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ABSTRACT

The protein PD-1 is essential for the maintenance of central and peripheral tolerance by
inducing inhibitory signals upon interaction with its ligand PD-L1. Expression of PD-1 receptor is
induced during T cell activation, and its ligand is present on many tissue-forming cells, such as
epithelial, endothelial, but also professional antigen presenting cells. The interaction between PD-
1 and PD-L1 inhibits effector functions of T cells, thus preventing the development of
autoimmune diseases. In some disease contexts, such as cancer or chronic infections, the persistent
presence of an antigen can result in prolonged expression of PD-1 and lead to an exhausted
phenotype of T cells that prevents them from eliminating the pathogen. The PD-1/PD-L1
interaction is then deleterious and leads to tumor progression or prevents resolution of a chronic
viral infection. Numerous studies have proposed the PD-1/PD-L1 interaction as a therapeutic
target for cancer treatment, and monoclonal antibodies preventing this binding have shown
significant clinical efficacy. However, these treatments are not effective in some patients, and it is
therefore essential to better understand the mechanisms of PD-1-mediated T cell inactivation.

An essential mechanism for efficient T cell activation is the formation of an immunological
synapse with an antigen presenting cell. Thus, the objective of my thesis was to characterize the
impact of the PD-1/PD-L1 interaction on the formation of an immunological synapse. Specifically,
I addressed the following questions:

1. What are the effects of PD-1 on actin cytoskeleton remodeling at the immunological synapse? My work
has shown that PD-1 inhibits actin remodeling at the immunological synapse. Indeed, it prevents
the formation of a dense ring-shaped actin meshwork at the periphery of the contact, and a
hypodense zone in the center. The PD-1/PD-L1 interaction also prevents the morphological
changes of T cells at the immunological synapse. The results suggest that PD-1/PD-L1 interaction
alters the activity of the Arp2/3 complex initiating branched actin polymetization.

2. What are the implications of these alterations on the effector functions of T cells, in particular on the
oytotoxiicity of CD8™ T cells? The absence of the hypodense area in the center of the contact causes a
physical barrier preventing the secretion of cytolytic granules. It can be restored by the
pharmacological opening of the actin meshwork at the synapse. Thus, the effects of PD-1 on actin
may bring a new explanation for the inability of T cells to lyse target cells in the presence of PD-
1/PD-L1.

3. Are these alterations dependent on PD-1 signaling motifs? The inhibitory effects of PD-1 are
generally attributed to its ability to recruit the phosphatase SHP-2 which dephosphorylates key
proteins in the TCR and CD28 signaling pathways. By studying the effects of PD-1 mutated on
the motifs that recruit SHP-2, I was able to demonstrate that the defects in actin remodeling
induced by PD-1 are independent of the signaling motifs. This result is the first report of an SHP-
2-independent inhibitory effect of PD-1.

Thus, we report a novel inhibitory effect of PD-1 on T cell actin remodeling at the
immunological synapse. This PD-1 inhibitory effect results in an absence of actin clearance at the
center of the contact zone, which prevents the secretion of cytolytic granules, and thus the
cytotoxic capacity of T cells. This inhibition appears to be independent of PD-1 signaling motifs
that allow the recruitment of the SHP-2 phosphatase.

Keywords: PD-1, immune synapse, actin remodeling, T' lymphocyte



RESUME

La protéine PD-1 est essentielle au maintien de la tolérance en induisant des signaux
inhibiteurs lors de l'interaction avec son ligand PD-L1. Le récepteur PD-1 est exprimé lors de
l'activation des lymphocytes T, et son ligand est présent sur de nombreuses cellules formant les
tissus, comme les cellules épithéliales, endothéliales, mais également des cellules présentatrices
d’antigene professionnelles. L’interaction entre PD-1 et PD-L1 inhibe les fonctions effectrices des
lymphocytes T, empéchant ainsi le développement de maladies auto-immunes. Dans certains
contextes pathologiques, comme le cancer ou les infections chroniques, la persistante de 'antigéne
peut entrainer I'expression prolongée de PD-1 et conduire les lymphocytes T a adopter un
phénotype d’épuisement qui les empéche d’éliminer des pathogenes. L'interaction PD-1/PD-L1
est alors délétere et entraine une progression tumorale ou empéche la résolution d’une infection
virale chronique. De nombreuses études ont ainsi proposé de cibler I'interaction PD-1/PD-L1 dans
le traitement des cancers, et des anticorps monoclonaux empéchant cette liaison ont montré une
efficacité clinique notable. Cependant, ces traitements sont inefficaces chez certains patients, et il
est donc essentiel de mieux comprendre I'inactivation des lymphocytes T par PD-1.

Un mécanisme essentiel a une activation des lymphocytes T efficace est la formation d’une
synapse immunologique avec une cellule présentatrice d’antigene. Ainsi, objectif de ma these a été
de caractériser limpact de linteraction PD-1/PD-L1 sur la formation d’une synapse
immunologique. Plus précisément, j’ai abordé les questions suivantes :

1. Quels sont les effets de PD-1 sur le remodelage du cytosquelette d'actine a la synapse immunologique ¢
Mon travail a mis en évidence que PD-1 inhibe le remodelage des réseaux d’actine a la synapse
immunologique. En effet, il empéche la formation d’un dense réseau d’actine en forme d’anneau
en périphérie du contact, et d’une zone hypodense au centre. L'interaction PD-1/PD-L1 empéche
également le changement de morphologie des lymphocytes T a la synapse immunologique. Ce
mécanisme semble étre provoqué par une altération de activité du complexe Arp2/3 qui permet
la polymérisation de I’actine branchée.

2. Quelles sont les implications de ces altérations sur les fonctions effectrices des lymphocytes T, en particulier
sur la cytotoxicité des lymphocytes T CD8™ 2 1absence de la zone hypodense au centre du contact
provoque une barri¢re physique empéchant la sécrétion des granules cytolytiques. Cette dernicre
est restaurée par I'ouverture pharmacologique du réseau d’actine a la synapse. Ainsi, les effets de
PD-1 sur P'actine pourraient étre une nouvelle cause expliquant I'incapacité des lymphocytes T a
lyser les cellules cibles en présence de PD-1/PD-L1.

3. Est-ce que ces altérations sont dépendantes des motifs de signalisation de PD-1 2 Les effets inhibiteurs
de PD-1 sont généralement attribués a sa capacité a recruter la phosphatase SHP-2 qui
déphosphoryle les protéines clé des voies de signalisation du TCR et de CD28. En étudiant les
effets de la protéine PD-1 mutée sur les motifs permettant le recrutement de SHP-2, j’ai mis en
évidence que les défauts du remodelage d’actine induits par PD-1 sont indépendants de ces motifs.
Ce résultat est le premier effet inhibiteur de PD-1 indépendant du recrutement de SHP-2 a étre
rapporté.

Ainsi, nous mettons en évidence un nouvel effet inhibiteur de PD-1 sur le remodelage de
l'actine des lymphocytes T a la synapse immunologique. Cela entraine une absence de la clairance
d’actine au centre de la zone de contact, qui empéche la sécrétion de granules cytolytiques, et donc
la capacité cytotoxique des lymphocytes T. Cette inhibition ne dépend pas des motifs de
signalisation de PD-1 permettant le recrutement de la phosphatase SHP-2.

Mots-clés : PD-1, synapse immunologique, remodelage de Iactine, lymphocyte T
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PREAMBULE

« L’Homme est un étre sociable » écrivait Atistote au IV™ siecle avant J-C, slirement sans avoir
la connaissance de I'infime organisation qui nous constitue : le monde cellulaire. Au fil des années
et des découvertes scientifiques, cette citation s’est avérée exacte a toutes les échelles. En effet,
notre survie dépend d’une coopération hautement organisée entre les cellules constituant notre
corps. Le monde cellulaire est composé de multiples acteurs, possédant chacun leur réle et leur
caractére, qui communiquent et interagissent dans notre corps. Le monde cellulaire n’existe qu’a
travers les échanges finement codifiés entre différentes familles de cellules, possédant chacune leur

propre langage et fonction.

Si nous sommes capables de réfléchir et d’organiser nos pensées, c’est grace a la
collaboration qui prend place au sein de notre systéeme nerveux, qui discute par neurones interposés
a I'aide de signaux chimiques ou électriques envoyés par des contacts organisés entre les cellules
appelés les synapses. Notre peau nous confére une protection contre les dangers extérieurs grace a
la cohésion de cellules capables d’établir des jonctions puissantes qui constituent une véritable
barriere isolante. Enfin, notre systeme immunitaire patrouille en permanence dans l'intégralité de
notre corps pour le défendre contre tous types de pathogenes. Cette garde rapprochée nécessite un
lien étroit, établi par des signaux chimiques et des contacts physiques, entre tous ses membres afin
de défendre son hote. Son réle est de nous maintenir en bonne santé, mais elle peut, en cas de
dysfonctionnement, se retourner contre son hote et déclencher des maladies auto-immunes en
attaquant les tissus. Ainsi, une communication extrémement précise est de mise entre les cellules

immunitaires, afin de réguler les réponses.

Les interactions physiques entre les cellules sont régies par leur cytosquelette qui confere
une morphologie et un support adaptés a tous types de fonctions. Il permet notamment aux cellules
immunitaires de patrouiller dans notre corps par une migration dépendante d’un intense
remodelage des différents réseaux de filaments du cytosquelette. Ces réseaux, et plus
particulicrement les filaments d’actine, permettent également aux cellules immunitaires d’établir des
contacts physiques pour échanger des signaux, communiquer et déclencher une réponse lors de la

détection d’un pathogene.



Dans le premier chapitre de 'introduction je présenterai donc les différents réseaux de
cytosquelette structurant nos cellules, afin de mieux comprendre leur fonctionnement. Nous
verrons ainsi comment ils sont assemblés, et quelles protéines régulent leur polymérisation. Je
prendrai un soin particulier a décrire avec plus de détails les éléments essentiels aux fonctions des
lymphocytes T qui seront utiles au fil de ce manuscrit.

Au cours de la deuxi¢me partie de l'introduction je présenterai en détail la formation et la
structure d’une synapse immunologique, ainsi que la signalisation qui y est associée. Je mettrai
ensuite en évidence I'importance du cytosquelette dans la formation de la synapse, et enfin,
présenterai 'exemple de la synapse lytique.

Le troisieme chapitre de lintroduction aura pour objectif de présenter comment les
lymphocytes T puisent de I’énergie selon différents programmes métaboliques distincts afin de
soutenir leurs fonctions effectrices. Apres avoir présenté quels programmes les lymphocytes T
utilisent en fonction de leur stade d’activation, je présenterai les voies de signalisation qui les
régulent. Pour finir, je mettrai en évidence le lien entre le cytosquelette et le métabolisme.

Enfin, la quatriéme partie de l'introduction présentera la cible d’immunothérapie PD-1.
Apres avoir mis en évidence 'importance de cette protéine dans ’homéostasie, je présenterai les
aspects néfastes qu’elle représente dans un contexte inflammatoire et cancéreux, ainsi que le
potentiel thérapeutique qui en résulte. Pour comprendre le fonctionnement de cette voie
inhibitrice, je décrirai ensuite sa structure, sa régulation et la voie de signalisation qui en résulte.
Enfin, je présenterai les fonctions effectrices des LT inhibées par PD-1, et les premicres études

mettant en évidence une altération de la synapse immunologique par la protéine.

La partie résultats consiste en deux articles actuellement en révision, résultant de mon
travail de these. Le premier, qui a fait 'objet de la majeure partie de mon temps et répond aux
questions principales de mon projet, porte sur les effets de PD-1 sur la formation de la synapse
immunologique. Le second, fruit d’une collaboration, porte sur le changement métabolique qui

s’opere dans les lymphocytes T lors de I'activation, et le lien avec le cytosquelette d’actine.

Dans ensemble, 'objectif de ce travail de these est de caractériser les effets de PD-1 sur la
synapse immunologique, et plus particuliecrement sur le remodelage du cytosquelette d’actine. Les
résultats générés au cours de ce projet permettront en premier lieu de définir plus précisément d’un
point de vue fondamental le mécanisme d’inhibition des lymphocytes T par PD-1. Plus largement,
ils consolideront les connaissances actuelles et permettront, ensemble, d’améliorer les stratégies

thérapeutiques fondées sur la voie PD-1.



INTRODUCTION




CHAPITRE 1

Le cytosquelette des lymphocytes T

Cette premicre partie de l'introduction a pour objectif de présenter les
différents réseaux de cytosquelette structurant nos cellules, et de
comprendre leur fonctionnement. Nous verrons ainsi comment ils sont
assemblés, et quelles protéines régulent leur polymérisation. Je prendrai un
soin particulier a décrire avec plus de détails les éléments essentiels aux

fonctions des lymphocytes T qui seront utiles au fil de ce manuscrit.
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1.1  Les filaments du cytosquelette

Les cellules eucaryotes sont capables d’adapter leur morphologie selon leur environnement
ou selon les fonctions qu’elles doivent accomplir. Au repos, les lymphocytes T sont des cellules
rondes et symétriques. Dés lors qu’ils entament une migration, ils adoptent une forme élongée
polarisée avec un large lamellipode a avant et un uropode a I'arriere. Lors de la transmigration
endothéliale, le processus par lequel les lymphocytes T migrent a travers les parois des vaisseaux
sanguins pour pénétrer dans divers tissus et organes, ils adoptent des formes exigués qui leur
permettent d’accéder aux organes lymphoides secondaires. Enfin, ils sont capables d’adopter une
forme convexe lorsqu’ils rencontrent une cellule présentatrice d’antigéne. Cette importante
plasticité est partagée par toutes les cellules eucaryotes et leur est conférée grice au méme réseau

de filaments : le cytosquelette.

Le cytosquelette est constitué de trois types de filaments complémentaires, possédant
chacun un réle distinct: les filaments d’actine structurent la morphologie et permettent les
déformations cellulaires, les microtubules régulent la division cellulaire et permettent le transport
intracellulaire et la polarisation des organelles et les filaments intermédiaires assurent la

résistance mécanique des cellules.

Figure 1 : Réseaux du cytosquelette des cellules COS-7

Gris : actine, rouge : microtubules, bleu : vimentine (filaments intermédiaires)
Crédits : Christophe Leterrier, NeuroCyto, INP, Marseille

11



LES FILAMENTS D’ACTINE ou microfilaments, sont localisés sous la membrane plasmique
et conférent la morphologie et la force de la membrane. La dynamique de croissance des
microfilaments permet aux cellules de former des projections telles que des filopodes, minces
faisceaux d’actine qui servent d’antennes pour sonder 'environnement, et des lamellipodes, larges
extensions membranaires d’actine qui leur permettent d’explorer et de se déplacer. La plasticité
conférée aux cellules par les filaments d’actine permet aux lymphocytes T de migrer de la périphérie
vers les tissus ou organes lymphoides, ainsi que de former des contacts avec les cellules

présentatrices d’antigene.

LES MICROTUBULES déterminent la position des organelles, dirigent le transport
intracellulaire et controlent le positionnement des chromosomes pendant la mitose. Assemblés a
partir du centrosome, ils forment un réseau en étoile dans le cytoplasme de la cellule. Pendant de
la migration des lymphocytes T (LT), le centrosome est positionné dans 'uropode de la cellule.
Lors du contact avec une cellule présentatrice d’antigene, le centrosome est polarisé vers la zone
de contact et permet la relocalisation des organites essentiels a la sécrétion de cytokines ou de

granules cytolytiques.

LES FILAMENTS INTERMEDIAIRES conférent un support mécanique aux cellules. Ce
réseau s’étend de 'enveloppe nucléaire, formant une cage qui protege PADN de la cellule, jusqu’a
la membrane plasmique. Les filaments intermédiaires controlent la rigidité des cellules et se

positionnent dans 'uropode des cellules en migration.

Sens de migration
Ot Ot erarol

/ Filopode

Lamellipode

Centrosome

FILAMENTS D’ACTINE MICROTUBULES ~ FILAMENTS INTERMEDIAIRES

Figure 2: Localisation des différents réseaux du cytosquelette
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1.2 L’assemblage des filaments de cytosquelette

Les différentes structures du cytosquelette forment des réseaux dans I'intégralité de I’espace
disponible d’une cellule, pouvant atteindre jusqu’a plusieurs centaines de micrometres. Pourtant,
chaque réseau est constitué de protéines ne mesurant chacune pas plus de quelques nanometres.
Afin de construire ces longs réseaux de cytosquelette, différentes sous-unités sont assemblées pour

constituer chaque type de filament.

LES FILAMENTS D’ACTINE (F-actine) sont constitués de monomeres d’actine globulaire
(G-actine). Les molécules de G-actine sont polarisées et s’assemblent en formant deux
protofilaments paralléles qui s’enroulent 'un autour de l'autre en une hélice mesurant 7nm. Chaque
filament est lui-méme polarisé et possede une extrémité dite positive, aussi appelée barbed end, et
une extrémité négative, ou pointed end. Les nouveaux monomeres de G-actine liés a 'adénosine
triphosphate (ATP) se lient a Pextrémité positive pour allonger le filament, alors que du coté de
Pextrémité négative, une dépolymérisation des monomeres de G-actine dont PATP a été hydrolysée
en adénosine diphosphate (ADP) se produit. Il en résulte une polymérisation a extrémité positive
et une dépolymérisation a 'extrémité négative de maniére continue, qui provoque un déplacement
du filament d’actine permettant aux cellules de changer de forme et de produire des protrusions

pour migrer ou établir des contacts avec d’autres cellules.

LES MICROTUBULES sont composés de sous-unités de tubuline a et § formant un
hétérodimere a-8. Les sous-unités de tubuline interagissent pour former un protofilament constitué
d’interactions o-3 longitudinalement, et o-a ou B-B latéralement. Ainsi, en moyenne 13
protofilaments s’assemblent en un tube creux polarisé de 25nm de diameétre formant le microtubule
(Gall, 1966). L’assemblage unidirectionnel des hétérodimeres de tubuline confere une polarité aux
microtubules. La croissance est rapide a extrémité positive, alors qu’elle est lente a 'extrémité
négative qui est ancrée dans le centrosome. L’énergie de polymérisation et de dépolymérisation des
microtubules est fournie par le guanosine triphosphate (GTP) lié aux sous-unités de tubuline. Les
sous-unités a et 3 de la tubuline possédant une activité GTPase, elles hydrolysent le GTP en GDP
lors de I'incorporation de nouvelles sous-unités au polymere. Lorsque la majorité des sous-unités
de tubuline est liée a du GDP, le microtubule devient instable et se dépolymérise. A TI'inverse,
I'incorporation de nouvelles tubulines liées au GTP stabilise le microtubule et favorise sa
croissance. Les microtubules sont donc des polymeéres dynamiques oscillant entre des cycles de

polymérisation et de dépolymérisation. Lors d’une transition de la polymérisation vers la
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dépolymérisation on parle de «catastrophe », alors que la transition inverse est appelée un

« sauvetage ».

LES FILAMENTS INTERMEDIAIRES peuvent étre constitués de différents types de
protéines mais partagent une structure commune. Pour I'assemblage, deux dimeéres enroulés en
hélice s’associent de maniere antiparallele et forment une sous-unité tétramérique appelée un
protofilament. Un filament intermédiaire est constitué de 8 protofilaments et mesure 10nm de
diameétre. I’assemblage et la dissociation des filaments intermédiaires sont des processus plus lents
que ceux de l'actine et des microtubules (quelques minutes contre quelques secondes). De ce fait,
ce sont des structures plus stables mais moins dynamiques. Les lamines sont des filaments
intermédiaires qui renforcent la structure du noyau et permettent d’établir les liaisons entre la
chromatine et la membrane nucléaire. Le role des filaments intermédiaires est trés peu étudié dans
les L'T. Dans les cellules T circulantes, la vimentine est responsable de la rigidité cellulaire (Brown

et al., 2001), 'adhésion et la migration trans-endothéliale (Nieminen et al., 2006).

FILAMENTS D’ACTINE MICROTUBULES FILAMENTS INTERMEDIAIRES
G-actine @ ) Hétérodimere O@ Dimeére
@ tubuline
@ ® 6) 3 Butu%uline
l l GTP-tubuline l
Noyau de F-actine Protofilament 8 Tétramere
®  Eiongation 000000
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ADP-G-actine ATP-G-actine
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> P000user i ]
Extrémité — Extrémité + Extrémité — Extrémité + Huit tétrameéres assemblés
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Figure 3 : Assemblage des filaments du cytosquelette
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1.3  Les protéines de nucléation

Les filaments de cytosquelette peuvent donc se polymériser simplement en assemblant des
sous-unités de polymeéres. Sans régulation de ce processus, l'intégralité des monomeéres serait
consommée et les cellules seraient remplies de filaments non organisés. Pourtant, les cellules sont
constituées de structures de cytosquelette hautement organisées, et sont capables d’établir une
polarité et des cycles de polymérisation de filaments selon leurs besoins, puisque 50% de Iactine
est conservée sous forme de monomere dans une cellule au repos (Dominguez and Holmes, 2011).
Ce controle rigoureux de la localisation, de I'organisation et de la croissance des filaments de
cytosquelette est effectué par des protéines qui interagissent avec les sous-unités et les filaments de

cytosquelette.

Les filaments d’actine et les microtubules s’allongent a partir d’un noyau constitué de plusieurs
monomeres. Pourtant, ’association de monomeres de G-actine ou de tubuline forme des noyaux
trés instables qui ne peuvent pas ¢tre suffisamment maintenus pour générer un filament. Clest
pourquoi des protéines de nucléation interviennent, afin de stabiliser les noyaux formés ou de servir

de modele pour I'assemblage d’un nouveau filament.

LES FILAMENTS D’ACTINE sont nuclées a partir d’un noyau constitué de trois monomeres

de G-actine grace a deux familles de protéines de nucléation : le complexe Arp2/3 et les formines.

o Le complexe Arp2/3 est a Porigine de la nucléation de réseaux d’actine branchée qui
exercent des forces permettant la motilité, le trafic vésiculaire et la scission membranaire.
Arp2/3 se fixe sur un filament d’actine préexistant, appelé le filament mére, et favorise la
nucléation d’un nouveau brin, le filament fille, avec un angle de 70° par rapport au premier
(Mullins et al., 1998). Ce complexe est constitué de sept sous-unités comprenant les
protéines liées a I'actine Arp2 et Arp3, ainsi que cinqg autres sous-unités ArpCl a ArpC5.
Les protéines Arp2 et Arp3 servent de pseudo-actine durant la nucléation, alors que les
cinq autres sous-unités tiennent les protéines Arp ensemble et permettent les interactions
avec le filament mere (FaBler et al., 2020). Lorsque le complexe est seul, il est dans une
conformation qui le maintient inactif, ou les protéines Arp sont dissociées. Pour son
activation, des protéines favorisant la nucléation appelées nucleating protein factors (NPF) se
lient au complexe Arp2/3 et modifient sa conformation pour que les protéines Arp soient

disposées comme un filament, en conformation dite short-piteh (Espinoza-Sanchez et al.,
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2018). Les NPF établissent également un lien entre les monomeéres de G-actine et le
complexe Arp2/3 pour permettre la nucléation de nouveaux filaments d’actine. Une fois
les réseaux d’actine branchée polymérisés, ils sont stabilisés par la cortactine, une autre

protéine NPT.

Dans les LT, le complexe Arp2/3 est associé a la formation d’un dense lamellipode
d’actine branchée a 'avant des cellules qui migrent et en périphérie de la zone de contact
avec les cellules présentatrices d’antigene (CPA). Les réseaux d’actine branchée sont
stabilisés par ’homologue hématopoiétique de la cortactine, la protéine HS1, qui se lie a
WASP, induit Pactivité du complexe Arp2/3 et stabilise les filaments d’actine branchée
(Gomez et al., 2006). En régulant la formation du lamellipode, Arp2/3 est essentiel a la
migration des LT (Obeidy et al., 2020). Ce complexe est également clé pour leur activation,
car il permet le maintien des récepteurs de lymphocytes T (TCR) a la surface (Zhang et
al., 2017), et régule la formation d’une protrusion qui leur permet d’exercer des forces sur
les CPA (Basu et al.,, 2016 ; Zucchetti et al., 2021). Ces forces sont essentielles a la
cytotoxicité des LT (Randzavola et al., 2019). Au-dela des forces qu’il exerce, le réseau
d’actine dépendant d’Arp2/3 controle également la sécrétion de granules cytolytiques
puisque son inhibition locale au centre de la zone de contact offre une zone permissive

aux échanges entre le LT et la cellule cible (Ritter et al., 2015).

Liaison des protéines NPF

Stabilisation des
filaments d’actine

Conformation inactive Conformation active Nucléation d’actine branchée

Figure 4 : Le complexe Arp2/3
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Les protéines de la famille WASP sont des protéines NPF possédant un domaine riche
en proline en C-terminal et un domaine WH2 central acide (WCA). Les régions riches en
proline permettent le recrutement d’actine pour alimenter la croissance d’un nouveau
filament, alors que la région WCA est essentielle pour activer le complexe Arp2/3 (Padrick
et al., 2011). Les protéines de la famille WASP (Wiskott-Aldrich syndrome protein) sont
impliquées dans différentes fonctions : N-WASP régule 'endocytose, WAVE (IW.ASP-
Sfamily verprolin-homologous protein) est impliquée dans la formation de protrusions et la
migration, WASP est essentielle a la formation de la synapse immunologique. Les protéines
de la famille WASP activent toutes le complexe Arp2/3, mais sont elles-mémes activées
par différents facteurs. En effet, la protéine WASP est activée par la RhoGTPase Cdc42
(Symons et al., 1996), alors que l'activation de WAVE dépend de Rac (Lebensohn and
Kirschner, 2009).

Dans les LT, WASP a d’abord été identifiée comme étant impliquée dans
I'assemblage de la synapse immunologique (Dupré et al., 2002). Plus tard, il a été mis en
évidence que WASP est surtout impliquée dans la stabilisation de la synapse (Sims et al.,
2007), et que les LT de patients WAS rencontrant des CPA forment des kinapses instables
plutot que des synapses (Calvez et al., 2011). Cette incapacité a former des synapses
immunologiques matures empéche une activation efficace des LT, et notamment la capacité
cytotoxique des LT CD8". En effet, les cellules des patients WAS présentent une activité
cytotoxique réduite malgré la conservation de leur capacité a sécréter des granules lytiques
(De Meester et al., 2010). WASP et Arp2/3 jouent également un réle dans P'activation des
LT en favorisant la formation de denses foci d’actine associés aux microclusters de TCR,
qui servent de plateforme pour 'organisation du signalosome de TCR (Kumati et al., 2015).
Ces foci d’actine représentent également une structure qui permet aux LT d’interagir avec
des CPA et d’exercer des forces sur ces dernieres. En I’absence de WASP, I'assemblage des
foci d’actine et la phosphorylation de la protéine mécano sensible CasL. sont nettement
diminués, suggérant une implication de WASP dans I'exertion de tensions membranaires
(Kumari et al., 2020). Il a également été mis en évidence que WASP permet la liaison de
nombreuses protéines clé de I'activation par le TCR au cytosquelette d’actine (Ditlev et al.,

2019).
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e Les formines sont des protéines homodimériques localisées a la membrane plasmique, qui
initient la nucléation de filaments d’actine. A l'inverse du complexe Arp2/3, les formines
interagissent avec extrémité positive des filaments d’actine. Elles possedent un domaine
FH2 qui sert de site d’ancrage et de modele, et d’un long domaine FH1 qui capture les
monomeres de G-actine et les transfere au domaine FH2 (Pollard, 2016). Les formines
favorisent I'allongement de filaments d’actine préexistants en éliminant les protéines de
coiffe de Pextrémité positive et en formant un anneau autour des sous-unités d’actine. Elles
permettent 'extension de filaments d’actine non branchés dont l'intégrité structurelle est
conservée grace a leur maintien par les fascines (Yang and Svitkina, 2011). Les filaments
d’actine linéaires résultant d’une polymérisation dépendante des formines permet de former

des fibres de stress, des filopodes et 'anneau de cytokinése.

Dans les LT, les formines Diaphanous-1 (Dial) et Formin-like-1 (FMNL1)
controlent la polarisation du centrosome (Gomez et al., 2007) et de la kinase essentielle a
lactivation par le TCR, ZAP-70 (Thumkeo et al.,, 2020)a la synapse immunologique.
FMNL1 permet la migration des LT effecteurs aux sites inflammatoires par une
polymérisation d’actine a Iarricre de la cellule qui permet le passage du noyau a travers les

barrieres physiques des organes secondaires lymphoides (Thompson et al., 2020).

COMPLEXE ARP2/3

FORMINES

N = Yt — DX eetrneatsttaesine

Figure 5 : Nucléation de filaments d'actine par le complexe Arp2/3 et les formines

18



La quantité de monomeres de G-actine disponibles pour la création de nouveaux filaments
dans une cellule T au repos est limitante, ce qui génére une compétition entre le complexe Arp2/3
et les formines pour I'accés aux monomeres. Ainsi, il a été démontré que l'inhibition d’Arp2/3
entraine une tres forte augmentation de la quantité de structures d’actine dépendantes des formines,
et vice versa en cas d’inhibition des formines (Lomakin et al., 2015). Pour que l'assemblage de
l'actine puisse continuer, des monomeres de G-actine doivent donc étre continuellement libérés
par le désassemblage des filaments d'actine. L’acteur principal du désassemblage des filaments
d’actine est la protéine cofiline (Kanellos and Frame, 2016). C’est pour cette raison que les signaux
qui entrainent l'assemblage d’actine dépendant d'Arp2/3 en aval de WAVE (le principal
consommateur de monomeres) entrainent également l'activation de la cofiline (Roybal et al., 2010).
Sans le renouvellement des filaments par la cofiline, 1'assemblage des microfilaments ralentirait

rapidement, car Arp2/3 serait privé de monomeres.

LES MICROTUBULES sont nuclées a partir d'un unique centre organisateur des
microtubules (MTOC) : le centrosome. Une polymérisation spontanée sans intervention de
protéines de nucléation est possible, mais elle requiert beaucoup d’énergie aux cellules (Kuchnir
Fygenson et al., 1995). Dans des cellules non polarisées, le centrosome est localisé au centre et est
constitué de deux centrioles qui sont eux-mémes composés de courts microtubules, entourés d’une
matrice appelée le matériel péricentriolaire. Les complexes de nucléation sont constitués de
tubuline y, une troisicme forme de tubuline, associée a des y complex proteins. Ensemble, ce complexe
forme un anneau appelé le y twbulin ring complex (YTuRC). Sa forme caractéristique impose la
structure cylindrique des microtubules (Moritz et al., 2000). Les microtubules s’allongent a partir
du centrosome, avec leur extrémité négative attachée au yTuRC en une structure en forme d’étoile

appelée aster.

Dans les LT, le positionnement du centrosome lors du contact avec une CPA permet le
transport de vésicules contenant des molécules effectrices vers la CPA et leur sécrétion polarisée

(Stinchcombe et al., 2000).
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1.4 Les moteurs moléculaires

Apres la polymérisation des filaments et la régulation de leur croissance et de leur structure,
un autre type de protéines se liant aux filaments de cytosquelette entre en jeu pour leur permettre
des déplacements : les moteurs moléculaires. Les moteurs moléculaires interagissent avec les
filaments polarisés et se déplacent le long des filaments grace a des réactions d’hydrolyse de TATP
qui leur permettent de s’accrocher et de se décrocher des filaments. Il existe différentes sortes de
moteurs moléculaires, qui différent dans leur habilité a transporter des cargos, leur vitesse et leur
directionalité. Il existe deux types de moteurs moléculaires : les moteurs processifs et non processifs
(Howard, 1997). Les moteurs processifs ont la capacité d’effectuer plusieurs pas avant de se
détacher du filament, et un seul moteur est suffisant pour transporter un cargo sur une distance
importante. Des exemples notables sont les kinésines, les myosines V et VI, et les dynéines. Les
moteurs non-processifs se dissocient des filaments aprés chaque pas, mais peuvent toutefois
déplacer des charges sur de longues distances lorsqu’ils cooperent en grand nombre. Les moteurs

non processifs les plus étudiés sont les myosines musculaires et les dynéines des axonémes.

e Les myosines conférent aux cellules leur contractilité et leur permettent de générer des
forces mécaniques. Elles ont d’abord été identifiées comme étant a lorigine de la
contractilité musculaire. Ces moteurs moléculaires se déplacent sur les filaments d’actine
en direction de Pextrémité positive. Les myosines sont capables de convertir Iénergie
chimique stockée dans ’ATP, en énergie mécanique, générant un mouvement et de la force.
Les myosines ne sont pas seulement utiles a la contraction musculaire, mais également au

mouvement de cellules non musculaires, comme pour la division cellulaire ou la motilité.

La myosine la plus étudiée dans les LT est la myosine IIA. Cette longue protéine
formée de deux hélices a entremélées en cosled-coi/ possédant chacune une téte globulaire en
N-terminal contient la machinerie responsable a la production de forces. Lors de
Pactivation des LT, la myosine IIA MyH9 est essentielle a la formation de la synapse
immunologique ou elle permet la génération de forces (Kumari et al., 2012). Les LT
expriment également la myosine I Myolg, qui maintient la tension de membrane essentielle

a la migration et a 'interaction entre les cellules (Gérard et al., 2014).

e Les kinésines sont des protéines motrices qui se déplacent le long des microtubules. Leur

structure est similaire a la myosine 11 puisqu’elles possédent deux domaines moteurs a téte
Y
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globulaire et une longue queue coiled-coil. Les kinésines se déplacent vers les extrémités
positives des microtubules et possedent un site de liaison pour un organelle membranaire

dans la queue.

Dans les LT, 1a kinésine 4 controle la croissance des microtubules et la polarisation
du centrosome vers la synapse immunologique (Hooikaas et al., 2020). La motilité des
granules lytiques des lymphocytes T cytotoxiques vers la synapse immunologique est
dépendante de la kinésine 1 (Burkhardt et al., 1993 ; Kurowska et al., 2012). La kinésine 7
est un moteur ciliaire nécessaire au développement des LT (Lau et al., 2017). Malgré
I'absence de cil primaire dans les LT, ils expriment des composants de la machinerie de

transport ciliaire, impliqués dans la synapse immunologique (Finetti et al., 2014).

e Les dynéines se déplacent vers extrémité négative des microtubules et sont composées
de deux chaines lourdes capables de lier PATP et les microtubules, et de 4 chaines légeres

qui lient des vésicules ou des organites cellulaires.

Dans les LT, la dynéine est recrutée a la synapse immunologique (Combs et al.,
2000) et contribue a la polarisation du centrosome (Martin-Coéfreces et al., 2008) en tirant
sur les microtubules pour repositionner le centrosome a la synapse. Le recrutement de la
dynéine dépend de 'accumulation polarisée du second messager lipidique diacylglycérol
(DAG) et de la protéine kinase C (PKC) (Liu et al., 2013). Ces deux facteurs coordonnent
a la fois la polarisation des dynéines et la clairance d’actine au centre de la synapse
immunologique (Sanchez et al., 2019), qui permet aux dynéines de former des groupes

(Gros et al., 2021).

MYOSINE KINESINE DYNEINE

Actine Microtubule Microtubule

Figure 6 : Les moteurs moléculaires
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CHAPITRE 2

La synapse immunologique

Dans cette deuxieme partie de lintroduction je présenterai en détail la
formation et la structure d’une synapse immunologique, ainsi que la
signalisation qui y est associée. Je mettrai ensuite en évidence 'importance
du cytosquelette dans la formation de la synapse, et enfin, présenterai

I'exemple de la synapse lytique.

22



2.1 Formation de la synapse immunologique

L’activation des LT joue un role essentiel dans les réponses immunes adaptatives. Elle est
induite par linteraction entre les récepteurs des LT (TCR) et leurs ligands, les complexes
d’histocompatibilité majeure liés a un peptide (CMHp), présents sur les cellules présentatrices
d'antigene (CPA). L’interaction entre un LT et une CPA établit une zone de contact hautement
organisée dans le temps et 'espace, que 'on appelle la synapse immunologique (SI). Cette structure
a été décrite pour la premiere fois en 1984 comme une zone d’accumulation des TCR et d’autres
molécules accessoires entre les deux cellules, permettant la reconnaissance de I'antigene présenté
et Pactivation du LT (Norcross, 1984). Quelques années plus tard, la SI a été définie selon une
architecture moléculaire permettant la reconnaissance d’antigene et la signalisation. Les récepteurs
et les molécules d’adhésion sont hautement organisés pour permettre une activation efficace des

LT (Grakoui et al., 1999 ; Monks et al., 1998).

Le développement des LT prend place dans le thymus, puis les cellules matures rejoignent la
circulation sanguine. En absence de pathogenes, les LT naifs migrent entre le sang et les organes
lymphoides secondaires a la recherche d’antigenes. Dans les zones T des ganglions, les LT
interagissent avec des cellules dendritiques (DC) (Memel et al., 2004). Les LT peuvent également
interagir avec des lymphocytes B (LB) dans les ganglions. Ces interactions sont essentielles aux
fonctions des LB puisqu’elles permettent leur prolifération et leur maturation en cellules
plasmocytes ou en LB mémoires. Ces premicres rencontres d’antigénes du soi présentés par des

CPA pré-activent les LT et les rendent fonctionnels pour reconnaitre et éliminer des pathogenes.

Lors du développement des LT dans le thymus, les clones possédant un TCR capable de
reconnaitre un antigéne associé a une infection ou a d’autres facteurs perturbant ’homéostasie
comme le cancer, sont sélectionnés. Les LT expriment un TCR hautement polymorphique, capable
de reconnaitre des peptides liés a des protéines membranaires du CMH. Les protéines présentes
dans le cytoplasme des cellules sont présentées sur le CMH de classe I par toutes les populations
cellulaires, alors que les protéines qui restent dans des endosomes ou des lysosomes sont présentées
par des molécules de CMH de classe 1I par des CPA professionnelles. Le TCR et ses ligands ne
mesurant que 7,5nm, les membranes du LT et de la CPA doivent se rapprocher a 13nm I'une de
l'autre pour la reconnaissance de I'antigene (Garboczi et al., 1996). Ainsi, la formation d’une SI

hautement organisée dans le temps et 'espace est essentielle a 'activation des LT.
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Dans la circulation, les LT sont ronds et non polarisés. Ils présentent alors de petites
projections flexibles appelées wzcrovillis ou microvillosités, constituées de nombreux faisceaux
paralléles de filaments d'actine qui prolongent la membrane cellulaire et forment des sortes de
doigts. Les microvillosités ont d’abord été montrés comme étant essentiels a la phase initiale de
Pextravasation des LT, car ils sont recouverts de molécules d’adhésion, ce qui permet aux LT de
s’attacher et de rouler sous un flux physiologique (von Andrian et al., 1995). Plus récemment, une
approche de microscopie a super résolution a permis de mettre en évidence que les TCR sont
regroupés au bout des microvillosités (Jung et al., 2016), mettant en évidence que ces projections
de surface sont des senseurs efficaces qui permettent aux LT de scanner rapidement la surface des
CPA ou des cellules cibles pour y trouver des motifs antigéniques (Cai et al., 2017). Enfin, les LT
peuvent déposer des particules dérivées des microvillosités contenant des TCR a la surface des
CPA activatrices qui présentent des antigenes. Ces particules sont enrichies en molécules
d’adhésion et en cytokines qui permettent 'activation des DC, et il a donc été proposés que les
microvillosités constituent également des «synaptosomes immunologiques», capables de

transmettre des messages d’activation aux CPA (Kim et al., 2018).

Enrichissement d’actine

Rétraction, P
inversement de la
polarité N 4

D Déplétion d’actine
. W Flactine
N
....f!-' ) ®  Granule

Polatisationdu |~ S/~ L ) |

centrosome et des

.
éi Centrosome

granules

Figure 7 : Les événements de la formation d’une synapse immunologique
Schéma inspiré de la revue (Douanne and Griffiths, 2021)
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Lors d’une infection, la présence de chimiokines induit une polarisation qui permet la
migration et I'extravasation des LT vers les organes lymphoides secondaires. L’exposition aux
chimiokines active également des molécules d’adhésion comme LFA-1 (lenkocyte function-associated
antigen-1). Les cellules T polarisées présentent un lamellipode riche en F-actine a avant avec les
microvillosités au bout, et un uropode riche en myosine II a Iarriére. Lors de la migration, le
centrosome est positionné dans 'uropode des LT (Dustin et al., 1997). L’engagement du TCR
inverse la polarité des LT et augmente leur adhésion, ce qui provoque une décélération puis

finalement P’arrét des LT sur les CPA.

Le premier contact avec la CPA se fait par de longues projections a I’'avant des LT, formant
un contact initial interdigité (Jenkins et al., 2014 ; Sanderson and Glauert, 1979). Ces projections
riches en actine s’aplatissent rapidement pour obtenir un contact étendu entre le LT et la CPA.
Lors de la formation d’une synapse entre un LT et une CPA, le centrosome est transloqué au centre
de la zone de contact (Geiger et al., 1982). Cette réorientation permet dans la plupart des cas une
sécrétion dirigée des granules cytolytiques par les LT CD8" cytotoxiques (Stinchcombe et al., 20006),

et de certaines cytokines pat les LT CD4" auxiliaires (Huse et al., 2000).

Enfin, une zone hypodense en actine se forme au centre du contact pour permettre
I’échange de cytokines et de granules (Ritter et al., 2015). A la fin du contact, I’actine est relocalisée
au centre et arréte ainsi la sécrétion (Ritter et al., 2017), puis le centrosome est a nouveau transloqué

vers I'uropode.
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2.2 Architecture de la synapse immunologique

La formation d’une interaction stable entre un LT et une CPA est controlée par une
organisation spatiotemporelle précise permettant I'activation des LT. De nombreuses molécules
sont réorganisées a la zone de contact pour permettre une activation optimale. Les L'T sont capables
de former différents types de synapses immunologiques en fonction de leur stade de
développement et des CPA qu’ils rencontrent. L’architecture particulicre de chaque synapse
immunologique sera décrite dans cette section pour constituer la fondation de la partie suivante

qui décrira plus en détail la signalisation qui y est associée.

LA SYNAPSE CONCENTRIQUE est la premiére organisation de molécules a avoir été décrite
dans un contact entre des L'T et des LB (Monks et al., 1998) ou une bicouche lipidique (Grakoui et
al., 1999). Ce type de synapse s’établit entre des LT et des LB ou des DC matures. La synapse
concentrique s’organise en différents groupements structurés de molécules, notamment des
récepteurs antigéniques et des molécules d'adhésion, formant des zones appelées des supramolecular
activation clusters SMAC). Ces synapses sont également appelées synapses de Kupfer ou synapses
en ceil de beeuf en raison de leur structure. En effet, elles s’organisent en trois régions dans

lesquelles les molécules membranaires sont ségrégées (Monks et al., 1998) :

e Le central SMAC (cSMAC) est une zone centrale ou le réseau d’actine est hypodense
(Carisey et al., 2018), dans laquelle sont regroupés les complexes de TCR-CD3 et les
protéines qui s’y associent avant d’étre internalisés, ainsi que les molécules de
costimulation positives comme CD28 ou négatives comme PD-1 (Yokosuka et al.,
2012). Le cSMAC détermine aussi la polarisation du centrosome par I'intermédiaire de
la position du diacylglycérol (DAG) qui forme un gradient centré au cSMAC (Quann
et al., 2009 ; Spitaler et al., 2000).

o Le peripheral SMAC (pSMAC) est une zone périphérique qui entoure le cSSMAC,
enrichie en molécules d’adhésion comme lintégrine LFA-1. Elle contient également
des protéines associées au cytosquelette qui forment le réseau d’actomyosine.
Ensemble, les molécules d’adhésion et 'actomyosine permettent la stabilisation de la

synapse.
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e Le distal SMAC (dSMAC) est une zone distale autour du pPSMAC ou un lamellipode
d’actine filamenteuse branchée se forme, et ou se localisent des molécules exclues de
la SI en raison de leur encombrement stérique, comme les phosphatases CD43 et
CD45 (Dustin, 2014). C’est également une zone dans laquelle se forme une corolle de
CD2, une protéine qui amplifie 'adhésion et la signalisation (Demetriou et al., 2020).
La signalisation du TCR commence dans le dSMAC puisque les wmicroclusters de
TCR/CD28 s’y forment avant de ségréger dans le cSMAC ou les TCR sont ensuite
internalisés (Cassioli and Baldari, 2022).

Myosine

CD4/CD8

TCR/CD3 CD28

PD-1 LAT

DAG

LFA-1

Figure 8 : Structure de la synapse concentrique

LA SYNAPSE MULTIFOCALE est une structure formée lors du contact entre un LT naif et
une DC immature (Benvenuti et al., 2004 ; Brossard et al., 2005). Contrairement aux synapses
concentriques qui permettent aux cellules d’établir des contacts stables et durables, les synapses
multifocales n’induisent pas la formation d’'un cSMAC, mais plutot de multiples zones de contact
éparses, sans recrutement du TCR et de ceinture de LFA-1. Ces contacts désorganisés sont moins

stables et ne permettent pas une activation compléte des LT.

27



LES KINAPSES sont des jonctions adhérentes motiles qui permettent aux LT d’intégrer des
sighaux lors de mouvements sur la surface des CPA (Dustin and Kimmel, 2007). Contrairement
aux synapses concentriques qui sont des contacts stables et symétriques, les kinapses sont
asymétriques et en mouvement. Les kinapses sont constituées d’un lamellipode au front de
migration, dans lequel des wicroclusters de TCR sont formés, entouré d’une zone ou les TCR et les
intégrines sont entremélés, et d’'un uropode ou 'adhésion et les TCR se désengagent lorsque le LT
se déplace. Dans ces structures, les organelles des LT sont positionnés dans I'uropode des LT, de
maniere similaire aux LT en migration. Malgré I'instabilité du contact, les TCR engagés dans les
kinapses sont capables d’induire une signalisation (Mempel et al., 2004) et d’¢tre internalisés
(Friedman et al., 2010). Les signhaux accumulés par les kinapses permettent aux LT de diminuer
Iexpression de CCR7, un récepteur de chimiokines, et ainsi de réduire les sighaux chimio-cinétiques
pour leur permettre finalement de s’arréter sur la CPA et d’établir une synapse concentrique stable
(Dustin, 2008). Les L'T peuvent passer d’une synapse a une kinapse par le controle de la protéine
DAG-dépendante PKCH, alors que la protéine WASP aide a la conversion des kinapses en synapses
(Sims et al., 2007). Les kinapses permettent donc aux LT de scanner les CPA, accumulant ainsi des
signaux qui les pré-activent, pour finalement ralentir leur vitesse de migration et s’arréter afin de

former une synapse stable et efficace pour induire une activation compléte des LT.

SYNAPSE CONCENTRIQUE SYNAPSE MULTIFOCALE KINAPSE

Vue de coté

f:
Vue en face uropode lamelle

Figure 9 : Les différentes structures de synapses immunologiques
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2.3  Signalisation a la synapse immunologique

L’interaction entre un LT et une CPA présentant un antigéne induit la formation d’une
synapse immunologique qui résulte en une activation efficace des L'T. Afin de recevoir les signaux
activateurs, les L'T mettent en place plusieurs voies de signalisation a partir de la reconnaissance de

I'antigene par le TCR.

LA SIGNALISATION PAR LE TCR prend place lors de la reconnaissance d’un complexe
CMH-peptide. Le TCR est présent a la surface des LT et composé de deux sous-unités capables de
reconnaitre I’antigéne qui sont uniques a chaque cellule T, complexées de manicre non-covalente
aux dimeres CD3e-CD38, CD3e-CD3y et CD3{-CD3{ (Call et al., 2002). Ce complexe est capable
de reconnaitre des antigénes mais ne possede pas d’activité catalytique. Les protéines CD3 liées au
TCR posseédent dans leur région cytoplasmique des motifs de signalisation contenant des tyrosines,
appelés les motifs ITAM (immunoreceptor tyrosine-based activation motifs) (Barber et al.,, 1989 ; Reth,

1989). 1l existe plusieurs hypotheses pour expliquer comment la signalisation du TCR est initiée :

e L’hypothese de la ségrégation cinétique (kznetic segregation), (Davis and van
der Merwe, 2006 ; Van Der Merwe et al., 2000)

Ce modele postule que la signalisation du TCR a la SI se déclenche par la
ségrégation des protéines membranaires selon leur taille. D’aprés cette hypothése,
dans les LT au repos, les complexes TCR diffusent librement dans la membrane
avec les kinases et les phosphatases qui maintiennent la signalisation basale
nécessaire a la survie des LT, appelée signalisation tonique, sans déclencher une
réponse compleéte. Lorsque le LT interagit avec une CPA, les paires récepteur-ligand
les plus courtes, comme la paire TCR-CMHp, ségrégent dans des zones de contact
étroit, excluant les molécules plus volumineuses, comme les phosphatases CD45 et
CD148. Cela fait pencher la balance vers la phosphorylation des motifs ITAM du
complexe TCR et favorise la formation de nouvelles liaisons TCR-CMHp

spécifiques de 'antigene dans les zones de contact étroit.

e DL’hypothese de relecture cinétique (kinetic proofreading), (Mckeithan, 1995)
Ce modele a été proposé pour expliquer comment les LT peuvent
échantillonner de nombreux CMH porteurs de peptides du soi inoffensifs et

répondre sélectivement aux rares CMHp agonistes. Il postule que l'engagement
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initial du TCR n'est pas suffisant pour déclencher une activation efficace des LT.
Au contraire, plusieurs étapes consécutives impliquant des phosphorylations de
tyrosines et 'assemblage de complexes moléculaires sont nécessaires. Au cours de
la période de latence qui en résulte, la dissociation du lien entre le TCR et le CMH
permet d'inverser ces modifications, généralement par l'activité des phosphatases.
Ainsi, les liaisons TCR-CMHp non spécifiques de courte durée se dissocient avant
l'activation des LT, alors que les liaisons TCR-CMHp spécifiques de longue durée
favorisent la formation de complexes de signalisation stables qui soutiennent

l'activation compléte des LT.

L’hypothése de Pactivation en série (serial triggering), (Valitutti, 2012 ; Valitutti et
al.,, 1995)

Ce modéle répond au probleme des CMHp agonistes trés rares et des
liaisons entre TCR et CMHp qui présentent de faibles affinités, ce qui rend
l'activation des LT improbable. Ce modele integre la découverte qu'un seul CMHp
peut engager et déclencher en série environ 200 TCR. L'hypothese est que la faible
affinité du couple TCR-CMHp contribue a l'activation des LT en permettant a un
seul CMHp d'interagir avec de nombreuses molécules de TCR en série. Si la durée
de chaque liaison individuelle est suffisante pour permettre une relecture cinétique,
méme un CMHp rare peut fournir un stimulus suffisamment robuste pour activer
le LT. Ainsi, une prédiction de ce mod¢le est que les antigenes puissants ont des
temps de liaison suffisamment longs pour permettre une relecture cinétique, mais

pas trop longs pour empécher un déclenchement en série.

Les premicéres structures formées lors de la reconnaissance d’un antigéne sont des groupes

de TCR qui se forment de maniere dépendante de la F-actine, et que 'on appelle des mzcroclusters

(MC) de TCR (Bunnell et al., 2002 ; Varma et al., 20006). Les MC servent de signalosome, c’est-a-

dire de plateforme de signalisation, pour lactivation des LT. Ils recrutent les protéines de

signalisation les plus proches du TCR pour induire P'activation. Chaque MC contient des TCR, des

protéines kinases et des adaptateurs. Il a été proposé que la liaison du CMHp par le complexe TCR

induise une déformation des ITAM, exposant les chaines CD3 a la phosphorylation par Lck, une

protéine kinase membranaire de la famille Src (Lee et al., 2015 ; Swamy et al., 20106). Cela induit le

recrutement de ZAP-70 au complexe TCR/CD3 et son activation (Iwashima et al., 1994). ZAP-70

phosphoryle ensuite la protéine membranaire adaptatrice LAT (Znker of activated T cells) qui recrute
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alors la phospholipase Cy (PLCy) et facilite Pactivation par la kinase inductible des LT ITK
(Samelson et al., 19806). La protéine PLCy catalyse la formation d’inositol 1,4,5-triphosphate (IP3)
et de diacylglycérol (DAG) a partir de phosphatidylinositol 4,5-biphosphate (PIP2). Cela méne a
P'activation de Ras, PKC et aux voies dépendantes des ions calcium qui entrainent l'activation
transcriptionnelle de la croissance des LT et de cytokines comme l'interleukine-2 (IL-2) (Shah et
al., 2021). La signalisation par le TCR peut également activer le facteur d’échange de nucléotide
Vav qui active Notch et controle la transcription de Myc et la prolifération indépendante de I'IL-2

(Guy et al., 2013).
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Figure 10 : Signalisation du TCR
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LES RECEPTEURS DE COSTIMULATION permettent de renforcer la signalisation et
I'adhésion lorsqu’ils sont combinés a d’autres stimuli comme l'activation du TCR (Bromley et al.,
2001 ; Martin et al., 1986). L’activation de LT matures en absence de costimulation entraine une
délétion clonale qui protége I’hote contre les réponses immunes aux antigeénes inoffensifs
environnementaux (Linsley and Ledbetter, 2003). La reconnaissance d’un antigéne avec une
costimulation suboptimale peut induire une insensibilit¢é que 'on nomme anergie (Jenkins and

Schwartz, 1987).

e CD28 est le récepteur de costimulation essentiel a une stimulation efficace par le TCR.
Cette protéine fait partie de la famille des immunoglobulines et posseéde une structure
homodimérique et un domaine cytoplasmique dépourvu d’activité enzymatique. Les
sighaux CD28 permettent de réduire le seuil d’activation des LT en améliorant
'activation par un nombre réduit de complexes CHMp (Andres et al., 2004). L’activité
de CD28 dépend de la présence de ses ligands B7-1 (CD80) et B7-2 (CD86), présents
sur les DC matures et les LB activés, lors de la formation d’une SI (Tseng et al., 2008).
CD28 contient des motifs qui recrutent et activent Lck et la protéine adaptatrice RLTPR
qui contribue a I'activation des facteurs de transcription NF-kB (Roncagalli et al., 2016)
et a la production d’IL-2 (Kong et al., 2011). Les motifs de CD28 permettent également
le recrutement de PI3K et Grb2 qui régulent positivement l'activation des LT et leur
survie (Burr et al., 2001 ; Schneider and Rudd, 2008). Ainsi, CD28 régule le métabolisme
par Pactivation de la voie PI3K/AKT qui induit la signalisation mTOR, augmentant la
quantité et Pefficacité de la glycolyse (Frauwirth et al., 2002 ; Jacobs et al., 2008). Cette
voie sera reprise plus en détail dans le chapitre 3 de lintroduction abordant le

métabolisme des LT.

Une des fonctions principales de la voie CD28 est son habilité a réguler des
réarrangements de cytosquelette. L’activation a la SI du TCR et de CD28 induit une
polymérisation d’actine régulée par Iactivité du facteur d’échange de nucléotide Vavl
(Dennehy et al., 2007 ; Raab et al., 2001), la Rho GTPase Cdc42 (Salazar-Fontana et al.,
2003), WASP et Arp2/3 (Dupté et al., 2002). L’interaction physique entre CD28 et
’actine est nécessaire a sa localisation a la SI autour du cSSMAC (Siokis et al., 2018). Elle
est médiée par la protéine filamine A (FLNa) qui lie 'actine et CD28, permettant ainsi
le recrutement et lactivation de Cdc42 et de Vavl par la voie CD28, et donc le

remodelage de I'actine a la SI (Tavano et al., 2000).
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e ICOS est une autre molécule de costimulation inductible des LT, faisant également

partie de la famille des immunoglobulines. Contrairement a CD28, ICOS n’est pas

exprimé par les LT naifs mais seulement suivant I'activation des LT. Elle interagit avec

son ligand LICOS (CD275) qui est présent principalement sur les DC et les LB, mais

peut également étre induit sur les cellules stromales par des cytokines inflammatoires.

ICOS est essentiel pour les réactions du centre germinatif en raison de sa capacité a

activer la phosphatidylinositol-3 kinase (PI3K) (Xu et al., 2013). Les LT costimulés par

ICOS peuvent atteindre des niveaux d’activation comparables a ceux de la costimulation

par CD28.
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A linverse de CD28, la costimulation par ICOS est inefficace pour la production
d’IL-2, mais permet la sécrétion d’autres cytokines comme I'IL-4, 'IL-10 et I'IL-21
(Gigoux et al., 2009). Cela permet a2 ICOS de réguler la différenciation des LT CD4"
auxiliaires lors de Pactivation. Ce récepteur costimulateur est également exprimé par les
LT régulateurs et leur confere une meilleure activité immunosuppressive. L’axe
ICOS/LICOS reptésente un intérét thérapeutique dans les traitements du cancer,
puisqu’il permet d’augmenter les réponses antitumorales des LT (lorsqu’il agit dans des
LT auxiliaires ou d’autres L'T effecteurs), mais également de provoquer des réponses
protumorales (en augmentant la capacité suppressive des LT régulateurs). Ainsi, des
anticorps monoclonaux agonistes et antagonistes ciblant cette voie sont en cours de

développement (Amatore et al., 2018).
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2.4  Le cytosquelette dans la formation de la synapse

Comme décrit précédemment, les LT ont besoin de former des SI pour établir un contact
physique rapproché avec les membranes des CPA pour détecter 'antigéne. Ce mécanisme implique
de profonds réarrangements du cytosquelette d’actine et des microtubules pour établir une polarité
asymétrique des LT vers la SI. Le remodelage du cytosquelette est un des événements les plus
précoces lors du contact avec une CPA (Locard-Paulet et al., 2020) et aboutit a la formation d’un
anneau de F-actine synaptique et a la polarisation du centrosome, ensemble avec I'appareil de Golgi,

les mitochondries et les vésicules sécrétoires contenant des cytokines ou les granules cytolytiques.

LE CENTROSOME détermine la polarité des LT. Lorsque les cellules migrent, il se situe
dans I'uropode puis, lors d’un contact avec une CPA, il est relocalisé a la SI dans la région ou l'actine
est hypodense (Kuhn and Poenie, 2002). La réorientation du MTOC vers la SI dépend de la
stimulation du TCR (Sedwick et al., 1999) et le couplage entre la signalisation et le remodelage du
cytosquelette de microtubules est effectué par la protéine PKCO activée par DAG (Huse, 2011). A
la suite de accumulation de DAG et de PKCO a la SI, des moteurs dynéines transloquent le
centrosome vers la SI (Gros et al., 2021). La polarisation du centrosome a la SI est essentielle pour
diriger le transport des granules et des cytokines vers le site précis de sécrétion. Ce mouvement du
centrosome permet également d’orienter 'appareil de Golgi pour que les nouvelles cytokines soient
synthétisées vers la synapse et directement sécrétées vers la CPA (Kupfer and Dennert, 1984). Ce
controle de la sécrétion est essentiel pour maintenir la spécificité des réponses et, dans le cas des
LT cytotoxiques, pour éviter d’endommager le tissu environnant. Le MTOC est également
important pour la division asymétrique des LT en réponse a une stimulation antigénique par des
DC (Chang et al., 2007). Dans ce contexte la polarisation du MTOC est importante pour que la
division intervienne sur un plan paralléle a la SI. Toutefois, les cellules T sont également capables
de sécréter des cytokines (Huse et al., 2006) et de lyser des cellules cibles (Tamzalit et al., 2020) de

maniere indépendante de la polarisation du MTOC.

LE CYTOSQUELETTE D’ACTINE permet aux LT de maximiser la zone de contact avec la
CPA lors de la formation d’une SI, grice a lassemblage de différents réseaux d’actine et
d’actomyosine. Les dynamiques de ces réseaux permettent le transport et le positionnement des
protéines dans la membrane des LT pour former les zones SMAC de la SI. Les structures d’actine
et d’actomyosine a la SI permettent I'assemblage des wzicroclusters de TCR afin d’initier la

signalisation, le transport des MC de TCR pour favoriser la maturation des SI, Pactivation des
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intégrines et leur positionnement pour 'adhésion des LT aux CPA, et enfin le controle des
fonctions effectrices des LT comme la sécrétion polarisée. La plupart des études sur la formation,
Porganisation et les dynamiques des réseaux d’actine et d’actomyosine a la SI a été effectuée par
imagerie des L'T en contact avec des surfaces activatrices (verre recouvert d’anticorps ou bicouches
lipidiques planes), permettant un positionnement de cette structure corticale dans le plan d'imagerie
idéal. Dé¢s les premieres minutes du contact, quatre différents types de réseaux d’actine se forment

et ont chacun une organisation, des dynamiques et une contribution aux fonctions des LT propre :

1. Le réseau d’actine branchée dans le dSMAC est un anneau d’actine qui se forme a la
périphérie de la SI peu apres le contact avec une CPA ou une surface activatrice (Bunnell et
al., 2001). Cet anneau tres dense d’actine est observé dans la lignée de LT Jurkat ainsi que dans
les cellules primaires. Il est composé d’un réseau d’actine branchée nuclée par le complexe
Arp2/3 localisé en périphérie de la SI. L’assemblage de ce réseau sert initialement a I’étalement
du LT sur la surface activatrice. Une fois la cellule entierement étalée, I'assemblage continu de
ce réseau provoque un flux de F-actine vers l'intérieur communément appelé flux rétrograde
(Babich et al., 2012 ; Yi et al., 2012). Ce réseau est localisé dans le dSMAC et désassemblé a la
frontiere entre le dSSMAC et le pPSMAC. L’assemblage de ce réseau peut étre bloqué en utilisant
Pinhibiteur du complexe Arp2/3 CK666 (Hetrick et al., 2013). Le réseau d’actine branchée du
dSMAC est le lieu d’assemblage des wicroclusters de TCR et donc de la signalisation dépendante
du TCR et de l'activation des LT (Le Floc’h and Huse, 2015). Les MC de TCR signalisent
efficacement lorsqu’ils transitent entre le ASMAC et le pSMAC, mais n’induisent plus de
signalisation lorsqu’ils atteignent le ¢cSMAC (Varma et al,, 20006). Ainsi, avec une force
d’adhésion augmentée qui retarde le flux d’actine, la signalisation du TCR augmente car le
temps que les MC de TCR passent dans le dSSMAC et le pSMAC est allongé (Nguyen et al.,
2008). A Tinverse, en bloquant le flux rétrograde généré par la polymérisation d’actine
branchée, la signalisation du TCR est alterée. Cela induit des défauts de phosphorylation et
d’activation de ZAP-70 et LAT, mais également plus en aval, des défauts d’activation de PLCy

et la signalisation de calcium qui en résulte (Babich et al., 2012).

2. Le réseau d’arcs d’actomyosine dans le pSMAC est le second réseau majeur d’actine a la
SI. L’actine constituant ce réseau est polymérisée a ’aide de la formine Dial qui est active a la
membrane plasmique a extérieur de la SI (Murugesan et al., 2016). Dial forme des filaments
d’actine linéaires qui traversent le réseau d'actine branchée du dSMAC, puis se courbent a la

sortie du dSMAC pour donner naissance a des arcs d'actine concentriques dans le pSMAC.
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L’assemblage des arcs est rapide et peut étre inhibé par Iinhibiteur pan-formine SMIFH2
(Rizvi et al., 2009). Les arcs sont décorés par des myosines IIA qui provoquent leur contraction
lorsque qu’ils se déplacent vers lintérieur. La myosine IIA est nécessaire pour organiser les
arcs en structures concentriques, et son inhibition par la blebbistatine désorganise les arcs
(Murugesan et al., 2016). Ce réseau d’arcs d’actomyosine occupe le pPSMAC de la SI et est
désassemblé a la fronticre entre le pPSMAC et le cSSMAC. Le réseau d’actomyosine a d’abord
été identifié dans des LT Jurkat (Yi et al., 2012), puis il a été mis en évidence également dans
les SI formées par des LT primaires (Hong et al., 2017). Les arcs d’actomyosine sont également
un lieu de résidence des MC de TCR, et leur disruption par I'inhibition des formines diminue
la signalisation du TCR (Murugesan et al., 2016). Le réseau d’actine dépendant des formines
mDial/3 contréle également la localisation et la phosphorylation de LAT par ZAP-70 a la SI
(Thumkeo et al., 2020). Ainsi, ces structures sont essentielles a I'activation des LT par la

signalisation du TCR.

Le réseau hypodense dans le cSMAC résulte d’un désassemblage des arcs d’actomyosine.
En effet, le cSSMAC est pauvre en actine comparé aux réseaux d’actine dans le dSMAC et le
PSMAC, mais les images de microscopie a haute résolution ont néanmoins révélé de petites
quantités de F-actine distribuées au centre de la SI (Babich et al., 2012). Le ¢<SMAC de SI
matures est constitué d’un fin maillage de filaments d’actine qui comprend des petits foci
d’actine intégrés dans les filaments d’actine branchée (Brown et al., 2011). Ce réseau est
statique d’'un point de vue du flux directionnel, en revanche il est dynamique a I’échelle
nanométrique : le déplacement individuel de chaque filament conduit a la clairance de la zone
centrale (Carisey et al., 2018). Il a été indiqué a I'aide de CK-666 que ce fin maillage d’actine

est dépendant de P'activité du complexe Arp2/3.

LES FOCI D’ACTINE DANS LE DSMAC ET LE PSMAC ont été identifiés seulement dans des
SI formées par des LT primaires (Kumari et al., 2015). Ces structures représentent une fraction
minoritaire de la F-actine synaptique, et sont créées par le complexe Arp2/3 a laide de la
protéine NPF WASP (Kumari et al., 2020). Environ 35% des wzicroclusters de TCR colocalisent
avec les foci d’actine (Kumari et al., 2015). Les foci présents en périphérie de la SI se déplacent
avec le flux d’actine rétrograde formé dans le dSMAC et disparaissent lorsqu’ils atteignent la
frontiere entre le pPSMAC et le cSSMAC. Une grande partie des foci d’actine n’est pas associée
aux MC de TCR. Ce fait, ainsi que leur apparence générale (c'est-a-dire des points d'actine),

leur dépendance de WASP et d'Arp2/3, et le fait que leur formation nécessite également HS1
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(Ia version hématopoiétique de la cortactine, qui sert a stabiliser 1'actine branchée) fait de ces
structures un intermédiaire entre des podosomes (Eddy et al., 2017) et des adhésions focales.
Ce qui les en différencie est que les foci d’actine sont créés en réponse a la stimulation du TCR
(Kumati et al., 2015)et qu’ils ont une durée de vie plus courte que les podosomes (Kumari et
al., 2020). Les foci d’actine stabilisent les SI en générant un systéme d’actomyosine qui organise
la tension mécanique a linterface du contact cellule-substrat, ce qui les rapproche des
adhésions focales des fibroblastes (Kanchanawong et al., 2010). Les foci d’actine dépendants
de WASP qui s’associent aux MC de TCR contribuent également au recrutement de PLCy, a

son activation et au flux calcique qui en résulte (Kumari et al., 2015).

Ensemble, les différents réseaux de cytosquelette sont donc essentiels a la formation et a la

maturation des SI, et donc a I’activation des LT.
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Figure 12: Les réseaux d'actine a la synapse immunologique

Schéma inspiré de la revue (Blumenthal and Burkhardt, 2020)
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2.5 Stabilisation du contact : ’adhésion

Lors de la reconnaissance d’un complexe CMHp par un TCR le LT établit une SI avec la
CPA, rapprochant les deux membranes a une échelle nanométrique. Comme peu de ligands CMHp
sont disponibles a la surface des CPA, la reconnaissance de ces complexes dépend des molécules
d’adhésion des LT, qui leur permettent de stabiliser le contact. L’adhésion peut se faire grace a
différents types de protéines, notamment les intégrines et les protéines de la famille des
immunoglobulines (Springer, 1990). Les molécules de costimulation sont souvent considérées
comme des molécules d’adhésion, ce qui rend la distinction entre les deux types de protéines assez
floue. Par définition, 'adhésion augmente I'interaction physique entre le LT et la CPA et la liaison
entre le TCR et le CMHp, alors que la costimulation augmente la signalisation du TCR ou génére
des signaux indépendants qui s’intégrent avec ceux du TCR pour augmenter I'activation des LT.

Cependant, la majorité des molécules d’adhésion possede une activité costimulatrice.

LFA-1 est I'intégrine principale des LT qui permet leur adhésion en se liant a ICAM-1 a la
surface des CPA (Springer and Dustin, 2012). Ces interactions multiplient par 100 la sensibilité au
CMHp (Bachmann et al.,, 1997). Dans les SI matures, LFA-1 se trouve principalement dans le
pSMAC enrichi en actomyosine, avec la densité la plus importante située a la frontiere entre le
pSMAC et le <SMAC (Yi et al., 2012). Cette organisation crée un joint adhésif circulaire autour du
cSMAC dans les conjugués entre LT et CPA. Cette adhésion, couplée au repositionnement du
centrosome au cSMAC, permet a la machinerie sécrétoire des LT de se positionner en direction de
la cellule cible, et sert a concentrer et limiter les fonctions effectrices des LT a la CPA liée
(Stinchcombe et al., 20006). Les couples LFA-1/ICAM-1 sont exclus du cSMAC en raison de la
taille de leur domaine extracellulaire qui est plus grand que celui des TCR/CMHp agrégés au
cSMAC. L’association entre LFA-1 et ICAM-1 nécessite que I'intégrine soit dans sa conformation
active ouverte (Comrie and Burkhardt, 2016). La conversion de LFA-1 de sa conformation fermée
a faible affinité, a sa conformation a haute affinité est induite selon plusieurs étapes. Tout d’abord,
l'activation du TCR permet le recrutement du complexe Rap1-RIAM a la queue cytoplasmique de
LFA-1 par un mécanisme appelé zuside-ont signaling (Lagarrigue et al., 2016). Ce complexe recrute et
change la conformation pour activer la protéine taline associée a I'actine et liant LFA-1. Cela permet
a I'intégrine de passer de sa forme inactive repliée a une conformation de faible affinité. Enfin, une
force perpendiculaire a la membrane plasmique est appliquée a la queue cytoplasmique de LFA-1
pour convertir la protéine de faible affinité en une intégrine a haute affinité, avec une conformation

ouverte (Comrie et al., 2015). Cette force est appliquée par le flux d’actine corticale qui se trouve
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sous la membrane plasmique, et est connecté a la queue de LFA-1 par la taline. Les intégrines LFA-
1 peuvent également étre activées par des sighaux oufside-in comme les taux de magnésium dans le
milieu. Le magnésium extracellulaire active LFA-1 et contribue ainsi aux fonctions effectrices des
LT, etil a par ailleurs été montré que de faibles taux de magnésium sérique sont associés a de moins

bons résultats dans 'immunothérapie du cancer (Lotscher et al., 2022).

LA VOIE CD2/CD58 ou LFA-2/LFA-3 est le premier systéme d’adhésion impliquant des
interactions récepteur/ligand directs a avoir été décrit en 1987 (Dustin et al., 1987 ; Selvaraj et al.,
1987). CD2 est une glycoprotéine transmembranaire de la famille des immunoglobulines exprimée
par tous les LT matures humains, qui augmente la sensibilit¢ des LT au complexe CMHp, en
particulier dans des conditions ou CD28 est absent (Green et al., 2000). Lorsque les LT cherchent
des antigenes a l'aide de leurs microvillosités, la molécule CD2 se trouve au bout de ces structures,
et Iinteraction avec son ligand CD58 permet aux LT de traverser le glycocalyx des CPA formant
de nombreux petits contacts dont chacun est stabilisé par la protéine d’adhésion CD2 (Jenkins et
al., 2023). Ces contacts rapprochés entre les membranes du LT et de la CPA excluent les grandes
protéines, y compris la phosphatase CD45, ce qui permet 'augmentation de la sensibilité du TCR
aux antigenes. Ainsi, les LT utilisent les microvillosités pour scanner la surface des CPA, puis,
I'interaction de la protéine d’adhésion CD2 avec son ligand permet aux LT d’engager
spécifiquement la signalisation de son TCR. Une fois que la synapse entre le LT et la CPA est
mature, CD2 contribue a la signalisation des LT en activant des kinases comme Fyn, et participe
également a la formation de MC de TCR (Douglass and Vale, 2005). L’interaction entre CD2 et
CD58 forme des microdomaines enrichis en molécules de signalisation comme Lck, LAT et exclut
CD45 (Kaizuka et al., 2009). CD2 est localisée dans le dSMAC, a I'extérieur de LFA-1 et forme
une corolle qui engage les molécules de costimulation CD28, ICOS, CD226 et SLAM-F1
(Demettiou et al., 2020). Les interactions CD2/CD58 amplifient les signaux du TCR et semblent
essentielles a P'activité antitumorale dans LT, puisqu’il a été mis en évidence que de nombreux
patients atteints de cancer de 'endometre et de cancer ovarien présentent une expression diminuée

de CD2 sur les LT CD8" infiltrant les tumeurs (Demetriou et al., 2020).
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Figure 13 : Les molécules d'adhésion a la synapse immunologique
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2.6 La synapse lytique

Les LT cytotoxiques (CTL) sont un élément clé du systéme immunitaire adaptatif car ils
sont capables d’éliminer les cellules infectées par des pathogenes intracellulaires et les cellules
tumorales. Lors de la rencontre d’une cellule cible, I'interaction est initiée par des protrusions qui
forment un contact interdigité entre les deux cellules (Sanderson and Glauert, 1979). Apres
maturation de la SI, on observe une zone étendue de contact étroit entre les membranes. La
sécrétion de granules lytiques au cSMAC de la SI par les CTL a lieu apres la formation d’une
jonction adhésive au pSMAC et le repositionnement du centrosome. Ce dernier sert a diriger la
machinerie sécrétoire liée aux microtubules dans la direction de la cellule cible (Stinchcombe et al.,
20006). Néanmoins, dans certaines conditions, la polarisation du MTOC vers la SI n’est pas
nécessaire a la sécrétion polarisée des granules cytolytiques. En effet, la polarisation des granules et
leur sécrétion vers la cellule cible (Bertrand et al., 2013) ou méme vers plusieurs cellules cibles
reconnues simultanément par le lymphocyte T CD8" cytotoxique (Wiedemann et al., 2006) peuvent

précéder la polarisation du MTOC.

Comme décrit précédemment, le cSMAC est constitué d’un fin maillage d’actine qui
contient des pores d’une taille moyenne de la moitié du diameétre d’un granule lytique, servant de
barriere a la sécrétion (Carisey et al., 2018). L’activation des LT conduit a 'apparition de pores plus
larges permettant le passage des granules lytiques a travers le maillage. Ce mécanisme est essentiel
a la sécrétion des granules, car I'actine corticale qui s’accumule au point de contact initial entre le
LT etla CPA bloque la sécrétion a la SI immature (Ritter et al., 2015). La barricre d’actine disparait
lorsque la SI mature, pour laisser place au fin maillage d’actine branchée. Les réarrangements
nanométriques de F-actine dans cette région, provoqués par les dynamiques de l'actine et la
contractilité de la myosine permettent de réguler la sécrétion des granules lytiques (Carisey et al.,

2018).

LA MECANO TRANSDUCTION permet aux cellules de transduire des signaux mécaniques
en signaux biochimiques (Na et al., 2008). Dans les LT, le cytosquelette d’actine sert d’intermédiaire
mécanique pour intégrer les signaux dépendants des forces (Blumenthal and Burkhardt, 2020). Lors
de la formation d’une SI, les forces sont établies selon deux étapes : lors de la reconnaissance d’un
antigene les LT poussent d’abord la CPA, puis dans un deuxi¢me temps, la tirent et la rameénent
vers leur membrane pour établir un contact physique (Husson et al., 2011 ; Sawicka et al., 2017).

Les forces de traction et de poussée exercées sont dépendantes des réseaux d’actine et I'inhibition
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de l'actine bloque les deux types de forces exercées (Hu and Butte, 2016 ; Zucchetti et al., 2021).
Les signaux mécaniques sont essentiels a 'activation des LT a plusieurs niveaux. D’abord, les forces
sont exercées au niveau moléculaire des récepteurs. Il a été montré que les forces appliquées par
les LT exercent une tension sur la liaison entre le TCR et le complexe CMHp, qui renforce leur
interaction, et donc la signalisation par le TCR (Li et al., 2010 ; Liu et al., 2014). Il a également été
proposé que les forces exercées seraient responsables du changement de conformation des ITAM
des chaines CD3 associées au TCR, permettant leur phosphorylation et la signalisation qui en

résulte (Das et al., 2015).

Au niveau cellulaire, les forces mécaniques jouent un role important dans les premiers
événements de la formation d’une SI. Les surfaces des LT et des CPA sont recouvertes de
glycocalyx, constitué de longues protéines glycosylées, formant une barriére physique a I'interaction
entre les petites molécules de TCR et de CMHp (Shaw and Dustin, 1997). Deux protéines
constituant ce glycocalyx sont les phosphatases CD45 et CD148, qui maintiennent les
phosphorylations dépendantes du TCR en-dessous du seuil d’activation (Imbert et al., 1994). Au
repos, la surface des LT est recouverte de microvillosités mesurant d’environ 100 nm a quelques
micrometres. La longueur de ces structures leur permet de pénétrer le glycocalyx et de créer des
zones de contact rapproché avec la membrane de la CPA. Au bout des microvillosités se trouvent
des TCR qui permettent aux LT de scanner la membrane des CPA a la recherche d’antigenes. Une
fois que la liaison entre un TCR etle CMHp a eu lieu, elle est stabilisée par des forces. Les intégrines
LFA-1 sont également associées au développement de forces et permettent aux CTL d’exercer des
forces de traction dans les domaines sécrétoires qui régulent la cytotoxicité. Ces forces sont
dépendantes de la taline qui établit le lien entre la F-actine et LFA-1 (Wang et al., 2022). Les
protrusions d’actine des CTL sont nécessaires pour I’exertion de forces a la SI, et pour éliminer les
cellules cibles efficacement. En effet, elles déforment la membrane des CPA et les perforines sont

relarguées a la base des protrusions (Tamzalit et al., 2019).

Les forces dépendantes de 'actomyosine exercées par les CTL sur les cellules cibles
augmentent I'efficacité de destruction de la CPA en améliorant la capacité des perforines a former
des pores dans la membrane de la cellule cible (Basu et al., 2016). Ainsi, les forces générées par le
cytosquelette d’actomyosine des L'T contribuent a la cytotoxicité en augmentant la tension dans la
membrane de la cellule cible pour favoriser la formation de pores par la perforine. Ces forces
induisent un changement de la topologie des CTL, qui adoptent une forme incurvée négativement

par rapport a la SI, formant des poches de membranes dans lesquelles sont transportés les granules
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cytolytiques. Ces poches de dégranulation concaves sont précisément positionnées en face de zones

convexes de la membrane de la cellule cible, permettant aux perforines de percer les membranes.

Ainsi, la cytotoxicité des CTL est un systeme dépendant de forces mécaniques qui polarisent les

granules lytiques et courbent localement la membrane a la SI pour favoriser la perforation

unidirectionnelle de la cellule cible (Govendir et al., 2022).

Figure 14 : La synapse lytique
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Dégranulation des LT cytotoxiques dans une zone concave, positionnée en face d’une région
convexe de la membrane de la cellule cible. Les réseaux d’actine a la SI générent des forces qui
exercent une tension sur la membrane de la cellule cible, facilitant ainsi la formation de pores.
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CHAPITRE 3

Le métabolisme des lymphocytes T

Ce troisieme chapitre de lintroduction a pour objectif de présenter
comment les lymphocytes T puisent de Dénergie selon différents
programmes métaboliques distincts afin de soutenir leurs fonctions
effectrices. Apres avoir présenté quels programmes les lymphocytes T
utilisent en fonction de leur stade d’activation, je présenterai les voies de
signalisation qui les régulent. Pour finir, je mettrai en évidence le lien entre

le cytosquelette et le métabolisme.
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3.1 Larespiration cellulaire

L'une des exigences cellulaires les plus fondamentales est la capacité d'accéder a des
nutriments suffisants et appropriés pour soutenir les fonctions cellulaires essentielles. Lors de
P'activation les L'T grandissent, proliferent et meurent ou se transforment en cellules mémoires une
fois leurs fonctions accomplies. Au cours de ces événements les besoins métaboliques évoluent, et
I'adaptation du métabolisme cellulaire est essentielle. La régulation de I'absorption de nutriments

et de leur utilisation est essentielle pour controler le nombre et la fonction des cellules.

Les voies métaboliques ont pour objectif de fabriquer ou de décomposer les molécules de
glucose a l'aide de séries de réactions chimiques. La réaction prend en charge une ou plusieurs
molécules de départ et, par le biais d'une série d'intermédiaires, les convertit en produits. Les voies
métaboliques peuvent étre divisées en deux catégories principales : les voies anaboliques, qui
fabriquent du glucose, etles voies cataboliques, qui le décomposent. La photosynthése par exemple,
est une voie anabolique qui permet de fabriquer du glucose a partir de lumiére. Les cellules utilisent
des voies cataboliques pour décomposer des molécules complexes en petites molécules, et ainsi
libérer de ’énergie. L'énergie stockée dans les liaisons de molécules complexes, telles que le glucose
et les graisses, est libérée dans les voies cataboliques. Elle est ensuite récoltée sous des formes qui
peuvent alimenter les fonctions de la cellule, comme I'ATP. Cette décomposition des combustibles
organiques comme le glucose est appelée la respiration cellulaire. Afin de produire I’énergie
nécessaire aux fonctions effectrices, la respiration cellulaire prend place selon plusieurs étapes,

toutes capables de produire de I’énergie.

1. LA GLYCOLYSE est constituée d’une série de réactions chimiques prenant place dans le
cytosol, qui extraient de I’énergie a partir du glucose en le décomposant en pyruvate. A
Iissue de ces réactions, deux molécules d’ATP sont générées et le transporteur

d’électrons nicotinamide adénine dinucléotide (NAD") est réduit en NADH.

2. I’OXYDATION DU PYRUVATE permet de convertir les pyruvates générés par la
glycolyse, qui sont transportés du cytosol a la matrice mitochondriale, en acétyle
coenzyme A (acétyl-CoA). Cette étape libere du dioxyde de carbone et génere du

NADH mais ne produit pas directement I’ATP.
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3. LE CYCLE DE L’ACIDE CITRIQUE aussi appelé le cycle de Krebs, oxyde I'acétyl-CoA

produit lors de la derniére étape dans la matrice mitochondriale, produisant deux
molécules d’ATP, du NADH et du FADH; (la flavine adénine dinucléotide, un autre

transporteur d’électrons), libérant du dioxyde de carbone et de I'eau.

LA PHOSPHORYLATION OXYDATIVE (oxidative phosphorylation, OXPHOS) permet au
NADH et au FADH, fabriqués lors des étapes précédentes de déposer leurs électrons
dans la chaine de transport des électrons, retournant alors a leurs formes « vides »
NAD" et FAD. A mesure que les électrons parcourent la chaine, de I’énergie est libérée
et utilisée pour pomper les protons hors de la matrice, formant ainsi un gradient. Les
protons retournent dans la matrice par lintermédiaire d’une enzyme appelée ATP
synthase, produisant ainsi de PATP. A la fin de la chaine de transport des électrons,
loxygene accepte les électrons et absorbe les protons pour former de leau. La
phosphorylation oxydative permet donc de régénérer les transporteurs d’électrons
NADH et FADH, et de mettre a disposition les formes oxydées NAD" et FAD qui
sont utilisées pour la glycolyse et le cycle de I'acide citrique. En général, environ 30 a 32

ATP sont générés a partir d'une molécule de glucose (Rich, 2003).

Ainsi, la glycolyse et la phosphorylation oxydative sont régulées par de nombreux effecteurs

moléculaires communs. Par conséquent, elles ne fonctionnent généralement pas de manicre

indépendante. Au contraire, les deux événements sont couplés dans les cellules et sont régulés par

la quantité de mitochondries, ainsi que par leur microenvironnement et la disponibilité de 'oxygene.

CYTOSOL MITOCHONDRIE

Glycolyse Oxydation 4 Cycle

Glucose mmp Pyruvate du [ByEEALE de P’acide
Acétyl-CoA citrique

2 ATP 2 ATP

Phosphorylation

Figure 15 : La respiration cellulaire
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Décomposition des lipides

En plus du glucose, les graisses, aussi appelées triglycérides peuvent également étre
décomposées en composants pouvant intégrer la respiration cellulaire a différentes étapes. Les
triglycérides sont constitués de glycérol auquel sont attachées trois queues d’acides gras. Le glycérol
peut étre converti en glyceraldehyde-3-phosphate, un intermédiaire de la glycolyse, et continuer a

suivre le reste de la voie de décomposition de la respiration cellulaire.

A Tinverse, les acides gras doivent étre décomposés par un processus appelé la 3-
oxydation, qui a lieu dans la matrice des mitochondries. Lors de la 3-oxydation, les queues des
acides gras sont décomposées en molécules qui se combinent au coenzyme A, formant de I'acétyl-

CoA. Cet acétyl-CoA alimente ensuite le cycle de I'acide citrique.
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3.2 Programmation du métabolisme des lymphocytes T

L’activation des lymphocytes T requiert de I’énergie pour accomplir différents types de
fonctions effectrices. Cette énergie leur est fournie par des programmes métaboliques distincts,
adaptés a chaque besoin. Lors de la reconnaissance d’un antigene présenté par un CMH du soi et
de signaux de costimulation, les LT se développent, proliferent et se différencient en sous-
ensembles distincts qui jouent des roles uniques dans le maintien des réponses fonctionnelles et la
régulation de I'homéostasie immunitaire. Lors d’une primo-infection, les LT CD4" et CD8" naifs
sont activés, proliférent massivement, et deviennent des LT effecteurs capables de recruter d’autres
cellules immunitaires et d’éliminer le pathogene. Une fois que Iinfection est résolue, les LT
effecteurs ne sont plus nécessaires et subissent alors une contraction pour éviter la destruction de
tissus. Cependant, tous les LT spécifiques d’un antigéne ne meurent pas, et une petite population
devient des cellules mémoires a longue durée de vie qui offrent une protection contre les infections
secondaires (Williams and Bevan, 2007). L’activation des LT ne conduit pas a une reprogrammation
métabolique uniforme dans toutes les conditions. En plus de leurs fonctions distinctes, les LT
possedent également des profils métaboliques uniques qui sont essentiels a leur fonction et a leur

maintien.

e Les LT naifs sont des cellules matures qui n’ont pas encore rencontré leur antigene
spécifique. Leur survie est assurée par des cytokines homéostatiques comme I'TL-7
(Rathmell et al., 2000). L’IL-7 active des voies de signalisation qui leur permettent
d’absorber du glucose. Ils sont métaboliquement quiescents, c’est-a-dire qu’ils reposent
principalement sur la phosphorylation oxydative pour subvenir a leurs besoins

énergétiques et leur survie.

e Les LT effecteurs sont des cellules métaboliquement tres actives, avec de hauts taux
de glycolyse et de phosphorylation oxydative, couplés a leur état hautement prolifératif.
Il existe différents sous-ensembles de LT CD4" effecteurs, aussi appelés T helper
(Th), ainsi que des LT CD4" régulateurs (Ttreg), distincts métaboliquement. Méme si
tous les LT effecteurs dépendent de la glycolyse, les Treg sont moins glycolytiques que
les Th (Michalek et al., 2011). Les LT CD8" activés puisent également leur énergie par
la glycolyse aérobie (He et al.,, 2011). Les Treg ne sont pas métaboliquement inactifs,

mais puisent plutdt leur énergie par oxydation des acides gras. Cette énergie est
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essentielle pour assurer la prolifération, ainsi que la production de cytokines

inflammatoires et de granules cytolytiques.

e Les LT mémoires se développent a la suite d’une primo-infection, en persistant a partir
d’un pool de LT qui possede des adaptations métaboliques leur permettant une survie a
tres long terme, qui peut atteindre une durée de vie au-dela méme de celle de I'individu
(Nasi et al., 2006 ; Soerens et al., 2023). Ils reprogramment leur métabolisme vers un
état plus quiescent, mais métaboliquement actif, en s’appuyant principalement sur des
processus cataboliques tels que la 3-oxydation des acides gras et la phosphorylation
oxydative. Ce profil métabolique permet aux L'T mémoires de répondre plus rapidement
et plus efficacement a un antigéne déja rencontré, permettant le blocage complet, ou du

moins un rapide contréle de 'infection (Wherry and Ahmed, 2004).
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Figure 16 : Les différents programmes métaboliques des lymphocytes T




LES MITOCHONDRIES sont les organelles principales de la respiration cellulaire, et régulent
donc les différents programmes métaboliques. Elles ajustent leur fonction selon les besoins
métaboliques dynamiques de la cellule (Spinelli and Haigis, 2018). Elles sont capables de changer
de morphologie et de localisation intracellulaire pour produire de Iénergie plus efficacement
(Pernas and Scorrano, 2016). Par exemple, les mitochondries sont recrutées a la SI par le clivage
des sites de contact entre les mitochondries et le réticulum endoplasmique, afin de permettre 'afflux
de calcium et l'activation des LT effecteurs a la zone de contact (Quintana et al., 2007). Les
mitochondries fusionnent et se divisent, formant ainsi des réseaux interconnectés d’organelles ou
des unités fragmentées isolées (Chan, 2020). L’ultrastructure des mitochondries varie également
considérablement pour permettre aux cellules d’effectuer de TOXPHOS de manicere trés efficace,
en adoptant des invaginations serrées de la membrane mitochondriale, appelées cristae. Ces
invaginations sont associées a une organisation moléculaire plus élevée des complexes de la chaine

respiratoire en super complexes (Cogliati et al., 2013).
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3.3 Switch métabolique lors de ’activation des lymphocytes T

Otto Warburg a observé pour la premiere fois qu'au lieu d’utiliser les voies d'oxydation
mitochondriales pour une production maximale d'énergie, les cellules cancéreuses utilisent le
processus moins efficace de la glycolyse, produisant ainsi de 'acide lactique méme en présence
d'une quantité suffisante d'oxygeéne (Warburg, 1956). Plus tard, il a mis en évidence que ce
phénomene de glycolyse aérobie alors appelé « I'effet Warburg » était présent également chez les
leucocytes activés : les leucocytes au repos utilisent principalement un métabolisme aérobique
oxydatif, alors que la stimulation conduit a une transition vers la glycolyse comme programme
métabolique majeur (Warburg et al., 1958). Cette observation a ensuite été étendue a d’autres types
de cellules immunitaires des lignées myéloide et lymphoide, au sein des systemes immunitaires inné
et adaptatif (Geltink et al.,, 2018 ; Kelly and O’Neill, 2015). Ainsi, la glycolyse aérobie est un
marqueur des types cellulaires inflammatoires et cancéreux, et représente une cible thérapeutique

d’intérét pour traiter des maladies auto-immunes et des cancers.

LES LYMPHOCYTES T utilisent ce switch métabolique de TOXPHOS a la glycolyse lors de
leur activation. En 2002, il a été mis en évidence que 'augmentation de la glycolyse dans les LT est
une réponse couplée a l'activation immunitaire par la costimulation par CD28, entrainant une
augmentation de l'expression du transporteur de glucose, de I'absorption de glucose, et de la
glycolyse via la PI3K (Frauwirth et al., 2002). Dans ce contexte, le glucose est préférentiellement
métabolisé en lactate plutot qu’oxydé dans les mitochondries, ce qui est la caractéristique principale
de I'effet Warburg. Peu apres, il a été montré que ce switch métabolique coordonné est nécessaire
aux fonctions des LT CD8" effecteurs telles que la transcription de cytokines et lactivité
cytolytique, puisqu’elles sont inhibées en absence de glucose et lors de I'inhibition de la glycolyse
(Cham et al.,, 2008 ; Cham and Gajewski, 2005). Plusieurs groupes ont par la suite élargi ces
observations fondamentales, montrant que l'augmentation de la glycolyse est également nécessaire
a la survie et la prolifération, 2 la différenciation et aux fonctions effectrices des LT CD4" (Gertiets

et al., 2015 ; Macintyre et al., 2014 ; Shi et al., 2011).

La balance entre la glycolyse et FTOXPHOS est essentielle lors de I'activation des LT. Bien
que la glycolyse soit trés augmentée aprés une stimulation pro-inflammatoire des LT naifs,
I'OXPHOS augmente également, dans une moindre mesure, et remplit des fonctions critiques. Par
exemple, les especes réactives de l'oxygene dérivées de la chaine de transport d'électrons sont

essentielles a 'activation des LT (Sena et al., 2013), et I'inhibition de POXPHOS bloque 'activation
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et la prolifération des LT (Chang et al., 2013). La reconnaissance d’un antigene par le TCR induit
la glycolyse aérobie en seulement quelques minutes. Ce switch précoce differe de la glycolyse plus
tardive, par son indépendance des voies CD28 et AKT, et il est essentiel a la synthése de cytokines
lors de cette premicre phase d’activation (Menk et al., 2018). Ainsi, un controle de 'équilibre entre

la glycolyse et FTOXPHOS permet de réguler les fonctions effectrices des LT.
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Figure 17 : Le switch métabolique lors de I'activation des lymphocytes T
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3.4 Les voies de régulation du métabolisme des lymphocytes T

Les différents stades d’activation des LT requicrent des programmes métaboliques
compatibles a leurs demandes fonctionnelles. La transition entre les états est accompagnée par une
reprogrammation active du métabolisme cellulaire. Chaque transition est orchestrée par une série

de voies de signalisation.

LA VOIE PI3K/AKT/MTOR permet 'augmentation de la glycolyse et la reprogrammation
métabolique lors de Pactivation des LT, de maniere dépendante de la costimulation (Frauwirth et

al., 2002). En particulier, la signalisation par CD28 permet lactivation de la voie

PI3K/Akt/mTOR. Cette voie joue un role essentiel pour induire le métabolisme du glucose et la
glycolyse aérobie, et est essentielle pour la croissance cellulaire et la prolifération. L’activation de
PI3K en réponse a 'engagement de CD28 génere du phosphatidylinositol-3-phosphate (PIP3) qui
recrute Akt et la kinase dépendante de PIP3, PDK1 a la membrane cellulaire. PDK1 phosphoryle
ensuite Akt, qui est lui-méme phosphorylé par le complexe 2 de mTOR (mTORC2), permettant
son activation. A son tour, Akt initie ensuite une cascade de signalisation qui mene a l'activation de
mTORCI1. Akt et mMTORCI peuvent ensuite induire la glycolyse aérobie pour soutenir la croissance
et les fonctions des LT effecteurs. Akt joue également un role essentiel dans la régulation des
transporteurs de glucose. En effet, il induit le trafic du transporteur de glucose Glutl a la surface
cellulaire et empéche son internalisation lors de l'activation (Gerriets and Rathmell, 2012). En aval
d’Akt, l'activation de mTORC1 induit des événements post-traductionnels qui stimulent la
glycolyse aérobie et coordonnent les voies qui régulent la croissance cellulaire (Chi, 2012). Une des
fonctions principales du complexe mTORC1 est de phosphoryler 4EBP et la kinase p70S6
(p70S6K) pour favoriser 'augmentation de la traduction de protéines. L’activation de p70S6K

induit les effets glycolytiques de mTORCI.

LA PROTEINE KINASE AMP-ACTIVEE (AMPK) fonctionne en opposition au complexe
mTORCI. Alors que mTORCI favorise les processus anaboliques qui puisent de I’énergie pour
synthétiser des protéines, TAMPK régule ’énergie en induisant des voies cataboliques (Hardie,
2007). Le complexe AMPK détecte 'augmentation du ratio AMP/ATP a I'aide de la kinase LKB1
(liver kinase BT), et freine alors le métabolisme pour assurer le maintien de quantités suffisantes
d’ATP dans la cellule pour procéder a son activation complete (Maclver et al., 2011). Le deuxiéme
signal qui stimule I'AMPK est l'activation de la calcineurine par l'importation de calcium et

l'activation en aval de la kinase kinase activée par le calcium/calmoduline (CAMKK) (Tamis et al.,
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2000). I AMPK est activée transitoirement lors de I'activation des LT pour permettre aux cellules
de stimuler rapidement les processus de production d’énergie afin de préparer les cellules a une
croissance rapide. Une fois activée, PAMPK induit la génération d’énergie et inhibe I'activation de
mTORCI1. ’AMPK n’inhibe pas seulement la glycolyse, mais également le métabolisme des acides
gras (Houten et al., 2016). En régulant la consommation d’énergie de la voie mTOR, PAMPK est
donc essentielle a activation et la survie des LT. En effet, en absence de PAMPK les LT ne sont
plus capables de répondre au stress métabolique et d’effectuer la transition de la glycolyse et du

métabolisme anabolique, a 'oxydation des acides gras et le métabolisme catabolique (Maclver et

al,, 2011).

Ainsi, les voies PI3K/Akt/mTOR et la kinase AMPK sont des régulateurs clé des
programmes métaboliques et servent de balance pour maintenir I’homéostasie de I’énergie

cellulaire.
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Figure 18 : Régulation des voies métaboliques par mTOR et 'AMPK
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3.5 Relation entre métabolisme et cytosquelette

Les différents programmes métaboliques sont finement régulés par des voies de
signalisation et permettent aux L'T de se fournir ’énergie suffisante pour leurs fonctions effectrices.
Iy a plus de 40 ans, il a été observé que le cytosquelette d’actine se lie directement aux enzymes
métaboliques (Luther and Lee, 1986). Comme nous I'avons vu dans le premier chapitre de cette
introduction, la polymérisation des filaments d’actine repose sur ’énergie contenue dans PATP, ce
qui rend ce processus trés consommateur en énergie. La quantité d’ATP nécessaire au remodelage
du cytosquelette d’actine représente environ 50% de ’ATP présent dans une cellule (Bernstein and
Bamburg, 2003 ; Daniel et al., 1986). Ainsi, le métabolisme cellulaire fournit le carburant, PATP,

nécessaire au remodelage du cytosquelette d’actine.

LES ENZYMES GLYCOLYTIQUES SE LIANT A L’ACTINE permettent d’établir un lien direct,
physique, entre le cytosquelette et les voies du métabolisme, pour une régulation spatiale et

fonctionnelle de Iactine.

e PFK-1 est une enzyme qui se lie a I'actine par des interactions électrostatiques
(Roberts and Somero, 1987). Cette liaison est inhibée par de faibles concentrations
d’ATP, mais ne I'est pas par la concentration de son substrat, suggérant que le site
de liaison pour I'actine chevauche celui de PATP (Roberts and Somero, 1989). Seule
la conformation enzymatique active de la PFK-1 est capable de s’associer a I'actine.
Cette spécificité permet d’initier de nouvelles réactions de glycolyse localement, afin

de produire de PATP directement sur le site qui en nécessite.

e L’aldolase est une enzyme qui catalyse la quatrieme étape de la glycolyse, et qui se
lie préférentiellement a la F-actine plutot qu’a la G-actine (Ouporov et al., 1999).
La liaison est médiée par des interactions électrostatiques a I'aide d’une région
basique présente sur I'aldolase qui s’associe a une région acide sur l'actine. L'aldolase
lie I'actine dans un état inactif. La liaison du substrat force I'aldolase a adopter une
conformation active qui est défavorable a sa fixation a Iactine et provoque sa
dissociation (Schindler et al., 2011). La voie PI3K mobilise I’aldolase de la F-actine,

et sa dissociation augmente le flux glycolytique (Hu et al., 2010).
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e Le glyceraldehyde-3-phosphate (GAPDH) est ’enzyme qui catalyse la sixieme

étape de la glycolyse, qui se lie également a la F-actine. Cette enzyme est, elle aussi,

dans sa conformation inactive lorsqu’elle est liée a la F-actine (Forlemu et al., 2011).

Lorsque le métabolisme est faible, comme dans des cellules non-proliférantes,
confluentes ou des cellules privées de sérum, le GAPDH se trouve principalement
dans la fraction insoluble, liée 4 l'actine (Schmitz and Bereiter-Hahn, 2002). A
I'inverse, dans des cellules en prolifération, lorsque le métabolisme est élevé, le
GAPDH se situe dans la fraction soluble cytoplasmique. Ainsi, le GAPDH est

inhibé lorsqu’il est lié a la F-actine, et actif lorsqu’il est libéré du cytosquelette

d’actine.

Ainsi, le cytosquelette d'actine consomme de I'énergie via la glycolyse, mais contréle

également la localisation, I'activité et la stabilisation de ces enzymes glycolytiques clés. La raison

pour laquelle la liaison a la F-actine sert a activer certaines enzymes glycolytiques alors que d'autres

sont inhibées n'est pas encore établie. Une possibilité serait qu’en se liant a la F-actine dans sa forme

active, la PFK-1 permettrait d’engager une premicre vague de glycolyse localement, qui serait

ensuite relayée par I'aldolase et le GAPDH une fois relachés de 'actine en raison du remodelage.

Jusqu’ici le lien entre le métabolisme et 'actine dans les LT a été trés peu étudié. Une équipe
a mis en évidence que lors de la migration des LT régulateurs, 'enzyme glycolytique glucokinase se
lie directement au cytosquelette d’actine et induit une augmentation des flux de glycolyse, suggérant

qu’elle permette de localiser la production d’ATP aux sites ou le cytosquelette est activement

remodelé (Kishore et al., 2017).
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Figure 19 : Les enzymes glycolytiques liant la F-actine
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CHAPITRE 4

PD-1 : une cible de Pimmunothérapie

Dans cette quatricme partie de lintroduction je présenterai la cible
d’immunothérapie PD-1. Apres avoir mis en évidence 'importance de cette
protéine dans ’homéostasie, je présenterai les aspects néfastes qu’elle
représente dans un contexte inflammatoire et cancéreux, ainsi que le
potentiel thérapeutique qui en résulte. Pour comprendre le fonctionnement
de la voie inhibitrice par PD-1, je décrirai ensuite sa structure et la régulation
de son expression, puis la voie de signalisation qui en résulte. Enfin, je
présenterai les fonctions effectrices des LT inhibées par PD-1, et les
premicres études mettant en évidence une altération de la synapse

immunologique par la protéine.
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4.1 PD-1 dans la tolérance et auto-immunité

Programmed death 1 (PD-1, CD279) est un récepteur de la famille CID28 qui a été découvert
en 1992 par I’équipe du Dr. Honjo (Ischida et al., 1992). Initialement, cette protéine a été identifiée
comme étant surexprimée par des cellules apoptotiques et a donc été associée a la mort cellulaire.
Il a ensuite été montré que la fonction principale de PD-1 est en fait d’atténuer les réponses
immunitaires. En effet, en 1999 il a été mis en évidence qu’en absence de la protéine, les souris
Pdcd1”" développaient de sévéres maladies auto-immunes (Nishimura et al., 1999). Les ligands PD-
L1 (aussi appelé B7-H1 ou CD274) et PD-L2 (aussi appelé B7-DC ou CD273) du récepteur ont

été découverts en 2000 et 2001 respectivement (Freeman et al., 2000 ; Watchman et al., 2001).

REGULATION DE LA TOLERANCE CENTRALE. La liaison de PD-1 a ses ligands déclenche
des signaux inhibiteurs qui régulent la tolérance centrale et périphérique du systéme immunitaire.
PD-1 est exprimé par les thymocytes doubles négatifs (CD4 CDS§) lors de leur maturation pendant
Pinduction de la tolérance centrale. A ce stade, PD-L.1/1.2 sont présents dans le thymus et la liaison
de PD-1 a ses ligands inhibe la sélection positive des thymocytes passant du stade double négatifs
a double positifs (CD4"CD8") (Nishimura et al., 2000). Les lymphocytes T auto-réactifs qui ont
échappé a la sélection négative sont controlés en périphérie par des mécanismes de tolérance
périphérique. Les premieres interactions entre des LT et des CPA comme les cellules dendritiques
atténuent les réponses auto-réactives grace a la présentation d’auto-antigénes. PD-1 joue un role
essentiel dans I'inhibition des réponses auto-réactives des LT, et I'absence de PD-1 augmente la

réponse des cellules T CD8" aux DC non activées (Probst et al., 2005).

REGULATION DE LA TOLERANCE PERIPHERIQUE. [’interaction PD-1/PD-L n’a pas une
importance uniquement au stade de la maturation des thymocytes et de I'expansion des
lymphocytes T auto-réactifs, mais également lors de nouvelles rencontres de I'antigéne. Par
exemple, dans le mode¢le d’encéphalomyélite auto-immune expérimentale (EAE), un modele murin
de la sclérose en plaques, PD-1 et ses ligands contrélent les cellules T auto-réactives et empéchent
le développement de la maladie (Liang et al., 2003). De la méme maniére, linteraction PD-1/PD-
L1 régule I'initiation et la progression du diabéte auto-immun dans le modele murin NOD (Fife et
al., 2006). La voie PD-1 a également été associée au controle des maladies inflammatoires
chroniques de lintestin (MICI). En effet, la présence de PD-L1 sur les cellules épithéliales
intestinales permet le développement de LT régulateurs induits qui controlent Iactivité auto-

immune des LT effecteurs. En empéchant la liaison de PD-1 a PD-L1 a I'aide d’un anticorps dans
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une coculture entre des cellules épithéliales intestinales de patients MICI et des LT de donneurs

sains, la production d’IFNy, et donc I'inflammation, augmente (Nakazawa et al., 2004).

PD-1 et ses ligands sont donc essentiels a la mise en place, puis a la préservation de la

tolérance centrale et périphérique, et laltération de leurs fonctions inhibitrices déclenche

développement de maladies auto-immunes.
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Figure 20 : Induction de la tolérance par PD-1
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4.2 Potentiel thérapeutique dans les infections et le cancer

Dans un contexte différent de ceux de ’homéostasie et de 'auto-immunité, les effets de la
voie PD-1 sont opposés. En effet, la voie peut étre exploitée par des pathogénes chroniques et des
cellules tumorales pour favoriser I'échappement immunitaire. Dans ces situations, le blocage des
interactions entre PD-1 et ses ligands peut améliorer les fonctions des LT et réduire la charge virale

ou tumorale.

L’EPUISEMENT DES LYMPHOCYTES T. Lorsque les LT sont exposés a des antigenes de
maniere chronique et répétée, ils adoptent un phénotype que 'on nomme « épuisé », exhausted, qui
les empéche d’effectuer leurs fonctions efficacement. Ce phénomeéne a d’abord été décrit dans des
LT CD8" de souris infectées par le virus chronique de la chotioméningite lymphocytaire (Zajac et
al., 1998), puis chez 'Homme, chez des patients infectés par le virus de I'immunodéficience
humaine (Kostense et al., 2001), les virus de ’hépatite B et C (Gruener et al., 2001 ; Reignat et al.,
2002), mais également chez des patients atteints de cancers (Lee et al., 1999). Une caractéristique
principale de Pépuisement des LT est la surexpression de multiples récepteurs inhibiteurs comme
PD-1, CTLA-4, Lag-3, Tim-3, TIGIT et d’autres (Wherry, 2011). La découverte que le blocage de
la voie PD-1 pouvait partiellement inverser 'épuisement et conduire a une réduction de la charge
virale (Barber et al., 20006) ou tumorale (Hirano et al., 2005)a constitué une avancée significative sur
le plan thérapeutique. Ces données ont montré que les LT épuisés ne sont pas irréversiblement
dysfonctionnels, mais qu’ils peuvent retrouver leurs fonctions effectrices par le blocage de la voie
PD-1, ce qui a ouvert le champ a de nombreuses thérapies visant a bloquer l'interaction entre PD-

1 et ses ligands.

LES IMPLICATIONS THERAPEUTIQUES. Des anticorps monoclonaux ciblant les protéines
inhibitrices comme CTLA-4 et PD-1 ont ouvert une voie a une nouvelle génération d’approches
thérapeutiques du cancer. Ces stratégies d’inhibition des points de contrble, ou wmune checkpoint
blockade, ont pour objectif d’atténuer les mécanismes régulateurs qui bloquent P'efficacité des LT
infiltrants les tumeurs (TIL) (Callahan and Wolchok, 2013 ; Sharma et al., 2011). Ces anticorps
bloquant Iinteraction entre PD-1 et PD-L1 ont fait preuve d’un succeés remarquable dans de
nombreux essais cliniques (Brahmer et al., 2012 ; Topalian et al., 2012). Néanmoins, la plupart des
patients ne présentent pas une rémission stable a la suite du traitement ciblant PD-1. Ainsi, mieux
comprendre le fonctionnement de I'inhibition des LT par PD-1 est fondamental afin d’améliorer

ces traitements. De nombreuses études sont en cours pour définir des biomarqueurs permettant
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de prédire quels patients bénéficieront d’un traitement ciblant PD-1. La présence de LT CD8" dans
(Tumeh et al., 2014) et de hauts niveaux d’expression de PD-L1 dans la tumeur (Herbst et al., 2014)
ont été corrélés a de meilleurs taux de réponse. Dans de nombreux cas, 'expression de PD-L1 dans
les tumeurs corréle avec Pinfiltration de LT CD8" (Taube et al., 2012), suggérant la présence d’une
réponse inflammatoire en cours. Cependant, 'expression de PD-L1 ne corréle pas toujours avec
des résultats thérapeutiques : certaines tumeurs PD-L.17 répondent faiblement au blocage de la voie
PD-1 (Garon et al., 2015), alors que d’autres tumeurs PD-L1" présentent de bonnes réponses
(Robert et al., 2015). Un autre biomarqueur proposé pour prédire les réponses aux traitement
bloquant la voie PD-1, est 'analyse de la clonalité des TCR dans la tumeur. En effet, il a été montré
qu’une clonalité des TCR augmentée corréle avec de meilleures réponses aux inhibiteurs de PD-1
(Roh etal., 2017), suggérant qu’une population de LT plus clonale permette une meilleure immunité
antitumorale. Plus récemment, un nouveau biomarqueur a été identifié : le ratio entre les LT
CD8'PD-1" par rapport aux LT régulateurs PD-1" dans le microenvironnement tumoral (Kumagai
et al., 2020). Le blocage de PD-1 induit une récupération des fonctions des LT dysfonctionnels,
donc des fonctions antitumorales des LT CD8" et immunosuppressives des LT régulateurs. Ainsi,
la présence d’un ratio LT CD8'/LT régulateurs élevé prédit une réponse efficace au blocage de
PD-1.
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Figure 21 : Principe de l'immunothérapie anti-PD-1/PD-L1
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4.3  Structure et régulation de Pexpression de PD-1

STRUCTURE DE PD-1ET SES LIGANDS. PD-1 et ses ligands sont des membres de la famille
des récepteurs B7/CD28/CTLA-4, qui sont des glycoprotéines transmembranaires de type I
partageant une structure composée d'un domaine extracellulaire d'immunoglobuline (Ig) de type
variable (IgV), d'une région transmembranaire et d'une queue cytoplasmique qui sert de site
d'ancrage pour les protéines de signalisation ou d'échafaudage (Zhang et al., 2004). La queue
cytoplasmique de PD-1 posséde deux motifs structurels contenant des tyrosines, un zzmunoreceptor
tyrosine-based inhibitory motif YTIM) et un immunoreceptor tyrosine-based switch motif 'TSM) (Shinohara et
al., 1994). A P'aide de mutations dans ces régions, il a été montré que la fonction inhibitrice de PD-
1 dépend de la phosphotyrosine I'TSM, qui recrute de préférence la phosphatase-2 contenant le
domaine de la région d'homologie 2 de Src (SHP-2), ce qui entraine une déphosphorylation et une
inhibition des voies de signalisation en aval (Chemnitz et al., 2004 ; Yokosuka et al., 2012). Les
deux ligands de PD-1 ont un domaine IgV et un domaine IgC extracellulaire, similaire aux autres
membres de la famille B7. PD-L1 et PD-L2 ont un court domaine cytoplasmique conservé entre
différentes espéces (Dong et al., 1999 ; Latchman et al., 2001). PD-L1 et PD-L2 différent par leur
affinité pour PD-1, PD-L2 a une affinité 3 fois plus élevée pour PD-1 comparé a PD-L1. CD80

est un autre partenaire de liaison pour PD-L1, mais ne peut pas se lier a PD-L2 (Butte et al., 2007).

Contrairement a d’autres membres de la famille B7 comme CD28, CTLA-4 et ICOS, PD-
1 ne posséde pas le résidu cystéine permettant de former un dimere. PD-1, PD-L1 et PD-L2
existent et interagissent sous la forme de monomeéres (Zak et al., 2015). Il a été montré que le
complexe PD-1/PD-L1 forme une interface présentant une grande similitude structurelle avec
Pinterface entre le TCR et le CMHp (Lin et al., 2008). Comme l'interaction TCR/CMHp, la liaison
PD-1/PD-L1 exclut également la phosphatase CD45 en raison de sa taille (Catbone et al., 2017).

La voie canonique PD-1/PD-L1 implique la liaison de PD-1 et PD-L1 en #ans, quand ces
protéines sont exprimées a la surface de LT et de CPA (ou de cellules cancéreuses), respectivement.
Il a été montré que linteraction PD-1/PD-L1 peut également avoir lieu en ¢s sur certaines cellules
cancéreuses et des CPA infiltrant des tumeurs, lorsque ces cellules expriment a la fois PD-1 et PD-
L1 (Zhao et al., 2018). Cette interaction en ¢s bloque les signaux inhibiteurs de la voie PD-1/PD-

L1 canonique en diminuant la disponibilité de ligands PD-L1 sur la CPA.
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CPA ou cellule cancéreuse

PD-L1 PD-L2

IgC

IgV

IgV

:l Région transmembranaire

ITIM

Queue cytoplasmique
ITSM

Lymphocyte T PD-1

Figure 22 : Structure de PD-1 et ses ligands

EXPRESSION DE PD-1 ET SES LIGANDS. Le récepteur PD-1 est exprimé pendant le
développement thymique et induit dans différentes cellules hématopoiétiques en périphérie par la
signalisation de récepteurs d’antigéne et par des cytokines. PD-1 est exprimé par les thymocytes
immatures double négatifs (CD4 CD8) pendant le réarrangement du TCRJ (Nishimura et al., 1996)
et de maniére inductible sur les LT périphériques CD4" et CD8", les natural killer (NK), les natural
killer T (NKT), les lymphocytes B, les monocytes, et certaines DC apres activation (Keir et al.,
2008). L’expression de PD-1 par les DC a dailleurs été corrélée a un déficit des réponses
antibactériennes (Yao et al., 2009) et antitumorales (Lim et al., 20106), et la délétion de PD-1
spécifiquement dans les cellules myéloides induit une immunité antitumorale (Strauss et al., 2020),
ce qui met en avant que les L'T ne sont pas les seules cellules immunitaires ciblées par la voie PD-

1/PD-L1.
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PD-1 est induit par la signalisation du TCR ou du récepteur des lymphocytes B (BCR)
(Agata et al,, 19906) et reste fortement exprimé dans un contexte de stimulation d’antigene
persistante, comme dans le cas d’infections chroniques ou de cancer. L’expression de PD-1 est
également induite par des cytokines comme I'IL-2, 'IL-7, 'TL-15, 'IL-21 (Kinter et al., 2008)mais
également 'IFNo (Terawaki et al., 2011). L’expression de surface de PD-1 est régulée post-
traductionnellement par la protéine Fut8, une fucosyltransférase des oligosaccharides de PD-1, et
I'inhibition de la fucosylation augmente les réponses antitumorales (Okada et al., 2017).
L’expression de PD-1 est également régulée par ’'E3 ligase FBXO38, qui polyubiquitine PD-1 et

induit sa dégradation par le protéasome (Meng et al., 2018).

L’expression de PD-L1 et PD-L2 est régulée par le milieu inflammatoire. Les cytokines
sont de puissants activateurs de P'expression de PD-L1 et PD-L2. Les interférons de type 1 et de
type 2 et le TNFa induisent 'expression de PD-L1 sur les LT, les LB, les cellules endothéliales et
les cellules épithéliales. Les cytokines 1L-2, IL-7, IL-15 augmentent également PD-L1 sur les LT
(Kinter et al., 2008). Différentes interleukines sont également capables de stimuler Pexpression de
PD-L1 sur les LB et les monocytes. Comme PD-1, 'expression de PD-L1 est régulée de manicre
post-traductionnelle par glycosylation et ubiquitination (Li et al., 2016). La glycosylation de PD-L1
est essentielle pour linteraction PD-1/PD-L1. Des anticorps ciblant la version glycosylée de PD-
L1 bloquent linteraction avec PD-1 et induisent linternalisation et la dégradation de PD-L1,

induisant la rémission de souris porteuses de tumeurs triple-négatives du sein (Li et al., 2018).
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4.4 Signalisation de la voie PD-1

INTERACTION ENTRE PD-1 ET SHP-2. La queue cytoplasmique de PD-1 contient un
motif ITSM qui permet le recrutement de la phosphatase SHP-2, qui a été décrite comme étant
responsable de la déphosphorylation et de I'inhibition des voies de signalisation en aval (Chemnitz
et al., 2004). A I'aide d’anticorps ciblant la tyrosine phosphorylée de 'TTSM (Y248), il a été montré
que PD-1 est phosphorylé en réponse a une stimulation simultanée du TCR et de PD-1 (Bardhan
et al., 2019). La phosphorylation de la tyrosine 248 de 'TTSM de PD-1 dans des LT humains est
corrélée a une altération de leurs fonctions effectrices. Cette phosphorylation a notamment été
détectée dans des LT de ganglions drainant des tumeurs, et chez des patients atteints de
glioblastomes (Bardhan et al., 2019). SHP-2 a été décrit comme étant le médiateur clé des fonctions
inhibitrices des PD-1. Cette protéine possede deux domaines SH2, un domaine phosphatase PTP
(protein tyrosine phosphatase) et une queue hydrophobique avec deux sites de phosphorylation de la
tyrosine. A I’état basal, les domaines SH2 bloquent la région phosphatase et contiennent SHP-2 en
conformation auto-inhibitrice fermée. L’interaction du domaine SH2 en N-terminal avec une
phosphotyrosine perturbe son interaction avec le domaine phosphatase et active enzyme. La
liaison des deux domaines SH2 est nécessaire a 'activation compléte de SHP-2 (Neel et al., 2003).
Ainsi, les phosphotyrosines des motifs ITIM et ITSM de PD-1 se lient aux deux domaines SH2 de
SHP-2, relachant ainsi le domaine phosphatase pour induire son activité enzymatique (Marasco et
al., 2020). Un deuxiéme mode d’activation de SHP-2 par PD-1 a été proposé. Apres la
phosphorylation de PD-1, les deux domaines SH2 de SHP-2 peuvent se lier chacun a une molécule
PD-1, formant alors un dimere PD-1/PD-1 (Patsoukis et al., 2020). Dans ce contexte, seul le motif
ITSM a forte liaison est nécessaire, ce qui explique comment un seul site d’ancrage de la queue

cytoplasmique de PD-1 peut activer SHP-2 et induire des fonctions inhibitrices.

SHP-2 A L’ETAT BASAL SHP-2 ACTIVE #1 SHP-2 ACTIVE #2

PD-1

ITIM

ITSM @
é

SHP-2 3 SHP-2

Figure 23 : Interaction entre PD-1 et SHP-2
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LES VOIES DE SIGNALISATION CIBLEES PAR PD-1. De nombreuses études ont cherché a
déterminer les effets de PD-1 sur les voies de signalisation activées par le TCR et les récepteurs
costimulateurs, pour comprendre comment la liaison de PD-1 inhibe 'expansion, les fonctions
effectrices et la production de cytokines des LT. Cette question fait aujourd’hui encore 'objet d’'un
débat puisque certaines études ont montré que PD-1 cible principalement le TCR et les voies de
signalisation en aval du TCR (Chemnitz et al., 2004 ; Li et al., 2021 ; Mizuno et al., 2019 ; Sheppard
et al., 2004 ; Yokosuka et al., 2012), alors que d’autres ont mis en évidence au contraire que la cible
principale de PD-1 est le corécepteur CD28 (Hui et al.,, 2017 ; Kamphorst et al., 2017 ; Krueger
and Rudd, 2017). Certaines équipes ont par ailleurs proposé que PD-1 cible le TCR et CD28 de la
méme maniere (Celis-Gutierrez et al., 2019). Malgré le débat au sujet de la cible principale de PD-
1, accord commun désigne SHP-2 comme le seul partenaire direct identifié de PD-1, et le tient
responsable de la médiation des signaux inhibiteurs de PD-1. C'est pourquoi il était inattendu que
les souris présentant une délétion de SHP-2 spécifique des LT puissent bénéficier d'un blocage de
PD-1 dans le contexte du cancer. Cela suggere l'existence potentielle d'autres signalisation de PD-
1, ou d’autres implications indépendantes de la signalisation, pouvant assurer la médiation de la
fonction inhibitrice de PD-1 en I'absence de SHP-2 (Rota et al., 2018). Il a d’abord été proposé que
la phosphatase SHP-1 pourrait se lier a PD-1 en absence de SHP-2 et compenser les effets
inhibiteurs (Celis-Gutierrez et al., 2019). Cette suggestion a été infirmée par la mise en évidence
que des LT double déficients pour SHP-1 et SHP-2 étaient toujours capables d’induire une
inhibition de la prolifération et de la production des cytokines, méme si les effets étaient diminués

par rapport aux LT wild-type (Xu et al., 2020).

La phosphatase SHP-2 n’est pas seulement impliquée dans la signalisation dépendante de
PD-1, elle est aussi essentielle a la formation du signalosome du TCR (Presotto et al., 2017).
Comme P'expression de PD-1 est induite apres activation et que la protéine est localisée dans les
microctusters de TCR lors de son interaction avec PD-L1 (Yokosuka et al., 2012), on peut penser que
les molécules de PD-1 sont regroupées et stabilisées par leur interaction avec PD-L1 autour des
molécules de TCR, et qu'elles servent de "commutateurs" entre les formations de signalosomes
positifs et les formations de signalosomes négatifs. Certaines protéines identifiées comme
partenaires moléculaires du signalosome de PD-1 font également partie de celui du TCR, comme

Grb2, Lck et ZAP-70 (Celis-Gutierrez et al., 2019).
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4.5 Les fonctions effectrices inhibées par PD-1

L’engagement de PD-1 par ses ligands lors d’une stimulation antigénique induit, comme

nous I'avons vu précédemment, le recrutement de SHP-2 qui déphosphoryle des protéines clé des

voies du TCR et de costimulation par CD28. Cela provoque I'inhibition de différentes fonctions

effectrices des LT :

La prolifération est trés sensible a linhibition par PD-1. Normalement, la
reconnaissance d’un antigene par le TCR induit une prolifération importante des
LT. En présence de PD-L1 et de faibles quantités de PD-1, la prolifération est
diminuée de 40%. Lorsque PD-1 est présent sur les LT en plus grandes quantités,
la prolifération est presque totalement bloquée (Wei et al., 2013). PD-1 empéche la
prolifération des LT en bloquant la progression du cycle cellulaire dans la phase G1
(Patsoukis et al., 2012).

La cytotoxicité des CTL est inhibée par PD-1 lors de I'interaction avec ses ligands.
En effet, I'expression de granzyme B et de la perforine est diminuée (Wu et al.,
2014), et la mesure directe du nombre de cellules cibles éliminées en présence de
interaction PD-1/PD-L1 a révélé une nette diminution par rapport aux LT CD8"
PD-1" (Wei et al, 2013). Bloquer linteraction entre PD-1/PD-L1 a laide
d’anticorps monoclonaux permet de restaurer 'activité cytotoxique des CTL et de

réduire la taille de tumeurs 2z vzvo (Hirano et al., 2005).

La sécrétion de cytokines est diminuée par PD-1 lors de Iactivation des LT.
Plusieurs cytokines essentielles a 'inflammation, la prolifération, I'activation et la
survie des LT sont ciblées comme I'IL-2, 'IL.-10, le TNFa, P'IFNy (Freeman et al.,
2000 ; Rosskopf et al., 2018 ; Wei et al., 2013).

La glycolyse est également ciblée par PD-1, ce qui empéche le switch métabolique
de FOXPHOS vers la glycolyse lors de P'activation des LT. PD-1 favorise plutot la
lipolyse et 'oxydation des acides gras (Patsoukis et al., 2015). Ainsi, en augmentant
l'oxydation des acides gras qui est le programme métabolique nécessaire a la
persistante des LT mémoires quiescents, PD-1 favorise le développement de LT

mémoires (Kalia et al., 2021).
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4.6 PD-1dans la formation de la synapse immunologique

La majeure partie des études publiées au sujet de PD-1 se sont impliquées a caractériser les
fonctions inhibitrices de la protéine pour développer des thérapies dans différents contextes
pathologiques. Il est largement accepté que PD-1 inhibe lactivation des LT et les fonctions
effectrices qui en résultent. Seulement, une activation efficace réside en la formation d’une synapse
immunologique et le remodelage du cytosquelette d’actine associé, et peu d’articles caractérisant les

effets de PD-1 sur la formation de la SI ont été publiés jusqu’a présent.

LA STABILITE DES CONTACTS. Quelques études contradictoires ont été publiées,
caractérisant la stabilité des contacts formés entre des LT et des CPA. D’une part, il a été montré
dans un modele murin 7z vivo de LT spécifiques d'antigenes tolérogenes, que les interactions PD-
1/PD-L1 inhibent le signal d'arrét des LT sur les CPA (Fife et al., 2009). Un autre groupe a ensuite
montré que les TIL purifiés a partir de souris porteuses de tumeurs, forment des conjugués
instables avec les cellules tumorales ex vivo (Ambler et al., 2020). Enfin, une troisieme publication a
suggéré que les LT exprimant PD-1 sont incapables de former des SI matures et stables avec des
CPA exprimant PD-L1/1.2 (Tocheva et al., 2020). A P'inverse, il a été montré dans un modéle murin
d'infection virale chronique, que les LT CD4" et CD8" spécifiques du virus sont moins mobiles et
forment des SI plus stables que les LT issus d'une infection virale aigué (Zinselmeyer et al., 2013).
Dans contexte, l'inhibition de la motilité des LT et l'augmentation de la stabilité des SI sont
dépendantes de la liaison de PD-1 a PD-L1, et le blocage thérapeutique de l'interaction rétablit la

motilité et la stabilité des SI des LT seulement 30 minutes apres le traitement.

LE CYTOSQUELETTE D’ACTINE. Des données publiées récemment suggerent que PD-1
serait impliqué dans I'inhibition du cytosquelette d’actine a la SI. Un groupe a montré que PD-1
inhibe Iétalement de LT CD8" de souris en présence de CMHp et de PD-L1, qui est lié au
remodelage du cytosquelette d’actine (Li et al, 2021). Aussi, par une analyse de
phosphoprotéomique, il a été identifié que la voie PD-1 cible les phosphotyrosines qui régulent le
remodelage du cytosquelette et la formation de la SI (Tocheva et al., 2020). Enfin, il a été proposé
que la zone hypodense d’actine au centre de la SI n’apparait pas dans les TIL, mais ce défaut n’est
pas restauré par le blocage de la voie PD-1/PD-L1 (Ambler et al., 2020), donc il pourrait étre
provoqué par d’autres facteurs propres aux TIL plutot qu'a PD-1. Bien que PD-1 soit tres étudié
depuis plusieurs années, les mécanismes inhibiteurs des LT ne sont a ce jour toujours pas

entierement décryptés.
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CHAPITRE 5

Objectifs de la thése

Dans cette cinqui¢me partie de I'introduction je présenterai
les objectifs, questions et hypothéses qui ont guidé mon

projet de these.
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Obijectifs de la these

PD-1 offre un potentiel thérapeutique unique qui, sous condition d’une meilleure
compréhension fondamentale de son mode de fonctionnement, pourrait bénéficier d’une efficacité
largement accrue chez nombre de patients. Néanmoins, il reste des déficits de compréhension a ce
sujet, notamment le role que joue PD-1 dans la formation de la synapse immunologique, ainsi que
I'implication des motifs de signalisation de la protéine dans ce dernier. Il a récemment été suggéré
que PD-1 altere les voies de remodelage du cytosquelette qui sont essentielles a la formation d’une
synapse immunologique, mais également finement liées au métabolisme cellulaire. Enfin, il est
connu que PD-1 altére le métabolisme des lymphocytes T en favorisant 'oxydation des acides gras
au détriment de la glycolyse. Au vu des liens précédemment établis entre le métabolisme et le
cytosquelette d’actine, le ciblage du remodelage par PD-1 pourrait représenter un nouvel acteur
central de ses fonctions inhibitrices. Ainsi, mon projet de thése a été guidé par trois questions

fondamentales :

1. Quels sont les effets de PD-1 sur les différents réseaux de cytosquelette d’actine a la
synapse immunologique ?

2. Quelles sont les implications de ces altérations sur les fonctions effectrices des
lymphocytes T, en particulier sur la cytotoxicité des lymphocytes T CD8" ?

3. Est-ce que ces altérations sont dépendantes des motifs de signalisation de PD-1 ?

Dans un premier temps, j’ai développé les outils nécessaires a 'étude des effets de PD-1
sur la synapse immunologique. Pour ce faire, j’ai mis au point deux systemes de formation de
synapse : le premier, simpliste, permet d’activer les lymphocytes T exprimant PD-1 a I'aide de
surfaces de verre recouvertes d’anticorps stimulants le TCR et la voie de costimulation CD28 et de
PD-L1, pour activer simultanément les voies activatrices et la voie PD-1/PD-L1. Un deuxi¢me
systeme, utilisant des cellules présentatrices d’antigene artificielles pour activer les LT, m’a ensuite
permis d’étudier 'impact de PD-1 a la synapse sur un modele plus physiologique de conjugués
entre deux cellules. A partir de lymphocytes T primaires humains CD8" exprimant PD-1 4 la suite
de leur activation, ou de Jurkat exprimant PD-1, j’ai pu identifier les défauts d’actine associés a
I'engagement de PD-1 a l'aide de différentes techniques de microscopies a fluorescence et a haute
résolution. A Taide d’approches de biologie moléculaire jai ensuite caractérisé la voie de

signalisation ciblée par PD-1 responsable de ce défaut du remodelage de cytosquelette d’actine.
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Dans un second temps, j’ai cherché a élucider le lien existant entre les défauts observés sur
le cytosquelette d’actine a la synapse immunologique, et les fonctions effectrices des lymphocytes
T. Plus précisément, les réseaux d’actine a la synapse ont été décrits comme étant intimement liés
a lefficacité de la cytotoxicité des lymphocytes T CD8". Cette fonction est également essentielle
d’un point de vue thérapeutique, puisque le rationnel des anticorps bloquant PD-1/PD-L1 est de
revigorer les lymphocytes T CD8" pour restauter leur capacité antitumorale. Ainsi, j’ai compaté les
capacités des LT CD8" exprimant PD-1 a sécréter les granules cytolytiques et analysé la polarisation

des granules et du centrosome dans des cellules formant des synapses en présence ou en absence

de PD-L1.

Enfin, jai étudié I'implication des motifs de signalisation de PD-1 permettant le
recrutement de SHP-2 dans les défauts observés sur P'actine a la synapse. En comparant les effets
de la protéine PD-1 mutée sur les tyrosines essentielles de ces motifs par rapport a la protéine
sauvage sur le remodelage d’actine a la synapse, j’ai pu mettre en évidence des résultats qui seront

présentés dans le premier article de la partie résultats.

Le lien entre l'altération du cytosquelette d’actine par PD-1 et le métabolisme a fait 'objet
d’une collaboration avec Iéquipe de Chiara Stringari a ’Ecole Polytechnique. En raison de
difficultés techniques et d’'un manque de consistance des résultats, nous avons finalement soumis
un article, présenté dans la deuxi¢me section des résultats du manuscrit, comparant le métabolisme
et Pactine des lymphocytes T au repos par rapport aux lymphocytes T activés. Les données
préliminaires sur les liens des effets de PD-1 entre 'actine et le métabolisme seront présentés et

discutés dans la partie discussion et perspectives de ce manusctit.

Ce manuscrit de these se conclut par la présentation en annexe des travaux auxquels j’ai
pris part, en complément de mon projet principal, durant la période de ma thése. Les deux
premicres annexes sont issues de travaux effectués au sein du laboratoire de Claire Hivroz a
I'Institut Curie, portant sur le lien entre les forces établies a la synapse immunologique et le
cytosquelette d'actine. La troisiéme annexe est le fruit d’une collaboration avec I’équipe de Michel
Sadelain au Memorial Sloan Kettering Cancer Center, portant sur le développement d’un nouveau
systtme de CAR-T cells. Grace aux méthodes développées pour mon projet principal, j’ai pu
comparer la formation et Pefficacité des synapses entre des CAR-T d’ancienne et de nouvelle

génération avec des cellules cibles.
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Article 1: PD-1 inhibits T cell actin remodeling at the immune synapse

independently of its signaling motifs
1¢ auteur

Article en révision, Science Signaling

Résumé

La liaison du récepteur PD-1 (Programmed cell death protein 1) a ses ligands, PD-L1 et
PD-L2, régule négativement les réponses immunitaires. Cette caractéristique inhibitrice de
l'activation des lymphocytes T a identifié PD-1 comme une cible d’immunothérapie pour traiter
certains cancers. Malgré de nombreuses études visant a déceler les mécanismes d’inhibition des
lymphocytes T par PD-1, ils restent partiellement élucidés.

Sachant que le remodelage dynamique de I'actine est essentiel pour les fonctions des cellules
T, nous avons caractérisé les effets de la liaison de PD-1 a PD-L1 sur le remodelage de I'actine a la
synapse immunitaire. Pour ce faire, nous avons analysé par microscopie la formation de synapses
immunitaires entre des cellules T cytotoxiques CD8" humaines ou Jurkat PD-1" et des cellules
présentatrices d'antigenes artificielles, pouvant « présenter » des anticorps activateurs et exprimant
ou non PD-L1.

Nous montrons, dans les deux modeles de cellules T, que la liaison de PD-1 a PD-L1 inhibe
l'étalement induit par la stimulation de CD3/CD28. Cette inhibition est caractérisée par une
absence du réseau de lamellipode distal dense en F-actine et de la région centrale hypodense en F-
actine a la synapse. L'inhibition du remodelage de 'actine induite par PD-1 empéche également la
déformation caractéristique des cellules T et diminue la libération des granules cytotoxiques. Nous
montrons que ces effets sur le remodelage de I'actine ne dépendent pas des deux motifs de
signalisation considérés jusqu'a présent comme responsables des effets co-inhibiteurs de PD-1.

Notre étude met en évidence un nouveau mécanisme de suppression de l'activité des
lymphocytes T médiée par PD-1, qui repose sur la régulation négative de la dynamique du

cytosquelette d'actine, de maniere indépendante de la signalisation.
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Contribution a ’article

Cet article est le fruit de mon projet de these principal. |’y ai donc pris part de son élaboration, a

son exécution expérimentale, 'analyse des résultats, jusqu’a I’écriture de Iarticle.

Concernant le travail expérimental, j’ai généré et cultivé 'ensemble des modecles cellulaires :
lymphocytes T primaires, lignée de LT Jurkat, cellules présentatrices artificielles, transductions

lentivirales, transfections.

Concernant les figures de Darticle, j’ai mis au point les protocoles, généré et analysé toutes les
données présentées dans larticle. Certaines expériences (Fig3B-C; Fig4E ; FigbD-E) ont été

reproduites par des collegues pour renforcer les statistiques de notre étude.

Plus précisément, j’ai mis au point les protocoles suivants :
- La culture et la génération de lymphoblastes primaires humain CD8" exptimant PD-1
- L’activation et I'inhibition des lymphocytes T par les cellules présentatrices artificielles
- Détalement des lymphocytes T sur des surfaces recouvertes d’anti-CD3/CD28 en présence
de PD-L1
- L’activation et la lyse des lymphocytes T sur plaque pour analyser 'expression protéique de
pHS1 par western blot

- Le test de cytotoxicité analysé par cytométrie en flux

Quant a Iécriture du manuscrit, j’ai monté ensemble des figures, rédigé la partie résultats et

contribué 2 la rédaction du reste de ’article.
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Abstract: Programmed cell Death-1 receptor (PD-1) engagement by its ligands, PD-L1, and PD-
L2, negatively regulates T cell-mediated immune responses. Despite the compelling studies on the
inhibitory effects of PD-1 on T cell activation and on the clinical effects of PD-1 targeted
immunotherapy, the mechanisms involved in PD-1 inhibition are only partially unraveled.
Knowing that dynamic remodeling of actin is crucial for T cell functions, we characterized the
effects of PD-1 binding to PD-L1 on actin remodeling at the immune synapse. To do so, we
analyzed by microscopy the formation of immune synapses between PD-1" Jurkat or human
primary CD8" cytotoxic T cells and antigen-presenting cells (APCs) that can “present” activating
antibodies and express or not PD-L1. We show, in both T cell models, that PD-1 binding to PD-
L1 inhibits the spreading induced by CD3/CD28 stimulation. This inhibition is characterized by
an absence of the F-actin-dense distal lamellipodial network and the F-actin hypodense central
region at the synapse. PD-1-induced actin remodeling inhibition also prevents the characteristic
change in T cell shape and decreases cytotoxic granule release. Strikingly, we show that these
effects on actin remodeling do not depend on the two signaling motifs, i.e., the immunoreceptor
tyrosine-based inhibitory motif (ITIM) and immunoreceptor tyrosine-based switch motif (ITSM)
so far considered to be responsible for the PD-1 co-inhibitory effects. Our study highlights a new
mechanism for PD-1-mediated suppression of T cell activity, which relies on the signaling-
independent regulation of actin cytoskeleton dynamics.

One Sentence Summary: Paillon et al. show herein that PD-1, a T cell checkpoint receptor and
target of cancer immunotherapy, alters the T cell actin cytoskeleton remodeling at the immune
synapse. In contrast to all the PD-1 inhibitory effects reported so far, this cytoskeleton alteration
does not require the signaling motifs present in the intracellular domain of PD-1. This study reveals
a new mechanism by which PD-1 inhibits T cell activation.

Keywords: PD-1; immune synapse; T lymphocytes; actin
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Main Text:

INTRODUCTION

Programmed cell death protein 1 (PD-1) was discovered 30 years ago (/). It was soon revealed
that PD-1 engagement protects against tissue damage and autoimmune diseases by inducing and
maintaining T-cell tolerance and inhibiting self-reactive T cells, but also by causing cell exhaustion
during chronic antigen stimulation (2). This critical role has brought great opportunities to exploit
the inhibitory functions of PD-1 and its ligands PD-L1 and PD-L2 in clinical applications such as
cancers and autoimmune diseases (3, 4). Despite its demonstrated importance in the treatment of
human cancer, the mechanisms of PD-1-mediated inhibition of T cell functions remain partially
understood. Early work demonstrated that binding of PD-1 to PD-L1 causes the phosphorylation
of two tyrosines from the PD-1 cytoplasmic domain present in an immunoreceptor tyrosine-based
inhibitory motif (ITIM) and immunoreceptor tyrosine-based switch motif ITSM) (5, 6). It was
then shown that phosphorylated PD-1 preferentially recruits the cytosolic tyrosine phosphatase
SHP-2 (7-9) that induces the dephosphorylation of TCR proximal signaling molecules (7, 10).
This interpretation was challenged by a study showing that the main target of PD-1-induced
dephosphosphorylation was CD28 rather than TCR-associated molecules (/7). The role of SHP-2
itself in the PD-1 inhibitory effect on T cell activation was also challenged by results showing that
T cell-specific deletion of SHP-2 in mice did not improve antitumor immunity and did not alter
antitumor responses of these mice to PD-1 antibody treatment (/2, 13). These controversies
indicate the importance to continue characterizing the inhibitory effects of PD-1 in T cells.

Initial TCR binding to cognate peptide-MHC (pMHCs) induces a massive reorganization of the T
cell cortical actin cytoskeleton, forming a specialized cell—cell interface termed the immune
synapse (/4, 15). This synapse assembly is characterized by discrete actin networks: the most
prominent actin network at the immune synapse is the dense actin network that defines the distal
part of the immune synapse (16, 17). This network is mainly composed of branched actin filaments
which look like the lamellipodial region of a migrating cell and has thus been called lamellipodium.
It forms within minutes after initial TCR stimulation resulting in T cell spreading on the antigen-
presenting cells (APC) surface. It is followed by an actin retrograde flow, which forms a
filamentous-actin (F-actin) hypodense central region leading to the formation of the so-called
bull’s eye immune synapse (I8, 19). This actin cytoskeleton sustains the coordination of key
cellular activities. This is exemplified by primary immunodeficiencies caused by mutations in
genes encoding actin regulatory proteins that show strong defects in T lymphocyte functions (20).
Indeed, actin remodeling at the immune synapse regulates many functions of T lymphocytes.
Among others, it promotes T cell spreading on interacting APC (2/-23), and thus cell-cell contact,
it provides a scaffold for the assembly of signaling complexes (/4, 24) regulates the formation of
the cytotoxic immune synapse and the efficient killing of target cells (21, 25). Part of these effects
may be due to the role that F-actin dynamics play by actively exerting force at the molecular levels
on receptors and signaling molecules and at the cellular levels on T lymphocytes and APC (17,
26). Indeed, these forces can, among others, modify the binding kinetics of receptor-ligands
couples (27) and transmit signals after the conversion of mechanical forces to biochemical signals
by changes in conformation, clusterization of molecules, or opening of ion channels (28). At the
cellular level, forces exerted by the actin cytoskeleton control the dynamic topology of the immune
synapse, and thus of the cells engaged in the contact (29), they participate in changing membrane
curvature (30) and potentiate target cell killing (31, 32).

Knowing the importance of actin remodeling in many T cell functions, we assessed whether some
of the PD-1-dependent inhibitory effects may be related to the regulation of actin remodeling at
the immune synapse. To do so, we analyzed the immune synapse formation between PD-1
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transduced Jurkat T cells or human primary PD-1* CD8" cytotoxic T cells and engineered APCs,
that express or not PD-L1, coated with activating antibodies. Our data show that PD-1 binding to
PD-L1 inhibits the CD3/CD28-induced spreading of both PD-1* Jurkat and primary CD8*
cytotoxic T cells. More specifically, it prevents the formation of the F-actin-dense distal
lamellipodial network and of the F-actin hypodense central region and of the change in
morphology of the T cell at the immune synapse. This inhibition of actin remodeling is, at least in
part, responsible for the inhibition by PD-1 of cytotoxic granule release. Unexpectedly, we show
that PD-1-dependent inhibition of actin remodeling does not depend on the ITSM and ITIM motifs
of PD-1.

Our results highlight a totally new mechanism by which PD-1 inhibits immune synapse formation
and functions in T lymphocytes independently of its signaling ability.

RESULTS
PD-1 alters T cell spreading

We aimed at understanding the impact and consequences of PD-1/PD-L1 interaction on the
formation of the immune synapse. As a model, we used either primary activated CD8" T cells
expressing PD-1, or the Jurkat T cell line stably transduced with human PD-1 (Fig S1). Upon
stimulation of the T-cell receptors (TCR) and co-receptors, T cells spread over the antigen-
presenting cells (APCs) surface (33). In vitro, this mechanism can be mimicked by coating surfaces
with anti-CD3 and anti-CD28 antibodies, to activate T cells through the TCR complex and the co-
stimulatory CD28 pathway. Using this system, we compared the cell spreading of T cells on glass
surfaces coated with anti-CD3/CD28 antibodies together with a recombinant PD-L1-Fc chimera
protein or an IgG1-Fc as a control, to test the impact of PD-1/PD-L1 on T cell spreading. We
followed T cell spreading area and F-actin remodeling by labeling the T cells with fluorescent
phalloidin (Fig 1A). We observed an altered spreading upon PD-1 engagement in both PD-1* CD8"
T cells and PD-1" Jurkat. The actin-rich lamellipodium formation at the periphery of the synapse
(34) was inhibited, resulting in a significant decrease in the spreading area (Fig 1B-C) and of the
F-actin intensity (Fig 1D-E) at the synapse. In wild-type Jurkat T cells that do not express PD-1,
the presence of PD-L1 on the surface did not induce any reduction in the spreading area,
lamellipodium formation, or F-actin intensity (Fig S1C-D). Moreover, primary PD-1" CD8" T cells
treated with the PD-1-blocking antibody Nivolumab neither showed a defect in spreading nor in
F-actin intensity (Fig S1E), demonstrating that these effects are indeed induced by PD-1 binding
to PD-L1. Together, these results show that PD-1 binding to PD-L1 alters T cell spreading and F-
actin remodeling at the synapse induced by TCR and CD28 stimulation.
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Figure 1. PD-1 alters T cell spreading. (A) Representative images of the effect of PD-1 on T cell

spreading. Images were acquired by confocal microscopy; one Z plane of the contact zone between
cells and slide is shown. Scale bar: 10pum. (A-E) PD-1" CD8" T cells or PD-1* Jurkat T cells were
incubated for 10min on glass surfaces coated with poly-L-lysine, anti-CD3/CD28 antibodies together
with PD-L1-Fc or IgG1-Fc as a control. Cells were then fixed, permeabilized and stained with DAPI
(blue) and phalloidin (magenta). (B-C) Spreading area and (D-E) F-actin intensity of PD-1" CD8" T
cells and PD-1" Jurkat cells after 10min spreading measured by confocal microscopy. (B, D) Data
are presented as median with interquartile range. Mann-Whitney T-test ****P< 0.0001. (C, E) PD-
1" CD8" T cells: each color represents one healthy donor, PD-1" Jurkat T cells: each color represents
one experiment. PD-1" CD8" T cells N = 10 independent experiment, 15 healthy donors. PD-1"
Jurkat cells N = 7 independent experiments. 2-way ANOVA, ****P< (.0001.
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PD-1 inhibits actin remodeling at the immune synapse

To test whether PD-1-induced actin defect was also observed upon conjugate formation with an
APC, we developed a model of engineered APCs (Fig S2A). We used the erythroleukemia, MHC-
lacking cell line K562 (35) and transduced it with the high-aftinity IgG receptor, CD64 (FcyRI)
(36). These engineered APCs can capture the Fc fraction of anti-CD3 and anti-CD28 antibodies
via CD64 (37) (Fig S2B) and “present” them to any T cell to stimulate the TCR- and CD28
pathways. To compare the formation of the immune synapse in the presence or absence of PD-1
engagement, we transduced the CD64 expressing APCs with a plasmid encoding PD-L1-GFP or
GFP as a control (called hereafter APC-PD-L1 or APC, Fig S2C). These APCs were able to
activate T cells upon anti-CD3/CD28 presentation, as exemplified by CD25 upregulation by T
cells co-cultured with APC*2CP¥CD28 (Fig S2D). The expression of PD-L1 by the APCs inhibited
CD25 upregulation of PD-1" Jurkat T cells but not of wild-type Jurkat T cells (Fig S2D). After
30min co-culture with APCs or APC-PD-L1 presenting or not anti-CD3/CD28 antibodies, we
analyzed the different immune synapses formed by Jurkat T cells overexpressing PD-1-YFP and
LifeAct-mCherry to follow the F-actin (38). As expected, T cells interacting with APC*a¢P3/CD28
formed an actin-rich lamellipodium at the periphery of the contact zone and an actin-hypodense
region at the center of the contact (39, 40). These cells adopted a phagocytic-like convex shape
(Fig 2A) as described (41). In the absence of activating antibodies, T cells remained round, and F-
actin localized homogeneously at the cortex of the cell (Fig 2A-C). In the absence of PD-L1 on
the APC, PD-1 was homogeneously present at the cell surface (Fig 2A, D-E). The mere expression
of PD-L1 at the APC surface induced the recruitment of PD-1 in the contact zone as previously
described (7) and did not require TCR-triggering (Fig 2A, 2D-E). T cells forming a synapse with
APC-PD-L1 neither adopted a convex morphology nor formed the actin-rich lamellipodium and
actin-hypodense region at the immune synapse (Fig 2A, B-C). In the absence of activation, PD-
1/PD-L1 interaction inhibited the slight F-actin enrichment at the contact zone (Fig 2A, B-C),
suggesting that PD-1 does not only inhibit TCR-dependent actin remodeling. We then measured
the solidity, i.e., the convexity of the shape adopted by PD-1" CD8" T cells forming conjugates
with APCs or APC-PD-L1. We observed that PD-1 engagement increased PD-1* CD8" T cell
solidity, showing that the characteristic T cell deformation at the immune synapse was lost as in
PD-1* Jurkat T cells (Fig 2F-G). PD-1" CD8" T cell solidity was also affected by the presence of
PD-L1 on the APC in the absence of activating antibodies. However, the alteration of the actin
remodeling at the immune synapse upon PD-1 engagement did not hinder conjugate formation
between T cells and APCs (Fig S2E-F). Live imaging of PD-1" Jurkat T cells interacting with PD-
L1- (movie 1) or PD-L1* (movie 2) APCs coated with anti-CD3/CD28 antibodies recapitulated
these defects. In the absence of PD-L1 on the APC, PD-1 was not enriched at the immune synapse
and the T cell progressively showed enrichment of F-actin at the periphery of the contact and a
characteristic deformation. In the presence of PD-L1 on the APC, PD-1 was strongly enriched in
the contact zone, the F-actin was not remodeled, and the T cell stayed round. However, at early
times points after contact, before PD-1 was entirely recruited, F-actin enriched in the contact zone
in both cases (see minute 08:15 movie 1 and minute 01:30 movie 2) suggesting that PD-1
engagement does not alter early contact formation.

Altogether, these results suggest that PD-1/PD-L1 interaction prevents correct actin remodeling at
the immune synapse, leading to the absence of the formation of the actin-rich lamellipodium of
the characteristic deformation of T cell at the immune synapse.
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Figure 2. PD-1 inhibits actin remodeling at the immune synapse. (A) Representative images of immune
synapse formation in the presence and absence of PD-1 engagement. Images were acquired by
confocal microscopy; one sagittal Z plane of the immune synapse is shown. Scale bar: Sum. (A-E)
Jurkat T cells expressing PD-1-YFP (cyan) and LifeAct-mCherry (magenta) were co-cultured for
30min with APCs or APC-PD-L1, either coated with anti-CD3/CD28 antibodies or not. Conjugates
were then fixed, permeabilized, and stained with anti-GFP, anti-mCherry, and anti-PD-L1. APCs
were stained with Celltracker CMAC blue and APC-PD-L1 were identified by PD-L1 labeling. (B,
D) Mean profiles of F-actin and PD-1 distribution in PD-1-YFP" Jurkat cells upon conjugate
formation with APCs or APC-PD-LI1. Cells were normalized to the same size and fluorescent
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intensity and the average projection of all cells was done to see signal distribution, using a linear
LUT to show signal accumulation. (C, E) Quantification of the enrichment of F-actin and PD-1 at
the cortex in the contact zone compared to the cortex at the back of the cells. N = 3 independent
experiments with >60 conjugates per condition. Data are presented as median with interquartile
range. Mann-Whitney T-test ****P< 0.0001, ***P< 0.001. (F) Quantification of the solidity
calculated as the area of the F-actin mask divided by the convex area in PD-1" CD8" T cells and PD-
1" Jurkat T cells forming 30 min conjugates with APCs or APC-PD-L1, coated or not with anti-
CD3/CD28 antibodies. PD-1" CD8: N = 2 independent experiments, 4 healthy donors, >60
conjugates/condition. PD-1" Jurkat T cell: N =3 independent experiments, >60 conjugates/condition.
Data are presented as median with interquartile range. Mann-Whitney T-test ***P<0.001, *P < 0.05.
(G) Representative image of the solidity of primary PD-1" CD8" T cells forming an immune synapse
with APCs or APC-PD-L1 for 30min. Images were acquired by 3D-SIM, images are a projection of
20 sagittal Z planes. Scale bar: Spm.

PD-1 inhibits the Arp2/3 complex activity

Immune synapse formation is regulated by different actin meshwork in T cells. At the periphery
of the contact, an actin-rich lamellipodium forms, whereas the center of the contact is hypodense
in F-actin (42). Upon immune synapse formation, the Arp2/3 complex localizes to the periphery
of the contact zone and nucleates the actin-rich lamellipodium (/7). To better characterize the
alteration in actin remodeling induced by PD-1, we used high-resolution 3D Structured Illuminated
Microscopy (3D SIM) to image the spreading of PD-1" CD8" T cells. We observed a loss of the
characteristic branched actin lamellipodium upon PD-1 engagement (Fig 3A). One of the
molecules playing a key role in actin remodeling at the immune synapse is HS1, the leukocyte-
specific homolog of cortactin. When phosphorylated, HS1 activates Arp2/3-induced actin
polymerization and stabilizes branched actin structures (22, 43). We assessed if PD-1/PD-L1
interaction altered Arp2/3 complex activity by following the phosphorylation of HS1. PD-1" CD8*
T cells were activated in plastic wells coated with anti-CD3/CD28 antibodies with PD-L1-Fc or
IgG1-Fc as a control and then lysed in the wells. T cell activation induced the phosphorylation of
HS1 (pHS1, Fig 3B). As expected, inhibiting the Arp2/3 complex with CK666 treatment decreased
the phosphorylation of HS1 induced by anti-CD3/CD28 antibodies. Similarly, PD-1 interaction
with PD-L1 reduced the amount of pHSI in PD-1" CD8" T cells activated 10min with anti-
CD3/CD28 antibodies from most healthy donors. This is shown in Figure 3B which presents the
normalized pHS1 measured by western blot, which decreased in 6 out of 8 donors. Another
representation of the data is shown in Figure 3C which represents the fold change in pHS1 between
T cells from the same 8 donors activated in the absence or presence of PD-L1. Six donors had a
fold change <1 and two slightly above 1. We then confirmed in conjugates that the phosphorylation
of the actin-regulatory protein HS1 was also affected by the engagement of PD-1. In PD-1" Jurkat
T cells, enrichment of pHS1 at the immune synapse was inhibited when Arp2/3 was blocked by
CK666 treatment. PD-1 binding to PD-L1 also inhibited pHS1 recruitment at the immune synapse
upon activation (Fig 3D-E). Since WASp promotes actin polymerization through the Arp2/3
complex (20, 44) and is recruited to the immune synapse upon TCR stimulation (45), we imaged
the recruitment of WASp in primary PD-1* CD8" T cells. Following PD-1 engagement, WASp
distributed symmetrically over the whole periphery of the cell instead of being enriched in the
lamellipodium at the synapse (Fig S3). Altogether, these results suggest that PD-1 engagement
inhibits the nucleation of branched actin regulated by the Arp2/3 complex.

82




A B

o3/ Z projection Synapse plane
o
QCDZSPD’U DAPI F-actin F-actin aCD3/aCD28 - + + +
PD-L1T - - + -
CKéss6 - - - +
orst [R50
[ o4 HS1 phosphorylation
>
s 8 1.5
=
© \
& o
6 > o
+ 5 § 1.0
8.l 5
3l I
2 >—0 054
s —. %
I = Q.
5 ™
z o0 0.0
O aCD3/aCD28
® oCD3/aCD28 + PD-L1
B8 8
QQ 2 ¥  Brightfield APC F-actin E
; pHS1 enrichment at the synapse
+|-1-
*kkk
8= *% ns
+[+] - o 6
S 6
o
5 4 _I_
+[- [+ c }
©
9]
= 24 £ T
0-

aCD3/aCD28 + +
PD-L1 - +
-1t CK666 - -

Figure 3. PD-1 inhibits Arp2/3 complex activity. (A) Representative images of the effect of PD-1 on the
F-actin meshwork of spreading PD-1" CD8" T cells. Cells were incubated for 10min on a glass
surface coated with poly-L-lysine, anti-CD3/CD28 antibodies and PD-L1-Fc or IgG1-Fc as a control.
Cells were then fixed, permeabilized and stained with DAPI (blue) and phalloidin (magenta). Images
were acquired by 3D-SIM microscopy. Left panel: Z projection of the cells, right panel: one Z plane
of the contact zone between cell and slide is shown. Scale bar: 5um. (B-C) PD-1" CD8" T cells were
activated for 10min on a plate coated with anti-CD3/CD28 antibodies and PD-L1-Fc or IgG1-Fc as
a control. After activation, cells were lysed in the plate and protein content was migrated on a gel.
Beta-2-microglobulin was used as a loading control. (B) Representative western blot assay. (C) Left
graph: Quantification of HS1 phosphorylation normalized by beta-2-microglobulin quantity. Right
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graph: Fold change value for each donor. N = 4 independent experiments, 8 healthy donors, each
color represents one donor. (D) Representative images of the effect of PD-1 on HS1 phosphorylation
in conjugates. Images were acquired by confocal microscopy; one sagittal Z plane of the immune
synapse is shown. Scale bar: Sum. (D-E) PD-1" Jurkat T cells were co-cultured with APCs or APC-
PD-L1, coated with anti-CD3/CD28 antibodies or not for 30min. To assess HS1 phosphorylation
upon Arp2/3 inhibition cells were treated with 100uM CK666 for 1h. Conjugates were then fixed,
permeabilized, and stained for anti-pHS1 (cyan) and phalloidin (magenta). APCs and APC-PD-L1
were stained with Celltracker CMFDA (blue) and APC-PD-L1 were identified by PD-L1 labeling.
(E) Enrichment of HS1 phosphorylation at the cortex in the contact zone compared to the cortex at
the back of the cells. N = 1 experiment with >20 conjugates per condition. Mann-Whitney T-test
**%%P<0.0001; **P < 0.01. Data are presented as median with interquartile range.

PD-1-induced inhibition of actin remodeling accounts for cytotoxicity defects

The killing capacity of CD8" cytotoxic T cells was shown to be affected by PD-1 engagement (46,
47). We first confirmed that it was indeed the case in our model (Fig S4A). Actin-related
mechanisms regulate granule secretion by cytotoxic T cells (48). Indeed, centralized actin
reduction at the immune synapse precedes degranulation and initiates granule secretion at the
immune synapse (49), whereas cortical actin recovery at the immune synapse leads to the
termination of lytic granule secretion (50). Since we show herein that PD-1 inhibits the formation
of the actin-ring lamellipodium at the immune synapse, we assessed the effect of PD-1 engagement
on the degranulation of PD-1" CD8" T cells. To do so, we followed the cell surface expression of
CD107a (LAMP-1) and CD107b (LAMP-2, data not shown) in human PD-1" CD8" T cells upon
activation in the absence or presence of PD-L1. The degranulation was slightly but significantly
decreased by PD-1 engagement in all donors (Fig 4A-B). This degranulation defect could be due
to either 1- a granule polarization defect, or 2- a physical barrier created by the actin at the contact
zone, preventing granule fusion and exposure of LAMP-1 and LAMP-2 at the plasma membrane.
To test the first hypothesis, we measured the cytolytic granule and centrosome polarity in PD-1*
CD8" T cells forming conjugates with APCs or APC-PD-L1 (Fig 4C). We observed no defect in
the polarization of cytolytic granules and centrosome upon PD-1 engagement (Fig 4C-E, Fig S4B).
These organelles were efficiently polarized to the synapse upon TCR engagement, whether PD-
L1 was present on the APC or not. To test the second hypothesis, that PD-1-induced loss of actin
depletion at the contact zone would lead to a physical barrier blocking granule release, we treated
the PD-17 CD8" T cells in presence of PD-L1 with very low doses of latrunculin B (0.01uM), an
inhibitor of actin polymerization, to release the physical barrier created by the actin meshwork at
the contact zone (57). By doing so, we were able to rescue the degranulation defect caused by PD-
1 engagement (Fig 4F-G). However, treating the cells with the same concentration of latrunculin
B did not restore the killing capacity (Fig S4A). Altogether, these results suggest that PD-1-
induced inhibition of cytotoxic granule release is related to the inhibition of actin remodeling at
the immune synapse. This inhibition leads to the presence of a dense actin meshwork at the contact
zone, acting as a physical barrier blocking cytolytic granule release.
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Figure 4. PD-1-induced inhibition of actin remodeling accounts for cytotoxicity defects. (A)
Representative flow cytometry plot and (B) quantification of anti-LAMP1-FITC uptake after 4
hours of activation of PD-1" CD8" T cells on plates coated with anti-CD3/CD28 antibodies with
PD-L1-Fc or IgG1-Fc as a control. N = 6 independent experiments, 12 healthy donors, each color
represents one donor. 2-way ANOVA, ****P< (0.0001. (C) Representative images of cytolytic
granule polarization in PD-1" CD8" T cells forming immune synapses. (C-E) PD-1" CD8" T cells
forming conjugates for 30min with APCs or APC-PD-L1 stained with Celltracker CMAC (blue)
coated with anti-CD3/CD28 or not. Conjugates were then fixed, permeabilized, and stained for
anti-LAMP1 (cyan) and phalloidin (magenta). APCs and APC-PD-L1 were stained with
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Celltracker CMAC (blue) and APC-PD-L1 were identified by PD-L1 labeling. Images were
acquired by confocal microscopy; one sagittal Z plane of the immune synapse is shown. Scale bar:
Sum. (D) Quantification of cytolytic granule polarity and (E) centrosome polarity to the immune
synapse for each condition. (D) N = 2 independent experiments, 4 healthy donors. (E) N = 2
independent experiments, 3 healthy donors. Data are presented as median with interquartile range.
Mann-Whitney T-test. (F) Representative flow cytometry plot and (G) quantification of anti-
LAMPI1-FITC uptake after 4 hours activation of PD-1" CD8" T cells on plates coated with anti-
CD3/CD28 antibodies with PD-L1-Fc or IgG1-Fc as a control and treated or not with Latrunculin
B (0.01pM). N = 3 independent experiments, 6 healthy donors. 2-way ANOVA, **P < 0.01;
*xxxP<0.0001.

Inhibition of actin remodeling by PD-1 engagement is signaling-independent

We next wanted to assess the mechanisms involved in the inhibition of actin remodeling by PD-1.
During our investigation of the effect of PD-1 engagement on immune synapse formation, we
noticed that upon encounter with two APCs presenting activating antibodies, T cells could form
two characteristic immune synapses showing recruitment and opening of the actin and change in
the T cell plasma membrane curvature in the synaptic zone (Fig 5A, movie 3). Interestingly, when
a PD-1" Jurkat T cell interacted with two APCs, one expressing PD-L1 and one that did not, the
formation of the synapse was affected by the APC-PD-L1: PD-1 was strongly recruited, the T cell
did not deform, and F-actin was not cleared from the contact zone. In contrast, the same T cell was
able to form an immune synapse: actin-rich lamellipodium cleared F-actin in the central zone and
formation of a convex contact with the PD-L1 negative APC (Fig5A, movie 4). This suggested
that PD-1 had a very local effect on the formation of the immune synapse but did not completely
block the capacity of T cells to form an immune synapse with another APC. Thus, we assessed if
the observed inhibition of actin remodeling required PD-1 signaling. PD-1 contains two tyrosine
motifs in its cytoplasmic domain one in an ITIM (VDY??* GEL) and one in an ITSM (TEY?*ATTI).
Mutations of the ITIM/ITSM tyrosines have been shown to abolish some inhibitory effects of PD-
1 on T cell activation by recruitment of the phosphatase SHP-2 (6, 7, 52). We generated a mutant
version of PD-1 by replacing the tyrosines Y223 and Y248 with phenylalanines. We first
confirmed that some of the inhibitory effects of PD-1 on T cell activation were dampened by the
mutations: IL-2 secretion, CD25 upregulation, and PLCy phosphorylation were less inhibited
when the Jurkat T cells expressed PD-1 Y223/248F than when they expressed wild-type PD-1 (Fig
S5A-C). PD-1 wild-type and Y223/248F were expressed at similar levels (MFI for mutant was
always slightly less than for the wild type, FigSSD) in Jurkat T cells and were both recruited at the
immune synapse upon PD-L1 presence on the APC (FigS5D-F). We then assessed the effect of
the mutant version of PD-1 on T cell spreading. The spreading area, as well as the F-actin intensity
at the synapse, were inhibited to the same extent in Jurkat T cells expressing PD-1 wild-type as
PD-1 Y223/248F (Fig 5B-C). We then assessed the effect of these mutations on the formation of
immune synapses with an APC. Engagement of the mutated PD-1 Y223/248F inhibited the
formation of the peripheral F-actin-rich lamellipodium, accompanied by enrichment of peripheral
F-actin, and of the central F-actin hypodense region at the immune synapse (Fig SD-F). Moreover,
this signaling deficient PD-1 mutant also inhibited the characteristic T cell deformation on the
APC (Fig 5D, E, G). Even though the enrichment of F-actin at the synapse with APC-PD-L1 was
slightly increased in T cells expressing PD-1 Y223/248F compared to PD-1 wild-type, it remained
significantly lower than in T cells forming a synapse with a PD-L1 negative APC. Altogether,
these results show that neither inhibition of F-actin remodeling nor changes in T cell morphology
at the immune synapse depend on the PD-1 signaling motifs.
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Figure 5. Inhibition of actin remodeling by PD-1 engagement is signaling-independent. (A)
Representative images of the local effect of PD-1 on immune synapse formation. Left panel: PD-
1" Jurkat T cells expressing LifeAct-mCherry (magenta) were co-cultured for 30min with APCs
stained with Celltracker CMAC (cyan), coated with anti-CD3/CD28 antibodies. Right panel: PD-
1-YFP" (cyan) LifeAct-mCherry” (magenta) Jurkat T cells (magenta) were co-cultured for 30min
with APCs and APC-PD-L1, coated with anti-CD3/CD28. Images were acquired by spinning disk
microscopy, every 45sec for 30min; one sagittal Z plane of the immune synapse at 15:45min is
shown. Scale bar: 10pm. (B) Spreading area and (C) F-actin intensity of Jurkat T cells expressing
PD-1 wild-type (WT) or PD-1 Y223/248F after 10min spreading on glass surfaces coated with
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poly-L-lysine and anti-CD3/CD28 antibodies with PD-L1-Fc or IgG1-Fc as a control. Cells were
then fixed, permeabilized, and stained with DAPI (blue) and phalloidin, spreading area was
measured by confocal microscopy. N = 2 independent experiments with >600 cells per condition.
Data are presented as median with interquartile range. Mann-Whitney T-test ****P< 0.0001. (D)
Representative images of the effect of PD-1 mutation on immune synapse formation. Images were
acquired by confocal microscopy; one sagittal Z plane of the immune synapse is shown. Scale bar:
Sum. (D-G) Jurkat T cells expressing PD-1-YFP or PD-1-Y223/248F-YFP and LifeAct-mCherry
were co-cultured for 30min with APCs or APC-PD-L1 coated with anti-CD3/CD28 antibodies.
Conjugates were then fixed, permeabilized, and stained with anti-mCherry (magenta). APCs were
stained with Celltracker CMAC (blue) and APC-PD-L1 were identified by PD-L1 labeling (blue).
(E) Mean profile of F-actin distribution in Jurkat cells expressing PD-1 WT or PD-1 Y223/248F
upon activation with APCs expressing or not PD-L1, coated with anti-CD3/CD28 antibodies. Cells
were normalized to the same size and fluorescent intensity and the average projection of all cells
was done to see signal distribution, using a linear LUT to show signal accumulation. (F)
Quantification of the enrichment of F-actin at the cortex in the contact zone compared to the cortex
at the back of the cells. (G) Quantification of the solidity calculated as the area of the F-actin mask
divided by the convex area in Jurkat T cells expressing PD-1 WT or PD-1 Y223/248F after forming
30min conjugates with APCs or APC-PD-L1 coated with anti-CD3/CD28 antibodies. (D-G) N =3
independent experiments with >70 conjugates per condition. Data is presented as median with
interquartile range. Mann-Whitney T-test ****P< 0.0001, **P <0.01

DISCUSSION

Our findings show that PD-1 binding to PD-L1 significantly affects T cell actin remodeling at the
immune synapse. This inhibition results in an altered spreading of T cells upon activation by anti-
CD3/CD28 antibodies, as already described on CD8" T cells from TCR transgenic mice plated on
pMHC +/- PD-L1 (53). It also results in dampened formation of ring-like lamellipodia in T cells
interacting with APCs. This is accompanied by an inhibition of the characteristic changes in T cell
shape, i.e. formation of a convex interaction zone with an increased contact surface with the APC
and the formation of a central zone hypodense in filamentous actin. Our results also suggest that
the absence of actin clearance at the center of the immune synapse results in a defect in cytotoxic
granules secretion by cytotoxic T cells (Fig 4A-B). Moreover, we show for the first time that PD-
1 inhibitory effects on actin remodeling are independent of its ITSM and ITIM motifs.

Although PD-1 has been discovered more than 30 years ago (/) and has been the subject of intense
scrutiny, the mechanisms involved in its co-inhibitory function are only partially characterized and
sometimes controversial. For example, the effects of the binding of PD-1 to PD-L1 on the
formation of T cell/APC conjugates have been described in the literature but are inconsistent. In
an in vivo mouse model of tolerized antigen-specific T cells, the continuous interactions between
PD-1 and PD-L1 were shown to inhibit the stop signal of T cells on APCs (54). In contrast, in a
mouse model of persistent viral infection, virus-specific CD4* and CD8" T cells were “paralyzed”
(less motile) and formed more stable immune synapses as compared to T cells from acute viral
infection (55). In this case, inhibition of T cell motility and increase in immune synapse stability
were strictly dependent on PD-1 binding to PD-L1. Indeed, the therapeutic blockade of PD-1/PD-
L1 restored T cell motility after 30 minutes of treatment. Moreover, PD-17 T cells formed more
stable immune synapses with planar activating lipid bilayers containing PD-L1 than control
activating lipid bilayers (55). In yet another model, tumor-infiltrating T lymphocytes (TILs),
purified from tumor-bearing mice, were shown, ex vivo, to form unstable conjugates with tumor
cells (56). Of note, in this study, acute ex vivo blockade of PD-1/PD-L1 interaction did not restore
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the stability of TIL/tumor conjugates, suggesting that this instability was constitutional of the TILs
and not directly related to PD-1 engagement (56). Finally, in a study using Jurkat T cells expressing
PD-1 and Raji B cells expressing PD-L1 and PD-L2 as APCs, the authors concluded that “PD-1
expressing Jurkat T cells were unable to form stable mature synapses with Raji B cells” (57). Yet,
the conclusions were drawn from static microscopy images showing that PD-1 engagement
inhibited the recruitment of F-actin at the immune synapse (57). In the present study, we observed
similar defects in actin remodeling (Fig 2), but the number of conjugates between T cells (PD-1*
Jurkat or primary PD-1"CD8" T cells) and PD-L1* APC, as measured by flow cytometry, was not
decreased (Fig S2F). Moreover, although we did not strictly assess the motility of T cells upon
PD-1 engagement, these cells were still able to form an immune synapse with PD-L1 negative
APCs (movie 4), showing that they were not paralyzed. Also, they did not present a cell shape
compatible with greater motility on the APC, suggesting that in our model PD-1 engagement
neither inhibits the stop signal, nor the formation of conjugates. Our results also show that PD-1
engagement does not inhibit all the events related to synapse formation. Indeed, the polarization
of the centrosome towards the APC was neither inhibited in Jurkat T cells nor in CD8" primary T
cells. This is somewhat at odds with the expected effects of PD-1 engagement on early signaling.
Indeed, the tyrosine kinase activity of ZAP-70 was shown to control the polarization of the T cell
centrosome at the immune synapse (58—60) and PD-1 was shown to, at least partially, inhibit
tyrosine phosphorylation of ZAP-70 (10). Yet, in other models, ZAP-70 phosphorylation was
unaffected (8, 71). Our results also show that PD-1 engagement does not inhibit the polarization
of cytotoxic granules toward the target cell. This agrees with the fact that granule secretion is
controlled by centrosome polarization at the immune synapse (61), which, as described earlier, is
not affected by PD-1 engagement. This is, to our knowledge, the first report on the effect of PD-1
engagement on cytotoxic granule polarization in T cells. Although the cytotoxic granules are
normally polarized to the immune synapse upon PD-1 engagement, we noticed that their release
was altered (Fig 2B). Early interaction between T lymphocyte and APC is mediated by actin-rich
protrusions that form an interdigitated contact site with the APC and lead to a rapid accumulation
of F-actin across the contact site (32, 49, 60, 62, 63). In our model, this early F-actin recruitment
is not inhibited by PD-1 engagement (movies 2-4). Normally, this initial actin accumulation at the
interface is followed by its clearance from the center and the formation of a ring-like
lamellipodium at the periphery of the immune synapse (21, 49). We show herein that PD-1 binding
to PD-L1 inhibits the formation of this lamellipodium structure and the formation of the F-actin
hypodense central region (Fig 2). Since the loss of cortical actin is required for granule delivery,
while its recovery drives secretion termination (50), the inhibition of degranulation by PD-1 is thus
probably related to the absence of actin clearance at the immune synapse. Our results showing that
inhibition of actin polymerization by a low concentration of Latrunculin B restores granule
secretion (Fig 4F-G) are compatible with this interpretation. This inhibition of actin clearance may
also alter the secretion of some cytokines as previously shown (57). Formation of the peripheral
lamellipodium requires the assembly of branched actin, which depends on the Arp2/3 complex
(16, 17) and allows the spreading of T cells. In our study, using high-resolution microscopy, we
show that when PD-1 is engaged the peripheral branched actin network is not formed at the
synapse. This is accompanied by the absence of recruitment of WASp and pHS1, two proteins that
are involved in branching nucleation (/7). This actin remodeling generates mechanical forces (29,
64) that promote T cell activation (17, 26, 31, 65). Cytotoxic T lymphocytes (CTLs) use these
mechanical forces to strain the surface of the target cells, which increases killing efficacy by
potentiating the pore-forming activity of perforin (37). The cytoskeletal regulator WASp and the
Arp2/3 actin nucleation complex are involved in synaptic force exertion and efficient killing (32,
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66, 67). The cytoskeletal forces also shape the local membrane curvature of the cytolytic immune
synapse, modulating the synapse topography and promoting the perforation of the target membrane
by perforin (30). Inhibition by PD-1 of actin remodeling and the characteristic change of T cell
topography at the cytolytic synapse, reported herein, may witness the dampening of mechanical
forces exerted by the T cell on the APC. This probably contributes to the inhibition of cytotoxicity
and might explain why although a low concentration of Latrunculin B restores granule secretion it
does not restore cytotoxicity.

In most reviews (68—70), PD-1 inhibitory effects are associated with its ability to recruit the SH2-
containing tyrosine phosphatase SHP-2. Engagement of PD-1 with either of its two ligands, PD-
L1 (PD-1 ligand 1; B7-H1; CD274) or PD-L2 (B7-DC; CD273) during antigen stimulation results
in the phosphorylation of two tyrosine residues in the cytoplasmic region of PD-1, the recruitment
of SHP-2 to the membrane-distal phosphotyrosine followed by dephosphorylation of various
signaling molecules by SHP-2 (7, 8, 11, 71). Yet, our findings show that some of the inhibitory
effects do not require these two tyrosine residues. Indeed, PD-L1-induced inhibitions of: -
spreading, - formation of the actin ring, and - T cell deformation at the immune synapse are
comparable in Jurkat T cells expressing a wild-type PD-1 or a mutant of PD-1 on these two
tyrosines. This may account for the fact that some inhibitory effects are conserved in T cells in
which PD-1 cannot associate with SHP-2 or SHP-1 (77) and with our data showing that although
the inhibition of IL-2 and CD25 expression is decreased in Jurkat T cells expressing the tyrosine
double mutant, it is not completely lost (Fig SSA-B).

So, what could be the mechanisms involved in these signaling-independent inhibitory effects of
PD-1? The intense recruitment of PD-1 in the contact zone (Fig 2D-E) may “isolate” the membrane
patch enriched in PD-1 from the membrane undulations that generate forces (72). Thus, locally,
little forces would be applied to the bonds formed by receptors/ligands pairs, which are in the
vicinity of PD-1 such as TCR-pMHC (7, 73) and CD2-CD58 (74). Since mechanical forces can
influence signaling (26, 75-77), the mere clustering of PD-1 may participate in the inhibitory
effects induced by its engagement. This inhibitory effect would rely on the small molecular size
of the PD-1-PD-L1 pair, its affinity, its molecular “flexibility” and its density. It would not depend
on the signaling activity of PD-1. This remains to be demonstrated.

In conclusion, we propose herein a new mechanism that does not depend on signaling, by which
PD-1 affects T cell activation and functions through inhibition of actin remodeling. This
mechanism is probably particularly important for acute inhibition of T cell functions such as
granule release, force exertion at the immune synapse, and perhaps cell migration. Given the
central role of PD-1 in regulating many functions in several cell populations of the immune system,
our findings may provide an avenue for better understanding the role of this new mechanism in
the regulation of the immune response by PD-1.

MATERIALS AND METHODS
All reagents and antibodies cited above are listed in Table S1.

Cells

Peripheral blood mononuclear cells (PBMCs) from healthy donors were isolated using a ficoll
density gradient. Buffy coats from healthy donors were obtained from Etablissement Francais du
Sang in accordance with INSERM ethical guidelines. CD8" T cells were purified using the CD8"
T cell isolation Kit, human. Primary T cells were activated in six-well plates pre-coated with
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2.5ug/mL anti-CD3e overnight, in presence of 2.5ug/mL soluble anti-CD28 for 6 days before use
to induce PD-1 expression and cultured at 37°C with 5% CO> in RPMI 1640 Glutamax
supplemented with 10% fetal calf serum, 10 000 U/mL penicillin-streptomycin, 1M Hepes, 50mM
2-Mercaptoethanol, 20 U/mL recombinant IL-2 and 20 ng/mL IFN-alpha.

All cell lines stemming from Jurkat T cells (94% homology with Jurkat clone E6.1 validated by
the SSTR method on the DSMZ website) were cultured at 37°C with 5% CO2 in RPMI 1640
Glutamax supplemented with 10% fetal calf serum and were passed every 2-3 days at
approximatively 0.5 x 10° cells/mL.

All cell lines stemming K562 CCL-243 ATCC were cultured at 37°C 5% COz in RPMI 1640
Glutamax supplemented with 10% fetal calf serum and were passed every 2-3 days at ~0.8 x 10°
cells/ml.

Lentivirus production, cell transduction and cell transfection

Replication-defective lentiviral particles were obtained by transfecting HEK-293T cells with Gag,
Pol, rev, encoding plasmid (psPAX2), envelop encoding plasmid (pMD2.G), and PEI Max. After
48h, lentiviruses were recovered in the supernatant and concentrated by ultracentrifugation. Jurkat
and K562 cells were transduced with the constructs listed in Table S2, and the positive fraction
was sorted by flow cytometry (SH800 Cell Sorter, Sony Biotechnology) or selected by puromycin
selection to establish stable cell lines. K562 were transfected by Neon™ Transfection System
(Invitrogen) with plasmids expressing PD-L1 or empty plasmids following provider protocol.

Drugs and inhibitors

Latrunculin B was used at 0.01uM and added to the wells at the same time as cells for activation.
CK666 was used at 100uM and incubated for 1 hour at 37°C before T cell activation in the
presence of the inhibitor.

Flow cytometry
Staining

Cells were washed in PBS, 0.5% BSA, ImM EDTA and incubated with anti-CD3 FITC, anti-
CD28 PE, anti-CD64 PE, anti-PD-1 PE, anti-PD-L1 BV421 for 30min at 4°C. After washing the
cells twice with the same buffer, protein expression was analyzed by flow cytometry. All following
cytometry data were acquired using the MACSQuant VYB. The data were analyzed with FlowJo
Software version 10.8.2 (Becton, Dickinson & Company).

Degranulation assay

Degranulation assays were performed as previously described (78). Briefly, 96-well plates were
coated with 2pg/mL anti-CD3 and Spg/mL IgG1 or Sug/mL PD-L1 in PBS overnight at 4°C. PD-
1" CD8" T cells activated for 6 days were resuspended at 3.10° cells/mL in RPMI, 10% FCS, and
1% HEPES. Cells were incubated in the plates at 37°C 5% CO; for 4h in the presence of anti-
CD107a-FITC (LAMP-1) and anti-CD107b-PE (LAMP-2). Latrunculin B 0.01uM was added at
the same time in the wells. After incubation, cells were washed in PBS and fixed with fixation
buffer for 20min at 4°C. After washing the cells with PBS, 0.5% BSA, 1mM EDTA, CD107a/b
uptake was analyzed by flow cytometry.
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Cytotoxicity assay

K562-CD64 (APCs) and K562-CD64-PDL1 (APC-PD-L1) were first stained with CellTrace
Violet for 20min at 37°C in PBS, then washed once with complete medium and coated with
10pug/mL anti-CD3 and 10pg/mL anti-CD28 antibodies for 20min at 37°C in warm medium. After
washing the APCs and APC-PD-L1 to remove unbound antibodies, cells were resuspended in
complete medium and mixed at CD8"-to-target ratios indicated. After 4 hours of co-culture at 37°C
5% COo, cells were washed in PBS and stained with Live/Dead eFluor 780 for 20min at 4°C. After
washing cells with PBS, cells were fixed with fixation buffer for 20min at 4°C. After washing the
cells with PBS, 0.5% BSA, and 1 mM EDTA, killing rates were analyzed by flow cytometry.
Killing rates were calculated by flow cytometry as follows:

100 — % of live APCs normalized to control wells viability

Conjugate formation

PD-1" Jurkat T cells were first stained with CellTrace Violet for 20min at 37°C 5%CO- in PBS,
then washed once with complete medium. APCs and APC-PD-L1 were coated with 10pg/mL anti-
CD3 and 10pg/mL anti-CD28 for 20min at 37°C 5%CO,. Cells were resuspended at 1.10°
cells/mL, mixed at a 1:1 ratio pelleted with a short spin before incubation for conjugate formation
at 37°C 5% CO for 20min to assess conjugate formation rates or overnight to measure CD25
upregulation and IL-2 secretion. To follow CD25 upregulation, the cells were stained with anti-
CD25 PE-Cy7 in PBS, 0.5% BSA, 1mM EDTA for 30min at 4°C and then washed before
acquisition. ELISA measurement of -2 secretion was done following the protocol of the provider
(see Table S1) and absorbance was read at 450nm with a CLARIOstar (BMG Labtech). To
determine the percentage of conjugates formed in each condition, unspecific conjugates were
removed by 15x pipetting, after which cells were fixed with fixation buffer for 20min at 4°C. After
washing the cells with PBS, 0.5% BSA, and 1 mM EDTA, conjugate formation was analyzed by
flow cytometry.

T cell activation and phospho-blot analysis

96-well plates were coated with 1pg/mL anti-CD3, 10pg/mL anti-CD28 and Spg/mL IgGl or
Spg/mL PD-L1 in PBS overnight at 4°C. PD-1* CD8" T cells or PD-1* Jurkat T cells were washed
in RPMI and resuspended at 6.10° cells/mL in RPMI. Cells were incubated in the pre-coated plates
at 37°C 5% CO» for 10min and lysed directly in the plates with RIPA 10X supplemented with
phosphatase inhibitor cocktail and protease inhibitor cocktail for 15min at 4°C and then treated
with benzonase. Lysates were centrifuged for 15min at maximum speed at 4°C and Laemmli with
NuPAGE sample reducing agent were added to the supernatants followed by heating the samples
for Smin at 95°C. Supernatants were loaded on 4-15% protein gels and transferred to PVDF
membranes. Membranes were blocked at room temperature for 45min with TBS1X, Tween 0.05%,
and 5% BSA, and incubated overnight at 4°C with primary antibodies anti-phospho-HS1 and anti-
beta-2-microglobulin. After three washes in TBS1X, Tween 0.05%, membranes were incubated
for 45min at room temperature with the secondary antibody peroxidase goat anti-rabbit IgG1.
Proteins were revealed with Clarity Western ECL Substrate and chemiluminescence was detected
with a Bio-Rad ChemiDoc MP imaging system. Western blots were quantified with the Image Lab
software (Bio-Rad).
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Spreading assay for immunofluorescence

12mm @ coverslips were cleaned with 70% ethanol, then washed with H>O and coated with 0.02%
poly-L-lysine for 20min at room temperature. After washing in PBS, the coverslips were coated
with 0.1pg/mL anti-CD3, 10pg/mL anti-CD28, and Spg/mL I1gG1 or Spg/mL PD-L1 overnight at
4°C. Coverslips were washed once in PBS before adding the cells. PD-1* CD8" T cells or PD-1"
Jurkat T cells were resuspended at 1.10° cells/mL in warm complete medium and 100 000
cells/coverslip were incubated for 10min at 37°C 5% CO,. Coverslips were then washed once with
PBS and fixed with 4% paraformaldehyde for 10min at room temperature. After washing once
with PBS, excess paraformaldehyde was quenched with PBS, 10mM glycine for 10min at room
temperature. Cells were permeabilized with PBS, 0.2% BSA, and 0.05% saponin for 30min at
room temperature. For the staining, cells were incubated in the same buffer with DAPI and
phalloidin coupled to Alexa Fluor 647 or 568 for 30min at room temperature protected from light.
After washing twice with PBS, BSA, saponin, and twice in PBS, coverslips were soaked in H,O
and mounted with SuL Fluoromount G on slides and dried protected from light at room
temperature overnight before microscope acquisition.

Conjugate formation for immunofluorescence

12mm @ coverslips were cleaned with 70% ethanol, then washed with H>O and coated with 0.02%
poly-L-lysine for 20min at room temperature and then washed with PBS. APCs and APC-PD-L1
were first stained with Celltracker CMAC or Celltracker CMFDA for 20min at 37°C in PBS then
washed once with complete medium and coated with 10pg/mL anti-CD3 and 10pg/mL anti-CD28
for 20min at 37°C in warm medium. After washing the APCs and APC-PD-L1 to remove unbound
antibodies, cells were resuspended at 2.10° cells/mL in complete medium and mixed with PD-1*
CD8" or PD-1" Jurkat T cells at a 1:1 ratio. 200 000 mixed cells were incubated for 30min at 37°C
5% CO2 on the coverslips. Coverslips were then washed once with PBS and fixed with 4%
paraformaldehyde for 10min at room temperature. After washing once with PBS, excess
paraformaldehyde was quenched with PBS, 10mM glycine for 10min at room temperature. Cells
were permeabilized with PBS, 0.2% BSA, and 0.05% saponin for 30min at room temperature. For
the primary antibodies staining, cells were incubated in the same buffer with anti-mCherry, anti-
GFP, anti-acetylated tubulin, anti-PD-L1 BV421, anti-phospho-HS1, anti-LAMP-1, anti-WASP
for 1h at room temperature. After washing the coverslips three times with the PBS, BSA, and
saponin buffer, the secondary antibodies were added in the same buffer and incubated at room
temperature protected from light for 30min. After washing twice with PBS, BSA, saponin, and
twice in PBS, coverslips were soaked in H>O and mounted with SuL. Fluoromount G on slides and
dried protected from light at room temperature overnight before microscope acquisition.

Conjugate formation for live imaging

15mm ¢ glass-bottom cell culture dishes were coated with 0.02% poly-L-lysine for 20min at room
temperature and then washed with PBS. APCs and APC-PD-L1 were stained with Celltracker
CMAC for 20min at 37°C in PBS then washed once with complete medium and coated with
10pug/mL anti-CD3 and 10pg/mL anti-CD28 for 20min at 37°C in warm medium. APCs and Jurkat
T cells expressing PD-1-YFP and LifeAct-mCherry were resuspended in RPMI without phenol
red. APCs were deposited on the dishes 10min at 37°C before acquisition. T cells were added in
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the chamber of the spinning disk microscope, at 37°C 5% CO,. Images were acquired every 45sec
on 4 regions of interest for 30min.

Microscopy and image analysis
Microscopes

Confocal images were acquired on an inverted Leica DmI8 microscope equipped with an SP8
confocal using a 63x (1.4 NA), oil immersion objective. Z-stacks of images were acquired. 3D-
SIM images were acquired on a Delta Vision OMX v4 microscope equipped with an Olympus
100x (1.42 NA), Plan Apo N, oil immersion objective. Image reconstruction was performed under
Linux using the SoftWoRx image software. Live imaging was performed using an inverted Eclipse
Ti-E (Nikon) spinning disk CSU-X1 (Yokogawa) confocal microscope integrated in Metamorph
software and equipped with a 60x (1.4 NA) oil immersion objective.

Image analysis and statistical analysis

All image analyses were performed on Fiji-Image] software (79) using custom codes available
upon request. All graphs and statistical analyses were made with GraphPad PRISM version 9.5.0
for Mac (GraphPad Software, San Diego, CA, https://www.graphpad.com).

Analysis of spreading area and F-actin intensity

To analyze cell spreading on surfaces, only the Z-stack plane corresponding to the contact between
cells and the surface was considered and a projection of the DAPI was used to individualize each
cell. Briefly, a binary mask of cell areas was obtained after a threshold on the F-actin channel, and
cells were separated using the segmented image obtained with the find maxima function applied
on the DAPI. After segmentation, for each cell, spreading area and F-actin intensity at the immune
synapse were measured.

Macros used: Macro_Spreadingl.ijm; Macro_Spreading2.ijm; Macro_Spreading3.ijjm

Synapse extraction and conjugate reorientation

First, single-cell conjugates were cropped and saved manually. Then, for each conjugate, the
sagittal Z plane and the orientation of the synapse were manually determined. The selected plane
was reoriented so that the T cell and the APC were always positioned the same (T cell on the right,
APC on the left) and the conjugated T cell was cropped. Both oriented conjugates and cropped T
cells were saved.

Macros used: Macro_SynapseExtraction.ijm

Analysis of F-actin, PD-1, pHS1 enrichment at the synapse

For all extracted conjugated T cells, a binary mask was created on the F-actin channel to define
the cell cortex. For the cortical synaptic region, only the cortex in the first 20% of the image was
considered. Then the mean intensity of F-actin, PD-1, or pHS1 was measured in the cortical
synaptic region and in the rest of the cortex. The enrichment was computed as the ratio between
the mean intensity at the synaptic cortex compared to the mean intensity of the non-synaptic cortex.
Macros used: Macro_EnrichmentSynapse.ijm
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Analysis of mean cell F-actin and PD-1 distribution

To map the mean cell distribution of F-actin or PD-1 in a set of images, for all the extracted
conjugated T cell images of one condition, first, all intensities and image sizes were measured, and
images were normalized to the same size and total intensity. Then, an average projection of all the
normalized cells was done to obtain an average pattern of signal distribution. To compare
conditions between them, obtained maps were normalized to the same size and intensity and the
same LUT and display were applied for all.

Macros used: Macro_MeanCelll.ijm, Macro_MeanCell2.ijm; MacroMeanCell3.ijjm

Analysis of cytolytic granule and centrosome polarity

To measure the cytolytic granule and centrosome polarity to the immune synapse, the oriented
conjugates were used to define the contact line between both cells corresponding to the synapse.
Briefly, taking the phalloidin staining, a binary mask of both cells was determined. Then, a mask
of the APC cell was done using either the Celltracker staining (for APCs) or the PD-L1 staining
(for APC-PD-L1). T cells masks were thus determined as total cells — APC and the immune
synapse was determined as the contact line between APC and T cells mask. For polarity
measurement, first, a mask was done on the cytolytic granules using LAMP-1 staining or on the
acetylated tubulin staining using the brightest part to get the centrosome.

A distance map corresponding to the distance to the synapse was generated and the distance of the
cytolytic granules or centrosome was measured and normalized to the maximum distance
measured on the T cell.

Macros used: Macro_Polarity1.ijm; Macro_Polarity2.ijm

Analysis of T cell solidity

To measure the deformation of the cells at the immune synapse, for extracted conjugated T cell
image, either cortical masks obtained from the analysis of protein enrichment at the synapse or T
cell masks generated from the analysis of polarity were used. Then the solidity of this object was
measured (area of the cell/convex hull area).

Macros used: Macro_Synapse extraction.ijm; Macro Polarity1.ijjm
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Supplementary materials

Movie 1. Live immune synapse formation. Representative movie of immune synapse formation. Jurkat
T cells expressing PD-1-YFP (green) and LifeAct-mCherry (red) were co-cultured with APCs coated
with anti-CD3/CD28 antibodies for 30min. Conjugates were imaged every 45sec. Images were
acquired by spinning disk microscopy; one sagittal Z plane of the immune synapse is shown. Scale
bar: Sum. N = 2 experiments.

Movie 2. PD-1/PD-L1 interaction inhibits actin dynamics upon immune synapse formation.
Representative movie of the effect of PD-1 on immune synapse formation. Jurkat T cells expressing
PD-1-YFP (green) and LifeAct-mCherry (red) were co-cultured with APC-PD-L1 and coated with
anti-CD3/CD28 for 30min. Conjugates were imaged every 45sec. Images were acquired by spinning
disk microscopy; one sagittal Z plane of the immune synapse is shown. Scale bar: Spm. N = 2
experiments.

Movie 3. T cells can form multiple immune synapses. Representative live imaging of the formation of
two simultaneous immune synapses. PD-1" Jurkat T cells expressing LifeAct-mCherry (magenta)
were co-cultured for 30min with APCs stained with Celltracker CMAC (cyan), coated with anti-
CD3/CD28. Conjugates were imaged every 45sec. Images were acquired by spinning disk
microscopy; one sagittal Z plane of the immune synapse is shown. Scale bar: Sum.

Movie 4. PD-1-induced actin remodeling inhibition is local. Representative live imaging of the local
effect of PD-1 on immune synapse formation. Jurkat T cells expressing PD-1-YFP (cyan) and
LifeAct-mCherry (magenta) were co-cultured for 30min with APCs and APC-PD-L1, coated with
anti-CD3/CD28 antibodies. Conjugates were imaged every 45sec. Images were acquired by
spinning disk microscopy; one sagittal Z plane of the immune synapse is shown. Scale bar: Sum.
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Figure S1. PD-L1 alone does not inhibit T cell spreading. (A-C) Representative FACS expression profile
of CD3, CD28, and PD-1 in (A) PD-1" CD8" T cells, (B) PD-1"Jurkat T cells, and (C) untransduced
Jurkat T cells gated on lymphocytes using size (FSC) and granularity (SSC). (D) Spreading area and
F-actin intensity of untransduced Jurkat cells after 10min spreading on glass surfaces coated with
poly-L-lysine (PLL) alone or with anti-CD3/CD28 antibodies and PD-L1-Fc or IgG1-Fc as a control.
After activation, cells were fixed, permeabilized, and stained with DAPI and phalloidin. Spreading
area and F-actin intensity were measured by confocal microscopy. N = 1 experiment, >300 cells for
each condition. N = 1 experiment with > 300 cells/condition (E) Spreading area and F-actin intensity
of PD-1" CD8" T cells after 10min spreading on glass surfaces coated with poly-L-lysine alone or
with anti-CD3/CD28 antibodies and PD-L1-Fc or IgG1-Fc as a control. Cells were incubated with
the Nivolumab anti-PD-1 antibody or IgG4 as a control for 10min before activation. After activation,
cells were fixed, permeabilized, and stained for DAPI and phalloidin. Spreading area and F-actin
intensity were measured by confocal microscopy. Data are presented as median with interquartile
range. N = 1 experiment with > 130 cells/condition. Mann-Whitney T-test ****P< 0.0001, ***P<
0.001, *P <0.05.
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Figure S2. Presentation of the engineered APC model. (A) Schematic representation of the

developed engineered APC model. The cell line K652 was stably transduced with the Fec-receptor
CD64 (called APC thereafter) to capture anti-CD3/CD28 antibodies and present them to T cells for
activation. The CD64" cell line was stably transduced with PD-L1 (called APC-PD-L1 thereafter) to
co-engage TCR/CD28 and PD-1 simultaneously. (B) The ability of the APCs to bind anti-CD3 and
anti-CD28 antibodies. Cells were coated with biotinylated anti-CD3 or anti-CD28 antibodies, and
the coating was revealed with streptavidin coupled to Alexa Fluor 488 by FACS analysis. (C) FACS
expression profile of CD64, PD-L1, and GFP in the APC-GFP and APC-PD-L1-GFP cells gated on
APCs using size (FSC) and granularity (SSC). (D) CD25 upregulation of wild-type or PD-1" Jurkat
cells after 12 hours of co-culture with APCs or APC-PD-L1, coated or not with anti-CD3/CD28
antibodies. N = 1 experiment performed with technical triplicates. (E) Representative conjugate
formation assay. CTV-stained PD-1* Jurkat cells were co-cultured with APC-GFP or APC-PD-L1-
GFP at a 1:1 ratio. After 20min conjugate formation, cells were fixed, and conjugate formation was
measured by flow cytometry. (F) Conjugate formation among T cells for each condition. N = 3
independent experiments with technical replicates. Data are presented as median with interquartile
range. Mann-Whitney T-test, ns: non significative.
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Figure S3. PD-1 alters WASP distribution at the immune synapse. Representative images of the effect
of PD-1 on WASp distribution. PD-1" CD8" T cells were co-cultured for 30min with APC-GFP
(grey) or APC-PD-L1-GFP (grey) coated with anti-CD3/CD28. Conjugates were then fixed,
permeabilized, and stained with anti-WASp (cyan), phalloidin (magenta), and DAPI (blue). Images
were acquired by confocal microscopy; one sagittal Z plane of the immune synapse is shown. Scale
bar: Spm.
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Figure S4. PD-1 does not affect centrosome polarization to the immune synapse. (A) Cytotoxic

capacity of PD-1" CD8" T cells co-cultured for 4h with APCs or APC-PD-L1 coated with anti-
CD3/CD28 antibodies or not and treated or not with Latrunculin B (0.01pM). APCs were stained
with Celltrace Violet before co-culture and death was determined using a Live/Dead staining. Killing
capacity is expressed as a percentage of dead APCs at the CDS8-to-target ratios indicated.
Representative assay from 2 independent experiments, 4 healthy donors. (B) Representative images
of the effect of PD-1 on centrosome polarization. PD-1" CD8" T cells (on the right) were co-cultured
for 30min with APC-GFP or APC-PD-L1-GFP (on the left) coated with anti-CD3/CD28 antibodies
or not. Conjugates were then fixed, permeabilized, and stained for anti-acetylated tubulin to label the
centrosome (cyan), phalloidin (magenta), and DAPI (blue). Images were acquired by confocal

microscopy; one sagittal Z plane of the immune synapse is shown. Scale bar: Sum.
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Figure S5. PD-1 tyrosine mutations rescue part of T cell activation. (A) Inhibition rate of IL-2
secretion measured by ELISA, (B) CD25 upregulation measured by flow cytometry, and (C) PLCy
phosphorylation measured by western blot. (A-B) PD-1" Jurkat cells expressing PD-1 wild-type
(WT) or PD-1 Y223/248F were activated overnight with APCs or APC-PD-L1 coated or not with
anti-CD3/CD28 antibodies. N = 2 independent experiments. (C) PD-1* Jurkat cells expressing PD-1
wild-type (WT) or PD-1 Y223/248F were activated for 10min on plates coated with anti-CD3/CD28
antibodies and PD-L1-Fc or IgG1-Fc as a control. N = 2 independent experiments. Data are presented
as median with interquartile range. (D) FACS expression profile of CD3, CD28, and PD-1 in Jurkat
cells expressing PD-1 WT or PD-1 Y223/248 gated on APCs using size (FSC) and granularity (SSC).
(E) Representative images of the effect of PD-1 mutation on immune synapse formation. Jurkat T
cells expressing PD-1-YFP or PD-1-Y223/248F-YFP (cyan) and LifeAct-mCherry were co-cultured
for 30min with APC-GFP or APC-PD-L1-GFP, coated with anti-CD3/CD28 antibodies. Conjugates
were then fixed, permeabilized, and stained with anti-GFP. Images were acquired by confocal
microscopy; one sagittal Z plane of the immune synapse is shown. Scale bar: Spm. N = 3 experiments
with >60 conjugates per condition. Scale bar: Sum (F) Mean profile of PD-1 distribution in Jurkat
cells expressing PD-1 WT or PD-1 Y223/248F upon activation with an APC expressing or not PD-
L1, coated with anti-CD3/CD28 antibodies. Cells were normalized to the same size and fluorescent
intensity and the average projection of all cells was done to see signal distribution, using a linear
LUT to show signal accumulation. N = 3 independent experiments with >60 conjugates per condition.
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Antibody Anti-GFP CurieCoreTech A-R-H#11 IF (1/200)
Antibody Anti-mCherry CurieCoreTech A-P-R#13 IF (1/200)
Antibody Anti-PD-L1 BV421 BioLegend 374507 IF (1/50), FC (1/200)
Antibody Anti-LAMP-1 abcam ab24170 IF (1/500)
Antibody Anti-acetylated tubulin CurieCoreTech A-R-H#39 IF (1/50)
Antibody Anti-WASP abcam ab59278 IF (1/100)
Antibody ‘Anti-phospho-HS1 (Tyr397) Cell Signaling Technology 137085 IF (1/50)
Antibody Anti-CD3 FITC BioLegend 317306 FC (1/200)
Antibody Anti-CD28 PE eBioscience 12-0289-42 FC (1/200)
Antibody Anti-CDé4 PE BioLegend 305007 FC (1/200)
Antibody Anti-PD-1 PE BioLegend 329906 FC (1/200)
Antibody Anti-LAMP-1 (CD107a) FITC BioLegend 328607 FC (1/30)
Antibody Anti-LAMP-2 (CD107b) PE BioLegend 354305 FC (1/30)
Antibody Anti-CD25 PE-Cy7 eBioscience 25-0259-42 FC (1/400)
Antibody Anti-phospho-HS1 (Tyr397) Cell Signaling Technology 87145 WB (1/1000)
Antibody Anti-B2-microglobulin Cell Signaling Technology 128515 WB (1/1000)
Antibody Anti-CD3 (OKT3) BioLegend 317325 0.1-10pg/mL
Antibody Anti-CD28 (CD28.2) BioLegend 302933 2.5-10ug/mL
Antibody HRP goat IgG anti-rabbit IgG (H+L) Jackson ImmunoResearch 111-035-144 WB (1/10 000)
Antibody Goat anti-Rabbit IgG (H+L), Alexa Fluor™ 488 Invitrogen A11034 IF (1/200)
Antibody Goat anti-Human IgG (H+L), Alexa Fluor™ Plus 488 Invitrogen A48276 IF (1/200)
Antibody Goat anti-Rabbit IgG (H+L), Alexa Fluor™ 568 Invitrogen A11011 IF (1/200)
Antibody OPDIVO (Nivolumab) Bristol Myers Squibb - 100pg/mL
Antibody Anti-Beta-Gal-higG4 Invivogen bgal-mab4 100pg/mL
Biochemical reagent RIPA 10X Cell Signaling Technology 9806
Biochemical reagent Halt™ Phosphatase Inhibitor Single-Use Cocktail Thermo Scientific 78426
Biochemical reagent Complete, EDTA-free (Protease inhibitor cocktail tablets) Roche 11873580001
Biochemical reagent Thermo Scientific™ Pierce™ Universal Nuclease for Cell Lysis Thermo Scientific 88702
Biochemical reagent 4x Laemmli Sample Buffer Bio-Rad 1610747
Biochemical reagent NuPAGE sample reducing agent 10X Invitrogen NP0009
Biochemical reagent 4-15% Mini-PROTEAN™ TGX Stain-Free™ Protein Gels Bio-Rad 4568086
Cell culture reagent RPMI Medium 1640 (1X) + Glutamax Gibco 61870-010
Cell culture reagent RPMI Medium 1640 (1X) + L-Glutamine - Phenol Red Gibco 11835-030
Cell culture reagent fetal calf serum Eurobio CVFSVF00-01
Cell culture reagent Penicillin-streptomycin (10 000UI/ml) Gibco 15140-122 100 U/mL
Cell culture reagent 96-well plates TPP 9296
Cell culture reagent Hepes Gibco 15630-056 ™
Cell culture reagent 2-Mercaptoethanol Gibco 31350-010 50mM
Cell culture reagent BSA Euromedex 04-100-812 0.2-5%
Cell culture reagent EDTA Invitrogen 15575-038 1mM
Cell culture reagent PBS without CA&MG Eurobio CS1PBSO1K BP
Chermical compound; drug PEI Max Polysciences,Inc 24765-1 0,63mM
Chemical compound; drug Latrunculin B Tocris 3974 0.01uM
Chemical compound; drug CKb66 Tocris 3950 100uM
Chemical compound; drug Fixation buffer BD Biosciences 554655
Chemical compound; drug Phalloidin AF647 Invitrogen A22287 1/200
Chemical compound; drug Phalloidin AF568 Invitrogen A12380 1/200
Chemical compound; drug DAPI Invitrogen D1306 1/2000
Chemical compound; drug poly-L-lysine Sigma-Aldrich P8920 0.02%
Chemical compound; drug Image-iT™ Fixative Solution (4% formadehyde) Invitrogen FB002 4%
Chemical compound; drug Glycine Sigma-Aldrich G8898 10mM
Chemical compound; drug Saponin Sigma-Aldrich 54521 0.05%
Chemical compound; drug Fluoromount G SouthernBiotech 0100-01
Commercial kit CellTrace Violet Invitrogen C34557 1/10 000
Commercial kit Live/Dead eFluor 780 Invitrogen 65-0865-14 1/1500
Commercial kit Clarity Western ECL Substrate Bio-Rad 1705061
Commercial kit 100 pL Neon Transfection system Invitrogen MPK10096 1450V, 10 ms, 3 pulses
Commercial kit LS columns Miltenyi 130-042-401
Commercial kit Celltracker CMAC Invitrogen C2110 1/1000
Commerecial kit Celltracker CMFDA Invitrogen C2925 1/1000
Commercial kit OptEIA™ Human IL-2 ELISA Set BD Biosciences 555190
Commercial kit CD8+ T Cell Isolation Kit, human Miltenyi Biotech 130-096-495
Cytokine rhIL-2 Immunotools 11340025 20 U/mL
Cytokine rh IFN-a2a Immunotools 11343506 20 ng/mL
Material 12mm & cover slips Menzel Gléser - Thermo Scientific | CBADOO120RA120MNZ#0
Material Superfrost plus slides Menzel Glaser - Thermo Scientific J1800AMNZ
Material 15mm o glass bottom cell culture dish NEST Scientific 801002
Recombinant protein 19G1-Fc Biotechne 110-HG Spg/mL
Recombinant protein PD-L1-Fc Biotechne 156-87 5ug/mL
Software FlowJo Software version 10.8.2 Becton, Dickinson & Company
Software Image Lab software Bio-Rad
Software Fiji-ImageJ (Schindelin et al., 2012)
Software GraphPad PRISM GraphPad Software Version 9.5.0
Software Metamorph Molecular Devices
Table S1. Table of the used reagents and antibodies.
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Gateway ® Technology with

PD-1 Jurkat PDH1-PDI-EFT pDest DHI-EF1 puro FAMAAGCAGGCTTCACCATGCAGATCCCACAGGCGCC POI-WT Clonase ® I initrogen #2535 Lentiiral Transduction Jurkat E6.1
029 and 12535.037)
RAGARAGCTGGGTGTCAGAGGGGCCAAGAGEAGTS
05 Site-Directed Mutagenasis
PD-1Y223/248F Jurkat PDH1-PD1-EF1-223-248-Tyr-Mut | pDest DH1-EF1 puro F-CTCTGTGGACTICGGGGAGCTGG (mut Tyr 223) PDI-Mut Tyr 223248 Ll Lentiviral Transduction Jurkat E61
RAACACAGGCACGGCTGAG (mut Ty 223)
F-GCAGACGGAGTTCGCCACCATIGIC (mat Tyr 2481
RTCAGGGACACAGGGCACG (mut Ty 248)
Gateway ® Technology with
PDA1-YFP Jurkat PWKLD-PDI-YFP. V38 pDest WKLD F-AAARAGCAGGCTTCACCATGCAGATCCCACAGGCGCC PD1-YFP Clonase ® I (invitrogen #2535- Lentiiral Transduction Jurkat B6.1
029 and 12535-037)
RAGAAAGCTGGGTGTTACTIGT T
05 Site-Directed Mutagenesis
PD-1Y223/248F-YFP Jurkat | pWXLD-PD1-223-248 Tyr-MutYFP | V38 pDest WXLD. F-CTCTGTGGACTICGGGGAGCTGG (mut Tyr 223) PDI-Mut Tyr 223-248 T B Lentiiral Transduction Jurkat E6.1
RAACACAGGCACGGCIGAG (it Tyr 223)
F-GCAGACGGAGTTCGCCACCATIGTC (mat Tyr 2481
RTCAGGGACACAGGGCACG (mut Tyr 248]
Transfection -
NeonTM
APC-PDLT PUNO-PD-LT #PUNOT-HCD274 (invivogen) PD-L1WT Expression vector Transfection | K562CCL243
ystem
(nvitrogen)
ol with NEBuIder® FiFT
APC.PD-L1-GFP. PTRIP-SFFV-PD-L1-GFP. PTRIP.SFFV- TIGCTGTCTITATATI] PD-L1-WT DNA Assembly Master Mix Lentiiral Transduction | K562CCL243
(NEB#E26215)
RCCATGGTGGCGACCGGTGGGCCCGICTCCTCCARATGIGTATC
APCGFP TRIP SFRV-GFP DTRIPSFRV-GF? Vanel Ref paprer
Transfection -
NeonTM
APC PUNOI-MCS punot-mes (invivoger) - Expression vector Transfection | K562CCL-243
System
Gnvitrogen)

Jurkat-LifeAct-mCherry

PTRIP-SFFV-LifeAct- mCherry

PTRIPSFFV-GFP

BamHIXnol - vith

NEBulder® Hifi DNA

Assembly Master Mix
(NEB#E26215)

Lentiiral

Transduction

Jurkat E6.1

RGCTCCATGTTTTICTAGGTCTCACTIGT TCGTCCATGCC

Table S2. Table of the used vectors and antibodies.
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Article 2 : Label-free single-cell live imaging reveals fast metabolic switch in

T lymphocytes

Co-1¢ auteur

Article en révision, Molecular Biology of the Cell

Résumé

L'activation des lymphocytes T induit un basculement métabolique qui génere 'énergie
nécessaire a la prolifération, la survie et I'alimentation de leurs fonctions. Il est donc essentiel
d'étudier le métabolisme associé aux changements fonctionnels et structurels subcellulaires.

Nous avons utilisé une méthode de microscopie a fluorescence a deux photons (2P-FLIM)
non invasive et sans marquage pour cartographier la dynamique spatiale et temporelle de la co-
enzyme métabolique NADH au cours de 'activation des lymphocytes T. Les mesures par 2P-FLIM
des ratios de NADH libre et lié aux protéines fournissent une lecture de I'état redox (NAD"/
NADH) des cellules, et donc de leurs taux de phosphorylation oxydative et de glycolyse.

En utilisant cette méthode, nous avons suivi la dynamique de la fraction de NADH lié (fb
NADH) dans des cellules uniques vivantes. En comparant la fb NADH entre des cellules T au
repos et activées, nous montrons que l'activation des cellules T induit un basculement rapide de la
phosphorylation oxydative vers la glycolyse. Ce changement ne nécessite que 10 minutes et reste
stable pendant au moins une heure. L'analyse tridimensionnelle (3D) révéele que la distribution
intracellulaire de la fb NADH est symétrique dans les cellules au repos, alors qu'elle augmente au
niveau de la zone de contact dans les cellules activées. Enfin, nous montrons que la fb NADH est
négativement corrélée avec I'étalement des cellules T activées, suggérant un lien entre le remodelage
de l'actine et les changements métaboliques. Cette étude montre que la mesure par 2P-FLIM de la
fb NADH est bien adaptée pour suivre un changement métabolique rapide en 3D, dans des

lymphocytes T uniques avec une résolution subcellulaire.
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Contribution a Particle

Cet article résulte d’une collaboration avec I’équipe de Chiara Stringari (Laboratory for Optics &
Biosciences, Fcole Polytechnique). Son équipe ayant développé une méthode de mesure du
métabolisme dans des cellules vivantes uniques en temps réel par 2P-FLIM, nous y avons per¢u
une opportunité de mesurer a la fois le métabolisme des lymphocytes T lors de leur activation en

temps réel, mais également d’y ajouter 'information du remodelage du cytosquelette.

Pour ce faire, j’ai transduit la lignée Jurkat avec un vecteur lentiviral codant pour le LifeAct-
mCherry. En utilisant le protocole d’activation des lymphocytes T sur des lames que j’avais mis au
point précédemment pour I'imagerie en temps réel, nous avons adapté, ensemble avec la post-
doctorante Lien Ung dans leur laboratoire a Polytechnique, la mesure du métabolisme et du

remodelage d’actine simultanément.

Concernant le travail expérimental, nous avons effectué toutes les expériences ensemble, dans leur

laboratoire avec Lien.
Concernant 'analyse des figures de I'article, j’ai écrit le programme d’analyse d’images pour mesurer
laire des cellules, et effectué toutes les analyses des aires et de corrélation entre les aires et le

métabolisme.

Quant a I’écriture du manuscrit, nous avons monté les figures et écrit les légendes ensemble avec

Lien, puis j’ai apporté des modifications et corrections au manuscrit.

J’ai donc pris part a ce projet de son élaboration, a son exécution expérimentale, I’analyse des

résultats, jusqu’a I’écriture de larticle.
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ABSTRACT

T cell activation induces a metabolic switch generating energy required for proliferation,
survival, and fueling their functions. Thus, it is essential to monitor metabolism associated to
subcellular functional and structural changes. We used non-invasive label-free two-photon
fluorescence lifetime microscopy (2P-FLIM) to map the spatial and temporal dynamics of the
metabolic NADH co-enzyme during T lymphocyte activation. 2P-FLIM measurements of the
protein-bound and free NADH ratios provides a readout of the redox state (NAD"/ NADH) of
the cells, and thus of their OXPHOS and glycolysis rates. Using this method, we followed the
dynamics of fraction of bound NADH (fb NADH) in live single cells. Comparing fb NADH
between resting and activated T cells, we show that T cell activation induces a rapid switch
toward glycolysis. The switch takes only 10 minutes and remains stable for at least one hour.
Three-dimensional (3D) analysis revealed that the intracellular distribution of fb NADH is
symmetrically distributed in resting cells, whereas increases at the contact zone in activated
cells. Finally, we show that fb NADH negatively correlates with spreading of activated T cells,
suggesting a link between actin remodeling and metabolic changes. This study shows that 2P-
FLIM measurement of fb NADH is well suited to follow a fast metabolic switch in 3D, in single

T lymphocytes with subcellular resolution.
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INTRODUCTION:

T lymphocyte activation through the T cell receptor (TCR) and co-receptors such as CD28
induces a rapid transcription of numerous new messenger RNA (mRNA) transcripts and
proteins. Activated T lymphocytes also undergo massive growth, doubling to quadrupling their
size in 1 to 2 days as well as several cycles of divisions'. These different steps are demanding
in energy and thus require a rewiring of T lymphocyte metabolism?. Indeed, T lymphocytes
change their metabolism during immune response. Briefly naive T cells that are metabolically
quiescent, mainly rely on oxidative phosphorylation (OXPHOS) for their energetic needs.
Effector T cells, which are very metabolically active have higher rates of both glycolysis and
OXPHOS, whereas memory T cells, which are quiescent but metabolically primed rely on fatty
acid oxidation and OXPHOS?. The field of immunometabolism has gained importance by
showing that different T lymphocyte populations have different metabolic signatures, but also
by unveiling that the metabolism does not only energetically supports cellular functions but
also shape them?. These better understanding of immunometabolism of T cells paved the way
to harnessing metabolism for therapeutic interventions. For examples, finding the right
conditions to generate CAR T cells that are “metabolically fit”* or overcoming metabolic
competition in the tumors microenvironment to improve anti-tumoral T cell responses®. There

is thus an increasing need to better understand immunometabolism in T lymphocytes.

Many tools have been developed to measure cell metabolism and have been used in T
lymphocytes. Among them, we can cite 13 C-based stable isotope labeling (SIL) techniques
that facilitate tracing the metabolic fate of nutrients in cells®, the Seahorse Extracellular Flux
Analyzer, which simultaneously measures, in real-time, the extracellular acidification rate
(ECAR; an indicator of glycolysis) and the oxygen consumption rate (OCR; an indicator of
oxidative phosphorylation (OXPHOS)) from relatively low numbers of cells. Both these
methods allow the metabolic analysis of cells in bulk. We can also cite the two recent elegant
assays: SCENITH and SPICE-Met that rely respectively on — characterizing the energetic
metabolism profile of cells by monitoring changes in protein synthesis levels in response to
metabolic inhibitors’, or on — sensing the ATP:ADP ratio in cells expressing the genetically
encoded fluorescent biosensor®. The SCENITH assay, based on flow cytometry, monitors the
metabolic profile at a single cell resolution but not in real time and has been used successfully
in T cells’. The SPICE-Met assay is based on one or two-photon microscopy, can be used in
real-time imaging on single cells, has been used successfully in T cells'® but requires the

expression of a transgene.
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Most of the studies aiming at analyzing metabolism in T lymphocytes have been performed in
cell populations at steady state or several hours after exposure to activation signals. Rapid
changes (in the order of 30 to 60 min) in OXPHOS and aerobic glycolysis have yet been
reported upon activation of T lymphocytes -2,

To tackle both the heterogeneity of the metabolic profiles and of their temporal dynamic, we
used Two-photon Fluorescence Lifetime Microscopy (2P-FLIM) of the coenzyme NADH, as
it reports on metabolic processes in a label-free and non-invasive way'3~'3. NADH is the
principal electron acceptor in glycolysis in oxidative phosphorylation and its ubiquity renders
NADH one of the most useful and informative intrinsic biomarkers for metabolism in live cells
and tissues'®!”. Through the readout of protein-bound and free NADH, 2P-FLIM provides
sensitive measurements of the redox states (NAD*/ NADH) of cells as well as OXPHOS and
glycolysis rates'*!>1822, 2P-FLIM has the spatio—temporal resolution required to characterize
NADH subcellular compartments®®> and to measure metabolic shifts induced upon T

lymphocyte activation?* as well as metabolic polarization and heterogeneity in macrophages

25-27 28-31

and microglia in vitro as well as in vivo
In the present study, we used 2P-FLIM of NADH to follow the dynamic of NAD*/ NADH
redox ratio (through the fraction of bound NADH) in Jurkat T cells (a leukemic T cell line) and
primary human CD4" T lymphocytes, during activation. We activated the cells on glass slides
coated with anti-CD3 + anti-CD28 antibodies, which induce polarization and spreading of T
cells and mimic the immune synapse formation®2. Our results show that T cell activation
induces a rapid decrease of fraction of bound NADH, reflecting a decrease in oxidative
phosphorylation/glycolysis ratio in activated T lymphocytes. This can be followed, upon time,
ata single cell level and in 3D. The three-dimensional metabolic maps show that the distribution
of fraction of bound NADH in the cell is changing in different cellular compartments upon
immune synapse formation. Moreover, because remodeling of the actin cytoskeleton is one of
the early hallmarks of T cell activation we expressed LifeAct-mCherry, a 17-amino-acid
peptide, which stained filamentous actin (F-actin) structures in Jurkat T cells and followed the
bound/free NADH ratio simultaneously with the spreading. This analysis showed that the fb
NADH diminished in spreading cells suggesting that there might be a link between actin

remodeling in T cells and metabolic changes.
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Together, our data show that upon activation mimicking immune synapse formation, T

lymphocytes dynamically modify their metabolism in time and space.

MATERIALS AND METHODS

Cells

Jurkat T cells (94% homology with Jurkat clone E6.1 validated by the SSTR method on the
DSMZ website) were cultured at 37°C with 5% COz in RPMI 1640 Glutamax (Gibco; 61870-
010) supplemented with 10% fetal calf serum (Eurobio; CVFSVF00-01) and were passed every
2-3 days at approximatively 0.5 x 10° cells/mL.

Peripheral blood mononuclear cells (PBMCs) from healthy donors were isolated using a ficoll
density gradient. Buffy coats from healthy donors were obtained from Etablissement Frangais
du Sang in accordance with INSERM ethical guidelines. CD4" T cells were purified using the
total CD4" negative isolation kit (Miltenyi Biotech; 130-096-533). Primary CD4" T cells were
activated in six-well plates coated with anti-CD3e (OKT3; 317326; BioLegend) in presence of
soluble anti-CD28 (CD28.2; 302914; BioLegend) during 6 days prior to use and cultured in
RPMI 1640 Glutamax (Fisher Scientific; 61870-010) supplemented with 10% fetal calf serum
(Eurobio, CVFSVF00-01), 10 000 U/mL penicillin-streptomycin (Gibco; 15140-122), 1M
Hepes (Gibco, 15630-056), 50mM 2-Mercaptoethanol (Gibco; 31350-010) and 20 U/mL
recombinant IL-2 (Immunotools; 11340025).

Lentivirus production and Jurkat cell transduction

Replication-defective lentiviral particles were obtained by transfecting HEK-293T cells with
Gag, Pol, rev, encoding plasmid (pPAX2), envelop encoding plasmid (pMD2.G) and the
LifeAct-mCherry construct encoded in a pWXLD vector. After 48h, lentiviruses were
recovered in the supernatant and concentrated. Jurkat cells were transduced and the positive
fraction was sorted by flow cytometry (SH800 Cell Sorter, Sony Biotechnology) to establish a
stable LifeAct-mCherry* Jurkat cell line.

T cell activation

Poly-d-lysine coated 35mm glass-bottom dishes (MatTek; P35GC-1.0-14-C) were coated with
0,1pg/mL anti-CD3 (OKT3; 317326; BioLegend) and 10pg/mL anti-CD28 (CD28.2; 302914;
BioLegend) at 4°C overnight and washed with PBS before use. 300 000 cells were resuspended
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in RPMI 1640 without phenol red (Fisher Scientific, 10363083) supplemented with 10% fetal

calf serum and plated on coated dishes prior imaging.

Two-photon excited fluorescence lifetime imaging (FLIM).

Imaging was performed on a laser scanning microscope (TriMScope, Lavision Biotec,
Germany). A simplified scheme of the multiphoton microscope is shown in Fig. 1A. The
excitation is provided by a dual-output femtosecond laser (Insight DS++, Spectra-Physics,
Santa Clara, CA, USA) one with a first beam tuneable from 680 nm to 1300 nm (120 fs pulses,
80 MHz) and a second one with a fixed wavelength beam at 1040 nm (200 fs pulses). A water
Immersion objective (25X, NA=1.05, XLPLN-MP, Olympus, Japan) is used to focus the laser
on the sample and collect fluorescence signal. Fluorescence signal is epi-detected by a hybrid
photomultiplier tube (R10467U, Hamamatsu, Japan).

To perform fluorescence lifetime microscopy of NADH, 740nm wavelength excitation was
used with a typical power of 12 mW. A blue band-pass filter was installed in front of the detector
to collect NADH autofluorescence (Semrock FF01-460/80). The red fluorescence of LifeAct-
mCherry is simultaneously collected with a red band pass filter (Semrock FF01—-607/70). Time-
correlated single photon counting (TCSPC) electronics (Lavision Biotec, Germany) measures
the arrival time of the fluorescence photons with respect to the laser pulse and reconstructs the
fluorescence lifetime decay. The laser trigger is taken from the fixed wavelength beam using a
photodiode (PDA10CF-EC, Thorlab). Lifetime calibration of the FLIM system was performed
by measuring the lifetime of fluorescein at pH9 with a single exponential of 4.04 ns (Fig.1C).
We typically collected 200-300 photons during an acquisition time in the order of one minute
for a 256x256 pixels image at a pixel dwell time of 60.8 ps/pixel. The three-dimensional (3D)
FLIM imaging was performed with a Z-step of 3 um and the total acquisition time of a 3D

FLIM is in the order of two minutes.

T Lymphocytes imaging

T lymphocytes were imaged on a glass-bottom dish, containing a non-fluorescent assay medium
(Fisher Scientific, 10363083) placed inside an incubation chamber at 37 °C and 5% CO»
(Okolab, Pozzuoli, Italy).

We performed label-free fluorescence lifetime microscopy of NADH in a total of 87 ROIs with
700 cells in 2 independent experiments for the stable cell line and in a total of 56 ROIs with

1000 cells in 1 independent experiment for the primary cells.
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To measure the metabolic trajectory in cells we treated the cells with a solution of 50 uM of
rotenone (R8875; Sigma-Aldrich, St. Louis, MO, USA) to block the respiratory chain via
complex I and 2-deoxy-D-glucose (D8375-10MG; Sigma-Aldrich, St. Louis, MO, USA) of
10mM to inhibit glycolysis.

Analysis of the Fluorescence Lifetime microscopy images

Intensity data were analyzed and treated with Fiji-ImageJ (NIH, Bethesda, MD, USA). All

FLIM data were processed and analyzed with a custom written software Matlab (Mathworks,
Natick, MA, USA). FLIM data were transformed from time domain to frequency domain by
using a FFT and plotted in the phasor plot as previously described'*33. As our FLIM data were
acquired in the time domain (Fig. 1C) we transformed the multi-exponential fluorescence
intensity decay in every pixel of the image into a point in the 2D phasor plot of coordinates g

and s (Fig.1E) with the following equations:

7f0°°1i,j(t)*cos(wt)dt )
gij(w) N
f°° I j(t)*sin(wt)dt (2)
Sij (w):ﬂli

I 1, ®at

where i and j indicate the order pixel of the image and o is the frequency. o is calculated through
the laser repetition rate w=27f (=80 MHz). We calibrated our FLIM system by using a solution
of fluorescein at pH 9 that has a single lifetime of 4.04 ns and we measured the lifetime of free
NADH in solution of 0.4ns. The fraction of bound NADH is graphically calculated as the

distance between the experimental point (gexp,Sexp) and the location of free NADH

(gfnapu Senvapr) (Fig. 1E) using the following equation:

3
fB_NADH = \/(gexp - ngADH)2 + (Sexp - SfNADH)Z ( )

We performed 3D-FLIM single cell analysis using the red channel LifeAct-mCherry for the
stable cell line and on the NADH intensity channel for the primary T cells (Fig. S1A). We first
performed a Z projection of all the Z planes of the 3D stack (Fig. S1A). Using the LifeAct-
mCherry channel, binary masks were created to identify and segment each single cell (Fig. S1B)
using Fiji-ImageJ (NIH, Bethesda, MD, USA). Based on a Matlab custom written code, we
applied the masks of single cells to the 3D fb NADH maps (Fig. S1C) to create 3D metabolic

7
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maps of single cells (Fig. SID). We then calculated the average fb NADH for every Z plane of

the cell and in the entire volume of the cell.

RESULTS

Two-photon fluorescence lifetime imaging (FLIM) of the metabolic coenzyme NADH in
T lymphocytes.

In this study, we implemented label-free two-photon fluorescence lifetime microscopy (2P-
FLIM)'%15 in living T lymphocytes to create non-invasive metabolic maps of the metabolic
coenzyme NADH at a submicron resolution and measured the spatial and temporal dynamics
of redox metabolism during T lymphocyte activation.

The principle of 2P-FLIM NADH is described in Fig. 1. To obtain excitation of NADH and
LifeAct-mCherry simultaneously, we excited the T lymphocytes in culture with an excitation
wavelength of 760nm, while the emitted fluorescence was collected in the blue and red spectral
ranges respectively (Fig. 1A, 1B and Material and Methods). Representative 2P NADH two-
photon (2P) intensity images of live T lymphocytes and simultaneously acquired 2P LifeAct-
mCherry intensity images are shown in Fig. 1C and Fig. 1D. We performed FLIM of NADH
in T lymphocytes using a commercial time-correlated single photon counting (TCSPC) system
and we established experimental conditions that allow non-invasive longitudinal metabolic
imaging of the same cells without any photodamage (Fig. 1C and Materials and Methods). The
fluorescence lifetime of NADH changes upon binding to enzymes within the electron transport
chain. Indeed, the protein-bound NADH lifetime is significantly longer than the free NADH
lifetime, due to self-quenching in the free state!®. Thus, fluorescence lifetime imaging (FLIM)
is used to provide sensitive measurements of the free and protein-bound NADH ratio to estimate
the contribution of glycolysis versus OXPHOS in ATP production'>7,

The NADH FLIM images were analyzed through phasor analysis'“**(Fig. 1E). To quantify the
subcellular metabolism, we calculated the fraction of bound NADH (fb NADH) in every pixel
of the image (Fig. 1E and Material and Methods) with respect to free NADH, which is
proportional to the redox ratio NAD+/NADH!® (see Material and Methods). The fb NADH
map (Fig. 1F) highlights the metabolic heterogeneity among cells and the subcellular NADH
compartmentalization. This experimental setup was applied to establish the cellular metabolic

trajectory of human T lymphocytes in resting and activating conditions.
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FLIM imaging of the metabolic coenzymes NADH in resting and activated Jurkat T cells
upon time.

The aim of the study was to measure the temporal dynamics of fluorescence lifetime of NADH
in T cells after activation, to determine the glycolytic capacity of T cells in real time. To do so,
we used a model that has been developed to mimic activation of T cells at the immune synapse.
Jurkat T cells, transduced with a lentiviral vector encoding LifeAct-mCherry to follow F-actin
remodeling, were dropped on glass surfaces coated with either poly-L-Lysine (PLL) alone, or
with PLL and anti-CD3 + anti-CD28 activating antibodies (Fig.1G). This activation is known
to induce early signaling and is accompanied by spreading of T cells on the surface.
Measurements were performed on Jurkat cells in 3D (Fig. S1 and Material and Methods) at 10,
30 and 60 minutes after plating the cells on PLL or activating antibodies (Fig. 1G). In the
control, non-activated Jurkat cells plated on PLL, the distribution of the NADH two-photon
fluorescence intensity presented a dim central area, corresponding to nuclei and a brighter
cortical area reflecting the presence of mitochondria in the cytosol (Fig. 2A, upper raw). In fact,
mitochondria have significantly higher NADH/NAD+ ratio (1:5 to 1:10) with respect to the
nucleus and cytoplasm (1:400 to 1:700)'®!° and NADH is fluorescent while NAD+ is not. In
the presence of anti-CD3+CD28 antibodies, the 2P fluorescence intensity of NADH revealed a
more even distribution close to the activating slide, reflecting changes in the morphology of
activated T cells with a possible accumulation of mitochondria at the contact zone (surrogate
immune synapse).

The tb NADH maps were calculated in every Z plane of the cell (Fig. S1C) and the metabolic
signature of the entire cell was evaluated by averaging the fb NADH in 3D (Material and
Method). Whereas the fb NADH did not change over time in Jurkat cells plated on PLL (Fig.
2B, upper panel), there was a general decrease of the fb NADH (shifted toward the blue Fig.2B
and phasor plots representation Fig. 2C) in cells plated on activating antibodies (Fig. 2B, lower
panel). These results were confirmed in primary pre-activated human helper T cells (Fig. S3).
Altogether these data suggest that anti-CD3+CD28 activation of Jurkat T cells and primary
human CD4" T cells induces a rapid shift (from 10 minutes) along the metabolic trajectory from
OXPHOS to glycolysis. To confirm that the metabolism induced in the different conditions is
reflected by the fb NADH in T cells, we treated the cells with rotenone, which is a drug
inhibiting the complex I of the mitochondrial electron transport chain, thus blocking OXPHOS
(Fig. S2A). As shown in Fig. S2B-D, rotenone treatment in resting Jurkat T cells significantly
decreased the fb NADH, reflecting a shift from OXPHOS to glycolysis in the treated T cells.

9
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Conversely, treatment of activated Jurkat T cells with 2-deoxy-d-glucose (2-DG), which
interferes with d-glucose metabolism induced a strong increase in fb NADH (Fig. S2B, S2C,
S2E) reflecting the inhibition of glycolysis. This was true both in Jurkat (Fig. S2) and primary
human CD4" T cells (Fig. S3E).

Altogether, these data show that FLIM analysis of the b NADH in T cells can reveal dynamic

variation of T cell metabolism upon activation.

Monitoring fraction of bound NADH in single Jurkat cells over time reveals a rapid switch
toward glycolysis upon activation

Analysis described in the previous paragraph showed a heterogeneity among Jurkat T cells in
the NADH fluorescence lifetimes (Fig. 2) both at resting state and in activating conditions. We
thus performed analysis both at the pixel level and single cell level by considering the metabolic
signature of the entire cell in 3D and averaging the fb NADH inside the mask defined by the
LifeAct-mCherry fluorescence (Fig. S1B). The fb NADH of single cells in each Z was
determined (Fig. S1C) by averaging the fb NADH over the segmented region of interest of the
single cells in each Z plane. The mean value of fb NADH for the entire cell in 3D was calculated
by averaging the fb values over all the Z planes. As shown in Fig. 3A and 3B we could follow
the NADH intensity and fb NADH in each single cell longitudinally. Examples of 3 cells in the
same field of view in resting (1 to 3) and activating (4 to 6) conditions are represented (Fig.
3C), which show that there was no significant change of the fb NADH in cells plated on PLL
whereas there was a progressive decrease of the fb NADH in single cells activated on anti-
CD3+CD28 coated surfaces. Analysis of ~700 cells confirmed that the fb NADH was
significantly decreased in activated Jurkat T cells as compared to resting cells at all time points
(10, 30 and 60 minutes) (Fig. 3D). It also showed that the fo NADH was significantly decreasing
over time in activated T cells. This result was also confirmed in human primary CD4" cells,
which showed no significant changes of the fb NADH under resting conditions but a decrease
under activating conditions at all time points (Fig. S3C).

Altogether, these results suggest that T cell activation induces a rapid switch along the
metabolic trajectory from OXPHOS to glycolysis, in the order of minutes that remains stable at

least an hour.

Three-dimension (3D) analysis of the fraction bound NADH in Jurkat T cells
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As described previously (Fig. S1), the analysis of the fo NADH was performed both in time
and space, i.e. at different Z planes of single T cells. We studied the 3D distribution of the
intracellular fb NADH in resting and activated conditions at the 3 chosen time points. As shown
in representative images (Fig. 4A) and analysis of the intracellular fb NADH distribution in 700
Jurkat T cells (Fig. 4B), the fbo NADH distribution showed a characteristic distribution in both
quiescent and activated T cells. In both cases, the two highest values of fb NADH were found
at the bottom plane (the contact zone with the slide: Oum) and top of the cells that mainly
contain mitochondria, while the central zone, where the nucleus is predominant, presents the
lowest values of fb NADH (Fig. 4B). Moreover, for most Z planes, the fb NADH in activated
T cells was lower than the fb NADH in resting cells (Fig. 4B), confirming the results obtained
by averaging the fb values of all Z planes (Fig. 3) and suggesting no specific cellular
compartmentalization of the activity. The difference between fb NADH in resting and activated
T cells was accentuated over time (Fig. 4B) in every location of the cell, showing that the shift
toward a glycolytic activity that starts few minutes after CD3/CD28 activation is steady. The
distribution of fo NADH in the activated cells (Fig. 4C) shows asymmetry between the cell side
in contact with the slide (the surrogate immune synapse) and its opposite, with a fbo NADH that
is higher in the contact zone than in the top of the cells. This asymmetry suggests that there is
relatively more OXPHOS at the synaptic side than in the rest of the cell, whereas in resting cells
the distribution of fb NADH is symmetric (Fig. 4C). This might be due to the polarized
distribution of mitochondria at the immune synapse>>.

Altogether, these data show that 2P-FLIM of NADH in T cells can reveal temporal and spatial

dynamic changes in their metabolism at a single cell level and in subcellular compartments.

Following T cell spreading at the immune synapse together with the fraction bound
NADH:

To better follow the shape of the T cells during activation and define the cell binary “mask”
described in Fig. S1B, we transduced Jurkat T cells with LifeAct-mCherry that labels
filamentous actin. Within minutes of contact with an activating surface, the actin networks are
dynamically and drastically remodeled’ forming a bright F-actin ring at the cell periphery (Fig.
5A).

We thus simultaneously measured in 3D the spreading of T lymphocytes on the control (PLL)
or activating surface (anti-CD3+anti-CD28) and of the fb NADH. As shown in representative

images in Fig. SA and quantification in Fig. 5B, activation of Jurkat T cells induced a spreading
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of T cells on the activating surface at 10 minutes. At later time points, cells retracted as
previously described®.To investigate the relationships that may exist between actin remodeling
at the immune synapse and changes in T cell metabolism, we plotted fb NADH as a function of
cell area for all the cells (control and activated conditions) at the 3 time points. As shown in
Fig. 5C, our data show that there is a negative correlation between cell spreading and fb NADH,
which suggests that cells that remodel their actin cytoskeleton the most actively are more
glycolytic. This is more striking at 10 min, when cells are spreading the most. We reproduced
these results in human primary CD4" T cells (Fig. S3D) measuring the area of the cells using
the NADH intensity since the cells did not express LifeAct-mCherry.

Altogether, these results show that two-photon fluorescence lifetime imaging (FLIM) of NADH
in T cells can reveal dynamic changes in their metabolism at a single cell level and can be
combined with the analysis of other parameters, such as actin remodeling, that can be followed

by fluorescence imaging.

DISCUSSION

Metabolic responses in T cells are highly dynamic and heterogeneous both temporally and
spatially, which make them difficult to analyze. Therefore, quantitative, high-resolution, label-
free methods to noninvasively examine metabolic processes in cells are particularly needed to
better characterize and elucidate the role of different metabolic pathways in normal and
pathophysiological conditions. Two-photon excited fluorescence is well appropriated for
sensitive, quantitative, label-free, high-resolution assessments of metabolic activity in vitro and
in vivo'’3%%, Several endogenous molecules, including NADH are autofluorescent. The
fluorescence lifetime of NADH varies whether it is free or bound, thus can be used as a
metabolic indicator'®. NADH in the mitochondria is known to be primarily protein bound,
resulting in a fraction bound NADH that has a longer lifetime than the free NADH in the cytosol
and nucleus *'*2, Thus, changes in the lifetime of NADH has been attributed to alterations in

the relative levels of oxidative phosphorylation and glycolysis 4194

. In this study, we
implemented Two-Photon excitation of NADH and FLIM to map the temporal and spatial
metabolic patterns in isolated human T cells, i.e., the widely used Jurkat cell line ** and human
primary CD4" T cells to follow the metabolic changes upon activation. Using metabolic
inhibitors (Fig. S2 and S3), we determined the specificity of the fo NADH measurement to
defined metabolic pathways: rotenone which induces a shift from OXPHOS to glycolysis by

blocking the respiratory chain increased fb NADH in quiescent cells. Besides, 2-deoxy-d-
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glucose (2-DG), which interferes with glucose metabolism induced a decrease in tb NADH in
activated T cells that revealed the shift toward more OXPHOS. Our results show that T
lymphocyte activation by the TCR/CD3 and the CD28 molecules rapidly (in 10 minutes)
induces a decrease in fb NADH, witnessing a metabolic shift toward more glycolysis. The
measurement of fb NADH in live cells enables an early observation of the metabolic switch
upon T cell activation while most of the studies analyze metabolic changes after 24h to 48h of
activation. The metabolic shift toward glycolysis reported in these cells can thus be due to
transcription of genes encoding enzymes controlling glycolysis. Indeed, we have shown that
human T lymphocytes activated by anti-CD3 and anti-CD28 activating antibodies increase
transcription of genes encoding: Phosphofructokinase, Glyceraldehyde-3-Phosphate
Dehydrogenase, Phosphoglycerate Kinase 1, phosphoglucomutase, Enolase and Pyruvate
kinase 4, which are all enzymes controlling glycolysis. In the present study, the rapidity of the
metabolic shift toward glycolysis strongly suggests that the process is transcription
independent. Our results, which show a negative correlation between cell spreading and fb
NADH, suggest a causal effect between actin remodeling and glycolytic activity of T cells.
Indeed, direct interactions between glycolytic enzymes and filamentous actin have been
reported and actin remodeling shown to regulate these enzymatic activities (reviewed in #6).
Such a regulation is exemplified by a study reporting that insulin induces the release of enolase
A from F-actin via a PI3K and Rac dependent actin remodeling. Free aldolase then leads to an
increase in total aldolase activity, driving glycolytic flux in insulin activated cells*.
Interestingly, TCR/CD3 and CD28 activation also induce Rac and PI3K activation in T
lymphocytes “-30. It would thus be interesting to explore if the rapid cytoskeleton remodeling
observed in activated T cells also controls the availability of glycolytic enzymes in these cells.
Alternatively, there might be no causal effect: spreading of T cells and increase in F-actin would

reflect T cell activation: the more activated the cell, the more glycolytic it is.

This method was already used to show that the autofluorescence decay of NADH is sensitive
to T cell subtypes and activation state'?. Heterogeneity of NADH lifetime was reported in T
lymphocytes in a given donor and among donors, it was also different between CD3*CD4" and
CD3*CDS8" activated T cells '2. Moreover, the fraction of free NADH was lower in quiescent T
cells from the blood of healthy donors than in T cells activated for 24 to 72h with tetrameric
antibodies (anti-CD2/CD3/CD28) '? and the authors of the study reported that the lifetime of
NADH was consistently the most important biomarker for differentiating quiescent and

activated T cells '2. Our results showing heterogeneity in the fb NADH both in Jurkat cells,
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which are known to present clonal heterogeneity *' and in primary activated CD4" T cells are
in accordance with this published study. The decreased fbo NADH we observed in activated T
cells is also consistent with this published study although the timing was different. One
important difference is that we only measured the lifetime of NADH focusing on the OXPHOS
and glycolysis pathways, whereas in the cited study '2, the Walsh at al. measured multiple
metabolic intrinsic biomarkers (lifetime of NADH, lifetime of flavin adenine dinucleotide
(FAD) and optical redox ratio (defined as NADH/(NADH-+FAD)) that provide complementary
information about different metabolic pathways and phenotypes including fatty acid synthesis
and glutaminolysis *>%. Moreover, we concentrated on the early metabolic changes. Using
fluorescence imaging of both endogeneous NADH and FAD, the authors reported an initial (at
30 minutes) decrease of the optical redox ratio in T lymphocytes that then increases over time
(from 2h to 24h) 2, It is thus difficult to directly compare the results we report herein with the
results of Walsh et al due to different T cell activation, imaging timing and biomarker
measurements. Yet, it would be of high interest to characterize and compare the spatial
dynamics of metabolism switch in T cells induced, at early time points, by different activators
(coated, soluble crosslinked antibodies, tetramers), using multiparametric metabolic imaging
with Two-photon Fluorescence Lifetime Microscopy (2P-FLIM) of the coenzymes NADH and
FAD simultaneously ?2. Of note, the rapid decrease in fb NADH in activated T cells that reflects
an increase in the glycolytic activity of these T lymphocytes was reported in another model. In
this case, the authors used the Seahorse Extracellular Flux Analyzer, and demonstrated, in
mouse T lymphocytes, a rapid (within minutes) increase of glycolysis upon activation with
crosslinked anti-CD3 and anti-CD28 antibodies''. This rapid aerobic glycolysis was
transcription independent and due to activation of pyruvate dehydrogenase kinase 1 (PDHK1).

One other interest of the method and work we present is that it allows a spatial visualization of
the metabolism inside single cells. In our study, we show that there is a gradient of fb NADH
in T lymphocytes. In non-activated T lymphocytes, the fb NADH is evenly distributed in the
cytoplasm while the central zone, representing mostly the nucleus, displays the lowest values
(Fig. 4B). This can be explained by the absence of mitochondria in the nuclei. One interesting
aspect of our results is the difference in the distribution of fb NADH in the activated cells,
which shows asymmetry between the cell side in contact with the slide and its opposite. The
fb NADH is higher at the contact zone than at the top of the cells, whereas in resting cells the
distribution of fb NADH is symmetric at the two poles of the cells. This probably reflects the

polarization of T lymphocytes toward the activating side, also called immune synapse, which
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induces rapid polarized transport of mitochondria at the immune synapse 3>°*. This
asymmetrical distribution of fb NADH is more pronounced at early time points (10 and 30
minutes) than at later time point (1h). This might reflect the fact that mitochondria first
accumulate in the immediate vicinity (<200nm) of the immune synapse and then follow a
retrograde movement toward the distal end of the T cell 37. It would be interesting to study if
the polarity of T cells affects their metabolism. To do so, we could compare the lifetime of
NADH induced by coated antibodies (as herein), which mimics the contact with an antigen
presenting cell and induce polarization and morphological changes of the T cells, with data

obtained in non-polarizing conditions (soluble antibodies).

T lymphocytes are poised to rapidly respond to diverse stimuli, in different nutrient contexts,
and different physiological and pathological conditions. This ability to rapidly adapt to many
situations must be accompanied by rapid changes in their cellular metabolism to fulfill their
need of energy. It is thus important to develop and implement methods, which can document
the metabolism changes in these immune populations. We expect that the use of Two-photon
Fluorescence Lifetime Microscopy (2P-FLIM) of the coenzyme NADH will provide valuable
information on diverse T cell populations from non-pathological and pathological samples and

in response to diverse stimulations.
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FIGURES LEGENDS

Fig. 1: Experimental setup of two-photon excitation Fluorescence Lifetime Imaging
(FLIM). A. Scheme of the experimental setup used for this work. B. Principles of two-photon
simultaneous excitation of NADH and LifeAct-mCherry fluorophores at 760 nm. Emission
fluorescence of NADH and LifeAct-mCherry collected with band-pass filters 460/80 and
607/70 respectively. C. Fluorescence lifetime image contains a fluorescence lifetime decay in
every pixel. The NADH intensity image is determined by the sum of the FLIM stack. D.
LifeAct-mCherry intensity image simultaneously acquired in the red channel. E. The multi-
exponential fluorescence intensity decay in every pixel of the image is transformed in the phasor
plot by Fourier transform. Calculation of the fraction of bound NADH (fb NADH) is performed
by measuring the distance of every pixel from the location of free NADH. F. Fraction of bound
NADH is proportional to the redox ratio NADH/NAD+ ratio. G. Schematic representation of
T-cell activation.

18

128




Fig. 2: Metabolic shift during T cell activation revealed by NADH FLIM. A. Representative
images of NADH intensity, B. maps of fraction of bound NADH and C. phasor plot scatters of
T cells in control and activated condition at three time point (10 min, 30 min and 1 hour). Every
single point in the phasor plot is color coded after the fraction of bound NADH.

Fig. 3: Single cell analysis of NADH FLIM reveals metabolic shift over time during T cell
activation. A. Representative images of NADH intensity and B. maps of fraction of bound
NADH of T cells in control and activated condition at three time points (10 min, 30 min and 1
hour). C. Fraction of bound NADH of three representative single cells in control and activated
conditions over time (10 min, 30 min and 1 hour). D. Quantification of fraction of bound NADH
over time of control and activated T cells (10 min, 30 min and 1 hour). Data are presented by
median with interquartile range. T-test: ****P<(0.0001

Fig. 4: Three-dimensional metabolic pattern in T cells during activation revealed by
NADH FLIM. A. Representative images of NADH intensity and fraction of bound NADH of
single T cell in control at 10 mins in different Z planes. B-C. Quantification of fraction of bound
NADH in control and activated condition in every Z plane of the cell over time (10 min, 30 min
and 1 hour). Data are presented by mean +SEM. T-test: *P < 0.05, **P < 0.01, *** < 0.001,
**%* < 0.0001. B. Statistics are indicated for each Z plane between control and activated
conditions. C. Statistics are indicated for each timepoint between Z = 3pm and Z = 12um.

Fig. 5: T cell surface spreading during activation. A. Representative images of LifeAct-
mCherry intensity of T cells in control and activated condition at three time points (10 min, 30
min and 1 hour). B. Quantification of T cell area over time (10 min, 30 min and 1 hour) of
control and activated T cells. Data is presented by median with interquartile range. C.
Correlation scatter plot between areas of LifeAct-mCherry and fraction of bound NADH of
control and activated T cells over time (10 min, 30 min and 1 hour). T-test: *** P <0.001

Fig. S1: Workflow of 3D FLIM for single cell analysis. A. NADH FLIM and LifeAct-
mCherry Z-stack image B. The z projection is used to create single cell masks. C. 3D of the
fraction of bound NADH D. The single cell mask is applied to the 3D FLIM raw data of fraction
of bound NADH (fb NADH) in order to extract the FLIM data of single cell for every Z plane.

Fig. S2: Metabolic trajectory in Jurkat T cells. A. Schematic representation of the metabolic
pathways inside the cells: oxidative phosphorylation (OXPHOS) and glycolysis. Glucose
breakdown through glycolysis and the TCA (tricarboxylic acid) cycle generates reduced NADH
and FADH>. Cells with a glycolytic phenotype generate ATP rapidly in the cytoplasm and are
characterized by a high ratio of NADH/NAD" and a low fraction of bound NADH. Cells relying
on oxidative phosphorylation convert glucose to pyruvate, which is then oxidized in the TCA
cycle generating the majority of ATP in the mitochondria and are characterized by a low ratio
of NADH/NAD" and a high fraction of bound NADH. B. Intensity images (top panel) and
fraction of bound NADH maps (bottom panel) of Jurkat T cells in control condition and with
rotenone as well as in activated condition and with 2-Deoxy-D-glucose (2DG). Rotenone blocks
the respiratory chain and leads to a decrease fraction of bound NADH, while 2DG prevents
glycolysis and leads to an increase of bound NADH. C. Representative phasor plot of Jurkat T
cells in different conditions: control, control treated with rotenone, activated, activated treated
with 2-Deoxy-D-glucose. D. Decrease of fraction of bound NADH after rotenone treatment in
control. E. Increase of fraction of bound NADH in activated Jurkat T cells with 2-Deoxy-D-
glucose. Data are presented by mean with SEM. T-test: *** P <0.001
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Fig. S3. Single cell analysis of NADH FLIM reveals metabolic shift over time during
primary T cell activation. A. Representative images of NADH intensity (top panel) and maps
of fraction of bound NADH images (bottom panel) of primary T cells in control and activated
condition at three time points (10 min, 30 min and 1 hour). B. Quantification of primary T cell
area over time (10 min, 30 min and 1 hour) of control and activated T cell. Data are presented
by median with interquartile range. C. Quantification of fraction of bound NADH over time of
control and activated T cell (10 min, 30 min and 1 hour). Data are presented by median with
interquartile range. D. Correlation scatter plot between areas of LifeAct-mCherry and fraction
of bound NADH of control and activated T cells over time (10 min, 30 min and 1 hour). E.
Decrease of fraction of bound NADH after rotenone treatment in control and increase of
fraction of bound NADH in activated cells with 2-Deoxy-D-glucose. Data are presented by
median with interquartile range. T-test: *P < 0.05, **P < 0.01, ****P< (0.0001. N = 1 healthy
donor run in duplicates.
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1. Inhibition du remodelage d’actine a la synapse immunologique par

PD-1

Les effets inhibiteurs de PD-1 sur Iactivation des LT ont été largement documentés, sans
toutefois avoir apporté une caractérisation précise de 'impact de engagement de PD-1 sur la
formation de la SI. Mon projet de thése a permis de mettre en évidence que la liaison PD-1/PD-
L1 induit une altération du remodelage du cytosquelette d’actine a la SI. En effet, la présence de
PD-L1 sur les surfaces stimulatrices réduit I’étalement des L'T exprimant PD-1 et 'enrichissement
d’actine filamenteuse a la SI. Lors de la formation de conjugués entre un LT et une CPA,
Pinteraction PD-1/PD-L1 empéche la formation de I'anneau d’actine autour de la zone de contact,
ainsi que la déformation des LT a la SI. Ce mécanisme semble étre dépendant de lactivité du
complexe Arp2/3, puisque PD-1 inhibe la phosphorylation de la protéine HS1 qui stabilise les
réseaux d’actine branchée polymérisés par Arp2/3, et modifie la localisation de la protéine WASP

qui active le complexe Arp2/3.

Nos résultats mettant en évidence Pinhibition de I’étalement des LT CD8" humains exprimant
PD-1 sur des surfaces activatrices en présence de PD-L1 confirment les données publiées en 2021,
qui avaient obtenus les mémes résultats avec des LT CD8" murins en présence de CMHp et de
PD-L1 (Li et al,, 2021).

L’analyse phosphoprotéomique des cibles de PD-1 publiée en 2020 a identifié une diminution
des phosphorylations des résidus tyrosine de protéines clé impliquées dans le remodelage du
cytosquelette et la formation de la SI (Tocheva et al., 2020). Elle a notamment identifié une
diminution de la phosphorylation de la protéine HS1, ce que nous avons confirmé dans notre
mode¢le. En revanche, cette méme étude a proposé que la formation de synapses matures entre des
Jurkat exprimant PD-1 et des Raji exprimant PD-L1 et PD-L2 en présence de super antigene (SEE)
serait inhibée, et que PD-1 empécherait la formation de contacts avec des CPA. A I'inverse, nous
avons montré que les LT PD-1" étaient capables de former autant de contacts avec des CPA
exprimant PD-L1 qu’avec des CPA qui n’expriment pas le ligand. Notre conclusion, qui différe de
celle publiée, résulte peut-c¢tre de la maniére dont les résultats ont été analysés. En effet, la
quantification de Tocheva et al. a été effectuée a partir de 'observation des contacts entre les LT
et les CPA par imagerie. Ils ont défini comme «SI matures », les conjugués présentant un
recrutement d’actine a la SI et une déformation des LT. Les conjugués dans lesquels les LT ne
présentaient pas ces caractéristiques ont été répertoriés comme des « SI transitoires ». Cependant,

nous avons décrit les mémes effets de PD-1 sur la qualité de formation de la SI, mais en mesurant
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le nombre de conjugués formés apreés 20min par cytométrie en flux, nous avons mis en évidence
qu’il ne vatie pas lors de linteraction PD-1/PD-L1. Cela suggére donc que PD-1 altére la qualité
de la SI en empéchant le recrutement d’actine et la déformation des LT, mais qu’il n’empéche pas
la formation de contacts avec des CPA comme il Pavait été suggéré.

Enfin, il a été proposé que la zone hypodense d’actine au centre de la SI n’apparaisse pas dans
les TIL (Ambler et al., 2020). Selon cette étude, la stabilité des conjugués serait détériorée, mais les
effets observés n’ont pas pu étre restaurés par le blocage de la voie PD-1/PD-L1, ce qui suggére
qu’ils seraient provoqués par des facteurs propres aux TIL, plutot qu’a un effet intrinseque de PD-
1. Dans notre étude nous mettons également en évidence une absence de formation de la région
hypodense d’actine lors de 'engagement de PD-1, mais n’observons pas les mémes effets sur la
formation des conjugués. L’avantage de notre modele est que nos cellules sont des LT primaires
de donneurs sains qui ont été activées et non pas des TIL. Cependant, nous les activons pendant 6
jours afin d’induire 'expression de PD-1, ce qui peut également provoquer une forme d’épuisement
des LT. Ainsi, il serait intéressant de confirmer nos résultats en utilisant des anticorps empéchant

I'interaction entre PD-1 et PD-L1 pour s’assurer qu’ils restaurent les défauts observés.

Pour caractériser plus précisément le mécanisme d’inhibition de l'actine par PD-1, il serait
intéressant d’explorer les voies du remodelage d’actine altérées par linteraction PD-1/PD-L1.
Premicrement, nous pourtions étudier directement la localisation du complexe Arp2/3 lors de la
formation d’une SI en présence ou en absence de PD-1. Il serait ensuite important de comprendre
a quel niveau de la voie de signalisation PD-1 bloque le remodelage de l'actine branchée. En effet,
nous avons observé que la localisation de WASP est altérée par I'engagement de PD-1, mais nous
pourrions étudier activité de Cdc42 qui active WASP. Comme nos résultats suggerent que PD-1
bloque la polymérisation d’actine branchée, il serait également intéressant de mesurer l'activité des
formines et de voir si celle-ci est augmentée en contrepartie et provoque une augmentation de
P'actine linéaire. Enfin, I'inhibition du remodelage d’actine pourrait également étre induite par une
augmentation de Iactivité de protéines qui bloquent le remodelage d’actine, comme la gelsoline ou
la cofiline. Il a d’ailleurs été proposé que l'activité de la cofiline est augmentée dans les TIL (Ambler
et al., 2020), mais 'importance de PD-1 dans cet effet reste a étre démontré. Enfin, il serait
important de caractériser plus précisément la dynamique des évenements inhibiteurs : est-ce que
I'actine est inhibée dés les premiers instants de la formation de la SI ? Ou est-ce que les premiers
évenements de la formation de la SI, comme la formation d’une protrusion et I'interdigitation ont
lieu, puis la suite des évenements est bloquée ? Nos résultats préliminaires obtenus par imagerie de

cellules vivantes suggerent que linteraction PD-1/PD-L1 n’empéche pas la formation d’une
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protrusion, mais qu’elle empéche l'aplatissement de la membrane a la SI. 1l serait donc intéressant
d’approfondir la caractérisation de la dynamique, afin de comprendre quel stade de formation de
la ST est altéré par PD-1/PD-L1. Un autre aspect qu’il serait intéressant d’étudier plus en
profondeur est I'effet de PD-1 sur le remodelage de I'actine indépendamment d’une stimulation du
TCR. En effet, nous avons observé que l'interaction PD-1/PD-L1 diminue 'entichissement de F-
actine et la déformation des LT a la SI en I'absence de stimulation. Ce résultat suggere que PD-1

pourrait agir comme un rhéostat pour empécher une activation non spécifique des LT.

Les systéemes que nous avons utilisés afin de mettre en évidence ces résultats possedent
¢également des limites. En effet, malgré 'avantage des surfaces de verres recouvertes d’anticorps et
de PD-L1 représentant un modele simplifié qui nous a permis de stimuler le TCR et la voie PD-1
simultanément et d’imager les LT au plan de la SI, I'inconvénient de ce modele est que le verre est
un substrat beaucoup plus rigide que la surface d’une cellule, ce qui réduit la physiologie du contact.
Aussl, la présence des anticorps sur les lames rend les ligands du TCR immobiles et fixés sur une
surface extrémement rigide, ce qui n’est pas représentatif des contacts entre cellules dans lesquels
les ligands peuvent se déplacer dans les membranes lipidiques. C’est pour ces raisons que nous
avons mis au point le deuxieme systeme, usant de CPA artificielles. Cependant, ce modéle n’est pas
non plus parfaitement physiologique puisque les CPA présentent des anticorps anti-CD3/CD28
pour stimuler le TCR au lieu de présenter des peptides comme le feraient des CPA professionnelles.
Aussi, nous avons fait le choix d’étudier les effets de PD-1 sur la formation de la SI en cas de
stimulation des voies du TCR et de CD28, car une grande partie des effets inhibiteurs de PD-1
sont médiés par la voie CD28 (Hui et al., 2017). Pourtant, dans un contexte tumoral, de nombreuses
cellules n’expriment pas les ligands de CD28. 1l serait donc intéressant d’étudier les effets de PD-1
sur l'actine en absence de I'engagement de la voie de costimulation CD28. Enfin, nous avons
effectué toutes nos expériences zz vitro, et il serait important de confirmer que les effets de PD-1
sur le remodelage de P'actine puissent étre observés également 7z vivo pour s’assurer d’une relevance

physiologique de nos résultats, et une potentielle application thérapeutique.

141



2. Conséquences de l’inhibition de Pactine sur la cytotoxicité des

lymphocytes T

Il est aujourd’hui largement accepté que PD-1 inhibe Iactivité cytotoxique des CTL. Cela
constitue le rationnel des thérapies visant a bloquer l'interaction PD-1/PD-L1 a I'aide d’anticorps
monoclonaux pour retrouver P'activité antitumorale des CTL. Cependant, cette fonction inhibitrice
de PD-1 a jusqu’ici été attribuée a sa capacité a recruter la phosphatase SHP-2 qui déphosphoryle
des protéines clé des voies de signalisation du TCR et de CD28 (Kamphorst et al., 2017 ; Yokosuka
et al., 2012). Nos résultats ont confirmé que PD-1 inhibe la cytotoxicité des CTL, mesurée par le
nombre de cellules cibles éliminées, ainsi que la capacité des CTL a sécréter des granules
cytolytiques lors d’une stimulation sur une surface recouverte d’anticorps en présence de PD-L1.
Ce défaut de dégranulation n’est pas associé a une inhibition de la polarisation du centrosome et
des granules cytolytiques a la SI. La sécrétion de granules cytolytiques peut étre restaurée par
Pouverture pharmacologique du réseau d’actine a la SI, en traitant les LT avec de faibles doses de
latrunculine. Cela suggere que TI'inhibition du remodelage d’actine par PD-1 provoquerait la
présence d’une barriere d’actine a la zone de contact qui empécheraut la sécrétion des granules
cytolytiques. Ces résultats proposent donc le remodelage d’actine comme un nouvel acteur
impliqué dans I'inhibition de la cytotoxicité par PD-1. En revanche, 'ouverture pharmacologique
du réseau d’actine n’a pas pu restaurer la cytotoxicité, ce qui signifie que d’autres facteurs que la

barriere d’actine entrent en jeu pour expliquer le défaut de cytotoxicité induit par PD-1.
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Figure 24 : Représentation graphique du modéle proposé
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Un facteur qui pourrait expliquer pourquoi la lyse des cellules cibles n’est pas restaurée par
Pouverture pharmacologique de la barriere d’actine a la SI, serait 'inhibition des forces exercées a
la SI par PD-1. En effet, il a été décrit que les forces exercées par les L'T a la SI sont essentielles a
la cytotoxicité des CTL, et dépendantes du remodelage d’actine (Basu et al., 2016). La protéine
WASP permet la formation de structures protrusives au centre de la synapse qui forment des
cratéres dans les cellules cibles, ou elles insérent les granules cytolytiques (De Jesus et al., 2023).
Comme PD-1 empéche la localisation de WASP a la SI, il serait intéressant de mesurer les forces
exercées par les LT en présence et en absence de linteraction PD-1/PD-L1. Les LT utilisent ces
forces pour lyser les cellules cibles, donc leur inhibition expliquerait pourquoi 'ouverture de la
barriere d’actine ne restaure que la sécrétion des granules cytolytiques mais pas la capacité
cytotoxique des LT. Un autre résultat suggérant que PD-1 inhibe les forces exercées, est 'inhibition
de la déformation des LT a la SI. En effet, il a été mis en évidence que la morphologie convexe des

CTL a la SI est associée a exertion de forces (Govendir et al., 2022).

Afin d’apporter un premier élément de réponse a cette hypothese, nous avons étudié la
phosphorylation de la protéine CasL, qui témoigne d’une tension de membrane (Kumari et al.,
2020). Pour le moment les résultats obtenus ne sont pas clairs, et suggerent une inhibition de la
tension de membrane par PD-1 dans le modéle Jurkat qui n’est pas reproductible dans tous les LT
CD8" de donneurs sains qui ont été testés (PD-1 a inhibé la phosphorylation de CasL dans les LT
de 3 donneurs sur 6 testés). Ainsi, il serait préférable d’opter pour une mesure des forces plus
précise, en utilisant par exemple le systtme de mesure des forces de membranes a I'aide de
micropipettes (Husson et al., 2011). Ce systeme utilise des billes recouvertes d’anticorps comme
CPA, qui sont maintenues dans une micropipette. Une deuxieme micropipette maintient le LT par
aspiration et le met en contact avec la CPA. Les forces développées par le LT peuvent alors étre
mesurées grace a la flexion de la micropipette qui le maintient. La tension exercée par les LT sur
les membranes des CPA en présence ou en absence de linteracton PD-1/PD-L1 pourrait
également étre mesurée a 'aide de microscopie mesurant les forces de traction, en utilisant des
surfaces (Lekka et al., 2021) ou des microparticules déformables (De Jesus et al., 2023) recouvertes

d’anticorps avec ou sans PD-L1.

Ces nouveaux résultats sur 'implication de I'inhibition du remodelage d’actine par PD-1
dans la cytotoxicité possedent néanmoins quelques limites. En effet, nous n’avons pas pu
déterminer I'importance de la signalisation par PD-1 dans les effets sur la cytotoxicité. Pour y

répondre, nous avons généré une protéine PD-1 mutée sur les deux tyrosines essentielles au

143



recrutement de la phosphatase SHP-2, qui empéche théoriquement la signalisation inhibitrice par
PD-1. Néanmoins, nous n’avons pas pu insérer cette protéine dans des LT primaires humains en
raison de leur expression endogene de PD-1 lors de la stimulation, qui aurait nécessité de supprimer
Iexpression endogene de PD-1 et de la remplacer par la version mutante de la protéine par un
knock in, qui est une technique compliquée a mettre au point. Pour cela, nous avons essayé d’utiliser
une lignée cellulaite de LT CDS8", les TALL-104 qui sont des lymphoblastes de leucémie
lymphoblastique aigué. Nous avions prévu de transduire cette lignée avec la version mutante de
PD-1 et de comparer la cytotoxicité de ces LT par rapport aux cellules exprimant la version sauvage
du gene. Néanmoins, nous avons rencontré des difficultés de culture cellulaire et avons donc choisi
de continuer le projet avec des LT primaires. Ces difficultés techniques nous ont donc empéché,
pour le moment, d’évaluer I'activité inhibitrice de la protéine mutante sur la dégranulation, et donc
de déterminer si la signalisation de PD-1 est essentielle a ce mécanisme. Cette question pourrait
étre adressée a I'aide d’un inhibiteur des phosphatases SHP1/2 (il a été montré que SHP1 opére en
absence de SHP-2), qui permettrait de bloquer la voie de signalisation par PD-1
pharmacologiquement dans des LT primaires, et d’établir son importance dans I'inhibition de la
cytotoxicité. Néanmoins, la phosphatase SHP-2 est ubiquitaire et ne régule pas seulement la voie
de signalisation induite par PD-1, donc son inhibition pourrait avoir des effets indirects sur d’autres
voies de signalisation des LT. Un autre moyen d’adresser cette question serait de supprimer
Pexpression endogene de PD-1 dans les LT CD8" primaires par CRISPR, puis de les transduire
avec le mutant de PD-1. L’inconvénient de cette méthode est que la transduction par lentivirus
induirait une surexpression de la protéine plutot qu’une expression au méme niveau que la protéine

endogene.
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3. Indépendance des motifs de signalisation de PD-1 pour P’inhibition

du remodelage d’actine

Les effets inhibiteurs de PD-1 sont généralement attribués a sa capacité a recruter la
phosphatase SHP-2, qui déphosphoryle les protéines clé des voies du TCR et de CD28. PD-1
recrute SHP-2 grace a la phosphorylation des tyrosines de ses motifs ITIM et ITSM. Leur mutation
a été associée a une diminution des effets inhibiteurs de PD-1 sur I'activation des LT (Chemnitz et
al., 2004 ; Okazaki et al., 2001 ; Yokosuka et al., 2012). En absence de SHP-2, la phosphatase SHP-
1 peut se lier a PD-1 et compenser les effets inhibiteurs (Celis-Gutierrez et al., 2019). Cependant,
les LT double déficients pour SHP-1/2 sont capables, dans une moindre mesure, d’inhiber la
prolifération et la production de cytokines (Xu et al., 2020), et il reste donc a déterminer quel

mécanisme est responsable de cette inhibition indépendante de SHP-1/2.

Pour déterminer si Paltération du remodelage de 'actine est dépendante du recrutement de
SHP-2 par PD-1, nous avons généré un mutant de la protéine, en remplagant les tyrosines des
motifs ITIM et ITSM essentielles a son recrutement (Y223 et Y248) par des phénylalanines. Nous
avons d’abord confirmé que la protéine mutée posseéde une capacité inhibitrice réduite par rapport
a la protéine sauvage, en mettant en évidence une moindre inhibition de la sécrétion d’IL-2, de
Iexpression de CD25 et de la phosphorylation de PLCy lors de I’activation des LT. Ensuite, nous
avons comparé les effets inhibiteurs des versions mutante et sauvage de PD-1 sur le remodelage
de l'actine et observé que la protéine mutante est capable de réduire I’étalement des LT et
I'enrichissement de F-actine a la SI lors de leur stimulation sur une lame. Lors de la formation d’'une
SI avec une CPA, la perte de la capacité a former 'anneau d’actine et a se déformer a la SI est
également conservée chez les LT exprimant la protéine PD-1 mutée. Ainsi, ce résultat est la
premicre mise en évidence d’une fonction de PD-1 indépendante du recrutement de SHP-2 a ses

motifs de signalisation.

L’altération du remodelage d’actine pourrait expliquer I'inhibition résiduelle observée lors de la
mutation des motifs de signalisation de PD-1 (Chemnitz et al., 2004 ; Yokosuka et al., 2012), ou de
la perte d’expression de SHP-1/2 (Xu et al., 2020). En effet, une explication possible serait que le
blocage du cytosquelette d’actine par PD-1 empécherait la génération de forces a la SI, qui sont
essentielles a une déformation et une activation efficace des LT (Basu et al., 2016 ; De Jesus et al.,
2023 ; Govendir et al., 2022). Afin de démontrer que I'inhibition résiduelle de l'activation des LT

en absence des motifs de signalisation de PD-1 est bien dépendante de ses effets sur P'actine, il est
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essentiel de comprendre le mécanisme de cette inhibition. Une hypothese est que la taille de
linteraction PD-1/PD-L1, similaire au couple TCR/CMHp (Lin et al., 2008), permettrait d’exclure
la phosphatase CDD45 de la zone de contact (Carbone et al., 2017). L’interaction trés rapprochée
entre PD-1 et son ligand pourrait exclure CD45 de maniére trop précoce, et ainsi empécher la
déphosphorylation activatrice de Lck lors de la formation d’une SI (Furlan et al, 2014).
L’interaction rapprochée de PD-1/PD-L1 poutrait également provoquer un encombrement
stérique, empéchant la formation de MC de TCR a la SI. Cela pourrait étre testé en mesurant la
concentration de TCR/CD3 dans la zone de contact, en présence ou en absence de PD-1/PD-L1.
En effet, la protéine sauvage colocalise avec les MC de TCR, alors qu’une protéine PD-1 allongée
par 'ajout de domaines immunoglobuline CD22 dans la partie extracellulaire ne se trouve plus dans
la méme région que les TCR (Yokosuka et al., 2012). Ainsi, nous avons généré ce méme mutant de
PD-1 en I'allongeant avec des domaines immunoglobuline de CD22 pour étudier ses effets sur le
remodelage de 'actine. En paralléle, nous avons également généré un mutant de PD-1 dépourvu
de son domaine intracytoplasmique, en délétant cette région 2 acides aminés apres le domaine
transmembranaire pour nous assurer que la partie intracytoplasmique ne pouvait pas recruter
d’autres protéines que la phosphatase SHP-2, et ainsi écarter toute implication d’une signalisation
induite par PD-1 dans les effets sur I'actine.
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Pour le moment, les protéines mutantes de PD-1 n’ont pas le méme niveau d’expression
membranaire que la protéine sauvage dans les Jurkat, ce qui rend difficile la comparaison des effets
inhibiteurs de ces différentes versions de PD-1, puisqu’il a été montré que le niveau d’expression
de PD-1 détermine ses effets inhibiteurs (Wei et al., 2013). Une solution serait donc de trier ces
différentes populations pour obtenir des niveaux d’expression homogenes qui nous permettront

de comparer les effets de PD-1 sur le remodelage de l'actine.

Un autre moyen de tester ’hypothéese de 'encombrement stérique induit par 'interaction PD-
1/PD-L1, serait d’utiliser le syst¢éme du récepteur artificiel FKBP et de son ligand FRB qui
interagissent étroitement lors de I'ajout de rapamycine (Banaszynski et al., 2005). Ce systeme
d’interaction artificielle dépourvue de toute signalisation permettrait de mimer 'interaction étroite
entre PD-1 et PD-L1 et de déterminer si celle-ci provoque les défauts de remodelage du
cytosquelette d’actine. Cependant, la rapamycine bloque la calcineurine et Pactivité du complexe
mTOR, et posséde donc une activité immunosuppressive. Il faudrait donc plutot envisager
lutilisation d’un analogue synthétique non-immunosuppressit de la rapamycine comme PAP21967

(Bayle et al., 20006).

Les résultats présentés jusqu’ici n’ayant été mis en évidence que dans la lignée Jurkat
surexprimant la protéine PD-1 sauvage ou mutée, il semble essentiel de confirmer ces résultats
dans des cellules primaires. Comme précédemment pour comprendre le réle des motifs de
signalisation de PD-1 dans l'inhibition de la cytotoxicité, il serait important de confirmer ces
résultats dans des LT primaires en utilisant un inhibiteur des phosphatases SHP1/2 ou en réalisant
un Anock-in pour remplacer 'expression de PD-1 endogene par celle de la version mutante de la

protéine.

En définitif, nos résultats sont une premiere mise en évidence d’une inhibition par PD-1 de LT
fonction des LT indépendamment de ses motifs de signalisation. Cependant, ils ne vont pas a
I'encontre des effets inhibiteurs de PD-1 dépendants de SHP-2 précédemment mis en évidence.
En effet, I'inhibition par PD-1 pourrait avoir lieu selon deux phases consécutives : la premicre,
prenant effet des les premiers instants du contact avec une CPA, serait indépendante de ses motifs
de signalisation et affecterait le remodelage de l’actine, puis la seconde, une fois le recrutement de
SHP-2 ayant eu lieu, permettrait de renforcer les effets induits en premiere phase en réduisant les
sighaux activateurs transmis par les voies de signalisation du TCR et de CD28 pour, ensemble,

permettre une inhibition de I'activation des LT.
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4. Mesure en direct du métabolisme dans des LT vivants

L’activation des LT induit une reprogrammation métabolique de TOXPHOS a la glycolyse
pour répondre a leurs besoins énergétiques a la prolifération, la survie et les fonctions
effectrices. A I'aide d’'une méthode de microscopie a deux photons mesurant la durée de vie de
fluorescence dans des cellules vivantes développée en collaboration avec I’équipe de Chiara
Stringari 4 ’'Ecole Polytechnique, nous avons pu mesurer le métabolisme des LT lors de
'activation, de maniére non invasive. En effet, la mesure du ratio de NADH li¢ a des protéines
et de NADH libre offre une lecture de I'état redox (NAD'/NADH) des cellules, et
indirectement de leurs taux d'OXPHOS et de glycolyse (Datta et al., 2020 ; Stringari et al.,
2011). En suivant la fraction de NADH lié (fb NADH), nous avons mis en évidence que la
reprogrammation métabolique lors de I'activation est tres rapide, puisqu’elle intervient des
10min d’activation. Cette méthode permet également de mesurer le métabolisme de cellules
vivantes en 3D, et ainsi d’identifier quelles régions subcellulaires sont associées a chaque
programme métabolique. Enfin, a 'aide d’'un marqueur fluorescent de l'actine dans les LT
(LifeAct-mCherry), nous avons pu identifier une corrélation entre I’étalement des LT et

I'augmentation de la glycolyse.

Comme Pactivation des LT est un mécanisme tres rapide et dynamique, il est essentiel de
mesurer la reprogrammation métabolique de maniere précoce dans des cellules vivantes. Une
¢tude a mis en évidence que la reprogrammation de POXPHOS vers la glycolyse s’effectue en
deux étapes : la premicre, intervenant dans les minutes suivant la stimulation du TCR, est
indépendante de transcription, traduction, CD28 et Akt. Elle est induite par I'activation de la
kinase pyruvate déshydrogénase 1 (PDHK1). La deuxieme, plus tardive, implique CD28 et Akt
pour augmenter ’absorption de glucose et les enzymes glycolytiques (Menk et al., 2018). Notre
étude a donc permis de confirmer qu’il existe une premicre étape de la reprogrammation

métabolique précoce, et d’identifier un potentiel role de I'actine dans ce mécanisme.

I1a été décrit que PD-1 inhibe la glycolyse lors de 'activation des LT (Patsoukis et al., 2015).
Comme nous avons identifié une altération du remodelage du cytosquelette d’actine induite par
PD-1, et que plusieurs enzymes glycolytiques sont liées a 'actine (DeWane et al., 2021), il serait
intéressant d’étudier un possible lien entre I'inhibition de I'actine et du métabolisme par PD-1.
En empéchant le remodelage de l'actine, PD-1 pourrait séquestrer des enzymes glycolytiques

nécessitant un remodelage pour leur activation, empéchant ainsi 'augmentation précoce de la
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glycolyse lors de I'activation des LT. Pour tester cette hypotheése, nous avons mesuré la fraction
de NADH lié 10min, 30min et 1h aprés lactivation de Jurkat PD-1" sur des surfaces

recouvertes d’anti-CD3, anti-CD28, en présence ou en absence de PD-L1.
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Figure 26 : Mesure simultanée du métabolisme et de I’étalement des LT lors d'une activation en
présence de PD-1/PD-L1

Nous avons ainsi observé une diminution progressive de la fraction de NADH lié lors de
P'activation des LT, représentative d’une augmentation de la glycolyse dés 10min d’activation. Cette
diminution a été significativement réduite par la présence de PD-L1 sur la surface a tous les temps
mesurés, sighant une moindre reprogrammation vers la glycolyse dans la condition ou PD-1 est
engagé. La mesure de I’étalement des cellules a révélé une nette diminution en présence de PD-L1
a 10min, comme nous I'avions précédemment mis en évidence. Une rétraction des cellules a été

observée a partir de 30min, qui a évolué a 1h, réduisant ainsi 'écart de I'aire des cellules étalées sur
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des surface activatrices en présence ou en absence de PD-L1. Ces résultats suggerent donc que PD-
1 inhibe la reprogrammation de POXPHOS a la glycolyse de maniére trés précoce suivant
P'activation (dés 10min). La corrélation entre I’étalement des cellules et I'inhibition de la glycolyse
semble en revanche moins évidente, puisque la différence de taille diminue avec le temps, alors que

la différence de NADH lié augmente entre 10min et 1h.

Afin de confirmer ces résultats, nous avons reproduit Pexpérience en utilisant des LT CD4"
primaires humains. Malheureusement, nous n’avons pas observé d’inhibition de la glycolyse induite
par PD-1 chez ce donneur, et il faudrait donc reproduire 'expérience avec des cellules d’autres
donneurs pour confirmer ou infirmer nos résultats obtenus sur le modéle de Jurkat PD-1". 1l serait
intéressant d’étudier Pactivité et la localisation d’enzymes glycolytiques comme 'aldolase ou la PFK
lors d’une stimulation en présence de PD-1, afin d’identifier un potentiel lien entre les effets de
PD-1 sur Pactine et sur le métabolisme. Aussi, nous pourrions envisager de précipiter I'actine de
LT activés en présence ou en absence de PD-1/PD-L1, et d’analyser en protéomique la
composition des filaments d’actine dans les deux conditions. Cela pourrait nous permettre

d’identifier des enzymes glycolytiques dérégulées par 'engagement de PD-1.

Les limites de ces résultats sont donc avant tout liées a ’'absence de confirmation dans des
LT primaires humains. Un autre inconvénient lié a la méthode utilisée pour obtenir ces résultats,
est 'absence de mesure du métabolisme avant 10min. En effet, 'activation des LT est tres rapide
et commence dés les premicres secondes suivant la stimulation du TCR. Ainsi, il serait intéressant
de mesurer le métabolisme dés les premicres secondes de stimulation, mais le systeme utilisé dans
cette étude ne permet pas la mesure du métabolisme avant 10min, temps nécessaire a I’étalement
des cellules sur les lames, puis a identifier les régions d’intérét, et enfin a définir les réglages
d’acquisition du microscope. Aussi, ce systeme de microscopie a deux photons mesurant la durée
de vie de fluorescence n’est présent que dans des laboratoires d’optique, et semble tres difficilement
utilisable pour des biologistes. Il serait donc intéressant d’essayer de confirmer ces résultats a I’aide
d’une autre méthode, comme l'utilisation d’un rapporteur fluorescent des ratios I’ATP : ADP, qui

peut étre mesuré directement par cytométrie ou par imagerie (Russo et al., 2022).
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ANNEXES

Les pages suivantes regroupent en annexe les articles auxquels j’ai collaboré durant ma these.

Annexe 1 : CTLA4 prohibits T cells from cross-dressing

Annexe 2 : HLA-independent T cell receptors for targeting tumors with low antigen density
Annexe 3 : Influence of external forces on actin-dependent T cell protrusions during immune
synapse formation

Annexe 4 : Mechanobiology of antigen-induced T cell arrest
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Annexe 1: CTLA4 prohibits T cells from cross-dressing

Journal of Experimental Medicine, Avril 2023

Résumé

Cet apercu (insight) est paru dans le Journal of Experimental Medicine a propos de l'article publié
par Xiaozheng Xu et ses collaborateurs intitulé « CTLA4 depletes T cell endogenous and
trogocytosed B7 ligands via «s-endocytosis ». Dans ce court apergu, nous rapportons que les
auteurs ont mis en évidence que la protéine inhibitrice CTLA4 internalise en s les molécules
stimulantes B7 précédemment "grignotées" par les cellules T sur les CPA, et empéche ainsi les
interactions T-T stimulantes. Ils ont cherché a déterminer plus précisément si CTLA4 interfére
avec CD28 pour réguler la trogocytose et les communications T-T qui s'ensuivent. IIs ont montré
que les LT capturent des fragments de membrane plasmique de la CPA contenant les molécules
CD80, CD86 et CMH. Cette capture est plus sensible a I'inhibition par les anticorps anti-CD28 que
par les anticorps anti-CTLA4. Ces résultats suggerent que l'acquisition rapide des molécules
costimulantes CD80/86 par les cellules T est principalement médiée par la liaison de CD28 plutot
que par celle de CTLA4 lors du contact initial avec les CPA. Une fois les molécules stimulantes de
la CPA capturées a I'aide de CD28, CTLA les internalise et les dégrade dans le LT. Les auteurs ont
donc pu démontrer une collaboration entre les protéines CD28 et CTLA4 pour capturer et

dégrader les molécules de costimulation B7.

Contribution a I’article
5 - el . . , , , > :
J’ai participé a la conception de cet apercu en discutant des résultats présentés dans l'article
par les auteurs, puis j’ai commenté, corrigé et modifié le texte. J'ai également effectué la

représentation graphique de I'apercu, illustrant et résumant les résultats principaux de article.
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INSIGHTS

(V8 ) Journal of
D QD Experimental
AT Medicine

CTLA4 prohibits T cells from cross-dressing

Noémie Paillon***@® and Claire Hivroz"?®

In this issue of JEM, Xiaozheng Xu et al. (2023. J. Exp. Med. https://doi.org/10.1084/jem.20221391) report that the inhibitory
protein CTLA4 internalizes in cis the B7 stimulatory molecules previously “gnawed” by T cells from antigen-presenting cells
(APCs) and in doing so prevents stimulatory T-T interactions.

CTLA4 is an essential negative regulator
induced upon T cell activation that controls
immune homeostasis. Whereas a lack of
CTLA4 expression induces autoimmunity,
its high expression is associated with im-
munosuppression. Thus, CTLA4 is a major
target for immunotherapy, and its blockade
by monoclonal antibodies has been used
with success to treat cancer patients and
overcome tumor-induced immune tolerance
(Baumeister et al.,, 2016). CTLA4 inhibits
T cell responses by competing with the
CD28 co-stimulatory molecule for their
shared ligands of the B7 family, CD80 and
CD86. In addition to this direct competition,
CTLA4 has also been shown to deplete B7
ligands from the surface of APCs through
trans-endocytosis (Baumeister et al., 2016;
Qureshi et al., 2011). So far, the proposed
mechanism was cell extrinsic, with CTLA4
depleting costimulatory ligands from APCs
via trans-endocytosis. Once endocytosed,
CTLA4 and its ligands are routed to lyso-
somes where they are degraded. This is re-
lated to the high affinity of CTLA4 for its
ligands and the rapid endocytic and re-
cycling behavior of CTLA4 (Qureshi et al.,
2012). CD28 has also been shown to induce
the depletion of B7 ligands from the APC
membranes (Hwang et al., 2000). Although
they remained partially resolved, the
mechanisms used by CTLA4 and CD28 to
deplete B7 ligands seem different. CD28 in-
duces trogocytosis of chunks of plasma
membranes containing B7 ligands as well as
other molecules such as MHC molecules that

are shuttled and exposed to the T cell
surface, whereas CTLA4 endocytoses the
ligands, which are then degraded (Zenke
et al, 2022). Trogocytosis is an active
process allowing the transfer of plasma
membrane proteins from one cell to an-
other in a cell-cell contact-dependent
manner. This applies to immune cells,
which form cell-cell interactions called
immune synapses where membrane-
associated proteins are transferred be-
tween cells (Joly and Hudrisier, 2003). This
transfer of molecules from the APC to the
T cells leads to the cross-dressing of T cells
that become proficient to present peptides
and co-stimulatory molecules to other
T cells.

In their study, Xiaozheng Xu and co-
workers addressed the questions of the
precise role of CD28 and CTLA4 in T cell
cross-dressing and of how CTLA4 regulates
T-T communications (Xu et al, 2023). They
used CTLA4-expressing Jurkat leukemic
T cells or human primary regulatory T cells
(Tregs), which naturally express high
amounts of CTLA4. The APCs were CD80~/
CD86~ Raji B cells expressing fluorescently
tagged CD80 or CD86, and the transfer of
“material” from the APC to T cells was re-
vealed by confocal and correlative light
electron microscopy, as well as by flow
cytometry.

Using these models, they showed that
T cells capture plasma membrane fragments
of the APC containing CD80, CD86, and
MHC molecules. This capture was more

Insights from Noémie Paillon and Claire Hivroz.

sensitive to inhibition by anti-CD28 than
anti-CTLA4 blocking antibodies. These re-
sults suggested that the rapid acquisition of
the CD80/86 co-stimulatory molecules by
T cells was primarily mediated by CD28
rather than CTLA4 binding during initial
contact with APCs. Then, they tested if the
cross-dressed T cells could induce T-T acti-
vation. Indeed, T cells pre-conditioned with
Raji B cells expressing CD80/CD86 were
more potent at activating T cells than T cells
preconditioned with CD807/CD86~ Raji
B cells. In this assay anti-CTLA4 blocking
antibodies enhanced T-T stimulation, sug-
gesting that CTLA4 may control the CD80/
86 availability within a T cell population.
Indeed, anti-CTLA4 antibodies could block
the capture of B7 molecules both in trans,
during a T-T interaction, or in cis, by de-
pleting the B7 molecules present on the
same cell surface. The authors designed an
experiment to test the last hypothesis and
showed that CTLA4 induced cis depletion of
B7 ligands. They preconditioned Tregs with
CD80-GFP* Raji APCs, purified the GFP*
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CTLA4-mediated cis-endocytosis of B7 ligands inhibits T-T stimulating interactions. Upper panel:
CTLA4-negative T lymphocyte forming an immune synapse with an APC captures B7 and MHC-peptide
(MHCp) molecules through CD28 (black bold arrow). This capture is stimulated by TCR triggering. The
T cellis cross-dressed with B7 ligands and MHCp and can activate other T cells through T-T interactions.
Lower panel: When the T lymphocyte expresses CTLA4, B7 ligands and MHCp are still captured by CD28
(black bold arrow) with a smaller contribution of CTLA4 to B7 capture (small black arrow). The B7 ligands
are then cis-endocytosed by CTLA4 and degraded in lysosomal compartments. T-T interactions with
these T cells presenting MHCp without CD28 ligands do not induce T cell stimulation. Figure created

using Biorender.com.

Tregs, and cultured these cells in the pres-
ence of an excess of CD28~/~ “filler” cells, to
block T-T contacts and CTLA4 trans inter-
actions. Cross-dressed Tregs were depleted
of CD80-GFP in the presence of filler cells,
but they were not depleted of HLA-DR.
This depletion was blocked by anti-CTLA4
but not by anti-CD28 antibodies, revealing
that CTLA4-driven depletion of CD80 occurs
in cis. This depletion was promoted by TCR
stimulation, which induces CTLA4 expres-
sion and was also efficient to deplete en-
dogenous CD80 molecules. But what was the
fate of the molecules captured in cis by
CTLA4? Using confocal and electronic mi-
croscopy, the authors revealed a progressive
accumulation of CTLA4 at sites of acquired
APC-derived fragments and a concomitant
accumulation of CD80-GFP within CTLA4*
vesicles. Of note, the authors also showed
that the endolysosomal trafficking domain of
CTLA4 was necessary for the cis depletion of
CD80. See summary in figure.

Altogether, Xu et al. (2023) reveal a new
mechanism by which CTLA4-mediated cis-
endocytosis depletes CD80/CD86 previously
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acquired in trans
trogocytosis.

In this study, no difference was made
between CTLA4 targeting of CD80 or CD86.
Yet, a recent study has shown that this
process results in separate fates for CTLA4
itself. For CD80, CTLA4 remains ligand-
bound and traffics via late endosomes and

by CD28-mediated

lysosomes. In contrast, once endocytosed,
CTLA4 detaches from CD86 and recycles
back to the cell surface to allow further
trans-endocytosis (Kennedy et al., 2022).
Although Xu et al. (2023) looked carefully at
the presence of CD80 and CD86 in the en-
docytic compartments labeled by CTLA4,
these compartments were not characterized
in terms of intracellular identity. It would be
interesting to study if the separate fates
reported for the CTLA4-mediated CD80 and
CD86 trans-endocytosis also happen for cis-
endocytosis of CD80 and CD86. Indeed, re-
cycling of CTLA4 would allow several cycles
of depletion and more efficiently support
the inhibitory signaling required to main-
tain tolerance. Moreover, a physical inter-
action between CD80 and PD-L1 has

recently been shown (Sugiura et al,
2019).This interaction takes place predomi-
nantly in cis between CD80 and PD-L1 on
the same cell (Sugiura et al., 2019), blocking
PD-L1 binding to PD-1 but still permitting
CD80 interaction with CD28 and CTLA4. It
was recently shown that CTLA4-mediated
trans-endocytosis of CD80 results in a re-
covery of PD-L1 availability that is now free
to interact with PD-1 and inhibits T cell ac-
tivation (Kennedy et al., 2023; Tekguc et al.,
2021). This CTLA4-mediated regulation of
PD-L1 availability might also happen on
CD80 cross-dressed PD-L1* T cells, switch-
ing from stimulatory antigen-presenting
T cells into inhibitory T cells.

Another question of interest is whether
the CTLA4-mediated cis-endocytosis of
CD80/86 only targets molecules that are
normally inserted in the plasma membrane
or if it can also target CD80/CD86 inserted
in a fragment of trogocytosed membrane
decorating T cells. If not, the process would
first require the fusion of the membranes
and then the cis-endocytosis. It would be
interesting to study if such fusion events
can happen.

This study addresses an important
question; it is indeed increasingly appreci-
ated that during activation, T cells acquire
APC-derived surface molecules via trogo-
cytosis. One of the important consequences
of this is that T cells redisplay APC-derived
ligands on their surface and can thereby act
as APCs to stimulate other T cells. Such T-T
interactions have been implicated in the
collective regulation of T cell proliferation
and differentiation during immune re-
sponses. An antigen-capturing quorum-
sensing mechanism has been proposed for
CD4* T cells, whereby as the number of
cross-dressed CD4* T cells increases, they
outnumber the APCs, increasing the proba-
bility of T-T interactions (Helft et al., 2008).
These interactions have been shown to lead
to different outcomes such as inhibition
of the expansion of antigen-experienced
T cells (Helft et al., 2008), differentiation
of Th17 (Boccasavia et al., 2021), fratricide
killing of CD8* T cells (Huang et al., 1999),
more vigorous restimulation of T helpers, or
stronger suppressive activity of Tregs (Zhou
et al., 2011). T-T interactions also promote
synapse-based cytokine delivery between
activating T cells (Sabatos et al., 2008).
These trogocytosis-mediated events have
also been shown to regulate chimeric

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20230419

20f3

€202 ludy g} uo 3senb Aq Jpd'6Ly0£20Z Wal/6LZ LS L/6LP0EC0Z8/L/0Z/Pd-aloe/Wwal/BI0"ssaidnyy/:dpy woy papeojumoq

185




antigen receptors T cell response (Hamieh
et al., 2019).

Distinct from the trans-endocytosis
model, the T cell-intrinsic model reported
by Xu et al. (2023) represents a new mech-
anism by which CTLA4 limits the amount
and time that costimulatory molecules are
displayed on the T cell surface. It probably
mainly concerns Tregs cells that express
high levels of CTLA4 but might also apply
to effector T cells that express some
CTLA4. Changing the ratio between co-
stimulatory and co-inhibitory molecules
exposed at the surface of T cells might al-
ter the collective regulation within T cell
populations.

What remains is to find a good in vivo
model that will allow testing the role of cis-

Paillon and Hivroz
CTLA4 prohibits T cells from cross-dressing

endocytosis of co-stimulatory molecules on
T cell responses.
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Annexe 2 : HLA-independent T cell receptors for targeting tumors with low

antigen density
Nature Medicine, Février 2022
Résumé

Les récepteurs d'antigénes chimériques (CAR) sont des récepteurs d'antigenes qui
déclenchent des réponses immunitaires puissantes. Un échappement tumoral associé a une faible
expression de l'antigéne cible apparait comme une limitation potentielle de leur efficacité. Nous
éditons ici le locus TRAC dans les cellules T du sang périphérique humain afin d'engager des cibles
de surface cellulaire par le biais de leur complexe TCR-CD3 reconfiguré pour utiliser les mémes
chaines lourdes et légeres d'immunoglobulines qu'un CAR apparié. Nous démontrons que ces
récepteurs de cellules T indépendants du systeme HLA (récepteurs HIT) offrent invariablement
une sensibilité accrue aux antigenes et assurent la reconnaissance des tumeurs au-dela de ce que les
CAR basés sur CD28, la conception la plus sensible a ce jour, peuvent fournir. Nous démontrons
que la persistance fonctionnelle des cellules T HIT peut étre augmentée par la coexpression
constitutive de CD80 et de 4-1BBL. Enfin, nous validons la sensibilité accrue a I'antigene offerte
par les récepteurs HIT dans des modeles murins de xénogreffe de leucémie a cellules B et de
leucémie myéloide aigué, ciblant respectivement CD19 et CD70. Globalement, les récepteurs HIT

sont parfaitement adaptés pour cibler des antigénes de surface cellulaire de faible abondance.

Contribution a Particle

J’ai participé a cette publication dans le cadre d’une collaboration avec I’équipe de Michel
Sadelain (Sloan Kettering Cancer Center, New York City, Etats-Unis).
Concernant le travail expérimental, j’ai pris soin de cultiver les cellules CAR et HIT, ainsi que les
cellules NALMG6 présentant différentes quantités de CD19 a leur surface, envoyées par 'équipe de
M. Sadelain. Concernant les données présentées dans les figures, j’ai généré, analysé et monté les
figures suivantes :

- TFigure 3 et figure S8 :

o Formation de conjugués entre des NALM exprimant CD19 a leur surface en grande
quantit¢ (NALM6/WT) ou peu de CD19 (NALMG6/7) et des lymphocytes T CAR
ou HIT (Fig3C-D ; FigS8A)

o Acquisition des images par microscopie confocale (Fig3C-D, FigS8A)

o Analyse de enrichissement d’actine et des récepteurs CAR/HIT 2 la synapse
immunologique (Fig3C)

o Analyse de la polarité des lysosomes a la synapse immunologique (Fig3D, FigS8A)
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HLA-independent T cell receptors for targeting
tumors with low antigen density

Jorge Mansilla-Soto ©"?"%4, Justin Eyquem ©®'27", Sascha Haubner ®'2?, Mohamad Hamieh®'?,
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2, Mathieu Maurin?,
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Theodoros Giavridis?'°, Sjoukje J. C. van der Stegen
2, Ronald C. Hendrickson*%, Claire Hivroz
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12, Fella Tamzalit? Isabelle Riviére>¢,
3 and Michel Sadelain®'22<

Chimeric antigen receptors (CARs) are receptors for antigen that direct potent immune responses. Tumor escape associated
with low target antigen expression is emerging as one potential limitation of their efficacy. Here we edit the TRAC locus in
human peripheral blood T cells to engage cell-surface targets through their T cell receptor-CD3 complex reconfigured to uti-
lize the same immunoglobulin heavy and light chains as a matched CAR. We demonstrate that these HLA-independent T cell
receptors (HIT receptors) consistently afford high antigen sensitivity and mediate tumor recognition beyond what CD28-based
CARs, the most sensitive design to date, can provide. We demonstrate that the functional persistence of HIT T cells can be aug-
mented by constitutive coexpression of CD80 and 4-1BBL. Finally, we validate the increased antigen sensitivity afforded by HIT
receptors in xenograft mouse models of B cell leukemia and acute myeloid leukemia, targeting CD19 and CD70, respectively.

Overall, HIT receptors are well suited for targeting cell surface antigens of low abundance.

augment the therapeutic potency of T lymphocytes'. CARs

engage antigen independently of human leukocyte anti-
gen (HLA)> but only enable sustained T cell proliferation if they
are endowed with both activating and costimulatory functions*’.
CD19-specific CARs that include either CD28 or 4-1BB costimula-
tory signaling domains have demonstrated remarkable efficacy in
patients with relapsed and refractory acute lymphoblastic leuke-
mia (ALL) or nonHodgkin lymphoma‘-*. CARs targeting CD22 or
BCMA have also elicited major responses in patients with refractory
ALL and multiple myeloma (MM), respectively’~'". While remis-
sion rates have been noticeably elevated in numerous clinical tri-
als, relapses are common'’"'*. One of the several underlying relapse
mechanisms is antigen escape™'®'"-, which refers to a relapsing
tumor that is either negative for the targeted antigen or expresses
the latter at a low level. Whereas CAR T cells cannot directly
engage tumors with complete antigen loss, the failure to eliminate
antigen-low tumors raises questions about the sensitivity of CARs
and the minimum antigen density that is required for effective
tumor eradication.

Recent studies have determined that all CARs are not equal in
terms of their antigen sensitivity. Comparing CARs specific for
different antigens, we and others have observed that CD28-based
CARs are more sensitive than those incorporating 4-1BB signal-
ing domains in cytotoxicity assays’'~**. In in vivo models of antigen

( ARs are synthetic receptors that redirect the specificity and

escape, a CD28-based CAR was more adept to control the relapse of
CD19-low ALL than the corresponding 4-1BB CAR*'. These arche-
typal CARs contain three activation motifs. The incorporation of
three additional immune-based tyrosine activation motifs (ITAMs)
into BBz CARs increases the latter’s antigen sensitivity, albeit still
not matching that of a 28z CAR, while the disruption of ITAMs in
28z CARs diminishes the latter’s antigen sensitivity””. Under CAR
stress test conditions, wherein low T cell doses are purposefully
administered to stringently challenge CAR T cells in vivo*',
CAR T cells generally fail to control leukemia presenting with less
than a few thousand CD19 molecules per cell’’, consistent with
clinical studies reporting tumor relapses with reduced target anti-
gen expression'®'>'%%,

Cognizant of the high sensitivity of the T cell receptor (TCR)
for HLA-peptide complexes™?”, we used TRAC locus editing”* to
establish in human primary T cells a new antigen receptor structure
incorporating into the TCR-CD3 complex the same heavy and light
chains as those assembled into a scFv within a corresponding CAR.
These receptors, termed HLA-independent TCRs or HIT receptors,
are more sensitive than CD28-based CARs and open new prospects
for the targeting of low-density antigens.

Results
Basic functions of a CD19-specific HIT receptor. To confer CD19
specificity to the TCR-CD3 complex, we targeted the TRAC locus™

'Center for Cell Engineering, Memorial Sloan Kettering Cancer Center, New York, NY, USA. 2lmmunology Program, Sloan Kettering Institute, New York, NY,
USA. 3Institute Curie, Université PSL, U932 INSERM, Integrative Analysis of T cell Activation Team, Paris, France. “Microchemistry and Proteomics Core
Laboratory, Sloan Kettering Institute, New York, NY, USA. °Cell Therapy and Cell Engineering Facility, Memorial Sloan Kettering Cancer Center, New York,
NY, USA. ®Molecular Pharmacology Program, Memorial Sloan Kettering Cancer Center, New York, NY, USA. "Present address: Department of Medicine,
Division of Hemato-Oncology, University of California San Francisco, San Francisco, CA, USA. ®Present address: Cluster of Excellence iFIT, University
Children’s Hospital Tubingen, Tibingen, Germany. °Present address: Department of Cancer Immunology, Institute for Cancer Research, Oslo University
Hospital, Oslo, Norway. °Present address: Mnemo Therapeutics, New York, NY, USA. "These authors contributed equally: Jorge Mansilla-Soto,

Justin Eyquem. ®e-mail: mansillj@mskcc.org; m-sadelain@ski.mskcc.org

NATURE MEDICINE | www.nature.com/naturemedicine

188




TICLES NATURE MEDICINE

Rearranged DTDRADDVETUHUAUUJ #. -
TCR« o LA N

T cells TRAC-UT TRAC-CAR
0.60 | 105{7.89 0.039 | 105{7.36 155| 108

TRAC TRAC-HIT

gRNA

Va 0] 104 7 10*

AN Lo 2 T et

TCRap ————> ©
3
3,

HIT AAV
0 0 0 0
TRACHIT LHDR -10°42.31 0.17 | -10°{91.6 0.48 | -10% 66.5| -10° 18.9 3.48
5 0 10° 10* 10° 0 10° 10 10° 0 10° 10 10° 0 10° 10* 10°
THHHHCHHHH Mouse F(ab)2
Va
STOP polyA
HIT CAR < 100 NALM6 (CD19+) PC3 (CD19-)
VH-VL 1
Yl £ s Zg -@- TRAC-HIT
aa a aa : 5 60 60 -@- TRAC-CAR
Q
cpzsfl fl cpzs 2 40 40 -@- TRAC-UT
E 20 20
¢ S 0] S*—e—e—o—9eo— 0
HLA dependent wHLA independent o 20 -— _o0 — =
o 20 271 22 0 g0 2 20 27 2220 8 00
Effector/target ratio Effector/target ratio
d —®- TRAC-UT - TRAC-CAR —@- —0- TRAC-HIT
100 ° e TRAC-HIT TRAC-CAR
@ 10 » 100 100
= — o}
LS 80 < B 80 -8 13nM
[res = S 60 60
%’g 60 & 108 S 40 40 :::nn,\:ﬂ
[oF= A S 20 20
° o
< ﬂé, 40 g E 0 0
- 5 20— 20—
g 20 D gt 20 o1 92 98 94 55 o6 20 o1 92 93 54 55 56
k3 o Effector/target ratio Effector/target ratio
1 10 100 1 10 100

CD19-Fc (nM) CD19-Fc (nM)

Fig. 1] TRAC locus editing to create an HLA-independent TCR (HIT receptor) directs TCR-CD3 complex-mediated antigen recognition. a, Schematic
diagram of the targeting strategy to generate a HIT receptor in situ at the TRAC locus. The targeting construct (HIT-AAV) contains a splice acceptor,
followed by P2A cleaving peptide and the CD19-specifc HIT gene elements (a V,,-Cp gene followed by P2A and the V_gene), which are joined to the

TRAC exon; all flanked by sequences homologous to the TRAC locus (left and right homology arm: LHA and RHA). Once integrated, the V;-Cp and V,-Cax
expression is driven by the endogenous TCRa promoter and polyA elements, while TCRa expression is disrupted. V-Cp and V -Ca chains will associate

to form the HIT heterodimer. The TCR-CD3 complex is depicted to highlight the similarities and contrast between HIT and TCR. The 19-28z CAR, utilizing
the same V, and V, elements in the format of a scFy, is also depicted. TRAV: TCR alpha variable region. TRAJ: TCR alpha joining region. SA: Splice acceptor.
P2A: Porcine teschovirus 2A sequence. b, Representative TCRaf/F(ab')2 flow plot 4 days after transfection of T cells with TRAC-targeting CRISPR/Cas9 and
HIT or CAR AAV6 transduction. ¢, Cytotoxic activity using an 18-h bioluminescence assay. FFL and CD19-expressing NALM6 (left), or FFL-expressing PC3
(CD19 negative, right) as target cells (n=2 biological independent samples); additional specificity studies are shown in Extended Data Fig. 2. d, Binding
capacity of HIT and CAR T cells measured by titrating CD19-Fc fusion. TRAC-HIT and TRAC-CAR T cells from two different donors were incubated with a
recombinant human CD19-Fc fusion, which was then detected using an anti-hFc-PE antibody. Left panel: percentage positive cells detected; right panel:
mean fluorescent intensity of the bound CD19-Fc. e, Representative cytotoxic activity using an 18 h bioluminescence assay, using FFL-expressing NALM6

as target cells (n=4 independent experiments on four healthy donors). CD19-specific TRAC-HIT and TRAC-CAR T cells were generated using three
different binding domains specific to a CD19 epitope but of distinct affinities (1.3, 4.9 and 32nM). All data are mean + s.e.m.

in human peripheral blood T cells to reconstruct the antigen-binding
domain of the heterodimeric TCR to match that ofa CD19 CAR™. To
generate the HIT receptor (Fig. 1a), the CAR heavy chain sequence
was fused to that of the TCR Cp domain (V,,Cp), and the CAR light
chain sequence to the genomic Ca sequence (V,Ca), thus gener-
ating chimeric V,;Cf and V,Ca chains linked by a P2A element
(Fig. 1a) under the transcriptional control of endogenous TCR pro-
moter and polyA elements. This genetic modification results in a
substituted TCR specificity, replacing the HLA-restricted Va-Vp
pair with HLA-independent CD19-specific V, -V, binding domains.
The disruption of the endogenous TRAC locus ablated cell-surface
CD3 expression, which remained undetected when knocking-in the
19-28z CAR*, but was restored to the cell surface in cells engineered
to express V,Cp and V,Ca (Fig. 1b and Extended Data Fig. la).
T cells expressing either 19-28z (TRAC-CAR) or the V,,Cp/V,Ca
heterodimer (TRAC-HIT) stained positively with the same poly-
clonal antibody used to detect the SJ25C1 scFv* in the 19-28z

CAR'" (Fig. 1b and Extended Data Fig. 1a,b). TRAC-edited T cell
populations specifically lysed CD19+ target cells, confirming the
formation of an active CD19 HIT receptor, and did not lyse CD19~
target cells (Fig. 1c and Extended Data Fig. 2). Both TRAC-HIT and
TRAC-CAR bound soluble CD19 protein with HIT T cells exhibit-
ing lower overall binding capacity per cell compared to CAR T cells
(Fig. 1d). Both CAR and HIT receptors elicited similar cytokine
responses upon exposure to NIH/3T3 cells overexpressing CD19
(Extended Data Fig. 3a). Following repeated exposure to antigen,
both receptors similarly internalized (Extended Data Fig. 3b) and
maintained a similar CD4/CD8 T cell ratio in engineered peripheral
blood T cells (Extended Data Fig. 3c).

Recognition of CD19 was not limited to the heavy and light
chains of §J25C1, and was likewise obtained with the variable chains
of FMC63, another CD19-specific scFv'**' (Extended Data Fig. 1c),
further supporting the structural compatibility of antibody and
TCR Ig-like domains*~*'. The HIT structure we report here differs
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from other recently reported HLA-independent, CD3-associated
receptors”~, all of which retain their endogenous clonotypic TCR
and thus generate dual-specific T cells. These other receptors either
have scFvs fused to CD3 components™ or interact with the endog-
enous TCR-CD3 complex™, or are composed of IgV-TCRC chime-
ras comprising y8*” or mouse afpTCR* constant regions to avoid
mispairing with endogenous TCR chains. Importantly, the HIT
receptor design endows the T cell with a single specificity.

As the SJ25C1 and FMC63 CD19-specific scFvs have a similar,
high affinity, we investigated an additional set of three CD19-specific
scFvs, all specific for the same epitope but differing in their affin-
ity (1.3, 4.9 and 32nM, respectively). The paired TRAC-HIT and
TRAC-CAR T cells similarly bound to soluble CD19 (Extended
Data Fig. 4), but while the three 28z CARs directed comparable
cytolysis of NALMS6, the HIT receptors showed diminishing cytoly-
sis with decreasing affinity (Fig. 1¢). This observation suggested that
HIT receptors, which do not benefit from CD4 or CD8 corecep-
tors like typical TCRs, may operate differently from TCRs, which
prompted us to evaluate whether HIT T cells could respond to low
antigen levels.

HIT receptors provide greater antigen sensitivity than CARs.
To assess the antigen sensitivity of HIT receptors, we established
a panel of NALM6 variants stably expressing a range of CD19
levels (Extended Data Fig. 4a-d). A striking difference between
TRAC-HIT and TRAC-CAR T cells promptly emerged, showing
that HIT T cells could lyse clones that 19-28z CAR T cells could
not (Fig. 2). Both receptors were similarly effective against NALM6
and NALM6 variants expressing within tenfold less CD19 than
wild-type (WT) NALM6 (Fig. 2a,b and Extended Data Fig. 4f,g).
As CD19 levels further decreased, TRAC-CAR T cells no longer
killed their target, in contrast to TRAC-HIT T cells (Fig. 2a,b and
Extended Data Fig. 5f,g). We next quantified CD19 levels in a sub-
set of NALM6 variants, identifying clones with 20-2,000 CD19
molecules, well below the count of 27,000 measured in parental
NALMS (Fig. 2¢,d and Extended Data Fig. 5¢). TRAC-CAR T cells
could effectively lyse NALM6 variants down to ~200 molecules
per cell but not less, while TRAC-HIT T cells still effectively lysed
clones with ~20 molecules per cell (Fig. 2¢). The same results were
obtained with the Vi, and V| chains from either SJ25C1 (refs. *) or
FMC63 (ref. '*’'; Extended Data Fig. 5f). Notably, we compared HIT
receptor sensitivity to the more sensitive 28z CARs (Majzner et al.”,
Priceman et al.” and Extended Data Fig. 5g).

This observation was extended with another HIT receptor
specific for CD22, constructed with variable chains taken from a
CD22-specific CAR*”'. Both the CD19 and CD22 HIT receptors
lysed MM1S (Extended Data Fig. 6), a BCMA-positive myeloma cell
line displaying very low-level expression of those two antigens (con-
firmed by fluorescence-activated cell sorting (FACS) analysis and
quantitative mass spectrometry) (Extended Data Fig. 6a,b), but not
the CD19 or CD22-specific CARs. In contrast, both BCMA-specific
CAR'**' and HIT receptors lysed MM1S (Extended Data Fig. 6c and
Extended Data Fig. 2). Altogether, these results confirm that HIT
receptors endow T cells with greater antigen sensitivity than canoni-
cal CARs.

This conclusion is further supported by the cytokine response
of TRAC-HIT T cells elicited by low antigen density target cells.
Expression of interferon-y (IFN-y), interleukin-2 (IL-2) and tumor
necrosis factor a (TNF-a) was three- to tenfold higher in both CD4
and CD8 T cells upon exposure to NALM6 cells expressing ~20
CD19 molecules per cell, compared to TRAC-CAR T cells (Fig. 2f).
Above 200 CD19 molecules per cell, TRAC-CAR and TRAC-HIT
T cells showed similar cytokine profiles (Fig. 2f).

We hypothesized that this increased sensitivity of HIT receptors
is due to their greater signaling response and measured the phos-
phorylation of CD3( and ZAP70 and downstream ERK1/2 (ref. *°).
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HIT-engineered T cells indeed showed greater CD3(, ZAP70 and
ERK1/2 phosphorylation upon exposure to the low antigen den-
sity NALM6/12-4 compared to TRAC-CAR T cells (Fig. 2g and
Extended Data Fig. 7). This difference was even greater with anti-
gen levels below 200 molecules per cell (NALM6/7), where CAR
T cells showed hardly any detectable pERK1/2 upon exposure to the
CD19+ cells in contrast to HIT T cells (Fig. 2g and Extended Data
Fig.7). Athigher antigen densities (NALM6/WT and NALM6/12-4),
TRAC-HIT and TRAC-CAR T cells showed comparable levels
of pERK1/2 and a similar percentage of pERK1/2 positive cells
(Fig. 2h and Extended Data Fig. 7). In aggregate, these studies point
to a threshold of about 200 CD19 molecules per cell for effective
19-28z CAR-mediated T cell activation in vitro while only ~20 mol-
ecules suffice for TRAC-HIT T cells.

HIT T cells display faster degranulation and cytotoxicity. To
gain further insight into the mechanism for the HIT receptor’s
greater antigen sensitivity, we performed quantitative phospho-
proteomic analyses of TRAC-HIT T cells when activated with low
antigen targets (NALM6/7), comparing their profile to TRAC-CAR
T cells (Fig. 3a). TRAC-HIT T cells showed a higher number of
phospho-peptidesaftera 10-minincubation with NALM6/7 (Fig. 3a),
thus providing further support for their greater sensitivity to
low antigen levels. Phospho-peptides with a P<0.05 (—log,
>1.3) detected in two independent experiments with different
T cell donors were further analyzed (Fig. 3b). Applying a cutoff
log, ratio of 0.7, TRAC-HIT T cells showed enrichment of a set of
phospho-peptides involved in T cell activation and actin remodel-
ing (Fig. 3b). These included signaling molecules such as CD3 epsi-
lon, LAT, GRAP2, AHNAK and SLAMF1 (refs. “-?) and proteins
involved in actin remodeling (ARPC1B)*.

These findings prompted us to analyze actin remodeling as well
as lysosome localization in TRAC-HIT and TRAC-CAR T cells
when exposed to high and low antigen levels. We specifically quan-
tified the F-actin enrichment and LAMP-1 lysosomes at the immu-
nological synapse (IS) in over 60 NALM6-T cell conjugates (two
different T cell donors). We observed no significant difference in
F-actin enrichment between HIT and CAR T cells (Fig. 3¢ and
Extended Data Fig. 8a) but found that CAR and HIT localization at
the IS are dependent on the antigen level on the target cell (Fig. 3¢
and Extended Data Fig. 8a). HIT T cells showed a more uniform
distribution of LAMP-1 lysosomes at the IS than CAR T cells
(variance P=0.0006) when incubated with low antigen NALM6/7
(Fig. 3d), but not with high-antigen NALM6 (Extended Data
Fig. 8a). We thus hypothesized that HIT T cells would be more
proficient at degranulation than CAR T cells when exposed to low
antigen levels. We assessed degranulation by measuring CD107a
in T cells incubated for 1h and 4h with different NALMS6 targets.
TRAC-HIT T cells degranulated faster and significantly more fre-
quently than TRAC-CAR T cells when incubated with NALMG cells
expressing ~20 molecules of CD19 (NALM6/7; Fig. 3¢ and Extended
Data Fig. 8b,c). This difference vanished with antigen levels above
200 CD19 molecules (NALM6/12-4 and NALM6/WT; Fig. 3e and
Extended Data Fig. 8b,c).

Based on the above observations on phospho-proteomics, lyso-
some mobilization and degranulation, we predicted that TRAC-HIT
T cells will be more rapid than TRAC-CAR T cells at killing targets
with low antigen levels. We therefore measured the time required for
target lysis kinetics by HIT and CAR T cells in single-cell conditions
(1:1 T cell:target cell in single wells)*'. TRAC-CAR and TRAC-HIT
T cells displayed similar kinetics when incubated with NALM6 WT
and NALM/12-4 targets, but TRAC-HIT T cells were faster when
exposed to NALM6/7 (Fig. 3f). Altogether, we conclude that HIT
receptors impart increased antigen sensitivity to T cells by, at least in
part, enabling greater mobilization and release of lytic granules than
CARs in the context of low antigen density.
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curve. e, Cytotoxic activity using an 18-h bioluminescence assay at different effector:target ratios for TRAC-HIT/TRAC-CAR T cells and FFL+NALM6 cells
expressing different CD19 surface levels (panel €); n=2 biological independent samples. f, Percentage of TRAC-HIT or TRAC-CAR T cells (both CD4 and
CD8 cells) with positive expression of IFN-y, IL-2 or TNF-a after intracellular staining after coculture with NALM6 clones expressing the indicated levels of
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experiments on three different T cell donors. g h, Levels of phospho-ITAM3, phospho-ZAP70 or phospho-ERK1/2 in TRAC-HIT or TRAC-CAR T cells when
incubated with NALM6 WT, 12-4 or 7 targets at a 1:2 ratio. g, Levels are presented as a percentage of the signal detected in T cells incubated with NALM6
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HIT T cells outperform CAR T cells against low antigen
tumors. We investigated the capacity of TRAC-HIT T cells to
control tumors expressing different antigen levels in vivo. In a
‘stress test’ setting, wherein we deliberately infuse subcurative
T cell doses to quantify and compare T cell potency”***, we
first compared TRAC-HIT T cells to first and second-generation®
TRAC-CAR T cells in controlling NALM6, a commonly investi-
gated pre-B acute lymphoblastic leukemia®'***". As the 28z CAR is
more sensitive than BBz, BBzz and 28-1XX CARs*' -, we focused
on 28z CARs for comparison in our in vivo studies. Over the first

3 weeks, TRAC-HIT T cells vastly outperformed first-generation
CAR T cells (19z1) and strikingly rivaled the second-generation
CAR T cells, despite lacking engineered costimulation like the
1928z CAR (Fig. 4a). The gap between TRAC-19z1 and CD19
TRAC-HIT, which both are activating receptors lacking embed-
ded costimulatory domains, illustrates the greater efficacy of the
CD3 complex relative to that of a { chain fusion receptor. When
targeting a low abundance NALM6 variant (12-4), we observed
superior tumor elimination by TRAC-HIT T cells, most notably
in the first week (P=0.002, Fig. 4b).
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In considering the advantage affocded to the CAR by the incor-
poration of a costimulatory domain (Fig. 4a) and the fatter’s absence
in the HIT receptor, we tested the hypothesis that providing costim
ulatory support to TRAC-HIT T cells would enable the latter to
outperform the 1928x CAR by extending ther persistence. To this
end, we coexpressed ligands for CD28 and 4-1BB in the T cells,
which we previously showed enbances the persistence of first'’ and
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second-generation” CARs. Consistent with eardier findings™
coexpression of these two ligands (annotated 80/BBL) increased
the therapeutic potency of TRAC-HIT T cells, whereas coexpres-
sion of either ligand alone did not (Extended Data Fig. %2). In two
models, targeting either CD19 or BCMA, TRAC-HIT+80/8BL
T cells yielded greater survival than 282 CAR T cells {Fig. 4¢.d and
Extended Data Fig. 10ab).
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Fig. 4 | TRAC-HIT T cells outperform TRAC-CAR T cells in controlling low antigen tumor cells in vivo. a, Tumor burden (average radiance) of NALM6
WT-bearing mice treated with 5x10° TRAC-HIT or TRAC-CAR T cells (n=5), analyzed through a 35-day period, at week 1 or week 3. Quantification is the
average photon count of ventral and dorsal acquisitions per animal at all given timepoints. A two-tailed unpaired t-test was used to compare each group
pair. b, Tumor burden (average radiance) of NALM6/12-4-bearing mice treated with 4 x10° TRAC-HIT or TRAC-CAR T cells (n=15), analyzed through a
35-day period, at week 1 or week 3. A two-tailed unpaired t-test was used to compare each group pair. ¢, Kaplan-Meier analysis of survival of NALM6/12-
4-bearing mice treated with 4 x10° TRAC-HIT or TRAC-CAR T cells (n=15). d, Kaplan-Meier analysis of survival of MM1S-bearing mice treated with
2x10° TRAC-HIT or TRAC-CAR T cells (n=5). e, CD70 flow histograms for MOLM13 cells in vitro and ex vivo (from mouse bone marrow samples), and

nonactivated T cells (negative control). f, Cytotoxic activity using an 18-h bioluminescence assay at different effector:target ratios for TRAC-70HIT/RV-CAR
T cells (7028z and 7028z1xx) and FFL+MOLM13 cells; n=3. Additional specificity studies are shown in Extended Data Fig. 2. g, Kaplan-Meier analysis of
survival of MOLM13-bearing mice treated with 4 x10° TRAC-HIT or TRAC-CART cells (n=5). ¢, d and g, P values were determined by a log-rank Mantel-

Cox test (survival). All data are mean + s.e.m. The tumor burden of individual animals is shown in Supplementary Figs. 1-3.

In the NALM6/12-4 leukemia model, TRAC-19HIT +80/BBL
outperformed TRAC-CART cells (P=0.0001, Fig. 4c). Furthermore,
in the MM1S myeloma model, where BCMA is more abundant
(~11,000 molecules per cell) than CD19 in NALM6/12-4 (~200),
TRAC-BHIT +80/BBL T cells likewise outperformed TRAC-BCAR
T cells (P=0.048, Fig. 4d). Thus, T cells expressing the HIT receptor
alone provided sensitive tumor recognition but did not significantly
prolong mouse survival until they were supported by 80/BBL-based

costimulation (Fig. 4d and Extended Data Fig. 10c). Bone marrow
analyses on days 10 and 17 showed that the improved early tumor
control obtained in TRAC-HIT compared to TRAC-CAR-treated
animals was not the result of increased T cell numbers. CD4 and CD8
TRAC-HIT T cells were present in similar numbers to TRAC-CAR
T cells on day 10 and were less abundant by day 17 (Extended Data
Fig. 9b,c). TRAC-HIT +80/BBL T cells on the other hand exceeded
TRAC-HIT and TRAC-CAR T cells at both timepoints. Altogether,
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these in vivo studies establish that T cells reprogrammed with a HIT
receptor display greater in vivo antigen sensitivity than a CAR, and
that prolonged tumor control by HIT T cells can be achieved by
providing supportive cell-intrinsic costimulation.

We provide an additional example targeting another clinically
relevant target of low abundance, CD70 in acute myeloid leukemia
(AML)*". We utilized the AML cell line MOLM13 which is derived
from FLT3-ITD relapsed AML and expresses ~370 CD70 molecules
per cell based on ex vivo bone marrow analysis (Fig. 4e). 70HIT
and 70CAR T cells effectively lysed CD70+MOLM13 in vitro
(Fig. 4f) but not CD70~ target cells (Extended Data Fig. 2). However,
neither CAR nor HIT T cells were effective in vivo (Fig. 4g and
Extended Data Fig. 10e). CD70 expression is induced in activated
T cells and high CD70 levels are detectable in a sizable fraction
of CAR-transduced T cells (Brugnoni et al.** and Extended Data
Fig. 10d), which may result in HIT/CAR-mediated fratricide T cell
killing and/or HIT/CAR malfunction when targeting CD70. We
therefore ablated CD70 expression in the infused T cells (Extended
Data Fig. 10d) and found that antiAML efficacy was indeed improved.
In this instance again, 70HIT +80/BBL T cells vastly outperformed
the CAR T cells (P<0.0001, Fig. 4g and Extended Data Fig. 10e).

Discussion

A general comparison of CARs and TCRs is rendered difficult by
the multiplicity of CAR structures and the distinct nature of their
respective ligands (various cell surface molecules versus HLA-pep-
tide complexes). Nonetheless, the HIT design reported here allows
us to examine a TCR-like structure and a CAR that engage the same
target using the same heavy and light immunoglobulin chains. CARs
and HIT receptors both direct effective killing of target cells that
express thousands of target molecules. However, as the target anti-
gen numbers diminish to the hundreds, the HIT receptor exceeds
the antigen sensitivity afforded by CARs, including the more sensi-
tive CD28-based CARs. This difference allows, as we show here, for
HIT-engineered T cells to reject tumors that CAR T cells struggle to
control. Based on in vitro cytolysis experiments, HIT receptors are
at least tenfold more sensitive to antigen than CARs. This height-
ened sensitivity is consistent with that attributed to the physiological
TCR-CD3 complex. In vitro studies suggest that TCRs only require
one to three ligands to be engaged for cytolysis*>*, but the number
of required TCR ligands for effective in vivo tumor elimination is
less well defined (one study calculated that 30-60 ligands per cell
would be required to support T cell expansion*™"). Future studies
are needed to better quantify threshold antigen levels required for
effective CAR, HIT and TCR-based therapies.

We found that TRAC-HIT T cells can lyse target cells with low
antigen density and that their degranulation and lytic kinetics are
faster than those of CAR T cells when antigen is limiting. Our phos-
phoproteomic and morphological studies support a mechanism
whereby HIT engagement is more effective in remodeling actin or
recruiting lysosomes. This may entail the activation of ARPCIB,
which is necessary for the establishment of lamellipodia as well as
the actin reorganization required for cell migration and immune
synapse formation®. Our analyses also point to signaling differences
that underpin differential antigen sensitivity, such as the activation
of LAT, which our study and another suggest is poorly recruited by
CARs™. The HIT versus CAR system we describe here is poised
to provide many more future insights into comparing their func-
tions. More quantitative and sensitive techniques are still needed
to accurately quantify receptor expression, measure receptor affini-
ties, early signaling events and the dynamic structure of the immune
synapse, as are structural studies to determine how CAR and HIT
receptors engage their cognate target.

Heavy and light chains have previously been used in the context
of T cell receptors through different means*~*. However, their anti-
gen sensitivity or their ability to exert tumor control has not been
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evaluated against low antigen density tumors*~"" other than for the
STAR receptor’. In all these instances™~**, T cells were dual-specific
as they retained their endogenous TCR and expressed the VL-VH
fusion proteins from randomly integrated lentiviral vectors. Dual
specificity may impact antigen sensitivity, as the VL and VH fusion
proteins compete with endogenous aBTCR chains or assembly with
CD3 complex components. Among these receptors, the STAR recep-
tor* is the only one reported to have increased sensitivity compared
to 28z and BBz CARs, in line with our observations, although the
minimal number of target molecules needed to trigger T cell activa-
tion has not been addressed. The HIT receptor design minimizes
competition with the endogenous TCR through the disruption of
the TCRa, provides homogenous HIT receptor expression from the
TRAC locus and abrogates T cell alloreactivity.

As we show here, HIT receptors enable effective targeting of low
density antigens but they require additional support to enhance
their therapeutic efficacy. Unlike second-generation CARs*, HIT
receptors are not endowed with costimulatory components, but
costimulatory support can be engineered separately into the T cell,
as previously established with other antigen receptors™***»** and
extended in this study. Given the similarity of HIT receptors and
TCRs, our findings provide a strong rationale for similarly endow-
ing TCR-engineered and natural T cells with generic costimulatory
support, for example via constitutive CD80 and 4-1BBL coexpres-
sion, to increase their persistence and potency.

The different activation and therapeutic thresholds of TCRs,
HITs and CARs open new possibilities for cancer immunotherapy.
CARs are effective against high density antigens and may have
reduced potential to damage normal tissues that express subthresh-
old levels of the targeted antigen. This therapeutic window, how-
ever, raises the risk of escape of low-expressor tumor cells. HIT
receptors, on the other hand, are better suited for targets expressed
in the lower ranges, as exemplified here in our in vivo models tar-
geting CD19 and CD70. HIT receptors will be especially valuable
against tumor-specific targets of low abundance, for which the risk
of reactivity against normal tissues expressing the antigen is averted
by default, or when paired with another receptor in an ‘and’ gate.
TRAC-HIT T cells should thus expand the realm of tumors that can
be targeted by engineered T cells.
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Methods
All animal research complies with the ethical regulations from the MSKCC
Institutional Animal Care and Use Committee.

Data reporting. The experiments were not randomized, and the investigators
were not blinded to allocation during experiments and outcome assessment,
except where noted. Guide RNA: the sequence targeted by TRAC gRNA is

located upstream of the transmembrane domain of the TCRa’. TRAC gRNA
target sequence: 5'-CAGGGTTCTGGATATCTGT. CD70 gRNA target sequence:
5'-GGGCTTGGTGATCTGCCTCG. TRAC and CD70 gRNAs were ordered from
Synthego with 2'-O-methyl 3’-phosphorothioate modifications in the first and last
three nucleotides™. Guide RNA was resuspended with TE buffer at 40 uM.

Cas9 protein and RNP formation. Cas9 protein (40 pM) was obtained from
QB3-Berkeley Macrolab core facility. TRAC ribonucleoprotein (RNP) was prepared
by mixing Cas9 protein and TRAC gRNA at 1:1 molar ratio and incubated at 37°C
for 15 min, and immediately used for T cell targeting experiments.

AAV. We designed and cloned the pAAV-TRAC-19HIT by replacing the
1928z-polyA sequence of our previously described pAAV-TRAC-1928z plasmid".
To express a HIT receptor at the TRAC locus, the V,-CB-P2A-V, sequence is
cloned in between the P2A and the TRAC exon]1 elements (chimeric V,,-Cp and
V,-Ca (exon1) sequences are provided in Supplementary Information), thus
resulting in V,;-Cp and V,-Ca expression under the control of TCRa promoter.
CD19-specific HITs are generated using V,, and V, elements derived from the
§J25C1 or FMC63 CAR genes previously described* or from three human scFvs
of different affinities that recognize the same epitope (a kind gift of Ken Mohler
from Juno Therapeutics). HIT V;; and V| sequences used to produce CD22 and
BCMA-specific HITs are derived from previously described CAR genes”. TRAC-
1928z and TRAC-19BBz as in June and Sadelain®; TRAC-1928z1, TRAC-2228z and
TRAC-BCMA28z were cloned by replacing 1928z in the TRAC AAV construct with
the 1921 (ref. ), 22282* and BCMA28z* sequences. Recombinant AAV6 viruses
(with AAV2 ITRs) were produced by Vigene, with titers expressed as GCml~".

Lentiviral vector construction, production and transduction. PGK100-CD19
lenti plasmid was generated by cloning the PGK100 promoter” and CD19 (ref. **)
sequences into a SIN lentiviral plasmid (pLM backbone)*. Vesicular stomatitis
virus glycoprotein G pseudotyped lentiviral supernatants derived from transfected
293 T cells were used to transduce NALM6/12 cells (see below) to generate stable
NALMG cells expressing CD19 at very low levels. Transduction was performed in
6-well plates containing 4 pgml~' polybrene. Cells with less than 5% transduction
efficiency were used to clone the new CD19-expressing NALM6 clones by limited
dilution in round-bottom 96-well plates.

Gammaretroviral vector construction, production and transduction. Plasmids
encoding the SFGy retroviral vector*® were used to clone the bicistronic construct
to express human CD80 (ref. **) and 41BBL” genes. CD80 and 41BBL SFGy
retroviral vectors have previously been described”. Vesicular stomatitis virus
glycoprotein G pseudotyped retroviral supernatants derived from transduced
gpg29 fibroblasts (H29) were used to construct stable retroviral-producing cell
lines™. T cells were transduced with retroviral supernatants by centrifugation on
RetroNectin-coated plates (Takara), as described previously®. CD80 and 41BBL
expression was detected by FACS using mouse antihuman CD80-PE and 41BBL-PE
antibodies (BD Biosciences).

Cell lines. FFL-expressing NALM6 cells and CD19-expressing NIH/3T3 cells
were cultured as described (Eyquem et al.”"). NALM6/medium and NALM6/low
cell lines (~10,000 and ~1,500 molecules per cell, respectively) were previously
described”. CRISPR-Cas9-edited NALME6 cells were generated as described*, and
cloned using the limited dilution technique. NALM6 clones with very low CD19
levels were selected for this study. NALM6/12-4 and NALM6/12-39 are derivatives
of clone NALM6/12, which was transduced with the PGK100-CD19 lentivector

as described above. All NALMEG cell lines were maintained in RPMI 1040 medium
supplemented with 10% fetal bovine serum (FBS; HyClone), 10mM HEPES
(Invitrogen), 2mM L-glutamine (Invitrogen), 1X NEAA (Invitrogen), 1 mM
sodium pyruvate (Invitrogen), 50 uM B-mercaptoethanol, 10 Uml~! penicillin,

10 pgml~! streptomycin (Gibco) and 2.5 pgml~' plasmocyn (InvivoGen). Cells
were split every 2-3 days and plated at 0.5 10° cells ml~'. MM cell line MM1S
expressing FFLuc-mCherry (a kind gift of D. Maria Themeli) was cultured in
RPMI 1040 medium supplemented with 10% FBS (HyClone FetalClone I), 2mM
L-glutamine (Invitrogen), I mM sodium pyruvate (Invitrogen), 10mM HEPES
(Invitrogen), 10 U ml™ penicillin, 10 pg ml~' streptomycin (Gibco) and 2.5 pgml~!
plasmocyn (InvivoGen). Cells were split every 2-3 days and plated at 1 x10°
cellsml~'. Acute myeloid leukemia cell line MOLM13 (a kind gift of Dr. Marion
Subklewe) were transduced with FFLuc-GFP retroviral vector and further sorted
(gated on GFP + fraction). FFLuc-GFP-MOLM13 cells were cultured in RPMI 1040
medium supplemented with 10% FBS (HyClone FetalClone I), 2mM L-glutamine
(Invitrogen), 10 U ml~! penicillin and 10 pgml~' streptomycin (Gibco). Cells were
split every 2-3 days and plated at 0.5x 10° to 2 10° cells ml~".
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CD19, BCMA and CD70 quantification. NALM6 cells (0.2 x 10°), MM1S cells
(0.1 10°) and in vitro and ex vivo MOLM13 cells (1 x 10°) were stained with 5pl
phycoerythrin (PE)-antiCD19 antibody (clone SJ25C1, BD Biosciences), 10 pl
PE-antiBCMA antibody (clone 19F2, Biolegend) and 4 pul PE-antiCD70 antibody
(clone 113-16, Biolegend), respectively, in 100 pl MACS buffer for 30 min at 4°C,
washed and analyzed by FACS. Phycoerythrin Fluorescence Quantitation Kit
(BD Biosciences) was used according to the manufacturer’s protocol to determine
the number of CD19, BCMA and CD70 molecules per cell. To quantify CD19 in
NALM6/2, NALM6/7, NALM6/12, CD19 geometric mean fluorescent intensities
(gMFIs) were used to calculate a ratio with NALM6/12-4 CD19 gMFI. Based on
the number of CD19 molecules determined for NALMG6/12-4, the ratios were
used to calculate the number of CD19 molecules per cell in the aforementioned
cell lines.

Quantitative mass spectrometry. NALM6 and MMIS cell pellets (~4

million cells) were lysed in 8 M urea, 200 mM EPPS (4-(2-hydroxyethyl)-
1-piperazinepropanesulfonic acid), pH 8.5 with protease (complete mini
ethylenediamine tetraacetic acid free, Roche) and phosphatase inhibitors
(cocktail 2 and 3, Sigma). Samples were then sonicated (Diagenode Bioruptor)
for three cycles (1 min on/1 min off). The Pierce bicinchoninic acid (BCA)

assay was then used to determine the protein concentrations. Aliquots of 100 pg
were taken for each sample (based on BCA assay) and reduced with 5mM

TCEP (tris(2-carboxyethyl)phosphine hydrochloride), alkylated with 10 mM
iodoacetamide and quenched with 10 mM dithiothreitol. Samples were diluted to
about 100 pl with lysis buffer and precipitated by chloroform-methanol®. Pellets
were resuspended in 50 pl 200 mM EPPS buffer, digested with Lys-C protease at a
1:50 protease-to-protein ratio for 5h at 37°C, then overnight with trypsin (1:50)
at 37°C.

Anhydrous acetonitrile was added at a final volume of 30%. TMTPro (16-plex)
reagents were added to peptides at a 2.8:1 (TMT reagent-to-peptide ratio) and
incubated for 1h at room temperature (RT). A label check was performed to
determine mixing ratios, labeling efficiency and number of missed cleavages by
pooling 1pg from each sample, desalting, then analyzing by mass spectrometry.
Samples were mixed 1:1 across all channels, dried to remove acetonitrile, then
desalted using C18 solid-phase extraction Sep-Pak (Waters) and vacuum
centrifuged to dryness.

Peptides were reconstituted in 1 ml of 2% ACN/25mM ammonium
bicarbonate (ABC) and fractionated into 48 fractions. Briefly, an Ultimate 3000
high-performance liquid chromatography (Dionex) coupled to an Ultimate
3000 Fraction Collector using a Waters XBridge BEH130 C18 column (3.5 pm,

4.6 X250 mm) was operated at 1 mlmin~". Buffer A consisted of 100% water,
buffer B consisted of 100% acetonitrile and buffer C consisted of 25 mM ABC. The
fractionation gradient operated as follows: 1% B to 5% B in 1min, 5% B to 35% B
in 61 min, 35% B to 60% B in 5min, 60% B to 70% B in 3 min, 70% B to 1% B in

10 min, with 10% C the entire gradient to maintain pH. The 48 fractions were then
concatenated to 12 fractions (that is fractions 1, 13, 25, 37 were pooled, followed
by fractions 2, 14, 26, 38 and so on) so that every 12th fraction was used to pool.
Pooled fractions were vacuum centrifuged then reconstituted in 1% ACN/0.1% FA
for liquid chromatography triple quadropole mass spectrometry (LC-MS/MS).

Fractions were analyzed by LC-MS/MS using a nanoAQUITY UPLC (Waters)
with a 50 cm (inner diameter 75 um) EASY-Spray Column (PepMap RSLC, C18,
2pum, 100 A) heated to 60°C coupled to a Orbitrap Fusion Lumos Tribrid Mass
Spectrometer (Thermo Fisher Scientific). Peptides were separated at a flow rate of
300 nlmin~" using a linear gradient of 1% to 35% acetonitrile (0.1% FA) in water
(0.1% FA) over 4h and analyzed by specific precursor selection (SPS)-MS3. MS1
scans were acquired over a range of m/z 375-1,500, 120K resolution, AGC target
of 4 10° and maximum injection time (IT) of 50 ms. MS2 scans were acquired
on MS1 scans of charge 2-7 using an isolation of 0.7 m/z, collision induced
dissociation with activation of 35%, turbo scan and maximum IT of 50 ms. MS3
scans were acquired using SPS of ten isolation notches, m/z range 100-1,000, 50K
resolution AGC target of 1 x 10°, HCD activation of 65% and maximum IT of
150 ms. The dynamic exclusion was set at 38s.

Raw data files were processed using Proteome /Discoverer (PD) v.2.4.0.305
(Thermo Scientific). For each of the TMT experiments, raw files from the all
fractions were merged and searched with the SEQUEST HT search engine
with a Homo sapiens UniProt protein database downloaded on 9 January 2019
(176,946 entries). Methionine oxidation was set as variable modification, while
Cys carbamidomethylation, TMT16plex (K) and TMT16plex (N-term) were
specified as fixed modifications. The precursor and fragment mass tolerances were
10 ppm and 0.6 Da, respectively. A maximum of two trypsin missed cleavages were
permitted. Searches used a reversed sequence decoy strategy to control peptide
false discovery rate (FDR) and 1% FDR was set as threshold for identification.

T cell isolation, activation and culture. Buffy coats from healthy volunteer donors
were obtained from the New York Blood Center. Peripheral blood mononuclear
cells were isolated by density gradient centrifugation and typically frozen in 90%
FBS/10% dimethylsulfoxide. Frozen peripheral blood mononuclear cells were
cultured for 1h in T cell medium (see below; >85% viability) and then used for

T cell isolation. T lymphocytes were purified using the Pan T cell isolation kit
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(Miltenyi Biotech). T cells (>90% viability) were activated with Dynabeads (1:1
beads:cell) Human T-Activator CD3/CD28 (Thermo Fisher) in X-vivo 15 medium
(Lonza) supplemented with 5% human serum (Gemini Bioproducts) with 5ngml-!
human recombinant interleukin-7 (Peprotech) and 5ngml~" human recombinant
interleukin-15 (Peprotech) at a density of 10° cellsml-'. The medium was changed
every 2days, and cells were replated at 1-1.5x 10° cells ml~".

Gene editing and targeting. Forty-eight hours after initiating T cell activation, the
CD3/CD28 beads were magnetically removed, and the T cells were cultured for

an extra day. T cells were transfected by electrotransfer of TRAC RNP using the
Nucleofector II device (Lonza). Then 2 10° or 10X 10° cells were resuspended with
P3 buffer (Lonza) and mixed with 60 or 300 pmol TRAC RNP in a total volume of
20 or 100 pl, respectively. Following electroporation and considering 66.7% viability,
cells were diluted into culture medium at 1 10° cellsml™, and incubated at 37°C,
5% carbon dioxide (CO,). Recombinant AAV6 donor vector was added to the
culture 30 min to 1h after electroporation, at a multiplicity of infection of 3x10°
GC per cell. Subsequently, edited cells were cultured using standard conditions
(37°C and expanded in T cell growth medium, replenished as needed to maintain a
density of 1-1.5X 10° cellsml™ every 2 days). For the generation of CD70-targeting
CART cells, T cells were electroporated with TRAC and CD70 RNPs, followed by
AAV transduction (70 HIT T cells) or SFGy-retroviral vectors (70 CAR T cells),
immediately or 20-24 h after electroporation, respectively.

Multiple antigen-stimulation assay. NIH/3T3 expressing human CD19 were
used as artificial antigen-presenting cells as described®. For repeated proximal
stimulations, single-stimulation cells were transferred to a new well plated with
CD19+NIH/3T3 after 24 h (two stimulations) or every 12h (four stimulations).
For each condition, T cells were counted and analyzed by FACS for HIT and CAR
every 12h and CD4, CD8 and differentiation markers (CD45RA and CD62L)
expression at the end of the experiment (48 h).

Cytotoxicity assays. The cytotoxicity of TRAC-HIT and TRAC-CAR T cells was
determined by standard FFL-based assay®. FFL-expressing NALM6, PC3 or MM1S
served as target cells. The effector (E) and tumor target (T) cells were cocultured in
duplicates at the indicated E/T ratio using black-walled 96-well plates with 1x10°
target cells in a total volume of 100 pl per well in T cell medium. Four or 18h later,
100 pl luciferase substrate (Bright-Glo, Promega) was directly added to each well.
Emitted light was detected in a luminescence plate reader, and lysis was calculated
using the formula 100 X (1 — (RLUsample)/(RLUtarget alone)).

Single-cell cytotoxicity assay. TRAC-HIT and TRAC-CAR T cells were stimulated
once with CD19+NIH/3T3 cells as described above, and expanded for 1 week in
T cell medium. The day before the assay was started, HIT and CAR expression
was quantified by FACS. Single-cell CTL assays were performed as described”.

In brief, chamber slides containing a micro-well grid (50 X 50 X 50 pm® per well)
were loaded with 1x10 CellTrace Violet-containing HIT*/CAR* T cells, along
with unlabeled NALMS cells at a ratio of 1:1 in the presence of 1.5uM propidium
iodide (PI, Life Technologies). Images were acquired with an AxioObserver.Z1
microscope (Carl Zeiss) using x10/0.45 or x20/0.8 objectives. Fifteen positions (1
position equals 36 micro-wells) for each chamber were imaged every 10 min for
24h. Acquired images were processed using a custom macro written on Image]
software. Each individual well was scanned for the presence of T cells (CellTrace
Violet). These wells were then analyzed to identify wells containing a one effector
(E) T cell and one single target (T) cell, and interactions were recorded. In wells in
which conjugate formation led to target death (lytic conjugates; PI-positive wells),
the duration of interaction between E:T was recorded from the formation to the
interruption of the conjugate. Contact events lasting for only 1 frame (10 min) were
not included. All analyses were performed in a blinded fashion.

Cytokine analyses. To measure intracellular levels, 1x10° TRAC-HIT or
TRAC-CAR T cells were incubated with NALMS targets at 1:1 ratio for 4h in

the presence of Brefeldin A. T cells were fixed and permeabilized using BD
Cytofix/Cytoperm Plus kit as per the recommendation of the manufacturer (BD
Biosciences), followed by staining with anticytokine antibodies (Brilliant Violet
785 antihuman TNF-a antibody (clone MAb11, catalog no. 502948, Biolegend);
Brilliant Violet 421 antihuman IFN-y antibody (clone B27, catalog no. 506538,
Biolegend); PE antihuman IL-2 Antibody, (clone MQ1-17H12, catalog no. 500307,
Biolegend); BUV395 mouse antihuman CD4 (clone SK3, catalog no. 563550, BD
Biosciences); BV711 mouse antiHuman CD45 (clone HI30, catalog no. 564357, BD
Biosciences); Fixable Viability Stain 510 (catalog no. 564406, BD Biosciences) is
used to exclude dead cells). Cytokine levels were determined by FACS.

To measure secreted cytokine levels, 0.5X 10° TRAC-HIT or TRAC-CAR T cells
were incubated with 0.3 10° CD19+ NIH/3T3 cells per well in a 24-well plate at
37°C for 24 h. Supernatants were collected and cytokines were quantified using
BD Cytometric Bead Array kits (IL-2-558270; IFN-y-560111; TNF-a-560112; BD
Biosciences) and flow cytometry.

Intracellular phosphoprotein analyses. TRAC-HIT and TRAC-CAR T cells
were stained with Fixable Viability Dye eFluor 506 (eBioscience 65-0866-14) and

rested for 30 min in standard tissue culture conditions. TRAC-HIT or TRAC-CAR
T cells were incubated with Nalmé target cells for 15min at a TRAC-HIT/CAR

T cell-to-target ratio of 1:2. After antigen stimulation, the cells were fixed with
Phosflow Fix Buffer I (BD Biosciences 557870). Fixed cells were stained for the
HIT/CAR with AF647-GAM, followed by 2% mouse serum (15min at 4°C),

and subsequently permeabilized with Phosflow Perm Buffer IIT (BD Biosciences
558050) following the manufacturer’s procedure. Permeabilized samples were
stained with antibodies detecting phosphorylated CD3( ITAM3 (pY142; BD
Biosciences 558448), ZAP70 (pY319; BD Biosciences 557881) and ERK1/2 (pT202/
pY204; BioLegend 369506).

CD19 binding assays. CAR/HIT T cells were incubated in 100 ul MACS buffer
containing increasing concentrations of recombinant hCD19-hFc (R&D Systems,
CF 9269-CD-050), at 4°C for 60 min. After a wash with 2 ml of MACS bulffer, cells
were resuspended in 100 pl MACS buffer containing antihuman IgG-PE (1:100
dilution), and further incubated for 30 min at 4 °C for 30 min. Then, cells were
washed as above, spun down, resuspended in 300 pl MACS buffer and analyzed by
FACS.

Cell stimulation and staining for CD107a exp To measure degranulation
in response to target cell stimulation, effector cells were incubated with target cells
ata 1:1 ratio. CD107a (APC) antibody was added to culture before stimulation.
Unstimulated cells were incubated without target cells to detect spontaneous
expression of CD107a. Cells were incubated at 37°C in 5% CO, and analyzed at
two different timepoints: 1h and 4h. The cells were washed twice with PBS and
stained using conjugated antibody, CD45 (BV650) for 15min at RT. Next, the cells
were washed and fixed using Cytofix Fixation kit according to the manufacturer’s
protocol (BD Biosciences) and analyzed on the Aurora flow cytometer (Cytek).

Flow cytometry. CD19 and BCMA-specific HIT and CAR expression was
measured with Alexa-Fluor-647-conjugated goat antimouse F(ab')2 antibody
(AF647-GAM, Jackson ImmunoResearch, 115-606-003). CD22-specific HIT and
CAR expression was measured with biotinylated protein L (Thermo Scientific)
followed by BV510-streptavidin (BD Biosciences). TCRaff was detected with
mouse antihuman TCRaf-FITC (Miltenyi Biotec). For T cell phenotyping the
following antibodies were used: mouse antihuman BUV395-CD4 (563552),
APC-cy7-CD8 (557834), BB-515 CD45RA clone HI100 (RUO, 564552),
BV421-CD62L (563862), BV510-CD279 (PD1, 563076) from BD Biosciences;
FITC-CD45RA (11-0458-42), PerCP-eFluor710-CD223 (LAG3, 46-2239-42)
from eBiosciences and FITC mouse antihuman CD366 (TIM3, 345032) from
BioLegend. The phenotype of primary cells and cell lines was determined using
the following antihuman antibodies: CD19-PE (clone SJ25C1, BD), CD22-PE
(clone S-HCL-1, BD), BCMA-BV421 (clone 19F2, BD), CD3-BUV737 (clone
UCHT, BD), PD1-BV711 (clone EH121, BD), LAG3-BV650 (clone 11C3C65,
Biolegend), TIM3-BV785 (clone F38-2E2, Biolegend), CD45-BV711 (clone
HI30, BD Biosciences). Countbright beads (Invitrogen) were used to determine
the absolute number of cells according to the manufacturer’s protocol. 7-AAD

or 4,6-diamidino-2-phenylindole was used to exclude dead cells. For fixed cells,
eFluor506 fixable viability dye (eBioscience) was used. Fc Receptor Binding
Inhibitor Antibody Human (eBioscience) and Fc block mouse (Miltenyi) were used
to block Fc receptors. For degranulation studies, CD107a was measured in CD45+
cells by using antihuman CD45-BV650 (Biolegend, clone HI30) and antihuman
CD107a-APC (Biolegend, clone H4A3) antibodies. Flow cytometric data were
acquired on a 5-laser Aurora (Cytek Biosciences) or BD LSR-II, and analyzed in
FlowJo v.10.1 (BD) or FCS Express 7 Flow (De Novo Software).

Q itative phosphop ic analysis. The NALM6/7 cell line was cultured

for at least one week in the presence of heavy amino acids as described*'. For each
replicate, 20 million NALM6/7 were incubated with 20 million CAR/HIT T cells for
10min at 37°C, and immediately washed with cold PBS, centrifuged and frozen in
dry ice. Cell pellets were lysed with 300 pl buffer containing 8 M urea and 200 mM
EPPS (pH at 8.5) with protease inhibitor (Roche) and phosphatase inhibitor cocktails
2and 3 (Sigma). Benzonase (Millipore) was added to a concentration of 50 pml~* and
incubated (RT, 15 min) followed by sonication (Covaris) for four cycles (30s on/30s
off) at 4°C. Samples were centrifuged at 4°C, 14,000g for 10 min and supernatant
extracted. The BCA protein concentration assay was used for determining protein
concentration. Protein disulfide bonds were reduced with 5mM tris (2-carboxyethyl)
phosphine (RT, 15min), then alkylated with 10mM iodoacetamide (RT, 30 min,
dark). The reaction was quenched with 10mM dithiothreitol (RT, 15 min). Equivalent
volumes of lysate aliquots were taken for each sample (100-200ug in each sample)
and diluted to approximately 100 ul with lysis buffer. Samples were subject to
chloroform/methanol precipitation as previously described’. Pellets were reconstituted
in 50 pl of 200mM EPPS buffer and digested with Lys-C (1:50 enzyme-to-protein
ratio) and incubated at 37°C for 4h. Trypsin was then added (1:50 enzyme-to-protein
ratio) and digested for 37 °C overnight. Anhydrous acetonitrile was added to make a
final volume of 30% ACN. Samples were TMT-labeled as described'. Briefly, samples
were TMT-tagged by adding 10 pl (20 ug pl~") TMT or (28 pgpl~') TMTPro reagents
for each respective sample and incubated for 1h (RT). A ratio check was performed
by taking a 1-pl aliquot from each sample and desalted by StageTip method” to
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confirm labeling efficiency. TMT tags were then quenched with hydroxylamine to

a final concentration of 0.3% for 15min (RT). Samples were pooled in their entirety
then vacuum centrifuged to dryness. Dried samples were reconstituted in 1 ml of

3% ACN/1% TFA, desalted using a 100 mg tC18 Sep-Pak (Waters) and lyophilized
overnight. Phospho-peptides were enriched using the Thermo High-Select Fe-NTA
Phosphopeptide Enrichment Kit (catalog no. A32992). The phosphopeptide elute
was vacuum centrifuged to dryness and reconstituted in 100 pl of 1% ACN/25mM
ABC. A StageTip was constructed by placing two plugs with a narrow bore syringe
of a C18 disk (3 M Empore Solid Phase Extraction Disk, no. 2315) into a 200-pl tip
(VWR, catalog no. 89079-458). StageTips were conditioned with 100 ul of 100%
ACN, 70% ACN/25mM ABC, then 1% ACN/25mM ABC. A phospho-enriched
sample was loaded onto the StageTip and eluted into six fractions of 3%, 5%, 8%,
10%, 12% and 70% ACN/25mM ABC with 100 pl each. Fractions were immediately
dried down by vacuum centrifugation and reconstituted in 0.1% formic acid (FA)

for LC-MS/MS. Phospho-enriched fractions were analyzed by LC-MS/MS using

a NanoAcquity (Waters) with a 50 cm EASY-Spray Column (PepMap RSLC, C18,
2um, 100 A, 75 um internal diameter) heated to 60°C coupled to a Orbitrap Eclipse
Tribrid Mass Spectrometer (Thermo Fisher Scientific). Peptides were separated by
direct injection at a flow rate of 300 nlmin" using a gradient of 5% to 30% acetonitrile
(0.1% FA) in water (0.1% FA) over 3h then to 50% ACN in 30 min and analyzed by
SPS-MS3. MS1 scans were acquired over a range of m/z 375-1,500, 120K resolution,
AGC target (standard) and maximum injection time (IT) of 50 ms. MS2 scans

were acquired on MS1 scans of charge 2-7 using an isolation of 0.5 m/z, collision
induced dissociation with activation of 32%, turbo scan and max I'T of 120 ms. MS3
scans were acquired using SPS of ten isolation notches, m/z range 110-1,000, 50K
resolution, AGC target (custom, 200%), HCD activation of 65% and max IT of
150ms. The dynamic exclusion was set at 60s. Raw data files were processed using
PD v.2.4.1.15 (Thermo Scientific). For each of the TMT experiments, raw files from
all fractions were merged and searched with the SEQUEST HT search engine with

a Homo sapiens UniProt protein database downloaded on 9 January 2019 (176,945
entries). Cysteine carbamidomethylation was specified as fixed modifications, while
methionine oxidation, acetylation of the protein N-terminus, TMT6plex/TMTpro
(K) and TMT6plex/TMTpro (N-term), phosphorylation (STY), label13C(6) (K) and
label13C(6)15N(4) (R) were set as variable modification. The precursor and fragment
mass tolerances were 10 ppm and 0.6 Da, respectively. A maximum of two trypsin
missed cleavages were permitted. Searches used a reversed sequence decoy strategy to
control peptide FDR and 1% FDR was set as threshold for identification. Phosphosite
localization was assigned by PD IMP-ptmRS node. Phospho-peptides without heavy
labels measured in all replicates were log,-transformed and plotted. Another search
using PD v.2.4.1.15 also performed to check common phospho-peptides between
experiment 1 and experiment 2 with only searching for light labeled amino acids. By
applying filter log,FC >0.75 and P value <0.05, two phospho-peptides (from LAT and
ARPCIB) are newly identified and these peptides were manually checked in Thermo
XCalibur using /z, retention time and charge state to confirm PD results.

Quantification of F-actin, LAMP-1 (lysosome) and CAR/HIT receptor at the IS.
Twelve millimeter o coverslips (VWR; 631-0666) were washed with 70% ethanol
and precoated with 0.02% of poly-L-lysine (Sigma-Aldrich; P8920) for 20 min at
RT and were washed three times in water before being dried. NALM6 and CAR/
HIT T cells were resuspended at a concentration of 2 10° cellsml~! in complete
medium. 100,000 cells of each cell type were added in an Eppendorf and the final
volume was resuspended to mix the cells before being added on the coverslips

for 30 min at 37°C 5% CO, for conjugate formation. Coverslips were washed

once with cold PBS before fixation. Cells were fixed with 4% paraformaldehyde
(Life Technologies; FB002) for 10 min at RT, washed once in PBS and excess of
paraformaldehyde was quenched for 10 min with PBS 10mM glycine (Thermo
Fisher Scientific; G8898). Cells were permeabilized for 30 min at RT with PBS
0.2% bovine serum albumin (BSA; Euromedex; 04-100-812) 0.05% Saponin
(Sigma-Aldrich; $4521). Primary antibodies were added in the same buffer for 1h
at RT: anti LAMP-1 (Abcam, ab24170), goat antimouse Alexa Fluor 647, Alexa
Fluor 546 phalloidin (Thermo Fisher; A22283). Cells were washed three times in
permeabilization buffer and then incubated at RT for 30 min in the same buffer
with a goat antirabbit coupled to Alexa Fluor 405 (Life Technologies A31556).
After washing once with PBS BSA saponin, and once with PBS, coverslips were
soaked three times in PBS, three times in water and mounted with 4-6 pl of
Fluoromount G (Southern Biotech; 0100-01) on slides (KNITTEL Starfrost) and
dried overnight protected from light before microscope acquisition. Images were
acquired with a Leica DmIS8 inverted microscope equipped with a SP8 confocal
unit using a X63 (1.4 numerical aperture) objective. Z-stack images were acquired.
Actin/GAM synaptic enrichment and lysosomes polarity were analyzed in Fiji and
Image] softwares using scripts generated for semi-automated analysis.

In a first part, single images corresponding to the median plane of each
conjugate were extracted from the Z-stacks. T cells were cropped and oriented in
the same way regarding their synapse as described™. In a second part, after synapse
extraction, for each crop, a mask of the T cell, the target cell and of the lysosomes
were obtained after applying a threshold on the GAM, F-actin and LAMP-1
channels, respectively.

To obtain the contact zone corresponding to the synapse, the target cell
was enlarged and the overlapping region with the T cell mask was selected and
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skeletonized. To define lysosomes polarity, a distance map showing the distance to
the synapse line was computed and the average lysosomal distance was measured.
This distance was normalized with the maximum distance found in the T cell.
Thus, we obtained a polarity index between 1 (lysosomes at the synapse) and 0
(lysosomes at the opposite of the synapse). To measure actin/GAM enrichment at
the synapse, a mask of the cortical region was defined and the mean actin intensity
at the synaptic cortex was measured and compared to the mean actin intensity in
the total cortex.

Mouse systemic tumor model. We used 8-12-week-old NOD/SCID/IL-2Ry-null
(NSG) male mice (Jackson Laboratory), under a protocol approved by the MSKCC
Institutional Animal Care and Use Committee. For the ALL models, a total of
0.5%10° FFLuc-GFP NALM6/WT or NALM6/12-4 cells were administered by

tail vein injection per mouse. Four days later, 0.5x 10° or 0.4 X 10° TRAC-HIT

or TRAC-CAR T cells were administered by tail vein injection per mouse,
respectively. For the MM model, a total of 4 x 10° FFLuc-mCherry MMIS cells
were administered by tail vein injection per mouse. Seven days later, 0.2 10°
TRAC-HIT or TRAC-CAR T cells were administered by tail vein injection per
mouse. For the AML model, a total of 1 x 10° FFLuc-GFP MOLM13 cells were
administered by tail vein injection per mouse. Four days later, 0.4 x 10¢ TRAC-HIT
or RV-CAR T cells were administered by tail vein injection per mouse. tumor
burden was measured by bioluminescence imaging using the Xenogen IVIS
Imaging System (Xenogen). Living Image software (Xenogen) was used to analyze
acquired bioluminescence data. The survival end point of the mouse experiment
varies depending on the tumor model (20-60 days for NALM6, 20-100 days for
MOLMI13 or 60-150 days for MM1S) and is determined when the animal shows
clear clinical signs of distress. Maximum tumor burden is defined by hindlimb
paralysis or other clinical signs of distress, at which point the animal must be
euthanized. There were no instances at which this maximum was exceeded.

Bone marrow analyses. For the NALM6/12 mouse model, five mice per

group were euthanized at day 10 or day 17, and bone marrow cells were

isolated as described’. Cells were stained for CD45 (APC-Cy7), HIT or CAR
(AF647), CD4 (BUV395), CD8 (PE-Cy7), PD1 (BV480), TIM3 (BV785), LAG3
(PercP-eFluor710), CD19 (BUV737) and GFP (tumor cells) and analyzed by FACS
in the presence of counting beads (Countbright; Invitrogen).

Statistics. All experimental data are presented as mean + s.e.m. No statistical
methods were used to predetermine sample size. Appropriate statistical tests were
used to analyze data, as described in the figure legends. Statistical analysis was
performed on GraphPad Prism v.7 software and R. Single-cell CTL (micro-well)
assay was evaluated using test of proportions. Cytotoxicity analysis in the CTL
assay was performed using two-way analysis of variance or repeated measures
analysis of variance followed by Tukey’s multiple comparison test. The cytokine
level between two groups were compared using Mann-Whitney U-test.
Significance was set at P<0.05.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All requests for raw and analyzed preclinical data and materials will be promptly
reviewed by the corresponding authors (M.S. and J.M.S.) to determine if they
are subject to intellectual property or confidentiality obligations. Any data and
materials that can be shared will be released via a material transfer agreement
(requested to Michel Sadelain). Sequences for the TRAC-HIT receptors have
been submitted under patent no. WO2019157454A1 (19HIT). The TRAC-HIT
sequences can be found in the Supplementary Information file.

Code availability

We have generated scripts for the automated analyses of the single-cell CTL assays
as well as the actin, CAR, HIT and LAMP-1 signals in the confocal images. Request
for these scripts will be promptly reviewed by the corresponding authors (M.S.

and ].M.S.) to determine if they are subject to intellectual property or confidential
obligations. Any script that can be shared will be released via a material transfer
agreement (requested to Michel Sadelain).
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Extended Data Fig. 1| HIT receptor expression driven by the TCRx promoter rescues CD3 expression and directs lysis of CD19 + target cells.

a. Representative flow cytometry analysis showing HIT, CAR, and CD3 expression. TRAC-HIT and TRAC-CAR T cells were generated as in Fig. 1b. CD3
surface expression is only observed in TRAC-HIT T cells due to the presence of Ca and Cp in the HIT receptor. b. HIT/CAR mean fluorescence intensity
(MFI1) measured by FACS using AF647-GAM. (left) HIT/CAR histograms (representative experiment) and (right) HIT/CAR MFI; n=6 independent
experiments, 3 donors. €. Representative cytotoxic activity using an 18 h bioluminescence assay, using firefly luciferase (FFL)-expressing NALM6 as targets
cells (n=2 independent experiments on 3 healthy donors). CD19-specific TRAC-HIT and TRAC-CAR T cells were generated using two different
CD19-specific binding domains, SJ25CT and FMC63. All data are mean + s.e.m.
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Extended Data Fig. 2 | HIT receptors provide antigen-specific T cell-mediated cytotoxicity. Cytotoxic activity using an 18 h bioluminescence assay,
using firefly luciferase (FFL)-expressing targets cells (n=2 independent experiments on 2 healthy donors). CD19-, BCMA-, and CD70-specific TRAC-

HIT T cells, and untransduced (UT) T cell controls were incubated with either NALM6 (CD19 + ), MOLM13/CD19 (CD70+, CD19 +), MM1S (BCMA +,
CD70+, CD19+), SK-MEL-37/CD19 (CD19 +, CD70 +), and knock-out (KO) control cell lines. CD19, BCMA, and CD70 genes were CRISPR/Cas9-edited
in NALM6, MM1S, and MOLM13 cell lines, respectively. Top 4 groups show data for donor 1 (left panel), donor 2 (middle panel), and both together (right
panel). All data are mean + s.e.m.
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Extended Data Fig. 3 | HIT receptor elicits cytokine response upon antigen stimulation; cell surface HIT receptor expression is modulated by exposure
to antigen. a. TRAC-Untransduced (UT), TRAC-HIT (HIT) and TRAC-CAR (CAR) T cells were stimulated on CD19 + target for 24 h before supernatant
were collected and analysed by flow cytometry to quantify IFNy, IL-2, TNFa, and granzyme B (n=3 independent experiments on 3 donors). b. TRAC-HIT
and TRAC-CAR T cells stimulated on CD19 + target cells 1, 2 or 4 times over a 48 h period were analysed by flow cytometry using the GAM, CD4, and
CD8 antibodies. Plots indicate relative HIT or CAR MFI (1=MFI at 0 h) of CD4 and CD8 TRAC-HIT or TRAC-CAR T cells, respectively. (n=3 independent
experiments on 3 donors). €. Untransduced (UT), HIT and CAR T cells stimulated on CD19 + target cells either O, 1, 2 or 4 times over a 48 h period were
analysed by flow cytometry. Plots indicate the percentage of the CAR positive T cells measured by flow cytometry analysis of CD4 and CD8 (n=3
independent experiments on 3 donors). All data are mean + s.e.m.
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Extended Data Fig. 5 | HIT receptors provide greater antigen sensitivity than CARs. a. Representative histogram of the CD19 expression in NALM6/
WT, NALM6/Medium?', NALM6/Low?', and CRISPR-edited NALM6/Very Low (this study). b. NALM6/Very Low cells were used to generate single cell
clones by limited dilution. CD19 expression was evaluated for each clone (blue histogram) along with the initial NALM6/Very Low cell population (red
histogram); clone number indicated above the histogram plot. €. Schematics of the SIN lentiviral vector used to express low levels of CD19 in NALM6/12
cells. PGK100: short PGK promoter, which is a weak promoter®. d. Panel of NALM®6 cells expressing different CD19 levels, which is represented as a
histogram. NALM6/12-4 and NALM6/12-39 are derivatives of NALM6/12, which was transduced with the lentiviral vector described in c. e. Total CD19
protein quantification using mass spectrometry. Protein levels are expressed in terms of peptide abundance (A.U.), which can be compared across all
samples analysed at the same time. A-D represent 4 independent analyses. AVG, average of A-D values. f. Representative cytotoxic activity using an 18 h
bioluminescence assay, using FFL-expressing NALM6 as targets cells (clone numbers as in b and d); n=2. CD19-specific TRAC-HIT and TRAC-CAR T cells
were generated using two different CD19-specific binding domains, SJ25CT and FMC63. Anova test was used to compare the CTL curves of all T cells for
NALM6/2 and NALM6/7 cells. g. Representative cytotoxic activity using an 18 h bioluminescence assay, using FFL-expressing NALM6 as targets cells
(same as in f); n=2. CD19-specific TRAC-1928z, TRAC-19BBz, and TRAC-1921 T cells were prepared as described in Materials and methods. Anova test
was used to compare the CTL curves of all T cells for NALM6/2 cells. All data are mean + s.e.m.
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peptide abundance (A.U.)
Protein  Cell line A B C D Avg
CD19 | MM1S 776 38.2 100.4 68.3 71
CD19 | NALM6| 1371.9 1408.3 | 1661.9 1650.6 | 1523
CD22 | MM1S 1444 1418 118.3 97.8 126
CD22 | NALM6| 5125 4909 681.3 631.7 579
BCMA | MM1S NA NA 508.7 604.4 557
BCMA | NALM6 NA NA 423 38.7 41
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Extended Data Fig. 6 | CD19, CD22, and BCMA HIT receptors elicit T cell-mediated lysis of multiple myeloma cells. a. Representative flow cytometry
analysis showing CD19, CD22, and BCMA expression in MM1S and NALM6/WT cells. b. Total CD19, CD22, and BCMA protein quantification using
mass spectrometry. Protein levels are expressed in terms of peptide abundance (A.U.), which can be compared across all samples analysed at the same
time. A-D represent 4 independent analyses. AVG, average of A-D values. ¢. Representative cytotoxic activity using an 18-h bioluminescence assay, using
FFL-expressing MM1S as targets cells, which were incubated at the indicated E/T ratios with CD19-, CD22-, or BCMA-specific TRAC-HIT and TRAC-CAR
T cells; n=3. All data are mean + s.e.m. Additional specificity studies are shown in Extended Data Fig. 2.
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Extended Data Fig. 7 | HIT T cells show increased signalling response to low antigen levels. a. Gating strategy used to quantify ITAM3, ZAP70, and
ERK1/2 phosphorylation in TRAC-HIT/CAR T cells (histograms shown in b.). b. Representative flow cytometry analysis showing histograms for intracellular
phospho-ITAM3, phospho-ZAP70, and phospho-ERK1/2 in TRAC-HIT (left) and TRAC-CAR (right) T cells when incubated with NAML6/WT, NALM6/12-
4, or NALM6/7 target cells at 1:2 ratio for 15min, or with no target (No stim.). FMO: fluorescence minus one control. Geometric MFIs were obtained for
each curve, and used to generate the plots presented in Fig. 2g. All data are mean + s.e.m.
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Extended Data Fig. 8 | HIT T cells display increased degranulation upon stimulation. a. Confocal and bright field images of conjugates of T cells
expressing the CAR or HIT receptor and interacting for 30 min with NALM6/WT cells labeled for LAMP-1 (red channel) and Alexa Fluor 546 phalloidin
(F-actin staining showed in green). Quantification of the lysosome polarity assessed as the distance to the immune synapse and compared with the
average lysosomal distance to the total cortex of the T cell. This distance was normalized with the maximum distance found in the T cell and expressed as
a polarity index between 1 (lysosomes at the synapse) and O (lysosomes at the opposite of the synapse. Data from two independent experiments; n=>59.
Variance p-values were obtained by using unpaired t-test analysis. All data are mean + s.e.m. Scale bar = 5um. White arrows indicate LAMP-1 signal.

b. FACS plot gates used to quantify T cell degranulation (CD107a + cells). b. Representative (n=2 independent experiments) analyses of CD107a levels in
TRAC-HIT (top) and TRAC-CAR (bottom) T cells when incubated for 1h (left) or 4 h (right) without or with NALM6 targets of different CD19 levels.
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Extended Data Fig. 9 | Control of low-antigen tumours by HIT T cells is enhanced by extending T cell persistence by co-expression of CD80 and

4-1BBL. a. NALM6/12-4-bearing mice were treated with 4 x10° TRAC-HIT T cells co-expressing the annotated costimulatory ligand. Tumour burden was
quantified weekly over a 35-day period, at week 1 or week 3. Each line represents 5 mice. b. NALM6/12-4-bearing mice were treated with 4 x10° CAR

T cells (n=5 per group; dot = one mouse) and euthanized at days 10 and 17 after infusion; bone marrow TRAC-HIT or TRAC-CAR T cells and NALM6 cells
were analysed and counted by FACS. ¢. Same as in b, except that bone marrow TRAC-HIT or TRAC-CAR CD4 and CD8 T cells counted by FACS. Two-tailed
unpaired Student's t-tests were used for statistical analyses. All data are mean + s.e.m. Tumor burden of individual animals are shown in Supplementary

Fig. 2.
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period. ¢. Kaplan-Meier analysis of survival of MM1S-bearing mice treated with 4 x10° BCMA-specific TRAC-HIT or TRAC-HIT +80/BBL T cells (n=5).
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Annexe 3: Influence of external forces on actin-dependent T cell

protrusions during immune synapse formation

Biology of the Cell, Mai 2021

Résumé

Lors de la reconnaissance antigénique, les cellules T produisent des protrusions riches en
actine qui génerent des forces impliquées dans l'activation des cellules T. Ces forces sont
influencées par les propriétés mécaniques des cellules présentatrices d'antigenes (CPA). Cependant,
le mécanisme selon lequel les forces externes générées par les CPA influencent la dynamique de la
protrusion d'actine reste inconnu.

En utilisant une sonde de force a micropipette, nous avons appliqué des forces de
compression ou de traction controlées sur des lymphocytes T primaires activés par une microbille
couverte d'anticorps, et mesuré les effets de ces forces sur la protrusion générée par les lymphocytes
T.

Nous avons constaté que l'application de forces de compression diminuait légerement la
longueur, le moment auquel la protrusion cesse de croitre et se rétracte, et la vitesse de formation
de la protrusion ; alors que les forces de traction augmentaient fortement ces parametres. Dans les
deux cas, les forces appliquées n'ont pas modifié le temps nécessaire aux cellules T pour
commencer a faire croitre la protrusion. En explorant les événements moléculaires contrélant la
dynamique de la protrusion, nous avons montré que l'inhibition du complexe Arp2/3 altere la
dynamique de la protrusion en réduisant a la fois sa longueur maximale et sa vitesse de croissance
et en augmentant le délai de début de croissance. Enfin, les cellules T ont développé des protrusions
similaires dans des conditions plus physiologiques, c'est-a-dire lorsqu'elles sont activées par une
CPA au lieu d'une microbille activatrice.

Nos résultats suggerent que la formation de la protrusion génératrice de force par les
cellules T est fixée par un temps constant intracellulaire et que sa dynamique est sensible aux forces
externes. Ils montrent également que l'assemblage de l'actine médié par le complexe Arp2/3 est

impliqué dans la formation et la dynamique de la protrusion.

Contribution a Particle
J’ai mis au point le systeme de cellule présentatrice d’antigéne artificielle qui a été utilisé
dans I’article, ainsi que le protocole d’activation des lymphocytes T par ces CPA. J’ai également relu

et apporté des commentaires et modifications au texte.
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Background Information. We have previously observed that in response to antigenic activation, T cells produce
actin-rich protrusions that generate forces involved in T cell activation. These forces are influenced by the mechan-
ical properties of antigen-presenting cells (APCs). However, how external forces, which can be produced by APCs,
influence the dynamic of the actin protrusion remains unknown. In this study, we quantitatively characterised the
effects of external forces in the dynamic of the protrusion grown by activated T cells.

Results. Using a micropipette force probe, we applied controlled compressive or pulling forces on primary T lym-
phocytes activated by an antibody-covered microbead, and measured the effects of these forces on the protrusion
generated by T lymphocytes. We found that the application of compressive forces slightly decreased the length,
the time at which the protrusion stops growing and retracts and the velocity of the protrusion formation, whereas
pulling forces strongly increased these parameters. In both cases, the applied forces did not alter the time required
for the T cells to start growing the protrusion (delay). Exploring the molecular events controlling the dynamic of the
protrusion, we showed that inhibition of the Arp2/3 complex impaired the dynamic of the protrusion by reducing
both its maximum length and its growth speed and increasing the delay to start growing. Finally, T cells developed
similar protrusions in more physiological conditions, that is, when activated by an APC instead of an activating
microbead.

Conclusions. Our results suggest that the formation of the force-generating protrusion by T cells is set by an
intracellular constant time and that its dynamic is sensitive to external forces. They also show that actin assembly
mediated by actin-related protein Arp2/3 complex is involved in the formation and dynamic of the protrusion.

Significance. Actin-rich protrusions developed by T cells are sensory organelles that serve as actuators of immune
surveillance. Our study shows that forces experienced by this organelle modify their dynamic suggesting that they
might modify immune responses. Moreover, the quantitative aspects of our analysis should help to get insight into
the molecular mechanisms involved in the formation of the protrusion.

Additional supporting information may be found online in the Supporting Information section at
the end of the article.

Introduction
T cell activation is key in establishing an adap-
tive immune response and it requires a direct con-

7o whom correspondence should be addressed

(email: julien.husson@polytechnique.edu)

Key words: Arp2/3, CD4+ T cells, cytoskeleton, helper T cells, T lymphocytes.
Abbreviations: AFM, atomic force microscope; APC, antigen presenting cell;
ILP, invadosome-like protrusion; IS, immune synapse; MFP, micropipette force
probe; MHC, major histocompatibility complex; TCR, T cell receptor

tact between T cells and antigen-presenting cells
(APC) where the T cell receptor recognises the anti-
genic peptide presented by the major histocom-
patibility complex. This contact region between
both cells forms the immune synapse (IS) and con-
trols several aspects of T cell functions (Dustin and
Choudhuri, 2016). We have previously reported
that during the IS formation by activation with an
antibody-covered microbead mimicking an APC, the

© 2021 Société Frangaise des Microscopies and Société de Biologie Cellulaire de France. Published by John Wiley & Sons Ltd
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Figure 1| (A) Micropipette force probe (MFP)

A stiff micropipette holds a T cell. A flexible micropipette of bending stiffness k aspirates firmly an activating microbead. The
deflexion d of the micropipette (not to scale) is controlled to apply the desired force level during cell activation, Faet = k x d.
(B) Representative curve of the bead position (measuring cell length) versus time. The maximal protrusion length is ALmax. The
initial cell-bead contact is ensured by applying an initial compressive force Feomp, after which an average force Fct is applied
during the rest of the experiment (with an added small force modulation to perform other mechanical measurements, see text).
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F Fact
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T cell produces an actin-rich protrusion. This pro-
trusion generates forces and adapts its growth to the
stiffness of the activating surface (Basu et al., 2016;
Husson et al., 2011; Sawicka et al., 2017). Seem-
ingly similar protrusions have been observed in T
cells contacting another cell, an artificial activating
surface, or during transmigration (Cai et al., 2017,
Carman et al., 2007; Jung et al., 2016; Sage et al.,
2012; Tamzalit et al., 2019; Ueda et al., 2011; Yan
et al., 2019). Many questions remain regarding the
characteristics of this protrusion. One of them is if
and how these force-developing protrusions are mod-
ified by forces that are produced by APCs such as
dendritic cells (Choraghe et al., 2020; Heuzé et al.,
2013; Ricart et al., 2011) but also what is the molec-
ular machinery controlling the dynamic of these
protrusions. In this report, we further dissect the dy-
namics of T cell protrusion by exploring the effect of
well-defined forces exerted by the cell environment.
We also show that the dynamic of the protrusion de-
pends on the ARP2/3 complex. Finally, we observe
and characterise the formation of the actin-protrusion
in T cells interacting with an APC model instead of
a microbead.

www.biolcell.net | Volume (0) | Pages 1-14

Results

Description of the setting and Characterization of
the activation-induced protrusion

We have previously automatised the micropipette
force probe (MFP) to apply controlled forces to T
lymphocytes (Sawicka et al., 2017; Zak et al., 2019).
The MFP uses a flexible micropipette as a cantilever
that aspirates an activating microbead. This bead is
brought into contact with a leukocyte held by an-
other micropipette. In the present study, we used hu-
man primary CD44 T lymphocytes purified from
donor blood and commercial microbeads coated with
anti-CD3 + anti-CD28 mAbs known to induce a sig-
nalling cascade in T cells and the generation of a pro-
trusion inducing pushing and pulling forces on the
activating bead (Husson et al., 2011; Sawicka et al.,
2017). The cell-bead contact is ensured by compress-
ing the bead against the cell until a desired force level
Feomp is reached (Figure 1A and Supplementary Video
1). It takes few seconds to reach Fomp, after which the
setup automatically shifts the position of the base of
the flexible micropipette to exert a defined force F,
on the cell during the rest of the experiments (lasting
typically 200 s). F,., can be a compressive (F,.; > 0
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Influence of forces on T cell protrusions

by convention) or pulling force (F,.c < 0). On top
of the level of force F,., the setup superimposes a
small oscillatory force of amplitude 0.025-0.050 nN
and frequency f = 1 Hz. This force modulation is
used to extract the mechanical properties of the cell
over time, which evolve during activation, that is, the
lymphocyte becoming stiffer and more viscous dur-
ing activation (Zak et al., 2019). Here, we do not
focus on these mechanical changes, but having used
the force modulation during our measurements, we
checked that the force modulation did not influence
the result when F,. was comparable to the ampli-
tude of the modulation (Supplementary Material 1).
Furthermore, experiments were performed at room
temperature to limit the thermal drift of the mi-
cropipettes. We have shown that at 37°C, T cells re-
act faster than at room temperature, but in a qualita-
tively comparable manner (Zak et al., 2019). During
T cell activation, we measured the cell length, which
remained constant for some time after F, was ap-
plied. This period is herein called delay (Figure 1B).
This delay ended when the cell started growing a
protrusion that was detected by a change in bead po-
sition. The growth was first slow, then entered a rel-
atively constant velocity vj;,, then slowed down and
stopped before switching to a shrinkage phase. We
measured 2y, the duration of the growth Afyrowem
and the maximal length reached by the protrusion
ALy, from which we deduced the average growth
speed (v) = ALmax/ Atgroweh (Figure 1B). vj;, was cor-
related with (v) (v, ~ 1.4 (v); see Supplementary
Material 2), but less variable than (v) among cells, so
we refer to vy, in this report.

Influence of force on protrusion’s delay, length
and speed

Because physiologically, T lymphocytes interact with
APCs that might exert some forces on their side, we
wondered if the protrusion would be influenced by an
external force during activation. To answer this ques-
tion, we applied the same initial compressive force
Feomp but varied Fye.. The influence of Fy on the
maximum length AL, was clear: the higher the
compression (F,. > 0), the shorter the protrusion,
and the larger the absolute value of the pulling force
(Face < 0), the longer the protrusion (Figure 2A). We
further asked if the growing speed 2}, was influenced.
We observed that compressive forces (F . >0) did
not affect v;,. In contrast, vj;, significantly increased

Figure 2| Influence of the applied force during activation
Fact on several parameters (all cells were submitted to
Fecomp = 0.36 nN)

(A) Maximal protrusion length ALmax. (B) Growth speed vji,.
(C) Delay. (D) Growth duration Atgouth. Data in A-D represent
eight experiments, each dot is an average over 7-20 cells, ex-
cept in B where the average is over 3-17 cells. Gray area rep-
resents SDs. Statistical tests: two-tailed t-test with Welch’s
correction (*P < 0.05; **P < 0.01; ***P < 0.001).
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under pulling force (F,. < 0) (Figure 2B). Neither
compressive nor pulling forces altered the delay. The
average delay for all the F,. applied was 38 &= 20 s
(N = 151 cells, » = 9 experiments; Figure 2C).
Finally, Atgroweh Was not influenced by compressive
forces but increased under pulling forces (Figure 2D).

Link between protrusion’s diameter and maximal
length

Qualitative observations on our data suggested that
the diameter of the protrusion depended on its length
(Figure 3A). We thus first quantified the diameter
(Dpror) of the protrusion at the contact place with
the bead at the moment where the protrusion reached
its maximal length (ALy,,) for several values of F
(Figure 3B). We then plotted the maximal length of
the protrusion versus its diameter, for all values of
F,, and data collapsed on a master curve (Figure 3C),
showing that ALp.y and Dy, are intimately linked:
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Figure 3 (| (A) Images of the micropipette force probe (images denoised, contrasted and the background was removed,
bar: 5 pm)

Cells were submitted to increasing level of force (Fact = —0.24 nN, —0.05 nN, +0.12 nN and +0.36 nN, top to bottom). (B) Dot
as a function of Fa (cells were all initially submitted to Fcomp = 0.36 nN). Gray area represents SDs. Each dot represents an
average over 7-20 cells across eight experiments. (C) Maximal protrusion length ALmax as a function of its tip diameter Dpo,
for various applied forces F. Cells were all submitted to an initial compression Fcomp = 0.36 nN. Errors bars are SDs. Each
dot represents an average over 2-12 cells across eight experiments, except a dot representing a single cell for Faet = 0.03 nN.
The dashed line is a fit assuming a maximal volume of actin of ~7 pm? in the protrusion when reaching its maximal length. (D)
Volume and surface area of T cells at initial time and when the protrusion was the longest. ***P < 0.0001 for a two-tailed t-test.
(E) Dyrot for different values of Feomp and Fact, and diameter Dyert, of the initial cell-bead contact diameter based on the Hertz
model (see Materials and Methods).
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the longest protrusions were also the thinnest, what-  area. To test this hypothesis, we quantified cell sur-
ever the level of applied force. face area (see Materials and Methods) at the beginning
of the experiments and when the protrusion was the
Non-limiting role of membrane stores longest. The difference was significant (initial area of
. . . . 2 2
We reasoned that this relationship between maxi- 181 £ 25 pm* versus largest area of 203 %+ 30 pm”,

mal length and diameter of the protrusion could 7 = 8 experiments, N = 76 cells; Figure 3D) but
reflect a physical constraint: the growth of the small; cell surface area was only 12% larger than
protrusion could be limited by a maximal amount  its initial value. We have shown previously that
of membrane stores, which would imply that longer ~ CD4 T cells have more than 20% of surface reser-
protrusions would be thinner due to limited maximal voirs in a resting state, and that they can mobilise
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much larger membrane stores (up to 100% of surface
area) during active processes such as transendothe-
lial migration and spreading on an activating surface
(Guillou et al., 2016a). Hence, there are large reser-
voirs available to the T cell beyond 12% area expan-
sion, and limited surface area cannot explain the end
of the protrusion’s growth. We also considered vol-
ume as a physical constraint, but the maximum cell
volume was the same as the initial one (maximal vol-
ume: 190 % 58 pm?; initial volume: 188 & 72 pm?,
N = 44 and 76 cells, across » = 8 experiments; Fig-
ure 3D). Note that the volume of the protrusion starts
from zero and increases linearly with time, but rep-
resents a small fraction of cell volume. Indeed, when
modelled as a cylinder, the volume of the cylindrical
protrusion equals its section multiplied by its length.
By taking an approximate length of 5 pm and a di-
ameter of about 2 pm, one gets a volume of the pro-
trusion of roughly 16 pm?, which is only 9% of the
initial cell volume.

Role of initial compressive force and contact area
on protrusion’s diameter and maximal length

The master curve in Figure 3C shows that what-
ever F,., the maximal length AL, is determined
by Dproc, so understanding what sets Dpyo, can pro-
vide an insight on what set the maximal protrusion
length ALy, We considered the influence of the ini-
tial compressive force on Dy, reasoning that this
protrusion’s diameter, measured just at the moment
at which the protrusion stops growing (a moment we
call the switch), could be determined by the initial
cell-bead contact area. This initial contact area is de-
termined by the level of the initial compression on
the cell, Feomp: the larger Feomp, the larger the ini-
tial cell-bead contact. It is difficult to determine this
initial contact area from the movies acquired during
experiments, but it can be quantified using the Hertz
model (Johnson, 1985; Rosenbluth et al., 20006) (see
Materials and Methods and Supplementary Material 3)
knowing the applied force and the stiffness of the cell.
We ran experiments in the simplest case, where F,,
was set equal to Feomp, thus keeping the compression
constant during the whole experiment. We expected
the protrusion diameter to be equal to the initial con-
tact diameter, and indeed measurement showed an
excellent agreement between Do and the diame-
ter Dy, predicted by the Hertz model (Figure 3E).
We then asked if the diameter would change if the

compression Fy.c was not equal but lower than Feomp.
The resulting protrusion diameter Dy, was still in
excellent agreement with Dy, set by the initial
compressive force. This showed that when the protru-
sion is kept under compression (F,.; > 0), the protru-
sion diameter is determined at the stage of the initial
cell-bead contact by the level of the initial compres-
sive force Feomp. When the protrusion was submit-
ted to a pulling force during its growth (F,e < 0),
two cases could be possible. In a first case, the protru-
sion diameter could be again determined by the ini-
tial compressive force and then remain the same even
under pulling force. In the second case, one could ex-
pect that the pulling force detaches some bonds at the
cell-bead interface, making the protrusion’s diameter
thinner. To determine which case occurred, we mea-
sured the diameter of the protrusion when the initial
compression was followed by a small traction force
Fa,e = —0.06 nN. This led to the second case men-
tioned above: the protrusion diameter was smaller
than the initial one predicted by the Hertz model
(Figure 3E). This means that the traction forces mod-
ulate the protrusion diameter by making it thinner.
We hypothesise that this thinning is due to pulling
forces ripping off part of the contacts at the cell-bead
interface during protrusion’s growth. These results
strongly suggest that compressive and traction forces
exerted by the APCs on the T cells modulate the for-
mation and the dynamic of the protrusion generated
by T lymphocytes.

Maximal amount of mobilisable actin in the
protrusion

Even though we excluded conservation of cell’s total
volume as setting the maximal length of the protru-
sion, the clear trend appearing in the master curve in
Figure 3C (the longer the protrusion, the thinner),
suggested testing if there could be a limitation im-
posed by a maximal amount of actin available. We
reasoned that if available actin in the cell was lim-
iting, each protrusion could stop when all this actin
would be stored in the walls of the protrusion. We
estimate the volume of actin in the protrusion walls,
Vinax,» by multiplying the lateral surface area of the
cylindrical protrusion, Siae = 7T Dpror ALmax, with the
average thickness of the wall, ¢ & 0.3 pm. This leads
to a prediction that, if the maximal amount of actin is
the same in each protrusion when it reaches its max-
imal length, then ALy, should be proportional to
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Figure 4| Inhibition of Arp2/3 by CK666 leads to shorter (A), delayed (B) and slower growing (C) T cell protrusions, but

does not change growth duration (D)

DMSO control, n = 2 experiments, N = 16 cells; CK666: n = 3 experiments, N = 20 cells. Statistical tests: two-tailed unpaired

t-tests with Welch correction.
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the inverse of Dy,roc, and proportional to the maximal
Vinax
TDpre”

The remaining free parameter, the maximal actin
volume Vi, could be adjusted by fitting the master
curve in Figure 3C, leading to Vx=7 pm’l’A The re-
sulting fit is superimposed to the data in Figure 3C.
In the discussion, we argue that this can represent a
significant part of available actin and that data shown
in Figure 3C are consistent with a limiting availabil-
ity of free actin in the cell.

actin volume, Via: ALpay =

Protrusion length, delay and speed are Arp2/3
dependent, growth duration is not

As shown herein and before, the protrusion is a very
dynamic structure. We have previously shown that
inhibition of actin polymerisation with Latrunculin
A treatment abolishes the formation of protrusions
by T lymphocytes (Husson et al., 2011). To get
more insights into the molecular mechanism sup-
porting the generation by T cells of these protrusions,
we asked whether the Arp2/3 complex, which con-
trols nucleation of actin polymerisation and branch-
ing of filaments, was involved. To do so, we treated
cells with the Arp2/3 inhibitor CK666. As opposed
to the above-mentioned treatment with Latrunculin
A, Arp2/3 inhibition did not abolish the growth
of the protrusion. Yet, the effect of CK666 was
strong: protrusions reached a lower maximum length
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(Figure 4A), started growing later (Figure 4B), with
a reduced speed (Figure 4C). In contrast, protru-
sions growth duration was not significantly altered
(Figure 4D). It is worth mentioning that CK666
treatment did not significantly change cell initial
stiffness (Supplementary Material 4), which might
not be intuitive, but is consistent with measurements
by others (Fritzsche et al., 2017).

F-actin is enriched in the protrusion, including in
a cell-cell system

We have shown before that the protrusion growth
is actin dependent, and that qualitatively, the pro-
trusion appears as an actin cylinder devoid of micro-
tubules (Husson et al., 2011). To further understand
how actin is reorganised during the protrusion forma-
tion, we focused on the F-actin distribution inside the
protrusion. We performed confocal imaging of cells
fixed at different timepoints (2, 5 and 10 min after
introducing cells and beads on a coverslip, see Mare-
rials and Methods). F-actin was depleted in the centre
of the protrusion (Figure 5A), recapitulating our ob-
servation that the protrusion is a hollow tube formed
by F-actin. The protrusion walls were enriched in F-
actin when compared with the rest of the cell cortex
(Figure 5C). The enrichment was progressive, start-
ing from the base of the protrusion (see example in
Figure 5A), and the fluorescence intensity reaching
a maximal level in the region of the wall in contact
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Figure 5 | F-actin organisation
(A) Top: maximum intensity confocal stack projection (F-actin in red, nucleus in blue and brightfield in gray). Bottom: only the
F-actin image from top is shown using false colours to visualise the enrichment in F-actin in the protrusion walls. A line is drawn
on half of the cortical part of the activated cell, the corresponding intensity profile is shown in B. The arrow indicates the base
of the protrusion. Scale bar is 5 pm. (B) Fluorescence intensity along the line drawn in A. The distance is counted starting from
the bead towards the back of the cell. The arrow corresponds to the base of the protrusion. (C) Fluorescence intensity of F-
actin in the cortex of primary T cells activated by a bead. For each cell, the average intensity in the protrusion was compared
with the average intensity in the cortex located outside the protrusion. Each dot represents a single cell (N = 83 cells, n = 2
experiments, Wilcoxon matched-pairs signed rank test). (D) Two examples of protrusions between a primary T-lymphocyte and
a K64 cell. F-actin is shown in red for both cells and the K64 cells are shown in blue. (E) Fluorescence intensity analysed as in
C, the average intensity in the protrusion was compared with the average intensity in the cortex located outside the protrusion
in T cells in contact with K-64 cells (each dot represents a T cell, N = 50 cells across n = 2 experiments, two-tailed t-test).
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with the bead (Figure 5B), thus forming a thick actin
ring reminiscent of what has been observed in 2D
studies of the immunological synapse (Cannon and
Burkhardt, 2002). Finally, we studied the formation
of the actin protrusions in a more physiological model
of conjugates formed between T lymphocytes and
APC. As model APCs, we used K562 cells express-
ing the Fc receptor CD64 (named K64, see Materials
and Methods) and loaded them with anti-CD3/CD28
activating antibodies like the coated beads used pre-
viously. APCs were attached to coverslips. Human
CD4+ Jurkat T cells were then added, and conju-
gates were fixed after 5 min. The confocal images ob-
tained were very similar to the ones obtained with
beads coated with activating mAbs: they showed the
formation of protrusion by T cells interacting with
activating APC. Moreover, these protrusions showed
similar features: a hollow tube enriched in F-actin as
compared with the T cell cortex (Figures SD-5E).
These results confirm that when activated by APCs,
T cells develop force-generating protrusions that look
similar to the protrusions generated when T cells are
activated by beads in the MFP setting.

Discussion

Previous works have shown that during the IS for-
mation, T cells produce an actin protrusion that gen-
erates forces and adapts its growth to the stiffness
of the activating surface (Basu et al., 2016; Husson
etal., 2011; Sawicka et al., 2017). The physiological
role and the biophysical characteristics of this pro-
trusion remain unknown. In this report, we have ap-
plied controlled forces to leukocytes using a MFP to
study in detail the behaviour of protrusions emitted
by T cells following TCR engagement. This method
allows getting precise parameters such as the delay
required to grow the protrusion, length and diame-
ter of the protrusion, speed of growth and the time
at which the protrusion stops growing and retracts
(the switch time). Quantifying these parameters can
provide valuable information on the molecular mech-
anisms behind the generation of this protrusion. Our
results suggest that the formation of the protrusion is
set by an intracellular constant time and that its dy-
namic is sensitive to external forces. The application
of compressive forces slightly decreased the length,
duration and velocity of the protrusion formation,
whereas pulling forces strongly increase these param-
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eters. We also show that actin assembly mediated by
actin-related protein Arp2/3 complex is involved in
the formation and dynamic of the protrusion. We ad-
dressed the relevance of our study in physiological
conditions by showing with confocal microscopy that
the protrusion is also emitted by T cells interacting
with an artificial APC, suggesting that the protru-
sion formation is not an artefact due to the bead size
or stiffness. Finally, we observed an enrichment of F-
actin in the protrusion forming a thick actin ring at
the contact with the activating surface, reminiscent
of what has been observed in 2D studies of the im-
munological synapse (Cannon and Burkhardt, 2002).

Similarities exist between the protrusions that we
observed and other protrusive structures: T cells were
already shown to form protrusive structures that can
“invade” the membrane of APC (Cai et al., 2017; Sage
etal.,2012; Uedaetal., 2011). Such protrusions were
first described in T lymphocytes during transcellular
diapedesis through endothelial cells (Carman et al.,
2007) and called invadosome-like protrusions (ILPs).
More recently the group of M. Huse also described
protrusive structures developed at the IS by cytotoxic
T cells that present similarities with ILPs (Tamzalit
etal., 2019), that is, they are enriched in LFA1 and re-
quire WASP and Arp2/3 for their formation (Carman
et al., 2007). These protrusions are very similar to
the protrusions analysed herein. All these protrusive
structures also present similarities with podosomes
(and differences, see below), which are dynamic F-
actin rich cone-shaped structures (Labernadie et al.,
2010), mostly described in myeloid cells. Indeed, po-
dosomes like the protrusions described by others and
us are WASP and Arp2/3 dependent for their forma-
tion (Kaverina, 2003; Linder et al., 2000). Moreover,
podosomes also exert protrusive forces that depend on
actin polymerisation and increase with the substrate
stiffness (Labernadie et al., 2014). Thus, analyses like
the one reported herein can provide valuable informa-
tion on the molecular mechanisms behind the gener-
ation of these protrusions.

Concerning the potential role of these structures
in T lymphocyte biology, the ILPs by tip toeing on
the endothelial cells can help to find the least resis-
tant path for diapedesis (Sage et al., 2012). Protrusive
structures, by invading the APC, can also increase the
surface of contact between both cells facilitating the
binding between ligands and receptors (Ueda et al.,
2011). In the case of cytotoxic T cells, protrusions
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were shown to induce forces responsible for physi-
cal deformation and efficient killing of the targets
(Basu et al., 2016). Finally, because the protrusions
described herein are mechanosensitive, they can sense
the stiffness of the APC they interact with (Husson
et al., 2011; Sawicka et al., 2017). Since APC stiff-
ness is one of the parameters modulated in inflamma-
tory conditions (Bufi et al., 2015), these protrusive
structures may also act as sensory organs to test this
parameter and induce an adequate immune response
(Saitakis et al., 2017).

The effect of the forces in the dynamic of the pro-
trusion can be compared with the effect of forces on
the dynamic of other biological structures. Yet, quan-
titative data combining both speed and force mea-
surements are scarce in general, including for T cells.
For instance, to our knowledge, there are no quantifi-
cations of the protrusive force generated by the lamel-
lipodium at the leading edge of migrating T cells.
Such lamellipodium, which presents similarities with
the protrusions described in this study as it is en-
riched in branched actin, and its growth is Arp2/3
and WASP dependent, is seen in T cells that mi-
grate at a speed of 0.2-0.5 pm/s (Aoun et al., 2020),
quite faster than the ~0.1 pm/s that we measured for
T cell protrusions. In macrophage, Labernardie et al.
(2014) observed periodic protrusions of podosomes
of 20 nm with a typical period of 40 s, hence a typ-
ical growth speed of 0.5 nm/s, two orders of magni-
tude slower than T cell protrusions. However, these
observations were done for macrophages adhering on
a substrate. Even considering that, without a resist-
ing substrate, podosome could grow up to ~600 nm
in height as observed previously by Labernadie et al.
(2010) with a comparable timescale would lead to a
growth typically ten times slower than T cell pro-
trusions, suggesting that podosomes are not similar
to T cell protrusions. Considering further quantita-
tive data of both force and velocity in cell structures,
Prass et al. (2006) have quantified the force generated
by the lamellipodium of a fish keratocyte migrating
against an atomic force microscope (AFM) cantilever.
They measured a growth velocity under no force of
~0.02 pm/s, which is much lower than the grow-
ing speed of about 0.11 pm/s that we measured for T
cell protrusions. We can also compare the influence of
force on growth speed. To perform this comparison,
the surface over which the compressive force is ap-
plied has to be taken into account, to compare stresses

(force per surface area) instead of forces. For a T cell
protrusion, we assume that the surface of the actin
cortex supporting the stress is the section of a cylinder
of diameter Dy, thickness e ~ 0.3 pm (Chugh et al.,
2017), and surface area 7T Dproce. The resulting stress
is 0 = Fycc/(T1 Dpyroce), and numerically, for a compres-
sive force F,. = 0.36 nN, we get a compressive stress
of ~390 Pa. In the setup used by Prass et al. (2000),
the cantilever contacts the lamellipodium over a sur-
face of about 3 pm X 0.2 pm = 0.6 pm?. Inter-
estingly, the authors see barely any reduction of the
growth speed at a force of up to about 0.6 nN, trans-
lating into a stress of about 1 kPa. This is consistent
with our measurements, as we measured almost no
reduction in speed up to an applied stress of 390 Pa.
This means that T cells protrusion are much faster
than a lamellipodium, but display the same insensi-
tivity to compressive stresses as the lamellipodium of
a keratocyte.

The dynamics of the T cell protrusions can also
be compared with that of reconstituted actin gels,
for which a wide range of growth velocity has been
measured. When growing against an AFM cantilever,
Bieling et al. (2016) measured a velocity of about
0.12 pm/s under no force, very close to our observa-
tions on protrusions. However, in a previous study
with a similar setup but different molecular compo-
nents, Parekh et al. (2005) measured a much lower
speed in the range of 0.001-0.01 pm/s. The latter ve-
locity range matches the one obtained by Baiier et al.
(2017) in actin gels growing against magnetic col-
loids, whereas Marcy et al. (2004) found an interme-
diate value of ~0.03 pm/s for actin comets growing
against a microfiber. Next, to compare the influence
of forces to the growing speed of actin comets (Marcy
et al., 2004), we assume the latter to be actin-filled
cylinders of diameter Deomer & 2 pm, hence a sec-
tion of surface area 7 D? omec/4, leading to stress o =
F/(7t D? comee/4) under a force F. Under a tensile stress
of 130 Pa, Marcy et al. (2004) found an increase in the
comet velocity of only 10% compared with the free
growth, whereas we found an increase of about 50%
in protrusions under the same tensile stress. More-
over, under a compressive stress of ~390 Pa, as stated
above, we see a weak effect of the force on the grow-
ing speed, whereas Marcy et al. (2004) saw a 30—-40%
decrease in growth velocity. In the case of gels grown
against a cantilever, the decrease due to compressive
force is much larger, gels are up to four folds slower
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than free growth under a ~390-Pa compressive stress
(Bauér et al., 2017; Bieling et al., 2016). Thus, T
cell protrusions are as fast as the faster growing gels,
when compared with actin comets, protrusions are
more sensitive to tensile stress and less sensitive to
compressive stress. Gels grown against a cantilever
are even more sensitive to compressive force. We
conclude — maybe unsurprisingly — that the cell pro-
trusions have different mechanical dynamics than re-
constituted systems. Consistent with this, Bieling
et al. (2016) showed that the presence of the Arp2/3
complex has a large influence on gel mechanical be-
haviour as opposed to random, isotropic crosslinked
actin networks. In cells, where in addition to the
Arp2/3 complex, many molecules, including filamin-
A (Flanagan et al., 2001), a-actinin, filamin (Esue
etal., 2009), and other capping and branching factors
(Pujol et al., 2012) are present to regulate the cortex
assembly, we expect even more “exotic” behaviour of
the cellular actin cortex. To further our understand-
ing at the cell level, we plan to implement simulta-
neous force and fluorescence measurements to study
how 3D actin flows are structured within the pro-
trusion, possibly similar to flows during T cell mi-
gration and swimming (Aoun et al., 2020; Reversat
et al., 2020). Furthermore, as iz vitro studies have
shown that actin dynamics depend on the level of ex-
ternal compressive forces (Bieling et al., 2016) and
that actin waves can be triggered in cells under ex-
ternal forces (Kapustina et al., 2013), it might also
be interesting in the future to study actin dynamics
under different levels of compressive forces in T cells
during their activation.

Our results also show that external forces differ-
entially affect the duration of the protrusion growth
(switch time). This switch seems to be set by an intra-
cellular “clock” and its origin is yet not clear since we
identified its existence in a previous study (Husson
etal., 2011). Here, we observed that when a compres-
sive force is applied, the duration of the growth and
the delay barely depend on the amplitude of the com-
pressive force. In our previous study using a different
micropipette-based technique (a biomembrane force
probe) (Husson et al., 2011), we measured a delay
time of 45 & 7 s remarkably close to the one measured
in this study. We measured a growth duration that
was 140 &£ 15 s, versus 50-90 s in this study (Husson
et al., 2011). Although the setup we used previously
presented several differences, an important one is that
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the setup was not automated to apply a controlled
force to the growing protrusion, and pulling forces
applied to the growing protrusion were possibly
relatively large. As we showed that the larger the am-
plitude of the pulling force, the longer the growth
duration, this can explain why we found a longer
growth duration in our previous study. When pulling
force is exerted, the stronger the force, the longer the
growth duration. Pulling forces are expected to help
to unfold the surface membrane stores, hence allow-
ing the protrusion to grow longer. We hypothesise
that the switch time could depend on a limitation
of these membrane stores unfolded by pulling forces.
However, we excluded that the switch time was de-
fined by limited membrane store by showing that the
surface area expansion of the cell during activation
is much lower than membrane reservoirs of CD4 T
cells. We have previously quantified the membrane
stores that these cells can mobilise during different
active processes such as transendothelial migration
or spreading on an activating surface (Guillou et al.,
2016a).

Finally, we asked if the switch could be explained
by the exhaustion of mobilisable stocks of actin to
grow the protrusion. Inhibiting the Arp2/3 complex
did not change the switch time, but increased the de-
lay before growth. This showed that branched actin is
necessary to build the protrusion, but that the switch
does not depend on actin branching. This seems not
easy to reconcile with a limiting amount of available
actin setting the maximal length of the protrusion,
except if the shorter protrusions observed in the pres-
ence of CK666 are much wider so that they contain as
much actin as in untreated cells. Unfortunately, mea-
suring the protrusion diameter of such a small protru-
sion is very difficult on the videos and we could not
assess that. We estimated that the geometry of the
protrusion when it reached its maximal length was
consistent with a conserved maximal amount of actin
contained in the protrusion of about 7 pm?. This vol-
ume can be compared with the total amount of actin
in the cell. We estimate a cortex thickness of 0.2 pm
in a resting primary T cell with an average diameter
of 6.7 pm (Guillou et al., 2016a). We obtain a vol-
ume of actin contained in the cortex of about 30 pm>.
Considering that the enrichment in actin in the pro-
trusion relative to the cortex outside the protrusion
leads to an increase in density of a factor of about
three (as deduced from the increase in fluorescence
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intensity that we measured; Figure 5), the protrusion
could represent up to two thirds of the initial amount
of actin present in the cortex of the resting cell. The
fact that there seems to be a maximal amount of actin
in the protrusion, and that it represents a significant
percentage of the total amount of available actin sug-
gests that the amount of available actin can be a factor
that defines the switch. We will consider testing in
the future the limited actin hypothesis, one possibil-
ity being to use recently developed photo-activable
actin-associated inhibitors (Borowiak et al., 2020).

In conclusion, our study suggests that the switch
and the delay are set by an intracellular constant time
and that the maximal length of the protrusion is set
by a constant growth speed. Our study provides key
insights that help to better understand the mecha-
nism involved in the formation of the actin protru-
sion emitted by the T cell, a process at the core of T
cell activation.

Materials and methods

Micropipette force probe

The MFP is a micropipette-based assay using a flexible mi-
cropipette as a cantilever (Sawicka et al., 2017). The flexi-
ble micropipette aspirates a bead covered with antibodies at
its tip. In this study, beads were Dynabeads® Human T-
Activator CD3/CD28 for T Cell Expansion and Activation from
Gibco, purchased from Thermo Fisher Scientific (ref. 11131D).
Micropipettes were prepared as described elsewhere (Basu et al.,
2016; Guillou et al., 2016b, 2016a; Sawicka et al., 2017) us-
ing borosilicate glass capillaries (Harvard Apparatus) with a mi-
cropipette puller (P-97; Sutter Instruments), cutting them with
a microforge (MF-200; World Precision Instruments) and bend-
ing them at a 45° angle with another microforge (MF-900; Nar-
ishige). Micropipettes were held by micropipette holders (IM-
H1; Narishige) placed at a 45° angle relative to the plane of
the microscope stage, so that micropipette tips were in the focal
plane of an inverted microscope under brightfield or DIC illu-
mination (Ti2; Nikon Instruments) equipped with a 100X oil
immersion, 1.3 NA objective (Nikon Instruments) and placed
on an air suspension table (Newport). The flexible micropipette
was linked to a micropositioner (Thorlabs) placed on top of a
single-axis stage controlled with a closed loop piezo actuator
(TPZ001; Thorlabs). The bending stiffness £ of the flexible mi-
cropipette (about 0.1-0.3 nN/pm) was measured against a stan-
dard microindenter calibrated with a commercial force probe
(model 406A; Aurora Scientific). Experiments were performed
in glass-bottom Petri dishes (Fluorodish; WPI). Once an acti-
vating microbead was aspirated by the flexible micropipette,a T
cell was picked up at the bottom of the Petri dish, held by a stiff
micropipette with an aspiration pressure of 30-60 Pa (imposed
by lowering the water level in a reservoir connected to the mi-
cropipette), and brought in adequate position using a motorised
micromanipulator (MP-285; Sutter Instruments). This aspira-

tion pressure is necessary to hold the cell to prepare and during
experiments. In a previous study, we showed that below and ex-
pansion of the cell membrane area of a resting T cell of about
20%, the mechanical properties of cell is not affected. Below
this threshold, cell surface area expansion leads to an increase in
cell effective stiffness that could potentially affect cell response
(Guillou et al., 2016a), but we did not exceed this 20% threshold
Images were acquired using a Flash 4.0 or ORCA-spark CMOS
camera (Hamamatsu Photonics). The setup automatically de-
tects the position of the bead at the tip of the force probe at a
rate of about 400 and imposes the position of the base of the flex-
ible micropipette by controlling the position of the piezo stage.
The deflection of the force probe is the difference between the
position of the bead and the position of the piezo stage. Thus,
the force applied to the cell is the product of this deflection by
the bending stiffness £. A retroaction implemented in Matlab
(Mathworks) controlling both the camera via the Micromanager
software (Edelstein et al., 2014) and the piezo stage moves the
latter in reaction to the measurement of the bead position in or-
der to keep a desired deflection of the cantilever, so that a defined
force is applied to the cell at any given time. Experiments were
performed at room temperature to avoid thermal drift.

Cells

Mononuclear cells were isolated from peripheral blood of healthy
donors on a ficoll density gradient. Buffy coats from healthy
donors (both male and female donors) were obtained from Etab-
lissement Frangais du Sang in accordance with INSERM ethical
guidelines. Human total CD4+ isolation kit (Miltenyi Biotech;
130-096-533) was used for the purification of T cells. Arp2/3
inhibition (Figure 4) was performed with a 30-min preincuba-
tion with CK666 (25 pM), which was left in the extracellu-
lar medium during experiments. DMSO content in control was
0.1% vlv.

K562 CCL-243 ATCC transduced with lentiviral particles
encoding for CD64 (named K64 cells) were cultured at 37°C
5% CO, in RPMI 1640 Glutamax (Gibco; 61870-010) sup-
plemented with 10% foetal calf serum (FCS; Corning; 35-079-
CV, lot no. 35079011) and were passed every 2—3 days at
~0.5 x 10° cells/ml.

Production of lentiviruses and infection of K562 cells
Non-replicative VSV-g pseudotyped lentiviral particles were
produced by transfecting HEK-293T cells with Gag, Pol,
rev, encoding plasmid (pPAX2), envelop encoding plasmid
(pMD2.G) and the CD64 construct (provided by Philipe
Bernaroch) encoded in a pWXLD vector. Lentivirus were recov-
ered in supernatant after 2 days and concentrated. 5 x 10° K562
cells were infected for 24 h, and used 3—5 days post infection.

Coverslips and dishes preparation for immunofluorescence
assay

12 mm ¢ coverslips (VWR; 631-0666) for fixed cells were pre-
coated with 0.02% of poly-L-lysine (Sigma—Aldrich; P8920) for
20 min at room temperature and were washed three times in
water before being dried and kept for maximum of 2 days.

© 2021 Société Frangaise des Microscopies and Société de Biologie Cellulaire de France. Published by John Wiley & Sons Ltd
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Preparation of CD4+ and CD3/CD28 beads conjugates
CD4+ T cells were resuspended at 2 X 10° in 1 ml of RPMI
medium. An equal volume of magnetic beads (2 x 10°) coated
with anti-CD3 and anti-CD28 (Gibco; 11132D) was added. The
cells—beads mix was incubated on a coverslip for the appropriate
time (2, 5 and 10 min) at 37°C. Coverslips were then washed
once with cold PBS before fixation.

Preparation of primary CD4-T cells and K64 cells
conjugates

K64 cells were washed, resuspended at a concentration of
1 x 10° cells/ml, then loaded with anti CD3 (OKT3 clone; eBio-
science; 16-0037-85; 10 pg/ml final concentration) and anti-
CD28 (LEAF Purified anti-human CD28 from CD28.2 clone;
Biolegend; BLE302923 at 10 pg/ml final concentration) for
30 min at 37°C before being washed once and resuspended at
a concentration of 1 x 10° cells/ml. 150,000 K64 cells were
incubated on coverslips for 30 min, washed once with warmed
PBS and 250,000 CD4 T cells resuspended in RPMI 10% FCS
were added for 5 min. Coverslips were washed once with cold
PBS before fixation.

Fixation

Cells were fixed with 4% paraformaldehyde (Life Technologies;
FBO002) for 15 min at room temperature, washed once in PBS and
excess of paraformaldehyde was quenched for 10 min with PBS
10 mM glycine (Thermo Fisher Scientific; G8898). Coverslips
were kept at 4°C in PBS until permeabilisation and staining.

Staining and mounting

Cells were permeabilised for 30 min at room temperature with
PBS 0.2% bovine serum albumin (BSA; Euromedex; 04-100-
812) 0.05% Saponin (Sigma—Aldrich; $4521). Cells were then
incubated at room temperature for 30 min in the same buffer
with Alexa Fluor 647 phalloidin (Invitrogen; A22287). After
washing once with PBS BSA Saponin, and once with PBS, cov-
erslips were soaked three times in PBS, three times in water,
and mounted with 4-6 pl of Fluoromount G (SouthernBiotech;
0100-01) on slides (KNITTEL Starfrost) and dried overnight
protected from light before microscope acquisition.

Confocal microscopy and image analysis

Images were acquired with a Leica DmI8 inverted micro-
scope equipped with an SP8 confocal unit using either a 40X
(1.35NA) or 63x (1.4NA) objective. Single plane images or Z-
stack of images were acquired. Images were analysed on Fiji and
Image] software using scripts generated for automated or semi-
automated analysis.

Hertz model

The Hertz model (Johnson, 1985; Rosenbluth et al., 2006) ap-
plies to the deformation of an elastic medium when indented by
a sphere. The model can be extended in the case of the indenta-
tion of an elastic sphere (representing the cell) by an infinitely
stiff spherical indenter (representing the microbead), which leads
to the following relationship between the compressive force F
applied by the indenter on the elastic sphere and indentation §

of the latter: F = = =% /R8>, where Eyoung 1s the effective
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Young’s modulus of the cell, R is an effective radius given by
1/Rett = 1/Reet + 1/Rpeads with R the cells radius and Rpeaq
the bead radius, v is the Poisson ratio of the cell taken as 0.5
(i.e., the cell is considered incompressible (Moeendarbary et al.,
2013; Wu et al., 2018).

We first used this model during the initial indentation of T
cells by the activating microbead. During an experiment, the
base of the flexible pipette holding the bead is translated at a
constant velocity towards the cell. Upon contact, the bead starts
applying an increasing compressible force to the cell, until it
reaches the force level Feomp During this initial compressive
phase, we measured both applied force and cell indentation. We
ficted the experimental F—8 curve using the above F—§ relation-
ship (Supplementary Material 3).

Furthermore, the Hertz model predicts that the radius  of the
cell-bead contact area is such that #> = R.g 8. By substituting

4 Evoung o

a in the F-§ relationship above, we get: F = 3 £ 2 hence,
3 112 Ry

a can be calculated knowing cell properties and appliegl force by
FRag %
3 Toung 7

inverting the previous relationship, leading to: # = (

Volume and surface area calculation

The surface and volume of the cells were calculated assuming an
axisymmetrical geometry of the cell around the axis defined by
the cell centre and bead centre (horizontal axis in Supplemen-
tary Video 1). The contour of cells was hand-traced using image
j software (Schneider et al., 2012) using a segmented line, thus
defining small cylinders of diameter equal to the local cell di-
ameter and of small (submicron) thickness. Once sliced in ele-
mentary cylinders, the lateral area or volume of these cylinders is
readily computed. The sum leads to the desired cell surface area
and volume.
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Annexe 4 : Mechanobiology of antigen-induced T cell arrest

Biology of the Cell, Juillet 2020

Résumé

Pour établir une réponse immunitaire, les lymphocytes T doivent d'abord trouver des
antigenes rares présents a la surface des cellules présentatrices d'antigenes (CPA). Ils y parviennent
en migrant rapidement dans l'espace encombré des tissus et en échantillonnant constamment la
surface des CPA. Lors de la reconnaissance de l'antigéne, les lymphocytes T ralentissent et se
polarisent vers la CPA, formant finalement un interface spécialisé connu sous le nom de synapse
immunologique. Ces conjugués se forment a la suite de l'interaction entre des paires de
récepteurs/ligands qui subissent une contrainte mécanique due a la réorganisation continue du
cytosquelette cellulaire. Dans cette revue, nous discutons de l'implication des forces mécaniques
pendant la reconnaissance des antigenes par les cellules T en migration. Nous explorerons cette
question d'un point de vue conceptuel et technique, dans le but de fournir de nouvelles perspectives

dans le domaine émergent de la mécanobiologie.
Contribution a la revue

J’ai participé a la conception de cette revue en partageant ma bibliographie ciblée sur le

theme. J’ai également relu et apporté des commentaires et modifications au texte.
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To mount an immune response, T cells must first find rare antigens present at the surface of antigen-presenting
cells (APCs). They achieve this by migrating rapidly through the crowded space of tissues and constantly sampling
the surface of APCs. Upon antigen recognition, T cells decelerate and polarise towards the APC, ultimately forming
a specialised interface known as the immunological synapse. These conjugates form as the result of the interaction
between pairs of receptors/ligands that are under mechanical stress due to the continuously reorganising cell
cytoskeleton. In this review, we discuss the involvement of mechanical forces during antigen recognition by
migrating T cells. We will explore this question from a conceptual and technical perspective, with the aim of

providing new insights into the emerging field of mechanobiology.

Introduction

T cells continuously circulate between blood,
lymphoid tissues and lymph nodes in search for their
cognate antigens presented at the surface of antigen-
presenting cells (APCs) on major histocompatibility
complex (MHC) molecules. Effective recognition of
antigen by the T cell receptor (TCR) therefore occurs
on motile T cells undergoing constant morphological
change (Von Andrian and Mempel, 2003). Intravital
imaging using two-photon microscopy has revealed
the complexity of T cell migration patterns and the
diverse nature of T cell-APC interactions leading to
T cell activation (Bousso and Robey, 2003; Mempel
et al., 2004; Miller et al., 2002; Stoll et al., 2002). A
classical sequence of three phases has been observed
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during T cell priming 7z vivo (Mempel et al.,
2004). During the first hours, T cells transiently
contact antigen-bearing dendritic cells (DCs). In
the second phase, they establish stable contacts with
DCs leading to their activation. In the third phase,
T cells that are now competent for clonal expansion
as well as cytokine production, resume a dynamic
behaviour (Mempel et al., 2004). Two-photon
imaging highlighted that crawling naive T cells are
highly motile, migrating at around 10-15 pm/min
(Hugues et al., 2004; Miller et al., 2002) among the
dense network of fibroblastic reticular cells (FRC)
(Bajénoff et al., 2006) in a manner described as
a random walk (Miller et al., 2004a) with some
features of a Levy walk (Fricke et al., 2016). Naive
T cells in lymph nodes adopt a search strategy which
is ‘information-poor and exploration-based’ to detect
rare cognate antigen-bearing DCs, a strategy adapted
to the complexity of their environment and relying
on migrating fast while contacting as many APCs as
possible (Krummel et al., 2016).

Migrating T cells typically display a polarised
morphology with an actin-rich lamellipodium
at the leading edge and a lamella adjacent to
the lamellipodium. The lamellipodium is mostly
composed of branched actin filaments that are
nucleated by Arp2/3, whereas the lamella contains
bundled actin with actomyosin activity. The cell
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rear or uropod is a highly contractile area enriched
in Myosin II but relatively depleted in F-actin
(Dustin, 2008). Upon antigen engagement, T cells
undergo considerable cytoskeletal remodelling and
polarisation, which involves F-actin polymerisation
and microtubule-organising centre (MTOC) reori-
entation towards the T cell-APC contact area as
well as membrane reorganisation (Billadeau et al.,
2007). Altogether, this remodelling facilitates the
polarised recruitment and segregation of cellular
components into a specialised junction known as the
immunological synapse. This structure serves has a
dynamic platform for T cell-APC communication
and promotes and sustains T cell activation (Grakoui
et al., 1999). The immunological synapse is a
radially symmetrical structure comprising three
distinct zones termed supramolecular activation
clusters (SMACs) (Monks et al., 1998). A central
area ((SMAC) contains microclusters of TCR/pMHC
and associated signalling proteins such as CD28. A
peripheral ring of adhesions molecules containing
the adhesion protein LFA-1 (interacting with its
ligand ICAM-1 on the APC surface) is referred to as
the pSMAC. Finally, a distal region (dSMAC), where
branched-actin network forms a ring, constitutes the
outer boundary of the IS. This is the region where
large molecules such as the tyrosine phosphatase
CD45 accumulate. Filamentous actin (F-actin)
within the dSMAC undergoes rapid retrograde flow,
driven by both actin polymerisation and actomyosin
II arc contraction, which drives centripetal transport
of signalling clusters of TCR and integrins towards
the centre of the immunological synapse (Murugesan
etal., 2016; Varma et al., 2006). Given the molecular
and architectural similarities between the SMACs
found in the immunological synapse and the different
zones of a migrating cell, Michael Dustin proposed
that these two structures are related (Dustin, 2008).
The establishment of the immunological synapse
upon antigen recognition could derived from a
“symmetrisation” of the actomyosin network. In this
context, an asymmetric distribution would favour
T cell migration, whereas a radially symmetric
network would lead to T cell arrest. Breaking the
symmetry of the stable immunological synapse gener-
ates a moving adhesive junction that has been defined
by M. Dustin as a kinapse, which allows signal
integration by T cells while moving over the surface
of APCs (Dustin, 2007). A recent elegant study by
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Kumari et al. (2020) showed that cytoskeletal tension
generated in the plane of the immunological synapse
by antigen-triggered mechanism actively promotes
T-cell synapse symmetry. The authors show that focal
nucleation of actin via Wiskott—Aldrich syndrome
protein (WASP) induces actin filaments in the central
zone of the immunological synapse. Contraction of
these filaments by Myosin II creates a tension that
counterbalances the fluctuation of the lamellar fluc-
tuations in the periphery of the T cell facilitating the
stabilisation of a symmetric synapse. The degradation
of WASP, by yet to describe mechanisms destabilises
the actin filaments allowing the polarisation of
the T cells that recover their migratory behaviour
(Kumari et al., 2020). This focal nucleation of actin
might correspond to actin protrusions described by
Tamzalit et al. (2019) in CD8t cytotoxic T cells
that extend from central and intermediate locations
within the synapse. These protrusions, which depend
on the cytoskeletal regulator WASP and the Arp2/3
actin nucleation complex, like the actin foci described
by Kumari et al. (2020), were reported to exert forces
and to facilitate efficient killing (Tamzalit et al.,
2019).

The role played by mechanical forces in T cell
functions emerged as a new research field in the last
10 years (Hivroz and Saitakis, 2016; Huse, 2017,
Rossy et al., 2018). However, the biophysical aspects
of the T cell stop signal that leads to the formation of
a stable synapse still remains poorly understood. This
may be due to the experimental approaches used so far
that mainly employ round and/or non-migrating cells
(reviewed here (Huse, 2017; Pageon et al., 2018)).
Therefore, these experiments fail to recapitulate the
transition from a migratory state to a static state.
While reviewing the contribution of forces generated
at the cell—cell interface onto T cell cytoskeleton
and membrane remodelling, we here propose a ‘tool
box’ of experimental set-ups that may help in char-
acterising the biophysical aspects of the T cell stop
signal.

Antigen recognition by migrating T cells
generate mechanical forces at the
cell-cell interface

The dynamic interactions between T cells and APCs
imply that engaged TCRs are subjected to significant
mechanical stress, originated from the actin-based
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protrusion and Myosin II-based contraction occur-
ring at the immunological synapse. Optical tweezers
experiments performed on T cells migrating towards
chemoattractant revealed that protrusive forces at the
leading edge can be as high as 1000 pN (Yang et al.,
2015). This highlights that TCR/pMHC bonds are
submitted to very important forces during cell mi-
gration. Importantly, the fact that T cells are acti-
vated by surface-anchored pMHC but not by soluble
pMHC confirms that physical constraint is required
for T cell activation (Ma et al., 2008a). The TCR was
indeed reported to be a mechanosensor (Kim et al.,
2009). Using optically trapped beads presented to
single T cell, Kim et al. (2009) showed that the
induction of Ca*" flux (a classical readout of early
TCR signalling) only occurs after the application of a
tangential force of 50 pN onto the attached bead. An-
other study, in which artificial APCs expressing engi-
neered TCR ligands have been used, confirmed that
mechanical forces applied on the TCR initiates Src
signalling (Lietal., 2010). Importantly, the TCR un-
dergoes conformational changes when external forces
are applied onto it. This, in turn, regulates peptide
discrimination and pMHC bond lifetime (Das et al.,
2015). When forces of around 10 pN are applied
onto the TCR, it enhances the lifetime of TCR—
pMHC interaction in the case of agonists: a phe-
nomenon known as ‘catch-bound’ described by the
group of Cheng Zhu (Liu et al., 2014) and already
reported for selectins (Marshall et al., 2003) and in-
tegrins (Kong et al., 2009). Conversely, for antago-
nists, application of forces shortens bond lifetimes,
also called slip bonds. Hence, generating forces may
offer a way to mechanically probe the strength of
TCR-pMHC bonds. In that spirit, single-molecule
force spectroscopy measurements indicate that the
stability of the TCR—pMHC complex at different
levels of mechanical strain provides a mechanism to
enhance antigen discrimination (Hong et al., 2018).
This has been proposed to help T cells to discriminate
between strong agonists and low agonists/antagonists
that would not overcome the forces exerted onto them
(Hong et al., 2018). Since strong agonists presented
by APCs are sparse and rare compared with the profu-
sion of self-peptides, prolonging bond lifetimes could
represent a strategy to establish an effective immune
response.

Since the T cell-APC interface is extremely dy-
namic, a “TCR deformation model’ that takes into
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account the existence of mechanical stress applied
onto the TCR has been proposed to explain how TCR
triggering is initiated (Ma et al., 2008b). This model
suggests that pulling forces generated by the cy-
toskeleton are transmitted to the TCR. Traction force
microscopy (TFM) and BFP techniques showed that
T cells generate contractile forces derived from the
actomyosin network after TCR activation (Bashour
et al., 2014; Hui et al., 2015; Husson et al., 2011;
Sawicka et al., 2017). These forces have recently been
measured at the level of TCR—-pMHC single bond us-
ing DNA-based force sensors. T cells, by way of their
cytoskeleton, can transmit forces of 12—19 pN to
their TCR within seconds following pMHC bind-
ing (Liu et al., 2016). Using a ‘lockable’ version
of this tension sensor, the same group showed that
the TCR mechanically samples pMHCs with forces
>4.7 pN (Ma et al., 2019). Using pMHC of differ-
ent affinities, the authors further demonstrate that
the mechanical sampling and scanning property of
the TCR correlates with pMHC affinity (Ma et al.,
2019). Hence, the mechanical regulation of TCR—
pMHC bonds (slip-bonds versus catch-bonds) could
impact the nature of T cell-APC contacts (motile
versus static).

Antigen recognition by migrating T cells
leads to profound membrane remodelling
and increase in tension

Crawling lymphocytes undergo massive morphology
changes especially when squeezing across tissues and
other cells. Despite the large deformations that a mi-
grating T cell endures 7z vivo, plasma membrane in-
tegrity is preserved. These ‘passive’ deformations are
supplied by the unfolding of surface membrane reser-
voirs (Guillou et al., 2016). Indeed, short microvilli
cover the surface of circulating lymphocytes (Majs-
toravich et al., 2004) and are used as sensory organs
to optimise the search for cognate pMHC (Cai et al.,
2017). The excess external membrane contained in
microvilli and membrane folds is rapidly available for
T cells to increase their surface area while maintain-
ing a constant cell volume. Using electron scanning
microscopy, this membrane reservoir has been esti-
mated to represent 40-50% of the apparent T cell
membrane surface area in the form of microvilli for
resting and activated T cells and in the form of mem-
brane ruffles for Jurkat T cells (Guillou et al., 2016;
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Majstoravich et al., 2004). Once T cells detect their
cognate antigen, they slow down and start spreading
onto the APCs ending by the establishment of firm
contacts. T cells undergoing spreading on coverslips
coated with activating antibodies increase substan-
tially their apparent membrane surface area, by up
to 150% of their initial surface area (Guillou et al.,
2016). Therefore, the mobilisation of the external
membrane reservoir is not sufficient for cell spread-
ing and another reservoir is probably used to sus-
tain large ‘active’ deformations. The proposed pool
of membrane is internal organelles that would be re-
leased at the surface through exocytosis. This has been
observed during the engulfment of particles through
phagocytosis by macrophages (Bajno et al., 2000;
Braun et al., 2004; Niedergang et al., 2003) and
by neutrophils (Herant et al., 2005) but also when
fibroblasts spread (Gauthier et al., 2011). Such re-
lease was reported to be mediated by the elevation
of membrane tension that upon reaching a certain
threshold — once all the external membrane pool is
depleted and can no longer buffer plasma membrane
tension (Raucher and Sheetz, 1999) — triggers exocy-
tosis (Gauthier et al., 2011).

The elevation of membrane tension was also pro-
posed to orchestrate the dynamic process of phago-
cytosis (Masters et al., 2013). Indeed, a critical in-
crease in membrane tension was measured during
phagocytosis and was shown to control the switch
between two distinct phases (Masters et al., 2013).
During phase 1, initial pseudopod extension is driven
by Racl-mediated actin polymerisation against the
plasma membrane, ultimately leading to the flatten-
ing of all membrane folds. The second phase occurs
once a peak in membrane tension is reached, directly
altering Racl activity and triggering exocytosis. In
phase 2, pseudopod extension relies on the release of
internal vesicles containing GPI-anchored proteins
that bring additional membrane at the cell surface
(Masters et al., 2013). The inhibition of Racl activ-
ity by increased membrane tension was also reported
in migrating neutrophils (Diz-Muifioz et al., 2016;
Houk et al., 2012). The authors have proposed that
membrane tension restricts protrusion formation to
the leading edge by exerted long-range inhibition.
On the other hand, the notion of long-range sig-
nalling relying on the propagation of membrane ten-
sion has been challenged by recent findings (Shi et al.,
2018). In their study, Shi et al. (2018) performed
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membrane tether experiments on endothelial cells
and found that tension fails to propagate across the
cell due to flow resistance coming from cytoskeleton-
bound transmembrane proteins. Interestingly, they
further showed that local elevation in membrane ten-
sion can lead to local activation of mechanosensitive
(MS) ion channels and further vesicle fusion. Thus,
local variations in tension can trigger specific out-
come in specific sub-cellular domains. Although the
mechanisms by which membrane tension regulates
cellular processes remain to be clarified, these studies
provide a conceptual framework to highlight how cell
mechanics and biochemical processes are interlinked.
Antigen-scanning T cells also actively protrude onto
APCs in a manner akin phagocytosis. The forma-
tion of the phagocytic cup and the formation of the
immunological synapse indeed share similar features
and mechanisms (Niedergang et al., 2016). It may
therefore worth considering membrane tension as a
potential organiser of T cell polarity during the dy-
namic process of antigen detection.

‘What are the other players involved in the regula-
tion of membrane tension? Plasma membrane tension
results from the minor contribution of the ‘in-plane’
tension in the lipid bilayer and from the major con-
tribution of the attachment of the plasma membrane
to the actin cortex (Sheetz, 2001; Sheetz and Dai,
1996). Membrane-to-cortex attachment is a critical
mechanical parameter and modulates processes rely-
ing on cellular deformation such as protrusion for-
mation in fibroblasts (Raucher and Sheetz, 2000) and
migration of mesendoderm progenitors (Diz-Mufioz
et al., 2010). Several proteins can link the plasma
membrane to the underlying cytoskeleton such as
Ezrin—Radixin—Moesin (ERM) (Fehon et al., 2010;
Niggli and Rossy, 2008) and class-I Myosins (Nam-
biar et al., 2009).

Ezrin has been shown to regulate membrane ten-
sion in epithelial cells (Rouven Briickner et al., 2015)
as well as in primary mouse T cells (Liu et al., 2012).
Interestingly, Liu et al. (2012) have shown that ex-
pression of a phosphomimetic constitutively active
mutant of Ezrin in mouse T cells increases their mem-
brane tension and slows their homing in lymph node
by decreasing their migration across the endothe-
lium. This was accompanied by the absence of lamel-
lipodial extension in response to chemokine stimu-
lation (Liu et al., 2012). Ezrin has also been shown
to accumulate at the periphery of T cell-APC contact
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area upon TCR activation (Roumier et al., 2001).
Interestingly, overexpression of a truncated form of
Ezrin in T cells strongly perturbs the formation of
the immunological synapse and affects TCR cluster-
ing with more numerous and spread TCR clusters
indicative of a less mature synapse (Roumier et al.,
2001). The authors proposed that Ezrin normally re-
inforces cell—cell interaction and microclusters co-
alescence at the immunological synapse needed for
sustained T cell activation (Roumier et al., 2001).
Overall, these studies shed light on the role played
by proteins that mediate membrane-to-cytoskeleton
attachment — such as ERMs — in the regulation of
plasma membrane tension. They further suggest that
the regulation of membrane tension is necessary for
the establishment of a mature and functional synapse.
On the other hand, ERM inactivation was shown to
favour the formation of T cell-APC conjugates by
reducing T cell rigidity, allowing a higher cellular
deformability (Faure et al., 2004). As such, ERM pro-
teins are rapidly and transiently dephosphorylated,
therefore inactivated, upon TCR engagement to pro-
vide higher deformability (Faure et al., 2004). Hence,
it appears that the ability of T cells to interact with
APCs is tightly coordinated by variations in mem-
brane tension orchestrated by membrane-to-cortex
anchoring proteins.

Other candidates for regulating plasma membrane
tension of lymphocytes and their migratory behaviour
are class I myosins. They are also membrane-to-
cytoskeleton anchored proteins that play a prominent
role as force-sensitive motors and can modulate
membrane tension in vitro and in several cell types
such as epithelial cells and fibroblasts (Laakso
et al., 2008; Nambiar et al., 2009). In addition,
Class-I Myosins regulate cortical tension, cellular
deformability (Dai et al., 1999) and cell migration
of the amoeba Dictyostelium discoidenm (Novak and
Titus, 1997). Interestingly, a study has demonstrated
the involvement of a class I myosin isoform — Myosin
IG - in regulating membrane tension and motility
of primary mouse T cells (Gérard et al., 2014). The
authors observed that lymphoblasts migrating in
microfabricated channels display transient phases of
arrest that are preceded by Myosin IG recruitment at
the leading edge. In parallel, membrane tether force
measurements revealed that Myosin IG-deficient
T cells have a lower membrane tension than WT
T cells (Gérard et al., 2014). Does the recruitment
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of Myosin IG at the cell front during phases of
arrest correlate with higher tension? To answer
such question, it would require to measure locally
membrane tension at the leading edge when the cell
stops and to correlate this modification of the tension
with the recruitment of Myosin 1G. This may be
possible using an approach described in our tool box.

Does membrane remodelling and
increase in tension trigger Ca?* influx?
Ca®" mobilisation is known to be necessary and suf-
ficient to deliver a ‘stop signal’ to migrating T cells
(Donnadieu et al., 1994; Dustin et al., 1997; Miller
et al., 2004b). Indeed, TCR triggering induces an
increase in intracellular Ca*", activating signalling
pathways responsible for cytoskeletal remodelling
(Babich and Burkhardt, 2013), cell spreading (Bun-
nell et al., 2001) and the formation of a stable im-
munological synapse (Babich and Burkhardt, 2013;
Delon et al., 1998; Negulescu et al., 1996). This
role of Ca** in the stabilisation of the immuno-
logical synapse has recently been questioned by the
work of Kumari et al. (2020), which has demon-
strated that although Ca®" increase is required for
the initial stop of T cells, it is not involved in the
maintenance of a stable synapse. Ca?" signalling in
response to antigen recognition involves PLCy that
generates inositol 1,4,5-triphosphate (IP3) mediating
Ca’t release from the endoplasmic reticulum (ER)
via the opening of IP; receptors. This, in turn, ac-
tivates Ca’' release-activated channels (CRAC) at
the plasma membrane through the redistribution
of STIM-1 to the ER—plasma membrane junctions
where it interacts with Orail, the pore-forming sub-
unit of the CRAC channel, ultimately triggering ex-
tracellular Ca** entry (Babich and Burkhardt, 2013;
Lewis, 2001; Wu et al., 2006). This mechanism is
known as the store-operated Ca’t entry (SOCE) (Luik
and Lewis, 2007). Calcium influx through CRAC
channels plays a crucial role in T cell activation, as
revealed by the presence of immunodeficiencies in pa-
tients with mutations in the genes encoding STIM1
and Orail (Feske et al., 2006; Picard et al., 2009).
Calcium influx through CRAC channels are thus es-
sential for T cell functions (Vaeth et al., 2017) as
it controls actin organisation and dynamics at the
immunological synapse (Hartzell et al., 2016). In
addition to its role in T cell arrest following TCR
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activation, CRAC channels have also been shown to
regulate basal T cell migration (i.e., in absence of
extrinsic cell contacts or antigen recognition). In-
deed, transient Ca*" entry through Orail channels
correlates with spontaneous pauses both iz vitro un-
der confinement and 7z vivo (Dong et al., 2017). This
highlights the prominent role of Ca?t in regulating
T cell migratory behaviour.

Although the role of CRAC channels in T cell
functions has clearly been demonstrated, other Ca*™
channels may be involved. Indeed, there is direct
evidence that mechanical forces exerted on the TCR
induce a rise in intracellular Ca®>* (Kim et al., 2009;
Li et al., 2010). Yet, the contribution of MS ion
channels and especially of stretch-activated calcium
channels (SACCs) in Ca’t mobilisation and T cell
activation has poorly been explored so far. We will
herein review the current knowledge and research ad-
vancement as well as speculate on the potential role of
these MS Ca®* channels in T cell mechanosensitivity.

SACCs belong to the transient receptor potential
(TRP) ion channels superfamily and are sensitive
to mechanical forces while being Ca?* permeable
(Nilius et al., 2007). In cultured endothelial cells,
MS channels are involved in substrate rigidity
sensing and are used by cells to spontaneously
generate rigidity-dependent localised Ca®" increase
(Kobayashi and Sokabe, 2010). In this context, they
have been suggested to constitute an intrinsic force
measurement system that may regulate cell migra-
tion (Kobayashi and Sokabe, 2010). MS channels
have also been reported to steer cell migration of
fibroblasts (Wei et al., 2009). Indeed, mechanical
forces such as shear stress applied at the leading edge
of migrating fibroblasts provoke Ca®* flickers. These
flickers are triggered by Ca?* influx through SACCs,
here TRPM7, further amplified by Ca®* release from
the ER. Flickers activity directly correlates with zones
of traction force generation and are dependent on cy-
toskeletal and morphological integrity. Their ampli-
tude and occurrence are associated with a decrease in
directional persistence (Wei et al., 2009). Therefore,
high Ca?* microdomains may activate several Ca*"-
dependent events critical to cell polarisation. These
flickers take place in the lamella region of migrating
fibroblasts which would correspond to the pSMAC of
arrested T cells where actomyosin arcs generate trac-
tion forces on the TCR (Hong et al., 2017). Whether
SACCs-dependent Ca®" flickers generated by local
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traction forces during T cell-APC interaction could
lead to T cell deceleration remains to be addressed.

The implication of MS ion channels such as TRPC3
(Wenning et al., 2011) and TRPV1 (Bertin et al.,
2014) in TCR-induced Ca’**t influx and downstream
TCR signalling have been reported. However, these
studies did not investigate whether it involves me-
chanical stress. TRPV 2, on the other hand, was shown
by patch-clamp assay to generate stretch-activated
current in T cells but neither its capacity to medi-
ate Ca?" entry nor its role in T cell activation were
assessed (Pottosin et al., 2015). A recently described
potent MS channel called Piezo 1 (Coste et al., 2010)
that can be activated by forces of around 10 pN (Wu
et al., 2016) — which corresponds to the range of
forces developed by T cells — has been reported to play
a critical role in T cell activation (Liu et al., 2018).
Piezol-deficient primary human T cells proliferated
less in response to APCs activation and exhibited im-
paired Ca?" influx upon TCR stimulation. Interest-
ingly, chemical activation of Piezol obviates the need
to immobilise anti-CD3 antibodies for optimal TCR
triggering, suggesting that TCR mechanical stimu-
lation may not be required when MS channels activity
is already engaged. Liu et al. (2018) further showed
that Piezol-driven Ca®* influx leads to cortical actin
rearrangement. The authors thus propose a model
in which membrane stretch induced by the forma-
tion of the immunological synapse triggers Piezol
activation, causing Ca?* entry, thereby leading to
cytoskeletal remodelling to optimise T cell activa-
tion (Liu et al., 2018). Whether a similar mechano-
biochemical regulation of TCR/pMHC engagement
drives antigen-induced T cell arrest remains to be
determined.

In this review, we would like to raise the question
of whether T cell-APC conjugate formation, while
a T cell is migrating, may induce local membrane
stretcches and Ca?' entry at the contact zone that
would promote T cell arrest. A hypothetical mech-
anistic model of antigen-induced T cell arrest is de-
picted in Figure 1. An increase in membrane ten-
sion could potentially lead to local extracellular Ca**
entry through MS channels that would then be am-
plified and sustained by the classical SOCE pathway.
T cells could probe the APC membrane giving rise to
local, short-lived Ca®" at the contact zone as reported
for Jurkat T cells upon touching anti-CD3 coated
beads (Wolf et al., 2015). Ca*" entry may locally neu-
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Figure 1| A proposed mechanistic model for antigen-induced T cell arrest

(A) Migrating T cells display an actin-rich leading edge and a Myosin Il-rich trailing edge, creating a back-to-front contractility
gradient favouring T cell motility. The microtubule-organising centre (MTOC) is located at the cell rear behind the nucleus. T cells
possess external membrane reservoir in the form of membrane folds (ruffles and microvilli). (B) T cells scan the surface of
antigen-presenting cells (APCs) in search for their cognate antigen forming motile kinapse. Initially, T cells partially spread onto
the APCs using the pool of membrane available in their membrane folds. At this stage, membrane tension is kept low as it is
buffered by the unfolding of membrane ruffles and microvilli. Therefore, mechanosensitive (MS) ion channels are not activated
and entry of extracellular Ca®* does not occur. As a result, the positively charged ITAMs motif of the TCR stay inaccessible,
being buried in the lipid bilayer due to the presence of negatively charged phospholipids. (C) Spreading T cells then undergo
complete depletion of their membrane folds. This leads to an increase in plasma membrane tension and induces the activation
of exocytosis to sustain T cell spreading. Membrane stretches cause the opening of MS ion channels promoting the entry of
extracellular Ca®*. In turn, Ca®* ions neutralise the negatively charged phospholipids of the plasma membrane resulting in the
release of the [TAMs. F-actin then applies pulling forces onto the TCR that sustain signalling through a catch bound mechanism.
In parallel, Ca?* influx may locally activate the Myosin light chain kinase through its calmodulin domain. This recruitment at the
cell-cell contact zone ultimately destabilises the contractility gradient and promotes T cell arrest. (D) Finally, T cells fully stop
and can maintain long-lasting contacts with APC establishing an immunological synapse. F-actin is now concentrated at the
outer cell edge forming the so-called actin ring, Myosin Il is enriched in the immediate vicinity of the actin ring and the MTOC is

polarised at the centre of the immunological synapse.

tralise the negative charge of plasma membrane phos-
pholipids, freeing the cytoplasmic domains of the
TCR-CD3 complex —normally buried in the lipid bi-
layer to prevent spontaneous ITAM phosphorylation
— thus initiating TCR signalling (Ma et al., 2017a,
2017b; Shi et al., 2013). Of note, Hartzell et al.
(2016) suggested the possibility that mobile CRAC
channels complexes create local sites of high Ca*™
concentration necessary for TCR ITAM:s release from
the plasma membrane allowing TCR signalling. Lo-
calised Ca®* microdomains could also mediate the re-
cruitment of key cytoskeletal components that would
destabilise the polarity of the T cell migratory ma-
chinery, thus resulting in T cell deceleration. Interest-
ingly, Ca®T regulates Myosin II activity though the
activation of Myosin light chain kinase (MLCK) by its
Ca’*-calmodulin domain (Vicente-Manzanares et al.,
2009). Thereby, Ca*" entry through SACCs may lo-
cally activate MLCK and induce a re-polarisation of
Myosin II from the uropod to the pre-synaptic junc-
tion responsible for T cell arrest. In other immune cell
types such as immature DCs, Myosin II recruitment
at the leading edge has been reported to be neces-
sary for DCs to transiently stop in order for them to
process internalised antigens (Chabaud et al., 2015).
Whether T cell arrest relies on Myosin II redistribu-
tion from the cell rear to the contact zone is not clear
yet. The role of Myosin II in the formation of the
immunological synapse is controversial and has al-
ready been reviewed (Hammer and Burkhardt, 2013).

As such, how Myosin II back-to-front gradient pre-
dominating during T cell migration is destabilised
during antigen recognition and whether the extent
of Myosin II recruitment at the T cell-APC contact
site could mediate antigen-induced T cell remains an
open question.

Forces generated at the cell-cell
interface are modulated by adhesion
molecules

When motile T cells encounter their cognate anti-
gen at the surface of APCs, TCR signalling triggers
a change in the conformation of the main integrin
present at the T cell surface, the lymphocyte function-
associated antigen 1 (LFA-1). Resting T cells mostly
display inactive, bent LFA-1 molecules with very low
ligand binding capacity. LFA-1 then undergoes a con-
formational change upon TCR stimulation that re-
cruits the actin-binding protein talin to the S-chain
of LFA-1. This triggers the extension of the B-chain
allowing the transition from a low to an intermediate
affinity state —a mechanism known as the ‘inside-out
signalling’. This event enables LFA-1 anchoring to
its ligand ICAM-1 present at the surface of APCs,
promoting the open, high affinity LFA-1 conforma-
tion (Kinashi, 2005). ICAM-1 binding delivers spe-
cific intracellular signals called the ‘outside-in sig-
nals’ that lower the threshold of the antigen dose
required to achieve full T cell activation (Perez et al.,
2003). Interestingly, LFA-1 binding to ICAM-1, as
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TCR binding to pMHC, also exhibit catch bound
behaviour when forces are applied onto these bonds
(Chen et al., 2010). Hence, motile T cells interact-
ing with APCs must generate tensile forces onto the
TCR/pMHC bonds but also onto the LFA-1/ICAM-1
bonds that will increase their binding strength and
lifetime. In addition, LFA-1 being an integrin, it
can undergo ‘cyclic mechanical reinforcement’ char-
acterised by an increase in bond lifetime as a result of
short, transient period of high forces applied (Kong
et al., 2013) as those generated by the periodic actin
waves at the leading edge of antigen scanning lym-
phocytes.

Burkhardt and colleagues (Comrie et al., 2015a)
have documented how the dynamic F-actin network
regulates LFA-1 conformational change, ligand bind-
ing and distribution at the immunological synapse.
They showed that actin retrograde flow and Myosin
II contraction are required to induce and maintain
LFA-1 in its high affinity conformation. Actin flows
organise the distribution of the different LFA-1 con-
formational intermediates radially with the extended
LFA-1 (intermediate affinity) at the pPSMAC and the
open conformation (high affinity) concentrated in a
more central ring. It has been previously observed
that WASP-mediated actin polymerisation confines
high-affinity LFA-1 to the mid-cell zone (Lafouresse
et al.,, 2012). As an actin nucleator, WASP poly-
merises actin and contributes to the generation of
actin retrograde flow, explaining its impact onto the
spatial distribution of LFA-1. Comrie et al. (2015a,b)
demonstrated convincingly that mechanical forces
derived from actin flows and ligand binding itself (the
‘induced fit" component) are functionally intercon-
nected and are both required for full LFA-1 affinity
maturation. Indeed, soluble ICAM-1 is not sufficient
to promote LFA-1 conformational change in a context
where TCR signalling and actin flows are intact. It is
only when tension is generated by immobilised lig-
and that LFA-1 transitions to the open conformation.
Under physiological conditions, ligand immobilisa-
tion is provided by the actin cytoskeleton of DCs,
which constrains the mobility of ICAM-1 (Comrie
et al., 2015b).

Comrie et al. (2015a) propose that F-actin drives a
positive feedback loop in which TCR triggering in-
duces robust actin flow that subsequently increases
signalling through MS molecules such as LFA-1.
Experiments performed with a FRET-based LFA-1

M. Chabaud and others

tension sensor has confirmed the significant tension
across the B-subunit of LFA-1 upon ICAM-1 binding
resulting in the stabilisation of active LFA-1 (Nor-
denfelt et al., 2016). During T cell migration, the
actin retrograde flow applies tensile force that con-
strains the integrin into a tilted orientation (Nor-
denfelt et al., 2017). Stabilisation of high affinity
LFA-1 by force application by the actin cytoskeleton
thus provides a simple and elegant mechanism for
coordinating cytoskeletal dynamics and ligand bind-
ing during T cell migration and further activation
(Nordenfelt et al., 2016). After LFA-1 has been ac-
tivated by the actin retrograde flow, it recruits focal
adhesion proteins that act as a molecular clutch to
slow down this retrograde flow (Case and Waterman,
2015; Jankowska et al., 2018). This results in a down-
regulation of TCR signalling. Taken together, this
demonstrates that LFA-1 is a mechanosensor, which
potentiates TCR activation. Furthermore, these stud-
ies highlight how the modulation of the actin retro-
grade flow impacts T cell signalling.

Interestingly, LFA-1 has been reported to modulate
the pattern of forces developed by T cells upon anti-
gen recognition. Using a BFP approach to present
beads covered with anti-CD3 to T cells, Husson et
al. (2011) demonstrated that T cells exert pushing-
pulling forces during antigen detection. In this study,
T cells almost always undergo a pushing phase char-
acterised by a massive protrusion extension (similar
to a trunk) contacting the particle, followed by a
pulling phase generating forces with a loading rate
of around 2 pN/s which eventually leads to parti-
cle internalisation. In sharp contrast, when LFA-1 is
co-engaged with the TCR complex, T cells rather
form a cup-like protrusive structure and the push-
ing phase is significantly shorter. They further exert
pulling forces of similar intensities to the one mea-
sured when engaging TCR alone, suggesting that
TCR-signalling is the main contributor of pulling
force generation. Thus, rather than producing forces,
the presence of LFA-1 may optimise the contact with
the target particle, thus preventing protrusion sliding
onto the bead. Specifically, LFA-1 could provide an
anchoring platform that would resist actin retrograde
flow by promoting membrane-to-cytoskeleton teth-
ering. Interestingly, mechanosensitivity to stiffness is
biphasic during T cell spreading on activating sub-
strates. When gels are coated with immobilised anti-
CD3 only, T cells spread more on soft (20 kPa) than
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on stiff (2440 kPa) gels. Conversely, when ICAM-1
is added, the spreading becomes monotonic, that is
T cells spread similarly on soft and on stiff substrates.
The authors propose that this ligand-specific response
can be attributed to differences in force sensitivity and
effective stiffness of the link formed between the lig-
and/receptor pairs and the actin cytoskeleton (Wahl
et al., 2019). Therefore, the engagement of LFA-1
can couple the actin cytoskeleton to the plasma mem-
brane to transmit efficiently the forces generated by
TCR signalling to the underlying substrate. T cell
spreading would thus be optimised as well as T cell
arrest by extension. Of note, LFA-1/ICAM-1 inter-
actions are indeed necessary for T cell arrest on DCs
and for the formation of functional immunological
synapse both 7z vitzro (Abraham et al., 1999) and 7 vivo
(Kandula and Abraham, 2004; Miller et al., 2004b;
Scholer et al., 2008).

It is worth noting that more generally adhesion has
been shown to pre-prime T cells so that the threshold
for antigen detection is lowered. This phenomenon
is called adhesion-induced T cell priming (AITCP)
(Randriamampita et al., 2003). Although AITCP has
been related to cAMP and ERK activation, the ini-
tial triggering of AITCP is still unclear. Besides,
this phenomenon occurs in T cells adhering to di-
verse substrates (glass, fibronectin, ICAM-1, antibod-
ies against MHC-I or B2 integrins) (Conche et al.,
2009; Randriamampita et al., 2003), suggesting the
existence of a general mechanism rather than a spe-
cific receptor-induced signalling. Two non-exclusive
hypotheses can be made: (1) a common signalosome
may be recruited upon adhesion to these substrates
(Conche et al., 2009); or (2) adhesion would induce
pulling forces that mediate transient Ca®" influx
through MS Ca®* channels. These Ca®* flickers could
regulate T cell motility, as described for CRAC chan-
nels (Dong etal., 2017), that would optimise immune
surveillance and favour T cell stop on APC when TCR
is triggered by specific pMHC. Thus, engaging LFA-
1 alone under tension — while T cells are crawling
among the dense network of ICAM-1-covered DCs
- could pre-prime T cells by inducing local rise in
intracellular Ca®" derived from membrane stretches
leading to the signalling event described in AITCP
(Conche et al., 2009; Randriamampita et al., 2003).
Yet, once established, it seems that the T cell synapse
is sustained independently of integrin activation at
least in naive CD4™ T cells (Kumari et al., 2020).

Review

Is antigen-induced T cell arrest affected
by the stiffness of APCs?

T cells are known to adapt their behaviour and im-
mune responses to the mechanical properties of their
environment and in particular to the stiffness of APCs
(Hivroz and Saitakis, 2016; Saitakis et al., 2017).
Whether the mechanical properties of APCs impact
the stability of these contacts has not been addressed
so far. Yet, during T cell activation, the loading rate
of pulling forces generated by T cells increases with
the stiffness of target particles (Husson et al., 2011;
Sawicka et al., 2017). T cells also have the abil-
ity to quantitatively respond to substrate rigidity as
shown by their increased capacity to adhere and to
secrete cytokines on stiffer substrates (Judokusumo
et al., 2012). In addition, substrate stiffness mod-
ulates T cell migration and morphological changes
induced by TCR triggering (Saitakis et al., 2017).
Of note, it has been reported that APCs exhibit
distinct mechanical properties that can be modified
by inflammation (Bufi et al., 2015). Thus, it might
be interesting to assess the migratory behaviour of
T cells when encountering different APCs and to
determine whether a correlation exists between the
rigidity of the APC and the capacity of a T cell to fully
Stop.

In cancer immunology, the nature of the interac-
tion between T cells and cancer cells is particularly
important. Cytotoxic T cells usually form stable
contacts with tumour cells, which critically depends
on extracellular Ca®* influx (Deguine et al., 2010).
The formation of a stable synapse was also shown to
enhance the efficiency of target cell lysis by cytotoxic
T cells by confining the release of lytic granules at
the synaptic interface (Beal et al., 2008). A recent
study has focused on the nature of intercellular
interactions within the tumour tissue based on
morphometric aspects (Difaz et al.,, 2018). The
authors performed 3D imaging of biopsy tissue
blocks to determine the balance of synapse/kinapse
present in two distinct histological regions of human
glioma samples, neoplastic versus non-neoplastic.
They found that bona-fide synapses are preferentially
found in stromal areas whereas the frequency of
kinapses was higher in malignant areas. Thus, the
imbalance of synapse/kinapse state between the
stroma and the malignant parenchyma is indicative
of a defective antigen sensing function of T cells
(Dfaz et al., 2018). This impaired ability of T cells
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to efficiently interact with cancer cells may be due
to the presence of surrounding Tregs (Fecci et al.,
2006) as reported in other conditions (Pace et al.,
2012; Tadokoro et al., 2006; Tang et al., 2006); or to
the expression by tumour cells of ligands engaging
co-inhibitory receptors such as PD-1 and/or CTLA-4
(Brunner-Weinzier]l and Rudd, 2018). Alternatively,
defects in mechanosensing could be due to the me-
chanical properties of cancer cells. While the tumour
tissue has been reported to be generally stiffer than
normal tissue (Paszek et al., 2005), several studies
have shown that individual malignant cells are more
compliant than normal cells (Cross et al., 2007;
Swaminathan et al., 2011; Xu et al., 2012). Whether
cancer cell mechanical properties down-modulate
immune recognition by affecting the T cell stop
signal is not known so far. Interestingly, T cell
cytotoxicity (i.e., pore forming activity of perforin) is
potentiated by forces exerted at the immunological
synapse that enable straining of the target cell surface
(Basu et al., 2016). In this context, softer target cells
are less prone to be killed because cell tension actually
potentiates perforin activity. However, the stiffness
of the APC does not control synapse stability, at least
for naive CD4™ T cells (Kumari et al., 2020). The
contribution of stiffness in the stability of synapses
formed by activated/effector T cells remain to be
analysed. Altogether, these studies highlight the
contribution of the mechanical properties of target
cells or APCs on the motility and functionality of
lymphocytes.

Conclusions

Studying the interplay between mechanical forces
and chemical signalling during antigen recognition
by migrating T cells is challenging. This is due, in
part, to the experimental approaches commonly used
in mechanobiology that are not adapted to moving
cells. The recent development of DN A-based tension
sensors and force probes coupled to existing micro-
fabricated set-ups that are specifically designed to
study immune cell migration, in conjunction with
versatile micropatterning instrument could enable
the development of new experimental procedures to
explore the mechanical regulation of important dy-
namic processes such as antigen recognition by mi-
grating T cells.

M. Chabaud and others

Tool box: Experimental designs to
understand the mechanobiology of
antigen-induced T cell arrest

An important challenge to characterise the
mechanobiology of antigen-induced T cell arrest is
to be able to catch the dynamics of forces generated
by T cells. In particular, we need experimental ap-
proaches to determine whether and how these forces
drive the transition from a motile T cell to a static
T cell. A set of experimental designs could allow
such studies in the future. On one hand, the use of
microfabricated channels has enabled to integrate the
migratory behaviour of T cells with antigen recogni-
tion of different pMHC affinities to image cytoskele-
tal remodelling and the redistribution of signalling
molecules (Moreau et al., 2015, 2017). On the other
hand, micropatterning approaches are particularly
well suited to control the area and the positioning of
molecules coated onto various type of surfaces (Théry,
2010). In particular new photo-patterning tools such
as PRIMO that allows ‘printing’ of several molecules
sequentially afford flexibility in pattern design (Strale
et al., 2016). This rapid and flexible photopattern-
ing approach should allow to pattern different zones
within the microfluidic channels. This is not achiev-
able with standard UV patterning or with microcon-
tact printing. We have tested this approach to create
microchannels containing two zones coated with dif-
ferent molecules (Figure 2A). Using these patterned
channels, we can follow a T cell transitioning from
a migratory zone (zone printed with fibronectin) to
an activating zone (zone printed with anti-CD3 anti-
bodies) (Figure 2A). Playing with the coating of the
migratory zone (non-adhesive versus different con-
centration of ICAM-1) should allow to address the
role of AITCP in T cell arrest (Figure 2B). The next
relevant approach would be to coat half of the mi-
crochannels with migratory molecules and the other
half with pMHC coupled to DNA-based force probes
developed by the group of Khalid Salaita (Liu et al.,
2016) and to perform high spatiotemporal imaging
of T cells in this setting (Figure 2C). This would help
to estimate the level of forces generated when a mi-
grating T cell encounters intermediate-affinity anti-
gen giving rise to oscillatory T cells or when facing
high-affinity antigen leading to a fully stopped T cell
(Moreau et al., 2015). Thanks to live cell imaging,
force quantification could be correlated to the level
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Figure 2 | Experimental designs to understand the mechanobiology of antigen-induced T cell arrest

(A) Schematic representation of microfabricated channels made of PDMS (polydimethylsiloxane) and sequentially patterned
using the PRIMO technology (Strale et al., 2016) to create two distinct zones. T cells are then loaded into the microfluidic device
and enter spontaneously inside micro-channels. Once inside a micro-channel, a T cell will encounter the migratory zone coated
with fibronectin until reaching the activation zone coated with anti-CD3 antibodies. (Right) Sequential epifluorescence images
(20x, one image every 30 s) of a Jurkat T cell stained with Hoechst (nucleus staining) migrating along the fibronectin-coated
zone and stopping once encountering the anti-CD3-coated zone (OKT3 coating). Anti-CD3 zone was revealed using anti-mouse
coupled to AlexaFluor546 and imaged every five frames to avoid photobleaching. (B) In order to assess the existence of a
pre-priming of T cell arrest by adhesion as reported for T cell activation (Conche et al., 2009), we propose to coat the ‘migratory
zone’ of the micro-channels with either strong adhesive ligands such as fibronectin or with different concentrations of ICAM-1,
the ligand of the integrin LFA-1. As control, a non-adhesive zone can be obtained by a coating with PLL-g-PEG. (C) To estimate
the level of forces generated when a migrating T cell encounters its antigen, we recommend to coat the ‘activation zone’ with
PMHC covalently bound to DNA-based force sensors (developed by the group of Khalid Salaita (Liu et al.)). (D) In addition,
to determine whether the level of self-generated forces transmitted to the TCR-pMHC bonds impacts the capacity of T cell
to stop, we propose to use pMHC covalently bound to tension gauge tethers (TGT) (Liu et al., 2016). (E) Lastly, we propose
to perform membrane tension measurement while a migrating T cell encounters its antigen by pulling membrane tethers with

optical tweezers.

of intracellular Ca®" increase, a hallmark of T cell
stopping upon antigen recognition (Lewis, 2001).
In parallel, the use of tension gauge tethers (TGT)
would help to discriminate the contribution of forces
versus pMHC affinity in dictating T cell migratory
behaviour (Figure 2D). The TGT offer a way to finely
tuning the maximal forces that can be exerted onto
them. Therefore, coating microchannels with pMHC
coupled to TGT would give insight into the amount
of forces required for T cell to stop. Further docu-
mentation of T cell polarisation — symmetrisation —
as illustrated by actin cytoskeleton remodelling and
MTOC polarisation could be added. In addition, by
combining this two zones microfluidic chip with an
optical tweezer set up, we should be able to follow the
status of plasma membrane tension when a migrating
T cell encounters its cognate pMHC (Figure 2E). It
would require to pull a membrane tether while the
cell is moving forward the activation zone. Taken to-
gether, the combination of microfabrication and dual
coating with DN A-based force probes should be able
to unravel the amount of forces necessary to induce
the transition from a motile T cell to a fully arrested,
synapse-forming T cell.
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