposis CRC cases. In these families, breast cancers and ECs were diagnosed in 33% (n Z 2/6) of female POLD1 mutation carriers [START_REF] Bellido | POLE and POLD1 mutations in 529 kindred with familial colorectal cancer and/or polyposis: review of reported cases and recommendations for genetic testing and surveillance[END_REF].A g a i n ,i ti ss u rprising 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].P a t i e n t sc a r r y i n g germline mutations in the POLE or POLD1 exonuclease domain show variable phenotypes; some have tens of adenomas that do not rapidly progress to cancer, whereas others have a small number of large adenomas or earlyonset carcinomas, thus resembling LS [START_REF] Heitzer | Replicative DNA polymerase mutations in cancer[END_REF].

Immunophenotype of ultra and hypermutated tumours

The development of cancer involves interactions between the tumour and the immune system of the host. It is becoming increasingly clear that the immune infiltration at the tumour 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 lymphocyte's population densities (CD3/CD45RO or CD3/CD8 or CD8/CD45RO) in the invasive margins and in the centres of the tumours [START_REF] Galon | Type, density, and location of immune cells within human colorectal tumors predict clinical outcome[END_REF][START_REF] Bindea | Spatiotemporal dynamics of intratumoral immune cells reveal the immune landscape in human cancer[END_REF]. Although high ISs have been significantly correlated with MSI status, only IS, and not the MSI status, was associated with progression-free survival and OS in multivariate analysis [START_REF] Mlecnik | Integrative Analyses of Colorectal Cancer Show Immunoscore Is a Stronger Predictor of Patient Survival Than Microsatellite Instability[END_REF]. 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 þ cytotoxic T-lymphocytes (CTLs) and had a strong activation of Th1 response characterised by Interferon gamma (IFN-g) production. Interestingly, up-regulation of multiple immune checkpoints, including PD-1, PD-L1, cytotoxic T-lymphocyte antigen 4 (CTLA-4), Lymphocyte-activation gene 3 (LAG-3) and Indoleamine 2,3-dioxygenase (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 [START_REF] Llosa | The vigorous immune microenvironment of microsatellite instable colon cancer is balanced by multiple counter-inhibitory checkpoints[END_REF]. Conflicting results are present in the literature regarding up-regulation of the immune checkpoint PD-L1 in MMRD CRCs. Several studies have reported higher PD-1 and PD-L1 expression in MSI-H CRCs than in MSS CRC [90e92]. However, Droeser et al. observed a higher frequency of PD-L1 expression in patients with MSS tumours [START_REF] Droeser | Clinical impact of programmed cell death ligand 1 expression in colorectal cancer[END_REF]. 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 þ tumour-infiltrating lymphocytes that are accompanied by the up-regulation of T cell exhaustion markers, which is consistent with chronic antigen exposure [START_REF] Domingo | Somatic POLE proofreading domain mutation, immune response, and prognosis in colorectal cancer: a retrospective, pooled biomarker study[END_REF][START_REF] Van Gool | POLE Proofreading Mutations Elicit an Antitumor Immune Response in Endometrial Cancer[END_REF][START_REF] Eggink | Immunological profiling of molecularly classified high-risk endometrial cancers identifies POLE-mutant and microsatellite unstable carcinomas as candidates for checkpoint inhibition[END_REF]. 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 et al. [START_REF] Becht | Estimating the population abundance of tissueinfiltrating immune and stromal cell populations using gene expression[END_REF], we examined the relative abundance of seven immune-cell populations in endometrial and colorectal MSI-H and POLE tumours using transcriptomic data from TCGA [19,65] (Fig. 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 [START_REF] Angelova | Characterization of the immunophenotypes and antigenomes of colorectal cancers reveals distinct tumor escape mechanisms and novel targets for immunotherapy[END_REF]. 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, PI3K, RTK/RAS and TP53 pathways, are not discriminating criteria for explaining these low immune infiltrates in MSI-H EC tumours (Fig. 2). These observations are in concordance with data from Van gool et al., showing that MSI EC tumours exhibit moderately increased T cell infiltration [START_REF] Van Gool | POLE Proofreading Mutations Elicit an Antitumor Immune Response in Endometrial Cancer[END_REF]. 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-Fig. 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 seven immune signatures in POLE exoÀ or in MSI-H EC (left panel) and CRC (right panel). Immune signatures were scored using enrichment Gene Set Variation Analysis (GSVA) score. Altered oncogenic pathways PI3K, RTK/RAS, TGF-b, TP53 and WNT are shown for each sample. Method: using normalised transcriptomic expression from FireBrowse (http://firebrowse.org/), immune infiltrate in MSI-H/POLE are described using Microenvironment Cell Populations-counter (MCPcounter signature) [START_REF] Becht | Estimating the population abundance of tissueinfiltrating immune and stromal cell populations using gene expression[END_REF]. Each signature is scored in endometrial/colorectal cohort with the package GSVA [START_REF] Hanzelmann | GSVA: gene set variation analysis for microarray and RNA-seq data[END_REF]. 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 [19]. POLE/colorectal tumours were selected on missence/nonsence mutation and hypermutated status. Heatmap representation and hiearchical clustering are made using R heatmap package. CRC, colorectal cancer; EC, endometrial cancer; GDC, genomic data commons; POLE, mutation in the exonuclease domain of the catalytic subunit of the polymerase epsilon; MSI-H, microsatellite instabilityehigh; NK, natural killer; TCGA, The Cancer Genome Atlas. 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 [START_REF] Schumacher | Neoantigens in cancer immunotherapy[END_REF]. The massive numbers of nonsynonymous 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 MANAs 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 recognising them as being 'nonself'. Predicted neoantigen load has been correlated with the mutational burden [START_REF] Rooney | Molecular and genetic properties of tumors associated with local immune cytolytic activity[END_REF]. MMRD tumours have 10 to 50 times more predicted neoantigens than MSS tumours [START_REF] Llosa | The vigorous immune microenvironment of microsatellite instable colon cancer is balanced by multiple counter-inhibitory checkpoints[END_REF][START_REF] Le | PD-1 Blockade in Tumors with Mismatch-Repair Deficiency[END_REF], and POLE exoÀ tumours have 15 times more neoantigens than MMRD tumours and 100-fold 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 [START_REF] Capietto | Characterizing neoantigens for personalized cancer immunotherapy[END_REF].

5. 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 [103]. 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 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 immunotherapyeinhibiting 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 PD-L1, are at the forefront of immunotherapy development and their efficacy has been proven in more than 15 cancer types, including melanoma, nonesmall cell lung cancer 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 tumours

Given that colorectal MMRD tumours are characterised 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 [START_REF] Le | PD-1 Blockade in Tumors with Mismatch-Repair Deficiency[END_REF]. 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 at 1 and 2 years were 64% and 53%, respectively, and the estimated 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 CMMRD 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 CRC following progression on a fluoropyrimidine, oxaliplatin and irinotecan [111]. Importantly, this is the first histology agnosticeaccelerated FDA treatment approval.

The approval was based on pooled data across five uncontrolled, multi-centres and single-arm clinical trials. In total, 149 MSI-H or MMRD patients were involved in the KEYNOTE-016 (NCT01876511, n Z 58) [START_REF] Le | Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade[END_REF], KEYNOTE-164 (NCT02460198, n Z 61) [START_REF] Le | KEYNOTE-164: phase II study of pembrolizumab (MK-3475) for patients with previously treated, microsatellite instabilityhigh advanced colorectal carcinoma[END_REF], KEYNOTE-012 (NCT01848834, n Z 6) [START_REF] Seiwert | Safety and clinical activity of pembrolizumab for treatment of recurrent or metastatic squamous cell carcinoma of the head and neck (KEYNOTE-012): an open-label, multicentre, phase 1b trial[END_REF], KEYNOTE-028 (NCT02054806, n Z 5) [START_REF] Seiwert | Safety and clinical activity of pembrolizumab for treatment of recurrent or metastatic squamous cell carcinoma of the head and neck (KEYNOTE-012): an open-label, multicentre, phase 1b trial[END_REF] and KEYNOTE-158 (NCT02628067, n Z 19) [START_REF] Schellens | Pembrolizumab for previously treated advanced cervical squamous cell cancer: preliminary results from the phase 2 KEYNOTE-158 study[END_REF] 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 LS. 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 and 48 (32.2%) partial responses. Among patients who responded to pembrolizumab, 78% had responses that lasted for at least 6 months [111]. 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. For example, the KEYNOTE-164 and KEYNOTE-158 trials are ongoing global, open-label, [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 personalisation 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]. Because 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 optimised 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 localisation of these loci are highly different across tumour types [18]. 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 [18],t h u s improving the detection of MMRD tumours. Alternatively, mutational load may be a good surrogate of MMRD status, which can be assessed by targeting only w1.1 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],t h e 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/b-catenin signalling pathway have also been shown to confer anti-PD-1 therapy resistance while both are recurrently mutated in MMRD tumours [START_REF] Peng | Loss of PTEN promotes resistance to T cell-mediated immunotherapy[END_REF][START_REF] Spranger | Melanoma-intrinsic beta-catenin signalling prevents anti-tumour immunity[END_REF]. Finally, given the high mutational burden in POLE tumours associated with active Th1/CTL microenvironment and an up-regulation of immune checkpoints [START_REF] Eggink | Immunological profiling of molecularly classified high-risk endometrial cancers identifies POLE-mutant and microsatellite unstable carcinomas as candidates for checkpoint inhibition[END_REF], these cancers as CMMRD tumours also constitute an ideal target for immune checkpoint therapy.

Mismatch repair system and MSI/MMRD: biological definition and etiology

Faithful DNA replication is necessary to maintain genome stability and prevent mutations and thus carcinogenesis. The accuracy of eukaryotic replication enables low error frequency during nucleotide incorporation (one error about 109 to 1010 nucleotides replicated) [1,2] thanks to two mains mechanisms: proofreading activity of polymerase e and d and mismatch repair machinery [3,4]. The mismatch repair is a postreplicative system activated by wrong nucleotide incorporation in a newly synthetized strand. It is a multi-step process with MutSa (MSH2-MSH6) or MutSb (MSH2-MSH3) that initially recognizes mismatched nucleotides. MutSa detects base-base mismatches or 1-2 base pair insertion deletion loops (IDL) whereas MutSb identifies longer IDL [5]. These IDL are usually generated by the slippage of DNA polymerase during the replication of microsatellite sequences that are defined as mono, bi or tri-nucleotide repetitions, usually occurring 10-60 times throughout coding and non-coding regions of the genome. Following recognition and fixation of the MutS complex, the MutL complex composed of MLH1 and PMS2 is recruited. Then, the MutS-MutL complex moves along DNA and enrolls Exonuclease I (EXO1). After the excision of the mismatch, polymerase d resynthesizes a new and correct sequence [6]. If the mismatch machinery is impaired due to the inactivation of MMR genes by mutations or epigenetic silencing, during the second round of DNA replication, the original parental strand is accurately copied but the strand with mismatches leads to an erroneous strand. Single base-pair mismatches result in point mutations whereas IDLs result in frameshift mutations. Therefore, MisMatch Repair Deficiency (MMRD) strongly increases mutation rate and the expansion or contraction of microsatellite sequences, conferring thus microsatellite instability (MSI) phenotype [7][8][9]. The damage of the mismatch repair process mainly results from germline mutations or sporadic epigenetic changes. Lynch syndrome (LS) is an autosomal dominant disorder caused by germline mutations in MLH1, MSH2, MSH6 or PMS2. The proportion of mutations in LS is 40% in MLH1, 34% in MSH2, 18% in MSH6 and 8% in PMS2, although the PMS2 mutation frequency may be underdiagnosed due to technical bias. Deletion of the last exons of EPCAM, located immediately upstream of the MSH2 gene, is also involved in LS [9]. Cancer appears as a second mutation occurs in the remaining wild type allele through various mechanisms such as hypermethylation, loss of heterozygosity or mutations [10,11]. In addition to LS, sporadic MMRD mainly results from methylation of the MLH1 promoter, which provokes the silencing of MLH1 expression [12,13]. This methylation can be sporadic or associated with a CpG Island Methylation Phenotype (CIMP) [14,15].

MSI/MMRD tumors and response to immune checkpoints blockade (ICB)

In the last few years, immunotherapy has revolutionized the oncology landscape by targeting the host immune system. Blocking immune checkpoints such as cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), programmed cell death-1 (PD-1) and its ligand (PD-L1 or B7-H1), has proven efficacy in several solid cancers [15]. However, many tumors remain resistant to these drugs especially gastrointestinal cancers. Recently, studies demonstrated significant improvement in clinical responses to immune checkpoint blockade in the subgroup of MSI-high tumors [16,17]. MSI was first described in hereditary colorectal cancers (CRC) and endometrial cancers (Lynch syndrome) [18] and then in sporadic colorectal, gastric and endometrial tumors. MSI phenotypes represent around 15% of stage II and III CRC [19] and approximatively 5% of metastatic CRC (mCRC) [20,21]. Other types of cancers are also described to have high frequencies of MSI phenotypes such as stomach (around 22%) and endometrium (around 30%), and to a lesser extent small bowel, hepatobiliary, urothelial tract, and ovarian cancers [22]. MMR deficiency (MMRD) has been evaluated as a prognosis marker especially in CRC in several studies. MSI phenotype in localized CRC is associated with a better prognosis than MSS counterparts [23]. Clinical data suggest that fluoropyrimidine-based adjuvant chemotherapy seem to be outdated in localized stage II MSI CRC compared to MSS patients, while the 5-fluorouracil (FU) seems more beneficial in stage III MSI patients with germline (versus sporadic) mutations [19,24,25]. However, a recent study showed that MMRD phenotype remains a favorable prognosis factor in patients with stage III colon cancer receiving FOLFOX adjuvant chemotherapy [26]. Conversely to localized CRC, MSI mCRC patients have poorer survival rate than MSS phenotypes [20,27]. Interestingly, it is in this subpopulation of MSI metastatic cancers that immune checkpoint blockade demonstrated promising clinical outcomes. The first phase II trial published evaluated the clinical outcomes of pembrolizumab (anti-PD-1) as standalone after first line failure in 41 patients with progressive metastatic carcinoma with or without MMRD. The median progression-free survival (PFS) and overall survival (OS) were significantly longer in the cohort with MMRD CRC compared to the cohort with pMMR CRC. Patients with noncolorectal cancer had similar clinical outcomes. Very interestingly, high somatic mutation loads were associated with prolonged PFS and were observed in MMRD cohort [16]. More recently, a prospective study evaluating clinical data in 86 patients with MMRD cancers (CRC and nonCRC) treated with pembrolizumab (anti-PD-1) demonstrated an in vivo expansion of neoantigen-specific T cell clones reactive against tumor-neopeptides in one responding patient. These results suggest that MSI phenotype appears to be a good predictive biomarker of clinicial response to PD-1 blockade therapy [17]. In the Checkmate 142 phase II trial, nivolumab (anti-PD-1) was also evaluated in patients with recurrent or metastatic MMRD/MSI-H CRC pretreated with at least one chemotherapy regimen [28]. Based on these trials, anti-PD-1 monoclonal antibodies were the first treatments approved by Food Drug Administration (FDA) in patients with unresectable or metastatic solid tumors that have been identified MSI-H or MMRD independently of the tumor localization. Combination of PD-1/ PD-L1 and CTLA-4 blockade seems also promising in view to clinical data in solid tumors [29,30]. Clinical trials assessing the efficacy of several immune checkpoint inhibitors are currently ongoing, this will be part of other chapters in CRC and non CRC indications (see chapters XXX page YYY of this special issue).

MSI/MMRD tumors are responsive to ICB: Biological and molecular rational

Hypermutator phenotype

Exome sequence analyses of cancer genomes revealed that MMRD colorectal tumors can have more than [7,31]. Using targeted comprehensive genomic profiling assay on 62,150 cancer samples, Chambers et al. confirmed that the vast majority (83%) of MSI-high samples had high tumor mutational burden, with 97% displaying > 10 mutations/Mb [8].

Since the number of non-synonymous mutations is increased, the probability of formation of new peptides (neoantigens) absent in normal cells also increased [32]. The Major Histocompatibility Complex (MHC) can present these neoantigens recognized as "not-self'' to the immune system for removal; this is the basis of cancer immunosurveillance. As predictable, MSI-H cancers contain 10 to 50 times more putative neoantigens than MSS tumors [17,33]. Moreover, because MSI tumors present a lot of frameshift mutations, neoantigens might be more immunogenic owing to their greater sequence divergence compared to neoantigens produced by single point mutations.

MSI/MMRD tumors are highly immunogenic

Host immune responses and tumor genomics are tightly related, and it has been reported that MMRD tumors are highly infiltrated with activated CD8+ cytotoxic T lymphocytes and have a strong activation of T helper 1 lymphocyte (Th1) response characterized by IFN-g production [33][34][35][36][37]. 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 tumors from killing [33]. These baseline biomarkers are consistent with the notion that checkpoint blockade therapy (in particular PD-1) is efficacious largely through reactivation of tumor antigen-specific T cells already present within the tumor microenvironment.

Why are not all MSI/MMRD tumors susceptible to immunotherapy?

Tumor-cell intrinsic genetic features that could be related to resistance in MSI/MMRD tumors Although the anti-PD-1 therapy has proven successful in treating solid tumors harboring a MMR deficiency, a significant fraction of patients had primary progressive disease. Others respond initially and then develop resistance [16,17]. Thus far, exploratory analyses have failed to identify biomarkers that predict response to PD-1 inhibition within this MMRD population. Primary resistance to anti-PD-1 therapies is common, affecting up to 60% of patients in some cancer types [35]. A substantial effort is currently underway to fully elucidate the mechanisms by which anti-PD-1/PD-L1 therapies exert their efficacy, to understand mechanisms of resistance present within some patients that limit their activity. Several pathways have been identified to contribute to the development of anti-PD-1 resistance and clinical and experimental studies have been mainly achieved on melanomas [36].

Cancer cells may develop mechanisms to avoid antigen processing and presenting to the cell surface, via silencing or altering the expression of antigen processing and presenting machinery (APM), beta-2-microglobulin (B2 M), or MHC molecules [37,38]. B2 M plays an essential role in supporting MHC class I molecules to present tumor specific peptides to T cells. Point mutation, deletions or loss of heterozygosity in B2 M gene have been viewed as an important mechanism of tumor resistance to T cellmediated immune responses and lead to resistance to immunotherapy in patients with metastatic melanomas [39,40], as well as lung cancer [41]. Interestingly, Grasso and colleagues recently reported a multiomics analysis of 1211 colorectal cancer primary tumors, including 179 MSI-high tumors and found that these MMRD cancers frequently undergo immunoediting through complete disruption of both alleles of key genes in the MHC-antigen presentation pathway suggesting that MMR-deficient cancers develop escape mechanisms upon strong immune selection pressure [42]. This is in line with the increasing PD-1-positive T-cell infiltration that is significantly related to an increased likelihood of B2 M mutations in MSI-high tumors, suggesting that immune evasion mediated by B2 M mutation-induced loss of HLA class I antigen expression predominantly occurs in an environment of activated PD-1-positive T cell infiltration [43]. In addition, by analyzing their large number of MSI-high specimens, Grasso et al. observed an increased number of mutations in HLA class I (with biallelic disruption) and APM genes in tumors with higher numbers of TILs. APM genes have already been shown to be enriched for mutations in MSI-H relative to MSS tumors [44,45]. Grasso et al. confirmed this tendency and found 6 of 75 MSI-H tumors (8%) with biallelic disruption of TAP2 (transporter associated with antigen processing) and 8 of 75 MSI-H tumors (11%) with biallelic disruption of B2 M [42]. In addition, they showed that 57% of MSI-high tumors had at least one mutation in HLA-A, HLA-B, or HLA-C, and identified recurrent mutations in the genes NLRC5 and RFX5, which cooperatively regulate the transcription of HLA class I genes [46,47]. Whether these molecular alterations may explain primary resistance of a subset of MMRdeficient tumors to anti-PD-1 therapy remains elusive. Additionally, tumor cells can escape cytokine-mediated immune responses by mutating components of the IFN-g pathway. Melanoma and MMR-deficient colorectal cancer patients were found to be resistant to anti-PD-1 treatment due to inactivating mutations in JAK1/2 [40,48,49]. Furthermore the potential of oncogenic signaling pathways to induce T-cell exclusion from cancers has been described through the stabilization of b-catenin resulting in constitutive Wnt signaling pathway [36]. Non-T cell-inflamed human melanoma, which lacks T cells and CD103+ DCs in the tumor microenvironment, had significantly higher expression of tumor intrinsic b-catenin signaling genes [50]. Interestingly, MSI-high colorectal cancers have lower T-cell infiltration when the Wnt/b-catenin pathway is upregulated due to mutations in key genes including APC (with biallellic mutations in 20% of CRC MSI-H) and RNF43 that encodes an E3 ubiquitin ligase that negatively regulates Wnt/b-catenin signaling [42,51].

Patient's immune-related features and resistance in MSI/MMRD tumors

Tumor-cell-extrinsic mechanisms that lead to resistance to immunotherapy involve components of the patient's immune system including inflammation, Tregs, myeloid derived suppressor cells, tumor-associated macrophages (TAMs) and other inhibitory mechanisms, which contribute to inhibition of antitumor immune responses [52]. All these mechanism could also be encountered in highly mutated tumors such as MSI tumors. Inflammation is a complex process linked to cancer development and progression. Inflammation can promote cancer growth and dissemination; activate oncogenic signaling pathways [53]. Several blood cell subpopulations such as leukocytes, neutrophils, lymphocytes, myeloid derived suppressor cells (MDSC) and other inflammatory molecules are activated and recruited to tumor microenvironment through a cascade of signaling pathways, involving a wide range of cytokines, growth factors [54]. Inflammatory process has been also linked to the immune response in cancer. Initially, the immune cells are recruited to the tumor microenvironment to develop an adaptive immune response. However, in an inflammatory environment, these cells may be "reprogrammed'' toward immune tolerance or other adaptive immune cells could promote immunosuppression, secretion of pro-tumoral cytokines or recruitment of MDSC [55]. Interestingly studies suggested that blood inflammatory markers (LDH, neutrophils, monocytes, eosinophils. . .) where associated to poor clinical outcomes in patients treated with ICB even in highly mutated tumors such as melanoma and non-small cell lung cancer (NSCLC) patients [56].

A recent study suggested that TNF-alpha could induce dedifferentiation of tumor cells thus resembling to cancer stem cells.

Inflammation-induced dedifferentiation led to the loss of tumorassociated antigen thus resistance to immunotherapy [57,58].

To date no or scarce data indicate the prognosis role of such inflammatory markers in MSI tumors but inflammation-associated markers should be studied to elucidate if inflammatory process could be related with resistance to ICB in MSI tumors. Indoleamine 2,3-dioxygenase (IDO) play an immunosuppressive role following inflammatory stimuli to prevent perpetual immune activation and immunopathology. IDO interferes with Tcell function through deprivation of tryptophan and generation of the toxic metabolite kynurenine [59]. IDO was shown to be up-regulated in mismatch repair-deficient cancers particularly Lynch syndrome-associated cases [60,61]. Heterogeneity in IDO expression was observed among patients as well as no systematic positivity of PD-L1 in IDO positive tumors. These data suggest that there may be differences in immunotherapeutic vulnerability within the mismatch repair-deficient population.

As a consequence, anti-IDO therapy might be an option for a subset of mismatch repair-intact cancers. MSI tumors are highly infiltrated with immune cells. Among these infiltrating cells, immunosuppressive cells such as Tregs or TAMs have been described. Tregs, which can be identified by expression of the FoxP3 transcription factor, have a central role in maintaining self-tolerance [62]. Tregs are known to suppress effector T cell responses [63] and many studies data indicate that human tumors are highly infiltrated by Tregs [64,65]. In MSI tumors accumulating evidences suggest that Tregs may play a role in the regulation of the immune responses directed against tumor cells [66]. Moreover, infiltration by regulatory T cells have been shown to vary among MSI tumors and linked to Beta2microglobulin mutations. Beta2-microglobulin wild type-tumors are more infiltrated by regulatory T cells than Beta2-microglobulin mutated-tumors [67]. Tumor-associated macrophages (TAMs) can affect responses to immunotherapy. TAMs include both M1 macrophages, which are involved in promoting antitumor immunity, and the M2 macrophages, which possess protumorigenic properties [68]. Clinical studies have shown associations between frequencies of TAMs and prognosis in human cancers [69]. In MSI tumors as for regulatory T cells, TAMs were also associated to prognosis. Infiltration of CD163 + macrophages (M2) at the tumor front was correlated to a significantly improved prognosis in MSI tumors again arguing in favor of an immunosuppressive reaction in highly antigenic tumors [70,71]. However levels of TAMs infiltration varied from one to another patient, with some patients' tumor presenting virtually no TAMs while other where highly infiltrated with TAMs. Thus high infiltration of regulatory T cells or TAMs (mainly CD163+ TAMs) could represent surrogate markers of immunogenic MSI tumor that might better respond to immunotherapeutic approaches. Moreover therapeutic intervention limiting Tregs and/or M2 functions could be synergistic with ICB in these subpopulations of MSI tumors. ICB blockade mainly rely on PD-1/PD-L1 or CTLA-4 blockade. However additional inhibitory immune checkpoints that are often expressed in the tumor microenvironment such as LAG-3, TIGIT, VISTA, TIM-3 and many more have been identified [72].

Thus blocking more than one immune checkpoint could represent an advantage as demonstrated with the combination of anti-CTLA-4 plus anti-PD-1 in melanoma, highly mutated NSCLC and renal cell carcinoma [73,74]. In MSI tumors high cytotoxic T cells responses was shown to be counterbalanced by the upregulation of multiple immune checkpoints, including PD1/PD-L1, CTLA-4 and LAG-3 [33]. This might explain why MSI tumors are not naturally eliminated despite a potent and efficient cytotoxic T cells induction. This further suggests that only blocking PD-1/PD-L1 axis is not systematically associated with clinical responses in these tumors. Finally, recent observations suggested that microbiota composition could influence response to ICB in mice [75] and cancer patients. In metastatic melanoma patients it was shown that enrichment with Faecalibacterium prausnitzii was associated with better outcomes in patients treated with ipilimumab and anti-PD-1 [76,77]. Microbiota composition was associated with an immune regulatory profile in the blood of patients i.e. an accumulation of regulatory T cells and MDSC in those patients with "unfavorable'' microbiota composition [76,77]. A direct observation of a link between microbiota composition and response to ICB in patients with MSI tumors is still pending. However we can hypothesize that the quality of antitumor response even in highly mutated tumors such as MSI/MMRD tumors might rely on 1/tumor-genetic structure, 2/the quality of host immune responses which could in part be shaped by 3/ the composition of microbiota.

Altogether, variety in response to immune checkpoint inhibitors among patients with MSI tumors may due to inter-patient heterogeneity and intratumor heterogeneity. The components of both heterogeneities may influence each other. Consequently it is necessary to understand the immunologic meaning of each component to discover underlying mechanisms that should be targeted to further enhance clinical response rate in patients treated with immunotherapy.

Scores to better evaluate prognosis and predict response to ICB

Immune phenotypes

Immunologists started to compare infiltration of immune cells within the TME. Hot tumors defined as tumors with a TME rich in immunoactive cells and poor in immune-suppressive cells, have better chance to respond to ICB in comparison with cold tumors. immune desert phenotype (poor infiltration of TIL in the stroma, the invasive margin and the center of the tumor, ex. cold tumor) [10]. Other classifications exist such as the one defined by Binnewies et al. They proposed two tumor phenotypes: Infiltrated inflamed and infiltrated excluded phenotype. This classification also integrates Treg lymphocytes, tumor associated macrophages and tertiary lymphoid structures (TLSs) [78].

Scores

Mlecnick et al. proposed a histopathologic-based prognosis factor for CRC instead of AJCC/UICC-TNM staging (figure 1). Immune score is based on the density of CD45 RO and CD8 infiltrates in the center and the invasive margin of the tumor. Immune score is significantly associated with disease-free survival and overall survival (hazard ration [HR] 0.64 and 0.70, respectively; p 0.005) [79]. Immunoscore ® detects the infiltration of CD3+ and CD8+ T cells both in the invasive margin and the core of the tumor. Immunoscore ® has a significant prognosis value for patient with stage I-III CRC. Immunoscore ® is available since June 2017 in the United States and June 2018 in the United Kingdom. Although basic immune phenotypes can be distinguished (mainly by IHC), there is a wide continuum of cytokines, neoantigen burden that can define more precisely the immune context of the TME. These parameters can be grouped in more complex scores. Angelova et al. described the antigenome and immunophenotypes of CRC. The repertoire of the tumor antigens (cancer antigenome) gathers all cancer germline antigens expressed in tumors. To characterize the antigenenicity and immunogenicity of these antigens, they used Whole Exome Sequencing and RNA sequencing to identify multiple subpopulations of TILs. They made correlation between different TILs and overall survival: high infiltration of CD8+ , CD45 RO+ , Treg, Natural killer (NK), Dendritic Cells (DC) and low infiltration of Myeloid derived suppressive cells (MDSC) is associated with higher overall survival. With increasing tumor stage, the antigenicity of the tumors and the intratumoral immune-active cells are decreasing [80]. Charoentong et al. determined Immunophenoscore, a scoring scheme for solid tumors. Immunophenoscore assimilates mutational load, neoantigen burden, expression of immune-inhibitors and immune-stimulators, MHC I alterations, expression of chemokines. This immunophenoscore is associated with overall survival in 12 solid cancers and predicts response to ICB [81]. Finally, Chen and Mellman characterized the cancer-immune set point which can be defined as the equilibrium between the factors that either enhance or block anticancer immunity. They pointed out the role of tumor genetics and epigenetics, microbiome, hypoxia, exposure to pharmacological agents and sunlight [10] All of these elements should be taken into account for future precision immune-oncology. Moreover, the dynamic of the tumor microenvironment evolution has to be better understood in order to administer the right treatment at the right time.

Conclusion

MMR deficiency leads to hypermutator phenotype. Before stade IV, patients with MSI tumors have a favorable prognosis. That can be explained by a strong immunosurveillance. Hypermutator tumors can be characterized with a high mutational burden, number of cytotoxic TIL and surexpression of PD-1. For all these reasons, hypermutator phenotypes seem to be particular responders to ICB. Recently, the FDA has granted accelerated approvals to Pembrolizumab (KEYTRUDA ® ) and Nivolumab (OPDIVO ® ) for the treatment of adult and pediatric patients with unresectable or metastatic, microsatellite instability-high (MSI-H) or mismatch repair deficient (MMRD) solid tumors that have progressed after prior treatment with fluoropyrimidine, oxaliplatin, and irinotecan. Nevertheless, a significant fraction of patients had primary resistance to immunotherapy -. Others respond initially and then develop acquired resistance [16,17]. Genomic and cellular features of MSI-H tumors suggest that a subset of MMR-deficient tumors use immune evasion mechanisms allowing these highly mutated tumors to grow without immune recognition and might be resistant to immune checkpoint blockade treatment. However, no experimental data are currently available to support these hypotheses. Further mechanistic studies are warranted to validate pathways associated with resistance to anti-PD-1 therapy in MMR-deficient tumors and to identify the complex mechanisms that control the microenvironment in primary and metastatic MSI-high tumors. To cite this article: Nebot-Bral L, et al. Why is immunotherapy effective (or not) in patients with MSI/MMRD tumors? Bull Cancer (2018), https://doi.org/10.1016/j.bulcan.2018.08.007 Simple Summary: Deficient Mismatch Repair (dMMR) is an oncogenic path accounting for around 15% of cancers. It is considered as the first predictive marker of efficacy for immune checkpoint inhibitors (ICI). However, around 39% of cases are refractory and additional biomarkers are needed. The Lung Immune Prognostic Index (LIPI) is a score reflecting the host inflammation, based on lactate deshydrogenase level, and derived neutrophils to leucocytes ratio. We aimed to assess the LIPI as a prognostic factor for ICI efficacy in patients with dMMR tumors. We found that patients with a Poor LIPI were more likely to experience disease progression, fast progression (death within the first 3 months of ICI), and have shorter overall and progression free survivals. This score is a low-cost, simple, and accessible prognostic tool in dMMR that merits further investigation in prospective studies.

Abstract: Background: MSI-H/dMMR is considered the first predictive marker of efficacy for immune checkpoint inhibitors (ICIs). However, around 39% of cases are refractory and additional biomarkers are needed. We explored the prognostic value of pretreatment LIPI in MSI-H/dMMR patients treated with ICIs, including identification of fast-progressors. Methods: A multicenter retrospective study of patients with metastatic MSI-H/dMMR tumors treated with ICIs between April 2014 and May 2019 was performed. LIPI was calculated based on dNLR > 3 and LDH > upper limit of normal. LIPI groups were good (zero factors), intermediate (one factor) and poor (two factors). The primary endpoint was overall survival (OS), including the fast-progressor rate (OS < 3 months).

Introduction

Microsatellites are DNA sequences composed of short nucleotide segments which repeat sequentially. Because of their repetitive nature, these microsatellites are prone to DNA polymerase pausing and slippage during replication. In normal tissue, the mismatch repair (MMR) system usually corrects these errors [1]. However, this process may malfunction due to a constitutional or sporadic mutation in one of the repair proteins. In this case, mismatches and insertions/deletions of nucleotides accumulate in the microsatellites, resulting, first, in punctual or frameshift mutations and, second, in the activation of oncogenic genes and hypermutated phenotypes, known as microsatellite instability (MSI) or MMR deficiency (dMMR).

dMMR were initially described in colorectal cancer (CRC), reported to be involved in around 15% of tumors and could be related to Lynch syndrome, an autosomal dominant cancer-predisposition syndrome caused by mutations in MMR strains [2]. However, MSI can also be observed in sporadic CRC, which is more likely related to the epigenetic inactivation of the MLH1 gene expression promoter. MSI has also been observed in other tumor types (1% to 30% depending on the histological type), with endometrial carcinoma and gastric cancer being the most common [3,4].

MSI-H and dMMR, both early conditions of hypermutability, increase the generation of neoantigens leading to increased tumor immunogenicity and high tumor mutational burden [5], suggesting that immunotherapy could be an interesting approach in patients harboring these mutations. Research led to dMMR receiving FDA-approval as the first agnostic tumor-related predictive biomarker for PD-1 inhibitors. In a cohort of patients with MSI tumors, pembrolizumab demonstrated response in between 40-70% of patients vs. none in microsatellite stable tumors [6]. Following this trial, other studies have demonstrated similar findings with other PD-1 inhibitors [7][8][9][10].

Despite the impressive data reported, not all patients with dMMR tumors respond to PD-1 inhibitors, and there is a need for additional biomarkers for immune checkpoint inhibitors (ICIs). Host-related biomarkers are gaining importance in immune-oncology, providing additional information from the patient (host) that can be integrated into immunotherapy outcome prediction. Among them, the lung immune prognostic index (LIPI), based on two inflammatory parameters (derived neutrophil to leucocytes ratio [dNLR] calculated as neutrophil count/[leucocytes count-neutrophils count], and lactate dehydrogenase [LDH]) correlated strongly with immunotherapy outcomes in large cohorts of patients with non-small cell lung cancer, and in other tumor types such as renal and head and neck cancers [11][12][13][14][15].

In this study, we aimed to assess the prognostic value of LIPI in a large multicenter cohort of patients treated with immunotherapy for dMMR tumors, and whether LIPI can identify fast progressors who are undergoing immunotherapy.
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Materials and Methods

Study Design and Patients

This is a retrospective multicenter study of patients with advanced solid tumors with dMMR status, treated with anti-PD-1 or PD-L1 ICIs (atezolizumab, avelumab, nivolumab +/-ipilimumab, pembrolizumab, and other phase I drugs) in a variety of settings including routine clinical care, expanded access programs, and clinical trials, between April 2014 and May 2020 across seven European tertiary referral hospitals in France and Spain. We collected baseline clinical, pathological, and biological data prior to immunotherapy, including leucocyte and neutrophil counts, LDH, and albumin. Radiological assessment was performed every 8-12 weeks according to local practice and evaluated per Response Evaluation Criteria in Solid Tumors v1.1 (RECIST). The study was approved by the Institutional Review Board of the Institut Gustave Roussy on 18th March 2021 (Registration Number 2021-26). Informed consent was not required for this retrospective study.

Lung Immune Prognostic Index

The LIPI was calculated based on dNLR > 3 (one point) and LDH > upper limit of normal (ULN) (one point), as previously reported [11]. Patients with no points were classified in the good group, patients with 1 point (dNLR > 3 or LDH > ULN) in the intermediate group, and those with 2 points (dNLR > 3 and LDH > ULN) in the poor group.

MSI-H/dMMR Status

MMR status was analyzed according to the techniques used in each center, including immunohistochemistry, polymerase chain reaction (PCR), next-generation, or whole exome sequencing.

Statistical Analysis

Median (IQR) values and proportions (percentage) were used for continuous and categorical variables, respectively. Median and proportions were compared using the Wilcoxon-Mann-Whitney test and the chi 2 test (or Fisher's exact test, if appropriate), respectively. The primary endpoint was overall survival (OS) defined as the time between the start of ICI treatment and death from any cause. The other primary endpoint was the fast progressors rate (FPR), defined as an OS < 3 months. Secondary endpoints were progression-free survival (PFS), ORR, and disease control rate (DCR). PFS was defined as the time between ICI start and progressive disease (PD) or death, whichever occurred first. ORR was defined as the sum of complete and partial responses according to RECIST 1.1. DCR was defined as the sum of complete and partial responses and stable disease according to RECIST 1.1. OS and PFS were estimated using the Kaplan Meier method, and groups were compared with the log-rank test. Follow-up was calculated using the reverse Kaplan Meier method. The association of demographic, clinical, and biological factors with survival was assessed with univariate and multivariate Cox proportional-hazard models, providing a hazard ratio (HR) and its 95% confidence interval (CI). The association between LIPI and FPR ORR and DCR was evaluated with logistic regression, providing an odds ratio (OR) and its 95%CI. All analyses were performed using R software version 2.15.2 (R Development Core Team, Vienna, Austria). p values < 0.05 were considered statistically significant, and all tests were two-sided.

Results

Study Population

A total of 151 patients were included with a median follow-up of .

The main baseline characteristics are summarized in Table 1. The most common tumor types were gastrointestinal (65.6%; 60.6% CRC, 39.4% others) followed by gynecologic tumors (21.8%) (Figure S1). In the 146 patients with the available data, dMMR status was diagnosed by PCR alone in 5 patients (3.4%), immunohistochemistry and PCR in 135 pa-tients (92.5%), with next-generation or whole exome sequencing (alone or in combination with the other techniques) in 11 patients (7.5%). dMMR status was associated with Lynch syndrome in 40 (32.0%) patients (80.0% CRC, 5.0% gynecologic, 15.0% other). Median OS was not reached (NR) in the overall population, (95%CI: 23.4 to NR), and the 1-year OS rate was 69.3% (95%CI: 62.0 to 77.6). Median PFS was 10.5 months (95%CI: 7.1 to 35.1) and the 1-year PFS rate was 47.8% (95%CI: 40.1 to 56.9) (Table 2).

LIPI in dMMR Tumors

Pretreatment median dNLR was 2.29 (interquartile range, IQR: 1.61-3.09) and was >3 in 25.8% of patients. Pretreatment median LDH was 218 IU/L (IQR: 188.5-313) and was >ULN in 38.5%. Considering both parameters, LIPI was evaluable in 143 patients, and classified the population into three prognostic groups: good (n = 67, 46.9%), intermediate (n = 62, 43.3%) and poor (n = 14, 9.8%) (Figure S2). The baseline characteristics of the population by LIPI group (n = 143) are summarized in Tables S1 andS2. The presence of brain metastasis, high number of metastatic sites (>2), poor PS and hypoalbuminemia at ICI start were associated with poor LIPI. 1A, Table 2). The one-year OS rates for good, intermediate, and poor-LIPI groups were 81.0% (95%CI 71.5 to 91.9), 67.1% (95%CI 56.0 to 80.5), and 21.4% (95%CI 7.9 to 58.4), respectively (p < 0.001). In the multivariate analysis, including tumor location, number of metastasis before ICI, ECOG PS, and albumin levels, LIPI was an independent factor for OS (HR for intermediate, 1.43 [95%CI 0.75 to 2.74]; HR for poor, 3.50 [95%CI 1.46 to 8.40], p = 0.03). In terms of PFS, the HRs for the intermediate and poor groups were 1.09 (95% CI 0.65 to 1.82) and 2.41 (95% CI 1.12 to 5.19), respectively (p = 0.07) (Table 3). The c-index of LIPI for OS and PFS prediction are reported in Table S3. Similarly, median PFS was 20.9 months (95%CI 8.4 to NR), 9.9 months (95%CI 2.8 to NR), and 2.3 months (95%CI 1.8 to NR) in the good, intermediate, and poor-LIPI groups, respectively (p < 0.0001; Table 2). The one-year PFS rates for good, intermediate, and poor-LIPI groups were 54.2% (95%CI 43.1 to 68.2),46.2% (95%CI 35.1 to 61.0),and 15.4% (95%CI 4.3 to 55.0), respectively (p < 0.0001), Figure 1B.

Cancers 2021, 13, 3776 6 of 11 In the multivariate analysis, including tumor location, number of metastasis before ICI, ECOG PS, and albumin levels, LIPI was an independent factor for OS (HR for intermediate, 1.43 [95%CI 0.75 to 2.74]; HR for poor, 3.50 [95%CI 1.46 to 8.40], p = 0.03). In terms of PFS, the HRs for the intermediate and poor groups were 1.09 (95%CI 0.65 to 1.82) and 2.41 (95%CI 1.12 to 5.19), respectively (p = 0.07) (Table 3). The c-index of LIPI for OS and PFS prediction are reported in Table S3. OS: overall survival, PFS: progression-free survival, HR: hazard ratio, 95%CI: 95% confidence interval, ICI: immune checkpoint inhibitors, LIPI: lung immune prognostic index.

LIPI Is Associated with Tumor Response under ICI in dMMR Tumors

We also studied the impact of LIPI on response outcomes. The ORR in the overall population was 39.2%. According to LIPI group, the ORR was 46.2% in the good group, 35.6% in the intermediate, and 8.3% in the poor group (p = 0.03) (Table 2, Figure 2). Patients in the poor-LIPI group had a higher risk of experiencing nonresponse compared with the good-LIPI group, with an OR 9.43 (95%CI 1.15 to 77.27, p = 0.04) (Table 4). Similarly, PD as best response (absence of DCR), was significantly associated with the poor-LIPI group.

Fast Progressors Rate

We also evaluated the FPR in our dMMR population. Overall, the FPR was 16.0% (n = 24/150) (Table 2). The distribution of fast progressors was not different among the different tumor types. When considered with reference to the LIPI group, the FPR was significantly higher in the poor -LIPI group, with 35.7% of patients (n = 5/14), compared with the intermediate group with 18.0% (n = 11/62) and the good-LIPI group with 7.5% (n = 5/67), p = 0.02 (Table 2). Additionally, the poor group had a significantly higher risk of experiencing fast progression compared with the good-LIPI group, with an OR of 6.89 (95%CI 1.66 to 28.59, p = 0.01) (Table 4). 
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Discussion

Discussion

In this study, we have shown for the first time the impact of host-related biomarkers, represented by circulating inflammatory parameters combined as the LIPI score (dNLR and LDH), on ICI outcomes in a large cohort of patients with advanced dMMR solid tumors, widely considered a favorable population for ICI. In this study, LIPI was an independent prognostic factor for OS, with the poor-LIPI group being associated with worse immunotherapy outcomes, suggesting that host-related biomarkers are also relevant for this population. This poor-LIPI group comprised a subset of patients (9.8% of the patients) with no clear benefit for immunotherapy, despite of their dMMR status, with a median OS of 3.3 months, median PFS of 2.3 months, and a 35.7% rate of fast-progressors.

Interestingly, we observed in our population, composed primarily of gastrointestinal and gynecologic tumors, similar data as previously reported in other tumor types, notably NSCLC [11][12][13][14][15], suggesting that these parameters reflect the host immune context regardless of the tumor type and other tumor-related biomarkers, such as dMMR. Of note in these previous studies, median OS for the evaluated poor-LIPI subgroups ranged from 2.6 to 5.0 months, and median PFS ranged from 1.2 to 2.3 months [11][12][13][14][15][16].

Inflammation and activation of the innate immune system is a well-known resistance pathway for ICIs, promoting tumor growth and dissemination [17][18][19]. Among the innate immune cells, neutrophils are one of the major actors. As a neutrophil-based ratio, LIPI is thus a good indicator of the circulating inflammatory status of patients before receiving ICI therapy. Systemic inflammation is capable of inducing IDO (indoleamine 2,3-dioxygenase) and also turning immune infiltration towards immunotolerance [20]. IDO plays an immunosuppressive role, preventing perpetual inflammation. IDO expression in MSI tumors is heterogeneous [21]. High IDO expression induced by systemic inflammation could Cancers 2021, 13, 3776 8 of 11 explain the differences in response to ICIs, even in MSI patients. It has also been described that MSH3 mutations, which result in the EMAST phenotype (elevated microsatellite alterations at selected tetranucleotide repeats), could lead to chronic inflammation mediated by IL-6 and TNF-alpha [22]. These EMAST patients had shorter survival and an aggressive tumor phenotype. The good prognostic value of the LIPI score in the MSI population is explained by its capacity to reflect the patient's systemic inflammation.

dMMR is a validated, FDA-approved, tumor-based predictive biomarker of response to ICI, with impressive data in terms of response (40% to 55% in CRC with dMMR, and 34% to 71% in non-CRC tumors) [7][8][9][10]. Despite these encouraging ORRs, PD as best response can represent 12% to 61% of this population, depending on the histological subtype, and no biomarkers are available to screen these patients in order to address this [6]. In our study, we observed 32.6% of patients with refractory disease having PD as best response, however this increased significantly in the poor-LIPI group, reaching 75%. This suggested that LIPI could be a useful tool to better identify true responders and, even more relevantly, to identify populations unlikely to respond to immunotherapy, providing additional information on outcome prediction, compared to the restricted vision, when using only tumor-based biomarkers. Similarly, LIPI, as for other host-related biomarkers, has also been explored in ≥50% PD-L1 NSCLC, another favorable population for immunotherapy [23]. In a cohort of 930 patients treated with ICIs, LIPI was an independent prognostic marker regardless of PD-L1 expression. Both this and our study have highlighted the concept that LIPI can provide additional relevant information to already-known tumor-based biomarkers (e.g., PD-L1, dMMR), and could be explored in combination with these well-established biomarkers in clinical trials. The predictive values of LIPI on ICI benefit have already been investigated in NSCLC [24,25].

In our study, we defined fast progressors as patients with an OS < 3 months after ICI start. This is one of the aggressive progression patterns described in cancer patients under immunotherapy [23,26]. Although the immunological mechanisms have not been well established and this phenomenon remains controversial, some patients experience rapid and aggressive progression and previous reports highlighted inflammation as a key mechanism for the aggressive patterns [26,27]. In our study, we described 16% of our population as fast progressors, however this proportion was notably higher (35%) in the poor-LIPI population. This could be the first clinical evidence of the link between circulating inflammatory status and refractory disease under immunotherapy. In this context, we observed that single agent ICIs are not able to overcome this primary resistance, even in a good-responder population (dMMR). In the future, LIPI could serve as a tool for clinicians to select the best treatment strategy, as is being explored in NSCLC [23][24][25].

Our study has a number of limitations directly related to its retrospective nature, notably missing clinical data (for example other possible interesting inflammatory biomarkers such a C-Reactive Protein). Secondly, patients were treated with various immunotherapy drugs, which can lead to heterogeneity in terms of efficacy; nevertheless, our cohort is representative of the dMMR population, with outcome data for response and survival consistent with previous data reported in the literature. Finally, the lack of other treatment cohorts with combination therapies or only chemotherapy as a comparison limited our exploration of the potential predictive rather than prognostic role of LIPI in this dMMR cohort.

Nonetheless, this study represents the first proof of concept that the patient's hostimmune context can play an important role in dMMR patients receiving immunotherapy. We demonstrated, in the largest multicenter cohort of patients with dMMR tumors reported to date, that LIPI can offer useful information on outcome prediction to the current exclusive context of tumor-based biomarkers. The integration of these host-related biomarkers with tumor-based biomarkers will improve identification of relevant data in the decision-making process for selecting the best therapeutic strategy in cancer patients.
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  NGS: next generation sequencing NK: natural killer cell NKG2: natural killer cell lectin like receptor NLR: neutrophil to lymphocyte ratio NMD: nonsense-mediated mRNA decay NSCLC: non-small cell lung cancer the introduction were inspired by the two published reviews presented in the annex part of the manuscript where I have contributed as the first author.

Figure 1 :

 1 Figure 1 : Canonical role of MMR published byEso, Y., Shimizu, T., Takeda, H., Takai, A., and Marusawa, H. (2019). Microsatellite instability and immune checkpoint inhibitors: toward precision medicine against gastrointestinal and hepatobiliary cancers. J Gastroenterol.

  .A) while a tumor is considered as harboring MSI if at least three out of the five markers are unstable (Figure 2.B).

Figure 2 :

 2 Figure 2 : MSS and MSI profiles using the pentaplex panel. (A) MSS profile of the five consensus mononucleotide repeats and (B) MSI profile with 5 unstable mononucleotide repeats. Red arrows indicate microsatellite instability. Published by Evrard, C., Tachon, G., Randrian, V., Karayan-Tapon, L., and Tougeron, D. (2019). Microsatellite Instability: Diagnosis, Heterogeneity, Discordance, and Clinical Impact in Colorectal Cancer. Cancers (Basel) 11.

Figure 3 :

 3 Figure 3 : Immunohistochemistry for mismatch repair proteins in a patient that received neoadjuvant chemotherapy for rectal adenocarcinoma. H&E stain of the tumor in the resection specimen (a). The resection specimen showed intact MLH1 (b), PMS2 (c), and MSH2 (d) staining. MSH6 staining of the resection specimen showed focal nucleolar staining (e) that was originally interpreted as absent, but subsequent molecular sequencing did not reveal a mutation. The pretreatment tumor biopsy was stained for MSH6 and showed intact staining (f). Published by[START_REF] Chen | Molecular genetics of microsatellite-unstable colorectal cancer for pathologists[END_REF]. Molecular genetics of microsatellite-unstable colorectal cancer for pathologists.Diagn. Pathol. 12, 24. 

Figure 4 :

 4 Figure 4 : Immunohistochemistry for mismatch repair proteins in a patient with sporadic hypermethylation of the MLH1 promoter.Hematoxylin & eosin (H&E) staininig of the adenocarcinoma (a). Tumor cells show loss of MLH1 nuclear expression (b) and loss of PMS2 nuclear expression (c) while the stroma and lymphocytes shows strong intact staining. Conversely, tumor cells show intact nuclear expression of MSH2 (d) and MSH6 (e). This tumor showed BRAF V600E mutation by PCR consistent with sporadic microsatellite-unstable colorectal carcinoma. Published in[START_REF] Chen | Molecular genetics of microsatellite-unstable colorectal cancer for pathologists[END_REF]. Molecular genetics of microsatellite-unstable colorectal cancer for pathologists.Diagn. Pathol. 12, 24. 

Figure 5 :

 5 Figure 5 : Immunohistochemistry for mismatch repair proteins in a patient with Lynch syndrome.H&E staininig of the mucinous adenocarcinoma (a). Intact nuclear expression of MLH1 (b) and PMS2 (c). Intact nuclear expression of MSH2 (d). This tumor showed absent nuclear staining of MSH6 (e). Genetic sequencing confirmed mutation of the MSH6 gene. Published in[START_REF] Chen | Molecular genetics of microsatellite-unstable colorectal cancer for pathologists[END_REF]. Molecular genetics of microsatellite-unstable colorectal cancer for pathologists.Diagn. Pathol. 12, 24. 

Figure 6 :

 6 Figure 6 : Frequencies and risks of various cancers harbouring MMR deficiency (MMRD), POLE mutation or CMMRD syndrome. Publish by[START_REF] Nebot-Bral | Hypermutated tumours in the era of immunotherapy: The paradigm of personalised medicine[END_REF]. Hypermutated tumours in the era of immunotherapy: The paradigm of personalised medicine. Eur. J.Cancer 84,[290][291][292][293][294][295][296][297][298][299][300][301][302][303] 

  genetic landscape was first characterized in CRCs and ECs and later investigated in other cancer types. Alexandrov and colleagues performed an extensive work by examining 4,645 whole-genome and 19,184 exome sequencing tumor data and identified 49 single-basesubstitution (SBS), 11 doublet-base-substitution, 4 clustered-base-substitution, and 17 small insertion-deletion signatures (Alexandrov et al., 2020). By using six substitution subtypes: C > A, C > G, C > T, T > A, T > C, and T > G, resulting in 96 possible mutation patterns, the authors defined mutational signatures, which are also referred as COSMIC signatures. MMRD tumors were notably identified in colorectal, endometrial, stomach and oesophageal cancers. Most of MSI tumors harbored a typically enrichment in C > T and T > C substitutions, which are present in specific COSMIC signatures (SBS6, SBS15, SBS21, SBS26 and SBS44). They have also found common signatures present in MMRD tumors harboring mutations in exonuclease domain of POLE or POLD1 (SBS14 and SBS20, respectively).

Figure 7 :

 7 Figure 7 : The development of different types of mutations during the oncogenic process can lead to the generation of new protein or peptide sequences, which are referred to as neoantigens.These may be presented on the surface of cancer cells bound to MHC class I molecules, if they contain appropriate MHC class I binding motifs. T cells may recognize neoantigens if they are presented when bound to a MHC class I molecule and if the mutant amino acids project towards the T-cell antigen receptor (TCR). In the hypothetical examples shown here, a sequence of nine amino acids (ILQLMPFSV) acquires alterations (red) generated by various mutations. The peptide is then cleaved from the parental protein and becomes bound to an MHC class I molecule (using a human leukocyte antigen (HLA)-A201 motif, in this example). In the case of a non-immunogenic point mutation, the mutated peptide may bind poorly to the MHC class I molecule or might not contain mutant amino acids at the appropriate position. The mutated amino acids might also not be displayed outwards, towards the TCR (shown). In an immunogenic point mutation, the altered amino acid may enable binding of the mutated (and now immunogenic) peptide to an MHC class I molecule through the creation of an 'anchor' residue (top), or it may project towards the TCR (bottom). An insertion or deletion (indel) mutation can create similarly immunogenic peptides through the juxtaposition of two peptide sequences. And a frameshift mutation creates entirely foreign peptide sequences, which may also be immunogenic when the new peptide sequence binds to an MHC class I molecule and creates a mutant projected amino acid. X, any amino acid. Published byMoreover, several studies have shown that the genetic landscape of a tumor could shape its immunological architecture emphasizing the close link between mutational load and the immunological tumor microenvironment (TME). Namely,Angelova et al. 

Figure 8 :

 8 Figure 8 : Correlation between immune activation (lower track) and neoantigen burden (middle track) along the adenoma-to-carcinoma pathway (top track) in Lynch syndrome-related CRC. The colonic epithelium is shown as confluent cells with an admixture of different colors to represent intralesional mutation and/or neoantigen diversity. Early colorectal adenomas (left column) display markers of immunoreactivity even in the absence of high somatic mutation or neoantigen burden. As the lesions progress to advanced adenomas (middle column) and carcinomas (right column), there is a corresponding rise in mutation/neoantigen burden and markers of immune tolerance. LS, Lynch syndrome. Redrawn with permission; copyright The University of Texas MD Anderson Cancer Center. Published byWillis, J.A., Reyes-Uribe, L., Chang, K., Lipkin, S.M., and Vilar, E. (2020). Immune Activation in Mismatch Repair-Deficient Carcinogenesis: More Than Just Mutational Rate.Clin. Cancer Res. 26,[11][12][13][14][15][16][17] 

Figure 9 :

 9 Figure 9 : dMMR-MSI-H and pMMR-MSI-L CRCs have distinct tumour microenvironments. dMMR-MSI-H tumour cells are characterized by a high number of genomic mutations and, consequently, present mutated peptides on their major histocompatibility complex (MHC) class I molecules. Complexes of mutant peptides with MHC class I are recognized as foreign neoantigens, triggering immune cell priming and infiltration. Published byGanesh, K., Stadler, Z.K., Cercek, A., Mendelsohn, R.B., Shia, J., Segal, N.H., and Diaz, L.A. (2019). Immunotherapy in colorectal cancer: rationale, challenges and potential.Nat. Rev. Gastroenterol. Hepatol. 16, 361. 

  lymphocytes (TILs), is correlated with prognosis in several cancer types. TILs are identified by a surface cluster of differentiation (CD) molecules named CD3 + and are comprised of two major groups: the CD4 + and CD8 + populations. CD4 + cells are activated by antigen presenting cells such as dendritic cells by the MHC II. These immune cells are also called T helpers due to their various activities on other populations of cells. They are subdivided into at least Th1, Th2, Th17 and regulatory T cells (Treg) groups. Th1 provide costimulatory signals to CD8 + cells and produce high amount of IFN. Th2 activate B cells and secrete IL-4 and IL-5. Th17 promote inflammation by production of IL-17, IL-21, IL-22. Tregs control the immune response and prevent autoimmunity by modulating immunosuppressive responses.

Figure 10 :

 10 Figure 10 : The cancer immunity cycle. The generation of immunity to cancer is a cyclic process that can be self propagating, leading to an accumulation of immune-stimulatory factors that in principle should amplify and broaden T cell responses. The cycle is also characterized by inhibitory factors that lead to immune regulatory feedback mechanisms, which can halt the development or limit the immunity. This cycle can be divided into seven major steps, starting with the release of antigens from the cancer cell and ending with the killing of cancer cells. Each step is described above, with the primary cell types involved and the anatomic location of the activity listed. Abbreviations are as follows: APCs, antigen presenting cells; CTLs, cytotoxic T lymphocytes. Inspired by[START_REF] Chen | Oncology meets immunology: the cancer-immunity cycle[END_REF]. Oncology meets immunology: the cancer-immunity cycle.Immunity 39,[1][2][3][4][5][6][7][8][9][10] 

Figure 11 :

 11 Figure 11 : Distinct TME between MMS and MSI tumors. Published by Lin, A., Zhang, J., and Luo, P. (2020). Crosstalk Between the MSIStatus and Tumor Microenvironment in Colorectal Cancer. Front. Immunol. 11. 

Figure 12 :

 12 Figure 12 : Therapeutic tools in anti-cancer immunotherapy according to their characteristics to induce a specific or aspecific, active or passive immune response. Modified extract from the Report -Immunotherapies 2025, LEEM 2011 B. ICB

Figure 13 :

 13 Figure 13 : Stimulatory and Inhibitory Factors in the Cancer-Immunity Cycle. Each step of the Cancer-Immunity Cycle requires the coordination of numerous factors, both stimulatory and inhibitory in nature. Stimulatory factors shown in green promote immunity, whereas inhibitors shown in red help keep the process in check and reduce immune activity and/or prevent autoimmunity. Immune checkpoint proteins, such as CTLA-4, can inhibit the development of an active immune response by acting primarily at the level of T cell development and proliferation (step 3). We distinguish these from immune rheostat ("immunostat") factors, such as PD-L1, can have an inhibitory function that

Figure 14 :

 14 Figure 14 : Clinical Benefit of Pembrolizumab Treatment According to Mismatch-Repair Status. Kaplan-Meier curves are shown for progression-free survival in the cohorts with colorectal cancer (Panel A), overall survival in the cohorts with colorectal cancer (Panel B). In colorectal mismatch repair-deficient tumors, median overall survival was not reached. Patients in the cohort with mismatch repair-proficient colorectal cancers had a median progression-free survival of 2.2 months (95% CI, 1.4 to 2.8) and a median overall survival of 5.0 months (95% CI, 3.0 to not estimable).Published by Le, D.T., Uram, J.N.,Wang, H., Bartlett, B.R., Kemberling, H., Eyring, A.D., Skora, A.D., Luber, B.S., Azad, N.S., Laheru, D., et al. (2015). PD-1 Blockade in Tumors with Mismatch-Repair Deficiency.N. Engl. J. Med. 372, 2509-2520. 

Figure 15 :

 15 Figure 15 : Progression-free Survival in Patients with MSI-H-dMMR Metastatic Colorectal Cancer. Shown are Kaplan-Meier estimates of progression-free survival among patients with microsatelliteinstability-high (MSI-H) or mismatch-repair-deficient (dMMR) colorectal cancer. The analysis was performed in the intention-to-treat population. Tick marks represent data censored at the time of the last imaging assessment. Progression-free survival was assessed according to the Response Evaluation Criteria in Solid Tumors (RECIST), version 1.1, by independent central reviewers who were unaware of the group assignments. The P value shown met the prespecified statistical criterion (P=0.0117) for superiority of pembrolizumab over chemotherapy. Published by André, T., Shiu, K.-K.,Kim, T.W., Jensen, B.V., Jensen, L.H., Punt, C., Smith, D., Garcia-Carbonero, R., Benavides, M., Gibbs, P., et al. (2020). Pembrolizumab in Microsatellite-Instability-High Advanced Colorectal Cancer. New England Journal of Medicine.

Figure 16 :

 16 Figure 16 : Data from nearly 300 studies (SupplementaryTable1) involving more than 70,000 patients across the cancer types displayed were analysed regarding the relevance of15 immune cell types: CD8+ (cytotoxic) T lymphocytes (CD8+), regulatory T cells (Treg cells), macrophages (macro), M1 macrophages (M1), M2 macrophages (M2), tertiary lymphoid structures (TLSs), T helper 1 (TH1) cells, T helper 17 (TH17) cells, T helper 2 (TH2) cells, T follicular helper (TFH) cells, B cells (B), natural

classified 4

 4 TME subtypes: immune-enriched fibrotic, immune-enriched non-fibrotic, fibrotic, and desert. Patients displaying immune enriched non-fibrotic TME (i.e. high infiltration of TILs without fibroblasts) benefit the most from immunotherapy. Of note, most of MSI tumors presented an immune infiltrated non-fibrotic TME.

  human. In 2019,Hollern et al., revealed the synergistic role of TFH, class-switched B cells and their associated antibodies to ICB response in hypermutated breast syngenic cancer models[START_REF] Hollern | B Cells and T Follicular Helper Cells Mediate Response to Checkpoint Inhibitors in High Mutation Burden Mouse Models of Breast Cancer[END_REF]. Regarding clinical studies, 3 independent studies were concomitantly published in Nature in 2020. WhilePetitprez et al. worked on sarcoma (Petitprez et al., 2020b), Cabrita et al. studied melanoma and Helmnik et al. investigated B cells in a melanoma and a renal cell carcinoma cohort (Helmink et al., 2020). The authors of the three publications concluded that tumors with a high infiltration of B cell/TLS during ICB treatment are more likely responders Figure 18. Additionally, these authors demonstrated that the constitutive populations of TLS are dynamically evolving during treatment. However, the underlying mechanisms of the beneficial effect of B cells during ICB treatment are still missing. The principal hypothesis of B cells mechanism of action is based on antigen

Figure 18 :

 18 Figure 18 : Impact of B cells and TLSs on prognosis and response to ICIs. Analysis of 15 different tumor types.The surface of the spot is proportional to the number of patients for each cancer, with a favorable impact (green), mostly favorable impact (light green), unfavorable impact (red), or no impact (white) on PFS or OS and therapeutic response to ICIs. Published by[START_REF] Fridman | B cells and cancer: To B or not to B?[END_REF]. B cells and cancer: To B or not to B? J.Exp. Med. 218. 

Figure 19 :

 19 Figure 19 : N1 and N2 TAN polarization and their activities. Published by Masucci, M.T., Minopoli, M., and Carriero, M.V. (2019). Tumor Associated Neutrophils. Their Role in Tumorigenesis, Metastasis, Prognosis and Therapy. Front. Oncol. 9.

  associated with the recruitment of Tregs, which is mediated by this immunosuppressive cytokine. As a result, the neutralization of CCL17 abolishes the recruitment of Tregs by TAN and the depletion of neutrophils with anti-Ly-6G antibody reduce Tregs migration into the tumor. Mishalian et al., added translational relevance of their work by showing that TAN

Figure 20 :

 20 Figure 20 : Survival Analysis. Kaplan Meier survival curves demonstrating survival probability with increasing time post diagnosis in patients with above-median NLR (blue) as compared to belowmedian NLR (red) in the cohort as a whole (A) and for each studied cancer type (B-I). The shaded areas reflect 95% confidence intervals. The hatched lines show median survival time for patients above or below the median NLR. Group-specific medians for determining high NLR cutoff are calculated within each cancer subtype. Published by[START_REF] Howard | Exploring the prognostic value of the neutrophil-tolymphocyte ratio in cancer[END_REF]. Exploring the prognostic value of the neutrophil-to-lymphocyte ratio in cancer. Sci. Rep. 9

Figure 21 :

 21 Figure 21 : PI3K/PTEN pathway signaling. (A) The reactions catalysed by the phosphoinositide lipid kinase PI3K that is antagonized by the lipid phosphatase PTEN. (B) A hypothetical model for the working of the PI3K signalling network is represented. Lipid kinases are represented by light orange ovals; lipid phosphatases are represented by dark orange and protein kinases are shaded grey. Phosphoinositide lipids are also labelled. Orange reaction arrows indicate conversion of lipid species, and black arrows represent functional interactions. PIP3 effectors are also included representing the large PIP3-binding proteome. Published by Wise, H.M., Hermida, M.A., and Leslie, N.R. (2017). Prostate cancer,PI3K, PTEN and prognosis. Clin. Sci. Lond. Engl. 1979 131, 197-210. 

Figure 22 :

 22 Figure 22 : Impact of oncogenic signalling on immune inhibitory pathways and cell populations. βcatenin: immune exclusion mediated by activation of the WNT-β-catenin pathway occurs when expression of CC-chemokine ligand 4 (CCL4) is inhibited and thus basic leucine zipper transcriptional factor ATF-like 3 lineage dendritic cells (BATF3 DCs) are no longer recruited into the tumour microenvironment. Consequently, owing to a lack of CXC-chemokine ligand 10 (CXCL10) production by BATF3 DCs, no T cell priming occurs, and effector T cells are not recruited into the tumour.MYC: activation of MYC signalling enhances the expression of leukocyte surface antigen CD47 and programmed cell death 1 ligand 1 (PDL1) on tumour cells through transcriptional regulation. Expression of these immune inhibitory molecules interferes with antigen uptake by antigenpresenting cells (APCs) via engagement with signal regulator protein-α (SIRPα) and inhibits T cell function via PD-1 engagement, respectively. LKB1: loss of liver kinase B1 (LKB1) signalling within tumour cells results in increased expression of various cytokines, including interleukin-6 (IL-6), IL-33 and CXCL7. IL-6 mediates recruitment of neutrophils into the tumour microenvironment, an immunosuppressive cell type that contributes to reduced T cell infiltration and promotes T cell dysfunction. LKB1 mutations can also lead to activation of MYC signalling within the same tumour cells, providing potential crosstalk between pathways. PTEN: loss of PTEN protein function and thereby activation of PI3K inhibits lipidation of the autophagosome protein LC3 and autophagy in tumour cells, a process that can diminish T cell priming and also mediate resistance to T cell-mediated apoptosis. TP53: effector T cell exclusion from the tumour can occur owing to inactivating TP53mutations, which results in reduced chemokine production by tumour cells. In particular, TP53mutated tumour cells lack production of key chemokines required for the recruitment of natural killer (NK) cells and T cells, which is required for NK cell recruitment into the tumour microenvironment.

  These molecules play a critical role in maintaining the immune homeostasis and preventing autoimmunity. However, in cancer, immune checkpoint mechanisms are often modulated to prevent anti-tumor immune response. This knowledge has led to the development of several checkpoint inhibitor antibody drugs such as anti-CTLA-4 and anti PD-(L)1 that have an increasing number of indications. Others ICB are currently being developed in clinical trials, with more than 3,000 active clinical trials evaluating T-cell modulators, representing about 2/3 of all oncology trials[START_REF] Yu | Immuno-oncology drug development goes global[END_REF] In addition to CTLA-4 and PD-1 checkpoint molecules, T cells could also express other inhibitory receptor such as Tim-3 (T cell immunoglobulin and mucin domain-3 protein) (Tim-3), LAG-3, TIGIT (T cell immunoreceptor with Ig and ITIM domains), T-bet (T box transcription factor), and Eomes (eomesodermin). Moreover, checkpoint molecules could be presented by other immune and non-immune cells. For instance, VISTA (V-set immunoregulatory receptor) is predominately detected in myeloid cells, KIR (natural killer cell immunoglobulinlike receptor) and NKG2 (natural killer cell lectin-like receptor) families of NK cells, and CD155 in endothelial cells. The summary of the checkpoint molecules have been reviewed elsewhere[START_REF] Wei | Emerging immune checkpoints in the tumor microenvironment: Implications for cancer immunotherapy[END_REF] and reported inFigure 23. 

Figure 23 :

 23 Figure 23 : Emerging immune checkpoints within the tumor microenvironment. The name of coinhibitory molecules is displayed in red, and the name of costimulatory molecules is displayed in

  ) are a family of autocrine and paracrine cytokines, which have historically been classified according to the cell origin: IFN- originates from leucocytes, IFN- from fibroblasts and IFN- from T cells. However, in 2003, the discovery of IFN-λ led to a reshaping of the INF classification so that these molecules are currently distinguish into three categories: IFN I (IFN- and IFN-), IFN II (IFN- ), and IFN III (IFN-λ) (Figure 24).

Figure 24 :

 24 Figure 24 : Classification of interferons. Based on the type of receptor through which they signal, interferons have been classified into three major types and each of them contains subtypes except Type II interferon. Published by Zhang, K. (2017). Overview of Interferon: Characteristics, signaling and anti-cancer effect. Arch. Biotechnol. Biomed. 1, 001-016. IFNs are secreted by host cells in response to either pathogens through pathogenassociated molecular patterns (PAMPs), or immunogenic cell death (ICD) through damageassociated molecular patterns (DAMPs). Several treatments such as anthracyclines, oxaliplatin (Kroemer et al., 2013), and radiotherapy can result in leaking of DNA/RNA either

Figure 25 :

 25 Figure 25 : The classical anti-tumor actions of IFN. Inspired from[START_REF] Kursunel | The untold story of IFN-γ in cancer biology[END_REF]. The untold story of IFN-γ in cancer biology.Cytokine & Growth Factor Reviews 31,[73][74][75][76][77][78][79][80][81] 

Figure 26 :

 26 Figure 26 : The tumor promoting "alternative" features of IFN. Inspired from ursunel, M.A., and Esendagli, G. (2016). The untold story of IFN-γ in cancer biology. Cytokine & Growth Factor Reviews31, 73-81. 

Figure 27 :

 27 Figure 27 : Pathways, genomic characteristics, and molecular mechanisms implicated in response to immune checkpoint therapy. Alterations in canonical cancer pathways such as the MAPK, PI3K, and WNT-β-catenin pathways are associated with increased resistance to ICB. Inactivation of the MAPK and PI3K pathways, through alterations such as PTEN loss, are associated with a reduction in TILs and decreased expression of pro-inflammatory cytokines in the TME.Conversely, activation of the WNT-βcatenin and IDO1 pathways results in suppression of T cells and NK cells in the TME. Genome-wide characteristics, including deficiencies in DNA repair machinery and increased tumor mutational/neoantigen burden, are also associated with resistance. Increased mutational burden has been shown to lead to an elevated neoantigen burden, which results in a highly immunogenic tumor. If the neoantigens are clonal, T cell response is capable of eradicating the entire tumor, rather than a subpopulation of tumor cells. Furthermore, decreased HLA variability, LoF alterations in the JAK-STAT pathway, and induction of TGFβ increase resistance to immune checkpoint therapy through alteration of the immune response directly. HLA human leukocyte antigen, ICB immune checkpoint blockade, IDO1 indoleamine 2,3-dioxygenase, JAK-STAT janus kinase/signal transducers and activators of transcription, LoF loss of function, MAPK mitogen-activated protein kinase, NK natural killer, PI3K phosphoinositide 3-kinase, PTEN phosphatase and tensin homolog, TGFβ transforming growth factor beta, TIL tumor infiltrating lymphocytes, TMB tumor mutational burden. Published by Conway, J.R.,Kofman, E., Mo, S.S., Elmarakeby, H., and Van Allen, E. (2018). Genomics of response to immune checkpoint therapies for cancer: implications for precision medicine. Genome Med. 10.

  Angelova et al. described the antigenome and immunophenotypes of CRC. The repertoire of the tumor antigens (cancer antigenome) gathers all cancer antigens expressed in tumors. To characterize the antigenicity and immunogenicity of these antigens, these authors used Whole Exome Sequencing and RNA sequencing to identify multiple subpopulations of TILs and reported that the high infiltration of CD8 + , CD45 RO + , Treg, NK, DC, and low infiltration of MDSC are associated with higher overall survival. With the increasing of tumor stage, their antigenicity and the intratumoral immune-active cells tend to decrease(Angelova et al., 2015).In 2017, Charoentong et al., published a pan-cancer analysis in more than 20 tumor types and proposed the immunophenoscore, which is based on the expression of gene sets comprising four categories: MHC molecules, immunomodulators, effector cells (activated CD8 + T cells and CD4 + T cells, Tem CD8 + , and Tem CD4 + cells), and suppressor cells (Tregs and MDSCs), as an extensive tool to describe the immuno-genetic profile of tumors and predict response to immunotherapy with anti-PD-1 or anti-CTLA-4 treatment(Charoentong et al., 2017).

Figure 28 :

 28 Figure 28: Scores to better evaluate prognosis and predict response to Immune Checkpoint Blockade. All these scores and parameters could also dictate response to ICB in MSI/MMRD tumors. Scores for prognosis are in blue. They are mainly based on IHC and genomic and transcriptomic analyses. Scores to predict response to ICB are in orange. They are mainly based on genomic and transcriptomic analyses, but other parameters such as microbiome and drug exposure can also modulate response to ICB. 1: parameters used to define Immune score(Mlecnik et al., 2011). 2: parameters used to define Immunoscore®. 3: parameters used to define the antigenome and immphenotypes described byAngelova et. al. (Angelova et al., 2015)]. 4: parameters used to define Immunophenoscore(Charoentong et al., 2017)]. 5: parameters used to define Cancer-immune set point(Chen et al., 2017). CD: cluster of differentiation; DC: dendritic cells; M1/M2: type 1 and type 2 macrophages; MDSC: myeloid-derived suppressor cells; ICB: immune checkpoints blockade; IHC: immunohistochemistry; NK: natural killer; TILs: tumor infiltrating lymphocytes; Treg: regulatory T cells. Published by[START_REF] Nebot-Bral | Why is immunotherapy effective (or not) in patients with MSI/MMRD tumors?[END_REF]. Why is immunotherapy effective (or not) in patients with MSI/MMRD tumors? Bulletin DuCancer 106,[START_REF] Chen | Anti-PD-1/PD-L1 therapy of human cancer: past, present, and future[END_REF][START_REF] Chen | Molecular pathways: next-generation immunotherapyeinhibiting 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][START_REF] Sharma | The future of immune checkpoint therapy[END_REF][START_REF] Le | Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade[END_REF][START_REF] Bouffet | Immune checkpoint inhibition for hypermutant glioblastoma multiforme resulting from germline biallelic mismatch repair deficiency[END_REF][111][START_REF] Le | KEYNOTE-164: phase II study of pembrolizumab (MK-3475) for patients with previously treated, microsatellite instabilityhigh advanced colorectal carcinoma[END_REF][START_REF] Seiwert | Safety and clinical activity of pembrolizumab for treatment of recurrent or metastatic squamous cell carcinoma of the head and neck (KEYNOTE-012): an open-label, multicentre, phase 1b trial[END_REF] 

  Figure 28: Scores to better evaluate prognosis and predict response to Immune Checkpoint Blockade. All these scores and parameters could also dictate response to ICB in MSI/MMRD tumors. Scores for prognosis are in blue. They are mainly based on IHC and genomic and transcriptomic analyses. Scores to predict response to ICB are in orange. They are mainly based on genomic and transcriptomic analyses, but other parameters such as microbiome and drug exposure can also modulate response to ICB. 1: parameters used to define Immune score(Mlecnik et al., 2011). 2: parameters used to define Immunoscore®. 3: parameters used to define the antigenome and immphenotypes described byAngelova et. al. (Angelova et al., 2015)]. 4: parameters used to define Immunophenoscore(Charoentong et al., 2017)]. 5: parameters used to define Cancer-immune set point(Chen et al., 2017). CD: cluster of differentiation; DC: dendritic cells; M1/M2: type 1 and type 2 macrophages; MDSC: myeloid-derived suppressor cells; ICB: immune checkpoints blockade; IHC: immunohistochemistry; NK: natural killer; TILs: tumor infiltrating lymphocytes; Treg: regulatory T cells. Published by[START_REF] Nebot-Bral | Why is immunotherapy effective (or not) in patients with MSI/MMRD tumors?[END_REF]. Why is immunotherapy effective (or not) in patients with MSI/MMRD tumors? Bulletin DuCancer 106,[START_REF] Chen | Anti-PD-1/PD-L1 therapy of human cancer: past, present, and future[END_REF][START_REF] Chen | Molecular pathways: next-generation immunotherapyeinhibiting 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][START_REF] Sharma | The future of immune checkpoint therapy[END_REF][START_REF] Le | Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade[END_REF][START_REF] Bouffet | Immune checkpoint inhibition for hypermutant glioblastoma multiforme resulting from germline biallelic mismatch repair deficiency[END_REF][111][START_REF] Le | KEYNOTE-164: phase II study of pembrolizumab (MK-3475) for patients with previously treated, microsatellite instabilityhigh advanced colorectal carcinoma[END_REF][START_REF] Seiwert | Safety and clinical activity of pembrolizumab for treatment of recurrent or metastatic squamous cell carcinoma of the head and neck (KEYNOTE-012): an open-label, multicentre, phase 1b trial[END_REF] 

Tableau 3 :

 3 Antitumor Activity for Tumor Types with Greatest Enrollment. Published by[START_REF] Marabelle | Efficacy of Pembrolizumab in Patients With Noncolorectal High Microsatellite Instability/Mismatch Repair-Deficient Cancer: Results From the Phase II KEYNOTE-158 Study[END_REF]. Efficacy of Pembrolizumab in Patients With Noncolorectal High Microsatellite Instability/Mismatch Repair-Deficient Cancer: Results From the Phase IIKEYNOTE-158 Study. J. Clin. Oncol. JCO.19.02105. Beyond the disparity between MSI organ, heterogeneity within the same MSI tumor type has been observed and could explain why not all patients with the same tumor type respond to ICB. For instance,Williams et al., classified MSI CRC according to their infltration by TILs and found that, compared with TIL-high/MSI tumors with the most favorable prognosis, TIL-low/MSI show poor disease free survival[START_REF] Williams | Lymphocytic response to tumour and deficient DNA mismatch repair identify subtypes of stage II/III colorectal cancer associated with patient outcomes[END_REF]. In addition, Shorock et al., published that the TMB is highly heterogeneous within MSI CRC and that mutational load was predictive of response to ICB[START_REF] Schrock | Tumor mutational burden is predictive of response to immune checkpoint inhibitors in MSI-high metastatic colorectal cancer[END_REF]. In summary, these observations suggest the necessity to elucidate which intrinsic and extrinsic parameters are responsible for the clinical disparity of ICB response across MMRD tumors. Ph.D AIMS Four years ago, I applied for a PhD in Patricia Kannouche's and Nathalie Chaput's lab because they were proposing a translational project that was at the crosswords of DNA repair and Immuno-oncology. This subject was in line with my training studies of pharmacy and with what I was looking for in a PhD subject: a translational project combining diverse fundamental investigations based on clinical observations. The global cancer burden estimates of cancer incidence and mortality produced by the International Agency for Research on Cancer estimated 19.3 million new cancer cases (18.1 million excluding nonmelanoma skin cancer) and almost 10.0 million cancer deaths (9.9 million excluding nonmelanoma skin cancer) in 2020 worldwide[START_REF] Sung | Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries[END_REF]. With more than 28.4 million cases of cancer expected in 2040. Therefore, the development of innovative ways to treat cancer is imperative.Immunotherapy, and particularly ICB such as anti-PD-1 mAbs, consists in reactivating the patient's immune system to fight against his own tumor, and has revolutionized the management of several cancers. Over the last few decades, the number of published papers about immunotherapy has doubled every two years[START_REF] Debele | Cancer Immunotherapy and Application of Nanoparticles in Cancers Immunotherapy as the Delivery of Immunotherapeutic Agents and as the Immunomodulators[END_REF] and clinical trials intend to apply this new anticancer weapon to the highest number of patients. Despite the impressive success reported with ICB, such therapy has benefited only a subset of patients, with some individuals completely failing to respond to the treatment, while others achieving a limited response followed by tumor progression. The understanding of factors that contribute to an effective response and further elucidation of the mechanisms of resistance will be crucial to a broader application of these therapies. Interestingly, even though the underlying molecular mechanisms remain unclear, the interaction of tumor DNA damage with the immune system has recently come into focus, and emerging experimental and clinical evidence suggest that features of genomic instability are associated with ICB response[START_REF] Yarchoan | Tumor Mutational Burden and Response Rate to PD-1 Inhibition[END_REF] (Marabelle et al., 2020) (Angelova et al., 2015)(Charoentong et al., 2017) (Chen and Mellman, 2017).In this regard, clinical studies have demonstrated a significant improvement in clinical response to anti-PD-1-based immunotherapy in a subset of patients with microsatellite instability-high (MSI-H)/mismatch repair deficient (MMRD) tumors that used to have no therapeutic options at a metastatic stage combinations[START_REF] Antill | Clinical activity of durvalumab for patients with advanced mismatch repair-deficient and repair-proficient endometrial cancer. A nonrandomized phase 2 clinical trial[END_REF] (André et al., 2020).[START_REF] Azad | Nivolumab Is Effective in Mismatch Repair-Deficient Noncolorectal Cancers: Results From Arm Z1D-A Subprotocol of the NCI-MATCH (EAY131) Study[END_REF].(Le et al., 2017) (Le et al., 2015) (Marabelle et al., 2019) (Overman 

  By using different syngeneic models characterized by distinct TME, we first aimed to investigate whether immunosuppressive TME could hinder ICB response in hypermutated MMRD tumors. Then, we tried to discover candidate biomarkers of resistance to ICB in MSI tumors. Finally, we investigated the clinical relevance of our work. Thanks to Dr.Hollebecque (Gustave Roussy) we constituted a clinical a cohort of 104 patients diagnosed with MMRD tumors across 18 tumor types that were treated with anti-PD-(L)1. The translational data presented in this manuscript may provide a further understanding of the MMRD tumors biology and suggest new relevant biomarkers of response to ICB as well as effective therapeutic arsenal.

Figure 29 :

 29 Figure 29 : Global PhD aim: Deciphering which intrinsic and/or extrinsic factors can hamper anti-PD-1 treatment response in MMRD tumors.

  cells after 40 weeks in cell culture, with prominent single base pair deletions (-1 bp). To monitor the accumulation of mutations during tumor growth, 4T1 Msh2KO cells at passage 6 weeks (p6w) were orthotopically transplanted into mammary fat pads in BALB/c mice, and tumor exomes at two timepoints postinjection were analyzed (Figure 1C, right panel). We observed an increase in TMB in 4T1 Msh2KO cells between Day 15 and Day 30 (4.5 vs. 11.25 mut/Mb), while in 4T1 parental cells, TMB remained relatively stable over time (4.2 vs. 6.3 mut/Mb). These genetic features were corroborated in the MMRD CT26 syngeneic model (Figure 1D). Altogether, these results indicate that our two MMRD murine models recapitulate the mutational landscape found in human tumors with MSI. MMRD cells passaged for 6 weeks are hereafter referred to as MMRD-intermediate (MMRD int ) cells, and MMRD cells that were passaged for more than 15 weeks are referred to as MMRD-high (MMRD hi ) cells.

  been shown to cause a slight increase in immune infiltration compared to parental cells(21) while immune features in 4T1 MMRD models are unknown. Therefore, we investigated the TME in 4T1 MMRD tumors. Parental, MMRD int and MMRD hi 4T1 cells were orthotopically injected into mice, and the TME was evaluated 30 days postinjection (Figure1E). No difference was observed for CD3 + T cell infiltration in the parental, MMRD int or MMRD hi 4T1 models. Interestingly, in MMRD hi tumors the conventional CD4 + T cells to Treg cells (CD4 + conv/CD4 + Treg) ratio was significantly increased compared to parental and MMRD int tumors (Figure1E, right panel),

Figure

  1H, left panel and Figure 1I, left panel). αPD-1 monotherapy had no effect in either MMRD int or MMRD hi 4T1 tumors (Figure 1H, middle and right panels), while a significant reduction in tumor growth was observed in the MMRD hi CT26 tumor model (Figure 1I, right panel). This result was not anticipated since these three MMRD models have a high TMB (CT26 MMRD hi TMB>30 mut/Mb; 4T1 MMRD int TMB>10 mut/Mb; and 4T1 MMRD hi TMB> 50 mut/Mb) and substantial immune infiltration with strong PD-1 expression. Thus, despite the presence of the two most clinically validated biomarkers for predicting response to αPD-1, treatment was ineffective in MMRD 4T1 models. This outcome suggests that other mechanisms are involved in primary resistance to treatment targeting and blocking the PD-1/PD-L1 axis, even in highly mutated tumors. Neutrophils are negatively correlated with αPD-1 response in resistant MMRD tumors Contrary to the CT26 tumor model, 4T1-bearing mice have a massive increase in the number of circulating white blood cells (WBCs) relative to normal control hosts;

  Figure 2C, adaptive transfer of tumor neutrophils abrogated the efficacy of αPD-1 in MMRD hi CT26 tumors. No such effect was observed with naïve neutrophils (Figure2C). We next examined the TME of MMRD hi CT26 tumors after adoptive transfer of

  value was not able to predict progression or response to αPD(L)-1 treatment in either CRC or EC (Figure 4D left panel). Moreover, the difference in NLR observed at baseline between CRC and EC was maintained during treatment (Figure 4D middle panel). Consequently, no common NLRbaseline cutoff to predict response or resistance to ICB in MMRD tumors could be identified. As evidenced in our preclinical models, the neutrophil population is dynamic and varies during tumor progression and in response to immunotherapy. We therefore dynamically assessed the NLR variation (NLRvariation) percentage in blood between a timepoint after treatment initiation and the value at baseline (Figure 4D right panel).

  . Both CRISPR-Cas9 plasmid and peGFP-C3 plasmid (Clontech) were transfected at a 9:1 ratio in 4T1 cells using Cell Avalanche® reagent (EZ Biosystems) according to the manufacturer's instruction. For CT26 cell line, the same strategy of transfection was carried out with JETPEI® reagent (Polyplus®) according to the manufacturer's instruction. After 48 hours, GFP + cells

  guidelines, regulations and approved by the French Animal Experimentation Ethic Committee n°26(#02005.02 and APAFIS#21380-2019070808595692 v2). Female BALB/c mice aged of 6 weeks were purchased at ENVIGO® and were maintained in the animal facility of Gustave Roussy.For 4T1 experiments, 5 x 10 4 cells in 20L of PBS were injected into the inferior left mammary fat pad of mice. For CT26 experiments, 50 x 10 4 cells in 100L were subcutaneously injected into the right flank of mice. Tumor were measured twice weekly at minimum and the estimation of the tumor volume was calculated by the following formula: (length x width 2 ) 2. Mice were euthanized when the tumor size was ≥1500mm 3 or boundary points were reached according to the French and European laws and regulations for the use of mice for scientific purposes. For longitudinal blood monitoring, blood was taken from the submandibular vein of mice using minivette® POCT of 100L. Frequency of blood sampling was twice a week and the side (left or right submandibular vein) was alternatively changed.

Figure 1 :

 1 Figure 1: Variable responses to αPD-1 therapy in MMR-deficient mouse models A, Experimental model system for generating MMRD tumor cell lines (4T1, CT26) harboring increasing tumor mutation burden due to the inactivation of MSH2 gene B, Loss of MSH2 protein detected by western blot in clones inactivated for MSH2 gene by CRISPR/Cas9 in 4T1 (left panel) and CT26 (right panel). MSH6, partner of MSH2 to form MutSα complex is destabilized in Msh2 KO cells. C-D, Counts of nonsynonymous nucleotide substitution per Mb (TMB) and indels from whole-exome analysis in 4T1 and CT26 MSH2 ko clones and in parental cells after serial passages (in weeks) in culture or tumor growth (D15, D30). Heatmap of relative contribution of MMR COSMIC signatures (Signature6, 14, 15, 20, 21, 26, 44) in different tumors injected at indicated passages (right panel). The TMB cutoff of 10 nonsynonymous/Mb is represented in dotted lines. E-G, Flow cytometry analyses of tumor-infiltrating leukocytes in 4T1 parental (dark blue), 4T1 MMRD int (p=6 weeks, p6w, blue) and 4T1 MMRD hi (p=30 weeks, white and blue) tumors resected 30 days post cell injection (n=7 to 20 tumors per group). The proportions of T lymphocytes (CD3 + ) among CD45 + cells, as well as the ratios CD8 + /CD4 + , CD4convential/Treg are depicted (E). Note that the Treg cell population was defined as CD4 + Foxp3 + cells and CD4 conventional population was defined as CD4 + Foxp3 -cells. The proportions of KI67 + , ICOS + and PD1 + among CD4 + (F) and CD8 + cells (G) are shown. H-I, Tumor growth kinetics of 4T1 (H) and CT26 (I) Parental, MMRD int and MMRD hi clones in mice treated with αPD-1 or its isotype when tumors reached 70-90 mm 3 (5-14 mice/group). Data are shown as mean ± SEM. Statistical analyses were performed using Mann Whitney test when comparing two groups (H-I) and Dunn's test (E-G) when comparing more than two groups. Symbol significance: * p≤0.05; ** p≤0.01; *** ≤0.001, **** ≤0.0001. TMB: Tumor Mutational Burden (non-synonymous mutations/Mb). MMRD int : MMRD intermediate (cells serially passaged during 6 weeks in culture); MMRD hi : MMRD high (cells serially passaged for more than 15 weeks in culture).

Figure 2 :

 2 Figure 2: Neutrophil levels negatively correlate with αPD-1 response in MMRD preclinical tumor models

Figure 3 :

 3 Figure 3: Clinical response to αPD-(L)-1 in patients with different MMRD tumor types A, Pie chart representing classification of MSI/ MMR-deficient tumor types analyzed in the GR cohort. B, the swimmer plots illustrate the PFS of patients treated with αPD(L)-1 antibody. Ongoing treatment is represented with a triangle and the start of response or stable disease was tagged by a square or a black oval, respectively. Histological tumor types are color-coded. C, Waterfall plot of best response (defined as best percentage change from baseline in tumor size by RECIST version 1.1) to αPD(L)-1 therapy (upper panel). Spider plots (defined as longitudinal tumor growth or shrinkage compared to baseline accorded to RECIST 1.1) in the cohort (lower panels). Analysis included all patients who received at least one dose of study treatment and had at least one evaluable post-baseline tumor assessment CR: Complete Response; PR: Partial Response; SD: Stable Disease; PD: Progressive disease.

Figure 4 :

 4 Figure 4: The NLR variation percentage can predict resistance to αPD(L)-1 therapy for patient with different MMRD tumor types. A-B, Kaplan-Meier estimation of overall survival (A) or progression free survival (B) in the cohort segregated by MSI organs. C, Neutrophil/lymphocyte ratio (NLR) among MMRD tumor types at baseline. D, Graphs of NLR baseline, NLR during response or progression to αPD(L)1 therapy and % of NLR variation (see calculation in Materiel and Methods section) between responders and progressors for MMRD CRC and EC are depicted. E, percentage of NLR variation during the initiation of the response, Nadir or progression. F, Representative photographs of CD3 + and CD15 + IHC staining of MSI CRC and EC tumors at baseline. Scale bars = 100μm. Histogram of
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 3 Figure 3: Clinical response to αPD-(L)1 in patients with different MSI tumor types

Figure 33 :

 33 Figure 33 : Mice achieved long-term memory response independently of the presentation machinery of cancer-associated-antigens.Tumor growth kinetics among a 100 day period. 9 mice bearing 4T1 MMRD hi tumors underwent complete regression following the combination of ɑPD-1 + ɑCTLA-4. They were rechallenged one month later with 4T1 parental (n=2) or 4T1 MMRD hi (n=3) or 4T1 MMRDhigh-B2M (n=4). Data are shown as mean ± SEM.

Figure 34 :

 34 Figure 34 : In contrast to primary tumors, metastatic 4T1 MMRD int tumors respond to anti-PD-1 treatment. After transplantation of parental or MMRD int 4T1 cells, mice were treated with isotype or anti-PD-1 antibody. When tumor volume reached limit point, mice were sacrificed and the total number of metastases on the lung surface was counted (n= 8-12 mice/group from 2 independent experiments). Representative and quantification of lung metastases coming form mice with parental or MMRD hi tumors treated or not with anti-PD-. Statistical analyses were conducted using GraphPad Prism software (GraphPad). Data are shown as mean ± SEM. Statistical analyses were performed using Student T test. Symbol significance: * p≤0,05.

Figure 36 :

 36 Figure 36 : How TME of MMRD tumors can be modulated to drive anti-PD-1 response? The indirect role of Treg depletion or anti-CTLA-4 treatment is proposed to be first mediated on Tregs ① that will secondly act on neutrophils ②. We also propose that neutrophils could modulate Tregs activity ②. TILs: Tumor infiltrating lymphocytes, TME: tumor microenvironmentX. TMB threshold is not universal and depends on the TME and the ICB therapyBy monitoring the evolution of TMB and indels over time in both MMRD CT26 and 4T1 models, we observed a common TMB cutoff ( 30 mut/Mb) to induce ICB response (anti-PD-1 and combination anti-PD-1 + anti-CTLA-4, respectively). When adjusting the total number of mutations identified in MMRD 4T1 and CT26 cells on BALB/c genome (Figure30), we observed a common plateau at about 10,000 mutations/exome in both MMRD models.

Figure 37 :

 37 Figure 37 : Response to anti-PD-1 monotherapy or the combination of anti-CTLA-4 + anti-PD-1 can be modulated by mutational load and the TME in MMRD tumors. ICB: immune checkpoint blockade; TME: Tumor microenvironment.

  . In the MSI cohort established in this study, OS, PFS and NLRbaseline were highly heterogeneous across MSI organs and NLRbaseline could not predict anti-PD-(L)1 response (Figure 3B-C, Figure 4A-D of the article). A recent publication proposed that, at baseline, the Lung Immune Prognostic Index (LIPI) score (based on LDH levels and dNLR) predicts ICB efficacy in patients

Figure 38 :

 38 Figure 38 : Heterogeneity of ICB response across MMRD tumors. MMRD: Mismatch repair deficiency; NLR: Neutrophil to lymphocyte ratio; TMB: Tumor mutation burden.
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Fig. 1 .

 1 Fig. 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. 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; GB, glioblastoma [39e43,51,55,58,65,69,77,78,117,118e136].

Résumé

  Pourquoi l'immunothérapie est efficace (ou pas) chez les patients ayant des tumeurs MSI/MMRD? En ciblant le système immunitaire des patients, l'immunothérapie a révolutionné le panel des traitements utilisés en oncologie ces dernières années. Les inhibiteurs de points de contrôle de l'immunité comme les inhibiteurs du Cytotoxic T-Lymphocyte-associated antigen 4 (CTLA-4), du programmed cell death-1 (PD-1) ou de son ligand (PD-L1 ou B7-H1) ont montré leur efficacité dans plusieurs tumeurs solides. Récemment, un sous-groupe de patients ayant des tumeurs avec une haute instabilité des microsatellites (MSI-H) (tumeurs mismatch repair deficiente (MMRD)) ont montré une amélioration significative de la réponse clinique suite à l'administration des inhibiteurs de PD-1. Les tumeurs MSI montrent une accumulation des insertions/délétions de nucléotides, notamment au niveau des régions codantes du génome. Ainsi, les tumeurs MSI pourrait pourraient mieux répondre aux inhibiteurs de points de contrôle de l'immunité grâce à une augmentation de néoantigènes putatifs et un microenvironnement tumoral immunogène. Cependant, toutes les tumeurs MSI ne répondent pas à l'immunothérapie. Au travers de cette revue, nous tentons de résumer pourquoi et comment les tumeurs MSI peuvent être considérées comme un facteur prédictif important de sensibilité à l'immunothérapie. Nous discuterons aussi des paramètres modulant la réponse à ces traitements en expliquant les causes de résistance primaire ou secondaire. Pour cela, nous nous attarderons sur les facteurs de résistance intrinsèque à la cellule tumorale et le contexte évolutif du microenvironnement des tumeurs. Enfin, nous discuterons des scores décrits dans la littérature comme outils de précision pour améliorer l'évaluation des pronostics et de la réponse aux inhibiteurs de points de contrôle de l'immunité.

Figure 1

 1 Figure 1Scores to better evaluate prognosis and predict response to Immune Checkpoint Blockade. All these scores and parameters could also dictate response to ICB in MSI/MMRD tumors. Scores for prognosis are in blue. They are mainly based on IHC and genomic and transcriptomic analyses. Scores to predict response to ICB are in orange. They are mainly based on genomic and transcriptomic analyses, but other parameters such as microbiome and drug exposure can also modulate response to ICB. 1: parameters used to define Immune score[79]. 2: parameters used to define Immunoscore ® . 3: parameters used to define the antigenome and immphenotypes described byAngelova et. al. [80]. 4: parameters used to define Immunophenoscore[81]. 5: parameters used to define Cancer-immune set point[10]. CD: cluster of differentiation; DC: dendritic cells; M1/M2: type 1 and type 2 macrophages; MDSC: myeloid-derived suppressor cells; ICB: immune checkpoints blockade; IHC: immunohistochemistry; NK: natural killer; TILs: tumor infiltrating lymphocytes; Treg: regulatory T cells.
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 1 Figure 1. Kaplan Meier curve for OS (A) and PFS (B) according to LIPI score. Log Rank p < 0.0001 for both endpoints. The numbers at risk differ between OS and PFS, due to missing data in OS/PFS status or duration.
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 1 Figure 1. Kaplan Meier curve for OS (A) and PFS (B) according to LIPI score. Log Rank p < 0.0001 for both endpoints. The numbers at risk differ between OS and PFS, due to missing data in OS/PFS status or duration.
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 2 Figure 2. Best response according to LIPI group. ORR: objective response rate, SD: stable disease, PD: progression disease.
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 1 Comparison of the different MMRD etiology inspired from

. Clinical efficacy of monotherapy vs combination in patient with MMRD tumors 1) MSI CRC

  

	PD-1 and PD-L1), several clinical studies have explored the clinical efficacy of ICB in patients
	with MMRD tumors.
	a) Monotherapies of refractory MSI CRC
	Pembrolizumab
	The first study that investigated the response rate to anti-PD-1 therapy in MMRD
	CRCs was reported in 2015 in the New England Journal of Medicine (Le et al., 2015). The
	authors notably compared a cohort of 11 MSI CRC cases (cohort A) to a group composed of

C21 MSS CRC (cohort B) treated with Pembrolizumab. All patients included in this study had received at least two previous chemotherapy regimens. MSI tumors presented an Overall Response Rate (ORR) of 40% as compared to no response in MSS cases. As opposed to cohort B, neither the median Overall Survival (OS) nor the median Progression Free-Survival

Table 1

 1 

	killer (NK) cells, dendritic cells (DCs), polymorphonuclear myeloid-derived suppressor cells (PMN
	MDSCs, shown in the charts as PMN) and mast cells (mast). The pie charts show the percentage of
	patients from studies showing a prognostic association with the indicated cell types as extrapolated
	from previously published studies51,52 and recent relevant studies (good prognosis (blue), bad
	prognosis (red) or no effect (grey)). The size of the circles indicates the number of patients enrolled in
	the studies: very small circles indicate 0-100 patients, small circles indicate 101-500 patients,
	medium-sized circles indicate 501-1,000 patients, large circles indicate 1,001-5,000 patients and very
	large circles indicate more than 5,000 patients. Parts a and b represent two alternative ways to
	display the data: the cancer view, with sectors representing the cancer types and concentric circles
	representing the immune cell types (part a), and the immune view, with immune cell types in sectors
	and cancer types in concentric circles (part b). While the cancer type-based view does not show any
	clear trends in terms of prognosis, the immune-based view captures better the prognostic ability of
	specific immune components. CD8+ T cells, M1 macrophages, TLSs, TH1 cells, TFH cells, B cells, NK
	cells and DCs are associated with good prognosis in most of the cancers analysed. Conversely, Treg
	cells, macrophages (especially M2), TH17 cells, TH2 cells and PMN MDSCs are mostly indicative of bad
	prognosis. BLCA, bladder cancer; BRCA, breast cancer; BTCA, biliary tract cancer; COCA, colorectal
	cancer; GACA, gastric cancer; GLIO, glioma; HECA, hepatocellular carcinoma; HNCA, head and neck
	cancer; LUCA, lung cancer; MCCA, Merkel cell carcinoma; MELA, melanoma; OECA, oesophageal
	cancer; OVCA, ovarian cancer; PACA, pancreatic cancer; PRCA, prostate cancer; RECA, renal cell
	carcinoma; THCA, thyroid cancer. Published by Bruni, D., Angell, H.K., and Galon, J. (2020). The
	immune contexture and Immunoscore in cancer prognosis and therapeutic efficacy. Nat. Rev. Cancer.

) involving more than 70,000 patients across the cancer types displayed were analysed regarding the relevance of

15 

immune cell types: CD8+ (cytotoxic) T lymphocytes (CD8+), regulatory T cells (Treg cells), macrophages (macro), M1 macrophages (M1), M2 macrophages (M2), tertiary lymphoid structures (TLSs), T helper 1 (TH1) cells, T helper 17 (TH17) cells, T helper 2 (TH2) cells, T follicular helper (TFH) cells, B cells (B), natural

Table 2 :
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Nucleic acid-sensing PRRs: localization, sensed pathogens and agonists. 5′ppp, 5′ triphosphate end; AIM2, absent in melanoma 2; dsRNA, double-stranded RNA; IFI16, IFNγ-inducible protein 16; LRRFIP1, leucine-rich repeat flightless-interacting protein 1; MDA5, melanoma differentiation-associated protein 5; NOD2, nucleotide-binding oligomerization domain protein 2; ODN, oligodeoxynucleotide; polyI:C, polyinosinic-polycytidylic acid; PRR, pattern-recognition receptor; RIG-I, retinoic acid-inducible gene I; ssRNA, single-stranded RNA; STING, stimulator of IFN genes; TLR, Toll-like receptor; ZBP1, Z-DNA-binding protein 1. Published by

[START_REF] Desmet | Nucleic acid sensing at the interface between innate and adaptive immunity in vaccination[END_REF]

. Nucleic acid sensing at the interface between innate and adaptive immunity in vaccination.

Nat. Rev. Immunol. 12,[479][480][481][482][483][484][485][486][487][488][489][490][491] 

  Indeed, only cGAS-expressing cancer cells can stimulate DC by transefering cGAMP through their gap junctions, resulting in a better response to ICB[START_REF] Schadt | Cancer-Cell-Intrinsic cGAS Expression Mediates Tumor Immunogenicity[END_REF]. Finally, since cGAS/STING has been involved in NK anti-tumoral function, STING agonists have been described to mediate tumor rejection through NK activity in different mice models bearing negative MHC I tumors

. Concomitantly, Ager et al., found similar results in the TRAMP-C2 model of prostate cancer by administrating another cyclic di-nucleotide within the tumor (Ager et al., 2017). More recently, Schadt et al., further investigated how IFN I inhibits tumor growth and desmonstrated in different syngenic models that the association between cancer cells and dendritic cell is mandatory to promote an effective IFN I response.

  . MMR deficiency is associated with tumor development and high microsatellite instability (MSI-H), and these phenotypes are observed in more than 15 different tumor types and frequently present in colon, endometrial, and gastric cancer(2). Thousands of cancers with MSI-H/MMRD are diagnosed worldwide each year. The most common cause of MMR deficiency in human cancers is somatic hypermethylation of the MLH1 promoter, whereas other cases related to Lynch syndrome are caused by germline pathogenic mutations in one of the four MMR genes, MSH2, MSH6, MLH1, and PMS2, followed by a loss of

heterozygosity (for a review, see

Nebot-Bral et al., 2017)

. Due to their inability to repair replication-associated errors, MSI-H/MMRD tumors harbor large numbers of single-nucleotide substitutions and frameshifts and are characterized by a high tumor mutational burden (TMB)

   monoclonal antibody pembrolizumab for pediatric and adult patients with unresectable or metastatic MSI-H/MMRD solid tumors regardless of the tumor histology. This was the FDA's first tissue/site-agnostic approval and was made based on 149 patients with MSI-H or MMRD cancers enrolled in five single-group clinical trials(10). Ninety patients had colorectal cancer, and 59 were diagnosed with 1 of 14 other cancer types. However, as recently reported from the phase II KEYNOTE-158 study, which enrolled 233 patients with 27 different tumor types with MSI, the responsiveness of MSI cancers to αPD-1 monotherapy is very variable, with a response rate ranging from 0% in brain tumors with MSI to 57.1% in endometrial cancers with MSI(11), suggesting that intrinsic and/or extrinsic factors in certain MSI tumor types can hamper αPD-1 therapy response. However, the underlying mechanisms remain elusive.
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	1 for 100 patients

). At the data cutoff, the overall response rate (ORR) and the median overall survival (OS) were 42% (95%CI 32.2-51.8) and

, respectively (Figure

  3 , p=0.0002 determined by Dunn's test; high-B2MKO group, 23 mice were treated in total. 14 mice underwent primary resistance (61%), 8 mice were stable (35%) and 1 had a complete response (4%). C, Pie chart plot comparing response rates between 4T1 MMRD hi and MMRD high-B2MKO (n=22-26 mice/group) treated with ɑPD-1 + ɑCTLA-4. D, Tumor volume at bondary point of 4T1 parental, MMRD hi and MMRD high-B2MKO (n=6-26 mice/group), treated with ɑPD-1 + ɑCTLA-4 or its isotypes. Statistical analyses were conducted using GraphPad

	Prism software (GraphPad). Differences were identified using Fisher LSD test for tumor growth (A, B)
	and Dunn's test (D). For Kaplan Meier curves, statistical analyses were performed using Log-rank
	(Mantel-Cox) test (A, B). Data are shown as mean ± SEM. Statistical analyses were performed
	tumor volume post-ICB in 4T1 MSH2-/-B2M-/-= 434mm 3 , p=0.0261 determined by by Dunn's
	test).

Altogether, these results suggest that B2M inactivation mediates only partial resistance to ICB in non-colorectal MMRD tumors. Understanding how mice bearing MMRD tumor cells lacking functional MHC-I respond to ICB requires further investigations.

MMRD

Table

  

  Ongoing trials evaluating checkpoint inhibitors in MMRD/MSI tumours. neck squamous cell carcinoma; triple-negative breast cancers; transitional-cell carcinoma of the genitourinary tract; pancreatic ductal adenocarcinoma; small-cell lung cancers.L.Nebot-Bral et al. / European Journal of Cancer 84 (2017) 290e303 non-randomised, multi-cohort, multi-centre phase II 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% confidence interval [CI], 15.8%e39.1%) and ORR for MSI-H non-CRC was 42.9%(21.8%e66.0%) 

	Study identifier Current status	Tumour type	Drug treatment	Drug mechanism
	NCT03186326	Not yet recruiting	MSI metastatic colorectal cancers	FOLFOX/FOLFIRI	Chemotherapy
				Avelumab	Anti-PD-L1
				Panitumumab	Anti-EGFR
				Cetuximab	Anti-EGFR
				Bevacizumab	Anti-VEGF
				Aflibercept	Anti-VEGF
	NCT01876511	Recruiting	MSI colorectal cancers; MSI non-colorectal cancers,	Pembrolizumab	Anti-PD-1
			MSS colorectal cancers		
	NCT03104439	Recruiting	MSS colorectal and pancreatic cancers, MSI-H	Nivolumab	Anti-PD-1
			colorectal cancers	ipilimumab	Anti-CTLA-4
				ionising radiation	
	NCT01885702	Active, not recruiting Lynch Syndrome or MSI colorectal cancers	Dendritic cell vaccination	
	NCT02982694	Not yet recruiting	Chemotherapy-resistant MSI-like colorectal cancers Atezolizumab	AntiePD-L1
				Bevacizumab	Anti-VEGF
	NCT02997228	Not yet recruiting	MSI-H metastatic colorectal cancers	Atezolizumab	Anti-PD-L1
				Bevacizumab	Anti-VEGF
				Fluorouracil	Chemotherapy
				Oxaliplatin	Platinum-based
					chemotherapy
	NCT02563002	Recruiting	MSI-H or MMRD stage IV colorectal carcinomas	mFOLFOX6	Chemotherapy
				FOLFIRI	Chemotherapy
				Pembrolizumab	Anti-PD-1
				Bevacizumab	Anti-EGFR
				Cetuximab	Anti-EGFR
	NCT02912559	Not yet recruiting	MSI-H or MMRD stage III colorectal carcinomas	Atezolizumab	Anti-PD-L1
				Fluorouracil	Chemotherapy
				Oxaliplatin	Platinum-based
					chemotherapy
	NCT02912572	Recruiting	MSS, MSI-H or POLE-mutated recurrent or	Avelumab	AntiePD-L1
			persistent endometrial cancers		
	NCT02791334	Recruiting	Advanced refractory MSI-H solid tumours;	Ly3300054	Anti-PD-L1
			advanced refractory cutaneous melanomas	Ramucirumab	Anti-VEGF
				Abemaciclib	CDK4 CDK6
					inhibitor
				Merestinib	c-Met inhibitor
	NCT03150706	Not yet recruiting	MSI-He or POLE-mutated metastatic colorectal	Avelumab	AntiePD-L1
			cancers		
	NCT02460198	Active, not recruiting Locally advanced unresectable or metastatic	Pembrolizumab	AntiePD-1
			colorectal cancers		
	NCT02646748	Recruiting	Advanced solid tumours a	Pembrolizumab	Anti-PD-1
				Itacitinib	JAK1 inhibitor
				INCB050465	
	NCT03012581	Not yet recruiting	Carcinoma renal Cell; head and neck neoplasm; skin	Nivolumab	Anti-PD-1
			neoplasms MSI; penile neoplasms		
	NCT02178722	Recruiting	Endometrial adenocarcinoma, MSI-H colorectal	Pembrolizumab	Anti-PD-1
			cancer, gastric cancer and other solid tumour types	Epacadostat (INCB024360) IDO inhibitor
	NCT02482168	Recruiting	Urothelial carcinoma; MSI-high tumours and other	APX005M	CD40 agonist
			solid tumour types		
	NCT02628067	Recruiting	Advanced cancers	Pembrolizumab	Anti-PD-1
	NCT02359565	Recruiting	CMMRD, Lynch syndrome, malignant glioma,	Pembrolizumab	Anti-PD-1
			other recurrent CNS tumours		
	NCT03126110	Recruiting	Advanced malignancies; metastatic malignancies	INCAGN01876	Anti-GITR
				Nivolumab	Anti-PD-1
				Ipilimumab	Anti-CTLA-4
	NCT02992964	Recruiting	Refractory or recurrent hypermutated malignancies;	Nivolumab	Anti-PD-1
			biallelic MMRD patients		

CTLA-4, cytotoxic T-lymphocyte antigen 4; CMMRD, constitutive MMRD; EGFR, epidermal growth factor receptor; MMRD, mismatch repair deficiency; MSI, microsatellite instability; MSI-H, MSI-high; MSS, microsatellite stable; PD-L1, programmed death-ligand 1; POLE, mutation in the exonuclease domain of the catalytic subunit of the polymerase epsilon; VEGF, vascular endothelial growth factor; GITR, glucocorticoidinduced TNFR-related protein; CNS, central nervous system.

a Endometrial cancer; melanoma; MSI colorectal cancer; MMRD tumours; nonesmall cell lung cancer; renal-cell carcinoma; head and

Table 1 .

 1 Clinical, pathological and biological characteristics of the population. : immune checkpoint inhibitors, dNLR: derived neutrophils to leukocytes ratio, LDH: lactate dehydrogenase, LIPI: lung immune prognostic index.

	Variable

ICI

Table 2 .

 2 Median survival and response endpoints according to the LIPI score. 95% confidence interval, ORR: objective response rate, DCR: disease control rate.3.3. LIPI Is Associated with ICI Survival Outcomes in MSI-H TumorsLIPI was associated with both OS and PFS (p < 0.0001). Median OS was NR (95%CI 36.5 to NR), NR (95%CI 16.2 to NR), and 3.3 months (95%CI 2.6 to NR) for the good, intermediate, and poor LIPI groups, respectively (p < 0.001) (Figure

	Variable		All Patients (N = 151)	LIPI Good (N = 67) Prognostic Group	LIPI Intermediate (N = 62) Prognostic Group	LIPI Poor (N = 14) Prognostic Group	p
	Median (95%CI)	OS PFS	NR (23.4 to NR) 10.5 (7.1 to 35.1)	NR (36.5 to NR) 20.9 (8.4 to NR)	NR (16.2 to NR) 9.9 (2.8 to NR)	3.3 (2.6 to NR) 2.3 (1.8 to NR)	<0.001 <0.001
	Fast progressors rate	yes no missing	24 (16.0%) 126 (84.0%) 1	5 (7.5%) 62 (92.5%) 0	11 (18.0%) 50 (82.0%) 1	5 (35.7%) 9 (64.3%) 0	0.02
		no	87 (60.8%)	35 (53.8%)	38 (64.4%)	11 (91.7%)	0.03
	ORR	yes	56 (39.2%)	30 (46.2%)	21 (35.6%)	1 (8.3%)	
		missing	8	2	3	2	
		no	47 (32.6%)	10 (15.2%)	26 (44.1%)	9 (75.0%)	<0.001
	DCR	yes	97 (67.4%)	56 (84.8%)	33 (55.9%)	3 (25.0%)	
		missing	7	1	3	2	
		95%CI:					

Table 3 .

 3 Multivariate Cox model analysis for OS and PFS in the population.

Table 3 .

 3 Multivariate Cox model analysis for OS and PFS in the population.

	Variable

Table 4 .

 4 Univariate logistic regression for response endpoints according to LIPI score.

	Variable	ORR		DCR		Fast Progressors	
		OR (95%CI)	p	OR (95%CI)	p	OR (95%CI)	p
	LIPI						
	Good	Ref		Ref		Ref	
	Intermediate	1.55 (0.75-3.19)	0.23	4.41 (1.89-10.29)	0.01	2.73 (0.89-8.37)	0.08
	Poor	9.43 (1.15-77.27)	0.04	16.8 (3.86-73.05)	<0.0001	6.89 (1.66-28.59)	0.01

ORR: objective response rate, DCR: disease control rate, OR: odds ratio, Ref: reference.

ORR: objective response rate, DCR: disease control rate, OR: odds ratio, Ref: reference.

L.Nebot-Bral et al. / European Journal of Cancer 84 (2017) 290e303 
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Flow cytometry analyses of blood neutrohils in 4T1 MMRD hi mice. Given that αLy6 used for in vivo depletion of neutrophils and for blood immunomonitoring were from the same clone (1A8), the strategy 1 was used for all experiments when neutrophil depletion was used. Nevertheless, we verified that this population is Ly6C int Ly6G high in mice treated with isotypes (strategy 2). Strategy 2 was used for all other experiments. 

Supplementary

Summary

In the last few years, immunotherapy has revolutionized the oncology landscape by targeting the host immune system. Blocking immune checkpoints such as cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), programmed cell death-1 (PD-1) and its ligand (PD-L1 or B7-H1), has proven its efficacy in several solid cancers. Recently, several clinical studies have demonstrated a significant improvement in clinical response to the anti-PD-1-based immunotherapy in a subset of patients with microsatellite instability-high (MSI-H)/mismatch repair (MMR)-deficient tumors that accumulate short insertion/deletion mutations notably in coding microsatellites regions of the genome. Thus, the responsiveness of MSI cancers to immune checkpoint inhibitors can be explained by the increased rate of putative frameshift peptide neoantigens and the immunogenic tumor microenvironment. However, not all MSI tumors respond to immunotherapy. The current review will summarize how and why MMR deficiency has emerged as an important predictor of sensitivity for immunotherapy-based strategies. We will also discuss tumor-cell intrinsic genetic and immune-related features of MSI tumors that can modulate immune checkpoint blockade response and explain primary and/or acquired resistance to anti-PD-1 therapy. Finally, we will also discuss about emerging scores which can define more precisely the immune context of the tumor microenvironment and thus better evaluate prognosis and predict response to Immune Checkpoint Blockade.
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Conclusions

The LIPI, based on pretreatment dNLR and LDH, is associated with ICI outcomes in the MSI-H/d-MMR population, with LIPI demonstrated to be an independent factor for OS. LIPI can identify the population with higher risk of progression or death under ICIs, the poor-LIPI group with high-dNLR/high-LDH. This score is a low-cost, simple, and accessible prognostic tool in dMMR that merits further investigation in prospective studies.

Supplementary Materials:

The following are available online at https://www.mdpi.com/article/10 .3390/cancers13153776/s1, Figure S1: distribution of tumor types in the study population (n = 151), Figure S2: distribution of the LIPI groups in the study population, Table S1: clinical, pathological and biological characteristics of the population according to LIPI group (n = 143), Table S2: detailed tumor types according to LIPI group (n = 143), Table S3: LIPI c-index for OS and PFS prediction. Funding: This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors. Laura Mezquita received support from the IASLC Research Fellowship Award (2018), ESMO Translational Research Fellowship (2019) and SEOM retorno de Investigadores (2019); Contrato Juan Rodés 2020; Ayuda SEOM-Juan Rodés 2020.

Institutional Review Board Statement:

This study was approved by the Ethics committee of the Institut Gustave Roussy on 18th March 2021 (Registration Number 2021-26).

Informed Consent Statement:

No consent to participate was needed for this retrospective study.

Conflicts of Interest: E. Auclin: Travel/Accommodation/Expenses: Mundipharma; Honoraria (self): Sanofi Genzymes. J. Taieb: Honoraria (self): Merck, Roche, Amgen, Lilly, Sanofi, Samsung, MSD, Servier, Celgene, Pierre Fabre; Advisory/Consultancy: Roche, Merck KGaA, Amgen, Lilly, MSD, Servier, Pierre Fabre, Sanofi, Samsung; Speaker Bureau/Expert testimony: Servier, Amgen, Roche, Sanofi, Merck, Lilly, Pierre Fabre. B. Besse: sponsored research at Gustave Roussy Cancer Center 4D Pharma, Abbvie, Amgen, Aptitude Health, AstraZeneca, BeiGene, Blueprint Medicines, BMS, Boehringer Ingelheim, Celgene, Cergentis, Cristal Therapeutics, Daiichi-Sankyo, Eli Lilly, GSK, Inivata, Janssen, Onxeo, OSE immunotherapeutics, Pfizer, Roche-Genentech, Sanofi, Takeda, Tolero Pharmaceuticals. C. Massard: Advisory/Consultancy: Amgen, Astellas, AstraZeneca, Bayer, BeiGene, BMS, Celgene, Debiopharm, Genentech, Ipsen, Janssen, Lilly, MedImmune, MSD, Novartis, Pfizer, Roche, Sanofi, Orion. L. Mezquita: Research grant/Funding (self): Bristol Myers Squibb, Boehringer Ingelheim, Amgen, Stilla, Inivata; Advisory/Consultancy: Roche Diagnostics, Takeda; Honoraria (self): Bristol Myers Squibb, Tecnofarma, Roche; Travel/Accommodation/Expenses: Roche; Non-remunerated activity/ies: AstraZeneca. A. Hollebecque: Advisory/Consultancy: Gritstone Oncology, Eisai Co., Ltd., Amgen, Servier and Merck Serono. All other authors have declared no conflicts of interest. 

Abbreviations