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A. Modulation de 'immunogénicité des carcinomes épidermoides de la téte et
du cou par inhibition de lEGFR

Les carcinomes épidermoides de la téte et du cou (CETC) définissent un groupe hétérogene de
tumeurs malignes qui se développent aux dépens de I'épithélium des voies aérodigestives supérieures
(cavité orale, pharynx et larynx). Les principaux facteurs de risque sont la forte consommation de tabac
et d'alcool et l'infection par les papillomavirus humains (HPV). Les CETC sont le 6éme cancer le plus
fréquent dans le monde, avec plus de 600 000 cas diagnostiqués chaque année. La majorité des CETC
sont diagnostiqués a un stade localement avancé (c'est-a-dire quand les structures/tissus locaux sont
envahis). La prise en charge de ces tumeurs de haut grade est multimodale et associe la chirurgie, la
radiothérapie et la chimiothérapie a base de sels de platine. Dans le cadre des CETC, le sel de platine
utilisé est le cisplatine. La radiothérapie et le cisplatine induisent des dommages a 'ADN provoquant
I'apoptose des cellules, mais ils peuvent également conduire a ce résultat par l'induction d’'un stress
oxydatif ou 'augmentation des signaux de mort. Ces deux thérapies sont administrées séparément mais
la combinaison radio/chimiothérapie peut étre proposée pour les stades les plus avancés. Ces thérapies
montrent leurs limites dans le contexte d’apparition de mutations entrainant une perte de fonction des
effecteurs de 'apoptose tels que la protéine p53, créant ainsi des résistances aux traitements. Malgré
ces modalités de traitements agressifs, le pronostic des CETC ne s'est que marginalement amélioré au

cours des 3 dernieres décennies, avec une survie globale a 5 ans restant inférieure a 45-50%.

Le cetuximab, un anticorps monoclonal dirigé contre 'EGFR (récepteur du facteur de croissance
épidermique), est la seule thérapie ciblée bénéficiant d'une AMM (Autorisation de Mise sur le Marché)
pour le traitement des CETC localement avancés. En clinique, le cetuximab est proposé en association
avec la radiothérapie ou en association la chimiothérapie et le 5-FU dans le protocole nommé EXTREM,
chez les patients en situation récurrente ou métastatique. L'ajout du cetuximab a permis un gain modéré

de la survie globale et sans progression.

L'utilisation de cette thérapie ciblée est motivée par une surexpression de 'EGFR dans 90% des
CETC. L'EGFR est un récepteur tyrosine kinase activé par autophosphorylation a la suite de sa liaison
avec le ligand. Les voies en aval de 'EGFR sont : la voie PI3K/Akt, la voie des MAPKinase, et la voie
JAK/STAT, qui régulent positivement le cycle cellulaire et négativement 'apoptose. Le cetuximab se lie a
'EGFR avec plus d'affinité que le ligand naturel, 'EGF (facteur de croissance épidermique), empéchant
ainsi l'activation du récepteur. Le cetuximab provoque également I'endocytose de 'EGFR. Tous ces

mécanismes meénent a une inhibition des voies en aval de 'EGFR qui a pour conséquences un arrét de






la prolifération et une induction de I'apoptose. Cependant, I'effet principal du cetuximab serait dd a la
cytotoxicité a médiation cellulaire dépendante des anticorps (ADCC) provoquant la lyse de la cellule
« marquée » par le cetuximab. Le cetuximab est un anticorps IgG1 dont la partie constante est reconnue
par des cellules immunitaires, comme les cellules natural killer et provoque alors la sécrétion de protéines

cytotoxiques appelées granzymes et perforines.

Un microenvironnement tumoral est I'environnement dans lequel évoluent les cellules
cancéreuses et se compose de divers types cellulaires, dont notamment les cellules immunitaires issues
de la réponse anti-tumorale. Cette réponse anti-tumorale est médiée par le systéme immunitaire qui
identifie les cellules cancéreuses comme du « non-soi ». En effet, les cellules cancéreuses produisent
des néo-antigénes qui sont reconnus et activent les cellules immunitaires. Ces néo-antigénes
apparaissent suite a des mutations génétiques engendrant I'apparition de protéines différentes ou
surexprimées par exemple. Cette réponse immunitaire permet I'élimination de la tumeur. Cependant, la
réponse inflammatoire qui découle de cette activation peut étre bénéfique au développement tumoral
grace aux nombreux signaux de croissance sécrétés. La réponse anti-tumorale va alors engendrer une
pression de sélection sur la tumeur sélectionnant les cellules cancéreuses peu immunogénes donc peu
activatrices du systéme immunitaire. Les cellules cancéreuses peu immunogénes utilisent différents
meécanismes pour échapper au systéme immunitaire comme la diminution de néo-antigénes ou
I'expression de points de contréle immunitaire. Les points de contr6le immunitaire sont des couples
ligands-récepteurs dont la liaison inactive les cellules effectrices du systeme immunitaire. Les cellules
cancéreuses détournent ce mécanisme et expriment ces points de contréle immunitaire afin d’échapper

a la réponse anti-tumorale.

Plus récemment, les immunothérapies ciblant des points de contréle immunitaire ont été
développées. L'enjeu de ces approches thérapeutiques innovantes est de lever 'inhibition que les cellules
cancéreuses exercent sur les cellules immunitaires présentes dans le microenvironnement tumoral,
permettant ainsi de rétablir leur activité cytotoxique anti-tumorale. Les immunothérapies permettent donc
de remobiliser le systéme immunitaire du patient pour éliminer la tumeur. Des essais cliniques ont validé
I'efficacité de ces nouvelles stratégies thérapeutiques chez des patients souffrants d'un CETC Ainsi, les
anticorps monoclonaux pembrolizumab et nivolumab (dirigés contre PD-1 ; Programmed Cell Death 1)
ont été approuvés par la FDA pour le traitement des patients atteints de CETC localement avancés en
rechute apres utilisation de chimiothérapie a base de cisplatine. En effet, les essais cliniques ayant évalué

I'efficacité des immunothérapies démontrent une diminution significative d’environ 20% du risque de






déces, 12 mois aprés traitement. En revanche, une réponse tumorale partielle (diminution du volume
tumoral >50%) ou totale (fonte tumorale compléete) n’est observée que chez moins de 20 % des patients.
La dérégulation de la présentation des antigenes tumoraux par le complexe majeur
d’'immunohistocompatibilité ainsi qu’'un microenvironnement hypoxique et/ou immunosuppresseur serait

a l'origine des résistances innées ou acquises des CETC aux immunothérapies.

Pour améliorer I'efficacité des immunothérapies, deux pistes peuvent étre suivies : i) identifier
des marqueurs prédictifs de réponse permettant d’affiner la sélection des patients mais limitant le bénéfice
de ces innovations thérapeutiques aux seuls patients éligibles ; ii) augmenter la proportion des tumeurs
répondant aux immunothérapies, soit en ciblant d’autres points de contrle immunitaire, soit en
augmentant Iimmunogénicité des cellules cancéreuses. Cette augmentation de I'immunogénicité peut

étre induite par une mort cellulaire particuliere appelée mort cellulaire immunogene (MCI).

La MCI est un processus cellulaire qui permet le recrutement et I'activation de cellules
présentatrices de I'antigéne, telles que les cellules dendritiques, qui @ leur tour activent des cellules
immunitaires effectrices (ex. lymphocytes T, macrophages). La MCI stimule ainsi I'élimination de cellules

altérées (ex. cellules infectées, cellules cancéreuses).

Les cellules subissant la MCI émettent plusieurs « signaux de danger », appelés DAMP (Danger
Associated Molecular Patterns), qui sont impliqués dans les étapes initiales de I'activation du systéme
immunitaire, a savoir le recrutement, la maturation et 'activation des cellules dendritiques, suivies de

I'activation des lymphocytes T cytotoxiques.

Les principaux DAMP décrits a ce jour sont : la translocation membranaire de la calréticuline qui
agit comme signal « mange-moi » ; le relargage extracellulaire de HMGB1, responsable de 'inflammation,
et de 'ATP, qui agit comme signal « trouve-moi »; et l'induction d’une réponse interféron (IFN) de type |
qui agit par chimiotactisme. Ces DAMP sont reconnus par des récepteurs spécifiques présents sur les
cellules dendritiques et entrainent leur activation et migration vers les ganglions lymphatiques. Les

cellules dendritiques vont alors activer les lymphocytes T CD8* en leur présentant un antigéne associé

a la tumeur (AAT). Une fois activés, les lymphocytes T CD8* vont proliférer et migrer sur le lieu

d'inflammation et détruire les cellules tumorales présentant le AAT.

L’émission des DAMP et 'induction de la MCI, dans différents modéles tumoraux, ont été décrites
en réponse a des chimiothérapies a base d'oxaliplatine ou d’anthracyclines telles que la doxorubicine. Un
lien fonctionnel a été établi entre I'induction de la MCI et le stress du réticulum endoplasmique (RE). Le

stress du RE intervient a 'occasion de 'accumulation de protéines mal repliées, et assure la protéostase






ou induit la mort cellulaire si ses capacités sont dépassées par 'intermédiaire de protéines membranaires
du RE (IRE1a, PERK, PDI), de plusieurs voies de signalisation et de facteurs de transcription (CHOP,
ATF6, ATF4, XBP1) . De maniére intéressante, 'émission des DAMP peut étre induite par le stress du
RE et la phosphorylation du facteur eucaryote d'initiation de la traduction 2a (elF2a), qui est impliqué

dans la protéostase, est un marqueur de la MCI.

Une étude récente a démontré que le cetuximab provoque la MCI de cellules de cancer colique
ou rectal, & savoir la translocation membranaire de la calréticuline suivie de la phagocytose des cellules
cancéreuses par des cellules dendritiques. De plus, l'injection de cellules traitées par le cetuximab a des
modeles murins immunocompétents induit une réponse immunitaire protectrice anti-tumorale dépendante

des lymphocytes T cytotoxiques (vaccination), suggérant I'induction d’'une MCI in vivo par le cetuximab.

En plus de cette capacité du cetuximab a induire une MCI, il pourrait également avoir des effets
sur I'expression des points de contréle immunitaire, cibles des immunothérapies. En effet, 'TEGFR et la
voie de signalisation PI3K/Akt/mTOR sont impliqués dans la régulation de I'expression transcriptionnelle
du géne codant le point de contréle immunitaire PD-L1 et l'inhibition de 'EGFR peut réprimer cette
expression. Enfin, d’autres points de controle peuvent étre impliqués dans I'anergie de la réponse

immunitaire ou prendre le relais de PD-L1 en réponse a son inhibition.

Ainsi, on ignore a I'heure actuelle dans quelle mesure l'inhibition de la voie de 'lEGFR peut
moduler Iimmunogénicité des cellules et potentialiser les immunothérapies, et cela, au travers de

linduction de la MCI ou de la modulation de I'expression de cibles des immunothérapies.

Ma thése formule donc I'hypothése que le traitement des CETC par le cetuximab peut provoquer
une MCI, impacter I'expression de points de contrle immunitaire et, de ce fait, potentialiser les

immunothérapies inhibant les points de controle immunitaire.

L'influence de l'inhibition de la voie de 'EGFR ou encore l'effet de la combinaison entre le
cisplatine et le cetuximab sur limmunogénicité tumorale n’ont pas été caractérisés. Une compréhension
globale de l'adaptation des cellules tumorales au traitement est donc indispensable pour choisir les
immunothérapies les plus pertinentes en fonction de I'expression de leurs cibles et favoriser le transfert
de cette combinaison thérapie ciblée/immunothérapie vers la routine clinique. Ainsi, les objectifs de ma
thése sont : de comprendre les mécanismes impliqués dans la réponse toxique au cetuximab seul ou
en combinaison avec le cisplatine, de mesurer la capacité du cetuximab a induire la MCI dans des
modéles cellulaires de CETC, in vitro et in vivo, et finalement d’analyser I'impact d’un traitement par le

cetuximab sur I'expression de points de contréle immunitaire.






A cette fin, mon travail de thése a évalué la capacité du cetuximab & induire 'émission des DAMP
(translocation membranaire de la CALR, relargage extracellulaire de HMGB1, réponse IFN de type )
dans des modeéles cellulaires de CETC in vitro et a déterminé la capacité du cetuximab a induire une MCI
fonctionnelle in vivo, a travers des expériences de vaccination grace a lutilisation de modéles
syngéniques de CETC. Enfin, j'ai analysé I'impact d’'un traitement par le cetuximab sur 'immunogénicité

des cellules de CETC et notamment sur I'expression de points de contréle immunitaire.

1. Analyse des mécanismes cytotoxiques impliqués dans la réponse au co-

traitement

L’ensemble des résultats obtenus au cours de mes travaux de thése repose sur I'exploitation de
deux lignées cellulaires HPV-négatives et portant un alléle muté de TP53. D'une part, la lignée cellulaire
SQ20B est utilisée comme prototype de lignée de CETC résistante au cetuximab (établie a partir d’'une
tumeur du larynx) et, d’autre part, la lignée cellulaire CAL27 est utilisée comme modéle de CETC sensible
au cetuximab (établie a partir d’'une tumeur de la langue). La dose minimale de cetuximab permettant son
efficacité maximale in vitro est de 2.5 pg/mL pour les deux lignées cellulaires. A cette concentration, le
cetuximab provoque une diminution de la prolifération cellulaire de respectivement ~10% et ~30% chez
les cellules SQ20B et CAL27. Les doses inhibitrices de la combinaison cetuximab/cisplatine ont été
déterminées avec une dose fixe de cetuximab (2.5ug/ml) et différentes doses de cisplatine. La
combinaison est plus cytotoxique que le cisplatine seul dans la lignée CAL27 mais I'ajout du cetuximab a
I'effet inverse dans la lignée SQ20B avec une baisse de la cytotoxicité par rapport au cisplatine seul. Pour
la suite de I'étude, le cetuximab a été utilisé seul (2.5ug/ml), le cisplatine a été utilisé seul aux ICsp, IC7s,

et ICqo tout comme la combinaison cetuximab/cisplatine.

L’analyse de l'impact du cetuximab, du cisplatine, seuls ou combinés, a été réalisée par
cytométrie en flux aprés marquage a l'iodure de propidium (IP) et a I'annexine V (AV) et montre un arrét
en phase G2 du cycle cellulaire, particulierement a I'lC7s du cisplatine seul ou combiné dans les deux
lignées. La proportion de cellules en début d’apoptose (IP-AV+) est augmentée seulement aprés 48h de
traitement avec le cisplatine dans les deux lignées. La proportion de cellules en fin d’apoptose (IP+AV+)
est augmentée de fagon dose-dépendante dans la lignée SQ20B dans chaque condition de traitement.
Par ailleurs, la lignée CAL27 montre une augmentation plus importante. Ainsi, le cetuximab seul ou
combiné au cisplatine, montre un arrét en phase G2 du cycle cellulaire et suggere la mise en place d’une

apoptose. Afin de confirmer la mise en place de I'apoptose, une analyse du clivage de la caspase 3 a été






réalisée par western blot. Un signal correspondant au clivage de la caspase 3 est obtenu dans toutes les
conditions, avec une intensité différente selon les doses utilisées, excepté lors du traitement avec le
cetuximab,. Ainsi, I'apoptose observée en cytométrie en flux semble passer par le clivage de la caspase
3 dans le cas du traitement au cisplatine seul ou du co-traitement. Ce mécanisme semble avoir une
cinétique différente selon le temps de traitement. Une induction de la caspase 3 clivée est détectée a 24h
pour I'lC7s et une forte induction avec I'lCgo, mais aprés 48h de traitement, la tendance est inversée avec

une induction plus forte a I'lC7s qu'a I'lCop.

En conclusion, nos observations sont cohérentes avec le fait que le traitement des cellules CETC
par le cisplatine seul ou combiné au cetuximab altére la viabilité cellulaire via l'inhibition du cycle cellulaire
et linduction de I'apoptose, avec un impact biologique plus important dans les cellules CAL27 par rapport
aux cellules SQ20B.

Afin d'étudier les bases moléculaires de l'induction de l'apoptose, nous avons étudié I'expression
des membres de la famille p53 composée de p53, p63 et p73. La protéine p53, en particulier, est
impliquée dans la cytotoxicité et I'apoptose des cellules induites par les sels de platine. Le facteur de
transcription p53 est impliqué dans I'arrét du cycle cellulaire et dans la mise en place de I'apoptose a la

suite de dommages a '’ADN.

Cette étude de la famille p53 débute par I'analyse par RT-qPCR de 4 génes de réponse a p53
suite aux différentes traitements : FDRX2, DDB2, ZMAT3, et RPS27L. Ainsi, 'expression de ces génes
de réponse a p53, n'est pas impactée par les différents traitements dans les deux lignées. Par la suite,
j'ai étudié I'impact des différentes conditions de traitement sur I'expression de p53, p63 et p73 au niveau

protéique par western blot.

Conformément aux rapports précédents et compte tenu du fait que les lignées cellulaires CAL27
et SQ20B sont connues pour porter un gene muté TP53, la protéine p53 est exprimée a des niveaux

élevés, indépendamment des traitements génotoxiques.

Le géne codant p73 et celui pour p63 nommés respectivement TP73 et TP63, encodent deux
isoformes distinctes. Les formes avec un domaine de transactivation, nommées TAp73 et TAp63, sont
considérées comme étant des suppresseurs de tumeur et les formes dépourvues de domaine de
transactivation nommées ANp73 et ANp63 sont considérées comme pro-tumorales. Un épissage

alternatif en 3’ ajoute en plus des deux isoformes TA et AN, de nombreux autres variants.

Aprés 24h de traitement, dans I'analyse par western blot de la protéine p73, deux signaux sont

détectés : une bande « haute » et une bande « basse », correspondant a deux isoformes que nous






supposons étre TA et AN. L'anticorps utilisé contre p73 n'est pas spécifique d’une isoforme, c’est pourquoi
nous ne pouvons certifier a quelle isoforme correspond le signal. Dans la lignée CAL27, la bande
« haute » n'est pas détectée en absence de traitement. En revanche, son signal est augmenté par le
traitement au cetuximab seul ou combiné au cisplatine, et, dans une moindre mesure par le cisplatine
seul. Le signal de la bande « basse » est le plus intense et est également augmenté par le cetuximab
seul ou combing. A linverse, dans la lignée SQ20, le signal le plus intense correspond & la bande
« haute » et les deux isoformes sont présentes dans la condition sans traitement. Le cetuximab seul ou
la combinaison cetuximab/cisplatine diminuent le signal de la bande « haute ». Par ailleurs, l'intensité de

la bande « basse » n’est pas impactée par les différents traitements.

Concernant p63, apres 24h de traitement, deux bandes sont également observées avec une forte
intensité du signal pour la bande « haute ». Les deux isoformes détectées sont fortement diminuées par
I'ICeo du cisplatine et I'lC7s et I'lCgo du co-traitement dans la lignée CAL27. La lignée SQ20B montre des
résultats similaires auxquels s'ajoutent une diminution de p63 lors du traitement avec I'lC7s du cisplatine

seul.

Comme le traitement des cellules CETC par le cisplatine semble impliquer l'induction d'une
apoptose dépendante de la caspase 3, du moins dans une certaine mesure, et que le cisplatine affecte
I'expression des membres de la famille p53, nous nous sommes demandés si ['utilisation d'une molécule
réactivatrice de p53 améliorerait la cytotoxicité du traitement. A cet effet, les deux lignées cellulaires ont
été traitées avec 50uM d'un réactivateur de p53, nommé PRIMA MET, seul ou combiné aux différents
traitements. Le test MTT utilisé pour mesurer la cytotoxicité de ces conditions ne montre pas

d’amélioration avec I'ajout de PRIMA MET lors du traitement des deux lignées.

Pour conclure, les traitements a base de cisplatine, seul ou en combinaison avec le cetuximab,
impactent I'expression de p63 et p73 mais pas celle de p53 ni de ses génes de réponse, dans les deux

lignées.

Ces résultats suggerent que I'apoptose induite dans les lignées CAL27 et SQ20B par les
traitements avec le cisplatine et la combinaison avec le cetuximab pourrait partiellement étre

indépendante de p53.






2. Mesure la capacité du cetuximab a induire la MCI dans des modéles cellulaires

de CETC, in vitro et in vivo
a. Invitro

L'investigation de l'induction de la MCI commence par I'étude de I'emission des DAMP. Une
isolation des protéines membranaires, par une technique basée sur l'utilisation de la Sulfo-NHS-SS-
Biotine marquant les protéines membranaires et la précipitation par des billes couplées a la streptavidine,
a permis de mettre en évidence la relocalisation membranaire de la calréticuline. Dans la fraction
membranaire, la présence de la calréticuline a été detectée lors du traitement au cetuximab seul ou du

co-traitement avec le cisplatine a I'lCgo, pour les deux lignées cellulaires.

L’analyse du relargage extracellulaire de la protéine HMGB1 par les cellules SQ20B et CAL27 a
été réalisée a partir du milieu de culture. Dans la lignée CAL27, un relargage de HMGB1 se met en place
fortement aprés 48 h de traitement au cetuximab seul ou combiné au cisplatine a I'lCsp alors qu'a I'lC7s
du co-traitement, le relargage est faible. Le cisplatine seul induit plus modestement le relargage de
HMMGB1 & I'Cso et plus faiblement encore & I'lCzs. A l'inverse, dans la lignée SQ20B, le cetuximab
n’induit pas ce relargage et ce sont les IC7s du cisplatine et du co-traitement qui permettent un relargage
plus important de HMGBA1.

Enfin 'étude de génes de réponse a I'lFN de type I, montre un impact significatif aprés 48h de
traitement sur I'expression des génes CXCL9 et CXCL10 dans la lignée CAL27 et du géne CXCL8 dans
la lignée SQ20B. Dans la lignée CAL27, I'expression de CXCL9 est augmentée par le cetuximab et le
cisplatine mais c'est le co-traitement, en particulier I'lC7s, qui induit la plus forte augmentation. Tout
comme CXCL9, CXCL10 voit son expression augmentée par le cetuximab, mais plus fortement par le
cisplatine seul. Le co-traitement entraine une forte augmentation de CXCL10 a I'lCss. Dans la lignée
SQ20B, le cetuximab n'a pas d’effet contrairement au cisplatine qui augmente légérement I'expression
de CXCLS. Le cisplatine a I'lC75 seul ou en combinaison a I'lCso et IC75 induit la méme augmentation sur
I'expression de CXCL8.

Ainsi, mes résultats montrent que le cetuximab seul ou en combinaison avec le cisplatine, induit
I'émission de DAMP impliqués dans la régulation de la MCI et que ce phénoméne dépend a la fois du

type cellulaire, et de la dose de traitement utilisée.






Le cetuximab, seul ou en combinaison avec le cisplatine, est capable d'induire I'émission de
DAMP, premiere étape de la MCI, et serait donc capable d’activer une réponse immunitaire contre les

cellules cancéreuses de CETC.

b. Invivo

Pour certifier la mise en place d’'une MCI, et donc I'activation de systéme immunitaire, une

expérience de vaccination sur des animaux immunocompétents est obligatoire.

Pour confirmer in vivo la mise en place de la MCI, une lignée murine stable exprimant un EGFR
humain, hEGFR MOC2-C1, a été mise au point. Cette lignée a été générée par transduction rétrovirale
de cellules MOC-2 a l'aide d'un plasmide d'expression du hEGFR et de la sélection a la puromycine.
Plusieurs clones ont été obtenus dont le clone MOC-2-phEGFR-C1, qui s'est révélé exprimer la protéine

hEGFR d’aprés les analyses par western blot et immunocytofluorescence.

Dans un premier temps, comme pour les lignées CETC, I'analyse cytotoxique des traitements a
été réalisée sur le clone MOC-2-phEGFR-C1 pour obtenir les ICso et IC75 des différents traitements et
une analyse par western blot a montré une induction de la caspase 3 clivée avec les IC7s du cisplatine et

du co-traitement apres 24h de traitement.

Concernant la MCI, I'lCso et I'lC7s du co-traitement suffisent a induire la relocalisation
membranaire de la calréticuline analysée par I'utilisation de la Sulfo-NHS-SS-Biotine, marquant les

protéines membranaires, et la précipitation par des billes couplées a la streptavidine.

Enfin, contrairement aux lignées de CETC, le relargage de HMGB1 est plus important avec le

cisplatine seul ou en combinaison a I'lC7s.

Ainsi, le cetuximab, seul ou combiné au cisplatine, induit la premiére étape de la MCI a savoir
I'émission de DAMP.

Enfin, la vaccination est réalisée en deux temps sur des souris C57B/L6. Premiérement, les
cellules hEGFR-MOC2-C1 traitées in vitro durant 24 et 48h sont injectées sur le flanc droit des souris.
Ces cellules sont mourantes et ne donnent pas de tumeur mais servent a vacciner 'animal grace a
I'émission de DAMP et donc la mise en place de la MCI. Deuxiémement, 7 jours aprés la premiére
injection, sur le second flanc, sont injectées les cellules hEGFR-MOC-C1 saines. Si la vaccination a lieu,

alors la formation de tumeurs est empéchée ou réduite par le systéme immunitaire.

Les résultats indiquent la mise en place d’une vaccination et donc d'une MCI lors de
limmunisation avec des cellules traitées au cetuximab, avec 0/12 souris développant une tumeur. Cette

immunisation est présente, mais plus faible, avec les ICso du cisplatine avec 4/12 souris développant une






tumeur et 2/12 souris développant une tumeur pour le co-traitement. La vaccination semble dose-
dépendante puisque les IC7s ne présentent aucune vaccination. Les souris traitées avec les IC7s du
cisplatine et du co-traitement et développant des tumeurs, 10/12 et 12/12 respectivement, sont aussi

nombreuses ou presque que dans le groupe du contrble négatif (11/11) .

Un impact trop important par des doses trop élevées semble inhiber I'effet protecteur des
traitements. L’induction de DAMP ne semble pas corréler parfaitement a l'induction de la MCI. En effet,
le co-traitement & I'lC7s induit fortement la relocalisation membranaire de la calréticuline et le relargage
de HMGB1 mais ne semble pas avoir un effet protecteur chez I'animal. Le cetuximab induit la
relocalisation membranaire de la calréticuline et faiblement le relargage de HMGB1 mais permet tout de
méme une activation du systéme immunitaire et donc une mise en place de la MCI. Pour terminer, le

cisplatine a I'lCso induit seulement le relargage de HMGB1, mais cela suffit & vacciner I'animal.

Une explication pourrait résider dans linduction de la caspase 3 clivée. En effet, en cas
d’apoptose, la caspase 3 clivée induit 'expression, vers le milieu extérieur, des phosphatidylsérines (PS).
Les PS sont reconnues par les macrophages pour permettre la phagocytose des corps apoptotiques.
Durant 'apoptose, le systéme immunitaire n'est pas activé car la reconnaissance des PS entraine une
sécrétion de cytokines anti-inflammatoires par les macrophages. Ainsi, une trop forte induction de
caspase 3 clivée serait responsable d’'une diminution de la réponse immunitaire et, par conséquent,

pourrait donc étre un frein a la mise en place de la MCI.

En conclusion, nous avons montré que le cetuximab, seul ou en combinaison avec le cisplatine,
est capable d'améliorer limmunogénicité des cellules murines et humaines de CETC par I'exposition de
DAMP comme la relocalisation membranaire de la calréticuline, qui est connue pour fournir un fort signal
"mange-moi" aux phagocytes du systeme immunitaire. Il est intéressant de noter que seules les
conditions de traitement cellulaire ex vivo permettant la libération de DAMP et le clivage modéré de la
caspase 3 (cetuximab seul, le cisplatin, et la combinaison a I'lCsp) semblent pouvoir déclencher une

réponse immunitaire anti-tumorale chez les animaux immunocompétents.

3. Impact du cetuximab sur I'expression de points de contréle
De maniére a compléter mon analyse de I'impact du co-traitement par le cisplatine et le cetuximab
sur 'immunogénicité des cellules cancéreuses, j'ai analysé I'expression de plusieurs points de controle
immunitaire. L’expression de ces points de contrdle immunitaire au niveau transcriptionnel a été analysée

et montre une forte expression de CD47 et CD276 dans les deux lignées mais sans impact des






traitements. Un autre point de contréle étudié est IDO-1, dont I'expression n'est détectée que dans la
lignée CAL27 et est peu impactée par les traitements. Enfin PD-L1 et son homologue PD-L2 sont plus
faiblement exprimés. L'étude s’est concentrée sur PD-L1, par le fait qu'il soit le ligand associé a la cible

de l'immunothérapie anti-PD-1, approuvée pour le traitements des CETC.

Cette analyse a été menée a bien apreés des traitements de 24, 48, et 72h avec le cetuximab seul,
et le cisplatine seul ou combiné a I'lCso et I'lC7s. Au niveau transcriptionnel, aucun traitement n’a montré
d’impact significatif sur 'expression de PD-L1 dans la lignée SQ20B. Dans la lignée CAL27, le cetuximab
n'a pas d’effet sur I'expression de PD-L1 mais le cisplatine seul induit fortement son expression. La
combinaison du cetuximab et du cisplatine induit I'expression de PD-L1 de maniére significative aprés
48h de traitement.

Au niveau protéique, les résultats différent et mettent en évidence des effets distincts du
cetuximab dans les deux lignées cellulaires. En effet, 'expression protéique de PD-L1 est augmentée
dans les cellules SQ20B en réponse au cetuximab et aprés traitement au cisplatine, et ce, dés 24h de
traitement. En revanche, I'expression de PD-L1 est diminuée a la suite du traitement par le cetuximab
dans les cellules CAL27 par rapport aux cellules non traitées. De plus, le cetuximab induit également une
diminution de I'expression de PD-L1 lorsqu'’il est utilisé en combinaison avec le cisplatine par rapport a la
condition cisplatine seul dans la lignée CAL27 aprés 24 et 72h de traitement, mais seulement a 48h dans
la lignée SQ20B. Ainsi, mes résultats suggérent que le cetuximab est capable de moduler I'expression
de PD-L1 de maniere différentielle en fonction du contexte cellulaire et impacte donc potentiellement

immunogénicité des cellules tumorales a travers la régulation de points de contréle immunitaire.

En conclusion, le cetuximab serait capable d’induire une MCI et induirait ainsi I'activation du
systéme immunitaire a I'encontre des cellules cancéreuses mais semble également avoir un impact sur
I'expression de points de contrle immunitaire. De par ces deux mécanismes, le cetuximab pourrait
influencer I'immunogénicité des tumeurs CETC, d'une part, en rendant leur microenvironnement plus
favorable a une réponse immunitaire anti-tumorale et d’autre part, en sensibilisant les tumeurs aux
immunothérapies & travers l'augmentation de I'expression de PD-L1. Le cetuximab conserverait

également ses effets sur la MCl lorsqu’il est combiné avec du cisplatine a faible dose.
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Introduction

Every adventure requires a first step. Trite, but true, even here.
Cheshire cat, Alice in Wonderland
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Figure 1: Generalities about HNSCC.

A. HNSCC grows from the epithelium of the upper aerodigestive tract including the sinonasal tract, oral cavity,
pharynx, and larynx. B. Proposed molecular classification of HNSCC tumors according to their alterations, each
group is associated with a prognosis. HNSCC, head and neck squamous cell carcinoma; HPV, human
papillomavirus; EGFR, epidermal growth factor receptor; EMT, epithelial-mesenchymal transition



A. Head and neck squamous cell carcinoma

1. Generalities
a. Epidemiology and risks factor

Head and Neck Squamous Cell Carcinomas (HNSCC) are heterogeneous tumors that arise from
the mucosal epithelium in the oral cavity, larynx, pharynx, and sinonasal tract [1] (Figure 1A). HNSCC
are the sixth most common cancer worldwide with 890 000 new cases in 2018 [2]. The major risks factors
for developing HNSCC are tobacco and alcohol use which expose epithelium to different mutagens that
lead to DNA adducts, fragment of DNA covalently bound to a chemical, inducing somatic mutations [3].
These two risk factors have a synergistic effect and increase the odds of developing HNSCC by 35 if
consumed in excess [1], [4]. Another main risk factor is human papillomavirus (HPV) infection, which
represents 70% of oropharynx tumors. Patients with HPV-positive tumor have better prognostic and better
survival than patients with HPV-negative tumor. For all HNSCC, the sex ratio of these cancers is 2 or 4

men for 1 woman [3].

HNSCC are diagnosed by medical imaging, like Magnetic Resonance Imaging, and the disease
progression is evaluated by the TNM stage where T represents the “tumor size’, N is the
number/size/localization of nymph lodes affected, and M represents the presence of metastasis [6]. The
management of the patient depends on the TNM stage, which correlates with cancer progression. The
TNM leads to stage classification according to the progression of the disease; stage | and Il are depending
on the tumors size and are free of lymph node (LN) invasion. As soon as LN are affected, tumors are
classified as stage Ill. Stage IV corresponds to metastases presence. In studies, the denomination “locally
advanced” corresponding to stage Il to IV and “R/M” corresponding to relapse and/or presence of

metastases are commonly used as they represent the most common conditions in HNSCC [7].
b. Carcinogenesis

Cancer development is based on driver mutations, including loss of tumor suppressor gene
function and oncogenic gain-of-function. Different genomic anomalies, such as deletions, and conversely
amplifications but also somatic mutations allow the emergence of aberrant cells with cancerous

characteristics. HNSCC tumors are no exception to this rule and contain numerous genetic alterations.

c. Tumor suppressor mutations

The histological progression from healthy head and neck epithelium to hyperplasia (increased
cell proliferation), dysplasia (abnormal cells development), and carcinoma is determined by genetic
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Figure 2: Schematic and simplified representation of HNSCC carcinogenesis.

CDKNZ2A gene encodes for p16 protein which blocks cell cycle in G, phase. The transcription factor p53 induces
p21 expression which blocks cell cycle in S phase. The loss of the CDKN2A gene through genetic alterations
prevents the transcription of p16 and creates a runaway cell cycle. This leads to dysplasia which is characterized
by uncontrolled cell proliferation. In a second step, the loss of function of p53 prevents the induction of p21 and
thus the negative regulation of the cell cycle. High proliferation is conducive to the appearance of genetic alterations.
It is following the loss of p53 that tumor cells appear among the proliferating cells forming hyperplasia. CDKNZ2A,
cyclin-dependent kinase inhibitor 2A



alterations (Figure 2). The loss of Cyclin-Dependent Kinase inhibitor 2A (CDKN2A) could be the driver of
the first step of HNSCC formation called hyperplasia [1]. The loss of the tumor suppressor gene called
CDKN2A encoding p16 protein, which is implicated in the cell cycle, concerns 22% of HNSCC tumors [1].
The cell cycle is ruled by different proteins like cyclin and cyclin-dependent kinase and cell cycle
checkpoints that stop the cycle if the DNA presents abnormalities. Protein p16 is one of the cell cycle
checkpoints that blocks cyclin-dependent kinase and cyclin D actions. The action of p16 blocks the cells

in G1 and thus prevents the progression in the S phase [8].

Progression from hyperplasia to dysplasia is triggered by the loss of function of the transcription
factor p53 due to the loss of the chromosomal region coding for p53. The gene TP53 is a tumor suppressor
mutated in more than 72% of HNSCC [1] and associated with poor overall survival (OS) [9]. p53 also
called the “guardian of the genome” due to its multiple actions on cell-cycle arrest, apoptosis, senescence,
DNA repair, and metabolism, makes it an important tumor suppressor [10]. This transcription factor
responds to cellular stress like DNA damage or oncogene activation [5]. In unstressed physiological
conditions, p53 is regulated by Murine Double Minute 2 (MDM2), a ubiquitin ligase. When genotoxic stress
(DNA damages by mutagens agents like UV, radiation, mutagens) occurs, p53 undergoes post-
translational modifications (acetylation, phosphorylation) that block its interaction with MDM2, stabilize its
expression, and thus its activation. Interestingly, p53 could activate several positive or negative feedback
loops like the expression of Ribosomal Protein S27 like (RPS27L) which will take the place of p53 in the
direct interaction with MDM2 [11]. Once in the nucleus, p53 induces expression of target genes involved
in cell cycle arrest or genes inducing apoptosis [10]. After DNA damage, the cell will first try to repair the
damages, the cell cycle is then stopped. To do so, p53 induces p21 expression which is a cell cycle
inhibitor and thus blocks the cell in the S phase. The effect of p53 on DNA repair mechanisms depends
on DNA Damage-Binding protein 2 (DDBZ2) gene expression, among others. If the amount of damage
exceeds the DNA repair ability of the cell, p53 induces caspase-dependent apoptosis by activating gene
expression of PUMA, BAX, and ZMAT3, but also through induction of Fas. Finally, p53 could also affect
the iron homeostasis by modulating Ferredoxin Reductase gene 2 (FDXRZ2) expression and this loop is
important in tumor suppression. FDRX2 targets Iron Regulatory Protein 2 (IRP2) but in the case of FDRX2
depletion, IRP2 is increased and represses p53, moreover, FDRX2 depletion induces deregulation of iron
homeostasis and then iron accumulation that leads to DNA damage as well as oncogene activation and
so to the appearance of cancer cells [12]. This illustrates the important role of p53 in cellular homeostasis

and the deleterious effects of its loss of function.

p53 is part of the p53 family including two other transcription factors, p63 and p73 encoded by
TP63 and TP73 genes respectively. They share functional homologies with p53 like cell cycle arrest and
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Figure 3: Simplified representation of the 3 main signaling pathways.regulated by EGFR
activity.
After binding to its ligand, EGF, EGFR dimerizes and autophosphorylates at its tyrosine kinase domain. This
activation of the receptor leads to the activation of 3 protein kinase pathways.
The PI3K/AKT/mTOR pathway is induced by the phosphorylation of PI3K by the receptor, PI3K phosphorylates
AKT which then induces the mTOR pathway. mTOR induces proliferation and protein synthesis. This pathway has
a negative regulator, PTEN, which prevents the phosphorylation of PI3K.
The MAPKinase pathway consists of RAS, RAF, and finally ERK, and their activation also depends on their
phosphorylation. ERK induces cell cycle progression and angiogenesis.
And finally, the JAK/STAT pathway is induced by the phosphorylation of Jak which phosphorylates STAT leading
to the expression of genes involved in survival and invasion.
Overexpression of EGFR or one of these pathways is involved in oncogenesis through the expression of survival,
proliferation, and angiogenesis genes.



apoptosis regulation properties when cells present genotoxic stress, but p63 seems also implicated in
epidermal morphogenesis and keratinocyte differentiation while p73 is implicated in neurogenesis. TP63
and TP73 produce proteins with p53-agonistic or p53-antagonist function through functional diversity
residing in the genetic architecture [13]. Indeed, TP63 and TP73 genes possess two alternative promoters
that generate two protein isoforms corresponding to forms with a transactivation domain (TA) called
TAp63 or TAp73 and another form lacking this domain called ANp63 or ANp73. An alternative splicing in
3' allows the synthesis of isoforms with different C-ter regions adding more variants [14]. TA isoforms are
considered as a tumor suppressors whereas AN isoforms are considered to be oncogenic [14]. Similar to
p53, the p63 and p73 proteins are regulated by MDM2 but they more strongly interact with another
ubiquitin ligase, MDMx [15]. In HNSCC, p73 is less expressed than p53 and p63 [13]. The impact of p73
on HNSCC progression needs further investigation, with the only current conclusion being that TAp73
function is abolished in these tumors leading to stem cell-like properties of cancer cells through the
expression of NANOG, SOX2, and OCT4 [1]. In contrast, TP63 is amplified or overexpressed in 80% of
HNSCC [5]. Specifically, the dominant form expressed is ANp63 which plays an important role in HNSCC
pathogenesis by regulating cell survival and suppression of senescence [1]. The TAp63 isoform is

downregulated [13].

d. Oncogenic alterations

The amplification of Epithelium growth factor receptor (EGFR) is the most common alteration in
HNSCC and it's found in 80% to 90% of HNSCC. Unfortunately, it is associated with poor prognosis [1].
EGFR or ErbB1/HERT1 is a transmembrane receptor of the ErbB/HER tyrosine kinase receptor family [16].
Its principal ligand is the Epithelium Growth Factor (EGF) but also Transforming growth factor-a (TGF-a),
Amphiregulin (AREG), and Epiregulin (EREG) [17] for example. The homo- or hetero-dimerization of
EGFR monomers is caused by ligand binding. This dimerization leads to activation of the receptor by
auto-phosphorylation of the intracellular tyrosine kinase domain (TKD). Afterward, TKD recruits adaptor
proteins such as Src homology 2 (SH2) [18]. Three principal pathways, based on phosphorylation
cascades, are activated by EGFR: the RAS/RAF/MEK/ERK or MAPkinase pathway, the PI3K/AKT/mTOR
pathway, and the JAK/STAT pathway (Figure 3). Each pathways modulate different cellular processes
including proliferation, cell survival, and angiogenesis. The MAPK pathway enables cell proliferation,
whereas the PI3K/ATK pathway is implicated in cellular survival, proliferation, and metabolism, and the
JAK/STAT pathway induces growth factors production, cell migration, and cell survival [19]. Some of the
EGFR pathway actors are mutated in HNSCC in a minor portion, such as PI3K gene amplification (16%)
or a mutation (14%), or gain-of-function mutation for RAS/HRAS (4%) [1]. The Phosphatase and TENsin
homolog (PTEN) is a negative regulator of EGFR pathways. PTEN antagonizes PI3K action and thus






inhibits the downstream pathway [20]. Unfortunately, PTEN loss of function occurs in 30% of HNSCC

tumors [1]. Thus, taken together, EGFR pathway alterations represent a significant proportion of patients.

Multiple genetic abnormalities are required to progress from dysplasia to carcinoma. A full

understanding of this process requires more study [1].

In addition to the driver mutations that allow the transformation of healthy cells into cancerous
cells, HNSCC tumors present numerous genomic alterations which have been identified with genomic
analyses, and several molecular classifications have been proposed to obtain more homogeneous groups
with a particular signature. The classification of HNSCC is intended to associate a prognosis and possibly
a therapeutic response to each group. Thus, a personalized therapy could be set up according to the

group in which the patient is.
e. Molecular classification of HNSCC

First, Chung et al proposed a classification into 4 molecular or “gene-expression” groups based
on the transcriptomic analysis of 60 HNSCC [21]. Almost ten years later, Walter et al confirmed this
classification in a larger cohort (138 HNSCC) and gave each group a name: atypical, classical, basal, and
mesenchymal but also added prognostic value to the classification [22] (Figure 1B). Finally, in 2015, the
cancer genome atlas used 279 HNSCC to complete each group with new gene alterations and analyzed

the distribution of each group [23].

o The atypical group is marked by HPV positive signature, has the second-worst OS [22],
and represents 24% of HNSCC [23]. Interestingly, if the survival analysis is restricted to atypical HPV-

negative tumors, the atypical group presents the worst prognostic [22].

o The classical group includes tumors with gene alterations associated with oxidative
stress, thus this group includes tumors from patients with heavy smoking history [23]. This group also
includes other alterations such as EGFR amplification, CDKNZ2A loss, and TP53 mutations [19]. This
group represents 18% of the tumors[23] and is associated with the worst prognosis[22].

o The basal group contains HNSCC with HRAS mutation [23], high expression of TGF-a
and EGF receptor, and high expression of TP63 [22]. It represents 31% of HNSCC [23] and has a the
better OS [22].

J Finally, the mesenchymal group has an epithelial-mesenchymal transition (EMT)

signature [23]. EMT is the process by which epithelial cancer cells lose polarity and cell-cell adhesion,






J and gain migratory and evasive properties. Thanks to this transition, cancer cells can
detach themselves from their support and migrate to distant sites to generate secondary tumors. Then,
they will make a reverse transition called mesenchymal-epithelial transition, and allow the development
of metastases [24]. The alteration of the innate immunity genes has been described in this group with an
augmentation of natural killer (NK) cells and a low frequency of Human Leukocyte Antigen (HLA) class |
mutation [23]. This group represents 27% of HNSCC [23] and patients in this group have a higher risk of

developing metastases [22].

EGFR amplification is present in 90% of HNSCC, thus EGFR amplification is found in the classical
group but also in the basal group. The same goes for TP53 alteration which includes 70% of HNSCC, so

TP53 alterations are found in every group except for the atypical group, where they are less frequent [23].

The last classification of HNSCC has been proposed in 2015 by De Cecco et al (Figure 1B), who
expanded it to include the immune response, among other things, resulting in a final classification into 6

clusters. Their study is based on the TGCA and includes 1386 tumors.

o Two groups are identical in all studies: mesenchymal and classical.

o In this study, the atypical group is divided into two clusters defined by HPV positive
signature and “immunoreactive”. “lmmunoreactive” group expressed up-regulation of the immune system,
as Interferon (IFN) response.

o The basal group is also separated into two clusters, “hypoxia” and “defense response”.
The group named “Hypoxia” includes activation in the hypoxia pathways, and the “defense response”

group includes enrichment in the immune response.

The OS prognostic depends on the cluster. HPV positive cluster shows better outcomes which is
consistent with the fact that HPV positive patients have a better prognosis. The group associated with
good immune response, “immunoreactive” and “defense response” shows the second better outcome
while clusters associated with hypoxia and oxidative stress, cluster 5 and the classical group, have the
worst OS. Finally as expected the mesenchymal group or cluster is associated with the progression of
disease and metastases and shows the worst outcome [25].

f.  Biomarkers and survival

Despite the improvement in our understanding of the genomic alterations and the molecular
classification of HNSCC tumors, this tool is not used in clinical management. Furthermore, the prognosis
for these groups is based on the TGCA data and requires a more patient-inclusive analysis, including
clinical trials for a stronger correlation. For now, these molecular groups do not show a strong correlation

with the clinic.






Still, the HNSCC classification needs to be validated in patient cohorts before it can be used as
a robust tool for stratifying patients and should identify actionable therapeutic targets for each group,

and/or prognostic/predictive biomarkers.

In summary, HNSCC tumors are a group of heterogeneous tumors with genomic alterations such

as EGFR overexpression in >80% of cases and TP53 mutation in ~70% of cases.

Despite a better understanding of HNSCC tumors through the identification of genomic
alterations, carcinogenesis, or the classification of tumors with specific molecular signatures, the survival
of HNSCC patients remains very poor. Indeed, the 5-year survival is only 45%, and HNSCC caused 450
000 deaths in 2018 worldwide. The poor survival is explained by different factors. Notably, it is due to a
late detection at locally advanced stages. Indeed only one third of patients are detected at an early stage
[6]. Another factor is tumor relapse, which occurs in nearly 65% of patients [26]. Recurrent patients could

also present metastases mainly in lungs, bones, and liver [7]. The last factor is the treatment failure.

B. Treatments

There are three main therapeutic options for HNSCC: surgery, radiation therapy, and
chemotherapy administrated alone or in combination. Treatments options depend on several factors

including the tumor stage:

Stage | and stage Il are early stages, corresponding to a small tumor without invasion of

neighboring tissues [27], the usual treatment is surgery or radiation [28].

For later stages (stage Ill and stage IV) characterized by larger tumors, invasion of LN, and
presence of metastasis, [27], a combination of treatments is proposed: radiation and chemotherapy
together, or consecutively as the last resort [28]. In case of relapse, and particularly in the stage R/IM
locally advanced, palliative treatment is set up and consists of radiotherapy or chemotherapy both coupled
with a targeted therapy [28].

1. Surgery
Surgery is the main treatment of HNSCC and the most effective. It consists of the total resection
of the tumor. Surgery possibilities rely on the anatomical subsite, tumor size, and functional
considerations. In the early stages, surgery alone provides an 80% success rate in curing HNSCC.

Surgery is particularly used for oral cavity tumors. For the larynx and pharynx, due to their location, surgery

is more complex; however, improvements have been made to restrict resection or reconstruction

techniques. Whenever possible, surgery will be attempted [1].






2. Radiotherapy
Radiotherapy is preferable for organ preservation thus it remains the main treatment for HNSCC
management. Patients who respond best to radiotherapy are those with HPV* tumors, the cause of which
has not yet been totally elucidated but could be explained by the presence of wild type p53. As surgery,

in the early stages, radiotherapy alone provides an 80% success rate in curing HNSCC [1].

Radiotherapy uses ionizing radiation (IR) that are electromagnetic energy that directly ionizes
atoms or molecules. The IR are directed to the area of the tumor, where they trigger water ionization,
which generates reactive oxygen species (ROS), such as superoxide anion and hydrogen peroxide. ROS
induce oxidative stress, damage cell integrity via the oxidation of lipids and proteins, cause mitogenic
stress by deregulation of mitochondrial activity, and also various damage: IR, therefore, triggers growth
arrest and DNA repair mechanism thanks to its ability to induce DNA double-strand breaks (DSB) and
single-strand breaks (SSB) [29]. Radiotherapy can induce approximately 1000 SSB and 1 Gy (Gray, unit
of ionizing radiation) of y-radiation can induce 30DBS. The standard fractionating dose is 2Gy/cycle which

causes about 3000 DNA lesions while only 40 DBS are sufficient to induce cell death [28]
In general, patients with HNSCC can receive 60Gy of IR divided into 2Gy sessions [28].

Radiotherapy does not only target the cancer cells but will cause damage to all the tissues IR
passes through. Side effects of radiotherapy include fibrosis leading to hardening of the affected tissues,
but also xerostomia, thyroid damage, and sometimes osteoradionecrosis which may lead to tooth
extraction. In addition, a narrowing of the pharynx or esophagus can be caused by radiotherapy and lead

to nutritional problems [30].

3. Cisplatin

Chemotherapy is a treatment based on a chemical compound that eliminates highly proliferating
cells, which is the case with cancer cells. Platinum-based compounds are part of chemotherapy and,
cisplatin is the most used to treat HNSCC [5] and remains the favored systemic agent in this cancer [29].
Itis generally used as the second line of therapy. Indeed, treatment with cisplatin associated with radiation
is given on patients with stage Il or IV, and in case of relapse [28]. The combination of cisplatin and
radiotherapy is recommended for the preservation of the larynx and used in first line of treatment only in
this case [31].

Cisplatin is used to control tumor progression when the patient cannot be operated on

immediately. Neoadjuvant chemotherapy is used to reduce the size of the tumor, especially in cases of






airway obstruction or when the patient cannot be irradiated. Cisplatin is an alternative for patients

who are refractory to radiation [1].

Cisplatin comprises a platinum atom surrounded by two chlorine atoms and two ammoniac atoms.
It enters the cells through copper membrane transporters 1 and 2. In the cell, cisplatin is metabolized, and
the chlorine atoms are displaced by a water molecule. The result of these molecular changes is a
hydrolyzed product that can react with nucleophile groups such as nucleic acid. Once in the nucleus,
cisplatin establishes a covalent bond with the N7 reactive center of the guanine base preferentially. It will
then result in the formation of DNA adducts including monoadduct, intrastrand adducts, and interstrand
crosslinks [32]. This will cause genotoxic stress. Cisplatin is also able to induce oxidative stress but the
mechanism involved is not yet fully understood in HNSCC. It seems that reversing oxidative stress
abrogates cisplatin toxicity meaning oxidative stress is important in cisplatin cytotoxicity [33]. Cisplatin
also induces oxidative stress by accumulation in mitochondrial leading to ROS generation [32], [34]. To

conclude, cisplatin can induce cell death through DNA damages and oxidative stress.

Cisplatin is administrated alone at a concentration of 100mg/m? every 3 weeks. For the patient
who cannot tolerate high doses of cisplatin, weekly administration of 40mg/m?2 shows a similar response
[1]. At last, a low dose every week seems to be more effective than a high dose of cisplatin every three
weeks [35].

Like radiotherapy, the cytotoxicity of cisplatin is not specific to cancer cells and affects healthy
cells. The main side effects of cisplatin are nephrotoxicity, neurotoxicity, a decrease in the number of

immune cells produced in the bone marrow, and possibly hearing loss [36].

a. Stress response to radiotherapy and chemotherapy

Radiotherapy and cisplatin induce similar effects, DNA damages, and oxidative stress, thus the

mechanisms of response to these two treatments share similarities.

The DNA damage response involves different mechanisms to repair the different damages

induced by cisplatin and radiotherapy. The mechanism involved will depend on the type of lesions.

SSB are detected by Ataxia Telangiectasia and Rad3-related protein (ATR) and DBSs are
detected by Ataxia Telangiectasia Mutated (ATM). ATM and ATR activate p53 by inhibiting the negative
regulator of p53, MDM2. Once activated, the transcription factor p53 induce cell cycle arrest and DNA

reparation [28] (Figure 4).
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Figure 4: Induction of apoptosis by radiotherapy and cisplatin.
Radiotherapy and cisplatin induce DNA damage detected by ATM/ATR sensors. These will inhibit MDM2 releasing
the transcription factor p53. Fist P53 induces cell cycle arrest via p21 to repair the DNA damages. p53 induces the
intrinsic pathway (purple) of apoptosis if the DNA damage repair fails.p53 induces the intrinsic pathway of
apoptosis by inducing the expression of the pro-apoptotic factors Noxa, and Puma and by decreasing the anti-
apoptotic factor Bcl-2. It releases Bax and Bak proteins that form heterodimers at the mitochondrial membrane and
allows the release of cytochrome C. Cytochrome C activates caspase 9 which cleaves caspase 3 inducing
apoptosis.
Radiation therapy and cisplatin can also induce the extrinsic pathway (green) of apoptosis. Radiation therapy
increases the expression of death receptors (DR) and cisplatin increases the expression of ligands: FasL and TNF-
a. Once the ligand and its receptor are bound, the FADD moiety activates caspase 8 which cleaves caspase 3.
The last pathway induced by Radiation therapy and cisplatin is oxidative stress (blue) through ROS production
via water ionization and mitochondrial damage, respectively. ROS decrease Bcl-2 and cause the opening of
mitochondrial permeability transition pore (MPTP), which allows the release of cytochrome C and activation of
caspases resulting in apoptosis.
NER, nucleotide excision repair; NHEJ, non-homologous end joining; HR, homologous recombination;



Cell cycle arrest is induced by the expression of the p53 target gene p21. The cyclin-dependent
inhibitor p21 blocks cyclin-CDK complex activities. This inhibition results in hypo-phosphorylated
Retinoblastoma (RB) that blocks RB-E2F complex formation and so repressed cell cycle genes

expression. The cell is blocked in the S phase until DNA reparation [37].

The main DNA damage caused by cisplatin is DNA adduct. In consequence, the Nucleotide
Excision Repair (NER) pathway is activated by the cell. NER pathway is complex machinery composed
of multiple proteins from the XP family (XPA, XPC, and XPE) that recognize DNA damage, excise
nucleotide, and close the gap. Excision Repair Cross-Complementing 1 (ERCC-1) and ERCC-4 (XPF)
are endonucleases that form a complex to remove the cisplatin adducts. Thus ERCC-1 and ERCC-4 have
a key role in cisplatin resistance. The elimination of cisplatin adduct is the rate-limiting step of the NER

process [32].

The response to DBS induced by radiotherapy involves two different mechanisms: Homologous
Recombination (HR) and Non-Homologous End Joining (NEHJ) [28], [36]. HR needs a homologous DNA
sequence from sister chromatids so HR only takes place in late S/G2 phase when chromatids are
available. The complex MRN (MRE11-RAD50-NBS1) recognizes DSBs and activates ATM kinase which
initiates the full DNA damage response. To simplify, the HR steps require 5’ to 3’ resection of broken ends
mediated by nuclease CtIP, research of homologous sequence via RAD51 nucleoprotein, strand invasion,
recognition, and finally ligation. NEHJ is a simple mechanism that can occur during each phase of the cell
cycle but mostly on GO and G1. KU70/80 complex and DNA-PKcs process the broken ends and XRCC4-
ligase4 ligate the ends together [38].

If DNA damage cannot be repaired or if it is too abundant, apoptosis will be induced by three

independent pathways:

o The intrinsic pathway of apoptosis (Figure 4, purple box). The factor p53 induces pro-
apoptotic BH3-only protein PUMA and NOXA that inhibits the pro-survival protein Bcl-2 and MCL-1,
respectively. The diminution of Bcl-2 and MCL-1 that localize in the outer mitochondria membrane
prevents them from binding to the pro-apoptotic proteins Bax and Bak which can then form a monomer in
the outer membrane of mitochondria. This monomer allows the release of cytochrome C that induce
cleavage of caspase 9 which in turn cleaves caspase 3 and induces apoptosis [29], [32], [36], [39].

o Another way to induce apoptosis, without necessarily involving DNA damage and p53, is
oxidative stress due to ROS generation induced by cisplatin [39] and radiotherapy [40] (Figure 4, blue

box). Radiation induces oxidative stress through water ionization that leads to water molecules






decompositions in ROS [28]. Cisplatin induces ROS via mitochondrial damage but the mechanism
remains unclear [36], it seems that cisplatin disrupts the respiratory chain and thus causes ROS
generation [41]. ROS trigger a decrease of Bcl-2 expression and an increase of Bax expression without
p53 implication. ROS also triggers the opening of mitochondrial permeability pores (MPTP) [41]. In both

ways, ROS induces the release of cytochrome C that cleaved caspase 3 and induces apoptosis [40].

o Finally, the extrinsic pathway of apoptosis does not involve p53, it is not the main pathway
induced by treatments (Figure 4, green box). This pathway depends on the Death Receptors (DR).
Radiotherapy increase the number of DR [28] and cisplatin increase DR ligands expression such as TNF-
a, and FasL [36], [41]. The association between the DR and its ligand recruits the Fas-associated death
domain protein, and the pro-caspase 8 to form the death-inducing signaling complex. This complex, like

in the intrinsic pathways, cleaved caspase 3 and lead to apoptosis [42].

Alterations of these pathways, like p53 loss-of-function and on the contrary overexpression of
anti-apoptotic protein such as Bcl-2, increased DNA mechanisms repair, ROS detoxification by increasing
glutathione or resistance to Fas signaling, lead to resistance against apoptosis signals and then

decreased the efficiency of radiotherapy and cisplatin [29], [32].

The numerous alterations, especially p53 loss of function, but also increased of DNA repair
mechanism, increased of anti-apoptotic protein expression, and decreased of pro-apoptotic proteins, lead
to the appearance of resistance to traditional therapies, radiotherapy and chemotherapy have limited
effects and do not allow total recovery. To improve the therapeutic efficiency of HNSCC, targeted
therapies based on recurrent and targetable alterations have been developed. Indeed, molecular analysis
has shown an increase in EGFR in 90% of HNSCC tumors, and HNSCC seems to be addicted to EGFR
pathway [17] meaning that the malignant phenotype depends on the constitutive activity of EGFR pathway

[43] so EGFR has become an interesting target in the fight against these cancers.

4. Cetuximab
Cetuximab is a chimeric human-murine monoclonal antibody used as targeted therapy against
EGFR, approved by the FDA in 2006. Cetuximab is used on recurrent patients, metastatic patients, and
patients not eligible for cisplatin or radiation [1]. The patient is administrated with one first loading dose
(400 mg/m2) of cetuximab and then by weekly doses (250 mg/m?) [44]. Unfortunately, overexpression of
EGFR is not a prognostic marker of cetuximab response and in monotherapy, only 13% of patients

respond to the treatment [29].






Cetuximab is frequently used in combination with traditional treatment. As a matter of fact, it is a
radio-sensitizer [1] through inhibition of the PI3K/AKT/MAPK pathways that leads to increased apoptosis
mediated by DNA damage. The EXTREM protocol is a combination of cetuximab, cisplatin, and the 5-FU
anti-metabolite, and is classically used on recurrent or R/M patients. In clinical trials, this protocol shows
a gain in median OS of three months (10.1 months vs 7.4 months) against chemotherapy alone [45]. The
EXTREME protocol is the standard treatment for recurrent/metastatic HNSCC, especially for patients who

cannot receive chemotherapy [46].

Unfortunately, many resistance mechanisms exist against cetuximab, like EGFR mutations, as well as
mutations in factors downstream of the EGFR, particularly PI3K and RAS mutations, that can lead to
constitutive activation of EGFR pathways, therefore blocking the cetuximab effect [47]. Another
mechanism of resistance is the overexpression of ErbB receptors to compensate for the inhibition of
EGFR [5].

This antibody competes with the EGF and binds to the extracellular domain Il of EGFR with a
higher affinity. Thus, cetuximab blocks the ligand-receptor interaction, therefore, inhibiting the kinase-
dependent signal transduction by the intracellular domain. EGFR tyrosine kinase could also dimerize with
other TKI from the erbB family but the binding of cetuximab to EGFR also prevents it. Another mode of
action of cetuximab is the internalization of the receptor. This internalization blocks EGFR signaling and
is followed by degradation of the EGFR in lysosomes and thus downregulation of EGFR [19]. Finally,
Cetuximab, or ¢225, is a chimeric IgG1 antibody with a human Fc region (fragment crystallizable region),
and murine Fab (fragment antigen-binding) [19]. The Fc region is an invariable region that interacts with

the immune system while the Fab region is a variable region that binds the antigen.

With its action on the receptor, cetuximab inhibits the downstream signaling pathway. Since
cetuximab prevents EGFR activation, there is no activation of downstream pathways, MAPkinase, and
PI3K/AKT/mTOR, and therefore no transcription of target genes or activation of target proteins [19]

leading to cell cycle arrest and apoptosis.
a. Cetuximab induces cell cycle arrest

The effect of cetuximab on the cell cycle could be explained by the inhibition of PI3K/AKT/mTOR
and MAPKinase pathways (Figure 5).

In the PISK/AKT/mTOR pathways, the principal action of Akt is the mTOR activation that
increased Cyclin D1 expression responsible for the induction of G1/S phase transition [48]. By inhibiting
PI3K/AKT/mTOR pathways, cetuximab decreases Cyclin D1 expression, and thus the cell cycle arrest.
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Figure 5: Cetuximab impact.
Cetuximab inhibits the binding of EGF to EGFR and also causes endocytosis of the receptor, so EGFR cannot be
phosphorylated and activated. Thus the upstream pathways are not activated and cannot induce cell proliferation
and survival.
Inhibition of the RAS/RAF/ERK pathway releases the negative regulator of the cell cycle, p27, and leads to cycle
arrest. Erk inhibition induces the dephosphorylation of pro-apoptotic factor Bim leading to its activation. In return,
BIM inhibits Bcl-2 and induces apoptosis through Bax increase
Inhibition of the PI3K/IAKT/mTOR pathway inhibited the induction of the cell cycle driver, cyclin D1.
Inhibition of Akt has several apoptotic effects. Akt can no longer phosphorylate the pro-apoptotic factor Bad which
then sequesters Bcl-2 and prevents its inhibitory action on Bax, Bax is thus increased and can trigger the
mechanism of apoptosis. Akt also has an inhibitory effect on caspase 9, once Akt is inhibited, caspase 9 can induce
apoptosis. And finally, Akt allows the translocation to the nucleus of MDM2 which will inhibit p53, the inhibition of
Akt allows the induction of p53 and thus the arrest of the cell cycle via p21 and apoptosis.
EGF, epidermal growth factor; EGFR, epidermal growth factor receptor



The inhibition of the MAPKinase leads to the inhibition of the transcription of the genes that
encode C-Jun and C-Fos. C-Jun and C-Fos are known to form the complex Activator Protein-1, which is

responsible for the transcription of the G1 phase driver Cyclin D1 [48].

In addition, inhibition of MAPKinase by cetuximab overcomes inhibition of the cell cycle inhibitor
p27 through inhibition of ERK, the final effector of MAPKinase pathways [48]. The cell cycle inhibitor
p27KIP1 binds to CDK to block the interaction domain between CDK and cyclin, and on the other hand
prevents ATP binding to the catalytic site of CDK [49], [50]. It has been observed that cetuximab caused
an arrest in the G1 phase of the cell cycle on oral squamous cell carcinoma (OSCC) via the decrease of
the activity of the Cyclin-Dependent Kinases 2 (CDK2) through upregulation of cell cycle inhibitor p27KIP1
(kinase inhibitor). CDK2 associates with cyclin E to stimulate the progression from the G1 phase to the S

phase of the cell cycle.
b. Cetuximab induces apoptosis

Moreover, the mechanism behind the induction of apoptosis by cetuximab is not clearly

established.

However, cetuximab has an impact on pro-apoptotic gene expression and proteins on colorectal
cancer cell lines. Cetuximab increased the expression of pro-apoptotic gene p21, p27, and p57, and
increased autophagy gene LC3A, BECN1, and Autophagy-Related protein ATG44 [51]. Cetuximab is also
able to induce activation of caspase 3, caspase 8, and caspase 9 responsible for apoptosis [52].
Cetuximab also induces expression of Bax [53] and decreases Bcl-2 [54] like in the intrinsic pathways of

apoptosis on colorectal cancer and epithelial cell lines, respectively.

The hypothesis for induction of apoptosis by cetuximab is through the inhibition of
PI3K/AKT/mTOR and MAPKinase pathway that overcome pro-apoptotic factors inhibition. MAPKinase
pathway negatively regulates apoptosis by phosphorylation of pro-apoptotic factor BIM leading to its
ubiquitination and degradation [48] (Figure 5). Akt also negatively regulates apoptosis by phosphorylation
of pro-apoptotic factor BAD but also inhibits the activity of caspase 9, and finally, Akt induces translocation
in the nucleus of MDMD2 to inhibit p53 activity [48]. The capacity of cetuximab to inhibit PI3K/AKT/mTOR

lifts the inhibition of apoptosis.

Taken together, Cetuximab treatment leads to cell proliferation arrest by blocking EGFR activation

and therefore non-activation of downstream pathways, and cetuximab also induces apoptosis.
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Figure 6: Cetuximab induction of ADCC.
Cetuximab is an antibody with a murine variable part that binds to EGFR and the constant part can be recognized
by certain immune cells, in particular, natural killers (NK) to cause Antibody-dependent cell-mediated cytotoxicity
(ADCC). ADCC is a specific mechanism causing lysis of antibody-tagged cells.
The CD16a and CD32c receptors present on the surface of the NK recognize and bind the constant part of
cetuximab bound to the cancer cell, this induces phosphorylation of the ITAM motif present in the intracellular part
of these receptors. This phosphorylation of ITAM allows, via a signaling cascade, the release of perforin and
granzyme in the synapse between the NK and the cancer cell. Perforin creates pores in the membrane of the
cancer cell allowing the entry of granzymes which will have a cytotoxic effect.
Thus, ADCC allows the lysis of cancer cells recognized by NKs thanks to cetuximab.



c. Cetuximab impact metastasis progression

Cetuximab also has an effect on angiogenesis and metastasis development. Cetuximab
decreases the production of the VEGF by cancer cells, responsible for the creation of new blood vessels.
VEGF expression is regulated by the MAPKinase pathway activation, suggesting that the cetuximab effect
on VEGF expression depends on the inhibiting of the EGFR pathway on bladder cancer, HNSCC, and
squamous cell carcinoma [50]. Cetuximab also decreases the production of IL-8 on human intestinal
microvascular endothelial cells [50] which has an angiogenic effect through its interaction with CXCR1/2
[55]. The metastases inhibition mediated by cetuximab is also thought to be due to a decreased
expression of matrix metalloproteinase-9 [56]. Matrix metalloprotease-9 cleaves cell surface proteins
releasing the cells from their anchorage in the matrix allowing the migration of cells to other sites in the
body.

d. Cetuximab induces ADCC

Thus, Cetuximab has several cell effects via the regulation of the activity of several signaling
pathways and the expression of different factors in cancer cells. However, it has been proposed that the
primary mechanism of action of cetuximab relies on antibody-dependent-cell-mediated cytotoxicity
(ADCC) (Figure 6).

The ADCC is a mechanism involving the immune system by which the antibody-bound cell is
lysed by cytotoxic immune cells. Cetuximab is able to induce ADCC thanks to his human Fc and its IgG1
isotype. Interestingly, cetuximab is also known to induce ADCC in lung cancer cells and leukemia cell
lines [57], [58]. Remarkably, cetuximab induces ADCC at low doses that do not allow inhibition of cell
proliferation, with a minimum effective concentration of 0.25ug/ml [57]. ADCC mediated by cetuximab can
even take place without the EGFR inhibition effect [58]. Furthermore, cetuximab induces ADCC
independently of the mutational status of the receptor downstream pathways [58]. ADCC correlates with
the level of EGFR expression [58] but it can still be detected with weak EGFR levels of expression [57].
The main immune cells implicated in cetuximab-mediated ADCC are CD3-CD56* cells corresponding to
NK cells [57]. The ADCC can be improved in vitro by the addition of IL-2 which permits a better NK

activation [57].

In the case of IgG1 antibodies, like cetuximab, NK cells are the most implicated cells in ADCC.
NK cells are immune cells from the innate immune system that can recognize the Fc region of the
antibody. CD32c and CD16a expression on NK will bind to the antibody Fc region, leading to
immunoreceptor tyrosine-based activation motifs (ITAM) phosphorylation and signal transduction. The
result of this signal is a release of cytotoxic granules (granzyme and perforin), TNF signaling, and finally






cell lysis [59]. Other cells like monocyte or CD8* lymphocyte T cytotoxic (LT CD8* cytotoxic) are also
implicated in ADCC. Furthermore, LT CD8* cytotoxic depletion in animal models diminished cetuximab-
mediated ADCC [60]. Thus, cetuximab-mediated ADCC depends on innate immunity through NK

implication and on adaptative immunity through LT CD8* cytotoxic[19].

Other antibodies against EGFR have been developed and approved for the management of
patients, like the fully humanized panitumumab antibody [19]. However, panitumumab did not show a
better response than cetuximab and failed to induce ADCC, probably due to the fact that it is an IgG2
isotype and not an IgG1 isotype like cetuximab. Cetuximab-induced ADCC is more effective if the number
of immune cells, such as NK cells or LT CD8* cytotoxic is high. This evidence shows the importance of

the immune infiltrate in the tumor microenvironment in the therapeutic efficacy of cetuximab.
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Figure 7: Simplified schematic representation of the immune system.

The immune system recognizes antigens considered as 'non-self', i.e., foreign to the body. This can be a pathogen
(bacteria, virus). The immune system also recognizes neoantigens that have appeared as a result of genetic
alterations (mutated proteins, overexpression of proteins, expression of embryonic proteins) that are strongly
present in tumor cells. The immune system is composed of two parts, an innate part that intervenes rapidly and
without specificity and an adaptive part that is slower and specific to an antigen. These two systems work in
cooperation. In the innate part, the natural killers secrete cytotoxic proteins. Macrophages phagocyte cells infected
by pathogens or presenting non-self antigens. Macrophages can also present antigens to activate cytotoxic T-cells
and are therefore considered to be antigen-presenting cells. Dendritic cells are antigen-presenting cells that will
activate B and T lymphocytes by presenting them with a specific antigen, thus creating an adaptive response. B
lymphocytes are involved in the immune response and produce antibodies. B lymphocytes can also form an
immune memory that remains dormant and allows for faster activation when the danger reappears. Finally, T cells
are activated by dendritic cells. There are two categories of T cells, CD4 and CD8. The CD4 T cells are the T helper
cells that help to activate the CD8 T cells. The CD8 T cells form the cytotoxic T cells that lyse the target cells and
the regulatory T cells that inhibit the immune system.



A. Tumor microenvironment

The tumor microenvironment (TME) is defined as the cellular environment in which the tumor
develops. It is composed of different cell populations: malignant cells, fibroblasts, mesenchymal cells,
endothelial cells, and immune cells [61]. All subsets of non-malignant cells form the stroma [62]. Tumor
cells constantly interact with other cells in the TME and benefit from the release of pro-tumor signals, so
the TME is often favorable to tumor progression. But it can also contain elements that inhibit tumor
development. This balance between pro-and anti-tumor elements will determine the progression of the

tumor and thus the prognosis of the patient. [62].

One of the key elements of TME is immune cell infiltration because of the immune response
against cancer cells. The immune system (IS) is made up of several cell types that make up the innate
and adaptive IS. The role of the IS is to protect the organism against external (pathogens) and internal
(cancerous cells) dangers. The cells communicate with each other allowing their mutual activation giving

a certain complexity to the IS (Figure 7).

The IS plays a major role in carcinoma development, and notably, a chronic inflammatory
environment favors the development of tumor cells [63]. Inflammation is a defense mechanism to a
dangerous/harmful stimulus such as tissue injury, pathology, or cell damage. Through cytokine and
chemokine production, inflammation allows the recruitment of immune cells to eliminate
damaged/dangerous cells. Unfortunately, these signals also have pro-tumor effects such as the cytokine
IL-6 or TNFa, which have proliferative and anti-apoptotic effects on tumor cells [64]. Today, chronic

inflammation is considered as a hallmark of cancer and is associated with 25% of them [65][66].

During tumor initiation, tumor cells are recognized by the IS as non-self and are then eliminated.
Indeed, at the neoplasia stage, tumors carry many mutations and this gives rise to peptides harboring
tumor-associated antigens, abnormal expression of a ubiquitous protein, expression of a protein normally
associated with a particular tissue, expression of viral/bacterial material, or expression of embryological
signals. All these neo-antigens are recognized by the IS as non-self [67]. During this phase of
immunosurveillance, both innate and adaptative immunity are involved. Innate immunity intervenes
quickly whereas adaptive immunity can take several days to be set up. However, it is more specific to
pathogens like bacteria, virus, and parasites, thanks to a phenomenon of selection of cells reactive to this
pathogen. This selection allows the establishment of an immune "memory" by maintaining dormant cells
specific to this pathogen [68]. To avoid lysis, malignant cells develop immunosuppressive mechanisms,
like the production of anti-inflammatory molecules like IL-10 or IL-4 [69], decreased neoantigen expression

and presentation, and also the expression on their surface of immune checkpoints [67].






All these mechanisms cause selection pressure for less immunogenic malignant cells and tumor

escape from the IS control.

HNSCC TME is highly infiltrated with a subset of immune cells in general and this infiltration could
be associated with prognostic depending on the type of infiltrated cells [1]. The advent of single-cell RNA
sequencing has made it possible to accurately analyze the composition of the TME. This technique
requires the isolation of viable individual cells by limiting dilution, fluorescence-activated cell sorting,
microfluidic, and other approaches. Once the cells are isolated, RNA sequencing is performed. The final
step is the data processing by many bioinformatic tools to separate relevant signals from background
noise [70]. So, single-cell RNA-sequencing allows the identification of every cell composing the TME

based on their specific gene expression profiles.

Single-cell RNAseq has been used in a few studies to understand the heterogeneity of the TME
of HNSCC in order to better understand how each cell type can influence the tumor ecosystem and tumor
progression as well as patient prognosis. These studies focus particularly on the immune cells. First, they
identified immune cells constituting the TME [71], and the state of activation in which they are [72]. Then
they analyzed the interaction between the immune cells and the non-immune cells through the analysis
of the expression of ligand and their respective receptor [71], [73] but also through the correlation between
immune cells infiltration and non-immune cells infiltrations like fibroblast, endothelial cells, etc. Finally, the
tumor progression is analyzed through a comparison between the composition of the primary tumor and
the next stage of LN invasion [62], [75]. All this data, expressions of immune cells and their states of
activation, their interactions with the tumor, and the changes of the TME between primary tumor and LN,
allow a prognosis to be associated with each immune cell type. These studies have been based on a
cohort analyzed by Puram et al [72] (GEO: GSE103322) on OSCC obtained from a cohort of 18 patients
and the isolation and analysis of = 6000 cells. This cohort is composed of treatment-naive patients, 5 of

these patients present LN metastasis samples, and 15 patients present Peripheral Blood Leukocytes
(PBL) samples. Cells had been distinguished by CD45* (immune cells) and CD45 (epithelial and stromal

cells).

B. Immune cells

1. Natural killer
NK cells are part of the innate IS and play a crucial role in immunosurveillance by eliminating
tumor cells and controlling tumor growth [76]. The NK activation is regulated by a balance between
activating and inhibitory signals. Activation signal is given by the binding of a ligand, UL16 binding
protein1-6, with its receptors Natural killer Group 2D (NKG2D) on NK surface.






The inhibitory signal depends on the MHC class | (MHC-I) expressed by the target cells and the inhibitory
receptor, like NKG2A or inhibitory killer cell immunoglobulin-like Receptor on NK surface [77]. NK cells
target malignant cells because they lack MHC-I and so they lack the ligand for inhibition signal. But this
only signal isn't sufficient, NK also recognizes ligands such as MHC | polypeptide-related sequence A
(MICA) present at the tumor cell surface through the NKG2D receptor. NKGD2 seems to play a key role
in immune surveillance, as mice lacking this receptor are more prone to cancer development. The
malignant cell lysis mediated by NK relies on two mechanisms: the liberation of cytotoxic perforin and
granzyme in the synapse between the two cells, and the activation of TRAIL and FasL pathways in cancer

cells through the production of TNFa or direct contact between the cells [67].

TNFa, TRAIL, and FasL induce the extrinsic apoptosis pathway but Granzyme and perforin
release has also a crucial role in IS cytotoxicity. The perforin forms a pore in the cell membrane and allows
the entry of ions, water, small molecules, and enzymes [78]. Granzymes are proteases with different
intracellular effects that lead to apoptosis. Granzyme B induces caspase-dependent apoptosis via
mitochondrial changes. For example, Granzyme B cleaves the BH3-only protein Bid which interacts with
Bax and/or Bak and induces the release of cytochrome C. This cytochrome C release can also be induced
by the inactivation of Bcl-2 by granzyme B. Conversely, Granzyme A does not activate pro-apoptotic
factors, but generates single-stranded DNA cuts, as well as it disrupts the inner mitochondria membrane
leading to ROS generation. Apoptosis induced by granzyme A is caspase-independent, in fact, Granzyme
A activates a DNase that produces SSB in the DNA. The mechanism of granzymes C/H/K and M are not
yet fully understood. Granzyme C/H/K seems to have a similar effect to granzyme A, and granzyme M

induces caspase and mitochondria-independent apoptosis [79].

In the sc-RNA seq performed on the cohort of 18 patients described above, NK cells had been
identified by the canonical markers KLRD1, NCAM1, or CD9%4 [74], [80]. The differential expression of
GNLY, NKG7, CD160, GZMB, and CCL3 genes was also used as markers for the identification of NK
cells [62]. NK cells are also identified by these markers in the PBL [74]. No analyses have been done here
on the activated state of NK but the expression of granzyme B could be the marker of an activated state
of NK since its release when NK is activated. However, CD94 is implicated in self-tolerance, it
heterodimerizes with NKG2A receptors to induce a strong inhibitory signal when binding to HLA-E [81].

CD94 expression implicated that an inactive state is also possible.

Not much investigation has been done to understand the interaction between the tumor cells and
NK, like the ratio expression of NKG2D/NKG2A and the level of ligands expression, like MICA or HLA-E






respectively ligands of NKG2D and NKG2A [77]. These data could indicate a strong activation or inhibitory

signal and so the activated state of NK.

These sc-RNA seq studies have not investigated the specific impact of the NK population on
prognosis. Commonly, NK infiltration is a good factor for the patient [82] and is associated with better

survival [1].

2. B lymphocytes

B lymphocytes are the only cells of humoral immunity and the only cells that produce antibodies.
They have a receptor on their surface, the BCR, which allows the recognition of antigens. To be activated,
the lymphocyte must recognize an antigen either directly in the environment or presented by an Antigen-
Presenting Cell (APC). Once the BCR-antigen binding is achieved, there is a clonal selection of B
lymphocytes specific to this antigen which will then proliferate and differentiate into plasma cells to
produce antibodies specific to the antigen. B lymphocytes can also become memory B lymphocytes.
These are dormant cells that circulate in the body and initiate a stronger and faster immune response

when they recognize their specific antigen [83].

The sc-RNA seq study identified B lymphocytes/plasma B lymphocytes subset on 18 patients
based on 4 genes expression: SLAMF7, CD79A, BLNK, and FCRL5 [72], [80]. The gene expression
CD37, CD79B, IGHG, IGHA1, and IGHM are also used to identify B lymphocytes in this cohort [62]. The
portion of B lymphocytes differs among patients with a minimum of 1.35% of tumor fraction to 58.1% of
tumor fraction inversely proportional to the fraction of malignant cells which is 60% and 2% for these two

respective patients [80].

The interaction between immune cells and malignant cells is measured by the expression of
ligands and the corresponding receptors. B lymphocytes represent a small portion of immune infiltration
but they show strong interaction with the tumors with 40 interactions found when ligands are expressed
by malignant cells and corresponding receptors by B lymphocytes and 15 interactions in the other way([72].
Unfortunately, the names of the ligand-receptor pairs analyzed are not specified, only TGFB3-TGFBR2,
FGF7-FGR2, and C-X-C motif ligand 12 (CXCL12) interaction with C-X-C motif chemokine Receptor 7
(CCR7) has been described and are implicated in EMT [72]. However, EMT negatively correlates with B
lymphocytes [84] supposing that most of the B lymphocytes interactions observed by Puram et al don't
include EMT ligands or receptors.

In some patients, B lymphocytes aren’t found in the tumor but only in LN metastasis [72]. B
lymphocytes LN metastatic infiltration has been associated with good prognostic but the phenotype and
activation state have not been studied [85].






B lymphocytes infiltration correlates with better OS [73], [84], [86], and a diminution of the B
lymphocytes population correlated with the worst OS [62]. Interestingly, B lymphocytes are associated
with oropharynx location, and the molecular group atypical [86]. The atypical subtype is marked by HPV
infection, and this infection mainly affects the oropharynx, and B lymphocytes are strongly implicated
against pathogen infection [71]. This explains the prevalence of B lymphocytes in the oropharynx. Atypical

subgroup has a better OS [22] that could maybe be explained by the infiltration in B lymphocytes.

3. Dendritic cells

Dendritic Cells (DC) are antigen-presenting cells at the interface between innate and adaptive
immunity [67]. DC have two distinct states, an immature state, and a mature state. An immature DC can
recognize antigens and phagocytose them. DC recognizes danger signals such as Pathogen-Associated
Molecular Pattern (PAMP) or Danger-Associated Molecular Pattern (DAMP) through Pattern Recognition
Receptors (PRR). Once the antigen is phagocytosed the DC will mature and migrate to the lymph nodes.
Maturation of DC allows it to gain mobility properties, such as the expression of the CCR7 receptor which
by binding with its ligands CCI221 and CCI19 expressed in the LN allows the migration of DCs towards
them [87].DC maturation also increases the expression of the co-stimulatory molecule CD80 and CD86
that activates lymphocytes T and increases the production of pro-inflammatory cytokines and chemokines.
Once in the lymph node, the DC will present the antigen to CD4* T lymphocytes through MHC | and to
CD8* T lymphocytes through MHC II. Thus the DC allows the activation of T lymphocytes [88]. In the
context of tumors, the antigen presented by DCs is called Tumor-Associated Antigen (TAA) or Tumor-
Specific Antigen. TAA is released by stressed tumor cells or dead/dying cells are also described as

“‘immunogenic” and then TAA is recognized by DC as DAMPs leading to their maturation [89].

DC subsets had been identified on 18 patients by the gene expression of CD80, CD40, CD83,
and CCR7 [71], [72], [80]. DC is also identified by CD1A, CD1C, CD207, and CCL17[62]. The DC
population differs to no infiltration, to 33.8% of the tumor fraction [80].

DC shows the same level of interaction than B lymphocytes but the correlation between EMT and
DC population hasn't been done [72]. But like B lymphocytes, DC is associated with atypical subgroup,
this isn’t surprising as DC are a key component against pathogens infection through their APC function.
In contrast, DC infiltration correlates with Cancer-Associated Fibroblasts (CAF) infiltration [75]. CAF are
associated with tumor progression and immunosuppression via secretion of IL-6, TNF, and immune

checkpoint [63]. The phenotype of DC hasn’t been explored so the impact of DC infiltration is unclear.






However, there is no difference between LN metastasis and the primary site of the tumor
concerning the repartition of DC [72] suggesting that DC are not implicated in cancer progression to LN

even if it correlates with CAF.

Unfortunately, sc-RNA seq shows no correlation between DC and better survival [72].

4. Macrophage

Macrophages are large cells involved in innate immunity but also in the initiation of the adaptive
response [90]. Their functions include defense against pathogens, metabolic function, clearance of
cellular debris, tissue repair, and remodeling [91]. Macrophages express many receptors, like Toll-Like
Receptor (TLR) that can detect bacteria and viruses, but also apoptotic cells via the detection of
Phosphatidyl Serine (PS). PS are expressed at the surface of apoptotic cells and are recognized by the
integrin avB3 or avB5 at the surface of macrophages. After receptor stimulation, the membrane
protrusions surround the pathogen or apoptotic cells and absorb them into the phagosome formed by the
fusion of cell membranes. In the phagosome, the pathogen or apoptotic cells are attacked by ROS, and
free fatty acid produces by phospholipase A2. Thereafter, myeloperoxidase (MPQO), azurophilic granule,
and hydrolase fuse into the phagosome to degrade pathogen and apoptotic cells. In macrophages, Fe2+
ions replace MPO as substrates. Finally, ATPase pumps lower the pH in the phagosome and completes
the destruction of pathogen and apoptotic cells. Thanks to the mechanism described above macrophages
are able to present peptides from the digested pathogen or apoptotic cells through MHC [ to T lymphocyte

for activation, giving the macrophage a role of APC [92].

Depending on the expression of various factors, including chemokines and cytokines, growth
factors, and transcription factors, macrophages can be polarized into at least two activation states, called
M1 and M2. This polarization can be influenced by the environment [93]. M1 phenotype is induced by Th1
cytokines such as colony-stimulating factor and IFN-y while the M2 phenotype is induced by Th2 cytokines
like IL-4, and IL-13. These two phenotypes have different metabolism, M1 relies on glycolysis and M2
relies on oxidative phosphorylation. M1 and M2 macrophages exert opposite functions. M1 macrophage
induces pro-inflammatory cytokines (IL-6, IL-12, IL-23) and TNF-a and M2 macrophage induces anti-
inflammatory cytokines (IL-10) and Transforming growth factor § (TGF-B) [91]. The opposite effect on
inflammation of M1 and M2 macrophages leads to an increase or decreased immune response and so
the M1 phenotype is considered anti-tumoral while the M2 phenotype is considered pro-tumoral.

In addition to M1 and M2 macrophages, in cancer TME, another macrophage subpopulation has
been described called Tumor-Associated Macrophages (TAM). TAM presents M2 activity but also M1






signature. Currently, TAM are considered a different subpopulation of macrophages. TAM expresses

chemokines and cytokines, such as IL-6 and IL-10, that promote tumor development [90].

Macrophage subset has been identified in 18 HNSCC patient via CD14, CD68, FCGR2A,
FCGR3A, and CSF1R [72], [73], [75], [80], [86]. Another study, differentiated the two phenotypes of
macrophage [62] , through the use of CD163 which is a markers of M2 macrophages [94]. Macrophages

represents between 0% to 14.18% of fraction tumor cells [80].

Macrophages are among the immune cells that interact most with the tumor, with about 60
interactions [72]. This can be explained by the versatility of these cells which recognize pathogens, danger
signals, apoptotic bodies, and antigen presentation, so they can form numerous interactions with a wide
variety of cell types. Macrophages interact with others cells and are negatively impacted in their numbers
by keratinocytes [84]. M2 correlates with Immune CAF (iCAF). This could be explained by the expression
of CXCL12 by iCAF which recruits M2 through the CXCR4 receptor [84]. Finally, Macrophage infiltration

also correlates with the expression of IFN-y which is a cytokine produced by activated macrophages [84].

The difference in macrophage infiltration between LN metastasis and primary site is unclear. One
study shows no difference between LN metastasis and primary site in terms of macrophage infiltration
[72]. In one other study, M1 macrophages represent 90% of macrophages in primary site and 95% in LN
while M2 macrophages represent 8% and 3% respectively. M2 macrophages decreased in LN while M1
macrophages increased. On the contrary, the TAM population hasn’t been identified precisely while a

high level of TAM and M2-like TAM has been observed in LN and is associated with poor prognosis [95].

On other hand, cholesterol metabolism is enriched in LN metastasis and the outflow of cholesterol
from the macrophage membrane reverses the anti-tumor function of these cells. So cholesterol

metabolism could explain the difference in M1 and M2 presence in LN metastasis [62].

Interestingly, it has been shown that CD163* macrophages, i.e. M2 macrophages, are involved

in tumor progression [91]. But here, no impact of macrophage infiltration on prognostic value [84], [86].

5. Lymphocytes T
T lymphocytes (LT) are immune cells of the adaptive immunity that express the T Cell Receptor
(TCR). They are classified into two groups according to whether they express the co-receptor CD4 or
CD8. The CD4* lymphocytes are a population of cells called "helper" (Th) or "conventional" (CD4*conv)
that allow the modulation of the IS. For example, Th1 lymphocytes, which differentiation is regulated by
IL-12, produce IFN-y and TNF, which have pro-inflammatory functions and support the cytotoxic function
of Lymphocytes T CD8* (LT CD8*) cytotoxic and macrophages. The differentiation of Th2 lymphocytes is






regulated by IL-4, and they support the function of B lymphocytes. However, Th lymphocytes can
negatively regulate the IS by differentiating into regulatory T (Treg) lymphocytes under the influence of
TGF-B and IL-2. Treg lymphocytes express IL-10 and TGF and inhibit immune cell functions [69], [96].
Treg lymphocytes express a particular factor, Forkhead box P3 (FOXP3) that decreases the production
of IL-2 needed for the differentiation of CD4* lymphocytes in Th lymphocytes. Treg lymphocytes also

increase the production of immune checkpoints [97].

LT CD8* cytotoxic are effector cells that trigger the lysis of target cells. LT CD8* cytotoxic are
activated by an APC presenting them an antigen associated with MHC |, which is recognized by the LT
CD8* cytotoxic TCR. Once the activation signal is given, LT CD8* cytotoxic migrates to the site of infection.
The TCR recognizes the antigen presented this time by the MHC | of the target cell. Perforin and granzyme
are then released and the target cell is lysed. The LT CD8* cytotoxic also induce apoptosis through the

expression of FAS on their membrane [98].

Therefore, LT CD8* cytotoxic have the ability to recognize and clear cancer cells. To survive and
progress, tumor cells decrease the expression of MHC | recognized by LT CD8* cytotoxic but also express
LT CD8* cytotoxic inhibitory signals as immune checkpoints. In TME two LT CD8* cytotoxic subsets are
differentiated: the classical LT CD8* cytotoxic with the normal function of killing the cell and inactivated
LT CD8* cytotoxic commonly called exhausted CD8*LT [67].

In a cohort of 18 HNSCC patients, the population of T lymphocytes was distinguished by the
expression of CD4, CCR7, TCF7 for CD4*; CD8, Granzyme A/B/M/K, perforin for LT CD8* cytotoxic,
exhausted CD8*LT has been identified by immune checkpoint expression (PD-1, LAG3, TIGIT, CTLA4),
and finally, Treg lymphocyte has been identified by FOXP3 and CD25 expression [71], [72], [75], [80],
[86]. CD4* lymphocyte represents up to 40% of the cells composing the tumors , LT CD8* cytotoxic up to
20.3%, exhausted CD8*LT up to 31%, Treg lymphocyte up to 16.9% [80].

The analysis of the interaction between ligands expressed by malignant cells and receptors
expressed by T lymphocytes shows 60% of interaction. On the others way, ligands expressed by T
lymphocytes and receptors expressed by malignant cells show 20% of interaction [72]. T lymphocytes
aren't correlated with EMT signature [84] meaning T lymphocytes aren’t implicated in EMT, we can
suppose that the interaction detected between T lymphocytes and cancer cells should not involve EMT
ligands-receptors. Likewise, T lymphocytes activity in the immune defense against pathogens could
explain that T lymphocytes infiltration correlates with atypical subtype and oropharynx location, consistent
with HPV infection which reveals the immune response induced by virus infection [80], [86]. On the
contrary, another way to reduce immune cell infiltration is to block the tumor's access to immune cells.

Keratinization is the production of keratin protein by cells and could affect the rigidity of the tumors
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Figure 8: Composition of the Tumor microenvironment (TME)
A. Representation of the most studied immune checkpoint pairs. immune checkpoints are pairs of ligands and
receptors that inhibit immune activity. Some immune checkpoint receptors can have two ligands. B. Single-cell
RNA-seq studies have identified different cell types that compose the TME based on the expression of specific
genes. These studies have made it possible to associate the expression of immune checkpoints with each cell type.
They also associated or not a prognosis according to the type of immune cells infiltrating the tumor. This figure
schematizes their results.



infiltration by some cells. T lymphocytes are decreased by the tumor keratinization [84].

Because exhausted CD8* LT express immune checkpoint Programmed death cell 1 (PD-1) which
is a target of immunotherapy, one study analyses the change in the T lymphocytes population after anti-
PD-1 treatment. Interestingly, after treatment, there is a renewal of the T lymphocyte population due to
the recruitment of new T lymphocytes. In this study, the immune response engaged by anti-PD-1 therapies
is due to new cytotoxic CD8*LT infiltration, and blocking the PD-1 inhibitory signal of exhausted CD8*LT
cells would not be able to change them to cytotoxic CD8*LT [71].

There is no difference in T lymphocyte infiltration between LN metastasis and primary site [72].
In another study, LN metastasis is highly infiltrated by T lymphocytes, especially by LT CD8* cytotoxic,
and presents a better inflammatory signature and high cytokine expression. Exhausted CD8* LT are less

frequent in LN metastasis [62].

T lymphocyte infiltration is associated with better outcomes [84], [86]. Consistently, clustering
analyses based on differential gene expression have shown that HNSCC molecular subtypes enriched
with T lymphocyte-specific gene expression are also associated with improved OS [73]. Taken
individually, Th1 lymphocytes which support LT CD8* cytotoxic activity are associated with better survival
[73]. CD4* lymphocytes correlate with the better OS, followed by cytotoxic CD8*LT. But the better OS has
been observed in the tumor with high infiltration of Treg lymphocytes even if their principal known function
is immunosuppressive. The hypothesis explaining this OS is the infection by the oral microbiota. Microbial
flora could be translocated from the upper aerodigestive tract to HNSCC tissues, as proposed in the colon.
This translocation of microbial leads to inflammation which is a favorable environment for cancer
development. To counteract this effect, Treg lymphocytes decreased the inflammation and thus have a
good impact and protect against inflammation-mediated cancer cell growth. The hypothesis is that Treg
lymphocyte infiltration is a good prognostic because they decrease the inflammation favorable to cancer

development [86].

These studies show the heterogeneity of immune cells and the impact of each immune cells

population taken individually (Figure 6B).

However it is necessary to take into consideration that the TME is rarely infiltrated by only one
population of immune cells, furthermore, immune cells communicate with each other, for example, DC
activates T lymphocyte, Treg lymphocyte regulate LT CD8* cytotoxic, CD4* lymphocyte interacts with DC
and LT CD8* cytotoxic. The immune infiltration is a complex system implicating many factors. This is why
some studies have preferred to stratify tumors according to the infiltration of the TME, defined as “high”

or “low immune infiltrate”, independently of the nature and the proportion of immune cells.






Afterwards, tumors with high infiltration of active immune cells, such as LT CD8* cytotoxic, are
classified as "hot" tumors. Conversely, tumors with high infiltration of regulatory cells, such as Treg

lymphocytes, are classified as "cold" tumors [99].

High infiltration of immune cells including NK, DC, and T lymphocytes correlates with an improved
OS as well as high infiltration of B lymphocytes and DC, and macrophages are associated with a better
0S. These tumors also present an upregulation of antigen presentation and enhance the presentation of
antigen and thus maintains the activation of immune cells [73]. The TME with high infiltration of immune
cells such as LT CD8* cytotoxic and NK cells would be more favorable for anti-tumor activity. However,
these immune cells need to be active in the TME to have a destructive effect on the tumor, which is not
always the case. Indeed, the immune cells can be inhibited by different mechanisms, notably the

expression of immune checkpoints.

C. Immune checkpoint

Immune Checkpoints (ICP) are molecules that play a key role in the modulation of the immune
response and T lymphocytes activity. They are ligand-receptor couples with either stimulating or inhibitory
functions (Figure 8A). ICP’s principal physiological function is to regulate lymphocyte T activity to avoid
autoimmunity or damage to healthy tissue by excessive inflammation [100]. To understand the function
of ICP, it is necessary to understand the mechanisms of T lymphocyte activation. T lymphocytes are
activated through two signals: one depending on the TCR and the CD4/CD8 co-receptors and the second

depending on the CD80/86 co-stimulatory molecule [100]. ICP impact the second signal.

Schematically, concerning the activation of LT CD8* cytotoxic, an antigen presented by APC via
MHC | is recognized by a complex involving the TCR and the CD8 and CD3 co-receptors. This binding of
antigens to the TCR/CD8/CD3 complex leads to the phosphorylation of the LCK Src family protein tyrosine
kinase, that in turn phosphorylates ITAM in the CD3 intracellular region. Phosphorylated ITAMs further
recruit the protein tyrosine kinase ZAP70 [101]. The antigen recognition by TCR/CD8 and activation of
CD3 and ZAP70 constitute the first signal required for LT CD8* cytotoxic activation [102]. The second
signal is given by a co-stimulatory ligand CD80/86 on APC cells that binds to CD28 receptors on T
lymphocytes. This binding leads to PI3K activation [102]. Both signals lead to the activation of three major
signaling pathways: Ca2* -calcineurin, the MAPKinase signaling pathway, and nuclear factor-kB (NF-kB)

resulting in survival, proliferation, migration, cytokine production, and effector function [101].

ICP interfere with these stimulatory signals and inhibit activation of LT CD8* cytotoxic by competing
with CD28 as ligands of CD80/CD86 or by dampening the signaling pathway triggering the activation of
the TCR.






1. PD-1/PD-L1
PD-1 or CD279 is a type | transmembrane receptor encoded by the PDCD1 gene and is

expressed on activated T and B lymphocytes membrane. It is known to bind to Programmed Death-ligand
1 (PD-L1) (also called CD274 or B7H1) and its homolog PD-L2 (also known as CD273 or B7DC), which
are types | transmembrane protein expressed in endothelial cells, APC and activated lymphocytes. PD-
L1 expression is limited outside immune cells but can be found in the heart, lung, placenta, and liver. PD-

L2 expression is limited to DC and macrophages [103].

PD-1 possesses an intracellular domain containing an Immunoreceptor Tyrosine-based Inhibitory
Motif (ITIM) and immunoreceptor Tyrosine-based Switch Motif (ITSM). The binding of PD-L1/2 with PD1
activates ITIM and ITSM domains that recruit SHP2 to deliver an inhibitory signal. PD-1 activation blocks
the phosphorylation of ZAP70, inhibits the MAPKinase pathways, and then stops the activation of T cells
[103].

2. CD80, CD86 / CTLA-4
Cytotoxic T Lymphocyte Antigen 4 (CTLA 4) is a type | transmembrane protein expressed on DC,

T lymphocytes, and mostly on Treg [103]. CTLA 4 possesses a cytoplasmic tail with tyrosine residues and
a proline-rich domain. When this domain is unphosphorylated, CTLA4 is endocytosed to maintain immune
cell activity [104]. CTLA 4 outcompetes CD26 and binds to CD80/86 ligands, leading to phosphorylation
of his cytoplasmic tail. As PD-1, CTLA a recruits SHP2 resulting in dephosphorylation of CD3 and then
inhibition of ZAP70 activation and MAPKinase pathway leading to cell-cycle arrest and decrease of

cytokine production [104].
3. TIM-3/GALECTIN-9

T cell Immunoglobulin-3 (TIM-3) is a type | transmembrane protein with a cytoplasmic tail. The
particularity of TIM-3 cytoplasmic tail is the absence of an inhibitory domain but it harbors five conserved
tyrosine residues. TIM-3 is a specific marker of Th1 but it is also expressed on other T lymphocytes,
including Treg, as well as NK, macrophages, and DC. TIM-3 binds to the C-type lectin galectin 9. The
binding of galectin 9 to the IgV domain of TIM-3 causes Th1 cell death. TIM-3-Galectin 9 binding induces
intracellular calcium flux and phosphorylation of two tyrosine residues of TIM-3 cytoplasmic tail, which

triggers the release of the intracellular adapter protein Bat3 and allows the binding of SH2 domain-

containing Src kinases and inhibits TCR signaling by competition. By decreasing TCR signaling, TIM-3

inhibits T cell activities.






But TIM-3 can also have the opposite effect, i.e., a stimulation effect on T cells. In unbound TIM-
3, the tyrosine residues are not phosphorylated and Bat3 is anchored to its cytoplasmic tail. In that

configuration, Bat3 recruits LCK and preserves or even promotes T cell activation [105].

4. LAG-3/MHC I
Lymphocyte-Activation Gene 3 (LAG-3) or CD223 is an immunoglobulin composed of an Ig-like

domain and type | transmembrane domain and is structurally similar to the CD4 receptor. LAG-3 binds to
MCH Il with higher affinity than CD4 and then LAG-3 engaged with CD3 negatively regulates T lymphocyte
activities [105]. Cytoplasmic tail of LAG-3 is essential since its abrogation deletes the inhibitory function
of LAG-3 but the mechanism remains unclear [106]. The signaling pathways induced by the binding of
LAG-3 are unclear. The cytoplasmic tail of LAG-3 doesn’t harbor any classic inhibitory motif like other
ICPs. Among three signal regions, the KIEFLE motif seems to be crucial for the transduction and inhibitory

function of LAG-3. LAG-3 reduces T lymphocyte proliferation and cytokine production [105].
5. TIGIT/CD155-CD112

T cell Immunoreceptor with Ig and ITIM domain (TIGIT) is composed of extracellular IgV domains,
a type | transmembrane region, and a cytoplasmic tail with ITAM and Immunoglobulin Tail Tyrosine (ITT)-
like domain. TIGIT is expressed on NK cells, T cells, Th, and Treg. TIGIT binds with high affinity to CD155
and weak affinity to CD112. These two ligands are expressed on APC. TIGIT binding to CD155 inhibits T
lymphocytes proliferation, cytokine production, and TCR signaling but the exact mechanism of TIGIT
action hasn’'t been studied at the protein level in T lymphocytes. In contrast in NK cells, the
phosphorylation of tyrosine residue ITAM and ITT-like motifs allows the binding of two adaptor proteins
Grb2 and B-arrestin2. These two adaptors recruit SH2 domain-containing inositol-5-phosphatase to TIGIT
cytoplasmic tail and that recruitment inhibits MAPKinase and NF-kB pathways resulting in NK cells
inhibition. Moreover, TIGIT also promotes survival and maintenance in T cells via induction of anti-

apoptotic molecules and receptors for pro-survival cytokine [105].

6. Immune checkpoint in TME
Cancer cells hijack the ICP mechanism: they express ICP at the cell surface, therefore, provoking
LT CD8* cytotoxic anergy and escaping the immune system. ICP-blocking immunotherapies have been
developed to counteract the functional effect of ICP expression on malignant cells and restore a cytotoxic
anti-tumor immune response. Classically, these immunotherapies target the ligand or the receptor of an

ICP couple and block their interaction allowing to remove the inhibition of the immune cells.






ICP ligands were studied by sc-RNA seq in parallel with immune cell identification and their expression
was associated with a specific cell type. This could help in the choice of immunotherapy to be administered
depending on the target expressed. The authors also tried to associate a prognosis with the expression
of ICP. As a reminder, the cohort is composed of 18 treatment-naive patients, 5 LN metastasis samples,

15 PBL samples, and the isolation and analysis of = 6000 cells [72)].

ICP receptors PD-1, TIGIT, LAG3, and TIM-3 are expressed by all immune cells at various levels
[72], [74] so all immune cells can be inhibited (Figure 8B). ICP expression depends on the TME, tumors
with high inflammation present a higher level of LAG3 expressed on DC and especially on macrophages.
In general, PD-1, LAG-3, TIGIT, and CTLA4 expression are markers of exhausted CD8*LT cells and were
used to distinguish this subset of cells in the TME in a cohort of 18 HNSCC patients. However, the
expression of each ICP was found to be heterogeneous between patients [71], [72], [80], [86]. This
different expression could explain the variable responses to the same immunotherapy and emphasizes
the choice of therapy according to the level of expression of the therapeutic target. T lymphocytes present
the most interaction with the malignant cells [72], and that could be explained by the many interactions
involving ICP. In this cohort, the expression of both PD-1 and CTLA4 was decreased in LN metastasis
compared to the primary tumor. Interestingly, exhausted CD8*LT are less present in LN metastasis [62],
reinforcing the role of ICP expression in the inhibition of cytotoxic CD8*LT. Indeed, PD-1 and CTLA4
expression inhibit T lymphocytes activation leading to exhausted CD8*LT in the primary tumor site while
in the absence of PD-L1 and CTLA4, cytotoxic CD8*LT are dominant in LN metastasis.

The level of ligands expression present depends on the cell type (Figure 6B). Macrophages
present a high level of PD-L1, PD-L2, and CD122, while DC expressed high level of PD-L2 [74]. The
expression of ICP ligands is mostly associated with immune cell type meaning that the inhibition of T
effector is principally achieved through other immune cells. Macrophages seem to be the immune cell
population with the most ICP expression and are the most implicated in the inhibition of the IS in the TME.
Specifically, PD-1/PD-L1 interactions seem to be mainly mediated by macrophages in 8/12 patients, TIM-
3/Galectin 9 interactions mediated by macrophages were found in 10/12 patients, and only 2/10 patients
present this interaction with CD8* lymphocytes[74]. It is possible that macrophages expressing a high
level of ICP are TAM. TAM immunosuppressive action is supported by the expression of ICP, notably PD-
L1 and CTLA-4 ligands [107]. The ICP expression on TAM could explain the association of TAM with bad
prognostic [99].

But the ICP ligands can also be expressed by non-immune cells as PD-L2 expressed by

fibroblast, endothelial cells expressed galectin9, and endothelial cells expressed CD155. These cells






through the expression of ICP can inhibit IS, notably TIGIT interaction is facilitated by non-immune cells

in addition to DC and macrophages [74].

These studies based on sc RNA-seq show the heterogeneity of the TME in immune cell infiltration
and ICP expression. It also demonstrated that immune infiltration influences the prognosis of the patient
through their state of activation or inhibition linked with the interaction or not with ICP. A better view of the

immune population in TME, as well as ICP level expression, could guide the choice of immunotherapies.

The tumor with high inflammation could be a signature of high expression of ICP and so they

could be more responsive to immunotherapies targeting ICP receptors.

Immunotherapy against PD-1 and PD-L1 called nivolumab and pembrolizumab has recently been
approved by FDA for the treatment of recurrent/metastasis HNSCC. Nivolumab is an anti-PD-1
monoclonal IgG4 antibody and pembrolizumab is an anti-PD-1 monoclonal antibody [100]. In clinical trials,
patients show complete and long-lasting responses. Unfortunately, the overall response occurs only in
18% [108]. Strikingly, these clinical trials have shown that the level of PD-1 and PD-L1 expression does
not correlate with response to treatment. Some patients with high PD-1 expression do not respond to
treatment, while some patients with no PD-1 expression do [100]. Currently, no available biomarker has

been found for immunotherapies response.

However, these studies are limited by the small number of patients analyzed, with a maximum of
18 patients. Many more patients must be included to link an immune infiltrate to a prognosis. Larger scale
studies are therefore necessary before establishing the immune infilirate or ICP expression as a clinically
useful biomarker. Furthermore, IS is a very complex system with many interactions between immune cells
but also between non-immune cells. These interactions also need proximity between cells showing the
importance of the spatial architecture of the TME. Finally, the phenotype and activated state of each
immune cells is a key factor in the induction or the inhibition of immune response against malignant cells.
For example, the ratio of CD8*LT cytotoxic to Treg lymphocytes is important in the prognosis and in the
response to immunotherapies since it will be difficult to elicit an immune response if the ratio is in favor of

Treg lymphocytes since the TME will be more in an immunosuppressive configuration.

In addition, inhibition of ICP will have less impact if the TME is poorly infiltrated with effector
immune cells compared to tumors with a heavily infiltrated TME. This is why tumors with high inflammation
and therefore high presence of immune effector cells have a better prognosis. A more comprehensive
view is needed to better understand how variations in the immune repertoire in TME impact response to

treatment.






Another factor to consider in the response to immunotherapy is tumor cell immunogenicity. Tumor
cell immunogenicity refers to their ability to induce an immune response and includes detection of the
tumor as a threat, and antigen presentation but also immune infiltration with active immune cells, like LT

CD8* cytotoxic or DC, and finally a favorable TME to immune response.

However, in the case of a lightly infiltrated and low inflammation TME, it is possible to boost the
IS by recreating inflammation and thus restoring anti-tumor immunity. This anti-tumor immunity can be
restored by a particular death allowing the activation of the IS called Immune Cell Death (ICD). With ICD,

tumor cells become more immunogenic and thus activate the immune response.






Chapter I
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Figure 9: Immune cell death (ICD)

ICD is a cell death that leads to the release of DAMPs from the dying tumor cell inducing inflammation and immune
cell recruitment. Membrane exposure of calreticulin (CRT) acts as an “eat me” signal, ATP is a "find me" signal
released in the extracellular medium, HMGB1 is a chromatin constitutive protein released during membrane
rupture, and finally, the IFN type | induction release inflammatory cytokines. The recognition of DAMPs by receptors
on DC cells induces the activation of the NF-kB pathway allowing the maturation and migration of DCs. The mature
DC migrates and activates cytotoxic LT cytotoxic by presenting them with a TAA. CD8* T lymphocytes proliferate
and migrate to the site of inflammation. Lt cytotoxic recognize the cells presenting the TAA and therefore the tumor
cells still viable, and release perforin and granzyme leading to the lysis of the tumor cells. The activation of ICD
allows the elimination of tumor cells by the immune system.

CRT, calreticulin; IFN, interferon; DC, dendritic cell; TAA, tumor associated-antigen; LT cytotoxic,CD8* T
lymphocytes




A. Immunogenic cell death

ICD is a particular cell death that involves the activation of the IS. Precisely, ICD is a “form of
programmed death cell that can activate the adaptative immune response in immunocompetent
syngeneic host” [109]. This death cell results in the emission of danger signals or DAMP, and then
activation of the immune response [110]. In the case of cancer, the ICD induction leads to the development

of anti-tumor immunity and even immune memory against cancer cells (Figure 9).

1. DAMPS

DAMPs are molecules or proteins expressed on the cell surface, secreted, or passively released
in the extracellular space [111]. They act as a danger signal, are recognized by APCs, and also provoke
inflammation [110]. The emission of DAMPs allows the establishment of an inflammatory environment
favorable to the induction of an immune response. The major DAMPs are Calreticulin (CARL), ATP,
HMGB1, and type 1 interferons.

a. Calreticulin

CARL is a chaperon protein of the Endoplasmic Reticulum (ER) [109] that is translocated to the
cell surface at the onset of apoptosis. [112]. CARL is a 46kDA Ca2* binding protein with different activities
such as Ca2+ homeostasis and regulation of protein synthesis. CARL also plays a role in immunity when
exposed to the cell surface by being the dominant signal for phagocytosis [113] and acts as an “eat-me”
signal [110]. CARL expression is induced by ER stress [111]. During ICD, CARL is translocated from the
ER to the Golgi apparatus where it is enveloped in a vesicle. This vesicle migrates to the plasma
membrane with which it fuses via SNAP and VAMP proteins, exposing the CARL to the cell surface. CARL
is translocated with another protein, the Protein Disulfide-Isomerase A3 or Erp57 [114]. The deletion of
Erp57 stops CARL translocation demonstrating the essential role of Erp57 in CARL exposure [111]. CARL
seems to be the key DAMP for ICD, indeed in absence of CARL, even the presence of other DAMPs is
not sufficient to induce ICD [115]. On the other hand, the restoration of CARL exposure allows the ICD
[116], [117].

b. ATP

Adenosine Triphosphate (ATP) is a nucleotide. The hydrolysis of ATP provides the energy
needed for the good function of the cell. For example, ATP serves as a substrate for protein kinases, DNA
synthesis, and synaptic transmission in the brain [118]. During ICD, ATP is released in the extracellular
environment. ATP act as a chemoattractant [119] also called “find-me” signal [120]. One of the main
mechanisms responsible for ATP release is autophagy [121]. Indeed, the inhibition of autophagy actors






like Atg5, Atg7, or Beclin-1 significantly reduces ATP release and limits ICD [112]. ATP accumulates in
an autolysosome called Lysosomal-Associated Membrane Protein 1 (LAPM1). LAMP1 vesicles migrate
to the plasma and release ATP through pannexin channel 1 which is opened by a caspase-mediated
mechanism [112]. Deficient autophagy, ATP production, or lack of pannexin channel opening lead to the
decrease in ATP release and thus the failure of ICD. Restoring ATP concentration by any source, like the
injection of ectonucleotidase inhibitors, restores ICD [112]. ATP is an important DAMP since limiting ATP

availability in the extracellular space significantly reduces ICD [118].
c. Type-linterferons

Type-l IFN are pro-inflammatory cytokines particularly implicated in the immune response against
pathogens, but also implicated in innate and adaptative immune cell activities. Pathogens are
endocytosed by the targeted cells and degraded allowing the release of danger signals, PAMP. The
recognition of PAMP by Pattern Recognition Receptor (PRR) drives the production of type-I IFN [121].
During ICD, type-I IFN expression leads to autocrine or paracrine signaling by binding to type-l IFN
receptor (IFNAR) present in the surface cells. IFNAR is a heterodimeric receptor composed of IFNAR1
and IFNARZ2, the type-I IFN binding leads to activation of receptor-associated kinase TYK2 and JAK which
then phosphorylate the transcription factor STAT1. Then STAT1 homodimerizes and binds to Gamma-
Activated Sequences (GAS) inducing pro-inflammatory gene expression [122] like the chemoattractant
CXCL10. ICD can't occur without IFNAR, cells lacking IFNAR or mice IFNAR"- can’ be protected via ICD
but can be restored by CXCL10 administration [123], [124].

This binding leads to the expression of chemokine CXCL10 which is a strong chemoattractant
[110]. By this action, type-I IFN increases the resistance of neighboring cells and stimulated IS [124]. As
for the others, DAMPs, the knockout of IFNAR1 inhibits ICD, and recombinant type-l IFN administration

restores it [111].
d. HMGB1

High Mobility Group Box 1 (HMGB1) is a non-histone chromatin-binding protein possessing two
homologous DNA-binding domains. HMGB1 function depends on its localization. In the nucleus, HMGB1
is implicated in the maintenance of nucleosomes, DNA repair, recombination, and transcription. In the
extracellular environment, HMGB1 act as an inflammatory molecule [110]. HMGB1 can be released
passively by injured cells, necrotic cells, or during the late stage of apoptosis. HMGB1 extracellular
function is dictated by its oxidative states. Three cysteine residues, located in the DNA-binding of HMGB1,
are sensitive to oxidation. When HMGB1 is completely oxidized, it has no immune function. If the two
cysteines, Cys23, and Cys45, are reduced, HMGB1 act as a chemoattractant [125]. Otherwise, the






formation of a disulfide bond between those two cysteines (Cys23 and Cys45) leads to preferential binding
to TLR4 receptors and pro-inflammatory cytokine production by immune cells [111]. The association
between HMGB1 and TLR4 is critical to induce ICD, indeed mice lacking TLR4 can be protected against
tumor cells through ICD [124]. TLR4 agonist rescued the induction of ICD [111].

The kinetic expression of each DAMP is different: CARL exposure occurs in the pre-apoptotic
phase, ATP release occurs later and the last DAMP emits is HMGB when membranes are permeabilized
[126].

B. Immune response

After DAMPs emission the next step of ICD is the activation of the immune system starting with
the activation of APCs and particularly DC. The recognition of DAMPs by specific receptors on the surface

of DCs induces their recruitment, activation, and maturation.

Type-I IFN induces autocrine expression of CXCL10 by cells undergoing ICD. CXCL10 binds to
CXCR3. CXCR3 is a G protein-coupled receptor present on the surface of many immune cells like NK, T
lymphocytes, DC, and macrophages. The CXCL10/CXCR3 axis is critical to the recruitment of immune
cells [127].

ATP release in extracellular space has a strong chemotaxis effect [110] and acts as “Find me”
signals by interacting with the P2Y2 and P2X7 Purinergic Receptors expressed by DC [124]. Little is
known about how P2X7 works. By binding to P2X7, ATP induces the decrease of intracellular K*
(positively charged potassium ion), by opening the plasma membrane channel. The decrease of K*
induces the assembly of the inflammasome NLRP3 complex by an undefined mechanism. This results in
the activation of pro-caspase 1 which activates the expression of inflammatory cytokines IL-18 and IL-18
[128]. The maturation of DC by P2X7 seems to go by the activation of Nuclear Factor-kB (NFkB) [129]
which has a key role in the modulation of immune cells. P2X7 induces, by an unknown mechanism, the
expression of CCR7, and CXCR4, two chemokine receptors implicate in chemotaxis to peripheral tissues
[129]. P2X7 has the same effect on macrophages with the release of IL-1B and IL-18 leading to
inflammation [130].

P2Y2 is a G protein-coupled receptor and is implicated in the recruitment of immune cells by
chemotaxis [119]. An absence of this receptor prevents the implementation of the ICD [124]. P2Y2 is
expressed by lymphocytes, APC cells, like macrophages, and DC, but the mechanism of chemoattraction
of ATP is not yet fully understood. Similarly, little is known about the underlying mechanisms of P2Y2.

P2Y?2 receptors seem to activate T cells functions through an influx of Na*and CA* from extracellular






space [131].0n macrophages only Ca* intracellular is increased and induces multiple cell
responses, such as generation of ROS, generation of Nitric oxide, induction of pro-inflammatory cytokine
IL-1B, and IL-18 [131]. This mechanism helps the destruction of the pathogens by the macrophage via
acidification. The co-expressed receptors P2Y11 allow the macrophage to escape the P2Y2/ATP
mediated killing of pathogens [132]. On DC cells no functional studies explained the mechanism of P2Y?2
[131].

HMGB1 release is an inflammatory signal. HMGB1 binds to the Receptor for Advanced Glycation
Ends product (RAGE) and the TLR4 leading to NF-kB activation. HMGB1 bindings to RAGE induce
activation of Ras, PI3K, and Rho allowing for NF-kB activation. HMGB1 also binds to TLR4 resulting in
the recruitment of Myeloid Differentiation primary response 88 (MYD88) and Toll-Interleukin 1 Receptor
domain-containing Adaptor Protein. These complex actives Interleukine-1 Receptor-Associated Kinase 1
that induces activation of NF-kB. The key role of TLR4 and myd88 in ICD has been demonstrated by the
failure to elicit an immune response in mice defective for TLR4 or Myd88. However, TLR4 agonists restore
ICD response [111].CARL is recognized by the main ER chaperon receptor CD91 receptor or Low-Density
Lipoprotein Receptor Related Protein 1 (LRP1) [124]. The binding promotes pro-inflammatory cytokine
production, like IL-6 and TNF through NFkB activation [133], but mostly CARL enhances the phagocytosis
capacity of DC [111]. CD91 binds to CARL and promotes the internalization of the ligand and its
associated materials, including antigens, through phagocytosis [134]. After phagocytosis, the ligand-
associated material is degraded into peptides in the phagosome and recognized by the MHC Il in the late
endosome. MHC Il migrates to the cell surface to present antigens to other immune cells such as T
lymphocytes [135]. CARL/CD91 mediated phagocytosis is important to induce ICD, indeed, lacking CD91
as well as lacking CARL exposition leads to a decrease of ICD causes by reduction of the phagocytosis

mechanism [124].

ATP and HMGB1 release, CARL exposure ultimately leads to the activation of NF-kB. NFkB is a
family of transcription factors with a critical role in IS. NF-kB induces gene implicated in survival (Bcl-2),
proliferation (Cyclin), inflammation (IL-1, IL-6) [136]. Other target genes of NF-kB include but are not
limited to CD80 implicated in T lymphocyte stimulation, MHC that allow peptide presentation, and GM-
CSF stimulating macrophage activity[137]. Through its multiple targets, NF-kB induces inflammation, DC
maturation, T lymphocyte differentiation, and T lymphocyte activation [136]. And so all these mechanisms
induced by DAMPs lead to the induction of immune response. First ATP and type-I IFN act as a
chemoattractant and recruits DC in the inflammatory sites. CARL exposition leads to phagocytosis of
dying cell debris that is used to present antigen. Finally, CARL exposure and HMGB1 release lead to NF-
kB induction and upregulation of MHC Il resulting in the switch of DC from an inactive






state to an active state [124]. The DC migrate to the lymphoid organ where they activate T
lymphocytes by presenting them with an antigen from the dying cells. After receiving the three signals of
activation, TCR/CD8/CD3 and CD80/86/CD28 activating signal and no inhibitory signal from ICP, T
lymphocytes differentiate to CD8* LT cytotoxic migrate to the inflammation site. When CD8* LT cytotoxic
recognize a cell presenting the antigen that has been used to activate them, they release perforin and
granzyme molecules causing cell lysis. In this process, DC will also activate the induction of memory
immune cells [87]. Thus ICD acts as vaccination with the induction of an immune response against a
defined antigen, in the case of cancers a TAA, and the establishment of an immune memory protecting

against a future return of the tumor.

C. Inducers of ICD

All mechanisms leading to the induction of ICD have not been completely identified. One of the

most likely candidates is ER stress.
1. Pathways inducing ICD
a. ER Stress

ER stress was studied as an ICD inducer due to its responsibility for CARL translocation which
plays a crucial role in inducing ICD. ER stress is defined as a cellular response/adaptation to the
accumulation of unfolded protein in the ER lumen. To restore proteostasis, and protein homeostasis, and
thus decreased the number of unfolded proteins, the Unfolded Protein Response (UPR) is triggered. UPR
is regulated by three pathways controlled by ER transmembrane protein sensors including the Inositol
Requiring Enzyme -1 (IRE-1), the PKR-like ER protein Kinase (PERK), and the Activating Transcription
Factor 6 (ATF6). [138]. In normal conditions, these sensors are inactivated by the Glucose-regulated
protein 78 (GRP78)/binding protein (BiP) [110]. In a context of accumulation of unfolded protein, Bip

preferentially binds to unfolded proteins, thus releasing the ER stress sensors.

Free IRE-1 excises the intron from the mRNA encoding X-box-Binding protein (XBP1) leading to
the splicing of XBP1u mRNA to an active form of XBP1s [139]. XBP1s act like a transcription factor that
induces the expression of genes implicated in the degradation of unfolded protein, and ER protein
translocation [138].

The release of ATF6 from Bip induces its transit to the Golgi apparatus where ATF6 is cleaved
by site- protease. The fragment resulting from this cleavage contains a basic leucine zipper transcription
factor called ATF6-p50. In the nucleus, ATF6-p50 induces the gene expression of chaperon, lipid






synthesis, and proteasome-based ER-associated protein degradation. IRE-1 and ATF6 can act

simultaneously or even overlap to maintain ER homeostasis [138].

The last pathway takes place after the release of PERK. PERK phosphorylates Eukaryotic
translation Initiation Factor 2 subunit-a (Eif2a). Eif2a inhibits protein translation, reducing the protein
folding load. Eif2a also induces the expression of a stress-inducible factor ATF4. Then ATF4 can induce
expression of GADD34 that acts as feedback that restores protein synthesis by dephosphorylating Eif2a
[138].

If the UPR fails to restore proteostasis, the cell enters UPR-mediated apoptosis through the
activation of the PERK partway. The Eif2a phosphorylation by PERK leads to activation of ATF4 and one
of its targets is the C/EBP Homologous Protein (CHOP). CHOP is a transcription factor that can regulate
apoptosis via the BCL2 family. CHOP downregulates anti-apoptotic BCL-2 and upregulates pro-apoptotic
BIM causing an increase of BAX/BAK expression [140]. As in intrinsic apoptosis, BAX/BAK release

cytochrome C and caspase 3 cleavage.

CARL translocation occurs via PERK pathway. CHOP also induces an apoptotic module
composed of caspase 8 and Bap31 that initiates the translocation module based on Golgi trafficking and
SNARE-dependent exocytosis [141]. Abolishment of PERK, caspase 8, and Bap31 blocks CARL
translocation [142]. CALR translocation via ER stress occurs before cleavage of caspase 3 in the early

steps of apoptosis[111].
b. Autophagy

Another way to fight against the accumulation of unfolded proteins is autophagy, which allows the
degradation of unfolded protein aggregates that the UPR response can no longer handle [111]. Autophagy

activation leads to the release of ATP, an “Find me” signal for immune cells.

Autophagy is a catabolic process that forms a double-membrane vesicle called autophagosomes
[143] that traps a cargo formed by damaged organelle, abnormal protein aggregates, and cytoplasmic
contents [111]. Autophagy implies ATG proteins and is initiated by protein Beclin-1 to form the
phagophore. The elongation of phagophore to autophagosome formation is dictated by the ATG12 and
ATG16I1 proteins. Finally, the autophagosome fuses with acidic lysosomes forming the autolysosomes
that degrade the cargo. During phagophore expansion LC3 is cleaved by ATG4 and then conjugate with
phosphatidylethanolamine to form LC3-Il. LC3-Il is located in the autophagosome membrane and

interacts with cargo receptors leading to its incorporation in autophagosomes [144].

ER stress can also directly induce autophagy. Indeed, Eif2a/ATF4 pathway increases the

transcription of autophagy genes implicated in elongation and function of autophagosome ATG16/1,






ATG12, and BECN1 (Beclin-1 gene) [111]. Eif2a/ATF4 pathway also induces upregulate p8 and
is downstream target Tribbles homolog 3 responsible for autophagy activation through AKT/mTOR
inhibition [111].

It has been speculated that the release of HMGB1 could also induce autophagy by interfering
with the mutual inhibition between BECN1 and BCL-2 [118].

Because ER stress seems to have a key role in ICD induction, ICD inducers have been classified
into two types, in the type | inducers ER stress is collateral damage but not the principal target while in

type Il inducers ER stress is the principal target [126].
2. Type Il inducers
a. Photodynamic Therapy (PDT)

PDT uses light to activate chemical components that act as a photosensitizer. PDT leads to ROS
product causing ER-associated stress and initiating UPR response. For now, hypericin-based PDT is the
most effective way to induce ICD [110]. This treatment is accompanied by CARL exposure, ATP secretion,
and HMGB1 release. Interestingly, hypericin-base PDT induces CARL exposure depending on PI3K
activation, actin skeleton, ER to Golgi transport, and PERK but does not depend on Eif2a phosphorylation

[145]. This shows that the mechanism of induction of ICD by ER stress is not yet fully understood.
b. Pathogens infection

Intracellular pathogen infection emits Microorganism-Associated Molecular Patterns recognized
by PRR like TLR in the endosomal compartment. Pathogen infection induces ICD via ER stress and

autophagy.

An example of induced pathways, TLR7 recruit Myd88, and TRL4 recruit Toll/interleukin-1
Receptor-domain-containing adapter-inducing interferon- (TRIF). Myd88 and TRIF bind to Beclin-1
inducing autophagy [146]. The recognition of pathogen by TLR induces autophagy and so the release of
ATP.

Another example, TLR3 recognizes the dsRNA of virus and induces type-I IFN [111], whileTLR2
and TLR4 recognize bacteria and induce Eif2a and XBP-1 axis [147]. The activation of ER stress can also
result in the activation of autophagy [146].

Finally, viral infection can lead to ER stress by the high production of the viral particle, changes
in intracellular ionic gradients, and ROS production [146]. Not all sensors capable of activating autophagy
after pathogen infection have yet been identified.






The link between ICD and ER stress as well as the link with autophagy has not yet been clearly

established in the context of pathogen infections [124].
3. Type linducers
a. Radiation and Chemotherapy

Radiotherapy and chemotherapy such as oxaliplatin, but not cisplatin, and anthracycline like
doxorubicin can induce ICD through similar pathways. ER stress is not the primary target of these
therapies but CARL exposure is essential for the ICD induction by these treatments and strictly depends
on Eif2a phosphorylation. Platinum compounds such as oxaliplatin induce Eif2a phosphorylation but not
cisplatin explaining the inability of cisplatin to induce ICD. ROS production by anthracycline and
radiotherapy facilitate the exposition of CARL [148]. ROS could be the trigger of ER stress caused by

therapies.

Chemotherapy can also induce autophagy and thus ATP release [145]. ATP release depends on
autophagy induced to protect the cell against the DNA damage induced by chemotherapies [150]. The
effect of ATP release could be impacted by ectonucleotidases like CD39 and CD73 that reduce the level
of extracellular ATP and then reduce its chemoattractant activity [149]. Autophagy could also be induced
by ER stress. However, the link between ER stress and autophagy hasn’t been explored in ICD-mediated

chemotherapies [112].

Type-l IFN response and HMGB1 release have also been detected in ICD induced by

chemotherapies [146].
b. Cetuximab

So far, only one study conducted by Pozzi et al, has evaluated the ability of cetuximab to induce
ICD in colon cancer cells First, they analyzed the CARL emission after cetuximab treatment. Cetuximab
induces Eif2a phosphorylation leading to CARL exposure to the cell surface. Secondly, the phagocytosis
assay with Cetuximab F(ab’), which cannot bind to the Fc receptor preventing ADCC, increased
phagocytosis by DC. Finally, vaccination of immunocompetent mice with colon cancer murine cells
expressing human EGFR demonstrated the capacity of cetuximab to induce ICD. They pre-immunize the
mice by injection with the Cetuximab F(ab’) pre-treated cells leading to DAMP exposition, then
rechallenging them after 10 days with an injection of non-treated cells. The treatment with Cetuximab
F(ab’) shows that the protection is due to ICD and not ADCC [151].






D. ICD and HNSCC

The induction of ICD in HNSCC cells has not been much studied. Data from TGCA indicate an
overexpression in HNSCC of DAMP gene CARL, HMGB1, and IFNA1, compared to healthy tissue. The
ICD high subtypes, presenting the high expression of the DAMP gene, are associated with favorable

clinical outcomes and a high level of immune cell infiltration [152].

In a cohort of 21 patients treated with cisplatin, CXCL10 is decreased, CXCL16 is increased as
well as TLR7, TLR9, and IL2R. CXCL10 decrease could imply a decrease of type | response and so a
decrease of ICD but in this case, it is associated with good prognostic response to treatment. CXCL16 is
produced by DC and macrophage and upregulated during inflammation. The upregulation of CXCL16
shows the inflammatory consequence of cisplatin treatment. IL2R is a mark of T cell activation, and like
CXCL16 upregulation, shows the presence of inflammation after cisplatin treatment. Finally, TLR7 and
TLR9 high levels translate into an activating immune response against the tumors and their level
increased after treatment [153]. Taken together this data shows the inflammation induced by cisplatin and
the activation of immune response suggesting that cisplatin could be a potential ICD inducer. This
suggestion is supported by the detection by flow cytometry and immunocytofluorescence of CARL after
48h of cisplatin treatment in vitro on three HNSCC cell lines. The same results are observed with
oxaliplatin. Cisplatin failed to induce ATP and HMGB1 release may be due to a too short treatment (48h).
In vivo experiment by vaccination with Mouse Oral squamous cell 1 (MOC1) shows a weak potential of
oxaliplatin and cisplatin to induce ICD. High dose of cisplatin was used with 90% of cytotoxic effect but
only 2 mice show protection reflecting the induction of ICD. But the authors still observed a growth delay

with cisplatin treatment [154].
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Carcinoma arising from the epithelium of the upper aerodigestive tract (oral cavity, pharynx, and
larynx) forms the head and neck squamous cell carcinoma. This cancer has a 5-year overall survival
remaining below 45-50% despite the aggressive treatment modalities based on the use of radiotherapy
and platinum-based chemotherapy. Cetuximab, a monoclonal antibody directed against the epidermal
growth factor receptor (EGFR), is the only targeted therapy with marketing authorization for the treatment
of locally advanced HNSCC. Itis proposed in combination with chemotherapy and 5-FU, called EXTREME
protocol, in patients with recurrent or metastatic disease, with a moderate gain in overall and progression-

free survival.

Re-activating the patient’s anti-tumor immunity, a natural defense mechanism against cancer
cells seems to be a good therapeutic approach. Immunotherapies targeting immune checkpoints have
been developed. The challenge of these innovative therapeutic approaches is to remove the inhibition
that cancer cells exert on the immune cells present in the tumor microenvironment, thus allowing the
restoration of their cytotoxic anti-tumor activity. Immunotherapies thus remobilize the patient's immune
system to eliminate the tumor. Unfortunately, partial or complete tumor response is observed in less than

20% of patients.

Improving the efficacy of immunotherapies may involve increasing the immunogenicity of cancer
cells. Indeed, the presentation of danger signals by the tumor, such as neoantigens, as well as the immune

infiltration of the microenvironment, strongly influences anti-tumor immunity.

This increase in immunogenicity can be induced by ICD. ICD is a cellular process that allows the
recruitment and activation of antigen-presenting cells, such as dendritic cells, which in turn activate
effector immune cells (e.g. T cells, macrophages). Cells undergoing ICD emit several DAMPs, which are
involved in the initial steps of immune system activation, namely the recruitment, maturation, and

activation of DC, followed by the activation of cytotoxic LT CD8* cytotoxic.

A recent study demonstrated that cetuximab induces ICD of colon or rectal cancer cells, namely
membrane translocation of CARL, followed by phagocytosis of the cancer cells by DC. Furthermore,
injection of cetuximab-treated cells into immunocompetent mouse models induces a protective anti-tumor

immune response and vaccination, suggesting the induction of ICD in vivo by cetuximab.

The experimental work | carried out during my thesis, therefore, challenges the hypothesis that
cetuximab alone or combined with cisplatin, as in the EXTREME protocol, treatment of HNSCC may

induce ICD, impact immune checkpoint expression, and thereby active anti-tumoral response.

The aim of this study is to potentially uncover an optimal treatment strategy combining ICD

induction and immunotherapies to reactivate anti-tumoral response in a higher proportion of patients.






The study was separated into three main areas:

The mechanism underlying the effect of cetuximab, alone or in combination with cisplatin, on

cycle cell and apoptosis.

The induction of ICD, through the analysis of DAMPs emission, and the activation of the immune

system using an in vivo vaccination assay.

The regulation of immune checkpoint expression upon treatment with cetuximab. Indeed, ICD-
induced immune cells may be inhibited by the remaining tumor cells if they have upregulated immune

checkpoints in response to treatment.






Results

It’s not about how much we lost, it’s about how much we have left.

Tony Stark, Avengers Endgame.
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Abstract: (1) Background: The first line of treatment for recurrent/metastatic Head and Neck Squa-
mous Cell Carcinoma (HNSCC) has recently evolved with the approval of immunotherapies that
target the anti-PD-1 immune checkpoint. However, only about 20% of the patients display a long-
lasting objective tumor response. The modulation of cancer cell immunogenicity via a treatment-
induced immunogenic cell death is proposed to potentially be able to improve the rate of patients
who respond to immune checkpoint blocking immunotherapies. (2) Methods: Using human HNSCC
cell line models and a mouse oral cancer syngeneic model, we have analyzed the ability of the EX-
TREME regimen (combination therapy using the anti-EGFR cetuximab antibody and platinum-based
chemotherapy) to modify the immunogenicity of HNSCC cells. (3) Results: We showed that the
combination of cetuximab and cisplatin reduces cell growth through both cell cycle inhibition and
the induction of apoptotic cell death independently of p53. In addition, different components of
the EXTREME regimen were found to induce, to a variable extent, and in a cell-dependent manner,
the emission of mediators of immunogenic cell death, including calreticulin, HMGB1, and type I
Interferon-responsive chemokines. Interestingly, cetuximab alone or combined with the IC5y dose of
cisplatin can induce an antitumor immune response in vivo, but not when combined with a high dose
of cisplatin. (4) Conclusions: Our observations suggest that the EXTREME protocol or cetuximab
alone are capable, under conditions of moderate apoptosis induction, of eliciting the mobilization of
the immune system and an anti-tumor immune response in HNSCC.

Keywords: head and neck squamous cell carcinoma; cetuximab; cisplatin; apoptosis; immunogenic
cell death

1. Introduction

Head and neck cancer squamous cell carcinoma (HNSCC) are cancers that arise from
the mucosal epithelium of the oral cavity, larynx, and pharynx [1]. The principal risk
factors for HNSCC are alcohol and tobacco consumption on the one hand, and Human
Papillomavirus (HPV) infection on the other hand. They are the sixth most frequent
malignancies with ~700,000 new cases being diagnosed worldwide each year [2]. Due to the
fact that most tumors are diagnosed at locally-advanced stages [1], as well as to treatment
failure despite recent medical progressions [3], the five-year overall survival of patients with
HNSCC is poor (<40-50%) [4]. The management of the majority of patients with HNSCC
relies on a multimodal approach that involves surgery (in amenable patients), followed by
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adjuvant radiotherapy or platinum-based (e.g., cisplatin or carboplatin, and 5-fluorouracil)
chemoradiotherapy [1]. Cetuximab was FDA-approved in 2006 as a targeted therapy for
the management of locally advanced recurrent/metastatic (R/M) HNSCC. The rationale of
this therapy relies on the overexpression of the Epidermal Growth Factor Receptor (EGFR)
in >90% of HNSCC tumors. The EXTREME phase III clinical trial evaluated the efficacy
of the combination of cetuximab and platinum-based chemotherapy (using cisplatin or
carboplatin,) as a first-line treatment in patients with R/M HNSCC. This clinical trial
showed that the combination in the EXTREME protocol of cetuximab with platinum-based
chemotherapy improves both disease-free and overall survival [5-7]. Based on this positive
outcome, the EXTREME regimen was FDA-approved and became a therapeutic option for
the management of patients with R/M HSNCC. The efficiency of the EXTREME protocol
could be rationalized by the fact that cells from various molecular subtypes of HNSCC have
shown a different degree of response to EGFR blockade [8,9], and that EGFR overexpression
has been shown to reduce the cytotoxicity of metal-based drugs [10].

More recently, several immune check-point blocking immunotherapies, which aim to
reactivate an anti-tumor immune response, have been approved [11]. Unfortunately, resis-
tance mechanisms to cisplatin and cetuximab are common. They include the overexpression
of factors involved in DNA repair or the constitutive, ligand-independent activation of the
EGFR pathway, which reduce the benefits of treatments [12]. Furthermore, only a small
proportion of patients (<20%) show a tumor response to immune checkpoint-blocking
immunotherapies used as monotherapies [13,14]. The immune landscape of the microen-
vironment (i.e., the nature of immune cells in the microenvironment and their respective
proportions) has been proposed to play a role in the tumor response to immune checkpoint
inhibiting immunotherapies [15]. Understanding and detecting the variations in the im-
mune cell landscape that can account for a response to immunotherapy is a major goal to
improve patient care [16].

The evolution of the cancer immune landscape during tumor progression was pre-
viously described by the three Es (Elimination; Equilibrium; Escape) of the cancer immu-
noediting model [17]. During the “Elimination” phase (when tumor cells are eliminated
by the immune cells), tumor-associated antigens (or neoantigens) are up-taken by anti-
gen presenting cells (APCs) like dendritic cells or macrophages phagocyte, which are
further cross-presented to cytotoxic CD8+ T lymphocyte (TL) [18,19]. Cytotoxic TLs are
the main actors of the anti-cancer immune response: they infiltrate tumors and trigger
targeted cell death via the expression perforin and granzymes. Therefore, an “inflamed”
or “immuno-suppressive” tumor microenvironment with high infiltration by cytotoxic
CD8+ LT is associated with a better patient outcome [20]. Yet, several mechanisms are
known to dampen this anti-tumor cytotoxicity and are responsible for the transition from
the “Elimination” to the “Equilibrium” and eventually “Escape” phases (during which
cancer cells are progressively maintained and escape the immune system). One of these
mechanisms relies on the enrichment of the tumor microenvironment with immunosup-
pressive immune cells (e.g., regulatory T cells (Treg) [21]; pro-tumoral M2 macrophages [22];
myeloid-derived suppressor cells [23]). The microenvironment of HNSCC is known to
be frequently “immuno-tolerant” (presence of pro-tumoral M2 macrophages and/or Treg
cells) and associated with a poor outcome [11,24]. In addition, cancer cells highjack immune
checkpoints to induce cytotoxic LT anergy: for example, the expression of Programmed
Death-Ligand 1 (PD-L1) by cancer cells inhibits TLs” cytotoxic activity upon binding with
the Programmed Death-1 (PD-1) receptor and allow immune evasion [17]. Increasing tumor
immunogenicity and favorizing an immune-suppressive microenvironment to restore anti-
tumor activity is therefore proposed to be an interesting option to improve the efficiency
of immunotherapies.

One attractive possibility to achieve this could be to trigger an immunogenic cell death
(ICD), which is known to induce an immune response [25]. This particular death cell is
characterized by the emission of danger-associated molecular patterns (DAMPs) by dying
cells, the activation of APCs upon binding of DAMPs to specific receptors as well as tumor
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neoantigens uptake, the subsequent activation of a CD8+ TL-based immune response, and
the establishment of an immune memory, which eliminates tumor cells [25]. DAMPs are
danger signals that are either expressed on the cell surface and act as “eat me” signals
for APCs, like the calreticulin (CRT) chaperone protein, or factors that are released in the
extracellular space and act as pro-inflammatory chemoattractant signals, like the histone
group mobility box (HMGB1) protein [26]. In addition, the secretion of type I interferons
also acts as a DAMP and results in the production of the CXCL10 chemokine which is a
chemoattractant for cytotoxic TL [27]. It has been shown that several anticancer treatments
can induce ICD, such as specific chemotherapies (i.e., oxaliplatin) [28], radiotherapy [28], or
even photodynamic therapy [28,29]. In the clinic, inducing ICD in patients could activate an
anti-tumor immune response, provoke tumor elimination and provide protection against
relapse through an immune memory. Interestingly, cetuximab was shown to induce ICD in
colon cancer cells [30].

While cisplatin used alone was previously proposed to modestly induce ICD in
HNSCC cell lines [31], the ICD-inducing ability of cetuximab, used either alone or in
combination with cisplatin in head and neck cancers, remains to be determined. Therefore,
while the protocol EXTREME is used in clinical routine to treat HNSCC patients, its precise
impact on the modulation of immunogenicity of HNSCC cells has never been investigated.
Based on previous findings showing that cetuximab can elicit ICD in colon cancer [30], we
hypothesized that it has similar effects in HNSCC. In addition, we wanted to investigate
the precise impact of the EXTREME protocol (i.e., the combination of cetuximab and
cisplatin) on cell proliferation and apoptotic cell death, and how this correlates with the
induction of ICD. Hence, we first analyzed the biological impact of cetuximab and cisplatin
cotreatment on HNSCC cell line models through the analysis of cell cycle and apoptotic
cell death. Secondly, we demonstrated the capacity of cetuximab (alone or combined with
cisplatin) to induce DAMPs emission. Finally, using prophylactic vaccination of HNSCC
syngeneic mouse models, we show that the treatment with cetuximab provides animals
with anti-tumor immune protection.

2. Materials and Methods
2.1. Cell Lines and Reagents

The SQ20B cells originate from a laryngeal tumor, express mutated TP53, and are
a kind gift from Dr. Pierre Bischoff. The CAL27 cell line originates from a carcinoma of
the tongue, expresses mutated TP53, and is a kind gift from Dr. Sophie Pinel. SQ20B
and CAL27 cells were maintained at 37 °C with 5% CO, and 90% humidity in Dulbecco’s
modified Eagle’s medium (DMEM; PAN Biotech, Aidenbach, Germany) supplemented with
10% fetal calf serum (FCS; Gibco, Thermofisher, Waltham, MA, USA). The human monocytic
leukemia THP-1 cell line was a kind gift of Elisabeth Martin (UMR1113, Strasbourg), and
was maintained at 37 °C with 5% CO; and 90% humidity in Roswell Park Memorial Institute
(RPMI) medium supplemented with 10% fetal bovine serum (Gibco, Waltham, MA, USA).
The murine oral carcinoma MOC2 cell line was purchased from Kerafast, Inc, (Boston,
MA, USA), and was maintained at 37 °C with 5% CO, and 90% humidity in Dulbecco’s
modified Eagle’s medium (DMEM; PAN Biotech, Aidenbach, Germany) supplemented
with 10% fetal calf serum (FCS; Gibco, Waltham, MA, USA).

2.2. In Vitro Cell Survival Analysis

A total of 1 x 10* cells were seeded per well in 96-well microplates (Falcon Multiwell,
Thermofisher, Waltham, MA, USA), and different concentrations of cisplatin (Mylan: 0; 0.1;
0.5;1;2.5;7.5; 15; 30; 100 pM), cetuximab (Merck; 5 mg/mL) or PRIMA MET were applied
for 48 h in 100 pL of fresh medium. For co-treatments, 2.5 pg/mL of cetuximab and/or
50 pM of prima were added to the different concentrations of cisplatin. MTT assay was
performed as previously described by replacing the cisplatin solution with fresh medium
supplemented with 5 mg/L MTT (Sigma, Saint-Louis, MO, USA) for 1 h [32]. Cells were
lysed in DMSO 100% (100 uL/well). Absorbance measurements were performed at 550 nm
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with the LB942 Tristar2 Multimode Reader (Berthold Technologies, Bad Wildbad, Germany).
The calculation of the ICs, ICys5, and ICqp was performed with the GraphpadPrism V5.02
software (Graphpad, Software, San Diego, CA, USA) using non-linear regression.

2.3. Annexin V and PI Flow Cytometry

Cell apoptosis analysis was carried out using FITC-Annexin V and propidium iodide
(apoptosis detection kit, BD Biosciences, Franklin Lake, WI, USA) according to the man-
ufacturer’s instructions. Briefly, cells were seeded in 10 cm Petri dishes and treated with
cetuximab +/- cisplatin for 24 h or 48 h. Cells were harvested and counted, diluted in
annexin buffer (BD Biosciences, Franklin Lake, WI, USA) at a concentration of 1 x 10° cells
per 100 uL, and stained with 10 pL of propidium iodide and 5 pL of FITC-Annexin V. After
15 min of incubation, cells were analyzed in flow cytometer on a BD LSRFortessa™ (BD
Biosciences, Franklin Lake, WI, USA) after satisfying QC using CST beads. Acquisition and
data analyses have been performed using the BD FACSDiva™ Software.

2.4. Gene Expression Assays

Gene expression assays on cultured cells were performed by extracting total RNA
from pelleted cells using a standard TRIZol procedure (TRI Reagent®: TR 118 Molecular
Research Center, Cincinnati, OH, USA), according to the manufacturer’s instructions.
RNA was retro-transcribed using the High-Capacity cDNA reverse transcription system
(Applied Biosystems™, Thermofisher, Waltham, MA, USA), and real-time quantitative PCR
was performed using the QuantStudio 3 Real-Time PCR system (Applied Biosystems™,
Thermofisher, Waltham, MA, USA). DDB2, FDRX2, RPS27L, and ZMAT3 expression was
measured with pairs of specific primers (see Table S1), and CXCL9 and CXCL10 expression
was measured with TagMan probes (see Table S2). The expression of genes of interest was
normalized to the expression of TBP, used as a reference gene, with the 2-BACt method.

2.5. SDS-PAGE and Western Blot Analysis

Total protein extraction was carried out by homogenizing 1 x 10 cells in 100 uL of 1X
Laemmli lysis buffer 6.25 mM Tris (pH 6.8), 1%SDS, 1%DTT, protease, and phosphatase
inhibitors, Sigma. A total of 20 or 30 ug of proteins were resolved by 6%-15% SDS-PAGE
(depending on protein molecular weight) according to standard methods. For the anal-
ysis of HMGBI release in the extracellular medium, 40 uL of cells culture supernatant,
diluted in SDS-PAGE sample buffer (2X Laemmli lysis buffer, 2X DTT), were resolved by
10% SDS-PAGE. Proteins were detected with primary antibodies raised against cleaved
Caspase-3, Calreticulin, EGFR, HMGB1, p63, p53, and p73 (see Table S3 for clones, providers,
and concentrations). Depending on the host species, blots were probed with secondary anti-
bodies (1/10,000 anti-mouse IgG-HRP linked antibody, Cell Signaling 7076S;
1/10,000 anti-rabbit IgG-HRP linked antibody, Cell Signaling 7074S) Proteins were vi-
sualized with enhanced chemiluminescence using the Clarity™ ECL Western blotting
Substrate Bio-Rad reagent, according to the manufacturer instructions. Protein-related
signals were acquired on a Pxi Imager (Syngene®, Cambridge, United Kingdom). Protein
expression (e.g., cleaved Caspase-3, CRT, and HMGB1) was quantified by measuring the
SDS-PAGE gel bands using the Image] software. In short, and according to the manufac-
turer’s recommendations, a box was drawn in lanes around gel-band signals using the
rectangle tool, making sure to include some of the empty gel between lanes and white
space outside of the band. The same box was used for all gel-bands on the same blot.
Signal acquisition of pixels was converted into peaks by the Image] software, and the area
of each peak (which correlates with the gel-band signal intensity) was recovered. Each
recovered value was normalized to their respective loading control in the same lane (cell
“housekeeping” proteins (actin or GADPH) in the case of cleaved caspase-3 or intracellular
HMGBT; cell-culture medium Bovine Serum Albumin (BSA) in the case of extracellular
expression of released HMGB1). Finally, the protein of interest to loading control ratios
were further normalized by setting the value of this ratio to 1 in the negative control
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(e.g., non-treated cells). Enrichment of CRT in the membrane protein fraction was eval-
uated by normalizing the quantification value in a given condition to the quantification
value from the same condition in the input.

2.6. Biotinylation and Immunoprecipitation of Cell Surface Proteins

Biotinylation and recovery of cell surface proteins were performed with a method
adapted from Gottardi et al. [33], Hanwell et al., and T. Panaretakis et al. [34]. Briefly,
cells were grown and treated in 10 cm Petri dishes, were washed three times with ice-cold
PBS-Ca?*~Mg?* (PBS with 0.1 mM CaCl, and 1 mM MgCl,), and placed on ice. Membrane
proteins were then biotinylated with 1.25 mg/mL NHS-55-biotin (Pierce) freshly diluted
in biotinylation buffer (10 mM triethanolamine, 2 mM CaCl,, 150 mM NaCl, pH?7.5) for
30 min incubation at 4 °C under gentle agitation. Cells were then rinsed and washed in
with PBS-Ca?*~Mg?*-glycine (100 mM) buffer at 4 °C to quench unreacted biotin. Cells
were further rinsed three times with PBS-Ca?*~Mg?*, scraped in cold PBS, and pelleted by
centrifugation (800 rpm at 4 °C) and total protein was harvested for 45 min in 500 puL of lysis
buffer (1%Triton X-100, 150 mM NaCl, 5 mM EDTA, 50 mM Tris pH7.5) containing protease
inhibitors. A total of 500 pg of total proteins were incubated for 1 h at 4 °C with packed
streptavidin-agarose beads to bind to biotinylated proteins. Beads were then pelleted by
centrifugation and aliquots of supernatants were sampled to recover unbound, intracellular
proteins. Biotinylated proteins (representing membrane proteins) were eluted from the
beads by heating to 100 °C for 5 min in an SDS-PAGE sample buffer. Whole-cell proteins
(input), the intracellular and membrane protein fractions were further loaded onto a
4-12% gradient gel (Mini protean TGX, Biorad, Marnes-La-Coquette, France) and analyzed
by western blot (see above).

2.7. Immunofluorescence Staining

CAL27 or MOC2 cells were seeded on coverslips and fixed with PFA 4% for 10 min. In
addition, MOC?2 cells (but not CAL27 cells) were permeabilized with 0.1% Triton X-100 for
20 min at room temperature. For both cell lines, a saturation of aspecific sites was achieved
with 5% Normal Goat Serum for 30 min at room temperature. CAL27 were incubated with
anti-CRT antibody (1/400; D3E6 Cell signaling) and MOC2 were incubated with anti-EGFR
(1/400; D38B1 Cell signaling) overnight at 4 °C. After 3 washes in 1X PBS, coverslips
were further incubated with 1/1000 solutions of goat anti-rabbit-alexa488 (A11034 Invit-
rogen) secondary antibodies. After 3 washes in 1X PBS, nuclei were labeled with a DAPI
(4 ,6-diamidino-2-phenylindole) solution (1/20,000) for 5 min, and coverslips were mounted
in Calbiochem FluorSave™ reagent (Merck Millipore, Darmstadt, Germany). Pictures were
taken with a Zeiss Axio Imager M2-Apotome?2 fluorescence microscope.

2.8. Generation of LEGFR-MOC?2 Clones

MOC?2 cells were transduced with lentiviral particles carrying the p-BABE-puro-
hEGER (gift from Dr Di Fiore Pier Paolo) or the empty vectors. Cells were selected with
puromycin (8 pg/mL) and checked for ectopic human EGFR expression by western blot.
The clone selection was realized by high dilution and seeding of isolated cells. Every
clone was then tested by western blot and immunocytofluorecence for the expression of
human EGFR.

2.9. Vaccination Assay

All animal experiments were approved by the local ethic comity and the French
Ministry of Agriculture under the permit APAFiS#29181. C57BL/6 mice (Janvier labs,
Le Genest-Saint-Isle, France) were housed in the certified animal facility (#H-67-482-21).
Female mice (8 weeks old) were inoculated in the right flank with 5 x 10° hEGFR-MOC2-C1
cells (treated ex vivo with cisplatin, cetuximab or cotreatment cisplatin plus cetuximab)
in 100 uL of DMEM. The injection of hEGFR-MOC2-C1 cells killed by three successive
freeze/thaw cycles was used a non-immunogenic cell death inducer (negative control).
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After 7 days, a second challenge was carried out by injecting 5 x 10° hEGFR-MOC2-C1 cells
in 100 uL. of DMEM in the contralateral flank of the same mice. A minimum of 11 animals in
the negative control group (Freeze/thaw cycle group) and a maximum of 12 animals in all
other treatment groups were used. Tumor growth was monitored over time by measuring
the two dimensions with a caliper. Tumor-free survival was analyzed with Kaplan-Meier
survival analysis (see below) and log-rank post-test. Tumors were dissected from mice for
further investigation of marker expression by immunofluorescence (see below).

2.10. Statistical Analysis

MTT assays results were analyzed with a Mann-Whiney test. For all other data sets,
the, the hypothesis of normality (d’Agostino and Pearson test; Shapiro-Wilk test) and
homogeneity of variances (Levene test for equality of variances) of data sets were analyzed.
If the sample did not meet at least one of these conditions, then a non-parametric test was
used (Kruskal Wallis with Dunn post-test). Otherwise, parametric tests were used (Student
t-test; Anova and Tuckey post-test). The tumor-free survival of mice challenged with a
hEGFR-MOC2-C1 cell injection was evaluated with Kaplan-Meier survival analysis (see
below) and log-rank post-test. Statistical tests were performed using GraphPad Prism 8.
For all analyzes, statistical significance is represented in graphs using asterisks: * p < 0.05;
**p < 0.001; *** p < 0.0001.

3. Results
3.1. Cetuximab and Cisplatin Inhibit HNSCC Cell Cycle and Trigger Apoptotic Cell Death

In order to investigate the underlying mechanisms of the cotreatment with cetuximab
and cisplatin used in the EXTREME protocol, we performed cell viability assays using
CAL27 and SQ20B cell lines. Cells were exposed to increasing concentrations of cetuximab
or cisplatin and the cell survival rate was measured with MTT and used to determine
the drugs ICsp, IC75 and ICy (i.e., concentrations that result in 50%, 75% and 90% of the
maximal drug effect, respectively). Survival curves obtained upon cetuximab treatment
showed a maximal drop to ~70% of surviving cells in both cell lines (Figure 1A,B). This
maximum effect was reached at 2.5 ug/mL, and higher concentrations of cetuximab did
not yield more biological effect. Therefore, we performed MTT assays using a co-treatment
with cetuximab (2.5 pg/mL) and increasing concentrations of cisplatin. As expected,
the addition of cisplatin to cetuximab was more cytotoxic than cetuximab alone (Mann-
Whitney p < 0.01 in CAL27 cells and p < 0.05 in SQ20B cells). The cotreatment appeared
slightly more cytotoxic on CAL27 cells compared to cisplatin alone than in SQ20B cells
(ICs50 = 2.4 uM vs. ICsg = 3.5 pM, respectively; Figure 1A). Interestingly, in CAL27 cells,
cetuximab seems to mostly favor the activity of cisplatin at lower concentrations (Mann-
Whitney p < 0.001), whereas no difference between cisplatin alone and the combination
were observed at higher concentration (for instance, the IC75 was similar in both con-
ditions (7.9 uM vs. 7.6 uM; Figure 1A). Intriguingly and in contrast to CAL27 cells,
the addition of cetuximab seemed to lower the cytotoxicity of cisplatin in SQ20B cells
(IC50 = 4.35 uM vs. ICsp = 2.9 uM, and ICy5 = 10 uM vs. ICy5 = 6.3 uM, respectively;
Figure 1B). Consequently, the co-treatment was found to be more effective on CAL27 cells
than on SQ20B cells (Figure 1 A,B).
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Figure 1. (A,B). Analysis of CAL27 (A) and SQ20B (B) cells survival upon treatment with increasing
concentrations of cetuximab (Cx; purple line), of cisplatin (Cis; blue line) and of cisplatin +2.5 pg/mL

cetuximab (green line), using a MTT-based assay. Mean values from three independent experiments

are plotted as sigmoid curves and the cisplatin ICs; (dotted grey lines) and ICy5 (plain grey lines)

in the Cis and Cx+Cis conditions are shown. Mann-Whitney p-values:

*p <0.05 **p <0.01;

*** p < 0.001. (C,D). Annexin V/Propidium Iodide apoptosis assay of CAL27 (C) and SQ20B
(D) cells treated 24 h and 48 h with cetuximab (Cx), cisplatin (Cis) at the ICsy and ICy5 and the
Cx/Cis combination. The histograms show the mean number of percentages of early (annexin V-

positive, Propidium Iodide-negative; purple) and late (annexin V-positive, Propidium Iodide-positive;
purple) cells values from two independent experiments, after 24 h (light colors) and 48 h (dark
colors) of treatment. Each treatment condition was compared to its respective non-treated control:

ANOVA and Tuckey post-test p-values: *

p <0.05; ** p < 0.01. (E,F). Western blot analysis of cleaved

caspase-3 (Casp3) expression in whole protein extracts from CAL27 (E) and SQ20B (F) cells treated
with cetuximab (Cx), cisplatin (Cis) at the ICs5p, IC75 and ICqp, and the Cx/Cis combination for 24 h
(upper panels) and 48 h (lower panels). Signals were quantified respectively to the actin loading

control and normalized with respect to the non-treated control (quantification results are shown).

The blots shown here are representative examples of three independent experiments. Additional

independent biological replicates are shown in supporting documents.
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Next, we wanted to determine whether the cetuximab and/or cisplatin treatments
impact CAL27 and SQ20B cell survival rates by inducing apoptosis or by inhibiting cell
proliferation. To this end, cells were fixed, stained with Propidium Iodide (PI) and ana-
lyzed by flow cytometry. Upon 48 h of treatment, an increase of the proportion of cells
in the G2 phase at the expanse of the G0/G1 phase was observed in both cell lines, and
more particularly at the IC75 of cisplatin (with or without cetuximab), suggesting a cell
cycle halt in G2 (Figure S1A,B). Then, to discriminate between necrosis and apoptosis,
cells were stained with an Annexin V probe (AV) and Propidium Iodide (PI) and ana-
lyzed by flow cytometry. The percentage of IP— AV+ (early apoptosis) and IP+ AV+ (late
apoptosis) cells was determined by flow cytometry, after 24 h and 48 h of treatment with
cetuximab +/— cisplatin. Although a trend for the dose-dependent increase of the pro-
portion of cells in early apoptosis (IP— AV+), no significant difference was detected after
24 h of treatment in both cell lines, except upon treatment of SQ20B cells with the ICys
of cisplatin (Figure 1C,D; p < 0.01). A stronger trend for a dose-dependent increased
rate of cells in late apoptosis (IP+ AV+) was observed in SQ20B cells especially after 48 h
(Figure 1D), and in CAL27 cells after 24 h and 48 h of treatment with cisplatin+/-cetuximab.
Observed differences only reached statistical significance in CAL27 and SQ20B cells treated
with cetuximab and the ICy5 of cisplatin compared to non-treated cells. In addition, this
increase was more important in CAL27 cell line (Figure 1C): for instance, the proportions
of CAL27 cells in late apoptosis after 48 h of treatment with the IC5y and ICy5 of cisplatin
were ~35% and ~50%, respectively, whereas they reach ~20% and ~35% in SQ20B cells. The
combination of cetuximab did not synergize with cisplatin, since the proportions of cells in
late apoptosis were of the same order of magnitude in both cell lines.

To confirm the induction of apoptosis upon treatments, we analyzed the level of
cleaved caspase-3 by western blot in whole protein extracts harvested from CAL27 and
5Q20B cells 24 h and 48 h after treatment. Cleaved caspase-3 was observed in CAL27
and SQ20B cells after 24 h treatment with cisplatin at the IC75 and ICq, used alone or in
combination with cetuximab, in a dose dependent manner (Figure 1EF, upper panels).
After 48 h of treatment of CAL27 cells, the most effective caspase-3 cleavage was observed
upon treatment with the ICys of cisplatin +/— cetuximab (Figure 1E, lower panels). At both
time points, the cleavage of caspase-3 was similar when cells were treated with cisplatin
alone or combined with cetuximab (Figure 1E). In contrast, in SQ20B cells, cetuximab
increased the level of cleaved caspase-3 when combined to the ICsq of cisplatin for 48 h,
whereas it reduced caspase-3 cleavage when combined with higher cisplatin concentration
(Figure 1F). In both cell lines and in all experimental conditions, cetuximab used alone did
not induce the cleavage of caspase-3 (Figure 1E,F), which is consistent with the low impact
of this treatment on cell growth obtained in MTT assays (Figure 1A,B). Hence, altogether,
these results show that treatment of HNSCC cells with cisplatin alone or with cetuximab
induces caspase-3 cleavage. However, the impact of the addition of cetuximab to cisplatin
on caspase3 dependent apoptosis appears to be complex, since it differs and varies in
intensity according to several parameters including drug dose, treatment time and cell line.

3.2. p53-Independent Induction of Apoptosis

The p53 family of transcription factors, and especially p53, are well documented
mediators of the cytotoxicity induced by DNA damaging drugs, such as cisplatin [35]. Since
CAL27 and SQ20B cells were established are from HPV-negative cancers, they both bear a
mutated form of p53. CAL27 expresses the mutant H193L p53 that is a gain of function
mutant able to interact with YAP [36]. SQ20B harbors a small deletion Tyr126_Lys132del
whose impact on p53 activity remains to be established. To understand the contribution
of p53 in the effect of the combinatory treatment in CAL27 and SQ20B cells, we first
investigated the expression profile of four transcriptional targets of p53 (FDRX2, DDB2,
RPS27L and ZMATS3) [37] upon treatment with cetuximab+/-cisplatin. No significant
impact of the treatments on DDB2, FDRX2, RPS27L and ZMAT3 gene expression was
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observed in CAL27 (Figure 2A) and SQ20B cells (Figure 2B), suggesting that p53 is not
activated by the treatment in those cells.
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Figure 2. (A,B). Analysis of the expression of the FDXR2, DDB2, ZMAT3 and RPS27L genes by
RT-qPCR in CAL27 (A) and SQ20B (B) cells treated for 24 h with cetuximab (Cx), cisplatin (Cis) at
the IC5p and IC75 and the Cx/Cis combination. Data is represented as mean from two independent
experiments +SEM. No significant differences were observed between non-treated cells and each
treated condition (Kruskal-Wallis and Dunn post-test). (C,D). Western blot analysis of p53, p73 and
p63 expression in whole protein extracts from CAL27 (C) and SQ20B (D) cells treated with cetuximab
(Cx), cisplatin (Cis) at the ICsp, ICy5 and ICqg, and the Cx/Cis combination for 24 h. The blots that are
shown are representative examples of three independent experiments.
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We then analyzed the protein level of p53 by western blot. We found the p53 protein
to be expressed at high levels in both cell lines, independently of genotoxic treatments
(Figure 2C,D). The high expression level and absence of induction by chemotherapy can be
explained by the mutation status of p53 in those cells [35].

P53 mutants have deleterious effects on cells and response to chemotherapy by instat-
ing new protein interactions, such as with p63 and p73. These interaction blocks p63 and
p73 proapoptotic activity, including in response to chemotherapy [38]. Hence, therapeu-
tic strategies with small molecules aiming at restoring p53 function and inhibiting those
neo-interactions have been developed [39,40]. Therefore, we wanted to assess whether in
CAL27 and SQ20B cells p63 and p73 were expressed and regulated by the treatment, and
whether the p53 reactivator PRIMA-MET could favor the impact of the EXTREME protocol
in those cells.

p63 and p73 protein levels were analyzed by western blot. Consistently with the fact
that the TP73 gene encodes multiple isoforms (including a full-length isoform with an N-
terminal transactivation domain, called TAp73, and a shorter isoform lacking the N-terminal
domain, called ANp73), two bands were observed when membranes were probed with
an anti-p73 antibody [36]. In CAL27 cells, the lower band showed a stronger expression,
which was further increased upon cetuximab and cetuximab/cisplatin treatment. The
upper band was not detected in non-treated cells, and the expression of this isoform was
induced by cetuximab and the cetuximab/cisplatin co-treatment (especially at the ICsy and
IC75), and to a lesser extend upon treatment with cisplatin alone (Figure 2C). Unlike what is
observed in CAL27 cells, the most expressed p73 isoform is represented by the upper band
in non-treated SQ20B cells, although the lower band was observed. Cisplatin treatments at
high doses (i.e., IC75; ICqp), alone or combined with cetuximab, decreased the expression of
the upper isoform of p73. The lower isoform was not affected by the treatments (Figure 2D).
We also analyzed the expression of the p63 protein, which is expressed as TA and AN
isoforms, similarly to p73. p63 was found to be expressed in both CAL27 and SQ20B
cells, and the p63-related signal appeared as two bands, the upper band being the more
expressed. Strikingly, the expression of both isoforms was strongly downregulated upon
treatments of CAL27 with the ICyg of cisplatin and the cetuximab/cisplatin (IC75 and ICq)
cotreatment (Figure 2C). Similar observations were made in SQ20B cells, where both the
IC75 and ICyg of cisplatin alone or in combination with cetuximab strongly decreased the
expression of the p63 protein (Figure 2D).

To analyze if p53 signaling can be reactivated, SQ20B and CAL27 cell lines were treated
with PRIMA MET (50 uM), a p53 reactivator, in addition to cetuximab and/or cisplatin,
and cell viability was assessed using a MTT cell survival assay. The treatments with
PRIMA +/ — cetuximab were found to be more cytotoxic than cetuximab used alone in both
cell lines (Mann-Whitney p < 0.001). However, no significant increase in cytotoxicity was
observed when PRIMA MET was used in combination with cisplatin and/or cetuximab
(Figure 3A,B).

Altogether, these results suggest that mutated p53 has no significant impact on the
cytotoxicity induced by the cotreatment. Hence, the apoptosis observed in CAL27 and
5Q20B cells is independent of p53. In contrast, p63 and p73 isoforms might be involved,
but additional investigations are required to precisely identified which isoforms and their
respective function.
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Figure 3. (A,B). Analysis of CAL27 (A) and SQ20B (B) cells survival upon treatment with growing
concentrations of cetuximab (Cx) +/— 50 uM PRIMA (Pm; dark and light purple lines, respectively),
growing concentrations of cisplatin (Cis) +/— 50 uM PRIMA (dark and light blue line, respectively),
growing concentrations of cisplatin + 2.5 ug/mL cetuximab +/— 50 uM PRIMA (dark and light
green line, respectively), and 50 uM PRIMA alone, using a MTT-based assay. Mean values from
2 independent experiments are plotted as sigmoid curves. The 50% and 25% survival thresholds are
shown as a dotted red and plain green lines, respectively. Mann-Whitney p-values: *** p < 0.001.

3.3. Danger-Associated Molecular Patterns Are Emitted by HNSCC Cells upon Cetuximab and/or
Cisplatin Treatment

Using colorectal cancer cell line models, Pozzi and collaborators showed that cetux-
imab is able to induce an ICD [30]. To explore the capacity of cetuximab to induce ICD in
HNSCC, we analyzed the emission of several DAMPs by CAL27 and SQ20B cells upon
treatment with cetuximab +/— cisplatin. We first assessed the plasma membrane relo-
calization of the Calreticulin (CRT) chaperone in CAL27 and SQ20B cells treated with
cetuximab, cisplatin or the cetuximab/cisplatin co-treatment. First, based on the literature
that describes CRT translocation as an early and essential event of ICD, we chose to assess
its expression after 4 h of treatment using the detection of membrane proteins using a non-
permeant reactive biotin. Cells were incubated with Sulfo-NHS-SS-Biotin to biotinylate
plasma membrane proteins, and streptavidin beads were used to separate membrane-
associated proteins from intracellular proteins. Both protein fractions were resolved with
SDS-PAGE and analyzed by western blot. Membranes were probed with an anti-EGFR
and an anti-GAPDH antibodies, used as positive and negative controls for the membrane
fraction, respectively. Probing the blots with an anti-GAPDH antibody was also used as
positive control for both the total input and intracellular fraction. Signals corresponding
to the EGFR were observed in the three fractions, whereas no signal corresponding to
GAPDH were observed in the membrane fraction, both in CAL27 (Figure 4A) and in SQ20B
cells (Figure 4B). Membranes were also probed with a specific anti-CRT antibody, and
signals corresponding to CRT in the membrane fraction were normalized to CRT signals
in the input. Interestingly, the CRT was found to be ~3 and times ~5 more present in the
membrane protein fraction of cells treated with cetuximab or the cetuximab /cisplatin ICgq
combination, in CAL27 and SQ20B cells, respectively (Figure 4A,B). Considering that no
changes in CRT expression are observed in the input, this suggest that CRT is translo-
cated from the endoplasmic reticulum to the plasma membrane upon cetuximab treatment.
This observation was further confirmed by an immunocytofluorescence analysis of the
expression of CRT in non-permeabilized CAL27 cells (Figure 4C). Altogether, these results
show that cetuximab used either alone or in combination with cisplatin induce the plasma
membrane translocation of CRT in both SQ20B and CAL27 cells.
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Figure 4. (A,B). Membrane protein purification and western blot analysis of EGFR, Calreticulin (CRT)
and GAPDH expression in the input (left panels), intracellular (middle panels) and extracellular
protein fractions of CAL27 (A) and SQ20B (B) cells treated with cetuximab (Cx), cisplatin (Cis) at
the ICsp, IC75 and ICyj, and the Cx/Cis combination for 4 h. The enrichment of CRT in extracellular
fractions is shown. The blots that are shown are representative examples of three independent
experiments. Additional independent biological replicates are shown in supporting documents.
(C). Immunocytofluorescent staining analysis of the expression of CRT in non-treated (NT) CAL27
cells (left panel), and CAL27 treated with cisplatin (Cis) at the ICgg (middle panel) or cetuximab (Cx;
right panel). Nuclei are stained with DAPI. Magnification: X64.

We also investigated the expression of HMGB1, which is known to be released from
the nucleus to the extracellular environment at later ICD stages [41]. CAL27 and SQ20B
cells were treated with cetuximab +/— cisplatin, and both whole cell proteins and proteins
in the cell culture medium were harvested 48 h after treatment, resolved with SDS-PAGE
and analyzed by western blot. The level of BSA was used as a loading control of samples of
supernatant protein and for normalization. In the CAL27 cell line, HMGB1 was present in
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the supernatant upon treatment, in all conditions, with the most important signal observed
after treatment with cetuximab and with cetuximab/cisplatin ICsy, with an induction fold
compared to the untreated control of 8.5 and 8.4, respectively (Figure 5A). The induction
of HMGBI level was higher upon treatment with the ICs of Cisplatin compared to the
IC75 (Figure 5A). On the contrary, HMGBI level in the supernatant of SQ20B cells was
only triggered with treatments involving cisplatin and, in a concentration-dependent
manner (i.e., cisplatin alone and the cisplatin/cetuximab with similar expression patterns;
Figure 5B).
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Figure 5. (A,B) Western blot analysis of the HMGB1 expression in the supernatant from CAL27
(A) and SQ20B (B) cell cultures harvested 48 h after with cetuximab (Cx), cisplatin (Cis) at the ICsq
and IC75 and the Cx/Cis combination. Signals were quantified respectively to the actin loading control
and normalized with respect to the non-treated control (quantification results are shown). The blots
that are shown are representative examples of two independent experiments. Additional independent
biological replicates are shown in supporting documents. (C,D). Analysis of the expression of the
CXCL9 and CXCL10 by RT-qPCR in CAL27 (C) and SQ20B (D) cells treated for 24 h with cetuximab
(Cx), cisplatin (Cis) at the IC5p and ICy5 and the Cx/Cis combination. Data is represented as mean
from two independent experiments +SEM. Kruskal-Wallis and Dunn post-test p-values: * p < 0.05;
**p < 0.01; ** p < 0.001.
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Finally, we analyzed the expression of type I interferon-responsive cytokines using
RT-qPCR 24 h after treatment, and namely CXCL9 and CXCL10, that are known to be
upregulated by type I interferons [42]. In CAL27 cells, the expression of both CXCL9 and
CXCL10 was strongly upregulated: a significant ~10-fold induction of CXCL10 (compared
to non-treated control) was observed upon treatment with cisplatin alone. Treatment
of CAL27 cells with the cetuximab/cisplatin ICy5 combination triggered a ~20-fold and
~45-fold induction of CXCL9 and CXCL10, respectively (Figure 5C). Conversely, no statisti-
cally significant impact of the treatments on CXCL9 and CXCL10 expression was observed
in SQ20B cells (Figure 5D). However, the biological impact on treatments of these cytokine
gene expression appears more complex. Indeed, a gene expression assay was also carried
out 48 h after treatment, and we observed that CXCL9 and CXCL10 are downregulated in
both cell lines upon cisplatin treatment compared to other conditions (Figure S2B).

Altogether, our observations show that treatment of HNSCC cells with cetuximab
induced the emission of DAMPs in a cell-dependent manner: CAL27 cells treated with
cetuximab alone or combined with cisplatin appear to be more prone to the emission
of DAMPs (CRT plasma membrane translocation; HMGB1 release; induction of type I
interferon response) than SQ20B cells. Interestingly, platinum-based chemotherapy alone
does not trigger CRT exposure and appears to repress CXCL9 and CXCL10 expression 48
after treatment.

3.4. Cetuximab +/— Cisplatin Trigger DAMPs Emission in Murine Head and Neck Carcinoma Cells

To confirm that the cetuximab +/ — cisplatin treatment modifies the immunogenicity
of HNSCC cells, anti-cancer prophylactic immunizations of mouse syngeneic models
were carried out. To this end, we used the MOC2 mouse head and neck carcinoma cell
line to generate a stable murine cell line expressing the human EGFR (hEGFR). After
retroviral transduction of MOC2 cells using an hEGFR expression plasmid and selection on
puromycin, several clones were obtained, one of which (MOC2-phEGFR-C1) was found
to express the hEGFR protein (Figure S3). An immunocytofluorescent staining of hEGFR
of MOC2-phEGFR-C1 cells showed that the expression of hEGFR is homogeneous in the
cell population (Figure 6A). Consistently with what was observed in CAL27 and SQ20B
cells, treatment with cisplatin alone or in combination with cetuximab induced caspase-3
cleavage, 24 h (Figure 6B) and 48 h (Figure S4A) after treatment.

Interestingly, the same treatments were also found to trigger the relocalization of
CRT to the plasma membrane (Figure 6C). However, unlike CAL27 and SQ20B, the cetux-
imab/cisplatin co-treatment was able to induce a more robust expression of CRT at the
plasma membrane of MOC-2-phEGFR-C1 cells compared to treatment with cetuximab
alone (Figure 6C, right panels). Finally, we observed that HMGB1 was released in the
extracellular medium, 24 h, and 48 h after treatment with cisplatin alone or in combina-
tion with cetuximab, in a dose-dependent manner (Figure 6D), whereas the expression of
intracellular HMBG1 was not affected by treatments (Figure 54B).

3.5. Induction of Bona Fide ICD by Cetuximab +/— ICs of Cisplatin

To assess whether the treatment of MOC2-phEGFR-C1 cells by cetuximab and/or
cisplatin was able to induce an anti-tumor immune response in vivo, MOC2-phEGFR-C1
cells were first treated ex vivo, and dead cells were injected in the right flank of immuno-
competent C57BL /6 mice. The same mice were then challenged seven days after the first
immunization, by injecting non-treated living MOC2-phEGFR-C1 cells on the left flank,
and the mice progression-free survival was evaluated. An injection of MOC2-phEGFR-C1
cells killed by three consecutive freeze/thaw cycles was used as a non-immunogenic cell
death control. Expectedly, tumor progression was observed within 26 days in 11/11 mice
that were injected with MOC2-phEGFR-C1 cells killed by freeze/thaw cycles (Figure 7A,B).
A similar observation was made for mice in the IC75 cisplatin (tumor growth in 10/12 mice)
and cetuximab + ICy5 cisplatin (tumor growth in 12/12 mice) treatment groups. Strikingly,
the injection of cells treated with cetuximab, the ICs of cisplatin, or the combination was
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able to prevent tumor progression, which was observed in only 1/12,4/12, and 2/12 mice,
respectively (Figure 7A,B). Thus, these observations suggest that the injection of MOC2-
PhEGFR-C1 cells treated with cetuximab and/or the ICs; of cisplatin provides protection
against a subsequent tumor challenge.
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Figure 6. (A). Inmunocytofluorescent staining analysis of the expression of EGFR in MOC2 cells
that were stably transfected with the empty pBABE (left micrograph) and pBABE-hEGFR (right
micrograph, MOC2-phEGFR C1 clone) expression plasmid. Nuclei are stained with DAPI. X40.
(B). Western blot analysis of cleaved caspase-3 (Casp3) expression in whole protein extracts from
MOC2-phEGFR C1 cells treated with cetuximab (Cx), cisplatin (Cis) at the IC5y and ICys5, and the
Cx/Cis combination for 24 h. Signals were quantified respectively to the actin loading control and
normalized with respect to the non-treated control (quantification results are shown) (C). Membrane
protein purification and western blot analysis of EGFR, Calreticulin (CRT) and Actin expression in the
input (left panels), intracellular (middle panels) and extracellular protein fractions of MOC2-phEGFR
C1 cells treated with cetuximab (Cx), cisplatin (Cis) at the IC5y and IC7s5, and the Cx/Cis combination
for 4 h. The enrichment of CRT in extracellular fractions is shown. (D). Western blot analysis of the
HMGBI1 expression in the supernatant from MOC2-phEGFR C1 cell cultures harvested 24 h (left
panels) and 48 h (right panels) after with cetuximab (Cx), cisplatin (Cis) at the IC59 and ICy5 and the
Cx/Cis combination. All blots shown in this figure are representative examples of three independent
experiments. Additional independent biological replicates are shown in supporting documents.
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models vaccinated with ex vivo treated cells. Treatments include cetuximab (Cx), the ICs5¢ and ICy5 of
cisplatin (Cis ICsp; Cis ICy5), the cetuximab and cisplatin combination (Cx/Cis ICsy; Cx/Cis ICys5)
and cells killed by freeze/thaw cycles. Kaplan-Meier p-values: ** p < 0.01; *** p < 0.001. (B). Analysis
of the number of tumor-free mice. The ex vivo treatment arms, number of treated mice that grew
tumors/total number of mice and percentage, and the mean volume of tumors are shown.

4. Discussion

HNSCC is a particularly deadly cancer, with approximately 400,000 cancer-related
deaths in 2018 [2]. Cetuximab, which targets EGFR, is the only approved targeted therapy
for the management of locally advanced R/M HNSCC. However, Cetuximab is not used as
a monotherapy, but is associated with either radiotherapy [1] or platinum-based chemother-
apy (EXTREME regimen) [7]. To the best of our knowledge, the molecular mechanisms
underlying the cytotoxicity of the EXTREME regimen have not been investigated in detail
in HNSCC.

Here we showed that the cetuximab/cisplatin combined treatment displays higher
toxicity than both treatments provided alone in the CAL27 cell line. These in vitro observa-
tions are consistent with clinical trials, where the EXTREME protocol results in a 3-month
increase in the overall survival of patients with HNSCC compared to monotherapies [6]. In
addition, similar observations were also made in nasopharyngeal cancer [43] and in colon
cancer models [44]. More specifically, the cetuximab/cisplatin combination was shown
to block the EGFR pathway via the inhibition of EGRF and ERK phosphorylation in the
HCT116 and SW480 human colon cancer cell lines [44]. ERK is a kinase of the MAP Kinase
pathway downstream of the EGFR, whose activation leads to cell proliferation. Most inter-
estingly, ERK inhibition seems to be critical for the synergic effect of the cetuximab /cisplatin
treatment, since it plays a role in the resistance to cetuximab, which can be overcome by a
dual blockade of EGFR and HER3 [44,45]. However, no improved cytotoxicity of the cetux-
imab/cisplatin was observed in SQ20B cells. We previously have shown that the high basal
and cetuximab-induced expression of the Hypoxia Inducible Factor-2« transcription factor
in SQ20B cells is responsible for resistance to EGFR-blockage [8]. This could explain the lack
of benefit from treatment with cetuximab. In addition, additional unidentified molecular
disorders in SQ20B cells could account for the absence of synergy between cisplatin and
cetuximab. Thus, the differential cytotoxicity of the cisplatin/cetuximab combination in
CAL27 and SQ20B cell lines illustrates that different genetic and molecular backgrounds
are likely to dictate cell response to the therapy. Key molecular differences between the
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two cell lines that are likely to include the TP53 mutational status (CAL27 and SQ20B
harbor different TP53 gene mutations, of unknown functional consequences), which might
influence the induction of apoptosis upon genotoxic stress, as well as the basal and induced
expression level of the Hypoxia Inducible Factor-2 (HIF-2) transcription factor (CAL27
express the lower basal level of HIF-2 that are unaffected by cetuximab treatment, whereas
5Q20B expresses higher levels of HIF-2, that is upregulated upon cetuximab treatment),
which is responsible for resistance to EGFR blockade in SQ20B cells [8]. These observations
also highlight that the response of patients to the EXTREME protocol is likely to vary
depending on tumor-specific molecular signatures.

We further analyzed the impact of the EXTREME regimen on both cell cycle dereg-
ulation and the induction of apoptotic cell death, which both contribute to cell growth,
by using specific markers (iodide propidium/annexin V; cleaved caspase-3). Our obser-
vations suggest that the co-treatment induces both a cell cycle arrest in the G2 phase, as
well as apoptotic cell death. More particularly, we observed that cisplatin +/— cetuximab
triggered caspase-3 cleavage in both CAL27 and SQ20B cells, as well as in MOC2-phEGFR
C1 cells. The induction of caspase-3 cleavage and upon cetuximab/cisplatin cotreatment
was previously reported in the HCT116 and SW480 colon cancer cell lines, where both
molecules seem to synergize [44]. However, the benefit of adding cetuximab to cisplatin
with respect to caspase-3 cleavage and the extent of the synergy appears to depend on
drug concentration, treatment timing, and treated cell line. Indeed, a mild synergy was
observed in CAL27 and SQ20B after 24 h of treatment with the combination of the ICs
of cisplatin and cetuximab, whereas a stronger synergy was observed only in SQ20B cells
after 48 h of treatment with cetuximab and cisplatin at the ICzs. Strikingly, the combination
using high doses of cisplatin performed more poorly in SQ20B cells than drugs used alone.
This suggests that SQ20B might undergo caspase-3-independent cell death upon treatment
with high doses of cisplatin. This also highlights that cell response to genotoxic stress is
likely to vary according to both the dose and the duration of treatment, with the induction
of different signaling pathways. The level of activation of these pathways is probably
dependent on the molecular and genetic background of each cell line. Further detailed
analyses of these mechanisms are required to shed more light on the molecular basis of
these phenomenon.

The p53 family of transcription factors is involved in DNA damage repair and apopto-
sis induction upon platinum-derived compound treatment [46]. Importantly, the TP53 gene
is mutated in >80% of HNSCC and plays a major role in tumor initiation and progression
and resistance to platinum-based chemotherapy [47]. Interestingly, the role of p53 in the
modulation of the tumor immune microenvironment and response to immunotherapy
has recently emerged in the literature [48,49]. In addition, it was shown the pharmaco-
logical reactivation of p53 by Nutlin-3a induces the release of DAMPs and the activation
of ICD [50]. Therefore, in order to gain further insight into the molecular mechanisms
associated with the induction of apoptosis by the EXTREME protocol, and its potential
correlation to the induction of ICD, we analyzed the expression of the three members of
the p53 family (i.e., p53, p63, and p73). The CAL27 and SQ20B cell lines have mutated
p53 and consequently, non-treated cells expressed a high level of the p53 protein. Our
western blot analysis did not show any modification of the p53 protein expression level
upon treatment with cetuximab and cisplatin, alone or combined, and the expression of
known p53 target genes was not induced upon treatment, suggesting that p53 might not
be involved in the apoptosis of CAL27 and SQ20B cells. The crosstalk between the p53
and the EGFR signaling pathway, and its consequence on therapeutic EGFR blockade
has been shown in other cancer models. For instance, both wild-type and mutant p53
have been proposed to regulate EGFR transcription [51,52], and inhibition of p53 results
in EGFR downregulation in prostate cancer cells [53]. Resistance to cetuximab has been
correlated to a loss of p53 expression and an increase of p-ERK expression in H226 lung
cancer cells and SCC6 HSNCC [54]. Consistently, p53 was shown to functionally impact
the response of H226 cells to EGFR blockade [54], and the restoration of p53 function in p53
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null prostate cancer cells stimulates EGFR and Akt phosphorylation and restores sensitivity
to cetuximab [55]. We attempted to restore p53 function by treating SQ20B and CAL27 cells
with the PRIMA MET reactivator but did not observe any consequences in terms of cell
response to cetuximab and/or cisplatin. We cannot rule out that p53 reactivation was not
achieved in our hands due to the nature of the mutations present in both cell lines, and
additional functional studies about the role of p53 in the response of HNSCC cells to the
EXTREME protocol are required.

The TP73 and TP63 genes encode two isoforms: one longer isoform called TA, which
contains the N-terminal translational domain and displays pro-apoptotic function, and
one shorter isoform called AN, which lacks the translational domain and has oncogenic
activity [56]. Very scarce data is available on the expression and role of p73 in HNSCC. It
has been reported to be expressed at lower levels compared to the other member of the p53
family (i.e., p53 and p63) [57]. Two bands were observed in a western blot analysis of p73
and p63 expression in whole protein extracts from CAL27 and SQ20B cells. ANp73, which
could correspond to the lower band, seems to be the dominant p73 isoform in CAL27 cells.
However, a higher band, which could correspond to TAp73, is induced by cetuximab +/—
cisplatin at the ICsg. This might suggest a modification of the ratio of the p73 isoforms
in CAL27 cells, with the induction of the expression of the pro-apoptotic TAp73 isoform
(possibly the upper band) upon treatment. Interestingly, a modification of the TA/ANp73
(possible the upper and lower band, respectively) ratio is also observed in SQ20B cells, with
a reduced expression of the TAp73 isoform upon treatment with higher doses of cisplatin
(IC75 and ICqp). However, formal identification of the bands is required to confirm this
hypothesis. TAp73 can induce apoptosis by indirectly regulating p53 target genes [11].
Most interestingly, EGFR signaling blockade by cetuximab has been shown to inhibit AKT
and ERK, thus relieving p73 inhibition and subsequent transactivation of PUMA and
the induction of mitochondprial stress-related apoptosis [58]. ANp63 is the dominant p63
isoform in HNSCC and is known to play a critical role in carcinogenesis and tumor cell
survival [57,59]. In our hands, the expression of ANp63 was downregulated by high doses
of cisplatin, and treatment with cetuximab increased this effect. The effect of the cisplatin
+/— cetuximab treatment was found to be more important in SQ20B cells, where it resulted
in total inhibition of the expression of ANp63. Importantly, ANp63 is known to inhibit p73-
related apoptosis on HNSCC cells through direct physical interaction and direct binding
on response elements if the promoter of PUMA [59,60]. Our observations are therefore
consistent with the downregulation of ANp63 and subsequently lifted inhibition on p73
expression and/or activity upon treatment with cetuximab+/—cisplatin, which might
participate in the induction of apoptotic cell death by the EXTREME protocol. Additional
functional data are required to test this hypothesis.

In addition to the role that the EXTREME protocol might play in apoptosis, we also
investigated whether it was able to induce ICD. Indeed, Pozzi and colleagues have shown
that cetuximab is capable to trigger the emission of DAMPs as well as the activation of anti-
tumor immunity in colon cancer cells [30]. Consistently with their findings, we found that
cetuximab alone or in combination with cisplatin-induced the relocalization of CRT to the
plasma membrane in both SQ20B and CAL27 cell lines as early as 4 h after treatment. The
CRT chaperone is known to translocate from the ER to the cell surface early during ICD [61],
where it is recognized by the CD91 receptor on antigen-presenting (APC) cells and acts as an
“eat me” signal [27]. Consistently with the fact that cisplatin is not an ICD-inducer [62], we
did not observe CRT relocalization upon treatment with cisplatin. The extracellular release
of HMGBI1 was triggered upon all treatments in CAL27 cells, and upon treatment with the
combination only, in a dose-dependent manner, in SQ20B cells. The extracellular release of
the chromatin-associated HMGB1 protein has an immunomodulatory function, including
cytokine activity and pro-inflammatory activity, that depends on its oxidation state [63].
In the frame of ICD, HMGBI is recognized by TLR4 and induces dendritic cell activation,
increasing phagocytosis of tumors antigen liberated by dying cells [41]. Although, the
mechanism allowing the release of HMGB1 is unknown [27], we observed a correlation
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between the presence of HMGBI in the extracellular medium and the percentage of CAL27
and SQ20B cells in late apoptosis 48 h after treatment, suggesting a potential link between
the intrinsic sensitivity of HNSCC cells to the EXTREME protocol and HMGB1 emission.
The production of type I interferons (IFNs) is also a feature of cells undergoing ICD. The
secretion of type I IFNs activates signaling pathways through their interaction with the
Interferon Alpha and Beta Receptor Subunit 1, in an autocrine and paracrine manner, which
ultimately triggers the expression of T-cell chemoattractant chemokines CXC motif ligand
CXCL9 and CXCL10 [27,64]. Interestingly, the expression of CXCL9 and mainly CXCL10
was found to be increased in the CAL27 cell line, upon treatment by cetuximab and/or
cisplatin in a dose-dependent manner. This shows that the EXTREME protocol can trigger
the secretion of immunomodulatory cytokines in HNSCC cells, although our observation
suggests that this effect is likely to be cell-dependent. In conclusion, and consistently
with what was shown by Pozzi and collaborators in colon cancer cells [30], we found that
cetuximab, alone or with cisplatin, can trigger the emission of several DAMPs (including
CRT, HMGBI, and type I IEN response) in HNSCC cell lines, according to different patterns
and/or intensity. Further studies will be required to assess whether this heterogeneity
of response is also found in human tumors, as well as the relevance it might have with
response to the treatment and patient outcome.

In order to validate the immunogenic nature of the treatment of HNSCC cells by
cetuximab +/ — platinum-based chemotherapy, we performed a vaccination assay using
immunocompetent syngeneic models, which is considered to be the gold standard to
demonstrate ICD in vivo [26]. To this end, a MOC2 cell line stably expressing the human
EGEFR was generated. The parental MOC?2 cells were derived from a tumor in the oral cavity
of a C57BL/6 mouse, and generated aggressive tumors within an immunosuppressive
environment [65]. Similar to what was observed in CAL27 and SQ20B cells, MOC2-phEGFR-
C1 cells incubated with cisplatin and/or the cisplatin/cetuximab combination displayed
apoptosis features (caspase-3 cleavage), and the plasma membrane translocation of CRT
and extracellular release of HMGBL. Interestingly, ex vivo treatment of MOC2-phEGFR-C1
cells with either cetuximab, the ICs5 of cisplatin, or their combination provided mice an
anti-tumor protection against a second tumor challenge, whereas treatment with the ICy5 of
cisplatin +/— cetuximab did not. Our results suggest therefore that cetuximab can induce
ICD of HNSCC cells, which is consistent with previous observations on murine lung cancer
cell line [66] and on murine colon cell line expressing a human EGFR [30]. Surprisingly, we
found the immunization effect provided by cisplatin treatment to be depending on drug
concentration and does not correlate with the dose-dependent effect we observed in vitro
on the emission of DAMPs. This could be explained by the fact that caspase-3 cleaved is
induced at higher levels upon treatment with the IC7s of cisplatin. Indeed, the activation
of caspase-3 stimulates the exposure of phosphatidylserine (PS) on the outer leaflet of
cells’ plasma membrane. The recognition of PS by specific PS receptors stimulates the
uptake of apoptotic corpses by phagocytes of the immune system together while delivering
an anti-inflammatory signal (see [67] and references therein). In addition, caspase-3 is
known to stimulate the expression of prostaglandin E2, which has immunosuppressive
functions [67]. Finally, caspase-3 inhibits signals known as DAMPs, including the IL-33
cytokine as well as intracellular signals that lead to the expression of type I IFNs [67].
Thus, our observations suggest that the induction of the immunogenicity of cancer cells
upon cytotoxic treatment could correlate inversely with the intensity of the induction of
caspase-3-related cell death, through the number of cells that undergo apoptosis and/or
the level of induction of caspase-3 protein.

The lack of correlation between cisplatin concentrations and the immunogenic effect
of the treatment in vivo is consistent with clinical data showing that cytotoxic anti-cancer
drugs delivered at lower doses with metronomic treatment schedules rather than adminis-
trated at their maximum tolerated dose influence the infiltration of treated tumors with
immune cells (for review see [68] and references therein): indeed, drugs used at their
maximum tolerated dose in order to provide a high cytotoxic effect, whereas lower sub-
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optimal doses have been shown to stimulate an anti-tumor effect through the stimulation
of the immune system. Interestingly, the intra-tumor deliverance of nano-doses of con-
ventional chemotherapeutic drugs has also been reported to make up the tumor immune
landscape [69]. Altogether, this highlights the relative importance of the drug-related in-
duction of apoptotic cell death vs. the emission of ICD mediators, which is more desirable
to stimulate the immune system and possibly synergize with immunotherapies. Thus,
there might be a subtle balance between treatment-induced stress, which could result in
the improvement of cancer cell immunogenicity, and treatment-induced cell death, which
potentially hinders cancer cell immunogenicity via immunomodulatory signals.

In conclusion, we have shown that cetuximab (either alone or in combination with
cisplatin) is able to enhance murine and human HNSCC cells” immunogenicity through the
exposure of CRT, which is known to provide a strong “eat-me” signal to phagocytes of the
immune system. However, the impact of cetuximab alone on the release of HMGB1 varies in
a cell-dependent manner, while cisplatin (alone or in combination with cetuximab) appears
to stimulate HMGBI release from apoptotic cells. Finally, cisplatin +/— cetuximab appears
to trigger a type I IFN response that elicits the expression of CXCL9 and CXCL10 in a
cell-line-dependent manner. Interestingly, only ex vivo cell treatment conditions that allow
the release of DAMPs and moderate cleavage of caspase-3 (i.e., cetuximab and/or cisplatin
at the ICsp) appear to be able to elicit an anti-tumor immune response in immunocompetent
animals. Further studies are warranted to evaluate whether variations of the EXTREME
protocol including the dose of cisplatin are able to trigger ICD and provide a similar effect,
and to what extent this can be synergistic with immunotherapies in HNSCC patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cells11182866/s1: Figure S1. Quantification of the cell cycle
distribution data of CAL27 (A) and SQ20B (B) cells treated 24 h (upper histograms) and 48 h (lower
histograms) with cetuximab (Cx), cisplatin (Cis) at the IC5y and IC75 and the Cx/Cis combination. The
histograms show the mean number of percentages of cells in S, G2, G1/G0, and early apoptosis (EA;
i.e., sub-G1); Figure S2. (A) Western blot analysis of the HMGBI1 expression in the supernatant from
CAL27 (left panels) and SQ20B (right panels) cell cultures harvested 68 h after with cetuximab (Cx),
cisplatin (Cis) at the IC5 and IC75 and the Cx/Cis combination. Signals were quantified respectively
to the actin loading control and normalized with respect to the non-treated control (quantification
results are shown). The blots that are shown are re Apresentative examples of three independent
experiments. Additional independent biological replicates are shown in supporting documents. (B)
Analysis of the expression of CXCL9 and CXCL10 by RT-qPCR in CAL27 (left histographs) and SQ20B
(right histographs) cells treated for 48 h with cetuximab (Cx), cisplatin (Cis) at the IC5y and ICy5 and
the Cx/Cis combination. Data are represented as the mean from one independent experiment +SEM;
Figure S3. Western blot analysis of EGFR expression in whole-cell protein extracts from MOC-2 cells
transduced with a pBABE-hEGEFR expression plasmid after selection of clones on puromycin. EGFR
expression is observed in the MOC2-phEGFR C1 clone. The blots that are shown are representative
examples of three independent experiments; Figure S4. (A) Western blot analysis of p53 and cleaved
caspase-3 (Casp3) expression in whole protein extracts from MOC2-phEGFR C1 cells treated with
cetuximab (Cx), cisplatin (Cis) at the ICsp, IC75, and ICqp, and the Cx/Cis combination for 24 h (left
panels) and 48 h (right panels). Casp3 signals were quantified respectively to the actin loading control
and normalized with respect to the non-treated control (quantification results are shown). (B) Western
blot analysis of the HMGBI expression in whole protein extracts from MOC2-phEGER Cl1 cell cultures
treated for 24 h (left panels) and 48 h (right panels) with cetuximab (Cx), cisplatin (Cis) at the ICsp,
and ICy75 and the Cx/Cis combination. Signals were quantified respectively to the actin loading
control and normalized with respect to the non-treated control (quantification results are shown).
Blots. shown are representative examples of two independent experiments. Additional independent
biological replicates are shown in supporting documents; Table S1. List of oligonucleotides primers
used for RT-qPCR gene expression assays: Gene names, forward and reverse primer sequences are
shown; Table S2. List of TagMan assays used for RT-qPCR gene expression assays: Gene names
and TagMan gene expression assay ID are shown; Table S3. List of antibodies used for western blot
analysis; Protein names, antibody providers and used antibody dilutions are shown.
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Figure S1. A,B. Quantification of the cell cycle distribution data of CAL27 (A)
and SQ20B (B) cells treated 24 h (upper histograms) and 48 h (lower
histograms) with cetuximab (Cx), cisplatin (Cis) at the IC50 and IC75 and the
Cx/Cis combination. The histograms show the mean number of percentages of
cells in S, G2, G1/GO0, and early apoptosis (EA; i.e., sub-G1).;.
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Figure S2. A. Western blot analysis of the HMGB1 expression in the
supernatant from CAL27 (left panels) and SQ20B (right panels) cell cultures



harvested 68 h after with cetuximab (Cx), cisplatin (Cis) at the IC50 and IC75
and the Cx/Cis combination. Signals were quantified respectively to the actin
loading Cells 2022, 11, x FOR PEER REVIEW 21 of 24 control and normalized
with respect to the non-treated control (quantification results are shown). The
blots that are shown are re Apresentative examples of three independent
experiments. Additional independent biological replicates are shown in
supporting documents. B. Analysis of the expression of CXCL9 and CXCL10
by RT-qPCR in CAL27 (left histographs) and SQ20B (right histographs) cells
treated for 48 h with cetuximab (Cx), cisplatin (Cis) at the IC50 and IC75 and
the Cx/Cis combination. Data are represented as the mean from one
independent experiment +SEM,;.

e N (22

(@] O O 8
o o o o
L w L e
(O] O] (O] (O]
w w w w
L L L L
Q Q. Q. Q.
I I I I
Q Q Q Q
o o @] O
= = = =

— EGFR

ﬁ Actin

Figure S3. Western blot analysis of EGFR expression in whole-cell protein
extracts from MOC-2 cells transduced with a pBABE-hEGFR expression
plasmid after selection of clones on puromycin. EGFR expression is observed
in the MOC2-phEGEFR C1 clone. The blots that are shown are representative
examples of three independent experiments;.
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Figure S4. A. Western blot analysis of p53 and cleaved caspase-3 (Casp3)
expression in whole protein extracts from MOC2-phEGEFR C1 cells treated
with cetuximab (Cx), cisplatin (Cis) at the IC50, IC75, and IC90, and the
Cx/Cis combination for 24 h (left panels) and 48 h (right panels). Casp3 signals
were quantified respectively to the actin loading control and normalized with
respect to the non-treated control (quantification results are shown). B.
Western blot analysis of the HMGB1 expression in whole protein extracts
from MOC2-phEGFR C1 cell cultures treated for 24 h (left panels) and 48 h
(right panels) with cetuximab (Cx), cisplatin (Cis) at the IC50, and IC75 and
the Cx/Cis combination. Signals were quantified respectively to the actin
loading control and normalized with respect to the non-treated control
(quantification results are shown). Blots. shown are representative examples
of two independent experiments. Additional independent biological
replicates are shown in supporting documents.;.



Supplementary tables

Table S$1. List of oligonucleotides primers used for RT-qPCR gene expression assays

Gene name Forward primer (5’-3’) Reverse primer (5’-3’)

DDB2 TGGCATCAGTTCGCTTAATG ACTTCCGTGTCCTGGCTTC
FDRX2 TCCTACTGACCCCACCTGAG TCGACTCTGCCTCAGTACACC
RPS27L CAGATCGCTTGCAGCTTG TCTTCCAAGGACGGATGTAGTAA
ZMAT3 GCCAGGAAAGAAGGGAATG GCGGGGATTGAAGTAAGGAC
RPLPO GAAGGCTGTGGTGCTGATGG CCGGATATGAGGCAGCAGTT
GAPDH GCACAAGAGGAAGAGAGAGACC AGGGGAGATTCAGTGTGGTG

Gene names, forward and reverse primer sequences are shown

Table S2. List of TagMan assays used for RT-qPCR gene expression assays

Gene name TaqMan gene expression assay ID
CXCL9 Hs00171065_m1
CXC10 Hs00171042_m1
TBP Hs00427620_m1

Gene names and TagMan gene expression assay ID are shown

Table S3. List of antibodies used for western blot analysis

Protein Provider Antibody dilution

Cleaved caspase-3 Asp175 Cell signaling | 1/1000

p53 DO-1 Santa cruz 1/1000

p63 4A4 Abcam 1/1000

p73 EP436Y Abcam 1/1000

Calreticulin D3EG Cell signaling 1/1000

EGFR D38B1 Cell signaling | 1/2000

HMGB1 1856 abcam 1/1000 (supernatant)
1/5000 (whole cell extract)

Actin C4 1/10 000

GAPDH House made 1/000

BSA B2901 sigma 1/1000




Protein names, antibody providers and used antibody dilutions are shown.
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Analysis of the expression of the PD-L1, PD-L2, IDO-1, CD47, and CD276, genes by RT-qPCR in CAL27 (A-B)
and SQ20B (C-D) cells incubated from 24h to 86h (3 days). Data is represented as mean from three independent
experiments +SEM. The observed differences are statistically significant when: *<p=0.05,**<p=0.01,***<p=0.001
(Anova and post-test Tuckey or Kruskal Wallis and post-test Dunn).



A. Results

ICP are ligand/receptor couples whose function is to regulate the immune system. Tumors hijack
this system by expressing inhibitory ICPs in order to escape the immune response and inhibit the cytotoxic
activity of T cells. Here, we studied the endogenous gene expression of five ICPs in two head and neck
cancer cell lines (Cal27 and SQ20B).

CD276 and CD47 are highly expressed in both cell lines

Cells were cultured according to regular conditions, harvested 24h and 48h after seeding, and RNA
was extracted. Thus we measured the basal expression levels of ICPs and their evolution over culture
time, and in function of cell confluency. To analyze the expression of PD-L1, PD-L2 and IDO-1 we
incubated Cal27 and SQ20B cells for a longer period of time to 3 days and 4 days after seeding. Total
RNA was extracted and gene expression was assessed using a RT-qgPCR approach and relative gene
expression quantification using the 2*-A° method. CD276 was found to be the ICP gene with the highest
expression in both cell lines, and its expression seems stable over time (Fig 10A-D). The second most
expressed ICP encoding gene is CD47, which is more expressed in Cal27 than in SQ20B (Fig 10A; 10C).
Similar to CD276, the expression level of CD47 is not modified over time. The relative expression of both
PD-L1and PD-L2 was weaker in both lines after 24h of culture and further decreased after 48h, especially
in SQ20B cells (Fig 10B; 10C). IDO-1 is the ICP-encoding gene that displayed the greatest change in
expression, with a 2-fold increase after 48h of culture in Cal27 cells (Fig 10A-B). IDO-1 expression was
not detected in SQ20B cells (Fig 10C). In the Cal27 cell line, the relative expression of PD-L1 is increased
by 2-fold and 3-fold after 72h and 86h of culture, respectively (Fig 10B), whereas the relative expression
of PD-L2 is stable (Fig 10B). In contrast, IDO-1 expression increases to 0.04-fold after 72 h and its
expression continues to increase to 0.10-fold after 86 h (Fig 10B). On the contrary, in the SQ20B cell
line, PD-L2 relative expression decreases slightly and PD-L1 expression does not change (Fig 10D). IDO-

1 is detectable after 72h of incubation but at a lower level than the other ICPs (Fig 10D).

Next, we studied the impact of treatments on the expression of these ICPs. Cells were treated with
cetuximab (2.5ug/ml) alone, cisplatin alone at ICsp or IC7s, and with a cetuximab/cisplatin co-treatment at
ICs0 or IC75. Cells were harvested after 6h or 24h of treatment, total RNAs were extracted, and gene
expression was analyzed by RT-qPCR. In both lines, the expression of CD276 and CD47 was not affected
by treatments. After 6h, treatments had no significant effect on the expression of PD-L1, PD-L2, and IDO-
1 (Fig 13; Fig 14).
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Figure 11: Complementary results 2
Analysis of the expression of the PD-L1 (A), PD-L2 (B), and IDO-1 (C) genes by RT-gPCR in CAL27 cells treated
for 24h, 48h, and 72h, with cetuximab (Cx), cisplatin (Cis) at the ICsoand IC7s and the Cx/Cis combination. Data is
represented as mean from three independent experiments +SEM. The observed differences are statistically
significant when: *<p=0.05,**<p=0.01,"**<p=0.001 (Anova and post-test Tuckey).



Cetuximab/cisplatin combination increased ICPs genes expression

We, therefore, decided to continue this analysis with a longer treatment only in the Cal27 cell line
because this cell line shows a higher expression of PD-L1, PD-L2, and IDO-1 during long incubation.
Treatment with cetuximab had no effect on PD-L1 expression, and cisplatin alone increased PD-L1
expression after 24h and 48h of treatment. Co-treatment at IC7s increases PD-L1 expression at 24h and
48h of treatment and co-treatment at ICso increases PD-L1 expression only at 48h of treatment. Co-
treatment has no effect on PD-L1 expression after 72h of treatment (Fig1 1A). Cetuximab slightly
increased the expression PD-L2 (~2 fold), although this increase was not significant. The impact of
cisplatin is more important on PD-L2 expression than on PD-L1 expression. The greatest increase in PD-
L2 (~9 fold) expression is obtained after treatment with cisplatin IC7s. The only effect of co-treatment on
PD-L2 expression was observed at IC7s at 48h of treatment with a 7-fold increase and, as for PDL1, co-
treatment has no effect on PD-L2 after 72h (Fig 11B). IDO-1 expression showed a significant increase
upon 48h and 72h of treatment with cetuximab of 4-fold and 3-fold respectively. Cisplatin decreased
statistically /DO-1 expression after 72h of treatment. Co-treatment at IC7s increased IDO-1 expression
after 24h of treatment but only the ICsp increased IDO-1 expression after 48h and 72h of treatment (Fig
11C).

Cetuximab has an inverse effect on PD-L1 protein expression depending on the cell line

We subsequently analyzed the expression of the PD-L1 protein, which is the target of the immunotherapy
authorized since 2017 for the treatment of HNSCC cancer. Cetuximab has an opposite effect depending
on the cell line. Indeed, cetuximab treatment decreased PD-L1 protein expression in Cal27 cells whereas
it was increased in SQ20B cells. This effect is particularly striking 24h and 48 h after treatment (Fig
12A;12B). The cetuximabl/cisplatin co-treatment had the same impact as cetuximab alone on Cal27 cells
(Fig 12A) but decreased PD-L1 expression upon 48h of treatment (but not 24h and 72h) in SQ20B cells
(Fig 12B). Cisplatin treatment showed a dose-dependent effect: in Cal27 cells, the 1Cs of cisplatin
increased PD-L1 protein expression after 24h and 48h of treatment, but not after 72h; increased
expression was observed upon 72h of treatment with the |C7s of cisplatin (Fig 12A). In the SQ20B line,
cisplatin alone has little effect on PD-L1 protein expression (Fig 12B).
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Figure 12: Complementary results 3
Western blot analysis of PD-L1 expression in whole protein extracts from CAL27 (A) and SQ20B (B) cells treated
with cetuximab (Cx), cisplatin (Cis) at the IC50, and IC75, and the Cx/Cis combination for 24h, 48h, and 72h.
Quantitative analysis of PD-L1 signal obtained by western blot in Cal27 (C) and SQ20B (D) cells. Data is
represented as mean from three independent experiments
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Figure 13: Complementary results 4
Analysis of the expression of the CD47 (A), CD276 (B), PD-L1 (C), and PD-L2 (D) genes by RT-gPCR in
SQ20B cells treated for 6h, and 24h, with cetuximab (Cx), cisplatin (Cis) at the IC50 and IC75 and the
Cx/Cis combination. Data is represented as mean from three independent experiments +SEM. The
observed differences are statistically significant when: *<p=0.05,*<p=0.01,"**<p=0.001 (Kruskal Wallis
and post-test Dunn ).
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Figure 14: Complementary results 5
Analysis of the expression of the CD47 (A), CD276 (B), PD-L1 (C), and PD-L2 (D) genes by RT-gPCR in
SQ20B cells treated for 6h, and 24h, with cetuximab (Cx), cisplatin (Cis) at the IC50 and IC75 and the
Cx/Cis combination. Data is represented as mean from three independent experiments +SEM. The
observed differences are statistically significant when: *<p=0.05,**<p=0.01,"**<p=0.001 (Kruskal Wallis
and post-test Dunn ).






B. Material and methods

Gene expression assays

Gene expression assays on cultured cells were performed by extracting total RNA from pelleted cells

using a standard TRIZol procedure (TRI Reagent®: TR 118 Molecular Research Center), according to

the manufacturer's instructions. RNA was retro-transcribed using the High-Capacity cDNA reverse
transcription system (Applied Biosystems™), and real-time quantitative PCR was performed using the
QuantStudio 3 Real-Time PCR system (Applied Biosystems™). CD47, CD276, IDO-1, PD-L1, and PD-
L2 expression was measured with pairs of specific primers (see Table S5)The expression of genes of

interest was normalized to the expression of TBP, used as a reference gene, with the 2-2ACt method.

SDS-PAGE and western blot analysis

Total protein extraction was carried out by homogenizing 1E% cells in 100uL of 1X Laemmli lysis buffer
[6.25mM Tris (pH 6.8), 1%SDS, 1%DTT, protease and phosphatase inhibitors, Sigma]. 20 or 30ug of total
proteins were resolved by 6%-15% SDS-PAGE (depending on protein molecular weight) according to
standard methods. For the analysis of HMGB1 release in the extracellular medium, 40uL of cells culture
supernatant, diluted in SDS-PAGE sample buffer (2X Laemmli lysis buffer, 2X DTT), were resolved by
10% SDS-PAGE. Proteins were detected with primary antibodies raised against PD-L1 (1/1000, cell
signaling, E1L3N) or actin (1/10 000, C4). Depending on the host species, blots were probed with
secondary antibodies (1/10 000 anti-mouse IgG-HRP linked antibody, Cell Signaling 7076S; 1/10 000
anti-rabbit I|gG-HRP linked antibody, Cell Signaling 7074S) Proteins were visualized with enhanced
chemiluminescence using the Clarity™ ECL Western blotting Substrate Bio-Rad reagent, according to
the manufacturer instructions. Signals were acquired on a Pxi Imager (Syngene®) and were quantified

with the ImageJ software.






Table 1 :Complementary: List of oligonucleotides primers used for RT-gPCR gene expression
assays

Gene name Forward primer (5°-3’) Reverse primer (5°-3’)

CD47 ATTGCATGGCCCTCTTCTGA TCTTTGAATGCATTAAGGGGTTCCT
CD276 CACTGTGGTTCTGCCTCACA GTCCTGGCCCTCAGCAAAG

IDO-1 TGGCCAGCTTCGAGAAAGAG TGGCAAGACCTTACGGACATC
PD-L1 CCATACAGCTGAATTGGTCATC CAGAATTACCAAGTGAGTCCTTTCA
PD-L2 ATTGCAGCTTCACCAGATAGC AAAGTTGCATTCCAGGGTCAC
RPLPO GAAGGCTGTGGTGCTGATGG CCGGATATGAGGCAGCAGTT

Gene names, forward and reverse primer sequences are shown






Discussion

Now... Bring me that horizon.
Captain Jack Sparrow, Pirates of the Caribbean.







HNSCC have a strong infiltration of immune cells in their microenvironment. Unfortunately, the
anti-tumor response induced by the immune system can be inhibited by immunosuppressive mechanisms
such as the expression of immune checkpoints (ICP) on the surface of tumor cells. These mechanisms
allow the tumor to escape the immune system and promote its progression. Restoration of anti-tumor
immunity can be achieved by two methods: induction of immunogenic cell death (ICD) or removal of

immune checkpoint inhibition by blocking ligand-receptor binding.

ICD makes tumors more immunogenic and activates immune responses. Cetuximab is a therapy
targeting EGFR, expressed in 90% of HNSCC, and is used in the treatment of HNSCC. Pozzi et al

demonstrated the ability of cetuximab to induce ICD in colon cancer.

A. Impact of the EXTREME regimen on HNSCC cell immunogenicity through
DAMPs emission and the induction of ICD

Calreticulin exposure was observed in Difi cells after 4h of treatment with cetuximab and we
obtained similar results in the same condition in our HNSCC cell lines. Pozzi et al used
immunocytofluorecence to detect the membrane translocation of calreticulin using the Abcam2907 anti-
calreticulin antibody. We initially used the same antibody using an immunocytofluorescent approach of
Cal27 and SQ20B cells. However, confronted with the lack of reproducibility of our results, we evaluated
the specificity of this antibody by analyzing the calreticulin expression by a western blot analysis of whole
cell protein extracts of Cal27 and SQ20B cells transfected with anti-CRT siRNA. Intriguingly the obtained
signal was not lost or diminished after siRNA-mediated gene expression downregulation. We concluded
that this antibody was not specific and made several attempts with alternative anti-calreticulin antibodies
validated by a siRNA method and selected a monoclonal antibody (data not shown). In addition, we
decided to use an alternative detection method based on the purification of plasma membrane protein
allowing us to quantify the translocation of calreticulin. Furthermore, we demonstrated the capacity of the

combination to induce calreticulin exposure as well.

We demonstrated that cetuximab alone or combined with cisplatin was also able to induce ICD
in vivo by vaccination in HNSCC. Pozzi et al generated cetuximab that was unable to induce ADCC and
thus demonstrated that this mechanism is not responsible for the induced immune response but rather
for the ICD. We did not pursue our research as far in our study of vaccination, but it would be interesting
to see if cetuximab induces ICD by the same mechanism, and so independently of ADCC, in HNSCC like
in colon cancer. Interestingly, and contrary to the literature, low-dose cisplatin (ICso) alone is also able to
induce ICD in HNSSC. The incapacity of cisplatin to induce calreticulin translocation suggested that
cisplatin can’t induce ICD [155]. But a recent study on HNSCC shows that a high dose of cisplatin, [Cqq,






was able to induce weak ICD with only 2/10 mice vaccinated [154]. In our study, a lower dose of
cisplatin (ICso) didn't induce calreticulin exposure but induced other DAMPs and ultimately vaccinate 8/12

mice.

Unexpectedly, a stronger dose (IC7s) of cisplatin alone or combined with cetuximab didn’t induce
ICD while inducing DAMPs expression. It seems that ICD mediated by cisplatin is dose-dependent and is
better with low dose (ICso) than with high dose (ICgo) [154].

This could be explained by the fact that caspase-3 cleaved is induced at higher levels upon
treatment with the 1C75 of cisplatin and could explain the impact on ICD induction. Actually, caspase-3 can
inhibit DAMP like IL-33 cytokine but also inhibits the intracellular responsible for the expression of type-|
IFN. Furthermore, caspase-3 activation stimulates the expression of prostaglandin E2 which has an
immunosuppressive function on the immune system, and the exposure of phosphatidylserine (PS) on the
outer leaflet of cells’ plasma membrane. PS is recognized by specific PS receptors and stimulates
phagocytosis of apoptotic bodies by macrophages, which delivers an anti-inflammatory signal (see [156]
and references therein). Thus, our observations suggest that the intensity of the induction of caspase-3-
related cell death could correlate with the modulation of the immunogenicity of cancer cells upon cytotoxic
treatment. Therefore, there might be a subtle balance between treatment-induced cell death, which
potentially prevents cancer cell immunogenicity via immunomodulatory, and treatment-induced stress,
which could result in the improvement of cancer cell immunogenicity. Previous reports show that the
impact of chemotherapy drugs on the immunogenicity of a cancer cell depends on the dose used [157]:
indeed, to provide a high cytotoxic effect, drugs are often used at their maximum tolerated dose, whereas

an anti-tumor effect via the stimulation of the immune system had been observed with suboptimal doses.

B. Impact of the EXTREME regimen on HNSCC cell immunogenicity through

the regulation of the expression of ICP

However, the induction of ICD is likely to be ineffective if malignant cells express a high level of
ICP. Indeed, the immune response triggered by DAMPs emission and mediated by immune cells such as
dendritic cells (DC) and especially the activated T lymphocytes will be inhibited in contact with tumor cells
expressing ICP. We, therefore, studied, in parallel to the induction of ICD, the expression of different ICP
and their modulation by treatments in vitro. We focused on the expression of CD276, CD47, and
Indoleamine2,3-dioxygenase (IDO-1), which are not much studied in the HNSCC context, but also on
more characterized ICP, like PD-L1 and its homolog PD-L2.






First, we assessed the expression of each ICP, at the transcriptional level, in two HNSCC cell
lines, Cal27 and SQ20B. In both cell lines, CD276 was the ICP gene with the highest expression, and
with stable expression over cell culture time, consistently with the detection of CD276 in HNSCC patient
samples by single cells RNA-seq [158]. CD276 is a type | membrane protein with an extracellular domain
similar to PD-L1 and is exclusively expressed on immune cells in physiologic conditions [159]. However,
we were able to detect the expression of CD276 at the transcriptional level, suggesting the ability of tumor
cells to hijack the expression of ICP to escape the immune system. Indeed, CD276 is known to induce an
immunosuppressive response through the inactivation of T cells, or through the reduction of IFN-y
implicated in macrophage activation [160]. The receptors of CD276 haven't been identified yet. One
potential candidate CD276 receptor however is the Triggering Receptor Expressed on Myeloid cell
(TREM)-like transcript (TLT-2). The binding of CD276 to TLT-2 enhances CD8* activity in co-culture
between mast cell and CD8* cell, suggesting a stimulatory effect of CD276 [161]. However, this interaction
has not been demonstrated in other studies [162]. On the counterpart, CD276 demonstrated inhibitory
function in mice immune cells [163], so CD276 function remains controversial. Regardless of its function,
CD276 DNA copy number variation and mRNA overexpression in tumor cells compared to healthy tissue
has been reported in patients with HNSCC [164] and in a cohort of 18 HNSCC used to perform single-cell
RNA-seq [72] the expression of CD276 correlated with shorter OS [158]. Furthermore, CD276 correlated
with advanced clinical stage and increased tumor size suggesting its implication in the disease
progression [162]. The expression of CD276 in cancer stems cells was proposed to allow HNSCC to
escape immune response during cancer initiation, development, and metastasis progression, and is

therefore proposed to support tumor progression [165].

The second most expressed ICP is CD47, which is more expressed in Cal27 cells than in SQ20B
cells and isn't impacted during cell culture time. CD47 is a transmembrane glycoprotein expressed on
normal cells and tissues and inhibits immune response [166]. By binding to Thrombospondin-1, CD47
inactivates T cells [167] but most importantly inhibits macrophages and DC via binding with Signal
regulatory protein alpha (SIRPa) [166]. CD47/SIRP-a induces phosphorylation of the ITM domain of
SIRP-a and so the recruitment of the SH2 domain-containing phosphatase-1/2. The CD47/SIRP-a
sequence is incomplete but the consequence is a deactivation of myosin, a motor protein, and decreased
phagocytosis activity [168]. Through this interaction and signalization CD47 act as a “don’t eat me” signal
that inhibits phagocytosis by the macrophage or DC [167]. The high expression of CD47 in Cal27 and
SQ20B may explain the failure of cetuximab-mediated phagocytosis of cancer cells by macrophages in
vitro phagocytosis assays: most importantly, despite the calreticulin exposure triggered upon treatment
with cetuximab, no increased cancer cell uptake by THP-1 macrophages was observed in an in vitro






phagocytosis assay (Data not shown). One hypothesis is that CD47 expressed by Cal27 and
SQ20B prevents phagocytose even in the presence of calreticulin. Calreticulin binds to a lipoprotein-
receptor-related protein (LRP), also called CD91, and induces phagocytosis. But this interaction is
counteracted by the expression of CD47, as tumor cells expressing calreticulin can upregulate CD47 to
escape phagocytosis. Interestingly, CD47 blockade alone isn’t sufficient to restore phagocytosis, which
remains dependent on calreticulin exposure [169]. This implicates that anti-CD47 therapy should be
combined with phagocytosis inducers but also that the level of CD47 should be taken into consideration
in the case of ICD-inducing therapies since calreticulin-dependent phagocytosis has an essential role in

immune system activation.

Since our study aimed to determine the impact of cetuximab on ICP expression and so the impact
on tumor immunogenicity, and since treatments with cetuximab, cisplatin, and the combination had no
impact on the expression of CD276 and CD47 mRNAs in Cal27 and SQ20B cells, no further experiments
dedicated to the study of these two ICPs were carried out. However, we cannot rule out at this point that

the treatment we used has no impact on the protein expression of these two ICPs.

IDO-1 is only detected at the transcriptional level in the Cal27 cell line, and its expression
increased with cell culture time. In HNSCC, IDO-1 is overexpressed compared to normal tissues [170]
and is associated with the worst survival when expressed in the tumor[171]. IDO-1 is a rate-limiting
enzyme implicated in tryptophan metabolism [172] that is secreted by immune cells and tumors but not
expressed by normal tissues [170]. IDO-1 catalyzes the oxidation of tryptophan to kynurenine creating a
local tryptophan deficiency leading to T cells inhibition and activation of General Control Nonrepressible
2 (GCN2), a regulator kinase that plays a crucial role in the amino-acid starvation response and that
promotes Treg differentiation [172]. In our hands, IDO-1 mRNA expression is increased by cetuximab
alone or combined with cisplatin, after prolonged treatment (48h and 72h) and could be due to cetuximab’s
capacity to induce ICD. IDO-1 gene expression is induced by a danger signal such as type-I IFN, thought
IFNAR activation, and inflammation in vivo in mice skin [173], and we demonstrated that cetuximab and
the co-treatment can trigger the emission of three DAMPs including type-I IFN. It remains to be determined
whether the emission of DAMPs and the inflammation created we observed in Cal27 and S20B cells upon
treatments is functionally able to regulate the expression of IDO-1, and whether this could modulate the
immunogenicity of cancer cells. Interestingly, OSCC patients treated with the Nimotuzumab anti-EGFR
antibody display an increase of IDO-1 expression [171]. Therefore, the increase of IDO-1 expression upon
treatment of cetuximab with or without cisplatin could induce a resistance mechanism to ICP blockade.
Whether this hypothesis applies to HNSCC has still to be determined though. In contrast, treatment with
cisplatin alone didn’t increase IDO-1 expression levels but decreased IDO-1 expression after 72h.






Chemotherapy is thought to induce IDO-1 expression via stress induction and dying cell-
associated DAMPs [171], but it has also been shown that chemotherapy induces IDO-1 mRNA in
circulating tumor cells of HNSCC patients [17]. Here, cisplatin didn’t induce IDO-1 expression may be due
to lower levels of DAMP emission, unlike cetuximab and the co-treatments with cisplatin. In the HNSCC

context, IDO-1 immunotherapeutic role needs further characterization [171].

Finally, we focused on the PD-L1 and PD-L2 ICPs. PD-L1 and PD-L2 are types | transmembrane
proteins containing a signal domain, the IgV-like domain, and present the same mechanism of action. The
binding to their receptor PD-1 induces the phosphorylation of ITIM and ITSM domains which recruit SHP-
1/2 and deliver an inhibitory signal to T cells [103] but also regulate Treg differentiation by inducing FOXP3
[172]. In physiological conditions, PD-L2 is only expressed by DC and macrophages [174]. Thus, the
detection of PD-L2 expression in SQ20B and Cal27 cells suggests that cancer cell lines from the larynx
and tongue can hijack ICPs. In contrast, PD-L1 is expressed by immune cells but also by non-immune

tissues including in the heart, lung, placenta, and liver [103].

We found PD-L1 to be expressed at higher levels than PD-L2 in Cal27 and SQ20B cells, unlike
previous observations made in HNSCC patients, where PD-L2 is classically more expressed [174], [175].
PD-L2 expression is associated with the worst OS and has immunosuppressive function favoring tumors
apparition [174], [176]. In our study, PD-L2 was upregulated upon 48h and 72h of treatment with both the
ICs0 and ICys of cisplatin. In OSCC, cisplatin induces the upregulation of PD-L2 expression through
STAT1/3 pathways, as suggested by the fact that an inhibitor of STAT1, fludarabine, and an inhibitor of
STAT3, cryptotanshinone, inhibits the cisplatin effect on PD-L2 [176]. At present, it is difficult to
hypothesize which signaling pathways are directly triggered by cisplatin and result in the activation of PD-
L2 expression. Indeed, the mechanism of the regulation of the expression of PD-L2 has not yet been fully
elucidated. For the time being, the STAT3 [177] and STATG6 [178] transcription factors have been identified
as required for PD-L2 expression. In addition, the NFk-B pathway has been shown to regulate the DNA
binding abilities of STAT6 [178]. Yet, PD-L2 modulation needs further characterization. On the contrary,
PD-L1 expression regulation is better characterized and involves the EGFR signaling pathways. The
principal pathway involved in the modulation of PD-L1 expression in HNSCC is JAK2/STAT1 induced by
IFN-y and EGF [179]. The binding between ligand and receptor causes a transphosphorylation of Janus
Kinase (JAK) protein kinase. Once activated JAK forms a dock for STAT by binding and phosphorylation
of the receptor. Phosphorylated STAT dissociates from JAK and forms hetero or -homodimer and
translocates in the nucleus to activate genes transcription like PD-L1 on Hodgkin lymphoma [180]. EGFR
is overexpressed in 80-90% of HNSCC tumors, which may be accompanied by overactivation of
downstream pathways [1], notably the JAK/STAT pathways that could explain the impact on PD-L1






expression. Cal27 and SQ20B cells could be good models to test this hypothesis, as they express high
levels of EGFR (Data not shown).

Moreover, PD-L1 expression is detected in 60% of HNSCC tumors in a cohort of 134 patients[181]
but the association of PD-L1 expression with survival or prognostic is controversial due to variation of PD-
L1 expression between studies, but also the variety of thresholds used to stratify PD-L1 expressing tumors

as “high-“ or “low-expressing” [182].

Our study shows the different impacts of treatments on PD-L1 expression depending on the cell
lines. In Cal27, we observed an increase at the transcription level and on the protein level of PD-L1 with
cisplatin treatment alone. We can hypothesize that this could be due to the induction of STAT1 by cisplatin
[183] leading to an increase of PD-L1 expression. On the same cell line, we also observe no effect of
cetuximab at the transcript level of PD-L1 but we observed a decrease of PD-L1 protein expression. One
hypothesis to explain this observation is that the inhibition of the EGFR pathways by cetuximab could
block the JAK/STAT pathways, therefore, decreasing PD-L1 expression. Further functional analyses are

required to validate these hypotheses.

On the contrary, cetuximab increased the PD-L1 protein level in the SQ20B cell line. SQ20B cell
line is more resistant to cetuximab compared to Cal27, and this could be explained by the stabilization of
the Hypoxia Inducible Factor 2 (HIF2) transcription factor upon treatment with cetuximab [184]. In
normoxic conditions, HIF is degraded by the proteasome but the lack of oxygen in hypoxic conditions
inhibits this degradation, allowing HIF to translocate to the nucleus where its transcription factor activity
regulates the expression of VEGF to create new vessels. In addition, HIF also regulates a shift in
metabolism to aerobic glycolysis, allowing cells to adapt and survive in hypoxia [185]. HIF binds to Hypoxia
Element Response on gene promoters and it has been demonstrated that PD-L1 promoter contains these
elements [186]. Furthermore, studies show an upregulation of PD-L1 protein under hypoxic conditions
suggesting the implication of HIF in the modulation of PD-L1 gene expression [187]. The increase of HIF2
in SQ20B cells mediated by cetuximab treatment could lead to an increase of PD-L1 expression. A
functional analysis of the role of HIF2 using siRNA-mediated expression downregulation could be

undertaken to challenge this hypothesis.

The experiment using cetuximab and cisplatin co-treatment yielded contradictory results: indeed,
we observed an increase of PD-L1 transcript expression and a decrease of PD-L1 protein expression in
Cal27 cell lines. In the SQ20B cell line, PD-L1 protein level is increased at 24h and 72h of treatment but

decreases at 48h.






Taken together our data shows that the most highly expressed ICP in Cal27 and SQ20B cell lines
are CD276 and CD47, which could suggest a strong inhibition of T cells activities and phagocytose
respectively. However, the expression of these ICPs is not impacted by treatments in contrast to IDO-1
expression which is increased by cetuximab and cisplatin alone or combined treatment. Cetuximab alone
induces an increase of PD-L1 protein in SQ20B only and has the opposite effect on Cal27 with a
diminution of PD-L1 proteins. Finally, PD-L1 and PD-L2 expression is increased after 48h and 72h of
cisplatin treatment. However, our study has some limitations. The protein expression of CD276 and CD47
were not analyzed, especially the membrane expression of these ligands. This information would allow
us to evaluate their potential impact on the immune response. In the case of CD47, a co-culture
experiment with macrophages would allow us to see its real impact on phagocytosis, and particularly the
co-treatment of cetuximab and anti-CD47 would clearly establish the role of CD47 in ICD. To perform its
inhibitory action PD-L1 must be available for ligand access, so it must be located at the cell membrane.
We tried to analyze the expression of PD-L1 at the cell membrane by immunocytofluorescent labeling,
but only one experiment out of three attempts yielded satisfactory results. This single analysis confirmed
the effects observed in the western blot analysis but could not be reproduced (Data not shown). The
impact of the immune cell composition of the tumor microenvironment will also play a key role in the
response to cetuximab, whether it is the induction of ICD or ADCC. The composition of the TME was
analyzed by immnuohistofluorescence but for now, it did not reveal a clear message about the modulation
of the TME (Data not shown).

C. General conclusions

Nivolumab and pembrolizumab, two humanized 1gG4 mAbs targeting PD-1, are the only
immunotherapies approved by the FDA for the management of patients with recurrent/metastatic (R/M)
HNSCC [188]. Nivolumab is used after cisplatin therapies without consideration for PD-L1 expression
[189], and pembrolizumab is recommended in combination with cisplatin in advanced HNSCC, but
pembrolizumab can also be used as monotherapy for patients overexpressing PD-L1 [182]. Our results
reinforce the rationale for combining these two immunotherapies with cisplatin since cisplatin increases
the expression of PD-L1 and thus increases its PD-1 receptor, suggesting that the immunosuppression
in place is mainly through the PD-L1/PD-1 axis. In addition, cisplatin increases PD-L2, which would be
responsible for the response to anti-PD1 immunotherapies observed in patients who do not express PD-
L1 [174]. Unfortunately, the objective tumor rate response of these two therapies is 15% in HNSCC [182]
but it could improve by the induction of ICD mediated by cetuximab. We demonstrated the capacity of
cetuximab to induce ICD and so an anti-tumoral response in HNSCC. This response could be a boost to

the immune system in the addition of ICP blocked. The impact of cetuximab on PD-L1 is negligible since






patients not expressing PD-L1 also respond to anti-PD-1 and cetuximab could increase PD-L2 to improve
the response to anti-PD-1 [182]. To date, a clinical trial combining pembrolizumab and cetuximab is in
phase Il [189]. However, this immune response may be attenuated or even prevented by CD47
expression. Thus, the relevance to use an antagonist of CD47 in addition to cetuximab remains an open

question.

In conclusion, cetuximab is able to modulate HNSCC cell immunogenicity through both the
induction of an ICD and the activation of an anti-cancer immune response in pre-clinical models, as well
as through the modulation of the expression of immune checkpoints. Through these two mechanisms,
cetuximab could influence the immune landscape of the HNSCC microenvironment via the recruitment
and/or activation of anti-tumor immune cells. Further studies using syngeneic mice models are necessary
to confirm this effect. Cetuximab could also make the tumors more sensitive to immunotherapies through
and increased PD-L1 and PD-L2 expression. Interestingly, we found Cetuximab to induce ICD when
combined with lower-dose cisplatin. The EXTREME protocol (i.e. cetuximab and cisplatin combination),
which is currently used for the management of patients with R/M HNSCC could therefore be able to induce
ICD and modulate cancer cell immunogenicity. It remains to be validated whether both the EXTREME
protocol and ICP blocking immunotherapies proposed in a therapeutic sequence during patient
management confirm to have a potential synergy. This synergy could potentially improve the rate of

patients who show long-term tumor response to immunotherapies that target PD-1.
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Article annex

| developed the phagocytosis experiment that showed the involvement of ANp63 in the regulation
of the immune response ( Figure 5 ). Thus, we were able to demonstrate that p63 promotes phagocytosis

of cancer cells. This article has been submitted to the journal EMBO.
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Résumé

Les carcinome épidermoides de la téte et du cou (CETC) se développent dans la cavité buccale, le
pharynx et le larynx et ont un faible taux de survie a 5 ans d'environ 40% en raison de la résistance
des cellules cancéreuses aux thérapies utilisées. L'utilisation d'une thérapie ciblée, le cetuximab, n'a
permis qu'un gain modeste en termes de survie des patients. Une nouvelle alternative thérapeutique,
appelée immunothérapies, vise a lever le frein que les cellules cancéreuses exercent sur les cellules
immunitaires. Dans les essais cliniques, les immunothérapies ont montré une grande efficacité, mais
chez peu de patients (environ 20%). L'activation de la mort cellulaire spécifique, appelée mort cellulaire
immunogéene (MCI), active le systéeme immunitaire et pourrait augmenter la proportion de patients chez
qui les immunothérapies sont efficaces. Le cetuximab aurait la capacité de déclencher la MCI dans
certains cancers, et donc d'activer le systeme immunitaire.

Au cours de mon travail de these, j'ai pu démontrer que le cetuximab seul ou en combinaison induisait
I'émission de signaux de danger représentant la premiere étape du MCI. J'ai également validé in-vivo
I'induction de la MCI par le cetuximab.

Ainsi, j'ai démontré que le cetuximab peut moduler I'immunogénicité des cellules cancéreuses en
impactant I'expression des points de contréle immunitaires et en induisant la MCI.

Cancer de la téte et du cou ; cetuximab ; mort cellulaire immunitaire ; immunothérapies.

Résumé en anglais

HNSCC cancers develop in the oral cavity, pharynx and larynx and have a low 5-year survival rate of
approximately 40% due to the resistance of cancer cells to the therapies used. The use of a targeted
therapy, cetuximab, has resulted in only a modest gain in patient survival. A new therapeutic
alternative, called immunotherapies, aims to remove the brake that cancer cells exert on immune cells.
In clinical trials, immunotherapies have shown great efficacy, but in few patients (about 20%).
Activation of specific cell death, called immunogenic cell death (ICD), activates the immune system
and may increase the proportion of patients in whom immunotherapies are effective. Cetuximab is
thought to have the ability to trigger ICD in certain cancers, and thus activate the immune system.

During my thesis work, | was able to demonstrate that cetuximab alone or in combination induced the
emission of danger signals representing the first step of ICD. | also validated in-vivo the induction of
ICD by cetuximab.

So, | demonstrated that cetuximab can modulate the immunogenicity of cancer cells by impacting the
expression of immune checkpoints and inducing ICD.

Head and neck cancer; cetuximab; immune cell death; immunotherapies.
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	The last pathway induced by Radiation therapy and cisplatin is oxidative stress (blue) through ROS production via water ionization and mitochondrial damage, respectively. ROS decrease Bcl-2 and cause the opening of mitochondrial permeability transitio...
	NER, nucleotide excision repair; NHEJ, non-homologous end joining; HR, homologous recombination;


	4. Cetuximab
	a. Cetuximab induces cell cycle arrest
	Figure 5: Cetuximab impact.
	Cetuximab inhibits the binding of EGF to EGFR and also causes endocytosis of the receptor, so EGFR cannot be phosphorylated and activated. Thus the upstream pathways are not activated and cannot induce cell proliferation and survival.
	Inhibition of the RAS/RAF/ERK pathway releases the negative regulator of the cell cycle, p27, and leads to cycle arrest. Erk inhibition induces the dephosphorylation of pro-apoptotic factor Bim leading to its activation. In return, BIM inhibits Bcl-2 ...
	Inhibition of the PI3K/AKT/mTOR pathway inhibited the induction of the cell cycle driver, cyclin D1.
	Inhibition of Akt has several apoptotic effects. Akt can no longer phosphorylate the pro-apoptotic factor Bad which then sequesters Bcl-2 and prevents its inhibitory action on Bax, Bax is thus increased and can trigger the mechanism of apoptosis. Akt ...
	EGF, epidermal growth factor; EGFR, epidermal growth factor receptor

	b. Cetuximab induces apoptosis
	Figure 6: Cetuximab induction of ADCC.
	Cetuximab is an antibody with a murine variable part that binds to EGFR and the constant part can be recognized by certain immune cells, in particular, natural killers (NK) to cause Antibody-dependent cell-mediated cytotoxicity (ADCC). ADCC is a speci...
	The CD16a and CD32c receptors present on the surface of the NK recognize and bind the constant part of cetuximab bound to the cancer cell, this induces phosphorylation of the ITAM motif present in the intracellular part of these receptors. This phosph...
	Thus, ADCC allows the lysis of cancer cells recognized by NKs thanks to cetuximab.

	c. Cetuximab impact metastasis progression
	d. Cetuximab induces ADCC



	Chapter II
	Figure 7: Simplified schematic representation of the immune system.
	The immune system recognizes antigens considered as 'non-self', i.e., foreign to the body. This can be a pathogen (bacteria, virus). The immune system also recognizes neoantigens that have appeared as a result of genetic alterations (mutated proteins,...
	A. Tumor microenvironment
	B. Immune cells
	1. Natural killer
	2. B lymphocytes
	3. Dendritic cells
	4. Macrophage
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	Figure 8: Composition of the Tumor microenvironment (TME)
	A. Representation of the most studied immune checkpoint pairs. immune checkpoints are pairs of ligands and receptors that inhibit immune activity. Some immune checkpoint receptors can have two ligands. B. Single-cell RNA-seq studies have identified di...


	C. Immune checkpoint
	1. PD-1 / PD-L1
	2. CD80, CD86 / CTLA-4
	3. TIM-3 / GALECTIN-9
	4. LAG-3 / MHC II
	5. TIGIT / CD155-CD112
	6. Immune checkpoint in TME


	Chapter III
	Figure 9: Immune cell death (ICD)
	ICD is a cell death that leads to the release of DAMPs from the dying tumor cell inducing inflammation and immune cell recruitment. Membrane exposure of calreticulin (CRT) acts as an “eat me” signal, ATP is a "find me" signal released in the extracell...
	CRT, calreticulin; IFN, interferon; DC, dendritic cell; TAA, tumor associated-antigen; LT cytotoxic,CD8+ T lymphocytes
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	B. Immune response
	C. Inducers of ICD
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	b. Autophagy
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	D. ICD and HNSCC

	Objectives
	The only way to achieve the impossible is to believe it is possible.
	Alice, Alice in Wonderland.

	Results
	It’s not about how much we lost, it’s about how much we have left.
	Tony Stark, Avengers Endgame.
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	Figure 10: Complementary results 1
	Analysis of the expression of the PD-L1, PD-L2, IDO-1, CD47, and CD276, genes by RT-qPCR in CAL27 (A-B) and SQ20B (C-D) cells incubated from 24h to 86h (3 days). Data is represented as mean from three independent experiments +SEM. The observed differe...
	A. Results
	CD276 and CD47 are highly expressed in both cell lines
	Figure 11: Complementary results 2
	Analysis of the expression of the PD-L1 (A), PD-L2 (B), and IDO-1 (C) genes by RT-qPCR in CAL27 cells treated for 24h, 48h, and 72h, with cetuximab (Cx), cisplatin (Cis) at the IC50 and IC75 and the Cx/Cis combination. Data is represented as mean from...

	Cetuximab/cisplatin combination increased ICPs genes expression
	Cetuximab has an inverse effect on PD-L1 protein expression depending on the cell line
	Figure 12: Complementary results 3
	Western blot analysis of PD-L1 expression in whole protein extracts from CAL27 (A) and SQ20B (B) cells treated with cetuximab (Cx), cisplatin (Cis) at the IC50, and IC75, and the Cx/Cis combination for 24h, 48h, and 72h. Quantitative analysis of PD-L1...
	Figure 13: Complementary results 4
	Figure 14: Complementary results 5
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