Pr Astrid Lièvre 
  
Hélène Salmon 
  
  
  
Keywords: colorectal cancer, T cells, exhaustion, spheroids, CD39, KLRG1 cells B2M: Beta-2 microglobulin leucocyte antigens ICIs: Immune checkpoints inhibitors ICs: Immune checkpoints IELs: Intra-epithelial lymphocytes IFN : Interferon-gamma IL: Interleukin IMCO: Etude de la réponse IMmunitaire dans le cancer COlorectal Lamina propria lymphocytes 15 mAbs: monoclonal Antibodies MAIT: Mucosal associated invariant T cell MCTS: Monocellular tumor spheroid MHC: Major histocompatibility complex MICA- a genetically heterogeneous cancer

action durant cette thèse, de m'avoir laissé la possibilité de découvrir et d'expérimenter beaucoup de choses et de me lancer dans ce qui me passionnait le plus. Malgré tes aptitudes exceptionnelles à procrastiner, travailler à tes côtés m'a fait grandir, développer mon esprit critique, scientifique

enrichissant pour vous que pour moi. Je n'aurai pas pu rêver mieux, je peux vous le dire maintenant que je n'aurai plus rien à vous demander :p Merci à tous les membres de l'unité U1160 pour leur soutien et leur aide tout au long de ces quatre années. Merci également aux membres de la plateforme technologique qui sont toujours disponibles et bienveillants pour nous accompagner dans tous nos projets. Un merci particulier pour Niclas qui m'a accompagnée dans mes débuts difficiles en microscopie et sans qui la mise au point de notre modèle n'aurait jamais été possible. Je tiens également à remercier toute l'équipe du CytoMorpholab qui nous a accueillis, formés et laissés utiliser leur microscope, sans lequel rien n'aurait été possible.

Merci au PALM B. ; KK, No, Stace et Petit Bouchon. Mes copines extraordinaires sur lesquelles j'ai toujours pu compter dans les moments difficiles. Merci pour tous nos fous rires et nos délires. Toutes ces conversations avec 200 messages de retard (Résumé ?), tous ces gifs de licorne et ces photos de poney, ces selfies de craquage et ces apéros pâté en croute qui donnent le sourire au quotidien et permettent de supporter les journées difficiles. Vous avez toujours été d'un soutien sans faille. On a commencé cette histoire ensemble dans cette école louche où les gens parlaient de champs, faisaient des TP forêts et se promenaient en kilt. On a toutes réussi à tracer notre chemin et à atteindre nos objectifs sans pour autant nous éloigner. Je suis très fière de vous avoir comme amies. PALM B. forever, même à l'international, comme nous l'a prouvé Petit Bouchon. Comment remercier le PALM B. sans remercier ceux qui le supportent au quotidien :p Un grand merci à vous Mérédith, Mathurin et Arthur pour votre soutien et tous ces moments partagés ensemble. Merci également à Ambre et François qui m'ont toujours soutenu tout au long de ces années.

Merci à toi Lauren, une de mes plus vieilles amies. Dans tous les sens du terme d'ailleurs … :p (Ne m'insulte pas déjà) Merci à notre pacte fou de se lancer en prépa. Tu as été là quand j'ai traversé des périodes difficiles dans ma vie. Tu m'as toujours soutenue et su me pousser à me dépasser pour atteindre mes objectifs. Tu es un exemple de courage, de force, de ténacité et d'intelligence. Une personne au grand coeur dont l'amitié est très précieuse, même si on finit toujours par se retrouver dans des situations pas possibles ! ^^ Finalement ton caractère de cochon n'est pas cher payé face à tout cela :p J'adore chaque moment que nous savons nous organiser, et même de l'autre côté de la frontière nous saurons les préserver. J'ai aussi une grosse pensée pour tes parents qui, j'espère, pourront être présents à ma soutenance. Chou… et Mif… Non non, je ne l'écrirai pas :p Ils nous ont tellement soutenues pendant notre prépa. Soutenu et surtout subi, notamment l'invasion de Virollet par ces petits bêtes jaunes en plastique. Des chapitres de nos vies se terminent, des pages se tournent, mais attention pas celle-là. Il faudra toujours se méfier du retour des envahisseurs ! Merci à ma famille qui me soutient depuis le début de mes études. Merci à ma soeur, Ma, qui a sans doute souffert de mes absences même si mon coeur est toujours resté près d'elle. Je t'ai vu aller de l'avant, prendre ta vie en main, je suis fière de toi. Malgré la distance, tu restes ma petite soeur adorée et je t'aime fort. Je suis heureuse de partager ce moment avec toi et de te faire un peu découvrir mon univers. Merci à toi maman, celle sans qui je n'aurais jamais rien fait. Tu m'as supportée dans tous mes projets, même si tu ne les comprenais pas toujours, sans a priori, sans condition et sans jamais me reprocher mes échecs. Tu m'as accompagnée et soutenue toute ma vie pour que j'accomplisse mes rêves. Cette réussite est aussi la tienne. Et c'est vrai que j'ai hérité de ton caractère têtu, mais j'ai surtout hérité de ta force et de ton intelligence. Tu m'as donné le plus bel exemple de la femme forte et libre, et malheureusement pour d'autres peut être, c'est exactement ce que je suis devenue. Je t'aime infiniment. Je tenais également à te remercier, Dominique. Tu sais toujours te rendre disponible pour nous venir en aide, même si je te pique ton vin et ton fromage :p Merci pour ton soutien et tes conseils tout au long de ces épreuves. Et je change de pays mais je reviendrai quand même, tu ne pourras pas te débarrasser de moi si facilement ! Je tenais également à remercier Cathy et Gilles. Merci de m'avoir accueillie dans votre famille. On appréhende toujours de rencontrer ses beaux-parents mais moi j'ai découvert des trésors. Les règles ont vite été établies. Ne jamais jouer au Monopoly. Ne pas voler le chien ^^ Vous avez toujours été présents quand j'avais des choix difficiles et importants à prendre, m'apportant votre soutien et vos conseils si précieux. Vous m'avez fait grandir et gagner confiance en moi. J'adore tous les moments que nous passons ensemble, de nos parties de Time's Up à nos moments de partage en cuisinant. Vous faites partie intégrante de ma famille et je suis très chanceuse de vous avoir à mes côtés. Merci aussi à toi Jean-François pour ta bonne humeur communicative. Tu as toujours les mots pour nous faire rire. Et merci pour nous avoir fait découvrir tous ces jeux de société, qui ont grandement participé au maintien de ma santé mentale. Cette thèse ne m'a pas toujours rendue très disponible mais j'espère que nous pourrons désormais nous rattraper et nous voir plus souvent.

Et enfin, le pire en dernier. L'affreux. Merci à toi chéri. Les mots ne vont pas être faciles à trouver pour parler de nos dix dernières années ensemble. Durant ces années j'ai fait de nombreux choix difficiles et impactant sur notre quotidien, mais tu m'as toujours soutenue et encouragée sans jamais me faire sentir le poids de ces décisions. Tu fais preuve d'une patience incroyable pour supporter tous les coups durs, les coups de colère, de déprime et de désordre aussi :p Tu es celui qui me connait par coeur, dans mes moindres failles et défauts, à qui je ne peux rien cacher mais qui me supporte malgré tout. Celui qui sait me faire rire en toute circonstance et calmer mes angoisses. Tu me donnes ma force et ma raison d'être. J'aime ce que nous sommes devenus et ce que nous construisons ensemble. J'ai hâte de commencer avec toi la nouvelle aventure qui nous attend.

RESUME Etude de la réponse immunitaire dans le cancer colorectal humain : coculture autologue de lymphocytes et de sphéroïdes tumoraux

Les lymphocytes T ont un rôle important dans la lutte contre le cancer, et ils sont désormais admis comme un levier essentiel au sein des traitements anti-cancéreux. Ils sont capables de reconnaître spécifiquement les cellules tumorales comme étrangères, de s'activer et d'induire une réponse cytotoxique capable de les éliminer. Cependant, cette immunosurveillance anti-tumoral peut être limité par certains mécanismes comme les points de contrôles de l'immunité, tel que PD-1. De multiples immunothérapies ont donc été mises en place afin de renforcer cette activité, mais n'ont montré qu'une faible efficacité dans le cancer colorectal (CCR), soulignant l'importance de trouver de nouvelles cibles pour l'immunothérapie dans ce cancer, le principal objectif de ce projet.

Pour cela, une cohorte prospective de patients atteints de CCR a été mise en place. Elle nous a permis de comparer les phénotypes des lymphocytes infiltrants la tumeur et la muqueuse colique non tumorale à distance de la tumeur. Ces données phénotypiques ont également été intégrées aux données cliniques des patients. Cette première partie a permis d'identifier deux voies impliquées dans ce cancer. Tout d'abord, nous avons montré la surexpression du récepteur CD39, et sa co-expression avec PD-1, sur les lymphocytes infiltrant la tumeur. CD39 est une ectonucleotidase capable de métaboliser l'ATP extracellulaire, physiologiquement immunostimulateur, en adénosine immunosuppressive, favorisant ainsi le développement de la tumeur. CD39 est plus exprimé dans les cancers de colon droit et de stade TNM peu avancés, définissant une sous-population de patients potentiellement sensible à cette stratégie thérapeutique. Ensuite, nous avons également noté une augmentation du nombre de cellules KLRG1+ parmi les lymphocytes T CD8, une population référencée comme exhaustées aux capacitées cytotoxiques amoindries. Contrairement au CD39, les cellules KLRG1+ sont plus présentes dans les tumeurs de stade avancé.

Ensuite, nous avons mis au point un modèle innovant de coculture autologue entre des sphéroïdes de tumeur primaire d'un patient et les lymphocytes isolés de la tumeur de ce même patient. Avec ce modèle, nous avons montré que bloquer CD39 augmente l'infiltration, l'activation des lymphocytes et la destruction des sphéroides tumoraux. Nous avons également montré que bloquer l'interaction de KLRG1 avec son ligand, l'E-cadhérine, augmente l'infiltration des lymphocytes KLRG1+. Ce projet a donc permis d'identifier deux cibles prometteuses, CD39 et KLRG1, pour l'immunothérapie dans le CCR.

Mots clés : cancer colorectal, lymphocytes T, exhaustion, sphéroïdes, CD39, KLRG1

RÉSUMÉ SUBSTANTIEL

Etude de la réponse immunitaire dans le cancer colorectal humain : coculture autologue de lymphocytes et de sphéroïdes tumoraux Le cancer colorectal (CCR) est le troisième cancer le plus fréquent dans le monde, et la deuxième cause de décès liés au cancer. Il représente 2 millions de nouveaux cas et 900 00 décés par an. Le taux de survie à 5 et 10 ans est de 65% et 58% respectivement. Le CCR est généralement détecté entre 50 et 90 ans, avec une moyenne d'âge de 70 ans. 10 à 20% des patients présentent des antécédents familiaux de cancer, et 5% sont atteints d'un syndrome héréditaire. Les principaux facteurs de risque associés aux CCR sporadique sont l'âge (plus de 50 ans), un style de vie occidental comprenant la sédentarité, le tabagisme, l'obésité, la consommation excessive de d'alcool et de viande rouge.

La prévention de ce cancer repose sur l'ablation endoscopique des polypes adénomateux prénéoplasiques. Dans la plupart des cas, le CCR non métastatique est diagnostiqué relativement tôt, et la tumeur primaire est réséquée par chirurgie, ce qui souligne l'importance de la prévention dans ce cancer. La chimiothérapie, et la radiothérapie en cas de tumeur rectale, peuvent être administrées avant la chirurgie pour réduire la taille de la tumeur, ou après la chirurgie pour prévenir la rechute et potentiellement éliminer les cellules cancéreuses disséminées. La résection précoce de la tumeur augmente de manière significative le pronostic positif du patient, cependant, environ 25 % des patients sont diagnostiqués au stade métastatique. La classification TNM (Tumor-Node-Metastases) est utilisée pour caractériser le caractère invasif de la tumeur. Elle comporte 4 stades (1 à 4) correspondant respectivement à une tumeur locale limitée à la muqueuse, à l'invasion de la sous-muqueuse, à l'invasion des ganglions lymphatiques et à la migration dans différents organes. Le pronostic du CCR est étroitement lié à l'âge au moment du diagnostic, au sexe, au stade de la maladie, à la localisation et à la différenciation de la tumeur. Contrairement aux stades précoces, les CCR métastatiques présentent un mauvais pronostic. Par conséquent, la principale préoccupation de cette maladie reste les métastases et les rechutes. Plus de 50 % des patients atteints de CCR développent des maladies métastatiques, principalement hépatiques, qui sont la principale cause de décès dus au CCR. Il parait donc essentiel de trouver de nouvelles stratégies thérapeutiques pour le CCR.

Au cours de la dernière décennie, une nouvelle stratégie thérapeutique a été développée : l'immunothérapie. Cette thérapie est basée sur le fait que le système immunitaire peut reconnaître les cellules tumorales comme étrangères et les attaquer, et inversement peut reconnaître les cellules du soi comme saines et ne pas les attaquer. Ce processus est appelé immunosurveillance. Plus particulièrement, les lymphocytes T ont un rôle important dans la lutte contre le cancer, et ils sont désormais admis comme un levier essentiel au sein des traitements anti-cancéreux. Ils sont capables de reconnaître spécifiquement les cellules tumorales comme étrangères, de s'activer et d'induire une réponse cytotoxique capable de les éliminer. Cependant, cette immunosurveillance anti-tumoral peut être limité par certains mécanismes comme le recrutement de lymphocytes immunosuppressifs, tels que les Trégulateurs (Treg), ainsi que la surexpression des points de contrôles de l'immunité, tel que PD-1. De multiples immunothérapies ont donc été mises en place afin de renforcer cette activité, mais n'ont montré qu'une faible efficacité dans le cancer colorectal (CCR), soulignant l'importance de trouver de nouvelles cibles pour l'immunothérapie dans ce cancer.

Les deux principaux objectifs de ce projet étaient donc de mieux comprendre la réponse immunitaire engagée par les lymphocytes T dans le CCR, afin de trouver de nouvelles potentielles cibles thérapeutiques pour l'immunothérapie et tester leur efficacité dans un modèle de coculture autologue innovant entre lymphocytes T et sphéroïdes tumoraux.

Pour cela, une cohorte prospective de patients atteints de CCR a été mise en place. La cohorte IMCO a été commencée en 2017 et inclus tous les patients atteints de CCR qui viennent se faire opérer à l'hôpital Saint Louis pour la résection de leur tumeur primaire. Ce protocole permet de récupérer sur pièce opératoire des échantillons de tumeur et de muqueuse colique saine à distance de la tumeur. Nous avons alors comparé par cytométrie en flux les phénotypes des lymphocytes infiltrants la tumeur et la muqueuse colique non tumorale (n=44). Tout d'abord, dans la tumeur, les populations lymphocytaires cytotoxiques (CD8, NK et T ) sont sous représentées en faveur de populations immunosuppressives, tels que les Treg. Ensuite, une surexpression des points de contrôles de l'immunité, PD-1 et CTL-A4, a été observée sur les lymphocytes infiltrant la tumeur (LITs), ces deux derniers étant également fortement co-exprimés. Le ligand de PD-1, PD-L1, a été analysé par immunohistochimie. Une plus forte expression du ligand a été observée sur les cellules tumorales comparées aux épithéliales saines. Néanmoins, il présente également une très grande hétérogénéité entre les patients, avec finalement une forte expression de PD-L1 sur seulement un petit sous-groupe de patients. Ainsi, cela pourrait expliquer une partie de la faible efficacité des anti-PD-1/PD-L1 dans le CCR.

Cette étude a permis d'identifier deux autres voies impliquées dans ce cancer. Nous avons montré la surexpression du récepteur CD39, et sa co-expression avec PD-1, sur les lymphocytes infiltrant la tumeur. CD39 est une ectonucleotidase capable de métaboliser l'ATP extracellulaire, physiologiquement immunostimulateur, en adénosine immunosuppressive, favorisant ainsi le développement de la tumeur. Ainsi, sa présence dans le microenvironnement tumorale pourrait être un levier important pour réactiver les lymphocytes T. Par l'intégration des données cliniques, nous avons également montré que CD39 est plus exprimé dans les cancers de colon droit et de stades TNM peu avancés, définissant une sous-population de patients potentiellement sensible à cette stratégie thérapeutique. PD-1 présente le même profil d'expression. Ainsi, les anti-PD-1 n'étant pour le moment recommandés qu'en dernier recours thérapeutique, après échec des chimiothérapies, la diminution de l'expression de PD-1 dans les stades avancés pourrait expliquer une partie de leur inefficacité. Les stades auxquels les inhibiteurs de points de contrôle de l'immunité sont administrés pourraient être reconsidérés.

Ensuite, nous avons également noté une augmentation du nombre de cellules KLRG1+ parmi les lymphocytes T CD8, ainsi que sa co-expression avec CD57. Ces deux marqueurs sont connus pour définir une population exhaustées aux capacités prolifératives et cytotoxiques amoindries. Plus particulièrement, KLRG1 est un récepteur inhibiteur exprimé sur les lymphocytes T capable d'interagir avec l'E-cadherine, constitutivement exprimée par les cellules épithéliales intestinales. Or, CD103 est un autre récepteur capable d'interagir avec ce ligand. Ce récepteur est un marqueur de résidence des lymphocytes T dans la muqueuse intestinale et est exprimé sur la majorité des LT résidents. Contrairement au KLRG1, son interaction avec l'E-cadherine a été associée à un effet anti-tumoral et à un bon prognostic. Dans notre cohorte, il y a une diminution du taux de CD8+ CD103+ dans la tumeur comparée à la muqueuse saine. Nous avons montré dans nos précédents travaux que ces deux récepteurs sont mutuellement exclusifs sur les LT intestinaux. Ainsi, ces deux récepteurs présentant des effets opposés sont en compétition pour le même ligand, et un déséquilibre en faveur de la population KLRG1+ pourrait être responsable de l'exhaustion de LT. De plus, contrairement au CD39, les cellules KLRG1+ sont plus présentes dans les tumeurs de stade avancé et cette nouvelle cible pourrait être plus prometteuse pour cibler les stades métastatiques.

Cette première partie a donc permis de mettre en évidence deux potentielles molécules intéressantes à cibler dans le CCR. Pour tester leur efficacité, des modèles de coculture entre sphéroïdes tumoraux et lymphocytes ont été utilisés.

La plupart des modèles utilisés pour étudier les interactions entre les tumeurs solides et leur microenvironnement ainsi que leur sensibilité aux traitements anti-tumoraux spécifiques sont des cultures de lignées cellulaires bidimensionnelles. Cependant, ces modèles ne représentent pas la complexité d'une tumeur solide, ce qui limite les conclusions qui peuvent être tirées. C'est pourquoi des cultures tridimensionnelles, appelées sphéroïdes (ou organoïdes), sont développées. Les sphéroïdes sont des agrégats cellulaires générés in vitro à partir d'une culture cellulaire, ce qui donne une structure sphérique tridimensionnelle. Il est maintenant admis que la culture tridimensionnelle est plus représentative de la tumeur primaire que les modèles bidimensionnels et les sphéroïdes sont actuellement utilisés pour étudier l'efficacité des traitements antitumoraux et, plus récemment, les réponses immunitaires anti-tumorales. La structure 3D implique une organisation cellulaire spécifique en plusieurs couches du centre à la surface du sphéroïde : un noyau apoptotique constitué de cellules mortes, une couche interne de cellules quiescentes, et une couche externe de cellules hyperprolifératives donnant aux sphéroïdes des capacités prolifératives spécifiques. Cette structure 3D permet une meilleure représentation des interactions cellule-cellule où les cellules sont soumises à des tensions physiques et mécaniques, qui peuvent modifier leur phénotype et leur fonction. Les molécules impliquées dans les jonctions cellulaires et la matrice extracellulaire sont d'ailleurs plus exprimées sur les modèles 3D que sur les monocouches. De plus, des gradients métaboliques sont établis entre le coeur et la surface des sphéroïdes. En effet, les nutriments et l'oxygène sont en plus forte concentration à la surface par rapport au centre du sphéroïde et une importante accumulation de déchets se fait au coeur de la structure. Ces changements sont liés à une perturbation du métabolisme des cellules tumorales. Ce manque d'oxygénation entraîne une quiescence qui pourrait contribuer à la résistance aux médicaments cyclo-statiques.

Ces sphéroïdes peuvent être réalisés à partir de lignée cellulaire ou de cellules primaires. Pour moduler le CD39, nous avons tout d'abord utilisé un modèle de coculture allogénique entre sphéroïdes de lignée HT29 et de lymphocytes T extraits de muqueuse colique saine (LMs). Ils ont été mis en coculture ensemble pendant 48 heures. Les cellules épithéliales ont ensuite été récupérés et analysés en cytométrie en flux pour évaluer le taux de destruction du sphéroïde. Cette coculture a été réalisée en coculture seule et en présence d'un inhibiteur chimique du CD39, l'ARL 67156. En coculture seule, les LMs ont présenté une forte capacité à détruire les sphéroïdes, compliquant leur modulation par l'inhibiteur de CD39. En effet, de par son allogénicité, ce modèle est immunologiquement biaisé et souligne la nécessité d'un modèle de coculture autologue.

Nous avons donc ensuite mis au point un modèle innovant de coculture autologue entre des sphéroïdes de tumeur primaire d'un patient et les lymphocytes isolés de la tumeur de ce même patient. Pour cela, des fragments de tumeur récupérés sur les pièces opératoire ont été chimiquement et mécaniquement digérés. Les cellules tumorales ainsi extraites ont été mises en culture en condition non adhérente pendant 5 jours. Une fois formés, ils ont été mis en coculture avec les lymphocytes eux même issus de la tumeur. Après 48 heures de coculture, le taux d'infiltration des lymphocytes T ainsi que la destruction des sphéroïdes ont été analysés par microscopie. Avec ce modèle, nous avons montré que bloquer CD39 augmente l'infiltration, l'activation des lymphocytes et la destruction des sphéroïdes tumoraux. Une libération importante de granzymes A, B et de perforine a été observée dans les surnageants de coculture, démontrant l'action spécifique des lymphocytes T. Ces résultats démontrent le potentiel de thérapies ciblant le récepteur CD39 dans le CCR.

Ce modèle a ensuite été adapté pour moduler l'action du récepteur KLRG1. En amont de la coculture, les LITs ont été triés afin d'en extraire les CD8+ KLGR1+ CD103-. Ces cellules ont été mises en coculture avec leurs sphéroïdes autologues seules ou en présence d'un anti-E-cadhérine bloquant. Nous avons montré que bloquer l'interaction de KLRG1 avec son ligand, l'E-cadhérine, augmente l'infiltration des lymphocytes KLRG1+, sans pour autant observer d'effet sur la survie des sphéroïdes. Ce projet a donc permis d'identifier le récepteur KLRG1 comme une piste intéressante pour l'immunothérapie dans le CCR.

Mots clés : cancer colorectal, lymphocytes T, exhaustion, sphéroïdes, CD39, KLRG1
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INTRODUCTION I. COLORECTAL CANCER A. Colorectal cancer epidemiology, management, and outcome

Colorectal cancer (CRC) is the third most common cancer in the world and the second leading to cancer-related deaths, with about 2 million new cases and 900 000 deaths in one year. 1 The 5-year and 10-year survival rates are 65% and 58% respectively. 2 Incidence and mortality rates are 25% higher in men than women, and also vary by ethnicity. CRC is usually detected between 50 and 90 years old, with an average age of 70 yr. 10-20% of patients with CRC present a family cancer history, and 5% of the cases are a hereditary syndrome. The main risk factors for sporadic CRC are age (over 50 yr), some life-style factors such as sedentary behaviour, smoking, obesity, excessive alcohol and meat consumption and in few cases longstanding inflammation bowel disease. 3 Prevention of this cancer is based on endoscopic removal of pre-neoplasic adenomatous polyps. In most cases, non-metastatic CRC is diagnosed relatively early, and the primary tumor is resected by surgery, highlighting the importance of prevention in this cancer. Chemotherapy, and radiotherapy in cases of rectal tumors, can be administrated before the surgery to reduce the tumor size, or after the surgery to prevent relapse and potentially eliminate disseminated cancer cells. Early tumor resection increases significantly a positive patient prognosis, however, about 25% of patients are diagnosed at metastatic stage. 1 The Tumor-Node-Metastases (TNM) classification is used to characterize the invasiveness of the tumor. This score contains 4 stages (1 to 4) respectively corresponding to a local mucosa-restricted tumor, the invasion of the submucosa, the invasion of the lymph nodes and the migration into different organs. The CRC prognosis is closely related to age at diagnosis, gender, disease stage, tumor location and differentiation. 1 Conversely to earlier stage, metastatic CRCs present a poor prognosis. Hence, the main concern of this disease remains metastases and relapses. More than 50% of CRC patients develop metastatic diseases, mainly hepatic, which is the main cause of death from CRC. 1 4 Differences in clinical outcome and drug response are observed depending on the tumor location. The right-sided colon tumors are more frequently diagnosed in women and present more frequently KRAS and BRAF mutations and genetic instabilities (CIMP and MSI profiles, more described later). These differences can be explained by distinct physiological functions, the gut microbiome, the regional immune system, and the timing of detection between the right and left colon. 5 

B. Colorectal cancer: a genetically heterogeneous cancer 1) A disease driven by a well-established series of mutations

Colon cancer development is driven by series of well-known mutations occurring in the colonic epithelium over time. Conversely to other cancers, the development steps of CRC, from the benign adenomatous polyp to the adenocarcinoma, are well established and can take 10-15 years. 5 These steps of well-defined genetic alterations are accumulated, involving successively the APC/ -catenin pathway, Wnt signaling and mutations in oncogenes (like BRAF/KRAS) and tumor suppressor factors (like p53), leading to the formation of proliferative recessive lesions, early adenomas and finally advanced adenomas. (Figure 1) 6 Another form of CRC is the colitis-associated cancer which frequently appears in inflammatory bowel disease patients (2% of CRC cases). There are also several hereditary forms including the Lynch syndrome, a familial form of the disease with autosomal dominant inheritance similar to sporadic MSI CRC, the familial adenomatous polyposis related to a constitutional mutation of the APC gene, autosomal recessive MUTYH mutations, and more rarely POLE mutations and Peutz-Jeghers syndromes with STK11 mutations. In contrast to sporadic form, colitis-associated cancer and Lynch-related disorders appears earlier in patient lives. 1 2) CRC tumors present several genetic alterations driving their disease severity and response to therapy

In addition to this specific signature, various other genetic alterations can be present. CRC is molecularly heterogeneous and can be characterized by three specific genetic alterations: the chromosome instability (CIN), microsatellite instability (MSI) and CpG island methylation phenotype (CIMP). 1 Only about 10% of patients are negative for these three disorders. CIN is characterized by chromosomal numerical and structural alterations and occurs in 65-70% of CRC. MSI phenotype corresponds to mutations in mismatch repair (MMR) genes, including MLH1, MSH2, MSH3, MSH4 and PMS2, leading to the deficit of MMR proteins, initially able to detect and fix errors which occur during DNA replication. This status can be detected by the presence of mutations in genes (MSI/MSS) or by the loss of the protein by immunohistochemistry (deficient MMR/proficient MMR). MSI occurs in 15% of all CRC. These mutations can be sporadic or hereditary. 1 7 5 Sporadic CRC with MSI phenotype is more common in women. MSI tumors are usually poorly differentiated and right-colon located tumors. MSI CRC patients present a better prognosis than MSS among non-metastatic CRCs. Conversely, MSI CRCs represents 5% of the metastatic CRCs and present a worse progression free survival (PFS) and overall survival (OS) than MSS counterpart. 7 This better prognosis among non-metastatic patients can mainly be explained by their higher immunogenicity (further discussed later). 8,9 The MSI tumor status was recognized as significant for clinical diagnosis and treatment choice and the detection of MSI mutation and/or the four MMR proteins by immunohistochemistry is recommended for all new CRC cases. 1 C. Disease management: lack of efficient therapy to prevent relapse or treat complicated CRC forms 1) Chemo-and radio-therapies not efficient enough in the face of resistance mechanisms

As mentioned above, the first intervention in CRC is the tumor resection, which eliminates the primary tumors, however this cancer still present a high risk of metastatic relapse. Chemotherapies can be administrated before the surgery, to reduce the tumor size and facilitate its resection, or after to prevent relapse and suppress tumor cells, which have already spread in other organs. The most common drugs used for CRC include 5-fluorouracil (5-FU), the capecitabine (oral fluoropyrimidine), the irinotecan and the oxaliplatin, often used in combination like the FOLFOX (5-FU, leucovorin and oxaliplatin) or CapeOx (capecitabine and oxaliplatin) regimens. 10 All these molecules target the cell cycle of tumor cells to stop their replication or kill them. However, their efficacy is highly variable depending on the patient, the tumor phenotype and the TNM stage. Several resistance mechanisms were observed. For example, 5-FU is a thymidylate synthase inhibitor, inhibiting the DNA replication leading to cell death. 5-FU is one of the first line treatment in CRC, however a high resistant to 5-FU was observed in 90% of late-stage CRC patients. 5-FU is also combined with other chemotherapy, like oxaliplatin and irinotecan, but patients also developed high resistance to these combinations. 11 In addition, in adjuvant setting, MSI patients presented a poor efficacy to 5-FU therapy, probably because the 5-FU-induced cell death requires a functional MMR system. 1 Another therapeutic strategy is the radiation therapy for rectal tumors before surgery. The objective is to cause DNA damages in the tumor cells leading to their death. The main difference with the systemic chemotherapy is the fact that radiation is focus on the tumor. However, even if the radiation is highly efficient to reduce and help for the resection of the primary tumor, there is still some distant relapse.

2) Development of targeted therapies

That is why therapies based on other strategies were developed including antibodies targeting the proliferation of tumor cells, like the anti-Epidermal growth factors receptor (EGFR), the growth of endothelial cells, like anti-Vascular endothelial growth factor (VEGF) antibodies, or combinations of inhibitors targeting specific mutated proteins, like BRAF/MEK/HER2. 5 For example, the combination of BRAF, EGFR with or without MEK inhibitors demonstrated efficacy to increase OS of patients with a BRAF mutated tumor compared to standard treatment. Monoclonal antibody HER2 inhibitors, using with tyrosine kinase inhibitor like lapatinib, shown a signal of efficacy in metastatic CRC that overexpress HER2. Anti-VEGF monoclonal antibodies demonstrated in several clinical trials a higher efficacy combined with chemotherapy. 5 All these strategies are studied in various clinical trials. 10 These mutation-specific therapies are effective and there is a very good prediction of their efficacy based on mutations present in the tumor. Thus, the presence of the RAS mutation is a very good predictor of response to anti-EGFR therapy. 12 These treatments are quite effective but do not cure the disease. At best, they can reduce the metastases, making them surgically removable, or otherwise prolong the survival time of patients by a few years. In addition, there are resistance problems and these strategies do not work for all patients.

The side effects can also be complicated to manage. That is why it seems essential to find new therapeutic strategies for CRC.

II. THE T CELL ANTI-TUMOR RESPONSE IN HUMAN COLORECTAL CANCER

In the last decade, a new therapeutic strategy has been developed: immunotherapy. This therapy is based on the fact that the immune system can recognize tumor cells as foreign and attack them, and conversely can recognize self-cells as healthy and not attack them. A process coined as immunomonitoring. The role of the immune system in monitoring tumors is historically illustrated by the high predisposition of cancer in to opposite and extreme situations, chronic inflammation and immunodeficiencies. This role was then confirmed by J. Galon who demonstrated that the immune infiltrate, and particularly T cell infiltration, into colorectal cancer tumor, have an impact on patient outcomes and could be a better predictor of the patients' outcome than the TNM stages. 13 14 Several classifications were created based on the immune infiltration making the difference between non and highly infiltrated, inflamed or non-inflamed tumors 15 , which can be summarized in three different profiles: immune desert phenotype with a low number of T cells and myeloid cells within the tumor, the immune excluded profile with the presence of immune cells but retained in the stroma surrounding the tumor, and the immune inflamed profiles with infiltration of various immune cells including T cells. Hence, the defective anti-tumor response of immune cells could come from a default in T cell attraction, migration and/or suppression of their activity. 15 Reversing these parameters could increase immune anti-tumor activity. To do so, several immunotherapies are developed, targeting different types of immune cells. In this project, we focus on T cells which constitute one major cell type found within the tumor.

A. The activation and engagement of T cells lead to anti-tumor cytotoxicity

Facing foreign cells, such as transformed or virus-infected cells, innate immunity is first engaged with notably the action of the natural killer (NK) cells. (Figure 2) These cells present high cytotoxic potential whose activation is driven by several receptors. Depending on the signals they receive, they will recognize and attack the tumor cells through the release of cytotoxic granules. Conversely, they will not attack healthy cells through the recognition of self-ligand, such as the major histocompatibility complex class 1 (MHC-I). 16 Tumor cells will also be recognized by phagocytic immune cells, including macrophages, neutrophils and dendritic cells (DCs). These antigen-presenting cells (APCs) display celldigested-tumor peptide at their cell surface to T cells. More particularly, after tumor cell phagocytosis, dendritic cells migrate into the lymph node (LN) to present to naïve T cells tumor associated antigens leading to their specific activation. 16 T lymphocytes are immune cells belonging to the adaptative immune system characterized by their capacity to recognize a large variety of foreign molecules, antigens, with their T-cell receptor (TCR), leading to their activation. 16 T cells come from the proliferation of progenitors in the thymus where they undergo several maturation steps leading to naive T cells. During their differentiation, two different subsets of T cells will be selected, those able to recognize the molecular histocompatibility complex (MHC) I, CD8 T cells, and CD4 T cells which recognize MHC-II. These two subsets differ in their cytokine production and functions. 16 All these processes result in a population of naïve T cells which will then go through the blood and lymphatic circulation to patrol among the peripheral lymphoid tissues screening all the potential antigen.

The recognition of tumor antigen presented by DCs through their MHC in the lymph node leads to their activation. (Figure 2) This unique MHC-TCR interaction is not sufficient to activate T cells as two additional signals are required for a complete and strong T cell activation: the interaction with costimulators expressed on DCs, such as CD80/CD86, and the presence of stimulatory cytokines in the T cell environment such as IL-12. This activation leads to an important proliferation phase, expanding the antigen-specific clones. Once activated, these mature T cells migrate into the tumor site where they will be able to specifically recognize the antigen of origin and exert their anti-tumoral functions. 16 Anti-tumor effects depend on the T cell subset: CD4 T helper or CD8 cytotoxic T lymphocytes (CTLs).

1) Anti-tumoral effects of CD4 T cells

Once on the tumor site, mature T cells will recognize specifically tumor cells and lead to their lysis. CD4 T cells present a strong capacity to produce and release cytokines which will increase immune cell recruitment, neighboring cell functions and the establishment of an inflammatory environment. Four main subsets of T cells were defined, Th1, Th2, Th17 cells and Tregs, which differ by the transcription factor they express, the cytokines they release and their subsequent functions. (Figure 3) The differentiation in one or another subset of T cell depends on several factors including the cytokine environment and the phenotype of dendritic cells which activate these cells.

Th1 cells are induced by IL-12 produced by APCs and IFN by NK cells through induction and activation of the transcription factors T-bet, STAT1, STAT3 and STAT4, which induce their conversion and stability. 15 They are characterized by a high production of IFN IL-2 and TNF , increasing these Th1 differentiation in a paracrine loop. Expressing CXCR3 and CCR5, they are directly attracted by injured sites and rapidly migrate into the tumor bed. Through their production of IFN , they increase activation of pro-inflammatory M1 macrophage, their phagocytosis capacity and the antigen presentation through the upregulation of MHCs and co-stimulators on APCs. (Figure 3) 17

Th1 cells are increased in colon tumor compared to non-tumoral mucosa. (Wu et al, Oncology Letters, 2018) The Th1 subset is associated with anti-tumoral action and a high infiltration of Th1 in the tumor microenvironment (TME) is associated with a good prognosis in many cancer types including CRC. 15 Similarly, high levels of IFN is associated with good prognosis and conversely a default in IFN -gene affects patients' survival. IFN also inhibits Tregs functions. Hoepner and colleagues described a Th1 role in the recruitment of CTLs highlighting the collaboration between CD4 and CD8 T cells in the antitumor response. 18 15 CRC tumor cells induce a Th1 response through a caspase-1/IL-18 axis eliciting the IL18Ra expression on TILs. 19 Contradicting studies associate chronic presence of Th1 cells with a tumor-promoting role and disease progression mainly through the production of pro-inflammatory cytokines such as IL-1 . 15 Th2 and Th17 subsets are mainly associated with pro-tumoral effects but their roles in cancer immunity is still controversial. It was demonstrated that IL-4, a Th2 cytokine, was linked to tumor clearance through the recruitment of eosinophils and macrophages. 20 Th17 cells through their production of IL-17 can favorize the recruitment of neutrophils, NK and T cells and the IL-12 production of APCs and IL-6 production of other immune cells. 21 (Figure 3)

2) Cytotoxic effects of CD8 T cells CD8 T cells have direct cytotoxic functions, through T-bet and Eomesodermin transcription factors, that finish their differentiation into cytotoxic lymphocytes (CTLs). (Figure 2-3) After antigen-MHC-I recognition, CTLs establish an immune synapse to release lethal agents into the target cells leading to its death. (Figure 2) 16 This synapse is formed of the MHC-I-antigen-TCR complex with CD8 as coreceptor, stabilized by a ring of integrins like leukocyte function associated antigen 1 (LFA-1). Through this contact, CTLs deliver highly cytotoxic granules of granzymes, perforin and granulysin into the target cell by exocytosis. Granzymes A, B, and C are serine proteases able to cleave proteins, activate caspases and apoptosis. Perforin is a membrane-perforing molecule facilitating granzymes entry into the target cell.

Moreover, CTLs also present granule-independent killing mechanisms including the expression of Fas Ligand, that binds to the death receptor Fas, and the release of cytokines, like IFN , contributing to the clearance of killed cell by phagocytes. 16 15 The death of the target cell occurs in the following 2-6 hours even if the CTLs detaches. In addition, CTLs express NK receptors which belong to the KIR family, which regulate its activation in an antigen-independent manner. For example, CTLs highly express the activation receptor, NKG2D, which recognize the MHC-I like molecules MIC-A/MIC-B expressed by stressed cells. 17 CTLs present a key role in the antitumoral defense. Tumor specific CTL clones were isolated from patient lung tumors indicating a specific reaction against the tumor, which was associated with a longer survival. These tumor specific CTLs present an antitumor response when transferred in immunocompromised mice in vivo. 15 Analyses of the immune infiltrate in colon cancers demonstrate in particular a high infiltration of CTLs, which was associated with a good patient prognosis and longer disease-free survival. It was also the case for several other solid cancers, like bladder, ovarian, breast, esophageal, prostatic, hepatocellular, pancreas and melanoma. 15 By single cell analysis of CRC tumors, infiltrating CD8 T cells co-expressing activation markers such as Fas, HLA-DR and CD38 are identified, demonstrating the presence of potential tumor specific CD8 T cells in the tumor. 22 In addition, NKG2D is engaged on CD4 and CD8 T cells in CRC tumor compared to healthy mucosa and blood. 23 In melanoma, it is demonstrated that the most expanded clones are tumor reactive. However, in CRC, a limited number of T cells are able to recognize their autologous tumor (10%), and, for some patients, tumor-activated T cells are absent despite the presence of infiltrating T cells. These results demonstrate that only a small fraction of T cells recognize tumor antigens and highlight the difficulty of T cell to specifically recognize the tumor. Thus, the dysfunctional T cell anti-tumor response can also be in part explained by a default in recognition. To increase reactivity, personalized CRC neoantigens are identified by whole-exome sequencing and transcriptome sequencing. Patient specific peptides with high immunogenicity can induce reactivation of PBMCs isolated from the same patient and inhibit tumor growth in tumor-bearing mice models. 24 3) Others T cell engaged in the anti-tumor response: T and MAIT Two subsets of unconventional T cells in the tumor microenvironment (TME) can present anti-tumor activity. Gamma-delta T (T ) cells express a heterodimer receptor composed of the and chains of the TCR locus and are present in the intestinal tract. They can recognize quickly malignant cells in an MHC-unrestricted manner. They can produce TNF and IFN and recognize tumor cells through several activation receptor such as NKG2D and TRAIL mediating their cytotoxic functions. 25 They express CD16 conferring them the capacity to kill colon tumor cells through antibody-dependent cytotoxicity (ADCC). 26 T cells are present in solid tumors including CRC. Stimulated in vitro these tumor infiltrating T cells produce high quantity of IFN and present cytotoxic activity against allogenic and autologous tumor cells but their specific ligands remain poorly defined. 27 25 Mucosa-associated invariant T cells (MAITs) are T cells abundant in the blood and mucosal tissues, including the intestine. Their semi-invariant TCR can recognize bacterial ligands presented by MR1, a non-classical MHC molecule. They can also be stimulated in an TCR-independent manner through IL-12 and IL-18. 28 MAIT cells were identified in tumor compared to non-tumoral mucosa in CRC. However, they are reduced in blood of CRC patients. 29 30 In vitro tumor infiltrating MAIT cells can produce Th1 cytokines and release cytotoxic granules post stimulation. 31 28 Activated MAIT cells, cocultured with colon cell lines, express IL-17 and induce the tumor cell cycle arrest in a MR1-dependent manner. 29 Their role in CRC is still poorly understood.

A. Inhibitory mechanisms result in T cell exhaustion and immune escape

In parallel to reduced activation signals, inhibitory events are involved in T cell response control. These mechanisms of autoimmune prevention will lead in the case of cancer to immune escape.

1) Recruitment and differentiation of immunosuppressive T cell subsets: Th2, Th17 and Tregs

There is recruitment and action of several immunosuppressive populations into the tumor site, including one specific population of T cell able to control the response of other lymphocytes: the regulatory T cells (Tregs). (Figure 2) Tregs are a subset of CD4 T cells whose role is to suppress effector T cells to maintain self-tolerance characterized by expression of the transcription factor Foxp3 and the IL-2 receptor (CD25), but not of the IL-7 receptor (CD127). 17 Tregs are coined as natural or inducible depending on their developmental characteristics. Natural Tregs (nTregs), developed in the thymus at early neonatal development, circulate into peripheral tissue to avoid self-reactivity of T cells. 32 They represent 5% of circulating CD4 T cells. 33 In peripheral lymphoid organ, the chronic recognition of antigen in absence of sufficient activation and costimulation signals favors the generation of inducible (or adaptative) Tregs (iTregs) from naive cells. In cancer, iTregs are largely increased in both, peripheral and tumor compartment. 33 The generation of Tregs can be facilitated by tumor-growth factor -(TGF ). 17 Their inhibitory function is based on several main actions: the production of immunosuppressive cytokines, such as IL-10 and TGF , the reduction of APCs ability to activate T cells, notably through the action of CTLA-4, and their consumption of IL-2, important for conventional T cell proliferation. (Figure 3) TGF inhibits the activation of macrophages, neutrophils, promotes T cell differentiation in proinflammatory Th17 subsets and inhibits the development of Th1 and Th2 cells. It also stimulates collagen synthesis and production of matrix-remodeling enzymes by macrophages and fibroblasts. IL-10 inhibits DCs production of IL-12, crucial signal for IFN secretion, as well as the expression of costimulators and MHC-II complex on APCs reducing their capacity to activate T cells. 17 Tregs can also induce direct cytolysis of effectors cells by granzyme B release, TRAIL pathway and galectin-1-dependent metabolic arrest. 34 Moreover, Tregs are more resistant to oxidative stress and have an advantage to survive in the TME compared to conventional T cells. (Figure 3) 32 Several immunosuppressive pathways in the TME favor Tregs differentiation and survival like PD-1/PD-L1, CTLA-4, COX2 and PGE2. It was also demonstrated that DCs exposed to retinoic acid, a vitamin A analogue, induce Tregs development in mucosal lymphoid tissues. Th1 cells are also an important source of IL-10 favoring Tregs development as a negative feedback loop of their activation. 17 The accumulation of Tregs into the tumor and their role in tumor progression and poor patient outcome remain controversial in several solid tumors including CRC. In this cancer, an increased proportion of CD4 Foxp3+ Helios+ Tregs in tumor compared to blood and colon mucosa is observed. 35 36 37 The infiltrating Tregs present an increased expression of inhibitory receptors and produce in vitro high level of IL-10 and IL-17 inhibiting the proliferation and effector functions of co-cultured CD4 and CD8 T cells. 15 38 An increased proportion of Tregs in tumor-draining lymph nodes is also observed. However, in mice models, Tregs in primary tumor and sentinel lymph nodes enhance survival rate and decrease the development of metastases. 32 Conflicting reports associate high infiltration of Tregs with both good and poor prognosis in several cancers, including CRC. 39 40 41 42 43 35 One hypothesis to explain these opposite effects is the existence of different Tregs subpopulations which can present various properties. A lot of researchers try to better understand and characterize these subsets depending on the expression of different markers. 43 Another hypothesis, specific to the intestinal mucosa, incorporate the presence of the intestinal microbiota. In animal models, it is suggested that Tregs could have a protective effect at early stage of cancer by suppressing the cancer-associated inflammation, but pro-tumoral effect later by promoting Tregs conversion and inhibiting effector response. 32 Th2 cells subset secrete IL-4, IL-5 and IL-13 and their differentiation depends on the Gata3 transcription factor. They are responsible for eosinophil activation, tissue repair and activation of M2 macrophages that have pro-tumoral function. (Figure 3) 17 A higher expression of Th2 related genes was observed in the CRC tumors but was not predictive of prognosis. 44 Th17 cells are characterized by their production of IL-17 and IL-22. Their differentiation is mediated by ROR t and STAT3 transcription factors. 45 They express CCR2, CCR5 and CCR6 allowing them to migrate into the peripheral tissues, and particularly into the tumor site through CCL20 and CXCL12 chemokines. They were associated with pro-tumoral effects mainly by their capacity to induce and chronically maintain inflammation contributing to the tumor progression 15 However, their presence was also associated with tissue remodeling through induction of matrix metalloproteinases, release of angiogenic cytokines promoting neoangiogenesis and tumor cell survival through anti-apoptotic proteins like Bcl2. Moreover IL-22 promotes epithelium regeneration and could drive de novo gut carcinogenesis and play a role in the initial stages of cancerous transformations (Figure 3) 15 46 As an important source of IL-17 MAIT and Tgd cells can also be associated with pro-tumoral effects.

MAIT can also produce IL-13 which could participate to the tissue repair and tumorigenesis. 47 2)The overexpression of inhibitory receptors: the immune checkpoints Immune checkpoints (IC) are inhibitory receptors or pathways induced to control the T cell response. In cancer, these IC and their ligands are upregulated in the tumor microenvironment leading to T cell exhaustion, tumor immune escape and growth. Among them, cytotoxic T lymphocyte antigen-4 (CTLA-4) and programme death-1 (PD-1) are induced by several activation cytokines. 48 CTLA-4 belongs to the CD28 receptor family and binds to B7 molecules, CD80 and CD86, with a 10-to 20-fold higher affinity than CD28. Hence, CTLA-4 is a competitive inhibitor of CD28 on APCs, reducing the co-stimulation signals of APCs and subsequent T cell activation in lymphoid organs. (Figure 2) PD-1 is a transmembrane glycoprotein whose ligands are PD-L1 and PD-L2 expressed on APCs and other cells, including tumors. Engagement of PD-1 inhibits the signals from TCR-MHC and co-stimulation and hence inactivating T cells. PD-1 has an impact on effector response in peripheral tissues as its expression is increased upon chronic antigen stimulation 17 CTLA-4 and PD-1 are overexpressed and coexpressed on colon tumor infiltrating T cells and Tregs compared to matched mucosa. The ligands PD-L1 and PDL-2 are expressed by tumor cells and APCs. 49 50 The expression of PD-L1 varies depending on the technic and cutoff level used to assess it. Möller et al observe an expression of this ligand on 5% of colon tumors. PD-L1 is more expressed on dMMR tumors and associated with the presence of infiltrated CD8 T cells, confirming the high immunogenicity of dMMR tumors. [START_REF] Möller | High density of cytotoxic T-lymphocytes is linked to tumoral PD-L1 expression regardless of the mismatch repair status in colorectal cancer[END_REF] PD-L1 and PD-L2 overexpression is associated with a poor PFS and OS in stage 3 CRC. [START_REF] Zengin | PD-1 and PD-L2 expression predict relapse risk and poor survival in patients with stage III colorectal cancer[END_REF] Others inhibitory receptors exist including T-cell immunoglobulin and mucin containing protein-3 (TIM-3), lymphocyte activation gene 3 (LAG-3) and T cell immunoglobulin and ITIM domain (TIGIT). TIM-3 inhibits Th1 responses. In CRC, TIM-3 is upregulated on CD8 T cells, Tregs and APCs within the TME. TIM-3 expression on T cells is inversely correlated with the disease stages. 34 53 In vitro, its expression is associated with a strong immunosuppressive activity compared with TIM-3 negative Tregs. 34 In mice models, interaction of TIM-3+ CD8 T cells with its ligand, galectin9, increases apoptosis of CD8 T cells.
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LAG-3 (or CD223) is also overexpressed on TILs in CRC. This receptor negatively regulates T cell proliferation through its interaction with the MHC class II complex. 7 In vitro, LAG-3+ Tregs produce higher level of IL-10 and TGF and present effector/memory phenotype (CD45RA-CCR7-) with less proliferation capacity than LAG-3-Tregs. 34 LAG-3 deficient mice show a modest suppressive function and an upregulated cytokine production but mechanisms are still unclear.

TIGIT is overexpressed on T cells from colon cancer tissues compared to adjacent normal mucosa. [START_REF] Fathi | T-cell immunoglobulin and ITIM domain, as a potential immune checkpoint target for immunotherapy of colorectal cancer[END_REF] Its expression is specific of Tregs that produce high levels of IL-10 which suppress Th1 and Th17 responses. 50 TIGIT signaling on NK and T cells decreases their IFN production and cytotoxicity. [START_REF] Fathi | T-cell immunoglobulin and ITIM domain, as a potential immune checkpoint target for immunotherapy of colorectal cancer[END_REF] In mouse model, TIGIT deficient mice present a delayed tumor growth and increased IL-2, IFN and TNF production. TIGIT inhibits T cell activation in a cell intrinsic manner through the obstruction of TCR complex formation. 34 A positive correlation is observed between all these inhibitory markers (PD-1, CTLA-4, LAG-3 and TIM-3) on the CRC TILs, with a high co-expression of CTLA-4 and PD-1, highlighting the presence of a strong immunosuppressive population. 56 35 57 This list of receptors is not exhaustive and many other potential ICs are studied. They all represent promising targets to promote the anti-tumor T cell response.

3) The upregulation of ICs leads to the exhaustion of intra-tumoral T cells Chronic stimulation of T cells can induce progressive loss of their effector functions and increased expression of ICs leading to a dysfunctional hyporesponsive population called exhausted cells. [START_REF] Jiang | Exhausted CD8+T Cells in the Tumor Immune Microenvironment: New Pathways to Therapy[END_REF] Exhausted T cells were first described by Zajac et al and Gallimore et al in chronic lymphocytic choriomeningitis virus infection with the presence of antigen specific T cells unable to induce a cytotoxic response against infected cells. Now, this exhaustion phase is referenced in other viral infections and cancers. [START_REF] Cheng | The tumor microenvironment shapes the molecular characteristics of exhausted CD8+ T cells[END_REF] One of the major drivers of T cell dysfunction is the continuous antigen encounter, presented by non-professional and/or weakly-activated APCs as observed in the immunosuppressive TME. 60 61 58 Continuous TCR stimulation upregulates three main transcription factors, TCF-1, TOX and NFAT, which lead to T cell differentiation and progression towards exhaustion.
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In addition to TCR stimulation, extra-cellular components and cytokines released in the TME by tumor or other cells can drive exhaustion, including pro-angiogenic molecule such as VEGFA, stem-cell like molecules, like kynurenine, or cytokines like TGF . Despite an already immune-stimulatory role, IL-2 and IL-27 are also shown to increase the T cell exhaustion in mouse model and human cancers. Nutrient restrictions and hypoxia also participate to this exhausted change. [START_REF] Cheng | The tumor microenvironment shapes the molecular characteristics of exhausted CD8+ T cells[END_REF] The exhaustion status is now characterized by the expression of specific surface markers. First, high level of ICs expression and co-expression is a hallmark of T cell exhaustion. [START_REF] Cheng | The tumor microenvironment shapes the molecular characteristics of exhausted CD8+ T cells[END_REF] Then, exhausted T cells express activation and co-stimulation molecules revealing their "terminally differentiation" state. In CRC, expression of activating receptors OX40, 4-1BB (CD137), and stimulatory CD2 and GITR are observed. These cells also present expression of granzyme K. [START_REF] Van Der Leun | CD8+ T cell states in human cancer: insights from single-cell analysis[END_REF] This dual expression of both inhibitory and activation receptors is the reflection of their borderline status between their effector functions and retro-control of this activation. However, in the late dysfunctional stages, these exhausted T cell lose their effector functions, such as their production of IL-2, TNF and IFN , their self-renewal and proliferative capacity, and cytotoxic molecules, granzyme and perforin. 59 60 Finally, due to the hostile TME in which they are living, T cell also undergo metabolic changes which can accelerate their exhausted status. For example, overexpression of nucleotide metabolizing enzymes mediating ATP and adenosine balance was observed, more particularly CD39 and CD73 enzymes, more described below.

The lipid mediator prostaglandin E2 (PGE2) can also play a role in exhaustion. [START_REF] Cheng | The tumor microenvironment shapes the molecular characteristics of exhausted CD8+ T cells[END_REF] Hence, this process leads to the accumulation of defective T cells enable to control tumor cell progression. Their presence is associated with a shorter overall survival of CRC patients. [START_REF] Sorrentino | Colorectal Cancer-Associated Immune Exhaustion Involves T and B Lymphocytes and Conventional NK Cells and Correlates With a Shorter Overall Survival[END_REF] Exhaustion is difficult to define and heterogeneous between different cancer type. This specific status involves expression of inhibitory and activation receptors, but also some metabolic changes related to immunosuppressive TME. Better characterization of the exhaustion status and its reversibility is crucial to target inhibitory pathways and increase anti-tumoral T cell responses.

4) Tumor cells and its micro-environment develop resistance mechanisms

The tumor cells themselves develop resistance mechanisms to escape T cells. First, loss of MHC-I in tumor appears in 30 to 40% of colon tumors, however this number is probably underestimated due to the high heterogeneity of the MHC locus. [START_REF] Anderson | HLA class I loss in colorectal cancer: implications for immune escape and immunotherapy[END_REF] This defect is mainly caused by genetic aberrations in the B2M gene and induce dysfunction in the antigen processing machinery. 43 Defects in B2M gene gradually increase with the TNM stages but is never observed in metastatic tumors. Accordingly, partial downregulation of MHC-I on CRC is associated with a worse prognosis than complete MHC-I loss, supporting the role of NK cell in deleting the MHC-I negative cells. Other silencing mutations have been detected in antigen-presenting machinery genes including TAP-1, TAP-2, tapasin, Erp57, calreticulin and calnexin. The MHC-I loss is observed in up to 70% of MSI tumors. [START_REF] Anderson | HLA class I loss in colorectal cancer: implications for immune escape and immunotherapy[END_REF] Tumor cells can also escape cell death by developing resistance to lysis by their loss of membrane expression of Fas. 7 In addition, tumor cells produce several cytokines recruiting immunosuppressive Tregs and limiting T cell migration. For example, Choi et al observe the presence of senescent tumor cells producing CXCL12, which induce the loss of CXCR4 expression on T cells, limiting their migration capacity into the tumor. 64 65 The tumor microenvironment is not restricted to tumor cells but also includes mesenchymal-derived cells which by their production of TGF promote an immunosuppressive environment favoring tumor cell escape. Moreover, they can directly modulate the expression of important ligands like PD-L1, PD-L2 and Fas ligand disrupting the T cell function. 11

C. Targeting T cell to enhance the anti-tumor response: the immune checkpoints inhibitors (ICI)

Monoclonal blocking antibodies directed against the immune checkpoints CTLA-4 and PD-1 have revolutionized the management of poor-prognosis cancers. 7 Ipilimumab and Tremelimumab are both anti-CTLA-4 monoclonal antibodies (mAbs). In metastatic melanoma, anti-CTLA4 presented a high efficacy to reduce tumor progression by increasing CTLs activity. This treatment was first approved in first line for the treatment of melanoma, and then for other solid tumors including non-small cell lung cancer (NSCLC). 7 However these treatments present a high level of side effects, mostly inflammatory reactions. Anti-PD-1 mAbs present less adverse effects. Pembrolizumab is the first anti-PD1 approved in treatment for melanoma. Nivolumab is another anti-PD-1 which in vitro totally abolished the suppressive effects of Tregs on T cell proliferation and function and partially restored IFN and IL-2 production. 34 Monoclonal antibodies targeting PD-1 ligand, PD-L1 and PD-L2, are also studied.

Several clinical trials assess the efficacy of this strategy in CRC. Pembrolizumab in chemoresistant metastatic CRC patients show a higher response rate and PFS rate at 20 weeks in dMMR compared to pMMR CRC patients (78% versus 11%), demonstrating a higher response rate in hypermutated tumors. The expression of CD8 and PD-1 in tumors is significantly associated with PFS and OS. Other studies also demonstrate the efficacy of these therapies, in monotherapy or in combination, but only in dMMR CRCs 7 66 67 68 69 70 71 The higher efficacy of ICI in dMMR tumors can be explained by their high mutational burden producing a high number of abnormal proteins recognized as tumor neoantigens by T cells. Conversely, highly heterogeneous responses to ICI were observed for pMMR/MSS patients, however those presenting higher mutational burden have a better prognostic than other MSS patients. 1 Indeed, Pembrolizumab presents no objective response in MSS CRC (KEYNOTE-016) and the Nivolumab-Ipilimumab combination shows an objective response in only 1 to 20 patients in the CheckMate 142 trial. [START_REF] Hirano | Current status and perspectives of immune checkpoint inhibitors for colorectal cancer[END_REF] Hence, immunotherapy using anti-PD-1 with or without anti-CTLA-4 are integrated into standard-of care treatment but only for dMMR tumors. Anti-CTLA-4 in combination with anti-PD-1 therapy was first accepted for the treatment of metastatic dMMR/MSI patients but only as a last resort for tumors resistant to chemotherapies. [START_REF] Hirano | Current status and perspectives of immune checkpoint inhibitors for colorectal cancer[END_REF] Recently, pembrolizumab was accepted as a first-line therapy for metastatic dMMR CRC patients. [START_REF] André | Pembrolizumab in Microsatellite-Instability-High Advanced Colorectal Cancer[END_REF] In conclusion, targeting these two immune checkpoints in CRC is an interesting strategy but for the moment only efficient in dMMR patients, that still represent a low number of CRC patients: 15% of all CRC patients and 2 to 4% of stage 4 metastatic patients. 1 In addition, some immune-related adverse events are observed with ICIs including rash, pneumonitis, myocarditis or colitis. Grade 3 adverse effects occur in 13-22% of ICI monotherapy, and 22-64% of combinations especially when anti-CTLA4 is used. [START_REF] Hirano | Current status and perspectives of immune checkpoint inhibitors for colorectal cancer[END_REF] There are several hypotheses to explain the resistance of pMMR CRC tumors to currently available ICIs. Anti-PD-1 treatment increases intratumor Tregs infiltration reducing the CD8/Treg ratio. Treg depletion in transgenic mice renders tumor sensitive to anti-PD-1. [START_REF] Ngiow | A threshold level of intratumor CD8+ T-cell PD1 expression dictates therapeutic response to anti-PD1[END_REF] Defect in antigen presentation is also identified as another resistant mechanism to checkpoint blockade. 43 More recent studies suggest that one resistance mechanism could be the upregulation of other immune checkpoints. Increased expression of other inhibitory molecules, like LAG-3 or TIM-3, is documented several days post ICI therapies, highlighting the involvement of other immunosuppressive pathway but also the potential of ICI combinations. [START_REF] Slovak | Co-inhibitor expression on tumor infiltrating and splenic lymphocytes after dual checkpoint inhibition in a microsatellite stable model of colorectal cancer[END_REF] In mice model, TIM-3 inhibitors combined with anti-PD-1/PD-L1 treatments restore IFN , IL-2 and TNF production of CD8 TILs. 34 In colon tumor bearing mouse model, anti-PD-L1+anti-LAG-3 combination enhance survival and tumor growth delay. [START_REF] Beyrend | PD-L1 blockade engages tumor-infiltrating lymphocytes to co-express targetable activating and inhibitory receptors[END_REF] In mice models, TIGIT inhibition increases the anti-tumor NK cells functions and NK infiltration predicted anti-TIGIT efficacy.

32 [START_REF] Fathi | T-cell immunoglobulin and ITIM domain, as a potential immune checkpoint target for immunotherapy of colorectal cancer[END_REF] Anti-LAG-3 and anti-TIGIT monoclonal antibodies are currently assess in phase I/II clinical trials with several cancer types, including CRC. 34 Alternatively, the weak response of MSS tumors to ICIs could be explained by the absence or low proportion of immune cells expressing these targets (notably PD1+ CD8 T cells) in the tumor and the low expression of PD-L1 on tumor and stromal cells compared to MSI. 73 1 In conclusion, the current ICIs are only efficient for a very small proportion of CRC patients. It is hence crucial to better understand the immune response involved in this cancer specifically to find new target for immunotherapy.

III. INTESTINAL IMMUNE HOMEOSTASIS: A DYNAMIC CROSSTALK BETWEEN EPITHELIUM, IMMUNE CELLS AND MICRO-ORGANISMS

The intestine is the tissue in the body which contains the largest number of immune cells. These cells are constitutively in contact with a high number of antigens. To maintain homeostasis, this immune system has to be alert to recognize and eliminate potential pathogens, but also tolerant to the microbiota and allow nutrient absorption.

A. The intestinal immune system 1) The intestinal tract

The large intestine begins in the caecum and ends at the anus, passing through the right ascending colon, the transverse colon, the left descending colon and the rectum. Unlike the small intestine which can measure more than 6 meters, the colon is shorter, about 1.5m. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF] Characterized by a single layer of cells, the epithelium constitutes a barrier between the lumen and the lamina propria permeable for water and nutrients absorption. To optimize the later, in the small intestine, the epithelium present villi and crypts increasing the surface contact with the food bowl. [START_REF] Johnson | The Role of Tissue-resident T Cells in Stress Surveillance and Tissue Maintenance[END_REF] The colonic epithelium is flatter and specialized in reabsorption of water and elimination of indigested matter. In addition, the colon contains most of the intestinal microbiota, which produce essential vitamins. [START_REF] Laura | Physiology, Large Intestine[END_REF] The epithelium is composed of classical absorptive enterocytes and more differentiated cells such as mucus-producing Goblet cells or antimicrobial-producing Paneth cells. (Figure 4) [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF] Under the epithelium, the lamina propria is composed of connective tissue scaffolding the epithelium and containing blood vessels, lymph drainage, lymphoid organs and most of the immune cells. The other layers are the submucosa, the muscularis (important for peristalsis) and the serosa separating the intestine from the peritoneal cavity. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF] As for other organ, the intestine has a network of mesenteric lymph nodes (MLNs) draining the entire gut. The different fragments of the intestine are not all drained by the same lymph nodes and three different MLNs are necessary to drain the complete colon. The intestinal immune system also comprises subepithelial lymphoid aggregates present in the mucosa and submucosa, named gutassociated lymphoid tissue (GALT), that are tertiary structures including T cells, B cells and DCs, crucial for T cell priming and antibody production. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF] 2) The intestinal immune system: role in host-defense

In first line to potential pathogens, the intestinal epithelium has many defensive weapons. (Figure 4) First, the epithelium is itself the first physical barrier between external microorganisms and host tissue.

The epithelial cells are linked to each other by tight junctions blocking the passage between cells. In addition, goblet cells produce mucus which constitutes a second physical barrier against bacteria. Indeed, it formed a viscous gel composed of mucin glycoproteins blocking microbes' progression and directly toxic to many bacteria. Colonic mucus has two layers, an outer less-dense layer colonized by bacteria and a dense inner layer bacteria free. The production of mucus is controlled by immune mediators like IFN type I, IL-1, IL-4, IL-6, IL-9 and IL-13. A default in mucus production can increase commensal bacteria penetration into the epithelium, increasing its susceptibility to colitis. 76 17 Epithelial cells produce peptides with antimicrobial properties like -defensins which cause the loss of integrity of outer phospholipids membrane of bacteria. Moreover, they also express innate immune receptors, such as TLR-2 and TLR-4, allowing them to recognize bacterial compounds, produce mediators to recruit the immune system and induce the production and release of antimicrobial peptides. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF] In physiological conditions and even more upon proinflammatory conditions, epithelial cells can express MHC-II complex and present bacterial compounds at their basolateral surface. 79 63 Then, sentinel immune cells reside in the mucosa to monitor intestinal compounds and are composed of T, B, NK cells, macrophages, dendritic cells, eosinophils and mast cells. Hence, the intestinal epithelium contains a high number of T cells, up to 10-15 intra-epithelial lymphocytes per 100 epithelial cells, which can present regulatory or effector activities. The T cell composition and number varies with age, antigen exposure and the intestinal compartments. Indeed, the number of T cell decreases progressively along the gut, with more cell in the small intestine than in the colon. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF] These T cells can be effector T cells freshly activated in the lymph nodes or GALT and migrating into the tissue, or resident memory T cells previously activated monitoring the mucosa.

In the tissue, resident macrophages directly participate to the epithelium defense by their production of epithelial self-renewal factors. They present a strong pro-inflammatory potential to recruit and activate immune cells. These resident macrophages were characterized by a high expression of CD163, MHC-II, CX3CR1, CD40 and CCR5. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF] CD103+ resident dendritic cells are also present in both, intestinaldraining lymph node and mucosa. CX3CR1+ DC project dendrites between epithelial cells to sample luminal protein and peptides coming from diet to rapidly detect the presence of pathogens, phagocyte them, migrate to the LNs or MLNs to activate naïve T cells. Depending on the antigen recognized and the cytokine environment, they will favorize differentiation of one or another Th subsets. Detection of bacterial compounds by DCs favorizes the Th17 differentiation to protect the host. Through their production of IL-22 and IL-17, they induce the production of defensins and mucin by epithelial cells. Helminthic infection will induce a Th2 response and Th1 cells are more present in inflammatory disorders. 79 17 Figure 4: The intestinal immune system has to protect the host against pathogens while being tolerant enough to maintain the gut homeostasis and function By its structure and its production of bacteria traping mucus, the epithelium itself is the first barrier against pathogens. Then, the local immune system plays an important role in the host defense. Sentinel immune cells reside in the mucosa to monitor the intestinal compounds. It includes the T cells, and more particularly Th17 cells which stimulate the production of mucus and b-defensin by the epithelial cells, the pro-inflammatory macrophages and CX3CR1+ dendritic cells which monitor the lumen and can induce the activation of T cells if necessary. However, the maintenance of the immune homeostasis is also crucial to allow the tolerance of the microbiota and the nutrients assimilation. DCs and macrophages present a tolerant phenotype producing a high level of IL-10 and TGF promoting the differentiation of Tregs to the detriment to Th1 and Th17 cells. In conclusion, a fine equilibrium between all theses cell types maintains the intestinal immune homeostasis and disturbing it could lead to disease development like cancer. TGF : Tumor growth factor, DCs: dendritic cells (Created with Biorender)

Other immune cell types in the lamina propria participate to anti-bacterial defense of the epithelium like MAIT, innate lymphoid cells (ILCs), more particularly IL-17 and IL-22 producing ILC3, and the proinflammatory eosinophils and mast cells, regulating epithelial integrity, permeability and peristalsis. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF] Hence, all these cells present diverse functions to be able to detect potential pathogens and induce a cytotoxic response to eliminate them. However, due to the presence of the microbiota and the nutrient assimilation function of the intestine, they also must be tolerant to non-pathogenic species and food-borne antigens.

3) The intestinal immune system: role in tolerance

To avoid reaction against commensal bacteria, the intestinal immune cells are in a constant immunosuppressive environment. (Figure 4)

Mucosal macrophages produce a large quantity of IL-10, counteracting inflammatory signals due to microbiota recognition, maintaining the survival of Tregs in the mucosa. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF] In the tissue, immunosuppressive short-chain fatty acids, like butyrate, acetate and propionate, are generated through the digestion of dietary fibers from microbiota species. These short-chain fatty acids (SCFAs) stimulate the secretion of TGF , retinoic acid and IDO by the CD103+ DCs within the epithelium inducing Treg differentiation and inhibiting Th1 and Th2 generation. 79 76 80 Moreover, these APCs present a lower expression of innate receptor TLR4 than in other tissues. 17 Subsequently, there is a high proportion of Foxp3+ Tregs in the intestinal mucosa, two-fold higher than in the other tissues. All these Tregs established an immunosuppressive environment, notably by the high production of IL-10, regulating the functions of the others immune cells. In mouse, selective deletion of IL-10 gene in Foxp3+ cells leads to severe colitis. These tolerant functions are crucial for immune homeostasis and their blockade leads to excessive and spontaneous inflammation.

B. Focus in the tissue-resident T cells 1) Trm differentiation

In physiological condition, after clearance of infection, a small number of specific T clones persist as memory cells with the capacity to survive in a quiescent state for years. 17 81 82 The central memory T (Tcm) cells stay in the secondary lymphoid organs, whereas effector memory T (Tem) cells home in peripheral tissues. After antigen re-stimulation, Tem are more differentiated, short-lived cells with a limited expansion potential but a rapid capacity to elicit effector functions, like IFN production and cytotoxicity. [START_REF] Milner | Heterogenous Populations of Tissue-Resident CD8+ T Cells Are Generated in Response to Infection and Malignancy[END_REF] Tcm present a greater self-renewal and plasticity and can generate many effectors [START_REF] Kurd | Early Precursors and Molecular Determinants of Tissue-Resident Memory CD8 + T Lymphocytes Revealed by Single-Cell RNA Sequencing[END_REF] Both Tcm and Tem are constantly recirculated into the LN or the peripheral tissue to exert their immune surveillance.

However, some memory cells, called tissue resident memory T cells (Trm) stay definitively in peripheral non lymphoid tissues, like the skin and mucosa. Trm differentiation is promoted in the lymph nodes by IL-12 and IL-15 produced by antigen-presenting DCs in presence of TGF that induce the expression of CD103. [START_REF] Behr | Armed and Ready: Transcriptional Regulation of Tissue-Resident Memory CD8 T Cells[END_REF] (Figure 5) The antigen-independent maintenance of resident memory T cells is mediated by a high expression of IL-7 and IL-15 receptors. 17 These Trm are highly heterogeneous as precursors of all T cell subsets were identified. After antigen re-stimulation, differentiation in Th1, Th2, Th17 CD4 T cells and CD8 CTLs were observed. Constitutively present in the mucosa, there are in first line to detect microbe entry in the tissue and are key regulators of the immune homeostasis. [START_REF] Kurd | Early Precursors and Molecular Determinants of Tissue-Resident Memory CD8 + T Lymphocytes Revealed by Single-Cell RNA Sequencing[END_REF] T cells can be present within the epithelium as so called intra-epithelial lymphocytes (IELs), or underneath as lamina propria lymphocytes (LPLs). Most IELs are conventional CD8 T cells, while both CD4 and CD8 T cells are present among LPLs. The resident CD4 compartment is highly diverse with IL-2, IFN , IL-17 and IL-10 producing cells. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF] Trm cells mostly derive from activation of conventional naive T cells in the lymph node which then migrate into the tissue to exert its effector functions and survived within the tissue. However, a distinction can be made between the natural and adaptative mucosal lymphocytes (ML). Natural MLs migrate immediately into the intestinal mucosa after their development as a precursor population conferring a first line of protection during early life before microbial colonization. During life, due to the large number of antigen encountered, there is then an accumulation of induced MLs which replace the innate population. 85 86 As any activated T cells, Trm are attracted into the tissue through chemokine gradients. More specifically to the intestine, a high release of CCL20, CCL25 and CCL28 chemokines attract CCR6+, CCR9+ and CCR10+ T cells primed in gut LNs. [START_REF] Ma | T lymphocytes in the intestinal mucosa: defense and tolerance[END_REF] Retinoic acid produced by intestine also induce CCR9 and 4 7 adhesion molecule expression. [START_REF] Mueller | Memory T cell subsets, migration patterns, and tissue residence[END_REF] Meaning that before their entry into the intestine, the priming of naive T cells in gut-draining lymph node already predisposed these cells to migrate into and potentially reside in the gut. [START_REF] Ma | T lymphocytes in the intestinal mucosa: defense and tolerance[END_REF] Then, their capacity to reside in the tissue is mediated by the expression of two key cell surface molecules: CD69 and CD103. CD69 is upregulated on all activated CD4 and CD8 T cells but Trm maintain a high level of its expression. In Trm, CD69 increases the internalization and degranulation of S1PR1, limiting their interactions with endothelium-released-S1P and their subsequent attraction to the circulation. [START_REF] Behr | Armed and Ready: Transcriptional Regulation of Tissue-Resident Memory CD8 T Cells[END_REF] A decreased expression of the transcription factor KLF2 also reduce the S1PR1 expression, promoting T cell retention. [START_REF] Paap | Total Recall: Intestinal TRM Cells in Health and Disease[END_REF] CD103 is a trans-membrane heterodimer complex composed of an -E integrin dimerized with -7 integrin, able to interact with E-cadherin expressed on epithelial cells, promoting their retention in the epithelium. CD103 is highly expressed on epithelial Trm of different organs like skin, lung and intestinal tract. A high expression of CD103 is observed on intraepithelial Trm whereas some lamina-propria Trm present a reduced expression of this marker. [START_REF] Behr | Armed and Ready: Transcriptional Regulation of Tissue-Resident Memory CD8 T Cells[END_REF] CD103 is more expressed by CD8 than CD4 Trm cells. Despite its high expression in the intestine, CD103 is not necessary for T cell retention, and some CD103-Trm cells are observed in the intestinal mucosa upon infection. [START_REF] Paap | Total Recall: Intestinal TRM Cells in Health and Disease[END_REF] FitzPatrick et al demonstrate that these CD69+ CD103-in the gut have high expression of granzymes. [START_REF] Fitzpatrick | Human intestinal tissue-resident memory T cells comprise transcriptionally and functionally distinct subsets[END_REF] CD49a ( 1 1 integrin) is also observed on Trm, permitting interactions with collagen, facilitating T cell maintenance in the tissue. [START_REF] Behr | Armed and Ready: Transcriptional Regulation of Tissue-Resident Memory CD8 T Cells[END_REF] Four key transcription factors are involved in Trm maintenance: Hobit, Blimp-1, Runx3 and Notch. Hobit and Blimp-1 synergize to regulate the expression of CD69 and KLF2. [START_REF] Paap | Total Recall: Intestinal TRM Cells in Health and Disease[END_REF] Blimp-1 and Hobit mediate tissue retention by suppressing tissue egress pathways. [START_REF] Van Der Gracht | Functional heterogeneity and therapeutic targeting of tissue-resident memory t cells[END_REF] As in effector cells, Runx3, Blimp-1 and Hobit allow long-term maintenance of their cytotoxic capacity, through the upregulation of granzyme B and perforin expression. Runx3 regulates the IFN , TNF and IL-2 effector production. (Figure 5) 81 In conclusion, Trm are differentiated and maintained in the intestinal mucosa upon inflammatory signals. Stimulation by local antigens is not required for Trm maintenance but key cytokines are, including IL-15, IL-7 and TGF . [START_REF] Kurd | Early Precursors and Molecular Determinants of Tissue-Resident Memory CD8 + T Lymphocytes Revealed by Single-Cell RNA Sequencing[END_REF] Trm present key role in tissue defense with the high advantage to be directly on the infection site.

3) The various Trm subsets and functions Trm cells move constantly through the mucosa, interacting with epithelial and myeloid cells, scanning the local environment to detect potential antigen pathogen and ensure mucosal protection. In case of recognition of an already known antigen, local Trm are directly activated and able to proliferate.

Resident CD8 T cells represent 70-80% of intestinal lymphocytes. [START_REF] Ma | T lymphocytes in the intestinal mucosa: defense and tolerance[END_REF] Compared to effector memory, they have lower proliferative capacity but higher and longer effector responses. After antigen recognition, CD8 T cells rapidly produce pro-inflammatory cytokines, including IFN and TNF , increasing the local T cell activity but also the recruitment of other immune cells, like DCs and NK cells, through the production of various chemokines, such as CCL5, CXCL9 and CXCL10. (Figure 5) 81 82 CD8 Trm constitutively maintain a high levels of granzyme B allowing a rapid cytotoxic response. Once activated Trm can locally proliferate and initiate a secondary Trm subpopulation specific to the encountered antigen. The maintenance of de novo formed Trm post infection in the epithelium is not in detriment to the other Trm. The diversity of Trm present in the mucosa increases according to pathogens encountered. 81 82 90 CD8 Trm can be restimulated in the absence of CD4 memory cells. [START_REF] Mueller | Memory T cell subsets, migration patterns, and tissue residence[END_REF] Hence, these resident CD8 T cells play a crucial role in the defense of the intestinal epithelium against invading pathogens.

After reinfection, some resident cells can lose their tissue-resident markers and exit the mucosa to lymph nodes or to other tissues. Fonseca and colleagues demonstrated in mice that fully differentiated Trm are able to re-differentiate and recirculate into lymphoid tissues. [START_REF] Fonseca | Developmental plasticity allows outside-in immune responses by resident memory T cells[END_REF] Using a Hobit reporter mouse, Behr and colleagues demonstrated the presence of ex-Trm in the circulation. However, these cells still present a tissue-homing bias and keep their capacity to re-enter into their original tissue. 81 82 The role of mucosal CD4 

4) Engagement of tissue resident T cells in the tumor microenvironment

Trm cells are constitutively present in tissues and T cells with Trm-like phenotype infiltrate several solid tumors including CRC. These Trm-like cells could be previously activated tumor-antigen specific memory cells, or bystander T cells normally residing in the intestinal mucosa. In the face of tumor cell proliferation, the constant encounter of these tumoral antigen participate to their reactivation and proliferation in the tumor site. However, this repetitive stimulation induces their terminal differentiation and exhaustion. [START_REF] Beumer-Chuwonpad | The potential of tissue-resident memory t cells for adoptive immunotherapy against cancer[END_REF] CD103+ CD69+ Trm cells were clearly identified in several solid tumors. In lung carcinoma, CD103+ tumor infiltrating Trm cells presented an upregulation of granzyme A and B, at transcript and protein levels, compared to CD103-cells. These CD103+ cells also presented a higher capacity to kill autologous tumor cells in vitro, highlighting their cytotoxic capacity and the interest to increase their activity. 93 94 Treatment of these CD103+ cells with a blocking anti-CD103 or an anti-Ecadherin monoclonal antibody inhibits these cytotoxic effects. [START_REF] Le Floc | αEβ7 integrin interaction with E-cadherin promotes antitumor CTL activity by triggering lytic granule polarization and exocytosis[END_REF] In mice models, Trm cells controlled the tumor growth and their presence was associated with a better overall survival. [START_REF] Van Der Gracht | Functional heterogeneity and therapeutic targeting of tissue-resident memory t cells[END_REF] Hence these Trm are present in the TME and able to present cytotoxic effects. However, some inhibitory and exhausted phenotype, described earlier, are also observed on these resident cells. In non-small cell lung carcinoma, CD103+ CD69+ co-expressed PD-1 and CTLA-4 and overexpress LAG-3 and TIGIT. In vitro, these CD103+ PD-1+ cells were characterized by reduced expression of inflammatory cytokines (IFN and IL-2) and cytotoxic mediators (perforin and granzyme B). Anti-PD-1 treatment increased the cytotoxic functions of this population. However, CD103+ CD8 T cells also coexpressed costimulatory receptors including 4-1BB, OX40, CD27 and GITR. Combination of 4-1BB agonist with anti-PD-1 antibodies, increased the CD103+ infiltration and enhanced tumor regression in mice model. Same results were observed with CD28, OX40 and GITR agonists. [START_REF] Van Der Gracht | Functional heterogeneity and therapeutic targeting of tissue-resident memory t cells[END_REF] In conclusion, Trm cells are effector cells already present in the mucosa, with a high cytotoxic potential which can be rapidly and efficiently reactivate after antigen recognition. However, these Trm present an exhausted phenotype within the tumor, which could explain their inefficacy to control tumor growth. Targeting these cells could be a relevant strategy to increase anti-tumor responses, but current ICIs PD-1 and CTLA-4 lack efficacy in CRC and exploring new targets seems necessary.

IV. NEW PATHWAYS IN CRC IMMUNOTHERAPY: CD39 AND CD73, TWO ENZYMES CRUCIAL IN THE ATP/ADENOSINE BALANCE

A. Effect of the ATP/adenosine balance on the immune anti-tumor response 1) Release and captation of extracellular ATP (eATP)

Extracellular ATP (eATP) is present in the microenvironment, but its effects will depend on its concentration and exposure duration. Indeed, low concentration of eATP indicates presence of neighbouring living cells, whereas high concentration indicates tissue stress like necrosis, hypoxia, inflammation and tumorigenesis. [START_REF] Zhao | What else can CD39 tell us?[END_REF] Tissue injury, necrosis and ischemia are significant source of extracellular nucleoside in solid tumors where ATP is abundantly released in the extracellular space and can be a thousand time higher than in healthy tissue. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] ATP can be released in different ways: actively secreted by membrane-bound transporters, including pannexins (Panx1), hemichannel connexins (Conx37 and Conx44) and ATP Binding Cassette (ABC) transporters, or by exocytosis of intracellular vesicles. 98 96 eATP can also be passively accumulating as a result of cell death. In the intestine, commensal bacteria can also be a source of eATP. 98 97 Immunologically, outside the cells, eATP acts as a danger associated molecular pattern (DAMP) and alert the immune system. eATP can bind to its purinergic receptors to trigger signaling cascades and induce inflammatory responses. [START_REF] Zhao | What else can CD39 tell us?[END_REF] There are two kinds of receptors: the P2Y G-protein coupled receptors and the P2X cation-selective channel receptors. These receptors regulate Ca2+ mobilization which can activate different signaling pathways. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] P2X receptors are selective for ATP whereas P2Y receptors can be also activated by other nucleotides such as UTP, ADP, NADP/NAD and UDP. [START_REF] Allard | On the mechanism of anti-CD39 immune checkpoint therapy[END_REF] Most immune cells expressed both category of receptors, including monocytes, macrophages and dendritic cells, but lymphocytes only express P2XR. 97 96 The response to low eATP is mediated by P2 receptors with high affinity for ATP, while responses to high eATP concentration are specifically mediated by the P2X7 receptor presenting a lower affinity. [START_REF] Zhao | What else can CD39 tell us?[END_REF] P2X7R is involved in inflammation, expressed on macrophages, DCs, granulocytes, T and B cells. P2X1R and P2X4R are restricted to lymphocytes and macrophages. P2X2R and P2X3R are restricted to B cells. [START_REF] Allard | On the mechanism of anti-CD39 immune checkpoint therapy[END_REF] Activation of these receptors will have different effects among immune cells.

2) Immunostimulatory effects of eATP on the local immune system eATP will lead to activation of innate immunity. ATP is a "find me" signal which promotes monocytes, macrophages and neutrophils recruitment in an ATP gradient dependent effect through both P2X and P2Y receptors. (Figure 6) Through P2X1R, 2R and 4R receptors, expressed on monocytes, eATP activates the NF-kB signaling pathway and favor monocytes M1 polarization. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] On macrophages, eATP stimulates the upregulation of the co-stimulatory receptors CD80/CD86/CD83, overexpression of the MHC-II complex and increases the release of TNF , facilitating T cell activation. Once activated, macrophages also release ATP in the microenvironment inducing an autocrine and paracrine effect on neighboring cells. 99 DCs are also recruited at tumor site through ATP receptors. Activation of P2X7 receptor on DCs promotes secretion of IL-1 and IL-18 facilitating macrophage maturation, T cells and NK cell proliferation and cytotoxicity. As macrophages, ATP stimulation on DCs also promote antigen presentation through the upregulation of MHC II expression. It also increases their IL-12 production leading to Th1 differentiation and increased cytotoxicity of NK and CD8 T cells. [START_REF] Allard | On the mechanism of anti-CD39 immune checkpoint therapy[END_REF] eATP can also directly modulate T cells through several P2XR receptors (P2X1R, 4R, 5R and 7R). Mechanistically, eATP increases intra-cellular calcium facilitating activation and phosphorylation of several pathways. P2X7R is specific to CD4 and CD8 activation, leading to T cell recruitment, IL-2 production and increased proliferation and cytotoxicity. 97 96 In mice model, blocking P2X4 with antagonist prevent T cell recruitment. ATP also activates pannexin 1 channels leading to ATP release by T cell and autocrine stimulation of P2X receptors which maintain and amplify this activation. 99 96 In parallel, eATP also decreases the immunosuppressive role of Tregs through the P2XR7 receptor expressed on these cells. P2X7R-deficient Tregs show increase immunosuppression potential and tumor-bearing P2X7R KO mice presented an increased infiltration of Tregs suggesting an ATP-mediated prevention of Tregs. [START_REF] Allard | On the mechanism of anti-CD39 immune checkpoint therapy[END_REF] Moreover, eATP-activated P2X7R also induces Tregs apoptosis and conversion into effector Th17 cells. Most of the purinergic receptors are also expressed on NK cells with a modulation on their chemotaxis and cytotoxicity. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] ATP has also an impact on endothelial cells: it can activate P2YR receptors and promotes release of NO leading to vessel relaxation facilitating immune cell migration and recruitment. However, ATP can also have pro-tumorigenesis effect as tumor cells can express some purinergic receptors and metabolize ATP favoring tumor growth. Their activation can also be associated with invasiveness, metastatic niche formation and spread. These results vary depending on the studies. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] To sum up, a high concentration of eATP activates several receptors on immune cell leading to DC, macrophage and T cell recruitment and activation resulting in a strong response mainly driven by CD8 T cells and NK cells. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] 3) Metabolization of the eATP by the CD39 and CD73 ectonucleotidases

In the past decade, two types of enzymes were identified as able to hydrolyse nucleotides: the NTPDase, members of the ecto-nucleoside triphosphate diphosphohydrolase (E-NTPDase) family, and the pyrophosphatase/phosphodiesterases (NPPs) (1 and 3), members of the ecto-nucleotide pyrophosphatases/phosphodiesterases. They can hydrolyze a variety of nucleoside triphosphate (like ATP and UTP) and diphosphate (like ADP and UDP) into monophosphate nucleotide (AMP and UMP).

(Figure 4) NTPDase 1, 2, 3 and 8 are at the cell surface whereas NTPDase 5-7 are intracellular [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] They all differ in their catalytic properties. NTPDase 1 dephosphorylates ATP and ADP into AMP. This marker was first identified as a B cell marker and is now well known as CD39. 100 NTPDase 2 (CD39L1, ecto-ATPase) hydrolyses ATP into ADP with minimal accumulation of AMP. NTPDase 3 (CD39L3) and 8 (hepatic ATPDase) is a functional intermediate hydrolysing ATP into AMP with a transient accumulation of ADP. They are all called ecto-ATPase. 101 97 All these enzymes finally lead to 5'-monophosphate nucleotides which can be hydrolysed in nucleotides, like adenosine. (Figure 6) CD73 is a GPI-anchored enzyme that hydrolyses AMP into adenosine and inorganic phosphate. 101 97 It exist as a soluble form upon shedding of the GPI anchor with similar activity to its membrane-bound form. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] In addition to its hydrolysis function, CD73 is also a co-signaling molecule on T lymphocytes and an adhesion molecule important for T cell-endothelium interactions. 102 Hypoxia, inflammatory cytokines and TGF are important drivers of ectonucletidase upregulation. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] 

4) The accumulation of adenosine inhibits the local immunity and favors tumorigenesis

All these mechanisms lead to an accumulation of extracellular adenonise in the tumor microenvironment. This adenosine can then activate P1 purinergic receptors, be catabolized in inosine by membrane-bound adenosine deaminase or be recaptured by nucleoside transporters, all leading to different consequences on the immune system. 97 98 In physiological conditions, adenosine accumulation protects against excessive inflammation and promotes tissue repair. Hence, adenosine receptors are upregulated in response to hypoxia, tissue damage, chronic inflammation (IL-6, TGF , TNF ), and also in the tumor microenvironment. [START_REF] Allard | On the mechanism of anti-CD39 immune checkpoint therapy[END_REF] Globally, adenosine accumulation in the TME promotes angiogenesis, extracellular matrix remodeling and tumor cell growth but it also presents an important role in modulating immune cells. Adenosine suppresses anti-tumor immunity by acting on all tumor-associated immune cells and most of these actions are mediated by the A2a and A2b receptors which are upregulated in the TME. [START_REF] Hammami | Targeting the adenosine pathway for cancer immunotherapy[END_REF] Mechanistically, adenosine can activate four P1 purinergic receptors: A1, A2a, A2b and A3, all Gprotein coupled receptors. A1, A2a and A3 have a high affinity for adenosine while A2b receptor presents a lower one. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] Adenosine-dependent A2aR activation inhibits T cell proliferation, migration and Th1 cytokine secretion. 103 102 Its stimulation also promotes TGF and IL-10 release promoting effector T cell anergy. Activation of A2b receptor on Tregs promotes their proliferation and CTLA-4 and PD-1 expression enhancing their suppressive functions. Adenosine also stabilizes Th17 differentiation and restrains acquisition of Th1 effector molecules like granzyme B and IFN . Activation of A2a/A2b receptor on DCs promotes tolerogenic phenotype characterized by increased production of IL-10. 96 97 All these events lead to a strong immunosuppressive microenvironment inhibiting T cell responses. A2a is the predominant adenosine receptor expressed by NK cells. Its stimulation on NK cells strongly suppresses their activation and cytotoxic functions. This A2a-mediated suppression of NK cell anti-tumor activity was shown to be a pivotal mechanism for the development of metastasis. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] Adenosine also modulates myeloid cells. Through activation of both, A2a and A2b receptors, adenosine induces monocyte and macrophages M2 polarization characterized by a high production of IL-10, arginase 1 and VEGF. Adenosine modulates several neutrophil functions including adhesion and transmigration, release of inflammatory mediators, phagocytosis and degranulation. Moreover, like most of the immune cells, neutrophils have the capacity to generate adenosine. Once activated they are a major source of adenosine in inflammatory microenvironment leading to a strong autocrine feedback. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] In CRC, at protein levels, it was observed a low amount of A1, A2a and A2b receptors but abundant A3 receptors in colon cancer tissues and colon carcinoma cell lines (HT29, Caco2 and DLD1). In vitro, adenosine increased proliferation of these cells in a A3 receptor dependent manner. 104 Adenosine can also be metabolized by another enzyme, the adenosine deaminase (ADA) through its interaction with CD26 expressed on T cells. 105100 To conclude, interactions of exogenous adenosine with these P1 purinergic receptors are responsible of an important immunosuppression role in the TME leading to immune escape, tumorigenesis and angiogenesis. Targeting directly adenosine or enzymes responsible of its generation could be a promising trail in antitumor therapy.

B. CD39 and CD73 are highly engaged in the tumor microenvironment 1) Engagement of the CD39 in the TME

CD39 was first described as a B lymphocyte marker. In blood, it is expressed on >90% of B cells, >90% of monocytes, 20-30% of CD4 T cells, <5% of CD8 T cells and 2-5% of NK cells. [START_REF] Zhao | What else can CD39 tell us?[END_REF] CD39 is induced upon exposure to pro-inflammatory cytokines (IL-6, IL-27 and TGF ), oxidative stress and hypoxia, all combined in tumor context. CD39 expression also increases with age, and could contribute to impaired responses to vaccine. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] In the TME, CD39 is expressed by effector T cells, Tregs but also fibroblasts, myeloid cells and vascular endothelial cells. [START_REF] Allard | On the mechanism of anti-CD39 immune checkpoint therapy[END_REF] CD39 is now considered as an exhausted marker of T cells and particularly on Tregs. [START_REF] Zhao | What else can CD39 tell us?[END_REF] In PBMCs from healthy donors, CD39 is expressed on circulating T cells and more particularly on CD4 Foxp3+ CD25high Tregs compared to effector cells. 106 Moreover, circulating Tregs from CRC patients expressed higher level of CD39 compared to healthy donors. 103 Its expression is regulated by Foxp3 and TGF . [START_REF] Allard | On the mechanism of anti-CD39 immune checkpoint therapy[END_REF] This increased expression of CD39 is also observed on Tregs from CRC tissues compared to non-tumoral mucosa. 107 CD39 expression is correlated with expression of other inhibitory receptors, like PD-1 and CTLA-4, but also activation, like ICOS, Helios and OX40. In vitro, these CD39+ Tregs express high level of IL-10 and IL-17 and were responsible of an important inhibition of T cell proliferation, IFN production and NK cytotoxicity. 37 107 56 [START_REF] Zhao | What else can CD39 tell us?[END_REF] These results show that CD39 is highly expressed on Tregs and strongly participates to their immunosuppressive activity.

Similar results are observed on other subsets of CD4 and CD8 T cells, as CD39+ T cells presented decreased TNF, IL-2 and IFN production and an increased expression and co-expression of PD-1, TIM-3, LAG-3 and TIGIT. [START_REF] Allard | On the mechanism of anti-CD39 immune checkpoint therapy[END_REF] In mice model, a high expression of CD39 is also observed on tumor infiltrating Th17 cells and associated with tumor growth. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] In vitro, CD39 expression on Th17 increases their IL-10 production and confers to those cells the capacity to resist to ATP-induced cell death. [START_REF] Allard | On the mechanism of anti-CD39 immune checkpoint therapy[END_REF] IL-6, IL-21 and TGF induce CD39 expression on Th17 cells with a correlation between CD39 expression and IL-17. In addition, more recently, in CRC, Simoni et al observe a heterogenous expression of CD39 on CD8 tumor infiltrating cells. Comparing gene expression between CD39-and CD39+ CD8 T cells, enrichment of genes involved in cell proliferation and exhaustion is characteristic of chronically stimulated CD39+ T cells. 108 Hence, we can make the hypothesis that CD39+ T cell population corresponds to T cell which can infiltrate and react against tumor cells but whose activity is exhausted. Specifically reactivating this population could therefore be a promising therapeutic strategy.

In addition, CD39 is overexpressed on other populations that could induce synergistic effects in case of its blockade. Indeed, CD39 can be expressed on DCs as IL-27 can promote upregulation of its expression on DCs dampening the Th1 and Th17 immunity. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] It was observed in mouse and human that DCs express higher levels of CD39 in liver and this overexpression confers a higher resistant to pro-stimulatory effects of eATP compared to CD39-DCs. These DCs exhibit a more mature phenotype, greater responsiveness to TLR ligands and stronger proinflammatory and immunostimulatory activity. [START_REF] Allard | On the mechanism of anti-CD39 immune checkpoint therapy[END_REF] These results confirm an immunotolerance role of CD39 on DCs. Figueiro et al identified CD39high B cells as the major contributor to Bregs differentiation operated via adenosine generation and IL-10 secretion. [START_REF] Zhao | What else can CD39 tell us?[END_REF] However, CD39 is also important for B cell maturation and antibody response. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] M1 macrophages weakly express CD39 compared to M2 cells. Presence of CD39 on monocytes/macrophages regulate the sequestration of these cells in damaged sites and inhibits their chemotaxis, adhesion and ability to transmigrate. CD39 expression also convert macrophages in a regulatory state where inflammatory cytokine production is decreased. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] Finally, in CRC, CD39 is also expressed by vascular cells and can promote tumor growth by scavenging eATP. 109 For the tumor cells, CD39 is expressed on tumor cells of several cancers, like lung cancer, melanoma, pancreas, kidney and ovary cancers, but not CRC. 110 In human studies, a lower level of CD39 mRNA is associated with longer survival and linked with less invasive tumors. Patients with a high expression of CD39 on their tumor-infiltrating Tregs present a less favorable outcome in term of cumulative cancer-specific survival, suggesting a bad prognostic value of CD39 when expressed by this cell type in CRC. 111 112 Correlation between CD39 expression and poor clinical outcome and metastasis status is also observed in melanoma and NSCLC cancers. [START_REF] Allard | On the mechanism of anti-CD39 immune checkpoint therapy[END_REF] 109 However, opposite conclusions are observed in pancreatic cancer where elevated CD39 expression is correlated with better long-term survival after tumor resection. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] The predictive value of its expression on patients' outcome is still unclear, varies depending on the cancer type and cell type expressing CD39 and need to be clarified.

To conclude, CD39 is overexpressed on T cells, and particularly Tregs, in CRC and is responsible for a strong immunosuppressive activity. Targeting this enzyme could be a promising strategy to increase T cell activity.

2) Engagement of the CD73 in the TME CD73 is upregulated in various human carcinomas including colon, lung, pancreas and ovary and its high expression was associated with tumor neovascularization, invasiveness and metastasis. 102 Its expression was also observed on tumor cell lines and promoted cancer cell proliferation both in vitro and in vivo. 113 Moreover, CD73 expression is higher in liver metastases than in primary CRC tumors. A variety of pro-tumorigenic pathways (HIF-1a and Wnt/ -catenin) can synergize to induce CD73 expression in malignant cells enhancing paracrine/autocrine interactions with malignant colonic, hematopoietic and non-hematopoietic cells to sustain immune surveillance evasion, premetastaticniche evolution and cancer cell migration. 114 Moreover, in vitro, proliferation of sorted CD4 T cells from healthy PBMCs was reduced when cocultured with CD73+ glioma cells, effect deleted by CD73 inhibitor. Hence, in addition to promote tumor growth and metastasis, CD73 also has an impact on T cell activity.

In human PBMCs, CD73 is expressed on 75% of B cells, 50% of CD8 T cells, 10% of CD4 T cells and 2-5% of NK cells. B cells, Tregs, Th17, NK and MDSCs can co-express CD39 and CD73. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] Human peripheral CD8 T cells expressing CD73 are essentially composed of naïve T cells with a minority of memory cells. Upon activation CD8 T cells commonly downregulate CD73 expression but it is not a universal phenomenon. In human solid tumors, CD73 is expressed at high level on naïve/memory T cells and absent or very low on effector CD8 T cells. It was proposed that CD73-derived adenosine and A2AR regulate the transition from naïve/memory to effector CD8 T cells by the inhibition of Wnt signaling.
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CD73 is also expressed on myeloid cells, fibroblasts and endothelial cells. [START_REF] Allard | On the mechanism of anti-CD39 immune checkpoint therapy[END_REF] In human CRC, cancerassociated fibroblasts (CAFs) constitute the prominent CD73high population. In EG7 tumor xenografted mice, CAF-CD73 expression is enhanced via A2A receptor. In vitro these sorted CAFs presented a superior capacity to generate adenosine and an immunosuppressive effect 115 For endothelial cells, CD73 expression is induced upon hypoxia by HIF transcription factors. Its expression on tumor-associated endothelial cells was associated with reduced ICAM-1, suggesting a role in limiting the T cell homing to tumors. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] Overexpression of CD73 is associated with a poor overall survival (OS) in CRC and with shorter time to recurrence in CRC liver metastases 97 98 In a multivariate cox regression analysis, CD73 is an independent prognostic biomarker for CRC associated with poorer OS and CD73 level could serve as a useful biomarker additive to TNM stage system. 116

3) Targeting the ectonucleotidases in cancer therapy Adenosinergic pathways are strongly involved in tumorigenesis and immune escape, and could be targeted by inhibitory drugs. The nucleotide analogue, 6-N,N-diethyl-D-b-g-dibromomethylene adenosine triphosphate (ARL 67156), first described in 1995 by Crack et al, is a selective and competitive inhibitor of ecto-ATPase activity from blood cells and various tissues from different species. 101 In vitro, ARL inhibits ATP and UTP hydrolysis into AMP and UMP but only with a sufficient ARL/ATP ratio (100uM:10uM). A significant decrease of human NTPDase 1 (CD39) and 3 activity is observed but only weak effects on NTPDase 2 and 8. Effects of this inhibitor will obviously depend on NTPDases expressed on targeted tissues. 101 POMP-1 is another CD39 inhibitor that only inhibit degradation of ATP but not ADP. 117 The CD73 antagonist, alpha-beta-methylene-adenosine-5'diphosphate (APCP), is an adenosine diphosphate analogue which will be in competition with adenosine for CD73 interaction.

CD39+ CD4 T cells from healthy blood induce ATP hydrolysis in vitro and is decreased in presence of ARL 67156. Moreover, CD39+ T cells present in culture lower proliferation capacities, an observation also inhibited with ARL 67156 and APCP. Comparable results are observed with CD4 CD25high Foxp3+ Tregs from healthy PBMCs. 106 118 These effects of ATP consumption and cell proliferation are also suppressed with A2aR and A2bR antagonists, confirming an immunosuppressive action mediated by adenosine. 118 Sorted T cells from healthy PBMCs cocultured with melanoma and ovarian tumor cell lines +/-CD39 inhibitors show decreased ATP hydrolysis and increased T cell proliferation and NK cell cytotoxicity. 110 119 99 Pharmacological blockade of CD39 and CD73 on MDSCs restores proliferation of cocultured CD8 T cells and survival as well as IFN production of cocultured NK cells. [START_REF] Allard | On the mechanism of anti-CD39 immune checkpoint therapy[END_REF] These results are confirmed in mouse models as CD39 deletion in melanoma, lung and colon cancers delays tumor growth and decreases angiogenesis. 109 111 In a in vivo model of CD39 deficient mice xenografted with melanoma cells, extracted tumor cells from CD39 deficient mice have a lower ATP hydrolysis capacity than cells from WT mice. CD39 deficiency has no impact on immune infiltrate composition. Extracted CD4 and CD8 T cells from deficient mice produce in vitro more IFN than those from wild type mice upon CD3/CD28 or ionomycine stimulation. ARL 67156 treated mice present similar results. 109 In vivo, this inhibitor increases the recruitment of DCs, CD4 and CD8 T cells and their production of IL-2 and IL-21. [START_REF] Allard | On the mechanism of anti-CD39 immune checkpoint therapy[END_REF] Injection of POMP1 in tumor bearing mouse model limits the colonic tumor growth and increases the tumor infiltration in the tumor of M1-phenotype TAMs upregulating MHC-II complex. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] Similar results are obtained by CD73 blockade with delayed primary tumor growth in multiple tumor models including ovalbumin-expressing MC38 colon cancer, EG7 lymphoma, AT3 mammary tumors, ID8 ovarian tumors, B16F10 melanoma and TRAMP-C1 prostate tumors. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] In CD73 deficient mice xenografted with B16F10 melanoma cells, CD8 T cells infiltrate more the tumor and produce more IFN whereas the Tregs infiltration is reduced. 115 Similar effects are observed using APCP in WT mice. 120 Administration of APCP induces tumor regression by promoting the release of Th1 and Th17 associated cytokines but this molecule fails to induce tumor regression in nude mice, highlighting the crucial role of T cells. 121 Treatment with APCP also enhances M1 predominance over M2 macrophages and reduces Th2 responses. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] However, as discussed above, CD73 is more expressed in the tumor microenvironment, especially on tumor cells. Its inhibition on tumor cells by gene silencing in human cell lines is associated with decreased expression of antiapoptotic proteins, like Bcl2, and upregulation of pro-apoptotic Bax and caspase 3. 122 It increases the percentage of G0/G1 phase cells and decreased phase G2/M cells. 123 Conversely, in transfected cells overexpressing CD73, cell viability and cell cycle progression is promoted. 122 Adenosinergic antagonism is less effective in a CAF-poor colon tumors suggesting a synergistic role of CAFs in the CD73 blockade 124 Combination of these adenosinergic antagonistic treatments with immune checkpoint inhibitors such as anti-PD1 presents promising results. Indeed while CD39 deficiency alone does not permit to control the tumor, its combination with anti-PD-1 delays tumor growth and controls the tumor size for 20% of mice. Combination with anti-CTLA-4 presents the same results. In a fibrosarcoma model, adenosinergic blockade combined with oxaliplatin results in tumor control. 109 These results could be explained by the fact that cytotoxic drugs like chemotherapy induce CD39 and CD73 upregulation in the TME. 125 In vivo, anti-PD-1 and anti-CD73 improve metastasis control in a NK and perforin dependent manner. A synergy between CD73 blockade and 41BB therapy is observed with increased T cell effector functions in detriment to Tregs activity. [START_REF] Hammami | Targeting the adenosine pathway for cancer immunotherapy[END_REF] CD39 and CD73 blockade is a promising strategy but need a relevant human model to confirm this possibility for the treatment of CRC patients.

V. LYMPHO-EPITHELIAL INTERACTIONS IN CRC: KLRG1 AND CD103 MODULATE T CELL RESPONSES

Intestinal Trm are characterized by the expression of resident markers including CD69 and CD103 but can also display an exhausted phenotype preventing them from efficiently respond to tumor cells. Killer cell lectin-like receptor G1 (KLRG1) is an inhibitory receptor, defined as an exhaustion marker. Interestingly, in the context of the intestinal immune system this receptor and CD103 shares the same ligand, E-cadherin, constitutively expressed by intestinal epithelial cells. While CD103 promotes T cell residency and interaction with epithelial cells, KLRG1 inhibit T cell functions. Hence, studying the role of these two receptors on the T cell response could identify KLRG1 as a new potential target for immunotherapy of particular interest in CRC. (Figure 7)

(Created with Biorender)

A. KLRG1 and CD103, two opposite receptors in competition for the same ligand 1) KLRG1, an inhibitory receptor characteristic of exhausted T cells

Killer cell lectin-like receptor G1 (KLRG1) is a co-inhibitory receptor found on several immune subsets including NK and T cells, in particular activated T cells and Tregs. 126 It can interact with E-, N-and Rcadherin. KLRG1 is identified as a T cell exhausted marker as well as senescence, a close phenomenon whose difference with the exhaustion remains unclear.

KLRG1 expression increases with age. In young adults, KLRG1 is expressed on 40% and 20% of CD8 and CD4 T cells, respectively, and rises to reach 90% on CD8 T cells over 65 years of age. 127 128 129 KLRG1 expression varies during differentiation of T cells as short-lived highly cytotoxic CD8 T cells express high levels of KLRG1 while memory, including Trm cells, express low levels. 130 Thus, KLRG1 is a marker of highly differentiated and cytotoxic T cells able to re-initiate a protective response against bacteria or viruses. 131 132 In contrast to its expression on highly cytotoxic differentiated cells, intrinsically, KLRG1 is an inhibitory receptor, presenting an intracellular immunoreceptor tyrosine inhibitory motif (ITIM). Its engagement with E-cadherin leads to ITIM phosphorylation and recruitment of the phosphatases SHIP-1/SHP-2 preventing Akt phosphorylation and inducing an inhibitory signaling cascade. 129 In vitro, KLRG1+ CD8 T cells demonstrate low proliferative capacity and increased apoptosis. (Figure 7) 133 131 In addition, KLRG1+ CD8 T cells co-express other inhibitory receptors, such as PD-1, CD39, CD73, and CD57. 134 133 KLRG1+ T cells are able to produce IL-17, IFN , TNF and granzyme B but at a lower level than their negative counterparts. These effects are reversed upon KLRG1 blockade with an siRNA treatment. 133 In vitro, blocking E-cadherin during TCR activation enhances Akt phosphorylation and T cell proliferation through the induction of cyclin D and E. 135 In vivo, anti-KLRG1 antibodies combined to anti-PD-1 reduce tumor growth and prolong survival of colon tumor-bearing mice. 136 The same results are observed on melanoma and breast tumor mice models. 131 In addition, an inhibitory role of KLRG1 on NK cells was also observed with the inhibition of their degranulation and IFN release. This role was highly dependent on the expression level of E-cadherin on target cells. 137 Tumor-infiltrating CD8 T express higher levels of KLRG1 in several cancers (renal carcinoma, hepatocellular carcinoma, melanoma, ovarian cancers) as well as in CRC when comparing to nontumoral mucosa. [START_REF] Saleh | Expression of immune checkpoints and T cell exhaustion markers in early and advanced stages of colorectal cancer[END_REF] PBMCs of colorectal cancer patients also express higher expression of KLRG1 compared to healthy donor. 133 Interestingly, Rosshart et al demonstrated that CD3/TCR and KLRG1 signals have to be present in a spatially restricted manner to observe the KLRG1-induced T cell inhibition. 138 In vitro, the cross-linking of TCR and KLRG1 decreases the Ca2+ influx of the targeted T cells. 139 140 These results suggest that KLRG1 can only exert its inhibition on T cells when the target cell express both the antigen/MHC complex and its ligand E-cadherin. 138 Hence, KLRG1 could define a population of memory T cells, initially able to react against tumor cells, but which become exhausted within the tumor microenvironment. Targeting this receptor could be a good strategy to make these cells recover their cytotoxic functions against CRC.

2) CD103: a marker of mucosal residency associated with anti-tumor T cell response

As mentioned before, CD103 is a receptor involved in cell-cell or cell-matrix interactions crucial for T cell adhesion, migration and residency in the mucosa mainly through its interaction with the Ecadherin expressed by epithelial cells. As this receptor facilitates T cell migration in tissues and interactions with other cell, its expression has been associated with anti-tumor effects. (Figure 7)

In vitro, its interaction with E-cadherin on tumor cells enhances cytokine production by T cells, and its blockade inhibits cytotoxic effects. 95 141 In mice, the genetic deletion of CD103 decreases the frequency of interactions between IELs and epithelial cells. In a coculture model, IELs are able to attack and reduce the size of tumor organoids in a CD103 dependent manner, highlighting its crucial role in the T cell-mediated tumor monitoring. 142

CD103 expression was associated with good prognosis in several solid cancers, like endometrial, lung, renal, urothelial, high-grade ovarian, cervical and gastric cancers. 143 94 144 145 146 147 148 However, its prognostic value remains controversial in CRC. Indeed, CRC tumors which present a higher infiltration of CD103+ CD8 cells present a higher OS than the others. This infiltration rate is also inversely correlated with advanced TNM stages. 149 150 However, these results are not refund by Huang and colleagues 151 As CD103 is ubiquitously expressed by almost all mucosal resident T cells, it is difficult to conclude on the prognostic value of CD103+ cell function.

3) E-cadherin and colorectal cancer E-cadherin is a transmembrane glycoprotein which maintain cell-cell adhesion through homotypic reactions. With its extracellular domain, they can form a "molecular zipper" in a calcium-dependent manner with those of neighboring cells. 152 Its intracellular domain links the cellular actin cytoskeleton through -catenin. Several subtypes of cadherins exist depending on their tissue expression including the E-cadherin on epithelium, N-cadherin on neural tissues, P-cadherin on placenta and the VEcadherin on vascular endothelium. This present work is focused on E-cadherin that is constitutively express on epithelial cells of most organs and play a crucial role in their maintenance. The loss of cadherin-mediated adhesion can favor tumor cell detachment from the primary tumor and dissemination into other sites leading to metastasis. 152 On therapy resistant cell, a redistribution of the E-cadherin expression from the junctions to cytoplasm and nucleus suggested an epithelialmesenchymal transition potentially contributing to resistance. 153 A lower expression of E-cadherin on tumors compared to normal adjacent tissues was observed on several solid tumors including CRC, and is associated with tumor differentiation, advanced TNM stages, lymph node invasiveness, poor prognosis and hepatic metastasis. 154 153 155 This loss of E-cadherin expression is rarely due to gene mutation but rather epigenetic changes like the hypermethylation of the promoter. Environmental factors can induce these changes, like anoxia, present in the TME. 152 It was postulated that this loss of expression did not correspond to a reduced expression of the molecule but a redistribution and re-internalization of the E-cadherin, limiting its capacity to form junctions. 152 No difference of E-cadherin's soluble form is detected between CRC patient and control sera. 156 However, among CRC patients, a preoperative elevated soluble E-cadherin is associated with advanced TNM stages, and hence a worse prognosis, and more particularly metastases. 157 In a recent study, we show the mutually exclusive expression of CD103 and KLRG1 on CD8 T cells of the ileal mucosa. 158 . This would suggest the presence of two distinct populations, CD103+ and KLRG1+ CD8 T cells, with opposite functions, anti-and pro-tumor, in competition for the same ligand, Ecadherin. Thus, an imbalance in favor of the KLRG1 population could promote T cell senescence and tumor cell proliferation. It therefore seems important to better characterize the presence and function of these two populations in colorectal tumors, to potentially demonstrate the relevance of targeting KLRG1 population in the CRC.

VI. RELEVANT MODELS TO STUDY T CELL RESPONSES AGAINST TUMORS A. A three-dimensional model to overcome limits of two-dimensional systems: the spheroids

Most models used to study the interactions between solid tumors and their microenvironment as well as their sensitivity to specific anti-tumoral treatments are two-dimensional cell line cultures. However, these models do not represent the complexity of a solid tumor limiting the conclusion which can be made. 159 That is why three-dimensional cultures, named spheroids (or organoids), are developed. Spheroids are cellular aggregates generated in vitro from cell culture resulting in a three-dimensional spheric structure. These models were first used in the 70's but it's Rolf Bjerkvig in the 80's who introduce the first spherical model named Organotypic Multicellular Spheroid (OMS). 160 It is now admitted that three-dimensional culture is more representative of the primary tumor than twodimensional models and spheroids are currently used to study the efficacy of antitumor treatments and, more recently, anti-tumoral immune responses.

1) A three-dimensional architecture more representative of the primary tumor

The 3D structure involves a specific cell organization in several layers from the center to the surface of the spheroid: an apoptotic core constituted of dead cells, an inner layer of quiescent cells, and an outer layer of hyperproliferative cells giving to spheroids specific proliferative capacities. (Figure 8) 160 161 This 3D structure allows a better representation of cell-cell interactions where cells are subjected to physical and mechanical tensions, which can change their phenotype and function. 162 Molecules involved in cell junctions and extracellular matrix are more expressed on 3D models than in monolayers. 160 The three-dimensional (3D) culture in spheroids are more representative than two-dimensional (2D) culture in term of organization, chemical gradients and drug sensitivity. Indeed, as for primary tumor, spheroids are composed of different layers of cells, with from the center to the surface, a necrotic core of dead cells, an inner layer of quiescent cells and an outer layer of hyperproliferative cells, allowing a better representation of the cellcell interactions. In this structure, there is a decreased gradient of nutrients and oxygen from the center to the surface, and an important accumulation of waste into the spheroid core. These oxygen and nutrients restrictions participate to the presence of quiescent cells particularly less sensitive to anti-tumoral treatments, explaining the higher drug resistant of the spheroids compared to 2D culture. (Created with Biorender)

Moreover, metabolic gradients are established between the core and the surface of spheroids. Indeed, nutrients and oxygen are in higher concentration at the surface compared to the center of the spheroid and an important waste accumulation is in the core of the structure. These changes are linked to metabolism perturbation in tumor cells. This lack of oxygenation leads to quiescence which could contribute to resistance to cyclo-static drugs. 163 Hypoxia changes the metabolism of tumor cells disturbing their cell stress response, generation of ROS and increasing overexpression of multi-drug resistance genes (such as HIF) and activation of survival pathways. 163 164 These metabolic differences between the inner and outer cells, and the subsequent resistance of the latter was confirmed by Wenzel et al. 165 Compared to 2D cell culture, spheroids present resistance to several cytotoxic drugs, like 5fluorouracil, doxorubicin, Bcl2 inhibitor, EGFR inhibitor, and radiotherapy. Daster et al also show that spheroid response to 5-FU clearly depends on the spheroid growth and necrotic core size. 11162 163 166 The difficulty for drugs to penetrate in the spheroid core is a hypothesis to explain these differences.

As an example, HCT116 colon spheroids only accumulate the metabolite SN-38 in outer cells, whereas irinotecan was concentrated in the spheroid core. 167 Tchoryk and colleagues confirmed this variability and used spheroid culture to choose the optimal nanoparticles (NPs) size leading to a higher NPs penetration into the spheroids. 162 Consequently, CRC spheroids were successfully used to study tumor growth, proliferation and invasion in response to anti-tumor drugs. Recently, genetically modified spheroids with the CRISPR-Cas9 genome editing system, successfully confirm the role in tumor cell proliferation and renewal of key mutations (APC, SMAD4, TP53, KRAS and PIK3CA). 168 169 170 In conclusion, 3D spheroid cultures are more representative of primary tumor in this architecture, cellcell interactions and response to anti-cancer treatments. 171 2) Various types of spheroids Spheroids can be formed in different ways depending on the cell type and technic used for their formation. (Figure 9) Three kinds of spheroids can be differentiated: the multicellular tumor spheroids (MCTS, also named homotypic spheroids) formed from one cell line; the organotypic multicellular spheroids (OMS, also named heterotypic spheroids) formed by several cell lines; and tissue derived tumor spheroids (TDTS) made from human tissue digestion. The use of multiple cell lines, like intestinal, fibroblast and endothelial cell lines, allows a more representative and complete tumor microenvironment. However, spheroids derived from patient tissues remain closer to primary tumors and incorporate inter-individual heterogeneity. 162 Most protocols are based on aggregation, from a suspension of single cells or small cell clusters in nonadherent conditions. Tumor cells create strong inter-cellular junctions leading to a compact 3D structure, which can then continue to grow depending on culture conditions. 172 Four scaffold-free technics were developed to obtain these aggregates: culture in non-adherent plates (favoring cell-cell interaction and fusion), the agitation-based technic (cell cultured in suspension in spinner flasks spontaneously forming aggregates), the gravitational force-based hanging drop technic (culture of cells in a small drop of liquid suspended from an inverted glass slice) and magnetic levitation technic (cells are pre-loaded with magnetic nanoparticles and formed aggregate when exposed to an external magnetic field). (Figure 9) 173 162 By aggregation, colon cell lines, like HT29 or HCT116, can form proliferative small cellular aggregates in a few days. 162 Scaffold-free technics are the easiest and cheapest way to obtain spheroids. Scaffold-based approaches consist in seeding or encapsulating tumor cells in a biomaterial that mimic the extra-cellular matrix (ECM). This artificial matrix can be empirical, like Matrigel, or synthetic, like collagen gel, containing various proportion of ECM structural proteins supporting spheroid growth 173 The use of biomatrix optimizes spheroids growth and allows easier handling, particularly for microscopy.

Most of patient derived spheroids are formed with a matrix. They are created from aggregates coming from digested tumor tissues which can then grow in a specific medium enriched in several growth factors, such as Wnt, R-spondin 1, RGF, prostaglandin E2 and noggin. 174 11 The culture of tissue stem cells was first demonstrated by Hans Clever in 2009 with mouse intestinal organoids 175 who then in 2011 cultured tumor spheroids from primary colon adenocarcinoma. 176 Now, efficient spheroid culture is also possible from other solid tumors including liver, lung, prostate, esophagus, stomach or breast cancers. The main advantage of this model is the increase representativity of primary tumors and avoiding the inter-patient variability. Indeed, spheroids keep the same morphologic, genetic and phenotypic characteristics than the primary tissue. For example, Weeber and colleagues demonstrate that tumor organoids generated from metastatic colorectal cancer biopsies presented 99% similarity in their somatic mutations compared to biopsies from the same patients' tumor. Boehnke and colleagues develop an automated platform of colon cancer spheroids able to screen drugs in a high-throughput assay based on cell death and growth measurement, demonstrating the feasibility of this system. 190 For CRC spheroids, a direct effect on spheroid viability of oxaliplatin, 5-FU, irinotecan, doxorubicin regorafenib, cetuximab and SN38 is confirmed. 162 This model successfully predicts chemotherapy efficacy for patient as in the prospective observational TUMOROID study, where ex vivo assays accurately show the response to irinotecan +/-5-fluorouracil. 191 181 Other studies also demonstrate the capacity of this system to predict response to chemo-radiation of locally advanced rectal tumor. 192 193 TDTS allow the study of the transcriptomic, genetic and histologic features of tumor cells in optimal conditions. Pauli et al identify specific genetic alterations and mutations (such as TP53 or KRAS) for each patient through whole exome sequencing of spheroids and confirm the predictive value of the mutations on patient response to treatments. 164 Van de Wetering culture tumoral and non-tumoral spheroids from CRC patients and set up a robotized high throughput drug screening assay to assess mutation status of spheroid and test the anti-tumor effects of 85 different drugs. They demonstrate their ability to identify an effective treatment for most patient and correlate them with specific mutation profiles. 180 Thus, the presence or absence of a specific mutation in patient spheroid can guide the choice of treatments. Based on a similar strategy, other molecules are identified as biomarkers, such as the expression of pro-apoptotic BIK as a predictor of the response to histone methyltransferase EZH2 inhibitors. 174 Finally, this system can be transposed to metastases response to several drugs. Bruun et al created a biobank of colorectal cancer metastases to study their inter-patient heterogeneity, assess their sensitivity to treatments and compare it with patient outcomes. They predict the appropriate drug for 25 of the 29 patients analyzed. 164 Skardal et al created a hybrid spheroid with colon carcinoma and liver cells to screen for anti-metastatic drugs. 177 Colorectal peritoneal metastases organoids can be generated with a relative success rate (19 of 28 patients) to test drug sensitivity. In this study, this led to a change of treatment for two patients. 194 Hence, spheroids models can span from simple to complex systems, depending on composition and architecture. The more complete the model is, the closer it will be to the real tumor, however the more complicated it will be to achieve. This is especially true with primary tissue cells which are often limited in numbers. The right balance between accuracy and feasibility must be struck, to develop scalable patient-derived spheroid platforms to rapidly and accurately assess the spheroid response to antitumoral treatments, and ideally predict, in a reasonable time frame, the responsiveness of the patient.

B. T cell-tumor spheroids cocultures to study anti-tumor responses

Many studies now use coculture between tumor spheroids and immune cells to study and potentially increase anti-tumor responses. It was first made with cell line spheroids, easier to culture in a higher quantity. These studies demonstrated that immune cells in coculture were able to interact and attack spheroids, including stimulated T cells, macrophages, neutrophils and NK cells. 195 We demonstrated that circulating T cells extracted from healthy donor blood, more particularly CD8 T cells and NK cells, were able to attack and destroy CRC HT29 cell line spheroids, effects highly increased by IL- 15. 196 However, the allogenic condition is necessarily immunologically inconsistent as a consequence of histocompatibility, and the high variability observed in such models highlights the necessity to develop an autologous system.

These autologous cocultures were first made with circulating T cells from patient blood (PBLs) easier to access. Thus, in coculture with their autologous pMMR colon tumor spheroids, CD28/IL-2 prestimulated CD8 T cells presented a higher activation phenotype. The coculture increased their IFN release and CD107a expression at their surface, in a CMH-I dependent manner, leading to a reduced survival of tumor spheroids. This reaction is mainly restricted to tumor as opposed to normal colon derived organoids, suggesting the involvement of circulating T cell clones specific to tumor cells. 197 Using a comparable model, Chalabi et al cocultured colon spheroids from pMMR or dMMR tumors with their autologous PBLs obtained after anti-PD-1 therapy. These cocultures were predictive of anti-PD-1 response for dMMR tumor-bearing patients, whereas no reactivity was observed for pMMR non responders. 198 Similar results were obtained with system based on other solid tumor spheroids like non-small cell lung cancer. 197 This system confirms the presence of anti-tumor circulating T cells and their potential modulation to increase anti-tumor responses.

However, tumor infiltrating lymphocytes present a specific resident phenotype that circulating T cells do not have and, hence, cocultures using tumor-infiltrating T cells (TILs) are more relevant to accurately assess the anti-tumor T cell response. Kong and colleagues were the first to demonstrate the possibility to coculture autologous TILs extracted from tumor of one patient and spheroids formed from the tumor of the same patient. (Figure 10) The tumoral rectum spheroids and autologous T lymphocytes were formed/extracted from tumor biopsies and T cells were expanded with IL-2 for at least 2 weeks. Using a fluorescent cell death marker, they demonstrate that TILs are able to kill spheroids, mainly through the action of CD8 T cells, but with a high cytotoxic response for only 2 of 6 patients tested. This cytotoxic response ex vivo was positively correlated with the complete response of patient to radiotherapy. 199 More recently, Lutolf and colleagues show in a similar model that CD3/CD28 stimulation of T cells and anti-PD-1 treatment increased this response. 200 The main limit of these protocols is the long-term culture and expansion of T cells which could change their activation status, modify the repertoire of clones responding to the culture and subsequently alter their antitumor activity. Organotypic tumor spheroids are another way to coculture tumor spheroids and immune cells together. This technic corresponds to the direct culture of a partially digested fragment of tumor including naturally embedded immune cells. This system can be performed in an ECM (Matrigel) or with an air-liquid interface model. (Figure 10) Using lung carcinoma spheroids, Neal and co-workers demonstrate the presence of T, NK, B cells and macrophages in this embedded native pool of immune cells. They then show that addition of IL-2 in the culture medium maintains T cell infiltration for one month, but T cells are lost during spheroid passage or freezing. Moreover, the TCR repertoire present in the spheroids is similar to the one found in the initial tumor sample. Finally, an anti-PD-1 treatment successfully increases T cell cytotoxicity. 201 In a different model based on tumor-on-a-chip method, with spheroids cultured under a constant medium flow, Aref et al and Jenkins et al show that treatment with anti-PD-1 antibodies increases the colocalization of T cell infiltration and dead tumor cells, suggesting an increased anti-tumor T cell activity. 202 203 However, these protocols only assess the coculture consequences on the spheroid death without any measurement of the pre-existing immune cell composition present in the tissue. Consequently, variation in the immune cell proportion between patients would greatly impact the results which would not allow this system to be scaled up for treatment screening.

In conclusion, several studies develop autologous coculture model between tumor spheroid and lymphocytes to modulate anti-tumor T cell responses. However, due to the constraints of culture and the scarcity of isolated T cells, it is difficult to develop an easily reproducible co-culture model accurate enough to analyze and modulate T cell functions.

HYPOTHESIS

The main hypothesis of this project is that tumor-infiltrating T cells engaged in human CRC are able to recognize tumor cells, be activated and develop anti-tumor responses. However, due to a specific immunosuppressive environment, they are exhausted and inhibited by multiple immune checkpoints.

Targeting of these pathways could increase anti-tumor activity.

In contrast to other solid tumors, anti-PD-1 and anti-CTLA-4 lack efficacy in colorectal cancer and specific targets to this cancer need to be discovered. Based on our CRC cohort, comparing the immune phenotype between tumor and normal mucosal tissue, we have identified specific pathways that could be targeted to increase anti-tumor T cell responses.

OBJECTIVES

The objectives of this PhD project were:

- 

A. Analysis of the IMCO cohort 1) Study approval: IMCO cohort and patient selection

IMCO is a prospective cohort started in 2017, which includes CRC patients undergoing surgery at the Saint Louis Hospital. This study was approved by a French ethical committee (approval n°2016/45) and all patients gave written consent. In this protocol, a blood sample was recovered the morning before the surgery. Tumor and distal non-tumoral mucosal samples were recovered on the surgical specimen in collaboration with pathologists. (Figure 11) The first objective of the cohort was to constitute a biobank which will permit later genetic, transcriptomic, microbiota analysis of the tumor and matched mucosa. Some tissues were also frozen in OCT for epifluorescence stainings. Then, the second objective was to extract T cells infiltrating the tumor and the matched-non-tumoral mucosa to compare their phenotype by flow cytometry and discover potential new targets for immunotherapy. This analysis was made on 44 patients. This prospective cohort was started in 2017 and include all the CRC patients who come into the Saint Louis hospital for the resection of their primary tumor. Three samples are recovered: the blood before the surgery, and mucosa and tumor samples after surgery on the specimen. The first objectives is to constitute and complete a biobank which will allow later genetic, transcriptomic, microbiota and tissue analysis. Then, the T cell infiltrating the mucosa and the tumor were extracted and analyse by flow cytometry to find new potential pathway specifically involved in tumor compared to matched-mucosa. Finally, the tumor samples were also used to set up an autologous coculture model between tumor spheroids and TILs coming from the same patients. This model was used to target (i) the adenosinergic pathway and (ii) the KLRG1/CD103 one. CRC: colorectal cancer, OCT: optimal cutting temperature (Created with Biorender)

2) Extraction of mucosa and tumor infiltrating T cells

Tumor and mucosal tissues were washed in PBS (Thermofisher) twice and then cut into pieces of 2-3 millimeters. Fragments were washed 20 minutes twice in PBS containing antibiotics and fungicide (Gentamycin, Normocin, Fungizone, Gibco). Fragments were then digested with collagenase IV (Sigma-Aldrich) and DNAse I (Roche): 7 minutes at 37°C separated by 1 min of shaking, 3 times. The digested tissue were then filtered. One part of the digested tumor was used for tumor spheroid formation (described later) and the other was used to extract immune cells with Lymphocyte separation medium (Eurobio). Tumor infiltrating lymphocytes (TILs) and mucosal lymphocytes (MLs) were counted. One part of the cells was resuspended in buffer for staining and another in culture with IL-15 and IL-7 (10 ng/mL, Miltenyi) for 7 days.

3) Flow cytometry analysis of TILs and MLs

MLs and TILs were stained 30 minutes with fluorescent-labeled antibodies including anti-CD45 (clone HI30), anti-CD3 (clone UCHT1), anti-CD4 (clone SK3), anti-CD8 (clone SK1), anti-CD56 (clone B159), anti-TCRgd (clone REA633), anti-CD25 (clone M-A251), anti-CD127 (clone A7R34), anti-CD56 (clone B159) anti-PD-1 (clone REA802), anti-CTLA-4 (clone REA1003), anti-NKG2D (clone BAT221), anti-NKG2A (clone REA110), anti-CD103 (clone B-Ly7), anti-KLRG1 (clone 2F1), anti-CD57 (clone NK-1), anti-CD39 (clone MZ18-23C8) and anti-CD73 (clone AD2) (all from BD Biosciences or Miltenyi). Cells were analyzed with the Attune NxT cytometer (Life Technologies) and results processed with FlowJo software. The gating strategy of the subpopulations analyzed is in the Figure 12.

4) Immunohistochemistry of mucosa and tumor slices

For tumor and mucosa comparison, paraffin blocks of tumor and matched mucosa were recovered for 30 patients and cut into 5 m-thick sections. The immunostaining was performed on a Discovery Ultra automaton (Ventana). Sections were incubated 1 hour at 37°C with anti-CD8, anti-CD39 or anti-PDL-1.

Anti-mouse IgG detection system was used. Slices were revealed with 3,3-diaminobenzidine, counterstained with hematoxylin, washed, deshydrated and mounted with a coverslipper (ClearVue, ThermoScientific). Stained sections were finally scanned on a slide scanner (S60 Nanozoomer, Hamamatsu). Stainings were analyzed with the QuPath software. (Figure 12) For each different staining, a cell classification was set up to distinguish immune, stromal and tumor/epithelial cells. This classification was based on cell morphologic features. The Qupath parameters used are the area, the perimeter, the circularity, the eccentricity and hematoxylin/DAB staining for the nucleus, the cell and the cytoplasm. Using these parameters, the classifier was applied, manually corrected and trained. Each classifier was created by a machine learning process on minimum 10 sections. Once validated, the same classifier was applied for all the sections. We obtained the percentage of CD8 and CD39 positive cells among the immune cells, and the percentage of PDL-1 cells among the epithelial/tumor cells.

B. Allogenic coculture model between HT29 spheroids and MLs 1) HT29 Cell culture and spheroid formation

HT29 cells obtained from ATCC were cultured in RPMI 1640 medium (ThermoFisher) complemented with 10% FCS (Capricorn), 50 U/mL penicillin, 50 g/mL streptomycin, 2 mM GlutaMAX and 1 mM Sodium Pyruvate (all from Thermofisher). The HT29 spheroids were generated by seeding 1000 cells/well in non-adherent plates (Nucleon sphera, ThermoFischer) for three days. (Figure 13)

2) Allogenic cocultures

For the coculture, mucosal lymphocytes were washed, counted and put in coculture in Matrigel with HT29 spheroids (ratio 1 Tcell:1 target cell) for two days alone, with IL-15 (10 ng/mL, Miltenyi), the CD39 inhibitor (ARL65156:20 M, SigmaAldrich), the CD73 inhibitor (APCP:10 M, SigmaAldrich), the combination of both or anti-PD1 (nivolumab, BMS). (Figure 13) After 48 hours, all the Matrigel drops were recovered with the Recovery solution (Stem cell), washed and digested with trypsin (5 min, 37°C) (Gibco). All the cells were then washed and stained for flow cytometry analysis. The spheroids destruction was assessed by a DAPI or Annexin V positive staining among the EpCam+CD45-cells. The CD73 expression was also analyzed. 

C. Autologous coculture model to target adenosinergic pathways 1) Formation of the primary tumor spheroids

One part of the digested tumor was taken (2 of 20 mL). A drop of 10 L was made in a Petri dish and the tumor clusters were counted. These clusters were put in culture in non-adherent plates (10 clusters/well) in a specific enriched medium (Intesticult, Stemcell) complemented with Y inhibitor (Miltenyi) for 5 days. (Figure 13)

2) Fixed autologous coculture

After their formation, primary tumor spheroids were recovered, pooled and counted. The TILs were washed, counted and put in coculture with their autologous spheroid in Matrigel in Ibidi plates (Biovalley) with a ratio of 10 sph/100 000TILs/well. This coculture was made in complemented RPMI medium with IL-15 (10 ng/mL, Miltenyi), the CD39 inhibitor (ARL65156:20 M, SigmaAldrich), the CD73 inhibitor (APCP:10 M, SigmaAldrich), the combination of both or anti-PD1 (nivolumab, BMS). (Figure 13)

After two days, cocultures were fixed with PFA (4%), permeabilized (0.5% Triton in PBS) and saturated with a blocking solution (1% BSA in PBS). They were stained with primary antibodies at 4°C overnight (anti-CD3 (IgG Rat), anti-EpCam (IgG Mouse) and anti-Caspase 3 (IgG Rabbit), all from Abcam). Wells were washed and stained with secondary antibodies (anti-Rat-555, anti-Mouse-488 and anti-Rabbit-647, all from Abcam) and DAPI (1/50 000) for two hours at room temperature. Wells were washed and let in RapiClear transparisation solution (RapiClear 1.47, Nikon) until acquisition. Microscopic acquisition was performed with a spinning-disk confocal microscope (200X).

3) Autologous coculture for live imaging

In parallel of the fixed coculture, one part of the tumor spheroid and their autologous TILs were, respectively stained 20 min with a far-red cell tracker (Invitrogen, 1/1000 dilution) and anti-CD45-Pacific blue antibody (Thermofisher, clone HI30). They were washed twice, split in three different Eppendorf tubes: 0.1 TILs and 10 spheroids/well and centrifugated. The pellet of each tube was resuspended with 15 L of Matrigel and a drop was made on the Petri dish. Hence, three different drops were made for the three different conditions: one with Matrigel alone, one with Matrigel containing the CD39 inhibitor, and the last with CD39 and CD73 inhibitors (both at the same concentration than for the others cocultures). The Matrigel polymerized 20 minutes at 37°C before adding CO2 independent RPMI medium. Acquisition was performed by two-photon microscope of the Saint Louis platform (LSM 780, Leica). Images were acquired every 5 minutes at each position for 10 hours.

4) Image analysis with the Icy software

All microscopy acquisitions were analyzed with the Icy software.

For fixed cocultures, the spheroid volume was measured using a three-dimensional ROI (ROI statistics plugin). The CD3+ T cells in contact with or infiltrated into the spheroid were manually counted and divided by the total volume of the spheroid, giving the number of CD3+ cells/ m 3 . To assess spheroid death, caspase 3 fluorescent area were quantified using an intensity threshold (Thresholder and Label extractor plugins) and normalized with the spheroid volume, giving Caspase3 fluorescence/ m 3 .

For live imaging acquisitions, all CD45+ cells were detected, counted (HK means cell detector plugin) and tracked for the 10 hours on all the z stacks (Spot tracking and Track manager plugin). The cell tracking was realized only for cells in contact with the spheroid. The average speed, total displacement and linearity were calculated by Icy software (Motion profiler plugin of Track manager). The instant speed of each cell for each time point were also recovered (Instant speed plugin of Track manager) and analyzed with Rstudio software to calculate the arrest coefficient. This coefficient was defined as the percentage of time during which the cell was arrested (3 successive arrest time lapse) on all its trajectory.

5) Analysis of coculture supernatants

Supernatants of each autologous coculture were frozen and analyzed by Luminex (Magpix) using two different cytokine multiplex kits from Thermofischer (Human custom procartaPlex 17-plex and Human HS ProcartaPlex Mix&Match 13-plex) including IFN , GzA, GzB, perforin, IL-17A, IL-23 and TNF .

D. Autologous coculture model used to target the KLRG1+ cells

The tumor spheroids used were formed as those used for the CD39/CD73 targeting experiments but the TILs were first sorted. (Figure 14) 

1) TILs sorting

After TILs/MLs extractions, lymphocytes were put in culture with IL-15 and IL-7 waiting for the spheroids formation. After 4 days, the day before the coculture, T cells were recovered, washed and stained. The phenotype of the cells was then assessed with BD cytometer ARIA 3 and DAPI-CD5+CD8CD45RO+ cells were sorted in RPMI medium depending on their expression of KLRG1 and CD103. This sort led to four different populations: CD103+KLRG1+, CD103+KLRG1+, CD103-KLRG1+ and CD103-KLRG1-CD8 T cells. (Figure 14) These cells were washed with PBS and put in culture at 37°C in RPMI medium overnight.

2) Coculture between CD103+ or KLRG1+ CD8 T cells and tumor spheroids

Next morning, lymphocytes were recovered, tumor spheroids were pooled and counted, as described previously. The different subsets of T cells were added in coculture with spheroids in RPMI medium with or without blocking anti-E-cadherin antibody (clone 67A4, Merck) at 10 g/mL. The ratio used was 10 000 cells/10 spheroids/well. After 2 days, cocultures were fixed, stained and observed with the confocal microscope as describes before. (Figure 14)

3) Analysis of the T cell transcriptomic expression

Bulk analysis of gene expression by a multiplex digital PCR with the Biomark HD from Fluidigm. First, a panels of 48 primers was designed to target te T cells subsets and activation/inhibitory markers (Supplementary Table 1). The Master Mix RT mix was prepared using the Cells Direct One step qRT-PCR kit (Invitrogen) a few days before sorting. A primer MIX was first made containing each primer diluted at 1/100 in TE Buffer. Then, the Master Mix RT was prepared with the primer MIX (1/4 dilution), 2X Reaction MIX (1/2 dilution) and the Superscript III (1/50 dilution) completed with TE Buffer. This mix was distributed in strips (5 L/well) and stored at -20°C.

RESULTS

A. Involvement and modulation of the adenosinergic pathway in human CRC

CD39 and CD73 are two enzymes responsible of the metabolization of the immunostimulatory extracellular ATP in immunosuppressive adenosine. Their engagement in the tumor could be responsible for a defective anti-tumor T cell response. We assess their expression in our cohort.

1)CD39 and PD-1 are overexpressed on TILs compared to MLs

We recruited a new cohort of 160 CRC patients who underwent surgery at the St Louis Hospital of Paris. Among the 160 patients, 9 were excluded for misdiagnosis, surgery replanning or consent withdrawal. Of the remaining 151 patients, the phenotype of T cells infiltrating the tumor and the matched-non-tumoral mucosa was analyzed by flow cytometry for 44 patients (the tumors of the other patients being too small to be collected without affecting the patient's diagnosis). The clinical characteristics of the 151 and 44 patients are referenced in Table 1 and show that there is no sampling bias between these two groups.

Tumor Infiltrating Lymphocytes (TILs) showed an increased proportion of CD3+ T cells and more particularly CD4 T cells and Tregs (CD4CD25+CD127-), compared to the matched mucosa (Mucosal Lymphocytes; MLs) (n=44). Conversely, there was a significant decrease of CD8 T cells, T and NK cells among the TILs (Figure 15A). CD8 T cells were visualized by immunohistochemistry in the mucosa, the tumor margin and in the tumor (n=34) (Figure13B). We confirmed a diminished presence of CD8 T cell in the tumor, which could be explained by their accumulation at the tumor margin. However, CD8 T cells infiltrating the tumor were more proliferative, as indicated by Ki67 staining, than those in the margin or in the mucosa (Figure15B). These results, in our cohort, confirms that, in CRC, the intestinal immune T cell compartment in the tumor is altered compared to the normal mucosa.

We then assessed the expression of inhibitory markers on TILs. Isolated TILs from fresh surgical tumor specimens were stained for PD-1 and CTLA-4 and examined by flow cytometry. PD-1 and CTLA-4 were increased and co-expressed on both CD4 and CD8 T cells compared to mucosal lymphocytes (Figure 16A). To assess the engagement of the complete pathway, we also measured the expression of the PD-1 ligand, PD-L1, on the tumor cells compared to mucosal cells by immunohistochemistry. PD-L1 levels showed increased expression on tumor cells compared to epithelial cells in non-tumoral mucosa (Figure 16B). However, there was a marked heterogeneity of its expression between patients. Some patients presented a strong staining on all tumor cells (Figure 16Bd) whereas for others PD-L1 was completely absent (Figure 16Bc). These results show that PD-1 and CTLA-4 are increased on TILs compared to MLs but with an important heterogeneity, suggesting that the degree of checkpoints inhibitor between tumors varies greatly.

We then examined the NTPDase pathway in tumor immunosuppression on T cells. TILs isolated from surgical specimens were stained for CD39 and CD73. In the tumor, an increased expression of CD39 was observed on CD4 and CD8 T cells (only significant for CD4 T cells), as well as its co-expression with PD-1 (Figure 17A-B). Conversely, CD73 was decreased on T cells, and presented a weak co-expression with CD39 (Figure 17A-B). By immunohistochemistry, the density of CD39+ cells between mucosa, tumor and tumor margin was found unchanged (Figure 17C) suggesting that others cells in the mucosa could express CD39. Nonetheless, the high expression of CD39 within the tumor suggest that it could be a functional inhibitor of the antitumor T cell response.

To measure the association between markers, a correlation matrix was created for CD4 and CD8 T cells (Figure 18). For both CD4 and CD8 T cells, a positive correlation was observed between CD39, PD-1, PDL-1 and CTLA-4, suggesting the predominance of a strongly immunosuppressed subpopulation of T cell in the tumor which could explain the defective anti-tumor T cell response. In contrast, CD73 was negatively correlated to CD39 and PD-1. Hence, CD73+ T cells could represent a different subset of T cells which didn't express the immune checkpoints and present different functions. That is why we focused on CD39 rather than CD73. 

2) CD39 and PD-1 expression are associated with tumor localization and TNM stages

We next assessed the pattern of expression of these markers across clinical parameters, with a focus on tumor localization (right, left colon and rectum) and the Tumor Nodes Metastases (TNM) staging system.

We first performed a bivariate analysis of the clinical parameters collected in order to compare it with known CRC characteristics (Figure 19). Expected associations were found with tumor localizations such as preoperative treatments, with radiotherapy essentially used for rectal tumors (Figure 19A). A higher proportion of smokers was also observed with rectal tumors compared to colon tumor patients. The TNM stages, representative of the invasiveness of the tumor, was expectedly associated with MSS status as well as the risk of recurrence and progression (Figure 19B). The MSI status appeared mainly in right colon tumors with an early TNM stage (1-2) and weak differentiation (Figure 19C). This analysis shown the representativeness of our cohort with respect to known characteristics of CRC.

Then, immune subpopulations and expression of inhibitory markers were compared between right (n=20), left (n=16) colon and rectum (n=8) tumors, and their matched mucosa (Figure 20A). CD8 T cells were increased on right colon tumors compared to rectum tumors. No differences were observed for the CD4 T cells. A higher expression of PD-1 was shown on CD8 T cells of right colon tumors, with a similar trend for CD39 and their co-expression. Interestingly, the same trend is also observed for CD39+ CD8 T cells in non-tumoral mucosa. Thus, the right colon tumors seemed to present a higher immunogenicity potential than the other sites. However, MSI tumors are known to present high immunogenicity, and more particularly high PD-1+ CD8 T cells infiltration and are mainly right colon tumors. The higher immunogenicity of the right colon tumors could be due to the MSI tumors. We confirmed a higher proportion of PD-1+ CD8 T cells in the MSI compared to MSS tumors. (Figure 20B) However, we also noticed that some tumors with high levels of PD-1+ CD8 T cells were classified as MSS (5 vs 7) (Figure 20B) suggesting that some MSS tumors are infiltrated by high levels of PD-1 expressing T cells. We didn't observed differences in CD39 expression between MSI and MSS status (Figure20B). However, only a few number of MSI patients were analyzed (n=6) and these results need to be confirmed with a larger number of MSI patients. Finally, we compared tumors with low grade (1-2) or advanced (3-4) TNM stages (n=23 vs. 21) (Figure 21A). No differences were observed for CD4 and CD8 T cells subsets but CD39 expression, and its coexpression with PD-1 were decreased in advanced tumors on CD4 T cells, with a similar trend on CD8 T cells. (Figure 21A). PD-1 and CD39 seemed to be gradually decreased from stage 1 to stage 4 even if there are too few patients included in stage 1 and 4 to really conclude. (Supplementary Figure 1) These results suggest that advanced tumors, which are associated with the worst prognosis, may have T cells expressing low level of PD-1 and CD39. Relapse rate according to CD39 expression showed no difference. (Figure21B) Contrary results were observed for CD73 expression which was increased in the advanced TNM stages. Conversely, there is less CD39+CD73+ T cells in the advanced TNM stages compared to early ones. No differences in CD73 expression were observed for the tumor localization or the MSI status (Figure 22).

Hence, there is a strong involvement of CD39 and PD-1 on the tumor infiltrating T cells highlighting the presence of an immunosuppressive populations in the tumor which could be interesting to target to increase anti-tumor response. 

3) CD39 inhibition unleashes the destruction of primary tumor spheroids in autologous coculture conditions

To assess the effect of the modulation of the CD39 on the T cell response, we first set up an allogenic coculture model between CRC cell line spheroid (HT29) and mucosal lymphocytes (MLs) extracted from IMCO surgical specimen. (Figure 13A) Showing a tissue-resident phenotype, MLs were more closely related to the population found in TILs than PBMCs. T cells and spheroids were cocultured alone (without cytokines), with IL-15 (positive control of their activation), or with the CD39 inhibitor (CD39inhib), ARL 67156 (Figure 23). We assessed the spheroid destruction by flow cytometry with DAPI and AnnexinV staining of epithelial cells. We observed that the MLs alone efficiently attacked HT29 spheroids and adding IL-15 or CD39 inhibitor did not increase spheroid destruction. Compared to the allogenic coculture set up in the laboratory with PBMCs (Courau et al, JITC, 2019), MLs demonstrated a higher capacity to react to HT29 spheroids alone. This high basal spheroid death rate could explain the difficulty to observe a positive modulation. In addition, as demonstrated in Figure 13, the MLs present a lower level of CD39 than TILs. Finally, these allogenic responses were necessarily immunologically inconstant as a consequence of histocompatibility. Therefore, to circumvent these biases, we developed a more relevant autologous coculture model between tumor spheroids, formed from the primary tumor of one patient, and lymphocytes extracted from the tumor of the same patient. (Figure 13B) With this protocol, we succeeded in obtaining primary tumor spheroids of about 100 microns in size and presenting a desorganized structure compared to normal epithelial cell organoids, i.e. without polarization. (Figure 24A) We characterized them by confocal microscopy and confirmed their exclusive composition of hyperproliferative (Ki67+) epithelial (Epcam+) cells (Figure 24B-C).

To show the activity of TILs against tumor cells in cocultures and visualize their interactions within spheroids, we performed 2-photon microscopy during the first ten hours of coculture (Figure 25B-C). T cell tracking quantification revealed the increase activation of TILs with autologous spheroids. Indeed, under CD39 inhibition, T cells presented a higher average speed, net displacement and arrest coefficient, compared to coculture alone, suggesting that T cells formed more and prolonged interactions with spheroids in this condition.

We then assessed T cell infiltration and spheroid destruction by microscopy after 48 hours of coculture for 12 patients (Figure 26A). The clinical characteristics of these patients are in Table 2. For all patients, T cells were able to infiltrate their autologous spheroids (Figure 26B). However, it did not necessarily lead to the spheroid attack as increased spheroid death upon coculture was observed for only three out of twelve (Figure 26B). These results show that autologous TIL-spheroid coculture is a relevant ex vivo model to study the anti-tumor T cell response. It demonstrated that in autologous conditions TILs are not systematically able to mount an anti-tumoral response highlighting the necessity to boost them.

TIL infiltration and spheroid destruction were increased with CD39 inhibition, whereas anti-PD-1 showed no effect on these two parameters. (Figure 26B). Thus, inhibiting the adenosinergic pathway increased T cells capacity to recognize and attack autologous spheroids. The phenotype of T cells was assessed by flow cytometry at the moment of the coculture. The CD4 and CD8 proportion and the CD39 and PD-1 expression of these cells did not differ from those observed in the cohort (Figure 26A). In addition, CD39 expression on CD4 and CD8 T cells and T cell infiltration and spheroid destruction showed a trend towards positive correlation (not significant). This association became significant for CD4 T cells upon CD39 inhibition, suggesting that a higher expression of CD39 increase their capacity to response to CD39 blockade.

To characterize the immune response generated, we measured cytokines released in the coculture supernatants of the 4 last coculture (Figure 26D). Compared to TILs alone, the release of granzyme B, granzyme A, perforin, IL-23 and TNF showed a trend towards an increased in coculture compared to spheroid conditions. An increased released of perforin and granzyme B was observed with the CD39 inhibitor. With these results, we can suggest that inhibition of the CD39 NTPDase activity increased cytotoxic activity of the CTLs. Concentration of all these cytokines and their coculture/TILs ratios were plotted in the Supplementary Figure 2.

In both allogenic and autologous cocultures, CD73 blockade alone weakly enhanced the anti-tumor T cell response and no synergic effect with the CD39 inhibition was observed (Figure 27), suggesting that CD39 inhibition is sufficient to increase T cell activity in these conditions. In conclusion, we demonstrated that CD39 is involved in CRC and could be a promising target to increase the T cell responses. 

B. Role of exhausted KLRG1+ CD8 T cells in CRC

KLRG1 and CD103 are two receptors expressed by T cells that shares a common ligand, E-Cadherin, expressed by intestinal epithelial cells. KLRG1 was recently identified as a marker of terminally differentiated exhausted T cells, whereas CD103 could be associated with an anti-tumor activity. We demonstrated in our laboratory that these two markers were mutually exclusive in the ileal mucosa. 158 We assess their expression in our cohort and tried to better understand the role of the KLRG1+ and CD103+ CD8 T cells in the anti-tumor response.

1) CD8 TILs over-and co-expressed KLRG1 and CD57 highlighting their exhausted phenotype

In the tumor, there is an increased proportion of KLRG1+ CD8 T cells compared matched normal mucosa. CD57 had similar results, as this marker of exhausted cells, is commonly associated with KLRG1. (Figure28A) Conversely, CD103+ CD8 T cells decreased. Hence, in the tumor microenvironment, the immunosuppressive KLRG1+ CD8 population is more abundant and advantaged compared to the anti-tumoral CD103+ subset.

We also observed a decreased expression of NKG2D. NKG2D is an activation receptor expressed mainly on CD8 and NK cells whose activation leads to the attack of the target cell. In a previous work, we demonstrated that when the NKG2D is activated there is a decrease of its expression through a negative feed-back loop. Hence, there is an engagement of this receptor on the CD8 T cells. We also observed an increased expression of its ligands, MIC-A and MIC-B, on tumor compared to epithelial cells. (Figure 28D) A matrix correlation was then made to assess the association between all these markers on the CD8 T cells. A positive correlation was observed between KLRG1 and NKG2D, suggesting a decreased engagement of NKG2D on the KLRG1+ cells. KLRG1 was also associated with the expression of PD-1 and CD57. These results showed the higher proportion in the tumor of exhausted KLRG1+ CD57+ CD8 T cells. No difference was observed on the CD4 T cells. (Supplementary Figure 3) Depending on the tumor localization, the MSI status, the TNM stages and the risk of relapse, no significant differences were observed for KLRG1, CD57 and CD103. (Figure 29A-B-C) However, we can notice some interesting trends. KLRG1 seemed more expressed on left colon tumors compared to others. Conversely to PD-1 and CD39, KLRG1 could be more expressed and co-expressed with CD57 on the advanced TNM stages, suggesting that this inhibitory receptor could be interesting to target in metastatic situations. We then assessed the co-expression of CD103 and KLRG1 on T cells of the tumor and non-tumoral mucosa of more recent patients. (Figure 30) We observed a higher expression of KLRG1 and lower expression of CD103 in the tumor on the CD8 T cells. We also observed that double positive cells can be present in the MLs for a few patients, but this subset seemed decreased in the tumor where most often these two receptors are weakly co-expressed. (Figure 30A) KLRG1+ and CD103+ cells correspond to two different opposite subsets. KLRG1+ cells highly co-expressed PD-1.

Transcriptomic analysis of these two subsets were made for one patient. A higher expression of granzyme K, granzyme A, IFN I and perforin was observed on KLRG1 cells compared to CD103. suggesting that KLRG1+ CD8 T cells retained a cytotoxic potential. Conversely IFN , IL-22, CD39 and TIGIT were more expressed in CD103 cells. However, this analysis was made for only one patient and more replicates are required to conclude.

2) Blocking the KLRG1+ CD8 T cells increased their infiltration capacity in our autologous model

To assess the function of these two populations, we made an autologous coculture between sorted KLRG1+CD103-and KLRG1-CD103+ CD8 T cells and primary tumor spheroids, in coculture alone or with a blocking anti-E-cadherin antibody. (Figure 14) The spheroids were still composed of hyperproliferative epithelial cells and expressed the KLRG1 and CD103 ligand, E-cadherin. (Figure 31) After 48 hours of coculture, KLRG1+ cells were able to infiltrate the spheroids. (Figure 32A-B) This infiltration was increased upon E-cadherin blockade. KLRG1+ CD8 T cells alone demonstrated weak capacity to destroy tumor spheroids and no effect of the anti-E-cadherin blockade was observed. A positive correlation between the T cell infiltration and spheroid destruction was observed only for KLRG1+ cells with anti-E-cadherin. Interestingly, CD103+ CD8 T cells did not present a higher infiltration and destruction capacity than KLRG1+ CD8 T cells. The cytokines released in the coculture supernatants were analyzed. First, we observed that CD8 CD103+ alone produced more granzyme A, B and perforin than KLRG1+ cells. For the CD8 CD103+ cells, these cytotoxic molecules were increased in coculture, and this effect was reduced with the blockade of the E-cadherin. Concerning the CD8 KLRG1+ cells, an increased of the granzyme B and A was observed in coculture compared to TILs alone. No effect of the anti-E-cadherin antibody was observed. The clinical parameters of the patients analyzed in this coculture system are in the Table 3.

Table 3: Clinical characterization of the 7 patients studied with the autologous coculture model targeting the KLRG1+ cells

A. Involvement and targeting of CD39 in primary CRC tumor

By comparing tumor and normal mucosal lymphocytes, we confirmed the reduced cytotoxic potential of TILs with a decrease proportion of CD8 T and NK cells in the tumor 204 , which could be explained by their difficulty to migrate into the tumor through the extracellular matrix, leading to their exclusion at the tumor margin. Indeed, the extracellular matrix, including endothelial cells, stromal cells and fibrosis, forms a physical barrier around the tumor limiting T cell migration. 205 While tumor infiltrating CD8 T cells were more hyperproliferative, an inhibited phenotype was observed in these cells, including an increased expression and co-expression of PD-1 and CTLA-4. In addition, we confirmed an elevated expression of CD39 on CD4 T cells. 107 In our cohort, CD39 expression was correlated with PD-1, PD-L1 and CTLA-4 expression. Others show its association with other immunosuppressive markers such as TIGIT, LAG-3, TIM-3, highlighting the inhibited phenotype of these CD39+ T cells. 96 107 56 Same results are also confirmed at RNA level. 49 206 [START_REF] Fathi | T-cell immunoglobulin and ITIM domain, as a potential immune checkpoint target for immunotherapy of colorectal cancer[END_REF] A higher expression of CD39 on T cells and Tregs, and its co-expression with PD-1, is also observed in melanoma, head and neck cancers and NSCLC. 109 In vitro, these T cells present a lower capacity of proliferation and activation, including a decreased production of TNF , IL-2 and IFN 207 . Simoni et al identify CD39 as a potential marker of tumor-specific CD8 T cells and demonstrate that these CD39 T cells are enriched in expression of cell proliferation and exhaustion genes. 108 In melanoma model, CD39+ CD8 T cells can kill autologous tumor cells in an MHC-I dependent manner, with a higher efficacy than the CD39-counterpart. 208 60 Thus, there are CD39+ T cells in the tumor that can react against tumor cells. But upon chronic antigen exposure and microenvironmental signals, these T cells become exhausted and present reduced proliferative and cytotoxic capacities leading to a defective antitumor response. However, Canale et al demonstrate that these inhibitory CD39+ T cells are not totally inert and can recover the capacity to produce effector cytokines, like granzyme B and perforin, after ex vivo reactivation, supporting the relevance to target this subset in immunotherapy. 209 By its indirect action on the extracellular ATP concentration in the tumor microenvironment, CD39 blockade could restore the activation and cytotoxicity of tumor specific T cells.

By integrating clinical data, we observed higher proportion of CD8 T cells in right colon tumors, confirming the higher immunogenicity of this localization. These CD8 T cells also presented a higher expression of PD-1 and CD39. PD-1 overexpression on these tumors is already observed by immunohistochemistry. 210 Regarding CD39, its overexpression in right colon tumors was never observed but is consistent with the altered ATP metabolism observed in right-sided tumors. 211 We also observed this difference of expression in non-tumoral mucosa, which could results from fundamental functional differences in the T cells of the right and left colon induced by the microbiota and/or metabolites. 76 212 213 The tumor localization is an important feature in CRC patients 'outcome and response to treatment and must be taken in consideration for future treatment.

We confirmed the higher immunogenicity of the right colon tumors compared to other locations. MSI tumors, which are predominantly right colon tumors, are characterized by a high PD-1+ CD8 T cell infiltration and subsequently a better response to ICIs. 214215 However, in our study, the PD-1 overexpression was not restricted to the MSI tumors. By the analysis of TCGA data of colon tumors, Kikuchi et al also demonstrate the presence of a subset of MSS CRC patients which present an upregulated IFN and CD8 effector signature whose tumors expressed PD-L1. 216 In the NICHE study, a response rate of anti-PD-1 is also observed in a small subset of MSS patients. 198 These results suggest that by limiting anti-PD-1/anti-PD-L1 therapy to MSI+ tumors we could miss some sensitive patients and accurate biomarkers must be developed to identify this subset.

A decreased expression of PD-1 was observed in advanced TNM stages 3-4 compared to early stages 1-2. This decreased expression is also observed at RNA level in the tumor and circulating T cells of CRC patients. [START_REF] Saleh | Expression of immune checkpoints and T cell exhaustion markers in early and advanced stages of colorectal cancer[END_REF] Currently, the efficacy of anti-PD-1 treatment is restricted to metastatic MSI+ colorectal tumors 217 and recently approved as first line of treatment for these tumors. [START_REF] André | Pembrolizumab in Microsatellite-Instability-High Advanced Colorectal Cancer[END_REF] The inefficacy of this therapeutic in these tumors could be linked to low PD-1 expression, suggesting that its evaluation could benefit patient's care and therapeutic choice, and that other pathways are favorized in these stages.

Use of neoadjuvant ICIs demonstrate a high efficacy to increase anti-tumor responses in several solid tumors, including melanoma, urothelial and lung cancers. 218 219 220 In CRC, the NICHE study reveals the potential of anti-PD-1 and anti-CTLA-4 combination as neoadjuvant therapy for patients with earlystage colon tumors. All the dMMR/MSI patients and a quarter of pMMR/MSS patients present a clinical response to immunotherapy at the time of surgery. A high infiltration of PD-1+ CD8 was observed and identified as predictor of the clinical response 198 . An early administration of CD39 inhibitors could be an interesting strategy to increase the anti-tumor T cell response, as its expression is significantly higher in the intestine than PD-1 and consistently increased in the tumor. In addition, presenting the same expression profiles on TILs, CD39 blockade could synergize with anti-PD-1 inhibitors. Finally, to date, we do not observe an association between recurrence risk and CD39 expression, but this analysis will be re-evaluated with a longer follow-up.

CD73 showed an opposite expression profile than CD39 on TILs as, CD73+ T cells were decreased in the tumor compared to matched mucosa. Interestingly, it was also the case in right colon, MSI and advanced TNM stage tumors. These cells seem to correspond to another subset of T cells which did not express PD-1 and CTLA-4. These results are consistent with the work of Gourdin and colleagues which demonstrated a high expression of CD39 on Tregs but not CD73. These CD73 cells define a subset of effector CD4 T cells presenting a Th1/Th17 signature with the production of IL-17A, IFN , IL-22 and GM-CSF 221 They collaborate with CD39+ cells to metabolize the adenosine, but conversely to this subset they do not express the ICs suggesting they can be selected under the pressure of ICIs and represent a resistance mechanism to these therapies. 221 In CRC, the main source of CD73 remains the tumor microenvironment with an overexpression of this marker on tumor cells and fibroblasts. 124 We demonstrated the involvement of CD39 in CRC and wanted next to target it in a functional model, through the ARL 67156 CD39 inhibitor. To do so, we set up a primary tumor spheroids based on previous work defining a scalable systems to screen the efficacy of potential therapies. 222 176 These three-dimensional structures keep the same genetic and morphological characteristics than the primary tumor. 180 Recently, in CRC, the prospective observational TUMOROID study shows that ex vivo assays predict accurately the response to various chemotherapies. 191 However, to study immunotherapy efficacy, an ex vivo autologous model involving immune cells is necessary. Coculture models between peripheral blood lymphocytes and tumor organoids are already used between tumorreactive blood T cells and matched tumor organoids. 197 Using this model with blood autologous T cells, anti-PD-1 therapy induce a higher tumor reactivity in dMMR compared to pMMR patients, demonstrating the potential of this approach for personalized medicine. 109 However, peripheral and tissue resident T cells do not present the same activation status and phenotype, with in particular a very weak expression of CD39 in peripheral blood lymphocytes. Here, we developed autologous cocultures between primary tumor spheroids and tumor infiltrating lymphocytes extracted from the same patient. By live-imaging microscopy, we showed that CD39 inhibition increased the T cell velocity, suggesting an increased activation. 223 CD39 inhibition also increased the capacity of TILs to infiltrate and destroy their autologous spheroids by the action of cytotoxic CTLs. Our model may permit personalized assessment of one patient response to one or several specific immunotherapies.

However, this model only focused on T cells and may not be fully representative of the whole immune response observed in patients. More specifically, CD39 is expressed by other immune cells including dendritic cells and macrophages, which could participate to the global response in vivo. Hence, this model can be improved by adding other cell types (immune or stromal) to increase its representativity of the primary tumor and maybe, in the future, predict the patients' response to immunotherapies. To move towards such a personalized medicine, increase the scalability of the model is also required. 200 These preclinical data highlight the therapeutic potential of targeting CD39 leading to the development of monoclonal blocking antibodies. Anti-CD39 antibodies, BY40 and BA54G, downregulate in vitro CD39 expression on YT2C2 NK cell line and circulating HIV negative control Tregs. [START_REF] Allard | The ectonucleotidases CD39 and CD73: Novel checkpoint inhibitor targets[END_REF] More recently, the monoclonal antibody, IPH5201, with a targeted action on ATP hydrolysis (ENTPDase1) has a blocking activity in vitro on primary tumor biopsies of melanoma, sarcoma and ovarian cancers, and healthy donor T cell proliferation, in a dose dependent manner. 109 In mouse models, the anti-CD39 alone doesn't rescue mice from death but 60% of the mice are rescued when combined with oxaliplatin (versus 30% oxaliplatin alone). 109 Finally, an anti-CD73 antibody (IPH5301) can in vitro inhibit efficiently the ATP hydrolysis in adenosine and block the inhibition of the CD4 and CD8 proliferation in a dose dependent manner. The combination of anti-CD39 and anti-CD73 presents the best blocking effects in in vitro assay with CD4 and CD8 from PBMCs of healthy donors and breast cancer patients. 109 Now, these antibodies are studied in clinical trials. IPH5201 is in a phase I clinical trial in monotherapy with the anti-PD-L1 durvalumab +/-oleclumab, a monoclonal Ab anti-CD73 developed by MedImmune/AstraZeneca, in advanced solid tumors (NCT04261075). This oleclumab is also studied in combination with chemotherapy in pancreatic cancer. Other selected strategies were to combine these antibodies with those targeting adenosine receptors, illustrated by the clinical trials NCT02503774 and NCT02655822 studying the efficacy of CD73 and A2a blockade in combination with PD-1/PD-L1 inhibitors. Inhibition of CD73, A2a or A2b enhance chemotherapy efficacy, and anti-CD73 increased radiotherapy efficacy. [START_REF] Allard | On the mechanism of anti-CD39 immune checkpoint therapy[END_REF] CD39 is also express on endothelial cells and play a role on platelet functions. CD39 deficient mice display altered platelet function and increased susceptibility to venous thrombosis. ADP is an important activator of platelets and so, depletion of ADP by CD39 regulates platelet activation and recruitment. [START_REF] Allard | On the mechanism of anti-CD39 immune checkpoint therapy[END_REF] CD39+/-Apoe-/-mice on high fat diet exhibit atherosclerotic lesions due to increased platelet activation. This effect is not observed in CD39-/-mice possibly because of P2Y receptor desensitization. Global deletion of CD39 in mice is associated with other metabolic alterations including increased hepatic glucose production, insulin resistance, plasma levels of insulin, fatty acids and liver inflammation. Administration of anti-CD39 Ab to mice has not been reported to affect platelet function but its role on platelet is to be monitored during clinical trials. [START_REF] Allard | On the mechanism of anti-CD39 immune checkpoint therapy[END_REF] 

B. Involvement and targeting of KLRG1+ exhausted T cells in CRC

In addition, in this project we showed a subset of KLRG1+CD57+ CD8 T cells increased in the tumor compared to matched mucosa. This subset was associated with the expression of PD-1 and a reduced engagement of NKG2D. In the literature, the expression of KLRG1, CD57 and PD-1 define an exhausted/senescent T cell subset presenting defective cytotoxic functions and lower proliferative capacity. A higher RNA level of KLRG1 on TILs is also observed compared to PBLs in CRC. [START_REF] Saleh | Expression of immune checkpoints and T cell exhaustion markers in early and advanced stages of colorectal cancer[END_REF] Conversely, in our work, the CD103 expression was reduced among the CD8 TILs. This decreased expression of CD103 is already observed in CRC and gastric cancer. 93 149 148 Crucial for epithelial-T cell interactions, this reduced expression of CD103 can support the defective activity of these resident T cells. By integration of clinical data, we observed a higher proportion of KLRG1+ cells in advanced compared to early TNM stages. Conversely to PD-1, these results mean that KLRG1 targeting therapy could be more efficient for advanced tumors and could impact metastatic stages.

More particularly in the intestinal mucosa, we observed that these two receptors present a mutually exclusive phenotype, with a weak percentage of CD103+ KLRG1+ double positive cells, supporting a higher presence of senescent inhibitory KLRG1+ cells in the TME in detriment to anti-tumoral CD103+ cells. As mentioned before, these KLRG1+ cells were first described as highly cytotoxic short lived effector cells and KLRG1 expression is reduced in long term memory cells. 132 Previous work in the laboratory demonstrates that CD103+ cells differentiate from KLRG1-T cells and increased proportion of KLRG1+ CD8 T cells in the ileal mucosa upon inflammation. 158 In additional in vitro experiments (not shown), we observed that KLRG1 expression can be transient depending on the stimulation (IL-15+/-TGF +/-CD3CD28) and the time of culture. Hence, we can hypothesize a recruitment of KLRG1+ CD8 T cells and/or a re-expression of this receptor upon chronic stimulation in the TME participating concomitantly with others ICs to T cell exhaustion. However, these ex-effector T cells are able to react against tumor cells and targeting the inhibitory KLRG1 receptor could be an interesting strategy to increase their activity. Indeed, mouse model using blocking anti-KLRG1 show reduced tumor growth and metastases. 136 In our model, we demonstrated that the KLRG1-Ecadherin blockade increased the capacity of KLRG1+ cells to infiltrate autologous spheroids but with no effect on spheroid destruction. They presented the capacity to release cytotoxic granzymes but in a lower level than CD103+ cells and the E-cadherin blockade did not increase this release. However, we demonstrated the higher cytotoxicity capacity of the CD103+ cells. Thus, upregulated in the TME and in competition for the same ligand, the CD8 KLRG1+ cells could reduce the action of the cytotoxic CD103+ counterpart.

By targeting the KLRG1-E-cadherin interaction, we did not success to increase the cytotoxic potential of the KLRG1+ cells. Perhaps KLRG1 blockade alone is not sufficient to reactivate their cytotoxicity. However, we cannot exclude an effect of T cell sorting on their cytotoxic capacity. Another hypothesis for this weak reactivity could be the lack of other cell types such as CD4 T cells, as shown in the allogenic model in a previous work, there is a synergy between CD4 and CD8 T cells. 196 It cannot also be excluded that KLRG1 blockade only acts on their survival and proliferative capacity, as it is observed in mice. 129 Hence, combination of KLRG1 blockade with other types of immunotherapy, which increase the cytotoxic capacity of these cells, could be interesting, as in CRC tumors, KLRG1+ T cells co-express PD-1. In melanoma and breast cancer mouse models, a combination of anti-KLRG1 and anti-PD-1 antibodies synergizes to reduce tumor growth in a CD8 and NK dependent manner. 131 In CRC, Li et al also observe a higher expression of CD39 on KLRG1+ CD8 TILs (30%) compared to KLRG1-, suggesting a potential interest in combining our two studied pathways. 133 Importantly, an anti-KLRG1 depleting Ab (ABC008) is in phase I clinical trial in the inclusion body myositis (IBM) inflammatory disease and an anti-KLRG1 blocking antibody is in development.

C. Limits of our primary spheroids and coculture model

In this project we demonstrate the potential to target the CD39 and KLRG1 positive T cells to increase their anti-tumor activity. We also demonstrated in previous work the involvement and potential of NK receptors on CD8 T cells, notably the activation NKG2D and inhibitory NKG2A receptors, describing an overview of the anti-tumoral T cell response. (Figure 33) 196

Figure 33: Targeting the CD39+ CD4 and KLRG1+ CD8 T cells increased the anti-tumor activity

In the tumor compared to matched-mucosa, there is an accumulation of immunosuppressive CD4 T cells coexpressing CD39 and PD-1. Through its capacity to metabolize the immunostimulatory eATP in immunosuppressive adenosine, this subset participates to the inhibition of the T cell activation and cytotoxicity. In addition, the KLRG1+ CD8 T cells present an exhausted phenotype. In autologous conditions, the inhibition of CD39 increased the T cell activation, infiltration and cytotoxic capacity to destroy the tumor spheroids. The blockade of the interaction of KLRG1 with its ligand, E-cadherin expressed on tumor cells, increased the capacity of KLRG1+ CD8 T cells to infiltrate the spheroids. ATP/ADP: adenosine tri/di-phosphate, CD39-inhibi: CD39 inhibitor, PFN: perforin, GzmB: granzyme B, IFN : interferon-gamma TNF : Tumor necrosis factor (Created with Biorender)

Because of its autologous condition, our coculture represent a relevant model to specifically target T cells but can present some limitations. First, some technological limits in term of feasibility, reproducibility and cost are present. We recover enough tissue to perform these cultures for one third of patients. We can rarely recover rectal tumors, which are usually too small after neoadjuvant radiation and chemotherapy. Once samples are obtained, the rest of the protocol is successful in nearly 75% of cases, failures being due to antibiotic resistant contaminations. However, it remains a complicated and expensive protocol difficult to reproduce on a routine bases.

Additionally, sampling of the primary tumor may introduce biaises as it can be heterogeneous in immune or tumor cell composition. To overcome that, several cultures and cocultures of different part of the tumor could be made. Through in vitro culture, we can also exert a selection of the most resistant tumor cell clones. Tumor spheroids grow in most of the cases but we observed differences in term of number and size of the spheroids we obtain between patients. A control of the size of the spheroids would be necessary to improve the reproducibility of our model. It has been shown recently on intestinal organoids that by growing within gel wells exerting physical constraints, it is possible to control size and shape of organoids. Similar experiments could be tested in our tumor spheroids. 224 Finally, our model includes mainly T cells and hence misrepresent the complexity of the interactions between tumor, T and other cell type. Developing coculture with additional cell populations would be of great interest to study the impact of other cells, such as innate immune cells or fibroblasts.

PERSPECTIVES A. T cell responses in metastases

The main risk of death in CRC remains metastatic relapses. The metastasis mechanism comprises the survival of tumor cells, their invasion in lymph nodes, their migration through the circulation and their colonization in the secondary location. 225 The next step of this project will be to assess the anti-tumor T cell response in the metastasis and compare it with primary tumor. Indeed, during the primary tumor development, tumor specific T cell clones persist in the circulation and secondary lymphoid organs. We can make the hypothesis that in case of metastatic relapse, these pre-existing tumor specific T cell can be recalled at the metastatic localization and may present a similar phenotype. By single cell analysis of T cell infiltrating primary tumor and CRC liver metastasis, two exhausted population of T cells were identified in both lesions. These populations present common TCR clones, supporting the idea that some T cell present in the primary lesion can also be present in the metastatic one and present a similar phenotype. 226 Hence, by the comparison of the primary and secondary T cell response, we could identify and/or confirm the relevance of targeting CD39 and KLRG1 to overcome metastatic relapse, and maybe use their expression in the primary response as a predictive biomarker.

Zhou et al compared the expression of immune checkpoint between primary, liver metastatic and peritoneal metastatic tumors of pMMR CRC patients. They observe a higher proportion of CD8 T cells, DCs and monocytes in liver than in peritoneal or primary tumors. The same trend is observed for LAG-3, PD-1, TIM-3 and CTLA-4 on liver-infiltrating CD8 and CD4 T cells. In vitro, LAG-3 blockade increases the function of intra-tumoral T cells isolated from liver metastasis in response to autologous tumorspecific stimulations. 4 Rajamanickam et al publish a case report of one CRC patient which presents a co-expression of CD39 and CD103 on the metastasis infiltrating CD8 T cells. 227 CD39 could be involved in the metastatic process and anti-CD39 treatment could reduce the risk of metastatic relapse. Concerning KLRG1, its over-expression on CD8 T cells in advanced TNM stages makes it a good candidate to target metastases and its blockade in murine metastatic model reduces the number and size of metastases. 136 Recovery of fresh metastatic samples will be added to the protocol. The objective will be to create spheroids of metastases in order to coculture them with autologous PBMCs to assess and modulate the response of tumor-specific clones. Integration with clinical data will also permit to correlate their response to specific clinical parameters and potentially find biomarkers. In addition, parrafinembedded samples will be recovered from the anatomo-pathology department and the metastatic and primary T cell response engaged will be compared by epifluorescence stainings. We have already started to assess the presence of CD39+ and KLRG1+ T cells in the metastases of 10 CRC patients. (Figure 34)

Figure 34: The next step of this project will also include the metastatic T cell response Thank's to the constituted biobank, we will continue working on the primary T cell response by a transcriptomic analysis of T cell infiltrating tumor and matched mucosa and by the comparaison of the T clones in these two tissues. The functional coculture model will be used to modulate the T cell anti-tumor response with radiochemo-therapy and bacterial compounds. The primary and metastatic T cell response will be assess by epifluorescence stainings and compare with a focus on the CD39 and KLRG1 markers. Finally, an autologous coculture between peripheral blood lymphocytes (PBLs) and metastatic spheroids will be set up to study and modulate the reactivity of tumor-specific memory circulating cells against the metastatis. (Created with Biorender)

B. Other strategies to target anti-tumor T cell responses

Other strategies are studied to increase the T cell response such as irradiation, that have both antiand pro-tumoral effects through the local immune system. Indeed, a high dose of radiotherapy kills infiltrating T cells and induces a local hypoxic environment responsible for MDSCs and M2 macrophages aggregation in the tumor. However, irradiation-induced cell death can also promote the generation of tumor neoantigens enhancing the recognition of tumor cells. 228 In mice, radiation combined with ICIs reduce the accumulation of MDSCs, increase CD8 infiltration in tumor sites and induce the complete regression of the primary tumors and distant metastases by abscopal effects. 229 228 Several regimens of varying frequency and doses of irradiation may optimize its anti-tumor effects through the immune system. 228 In the laboratory, we are developing protocols of spheroids irradiation to study its possible capacity to modulate the T cell response engaged.

Patient-derived spheroids could also be used as a source of autologous tumor antigens able to generate tumor-reactive CD8 T cells in vitro. Culture of autologous PBMCs, in medium supplemented in IL-2, anti-CD28 and anti-PD-1, successfully expand lymphocytes and could be used to generate a high pool of cytotoxic T cells to re-inject in patient. 197 CAR-T cells can be generated to increase their reactivity to a specific antigen. Currently, this strategy is used only against lymphoma through the recognition of the B cell marker CD19 and demonstrates a high efficacy. However, to date, this type of treatment are not used against solid tumors. Recently, studies show the efficacy of targeted CAR-T cells and CAR-NK-92 cells in organotypic spheroid model. 230 CAR-T cells redirected against EpCAM 231 , the neoantigen EGFRvIII or the tumor-associated antigen FRIZZLED are under study 232 . However, the main limit of this strategy is to find a specific target which is only express on the tumor to prevent reaction against non-tumoral epithelial cells. Indeed, clinical trials using CAR-T cells in solid tumors using were stopped for serious side effects including patient death.

To increase the T cell capacity to recognize tumor cells, researchers are developing immunotherapy with DCs. The majority of the studies uses patient-derived DC generated from peripheral blood monocytes stimulated and differentiated in vitro, loaded with tumor-derived antigens for maturation and re-injected into the patient as a tumor vaccine but with limited results due to a too low rate of immune responses. 233 One of the main issue in anti-cancer immunotherapy remains the patients heterogeneity. Discovering a universal strategy that would work for all patients may be unrealistic and it is therefore essential to couple the discovery of new therapies with the discovery of biomarkers that can be used to select sensible patients. Using immunohistochemistry analysis, several immune cell ratio or immune index including various cell types, like lymphocytes, monocytes and neutrophils, are proposed to classify CRC patients and predict their response to immunotherapy. 234 However, this prediction may need to be more accurate to allow selection of specific pathways. For the adenosinergic pathway, the expression of CD39 and/or CD73 on the tumor tissue or the presence of its soluble form in serum could be potential biomarkers as a higher level of soluble CD73 was associated with a shorter disease-specific survival in resected colorectal cancer liver metastasis. 235

C. Include the tumor micro-environement in the 3D spheroid model

One of the main limits of the patient-tumor spheroids is the lack of the other cellular and non-cellular tumor micro-environment components. The TME includes tumor-infiltrating immune cells but also mesenchymal stromal cells (MSCs), cancer-associated fibroblasts (CAFs) and the extracellular matrix (ECM) and vasculature. Each of this component interacts each other. These cells produce soluble factors including pro-and anti-inflammatory cytokines, matrix metalloproteinases and growth factors. Growth factor and cytokine production contributes to tumor cell proliferation and the immunosuppressive environment. 162 Luo and colleagues co-culture CRC patient-derived spheroids with patient derived CAFs encapsulated in hyaluronan-gelatin hydrogel. They demonstrate that even without growth factors normally required for the colon spheroids survival, CAFs maintain the proliferation of the tumor cells and enhance the resistance of spheroids to drugs (capecitabine, 5-FU, oxaliplatin and irinotecan). 236 In addition it was shown in similar breast and prostate models that cocultured CAFs alter Ras and NK-kB signaling pathways and increase the secretion of TGF and IL-1.
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These coculture systems are based on heterotypic spheroids formed by aggregation of two different subtypes permitting the study of cell-cell interaction but not to reproduce the complete tissular architecture. Other cellular partners like fibroblast or endothelial cells can be added to mimic the interactions and exchanges between the tumoral, stromal and endothelial compartments. Using microfluidic system, tumor cells and fibroblasts interactions demonstrate an important synergy in the growth of each cell type. 238 Another microfluidic model with vascularized microtumors distinguish drugs which were effective in disrupting the vascular network. 239 Adding vessels in these models also opens the possibility to study the metastatic process. Through a plateform holding primary tumor, liver, lung and endothelial compartments connected by recirculating fluid flow, Aleman et al demonstrate that HCT116 CRC cells preferentially invade the liver and lung tissues. 240 A prevascularized tumor model was also developed by Ehsan et al to study the tumor progression. 164 Recently, HCT116 cancer cells, CAFs and tumor-associated endothelial cells were printed in a collagenbased scaffold to reproduce the TME. They observe the production of pro-tumoral growth factors from stromal cells and similar metabolic signals and malignant transformation than those characteristically observed in colorectal carcinoma. This result demonstrates the power of this model to accurately assess the interaction of stromal with tumor cells and consequences on the anti-tumor response. 241 All these models are highly interesting but the majority of them utilized cancer cell lines for the moment.

The microbiota is another specificity of the intestine that may impact the immune response towards primary colon tumors, as it can change the T cell immunomonitoring as well as the epithelial/tumor cell function and survival. Presence of bacterial components in disrupted gut architecture increases the release of pro-inflammatory cytokines by epithelial cells. A long term coculture of genotoxic bacteria like E. coli with human intestinal organoid induced DNA-damages and subsequent mutations in epithelial/tumoral cells, which could favor epithelial to mesenchymal transformation. 242 Some specific bacterial metabolites, like butyrate, can also alter the epithelial cell renewal, permeability and differentiation. 242 Several species are associated with CRC like Fusobacterium nucleatum, genotoxic Escherichia coli and enterotoxigenic Bacteroides fragilis. Adding bacterial compounds or bacteria in the coculture model could increase our knowledge on their effect on T cell responses. To do so, the Hans Clevers laboratory develop different spheroid-microbiota culture systems. They demonstrate their capacity to inject a single bacterial strain into organoids. The new generation of intestine-on-chip or spheroid-on-chip models would allow the addition of bacteria in the intestinal lumen or medium flux. 242 Such projects are developed in the laboratory.

INTRODUCTION

The immune system is a crucial lever against cancer as immune cells can recognize and eliminate tumor cells. T cells are specifically activated by tumor-associated antigens sampled by antigens presenting cells (APC), leading to proliferation and migration into the tumor to exert their cytotoxic functions. In several cancers, including colorectal cancer (CRC), a high infiltration of T cells and more specifically CD8 T cells, is associated with better overall survival (1-3). More precisely, a strong anti-tumor type 1 response characterized by IFNg and cytotoxic T lymphocytes (CTLs) producing granzyme B and perforin, is described as providing efficient anti-tumor T cell response (2,4-5).

However, within tumor tissues, immunosuppressive pathways and populations are engaged concomitantly, including an increased expression of inhibitory molecules, immune checkpoints, like PD-1 and CTLA-4, that block cytotoxic cells functions and advantages tumor growth (2,6-7). Immunotherapies targeting PD-1 and CTLA-4, so called immune checkpoint inhibitors (ICI), show great efficacy in several solid tumors (8-10). However, these treatments are ineffective against most CRC (11-13).

This inefficacy may be a consequence of the specific microenvironment in the intestinal mucosa. Indeed, the intestinal immune system is in constant interaction with the microbiota and nutrients that must be tolerated to allow the normal function of the digestive tract. In contrast, immune cells monitor the intestinal content to detect toxins or recognize potential pathogens to eliminate (14-15). In particular, specific tissue-resident T lymphocytes are present in the epithelium and participate to this tissue surveillance and, in fine, to intestinal immune homeostasis. Hence, T cells involved in responses to CRC are likely to present unique characteristics explaining the inefficacy of current immunotherapies in this indication, and urging the need to explore new targets for CRC immunotherapy (16).

In the cancer microenvironment, a high quantity of adenosine and associated products, such as ATP, are released, notably through cell death processes. A high extracellular ATP (eATP) concentration constitutes a Danger-Associated Molecular Pattern (DAMP), triggering purinergic receptors and inducing inflammatory responses (17). Activation of ATP receptors increases the secretion of IL-1b, IL-18 and IL-12, as well as the expression of MHC-II and costimulatory molecules (CD80, CD86, CD83) on APCs, supporting T cell activation and a Th1 proliferation (18). ATP stimulation also increases proliferation, production and promotes cytotoxicity of CD8 T cells (17). Hence, eATP is an integral part of the antitumor immune reaction.

Specific membrane-bound nucleotide dephosphorylases (NTPDase), CD39 (NTPDase1) and CD73 respectively, hydrolyze eATP into AMP and then adenosine, leading to its accumulation in the extracellular milieu. Adenosine receptors stimulation inhibits T cell proliferation, migration and Th1 cytokines secretion, while it promotes TGFb and IL-10 release and immune checkpoints overexpression leading to T cell anergy (17-20). Hence, accumulation of adenosine in the tumor microenvironment favors immune escape. Therefore, blocking CD39 enzymatic activity could abrogate adenosine accumulation and promote immune responses, making it a promising antitumor target in CRC.

Here, using paired comparisons of tissue infiltrating T cell from tumor and non-tumoral matched mucosa, we showed a strong increase of CD39 and PD-1 expression on CD4 and CD8 tumor infiltrating T cells. CD39 and PD-1 expression, and co-expression, were higher in right colon and early TNM stage tumors, defining a specific subset of patients who could be responsive to CD39 blockade. Recently, to modulate in vitro the anti-tumor T cell response and assess the efficacy of immunotherapy, allogenic coculture models between tumor spheroid and lymphocytes were used (21). Here we demonstrated in an autologous coculture model between primary tumor spheroids and tumor infiltrating lymphocytes (TILs), that CD39 blockade promotes T cell infiltration and tumor spheroid destruction, highlighting the potential of this new target for immunotherapy in CRC.

MATERIALS AND METHODS

Detailed methods are provided in the supplemental materials and methods.

RESULTS

Decreased cytotoxic T cell populations in tumor infiltrating lymphocytes (TILs) compared to matched mucosal lymphocytes (MLs)

We recruited a new cohort of 160 CRC patients who underwent surgery at the St Louis Hospital of Paris. Among the 160 patients, 9 were excluded for misdiagnosis, surgery replanning or consent withdrawal. Of the remaining 151 patients, the phenotype of T cells infiltrating the tumor and the matched-non-tumoral mucosa was analyzed by flow cytometry for 44 patients (the tumors of the other patients being too small to be collected without affecting the patient's diagnosis). The clinical characteristics of the 151 and 44 patients are referenced in Supplementary Table 1 and show that there is no sampling bias between these two groups.

Tumor Infiltrating Lymphocytes (TILs) showed an increased proportion of CD3+ T cells and more particularly CD4 T cells and Tregs (CD4+CD25+CD127-), compared to the matched mucosa (Mucosal Lymphocytes; MLs) (n=44). Conversely, there was a significant decrease of CD8 T cells, Tgd and NK cells among TILs (Figure 1A, Supplementary Figure 1). CD8 T cells were visualized by immunohistochemistry in the mucosa, the tumor margin and in the tumor (n=34) (Figure1B). We confirmed a diminished presence of CD8 T cell in the tumor, which could be explained by their accumulation at the tumor margin. However, CD8 T cells infiltrating the tumor were more proliferative, as indicated by Ki67 staining, than those in the margin or in the mucosa (Figure1B). These results, in our cohort, confirms that, in CRC, the intestinal immune T cell compartment in the tumor is altered compared to the mucosa.

CD4 TILs display a strong inhibited phenotype including CD39 and PD-1 expression

We then assessed the expression of inhibitory markers on TILs. PD-1 and CTLA-4 were increased and co-expressed on both CD4 and CD8 T cells compared to mucosal lymphocytes (Figure 2A). To assess the engagement of the complete pathway, we also measure the expression of the PD-1 ligand, PD-L1, on the tumor cells compared to epithelial cells by immunohistochemistry. PD-L1 levels showed increased expression on tumor cells compared to epithelial cells in non-tumoral mucosa (Figure 2B). However, there was marked heterogeneity of its expression between patients. Some patients presented a strong staining on all tumor cells (Figure 2Bd) whereas for others PD-L1 was completely absent (Figure 2Bc). These results show that PD-1 and CTLA-4 are increased on TILs compared to MLs but with an important heterogeneity, suggesting that the degree of checkpoints inhibitor between tumors varies greatly.

We then examined the NTPDase pathway in tumor immunosuppression on T cells. In the tumor, an increased expression of CD39 was observed on CD4 and CD8 T cells (only significant for CD4 T cells), as well as its co-expression with PD-1 (Figure 3A-B). Conversely, CD73 was decreased on T cells, and presented a weak co-expression with CD39 (Figure 3A-B). By immunohistochemistry, the density of CD39+ cells between mucosa, tumor and tumor margin was found unchanged (Figure 3C) suggesting that other cells in the mucosa could express CD39. Nonetheless, the high expression of CD39 within the tumor suggest that it could be a functional inhibitor of the antitumor T cell response.

To measure the association between markers, a correlation matrix was created for CD4 and CD8 T cells (Supplementary Figure 2). For both CD4 and CD8 T cells, a positive correlation was observed between CD39, PD-1, PDL-1 and CTLA-4, suggesting the predominance of a strongly immunosuppressed subpopulation of T cell in the tumor. In contrast, CD73 was negatively correlated to CD39 and PD-1. Hence, CD73+ T cells could represent a different subset of T cells which didn't express immune checkpoints and may present different functions.

CD39 and PD-1 expression are associated with tumor localization and TNM stages

We next assessed the pattern of expression of these markers across clinical parameters, with a focus on tumor localization (right, left colon and rectum) and the Tumor Nodes Metastases (TNM) staging system. We first performed a bivariate analysis of the clinical parameters collected in order to compare it with known CRC characteristics (Supplementary Figure 3). Expected associations were found with tumor localizations such as preoperative treatments, with a radiotherapy essentially used for rectal tumors (Supplementary Figure 3A). A higher proportion of smokers was also observed with rectal tumors compared to colon tumor patients.

The TNM stages, representative of the invasiveness of the tumor, was expectedly associated with MSS status as well as the risk of recurrence and progression (Supplementary Figure 3B).

The MSI status appeared mainly in right colon tumors with an early TNM stage (1-2) and weak differentiation (Supplementary Figure 3C).

The immune subpopulations and expression of inhibitory markers were compared between right (n=20), left (n=16) colon and rectum (n=8) tumors, and their matched mucosa (Figure 4A). CD8 T cells were increased on right colon tumors compared to rectum tumors. No differences were observed for the CD4 T cells. A higher expression of PD-1 was shown on CD8 T cells of right colon tumors, with a similar trend for CD39 and their co-expression.

Interestingly, the same trend is also observed for CD39+ CD8 T cells in non-tumoral mucosa.

Thus, the right colon tumors seemed to present a higher immunogenicity potential than the others sites.

MSI tumors are known to present high immunogenicity, and more particularly high PD-1+ CD8 T cells infiltration, which we confirmed in our results. However, we also noticed that some tumors with high levels of PD-1+ CD8 T cells were classified as MSS (5 vs 7) (Supplementary Figure 4B) suggesting that some MSS tumors are infiltrated by high levels of PD-1 expressing T cells. We didn't observed differences in CD39 expression between MSI and MSS status (Supplementary Figure 4B). However, only a few number of MSI patients were analyzed (n=6) and these results need to be confirmed with a larger number of MSI patients.

Finally, we compared tumors with low grade (1-2) or advanced (3-4) TNM stages (n=23 vs. 21) (Figure 4B). No differences were observed for CD4 and CD8 T cells subsets but CD39 expression, and its co-expression with PD-1 were decreased in advanced tumors on CD4 T cells, with a similar trend on CD8 T cells. (Figure 4). PD-1 and CD39 seemed to be gradually decreased from stage 1 to stage 4 even if there are too few patients included in stage 1 and 4 to really conclude (Supplementary Figure 4A). These results suggest that advanced tumors, which are associated with the worst prognosis, may have T cells expressing low level of PD-1 and CD39. Contrary results were observed for CD73 expression which was increased in the advanced TNM stages. No differences in CD73 expression were observed for the tumor localization or the MSI status (Supplementary Figure 5).

CD39 inhibition unleashes the destruction of primary tumor spheroids in autologous coculture conditions

Blockade of CD39 overexpressed on CRC TILs could increase the antitumor T-cell response.

We first set up an allogenic coculture model between CRC cell line spheroid (HT29) with mucosal lymphocytes (MLs) extracted from IMCO surgical specimen, showing a tissueresident phenotype, MLs were closely related to the population found in TILs. T cells and spheroids were cocultured alone (without cytokines), with IL-15 (positive control of T cell activation), or with CD39 inhibitor (CD39-inhib), ARL 67156. We assessed the spheroid destruction by flow cytometry with DAPI and AnnexinV staining of epithelial cells (Supplementary Figure 6). We observed that the MLs alone were highly able to attack HT29 spheroids and adding IL-15 or CD39 inhibitor did not increase spheroid destruction. Compared to the allogenic coculture set up in the laboratory with PBMCs (21), MLs demonstrated a higher capacity to react to HT29 spheroids alone. This high basal spheroid death rate could explain the difficulty to observe a positive modulation by CD39 blockade. These allogenic responses were necessarily immunologically inconsistent as a consequence of histocompatibility and is a clear limitation of this model. Therefore, to circumvent these biases, we developed a more relevant autologous coculture model between tumor spheroids, formed from the primary tumor of one patient, and lymphocytes extracted from the tumor of the same patient. We characterized our primary tumor spheroids by confocal microscopy and confirmed their exclusive composition of hyperproliferative (Ki67+) epithelial (Epcam+) cells (Supplementary Figure 7).

To visualize the interactions of TILs with tumor cells in cocultures, we performed 2-photon microscopy during the first ten hours of coculture (Figure 5B-C). T cell tracking quantification revealed the increase activation of TILs with autologous spheroids. Indeed, under CD39 inhibition, T cells presented a higher average speed, net displacement and arrest coefficient, compared to coculture alone, suggesting that T cells moved more but formed prolonged interactions with spheroids in this condition.

We then assessed the T cell infiltration and spheroid destruction by microscopy after 48 hours of coculture for 12 patients (Figure 6A). For all patients, T cells were able to infiltrate their autologous spheroids (Figure 6B). However, it did not necessarily lead to the spheroid attack as an increased spheroid death upon coculture was observed for only three out of twelve (Figure 6B). These results show that autologous TIL-spheroid coculture is a relevant ex vivo model to study the anti-tumor T cell response. It demonstrated that in autologous conditions TILs are not systematically able to mount an anti-tumoral response highlighting the necessity to boost them. TIL infiltration and spheroid destruction were increased with CD39 inhibition, whereas anti-PD-1 showed no effect on these two parameters. (Figure 6B). Thus, inhibiting the adenosinergic pathway increased T cells capacity to recognize and attack autologous spheroids. The phenotype of T cells was assessed by flow cytometry at the moment of the coculture. The CD4 and CD8 proportion and the CD39 and PD-1 expression of these cells did not differ from those observed in the cohort (Figure 5A). While not statistically significant, a correlation between the CD39 expression on CD4 and CD8 T cells with the T cell infiltration and the spheroid destruction was observed (Figure 6C). This association became significant for CD4 T cells upon the CD39 inhibition, suggesting that a higher expression of CD39 could increase their capacity to response to CD39 blockade. No correlation was observed with the spheroid death.

To characterize the immune response generated, we measured cytokines released in the coculture supernatants (Figure 6D). Compared to TILs and spheroids alone, the release of granzyme B, granzyme A, perforin, IL-23 and TNFa was increased in cocultures (not significant). Additionally, increased perforin and granzyme B concentrations (not significant) were observed in the coculture in presence of the CD39 inhibitor compared to control cocultures This analysis was made for only four cocultures and should be taken with caution but permits to hypothesize an effects of the CD39 blcokade on the T cell cytotoxicity. (Figure 6D; Supplementary Figure 8). In both allogenic and autologous cocultures, CD73 blockade alone weakly enhanced the anti-tumor T cell response and no synergic effect with the CD39 inhibition was observed (Supplementary Figure 9), suggesting that CD39 inhibition is sufficient to increase T cell activity in these conditions.

DISCUSSION

In this study, we show increased expression of CD39 and its co-expression with PD-1 on TILs compared to matched MLs. Their overexpressions were associated with early TNM stages and, to a lesser extent, right colon tumors, defining a specific subset of patients who could be responsive to CD39-blocking immunotherapy. We demonstrated for the first time in an innovative autologous coculture model that CD39 inhibition increased T cells' capacity to interact with and destroy tumor spheroids, confirming its potential to enhance the anti-tumor T cell responses.

By comparing tumor and normal mucosal lymphocytes, we confirmed the reduced cytotoxic potential of TILs with a decrease proportion of CD8 T and NK cells in the tumor (22), which could be explained by their difficulty to migrate into the tumor through the extracellular matrix, leading to their exclusion at the tumor margin. Hence, it was demonstrated that the extracellular matrix, including endothelial cells, stromal cells and fibrosis, formed a physical barrier around the tumor limiting T cell migration (23). While tumor infiltrating CD8 T cells were more hyperproliferative, an inhibited phenotype was observed in these cells, including an increased expression and co-expression of PD-1 and CTLA-4. In addition, we confirmed an elevated expression of CD39 on CD4 T cells (24). In our cohort, CD39 expression was correlated with PD-1, PD-L1 and CTLA-4 expression. Others showed its association with other immunosuppressive markers such as TIGIT, LAG-3, TIM-3, highlighting the inhibited phenotype of these CD39+ T cells (17,24-25). In vitro, these T cells presented a lower capacity of proliferation and activation, including a decreased production of TNFa, IL-2 and IFNg (26).

Simoni et al identified CD39 as a potential marker of tumor-specific CD8 T cells and demonstrated that these CD39 T cells were enriched in expression of cell proliferation and exhaustion genes (27). In melanoma, CD39+ CD8 T cells were able to kill autologous tumor cells in an MHC-I dependent manner (28). Thus, there are CD39+ T cells in the tumor that can react against tumor cells. But upon chronic antigen exposure and proinflammatory signals, these T cells become exhausted and present reduced proliferative and cytotoxic capacities leading to a defective antitumor response. However, Canale et al demonstrated that these exhausted CD39+ T cells were not totally inert and can recover the capacity to produce effector cytokines, like granzyme B and perforin, after ex vivo reactivation, supporting the relevance to target this subset in immunotherapy (29). Hence, by its indirect action on the extracellular ATP concentration in the tumor microenvironment, CD39 blockade could restore the activation and cytotoxicity of tumor specific T cells.

By integrating clinical data, we observed higher proportion of PD-1+, CD39+ T cells in right colon tumors. PD-1 overexpression on these tumors was already observed by immunohistochemistry (30). Regarding CD39, its overexpression in right colon tumors is consistent with the altered ATP metabolism observed in right-sided tumors (31). This difference of expression was also observed on non-tumoral mucosa and could be due to fundamental functional differences between right and left colon, including immune functions, microbiota and consequent metabolite release (14,32). We confirmed the higher immunogenicity of the right colon tumors compared to other locations. MSI tumors, which are predominantly right colon tumors, are characterized by a high PD-1+ CD8 T cell infiltration (33). However, in our study, the PD-1 overexpression was not restricted to the MSI tumors suggesting that by limiting anti-PD-1 therapy to MSI+ tumors we could miss some responsive patients.

A decreased expression of PD-1 was observed in advanced TNM stages 3-4 compared to early stages 1-2. Currently, the efficacy of anti-PD-1 treatment is restricted to metastatic MSI+ colorectal tumors (34) and recently approved as first line of treatment of these tumors (35).

Loss of therapeutic efficacy in these tumors could be due to loss of PD-1 expression, suggesting re-evaluation of the lesions and the timing of treatment may be beneficial in advanced lesions. Indeed, the NICHE study revealed the potential of anti-PD-1 and anti-CTLA-4 combination as neoadjuvant therapy for patients with early-stage colon tumors. All the deficient MisMatch Repair response (dMMR) patients and a quarter of proficient MisMatch Repair response (pMMR) patients presented a clinical response to immunotherapy at the time of surgery. A high infiltration of PD-1+ CD8+ was observed and identified as predictor of the clinical response (36). An early administration of CD39 inhibitors could be an interesting strategy to increase the anti-tumor T cell response, as its expression is significantly higher in the intestine than PD-1 and consistently increased in the tumor. In addition, presenting the same phenotype profiles, CD39 blockade could synergize with PD-1 inhibitors.

In vitro and mouse model experiments targeting CD39 demonstrated the potential of CD39 inhibitors to reduce ATP hydrolysis and increase the effector T cell functions. Both T cells extracted from CD39-KO mice and healthy donor blood T cells cultured in vitro with ARL 67156 showed increased proliferation and production of IFNg and IL-2 (37-38). Scalable systems of primary tumor spheroids were developed to screen the efficacy of several therapies (39-40). It was demonstrated that these three-dimensional structures keep the same genetic characteristics than the primary tumor (41). Recently, in CRC, the prospective observational TUMOROID study showed that ex vivo assays predicted accurately the response to various chemotherapies (42). However, to study immunotherapy efficacy, an ex vivo autologous model involving immune cells is necessary.

Coculture models between peripheral blood lymphocytes and tumor organoids were already used to demonstrate the tumor-reactivity of blood T cells and their capacity to kill matched tumor organoids (43). A similar model with autologous T cells was used by Chalabi et al to assess the effect of anti-PD-1 in dMMR or pMMR patients, who responded or not to anti-PD-1 treatment. With this system, they demonstrated a higher tumor reactivity to anti-PD-1 only for dMMR patients, highlighting the lack of efficacy of this treatment for pMMR patients. (36) However, peripheral and tissue resident T cells do not present the same activation status and phenotype, with in particular a very weak expression of CD39 on peripheral blood lymphocytes.

Here, we developed autologous cocultures between primary tumor spheroids and the tumor infiltrating lymphocytes extracted from the tumor of the same patient. By live-imaging microscopy, we showed that CD39 inhibition increased the T cell velocity, suggesting an increased activation (44). CD39 inhibition also increased the capacity of TILs to infiltrate and destroy their autologous spheroids by the action of cytotoxic CTLs. Targeting CD39 seems to target the T cell response in CRC, for both MSI and MSS tumors. However, there is a heterogeneity in the response observed to the CD39 inhibition, and as for other immunotherapy, a biomarker able to predict the subset of patient potentially responsive to this strategy is required. We demonstrated a positive correlation upon CD39-inhibition between CD39 expression on CD4 T cells and T cells infiltration. This suggests that CD39 expression could be a biomarker of anti-CD39 therapy efficacy.

Our model may permit personalized assessment of one patient response to one or several specific immunotherapies. However, it was showed that CD39 could be expressed by other immune cells including dendritic cells and macrophages which could also participate to the anti-CD39 therapy response not assessed in this study. Adding the myeloid cells in this model could be the next step. For the moment, this coculture system is a powerful tool to better understand and modulate the anti-tumor T cell response and discover new interesting targets for immunotherapy in CRC. But, this model must continue to be improved to increase its representation of the primary tumor and maybe be, in the future, being able to predict the patients' response to immunotherapy. To move towards such a personalized medicine, increase the scalability of the model is also required (45).

Finally, metastases remain the main cause of death in CRC and CD39 inhibition should be studied in this context. Künzli and colleagues showed that hepatic metastasis appeared and grew faster in CD39 overexpressing transgenic mice than wild type or CD39 KO mice, with an increase of the expression of purinergic receptors in the metastatic tumors, highlighting the possible role of the adenosinergic pathway in the metastasis process (46).

In conclusion, we demonstrated with this innovate autologous model that targeting the CD39 pathway is a relevant strategy to enhance the anti-tumor response engaged in CRC. Several companies have developed anti-CD39 monoclonal antibody, which have presented good efficacy in mouse model and are assessed in several clinical trials (38,46-47). Expression of CD39 or autologous ex vivo assays could characterize potential responders to this therapeutic option in CRC. 
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MATERIALS AND METHODS

Study approval: IMCO cohort and patient selection

IMCO is a prospective cohort started in 2017, which includes CRC patients undergoing surgery at the Saint Louis Hospital. This study was approved by a French ethical committee (approval n°2016/45) and all patients gave written consent. In this protocol, a blood sample was recovered the morning before the surgery. Tumor and distal non-tumoral mucosal samples were recovered on the surgical specimen in collaboration with the pathologists. Clinical data were collected including a median follow-up of 2.3 years (280 days). We recruited 160 CRC patients. Among the 160 patients, 9 were excluded for misdiagnosis, surgery replanning or consent withdrawal. Of the remaining 151 patients, in addition to biobanking, the phenotype of T cells infiltrating the tumour and the matched-non-tumoral mucosa was analyzed by flow cytometry for 44 patients (the tumors of the other patients being too small to be collected without affecting the patient's diagnosis).

CRC patient samples

Tumor and mucosal tissues were washed in PBS (Thermofisher) twice and then cut into pieces of 2-3 millimeters. Fragments were washed 20 minutes twice in PBS containing antibiotics and fungicide (Gentamycin, Normocin, Fungizone, Gibco). Fragments were then digested with collagenase IV (Sigma-Aldrich) and DNAse I (Roche): 7 minutes at 37°C separated by 1 min of shaking, 3 times. The digested tissue were then filtered and used to extract the immune cells with Lymphocyte separation medium (Eurobio). Tumor infiltrating lymphocytes (TILs) and mucosa lymphocytes (MLs) were counted. One part of the cells was resuspended in buffer for staining and another in culture with IL-15 and IL-7 (10 ng/mL, Miltenyi) for 7 days.

Flow cytometry analysis

MLs and TILs were stained 30 minutes with fluorescent-labeled antibodies including anti-CD45 (clone HI30), anti-CD3 (clone UCHT1), anti-CD4 (clone SK3), anti-CD8 (clone SK1), anti-CD56 (clone B159), anti-TCR (clone REA633), anti-CD25 (clone M-A251), anti-CD127 (clone A7R34), anti-PD-1 (clone REA802), anti-CTLA-4 (clone REA1003), anti-NKG2D (clone BAT221), anti-NKG2A (clone REA110), anti-CD103 (clone B-Ly7), anti-CD39 (clone MZ18-23C8) and anti-CD73 (clone AD2) (all from BD Biosciences or Miltenyi). Cells were analyzed with the Attune NxT cytometer (Life Technologies) and results processed with FlowJo software.

Immunohistochemistry

For tumor and mucosa comparison, paraffin blocks of tumor and matched mucosa were recovered for 30 patients and cut into 5 m-thick sections. The immunostaining was performed on a Discovery Ultra automaton (Ventana). Sections were incubated 1 hour at 37°C with anti-CD8, anti-CD39 or anti-PDL-. Anti-mouse IgG detection system was used. Slices were revealed with 3,3-diaminobenzidine(), counterstained with hematoxylin, washed, deshydrated and mounted with a coverslipper (ClearVue, ThermoScientific). Stained sections were finally scanned on a slide scanner (S60 Nanozoomer, Hamamatsu) Stainings were analyzed with the QuPath software. For each different staining, a cell classification was set up to distinguish immune, stromal and tumor/epithelial cells. This classification was based on cell morphologic features. The Qupath parameters used were the area, the perimeter, the circularity, the eccentricity and hematoxylin/DAB staining for the nucleus, the cell and the cytoplasm. Using these parameters, the classifier was applied, manually corrected and trained. Each classifier was created by a machine learning process on minimum 10 sections. Once validated, the same classifier was applied for all the sections. We obtained the percentage of CD8 and CD39 positive cells among the immune cells, and the percentage of PDL-1 cells among the epithelial/tumor cells.

HT29 Cell culture and spheroid formation

HT29 cells obtained from ATCC were cultured in RPMI 1640 medium (ThermoFisher) complemented with 10% FCS (Capricorn), 50 U/mL penicillin, 50 g/mL streptomycin, 2 mM GlutaMAX and 1 mM Sodium Pyruvate (all from Thermofisher). The HT29 spheroids were generated by seeding 1000 cells/well in non-adherent plates (Nucleon sphera, ThermoFischer) for three days.

Allogenic cocultures

For the coculture, mucosal lymphocytes were washed, counted and put in coculture in Matrigel with HT29 spheroids (ratio 1 Tcell:1 target cell) for two days alone, with IL-15 (10 ng/mL, Miltenyi), the CD39 inhibitor (ARL65156:20 M, SigmaAldrich), the CD73 inhibitor (APCP:10 M, SigmaAldrich), the combination of both or anti-PD1 (nivolumab, BMS). After 48 hours, all the Matrigel drops were recovered with the Recovery solution (Stem cell), washed and digested with trypsin (5 min, 37°C) (Gibco). All the cells were then washed and stained for flow cytometry analysis.

Co-culture of primary tumor spheroids

The tumor samples were digested and put for spheroid culture in Intesticult medium (Stemcell) complemented with Y inhibitor (Miltenyi). The tumor cells were counted and 7000 cells per well were put in culture in non-adherent plates for 7 days.

After their formation, primary tumor spheroids were pooled and counted. The TILs were washed, counted and put in coculture with their autologous spheroid in Matrigel in Ibidi plates (Biovalley) (10 sph/0.1 TILs/well). After two days, the cocultures were fixed with PFA (4%), permeabilized (0.5% Triton in PBS) and saturated with a blocking solution (1% BSA in PBS). They were stained with primary antibodies at 4°C overnight (anti-CD3 (IgG Rat), anti-EpCam (IgG Mouse) and anti-Caspase 3 (IgG Rabbit), all from Abcam). Wells were washed and stained with secondary antibodies (anti-Rat-555, anti-Mouse-488 and anti-Rabbit-647, all from Abcam) and DAPI (1/50000) for two hours at room temperature. Wells were washed and let in RapiClear transparisation solution (RapiClear 1.47, Nikon) until acquisition. Microscopic acquisition was realized with a spinning-disk confocal microscope.

Live imaging

At the moment of coculture, one part of the tumor spheroid and their autologous TILs were stained 20 min with a far-red cell tracker (Invitrogen, 1/1000 dilution) and anti-CD45-Pacific blue antibody (Thermofisher, clone HI30), respectively. They were washed twice, split in three different Eppendorf tubes (with the ratio of 0.1 TILs/10 spheroids) and centrifugated. The pellet of each tube was resuspended with 15 uL of Matrigel and a drop was made on the Petri dish. Hence, three different drops were made for the three different conditions: one with Matrigel alone, one with Matrigel containing the CD39 inhibitor, and the last with CD39 and CD73 inhibitors. The Matrigel polymerized 20 minutes at 37°C before the adding of CO2 independent RPMI medium. The microscopic acquisition was realized with the two-photon microscope of the Saint Louis platform (LSM 780, Leica). Images were acquired every 5 minutes at each position for 10 hours.

Image analysis

All the microscopy acquisitions were analyzed with the Icy software. For fixed cocultures, the spheroid volume was measured using a three-dimensional ROI (ROI statistics plugin). The CD3+ T cells in contact with or infiltrated into the spheroid were counted and reported per m.

To assess the spheroid death, the caspase 3 fluorescent area were quantified (Thresholder and Label extractor plugins) and normalized with the spheroid volume.

For the live imaging acquisitions, all the CD45+ cells were counted (HK means cell detector plugin) and tracked for the 10 hours on all the z stacks (Spot tracking and Track manager plugin). The cell tracking was realized for all the immune cells and only those in contact with the spheroid. The average speed, total displacement and linearity were calculated by Icy software (Motion profiler plugin of Track manager). The instant speed of each cell for each time point were also recovered (Instant speed plugin of Track manager) and analyzed with Rstudio software to calculate the arrest coefficient. This coefficient was defined as the percentage of time during which the cell was arrested on all its trajectory.

Analysis of coculture supernatants

The supernatant of each autologous coculture were recovered and analyzed by Luminex (MAgpix) using two different cytokine multiplex kits from Thermofischer (Human custom procartaPlex 17-plex and Human HS ProcartaPlex Mix&Match 13-plex) including IFN GzA, GzB, perforin, IL-17A and TNF .

Statistics

All the comparisons between tumor and mucosa phenotypes/IHC staining were analyzed by a paired Wilcoxon test (Rtudio software). The correlation matrix of all the flow cytometry markers were made for CD4 and CD8 T cells, separately (Rstudio, Corrplot package, spearman method). Regarding the integration with the clinical data, a bivariate analysis was made between all the clinical parameters (Ggpubr package, compare_means function). Then, non-paired Wilcoxon tests were realized to analyze the phenotype depending on the tumor localization, the MSI statut and the TNM stages. Paired Wilcoxon tests were made for the in vitro/ex vivo analysis. For the supernatant analysis, the matrix of cytokine expression was realized with Rstudio and a Wilcoxon test was realized to compared spheroid and coculture conditions, and coculture with each other coculture conditions, for all the different cytokines. NKG2D is a cell receptor that plays a role in intestinal immune homeostasis and inflammation. NKG2D is a C-Lectin-like receptor expressed at the surface of all CD8 T and NK cells in humans, but also on gamma delta T cells and NKT cells. The ligands are MHC class I chain-related proteins A and B (MICA, MICB) and UL1-6-binding proteins (ULBPs 1-6), expressed at basal levels on intestinal epithelial cells and upregulated under stress conditions, including cellular infections and pro-inflammatory cytokine context (Groh et al, 1996). The engagement of this receptor leads to activation, in particular the cytolytic function of CD8 T cells, and to the production of pro-inflammatory cytokines (Vadstrup et al, 2017). In celiac disease, CD8 T intraepithelial lymphocytes have been shown to be cytotoxic over duodenal epithelial cells through NKG2D engagement independently of the TCR (Meresse et al, 2004). In IBD, we demonstrated an increase in MICA expression in areas where active lesions of the intestinal epithelium were observed (Allez et al, 2007). This increase was associated with the presence in the lamina propria of a subtype of CD4 T lymphocytes expressing NKG2D in increased quantities compared to controls. Activation of these cells via On the other hand, T cells may have a direct or indirect (through the production of cytokines) effect on epithelial cells. A recent study underlined the close and interdependent interactions between the immune system and the epithelial cells showing that they may orchestrate tissue-wide responses to external signals (Biton et al, 2018). This is particularly true in inflammatory conditions where intestinal stem cells at the bottom of the crypts can upregulate class II major histocompatibility complex (MHC) molecules predominantly at the basolateral membrane secondary to an increased IFN gamma secretion by both innate and adaptive immune cells. Furthermore, a recent study elegantly demonstrated, via a murine graft versus host model in vivo or ex vivo via a co-culture system of T cells with organoids, that IFN gamma production by T cells under inflammatory conditions could have a pro-apoptotic effect on epithelial stem cells via the JAK1 pathway (Takashima et al, 2019). Taken together, these data underscore the need to study organoids from IBD patients in culture with autologous mucosal T cells to model the lymphoepithelial interactions and their consequences.

We hypothesized that T lymphocytes of the intestinal mucosa might have a deleterious impact on the intestinal epithelium, especially key Trm subsets including those expressing alphaE-beta7 and NKG2D. Through the independent analysis of two cohorts, we show that the expression of NKG2D and alphaE-beta7 on mucosal T cells (both CD4 and CD8) is associated with gut inflammation and disease activity in both Crohn's Disease (CD) and ulcerative colitis (UC). Using innovative ex vivo autologous co-culture models, we demonstrate the deleterious and cytotoxic impact of mucosal T cells towards epithelial cells in CD patients. Finally, through receptor blockade experiments in these co-cultures, we characterize the direct involvement of T cells expressing NKG2D and alphaE-beta7 in epithelial cell toxicity.

RESULTS

Mucosal T cells from active IBD patients present increased mucosal CD4 to CD8 T cell ratios which return to normal in endoscopic responders

The prospective cohorts used are described in the methods section and summarized in Supplementary Figure 1. Disease characteristics are detailed in supplementary tables 1 and 2. Before the start of the biotherapy (W0), IBD patients from the ELYP cohort displayed higher rates of mucosal CD4 T cells and lower rates of CD8 T cells than non-IBD controls (Figure 1A and1B). Similarly, the inflamed mucosa from the operative specimens of the REMIND cohort also displayed higher rates of CD4 T cells and lower rates of CD8 T cells than of non-IBD control ileum. The uninflamed margins of the operative specimens presented significantly lower rates of CD4 T cells than their inflamed counterparts, but no difference was found considering the rate of CD8 T cells (Figure 1C). In the ELYP cohort, endoscopic responders at the end of the one-year follow-up (W52) experienced a normalization of these mucosal populations with levels back to that of non-IBD controls (Figure 1D). On the contrary, in non-responders, rates of mucosal CD4 and CD8 T cells were stable over time (Figure 1E). No difference was found when comparing blood T cells of these patients with controls (Supplementary Figure 2A). Taken together, these results show altered T cell ratios of CD4 and CD8 T cells in the mucosa of IBD patients in correlation with disease activity and their normalization in endoscopic responders to biotherapies.

AlphaE-beta7 on mucosal T cells is associated with IBD disease activity

We analyzed the expression of alphaE-beta7, involved in lymphoepithelial interactions, on mucosal T cells. Before treatment initiation, IBD patients displayed a lower percentage of mucosal CD8 T cells expressing alphaE-beta7 (Figure 2A and2B). Endoscopic responders at W52 experienced an increase of this mucosal population back to non-IBD control levels (Figure 2C). In contrast, rates of mucosal CD8 T cells expressing alphaE-beta7 were stable over time in non-responders (Figure 2C). Rates of CD4 T cells expressing alphaE-beta7

were not different between IBD patients and controls both at W0 and W52 (Figure 2B and2D). No difference was found when comparing blood CD4 and CD8 T cells expressing alphaE-beta7 with controls (Supplementary Figure 2B).

The inflamed mucosa from the operative specimens of the REMIND cohort displayed lower rates of both mucosal CD4 and CD8 T cells expressing alphaE-beta7 compared to non-IBD control ileum (Figure 2E). The uninflamed margins of the operative specimens presented significantly higher rates of both mucosal CD4 and CD8 T cells expressing alphaE-beta7 than their inflamed counterparts (Figure 2E). These results suggest a specific and reversible alteration of both CD4 and CD8 Trm populations during inflammation especially involving the alphaE-beta7 integrin.

Expression of alphaE-beta7 was positively and significantly correlated with CD45RO and CCR6 on mucosal CD4 T cells and with CD161, CCR6 and CD39 on CD8 T cells (Supplementary Figure 3). The aforementioned markers have been associated with Th17 lineage, hence underlining the pro-inflammatory potential of T cells expressing alphaE-beta7 in IBD.

NKG2D expression of mucosal T cells surface is downregulated in active IBD, reflecting its engagement

In patients with active IBD, we found a lower surface expression of NKG2D on mucosal CD8

T cells, and higher rates of mucosal CD4 T cells expressing NKG2D than controls (Figure 3A and3B). While NKG2D expression on mucosal CD8+ T cells was back to normal in endoscopic responders, it remained decreased in endoscopic non-responders (Figure 3C).

We also observed a non-significant increase of NKG2D expression on mucosal CD4+ T cells while it remained low in non-responders (Figure 3D). No difference was found when comparing blood CD4 and CD8 T cells expressing NKG2D with controls (Supplementary

Figure 2C

). Similarly, the expression of NKG2D was higher on mucosal CD4+ and CD8+ T cells isolated from the uninflamed margins of the operative specimens from the REMIND cohort (Figure 3E).

To further explore the downregulation of NKG2D on mucosal T cells in active IBD, we performed ex vivo stimulation of mucosal T cells from IBD patients through CD3 and NKG2D

using coated beads. We demonstrated that mucosal T cell activation through NKG2D led to the downregulation of this receptor at cell surface reflecting its engagement. This downregulation of NKG2D on mucosal CD8 T cells isolated from IBD patients is hence probably due to active stimulation through this pathway (Supplementary Figure 4).

Ileal mucosal T cells from patients with CD have an increased cytotoxic potential over Caco2 spheroids

To better understand the potential impact on intestinal epithelial cells of the key cell subpopulations aforementioned, we next implemented ex vivo models.

We developed innovative allogenic and autologous co-culture models to investigate the functional role of mucosal T cells populations including those expressing NKG2D and alphaE-beta7. Allogenic co-cultures between ileal mucosal lymphocytes and Caco2 spheroids were performed with T cells isolated from 8 CD patients and 5 controls (Figure 4A). Epithelial cell death was assessed through DAPI and Annexin V staining by flow cytometry (Figure 4B). Epithelial cell death was significantly increased in co-cultures with CD mucosal lymphocytes but not with control lymphocytes (Figure 4C). These results show that ileal mucosal lymphocytes from CD patients have an increased cytotoxic potential on epithelial cells in an allogenic model compared to control ileal mucosal lymphocytes.

Anti-NKG2D and anti-beta7 (etrolizumab) blockades on allogenic co-cultures led to decreased epithelial cell death as compared to the co-cultures alone in most paired experiments (Figure 4D and4E).

These results show that ileal mucosal lymphocytes from CD patients have an increased cytotoxic potential on epithelial cells in an allogenic model compared to control ileal mucosal lymphocytes. To explore these mechanisms in a more relevant model, we developed organoid autologous co-culture models.

Autologous co-cultures reveal increased mucosal T cell activation against epithelial cells in CD patients

Co-culture between organoids and mucosal lymphocytes from the same patient was performed 5 days after crypts and immune cell extractions (organoids hence recapitulated the global composition of epithelial cells from the in vivo crypts (Sato et al, 2009)), and revealed the capacity of mucosal T cells to come in close contact and infiltrate the organoids (Figure 5A). In autologous co-cultures from CD patients but not controls, LPS incubation enhanced T cell infiltration of the organoid (Figure 5B). In conditions without LPS, the same trend was found without reaching statistical significance (Figure 5B). In the absence of lymphocytes, the level of epithelial cell apoptosis was not different between organoids from controls or CD patients, with or without LPS. Co-cultures with autologous lymphocytes increased epithelial cell apoptosis in CD patients and this effect was significantly higher when adding LPS in the co-culture (Figure 5C). Concomitantly, in CD experiments but not in controls, organoid volume in co-culture with LPS was significantly reduced as compared to organoids alone or in co-culture without LPS (Supplementary Figure 5B). Interestingly, in co-cultures from CD patients with LPS incubation, T cell infiltration of the organoid was positively correlated with epithelial cell death (Figure 5D). These results demonstrate the cytotoxic potential of autologous T cells against epithelial cells modulated by microbial cues in CD patients.

We then compared the secretion of soluble factors, such as cytokines and chemokines, under these conditions (Figure 5E). Organoids from CD patients were more prone to release chemokines and cytokines (i.e. IL-8, Fractalkine, CCL20 or MCP1) as well as soluble stress molecules (MICA, MICB), which was further increased when adding LPS. In the supernatants from mucosal lymphocytes of CD patients incubated alone, we found higher concentrations of pro-inflammatory cytokines such as IL-17a, IL-1beta, TNFalpha, IFNgamma or IL-6 and of granzyme A and B (Figure 5E).

In co-cultures experiments with cells from CD patients, organoids incubated with LPS released significantly higher levels of the chemokines CCL20 and Fractalkine as well as the soluble forms of MICA and MICB. This finding underlined the ability of organoids to respond to LPS stimulation, chemo-attract immune cells and eventually interact with them. IL-5, IL-6, IL-17a, TNFalpha and IFNgamma were also significantly increased in co-culture conditions with LPS as compared to both organoids and mucosal lymphocytes incubated alone. This increased release was hence due to a co-culture effect. For IL-17a and TNF alpha the finding was independent of LPS incubation. The cytolytic protein Perforin was detected in significantly higher concentrations in co-culture conditions with LPS than in co-cultures without, confirming a potential direct cytotoxic effect of T cells towards the organoids (Figure 5E and5F).

Anti-beta7 and anti-NKG2D monoclonal antibodies reduces epithelial cell death in autologous co-cultures

We then added blocking antibodies targeting beta7 (etrolizumab), alpha4-beta7

(vedolizumab) and NKG2D receptors on lymphocytes (Figure 6A). We did not detect any effect on T cell infiltration for the blocking conditions in control co-cultures. In co-culture conditions without LPS, anti-beta7 significantly reduced CD patients' derived T cell infiltration in autologous organoids compared to normal co-culture while anti-alpha4-beta7 and anti-NKG2D had no effect (Supplementary Figure 6A). No effect on epithelial cell death was noted (Supplementary Figure 6B). These results show that blocking beta7 reduced T cells interactions with epithelial cells.

Under inflammatory conditions with LPS, anti-beta7 significantly reduced the number of T lymphocytes infiltrating the organoid in experiments with cells from CD patients but not controls (Figure 6B). No impact on T cell infiltration was found in presence of anti-alpha4-beta7 and anti-NKG2D antibodies. Importantly, in these conditions (adding LPS to cocultures from CD patients), both anti-beta7 and anti-NKG2D, but not anti-alpha4-beta7, significantly reduced epithelial cell death (Figure 6C). These results strongly suggest that T cells derived from CD patients have a direct cytotoxic effect, through alphaE-beta7 and/or NKG2D, on autologous epithelial cells in inflammatory conditions.

DISCUSSION

Through access to several prospective cohorts of IBD patients, we have been able to study the lymphoepithelial interactions occurring in inflammatory lesions. Using phenotypic analysis of two independent cohorts, we found significant differences in the distribution of mucosal T cell subsets and highlighted the importance of the alphaE-beta7 and NKG2D receptors in inflammatory pathways in IBD pathogenesis. Using an innovative autologous co-culture model, we demonstrated the deleterious effect of mucosal T cells towards epithelial cells.

This potential is inhibited by blocking the NKG2D and alphaE-beta7 pathways, confirming a therapeutic potential.

In our work, we decided to consider the mucosal lymphocytes as a whole, without separating the intraepithelial lymphocytes from the lamina propria lymphocytes. A recent single cell analysis of mucosal lymphocytes from IBD patients has indeed shown phenotypic differences between these 2 lymphocyte subpopulations (Jaeger et al, 2021). However, a continuum and a largely shared TCR repertoire between T cells of the lamina propria and the epithelium has recently been demonstrated in both CD4 and CD8 T cells (Bartolomé-Casado et al, 2019).

Furthermore, the fixed view of the position of the cells given by anatomopathological studies of the digestive mucosa, is challenged by recent dynamic studies of lymphoepithelial interactions that highlight the continuous mobility of lymphocytes in contact with the epithelium and within the matrix (Enderle et al, 2021). Finally, while phenotypic characteristics differentiate intra-epithelial and lamina propria lymphocytes, it is important to keep in mind the important plasticity of mucosal T cells and their capacity to acquire surface markers and functional specificities linked to the inflammatory and cytokine context (Habtezion et al, 2016; Ma et al, 2019). From our point of view, in this approach, it seemed more legitimate to study the mucosal lymphocytes as tissue resident memory cells in their entirety.

In our phenotypic analysis, a wide range of surface markers were studied. Of these, the two expressed on alpha/beta T cells most significantly associated with inflammation were alphaE-beta7 and NKG2D. The association of these two markers thus underlines their involvement in inflammatory lesions in IBD. All the findings on the level of expression of these markers on the surface of CD4 or CD8 T lymphocytes in inflammatory lesions point in the same direction: a lower level of lymphocytes expressing the markers of interest in biopsies from inflammatory areas with a correction (significant or a trend) after effective treatment with biotherapy or in biopsies from non-inflammatory areas from the same operation. For alphaE-beta7 expression on CD8 T cells, comparable findings were made in two recent studies of patients with active IBD and during their follow-up (Roosenboom et al, 2019; Smids et al, 2018).

We previously demonstrated an increase of mucosal CD4 T cells expressing NKG2D in active CD (Allez et al, 2007). In this study, we confirm this observation in two independent cohorts. Interestingly, NKG2D expression on this subset increased in endoscopic responders to biotherapy, further showing that the engagement of the NKG2D pathway in this subset of CD4+ effector T cells.

Despite these associations it is not possible to conclude that these cells mediate direct The crypts giving rise to the organoids and the mucosal lymphocytes came from noninflamed areas of the ileal resection. This element, necessary to obtain a sufficient number of T cells and of organoids in order to carry out all the co-cultures, may explain the relatively small effect observed. In contrast, the addition of LPS resulted in an increase in organoid death in co-cultures with mucosal lymphocytes from CD patients but not from controls. After incubation with LPS, organoids from CD patients showed an increase in the release of chemokines such as CCL20, Fractalkine or IL-8 and cell stress products such as MICA or MICB. These data add to a recently published work showing an increase in the permeability of intestinal epithelial cells under the effect of LPS associated with an increase in IL-8 production in cell lines (Stephens and von der Weid, 2020).

Lymphoepithelial interactions appear to play an important role in the pathophysiology of IBD.

Thus, defects in the stimulation of regulatory T cells by signals from epithelial cells have been reported (Allez et al, 2002; Brimnes et al, 2005; Mayer and Eisenhardt, 1990). Similarly, proliferation of pro-inflammatory cytokine producing blood CD4 T cells after co-culture with epithelial cells under autologous conditions has been described in IBD patients (Dotan et al, 2007). In our model, epithelial cell death correlated with increased T cell infiltration.

Associated with this finding, we found that perforin was significantly increased in the supernatants of co-cultures. Taken together, these data suggest a direct cytotoxic effect of T cells on the epithelium.

Various pro-inflammatory cytokines such as IFNgamma, TNFalpha, IL-6 or more specifically IL-17a were also found in increased concentrations in the supernatants of co-cultures of CD patients. These findings may suggest a combined Th1 and Th17 involvement in the deleterious effect of the immune cells in co-cultures. Interestingly anti-beta7 (etrolizumab) and anti-NKG2D had comparable effects in terms of inhibition of cell death. However, distinct differences were observed in their mechanism. Anti-beta7 significantly reduced T cell infiltration and proinflammatory cytokines release (TNF, IL-6, IFNgamma, IL-17a). Dai et al recently showed in murine models that blockade of the beta7 integrin reduced retention and increased egress of both lamina propria and intraepithelial T cells from the mucosa. Through the transcriptomic analysis of mucosal T cells from CD patients treated with etrolizumab, the authors also showed that mucosal alphaE-beta7 T cells were mainly pro-inflammatory with little to no regulatory markers and that beta7 blockade reduced mucosal inflammatory T cell gene expression including TNF or IFNgamma (Dai et al, 2021). Our results are in line with these findings, going even further by demonstrating the epithelial consequences of this blockade in an autologous ex vivo model.

In the presence of anti-NKG2D antibody, no T cell infiltration decrease was observed but notably fewer markers of epithelial stress were expressed and a trend towards a reduction of perforin in the supernatants. Anti-alpha4-beta7 was used as a negative control and no such effect was seen with this monoclonal antibody. This was expected given the absence of the ligand of this antibody (MADCAM) in our co-culture model. Taken together, these different findings suggest different mechanisms of action of anti-beta7 and anti-NKG2D antibodies.

These data confirm the potential value of monoclonal antibody treatments targeting NKG2D and beta7 integrin currently under development (Allez et al, 2017; Sandborn et al, 2020).

The addition of IL-15 in our co-cultures to enhance lymphocyte survival could be a limitation of our work but it was also added in controls and no co-culture effect was found. Our experiments did not allow us to precisely understand the mechanisms underlying the autologous cell death or the precise phenotype of cells implicated. Due to the nature of the work carried out, a significant consumption of material was necessary, and a considerable number of organoids and lymphocytes had to be used. The endpoints therefore had to be precisely chosen and globally applied in order to meet the primary objective of validating the model and confirming the cytotoxic potential of the mucosal T cells.

Several questions thus remain unanswered. Which cells are precisely responsible for the epithelial cell death observed? For example, we did not assess the gamma/delta T cell population which, although present in smaller numbers in the intestinal mucosa compared to conventional lymphocytes, could be of major importance in tissue homeostasis. Are the mechanisms involved TCR dependent or independent? Is the oligoclonal TCR repertoire found in CD related to this toxicity? Moreover, in this model we investigated the 
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METHODS

Experimental models and subject details

Human ileal samples were retrieved from patients included in three different cohorts:

The ELYP cohort (Evolution des populations LYmPhocytaires sous biothérapie au cours des maladies inflammatoires de l'intestin) that aimed at evaluating the evolution of mucosal 
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Method details

Mucosal Lymphocytes (MLs) and Peripheral Blood Mononuclear Cells (PBMCs) isolation

For PBMCs, heparinized venous blood was collected at each timepoints from patients of the 3 different cohorts. Blood was diluted at 1:2 with Phosphate-buffered-saline (PBS) solution and layered through a density gradient technique using Ficoll medium. After centrifugation, mononuclear cells were collected from the interface between plasma and residual Ficoll medium and washed with PBS. For MLs, surgical specimens were washed with PBS solution. The mucosa was stripped from the submucosa cut into small pieces and incubated under rotation in 20 ml of 1/100 Fungizone (Gibco, code 15290), 1/100 50mg/ml Normocin (Invivogen, ant-nr-1) and 1/20 10mg/ml Gentamicin (Lonza, 17-519Z) in PBS for 15-20' at room temperature to avoid contamination. After a wash, pieces were enzymatically and mechanically digested under rotation at 37°C in 20 ml of complete RPMI containing collagenase IV (Sigma-Aldrich) and DNase I (Roche) for a total of 3x7 minutes separated by vigorous shakes. The supernatants were then filtered, and the mononuclear cells layered through a density gradient technique using Ficoll medium. After centrifugation, mononuclear cells were collected from the interface. In vitro mucosal lymphocytes culture MLs isolated as previously described were cultured in complete RPMI medium supplemented with IL-15 and IL-7 (Miltenyi) at the concentration of 10 ng/ml in 96 wells round bottom plate (Falcon) until their use. Two hundred cells per well were seeded.

Flow Cytometry analysis of the sorted lymphocytes

In vitro mucosal lymphocytes stimulation

MLs from CD patients were stimulated by CD3 and NKG2D using coated beads.

Briefly anti-Biotin MACS iBead Particles (130-092-357, Myltenyi Biotech) were coated with IgG1, CD3 or NKG2D biotin-labeled antibodies following manufacturer instruction. (Antibodies concentrations are the same in all conditions). Then, T cells were cultured and stimulated by the beads in cytokine-free medium during 24 h before analysis by flow cytometry and cytokine quantification in the supernatants.

Caco2 spheroids formation

After a passage, Caco2 spheroids were generated by seeding 2500 Caco2 cells in 20 μl Matrigel matrix (Corning, 100%) drops in a 48 wells flat bottom plate (Corning). To polymerize the Matrigel, the plate was then incubated for 20 minutes at 37°C with 5% CO2 concentration. 250 μl of complete RPMI was then added in each well. After an incubation of 5 days at 37°C with 5% CO2 concentration polarized empty spheroids with an approximative diameter of 150 μm were formed and recuperated.

Crypt isolation, organoid culture and incubation with LPS

Surgical specimens from the healthy ileum of CD patients and from the ileum of patients with right colon cancer who underwent hemicolectomy were washed with PBS solution. The mucosa was stripped from the submucosa cut into small pieces and incubated under rotation in 20 ml of 1/100 Fungizone (Gibco, code 15290), 1/100 50mg/ml Normocin (Invivogen, antnr-1) and 1/20 10mg/ml Gentamicin (Lonza, 17-519Z) in PBS for 15-20' at room temperature to avoid contamination. After a wash, samples were incubated in 20 ml of a 0.5mM DL-Dithiothreitol (DTT) solution in PBS for 7 minutes at room temperature to remove the mucus.

Then, after a wash, samples were incubated in 20 ml of an 8mM Ethylene Diamine Tetraacetic Acid (EDTA) solution in PBS for 1 hour under smooth agitation at 4°C. After EDTA removal, samples were immerged in a 50 ml Falcon filled with cold PBS and shaken vigorously to extract the intestinal crypts. This step was repeated 5 times and each supernatant was collected and centrifuged. The fraction with the most important number of undamaged crypts was selected for further culture. hours with Y-27632 free-Intesticult and then every two days.

After 5 days of crypt culture, organoids were formed and ready to be co-cultivated. The day before the planned co-culture (either allogenic or autologous) selected wells were incubated overnight with a LPS solution at the concentration of 1 μg/ml in either complete RPMI for Caco2 spheroids or Intesticult for organoids.

Co-cultures

Co-culture was performed 5 days after initiation of Caco2 spheroid or crypt culture. Ileal MLs were retrieved from the culture wells, washed and pooled. 250 μl of Gentle cell dissociation reagent (STEM CELL Technologies) was added to the organoids and spheroids wells, either incubated with LPS or not. After 10 minutes of incubation at room temperature under rotation, Matrigel drops were disrupted and pooled. MLs were counted on a KOVA slide and spheroids/organoids on a Petri dish. Co-cultures were then performed at the ratio of 500 MLs per spheroid for allogenic co-cultures and 10000 MLs per organoid for the autologous cocultures in an IBIDI 8 wells slide (Ibidi). MLs and spheroids/organoids were pooled at the desired ratio (with 100 spheroids and 10 organoids per Matrigel drop of 10 μl). The plate was then incubated for 20 minutes at 37°C with 5% CO2 concentration. Medium was then added (complete RPMI for allogenic co-cultures and Intesticult for autologous co-cultures) supplemented with IL-15 at the concentration of 10 ng/ml, LPS at the concentration of 2 μg/ml if required and the desired blockade antibodies. Blockade antibodies used were etrolizumab (anti beta7 antibody at the concentration of 0.5, 5 and 50 μg/ml and then at 5 μg/ml after dose range experiment (data not shown) -Roche/Genentech), vedolizumab as a control, (anti alpha4-beta7 antibody at the concentration of 5 μg/ml -Roche/Genentech) and anti-NKG2D (at the concentration of 5 μg/ml as previously described (Courau et al, 2019)-ThermoFisher). The plates were then incubated for 48 hours at 37°C with 5% CO2 concentration.

Co-cultures endpoints assessed Flow Cytometry analysis of the allogenic co-cultures

Allogenic co-cultures were recovered at 48 hours by adding 250 μl of Gentle cell dissociation reagent in each well. The 2 wells of the same condition were then pooled, washed and centrifuged. The cells pellets were then trypsinized with TrypLE Express (ThermoFisher) for 5 minutes at 37°C with 5% CO2 concentration and mechanically disrupted. Cells were then stained using the following antibodies: Annexin V-FITC, E-Cadherin-PE-Vio770 HLA-E-APC, MICA/MICB-APC-Vio770 (Miltenyi), HLA-ABC-AF700 (BioLegend), HLA-DPDQDR-BV510, CD45-BV605 (BD Biosciences) and ULBP 2/5/6-PE (RD). All samples were co-stained with DAPI to assess cell viability and diluted in optimal concentration in Annexin V binding buffer (Miltenyi). Cells were analyzed on an Attune NxT Flow Cytometer (ThermoFisher). Acquired data were analyzed using FlowJo 10.4.2 software (TreeStar).

Cytokines quantification in the co-cultures experiments

Supernatants were retrieved 48 hours after co-culture initiation and stored at -80°C. Cytokine quantification was performed using the Luminex Technology (Luminex Corp). Invitrogen ProcartaPlex (ThermoFisher) were used and samples were processed according to the manufacturer instructions. Two cytokine panels were tested. The 13-plex Human Panel High Background T cells and Natural Killer (NK) cells are major effectors of antitumor immune responses [1, 2]. Immunotherapies aimed at enhancing their activity have now reached bedside, with some outstanding effects reported in melanoma, breast or kidney cancers [3, 4]. Nevertheless, large proportions of patients fail to respond to these treatments [5] while other tumor types such as colorectal (CRC) and pancreatic cancers remain poorly responsive to immunomodulation [6]. There is thus a need to study the mode of action of existing immunotherapeutic agents and to dissect the cellular and molecular events underlying failures. This will allow the development of new immunomodulators for non-responsive cancers. One of the challenges resides in the development of relevant models to human pathologies. Indeed, mice models hardly mimic treatment resistance observed in patients and human models mainly consist of monolayer cultures that poorly recapitulate the complex features of tumor environment [7, 8]. Recently, three-dimensional tumor cultures, called tumor organoids or spheroids, have been developed from tumor cell lines or primary tumor samples cultured in non-adherent conditions [8-11]. Many studies have highlighted the similarities of these spheroids to human tumors regarding their necrotic and proliferative zones, physicochemical parameters or maintenance of mutated pathways [12-15]. Consequently, spheroids are now widely used to study the efficacy of cytotoxic treatments in various cancer types [16-19].

Interactions of tumor spheroids with T and NK cells started to be explored through heterotypic cocultures [20]. These studies brought information about NK [21-25] and T cells [26-32] capacity to infiltrate and kill tumor spheroids in various context. Yet, they did not deepen the characterization of the infiltrating cells, the mechanisms of tumor-lymphocytes interactions through activating or inhibitory pathways, nor the impact of immune modulators on tumor spheroids fate.

NK cell receptors provide activating or inhibitory signals to induce direct cytotoxicity, antibody-dependent cellular cytotoxicity (ADCC) or tolerance directed against target cells. Among them, NKG2D and NKG2A are expressed by NK cells, significant proportions of CD8 T cells and subsets of CD4 T cells [33-36]. Interactions between NKG2D and its ligands MICA/B activate NK cell cytotoxicity and have been reported to be an important costimulatory signal for T cells [37, 38]. NKG2A binding to the MHC-like molecule HLA-E provides powerful inhibitory signaling in both T and NK cells [39, 40]. NKG2D-MICA/ B and NKG2A-HLA-E pathways have been reported by our group and others as engaged in CRC and could be a potential immunotherapy for patients with CRC [41-45].

We therefore developed cocultures of CRC tumors and immune cells to study the infiltration, activation and function of immune cells toward human tumors with a particular focus on NKG2D and NKG2A pathways. We set up this model in allogeneic conditions, using healthy donor blood cells (HD PBMCs) and HT29 tumor cell line, and more importantly in autologous conditions using primary tumor-derived spheroids and tumor infiltrating lymphocytes (TILs) from the same patients.

We showed that activated/memory T and NK cells were able to infiltrate spheroids, kill tumor cells and disrupt the three-dimensional structure. Both NKG2D-MICA/B and NKG2A-HLA-E pathways were involved in these processes. Accordingly, we showed that anti-MICA/B antibodies efficiently stimulated antitumor responses. While NKG2A blockade did not show significative impact alone, combination of both MICA/B and NKG2A targeting was synergistic, inducing a strong immune-dependent destruction of patients-derived spheroids during cocultures with autologous TILs.

Methods

Cell line

Mycoplasma-free HT-29 and DLD1 tumor cell lines were obtained from ATCC (cat. HTB-38 and CCL-221) and cultured in HEPES-containing RPMI 1640 (Thermo-Fisher) complemented with 10% FCS (Eurobio), 50 U/ mL penicillin, 50 μg/mL streptomycin, 2 mM GlutaMAX and 1 mM Sodium Pyruvate (all from ThermoFisher), thereafter named complete RPMI.

Healthy donors (HD) blood cells

Heparinized venous blood was collected from healthy donors, diluted 1:2 with PBS and then layered on a density gradient (Lymphocytes separation medium, Eurobio). Peripheral blood mononuclear cells (PBMCs) were collected from the interface after centrifugation, washed with PBS, and resuspended in complete RPMI.

Cell sorting

T and NK cells were enriched from HD PBMCs by magnetic cell depletion of B cells and monocytes using anti-CD19 and anti-CD14 microbeads with the MACS technology (Miltenyi), according to the manufacturer procedures. Particular CD4, CD8, and NK cells enrichments were respectively achieved by positively sorting CD4+, CD8+ and CD8-CD56+ cells from HD PBMCs with the MACS technology.

Coculture protocol

HT29 (or DLD1) spheroids were generated by seeding 10 4 cells per well on Nunclon Sphera (ThermoFisher) or Costar ultra-low attachment (Corning) round bottom 96 wells plates in complete RPMI. 5 days later, spheroids contained 3. 10 4 cells and cocultures were started by adding 3.10 5 total or CD19 -CD14 -sorted HD PBMCs per well, together with stimulatory or inhibitory molecules. In Fig. 3, 3.10 4 cells of each subset were added with the spheroids to perform cocultures. For flow cytometry analyses, 6 wells per condition were seeded. OUT and IN compartments were isolated by first pooling the 6 cocultures wells in eppendorf tubes. Spheroids were gently resuspended and left to sediment to the bottom of the eppendorf. Supernatant cell suspension constituted the non-infiltrating immune cells (=OUT). These steps were repeated 2 times with PBS in order to wash the spheroids from the non-infiltrating immune cells. Spheroids were then trypsinized to obtain a single cell suspension (=IN) further analyzed by flow cytometry.

Cytokines and functional antibodies

The following commercial stimulatory or inhibitory molecules were used in our cocultures: Interleukin 15 (IL-15, used at 10 ng/mL, Miltenyi), anti-IFNγ blocking antibodies (B27 clone, used at 2 μg/mL, BD Biosciences) and anti-NKG2D blocking antibodies (1D11 clone, used at 5 μg/mL, BD Biosciences). Anti-NKG2A (monalizumab, hIgG4) and ADCC-enhanced anti-MICA/B (IPH4301, hIgG1) were provided by Innate Pharma along with corresponding isotype controls.

Antibodies and flow cytometry analyses

Cells were stained with saturating amounts of various fluorescent-labeled antibody combinations including anti-EpCAM (EBA-1 clone), anti-CD45 (HI30 clone), anti-CD3e (UCHT1 clone), anti-CD56 (B159 clone), anti-CD4 (SK3 clone), anti-CD8 (SK1 clone), anti-CD25 (M-A215 clone), anti-CD107a (H4A3 clone), anti-CD45RO (REA611 clone), anti-NKG2A (REA110 clone), anti-NKG2D (BAT221 clone), anti-CD137 (4B4-1 clone), anti-CD16 (3G8 clone), anti-HLA-E (3D12 clone), Annexin V and co-stained with DAPI (all from BD Biosciences or Miltenyi). Cells were analyzed with the Attune NxT flow cytometer (Life Technologies) and further analyses were performed with FlowJo software (Tree Star).

Spheroid volume calculation

Before trypsinization, pooled spheroids were placed in 96 wells plate and pictured using the EVOS FLc microscope at a 2x to 4x magnification. Images were then analyzed using the Icy software by measuring the length (L) and width (W) of each spheroid. Spheroid volumes were then calculated as follows: V = (L x W x W) / 2.

Live imaging of spheroid apoptosis

This was achieved by adding CellEvent caspase-3/-7 green dye (ThermoFisher) in the coculture wells and imaging green fluorescence across time using the Incucyte S3 system (Essen BioScience). Single pictures of each well were acquired every hour during 1 week and analyzed using Incucyte S3 software.

Immunofluorescence (IF)

Before starting the cocultures, CD19 -CD14 -sorted HD PBMCs were stained with CFSE (ThermoFisher) according to manufacturer procedure. Infiltrated spheroids were isolated at 24 h and embedded in Tissue-Tek OCT compound (Sakura). Spheroid blocs were then 20 μm-thick sliced using CM1520 cryostat (Leica), the slides were mounted with DAPI-containing Fluoromount-G (Thermofisher) and imaged at a 5x magnification using an epifluorescence microscope (Axio Imager 2, Zeiss). Quantification of CFSE+ cells infiltrating the spheroids was done using the H-K means plugin of the Icy software.

Immunohistochemistry (IHC)

The formalin-fixed spheroids were first embedded in Histogel (Thermo Scientific) and then in paraffin. Blocks were sliced in 5 μm-thick sections and immunostainings performed on a Discovery Ultra automaton (Ventana). After pre-treatment with cell conditioning 1 (Ventana), sections were incubated 1 h at 37 °C with anti-MICA/B (clone MIA4, Innate Pharma) or anti-HLA-E (clone MEM-E/02, Exbio) primary antibodies at 2 μg/mL and 1 μg/mL, respectively. Anti-mouse IgG detection system (discovery OmniMap anti-mouse HRP, Ventana) was used for HLA-E staining and an additional amplification step using tyramide was used for MICA/B staining (discovery Amp HQ kit, Ventana). After revelation with 3,3-diaminobenzidine and counterstaining with hematoxylin, sections were washed, dehydrated, cleared and mounted using a coverslipper (ClearVue, Thermo Scientific). Stained sections were finally scanned on a slide scanner (S60 Nanozoomer, Hamamatsu).

Colorectal cancer patients (CRC) samples

Between February 2017 and February 2018, 41 patients who underwent resection of colon cancer at the Saint Louis Hospital in Paris were prospectively included. This study was approved by the French ethical committee (approval n°2016/45), and all subjects gave written informed consent.

Patients' blood was manipulated the same way than HD blood (see above). Tumor samples were washed with PBS (ThermoFisher) and cut into pieces of 2 to 3 mm. Fragments were incubated for 20 min at room temperature with an antibiotic cocktail containing fungizone, normocin and gentamicin (all from ThermoFisher) to avoid contamination and then enzymatically digested for a total of 21 min at 37 °C in complete RPMI containing collagenase IV (Sigma-Aldrich) and DNase I (Roche). The supernatant was then filtered and the immune cells extracted with lymphocyte separation medium (Eurobio). Resulting tumor-infiltrating lymphocytes (TILs) were either directly analyzed by flow cytometry or cultured in complete RPMI complemented with IL-15 and IL-7 (10 ng/mL, both from Mitenyi) in order to keep them alive before coculture starting with autologous tumor spheroids.

Generation of patient-derived tumor spheroids was achieved by first culturing digested and filtered tumor in classic adherent culture flasks (BD Falcon) in complete RPMI. Cells were then washed every 2 days and cultured for up to 10 days. This allowed the isolation of adherent cells that were then trypsinized and seeded in ultra-low attachment 96 wells plates to create a unique uniform spheroid in each well. Cell numbers and subsequent setup and analyses of autologous cocultures were done using the same protocol than cocultures between HT29 cell line and HD PBMCs.

Statistical analyses

Data are expressed as Mean ± SEM. Statistically significance of differences was analyzed using GraphPad Prism 7 (GraphPad Software, La Jolla, USA) by paired Student's t test, two-way ANOVA or Wilcoxon matched-pairs signed rank test when appropriate. A p value < 0.05 was considered as statistically significant.

Results

Activated/memory T cells and NK cells infiltrate colon cancer cell line-derived spheroids

We generated colon cancer spheroids from HT29 cell line that we cocultured with peripheral blood immune cells from healthy donors (HD PBMCs), depleted of B cells and monocytes in order to enrich for T and NK cells. After coculture, infiltrating cells (IN) and cells remaining in the medium (OUT) were mechanically separated and analyzed (Fig. 1a).

To assess whether immune cells entered in the spheroids or remained in the culture medium, we analyzed cocultured spheroids by immunofluorescence (IF) and observed a deep and homogeneous infiltration of pre-stained immune cells (Fig. 1b, upper panels). By flow cytometry, we could detect infiltrating cells 24 h after coculture initiation (Fig. 1b, bottom panels), reaching about 1500 total immune cells per spheroid. Comparing cellular proportions IN and OUT of the spheroids, we observed lower T cell and higher NK cell proportions in the tumor structure (Fig. 1c, upper panels). We also found a reversal of CD4 to CD8 subpopulations ratio in the spheroids (Fig. 1c, bottom panels), pointing that NK and CD8 T cells could have a particular advantage for spheroid infiltration.

Infiltrating CD8 T cells showed increased proportions of CD45RO+ memory cells. Additionally, NK and CD8 T cells displayed increased expression of the activation marker CD25 and of the degranulation marker CD107a in the spheroids compared to OUT cells (Fig. 1d). Conversely, CD4 T cells phenotype did not seem to be impacted by spheroid infiltration, with no change in memory or activation markers observed inside the spheroids. CD4 Tregs proportions were found unchanged as well in this context (Additional file 1: Figure S1). These results suggest that memory CD8 T cells and NK cells are prone to infiltrate and get activated in spheroids.

Immune stimulation increases HT29 spheroid infiltration

We tested the possibility to modulate the immune response in this system by adding IL-15 to the cocultures. IL-15 induced a strong increase of spheroid infiltration by both T and NK cells (Fig. 1b), reaching up to 4500 total immune cells infiltrated per spheroid. It also increased the proportions of infiltrating CD8 T cells (Fig. 1c) and enhanced the activation of all infiltrating cells, as witnessed by increased proportions of CD45RO + memory CD4 and CD8 T cells and increased expression of CD25 and CD107a by T and NK cells in the spheroids (Fig. 1d). This shows that known immune mediators, such as IL-15, can modulate the activity of T and NK cells within HT29 spheroids.

Spheroid infiltration leads to tumor cell apoptosis and spheroid destruction

We explored the functional consequences of this immune cell infiltration and activation in spheroids using several methods. We first examined spheroid integrity by monitoring their volume through picture-based measurements (Fig. 2a). HT29 spheroids cocultured with T and NK cells-enriched HD PBMCs were smaller than control spheroid at 48 h, suggesting that immune cells disrupted the tumor structure (Fig. 2a). To examine the cause of such disruption, we assessed the global activation of caspase-3 and -7 in the spheroids by live-imaging (Fig. 2b and Additional file 2: Movie S1, Additional file 3: Movie S2, Additional file 4: Movie S3) and quantified Annexin V and DAPI staining of tumor cells by flow cytometry (Fig. 2c). These complementary analyses showed that spheroid destruction was correlated to an active apoptosis process in tumor cells, involving caspase-3 and -7 activation, which resulted in the accumulation of AnnexinV+DAPI+ apoptotic tumor cells.

IL-15 enhanced these apoptotic processes and induced an almost complete spheroid destruction at 48 h (Fig. 2a, b andc). Conversely, IFNγ blockade in our system resulted in decreased spheroid destruction, tumor cell apoptosis and spheroid infiltration by immune cells compared to control conditions (Additional file 1: Figure S2). Similar results were obtained using another colon cell line, DLD-1 (data not shown). Together, these results show that infiltration of tumor spheroid by activated/memory immune cells triggers tumor cell killing and spheroid destruction, which can be enhanced or dampened by immune modulation.

CD4 T cells, CD8 T cells and NK cells are self-sufficient to exert antitumor effects during the cocultures

To test the intrinsic capacity of CD4 T cells, CD8 T cells and NK cells to react toward tumor spheroids we purified and cocultured them, alone or combined, with HT29 tumor spheroids. We observed that the three cell types were self-sufficient to disrupt the three-dimensional structure, induce tumor cell apoptosis and infiltrate tumor spheroids (Fig. 3a to c). In this context, infiltrating cells showed increased levels of CD25 and CD107a compared to cells outside the spheroid, as well as higher proportion of CD45RO expression in T cells (Fig. 3d). This demonstrates the capacity of the three cell types to react to the tumor cells upon infiltration, and confirms our previous observations of an increased infiltration capacity of memory T cells as compared to naïve T cells. Overall, we also observed that NK cells were prompter than T cell subsets to infiltrate spheroids and kill tumor cells, but also that combination of the three cell types had an additive impact on the particular activation of each of them. This implies a possible cellular cooperation process between T cells and NK cells to destroy tumor spheroids in our model.

Adding of IL-15 during these cocultures then allowed us to refine our previous conclusions by showing that IL-15-mediated effects were mainly driven by NK cells 
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NKG2D-MICA/B pathway is engaged during the cocultures

We observed that NKG2D expression was increased on infiltrating CD4 T cells, unchanged on CD8 T cells and decreased on NK cells (Fig. 4a), advocating for an engagement of NKG2D in the spheroids [43]. In parallel, immunohistochemistry (IHC) analyses showed strong expression of NKG2D ligand MICA/B on tumor cells in both control and cocultured spheroids (Fig. 4b).

We tested the functional relevance of NKG2D-MICA/ B pathway by using anti-NKG2D blocking antibodies in the cocultures. Spheroid infiltration by immune cells as well as spheroid destruction and tumor cell apoptosis were significantly decreased in this condition (Fig. 4c, d ande, respectively), suggesting that MICA/B are major targets of cytotoxic cells infiltrating spheroids.

Anti-MICA/B antibodies exert antitumor effects MICA/B expression by tumor cells and NKG2D pathway engagement prompted us to test the antitumor potential of an ADCC-enhanced anti-MICA/B antibody (Fig. 5). Compared to its control isotype, anti-MICA/B induced an increased immune-dependent spheroid destruction and tumor cell death, as observed by microscopic data, live-imaging and flow cytometry (Fig. 5a, b andc, respectively). No changes were observed in the absence of immune cells (not shown).

This tumor destruction was associated with an increase of overall spheroid infiltration by T and NK cells (Fig. 5da n de ) ,w i t hu n c h a n g e dp r o p o r t i o n so fi n f i ltrating T cells (Fig. 5fa n dA d d i t i o n a lf i l e1:F i g u r eS 3 A and B) but increased proportions of infiltrating NK cells (Fig. 5g). Interestingly, NKG2D expression on infiltrating NK cells was partially restored (Fig. 5h), confirming that anti-MICA/B also blocked NKG2D interaction with its ligands in this system (Innate Pharma unpublished results). Concurringly, CD8 T cells upregulated NKG2D inside the spheroids during anti-MICA/B treatment (Additional file 1:F i g u r eS 3 C ) , Anti-MICA/B induced a strong upregulation of the early activation marker CD137 on NK cells (Fig. 5i), advocating for their increased stimulation. The Fc receptor CD16 was strongly downregulated at the NK cell surface (Fig. 5j), exhibiting the engagement of this receptor during ADCC [46]. Taken together, these results show that anti-MICA/B antibodies induce a strong NK-mediated immune antitumor response in this spheroid model.

NKG2A blockade enhances the antitumor effects of anti-MICA/B antibodies

Interestingly, we observed an increased expression of the inhibitory receptor NKG2A on infiltrating NK cells after anti-MICA/B treatment (Fig. 5k). This led us to study the expression patterns of NKG2A and its ligand HLA-E during the cocultures. We first observed that NKG2A expression was increased on infiltrating T cells and downmodulated in infiltrating NK cells compared to OUT cells (Fig. 6a). Tumor cells did not express HLA-E in control spheroids but its expression was strongly induced by the presence of immune cells (Fig. 6b). Moreover, both NKG2A and HLA-E were significantly enhanced when immune cells were stimulated with IL-15 (Fig. 6a andb). This suggests that tumor cells in the spheroids could evade the immune response through NKG2A-HLA-E interactions.

We thus assessed the antitumor potential of an anti-NKG2A blocking antibody. Surprisingly, this antibody used alone did not exert antitumor effect in these conditions when looking at microscopic, live-imaging and flow cytometry readouts (Fig. 6c, d ande, respectively).

However, NKG2D and NKG2A pathways showed interesting interactions in our system, prompting us to test the efficacy of anti-MICA/B and anti-NKG2A combination. We observed increased spheroid alteration (Fig. 6f ), tumor cells apoptosis (Fig. 6g) and spheroid infiltration (Fig. 6h) when anti-NKG2A was added to anti-MICA/B, compared to anti-MICA/B alone or isotype controls. No changes were observed in the absence of immune cells (not shown). These results suggest that anti-MICA/B and anti-NKG2A antibodies have a synergistic effect on immune mediated anti-tumor response in this spheroid model. This effect was not linked to changes in T and NK cells proportions (Additional file 1: Figure S4A andB) but associated with an increased expression of CD137 by infiltrating CD8 T cells (Additional file 1: Figure S4C). These results confirm that NKG2A-HLA-E crosstalk is We observed that T and NK cell populations presented respectively higher and lower levels of NKG2A in the tumor compared to blood (Fig. 7a). These results were comparable to what we observed between the OUT and IN compartments in the coculture model (Fig. 5a) and suggested that NKG2A pathway could be engaged in tumor-infiltrating cells during CRC.

NKG2D expression was also found lower on tumor-infiltrating CD8 T cells in CRC patients compared to blood, as already described [43]. This was also observed on NK cells (Fig. 7b), while NKG2D levels were found higher on tumor-infiltrating than on blood CD4 T cells. Intriguingly, these variations of NKG2D expression in patients were similar to those observed in our coculture model (Fig. 3a). Together, these results pointed to a potential functional relevance of NKG2A and NKG2D receptors in CRC patients.

Tumor-infiltrating lymphocytes (TILs) do not exert antitumor effects against autologous CRC patient-derived spheroids without stimulation

To test this hypothesis, we derived primary CRC tumor-spheroids that we cocultured with autologous TILs (Fig. 7c and Additional file 1: Figures S5 andS6). In these settings we observed the impact of adding autologous TILs and/or IL-15 on spheroid volume. Interestingly, we showed that adding autologous TILs did not significantly impact the spheroid structure (Fig. 7d). However, IL-15 together with autologous TILs induced an immune-mediated destruction of tumor spheroids compared to control condition or IL-15 alone, showing that TILs stimulation can exert antitumor effect in these autologous conditions. We observed no correlation between the magnitude of these effects and respective clinical data nor tumor cell content in the spheroids, as well as TILs composition in T cells and NK cells (Additional file 1: Tables S1 andS2).

Anti-MICA/B exert antitumor effect in autologous cocultures and synergizes with anti-NKG2A to disrupt tumor structure

We then tested the potential of anti-NKG2A and anti-MICA/B antibodies, alone or in combination, in these autologous conditions. Addition of these antibodies did not affect spheroid size in the absence of TILs (Fig. 7e), except for one patient for which spheroid growth was highly variable when cultured alone. During the cocultures anti-NKG2A alone did not show a reproducible effect while anti-MICA/B, alone or combined with anti-NKG2A, induced a significant immune-mediated decrease of spheroid size (Fig. 7f) compared to isotype control. By calculating the changes in spheroid volume induced by anti-MICA/B alone or combined with anti-NKG2A compared to their respective isotype control conditions, we also showed that anti-NKG2A increased the spheroid destruction induced by autologous TILs in the presence of anti-MICA/B antibodies. These results show that anti-MICA/B antibodies are able to elicit an immune-mediated destruction of CRC patients-derived spheroids in an autologous context, and that additional targeting of NKG2A inhibitory receptor enhances this effect.

Discussion

In this work, we describe that coculture of tumor spheroid with immune cells is a relevant and powerful tool to study human antitumor immune responses in vitro and ex vivo. We aimed at generating individual uniform spheroids in matrix-and growth factors-free medium to allow a rapid, precise and reproducible manipulation of coculture settings, including effectors to target cells ratio and treatments conditions. These models allowed us to develop innovative in vitro readouts such as measurements of tumor volume, shape and infiltration by immune cells as well as easy characterization of infiltrated cells, which cannot be achieved through classical monolayer culture models. By doing so, we showed that tumor spheroids can be infiltrated by allogeneic activated/ memory T and NK cells which induce tumor cell death and spheroid destruction, notably through IFNγ and NKG2D-MICA/B pathways.

The latter has been identified for a long time as an important pathway in antitumor immunity but remained controversial in regard to its pro-or anti-tumorigenic role [47]. This controversy has been recently clarified by studies that identified NKG2D-MICA/B engagement as a major mechanism of tumor immune surveillance, subverted by tumors through proteolytic shedding of surface MICA/B which at the same time lower membrane-bound MICA/B recognition by NKG2D and induce the saturation of NKG2D with soluble MICA/B [37, 47]. Recent efforts to disrupt this tolerance mechanisms showed that inhibiting MICA/B shedding was a successful strategy to boost antitumor immune responses [48]. Our results support these concepts, by showing that NKG2D blockade prevents immune infiltration and activation in tumor spheroids and that exploiting MICA/B as a tumor antigen to induce ADCC is a feasible and efficient approach.

Interestingly, our results point at another resistance mechanisms used by tumor cells that try to evade immune recognition. This is illustrated by HLA-E upregulation on tumor cells upon spheroid infiltration, associated with NKG2A increase on infiltrating immune cells. NKG2A-HLA-E pathway has already been described as a potential inhibitor of antitumor immune responses [45, 49]. In our settings, we observe that NKG2A blockade alone has no impact up to 48 h after coculturing immune cells and tumor spheroids, but that it could serve as a useful combinatorial treatment to avoid NKG2A-mediated tumor resistance to immunotherapy.

Our results are in line with other studies that used tumor spheroids to examine tumor-lymphocytes interactions in various contexts [26-32]. The specificity of our model resides in its setup simplicity and high versatility, that allows for multiple culture conditions and readouts to analyze dynamic responses in a controlled environment. To our knowledge, we are also one of the first group reporting the precise flow cytometry phenotyping of T and NK cells infiltrating human tumor spheroids, and the study of new immune modulators on human autologous antitumor responses.

We chose to focus on the response of T cells and NK cells in this context because these cells are the main effectors of antitumor immune response. Nevertheless, we observed that blood monocytes and dendritic cells are also able to efficiently infiltrate HT29 spheroids (data not shown). Heterotypic cocultures of tumor spheroids with other immune cells types could thus permit to expand our knowledge on human antitumor immune responses.

We adapted our allogeneic model to autologous cocultures derived from primary CRC tumor samples to generate a clinically relevant functional assay. Despite interindividual size variability, we were able to grow spheroids on a per-patient basis within 2 weeks. These spheroids were composed of mixed tumor-associated fibroblast and tumor cells (Additional file 1: Figures S5 andS6), thus mimicking tumor structure. Autologous cocultures with patients-derived spheroids showed that TILs were unable to reproducibly destroy autologous CRC tumors. This was expected, as tumors are edited to develop in front of an activated immune system that becomes unable to eradicate tumor cells [5]. However, we also showed that stimulating these TILs induce an immune response capable of destroying tumor structures. This has been observed using non-specific stimulation with IL-15 and more importantly using specific immune modulatory anti-MICA/B and anti-NKG2A monoclonal antibodies. Hence, spheroid cocultures are functionally relevant to the study of immunotherapies, echoing a recent study from Voest group [50], and pave the way for the study of anti-MICA/B and anti-NKG2A for cancer treatment. Our results also highlight the powerful antitumor potential of IL-15-based treatments for which cocultured spheroids could help deeply characterize the efficacy and mode of action.

Conclusions

Overall, we show that human tumor spheroids cocultured with immune cells are relevant in vitro and ex vivo tools for human functional assays. As such, they will be a major addition to our scientific arsenal to study tumor immunology and will also help the scientific community to refine, reduce and complement animal experimentation. This field of research is rather new and thus widely opened to technical and scientific advances. Active research regarding the automation, miniaturization and adaptation of spheroid coculture models to all human tumor types will allow to dynamically study the antitumor immune response arising in patients and ultimately anticipate treatments efficacy in a personalized manner.
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 1 Figure 1: The colorectal cancer development is driven by series of mutations and genetic alterations The colorectal cancer development from adenomatous polyp to adenocarcinoma is driven by series of wellknown mutations accumulated year by year. These mutations include APC/Wnt signaling, BRAF/KRAS oncogenes and TP53 tumor suppressors which successively lead to the development of an adenomatous polyp, early adenoma, adenoma and finally adenocarcinoma. The adenocarcinoma can be defined by the TNM stages, with the early stages 1 corresponding to a local tumor, stage 2 to a mucosa invading tumor, stage 3 to the invasion of the lymph nodes and stage 4 to the spread to tumor in other organs through the circulation and the development of metastasis. APC: APC: adenomatous polyposis coli, KRAS: Kirsten rat sarcoma viral oncogene homolog, BRAF: Raf murine sarcoma virla oncogene homolog B1 (Created with Biorender)
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 2 Figure 2: The anti-tumoral response of tumor infiltrating T cells are decreased by several inhibitory mechanisms including the overexpression of the immune checkpoints and the action of Tregs Adaptative and innate immunity cells are engaged in the anti-tumoral response. First, the tumor cells can be recognized by natural killer (NK) cells which present a high cytotoxicity against them. Then, dendritic cells (DCs) and macrophages eliminate them by phagocytosis. More specifically, DCs can present tumor antigen at their surface, migrate into the lymph nodes and present the antigen to the T cells leading to their activation. These activated T cells then migrate into the tumor site and present cytotoxic activity and cytokines production. However, in parallel immunosuppressive mechanisms are developed like the recruitment of Tregs and the overexpression of the inhibitory checkpoints, like PD-1, CTLA-4, TIM-3 and LAG-3. These mechanisms lead to the inhibition of the T cell activation and cytotoxic functions, establishing an environment favorable for the tumor growth. PFN: perforin, GzmB: granzyme B, IFN : interferon-gamma TNF : Tumor necrosis factor, PD-1: programme cell death 1, CTLA-4: cytotoxic T-lymphocyte-associated protein 4, TIM-3: T-cell immunoglobulin and mucin containing protein-3, DCs: dendritic cells, NK: natural killer, LNs: lymph nodes, MHC: major histocompatibility complex, TCR: T cell receptor (Created with Biorender)
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 3 Figure 3: Anti-and pro-tumoral functions of Th1, Th2, Th17 and Tregs subsets Th1 cells are well-characterized as strongly anti-tumoral cells. These effects is due to their induction of M1 macrophages differentiation, their upregulation of MHC-I complex and co-stimulator favoring the T cell activation and their inhibition of Tregs. However, in a feed-back control loop, they can also produce IL-10 inducing their regulation. Th2 and Th17 cells present both anti-tumoral and pro-tumoral effects, with mainly an effect on the immune cells recruitment, differentiation, on the tumor cell proliferation and angiogenesis. Conversely Tregs are strongly pro-tumoral with an immunosuppressive impact on the T cell activation. Hence, a Th1 signature in the tumor immune infiltrate is associated with a good prognosis. However, the infiltration of Tregs was correlated with both good and poor prognosis, mainly depending on the tumor stages. IFN : interferon-gamma TNF : Tumor necrosis factor, TGF : Tumor growth factor, MHC: Major histocompatibility complex, CTLs: cytotoxic lymphocytes, DCs: dendritic cells, APCs: Antigen presenting cells, ICIs: Immune checkpoints inhibitors, T-bet: t-box transcription factor TBX21, STAT1/3/4: Signal transducer and activator of transcription 1/3/4, GATA3: Trans-acting T-cell-specific transcription factor, RORgt: Retinoic acid-receptorrelated orphan receptor, Foxp3: forkhead box P3. (Created with Biorender)
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 5 Figure 5: Trm are quiescent resident T cell which can be reactivated in the tissue after the antigen recognition After activation in lymphoid structure, activated T cells are attracted to the tumor site by the CCL20, CCL25 and CCL28 gradient. Tissue resident memory T cells (Trm) differentiation and maintenance is induced by tissuederived signals, such as TNF , TGF , IL-15 or IL-33, which upregulate key transcription factors leading to the expression of resident CD103 and CD69. These cells stay for several years in the intestine monitoring the antigen they can encounter. After re-exposure to a cognate antigen they can fastly initiate an immune response which includes their proliferation and re-differentiation, their production of cytokine and release of granzyme B and perforin and their release of chemokines to attract the other immune cells. Present in the tissue, they are in first line to defense the intestine. (From Paap et al, Frontiers Immunol, 2021) Trm: tissue resident memory T cells, TNF : Tumor necrosis factor, Granzyme B: GzB, CCL20/25/28: chemokine (C-C motif) ligand 20/25/28, CXCL9/10: chemokine (C-X-C motif) ligand 9/10 (Created with Biorender)
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 6 Figure 6: The immunostimulatory extracellular ATP is metabolized by CD39 and CD73 into immunosuppressive adenosine blocking the T cell activity and favoring tumor growth Extracellular ATP (eATP) is a danger signal which can activate several immune cells. Its interactions with P2XR purinergic receptors induce the recruitment and polarization of M1 macrophages, maturation of dendritic cells facilitating the Th1 differentiation of T cells and the CTLs cytotoxicity. eATP also impacts directly the T cells through the the increase of their activation and proliferation, and the inhibition and apoptosis of Tregs. eATP presents immunostimulatory effects enhancing the potential anti-tumor response of T cells. However, these eATP can be metabolized by CD39 and CD73, two enzymes expressed on T cells and tumor cells respectively, in adenosine. Conversely to eATP, adenosine presents strong immunosuppressive properties including the induction of a tolerant DCs phenotype, the M2 polarization of macrophages, the T cell anergy in favor to Tregs, and an effect on the TME where adenosine increases the tumor cell growth, the extracellular matrix remodeling and the angiogenesis. The overexpression of these two enzymes, CD39 and CD73, in the TME lead to the accumulation of immunosuppressive adenosine favorable for tumor growth. ATP/ADP: adenosine tri/di phosphate (Created with Biorender)
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 8 Figure 8: The three-dimensional culture is more representative of the primary tumor in term of cell organization and chemical gradientsThe three-dimensional (3D) culture in spheroids are more representative than two-dimensional (2D) culture in term of organization, chemical gradients and drug sensitivity. Indeed, as for primary tumor, spheroids are composed of different layers of cells, with from the center to the surface, a necrotic core of dead cells, an inner layer of quiescent cells and an outer layer of hyperproliferative cells, allowing a better representation of the cellcell interactions. In this structure, there is a decreased gradient of nutrients and oxygen from the center to the surface, and an important accumulation of waste into the spheroid core. These oxygen and nutrients restrictions participate to the presence of quiescent cells particularly less sensitive to anti-tumoral treatments, explaining the higher drug resistant of the spheroids compared to 2D culture. (Created with Biorender)
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 9 Figure 9: Culture of three-dimensional spheroids: scaffold-free or scaffold-based technics Various technics exist to culture tumor spheroids. There are scaffold free methods including non-adherent surface culture, hanging drop method, suspension culture and magnetic levitation protocol. Scaffold-based protocols with spheroid culture in natural or synthetic gels are also used. Advantages and disadvantages of all these methods are described for each one. ECM: Extracellular matrix (Created with Biorender)
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 10 Figure 10: Different technics used to coculture patient-derived spheroids with their autologous immune cells to study and modulate the anti-tumor T cell response Various technics were developed to coculture tumor spheroids from human colorectal tumor and autologous immune cells. Dutta et al and Kong et al realize a complete digestion of tumor fragments. The tumor spheroids are cultured alone in ECM and the T cell are expanded in parallel. Spheroids and T cells are then put in coculture in ECM and RPMI medium. Others researchers directly put in culture the tumor fragments without dissociate the cells. Tumor fragments are cultured in transwell or in a microfluidic chip allowing a constant medium suppling. In these models, no difference is made between the tumor and immune cells, and subsequently the tumor fragments are cultured with the immune cells already present, avoiding modulation of the immune compartment. NK: Natural Killer, ECM: Extracellular matrix (Created with Biorender)

  To compare by flow cytometry and immunohistochemistry the phenotype of T cell infiltrated in tumor and non-tumoral mucosa to identify new pathways upregulated in the tumor, with a focus on the CD39/CD73 adenosinergic pathway and the exhausted KLRG1 positive cells -To integrate this phenotypic data with the patients' clinical parameters and potentially identify subsets of patients associated with these identified targets -To set up a relevant and innovative autologous coculture model between spheroids created from the tumor of one patient, and T cell extracted from the tumor of the same patient -To use this autologous coculture model to assess the effect of CD39 and CD73 blockade on T cell activation and tumor spheroid destruction -To use this autologous coculture model to better understand the role of the CD103+ and KLRG1+ CD8 TILs in the anti-tumor T cell response, and then target the inhibitory receptor KLRG1 in this system

  The final objective was to use the tumor sample to set up an autologous coculture model and modulate the potential new targets, here the CD39/CD73 and KLRG1/CD103 pathways. Clinical data were collected including a median follow-up of 2.3 years (280 days).
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 11 Figure 11: The protocol of the prospective IMCO cohort
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 13 Figure 13: Allogenic and autologous protocols used to target the CD39/CD73 pathwayThe allogenic coculture was made between. HT29 spheroids and mucosa lymphocytes. (A) The HT29 cells were put in non adherent plate for 3 days in complemented RPMI medium. After that, mucosa lymphocytes extracted from IMCO specimen were put in coculture with the spheroids (ratio 1 target:1T cells) in Matrigel in medium alone, with IL-15, CD39-inhibitor (ARL 67156, 10 M), CD73-inhibitor (APCP, 20uM) or with the both inhibitors. After 2 days, the coculture were recovered and analyse by flow cytometry to compare the spheroid destruction through a Caspase3+/-DAPI double staining. The autologous coculture (B) comes from the digestion of the tumor sample. One part of the digested tumor in put in culture in non adherent plate to form tumor spheroids, and infiltrating T cells were extracted from the other one through a Ficoll and put in culture with IL-15 and IL-7 waiting for the spheroids formation. After 5 days, the T cells and the tumor spheroids were cocultured together (0.1 TILs/10 spheroids). The first hours of coculture were acquired with a two photons microscope to assess the T cell mobility and activation. The other wells were fixed after two days. The T cell, the spheroids and their death were stained with an CD3, EpCam and Caspase 3 staining respectively. The coculture acquisition was made with a confocale microscope (200X) and the T cell infiltration and spheroid destruction were measured with the Icy software. The coculture supernatant were recovered before fixation and the cytokines released inside were analysed by Luminex. TILs: tumor infiltrating lymphocytes, MLs: mucosal lymphocytes
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 14 Figure 14: Autologous protocols used to target the KLRG1/CD103 pathway One part of the digested tumor in put in culture in non-adherent plate to form tumor spheroids. Infiltrating T cells were extracted from the other one through a Ficoll and put in culture with IL-15 and IL-7 waiting for the spheroids formation.The day before the coculture, the KLRG1+CD103-and KLRG1-CD103+ CD8 T cells were sorted and put in resting overnight at 37°C. The next morning, the T cells, from one or the other population, and the tumor spheroids were cocultured together (10 000 TILs/10 spheroids) in coculture alone or with a blocking anti-E-cadherin antibody. Wells were fixed after two days of coculture and, as in the previous protocol, the T cell infiltration and spheroid destruction were measured with the Icy software. The coculture supernatant were recovered before fixation and the cytokines released inside were analysed by Luminex. Finally, in parallel some freshly extracted T cells were recovered and the transcriptomic of the T cells were analysed by a multiplex PCR (Biomark, Fluidigm).
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 15 Figure 15: Decreased cytotoxic T cell populations in tumor infiltrating lymphocytes (TILs) compared to matched mucosal lymphocytes (MLs) TILs and MLs were extracted from tumor or distal colon mucosa and analyzed by flow cytometry. (n=44) (A) CD8 (brown) and Ki67 (purple) staining were assessed by immunohistochemistry. (n=34) (B) All the comparisons were made with a paired Wilcoxon test. *:p<0.05, **:p<0.01, ***:p<0.001, ****:p<0.0001
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 18 Figure 18: Correlation between the expression of markers in intra-tumoral CD4 and CD8 T cellsA matrix correlation was created for the two lymphocyte subsets. A spearman test was used and the significant association were marked in red for a p<0.05 and orange for 0.05<p<0.06.

Figure 19 :

 19 Figure 19: Clinical characterization of patients whose T cell phenotype was analysed A bivariate analysis was made between the tumor localisation (A), the TNM stages (B), the microsatellite instability (MSI) status (C), the patient outcome (D) and all the other clinical parameters collected.
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 2021 Figure 20: Comparison of CD4 and CD8 T cells phenotype in relation to tumor localization and the MSI status Tumor infiltrating lymphocytes (TILs) and mucosal lymphocytes (MLs) were extracted from the digested tissues (mucosa in blue and tumor in red). T cell proportions and their expresssion of immunosuppressive and exhauxtion markers were compared between the tumor localization: right (n=20), left colon (n=16) and rectum tumors (n=6) (A), and between the MSS/MSI status (n=38/6) (B) All the comparisons were made with a non paired Wilcoxon test. *:p<0.05, **:p<0.01, ***:p<0.001
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 22 Figure 22: Clinical correlation of CD73 expression on mucosa and tumor infiltrating lymphocytes Tumor infiltrating lymphocytes (TILs) were extracted from the digested tumor. The expression of CD73, and ist coexpression with CD39, on CD4 and CD8 T cells was assessed depending on the tumor localisation (A), the MSI status (B) and the TNM stages (C) *:p<0.05, **:p<0.01, ***:p<0.001
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 23 Figure 23: CD39 inhibition did not increase the destruction of HT29 spheroids by allogenic mucosal Mucosal lymphocytes (MLs) were extracted from IMCO patients' non tumoral mucosa and maintained in culture with IL-7 and IL-15 for 5 days. Post culture, their phenotype was analyzed by flow cytometry. (A) These immune cells were then put in coculture with HT29 spheroids alone (without cytokines), with IL-15 or with the CD39 inhibitor (CD39-inhib). Spheroids alone were also cultured in parallel without cytokines, with IL-15 or CD39 inhibitor. Spheroids of each conditions, controls and cocultures, were recovered after 48 hours of coculture and destruction were assessed by flow cytometry (AnnexinV+/-DAPI+ EpCam+ cells). (n=15) (B) All the comparisons were made with a paired Wilcoxon test. *:p<0.05, **:p<0.01, ***:p<0.001

Figure 24 :

 24 Figure 24: Primary tumor spheroid after 7 days of culture Tumor was digested with collagenase and DNAse I and tumor cells were put in culture in non-adherent plates for 7 days. Photos were made by light contraste microscopy (200X). (A) Tumor spheroids were made in Matrigel, fixed and permeabilized. The tumor cells and their nucleus were stained with EpCam (green) and DAPI (blue), respectively. The spheroid death was assessed with a Caspase 3 staining (white). (B) The proliferative capacity of tumor spheroid was measured with Ki67 (magenta) (C). An example of the spheroid destruction measurement was represented in panel (D). A threshold was applied to select the caspase positive staining. The volume of the totale staining was then measure and divided by the spheroid volume giving the caspase 3 fluorescence/um 3 .

Figure 25 :

 25 Figure 25: The CD39-inhibition increased the speed and activation of TILs in coculture with their autologous spheroids Primary tumor spheroids were made in coculture with their autologous TILs. The phenotype of the T cells at the moment of the coculture was analyzed by flow cytometry. (A) The first ten hours of coculture were acquired (one acquisition every 5 minutes) (n=4). The CD45+ immune cells (blue) in interaction with the tumor spheroid (orange) were tracked (one color/track). (B) The average speed, the total displacement, the linearity and the arrest coefficient were calculated for the immune cells able to interact with the spheroid (IN cells). (C) The clinical parameters of the 12 patients analyzed by this model are in the Table 2. A paired Wilcoxon test was made for the others comparisons. *:p<0.05, **:p<0.01, ***:p<0.001

Figure 27 :

 27 Figure 27: Effect CD73 inhibition on spheroid destruction in allogenic and autologous conditions Mucosal lymphocytes were extracted from IMCO patients' non tumoral mucosa and maintained in culture with IL-7 and IL-15 for 5 days. These immune cells were then put in coculture with HT29 spheroids alone, with CD73 inhibitor (CD73-inhib) or in combination with the CD39 inhibitor. The CD73 expression (A) and the spheroid destruction (B) were assessed by flow cytometry (AnnexinV+DAPI+/EpCam+ cells). (n=15) Primary tumor spheroids were made in coculture with their autologous TILs. The TILs phenotype at the moment of coculture was assessed by flow cytometry (Figure 5) Cocultures were fixed and permeablized after 48 hours. Tumor spheroids, T cells and cell apoptosis were stained with an Epcam, CD3 and caspase 3 stainings respectively. The T cell infiltration (compared to coculture) (C) and the spheroid destruction (compared to matched-spheroid condition) (D) were calculating by image analysis. All the comparisons were made with a paired Wilcoxon test : *:p<0.05, **:p<0.01, ***:p<0.001

Figure 29 :

 29 Figure 29: Comparison of CD57 and KLRG1 expression in relation to tumor localization, MSI status, TNM stages and patients' outcome Tumor infiltrating lymphocytes (TILs) and mucosal lymphocytes (MLs) were extracted from the digested tissues (mucosa in blue and tumor in red). CD8 T cell proportion and their expression of exhaustion markers were compared between the tumor localization: right (n=20), left colon (n=16) and rectum tumors (n=6) (A), between the MSS/MSI statuts (n=38/6) (B), between the 1-2 and 3-4 TNM stages (n=23/21) (C), and their outcome (n=12 relapsers) (D). All the comparisons were made with a non paired Wilcoxon test. *:p<0.05, **:p<0.01, ***:p<0.001

Figure 30 :

 30 Figure 30: On CD8 TILs, KLRG1 and CD103 are mutually exclusive and could define two functionally different subsets TILs and MLs were extracted from tissue digestion and put in culture for 4 days with IL-15 and IL-7. Their expression of CD103 and KLRG1 was then assessed by flow cytometry. (A) The transciptomic profile of the KLRG1+ and CD103+ cells was also analyzed by mutliplex PCR for patient 19. (B) Primers used are in the Supplementary Table1. RNA expression ofr each primer was normalized with the GAPDH value.

Figure 31 :Figure 32 :

 3132 Figure 31: Primary tumor spheroid are composed of hyperproliferative epithelial cells Tumor was digested with collagenase and DNAse I and tumor cells were put in culture in non-adherent plates for 5 days for spheroid formation. Tumor spheroids were made in Matrigel, fixed, permeabilized, stained and observed by confocal microscopy (20X). The tumor cells and their nucleus were stained with EpCam (green) and DAPI (blue), respectively. The spheroid death was assessed with Caspase 3 staining (cyan) (A). The proliferative capacity of the spheroids was measured with Ki67 staining (purple) (B). The tumor spheroid E-cadherin expression was also referenced (yellow) (C)
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Figure 1 :

 1 Figure 1: Decreased cytotoxic T cell populations in tumor infiltrating lymphocytes (TILs) compared to matched mucosal lymphocytes (MLs) TILs and MLs were extracted from tumor or distal colon mucosa and analyzed by flow cytometry. (n=44) (A) CD8 (brown) and Ki67 (purple) staining were assessed by immunohistochemistry. (n=34) (B) All the comparisons were made with a paired Wilcoxon test. *:p<0.05, **:p<0.01, ***:p<0.001, ****:p<0.0001

Figure 2 :

 2 Figure 2: Increased expression and co-expression of the immune checkpoints in the tumor PD-1 and CTLA-4 were analyzed by flow cytometry on T cells extracted from tumor and non tumoral mucosa. (n=44) (A) PDL-1 staining were assessed by immunohistochemistry. (n=34) (B) All the comparisons were made with a paired Wilcoxon test. *:p<0.05, **:p<0.01, ***:p<0.001, ****:p<0.0001

Figure 3 :

 3 Figure 3: Increased of CD39 expression and co-expression with PD-1 in the tumor CD39 and PD-1 were analyzed by flow cytometry on T cells extracted from tumor and nontumoral mucosa. (n=44) (A) CD39 staining were assessed by immunohistochemistry. (n=34) (B) All the comparisons were made with a paired Wilcoxon test. *:p<0.05, **:p<0.01, ***:p<0.001, ****:p<0.0001

Figure 4 :

 4 Figure 4: Comparison of CD4 and CD8 T cells phenotype in relation to tumor localization and the TNM stages Tumor infiltrating lymphocytes (TILs) and mucosal lymphocytes (MLs) were extracted from the digested tissues (mucosa in blue and tumor in red). T cells proportions and their expresssion of immunosuppressive and exhauxtion markers were compared between the tumor localization: right (n=20), left colon (n=16) and rectum tumors (n=6) (A), and between the 1-2 and 3-4 TNM stages (n=23/21) (B) All the comparisons were made with a non paired Wilcoxon test. *:p<0.05, **:p<0.01, ***:p<0.001

Figure 5 :

 5 Figure 5: The CD39-inhibition increased the speed and activation of TILs in coculture with their autologous spheroids Primary tumor spheroids were made in coculture with their autologous TILs. The phenotype of the T cells at the moment of the coculture was analyzed by flow cytometry. (A) The first ten hours of coculture were acquired (one acquisition every 5 minutes) (n=4). The CD45+ immune cells (blue) in interaction with the tumor spheroid (orange) were tracked (one color/track). (B) The average speed, the total displacement, the linearity and the arrest coefficient were calculated for the immune cells able to interact with the spheroid (IN cells). (C) The clinical parameters of the 12 patients analyzed by this model are in the Supplementary Table 2. A paired Wilcoxon test was made for the others comparisons. *:p<0.05, **:p<0.01, ***:p<0.001

Figure 6 :

 6 Figure 6: T cell infiltration and spheroid destruction upon autologous coculture is modulated by CD39 inhibition Primary tumor spheroids were made in coculture with their autologous TILs and fixed after 48 hours. (A) The T cell infiltration (compared to coculture) and the spheroid destruction (coculture condition/matched-spheroid condition ratio) were calculated. (B) The correlation between the CD39 expression on CD4 and CD8 T cells and the T cell infiltration and spheroid destruction were made. (C) The cytokines released in the coculure supernatants were analysed by Luminex for the 4 last cocultures. (D) The clinical parameters of the 12 patients analyzed by this model are in the SupplementaryTable 2. A paired Wilcoxon test

2

 2 

  . A paired Wilcoxon test was made for the others comparisons. *:p<0.05, **:p<0.01, ***:p<0.001
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 1234 Figure 1: Decreased cytotoxic T cell populations in tumor infiltrating lymphocytes (TILs) compared to matched mucosal lymphocytes (MLs) TILs and MLs were extracted from tumor or distal colon mucosa and analyzed by flow cytometry. (n=44) (A) CD8 (brown) and Ki67 (purple) staining were assessed by immunohistochemistry. (n=34) (B) All the comparisons were made with a paired Wilcoxon test. *:p<0.05, **:p<0.01, ***:p<0.001, ****:p<0.0001
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  Figure 6: T cell infiltration and spheroid destruction upon autologous coculture is modulated by CD39 inhibition Primary tumor spheroids were made in coculture with their autologous TILs and fixed after 48 hours. (A) The T cell infiltration (compared to coculture) and the spheroid destruction (coculture condition/matchedspheroid condition ratio) were calculated. (B) The correlation between the CD39 expression on CD4 and CD8 T cells and the T cell infiltration and spheroid destruction were made. (C) The cytokines released in the coculure supernatants were analysed by Luminex for the 4 last cocultures. (D) The clinical parameters of the 12 patients analyzed by this model are in the Supplementary Table2. A paired Wilcoxon test was made for the others comparisons. *:p<0.05, **:p<0.01, ***:p<0.001
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 2354696 Correlation between the expression of markers in intra-tumoral CD4 and CD8 T cells (related to Figure 1-2-3)A matrix correlation were created for the two lymphocyte subsets. A spearman test was used and the significant association were marked in red for a p<0.05 and orange for 0.05<p<0.06. Clinical characterization of patients whose T cell phenotype was analysed A bivariate analysis was made between the tumor localisation (A), the TNM stages (B), the MSI status (C), the patient outcome (D) and all the other clinical parameters collected.PD-1+/CD4+(%)SupplementaryFigure 4: CD39 and PD-1 expression depending on TNM stages and MSI status of the tumor (related to Figure 4) Tumor infiltrating lymphocytes (TILs) were extracted from the digested tumor. CD4 and CD8 T cells proportions and their expresssion, and co-expression, of PD-1 and CD39 were compared between the TNM stages (n=6/17/13/8) (A) and MSS/MSI status (n=38/6) (B) by flow cytometry. All the comparisons were made with a non paired Wilcoxon test. *:p<0.05 Clinical correlation of CD73 expression on mucosa and tumor infiltrating lymphocytes (related to Figure Tumor infiltrating lymphocytes (TILs) were extracted from the digested tumor. The expression of CD73, and ist co-expression with CD39, on CD4 and CD8 T cells was assessed depending on the tumor localisation (A), the TNM stages (B-C) and the MSI status (D) *:p<0.05, **:p<0.01, ***:p<0.001 CD39 inhibition did not increase the destruction of HT29 spheroids by allogenic mucosal lymphocytes (related to Figure 6) Mucosal lymphocytes were extracted from IMCO patients' non tumoral mucosa and maintained in culture with IL-7 and IL-15 for 5 days. These immune cells were then put in coculture with HT29 spheroids alone (without cytokines), with IL-15 or with the CD39 inhibitor (CD39-inhib). Spheroids alone were also cultured in parallel without cytokines, with IL-15 or CD39 inhibitor. Spheroids of each conditions, controls and cocultures, were recovered after 48 hours of coculture and destruction were assessed by flow cytometry (AnnexinV+/-DAPI+ EpCam+ cells). (n=15) All the comparisons were made with a paired Wilcoxon test. *:p<0.05, **:p<0.01, ***:p<0.Effect CD73 inhibition on spheroid destruction in allogenic and autologous conditions (related to Figure Mucosal lymphocytes were extracted from IMCO patients' non tumoral mucosa and maintained in culture with IL-7 and IL-15 for 5 days. These immune cells were then put in coculture with HT29 spheroids alone, with CD73 inhibitor (CD73inhib) or in combination with the CD39 inhibitor. The CD73 expression (A) and the spheroid destruction (B) were assessed by flow cytometry (AnnexinV+DAPI+/EpCam+ cells). (n=15) Primary tumor spheroids were made in coculture with their autologous TILs. The TILs phenotype at the moment of coculture was assessed by flow cytometry (Figure 5) Cocultures were fixed and permeablized after 48 hours. Tumor spheroids, T cells and cell apoptosis were stained with an Epcam, CD3 and caspase 3 stainings respectively. The T cell infiltration (compared to coculture) (C) and the spheroid destruction (compared to matched-spheroid condition) (D) were calculating by image analysis. All the comparisons were made with a paired Wilcoxon test : *:p<0.05, **:p<0.01,

INTRODUCTION

  The pathophysiology of Inflammatory Bowel Diseases (IBD) involves environmental triggers, genetic predispositions, microbial factors and the intestinal immune system resulting in aberrant responses responsible for chronic inflammation(Torres et al, 2017; Ungaro et al, 2017). The intestinal mucosa defenses consist mainly of the epithelial cell barrier and networks of innate and specialized immune cells distributed throughout the mucosa(Mowat and Agace, 2014). The large number of T lymphocytes present in the ileal mucosa, their important diversity and their interrelation with the rest of the immune system, the microbiota and the intestinal barrier make them major players in intestinal homeostasis with a definite role in the pathophysiology of IBD(Giuffrida et al, 2018). We recently showed that intestinal T cell clonal expansions are associated with post-operative recurrence in Crohn's disease (CD) patients (Allez et al, 2019). Resident memory T (Trm) cells, a subtype of T lymphocytes, present in mucosal tissues (intestine, skin, bronchopulmonary tract) close to the potential site of arrival of pathogens have distinct transcriptional and phenotypic signatures compared to blood memory T cells (Schenkel and Masopust, 2014, Kumar et al, 2017; Mackay and Kallies, 2017).Phenotypically, they constitute a heterogeneous population with various functions depending on their location, cytokine production and level of activation. These cells have been widely described in recent years but their involvement in the pathophysiology of IBD remains controversial.The alphaE-beta7 integrin is a major phenotypic marker of these cells (Peterson and Artis, 2014; Zundler et al, 2019a) which might play an important role in intestinal homeostasis. This molecule is formed by the alphaE and beta7 subunits that bind to E-Cadherin expressed by epithelial cells. Its expression is higher on CD8 than CD4 T cells, especially in the small intestine(Park and Kupper, 2015; Ichikawa et al, 2018). We recently demonstrated that CD8 T cells expressing alphaE-beta7 in CD seem to induce a tissue-wide alert increasing innate immune responses and recruitment of effector cells via the production of cytokines of the Th17 pathway(Bottois et al, 2020). In addition, the presence of CD4 T cells expressing CD69 and alphaE-beta7 cells in the mucosa of IBD patients was demonstrated to be predictive of the development of flares(Zundler et al, 2019b).

  TCR stimulation associated with NKG2D-MICA binding induced cytotoxicity and the production of pro-inflammatory cytokines such as INFg, TNFa and IL17(Allez et al, 2007; Pariente et al, 2011, Camus et al, 2014). These lymphocyte populations seem to play different roles in IBD and there is a need for a human functional ex vivo biological assay in which to test the impact of T cell populations on epithelial cells and to explore their contributions in the pathophysiology of IBD.One major breakthrough in the field of cell biology in the past decade is the so-called "organoid" technology that consists of the culture and growth of epithelial stem cells embedded in extracellular matrix forming complex multicellular three dimensional structures (Bar-Ephraim et al, 2020; Sato et al, 2009). These polarized organoids were first described for the intestine, where crypts extracted from the native tissue develop ex vivo recapitulating structures with different types of differentiated epithelial cells that are present in the tissue of origin. Two recent studies showed that organoids derived from active lesions of IBD patients maintained permanent changes in mRNA expression in the stem cell compartment(Arnauts et al, 2020; d'Aldebert et al, 2020). These transcriptional modifications were also associated with altered functions of the epithelium. A recent study showed that enteroids generated from patients with severe CD lacked several junction proteins like desmosomes at a posttranscriptional level, while maintaining mRNA levels comparable to those of control organoids(Meir et al, 2020).

  epithelial damage in the initiation of inflammation. A functional human co-culture autologous model was the most relevant way to answer this question. In oncology, some recent works have reported the development of allogeneic or autologous co-culture models to understand the mechanisms of tumor development, their resistance to the immune response and their sensitivity to treatments (Bar-Ephraim et al, 2020; Chakrabarti et al, 2021; Courau et al, 2019). In IBD, such studies on autologous models have not yet been developed. The allogeneic model based on polarized Caco2 spheroids highlighted the increased cytotoxic potential of lymphocytes from CD patients compared to controls but also allowed the development of the more relevant autologous model. Thus, under autologous co-culture conditions, we were able to demonstrate a significant T cell infiltrate within the organoids and an increase in epithelial cell death under co-culture conditions.

Figure 1 :Figure 2 :Figure 3 :Figure 4 :

 1234 Figure 1: Mucosal T cells of active IBD patients present an increase of the CD4 to CD8 ratio. A: Gating strategy for CD4 and CD8 stainings in flow cytometry. B: Comparison of mucosal CD4 and CD8 T cells rates between controls and patients from the ELYP cohort at week 0 before treatment initiation. C: Comparison of mucosal CD4 and CD8 T cells rates between controls, CD patients inflamed mucosa and CD patients uninflamed mucosa (patients with ileal CD from the REMIND cohort. CTR: ileal mucosal samples). D: Evolution of mucosal CD4 and CD8 T cells rates in IBD patients from the ELYP cohort with endoscopic response to biotherapy. E: Evolution of mucosal CD4 and CD8 T cells rates in IBD patients from the ELYP cohort without endoscopic response to biotherapy. CD= Crohn's Disease, CTR= Control, IBD= Inflammatory Bowel Disease, R= Responders, Inf= Inflamed, Uninf= Uninflamed. *: p<0.05 Mann Whitney Test; + : p<0.05 Wilcoxon Paired Test

Figure 5 :

 5 Figure 5: Autologous T cells from CD patients infiltrate organoids and induce epithelial cell death A: Organoid alone or in coculture with mucosal T cells from CD patients in brightfield microscopy (10X) and confocal microscopy (200X: Blue: DAPI; Light Blue: E-Cadherin, Red: CD3, Pink: Caspase 3). The red arrow designates an infiltrated T cell B: T cell infiltration in the organoids evaluated by the number of CD3 positive-cells in contact or infiltrating each organoid with or without LPS preincubation. Each dot corresponds to the median of the values obtained for organoids of a given patient. Each shape of point corresponds to a given patient. CTR: n=6, CD: n=7 C: Organoid epithelial cell death evaluated by Caspase 3 fluorescence area over organoid volume in organoids alone or cocultures with or without LPS preincubation. CTR: n=6, CD: n=7 D: Correlation between T cell infiltration and epithelial cell death in coculture with LPS preincubation. Each dot corresponds to the absolute value obtained for an organoid. E: Cytokine detection matrix in the supernatants. Each square represents the median value of the results obtained for each well of a given condition in the distinct patients. The color of each square stands for the level expression (Form light blue: low expression to deep red: high expression). CTR: n=6 CD: n=6. F: Absolute values of cytokine quantification of 6 analytes (IL-17a, IL-8, TNFα, IFNγ, Perforin and IL-6) in the supernatants from CD patients. Each dot corresponds to the absolute value obtained for a given condition. Each shape of point corresponds to a given

Figure 6 :

 6 Figure 6: Anti-beta7 and anti-NKG2D monoclonal antibodies reduce epithelial cell death in autologous cocultures A: Organoid in coculture with mucosal T cells from CD patients without (left) or with anti-beta7 (right) in confocal microscopy (200X: Blue: DAPI; Light Blue: E-Cadherin, Red CD3, Pink: Caspase 3). B: T cell infiltration in the organoids evaluated by the number of CD3 positive-cells in contact or infiltrating each organoid with LPS incubation. Each dot corresponds to the median of the values obtained for organoids of a given patient. Each shape of point corresponds to a given patient. CTR: n=6, CD: n=7 C: Organoid epithelial cell death evaluated by Caspase 3 fluorescence area over organoid volume in organoids alone or cocultures with LPS incubation. CTR: n=6, CD: n=7 D: Cytokine detection matrix in the supernatant in LPS coculture conditions. Each square represents the median value of the results obtained for each well of a given condition in the distinct patients. The color of each square stands for the level expression (Form light blue: low expression to deep red: high expression). CTR: n=6, CD: n=6 E: Absolute values of cytokine quantification of 6 analytes (IL-17a, IL-8,TNFα, IFN, Perforin and IL-6) for CD patients. Each dot corresponds to the absolute value obtained for a given condition (with LPS). Each shape of point corresponds to a given patient. CC= Coculture, CD= Crohn's Disease, CTR= Control, ML= Mucosal Lymphocytes, Orga= Organoid. + : p<0.05 Wilcoxon paired test

  MLs and PBMCs phenotypes from patients' samples of the ELYP cohort at different timepoints were performed using alphaE-beta7-FITC, TCR gamma/delta-PE-Cy7 (Beckman Coulter), CD127-FITC, PD1-PE-Vio770, CD73-PE, CTLA4-APC, CD39-APC-Vio770, CCR6-PE, PD1-PE-Vio770, NKG2D-APC, CD45RO-APC-Vio770 (Miltenyi), CD3-AF700, CD161-PE-Cy5, CD25-BV510, CD8-BV605 and CD4-BV711 (BD Biosciences), Valpha7,2-BV510 (BioLegend). MLs phenotypes from patients' samples of the REMIND and IMCO cohort at different timepoints were performed using CD69-FITC, CD45RO-PerCP, CD5-AF700, HLA-DR-BV510, CD8-BV605, CD4-BV711 (BD Biosciences), KLRG1-PE, NKG2A-PE-Vio770, NKG2D-APC and alphaE-beta7-APC-Vio770 (Miltenyi). All samples were co-stained with DAPI to assess cell viability and diluted in optimal concentration in FACS buffer (Miltenyi).Cells were analyzed on an Attune NxT Flow Cytometer (ThermoFisher). Acquired data were analyzed using FlowJo 10.4.2 software (TreeStar).

Crypts were cultivated in 25

 25 μl Matrigel (Corning) 100% drops seeded in a 48 wells flat bottom plate (Corning) at the concentration of approximately 100 crypts per drop. To polymerize the Matrigel, the plate was then incubated for 20 minutes at 37°C with 5% CO2 concentration. 250 μl of Intesticult (STEM CELL Technologies), a medium containing all the growth factors required for organoid development, supplemented with Y-27632 (anoikosis inhibitor, STEM CELL Technologies) at the concentration of 5mM. Crypts were then incubated over time at 37°C with 5% CO2 concentration. Medium was first changed at 24
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Fig. 1

 1 Fig. 1 Allogeneic activated/memory T and NK cells are able to infiltrate HT29 tumor spheroids. a Scheme of the coculture (CC) protocol between HT29 spheroids and CD19-CD14-sorted PBMCs from healthy donors. b Immunofluorescence (n = 2 independent experiments) and flow cytometry (n = 19 independent experiments) analyses of spheroid immune infiltration in the presence or not of IL-15 at 24 h. c Flow cytometry analyses of T and NK cells (respectively gated CD3+ and CD3-CD56+ among live single cells lymphocytes) as well as CD4+ and CD8+ T cells subsets (respectively gated CD4 + CD8-and CD4-CD8+ among CD3+) percentages in the IN and OUT compartments, in the presence or not of IL-15 at 24 h. n = 19 independent experiments. d Flow cytometry analyses of CD25, CD107a and CD45RO expression by CD4+ T cells, CD8+ T cells and NK cells in the IN and OUT compartments in the presence or not of IL-15 at 24 h. n = 8 to 18 independent experiments. Statistical significance of immunofluorescence experiments was analyzed using the Mann-Whitney test, the others using Wilcoxon matched-pairs signed rank test (* p < 0.05; ** p < 0.005, *** p < 0.001, **** p < 0.0001)

Fig. 2 Fig. 3

 23 Fig. 2 Immune infiltration and activation in HT29 spheroids lead to tumor cell apoptosis and spheroid destruction. HT29 spheroids were cocultured or not with CD19-CD14-PBMCs and IL-15 and we monitored a spheroid volume using microscopic pictures, b the dynamic cleavage of caspase-3/-7 in the spheroids using Incucyte live imaging system, and c the staining by Annexin V and DAPI dyes of EpCAM+ cells by flow cytometry at 48 h. n = 4 to 12 independent experiments. Statistical significance of A panel was analyzed using 2-way ANOVA, the other panels using the Wilcoxon matched-pairs signed rank test (* p < 0.05; ** p < 0.005, *** p < 0.001, **** p < 0.0001)

Fig. 4 Fig. 5

 45 Fig. 4 NKG2D-MICA/B pathway is engaged during the cocultures. a NKG2D expression by CD4 T cells, CD8 T cells and NK cells in the IN and OUT compartments, in the presence or not of IL-15, as measured by flow cytometry at 24 h. n = 18 independent experiments b MICA/B expression by tumor cells in the spheroids cocultured or not with CD19-CD14-PBMCs, as measured by immunohistochemistry at 24 h. Representative pictures of 1 experiment. c to e Analyses of c spheroid volume, d tumor cell apoptosis and e spheroid infiltration 48 h after coculturing HT29 spheroids with CD19-CD14-PBMCs in the presence or not of anti-NKG2D blocking antibodies. n = 3 to 4 independent experiments. Statistical significance of A panel was analyzed using the Wilcoxon matched-pairs signed rank test, C to E panels using paired t test (* p < 0.05; ** p < 0.005, *** p < 0.001, **** p < 0.0001)

Fig. 6 Fig. 7

 67 Fig. 6 NKG2A-HLA-E pathway is engaged during the cocultures and NKG2A blockade synergizes with anti-MICA/B antibodies. a NKG2A expression by CD4 T cells, CD8 T cells and NK cells in the IN and OUT compartments and in the presence or not of IL-15, analyzed by flow cytometry at 24 h. n = 17 independent experiments. b HLA-E expression by tumor cells in the spheroids cocultured or not with CD19-CD14-PBMCs, analyzed by flow cytometry (n = 16 independent experiments) and immunohistochemistry (representative pictures of 1 experiment) at 24 h. c to e Analyses of (c, n = 4) caspase-3/-7 activity, (d, n = 10) spheroid volume, and (e, n = 10) spheroid infiltration 48 h after coculturing HT29spheroids with CD19-CD14-PBMCs in the presence or not of anti-NKG2A blocking antibodies or corresponding control isotype. f to h Analyses of (f, n = 7) spheroid volume, (g, n = 7) tumor cell apoptosis, and (h, n = 7) spheroid infiltration 48 h after coculturing HT29 spheroids with CD19-CD14-PBMCs in the presence or not of anti-MICA/B antibodies alone or combined with anti-NKG2A blocking antibodies, or with corresponding control isotype antibodies alone or combined. Statistical significance of c panel was analyzed using 2-way ANOVA, the other panels using the Wilcoxon matched-pairs signed rank test (* p < 0.05; ** p < 0.005, *** p < 0.001, **** p < 0.0001)

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  177 178 179 180 3) Development of patient-derived spheroids to screen anti-tumoral drugs Scalable systems of patient-derived tumor spheroids culture are now being developed for drug screening, to accurately assess and predict the efficacy of anti-tumor treatments. Patient tumor spheroids are treated in vitro with single or combination of therapies and response rates can be measured via organoid viability.181 162 Several platforms with spheroid biobanks exist with the objective to predict the patient response to treatments by analyzing pre-clinical results obtained with the spheroids. Several solid cancers are investigated including colon, rectum 180 182 183 179 , stomach 184 , pancreas 185 , liver 186 , breast 187 , ovary 188 and prostate cancer 189 .
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  Eurobio), 50 U/mL penicillin, 50 μg/mL streptomycin, 2 mM GlutaMAX and 1 mM Sodium Pyruvate (all from ThermoFisher), thereafter named complete RPMI.

	lymphocyte populations under biotherapy in patients with active IBD. In this prospective
	single-center study, patients with IBD who have started a biotherapy (infliximab, adalimumab,
	golimumab, vedolizumab, ustekinumab) for active disease were included. Mucosal biopsies
	in the most inflamed segment were taken during endoscopies before treatment initiation
	(Week 0: W0) and in the same location 14 weeks (W14) and 52 weeks (W52) after inclusion.
	Control biopsies were taken from 16 patients without IBD (7 ileal and 9 colonic). All patients
	provided an informed written consent. This study was approved by the French Ethic
	Committee -Hôpital Saint-Louis (CPP 2016-01-05 RBM) and declared to ClinicalTrials.gov
	(NCT02693340) (Supplementary Figure 1a).
	The groupe de REcherche sur les Maladies INflammatoires Digestives (REMIND group)
	cohort that aimed at identifying predictors of early postoperative endoscopic recurrence.
	Patients were included since September 2010. Inclusion criteria were: >18 years of age, ileal
	or ileocolonic CD and indication of CD-related intestinal surgery (ileocolonic resection). A
	postoperative treatment was recommended according to a preestablished algorithm, based
	on the following risk factors: current smoking, previous bowel resection, penetrating pheno-
	type, and active perianal disease (Auzolle et al, 2018). All patients had, 6 months after
	surgery, a colonoscopy to assess the endoscopic recurrence according to the Rutgeerts
	score. All patients provided an informed written consent. The study was approved by Agence
	Française de Sécurité Sanitaire et des Produits de Santé (AFSSAPS) (IDRCB: 2009-
	A00205-52) and the French Ethic Committee -Hôpital Saint-Louis (CPP 2009/ 17) and
	declared to ClinicalTrials.gov (NCT03458195) (Supplementary Figure 1b).
	The IMCO cohort that aimed at identifying immunological responses in the context of colonic
	cancers. Since February 2017, patients who underwent resection for colon cancer at the
	Saint-Louis Hospital were prospectively included. Patients with right colon cancer underwent
	right hemicolectomy and ileum was then available for analysis. All patients provided an
	informed written consent. This study was approved by the French Ethic Committee -Hôpital
	Saint-Louis (CPP 2016/45) and declared to ClinicalTrials.gov (NCT03015038).

Mycoplasma-free Caco2 tumor cell lines were obtained from ATCC (cat. HTB-37) and cultured in HEPES-containing RPMI 1640 (ThermoFisher) complemented with 10% FCS (

Patients' relapse (%)Patients' relapse (%)
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After their tissue extraction, KLRG1+ and CD103+ CD8 T cells were sorted with the ARIA 3 cytometer in wells containing the Master Mix RT (4 wells/condition with 100 cells/well) and a RT-PCR was directly performed (19 cycles). The cDNA then obtained were stored at -20°C. Once enough samples were stored to complete a 48-wells plates, we thawed samples on ice. We prepared a sample plate containing the PCR Master Mix (Thermofischer) (3.6 L/well) and the sample (2.9 L/well) and a primers plate with 3 L/well. The primers and samples were put in corresponding wells (5.05 L/well) in a Biomark 48-well plates which was made in the Juno to load the plate. Then, the plate was processed in the Biomark for reading. The results were analysed with the Biomark software.

E. Statistical analyses 1) Analysis of the IMCO cohort

All the comparisons between tumor and mucosa phenotypes/IHC staining were made by paired Wilcoxon test (Rtudio software). The correlation matrix of all the flow cytometry markers were made for CD4 and CD8 T cells, separately (Rstudio, Corrplot package, spearman method). Regarding the integration with the clinical data, a bivariate analysis was made between all clinical and biological parameters (Ggpubr package, compare_means function). Then, non-paired Wilcoxon tests were performed to analyze the phenotype depending on tumor localization, MSI statut and TNM stages.

2) Cocultures analysis

Paired Wilcoxon tests were made for the in vitro/ex vivo analysis (Prism software). For supernatant analyses, the matrix of cytokine expression was realized with Rstudio and a Wilcoxon test was realized to compared spheroid/TILs and coculture conditions for all the different cytokines.

SUPPLEMENTARY FIGURES Supplementary Table 1: Primers used for the transcriptomic analysis

Once extracted from tissues, KLRG1+CD103-and KLRG1-CD103+ CD8 T cells were sorted by flow cytometry and their transcription profile was analyzed by multiplex PCR. The primers used are in the following table. GAPDH: Glyceraldehyde-3-phosphate dehydrogenase, EpCAM: Epithelial cell adhesion molecule, KRT1: keratin 1, GZMA/B/K: granzyme A/B/K, PRF1: perforin 1 gene, IRF1: interferon regulatory factor-1

Supplementary Figure 1: CD39, PD-1 and CD73 expression depending on TNM stages

Tumor infiltrating lymphocytes (TILs) were extracted from the digested tumor. CD4 and CD8 T cell proportions and their expresssion, and co-expression, of PD-1 and CD39 were compared between the TNM stages (n=6/17/13/8) by flow cytometry. All the comparisons were made with a non paired Wilcoxon test. *:p<0.05

Supplementary Figure 2: Analysis of the cytokines released in coculture supernatants

Tumor infiltrating lymphocytes (TILs) were extracted from the digested tumor and put in coculture autologous spheroids. After 48 hours of coculture, the cytokines released in the supernatants were assessed by Luminex. For each cytokine, concentration in pg/mL and coculture/matched-TILs ratio were presented (n=4) (A). The lower detection limits are marked with a dotted line. Treatment targeting the immune checkpoints PD-1 and CTLA4 increase the anti-tumor T cell response but present a weak efficacy in CRC. New targets need to be explored for immunotherapy in this cancer. In particular, some studies have investigated the involvement of the adenosinergic pathway, through the CD39 expression, in CRC tumors and the efficacy of CD39 blockade in vitro.

What are the new findings?

There is a strong overexpression of CD39, and its co-expression with PD-1, in tumor compared to matched mucosa. CD39 and PD-1 expression was correlated with right colon and early stage tumors, defining a subset of patients which could be responsive to this treatment.

In autologous cocultures between tumor spheroids and lymphocytes, CD39 blockade increased T cell activation and spheroid destruction, highlighting the potential of this target.

How might it impact on clinical practice in the foreseeable future?

CD39 is a promising therapeutic target for immunotherapy in colorectal cancer. The gating strategy used for the analysis of the CD4, CD8 T cells and Tregs is in panel (A).

Supplementary Table 1: Diagram and clinical characterization of the complete IMCO cohort (n=151) and of patients analyzed by flow cytometry for the clinical and phenotypic data integration (n=44) (related to

Another antibody mix was used for the analysis of the NK and Tgd cell proportions. (B) The immunohistochemistry stainings were analyzed with QuPath software by a cell classification.

An example of this classification is shown for the CD8 (C), and CD39 (D) staining of immune cells, and PD-L1 staining of epithelial/ tumor cells (E).

Supplementary Figure 2: Correlation between the expression of markers in intratumoral CD4 and CD8 T cells (related to Figure 1-2-3)

A matrix correlation were created for the two lymphocyte subsets. A spearman test was used and the significant association were marked in red for a p<0.05 and orange for 0.05<p<0.06.

Supplementary Figure 3: Clinical characterization of patients whose T cell phenotype was analysed

A bivariate analysis was made between the tumor localisation (A), the TNM stages (B), the MSI status (C), the patient outcome (D) and all the other clinical parameters collected. Tumor infiltrating lymphocytes (TILs) were extracted from the digested tumor and put in coculture autologous spheroids. After 48 hours of coculture, the cytokines released in the supernatants were assessed by Luminex. For each cytokine, concentration in pg/mL and coculture/matched-TILs ratio were presented (n=4). The lower detection limits are marked with a dotted line. We then measured soluble factors in the supernatants of these inhibition experiments. No difference was found in cytokines levels when adding blocking conditions in control cocultures and less cytokines were detected in the supernatants of both CD and controls without LPS (Supplementary Figure 6C). We found a significant reduction of IL-5, IL-6, TNFalpha, IL-17a and IFNgamma in co-cultures with anti-beta7 as compared to no blockade antibody in experiments with LPS. There was a significant reduction of IL-6 and IL-17a and a trend for reduction of IL-5, TNFalpha, and IL-1beta in presence of anti-NKG2D antibody.

Supplementary

IFNg

Additionally, MICB and CCL20 were significantly lower in conditions with the latter as compared to controls. Interestingly, a trend towards less perforin release was found with anti-NKG2D as compared to controls. (Figure 6D and6E). These results confirm the alphaE-beta7-and NKG2D-dependent responses in conditions with CD patient-derived T cells against autologous organoids.

consequences of the interactions between lymphocytes and epithelial cells in terms of cell toxicity. We did not assess the level of differentiation of the organoid nor the effect of T cells on the distinct subtypes of epithelial cells. CONCLUSION

These data directly demonstrate for the first time, to our knowledge, the direct deleterious effect of mucosal T cells on the epithelium of CD patients using a novel co-culture model.

The alphaE-beta7 and NKG2D pathways appear to be relevant receptors implicated in this process. Indeed, even if the results of the clinical study of etrolizumab in UC have been mixed, the future results from the CD trial will be of particular interest given that alphaE-beta7 is markedly increased on T cells in ileal locations (Park and Kupper, 2015 Ichikawa et al, 2018). In the near future, the development of ex vivo mini-gut models which better represent the complexity of factors found in vivo (microbiota, epithelial cells, different immune cells, matrices) may be useful to help address these questions.
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We also thank the Cytomorpholab at the Hôpital Saint-Louis, Unité de Thérapie Cellulaire and especially Manuel Thery and Benoît Viannay for their precious help including access to their microscopy platform and expertise. four of them were not detected at all in the supernatants (TSLP, IL-33, CCL19, IL 1 alpha), two due to an important batch effect (GM-CSF and VEGFA) and IL-15 because it was added in all the experiments. We found that cytokines known to be produced by lymphocytes were rarely found in organoids wells and conversely, that cytokines known to be rather produced by epithelial cells were rarely found in the supernatants of conditions with immune cells alone. These data confirmed the purity and underlined the reliability of our model.

Co-culture staining and microscopy acquisition

Samples in the selected wells were fixed 48 hours after the initiation of the co-culture.

Supernatants were retrieved and stored. A wash with PBS was performed and 250 μl of a and Goat anti-Rabbit AF647 conjugated antibody (Abcam) in a BSA blocking solution and incubated for 2 hours at room temperature. After a wash with PBS, samples were counterstained with a DAPI solution in a BSA blocking solution (1/50000 -Invitrogen). After a wash with PBS, 250 μl of a transparisation solution was added to each well: Rapiclear 1.47 (SunJin Lab). Slides were then conserved at 4°C until microscope visualization.

Samples were imaged using a confocal spinning disk microscope (Nikon TiE) and data were processed using the Icy software.

Quantification and Statistical Analysis Microscopy images quantification

Images were quantified using the Icy software. For each staining to be quantified, the corresponding channel was selected. Using the threshold tool, a cut-off value was selected detecting the most specific staining. The same cut-off value for each staining was conserved across the distinct conditions of a same batch of co-culture experiments (i.e. for each patient). Areas of fluorescence were then extracted, and their volume estimated using the label extractor tool (Supplementary Figure 4a). The total volume of DAPI staining was considered as estimation for the organoid volume. The volume of caspase 3 staining for each organoid was reported to the organoid volume to obtain a epithelial cell apoptosis rate for each structure. T cells infiltrating the organoid were manually counted on each Z stack and the total value was also reported to the organoid volume. For each patient, the median value of all the data of organoid volume, cell apoptosis rate and T cells infiltrating the organoid for each condition was plotted.

Statistical analysis

Descriptive statistics were calculated for all quantitative variables as medians with their respective interquartile ranges (IQRs). For phenotypic, microscopic and cytokine quantification data, variables data was also expressed as medians. Differences between conditions were evaluated with Mann-Whitney test and Wilcoxon matched-pairs signed rank test when appropriate. Spearman's rank correlation test was used when necessary to evaluate the correlation between variables.

All statistical analyses were 2-tailed and a P value of <0.05 was considered as statistically significant. To perform these analyses, R software version 3.2.2 (R Foundation for Statistical Computing, Vienna, Austria) and GraphPad Prism (GraphPad Software, San Diego, CA) were used.
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