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Résumé

Les particules pseudovirales constituent des plateformes protéiques polyvalentes qui peuvent
étre utilisées comme plateforme vaccinale, principalement en infectiologie. Dans ces travaux
de thése, nous avons utilise des dodécaedres d'adénovirus pour afficher soit des épitopes courts,
soit un antigene tumoral de grande taille. Ces particules non infectieuses mais immunogenes
sont formées pendant le cycle de réplication de I'adénovirus, et ont été modifiées pour créer une
plateforme polyvalente appelée ADDomer (ADenovirus Dodecamer). Récemment, il a été
démontré que des ADDomers affichant un épitope du virus Chikungunya induisaient avec

succes une réponse anti-épitopique chez la souris.

Sur la base de ces résultats, ce projet vise a adapter la plateforme ADDomer afin de développer
un vaccin thérapeutique contre le mélanome. Des ADDomers affichant des épitopes/antigénes
de mélanome ont été produits et caractérisés. Les épitopes peuvent étre directement insérés
génétiquement a I'intérieur des boucles de surface des ADDomers et seront donc affichés a leur
surface. Pour I’affichage d’antigénes, le systéme autocatalytique SpyTag/SpyCatcher a été

adapté afin de fixer de maniére covalente les antigénes sur la surface des ADDomers.

Une fois les ADDomers produits et caractérises, nous avons exploré pour la premiere fois
I'immunogénicité de ces ADDomers et leur impact sur des sous-types de cellules dendritiques
(DC) humaines. Nous avons d'abord démontré que les ADDomers A2L et MelanA (épitope et
antigéne de mélanome humain) présentaient un fort potentiel de stimulation immunitaire des
sous-types de cellules dendritiques humaines (cDC2s, cDC1s, pDCs), qui étaient capables

d'internaliser et de cross présenter 'antigéne tumoral, puis d'amorcer 1’activation de réponses



cellulaires T spécifiques de I'antigene. De plus, afin d’améliorer ’adressage spécifique des

DCs, des ligands spécifiques ont été congus.

Enfin, nous avons évalué la capacité des ADDomers a contrdler la croissance du mélanome
B16-OVA chez la souris. Plusieurs adjuvants ont été testés, montrant ainsi que le Poly I:C était
bien adapté pour géneérer une réponse cellulaire et humorale homogéne contre les épitopes
souhaités. Dans un schéma prophylactique, la vaccination avec les ADDomers présentant des
épitopes d'ovalbumine a entrainé une inhibition totale de la croissance tumorale. De plus, une
stratégie de vaccination thérapeutique a montré un retard dans la croissance de la tumeur greffée
ou son rejet total. Nous avons remarqué au cours de ces expériences que si I'affichage d'épitopes
sur I'ADDomer était suffisant pour empécher la croissance de la tumeur, I'affichage d'antigénes
entiers présente le grand avantage de surmonter la barriere de la restriction allélique permettant

d’obtenir une immunothérapie "préte a 'emploi" applicable a une large population.

Mots clés : particules pseudo-virales, adénovirus, vaccin thérapeutique, mélanome



Abstract

Virus like particles (VLPs) are versatile protein-based platforms which can be used as vaccine
platform mainly in infectiology. In the present work we used adenoviruses dodecahedrons to
display either short epitopes or a large tumor antigen. These non-infectious but immunogenic
structures are formed during the adenovirus replication cycle, and have been modified to create
a versatile platform named ADDomer (ADenovirus Dodecamer). Recently, it has been shown
that ADDomers displaying a Chikungunya virus epitope successfully induced an anti-epitopic

response in mice.

Based on these results, this project aims at adapting the ADDomer platform to develop a cancer
vaccine for melanoma. ADDomers displaying melanoma epitopes/antigens have successfully
been produced and characterized. Epitopes can directly be genetically inserted inside the
ADDomers’ exposed loops and are therefore exposed on the ADDomers’ surface. For antigens,
the autocatalytic system SpyTag/SpyCatcher was adapted in order to covalently fix antigens on

the ADDomers’ surface.

Once the ADDomers were fully produced and characterized, we explored for the first time the
immunogenicity of these ADDomers and their impact on human dendritic cell (DC) subsets’
features. We first demonstrated that A2L/MelA-ADDomers (ADDomers displaying human
melanoma either epitope or antigen) displayed a strong immune-stimulating potential on human
DC subsets (cDC2s, cDC1s, pDCs), which were able to internalize and cross-present tumor
antigen, and subsequently cross-prime antigen-specific T-cell responses. To further limit off-
target effects and enhance DC targeting, we engineered specific ligands to de-target untargeted

cells (epithelial cells) and improve DCs’ addressing.

10



Finally, we evaluated the ADDomers’ ability to control melanoma B16-OVA growth in mice.
A set of adjuvants was screened showing that Poly I:C was well-suited to generate a
homogenous cellular and humoral response against the desired epitopes. In a prophylactic
setting, vaccination with the ADDomers displaying ovalbumin epitopes resulted in a total
inhibition of tumor growth one month after vaccination. Remarkably, a therapeutic vaccination
strategy showed a delay in the grafted tumor growth or its total rejection. Interestingly, if the
‘simple’ epitope display on the ADDomer was sufficient to prevent tumor growth, the improved
engineered platform enabling the display of large antigen represents a tool to overcome the
barrier of immune allele restriction, broadening the immune response, and paving the way to

its potential use in humans as an off-the-shelf vaccine.

Keywords: virus-like-particles, adenoviruses, cancer vaccine, melanoma
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Chapitre | : Introduction

I.  Caracteéristiques du mélanome

Dans cette premiere partie de ce chapitre d’introduction nous allons aborder le mélanome en
commencant par présenter la peau et les mélanocytes, respectivement 1’organe et les cellules
au sein duquel il se développe. Nous nous intéresserons ensuite au développement du mélanome
suite a une exposition aux rayons ultraviolets, puis nous détaillerons les méthodes de
diagnostiques ainsi que les différents types et stades des mélanomes. Nous finirons enfin par
une description de la premiere prise en charge du patient suite au diagnostic avec les traitements

associes. Ces traitements sont ensuite détaillés dans les trois parties suivantes.

Avec un poids moyen de 5kg et une superficie de 2m?, la peau constitue le plus grand organe
du corps humain®. Elle assure de nombreuses fonctions vitales pour 1’organisme. En effet, elle
joue évidement un role de barriere face a I’environnement extérieur (agressions mécaniques,
chimiques, biologiques, rayonnement UV) mais elle assure également de nombreuses fonctions
immunitaires (premiére ligne de défense contre les agressions)?, neurosensorielles®, thermiques

et biochimiques (synthése vitamine D3, conversion testostérone)?.

Structurellement, la peau est divisée en 3 couches : I’épiderme, le derme et I’hypoderme.
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Figure 1: Schéma de la structure de la peau. Schéma issu du site de Dermeal, laboratoire

dermatologique

e L’épiderme
L’épiderme constitue la couche superficielle de la peau. Cette couche en renouvellement rapide
et continu n’est pas vascularisée et doit ainsi compter sur le derme pour se nourrir. L’épiderme
comprend 4 a 5 sous couches cellulaires dans lesquelles on trouve 4 types de cellules : les
kératinocytes, les cellules de Langerhans, les cellules de Merkel et les mélanocytes.

Les cellules les plus abondantes de I’épiderme sont les kératinocytes qui constituent a
eux seuls 80% de 1’épiderme. Ceux-ci sont organises en 4 couches principales (couche cornée,
couche granuleuse, couche épineuse et couche basale) formant ainsi des strates conférant a
1’épiderme son nom d’épiderme stratifi¢®. Les kératinocytes sont produits dans la couche basale
(couche la plus profonde de 1’épiderme) et se différencient au fur et a mesure de leur migration
vers la surface de la peau. Cette migration des kératinocytes depuis la couche basale jusqu’a la
surface de la peau prend environ 30 jours®. La fonction principale des kératinocytes est la
synthese d’une protéine, la kératine qui aide a protéger la peau contre les agressions extérieures.
La kératine se dépose progressivement en superficie et est le constituant principal de la couche

cornée.
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L’épiderme contient également 20% de cellules dendritiques (cellules de Langerhans,
cellules de Merkel et mélanocytes) se présentant sous différentes formes. Les cellules de
Langerhans découvertes en 1868 par le médecin allemand Paul Langerhans, sont des sentinelles
du systéme immunitaire et participent a la premiere ligne de défense de 1’organisme contre les
corps étrangers (virus, bactéries....) ayant pénétrés 1’épiderme®. Les cellules de Merkel, décrites
comme les cellules du toucher par ’histopathologiste allemand Friedrich Merkel en 18757, sont
des prolongations du systeme neuroendocrinien et jouent un important role de
mécanorécepteur®. Ce sont elles qui permettent 1’identification de la forme et la maticre des
objets au contact de la peau.

Enfin les mélanocytes, cellules a 1’origine du développement du mélanome sont responsables
de la production de la mélanine, pigment donnant sa couleur a la peau. Ces cellules clés pour

le développement du mélanome feront I’objet d’une description détaillée dans la partie suivante.

e Lederme
Le derme, couche intermédiaire de la peau se situe sous 1’épiderme. C’est un tissu conjonctif
dense qui confere un réle de soutien a la peau et assure sa solidité. Comme tout tissu conjonctif,
le derme est essentiellement formé de fibroblastes synthétisant et sécrétant du collagéne, de
I’¢lastine, de 1’acide hyaluronique et des glycoprotéines de structure®. Tous ces composants
forment un réseau dense appelé matrice extracellulaire ancrée a 1’épiderme grace a des fibres
de collagéne VII au niveau de la jonction dermo-épidermique. Le derme contient également des
vaisseaux sanguins, des vaisseaux lymphatiques, des terminaisons nerveuses, des follicules
pileux (qui forment la base du poil) ainsi que des glandes sudoripares (produisant la sueur) et
sébacées (produisant le sebum). Tous ces constituants assurent 1’hydratation et la nutrition de

I’épiderme par diffusion a travers la membrane basale.
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e L’hypoderme
L’hypoderme, couche la plus profonde la peau, est un tissu graisseux principalement
constitué¢ d’adipocytes. Ces cellules sont regroupées en amas et sont spécialisées dans le
stockage des graisses sous forme de triglycérides®. Cette couche joue un rdle de stockage

énergétique et permet 1’isolation thermique et la protection mécanique des tissus sous-jacents.

Il existe 2 types de mélanocytes : les mélanocytes épidermiques intercalés entre les cellules de
la couche basale de 1’épiderme et étendant leurs dendrites vers les kératinocytes des couches
basale et épineuse, et les mélanocytes folliculaires localisés dans les follicules pileux®. Les uns
participent a la couleur de la peau, les autres a la couleur des poils et des cheveux. Le nombre
de mélanocytes par mm? est de 2000 ou plus dans la peau exposée du visage et dans la peau du
scrotum ou du prépuce. En revanche sur le reste du corps nous retrouvons entre 1000 a 1500
mélanocytes par mm2. Ce nombre de mélanocytes reste constant quelle que soit la couleur de
peau de I’individu. Un individu a peau sombre ne comporte donc pas plus de mélanocytes qu’un
individu & peau claire®®,

On compte un ratio de 1 mélanocyte pour 36 kératinocytes®!. Le principal role de ces cellules
est de produire la mélanine, pigment naturel de la peau. La mélanine est synthétisée a partir de
I’acide amineé tyrosine dans des organites spécifiques des mélanocytes appelés mélanosomes.
Cette tyrosine est tout d’abord convertie en DOPA, puis en DOPAquinone. Ces 2 réactions sont
catalysées par I’enzyme tyrosinase. Ensuite, 2 composés peuvent étre formeés a partir de la
DOPAgquinone en fonction de la présence ou non de cystéine dans le mélanosome. En I’absence
de cystéine, de lI'indole-5,6-quinone est formé, donnant I'eumélanine, pigment de couleur brun-
noir. En présence de cystéine, de la cystéinyldopa est formée, donnant de la phéomelanine,

pigment de couleur jaune-rougel’. C’est la présence et la quantité de ces 2 types de mélanine et
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non le nombre de mélanocytes qui explique les différences de pigmentation. Les individus a
peau claire synthétisent plus particulierement la phéomélanine tandis ce que les individus a
peau foncée synthétisent plus particuliérement 1’eumélanine. Ces deux pigments participent
ainsi a la couleur de la peau mais ils ne sont pas les seuls. D’autres pigments participent
également a la couleur de la peau comme I’hémoglobine oxygéné (rouge) des capillaires du
derme, I’hémoglobine réduite (bleue) des veinules du derme et enfin les caroténoides

alimentaires (jaune-orange) présents dans le derme et 1’épiderme?.
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s ® Dendrites e .
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Figure 2: Mélanogenése et influence du type de mélanine sur la couleur de la peau. Schéma

réalisé sur BioRender

3) Pouvoir photo-protecteur de la peau et plus particulierement de la mélanine
Les mélanosomes sont transportés grace a des microtubules et des microfilaments vers le bout
des dendrites des mélanocytes. La, ils sont phagocytés par les kératinocytes et la mélanine

(eumélanine ou phéomélanine) est ensuite placée au-dessus du noyau cellulaire des
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kératinocytes, formant ainsi une calotte qui protege le matériel génétique du rayonnement ultra-
violet>?, En effet la mélanine absorbe fortement dans le domaine UV et visible du spectre, ce
qui est a I’origine de sa couleur sombre!® (melanos, sombre en grec). La mélanine absorbe
également les radicaux libres générés dans les cellules par les radiations UV protégeant ainsi
I’ADN des effets nocifs de ces radiations. Les eumélanines ont un pouvoir photo protecteur
environ 1000 fois supérieur a celui des phéomélanines ce qui explique pourquoi les sujets clairs
ont une peau, qui a plus tendance a brdler au soleil, donnant ainsi naissance aux coups de soleil.
La mélanine produite par les mélanocytes joue donc un réle primordial dans la protection de
I’ADN face a I’agression des rayons UV. Par ailleurs, certaines études suggerent que les
caroténoides jouent également un role photo protecteur non négligeable!*. Enfin, 4 a 7% du
rayonnement incident est réfléchi par I’interface air/peau et la couche cornée fournie également
une protection contre les rayonnements UV. En effet, son organisation en feuillets paralleles
entraine une importante diffraction protégeant les cellules sous-jacentes. Cette diffraction
explique pourquoi il est difficile de provoquer un coup de soleil sur les paumes des mains et les
plantes des pieds étant donné la forte épaisseur de 1’épiderme au niveau de ces zones
corporelles. En effet, I’épaisseur de la couche cornée de 1’épiderme est de 80um a 200um sur

les paumes et les plantes des pieds contre 6um a 40um sur le reste du corps.

Comme nous I’avons vu, le rayonnement UV solaire peut entrainer des dommages a I’ADN
dans les cellules de la peau ce qui peut conduire a la formation de tumeurs. Ce rayonnement
endommage également d’autres constituants de la peau comme par exemple les fibres de
collagene ce qui entraine un vieillissement de la peau. Le rayonnement solaire peut étre divisé

en 3 sous catégories : les UVC (<280nm), les UVB (280-315nm) et les UVA (315-400nm)®.
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Les UVC sont hautement cancérigénes mais heureusement ils sont arrétés par la couche d’ozone

atmosphérigque tout comme une partie des UVB (280-290nm).

e LesUVB

Les UVB (290-315nm) représentent seulement 5 a 10% des UV atteignant le sol mais ils
possédent un fort potentiel cancérigéne de par leurs dommages sur I’ADN et leur interférence
avec le systeme immunitaire. En effet, les photons UVB sont directement absorbés par I’ADN
notamment par les bases pyrimidiques (thymine et cytosine). Des réactions photochimiques
sont induites dans ces bases qui, si elles sont situées face a face ou adjacentes, se lient ensemble
de maniére covalente. Cela donne naissance a 2 photo-produits : les dimeres cyclobutane et les
photo-produits (6,4). Ces diméres pyrimidiques entrainent une distorsion de la double hélice
d’ADN ce qui peut donner lieu a des cassures et des arréts de réplication.

Ainsi, chez ’homme une molécule d’ADN peut subir environ 100, 000 modifications par jour
et une heure d’exposition au soleil peut entrainer la formation de 80, 000 diméres de thymine
par cellule®. Heureusement, des mécanismes de réparation de I’ADN existent dans la cellule
afin qu’elle puisse en permanence protéger son génome. Ainsi, lorsqu’un dimére pyrimidique
apparait, le brin d’ADN endommagé est localement excisé, éliminé et resynthétisé a partir du
brin complémentaire par un mécanisme appelé Nucleotide Excision Repair (NER)Y'. Des
dommages trop importants peuvent finalement entrainer un programme de mort cellulaire,
I’apoptose. Cependant, si ces dommages ne sont pas réparés (car trop nombreux, ou
mécanismes de réparation défectueux), I’ADN polymérase insére par défaut une base adénine
en face du dimeére lorsqu’elle rencontre ce type de Iésion qu’elle n’arrive pas a interpréter. Ainsi
dans le cas de dimeres cytosine-cytosine on obtiendra des mutations de type C—T ou CC—TT.
Ces mutations peuvent potentiellement endommager des genes cruciaux, comme les genes

suppresseurs de tumeur (géne p53 par exemple) régulant les divisions cellulaires et 1’apoptose,
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et modifier le comportement des cellules (prolifération, adhésion, mobilité, synthése de
molécules aux propriétés particulieres).

Par ailleurs, une diminution du nombre ainsi qu’une altération de la forme des cellules
de Langerhans ont été observés chez des souris irradiées par des UVB®3. Ainsi en plus
d’endommager I’ADN, les UVB diminuent localement ’activité immunitaire favorisant de ce

fait I’expansion et la multiplication des cellules mutées.

e LesUVA

Enfin les UVA jouent également un réle primordial dans le développement de cancers de la
peau. L’ADN n’absorbe que trés peu les photons UVA mais ceux-ci peuvent provoquer des
dommages indirects sur les composés cellulaires (lipides, protéines...) et extracellulaires
(matrice extracellulaire du derme) en entrainant la création de radicaux libres. Ces radicaux
peuvent aboutir a des cassures dans les brins d’ADN, des réticulations ADN-protéine ainsi que
des dommages dans les bases de I’ADN.

Il est intéressant de noter que les UVA, contrairement aux UVB, ne sont pas arrétés par les
vitres et peuvent provoquer des dommages a travers celles-ci. On peut ainsi observer un
vieillissement asymétrique du visage chez les personnes étant exposées au soleil de maniére
prolongée et toujours du méme c6té sur leur lieu de travail, bien que protégées par une vitre'®.
Plus récemment il a ét€¢ observé qu’une exposition aux UVA via les salons de bronzage

augmenteraient de 75% le risque de développer un mélanome.

Ainsi les rayons UV du soleil provoquent des dommages a I’ADN dans les cellules de la peau

ce qui peut conduire au développement de cancers de la peau comme les carcinomes et les

mélanomes. Dans cette these, nous nous focaliserons sur le développement du mélanome.
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5) Développement du melanome suite a exposition UV
La plupart des mélanomes apparaissent suite a une accumulation de mutations genétiques dans
les mélanocytes de I’épiderme et d’altérations du micro environnement tumoral®®2, En effet,
on observe une surexpression de protéines comme les « matrix metalloproteinases » (MMPS)
et plus particulierement les MMP-2 et 9 (Gélatinases A et B) ou encore les MMP-1,8 et 13
(Collagénases 1,2 et 3). Ces MMPs induisent la dégradation des composants de la matrice
extracellulaire comme le collagéne favorisant ainsi I’infiltration des cellules tumorales a travers
le derme et I’hypoderme jusqu’aux vaisseaux sanguins ou elles vont pouvoir se disperser dans
le reste de 1’organisme?®?22 formant ainsi des tumeurs a distance de la tumeur initiale : des

métastases.

Tous ces évenements se déroulent en plusieurs phases. Ces phases sont caractérisées par le

niveau de Clark qui décrit a quelle profondeur la tumeur a pénétré dans les différentes couches

de la peau.
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Figure 3: Stades d'évolution du mélanome. Schéma issu du site InfoCancer
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Tout d’abord, on assiste a une croissance horizontale de mélanocytes anormaux a partir du
mélanocyte muté initiateur. Ces mélanocytes forment une nappe ou des amas le long de la
membrane basale de 1’épiderme et certains migrent de maniére isolée vers les couches
supérieures de 1I’épiderme. Cette premicre phase est appelée invasion horizontale de I’épiderme
et on parle alors de mélanome in situ. Vient ensuite une seconde phase de croissance, verticale
cette fois, avec envahissement du derme puis une pénétration des vaisseaux sanguins
provoquant in fine des métastases dans des tissus distants. C’est au cours de cette deuxieme
phase de progression verticale dermique que les altérations du microenvironnement tumoral et
en particulier de la matrice extracellulaire se révélent fondamentales. Comme cités
précédemment, la surexpression de MMPs facilite grandement cette progression, mais on peut
également observer une diminution des interactions de contact entre les mélanocytes tumoraux
et leurs voisins kératinocytes (diminution de 1’expression des E-cadhérines et des desmogléines
ainsi que du nombre de jonctions gaps mélanocyte-kératinocyte) ainsi qu’une augmentation des
interactions de contact entre ces mélanocytes tumoraux®® (augmentation de 1’expression des N-
cadhérines, des Mel-CAM et des ALCAM et du nombre de jonctions gaps mélanocyte-
mélanocyte). De plus, on assiste a une modification des interactions paracrines entre les
mélanocytes et les autres cellules aux alentours (kératinocytes, fibroblastes, cellules
endothéliales et surtout les cellules immunitaires). La croissance des mélanocytes devient ainsi
de plus en plus indépendante des facteurs de croissance présents dans le microenvironnement.
Les mélanocytes échappent ainsi au controle des autres cellules®’. Enfin, les molécules
d’adhésion et de communication exprimées a leur surface leur permettent d’interagir avec les
fibroblastes d’une part (N-cadhérines et jonctions Gap) et les cellules endothéliales d’autre part
(N-cadhérines, Mel-Cam, intégrines) permettant ainsi 1’invasion du derme et la pénétration dans
la circulation sanguine®®?®-32. Durant la phase d’invasion verticale on peut observer

histologiquement une destruction de la membrane basale due a la synthése excessive d’enzymes
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protéolytiques comme la collagénase par les cellules tumorales ou par les cellules hotes sous

leur contrdle®.

De maniére générale on classe les mélanomes en 2 grandes catégories : les mélanomes cutanés
se développant sur la peau exposée au soleil et les mélanomes non cutanés ou muqueux se
développant au niveau des muqueuses non exposées au soleil (uvée de I’ceil, tissus muqueux
comme la bouche et tissus acraux comme les paumes de mains, plantes de pieds et ongles). Les
mélanomes cutanés sont beaucoup plus fréquents que les mélanomes muqueux. En effet, les
mélanomes cutanés représentent 91,2% des mélanomes contre moins de 10% pour les
mélanomes muqueux3*%, Les mélanomes muqueux présentent un moins bon pronostic que les
mélanomes cutanés en raison d’un diagnostic tardif de la tumeur primaire, de 1’agressivité des
tumeurs, d’un fort taux de récidive aprés traitement et d’une faible survie globale®"*8,
Cependant un diagnostic post métastatique d’un mélanome cutané ou muqueux conduit a une
survie globale similaire®’. Enfin, il a été observé que les mélanomes cutanés touchaient

préférentiellement les sujets a peaux claires alors que les mélanomes muqueux sont plus

répandus chez les sujets a peaux plus sombres®*4,

Ces 2 grands types de mélanome sont trés différents et se caractérisent par des anomalies
moléculaires différentes. Le mélanome cutané comporte tout d’abord beaucoup plus de
mutations (forte charge tumorale) que le mélanome muqueux. On compte environ 179
mutations pour une tumeur exposee au soleil (mélanome cutané) contre seulement 9 mutations

pour une tumeur non exposée au soleil (mélanome muqueux)*>44,
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Figure 4: Différents sous types de mélanome avec leurs mutations génétiques et traitements

associés. Image tirée de Eddy et Chen 2020%°

a. Les mélanomes cutanés
Les mélanomes cutanés peuvent étre subdivisé en 2 catégories : Mélanomes cutanés induits par
exposition chronique au soleil (« chronically sun induced melanoma » soit CSID) et les
mélanomes cutanés non induits par exposition chronique au soleil (« non-chronically sun
induced melanoma » soit non-CSID). Les mélanomes CSID sont généralement présents chez
les individus de plus de 55 ans et se développent sur le visage, le cou et les extrémités distales
(mains et pieds par exemple)*®. Les mélanomes non-CSID quant & eux sont généralement

présents chez les individus de moins de 55 ans et se développent sur le torse, et les extrémités
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proximales (bras et jambes par exemple)*®. Les anomalies génétiques associées a ces 2 sous
types sont des mutations des génes NF1, NRAS, BRAF (non V600E) et KIT pour les
mélanomes CSID et la mutations BRAF V600E pour les mélanomes non CSID*%8, En plus de
ces 2 grandes catégories CSID et non CSID, on trouve aussi 1 autre catégorie ou sont regroupés

4 sous types génétiques : BRAF, RAS, NF1 et « triple wild type » (Triple WT)*?

Pour le sous type BRAF on retrouve de nombreuses mutations dans le gene BRAF. Da la méme
maniere, on retrouve beaucoup de mutations dans le géne RAS pour le sous type RAS, idem
pour NF1#2, Les mutations de ces 3 sous types entrainent une hyper activation de la voie de
signalisation MAPK, impliquée dans la prolifération cellulaire*?.

Le sous type Triple WT en revanche ne contient de mutations dans aucun de ces 3 genes. On

retrouve cependant des mutations dans les génes GNAQ, GNA11, KIT, CTNNB1 et EZH2,

b. Les mélanomes non cutanés
On distingue 3 grands types de mélanomes non cutanés : les mélanomes muqueux (bouche par
exemple) représentant 1,3% de tous les mélanomes, suivi par les mélanomes acraux (paumes
mains, plantes pieds, ongles) représentant 2 a 3% et les mélanomes uvéaux représentant
5’2%34,35,49.

Il est intéressant de noter que méme si les mélanomes acraux pourraient étre considérés
comme des mélanomes cutanés, leurs profils génétiques ainsi les facteurs de risques se
rapprochent plus des mélanomes non cutanés d’ou leur catégorisation de mélanomes non
cutanés. Ces mélanomes apparaissent souvent chez des personnes a peau sombre. C’est le
mélanome pour lequel le pronostic est le plus mauvais, probablement en raison d’un diagnostic

tardif*®°. Ce sous type se caractérise par une amplification ou délétion de certains génes ainsi
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qu’une faible charge mutationnelle®®*3°!, Les génes mutés associés a ce sous type sont les
suivants : KIT, PDGFRA, BRAF, NRAS, NF1, GNAQ, et le promoteur TERT>*°,

Les mélanomes uveéaux se développent au niveau de 1’ceil notamment chez les
personnes avec des yeux et une peau de couleur claire. lls se caractérisent par une faible charge
mutationnelle ainsi que des pertes ou gains chromosomiques*°%, Les mutations les plus
communes se situent sur les génes CYSLTR2, PLCB4 et GNAQ/GNA11, induisant I’activation
des voies de signalisation de prolifération cellulaire MAPK et PI3K/AKT>"61,

Les mélanomes muqueux quant a eux, se développent a partir de mélanocytes situés
dans les muqueuses des voies gastro-intestinales, urogénitales et respiratoires®?. On retrouve ici
également une faible charge mutationnelle36434483 Certains génes sont amplifiés comme les
genes KIT, CCND1 ou encore CDK436:435564 - q>qutres sont mutés comme les genes BRAF,
NRAS, SF3B1, NF1, KIT, GNAQ, GNA11, TPR, TTN, et PTEN®3% De la méme maniére que
pour les autres mélanomes non cutanés, ces mutations convergent vers une hyperactivation des
voies de signalisation MAPK et PI3K/AKT résultant en la progression du cycle cellulaire ainsi

que des signaux anti apoptotiques®®.

Dans leur développement précoce les mélanomes peuvent étre confondus avec les navi et
nécessitent ainsi des méthodes de diagnostic élaborées. Pour cela des algorithmes de diagnostic
différentiel ont été développés et ont pour but de classer les lésions cutanées entre mélanome
et non mélanome a partir de critéres visuels lors d’un examen clinique a ’ceil nu ou a I’aide

d’un dermoscope.
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Figure 5: (a) observation macroscopique d’un mélanome a extension superficielle. Une

grande partie du rayonnement est réfléchi par la surface de la peau. (b) vue de la méme Iésion

a travers un dermoscope. Les structures de la Iésion sont visibles en profondeur. La bulle sur

le bord droit de la Iésion est une bulle d’air piégée dans le film de liquide placé a la surface de
la peau pour diminuer les réflexions dues a la différence d’indice entre I’air et le stratum

corneum. Image tirée de Braun et al. 2005%°.

L’avantage du mélanome contrairement aux autres cancers est qu’il laisse une trace sur la peau
facilitant ainsi un diagnostic non intrusif.

Comme le formule le Dr Neville Davis "Malignant melanoma writes its message in the skin
with its own ink and it is there for all of us to see. Some see but do not comprehend.”

A ce jour il existe 4 types d’algorithmes différentiels couramment utilisé par les

dermatologues :

e Laregle ABCDE

Elaborée par Friedman et al. en 19857, 1a régle ABCDE est I’algorithme différentiel le plus

utilisé par les dermatologues francais. 1l repose sur une liste de critéres indiquant un mélanome.
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— (A): lésion Asymétrique : contours, couleurs, structures internes asymeétriques. Le
dermoscope peut se révéler d’une aide précieuse en rendant visible des asymétries invisibles a
I’ceil nu.

— (B) : lésion aux Bords irréguliers

—(C) : lesion de Couleur inhomogéne

85% des mélanomes possedent 3 couleurs ou plus, ce qui est le cas de seulement 39% des
naevi't,

— (D) : lésion d’un Diamétre > 6mm

— (E) : lésion présentant une Evolution de sa taille, surface ou couleur

— (F) : Iésion « Funny looking » qui est différentes du reste des navi retrouves sur le patient

A, comme... ...ASYMETRIE

rond, symétrique

B. comme...

réguliers

C., comme...

homogéne

D. comme...

petits < 6 mm

Figure 6: Méthode ABCDEF pour I'identification d'un mélanome. Image issue de la Société

Francaise de Dermatologie
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Les criteres ABCD sont ensuite quantifiés et moyennés pour obtenir le Total Dermatoscopy
Score permettant un diagnostic semi-quantitatif. Un score inférieur a 4.75 indique une lésion

bénigne et un score supérieur a 5.45 indique la présence probable d’un mélanome’?.

e La méthode en 7 points
Cette méthode initiée par Pehamberger et al. en 19877 est basée sur I’analyse des structures
présentes dans la lésion et prend en compte 3 criteres majeurs et 4 critéres mineurs
caractéristiques d’un mélanome’?.
Criteres majeurs :
- réseau pigmentaire irrégulier di a I’invasion des crétes épidermiques par des mélanocytes
malins
- voile blanc-bleu, di a une hypertrophie des couches supérieures de 1’épiderme et a la présence
de mélanine dans le derme
- présence d’une vascularisation atypique
Critéres mineurs :

e Irrégularités de pigmentation, larges zones sombres irrégulierement réparties

e présence irréguliere de stries représentant des amas confluents de cellules pigmentées

au niveau de 1’épiderme ou de la jonction dermoépidermique
e répartition inhomogeéne de points et de globules

e presence de régressions : zones blanches a forme cicatricielle (fibrose) ou bleu-gris.
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Réseau pigmentaire b Stries irréguli

559

éseau vasculaire iC , i Régression

Figure 7: Mélanomes présentant des microstructures caractéristiques permettant de les
identifier grace a la méthode de la liste en 7 points : (a) réseau pigmentaire atypique, et
quelques structures de régressions au centre. (b) voile bleu-blanc et stries radiales irrégulieres.
On peut voir des points et des globules irrégulierement répartis. (c) réseau vasculaire atypique
et irrégulier. On peut voir également des points et des globules irrégulierement répartis. (d)
voile bleu-blanc, points et globules. (e) large structure de régression avec également une

répartition irréguliére de points et de globules. Photos tirées de « Atlas of dermoscopy »*

Un critére majeur + un critére mineur ou un minimum de 3 criteres mineurs indique la présence

d’un mélanome.
Des criteres spécifiques sont utilisés dans le cas de Iésions présentes sur le visage, la paume des

mains et la plante des pieds a cause de la géométrie particuliere de I’épiderme a ces endroits.
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e Laméthode de Menzies
Cette méthode a été établie pour aider les cliniciens peu expérimentés®®. Elle se base sur
I’analyse globale de la Iésion et de ses microstructures et consiste en :
— 2 critéres négatifs (on ne les trouve jamais dans un mélanome) : symeétrie de la Iésion,
présence d’une seule couleur (indiquant ainsi que les mélanocytes sont regroupés au niveau
d’une méme couche)
— 9 critéres positifs (au moins 1 doit étre présent pour diagnostiquer un mélanome) : voile
bleu-blanc, points bruns multiples, 5 ou 6 couleurs, pseudopodes irrégulierement répartis,
rayonnement pigmentaire radial, dépigmentation cicatricielle, globules ou points noirs a

la périphérie, plusieurs points bleus ou gris, réseau pigmentaire élargi.

e L’analyse du patron de la lésion
Enfin cette derniére méthode se base sur de nombreux critéres morphologiques portant sur le
patron global de la Iésion (réticulaire, globulaire, pavimenteux, homogéne, en éclats d’étoile,
parallele, a composantes multiples) et ses microstructures (stries, points, voile bleu-blanc,
régressions, dépigmentation, taches d’encre, patron vasculaire)’.

Ces algorithmes ameénent chacun a des sensibilités (risque de faux négatif) et leur spécificités

(risque de faux positif) différentes comme présenté dans le tableau ci-dessous.

Méthode Sensibilité (faux négatif) Spécificité (faux positif)
Régle ABCDEF 82.6 70.0
Liste de 7 points 83.6 715
Méthode de Menzies 85.7 71.1
Analyse de patron 83.7 83.4

Tableau 1: Sensibilité et spécificité des différentes méthodes de diagnostic du mélanome’
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Les valeurs sont indiquées en pourcentage. Plus le pourcentage est élevé, plus la méthode est

sensible et spécifique, c’est-a-dire moins il y a de chance d’avoir un faux négatif ou faux positif.

Suite au diagnostic du dermatologue, une biopsie de la Iésion maligne est réalisée afin de
confirmer ou réfuter le diagnostic par analyse histopathologique. Le but est également de
déterminer le stade de mélanome c’est-a-dire son eétendue au moment du diagnostic afin de

proposer aux patients le traitement approprié.

Pour déterminer le stade du cancer, les médecins s’appuient sur un systéme international de

classification, le systtme TNM (Tumor Thickness, Nodal Involvment and Metastasis)’®7’.

Pour évaluer le stade du melanome, les médecins prennent en compte plusieurs criteres.

e Les caractéristiques de la tumeur primitive (T)
Son épaisseur
L’épaisseur de la tumeur appelée indice de Breslow, donne une indication du degré d’extension
de la maladie dans les couches de la peau, au moment du diagnostic. Une invasion verticale
profonde du mélanome est associée a une propagation de la maladie et ainsi a un mauvais
pronostic.
Son ulcération
L’ulcération en surface du mélanome donne une information sur 1’étendue de mélanome. En
effet, ’ulcération permet au mélanome de croitre horizontalement et verticalement’® ",

Le nombre de mitoses au mm?2

Le nombre de mitoses renseigne sur la vitesse a laquelle les cellules cancéreuses se divisent.
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Cet examen est effectué uniquement pour les mélanomes d’épaisseur inférieure ou égale a 1
mm.

e La présence de métastases en transit et I’atteinte des ganglions lymphatiques (N)
Les mélanocytes peuvent s’échapper de la tumeur primitive et se disséminer dans les ganglions
lymphatiques, situés a proximité de 1’endroit ou le mélanome est apparu. Ils peuvent ainsi
former des métastases en transit dans les vaisseaux lymphatiques, entre le mélanome primitif
et les ganglions lymphatiques proches et des métastases ganglionnaires lorsqu’ils atteignent les
ganglions.

e La présence de métastases dans le reste du corps (M)

Dans le mélanome, les organes le plus souvent touchés par les métastases sont le poumon, la
peau, le foie, les os et le cerveau®

Tous ces facteurs sont des facteurs pronostiques qui donnent une indication sur
I’évolution possible de la maladie. Ils permettent également de définir le stade du mélanome et
ainsi de choisir les traitements les plus appropriés. Le tableau ci-dessous résume les différents
stades du mélanome ainsi que les traitements qui peuvent étre proposés aux patients en fonction

du stade.

Stade Description Traitement proposés

O (insitu) | Les cellules cancéreuses sont seulement | Chirurgie

présentes sur la couche supérieure de la peau.

1A Diamétre tumoral > 0,8mm et < 1mm
Chirurgie avec
Epaisseur tumorale < 0,8mm
éventuellement traitement
Présence ou non d’ulcération
adjuvant pour éviter des

IB Diametre tumoral > 1mm
récidives
Epaisseur tumorale < 2mm

Pas d’ulcération
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HA Diamétre tumoral > 2mm et < 4mm
Epaisseur tumorale >1mm et < 2mm
Présence ou non d’ulcération
1B Epaisseur tumorale > 2mm et < 4mm +
ulcération
Ou
Epaisseur tumorale > 4mm + sans ulcération
I1C Epaisseur tumorale > 4mm + ulcération
i Métastases dans un ou plusieurs ganglions La chirurgie de la tumeur
proches du site tumoral initial et des ganglions proches de
la tumeur (curage
ganglionnaire) + traitement
adjuvant décidé en RCP
(réunion de consultation
pluridisciplinaire)
v Cancer métastatique avec métastases dans le | La chirurgie des

reste du corps (notamment foie et poumons)

meétastases si accessibles +
traitement médicamenteux

décidé en RCP

Tableau 2: Différents stades du mélanome et traitements associés. Tableau issu de Naik et al.

20218 et du document « Les traitements du mélanome de la peau », Institut National du

Cancer, 2016

38



Il.  Prise en charge « conventionnelle » du mélanome

La chirurgie reste a ce jour le traitement le plus utilisé pour le mélanome peu importe le stade
auquel il est diagnostiqgué. Comme énonce préecédemment, une premiere chirurgie (exérese
diagnostique) est tout d’abord réalisée. Elle permet d’une part la confirmation du diagnostic de
mélanome et d’autre part le retrait de la Iésion dans un but de contréle local de la maladie et de
prévention de la dissémination des cellules mélanocytaires. Cette premiére chirurgie permet
également de rechercher des mutations de certains génes comme les genes BRAF et MEK. Pour
les mélanomes in situ cette chirurgie est considérée comme curative.

Cette exérese peut ensuite étre compléter par une deuxieme chirurgie (exérese élargie) visant a
enlever le reste de la Iésion et éventuellement les ganglions touchés. Cette exérése élargie
consiste a retirer une bande plus ou moins large de tissu sain autour de la cicatrice de la premiéere
exérese afin de limiter les risques de rechute. Cette zone est appelée marge de peau saine ou
marge de sécurité. Dans le cas ou I’exérese du ganglion sentinelle est nécessaire, 1 a 3 ganglions
sont retirés et analysés. En renseignant sur I’envahissement ou non des ganglions, 1’exérése du
ganglion sentinelle permet de préciser le stade du cancer, et donne ainsi une indication
pronostique pour le patient. En effet, le risque de récidive est plus élevé chez les patients dont
le ganglion sentinelle est atteint. Ainsi, si le ganglion sentinelle est envahi, le traitement proposé
comprend, dans la plupart des cas, un curage ganglionnaire, parfois associé a un traitement
adjuvant (traitement médicamenteux ou radiothérapie). Le curage ganglionnaire a pour but de
retirer le plus grand nombre de ganglions lymphatiques de la région drainant la zone ou siégeait
la tumeur. Malheureusement dans certains cas (environ 20%) le patient peut tout de méme

rechuter ce qui est associé & un mauvais pronostique®?.
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- L’exérése des ganglions sentinelles

ganglions
lymphatiques

colorant
radioactif

mélanome

ganglions
CEEIE

sonde l
Q.

ganglions
sentinelles
retirés

Figure 8: Exérese des ganglions sentinelles. Illustration issue du document « Les traitements

du mélanome de la peau », Institut National du Cancer, 2016

2) Radiothérapie
Un autre traitement également utilisé en thérapie du mélanome est la radiothérapie.
Historiqguement, le mélanome a toujours été considéré comme étant une tumeur résistante aux
radiations a cause de solides mécanismes intrinseques de réparation des dommages causés a

I'ADN®. Cependant, sous certaines conditions (chirurgie non possible, soins palliatifs,
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irradiation au niveau du site d’exérése de la tumeur et/ou des ganglions) la radiothérapie peut
étre utilisée pour traiter le mélanome®84,

Il a été non seulement montré que I’irradiation parvenait a tuer les mélanomes ciblés mais
induisait également un effet anti tumoral systémique affectant les métastases non ciblées par
I’irradiation. Cette capacité des rayonnements localisés a déclencher un effet anti-tumoral

systémique est appelé effet abscopal et il a été caractérisé dans de nombreux cancers®>®,

La chimiothérapie reste a ce jour encore utilisée pour le traitement du mélanome malgré une
efficacite limitée. Les deux chimiothérapies utilisées pour le traitement du mélanome sont les
suivantes :

e La Dacarbazine (DTIC)
Cet agent alkylant a été approuvé en 1975 pour le traitement du mélanome, cependant, comme
la plupart des chimiothérapies, ce traitement n’est pas spécifique et de ce fait endommage
beaucoup les cellules saines du patient. De plus, de nombreux essais cliniques ont reporté
I’efficacité modeste de cet agent pour le traitement du mélanome. Il reste cependant 1’un des
principaux traitements de premiére ligne pour le mélanome métastatique®’.

e Le Temozolomide
Ce traitement est considéré comme un analogue de la dacarbazine mais il a le gros avantage
d’étre administrable par voie orale. Il est donc particulierement étudié. De plus, le
temozolomide peut atteindre le systeme nerveux central ce qui représente un point crucial pour
le traitement du mélanome avancé, le cerveau étant un des sites de métastases les plus

courants®’.
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Les thérapies ciblées ont révolutionné la pris en charge du mélanome en 2011 lorsque les
premiers agents ont été approuveés. On retrouve a ce jour 2 grandes classes de thérapies ciblées :
les inhibiteurs de BRAF et les inhibiteurs de MEK.

e Lesinhibiteurs de BRAF
BRAF étant I'oncogéne le plus fréquemment muté dans le mélanome®, ses inhibiteurs ont
donné des résultats prometteurs dans plusieurs essais cliniques, avec une régression rapide des
métastases et des réponses positives chez 50 & 60 % des patients atteints de mélanome®’ %, Le
premier médicament ayant €té approuvé pour le mélanome est le vémurafénib, une molécule
inhibitrice sélective du BRAF mutant V600%8. La mutation activatrice BRAF V600E est
responsable de I'hyperactivation de la voie MAPK entrainant une prolifération des cellules
cancéreuses. Le vémurafénib inhibe I'activité kinase responsable de I'hyperactivation de cette
voie®®®2, Dans un essai clinique de phase 111 (BRIM3), le vemurafenib a montré un taux de
réponse objective (ORR) de 48% contre 5% pour la dacarbazine, et une survie médiane sans
progression (PFS) de 5,3 mois contre 1,6 mois pour la dacarbazine® %,
Un deuxiéme inhibiteur de BRAF, le dabrafenib, a été approuvé peu de temps apres et montre
également des résultats prometteurs®. En termes de toxicités pour ces agents nous retrouvons
des éruptions cutanées, de I’arthralgie, de la fatigue, de la fievre (pour le dabrafenib
uniquement) et de la photosensibilité (uniqguement pour le vemurafenib). On observe également
le développement de lésions cutanées secondaires non mélaniques, telles que le carcinome
spinocellulaire®*%,

e Les inhibiteurs de MEK
La deuxiéme classe de thérapies ciblées sont les inhibiteurs de MEK. Leur développement a été
initié lorsqu’il a été découvert que la signalisation de BRAF dépendait de I'activation en aval

de MEK1/288,
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Le trametinib appartient a cette nouvelle classe de thérapies ciblées et a montré des résultats
prometteurs lors d’un essai clinique de phase 111 (METRIC) dans les mélanomes BRAF mutes
V600E/K avancés ou métastatiques. Lors de cet essai, une PFS (« Progression Free Survival »
soit survie sans progression) mediane de 4,9 mois dans le groupe trametinib contre 1,5 mois
dans le groupe chimiothérapie a été observé. La plupart des patients (65 %) du groupe
chimiothérapie sont rapidement passés dans le groupe trametinib. Aucun événement indésirable

inattendu n'a été signalé®’.

L'association d'inhibiteurs de BRAF et de MEK est désormais devenue un des traitements
standard des mélanomes avancés comportant la mutation BRAF V600%8%, Des données
suggerent que chez les patients présentant un BRAF muté, I'association d'inhibiteurs de BRAF
et de MEK apporte un plus grand bénéfice et retarde le développement de résistance®® 1%,
Récemment, de nouvelles combinaisons d'inhibiteurs de BRAF et de MEK ont été approuvées
pour leur utilisation dans le mélanome malin, comme I’inhibiteur de BRAF, encorafenib, et les

inhibiteurs de MEK, cobimetinib et binimetinib0-104

Les inhibiteurs de KIT, une tyrosine kinase, sont également une thérapie ciblée utilisée pour
le traitement du mélanome. Les mutations et amplifications de KIT sont observées chez moins
de 7 % des patients atteints de mélanomes cutanés et chez environ 40 % des patients atteints de
mélanomes mugueux et acraux®>1%, KIT est une tyrosine kinase clé qui lorsqu'elle est mutée
ou stimulée par la liaison du facteur des cellules souches (SCF), active les voies MAPK et
PI3K/AKT entrainant la prolifération des cellules cancéreuses!®.

Les patients atteints de mélanome peuvent bénéficier des inhibiteurs imatinib et nilotinib,
uniquement aprés une stratification basée sur leur statut mutationnel de KIT%. En effet, les

amplifications de KIT, a la différence des mutations de KIT, ne conferent pas de sensibilité a
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ces inhibiteurs!®1%, par ailleurs il a été démontré que suivant le sous-type de mélanome, KIT

pouvait agir comme un oncogéne ou un suppresseur de tumeur!10t1
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Figure 9: Impact de I’altération, en cas de cancer, des voies de signalisation impliquant

BRAF, MEK et KIT. Schéma issu de S. Mourah, C. Lebbé!12

Malheureusement, comme tous les traitements, les patients recevant des inhibiteurs de BRAF
et de MEK finissent par développer une résistance et leur maladie progresse, en raison de
mécanismes de résistance acquis et intrinseques a la tumeur. Ces traitements ont été utilisées

pendant des années, avant de s'orienter vers de nouvelles stratégies tres prometteuses
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1. Les immunothérapies

Depuis une dizaine d’années, on assiste a un véritable essor des immunothérapies dans la prise
en charge de nombreux cancers. Le mélanome fut I'un des premiers cancers ou les
immunothérapies (anticorps bloqueurs) ont montré un réel bénéfice clinique a long terme.

De maniére générale, les immunothérapies telles que le blocage des points de controle
immunitaire et la thérapie cellulaire adoptive, ont montré une réponse anti-tumorale
remarquable, correspondant & une survie durable a long terme, mais malheureusement tous les

patients n'ont pas répondu a ces thérapies™>*4,

Le fait que tous les patients ne parviennent pas a bénéficier de ces thérapies suggere qu'une
meilleure classification des patients, basée sur leurs caractéristiques, leurs biomarqueurs

moléculaires et le sous-type de mélanome, est nécessaire pour améliorer les taux de réponse.

Par ailleurs, suite a I’utilisation de ces nouvelles immunothérapies, les critéres d'évaluation de
la réponse dans les tumeurs solides (criteres RECIST), initialement développés pour déterminer
de maniere impartiale la réponse de la tumeur aux agents cytotoxiques, ont été modifiés.

Ces nouvelles directives, connues sous le nom de criteres RECIST immunologiques (iIRECIST)
ont pour but prendre en compte les caractéristiques de ces nouvelles thérapies et plus
particulierement le retard de la réponse immunitaire adaptative anti-tumorale associé a ces
thérapies. Ces nouveaux critéres aident les cliniciens de plusieurs centres a concevoir et a gérer
de maniére cohérente les données d'immunothérapies, afin de garantir une analyse ainsi qu’une

interprétation précise de leur efficacité!*>117,
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1) Les inhibiteurs de points de contréles immunitaires

a. Les points de controle immunitaires (« immune checkpoints »)
Les deux points de contrdle immunitaire les plus étudiés en immunothérapie sont I'antigéne 4
des lymphocytes T cytotoxiques (CTLA-4) et la protéine 1 de mort cellulaire programmée (PD-
1). En temps normal, ces molécules régulent le systéme immunitaire afin d’éviter une
suractivation lors d’infections réduisant ainsi le risque de développement d’une maladie auto-
immune!!8-120,

e CTLA-A4
CTLA-4 est un récepteur et un membre de la superfamille des immunoglobulines CD28:B7 que
I’on retrouve a la surface des cellules T effectrices et des cellules Treg. Sa fonction est de
réguler l'intensité de I'activation de ces cellules.
En effet, lorsque les cellules T CD8+ interagissent avec les cellules dendritiques au sein des
ganglions lymphatiques, 2 signaux sont nécessaires pour une activation correcte des cellules T
- I'interaction du TCR avec le complexe CMH/peptide présent sur les cellules dendritiques et le
signal secondaire de CD28 sur les cellules T, qui se lie a CD80/CD86 sur les cellules

dendritiques*?®.

complexe majeur
d'histocompatibilité

MHC
TCR

récepteur

CD80/86 CD80/86 =B7.1/B7.2

ligands

CTLA-4

costimulation négative

0028 lymphocyte T
costimulation positive I
activation compléte inhibition
Apoptosis Proliferation Cell-cycle arrest
Anergy Differentiation

Effector function

Source: Alegre et coll. Nature Reviews Immunology 2001;1:220-228

Figure 10: Regulation des lymphocytes T par CD28 et CTLA-4
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En effet, au moment de I’activation des lymphocytes T par les cellules présentatrices
d’antigénes (cellules dendritiques par exemple) le CD28 du lymphocyte T se lie au CD80/CD86
de la cellule dendritique. Ce signal de costimulation déclenche I'expansion des cellules T. Le
CTLA-4 peut également se lier CD80/CD86 avec une plus grande affinité que le CD28, inhibant
ainsi la signalisation TCR en aval et entravant la fonction des cellules T CD8+2%7124 Cela
permet de réguler la réponse immunitaire et ainsi d’éviter un emballement de celle-ci. Dans les
tumeurs, le CTLA-4 est surexprimé pour supprimer l'activation des cellules immunitaires qui

auraient pu réussir a atteindre le site de la tumeur (lymphocytes infiltrant la tumeur - TIL)!?,

e PD-1
PD-1 est également un récepteur inhibiteur comme CTLA-4. Il est exprimé sur les lymphocytes
T et B activés, les Tregs ainsi que les cellules NK et exerce sa fonction une fois qu'il est lié a
ses deux ligands, PD-L1 et PD-L2. Le ligand PD-L1 est exprimé sur les cellules dendritiques,
les macrophages et les lymphocytes B. Dans les tumeurs, le ligand PD-L1 présent a la surface
des cellule cancéreuses permet d’inhiber ’activation et la fonction des cellules immunitaires

(lymphocytes T notamment) qui auraient pu réussir a atteindre le site de la tumeur?,

Cellule cancéreuse Lymphocyte T Cellule dendritique

B7.1/ B7.2 =
CD80/86

S 1

Points de contréle Points de contréle
immunitaires immunitaires

Inhibition du lymphocyte T
- tumeur non reconnue pas systéme immunitaire > prolifération de la tumeur

Figure 11: Réle des points de contrdles immunitaires PD-L1 et CTLA-4 dans un contexte

tumoral. Schéma réalisé sur BioRender.
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Ces 2 récepteurs font partie de la famille des points de contréle immunitaires comme ils régulent
le systeme immunitaire. Ces dernieres années, ils ont servi de cible au développement
d’anticorps se liant a ses récepteurs permettant ainsi la réactivation des cellules immunitaires

dans les tumeurs par levée de 1’inhibition.

b. Les anticorps blogueurs des points de contréle immunitaires

e L’Ipilimumab : anticorps anti CTLA-4
Le premier anticorps développé, dirigé contre les points de contrdles immunitaires est
I’ipilimumab.
L'ipilimumab se lie a CTLA-4 sur les cellules T, ce qui inhibe sa capacité a se lier a
CDB80/CD86, et permet I'expansion d'un répertoire de cellules T CD8+ cytotoxiques anti-
tumorales spécifiques de I'antigéne ainsi que des cellules T CD4+. Il en découle une meilleure
réponse immunitaire anti-tumorale!?-12%, De maniére intéressante, il a été montré que la partie
Fc de I'anticorps ipilimumab pouvait épuiser les Tregs dans le microenvironnement tumoral, en
activant les macrophages exprimant le Fcy, amplifiant ainsi la réponse immunitaire

antitumorale30-132,

L’ipilimumab a obtenu l'autorisation de la FDA pour le traitement du mélanome apres une série
d'essais cliniques de phase 11 (CA184-002 en monotherapie, CA184-024 en association avec
la dacarbazine). Le taux de survie a cing ans était de 18,2 % pour les patients traités par anti-
CTLA-4 + dacarbazine contre 8,8 % pour les patients traités par placebo + dacarbazine (CA184-
024, NCT00324155)'%. La toxicité associée a l'ipilimumab comprend de forts effets
secondaires liés au systeme immunitaire tels que la dermatite, la colite, la diarrhée et, plus

rarement, I'népatite, l'uvéite et I'nypophysite*®.
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En France, I’ipilimumab est actuellement accessible uniquement en combinaison avec le

nivolumab mais n’est plus utilisé en monothérapie.

e Le pembrolizumab et le nivolumab : anticorps anti PD1
Apres la preuve de concept de l'ipilimumab, démontrant qu'un blocage des points de controle
pouvait réellement étre une stratégie efficace pour traiter le mélanome, le pembrolizumab et le
nivolumab dirigés contre le PD1 ont été étudiés. L'essai clinique de phase Ill a rapporté une
survie globale médiane qui n'a pas été atteinte dans le groupe nivolumab + ipilimumab et qui
était de 37,6 mois dans le groupe nivolumab, contre 19,9 mois dans le groupe ipilimumab. Le
taux de survie globale a 3 ans était de 58 % dans le groupe nivolumab + ipilimumab et de 52 %

dans le groupe nivolumab, contre 34 % dans le groupe ipilimumab (NCT01844505)88136-138

e L’atezolizumab: anticorps anti PD-L1
L’atezolizumab, un anticorps anti PD-L1 est également exploré en ce moment dans de
nombreux essais cliniques®3,
Cet anticorps se révele intéressant a étudier car il a été démontré que les anticorps bloquant PD-
L1 avaient une efficacité plus élevée pour bloquer la signalisation PD-1/PD-L1 que les
anticorps PD1, démontrant ainsi et que le pembrolizumab était plus puissant que le

nivolumab4°,
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Figure 12: Action des anticorps blogueurs. Schéma réalisé sur BioRender.

e Autres cibles et anticorps bloqueurs associés actuellement a étude
Le succés des résultats obtenus avec les anti-PD1 et les anti-CTLA4 ont motivé le
développement des recherches autour d’autres points de contr6le immunitaire. Le tableau ci-

dessous présente quelques-unes de ces cibles.

Déverrouillage de freins | Induction de stimulation | Facteurs solubles Autres
LAG3 41BB Anti TNFa Anti intégrine a4B7
TIM3 GITR Inhibiteur de IDO Anti RANKL
TIGIT CD40 Axe A2AR/CD73 Anti VEGF
B7H3 0X40 Ganglioside

Tableau 3: Autres molécules ciblées dans les essais en développement
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Devant les résultats tres prometteurs de thérapies ciblées et d’immunothérapie, la tendance
actuelle est de combiner ces deux approches. La triple combinaison d'atezolizumab, de
vemurafenib (inhibiteur de BRAF V600E) et de cobimetnib (inhibiteur de MEK) a ainsi été
approuvee par la FDA comme traitement de premiére ligne du mélanome BRAF V600 non

résécable ou métastatique*.

c. Biomarqueurs prédictifs de bonne réponse a I’immunothérapie par anticorps

bloqueurs
L'identification de biomarqueurs chez les patients est devenue primordiale de nos jours afin de
prédire la réponse au traitement et les résultats en matiére de surviel?, Cette identification a
pour but d’aider les cliniciens dans leur choix de traitement afin d’administrer a chaque patient

un traitement qui lui est le plus approprié en termes de survie, d’effets secondaires etc...

11 est également primordial d’identifier de maniére précise quels patients sont susceptibles de
répondre a un traitement donné et lesquels ne le sont pas. Cela permet non seulement
d'améliorer la qualité de vie des patients mais aussi de réduire la charge financiere des patients
qui ne répondent pas au traitement.

Différents biomarqueurs ont été étudiés dans le mélanome :

o L’A4ge et le sexe
Une méta-analyse regroupant des essais cliniques impliquant des anticorps bloqueurs a montré
un bénéfice clinique plus important chez les hommes que chez les femmes atteints de
mélanome!*3, Cette différence s’expliquerait par des différences entre les sexes au niveau des

marqueurs moléculaires comme la charge mutationnelle de la tumeur, ’expression de néo
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antigenes, I'expression de PD-L1 et enfin le ratio entre cellules immunitaires anti et pro-

tumorales'*3.

De plus, une meilleure présentation antigénique a été observée sur les cellules tumorales des
patients agés et des hommes que sur celles des jeunes patients et les femmes, entrainant ainsi
une meilleure détection du systeme immunitaire et une meilleure réponse aux anticorps

bloqueurs#,

e L’expression de PD-L1

Ces dernieres années, la stratification des patients atteints de mélanome sur la base de
I'expression de PD-L1 sur leurs cellules tumorales et immunitaires est devenue cruciale pour
identifier les répondeurs aux thérapies anti-PD-1/anti-PD-L1. En effet, les patients traités par
anti-PD-1 qui présentent des mélanomes PD-L1 positifs ont des taux de réponse de 50 a 60 %.
Leur survie est meilleure que celle des mélanomes PD-L1 négatifs, dont les taux de réponse
sont de 10 a 20 %147, Cette méme tendance a été observée chez les patients traités par
atezolizumab, un anticorps anti-PD-L1. Cependant, certains patients présentant des tumeurs
PD-L1-positives ne répondent pas au traitement anti-PD-1, alors que d'autres patients
présentant des tumeurs PD-L1-négatives répondent au traitement, ce qui suggere que d'autres
facteurs interviennent dans les réponses au traitement43:149,

Par ailleurs, méme si PD-L1 semble é&tre un bon marqueur prédictif de reponse, il ne convient
pas de I'utiliser seul. En effet, c’est un biomarqueur dynamique et son expression peut varier
en fonction du traitement administré, de la localisation (différents niveaux d’expression entre
une tumeur primaire et métastatique et méme au sein d’'une méme tumeur) mais également du

temps (différents niveaux d’expression au méme endroit mais a deux instants donnés)*4°1*,
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e Charge mutationnelle de la tumeur

Il a été observé dans plusieurs cancers dont le mélanome que la charge mutationnelle de la
tumeur pouvait jouer un role dans la réponse au traitement. Cela s’explique par le fait que les
tumeurs ayant une charge mutationnelle élevée, c’est-a-dire comprenant de nombreuses
mutations, ont plus de chances de présenter des néo épitopes favorisant ainsi la réponse
immunitaire antitumorale®®1°2,

Dans le mélanome, il a été constaté que les patients présentant un taux de mutation tumorale
élevé avaient une meilleure survie suite aux thérapies anti-PD-1/anti-PD-L1. Cependant,

certains patients présentant cette forte charge mutationnelle n'ont pas répondu®14,

e Présence et quantité de cellules immunitaires pro et anti tumorales
La présence ou non de cellules immunitaires dans la tumeur est fortement liée a la charge
mutationnelle de la tumeur. En effet, plus la tumeur présente des mutations et par conséquent
des néo épitopes plus la probabilité qu’elle soit reconnue par le systéme immunitaire est forte.
Certains auteurs'® ont méme proposé I’existence de mutations spécifiques qui rendent une
tumeur plus réactive a la thérapie par points de contréle immunitaires, ce qu’ils définissent
comme le " seuil de mutation activant les points de contr6le immunitaires (iCAM) ". Ainsi on
observe une augmentation de I’infiltration immunitaire (lymphocytes T CD8+ notamment) dans
les tumeurs iICAM positives qui est corrélé a une meilleure réponse au traitement par points de
contrbles immunitaires (anti-PD-1/anti-CTLA-4). Cette tumeur infiltrée est donc décrite

comme « chaude » contrairement aux tumeurs non infiltrées « froides ».

e Le microbiote intestinal
L’¢étude du microbiote et notamment le microbiote intestinal est un domaine qui s’est

extrémement développé ces derniéres années. De nombreux chercheurs partout dans le monde
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tentent de comprendre son implication dans le cancer et de découvrir les bactéries favorisants

ou non le développement de cancers ou la réponse aux thérapies anticancéreuses*¢1%8,

e Le type de mélanome

Comme décrit précédemment dans ce chapitre, il existe plusieurs types de mélanome qui
présentent chacun des charges mutationnelles tumorales, une expression de PD-L1 et des micro-
environnements distincts. Ces différences influent donc sur la réponse aux anticorps bloqueurs.
Ces sous-types peuvent étre divisés en 2 grandes catégories : les mélanomes cutanés (CSID et
non-CSID) avec une charge mutationnelle élevée, et les mélanomes non cutanés (melanome
acral, muqueux et uvéal) qui présentent quant a eux une charge mutationnelle plus faible.

Ainsi il a été observé que le mélanome cutané présente de meilleurs taux de réponse aux

traitements par blocage des points de contréle immunitaires que le mélanome non cutané>®1°%-

161

Biomarkers for Inmune Checkpoint

Blockade Therapy
I
Age and Sex High Tumor Density of anti- PD-L1 Expression Melanoma Subtype
Better Mutational Burden/ tumor and pro-tumor ; Better
Response Neoantigen Load immune cells somon. Response
> >1% Cutaneous Non-Cutaneous
Melanoma Melanoma
PD-L1

Better
Response

6] 4]
Figure 13: Recapitulatif des biomarqueurs prédictifs pour un traitement par anticorps

bloqueurs. Figure issue de Eddy et Chen, 2020%

La mise en évidence de ces biomarqueurs a permis de mieux guider les cliniciens dans leur

choix de traitement et ainsi permettre aux patients d’obtenir le traitement ayant le plus de chance
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de succes thérapeutique. Cependant, ces biomarqueurs sont loin d’étre suffisants et comme
décrit précédemment, des patients présentant des biomarqueurs en faveur d’un traitement par

anticorps bloqueurs (expression de PD-L1) n’ont pas répondu et vice versa.

Idéalement, une caractérisation complete de la tumeur (charge mutationnelle, présence de
cellules immunitaires/métabolites inhibiteurs/inhibiteurs solubles, expression de points de
controdle...) serait nécessaire afin de dicter le choix de traitement le plus approprié pour le
patient. Malheureusement cette caractérisation est trés difficile car la composition de la tumeur
peut varier d’une région a I’autre d’'une méme tumeur, entre 2 tumeurs du méme patient et
méme sur la méme zone d’une tumeur a 2 instants donnés. De plus, ces caractérisations ont un
colt non négligeable et de ce fait ne sont pas disponibles dans tous les centres de soins. Des
solutions alternatives sont actuellement en développement comme les biopsies liquides,
permettant la capture de cellules cancéreuse circulantes, ainsi que le PET scan (immuno-
positron-emission tomography en anglais) rendant possible la visualisation des lymphocytes T

dans la tumeur.

Il existe a ce jour 3 types de thérapies adoptives par cellules T : la thérapie par lymphocytes
infiltrant la tumeur (TIL), la thérapie par TCR modifié et la thérapie par récepteur antigénique
chimérique (CAR)62,

Ces therapies différent Iégérement les unes des autres, mais leur objectif principal est de
renforcer la cytotoxicité des cellules T cytotoxiques (ainsi que d'autres cellules immunitaires)

ex vivo, puis de les réinjecter aux patients pour induire une régression tumorale'62163,
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Figure 14: Schéma des différentes thérapies de transfert adoptif de lymphocytes T

(ACT=Adoptive Cell Transfer). Schéma issu de Rohaan et al.*64

a. Lathérapie par lymphocytes infiltrant la tumeur (TIL)
Cette premiere thérapie constitue la base des 2 autres (thérapie par TCR modifiés et thérapie
CAR)®. Elle nécessite tout d’abord I'isolement de lymphocytes infiltrant la tumeur (TIL) a
partir de tumeurs excisées, puis, la vérification de la capacité de ces TIL a induire une réponse
immunitaire antitumorale®>1%, Les TIL isolés sont ensuite multipliés grace a de I'lL-2, puis
réinjectés avec de I’'IL-2 a des patients dépourvus de lymphocytes!62167.168 | e traitement par
IL-2, associé a la thérapie par TIL, favorise la persistance des TIL réintroduits chez les patients,
ainsi que les capacités cytotoxiques des cellules T CD8 + et des cellules NK antitumorales®®®.

La thérapie TIL chez les patients atteints de mélanome métastatique a montré des taux de
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réponse remarquables supérieurs a 50%, avec 22% de patients présentant une rémission
complétet®7:168,

Cette thérapie présente cependant des inconvénients. En effet, les tumeurs doivent étre
résécables et contenir des TILs qui pourront étre isolés et amplifiés. Ce traitement lourd est
souvent accompagné de forts effets secondaires. De plus, le temps d’amplification des
lymphocytes peut parfois étre long ce qui sous-entend que le patient doit étre dans un état

géneral relativement bon pour recevoir ce type de traitement.
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Figure 15: Schéma du protocole d'expansion des TILs du prélévement a la réinjection chez le

patient. Schéma issu de Kumar et al.*’®
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b. La thérapie par TCR modifiés

Nous avons vu précédemment que I’isolement et la disponibilité des TIL constituaient des
obstacles a I’utilisation de la thérapie par lymphocytes infiltrant la tumeur. Pour surmonter ces
obstacles la thérapie par TCR modifié a été développée.

Cette thérapie utilise des cellules T isolées chez un patient qui sont ensuite modifiées
génétiquement afin qu'elles expriment un TCR spécifiqgue d’un complexe CMH-I1/peptide
tumoral [431]. Une fois modifiées, ces cellules sont multipliées et réinjectées aux patients [432].
Cette thérapie dépend donc de I’identification d’un peptide tumoral via le CMH-I a la surface
des cellules cancéreuses. Malheureusement dans le mélanome, comme dans beaucoup d’autres
cancers, non seulement le CMH-I est souvent régulé a la baisse, ce qui rend difficile cette
identification mais aussi 1’effet anti-tumoral des lymphocytes T réinjectés est en général
moindre!*172 e taux de réponse a une thérapie TCR modifiée est de ce fait assez faible
(seulement 13 %),

Pour surmonter ce probléme, la thérapie CAR a été développée pour contourner les barriéres
imposées par I'expression du CMH 1 a la surface de la tumeur et permettre aux cellules T de se

lier directement aux antigénes de surface de la tumeur®2,

c. Lathérapie par récepteur antigénique chimérique (CAR-T)
Cette thérapie repose sur 1’insertion d’un récepteur antigénique chimérique (CAR) a surface
des cellules T. Ce récepteur est concu grace a la fusion du domaine spécifique de I’antigéne
d'un anticorps monoclonal (scFv), a un domaine transmembranaire se liant aux composants
intracellulaires du TCR, ainsi qu’a des molécules de costimulation nécessaires a I'activation des

cellules T162174,
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Figure 16: Schéma d'un récepteur CAR. Schéma issu de Catros, 201917

Ce récepteur de fusion permet aux cellules T de reconnaitre les antigénes tumoraux a la surface
de la tumeur, indépendamment de la liaison avec le CMH, ce qui permet aux cellules T CAR

d'éliminer les cellules cancéreuses y compris celles régulant a la baisse leur CMH-1162174,
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— —
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— :
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Figure 17: Schéma des mécanismes d’activation des lymphocytes T d’une part et des CAR T
d’autre part. Schéma issu d’un cours de DIU « Immunologie et Immunothérapies des

Cancers » 2022
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La thérapie par cellules T CAR s'est avérée remarquablement efficace pour traiter les patients
atteints de tumeurs malignes a cellules B comme la leucémie lymphoblastique aigué a
lymphocytes B, le lymphome B et le myélome plasmocytaire. Cependant, pour les tumeurs
solides comme le mélanome, elle s'est heurtée a de faibles taux de reponse (19 % pour les CAR
ciblant la gp100 et 30 % pour les CAR ciblant la DMF5) ainsi qu’a des fortes toxicités associées
a la destruction des mélanocytes normaux'®>18, Cette thérapie présente malheureusement elle
aussi les inconvénients des thérapies précédentes a savoir le temps nécessaire au
développement des cellules T CAR a partir des cellules T d'un patient, le col(t et les

toxicitést62177,

Tout comme pour les autres thérapies, la compréhension de la thérapie cellulaire T adoptive
s’est améliorée au fur et a mesure de son utilisation. Notamment, il est maintenant possible
d’identifier des biomarqueurs pronostiques pouvant prédire si le patient a des chances de
répondre ou non au traitement administré et s’il a des chances de développer des résistances.

Il a été montré par exemple que les patients atteints de mélanome métastatique n’ayant pas
répondu aux traitements antérieurs présentaient une meilleure survie a la thérapie cellulaire T
adoptive s'ils avaient une charge mutationnelle tumorale et une charge en néo antigenes

élevéest’®,

Certains auteurs* suggérent que les mélanomes non cutanés, avec une faible charge
mutationnelle tumorale, une faible charge en néo-antigéne et exprimant des niveaux plus élevés
en antigénes associés au mélanome (gp100, MART1, tyrosinase, et TRP-1) seraient homogenes
au niveau intra tumoral, ce qui les rendrait plus susceptibles d'étre éliminées par des cellules T
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CAR spécifiques d'un antigene. Au contraire le mélanome cutané, présentant une charge en néo
antigenes plus élevée aurait une hétérogénéité intra tumorale plus importante, ce qui le rendrait

insensible a un seul type de cellules CAR T spécifiques de l'antigéne.

Les profils distincts des sous-types de mélanome suggereraient donc que le mélanome cutané
pourrait plus bénéficier d'une thérapie par blocage des points de contrdle immunitaires, tandis
que le mélanome non cutané bénéficierait plus d'une thérapie cellulaire adoptive.

Cependant, comme évoqué précédemment, ces biomarqueurs prédictifs ne sont pas toujours

fiables mais ils aident les médecins lors de la prise en charge du patient.
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Figure 18: Resume des biomarqueurs en faveur soit d'un traitement par anticorps bloqueurs
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IV. Les vaccins thérapeutiques

Dans I’imaginaire populaire, les vaccins sont généralement utilisés a des fins de prévention de
maladies infectieuses. Durant les derniéres décennies, nous avons vu I’essor de vaccins pour le
traitement de cancers que ce soit pour les prévenir ou les traiter. Les vaccins anti-cancereux les
plus connus sont les vaccins ciblant les virus oncogeénes : virus du papillome humain et le virus
de I’hépatite B. Ces vaccins ont été approuvés par la FDA en tant que vaccins prophylactiques
contre ces virus favorisant le développement de cancers, et ils ont connu un franc succeés dans
la prévention de ces cancers viraux induits*’®. Malheureusement, les vaccins anti cancéreux

thérapeutiques ont eu moins de succes en clinique.

a. Vaccins thérapeutiques approuvés

La toxine de Coley est le tout premier « vaccin anti tumoral » a avoir été découvert a la
fin du 19 siécle'®. Tout commenca en 1890. A cette époque, le docteur William Coley était
alors un jeune chirurgien a New York. Cette année, une de ces patientes, agée alors de 17 ans,
déceéde d’un sarcome métastatique. La mort rapide de cette jeune patiente poussa le Dr Coley a
consulter les archives de patients atteints de sarcomes au New York Hospital. Un cas attira son
attention : 7 ans auparavant un patient de 31 ans avait été admis au New York Hospital avec un
sarcome au cou. Apres plusieurs tentatives de chirurgie pour retirer cette tumeur qui ne cessait
de réapparaitre, suivies de greffes de peau inefficaces, le patient contracta une maladie

infectieuse de la peau (I’érysipéle) due & une bactérie (Streptococcus pyogenes). Aprés avoir

attrapé cette maladie, le cancer du patient aurait totalement disparu. D’autres cas similaires
avaient également été reportés. En 1891, un patient rendit visite au Dr Coley pour un sarcome

récurrent au cou inopérable. L’injection intra-tumorale de la bactérie Streptococcus pyogenes

responsable de I’érysipéle entraina une réduction de la tumeur, cependant elle ne disparut pas
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totalement. Cela amena Coley a penser qu’il fallait induire une infection plus sévere afin d’avoir
une meilleure disparition de la tumeur. Il travailla alors sur un mélange de deux bactéries :

Streptococcus pyogenes et Serratia marcescens. Ce melange fut par la suite appelé toxine de

Coley ou vaccin de Coley et connu un fort succés thérapeutique chez certains patients a
I’époque. Le succeés thérapeutique restait cependant trés aléatoire et ne guérissait qu’une
minorité de patients. De plus, la préparation de la toxine était trés arbitraire, sans formulation
ou concentration standard. Par ailleurs, les toxicités étaient souvent élevées impliquant
probablement ce qu’on nomme aujourd’hui des tempétes cytokiniques. Le directeur du New
York Hospital était de ce fait tres sceptique sur D’efficacité de la toxine de Coley et était
largement plus enthousiasmé par les débuts de la radiothérapie. Les travaux de Coley resterent
donc trés controversés et en 1963 la FDA rendit illégale la prescription de la toxine de Coley
en dehors d’essais cliniques. Contrairement aux hypotheses de Coley et d’autres médecins qui
supposaient que la toxine avait un effet direct de destruction de la tumeur, les hypotheses
actuelles reposent plutét sur le fait que la toxine stimule probablement le systeme immunitaire
du patient ce qui occasionnellement entrainait une destruction tumorale indirecte chez certains
patients®®?,

Pres d’un siécle apres, en 1977, un nouveau vaccin « anti tumoral », le Bacille Calmette
Guerin (BCG), est découvert®®. A cette époque, la tuberculose était encore trés présente dans
le monde et était de ce fait un probléeme majeur de santé publique. Cette maladie se développe
suite a une exposition a des bactéries : mycobacterium tuberculosis et mycobacterium bovis qui
sont respectivement responsables de la tuberculose humaine et bovine. C’est a partir d’une
version atténuée de la souche mycobacterium bovis qu’est produit en 1908 le vaccin BCG afin
de prévenir les infections humaines et bovines. Le vétérinaire Albert Calmette et le
bactériologiste Camille Guerin tous les deux travaillant a I’Institut Pasteur isolérent une souche

virulente de mycobacterium bovis chez une vache infectée par la tuberculose bovine. En 1921,
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apres 13 ans de culture (231 passages) de cette souche ils réussirent a mettre en évidence une
version atténuée de la souche. Cette nouvelle souche fut nommée « Bacille de Calmette-
Guerrin » soit BCG et fut utilisé pour vacciner les jeunes contre la tuberculose.

Cen’est qu’en 1977 que ce vaccin fut approuvé en tant que vaccin anti cancéreux dans le cancer
superficiel de la vessie et du carcinome urothélial in situ'’®. Le vaccin est délivré via une sonde
introduite dans I'urétre libérant ainsi le vaccin a I’intérieur de la vessie permettant une action
locale. Cette approbation se base sur les résultats d’un essai clinique de phase 3 montrant une
survie sans récidive a 5 ans pour 45% de patients traités avec le BCG*2,

Ces 2 tous premiers « vaccins anti cancéreux » n’ont pas un effet anti tumoral direct mais
soulignent I’importance du systéme immunitaire dans la lutte contre le cancer'®?, En effet, ces
vaccins stimulent le systéme immunitaire du patient entrainant par la suite une destruction
tumorale indirecte.

Il faut attendre 2010 afin qu’un vaccin anti cancéreux a proprement parlé (c’est a dire
ciblant spécifiquement les cellules cancéreuses) soit approuvé!’®. Ce vaccin, le Sipuleucel-T
(Provenge), a été accepté pour le traitement du cancer de la prostate au stade métastatique
résistant au traitement hormonal. Il repose sur 1’utilisation de cellules dendritiques autologues,
obtenues a partir des cellules souches prélevées sur le patient. In vitro, elles sont mises en
culture en présence d'une protéine de fusion (PA2024) constituée de I'antigeéne phosphatase de
I'acide prostatique (Prostatic acid phosphatase, PAP) qui est présent dans 95 % des cellules
cancéreuses de prostate et d’une cytokine (GM-CSF) stimulant la réponse immunitaire. Les
cellules sont alors réinjectées au patient et stimulent son systéme immunitaire contre d’antigene
prostatique apporté. L’approbation se base sur les résultats d’un essai clinique de phase 3
montrant notamment une amélioration de la probabilité de la survie a 36 mois chez les patients

ayant recu le vaccin (31,7% contre 23,0% pour le groupe placebo)®83,
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Enfin, en 2015, le talimogene laherparepvec (T-VEC), un vaccin basé sur un virus
oncolytique est approuvé pour le traitement du mélanome de stade avance. Ce vaccin dérive
d’un virus d’herpés simplex 1 (HSV-1) vivant atténué qui a été modifié pour se répliquer
uniquement dans les cellules cancéreuses et pour produire le GM-CSF. Cette approbation se
base sur un essai clinique de phase 3 ayant atteint le critére principal a savoir un taux de réponse
objective d’une durée supérieure a 6 mois par rapport a du GM-CSF (16,3% pour le vaccin
contre 2,1% pour le GM-CSF)!84. Ce vaccin est injecté de maniére intra tumorale dans les

mélanomes cutanés.

T-VEC is injected

direclly inlo lurmor Local Local Distant

Oncolysis Immune Response Immune Response

T-VEC selectively GM-CSF from T-VEC Activated T cells proliferate
replicates in tumor cells promotes the maturation of and migrate to distant

'y resulfing in lysis and the dendiritic cells which in tumn, tumor sites for T cell-mediated
release of tumor-derived in conjunction with TDAs, tumor cell death, causing a
antigens (TDAs) aclivate T cells systemic anlilumor response”®

*this hgure cepicts the proposed mechonism of action and Is not meant to mply chinical ethcacy.

Figure 19: Proposition de mécanisme d'action du vaccin T-VEC. Schéma issu de Hamid et

al _185

Tous ces exemples soulignent 1’importance de 1’activation du systéme immunitaire via ces
vaccins afin d’avoir une efficacité clinique. Un autre point important pour 1’efficacité¢ semble
étre I’utilisation in situ de ces vaccins du moins pour le BCG et le T-VEC ce qui peut parfois
étre difficile suivant ’accessibilité de la tumeur. De plus, les essais cliniques présentés ci-dessus

ne mettent pas en évidence de biomarqueurs prédictifs de réponse et n’expliquent pas les
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mécanismes d’action de ces vaccins chez les patients traités'’®. Depuis ces premiers vaccins, de
nombreux autres ont été testés en clinique sans franc succes et c’est ce que nous allons détailler

maintenant.

b. Echec des essais cliniques des vaccins thérapeutiques

De nombreux autres vaccins ont été testés dans des essais cliniques mais les résultats sont
beaucoup moins probants!’®>. Nombre de ces vaccins ont adopté des Tumor-Associated-
Antigens (TAA) et des vecteurs microbiologiques (viraux ou bactériens). Ces vaccins, pour la
grande majorité, avangaient de bons résultats en études précliniques, cependant ce succes n’a
malheureusement pas €té retrouvé lors des essais cliniques.

Certains suggerent que le ciblage de ces TAAs qui sont des protéines du soi non mutées mais
surexprimées dans les cellules cancéreuses ou encore des protéines onco-foetales (protéines
régulées pendant le développement embryonnaire puis inactivées a I’age adulte) serait en partie
responsable du faible succés thérapeutiques de ces vaccins'®. En effet, la régulation par le
systéeme immunitaire des lymphocytes T auto réactifs contre ces protéines du soi, mobilisés par
ces vaccins, ne laisse souvent en circulation que les lymphocytes T ayant une affinité faible ou
modérée pour ces antigenes du soi. De plus, ces TAAS sont exprimés de maniére hétérogene au
sein d’une méme tumeur. Par le phénoméne d’immuno-editing, les cellules tumorales
n’exprimant pas ces antigenes et donc résistantes vont étre sélectionnées par le systeme
immunitaire et aboutir & des tumeurs résistantes au traitement vaccinal entrainant un échec
clinique. Cependant malgré ces obstacles, des améliorations des formulations vaccinales ainsi
que des protocoles d’administration ont permis d’augmenter la fréquence des lymphocytes T
anti tumoraux ciblant ces antigenes. Ces lymphocytes parviennent, suite a ces améliorations, a
atteindre 0,1 & 2% de tous les lymphocytes T CD8 périphériques®™%°, Malheureusement ces

efforts, méme s’ils ont permis le déploiement d’une forte réponse T anti tumorale, n’ont pas
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abouti a de réels bénéfices cliniques. Une méta analyse incluant 98 études a conclu d’un taux
de réponse de seulement 2,6%'°*. Par ailleurs, il a été observé que certains vaccins a peptides
courts entrainaient un épuisement local (au niveau du site d’injection) des lymphocytes T,
D’autres causes d’échec ont été proposées : dose de vaccins sous-optimale, voie d’injection et
adjuvants non adaptés'’®.

Il est devenu de plus en plus clair ces dernieres années que les mécanismes
d’immunosuppression exercés par la tumeur et son micro-environnement ne peuvent pas
simplement étre surmontés par une augmentation de la fréquence des lymphocytes T anti

tumoraux comme le proposent les vaccins thérapeutiques actuels.

Selon certains auteurs'®, les vaccins thérapeutiques et les modulateurs de points de contréle
immunitaires des lymphocytes T constituaient les « perfect partners ». En effet, dans le cas d’un
cancer non traité, on observe une faible fréquence de lymphocytes T ainsi qu’un fort niveau
d’inhibition des points de controles immunitaires. Dans le cas d’un cancer traité uniquement
par vaccination anti-cancéreuse nous observons une forte fréquence des lymphocytes T
périphériques mais qui sont rapidement inhibés par les points de contréle de la tumeur. Si I’on
traite le cancer avec uniguement des modulateurs de points de contrdle immunitaires nous
obtenons I’effet inverse c’est-a-dire une levée de 1’inhibition des points de controles et une
faible proportion de lymphocytes T anti tumoraux. Cette proportion est trop faible pour
échapper a la suppression des MDSC (cellules myéloides suppressives) et des Tregs. Enfin, la
combinaison vaccins/anticorps modulateurs entraine une haute fréguence de lymphocytes qui
grace aux modulateurs ne sont plus inhibés par la tumeur et peuvent ainsi détruire les cellules
tumorales. De plus, les anticorps peuvent également favoriser la costimulation des lymphocytes

T en améliorant le potentiel cytolytique des lymphocytes T ainsi que leur prolifération et leur
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survie dans le micro environnement tumoral. Ils permettent également d’augmenter la
production de cytokines effectrices ainsi que la polarisation de la réponse vers un phénotype
pro-inflammatoire de type Th1/Tc1'®31% On assiste alors a un effet anti tumoral synergique

des vaccins et anticorps bloqueurs. Ces principes sont illustrés dans le schéma suivant :
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Figure 20 : Mécanismes illustrant le potentiel synergique des vaccins thérapeutiques et des

anticorps modulateurs. Figure extraite de Curran et al.18
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Il a également éeté observé que la combinaison vaccins/ anticorps bloqueurs pourrait diminuer
le nombre d’effets indésirables d’origine immunologique (immune related Adverse Events soit
irAEs en anglais) couramment observés a différents degrés lors des traitements avec les

19 Dans un essai clinique

anticorps bloqueurs imposant ainsi une limitation des doses
combinant le vaccin ISA101 et le nivolumab aucun effet secondaire de grade 4 n’a été observé
et seulement 2 patients ont eu des effets secondaires de grade 3. Cependant ces effets étaient
asymptomatiques et uniquement visible en sérologie.

La théorie qui a été proposée pour expliquer ce phénomene est la suivante : quand les
lymphocytes T deviennent activés ils expriment les molécules CTLA-4 et PD-1 a leur surface.
Dans le cas d’un traitement uniquement par anticorps, la fréquence de lymphocytes T étant
faible (comme évoqué précédemment) nous nous retrouvons avec trop d’anticorps par rapport
a la quantité de ligands disponibles sur le faible nombre de lymphocytes T. Les anticorps non
liés a des ligands sont donc plus disponibles pour circuler dans 1’organisme et se lier a des
ligands présents sur des lymphocytes T auto réactifs. Ces lymphocytes normalement inactivés
se retrouvent alors activés et peuvent ainsi €tre responsable d’irAEs. Dans le cas d’une
combinaison vaccin/anticorps bloqueurs, une plus grande fréquence de lymphocyte T anti

tumoral est générée ce qui limite 1’effet hors cible des anticorps qui ont donc plus de ligands a

disposition sur la plus grande quantité de lymphocytes T anti tumoraux générés.
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LT activés exprimant CTLA-4 et PD-1

Liaison aux LT auto réactifs = Activation
- irAEs

Anticorps
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Figure 21: Schéma proposant une explication a la présence d'effets secondaires d'origine

immunologique suite a un traitement par anticorps bloqueurs. Schéma realisé sur BioRender.
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LT activés exprimant CTLA-4 et PD-1
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Figure 22: Schéma proposant une explication a la diminution des effets secondaires d'origine

immunologique suite a un traitement par anticorps bloqueurs + vaccin thérapeutique.

Schéma réalisé sur BioRender.
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Les vaccins thérapeutiques semblent donc aujourd’hui commencer a trouver une place dans le
traitement des cancers en combinaison avec d’autres thérapies comme les anticorps bloqueurs
de points de contréle immunitaires. En effet, de nombreuses études précliniques combinant des
vaccins et des anticorps bloqueurs comme les inhibiteurs de CTLA-4 et PD-1/PD-L1 ont montré
’effet synergique de ces deux approches'®®2%2, Des premiers essais cliniques sur des
combinaisons ont également été réalisés et nous allons en présenter quelques-uns ci-dessous.
Ces essais de combinaisons se focaliseront principalement sur le cancer du pancréas, le cancer

de la prostate et le mélanome et feront intervenir différentes plateformes vaccinales.

a. Vaccins anticancéreux a base de cellules

Il existe 2 grandes sortes de vaccins anticancéreux a base de cellules actuellement utilisés en
essais cliniques : les vaccins a base de cellules cancéreuses modifiées et les vaccins a base de
cellules dendritiques?®.
Vaccins anti cancéreux a base de cellules cancéreuses modifiées

Le vaccin a base de cellules cancéreuses le plus représentatif est le GVAX. Ce vaccin
cellulaire allogénique a été developpé a I’université John Hopkins (Baltimore, Etats Unis). Il
dérive de 2 lignées cellulaires d’adénocarcinome pancréatique qui ont été tranfectées afin
d’exprimer la cytokine GM-CSF et a été testé sur des patients résistants a la chimiothérapie®®.
L’expression du GM-CSF a pour but d’augmenter 1’efficacité anti tumorale en régulant
Iactivité des cellules immunitaires comme les cellules dendritiques et les Natural Killers?%,
Une revue de 2005 a témoigné de 1’efficacité de ce vaccin sur certains patients atteints de

mélanome, cancer de la prostate, du pancréas, des cellules rénales et enfin de cancer du poumon

non a petites cellules?®2%, Ce vaccin était utilisé dans des essais de phases | ou Il en
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monothérapie ou couplé a de la chimio ou radio thérapie. Des réponses durables et completes
ont été observées chez des patients présentant un cancer du poumon non a petites cellules a un
stade avancé. En 2013, une étude de phase Ib a montré une amélioration de la survie globale
dans 1’adénocarcinome pancréatique en combinant 1I’ipilimumab (inhibiteur de CTLA-4) et le
vaccin GVAX en comparaison avec I’ipilimumab seul®”’.

En 2015, une autre étude de phase 11 sur le cancer du pancréas a montré une amélioration
de la survie des patients. Le bras A recevait une combinaison cyclophosphamide/GVAX/CRS-
207 contre seulement cyclophosphamide/GVAX pour le bras B2%, Le cyclophosphamide est
une chimiothérapie utilisée en traitement standard contre le cancer du pancréas. Le CRS-207
est un vaccin réalisé a base d’une souche atténuée de Listeria monocytogenes modifiée afin
qu’elle exprime la mesothéline, antigéne associé aux tumeurs notamment pancréatiques.

Deux autres essais sont actuellement en cours (NCT03190265, NCT02451982). Ces

essais combinent le GVAX et le CRS-207 avec I’ipilimumab (anti CTLA-4), le nivolumab (anti
PD-1), I’'urelumab (anti CD137) et le HuMax-1L8 (anti IL8).
L’association de vaccins thérapeutiques avec les anticorps bloqueurs s’est révélée étre une
stratégie efficace pour traiter les cancers. En effet, en combinant les anti PD-1/CTLA-4 avec le
vaccin GVAX le ratio CD8+/Treg ainsi que la présence de lymphocytes T CD8 fonctionnels
dans la tumeur (IFN-y+ TNF-a+ CD8+) augmentent significativement%’.

Un autre exemple de vaccin cellulaire pouvant étre cité est le AGI101H. Ce vaccin est
composé de 2 lignées cellulaires de mélanome transduites par un ADNc codant pour la protéine
de fusion H6 suivante : IL-6 fusionnée avec son récepteur soluble (sIL-6R). Cette protéine de
fusion modifie les lignées cellulaires en allant vers un phénotype de cellules souches de

209

mélanome<*°. Ce vaccin s’est montré bénéfique pour certains patients lors d’une étude phase II

en augmentant leur survie a long terme?:°,
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Vaccins anti cancéreux a base de cellules dendritiques

Des nombreux essais cliniques impliquant des vaccins a cellules dendritiques ont
montré des résultats encourageants. Par exemple, nous pouvons citer une étude de phase Ilb
publié en 2021. Cette étude démontre une nette amélioration de la survie sans maladie a 24
mois dans le bras vacciné (62.9%) par rapport au bras placebo (34.8%) chez des patients
présentant un mélanome de stade I11/1V ayant déja été retiré par chirurgie avant le traitement
vaccinal®!, L’objectif de ce vaccin TLPCDC (Tumor Lysate, Particle-loaded, Dendritic Cell
en anglais) est de prévenir une réapparition du mélanome suite a la chirurgie. Ce vaccin est
composé de cellules dendritiques qui ont été chargées avec du lysat tumoral via des particules
de paroi cellulaire de levure. Les parois cellulaires des levures Saccharomyces cerevisiae se
composent de mannoprotéines, de B-glucane et de chitine, liées entre elles de maniere
covalente. Par un processus d'hydrolyse alcaline a chaud, le contenu alcalin-soluble de la levure
(une partie de la paroi cellulaire ainsi que le matériel intracellulaire) peut étre éliminé ne laissant
que la partie de la paroi cellulaire non soluble dans les alcalins. Cela aboutit a des sphéres de
B-glucane creuses avec une cavité interne ou il est possible de piéger des molécules comme du
lysat tumoral par exemple. Ces particules, de par leur riche constitution en B-glucane, sont
reconnus de facon efficace et rapide par les macrophages et les cellules dendritiques via une
endocytose médiée par le récepteur dectin-12'2. Cela en fait donc des vecteurs de choix pour
charger des cellules dendritiques avec un lysat tumoral. Ces particules sont chargées avec le
lysat tumoral du patient obtenu apres plusieurs cycles de congélation/décongélation de la
tumeur chirurgicalement retirée du patient. Elles sont mises en contact avec les cellules
dendritiques du patient, récupérées par prélévement sanguin?'®, qui sont ensuite réinjectées au
patient. Dans le cas du placebo, le process est identique a I’exception du fait que les particules
de paroi cellulaire de levure sont vides c¢’est-a-dire non chargées avec les antigenes du lysat

tumoral. Un essai clinique de phase I11 est actuellement en cours de développement. L’efficacité
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de ce vaccin combiné a des anticorps bloqueurs versus les anticorps seuls va étre évaluée dans
le mélanome de stade avancé réséqué par chirurgie®*.
Par ailleurs, la combinaison de cellules dendritiques pulsées avec des peptides MART-
1 et avec le Tremelimumab s’est montré efficace lors d’un essai de phase I sur des patients
présentant un mélanome métastatique®4,
De plus, une autre combinaison vaccin cellules dendritiques TriMix-DC-MEL/Ipilimumab
a montré quelques réponses chez des patients préalablement traités pour un mélanome

métastatique lors d’un essai de phase I1°%°.

b. Vaccins d’origine virale

En exemple de vaccin d’origine virale nous trouvons le VRP-HER?2. Ce vaccin est élaboré
a partir de particules dérivées d’alphavirus contenant un réplicon d’ARN capable de s’auto
amplifier et de coder la protéine HER2, cible principale du cancer du sein. Ce vaccin a montré
des résultats encourageants lors d’essais précliniques et cliniques?® et est actuellement testé en
comparaison et combinaison avec le pembrolizumab dans le cancer du sein (NCT03632941).

Nous pouvons également citer le PROSTVAC®. Ce vaccin, dirigé contre I’antigéne
spécifique de la prostate PSA (Prostate Specific Antigen en anglais), s’est avéré str d’utilisation
en combinaison avec des anticorps bloqueurs lors d’un essai de phase 12*’. Son efficacité est en

cours d’évaluation dans le cancer de la prostate métastatique résistant a la castration (mCRPC)

au cours de différents essais de phases 11 (NCT02506114, NCT02933255).

c. Vaccins peptidiques
En vaccin peptidique nous pouvons citer le DSP-788 contenant des peptides dérives du géne
tumoral Wilms 1 (WT1). Celui-ci est surexprimé dans de nombreuses tumeurs. Ce vaccin est

bien toléré par les patients et il n’a pas été observé de toxicité liée a la dose?'®. De nombreux
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essais cliniques sont en cours pour ce vaccin notamment une étude de phase I11 en combinaison

avec le bevacizumab dans le glioblastome récidivant (NCT03149003).

d. Vaccins a ADN

En termes de vaccin a ADN nous pouvons citer le GX-188E. Ce vaccin contient plusieurs
épitopes fusionnés et est capable d’activer spécifiquement les cellules dendritiques. Ce vaccin
a montré en combinaison avec ’anti PD-1 prembrolizumab, un taux de réponse global de 42%
pour le traitement du cancer du col de 1’utérus de stade avancé. On observe également une nette
amélioration du bénéfice thérapeutique de la combinaison GX-188E/ prembrolizumab par

rapport au prembrolizumab seul?92%,

e. Vaccins a ARNm

Les vaccins a ARN messagers sont également beaucoup utilisés en recherche clinigue en
oncologie. Par exemple, le vaccin TriMixDC-MEL est composé de 3 ARN messagers codant
respectivement pour CD70, CD40L ainsi qu’une forme active du TLR4. Ces 3 ARN sont
incorporés dans des cellules dendritiques obtenues directement aupres des patients. Ce vaccin
a montré une bonne tolérance et immunogénicité lors de premiers essais cliniques®*® ainsi que
de bons taux de réponses tumorales chez des patients présentant un mélanome de stade |11 ou
|V221’222.

Nous pouvons également citer le vaccin liposomal BNT111 codant pour 4 antigénes (TAA)
du mélanome: NY-ESO-1, MAGE-A3, tyrosinase, et TPTE. Un essai de phase I
(NCT02410733) a montré que le vaccin seul ou en combinaison avec des anticorps anti PD-1
entraine des réponses objectives durables chez des patients atteint de mélanome non opérable
et ayant déja subi un traitement au anticorps bloqueurs. Ces réponses cliniques s’accompagnent

de fortes réponses CD4 et CD8 contre les antigénes vaccinaux??. Le BNT111 est actuellement
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test¢ en combinaison avec le cemiplimab (anti PD-1) dans le mélanome avance

(NCT04526899).

f. Vaccins personnalises

Les vaccins anti cancéreux sont généralement dirigés contre des TAAs (Tumor Associated
Antigens) sur-exprimes par les cellules cancéreuses mais tout de méme exprimeés faiblement
dans les tissus sains. Cette expression méme faible entraine souvent une tolérance immunitaire
centrale ou périphérique ainsi que de 1’auto-immunité, entravant ainsi le bénéfice clinique du
vaccin. C’est ce manque de spécificité des antigeénes qui a été suggéré comme une des causes
principales de 1’échec des vaccins en clinique par le passé'’”®. Au cours des derniéres années,
grace aux progres des techniques de Next Generation Sequencing (NGS) et de bio-
informatique, le développement de vaccins s’est focalisé sur des vaccins personnalisés dirigés
contre des néo-antigénes propres a chaque tumeur de chaque patient??2%, ’intérét de cibler
ces neo-antigénes est d’augmenter la spécificité du vaccin permettant ainsi d’augmenter le
bénéfice clinique ainsi que de diminuer les effets secondaires auto-immuns. En effet, au cours
de son développement, la tumeur accumule des mutations qui peuvent modifier les protéines
qu’elle exprime et ainsi en former de nouvelles aboutissant ainsi a la formation de néo-antigenes
et néo-épitopes spécifiques de cette tumeur. Ces néo-antigénes peuvent varier d’un patient a
I’autre mais également d’une tumeur a 1’autre chez le méme patient et voire méme d’une région
a ’autre de la méme tumeur. Des études montrent que certains néo-antigénes sont retrouvés
chez différents patients mais la plupart sont spécifiques a chaque patient??’.

La préparation d’un vaccin personnalisé comprend différentes étapes que nous allons détailler
ci-dessous. Tout d’abord, la tumeur du patient est prélevée par chirurgie puis séquencée par
séquengage d’ARN afin d’identifier les néo-antigénes et les néo-peptides associés. Des tests

bio-informatiques sont ensuite réalisés afin de vérifier in silico que les néo-peptides identifiés
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se lient bien aux molécules CMH du patient. L’ immunogénicité du complexe CMH/néo-peptide
est ensuite veérifié par des tests in vitro comme les ELISPOT. Les néo-antigenes ou néo-peptides
sont ensuite incorporés sous forme de protéine, ARNm ou ADN dans un vecteur (cellules
dendritiques pulsées, nanoparticules, particule virale...) puis injectés au patient®?®, Certains
peptides peuvent également étre injectés directement sans utiliser de vecteur. Ces traitements
présentent de nombreux inconvénients comme leur co(t et la longue durée de fabrication du

vaccin personnalisé. 1ls ont cependant fait leurs preuves notamment dans le mélanome.
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Figure 23: Schéma récapitulant les étapes nécessaires au développement d'un vaccin
personnalisé. Schéma issu d’un cours de DIU « Immunologie et Immunothérapies des

Cancers » 2022

Le premier vaccin personnalisé que nous pouvons citer dans le cas du melanome est le NEO-
PV-01. Ce vaccin contient un mélange de 20 peptides spécifiques a chaque patient qui sont
administrés par voie sous cutanée dans 4 sites d’injection. (1 injection a chaque extrémité du
corps). Le poly-ICLC (Hiltonol) est utilisé comme adjuvant de ce vaccin. Ce vaccin est
actuellement testé dans le mélanome en combinaison avec plusieurs autres agents, ce qui est
résume dans le tableau ci-dessous.

De plus nous pouvons également citer le vaccin RO7198457. Ce vaccin contient également un

mélange de 20 peptides spécifiques a chaque patient. Ces peptides sous forme d’ARN sont
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encapsulés dans une particule liposomale. Ce vaccin est également testé dans le mélanome en

combinaison avec plusieurs autres agents (voir tableau ci-dessous).

Vaccin Agents en combinaison | Numéro NCT | Pathologie hese
clinique
Anticorps agoniste du
NEO-PV-01 CD40 (APX005M) ou NCTO03597282 | Mélanome |
ipilimumab + nivolumab
NEO-PV-01 nivolumab NCT02897765 | Mélanome I
RO7198457 atezolizumab NCT03289962 | Mélanome I
RO7198457 pembrolizumab NCTO03815058 | Mélanome I

Tableau 4 : Présentation de vaccins personnalisés actuellement essais cliniques dans le

mélanome (tableau extrait de Roy et al.)!"

Malgré des débuts hésitants, les nouveaux vaccins a 1’étude semblent trés prometteurs. Méme

si de nombreuses gquestions restent encore a résoudre, les prochaines années verront les résultats

de nombreux essais cliniques faisant intervenir des vaccins thérapeutiques, qui nous 1’espérons

apporteront une nouvelle piste thérapeutique efficace pour le traitement des cancers.
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Chapitre Il : Présentation de la plateforme

vaccinale ‘ADDomer’

Introduction du chapitre :

Au laboratoire, nous développons une plateforme vaccinale, d’origine « virale » basée un

dodécaedre d’adénovirus appelé ADDomer.

Cette publication décrit la découverte du dodécaedre de I’adénovirus en détaillant sa structure

et ses fonctions biologiques avant de finir sur ses applications en biotechnologie.
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Abstract: Many geometric forms are found in nature, some of them adhering to mathematical laws
or amazing aesthetic rules. One of the best-known examples in microbiology is the icosahedral
shape of certain viruses with 20 triangular facets and 12 edges. What is less known, however, is that
a complementary object displaying 12 faces and 20 edges called a “dodecahedron’ can be produced
in huge amounts during certain adenovirus replication cycles. The decahedron was first described
more than 50 years ago in the human adenovirus (HAdV3) viral cycle. Later on, the expression
of this recombinant scaffold, combined with improvements in cryo-electron microscopy, made it
possible to decipher the structural determinants underlying their architecture. Recently, this particle,
which mimics viral entry, was used to fish the long elusive adenovirus receptor, desmoglein-2,
which serves as a cellular docking for some adenovirus serotypes. This breakthrough enabled
the understanding of the physiological role played by the dodecahedral particles, showing that
icosahedral and dodecahedral particles live more than a simple platonic story. All these points are
developed in this review, and the potential use of the dodecahedron in therapeutic development
is discussed.

Keywords: adenovirus; dodecahedron; platonic solids; virus like particles; receptors; vaccines;
structure; viral spreading

1. Introduction to Adenoviruses

Adenoviruses are non-enveloped viruses with a diameter between 70 and 90 nm, presenting
an icosahedral capsid. They possess linear double stranded DNA with inverse repeated sequences
at each end and an encapsidation sequence. The Adenoviridae family is divided into 5 genera:
Mastadenoviruses, Aviadenoviruses, Atadenoviruses, Siadenoviruses, and Ichtadenoviruses. They can
infect a large variety of species, such as cows, dogs, ducks, horses, snakes, fish, and humans (https://sites.
google.com/site/adenoseq/). The human adenoviruses (HAdVs) are part of the Mastadenovirus group.
These human serotypes have been sorted into seven species from A to G depending on their biological,
genetic, biochemical, and structural properties (http:/hadvwg.gmu.edu). Human adenoviruses are
responsible for fever, infections of respiratory tracks, gastroenteritis, and conjunctivitis. In most
cases, the symptoms are not visible in healthy persons [1]. However, some serotypes can cause
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more severe infections leading in some cases to death in immune-deficient patients and infants.
For example, HAdV3, HAdV5, and HAdV?7 are responsible for acute respiratory tract infections,
and a recent outbreak of HAdV7 in a New Jersey rehabilitation center resulted in eleven deaths
(https://www.nj.gov/health/cd/topics/adenovirus.shtml). HAdV40 and HAdV41, on the other hand, are
known to cause acute and persistent gastroenteritis in children [2]. Subgroup D adenovirus serotypes
are known for their ocular tropism resulting in conjunctivitis or epidemic Keratoconjunctivitis (EKC) [3].

All adenoviruses are composed of three main capsid proteins or ‘capsomers’”: the hexon, the
penton base, and the fiber (Figure 1). The main protein is the hexon, with 240 trimeric capsomers
forming the 12 triangular facets of the icosahedral viral capsid [4,5]. The hexon protein is therefore the
most abundant structural protein of the adenovirus since 720 hexon copies of the monomer (~110 kDa)
are displayed on the virus surface, and it represents 80% of the virus total mass [6]. The penton
base is an homopentamer composed of five ~60 kDa monomers displayed on each of the 12 viral
capsid apexes. Therefore, each monomer is presented 60 times on the viral capsid. The penton
base contains 2 hypervariable loops exposed at the virus surface and named variable loop and RGD
(Arginin-Glycin-Aspartic Acid) loop [7]. The highly conserved RGD motif has been described to
interact with the av33 and av[35 integrins, inducing virus internalization [8-10]. However, some
adenoviruses, such as HAdV40 and HAdV41, lack this motif, although this does not prevent them
from infecting cells [11]. Recently, it has been shown that those serotypes nevertheless interact with
6-containing integrins with a similar affinity [12].

Knob
shaft || | Fiber
{ Penton base
/

""""

Figure 1. Schematic view of adenovirus. The icosahedral capsid is formed by the hexon. The penton
base is located at the 12 vertices and forms a non-covalent complex with the trimeric fiber. The fiber’s
knob domain is responsible for the interaction with the receptors.

The fiber, like the penton base, is present on each of the 12 viral capsid apexes. It is an homotrimer
composed of a tail, a shaft and a knob domain (Figure 1). The tail, corresponding to the N-terminal of
the fiber, forms a non-covalent interaction with the penton base. The shaft contains repeated patterns
of 15 amino acids [13,14]. The number of repetitions gives the shaft a length which varies from one
serotype to another. For example, the shaft measures 9 nm for HAdV3 and 36 nm for I'HAdV40.
The knob corresponds to the globular C-terminal of the fiber and interacts with receptors, allowing
virus attachment to the cells [15]. Therefore, the fiber’s knob dictates the viral tropism. To date, three
main protein receptors have been identified: CAR, CD46, and desmoglein (DSG)2 [16-18]. In addition
to CAR, most of the subgroup D adenoviruses can also use non-protein receptors, such as sialic acids
or the GD1-glycan [19,20].

The non-covalent complex formed by the penton base and the fiber is called the penton.
This complex contains all the information needed for virus attachment and internalization. Its formation
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is due to the interaction between a conserved motif (FNPVYPY) present in the fiber’s tail,
and a complementary sequence located at the interface between two neighboring penton base
monomers [7]. This penton is the building block of the adenovirus dodecahedron described below.

2. The Platonic Solids

A platonic solid is a regular convex polyhedron meaning that all angles are the same and all the
sides are equal in length. It is made of congruent (identical in shape and size), regular polygonal faces,
such as equilateral triangles, squares, or pentagons, meeting at each vertex (Table 1). Furthermore, these
solids can be inscribed into a sphere. Five solids meet these criteria: the tetrahedron (4 triangular faces),
the cube (6 square faces), the octahedron (8 triangular faces), the dodecahedron (12 pentagonal faces),
and the icosahedron (20 triangular faces). These solids are named after the Greek philosopher Plato,
who theorized that the classical elements of the world were made of these 5 solids. Plato associated
each solid with each of the 4 basic elements (earth, air, fire, water) and reserved the fifth for the universe
or heaven (https://www.britannica.com/science/Platonic-solid). They can be associated in dual pairs,
where the solids in a dual pair have the same number of edges, and the number of vertexes of one
corresponds to the number of faces of another. Therefore, the tetrahedron is self-dual, while the cube
and the octahedron form a dual pair, and the dodecahedron and icosahedron form another (Table 1).

Table 1. The five platonic solids. Their shapes and features are reported, as well as their duality and
symbolic meanings.

Name Cube Octahedron Tetrahedron Icosahedron Dodecahedron

Shape
6 faces 8 faces 4 faces 20 faces 12 faces
Features 8 vertices 6 vertices 4 vertices 12 vertices 20 vertices
12 edges 12 edges 6 edges 30 edges 30 edges
Facets Squares qullateral qu.ulateral qullateral Pentagons
triangles triangles triangles
Dual
Self-dual
,-’/\{\
.///
Duality ,,./
\
Symbol Earth Air Fire Water Universe/Heaven

The two solids forming a dual pair can be inserted into one another. These solids manifest
in the world around us, for example in crystals and in viruses. Indeed, some viruses, like the
adenoviruses, possess an icosahedral viral capsid. Moreover, during the adenoviral natural replication
cycle, dodecahedrons can be produced depending on the adenovirus serotype. Dodecahedrons and
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icosahedrons are dual, therefore the adenovirus dodecahedron being an icosahedron when focusing
on the vertices and a dodecahedron when focusing on the faces (Table 1).

3. Discovery of the Adenovirus Dodecahedron

3.1. Discovery and Spontaneous Production

The adenovirus dodecahedrons were first discovered in Sweden in 1964. While purifying soluble
antigens produced during an HAdV3 infection of human cells, Erling Norrby observed a homogenous
population of particles sedimenting by centrifugation at a rate corresponding to 50-60 S. They appeared
as six- or five-pointed ‘stars’ composed of identical tubular, capsomer-like structures, each associated
with a thin club-shaped projection [21]. The overall diameter between the points surrounding the
star was assessed between 40 and 50 nm. These points were later attributed to the fiber’s knobs, and
the tubular capsomer was ascribed to the penton base forming the core (star) of the dodecahedron.
These particles do not contain hexons, but are exclusively made of penton base and fiber proteins.

Other studies have shown that not all HAdV serotypes are able to produce dodecahedrons. This has
been shown to be the case during the replication cycle of serotypes 4,7, 9, 11, and 15 [22-25]. In contrast,
there is no evidence that serotypes 1, 2, 5, 6, 12, 16, 40, and 41 can produce such dodecahedrons [26-29].
It is also worth noticing that none of the well-studied subgroup C serotypes are able to produce
dodecahedrons and that, in subgroup B, dodecahedron production is serotype-dependent (Table 2).

Table 2. Subgroups and dodecahedron formation. human adenovirus (HAdV) serotypes belonging to
different subgroups are classified according to dodecahedron formation. Note that dodecahedrons
have never been observed in the well-studied subgroup C and that subgroup B contains both
dodecahedron-forming and non-dodecahedron forming serotypes.

Subgroup A B C D E F G
Dd forming 3,7,11 9,15 4
Non Dd forming 12 16 1,2,5,6 40, 41

The most studied adenovirus dodecahedron (Ad-Dd) is derived from HAdV3. Like all adenoviral
capsid proteins, the penton base is synthesized in the cytoplasm (Figure 2a). This was shown by
immunofluorescent of the penton base (i.e., the dodecahedron): the signal can be detected about
12 h after the virus internalization. The penton base protein is then transported to the nucleus,
where it accumulates and likely dodecamerizes [30]. At 20 h post infection, immunofluorescence
indicates a substantial concentration around the internal nuclear membrane, whereas the progeny
virions crystalize randomly in the nucleus as observed by electron microscopy on ultrathin sections.
No function has been attributed yet to dodecahedrons in the nucleus, but it would be interesting to
investigate whether this specific internal perinuclear location could be associated with a physiological
process, such as viral mRNA export. Nevertheless, the number of dodecahedral particles produced
per human cell infected by HAdV3 in culture was estimated to be about 7.5 X 10°, which is much more
than the number of infectious virions, reinforcing the idea that this particle does play a role in the viral
cycle. This point is further discussed later in this review (see Section 6).

3.2. Recombinant Dodecahedrons

The adenovirus dodecahedron was ‘rediscovered’ in 1997 by co-expressing the penton base and
the fiber of HAdV3 in insect cells using the baculovirus expression system. Insect cells lysates were
then subjected to a sucrose gradient and the heavy fractions were analyzed by negative stain electron
microscopy, highlighting spherical particles arranged into regular dodecahedrons by their bases [31].
These particles display two-fold, three-fold, and five-fold symmetry axes. It is worth noticing that,
as expected, the HAdV-2 penton base expressed in a similar way did not form dodecahedrons but
only pentameric penton bases, as HAdV-2 does not form dodecahedrons under ‘natural” conditions.
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This confirms that not all adenovirus serotypes are able to generate such particles. The recombinant
dodecahedron made of 12 pentons (12 penton bases with 12 protruding trimeric fibers) was called the
Penton Dodecahedron (Pt-Dd) (Figure 2b). Since only those two genes were cloned in the baculovirus
vector, it proved that no other adenoviral component was needed for the formation of this particle.
Moreover, the authors showed that the expression of the penton base alone resulted in the production of
the dodecameric core, called the Base Dodecahedron (Bs-Dd). This observation showed that the penton
base itself contains all the structural information required for dodecamerization and that the fiber was
not required. An important feature of these two particles (Pt-Dd and Bs-Dd) is their high capacity to
enter cells (Figure 2c). It was also shown that, if the internalization of the Pt-Dd containing the two
proteins involved in adenovirus entry was reported as expected, then the fiber-devoid Bs-Dd could

also efficiently enter into cells, but a 10-times higher concentration was needed to achieve a similar
level [32].

Figure 2. Adenovirus dodecahedron formation and internalization. (a) Z-series of Hela cells infected for
16 h by wt-HAdV3. Nuclei are stained in red and the penton base is detected in green. The penton base
is synthesized in the cytoplasm and transported to the nucleus (yellow results from superposition of
the red and green signals) where dodecahedron assembly takes place. (b) Electron microscopy images
of the purified adenovirus and (Pt-Dd) ‘penton dodecahedrons’ (bars: 90 and 30 nm, respectively).
(c) Hela cells incubated with recombinant Pt-Dd for 1 h. Cell shapes were observed by DIC, nuclei are
stained in blue, and Pt-Dd are detected in green.

Pseudotyping involves adding a viral component onto another viral or pseudoviral scaffold.
Since the penton base/fiber interaction mechanism is conserved between several adenovirus
serotypes [7], fiber-pseudotyped dodecahedrons are produced. This has been demonstrated by
the in vitro addition of the long HAdV2 fiber on Bs-Dd [31] or by coexpression of the HAdV3 Bs-Dd
with the ‘short’ fiber of the enteric serotype HAdV41 in insect cells [29]. This result elegantly showed
that fibers from serotypes, for which the penton base cannot dodecamerize (HAdV2, HAdV41), can be
artificially dodecamerized on the HAdV3-derived Bs-Dd scaffold (Figure 3).
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(a) HAdv3 Fib

Figure 3. Recombinant HAdV3 dodecahedrons pseudotyped with different fibers. (a) Base
Dodecahedron (Bs-Dd) coexpressed with its corresponding HAdV3 fibers, (b) the enteric HAdV41
short fiber, or (¢) co-incubated with the HAdV?2 fiber are observed by negative staining at the same
scale (Bars: 30 nm).

4. Structural Determinants of Dodecamerization

When they form a dodecahedral morphology, the penton bases interact with each other, whereas,
when they are on the viral facets, they are separated by the hexons. To the best of our knowledge, this
is an exception in virus-like particles (VLPs) [33], which are generally made up of proteins that interact
in the same way as they do in the viral capsid. Moreover, as mentioned above, not all serotypes are
capable of producing such particles, suggesting that there must be a particular molecular pattern that is
responsible for the dodecamerization phenomenon. Several structural studies on dodecahedrons have
been undertaken in order to understand the molecular basis for this. Preliminary work was carried
out using cryo-microscopy in 1996 using dodecahedrons with and without the fiber. Despite the low
resolution accessible by cryo-EM at that time (20-25 A), the existence of an internal cavity of ~350 nm?>
in the center of the particle was revealed [34]. In addition, it was reported that the fixation of the fiber
caused a minor density change at the surface of the penton bases.

In 2005, the structure of the Ad2 base was reported by X-ray crystallography at 3.3 A [7].
Remarkably, this protein, which is unable to dodecamerize under physiological conditions, crystallized
in a dodecahedral arrangement in the presence of 1.6 M ammonium sulfate and 10% dioxane.
By combining this discovery with an improvement in the dodecahedral resolution of HdAdV3
dodecahedrons by cryo-EM (9 A), a quasi-atomic structure of the Ad3 dodecahedral particle was
reconstructed [35]. In this work, three critical regions involved in dodecamerization were identified
in the primary penton base sequence. The first one is located close to the N-terminal (58-SELS-61) and
allows homotypic interaction in the two-fold axis with the same sequence from another monomer from
an adjacent pentamer. The two other regions (98-NNDFT-102 and 424-FRSTSQ-429, Figure 4a) are
distant from each other in the monomer primary sequence but form heterophilic interactions with their
counterpart in the monomer of an adjacent pentamer (Figure 4b). Later on, the first crystallographic
structure of the Ad3 dodecahedron at 3.8 A confirmed these data and showed that the charged
residues D100 and R425 (highlighted in bold above) formed a salt bridge, as well as an additional
network involving hydrogen bonds with N98 and T427 (underlined above), thus stabilizing the
structure [36]. Unexpectedly, those residues were not exclusive to HAdV3 but were also present in the
non-dodecahedron forming (HAdV2) penton bases. This suggested that, even though those regions are
involved in dodecahedron formation, another critical mechanism is required for particle stabilization.
The authors elegantly showed that an N-terminal strand-swapping between neighboring HAdV3
penton bases occurred, thus locking the particle. HAdV2 penton bases, on the other hand, were not
capable of this. This N-terminal interlocking is controlled by region A (58-SELS-61) since its mutation
results in a drastic decrease of dodecahedron stability [36].



Viruses 2020, 12, 718 7 of 16

Pentamer n Pentamer n+1

Pentamer n+2

Pentamer n-1

(a) (b)

Figure 4. Contact between adjacent pentamers of a dodecahedron. (a) Bottom view of a single pentamer
with D100 highlighted in magenta and R425 in light blue. (b) Zoomed-in slab view of a dodecahedron
(grey mesh) showing contacts made by D100 and R425 from adjacent pentamers (PDB 6HCR.).

5. A Tool for Receptor Identification and Characterization

The particle size and multivalency of dodecahedrons make them extremely interesting tools for
identifying and characterizing receptors or cellular partners interacting specifically with the penton
base or the fiber. The first example was provided with heparan sulphate proteoglycans (HSPGs).
Using cells which either expressed or did not express HSPGs, it was shown that both Pt-Dd and
Bs-Dd could interact specifically with these cell surface glycoproteins [37]. This result was unexpected
since it had previously been reported that, unlike other adenoviral serotypes, HAdV3 could not use
these molecules in the same way [38]. This observation suggested either that the penton bases create
electrostatic surfaces by stacking in the dodecamers, therefore allowing the interaction with HSPGs,
or that the presence of hexons in the viral capsid has a negative effect on this interaction. In any case,
it is interesting to note that these particles, partly mimicking the virus, acquire a different property
from the virus from which they are derived. The fiber does not seem to be involved in the interaction
with HSPGs, since both Bs-Dd and Pt-Dd interact with an apparent affinity on the nanomolar scale.
These data obtained by surface plasmon resonance (SPR) on immobilized heparin probably reflect the
high avidity due to the multivalency of these particles. A few years later, it was shown by cryo-EM
that an extra density was indeed visible on the RGD loop of dodecahedron incubated with an HS
oligosaccharide (dp8 = 4 sulfated di-saccharides). A basic BxBB pattern (where B stands for basic,
and x for any other amino acids) close to the RGD sequence could play a role in the regulation of the
interaction with integrins [39]. The mechanism by which HSPGs regulate this interaction was not fully
addressed, but a ‘click to fit" mechanism was proposed, meaning that a structural change triggered by
HSPG could modulate the affinity of the penton base for integrins.

A second example is the identification of several intracellular partners interacting with these
dodecahedral particles. By screening a gt11 phage library encoding cDNAs from human lung cells
with dodecahedrons, the authors identified a series of partners, all of which have common structural
patterns called “WW domains” [40]. These domains get their name from two conserved tryptophans
(W) and are known to interact with PPxY patterns. Remarkably, two PPxY motifs (x meaning any
amino acid) are conserved in the N-terminal of human penton bases, thus explaining why these
partners interacted both with Pt-Dd and with Bs-Dd in the previous study. These cellular partners
(WP1, WP2, and AIP4) are part of the ubiquitin ligase family, suggesting for the first time that these
enzymes could play a role in the cycle of non-enveloped viruses. Previously, these enzymes were
only reported in the budding of enveloped viruses [41]. Although dodecahedrons were used for the
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identification of these ubiquitin ligases, the dodecamerization is not necessary for the interaction since
the HAdV2 penton base alone is also capable of recognizing these partners.

The last example to date is the use of dodecahedrons to identify the missing receptor for the
subgroup B adenoviruses. Indeed, although it has been known for a long time that certain subgroup-B
adenoviruses interact with CD46, it was also obvious that a certain number of them also interacted
with an unidentified receptor X [17,42]. In 2011, Pt-Dd with 12 fibers (as in the native Ad3 virus) was
used to fish for this missing receptor [18]. By affinity capture of HeLa cell proteins solubilized by
Brij 96V detergent, it was possible to show that a high molecular weight band interacted specifically
with the fiber. This interaction required the presence of calcium as already reported in 1995 [43].
The identification of this high molecular weight band by mass spectrometry demonstrated that
desmoglein 2 (DSG2), a component of desmosomes, was the receptor for serotypes 3,7, 11, and 14 [18].
Desmosomes are located at cellular junctions. However, the presence of this receptor in a region that is
difficult for the virus to reach is far from an isolated case (for review, see Mateo et al. [44]). Interestingly,
identification of desmoglein 2 highlighted a role played by Pt-Dd in the adenoviral replication cell
cycle described below.

6. Biological Functions of the Dodecahedron “Pseudovirus’

While recombinant dodecahedrons can be produced with or without the fiber, only dodecahedrons
displaying the fiber have been reported during the viral lifecycle [21]. As stated above, it has been
reported that HAdV3 dodecahedrons are produced in large excess compared to progeny virions [30].
Therefore, the vast majority of penton bases going back to the nucleus after translation are used for
dodecahedron formation, and only a small portion is used for neo-virion formation. Such an energy
expenditure suggests that dodecahedrons must be involved to some extent in the viral replication
strategy and could even be critical. Inside the cell, little is known except that these particles tend to
accumulate on the inner side of the nuclear membrane away from the neo-synthesized virions [30].
During synthesis, they could also interact with several members of the ubiquitin ligase family, but this
field remains to be studied further.

Outside the cell, the role of dodecahedrons may seem counter-intuitive at first glance. Indeed,
Pt-Dd are composed of the two proteins involved in viral entry, and therefore represent a competitor
for neo-synthesized virions. This competitor role could be demonstrated on A549 pneumocytes cells
in culture infected with the HAdV3-GFP virus, where it was demonstrated that the dodecahedrons
had an inhibitory effect on the infection in a dose-dependent manner [18]. However, in this study,
the effect of the particles on cells was not limited to a simple competitive role. Rather, they also induced
a significant transient cellular remodeling. This effect was measured by real-time cell impedance
experiments. The magnitude of the impedance is dependent on the number of cells (cell index),
as well as on the shape of the cells, and the cell-substrate attachment quality. When Pt-Dd were
added to A549 cell cultures, a rapid and significant drop in impedance could be measured, thus
demonstrating a rapid remodeling of the cell shape upon binding. In a similar experiment carried
out with Bs-Dd, no effect was detected, thus shedding light on the role of the fiber in inducing this
remodeling [45]. Moreover, when the experiment was done with the isolated Ad3 fiber (i.e., not on
the dodecahedrons), no remodeling could be induced. This experiment shows, for the first time,
the critical role of dodecamerization in inducing physiological effects—the constellated fibers on the
dodecahedron produce an effect that cannot be mimicked without this scaffolding. This effect was also
visualized by immunofluorescence studies on both fixed and live cells confirming that Pt-Dd induces
a rapid (first effect visible in 10-20 min) and specific cell remodeling. Strikingly, both Bs-Dd and Pt-Dd
were internalized in this experiment, suggesting that the event triggering cell remodeling is not induced
by particle internalization but more likely earlier, when the fibers interact with DSG2. These results are
in accordance with experiments made during the identification of DSG2 showing that Pt-Dd induces
an epithelial to mesenchymal transition (EMT), resulting in the loss of epithelial markers, such as
E-cadherin, and the gain of mesenchymal properties, like cytoskeleton rearrangement, migratory
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potential, and matrix metalloproteases (MMPs) expression [18,46]. The mechanism underlying this
process was investigated later on. A MAP kinase activation triggered by either Pt-Dd or HAdV3
binding to DSG2, results in the activation of the ADAM17 matrix-metalloproteinase and in the shedding
of DSG2 (Figure 5a) [47]. In the scenario where cell disruption by excess capsomer has already been
reported for HAdV2 upon ‘isolated’ fiber binding to the CAR receptor (a member of “tight junctions”
between the cells) [48], the HAdV3 fiber must be dodecamerized to exert such an effect. This was
demonstrated with an HAdV3 mutant (mu-Ad3GFP) where the penton bases were modified to
suppress decodecamerization (D100 and R425 mutations). The latter mutation was unable to trigger
cell remodeling and featured a worse spreading towards the center of cellular spheroids [49].

Another role of the dodecahedrons upon release from the infected cell, is to trap defensins and,
more specifically, the Human Defensin 5 (HD5). HD5 is a small antimicrobial peptide which is able to
neutralize the HAdVs from the A, B, C, and E species. To do so, HD5 binds to the HAdV’s capsids,
creating a bridge that stabilizes the penton base and the fiber, therefore blocking the pVI protein
exposition during the virus uncoating [50,51]. This impairs pVI presentation to the membrane of the
endosome, which traps the virus after internalization [52]. The virus is then unable to replicate and is
therefore neutralized. The involvement of dodecahedrons in this mechanism has also been studied.
It has been shown that HAdV3 dodecahedrons are able to trap and neutralize HD5 secreted by cancer
cells, thus acting as a decoy (Figure 5b) [53]. This allows HAdV3 to spread, whereas, in the same
conditions the non-dodecahedron forming HAdV5 spreading was limited. Like HAdV5, ‘mu-Ad3GFP”
expressing non-dodecamerizing HAdV3 penton bases was also unable to trap defensins, showing that
dodecamerization is critical in this process.

()
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Figure 5. Biological function of the dodecahedron “pseudovirus’. Pt-Dd facilitates virus spreading by

both interacting with DSG2 and acting as a decoy. (a) Pt-Dd binds to the virus receptor desmoglein
2 located in desmosomes and induces an epithelial to mesenchymal transition (EMT) through MAP
kinase signaling and activation of the ADAM17 matrix-metalloproteinase. Moreover, competition
between Pt-Dd and virions for DSG2 forces virions to spread in the tissue. (b) At the same time, Pt-Dd
traps Human Defensin (HD)5, which is known to block adenovirus infection by stabilizing the capsid,
thus preventing pVI release and subsequent endosomolysis. By acting as a decoy, Pt-Dd protects
neo-virions from defensin attack. Figure created with BioRender.com.
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7. Biotechnological Applications

7.1. DNA Delivery

As stated above, dodecahedrons can be rapidly internalized in cells and do not contain any
pre-existing nucleic acids. Therefore, they can be excellent vectors for delivering a gene of interest
into cells. However, dodecahedrons do not possess an internal cavity large enough to incorporate
nucleic acids. Indeed, this central cavity of around 350 nm® cannot theoretically enable the packing
of more than 100 nucleotides. To overcome this issue, a bifunctional peptide has been designed [31].
This peptide mimics the first 20 amino acids of the trimeric HAdV3 fiber and has a polylysine tail of
20 residues. This peptide can interact with the penton base via the fiber amino acids, as well as with
DNA via an electrostatic interaction between the lysine NH3 " groups and the DNA POz~ groups.

Pt-Dd and Bs-Dd were incubated with the bifunctional peptide and a DNA plasmid carrying the
luciferase gene (Figure 6a). It was demonstrated that these complexes could efficiently enter cells and
transfer the DNA plasmid into the cell where it reached the nucleus and resulted in gene expression.
It is worth noticing that the level of gene expression (and thus of gene transfer) was higher with the
penton base dodecahedron. This is probably due to the fact that 3 out of the 5 fiber binding sites on
each pentameric penton base are blocked when the trimeric fiber is present, thus limiting access to the
fiber-mimicking peptide. However, unlike the use of a ‘classical’ viral vectors, in this kind of approach,
the genetic material is not protected. In a similar work using the non-dodecamerizing HAdV5 penton
base fused to a decalysine (called 3PO), it has been clearly shown that addition of protamine protected
DNA from serum nucleases [54]. Such system has been further explored by adding a heregulin ligand
to bind with high affinity Her2/3 or Her2/4 overexpressed on certain aggressive breast cancers [55] and
a recent work reported the delivery of RNAi in HER3+ tumors in vivo [56].

7.2. Protein Delivery

For the same reasons enounced previously, dodecahedrons represent serious candidates for protein
delivery. A study conducted in 2003 demonstrated that dodecahedrons are able to vectorize proteins
inside cells [32]. HAdV3 Bs-Dd and Pt-Dd decorated with non-neutralizing monoclonal antibodies
(MAbs) directed against the penton base were incubated with cells. In only a few min, antibodies could
be delivered inside the cells with both Bs-Dd and Pt-Dd, although the latter was more efficient. Since the
MAD alone was not able to be internalized by cells, this data highlights the capacity of dodecahedrons
to allow transduction of a high molecular weight protein into cells. However, this promising technique
only applies to monoclonal antibodies directed against a component of the dodecahedron. In order to
transport any protein of interest into the cells, a more versatile system was necessary.

Therefore, a more universal system has been developed using the interaction properties of the
highly-conserved motif “PPxY” motif of the penton base and its “WW” domains (described in Section 5).
Three out of the four “WW” domains of the ubiquitin ligase Nedd4 were expressed in fusion with
the reporter protein Maltose Binding Protein (MBP), and this protein was efficiently delivered to cells
via dodecahedrons (Figure 6a) [57]. This system paved the way to the development of new vaccine
technologies described below (cf. “vaccination’).

8. Therapeutic “Junction” Opener Effect Improving Anti-Tumor Drugs Efficiency

When the DSG2 was first identified in 2011, it was observed that Pt-Dd binding to DSG2 triggered
an epithelial-to-mesenchymal transition (EMT) on breast cancer cells (B474), leading to transient
opening of intercellular junctions [18]. This transient opening allowed exposition of poorly accessible
receptors, which could be of therapeutic importance but are partially hidden between two adjacent
cells. This is the case for Her2/neu, which is targeted by the widely used monoclonal antibody (Mab)
‘Herceptin’ in breast cancer treatment (Figure 6b). It has been shown that the EMT triggered by
recombinant Pt-Dd allowed a better exposition of the Her2/neu receptor in tumors. Indeed, a stronger
and faster decrease of the tumor size was observed in the group of mice treated with Herceptin
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combined with Pt-Dd, compared with the group injected with the therapeutic MADb alone. This study
demonstrates that dodecahedrons could be used as therapeutic adjuvants in order to improve the
efficiency of anti-tumor treatments. This work served as the basis for the development of a new set
of molecules with multimerized HAdV3 fibers called ‘junction openers’ (JO). These have been tested
in preclinical studies with other therapeutic MAbs, like the anti-EGF ‘cetuximab’ and chemotherapeutic
agents, such as the liposomal doxorubicin ‘Doxil” [58-60].

Vaccine Development

Most of the preventive vaccines against viral diseases currently in use against are inactivated
(chemically or thermally) or attenuated (natural or artificial virulence loss) live viruses. As they are
real viruses, there is always a possibility of reactivation. This is not the case for dodecahedrons, which
do not contain any viral genetic material. Additionally, the multivalency of dodecahedrons makes
them a good tool to trigger an efficient immune response as previously reported for other virus-like
particles (VLPs) [61,62].

Several studies have been conducted to evaluate the potential of dodecahedrons as vaccines.
In a first approach, 3 out of the 4 Nedd4 “WW” domains were fused to the ovalbumin model antigen
2480VA374 cargo. This fusion protein was then attached to the dodecahedrons through the WW-PPxY
interaction, so that the cargo was presented in high numbers of copies (Figure 6¢) [63,64]. Naive mice
were then immunized with the WW-OVA dodecahedrons, which lead to a specific CD8+ T lymphocyte
response against OVA. These CD8+ T lymphocytes showed a specific cytotoxic effect against melanoma
cells expressing the OVA antigen on their surface (B16-OVA). These promising results paved the way
to more experiments with ovalbumin antigens. Mice were immunized with 2 injections of WW-OVA
dodecahedrons 14 and 7 days before injection of melanoma cells B16 expressing the OVA antigen
(B16-OVA). The tumor growth was evaluated and only one mouse out of 10 developed a tumor.
However, it is worth noticing that, for this mouse, the tumor development was delayed (D25 post
injection) compared to B16-OVA non-immunized group (around 10 days post injection). The other
9 mice survived several months after the tumor injection, whereas, in the negative control group, the
overall survival did not exceed 20 days.

These first results with the model antigen ovalbumin highlighted the strong potential of using
dodecahedrons in vivo in the vaccine field and in cancer immunotherapy. A similar in vitro study
was later performed in infectiology with the influenza hemagglutinin attached, showing that several
applications could be addressed by using this strategy [65]. However, this kind of approach suffered
from two major shortcomings: (i) the presence of an adapter of human origin (the WW domain)
and (ii) the need for two different expression systems. To overcome these issues, a new system has
recently been reported. The HAdV3 penton base gene was engineered by insertion of restriction sites
to create three independent sites for epitope display: one in the VL loop and two others in the RGD
loop (flanking the preserved RGD motif) of the penton base sequence. Therefore, various antigenic
epitopes of choice could be inserted into this plug-and-play multiepitope display platform named
ADDomer (Figure 6¢). To illustrate the potential of such a system, the chikungunya major neutralizing
epitope E2EP3 (Epitope 3 of the chickungunya E2 protein, 18 amino acids), which is linearly displayed
at the new N terminus of E2 glycoprotein created after furin cleavage, was inserted into the ADDomer.
This created a virus-like-particle (VLP) vaccine candidate named ADDomer-tevCHIK. To loosen this
conformation, a highly specific protease site (Tobacco Etch virus: TEV) was inserted upstream of
the epitope. Upon cleavage, the epitope can readopt its native-like conformation comprising an
exposed N-terminal serine. After injection in mice, no E2EP3-specific antibodies were obtained with the
uncleaved ADDomer-tevCHIK. On the contrary, cleaved ADDomer-tevCHIK exposing the native-like
E2EP3 led to a very strong humoral response in absence of adjuvant [66]. In comparison, a nanoparticle
scaffold made of polylactic acids (PLA) displaying the same amount of the E2EP3 epitope did not lead
to an anti-E2EP3 immune response. This suggests that the ADDomer itself has an adjuvant effect.
It is worth noticing that ADDomers rapidly drain to lymph nodes upon injection in mice and are
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efficiently internalized in immune blood cells, which is essential for a vaccine candidate. In this study,
it was also shown that the ADDomer is remarkably thermostable, which represents a crucial asset for
the deployment of ADDomer-based vaccines in remote countries. In summary, all of these results
involving a real antigen from a pathogen confirmed the strong potential of dodecahedrons in the
vaccine field.
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Figure 6. Biotechnological applications of the dodecahedron “pseudovirus’. (a) The dodecahedron
‘pseudovirus’ can be used to deliver DNA due to a bispecific peptide or proteins of interest fused to the
WW domains. (b) The dodecahedron ‘pseudovirus’ can be used as a therapeutic adjuvant by triggering
cell remodeling by making hidden targets accessible to therapeutic monoclonal antibodies (MAbs) or
by enabling better access to chemotherapeutic compounds. (c) For vaccine purposes, cancer antigens
fused to WW domains can be grafted to Bs-Dd. Alternatively, a single particle can be produced to
display epitopes from pathogens, such as emergent viruses. Figure created with BioRender.com.

9. Concluding Remarks

In this review, multiple facets of the adenovirus dodecahedron were detailed. It is interesting
to note that these particles, identified in the late 60s by Erling Norrby, were not studied again until
their recombinant expression 30 years later. One unique property of the dodecahedrons relies on the
ability of the penton bases to interact together symmetrically while they are not in contact in the virion.
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The structural mechanisms underlying the formation of dodecahedrons have been elucidated over
time, but certain aspects remain to be determined formally, such as where their assembly takes place
in the cell and whether chaperone proteins help their assembly. Their production in large numbers
suggests that these particles play a role in the viral lifecycle, and it has been confirmed that they favor
spreading of the virus after lysis of the infected cells. However, it would be necessary to further explore
their putative intracellular role in the infected cell before their dispersion in the extracellular medium.
The strong internalization properties of these particles, which interact with the same receptors as the
virus but also with other molecules, such as HSPGs, have been used for biotechnological applications.
Their use could be further improved by increasing their endosomolysis capacity. Their applications
in vaccinology seem promising, as these particles are particularly stable and the 60-mer controlled
multimerization, allowing good recognition by the immune system. From a purely geometric point of
view, it is interesting to note that an icosahedral virus is capable of producing its dual dodecahedral
form. These forms, which intrigued Leonardo da Vinci because of their aesthetics and underlying
mathematical relationships since the golden ratio intervenes in the calculation of their radius, their
volume, and their coordinates, probably still have a lot to teach us.
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Conclusion du chapitre :

Dans cette publication la découverte du dodéca¢dre de 1’adénovirus avec sa structure, ses
fonctions biologiques et ses applications en biotechnologie a été détaillée. Comme présenté, ce
dodécaédre d’adénovirus peut étre utilisée pour des applications biotechnologiques comme
plateforme vaccinale. Au cours de cette these nous allons montrer que ce dodécaedre constitue

une plateforme vaccinale prometteuse en oncologie du mélanome.
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Chapitre 111 : Objectifs de la these

L’Institut National du Cancer a évalué a plus de 15 500 les nouveaux cas de mélanomes
cutanés en 2018 en France métropolitaine. Il est estimé qu’au sein de la population occidentale,
1 individu sur 50 développera un mélanome®?®. Le mélanome représente seulement 4 % de
I’ensemble des cancers ainsi que 1,2 % des décés par cancer, cependant c'est I'un des cancers
pour lequel I'incidence ainsi que la mortalité ont significativement augmenté depuis 40 ans. Le
mélanome cutané est de bon pronostic s’il est détecté assez tot (indice de Breslow <2 mm et
pas de métastases), en revanche un diagnostic tardif réduit fortement les chances de survie étant
donné le fort potentiel métastatique de ce cancer. Les chances de survie dépendent donc tres
largement du stade d’avancement du cancer au moment du diagnostic. Ainsi, selon le
programme américain SEER la survie relative a 5 ans est de 98% pour un mélanome localise,
62% pour un mélanome présentant une extension loco-régionale et de 15% pour un mélanome
métastatique. Au vu de ces chiffres, il apparait donc primordial de poursuivre des recherches
de nouvelles thérapies pour traiter ce cancer et les vaccins thérapeutiques constitueraient une
piste prometteuse.

La thématique de 1’équipe du Dr Fender a Grenoble est 1’adénovirus. Cette famille de
virus a large tropisme a réecemment suscité un regain d’intérét pour son utilisation en tant que
vaccin contre le coronavirus SARS-CoV-2 (VAXZEVRIA®, Astra Zeneca-Université
d’Oxford ou encore JCOVDEN® du laboratoire Janssen). Les adénovirus peuvent également
servir de virus oncolytiques chez I’homme comme le ‘Gendicine’ (Shenzhen SiBiono
GeneTech) qui a été approuvé en Chine pour le traitement des tumeurs cancéreuses. De plus,
c’est actuellement le vecteur viral le plus utilisé dans les essais cliniques chez I’homme.

L’approche novatrice de I’équipe consiste a ne pas utiliser d’adénovirus réplicatifs, en raison
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des problemes réglementaires qui leur sont associés, mais une pseudo-particule immunogéne
dérivée de I’adénovirus. Cette particule pseudo-virale non-infectieuse mimant 1’adénovirus
pour les étapes d’entrée dans les cellules est nommée ADDomer (ADenovirus Dodecamer).
Cette technologie a été brevetée par le CNRS en 2017 et a déja fait ses preuves dans le domaine

de I’infectiologie?.

L’objectif du projet est d’utiliser cette technologie de stimulation immunitaire
novatrice développée dans 1I’équipe et de 1’appliquer en cancérologie et plus particulierement
au domaine de I’'immunothérapie du mélanome. Dans ce but, un consortium a été établi avec
les équipes des Dr Chaperot et Aspord a I’EFS de Grenoble, toutes deux spécialistes de
I’immunothérapie des mélanomes.

La thése s’est donc déroulée autour de trois axes principaux :

Cette premiére partie du projet de thése réalisée a I’Institut de Biologie Structurale (IBS,
Grenoble) a consisté a produire, purifier et optimiser le design des vaccins ADDomers

présentant des épitopes et antigénes modeles et humains du mélanome.

Une fois produits et purifiés, les différents ADDomers présentant des épitopes et antigéenes
humains du mélanome ont eté évalués in vitro sur des cellules dendritiques (DC) humaines de
donneurs sains. Cette partie de la thése s’est déroulée a I’Etablissement Frangais du Sang (EFS)
ainsi qu’a I’Institute for Advanced Biosciences (IAB) a Grenoble. Ce travail nous a amen¢ a

évaluer la capacité des DC a internaliser ces ADDomers, a présenter les épitopes/antigenes
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associes et a déclencher des réponses cellulaires T spécifiques de I'antigéne. De plus, afin

d’améliorer I’adressage spécifique des DCs, des ligands spécifiques ont été congus.

Enfin, les différents ADDomers présentant soit des épitopes soit des antigenes modeles du
mélanome ont été évalués in vivo chez des souris C57bl6J inoculées avec des cellules tumorales
de la lignée B16 OVA, lignée communément utilisée dans 1’évaluation in vivo du mélanome
chez la souris. Cette partie d’expérimentation animale de la thése S’est déroulée a la Plateforme
de Haute Technologie Animale (PHTA) & Grenoble. L’ immunogénicité des ADDomers ainsi
que leur effet préventif et thérapeutique sur la tumeur ont été évalues.

Ces travaux ont pour but d’appliquer la technologie ADDomer au domaine de

I’immunothérapie du mélanome dans une optique de développement de vaccin thérapeutique.
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Chapitre 1V : Optimisations de la
plateforme ‘ADDomer’ pour 1’exposition

d’épitopes et d’antigenes du mélanome

Introduction du chapitre :

Dans ce premier chapitre, nous allons développer les optimisations qui ont été réalisées sur la
plateforme ADDomer afin qu’il soit possible d’exposer non seulement des épitopes mais
surtout des antigenes entiers de grande taille. L’exposition d’antigénes entiers par un vaccin est
primordiale afin de maximiser les chances de destruction tumorale et de s’affranchir de la
restriction allélique imposée par ’utilisation d’épitopes. L’exposition d’épitopes a la surface de
I’ADDomer est réalisée par insertion génétique. Cependant, cette technique n’est pas applicable
pour des antigenes entiers longs et structurés (protéine insoluble). Pour surmonter cet obstacle
nous avons décidé d’utiliser le systeme SpyTag/SpyCatcher, développé par Zakeri et al. en
2012 a I'universit¢ d’Oxford. Dans ce chapitre nous montrerons comment ce systeme a été
adapté et optimisé pour I’ADDomer afin d’exposer un mais également plusieurs antigenes de
diverses longueurs et structures a sa surface.

Dans I’optique de faciliter la valorisation future de ces résultats par le laboratoire, cette partie

sera redigée en anglais.
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ADDomers’ design for human tumor epitope and antigen display

The ADDomer is a non-infectious nanoparticle formed of 12 bricks of the homo-pentameric
penton base from the human adenovirus type 3. Two exposed loops can be used for the insertion
of epitopes, namely the variable loop (VL) and the RGD loop (RGD-L). In order to get rid of
the allelic restriction and to elicit a multi-specific anti-tumor response, the display of large
antigens rather than small epitopes on the ADDomer surface would be desirable. At the Oxford
University, Mark Howarth’s group developed a system called SpyTag/SpyCatcher (ST /SC)?3!.
This system derived from the CnaB2 domain of the FbaB protein from the bacteria
Streptococcus pyogenes, allows the formation of a covalent isopeptidic bond between the
aspartate 117 of the SpyTag and the Lysine 31 of the SpyCatcher. This reaction involves a third
amino-acid Glutamate 77 which catalyses the reaction (Figure 1A). Commonly the ST (13
amino-acids) is added on either the C or the N terminus of the protein to facilitate the interaction
with the SC fused to the protein of interest. In the case of the ADDomer, both C and N termini
are buried inside the ADDomer inner cavity and are therefore inaccessible for protein fusion.
Therefore, we adapted this system to the ADDomer platform by genetic insertion of the ST
inside the exposed variable loop. This ST is then displayed 60 times on the ADDomer’s surface

and is available for SC binding (Figure 1B).
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Figure 1
A The SpyTag-SpyCatcher system
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Figure 1: The SpyTag/SpyCatcher system and its application to the ADDomer

(A) Representation of the 3 residues involved in the interaction between the ST and the SC
resulting in the formation of a spontaneous isopeptide bond. (B) Genetic insertion of the ST

inside the ADDomer’s variable loop allowing its decoration with the SC.

In order to display a human melanoma tumor antigen (MelanA), an ADDomer displaying the
SpyTag peptide (ADD-ST) on its surface was used in order to spontaneously make an
isopeptidic bond with a SpyCatcher fused to the MelanA protein containing the MelanA2s.-35
‘A2L’ epitope (Figure 2A, 2C). SpyCatcher fused to the AZ2L sequence epitope
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(ELAGIGILTV) was also designed and attached on the ADD-ST. The A2L sequence would
have been genetically inserted directly inside the variable loop, so, in this case, the system
ST/SC would not have been needed to display this epitope. However, the choice has been made
to investigate the SC liaison to the ADD-ST with SC displaying cargos of different sizes.
Therefore, both MelanA (13 kDa) and A2L (1 kDa) sequences were genetically fused at the
SpyCatcher’s C-terminus which led to the following constructions SC-A2L and SC-MelA. The
SpyCacther (SC) was prolonged with a histidine tag on the N terminus (Figure 2C) and a 5
amino acid linker (ASGGT) was used to separate the MelanA and SpyCatcher sequences. SC-
A2L and SC-MelA attached to the ADDomer are presented on the Figure 2A. In order to
broaden our panel of various sized-proteins fused to the SC, large barrel-shaped protein
mCherry was also attached to the SpyCatcher’s C-terminus ends (SC-mCherry) (Figure 2A).
ADD-ST, SC-A2L, SC-MelA and SC-mCherry were produced separately in insect cell using
the baculovirus expression system. Negative stain electron microscopy showed that both non-
decorated or particle decorated with the A2L epitope were well-folded (Figure 2B). Similar
negative stain electron microscopy images were obtained for the ADDomers displaying the SC-

MelA and SC-mCherry.
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Figure 2: Design and characterization of the different ADDomers (C-ter)

(A) Representation of the different ADDomers produced. Cargos were fused to the C terminus
of the SpyCatcher. (B) Negative stain electron microscopy images of ADD ST and ADD A2L.
(C) Sequence of SC-MelA (C-ter). The MelanA tumor antigen is coloured in brown (A2L
epitope is highlighted in yellow), SpyCatcher is coloured in blue and additional linkers and

histidine tag are coloured in black.

Controlled cleavage of Spytag displayed on ADDomer by TEV protease enhances binding
of SC-cargos while keeping the overall architecture of the particle.

To produce functionalized ADDomers, SC-A2L and SC-MelA were incubated overnight at RT
under agitation with the ADD ST. Binding to the ADD ST via the SpyTag/SpyCatcher system
was achieved however the yield was very low. Indeed, the covalent binding of SC-A2L and
SC-MelA to ADD-ST was assessed by SDS-PAGE (Figure 3B, lanes 3 and 4). SC-A2L and
SC-MelA attachment to the ADD @ was performed as a negative control (Figure 3B, lanes 1
and 2). As expected, an adduct of a higher molecular weight corresponding to the SC-A2L and
SC-MelA bound to the ADD-ST monomer was seen but with low intensity demonstrating that
the yield of assembly was very weak.

To overcome this issue, we hypothesized that the ST epitope in the ADDomer’s variable loop
was not accessible enough or too constricted inside the loop for a proper interaction with the
SC-A2L and SC-MelA. Therefore, a new construct was designed (ADD TEV) which presented
a tobacco etch virus protease (TEV) cleavage site upstream of the ST (Figure 3A). ADD TEV
was then incubated 4h at RT under agitation with the TEV protease. TEV cleavage
unconstrained ST, which would make it more relaxed and better accessible on the ADDomer’s
surface (Figure 3A). Obviously, this internal cleavage split the ADDomer monomer (65kDa)

in two bands of about 50 and 15kDa upon denaturation on SDS-PAGE. The cleaved ADD TEV
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was then incubated with the SC-A2L and SC-MelA and covalent binding was assessed by SDS-
PAGE (Figure 3B, lanes 5 and 6). As expected, an adduct of a higher molecular weight
corresponding to the SC-A2L and SC-MelA bound to the ADD-TEV ‘50kDa fragment’ was
seen with a much higher intensity compared to the binding to the uncleaved ADD ST (Figure
3B, lanes 5 and 6 for ADD TEV versus lanes 3 and 4 for ADD ST). This result showed that
releasing the ST with TEV protease had a beneficial impact on the binding efficiency of both
SC-A2L and SC-MelA. Moreover, negative stain electron microscopy showed that ADD TEV
displaying the SC-MelA on its surface were well-folded and that the structural integrity was

intact despite the internal cleavage of the loop encompassing the ST. (Figure 3C).
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Figure 3: Controlled cleavage of SpyTag displayed on ADDomer by TEV protease
(A) Representation of the ADDomer TEV encompassing a tobacco etch virus protease (TEV)

cleavage site upstream of the ST. Upon incubation with the TEV protease the ST is released
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which makes it more accessible on the ADDomer’s surface. (B) SDS PAGE profile of reduced
and boiled samples showing the binding of SC-A2L and SC-MelA to ADD ST (low binding)
as well as to ADD TEV (high binding). (C) Negative stain electron microscopy image of ADD
TEV displaying the SC-MelA, showing no impact of the TEV protease on the ADDomer’s

folding and integrity.

Switching the cargo from the SpyCatcher’s C-terminus to N-terminus resulted in more
efficient binding to the ADD ST

We showed that the binding on epitope/antigen on the ADDomer could be optimized by adding
a TEV splicing site upstream of the ST. However, this site makes the ADDomer less stable and
more easily degraded, which is a major drawback for a vaccine platform. To overcome this
issue and based on the structure of the interaction between SpyCatcher and SpyTag, we
hypothesized that putting the epitope/antigen at the N-terminus end of the SpyCachter rather
than at the C-terminus would reduce steric hindrance and therefore facilitate binding without
the need for a TEV slicing site (Figure 4A). The antigens MelanA and mCherry were then fused
upstream of the SpyCatcher (N terminus) which led to the following constructions MelA-SC
and mCherry-SC (Figure 4B). ADD ST was then incubated with the mCherry and MelA
proteins fused to either the N or C terminus of the SpyCatcher and covalent binding was
assessed by SDS-PAGE (Figure 4C). An adduct of a higher molecular weight corresponding to
the mCherry-SC and MelA-SC bound to the ADD-ST monomer was clearly seen with a much
higher intensity compared to the binding to SC-mCherry and SC-MelA (Figure 4C). This result
showed that switching the antigen position from SpyCatcher’s C-terminus to N-terminus leads
to beneficial impact on the binding efficiency to ADD ST. Therefore, with cargos on the N-
terminus of SC, the TEV cleavage of ADDomer is no longer required which facilitate the

manufacturing process and usage of this versatile vector.
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Figure 4: Switching the cargo from the SpyCatcher’s C-terminus to N-terminus

(A) Structural images of SpyTag and SpyCatcher interacting together showing that switching
the cargo from the C-terminus to the N-terminus of the SpyCatcher could reduce steric
hindrance and therefore improve binding. (B) Representation of MelA-SC (N-ter). (C) SDS
PAGE profile of reduced and boiled samples showing the binding to ADD ST is improved

when the cargo is at the N-terminus end of the SpyCatcher.

Mosaic vectors harbouring cargos from different sizes, origins or structural complexities
can be generated

Here, we investigated the capacity of the ADDomer platform to display different cargos
simultaneously on its surface. MelA-SC, mCherry-SC and SC-A2L were incubated
simultaneously with the ADD ST with a ratio of 1 monomer for 0,3 of each Cargo-SpyCatcher.
The binding was assessed by SDS-PAGE (Figure 5). Three adducts of a higher molecular
weight each of them corresponding to the mCherry-SC, MelA-SC and SC-A2L bound to the
ADD-ST monomer were clearly seen (Figure 5). This result showed that the ADDomer can
simultaneously display three different proteins with structural complexity going from a small

17 amino acid peptide to a large barrel-shaped 50kDa protein.
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Figure 5
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Figure 5: Mosaic vectors harbouring cargos from different sizes, origins or structural
complexities
SDS PAGE profile of reduced and boiled samples showing the binding of different cargos

(mCherry-SC, MelA-SC, SC-A2L) to the ADD ST.

Conclusion du chapitre :

Pour conclure, dans ce chapitre nous avons vu qu’en utilisant le systéme d’accroche
SpyTag/SpyCatcher il était possible de fixer de maniére covalente un ou plusieurs antigenes de
taille et structure différentes sur I’ADDomer. La plateforme ADDomer exposant des épitopes
par insertion génétique a ainsi été améliorée afin d’exposer également des antigénes entiers par
le systeme SpyTag/SpyCatcher. Nous avons vu que ces antigenes devaient étre placés en amont
du SC afin de favoriser leur fixation a I’ADDomer. La capacité de ces ADDomers (présentant

des épitopes/antigenes du mélanome) a induire une réponse immunitaire anti-tumorale peut

ainsi étre évaluée in vitro.
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Chapitre V : Evaluation in vitro
d’ ADDomers présentant des €pitopes et

antigenes humains du mélanome

Introduction du chapitre :

Dans ce chapitre, nous présenterons les caractérisations in vitro qui ont été réalisées sur les
ADDomers présentant des épitopes et antigénes du mélanome. Cette publication explore
I’'immunogénicité des ADDomers présentant un épitope (A2L) ou un antigéne (MelanA)
humains du mélanome sur des cellules dendritiques humaines issues de donneurs sains.
L’internalisation ainsi que le potentiel activateur des ADDomers a été évalué sur les différents
sous-types de cellules dendritiques humaines (cDC2, cDC1, pDC). La capacité des ADDomers
a induire une présentation croisée des antigenes/épitopes tumoraux (cross présentation) ainsi
que I’activation de lymphocytes T CD8+ dirigés contre ces antigénes/épitopes (cross priming)
a également été reportée. Dans une seconde partie, des modifications spécifiques permettant un
meilleur adressage des DCs ont été réalisées et évaluées. Ces modifications visent a cibler
spécifiquement les cellules dendritiques afin de favoriser I’internalisation des ADDomers dans
celles-ci tout en diminuant I’internalisation dans d’autres cellules non ciblées comme les

cellules épithéliales par exemple.
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Abstract: Virus-like particles constitute versatile vectors that can be used as vaccine platforms in
many fields from infectiology and more recently to oncology. We previously designed non-infectious
adenovirus-inspired 60-mer dodecahedric virus-like particles named ADDomers displaying on their
surface either a short epitope or a large tumor/viral antigen. In this work, we explored for the
first time the immunogenicity of ADDomers exhibiting melanoma-derived tumor antigen/epitope
and their impact on the features of human dendritic cell (DC) subsets. We first demonstrated that
ADDomers displaying tumor epitope/antigen elicit a strong immune-stimulating potential of human
DC subsets (cDC2s, cDC1s, pDCs), which were able to internalize and cross-present tumor antigen,
and subsequently cross-prime antigen-specific T-cell responses. To further limit off-target effects and
enhance DC targeting, we engineered specific motifs to de-target epithelial cells and improve DCs’
addressing. The improved engineered platform making it possible to display large antigen represents
a tool to overcome the barrier of immune allele restriction, broadening the immune response, and
paving the way to its potential utilization in humans as an off-the-shelf vaccine.

Keywords: adenovirus; vaccine platform; immunotherapy; melanoma; C-type lectin receptors

1. Introduction

Recent years have seen the development of a variety of immunotherapies in oncology
with various success depending on the cancer type and state [1-3]. In 2013, Chen DS
and Mellman I [4] presented a cancer-immunity cycle explaining the fundamental steps
by which the immune system manages to kill cancer cells. This cycle highlights the
fundamental role of dendritic cells in the triggering of the anti-tumoral immune response.
The aim of any immunotherapies is to drive this cycle and increase one of those steps.

For instance, the blocking of the immune checkpoint PD-1 occurs at the last step of
this cycle when cytotoxic T cells destroy cancer cells. On the other hand, cancer vaccines
can have an action at the very beginning of this cycle by activating the DCs, leading to the
differentiation of T cells into tumor-specific cytotoxic T lymphocytes (CTL), triggering the
death of cancerous cells [5]. Indeed, a cancer vaccine’s goal is to stimulate the patient’s
immune system against the vaccine’s carried epitopes or antigens. Vaccines are captured
by DCs and epitopes/antigens are internalized and presented (cross-presentation) through
peptide/HLA complexes to naive T cells triggering their activation and differentiation
into antigen-specific CD4+ or CD8+ T cells in lymph nodes (cross priming). Both subsets
have different roles: CD4+ T cells are required for CD8+ T cells activation, which will then
exhibit their cytotoxic activity. Once activated, CD8+ T cells will travel from the lymph
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node to the tumor site through the blood circulation. At the tumor site, activated CD8+ T
infiltrate the tumor and recognize the cancer cells thanks to the antigens expressed at their
surface through peptide/HLA complexes. Then, they can kill the cancer cells thanks to their
cytotoxic activity [4]. Many cancer vaccines are currently under evaluation at preclinical or
clinical stages using different strategies, from tumor cell vaccines to genetic vaccines [6,7].
Among genetic vaccines there are viral vectors, such as adenovirus. They can be used in
two different manners: either as oncolytic viruses, meaning that they would replicate only
inside tumor cells, triggering their death, or as a component of a vaccine to stimulate both
innate and adaptive immunity, thus triggering an anti-tumoral response [8]. Adenoviruses
are widely used in the clinic; more than 100 clinical trials in Europe and almost 300 in the
USA are ongoing. Most of them use the full adenovirus as the vector either encoding a
tumor antigen, a cytokine or just engineered as oncolytic viruses [9-11]. We have previously
reported that a non-infectious virus-like particle (VLP) derived from the human Adenovirus
of type 3 and consisting of 60 identical penton base monomers could be exploited to display
epitopes of interest on its surface [12-14]. In this vaccine platform named ADDomer,
exposed loops of the penton base protein were engineered to allow insertion of small
peptides such as a linear neutralizing epitope from Chikungunya virus [12]. However, this
design did not permit the insertion of structurally complex antigens. To overcome this
limitation while keeping the immunogenic advantage of ADDomer, we redesigned this
platform by genetically inserting a SpyTag. Thanks to that, spontaneous display of large
and structurally complex antigens with potential post-translational modifications such as
the SARS-CoV-2 Receptor Binding Domain (RBD) or a model antigen ovalbumin fused to
the Spycatcher was achieved. In infectiology, this system displaying the RBD has proven to
be highly effective to elicit potent neutralizing antibodies against SARS-CoV-2 in mice [15].
In oncology, ADDomers exhibiting the ovalbumin antigen have also proven to be of great
efficiency in controlling melanoma B16-OVA in mice [16].

In this study, we explored in vitro the interactions of a cancer vaccine platform AD-
Domer displaying human melanoma tumor antigen (MelanA) and epitope (A2L) with
human DC subsets (cDC2s, cDCl1s, pDCs). We deciphered the ability of DCs to internal-
ize such ADDomers, to cross-present associated epitopes/antigens, and to subsequently
trigger antigen-specific T-cell responses. To further limit off-target effects and enhance DC
targeting, we engineered specific motifs to de-target un-targeted cells (epithelial cells) and
improve DCs’ addressing.

2. Materials and Methods
2.1. Baculovirus Production

The baculovirus expression system was used for the production of different ADDomers
(ADD A2L, ADD ST, ADD KGE, and ADD RGD), as well as for the Spike Receptor Binding
Domain of SARS-CoV-2 fused to the SpyCatcher (RBD-SC) and the MelanA tumor antigen
fused to the SpyCatcher (MelA-SC). Synthetic DNA (Genscript, Rijswijk, The Netherlands)
was cloned in the pACEBacl using the restriction sites BamH I and Hind III. For RBD-SC,
the RBD sequence (320-554) was cloned upstream of the SC, and a 6His-Tag was added in
the C-terminus of SC. The same was performed for the MelA-SC. The RBD-SC was secreted
using the melittin signal peptide present in the vector. Recombinant baculoviruses were
made by transposition with an in-house bacmid expressing yellow fluorescent protein, as
previously described [12]. Baculoviruses were amplified on Sf21 cells at low multiplicity of
infection (MOI) and after two amplification cycles were used to infect insect cells for 64 to
72 h at high MOL For all proteins except for RBD-SC, the infected cells were pelleted and
recovered. For RBD-SC, cells were discarded, and the supernatant was saved.

2.2. Protein Purification
2.2.1. ADDomers’ Purification

The ADDomers were purified according to classical protocol [15]. Briefly, after lysis
of the insect cell pellet by three cycles of freeze-thaw in the presence of complete protease



Biomedicines 2022, 10, 2881

30f25

inhibitor cocktail (Roche, Paris, France) and removal of debris, the lysate was loaded onto
a 20% to 40% sucrose density gradient. The gradient was centrifuged for 18 h at 4 °C on
an SW 41 Ti rotor in a Beckman XPN-80 ultracentrifuge. The dense collected fractions
at the bottom of the tubes were dialyzed against HEPES 10 mM pH 7.4, NaCl 150 mM,
and then loaded onto a Macroprep Q cartridge (Bio-Rad, Paris, France). After elution
by a 150 to 600 mM linear NaCl gradient in HEPES 10 mM pH 7.4, ADDomer-containing
fractions were checked by SDS-PAGE and concentrated on Amicon (MWCO: 100 kDa) with
buffer exchange to HEPES 10 mM pH 7.4, NaCl 150 mM.

2.2.2. RBD-SC Purification

The insect cell supernatant was centrifuged after thawing for 15 min at 7500x g and
loaded onto a HEPES 10 mM pH 7.4 preequilibrated Heparin column (Cytiva, Paris, France)
of 5 mL for 500 mL of supernatant. The column was washed with HEPES 10 mM pH 7.4 for
25 mL then eluted for 10 mL with 0 to 500 mM linear NaCl gradient in HEPES 10 mM pH
7.4. The eluate was supplemented with 30 mM imidazole-HCI (pH 7.4) and incubated with
Ni-NTA beads (Qiagen, Paris, France), 2 mL of beads for 500 mL culture, for at least 1 h at
4 °C under gentle agitation. The beads were then poured into an empty column and the
protein was eluted by two column volumes (CV) of 250 mM imidazole in HEPES 10 mM
pH 7.4, NaCl 150 mM. It was then submitted to buffer exchange using an Amicon device
(MWCO 30 kDa).

2.2.3. MelA-SC Purification

Insect cell pellet was lysed by three cycles of freeze-thaw in the presence of a complete pro-
tease inhibitor cocktail (Roche, Paris, France), and the lysate containing the His-tagged MelA-
SC was loaded to a 1 mL His GraviTrap prepacked column (GE Healthcare, Paris, France),
pre-equilibrated with 20 CV of 150 mM NaCl, 10 mM HEPES pH 7.4 and 10 mM imidazole.
Columns were then washed with 20 CV of the same buffer to remove non-specifically
bound material. Proteins were eluted with 10 CV of buffer containing 200 mM imidazole.
MelA-SC containing fractions were checked by SDS-PAGE and concentrated on Amicon
(MWCO: 30 kDa) with buffer exchange to HEPES 10 mM pH 7.4, NaCl 150 mM.

2.3. Complex Formation and Labelling
2.3.1. ADD-ST + MelA /RBD-SC (ADD-MelA, ADD KGE RBD and ADD RGD RBD) Complex
Formation for Cross Priming and Cross Presentation Experiments

Covalent complex formation was obtained by incubation of purified ADD-ST with purified
MelA /RBD protein fused to SC (i.e MelA /RBD-5C). Incubation was performed at 25 °C
under agitation on a ThermoMixer (Eppendorf, Paris, France) at 300 rpm. RBD-SC ratio
and MelA-SC per ADD-ST was fixed to 1:1 (1 MelA/RBD-SC for 1 monomer) in order to
avoid steric hindrance between the MelA /RBD-SC proteins on the ADDomer surface.

Left over RBD-5C/MelA-SC which did not bind to the ADDomers were removed
thanks to a 20% to 40% sucrose density gradient. The gradient was centrifuged for 6 h at
60,000 rpm, 4 °C on an SW 60 Ti rotor in a Beckman XPN-80 ultracentrifuge. The dense
collected fractions at the bottom of the tubes (complex containing fractions i.e., ADD-
MelA/ADD KGE RBD/ADD RGD RBD) were checked by SDS-PAGE and concentrated on
Amicon (MWCO: 100 kDa) with buffer exchange to HEPES 10 mM pH 7.4, NaCl 150 mM
for sucrose removal. (Supplementary Figure S1).

2.3.2. ADD-ST AF647 + MelA /RBD-SC (ADD-MelA AF647, ADD KGE/RGD +/— RBD AF647)
Complex Formation for Internalization Experiments

Covalent complex formation was obtained by incubation of purified ADD-ST with
purified MelA /RBD protein fused to SC (MelA /RBD-SC). ADD ST, ADD KGE and ADD
RGD were first incubated with the fluorochrome NHS-Alexa Fluor 647 (ThermoFisher,
Paris, France) overnight at 25 °C under agitation on a Thermomixer at 300 rpm. The NHS
moiety forms a covalent bond with the ADDomers’ lysins terminal NH; moiety. ADDomers
AF647 were then incubated with ethanolamine (1 mM final concentration) for 4 h at 25 °C
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under agitation on a Thermomixer at 300 rpm. Finally, incubation with the MelA /RBD-5C
was performed overnight at 25 °C under agitation on a Thermomixer at 300 rpm. RBD-SC
ratio and MelA-SC per ADD-ST was fixed to 1:1 (1 MelA /RBD-SC for 1 monomer) in order
to avoid steric hindrance between the MelA /RBD-SC proteins on the ADDomer surface.
Ethanolamine allows the blockage of left-over NHS-AF647 in order to prevent its fixation to
RBD-SC/MelA-SC (Supplementary Figure S2). Left-over RBD-SC/MelA-SC were removed
as described above.

2.4. Cell Preparation and Culture
2.4.1. Transformed Cell Lines

All experiments were performed in complete RPMI medium (RPMI-1640 Glutamax
(Gibco®, Paris, France) enriched with 20 ng/mL Gentamicin, 1% non-essential amino-
acids both from (Invitrogen™, France) and 1 mM sodium pyruvate (Sigma, Paris, France))
supplemented with 10% decomplemented fetal calf serum (FCS) (Invitrogen™).

2.4.2. Peripheral Blood Mononuclear Cells (PBMCs) Isolation

Peripheral Blood Mononuclear Cells (PBMCs) were isolated from healthy donor
blood and purified by the Ficoll-Hypaque density gradient centrifugation (800x g, 20 min)
technique (Eurobio, Paris, France). The ring of PBMCs formed at the interface between the
plasma and the Ficoll is washed in phosphate buffer saline (PBS), centrifuged at 400 x ¢ for
8 min before de-plaquettation at 200 x g for 10 min at 4 °C. PBMC were then numerated
and stored frozen at —196 °C in liquid nitrogen until use.

2.5. Fixation, Internalization of ADDomer
2.5.1. Evaluation of the Fixation of ADDomers AF647 on DC Subsets by Flow Cytometry

PBMC (2.10° in 250 pL) were incubated with 0.15 uM (1x), 0.5 uM (3% ) or 1.5 uM (10 )
of each ADDomer AF647 in FACS tubes for 1 h at 37 °C, 5% CO; in RPMI supplemented
with 10% FCS or in PBS 1x for tubes treated with EDTA (ADD KGE RBD + EDTA and
ADD RGD RBD + EDTA). For tubes treated with EDTA, PBMC (2.10° in 250 uL) were
first incubated with EDTA in PBS 1x (20 mM final concentration) for 30 min at RT. Cells
were then washed, incubated with the ADDomers AF647 in PBS 1 x, and washed with PBS
1x supplemented with 2% FCS. Next, cells were resuspended in 100 uL PBS 2% FCS and
incubated for 20 min in the dark with a mixture of Abs conjugated to fluorochromes (anti-
human CD45, Lin, HLA-DR, CD11c, BDCA1, BDCAZ2, Clec9a antibodies) and live&dead
staining, allowing us to detect the ADDomers AF647 fixed or internalized by the three alive
DCs subsets. Then, cells were washed in 2 mL PBS 2% FCS before being fixed in 300 pL
FACS lysing solution 1x. Analyses were performed using LSR II and analyzed with DIVA
8.3 software from BD.

2.5.2. Determination of the Internalization of ADDomers AF647 by DC Subsets by
Confocal Microscopy

To determine whether the ADDomers are internalized or just fixed through surface
adhesion by the DC subsets, confocal microscopy was performed on panDCs pre-incubated
with ADDomers AF647. PanDCs were purified from PBMC using the kit PanDC pre-
enrichment kit (StemCell, Paris, France). PanDCs (1.2.10° in 600 pL) were incubated
with 0.15 uM of each ADDomer-AF647 in FACS tubes for 1 h 30 at 37 °C, 5% CO, in
RPMI supplemented with 10% FCS. Next, cells were washed in PBS 1x and deposited
on 3 poly-lysin coated slides (400,000 cells in 200 uL per slide, 1 slide for each three
DC subset). Slides were then placed 20 min at 37 °C in the dark for panDC adhesion.
Upon removing the medium, slides were incubated with 100 pL of an antibody mix for
10 min at 37 °C in the dark, comprising CD11¢c, HLA-DR, and either BDCA1, BDCA2 or
BDCAS3 antibodies. Slides were then washed with 200 puL. of PBS 1x, then cells were fixed
with 200 pL of PFA 4% for 10 min at 37 °C in the dark. Slides were then washed twice
with 200 pL of PBS 1x before being mounted with 10 uL anti-fade mounting medium
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(Invitrogen). The localization of ADDomers was assessed with a laser spinning disk
Andromeda-IMIC inverted microscope (Till-Photonics FEI, Paris, France) equipped with
an alpha-Plan-Apochromat 63x/1.46 objective (Zeiss, Paris, France). Images were acquired
with an iXon U897 EMCCD camera (Andort, Paris, France) controlled with Live Acquisition
Software (FEI). Z series optical sections were collected with a step size of 300 nm over
10 microns. Equatorial section was used to represent internalization. Images were denoised
with denoise.ai NIS-Element (Nikon, Paris, France) software and then analyzed with FIJI.
Intensities of CD11c (Brilliant Violet 421) and HLA-DR (Brillant Violet 510) markers as well
as the subset marker stained with FITC (BDCA 1, 2 or 3) on the cell surface were used to
discriminate between the three subsets.

2.6. DC Subsets” Activation and Cytokine Production upon Incubation with ADDomers
2.6.1. PBMCs Preparation/Cell Culture Conditions

PBMCs from two healthy donors were thawed in medium RPMI 20% FCS, centrifuged
at 400 x g for 8 min, then resuspended in medium RPMI 10% FCS and plated (2.106 cells
in 1 mL). PBMCs were incubated either in control conditions, with TLR-ligand (TLR-L)
mix (Poly IC 30 ug/mL, R848 1 pg/mL and CpGA 1 uM), with peptide MelAyq_35 (10 uM),
ADD @ or ADDomer A2L (1 uM) for 24 h.

2.6.2. Cell Viability and Costimulatory Molecules Expression Analysis by Flow Cytometry

Supernatants (SN) of each condition were taken and stored at —20 °C for further
cytokine production analysis by Luminex. Cells were harvested and wells washed twice
with 1 mL RPMI 10% FCS, then centrifuged at 400x g for 8 min and resuspended in 100 pL
PBS 2% FCS. Cells were then incubated for 20 min in the dark with a mixture of Abs
conjugated to fluorochromes allowing us to detect costimulatory molecules (CD40, CD80,
CD86), as well as the cell viability (Live & dead marker) on DCs subsets depicted by using
anti-human CD45, HLA-DR, Lin, CD11¢c, BDCAI1, 2 and 3 antibodies. Cells were then fixed
in 300 uL FACS lysing solution 1x, washed in 2 mL PBS 2% FCS and centrifuged at 600x g
for 5 min. Cells were next resuspended in 300 pL PBS 2% FCS and stored at 4 °C until
acquisition. Analyses were performed using LSR Il and analyzed with DIVA 8.3 software
from BD-Biosciences.

2.6.3. Cytokine Secretion Analysis by Luminex

IL12p70, IFNe, IFN, IFNA1/IL29 and IFNA2 /IL28 cytokine secretions were measured
in culture supernatants by LUMINEX technology using MAGPIX®200 Instrument with
xPONENT® software (Bio-Rad).

2.7. Analysis of DCs’ Ability to Perform the Cross-Presentation of ADDomers-Associated
Epitopes/Antigens

2.7.1. PanDC Incubation with ADDomers

PanDCs (mixture of cDC2s, cDC1s and pDCs) were purified from PBMC from two HLA-
A0201* donors using the kit PanDC pre-enrichment kit (StemCell.) PanDCs (20,000 cells in
100 pL) were incubated with 1 uM of each ADDomer (empty, A2L, MelA, KGE, KGE RBD,
RGD, RGD RBD) or the restricted peptide MelAy¢_35 at 1 uM overnight at 37 °C, 5% CO, in
RPMI supplemented with 10% FCS in a 96 well plate.

2.7.2. Conditions of Cross-Presentation

In order to explore if the ADDomers were processed by DCs, a cross presentation
assay was performed. Pre-amplified anti-MelAy¢ 35 T cells were co-cultured with panDCs
pre-incubated with ADDomers in a ratio 5:1 (100,000 pre-amplified anti-MelAyg_35 T cells
for 20,000 panDCs) in 96 wells plate for 20 h in incubator at 37 °C, and 5% CO2. Controls
were carried out by incubating the anti-MelAy 35 T cells with either RPMI 10% FCS or
activation cocktail (PMA /iono). SNs were collected and analyzed by Cytometric Bead
Array (CBA provided by BD) to measure the concentration of IFNYy.
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2.7.3. Measurement of Cytokines Production by CBA

To determine the amount of IFNy produced by cells which reflect their ability to
recognize the complex HLA /peptide on the antigen presenting cells such as dendritic
cells, SNs of the cross-presentation assay were analyzed by CBA. Standard range was
prepared from 2500 pg/mL to 0 pg/mL of recombinant IFNy by cascade dilution 2 by 2.
Fluorescent beads (labeled with AlloPhycoCyanin fluorophores APC or APC-Cy7) covered
with anti IFNy Ab were incubated with SN or standard (0.5 pL. of bead with 50 uL of
capture diluent per tube) for 1 h at room temperature (RT) in the dark. Then, an anti IFNy
Abs coupled to PE (0.5 uL of Abs with 50 puL of PE detection per tube) was added for 2 h
at RT in the dark. Then, tubes were washed with 1 mL of wash buffer and centrifuged at
600x g for 5 min. After discarding SN, the acquisition was carried out on Canto II (at least
500 events/cytokine) and analysis using FCAP Array software. The use of standard allowed
determining the relationship between the PE intensity and the concentration of cytokines,
allowing us then to calculate the concentration of IFNy in the SN.

2.8. Cross-Priming of Antigen (A2L) Specific CD8 T Cells Using ADDomers
2.8.1. Conditions of Cross-Priming

HLA-A2+ PBMCs were thawed in complete medium RPMI 20% FCS, centrifuged at
400x g for 8 min, then resuspended in complete medium RPMI 10% FCS. Cells were plated
at 1.10° cells/mL in a 24 well plate and cultured for 7 days at 37 °C 5% CO; in different
conditions: control, or immunodominant HLA-A2 restricted peptide MelAy¢ 35 at 10 uM,
or ADD @ (without peptide)/ ADDomer A2L (containing MelAj4 35 peptide) at 0.15 uM.
All these conditions were performed with or without a mixture of TLR-L (mix Poly IC
(TLR3L) 30 ng/ mL, R848 (TLR7/8L) 1 ng/mL and CpGA (TLRIL) 1 uM). At day 7, cells
were harvested, washed, numerated and resuspended at 1.10° cells/mL. Then, 200,000 cells
were taken from each condition for dextramer staining (to evaluate the proportion of anti-
MelAjg 35 CD8+ T cells); the remaining cells were restimulated in the same conditions as at
day 0. At day 13, the same protocol was performed. At day 20, all cells were collected for
dextramer staining and analyzed by flow cytometry using a Canto II.

2.8.2. Determination of Anti-MelAj4 35 CD8+ T Cells by Dextramer Staining

Dextramer staining was performed at day 0 on 2.10° cells, and at day 7, 13 and
20 on 200,000 cells harvested from the cultures. Cells were washed with 2 mL PBS 2%
FCS, resuspended in 100 uL PBS 2% FCS, and stained for 20 min at RT with 5 pL of
MHC dextramer MelAjq 35 A*0201/ ELAGIGILTV (PE) from Immudex® according to the
manufacturer’s instructions. Cells were then stained with 5 uL. of anti-human CD3 (labeled
with the fluorophore PC7) and 5 pL of anti-human CD8 (labeled with the fluorophore APC)
both from Beckman Coulter® for 15 min according to the manufacturer’s instructions. Cells
were washed with 2 mL PBS 2% FCS, resuspended in 300 uL of FACS lysing solution 1x
and stored at 4 °C until acquisition. The proportion of dextramer+ CD8+ T cells together
with the intensity of the dextramer labeling were analyzed using a Canto II and DIVA
6.0 software from BD.

2.8.3. Amplification of Antigen Specific CD8+ T Cells

Calculation of absolute numbers of CD8+ T cells was carried out based on the per-
centage of CD8. Cells number in wells and the percentage of dextramer+ within CD8+ T
cells allowed us then to calculate the absolute number of dextramer+ CD8+ T cells. The
amplification of antigen specific CD8+ T cells was calculated based on the ratio of absolute
numbers of dextramer+ CD8+ T cells at day X/day 0.

2.8.4. Determination of the Affinity of Antigen Specific CD8+ T Cells

The affinity of the amplified dextramer+ CD8+ T cells was measured thanks to the
Mean Fluorescence Intensity (MFI) of the dextramer labelling.
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2.9. Detargeting Retargeting Experiments
2.9.1. Evaluation of the Interactions between the ADDomers and CLR by Surface
Plasmon Resonance

DC-SIGN Biot-ECD and MGL Biot-ECD, used in these SPR measurements, were
overexpressed and purified according to previously published protocol [17,18]. A sur-
face plasmon resonance experiment was performed on a T200 instrument. Streptavidin
(Ref.: 54762; SIGMA-ALDRICH) diluted at 100 pg/mL in 10 mM NaOAc pH 4 was immo-
bilized on sensor chips sensor chip S Serie CM3 (Cytiva, France). Biotinylated version of
DC-SIGN ECD and MGL ECD (called, respectively, DC-SIGN Biot-ECD and MGL Biot-
ECD) were used for their capture onto the streptavidin functionalized surfaces. These
Biot-ECD version of both CLRs results from a site directed N-terminal biotinylation that
allow a uniform orientation of the CLRs ECD on the surface mimicking the natural presen-
tation at the cell surface. This site specific biotinylation on the N-termini are performed in
house thanks to a sortagging procedure previously described in Achilli et al. [19]. DC-SIGN
Biot-ECD and MGL Biot-ECD were diluted, respectively, at 0.5 pg/mL and 1 pg/mL in
HBS P+ (Cytiva), injected at 5 uL/min until a capture level around 1250 RU (1264.4 RU
for DC-SIGN Biot-ECD and 1254.0 RU for MGL Biot-ECD) was achieved. For interaction
measurements, ADD KGE and ADD KGE RBD were prepared in HEPES 10 mM pH 7.4,
NaCl 150 mM, CaCl, 4 mM, 0.05% P20. They were injected at concentrations ranging from
0.3 nM to 136.5 nM over DC-SIGN Biot-ECD or a MGL Biot-ECD oriented surface using
HBS P+ buffer supplemented with 4 mM CaCl, as running buffer at 100 pL/min. RBD-SC
was in HEPES 10 mM pH 7.4, NaCl 150 mM, CaCl, 4 mM, 0.05% P20) and was injected over
a DC-SIGN Biot-ECD or MGL Biot-ECD oriented surface at a concentration ranging from
56 nM to 28.75 uM using HBS P+ buffer supplemented with 4 mM CaCl, at 100 pL/min.
Streptavidin flow cell surface was used as reference for correction of the binding response.
Regeneration of the surfaces was achieved by 50 mM EDTA, pH 8. Binding curves were
analyzed using Biacore T200 Evaluation Software 3.2.1 (GE Healthcare) and data were
fit using Steady State Affinity model. For ADD KGE RBD, only sensorgram comprised
between 8.5 nM down to 0.2 nM were considered for determining the Kpqp), for DC-SIGN.
In this range of concentrations, a nice saturation curve could be observed in steady state
analysis. The higher concentration tested from 8.5 nM up to 136 nM still contributes to
higher binding to the surface but in a non-specific mode (linear increase) and thus were not
considered in the analysis.

2.9.2. De-Targeting Evaluation Using ADD KGE versus ADD RGD on A549 Cell Line

A549 cells were grown as monolayers in RPMI-1640 Glutamax (Gibco®, France)
containing 10% fetal bovine serum (Gibco®), 5,000 U/100 mL of penicillin-streptomycin
(Gibco®, France) at 37 °C in 5% CO, using T75 flasks, or culture dishes as specified.

2.9.3. ADD KGE and RGD Labeling with AF 488

ADD KGE and ADD RGD were first incubated with the fluorochrome NHS-Alexa 488
(ThermoFisher, France) overnight at 25 °C under agitation on a ThermoMixer (Eppendorf,
France) at 300 rpm. The NHS moiety forms a covalent bond with the ADDomers’ lysins
terminal NH, residues.

2.9.4. ADD KGE and ADD RGD Internalization by A549 Evaluated by Flow Cytometry

A549 cells were seeded at 5.10* cells per cm? in a nunclon delta surface 4 wells of

1.9 cm? multidish (ThermoFisher Scientific, France) and incubated overnight at 37 °C, 5%
CO;. The next day medium was replaced with 300 pL of fresh culture medium containing
1ug of each ADDomer (ADD KGE AF488 or ADD RGD AF488) and cells were further
incubated for 1 h at 37 °C, 5% CO,. Cells were then washed in PBS 1 x and were detached by
the addition of 100 uL of trypsin in each well for 5 min at 37 °C. This step aims at removing
the ADDomers fixed on the cells” surfaces while not affecting the ADDomers internalized
by the cells. 900 pL of fresh medium were added and the suspension transferred into
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1.5 mL tubes. Cells were pelleted by centrifugation, washed in 500 uL of PBS 1x, then
resuspended in 1 mL of PBS, 1% PFA for cell fixation. Analysis was performed directly
after fixation by flow cytometry (M4D platform, VYB, Miltenyi biotech, Paris, France). The
time between ADDomer’s removal and the analysis was estimated to be 20 min.

2.9.5. ADD KGE and ADD RGD Internalization by A549 Evaluated by Time-Lapse
Confocal Microscopy

A549 cells were seeded at 5.10* cells per cm? in a coverglass bottom 4 compartments

35 mm dish (Cellview™ Greiner, Paris, France) and incubated overnight at 37 °C, 5% CO,.
The next day, medium was replaced with 300 uL of fresh culture medium containing 10 pg
of each ADDomer (ADD KGE AF488 or ADD RGD AF488) and cells were further incubated
for 1 h at 37 °C, 5% CO,. The dish was then immediately imaged using a spinning disk
confocal microscope with a 100 x 1.49NA apochromatic oil immersion objective. Imaging
was performed using an iXon Ultra EMCCD (16bits per pixel, IQ bioimaging software,
Andor) for 1 h, acquired every 15 s for AF488 fluorescence, and every 150 s for transmission
using differential interference contrast (M4D platform, IX83 Olympus; CSU-XI Yokogawa;
Okolab incubation chamber kept at 28 °C, 5% CO,). Both conditions were imaged in
parallel. Analysis was generated using Imaris (Bitplane, Paris, France) and Fiji open-source
software [20]. The time between ADDomer’s removal and the analysis was estimated
tobe 1 or 2 min.

3. Results
3.1. Human Melanoma Epitope A2L Can Be Displayed on the ADDomer Surface by Genetic Insertion

The ADDomer is a non-infectious nanoparticle formed of 12 bricks of the homo-
pentameric penton base from the human adenovirus type 3. Two exposed loops can be
used for the insertion of epitopes, namely the variable loop (VL) and the RGD loop (RGD-L)
(Figure 1A). A sequence containing the A2L epitope from the tumor associated antigen
MelanA (MelanAjg_35) was genetically inserted into the VL. This epitope has been chosen
to initiate a CD8 + T lymphocyte immune response via the epitope A2L presented to the
CD8 by DCs. Due to the spontaneous homo-oligomerization of the 12-pentameric penton
bases, 60 copies of each epitope are exposed on the surface of the ADDomer particle named
ADDomer-A2L (ADD-A2L) (Figure 1A). The ADD-A2L was successfully produced in a
baculovirus expression system and purified in two steps (Figure 1B, upper panel).

3.2. The Large Human Tumor Associated Antigen MelanA Can Be Displayed on the ADDomer’s
Surface Using the SpyTag/SpyCatcher System

In order to get rid of the allelic restriction and to elicit a multi-specific anti-tumor
response, the display of large antigens rather than small epitopes on the ADDomer surface
is desirable. To do this, an ADDomer displaying the SpyTag peptide (ADD-ST) on its
surface (Figure 1A,C) was used to spontaneously establish an isopeptidic bond with a
SpyCatcher (SC) fused to the MelanA protein containing the A2L epitope. The MelanA
protein was genetically fused at the SpyCatcher N-terminus (MelanA-SC) and a 5 amino
acid linker was used to separate the MelanA and SpyCatcher sequences. The SpyCacther
was extended with a histidine tag on the C-terminus (Figure 1C). ADD-ST and MelanA-SC
were produced separately in insect cells using the baculovirus expression system.

The covalent binding of MelanA-SC to ADD-ST was assessed by SDS-PAGE. As
expected, a higher molecular weight corresponding to an adduct of the MelanA-SC bound
to the ADD-ST monomer was clearly seen (Figure 1B, lower panel). This ADDomer
displaying the MelanA antigen was named ADD MelA.
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Figure 1. Design and characterization of the different ADDomers. (A) Diagram showing the
insertion of the A2L epitope (A2L in orange) and SpyTag (ST in pink) in the 2 loops of the ADDomer
monomer. SpyTag can make an isopeptidic bond with SpyCatcher (SC in blue) fused to the RBD
protein (in grey) or the MelanA protein (MelA in brown). (B) SDS-PAGE profiles of reduced and
boiled samples of the different ADDomers showing the apparition of a higher MW covalent adduct
for the ADD-MelA (ADD-ST/MelA-SC), ADD KGE RBD (ADD-KGE/RBD-5C) and ADD RGD
RBD (ADD-RGD/RBD-SC). (C) Sequences of the MelA-SC and RBD-SC. In the MelA-SC sequence,
the MelanA tumor antigen is colored in brown (A2L epitope is highlighted in orange), SpyCatcher
is colored in blue and additional linkers and histidine tag are colored in black. In the RBD-SC
sequence, the Spike Receptor Binding Domain of SARS-CoV-2 is colored in grey (N and O-glycosites
are highlighted, respectively, in green and red), SpyCatcher is colored in blue and additional linkers
and histidine tag are colored in black.
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3.3. ADD A2L and ADD MelA Are Differently Internalized by DC Subsets

To investigate the ability of human DC subsets to fix by adhesion at the cell surface, or
internalize ADDomers, fluorescent ADD A2L and ADD MelA labeled with Alexa Fluor
647 (AF 647) were incubated for 1h with PBMC containing the three major human DC
subsets: plasmacytoid DC (pDC), conventional DC1 (cDC1) and conventional DC2 (cDC2).
Plasmacytoid DC are specialized to sense and respond to viruses, whereas conventional DC
are more specialized in cross presentation via MHC class I to activate CD8" T cells [21]. Cells
were then either washed and directly analyzed by flow cytometry or coated on microscope
slides and stained with specific DC subsets markers. No “cell-scraping” treatment was
performed, meaning that the flow cytometry experiment would reveal ADDomers fixed
on the cell surfaces as well as ADDomers internalized. Confocal microscopy was used to
decipher the internalization of ADDomers by the DC subsets.

Analysis by flow cytometry shows that both ADDomers are fixed /internalized by all DCs
but revealed distinct efficiency between subsets. Whereas cDC2s strongly fixed /internalized
ADDomers, cDC1s were a little less efficient, and pDCs even less (Figure 2A, Supplemen-
tary Figure S3). There is also a dose response effect for both ADDomers suggesting specific
behavior of the ADDomers (Figure 2B). Interestingly, ADD MelA is less fixed /internalized
than ADD A2L by all DC subsets. Such a decrease in fixation can be caused by the shielding
of ADDomer’s integrin binding motif (RGD motif in the RGD loop) by the MelanA-SC
on the ADDomer’s surface, since this motif has been shown to promote internalization in
cells [22,23]. Confocal microscopy images further revealed that cDC2s massively engulfed
ADDomers, whereas fluorescent ADDomers looked less internalized and more localized
on the surface of cDCl1s. Very few ADDomers looked localized on the surface of pDCs (Fig-
ure 2C). These observations suggest that ADDomers are not only fixed but also internalized
by the DC subsets cDC2s and ¢DCls.

3.4. ADDomer Triggers a Strong Activation of All DC Subsets Together with Cytokine Secretion

We then wanted to investigate the impact of ADDomer on DC subsets, especially their
ability to activate them. Thus, PBMC (containing all DC subsets) were cultured either with
a mixture of TLR ligands (TLR3-L, TLR7/8-L, TLR9-L) that stimulate cDC1s, cDC2s and
pDCs, or peptide MelAye 35 (10 uM), ADD O (i.e., ADDomer which does not display any
epitope) or ADD A2L (1 uM). TLR (Toll-Like-Receptors) are pathogen-recognition receptors
that dimerize after the binding of their ligand (TLR-L) and become activated. Through
the signaling pathway, they will stimulate the DCs, leading to a higher cross presentation,
triggering a better cross priming.

Within alive CD45+ cells, DCs were defined as HLA-DR+ and the absence of Lin.
cDC2s were gated as CD11lc+ BDCA1l+. pDCs were defined as CD11c negative and
BDCA2+, while cDC1s were depicted as CD11c+/BDCA3+. The viability of DC sub-
sets was first assessed using live&dead labeling. We observed that both ADDomers were
not toxic for DCs within PBMCs, as the percentage of living cells was above 90% what-
ever the conditions (Figure 3A). The activation status of DC subsets was further depicted
by investigating the expression of costimulatory molecules (CD40, CD80 and CD86) by
flow cytometry. As expected, the TLR-L mix (positive control) up-regulated CD80, CD40
and/or CD86 molecules on each DC subset compared to the control condition, demon-
strating their proper activation. Peptide MelAy 35 did not activate DCs, as there was no
significant up-regulation of the costimulatory molecules (Figure 3B). Noteworthy, both
ADDomers (ADD @ and ADD A2L) triggered a strong activation of BDCA1 (cDC2s),
BDCAZ2 (pDCs) and BDCAS3 (cDCls) subsets, highlighted by the up-regulation of the three
costimulatory molecules (from 13 to 100% depending on the donor and the DCs subset).
This up-regulation is as high as in TLR-L condition or even higher. This observation reveals
the potent adjuvant properties of the ADDomer itself as even the ADD O can activate the
DC subsets (Figure 3B). Furthermore, even if TLR-L stimulation leads to huge levels of cy-
tokines secretion, ADD & and A2L triggered low level of IL28/IFNA2 secretion (maximum
of 106 pg/mL for 1 donor compared to 24 pg/mL for the negative control) or low level of
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IFN«2 expression (maximum of 195 pg/mL for 1 donor compared to 102 pg/mL for the
negative control) and IL29/IFNA1 (Figure 3C). These results suggest the weak but potent
immune-stimulating potential of ADDomers on all DC subsets.
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Figure 2. DC subsets efficiently fix and internalize ADDomers. PBMC (A,B) or PanDC (C) were
incubated with different doses (1, 3x, 10x) of fluorescent A2L./MelA-ADDomer for 1 h (A,B) or
2 h (C). The fixation and internalization of ADDomer by DC subsets were then evaluated by flow
cytometry and confocal microscopy. (A) Percentage of fixation of ADDomer (3x) by each DC subset
(n = 3 donors). (B) Dose response of ADDomer fixation by DC subsets (1 = 1 donor). (C) Confocal
imaging of ADDomer internalization by DC subsets. ADDomers are colored in red and the specific
underlying BDCA1, BDCA2 or BDCAS3 labeling is shown in gray. Scale bar is 5 microns and images
are 18 x 18 microns.
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Figure 3. ADDomer triggers a strong activation of DC subsets together with cytokine secretion.
PBMCs were cultured for 24 h in control conditions (—), or with either a mixture of TLR-L (Poly IC,
R848, CpGA), MelAyg4 35 peptide (10 uM), empty ADDomer (ADD ©) or displaying A2L (ADD A2L)
both at 1 uM. The viability, activation and cytokine secretion by DC subsets were then evaluated. (A)
Impact of ADDomer on DCs’ viability assessed by measuring the percentage of alive cDC2s (BDCA1+),
¢DC1s (BDCA3+) and pDCs (BDCA2+) (n = 2 donors). (B) Impact of ADDomer on DCs’ activation
depicted by evaluating the percentage of CD40+, CD80+ and CD86+ DC subsets (1 = 2 donors). (C)
Cytokine secretion measured in the culture supernatants by Luminex (n = 2 donors).
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3.5. DCs Efficiently Cross-Present the A2L Epitope from ADDomer Displaying the Full MelanA Antigen

To determine if the ADDomer could be cross-presented by human DCs, panDCs
purified from HLA-A2+ PBMC (mix of cDC2s, cDC1s and pDCs) were pulsed with ADD O,
ADD A2L, ADD MelA or peptide MelAyg 35 as the positive control. Pulsed panDCs were
then co-cultured with HLA-AZ2 restricted T cells containing pre-amplified anti-MelAyq_35
CD8+ T cells. The production of IFNy was analyzed by CBA (Cytometric Bead Array). The
success of the cross presentation was revealed by the ability of T cells to produce IFNy
upon recognition of the complex peptide/HLA-A2 complex presented by the panDCs. The
results show that ADD MelA seems to lead to a higher IFNy production than ADD & and
ADD A2L (Figure 4). This suggests that ADD MelA is cross-presented by dendritic cells.
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Figure 4. DCs efficiently cross-present the A2L epitope from ADDomer displaying MelA. Pu-
rified panDCs were incubated with ADD @&, ADD A2L, ADD MelA, Peptide MelA and Peptide
MelA + TLR-L for 1 h and cocultured 20 h with MelAy¢_35 specific CD8+ T cells. IFNg secretion was
then evaluated by CBA. T cells were also cultured alone (—) or with PMA /iono (+) (1 = 2 donors).

3.6. ADDomer Displaying A2L Epitope Cross-Prime High Affinity Peptide-Specific CD8+ T Cells

Based on the previously observed ability of DC to fix, internalize and cross-present
ADDomers, we further explored whether DCs could cross-prime peptide-specific CD8+ T
cells from ADDomers displaying epitopes. To assess this point, PBMCs from 3 HLA-A2+
donors (containing < 0.03% of naive MelAy¢_3s—specific CD8+ T cells) were incubated in
control conditions (negative control), or with peptide MelAy4 35 (positive control), or with
ADD @ or with ADD A2L (0.15 uM). These conditions were performed in the presence or
absence of a mixture of TLR ligands (TLR3-L, TLR7/8-L, TLR9-L) that stimulate cDCls,
¢DC2s and pDCs. As described before TLR will stimulate the DCs leading to a higher
cross presentation, triggering a better cross priming. Dextramer staining was performed to
measure the percentage of anti-MelAj¢_35 dextramer+ CD8+ T cells at days 0, 7, 13 and 20
(Supplementary Figure S4), the relative amplification of Ag-specific T cells as well as the
affinity of the amplified dextramer+ CD8+ T cells.

As expected, there is no triggering of anti-MelA4 35 CD8+ T cells in control conditions
until D20 (percentage below 0.1%), whereas an amplification of dextramer+ CD8+ T cells
(from 0.09% up to 22%) is observed for the 3 donors with the peptide MelAyg 35 (positive
control) with and without the TLR-L mix. Concerning the ADD I, we noticed negligible
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or no elicitation (percentage below 0.4% of dextramer+ CD8+ T cells for the 3 donors)
(Figure 5A), revealing that the ADDomer itself does not trigger anti-MelAyg 35 CD8+ T
cells, even though it strongly activated DCs.
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Figure 5. ADDomer displaying A2L epitope efficiently cross-prime peptide-specific CD8+ T cells
dotted with a high affinity. PBMC were cultured in control conditions or with empty ADDomer
(ADD @) or ADD A2L in the presence or not of a mixture of TLR-L. Cultures were restimulated every
7 days for 3 weeks. The elicitation of MelA-specific CD8 T cells was then evaluated by dextramer
staining. (A) Evolution of Dext MelA+ CD8 T cells over time in the different conditions (n = 3 donors).
(B) Amplification of Dext MelA+ CD8+ T cells over time. The amplification of antigen-specific
CD8+ T cells was calculated based on the ratio of absolute numbers of dextramer+ CD8+ T cells at
day X/day 0 (n = 3 donors). (C) Affinity of Dext MelA+ CD8+ T cells at day 20 (n = 3 donors).
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Notably, ADD A2L was able to trigger dextramer+ CD8 T cells optimally at day 7 in
the absence of TLR-L, and at day 20 in the presence of TLR-L mix (maximum 0.359% of
dextramer+ CD8+ T cells at D20). Therefore, the results suggest that TLR-L mix is required
to optimally stimulate the DCs for triggering anti-MelAyg 35 CD8+ T cells from ADD
A2L (Figure 5A).

Furthermore, the amplification of anti-MelAyq 35 CD8+ T cells was calculated as the
ratio of absolute numbers of antigen specific CD8+ T cells from day 0 (Figure 5B). For the
negative control, no significant amplification of anti-MelAy4 35 CD8+ T cells was observed,
whereas, for the peptide MelAys 35 in the absence of TLR-L mix (positive control), an
amplification at day 20 was noticed. For the ADD (J, a negligible amplification (maximum
of 7.51 without TLR mix and 10.08 with the TLR mix at day 7) was detected. Notably,
concerning the ADD A2L, there was no obvious amplification with TLR mix (maximum
of 9.20). However, when stimulated without TLR mix we observed an amplification of
23.41 at day 7 (Figure 5B).

Finally, the affinity of the anti-MelAjs 35 CD8+ T cells could be defined by using the
MFI of the dextramer labeling, knowing that a higher MFI corresponds to a better affinity
(Figure 5C). By comparing the affinity of the anti-MelAys 35 CD8+ T cells, it appears that
the one triggered by ADD AZ2L is higher than the one elicited by the peptide MelAy4_35
itself. Indeed, the MFI for the 3 donors tested tends to be 33% higher for the ADD A2L
(~20,000) than for the peptide MelAy4_35 (~15,000). This observation highlights the ability
of ADD A2L to trigger high affinity anti-MelAys 35 CD8+ T cells (Figure 5C).

3.7. De-Targeting and Re-Targeting ADDomers Specifically to DC Subsets

ADDomers present a very specific integrin binding motif (RGD motif in the RGD
loop [22,23]), allowing them to be internalized by most cells [22,23]. With the aim of
limiting off-target effects, we mutated the RGD motif into KGE. To direct the ADDomers
to dendritic cells, the Spike Receptor Binding Domain of SARS-CoV-2 (from K300 to
E554) fused to the SpyCatcher (RBD-5C) was displayed on the ADDomer’s surface via
the SpyTag/SpyCatcher system [15]. The A2L epitope was then moved from the VL to
the RGD loop next to the RGD/KGE motif (Figure 1A). RBD-SC is secreted by insect
cells during its production in baculovirus expression system and is therefore glycosylated
(mostly poly-mannoses [24,25]). Indeed, 3 putative N-glycosites (N331, N334 and N343
highlighted in green) and 2 putative O-glycosites (T323 and 5325 highlighted in red) are
present in the RBD-SC sequence [26] (Figure 1C). The glycosylation of RBD-SC has already
been assessed in Chevillard et al., 2022 [15]. These N-Glycan motifs can be recognized
by different C-type lectin receptors (CLRs) present on the dendritic cell surface [27] as a
function of the nature of the N-Glycan and its level of processing. Indeed, high-mannose or
hybrid type N-glycan, which both expose terminal mannose residue, will be recognized by
CLRs such as DC-SIGN, while MGL may binds either Hybrid or Complex-type N-Glycan,
exposing terminal galactose. The covalent binding of RBD-SC to ADD-ST was assessed
by SDS-PAGE. As expected, an adduct of a higher molecular weight corresponding to the
RBD-5C bound to the ADD KGE or ADD RGD monomer (both bearing the ST motif) was
clearly seen (Figure 1B, lower panel).

3.8. Functional De-Targeting of ADD KGE Compared to ADD RGD on A549 Cells

To assess ADDomer’s de-targeting via the KGE motif, A549 adherent cells were
incubated for 1h with ADD KGE and ADD RGD, both labeled with identic quantities of AF
488. Both ADDomer s internalization inside the A549 cells was evaluated by flow cytometry,
and microscopy. A549 adherent cells (lung epithelium cell line) were used as a model of
epithelial cells which can participate in off-target effects. For the flow cytometry analysis,
after incubation with the fluorescent ADDomers, cells were treated with trypsin in order to
remove the ADDomers fixed on cell surfaces while not affecting the ADDomers internalized
by the cells. The total duration of this treatment was 20 min, as described in materials
and methods. Thanks to the trypsin treatment, the fluorescence intensities represented in
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Figure 6A correspond to ADD KGE and ADD RGD, which have been internalized. The
fluorescence intensities at t = 20 min (1 h of incubation + 20 min of treatment for flow
cytometry analysis) corresponding to the ADDomers (represented in blue for ADD KGE
and in red for ADD RGD) (are both higher than the one corresponding to the negative
control (in green), strongly suggesting they have been both internalized. Moreover, as both
ADDomers are stoichiometrically labeled with AF 488 (data not shown), we can infare that
the difference in fluorescence intensities between the 2 ADDomers corresponds to their
respective internalization levels, suggesting internalization levels by A549 are higher for
ADD RGD than for ADD KGE reflecting a partial de-targeting of this latter.

For the microscopy analysis, cells were incubated for 1h with the fluorescent AD-
Domers at 37 °C, 5% CO,, and then monitored for another hour using a spinning disk
confocal microscope. The Figure 6B shows that at t = 0 (1 h of incubation) both ADDomers
(represented in green spots) are localized within the cells (underlined in red). At t = 60 min
(2 h of incubation) however, ADD RGD are still clearly visible within the cells whereas ADD
KGE are much less present. The quantitative analysis of mean fluorescent intensities in the
cells (red regions of interest) in both cases (Figure 6C) shows that ADD RGD associated
fluorescence is almost retained while ADD KGE fluorescence is lost after 2 h. This suggests
that ADD KGE but not ADD RGB is degraded during this lap time. As both moieties are
internalized, this latter finding suggests that ADD RGD and ADD KGE might use different
internalization mechanisms.

3.9. Assessment of ADDomer Targeting to C-Type Lectin Receptors (CLRs) by SPR

DCs especially cDC2s express C-type lectin receptors, such as DC-SIGN and MGL.
ADD KGE, ADD KGE RBD and RBD-SC interaction with DC-SIGN and MGL receptors
(tetrameric and trimeric protein, respectively) was measured by SPR. To do so, these
ADDomers were injected over streptavidin surfaces functionalized with the extracellular
domains (ECD) of DC-SIGN or MGL receptors modified with a biotin at their N-terminus
(respectively called DC-SIGN Biot-ECD and MGL Biot-ECD). This specific N-terminal
biotinylation allows the surface functionalization in an oriented manner, thus mimicking
the membrane orientation of the DC-SIGN ECD and MGL-ECD. This allows an optimal
access to the carbohydrates recognition domain (CRD)s of these multimeric receptors [28].
These 2 receptors can recognize glycosylation patterns [29,30] present on the RBD-SC. For
ADD KGE, the sensorgrams revealed that the interaction is negligeable and thus no relevant:
the Kp 4pp could therefore not be determined (Figure 7). On the contrary, the addition of
RBD to ADD KGE (ADD KGE RBD) resulted in very strong and reliable interactions for
both lectin receptors. However, a strong preference for DC-SIGN over MGL have been
observed with respective Kpgpp, of 0.34 £ 0.005 nM and 66.1 + 4.6 nM, respectively.

Finally, the RBD-SC alone shows significant interactions with the two receptors and
like with ADD KGE RBD the interaction is stronger for DC-SIGN (Kp,pp = 601 £ 90 nM),
than for MGL (Kpapp = 982 £ 31 nM) (Figure 7). When comparing, for both lectins, the
Kpapp of the ADD KGE RBD with the ones of the single RBD-SC, a tremendous increase
in affinity by a factor of about 1800 times was observed towards DC-SIGN and of “only”
15 times for MGL. This underlines the great enhancement of avidity, and thus targeting
efficiency, that can be achieved thanks to the avidity generated by the multivalent RBD
presentation within the ADD context. Moreover, the higher interaction increase observed
with DC-SIGN compared to MGL, suggests that the RBD harbor more particularly N-Glycan
specific to DC-SIGN.
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Figure 6. ADD KGE and ADD RGD internalization by lung epithelial cell line A549. (A) ADD
KGE AF 488 and ADD RGD AF 488 internalization by lung epithelial cell line A549 evaluated by flow
cytometry at t = 20 min. (B) Time lapse imaging by confocal microscopy of ADD KGE AF 488 and
ADD RGD AF 488 internalization by lung epithelial cell line A549. (C) Mean Fluorescence Intensity
(MFI) of ADD KGE AF 488 and ADD RGD AF 488 within cells over time.
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Figure 7. ADD KGE, ADD KGE RBD and RBD-SC binding evaluation on DC-SIGN and MGL
receptors by surface plasmon resonance. (A) Sensorgrams of the interaction of the ADD-KGE
constructs and RBD-SC onto DC-SIGN or MGL oriented surface. For ADD KGE and ADD KGE RBD,
injected concentrations range from 136 nM to 0.2 nM by cascade dilution by a factor of 2. For RBD
SC, concentration used range from 14.4 uM down to 56 nM by cascade dilution by 2. (B) Table of
apparent Kp calculated using steady state analysis in the BIAEval software.
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3.10. ADD KGE/RGD and ADD KGE/RGD RBD Are Successfully Fixed/Internalized by DC
Subsets but Differentially Depending on the Subset

In addition, for ADD A2L and ADD MelA (Figure 2), we observed that all ADDomers
are better fixed /internalized by cDC2s, than cDC1s than pDCs (Figure 8A,B, Supplementary
Figure S5). Indeed, whereas cDC2s strongly fix/internalize ADDomers, cDC1s were a little
less efficient, and pDCs even less. There is also a dose response effect for all ADDomers sug-
gesting specific fixation/internalization (Figure 8B). Similar to ADD MelA, the addition of
RBD-SC on both ADD KGE and ADD RGD seemed to decrease the fixation/internalization,
even though it was less obvious than for ADD MelA and it varied between donors. This
decrease in fixation/internalization can also be caused (for the ADD RGD versus ADD
RGD RBD) by the shielding of ADDomer’s integrin binding motif [22,23] (RGD motif in
the RGD loop) by the RBD-SC on the ADDomer’s surface. As mentioned for A549 cells,
ADD KGE seems to be fixed/internalized by a non-RGD-dependent-integrin-mediated
mechanism. One can imagine that this mechanism involves recognition of other molecular
patterns present on the ADDomer’s surface which are also shielded by the RBD-SC.
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Figure 8. ADD KGE/RGD (with or without RBD-SC and EDTA) fixation/internalization by DC
subsets. PBMC pre-incubated or not with EDTA were incubated with fluorescent KGE/RBD AD-
Domer for 1 h. The fixation of ADDomer by DC subsets was then evaluated by flow cytometry.
(A) Fixation and internalization evaluation of ADD KGE/RGD (with or without RBD-SC and EDTA)
(0.5 uM i.e., 3x) on DC subsets using flow cytometry (n = 3 donors). (B) Fixation and internalization
evaluation of ADD KGE/RGD (with or without RBD-SC and EDTA) (0.15 pM i.e., 1x or 0.5 uM i.e.,
3x or 1.5 uM i.e., 10x) on DC subsets using flow cytometry (n = 1 donor).
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3.11. ADD KGE/RGD RBD Fixation/Internalization by Dendritic Cells Might Involve Binding to a CLR

As SPR data showed a binding of glycosylated RBD to the CLRs DC-SIGN and
MGL, CLR binding was investigated on DC subsets. To do this, ADDomers AF647 were
incubated for 1h with PBMC containing DC subsets and internalization was evaluated by
flow cytometry. The PBMC were previously incubated in the absence or in the presence
of EDTA. EDTA chelates Ca?* ions are involved in CLR-ligand binding as well as in
the integrin mediated internalization. We hypothesized that an internalization decrease
observed in the presence of EDTA for the ADD KGE RBD would suggest a non-integrin
mediated internalization mechanism requiring Ca?* is involved. According to the SPR
data, this mechanism might involve CLRs such as DC-SIGN or MGL. This hypothesis was
validated as a strong internalization decrease was noticed for ADD KGE RBD + EDTA
compared to ADD KGE RBD (Figure 8A).

3.12. Only ADD RGD Is Cross-Presented by Dendritic Cells

A cross presentation experiment was performed similarly to the ADD MelA cross
presentation experiment (Figure 4). The results show that only ADD RGD seems to lead to
a higher IFNy production than ADD O (Figure 9). This suggests that only ADD RGD is
cross-presented by dendritic cells.
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Figure 9. DCs efficiently cross-present the A2L epitope only when displayed by ADD RGD. Puri-
fied panDCs were incubated with ADD &, ADD KGE/RGD +/— RBD, Peptide MelA and Peptide
MelA + TLR-L for 1 h and cocultured 20 h with MelAy4_35 specific CD8+ T cells. IFNg secretion was
then evaluated by CBA. T cells were also cultured alone (—) or with PMA /iono (+) (1 = 2 donors).

4. Discussion

In this work we assessed in vitro the immunogenicity on human PBMC from healthy
donors of an “adenovirus-inspired” non-infectious VLP displaying a human melanoma
tumor epitope or antigen and the impact of ADDomers on human DCs’ features. The VLP
used results from the spontaneous assembly of twelve homopentameric penton bases from
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the human adenovirus of type 3 (HAdV-B3). The engineering of this 60-mer VLP named
ADDomer (Adenovirus dodecamer) enabled an easy and rapid genetic insertion of short
epitopes at two different locations of the particle surface. This vaccine platform displaying
ovalbumin model antigen or epitopes was already proven to control melanoma tumor
growth in mice bearing B16 OVA tumors [16].

MelanA (MelA) is a well-characterized melanoma differentiation antigen containing
the immunodominant MHC class I A2L epitope (ELAGIGILTV). These MelanA and A2L
antigen and epitopes are often used in preclinical and clinical studies evaluation of vaccine
candidates against melanoma [31-34]. To bind the MHC-I proteins, class I epitopes must be
processed by the proteasome into 8-10 amino-acids peptides. With the cleavage efficiency
being influenced by the flanking regions [35,36], special attention must be paid to the
epitope directly neighboring. It is known that small amino-acid residues such as glycine or
alanine favor the antigen processing by the proteasome [37]. Here, we genetically inserted
the MHC-I A2L epitope flanked on both sides by “GSGG” linkers in the “VL” exposed loop
for ADD A2L or in the “RGD” exposed loop for ADD KGE/RGD +/— RBD.

After demonstrating that ADDomers could be internalized differentially by dendritic
cells depending on their design as well as on the DC subset (Figure 2), we studied the
impact of ADD & and ADD A2L on human DCs subsets in order to determine whether
ADDomers could activate them (Figure 3). It was observed that both ADDomers were not
toxic for DCs from healthy donors. Both of them also trigger a high activation of BDCA1,
BDCAZ2 and BDCAS3 subsets, highlighted by the up-regulation of the three costimulatory
molecules (CD40, CD80, CD86), revealing the potent adjuvant properties of the ADDomer
itself. Once activated, DCs express costimulatory molecules at their surface which are
required for the activation of T cells. CD40 interacts with CD40 ligand on CD4 T cells
surface, and CD80/CD86 interact with CD28 on CD8 T cells. Since the ADDomer derives
from adenovirus, it could bind to existing receptors as well as trigger receptor cross-linking,
which could explain the very high activation of DCs. Regarding cytokine expression,
ADDomers (mostly ADD A2L) triggered a slight production of DC-specific cytokines,
especially IFN«, IL28, IL29, which are crucial for subsequent antitumor effector elicitation.

Next, we explored the induction of tumor-antigen specific immune response in vitro
in human with ADD A2L in other words, we investigated the ability of ADDomers to
trigger anti-MelAys 35 CD8+ T cells from PBMCs, over 20 days (3 stimulations—one per
week) by measuring the percentage of anti-MelAy4 35 CD8+ T cells every 7 days using
dextramer labeling.

This result highlighted the ability of ADD A2L to trigger anti-MelAjs 35 CD8+ T cells
amplification. Moreover, the amplified anti-MelAy4 35 CD8+ T cells showed a high affinity
for the HLA /MelAj¢_35 complex (Figure 5), highlighting their ability to kill target cells with
low levels of peptide/ MHC complexes.

It was shown in previous work that the genetic insertion of short epitopes in the two
exposed loops of ADDomer did not affect the overall particle structure [12]. However,
an epitope-based vaccine presents a major limitation for human use: HLA restriction.
Indeed, the encoded epitopes are specific to a certain HLA allele. In our case, the epitope
A2L is specific to the HLA A2, which is present in only 40% of the Caucasian population.
To overcome this limitation, developing a full antigen-based vaccine enabling epitope
presentation in all individuals is preferable (i.e., developing an off-the-shelf vaccine) [38].
Unfortunately, genetic insertion of large-folded antigens results in subunit misfolding and
insolubility [39]. In a previous study, Villegas et al. have shown that OVAj45_374 antigen
could be fused to WW-domains, allowing interactions with the adenovirus PPxY sequences
included in the adenovirus penton base [16,40]. However, this non-covalent interaction
relies on a relatively low Kp (65 nM) [41] that could not warrant a homogenous batch
required for clinical trials. To overcome this limitation, insertion of a SpyTag (13 residues)
in the exposed loops of ADDomer has been reported to permit the spontaneous and
covalent attachment of large and correctly folded antigens such as the SARS-CoV-2 Receptor
Binding Domain or ovalbumine to the particle [15,42]. Fusion of melanoma tumor antigen
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(MelA) to the SpyCatcher successfully resulted in the display of this antigen to the vaccine
platform (Figure 1A,B).

Comparison of ADD MelA versus ADD A2L internalization by DCs subsets was then
verified. Indeed, one known mechanism of ADDomers inside cells relies on the binding of
integrins with the RGD motif exposed on ADDomer’s “RGD” loops [22,23]. These “RGD”
motifs could be shielded by the addition of MelA-SC on the ADDomer’s surface. The
results showed that ADD MelA is less but still internalized by all DC subsets compared to
ADD AZ2L (Figure 2). Interestingly, whereas cDC2s strongly fix/capture both ADDomers,
cDCl1s were a little less efficient, and pDCs even less.

Cross presentation comparison between ADD MelA and ADD A2L was also per-
formed, revealing that ADD MelA seems to be more cross-presented than ADD A2L
(Figure 4). This suggests that displaying a protein antigen containing multiple MHC-I
and MHC-II epitopes instead of a single epitope only favors the cross presentation of
this epitope. An explication to this finding could be the activation of the CD4 immune
response by the full-length antigen MelanA, which potentializes the CD8 response against
the A2L epitope.

The second part of this study was to specifically address the ADDomers to the dendritic
cells via ADDomer’s design modifications. The aim is to limit off-target effects and to
enhance cross priming via enhanced ADDomer uptake by DCs.

The de-targeting was performed by mutating the specific integrin binding motif “RGD”
motif in the RGD loop into “KGE”, therefore limiting an RGD-dependent-integrin-mediated
ADDomer uptake by epithelial cells, which has been observed in previous studies [22].

The re-targeting was achieved by displaying on the ADDomer’s surface the Spike
Receptor Binding Domain of SARS-CoV-2 fused to the SpyCatcher (RBD-SC). This was
carried out via the SpyTag/SpyCatcher system described earlier [15]. RBD-SC is secreted
by insect cells during its production in baculovirus expression system and is therefore
glycosylated, mostly by poly-mannoses [24-26], which can be recognized by C-type lectin
receptors (CLRs) such as DC-SIGN and MGL present on the dendritic cell surface [29,30].
The A2L epitope was then moved from the VL to the RGD loop next to the RGD/KGE
motif (Figure 1A).

To evaluate first de-targeting efficacy, A549 adherent cells were incubated with ADD
KGE and ADD RGD for 1h. Internalization was evaluated by flow cytometry and mi-
croscopy. Both techniques show that ADD KGE is less but still internalized by A549 cells
than ADD RGD suggesting an efficient de-targeting (Figure 6). Moreover, the microscope
experiment suggests that ADD RGD and ADD KGE might use different internalization
mechanisms. ADD KGE seems therefore to be internalized by a non-RGD-dependent-
integrin-mediated mechanism.

Secondly, the re-targeting via the interaction of the RBD-SC with CLRs was evaluated
by SPR. RBD binding to captured DC-SIGN and MGL CLRs via the glycosylation patterns
was measured. This experiment revealed that compared to ADD KGE RBD and RBD-SC,
ADDomer not harboring RBD (ADD KGE) has very poor interaction with the surfaces. On
the contrary, the compounds containing RBD interact strongly with the surfaces, thanks
to strong affinities to CLRs. We also observed a logical higher affinity for ADD KGE RBD
due to the more important avidity brought by the multivalent presentation of RBD by the
ADDomer platform (Figure 7). The affinity of DC-SIGN for these compounds is logically
stronger than for MGL, since glycosylations are principally composed of poly-mannoses
(present on the RBD N-glycosites when produced in insect cells) [24-26], which are the natu-
ral ligands of DC-SIGN [29]. MGL, however, has a better affinity for N-acetyl galactosamine
(putatively present on the RBD O-glycosites when produced in insect cells) [26,30].

When we looked at the re-targeting at a cellular level, we observed that the addition
of RBD did not enhance ADDomer’s uptake as expected and on the contrary, reduced the
proportion of ADDomers internalized by the dendritic cells (Figure 8). For ADD RGD
versus ADD RGD RBD, just as for ADD MelA, this decrease in internalization can be
caused by the shielding of ADDomer’s integrin binding motif (RGD motif in the RGD
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loop) by the RBD-SC on the ADDomer’s surface. For ADD KGE versus ADD KGE RBD, as
mentioned for A549 cells, internalization seems to take place via a non-RGD-dependent-
integrin-mediated mechanism. One can imagine that this mechanism involves recognition
of other molecular patterns present on the ADDomer’s surface which are also shielded
by the RBD-SC. However, in both cases (KGE versus RGD), the internalization seems to
be mediated by an unknown receptor (putatively a CLR) present on the dendritic cell
surfaces (Figure 7). In terms of cross-presentation, our results showed that ADD RGD is
cross-presented by dendritic cells contrary to ADD KGE, ADD KGE RBD and ADD RGD
RBD. This suggests that the RGD-dependent-integrin mediated internalization might play
a role in the cross-presentation process of the ADDomer’ displayed epitope A2L. This is
also consistent with the observation that the ADDomer RGD is fixed in a higher level by
c¢DCl1s compared to ADDomer KGE and RBD, and cDC1s are the subset of DCs exhibiting
the highest cross-presentation capacities.

Altogether, our results show that ADDomer could be a promising cancer vaccine
platform displaying tumor antigens and epitopes. Epitopes can be genetically inserted
into the ADDomers loops without degrading the ADDomer structure. On the other hand,
antigen insertion requires the expression of both ADDomer SpyTag and the antigen fused
to the SpyCatcher. This covalent and autocatalytic binding allows the production of a
“ready to use” cancer vaccine applicable to a large population and to different types of
cancers with known epitopes and antigens. Currently, cancer vaccines use either tumor-
associated antigens or more personalized neo-antigens which could both be displayed by
the ADDomer platform. Moreover, the multiple epitopes and antigens could be displayed
at the same time on ADDomers, allowing a multi-specific immune response and therefore
limiting treatment failure or resistance.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biomedicines10112881/s1, Figure S1: Separation of the complex
ADD-mCherry from the left over mCherry-SC. (A) SDS PAGE gel of boiled and reduced samples
showing left over mCherry-SC after incubation of ADD ST with mCherry-SC. (B) SDS PAGE gel of
boiled and reduced samples and sucrose gradient image showing the separation of the complex ADD
mCherry and the left over mCherry-SC; Figure S2: Preparation of ADDomers labeled with Alexa
647 for ADDomers internalization evaluation by DC subsets. (A) Workflow of ADDomers AF647
preparation and purification. (B) Agarose gel of labeled and non-labeled ADD mCherry; Figure S3.
Dotplots of ADDomer fixation on DC subsets. (A) Gating strategy of DC subsets. (B) ADDomer
fixation on DC subsets; Figure S4: ADD @ and ADD A2L cross priming evaluation. (A) dextramer. (B)
Workflow of ADD @& and ADD A2L cross priming evaluation. (C) Dot blots showing the percentage
of CD8+ Dext MelA+ T cells at DO and at D20 for each condition (dot plots pre-gated on CD45+
CD3+ CD8+ T cells); Figure S5: Zoom on ADD KGE RBD binding evaluation on DC-SIGN by surface
plasmon resonance. Separate fitting of ADD KGE RBD with DC-SIGN.
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Conclusion du chapitre :

Pour conclure, les travaux exposés dans ce chapitre montrent que les ADDomers présentant des
épitopes et antigénes du mélanome sont capables d’induire une réponse immunitaire anti-
tumorale in vitro sur des cellules dendritiques humaines de donneurs sains. Pour aller plus loin,
il serait intéressant d’évaluer 1’efficacité anti-tumorale de ces ADDomers chez un organisme
vivant entier. Etant donné le fait que nous n’avons pas acces a des modeles animaux présentant
un systéme immunitaire humain (souris humanisées par exemple) 1’épitope A2L ainsi que
I’antigéne MelanA du mélanome humain ne peuvent plus étre utilisés pour une évaluation chez
I’animal. Le modele chez la souris qui est communément utilisé pour le mélanome est le
modeéle B16 OVA. La lignée B16 OVA est une lignée de mélanome de souris exprimant
I’antigéne de poulet ovalbumine et est utilisée chez la souris pour 1’étude de cancers de la peau.
Ainsi, afin de pouvoir utiliser ce modéle nous avons remplacé les épitopes/antigénes de
mélanome humain (A2L et MelanA) par des épitopes et antigénes de 1’ovalbumine (OT-I, OT-

Il et ovalbumine). Ce travail in vivo est présenté dans le chapitre suivant.
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Chapitre VI : Evaluation in vivo
d’ ADDomers présentant des €pitopes et

antigenes modeles du melanome

Introduction du chapitre :

Dans ce chapitre nous présenterons les caractérisations in vivo qui ont été réalisées sur des
souris C57bl6J greffées avec des cellules B16 OVA. Ces souris ont été injectées avec différents
ADDomers présentant des épitopes ou antigénes modéles (ovalbumine) du mélanome.

Dans un premier temps plusieurs adjuvants ont été testés avec I’ADDomer afin de mettre en
évidence celui induisant la meilleure réponse immunitaire. Puis, dans un deuxiéme temps la
croissance tumorale a été évaluée dans différents schémas vaccinaux (prophylactique et

thérapeutique).
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Virus-like particles (VLPs) are versatile protein-based plat-
forms that can be used as a vaccine platform mainly in infecti-
ology. In the present work, we compared a previously designed,
non-infectious, adenovirus-inspired 60-mer dodecahedric VLP
to display short epitopes or a large tumor model antigen. To
validate these two kinds of platforms as a potential immuno-
stimulating approach, we evaluated their ability to control mel-
anoma B16-ovalbumin (OVA) growth in mice. A set of adju-
vants was screened, showing that polyinosinic-polycytidylic
acid (poly(I:C)) was well suited to generate a homogeneous
cellular and humoral response against the desired epitopes.
In a prophylactic setting, vaccination with the VLP displaying
these epitopes resulted in total inhibition of tumor growth
1 month after vaccination. A therapeutic vaccination strategy
showed a delay in grafted tumor growth or its total rejection.
If the “simple” epitope display on the VLP is sufficient to pre-
vent tumor growth, then an improved engineered platform
enabling display of a large antigen is a tool to overcome the bar-
rier of immune allele restriction, broadening the immune
response, and paving the way for its potential utilization in hu-
mans as an off-the-shelf vaccine.

INTRODUCTION

Despite the genomic vaccine revolution seen during the coronavirus
disease 2019 (COVID-19) pandemic,' protein-based vaccines remain
attractive because of their low cost of production, ease of transport
and storage, and better social acceptance. Virus-like-particles
(VLPs) are non-infectious nanoparticles that assemble spontane-
ously, mimicking their corresponding virus and, thus, their immuno-
genicity. Two of the best known examples are the surface antigen of
hepatitis B virus (HBV)? and the structural L1 protein of the human
papillomavirus (HPV), which elicit antibodies preventing virus-
induced cervical cancer from different HPV types.” Beyond this,
VLPs can be used as a scaffold for display of epitopes derived from
other biological targets. The immunogenicity is highly increased
through presentation to the immune system in a multimeric manner,
and a number of vaccine platforms have been developed to this aim,
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with various advantages and limitations.* One advantage is that the
small size of VLPs (less than 100 nm) permits efficient drainage to
the lymph nodes, which can favor the immune response.”° Formula-
tion with an adequate adjuvant, such as inorganic salts (alum), an oil
emulsion (MF59), or a lipid A component (monophosphoryl lipid
[MPL]) is often used and depends on the platform/antigen tandem
and the targeted application.”

From a manufacturing point of view, two main approaches can be
considered for presentation of epitopes at the VLP surface. Chemical
cross-linking has been reported to induce a good titer of neutralizing an-
tibodies but makes the manufacturing workflow more complex and in-
creases the cost of production. Genetic insertion of the epitope into the
VLP enables an easier way of production and purification but may face
the risk of epitope misfolding and/or VLP self-assembly issues during
production. Because this limitation increases with the size and
complexity of the epitope to be inserted, large antigen display cannot
be considered using this approach. To overcome this issue, a two-
component system called SpyTag/SpyCatcher (ST/SC) has been devel-
oped. In this system, derived from Streptococcus pyogenes, an aspartate
residue from the 13-amino-acid ST peptide genetically inserted in the
VLP can spontaneously create a covalent bond with a lysine residue
in the complementary SC module that can be fused to large antigens.* '

We have reported previously that a non-infectious VLP derived from
the human adenovirus of type 3 and consisting of 60 identical penton
base monomers could be exploited to display epitopes of interest on
its surface.”'>"?
mer (ADDomer), exposed loops of the penton base protein were en-
gineered to allow insertion of foreign peptides, such as a linear
neutralizing epitope from chikungunya virus. However, this design

did not permit insertion of structurally complex antigens. To

In this vaccine platform, called adenovirus dodeca-
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overcome this limitation while keeping the immunogenicity
advantage of ADDomer, we redesigned this platform by genetically
inserting an ST. Spontaneous display of large and structurally com-
plex antigens with potential post-translational modifications, such
as the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) receptor binding domain (RBD) fused to the SC was
achieved. This system has proven to be highly effective to elicit potent
neutralizing antibodies against SARS-CoV-2."*

In this work, we assess the potential of these two vaccine platforms
(direct epitope display and large antigen fusion via SC) in the context
of cancer immunotherapy, using the melanoma B16-ovalbumin
(OVA) model in mice. An investigation of the cellular immune
response underlying tumor growth control is also performed.

RESULTS

MHC class | and class Il OVA epitopes can be displayed
successfully on the ADDomer surface

The ADDomer is a non-infectious nanoparticle formed of 12 bricks of
the homopentameric penton base from the human adenovirus type 3.
Two exposed loops can be used for insertion of epitopes: the variable
loop (VL) and the RGD (Arg-Gly-Asp) loop (RGD-L). The major his-
tocompatibility complex (MHC) class I epitope (SIINFEKLTEWTSS,
called OT-I) and the MHC class II epitope (ISQAVHAAHAEI
NEAGR, called OT-II) from the OVA were genetically inserted into
the RGD-L and VL respectively. These two epitopes have been chosen
to initiate a CD8" T lymphocyte immune response (via the epitope
OT-1 presented to CD8 by dendritic cells) as well as a CD4™ T
lymphocyte immune response (via the epitope OT-II presented to
CD4" T cells by dendritic cells). Because of the spontaneous homo-
oligomerization of the 12-pentameric penton bases, 60 copies of
each epitope are exposed on the surface of the ADDomer particle,
called ADDomer-Duo (ADD-Duo) (Figure 1A). The ADD-Duo
was successfully produced in a baculovirus expression system and pu-
rified in two steps (Figure 1B). Negative-stain electron microscopy
showed that particles harboring these two epitopes were well folded
(Figure 1A). An ADDomer displaying only the OT-I epitope was
also generated.

Immunization with ADD-Duo in combination with the poly(l:C)
adjuvant elicits a potent cellular and humoral anti-OVA response
compared with the other adjuvants used

We aimed to define the best adjuvant to use in combination with the
ADDomer vaccine. To do so, mice were vaccinated with ADD-Duo
without or with a different set of adjuvants according to a prime-boost
schedule (Figures 2A and 2B). Mice vaccinated with an “empty”

Molecular Therapy: Methods & Clinical Development

ADDomer (ADD-@; i.e., an ADDomer that does not display any
OVA epitopes) were used as a control. For the adjuvant screening,
three different adjuvants were screened separately or in combination
(i.e., the three adjuvants together). These different adjuvants aim to
target different Toll-like receptors (TLRs) on the three human den-
dritic cells subtypes (Figure 2B), each of them being representative
of one subset. MPLA targets the TLR4 mostly present on cDC2,
poly(I:C) (polyinosinic-polycytidylic acid) targets the TLR3 mostly
present on cDCI, and ODN 2395 (oligodeoxynucleotide containing
an unmethylated CpG motif) targets the TLR9 mostly present on
pDC (plasmacytoid Dendritic Cell). To define the best ADD-Duo/
adjuvant combination, mice were split into 6 groups (Figure 2B).
On day 14, mice were sacrificed, and their immune response was
analyzed in their circulating blood, spleen, and injection site-draining
lymph nodes (Figure 2A).

The frequency of antigen-specific CD8" T cells has been determined
in the draining lymph nodes and the spleen using a dextramer stain-
ing. Poly(I:C) alone was the adjuvant that gave the most homoge-
neous anti OT-I immune response in the draining lymph nodes (Fig-
ure 2C). In the spleen, it was more difficult to determine the best
combination because two mice of three in group 5 (poly(I:C)) showed
a similar response as the other groups. However, the third mouse of
this group showed the highest percentage of specific CD8+ T lympho-
cytes compared with all other mice of all groups.

Humoral response against the OT-II peptide was also investigated by
ELISA (Figure 2D). Again, poly(I:C) gave the highest responses, and
the combination of the three adjuvants together did not significantly
improve the response compared with poly(I:C) alone (Figure 2D).

The results show that the association of the three adjuvants did not
give a better response (cellular and humoral) than poly(I:C) alone.
In particular, in the draining lymph nodes, the response obtained
with the association of the three adjuvants is lower than the one ob-
tained for poly(I:C) alone. This suggests that the cDC1 subset was
probably the main dendritic cell (DC) subset involved in mounting
an immune response against the epitopes displayed by the ADDomer.
Poly(I:C) is thus a well-suited adjuvant for ADDomer vaccination
in vivo. This is in line with other studies using poly(I:C) for therapeu-

. . . 15,1
tic anti-cancer vaccines. ©

Immunization with ADDDuo+poly(l:C) protects against B16-OVA
tumor challenge

To assess the functionality of antigen-specific T cells induced by
ADDomer vaccination, vaccinated mice were challenged with a

Figure 1. Design and characterization of ADD-@, ADD-Duo, ADD-OT-Il, and ADD-Blov

(A) Diagram showing the insertion of epitopes (OT-I, blue; OT-Il, red) and SpyTag (ST; pink) in the 2 loops of the ADDomer monomer. ST (pink) can make an isopeptidic bond
with SpyCatcher (SC; blue) fused to the OVA protein (orange) containing the OT-I and OT-Il epitopes. Negative-stain electron micrographs of ADD-@, ADD-Duo, ADD-OT-I,
and ADD-Blov (bar, 30 nm) are shown on the right. (B) SDS-PAGE profile of reduced and boiled samples of ADD-@, ADD-Duo, ADD-OT-I, and ADD-Blov, showing a higher-
molecular weight (MW) covalent adduct for the ADD-Blov (ADD-ST/Blov-SC). (C) Structure of the OVA protein with the epitopes OT-I1 and OT-II highlighted, respectively, in
blue and red. The protein structure colored in white was removed and replaced by the SC to give the Blov-SC protein. (D) Sequence of Blov-SC with OVA (orange; OT-I and
OT-Il epitopes highlighted, respectively, in blue and red), SC (blue), and additional linkers and histidine tag (black).
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subcutaneous OVA-expressing tumor inoculation (prophylactic
setting). Mice were vaccinated 5 times every 2 or 3 days with
ADD-Duo+poly(I:C) (Figure 3A). ADD-O was used as a control
(Figure 3B). Nearly 4 weeks (25 days) after the last injection, mice
were challenged with subcutaneous implantation of the tumor cell
line B16-OVA. This cell line expresses the OVA antigen containing
the two epitopes OT-I and OT-II, which are displayed on
ADD-Duo.

Tumor growth was monitored, and mice were sacrificed on day 17,
when the first tumor reached the ethical tumor size limit. Mice that
received ADD-@ developed tumors, whereas mice that received
ADD-Duo did not have visible tumors on day 17. (Figure 3C). This
result shows that the immune response induced by vaccination was
specific to the tumor antigens borne by the vehicle and not due to
an indirect stimulating response triggered by the vehicle itself.
Remarkably, even though a gap of nearly 4 weeks passed between
the last vaccination and the challenge, none of the mice showed tumor
growth, reflecting that a robust response was mounted during this im-
munization period.

Large OVA antigen can be successfully displayed on the
ADDomer’s surface

To get rid of the allelic restriction and elicit a multi-specific anti-tu-
mor response, display of large antigens rather than small epitopes
on the ADDomer surface is desirable. To do so, an ADDomer dis-
playing the ST peptide (ADD-ST) on its surface was used to spon-
taneously make an isopeptidic bond with an SC fused to the OVA
protein (1-355), called binder long OVA (Blov), containing the
OT-I and OT-II epitopes (Figures 1A and 1D). The OVA C termi-
nus sequence (356-396, colored white in Figure 1C) buried in the
protein was removed and replaced with the SC prolonged with a
histidine tag. This OVA C-terminus deletion aimed to make the
SC more accessible to the ST to favor Blov-SC assembly to ADD-
ST. A melittin signal peptide was added to Blov fused to SC
(Blov-SC) to allow protein post-translational
(PTMs), such as glycosylations and secretion from insect cells.
ADD-ST and Blov-SC were produced separately in insect cells using
the baculovirus expression system.

modifications

Covalent binding of Blov-SC to ADD-ST was assessed by SDS-PAGE.
As expected, an adduct of a higher molecular weight corresponding to
Blov-SC bound to the ADD-ST monomer was clearly seen (Fig-
ure 1B). This faint band, observed around 180 kDa, reflects weak
binding of Blov-SC to ADD-ST (3 Blov-SCs per ADD-ST particle),
which is lower than the theoretical ratio used for incubation (ratio
of 4:1, meaning 15 Blov-SCs per ADD-ST particle). Electron micro-
graphs showed that particles remained intact after antigen binding
(Figure 1A).

Molecular Therapy: Methods & Clinical Development

Therapeutic vaccination with ADD-Duo, ADD-OT-I, and ADD-Blov
drastically decreases tumor growth and improves mouse survival
To assess the efficacy of the ADDomer vaccine in a therapeutic
setting, mice were vaccinated 5 times every 2-3 days with ADD-
Duo, ADD-OT-I, and ADD-Blov from 1 day after tumor inoculation.
ADD-0 was used as a control, and all ADDomers were injected with
poly(I:C) (Figures 4A and 4B). Each group was composed of 12 mice;
6 were euthanized on day 15 to evaluate immunological responses
and the others (5 or 6 per group according to the success of tumor im-
plantation) when the maximal ethical tumor size was reached to
investigate the long-term clinical response.

On day 15, mice vaccinated with ADD-Duo, ADD-OT-I, and ADD-
Blov had a significatively smaller tumor than mice vaccinated with
ADD-@. For example, on day 15, the mean tumor size for the
ADD-@ group was 81.7 mm?® versus 16.8 mm?® for the ADD-Duo
group (Figure 4C). Visual inspection showed a massive difference
in tumor size between the ADD-@ and ADD-OT-I groups (Figure 4D,
center panel). Macroscopic observation showed a well-vascularized
tumor in mice vaccinated with ADD-@, whereas a much smaller
and very poorly vascularized tumor was seen in mice vaccinated
with ADD-OT-I (Figure 4D, left and right panel, respectively).

Cellular response was investigated (Figures 5 and S2). In the spleen, a
higher OV A-specific CD8" T cell frequency was observed with the
ADD-Duo and ADD-OT-I groups compared with the ADD-Q group.
However, the difference between the ADD-Blov and ADD-@ groups
was not significant (Figure 5A, left). In the tumor, tumor-infiltrating
OV A-specific CD8" T cell frequency was higher with the ADD-Duo,
ADD-OT-I, and ADD-Blov groups versus the ADD-@ group
(Figures 5A, right, and 5B). This observation could only be made
on one tumor for the treated groups (ADD-Duo, ADD-OT-I, and
ADD-Blov) because only one tumor was available for analysis as a
result of the high efficiency of the vaccination regarding tumor
growth. A similar trend was observed in the spleen and in the tumor
when looking at the absolute number of OV A-specific CD8" T lym-
phocytes (Figure 5C).

Therapeutic vaccination improves mouse survival in all vaccinated
groups and notably for the group of mice vaccinated with ADD-
OT-I and ADD-Blov (Figure 6A). Individual tumor growth experi-
ments showed that all tumors were well controlled, even over
60 days of follow up, and only one mouse from two groups escaped
from immunological control (Figure 6B, groups ADD-OT-I and
ADD-Blov).

DISCUSSION

In this study, we assessed the potential use of an adenovirus-inspired
non-infectious VLP as a potential therapeutic anticancer vaccine. The

Figure 2. ADD-@ and ADD-Duo immunogenicity evaluation and adjuvant screening

(A) Immunization schedule, blood sampling, and organ collection for all groups. s.c., subcutaneous. (B) Different groups were evaluated regarding the immunogenicity of
ADD-@ (G1), ADD-Duo (G2), ADD-Duo + 1 adjuvant (G3, G4, G5), and ADD-Duo + 3 adjuvants (G6). (C) Percentage of CD8" dextramer OT-I* T lymphocytes in the draining
lymph nodes and spleen for all groups (n = 3). (D) Ab response against OT-Il peptide on day 14 (n = 3).
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investigated VLP originally results from spontaneous assembly of 12
homopentameric penton bases from a human adenovirus of type 3
(HAdV-B3)."” Engineering of this 60-mer VLP, called ADDomer,
enabled easy and rapid genetic insertion of short epitopes at two
different locations of the particle surface. This vaccine platform has
been shown recently to trigger a significant neutralizing humoral
response against a 19-amino-acid epitope from chikungunya virus.®

OVA is a well-characterized antigen encompassing the immunodo-
minant MHC class I-restricted OVA,57_564 (SIINFEKL) and the
MHC class II-restricted OVAj;3_339 (ISQAVHAAHAEINEAGR)
epitopes. This OV A system is often used to investigate the immuni-
zation potential of novel vaccine platforms or vaccine candidates
against different cancers, including melanoma.'®*° To bind the
MHC class I proteins, class I epitopes must be processed by the pro-
teasome into 8- to 10-amino-acid peptides. Because the cleavage effi-
ciency is influenced by the flanking regions,”"** special attention
must be paid to the directly neighboring epitope. It is known that
small amino acid residues, such as glycine or alanine, favor antigen
processing by the proteasome.”” Here we genetically inserted the
MHC class I OVA epitope flanked by GSGG linkers alone in the
RGD-L or in combination with an MHC class II OVA epitope in
the VL (Figure 1A). In both cases, the VLPs displaying MHC class I
alone or both epitopes at once resulted in nicely folded VLPs, as
seen by transmission electron microscopy (Figure 1A).

To obtain an optimized vaccine formulation, it is often necessary to
combine an adjuvant to the vaccine platform/antigen tandem. Adju-
vants enhance the magnitude, breadth, and durability of the immune
response and can orient the balance between the humoral and cellular
response.”* Despite identification of TLRs expressed on DCs sensing
the different pathogen-associated molecular patterns (PAMPs),”>*°
the choice of adjuvant is still empirical. The immune response trig-
gered by ADD-Duo occurred in the absence or presence of a set of ad-
juvants known to activate different subsets of DCs. ODN 2395, MPLA,

Molecular Therapy: Methods & Clinical Development Vol. 28 March 2023

2 and spleen as well as a good humoral response

against the MHC class IT OV A epitope. Poly(I:C)

has been reported to interact with TLR3*” and is
often used in cancer immunotherapy trials*® because it triggers potent
Thl-mediated anti-tumor immunity through ¢DC1 targeting.

In a first attempt, we studied the possibility of preventing tumor
growth in vaccinated mice. For this purpose, immunizations were
performed with ADD-DUO in the presence of poly(I:C) with a delay
of 25 days between the last injection and tumor implantation. Tumor
growth was monitored until the ethical endpoint was reached. Con-
trary to the rapid increase in tumor size seen in the group vaccinated
with the empty ADDomer (i.e., vehicle not displaying OV A epitopes),
no tumors were seen in mice vaccinated with ADD-Duo (Figure 3C).
This result shows that the anti-tumor effect was indeed due to the
epitope displayed by the vector and not due to non-specific activation
of the immune system. This protection seems to last for a long time
because there was a delay of 25 days between the last immunization
and tumor implantation, suggesting elicitation of a potent memory
CD8" T cell response.

Genetic insertion of sequences coding short epitopes, such as OT-I
and OT-II (14 and 17 residues, respectively), in the two exposed loops
of the ADDomer did not affect the overall particle structure (Fig-
ure 1A), and the slightly faster migration of OT-I compared to
ADDomer-@ is likely due to its sequence composition” because
mass spectroscopy analyses confirmed the exact molecular weight
of these two constructs. In humans, an epitope-based vaccine would
represent an important limitation because use is restricted to a partic-
ular HLA-bearing population (for instance an HLA-A2-restricted
epitope-based vaccine would be suitable only for around 40% of the
european population). It would be desirable to overcome this limita-
tion by developing a fully protein-based vaccine, enabling epitope
presentation in all individuals (i.e., developing an off-the-shelf vac-
cine).”® Thus, displaying large antigens rather than short epitopes
would be valuable. Unfortunately, genetic insertion of large folded an-
tigens results in subunit misfolding and insolubility.”’ Villegas
et al.”>’? have shown that the OV A, 376 antigen could be fused to
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WW domains (containing two conserved tryptophans) to make inter-
actions with the adenovirus PPxY sequences in the adenovirus penton
base. However, this non-covalent interaction relied on a relatively low
Kp (65 nM)** that did not warrant a homogeneous batch required for
clinical trials. To overcome this limitation, insertion of an ST (13 res-
idues) in the exposed loops of the ADDomer has been reported to
permit spontaneous and covalent attachment of large and correctly
folded antigens, such as the SARS-CoV-2 RBD, to the particle.g’14
Fusion of OVA;_355 (Blov) to the SC successfully resulted in display
of this antigen to the vaccine platform (Figures 1A and 1B).

Therapeutic vaccination where tumor implantation occurred prior to
vaccination has been performed using an ADDomer with genetic
epitope insertion and large OV A antigen display using the ST/SC sys-
tem. Both systems were efficient at preventing B16-OVA tumor
growth (Figure 4C). The different OVA-bearing VLPs (30 nm for
the undecorated particle) are within the size range (20-200 nm) of
particles readily drained to lymph nodes, potentiating uptake by an-
tigen-presenting cells and cross-presentation.’”> These immuniza-
tions seemed to elicit robust and sustained immune responses capable
of rejecting the highly aggressive B16-OVA melanoma in prophylac-
tic and therapeutic strategies (Figures 3 and 4).

Because CD8" T cells are key players in immuno-oncology, most ef-
forts in vaccine development focus on generation of this response by
improving antigen delivery and presentation on the DC surface for

the initial T cell encounter.*

In our experiments, immunological characterization showed a signif-
icant OVA-specific CD8" T cell response in the spleen of mice vacci-
nated with ADD-Duo and ADD-OT-I (Figures 5A and 5C). A similar
tendency was also observed in the only residual tumor where this
analysis was feasible (Figures 5B and 5C). However, because of the
low number of mice presenting a tumor with a size suitable for this
analysis, we cannot draw a solid conclusion regarding this observa-
tion. Surprisingly, the anti-OT-1 CD8" T cell response in the spleen
of mice vaccinated with ADD-Blov was not significant compared
with control ADD-@. By contrast, this response seemed to be signif-
icant compared with the control group within the tumor (4.08%
versus 0.28%). Despite the low amount of tumor material that could
be analyzed in the ADD-Blov group, this tendency is highly sup-
ported by tumor growth control as well as long-term mouse survival
(Figures 4C and 6A, respectively). In Blov mice, multi-specific im-
mune responses could have been triggered, improving the tumor con-
trol, even though such multi-specific responses were not investigated
here (only response against a single epitope was investigated). Such

multi-specific responses could be investigated through cytokine pro-
duction upon ex vivo T cell restimulation with APC loaded with OVA.

Another unexpected feature was the presence of a strong, anti-OVA
CD8" T cell response in the spleen and in measurable tumors of mice
vaccinated with ADD-Duo, which was not correlated with the long-
term survival curves. We propose two possible hypotheses to explain
these data: generation of regulatory T cells and/or tumor escape. It is
conceivable that addition of a unique CD4" T cell epitope, as opposed
to ADDomer-OT-I or full OVA protein, triggered a regulatory T cell
response which, in turn, impaired efficient anti-tumor immunity
despite a high proportion of anti-OVA CD8" T cells. Another expla-
nation could be tumor escape from anti-OVA CD8" T cells by MHC
class I loss and/or strong immune checkpoint expression. The ADD-
Duo vaccine triggered the highest immunization in spleen and tumor
(Figure 5). One can imagine that, upon strong immune pressure, tu-
mor cell clones lacking MHC class I expression were selected and/or
that OV A-specific T cell-derived interferon y (IFNY) triggered high
PD-L1 expression by tumor cells, leading to their inhibition and
subsequent tumor escape. To address these hypotheses, fluores-
cence-activated cell sorting (FACS) analysis of OVA-specific FoxP3
regulatory T cells as well as MHC class I, PD-L1, and PD-1 expression
would be required.

Our data show that the ADDomer is well suited to mount an efficient
anti-tumoral response. Genetic insertion of epitopes directly in the
ADDomer loops is based on single-particle expression but limited
to short epitopes, thus restricting its use to personalized medicine
or stratified patients. Display of large antigen required expression of
ADD-ST and the large cargo fused to the SC. Because of the autocat-
alytic reaction, simple addition of both components resulted in
“ready-to-use” immunotherapy applicable to a large population.
With this latter strategy, a mosaic vaccine displaying several different
antigens at once can be produced,””*® paving the way for next-gener-
ation products with a broader immunological spectrum for off-the
shelf cancer immunotherapy.

Improvement of the technology can be envisioned to combine our
platform with other therapeutic strategies, such as oncolytic viruses
(OVs). Indeed, a similar approach has already been reported with
oncolytic adenovirus encoding OVA or melanoma epitopes directly
into the tumor.” It could be feasible to combine the respective ad-
vantages of OVs and particle display by designing an oncolytic
adenovirus encoding the ADDomer-ST and the antigen of interest
fused to an SC to benefit from tumor lysis and in situ immune
stimulation.

Figure 4. Effect of therapeutic vaccination with ADDomers on B16-OVA tumor growth

(A) Tumor inoculation, immunization, blood sampling, and organ collection for all groups. (B) Different groups were evaluated regarding the therapeutic effect of ADD-@
(G1), ADD-Duo (G2), ADD-OT-I (G3), and ADD-Blov (G4). ADDomers were injected with the poly(l:C) adjuvant, and tumor inoculation was performed using the B16-OVA
cell line. Each group is composed of 12 mice; 6 were sacrificed on day 15 to evaluate the short-term clinical and immunological response, and the remaining mice (n = 5
for ADD-@/Duo/OT-I, n = 6 for ADD-Blov) were sacrificed when the endpoint was reached to investigate a long-term response. (C) Tumor size evolution days after
tumor inoculation (n = 11 for ADD-@/Duo/OT-I, n = 12 for ADD-Blov). (D) Photographs showing the difference in tumor size and aspect on mice vaccinated with ADD-@ or

ADD-OT-I.
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MATERIALS AND METHODS

Baculovirus production

The baculovirus expression system was used for production of the
different ADDomers (ADD-@, ADD OT-I, ADD-Duo, and ADD-
ST) and for OVA fused to SC (Blov-SC). Synthetic DNA (Genscript)
was cloned in pACEBacl using the restriction sites BamHI and
HindIII. For Blov-SC, the OVA sequence (1-355) was cloned up-
stream of the SC, and a Hiss tag was added to the C-terminus of
SC. This fusion protein was secreted using the melittin signal peptide
in the vector. Recombinant baculoviruses were made by transposition
with an in-house bacmid expressing yellow fluorescent protein, as
described previously.” The baculovirus was amplified on Sf21 cells
at a low multiplicity of infection (MOI), and after two amplification
cycles, it was used to infect insect cells for 64-72 h at a high MOL
For ADDomer production, the infected cells were pelleted and recov-
ered, whereas for Blov-SC, cells were discarded, and the supernatant
was saved.

Protein purification

ADDomer purification

The ADDomers were purified according to a classic protocol.*’
Briefly, after lysis of the insect cell pellet by three cycles of freezing-
thawing in the presence of Complete protease inhibitor cocktail
(Roche) and removal of debris, the lysate was loaded onto a 20%-
40% sucrose density gradient. The gradient was centrifuged for
18 h at 4°C at 41,000 rpm on an SW41 rotor in a Beckman XPN-
80 ultracentrifuge. The dense collected fractions at the bottom of
the tubes were dialyzed against HEPES (10 mM, pH 7.4) and NaCl
(150 mM) and then loaded onto a Macroprep Q cartridge (Bio-
Rad). After elution by a 150-600 mM linear NaCl gradient in
HEPES (10 mM, pH 7.4), ADDomer-containing fractions were
checked by SDS-PAGE and concentrated on Amicon (MWCO,
100 kDa) with buffer exchange to HEPES (10 mM, pH 7.4) and
NaCl (150 mM).

Blov-SC purification

The insect cell supernatant was centrifuged after thawing for 15 min
at 5,000 x g for 30 min. The new supernatant was supplemented with
10 mM imidazole-HCl and Complete protease inhibitor cocktail
EDTA free (Roche). The His-tagged Blov-SC protein was then puri-
fied by loading the supernatant onto a 1-mL His GraviTrap prepacked
column (GE Healthcare), pre-equilibrated with 20 column volumes
(CVs) of 500 mM sodium chloride, 10 mM HEPES (pH 7.4), and
10 mM imidazole. Columns were then washed with 20 CVs of the
same buffer to remove non-specifically bound material. A second
wash was performed at 12.5 mM imidazole in a similar buffer. Pro-
teins were eluted with 10 CV's of buffer containing 200 mM imidazole.

Blov-SC-containing fractions were checked by SDS-PAGE and
concentrated on Amicon (MWCO, 30 kDa) with buffer exchange
to HEPES (10 mM, pH 7.4) and NaCl (150 mM).

ADD-Blov complex formation for characterization and mouse
immunization experiments

Covalent complex formation was obtained by incubation of purified
ADD-ST with purified Blov protein fused to SC (Blov-SC). Incuba-
tion was performed at 25°C under agitation on a Thermomixer at
300 rpm. The Blov-SC ratio per ADD-ST was fixed to 1:4 (1 Blov-
SC for 4 monomers) to avoid steric hindrance between the Blov-SC
proteins on the ADDomer surface. For immunization experiments,
a ratio of 3 copies of Blov-SC per ADD-ST was chosen to leave min-
imal free Blov-SC. This ratio was calculated on SDS-PAGE using
ImageLab software (Bio-Rad). The integrity of ADD-Blov was
checked by negative-stain electron microscopy.

B16-OVA culture and preparation for tumor challenge in mice
B16 melanoma cells stably expressing chicken OVA (B16-OVA)
were provided by Dr. Dalil Hannani (TIMC Laboratory, Université
Grenoble Alpes, France). The cells were tested for OVA expression
(Figure S1) and for pathogens (mouse essential panel and PVM
(Pneumonia Virus of Mice) PCR, Charles River Laboratories).
The cell lines were maintained in RPMI-1640 Glutamax (Gibco)
containing 10% fetal bovine serum (Gibco), 5,000 U/100 mL of
penicillin-streptomycin (Gibco), and 500 pg/mL Geneticin at
37°C in 5% CO,. Cells were cultivated in T75 flasks, washed
with PBS, and passaged with trypsin. For mouse injection, cells
were resuspended at 2.10°/mL in PBS.

In vivo experiments and vaccination

Animals were housed and bred at the Plateforme de Haute Techno-
logie Animale (PHTA) core facility (Grenoble, France; EU0197,
Agreement C38-51610006) under specific pathogen-free conditions
in a temperature-controlled environment with a 12-h light/dark cycle
and ad libitum access to water and food. Animal housing and proced-
ures were in accordance with the recommendations from the Direc-
tion des Services Vétérinaires, Ministry of Agriculture of France,
according to European Communities Council Directives 2010/63/
EU and according to recommendations for health monitoring from
the Federation of European Laboratory Animal Science Associations.
Protocols involving animals were reviewed by the local ethics com-
mittee (Comité d’Ethique pour I'Expérimentation Animale no. 12,
Cometh-Grenoble) and approved by the Ministry of Research
(APAFIS 2021032418404959_v3, APAFIS 2018062601109404_v2,
and APAFIS 2020112016376739_v1).

Figure 5. Short-term immunological responses

(A) Percentage of CD8* dextramer OT-I" T lymphocytes in the spleen (n = 6) and in the tumor (n = 5 for ADD-@, n = 1 for the other groups) for all groups. (B) Dot plot
representation of the percentage of CD8" dextramer OT-I" T lymphocytes in the tumor of one mouse per group. (C) Absolute number of CD8* dextramer OT-I* T lymphocytes
in the spleen (n = 6) and in the tumor (n = 5 for ADD-@, n = 1 for the other groups) for all groups.
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Figure 6. Tumor growth and survival monitoring for therapeutic vaccination

(A) Kaplan-Meier survival analysis showing the percentage of surviving mice. (B) Tumor growth curves for individual mice of each group. The numbers of tumor-free mice are
shown in parentheses.

Adjuvant screening
Each mouse (6 groups of 3 mice each) received 100 pL of vaccine:
50 puL of ADDomer (40 pg per mouse) in HEPES (10 mM) and

Vaccination experiments were performed according to ethics guide-
lines. Five-week-old female C57Bl6] mice were purchased from Janv-
ier (Le Genest-Saint-Isle, France).
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NaCl (150 mM) adjuvanted with an equivalent volume of ODN 2395
(50 pg per mouse), MPLA (20 pg per mouse), or poly(I:C) (50 pg per
mouse) (VacciGrade-InvivoGen). Mice were injected subcutaneously
in the right flank twice (days 0 and 7) and sacrificed on day 14 for or-
gan harvest (spleen and injection site draining lymph nodes [axillary,
brachial, and inguinal lymph nodes on the right flank]). Blood was
collected by retro-orbital sampling on day 0 and day 14 under anes-
thesia using 4% isoflurane.

Prophylactic vaccination

Mice received 5 doses, injected subcutaneously in the left flank, of the
poly(I:C) adjuvanted ADDomer vaccine on days 0, 2, 5, 7, and 9. On
day 34 (i.e., 25 days after the last vaccination), the mice were chal-
lenged with inoculation of B16-OVA cells (2.10° cells/mice in a total
volume of 100 pL of PBS, right flank). Tumor growth was monitored
for 17 days after the challenge.

Therapeutic vaccination

Mice received the first tumor inoculation (B16-OVA, 2.10° cells,
right flank) before receiving 5 doses of the therapeutic poly(I:C)-
adjuvanted ADDomer vaccine on days 1, 3, 6, 8, and 10. On day
15, 6 of the 12 animals were sacrificed, and the blood, tumor,
spleen, and tumor side draining lymph nodes (axillary, brachial,
and inguinal lymph nodes on the right flank) were collected for
immune analyses. The 5 or 6 remaining vaccinated and tumor-
bearing mice were then monitored for survival until the ethical
endpoint was reached.

Flow cytometry analyses of the CD8* dextramer OT-I* response
After collection, organs (lymph nodes, spleens, and tumors) were re-
suspended, washed, and filtered using a 100-um cell strainer. For
spleens and tumors, Red Blood Lysis Buffer (1-min incubation,
1181438900, Merck) and RPMI-1640 Glutamax (Gibco) supple-
mented with 25 ug/mL of Liberase (20-min incubation, Liberase
Research Grade, 5401119001, Merck), respectively, were used during
this process. Two million cells were then incubated at room temper-
ature (RT) in the dark for 30 min with the dextramer OT-I (H-2 Kb
[SIINFEKL], JD2163-PE, Immudex). CD45, Live/Dead, CD3, CD4,
and CD8 antibodies (BD Biosciences) were then added for 20 min
at 4°C in the dark. Cells were then washed and analyzed on a flow cy-
tometer (LSRII Analyzer, BD Biosciences).

ELISA

The peptide OT-II (peptide OVA ,3_339, InvivoGen) was diluted at
2 ug/mL in PBS, and 50 mL was coated overnight at 4°C in a 96-well
plate (Maxisorp Nunc Immunoplate, 442404). Plates were washed
using a Thermo Scientific microplate washer (5165040). After three
washes with 100 pL of PBS-Tween (0.05%), plates were blocked with
PBS-BSA (3%) for 1 h. Mouse serum was serially diluted in PBS and
incubated for 1 h (50 mL/well) at RT. After five washes with PBS-
Tween (0.05%), a goat anti-mouse immunoglobulin G (IgG) (H +
L) secondary antibody linked to horseradish peroxidase (JIR 115-
035-062) diluted at 1:2,500 in PBS-Tween (0.05%) was added for 1
h. After five washes, 50 mL of transmembrane domain substrate

was distributed per well. The enzymatic reaction was stopped after
70 s by addition of 50 mL of H2S04 (1 M), and plates were read at
450 nm with a Tecan Spark 10M plate reader.

Electron microscopy: Negative staining

Samples of 3.5 mL were adsorbed on the clean side of a carbon film
evaporated previously on mica and then stained using 2% (w/v) so-
dium silicotungstate (pH 7.4) for 30 s. The sample/carbon ensemble
was then transferred to a grid and air dried. Images were acquired un-
der low-dose conditions (<30 e /A?) on an F20 electron microscope
operating at 120 kV using a CETA camera.

Statistical analyses

Because percentages and absolute numbers of CD8" dextramer
OT-I" T lymphocytes datasets followed a non-normal, heterosce-
dastic distribution, a non-parametric test was used for comparison
of the different groups. Kruskal-Wallis tests were performed,
followed by a Dunn’s multiple comparison test for each figure.
Differences were considered significant when the p value
was below 0.05. Statistics were performed using GraphPad soft-
ware v.8.
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Figure S1 : ADDomers and Blov-SC sequences

(A) ADDomers sequences: Variable and RGD loops are written in red and blue,
respectively. Epitopes (OT-I1 and OT-IlI) and SpyTag are highlighted in light blue, light red
and pink, respectively. In the SpyTag the reactive aspartate is indicated by a green
triangle. Linkers are depicted in green. (B) Blov-SC sequence: The melittin secretion
peptide is written in black. The ovalbumin protein is depicted in orange with epitopes OT-
| and OT-Il highlighted in light blue and light red, respectively. SpyCatcher is written in
blue and the reactive lysine is indicated by a green triangle. Linkers and Histidine-Tag are
represented in green and purple, respectively.
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Figure S2 : Validation of ovalbumin expression by the B16 OVA cells.

(A) FACS analysis using antibody against OVA. B16 and B16-OVA cells were scraped then
fixed with 2% PFA and permeabilized with 0,1% triton X-100. After treatment with 1/500
anti-OVA antibody (abcam #ab181688) and 1/500 Goat anti-Rabbit AlexaFluor 488
secondary antibody, cells were read using MACSQuant VYB Flow Cytometer, (Miltenyi
Biotech). (B) Same as in (A) on adherent cells with nucleus counterstained using Hoechst.
Images were taken on confocal microscope (Olympus GATACA).
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Figure S3: Short-term immunological responses in draining lymph nodes

(A) Percentage of CD8+ Dextramer OVA-I+ T lymphocytes in the draining lymph nodes
(n=6) for all groups. (B) Absolute number of CD8+ Dextramer OVA-I+ T lymphocytes in the
draining lymph nodes (n=6) for all groups.
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Figure S4

Figure S4: Humoral response against ovalbumin antigen or epitope in vaccinated mice

(A) Graph showing the Logl0 IC50 of antibodies against the OVA-Il epitope or the Blov-SC
antigen. The distribution of the data does not follow a normal distribution, therefore non-
parametric tests were used. For paired sample comparisons (Duo coating OVA-Il versus coating
Blov-SC), the Wilcoxon test was used. For multiple comparisons on unpaired samples (Duo versus
OTI versus Blov with coating Blov-SC), the Kruskall Wallis test was used. (B) Table showing the

Log10 IC50 mean values for each group.



Conclusion du chapitre :

Pour conclure, nous avons vu que la plateforme ADDomer était prometteuse pour 1’élaboration
d’un vaccin thérapeutique efficace en oncologie du mélanome. La suite immédiate du projet
serait de tester cette technologie avec des épitopes et antigenes humains sur des souris
humanisées par exemple afin de vérifier les effets protecteurs mais surtout thérapeutiques de la
vaccination avec des ADDomers. Il serait également intéressant d’analyser 1’ effet thérapeutique
en faisant varier le temps entre I’implantation tumorale et la vaccination afin de voir
potentiellement jusqu’a quel stade de la croissance tumorale la vaccination thérapeutique est
toujours efficace. Par ailleurs, nous avons vu qu’il était possible de présenter différents
antigenes sur le méme ADDomer (cf Chapitre IV) ce qui pourrait permettre de maximiser les
chances de succes thérapeutique. 1 serait également possible d’afficher sur cette plateforme des
néo-antigenes de patients dans le cadre de vaccins personnalisés. La technologie ADDomer
représente donc une plateforme vaccinale prometteuse, polyvalente et facilement adaptable qui
montre des résultats encourageants pour le traitement du mélanome.

La polyvalence et facilité d’adaptation de cette plateforme ont pu étre démontrées au cours de
cette thése lors de la pandémie de la Covid-19. Cette pandémie est arrivée en France a la fin
des optimisations de la plateforme permettant 1’affichage d’antigénes entiers via le systéme
SpyTag/SpyCatcher (voir chapitre 1V). Afin d’évaluer la polyvalence de la plateforme, notre
laboratoire a choisi de 1’adapter au SARS-CoV-2. Nous avons ainsi affiché le RBD (domaine
de liaison au récepteur) de la protéine ‘Spike’ du SARS-CoV-2 a I’ADDomer, et ce travail

auquel j’ai pu participer est présenté en annexe de ce manuscrit.
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Conclusion generale et perspectives

Malgré les récents progrés en matiere de thérapie pour le traitement du mélanome avec
notamment les immunothérapies, le mélanome et plus particulierement le mélanome
métastatique présente encore un faible taux de survie. De nombreuses équipes a travers le
monde poursuivent les recherches dans 1’optique d’améliorer les réponses aux traitements
actuels, de stratifier les patients afin d’administrer le traitement le plus approprié a chaque
patient mais également de trouver d’autres thérapies qui pourront &tre utilisées en combinaison
avec les thérapies actuelles. Parmi les nouvelles thérapies proposées, les vaccins thérapeutiques
sont une option encore en développement mais prometteuse. Aprés de nombreux échecs en
phases cliniques en tant que monothérapies, un ré-engouement pour les vaccins s’est développé
ces dernieres années. Ces vaccins sont proposés en combinaison avec d’autres thérapies et plus
particulierement avec les anticorps bloqueurs de points de contrdle immunitaires.

Parmi les vaccins thérapeutiques, les vaccins d’origine virale sont largement utilisés pour
délivrer les antigenes tumoraux (antigénes associés aux tumeurs ou néo-antigénes) de par leur
immunogénicité intrinséque.

Le vaccin développé dans cette thése est une particule pseudo-virale non-infectieuse dérivée de
I’adénovirus de sérotype 3. Cette particule nommé ‘dodécaédre de 1’adénovirus’ est constituée
de 60 monoméres d’une protéine unique de la surface des adénovirus : la base du penton. De
maniere remarquable, ces bases du penton ‘homo-pentamériques’ peuvent s’assembler par 12
(dodécamériser) donnant naissance au ‘dodécaédre de I’adénovirus’. Au sein de cette particule
quasi sphérique d’environ 30nm de diametre il a été possible de déterminer trois régions dans
les monomeres qui pouvaient étre modifiées sans altérer la structure globale de ce dodécaédre.

Cette découverte a ouvert la voie a I’insertion d’épitopes étrangers dans cette particule donnant
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naissance a une nouvelle technologie vaccinale nommée ADDomer (Adenovirus Dodecamer).
Cette technologie brevetée a déja prouvé son efficacité en infectiologie (virus du Chikungunya)
et le but de cette thése était de prouver son efficacité en oncologie pour le traitement du

mélanome.

Dans un premier temps, nous avons dessine, produit, purifié et optimise les vecteurs ADDomers
afin qu’ils présentent des antigénes et des épitopes modeles ou réels de mélanome humain. Les
¢épitopes ont pu étre insérés génétiquement dans les boucles exposées de I’ADDomer (boucle
variable ou boucle RGD). Cependant, les antigeénes trop volumineux et structurés n’ont pas pu
étre insérés de cette maniére a la surface de I’ADDomer en raison de problémes de mauvais
repliements des monomeres ainsi générés empéchant la formation correcte des particules. Pour
pallier a ce probléme, les antigénes ont été affichés a la surface de I’ADDomer via le systéme
SpyTag/SpyCatcher. Le peptide SpyTag a été inséré genétiquement dans la boucle variable de
I’ADDomer et la protéine SpyCatcher a été fusionnée aux antigénes d’intérét. Par simple
incubation, le SpyCatcher portant I’antigéne forme spontanément une liaison covalente avec le
SpyTag porté par ’ADDomer fixant ainsi de maniére irréversible I’antigéne a 1’ADDomer.
Nous avons montré que ces rendements d’assemblage étaient meilleurs lorsque le cargo
(antigéne/épitope) était du coté N-terminal du SpyCatcher. De plus, nous avons mis en évidence
que ’ADDomer était capable de présenter en méme temps a sa surface différents antigénes de
tailles et formes différentes allant d’un petit peptide de 17 acides aminés a une protéine

d’environ 50kDa trés structurée.
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a. Comparaison des vaccins ADD A2L et ADD MelA
Dans une seconde partie, les différents ADDomers présentant des épitopes et antigénes humains
du mélanome sont évalués in vitro sur des cellules dendritiques (DC) humaines de patients
sains.
Nous avons montré que les ADDomers pouvaient étre internaliseés en proportions différentes
en fonction du sous types de cellules dendritiques (cDC2, cDC1, pDC). En effet, alors que les
cDC2s fixent/capturent fortement les ADDomers, les cDC1s sont un peu moins efficaces, et les
pDCs encore moins. Par ailleurs nous avons observeé un effet dose-réponse, ce qui suggere une
internalisation spécifique des ADDomers. Enfin, les ADDomers présentant des antigénes
(MelanA) a leur surface via le systeme ST/SC sont moins bien internalisés que les ADDomers
présentant seulement I’épitope A2L inséré dans une des boucles (boucle variable pour ADD
MelA). Cette diminution de l'internalisation pourrait étre causée par le fait que I’antigene
MelanA masque le motif ‘RGD’ permettant la liaison de I’ ADDomer aux intégrines, nécessaire
a son entrée dans les cellules via les intégrines.
Il a également été observé que les ADDomers n'étaient pas toxiques pour les DCs de donneurs
sains et qu’ils étaient capables de déclencher leur activation. Cela a été mis en évidence par la
régulation a la hausse des trois molécules de costimulation (CD40, CD80, CD86) ainsi que par
une légere production de cytokines spécifiques aux DC, en particulier IFNa, IL28, 1L29. De
plus, de par son origine virale, I’ADDomer vide (ne présentant aucun €épitopes ou antigéne) est
¢galement capable d’activer les DC ce qui révele les puissantes propriétés adjuvantes de
I'ADDomer lui-méme.
Nous avons ensuite évalué la capacité des DCs a cross présenter les ADDomers. La cross
présentation décrit la capacité des DC a absorber, traiter et présenter aux lymphocytes T naifs

un agent exogene (dans notre cas cela correspondra aux épitopes et antigénes apportés par les
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ADDomers) chargé dans des molécules du complexe majeur d'histocompatibilité (CMH) de
classe I. Suite a cette présentation, 1’étape de cross-priming, ¢’est-a-dire I’activation des cellules
T CD8+ spécifiques des épitopes/antigénes présentes, sera amorcée. Les molécules du CMH
de classe | ne présentent généralement que les antigenes endogénes, tandis que les antigenes
exogenes sont présentés par les molécules du CMH de classe Il, d'ou le nom de cross
présentation (ou présentation croisée). Nous avons compareé la cross présentation entre I'ADD
MelA et I'ADD A2L. L'ADD MelA semble étre plus cross présenté que I'ADD A2L. Cela
suggere que l'affichage d'un antigéne entier contenant un épitope au lieu d'un épitope seul
favorise la cross présentation de cet épitope. Une explication de ce résultat pourrait étre
I'activation de la réponse immunitaire CD4 par l'antigéne MelanA complet qui potentialise la
réponse CD8 contre I'épitope A2L.

Enfin, nous avons exploré l'induction d'une réponse immunitaire spécifique de l'antigéne
tumoral in vitro chez I'nomme avec I’ADD A2L (cross priming). Ce résultat a mis en évidence
la capacité de 'ADDAZ2L a déclencher I'amplification des cellules T CD8+ anti-MelAzs-35 (anti
A2L). De plus, les cellules T CD8+ anti-MelAzs-3s amplifiées ont montre une forte affinité pour

le complexe HLA/MelAz6.3s.

b. Dé-ciblage et re-ciblage des ADDomers
La deuxiéme partie de ce travail in vitro consistait a dé-cibler les cellules non cibles (cellules
épithéliales) et a recibler les cellules cibles (cellules dendritiques) par le biais de modifications
sur les ADDomers. L'objectif était de limiter les effets hors cible et d'ameliorer 1’adressage des
ADDomers aux cellules dendritiques.
Le dé-ciblage a été effectué en mutant le motif spécifique de liaison aux intégrines dans la
boucle RGD. Ce motif 'RGD' a été muté en 'KGE', limitant ainsi I'absorption de I'ADDomer

par les cellules épithéliales, ce qui avait été observé dans des travaux précédents.
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Le re-ciblage a été réalisé en affichant a la surface de I'ADDomer le domaine de liaison au
récepteur (RBD) du Spike du SARS-CoV-2 fusionné au SpyCatcher (RBD-SC). Cette
opération a été réalisée grace au systeme SpyTag/SpyCatcher décrit précédemment. Cette
protéine a été choisie suite a la pandémie de la Covid-19 durant laquelle notre laboratoire a été
amené a évaluer la capacité de la technologie ADDomer présentant le RBD a provoquer une
réponse humorale anti-Spike chez la souris. Le RBD-SC est sécrété par les cellules d'insectes
lors de sa production en systeme baculovirus et est par conséquent glycosylé, principalement
par des poly-mannoses. Ces glycosylations peuvent étre reconnus par les récepteurs de type
lectine de type C (CLR) tels que DC-SIGN et MGL présents a la surface des cellules
dendritiques. L'épitope A2L a été placeé dans la boucle RGD a c6té du motif RGD/KGE.
L’incubation de cellules adhérentes A549 avec ADD KGE et ADD RGD a montré que I'ADD
KGE était moins bien internalisé que I'ADD RGD, ce qui suggére un de-ciblage efficace. De
plus, il semblerait que I’ADD KGE serait tout de méme partiellement internalisé par un
mécanisme non médié par les intégrines.

Le re-ciblage via le RBD-SC a d'abord été évalué par résonance plasmonique de surface (SPR).
La liaison du RBD aux CLR DC-SIGN et MGL via les motifs poly-mannose a été mesurée. Les
résultats montrent que I’ADD KGE RBD se lie aux deux récepteurs mais plus fortement a DC-
SIGN.

Au niveau de I’internalisation par les cellules dendritiques, nous avons vu que I'ajout de RBD
n'avait pas augmenté mais diminué I'absorption des ADDomers par les cellules dendritiques
contrairement a ce que nous avions supposé. Pour ’ADD RGD RBD, nous supposons tout
comme pour I’ADD MelA, que cette diminution pourrait étre causée par le masquage du motif
de liaison a l'intégrine ‘RGD’ de 'ADDomer par le RBD-SC. Pour les ADD KGE +/- RBD en
raison de I’absence du motif ‘RGD’ comme mentionné pour les cellules A549, l'internalisation

semble avoir lieu via un mécanisme non médié par les intégrines. On peut imaginer que ce
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mécanisme implique la reconnaissance d'autres motifs moléculaires présents a la surface de
I'ADDomer qui sont également masqués par le RBD-SC ce qui expliguerait la diminution de
I'absorption des ADDomers par les cellules dendritiques en présence du RBD-SC. Par ailleurs,
nous avons montré que l'internalisation semblait étre également médiée par un CLR présent a
la surface des cellules dendritiques. Enfin, nos résultats montrent que seul ’ADD RGD est
cross présenté aux cellules dendritiques contrairement aux ADD KGE, ADD KGE RBD et
ADD RGD RBD. Si on transpose ces données aux vaccins anti-mélanome, ceci suggere que
I'internalisation médiée par les intégrines serait primordiale dans le processus de cross

présentation de I'épitope A2L.

Les difféerents ADDomers présentant des epitopes et des antigéenes modeles du mélanome sont
évalués in vivo chez des souris C57bl6J inoculées avec des cellules tumorales de la lignée B16
OVA, lignée communément utilisée dans 1’évaluation in vivo du mélanome chez la souris.
L’immunogénicité des ADDomers ainsi que leur effet préventif et thérapeutique sur la tumeur
ont été¢ évalués. L’antigéne utilisé est 1’ovalbumine avec les épitopes CMH-I et Il notes
respectivement OVA-I et OVA-II.

Dans un premier temps, la réponse immunitaire déclenchée par ADD-Duo (ADDomer
présentant les épitopes OVA-I et 1l) a été réalisée en lI'absence ou en présence d'une série
d'adjuvants connus pour activer différents sous-ensembles de CD. Les adjuvants ODN, MPLA
et Poly I:C activant respectivement les pDC, cCD2 et cCD1 ont été testés. Nous avons observé
que le Poly I:C était I’adjuvant qui aboutissait a la réponse CD8 spécifique dirigée contre
I’épitope OVA-I la plus homogene, que ce soit dans les ganglions lymphatiques drainant le site
d’injection ou la rate. De plus, cet adjuvant a également induit une bonne réponse humorale
contre I'épitope OVA-II. Ces résultats sont en lien avec les données de la littérature rapportant

que le Poly I:C, souvent utilisé dans les essais d'immunothérapie contre le cancer, interagit avec
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TLR327 et qu'il déclenche une puissante immunité anti-tumorale a médiation Th1l par le ciblage
des cDC1s. Nous avons donc décidé de poursuivre nos évaluations in vivo avec cet adjuvant.
Ensuite, nous avons étudié la possibilité de prévenir la croissance tumorale chez les souris
vaccinées. Des immunisations (5 injections espacées de 2 a 3 jours) ont eté réalisées avec
1I’ADD-Duo en présence de poly I:C avec un délai de 25 jours entre la derniere injection et
I'implantation de la tumeur (B16-OVA). La croissance tumorale a été suivie jusqu'a ce que le
point éthique soit atteint et nous avons mis en évidence que contrairement a l'augmentation
rapide de la taille des tumeurs observée dans le groupe vacciné avec 'ADD @, aucune tumeur
n'a été observée chez les souris vaccinées avec ADD-Duo. Ce résultat montre que I'effet anti-
tumoral est bien di a I'épitope affiché par le vecteur et non a une activation non spécifique du
systéeme immunitaire. De plus, cette protection semble étre de longue durée puisqu'un délai de
25 jours s'est écoulé entre la derniére immunisation et I'implantation de la tumeur, suggérant
I'induction d'une puissante réponse cellulaire CD8+ mémoire.

Comme évoqué précédemment, 1’exposition d’antigénes tumoraux au lieu de simples épitopes
est primordiale dans la conception d’un vaccin thérapeutique afin de s’affranchir de la
restriction allélique. Nous avons donc concu a la fois des ADDomers comportant un ou deux
épitopes de 1’ovalbumine (ADD-OTI présentant 1’épitope OVA-I et I’ADD-Duo présentant les
2 épitopes OVA-I et OVA-II) ainsi qu’'un ADDomer présentant I’antigéne ovalbumine entier
(ADD Blov) grace au systeme SpyTag/SpyCatcher.

De maniére intéressante, nous avons observé que les deux systemes ont été efficaces pour
empécher la croissance de la tumeur B16-OVA lors d’un schéma vaccinal thérapeutique ou les
souris sont vaccinées avec les ADDomers apres 1’implantation tumorale.

Dans nos expériences, la caractérisation immunologique a montré une réponse significative des
cellules T CD8+ spécifiques de I'OVA dans la rate des souris vaccinées avec I'ADD-Duo et

I'ADD-OTI. Une tendance similaire a également été observée dans la seule tumeur résiduelle
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ou cette analyse était possible. Cependant, en raison du faible nombre de souris présentant une
tumeur d'une taille adaptée a cette analyse, nous ne pouvons pas tirer de conclusion solide sur
cette observation. Par ailleurs et de maniére surprenante, la réponse des cellules T CD8+ anti-
OVA-I dans la rate des souris vaccinees avec I'ADD-Blov n'était pas significative par rapport
au controle ADD-@ mais cette réponse semblait étre significative par rapport au groupe contréle
dans la tumeur (4,08% vs 0,28%). Malgreé le faible nombre de matériel tumoral qui a pu étre
analysé dans le groupe ADD-Blov, cette tendance est fortement soutenue par le contréle de la
croissance tumorale ainsi que par la survie a long terme des souris. Chez les souris Blov, des
réponses immunitaires multi-spécifiques ont pu étre déclenchées, améliorant ainsi le controle
de la tumeur, méme si ces réponses multi-spécifiques n‘ont pas été étudiées ici (seule la réponse
contre un seul épitope a été étudiée). Ces réponses multi-spécifiques pourraient étre étudiées
par la production de cytokines lors de la re-stimulation ex vivo des cellules T avec des APC
chargés d'OVA.

Une autre caractéristique inattendue était la présence d'une forte réponse des cellules T CD8+
anti-OVA dans la rate et dans la tumeur mesurable des souris vaccinées avec I'ADD-Duo qui
n'était pas corrélée avec les courbes de survie a long terme. Nous proposons deux hypotheses
possibles pour expliquer ces données, la génération de cellules T régulatrices et/ou un
échappement tumoral. En effet, il est concevable que I'ajout d'un épitope de cellules T CD4+
(OVA-II) seul (non inclus dans I’antigéne entier ovalbumine) ait déclenché 1’induction de
cellules T régulatrices qui sont venues altérer I'immunité anti-tumorale malgré une proportion
élevée de cellules T CD8+ anti-OVA. Une autre explication pourrait étre que la tumeur échappe
aux cellules T CD8+ anti-OVA par la perte du CMH de classe | et/ou par une forte expression
des points de contr6le immunitaire. En effet, le vaccin ADD-Duo est celui qui a déclenché la
plus forte réponse immunitaire a la fois dans la rate et dans la tumeur. On peut imaginer qu’en

présence d'une forte pression immunitaire, les clones de cellules tumorales dépourvus
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d'expression du CMH-I ont été sélectionnés et/ou que I'IFNy dérivé des cellules T specifiques
de I'OVA a déeclenché une forte expression de PD-L1 par les cellules tumorales, conduisant a
leur inhibition et a I'échappement tumoral. Pour répondre a ces hypotheses, une analyse FACS
des cellules T régulatrices FoxP3 spécifiques de I'OVA, ainsi que de I'expression du CMH de

classe I, de PD-L1 et de PD-1 serait nécessaire.

Pour conclure, dans ces travaux de thése, nous avons démontré que notre technologie
nous permettait d’afficher des épitopes et antigenes entiers de mélanome a la surface des
ADDomers. Ces ADDomers ont montré leur capacité a induire une réponse immunitaire anti-
tumorale efficace contre les épitopes/antigénes apportés par le vaccin d’abord in vitro sur des
cellules dendritiques humaines de patients sains puis in vivo chez des souris. Une meilleure
compréhension de la réponse immunitaire engendrée permettrait d’améliorer 1’efficacité
thérapeutique de ces vaccins, en améliorant par exemple le ciblage des cellules dendritiques.
L’utilisation de ligands CLR plus spécifique des CLRs présents a la surface des différents sous-
types de cellules dendritiques pourrait étre prometteur. Ces ligands oligosaccharides pourraient
étre obtenus de maniere commerciale puis fonctionnalisés chimigquement avec un groupement
NHS (N-hydroxysuccinimide) permettant la liaison a I’ADDomer via les chaines latérales des
lysines (fonctions amines). L'insertion génétique d'épitopes directement dans les boucles des
ADDomers est peu compatible avec une utilisation en médecine personnalisée ou avec des
patients stratifiés. Pour y remédier, 1’utilisation du systeme SpyTag/SpyCatchher, qui consiste
en la simple addition des deux composants (ADDomer + antigéne-SC) permet d'obtenir une
immunothérapie "préte a I'emploi" applicable a une large population. En outre, cette derniére
stratégie permet de produire des vaccins mosaiques présentant plusieurs antigenes différents a

la fois, ouvrant la voie a une nouvelle génération de produits pour I'immunothérapie du cancer
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mais également pour la prévention des maladies infectieuses comme nous 1’avons montré pour
la Covid-109.

Compar¢ a d’autre systémes d’affichage d’antigénes et d’épitopes, I’ADDomer présente de
nombreux avantages. Dans un récent travail, le groupe du Pr Cerullo?® rapporte une stratégie
combineée utilisant un virus oncolytique et I'expression/affichage d'antigenes tumoraux in situ.
La technologie PeptiCRAd a été développée pour afficher [I'épitope par interaction
électrostatique avec les capsomeres de I'nexon (240 copies donc 720 monomeéres). Par rapport
a ces travaux, notre plateforme vaccinale codant génétiguement ou affichant des
épitopes/antigénes (60 ou 120 copies) présente certains avantages et inconvenients. Parmi les
avantages, nous pouvons affirmer que notre plateforme inspirée des adénovirus n'est pas
infectieuse et donc plus sdre que les virus oncolytiques qui sont réplicatifs. Par rapport a
PeptiCRAd qui affiche les épitopes en utilisant des interactions électrostatiques, dans la
technologie ADDomer, les épitopes sont soit insérés génétiqguement, soit liés de maniére
covalente, ce qui permet un meilleur contrdle de la stoechiométrie. Dans les deux cas, les deux
technologies sont rapidement adaptables a n'importe quel épitope tumoral. Dans le cas
d’ADDomer, nous montrons ici que de grands antigéenes peuvent également étre affichés.
Cependant, contrairement aux virus oncolytiques qui se lysent et se répliquent in situ, notre
plateforme n'a pas d'effet direct contre la tumeur et est donc passive aprés inoculation.

Il pourrait étre envisagé de combiner les avantages respectifs des deux approches en concevant
un adénovirus oncolytique codant I'ADDomer-ST et l'antigéne d'intérét fusionné a un
SpyCatcher afin de bénéficier a la fois de la lyse tumorale et de la stimulation immunitaire in
situ.

Par ailleurs, au vu des nombreux vaccins a ARN se développant actuellement, il est intéressant
de comparer la réponse immunitaire générée par des vaccins codant ou affichant des antigenes

tumoraux. Dans un travail récent, Anchim et al.?’® compare la capacité de vaccins dérivés de la
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capside d’adénovirus de sérotype 5 a susciter des réponses anticorps anti-ovalbumine. Ces
vaccins affichent ’antigéne d’intérét ovalbumine soit dans ’hexon (AdH-30VA2) soit dans la
fibre (AdF-30VA2) de la capside ou codent pour la protéine entiere de I'ovalbumine en tant
que transgene (AdOVA). Il a été observé que dans la cas de souris naives les réponses Ab anti-
ovalbumine étaient plus élevées suite a une vaccination avec 1I’AdOVA par rapport au AdH-
30VA2 puis au AdF-30VA2 (AdOVA > AdH-30VA2 > AdF-30VA?2). En revanche, dans le
cas de souris immune ¢’est-a-dire ayant déja été immunisées avec le vecteur vide (mimant ainsi
la pré-immunité adénovirale présente chez une grande partie de la population) les tendances
s’inversent. Nous observons alors des réponses Ab anti-ovalbumine étaient plus élevées suite a
une vaccination avec I’AdF-30VA2 par rapport au AdH-30OVA2 puis au AdOVA (AdF-
30VA2 > AdH-30VA2 > AdOVA).

Ces résultats montrent qu’il pourrait y avoir un avantage a afficher des antigeénes a la surface

d’une particule adénovirale par rapport a coder ces antigénes comme transgene.
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Annexe

Introduction :

Le travail présenté dans cette annexe a été initié lors de la pandémie de la Covid-19. Le travail
réalisé pendant les premiers mois de ma thése sur I’optimisation des ADDomers (voir chapitre
IV) ont pu étre utilisées rapidement pour le développement d’un vaccin contre le SARS-CoV-
2. L’équipe avait pour projet de décorer I’ADDomer avec le domaine de liaison au récepteur
(RBD) du Spike du SARS-CoV-2 afin de provoquer une réponse humorale anti-Spike. Apres
vaccination, les anticorps neutralisants produits devraient empécher le virus de pénétrer dans
les cellules par inhibition de la fixation de celui-ci a son récepteur cellulaire ACE2. La
réplication virale ne sera donc plus possible et 1’infection stoppée. Cette publication décrit le
développement d’un vaccin ADDomer affichant un antigéne du SARS-CoV-2 ainsi que

I’évaluation de la réponse humorale induite chez des souris vaccinées.
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Virus-like particles (VLPs) are highly suited platforms for pro-
tein-based vaccines. In the present work, we adapted a previ-
ously designed non-infectious adenovirus-inspired 60-mer
dodecahedric VLP (ADDomer) to display a multimeric array
of large antigens through a SpyTag/SpyCatcher system. To vali-
date the platform as a potential COVID-19 vaccine approach,
we decorated the newly designed VLP with the glycosylated re-
ceptor binding domain (RBD) of SARS-CoV-2. Cryoelectron
microscopy structure revealed that up to 60 copies of this anti-
genic domain could be bound on a single ADDomer particle,
with the symmetrical arrangements of a dodecahedron. Mouse
immunization with the RBD decorated VLPs already showed a
significant specific humoral response following prime vaccina-
tion, greatly reinforced by a single boost. Neutralization assays
with SARS-CoV-2 spike pseudo-typed virus demonstrated the
elicitation of strong neutralization titers, superior to those of
COVID-19 convalescent patients. Notably, the presence of
pre-existing immunity against the adenoviral-derived particles
did not hamper the immune response against the antigen
displayed on its surface. This plug and play vaccine platform
represents a promising new highly versatile tool to combat
emergent pathogens.

INTRODUCTION

Although genomic vaccines have recently demonstrated their ca-
pacity to elicit protective immune responses,’ protein-based vac-
cines remain highly attractive due to their lower cost, and ease of
transport and storage, crucial to reach developing countries and
remote locations, as well as better social acceptance, as recently
highlighted by hesitancy regarding COVID-19 RNA vaccines. Pro-
tein immunogenicity is highly increased through presentation to
the immune system in a multimeric manner, and a number of vac-
cine platforms have been developed to this aim, with various ad-
vantages and limitations.” We have previously reported that a
non-infectious virus-like particle (VLP) derived from human
adenovirus of type 3 and consisting of 60 identical penton base

monomers could be exploited to display epitopes of interest on
its surface.’” In this vaccine platform, named ADDomer, exposed
loops of the penton base protein were engineered to allow insertion
of foreign peptides such as a linear neutralizing epitope from Chi-
kungunya virus. However, this design did not permit the insertion
of structurally complex antigens. To overcome this limitation while
keeping the immunogenicity advantage of ADDomer, we describe
here a redesigned platform offering a highly versatile capacity to
display large and structurally complex antigens with potential
post-translational modifications. In order to decorate the adeno-
virus-based VLPs with large antigens, the SpyTag/SpyCatcher
system®” was combined with the ADDomer technology. In this
system, derived from Streptococcus pyogenes, an aspartate residue
from the 13 amino acid SpyTag peptide (ST) can spontaneously
create a covalent bond with a lysine residue encompassed in the
complementary SpyCatcher module (SC). We thus genetically in-
serted the sequence coding for the ST peptide into the “variable
loop” of the ADDomer that was previously used for small antigen
insertion, yielding a VLP with 60 potential attachment sites for
complex antigens engineered with an SC anchor.

In order to assess the newly developed platform, we decided to first
test it as a potential candidate vaccine to elicit neutralizing antibodies
(NADs) against the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). SARS-CoV-2 is an enveloped positive strand RNA
virus belonging to the beta-coronavirus genus from the Coronaviri-
dae family. It is the etiological agent of coronavirus disease 2019
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Figure 1. Application of the SpyTag/SpyCatcher

SpyCatcher cross-linking method to the ADDomer technology
(A) Diagram showing the internal insertion of SpyTag in the
SpyTag internal loop of an ADDomer monomer. Spytag (in green)

can make an isopeptidic bond with SpyCatcher (in
purple). Structure of a SpyTag covalently linked to a
SpyCatcher is shown on the right (PDB code: 4MLI). (B)
SDS-PAGE profile of reduced and boiled samples of
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(COVID-19), and at the origin of the pandemic that started in
December 2019, leading to 5,542,359 deaths as of January 19, 2022
(https://covid19.who.int/), and vast socio-economic consequences."’
Protection against SARS-CoV-2 infection and COVID-19 can be
mediated by neutralizing Abs targeting the envelope trimeric glyco-
protein spike (S) exposed at the surface of the virus.'"*'* Accordingly,
spike-based vaccine approaches eliciting SARS-CoV-2 NADb re-
sponses have been successful at preventing COVID-19."*"" The ecto-
domain of the S protein is divided into the S1 and S2 domains. The
Spike protein binds to the host angiotensin-converting enzyme 2
(ACE2), which serves as an entry receptor, as previously reported
with SARS-CoV, responsible for the 2002-2004 SARS outbreak.'®”
' A subdomain of S1, named receptor binding domain (RBD), is
the contact interface between the virus and the ACE2 receptor.
Numerous studies have shown that the RBD comprises multiple
distinct antigenic sites and is a prime target for NAbs in COVID-19
convalescent patients.”">* These NAbs** strongly inhibit cell infec-
tion by SARS-CoV-2 by competing with the RBD-ACE?2 interaction.
Moreover, anti-RBD NAbs have been shown to confer protection
against SARS-CoV-2 challenge in animal models of COVID-19, as
well as to prevent COVID-19 in humans, thus confirming the interest
of using RBD as a vaccine immunogen.”” >’

This prompted us to use the RBD as the antigen to be displayed on our

newly designed VLP platform in order to engineer a novel COVID-19
vaccine approach. Here, we report that the newly designed platform
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78283 ADD-ST after interaction with incremental ratio of SC
showing the apparition of a higher MW covalent adduct
(ADD-ST/SC). (C) Electrospray ionization graphs of ADD-
ST and ADD-ST/SC showing the shift of the peaks by
75714 13.3 kDa. The doublet is due to an alternative start of

translation in ADD-ST and display the same mass shift

of 13.3 kDa. (D) Negative staining electron micrographs of
ADD-ST/SC

ADD-ST and ADD-ST/SC (bar, 30 nm).

can successfully be decorated with SARS-CoV-
2 RBD and is highly immunogenic in mice, elic-
iting high neutralizing Ab titers.

RESULTS

Internal insertion of ST in ADDomer results
in efficient SC cross-linking

ADDomer is a non-infectious 30-nm nanopar-
ticle, formed from 12 bricks of the homo-pen-
tameric penton base from the human adenovirus
type 3. The ST sequence was inserted in the
ADDomer gene in a region coding for the exposed flexible loop called
the variable loop (Figure 1A). Due to the spontaneous homo-oligomer-
ization of the 12-pentameric penton base, 60 copies of ST are exposed on
the surface of the ADDomer-ST (ADD-ST) particle. To assess whether
the newly inserted ST sequence was accessible and functional on ADD-
ST, incubation with a different ratio of SC was performed. After boiling
of samples, SDS-PAGE profile clearly showed that the incremental SC/
ADD-ST ratio is correlated with the apparition of a band of higher
molecular weight and the decrease of the intensity of bands related to
unlinked moieties. Importantly, there was no remaining signal for un-
decorated ADD-ST after SC addition at the highest ratio, thus reflecting
the full decoration of the nanoparticle (Figure 1B). This result suggests
an efficient and concentration-dependent formation of the ADD-ST/SC
complex. Mass spectroscopy analysis confirmed that the ADD-ST
doublet shifted by 13.3 kDa (Figure 1C), which corresponds to the
molecular weight (MW) of SC. The two peaks observed in mass spec-
troscopy is due to a second initiation codon in ADD-ST (starting at
Methionine 25) without affecting the particle stability,”® and SC can
bind to each form indifferently, as shown by a similar shift of their
MW corresponding to the addition of SC. Negative staining electron
microscopy imaging performed on ADD-ST alone and ADD-ST fully
decorated by SC showed that the integrity of the particle was not affected
by the presence of SC and the grainy appearance of ADD-ST/SC likely
reflects the presence of SCat the particle surface (Figure 1D). Altogether,
these data show that SC cross-linking to ADD-ST is operational and can
result in saturated decoration of the nanoparticle.
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Cryoelectron microscopy analysis enables visualization of SC
decoration on ADD-ST

In order to visualize the SC arrangement around the ADDomer par-
ticle, a structural study by cryoelectron microscopy (cryo-EM) was
used. Fully decorated ADD-ST/SC particles were imaged on a Glacios
electron microscope (Figure 2A). Image analysis was performed and
the obtained 3D structure was compared with the structure of an un-
decorated ADDomer particle (EMD-0198). An extra-density corre-
sponding to SC bound to the ADDomer “variable loop” was clearly
visible in ADD-ST/SC both in the density slice of the 3D map (Fig-
ure 2B) and in the isosurface representation of the structure (Fig-
ure 2C, purple density and supplementary movie). The resolution
of the ADDomer particle is around 2.8 A, allowing to clearly see
the aminopeptidic chain. However, the ST/SC part is not rigidly
attached to the ADDomer, which explains why the corresponding
density is fuzzy, and the structure not better defined (Figure S1).
The ADDomers have 2, 3, and 5 axes of symmetry (the latter two
are shown in Figure 2C), which is a characteristic of a dodecahedron,
meaning that SCs are distributed accordingly. Interestingly, along the
3-fold axis, SCs are ~4.7 nm apart, which is close to the RBD in the
trimeric spike protein of SARS-CoV-2 (~4.1 nm), suggesting that the
decorated particles would closely mimic the natural trimeric arrange-
ment of RBDs (Figure 2D). Both the multivalency of SC displayed by
the particle and the arrangements they have around the different sym-
metry axis could be an asset for vaccination purpose if an antigen is
fused to this module.

Figure 2. Cryo-EM reconstruction of ADD-ST
decorated with SC

(A) Representative 2D picture of the particles frozen on ice
(bar, 30 nm). (B) Section through the density of the 3D
reconstruction without (ADD-ST) or with SC (ADD-ST/SC).
(O) Isosurface representation of the ADDomer-ST/SC 3D
structure showing the extra density of SC in purple onto the
non-decorated ADD-ST scaffold in light blue. The particle is
represented along either the 5- or 3-fold-axis (left and right,
upper panel; bars, 80 and 207\, respectively). Focus on a
pentameric complex of ADD-ST/SC with a close-up view
onto a single SC/ST interaction (dashed line boxes in the
lower panel). The atomic resolution structure (dark blue) of
the HAd3 penton base (PDB 4AQQ) has been fitted into the
ADDomer EM density (light blug). (D) Organization of SC along
the 3-fold axis of the particle (upper panel) and comparison
with SARS-CoV-2 RBD architecture (in red) within the Spike
protein structure (in green, PDB 6VXX) at the same scale.

ADD-ST/SC

Secreted RBD fused to SC is glycosylated
and can be displayed at different ratios on
the ADD-ST particle

To take advantage of the spontaneous and cova-
lent linking of SC to ADD-ST, we reasoned that
SC could be used as a versatile carrier to easily
and efficiently fuse antigens, like in this SARS-
CoV-2 vaccine development (Figure 3A), and in
broader perspectives to diverse soluble proteins
of interest. In the present study, the SARS-CoV-2 RBD was fused to
the N-terminus of the SC (RBD-SC) and a melittin signal peptide was
added to allow protein post-translational modifications (PTMs) such
as glycosylations and secretion from insect cells. To assess whether
the secreted and purified RBD-SC was glycosylated, it was treated
with N-glycosydase (PNGaseF), and the result showed a shift in the
migration of the related band in SDS-PAGE gel, indicating that RBD-
SC was indeed glycosylated (Figure 3B). As previously performed
with unfused SC (Figure 1B), incremental amounts of RBD-SC were
added to ADD-ST in order to decorate the particle with different ratio
of cargos (from 0.03 to 3 copies of SC per particle monomers). The SDS-
PAGE gel profile (Figure 3C) showed the correlated apparition of a band
at higher MW with increased concentrations of RBD-SC. This result re-
flects the covalent linking of RBD-SC to the ADD-ST monomers,
whereas the band corresponding to non-decorated ADD-ST monomer
progressively faded away, disappearing when the particle is fully deco-
rated. This result showed that the ADDomer platform can be decorated
with different numbers of antigen copies exposed on its surface. Alto-
gether, these experiments demonstrated that SC fusion to large antigens
(~40 kDa for RBD-SC) with post-translational modifications enable
their covalent linking to the ADDomer platform and that the ratio of
decoration can be adjusted according to desired applications.

SARS-CoV2
Spike

ADDomers decorated of glycosylated RBD bind to ACE2
RBD is the subdomain of the SARS-CoV-2 spike protein that binds
to the human ACE2 receptor. To assess the function of RBDs

Molecular Therapy Vol. 30 No 5 May 2022 3


http://www.moleculartherapy.org

Please cite this article in press as: Chevillard et al., Elicitation of potent SARS-CoV-2 neutralizing antibody responses through immunization with a versatile
adenovirus-inspired multimerization platform, Molecular Therapy (2022), https://doi.org/10.1016/j.ymthe.2022.02.011

ADD-ST

Molecular Therapy

Figure 3. Fusion of SARS-CoV-2 RBD to SC enables
its surface presentation on ADDomer particles

(A) Schematic representation of the spontaneous RBD-
SC binding to ADD-ST to give ADD-RBD. (B) SDS-PAGE
gel with RBD-SC before (—) and after (+) treatment with
N-glycosidase and in absence of SC-RBD. The
decrease of the molecular weight of SC-RBD after
treatment indicates that it is glycosylated. (C) SDS-
PAGE gel of reduced and boiled samples showing from
left to right, the marker, bands of ADD-ST alone, SC-
RBD alone and a fix amount of ADD-ST incubated with
different ratio of RBD-SC (per particle monmer). The
additional upper bands reflect the covalent adduct be-
tween ADD-ST and RBD-SC and thus the apparition of
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ADD-RBD. As expected, the increasing intensities of the
ADD-RBD bands correlate with a decrease of non-
decorated ADD-ST monomer.

o b | ADD-RBD

ADD-ST pseudo-typed virus harboring the SARS-

CoV-2 spike and either RBD-SC or ADD-
RBD was performed. Negative control was
made with undecorated ADD-ST alone. As
expected, both RBD-SC alone and ADD-
RBD were able to compete with the pseudo-
typed virus with a slightly higher efficiency
for the RBD-decorated particle (Figure 4C).
Altogether, these experiments showed that

S Rep-sc

linked to the ADDomer particles, three different approaches
were used. First, binding experiments at the molecular scale were
performed using surface plasmon resonance (SPR) on immobilized
dimeric human ACE2 fused to the Fc domain of human immuno-
globulin (Ig)G.”” Sensorgrams of ADD-RBD binding to immobi-
lized human ACE2 showed a clear concentration-dependent
binding of the RBD-decorated particles on ACE2 and a stable
interaction with no visible dissociation at the end of injections
(Figure 4A). The extremely slow dissociation rate (4.57 1074
s') agreed with a sub-nanomolar “apparent” Kp (3.09 x 10~ '°
M). This apparent Kp, is the result of an avidity with the decorated
particle effect since the Kp of RBD-SC alone is slightly higher (1.53
1078 M; Figure S2). In any case, this result showed that the RBD is
functional and that our platform somehow mimics viruses
that evolved to take advantage of multivalent interactions
with cellular receptors. In a second experiment at the cell scale,
the direct binding of ADD-RBD onto HeLa cells stably expressing
ACE2 was visualized by immunofluorescence using anti-
ADDomer antibodies. The green signal seen at the periphery of
HeLa-ACE2 cells in the presence of ADD-RBD contrasted with
the absence of signal observed with the same cells but in
presence of undecorated ADD-ST particles. This result demon-
strated that RBD at the surface of the particles induced the
interaction with ACE2 present at the surface of the HeLa-Ace2
cells (Figure 4B). Finally, a competition experiment between a
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RBD-SC is properly folded and can bind the
ACE2 receptor at the molecular and cellular
scales when applied alone (RBD-SC) or linked to the ADDomer
particles (ADD-RBD).

RBD-decorated ADDomer elicits rapid anti-CoV2 Ab responses
in mice, not negatively impacted by adenovirus pre-immunity
Multivalent exposition of RBD antigens at the surface of the particle is
likely to result in a better activation of the humoral system than RBD
alone. However, one cannot exclude that ADDomer itself could also
play an indirect role in the anti-SARS-CoV-2 response, especially in a
population with pre-existing adenovirus immunity. To address these
two points, four groups of 10 mice were designed (Figure 5A). The
two first control groups were injected with RBD-SC alone in group
1 or with the same amount of unlinked RBD-SC plus naked-
ADDomer (i.e., not displaying the antigen) in group 2. The two other
groups (groups 3 and 4) were vaccinated with ADD-RBD (i.e., RBD
displayed at the particle surface) but group 4 was pre-immunized
with naked-ADDomer 2 weeks before the injection of ADD-RBD,
in order to investigate whether anti-HAdV-3 penton base antibodies,
as may possibly be found in individuals previously infected with
adenovirus type 3, may impact the immunogenicity of ADD-RBD
(Figure 5B). The presence of anti-ADDomer (i.e., HAdV-3 penton
base adenovirus) antibodies in group 4 was checked by ELISA
1 day before the first immunization with ADD-RBD. The results (Fig-
ure S3) show that all group 4 mice did mount an antibody response
against naked-ADDomer. Then, the immune response against RBD
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Figure 4. Functional characterization of the ADDomer particles decorated with SARS-CoV-2 RBD

(A) Surface plasmon resonance sensorgrams obtained by injection of different amounts of ADD-RBD to the immobilized ectodomain of the human ACEZ2 receptor fused to
IgG Fc constant domain®® and kinetic analysis. (B) Immunofluorescence microscopy images of Hela-ACE2 cell at 4°C with double staining with Hoechst (blue) and anti-
ADDomer Ab and an Alexa 488-conjugated secondary Ab (green) in presence of non-decorated ADD-ST (left) or ADD-RBD (right) particles. (C) Competition of pseudotyped
SARS-CoV-2 virus encoding luciferase with either ADD-ST (blue), RBD-SC (red) and ADD-RBD (gold) at different dilutions.

was monitored by ELISA at days 13 (post first immunization), 27, and
41 (post second immunization). The RBD-decorated particles
induced a significant anti-SARS-CoV-2 response after the first immu-
nization (day 13, Figure 5C), whereas no response was detectable in
controls of group 1 (RBD-SC alone) or group 2 (ADDomer with
not displayed SC-RBD). Interestingly, anti HAdV-3 penton base
pre-immunity did not negatively impact the anti-RBD response. A
trend toward a stronger anti-RBD response was even observed at
this stage.

Immunization boost increases both the amplitude and the
duration of the response induced by ADD-RBD particles,
independently of the anti-vector immunity

Two weeks after the second immunization (day 27), the anti-RBD
response was clearly boosted for groups 3 and 4 that were injected
with ADD-RBD, whereas the control groups 1 and 2 showed more
heterogeneous responses (Figure 6A). This observation confirms
that our vaccine platform displaying multivalent RBD antigens yields
a rapid and efficient humoral response. The ADDomer technology
applied to RBD antigen also demonstrated a long-lasting immuno-
genic effect with anti-SARS-CoV-2 RBD antibodies remaining at
the highest level at day 41 (Figure 6B). The difference between mice
pre-immunized by ADDomer (group 4) or not (group 3) was less pro-
nounced than after the first immunization, both groups reaching high
and comparable levels. Altogether, these results showed that the sec-

ond immunization enabled a high and long-lasting Ab response
against the SARS-CoV-2 RBD using the ADDomer platform and
that anti-vector pre-immunity is possibly beneficial in particular to
the initial responses (Figure 6C).

RBD-decorated ADDomer immunization elicits strong
neutralizing Ab responses

Since the RBD is critical for binding to the SARS-CoV-2 receptor
ACE2, antibodies elicited through immunization with the RBD
(RBD-SC or ADDomer-RBD) can hinder the interaction between
the Spike proteins and ACE2, blocking viral entry. The ability to
neutralize the virus depends on the affinity of the antibodies for
the RBD domain, as well as on the epitope recognized. To assess
the potency and efficacy of the antibodies induced in the four
immunized groups of mice, the neutralization potency of sera
(day 41) from vaccinated mice was assessed using SARS-CoV-2
spike (Wuhan strain) pseudo-typed lentivirus and ACE2-expressing
HeLa cells. Only a partial and heterogeneous neutralization was ob-
tained from group 1 and 2 sera in which RBD-SC was not displayed
on ADDomer, even after two immunizations (Figure 7A, upper
panels). Of note, sera from mice immunized with RBD-decorated
ADDomer (groups 3 and 4) showed a better neutralization titer af-
ter a single immunization than groups 1 and 2 after 2 immuniza-
tions (Figure S4). After the second immunization, strong virus
neutralization was observed in all mice from groups 3 and 4
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Figure 5. Immunization studies on mice inoculated with the same amount of
RBD under different conditions

(A) Different groups were constituted to address the respective role of RBD-SC
alone (group 1), RBD-SC in presence of naked-ADDomer (group 2), and RBD-SC
displayed by ADDomer (ADD-RBD) either in adenovirus naive or adenovirus pre-
immunized mice (group 3 and 4 respectively). (B) Immunization schedule and blood
sampling for all groups. (C) IC50 of anti RBD response 13 days after the first
immunization (n = 10). Lines are mean values and Kruskal-Wallis tests, were
performed followed by a Dunn’s multiple comparison tests.

(Figure 7A, lower panels). Neutralization titers (NDsg) clearly
showed that mice vaccinated with RBD-decorated ADDomer had
significantly higher neutralizing activity than mice immunized
with the same amount of antigen when not displayed on the plat-
form (Figure 7B). Moreover, in accordance with the ELISA results
(Figure 5C), the anti-vector response (group 4) slightly increased
the neutralization titer compared with the naive group (group 3),
which emphasizes that a pre-existing HAdV-3 penton base immu-
nity could be beneficial for our novel vaccine platform (Figure 7B).
The neutralizing Ab titers reached in groups 3 and 4 were overall
superior to those from a cohort of convalescent COVID-19 patients
composed of 50% mild (oxygen below 2 L/min) and 50% severe
(intensive care unit) cases, and measured at 6 months after
hospitalization (Figure 7B).”
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DISCUSSION

In this study, we designed a novel and highly versatile vaccine plat-
form amenable to large antigens by adapting the ST/SC technology
to ADDomer, an adenovirus-inspired VLP.>® This technology has
already been described for designing VLP-derived vaccine; however,
in these approaches, SC was the moiety grafted to the VLPs while
the antigens were fused to the ST.””' In our novel vaccine technology,
we used the opposite configuration with ST insertion in an internal
loop of ADDomer, which minimized the risk of steric hindrance
and functional impact on the spontaneous oligomerization of
ADDomers. Insertion of ST in a surface-exposed loop of ADDomer
did not impair the spontaneous assembly of 12 pentameric bricks
(Figure 1D), thus creating a universal generic platform for multivalent
antigen display. Experiments of saturating cross-linking with SC
alone suggested that a full decoration (i.e., 60 copies) of the particle
can be achieved (Figure 1B). Despite the flexibility of the loop in
which ST was inserted, cryo-EM reconstruction of the ADD-ST/SC
complex clearly showed an extra density corresponding to the SC in-
teracting with ST fused to the ADDomer. The data thus strongly sug-
gested that the ADDomer could be used to display a multimerized
array of antigens, a property that is crucial for the elicitation of strong
Ab responses.”*>* Interestingly, the characteristic 2-, 3-, and 5-fold
symmetry axis of a dodecahedron are easily visible in the 3D structure
(Figure 2C), this spatial configuration showing that the SCs are
distributed at different distances from each other according to the
symmetry axis. Such distribution of the antigen could potentially
further favor the immunogenicity of the VLP by offering different
patterns of presentation of the antigen at the particle surface.

The COVID pandemic led us to first evaluate our newly designed plat-
form as an anti-SARS-CoV-2 vaccine to be displayed through fusion to
the SC N-terminus. It is worth noting that in the 3-fold axis of
ADDomer, the SC adopts a pseudo-trimeric arrangement, which on
the RBD decorated VLP closely mimics the tridimensional configura-
tion of this domain in the SARS-CoV-2 spike glycoprotein (Figure 2D).
The distance between SC in such configuration is 4.7 nm, which is in
the same range as that between RBDs in the trimeric Spike protein
(4.1 nm). Expressing soluble RBD fused to SC in insect cells resulted
in N-glycosylation as expected,” and did not affect the structure of
SC, which retained its ability to cross-link to the ADD-ST vaccine plat-
form in a dose-dependent manner (Figure 3C). The proper folding of
the glycosylated RBD exposed at the surface of the particles and its
ability to bind ACE2 were assessed in a functional viral entry assay
via competition with SARS-CoV-2 Spike pseudo-typed virions (Fig-
ure 4C). An SPR experiment confirmed the high-affinity interaction
of ADD-RBD to ACE2, the highly stable interaction observed suggest-
ing an avidity effect of the multivalent particle exposing multiple
copies of RBD (Figure 4A). Moreover, this experiment also shows
that expressing RBD in insect cells leads to a functional SARS-CoV-
2 glycoprotein domain. Several vaccines using the baculovirus expres-
sion system in insect cells have been approved, such as vaccines against
papillomavirus or hepatitis B. The Novavax COVID-19 vaccine candi-
date, based on an insect cell-produced trimeric S protein, is also
advancing toward approval trials.”®
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The ability of the RBD-decorated ADDomer to elicit an anti-SARS-
CoV-2 humoral response was then studied in mice. As expected,
we confirmed that displaying the RBD in a multimerized manner
led to a strong improvement in immunogenicity (groups 3 and 4
versus groups 1 and 2). Indeed, this was clearly apparent from the first
injection, where the groups with decorated particles showed a signif-
icant anti-RBD response at day 13 as measured in ELISA (Figure 5C),
whereas no response was observed for the other groups. This obser-
vation is in agreement with experiments reported with other vaccine
platforms that showed that injection of RBD or S-trimer alone did not
produce significant responses.” "’ In our experiment, we chose to
inject 5pg of RBD, but a dose-response study would be necessary to
determine the optimal amount. As a comparison, similar experiments
carried out with a similar 60-mer platform showed that 0.9 pg instead
of 5 ng of RBD resulted in a similar immune response paving the way
to dose-sparing.”® After the second immunization, although a
response was observed in the non-decorated groups, the titers at-
tained in the decorated groups were about 10-fold greater (Figure 6A).
Notably, the anti-RBD response in the latter groups endured over
time with similar titers at 2 and 4 weeks following the second immu-
nization (Figure 6B). The anti-SARS-CoV-2 RBD sera were further
assessed for their capacity to neutralize S-protein pseudotyped lenti-
virus particles (Figure 7). As seen for binding responses, a neutral-
izing activity was observed in the RBD-decorated groups after the first
immunization. Overall, a good correlation between ELISA and
neutralizing titers was observed. Strong neutralizing titers were at-
tained in all mice immunized with ADD-RBD after the boost immu-

and viral vector vaccines, VLPs are not optimal

platforms to elicit CD8 T cell responses, due to
the lack of endogenous antigen production. This hurdle may indeed
represent a limitation for such vaccines, including our approach.
However, CD8 responses may be elicited by VLPs under certain cir-
cumstances through cross-presentation following uptake by dendritic
cells, and additional work will be necessary to evaluate whether
ADDomer may potentially elicit specific CD8 T cells.

Overall, the data are in adequacy with results obtained with similar
vaccine platforms using multimeric display of the SARS-CoV-2
RBD on scaffolds such as the 24-mer ferritin, the 60-mer dodecahe-
dral thermophilic aldolase.”"*>*>*! In contrast to these latter vaccine
platforms, our particles originate from a human virus, Adenovirus
serotype 3 (HAd3), which is known to have a relatively high
seroprevalence. "

However, if HAdV-3 is globally among the most common types
implicated in HAdV infections, a great variation is observed by
geographic regions. Indeed, HAdV-3 accounts for 15% to 87% of
adenoviral respiratory infections with a greater prevalence in Asia
than in western countries.** Neutralizing antibodies against HAdV-
3 are mainly directed against the hexon protein, which is not present
in ADDomer made only of penton bases.

A potentially detrimental impact of pre-existing immunity on the
immunogenicity of adenovirus-based viral vectors has been
described,*>*® which thus led us to explore whether such effect may
also be encountered with our adenovirus-derived VLP platform.
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Figure 7. Neutralization study of mice sera on SARS-
CoV-2 pseudo-typed virus and comparison with
2-1 COVID-19 convalescent patients
252 (A) Curves showing the percentage of neutralization of
23 individual sera of mice from all groups on viral infection by
24 SARS-CoV-2 pseudo-typed virus. This pseudo-typed
virus encodes luciferase as a reporter of cell infection and
was preincubated with three-time serial dilutions of sera.
58 Luciferase expression was compared to the one of non-
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system, we opted to engineer the ST on the
VLP side, within the exposed VL. Thanks to
this design, it can be envisaged to add another
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(RGDL), to further increase stoichiometry (up
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Interestingly, in contrast to adenovirus-viral vectors, pre-immunity
against the VLP had no detrimental effect on the immunogenicity of
our adenovirus-inspired VLP platform. Indeed, mice with immunity
to ADDomer at the time of the first immunization appeared to
respond with somehow greater Ab titers against RBD than naive
mice, although the difference was not found significant (group 4 versus
group 3, Figure 5C). This potential beneficial effect may be in partic-
ular explained by the formation of immune complexes leading to a bet-
ter uptake by antigen-presenting cells, via Fc receptors, resulting in an
increase in immunogenicity.47 Of note, the prevalence, in individuals
who have been infected with HAdV-3, of antibodies directed against
the penton base, which is the only component of ADDomer, is not pre-
cisely known. Our present work anticipates that our platform could be
used whatever the HAdV-3 immunological status of the patients, and
the potential presence of anti-penton antibodies.

In conclusion, we designed a new adenovirus-inspired VLP platform
that achieves high immunogenicity against the displayed antigen. In
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Indeed, the RGDLs are more central on the

pentameric building block of the ADDomer

than the VLs, which are exposed on the pe-

riphery, resulting in a greater distance between

the VLs than the RGDLs at the pentamer level.
Displaying antigens through attachment to these two loops will
therefore lead to various patterns of antigen display at the VLP
scale, as shown in Figure S5. This will offer a large range of combi-
nations to vary the stoichiometry of decoration as well as the
distance between the antigens to potentially optimize immunoge-
nicity."® The versatility of the vaccine platform can thus be exploited
to generate mosaic particles displaying RBDs from different betacor-
onaviruses or SARS-CoV-2 variants to broaden NAb responses and
protect against current and future variants of concern. A recent
work described that 60-mer mosaic nanoparticles with four to eight
distinct RBDs from betacoronaviruses can be generated. Remark-
ably, the codisplay of the SARS-CoV-2 RBD along with other
RBDs showed that the combination of antigens on the same particle
did not affect the elicitation of neutralizing antibodies against a
particular RBD.?” Moreover, neutralization of both “matched” and
“mismatched” strains was observed after mosaic priming, suggesting
that such particles might protect against several betacoronaviruses
at once after a single injection.
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More generally, our new versatile platform constitutes a putative tool
in the preparedness to fight emerging pathogens that will remain to be
investigated in viral challenge trials.

MATERIALS AND METHODS

Baculovirus production

The baculovirus expression system was used for both the production
of ADDomer-SpyTag (ADD-ST) and for the RBD fused to
SpyCatcher (RBD-SC). Synthetic DNA (Genscript) was cloned in
the pACEBacl using the restriction sites BamHI and HindIII. For
RBD-SC, the SARS-CoV-2 spike sequence (320-554) was cloned up-
stream of the SC, and a hexa His-Tag was added in the C-terminus of
SC. This fusion protein was secreted using the melittin signal peptide
present in the vector. Recombinant baculoviruses were made by
transposition with an in-house bacmid expressing yellow fluorescent
protein, as previously described.” Baculovirus was amplified on Sf21
cells at low multiplicity of infection (MOI) and after two amplification
cycles was used to infect insect cells for 64 to 72 h at high MOI. For
ADD-ST production, the infected cells were pelleted and recovered,
whereas for RBD-SC, cells were discarded and the supernatant was
saved.

Protein purification

ADDomer and ADD-ST purification

The ADDomer and ADD-ST were purified according to classical pro-
tocol.*” Briefly, after lysis of the insect cell pellet by three cycles of
freeze-thaw in the presence of Complete protease inhibitor cocktail
(Roche), and removal of debris, the lysate was loaded onto a 20% to
40% sucrose density gradient. The gradient was centrifuged for
18 h at 4°C on an SW41 Rotor in a Beckman XPN-80 ultracentrifuge.
The dense collected fractions at the bottom of the tubes were dialyzed
against Hepes 10 mM pH 7.4, NaCl 150 mM, and then loaded onto a
Macroprep Q cartridge (Bio-Rad). After elution by a 150- to 600-mM
linear NaCl gradient in Hepes 10 mM pH 7.4, ADDomer-containing
fractions were checked by SDS-PAGE and concentrated on Amicon
(MWCO: 100 kDa) with buffer exchange to Hepes 10 mM pH 7.4,
NacCl 150 mM.

SC purification

After lysis of the insect cell pellet as described above in the presence of
Complete EDTA-free protease inhibitor cocktail, the clarified lysate
was diluted five times in wash buffer (Hepes 10 mM pH 7.4, NaCl
150 mM, imidazole 10 mM) and loaded onto a His Gravitrap column
(Cytiva) by gravity, with two passages of the lysate onto the column.
The column was washed with the same buffer, then eluted by 200 mM
Imidazole. The fractions were analyzed by SDS-PAGE, pooled, and
Imidazole was withdrawn by buffer exchange using Amicon ultrafil-
tration devices (MWCO: 4 kDa).

RBD-SC purification

The insect cell supernatant was centrifuged after thawing for
15 min at 7,500 g and loaded onto a Hepes 10 mM pH 7.4 pre-
equilibrated Heparin column (Cytiva) of 5 mL for 500 mL of su-
pernatant. The column was washed with Hepes 10 mM pH 7.4

for 25 mL then eluted for 10 mL with 0 to 500 mM linear NaCl
gradient in Hepes 10 mM pH 7.4. The eluate was supplemented
with 30 mM Imidazole-HCIl and incubated with Ni-NTA beads
(Qiagen), 2 mL of beads for 500 mL culture, for at least 1 h at
4°C under gentle agitation. The beads were then poured into an
empty column and the protein was eluted by two column volumes
of 250 mM Imidazole in Hepes 10 mM pH 7.4, NaCl 150 mM. It
was then submitted to buffer exchange using an Amicon device
(MWCO 30 kDa).

RBD purification

The following reagent was produced under HHSN272201400008C
and obtained through BEI Resources, NIAID, NIH: Vector pPCAGGS
containing the SARS-CoV2, Wuhan-Hu-1 Spike Glycoprotein RBD,
NR-52309. Vector NR-52309 from BEI Resources was used for
mammalian expression of the RBD alone used for ELISA. EXPI1293
cells grown in EXPI293 expression medium were transiently trans-
fected with the vector according to the manufacturer’s protocol
(Thermo Fisher Scientific). Five days after transfection, the medium
was recovered and filtered through a 0.45-mm filter. Two-step pro-
tein purification on Aktid Xpress, with a HisTrap HP column (GE
Healthcare) and a Superdex 75 column (GE Healthcare) was per-
formed using 20 mM Tris pH 7.5 and 150 mM NaCl buffer. For
the HisTrap, a wash step in 75 mM imidazole was performed and
RBD was eluted in buffer supplemented with 500 mM imidazole
before loading onto the gel filtration column run in equilibration
buffer.

N-glycosidase treatment

RBD-SC was incubated for 1 h at 37°C with the N-glycosidase
PGNase F (kindly provided by Dr Nicole Thielens) at 1:100 ratio,
then run on gel next to the same amount of untreated RBD-SC.

Complex formation

ADD-SpyTag + SpyCatcher (ADD-ST/SC) for Cryo-EM

The purified ADD-ST was mixed with an excess of purified SC (ratio
1:4). The protein mix was incubated overnight at 25°C under shaking
in a Thermomixer (300 rpm). A purification step on a sucrose
gradient was performed to remove the SC in excess and to recover
only the fully decorated ADD-ST/SC at the bottom of the gradient.
Buffer exchange was done in 10 mM Hepes, 150 mM NaCl, and the
sample was concentrated to 1.5 mg/mL.

ADD-SpyTag + SpyCatcher-RBD (ADD-RBD) for

characterization and mice immunization experiments

Covalent complex formation was obtained by incubation of purified
ADD-ST with purified RBD protein fused to SC (RBD-SC). Incuba-
tion was performed at 25°C under agitation on a Thermomixer at
300 rpm. RBD-SC ratio per ADD-ST was varied according to the
experiment, as indicated in the text. For immunization experiments,
a ratio of 40 copies of RBD-SC per ADD-ST was chosen to leave min-
imal free RBD-SC. This ratio was calculated on SDS-PAGE using Im-
ageLab software (Bio-Rad). Integrity of the ADD-RBD was checked
by negative staining electron microscopy.
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In vivo experiments and vaccination

Vaccination experiments were performed according to ethical guide-
lines, under a protocol approved by the Grenoble Ethical Committee
for Animal Experimentation and the French Ministry of Higher
Education and Research (reference number: APAFIS#27765-
2020102114206782 v2). Five-week-old female Balb/c mice were pur-
chased from Janvier (Le Genestet St. Isle, France). For all mice groups,
vaccines were in PBS and adjuvanted with one volume of ADDavax
(InvivoGen). All the mice received two vaccine doses at 2 weeks of in-
terval (day 0 and day 14) starting at 8 weeks of age. Each mice group
received subcutaneously the corresponding vaccine as indicated
within the paper in 100 pL final volume, in the right flank. The
pre-immunized group received 2 weeks before the first dose of
vaccine (day —15) the ADDomer vector alone (5 pg in 100 pL final
volume, in the right flank). The day before each vaccination, and 2
and 4 weeks after the last vaccination, 100 pL of blood was withdrawn
for serologic tests. For retro-orbital blood sampling, mice were anes-
thetized with 4% Isoflurane.

ELISA

The antigens (either RBD or ADDomer) were diluted at 1 pg/mL in
PBS, and 50 pL was coated overnight at 4°C, in a 96-well plate (Maxi-
sorp NUNC Immunoplate, #442404). Plates were washed using a
ThermoScientific Microplate washer (#5165040). After three washes
with 100 UL of PBS-Tween 0.05%, plates were blocked with PBS-BSA
3% for 1 h. Mouse serum was serially diluted in PBS and incubated
for 1 h (50 pL/well) at room temperature. After five washes with
PBS-Tween 0.05%; a goat anti-mouse IgG (H + L) secondary Ab linked
to horseradish peroxidase (JIR 115-035-062) diluted at 1:2,500 in
PBS-Tween 0.05% was added for 1 h. After five washes, 50 uL of trans-
membrane domain substrate was distributed per well. The enzymatic
reaction was stopped after 70 s by addition of 50 uL of H,S04 (1 M),
and plates were read at 450 nm with a TECAN Spark 10M plate reader.

Electron microscopy

Negative staining

Samples of 3.5 pL were adsorbed on the clean side of a carbon film
previously evaporated on mica and then stained using 2% (w/v)
Sodium Silico Tungstate pH 7.4 for 30s. The sample/carbon
ensemble was then transferred to a grid and air-dried. Images were
acquired under low-dose conditions (<30 e—/A2) on an F20 electron
microscope operated at 120 kV using a CETA camera.

Cryo-EM

Quantifoil grids (300 mesh, R 1.2/1.3) were negatively glow-
discharged at 30 mA for 45s; 3.5puL of the sample were
applied onto the grid, and excess solution was blotted away with
a Vitrobot Mark IV (FEI) (blot time: 6 s, blot force: 0, 100%
humidity, 20°C), before plunge-freezing in liquid ethane. The
grid was transferred onto a 200-kV Thermo Fisher Glacios micro-
scope equipped with a K2 summit direct electron detector for data
collection.
SerialEM, acquiring one image per hole, in counting mode. Micro-
graphs were recorded at a nominal x36,000 magnification, giving

Automated data collection was performed with
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a pixel size of 1.145 A (calibrated using a B-galactosidase sample)
with a defocus ranging from —0.6 to —2.35 um. In total, 1,038
movies with 40 frames per movie were collected with a total expo-
sure of 40 e—/A”,

Image processing and cryo-EM structure refinement

Movie drift correction was performed with Motioncor2™ using
frames from 2 to 40. CTF determination was performed with Relion
3.1.2 (Scheres 2012). A total of 939 movies of 1,038 were kept at this
stage. Particle selection was done using the Laplacian filter with a
diameter between 30 and 40 nm. A total of 77,323 particles were auto-
matically selected, boxed into 480 x 480-pixel” boxes and submitted
to 2D classification. After extensive selection and generation of an
initial model imposing I1 symmetry, 3D refinement followed by
CTF Refine and post-processing generated a final reconstruction
including 10,163 particles with a resolution of 2.76 A (Fourier Shell =
0.143) (applied B-factor —82)

Immunofluorescence microscopy

HeLa-ACE2 cells (kindly provided by Dr David Nemazee) were
seeded on polylysine-coated glass coverslips the day before the exper-
iment. Coverslips were incubated for 1 h at 4°C with 0.75 pg of either
ADD-ST or ADD-RBD in 50uL of pre-chilled DMEM. Coverslips
were washed three times in cold PBS then fixed for 10 min
with —20°C methanol. Fixed cells were blocked for 1 h in PBS supple-
mented by 3% normal goat serum, then incubated for 1 h with 1:1,000
rabbit HAd3 anti penton base serum. After three PBS washes, cells
were incubated with 1/250 antiRabbit Alexa 488 Ab (ThermoFisher
A32721), washed three times in PBS, then nuclei were counterstained
with Hoechst 33258 for 3 min before mounting. Observations were
done on a Zoe microscope (Bio-Rad).

Surface plasmon resonance

Surface plasmon resonance experiment was performed on a T200 in-
strument. Anti-human Fc polyclonal antibody (Jackson Immunore-
search, 109-005-008) diluted at 25 pug/mL in 10 mM sodium acetate
pH 5 was immobilized on CMS5 sensor chips using the amine coupling
chemistry according to the manufacturer’s instructions (Cytiva) to get
an immobilization level of 14,000 RU. ACE-2 -Fc (GenScript
7033484) was diluted at 1.2 pg/mL in HBS P+ (Cytiva) to get an cap-
ture level of 100 RU. For interaction measurements, ADD-RBD
(ranging from 1 nM to 11nM in HBSP+) was injected over captured
ACE-2 Fc in HBS P+ buffer at 30 pL/min. Anti-human Fc polyclonal
antibody flow cell was used for correction of the binding response.
Regeneration of the surfaces was achieved by 10 mM Glycine pH2.
Binding curves were analyzed using BIAEvaluation software (GE
Healthcare) and data was fit to a 1:1 Langmuir with drifting baseline
interaction model.

Neutralization assays and pseudo-typed SARS-CoV-2 virion
production

Pseudovirus production and titration

Neutralization assays were performed using lentiviral pseudotypes
harboring the SARS-CoV-2 spike and encoding luciferase. Briefly,
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gag/pol and luciferase plasmids were co-transfected with a SARS-
CoV-2 spike plasmid with a C-term deletion of 18aa at 1:0.4:1
ratio on adherent HEK293T cells. Supernatants containing the
produced pseudoviruses were harvested 72 h after transfection,
centrifuged, filtered through 0.45 um and concentrated 50 times
on Amicon Ultra (MWCO 100KDa), aliquoted and stored at
—80°C. Before use, supernatants were tittered using HeLa ACE-2
cells to determine the appropriate dilution of pseudovirus neces-
sary to obtain about 150,000 relative light units (RLU) per well
in a 48-well plate.

Neutralization assay

Serial 3-fold dilutions starting from 1/10 dilution (serum), or 6 pg/mL
(known bNADs) were let in contact with the pseudoviruses for 1 h at
37°C in 96-w white plates (Greiner #675083), before addition of HeLa
ACE2 cells. Plates were incubated 24 h at 37°C, protected from evap-
oration, then cells were fed with 60 uL of DMEM (Gibco 11,966-025)
supplemented with 10% FBS (VWR 97068-086), and incubated for
another 24 h. Medium in each well was aspirated and replaced by
45 uL of 1X cell lysis buffer (OZ Bioscience # LUC1000) for a 60-
min incubation under agitation; 30 uL of luciferin substrate was
then added and RLU was measured instantly by a luminometer.
For competition with ADD-ST, ADD-RBD, and RBD-SC, the same
protocol was used with initial concentration of 150pg/mL for
ADD-ST, 200pg/mL and ADD-RBD and 50pg/mL for RBD-SC
alone. Serums from a cohort of Grenoble region hospitalized conva-
lescent patients were obtained with their consent, 6 to 8 months
following COVID-19 diagnosis. The study was approved by the
“Comité de Protection des Personnes SUD-EST I” on 20 August
2020 (ref 2020-84).

Statistical analyses

As the half maximal inhibitory concentration (IC50) and median
effective dose (ED50) datasets followed a non-normal, heteroscedas-
tic distribution, a non-parametric test was used for comparison of the
different groups. Kruskall-Wallis tests were performed followed by a
Dunn’s multiple comparison tests for each figure. Differences were
considered significant when p value was below 0.05. Statistics were
performed using GraphPad software, version 9.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2022.02.011.
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