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Figure 1. Organisation tridimensionnelle du CRD N-terminal de la galectine-9 humaine, 

en complexe avec l’antigène de Forssman (1). 

Le feuillet F convexe et le feuillet S concave se font face pour former le domaine de 

reconnaissance des carbohydrates (CRD, carbohydrate recognition domain).  
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INTRODUCTION 
 

I – Propriétés biologiques des galectines 

a) Caractéristiques structurales 

Les galectines, anciennement connues sous le nom de lectines de type S, regroupent un 

ensemble de protéines capables de se lier à des polysaccharides ou glycanes contenant des 

liaisons β-galactosides. Ces polysaccharides « reconnus » par les galectines sont 

généralement portés par des glycoprotéines ou des glycolipides.  Les galectines ont été  

identifiées dans une large variété de métazoaires (17,18). Elles partagent une homologie au 

niveau de la structure primaire de leur « domaine de reconnaissance des carbohydrates » 

(CRD, Carbodydrate recognition domain). Ces domaines sont constitués d’environ 130 acides 

aminés, dont 8 sont invariants et une douzaine fortement conservée. L’identité de séquence 

entre les CRD des galectines varie de 20 à 50% en fonction de l'espèce. Les CRD ont des 

modalités de repliement communes qui aboutissent à une structure en sandwich incurvé avec 

deux feuillets β qui se font face : le feuillet F convexe et le feuillet S concave. Dans une 

incurvation du feuillet S du CRD se trouve la « poche à sucre » (CBS, carbohydrate binding 

site) (Figure 1). Le CBS interagit directement avec l’élément di-saccharidique contenant la 

liaison β1-4 ou β1-3 galactoside qui est reconnue au sein du polysaccharide cible. Le CBS 

contient les 8 acides aminés invariants mentionnés précédemment qui participent à sa 

structuration. Ce sont les suivants : His44, Asn46, Arg48, Val59, Asn61, Trp68, Glu71 et Arg73. 

La mutation du Trp68 en alanine ou en leucine abolit l’interaction avec le β-galactoside (19). 

Cependant, à elle seule, l’interaction entre le CBS et le β-galactoside aboutit à une liaison de 

faible affinité. Des interactions supplémentaires spécifiques de chaque galectine vont 

stabiliser ces liaisons et leur conférer une plus grande spécificité. Côté galectine, ces 

interactions mettent en jeu des acides aminés du CRD distincts du CBS. Du côté du ligand, 

elles mettent en jeu d’autres motifs moléculaires et atomiques, glucidiques ou non, distincts 

du β-galactoside reconnu par le CBS (20). Ainsi s'explique le fait que chacune des galectines, 

tout en utilisant le même mécanisme fondamental d'attachement, interagit avec un spectre 

de ligands polysaccharidiques spécifique. Au sein de ce spectre propre à chaque galectine, il 

existe une véritable gradation des affinités qui peut varier en fonction des conditions 



 

 

 

Figure 2. Interactions galectines-glycanes : caractéristiques structurales. 

a) Représentation schématique des différentes catégories structurales des galectines 

(« prototypique », « avec répétition en tandem » et « de type chimérique »). b) Quelques 

exemples parmi les innombrables structures possibles de « lattices » ou de treillages résultant 

de l’interaction entre des galectines et des glycanes multivalents (2). De gauche à droite : 

galectine de type chimérique combinée à un glycane bivalent ; galectine prototypique 

combinée à un glycane trivalent ; galectine avec répétition en tandem combinée à un glycane 

quadrivalent. Dans la réalité, la complexité des « lattices » peut être beaucoup plus grande 

puisqu’elles peuvent englober différentes catégories de glycanes et probablement différentes 

galectines.  
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physico-chimiques, notamment en fonction de la concentration des galectines et de leur 

degré de polymérisation. Au maximum, on peut avoir une affinité comparable à celle d’un 

anticorps pour son antigène (21). En plus des interactions de type lectine avec des ligands 

polysaccharidiques qui mettent en jeu les CRD, les galectines peuvent se lier à d’autres types 

de ligands par des interactions protéine-protéine. Des études en cours tendent à prouver que 

ces interactions protéine-protéine peuvent modifier la conformation des galectines et par 

voie de conséquence le spectre de leurs interactions avec les ligands polysaccharidiques. Les 

interactions protéine-protéine des galectines ont été initialement rapportées pour des 

liaisons à des constituants cytosoliques et nucléaires (22) mais récemment elles ont été 

observées aussi pour les galectines extra-cellulaires. C’est par exemple le cas pour la 

galectine-1 qui interagit avec la région λ5 du pré-BCR au cours des étapes de prolifération et 

de différenciation des cellules B (23). Plus récemment, une interaction de la galectine-9 avec 

une autre lectine, la dectine-1, a été rapportée sur des macrophages dans un modèle de 

carcinome pancréatique murin (24). 

Par soucis de normalisation de la nomenclature, la première galectine découverte 

(électrolectine) (25) fut finalement nommée galectine-1. Son homologue le plus proche fut 

nommé galectine-2, pour finalement rattacher à ce groupe les galectines 3 et 4 (26). Les 

autres membres de cette famille furent ensuite numérotés consécutivement par ordre de 

découverte jusqu’à un total actuel de 15 galectines, dont 11 retrouvées chez l’homme (27). 

Sur la base de leur structure tertiaire, les galectines sont divisées en 3 groupes (28) : 

« prototype », « chimère » et « répétition en tandem ». Le premier groupe est constitué de 

galectines ne possédant qu’un seul CRD capable de s’homodimériser. Il comprend les 

galectines -1, -2, -5, -7, -10, -11, -13, -14 et -15. Le deuxième groupe n’est constitué que d’un 

seul membre, la galectine-3. Elle ne possède, elle aussi, qu’un seul CRD mais qui est associé à 

un domaine collagéneux N-terminal lui permettant de former des pentamères. Les membres 

du troisième groupe enfin, se caractérisent par la présence de deux CRDs reliés par une 

séquence polypeptidique (peptide de liaison). Il comprend les galectines -4, -6, -8, -9 et -12 

(Figure 2). Dans certaines conditions, le fait de posséder deux CRDs pourrait renforcer les 

propriétés signalétiques de ces galectines (29). En effet, ces deux CRDs liés covalemment 

permettent, à des concentrations plus faibles que pour les galectines prototypes, la formation 



 

 

 

Figure 3. Profil d’expression de différentes galectines au sein d’une villosité du petit 

intestin, selon le stade de différenciation cellulaire (3).  
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de grands multimères. Ces grands multimères jouent un rôle important par exemple pour la 

formation de réseaux moléculaires structurés et étendus à la surface des membranes 

plasmiques que l'on appelle « lattices » (treillages en français). 

 

b) Distribution tissulaire et fonctions 

Les galectines peuvent être exprimées dans une grande variété de tissus. Leur profil 

d’expression, qui peut s’étendre d’un type tissulaire à plusieurs dizaines, peut évoluer au sein 

d’un même tissu selon son stade de développement (30), son degré de différenciation (3) 

(Figure 3) ou encore son état homéostasique (31). 

Les galectines -1, -3, -8 et -9 sont les plus ubiquitaires. Chez l’homme, on les retrouve dans la 

moelle osseuse, les glandes endocrines, les organes lymphatiques, le placenta, et pour 

certaines d’entre elles également dans le tissu adipeux, le système nerveux central, les 

systèmes reproducteur et respiratoire (32). Au contraire, la galectine-13 présente un profil 

d’expression plus restreint et est principalement exprimée dans le placenta. Elle est d’ailleurs 

également connue sous le nom de placental protein-13 (PP13) (33).  

Dans la circulation enfin, les concentrations rapportées varient en fonction des galectines, des 

patients et des publications. Il est difficile d’estimer la concentration moyenne pour chacune 

d’entre elles tant la technique employée impacte la mesure (jusqu’à un facteur 50 d’écart) 

(34). Il est cependant possible pour une même technique de remarquer que certaines 

galectines, comme la galectine-1, sont abondantes dans la circulation alors que d’autres, 

comme la galectine-9, sont faiblement représentées (35). 

Comme mentionné précédemment, l’expression des galectines est modulée au cours de 

différentes phases du développement, de la différenciation cellulaire ainsi que sous certaines 

conditions physiologiques, voire pathologiques, particulières. Plusieurs facteurs sont connus 

comme étant impliqué dans ces modifications d’expression. Le stress oxydant par exemple, 

mimé par la menadione, induit une augmentation de l’expression des galectines -1, -3 ,-8 et -

10, ainsi que la diminution de l’expression de la gal-9 (36). Les régimes alimentaires hyper-

caloriques entraînent  des modifications d’expressions des galectines -1, -3, -9 et -12 dans la 

circulation, au niveau des adipocytes, ou de macrophages localisés dans les tissus adipeux 



 

 

 

Figure 4. Expression, sécrétion, et diversité fonctionnelle des galectines. 

1) Les transcrits des galectines sont traduits dans le cytoplasme, et les protéines peuvent 

transloquer dans le noyau 2) où elles peuvent s’associer avec des protéines ribonucléaires. 3) 

Les galectines néo-synthétisées peuvent être acheminées suivant des mécanismes non 

conventionnels et mal connus vers le milieu extra-cellulaire. Elles peuvent alors se lier à des 

glycanes présents à la surface de la membrane plasmique ou dans la matrice extra-cellulaire 

ou encore diffuser dans le milieu interstitiel. A la surface de la membrane plasmique les 

galectines favorisent la formation de treillages qui jouent un rôle dans l’organisation latérale 

de la membrane et dans des phénomènes d’internalisation et de signalisation. Les galectines 

de la surface cellulaire peuvent aussi favoriser les contacts entre cellules. Les interactions avec 

la matrice extra-cellulaire peuvent favoriser l’adhésion des cellules sur cette matrice et leur 

migration. Enfin, les galectines extra-cellulaire 4) peuvent se lier à des glycanes microbiens, 5) 

s’attacher à la surface de la cellule productrice ou des cellules voisines, 6) former des liaisons 

avec les glycanes de la matrice extra-cellulaire et ainsi promouvoir la migration cellulaire. 7) 

Elles peuvent également s’associer à la surface de la cellule pour former des lattices et induire 

des cascades signalétiques, 8) et peuvent promouvoir des interactions/adhésions cellules-

cellules (4).  
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viscéraux et sous-cutanés (37). La modulation de l’expression des galectines intervient 

également dans la régulation de l’inflammation. L’interféron gamma est par exemple capable 

d’induire une augmentation de l’expression de la gal-9 (38). Dans le cas d’infections par le 

virus HTLV1, il a également été rapporté un impact direct de la protéine virale Tax sur 

l’augmentation de l’expression de gal-1 au niveau transcriptomique (39). 

Plusieurs études ont été réalisées sur des modèles murins invalidés pour l’expression d’une 

des galectines. Ces travaux n’ont pas révélé de phénotype létal associé à l’absence de l’une 

d’entre elles. Il semblerait plutôt que leur absence soit associée à une difficulté de 

l’organisme à s’adapter à des situations de stress. Ainsi, on observe sur les souris KO gal-1 

une diminution de la régénération des fibres musculaires (40). Sur les souris KO gal-7, on 

observe un défaut de réparation de l’épithélium qui se caractérise notamment par un 

ralentissement du processus de cicatrisation, ainsi qu’une hyper-kératinisation après 

exposition aux UVB (41). Les souris KO gal-3, elles, présentent des protrusions intestinales qui 

pourraient être associées à un défaut de différenciation des entérocytes. En effet, ceux-ci 

présentent, en l’absence de gal-3, un défaut au niveau du trafic protéique intra-cellulaire (42). 

 

c) Localisation cellulaire et interactions moléculaires 

L’abondance et la diversité des fonctions exercées par les galectines s’explique en partie par 

leur présence dans des compartiments cellulaires très diverses (Figure 4). Il est possible de 

distinguer trois grands types de localisations sub-cellulaires des galectines : 1) 

les localisations intra-cellulaires avec présence des galectines dans le cytoplasme ou dans le 

noyau ; 2) la localisation sur la surface externe de la membrane plasmique qui résulte 

généralement d’une interaction avec les polysaccharides de la surface cellulaire portés par 

des glycoprotéines ou des glycolipides (l’ensemble de ces polysaccharides formant le 

« glycocalix ») ; 3) enfin la présence possible de galectines dans le milieu extracellulaire. 

L’exemple de la gal-3 donne une idée de la diversité des localisations et des fonctions que 

peuvent exercer les galectines à l’intérieur des cellules. Lorsque la gal-3 est présente dans le 

cytosol, elle est capable d’interagir avec la GTPase KRAS (43), et d’ainsi moduler l’intensité et 

la durée du signal (44). Elle peut également s’accumuler autour de vésicules endommagées 



 

 

 

Figure 5. Mécanismes de sécrétion non-conventionnels des galectines. 

a) Translocation directe facilitée ou non par un transporteur ; b) export en association à des 

endosomes, des lysosomes, ou c) des exosomes ; d) exocytose après accumulation des 

galectines sous la membrane plasmique (adaptée de S.J. Popa et al. (5)).  
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(45) et médier la réponse autophagique (46).  Cette galectine est également capable 

d’interagir avec l’importine-α pour transiter à travers les pores nucléaires (47). Une fois dans 

le noyau, la gal-3 peut intervenir dans l’épissage des ARN pré-messagers (48). En règle 

générale, les galectines à l’intérieur des cellules vont exercer des fonctions relatives à la 

croissance, la différenciation, la survie, l’architecture et la polarisation cellulaires ou encore la 

migration cellulaire. La contribution des galectines au marquage, à la réparation et au 

recyclage des vésicules intra-cellulaires endommagées est un sujet d’étude qui s’est révélé 

particulièrement fécond au cours des dernières années. L’impulsion initiale a été donnée par 

l’équipe de Philippe Sansonetti à l’institut Pasteur. Leur étude portait sur la pénétration des 

bactéries de type Shigella dans les macrophages ou les cellules épithéliales.  Ils ont montré 

que les phagosomes ou les vésicules porteuses de bactéries recrutaient la gal-3 cytosolique 

en modifiant le répertoire des polysaccharides exposés sur leur face externe. Il a été montré 

ensuite que ce marquage par les galectines des vésicules intra-cellulaires entraînait leur 

changement de destination vers des compartiments  autophagiques (49). A la suite de ces 

travaux, les mêmes concepts ont été étendus à toute sorte de situations d’agression cellulaire 

impliquant des vésicules internes depuis l’utilisation d’agents de transfection pour la thérapie 

génique jusqu’aux effets toxiques d’agrégats protéiques dans les maladies nerveuses 

dégénératives (50). 

Les galectines de la surface cellulaire y sont acheminées  par divers types de cheminements 

(51). Soit elles s'associent aux polysaccharides en formation dans les vésicules post-

golgiennes et se retrouvent exposées à la surface de la cellule lorsque ces véhicules 

s’incorporent la membrane plasmique, soit elles sont secrétées dans le milieu extracellulaire 

par des mécanismes encore mal connus (Figure 5) et s’attachent secondairement aux 

polysaccharides de la surface cellulaire. Chacune des galectines interagissant spécifiquement 

avec un sous-groupe de polysaccharides tend à créer des ponts intermoléculaires entre 

glycoprotéines et glycolipides à la surface de la cellule. Ces phénomènes sont amplifiés par la 

tendance des galectines à former des multimères et par la bivalence des galectines en 

tandem.  Il en résulte des phénomènes de redistribution des biomolécules à la surface de la 

membrane plasmique. C'est pourquoi les galectines sont des acteurs clés dans ce qu'on 

appelle « l'organisation latérale de la membrane ». En particulier, elles peuvent induire une 

organisation en réseaux des glycoprotéines ou des glycolipides. On parle de la formation de 



 

 

 

Figure 6. Exemples de complexes galectines-9/glycanes à la surface des cellules. 

Représentation schématique de deux scénarios alternatifs. En haut : hypothèse de la 

formation d’un puit d’endocytose dépendante d’interactions entre la gal-3 et des 

glycosphingolipides. En bas : formation d’un réseau moléculaire structuré (treillage) à la 

surface des cellules par la gal-3, permettant la rétention et l’agglomération de récepteurs 

cellulaires. Différents éléments peuvent réguler la balance entre ces deux fonctions (adapté 

de L. Johannes et A. Billet (6), et R. Lakshminarayan et al. (7))  
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« lattices » (treillages en français). La formation de ces lattices enserrant des récepteurs de 

membrane retentit sur leur capacité de transmission des signaux vers l’intérieur de la cellule, 

soit pour les augmenter, soit pour les diminuer. Ces phénomènes de modulation par les 

galectines concernent notamment les récepteurs de facteurs de croissance et des cytokines, 

les récepteurs des antigènes des cellules T et des cellules B. En outre les galectines de la 

surface cellulaire peuvent entraîner une coalescence des microdomaines membranaires riches 

en glycolipides (encore appelés glycosphingolipides ou GSL). Des auteurs, et tout 

particulièrement l'équipe de L.  Johannes à l'Institut Curie, ont montré que ce phénomène de 

coalescence des microdomaines riches en GSL pouvait déclencher des modifications 

mécaniques majeures impliquant le cytosquelette sous-jacent et aboutissant à un 

phénomène d’endocytose particulier appelé endocytose de type CLIC (clathrin independent 

carriers) (52). Ce phénomène est marqué morphologiquement par la formation de profondes 

invaginations membranaires ou puits d'endocytose et biochimiquement par la participation 

de la dynéine (Figure 6). Il jouerait un rôle physiologique dans l'internalisation de certaines 

protéines de la membrane plasmique. Par exemple, d’après les travaux de l’équipe de L. 

Johannes, la gal-3 jouerait un rôle majeur pour déclencher l’endocytose de type CLIC pour 

l’intégrine α5β1 et pour le récepteur CD44 (7). Une des hypothèses majeures de cette équipe 

consiste à dire que les observations faites à propos de la gal-3 ne sont pas du tout 

accidentelles mais correspondent à un processus physiologique d'endocytose bien distinct de 

celui des vésicules mantelées par la clathrine ou des cavéoles. Leur idée est que d’autres 

galectines participent à des processus semblables. Cette idée est résumée dans le terme 

d’hypothèse « glycolipide et lectine » (GL-lect) (6,52). 

En plus des fonctions exercées à l'intérieur ou à la surface des cellules, les galectines ont de 

nombreuses fonctions dans le milieu extra-cellulaire. Les mécanismes qui permettent aux 

galectines produites par une cellule de gagner l'espace extracellulaire restent encore très mal 

compris. En effet les galectines, dépourvues de peptide signal permettant leur adressage au 

réticulum endoplasmique, sont sécrétées via des mécanismes non conventionnels. Plusieurs 

études se sont penchées sur ces mécanismes. Ces derniers ne sont décrits que pour une 

poignée de galectines (gal-1 et -3 principalement) dans des contextes 

particuliers. Néanmoins, ces travaux nous permettent d’appréhender la diversité des voies de 

sécrétion exploitables par les membres de cette famille. Ainsi, il semblerait que la 
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translocation directe soit un moyen de sécrétion possible. Il a été montré que la gal-3 était 

capable d’interagir avec des lipides membranaires et de traverser spontanément la 

membrane plasmique dans des modèles de cellules vivantes, ainsi que dans des modèles de 

membrane dépourvus de protéines (53). Ce phénomène, également observé sur des modèles 

déficients pour les fonctions de glycosylation, semble donc indépendant d’interactions avec 

des glucides (54,55). Les autres moyens de sécrétion possibles sont axés sur la libération de 

vésicules porteuses de galectines. Il peut s’agir de microvésicules, dont la formation a par 

exemple été décrite pour la gal-1 après son accumulation sous la membrane plasmique (56). 

Il peut également s’agir d’une libération via des exosomes ou encore des lysosomes libérés 

dans le milieu extra-cellulaire (5). La manière dont les galectines intègrent le compartiment 

endosomal reste peu connue. Une voie possible pourrait être l’adsorption sur des vésicules 

endommagées. Mécanisme que nous avons mentionné précédemment et qui concerne les 

galectines (-1, -3, -8 et -9) (57). Ces dernières pourraient, après réparation de la vésicule, 

rester associées. Cette explication n’est toutefois pas satisfaisante pour la majorité des 

cellules qui sécrètent constitutivement des galectines. Elle représente néanmoins une piste 

intéressante dans le cadre de l’étude de signaux émis en réponse à un stress cellulaire. En ce 

qui concerne la libération via des exosomes, mon équipe d’accueil a été la première à la 

mettre en évidence pour le transport de la gal-9 extra-cellulaire (58,59). Toutefois, les indices 

du mécanisme de formation nous proviennent d’une étude récente menée sur la galectine-3. 

Celle-ci nous révèle une interaction directe de la protéine Tsg101 avec un motif très conservé 

de la gal-3 (P(S/T)AP). Tsg101 est une protéine faisant partie d’un complexe protéique 

impliqué dans la formation des vésicules intra-luminales au sein des corps multivésiculaires. 

Les auteurs ont démontré que l’interaction avec cette protéine permet le recrutement de la 

gal-3 dans ces vésicules intra-luminales (60).  

Une fois dans le milieu extra-cellulaire, les galectines vont pouvoir interagir avec de nouveaux 

partenaires et intervenir dans la régulation d’autres processus. Elles sont notamment 

impliquées dans l’assemblage, l’organisation et la régulation de récepteurs membranaires 

(61). Certaines d’entre elles sont connues pour moduler l’adhésion cellulaire ou l’apoptose. 

Elles peuvent agir localement mais également à distance, après avoir transité dans la 

circulation et notamment dans la régulation du système immunitaire, les rendant 

comparables aux cytokines 
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II – Propriétés fonctionnelles de la galectine-9 intra-cellulaire 

Comme d’autres galectines, lorsque la gal-9 s’exprime dans une cellule, elle est 

obligatoirement présente dans son cytoplasme, là-même où elle synthétisée. Elle peut 

également être transportée dans les divers compartiments cytoplasmiques, dans le noyau 

ainsi qu’à la surface de la membrane plasmique. Elle peut en outre être libérée dans le milieu 

extra-cellulaire.  Nous envisagerons successivement les fonctions de la gal-9 lorsqu’elle est 

localisée dans le cytoplasme puis lorsqu’elle est localisée à la surface de la membrane 

plasmique. Ensuite, nous aborderons les fonctions de la gal-9 extra-cellulaire. A noter que 

l’on ignore encore les fonctions de la gal-9 nucléaire. 

 

a) Fonctions dans la mise en place et le maintien de l’architecture cellulaire 

Il y a déjà 10 ans, l’équipe de K. Simons a mis en évidence une contribution majeure de la 

gal-9 à l’entretien de la polarité apico-basale des cellules MDCK (Madin-Darby canine kidney) 

(62). La réduction d’expression de la gal-9 réduit fortement la polarisation de ces cellules qui 

semble dépendante d’un mécanisme de circulation de la gal-9 qui interagit à la surface de la 

membrane plasmique avec un glycosphingolipide appelé antigène de Forssman (FGL). Le 

complexe FGL-gal-9 est endocytosé et dirigé vers l’appareil de Golgi. De là, la gal-9 retourne 

à la membrane plasmique. Cette circulation de la gal-9 semble conditionner celle d’un 

ensemble de protéines de la surface cellulaire dont la distribution conditionne la polarité 

cellulaire.  

 

b) Fonctions dans l’autophagie 

La gal-9 exerce une influence sur 2 types de processus en relation avec l’autophagie : 

1) Comme la gal-8, elle joue un rôle dans l’élimination des endovésicules endommagées. 

Elle est capable de venir se fixer sur la face cytoplasmique d’endomembranes 

endommagées. Ce phénomène, initialement décrit comme un mécanisme 

« d’étiquetage » du dommage a récemment été repris dans une étude publiée dans 

Molecular Cell (63). Celle-ci démontre l’implication de la gal-9 dans l’activation 
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d’AMPK (AMP-activated protein kinase), elle-même impliquée dans l’inhibition de 

mTOR (mammalian target of rapamycin). L’ensemble des interactions moléculaires 

décrites dans cette étude met à jour l’implication de la gal-9 dans la promotion d’une 

réponse autophagique en réponse à certains dommages des endomembranes. 

 

2) D’autre part, la gal-9 est capable d’empêcher la fusion des lysosomes et des 

autophagosomes. Des auteurs ont ainsi décrit un effet toxique de la gal-9 sur des 

cellules tumorales dont la survie dépend d’un fort flux autophagique, nécessaire pour 

répondre à leurs besoins métaboliques et leur activité tumorigène (64). Dans cet 

article, la gal-9 agit sur les cellules tumorales après internalisation et accumulation 

dans les vésicules lysosomales, en empêchant la fusion de ces lysosomes avec les 

autophagosomes. Bien que le phénomène décrit soit différent, il représente un 

élément supplémentaire qui confirme la participation de la gal-9 à différents aspects 

du processus d’autophagie. 

 

c) Organisation membranaire et signalisation 

Comme mentionné dans la 1ère partie, les galectines extra-cellulaires participent à 

l’organisation de la membrane plasmique. Il semblerait que des fonctions similaires puissent 

également être attribuées à la gal-9 intra-cellulaire. En effet, une publication réalisée par une 

équipe spécialisée dans l’étude de l’organisation membranaire des cellules présentatrices 

d’antigènes, démontre l’implication de la gal-9 intra-cellulaire dans le processus de 

phagocytose des cellules dendritiques (65). Pour être plus précis, la perte d’expression de la 

gal-9 diminuerait la capacité des cellules dendritiques à phagocyter. Les auteurs montrent 

que la perte de gal-9, normalement présente dans le cortex cellulaire et étroitement associée 

au cytosquelette d’actine, entraîne une perte de rigidité de la membrane. Ce phénomène est 

plus globalement accompagné d’une perte d’activation de la protéine Rac1, une Rho GTPase 

impliquée dans la polymérisation de l’actine, ainsi qu’une diminution de la concentration 

d’actine filamenteuse (actine-F) dans la cellule. Cette dernière observation pourrait expliquer 

le déficit fonctionnel des cellules dendritiques invalidées pour la gal-9, puisque l’actine-F 

participe à la formation des protrusions membranaires à l’origine de la phagocytose. 
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Enfin, une autre étude récente a mis en évidence un recrutement de la gal-9 intra-cellulaire 

dans des lymphocytes T au niveau de la synapse immunologique après une stimulation avec 

des anti-CD3/CD28. Cette accumulation de gal-9 au niveau de la synapse semble être 

impliquée dans la signalisation induite au niveau du TCR. En effet, les cellules T Lgals9-/- 

prolifèrent moins et expriment moins d’IFN-γ, d’Il-17 and de TNF-α, en réponse à cette même 

stimulation (66). 

Hormis ces quelques données, on ne dispose que de peu d’informations quant aux fonctions 

exercées par la gal-9 à l’intérieure de la cellule. La majorité des travaux de recherche qui 

touchent à la gal-9 sont davantage axées sur ses fonctions « cytokine-like », premières 

fonctions décrites pour cette galectine. 

 

III – Propriétés fonctionnelles de la galectine-9 extra-cellulaire 

La notion d'une activité biologique de la gal-9 extracellulaire a émergé en 2002 avec une 

publication du groupe d’Hirashima sur son activité comme facteur chimiotactique des 

éosinophiles (67).  Cependant, c’est surtout la publication de Zhu et al. en 2005 qui a mis en 

exergue la gal-9 extra-cellulaire en l’identifiant comme l’un des principaux  ligands du 

récepteur Tim-3 à la surface des lymphocytes T CD4+ Th1 (T-helper 1) chez la souris (68).  

Dans les années qui ont suivi, mon équipe d'accueil a mis en évidence le transport de la gal-9 

extracellulaire par les exosomes tumoraux de carcinome nasopharyngé (NPC, 

Nasopharyngeal carcinoma) (58), et a apporté des arguments expérimentaux en faveur de 

l'activité immunosuppressive de ces exosomes  chez les patients porteurs de NPC (59). 

Globalement, à l’échelle de l’organisme entier, la gal-9 a une activité immunosuppressive, 

démontrée dans des modèles murins variés : allogreffes, maladies auto-immunes 

expérimentales, modèles tumoraux syngéniques ; comme nous pourrons le constater dans les 

prochaines parties. Cette activité immunosuppressive globale résulte d’effets multiples sur de 

nombreux types cellulaires. En règle générale la gal-9 tend à inhiber l’activité des cellules 

effectrices des réponses immunitaires et à renforcer l'activité des cellules suppressives. Nous 



 

 

 

 

Figure 7. Augmentation des concentrations plasmatiques de PD-L1 (Programmed 
death-ligand 1) et de gal-9 chez les femmes enceintes. 

Alors que la concentration de PD-L1 augmente régulièrement tout au long de la gestation et 

commence à baisser juste avant l’accouchement, la concentration de gal-9 reste, elle, très 

élevée tout au long de la gestation (8).  
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envisagerons successivement les effets de la gal-9 extracellulaire sur les cellules de 

l'immunité innée puis sur les cellules de l'immunité adaptative. 

Enfin, même si les effets de la gal-9 sur le système immunitaire sont prépondérants, celle-ci 

peut aussi avoir d'autres effets, en particulier sur l’angiogenèse.  Ceux-ci seront envisagés 

dans le dernier paragraphe de ce chapitre. 

 

a) Régulation de la réponse immunitaire innée 

Décrite en 1998, la capacité chimiotactique de la gal-9 fut la première fonction de cette 

protéine à être publiée (69). D’abord rapportée pour les granulocytes éosinophiles, elle n’a 

été que récemment décrite pour les cellules NK (Natural Killer) (70). Cette fonction, associée à 

l’induction de l’expression de la gal-9 en réponse à une stimulation du TLR3 (Toll Like 

Receptor 3) (71,72) ou en réponse à l’IFN-γ (Interféron-γ) (38), met en avant son rôle dans 

l’initiation de la réponse immunitaire innée. Elle exerce d’ailleurs, conjointement à ces effets 

chimiotactiques, plusieurs fonctions régulatrices sur les cellules de l’immunité innée qui sont 

détaillées ci-dessous. 

- Eosinophiles. En plus de ses propriétés chimio-attractantes, la gal-9 induit la 

production de superoxydes et améliore la survie des éosinophiles in vitro de façon 

dépendant de Tim-3 (T-cell immunoglobulin and mucin-domain containing-3) (67).  

Cependant, ces effets de la gal-9 sur les éosinophiles n’ont pas été confirmés dans 

des publications ultérieures, ni par le groupe d’Hirashima lui-même, ni par d’autres 

groupes. 

 

- Neutrophiles. La gal-9 induit la dégranulation et stimule l’activité NADPH oxydase 

des neutrophiles. On a également montré qu’elle était capable d’améliorer la 

phagocytose des bactéries du genre Pseudomonas Aeruginosa en facilitant leur 

opsonisation   (73).  

 



 

 

 

Figure 8. Polarisation des macrophages et fonctions spécifiques aux types 1 et 2. 

Différents stimuli peuvent influencer la polarisation des macrophages vers un phénotype M1 

ou M2. Alors que les macrophages M1 produisent des cytokines inflammatoires et exercent 

des fonctions cytotoxiques, les macrophages M2 sont associés à la diminution de la réponse 

immunitaire et la régénération du tissu (adaptée de U. Saqib et al. (9)).  
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- Basophiles.  La gal-9 est capable de lier les immunoglobulines d’isotype IgD au CD44 

présent à la surface des basophiles. Elle participe ainsi à l’activation de ces cellules, 

entraînant une production d’Il-4 et une augmentation de la réponse Th2 (74). 

 

- Cellules NK. Plusieurs publications relatives à la physiologie et à l’immunologie de la 

grossesse, s’accordent pour dire que la gal-9 induit une diminution du potentiel 

cytotoxique des cellules NK. Dans les premières phases de la grossesse, l’expression 

du récepteur Tim-3 augmente sur les cellules NK du sang périphérique. Ce 

phénomène qui paraît dépendant de l’action de la progestérone (75), les rend 

sensibles à la gal-9 qui est abondamment exprimée au niveau du trophoblaste et de 

la membrane déciduale. La gal-9, via le récepteur Tim-3, diminue la capacité de 

dégranulation des cellules NK (76), la production de perforine ou de TNF-α (Tumor 

necrosis factor-α), au profit d’une expression accrue de cytokines anti-inflammatoires 

(TGF-β1 (Transforming growth factor-β1), Il-10, Il-4) (75). Le rôle que la gal-9 joue 

dans l’établissement de cette immunosuppression (77,78) est fondamentale et ne va 

pas sans rappeler l’importance de PD-1 (79), un autre facteur immunosuppresseur 

fortement exprimé chez les femmes enceintes (8) (Figure 7). 

 

Nota bene : On remarque l’analogie qui existe entre l’établissement d’un 

environnement immunosuppresseur visant à préserver le fœtus et celui qui, dans un 

cadre pathologique, permet à la tumeur d’échapper à l’action du système immunitaire. 

Il est d’ailleurs intéressant de constater que certains chercheurs travaillent 

conjointement sur ces deux thématiques (8,80).  

 

- Monocytes/macrophages. Plusieurs fois décrite dans un contexte tumoral, la 

capacité de la gal-9 d’induire une polarisation des macrophages vers un phénotype 

M2 au détriment d’un phénotype M1 (Figure 8) confirme le potentiel 

immunosuppresseur de cette protéine (80,81). Des essais in vitro visant à caractériser 

ce phénomène mettent en avant l’implication du récepteur Tim-3 (82). Un autre étude 

décrit, dans un modèle murin de carcinome pancréatique, une reprogrammation des 

macrophages vers un phénotype M2 dépendant de la dectine-1 (24). Dans ce modèle, 



 

 

 

Figure 9. Molécules de co-stimulation et d’inhibition permettant de réguler la réponse 

T. 

Différentes interactions ligand-récepteur entre la cellule T et la cellule présentatrice 

d’antigène sont représentées. Celles-ci permettent de réguler la réponse à l’antigène dans les 

ganglions, les tissus périphériques ou encore dans la tumeur. Généralement, les cellules T ne 

répondent à ces interactions qu’après avoir reconnu l’antigène, et les récepteurs inhibiteurs 

sont up-régulés après la phase d’activation. La communication entre les lymphocytes T et les 

cellules présentatrices d’antigènes est bidirectionnelle (10).  
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l’invalidation de la dectine-1 est associée à une diminution de l’infiltration par les 

macrophages CD206+. Une étude complémentaire rapporte une redondance 

fonctionnelle entre la dectine-1 et CD206, dont l’interaction directe avec la gal-9 

induit également une polarisation vers un phénotype M2 (83). 

 

- Cellules dendritiques. Les cellules dendritiques présentes dans la muqueuse 

intestinale jouent un rôle crucial dans l’établissement d’une tolérance immunitaire en 

dépit des nombreux antigènes présents dans la lumière du tube digestif. Il semble 

que la gal-9 produite par les cellules intestinales joue un rôle dans ce phénomène. En 

effet, des chercheurs ont montré que la préexposition de cellules dendritiques à la 

gal-9 diminue l’expression de CD40 et de CD80 en réponse à une stimulation par du 

LPS (lipopolysaccharide) (84). La gal-9 permet également d’induire chez ces cellules 

une augmentation de l’activité ALDH (Aldehydedehydrogenase) (85). Paradoxalement, 

une autre étude a montré que l’ajout de gal-9 sur des cellules dendritiques immatures 

dérivées de monocytes en culture, participe à leur différenciation et leur maturation, 

notamment en induisant une augmentation du niveau d’expression des récepteurs 

CD80/86 (86). 

 

- MDSCs (Myeloid-derived supressor cells). L’interaction Tim-3/gal-9 participe à 

l’expansion des MDSC chez la souris (CD11b+Ly6G+F4/80low) (87). Certaines données 

suggèrent même que l’augmentation d’expression de Tim-3 et de gal-9, notamment 

dans le compartiment  des MDSC monocytiques, pourrait être associée avec la mise 

en place de résistances primaires et secondaires chez des patients traités avec des 

anti-PD-1 (88). 

 

b) Régulation de la réponse immunitaire adaptative 

Comme mentionné précédemment, plusieurs des fonctions associées à la gal-9 sont médiées 

par le récepteur Tim-3. Cette protéine, exprimée par plusieurs acteurs de l’immunité, est 

considérée comme une molécule de co-inhibition de la réponse T (10) (Figure 9). La 

première publication rapportant les fonctions immunosuppressives du couple Gal-9/Tim-3 a 
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été publiée en 2005. Elle représente le premier travail de recherche mettant en évidence le 

rôle immunosuppresseur de la gal-9. Cette publication a démontré comment la gal-9 est 

capable d’induire l’apoptose des lymphocytes CD4+ Th1 (T-helper1) chez la souris (68). 

D’emblée, ces auteurs ont présenté la gal-9 comme un frein physiologique facilitant la 

terminaison de la réponse immunitaire : « the IFN-γ that induces tissue inflammation also 

induces an inhibitory ligand (galectin-9) in the target tissue, which delete Th1 cells and 

thereby prevents protracted inflammation in target organs ».  

Plusieurs équipes et notamment mon équipe d'accueil ont mené des travaux pour déterminer 

si ces résultats pouvaient être étendus à l’homme. Mon équipe a observé que même des 

concentrations relativement faibles de gal-9 recombinante – de l’ordre de 30nM - entraînent 

l'apoptose des lymphocytes T, CD4 et CD8, indépendamment du phénotype Th1 et de 

l'expression de Tim-3 (89). Le mécanisme de cette entrée en apoptose reste mal compris.  

Mon équipe a montré que l'addition de gal-9 entraîne une mobilisation calcique presque 

immédiate qui nécessite l'intégrité du complexe TCR. L'invalidation de la chaîne TCRβ ou de 

la chaîne CD3 ou encore de la tyrosine kinase Lck abolit cette mobilisation calcique sans 

empêcher l'entrée en apoptose (89). On peut tirer de ces expériences une conclusion et une 

hypothèse.  La conclusion est que l'induction de l’apoptose par la gal-9 recombinante est 

indépendante de la mobilisation calcique. L'hypothèse consiste à dire que la mobilisation 

calcique induite par la gal-9 résulte peut-être d'une interaction directe de celle-ci avec le TCR, 

ce qui reste à démontrer. Sachant qu'une stimulation continue et de faible intensité du TCR 

favorise l'émergence d'un phénotype suppresseur, des données sur ce point pourraient 

orienter vers une nouvelle fonction suppressive de la gal-9 (90).  

Gooden et al. ont rapporté  qu’en traitant in vitro des PBMC (Peripheral blood mononuclear 

cells) humains au repos avec de faibles concentrations de gal-9, on déclenche tout d’abord  

une vague d’apoptose parmi les cellules T. Vague qui est prédominante pendant 3 jours. 

Cependant, au-delà du 3ème jour, on assiste  à une expansion des lymphocytes T survivants  

(91). Ces lymphocytes T CD4+ survivant et proliférant sont majoritairement de phénotype 

CD4+ « central memory », c'est-à-dire CCR7+CD45RO+. Ils sont également fortement 

producteurs d’IFN-γ. Il pourrait donc s'agir de lymphocytes Th1 mais d'autres investigations 

seraient nécessaires pour le confirmer. Une étude en cours dans notre équipe portant sur les 
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lymphocytes T survivants après traitement par la gal-9 n’est pas en faveur de cette hypothèse 

(Tram Thi Bao Tran, thèse en cours). 

Les cellules Th1 ne sont pas les seules cibles permettant à la gal-9 d’inhiber la réponse 

immunitaire à médiation cellulaire. Plusieurs équipes de recherche ont également mis en 

avant l’effet inhibiteur de la gal-9 sur les LT CD8+. Cette régulation négative a d’abord été 

rapportée dans un modèle murin d’allogreffe dans lequel la gal-9 exogène induit l’apoptose 

des LT cytotoxiques alloréactifs (92), et a ensuite été vérifiée sur des LT CD8+ isolés à partir 

d’un ganglion murin (93). Cet effet a également été étudié chez des patients atteints 

d’infections virales chroniques en révélant une dysfonction et un épuisement de ces cellules 

(94,95). Nous reviendrons plus en détail sur cet aspect dans la partie traitant des pathologies 

associées à la gal-9. 

D’autres travaux réalisés in vitro sur des LT CD4+ murins naïfs révèlent que la gal-9 induit la 

différenciation des cellules en Treg (lymphocytes T-régulateurs) et réprime leur 

différenciation en Th17 (96,97). Ces deux propriétés ont été décrites comme indépendantes 

d’interactions avec le récepteur Tim-3. Cette information s’est confirmée 2 ans plus tard dans 

le cadre d’une étude menée chez l’homme sur des Treg induits, mettant à jour un nouveau 

partenaire d’interaction de la gal-9. Dans cet article, les auteurs décrivent comment la gal-9, 

en permettant la formation d’un complexe CD44-TGFβRI, participe à la génération et la 

fonction des Treg induits (98). Récemment, le même type d’interaction faisant cette fois 

intervenir la gal-9, CD44 et des IgD, a été décrit comment étant à l’origine d’une amplification 

de la réponse Th2 (74). Ces résultats font échos à des observations rapportées chez des 

patients atteints d’un mélanome métastatique chez qui la gal-9 promeut une différenciation 

Th2, impactant la survie des patients (80). 

Enfin, les principales informations concernant l’effet de la gal-9 sur les LB (lymphocytes B) 

proviennent de 2 études parues en 2018 (99,100). Cao et al. décrivent avec beaucoup de soin 

la manière dont la gal-9 régule la signalisation induite par le BCR. Elle agit à la surface des 

cellules en rapprochant des clusters d’IgM déjà existants, augmentant la taille et le nombre 

de molécules par cluster. Ceci a pour effet de diminuer la mobilité des IgM à la surface et, 

conjointement avec la limitation de la formation de plusieurs microclusters, impacte 

négativement l’activation des LB en présence de l’antigène spécifique. En outre Giovanonne 



 

 

 

Figure 10. Effets de la gal-9 sur les cellules du système immunitaire. 

Représentation synthétique des principaux effets immuno-modulateurs de la gal-9 sur les 

différentes populations de cellules immunitaires. La gal-9 exerce globalement des effets 

immunosuppresseurs. Les effets immunoactivateurs se concentrent principalement sur le 

lignage granulocytaire (adaptée des travaux de thèse de C. Lhuillier (11)).  
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et al. ont montré que la gal-9 se fixe également sur la protéine CD45 à la surface de la cellule 

B, ce qui bloque la signalisation calcique et l’activation des B en présence de l’antigène. Fait 

remarquable, les LB sont producteurs de la gal-9 qui agit sur eux comme un facteur inhibiteur. 

Cette inhibition s’exerce notamment sur les LB naïfs et mémoires. D’après Giovanonne et al., 

elle est levée au niveau des centres germinatifs en raison d’un changement du N-glycome, 

avec augmentation à la surface cellulaire, et notamment sur la protéine CD45, du taux de 

glycanes portant des branchements de type I.  En effet, les glycanes de ce type ont peu 

d’affinité pour la gal-9.  L’augmentation de leur synthèse résulte de l’expression accrue d’une 

enzyme appelée 1-6 N-acetylglucosaminyl transférase (100). De façon cohérente avec ces 

études mécanistiques, on sait que les souris KO gal-9 présentent une hyper-prolifération des 

cellules B conduisant à une production élevée d’anticorps, associé à une augmentation du 

nombre de cellules dans la rate, les ganglions, le thymus et les plaques de Peyer (101). Ce 

phénomène pourrait être impliqué dans l’augmentation de la susceptibilité de ces souris à 

développer des maladies auto-immunes, comme la polyarthrite rhumatoïde (96) (Figure 10). 

 

c) Angiogenèse 

En dehors de ses fonctions immunosuppressives, la gal-9 pourrait participer à la réparation 

tissulaire en modulant l’angiogenèse. Dans une première étude publiée en 2013, Heusschen 

et al. décrivent comment la gal-9 peut influencer la prolifération et la migration de cellules 

endothéliales isolées à partir de veines de cordons ombilicaux humains (102). Cette première 

étude, davantage accès sur les différents variants de la gal-9 exprimés par les cellules 

endothéliales, ne révèlent finalement que quelques modulations des fonctions des cellules 

endothéliales par la gal-9, sans pouvoir vraiment décrire un phénomène d’angiogenèse. Il 

faut attendre 2018 pour voir apparaître des travaux d’écrivant à la fois la migration et la 

formation de tubes de cellules endothéliales humaines après traitement par la gal-9 (103), 

suggérant un effet pro-angiogénique. Peu de temps après cependant, d’autres auteurs ont 

montré que le traitement de la membrane chorio-allantoïque d’un œuf de poule avec de la 

gal-9 entraînait une diminution de la longueur des vaisseaux générés sans pour autant en 

augmenter le nombre (104). Au total, on se trouve face à des résultats discordants en 

fonction du modèle expérimental qui ne permettent pas de tirer de conclusions. 
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IV – Galectine-9 et pathologies non tumorales 

La grande majorité des études qui porte sur les fonctions de la galectine-9 au niveau des 

organismes entiers montre que ses effets immunosuppresseurs sont prédominants. Cela 

s’applique aux études menées chez la souris dans le domaine des maladies auto-immunes, 

des tumeurs expérimentales ou encore des allogreffes. De même chez l’homme le rôle 

immunosuppresseur prédominant de la galectine-9 ressort d’études aussi variées que celles 

qui concernent la physiologie de la grossesse, les mécanismes de l’auto-immunité ou de 

l’échappement immunitaire des tumeurs malignes. 

 

a) Maladies inflammatoires 

Plusieurs modèles murins permettent d’explorer les différentes contributions de la gal-9 dans 

le développement de maladies inflammatoires. On mesure par exemple assez bien sa valeur 

immunosuppressive dans les souris KO-gal-9 qui sont plus sensibles à l’induction de maladies 

auto-immunes comme la polyarthrite rhumatoïde (96). Il est également intéressant de 

constater que son administration par voie systémique (par exemple par voie intra-péritonéale) 

peut permettre de limiter la sévérité de la maladie, voire de prévenir son apparition 

(96,105,106). C’est le cas pour la polyarthrite rhumatoïde, mais c’est également le cas pour 

d’autres maladies auto-immunes. En effet, des chercheurs ont également mis en avant le 

potentiel thérapeutique de la gal-9 exogène dans un modèle de lupus érythémateux aigu 

disséminé (LEAD) murin. Chez l’homme, cette maladie se caractérise par une réponse 

immunitaire cellulaire et humorale dirigée contre différents tissus de l’organisme (peau, reins, 

cellules sanguines, poumons, …). Le modèle développé sur la souche murine MRL-lpr (lupus-

prone ; mutée pour le gène Fas) présente cette auto-immunité systémique, et le traitement 

par de la gal-9 permet de diminuer la sévérité des signes cliniques. Pour expliquer ce 

phénomène, Les auteurs de ces travaux décrivent une diminution de la production d’auto-

anticorps due à l’apoptose des plasmocytes (107).  

Dans d’autres cas, les effets que joue la gal-9 dans l’apparition de la maladie sont plus 

difficiles à saisir. En effet, il a été démontré que le traitement par de la gal-9 pouvait être 

bénéfique, y compris dans des modèles de pathologie pourtant associés à une augmentation 
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de la concentration de gal-9. C’est par exemple le cas de modèles d’asthme murin (108–110) 

pour lesquels on rapporte une augmentation de la quantité de gal-9 dans les poumons 

(111,112).  Il n’est pas impossible que dans ces cas de figure, les effets bénéfiques de la gal-9 

administrée découlent d’un impact au niveau systémique tout en restant délétère au niveau 

pulmonaire.  Il n’existe toutefois pas d’études à notre connaissance qui décrivent ce genre de 

mécanismes. Dans les maladies inflammatoires à composante auto-immune chez l’homme, 

on retrouve cette complexité puisque dans plusieurs cas on observe une augmentation de la 

gal-9 malgré une exacerbation de l’immunité contre certains auto-antigènes. Chez les 

patients atteins de polyarthrite rhumatoïde par exemple, la concentration de gal-9 tend à 

être augmentée dans le liquide synovial ainsi qu’au niveau des cellules dérivées du tissu 

synovial (fibroblastes, cellules endothéliales, macrophages, cellules T et B) (105). Chez les 

patients atteints de LEAD on retrouve également une augmentation de gal-9 dans les PBMC 

et le plasma (113,114). Dans certaines pathologies, le niveau de gal-9 est même corrélé à la 

gravité de la maladie. C’est le cas de la dermatite atopique, affection pour laquelle 

l’augmentation du niveau de gal-9 est visible dans le plasma des patients (115,116).  

Dans cette dernière pathologie, comme dans d’autres associées à une composante auto-

immune, on retrouve une accumulation de certains granulocytes, tels que les éosinophiles 

(117). Cette observation est d’autant plus intéressante que des travaux de recherche 

démontrent que la gal-9 favorise la citrullination (conversion de l’arginine en citrulline) des 

protéines intra-cellulaires dans les granulocytes (118). Or, ce phénomène a été plusieurs fois 

mentionné comme responsable de la production d’auto-anticorps en générant des protéines 

anormalement citrullinées reconnues comme des néo-(auto)antigènes. 

 

b) Infections virales 

La gal-9 joue également un rôle dans les réponses immunitaires qui accompagnent de 

nombreuses infections virales. Des augmentations de la concentration plasmatique de gal-9 

ont par exemple été relevées chez des patients infectés par les virus HBV et HCV (Hepatitis 

B/C virus) (119,120). Cette augmentation de gal-9 est également corrélée à une expansion 

des Treg et une diminution de la réponse inflammatoire (95,121). A certains égards, ces effets 

sont bénéfiques puisqu’ils limitent les dégâts causés par l’inflammation durant l’infection 
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mais ils peuvent aussi faire courir le risque d’une réponse immunitaire insuffisante. Il semble 

aussi qu’une concentration élevée de gal-9 dans le plasma augmente le risque d’évoluer vers 

une infection chronique (122). Une étude rapporte même une concentration de gal-9 

circulante encore plus élevée chez des patients infectés par HCV ayant développés un 

carcinome hépatocellulaire (94). De manière similaire, les cellules malignes de NPC associées 

au virus d’Epstein-Barr libèrent dans le milieu extra-cellulaire des exososomes chargés en gal-

9 (58).  Ces exosomes ont des propriétés immunosuppressives avérées (59,123). 

Des auteurs rapportent que dans des modèles d’infections oculaires par le virus HSV (Herpes 

Simplex Virus) chez la souris, l’administration de gal-9 permet de réduire l’inflammation ainsi 

que les lésions associées à l’infection (124). Ceci s’explique probablement par le fait que dans 

le modèle utilisé, la formation des lésions résulte principalement d’une activité des T CD4+ 

pro-inflammatoires. La diminution des lésions ne serait donc pas due à une inactivation du 

virus mais à une atténuation de la réponse immunitaire. D’ailleurs, des résultats 

complémentaires indiquent même que la gal-9 peut favoriser la réactivation du virus HSV1 

dans les cellules nerveuses infectées de façon latente. En effet, le virus HSV-1 persiste dans le 

ganglion trigéminal et va se maintenir dans une phase de latence notamment grâce à la 

surveillance exercée par les T CD8+. Le traitement par la gal-9 va donc induire, en même 

temps que l’apoptose de ces cellules, une réactivation du virus (93,125).  

On observe également une forte augmentation de la concentration de gal-9 circulante lors 

de la primo-infection par le VIH (virus de l’immunodéficience humaine) (126). Cette 

concentration de gal-9 plasmatique est positivement corrélée à la virémie du patient. A la 

phase chronique, la concentration plasmatique de gal-9 quoique moins élevée qu’à la phase 

aigüe demeure plus forte que chez les sujets sains, y compris après restauration du taux de 

CD4 circulant sous tri-thérapie. Les spécialistes d’HIV s’intéressent à la gal-9 pour d’autres 

raisons. Plusieurs publications montrent que la gal-9 exogène peut déclencher in vitro, la 

réversion de la latence du virus (127). Cette réactivation serait due à une modulation de la 

transcription des gènes viraux, dépendante de l’activation du TCR, et impliquant les kinases 

ERK1/2 ainsi que le facteur de transcription CREB (128). Ce cas de figure est donc différent de 

ceux présentés précédemment puisque la réactivation ne passe à priori pas par une 

diminution de la réponse immunitaire, mais par un effet direct sur les cellules T infectées. La 
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persistance du HIV sous forme latente dans certains réservoirs cellulaires représente un 

obstacle majeur pour l’éradication complète du virus. Le traitement par de la gal-9 pourrait 

donc, conjointement avec une thérapie anti-rétrovirale, apporter un bénéfice dans la lutte 

contre l’infection. C’est du moins ce que proposent certains chercheurs, qui mettent 

également en avant l’effet inducteur de la gal-9 sur la protéine APOBEC3 (127). Cette 

protéine exerce un effet anti-rétroviral important en catalysant des réactions de déamination 

de la cytidine dans les simples brins (129), induisant des hypermutations qui diminuent 

l’infectivité du virus (127). Cependant, le fait que la gal-9 ait un effet positif direct sur la 

pénétration du virus dans les cellules encore indemnes d’infection, pourrait représenter un 

obstacle difficile à surmonter pour mettre en œuvre cette approche (130). 

En conclusion, plusieurs infections virales s’accompagnent d’une augmentation de 

l’expression de gal-9 au niveau du tissu infecté ainsi qu’au niveau systémique, augmentation 

marquée notamment par une élévation de la concentration de gal-9 circulante. Ce 

phénomène qui contribue à une décroissance de la réponse immunitaire, peut favoriser la 

persistance de l’infection virale. En effet, la réponse inflammatoire doit être suffisamment 

intense pour permettre d’éliminer l’agent infectieux parfois au prix d’une aggravation des 

lésions du tissu infecté. Dans certaines situations, l’inhibition de la gal-9 pourrait donc 

améliorer la réponse anti-virale, voire le processus de vaccination comme le suggère une 

étude réalisée sur le virus influenza A (131). Cependant, les effets de la gal-9 sur les relations 

hôte/virus dépendent de la nature du virus. Comme nous l’avons vu, dans le cas du VIH, le 

traitement par de la gal-9 favorise une réactivation du virus dans les cellules infectées de 

façon latente. D’où l’idée d’utiliser la gal-9 en synergie avec un traitement antiviral, en vue 

d’éliminer totalement le VIH de l’organisme. 

 

V – Notions générales sur les mécanismes d’oncogenèse, les 

propriétés des cellules malignes et leurs interactions avec le 

microenvironnement 

Une tumeur maligne se présente comme une entité tissulaire qui échappe à l’homéostasie, 

c'est-à-dire qui se développe sans tenir compte des mécanismes régulateurs du volume et de 
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la morphologie des tissus et des organes. L’entité tumorale se développe sans tenir compte 

des barrières anatomiques, des cloisons entre tissus distincts ; c’est ce qu’on appelle le 

processus d’invasion qui se fait par contiguïté. En outre, on peut assister à des extensions à 

distance du processus tumoral qu’on appelle des métastases. Celles-ci s’opèrent le plus 

souvent de la manière suivante : des fragments microscopiques se détachent de la tumeur 

initiale (souvent appelée la tumeur primitive), sont entraînés par le flux sanguin ou le flux 

lymphatique et donnent naissance à distance à de nouvelles tumeurs, souvent localisées dans 

les ganglions lymphatiques, les os, le foie ou les poumons. D’un point de vue morphologique 

et fonctionnel, les tumeurs malignes se composent de 2 compartiments cellulaires distincts : 

1) les cellules malignes qui sont généralement porteuses d’altérations du génome et qui ont 

le plus souvent un caractère clonal (c'est-à-dire qu’elles dérivent d’une seule cellule maligne 

initiale) et 2) les cellules du stroma qui présentent une grande diversité du point de vue du 

lignage et de la différenciation cellulaire. Ces cellules stromales, qui ne comportent 

généralement que peu voire pas d’altérations génétiques, sont très diverses : 1) cellules des 

vaisseaux intra- et péri-tumoraux, notamment des cellules endothéliales des parois 

vasculaires ; 2) cellules spécialisées de l’immunité innée et acquise : lymphocytes et cellules 

myéloïdes telles que les granulocytes, monocytes, macrophages, cellules dendritiques et 

MDSC ; 3) cellules du tissu conjonctif, dit de soutien, comme les fibroblastes ; 4) cellules 

nerveuses intra-tumorales. 

Beaucoup d’auteurs distinguent les cellules stromales péri-tumorales, situées comme leur 

nom l’indique à la périphérie de la tumeur et souvent à une certaine distance des cellules 

malignes, et les cellules stromales intra-tumorales qui sont en contact étroit avec les cellules 

malignes. 

Les cellules malignes ont longtemps étaient considérées comme les seules véritable actrices 

du processus tumoral. Il est vrai que les cellules malignes ont un rôle prépondérant dans 

l’émergence, la croissance et la dissémination tumorale mais le rôle des cellules stromales 

n’en est pas moins essentiel. Le phénotype particulier des cellules malignes résulte en 

premier lieu d’altérations génétiques, notamment de mutations activatrices de proto-

oncogènes et de mutations invalidant les gènes suppresseurs de tumeur ou les systèmes de 

réparation de l’ADN. En deuxième lieu, le phénotype malin résulte aussi de modifications 



 

 

 

Figure 11. Les « hallmarks » du cancer d’après D.Hanahan et R.A Weinberg (12).  



 

31 

 

épigénétiques avec fréquemment une diminution globale de la méthylation de l’ADN et une 

augmentation de la méthylation au niveau des îlots CpG dans les régions régulatrices des 

gènes suppresseurs de tumeurs. A cela s’ajoute la mise en place progressive d’un réseau 

d’interactions entre cellules malignes et cellules stromales qui aboutit à un détournement des 

fonctions physiologiques des cellules stromales favorisant la survie et la multiplication des 

cellules malignes. Cependant la complémentarité entre cellules malignes et cellules stromales 

n’est généralement pas parfaite comme le montre en particulier le caractère défectueux de 

l’angiogenèse tumorale. En effet, pour qu’une tumeur maligne puisse grandir, l’édification du 

réseau vasculaire doit accompagner l’augmentation du volume tumoral permettant l’apport 

de nutriments et d’oxygène dans les secteurs tumoraux en expansion. La construction de 

nouveaux vaisseaux ou angiogenèse tumorale est souvent très défectueuse par rapport à ce 

qui s’observe dans un tissu non malin en développement ou en réparation. Il y a donc 

fréquemment une carence en oxygène dans de nombreux secteurs tumoraux et nous verrons 

que la capacité de s’adapter à l’hypoxie est l’une des caractéristiques les plus fréquentes des 

cellules malignes. 

Ayant en tête, à la fois les caractéristiques structurales et physiologiques des tumeurs 

malignes in situ et de très nombreuses données biologiques obtenues in vitro, D. Hanahan et 

R.A. Weinberg ont proposé une synthèse et une classification rationnelle des propriétés des 

cellules malignes que nous allons présenter brièvement (Figure 11) (12) : 1) prolifération 

indéfinie, qui se traduit par une réactivation de la télomérase et une perte de réponse aux 

mécanismes de contrôle du cycle cellulaire, ce qui peut se décrire aussi comme un blocage 

des mécanismes de sénescence ; 2) résistance aux stimuli internes ou externes inducteurs de 

l’apoptose ; 3) instabilité génétique ; 4) induction de processus d’angiogenèse ; 5) résistance 

à l’hypoxie et réorientation métabolique favorisant notamment la glycolyse extra-

mitochondriale (anaérobie), au détriment de la glycolyse couplée à la chaîne respiratoire et à 

la phosphorylation oxydative ; 6) capacité à participer à des interactions paracrines avec les 

cellules stromales comme les fibroblastes ou les macrophages intra-tumoraux ; 7) 

échappement aux réponses anti-tumorales du système immunitaire. 



 

 

 

Figure 12. Initiation et progression dans le cycle cellulaire : rôle de Rb et des couples 

cycline/CDK (13).  
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Dans les lignes et les pages qui suivent, nous allons revenir plus en détail sur certaines de ces 

propriétés caractéristiques des cellules malignes. Dans un second temps, nous traiterons de 

l’impact que peut avoir la gal-9 sur le développement tumoral. 

 

a) Capacité de prolifération indéfinie, résistance aux processus de 

sénescence et d’apoptose 

Schématiquement, la prolifération indéfinie des cellules malignes, ainsi que la résistance à la 

sénescence et à l’apoptose résultent en proportions variables de deux grands types de 

mécanismes moléculaires : l’activation d’oncogènes et l’inactivation de gènes suppresseurs 

de tumeur, ou anti-oncogènes. Ces mécanismes sont extraordinairement divers et il n’est pas 

question de les décrire en détail dans le cadre de ce bref rappel bibliographique. Nous nous 

contenterons d’un court aperçu sur les voies de signalisation Rb et TP53 (132,133). 

Il existe dans la physiologie cellulaire un certain nombre de dispositifs moléculaires qui 

servent de garde-fou pour empêcher une prolifération non contrôlée. Il s’agit en premier lieu 

des points de contrôle (« checkpoints ») du cycle cellulaire. Le plus important d’entre eux se 

situe à la transition GO/G1. Son franchissement nécessite l’inactivation de la protéine Rb 

(Figure 12). Dans les cellules malignes, cette inactivation peut s’effectuer de deux façons : 

soit par une mutation inactivatrice du gène correspondant, soit par le détournement d’un 

mécanisme physiologique qui est la phosphorylation de Rb. Cette phosphorylation est 

régulée de façon fine par des cyclines, notamment la cycline D1, par des kinases dépendantes 

des cyclines, notamment CDK4 et CDK6, et par des inhibiteurs de cyclines, notamment 

CDKN2A. L’expression anormalement élevée de la cycline D1 (oncoprotéine) ou l’absence de 

CDKN2A (suppresseur de tumeur) favorise l’inactivation permanente de Rb par 

phosphorylation et donc une prolifération incontrôlée. Cependant un autre mécanisme 

garde-fou peut intervenir à ce stade. En effet, l’inactivation de Rb déclenche une cascade de 

signalisation qui aboutit à la stabilisation de TP53 qui, suivant le contexte cellulaire, peut 

induire un arrêt du cycle cellulaire, soit réversible soit irréversible (sénescence), ou encore un 

phénomène d’apoptose. L’inactivation de TP53 résulte très souvent d’une mutation non-sens 
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ou faux-sens. Ce type de mutations s’observe dans environ 50% des cas de tumeurs malignes 

humaines. 

Les cellules normales de l’organisme ont une capacité de prolifération limitée. Au terme de 

quelques dizaines de divisions cellulaires se produit un phénomène de sénescence 

physiologique qui rend les cellules incapables de se diviser. Le raccourcissement des 

télomères est l’un des principaux mécanismes responsables de ce processus. Les cellules 

peuvent le retarder ou l’empêcher de plusieurs manières, en particulier par une expression et 

une activité non régulée de la télomérase. Cela s’observe dans plus de 90% des tumeurs 

humaines (134). En dehors du gène de la cycline D2, d’autres oncogènes fréquemment 

activés dans les tumeurs humaines jouent un rôle dans la prolifération indéfinie, la résistance 

à la sénescence et l’apoptose. Nous nous contenterons de mentionner RAS (135), WNT (136) 

ou encore MYC (137). 

 

b) Instabilité génomique et mutations 

L’instabilité génétique est une autre caractéristique très commune des cellules malignes 

souvent installée à un stade précoce de la transformation tumorale. C’est à la fois un facteur 

favorisant les altérations des oncogènes et des gènes suppresseurs de tumeur, et une 

conséquence de leur dysfonctionnement. L’inactivation de TP53 en est une cause majeure. 

Cette instabilité s’installe en dépit d’une activation précoce des mécanismes de réponse aux 

dommages de l’ADN (138). 

En permanence, le génome est affecté par des événements mutationnels qui surviennent de 

manière plus ou moins aléatoire, sous l’influence de facteurs internes et externes. Les cellules 

possèdent plusieurs mécanismes qui permettent de détecter et réparer les lésions génétiques 

à l’origine de ces mutations et c’est finalement un état d’équilibre entre dégâts et réparation 

qui régit le devenir cellulaire. Dans la biosphère, la relative vulnérabilité du génome aux 

mutations est considérée comme inhérente au processus évolutif. Au sein d’un organisme 

donné, cette même vulnérabilité conduit inévitablement à une accumulation de mutations et 

à l’apparition d’un mosaïcisme au cours du vieillissement (139).  
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Pour en revenir à la notion de lésion génétique, on qualifie de lésion une modification de la 

structure chimique de la double hélice d’ADN. Il peut s’agir d’une cassure de la chaîne 

nucléotidique ou encore de la modification chimique d’une ou plusieurs bases. Ces lésions, 

majoritairement prises en charge par les systèmes de réparation peuvent rester présentes 

durant la phase de réplication du génome. C’est durant cette phase que certaines lésions 

peuvent entraîner l’apparition de mutations sur le brin néo-synthétisé (140). Plusieurs 

évènements peuvent être à l’origine de l’introduction de lésions dans le génome, certains 

endogènes et d’autres exogènes. Alors que les premiers sont la résultante de processus 

métaboliques cellulaires, comme la production d’espèces réactives de l’oxygène (141), les 

autres proviennent de sources  extérieures variées (rayonnements ultraviolet, X, gamma, 

agents intercalants, …). Les mutations apparaissant généralement durant le processus de 

réplication de l’ADN précédant la division cellulaire. Les cellules avec un taux de 

renouvellement élevé sont donc davantage sujettes à ces altérations. Physiologiquement, les 

cellules épithéliales et sanguines font partie de ces cellules plus vulnérables aux mutations 

somatiques (142). Plusieurs phénomènes stimulant la prolifération cellulaire peuvent donc, 

eux aussi, favoriser l’apparition de ces mutations. C’est notamment le cas dans des tissus 

endommagés par un processus inflammatoire, mais nous reviendrons plus en détail sur cet 

aspect dans la partie traitant des altérations du microenvironnement. Lors des états pré-

tumoraux et au début du processus tumoral, on peut penser que les mutations apparaissent 

de façon aléatoire. Certaines sont létales. D’autres sont neutres par rapport au phénotype 

tumoral. Celles qui vont donner un avantage de survie ou de prolifération aux cellules 

malignes vont être sélectionnées.  

 

c) Prolifération et altérations métaboliques 

La prolifération dérégulée des cellules malignes s’accompagne généralement de besoins 

métaboliques importants. Fait majeur, les cellules malignes utilisent généralement le glucose 

d’une manière dispendieuse et « sale ». 

Dans les cellules de mammifères, le glucose est un substrat privilégié du métabolisme 

énergétique. Dans des conditions normales, la glycolyse va fournir du pyruvate, de l’ATP 



 

 

 

Figure 13. Le métabolisme de la cellule tumorale : l’effet Warburg. 

La plupart des cellules cancéreuses puisent leur énergie essentiellement à partir du glucose, à 

travers la glycolyse. Dans les tissus sains, ce processus, qui participe également à la 

production de biomasse, passe majoritairement par une oxydation du pyruvate dans les 

mitochondries (glycolyse aérobie). En revanche, dans la plupart des cellules cancéreuses, la 

glycolyse se déroule préférentiellement de manière anaérobie dans le cytoplasme. 
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(adénosine triphosphate) et des coenzymes réduits notamment le NADH (nicotinamide 

adénine dinucléotide). Dans les mitochondries, le pyruvate va entrer dans le cycle de Krebs et 

ainsi aboutir à la génération de davantage de coenzymes réduits. Ces derniers vont pouvoir 

être réoxydés au niveau de la chaîne respiratoire et ainsi produire 36 molécules d’ATP, on 

parle alors de glycolyse aérobie. Dans une situation de déficit en oxygène, l’oxydation du 

glucose s’effectue entièrement en dehors des mitochondries. Elle aboutit à une molécule de 

lactate avec seulement 2 molécules d’ATP. Dans ces conditions, le rendement énergétique du 

catabolisme glucidique devient beaucoup plus faible. La production de lactate peut modifier 

les relations entre cellules stromales et cellules malignes. Dans ces dernières, la bascule du 

métabolisme du glucose vers la glycolyse anaérobie se produit fréquemment même dans un 

contexte riche en oxygène, comme l’a démontré pour la première fois Otto Warburg à partir 

d’ascites tumorales (143). Ce phénomène, appelé effet Warburg, est maintenant considéré 

comme une caractéristique distinctive de tumeurs agressives (Figure 13). L’implication de 

défaillances au niveau mitochondrial a été pendant un temps proposé pour expliquer ce 

phénomène. C’est effectivement le cas dans certains cancers, minoritaires. En réalité, plusieurs 

cancers qui présentent cet effet Warburg possèdent un système respiratoire mitochondrial 

intact (144). Il est clair que les mitochondries sont, du fait de leur implication dans la 

régulation de la mort cellulaire, de la production d’énergie ou encore de la synthèse de 

métabolites, des éléments clés dans le développement et la maintenance des cellules 

cancéreuses. Il n’est toutefois pas toujours évident d’identifier l’origine des modifications 

dans les mitochondries associées au développement tumoral.  

 

d) Interactions des cellules tumorales avec leur microenvironnement 

Parmi les changements observables dans le microenvironnement tumoral, nous pouvons déjà 

mentionner l’hypoxie et l’acidose. La réponse cellulaire à ce premier phénomène comprend 

un programme conservé par l’évolution, et piloté par les facteurs de transcription connus 

sous le nom de facteurs induits par l’hypoxie (HIF, Hypoxia inducible factors). La réponse à 

ces facteurs de transcription englobe divers processus qui aident à la réoxygénation du tissu, 

comme par exemple la stimulation de l’hématopoïèse (145), l’augmentation de la 

perméabilité épithéliale (146) ou l’induction de l’angiogenèse (147). Certains d’entre eux 
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apportent également leur contribution au développement tumoral en favorisant la motilité 

cellulaire, en impactant la composition de la matrice-extracellulaire et en participant au 

remodelage du tissu. Il a par exemple été démontré que HIF-1 régule directement le dépôt 

de collagène ce qui favorise l’invasion et les métastases des cellules cancéreuses hypoxiques 

du sein (148). D’autres mécanismes permettent de réduire la dépendance au métabolisme 

oxydatif en diminuant par exemple le nombre et la capacité de biogenèse des mitochondries 

(149) . Cette plurivalence participe sûrement à la difficulté de classer les facteurs induits par 

l’hypoxie en pro- ou anti-tumoraux. Les patients atteints de la maladie de Von Hippel-Lindau 

ne présentent d’ailleurs une prédisposition qu’à un type limité de cancers, suggérant une 

potentielle influence de l’origine tissulaire. 

Les altérations du microenvironnement impliquent également les acteurs du système 

immunitaire. En effet, l’hypoxie, les dommages tissulaires comme les phénomènes de nécrose, 

ou encore les agents carcinogènes induisent l’expression de cytokines inflammatoires, de 

chimiokines et de facteurs de croissance qui conduisent au recrutement de différents sous-

types cellulaires. L’inflammation vise normalement à détruire les corps reconnus comme 

étrangers et à remodeler le tissu lésé, afin de restaurer l’homéostasie tissulaire (150). Cette 

inflammation aiguë est un événement rapide puisque les signaux et les mécanismes qui 

déclenchent et maintiennent le processus disparaissent lorsque la guérison s’achève. 

Cependant, dans le cas du cancer, l’inflammation apparaît fréquemment comme un 

processus persistant et inefficace, constamment appuyé par l’émission soutenue de signaux 

pro-inflammatoires. Cette observation a d’ailleurs conduit le chercheur H.F. Dvorak à décrire 

la tumeur comme « une blessure qui ne guérit pas » (151). Au-delà de l’inefficacité de la 

réponse, l’inflammation chronique conduit à des changements de l’architecture du tissu et 

des constituants du stroma, qui favorisent la prolifération tumorale, l’angiogenèse et les 

métastases (152,153). 

Indépendamment de la réponse inflammatoire, une sous-population de fibroblastes avec un 

phénotype myofibroblastique stimulée par les cellules tumorales, participe également à 

l’initiation et au développement tumoral (154,155). Plusieurs protéines – TGF-β, platelet-

derived growth factor et fibroblast growth factor 2 – interviennent dans l’activation de ces 

CAF (Cancer associated fibroblasts) et de la fibrose du tissu. Ceux-ci ont un impact significatif 
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sur la progression tumorale en remodelant la matrice extracellulaire, en promouvant 

l’angiogenèse et le recrutement de cellules inflammatoires, voire en stimulant directement la 

prolifération des cellules cancéreuses via la sécrétion de facteurs solubles (156). Par exemple, 

la surexpression de la galectine-1 par les CAF a été décrite comme favorisant le 

développement des cellules tumorales adjacentes, et est corrélée à un mauvais pronostic 

dans le cancer du sein et gastrique (157,158). Dans un de ces articles, He et al. décrivent 

comment l’expression de la galectine-1 par les CAF induit la migration des cellules tumorales 

gastriques. Ces auteurs mettent en avant l’expression de l’intégrine-β1 dans les cellules 

cancéreuses corrélée à l’expression de galectine-1 dans les CAF. La conclusion de leur travail 

pointe l’induction de cette intégrine par les CAF, via la galectine-1, comme événement 

initiateur de la migration des cellules tumorales. En plus de sécréter des facteurs qui affectent 

la motilité cellulaire, les CAF représentent également une source de protéases, comme les 

métalloprotéases matricielles, qui permettent probablement aux cellules cancéreuses de 

traverser les frontières du tissu et de s’extirper du site de la tumeur primaire. Dans ce versant 

de recherche très actif, l’hypoxie apparaît encore une fois comme un facteur déterminant, 

pouvant influencer le devenir des fibroblastes (159). Cela illustre bien les communications 

intrinsèques qui existent entre les différentes caractéristiques des cellules tumorales. 

 

e) Mécanismes d’échappement au système immunitaire 

L’échec d’une réponse immunitaire anti-tumorale efficace trouve aujourd’hui plusieurs 

explications. Ce phénomène est fréquemment associé avec le concept « d’échappement au 

système immunitaire » qui caractérise assez bien le fait que le système immunitaire est 

mobilisé, mais que la tumeur réussit à le mettre en échec. Un des principes centraux de cet 

échappement repose sur l’idée d’une immunosurveillance constante du système immunitaire 

vis-à-vis des cellules transformées qui conduit à leur élimination, du moins à l’élimination de 

celles qui sont les plus vulnérables et corrélativement à l’émergence de cellules de plus en 

plus résistantes. Dans le contexte d’une réponse immunitaire, les cellules les plus vulnérables 

peuvent être, par exemple, celles qui expriment plusieurs néo-antigènes tumoraux qui en 

font des cibles facilement reconnaissables. Désigné sous le nom « d’immuno-édition du 



 

 

 

Figure 14. Concept « d’immuno-édition » du cancer (14). 

Le processus « d’immuno-édition » du cancer est composé de trois phases : 1) l’élimination, 

qui correspond à l’immunosurveillance du cancer ; 2) l’équilibre, ou phase de dormance 

tumorale durant laquelle le système immunitaire sélectionne et « favorise » la génération de 

variants tumoraux résistants ; 3) l’échappement, qui reflète la progression non-contrôlée des 

cellules tumorales qui échappent au contrôle du système immunitaire. Ces trois phases font 

intervenir différents types cellulaires ainsi que de nombreux facteurs solubles.  
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cancer » (Figure 14), ce phénomène jouerait un rôle dans la sélection des clones tumoraux 

les plus résistants à la réponse (160). 

La capacité du système immunitaire à distinguer les cellules normales des cellules malignes 

est fondamentale. Elle repose en partie sur le maintien d’une antigénicité suffisante des 

cellules malignes. En effet, la charge mutationnelle importante des tumeurs peut être 

associée à l’expression d’une grande variété d’antigènes mutés qui sont susceptibles de 

provoquer une réponse immunitaire (161). Un faible niveau de mutations peut donc diminuer 

l’efficacité de la réponse. Les analyses mutationnelles récentes nous ont toutefois révélé que 

certains cancers avec une charge mutationnelle relativement basse peuvent également 

répondre aux immunothérapies (162). La seule charge mutationnelle de la tumeur ne paraît 

donc pas être un critère suffisant pour attester de la potentielle sensibilité d’une tumeur à la 

réponse immunitaire. On peut également interpréter ces résultats comme étant dus à une 

inégalité du potentiel immunogène des différentes mutations. Actuellement, il semblerait 

surtout que l’antigénicité d’une tumeur soit principalement associée à la capacité de 

présentation antigénique par les biais du CMH (complexe majeur d’histocompatibilité) de 

classe I. On détecte ainsi une diminution de son expression ou des défauts dans le 

mécanisme de présentation des antigènes dans plusieurs types de cancers (163). 

L’antigénicité d’une tumeur n’est pas le seul élément qui entre en ligne compte. En effet, une 

tumeur peut toujours échapper à la réponse immunitaire en diminuant son immunogénicité 

à d’autres niveaux. Par exemple, l’expression des « immune-checkpoints » (PD-L1, CTLA4, gal-

9, …) (10) par les cellules tumorales et le tissu environnant influence également l’activation 

des lymphocytes mobilisés. Plusieurs acteurs de l’immunité, physiologiquement impliqués 

dans la terminaison de la réponse immunitaire, sont capables d’exprimer ces molécules 

inhibitrices. Leur étude représente un domaine de recherche très actif qui a conduit à décrire 

des sous-types cellulaires variés d’origine myéloïde et lymphoïde. Les plus décrites et les 

mieux caractérisées sont les TAM (tumor-associated macrophages), les MDSC et les Treg. 

Les macrophages sont des cellules différenciées du lignage myéloïde dont les rôles sont 

d’éliminer les agents infectieux, promouvoir la régénération tissulaire et réguler l’immunité 

adaptative (164). Comme nous l’avons vu brièvement en figure 8 de la partie IIIa, les 

macrophages sont couramment classifiés en deux catégories : M1 et M2. Les macrophages 
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M1 sont activés par des cytokines dérivées de la réponse Th1 ou de produits bactériens 

comme le lipopolysaccharide et sécrètent des cytokines pro-inflammatoires comme l’Il-1β, 

l’Il-6 ou le TNF-α, des espèces réactives de l’oxygène et de l’oxyde nitrique, ainsi que des 

niveaux élevés de CMH de classe II. En revanche, les macrophages M2 sont activés par des 

cytokines dérivées de la réponse Th2 comme l’Il-4, l’Il-10 ou l’Il-13, ainsi que des hormones 

glucocorticoïdes. Ils se caractérisent par une activation de la voie de l’arginase, la production 

d’Il-10, de VEGF (vascular endothelial growth factor) et de métalloprotéinases matricielles. 

Alors que les premiers (M1) sont tumoricides, les deuxièmes (M2) facilitent la progression 

tumorale. Cette nomenclature, assez caricaturale, découlent en fait de phénotypes établis in 

vitro qui s’avèrent ne pas correspondre parfaitement aux macrophages retrouvés dans les 

tumeurs. Les études actuelles décrivent davantage un continuum de différenciation entre les 

macrophages M1 et M2 ainsi que des changements de polarité en réponse aux stimuli 

environnementaux qui complexifient l’établissement de marqueurs précis. Plusieurs auteurs 

préfèrent donc parler de TAM pro- ou anti-tumorigènes (165). 

Les MDSC sont définies fonctionnellement comme des cellules myéloïdes (granulocytiques 

ou monocytiques) immatures immunosuppressives. Elles perturbent les mécanismes de 

surveillance immunitaire à plusieurs niveaux : activation des T, présentation antigénique des 

cellules dendritiques, polarisation des macrophages, cytotoxicité des cellules NK. Plusieurs 

des facteurs responsables de cette immunosuppression sont identiques à ceux décrits pour 

les macrophages M2. Ainsi, les MDSC sont eux aussi capables de produire de l’arginase-1, 

des espèces réactives de l’oxygène ou encore de l’Il-10 (166). D’autres fonctions des MDSC 

ont été décrites, comme la promotion de l’invasion tumorale ou la stimulation de 

l’angiogenèse (167). Ces fonctions sont indépendantes des capacités immunosuppressives 

des MDSC mais résultent de leur faculté à sécréter plusieurs médiateurs solubles (VEGF, bFGF 

(basic fibroblast growth factor), MMP9 (matrix metallopeptidase 9, …). 

Comme les MDSC, les Treg facilitent la progression tumorale en interférant avec l’activité 

cytotoxique des lymphocytes T et la présentation antigénique. Ces cellules sécrètent 

également des cytokines immunosuppressives comme l’Il-10, l’Il-35 et le TFG-β, et bloquent 

l’activité des T par des interactions directes. De plus, les T reg expriment le CD39 et le CD73 
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qui induisent des altérations métaboliques sur les cellules NK et inhibent leur activité 

cytotoxique (168).  

Enfin, un autre élément important de l’échappement de la tumeur à la réponse immunitaire 

concerne l’architecture de la tumeur et l’accessibilité des cellules tumorales. Les cellules 

épithéliales sont fortement liées entre elles par des jonctions serrées. Dans un contexte de 

prolifération intense et d’entassement des cellules, le front d’invasion de la tumeur peut 

former une réelle barrière physique qui limite le phénomène d’infiltration et dans certains cas 

même, qui diminue la pénétrance de molécules thérapeutiques (169). 

 

f) Invasion tumorale et métastases 

Comme nous l’avons expliqué au début de ce chapitre, le processus métastatique comporte 

plusieurs étapes consécutives : des phénomènes d’invasion locale au niveau de la tumeur 

primitive, le détachement de paquets cellulaires passant dans le flux sanguin ou lymphatique, 

puis l’extravasation dans un tissu distant et la formation d’une nouvelle tumeur (170). Ces 

nouvelles tumeurs diffèrent par plusieurs aspects de la tumeur primaire, et notamment dans 

la réponse au traitement pour lesquels elles sont souvent plus résistantes. 

Plusieurs facteurs peuvent intervenir au sein de la tumeur pour augmenter la mobilité des 

cellules tumorales et conduire un contingent de cellules à quitter le site de la tumeur primaire, 

et aller former une nouvelle tumeur dans un autre tissu (hypoxie, modification de la 

composition de la matrice extracellulaire, contraintes physiques, …). Les mécanismes qui 

sous-tendent ce phénomène sont complexes et encore sujets à de nombreuses études qui 

représentent une des clés de la prise en charge thérapeutique du cancer. Les mieux 

caractérisées sont la perte de molécules d’adhésion cellules-cellules, et notamment de la E-

cadhérine. Cette protéine permet normalement aux cellules de former des jonctions 

adhérentes entre elles et participe donc au maintien de la cohésion du tissu. Alors qu’une 

expression accrue de la E-cadhérine diminue le potentiel invasif des cellules tumorales, la 

réduction de son expression est au contraire connue pour favoriser ce phénomène (171). On 

sait maintenant que d’autres molécules d’adhésion cellules-cellules ou cellules-matrice sont 

impliquées. Globalement celles qui favorisent le cytostatisme sont régulées à la baisse alors 



 

 

 

Figure 15. Etapes de l’invasion tumorale et du processus métastatique. 

Le processus métastatique se déroule en plusieurs étapes au cours desquelles les cellules 

tumorales (1) franchissent les frontières du tissu ; (2) migrent seules ou collectivement ; (3) 

entrent et sortent du système vasculaire ; (4) et forment des colonies sur des sites distants 

(adaptée de C.H. Stuelten et al. (15)).  
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que celles qui sont normalement impliquées dans la migration cellulaire sont régulées à la 

hausse. Parmi ces dernières, on retrouve par exemple des molécules exprimées pendant 

l’embryogenèse. On se rend compte en effet, que plusieurs facteurs exprimés dans les 

cellules souches, sont réexprimés par les cellules tumorales lors de cette transition épithélio-

mésenchymateuse (ex : SNAIL, SLUG, TWIST, …) (172). Le processus métastatique, initialement 

focalisé sur les mécanismes régissant la motilité au niveau d’une cellule unique, incorpore 

désormais les phénomènes coopératifs à l’échelle d’un groupe de cellules (173). La migration 

collective exploite les caractéristiques de tissus épithéliaux, qui sont conservés dans ce type 

de déplacement comme les jonctions cellule-cellule et la polarisation. Elle nécessite 

également des signaux qui permettent de guider le groupe de cellules. La vision actuelle de 

ce mécanisme se base sur la coordination de deux types de cellules : les « leaders » et les 

« followers ». Alors que les premières reçoivent et intègrent les signaux, les secondes migrent 

dans la direction qui leur est imposée (174) (Figure 15). 

Enfin un autre aspect important du processus métastatique concerne l’adéquation entre les 

cellules constitutives du fragment métastatique et les caractéristiques du 

microenvironnement tissulaire au niveau du site d’implantation. On parle de « niche 

métastatique ». L’idée d’une adéquation entre cellules tumorales et niche métastatique est 

résumée par une allégorie ancienne de S. Paget qui parlait de la graine et du sol (« seed and 

soil theory ») (1889) (175). L’origine tissulaire de la tumeur primitive est l’un des facteurs 

déterminant dans la manière dont celle-ci va se propager à distance. Par exemple, les cancers 

du sein et de la prostate se disséminent le plus souvent aux os (176) alors que le cancer 

colorectal a plutôt tendance à se propager au foie. D’autres composantes du génotype et du 

phénotype tumoral vont déterminer les localisations préférentielles des lésions métastatiques. 

En outre, des éléments libérés par les cellules tumorales elles-mêmes – par exemple des 

microARN ou des exosomes – peuvent induire des transformations préparatoires à 

l’implantation du fragment métastatique au niveau de la niche métastatique (177). 
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VI – Galectine-9 et cancers 

Nous l’avons vu précédemment, les effets immunosuppresseurs de la gal-9 peuvent 

influencer le développement d’affections malignes associées à une infection virale chronique : 

carcinomes hépatocellulaires (CHC) et nasopharyngés (NPC), associés respectivement aux 

virus HBV et HCV (CHC), et EBV (NPC). Des anomalies d’expression de la gal-9 s’observent 

dans d’autres cancers sans composantes étiologiques virales connues. Toutefois, concernant 

ces cancers, il n’y a pas d’unanimité au sujet d’un effet pro-tumoral de la gal-9. Au contraire, 

dans plusieurs cas, l’expression de la gal-9 dans les cellules malignes apparaît même comme 

un facteur de bon pronostic. Les études visant à étudier les effets de la gal-9 dans un 

contexte tumoral sont encore récentes et la plupart datent des 5 dernières années. Il est donc 

encore difficile de comprendre pourquoi l’expression de la gal-9 dans le tissu tumoral peut 

avoir une valeur pronostique très différente selon les cas. Cette partie a pour objectif de 

donner un aperçu des facteurs qui permettent de rendre compte des effets variables de la 

gal-9, tantôt pro- tantôt anti-tumoraux suivant les cas. Elle se conclura par un survol des 

mécanismes responsables des anomalies d’expression de la gal-9 dans les tumeurs. 

 

a) Effets pro-tumoraux de la gal-9 

Les effets pro-tumoraux de la gal-9 sont dus généralement à ses effets immunosuppresseurs. 

Dans le cas du gliome par exemple, on retrouve une augmentation de l’expression de la gal-9 

au niveau tumoral accompagnée d’une augmentation de l’expression du récepteur Tim-3 sur 

les lymphocytes T infiltrants et périphériques (178). Ces caractéristiques qui sont associées à 

un état avancé de la pathologie (179), renvoient à l’immunosuppression locale et systémique 

qui lui est associée. La gal-9 est rarement décrite comme suffisante pour établir une 

immunosuppression et est généralement accompagnée de l’expression d’autres immune-

checkpoints (180,181). Il est d’ailleurs intéressant de constater que l’augmentation de son 

expression a déjà été rapportée comme étant associée à un mécanisme de résistance aux 

anti-PD1 dans des carcinomes pulmonaires (88). Le carcinome à cellules claires du rein 

représente un autre type de cancer dans lequel les études actuelles mettent en évidence une 

corrélation entre l’augmentation d’expression de la gal-9 et une évolution défavorable de la 
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maladie (182,183). Cependant ces travaux n’expliquent pas comment l’expression augmentée 

de la gal-9 retentit sur le système immunitaire. En revanche, plusieurs publications portant 

sur le cancer du pancréas décrivent différents mécanismes d’immunosuppression mis en 

œuvre par la gal-9. Dans ces études, non seulement l’augmentation d’expression de la gal-9 

est mesurée au niveau systémique dans la circulation sanguine (184), mais elle est également 

mesurée dans des cellules du système immunitaire. Dans les carcinomes du pancréas, la 

production de gal-9 provient majoritairement d’une variété particulière de cellules T γᵹ ayant 

une activité suppressive. Elles expriment également PD-L1 et restreignent ainsi 

significativement l’activation des lymphocytes T αβ (185). Les principaux mécanismes 

d’immunosuppression induits par cette gal-9 produite au sein des carcinomes pancréatiques 

semblent être la polarisation des macrophages vers un phénoytpe M2 (24). Chez les sujets 

porteurs de carcinomes pancréatiques, la concentration sérique de gal-9 est plus élevée en 

moyenne que chez les sujets sains ou les sujets porteurs de lésions bénignes du pancréas. En 

outre, un niveau élevé de concentration à une valeur pronostique péjorative chez les sujets 

porteurs de tumeurs de stade IV (184). Dans les mélanomes métastatiques, la gal-9 intra-

tumorale provient principalement non pas de lymphocytes T  mais d’une sous-population 

de cellules tumorales situées au niveau du front d’invasion.  Son effet prédominant 

localement semble être la polarisation des lymphocytes T vers un phénotype Th2 (80). A 

chaque fois il s’agit, semble-t-il, de fonctions physiologiques de la gal-9 extra-cellulaire 

(décrites dans la partie III), qui sont mises en jeu de façon inappropriée dans le micro-

environnement tumoral. 

Alors que certaines études s’intéressent au parallèle entre gal-9 et résultats cliniques en 

mesurant le niveau de gal-9 circulante, une majorité d’entre elles se basent sur une 

quantification de la gal-9 réalisée au niveau tumoral à partir de marquages 

d’immunohistochimie, effectués sur des coupes de tumeurs de patients. Alors que la gal-9 

plasmatique reflète la gal-9 extra-cellulaire, celle mesurée sur coupes histologiques reflètent 

plutôt la gal-9 intra-cellulaire. Dans un cas comme dans l’autre, il n’est pas toujours évident 

de mesurer la proportion de gal-9 provenant des cellules tumorales et celle provenant des 

cellules infiltrantes, surtout en l’absence de marquages complémentaires. Fait notable, on 

constate que la gal-9 n’est jamais décrite comme étant à la surface des cellules cancéreuses, 

mais plutôt dans le cytoplasme voire le noyau de celles-ci. La gal-9 membranaire n’est quant 
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à elle décrite que dans les cellules immunitaires. Il est difficile d’affirmer que la gal-9 peut 

être sécrétée par tous les types cellulaires dans la mesure où cette sécrétion ne dépend pas 

de mécanismes conventionnels. Une forte expression de gal-9 au niveau tumoral n’est donc 

pas forcément associée à une forte présence de gal-9 dans l’environnement de la tumeur et à 

distance de celle-ci. Cette subtilité représente un possible élément de réponse dans la 

compréhension de l’effet pro- ou anti-tumoral de la gal-9 d’un type de cancer à l’autre.  

Au-delà de l’aspect sécrétoire, la nature du type cellulaire peut impacter par d’autres aspects 

la réponse à la gal-9. Il a par exemple été démontré que la gal-9 est capable d’induire l’auto-

renouvellement des cellules souches leucémiques dans les LAM (leucémies aiguës myéloïdes). 

Ce phénomène, dépendant du récepteur Tim-3, s’entretient dans une boucle autocrine via la 

sécrétion de gal-9 par les cellules leucémiques elles-mêmes (186). 

 

b) Effets anti-tumoraux de la gal-9 

En dépit de ce qui a été dit dans les paragraphes précédents, il semble que dans un grand 

nombre de types tumoraux, l’abondance de la gal-9 intra-tumorale évaluée sur des coupes 

histologiques soit corrélée avec un bon pronostic. C’est ce qu’affirme Zhou et al. sur la base 

d’une méta-analyse compilant 14 études antérieures et portant au total sur 2326 patients 

(187). Afin de traiter la question en détail, prenons pour commencer le cas des cancers du col 

de l’utérus dans lesquels une diminution d’expression de la gal-9 au niveau tumoral est 

corrélée à un grade histologique plus sévère de la maladie d’après une publication de Liang 

et al. (188). A noter cependant un point surprenant dans cette étude, dans les carcinomes in 

situ, l’abondance de gal-9 serait plus faible que dans les carcinomes invasifs de bas grade. 

Contrairement à ce qui se passe pour les affections malignes où l’on suspecte un effet pro-

tumoral de la gal-9, l’influence de la gal-9 extra-cellulaire sur le système immunitaire ne 

semble pas être en cause dans l’étude de Liang et al. Il s’agit plutôt d’effets intrinsèques au 

niveau des cellules malignes. En effet, cette étude révèle une diminution de l’expression de la 

E-cadhérine parallèle à la diminution de l’expression de la gal-9. D’autres études rapportent 

des observations similaires de diminutions d’expression concomitantes de la gal-9 et de la E-

cadhérine, sans pour autant établir entre elles un lien de cause à effet. Ainsi, des chercheurs 
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ont décrit dans des cancers de la tête et du cou une absence totale de gal-9, alors que dans 

les tissus sains correspondants on peut habituellement observer une distribution très 

spécifique de la protéine au niveau de la membrane basale ; ce qui suggère un lien entre son 

expression et la différenciation du tissu (189). Une étude complémentaire rapporte dans ce 

même type de tumeurs une diminution de l’expression de la E-cadhérine, normalement 

exprimée au niveau des membranes basales et para-basales (190). La diminution d’expression 

de cette protéine, impliquée dans le maintien des liaisons cellule-cellule, est compatible avec 

l’idée d’un potentiel métastatique augmenté en rapport avec la diminution d’expression de la 

gal-9.  

L’idée qu’une faible abondance de la gal-9 dans le tissu tumoral puisse favoriser le processus 

métastatique est étayée par plusieurs publications qui suggèrent que la diminution de son 

expression augmente le potentiel invasif des cellules tumorales. Les études les plus connues 

sur ce thème concernent les cancers du sein. Une étude souvent citée, publiée par Irie et al. 

en 2005 a évalué l’abondance de la gal-9 sur des coupes de tissu tumoral pour environ 84 

patientes d’une série prospective. Les auteurs ont observé une corrélation inverse entre 

l’abondance de gal-9 et la fréquence des rechutes métastatiques (191). Dans le même article 

les auteurs ont comparé des cellules MCF7 ayant une expression forte ou faible de gal-9. Ils 

ont observé une tendance à l’agrégation plus forte pour les cellules avec une forte expression 

de gal-9 in vitro et dans des tumeurs sur souris nude. En effet, en l’absence de gal-9 dans ces 

tumeurs transplantées, les cellules malignes étaient dispersées en petits îlots au sein du 

stroma. Cependant les cancers du sein représentent un bon exemple d’une situation où les 

effets pléiomorphes et souvent divergents de la gal-9 rendent difficiles l’appréciation de son 

impact global sur le processus tumoral. A fortiori ils rendent difficile la prise en compte de 

l’abondance de la gal-9 dans le tissu tumoral comme facteur pronostic. En effet, une étude 

plus récente rapporte que dans les cancers du sein, la signalisation gal-9/Tim-3 à la surface 

des cellules dendritiques intra-tumorales inhibe leur production de CXCL9 ce qui entraîne 

une activité réduite des lymphocytes T CD8+ intra-tumoraux (192).  

D’autres types de cancers présentent cette complexité et cette divergence entre les effets 

anti-tumoraux intrinsèques dans les cellules tumorales (« cell-autonomous ») et les effets 

pro-tumoraux liés à l’inhibition des effecteurs du système immunitaire dans le 
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microenvironnement tumoral. Ainsi, en ce qui concerne les mélanomes, une étude souvent 

citée de Kageshita et al. (2002) tend à prouver que la gal-9 intra-cellulaire a un effet anti-

métastatique, principalement sur la base d’expériences effectuées in vitro  (193). Ces auteurs 

montrent que la gal-9 exogène induit l’agrégation et même l’apoptose dans des lignées de 

mélanome traitées in vitro (à noter que l’apoptose n’est significative que pour des 

concentrations élevées de gal-9 recombinante de l’ordre d’au moins 100 nM ce qui est au-

delà des concentrations atteintes dans l’organisme) (même remarque au sujet d’une 

publication plus récente sur le même thème de Wiersma et al. 2012 (194)). Du point de vue 

clinique, l’étude de Kageshita montre une abondance de gal-9 plus faible dans les cellules 

malignes de mélanome que dans les mélanocytes des naevi bénins, et un meilleur pronostic 

pour une abondance élevée de gal-9 dans les cellules malignes sur les coupes de tissu 

tumoral. Un travail réalisé plus récemment sur des modèles murins – mélanome B16 et 

carcinome colique CT26 – donnaient des résultats qui allaient dans le même sens. Avec des 

effets supposés anti-métastatiques de la gal-9 extra-cellulaire in vitro – blocage de l’adhésion 

sur la matrice extra-cellulaire – et in vivo – diminution des métastases pulmonaires résultant 

de l’injection intra-veineuse de cellules malignes (195) . Là encore les concentrations de gal-9 

recombinante utilisée in vitro étaient très élevées.  

A l’opposé, des études effectuées sur des spécimens cliniques de mélanomes métastatiques 

mettent en évidence les faits suivants : une concentration de gal-9 plasmatique plus élevée 

chez les patients que chez les donneurs, un pronostic plus mauvais pour les patients avec la 

concentration plasmatique la plus élevée et une polarisation des lymphocytes circulants vers 

un phénotype Th2 plus marqué chez ces patients (80). D’après ces mêmes auteurs, chez ces 

patients ayant une concentration de gal-9 plasmatique élevée, la production de gal-9 

s’observe dans les cellules malignes uniquement au niveau du front d’invasion tumoral. Ceci 

souligne le fait que la production de gal-9 n’a peut-être pas la même signification suivant la 

topographie de la production. A noter que dans les mélanomes métastatiques, la gal-9 extra-

cellulaire pourrait provenir également des cellules myéloïdes infiltrantes comme le suggère 

une étude de Melief et al. portant sur le transfert adoptif de lymphocytes T pour des 

mélanomes de stade IV (196). En résumé, dans les mélanomes métastatiques, la production 

de gal-9 viendrait principalement des cellules malignes du front d’invasion et des cellules 
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myéloïdes infiltrantes. Ceci expliquerait, au moins en partie, l’apparente contradiction entre 

l’étude de Kageshita (193) et celle d’Enninga (80).  

Dans le cancer du poumon, une étude de 2020 révèle qu’un concentration de gal-9 faible au 

niveau tumoral mais élevée au niveau des cellules infiltrantes est associée à un mauvais 

pronostique (197). Enfin, pour en revenir au carcinome pancréatique, il est également 

intéressant de constater que l’augmentation d’expression de gal-9 n’est pas constante au 

cours du développement tumoral. En effet, il semblerait qu’elle augmente au cours des 

stades II et III, avant de diminuer au stade IV de la maladie (184).  

Un degré de complexité supplémentaire pourrait concerner l’expression des différentes 

isoformes de la gal-9. Pour rappel, la gal-9 s’exprime sous 3 isoformes principales : gal-9L, M 

et S (long, medium, short). Celles-ci diffèrent par leur longueur, leur stabilité et leur activité. 

On ignore encore s’il existe des différences fonctionnelles entre ces trois isoformes en dehors 

d’une stabilité plus grande pour la forme courte. Une connaissance plus développée de ces 

isoformes pourrait nous aider à mieux comprendre quelle contribution positive ou négative 

peut apporter la gal-9 dans le développement tumoral. 

 

c) Dérégulations d’expression de la gal-9 dans un contexte tumoral 

Les données de la littérature ne décrivent pas de mutations ou de polymorphismes du gène 

de la gal-9 associés au développement tumoral, comme ça peut être le cas dans la 

polyarthrite rhumatoïde (198). En revanche, plusieurs études se sont penchées sur la 

modification du profil de méthylation de ce gène et sur l’expression de micro-ARN 

régulateurs. Une étude assez complète s’est d’ailleurs penchée sur l’analyse du profil de 

méthylation du gène de la gal-9 dans les cellules de mélanome. Cette étude a l’avantage de 

permettre d’appréhender l’origine de la gal-9 exprimée en s’intéressant séparément aux 

mélanocytes et aux différentes cellules infiltrantes (monocytes, LT CD4+ et CD8+, LB et 

granulocytes). Les auteurs ont ainsi identifié un niveau de méthylation relativement bas dans 

les leucocytes contrairement aux mélanocytes qui présentent, eux, un niveau de méthylation 

important dans la région promotrice (199). Ce phénomène ne semble pas redondant d’un 

tissu à l’autre puisque les études menées sur les cancers colorectaux ne rapportent pas de 
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modifications au niveau de la méthylation de l’ADN ou des histones associés au gène LGALS9 

(200). Les informations relatives à une dérégulation d’expression de la protéine dans ce 

contexte décrivent davantage une régulation post-transcriptionnelle, par des micro-ARN. Un 

des candidats mis en avant est le miR-455-5p dont la production est significativement 

augmentée dans des tissus tumoraux, qui présentent dans le même temps une réduction 

significative de la gal-9. Ces données ne sont pour le moment appuyées que par des tests in 

vitro sur une lignée tumorale d’origine colique dans laquelle la reconnaissance de la région 

3’UTR (Untranslated transcribed region) du transcrit par le miR a été vérifiée (201). Un autre 

miR potentiellement impliqué dans la régulation de l’expression de la gal-9 a été décrit dans 

le cadre d’études sur le carcinome hépatique. Il s’agit du miR-22 qui semble être régulé 

négativement dans ce type de cancer (202). 

Bien entendu, plusieurs des fonctions exercées par la gal-9 dépendent de sa capacité à 

reconnaître des polysaccharides spécifiques. Des modifications même simples des glycanes, 

engendrées par des altérations épigénétiques, par exemple qui entraînent la modification 

d’expression de certaines glycosyltransférases ou encore de leur activité, peut directement 

impacter la sensibilité des cellules à la signalisation induite par la gal-9 (203). Il n’existe 

toutefois pas encore d’études rapportant des exemples concrets de ce type de modifications 

en lien avec la gal-9, dans un contexte tumoral. 

 

d) La neutralisation des galectines comme nouvelle approche 

thérapeutique 

L’implication de certaines galectines dans le développement tumoral a incité des équipes de 

recherche à développer des stratégies visant à inhiber leur action. Au-delà de l’aspect 

thérapeutique, ces inhibiteurs représentent des outils de choix dans l’investigation des 

fonctions biologiques des galectines. Parmi ces molécules inhibitrices on peut évidemment 

citer les saccharides pour lesquels les galectines présentent une affinité naturelle (galactose, 

lactose, N-acétyllactosamine, …). Bien que largement employés dans des expériences in vitro, 

ces ligands naturels souffrent cependant d’une stabilité chimique et métabolique limitée ainsi 

que d’une affinité relativement faible qui ne permet pas leur emploi dans un cadre 
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thérapeutique. Des molécules analogues ont donc été créées, avec une affinité pour leur 

galectine cible parfois 20 fois supérieure au galactose ou au lactose (204). L’effet anti-tumoral 

de certains de ces composés synthétiques a été observé sur des modèles animaux (205). 

Des progrès ont également été réalisés en exploitant des formes tronquées des galectines. 

Par exemple, John et al. ont développé et breveté une forme tronquée de la gal-3 qui 

possède un CRD fonctionnel mais avec une queue polypeptidique qui empêche son 

oligomérisation. Là encore, l’effet anti-tumoral de cette molécule a été démontré (206). Plus 

largement, d’autres chercheurs ont développé de petits peptides synthétiques de forte 

affinité capables de bloquer les interactions galectines-galactosides (207). 

Quelques travaux de recherche présentent également les aptamères comme un moyen 

possible pour neutraliser les galectines. Ces oligonucléotides synthétiques simples brins sont 

capables de se lier à des cibles spécifiques avec une grande affinité. A la manière des 

anticorps, certains aptamères sont capables d’antagoniser des protéines telles que le VEGF 

ou TLR2 (208,209). Une étude récente décrit l’action d’un aptamère inhibant la gal-1 dans un 

modèle tumoral murin. Celui-ci est capable de ralentir la progression tumorale en inhibant 

certaines des fonctions immunosuppressives de la gal-1 (210). 

Enfin, il est également possible d’inhiber l’action des galectines à l’aide d’anticorps 

neutralisant. Dans ce contexte, notre équipe a produit des anticorps monoclonaux dirigés 

contre la gal-9 en vue de les employer comme outils d’investigation et afin d’évaluer leur 

potentiel thérapeutique. La caractérisation de ces anticorps a fait l’objet d’une publication 

parue en septembre 2018 qui est présenté dans la section résultats (211). 

 

VII – Notions générales sur l’invalidation de gènes par la méthode 

CRISPR/Cas9 

a) Historique 

La technologie CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic 

Repeats/CRISPR associated protein 9) représente sans aucun doute une des plus grandes 

révolutions technologiques de cette décennie. La promesse d’un outil capable de modifier 
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spécifiquement le génome a rapidement gagné les congrès ainsi que le grand public, ne 

manquant pas d’éveiller les idées et les craintes quant à son emploi. Cette technologie qui 

trouve son origine à la fin des années 1980, est née d’un mélange de hasard, de curiosité et 

de volonté d’innovation. 

En 1987, sont publiés pour la première fois des travaux décrivant des répétitions 

palindromiques chez la bactérie Escherichia coli. Ces répétitions à la signification biologique 

encore inconnue, représente alors une organisation du génome inédite observée chez les 

procaryotes (212). Cette observation s’est par la suite généralisée chez plusieurs autres 

espèces bactériennes ainsi que chez les archées (213). Le recensement de ces différents 

micro-organismes a permis d’identifier une structure courante dans leur génome : des 

enchaînement palindromiques séparés par de courtes séquences nucléotidiques (spacers) 

(214). Au début des années 2000, au moment où plusieurs publications commençaient à 

paraître au sujet de ces répétitions, l’acronyme CRISPR fut choisi pour les définir. Dans le 

même temps, une famille de gènes étroitement associée aux gènes CRISPR fut identifiée : la 

famille de gènes Cas (CRISPR associated), constituée de plusieurs hélicases et nucléases (215). 

En 2005, trois articles vont apporter un éclairage nouveau sur le rôle biologique du système 

CRISPR/Cas. Ceux-ci réunissent des éléments complémentaires sur les caractéristiques et les 

fonctions présumées du système : 

1) Il existe une similarité entre les séquences des spacers et celle de virus connus pour 

avoir un tropisme bactérien. De plus, les bactéries qui possèdent ces séquences sont 

connues comme étant résistantes à ces bactériophages (216). Plus le nombre de 

spacers est important et plus la diversité des résistances est grande (217). 

 

2) Les bactériophages « catalogués » dans le génome bactérien ont en commun une 

séquence conservée : le PAM (Protospacer Adjacent Motif)) (216,217). 

 

3) Les « spacers » sont sujets à une évolution dynamique qui se caractérise par l’ajout de 

nouvelles séquences de manière polarisée. L’acquisition de ces nouvelles séquences 

se fait dans des régions proches des gènes Cas, suggérant l’implication de ces 

derniers dans l’acquisition des nouveaux « spacers » (218). 
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Ensemble, ces découvertes ont ouvert la voie à la description d’un véritable système 

immunitaire adaptatif comparable à l’ARN interférent (219). Plusieurs autres travaux de 

recherche ont permis par la suite d’améliorer la compréhension du système. 

 

b) Fonctionnement du système CRISPR/Cas 

Le fonctionnement du système CRISPR/Cas se base sur un processus en 3 étapes : 

l’adaptation, l’expression et l’interférence. L’étape d’adaptation comprend la capture de 

nouveaux spacers, l’expansion ou la contraction des ensembles CRISPR, ou encore la 

maintenance des répétitions. Elle implique les protéines Cas1 et Cas2 qui sont très 

conservées au sein des différentes espèces. Les étapes d’expression et d’interférence 

correspondent à la partie exécutive du système, qui comprend la transcription des ARNs issus 

du locus CRISPR, le clivage de ce précurseur en un ARN maturés (crRNA) qui servira de guide, 

et le clivage de l’ADN double brin étranger. Contrairement à l’étape d’adaptation, les étapes 

d’expression et d’interférence font intervenir des acteurs qui diffèrent beaucoup d’un 

organisme à l’autre. On distingue d’ailleurs 3 types principaux de systèmes CRISPR/Cas qui se 

différencient par les protéines Cas impliquées, l’organisation des opérons cas et la structure 

des répétitions au sein des matrices CRISPR (220). 

Les systèmes de type I et II utilisent tous les deux un module effecteur crRNA qui est soit 

multimérique pour le type I, soit monomérique pour le type II. Ainsi, on retrouve pour le type 

I, une endoribonucléase (Cas5d ou Cas6) chargée de la biogenèse du crRNA, et un complexe 

multimérique appelé Cascade (CRISPR-associated complex for antiviral defense) dans lequel 

va être incorporé le crARN et permettre le clivage de l’ADN invasif. Le système de type II est 

beaucoup plus simple puisqu’un petit ARN agissant en trans appelé tracrRNA (trans-acting 

small RNA) s’apparie avec chaque répétition du pre-crRNA pour former un ARN double brin 

clivé par la RNAse III en présence de l’endonucléase Cas9. Ces crRNA ainsi générés vont 

ensuite permettre, toujours en association avec une partie du tracrRNA et de la Cas9, de 

générer des cassures dans l’ADN double brin étranger. Les systèmes de type III sont les plus 

complexes. Comme dans les systèmes de type I, le clivage du pre-crRNA est réalisé par la 

Cas6 et la cassure nécessite un complexe multimoléculaire de ciblage (Cas10-Csm ou Cas10-



 

 

 

Figure 16. Mise en place de l’immunité CRISPR/Cas (17). 

L’immunité CRISPR/Cas se compose de 3 phases distinctes. (a) Premièrement, durant la phase 

d’adaptation. Le système CRISPR intègre une courte séquence du virus ou du plasmide 

étranger dans le génome bactérien. Cette séquence « spacer » est intégrée au niveau du 

locus CRISPR par les Cas1 et 2. Les différentes séquences « spacers» ainsi collectées 

constituent la mémoire immunitaire de la bactérie. Elles sont séparées les unes des autres par 

des séquences répétées. La mise en place de cette immunité adaptative passe par la 

transcription de ces séquences « spacers » en partant de la région promotrice. Le transcrit qui 

en résulte est un précurseur crRNA (ou pre-crRNA). Celui-ci est ensuite maturé en un court 

crRNA (phase de biogenèse du crRNA). Ce crRNA est ensuite utilisé comme guide par les 

nucléases Cas (phase de ciblage). (b-d) On distingue 3 types de systèmes CRISPR/Cas qui se 

distinguent au niveau des phases de biogenèse du crRNA et de ciblage. 
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Cmr). Ces systèmes nécessitent en plus le transcrit de la cible qui sera clivé en même temps 

que l’ADN double (Figure 16) (16). 

Un élément important de la régulation du système CRISPR/Cas concerne la séquence PAM. 

Celle-ci est indispensable au clivage du double brin d’ADN et n’est présente que dans le 

génome viral. Son absence dans le locus CRISPR bactérien évite ainsi à l’organisme de cliver 

son propre génome.  

 

c) Applications 

Du fait de sa simplicité, le système CRISPR/Cas9 a été détourné au profit de systèmes 

artificiels de modification du génome. Son emploi en tant que tel a nécessité la réalisation 

d’une modification majeure visant à améliorer sa mise en œuvre. Elle concerne la 

modification du couple crRNA/tracrRNA au profit d’une structure fusionnée : le sgRNA (single 

guide RNA). Cette séquence est plus facile à produire car elle ne nécessite plus de phase 

d’hybridation. En outre, elle est plus stable et, par la même, plus facile à cloner en grande 

quantité en laboratoire (221). 

Sa plus simple utilisation est la génération d’une coupure double brin au niveau d’un site 

spécifique, de laquelle découle ensuite plusieurs applications en fonction du mécanisme de 

réparation endogène utilisé : le NHEJ (non-homologous end-joining), mécanisme de 

réparation peu fidèle et susceptible de générer des délétions voire des insertions provoquant 

un décalage du cadre de lecture ; et la recombinaison homologue qui utilise un brin donneur 

pour combler la coupure et permet donc de modifier finement une portion du génome.  

Mis à part cette fonction de coupure, des modifications de la Cas9 elle-même permettent 

d’exploiter de nouvelles fonctionnalités du système. Il est par exemple possible de muter les 

régions nucléases HNH et/ou RUVc afin d’obtenir une variante de la Cas9 qui pourra ne cliver 

qu’un seul des deux brins d’ADN ou aucun des deux. Le clivage d’un seul des deux brins peut 

permettre d’augmenter la spécificité du clivage, mais nous reviendrons plus en détail sur cet 

aspect dans la partie traitant des off-targets. L’abolition complète de la fonction nucléase de 

la Cas9 (dCas9, deadCas9) cellulaire, tout en conservant la capacité du couple sgRNA/Cas9 de 
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reconnaître et de se lier à une séquence d’ADN (222), va permettre son utilisation dans 

diverses techniques : 

- CRISPR interférent (CRISPRi) : la dCas9 peut être utilisée afin de bloquer la phase 

d’élongation pendant la transcription ou encore de bloquer la liaison de facteurs de 

transcriptions. Cette technique a l’avantage d’être réversible et elle évite de rentrer en 

compétition avec des processus endogènes, le système CRISPR étant absent des 

espèces eucaryotes (223). 

 

- Activation transcriptionnelle (CRISPRa) : la fusion de protéines effectrices avec la 

dCas9 peut permettre de réguler l’expression des gènes soit via une fusion avec un 

régulateur transcriptionnel, soit avec une protéine permettant de réaliser des 

modifications épigénétiques du génome. Cette expérience a par exemple été réalisée 

avec l’histone déméthylase 1 (224). 

 

- Marquages : la fusion de la dCas9 avec un fluorophore peut permettre de réaliser un 

marquage dynamique et in vivo de l’ADN (225). Les techniques les plus sophistiquées 

exploitent jusqu’à 6 fluorophores pour marquer différents loci (226). 

 

- Co-précipitation : la dCas9 peut être utilisée pour purifier la portion d’ADN 

génomique reconnue par le guide et co-précipiter les protéines associées. Cette 

méthode repose sur l’emploi d’un anticorps reconnaissant un épitope fusionné à la 

dCas9 (227). 

En cancérologie, outre les exploitations en laboratoire présentées ci-dessus, le système 

CRISPR/Cas9 est également exploité dans un cadre thérapeutique. Il fait notamment l’objet 

de plusieurs essais cliniques dans lesquels il permet d’abolir l’expression de PD1 

(Programmed cell death 1) par invalidation de gènes dans des lymphocytes T autologues 

(228). 

Cependant, même s’il se présente comme simple et efficace, l’outil CRISPR/Cas9 génère un 

taux significatif d’effets off-target qui limite donc son utilisation, notamment en clinique 

(229–231). La diminution de ces effets tout en conservant, voire en augmentant, l’activité de 
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ce système concentre plusieurs efforts de recherche. Ceux-ci visent actuellement à optimiser 

le design des sgRNA, améliorer la spécificité de la Cas9 ou encore à développer des systèmes 

d’acheminement aux tissus/cellules cibles. 

 

VIII – Présentation des modèles CT26 et MB49 

a) CT26 

La lignée CT26 est dérivée d’un carcinome colique métastatique murin induit chez la souris 

par un traitement au N-nitroso-N-methylurethane (232). Cette lignée, établie en 1975 

présente une mutation du gène Kras, qui est également la mutation la plus fréquemment 

retrouvée dans les cancers colorectaux chez l’homme. Des études plus approfondies 

permettent, à partir d’autres marqueurs, d’associer cette lignée à des sous-types établis à 

partir d’échantillons humains. Bien que les marqueurs employés changent d’un classement à 

l’autre, ceux-ci associent tous la lignée CT26 à un phénotype indifférencié (« stem-like »), 

agressif et peu répondeur aux thérapies (233–236). Ces similitudes avec certains cancers 

humains ont participé à son large emploi dans des études visant à évaluer l’efficacité ou les 

mécanismes de résistance à certains agents thérapeutiques, notamment ceux ciblant le 

récepteur à l’EGF (Epidermal Growth Factor) (237) ou la protéine MEK (Mitogen-activated 

protein kinase kinase) (238). La possibilité de réaliser des greffes syngéniques sur les souris 

BALB/c lui a également valu son emploi dans des essais d’immunothérapie. Plus encore, 

l’expression de la protéine gp70 (envelope glycoprotein 70), la protéine d’enveloppe d’un 

rétrovirus endogène (Murine Leukemia Virus, MuLV), a été et est encore exploitée pour 

étudier la réponse anti-tumorale T CD8+ contre cette tumeur (239). Bien que cet antigène soit 

reconnu par les lymphocytes T, il ne peut pas être assimilé à un néo-antigène tumoral 

puisque son expression a également été rapportée dans les tissus sains de souris âgées de 

plus de 8 semaines (240). Il semble plutôt que son potentiel « immunogène » soit associé à 

sa surexpression dans les tumeurs. Il est également important de préciser que cette 

« immunogénicité » est relative, puisque la protéine gp70 est en réalité considérée comme 

un facteur de tolérance immunitaire (240). L’immunisation de souris avec la protéine seule 

n’est d’ailleurs pas capable d’améliorer la réponse immunitaire contre les tumeurs CT26 (241). 
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Si ce modèle est répondeur aux inhibiteurs de checkpoints, c’est donc peut-être davantage 

en raison de la forte charge mutationnelle de cette lignée. En effet, la lignée CT26 présente 

plusieurs aberrations chromosomiques, avec 45% de ses gènes situés dans des régions 

triploïdes et 39% dans des régions tétraploïdes. S’ajoute à cela une moyenne de 53 

mutations par mégabase de gènes codants et entraînant une modification des séquences 

polypeptidiques, ce qui est du même ordre de grandeur que de ce que l’on peut observer 

chez l’homme (entre 1 et 100 mutations par mégabase) (233). Pour en revenir à la réponse 

aux inhibiteurs de checkpoints, les données publiées indiquent que la monothérapie anti-PD1 

n’est pas efficace dans le traitement des tumeurs CT26 contrairement à la monothérapie par 

un anti-CTLA4. Néanmoins, le traitement par des anti-PD1 apporte une réelle amélioration en 

combinaison avec un anti-CTLA4. Cette amélioration s’accompagne d’une augmentation des 

cellules CD8+ ainsi qu’une diminution des cellules CD4+FoxP3+ au niveau de la tumeur (242). 

Ces études, menées sur des tumeurs sous-cutanées ne sont pas transposables à des tumeurs 

orthotopiques. En effet, les tumeurs CT26 orthotopiques sont beaucoup plus 

immunosuppressives. Alors que l’infiltrat des tumeurs sous-cutanées expriment plusieurs 

gènes associés à une réponse Th1 (Il-12, IFN-γ et TNF), les tumeurs qui se développent dans 

le cæcum expriment davantage de gènes associés à une réponse Th2 ou à une 

immunosuppression (arginase-1, TGF-β, Il-6 et Il-3) (243). 

En ce qui concerne le type de cellules infiltrantes retrouvé dans les tumeurs CT26, on retrouve 

une quantité relativement importante de cellules T mais qui diminue avec l’augmentation de 

la taille des tumeurs, suggérant une élimination des cellules infiltrantes et/ou l’inhibition de la 

mobilisation de nouveaux acteurs. Paradoxalement et dans le même temps, le nombre de 

cellules T CD8+ augmente (244). Il n’est pas évident de comprendre comment les cellules T 

CD8+ sont désactivées. On n’observe pas d’augmentation concomitante de cellules 

suppressives tels que les Treg ou les MDSC. Un mécanisme possible pourrait être 

l’épuisement des lymphocytes T, entraîné par une exposition prolongée de cellules à 

l’antigène, entraînant une perte progressive de leur fonction (245). Néanmoins, une 

caractéristique des cellules T CD8 épuisées est une régulation positive de plusieurs récepteurs 

inhibiteurs (PD1, KLRA7, KLRA3, LAG-3, CTLA4, …) (246), or aucune augmentation des 

transcrits de ces récepteurs n’a été détectée au cours de la croissance des tumeurs CT26 

(244). 
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b) MB49 

La lignée MB49 est dérivée d’une culture primaire de cellules vésicales murines (C57BL/lcrf-a’) 

traitée pendant 24h avec du 7,12-dimethylbenz[a]anthracène, un puissant agent carcinogène 

(247). Ces cellules transformées sont capables de générer des tumeurs après inoculation sur 

des souris syngéniques. En particulier, l’inoculation orthotopique par instillation d’une 

suspension de ces cellules dans la vessie permet de développer un carcinome vésical qui 

mime plusieurs caractéristiques des carcinomes urothéliaux infiltrants humains, notamment 

l’invasion de la lamina propria. Les animaux présentent également une hématurie importante 

qui s’accompagne dans les cas les plus sévères d’une obstruction du conduit urinaire. La 

tumeur qui se développe ainsi à l’intérieure de la vessie est rouge, molle et extrêmement 

sanglante (248). Il est également possible de générer une tumeur en injectant les cellules 

sous la peau. Dans les deux cas, les tumeurs générées sont très agressives, ce qui implique un 

sacrifice des souris après quelques semaines. Des essais visant à évaluer le potentiel 

métastatique de cette lignée se sont d’ailleurs heurtés à cette contrainte temporelle, 

considérée comme trop courte pour permettre l’apparition de métastases. Un des arguments 

appuyant cette hypothèse nous vient d’une étude ayant révélé le potentiel métastatique 

d’une portion des cellules constituant les tumeurs MB49. En effet, la dissociation d’une 

tumeur MB49 sous-cutanée et la mise en culture des cellules in vitro, met en avant à la fois 

des cellules adhérentes semblables à la lignée parentale (majoritaires), mais également des 

cellules non adhérentes qui forment des sphéroïdes en culture. La réinjection de ces 

dernières sous la peau conduit à la génération d’une tumeur au point d’injection mais 

également au développement de métastases pulmonaires, ce qui n’est pas le cas pour les 

cellules adhérentes réinjectées (249). A notre connaissance, il n’y a pas eu de caractérisation 

moléculaire de ces 2 types cellulaires. 

Le BCG (vaccin bilié de Calmette et Guérin) est un vaccin préparé à partir d’une souche 

atténuée de bacilles tuberculeux bovins (Mycobacterium tuberculosis) et qui est 

principalement connu comme moyen de prévenir la tuberculose humaine. Le BCG est 

également, et depuis longtemps, une immunothérapie employée pour traiter certains types 

de carcinomes vésicaux non invasifs par traitement intra-vésical (250). Les premières études 

cliniques ont mis en évidence un recrutement de T CD4+ dans la vessie (251), ainsi que la 
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production d’Il-2 et de TNF mesurée dans les urines (252), en réponse à ce traitement. Ce 

vaccin ayant les mêmes effets sur la lignée MB49 (253), celle-ci s’est vu utilisée afin d’en 

clarifier le mécanisme d’action. Ces études ont ainsi mis en évidence un effet direct du BCG 

sur les cellules tumorales, comme l’induction de l’expression de PPAR-γ (Peroxysome 

proliferator-activated receptor-γ) (254) qui pourrait être impliqué dans une réduction de la 

croissance tumorale, un effet apoptotique direct dépendant de la cathepsine B (255), ou 

encore le relargage de la protéine HMGB1 (High-mobility group box 1) (256). Des effets sur 

les cellules stromales (257) et les cellules du système immunitaire (258) ont également été 

rapportés. Pour ces dernières, des essais de co-injection de la lignée MB49 et du BCG en 

sous-cutanée chez des souris, n’ont pas révélé la mise en place d’une réponse mémoire. En 

effet, les souris ayant survécu à la première injection ne répondaient pas mieux à une 

deuxième injection des cellules MB49 seules, mais nécessitaient encore l’ajout du BCG. Ces 

expériences, qui suggéraient un rôle prépondérant de la réponse innée, ont été complétées 

par des études menées in vitro et qui ont mis l’accent sur les cellules NK comme acteurs 

principaux de la réponse, avec cependant une contribution significative des LT CD4+ et CD8+. 

La démonstration d’une certaine sensibilité des tumeurs MB49 vis-à-vis de la réponse 

immunitaire a ouvert la voie à d’autres approches thérapeutiques visant à renforcer cette 

réponse. Beaucoup d’entre elles reposent sur l’emploi d’un BCG recombinant surexprimant 

certaines cytokines ou antigènes : IFN-γ (259), IFN-α2b (260), antigène S1PT (detoxified S1 

subunit pertussis toxin) (261). Dans des études plus récentes, des chercheurs ont également 

démontré la sensibilité des tumeurs MB49 aux inhibiteurs de checkpoints anti-PD-L1 (262) ou 

anti-CTLA4 (263) (Cytotoxic T-lymphocyte-associated protein 4). Ces données suggèrent que 

ces tumeurs présentent un terrain favorable au développement d’une réponse immunitaire 

adaptative en réponse à l’immunothérapie. Il n’existe toutefois pas de travaux visant à 

caractériser la composition en cellules infiltrantes de ces tumeurs en condition basale. Par 

rapport aux tumeurs CT26, portées par des souris BALB/c, on peut toutefois noter que les 

tumeurs MB49 sont portées par des souris (C57BL/6) avec une meilleure capacité de réponse 

anti-tumorale. En effet, les cellules T des souris C57BL/6 produisent davantage d’IFN-γ et 

leurs macrophages produisent plus de TNF-α et d’Il-12 après leur activation, alors que les 

cellules T et les macrophages activés des souris BALB/c produisent moins de ces mêmes 

cytokines (264–266). 



 

58 

 

Enfin, à l’instar de la protéine gp70 dans la lignée CT26, plusieurs études décrivent une 

réponse T anti tumorale spécifique dirigée contre des antigènes codés par le chromosome Y, 

lorsque les tumeurs sont greffées sur souris femelles (267,268).  Suivant certains auteurs, ces 

antigènes, assimilables à des antigènes de tumeur, seraient les principales cibles moléculaires 

de la réponse immunitaire anti-MB49. Cette hypothèse est difficile à confirmer en raison 

notamment de l’absence de marqueurs moléculaires permettant d’authentifier la lignée dans 

les différents laboratoires. En effet, la présence du chromosome Y n’est pas constante dans 

les cellules MB49 suivant les différents laboratoires utilisateurs. Ainsi, une publication de 

l’institut Curie rapporte la présence du chromosome Y dans environ 60% des cellules MB49 

(269), alors que pour d’autres auteurs, le chromosome Y est absent dans la totalité des 

cellules (270). En réalité l’instabilité et le caractère facultatif du chromosome Y est un 

phénomène connu dans les cellules malignes et même dans les cellules non-malignes 

vieillissantes (271). Ceci s’applique notamment au cancer de la vessie chez l’homme (272). 

 

IX – Notes sur certaines caractéristiques biologiques des carcinomes 

de la vessie 

Au point de départ de cette thèse, nous n’avions pas l’idée de nous intéresser plus 

particulièrement à la biologie des carcinomes de la vessie chez l’homme. En effet, 

contrairement à d’autres affections malignes humaines (carcinomes pancréatiques, rénaux, 

pulmonaires, mélanomes), les cancers de la vessie n’apparaissent pas dans la littérature 

comme des tumeurs dans lesquelles la gal-9 joue un rôle déterminant. A notre connaissance, 

il n’y a dans la littérature qu’un seul article mettant en relation gal-9 et cancers de la vessie, 

publié en 2017 par une équipe de Shangai (273). Il s’agit d’une série rétrospective de 202 

patients qui ont fait l’objet d’une cystectomie radicale entre 2002 et 2014. D’après cet article, 

les cancers de la vessie qui présentent les plus fortes expressions de gal-9 sont les moins 

agressifs et ceux auxquels la chimiothérapie adjuvante bénéficie le plus. Cependant, cette 

publication présente au moins 3 faiblesses majeures : 1) l’anticorps et la méthode utilisés 

pour le marquage de la gal-9 en immunohistochimie ne sont pas mentionnés ; 2) 

l’hétérogénéité et la classification moléculaire des cancers de la vessie ne sont pas pris en 
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compte ; 3) aucune tentative n’est faite pour distinguer la gal-9 intra- et extra-cellulaire (la 

gal-9 plasmatique n’a pas été dosée). C’est pourquoi il m’a paru nécessaire d’inclure dans 

cette introduction à mon travail de thèse quelques éléments de mise à jour concernant les 

caractéristiques biologiques des carcinomes de la vessie chez l’homme. A l’avenir, cela devrait 

nous aider à rechercher des similitudes possibles avec les modèles MB49. 

 

a) Caractères généraux 

Les carcinomes de la vessie (BLCA, bladder carcinomas) représentent un problème important 

de santé publique. Par ordre de fréquence, au niveau mondial, ils représentent la septième 

cause de décès par cancer. Le tabagisme est un facteur de risque essentiel pour ces tumeurs. 

Plus de 90% sont des carcinomes urothéliaux (UCB, urothelial caricnomas of the bladder). Ils 

se développent aux dépens de l’épithélium de la muqueuse vésicale et en fonction de la 

profondeur d’envahissement, on distingue les UCB avec ou sans envahissement du muscle 

lisse sous-jacent : MIBC (muscle invasive bladder carcinomas) et NMIBC (non-muscle invasive 

bladder carcinomas). Parmi les carcinomes de vessie nouvellement diagnostiqués, les NMIBC 

sont environ 2 fois plus fréquents que les MIBC. Le diagnostic de MIBC est posé d’emblée 

dans la plupart des cas mais 10 à 20% des NMIBC peuvent évoluer vers des MIBC. Comme on 

peut s’y attendre, les MIBC ont un pronostic beaucoup plus sévère. La survie à 5 ans est de 60% 

en l’absence de métastases à distance lors de la prise en charge initiale, et de moins de 10% 

dans le cas contraire. Outre l’ablation chirurgicale, la chimiothérapie à base de cis-platine est 

un élément clé du traitement. Environ 20% des cas résistant d’emblée ou secondairement à la 

chimiothérapie sont sensibles à une immunothérapie basée le plus souvent sur 

l’administration d’anticorps anti-PD1 ou anti-PDL1 (274). Plusieurs approches de thérapies 

ciblées sont à l’étude pour le traitement des MIBC. Il s’agit notamment d’inhibiteurs du 

récepteur à activité tyrosine-kinase FGFR-3 (fibroblast growth factor receptor 3) et 

d’inhibiteurs de PI3-kinase (phosphoinositide 3-kinase) (275,276). Le bénéfice d’un anticorps 

monoclonal anti-VEGFR-2 (vascular endothelial growth factor receptor-2), le ramucirumab, a 

été démontré dans un essai de phase III (276). 



 

 

 

Figure 17. Classification des MIBC (muscle invasive bladder carcinomas).  
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En ce qui concerne les NMIBC, ils font l’objet, en fonction du risque de récidive, de 

traitements locaux basés sur la chimiothérapie intra-vésicale ou encore l’immunothérapie 

intra-vésicale par instillation de BCG. En cas d’échecs répétés, il faut parfois procéder à une 

cystectomie (277). 

 

b) Classification moléculaire des MIBC 

Comme pour d’autres tumeurs solides de diverses localisations, les MIBC forment un 

ensemble très hétérogène avec plusieurs dizaines de formes histologiques. Pour donner de 

façon concise une vision synthétique des caractéristiques biologiques et cliniques des MIBC, 

nous avons choisi de nous inspirer d’un article très récent d’A. Kamoun qui propose une 

classification des MIBC en 6 grandes catégories basées sur l’analyse de 1750 profils 

transcriptionnels. Ces 6 catégories qui ont fait l’objet d’un consensus entre une dizaine 

d’équipes de renom international sont présentées dans le tableau de la Figure 17 (luminale 

papillaire, luminale non-spécifique, luminale instable, avec stroma riche, basale/épidermoïde, 

de type neuroendrocrine) (276). 

 

c) Facteurs influençant la réponse aux immunothérapies par inhibiteurs de 

checkpoints dans les MIBC 

Comme pour d’autres tumeurs solides, le développement des immunothérapies par les 

inhibiteurs de checkpoints a représenté un progrès notable dans le traitement des MIBC avec 

des réponses tumorales objectives dans environ 20% des cas. Malheureusement, plus encore 

que pour d’autres localisations tumorales, on manque de biomarqueurs permettant de 

prédire avec une bonne assurance la réponse à ce type d’agents thérapeutiques. A l’heure 

actuelle, le niveau d’expression de PD-L1 par les cellules tumorales mesuré en 

immunohistochimie n’apparaît pas comme un bon marqueur prédictif (278). La valeur 

prédictive de la charge mutationnelle est encore débattue et fait toujours l’objet d’études sur 

des séries en cours. La valeur prédictive de l’abondance de l’infiltrat lymphoïde fait l’objet 

d’appréciations divergentes (275,279). A noter que la micro-topographie des cellules T est un 
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facteur important qui n’est peut-être pas encore suffisamment pris en compte. Une étude 

récente montre que l’expression de PD-1 s’accompagne d’un pronostic péjoratif lorsqu’il 

s’agit des TIL (tumor-infiltrating lymphocytes) présents au sein des nodules tumoraux mais 

non lorsqu’il s’agit des TIL du stroma périphérique (280). Cependant, l’abondance dans la 

tumeur de lymphocytes CD8+ et de transcrits en rapport avec une stimulation par l’interféron-

γ est associée à une bonne probabilité de réponse aux inhibiteurs de checkpoints (278). C’est 

l’opposé lorsqu’il s’agit de transcrits en rapport avec la réponse au TGF-β. Les biomarqueurs 

sériques ont également une valeur. Des concentrations plasmatiques élevées d’interleukines 

6 et 8 et de CRP (C-reactive protein) sont associées à de faibles taux de réponse. C’est le 

contraire pour des concentrations élevées d’interféron-γ, de CXCL9, de CXCL10 et de TWEAK 

(TNF-related weak inducer of apoptosis) (280). 

A noter qu’une approche actuellement en cours d’exploration pré-clinique consiste à 

combiner des inhibiteurs de checkpoints avec des petites molécules ciblées, par exemple des 

inhibiteurs de PI3-kinase (275). 

A ma connaissance, il n’y a pas de données publiées sur le rôle de la galectine-9 dans la 

réponse aux inhibiteurs de checkpoints dans les MIBC. Cependant, un bref article de MF 

Chevalier publié en 2016 a mis en évidence une forte expression de Tim-3 par les cellules 

dendritiques circulantes et intra-tumorales chez les sujets porteurs de tumeurs urothéliales 

(281). 
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OBJECTIFS DES TRAVAUX DE THESE 

 

Neutraliser les facteurs de tolérance qui bloquent la réponse immunitaire anti-tumorale est 

devenu un élément majeur des thérapeutiques anti-cancéreuses. Il y a de bonnes raisons de 

penser que la galectine-9 (gal-9) est l’un de ces facteurs et nous supposons, avec mon équipe 

d’accueil, que sa neutralisation pourrait apporter un bénéfice aux traitements de nombreuses 

affections malignes. Dans cette optique, et afin de produire de nouveaux outils d’étude, notre 

équipe s’est lancée dans la production d’anticorps monoclonaux. 

Conjointement à ce développement, il nous a paru nécessaire de mettre en place un modèle 

syngénique murin avec des cellules produisant ou non de la gal-9, afin d’évaluer l’impact de 

la gal-9 tumorale sur le développement tumoral. En effet, ces dernières années, plusieurs 

équipes ont mis en évidence des fonctions de la gal-9 dans des tumeurs tel que les 

mélanomes, les carcinomes pulmonaires, pancréatiques ou ovariens. Cependant, il est difficile 

de faire la synthèse de ces données car, suivant les publications, les auteurs ont mis l’accent 

sur différents types de cellules productrices et différents types de cellules cibles. On ne 

dispose finalement que de peu de données sur la gal-9 produite par les cellules tumorales et 

sur le bénéfice à attendre en clinique de l’administration d’anticorps neutralisant la gal-9. 

Ainsi, mes travaux de thèse ont été organisés autour de trois objectifs principaux :  

1) Etudier le statut de la gal-9 dans différentes lignées tumorales murines in vitro afin de 

sélectionner celles l’exprimant abondamment. Produire, à partir de ces lignées, des 

outils visant à étudier les fonctions exercées par la gal-9 : 1) des clones invalidés pour 

le gène LGALS9 ; 2) les « révertants » de ces clones exprimant, chacun, l’une des trois 

isoformes de la gal-9 (S, M et L). 

 

2) Evaluer in vitro et in vivo les effets de la perte d’expression de gal-9 sur le phénotype 

des cellules tumorales (viabilité, prolifération, cinétique de croissance, nature de 

l’infiltrat immunitaire, …). 

 

3) Poursuivre la caractérisation des anticorps neutralisant la gal-9, notamment en 

réalisant les premiers essais d’évaluation pré-cliniques. 
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La première partie de ce travail s’est focalisée sur la recherche de lignées tumorales murines 

exprimant un niveau élevé de gal-9. Nos investigations nous ont conduits à sélectionner les 

lignées CT26, dérivée d’un carcinome colique, et MB49, dérivée d’un carcinome vésical. 

L’invalidation du gène LGALS9 a été réalisée sur ces deux lignées ainsi que la production de 

« révertants ». L’étude des effets de l’invalidation du gène LGALS9 dans la lignée MB49 fait 

l’objet d’un article en préparation (article 2). En ce qui concerne la lignée CT26, les résultats 

seront développés dans la discussion, tout comme les résultats associés aux « révertants ». 

La deuxième partie de mon projet de thèse s’est centrée sur la caractérisation et l’évaluation 

du potentiel neutralisant des anticorps monoclonaux anti-gal-9. Les travaux réalisés avant 

mon arrivée dans le laboratoire ont permis de sélectionner plusieurs anticorps capables de 

reconnaître spécifiquement la gal-9 et d’évaluer leur potentiel neutralisant in vitro. Les 

résultats obtenus dans le cadre de leur caractérisation ont fait l’objet d’une publication en 

2018 (article 1). Parallèlement, nous avons initié l’évaluation du potentiel thérapeutique anti-

tumoral de ces anticorps sur des modèles tumoraux murins syngéniques, à partir des lignées 

CT26 et MB49. Différentes modalités de croissance tumorale et de traitements ont été testées. 

Pour l’heure, les effets anti-tumoraux des anticorps ne se sont manifestés que discrètement 

voire pas du tout selon les conditions expérimentales. A la lumière des données présentées 

dans l’article 2, nous reviendrons plus en détail sur ces résultats au cours de la discussion. 
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RESULTATS 

 

I- Article 1 

Characterization of neutralizing antibodies reacting with the 213-224 amino-acid 

segment of human galectin-9 

Claire Lhuillier, Clément Barjon, Valentin Baloche, Toshiro Niki, Aurore Gelin, Rami Mustapha, 

Laetitia Claër, Sylviane Hoos, Yoichi Chiba, Masaki Ueno, Mitsuomi Hirashima, Ming Wei, 

Olivier Morales, Bertrand Raynal, Nadira Delhem, Olivier Dellis, Pierre Busson. 

Plos One, 2018, DOI : 10.1371/journal.pone.0202512. 

 

a) Contexte et objectifs de l’étude 

La gal-9 extra-cellulaire est une protéine immuno-modulatrice dont les fonctions 

s’apparentent à celles d’une cytokine. Elle exerce des fonctions majoritairement 

immunosuppressives qui sont associées au développement de plusieurs pathologies 

malignes chez l’homme dans lesquelles on décrit une expression dérégulée de cette protéine. 

Notre groupe a été le premier à mettre en évidence la contribution de la gal-9 à 

l’immunosuppression dans les NPC associés à EBV. Posant l’hypothèse que la neutralisation 

de la gal-9 et de ses effets immunosuppresseurs pourrait apporter un bénéfice thérapeutique 

substantiel, nous nous sommes engagés dans la production d’anticorps monoclonaux. Nous 

avons obtenu une série d’anticorps murins à la suite d’immunisations avec de la gal-9 

recombinante humaine. Sur la base de leur capacité à neutraliser l’apoptose des lymphocytes 

T induite par la gal-9, deux anticorps ont été sélectionnés : Gal-Nab1 et Gal-Nab2. Le but de 

cette étude est de présenter le potentiel neutralisant de ces anticorps, d’identifier leurs 

épitopes respectifs et de tester leur capacité à reconnaître la gal-9 murine dans l’optique 

d’évaluer leur efficacité dans des modèles pré-cliniques. 
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b) Résultats 

Les tests in vitro réalisés sur GalNab-1 et GalNab-2 révèlent plusieurs similitudes entre ces 

deux anticorps. Tout d’abord, ils sont capables de neutraliser l’apoptose induite par l’ajout de 

gal-9 exogène sur des lymphocytes T primaires. Les deux anticorps possèdent une chaîne 

lourde CDR3 (complementarity determining region 3) identique et reconnaissent des 

épitopes très semblables. Malgré ces similitudes, GalNab-1 et GalNab-2 présentent quelques 

différences fonctionnelles. En effet, les expériences menées sur la lignée cellulaire Jurkat 

montrent que l’anticorps GalNab-1 augmente la translocation des phosphatidylsérines et la 

mobilisation calcique induites par la gal-9, tout en réduisant le phénomène d’apoptose. Ces 

caractéristiques diffèrent de celles de GalNab-2 pour lequel on ne constate que la diminution 

de l’apoptose qui est de surcroît plus importante. Il est possible que ces divergences soient 

dues aux légères différences au niveau des épitopes linéraires mais éventuellement aussi à 

des différences dans les interactions avec d’autres régions de la protéine. Les analyses 

réalisées en collaboration avec la plateforme de biophysique moléculaire de l’Institut Pasteur 

ont révélé que, malgré leur affinité similaire pour la gal-9, les deux anticorps possèdent des 

constantes d’association et de dissociation différentes. En effet, GalNab-1 s’associe et se 

dissocie plus rapidement de la gal-9. Ces données pourraient aussi expliquer les propriétés 

distinctes observées. 

Enfin, cette étude nous informe sur la spécificité de reconnaissance des anticorps. Ceux-ci ne 

reconnaissent pas les galectines -1, -4, -7, -8 ou -10. En revanche ils sont capables de 

reconnaître l’homologue murin de la gal-9. Pour rappel, ces anticorps ont été générés par 

immunisation avec de la gal-9 humaine chez des souris. Leur capacité à reconnaître 

également la gal-9 murine en fait donc des outils de choix pour évaluer leur potentiel 

thérapeutique dans des modèles pré-cliniques. 

 

c) Conclusion 

Ces résultats indiquent que les deux anticorps peuvent neutraliser efficacement certains des 

effets immunomodulateurs de la gal-9 in vitro. Les mécanismes qui sous-tendent ce 

phénomène d’inhibition ne sont pas encore connus et devront faire preuve d’investigations 
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supplémentaires. De plus, il serait intéressant de vérifier si les anticorps sont capables de 

neutraliser l’influence de la gal-9 sur d’autres acteurs de l’immunité comme les Treg, les 

macrophages ou les cellules NK. 

Finalement, les résultats obtenus sont encourageants et appuient le développement d’études 

in vivo sur des modèles murins syngéniques ainsi que la production de variants humanisés. 

 



RESEARCH ARTICLE

Characterization of neutralizing antibodies

reacting with the 213-224 amino-acid

segment of human galectin-9

Claire Lhuillier1,2,3,4☯, Clément Barjon1,2,3,4☯, Valentin Baloche1,2,3, Toshiro Niki5,6,

Aurore Gelin1,2,3, Rami Mustapha7, Laetitia Claër8, Sylviane Hoos9, Yoichi Chiba10,
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Abstract

Extra-cellular galectin-9 (gal-9) is an immuno-modulatory protein with predominant immuno-

suppressive effects. Inappropriate production of gal-9 has been reported in several human

malignancies and viral diseases like nasopharyngeal, pancreatic and renal carcinomas,

metastatic melanomas and chronic active viral hepatitis. Therefore therapeutic antibodies

neutralizing extra-cellular gal-9 are expected to contribute to immune restoration in these

pathological conditions. Two novel monoclonal antibodies targeting gal-9 –Gal-Nab 1 and

2—have been produced and characterized in this study. We report a protective effect of

Gal-Nab1 and Gal-Nab2 on the apoptotic cell death induced by gal-9 in primary T cells. In

addition, they inhibit late phenotypic changes observed in peripheral T cells that survive gal-

9-induced apoptosis. Gal-Nab1 and Gal-Nab2 bind nearly identical, overlapping linear epi-

topes contained in the 213–224 amino-acid segments of gal-9. Nevertheless, they have

some distinct functional characteristics suggesting that their three-dimensional epitopes are

distinct. These differences are best demonstrated when gal-9 is applied on Jurkat cells

where Gal-Nab1 is less efficient than Gal-Nab2 in the prevention of apoptotic cell death. In

addition, Gal-Nab1 stimulates non-lethal phosphatidylserine translocation at the plasma

membrane and calcium mobilization triggered by gal-9 in these cells. Both Gal-Nab1 and 2

cross-react with murine gal-9. They bind its natural as well as its recombinant form. This

cross-species recognition will be an advantage for their assessment in pre-clinical tumor

models.
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Introduction

Galectins constitute a family of animal proteins defined by their binding specificity for glycans

containing a β1–3 or β1–4 galactosyl bond carried either by glycoproteins or glycolipids. The

domains of galectins that directly interact with carbohydrate ligands are called CRDs (for “car-

bohydrate recognition domains”) [1, 2]. The CRDs are made of about 135 amino acids (aa)

forming a groove in which the carbohydrate ligand can bind. Interaction with a galactosyl

bond is crucial for binding of each CRD to its physiological ligands. However, the binding

specificity of each type of galectin is further specified by the atoms and molecules located at

the periphery of the galactosyl bond which also interact with the CRDs.

Galectin-9 (gal-9) belongs to the category of “tandem-repeat” galectins containing two

CRDs with distinct specificity linked by a flexible peptide chain called “linker peptide” (three

other human “tandem-repeat” galectins are galectin-4, -8 and -12). As a result of alternative

splicing, gal-9 exists under three main isoforms characterized by the length of the linker pep-

tide: long (49 aa), medium (27 aa) and short (15 aa,) abbreviated as gal-9L, gal-9M (also called

Δ5) and gal-9S (also called Δ5/ Δ6)[3]. We do not yet know the functional differences between

these isoforms although we know that the length of the linker peptide influences the relative

mobility of the two CRDs [3].

In basal physiological conditions, gal-9 is weakly expressed in most tissues (with the greatest

abundance in the thymus and kidney). Its expression increases in many cell types–including

endothelial and epithelial cells—under the influence of the cytokines of the Th1 immune

response especially interferon-γ (IFN-γ) [4, 5]. Gal-9 is trafficking in various cell compart-

ments either as a soluble protein or bound to the cell membrane network. It is consistently

found in the cytoplasm. Depending on the cell type, it is also detected in the nucleus and at the

surface of the plasma membrane [6, 7]. Like other galectins, gal-9 has no signal sequence.

However, it can be secreted by non-conventional pathways, either bound to nanovesicles

called exosomes, or under a soluble form by mechanisms which are not yet fully understood

[6, 8, 9]. Distinct functions have been assigned to intracellular, cell surface and extracellular

gal-9 [3]. Both intracellular and cell surface gal-9 have an impact on cell signaling and contrib-

ute to the organization of cell polarity. Cell surface gal-9 plays a role in contacts with neighbor-

ing cells and adhesion with extracellular matrix. When released in the extracellular medium,

gal-9 acts like a cytokine with multiple immune-modulatory—mainly immuno-suppressive—

activities involving several target cells. It promotes the expansion of regulatory T cells (Tregs)

and strengthens their immunosuppressive activity, while it reduces the development of Th17

cells [10–16]. Gal-9 has been shown to induce apoptosis of CD4+ Th1 cells and CD8+ cytotoxic

cells [17, 18]. Interestingly, it has also been implicated in the expansion of granulocytic mye-

loid-derived suppressor cells (MDSCs; CD11b+Ly-6G+F4/80lowLy-6Clow) and more recently,

in the promotion of Th2 /M2 differentiation that favors tumor progression in melanoma

patients [19]. Our group and others have shown that gal-9 has a bi-phasic impact on peripheral

T cells with early apoptosis in a majority of target cells and late phenotypic changes in surviv-

ing cells [20, 21]. It is still unclear what cell surface receptors of extracellular gal-9 are involved

in the various effects mentioned above. Tim-3 was initially identified as one receptor of gal-9

on T cells [17, 22]. This has been confirmed in later studies. However, gal-9 can also bind

other receptors such as CD44, dectin 1 or the protein disulfide isomerase [10, 23, 24].

There is mounting evidence that massive and inappropriate production of gal-9 has

deleterious immunosuppressive effects in a number of viral and/or malignant diseases. The

contribution of gal-9 to tumor or viral immune evasion was first reported by our group in

publications dealing with Epstein-Barr virus-related nasopharyngeal carcinomas [8, 25].

Later on, similar observations were reported in chronic active viral hepatitis with or without
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hepatocellular carcinomas [26–28]. More recently, unwanted effects of gal-9 have been dem-

onstrated or strongly suspected in a series of human malignancies without known viral etiol-

ogy, including pancreatic and renal carcinomas, metastatic melanomas, a subgroup of lung

carcinomas, glioblastomas and several types of acute myeloblastic leukemias [19, 22, 24, 29–

31]. We believe that therapeutic antibodies neutralizing gal-9 are likely to become important

therapeutic tools for the treatment of these diseases. Our general objective is to produce and

characterize such antibodies. We have noticed that antibodies neutralizing extra-cellular

gal-9 used in previous publications have not been precisely described in terms of affinities,

sequences of variable segments, epitopes and cross-reactivity [22, 25]. Therefore, the aim of

this report is to make these data publicly available for two novel neutralizing mAbs—Gal-

Nab1 and Gal-Nab2—which are also well characterized in terms of functional activities. They

were obtained following mouse immunization with the recombinant c-terminal part of gal-9.

Their impact on the immuno-modulatory functions of extracellular gal-9 such as apoptosis

induction, calcium mobilization or late phenotypic changes, was investigated in vitro using

various functional assays based on Jurkat leukemic T cells or peripheral blood mononuclear

cells (PBMCs). Intriguing functional differences were found between Gal-Nab1 and Gal-Nab2

although they bind to nearly identical linear epitopes (aa 213–224). These differences might be

related to distinct contributions of other parts of the protein to the epitope/paratope interface.

On the other hand, we found that both Gal-Nab1 and 2 react with murine recombinant and

native gal-9 in two distinct types of binding assays. These characteristics might be helpful to

use them in pre-clinical investigations.

Materials and methods

Reagents

The various forms of recombinant gal-9—human S and M isoforms and murine M isoform–

were produced in Escherichia coli (E. coli) as GST fusion proteins. Tag-free proteins were

purified by affinity chromatography on lactose-agarose column [32]. The c-terminus galectin-

9 (residues 191 to 355 of the gal-9 long isoform) was produced in E. coli as a GST-fusion pro-

tein. The tag-free protein was purified by exclusion chromatography [7]. Only tag-free gal-9

proteins were used in our experiments. Lactose (β-lactose) was purchased from Sigma-Aldrich.

In house anti-gal-9 mAbs (Gal-Nab1 and Gal-Nab2) were produced in mice as described in

the next paragraphs and were both of the IgG1, κ isotype. The mouse control isotype antibody

(control IgG) was from BioLegend. Commercial monoclonal anti-gal-9 antibodies were also

used: 9M1-3 (BioLegend) and RG9-35 (BioLegend) directed against human and murine gal-9,

respectively. A goat polyclonal antibody was used for detection of murine gal-9 by Western

blotting (R&D System/Bio-Techne).

Animal care and immunizations

Procedures used for mouse handling and immunization were reviewed and approved by the

following Ethics committee: “comEth Afssa/ENVA/UPEC” sponsored by “Ecole Nationale

Vétérinaire d’Alfort” and “Université Paris-Est- Créteil -Val de Marne” (decision # 14/02/12-1,

February 14, 2012). BALB/c female mice age 6–8 weeks were purchased from Charles Rivers

Laboratories (Saint Germain–Nuelles, France) and housed in pathogen-free conditions in filter

cap cages holding a maximum of 5 animals with irradiated aspen chip bedding and cotton

fiber nesting material. They were maintained on a 12/12 light/dark cycle, with ad libitum UV-

treated water and RM1 rodent diet. Immunogenic mixtures were injected intra-peritoneally.

Intermediate blood collections were done by puncture of the orbital sinus (50 μl with intervals

of at least 15 days). The animals were monitored every day for signs of pain, such as immobility
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or restlessness, reduction of drinking and food intake. The persistence of abnormal behaviors

for more than one day led to the euthanasia of animals with suffering presumption. Prior to

spleen collection, mice were sacrificed by cervical elongation. Otherwise, mice were euthana-

tized by carbon dioxide asphyxiation.

Production of anti-galectin-9 monoclonal antibodies

Immunizations were conducted at PX’Therapeutics (Grenoble, France) [7]. Five BALB/c

female mice (eight weeks old) were immunized with the recombinant c-terminus galectin-9.

Immunizations (40 μg of protein) were administered intraperitoneally at days 0, 22, 37 and 54

with complete Freund’s adjuvant for the first immunization, then with incomplete Freund’s

adjuvant for subsequent injections.

Anti-gal-9 antibodies were detected in mouse sera and hybridoma supermatants, by ELISA

(enzyme-linked immunosorbent assay). Briefly, microtiter plates were coated with 0.05 M car-

bonate/bicarbonate buffer pH 9.6, containing 50 ng human c-terminus gal-9 per well, during

1h at room temperature. After washing with phosphate buffered saline (PBS) containing 0.1%

Tween-20, the wells were saturated with 3% bovine serum albumine (BSA) in PBS at room

temperature for 1h. They were then incubated with mouse sera or raw hybridoma superna-

tants in PBS with 1% BSA at room temperature for 2h. After a washing step with PBS 0.1%

Tween-20, the anti-galectin-9 antibody level was determined using horseradish peroxidase-

coupled (HRP) goat antibodies to mouse IgG (Sigma-Aldrich, St Quentin Fallavier, France).

An immune response against the c-terminal part of gal-9 was confirmed by ELISA in the

five immunized mice. Splenocytes were collected from the two best responding mice which

were sacrificed three days after the last boost. These splenocytes were used in liquid or semi-

solid fusions with Sp2/0 cells at a ratio of 5:1 and 2:1, respectively. Hybridomas supernatants

were assessed using gal-9 ELISA. The semi-solid fusion was successful and a collection of

monoclonal hybridomas secreting anti-gal-9 antibodies was obtained. For subsequent experi-

ments, antibodies were purified from hybridoma supernatants using protein A affinity chro-

matography. The concentrations of endotoxins in the final solutions were checked using the

following kit: ToxinSensorTM Chromogenic LAL Endotoxin Assay (GenScript). They were

below 3 EU/ml.

Preparation and culture of galectin-9 target cells

The human T cell line Jurkat E6.1 (American Type Culture Collection) was grown in RPMI

1640 medium (Gibco-Life Technologies) supplemented with 10% fetal calf serum (FCS) at

37˚C in a 5% CO2 humidified atmosphere. Human peripheral blood mononuclear cells

(PBMCs) were obtained from anonymous healthy blood donors using standard density gradi-

ent centrifugation (Lymphocyte separation medium, Eurobio AbCys) and used for subsequent

T cell purification or cultured at 37˚C with 5% CO2 in RPMI 1640 medium supplemented

with 10% FCS. CD3+ T cells were purified using magnetic separation of untouched CD3+ cells

(pan T cell isolation kit; Miltenyi Biotec). For T cell activation, PBMCs or purified CD3+ cells

were cultured in anti-CD3-coated plates in the presence of soluble anti-CD28 antibodies

(0.5 μg/mL; Miltenyi Biotec).

Apoptosis assessment

Jurkat cells were exposed in serum-free medium (Hybridoma-SFM, Gibco) to crude gal-9 or

gal-9 previously pre-incubated for 30 min at 37˚C with lactose, a control isotype antibody or

anti-gal-9 mAbs at 2X concentrations. During the subsequent incubation with target cells,

reagents were at 1X concentration, as indicated in the figure legends. After 24h of incubation,
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Jurkat cells were washed and stained with annexin-V (Thermo Fischer Scientific) and propi-

dium iodide (PI; Sigma-Aldrich) before acquisition on the Accuri1 C6 flow cytometer (BD

Biosciences). For assessment of primary T cells apoptosis, purified CD3+ cells were incubated

in complete RPMI medium (10% FCS) and treated as indicated above. After 36h of incubation,

CD3+ cells were washed, stained with annexin-V and PI and analyzed by flow cytometry.

Measurement of cytosolic calcium concentration ([Ca2+]cyt)

[Ca2+]cyt was recorded in Jurkat cells by a fluorimetric ratio technique [33]. The fluorescent

indicator Indo-1 (4 μM; Invitrogen/Molecular Probes) was loaded by incubating the cells at

room temperature under gentle agitation. Cells were then resuspended in Hepes Buffer Saline

medium and treated with gal-9 (30 nM) preincubated or not with lactose (5 mM) or with anti-

gal-9 mAbs (67 nM, i.e. 10 μg/mL). One million cells was put in a 1 cm width– 3 mL quartz

cuvette, and inserted in a spectrofluorimeter (Varian Cary Eclipse), equipped with a thermo-

stated cuvette holder. Excitation of Indo-1 was done at 360 nm, and emissions at 405 and 480

nm were recorded. Background and autofluorescence were subtracted from the values mea-

sured at 405 and 480 nm. Intracellular Ca2+ concentrations were calculated following the

method already described by O. Dellis and collaborators [33]. Traces were given without SEM

for clarity (SEM values were usually < 40 nM).

Phenotypic analysis and cell sorting

After one week of culture with indicated treatments, PBMCs were analyzed for their central

memory, effector memory or naive T cell phenotype, by incubation with PE-conjugated anti-

CD45RO, FITC-conjugated anti-CCR7, and APC-conjugated anti-CD3 antibodies (Biolegend).

Isotype-matched non-specific antibodies were used as negative controls. Staining was analyzed

on viable cells on forward scatter/sideward scatter plot, and on the CD3+ population gate.

Intracellular cytokine staining

After one week of culture with indicated treatments, PBMCs were restimulated with 50 ng/mL

phorbol 12-myristate 13-acetate (PMA) and 500 ng/mL ionomycin (Santa Cruz biotechnolgy)

in the presence of 10 μg/mL brefeldin A (Sigma-Aldrich) for 4h. Cells were washed and stained

with APC-conjugated anti-CD3 antibody. Then, cells were fixed, permeabilized and stained

with FITC conjugated anti-IL-2 and PE-conjugated anti-IFN-γ antibodies (Biolegend).

Investigations of Gal-Nab1 and Gal-Nab2 binding to full length gal-9M by

surface plasmon resonance (Biacore)

Assessment of antibody interactions with gal-9 was done by surface plasmon resonance using

a T200 Biacore (GE Healthcare) device. In a first series of experiments, gal-9M was used as a

ligand and covalently bound to the chip (Series S Sensor chip CM5, GE Healthcare) activated

by NHS/EDC (mix of N-hydroxysuccinimide and 1-ethyl-3-(3-dimethyl-amino-propyl) car-

bodiimide). Covalent binding was done by injection of recombinant gal-9M in the microflui-

dic system at 10 μg/mL, at pH5, in acetate buffer. Purified Gal-Nab1 and Gal-Nab2 were used

as the analytes. They were injected in the microfluidic system at various concentrations from

1.5 to 400 nM, with a flux of 40 μL/min, for 400s, in the presence of albumin (0.1 mg/mL) and

tween 0.05%. The dissociation of the complex was followed for 500s. Regeneration of the chip

was done with glycine (10 mM, pH 1.5).

Reciprocally, in the next series of experiments, Gal-Nab1 and Gal-Nab2 mAbs were used as

ligands covalently bound to the CM5 chip activated by NHS/EDC. Covalent binding was done
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by injection of the purified antibodies in the microfluidic system at 10 μg/mL in acetate buffer,

at optimal pH (5 for Gal-Nab1 and 4.5 for Gal-Nab2). The injection lasted 400s and was fol-

lowed by a 900 s washing step. Recombinant gal-9M was used as the analyte. It was injected at

various concentrations from 0.39 to 100 nM, with a flux of 40 μL/min, for 400s, in PBS with

albumin, 0.1 mg/mL, and tween 0.05%. The dissociation of the complex was followed for 600s.

Regeneration of the chip was done with water containing SDS 0.1% for 1 min twice.

Binding parameters, especially the KD (dissociation constant) were calculated using the Bia-

core T200 evaluation software. The on-rate constant (Kon in s-1 M-1) was calculated from the

ascending portion of the curve depicting the loading of the free Gal-Nab1 and 2 antibodies

(analytes) on the immobilized gal-9-M (ligand) or the loading of the recombinant gal-9M

(analyte) on the immobilized Gal-Nab1 and Gal-Nab-2 antibodies (ligands). The Kon charac-

terizes how quickly the antibodies bind to their target. The off-rate constant (Koff in s-1 M-1)

was calculated from the down-side of the curve depicting the elution of the analytes from the

immobilized ligands. It characterizes how quickly the antibodies dissociate from their target.

Investigations of Gal-Nab1 and Gal-Nab2 binding to a biotinylated peptide

by surface plasmon resonance (Biacore)

In these experiments, the ligand was an oligopeptide called CTB containing the amino-acids

208 to 232 of gal-9L (176–200 and 164–188 of gal-9M and S, respectively), biotinylated at its c-

terminus and bound to a streptavidin chip (Series S Sensor chip SA, GE Healthcare). In this

32-mer oligopeptide, the 25 gal-9 aa were flanked by stuffer aa not related to gal-9, designed to

increase its solubility and accessibility (complete sequence with stuffer aa in italic: KREFSTP
AIPPMMYPHPAYPMPFITTILDRKK(biotin)-OH). A biotinylated scramble oligopeptide was

used as a control (complete sequence: biotin-PMTPYKPHTGK MYPIRQAPMAPFDSIERP
MF-OH). To achieve streptavidin binding, the biotinylated oligopeptides were injected in the

microfluidic system at a concentration of 500 ng/mL in PBS during at least 25s. Purified Gal-

Nab1 and Gal-Nab2 mAbs were used as the analytes. They were injected at various concentra-

tions from 0.05 to 3.2 nM, with a flux of 40 μL/min, for 700 s, in PBS with albumin 0.1 mg/mL

and tween 0.05%. The dissociation of the complex was followed for 800s Regeneration of the

chip was done with NaOH 500mM, SDS 0.1% and H2O. Binding parameters were calculated

as previously explained for Biacore experiments on full length gal-9-M.

The same CTB and control peptides were used in a functional assay based on apoptosis pro-

tection of CD3+ T cells treated for 36h with gal-9 (gal-9S; 40 nM). Gal-Nab1, Gal-Nab2 and

control IgG Abs (67 nM) were pre-incubated with the CTB or the scramble peptide (6.7 μM

i.e. with a molar ratio of 100) for 30 min at 37˚C prior to their pre-incubation with gal-9.

Epitope mapping by oligopeptide competition

Epitope mapping for Gal-Nab1 and Gal-Nab2 mAbs was realized using 15 overlapping pep-

tides of 15 aa (peptide 1 SAPGQMFSTPAIPPM to peptide 15 MMYPHPAYPMPFITT). These

peptides were covering a segment of gal-9 mapping between aa 202 and 230 (using gal-9L

coordinates; or 158 and 186 using gal-9S coordinates). This segment was chosen on the basis

of prior experiments performed in our laboratory (data not shown). Gal-Nab1 and Gal-Nab2

were diluted at a concentration of 0.06 and 0.3 μg/mL, respectively (i.e. at the effective concen-

tration 50 previously determined) and pre-incubated with increasing concentrations of each

peptide (from 0.0001 to10 μg/mL). Then, mAbs/peptides mixtures were added to 96-wells

plates coated with gal-9. Secondary HRP-conjugated anti-mouse antibodies were used to

detect mAbs binding to gal-9. Experimental absorbance values (Aexp) or background values of

absorbance (A0; measured in wells without mAbs/peptides) were subtracted from maximal
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absorbance values (Amax; maximum binding of mAbs without peptides) and the percentages

of inhibition were calculated as follows: [(Amax—Aexp) / (Amax—A0)] �100. Results are shown

only for the peptides 7 to 14 because the percentage of inhibition was very low with the other

peptides (1 to 6 and 15).

Determination of the hypervariable regions for Gal-Nab1 and Gal-Nab2

Total RNA was extracted from hybridoma cell pellets using a Trizol solution (Tri Reagent,

Euromedex). It was then reverse-transcribed using the ImProm-II™ Reverse Transcription Sys-

tem from Promega. cDNA segments encoding the variable regions of the heavy and light

chains of Gal-Nab1 and 2 were amplified using the Phusion “hot start” polymerase (Thermo

Fisher Scientific) and flanking degenerated primers recommended by Srebe et al. [34]. Frag-

ments amplified by efficient primers were excised from agarose gels and subjected to a second

round of amplification using the same primers. The resulting fragments were ligated in the

pJet1.2/blunt plasmid (Thermo Fisher Scientific), cloned in E. coli and subjected to Sanger

sequencing. Hypervariable regions (CDR 1, 2 and 3 of heavy and light chains) were identified

using the softwares provided by http://www.bioinf.org.uk/abs/.

Determination of monoclonal antibody cross-reactivity with murine gal-9

by ELISA and cold immuno-precipitation

A comparative assessment of mAbs binding to human gal-9M and S, murine gal-9M and sev-

eral human galectins (1–4, 7, 8 and 10) was done by direct ELISA. Briefly, Gal-Nab1, Gal-Nab2

or IgG1 control mAbs were coated in a 96-well plate. Then, biotinylated galectins were incu-

bated at 1 nM and detected by the classic streptavidin-HRP method. For cold immuno-precip-

itation, proteins were extracted from a BALB/c mouse thymus using a lysis buffer containing

10 mM Tris HCl pH 7.4, 150 mM NaCl, 1% Triton, 0,05%SDS and protease inhibitors (Com-

plete, Roche). Primary antibodies (Gal-Nab1, Gal-Nab2, 9M1-3, RG9-35) and control mouse

IgG1 were loaded on magnetic beads bearing covalently bound anti-mouse IgG sheep antibod-

ies (10 μg purified antibodies for 1.6 X 106 beads) (M280 Dynabeads, Thermo Fischer Scien-

tific). Immune complexes were formed by incubation of the thymic protein extract (120 μg

proteins in 600 μl of lysis buffer) with antibody loaded beads (4 X 107) for a time interval of 3h

to 18h at 4˚C with rotative agitation. Magnetic beads loaded with immune complexes were

then washed 7 times with lysis buffer (without SDS and protease inhibitors). Finally, immune

complexes were eluted by boiling the beads for 4min in Laemmli buffer and loaded on a PAGE

gel for Western blot analysis.

Statistics

Statistical analyses were performed by one-way ANOVA followed by Dunnet post-test using

GraphPad Prism 7 software. p<0.05 was defined as a statistically significant difference. Where

indicated � p<0.05; �� p<0.01; ��� p<0.001; ns: not significant.

Results

Impact of anti-gal-9 antibodies on gal-9-induced cell death and calcium

mobilization in the Jurkat T cell line

A series of monoclonal antibodies reacting with gal-9 were obtained by mouse immunization

with a recombinant protein representative of the c-terminal portion of gal-9L (long isoform)

containing amino-acids 191 to 355 as previously described [7]. Two of them, named Gal-Nab1

and Gal-Nab2, were selected as potential neutralizing antibodies on the basis of preliminary
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experiments (both are of the IgG1-ϰ isotype). Their reactivity with gal-9 was identical in the

presence as well as in the absence of lactose (S1 Fig). To confirm their neutralizing activity, we

first used the human leukemic T cell line Jurkat, which is known to be responsive to extracellu-

lar gal-9 [35, 36]. In a previous report, we have shown that in serum-free conditions, Jurkat

cells are sensitive to nanomolar concentrations of gal-9 [20]. We first compared the ability of

two isoforms of gal-9 (gal-9S and gal-9M) to induce apoptotic cell death in Jurkat cells by

assessing the percentages of annexin-V-positive and propidium iodide-positive (annexin-

V+PI+) cells after 24h of treatment (Fig 1A). Percentages of apoptosis reached a plateau at

about 85–90% with 130 and 250 nM of gal-9S and gal-9M, respectively. The mean effective

concentrations inducing apoptotic death in 50% of the cells (EC50) were 40 and 80 nM for gal-

9S and gal-9M, respectively. Based on these data, 40nM was chosen as the common working

concentration used for gal-9S and M in all subsequent experiments. Apoptosis induction was

chosen as one initial end-point to assess the neutralizing capacity of our mAbs. For correct

interpretation of our following results, one needs to keep in mind that extra-cellular galectins

often induce both apoptotic death in a fraction of their target cells (rapid succession of

annexin-V and PI staining) and a process of non-lethal phosphatidylserine (PS) translocation

in another fraction (annexin-V positivity in the absence of subsequent PI staining) [37]. In this

regard, distinct effects were obtained when using Gal-Nab1 and Gal-Nab2. As shown in Fig

1B, Gal-Nab2 completely abrogated gal-9-induced apoptosis (annexin-V+PI+) in Jurkat cells,

but did not prevent the non-lethal PS translocation (annexin-V+PI-). In contrast, Gal-Nab1

was less efficient in reducing the percentage of apoptotic cell death, and rather increased the

fraction of annexin-V+/PI- cells. As expected, both PS translocation and apoptotic cell death

were not affected by the control IgG. This suggests that Gal-Nab1 favors the translocation of

PS induced by gal-9 although it reduces its capacity to induce apoptosis. This functional differ-

ence between Gal-Nab1 and Gal-Nab2 was confirmed by the dose-response curves in Fig 1C

and 1D where Gal-Nab2 decreased the percentage of apoptotic cells (to a level equivalent to

the untreated condition) without modifying the unlethal PS translocation induced by gal-9.

On the other hand, Gal-Nab1 reduced by about 50% the level of apoptosis cell death and even

increased the percentage of annexinV+/PI- cells.

Another known effect of gal-9 on Jurkat cells is the induction of calcium mobilization [35,

38]. We previously demonstrated that the rapid calcium mobilization induced by gal-9 in Jur-

kat cells–which occurs in less than 1 minute—is not required for apoptosis induction [20].

Thus, we wondered whether our mAbs could neutralize this additional independent effect trig-

gered by extracellular gal-9. Using the free calcium probe Indo-1, intracytosolic calcium

release was assessed in Jurkat cells treated with recombinant gal-9. Like for apoptosis assays,

experiments were performed in serum-free medium using nanomolar concentrations of gal-9.

Calcium release was rapid, occurring within 30s after gal-9 addition (Fig 1E and 1F). It was

inhibited by pre-treatment with 50 μM 2-APB, a Store-Operated Calcium Entry inhibitor

(data not shown) [33]. Calcium mobilization was delayed of about 90s after gal-9 pre-incuba-

tion with Gal-Nab2 (Fig 1F). In contrast, calcium mobilization was not delayed and its ampli-

tude was even increased when gal-9 was pre-incubated with Gal-Nab1 (Fig 1E). This

observation strengthens the idea that Gal-Nab1 and 2 have distinct effects on the interactions

of gal-9 with Jurkat cells.

Anti-gal-9 mAbs neutralize gal-9-induced apoptosis of primary T cells

Several studies have shown that gal-9 induces the apoptosis of peripheral primary T cells in
vitro [17, 39]. Therefore, we investigated the capacity of our anti-gal-9 mAbs to protect pri-

mary T cells from apoptosis induced by exogenous gal-9. CD3+ cells from human healthy
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Fig 1. Jurkat cell responses to exogenous gal-9 in the presence of Gal-Nab1 and Gal-Nab2 antibodies. A. Jurkat cells were treated during 24h with

increasing concentrations (3 to 300 nM) of human recombinant gal-9 (gal-9S or M) and percentages of apoptotic cell death were assessed by flow

cytometry analysis of annexin-V+ PI+ cells (technical duplicates). B. Example of flow cytometry plots for Jurkat cells treated or not with gal-9 (gal-9S; 40

nM) alone or in combination with lactose (5 mM), control isotype mAbs (ctrl IgG1) or anti-gal-9 mAbs (Gal-Nab1 and Gal-Nab2) at 67 nM (i.e. 10 μg/

mL) followed by annexin-V and PI staining after 24h. C-D. Dose-response curves for apoptotic cell death (annexin-V+ PI+) (C) or PS translocation

(annexin-V+ PI-) (D) in Jurkat cells treated for 24h with increasing concentrations of Gal-Nab1 and Gal-Nab2 (6 to 130 nM). Empty squares indicate the

percentages obtained in conditions without gal-9. Black crosses indicate the percentages obtained with isotype control IgG1 mAbs used at maximal

concentration (130 nM). Data are presented as means ± SEM of four biological replicates. E-F. Variations of [Ca2+]cyt in Jurkat cells treated with gal-9 (40

nM, added at t = 0 s) alone (black line) or with gal-9 combined with Gal-Nab1 (E) or Gal-Nab2 (F) (red line). [Ca2+]cyt was assessed by Indo-1 fluorimetry

as described under “Materials and Methods”. Data presented here are representative of three similar independent experiments.

https://doi.org/10.1371/journal.pone.0202512.g001
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donors were activated by anti-CD3/CD28 Abs and treated with gal-9 for 36h in the presence

or absence of Gal-Nab1, Gal-Nab2 or control antibodies. Gal-9 induced non-lethal PS translo-

cation (annexin-V+PI-) and apoptotic cell death (annexin-V+PI+) in CD3+ cells (Fig 2A and

2B). Both PS translocation and apoptotic cell death were almost entirely reversed by addition

of lactose (5 mM) (Fig 2A and 2B). Apoptotic cell death was dramatically reduced (about 75–

80% reduction) by both Gal-Nab1 and Gal-Nab2 (Fig 2A and 2B). The impact on PS transloca-

tion was much weaker; Gal-Nab2 had almost no effect (Fig 2A and 2B). These observations

were confirmed when CD3+ cells were treated with gal-9 in combination with increasing con-

centrations of the antibodies (dose/response curves; Fig 2C and 2D). Gal-Nab1 was slightly

Fig 2. Anti-gal-9 mAbs efficiently neutralize gal-9-induced apoptosis in primary T cells. CD3+ T-cells were isolated from healthy donors, activated by a

combination of CD3/CD28 antibodies and treated or not with gal-9 (gal-9S; 40 nM) alone or in combination with lactose (5 mM), control isotype mAbs (ctrl

IgG1) or anti-gal-9 mAbs (Gal-Nab1 and Gal-Nab2) at 67 nM (i.e. 10 μg/mL). After 36 h, they were subjected to annexin-V/PI staining and flow cytometry

analysis. A. Examples of flow cytometry plots for purified CD3+ cells from one donor. B. Synthesis of data from 3 similar experiments made with CD3+ cells

from 3 donors. C and D. Dose-response curves for apoptotic cell death (annexin-V+ PI+) (C) or PS translocation (annexin-V+ PI-) (D) in activated CD3+ cells

treated for 36h with gal-9 combined with increasing concentrations of Gal-Nab1 and Gal-Nab2 (0.3 to 100 nM). Empty squares indicate the percentages

obtained in conditions without gal-9. Black crosses indicate the percentages obtained with isotype control IgG1 mAbs used at maximal concentration (100

nM). Data are presented as means ± SEM of three independent experiments made with three distinct donors.

https://doi.org/10.1371/journal.pone.0202512.g002
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more efficient than Gal-Nab2 to prevent apoptotic death of primary T cells (EC50 of 10 and 25

nM, respectively). Higher concentrations of Gal-Nab1 were required to reduce non-lethal PS

translocation (EC50 of 50 nM) whereas Gal-Nab2 had almost no effect on this alteration.

Anti-gal-9 mAbs inhibit the late emergence of Th1-like and TCMs-like T

cells observed in PBMCs surviving apoptosis induced by gal-9

It has been shown that, when applied for several days on PBMCs, gal-9 induces the emergence

of T cell subpopulations with a Th1-like or memory-like phenotype among the cells surviving

gal-9-induced apoptosis [21]. We decided to evaluate the capacity of our mAbs to block these

delayed effects of gal-9. Freshly isolated PBMCs (stimulated or not with anti-CD3/CD28 anti-

bodies) were treated for seven days with gal-9 combined or not with lactose or mAbs. On day

7, cells were assessed for intracellular expression of IL-2 and IFN-γ (Fig 3A). We observed that

gal-9 increased the proportion of CD3+IL-2+ and CD3+IFN-γ+ T cells in unstimulated or stim-

ulated PBMCs, and that this effect was blocked in the presence of lactose. Gal-Nab1 and 2 sig-

nificantly inhibited the apparent expansion of IFN-γ producing T cells, and to a lesser extent

the apparent expansion of IL-2 producing cells (Fig 3B and 3C). At the next stage, we explored

the impact of gal-9 and anti-gal-9 antibodies on the distribution of naïve (CCR7+ CD45RO-),

effector memory (TEM; CCR7- CD45RO+), central memory (TCM; CCR7+ CD45RO+) and

effector (CCR7- CD45RO-) phenotypes among T cells surviving gal-9 stimulation. Resting

PBMCs were treated with gal-9 for one week resulting in a greater proportion of cells with a

TCM phenotype. Simultaneously, there was a consistent decrease of the CCR7- CD45RO-

CD3+ T cells corresponding to effector T cells (Fig 4A). These results confirmed that several

days of gal-9 treatment resulted in a shift of T cells towards a TCM phenotype. Moreover, our

data indicated that Gal-Nab2 neutralized this shift almost entirely, in the same extent as lac-

tose. Gal-Nab1 tended to inhibit the TCM phenotype shift induced by gal-9, but to a lesser

extent without reaching statistical significance (Fig 4B).

Gal-Nab1 and Gal-Nab2 capture gal-9 with distinct kinetics

We used surface plasmon resonance to analyse the binding characteristics of Gal-Nab1 and

Gal-Nab2. In a first series of experiments, recombinant gal-9M was used as the ligand and sub-

jected to the binding of soluble Gal-Nab1 and Gal-Nab2 (Table 1, left column). Reciprocally,

in a second phase, Gal-Nab1 and Gal-Nab2 were covalently bound to the chip and soluble

recombinant gal-9M was used as the analyte (Table 1, right column). In the first configuration,

assessment of binding characteristics is likely to be biased by repetitive binding of the antibod-

ies with a KD reflecting avidity rather than affinity. In this setting, the KD of Gal-Nab1 and

Gal-Nab2 were of the same order of magnitude. In the opposite configuration, the KD of Gal-

Nab2 (8.79 nM) was almost 10 times smaller than the KD of Gal-Nab1 (88.7 nM), reflecting a

lower affinity of Gal-Nab1. The binding speed (k-on) was in the same order of magnitude for

both antibodies. However, the speed of elution was much more rapid for Gal-Nab1 than for

Gal-Nab2, as shown by the experimental determination of the dissociation and half-life

parameters.

Gal-Nab1 and Gal-Nab2 react with nearly identical linear epitopes and

share the same heavy chain CDR3 (complementary determining region 3)

In order to better understand the functional differences of these two anti-gal-9 mAbs, we

sought to map their epitopes. Using a first set of overlapping peptides, we found that both anti-

bodies were reacting with a segment of gal-9 covering the end of the linker peptide and the
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Fig 3. Anti-gal-9 mAbs inhibit the “Th1-like” phenotype shifting induced by gal-9 in resting or stimulated PBMCs. A-C.

PBMCs from healthy donors were stimulated or not with anti-CD3/CD28 antibodies and treated for one week with human

recombinant gal-9 (Gal-9S; 40 nM) with or without combination with lactose (5 mM), control isotype antibody (ctrl IgG1), Gal-

Nab1 or Gal-Nab2 (67 nM i.e. 10 μg/mL). Intracellular cytokine expression was assessed by flow cytometry as explained under

Antibodies neutralizing extracellular galectin-9
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beginning of the gal-9 c-terminal CRD (segment spanning aa 202 to 232 in gal-9L; 158–188 in

gal-9S). In order to confirm that both antibodies were targeting this segment of gal-9, we used

surface plasmon resonance to investigate their binding to an oligopeptide containing aa 208 to

232. This peptide was biotinylated at its c-terminus (hereafter called CTB) and loaded on a

streptavidin chip. A biotinylated scramble peptide was used as a control. As seen in Table 2,

Gal-Nab1 and Gal-Nab2 were binding the CTB peptide with high avidity whereas no interac-

tion was recorded with the scramble peptide. In addition, we noticed that the apparent affini-

ties of Gal-Nab1 and Gal-Nab2 for the CTB peptide were much greater than their apparent

affinities for the intact gal-9M (KD of 1.0x10-11 M and 6.05x10-11 M, in contrast with 4.34x10-9

M and 1.48x10-9 M, respectively). Moreover, Gal-Nab1 exhibited a greater affinity than Gal-

Nab2 for the CTB peptide whereas it was the opposite for the intact gal-9 (M isoform).

We also confirmed the specific binding of this peptide to our mAbs by performing a func-

tional assay (Fig 5A). After pre-incubation with the scramble peptide, Gal-Nab1 and Gal-Nab2

inhibit gal-9-induced apoptosis of CD3+ primary T cells. However, pre-incubation of the

mAbs with the CTB-peptide completely abolishes their neutralizing capacity confirming their

high affinity for an epitope carried by this peptide.

Finally, in a second round of epitope mapping, we used a set of 15 overlapping 15-mers

spanning aa 202–230 with a shift of only one aa between consecutive oligo-peptides. We

assessed the capacity of these peptides to block the interaction between Gal-Nab1/Gal-Nab2

“Materials and Methods”. At least 50% of the cells were alive. Dead cells were gated out. A. Examples of flow cytometry plots

obtained with stimulated PBMCs for one donor after gating on the CD3+ T cell population: IFN-γ (upper plots) and IL-2 (lower

plots) expression were analyzed. B-C. Percentages of CD3+ IFNγ+ (upper histogram) and CD3+ IL-2+ (lower histogram) cells were

normalized with the basal percentages obtained in untreated cells using either unstimulated (B) or stimulated (C) PBMCs. Data

are represented as means ± SEM of four independent experiments with different donors. All statistical differences displayed are

compared with gal-9 treatment; ���p<0.001; ��p<0.01; �p<0.05; ns: not significant (one-way ANOVA/Dunnet post-test).

https://doi.org/10.1371/journal.pone.0202512.g003

Fig 4. Effect of anti-gal-9 mAbs on the “TCM-like” phenotype shifting induced by gal-9 in resting PBMCs. A-B.

PBMCs freshly isolated from healthy donors were treated for one week with human recombinant gal-9 (Gal-9S; 40

nM) with or without combination with lactose (5 mM), control isotype antibody (ctrl IgG1), Gal-Nab1 or Gal-Nab2

(67 nM i.e. 10 μg/mL). A. Flow cytometry analysis was performed to determine the level of naive (CCR7+ CD45RO-),

central memory (CCR7+ CD45RO+) effector memory (CCR7- CD45RO+) and effector (CCR7- CD45RO-) T cells

within the CD3+ population. At least 50% of the cells were alive. Dead cells were gated out. B. For each treatment

condition, percentages of cells with an apparent central memory phenotype were normalized with the basal level of this

subpopulation in untreated cells. Data are represented as means ± SEM of four independent experiments with different

donors. ��p<0.01; ns: not significant; compared with gal-9 treatment (one-way ANOVA/Dunnet post-test).

https://doi.org/10.1371/journal.pone.0202512.g004
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and gal-9. As shown in Fig 5B, the peptide 12 induces the most potent inhibition for both anti-

bodies. The peptide 13 had almost the same impact as the peptide 12 for Gal-Nab1 but not for

Gal-Nab2, underlying the contribution of isoleucine 213 for Gal-Nab1 binding to gal-9 in con-

trast to Gal-Nab2. Taking in account the impact of the different peptides, we could determine

the sequences of the linear epitopes recognized by our mAbs: “IPPMMYPHPAYP” (aa 213 to

224 in gal-9L; 169–180 in gal-9S) for Gal-Nab1 and “PPMMYPHPAYP” (aa 214 to 224 in gal-

9L; 170–180 in gal-9S) for Gal-Nab2. These data mean that both mAbs react with the same lin-

ear epitope, at the exception of one residue (I; isoleucine) which is more critical for Gal-Nab1

binding to gal-9. In order to get some insights on structural similarities and differences

between Gal-Nab1 and Gal-Nab2, we sequenced the variable portions of their heavy and light

chain genes. As shown in Table 3, the CDR3 of their heavy chain were identical. Only minor

differences were recorded for the CDR1 of the heavy chains and the CDR2 and 3 of the light

chains. Greater variations were observed in the CDR2 of the heavy chains and CDR3 of the

light chains.

Gal-Nab1 and Gal-Nab2 cross-react with murine gal-9

Because investigations in murine models are generally regarded as a pre-requisite for develop-

ment of therapeutic antibodies, we investigated the capacity of Gal-Nab1 and 2 to cross-react

with recombinant and native murine gal-9. First, the aa sequence containing the Gal-Nab1

and 2 overlapping epitopes (aa 213–224 of human gal-9) was compared to the homologous

segment of murine gal-9 (aa 211–222 of murine gal-9) (Fig 6A). Out of 12 aa, four are diver-

gent with only two non-conservative changes (aa 218 and 222 of murine gal-9). These observa-

tions were in favor of a cross-reactivity of Gal-Nab1 and 2 with murine gal-9. As shown in Fig

6B, Gal-Nab1 and Gal-Nab2 did cross-react with recombinant murine gal-9M as evaluated by

ELISA. In contrast, there was no cross-reactivity with human galectins distinct from human

gal-9 except a marginal reaction with human galectin-3. In order to explore the binding of

Table 1. Assessment of the interactions of Gal-Nab1 and Gal-Nab2 mAbs with gal-9M by surface plasmon resonance.

Immobilized ligand Gal-9M Gal-Nab1 Gal-Nab2

Analyte Gal-Nab1 Gal-Nab2 Gal-9M

KD (M) (4.34 ± 1.24) x10-9 (1.48x10-9 ± 5.30x10-10) (8.87 ± 1.64) x10-8 (8.79 ± 5.26) x10-9

Kon (s-1 M-1) (2.65x104 ± 1.86x103) (6.11 ± 1.30) x104 (3.74 ± 0.49) x105 (1.90 ± 0.65) x105

Koff (s-1) (1.15x10-4 ± 2.87x105) (9.06 ± 2.61) x10-5 (3.32 ± 0.44) x10-2 (1.67 ± 0.84) x10-3

t1/2 (min) 124.2 127.2 0.35 s 7.32

KD, Kon and Koff were calculated as described under “Material and Methods”.

https://doi.org/10.1371/journal.pone.0202512.t001

Table 2. Assessment of the interactions of Gal-Nab1 and Gal-Nab2 with the CTB oligo-peptide containing aa 208 to 232 of gal-9 by surface plasmon resonance.

Immobilized ligand Scramble peptide CTB-gal-9 peptide Scramble peptide CTB-gal-9 peptide

Analyte Gal-Nab1 Gal-Nab2

KD (M) No

binding

(1.0 ± 0.48) x10-11 No

binding

(6.05 ± 3.92) x10-11

Kon (s-1 M-1) (2.3 ± 0.63) x106 (5.45 ± 0.95) x105

Koff (s-1) (2.3 ± 0.28) x10-5 (3.3 ± 1.41) x10-5

t1/2 (min) 8.37 6.23

KD, Kon and Koff were calculated as described under “Material and Methods”.

https://doi.org/10.1371/journal.pone.0202512.t002

Antibodies neutralizing extracellular galectin-9

PLOS ONE | https://doi.org/10.1371/journal.pone.0202512 September 11, 2018 14 / 23

https://doi.org/10.1371/journal.pone.0202512.t001
https://doi.org/10.1371/journal.pone.0202512.t002
https://doi.org/10.1371/journal.pone.0202512


Gal-Nab1 and Gal-Nab2 to native murine gal-9, we performed a cold immunoprecipitation

assay using a protein extract from murine thymus as the source of native gal-9. The precipita-

tion output of Gal-Nab1 and 2 was compared to the output of two other monoclonal

Fig 5. Gal-9 epitope recognition by Gal-Nab1 and Gal-Nab2. A. Apoptotic cell death assessed by flow cytometry in CD3+ T cells treated

for 36h with gal-9 (gal-9S; 40 nM) alone or in combination with mAbs (ctrl IgG1, Gal-Nab1, Gal-Nab2; 67 nM) pre-incubated or not with

scramble peptide (Scr.) or gal-9 CTB-peptide (6.7 μM). B. Human recombinant gal-9 was immobilized in 96-wells plates and binding of

Gal-Nab1 and Gal-Nab2 mAbs was measured after pre-incubation with overlapping peptides representative of human gal-9, as described

under “Material and Methods”. Gal-Nab1 (left) or Gal-Nab2 (right) were then detected using secondary HRP-conjugated anti-mouse

antibodies. Percentages of inhibition induced by each peptide were calculated from the absorbance data as described under “Material and

Methods”.

https://doi.org/10.1371/journal.pone.0202512.g005
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antibodies, 9M1-3 and RG9-35, designed to react with human and murine gal-9, respectively.

As shown in Fig 7, Gal-Nab2 and, to a lesser extent, Gal-Nab1, were able to precipitate a sub-

stantial amount of murine gal-9. As expected, the recovery of native murine gal-9 was maximal

with RG9-35. It was very low with 9M1-3. Based on these data, one may consider a direct

exploration of the therapeutic potential of Gal-Nab1 and 2 in murine syngeneic models.

Discussion

Hijacking physiological mechanisms involved in the down-regulation of the immune

responses is one major component in the expansion strategy of malignant cells and pathogenic

Table 3. Sequences of heavy and light chains CDRs for Gal-Nab1 and Gal-Nab2.

Heavy chain Light chain (κ)

CDR1 CDR2 CDR3 CDR1 CDR2 CDR3

Gal-Nab1 GYTFTDYTIH WFYPGSHSIKYNEQFKD HGGYDGFDY KSSQSLFYSTNQKNYLA WASTRES QQYYYFPYT

Gal-Nab2 GYTFTEYTIH WFYPGSGSMEYNEKFD HGGYDGFDY KSSQSLLYSNNQKNYLA WASTRGS QQYYSYPFT

Differences in amino acids between the antibodies sequences are marked in bold characters.

https://doi.org/10.1371/journal.pone.0202512.t003

Fig 6. Partial cross-reaction of Gal-Nab1 and Gal-Nab2 with recombinant murine gal-9. A. Comparative display of

the 208–232 aa sequence of human gal-9 (upper line) and its homologous aa sequence in murine gal-9 (lower line) (aa

206–230 for the long isoform, based on the UniProtKB database http://www.uniprot.org/uniprot/O00182 and

O08573). Variant aa are highlighted in yellow (conservative changes) or in orange (non-conservative changes). Within

the epitopes of Gal-Nab1 and Gal-Nab2, there are only 2 non-conservative changes. B. The binding of Gal-Nab1 and

Gal-Nab2 to recombinant galectins was assessed by direct ELISA performed in triplicate. Target proteins were human

galectins 1 to 4, 7, 8 and 10 (h-Gal); the S and M isoforms of human gal-9 (h-Gal-9S and M) and the M isoform of

murine gal-9 (m-Gal-9M).

https://doi.org/10.1371/journal.pone.0202512.g006
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viruses. Conversely, blocking mechanisms of immune tolerance towards tumor cells or viral

pathogens increasingly appears as an essential–if not mandatory–component of the treatment

of most malignancies and viral diseases [40, 41]. The benefit of this strategy is remarkably illus-

trated by the success of several checkpoint inhibitors like Ipilimumab or Nivolumab in various

types of malignancies [42, 43]. So far gal-9 has been neglected as a potential therapeutic

target although it is strongly suspected to impair the immune response in various pathological

conditions, especially in nasopharyngeal, pancreatic, and renal carcinomas as well as chronic

viral hepatitis [24, 26–28, 30, 44]. In addition, most authors seeking therapeutic inhibition of

other galectins, for example galectin-1 or -3, have mainly resorted to small molecules especially

glycomimetics [45, 46]. However, neutralizing antibodies are expected to carry several benefits

over small molecules: 1) a greater specificity for each type of galectin species; 2) inhibitory

effects restricted to extra-cellular galectins; 3) extensive knowledge already available on phar-

macokinetics/pharmacodynamics and bio-distribution; 4) a known regulatory landscape.

Fig 7. Partial cross-reaction of Gal-Nab1 and Gal-Nab2 with native murine gal-9. Western blot (WB) analysis of

cold immuno-precipitation (IP) products obtained with various anti-gal-9 antibodies. The source of native gal-9 was a

protein extract from a murine thymus. Concomitant IP were performed with non-specific mouse IgG1 (negative

control), Gal-Nab1 and Gal-Nab2, 9M1 (a commercial antibody directed to human gal-9) and RG9-35 (a commercial

antibody directed to murine gal-9). 15 ng of recombinant murine gal-9 M (lane 1) and 25 μg of crude murine thymus

extract (lane 2) were used as WB controls. The primary antibody used for WB detection of murine gal-9 was a

polyclonal goat serum. The secondary antibody reacted with this primary but also with the immunoglobulin heavy

chains eluted from the beads giving strong bands at a molecular weight of about 55 Kd. These bands were of similar

intensities for all five IP conditions, suggesting that bead capture of the immune complexes was in the same range of

efficiency. The bands resulting from gal-9 staining (36 Kd) were assessed by densitometry (graphs for long and short

exposure are presented at the bottom of the figure).

https://doi.org/10.1371/journal.pone.0202512.g007
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Nevertheless, so far, to our knowledge, there was no report on antibodies neutralizing gal-9 or

other galectins produced with a therapeutic intent [45]. In this context, our general objective

was to pave the way for the development of humanized therapeutic antibodies neutralizing the

unwanted immunosuppressive effects of gal-9.

We have obtained two lead monoclonal antibodies which neutralize gal-9 in various biolog-

ical assays performed in vitro. They have many convergent effects. Their most promising com-

mon effect with regard of therapeutic development is their protection against the induction of

the apoptosis of conventional primary T-cells by exogenous gal-9. Later on, additional investi-

gations will be necessary to elucidate the mechanisms underlying this neutralizing activity. It is

noteworthy that neither Gal-Nab1 nor Gal-Nab2 binds to T cells (S2 Fig). They might prevent

the interaction of gal-9 with some of its receptors on the plasma membrane of the target cells

by steric hindrance, modification of gal-9 3D conformation or impairment of its dimerization

[47]. In other types of assays—cellular or a-cellular—Gal-Nab1 and Gal-Nab2 exhibit distinct

functional properties, although they share the same heavy chain CDR3 and react with nearly

the same linear epitope. The main differences are the rapid dissociation of Gal-Nab1 from gal-

9 and its own stimulating effects on non-lethal PS translocation and calcium mobilization

induced by extra-cellular gal-9 in Jurkat cells. One hypothesis is that the differences recorded

in the CDR-1 and -2 of Gal-Nab1 and Gal-Nab2 determine distinct types of paratope/epitope

interfaces. In addition to the 213–224 aa segment of gal-9 included in the CTB peptide, Gal-

Nab1 and 2 are likely to react with other parts of the protein. Their apparent greater affinity

for the CTB peptide than for the whole protein suggests that the other contact points of the

three-dimensional epitopes have negative contributions to the stability of the antigen/antibody

complexes. These negative contributions seem to be greater for Gal-Nab1 than for Gal-Nab2.

More investigations will be required to address this hypothesis. Another intriguing observa-

tion is that Gal-Nab1 does not modulate in the same way the responses of Jurkat cells and pri-

mary T cells stimulated by extra-cellular gal-9. To address this question, one needs to

remember that Jurkat cells are malignant cells and therefore have a glycan profile on their

plasma membrane which is not identical to primary CD3+ cells [48]. This might determine

specific modalities of gal-9 interactions with Jurkat cells.

None of our two lead antibodies cross-react with human galectins 1 to 4, 7, 8 and 10 as

shown in Fig 6B. In contrast, they show partial cross reaction with recombinant and native

murine gal-9 which is consistent with the fact that the murine peptide sequence homologous

to their target epitopes is highly conserved in rodents. Since it is even more conserved in pri-

mates, we can anticipate a possible use of these antibodies for preclinical evaluation in

primates.

Further experiments are warranted to analyse more specifically the impact of gal-9 and our

mAbs on various T-cell subpopulations. This is particularly important since gal-9 has been

shown to be important for Tregs expansion and activity [6, 10, 49]. Thus, anti-gal-9 mAbs may

limit the immunosuppressive activity of Tregs and therefore improve the overall anti-tumor

immune response. Results presented in Figs 3 and 4 confirm previous data from Gooden et al
who showed that following the initial wave of apoptosis, gal-9 treatment of PBMCs results in

the emergence of T cells with a phenotype suggestive of Th1 cells (CD3+IFN-γ+) and central

memory T cells (CD45RO+ CCR7+) [21]. We found that Gal-Nab1 and 2 prevent the late

emergence of these T cell subpopulations. These observations raise the possibility that the

expected benefits of anti-gal-9 antibodies might be balanced by some unwanted immunosup-

pressive effects. However, this possibility might not be true, and that for several reasons. First,

we need further evidence that the increase in the percentages of CD3+IFN-γ+ and CD45RO+

CCR7+ cells following the apoptotic wave is real and not just a consequence of the depletion of

other subpopulations. Proliferation assays will be required to address this point. Next, in light
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of several recent publications that demonstrate dissociation between the function of some T

cells and their membrane phenotype, one cannot exclude that these populations have in fact

suppressive functions [50–52]. Sorting of these cells and direct evaluation of their potential

suppressive activity will be required to answer this question. Finally, antigen-independent acti-

vation of conventional T cells by gal-9 might not be beneficial: it might favor permanent

inflammation in the tumor microenvironment without enough focus of T cell cytotoxicity

against malignant cells or virus-infected cells. For all these reasons, we believe that most effects

of our mAbs are likely to contribute to an immune restoration in pathological conditions with

excessive gal-9 production. These remarks underline the importance of future investigations

in pre-clinical models, especially murine models. Our data demonstrate that Gal-Nab1 and 2

partially cross-react with murine gal-9. Therefore they will be probably well suited for use in

syngeneic murine tumor models in order to assess their overall impact on host-tumor

relationships.

Supporting information

S1 Fig. Capture of biotinylated galectins on surface-bound antibodies. The binding of Gal-

Nab1, Gal-Nab2 and control mouse IgG1 antibodies to gal-9 was assessed by direct ELISA as

described under “Materials & Methods” with the difference that biotinylated gal-9S (1 nM)

was incubated during 1h at 37˚C in antibody-coated wells in the presence or absence of lactose

(20mM) before washing and revelation.

(TIF)

S2 Fig. Gal-9 surface staining on primary T cells. CD3+ purified T cells were stimulated

(CD3/CD28 coated beads) or not and incubated with anti-MHC-I antibodies (as positive con-

trol), anti-gal-9 mAbs (9M1, Gal-Nab1 and Gal-Nab2; 5 μg/ml) or mouse irrelevant IgG1 for

30 min at 4˚C. Cells were then washed in ice-cold PBS and incubated 30 min at 4˚C with rat

anti-mouse antibodies (Biolegend) coupled to fluorescein isothiocyanate (FITC). Grey histo-

grams represent the background of fluorescence obtained with the irrelevant IgG1 as primary

antibodies.

(TIF)
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46. Denavit V, Lainé D, Tremblay T, St-Gelais J, Giquère D. Synthetic Inhibitors of Galectins : Structures

and Syntheses. Trends in Glycoscience and Glycotechnology. 2018; 30(172):SE21–SE40. https://doi.

org/10.4052/tigg.1729.1SE

47. Nonaka Y, Ogawa T, Oomizu S, Nakakita S, Nishi N, Kamitori S, et al. Self-association of the galectin-9

C-terminal domain via the opposite surface of the sugar-binding site. J Biochem. 2013; 153(5):463–71.

Epub 2013/02/08. https://doi.org/10.1093/jb/mvt009 PMID: 23389308.

Antibodies neutralizing extracellular galectin-9

PLOS ONE | https://doi.org/10.1371/journal.pone.0202512 September 11, 2018 22 / 23

https://doi.org/10.3892/ol.2016.4142
http://www.ncbi.nlm.nih.gov/pubmed/26998085
https://doi.org/10.1007/s13277-015-3248-y
http://www.ncbi.nlm.nih.gov/pubmed/25716202
https://doi.org/10.1158/2326-6066.CIR-15-0266
http://www.ncbi.nlm.nih.gov/pubmed/27799141
https://doi.org/10.1016/j.febslet.2005.02.054
http://www.ncbi.nlm.nih.gov/pubmed/15811318
https://doi.org/10.1016/j.bbamcr.2014.03.012
https://doi.org/10.1016/j.bbamcr.2014.03.012
http://www.ncbi.nlm.nih.gov/pubmed/24657813
http://www.ncbi.nlm.nih.gov/pubmed/12646627
https://doi.org/10.1093/jb/mvm019
https://doi.org/10.1093/jb/mvm019
http://www.ncbi.nlm.nih.gov/pubmed/17167046
https://doi.org/10.1091/mbc.E08-07-0786
http://www.ncbi.nlm.nih.gov/pubmed/19116313
https://doi.org/10.1093/jb/mvm019
https://doi.org/10.1093/jb/mvm019
http://www.ncbi.nlm.nih.gov/pubmed/17167046
https://doi.org/10.1074/jbc.M113.451658
http://www.ncbi.nlm.nih.gov/pubmed/23836896
https://doi.org/10.1038/nri2802
http://www.ncbi.nlm.nih.gov/pubmed/20577268
https://doi.org/10.1038/onc.2013.432
http://www.ncbi.nlm.nih.gov/pubmed/24141774
https://doi.org/10.1056/NEJMoa1507643
http://www.ncbi.nlm.nih.gov/pubmed/26412456
https://doi.org/10.1080/2162402X.2017.1373237
https://doi.org/10.1080/2162402X.2017.1373237
http://www.ncbi.nlm.nih.gov/pubmed/29147629
https://doi.org/10.1182/blood-2008-02-142596
http://www.ncbi.nlm.nih.gov/pubmed/19005181
https://doi.org/10.3390/ijms19010210
http://www.ncbi.nlm.nih.gov/pubmed/29320431
https://doi.org/10.4052/tigg.1729.1SE
https://doi.org/10.4052/tigg.1729.1SE
https://doi.org/10.1093/jb/mvt009
http://www.ncbi.nlm.nih.gov/pubmed/23389308
https://doi.org/10.1371/journal.pone.0202512


48. Hoja-Lukowicz D, Przybylo M, Duda M, Pochec E, Bubka M. On the trail of the glycan codes stored in

cancer-related cell adhesion proteins. Biochim Biophys Acta. 2017; 1861(1 Pt A):3237–57. Epub 2016/

08/28. https://doi.org/10.1016/j.bbagen.2016.08.007 PMID: 27565356.

49. Madireddi S, Eun SY, Mehta AK, Birta A, Zajonc DM, Niki T, et al. Regulatory T Cell-Mediated Suppres-

sion of Inflammation Induced by DR3 Signaling Is Dependent on Galectin-9. Journal of immunology.

2017. Epub 2017/09/08. https://doi.org/10.4236/oji.2017.71001 PubMed PMID: 28944101.

50. Stock P, Akbari O, Berry G, Freeman GJ, Dekruyff RH, Umetsu DT. Induction of T helper type 1-like

regulatory cells that express Foxp3 and protect against airway hyper-reactivity. Nat Immunol. 2004; 5

(11):1149–56. Epub 2004/09/28. https://doi.org/10.1038/ni1122 PMID: 15448689.

51. Dominguez-Villar M, Baecher-Allan CM, Hafler DA. Identification of T helper type 1-like, Foxp3+ regula-

tory T cells in human autoimmune disease. Nat Med. 2011; 17(6):673–5. Epub 2011/05/05. https://doi.

org/10.1038/nm.2389 PMID: 21540856; PubMed Central PMCID: PMC3675886.

52. Koenecke C, Lee CW, Thamm K, Fohse L, Schafferus M, Mittrucker HW, et al. IFN-gamma production

by allogeneic Foxp3+ regulatory T cells is essential for preventing experimental graft-versus-host dis-

ease. Journal of immunology. 2012; 189(6):2890–6. Epub 2012/08/08. https://doi.org/10.4049/

jimmunol.1200413 PMID: 22869903.

Antibodies neutralizing extracellular galectin-9

PLOS ONE | https://doi.org/10.1371/journal.pone.0202512 September 11, 2018 23 / 23

https://doi.org/10.1016/j.bbagen.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27565356
https://doi.org/10.4236/oji.2017.71001
https://doi.org/10.1038/ni1122
http://www.ncbi.nlm.nih.gov/pubmed/15448689
https://doi.org/10.1038/nm.2389
https://doi.org/10.1038/nm.2389
http://www.ncbi.nlm.nih.gov/pubmed/21540856
https://doi.org/10.4049/jimmunol.1200413
https://doi.org/10.4049/jimmunol.1200413
http://www.ncbi.nlm.nih.gov/pubmed/22869903
https://doi.org/10.1371/journal.pone.0202512


 

90 

 

II- Article 2 

In the MB49 murine model, genetic ablation of galectin-9 enhances anti-tumor immune 

response: possible role of a greater CXCL9/Il-6 production. 

Valentin Baloche, Julie Rivière, Thi Bao Tram Tran, Aurore Gelin, Olivia Bawa, Muriel David, 

Pierre Busson 

 

a) Contexte et objectifs de l’étude 

La gal-9 est une protéine qui intervient dans la régulation du système immunitaire. 

Lorsqu’elle est sécrétée dans le milieu extra-cellulaire, elle se comporte comme une cytokine 

en exerçant des fonctions principalement immunosuppressives. Ces effets sont médiés par 

des interactions avec plusieurs récepteurs membranaires glycosylés. Son expression peut être 

dérégulée dans le cadre de développements tumoraux. Chez l’homme ainsi que dans les 

modèles animaux, la gal-9 tumorale est souvent produite par les cellules malignes et les 

cellules infiltrantes. Cependant, à notre connaissance, il n’existe pas de modèle d’étude 

permettant d’étudier spécifiquement le rôle que joue la gal-9 exprimée par les cellules 

tumorales séparément de celle exprimée par les cellules infiltrantes. Afin de répondre à ce 

manque, nous avons généré des clones isogéniques, dérivés de la lignée tumorale murine 

MB49, invalidés ou non pour la gal-9. L’objectif de cette étude est de présenter l’impact de 

cette invalidation sur le développement tumoral dans un contexte syngénique.  

 

b) Résultats 

Les expériences réalisées in vivo démontrent une diminution progressive de la croissance des 

tumeurs KO-gal-9 sur souris immunocompétentes syngéniques, après quelques cycles de 

croissance. Ces cycles correspondent aux transplantations itératives de fragments tumoraux 

d’une souris donneuse vers une souris receveuse, réalisées tous les 10 jours. Ce phénomène 

de réduction tumorale n’est pas observé sur les souris immunodéficientes nudes, ce qui met 

en avant l’implication de la réponse immunitaire anti-tumorale dans l’établissement de ce 

phénotype. Des investigations complémentaires, basées sur de l’IHC, une analyse RNAseq, 
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ainsi qu’un profilage cytokinique des tumeurs confirment cette hypothèse. En effet, on 

observe une augmentation de l’infiltration par des cellules T dans les nodules tumoraux des 

cellules invalidées après 3 voire 4 cycles de croissance. Ces cycles correspondent également 

au maximum de passages qui peuvent être réalisés avec les tumeurs KO-gal-9. Au-delà, la 

décroissance tumorale ne permet plus de réaliser davantage de transplantations à partir des 

tumeurs KO-gal-9. Cette augmentation de l’infiltration des cellules T est précédée par un 

enrichissement du répertoire des chaînes β du TCR par les lymphocytes T présents dans la 

tumeur. On relève également des changements transcriptionnels précoces qui évoquent 

l’émergence de la réponse immunitaire avec notamment un impact de la perte d’expression 

de gal-9 sur la réponse induite par l’IFN-γ. De manière cohérente, le profilage des cytokines 

montre une augmentation substantielle de l’expression de plusieurs cytokines dans les 

tumeurs KO à un stade « pré-terminale ». Le niveau d’expression de ces cytokines au niveau 

transcriptomique est positivement corrélé au niveau d’expression d’IFN-γ.  

D’autre part, des essais de stimulation in vitro des cellules tumorales WT et KO-gal-9 avec de 

l’IFN-γ ont permis d’observer une réponse plus faible dans les cellules WT. Celle-ci se traduit 

par une expression de CXCL10 plus faible par ces cellules. 

 

c) Conclusion 

Ces résultats indiquent que la gal-9 exprimée par les cellules tumorales favorise son 

échappement à la réponse immunitaire. Ils mettent également en évidence une nouvelle 

fonction immunosuppressive exercée par la gal-9, à savoir sa capacité à réduire la 

signalétique induite par l’IFN-γ, qui est probablement impliqué dans le phénomène 

d’échappement au système immunitaire dans les tumeurs WT. Une question majeure à 

laquelle il faudra répondre maintenant est de savoir si c’est la gal-9 extra-cellulaire et/ou 

intra-cellulaire qui participe à la mise en place de cette résistance. Il sera également 

important de vérifier si cette observation peut s’étendre à d’autres types cellulaires. 
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Abstract 

A number of studies have reported evidence of positive or negative contributions of galectin-9 (gal-9) 

to human and experimental malignancies. Some clinical observations and in vitro experiments 

suggest that cell-associated gal-9 has anti-metastatic effects. On the other hand, extra-cellular gal-9 

consistently enhances tumor immune escape. So far, all animal studies on this subject have been 

focused on gal-9 released by infiltrating cells – for example γ/δ suppressive cells – without paying 

attention to gal-9 specifically produced by malignant cells. To address this issue, we derived by gene 

editing, isogenic clones - either positive or negative for gal-9 - from the MB49 murine bladder 

carcinoma cell line. A progressive and dramatic reduction of tumor growth was observed when gal-9-

KO cells were subjected to serial transplantations into syngenic mice. In contrast, this phenomenon 

was completely absent during parallel serial transplantations into nude mice, thus accounting the 

tumor growth reduction in syngenic mice to a better immune response. At an early stage, the 

deployment of the anti-tumor response was marked with transcriptional modifications suggestive of 

a better response of tumor cells to interferon-γ and the widening of the stromal T-cell repertoire. The 

inverse relationship between gal-9 expression and the magnitude of interferon-γ response was 

confirmed in vitro by investigations on CXCL10 production. Gal-9 expression is known to be enhanced 

by interferon-γ in multiple cell types. Therefore gal-9 appears as the agent of a cell-autonomous 

negative feed-back on interferon-γ response and a factor of tumor resistance to the immune 

response.   
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Introduction 

Galectins are a family of mammalian lectins sharing the capacity to bind β-galactoside bonds 

contained in glycans carried by glycolipids or glycoproteins (Johannes et al., 2018)). Each galectin 

selectively binds a specific range of glycans which can be located inside the cells, at the cell surface or 

in the extra-cellular matrix. Several galectins can be released in the extra-cellular medium by non-

classical pathways and behave like intercellular messengers. Galectin-9 (gal-9) plays a major role in 

the physiology of the immune system (John and Mishra, 2016). When secreted in the extra-cellular 

medium, it behaves like a cytokine with mainly immunosuppressive effects. These effects are 

mediated by multiple glycoprotein or glycolipid membrane receptors containing β-galactoside bonds 

including Tim-3 (on T-cells) and Dectin-1 (on macrophages)(Daley et al., 2017; Zhu et al., 2005). In 

physiological conditions, gal-9 is expressed at a low level in most tissues and organs. Its production is 

enhanced under inflammatory conditions. This occurs in epithelial and endothelial cells, under 

stimulation by interferon-γ (Zhu et al., 2005). 

Several years ago, our group was the first to show the contribution of gal-9 to immune 

suppression in the micro- and macro-environment of a human malignancy, namely nasopharyngeal 

carcinomas, a tumor which is almost constantly associated with the Epstein-Barr virus (EBV) (Klibi et 

al., 2009). Since this publication, the contribution of gal-9 to immune evasion has been reported in a 

number of other malignancies as diverse as lung, breast and pancreatic carcinomas, melanomas and 

acute myeloid leukemias (Daley et al., 2017; Enninga et al., 2016, 2018; Gonçalves Silva et al., 2017). 

In vitro and in animal models, the immunosuppressive effects of gal-9 result from the inhibition of 

both the innate and adaptative immune responses. Regarding innate immunity, gal-9 inhibits NK cell 

cytotoxicity while enhancing the activity of MDSCs (Golden-Mason et al., 2013; Dardalhon et al., 

2010). Regarding adaptive immunity, it is known to induce cell death of  CD4+ Th1 and Th17 cells and 

exhaustion of CD8+ cells while enhancing the expansion and activity of suppressive cells like iTregs 

(Zhu et al., 2005; Zhou et al., 2011; Oomizu et al., 2012b; Wu et al., 2014; Oomizu et al., 2012a). 

Despite multiple observations supporting the contribution of extracellular gal-9 to tumor immune 

escape, there are still many unknowns and controversies about the relevance of gal-9 as a 

therapeutic target. Difficulties and sometimes confusion in this research area are, in our view, due to 

two main causes: 1) cells producing gal-9 in the tumor microenvironment are quite diverse 

depending on the type of malignancies; 2) there is a suspicion that cell-associated gal-9 - inside 

malignant cells or at their surface - can have anti-metastatic effects. This hypothesis is mainly 

supported by observations from a prospective cohort of breast carcinoma patients where the 

abundance of gal-9 in tumor tissue sections is inversely correlated to the risk of metastatic relapse 

(Irie et al., Clinical Cancer Res 2013). On the other hand, elevated concentrations of plasma or serum 

gal-9 are consistently associated with a more severe prognosis in various types of malignancies, 

including pancreatic carcinomas, metastatic melanomas and renal carcinomas (Enninga et al., 2016; 

Fu et al., 2015; Tavares et al., 2018). 

In humans as well as in animal models, tumor gal-9 is often produced both by malignant cells 

and by infiltrating cells of lymphoid or myeloid origin (Daley et al., 2017, 2016). So far, to our 

knowledge, there is no murine tumor model designed to assess the immunosuppressive effect of gal-

9 produced by the malignant cells themselves separately from gal-9 released by the infiltrating cells. 

To address this need, we used gene editing to create isogenic gal-9-positive and gal-9-negative clones 

derived from the murine bladder carcinoma cell line MB49. The MB49 line was chosen for 2 reasons: 

1) it has a substantial baseline expression of gal-9; 2) it is known to trigger a robust although 

ineffective immune response in C57BL/6 syngenic mice (El Behi et al., 2013; Melchionda et al., 2005; 

Perez-Diez et al., 2007). Using this approach, we could demonstrate that gal-9 gene ablation makes 



MB 49 cells much more sensitive to the anti-tumor immune response. The emergence of this 

immune response is progressive requiring at least 3 serial passages and growth cycles on syngenic 

mice to reach full efficiency and blockade of tumor growth. To elucidate the mechanisms of the 

immune response unmasked by gal-9 gene ablation, we combined assessment of the diversity of the 

stromal T-cell repertoire, differential RNAseq of gal-9-KO and WT tumors, characterization of 

infiltrating leucocytes by IHC and intra-tumoral cytokine detection at successive cycles of tumor 

growth. One of the main changes occurring prior to the blockade of tumor growth was a broad 

increase in transcription of genes encoding proteins involved in tumor cell response to interferon-γ. 

Consistently, in vitro, the production of CXCL10 induced by exogenous interferon-γ was much more 

abundant in gal-9-KO cells than in control clones. Gal-9 expression is known to be enhanced in 

various cell types with interferon-γ (Zhu et al., 2005). Therefore gal-9 appears as the agent of a cell-

autonomous feed-back on interferon-γ response with possible repercussions for the resistance of 

malignant cells to anti-tumor immune responses. 

 

Material and methods 

Cell lines. MB49 is a murine bladder carcinoma cell line derived from the C57BL/6 mouse strain 
which was purchased from Merck Inc (Cat. #: SCC148). Cells were grown in DMEM medium (Gibco, 
Life Technologies) supplemented with 5% fetal calf serum, 2 mM glutamine and 5 µg/mL gentamycin.  

Plasmid constructs, transfection and clones screening. Our strategy to invalidate the gal-9 gene was 

to make a deletion framing the start codon by concomitant transfection of 2 guide RNAs. The 

sequences of these guide RNAs were designed in silico using the CRISPOR tools (Haeussler et al., 

2016). They were matching a sequence in the first exon and first intron of the gal-9 gene, 

respectively. The DNA inserts encoding the upstream and downstream guide RNAs were generated 

from two pairs of single strand oligonucleotides, respectively (F: 5’-

CACCGCTGTCGTCCACCATCGAGTG-3’; R: 5’-AAACCACTCGATGGTGGACGACAGC-3’) and (F: 5’-

CACCGAGTCGCCGTGTGTGCAGGT-3’; R: 5’-AAACACCTGCACACACGGCGACTC-3’). These two pairs of 

oligonucleotides were annealed by denaturation and slow renaturation prior to vector insertion. 

These inserts were ligated to a backbone Lenti-CRISPR-V2puro plasmid (Addgene, #52961) to co-

express the guide RNA sequences with Streptococcus pyogenes Cas9 linked either to the GFP or 

mCherry sequence by a P2A sequence encoding a self-cleaving peptide. These plasmids were 

digested by BsmBI and ligated with the annealed guide RNA sequences. Cell lines were transfected 

with both GFP and mCherry plasmids, using the TurboFect™ (Thermo Scientific) reagent according to 

the manufacturer’s instructions. They were harvested, 48h after transfection, sorted according to 

their double GFP/mCherry positive expression and automatically seeded at one cell/well in a 96 well 

cloning plate (BD Influx™). After 2 weeks, emerging clones were tested for their gal-9 expression by 

intracellular staining using rat anti-mouse gal-9 antibody clone 108A2 conjugated with 

allophycocyanin (APC) (#137911, Biolegend); they were analysed with an Accuri™ C6 flow cytometer 

(BD Biosciences). After sequencing analysis confirming their knock-out status, 3 of them were 

selected for the study (KO #175, #345 and #377). In addition, we selected 2 clones having undergone 

the same transfection treatment, sorting and clonal selection, but having preserved an intact gene 

sequence at the sites targeted by the guides and still strongly expressing gal-9 (Ctrl #116 and #376). 

Furthermore, we generated a list of the most probable off-targets by in silico analysis 

(Supplementary table 1 and Supplementary figure 1) and compared the FPKM values of these 

transcripts in KO clones with the controls and parental lines. No differences went outside this 

analysis. 



Genomic DNA extraction, PCR and sequencing analysis. Cells were lysed in TRI reagent (MRC) and 

genomic DNA isolated according to the manufacturer’s instructions, using chloroform for the phase 

separation. DNA quality was assessed by spectrophotometry (NanoDrop™ 2000c, Thermo Scientific). 

PCR were performed (F: 5’-CCGTGCTAGATCAGGCTCTG-3’; R: 5’-TGGCCATGTGACTGGTTCTC-3’) to 

amplify the guides targeted region, with a high-fidelity DNA polymerase Q5® (New England BioLabs) 

(amplicon size = 1360 bp for the WT). After migration on a 1.5% agarose gel, PCR products were 

extracted with DNA/RNA extraction/purification kit (SmartPure Gel kit, Eurogentec). After quality 

assessment, samples were sequenced by Sanger sequencing (Eurofins) using both forward and 

reverse primers. Sequencing results were analysed using FinchTV software.  

Western Blotting. Cells were lysed with RIPA buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.4, 5 mM 

EDTA, 0.5% sodium deoxycholate, 0.5% Nonidet P-40, 0.1% SDS) supplemented with the cOmplete™ 

Protease Inhibitor Cocktail (Roche Applied Science) and sonicated on ice. The extracts were then 

clarified and the protein concentration determined by the Bradford method using protein assay (Bio-

Rad) and a microplate reader (Tecan Infinity F200 Pro). Proteins were separated by SDS-PAGE on a 

12% gel and transferred on an Immobilon®-P PVDF membrane (Millipore). The following primary 

antibodies were used: polyclonal goat anti-mouse gal-1 (#AF1245, R&D Systems), mouse anti-human 

gal-3 clone B2C10 (#sc-32790, Santa Cruz Biotechnology), polyclonal rabbit anti-human gal-8 

(#MBS828618, MyBioSource), rat anti-mouse galectin-9 clone 108A2 (#137901, Biolegend); mouse 

anti-β-actin clone AC-74 (Sigma). Detection was performed using peroxidase-conjugated secondary 

antibodies and Immobilon® Western Chemoluminescent HRP substrate (Millipore). 

Cell proliferation assay. MB49 cells (WT and KO) were seeded in a 96-well plate at the rate of 2000 

cells/well. The proliferation rate in 24h was determined by measuring the ATP concentration in the 

wells at 24 and 48h (ATPlite Luminescence Assay System, PerkinElmer®). 

RNAseq analyses. RNAseq analyses were performed in 2 distinct sequences for in vitro cultured cells 

and tumor cells transplanted on syngenic mice. 

In vitro cultured cells were lysed in TRI reagent (MRC) and total RNA isolated according to the 

manufacturer’s instructions, using chloroform for the phase separation. RNA quality was assessed by 

spectrophotometry (NanoDrop™ 2000c, Thermo Scientific). RNA sequencing and analysis were 

performed by IntegraGen (Evry, France). The quality of reads was assessed for each sample using 

FastQC. Fastq files were aligned to the reference Mouse genome mm10 with STAR1 (--twopassMode 

Basic --outReadsUnmapped None --chimSegmentMin 12 --chimJunctionOverhangMin 12 -

alignSJDBoverhangMin 10 --alignMatesGapMax 200000 --alignIntronMax 200000 -

chimSegmentReadGapMax parameter 3 --alignSJstitchMismatchNmax 5 -1 5 5 --quantMode 

GeneCounts --outWigType wiggle --sjdbGTFtagExonParentGene gene_name). Reads mapping to 

multiple locations were removed. Gene expression was quantified using the full Gencode vM18 

annotation. STAR was also used to obtain the number of reads associated to each gene in the 

Gencode vM18 database (restricted to protein-coding genes, antisense and lincRNAs). Bioconductor 

DESeq package2 was used to import raw HTSeq counts for each sample into R statistical software and 

the count matrix was extracted. After normalizing for library size, the count matrix was normalized 

by the coding length of genes to compute FPKM scores (number of fragments per kilobase of exon 

model and millions of mapped reads). 

When dealing with tumors carried by syngenic mice, RNA was extracted from frozen tumor 

fragments (30 mg) using the RNAeasy kit (Qiagen) according to the manufacturer’s instructions. 

During the cell lysis step, tumor fragments were crushed with TissueRuptor (Qiagen) in RLT buffer 

supplemented with 40 mM dithiothreitol (DTT). RNA concentration and quality were assessed with a 



Bioanalyzer instrument (Agilent). RNA sequencing and analysis were performed by Novogene 

(Cambridge, UK). Sequencing libraries were generated using NEBNext® Ultra™ RNA Library Prep Kit 

for Illumina® (NEB, USA), following manufacturer’s recommendations, and index codes were added 

to attribute sequences to each sample. Clustering of the index-coded samples was performed on a 

cBot Cluster Generation System using PE Cluster Kit cBot-HS (Illumina) according to manufacturer’s 

instructions. After cluster generation, libraries were sequenced on an Illumina platform and paired-

end reads were generated. Raw data (raw reads) of FASTQ format were firstly processed through in-

house scripts. In this step, clean data (clean reads) were obtained by removing reads containing 

adapter and poly-N sequences and reads with low quality from raw data. At the same time, Q20, Q30 

and GC content of the clean data were calculated. All the downstream analyses were based on the 

paired-end clean reads which were aligned to the reference genome (Mus musculus GRCm38) using 

the Spliced Transcripts Alignment tool of the software. HTSeq was used to count the read numbers 

mapped of each gene. Then FPKM for each gene was calculated based on gene lengths and mapped 

reads counts.  

Differential expression was performed on raw counts of RNAseq, by applying DESeq2 (Love et al., 

2014) package, version 1.26.0, combined with the RUVseq package (Risso et al., 2014), version 1.20.0 

(both in R language). We identified genes with absolute value of fold change > 2 and FDR adjusted p 

value of F test < 0.05 as differentially expressed (DE). Heatmaps of DE genes were generated with 

Pheatmap R package, version 1.0.12, after a transformation of raw counts using the function of 

variance stabilizing transformation of DESeq2.  

Gene ontology was explored using ClusterProfiler package (Yu et al., 2012) version 3.14.3, with DE 

genes identified from DESeq2 analysis. Over-representation and gene set enrichment analysis were 

done against MSigDb gene sets, which were loaded through the MSigDbr package version 7.1.1 

(Broad Institute Molecular Signatures Database), and genome wide annotation for Mouse, sourced 

from org.Mm.eg.db package version 3.10.0 (available at www.bioconductor.org). Enrichment 

analyses were later visualized by enrichplot (R package, version 1.6.1) (www.bioconductor.org). 

Raw data (.bam) are available on ArrayExpress under the id: E-MTAB-9220. 

Animal care and tumor models. Animal procedures were performed according to protocols 
approved by the Ethics Committee CEEA26 (project number n°20171108124492). Female C57BL/6N 
were purchased from Janvier Labs (France) and housed in the Gustave Roussy animal facility. Mice 
were used between 8 and 12 weeks of age. They were housed in pathogen-free conditions in filter 
cap cages holding a maximum of 5 animals with irradiated aspen chip bedding and cotton fiber 
nesting material. They were maintained on a 12/12 light/dark cycle, with ad libitum UV-treated water 
and RM1 rodent diet. The animals were monitored every day for signs of pain, such as immobility or 
restlessness, reduction of drinking and food intake. The persistence of abnormal behaviors for more 
than one day led to the euthanasia of animals with suffering presumption. Prior to tumor collection, 
mice were sacrificed by cervical elongation. Otherwise, mice were euthanatized by carbon dioxide 
asphyxiation. For initial tumor inoculation, in vitro expanded cells were injected subcutaneously 

(5.105 cells suspended in 100l of PBS). After 10 to 20 days of sub-cutaneous growth, tumors were 
collected, cut in small fragments (70 or 100 mg) which were then subcutaneously engrafted on 
recipient mice. Tumor dimensions were measured every day using a digital caliper, starting from day 
5-post-graft, and volumes were calculated based on the formula: width2 x length / 2. In addition, 
tumors collected at the time of sacrifice were weighed. A part of them was fixed in 4% 
paraformaldehyde in order to carry out IHC and/or RNAscope analysis, and the rest was frozen for 
RNA/protein extractions. 



RNAscope® (ACD™). Fixed (4% PFA) and paraffin-embedded tumors were cut into 5 +/- 1 µm sections 

using a microtome. The paraffin ribbons were mounted on SUPERFROST® PLUS SLIDES and 

deparaffinized before starting the RNAscope® workflow. This was performed following the 

manufacturer’s instructions. Anti-gal-9 mRNA probe was specifically designed by BioTechne’s team 

and we validated it on our samples making parallel staining with a positive (Mm-Ppib) and negative 

control (DapB) probe. After the signal detection step, slides were counterstained with 50% 

hematoxylin staining solution and dehydrated with 70% ethanol. After mounting slides, images were 

acquired with a Virtual Slide microscope VS120-SL (Olympus, Tokyo, Japan), 20X air objective (0.75 

NA, 345 nm/pixel). 

Histology and immunohistochemistry. After fixation of tumors in 4% PFA, paraffin-embedded 

tumors were cut into 4µm thick sections. At least one section per tumor was stained with 

hematoxylin-eosin-saffranin (HES) for quality control. For Ki-67 and CD8 detection, slides were 

incubated with rabbit monoclonal antibodies specific of Ki-67 (#12202, 1:500, Cell Signaling 

Technology®) and CD8 (#98941, 1:200, Cell Signaling Technology®). Primary antibody binding was 

revealed with the Rabbit PowerVision Kit (UltraVision Technologies) and the DAB PowerVision kit 

(ImmunoVisionTechnologies Co.). For detection of CD45 and CD4, slides were incubated with rat 

monoclonal antibodies specific of CD45 (#10051.05, 1:100, Histopathology) and CD4 (#MA1-146, 

1:100, Thermo Scientific). Primary antibody binding was revealed with Polink 2 plus rat HRP kit (GBI 

Labs). All antibody applications were performed with a Bond RX automated Leica Slide Stainer. Image 

acquisition was performed with a Virtual Slide microscope VS120-SL (Olympus, Tokyo, Japan), 20X air 

objective (0.75 NA, 345 nm/pixel). Quantification of immunostaining was done using the Definiens 

Tissue Studio software (Definiens AG, Munich, Germany). For Ki-67 which is concentrated in the 

nuclei, we used an algorithm performing automatic detection of nuclei stained with DAB according to 

their spectral properties. Positive and negative nuclei were counted in a manually selected Region of 

Interest (ROI) (excluding areas of necrosis, preparation artifacts, etc.). Results were expressed as a 

number of stained cells – equivalent to stained nuclei - per mm2 of analyzed tissue. CD45+, CD4+ and 

CD8+ cells were detected using another algorithm performing detection of stained “objects” with a 

high probability of being single cells.  This analysis resulted in numbers of positively stained cells per 

surface unit. 

Cytokines profile. Protein extraction was performed from 30 mg of frozen tumor fragments by 

crushing them with TissueRuptor (Qiagen) in low detergent lysis buffer (20 mM Tric-HCl pH 7.5, 0.5% 

tween20, 150 mM NaCl) supplemented with the cOmplete™ Protease Inhibitor Cocktail (Roche 

Applied Science). Extracts were then clarified and protein concentrations were determined by the 

Bradford method using protein assay (Bio-Rad) and a microplate reader (Tecan Infinity F200 Pro). 

Undiluted samples from 1.23 to 5.38 mg/mL were used to perform the mouse cytokine array / 

chemokine array 31-Plex (MD31, Evetechnologies) (Eotaxin, G-CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, 

IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17A, IP-10, KC, LIF, LIX, 

MCP-1, M-CSF, MIG, MIP-1α, MIP-1β, MIP-2, RANTES, TNFα, VEGF (LIX results are included but not 

validated)). The cytokine concentrations were then normalized to protein concentration. 

Deep profiling of the expressed TCR beta repertoire. RNAs extracted from tumor fragments (as 

explained above) were used to profile the TCR beta repertoire of tumor lymphocytes.  Wet lab and 

bioinformatics analyses were performed by iRepertoire Inc. (Alabama, USA). Sequencing libraries 

were generated using their proprietary dimer avoiding multiplex(dam)-PCR technology which uses 

iterative rounds of amplification and amplicon recovery to selectively amplify the TCR beta chains (all 

possible murine VDJ combinations in one single reaction). Libraries were then sequenced on an 



Illumina MiSeq® platform and paired-end reads were generated. Data analysis and tree map 

illustration were performed by iRepertoire Inc.  

CXCL10 ELISA assay. WT (MB49, Ctrl #116 and #376) and KO (KO #175, #345 and #377) cells were 

cultured in normal media supplemented or not with recombinant murine IFN-γ (#315-05-100UG, 

PeproTech®): 0, 2, 5, 10 and 25 ng/mL. After 72h of IFN-γ treatment, supernatants were collected 

and secreted CXCL10 was assayed with mouse CXCL10 ELISA kit (#DY466-05, #DY008, R&S Systems®) 

according to the manufacturer’s instructions. 

Statistical analysis. Except for RNAseq data, statistical tests were performed using GraphPad Prism 

version 7.00 (GraphPad Software, San Diego, CA). Kaplan-Meier survival curves were generated and 

analyzed using the log-rank, Mantel-cox test. Significant differences when comparing two groups 

were determined by two-tails Mann-Whitney test. P-value < 0.05 was considered as significant. 

 

Results 

Lgals9 gene invalidation in the murine cell line MB49: impact on its in vitro phenotype and gene 

expression profile 

In order to explore the contribution of gal-9 produced by malignant cells to tumor immune escape, 

we selected the MB49 murine tumor model. MB49 cells originated from a bladder carcinoma and are 

compatible with C57BL/6 mice. They are known for generating hot tumors in syngenic mice and to 

trigger relatively strong although inefficient primarily CD8 cytolytic adaptive immune response (El 

Behi et al., 2013; Melchionda et al., 2005; Perez-Diez et al., 2007). They are also known to be 

responsive to immune-checkpoint inhibitors. MB49 cells were shown to have constitutive, 

permanent expression of gal-9. The LGALS9 gene was invalidated in clones derived from MB49 cells 

using the CRISPR/Cas9 strategy. Two guides were designed, inserted in plasmids expressing GFP or 

mCherry respectively and transfected simultaneously together with a Cas9 expressing construct in 

order to delete a sequence containing the gal-9 ATG start codon (Figure 1A). Two days after 

transfection, single cells with concomitant high GFP and m-Cherry expression were sorted, seeded at 

one cell per well and grown in 96-well plates. After an average of 2 weeks of expansion, replicas of 

these clones were subjected to detection of intra-cellular gal-9 by flow cytometry. Using this 

procedure, we selected three gal-9-KO clones (KO #175, #345 and #377) and two WT-control clones 

(Ctrl #116 and #376). Control clones were derived from cells subjected to the same transfection and 

clonal selection processes, but which had retained gal-9 expression with an intact gene sequence 

(Figure 1B). As the single cell growth step resulted in clonal growth of no more than 45% of the cells, 

the WT-Ctrl clones were essential to take into account the clonal selection process. In addition, they 

made it possible to take into account potential off-target effects and therefore represented essential 

controls in addition to the parental line (Supplementary Table 1 and Figure 1). As shown in Figure 

1C, both the parental MB49 cell line and the WT-Ctrls expressed gal-9. Two isoforms of the protein 

were observed, the gal-9L and the gal-9M, the latter being predominant. This experiment also 

confirmed the absence of gal-9 protein in the gal-9-KO clones. Next experiments intended to find 

functional repercussions of gal-9 silencing in the context of in vitro culture. However in vitro 

proliferation assays did not record any difference between WT and KO cells (Supplementary figure 

2). In addition, RNAseq analysis fail to identify any subset of transcripts with a pattern of expression 

distinctive of gal-9-KO by comparison with   WT-Ctrl clones (Supplementary figure 3). Finally, we 

found no influence of gal-9 gene silencing on gal-1, -3 and -8 expressions (Supplementary figure 4). 

  



 

Figure 1. Invalidation of the gal-9 gene in the MB49 cell line. (A) Schematic representation of the 

gal-9 gene and the target sites of the CRISPR guides 1 and 2 located respectively in the first exon and 

the first intron. (B) Sequence analysis of the WT-Ctrl clones #116 and #376 indicated that the LGALS9 

locus were unaffected in both alleles (possible explanations might be absence of Cas9-mediated 

double-strand DNA break or efficient repair of the breaks). For the three-selected gal-9-KO clones, 

the deleted fragments were either replaced by a new DNA sequence (#377) or by the deleted 

fragments oriented in the reverse direction (#175 and #345). (C) Western-Blot analysis of the gal9 

protein in the selected clones: the parental line and the WT-Ctrl clones expressed two isoforms: gal-

9L and gal-9M; the latter being predominant. Absence of Gal9 expression was confirmed in the gal-9-

KO clones. 

  



Elaboration of a serial tumor transplantation assay for a more sensitive assessment of in vivo 

tumor growth of the MB49 cells  

In order to assess the influence of gal-9 invalidation on host-tumor relationships, we investigated the 

3 gal-9-KO clones, the 2 WT-Ctrl clones and the parental MB49 cells in the context of subcutaneous 

tumors resulting from cell grafts in syngenic female mice (C57BL/6N). At the beginning of these 

experiments, we faced technical concerns regarding the mode of cell injections: either early skin 

ulcerations resulting from superficial injections or unwanted infiltration of underlying organs when 

making deeper injections. Therefore, we decided to set up tumor growth assays based on 

subcutaneous implantation of small tumor fragments (70 or 100 mg depending on the experiments). 

Cell injection was the method retained for the first passage allowing collection of tumor fragments 

for subsequent passages (Figure 2A). Implantation of small tumor fragments was successful in 

reducing the incidence of tumor ulcerations or tumor infiltrations in underlying organs. Tumor 

volumes were roughly identical for gal-9-KO and WT-Ctrl clones at the first cycle of tumor growth 

following subcutaneous cell injections.  However, at the next cycles based on grafts of tumor 

fragments, we started to observe a trend towards a slower growth for gal-9-KO compared to WT-Ctrl 

tumors. This was hardly visible at the 2nd cycle but became obvious at subsequent passages. Multiple 

experiments were done in order to ensure the consistency of this phenomenon. For example, in one 

pilot experiment, we compared tumor growth of two gal-9-KO clones (#345 and #377), one WT-Ctrl 

clone (#116) and the parental line, through 4 successive passages in syngenic female mice. As shown 

on Figures 2B and 2C, at the 4th cycle, the growth of the gal-9-KO clones was drastically reduced. Only 

small necrotic tumors were recovered. This experimental sequence was thereafter designated as 

“serial tumor transplantation assay”. In order to assess the expression level of gal-9 in these tumors, 

some of them were fixed and paraffin-embedded to carry out in situ hybridization of gal-9 mRNA 

(RNAscope). The staining results are shown in Figure 2D. At the end of the 4th cycle, we observed a 

strong staining of gal-9 transcripts in all the WT tumor tissue. The gal-9-KO tumors also presented 

some gal-9 transcripts but they were much less abundant. Indeed, the gal-9 expression was limited to 

infiltrating cells and the vascular endothelium, both originating from host mice. 

 

Gal-9 invalidation impairs in vivo tumor growth of MB49 cells in syngenic mice suggesting its 

contribution to immune escape 

To get stronger evidence of the progressive decline of gal-9-KO tumor growth in syngenic mice, we 

designed a serial transplantation assay involving all 3 gal-9-KO clones along with two WT-Ctrl clones 

and the parental MB49. The experimental scheme presented in Fig.2 was slightly modified in order to 

facilitate its parallel application to immunodeficient mice without risking excessive tumor growth. 

The amount of transplanted tumor fragments as well as the delay between successive passages were 

thus reduced (tumor growth cycle reduced to 10 days; amounts of transplanted tumor fragments 

reduced to 70 mg). As shown in Figure 3A, a progressive reduction of tumor growth was observed for 

gal-9-KO clones through successive passages. This reduction was hardly visible at the 2nd cycle, but 

stronger at the 3rd although not statistically significant. At the 4th cycle, it was even more marked and 

statistically significant (individual growth curves are visible in Supplementary figures 5A and 5B). 

Data based on tumor growth curves were confirmed by weight measurements of tumors excised 

following mouse euthanasia at the completion of each cycle, every 10 days. As shown in panel B of 

Figure 3, the relative decline of tumor growth for gal-9-KO clones transplanted on syngenic mice was 

statistically significant at cycle 3 and even more dramatic at cycle 4. Beyond cycle 4, we made one 

additional graft cycle involving all control tumors along with remaining gal-9-KO tumors (those which 

were above 90mg at the completion of the 4th cycle). At this next step, additional gal-9-KO clones 



stopped growing whereas all control clones still grew at a rapid path (Supplementary figure 5C). 

Since gal-9-KO and WT MB49 cells had the same growth properties in vitro, our observations 

suggested that the progressive growth reduction of gal-9-KO tumors was related to a more efficient 

immune response in syngenic mice.  

 



 

Figure 2. Pilot serial tumor transplantation assay using MB49-derived cells and syngenic mice. (A) 

Cartoon depicting the main steps of the assay. The MB49 parental cell line (n=3), the WT-Ctrl clone 

#116 (n=4), the gal-9-KO clone #345 (n=2) and the gal-9-KO clone #377 (n=4), were subcutaneously 

injected into C57BL/6 female mice (opening the 1st cycle of tumor growth involving mice n°1). Twenty 

days later, tumors were collected and cut into small fragments. For each mouse donor, a small 

aggregate of tumor fragments (100 mg) was then subcutaneously transplanted into a single recipient 

mouse (2nd cycle involving mice n°2). This operation was repeated twice (opening the 3rd and 4th 

cycles of tumor growth involving mice n°3 and mice n°4 respectively). (B) Comparison of tumor 

growth curves for WT and KO tumors during the 4th cycle (mean volumes +/- SEM). WT tumors 

include tumors derived from the parental cells (MB49) and the 2 WT-Ctrl clones #116 and # 376. 

Significant differences in tumor volumes were recorded at day 13 (Mann-Whitney test). (C) Tumor 

collection and comparison of tumor weights between the WT and KO groups at the completion of the 

4th cycle of tumor growth (with significant differences between the 2 groups)(Mann-Whitney test). D) 

RNAscope detection of gal-9 transcripts in WT and KO tumor sections at the completion of the 4th 

cycle of tumor growth. In tumors derived from parental and WT-Ctrl cells numerous dots 

corresponding to gal-9 transcripts were detected in the vast majority of the cells. On the contrary, in 

gal-9-KO tumors, gal-9 RNA dots were much less abundant and restricted to some isolated cells 

(likely infiltrating immune cells or endothelial cells from the recipient mice). 

  



 

  



Figure 3. Serial tumor transplantation assays using immunocompetent or immunodeficient mice. 

(A) Comparison of tumor growth curves for WT and KO tumors at each cycle (mean volumes ± SEM). 

WT tumors include tumors derived from the parental cells (MB49) and the 2 WT –Ctrl clones #116 

and # 376. For the 1st cycle of tumor growth, cells from the MB49 parental cell line (n=3), WT-Ctrl 

clones #116 (n=3), #376 (n=3) and gal-9-KO clones #175 (n=3), #345 (n=3) and #377 (n=3), were 

subcutaneously injected into C57BL/6 female mice. Subsequent passages were done using 

subcutaneous inoculation of aggregated tumor fragments (70mg). Comparison of WT and KO groups 

were performed at the last point of each cycle and subjected to Mann-Whitney tests. As in the pilot 

experiment, the serial transplantations on syngenic mice led to a progressive decrease in tumor 

volume for gal-9-KO tumors compared to WT-Ctrl and parental MB49-derived tumors. (B) 

Comparison of the tumor weights when mice were sacrificed at the completion of each cycle. The 

differences between the two groups were significant from the 3rd cycle (Mann-Whitney test). (C and 

D) The same experimental scheme was carried out in parallel on nude mice. In the context of these 

immunodeficient mice, there was no growth reduction during serial transplantation for gal-9-KO-

derived tumors, as compared to WT-derived tumors (a slight, though non-significant, increase was 

actually observed). These observations highlight the contribution of the adaptative immune response 

to the reduction of gal-9 KO tumor growth. 

  



T-cells are involved in the improved immune response resulting from gal-9 invalidation in MB49 

cells 

We suspected that the progressive reduction of tumor growth for gal-9-KO clones was related to 

some improvement in the anti-tumor immune response. To confirm this hypothesis, in parallel with 

the previously presented experiments, we performed serial tumor growth assays on athymic (nudes) 

mice comparing the 3 gal-9-KO clones, the 2 WT-Ctrl clones and the parental MB49. As shown in 

Figures 3C and 3D, in the context of athymic mice, there was no more tumor growth reduction for 

the gal-9-KO clones. Moreover, they grew even faster than the WT cells at cycles 3 and 4 (individual 

growth curves are visible in Supplementary figures 5D and 5E). Because athymic mice are 

characterized by a complete absence of T-cell ontogenesis, these results suggested that the tumor 

growth reduction of the gal-9-KO clones was dependent on T-cells. To strengthen this hypothesis, we 

used immunohistochemistry to investigate T-cell infiltration of WT and gal-9-KO tumors grown on 

syngenic mice. Tumor sections made at cycle 2, 3 and 4 were processed using antibodies reacting 

with Ki-67, CD45, CD4 and CD8. For each marker, density staining was quantified by digital imaging.  

Upon visual examination, we made two main observations. First, we noted that the bulk of 

leucocytes (CD45+), including T-cells (CD4+ and CD8+), were concentrated in peri-tumoral margins. 

Their abundance in these areas was identical for KO and WT tumors at all cycles of tumor growth 

(Figure 4A).  In contrast, leucocytes were quite rare inside the tumor nodules of almost all tumors. 

However, we found that a specific feature of KO tumors at cycle 4 was the presence of a substantial 

number of CD45+, CD4+ and CD8+ T-cells inside the tumor nodules (Figure 4B). This was confirmed by 

digital assessment of the 4 markers (Ki-67, CD45+, CD4+ and CD8+) inside the tumor nodules as shown 

by the histograms of Figure 4C. At cycles 2 and 3, densities of the 4 markers were almost identical for 

KO and WT tumors. We decided to use the density of Ki-67 staining to normalize the density of the 

other markers. At cycle 4, the density of CD45 staining inside the tumor nodules was much higher for 

KO than for WT tumors. CD4 and CD8 densities were also at higher levels in KO compared to WT 

tumors, although the differences did not reach statistical significance. Overall, our conclusion was 

that T-cell infiltration of tumor nodules was specific for gal-9-KO tumors. However, it was detectable 

only at cycle 4, therefore at a late stage of the anti-tumor immune response, when tumor growth 

was already strongly impaired (5/8 KO tumors were of minimal size, weighing less than 70 mg). These 

observations suggested that, upstream of T-cells infiltration, some immune-related events were 

occurring in a different manner in gal-9-KO and WT tumors, at an earlier stage of the serial 

transplantation assay, possibly during cycles 3 or 2. A glimpse of these early events was given by 

quantitative assessment of the diversity of the stromal T-cell repertoire. Using total tumor c-DNA, the 

diversity of the TCR complementary determining region 3 (CDR3) was assessed by PCR amplification 

and high throughput sequencing (Figure 5).  This analysis resulted in clonotypes characterized by a 

unique sequence and a frequency of reads matching this sequence. Clonotypes with a minimal 

frequency of reads are represented by rounded rectangles of sufficient size to be visible in the tree 

maps shown in figure 5.  The table at the bottom of the figure shows a greater number of unique 

sequences in KO than WT tumors and an increasing trend in cycle 3 by comparison with cycle 2. 

Interestingly the tree maps shows that these gains in unique sequences are associated with the 

emergence of novel clonotypes -represented by small rounded rectangles - rather than further 

accumulation in large, pre-existing clonotypes represented by big rectangles. This is what was 

expected in a context of diversification of the T-cell response.  Overall these observations suggested 

a structure of the T-cell repertoire which tends to increase in diversity from cycle 2 to cycle 3 and 

which is more diverse in KO than WT tumors at cycle 3 as well as cycle 2. In other words, they 

suggested that long before intra-nodular T-cell infiltration, as early as the second cycle of tumor 

growth, changes in T-cell distribution and behavior were taking place preferentially in gal-KO tumors. 



 

Figure 4. In gal-9-KO tumors, late stages of tumor growth reduction are associated with an increase 

in T-cells infiltrating tumor nodules. (A) Low magnification of CD45 staining on sections of WT and 

gal-9-KO tumors at cycles 2, 3 and 4 (tumors derived from clones #116 and #345, respectively). (B) 

High magnification of CD45, Ki-67, CD4 and CD8 staining on serial sections of a WT-Ctrl tumor (#116) 

and a gal-9-KO tumor (#345) at cycle 4. (C) Quantitative assessment of CD45, CD4 and CD8 staining 

on serial setions of tumors collected at cycles 2, 3 and 4 of tumor growth. Digitalization was 

performed in large Regions of Interest (ROIs) covering in as much as possible the whole tumor 

sections and excluding areas with absence or very low levels of Ki-67 staining. Therefore these ROIs 

were covering mainly the internal parts of the tumor nodules and excluding peri-nodular margins. 

Ratios of CD45, CD4 or CD8 to Ki-67 staining intensities were acquired in these ROIs and plotted for 

each tumor growth cycles. 



 

  



Figure 5. Modifications of T-cell clonotype profile at an early stage of tumor growth reduction in 

Gal-9-KO tumor. The diversity of the CDR3 segment of the TCR -chain was investigated using total 

tumor RNA subjected to reverse transcription, selective PCR amplification of the CDR3 coding region 

and deep sequencing. (A) Tree maps of the clonotypes identified in 1 WT-Ctrl and 2 gal-9-KO tumors 

at the 2nd and 3rd cycles of tumor growth. These tree maps were generated as follows: he entire plot 

area was divided into sub-areas according to V-usage, then subdivided according to J-usage and again 

according to unique CDR3 sequence resulting from somatic hypermutations. Each clonotype is 

characterized by its unique sequence and the frequency of the reads matching this sequence. Those 

with a sufficient frequency of reads are represented by a rounded rectangle whose size is 

proportional to this frequency. The table of the lower panel shows that the total number of unique 

reads is greater in cycle 3 than in cycle 2 and in KO than in WT tumors. The same applies to the 

number of clonotypes as shown in the upper panel.  

 

 

  



Gal-9 ablation enhances transcription of genes related to interferon-γ response 

To further investigate biological events occurring prior to T-cell infiltration and blockade of tumor 

growth, we performed a comparative transcriptome analysis of gal-9-KO and WT tumors through the 

successive cycles of the serial tumor transplantation assay (Figure 6A). Our aim was to find 

correlations between the dynamics of transcriptional changes and the progressive inhibition of KO-

tumor growth. RNAseq data from 30 samples were subjected to various types of comparative 

bioinformatics analyses. Unsupervised clustering as well as supervised comparisons did not achieved 

separation of gal-9-KO from WT tumors or early from late passages while there was a robust 

clusterization of tumors derived from the same clones (Supplementary figure 6). It seems that 

biological characteristics related to the progressive immune response were, to a large extent, 

relegated to the background by other clonal private characteristics. We reasoned that it was not 

sufficient to compare the whole set of WT tumors with the whole set of KO tumors. We thought that 

it was possible to gain sensitivity by focusing the comparison on the subset of KO-tumors taken at 

the late stages of the serial transplantations, especially at the last cycles preceding the collapse or 

quasi-collapse of tumor growth, hereafter named pre-terminal cycles (Figure 6A). Our bet was that it 

would be easier to find transcriptional characteristics consistent with the enhancement of the 

immune response in this subset of “pre-terminal” tumors. Reciprocally these characteristics were 

expected to be absent or less visible in the rest of the KO tumors, non-pre-terminal tumors 

thereafter called aggressive KO tumors (Figure 6A).  Combining  the RUVseq package with the 

DESeq2 software we generated a list of differentially expressed (DE) genes resulting from the 

comparison of “pre-terminal” KO vs all WT tumors (Love et al., 2014). This list of 344 genes resulted 

in effective separation of “pre-terminal” gal-9-KO from WT tumors as shown by the heat map in 

Figure 6B. This same list was subjected to enrichment analysis using the package ClusterProfiler (Yu 

et al., 2012). The greater enrichment scores were for the following general functions: cell response to 

interferon-γ, allograft rejection and inflammatory response (Figure 6C). One gene related to these 3 

general functions – CCL5 (also called Rantes) – appeared to be strongly express in “pre-terminal” KO 

tumors. 

 

Progressive increase in the concentrations of CXCL10 in gal-9-KO tumors 

In order to better understand the immune mechanisms of the progressive growth inhibition of gal-9-

KO tumors we used a multiplex ELISA assay to investigate the expression of a panel of 31 cytokines in 

the tumor cells and their microenvironment. This assay was carried on whole proteins extracted from 

WT and KO tumor fragments collected at cycle 2 and 3 of tumor growth. Cytokine concentrations 

were compared between these 3 sets of tumors: WT, aggressive gal-9-KO and “pre-terminal” KO 

tumors (Figure 7A). Significant differences between “pre-terminal” KO tumors and WT tumors were 

found for 4 cytokines - IL-1  and , IL-2, IL-9 and TNF-- which were more abundant in “pre-

terminal” KO tumors than in WT tumors and even than aggressive KO tumors  for IL-1α and IL-2. The 

concentrations of CXCL9 and CXCL10 were also increased in “pre-terminal” KO tumors, although the 

differences with WT tumor did not reach statistical significance.  However, we paid attention to this 

observation to design subsequent experiments because we were struck by the fact that even at 

baseline (WT tumors) the concentrations of CXCL9 and CXCL10 in tumor extracts were greater than 

those of other cytokines by 2 orders of magnitude. In an attempt to connect these results with the 

data resulting from transcriptome profiling, we investigated a potential correlation between the 

abundance of the transcripts encoding the seven cytokines overexpressed in “pre-terminal” KO 

tumors and the mRNAs encoding interferon-γ. As shown in Figure 7B, for all these cytokines except 

IL-9, there was a strong positive linear correlation of their expression with interferon-γ expression in 



all KO and WT tumors.  This was one additional observation suggesting a critical role of interferon-γ 

in the progressive deployment of the anti-tumor immune response. 

 

Gal-9 gene ablation in MB49 cells enhances CXCL10 induction in response to recombinant 

interferon-γ 

In order to confirm the hypothesis of a greater sensitivity of MB49 cells to their stimulation by 

interferon-γ in the absence of gal-9, we performed the following experiment in vitro. Gal-9-KO and 

WT cells were subjected to a 72h treatment with increasing concentrations of recombinant 

interferon-γ (from 2 to 25 ng/ml). Then the concentration of CXCL10 was assayed in the conditioned 

medium. As shown in Figure 8, CXCL10 production was completely absent at baseline, it was induced 

in a dose-dependent manner by interferon-γ. This induction was much stronger for gal-9-KO clones 

than for WT clones or MB49 parental cells. This was a confirmation of the greater sensitivity of MB49 

cells to their stimulation by interferon-γ in the absence of gal-9. 

 



 

Figure 6. RNAseq analysis of WT and KO tumors at different cycles of in vivo tumor growth. A) 

Cartoon depicting the serial tumor transplanatation assay with emphasis on the tumor “lineages” 

and their changes in growth and aggressiveness : WT tumors are represented in blue, aggressive 

(WT-like) KO tumors in red, “terminal” (infiltrated by T-cells and exhausted) KO tumors in yellow and 

the “pre-terminal” KO tumors in orange. B) Heatmap representing the expression profile of the 344 

most differentially expressed genes between WT and “pre-terminal” KO tumors, based on RUVseq 

(k=3) and DEseq2 analysis (fold change > 2, adjusted p-value < 0.05). C) Enrichment analysis of the 

differentially expressed genes within the “hallmark” gene sets with the clusterProfiler package: 15 

up-regulated gene in the “pre-terminal” KO tumors are associated with the “allograft rejection”, 9 

with the “inflammatory response” and 15 with the “interferon-γ response”. 

  



 

Figure 7. Cytokine status in gal-9-KO and WT tumors. A) Concentration of seven cytokines measured 

in tumor protein extracts at various cycles of tumor growth. For Il-1  and , IL-2, IL-9 and TNF-

there is a significant increase in their concentrations in the extract of “pre-terminal” KO tumors 

compared to the WT tumors or even to the aggressive KO tumors (Il-1α and Il-2). There is evidence 

that the production of CXCL9 and CXCL10 is enhanced in KO tumors, although the figures are not 

statistically significant. However, it is worth to mention these observations because the 

concentrations of CXCL9 and CXCL10 in tumor extracts are greater than those of other cytokines by 2 

orders of magnitude even at baseline. B) Abundance of the messenger RNAs of the above-mentioned 

cytokines (FPKM values in RNAseq data) as a function of the amount of IFN-γ transcripts. For most 

cytokines overexpressed in “pre-terminal” KO tumors, there is a strong positive linear correlation 

between their level of expression and that of IFN-γ in all KO as well as WT tumors. 

  



 

 

Figure 8. Dose-dependent induction of CXCL10 production by gal-9-KO and WT MB49 cells 

stimulated in vitro by recombinant interferon-γ. Conditioned media were collected after 72h of 

stimulation with increasing concentrations of interferon-γ and subjected to CXCL10 ELISA assay. At 

25ng/mL of interferon-γ there was a significant difference of CXCL10 concentration in the medium 

between KO (KO#175 (n=2); KO#345 (n=2); KO#377 (n=2)) and WT cells (MB49 (n=2); Ctrl#116 (n=2); 

Ctrl#376 (n=2))(Mann-Whitney test). 

  



Discussion 

The aim of this study was to build a murine tumor model allowing to assess the role of gal-9 

in host-tumor relationships in the context of immunocompetent syngenic animals. Our approach was 

based on the production of MB49 isogenic clones with or without gal-9 expression. These clones 

were generated by the CRISP-Cas9 method of gene editing. One major advantage of this approach 

was to guaranty that the silencing of the gal-9 gene would be irreversible. One disadvantage was the 

possibility of off-target genetic lesions that could randomly affect the phenotype of edited clones in a 

way which had nothing to do with gal-9 biology. Another source of heterogeneity was the cloning 

step taking place after transfection of the editing material. In order to minimize the influence of 

unwanted heterogeneity we have compared the gal-9-KO clones with control clones subjected to the 

same editing process but having retained gal-9 expression. They were used in addition to the 

parental MB49 cells through the whole study. No differences in terms of tumor growth were 

apparent when gal-9-KO or WT-Ctrl cells were injected subcutaneously. However serial 

transplantations of tumor fragments unmasked a completely different pattern of growth for gal-9-KO 

and Ctrl-cells. Gal-9-KO tumors were affected by a progressive inhibition of tumor growth resulting in 

minute, “exhausted” tumors at passage 3 or 4. This reduction of tumor growth was dependent on 

the immune response and involved T-cells since it was not observed when the serial transplantation 

was made in nude mice. 

Our investigations based on IHC, RNAseq and cytokine profiling have confirmed the 

progressive enhancement of the immune response through 2 or 3 cycles of tumor growth. T-cell 

infiltration in the tumor nodules was only detected in terminal “exhausted” tumors. However, this 

change of histological pattern concomitant of growth termination was preceded by transcriptional 

changes in the micro-environment of “pre-terminal” tumors i.e. tumors taken at the last cycle of 

growth prior to the exhaustion. A fraction of these changes was highly suggestive of the emergence 

of an immune response. Enrichment analysis of genes differentially expressed between pre-terminal 

KO and WT tumors have highlighted three main processes related to the immune response: cell 

response to -interferon, allograft rejection and inflammatory response. In this context, the CCL5 

gene presents two remarkable characteristics: 1) it is much more abundant in pre-terminal KO than 

WT tumors (fold-change); 2) it stands at the intersection of the three sets of genes highlighted by the 

enrichment analysis. Profiling of the T-cell repertoire by deep sequencing unveils specific events in 

host-tumor interactions which take place in KO-tumors upstream of pre-terminal tumors as early as 

the second cycle of tumor growth.  Indeed, already at this stage, the repertoire of T-cell clonotypes is 

more diverse for gal-9-KO tumors. Thanks to our data obtained by IHC; we know that at this stage, 

the overwhelming majority of T-cells are contained in perinodular margins.  Therefore our 

observations on the T-cell repertoire suggest a mobilization of T-cells in these margins taking place 

before nodular invasion. 

Overall our data show that for tumors derived from KO-gal-9 clones, the deployment of the 

immune response leading to tumor growth arrest requires 2 simultaneous conditions: 1) serial 

transplantation for 2 or 3 cycles of tumor growth and 2) absence of gal-9 produced by tumor cells. 

We now have to discuss by which mechanisms these two conditions are suspected to contribute to 

the anti-tumor immune response.  

Serial transplantations are common in experimental hematology and onco-hematology, 

especially in studies dealing with stem cells. In contrast, to our knowledge, this method has not been 

previously reported for solid tumors. It was introduced in our protocol partly by chance while we 

were seeking better conditions of tumor growth which were achieved by transplantation of tumor 

fragments instead of cells expanded in vitro. Then, we realized that serial transplantation was the 



only assay available so far to unmask the greater vulnerability of gal-9-KO tumors to the immune 

response. On the side of malignant cells, it is difficult to consider a type of immuno-editing that 

would result in the selection of cells with greater sensitivity to the immune response. In fact, it would 

be the contradiction of the concept of immuno-editing. On the other hand, tumor fragments used for 

serial transplantation are the only possible “vectors” going from one mouse to another with the 

capacity to increase the efficiency of the immune response. Since transplanted tumor fragments 

contain infiltrating leucocytes, their implantation in the recipient mice may result in the adoptive 

transfer of immune cells which may facilitate and accelerate the onset of the recipient immune 

response. This effect might be enhanced by the preparation of the transplanted tumor fragments 

which are minced and therefore subjected to mechanical aggressions which may enhance their 

immunogenicity. Investigating the role of immune cells contained in tumor fragments and passively 

transferred from one mouse to another is conceivable but obviously it would be another project. 

Regarding the contribution of gal-9 ablation to the enhancement of the immune response, as 

mentioned previously, transcriptional studies have drawn our attention to a better tumor response 

to -interferon. This was confirmed by additional investigations focused on cytokines. Cytokine 

profiling on tumor protein extracts showed a substantial increase in the expression of IL-1  and , 

IL-2, TNF, CXCL9 and CXCL10 in pre-terminal gal-9-KO tumors by comparison with WT and 

aggressive gal-9-KO tumors. In addition, going back to the transcriptional level, we found remarkable 

correlations between the abundance of interferon- transcripts and those of the above-mentioned 

cytokines including CXCL9 and CXL10. Finally we obtained direct evidence of the influence of gal-9 

expression on tumor cell response to -interferon by in vitro comparative stimulation of gal-9-KO and 

WT MB49 clones. All these cell types respond to recombinant -interferon by a de novo, dose-

dependent release of CXCL10. However, this release is much more abundant for gal-9-clones than for 

WT-Ctrl clones or parental cells.  As of today we do not know how the presence of gal-9 alters the 

response of malignant epithelial cells their stimulation by -interferon. In human B-cells, gal-9 has 

been shown to inhibit BCR signaling by nanoclustering of these receptors at the surface of the plasma 

membrane and their close association with CD22 which contribute to this inhibition (Cao et al., 

2018). The impact of galectin-9 produced by MB49 cells on the status of the -interferon receptors at 

the surface of their plasma membrane is currently under investigation. Even without precise 

knowledge about the mechanism of gal-9 inhibition of -interferon signaling, it is worth to place this 

observation in the broader context of the relationships between gal-9 and -interferon.  Indeed -

interferon has long been known to be a major inducer of gal-9 expression in epithelial and 

endothelial cells(Zhu et al., 2005). If we combine these published data with our current results we 

end up with the model summaried in the cartoon of Figure 9. In the absence of gal-9, we have an 

amplification loop where CD4+Th1+ Y-cell release -interferon which in turns stimulates CXCL10 

release by target epithelial cells leading to greater attraction of T-cells. In contrast, if gal-9 is 

produced it will restrain the sensitivity of epithelial cells to -interferon and exert a negative feed–

back on the amplification loop. One implication of this model is that we have in fact 2 types of 

negative feed-backs exerted by gal-9 on the CD4+Th1+ response. One which has long been described 

and which is cell-dependent resulting from the contact of extra-cellular gal-9 with CD4+Th1+ cells 

triggering their apoptosis and one which is cell-autonomous resulting from changes occurring directly 

in non-immune cells producing gal-9 (Zhu et al., 2005). One point that will need to be elucidated in 

our model is whether or not gal-9 has to be released in the extra-cellular medium to inhibit -

interferon signaling in non-immune cells. 

Finally our data showing that gal-9 from malignant cells impairs the anti-tumor immune 

response seems to contradict reports of a better prognosis for human malignancies – especially 



breast carcinomas – with abundant expression of gal-9; an effect possibly related to a lower 

metastatic potential (Irie, 2005). To solve this paradox, one has to keep in mind that some 

biomolecules can have both pro- and anti-tumoral effects. For example they may limit the metastatic 

potential but at the cost of some immunosuppressive effects. 

  



 

Figure 9.  A proposed model of a negative feed-back of endogenous gal-9 on the amplification loop 

involving interferon-γ and CXCL10. interferon-γ released by activated T-cells stimulates the 

production of CXCL10 by malignant cells and simultaneously their expression of gal-9. In turn, CXCL10 

stimulates T-cell infiltration, therefore boosting the anti-tumor immune response. However, the 

expression of gal-9 by malignant cells reduces their sensitivity to interferon-γ therefore blocking the 

amplification loop and compromising the anti-tumor immune response. 
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Supplementary Table 1. Potential off-targets of each guide used in our genome editing procedure 

were predicted using the CRISPOR web tool applied on the mm10 mouse genome. The number 

preceding the name of each genome locus indicates the number of missmatches required for 

complete alignment of the guide sequence. For both guides, none of the predicted target sites shows 

a perfect match.  



 

Supplementary figure 1. A total of 9 exons (4 for the guide 1 and 5 for the guide 2) were identified as 

potential off-targets. The abundance of the corresponding transcripts reflected by FPKM (fragments 

per kilobase of exon per million reads mapped) values were checked in the RNAseq data obtained 

from MB49 and its derived clones (either gal-9-KO or WT-Ctrl) grown in vitro.  No difference was 

detected for any of these transcripts between parental cells and clones subjected to the CRISPR 

procedure.  



 

Supplementary figure 2. In vitro growth assays were carried out on parental MB49 and its derived 

clones (either gal-9-KO or WT-Ctrl). The assays were performed using an ATP luminescence assay 

(ATPlite, Perkin Elmer). No differences in growth rate were recorded in vitro between WT and KO 

cells. MB49 cells had doubling time of about 24h.  



 

Supplementary figure 3. In vitro transcriptional profiles of isogenic cells derived the MB49 cell line 

(parental, WT-Ctrl and gal-9-KO). For each cell line, the RNAseq analysis was performed on RNAs 

extracted from cells propagated in vitro including the parental cells, 2 WT-Ctrl clones and 3 gal-9-KO 

clones. (A) The volcano plots intend to represent genes differentially expressed when comparing gal-

9-KO cells on the one hand with parental and WT-Ctrl cells on the other hand. They are virtually 

absent, except lgals9. (B) Results of the non-supervised hierarchical clustering are consistent with 

data from the volcano plots since there is no separation of the transcription profiles of the gal-9-KO 

cells. Potential weak differences related to gal-9 invalidation seem to be outweighed by random 

clonal differences.  



 

Supplementary figure 4. Comparative assessment of galectin-1, -3 and -8 transcription and protein 

expression in WT and gal-9-KO cells. (A) Abundance of galectin transcripts recorded by RNA-seq in 

parental MB49 and its derived clones. In blue, WT, parental or control clones. In red, gal-9-KO clones. 

(B) WB analysis were performed on the same cellular materials. All cells express galectins -1, -3, and  

-8 with the first two being the most abundant. The gal-9 invalidation has no impact on the expression 

of other galectins at both the transcriptional and the protein level.  



 



 

Supplementary figure 5. (A) Growth curves for single WT tumors grafted on C57BL/6 mice are shown 

in blue. At the beginning of the experiment, each cell type - MB49 cells and WT-Ctrl clones - was 

injected subcutaneously into two mice (MB49: ▲,▼; WT-Ctrl #116: , ; #376: , ). For the 

subsequent cycles of tumor growth, each tumor was passaged on a single mouse. For a given tumor 

« lineage », the same symbol is used through the 4 cycles of tumor growth (B) Growth curves for KO 

tumors on C57BL/6 mice are shown in red (gal-9-KO clone #175: ▲,▼; #345: , ; #377: , ). 

Again, for a given tumor « lineage », the same symbol is used through the 4 cycles. (C) From cycle 3, 

the growth of some KO tumors was not sufficient in the interval of 10 days to allow their subsequent 

passage on another mouse for an additional cycle of tumor growth (< 70mg).  The consequence was 

the termination of this tumor « lineage ». To give a quantitative assessment of this aspect of tumor 

growth reduction, the survival of WT and KO tumor « lineages » are represented on a Kaplan-Meier 

plot (with blue and red color respectively). We observe that after 5 cycles of tumor growth, all WT 

tumor « lineages » are still active in contrast with only one for the KO tumors. (D and E) Growth 

curves for single WT (blue) and KO (red) tumors grafted into nude mice with the same mode of 

representation as for C57BL/6. (F) and (G) Comparative assessment of tumor weights at the 

termination of each cycle of tumor growth for WT (F) or KO (G) tumors grafted either into syngenic or 

nude mice. In the case of WT tumors, there were no significant differences at cycle 2, 3 and 4. 

Regarding gal-9-KO tumors, the average tumor mass is consistently greater on the nude mice.  



 

Supplementary figure 6. Unsupervised RNAseq analysis of WT and KO tumors at different cycles of 

tumor growth. Dendrogram using centered correlation and ward linkage. 



 

 

 

 

Figure 18. Essais d’expression des différentes isoformes de la gal-9 dans les 

« révertants », in vitro. 

Après vérification de l’absence d’expression des isoformes par les « révertants » dans les 

cellules non traitées, nous avons cultivé ces cellules en présence de doxycyline à 400 ng/mL 

pendant 48h. L’analyse en western-blot confirme l’absence d’expression de gal-9 dans les 

clones ayant été transfectés avec le vecteur vide. Elle confirme également l’expression des 

différentes isoformes en réponse au traitement par la doxycycline. Quelle que soit la lignée, 

on remarque cependant que la quantité de gal-9S dans les extraits cellulaires est toujours 

moins élevée que celle des 2 autres isoformes. La séquence du transgène ne diffère pourtant 

qu’au niveau de la séquence qui code pour le peptide de liaison, et qui est plus courte pour 

la gal-9S. Ces résultats soulèvent l’hypothèse d’une sécrétion beaucoup plus intense de la 

gal-9S. 
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DISCUSSION GENERALE ET PERSPECTIVES 

 

Au cours de ma thèse, je me suis intéressé à la contribution de la gal-9 dans la tumorigenèse, 

et notamment à l’impact d’une diminution de son expression et/ou présence au niveau 

tumoral. Mes travaux de recherche se sont axés autour de deux approches : l’invalidation du 

gène codant pour la gal-9 dans des lignées tumorales et l’utilisation d’anticorps neutralisant. 

 

I- Discussion en rapport avec les objectifs 1 et 2 

Mon premier objectif était de sélectionner des lignées tumorales murines sur la base de leur 

niveau d’expression de gal-9 afin de réaliser d’une part une invalidation du gène LGALS9 sur 

celles-ci, et d’autre part afin d’employer ces lignées pour la réalisation de l’objectif 3.  

Par une approche d’analyse en western-blot, nous avons sélectionné les lignées CT26 et 

MB49 qui présentaient une expression de gal-9 plus importante que les autres lignées 

cellulaires testées. Nous avons ensuite élaboré et réalisé l’invalidation du gène LGALS9 dans 

ces deux lignées. Nous avons sélectionné pour chacune d’entre-elles 3 clones KO ainsi que 2 

clones Ctrl, ces derniers permettant d’apprécier l’influence de la sélection clonale et de 

prendre en compte d’éventuels effets off-targets. Dans le but d’identifier d’éventuelles 

différences fonctionnelles entre les isoformes L, M et S de la gal-9, nous avons également 

réalisé, à partir des différents clones KO générés, des « révertants » exprimant une seule des 

3 isoformes (Figure 18). 

Nous avons ensuite exploité ces outils afin de réaliser les tâches programmées dans l’objectif 

2. Celui-ci comportait deux parties. La première avait pour but 1) d’évaluer in vitro les effets 

de la perte d’expression de gal-9 sur le phénotype des cellules tumorales : viabilité, 

prolifération, sensibilité à l’apoptose, clonogénicité, etc., et explorer les mécanismes sous-

jacents à ces changements de phénotype, au niveau cellulaire et moléculaire. La deuxième 

partie portait sur 2) l’évaluation in vivo, sur souris syngéniques, des effets de la perte 

d’expression de la gal-9 sur le phénotype tumoral, notamment sur la cinétique de croissance 

et sur la nature de l’infiltrat lymphoïde et myéloïde. 
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A l’aide des outils générés, nous avons mis en évidence un effet pro-tumoral de la gal-9 dans 

la lignée MB49. En effet, bien que l’invalidation du gène LGALS9 n’entraîne pas de 

modifications transcriptionnelles ou phénotypiques notables in vitro, elle entraîne en 

revanche une diminution progressive de la croissance tumorale après plusieurs 

transplantations itératives sur des souris syngéniques immunocompétentes. Cette 

observation ne se vérifie toutefois pas sur des souris nudes immunodéficientes, ce qui met en 

évidence l’implication d’une réponse immunitaire efficace dans ce phénomène de réduction 

de croissance tumorale. Les investigations que nous avons menées par IHC, RNAseq et 

profilage cytokinique suggèrent que l’amélioration de la réponse immunitaire, qui se 

manifeste après 2 ou 3 cycles de croissance tumorale, est multifactorielle. Tout d’abord 

l’analyse du répertoire des chaînes β du TCR met en évidence un enrichissement plus 

important de la diversité des chaînes des lymphocytes présents dans les tumeurs KO. Ensuite, 

le profilage des cytokines montre une augmentation substantielle de l’expression d’IL-1α, IL-

1β, IL-2, IL-9 et TNF-α dans les tumeurs KO « pré-terminales ». Conjointement à ce 

phénomène, on observe en IHC une augmentation de l’infiltration des leucocytes dans le 

compartiment épithélial des tumeurs KO. L’analyse RNAseq révèle un impact de la perte 

d’expression de gal-9 sur la réponse à l’IFN-γ. De manière cohérente avec les résultats 

obtenus, nous avons pu vérifier in vitro que les cellules WT expriment moins de CXCL10 en 

réponse à l’IFN-γ que les cellules KO-gal-9. Ces différences pourraient expliquer le plus grand 

recrutement leucocytaire dans les tumeurs KO-gal-9 ainsi que l’amplification de la réponse 

immunitaire anti-tumorale. 

Les résultats de notre étude (cf. article 2) soulèvent plusieurs interrogations qui vont 

maintenant être discutées. Certaines sont en lien direct avec les résultats obtenus, et d’autres 

en lien avec l’exploitation des autres outils que nous avons générés, notamment les clones 

dérivés de la lignée CT26. 

 

Les expériences en cours actuellement ont deux objectifs principaux : 

Le premier objectif consiste à vérifier que l’action inhibitrice de la gal-9 sur la signalétique 

induite par l’IFN-γ peut se vérifier vis-à-vis d’autres molécules exprimées en réponse à l’IFN-γ 

(ex : PD-L1, CMH II, …). Nous aimerions également vérifier si l’IFN-γ est capable d’induire 
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l’expression de gal-9 par les cellules tumorales MB49, comme cela a déjà été démontré pour 

d’autres types cellulaires, ce qui permettrait d’amplifier le phénomène d’inhibition. L’analyse 

porte sur l’ARN des cellules WT et KO-gal-9 traitées par l’IFN-γ in vitro. 

Le deuxième objectif consiste à identifier l’implication de la gal-9 extra-cellulaire dans 

l’inhibition de la signalisation induite par l’IFN-γ. Les expériences en cours visent à étudier 

l’effet de l’ajout de gal-9 exogène de manière concomitante au traitement par l’IFN-γ.  

Le troisième objectif porte sur la réalisation d’une étude corrélative in silico chez l’homme 

afin de savoir s’il existe un lien entre une forte expression de gal-9 et un faible niveau de 

réponse à l’IFN-γ chez les patients. 

Enfin, le quatrième objectif vise à vérifier la transposition du phénomène à d’autres types 

cellulaires. Pour ce faire nous allons réaliser le même type d’expérience sur une autre lignée 

tumorale murine invalidée pour la gal-9, la lignée CT26. Nous avons également initié 

l’élevage de souris KO-gal-9 afin de pouvoir étendre l’étude à d’autres types cellulaires 

(fibroblastes, macrophages, …). 

 

Réalisation de transplantations itératives et suivi de la croissance tumorale 

La réalisation de transplantations itératives est fréquemment rencontrée dans le domaine de 

l’hématologie et notamment dans les études qui touchent aux cellules souches. Ce procédé 

est basé, comme son nom l’indique, sur la transplantation de cellules d’un organisme à un 

autre. Dans les études qui portent sur les cellules souches hématopoïétiques, ces 

transplantations présentent plusieurs avantages puisqu’elles peuvent permettre d’amplifier 

ces cellules tout en maintenant leur état indifférencié. 

En revanche, dans le domaine d’étude des tumeurs solides, ce procédé n’est pas répandu. On 

génère généralement une tumeur à partir de cellules tumorales injectées ou de fragments 

greffés, et le suivi de la croissance tumorale est réalisé à partir du jour de l’inoculation jusqu’à 

l’arrêt de l’expérience sur l’animal. Dans le cas de notre expérience, la mise en place d’un 

protocole de transplantations itératives d’une tumeur solide découle en réalité de plusieurs 

difficultés expérimentales relatives aux modalités d’injection. En effet, l’injection des cellules 

MB49 de manière très superficielle entraîne assez rapidement une ulcération de la peau. D’un 
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autre côté, l’injection plus profonde entraîne, elle, un envahissement rapide des organes 

sous-jacents. Assez rapidement, la réalisation de greffes de fragments tumoraux sous la peau 

– au lieu de suspensions cellulaires – nous est apparue comme une bonne alternative pour 

réaliser facilement le suivi de la croissance des tumeurs. Etant sous la peau, on évite les 

ulcérations précoces et utilisant des fragments on évite la diffusion vers les organes sous-

jacents. Ensuite, ayant adopté cette modalité de transplantation, c’est de manière en partie 

fortuite, en essayant de perfectionner nos protocoles, que nous avons constaté la diminution 

progressive de croissance des tumeurs KO par rapport aux tumeurs WT lors des cycles de 

transplantation successifs. 

Avec le recul, cette modalité de suivi de la croissance tumorale présente, malgré sa singularité, 

un certain intérêt. En effet, contrairement à une approche conventionnelle, le fait de réaliser 

plusieurs cycles de croissance augmente artificiellement la durée du développement tumoral. 

Celui-ci devrait normalement s’arrêter précocement en raison du caractère très agressif de la 

tumeur qui atteint rapidement son seuil de volume éthique. A l’instar d’expériences réalisées 

sur les cellules souches hématopoïétiques qui visent, au travers de transplantations itératives, 

à simuler l’évolution de cette population cellulaire sur le long terme, la transplantation 

itérative des tumeurs MB49 offre peut-être un aperçu de ce que deviendrait la tumeur si son 

caractère agressif n’obligeait pas à sacrifier prématurément l’animal porteur. 

En ce qui concerne maintenant la question de la nécessité de devoir attendre 2 voire 3 cycles 

de croissance en série pour mettre en avant la vulnérabilité des cellules KO-gal-9 à la réponse 

immunitaire, il est très difficile avec nos données actuelles d’aller au-delà des spéculations. 

Les fragments de tumeurs utilisés pour la transplantation en série sont les seuls « vecteurs » 

possibles pour expliquer la vulnérabilité croissante des tumeurs KO-gal-9. Les modifications 

qui se produisent d’un cycle de croissance à l’autre pourraient concerner soit les cellules 

malignes, soit l’infiltrat.  Concernant les cellules malignes, il faut envisager des processus 

d’adaptation à leur nouvel environnement in vivo relativement lents et héritables, ce qui fait 

penser à des modifications épigénétiques. Concernant les leucocytes infiltrant contenus dans 

les fragments de tumeur transplantés, l’implantation de ces fragments chez la souris 

receveuse pourrait réaliser un transfert adoptif de cellules immunitaires, ce qui d’un cycle à 

l’autre pourrait faciliter et accélérer le démarrage de la réponse immunitaire du receveur. Cet 
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effet pourrait être renforcé par la préparation des fragments de tumeur transplantés qui sont 

découpés et donc soumis à des agressions mécaniques susceptibles de renforcer leur 

immunogénicité. On peut également envisager des modifications concernant d’autres 

cellules du micro-environnement tumoral, par exemple les fibroblastes. 

 

Impact de la localisation de la gal-9 sur son caractère pro- vs. anti-tumoral 

La gal-9 exerce des fonctions distinctes selon qu’elle se trouve dans le milieu intra- ou extra-

cellulaire. Les données de la littérature s’accordent pour dire que les fonctions 

immunosuppressives que la gal-9 exerce dans le milieu extra-cellulaire sont associées au 

développement tumoral de plusieurs pathologies. Au contraire, les fonctions, encore peu 

connues, que la gal-9 exerce à l’intérieur de la cellule semblent prévenir l’évolution du cancer 

vers un développement métastatique. Il n’est pas impossible non plus que certaines 

caractéristiques des cellules ayant effectué une transition épithélio-mésenchymateuse, avec 

notamment une perte de jonctions cellulaires, puissent voir leur perméabilité augmentée vis-

à-vis des cellules infiltrantes. De ce point de vue-là, il est donc important d’avoir en tête que 

la gal-9 intra-cellulaire pourrait avoir des effets à la fois pro- et anti- tumoraux. 

Les données de l’article 2 ne permettent pas d’identifier si c’est la gal-9 sécrétée par les 

cellules tumorales et/ou celle qui est contenue à l’intérieur de celles-ci qui favorise la 

tumorigenèse des tumeurs MB49. Une manière simple de le savoir serait de démontrer 

l’absence de sécrétion de gal-9 par les cellules tumorales. En l’occurrence, des expériences 

réalisées in vitro nous ont montré que les cellules MB49 sécrètent de la gal-9. Même si aucun 

des outils de détection que nous avons utilisé ne nous permet d’affirmer que c’est également 

le cas in vivo, on peut légitimement le penser. C’est un point que nous espérons pouvoir 

vérifier. 

Un élément de réflexion nouveau relatif à l’emploi des anticorps neutralisant sera présenté et 

discuté dans la partie relative à l’objectif 3. 
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Différences fonctionnelles des isoformes de la gal-9 

Il existe plusieurs isoformes de la gal-9. Les plus connues sont au nombre de trois : gal-9L, 

gal-9M et gal-9S. Elles ne différent d’un point de vue structurale que par la taille de leur 

peptide de liaison. En ce qui concerne leurs différences fonctionnelles, il semblerait que plus 

l’isoforme est petite et plus elle est active et stable. Des chercheurs ont d’ailleurs créé une 

isoforme artificielle totalement dépourvue de peptide de liaison afin d’exploiter ces 

propriétés. La recherche de possibles différences fonctionnelles entre ces isoformes 

représente un sujet d’étude encore largement inexploré pour lequel nous avons essayé 

d’apporter de nouveaux éléments de réflexion. Dans ce but, nous avons produit des 

« révertants » exprimant une seule des trois isoformes de la gal-9 sous le contrôle d’un 

promoteur inductible, à partir des clones KO que nous avions généré, et à l’aide de lentivirus. 

La lignée MB49 exprime normalement les isoformes L et M. La surexpression de ces 

isoformes, ainsi que de l’isoforme S dans les « révertants », n’est pas associée à des 

différences phénotypiques notables in vitro. Nous avons tenté de réaliser des expériences in 

vivo à partir de ces « révertants » en suivant le même schéma expérimental que celui 

présenté dans l’article 2, mais en ajoutant ou non la doxycycline à l’alimentation des souris. 

Nous avons pu confirmer que cette dernière permet d’induire l’expression de nos transgènes 

dans les tumeurs. Malheureusement, nous n’avons pas pu poursuivre l’étude au-delà de 2 

cycles de croissance. En effet, les souris traitées à la doxycycline présentent une décroissance 

tumorale même en présence du transgène codant pour la gal-9. Cela pourrait être dû à des 

effets non mesurés de la doxycycline. Nous pensons aussi que l’expression de la mCherry, 

également induite par la doxycycline, a pu impacter l’immunogénicité des cellules transduites. 

Même si ces « révertants » ne semblent pas adaptés pour la poursuite d’analyses in vivo, ils 

pourront toutefois être employés dans plusieurs expériences in vitro. Il serait par exemple 

intéressant vérifier si une des isoformes altère préférentiellement le phénomène d’inhibition 

de la signalisation induite par l’IFN-γ. Nous nous intéressons également à de potentielles 

différences de localisation, dans la cellule, dépendantes de l’isoforme. 
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Transposition de l’étude au modèle CT26 

Comme mentionné précédemment, l’invalidation du gène de la gal-9 a été réalisée sur deux 

lignées cellulaires : MB49 et CT26. Des études in vitro et in vivo ont également été réalisées 

sur cette deuxième lignée. Les résultats, différents de ceux obtenus pour MB49, ne font pas 

partie de l’article 2. 

L’invalidation du gène LGALS9 induit un changement notable des propriétés d’adhésion des 

cellules CT26 en culture. Celles-ci, normalement bien adhérentes et d’aspect fibroblastiques, 

prennent un aspect sphérique en l’absence de gal-9. Nous avons réalisé une analyse RNAseq 

sur ces cellules in vitro. Contrairement à l’étude portant sur MB49 et ses différents clones, ici 

les clones CT26 KO-gal-9 présentaient plusieurs gènes différentiellement exprimés par 

rapport à la lignée parentale et aux clones Ctrl. Plusieurs d’entre eux étaient associés à une 

transition épithélio-mésenchymateuse d’après une analyse Msig. Les expériences 

complémentaires que nous avons réalisées n’ont toutefois pas permis de mettre en évidence 

une augmentation des protéines SNAIL, SLUG, TWIST2 ou ZEB, qui aurait pu confirmer cette 

hypothèse. Il n’en reste pas moins que la perte de la gal-9 induit dans la lignée CT26 une 

perte d’adhésion au support de culture et augmente peut-être ainsi significativement leur 

mobilité. Ce dernier point sera à investiguer. Malgré ce phénotype, les cellules KO-gal-9 ne 

présentent pas de baisse de viabilité ou de potentiel prolifératif par rapport aux cellules WT. 

Nous avons également réalisé des expériences de croissance in vivo, sur des souris 

syngéniques. Ni les expériences de suivi sur individu unique, ni les expériences de 

transplantations itératives n’ont permis d’observer de différences de vitesse de croissance 

entre les tumeurs CT26 WT et KO-gal-9. Cette différence avec la lignée MB49 est 

probablement liée à leur origine cellulaire distincte. Ainsi, on observe, dès l’étape de culture 

in vitro, des différences importantes en réponse à l’invalidation du gène entre ces deux 

lignées. On peut imaginer que ces différences se manifestent encore davantage au cours de 

la formation de la tumeur. On sait par exemple que les tumeurs CT26 se développent en 

formant une masse tumorale dense alors que les tumeurs MB49 ont tendance à former des 

structures polarisées avec des cellules de plus petite taille à la périphérie des nodules. Cela va 

parfois jusqu’à la formation de kystes liquidiens au centre des tumeurs. Etant conscient du 

rôle que peut jouer la gal-9 dans le maintien des interactions cellule-cellule et 
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potentiellement cellule-matrice, il est possible que ces différences d’architectures influencent 

la réponse à la perte d’expression de cette protéine. Enfin, il est également possible que la 

balance entre effets pro- et anti-tumoraux soient nulles dans les cellules CT26, et que 

l’invalidation de la gal-9 ne permette donc pas de mesurer de différences avec les cellules WT. 

Enfin, comme mentionné dans l’introduction, les souris C57BL/6, desquelles dérive la lignée 

MB49, et les souris BALB/c, desquelles dérive la lignée CT26, ne présentent pas le même 

profil immunologique. Ces différences pourraient également justifier l’absence d’effets 

observés. 

 

II- Discussion en rapport avec l’objectif 3 

La 3e partie des résultats de ma thèse, se rattache au domaine de la recherche 

translationnelle. L’objectif de ces travaux consistait à caractériser deux anticorps 

monoclonaux anti-gal-9, GalNab-1 et GalNab-2, produits par l’équipe. Cette caractérisation 

comprenait un volet in vitro dans lequel je me suis investi. Il s’agissait pour moi d’effectuer 

des expériences de neutralisation des effets de la gal-9 sur des cellules en culture. En 

complément d’autres analyses, comme la caractérisation des épitopes cibles et le séquençage 

des régions variables, ces résultats ont fait l’objet d’une publication en 2018 (article 1). Le 

deuxième volet de ces travaux sur les anticorps anti-gal-9 avait pour but la mise en place 

d’un modèle murin permettant d’évaluer le potentiel thérapeutique anti-tumoral de ces 

anticorps in vivo. Ces études in vivo ne sont pas encore achevées. Les résultats obtenus 

jusqu’ici n’ont pas été rapportés dans la section résultats. Cependant, ils feront l’objet de 

quelques commentaires à la fin de ce chapitre. 

 

Caractérisation des anticorps monoclonaux anti-gal-9 in vitro 

Les résultats publiés dans notre article (Lhuillier et al., 2018 ; PlosOne) démontrent, entre 

autres, la capacité de ces anticorps à neutraliser efficacement l’apoptose des LT CD4+ 

humains déclenchée par l’addition de gal-9 exogène. Ils démontrent également leur capacité 

à neutraliser, au moins partiellement, l’effet de la gal-9 sur l’expansion de sous-populations 

productrices d’IFN-γ et d’Il-2. Bien qu’il reste encore à vérifier si leur action neutralisante 
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s’observe sur d’autres types cellulaires sensibles à la gal-9, comme les cellules NK ou les 

macrophages, ces anticorps semblent déjà apparaître comme candidats pour un possible 

développement thérapeutique. 

Cette étude met également en exergue des différences fonctionnelles entre les deux 

anticorps. Ces différences se manifestent dans les expériences réalisées sur la lignée cellulaire 

Jurkat, une lignée de leucémie T humaine. GalNab-2 neutralise l’apoptose et la mobilisation 

calcique induite par la gal-9 dans les cellules Jurkat alors que GalNab-1 neutralise moins bien 

l’apoptose et augmente l’exposition des phosphatidylsérines et la mobilisation calcique 

induites par la gal-9. Les différences entre ces 2 anticorps se manifestent également dans les 

tests d’interactions. Dans ces expériences, bien que l’affinité de GalNab-1 et GalNab-2 pour la 

gal-9 soit similaire, le premier s’associe et se dissocie plus rapidement de la gal-9 que le 

second. Ces différences nous ont incités à privilégier l’emploi de l’anticorps GalNab-2 dans 

les études menées in vivo. Enfin, cet article met en évidence la capacité de ces anticorps, 

produits chez la souris à partir de gal-9 recombinante humaine, à reconnaître également la 

gal-9 murine. Cette caractéristique a rendu possible leur emploi dans des modèles d’études 

pré-cliniques dont nous allons maintenant discuter. 

 

Quelques commentaires sur la caractérisation in vivo des anticorps anti-gal-9 

Le choix des lignées tumorales murines testées pour l’évaluation pré-clinique des anticorps 

s’est porté sur des lignées exprimant un niveau important de gal-9. Nous nous sommes donc 

arrêtés sur les lignées CT26 (carcinome colique murin de fonds génétique BALB/c) et MB49 

(carcinome vésical murin de fond génétique C57BL/6). Ces expériences ont été menées en 

collaboration étroite avec des compagnies de biotechnologie qui avaient pris en charge 

l’humanisation de ces anticorps, notamment Gal-Nab2. Ces compagnies ont souhaité que 

l’évaluation des anticorps sur les lignées tumorales murines soit réalisée avec la version 

humanisée de Gal-Nab2. Ce choix s’explique par le souhait d’une transition aussi rapide que 

possible vers l’application chez l’homme. Du point de vue de la qualité des expériences, il faut 

reconnaître que le choix d’utiliser des anticorps humanisés et non des anticorps murins chez 

la souris complique l’interprétation des résultats. En effet, on peut considérer qu’un anticorps 

humanisé agira moins efficacement chez la souris, notamment parce que les anticorps 
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humains n’interagissent pas efficacement avec les récepteurs Fc (fragments constants) murins. 

Nous devrons garder ces réserves à l’esprit en évoquant les résultats ci-dessous.  

J'ai participé comme investigateur principal ou en collaboration à plusieurs essais de 

traitement systémique par des anticorps anti-Gal-9 pour des souris immunocompétentes 

greffées soit avec des tumeurs MB49 (C57BL/6) soit avec des tumeurs CT26 (BALB/c). Jusqu'à 

présent aucun effet anti-tumoral n'a été observé lors du traitement par ces anticorps, excepté 

un effet discret de ralentissement de la croissance tumorale pour CT26 lors du traitement par 

Gal-Nab2.  Paradoxalement nous n'avons obtenu aucun effet sur les tumeurs MB49 même 

avec des traitements appliqués lors des passages en série alors que les tumeurs MB49 KO-

gal-9 montrent un déficit de croissance au fil des passages. Réciproquement, nous avons 

obtenu un petit effet anti-tumoral avec des anticorps anti-gal-9 dans le modèle CT26 alors 

que l’invalidation de la gal-9 ne change pas la croissance de CT26 même lors des passages en 

série. Ces observations tendent à confirmer le fait que la gal-9 peut avoir des contributions 

différentes à la croissance tumorale suivant qu’elle est extra-cellulaire ou intra-cellulaire.  Les 

anticorps injectés par voie systémique ne sont sensés agir que sur la gal-9 extracellulaire. 

Celle-ci joue peut-être un rôle plus important dans le modèle CT26 que dans le modèle 

MB49. Gardons cependant présent à l'esprit le fait que les conclusions sur les résultats 

obtenus dans MB49 sont hypothéquées par le fait que nous avons employé des anticorps 

humanisés et non des anticorps murins dans ce modèle. 

 

Production de nouveaux anticorps monoclonaux reconnaissant de nouveaux épitopes 

de la gal-9 

GalNab-1 et GalNab-2 ont été générés chez la souris en utilisant la partie C-terminale de la 

gal-9 recombinante humaine. Ces deux anticorps reconnaissent des épitopes très proches. 

Nous nous sommes lancés dans la production de nouveaux anticorps neutralisant en utilisant 

la gal-9S entière chez le rat. Cette approche nous permettra peut-être de produire des 

anticorps qui reconnaissent des épitopes différents. Un avantage supplémentaire concerne 

les anticorps de rats qui possèdent des régions charpentes relativement proches de celles des 

immunoglobulines humaines en termes de séquences peptidiques, ce qui facilitera le 

processus d’humanisation.  
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The considerable progress achieved in the past 10 years 
in the field of tumor biology and therapeutics has 
strengthened the idea that cancer is not only a cellular 
but also a tissue disease. This concept is likely to apply 
to nasopharyngeal carcinoma (NPC), characterized by 
the consistent expression of oncogenic viral proteins in 
a context of inflammation and immune escape (1). In its 
typical undifferentiated form, NPC is constantly associated 
with the Epstein-Barr virus, whose genome is contained in 
the nuclei of all malignant cells, but not in the surrounding 
tissue. Latency is the predominant mode of virus-cell 
interactions, meaning that most viral genes are silent in the 
vast majority of malignant cells. However, a small fraction 
of them are consistently expressed coding a handful of 
viral products, both viral proteins and untranslated RNAs, 
most of them with proven oncogenic properties. The 
inflammatory context of NPC is obvious for pathologists:  
almost all NPC primary tumors are heavily infiltrated by 
non-malignant leucocytes, mainly T-lymphocytes but also B 
lymphocytes, macrophages, dendritic cells and neutrophils. 
This inflammatory infiltration often disappears in metastatic 
lesions. The immune escape is also obvious because of the 
rapid proliferation of malignant cells despite the consistent 
expression of EBNA1, LMP1 and LMP2 which are known 
to be the targets of CD4+ and CD8+ cytotoxic T-cells in 
EBV-carriers. One interpretation of the paradox of tumor 
inflammation combined with tumor immune escape is 
that malignant cells in the primary tumor benefit to some 

extent from the proximity of leucocytes while developing 
mechanisms of immune escape.

High-scale genomic studies have brought evidence that 
the immune escape mechanisms in NPC can be cellular 
intrinsic alterations, for example defects in the expression 
of HLA class I molecules (Lo KW, 17th International 
Symposium on Epstein-Barr virus and associated diseases, 
Zurich, August 2016, abstract EBV2016-1040). These 
alterations are probably the most difficult to deal with for 
the oncologist. However, there is also evidence of a major 
contribution of extra-cellular “micro-environmental” 
immunosuppressive factors. Data from previous studies 
support the role of immunosuppressive proteins either 
secreted in a soluble form or carried by tumor exosomes, 
for example CCL20, galectin-9 or IDO (indoleamine 2, 
3-dioxygenase) (2-4). One recent elegant publication from 
Jiang Li’s group in Guangzhou provides new insight on 
the role of tumor exosomes carrying immunosuppressive 
microRNAs (5) (Figure 1). For the sake of brevity, one can 
distinguish two types of results in this study. Most data 
are based on in vitro experiments. They demonstrate that 
malignant cells mixed with T-cells from healthy donors 
can deliver miR-24-3p to these T-cells using exosomes 
as intercellular carriers. Then it is shown that miR-24-3p 
decreases the proliferation of target T-cells by down-
regulation of FGF11 and subsequent modifications of 
ERK and STAT protein phosphorylation. Simultaneously, 
there is a decrease in the expression of interferon-γ and  
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IL-17 expression in CD4 T-cells suggesting the impairment 
of Th1 and Th17 differentiation. From these data, the 
authors infer that similar interactions are likely to occur in 
the tumor microenvironment where malignant cells are in 
close contact with tumor infiltrating lymphocytes (TILs). 
Other data, based on investigations of serum samples 
or tumor tissue sections, support this inference. First, 
the authors show that the abundance of FGF11 in TILs 
is inversely correlated with the serum concentration of  
miR-24-3p. Later, they show on tumor sections that a 
low abundance of CD4+ and CD8+ TILs correlates with 
a low abundance of FGF11 in TILS (and in malignant 
cells as well). Moreover, a high concentration of exosomal  
miR-24-3p in the serum and a low amount of FGF11 in 
TILs and malignant cells were associated with a shorter 
disease-free survival. A few more experiments demonstrated 
that, at least in vitro, hypoxia enhances the concentration of 
miR-24-3p in tumor exosomes. The data are less consistent 
with regard to regulatory T-cells (T-regs).  Indeed, in vitro 
T-regs’ expansion and Fox-P3 expression were enhanced 
by the uptake of miR-24-3p and FGF11 down-regulation.  
However, in vivo, there was no significant correlation 
between the abundance of Fox-P3-positive cells among 
stromal cells and the depletion of FGF11 in TILs and 

malignant cells. This reminds us that the role of T-regs in 
NPC remains controversial (3,6). 

In terms of methodology, it is important to note that 
almost all in vitro investigations were done using an EBV-
negative malignant epithelial cell line, TW03. This 
approach is likely to have both positive and negative 
consequences. TW03 cells are easier to handle in vitro that 
genuine NPC cells carrying an endogenous EBV genome. 
The authors have largely taken advantage of the ease of 
DNA transfection into these cells to make an intense use 
of microRNA mimics, microRNA sponges and reporter 
assays. However, in many respects, TW03 cells lack several 
major characteristics of NPC cells. For example, NPC cells 
carry on their surface an array of inflammatory molecules 
like HLA class II molecules, CD54 and CD70 which are 
not found on TW03 (1). Moreover, a huge fraction of 
the total microRNAs produced by NPC cells—often as 
much as one sixth or even one third of them—are EBV—
encoded microRNAs of which some might have an impact 
on T-cell functions (7). On the other hand, to a large 
extent, TW03 cells have a phenotype which is reminiscent 
of the phenotype of malignant cells from squamous cell 
carcinomas of the upper aero-digestive tract. Therefore, 
the findings reported by Ye et al. may have applications for 

CD8+ T-cells
Malignant
NPC cells

Tumor-
infiltrating

lymphocytes

Inhibition of FGF11 
expression

Modifications in
Erk and Stat 

phosphorylation

Inhibition of the proliferation 
of conventional T-cells and 
Th1 and Th17 differentiation

CD4+ T-cells

Figure 1 Main steps of the scenario linking the inhibition of the proliferation and differentiation of tumor-infiltrating T-lymphocytes to the 
release of tumor exosomes carrying miR-24-3p in the microenvironment of nasopharyngeal carcinomas. Exosomes carrying miR-24-3p are 
released by malignant NPC cells and up-taken by tumor-infiltrating lymphocytes. The internalization of miR-24-3p in target cells results in 
the downregulation of FGF11 with subsequent modifications in the phosphorylation of Erk and Stat proteins. These signaling events result 
in the inhibition of the proliferation of conventional T-cells (CD4+ and CD8+) and probably impair Th1 and Th17 differentiation. This 
scenario is based on in vitro and in vivo investigations reported by Ye et al. (5).
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non-NPC epithelial malignancies, for example squamous 
carcinomas of the upper aero-digestive tract where hypoxia 
is often highly prevalent.

Tumor immunosuppression is usually a multifactorial 
process. As mentioned previously, other immuno-
suppressive factors, especially proteins are known to 
be released by NPC cells either in a soluble form or 
conveyed by exosomes. Therefore an integrated approach 
will be required to assess the respective contributions to 
the immune evasion of NPCs of the various immuno-
suppress ive  agents ,  regardless  of  their  chemical 
nature, proteins, nucleic acids and probably lipids like 
prostaglandins. It is noteworthy that in virtually all 
experiments reported by Ye et al., the reduction of the 
T-cell proliferation induced by exosomes carrying the  
miR-24-3p did not exceed 20%. Thus, there is ample room 
for potential synchronic or non-synchronic cooperation 
of miR-24-3p with other immunosuppressive factors. In 
future research, one major challenge will be to identify the 
predominant mechanisms of immune suppression for each 
clinical and molecular subtype of NPC or even for a given 
patient, at each stage of his treatment and surveillance. 
NPC clearly is a heterogeneous disease, in terms of growth 
pattern (with either early metastases or predominantly 
local growth), in terms of malignant cell phenotypes (with 
more or less epithelio-mesenchymal transition) or in terms 
of immune “contexture” (variable relative abundance of 
various types of T-lymphocytes, macrophages, NK cells 
and dendritic cells) (1,6,8). Although currently there is no 
consensus on molecular subcategories, it is obvious that the 
NPC malignant phenotypes can be supported by different 
genetic and epigenetic alterations as well as different modes 
of virus-cell interactions, for example a high, low or very 
low level of LMP1 expression (Lo KW, 17th International 
Symposium on Epstein-Barr virus and associated diseases, 
Zurich, august 2016, abstract EBV2016-1040). The work 
published by Ye et al. is also quite exemplary insofar as 
it shows the importance of combining the investigations 
on the tumor tissue with investigations on serum or 
plasma samples (5). One can presume that, in the future, 
the diagnosis of the immune “contexture” and immune 
suppressive mechanisms will rely on tumor tissue analysis 
combined with assays performed on serum or plasma 
factors including microRNAs and proteins like CCL20 and 
galectin-9 (8). 

What are the consequences of the findings reported by 
Ye et al., in terms of therapeutics? One option seems to 
be the use of miR antagonists (antagomiRs or anti-miRs) 

to neutralize plasma miR-24-3p. Vectorization of these 
antagonists to the malignant cells or the tumor-infiltrating 
leucocytes remains a major challenge. Another option is 
to attempt a capture and depletion of tumor exosomes 
using systemic injections of therapeutic antibodies. Because 
exosomes released by endothelial cells or leukocytes are 
very abundant in plasma and many interstitial fluids, it 
will be necessary to use antibodies reacting with molecules 
expressed selectively on the surface of NPC exosomes. 
Some years ago, we made the empirical and surprising 
observation that selective capture of tumor exosomes 
from plasma samples from NPC patients was facilitated 
by the use of anti-HLA class II antibodies (2). Galectin-9 
is another protein present on the surface of NPC tumor 
exosomes (ibid.). Thus, the use of anti-galectin-9 or anti-
HLA II antibodies might play a role in a future strategy of 
NPC exosome capture and depletion.
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Abstract
Nasopharyngeal carcinoma (NPC) is a highly malignant epithelial cancer linked to EBV infection. Addition of
interferon-β (IFNβ) to chemo- and radiochemotherapy has led to survival rates N90% in children and adolescents.
As NPC cells are sensitive to apoptosis via tumor necrosis factor-related apoptosis inducing ligand (TRAIL), we
explored the role of TRAIL and IFNβ in the killing of NPC cells by natural killer (NK) cells. NPC cells, including cells
of a patient-derived xenograft were exposed to NK cells in the presence or absence of IFNβ. NK cells killed NPC-
but not nasoepithelial cells and killing was predominately mediated via TRAIL. Incubation of NK cells with IFNβ
increased cytotoxicity against NPC cells. Concomitant incubation of NK- and NPC cells with IFNβ before coculture
reduced cytotoxicity and could be overcome by blocking the PD-1/PD-L1 axis leading to the release of intracellular
TRAIL from NK cells. In conclusion, combination of IFNβ and anti-PD-1, augmenting cytotoxicity of NK cells against
NPC cells, could be a strategy to improve NPC-directed therapy and warrants further evaluation in vivo.

Translational Oncology (2019) 12, 1237–1256

Introduction
Nasopharyngeal carcinoma (NPC) is a malignant tumor arising from the
surface epithelium of the posterior nasopharynx. Infection by Epstein–
Barr-Virus (EBV), ethnic background and environmental carcinogens play
amajor role in its pathogenesis [1,2]. Survival rates in patientswith localized
disease range between 80% and 90%, and are usually less than 20% in
patients with metastatic disease or relapse [3]. State of the art treatment in
adults consists of radiochemotherapy, usually with doses around 70 Gy to
the primary tumor [4]. In children and adolescents radiochemotherapy is
usually preceded by several blocks of cisplatin-containing chemotherapy
allowing lower dosing of radiotherapy [5–8]. In the studies NPC-93 and -
2001 of the German Society of Pediatric Oncology and Hematology
(GPOH) overall and event-free survival rates N90% have been achieved,
applying radiation doses less than 60 Gy [6,7]. Both protocols are unique
by the fact that neoadjuvant chemotherapy and radiochemotherapy were
followed by a 6 months lasting maintenance period with interferon beta
(IFNβ). The introduction of IFNβ in these protocols was based on a
previous response rate of 26% in patients refractory to conventional
therapy [9,10]. Type 1 interferons, such as IFNα and β have been reported

to display direct and indirect anti-tumor activities [11,12]. Recently, we
were able to demonstrate that IFNβ, at concentrations achievable in
patients, induces apoptosis inNPCcells, including cells of a patient-derived
xenograft [13]. IFNβ induced apoptosis by expressing the death ligand
TRAIL on the surface of NPC cells and the subsequent induction of
apoptosis via an intact TRAIL-receptor signaling pathway. TRAIL is also
expressed on lymphocytic effector cells such as T lymphocytes and NK
cells, and NPC tumors have been shown to be sensitive to cytotoxicity of
EBV-specificT lymphocytes [14,15]. In addition, IFNβhas been shown to
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increase the expression ofTRAIL on lymphocytic effector cells [16,17].On
the other hand, it was recently demonstrated, that IFNβ may upregulate
expression of the negative checkpoint regulator PD-L1 on tumor cells,
thereby possibly downregulating an anti-tumor response [11,12].
Inhibition of the PD-1/PD-L1 interaction has been demonstrated
to be of clinical benefit in the treatment of various tumors, such as
Hodgkin lymphoma and malignant melanoma [18,19]. Both tumors
like NPC are characterized by marked lymphocytic infiltration and
expression of PD-L1. In this paper, we have analyzed the killing of
NPC cells by NK cells and its possible modulation by IFNβ and PD-
1/PD-L1 checkpoint-inhibition.

Materials and Methods

Cell Lines and Culture

Two NPC cell lines and one nasopharyngeal epithelial cell line as a
control were used in this study. The EBV-negative cell line CNE-2

was kindly provided by Prof. Pierre Busson (Gustave Roussy
Institute, Paris, France) [20]. The EBV-positive cell line C666–1
was a gift from Prof. Fei-Fei Liu, University of Toronto, Canada [21].
The SV40T-antigen immortalized nasopharyngeal epithelial cell line
NP69 [22] was obtained from Prof. George Tsao (The Chinese
University of Hong Kong, Hong Kong, China). All cell lines were
cultured as described before [13]. The authenticity of NPC cell lines
(C666–1, CNE-2) and the immortalized nasopharyngeal epithelial
cell line (NP69) was investigated by DNA fingerprinting analysis
using the AmpF/STR Identifiler PCR Amplification Kit (Applied
Biosystem, Foster City, CA, USA) and detected on an ABI Prism
3100 Genetic Analyzer (Applied Biosystems) according to the
manufacturer's protocol. Data were analyzed and allele(s) of each
locus were determined by GeneScan and Gene-Mapper TM ID
Software (Applied Biosystems). STR profiles of NPC cell lines and
the nasopharyngeal epithelial cell line NP69 are as previously
described [13].

B

A

Figure 1. Killing of NPC cells byNK cells. (A) NK cells kill NPC cells starting at an effector:target (E:T) ratio of 3:1.Minor killing of nasoepithelial
cells (NP69) at low E:T ratios. Cytotoxicity assays were performed in quintuplicates coculturing NK cells isolated from healthy donors and target
cells labeledwithcalcein for 4h. Lysis of target cellswasdeterminedbymeasurement of calcein in collectedsupernatantsby anELISA reader. (B)
Bright-field and fluorescence overlay images of NPC cells cocultured with NK cells. NPC cells were stained with Calcein AM, NK cells with
Hoechst 33258. (C) Preincubation ofNKcellswith 100ng/ml anti-TRAIL antibodyor preincubationofNPCcellswith anti-FASantibody, clone ZB4,
inhibits killing of NPC cells by NK cells to 71,42% and 54,29%, respectively. Blocking of both pathways with the respective antibodies reduces
killingofNPCcellsbyNKcells up to90%.Dataarepresentedasmeans±S.E.M.Asterisks indicate statistically significant differencesbetweenall
cell lines in one ratio-group (two-way ANOVA; *P b .05; **P b .01; ***P b .001).
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Patient-Derived Xenograft
The xenograft C17 was established from a patient with an

EBV-positive metastatic NPC by Prof. Pierre Busson, Paris in
nude mice [23]. For the experiments described below, single
cells suspensions were derived from freshly isolated C17
tumor fragments by collagenase cell dispersion. C17 cells were
kept in culture using RPMI1640 Medium (Gibco) supple-
mented with 25 mM HEPES, 7,5% fetal bovine serum
(Gibco) and 100 U/ml penicillin and 100 mg/ml streptomy-
cin (Gibco).

Isolation of Primary Human NK Cells
Human peripheral blood mononuclear cells (PBMC) were purified

from buffy coats of 20 healthy donors using Ficoll–Hypaque
(Biochrom, Berlin, Germany) density gradient centrifugation.
Informed consent was obtained from all donors for the use of buffy
coat cells for research. Positive magnetic selection of CD56+ cells
from PBMCs was performed according to the manufacturer's
instructions (Miltenyi; Bergisch Gladbach, Germany). Purified NK
cells were cultivated in RPMI1640 medium supplemented with 10%
FCS and 100 U/ml penicillin and 100 mg/ml streptomycin (Gibco).

C

Figure 1. (continued.)
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Reagents
Human recombinant interferon beta (IFNβ) was obtained from

R&D System (NY, USA). The primary mouse monoclonal antibody
against TRAIL, clone 2E5 was purchased from Enzo Life Science
(Paris, France). The caspase inhibitors: Z-VAD-fmk, Z-IETD-fmk
and Z-DEVD-fmk and primary mouse monoclonal antibody against
PD-1, clone 913,429 were obtained from R&D System (Wiesbaden,
Germany). The primary mouse monoclonal antibody against FAS

Ligand, clone NOK-1, was purchased from Abcam (Cambridge,
UK). Anti-FAS antibody, clone ZB4, was obtained from Millipore
(California, USA), anti-human B7-H1/PD-L1 monoclonal antibody,
clone 130,021, and anti-human B7-DC/PD-L2 antibody, clone
176,611, were obtained from R&D System (Minneapolis, USA). To
assess TRAIL- and FAS Ligand-mediated cytotoxicity, we used freshly
eluted GST-TRAIL fusion protein, produced as described before [24]
and FAS Ligand obtained from Enzo Life Science (Paris, France).

NK+IFNβ:NPC : 6:1

A
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Interferon-β Treatment
To analyze the effect of IFNβ on the killing of NPC cells by NK

cells, effector cells, target cells or both were incubated with IFNβ as
indicated. NK cells, growing in suspension, were seeded at 1 x 106

cells/ml and treated with various concentration of IFNβ (0–1,000 U/
ml) for 24 h. NPC cells were cultured to 70–80% confluence and
treated in the presence or absence of 1,000 U/ml IFNβ for 24 h.
Treated and untreated cells were evaluated for surface expression of
NK cell ligands as well as PD-1, PD-L1 and PD-L2 by flow
cytometry. Sensitivity of NPC cells to NK-cell mediated lysis was
measured by calcein release assay.

Calcein Release Assay
Calcein-acetoxymethyl (Calcein-AM) is proved to be specific and

sensitive for the detection and tracking of apoptosis in living cells
[25,26]. The acetoxymethyl ester of calcein is a lipid-soluble
fluorogenic diester that passively crosses the cell membrane in an
electrically neutral form, then being converted by intracellular
esterases, which are active only in living cells, into the negatively
charged, green fluorescent calcein. The fluorescence based calcein-
AM release assay was used here to assess NK cell-induced cytotoxicity.
NPC cells were washed and resuspended in 15 μM calcein-AM

(Thermo Fisher; Eugene, USA) for 30 min at 37 °C, before co-
incubation with NK cells at different effector to target (E:T) ratios
(50:1, 25:1, 12,5:1, 6:1, 3:1, 0:1) for 4 h at 37 °C. 4% Triton
(Merck; Darmstadt, Germany) was added to ensure maximum calcein
release in controls. After centrifugation, cell free supernatant was
transferred to a Cellcarrier Plate (Sarstedt; Nümbrecht, Germany) to
measure relative fluorescence units (RFU) using the spectrophotom-
eter (TECAN Infinite 200 Pro, Tecan, Männedorf, Switzerland). The
percentage of specific lysis was calculated as follows: ((RFU value in
respective treatment − RFU value in control (spontaneous release))/
(RFU value Triton (maximum release) − RFU value in control
(spontaneous release)) × 100).

Analysis of NK Cell Cytotoxicity
NPC cells were incubated with the following caspase inhibitors for

1 h prior to adding NK cells: Pan-caspase-inhibitor Z-VAD-fmk (10
μM), caspase-8-inhibitor Z-IETD-fmk (10 μM) and caspase-3-
inhibitor Z-DEVD-fmk (10 μM). To analyze the contribution of
death ligands in NK cell-mediated killing, NK cells were incubated
with the blocking anti-TRAIL mAb, clone 2E5 (100 ng/ml) and
NPC cells were incubated with the anti-FAS antibody, clone ZB4
mAb (100 ng/ml); cells were pretreated for 1 h with the respective

Figure 2. (continued.)

Figure 2. IFNβ augments killing of NPC cells by NK cells predominately via TRAIL. (A) Killing of NPC cells by NK cells starts at an E:T
ratio of 3:1 and is markedly enhanced by preincubation of NK cells with IFNβ (1,000 U/ml) for 24 h. Minor killing of nasoepithelial cells
(NP69) at low E:T ratios. Target cells were labeled with calcein, plated in a 96-well plate and incubated with NK cells for 4 h at the indicated
E:T ratios. Lysis of target cells was determined by measurement of calcein in collected supernatants by an ELISA reader. (B) Bright-field
and fluorescence overlay images of NPC cells cocultured with NK cells treated with or without 1,000 U/ml IFNβ for 24 h. NPC cells were
stained with Calcein AM, NK cells with Hoechst 33258. (C) Increase in the cytotoxicity of NK cells after treatment with IFNβ against NPC
cells is predominately mediated by the TRAIL signaling pathway. NK cells pretreated with IFNβwere incubated with a blocking anti-TRAIL
antibody before coculture with NPC cells, and/or NPC cells and nasopepithelial cells NP69 were treated with the FAS-blocking mAb for 1 h
before coculture. NPC lysis was then measured as before via calcein release assay. Data are presented as means ± S.E.M. Asterisks
indicate statistically significant differences between all cell lines in one ratio-group (two-way ANOVA; *P b .05; **P b .01; ***P b .001).
D) IFNβ increases surface expression of TRAIL on NK cells. Only minor upregulation of FASL was observed. TRAIL and FASL surface
expression were measured by flow cytometry 24 h after incubation of NK cells with 1000 U/ml IFNβ. (E) Addition of recombinant TRAIL to
cocultures of unstimulated NK cells and NPC cells augments killing of NPC cells to a similar extent as by NK cells pretreated with IFNβ.
Cytotoxicity assays were performed in quintuplicates using the calcein release assay. (F) Transfection of NPC cells with TRAIL-receptor 1
and− 2 siRNA blocks killing of NPC cells by IFNβ-stimulated NK cells. Data are presented as means ± S.E.M. Asterisks indicate
statistically significant differences between all cell lines in one ratio-group (two-way ANOVA; *P b .05; **P b .01; ***P b .001).
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antibodies before coculture. In some experiments, NK cells were
pretreated with 2.5 μg/ml conconavalin A (ConA; Sigma, St. Louis/
USA) for 2 h to inactivate the perforin/granzyme B pathway. For
inhibition of the PD-1/PD-L1/2 checkpoint NK cells were incubated
with the PD-1 inhibitor nivolumab (Bristol-Myers; Anagni, Italien)
for 1 h prior to coculture with NPC cells. Cytotoxicity was
determined via calcein release assay as described above.

Flow Cytometry
NPC and NK cells were suspended at a density of 1 x 106 cells in

500 μl of medium. Where indicated cells had been pretreated with
IFNβ at 1,000 U/ml for 24 h. For analysis of surface expression of
death effectors NPC cells were incubated with the following anti-
human monoclonal antibodies: anti-TRAIL (5 μl), anti-TRAIL
receptor 1 (5 μl), anti-Trail receptor 2 (5 μl), anti-FASL (5 μl). For

NK+IFNβ:NPC : 6:1

C

Figure 2. (continued.)
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analysis of surface expression of checkpoint modulators, NPC and
NK cells were incubated with anti-PD-1 (10 μl), anti-PD-L1 (10 μl)
and anti-PD-L2 (10 μl) antibody. Incubation with primary
antibodies was 1 h on ice. All cells were also stained with their
corresponding isotype-matched control monoclonal antibodies. After
washing in PBS three times (5 min each), APC-conjugated goat-anti-
mouse antibody (1:200) was added to the cell suspensions and
incubated for 1 h on ice. Subsequent to rinsing in PBS, samples were
analyzed by flow cytometry. Data were analyzed by the FlowJo
software (FlowJo LLC, Ashland, USA). Three independent experi-
ments were performed for each assay.

RNA Extraction
Total RNA was isolated from C666–1, CNE-2, C17, NP69 and NK

cells treated with 1,000 U/ml IFNβ for 0 h (control), 6 h or 24 h using
the Maxwell RSC Simply RNA Tissue kit (Promega, Mannheim,
Germany) according to the manufacturer's instructions. RNA quality
was evaluated using the Agilent 4200 Tape Station (RNA screen tape
assay) (Agilent, Santa Clara, USA) and quantification was performed
using the Quantus Fluorometer (Promega).

RNA Library Construction and Sequencing
Libraries were generated from 1 μg of total RNA with the TrueSeq

Stranded Total RNA Library Prep Kit (Illumina, San Diego, USA)
and Ribo-Zero Gold Kit (Illumina) as described by the manufacturer.
Quality and quantity of the RNA libraries were assessed using the
4200 Tape Station (D1000 screen tape assay) and the Quantus

Fluorometer, respectively. The libraries were run on an Illumina
NextSeq500 platform using the High Output 150 cycles Kit (2 x 76
cycles, paired-end reads, single index) (Illumina) resulting in 101.5 M
reads per sample in average. Data were analyzed with an inhouse
pipeline embedded in the workflow management system of the Quick
NGS-environment [27].

Confocal Microscopy
NK cells were allowed to settle onto poly-L-lysine (Sigma) -coated

coverslips for 15 min. Cells were then fixed with 4% paraformalde-
hyde (Sigma) and incubated with monoclonal antibody recognizing
TRAIL (Alexis Biochemicals, San Diego, CA, USA; 1:200) for 60
min in PBS containing 0.1% Tween 20 and 5 mg/ml BSA (PBST/
BSA) followed by 30 min incubation with Alexa Fluor™ 488-
conjugated anti-mouse IgG (Invitrogen, Carlsbad, CA, USA; 1:200
in PBST/BSA). The nuclear marker Hoechst 33258 was added for 10
min. Samples were mounted between slide and coverslip in gel
mounting medium (Sigma) and analyzed on a confocal microscope
LSM 510 laser scanning confocal/Confocor 2 microscope (Zeiss,
Jena, Germany) using a 40 x DIC oil immersion objective and LSM
510 software; acquired images were imported into ImageJ (National
Institute of Health; http://rsbweb.nih.gov/ij/).

Determination of sTRAIL Serum Levels
Supernatants from NK cells after stimulation with 1,000 U/ml

IFNβ for 24 h, incubated with or without the anti-PD-1 inhibitor

Figure 2. (continued.)
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nivolumab at 10 μg/ml for 1 h, and then cocultured or not for 4 h
with C666–1 cells either pretreated or not with 1,000 U/ml IFNβ for
24 h, were measured using a commercial ELISA kit (R&D Systems,

Minneapolis, USA) according to the manufacturer's instructions.
Briefly, 100 μl of each sample and standards were tested in triplicates.
After 1 h incubation and plate washing, 100 μl of HRP substrate was

NK:NPC 6:1

E

F

Figure 2. (continued.)
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added to each well. After further incubation for 1 h and washing the
plate, 100 μl TMP substrate solution was added to each well followed
by stop solution. Absorbance was read in a microplate reader at 450
nm. Samples were diluted, as necessary, for the absorbance (450 nm)
to fall within the range of the standard curve. Final results were given
as pg/ml.

Transfection of siRNA
Cells were seeded at 105 cells/well in 24 well plates. When the

cells reached about 75%–85% confluency, culture medium was
aspirated, cells washed with PBS, followed by transfection with
Lipofectamine (Invitrogen, Carlsbad, CA, USA) of siRNA against
TRAIL, TRAIL-receptor-1, TRAIL-receptor-2 or scrambled
siRNA. After 16 h the transfection mix was replaced with normal
growth medium and the cells were incubated with NK cells, 1,000
U/ml IFNβ, or 100 ng/ml recombinant TRAIL for the indicated
time periods. Transfection efficiency was monitored by measuring

surface expression of TRAIL or TRAIL-receptor 1 and − 2 by flow
cytometry. Three independent experiments were performed for each
assay.

Cell Cycle Analysis
Propidium-iodide staining of nuclei was used for cell cycle analysis

as described before [13].

Statistical Analysis
Data are represented as a mean ± S.E. Each set of data represents

the mean from at least three independent experiments conducted in
quintuplicates for calcein release assays and triplicates for flow
cytometric analyses. Differences between groups were examined for
significant differences by two-way ANOVA. The level of statistical
significances was set at P b .05.

A

Figure 3. Preincubation of NPC cells with IFNβ decreases the cytotoxicity of IFNβ-pretreated NK cells. (A) Preincubation of NPC
cells with IFNβ increases their sensitivity to cytotoxicity by recombinant TRAIL. NPC cells were incubated with 1,000 U/ml IFNβ for 24 h
and then treated with recombinant TRAIL at 0, 0.1, 1 or 2 μg/ml for 4 h. Cytotoxicity was measured by the calcein release assay as
described before. (B) Pretreatment of NPC cells with IFNβ reduced their sensitivity against lysis by NK cells activated with IFNβ. NK and
NPC cells were incubated in the presence or absence of IFNβ (1,000 U/ml) for 24 h. Cells were then washed and cocultured at the
indicated E:T ratios for 4 h. Cytotoxicity assays were performed in quintuplicates using the calcein release assay. Data are presented as
means ± S.E.M. Asterisks indicate statistically significant differences between all cell lines in one ratio-group (two-way ANOVA; *P b .05;
**P b .01; ***P b .001).
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Results

NK Cells Kill NPC Cells

In a first experiment, we tested whether NK cells showed cytotoxic
activity against NPC cells. NPC cells, labeled with calcein, were
incubated with NK cells at increasing effector/target (E:T) ratios

(0:1–50:1) for 4 h. The concentration of calcein in the supernatant
was then measured as a marker for NPC cytotoxicity. NK cells
induced high level of calcein release in an E:T ratio-dependent
manner in both NPC cell lines and PDX cells C17. In contrast, only
low calcein release was observed in the nasopharyngeal epithelial cell
line NP69. Even at a low effector/target ratio of 6:1, 35.78 ± 2.13%

B

Figure 3. (continued.)
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of cells of NPC cell line CNE-2, 30.21 ± 3.80% of cell line C666–1
and 30.69 ± 2.95% of PDX cells C17 were lysed by NK cells,
whereas cytotoxicity in nasoepithelial cells NP69 was 5.33 ± 3.01%
(Figure 1, A and B). The same pattern of cytotoxicity was observed
using NK cells from different healthy donors (n = 20). In summary,
these results suggest that human primary NK cells can effectively kill
NPC cells.
NK cells use two different pathways to eliminate target cells, a

granule-dependent (perforin/granzyme-mediated) and a granule-
independent (death ligand-mediated) mechanism [28]. The latter is
executed by the death ligands TRAIL and FAS Ligand (FASL)
expressed on the surface of NK cells which upon binding to their
respective receptors on target cells can induce apoptosis [29]. As we
have previously shown that NPC cells bear receptors for TRAIL and
exogenous TRAIL is able to induce apoptosis in NPC cells [13], we
asked whether and to what extent the induction of cytotoxicity in
NPC cells by NK cells was mediated by TRAIL. Therefore, NK cells
were incubated with an inhibiting anti-TRAIL antibody for 1 h prior
to coculture with NPC cells; similarly, to study involvement of the
FASL/FAS pathway in the cytotoxicity of NK cells, NPC cells were
incubated with a FAS blocking antibody 1 h prior to coincubation
with NK cells. As shown in Figure 1C, killing of NPC cells by NK
cells was inhibited by 57.5% to 71.42% with anti-TRAIL- and
42.2% to 54.29% with anti-FAS antibody. Blocking of both
pathways with the respective antibodies reduced killing of NPC
cells by NK cells up to 90%. Killing of NPC cells by granule-
dependent cytotoxicity therefore appears to occur only to a minor
extent which was supported by the observation that pretreatment of
NK cells with the granzyme B inhibitor ConA only weakly inhibited
NK cytotoxicity against NPC cells (Supplemental Figure 1). In
addition, incubation of NPC cells with different caspase-inhibitors
prior to coincubation with NK cells shows that blockade of caspase-8
which plays as major role in the induction of apoptosis after activation
of death receptors but not granzyme B, reduces calcein-release of
NPC cells (Supplemental Figure 2). The effect was observed in all
NPC cell lines as well as PDX cells but not in nasoepithelial cells. This
data suggests that NK cell-induced cytotoxicity against NPC cells is
predominately mediated by death ligands TRAIL and FASL, and only
to a small extent by the perforin/granzyme system.

Treatment of NK Cells With IFNβ Augments Killing of NPC
Cells Predominately via TRAIL
As type-I interferons are known to upregulate expression of TRAIL

on lymphocytes [16], we wondered whether preincubation of NK
cells with IFNβ would increase their killing activity against NPC cells.
Therefore, NK cells were treated with various concentrations of IFNβ

(0–1,000 U/ml) for 24 h and then coincubated with NPC cells at
different E:T ratios. The upper concentration of 1,000 U/ml was
chosen, as this was the highest concentration measured in patients
treated with IFNβ for multiple sclerosis [30,31]. The experiment
shows that preincubation of NK cells with IFNβ significantly
increased NK killing of all NPC cells in a dose-dependent manner. At
an IFNβ concentration of 1,000 U/ml, calcein release increased from
about 40% to approximately 90% and from 40% to 80% in the two
NPC cell lines and PDX cells, respectively, whereas no significant
change was observed in nasoepithelial cells NP69 (Figure 2, A and B).
We then investigated whether the augmentation of NK cell

cytotoxicity depended on the death ligand pathways (TRAIL and/or
FASL) or the perforin/granzyme B system. NK cells pretreated with
IFNβ were incubated with a blocking anti-TRAIL antibody before
coculture with NPC cells, and/or NPC cells and nasoepithelial cells
NP69 were treated with the FAS-blocking mAb for 1 h before
coculture. Additionally, NK cells pretreated with IFNβ were either
incubated for 1 h with ConA or fixed with paraformaldehyde to block
granzyme B activity. NPC lysis was then measured via the calcein
release assay as before. The results demonstrate that the increase in the
cytotoxicity of NK cells after treatment with IFNβ against NPC cells
is predominately mediated by the TRAIL signaling pathway and to a
smaller extent by the FASL/FAS signaling pathway (Figure 2C). IFNβ
did not augment killing via granzyme B/perforin. (Supplemental
Figure 3, A and B).

We next asked the question whether the increased killing of NPC
cells by NK cells pretreated with IFNβ is due to an increased
expression of TRAIL and FASL by IFNβ. As shown in Figure 2D and
Supplemental Figure 4, IFNβ upregulated expression of TRAIL and
to a minor extent of FASL on NK cells after an incubation of 24 h.
Addition of recombinant TRAIL to cocultures of unstimulated NK
cells and NPC cells increased cytotoxicity against NPC cells to a
similar extent as pretreatment of NK cells with IFNβ indicating that
on engagement of unstimulated NK cells with NPC cells only a part
of TRAIL receptors on NPC cells were saturated and that adding
TRAIL either externally as recombinant molecule or by IFNβ-
stimulated NK cells leads to a dose-dependent increase in NPC killing
(Figure 2E). Recombinant FASL added to cocultures of unstimulated
NK cells and NPC cells increased cytotoxicity of NK cells against
NPC cells only to a small amount (Supplemental Figure 5).

In order to confirm that TRAIL signaling plays a key role in the
cytotoxicity of NK cells toward NPC cells, especially in the setting of
IFNβ-pretreated NK cells, TRAIL-receptor 1 and− 2 expression in
target cells was silenced by specific siRNA before coincubation with
NK cells. The efficiency of siRNA-knock down was monitored by
measuring apoptosis after treatment with recombinant TRAIL via

Table 1. IFNβ upregulates PD-L1 mRNA expression in NPC cell lines and PDX cells

Molecule C666-1 CNE-2 C17 NP69

Control 6h IFNβ 24h IFNβ Control 6h IFNβ 24h IFNβ Control 6h IFNβ 24h IFNβ Control 6h IFNβ 24h IFNβ

PD-1 0 0 0.010 0 0.019 0 0 0 0 0.031 0 0
PD-L1 0.040 0.220 0.240 0.060 0.630 0.450 0.160 O.267 0.102 1.250 3.620 0.700
PD-L2 0.030 0.080 0.030 0.110 0.210 0.330 0.308 0.420 0.210 0.450 1.050 0.740
CTLA-4 0 0 0 0 0 0 0.097 0.064 0.073 0 0 0
CD80 3.900 3.730 3.040 0.040 0.037 0.030 0.238 0.269 0.217 0.050 0.080 0.180
CD86 0.007 0.011 0.013 0.006 0.005 0.003 0.098 0.096 0.152 0.001 0.001 0.002

Values are given as TPM (transcripts per kilobase million). mRNA expression was analyzed by RNAseq before, 6 h and 24 h after incubation with 1,000 U/ml IFNβ.
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flow cytometry (Supplementary Figure 6). As shown in Figure 2F,
transfection of NPC cells with TRAIL-receptor siRNA against
TRAIL-receptors but not scr-RNA (nontarget) reduced killing by
IFNβ-stimulated NK cells. These results indicate that the cytotoxicity
of IFNβ-stimulated NK cells against NPC cells predominately
depends on the activation of the TRAIL-signaling pathway.

Pretreatment of NPC Cells with IFNβDecreases Their
Sensitivity to Lysis by IFNβ-Activated NK Cells

We next asked the question whether preincubation of NPC cells with
IFNβ would further increase the cytotoxicity of IFNβ-pretreated NK
cells. In a first experiment NPC cells were incubated IFNβ (1,000 U/ml)
for 24 h and then exposed to different concentrations of recombinant
TRAIL. As shown in Figure 3A pretreatment of NPC but not
nasoepithelial cells with IFNβ increased their sensitivity to TRAIL-
mediated killing. Also, NPC cells pretreated with IFNβ were more
sensitive to killing by non-stimulatedNKcells than untreated cells (Figure
3B). In contrast, pretreatment of NPC cells with IFNβ reduced their
sensitivity against lysis by NK cells activated with IFNβ (Figure 3B).

IFNβ Leads to Activation of Inhibitory Checkpoints
As pretreatment with IFNβ of either NK cells or NPC cells

increased the sensitivity of NPC cells to NK cell cytotoxicity, but
incubation of both cell populations with IFNβ had a smaller effect on
NPC lysis than exclusive pretreatment of NK cells with IFNβ, we
asked whether IFNβ would impair killing by upregulation of
inhibitory checkpoint molecules on both NK and NPC cells. As
the PD-1/PD-L1/2 and CTLA-4/B7 checkpoints are amenable to
pharmaceutical intervention [32], we focused on the expression of
these molecules on NK and NPC cells and their possible modulation
by IFNβ. Table 1 shows RNA expression by RNAseq of the
checkpoint members above in NPC cell lines before, 6 h and 24 h
after incubation with IFNβ. Whereas IFNβ did not modulate mRNA
expression of the CTLA-4 members, it upregulated mRNA
expression of PD-L1, and to a smaller extent of PD-L2 in all NPC
cell lines and PDX cells. Increased expression of PD-L1 but not PD-
L2 after incubation of NPC cells with IFNβ was also seen on the cell
surface using flow cytometry (Figure 4A). No surface expression of
PD-1 was observed in NPC cells, either untreated or treated with
IFNβ. In addition, unstimulated NK cells weakly expressed PD-1

A

Figure 4. IFNβ activates the PD-L1/PD-1 checkpoint. (A) IFNβ induces surface expression of PD-L1 but not PD-L2 and PD-1 in NPC
cells. PD-L1, PD-L2 and PD-1-expression was measured 24 h after incubation with 1,000 U/ml IFNβ. (B) IFNβ upregulates surface
expression of PD-1 on NK cells. Cells were incubated with 1,000 U/ml IFNβ for 24 h and PD-1, PD-L1, PD-L2 expression was analyzed by
flow cytometry.
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which in contrast to CTLA-4 increased after incubation of cells with
IFNβ as shown by RNAseq and flow cytometry (Table 2, Figure 4B).

Incubation of IFNβ-Pretreated NK Cells With an Anti-PD1
Antibody Increases Their Toxicity Against NPC Cells
Pretreated With IFNβ
Having shown that IFNβ increases expression of PD-1 on NK cells

and PD-L1 on NPC cells, we asked the question whether activation of
the PD-1/PD-L1 checkpoint by IFNβ could explain that pretreat-
ment of NPC cells with IFNβ decreased their sensitivity against
IFNβ-pretreated NK cells and whether blockade of this checkpoint
with an anti-PD-1 antibody could increase killing. To study this,
IFNβ-pretreated NK cells were incubated with the anti-PD-1
antibody nivolumab for 1 h before coculturing them with IFNβ-
pretreated NPC cells. Figure 5A demonstrates that addition of
nivolumab markedly increased sensitivity of IFNβ-pretreated NPC
cells to NK cell lysis, making them more sensitive to lysis by IFNβ-
pretreated NK cells than NPC cells without IFNβ pretreatment.
Nivolumab only slightly increased killing of IFNβ-pretreated NK
cells against untreated NPC cells, of unstimulated NK cells against
IFNβ-pretreated NPC cells and of unstimulated NK cells against
unstimulated NPC cells indicating that marked checkpoint activation

only occurred when both effector and targets were stimulated with
IFNβ (Figure 5A and Supplemental Figure 7). When the experiment
above was repeated in the presence of an anti-TRAIL-, or anti-Fas-
antibody, or in the presence of concanvalin A to block the respective
NK effector pathways, it could be shown that the increased killing
after PD-1 blockade was predominately mediated through TRAIL
(Figure 5B).

PD-1 Blockade Increases the Cytotoxicity of IFNβ-Activated
NK Cells Against IFNβ-Treated NPC Cells by Releasing
Intracellular TRAIL From NK Cells

We then wondered whether the increase of cytotoxicity of IFNβ-
activated NK cells by anti-PD-1 blockade was due to upregulation of
TRAIL. Therefore, TRAIL-surface expression was measured by flow
cytometry in IFNβ-activated NK cells treated with or without
nivolumab. TRAIL surface expression was slightly increased after
nivolumab exposure (Figure 6A). Interestingly, when IFNβ-
pretreated NK cells got cocultured with IFNβ-treated NPC cells,
TRAIL expression was lost in NK cells treated with nivolumab but
not in cells without nivolumab. Similarly, TRAIL expression was
markedly reduced in IFNβ-treated NK cells when cocultured with
untreated NPC cells, suggesting that killing of NPC cells by NK cells

Figure 4. (continued.)
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was associated with decreased surface expression of TRAIL on NK
cells. This was confirmed by confocal microcopy depicting that
TRAIL expression of IFNβ-activated NK cells cocultured with IFNβ-

activated NPC cells got lost when cells were incubated with
nivolumab (Figure 6B). As staining of IFNβ-activated NK cells for
TRAIL was predominately intracytoplasmic, we examined the
concentration of soluble TRAIL (sTRAIL) in the supernatant of
cocultures. As shown in Figure 6C, treatment of IFNβ-activated NK
cells with the anti-PD-1 antibody nivolumab led to a marked increase
of sTRAIL after coculture with IFNβ-activated NPC cells compared
to cells treated without nivolumab. To investigate whether the
increase in sTRAIL was from NK cells or NPC cells, the experiment
was repeated with NPC cells treated or not with siRNA against
TRAIL. No difference was observed in the amount of sTRAIL
measured in the supernatant of cocultures indicating that sTRAIL in
cocultures stemmed from NK cells (Supplemental Figure 8).
Therefore, it can be assumed that the PD-1/PD-L1 interaction
between IFNβ-treated NK- and NPC cells inhibits the release of

Figure 4. (continued.)

Table 2. IFNβ upregulates PD-1 and PD-L1 mRNA expression in NK cells

Molecule NK

Control 6h IFNβ 24h IFNβ

PD-1 0.049 0.244 0.260
PD-L1 0.202 0.963 1.173
PD-L2 0.197 0.220 0.246
CTLA-4 0.093 0.129 0.133
CD80 0.211 0.697 0.591
CD86 0.331 0.207 0.797

Values are given as TPM (transcripts per kilobase million). mRNA expression was analyzed by
RNAseq before, 6 h and 24 h after incubation with 1,000 U/ml IFNβ.
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cytoplasmic TRAIL from NK cells thereby limiting their cytotoxicity.
Upon checkpoint-blockade with anti-PD1 antibody, intracellularly
stored TRAIL gets released from IFNβ-activated NK cells increasing
their cytotoxicity.

Discussion
In this paper we have demonstrated that (1) NK cells effectively kill
NPC cells and that killing occurs predominately via the TRAIL
signaling pathway, that (2) IFNβ increases the cytotoxic activity of

A

Figure 5. Inhibition of PD-1 increases killing of NPC cells by NK cells in the presence of IFNβ. (A) Pretreatment of NK cells with the
PD-1 inhibitor nivolumab leads to a marked increase in killing of NPC cells when effector and targets are both pretreated with IFNβ (1,000
U/ml), as compared when only NK cells are exposed to IFNβ (B) Preincubation of IFNβ-activated and anti-PD1-treated NK cells with anti-
TRAIL antibody (100 ng/ml) inhibits the killing of IFNβ-pretreated NPC cells by 80%. Treatment of IFNβ-activated and anti-PD1-treated NK
cells with Con A or treatment of IFNβ-pretreated NPC cells with an anti-FAS-antibody reduces killing by 15% and 20%, respectively.
Cytotoxicity assays were performed in quintuplicates using the calcein release assay. Data are presented as means ± S.E.M.Asterisks
indicate statistically significant differences between all cell lines in one ratio-group (two-way ANOVA; *P b .05; **P b .01; ***P b .001).
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NK cells against NPC cells, that (3) blocking of the PD-1/PD-L1
checkpoint further increases the killing activity of NK cells against
NPC cells in the presence of IFNβ and that (4) the increased killing
after PD-1/PD-L1 checkpoint blockade is linked to the release of
soluble TRAIL from IFNβ-activated NK cells (Figure 7). Our results
point to a potential clinical benefit of a combination therapy of IFNβ
and PD-1/PD-L1 checkpoint blockade in patients with NPC.

NPC is an immunogenic tumor as the majority of NPC tumors are
characterized by a marked lymphomononuclear infiltrate and
immune effector mechanisms such as the transfer of EBV-specific
T lymphocytes, cytokine-induced killer cells or blockade of the anti-
PD-1/PD-L1 checkpoint can lead to tumor control in patients [33–
36]. We have previously shown that NPC cells in contrast to
nasoepithelial cells have an intact TRAIL signaling pathway and that
exposure of NPC cells to IFNβ induced expression of TRAIL in the
majority of NPC cell lines studied, leading to subsequent activation of
the TRAIL-receptor signaling pathway and apoptosis [13]. TRAIL is
also used by lymphocytic effector cells such as T lymphocytes and NK
cells to induce apoptosis in susceptible target cells [16,37,38]. Using
NK cells from healthy donors, we were able to show that these cells
induce cell death in different NPC cells, including cells of a patient-
derived xenograft. Cell death was predominately induced by TRAIL,
whereas the granzyme B/perforin system played only a minor role in
cytotoxicity.

Incubation of NK cells with IFNβ at concentrations achievable in
patients increased cytotoxicity of NK cells and was mainly mediated
by upregulation of TRAIL expression on NPC cells. Upregulation of

TRAIL expression by type-I-interferons has been shown previously
and the TRAIL promoter has been demonstrated to contain an
interferon-responsive element [16,17,39]. Incubation of NPC cells
with IFNβ also increased their susceptibility to NK cell-mediated
cytotoxicity or exogenous TRAIL. However, preincubation with
IFNβ decreased the sensitivity of NPC cells against IFNβ-activated
NK cells which could be overcome by incubating NK cells with the
anti-PD-1 inhibitor nivolumab. Here, we could demonstrate that
IFNβ increased PD-L1 expression on NPC cells and induced PD-1
expression on NK cells. As in our NPC model, IFNβ has been shown
to upregulate PD-L1 expression in different tissues such as human
macrophages [40], hepatocytes [41], endothelial cells [42] and in
monocytes and dendritic cells of patients with multiple sclerosis [43].
Similar to our observation, induction of PD-1 expression on NK cells
has been described when cells were activated and expanded in vitro
using anti-CD16 antibody and IL-2 [44]. When such activated NK
cells were either cocultured in vitro with PD-L1 expressing myeloma
cells or injected into mice with myeloma xenografts, their cytotoxicity
was enhanced by blockade of the PD-1/PD-L1 checkpoint.
Upregulation of PD-1 and PD-L1 by type I interferons has also
been shown in a melanoma mouse model [45]. Here, targeted
activation of the type I IFN system by poly (I:C) in the
microenvironment of immune cell-poor melanoma in mice, resulted
in cytotoxic immune cell recruitment, upregulation of PD-L1
expression in tumor tissue and increased expression of PD-1 on
peripheral blood CD8 + T-cells. The addition of an anti-PD-1
antibody together with but not without poly (I:C), prolonged survival

B

Figure 5. (continued.)
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of mice, indicating that activation of the type I IFN system as in our
NPC system leads to subsequent functional activation of the PD-L1/
PD-1 immune-inhibitory signaling axis. So far, there has been not

much knowledge how blockade of PD-1 leads to increased
cytotoxicity of NK cells. In T lymphocytes binding of PD-1 by its
ligand PD-L1 or PD-L2 leads to phosphorylation of the PD-1

A

B

Figure 6. PD-1 blockade increases the cytotoxicity of IFNβ-activated NK cells against IFNβ-treated NPC cells by releasing
intracellular TRAIL from NK cells. (A) Surface expression of TRAIL by FACS in IFNβ-activated NK cells treated or not with anti-PD-1
antibody, before or after 4 h coculture with IFNβ-pretreated or untreated NPC cells. Anti-PD-1 treatment leads to loss of TRAIL expression
of IFNβ-activated NK cells when cocultured with IFNβ-pretreated NPC cells. (B) Confocal microscopy depicting predominately
intracytoplasmic staining for TRAIL in IFNβ-activated NK cells. Loss of TRAIL in anti-PD-1-treated and IFNβ-activated NK cells after
coculture with IFNβ-pretreated NPC cells. (C) Soluble TRAIL concentration measured by ELISA. Anti-PD-1 treatment leads to a marked
increase in the concentration of sTRAIL in the supernatant of cocultures of IFNβ-activated NK cells with IFNβ-pretreated NPC cells. Data
are presented as means ± S.E.M. Asterisks indicate statistically significant differences between all cell lines in one ratio-group (two-way
ANOVA; *P b .05; **P b .01; ***P b .001).
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cytoplasmic domain and recruitment of the tyrosine phosphatase
SHP-2, resulting in reduced phosphorylation of TCR signaling
molecules leading to decreased T cell activation and cytokine
production and cytokine release [46]. γδ-T lymphocytes have been
shown to produce and release soluble TRAIL upon activation leading
to apoptosis of lung cancer cells in one model [47]. Based on our
experiments we can postulate that blockade of PD-1 in IFNβ-
activated NK cells leads to the secretion of soluble TRAIL which then
contributes to the killing of TRAIL-susceptible NPC cells.

Our results also suggest that the clinical application of NK cells,
together with IFNβ and PD-1/PD-L1 checkpoint blockade could be

of therapeutic potential in patients with NPC. Over the last years
several clinical trials either with autologous or allogeneic NK cells
have been performed in patients with cancer [48]. Infusion of large
doses of NK cells have been generally shown to be safe [49]. In a
clinical trial involving 10 patients with renal cell carcinoma, the
infusion of autologous NK cells expanded and activated ex vivo with
feeder cells and IL-2, led to a complete and partial remission in 4 and
2 patients, respectively [50]. Tumor responses after the transfer of
autologous NK cells have also been observed in patients with glioma
and breast cancer [51,52]. In the haploidentical setting the transfer of
allogeneic NK cells has been shown to induce complete remissions in

Figure 7. Mechanism of NK killing against NPC. Activation of NK cells by IFNβ induces cytotoxicity against NPC cells through
upregulation of expression of surface and soluble TRAIL by NK cells and subsequent activation of the TRAIL-signaling pathway in NPC
cells. This cytotoxicity is enhanced by blockade of the PD-1/PD-L1 checkpoint. Blockade of PD-1 in IFNβ-activated NK cells increases the
secretion of soluble TRAIL contributing to the killing of TRAIL-susceptible NPC cells.

C

Figure 6. (continued.)
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patients with acute lymphatic and myeloid leukemia, and neuroblas-
toma [53–55]. Transferred NK cells have been shown to persist and
expand in vivo [56,57].

Conclusion
In conclusion, IFNβ augments NK-induced cytotoxicity against
NPC cells through upregulation of TRAIL expression in NK cells and
subsequent activation of the TRAIL-signaling pathway. PD-1
blockade further enhances cytotoxicity of natural killer cells in the
presence of IFNβ toward NPC cells. The presented findings suggest
that the combination of IFNβ with PD-L1/PD-1 blockade could be
of clinical potential in NPC therapy and warrants further studies in
vivo.
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Abstract
Background Nasopharyngeal carcinoma (NPC) is an EBV-associated neoplasm occurring endemically in Southeast Asia 
and sporadically all over the world. In children and adolescents, high cure rates have been obtained using chemotherapy, 
radiochemotherapy and maintenance therapy with interferon beta (IFNβ). The mechanism by which IFNβ contributes to a 
low systemic relapse rate has not yet been fully revealed.
Patients and methods NK cells and serum samples from two patients with NPC were analyzed before and at different time 
points during IFNβ therapy, for assessment of TRAIL expression and NK cell cytotoxicity. Cytotoxicity was measured using 
the calcein release assay and the contribution of different death effector pathways was analyzed using specific inhibitors.
Results Treatment with IFNβ induced TRAIL expression on patients’ NK cells and increased their cytotoxicity against NPC 
targets in vitro. NK cell-mediated cytotoxicity was predominately mediated via TRAIL. IFNβ also induced the production of 
soluble TRAIL (sTRAIL) by NK cells and its release upon contact with NPC cells. IFNβ treatment increased serum levels 
of sTRAIL in patients. Moreover, sTRAIL concentrated from patients’ serum samples induced apoptosis ex vivo in NPC 
cells from a patient-derived xenograft.
Conclusion Increased cytotoxicity of NK cells against NPC cells and increased serum levels of biologically active TRAIL 
in patients treated with IFNβ could be a means to eliminate micrometastatic disease and explain the low systemic relapse 
rate in this patient group.

Keywords Nasopharyngeal carcinoma · Interferon beta · Natural killer cells · Tumor necrosis factor apoptosis-inducing 
ligand · Adolescents · Children

Abbreviations
Calcein-AM  Calcein-acetyoxymethyl
EBV  Epstein–Barr virus
FAS  First apoptosis signal
FASL  FAS ligand
GPOH  German Society of Pediatric Oncology 

and Hematology
IFNα, -β  Interferon alpha, -beta
IFNAR1, -2  Interferon alpha and beta receptor subu-

nit 1, -2
NGS  Next-generation sequencing
NPC  Nasopharyngeal carcinoma
PDX  Patient-derived xenograft
RFU  Relative fluorescence units
sTRAIL  Soluble TRAIL
TRAIL-R1, -R2  TRAIL receptor 1, -2

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s0026 2-019-02368 -y) contains 
supplementary material, which is available to authorized users.

 * Udo Kontny 
 ukontny@ukaachen.de

1 Division of Pediatric Hematology, Oncology and Stem Cell 
Transplantation, Medical Faculty, Rhenish-Westphalian 
Technical University, Pauwelsstraße 30, 52074 Aachen, 
Germany

2 Institute of Pathology, Medical Faculty, Rhenish-Westphalian 
Technical University, Aachen, Germany

3 Interdisciplinary Center for Clinical Research, Medical 
Faculty, Rhenish-Westphalian Technical University, Aachen, 
Germany

4 CNRS, UMR 8126, Gustave Roussy, Université Paris-Saclay, 
94805 Villejuif, France

http://orcid.org/0000-0002-3072-6772
http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-019-02368-y&domain=pdf
https://doi.org/10.1007/s00262-019-02368-y


 Cancer Immunology, Immunotherapy

1 3

Introduction

Nasopharyngeal carcinoma (NPC) is an EBV-associated neo-
plasm mainly occurring in adolescents/young adults and in 
people above 60 years of age [1, 2]. It is endemic in Southeast 
Asia, occurs less frequently in Northern Africa, and is rarely 
seen in Europe and the Americas. Tumors in the endemic 
region and the young age group are usually undifferentiated 
and characterized by a marked lymphomononuclear infiltrate 
[3, 4]. State-of-the-art treatment in adolescents and young 
adults consists of the combination of neoadjuvant chemo-
therapy and radiochemotherapy resulting in 5-year event-free 
survival rates of around 80% in patients with localized disease 
[5–8]. Relapse occurs in about 20% of patients and is almost 
exclusively metastatic. The addition of interferon beta (IFNβ) 
as maintenance therapy has led to event-free survival rates 
above 90% as demonstrated by two prospective multicenter 
studies, NPC-GPOH-91 and NPC-GPOH-2003 [6, 7]. Though 
there is sufficient clinical evidence about the effectiveness of 
IFNβ in the treatment of NPC [6, 7, 9–12], studies explor-
ing the mechanisms of the anti-tumor effects of IFNβ against 
NPC have only started recently. In a first study, we could show 
that IFNβ induces apoptosis in NPC cell lines and cells of 
a patient-derived xenograft at concentrations achievable in 
humans [13]. Apoptosis was dependent on the induction of 
surface expression of the death ligand TRAIL on NPC cells 
and subsequent activation of the TRAIL signaling pathway. 
However, the anti-tumor effect of IFNβ, in general, is not only 
mediated by its direct action on tumor cells but also indirectly 
by activating an anti-tumor immune response [14, 15]. IFNβ 
has been shown to induce TRAIL expression on NK cells [16, 
17]. NK cells play a major role in protecting against tumor 
initiation and metastasis [18–21]. Recently, a higher extent 
of tumor infiltration by NK cells was shown to be associated 
with a better overall and progression-free survival in NPC 
patients [22]. There is evidence that the anti-metastatic effect 
of NK cells is mediated by TRAIL and that this effect can be 
augmented by type I interferons [23, 24]. In a mouse model of 
hepatic metastasis, injection of IFNα into mice led to activa-
tion of liver NK cells and metastasis rejection [25].

In this study, we have analyzed the effects of IFNβ treat-
ment on two NPC patients with regard to the expression of 
TRAIL and its influence on NK cell cytotoxicity.

Materials and methods

Patients

Blood samples from two patients with EBV-positive naso-
pharyngeal carcinoma were used in this study. Patients were 

two 18-year-old females who were coincidentally diagnosed 
with EBV-positive NPC at the same time, which was clas-
sified by histology as nonkeratinizing squamous cell car-
cinoma of undifferentiated subtype in both cases. Both 
patients had locoregional NPC with stage II (T2N1M0) 
in one patient and stage III (T3N1M0) in the other one. 
Patients were treated according to the recommendations 
of the Nasopharyngeal Carcinoma Study Section of the 
German Society of Pediatric Oncology and Hematology 
(GPOH) which propose three cycles of chemotherapy with 
5-fluorouracil and cisplatin, followed by radiochemotherapy 
and then maintenance therapy with IFNβ over 6 months 
[26]. Therapy with IFNβ was started with 3 Mio U of human 
recombinant IFNβ s.c. three times a week for the 1st week, 
and was afterwards increased to 6 Mio U s.c. three times a 
week. Blood samples were drawn at 0 h, 6 h and 24 h on day 
1 of weeks 1, 2 and 4 of maintenance treatment with IFNβ. 
Both patients received recombinant human interferon beta 
1a  (Rebif®, Merck, Darmstadt, Germany). For comparison, 
peripheral blood mononuclear cells (PBMC) from healthy 
volunteers were obtained.

Purification of NK cells

PBMC were obtained from EDTA blood samples by Ficoll 
density gradient centrifugation. NK cells were isolated 
from PBMC by positive magnetic selection of CD56+ cells 
according to the manufacturer’s instructions (Miltenyi, 
Bergisch Gladbach, Germany). Purified NK cells were 
used immediately for flow cytometric analysis, cytotoxic-
ity assays and RNA sequencing. NK cells were held in 
RPMI1640 medium (Gibco, Paisley, UK) supplemented 
with 10% FCS and 100 U/ml penicillin and 100 mg/ml 
streptomycin (Gibco).

Cell lines

The NPC cell line C666-1 and the nasopharyngeal epithe-
lial cell line NP69 were used. C666-1 cells were maintained 
in RPMI1640 medium (Gibco) supplemented with 10% 
fetal bovine serum (Gibco), 100 U/ml penicillin, 100 mg/
ml streptomycin (Gibco), and NP69 cells in keratinocyte 
serum-free medium (Gibco). Cells were cultured in a 
humidified incubator with 95% air and 5%  CO2 at 37 °C. 
Cell line C666-1 expresses FAS and TRAIL-R2, cell line 
NP-69 FAS and TRAIL-R1 as previously shown [13].

Patient‑derived xenograft

The xenograft C17 was established from a patient with an 
EBV-positive metastatic NPC in nude mice [27]. For the 
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experiment described, single cells suspensions were derived 
from freshly isolated C17 tumor fragments as described before 
[13]. C17 cells express FAS and TRAIL-R2 as reported previ-
ously [13].

Animal studies

Swiss nude mice were bred in the animal facility at Gustave 
Roussy and housed in pathogen-free conditions in filter cap 
cages holding a maximum of five animals with irradiated 
aspen chip bedding and cotton fiber nesting material. They 
were maintained on a 12/12 light/dark cycle, with ad libitum 
UV-treated water and RM1 rodent diet. Typically, xenografts 
were performed on 6–8 female mice by subcutaneous intro-
duction of tumor fragments (about 200 mg) under general 
anesthesia. They were sacrificed when the total tumor volume 
reached 1700 mm3. The animals were monitored for signs of 
pain, such as immobility or restlessness, reduction of drinking 
and food intake. The persistence of abnormal behaviors led to 
the euthanasia of animals with suffering presumption. Prior 
to tumor collection, mice were sacrificed by cervical disloca-
tion. Otherwise, mice were euthanatized by carbon dioxide 
asphyxiation.

Reagents

For cell culture studies, human recombinant interferon beta 
(IFNβ) was obtained from R&D System, the primary mouse 
monoclonal antibody against TRAIL, clone 2E5, from Enzo 
Life Science (Paris, France), anti-FAS antibody, clone ZB4, 
from Millipore (Temecula, USA) and concanavalin A from 
Sigma (St. Louis, USA). For immunohistochemistry, the fol-
lowing antibodies were used: mouse anti-human TRAIL-R1 
monoclonal antibody (Enzo Life Science, Clone TR1.02), 
mouse anti-human TRAIL-R2 monoclonal antibody (Enzo 
Life Science, Clone DJR2-2), mouse anti-human TRAIL mon-
oclonal antibody (Enzo Life Science, Clone III6F) as well as 
mouse anti-pan Keratin-, anti-CD3- and anti-CD56 antibodies 
(DAKO-Agilent).

Immunohistochemistry

Immunohistochemistry was performed on 3 μm sections of 
formalin-fixed, paraffin-embedded tissue samples as previ-
ously described [13].

Calcein release assay

A standard fluorescence-based calcein-AM release assay 
was used to determine the cytotoxic activity, using patients’ 
and healthy donors’ NK cells as effector cells and C666-1, 
C17 and NP69 cells lines as a source of target cells. Target 
cells were washed and resuspended in 15 µM calcein-AM 

(Thermo Fisher, Eugene, USA) for 30 min at 37 °C, before 
co-incubation with NK cells at different effector to target 
(E:T) ratios as indicated for 4 h at 37 °C. 4% Triton (Merck, 
Darmstadt, Germany) was added to ensure maximum calcein 
release in controls. After centrifugation, cell-free superna-
tant was transferred to a Cell Carrier Plate (Sarstedt, Nüm-
brecht, Germany) to measure relative fluorescence units 
(RFU) using a spectrophotometer (TECAN Infinite 200 Pro, 
Tecan, Männedorf, Switzerland). The percentage of specific 
lysis was calculated as follows: [(RFU value in respective 
treatment − RFU value in control (spontaneous release))/
(RFU value Triton (maximum release) − RFU value in con-
trol (spontaneous release)) × 100].

Analysis of NK cell cytotoxicity

To analyze the contribution of death ligands in NK cell-
mediated killing, NK cells were incubated with the block-
ing anti-TRAIL mAb, clone 2E5 (100 ng/ml) and NPC cells 
were incubated with the anti-FAS antibody, clone ZB4 
(100 ng/ml); cells were pretreated for 1 h with the respec-
tive antibodies before co-culture. In some experiments, NK 
cells were pretreated with 2.5 µg/ml concanavalin A (ConA; 
Sigma) for 2 h to inactivate the perforin/granzyme B path-
way. Cytotoxicity was determined via calcein release assay 
as described above.

Flow cytometric analysis

NK cells from patients were suspended at a density of 
1 × 105 cells in 500 μl of medium. Additionally, NK cells 
from healthy donors had been pretreated with or without 
IFNβ at 1000 U/ml for 24 h. Analysis of surface expression 
of TRAIL was done as previously described [13].

RNA extraction, library construction and sequencing

Total RNA was isolated from patients’ NK cells and NK 
cells of healthy donors treated with 1000 U/ml IFNβ for 
0 h (control), 6 h or 24 h using the Maxwell RSC Simply 
RNA Tissue kit (Promega, Mannheim, Germany) according 
to the manufacturer´s instructions. RNA quality was evalu-
ated using the Agilent 4200 Tape Station (RNA screen tape 
assay) (Agilent, Santa Clara, USA) and quantification was 
done using the Quantus Fluorometer (Promega). Libraries 
were generated from 1 µg of total RNA with the TrueSeq 
Stranded Total RNA Library Prep Kit (Illumina, San Diego, 
USA) and Ribo-Zero Gold Kit (Illumina) as described by 
the manufacturer. Quality and quantity of the RNA libraries 
were assessed using the 4200 Tape Station (D1000 screen 
tape assay) and the Quantus Fluorometer, respectively. 
The libraries were run on an Illumina NextSeq 500 plat-
form using the High Output 150 cycles Kit (2 × 76 cycles, 
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paired-end reads, single index) (Illumina), resulting in 
101.5 M reads per sample in average. Data were analyzed 
with an inhouse pipeline embedded in the workflow manage-
ment system of the Quick NGS environment.

Determination of sTRAIL serum levels

Serum samples from patients were obtained at the time 
points described above and were stored at − 80° C 
until analysis. Supernatants from 4 h co-cultures of NK 
cells, either stimulated or not with 1000 U/ml IFNβ, 
with C666-1 cells, were collected and stored in − 80° C 
until analysis. In all samples, levels of soluble TRAIL 
(sTRAIL) were measured using a commercial ELISA 
kit (R&D Systems, Minneapolis, USA) according to the 
manufacturer’s instructions.

Concentration of sTRAIL and cytotoxicity assay

Serum from both patients obtained at 24 h after IFNβ 
injection on day 1 of week 2 was concentrated for protein 
by centrifugation using Vivaspin columns (Sartorius, Göt-
tingen, Germany). Total protein concentration was then 
determined by the NanoDrop method [28] (Peqlab, Erlan-
gen, Germany) and sTRAIL concentration was calculated 
by the initial TRAIL concentration multiplied by the total 
protein concentration factor. Supernatants or PBS as a 
control were then added to C17 cells labeled with calcein 
as above. Where indicated, C17 cells were preincubated 
with a blocking anti-TRAIL mAb. After incubation for 
24 h, cells were centrifuged and cell-free supernatant was 
analyzed as described before for the calcein assay. As a 
control, supernatant from PBMC and NK cells of healthy 
controls incubated for 24 h with 1000 U/ml IFNβ was 
used.

Confocal microscopy

NK cells were allowed to settle onto poly-l-lysine (Sigma)-
coated coverslips for 15 min and were then fixed with 4% 
paraformaldehyde (Sigma). Staining for TRAIL was done 
as previously described with a monoclonal antibody recog-
nizing TRAIL (Alexis Biochemicals, San Diego, CA, USA; 
1:200) [13].

Statistical analysis

Data are represented as a mean ± SE. Each set of data repre-
sents the mean from at least three independent experiments 
conducted in quintuplicates for calcein release assays and 
triplicates for flow cytometric analyses. Differences between 
groups were examined for significant differences by unpaired 
t test. The level of statistical significances was set at p < 0.05.

Results

Expression of TRAIL receptors on patients’ tumor 
cells and detection of NK cells in tumor infiltrates

Tumors of both patients were analyzed by immunohisto-
chemistry. Staining for both TRAIL-R1 and -R2 revealed 
a low to moderate membranous expression pattern in car-
cinoma cells and histiocytic cells. Inflammatory infiltrates 
contained mainly CD3-positive T lymphocytes and few NK 
cells, both expressing TRAIL. The staining patterns were 
similar for both patients and results are shown for patient 1 
(Supplementary figure 1).

IFNβ administered to patients with nasopharyngeal 
carcinoma induces expression of TRAIL in NK cells

As IFNβ induces the expression of TRAIL on lympho-
mononuclear cells [16, 17] and nasopharyngeal carcinoma 
cells have been shown to be susceptible to TRAIL-medi-
ated apoptosis [13], we investigated whether the dosage 
of IFNβ administered to NPC patients was able to induce 
TRAIL expression on patients’ NK cells. At the beginning 
of maintenance therapy, PBMCs from two NPC patients 
were obtained before, 6 h and 24 h after the subcutaneous 
injection of the first dose of 3 Mio U human recombinant 
IFNβ. NK cells were isolated and TRAIL surface expression 
was analyzed by flow cytometry. NK cells isolated from two 
healthy donors treated in vitro with 1000 U/ml IFNβ served 
as controls.

As shown in Fig. 1, TRAIL surface expression was not 
detectable at baseline in NK cells from patients and controls. 
6 h after IFNβ administration, TRAIL could be detected on 
NK cells of both patients, decreasing again at 24 h. Simi-
larly, in NK cells of healthy controls, in vitro incubation 
with IFNβ led to the appearance of TRAIL after 6 h, further 
increasing after 24 h. Upregulation of TRAIL by NK cells 
after in vivo exposure to IFNβ in patients or in vitro expo-
sure in controls was also noted at the mRNA level through 
RNAseq analysis (Supplementary table 1). Interestingly, the 
surface expression of TRAIL in patients’ NK cells almost 
disappeared 24  h after administration of IFNβ, but the 
TRAIL mRNA expression at 24 h was higher than at 6 h.

Fig. 1  Induction of TRAIL expression on NK cells of NPC patients 
after subcutaneous administration of IFNβ. Two patients with NPC 
received 3 Mio U IFNβ s.c. at day 1 of week 1 of IFNβ maintenance 
therapy. NK cells were isolated before, 6  h and 24  h after IFNβ 
administration. TRAIL expression was measured by flow cytometry. 
As controls, NK cells from two healthy volunteers were incubated 
in  vitro with 1000 U/ml IFNβ. Representative histograms of tripli-
cates are shown

◂
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Increased TRAIL expression of NK cells during IFNβ 
maintenance therapy

In the GPOH treatment recommendations for NPC, mainte-
nance therapy with IFNβ started with 50% of the IFNβ dose 
in the 1st week, for optimal monitoring of side effects [6, 7, 
26]. If IFNβ is well tolerated, as it was the case for these two 
patients, the dosage is increased to 100%, equaling 6 Mio U 
s.c. three times a week, for a total of 6 months. To investi-
gate whether a dose-dependent increase in TRAIL expres-
sion of NK cells was seen under the full dose of IFNβ and 
whether this effect prevailed in the course of maintenance 
therapy, TRAIL expression on NK cells was also studied 
on day 1 of weeks 2 and 4 after the start of IFNβ therapy. 
As shown in Table 1, at week 2, NK cells of both patients 
already expressed TRAIL at baseline, prior to the next injec-
tion of IFNβ, and baseline levels were further increased at 
week 4. Though the baseline expression of TRAIL at day 1 
of weeks 2 and 4 was higher in NK cells of patient 1, TRAIL 
expression levels on NK cells 6 h after IFNβ administration 
were in a similar range for both patients, with 88.1% for 
patient 1 and 87.0% for patient 2 at week 4.

IFNβ administered to patients with nasopharyngeal 
carcinoma increases NK cell killing of NPC cells 
in vitro

Since NK cells can be induced to express TRAIL and NPC 
cells are susceptible to TRAIL-mediated apoptosis, we 
investigated whether NK cells from NPC patients were able 
to kill NPC cells, and whether killing could be augmented 
by IFNβ. Therefore, NK cells isolated from the two patients 
were incubated with calcein-labeled cells of NPC cell line 
C666-1 at an effector target (E:T) ratio of 6:1. Cells of the 
non-malignant nasoepithelial cell line NP69 served as con-
trols. After 4 h of incubation, calcein release of NPC cells 
was measured as a means of cell death. In addition, NK cells 
isolated from two healthy donors were stimulated with IFNβ 
in vitro as above and used as controls.

Figure 2a shows that NK cells from both patients were 
able to kill NPC cells. Specific killing by NK cells of patient 
1 was 30.2 ± 2.4% and of patient 2 34.9 ± 3.2% and was 
similar to killing by NK cells isolated from two healthy 

volunteers (32.4 ± 2.9% and 33.9 ± 3.3%). Killing signifi-
cantly increased when NK cells were isolated from patient 
1 after 6 h and patient 2 after 24 h of the first subcutaneous 
injection of IFNβ. Interestingly, similar to the increase of 
TRAIL expression on NK cells at weeks 2 and 4, baseline 
cytotoxicity of NK cells from both patients against C666-1 
cells rose 2 and 4 weeks after the start of maintenance ther-
apy and cytotoxicity was even further increased 6 h and 24 h 
after application of IFNβ, reaching levels of 78.8 ± 3.5% in 
patient 1 and 75.5 ± 4.9% in patient 2 24 h after IFNß appli-
cation on day 1 of week 4. Addition of IFNβ in vitro to NK 
cells isolated from healthy volunteers increased their cyto-
toxicity to NPC cells after 6 h and 24 h. In contrast, NK cells 
from patients and controls, either unexposed or exposed to 
IFNβ were unable to kill nasoepithelial cells NP69. Taken 
together, these results show that NK cells isolated from 
patients with NPC are able to kill NPC cells in vitro and 
that killing is increased when NK cells have been exposed 
to IFNβ in vivo.

In the next step, we analyzed the contribution of the 
different death effector pathways in NK cell killing against 
NPC cells. NK cells kill target cells via two major path-
ways, the granzyme/perforin pathway and the death ligand 
pathway with FasL and TRAIL as main effectors in the 
latter one [29, 30]. To block the granzyme/perforin and 
TRAIL pathway, NK cells from both patients isolated at 
day 1 of week 4 and from two healthy volunteers were 
incubated with concanavalin A and an anti-TRAIL anti-
body, respectively, before coculturing them with NPC 
cells; for blockage of the FasL/Fas pathway, NPC cells 
were incubated with a FAS blocking antibody before co-
culture with NK cells. Cytotoxicity was measured as shown 
above using the calcein assay. Figure 2b demonstrates that 
blocking of TRAIL reduced cytotoxicity of NK cells the 
most, followed by blockade of FAS; no major effect of 
concanavalin A was observed. When patients’ NK cells 
were isolated 6 and 24 h after injection of IFNβ, the con-
tribution of TRAIL to NK cell-mediated cytotoxicity was 
even higher. This suggests that the increase in NK cell 
cytotoxicity induced by IFNβ results to a large extent from 
the increase in TRAIL expression on NK cells as shown in 
Fig. 1. A similar pattern was observed in NK cells isolated 
from two healthy volunteers stimulated with IFNβ in vitro 

Table 1  Induction of TRAIL 
on the surface of NK cells from 
NPC patients treated with IFNβ

Values are net fluorescent intensities between mean fluorescent intensity of anti-TRAIL antibody and mean 
fluorescent intensity of the respective isotype

Patient 1 Patient 2

0 h 6 h 24 h 0 h 6 h 24 h

Week 1 0.05 ± 2.4 9.9 ± 3.0 2.3 ± 2.9 0.04 ± 2.7 18.8 ± 3.1 0.04 ± 3.3
Week 2 22.0 ± 3.3 28.9 ± 2.9 20.1 ± 2.7 11.0 ± 2.5 21.2 ± 3.1 9.1 ± 3.0
Week 4 79.1 ± 3.0 88.1 ± 3.6 83.4 ± 3.0 61.1 ± 3.3 87.0 ± 3.7 84.4 ± 3.1
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or when NPC cells were exposed to IFNβ before co-culture 
with NK cells (data not shown).

Increased serum levels of soluble TRAIL during IFNβ 
maintenance therapy

TRAIL also exists in a soluble form (sTRAIL) which is able 
to induce apoptosis in susceptible cells [31]. As IFNβ has 
been previously shown to promote the release of sTRAIL 
from cell populations such as neutrophils, monocytes, T and 
B lymphocytes [32], we investigated whether sTRAIL could 
be detected in the serum of the two patients treated with 

IFNβ. As shown in Fig. 3, serum sTRAIL levels were in a 
similar low range for the two NPC patients before the start of 
IFNβ treatment and the two healthy controls. sTRAIL levels 
slightly rose 6 h after injection of IFNβ in both patients and 
doubled after 24 h. Baseline levels of sTRAIL before injec-
tion of IFNβ were higher in the 2nd week of maintenance 
therapy compared to the 1st week, and increased further 
in the 4th week. These results go along with the previous 
observations underlining that the effect of IFNβ on expres-
sion of membrane-bound TRAIL on NK cells and the release 
of sTRAIL increases during the 1st month of maintenance 
therapy.

Fig. 2  Increased NK cell cytotoxicity against NPC cells after admin-
istration of IFNβ to patients. Patients received 3 Mio U IFNβ at day 
1 of week 1 and 6 Mio U IFNβ at day 1 of weeks 2 and 4. NK cells 
were isolated before, 6 h and 24 h after IFNβ administration and co-
cultured at an E:T ratio of 6:1 with calcein-labeled C666-1 cells. 
NK cells from healthy volunteers, incubated in vitro with IFNβ were 
used as positive controls for effectors and nasoepithelial cells NP69 
for targets. a Data are presented as means ± SEM (Student’s t test; 
*P < 0.05; **P < 0.01; ***P < 0.001). b Killing of NPC cells by NK 

cells is predominately mediated via TRAIL. NK cells from patients 
isolated before, 6 h and 24 h after IFNβ administration on day 1 of 
week 4 of IFNβ maintenance therapy were incubated as above with 
calcein-labeled NPC cells with or without an anti-TRAIL anti-
body, anti-FAS antibody or concanavalin A. NK cells from healthy 
donors, incubated in  vitro with 1000 U/ml IFNβ were used as con-
trols for effectors and nasoepithelial cells NP69 for targets. Data are 
presented as means ± SEM (Student’s t test; *P < 0.05; **P < 0.01; 
***P < 0.001)
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IFNβ induces the production of soluble TRAIL in NK 
cells which gets released upon interaction with NPC 
cells

We were then interested in knowing whether NK cells 
also produced sTRAIL. For this, NK cells of a healthy 
volunteer were cultured in the presence or absence 
of IFNβ for 24 h and then co-cultured with NPC cells 
C666-1 at an E:T ratio of 6:1. After 4 h of co-culture, 
supernatant was analyzed for the presence of sTRAIL. 
sTRAIL was already detectable in the supernatant of 
unstimulated NK cells and was about four times higher in 
NK cells incubated with IFNβ (Fig. 4a). When NK cells 
treated as above were stained for TRAIL and analyzed 
by confocal microscopy, a predominately cytoplasmatic 
staining pattern was detected in cells incubated for 24 h 
with IFNβ but not in unstimulated NK cells. Interest-
ingly, when staining of NK cells was done after 4 h of 
co-culture with NPC cells, TRAIL could not be detected 
in IFNβ-stimulated NK cells anymore, indicating that the 
contact with NPC cells lead to the release of intracel-
lularly stored TRAIL and the loss of surface expression 
of TRAIL (Fig. 4b). This loss of surface expression of 
TRAIL could be confirmed by flow cytometry of NK 
cells treated as above (Fig. 4c), as treatment of NK cells 
with IFNβ for 24 h lead to marked upregulation of surface 
TRAIL which then markedly diminished after 4 h of co-
culture with NPC cells. Interestingly, downregulation of 
TRAIL on NK cells was also observed in patients’ NK 
cells obtained 24 h after application of IFNβ compared to 
6 h (Fig. 1), suggesting that during the time period of 24 h 
NK cells had encountered TRAIL receptor-positive target 
cells inducing the release of sTRAIL as well as leading to 
the loss of TRAIL surface expression.

Induction of apoptosis by sTRAIL from serum of NPC 
patients treated with IFNβ

As sTRAIL levels increased in the serum of NPC patients 
after application of IFNβ, we questioned, whether such 
sTRAIL was able to induce apoptosis in NPC cells. There-
fore, serum from both patients obtained 24 h after IFNβ 
injection on day 1 in week 4 was concentrated for protein 
using Vivaspin columns. C17 cells isolated from a patient-
derived NPC xenograft and labeled with calcein were then 
incubated with protein-concentrated serum at 30 ng/ml 
sTRAIL. As shown in Fig. 5, sTRAIL-containing serum spe-
cifically killed NPC cells as killing could be greatly impaired 
by a TRAIL-blocking antibody. Supernatant of PBMC and 
NK cells stimulated in vitro with IFNβ also killed C17 cells 
in a TRAIL-specific manner, indicating that IFNβ induces 
expression functional sTRAIL by NK cells.

Discussion

In this manuscript, we have shown that IFNβ applied to 
two patients with NPC (1) induced TRAIL expression on 
patients’ NK cells, (2) increased their cytotoxicity against 
NPC cells, and (3) that this killing effect was largely medi-
ated by TRAIL. Furthermore, treatment of patients with 
IFNβ increased serum levels of biologically functional solu-
ble TRAIL (sTRAIL) indicating an additional way to induce 
apoptosis in NPC cells.

Malignant NPC cells are known to express TRAIL recep-
tors in situ. Examining 174 tumor biopsy specimens from 
patients with NPC by immunohistochemistry, Wang et al. 
detected TRAIL-R1 in 29.9% and TRAIL-R2 in 36.6% of 
tumors [33]; the percentage of biopsy specimens which 
expressed at least one TRAIL receptors was not given, but 

Fig. 3  Increased detection of soluble TRAIL in the serum of NPC 
patients treated with IFNβ. Serum from two patients with NPC, 
treated with IFNβ was obtained at the indicated time points; sTRAIL 

was measured by ELISA. Serum from two healthy volunteers was 
used as a control. Data are presented as means ± SEM
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Fig. 4  IFNβ-stimulated NK cells produce soluble TRAIL which gets 
released upon co-culture with NPC cells. a Supernatant from NK 
cells stimulated or not for 24 h with IFNβ at 1000 U/ml and then co-
cultured for 4 h with NPC cells C666-1, and then was analyzed for 

sTRAIL by ELISA. NK cells treated as above and co-cultured or not 
for 4  h with NPC cells C666-1 were stained with anti-TRAIL anti-
body and analyzed by b confocal microscopy or c flow cytometry

Fig. 5  Soluble TRAIL from the serum of NPC patients kills cells of 
a patient-derived NPC xenograft. Serum obtained 24 h after injection 
of IFNβ at d1 of week 4 of IFNβ maintenance therapy was concen-
trated about tenfold via Vivaspin centrifugation and added to calcein-
labeled C17 PDX cells for 24 h. Lysis of target cells was determined 

by measurement of calcein in collected supernatants by an ELISA 
reader. Killing could be inhibited by anti-TRAIL antibody. As a con-
trol supernatant from PBMC or NK cells incubated in vitro with 1000 
U/ml IFNβ was used
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one can assume that it ranged between 36.6% and 66.5%. As 
the activation of either TRAIL-R1 or -R2 is sufficient for 
eliciting apoptosis, this suggests that a large number of NPC 
patients bear tumors which are sensitive to apoptosis induc-
tion by TRAIL. The authors also found that the expression of 
TRAIL-R2 was associated with a better survival rate, indi-
cating that the TRAIL signaling pathway is of importance 
in the elimination of NPC tumor cells [33]. Using a panel of 
six different NPC cell lines and cells of one patient-derived 
xenograft (PDX) we have previously shown that all NPC 
cell lines studied and PDX cells expressed TRAIL receptors 
and that they were susceptible to TRAIL-mediated apoptosis 
[13]. In addition, IFNβ-induced expression of TRAIL in all 
cell lines except for cell line C666-1 and led to the induction 
of apoptosis in an autocrine way. We were also able to show 
that IFNβ markedly increased the expression of TRAIL-
R2 in NPC cells including PDX cells, suggesting that the 
clinical use of IFNβ in patients could sensitize tumors to the 
induction of apoptosis by TRAIL. As IFNβ has been shown 
to induce TRAIL expression in lymphomononuclear cells 
in vitro [16, 17], such cells could be an additional means to 
induce apoptosis in TRAIL-sensitive NPC cells, especially 
in NPC cells which are refractory to induction of endog-
enous TRAIL expression like C666-1 cells.

Investigating the expression of TRAIL on NK cells of 
two patients who started maintenance therapy with IFNβ, 
we demonstrate that the dosages applied were able to induce 
TRAIL expression. Upregulation of TRAIL expression on 
NK cells was already seen when patients received 3 Mio U 
IFNβ s.c., which was given as a 50% starting dose in the 1st 
week of maintenance treatment. TRAIL expression on NK 
cells of both patients was higher when patients got 6 Mio U 
at week 2 and week 4. Induction of TRAIL in NK cells has 
also been shown on the mRNA level in patients with chronic 
HepC infection receiving IFNα which like IFNβ belongs 
to the type I IFNs [34]; IFNα and IFNβ both signal mainly 
through IFNAR1 and -AR2 [35].

NK cells have been previously shown to kill NPC cells 
in vitro [36]. However, killing was only studied after culture 
of cells for 4 weeks. Killing of NPC cell lines CNE2 and 915 
used as targets in that study was at E:T ratios of 3:1 and 10:1 
around 20% and 30%, respectively, and in a similar range as 
for NK cells of the two patients in this study before start of 
IFNβ maintenance therapy. In our experiments, NK cells iso-
lated from both patients before start of IFNβ treatment killed 
cells of the NPC cell line C666-1 to a similar extent as did 
NK cells isolated from two healthy volunteers. When NK 
cells were isolated from patients after injection of IFNβ, kill-
ing of NPC cells by patients’ NK cells increased with respect 
to NK cells from healthy controls. Similarly to the increase 
in TRAIL expression during the course of maintenance ther-
apy, an increase in the killing ability of patients’ NK cells 
was observed at week 2, when the IFNβ dose was doubled 

and at week 4 of maintenance therapy. Increased killing of 
NK cells isolated from cancer patients when treated with 
IFNβ has been described before by Fujimiya et al., using 
the CML cell line K562 as a target [37]. In that study, NK 
cell cytotoxicity increased 24 h after injection of IFNβ; in 
contrast to our observations, NK cytotoxic activity fell below 
the original baseline levels after 2 weeks of alternate daily 
injections of IFNβ in the Fujimiya study.

To kill their targets, NK cells use diverse effectors which 
belong to two main categories: the granzyme B/perforin and 
the death ligand pathway with FASL and TRAIL as its major 
constituents for killing [38]. We investigated the contribu-
tion of these different pathways in the killing of NPC cells 
by NK cells. Our results show that TRAIL is the main effec-
tor of apoptosis induction in NPC cells. The contribution 
of the TRAIL pathway to NPC killing increased when NK 
cells were isolated after injection of IFNβ or NK cells from 
healthy volunteers were incubated in vitro with IFNβ. This 
is in contrast to the killing of other targets by NK cells. The 
killing of K562 cells by NK cells has been shown to be com-
pletely dependent on the granzyme B/perforin pathway [38]. 
Also, in the killing of neuroblastoma cell lines by NK cells, 
the granzyme B/perforin pathway represents the major path-
way of killing and is supplemented by the TRAIL signaling 
pathway in TRAIL-sensitive cell lines [39]. In contrast, kill-
ing of FAS-positive Jurkat cells by NK cells is only partly 
dependent on the granzyme B/perforin system and mainly 
mediated by FASL [40]. The contribution of different death 
effector pathways probably reflects the sensitivity of target 
cells to the corresponding death mechanism.

TRAIL is expressed as a membrane-bound protein on 
the cell surface. It also exists in a soluble form (sTRAIL), 
generated through enzymatic shedding of surface-anchored 
TRAIL or by cellular secretion [32]. Type I interferons 
have been shown to increase the intracellular production 
of TRAIL in neutrophils, monocytes and T cells [41, 42]. 
Though only a minor part of TRAIL is secreted after expo-
sure to type I interferons, additional stimuli like TNFα or 
lipopolysaccharides in neutrophiles or PHA in T cells lead 
to a rapid release of intracellularly stored TRAIL [42, 43]. 
The role of sTRAIL derived from NK cells has not been 
studied so far. Here, we show that IFNβ induces production 
of TRAIL in NK cells, and that TRAIL is being stored intra-
cellularly and is expressed on the cell membrane, similarly 
to neutrophils, monocytes and T cells. Contact with NPC 
cells as targets then leads to the release of intracellularly 
stored TRAIL and its detection in the supernatant. Interest-
ingly, co-culture with NPC cells also leads to the loss of 
membranous expression of TRAIL in NK cells, a phenom-
enon which has not been previously described in other cell 
systems, especially T cells. The loss of surface expression 
of TRAIL from NK cells when co-cultured with NPC cells 
in vitro is consistent with the observation made in vivo that 
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circulating NK cells lose their TRAIL expression 24 h after 
the application of IFNβ. One possible explanation could be 
that in vivo as in vitro NK cells lose their surface TRAIL 
molecules after the interaction with TRAIL receptor-bearing 
target cells. As surface-anchored TRAIL has been shown to 
be cleaved by cathepsin E [44], one can speculate that either 
NPC cells do express cathepsin on their cell surface or that 
cathepsin is secreted by NK cells or NPC cells upon cell to 
cell interaction.

Increased levels of sTRAIL have been measured in 
patients treated with type I interferons [45, 46]. Treatment 
of melanoma patients with IFNα resulted in TRAIL plasma 
levels around 3000 pg/ml [46] which were in a similar range 
as the levels in our two NPC patients. sTRAIL isolated from 
PBMC stimulated in vitro with IFNα has been shown to 
be biologically active and to induce apoptosis in leukemic 
cells [46]. In our experiments, we directly demonstrate that 
sTRAIL from serum of NPC patients was able to kill NPC 
cells of a patient-derived xenograft. We can therefore specu-
late that the clinical efficacy of IFNβ in patients with NPC 
might also rely on the induction of apoptosis by circulating 
sTRAIL in NPC cells.

In summary, IFNβ could mediate an anti-tumor effect 
in patients with nasopharyngeal carcinoma through induc-
tion of TRAIL via three distinct pathways: (1) induction of 
TRAIL expression on NPC cells and subsequent activation 
of the TRAIL pathway in an autocrine and paracrine manner 
[13], (2) induction of TRAIL on NK cells and elimination of 
NPC cells by activated NK cells, and (3) direct induction of 
apoptosis in NPC cells via soluble TRAIL. As relapse in the 
treatment of NPC is nowadays mainly systemic, the activa-
tion of these pathways by IFNβ could explain the clinical 
observation that NPC patients participating in the GPOH 
studies have an increased disease-free survival and lower 
risk of distant failure compared to patients on other pediatric 
studies without adjuvant IFNβ [5–8]. Distant failure rates are 
even higher in treatment protocols for adult NPC patients 
which mainly rely on radiochemotherapy [47]. Therefore, 
the extension of maintenance therapy with IFNβ to adults 
with NPC is expected to decrease the risk for metastatic 
relapse and should ideally be tested in a randomized clini-
cal trial. In addition, our study suggests a potential thera-
peutic benefit of IFNβ-activated NK cells in patients with 
NPC. The adoptive transfer of NK cells has been shown to 
be safe and efficacious in various malignancies refractory to 
standard treatment [48]. A clinical trial using high levels of 
NK cells in patients with small NPC metastases is currently 
ongoing in patients with relapsed disease in Guangzhou, 
China [NCT03007836].
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ABSTRACT
Introduction: Nasopharyngeal carcinoma (NPC) is a major public health problem in several countries,
especially those in Southeast Asia and North Africa. In its typical poorly differentiated form, the Epstein-
Barr virus (EBV) genome is present in the nuclei of all malignant cells with restricted expression of a few
viral genes. The malignant phenotype of NPC cells results from the influence of these viral products in
combination with cellular genetic, epigenetic and functional alterations. With regard to host/tumor
interactions, NPC is a remarkable example of immune escape in the context of a hot tumor.
Areas covered: This article has an emphasis on emerging therapeutic targets that are considered
upstream or at an early stage of clinical application. It examines targets related to cellular oncogenic
alterations, latent EBV infection and tumor interactions with the immune system.
Expert opinion: There is a remarkable emergence of new agents that target EBV products. The clinical
application of these agents would benefit from a systematic and comprehensive molecular classification
of NPCs and from easy access to pre-clinical models in public repositories. There is a strong rationale for
more investigations on the potential of immune modulators, especially those related to NK cells.
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1. Introduction: a reminder on the epidemiological
and etiological aspects of NPCs

1.1. Geographic distribution and nosology

Nasopharyngeal carcinomas (NPC) are a special entity among
human Head and Neck carcinomas (HNCs) due to their peculiar
geographic distribution, their histological characteristics and their
consistent association to the Epstein-Barr virus (EBV). Our literature
search in PubMedwas focused on thewords "NPC”, EBV and Head
andNeck carcinomas as themain keywords. Most referenceswere
from the last 10 years with a few older publications including one
from 1964. The incidence of NPCs is low in most countries but it is
high in some specific geographic areas like Southern China, espe-
cially the Guangdong province and the Northern part of Borneo
Island (about 25 cases/100 000 inhabitants/year). Intermediate
incidence areas encompass a number of countries, mainly in
Southeast Asia (Philippines, Taïwan, Vietnam, Thailand,
Indonesia) and Northern Africa (Tunisia, Algeria, Morocco)(about
5 cases/100 000/year). In several places in South East Asia, espe-
cially in Singapore and Hong-Kong, there is a trend toward
a decreasing incidence of NPCs [1]. It is probably related to
major changes in living habits, especially food habits in early
childhood. However, even in Hong-Kong and Singapore, NPC
remains one of the first cause of cancer for individuals of less
than 60 years old [2]. In addition, some regions of intermediate
incidence might be overlooked, for example in sub-Saharan Africa
[3,4]. A better awareness of NPCs in these regions might arise with

the decline of other pathologies and acquisition of appropriate
diagnostic tools.

The overwhelming majority of NPCs belongs to the group
of squamous cell carcinomas but in contrast with other Head
and Neck carcinomas, their squamous differentiation remains
minimal according to morphological criteria. One consistent
and striking characteristics of NPCs is their heavy infiltration by
non-malignant nonmalignant leukocytes, especially
T-lymphocytes. These infiltrating lymphocytes may account
for more than 50% of the tumor mass in the primary tumor.
It is not well known to what extent this infiltrate persists in
metastatic lesions [5]. The implication of the Epstein-Barr virus
(EBV) is mainly attested by the presence of the EBV genome
inside the nuclei of all malignant cells. EBV infection in NPC
cells is mainly latent. In other words, there is no production of
viral particles in situ and most viral genes are transcriptionally
silent. However, some of them are consistently active inside
NPC cells encoding a few proteins called ‘latent’ viral proteins
and a number of untranslated ‘latent’ viral transcripts whose
contribution to NPC oncogenesis is increasingly recognized.

1.2. Etiological aspects and pre-tumoral conditions

NPC is a multifactorial disease with a viral etiological compo-
nent. The magnitude of EBV contribution has long been
debated. EBV is indeed a ubiquitous virus in the humankind.
More than 95% individuals are healthy carriers. Nevertheless,
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the etiological contribution of EBV to NPC is now undisputa-
ble. It is supported by clinical observations: 1) the consistency
of EBV infection in typical undifferentiated NPCs regardless of
the geographic origin of the patients and 2) the precession of
alterations in circulating EBV-markers. In addition, thanks to
the recent elaboration of anti-EBNA1 compounds, there is now
pharmacological evidence that EBV products contained in
malignant NPC cells are required not only for the initiation
but also for the maintenance of the malignant phenotype [6].
Recent publications have shown that some EBV strains pre-
valent in endemic regions bear a higher risk of NPC in other-
wise healthy carriers, may be because they undergo more
frequent bursts of viral replication in the tonsils [7–9].
Indeed, epithelial cells of the nasopharyngeal mucosa are
located at close proximity to the pharyngeal tonsils. When
these cells are affected by preexisting genetic or epigenetic
alterations, for example silencing of CDKN2A, they are more
prone to enter a state of latent infection upon EBV penetration
and simultaneously to switch from a premalignant to a fully
malignant phenotype [10].

The striking geographical distribution of NPC is not yet
entirely explained but it should be considered in the light of
its multifactorial etiology, involving genetic predisposition,
environmental risk factors, especially dietary factors and
prevalence of more aggressive EBV strains in some

geographic areas [7,8,11]. NPC risk in a given country or
region is probably related to a combination of these 3
categories of factors. One important characteristic of NPC
is the occurrence of alterations in circulating EBV markers
which precede the onset of invasive tumors. Current sero-
logical markers are sensitive but they lack specificity. Until
recently the standard tool for population screening was the
combined assessment of anti-EBNA1 IgGs and anti-VCA-p16
IgAs [12]. Several investigators intend to achieve better
specificities mainly using two approaches based either on
detection and sizing of circulating EBV DNA or on system
serology (multiplex assessment of antibodies directed to
diverse proteins of EBV) [13,14].

2. Biological characteristics of NPCs

2.1. Biological models of NPC

Malignant NPC cells are notoriously difficult to grow in culture and
even to permanently transplant on immunosuppressed mice. For
a long time, many investigators who attempted derivation of NPC
cell lines from fresh tumor fragments failed to get anything or
ended-up with EBV-negative malignant epithelial cells, therefore
not truly representative of the vast majority of NPCs. For decades,
the C666-1 cell line has been the unique NPC cell line propagated
in vitro with stable retention of the viral genome [15]. Until now,
most investigations on novel therapeutic targets for NPC have
used C666-1 cells in vitro as well as in murine systems as their
unique ‘natural’ NPCmodel (see for example Table 1). Fortunately,
things are changing, thanks to progress made in the past decade.
First, we and others have found that using chemical inhibitors of
the Rho kinase (Rhock) greatly improves the in vitro survival and
proliferation ofmalignant NPC cells aswell as their retention of the
EBV genome [16,17]. In addition, several institutions, mainly in
South-East Asia, have made substantial investments to obtained
NPC PDXs (patient-derived xenografts) which are propagated on
immunosuppressed mice and retain the EBV genome [18–20].

2.2. Viral oncogenesis

As previously mentioned, the presence of EBV products in
malignant NPC cells is critical not only for the initiation but
also the maintenance of the malignant phenotype. The EBV
genome is contained in the nuclei of malignant cells as extra-
chromosomal circular copies called ‘episomes’. The number of

Article Highlights

● Several Epstein-Barr virus-products are oncogenic drivers for malig-
nant NPC cells.

● Most emerging non-immune anti-viral strategies are focused on the
EBNA1 protein in order to block its interactions with cellular partners
or selectively disturb its translation from its messenger RNA.

● Regarding target cellular proteins, most advanced strategies intend
to lift the functional inactivation of the Rb and TP53 proteins.

● Like in other Head and Neck carcinomas, there is probably room for
the development of SMAC mimetics.

● Because NPCs are characterized by a process of immune escape in
the context of a hot tumor, there is probably a wide margin of
progression for the use of immune modulators. The potential of
targets like HLA-G/ILT4, B7H4/B7-H4-R and galectin-9/Tim-3 is
worth to be investigated.

● New modalities of administration and combination will probably
emerge for immune modulators which are already in use in the
clinics (for example interferon-β and anti-PD1/PD-L1 antibodies).
Reactivation of NK cells increasingly appears as a promising
approach.

Table 1. Artficial ligands and blockers of viral proteins as candidate drugs for NPC treatment.

Mechanism of action
Lead

compound Current stage of development Reference

Blocker of EBNA1 interaction with the
OriP DNA sequence

VK-2019 Phase I/II clinical trials in several institutions (NCT03682055) Messick et al., Sci. Transl.
Med. (2019)

Blocker of EBNA1 dimerization ZRL5P4 Active on C666-1 xenografted tumors (growth delay and induction of the lytic
cycle)

Jiang et al., PNAS (2019)

Blockers of the interactions of the
LMP1 C-terminus with TRAF2 and
TRAF6

Z370 Peptides and small molecules delaying growth of EBV-positive cells in vitro
Not yet published in pair-review journals

2018 Int Conf on EBV and
KHSV – talk #15 and poster
#128

Affibody targeting the C-terminus of
LMP2

Z142 Active on C666-1 xenografted tumors (retention in tumor cells and growth
delay when combined to a toxin) Confirmation needed on other NPC models

Zhu et al., Plos Pathogens
(2020)

Monoclonal antibody targeting the
BARF1 protein

3D4 mAb Active on C666-1 tumors xenografted into nude but not into [RAG-/-, γ
chain-/-] mice (contribution of ADCC?) Confirmation needed on other NPC
models

Turrini et al.,
Oncoimmunology (2017)
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episomes per cell can vary from one to more than 50 copies.
The EBV episomes can coexist with one or a few integrated
copies [21]. We do not know whether there are specific sites of
integration in the cellular genome and what the functional
consequences of these integrations are.

As previously mentioned, a minority of EBV genes are consis-
tently expressed in NPC cells. By their diversity and abundance, the
non-coding RNAs represent the strongest component of viral
expression in malignant NPC cells. They belong to two categories,
the EBERs (Epstein-Barr encoded RNAs) and the viral microRNAs.
The EBERs 1 and 2 are single stranded RNAs of 170 base pairs
folded in a complex secondary structure allowing specific interac-
tions with several cellular proteins, especially PKR (protein-kinase
R) and TLR3 (Toll-like receptor 3) [22]. EBERs which are extremely
abundant in NPC cells (about one million per cell) have proven
oncogenic roles. Overall, they tend to trigger and corrupt intra-
cellular innate immune responses favoring proliferative signals
over cytostatic effects [22,23]. The other category of untranslated
viral RNAs is the BART family ofmicroRNAsnamedaccording to the
viral genome segment where they are encoded (BamH1
A segment Rightward Transcripts). They are both diverse – over
45 species – and extremely abundant. On average, the BARTs
account for one third of the total microRNAs contained in NPC
cells [24]. Their target mRNAs and their functions are diverse and
not entirely elucidated. They are known to contribute to the
malignant phenotype in several ways: repression of anti-
oncogenic or pro-apoptotic proteins like PTEN, E-cadherin and
PUMA, maintenance of the viral latency by repression of proteins
involved in viral replication, tuning of the expression of oncogenic
viral proteins which have cell toxicity when expressed in excess
[24,25].

In contrast to non-coding RNAs, viral proteins are usually
expressed at a low level in NPC cells. Only one of them – EBNA1
(Epstein-Barr nuclear Antigen 1) – is constantly expressed. EBNA1
interacts with the viral genome, the cell genome and various
cellular proteins [26,27]. It is a transactivator required for the
replication of the viral episomes at each cell division by the cell
DNA replicating machinery. It is also required for the balanced
segregation of the newly replicated episomes at each cell division.
In this regard, it has a crucial role for the maintenance of the EBV
episomes in malignant cells undergoing proliferation. This is its
main indirect contribution to the malignant phenotype of NPC
cells. EBNA1 has also direct oncogenic effects for example by
disturbing the assembly of the PML nuclear bodies. There is now
experimental evidence that blocking EBNA1 functions impairs the
malignant phenotype (see the section on viral inhibitors). Three
other EBV proteins are frequently, although not constantly,
expressed in NPC cells: LMP1, LMP2 and BARF1 [28]. There are
multiple indirect evidences of their contribution to the malignant
phenotype of NPC cells (although no direct demonstration like for
EBNA1). LMP1 and LMP2 are integral membrane proteins with
multiple transmembrane segments. They are associated to lipid
rafts, circulate in the internal cellular membrane network with
transient exposure at the plasma membrane. LMP1 and LMP2
constitutively induce multiple non-physiological signaling activ-
ities resulting from inappropriate recruitment and redistribution of
cellular signaling adaptors. For example LMP1 interacts with
TRAF2, TRAF3 and TRAF6. It activates canonical and non-
canonical NF-κB pathways as well as the Pi3-kinase and MEK

pathways. There are 2 isoforms of LMP2, generated by alternative
splicing. LMP2A has the capacity to recruit signaling adaptors like
ubiquitin ligases of the NEDD4 family or the syk tyrosine kinase
[29,30]. It activates the nuclear translocation of β-catenin and the
epithelial-mesenchymal transition [29,31]. Our knowledge of
BARF1 is much more limited. According to a recent report, this
viral protein is detectable at the surface of NPC cells. There are
reports indicating that a large portion of the protein is cleaved and
released in the extra-cellular mediumwith growth promoting and
immune suppressive activity [32].

2.3. Cellular oncogenesis

Beside latent EBV-infection, multiple genetic, epigenetic and func-
tional alterations contribute to the malignant phenotype of NPC
cells. On the one hand, we have a set of alterations which are
consistent in the vastmajority of NPCs andwill be presented in the
next paragraphs, mainly alterations of the Rb and TP53 pathways,
permanent activation of the NF-KB and Stat3 pathways and over-
expression of various genes like Notch3, c-IAP2 and CCL20. On the
other hand, there are cellular alterations which are suspected to
support the malignant phenotype but only for a fraction of NPCs.
Some of them will be briefly mentioned.

Regarding Rb and TP53, it is useful to remind that the active
Rb protein maintains a physiological barrier at the entry of the
cell cycle (G0/G1 transition) whereas TP53 has the power to
induce cell cycle arrest or apoptosis, especially in a context of
Rb deregulation. Therefore, structural or functional inactivation
of both proteins is a common feature of most human malignan-
cies. Inactivating mutations of Rb rarely occur in NPCs. However,
in most cases, Rb is functionally inactivated by its phosphoryla-
tion resulting from inappropriate activity of the cyclin-
dependent kinases CDK4 and CDK6. Indeed, in most NPCs,
CDKN2A silencing and/or CCND1 overexpression result in the
deregulation of CDK4/6. The CDKN2A genemaps to chromosome
9p21. By alternate reading of the same frame, it encodes 2
proteins named INK4 (p16) and ARF (p14). INK4 is a negative
regulator of the CDK4/6-cyclin-D1 complex whereas ARF is an
inhibitor of MDM2 (an E3-ubiquitin ligase involved in the degra-
dation of TP53). CDKN2A is the most frequently altered tumor
suppressor gene in NPCs (about 80% of the cases). It is silenced
through loss of the 2 alleles or loss of one allele and methylation
of the promoter of the remaining allele [33,34]. Like in other
Head and Neck carcinomas, the CCND1 gene is frequently ampli-
fied resulting in overexpression of cyclin D1 (15% of NPC
cases) [35].

Oncogenic mutations of the TP53 gene can be detected in
a fraction of NPCs but at a much lower frequency than in other
Head and Neck carcinomas [33,36,37]. According to Li et al.,
TP53 mutations are found in about 6% of primary tumors and
15% of metastatic lesions [33]. A functional inactivation of
wild-type TP53 is suspected for the majority of NPCs but its
mechanisms are not yet fully understood. The silencing of the
ARF protein and the subsequent enhancement of the MDM2
activity are expected to result in enhanced TP53 degradation.
Recently, data supporting this hypothesis has come from
a genome-wide CRISPR-based gene knockout screen per-
formed on the C666-1 and C17 cell lines (EBV-positive NPC
cells propagated in vitro)(Wang et al., J. Biol. Chem. 2019).
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Another potential mechanism of TP53 degradation involves
EBNA1 which has been shown to sequester USP7 (ubiquitin
specific protease 7). USP7 normally deubiquitinates TP53 and
protects it from MDM2-mediated degradation [38]. However in
these scenarios of enhanced degradation, one would expect
a low abundance of TP53 in malignant NPC cells. This is not
the case. On the contrary, wild type TP53 is often very abun-
dant in these cells despite the absence of mutations stabilizing
the protein [37]. Overall, more investigations are needed to
understand the mechanisms of TP53 inactivation in NPC cells.

Constitutive activations of NF-κB pathways are more fre-
quent in NPCs than in other HNCs [33,39]. Moreover, these
activations are supported by peculiar complexes of NF-κB
transcription factors that are rarely found outside NPC cells
like p50/RelB and p50/p50/Bcl3[39] [40] . The expression of the
EBV protein LMP1 by itself is sufficient to induce activation of
these unusual NF-kB pathways. However, a substantial expres-
sion of LMP1 is detected in less than 50% of NPCs. Other viral
factors are suspected to contribute to NF-kB activation, espe-
cially the EBERs when they interact with the Toll-Like Receptor
3 (TLR3) [23]. Cellular factors also contribute to the activation
of NF-kB pathways, especially mutations crippling genes
encoding negative regulators of NF-kB like TRAF3 and CYLD
[33] . Overexpression of the lymphotoxin-β receptor resulting
from the amplification of the LTBR gene is found in about 50%
NPCs. It is one additional factor contributing to the activation
of NF-kB pathways [41]. Strikingly, two types of NF-kB-related
oncogenic mechanisms, LMP1 expression on the one hand
and alterations of cellular NF-kB regulators on the other
hand, are mutually exclusive in NPC tumors [33].

Constitutive activation of the STAT3 pathway is suspected to
consistently support the malignant phenotype in NPCs as well as
in a number of non-NPC Head and Neck carcinomas. NF-kB, IL-6/
IL6-R and EGFR signaling are potential upstream activators of the
STAT3 pathway [42,43]. However, more investigations on labora-
tory NPC models would be useful to assess the role of STAT3
activation in the specific context of NPC cells. A recent publica-
tion has reported frequent mutations impairing the Smad-
dependent TGF-β pathway. They involve genes like TGFBR2 and
SMAD4 [44]. Overexpression of c-IAP2 and Notch3 proteins are
mentioned in the section on cellular targets.

Numerous other dysregulated or vulnerable cellular path-
ways have been reported in various studies dealing with NPC
models or specimens. They are related to chromatin remodel-
ing, DNA repair, Ras-dependent pathways, purine synthesis
etc … However, these alterations or vulnerabilities are gener-
ally restricted to small percentages of patients and will not be
considered as priority targets in this review [33,42,45,46].

2.4. Tumor microenvironment and immune evasion

As previously mentioned, heavy leucocytic infiltration in primary
NPC tumors is one major characteristics of this disease. Most
infiltrating leucocytes are EBV-negative CD3 + T-lymphocytes.
Other infiltrating leucocytes are NK cells, B-cells and various
types of myeloid cells including macrophages, dendritic cells,
myeloid-derived suppressor cells and polynuclear leucocytes.
The formation and the expansion of this infiltrate probably results

from several causes like the constitutive production of inflamma-
tory cytokines (IL-1, IL-18) by malignant cells and the proximity of
the pharyngeal tonsil which may facilitate leucocyte extravasation
[47]. The rapid growth of most NPC tumors – taking place despite
the abundance of the leucocyte infiltrate and the consistent pre-
sence of EBV antigens – makes manifest the absence of effective
immune response. NPC is a striking example of immune escape
occurring in the context of a hot tumor.

Various cell types with immune suppressive activity are present
in the leucocyte infiltrate, like regulatory T-cells (T-regs), M2
macrophages and myeloid-derived suppressor cells (MDSCs)
[48–50]. Various types of biomolecules produced by malignant
cells are suspected to contribute to the immunosuppressive con-
text, including cytokines, lectins, agonists of inhibitory immune
checkpoints and enzymes. Leukemia inhibitory factor (LIF) and
CCL20 are abundantly and consistently released by NPC cells.
Both molecules are detected in the plasma of NPC patients with
high concentrations associated to a pejorative outcome [51–53].
LIF enhances NPC cell growth while CCL20 stimulates their migra-
tion. In addition to these autocrine effects, both LIF and CCL20
have paracrine immunosuppressive effects including promotion
of T-regs (expansion and suppressive activity) [54,55]. Galectin-9 is
another type of immunosuppressive biomolecule consistently
expressed by NPC cells [56]. Galectin-9 is a lectin (or glycan-
binding protein) whose role in humanmalignancies is increasingly
recognized [57,58]. When released in the extra-cellular medium,
galectin-9 acts on numerous target cells with predominant
immuno-suppressive effects. It induces apoptosis of Th1
+ CD4 + T-cells, impairs NK cell functions, favors M2 polarization
of macrophages and enhances suppression by induced T-regs
[59–61]. Galectin-9 is extremely abundant in NPC cells [62]. It is
released in the extra-cellular medium probably in two fractions,
one conveyed by exosomes and one soluble fraction [63]. It is also
detected in the plasma of NPC patients [64]. Surface ligands of
inhibitory immune checkpoints are also abundantly and consis-
tently expressed by NPC cells, especially HLA-class II molecules,
agonists of Lag3 [65]. Other agonists like PD-L1, HLA-G and B7-H4
are expressed by malignant cells in at least a fraction of NPCs
[66,67]. IDO (indoleamine 2,3-dioxygenase) is an enzyme involved
in tryptophan degradation which has negative effects on T-cell
proliferation and function and is suspected to contribute to
immune suppression in NPCs [67,68].

Despite the strong suppressive context, cells with
a molecular phenotype of immune effector cells are consis-
tently detected inside NPC tumors. CD56 + NK cells are
present and their abundance is indicative of a better prog-
nosis [69]. Regarding effector T-cells, the CD8+ to CD4+ ratio
is variable [50]. A substantial fraction of CD4 + T-cells bears
Th1+ or Th17+ markers [50,70]. However, they are probably
functionally impaired. For example, a study comparing TILs
and PBMCs from NPC patients has shown that LMP1 and
LMP2 tetramer positive cells are detected in both popula-
tions. However, cytotoxicity and IFN-γ production were
recovered only from PBMCs [71]. A number of questions
remain to be addressed regarding NPC TILs, for example
the significance of their spatial distribution inside the tumor
nests or at their periphery, the diversity of TCR rearrange-
ment and its relationship with EBV-protein expression and
the mutational burden.
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2.5. Tumor macro-environment: the systemic aspects of
NPCs

As most solid tumors, NPC is increasingly recognized not only as
a loco-regional disease but also as a systemic disease, even in
the absence of distant metastases. The systemic impact of the
disease can be observable clinically, for example because of
altered general condition or cachexia and sometimes because
of paraneoplastic syndromes. There are also biological evidence
of the systemic impact detected by routine biology like
a decrease in the total count of lymphocytes more marked on
CD4+ cells with an increase in the fraction of T-regs (CD4+, CD25
+, Foxp3+) [72]. However there is no overt systemic immune
deficiency in NPC patients who retain for example a number of
circulating precursors for anti-EBV CD4 and CD8 T-cells [71].
Several tumor products are consistently detected in the plasma
of NPC patients, especially EBV DNA and BART microRNAs
[73,74]. The kinetics of the concentration of plasma EBV DNA
has proven to be a remarkable biomarker to monitor treatment
response [12,75]. When plasma EBV-DNA is detectable at the
diagnosis prior to the treatment, its complete disappearance at
the completion of the primary treatment – most often concur-
rent chemo-radiotherapy – is of good prognosis. On the con-
trary, persistence of detectable plasma EBV DNA is associated
with a high risk of local or metastatic relapse. Moreover the
kinetics of plasma EBV-DNA clearance during induction che-
motherapy and concurrent chemo-radiotherapy has prognostic
value and can be used for risk-adapted de-intensification/inten-
sification of the treatment [75]. In addition, tumor exosomes are
abundant in the plasma of most NPC patients. They have an
immunosuppressive activity supported by surface proteins like
PD-L1, galectin-9, CCL20 and by microRNAs (probably intra-
luminal) [54,64,76]. Circulating tumor cells are detectable in
NPC patients. Their abundance has prognostic value [77].

3. Current therapeutic landscape and possible
transitions to innovative therapeutic approaches

3.1. Overview of current cytotoxic and targeted
therapies

Because of their anatomical situation, surgical ablation is not
indicated for NPCs, except some rare cases of local relapses
treated by expert surgical teams. Radiotherapy is the corner-
stone of the treatment for the primary tumor and regional
lymph nodes [1,78]. Exclusive radiotherapy is restricted to
small tumors (T1 or T2N0). Concurrent chemo-radiotherapy is
the standard of care for larger tumors or tumors associated
with cervical lymph node involvement [79]. Remarkable pro-
gress has been achieved in radiotherapy of NPC with the
advent of IMRT (Intensity-Modulated Radiotherapy). However
local relapses still occur in about 10% of the cases and a large
fraction of patients who are cured still suffer late undesirable
effects strongly undermining their quality of life (xerostomia,
muscular atrophy and, sometimes, temporal lobe necrosis).
Conventional chemotherapy is also a major arm for the treat-
ment of NPCs. Among the most efficient drugs are platin-
derivatives (especially cis-platinum), 5-fluoro-uracil, taxanes
and gemcitabin. Chemotherapy is used for the treatment of

synchronous or metachronous metastases but it has also
a major role for the treatment of primary tumors [80]. As
explained previously, concurrent chemo-radiotherapy is the
standard of care for large primary tumors. Overall, there is
no obvious benefit of adjuvant chemotherapy, even after
selection of high-risk patients [81]. This is due to a large extent
to its toxicity in the aftermath of concurrent chemo-
radiotherapy. In contrast, there is a growing consensus that
induction or neo-adjuvant chemotherapy increases disease-
free and overall survival. For example, in a recent phase III
trial, Zhang et al. have demonstrated the benefit of 3 cycles
combining gemcitabine and cisplatinum prior to chemora-
diotherapy in patients with advanced local disease [82].
While NPCs are known to be more sensitive to radiotherapy
and chemotherapy than HNCs, current targeted therapies
have not brought superior benefits by comparison with
other Head and Neck malignancies. For example, Cetuximab
has not proven to be useful for nasopharyngeal carcinomas
[83]. So far, multitargeted tyrosine kinase inhibitors (TKI) and
TKI targeting VEGFR have not been successful in NPC patients.
Among anti-angiogenic compounds, Endostatin seems to be
the most efficient [84].

3.2. Immunotherapeutic approaches

Regarding immune checkpoint inhibitors, so far, anti-PD1/PD-
L1 antibodies (Pembrolizumab, Nivolumab and Spartalizumab)
have resulted in ORR of about 20% in several phase II studies
dealing with relapsed or metastatic NPCs [85,86](Lim et al.,
AACR annual meeting 2019, abstract # CT150). This is not bad
but not better than for other HNCs despite the presence of
viral antigens in malignant NPC cells. However, studies on this
topic are far from over. Phase III studies are ongoing [87].
Novel antibodies targeting PD1 (Camrelizumab) are under
evaluation with seemingly better results [88]. The combination
of an anti-PD1 with an anti-CTLA4 is also tested in one study
(NCT03097939).

Because of the presence of EBV antigens in malignant NPC
cells, multiple approaches of adoptive transfer of immune cells
have been attempted since the early millennium years [87].
Most of these trials were based on in vitro expansion of auto-
logous lymphocytes targeting EBV proteins, EBNA1, LMP1 and
LMP1. Overall, the results have been somehow disappointing,
especially by comparison with the excellent results obtained in
the treatment and prevention of EBV-related post-transplant
lympho-proliferative disorders (PTLD) [87]. However, in most
studies, long term remissions have been observed for a few
cases of patients bearing advanced and/or resistant tumors,
thus stimulating investigators to undertake novel studies. One
reason of the overall low success rate of immune adoptive
transfer is presumably the poor representation of EBV anti-
genic proteins in NPC cells. EBNA1, LMP1 and LMP2 are less
immunogenic than other latent EBV proteins. The abundance
of LMP1 and LMP2 is often very low and they are completely
absent in a large fraction of the cases [89]. Even more impor-
tant in our opinion is the prevalence of active immunosup-
pressive effectors inside the tumor environment and, to
a lesser extent, at the systemic level (see the previous sections
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on tumor micro- and macro-environment). At the time when
the invasive tumors are taken in consideration for treatment,
these cellular and molecular effectors of immune evasion have
been selected, educated and expanded for many years in the
face of normal anti-EBV CD4+ and CD8+ conventional
T-cells [71].

The development of therapeutic vaccination may face the
same obstacles. Currently, one of the most advanced studies
in this field is based on a modified vaccinia Ankara virus (MVA-
EL) encoding a recombinant protein fusing a truncated half of
EBNA1 to the full-length of LMP2A. This vaccine is currently
tested in a phase II study [90](NCT01094405).

3.3. Challenges of the transition to innovative
approaches

Beside the early detection of small tumors and adequate man-
agement of pre-tumoral conditions, advanced therapeutic
research in NPCs has three main goals: 1) to design new instru-
ments to cure synchronous or metachronous metastatic dis-
eases; 2) to prevent recurrence in high risk patients with
apparent remission, especially those with persistent detection
of plasma EBV DNA after the completion of concurrent chemo-
radiotherapy; 3) and last but not least, to reduce long term
sequelae of radiotherapy, especially for small size tumors. For
its long term contribution to these aims, the clinical research on
novel therapeutic targets has to comply with 2 requirements.
First, introduction of novel agents should avoid competition with
proven therapeutic modalities. Because conventional radiother-
apy and chemotherapy, often achieve cures for localized diseases
and long-term remissions for metastatic forms, clinical oncolo-
gists might be reluctant to replace standard drugs by innovative
agents. Next, investigators favor situations where short term
clinical and biological endpoints are available as surrogates of
the long term survival; for example, reduction of tumor mass,
evolution of the tumor immune contexture on secondary biop-
sies and kinetics of plasma EBV DNA load. One gateway entry to
assess new therapeutic agents is to deal with metastatic diseases
at the second or third line of treatment. This approach has
proven to be successful to make the proof of principle for
Cytolytic Viral Activation in NPC [91]. With the growing consen-
sus on the effectiveness of induction chemotherapy, there are
new possibilities. This segment of the treatment (often called
‘window of opportunity’) allows evaluation of novel therapeutic
agents, especially immune-modulators which are not expected
to result in cumulative toxicity when combined with chemother-
apy. In this context, endpoints related to primary tumor response
are available in addition to the kinetics of plasma EBV DNA load.
This strategy might even be applied to low income countries
where there are long queues to access adequate facilities for
radiotherapy.

4. Innovative therapies targeting cellular signaling
pathways

In this section, our review will be focused on a small group of
pathways which are consistently altered or critically involved
in a majority of NPCs as explained in our previous section on
NPC cellular oncogenesis.

4.1. Targeting the Rb pathway

As previously explained, the functional inactivation of Rb in
NPC cells often results from the inappropriate activity of the
cyclin-dependent kinases CDK4/6 in a context of CDKN2A
inactivation or CCND1 overexpression. Therefore, there is
a strong rationale to use pharmacological inhibitors of the
CDK4/6 kinases (provided that these compounds have suffi-
cient selectivity for malignant cells). One of this inhibitor,
Palbociclib has proven to have anti-tumor effects on NPC-
PDX models and there are a few observations of objective
responses in patients with advanced diseases ([19] and ASCO
2019 (DOI: 10.1200/PO.18.00340)). Another CDK4/6 inhibitor,
ribociclib, was also reported to be efficient in NPC-PDX models
with additional synergistic effect when it was combined with
an alpha-specific PI3 K-inhibitor, alpelisib [92].

4.2. Targeting TP 53

As previously mentioned, the vast majority of primary NPCs
retain a wild-type TP53 gene, including more than 80% meta-
static NPC lesions. A functional inactivation of TP53 is strongly
suspected although its precise mechanisms are not fully
understood. Nevertheless, compounds which inhibit TP53
interaction with MDM2 – like Nutlin 3 and its derivative
Idasanutlin or RG7388 – antagonize NPC cell growth in vitro
[93,94]. Such compounds are under clinical trials mainly in
hematological malignancies. In most cases, they are poorly
active by themselves. Combinations with other drugs are
often required to induce a transition of the TP53 protein
from its ‘arrester’ to ‘killer’ status, involving distinct phosphor-
ylation events [95]. This transition will have to be investigated
in the context of NPC cells.

4.3. Targeting NF-kB pathways

The major contributions of NF-KB factors to the malignant
phenotype of NPC cells argue in favor of using NF-KB inhibi-
tors as therapeutic agents. Unfortunately, most pharmacologi-
cal NF-KB inhibitors which are currently available have poor
selectivity. They often impact normal tissues especially
immune effector cells [96]. However, in the specific case of
NPCs there is room for future innovative approaches that
would target the previously mentioned unusual NF-KB com-
plexes (especially p50/RelB and p50/p50/Bcl3) [39][40].

4.4. Miscellaneous cellular targets

Regarding STAT3, the most promising inhibitors are small
molecules blocking its homodimerization domain like OBP-
31,121 and OBP-51,602. These molecules are currently in
early clinical trials for various malignancies but not NPCs to
our knowledge. As for current NF-kB inhibitors, the most pre-
valent difficulty with STAT3 inhibitors is their lack of selectivity
for malignant cells. Regarding c-IAP2, we have previously
reported the consistent overexpression of this anti-apoptotic
protein in NPC cells [97]. Treatment of these cells with a small
molecule acting as a SMAC mimetic induced the degradation
of c-IAP2 and subsequent cell death. The addiction of NPC
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cells to high expression of c-IAP2 is probably related to per-
manent endogenous stimulation of the TLR3 receptor by the
EBERs [16,98]. Interestingly, Debio 1143, an orally available
SMAC mimetic has given promising results in a phase II trial
in combination with chemoradiation for patients with non-
NPC locally advanced Head and Neck carcinomas (ESMO
2019, abstract LBA65). Its evaluation in NPC patients would
be warranted. NOTCH3 and its ligand Hey1 are overexpressed
in virtually all EBV-positive NPC tumor lines and primary
tumors [99]. Knocking-down Notch3 in NPC cells in vitro inhi-
bit their proliferation in 2D and 3D cultures and make them
more vulnerable to cis-platinum. However, so far, there has
been no breakthrough of Notch pharmacological inhibitors in
oncology.

5. Emerging non-immune anti-viral strategies

5.1. Artificial ligands and blockers of viral proteins

EBNA1 is usually seen as the most relevant viral target in NPCs
because of its consistent expression and obligatory role in EBV
genome maintenance. VK-2019 is currently the most advanced
compound directly targeting EBNA1 [6] (Table 1). This drug
inhibits EBNA1 interaction with the OriP sequence of the EBV
genome. It was designed using the 3D structure of the com-
plex formed by the EBNA1 DNA-binding domain (DBD) with
the Ori-P sequence. The formation of this complex requires
EBNA1 dimerization [100]. Candidate inhibitors were derived
from a chemical fragment library, using in silico methods and
X-ray diffraction. Following validation in EBNA1/DNA binding
assays and cell-based assays, they were tested in vivo using
NPC PDX. Remarkably, lead compounds were able to delay
tumor growth but also to synergize with radiotherapy.
Simultaneously the EBV-genome was lost from these rapidly
growing tumors in less than 6 days [6]. In addition to open the
way to a novel therapeutic approach, this study was an ele-
gant confirmation of the continuous contribution of EBV to
the malignant phenotype of NPC cells. VK-2019, one of these
compounds, is currently tested on NPC patients in phase I/IIa
clinical trials in several institutions (NCT03682055).

Another strategy for direct targeting of EBNA1 is based on
oligopeptides homologous to EBNA1 dimeric interface, designed
to block the dimerization process (and consequently the DNA
binding). Recently, one of these peptides has been incorporated
in a complex compound bearing a Zn++ chelator and
a fluorophore with enhanced emission in response to EBNA1
and Zn++ binding. This compound, called ZRL5P4, prevents
EBNA1 dimerization and oligomerization, reduces the viability
of NPC cells in vitro and delays the growth of NPC xenografts. It
also induces the viral lytic cycle in treated cells [101].

Although EBNA1 is currently at the front-stage, it is not the
unique viral protein which can be targeted in NPCs. Other
potential targets are LMP1, LMP2 and BARF1 (Table 1). Studies
in this field are very exciting but one should keep in mind that
they are still at an early stage, either not published in pair-review
journals or supported by only one publication. Some investiga-
tors work to apply to the oncoprotein LMP1 a strategy of
inhibition similar to the strategy implemented for EBNA1 with
VK 1019, in other words, they intend to block its interaction with

cellular partner biomolecules. The group led by A. Kieser
(Helmholtz center, Munich) investigates peptides or small mole-
cules blocking the interactions of the C-terminal part of LMP1
with cellular signaling adaptors like TRAF2 and TRAF6 (2018
International Conference on EBV & KSHV, oral talk #15 and
poster #128). Very recently, promising data have been reported
by Zhu et al. (2020) for artificial protein ligands of LMP2 [102].
They were obtained by screening a phage display library of
affibodies. Affibodies are recombinant small proteins (7kd, 58
aa) with the capacity to bear highly diverse motifs on a scaffold
derived from the B-domain of the Staphylococcal Protein
A. They can achieve specific binding of target proteins with
high affinity (sometimes reaching the pM range) [103]. The
LMP2 specific affibodies reported by Zhu et al. bind the
C-terminus of LMP2 which, according to the current LMP2 topo-
logical model, is intracytoplasmic. However, these antibodies are
readily internalized by EBV-positive latently infected cells includ-
ing the C666-1 NPC cells in vitro. Moreover, they accumulate in
C666-1 xenografts under systemic treatment of tumor-bearing
mice. Tumor growth inhibition is observed when the affibodies
are coupled to a toxin [102]. If these data are confirmed with
other NPC models, they might quickly lead to clinical applica-
tions. Understanding the mechanisms of affibody internalization
by LMP2-positive cells will be of major interest. Finally, there is
a report of a murine monoclonal antibody targeting a segment
of the BARF1 protein (aa 28–38) which induces a growth delay
for C666-1 tumors xenografted in nude mice but not in RAG-/-,
γ-/- mice suggesting a contribution of ADCC against malignant
cells [32]. It will be interesting to see whether this observation is
confirmed in future studies.

5.2. Modulation of EBNA1 protein translation

The EBNA1 protein contains a long series of Glycine/Alanine
repeats mapping between its amino-acids 89 and 325.
R. Fähraeus et al. have shown that the portion of the EBNA1
messenger RNA encoding this repeat tends to slow down the
path of its own translation. Moreover, in collaboration with the
group led by M. Blondel, they have shown that this RNA
sequence retains the same function when inserted in recom-
binant genes and transcripts expressed in yeast. This has
resulted in a powerful tool to screen small molecule library
for compounds with the capacity to further inhibit or increase
the translation of EBNA1. Currently, one perspective is to
enhance EBNA1 expression in order to increase the immuno-
genicity of malignant cells [26].

5.3. Possible targeting of untranslated viral RNAs

As mentioned in the section on viral oncogenesis, untrans-
lated RNAs – EBERs and BART microRNAs – are the most
abundant viral products in NPC cells and increasingly appear
as critical determinants of the malignant phenotype. One
strategy to antagonize the functions of viral microRNAs is to
bring to malignant cells complementary RNAs with blocking
properties [104,105]. One limiting factor for these approaches,
like for all RNA-based therapies, is the capacity to vectorize
therapeutic RNAs to malignant cells. This is even more critical
for NPCs due to the extreme abundance of the viral
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microRNAs in malignant cells. To our knowledge, no specific
strategy has been proposed for direct targeting of the EBERs.

5.4. Cytolytic viral activation (CLVA)

Like for all herpesviridae, production of EBV viral particles results
ipso facto in the death of the infected cell, hence the name of lytic
cycle to characterize a state of infection oriented toward produc-
tion of viral particles. The idea of disrupting viral latency in EBV-
positive malignant cells has been in the air for decades (for a
review see Oker et al., Intechopen.com, DOI: 10.5772/64738).
Initially the idea was to use EBV as a kind of endogenous onco-
lytic virus but this was not realistic for at least 2 reasons. First, the
mechanisms blocking the lytic cycle operate at multiple levels
and it is much easier to obtain partial activation of several lytic
genes than to achieve viral production in all cells. Next, activation
of the lytic cycle is known to favor the release of soluble factors,
especially cytokines, with potential oncogenic activity on bystan-
der cells. Therefore, most investigators in the field aim to partial
activation of lytic genes in order to induce expression of viral
enzymes with the capacity to transform prodrugs in cytotoxic
drugs, specifically in malignant cells. The two main candidate
enzymes for this function are EBV thymidine kinase (EBV-TK) and
EBV protein-kinase (EBV-PK). Another aim of partial lytic induc-
tion could be to increase the immunogenicity of malignant cells.

The proof of concept of the potential benefits of combining
drugs inducing the lytic cycle with prodrugs has been made in
clinical studies dealing with EBV-associated lymphomas and
more recently with NPCs [106]. In a landmark study published
by Wildeman et al., the lytic induction was achieved by
a combination of valproic acid – used as a histone deacetylase
inhibitor (HDACi) – and gemcitabin which like some other
compounds of conventional chemo has proven to favor the
disruption of latency in various types of EBV-infected cells. The
prodrug was ganciclovir [91]. There is currently intense
research in the academia and in the industry to investigate
and optimize chemical inducers of the lytic cycle. A number of
epigenetic modifiers are under investigation – especially
HDACi – but also miscellaneous agents like tetrahydrocarbo-
line derivatives, intra-cellular iron chelators or compounds
inducing ‘unfolded protein response’ [107–109]. It seems that
much less efforts are devoted to the development of adequate
prodrugs. Most pre-clinical studies rely on ganciclovir or
related oral compounds. Ganciclovir is activated by EBV-PK –
not EBV TK – but it was initially designed as a substrate of
HSV1-TK [110]. From the development of compounds specially
designed for EBV enzymes, including EBV-PK and – TK, one
may expect a better therapeutic index that would benefit the
development of CLVA. There is also a margin of progression
with regards to the biomarkers useful to monitor CLVA. Habib
et al. have reported extra-cellular release of the BZLF1 protein
and its detection in the plasma of AIDS patients bearing EBV-
related lymphomas [111]. BZLF1 is an immediate early viral
protein whose expression occurs at a very early stage of lytic
activation. Its detection in the plasma of NPC patients might
become a surrogate marker of lytic activation in tumor cells.
However, its detection might be hampered by the concomi-
tant presence of anti-BZLF1 antibodies which have been
reported in NPC patients.

6. Immune modulators for immune restoration
against malignant cells

As explained in the last sections of this review (Expert Opinon),
there is a strong rationale to develop therapeutic approaches
based on immuno-modulators for NPC treatment. These
approaches aim to neutralize immune suppressive cells and
to boost immune effector cells (Table 2).

6.1. Neutralization of immune checkpoints and related
systems

Typical immune checkpoint systems are made of an inhibitory
or stimulatory co-receptor at the surface of T-cells and their
ligands at the surface of tumor cells or infiltrating cells like
macrophages. In this setting, the aim of immunotherapy is
usually to block the inhibitory co-receptors (for example
PD1) or their ligands (for example PD-L1). Two ligands of
T-cell inhibitory co-receptors are abundantly and consistently
expressed by malignant NPC cells: HLA class II molecules and
galectin-9 (Gal-9) whose receptors are Lag-3 and Tim-3,
respectively. However, according to a recent study, Lag-3
and Tim-3 are usually expressed at a low level by tumor
infiltrating lymphocytes of NPCs [67]. These observations that
will need confirmation do not rule out a potential interest of
antibodies blocking Lag-3 or Tim-3. Indeed, the efficiency of
neutralizing antibodies is not always proportional to the
expression of the inhibitory co-receptor. The HLA-G/ILT4 sys-
tem might also be a potential target for immunotherapy
[66,112]. So far, there is no data about the expression of ILT4
by stromal or malignant cells of NPCs, although therapeutic
antibodies are currently developed against this molecule. B7-
H4 is another inhibitory ligand (acting on the B7-H4-R co-
receptor) which seems to be strongly expressed by NPC cells
[67]. It is also a target for therapeutic antibodies under devel-
opment. Because there is mounting evidence that mobiliza-
tion of NK cells could benefit the treatment of NPCs, it will be
useful to explore the potential of immune checkpoint inhibi-
tors designed for this purpose, for example antibodies against
NKG2A [113]. In addition to their positive impact on NK cells,
these antibodies have been reported to concomitantly pro-
mote CD8 T-cell immunity [114].

6.2. Neutralization of immunosuppressive extra-cellular
biomolecules

In the section about NPC tumor microenvironment, we have
mentioned several biomolecules released by malignant cells
which are suspected to contribute to the local immunosuppres-
sion, including LIF, CCL20 and galectin-9. Antibodies neutralizing
LIF are currently in clinical development for humanmalignancies
but, to our knowledge, have not been specifically tested in NPC
patients [115](NCT03490669). The development of antibodies
neutralizing CCL20 is much less advanced [116]. Therapeutic
antibodies neutralizing extra-cellular galectin-9 are currently
under pre-clinical development [117]. CCR4 is a chemokine
receptor expressed at the surface of T-regs which mediates the
chemotactic effect of CCL17 and CCL22. Both cytokines are
abundant in some EBV-related malignancies like NK/T cell
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lymphomas [118]. It would be interesting to know their status in
NPCs. Small molecules blocking CCR4 are currently in pre-clinical
development (American Association for Cancer Research meet-
ing, 2018, abstract #4752).

6.3. Interferon-β: new perspectives for an old
immunotherapeutic agent

Several clinical trials, performed mainly in Germany, suggest that
adjuvant immunotherapy based on systemic administration of
interferon-β during 6 months following radiotherapy or conco-
mitant chemo-radiotherapy results in better disease-free and
overall survival [119]. More recently, laboratory investigations
have been performed to assess the contribution of NK cells in
these positive effects of IFN-β. Using xenografted EBV-positive
NPC cells and clinical materials, we have shown that IFN-β
enhances the action of NK cells by two synergistic modifications:
induction of TRAIL-receptor expression on NPC cells and TRAIL
expression by NK cells with release of extra-cellular soluble TRAIL
(sTRAIL). Consistently, sTRAIL concentration is increased in the
serum of NPC patients treated with IFN-β [120,121]. However, in
the same time, IFN-β enhances PD-L1 and PD1 expression by
NPC cells and NK cells, respectively. As expected, NK cell cyto-
toxic effect is maximal, at least in vitro, when combining activa-
tion of NK-cells by IFN-β and PD1 blockadewith Nivolumab [122].

7. Conclusion

In spite of remarkable progress made in the treatment of NPCs
by radiotherapy and chemotherapy, there is a deep need for
more effective and more selective treatments. The aim is to
achieve a higher rate of cure for advanced forms and
a reduction in long-term side effects for all patients. The
increasingly detailed study of the viral and cellular mechan-
isms of oncogenesis has unmasked elements of vulnerability
that are ultimately very diverse. In the field of host-tumor
interactions, there are also a number of possible tumor vulner-
abilities. Some of the next challenges will be to assess the
relative effectiveness of these potential targets and to design
combinations adapted to the distinct clinico-biological forms
of NPCs.

8. Expert Opinion

8.1. A novel context

The recent openings of clinical studies based on cell cycle
inhibitors (§ 4.1) or those based on direct blockers of viral
proteins (§ 5.1 and Table 1) open a new era in the therapy of
NPCs. It gives factual proof that it is now possible to progress
from the elucidation of viral and cellular NPC oncogenesis to
molecular pharmacology and clinical research.

8.2. These advances highlight the need for a better
histo-molecular classification of NPCs

To some extent, NPC appears as a unified pathological entity
with biological and clinical characteristics shared by virtually all
tumors like EBNA1 expression, constitutive NF-kB activation andTa
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sensitivity to radiotherapy. However, beyond this frame, there
are multiple factors of heterogeneity in NPC models as well as in
clinical specimens. For example, the morphology of the malig-
nant cells, the spatial distribution of the lymphoid infiltrate, the
spectrum of EBV transcripts, the stringency of the latent infec-
tion, the mechanisms underlying constitutive NF-KB activation
and many cellular genetic and epigenetic alterations are diverse.
A more systematic and comprehensive molecular classification
that would take in account all these characteristics would facil-
itate the development of novel therapeutic tools.

8.3. Sustained development of pre-clinical NPC models
will remain critical for rapid evaluation of emerging
therapeutic targets

As mentioned in section 2.1, after a long period of stagnation,
a numbers of NPC PDX and a few EBV-positive NPC cell lines
propagated in vitro have been obtained in the last five years in
several laboratories. This is a major breakthrough which has long
been awaited. However, two types of additional progress are
desirable for rapid development of novel therapeutic tools. One
aim is to secure and make available wide panels of EBV-positive
NPC models in public repositories. Indeed, investigators inter-
ested in novel therapeutic approaches will need to access a pool
of EBV-positive preclinical models of sufficient size, reflecting the
heterogeneity of the disease in real life. Another aim is to obtain
NPC cell lines or PDX with matched autologous immune cells.
This would greatly help investigations on immune modulators,
especially their possible combination with radiotherapy [123].

8.4. There is a strong rationale for more investigations
on the potential of immune modulators

This assumption is based on 3 observations. 1) NPC is a hot
tumor with consistent expression of viral antigens (at least
EBNA1). 2) In contrast with PTLDs (post-transplant lympho-
proliferative diseases) tumor immune escape is due to local
production of immunosuppressive factors rather than to
a primary deficit of the immune system [71]. 3)
Immunomodulators are expected to be compatible with
induction chemotherapy and may benefit from clinical and
biological evaluation during the window of opportunity
prior to the start of concurrent radiochemotherapy. In this
field, it is important to keep in mind two potential pitfalls.
The expression of immune checkpoints and their ligands
might change under treatment by radiotherapy or che-
motherapy, with either induction or suppression [65].
Circulating tumor exosomes often express checkpoint
ligands at their surface entailing a risk of titration of ther-
apeutic antibodies and reduced access to the tumor [124].

8.5. Strengthening NK cell responses seems to be
a promising strategy

This assumption is based on the following observations. The
abundance of NK cells in the tumor seems to have positive
prognostic value [69]. HLA class I expression is deficient in
about 30% NPC tumors which presumably makes them more

vulnerable to NK cytotoxicity [33]. Paradoxically, this subset of
tumors seems to be more sensitive to anti-PD1/PD-L1 antibo-
dies suggesting enhancement of NK-cell functions [85]. This
hypothesis would be consistent with our recent in vitro obser-
vations on the synergy of interferon-β and anti-PD1 antibodies
in the activation of NK cell cytotoxicity against NPC cells [122].

8.6. It will be important to optimize the sequential use of
new therapeutic agents

For example, if acquired resistances to EBNA1 inhibitors results
from the emergence of EBV-negative malignant cells, CLVA
therapy will not be useful for rescue of these patients. In
contrast, if resistance results from EBNA1 mutations with per-
sistence of the EBV genome in malignant cells, CLVA will be
a rational approach. In the field of immune checkpoint inhibi-
tors, there are also evidence that one antibody given first can
make the tumor more sensitive to another antibody given at
the next stage of the treatment [88,125].

8.7. On the long term, adoptive immunotherapy and
EBV-vaccination may find their best indications in
prophylactic settings

For example, adoptive immunotherapy is expected to be use-
ful for intensification treatment and prevention of relapses in
patients who retain circulating EBV-DNA at the completion of
concurrent radio-chemotherapy. Anti-EBV vaccination might
be useful for subjects in NPC endemic areas who exhibit pre-
tumoral systemic alterations of EBV markers, i.e. repeated
detection of circulating EBV-DNA and/or alterations in the
profile and abundance of circulating anti-EBV antibodies.
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Galectin-9 promotes a suppressive
microenvironment in human cancer
by enhancing STING degradation
Chuan-xia Zhang1,2, Dai-jia Huang1,3, Valentin Baloche 4, Lin Zhang1, Jing-xiao Xu1, Bo-wen Li5, Xin-rui Zhao2, Jia He1,2,
Hai-qiang Mai1,3, Qiu-yan Chen1,3, Xiao-shi Zhang1,3, Pierre Busson 4, Jun Cui 1,2,6 and Jiang Li 1

Abstract
Galectin-9 (Gal-9) is known to enhance the expansion of myeloid-derived suppressor cells (MDSCs) in murine models.
Its contribution to the expansion of MDSCs in human malignancies remain to be investigated. We here report that Gal-
9 expression in nasopharyngeal carcinoma (NPC) cells enhances the generation of MDSCs (CD33+CD11b+HLA-DR−)
from CD33+ bystander cells. The underlying mechanisms involve both the intracellular and secreted Gal-9. Inside
carcinoma cells, Gal-9 up-regulates the expression of a variety of pro-inflammatory cytokines which are critical for
MDSC differentiation, including IL-1β and IL-6. This effect is mediated by accelerated STING protein degradation
resulting from direct interaction of the Gal-9 carbohydrate recognition domain 1 with the STING C-terminus and
subsequent enhancement of the E3 ubiquitin ligase TRIM29-mediated K48-linked ubiquitination of STING. Moreover,
we showed that extracellular Gal-9 secreted by carcinoma cells can enter the myeloid cells and trigger the same
signaling cascade. Consistently, high concentrations of tumor and plasma Gal-9 are associated with shortened survival
of NPC patients. Our findings unearth that Gal-9 induces myeloid lineage-mediated immunosuppression in tumor
microenvironments by suppressing STING signaling.

Introduction
Galectins are an intriguing family of β-galactoside-

binding animal lectins, which have multiple functions
inside the cells but can also be secreted by unconventional
pathways independently of the classical endoplasmic
reticulum/Golgi trafficking machinery1. Extra-cellular
galectin-9 (Gal-9) was originally described as an eosino-
phil chemoattractant2. More recently it has been identi-
fied as a versatile immune-modulator acting on a wide

range of target cells. It is known to induce the apoptosis of
effector T-cells through binding with T-cell immunoglo-
bulin and mucin domain-containing molecule 3 (Tim-3)3.
In contrast, extra-cellular Gal-9 enhances the differ-
entiation and suppressive activity of regulatory T cells,
and is involved in dendritic cell (DC) maturation1. Intra-
cellular Gal-9 also has multiple functions. It is involved in
intracellular trafficking, cell adhesion and migration,
proliferation and apoptosis4–6.
In the past 5 years, various immunosuppressive effects

of Gal-9 have been reported for several types of human
malignancies, for example its induction of M2 polariza-
tion of macrophages in melanoma7,8. However, the con-
tribution of Gal-9 to the generation and expansion of
MDSCs in human malignancies is barely known. Dar-
dalhon et al. have reported an excess of CD11b+Ly6G+

MDSCs in transgenic mice overexpressing Gal-9 or Tim-
3. A role for extra-cellular Gal-9 binding the Tim-3
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receptor was supported by the abrogation of Gal-9 effect
on MDSC expansion in Tim-3 knockout (KO) mice.
However, this report provides no clue on whether or not
intra-cellular Gal-9 is also involved in the promotion of
MDSCs9. Moreover, to our knowledge, no similar inves-
tigations have been made on human MDSCs, especially in
the context of malignant tumors. To address these
questions, we returned to the model of nasopharyngeal
carcinoma (NPC) for two main reasons. Firstly, our pre-
vious studies showed that the expansion of the MDSC
population in peripheral blood and tumor tissues from
NPC patients was associated with a more aggressive
tumor behavior10,11. Secondly, we and others have shown
that Gal-9 concentrations are at a high level in malignant
NPC cells in situ, especially in recurrent tumors, in NPC-
derived PDX (patient-derived xenograft model) as well as
in plasma exosomes from NPC patients12–14, suggesting a
role of Gal-9 in tumor progression. In addition, NPC is a
major public health problem in various countries espe-
cially Southern China. While malignant NPC cells con-
sistently express Epstein–Barr virus latent antigens, the
NPC microenvironment is heavily infiltrated by various
kinds of inflammatory cells15. Until now, the cellular and
viral mechanisms of tumor immune escape have not been
fully understood.
Myeloid-derived suppressor cells (MDSCs), neutrophils,

and DCs have been implicated in T-cell suppression in a
wide range of malignancies. They are recruited in the
tumor microenvironment and educated by tumor cells to
create a localized immunosuppressive niche for tumor
survival16,17. Generally, the tumor-promoting myeloid
response is linked to the environmental cytokine and
chemokine release. For instance, the high levels of IL-1β,
IL-6, and CXCL2 in the tumor microenvironment favor
MDSC expansion18,19. Recent studies showed that innate
immune regulators including stimulator of interferon
genes (STING) and toll-like receptors (TLR) are involved
in the regulation of myeloid cell generation and differ-
entiation in cancers20,21. However, the molecular
mechanisms that contribute to the rise of tumor-
promoting myeloid responses in the cancer micro-
environment is complex and still enigmatic.
To explore the biological functions of intra- and extra-

cellular Gal-9 in regulating myeloid cell differentiation in
human cancer, we used in vitro experimental systems
based on the co-cultivation of CD33+ peripheral leuco-
cytes with NPC cells engineered to express and release
various amounts of Gal-9. Using these models, we
demonstrated that both intra-cellular and extra-cellular
Gal-9 are key players for the promotion of immunosup-
pressive myeloid cells in the tumor microenvironment. To
a large extent, this effect is supported by down-regulation
of the STING protein inside Gal-9-producing carcinoma
cells. Furthermore, we have confirmed that high amounts

of Gal-9 in the tumor tissue and the serum from tumor-
bearing patients is associated with a pejorative outcome.

Results
Forced Gal-9 expression in malignant NPC cells promotes a
cytokine profile conducive to myeloid cell differentiation
To understand the molecular characteristics of malig-

nant cell with endogenous overexpression of Gal-9, we set
up an experimental system based on transfected NPC
cells allowing in vitro modulation of Gal-9 expression.
Firstly, we assessed the baseline protein expression of Gal-
9 in different NPC cell lines TW03 (EBV negative, low
Gal-9 expression) and C666-1 (EBV-positive, high Gal-9
expression) (Supplementary Fig. S1a). From parental NPC
cells, we generated Gal-9 stably overexpressed or knock-
down NPC cells including TW03-Gal-9 and C666-1-sh-
Gal-9 and their corresponding control cells including
TW03-EV (empty vector) and C666-1-sh-control cells for
further studies (Supplementary Fig. S1b, c). We employed
a full transcriptome analysis to identify differentially
regulated genes and pathways in the TW03-Gal-9 and
TW03-EV cells. A total of 728 genes were differentially
regulated between control (EV) and Gal-9 overexpression
cells (523 genes up-regulated vs. 205 genes down-regu-
lated). Pathway analysis revealed that many of these
altered genes are involved in cytokine-cytokine receptor
interactions (Supplementary Fig. S1d). Further analyses of
the gene transcription profiles showed that a series of
genes encoding cytokines and chemokines such as
CXCL8, IL-1α, CX3CL1, IL-6, CCL5, CCL22, and IL-1β,
were significantly up-regulated (p < 0.0001; Fig. 1a). We
further verified that the mRNA levels of CXCL8, IL-1α,
CX3CL1, IL-6, CCL5, CCL22, and IL-1β were increased in
TW03-Gal-9 cells, while decreased in C666-1-shGal-9-01
and C666-1-shGal-9-02 cells compared with the corre-
sponding control cells (Fig. 1b, c). Overall, these data
suggested that Gal-9 mainly up-regulated the production
of a subset of cytokines involved in myeloid cell differ-
entiation, especially IL-1β and IL-6.

Intracellular and extracellular Gal-9 expressed by
malignant cells promotes tumor-associated MDSC
differentiation in a cytokine-induced manner
Considering that Gal-9 is a secreting protein, here we

further assess the repercussions of Gal-9 expression in
malignant cells on the regulation of bystander CD33+

cells belonging to the human myeloid lineage and the
effect of extracellular Gal-9 on CD33+ cell function and
differentiation using RhGal-9 protein or tumor-derived
exosomes (T-EXO) with substantial Gal-9 abundance.
Firstly, we found that the production of IL-1β and IL-6
were increased in TW03 and CD33+ cells with forced up-
regulation of Gal-9 compared with that of corresponding
control cells, while decreased in C666-1-shGal-9-01 and
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C666-1-shGal-9-02 cells compared with the correspond-
ing control cells (Fig. 2a, b). In a previous work, we have
shown that IL-1β and IL-6 promote myeloid cell gen-
eration and differentiation in vitro10. Therefore, for
in vitro mimicking of the tumor microenvironment, we
used a Transwell co-culture system in vitro, connecting
carcinoma cells and CD33+ myeloid cells. We found that
forced Gal-9 expression in TW03 cells significantly
enhanced the induction of CD33+CD11b+HLA-DR−

MDSCs from CD33+ myeloid lineage cells in the neigh-
borhood of TW03 cells (Fig. 2c). Reciprocally, depletion of
Gal-9 in C666-1 cells lowered the induction of
CD33+CD11b+HLA-DR− MDSCs derived from CD33+

cells, however forced Gal-9 expression in C666-1-shGal-9
cells was able to restore the same capacity of MDSCs
induction as the parental cells (Fig. 2d). Consistently, the
treatment of CD33+ cells with RhGal-9 resulted in their
enhanced differentiation in CD33+CD11b+HLA-
DR−MDSC (Fig. 2e). Interestingly, the same effect was
achieved when treating CD33+ cells with exosomes
derived from NPC cells having high Gal-9 production

(Supplementary Fig. S2). Simultaneously, the proliferation
of IFNγ−producing T cells, including CD4+ and CD8+

T cells, was strongly suppressed by TW03-Gal-9- induced
MDSCs, while the C666-1-shGal-9-induced MDSCs dis-
played weaker suppression on the proliferation of IFNγ
−producing CD4+ and CD8+ T cells (Fig. 2f). Our data
suggest that up-regulation of Gal-9 expression in NPC
cells promotes MDSC expansion depending on IL-1β and
IL-6 induction from tumor cell and myeloid cell itself.

Endogenous Gal-9 downregulates STING expression
leading to tumor-derived MDSC expansion in a
cytokine-dependent manner
Our next goal was to elucidate how endogenous Gal-9

was able to induce a change in the cytokine profile in NPC
cell lines TW03 and C666-1, or CD33+ myeloid cells. We
investigated the status of several proteins involved in
cytokine regulation, including the type I IFN (p-TBK1 and
TBK1) and MAPK (p38, JNK, and ERK) signaling path-
ways. We found that overexpression of Gal-9 specifically
inhibited the type I interferon (IFN) signaling pathway,

Fig. 1 Gal-9 expression in NPC cells modulates the expression of genes related to innate immune cell differentiation. a RNA sequencing was
performed on stably transfected TW03 cells with or without Gal-9 overexpression, TW03-Gal-9 (Gal-9 vector) and TW03-EV (empty vector) respectively.
The differentially expressed genes were selected according to the criteria of p value < 0.05 and fold change >2. Differentially expressed genes are
visualized on a Volcano plot. The mRNA levels of indicated genes were determined, using quantitative real time PCR (qRT-PCR), in four distinct cell
types: TW03-Gal-9 and TW03-EV cells (b) and Gal-9 knockdown (shGal9-01 and shGal9-02) or control C666-1 cells (shCtrl) (c). The experiments in (b, c)
were performed at least three times, and the data were plotted as the mean ± SEM. Statistics were conducted with an unpaired Student’s t test,
*p < 0.05 vs. the corresponding control. NS not significant, EV Empty vector.
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Fig. 2 (See legend on next page.)
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but not the MAPK signaling pathways (Fig. 3a). We fur-
ther found that STING, the key adapter protein in type I
IFN signaling, was down-regulated at the protein level in
TW03 and CD33+ cells undergoing forced expression of
Gal-9 (Fig. 3b). Reciprocally, the STING signaling was up-
regulated in C666-1 cells following Gal-9 silencing (Fig.
3c). In addition, the mRNA levels of downstream genes of
the STING signaling pathway including ISG15, ISG54,
and ISG56 were down-regulated in TW03-Gal-9 cells
(Fig. 3d), but up-regulated in C666-1-shGal-9-01 and
C666-1-shGal-9-02 cells (Fig. 3e). Previously, we have
shown that inactivation of STING signaling in NPC cells
leads to the tumor-derived MDSC expansion in a
cytokine-dependent manner via the STING/SOCS1/
STAT3 axis22. Thus, these results led us to hypothesize a
connection between the biological function of Gal-9 and
the STING signaling pathway. We then employed STING
knockout NPC cells in additional coculture experiments.
Interestingly, we found that the forced expression of Gal-9
in TW03-vector control cells resulted in a consistent
increase in their secretion of IL-1β and IL-6, however the
Gal-9-mediated increase of IL-1β and IL-6 secretion was
disrupted in TW03-STING-KO cells. (Fig. 3f and Sup-
plementary Fig. S3). Consistently, an effect of Gal-9 to
promote the generation of MDSCs in the vicinity of
TW03 cells was observed in cells retaining STING
expression but not in STING-KO cells whose capacity to
enhance MDSC differentiation was already close to its
maximum (Fig. 3g). These data suggested that Gal-9
promotes tumor-associated MDSC differentiation in a
STING-dependent manner.

Gal-9 interacts with STING
Based on the above data (Fig. 3b, c), we wondered

whether Gal-9 could suppress the STING protein through
a network of protein interactions. We determined that
Gal-9 interacted with STING by co-immunoprecipitation
of Gal-9 with STING using anti-Myc on HEK293T cell
extracts (Fig. 4a). Reciprocally the endogenous STING

was co-immunoprecipiatated with Flag-Gal-9 from TW03
extract (Fig. 4b). Finally the endogenous Gal-9 was co-
immunoprecipitated with the endogenous STING from
wild type C666-1 extracts (Fig. 4c). In addition, we
observed that Gal-9 colocalized with STING in the cyto-
plasm of C666-1 and CD33+ cells using immuno-
fluorescent staining (Fig. 4d).
To explore the domain of the Gal-9 protein interacting

with STING, we generated two domain-deletion mutants
of Gal-9 (Gal-9-CBD1 and Gal-9-CBD2, containing only
one carbohydrate-binding domain, respectively). Co-
immunoprecipitation analyses showed that STING
strongly interacted with Gal-9-CBD1, but not Gal-9-
CBD2 (Fig. 4e). Importantly, the CBD1 domain of Gal-9
was also responsible for STING degradation (Supple-
mentary Fig. S4). We next generated two domain-deletion
mutants of STING and found that STING interacted with
Gal-9 only at its C-terminal domain (Fig. 4f). These data
suggested that Gal-9 promoted STING degradation via
direct protein-protein interactions.

Gal-9 enhances the TRIM29-mediated K48-linked
ubiquitination of STING by protein-to-protein binding
We further explored the molecular mechanisms of Gal-

9-dependent the decrease of STING expression, and
found that the half-life of STING was shorter in TW03-
Gal-9 cells or lenti-Gal-9-treated CD33+ cells than in
TW03-EV cells or lenti-Control-treated CD33+ cells
using cycloheximide (CHX) ‘chase’ assays (Fig. 5a), sug-
gesting that Gal-9 enhance STING protein degradation.
Importantly, it is the proteasomal inhibitor MG132 but
not 3MA or CQ (lysosomal or autophagic inhibitors) that
inhibited the STING protein degradation in TW03-Gal-9
cells or lenti-Gal-9-treated CD33+ cells (Fig. 5b). Our
observations suggested that the degradation of the STING
protein mediated by Gal-9 is dependent on the ubiquitin-
proteasome pathway.
We further found that Gal-9 promotes the ubiquitina-

tion of STING in TW03 cells (Fig. 5c). It has been

(see figure on previous page)
Fig. 2 The effect of intra- and extra-cellular Gal-9 on MDSC differentiation and expansion in vitro. ELISA assay of IL-6 and IL-1β concentrations
in the conditioned media of TW03-EV and TW03-Gal-9 cells or CD33+ cells (a) or Gal-9 knockdown (shGal9-01 and shGal9-02) and control C666-1 cells
(b) with or without addition of human recombinant Gal-9 (hR-Gal-9). c Differentiation of CD33+ cells isolated from healthy PBMCs investigated after
treatment with control medium, co-cultivation with TW03-EV or TW03-Gal-9. Representative flow cytometry plots (left) and histogram (right) of
MDSC differentiation assays showing the percentage of CD33+CD11b+ cells in the HLA-DR− gate arising from CD33+ cells. d Similar experiment
based on co-cultivation with C666-1 cells using four experimental conditions: C666-1-shCtrl cells (shCtrl), unmodified C666-1-shGal9-01 (shGal-9),
C666-1-shGal9-01 co-transfected with a control lentiviral vector (shGal9+ EV) or a Gal-9 lentiviral vector (ShGal-9+Gal-9). e Representative flow
cytometry plots (left) and histogram (right) of MDSC differentiation assays showing the percentage of CD33+CD11b+ cells in the HLA-DR− gate
arising from CD33+ cells with or without addition of human recombinant Gal-9 (hR-Gal-9). f Representative flow cytometry plots (left) and histogram
(right) of the IFN-γ-positive, proliferating T cells (CSFE assay) to test the immune-suppressive activity of MDSC cells induced by TW03-EV and TW03-
Gal-9 or C666-1-shCtrl and C666-1-shGal9 (shGal9-01) cells. All experiments were performed at least three times, and the quantification data were
plotted as the mean ± SEM. Statistics were conducted with an unpaired Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001 vs. the corresponding
control. NS not significant, EV Empty vector.
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reported that K48-linked ubiquitination is typically asso-
ciated with protein degradation via ubiquitin-proteasome
pathway. Here, we demonstrated that Gal-9 specifically
promoted K48-linked poly-ubiquitination of STING, but
not other ubiquitination linkages (Fig. 5d). Our data
indicated that Gal-9 mediates the proteasomal degrada-
tion of STING protein by enhancing its K48-linked
ubiquitination.
Since Gal-9 is not an E3 ubiquitin ligase, we hypothesize

that Gal-9 might recruit certain E3 ligase to mediate the
ubiquitination of STING. The E3 ubiquitin ligase tri-
partite motif containing 29 (TRIM29) has been reported

to mediate the K48-linked ubiquitination of STING23.
Hence, we generated TW03-TRIM29-KO cells (Supple-
mentary Fig. S5a), and found that Gal-9 failed to degrade
STING in TW03-TRIM29-KO cells anymore (Fig. 5e). In
addition, forced expression of both Gal-9 and TRIM29
resulted in more rapid STING degradation (Supplemen-
tary Fig. S5b). Of note, TRIM29 deficiency completely
impaired the ability of Gal-9 to induce K48-linked ubi-
quitination of STING (Fig. 5f). Furthermore, we found
that Gal-9 interacted with TRIM29 in CD33+ and TW03
cells (Fig. 5g and Supplementary Fig. S5c), and we found
that Gal-9 enhanced the interaction between TRIM29 and

Fig. 3 Endogenous Gal-9 downregulates STING leading to tumor-associated MDSC expansion depending on cytokine-induction. a The
extracts of TW03 cells stably expressing Flag-tagged-EV or Gal-9 (left) and CD33+ cells transfected with lenti-flag-tagged-EV or lenti-flagged-Gal-9
vector (right) were subjected to immunoblot with the indicated antibodies. b Upper panel: the lysates of TW03 cells and CD33+ cells expressing Flag-
tagged EV or Gal-9 were subjected to immunoblot with the indicated antibodies. Lower panel: RT-PCR analysis of STING mRNA; GAPDH mRNA served
as a transcript of reference. c The lysates of C666-1 cells transfected with Gal-9-specific shRNAs were subjected to immunoblot with the indicated
antibodies. The mRNA expression levels of ISG genes were determined in TW03 cells transfected with the Gal-9-expressing vector or EV (d) C666-1
cells transfected with shRNA targeting Gal-9 (e) or corresponding control vectors using quantitative real time PCR (qRT-PCR). f ELISA assay of IL-6 and
IL-1β concentrations in the supernatants from control or STING-KO TW03 cells, transfected with Flag-EV and Flag-Gal-9 for 48 h. g Representative flow
cytometry plots (left) and histogram (right) of MDSC differentiation assay for CD33+ cells co-cultured with Control (Ctrl) or STING-KO TW03 cells,
transfected with Flag- EV or Flag-Gal-9 for 48 h. All experiments were performed at least three times, and the quantification data were plotted as the
mean ± SEM. Statistics were conducted with an unpaired Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001 vs. the corresponding control. NS not
significant, EV empty vector, Ctrl control, KO knock out.
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Fig. 4 Gal-9 interacts with STING. a HEK293T cells were transfected with Flag-Gal-9 or Flag-EV vector together with a Myc-STING expression vector
for 24 h. The cell extracts were subjected to immunoprecipitation with anti-Myc-beads and immunoblot analysis with anti-Flag antibody. b The
lysates of TW03 cells stably expressing Flag- EV or Flag-Gal-9 were subjected to immunoprecipitation with anti-Flag-beads and immunoblot analysis
with anti-STING antibody. c Extracts of C666-1 cells were subjected to immunoprecipitation with an anti-STING antibody and immunoblot analysis
with the anti-Gal-9 antibody. d Immunofluorescence assay to detect the colocalization of Gal-9 (green) and STING (red) in C666-1 and CD33+ cells.
Cell nuclei were stained with DAPI (blue). Scale bar: 2 μm. e Top: Schematic diagram of Gal-9 and its domain mutants. Bottom: HEK293T cells
transfected with Flag-EV, Flag-Gal-9-FL, Flag-Gal-9-CBD1 and Flag-Gal-9-CBD2 mutants, together with HA-STING for 24 h, then treated with MG132
(10 μM) for 6 h. The extracts from HEK293T cells subjected to immunoprecipitation with anti-Flag-beads and immunoblot analysis with anti-HA
antibody. f Top: Schematic diagram of STING and its domain mutants. Bottom: HEK293T cells transfected with Flag-EV, Flag-STING-FL, Flag-STING-NT
and Flag-STING-CT, together with HA-Gal-9 for 24 h, then treated with MG132 (10 μM) for 6 h. The extracts from HEK293T cells were subjected to
immunoprecipitation with anti-Flag-beads and immunoblot analysis with anti-HA antibody. All experiments were performed at least three times. EV
empty vector, FL full length, CBD carbohydrate-binding domain, NT N terminal, CT C terminal, WCL whole cell lysis.
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Fig. 5 Gal-9 enhances STING interaction with and ubiquitination by TRIM29. a Upper panel: TW03 cells stably expressing Flag-Gal-9 or EV were
treated with cycloheximide (CHX, 20 μg/ml) for indicated time points (in hours) and then harvested for immunoblot. Lower panel: CD33+ cells transfected
with lenti-flag-tagged-EV or lenti-flagged-Gal-9 vector for 36 h, then treated with CHX (20 μg/ml) for indicated time points (in hours) and harvested for
immunoblot. b Upper panel: Immunoblot analysis of protein extracts of TW03 cells stably expressing Flag-Gal-9 or EV, and treated with DMSO, MG132
(10 μM), 3-Methyladenine (3-MA, 2.5 mM) or Chloroquine phosphate (CQ, 20mM) for 6 h. Lower panel: CD33+ cells transfected with lenti-flag-tagged-EV
or lenti-flagged-Gal-9 vector for 36 h, then treated with DMSO, MG132 (10 μM), 3-Methyladenine (3-MA, 2.5 mM) or Chloroquine phosphate (CQ, 20mM)
for 6 h and harvested for immunoblot. c Protein extracts of HEK293T cells transfected with a combination of plasmids coding for Myc-STING and HA-UB, in
the presence or absence of Flag-Gal-9 and subjected to immunoprecipitation with anti-Myc-beads and immunoblot analysis with anti-HA antibody.
d Protein extracts of HEK293T cells transfected with various combinations of plasmids coding for Flag-STING, Myc-Gal-9, HA-UB-K48, or HA-UB-K48R
(arginine instead of lysine 48) and subjected to immunoprecipitation with anti-Flag-beads and immunoblot analysis with indicated antibodies. e Control
(Ctrl) and TRIM29-KO TW03 cells were transfected with Flag-Gal-9 or EV for 24 h. The cell protein extracts were immunoblotted with the indicated
antibodies. f Control (Ctrl) and TRIM29-KO TW03 cells were transfected with a combination of plasmids coding for Flag-STING, HA-K48, Myc-Gal-9 for 36 h,
and treated with MG132 (10 μM) for 6 h. The extracts from TW03 cells were subjected to IP with an anti-Flag-beads and immunoblot analysis with anti-HA
antibody. g Immunofluorescence assay demonstrating the partial colocalization of endogenous Gal-9 (green) and TRIM29 (red) in CD33+ cells. Cell nuclei
were stained with DAPI (blue). Scar bar: 2 μm. h HEK293T cells were transfected with Flag-STING and HA-TRIM29 followed by transfection with increasing
amounts of Myc-Gal-9 for 24 h. The protein extracts were subjected to IP with anti-Flag-beads and immunoblot analysis with an anti-HA antibody. i C666-1
cells were transfected with shRNA targeting Gal-9 (C666-1-shGal-9) or corresponding control vectors (C666-1-shCtrl) for 24 h, then transfected with HA-
TRIM29 and Flag-STING for 24 h, finally subjected to IP with anti-Flag-beads and immunoblot with indicated antibodies. All experiments were performed
at least three times. Ctrl Control, KO knock out, WCL whole cell lysis, IP Immunoprecipitation.
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STING (Fig. 5h, i). Altogether, these observations sug-
gested that Gal-9 recruits TRIM29 to mediate the K48-
linked ubiquitination and degradation of STING.

High abundance of Gal-9 in tumor tissue and serum is
associated with a more aggressive phenotype of NPC
tumors
Whether Gal-9 expressed by malignant cells enhances

or attenuates the malignant phenotype remains a subject
of controversy12,24. To address this issue in the case of
NPCs, we performed concomitant assessment of Gal-9
abundance in the primary tumors by IHC on tissue sec-
tions and in the peripheral blood by ELISA on plasma
samples. Gal-9 staining on tumor sections was followed
by semi-quantitative scoring for 92 patients (IHC score).
We found that for almost all patients for whom adjacent
nonmalignant tissue was available, Gal-9 was consistently
more abundant in tumor tissues including tumor cells and
tumor-infiltrated cells than in surrounding non-tumor
tissues (p < 0.001, n= 14, Fig. 6a). By ELISA, we also made
a comparative assessment of the Gal-9 concentration in
93 serum samples from NPC patients and samples from
20 healthy donors. Gal-9 serum concentrations were
much greater for NPC patients (p < 0.001, Fig. 6b). The
abundance of Gal-9 in the tumor and, even more, in the
serum was associated with a less favorable outcome
(shorter DFS and OS for patients with high IHC score in
the tumor sections and high concentrations of Gal-9 in
the serum, Fig. 6c, d). As shown in Table S1, there were
no significant correlations between the IHC score and
clinical parameters. On the other hand, serum Gal-9
concentrations were correlated with the clinical extension
stage and consistently with the stage of lymph nodes
(Table S1). Importantly, consistent with the aforemen-
tioned in vitro observations, we found that IL-6 con-
centrations were positively correlated to Gal-9
concentrations in serum samples from NPC patients (p <
0.05, Fig. 6e). Overall, these observations were compatible
with the idea that the production of intracellular and
extracellular Gal-9 by carcinoma cells promotes tumor
development.

Discussion
Immunotherapies targeting immune checkpoint mole-

cules, including PD1, CTLA-4, and Tim-3 have been a
major breakthrough in cancer therapy and have changed
our understanding of host-tumor interactions25,26. How-
ever, in most types of human malignancies, only a fraction
of the patients, generally about 20–30%, achieved a good
response to the current immune checkpoint inhibi-
tors27,28. Therefore, there is a need to characterize factors
of immune suppression distinct from the classical
checkpoints PD1 and CTLA4. There is strong evidence
that extra-cellular Gal-9 is one of them. Indeed,

extra-cellular Gal-9 has an almost constant immunosup-
pressive function in vitro and in murine models. It has
been shown that extracellular Gal-9 contributes to tumor
growth in several syngeneic murine tumor models29. In
several human malignancies, high concentrations of Gal-9
in plasma are associated with a more aggressive tumor
phenotype30,31. However, a distinct picture emerges when
dealing with Gal-9 detected in tumor tissue sections.
There is evidence that high abundance of Gal-9 in tumor
sections is associated with a better prognosis for a number
of human malignancies for example gastric and mammary
carcinomas8,32. To address this paradox, it is important to
keep in mind that most Gal-9 detected in tissue sections is
probably intra-cellular and that intra-cellular Gal-9 is
expected to decrease cell motility and tumor invasion32.
However, in the case of NPC, high abundance of Gal-9 in
tissue sections has been reported to be associated with
more aggressive diseases12. This is compatible with the
hypothesis that in some cellular backgrounds, even intra-
cellular Gal-9 can have oncogenic activity or favor an
immunosuppressive activity30. To address this last
hypothesis, we have compared the cytokine profiles of
NPC cells with various abundances of intra-cellular Gal-9.
This set of experiments has shown that intra-cellular Gal-
9 as well as extra-cellular Gal-9 induces production of
cytokines, which enhance MDSC expansion. For memory,
MDSCs have multiple deleterious effects in tumor pro-
gression. In addition to their immunosuppressive effects,
they can contribute to angiogenesis and even have a direct
impact on the proliferation of malignant cells through
their secretion of growth factors33.
The present study reveals that in NPC cells, Gal-9 sig-

nificantly up-regulates the genes encoding cytokines and
chemokines related to myeloid cell differentiation and
expansion, including IL-1β, IL-1α, IL-6, CXCL8, CX3CL1,
CCL22, and CCL-5. While IL-1β and IL-6 have been
linked to the generation of MDSC inside tumor tissues,
CX3CL1 and CCL22 have been found to induce the
recruitment of MDSCs into the tumor microenvironment
in tumor-bearing hosts34–36. The data from previous
reports on the effects of Gal-9 on the differentiation and
function of innate immune cells are not entirely con-
sistent. In a small number of cases, Gal-9 has been shown
to stimulate innate immunity and play a protective role
against microbial infection or tumor progression37–39.
However, other studies have highlighted mechanisms of
immune suppression involving cells of the innate immune
system. Golden-Mason et al. have reported functional
impairment of human NK cells by extra-cellular Gal-940.
Using transgenic mice Dardhalon et al. have shown that
systemic overexpression of Gal-9 results in the expansion
of splenic CD11b+Ly-6G+ MDSCs9. More recently,
Zhang et al. have reported a similar effect obtained by IP
or IV injections of recombinant Gal-9 in a murine model
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of myocarditis41. Here, for the first time, we report a sti-
mulating effect of Gal-9 on human MDSCs. We demon-
strate that Gal-9 expressed inside malignant cells
maximizes the induction of MDSCs in their micro-
environment, leading to myeloid cell-mediated T cell
inhibition. In addition, our findings support the concept
that extracellular soluble or exosomal Gal-9 induces

differentiation of CD33+CD11b+HLA-DR−MDSCs from
CD33+ cells through their production of cytokines IL-1β
and IL-6, which have been linked to MDSC differentia-
tion42. Moreover, we have shown in our previous studies
that IL-1β and IL-6 are up-regulated in NPC cells by
LMP1-induced glycolysis or suppression of STING sig-
nals, leading to tumor-associated MDSC expansion10,22.

Fig. 6 Overexpression of Gal-9 in NPC is associated with an unfavorable outcome. a Images of the three left most columns: comparative IHC
assessment of in situ Gal-9 expression on tissue sections of NPC tumors (lower panels) and matched tumor-adjacent tissues from the same patients
(upper panels). Black arrows and red arrows point to the Gal-9-positive tumor cells and tumor-infiltrated cells, respectively. Upper panel of the right
most column: one example of a tumor section stained with an irrelevant primary antibody of the same isotype as the anti-Gal-9. Lower panel of the
right most column: results of the semi-quantitative scoring of Gal-9 staining on pairs of tumor/tumor-adjacent tissues from 14 NPC patients, Scale bar:
50 μm. b Serum concentrations of Gal-9 in NPC patients and healthy donors assessed by ELISA (n= 93 and 20, respectively). c Disease-free survival
(DFS) rates showing that the intracellular tumor (n= 92, p= 0.011) and the extracellular serum Gal-9 (n= 93, p= 0.011) levels were significantly
associated with a pejorative outcome of NPC patients (for both tumor and serum Gal-9, the threshold between patients with low and high
abundance were the median values of the IHC score and serum concentration respectively). d Overall survival (OS) rates showing that the intracellular
tumor (n= 92, p= 0.06) and the extracellular serum Gal-9 (n= 93, p= 0.007) levels were associated with a poor outcome of NPC patients. e
Existence of a positive correlation between the serum concentrations of Gal-9 and IL-6 in NPC patients (n= 85, p= 0.04). Statistical significance of
(a, b) was determined by an unpaired Student’s t test, (c, d) was determined by Kaplan–Meier and log-rank test and (e) was determined by a χ2 test,
*p < 0.05, **p < 0.01, ***p < 0.001 and p < 0.05 was considered significant.
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Therefore, here our results suggest that intracellular and
extracellular Gal-9 promotes MDSC differentiation and
expansion through enhanced production of suppressive
cytokines and chemokines such as IL-1β and IL-6 from
both tumor cells and CD33+ cells (see our tentative
synthesis in Fig. 7).
The STING signaling pathway has emerged as a central

TLR-independent mediator of host innate defense sti-
mulated by cytosolic nucleic acids from foreign microbial
infection43. Emerging evidence suggests that the STING
pathway represents a central node in bridging innate
immunity and subsequent adaptive immunity in virus
infection and cancers44. Our and others’ recent studies
demonstrated that inactivation of the STING pathway is
linked to MDSC expansion in both human and murine
tumor model21,22. We have previously reported that
STING restrains MDSC differentiation by decreasing IL1β
and IL-6 production from NPC or CD33+ cells through
suppressing the SOCS1/STAT3 signaling pathway22. Here
we have been a step further by showing that Gal-9 could
suppress STING expression in NPC cells and myeloid
cells, and that deactivation of STING signaling is required
for Gal-9-mediated MDSC expansion.
In virus-associated tumors like EBV- and HPV-positive

carcinomas, the virus products, including viral DNA
molecules, usually trigger antivirus signals especially TLR
and STING signaling pathways. Accordingly, the tumor
cells have to restrain these antivirus pathways to escape
the host immune surveillance23. Here, our data show that
Gal-9 negatively regulates STING stability through
protein-protein binding in both tumor cells and CD33+

cells. In addition, we found that the interaction of Gal-9
and STING enhance the TRIM29-mediated K48-linked
ubiquitination of STING. It has been reported that human
airways epithelial cells selectively express TRIM29 and

that its expression can be further induced by EBV infec-
tion. In turn, TRIM29 induced K48-linked ubiquitination
of STING for protein degradation, which enhances EBV-
positive tumor cell survival23. Here, our data further
suggest that Gal-9 enhances the interaction of STING and
TRIM29 to accelerate the degradation of the STING
protein. The mobilization of the Gal-9/TRIM29/STING
axis results in myeloid-cell-mediated T-cell suppression,
which is beneficial for EBV-positive tumor cell survival.
Importantly, our observations highlight a novel molecular
mechanism explaining STING down-regulation in tumors
with abundant Gal-9 production. The role of Gal-9 in
auto-immune diseases is probably variable depending on
the tissue and pathological context. For example,
depending on the publications, Gal-9 has been reported
either to increase or, on the contrary, to decrease the
severity of SLE (systemic lupus erythematosus) in patients
and in murine models45–47.
In NPC patients, we observed that Gal-9 was abundant

in the tumor cells by comparison with the surrounding
non-tumor tissue and in the serum by comparison with
serum samples from healthy individuals (Fig. 6a, b).
Moreover, the abundance of Gal-9 in tumor cells and
serum samples was indicative of a pejorative outcome in
terms of DFS and OS. High expression of Gal-9 in tumor
cells was correlated with the risk of relapse but not with
the tumor stage whereas serum concentration of Gal-9
was correlated with both parameters. To explain these
differences, we speculated that Gal-9 serum concentration
is probably more dependent on the total number of pro-
ducing cells than on the average cellular amount of Gal-9.
In other words, it might be more dependent on the total
tumor volume which can vary by at least one order of
magnitude from one patient to another. One major aim of
our future studies on NPC specimens will be to seek

Fig. 7 A cartoon recapitulating the contribution of intracellular and extracellular tumor Gal-9 to the differentiation and expansion of
MDSCs and the subsequent inhibition of T-cells. Acceleration of STING degradation by Gal-9 inside tumor cells is one key step of this process.
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correlations between Gal-9 abundance in tumor cells and/
or in serum samples and the abundance of MDSCs in the
tumor leucocyte infiltrate as well as in the PBMCs. This
will help us to determine the potential of circulating Gal-9
as a tumor biomarker.
Our findings highlight a novel mechanism involving

Gal-9 and supporting cytokine-induced expansion of
MDSCs to create a tumor suppressive microenvironment,
which favor tumor progression (Fig. 7). They point to Gal-
9 as a possible physiological partner of STING in the
regulation of innate immunity.

Materials and methods
Patient samples and cell lines
Paraffin-embedded tumor tissues (n= 92) and serum

samples (n= 93) were collected from 117 NPC patients at
the Sun Yat-Sen University Cancer Center, Guangzhou,
China from 2011 to 2015 (Supplementary Tables S1 and
S2). Tumor-adjacent tissues were collected from 14 of 92
NPC patients with tumor tissue samples and both tumor
specimens and serum samples were obtained from 68 of
117 NPC patients. Twenty healthy donors were included
as controls. All patients and healthy donors signed a
consent form approved by the Research Ethics Committee
of the Sun Yat-sen University Cancer Center (GZR2013-
040). This study was performed in accordance with the
Helsinki Declaration.
HEK293T, TW03, and C666-1 cells were cultured in

DMEM (Life Technologies) or RPMI-1640 medium (Life
Technologies) supplemented with 10% fetal bovine serum
(Gibco) and 1% L-glutamine (Gibco). All cell lines were
tested Mycoplasma-free as determined by PCR-based
method (16s rDNA-F: 5′-ACTCCTACGGGAGGCAG
CAGTA-3′, 16s rDNA-R: 5′-TGCACCATCTGTCACTC
TGTTAACCTC-3′). Mycoplasma testing was carried out
every 2 weeks, and the cells were not cultured for more
than 2 months.

RNA extraction, RNA-seq and quantitative RT-PCR
(qRT-PCR) analysis
Total RNA was isolated with Trizol reagent (Invitrogen)

according to the manufacturer’s protocol. The con-
centration and quality control of total RNA were deter-
mined in triplicate with a NanoDrop2000
spectrophotometer (Thermo Scientific). RNA sequencing
was performed with poly(A)-enriched mRNAs at
Guangzhou RiboBio Company. Biological pathway ana-
lysis was performed using the Kyoto Encyclopedia of
Genes and Genomes (KEGG, http://www.genome.jp/
kegg/pathway.html), and the selective pathway program
for the significantly different gene expression profiles was
drawn using KOBAS 2.0 software (http://kobas.cbi.pku.
edu.cn/index.php). Raw read counts per loci were nor-
malized across samples, and differential gene expression

was analyzed using DESeq. The RNA-seq data were
deposited in the NCBI Gene Expression Omnibus under
accession code GSE125942. Quantitative RT-PCR was
performed with the SYBR Green qPCR Mix (GenStar), the
detailed methods have been previously described22.
Specific primers for qPCR are listed in Supplementary
Table S3.

Fluorescence-activated cell sorting (FACS) analysis
For FACS analysis, single-cell suspensions were stained

with fluorescent antibodies according to the manu-
facturer’s instructions. Fluorescent antibodies conjugated
with different fluorescent dyes and matched isotypes were
obtained from eBioscience: including CD4 (555346); CD8
(12-0088-42); CD11b (85-25-0118-42); CD33 (85-45-
0338-42), HLA-DR (85-12-9952-42) and IFN-γ (17-55-
7319-82). In brief, cells were harvested, washed and
stained with surface phenotypic markers for 20min on
ice. After permeabilization and fixation, cells were intra-
cellularly stained with IFNγ-APC antibodies. Positively
stained cells were detected using a Beckman Coulter
Gallios Flow Cytometer and analyzed using the Flowjo
V10 software.

Immunoblot and Immunoprecipitation (IP) assays
For immunoblot assays, NPC or HEK293T cells were

subjected to lysis in ice-cold low-salt lysis buffer (LSB,
150mM NaCl, 50 mM Hepes pH 7.5, 1.5 mM
MgCl2,1 mM EDTA, 10% glycerol, 1% Triton X-100)
supplemented with 5 mg/mL protease inhibitor cocktail
(Roche, Basel, Switzerland). Aliquots of 20–25 μL extracts
were subjected to SDS-PAGE. For IP assays, NPC or
HEK293T cells were transfected with corresponding
expression vectors for indicated times, then Flag- or Myc-
tagged proteins were pulled down using Flag-beads
(Sigma -Aldrich, St. Louis, MO, USA) or Myc-beads
(Immuoway, Newark, DE, USA). The following antibodies
were used which were directed to: FLAG (Sigma, A8592),
β-actin (Sigma, A2228), HA (Roche Applied Science,
clone 3F10), Myc (Roche Applied Science, 11814150001),
STING (Proteintech, IL, USA, 19851-1-AP), TRIM29
(Proteintech, 17542-1-AP).

Statistical analysis
All analyses were performed using GraphPad Prism

5 software (La Jolla, CA, USA) and SPSS 18.0 software
(Chicago, IL, USA). Numbered results were expressed as
mean ± standard error of the mean (SEM). Two-tailed
Student’s t test was used for comparison of the numerical
data. The Kaplan–Meier and log-rank test were used for
survival analysis, and a χ2 test was also used in some
experiments as indicated. For IHC scores, cutoff values
were the median of each group. In this study, *p < 0.05,
**p < 0.01, ***p < 0.001, and p < 0.05 was considered
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significant. The authenticity of this article has been vali-
dated by uploading the key raw data onto the Research
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Résumé : Comme les autres galectines, la galectine-9 

(gal-9) est une lectine animale qui interagit avec un 

sous-groupe défini de polysaccharides portés par des 

glycoprotéines ou des glycolipides. La gal-9 associée 

aux cellules exerce de multiples fonctions dans le 

cytoplasme, dans le noyau et à la surface de la 

membrane plasmique. Quelques publications 

suggèrent que la gal-9 intra-cellulaire inhibe la mobilité 

des cellules malignes et exerce un effet anti-

métastatique. En outre la gal-9 peut être sécrétée dans 

le milieu extra-cellulaire où elle se comporte comme 

une cytokine avec des effets principalement 

immunosuppresseurs. Ces effets ont été mis en 

évidence dans un contexte tumoral chez l’homme et 

dans des modèles murins. Cependant, on ne disposait 

pas jusqu’à présent d’un modèle tumoral murin 

permettant d’évaluer les effets pro-tumoraux ou anti-

tumoraux de la gal-9 indépendamment de la gal-9 des 

cellules infiltrantes. Pour résoudre ce problème, nous 

avons dérivé, en employant la technologie 

CRISPR/Cas9, des clones isogéniques invalidés ou non 

pour la gal-9 à partir de 2 lignées tumorales murines : 

CT26 (fond génétique BALB/c) et MB49 (fond génétique 

C57BL/6). Dans le cas de la lignée MB49, nous avons pu 

mettre en évidence un phénotype remarquable in vivo. 

Lors de transplantations itératives, on assiste pour les 

tumeurs dérivées des clones invalidées à une réduction 

drastique de la croissance tumorale au bout de 3 ou 4 

passages sur les souris syngéniques mais pas sur les 

souris immunodéficientes. L’émergence de la réponse 

immunitaire responsable de cet arrêt de la croissance 

tumorale a été étudiée par immunohistochimie, dosage 

de cytokines en multiplex dans les extraits tumoraux et 

analyse du transcriptome par RNAseq. L’augmentation 

de la production intra-tumorale d’interféron-γ, de 

CXCL9 et d’Il-6 semble jouer un rôle important dans le 

renforcement de la réponse immunitaire contre les 

tumeurs KO-gal-9. 

 

Title: Negative and positive contributions of galectin-9 to tumor development: study in syngenic murin tumor 

models. 

Keywords: galectin-9, tumor immunology, murine tumor model, therapeutic antibodies 

Abstract: Like other galectins, galectin-9 (gal-9) is an 

animal lectin which interacts with a defined subgroup 

of glycans carried by glycoproteins or glycolipids. Gal-9 

associated with cells performs multiple functions in the 

cytoplasm, in the nucleus and at the surface of the 

plasma membrane. Some publications suggest that 

intracellular gal-9 inhibits the mobility of malignant 

cells and exerts an anti-metastatic effect. In addition, 

gal-9 can be secreted into the extracellular medium 

where it behaves like a cytokine with mainly 

immunosuppressive effects. These effects have been 

demonstrated in the context of human tumors and in 

mouse tumor models. However, so far there was no 

murine tumor model available to assess the pro-tumor 

or anti-tumor effet of gal-9 independently of gal-9 

produced by infiltrating cells. To address this issue, we 

derived isogenic clones invalidated or not for gal-9 

from 2 murine tumoral lines : CT26 (BABL/c genetic 

background) and MB49 (C57BL/6 genetic background), 

using CRISPR/Cas9 technology. In the case of the MB49 

line, we were able to demonstrate a remarkable 

phenotype in vivo. During serial transplantations, we 

saw, for tumors derived from invalidated clones, a 

dramatic reduction in tumor growth after 3 or 4 

passages in syngenic mice but not in immunodeficient 

mice. The emergence of the immune response 

responsible for this arrest of tumor growth was 

investigated by immunohistochemistry, multiplex 

cytokine assay in tumor extracts and transcriptome 

analysis by RNAseq. Increased intra-tumor production 

of interferon-γ, CXCL9 and Il-6 appears to play an 

important role in enhancing the immune response 

against KO-gal-9 tumors. 
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