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Résumé

La sclérose en plaques (SEP) est une maladie auto-immmune notamment marquée par une défaillance
de la mise en place des mécanismes de réparation tissulaire, ne permettant pas de rétablir
I’homéostasie. L’utilisation de la résolution de I’inflammation, médiée par les macrophages
phagocytant des cellules apoptotiques, a récemment été évoquée afin de proposer une nouvelle famille
de médicaments basée sur cette résolution de I’inflammation. Dans ce cadre, nous proposons de
résoudre I’inflammation dans un modé¢le murin de SEP, a I’aide du surnageant de co-culture de
macrophages ayant phagocyté des cellules apoptotiques, induisant la production de facteurs pro-
résolutifs (SuperMApo). Nous démontrons ici que 1’injection de SuperMApo dans un modéle de SEP
permet de contrdler la maladie via une reprogrammation des macrophages et des pDC, mais pas des
c¢DC, dans Ia rate. Ces cellules démontrent en effet une capacité accrue a générer des T régulateurs
(Treg) et moins de Thl, et leur présence est nécessaire pour l’effet du SuperMApo. Cette
reprogrammation se fait a deux niveaux moléculaires. Premiérement, un contrdle épigénétique de
I’expression des genes induit notamment une modification de la méthylation globale de I’ADN et des
promoteurs de miRNA impliqués dans la régulation des réponses immunes. Deuxiémement, une
diminution de I’activation des acteurs de la voie de transcription pro-inflammatoire NF«xB (nuclear
factor kappa B) a lieu, résultant d’une baisse de I’activation de ces cellules. Ces travaux démontrent

donc que cibler la résolution de I’inflammation est une stratégie intéressante afin de contrdler la SEP.
Abstract

Multiple sclerosis (MS) is an autoimmune disease notably defined by a default of mechanisms of
tissue reparation which are insufficient to establish homeostasis. The active resolution of inflammation
mediated by macrophage efferocytosis of apoptotic cells has emerged to propose a new branch of
pharmacology named “resolution pharmacology”. In this study, we propose to resolve inflammation in
a murine model of MS, using the supernatant issued from the culture between apoptotic cells and
macrophages, inducing efferocytosis and the production of pro-resolutive factors (SuperMApo). Here,
we demonstrate that injection of SuperMApo in a model of MS allow the control of the disease
correlated with a reduction of the inflammatory infiltrate in the central nervous system. The control of
the disease is associated with a reprogramming of macrophages and pDC, but not ¢cDC, in the spleen,
demonstrated by a higher capacity to generate Treg and a lower ability to generate Thl, and their
presence is necessary to the anti-inflammatory effect of SuperMApo. Reprogramming of macrophages
and pDC occurs at two main levels. First, an epigenetic control of gene expression induces a
modulation of global DNA methylation and a modulation of DNA methylation at the promoter of
miRNA implicated in the regulation of immune responses. Secondly, a decreased activation of NFkB
activation pathway is observed resulting to a decreased activation of these cells. Thus, this work

demonstrates that targeting the resolution of inflammation is an interesting strategy to treat MS.
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La réponse inflammatoire
I) Concept général

1.1) Définition

L’inflammation est une réaction physiologique du corps humain face a une agression. Elle se
manifeste par des signes cliniques tels qu’un érythéme (rougeur), un cedéme (gonflement), des
chaleurs, des douleurs ainsi qu’une altération du fonctionnement de 1’organe touché. Sa
description initiale a été faite il y a 2000 ans par Celsus et a été complétée avec la notion
d’impotence fonctionnelle par Wirchow en 1858. D’un point de vue immunologique (qui est
la définition que nous utiliserons au cours de ce manuscrit), la réponse inflammatoire est un
processus naturel de I’organisme déclenché en réponse a des stimuli nocifs, tels qu’une
infection ou une blessure, entrainant une rupture de 1’homéostasie tissulaire (Medzhitov
2008). L’organisme va alors mettre en place une réponse adaptée mettant en jeu différents
composé€s solubles (réponse humorale) et cellulaires (réponse cellulaire). Les travaux de
Metchnikoff et Ehrlich au début du XIX®™ siécle ont été les premiers & montrer la mise en
place de réponses immunes face aux pathogeénes pouvant entrainer une inflammation. Ils ont
respectivement démontré le role des phagocytes, ainsi que des anticorps et du complément,
dans les réponses de 1’hote au pathogene, au niveau du site inflammatoire, et des dommages
tissulaires subséquents. Si I’inflammation est un processus bénéfique pour I’organisme, sa non
régulation peut entrainer la survenue de différentes pathologies définies comme des maladies
inflammatoires chroniques (sclérose en plaques, maladie de Crohn, polyarthrite
rhumatoide...) (Medzhitov 2008; Wallach, Kang et al. 2014). Certaines pathologies
inflammatoires démontrent cependant une résolution de I’inflammation sans dommages
tissulaires. La pneumonie a streptocoque, par exemple, induit une accumulation de cellules de
I’immunité innée au sein des poumons et se résout totalement 3 a 4 jours apres les premiers
signes cliniques. La réponse inflammatoire apparait alors comme un processus en plusieurs

étapes interconnectées et contrdlées (Lawrence, Willoughby et al. 2002).

1.2) La réponse inflammatoire, un processus en deux étapes

La réponse inflammatoire est un systéme complexe, régulé par de multiples boucles de
contrdles positifs et négatifs. L’inflammation est classiquement représentée au cours du temps
par une courbe de magnitude croissante, atteignant un plateau suivi par une phase de

décroissance. Cette courbe permet de mettre en évidence les deux phases principales de



I’inflammation : la phase d’initiation et la phase de résolution. Ces deux phases mettent en jeu
des éléments communs qui se régulent réciproquement et de maniere différentielle au cours
du temps, mettant en lumicére un phénomeéne dynamique. La phase d’initiation se met en place
suite a la libération de médiateurs lipidiques et d’amines vasoactives entrainant la formation
d’une exsudation et d’un cedéme. Cette réaction va permettre, par I’intermédiaire de
chemokines et cytokines, la migration des polynucléaires neutrophiles au site de
I’inflammation. Ces cellules constituent la premiere ligne de défense de I’organisme et
assurent principalement la phagocytose et la destruction des agents pathogénes. Apres avoir
effectués leur travail, ces neutrophiles entrent en apoptose, permettant le recrutement des
monocytes, leur différenciation en macrophages et la phagocytose des neutrophiles. Les
macrophages, aprés phagocytose, vont alors moduler leurs fonctions et sécréter des facteurs
anti-inflammatoires et pro-résolutifs induisant une réparation tissulaire et un retour a
I’homéostasie (Figure 1) (Sansbury and Spite 2016). Les étapes d’initiation et de résolution
de I'inflammation vont maintenant étre détaillées afin de mettre en lumiére les mécanismes

par lesquels le corps humain répond a une agression et retourne a son état basal.

. —>
N @ ©
PMN Phagocytose Macrophages Macrophages
apoptotiques pro-inflammatoires  pro-résolutifs

Magnitude

Réparation
tissulaire et
régénération

Oedéme Monocytes/Macrophages

N

Initiation Résolution Temps,

Figure 1. Evénements temporels liés a I’'inflammation aigué. L’ inflammation peut se diviser en deux grandes
phases. La phase d’initiation débute par une exsudation suivie d’un cedéme tissulaire. Les polynucléaires
neutrophiles (PMN) sont alors recrutés au site inflammatoire, en réponse a différents stimuli, et permettent la
dégradation des pathogénes. Aprés avoir joué leur rdle, les PMN entrent en apoptose et permettent I’attraction
des monocytes au lieu de I’inflammation. Les macrophages présents au site de I’inflammation et les monocytes
dérivés en macrophages vont alors phagocyter les PMN apoptotiques et induire la résolution de 1’inflammation,
la réparation tissulaire et le retour a ’homéostasie. D’aprés (Sansbury and Spite 2016).



1.3) Initiation de la réponse inflammatoire

L’initiation de la réponse inflammatoire met en jeu un réseau de différents inducteurs,
senseurs et médiateurs qui détermineront 1’intensité, la spécificité et le type de réponse
inflammatoire mise en place. Les inducteurs de la réponse inflammatoire peuvent étre

d’origine exogene ou endogeéne (Figure 2).

-PAMP
-Facteurs de virulence

Microbiens

Exogénes

\ -Allergénes
Non-microbiens -Irritants

-Corps étrangers
-Composés toxiques

Inducteurs

Cellulaires

-Cellules stressées,
Tissulaires non-fonctionelles ou

. mortes

Endogénes -tissu endommagé
-cristaux endogenes
-Produits de la
dégradation de la MEC

Plasmatiques

Matrice
extracellulaire

Figure 2. Les inducteurs de la réponse inflammatoire. Les inducteurs de la réponse inflammatoire sont de
deux types : exogenes et endogenes. Les exogeénes sont composés de facteurs microbiens et non microbiens. Les
facteurs endogeénes sont peuvent eux provenir de sources cellulaires, tissulaires, plasmatiques et de la matrice
extraceullaire. PAMP: pathogen-associated molecular pattern. MEC: matrice extracellulaire. D’aprés
(Medzhitov 2008).

1.3.1) Les inducteurs exogenes

Les inducteurs exogenes peuvent étre d’origine microbienne ou non (Figure 2). Les
inducteurs non-microbiens sont composés des allergeénes, des irritants, de corps étrangers et
de composés toxiques. Les inducteurs microbiens se divisent en motifs moléculaires associés
aux pathogénes ou PAMP (pathogen-associated molecular pattern), et en facteurs de

virulence (Figure 2). Les PAMP sont reconnus par les récepteurs PRR (pathogen recognition
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receptor) majoritairement exprimés sur les cellules de I’immunité innée telles que les cellules
dendritiques (DC), les macrophages et les neutrophiles. Les PRR sont capables de détecter
différents types de molécules comme les lipides, les protéines, les sucres et les acides
nucléiques exogenes. Cette reconnaissance va alors aboutir a 1’élimination du pathogene via
une réponse inflammatoire médiée par les cytokines et chemokines. Les facteurs de virulence,
contrairement aux PAMP, ne sont pas reconnus directement par des récepteurs spécifiques.
Les exotoxines produites par les bactéries a Gram positif, par exemple, forment un pore
membranaire induisant un efflux de potassium qui est alors détecté par I’inflammasome
NALP3 (NACHT-leucine-rich-repeat and pyrin-domain-containing- protein 3) é€licitant une

réponse inflammatoire (Mariathasan, Weiss et al. 2006).

1.3.2. Les inducteurs endogénes

Les inducteurs endogénes sont induits suite a différents stress ou dommages au sein des tissus
(Figure 2). IIs sont également appelés alarmines ou motifs moléculaires associé¢s au dommage
(ou DAMP ; damage-asssociated molecular pattern). Ces motifs, normalement contenus au
sein de la cellule (par la membrane plasmique notamment), sont libérés suite a un dommage
tissulaire et peuvent ainsi activer une réponse inflammatoire. Les DAMP comprennent divers
facteurs comme HMGBI1 (high—-mobility group box 1), les protéines S100 (dont les protéines
ST100AS8, S100A9 et S100A12), les protéines de choc thermique (HSP ; heat shock protein),
I’acide urique ou encore I’ATP (Adénosine-Triphosphate) (Bianchi 2007). Ces facteurs sont
soit libérés de manicre passive lors d’une rupture de la membrane cellulaire (nécrose,
nécroptose [forme de mort programmée menant a la lyse cellulaire ]), soit sécrétés de maniére
non classique dans le cas des protéines (indépendante du réticulum endoplasmique et de
I’appareil de Golgi), activant alors I’inflammasome de maniere dépendante de la voie caspase
1 (Keller, Ruegg et al. 2008). Ces inducteurs endogeénes seront alors reconnus par les PRR

afin d’¢éliciter une réponse inflammatoire.

1.3.3 Les récepteurs aux inducteurs

Les PRR comprennent différents récepteurs tels que les TLR (toll-like receptors), les RLR
(RIG-I-like receptors), les NLR (NOD-like-receptors), les CLR (C-type lectine receptor) et
les récepteurs @ ADN (acide désoxyribonucléique) (Kumar, Kawai et al. 2009; Kumar, Kawai
etal. 2011). Les PRR ont différentes localisations cellulaires, les TLR sont transmembranaires
ou endosomaux, les RLR intracellulaires, les NLR intracellulaires et les CLR
transmembranaires. Ces PRR sont exprimés par les cellules de I’immunité innée comme les

cellules dendritiques et les macrophages, mais également par des cellules non-immunitaires
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(cellules épithéliales, fibroblastes...). Ils sont responsables de la reconnaissance des PAMP
bactériens et viraux mais également des DAMP provenant des cellules du soi et d’induire, via

différentes voies de signalisation, une réponse inflammatoire.

Les TLR sont la famille de PRR la mieux caractérisée, et contiennent 10 membres chez
I’homme (TLR1 a 10) et 12 chez la souris (TLR1 a 13 sauf TLR10). Les TLR reconnaissent
une grande variété de PAMP tels que le zymozan (TLR2), I’ARN double brin (TLR3), le
lipopolysaccharide (LPS ; TLR4), la flagelline (TLRS), les lipoprotéines (TLR2/6), I’ARN
simple brin (TLR7), ou encore les motifs CpG de ’ADN (TLR9) (Jang, Shin et al. 2015).

Les RLR sont composés de RIG-I (retinoic acid-inducible gene I), MDAS (melanoma
differentiation factor-5) et LGP-2 (laboratory of genetics and physiology-2). RIG-1 et MDAS
possédent tous deux un domaine hélicase capable d’ouvrir les hélices ARN (acide
ribonucléique)/ADN, permettant ainsi la prise en charge d’ARN et ADN viraux. MDAS
détecte les ADN doubles brins et les ARN doubles brins longs alors que RIG-I va détecter les
ARN doubles brins courts (Takeuchi and Akira 2010).

Les NLR contiennent les récepteurs intracellulaires NODI1 et 2 (nucleotide-binding
oligomerization domain-containing protein 1) ainsi que de I’inflammasome NALP3. NODI1 et
2 vont respectivement reconnaitre les bactéries a Gram positif et négatif. NALP3 va quant a
lui prendre en charge certains DAMP (acide urique, peptide B-amyloide, ATP...) (Takeuchi
and Akira 2010).

Si tous ces PRR ont des voies de signalisations différentes, ils vont tous aboutir au
déclenchement d’une réaction immunitaire innée via la transcription de génes codant pour
des protéines de I’inflammation telles que I’'[L-1PB, I’IL-6, I’IL-8, RANTES (regulated on
activation, normal T cell expressed and secreted), le TNF-a (tumor necrosis factor-a) ou
encore I'I[FN-y (interferon-gamma). Les PRR reconnaissant des produits viraux (TLR7,
TLRO, RIG-I, MDAS) vont quant a eux activer la sécrétion des IFN de type I (IFN-a et ) qui
jouent un réle fondamental dans la réponse antivirale (Kumar, Kawai et al. 2009; Takeuchi
and Akira 2010; Jang, Shin et al. 2015). Les différentes voies d’activation des PRR par les
PAMP et les DAMP sont schématisées dans les figures 3 et 4.
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Figure 3. Voies d’activation des TLR membranaires par les PAMP bactériens. L’activation des
TLR par des ligands d’origine bactérienne induit 1’activation d’une voie de signalisation sous-jacente liée aux
adaptateurs TRIF (7IR-domain-containing adapter-inducing interferon-f) et Myd88 (myeloid differentiation
primary response gene 88). Ces adaptateurs vont ensuite activer les facteurs de transcription IRF3, NFxB/p65
ainsi que la voie des MAPK (mitogen-activated protein kinases) permettant la transcription de genes pro-
inflammatoires. IL: Interleukine. IRF3: interferon regulating factor 3. LPS: Lipopolysaccharide.
MAPK: Mitogen-activated protein kinases. NFxB: Nuclear factor kappa B. RANTES: Regulated on
activation: normal T cell expressed and secreted. TLR: Toll like receptor. TNF-a: Tumor necrosis
factor a.
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Figure 4. Voies d’activation des différents PRR par les inducteurs de I’inflammation.
L’activation des récepteurs RAGE (receptor for advanced glycation end-products) et FCy-BIIA par
des inducteurs exogenes, comme certains facteurs viraux, va permettre 1’activation de la voie des
TLR7/9. Les virus peuvent également, par différents mécanismes dépendants de la structure du virus,
activer les RLR MDA-5 et RIG-I. Les bactéries, en plus de I’activation classique par les TLR, peuvent
également induire la voie des NLR NODI et 2. Enfin, certains DAMP vont activer directement
I’inflammasome NALP3, ce qui permettra le clivage de la caspase 1. Toutes ces voies de signalisation
vont permettre I’activation des facteurs de transcription NFkB et IRF3/7 notamment et la production
de facteurs pro-inflammatoires (cytokines, chémokines, interférons de type I...). ADN: Acide
désoxyribonucléique. ARN: Acide ribonucléique. DAMP: Damage associated molecular pattern.
HMGBI1: High-mobility group box 1. IFN-a. Interféron a. IxB: Inhibitor of kappa B. IKK: IkB kinase.
IL: Interleukine. IRF: Interferon regulating factor. LPS: Lipopolysaccharide. MDA-5: Melanoma
differentiation factor-5. NALP3: NACHT-Leucine-rich-repeat and Pyrin-domain-containing- protein.
NEMO: NF-kB Essential Modulator. NFxB: Nuclear factor kappa B. NOD: Nucleotide-binding
oligomerization domain-containing protein. RANTES: Regulated on activation: normal T cell
expressed and secreted. RIG-I: Retinoic acid-Inducible Gene I. TLR: Toll like receptor. TNF-a:
Tumor necrosis factor o.
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1.3.4) Les médiateurs solubles de ’inflammation

L’activation des voies de signalisation sous-jacentes des PRR par les différents DAMP et
PAMP va conduire a la synthése de médiateurs de I’inflammation par les cellules cibles. Ces
médiateurs vont favoriser le recrutement et 1’activation des leucocytes au site inflammatoire
permettant la mise en place d’une réponse immunitaire innée. Ces médiateurs peuvent dériver
de protéines plasmatiques ou étre sécrétés par les cellules, et sont divisés en 7 groupes basés
sur leurs propriétés biochimiques: les amines vasoactives, les peptides vasoactifs, les
composés du complément, les médiateurs lipidiques, les enzymes protéolytiques, les

cytokines et les chémokines.

Les amines vasoactives (histamine et sérotonine) sont produites lors de la dégranulation des
plaquettes ou des cellules mastocytaires, et vont moduler la perméabilité vasculaire ainsi que
la vasodilatation (ou la vasoconstriction selon les contextes). Leur relargage par les cellules
mastocytaires est notamment responsable des manifestations cliniques observées durant un
choc anaphylactique chez les patients prédisposés (Mohammad-Zadeh, Moses et al. 2008;
Krystal, Richelson et al. 2013).

Les peptides vasoactifs, quant a eux, peuvent étre conservés sous forme mature dans des
vésicules (tel que la substance P) ou générés par clivage de précurseurs inactifs dans le milieu
extracellulaire (tels que les kinines, les fibrinopeptides A ou B). Les peptides vasoactifs
favorisent la vasodilatation et une augmentation de la perméabilité¢ vasculaire de maniere
directe ou indirecte en induisant la dégranulation des cellules mastocytaires (Medzhitov

2008).

Les facteurs du complément C3a, C4a et C5a (aussi connus sous le nom d’anaphylatoxines)
sont également considérés comme des médiateurs de I’inflammation. Le complément peut
étre activé par la voie des lectines, la voie classique ou la voie alternative menant a la
synthése finale de C3a, C4a et C5a. Ces anaphylatoxines vont alors étre responsables du
recrutement des leucocytes (monocytes, granulocytes et cellules mastocytaires), de la
dégranulation des mastocytes et d’une augmentation de la perméabilité vasculaire

(Markiewski and Lambris 2007).

Les médiateurs lipidiques (les éicosanoides et le facteur activateur des plaquettes [PAF])
dérivent des phospholipides présents a la surface interne des membranes cellulaires. Les

principaux précurseurs des ¢€icosanoides sont 1’acide arachidonique et [D’acide
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lysophosphatidique, libérés par la phospholipase A2. L’acide arachidonique, via les
cyclooxygénases, permet la production des prostaglandines (PG) (PGE2, PGI2) et
thromboxanes (TBXA4...), ou, via les lypoxygénases, des leucotrienes (LTA4, LTB4...) et
des lipoxines (LXA4...). Le PAF, quant a lui, est généré par l’acétylation de 1’acide
lysophosphatidique. Ces médiateurs lipidiques vont activer I'immunité innée, induire le
recrutement de leucocytes, la vasodilatation et augmenter la perméabilité vasculaire.
Cependant, certains peuvent également avoir un rdle anti-inflammatoire dans certains

contextes comme la PGE2 ou les lipoxines (Lawrence, Willoughby et al. 2002).

Les enzymes protéolytiques (¢lastines, cathepsines et métalloprotéases [MMP]) ont un role
important dans la régulation de la réparation tissulaire et la migration leucocytaire. Les MMP
jouent un role dans la dégradation de la MEC et des membranes basales. Elles ont d’ailleurs
un role pathogénique dans la polyarthrite rhumatoide, les périodontites ou encore les maladies
neuro-inflammatoires (Amalinei, Caruntu et al. 2010). Cependant, les MMP peuvent
¢galement diminuer la réponse inflammatoire, comme les MMP1, 2, 3 et 9 qui dégradent I’IL-

1B et neutralisent ainsi son activité pro-inflammatoire (Ito, Mukaiyama et al. 1996).

Enfin, les cytokines et chémokines pro-inflammatoires sont deux types de protéines sécrétées
par différents types cellulaires immunitaires et non-immunitaires, jouant un role fondamental

dans la réponse inflammatoire.

La production de ces différents médiateurs inflammatoires va permettre le recrutement et
I’activation des cellules de I'immunité au site de I’inflammation, et en premier lieu les

neutrophiles, cellules clés de la réponse inflammatoire.

1.3.5) Les médiateurs cellulaires de la réponse inflammatoire

Les neutrophiles : un effecteur essentiel de la réponse inflammatoire

Les neutrophiles sont des cellules immunitaires impliquées dans la protection de 1’organisme
contre les pathogenes et constituent 40 a 60 % des leucocytes sanguins chez I’Homme. Ils se
développent dans la moelle osseuse a partir de cellules souches hématopoiétiques par
granulopoiése et ont une durée de vie dans le sang de 1,5 heures chez la souris et de 8 heures
chez ’homme (Kolaczkowska and Kubes 2013). Lors d’une réponse inflammatoire, les
différents stimuli produits vont permettre le recrutement des neutrophiles au site de
I’inflammation. Cette migration se fait essentiellement via les chémokines et leurs récepteurs

associés (de Oliveira, Rosowski et al. 2016).
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Complément sur les chémokine :

Les chémokines constituent la plus large famille de cytokines (environ 50 membres chez
I’Homme et la souris). Leur classification est basée sur la présence de deux résidus
cystéine en N-terminal permettant une subdivision en 4 sous-groupes : les CXC, CC,
(X)C et CX3C (Tableau 1). La famille CX3C ne comprend qu’un seul membre,
CX3CLI1, nommé également fractalkine. Les chémokines peuvent également étre
subdivisées suivant leur fonctionnalité. Trois sous-groupes ¢émergent alors: les
chémokines inflammatoires (impliquées dans le recrutement leucocytaire au site
inflammatoire), les chémokines homéostatiques (exprimées de maniére constitutive et
impliquées dans la migration des cellules de maniére homéostatique) et les chémokines
duelles qui peuvent avoir les deux fonctions citées précédemment (Zlotnik and Yoshie
2012).

Chémokine Source Récepteur Rdle
associé
CXCLA1 Macrophages CXCR2 Recrutement des
neutrophiles
CXCL2 Macrophages CXCR2 Recrutement des
neutrophiles
CXCL5 Macrophages, CXCR2 Recrutement des
eosinophiles, neutrophiles
cellules épithéliales
CXCL8 Macrophages, CXCR2 Recrutement des
neutrophiles neutrophiles
et des monocytes
CXCL9 Neutrophiles, DC, CXCR3 Recrutement des Th1,
cellules CD8 et NK
mastocytaires
CXCL10 Monocytes, cellules CXCR3 Recrutement des Th1,
endothéliales, CD8 et NK
fibroblastes
CXCL11 Cellules CXCR3 Recrutement des Th1,
mastocytaires CD8 et NK
CCL2 Macrophages, CCR2 Recrutement des
cellules monocytes
endothéliales
CCL3 Macrophages, CCR1 Recrutement des
monocytes, cellules monocytes et NK
endothéliales
CCL5 Macrophages CCR5 Recrutement des
monocytes et NK
CCL20 Neutrophiles, CCR6 Recrutement des
macrophages, monocytes et Th17
lymphocytes
CX5CLA1 Macrophages, CX3CR1 Recrutement des
cellules monocytes, LT et NK
endothéliales
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Tableau 1. Principales chémokines impliquées dans les réponses inflammatoires. LT: lymphocytes T.
NK: natural killer. Thl: T helper 1. Th17: T helper 17. D’aprés (Sochnlein, Drechsler et al. 2013).

Ces chémokines sont les ligands de récepteurs exprimés de maniere différentielle sur les
leucocytes mais qui possedent tous 7 domaines transmembranaires. Ces récepteurs
peuvent se différencier en deux grands sous-types : les récepteurs couplés aux protéines G
et ceux qui signalent de maniere indépendante des protéines G. Les récepteurs aux
chémokines peuvent également étre subdivisés selon leurs ligands en 5 classes : les
CXCR, CCR, XCR, CX3CR et atypiques (Zlotnik and Yoshie 2012).

Les neutrophiles sont principalement attirés par les chémokines de la famille CXC telles que

CXCLI, 2 ou encore CXCLS5 (Tableau 1).

Une fois attirés a proximité du site inflammatoire, les neutrophiles vont quitter la circulation
sanguine puis pénétrer dans le tissu cible par extravasation. Les neutrophiles migrent ensuite
selon un gradient chimiotactique au sein du tissu. Ils seront alors responsables de la
production de nombreux médiateurs pro-inflammatoires (IL-8, TNF-a, GM-CSF, LTB4,
PGE2, ROS [reactive oxygen species]) pouvant activer diverses cellules du systéme
immunitaire. Ils sont également capables d’exprimer les molécules de co-stimulation CD8O0 et
CDS86 ainsi que le complexe majeur d’histocompatibilité de classe II (CMH-II) et de présenter
I’antigéne aux lymphocytes T (Wright, Moots et al. 2010). L’expression du CMH-II sur les
neutrophiles peut notamment étre induite par le LPS suggérant un réle dans les réponses
antibactériennes (Sandilands, Ahmed et al. 2005). De plus, en présence de différentes
cytokines inflammatoires (GM-CSF et IFN-y), les neutrophiles acquiérent également la
capacit¢ d’exprimer le CMH-II et d’activer les lymphocytes T vers un profil Th1/Th17
(Gosselin, Wardwell et al. 1993; Abi Abdallah, Egan et al. 2011). Des neutrophiles exprimant
le CMH-II et activant les LT ont été retrouvés dans le liquide synovial de patient atteints de
polyarthrite rhumatoide suggérant que 1’acquisition de ces capacités présentatrices d’antigéne
pourraient avoir un role pathologique en cas d’inflammation chronique (Cross, Bucknall et al.
2003). Les neutrophiles peuvent également libérer le contenu de leurs granules (notamment la
cathepsine G et la protéine LL37), ce qui permettra le recrutement de monocytes
inflammatoires (Soehnlein and Lindbom 2010). Enfin, I’activité antimicrobienne des
neutrophiles est basée sur leur capacité de sécrétion de structures formées de chromatine, de
peptides antimicrobiens et d’enzymes (neutrophile ¢élastase, cathepsine G et
myélopéroxidase). Ces structures sont appelées NET (neutrophil extracellular trap)
(Brinkmann, Reichard et al. 2004). Les NET limitent la dissémination des microbes en les
séquestrant via des interactions électrostatiques. De plus, ces complexes inactivent les
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protéines microbiennes. Enfin, ces structures sont capables de tuer ou inhiber directement les
pathogenes via la sécrétion d’enzyme (lyzozyme et protéases), de peptides antimicrobiens
(défensines) et de chélateurs d’ions (calgranuline) (Vorobjeva and Pinegin 2014). Cependant,
les NET pourraient également avoir un role dans le déclenchement des maladies
inflammatoires telles que le lupus ou le psoriasis. En effet, certaines molécules impliquées
dans la formation des NET sont des auto-antigenes dans les maladies auto-immunes. Par
exemple, la protéine LL37 et ’ADN contenus dans les NET peuvent étre pris en charge par
les cellules dendritiques plasmacytoides qui synthétisent de I’interféron de type I qui est
délétere dans le lupus et le psoriasis (Kaplan and Radic 2012). Le but de I’initiation de
I’inflammation est donc de permettre au corps de lutter contre une agression. Généralement,
I’intervention des neutrophiles suffit donc a éliminer la source de 1’agression et doit ainsi étre
limitée pour ne pas devenir délétere pour les tissus sains avoisinants. Les cellules
immunitaires vont alors mettre en place d’autres mécanismes afin de basculer vers la phase de

résolution de I’inflammation permettant le retour a I’homéostasie et la réparation tissulaire.
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II) La résolution de I’inflammation

En conditions normales, I’initiation de I’inflammation se termine par I’entrée en apoptose des
neutrophiles apres avoir joué leur réle. Les macrophages présents au sein du tissu enflammé
vont alors phagocyter ces neutrophiles apoptotiques et adopter un phénotype anti-
inflammatoire leur permettant d’induire la phase de résolution de I’inflammation (Ortega-

Gomez, Perretti et al. 2013).

1I.1) Les macrophages, acteurs essentiels de la résolution de ’inflammation

Les monocytes, qui sont les précurseurs des macrophages, apparaissent au niveau du foie chez
les embryons de 11,5 a 12,5 jours. Les monocytes foetaux sont ensuite relachés dans la
circulation sanguine a 12,5-13,5 jour de vie embryonnaire puis migrent dans les tissus a 13,5-
14,5 jours (Hoeffel, Wang et al. 2012). Les monocytes se différencient alors en macrophages
matures une fois dans le tissu comme cela a ét¢ démontré dans les poumons et le cceur
(Guilliams, De Kleer et al. 2013; Epelman, Lavine et al. 2014). Toutes les populations de
macrophages ¢étudi€ées jusqu’a présent proviennent majoritairement de 1’hématopoicse
définitive. Cependant, la microglie fait exception a cette régle car elle se développe a partir du

sac de Yolk et de I’hématopoiese primitive (Ginhoux, Greter et al. 2010).

Si chez I’Homme la classification des monocytes/macrophages fait encore débat, les études
récentes chez la souris ont permis de définir des populations de macrophages en fonction de
leurs tissus de résidence. Cependant, une grande hétérogénéité aussi bien fonctionnelle que

phénotypique est observée (Tableau 2) (Lavin, Mortha et al. 2015).
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Sous-types de Tissu Fonction Marqueurs

macrophages homéostatique spécifiques
Macrophages Poumons Clairance des F4/80+,h_SigIec—F:,
alvéolaires tensioactifs CD11c", CD169
Macrophages de la Qlalrance des N .
Pulpe rouge de la rate érythrocytes, F4/80°, VCAM1

pulpe rouge recyclage du fer

Piéger les particules
Zone marginale de larate | circulantes, SIGN-R1*, MARCO"
maintenance des LB

Macrophages de la
zone marginale

Clairance des
érythrocytes et des

. . particules F4/80", CD169",
Cellules de Kupffer Foie, sinusoides antigéniques, CLECAF"
métabolisme de la
bilirubine
Cellules de Langerhans | Epiderme Tolerapcg et controle F4/80", CX5CR1"
immunitaire
Maqrophageg dela Lam/n:_a propria du petit et Tolerar_lcg et contréle F4/80°, CXsCR1*
lamina propria grand intestin immunitaire

Formation des
synapses, surveillance
immunitaire

CX5;CR1*, CD45™¢,
FCRLS", Siglec-H"

Systéme nerveux central

Microglie o
(cerveau et moelle épiniére)

Tableau 2. Caractéristiques des phagocytes mononuclées résidants des tissus sains. Une forte hétérogénéité
des macrophages est observée dans les différents tissus, qu’elle soit fonctionnelle ou phénotypique. Il est a noter
que les différentes fonctions des macrophages ne sont pas uniquement associées a des fonctions
immunologiques. CLEC4F: C-type lectin domain family 4 member F. FCRLS: Fc receptor-like S. LB:
lymphocyte B. MARCO: macrophage receptor with collagenous structure. Siglec: sialic acid binding 1G-like
lectins. SIGN-R1: DC-SIGN-related protein 1. Modifié d’apres Lavin et al (2015).

La classification des macrophages peut ¢galement se faire selon leur profil de maturation. En
s’inspirant de la classification Th1/Th2 des lymphocytes T basée sur le profil des molécules
sécrétées par ces différentes sous populations de lymphocytes T, une classification en M1/M2
a été établie pour les macrophages ; les M1 représentant des macrophages pro-inflammatoires
et les M2 des macrophages anti-inflammatoires. D’une maniere générale, les macrophages de
type M1 sont impliqués dans les réponses antibactériennes et anti-tumorales. Ils sont
responsables de la production de cytokines pro-inflammatoires et vont influencer les LT vers
une polarisation Thl. Les macrophages de type M2 sont responsables de la réponse
antiparasitaire et ont des fonctions immuno-modulatrices et de réparation tissulaire. De plus,
les M2 ont une capacité accrue de phagocytose des cellules apoptotiques (Martinez and
Gordon 2014). Les M1 seront donc définis lors de ce manuscrit comme des macrophages pro-
inflammatoires et les M2 comme des macrophages anti-inflammatoires et pro-résolutifs.
Malgré cela, les macrophages tissulaires étant soumis a des microenvironnements constitués

d’une multitude de molécules, leur régulation est un phénomene extrémement complexe. Une
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hétérogénéité tres importante est ainsi retrouvée dans ces deux groupes de telle sorte qu’une
nouvelle classification a été récemment proposée, basée sur les stimuli nécessaires a leur
différenciation : M(IL-4), M(M-CSF), M(IL-10), M(LPS), M(GM-CSF) et M(FN-y)
(Murray, Allen et al. 2014; Wynn and Vannella 2016) (Figure 5).

Complément sur les sous-types de macrophages :

Les macrophages de type M1 comprennent les macrophages stimulés a I’'I[FN-y, au LPS
et au GM-CSF (Figure 5). L’IFN-y est une cytokine produite par les Thl, les NK ainsi
que par les macrophages. La signalisation de cette molécule sur ces récepteurs (IFNGR1
et 2) va aboutir a ’activation de la voie JAK1/2-STATI1-IRF1/8 (Hu and Ivashkiv
2009). Si I’absence de production d’IFN-y ou de sa signalisation ne modifie pas la
génération de macrophages chez la souris, les macrophages ne sont plus capables de
produire des produits antimicrobiens et les souris sont susceptibles a des infections
(Martinez and Gordon 2014). De manié¢re similaire, chez I’Homme, des mutations
induisant un déficit d’expression du récepteur a I’IFN-y induisent des susceptibilités aux
infections démontrant un role crucial de I’IFN-y dans la génération de macrophages de
type M1 (Dorman and Holland 2000). Les macrophages de type M1 comprennent
¢galement les macrophages générés en présence de LPS qui est un activateur des
réponses immune innées. Le LPS signale par le récepteur TLR4 dimérisé au TLR2 ce
qui active la voie de signalisation MyD88/TRIF-NFkB/STATS. Cette voie de
signalisation va induire la sécrétion de cytokines (telles que I’IL-6, I’'IL-12, le TNF-a) et
de chemokines inflammatoires (CCL2, CXCL10, CXCL11). De maniére importante,
I’'IFN-y et le LPS partagent ’induction de certains génes en commun par les
macrophages et notamment des génes impliqués dans la mise en place de réponses
inflammatoires (Nau, Richmond et al. 2002; Martinez, Gordon et al. 2006). Enfin, les
macrophages générés au GM-CSF sont considérés comme des M1 au profil
inflammatoire. Le GM-CSF signale par son récepteur CSF2 qui induit la voie de
signalisation liée a JAK2-STATS/NF«xB/IRFS5 induisant la production de TNF-a, IL-1,
IL-8 et IL-6. De souris déficientes en GM-CSF ont notamment un défaut de maturation
des macrophages alvéolaires et développent une protéinose au sein des poumons.
(Dranoff and Mulligan 1994). Chez ’Homme, une mutation du GM-CSF méne a un
phénotype similaire a celui observée chez la souris (Dirksen, Nishinakamura et al.
1997).

Les macrophages de type M2 comprennent eux les macrophages stimulés a I’[L-4, I’IL-
10 et au M-CSF (Figure 5). L’IL-4 est produite par les Th2, éosinophiles, basophiles et
macrophages. Il signale par son récepteur (IL-4R) et active la voie JAK1/3-STAT6.
Cette cytokine étant importante pour la génération de réponses immunes anti-
parasitaire, des souris déficientes en IL-4 ont des défauts de réponses a certaines
infections notamment contre les nématodes. Chez I’Homme, des mutations dans le géne
codant le récepteur a I’'IL-4 favorisent I’apparition de 1’asthme et d’allergies (Martinez
and Gordon 2014). L’IL-10 se lie, elle, a 'IL10R et induit la voie de signalisation
JAK1/Tyk2-STATS3 et favorise la sécrétion de chemokines (CXCL4 et CXCL13) mais
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¢galement 1’expression de récepteurs impliqués dans la phagocytose telle que la
protéine MARCO (Park-Min, Antoniv et al. 2005). Des défauts d’expression de I’'IL-10
et de son récepteur respectivement chez la souris et ’Homme favorisent la survenue de
maladies inflammatoires chroniques de I’intestin (Martinez and Gordon 2014). Enfin, le
M-CSF signale par son récepteur CSFIR activant la voie Grb2-SP1. Une déficience de
ce geéne chez la souris diminue la génération de monocytes et macrophages et favorise la
survenue d’ostéopétrose alors que des mutations de son récepteur chez 1’Homme
favorisent la survenue de syndromes my¢lodysplasiques et de leucémie myéloide aigue
(Tobal, Pagliuca et al. 1990; Wiktor-Jedrzejczak, Bartocci et al. 1990).

Les études in vitro ont donc permis de définir I’induction de réponses spécifiques a
différents stimuli par les macrophages et la maniere dont ils s’activaient. Cependant, la
présence commune de certaines de ces molécules, et plus particulierement lors de la
mise en place de I’inflammation, ne nous permet pas de transposer directement ces
résultats in vivo. In vivo, le phénotype des macrophages est dépendant du type de
réponses que doit fournir I’organisme. Lors d’infections bactériennes, de cancers ou de
maladies auto-immunes, la présence de macrophages de type M1 est observée. Lors de
I’asthme, d’infections parasitaires et de la réparation tissulaire, les macrophages se
différencient généralement en M2 (Sica and Mantovani 2012). Cependant, la plasticité
importante des macrophages doit étre notée car elle jour un role dans la modulation des
réponses immunes. Par exemple, au sein de cancers de hauts grades, les macrophages
dévient leur phénotype de M1 a M2 et l’infiltration de ces macrophages au sein des
tumeurs est généralement associée a un mauvais pronostic. Au contraire, lors du
démarrage de la phase de résolution de I’inflammation, notamment dans des mode¢les de
péritonite, les macrophages acquiérent un phénotype intermédiaire M1/M2 afin de
favoriser la réparation tissulaire et le retour a ’homéostasie (Bystrom, Evans et al.
2008; Stables, Shah et al. 2011).
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Stimuli LPS IFN-y GM-CSF IL-4 IL-10 M-CSF

| l | | | b

Récepteurs TLR2/4 IFN-yR1/2 CSF2R IL-4R IL-10R CSF1R
Médiateurs MyD88/TRIF JAK1/2 JAK2 JAK1/3 JAK1/Tyk2 j/rbZ
Facteurs de NFkB/STAT5 STAT1/IRF1/8IRF5/NFKB/STAT5 STAT6 STAT3 SP1
transcription
CD206
CX,CR1
CMH-II PD-L1
TNF-a, IL-6,
IL-12, IL-17, CD86  ~sriR
|L-%3é I|_|.2-1;3>, CX,CR1 IL-10R
ceLs. TGF-B, IGF-1,
CCL20, AREG, IL-10,
CXCL10... CCL1,
CCL22,
CSF1R PGE2.
Resolvins...
-Activation des réponses -Activation des réponses
Th1 et Th17 anti-parasitaires
-Inflammation de type | -Inflammation de type Il
-Activation des réponse (allergies)
anti-pathogénes -Inhibe les réponses
-Activation des résistances tumorales
tumorales -Inhibe la génération de Th1
-Inhibe la génération de et Th17
Treg et de Th2 -Favorise la génération de
Treg et Th2

-Induction de tolérance
-Réparation tissulaire

Figure 5. Polarisation des macrophages. La polarisation des macrophages en sous-types pro-inflammatoires
(gauche du graphique) et pro-résolutifs (droite du graphique) est influencée par différents stimuli induisant des
voies de signalisation variées. Ces voies aboutiront, via des facteurs de transcription, a la synthése de récepteurs
et de molécules pro ou anti-inflammatoires selon les stimuli. ARG1: arginase 1. AREG: amphiréguline. CSF1R:
colony stimulating factor 1 receptor. GM-CSF: granulocyte-macrophage colony-stimulating factor. Grb2:
growth factor receptor-bound protein 2. 1GF-1: insulin growth factor-1. JAK: janus kinase. LXR: liver X
receptor. M-CSF: macrophage colony-stimulating factor. NOS2: nitric oxyde synthase 2. PD-L1: programmed
death-ligand 1. PGE2: prostaglandine E2. PPAR-~y: peroxisome proliferator-activated receptor-y. STAT: signal
transducers and activators of transcription. SP1: specificity protein 1. Tyk2: tyrosine kinase. D’aprés (Murray,
Allen et al. 2014; Wynn and Vannella 2016).

11.2) L’efferocvtose

Plus de 100 millions de neutrophiles meurent chaque jour par apoptose. Cette mort cellulaire
programmée de type I est impliquée dans de nombreux phénomenes tels que le

développement, la réparation tissulaire, la tumorigénése ou encore les infections virales.
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L’apoptose, contrairement a la nécrose, permet un controle du syst¢eme immunitaire, qui peut
se traduire par une immunomodulation voire 1’induction de tolérance. En effet, I’activation
des caspases durant I’apoptose empéche la mise en place de réponses immunes innées en
inhibant la sécrétion d’IFN de type I ou en oxydant le signal de danger HMGBI1 (Kazama,
Ricci et al. 2008; Rongvaux, Jackson et al. 2014). De plus, les cellules apoptotiques vont
moduler les réponses immunes de maniere directe en sécrétant différents facteurs anti-
inflammatoires tels que le TGF-B, I’'IL-10, I’annexine Al, la thrombospondine-1 ou encore
I’adénosine monophosphate. Toutes ces molécules vont principalement favoriser la
modulation du phénotype des phagocytes (macrophages et cellules dendritiques) vers un
profile tolérogénique (Voll, Roth et al. 1997; Gao, Herndon et al. 1998; Chen, Frank et al.
2001; Krispin, Bledi et al. 2006; Pupjalis, Goetsch et al. 2011; Yamaguchi, Maruyama et al.
2014). L’expression de CCRS sur les cellules apoptotiques va également permettre la
séquestration de chémokines pro-inflammatoires CCL3 et 5 ce qui bloquera la migration des
cellules immunitaires (Ariel, Fredman et al. 2006). Enfin, les cellules apoptotiques modulent
aussi le systtme immunitaire via leur élimination par les phagocytes, et plus particulierement
les macrophages. La clairance des cellules apoptotiques est assurée par différents types
cellulaires appelés phagocytes spécialisés dans cette fonction, dits professionnels, ou par des
phagocytes non-professionnels (Hochreiter-Hufford and Ravichandran 2013). L’efferocytose,
ou I’¢élimination des cellules apoptotiques par les phagocytes, est un processus extrémement
régulé qui se déroule en plusieurs étapes. Cette étape est considérée comme I’étape clé de la

résolution de I’inflammation permettant le retour a I’homéostasie tissulaire.

11.2.1) Signaux « trouvez-moi »

Des premiers travaux chez Caenorhabditis elegans ont permis de mettre en évidence le fait
que les cellules apoptotiques pouvaient étre reconnues et prises en charge avant leur mort via
un systéme de reconnaissance (Reddien, Cameron et al. 2001). Ces données ont été les
premicres a suggérer que les cellules apoptotiques produisent des facteurs permettant
I’attraction de phagocytes appelés signaux « trouvez —moi » ou « find me » en anglais. Ces
signaux incluent notamment la chémokine CX3CL1, la sphingosine-1-phosphate (S1P), la

lysophosphatidylcholine (LPC) ou des nucléotides tels que I’ATP ou I’'UTP.

CX3CLI1 est une protéine membranaire produite par les lymphocytes B et les neurones
apoptotiques et qui attire les macrophages en se fixant sur son récepteur CX3CR1. En effet,
au niveau des centres germinatifs, un fort taux d’apoptose est observé ainsi qu’un recrutement

des macrophages a cet endroit de maniere CX3CL1/CX3CRI1 spécifique. Cependant, aucune
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augmentation du nombre de cellules apoptotiques n’est observée au niveau de ces centres
germinatifs dans des souris déficientes en CX3CR1, démontrant que cet axe n’est pas requis
pour la prise en charge des cellules mortes mais uniquement pour [’attraction des

macrophages (Truman, Ford et al. 2008).

S1P est un lipide produit par la sphingosine 1 kinase qui une fois sécrété¢ par les cellules
apoptotiques attire les macrophages via des récepteurs couplés aux proté¢ines G (S1P-R1 a 5)

exprimés a la surface des macrophages (Gude, Alvarez et al. 2008).

Le LPC est également un lipide considéré comme un signal « trouvez-moi ». Il est sécrété par
les cellules apoptotiques apres activation de la phospholipase A2 par la caspase 3 permettant
la conversion de phosphatidylcholine en LPC. Sa reconnaissance par le récepteur G2a meéne
au recrutement des macrophages vers les cellules apoptotiques (Lauber, Bohn et al. 2003;

Peter, Waibel et al. 2008).

Enfin, les nucléotides ATP et UTP ont également été découverts comme étant des signaux
« trouvez-moi ». Ils sont produits par les cellules apoptotiques et relachés au travers des
canaux pannexines qui sont ouverts apres leur clivage par les caspases (Chekeni, Elliott et al.
2010). Ces nucléotides vont alors signaler par les récepteurs P2Y2 et ainsi favoriser
’attraction des monocytes. Le blocage de cette interaction nucléotides/récepteurs in vivo dans
des souris P2Y2"" diminue I’efferocytose de thymocytes apoptotiques en limitant le

recrutement des phagocytes (Elliott, Chekeni et al. 2009).

11.2.2) Les sighaux « mangez-moi »

Une fois attirés par les cellules apoptotiques, les macrophages reconnaissent ces dernicres de
maniere spécifique. Pour cela, les cellules apoptotiques expriment différentes molécules a leur
surface permettant leur reconnaissance par les phagocytes via des récepteurs spécifiques. Ces
signaux sont appelés signaux « mangez-moi ». Les principaux signaux et récepteurs associés
sont les suivants : les sucres (comme le mannose ou les sucres liés a des groupements amines)
qui sont reconnus par les lectines (Ezekowitz, Sastry et al. 1990), la thrombospondine 1
(TSP1) qui est reconnue par le récepteur CD36 et par les intégrines avB3 et avp5 (Savill,
Dransfield et al. 1990), le complément C1q qui est reconnu par la protéine LRP1 (low density
lipoprotein receptor-related protein 1) et le CD91 (Ogden, deCathelineau et al. 2001),
ICAM3 qui est reconnu par le CD14 (Gregory, Devitt et al. 1998), et les LDL oxydés qui sont

reconnus par les récepteurs scavengers (Gordon 1999).
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Cependant, le signal « mangez-moi » qui est le plus étudié¢ et le mieux défini est I’exposition
de la phosphatidylsérine (PtdSer) a la membrane externe des cellules apoptotiques. Les PtdSer
sont présentes exclusivement au feuillet interne de la membrane plasmique des cellules
vivantes, mais lors de I’entrée en apoptose, les PtdSer passent de la membrane interne a la
membrane externe, par un mécanisme non totalement ¢lucidé. Cependant, de récents travaux
ont montré que le canal TMEMI6F (transmembrane protein 16 F) permet ce changement. En
effet, une délétion de ce géne dans des plaquettes de souris empéche 1’exposition des PtdSer a
la surface externe des cellules en réponse a un stimulus pro-apoptotique (Fujii, Sakata et al.
2015). De plus, une mutation dans ce canal est observée chez les patients atteints de syndrome
de Scott qui est une maladie liée a une incapacité des cellules sanguines a exprimer les PtdSer
(Suzuki, Umeda et al. 2010). Cependant, 1’exposition des PtdSer a la surface des plaquettes de
patients atteints du syndrome de Scott peut également se faire par un mécanisme indépendant
de TMEMI16F (van Kruchten, Mattheij et al. 2013). Bien que I’exposition des PtdSer
représente un signal « mangez-moi» trés important, est-il suffisant pour induire la
phagocytose ? Certaines études tendent a démontrer que ce signal est nécessaire et suffisant
pour induire la phagocytose des cellules apoptotiques, tandis que d’autres données suggerent
que ce signal n’est pas suffisant, montrant que de nouvelles investigations seront nécessaires
afin de répondre a cette question. Notamment, 1’exposition de PtdSer sur des cellules viables,
de maniére naturelle ou artificielle, ne permet pas leur efferocytose (van den Eijnde, van den
Hoff et al. 2001; Segawa, Suzuki et al. 2011). Les PdtSer sont reconnues par les phagocytes
par deux mécanismes différents, le premier étant une reconnaissance par 1’intermédiaire de
molécules de pontage. C’est par exemple le cas du récepteur LRP1/CD91 qui se lie aux
PtdSer lorsqu’elles co-localisent avec la calréticuline (Gardai, McPhillips et al. 2005). MFG-
E8 (Milk fat globule-EGF factor 8 protein), Gas6 (growth arrest-specific 6) et la protéine S
sont également des molécules de pontage impliquées dans la reconnaissance des PtdSer
(Nakano, Ishimoto et al. 1997; Nagata, Hanayama et al. 2010). Le deuxiéme type de
reconnaissance des PtdSer se fait de maniére directe via un récepteur. C’est le cas notamment
du récepteur BAIl (brain-specific angiogenesis inhibitor 1) qui est un récepteur
transmembranaire couplé aux protéines G présent a la surface de nombreux types cellulaires
(macrophages, cellules épithéliales, neurones...) et permettant la reconnaissance des PtdSer
(Park, Tosello-Trampont et al. 2007). Les récepteurs TIM-1 et 4 (T cell immunoglobulin
mucin domain 1 et 4) sont également impliqués dans la reconnaissance directe des PtdSer a

travers leur domaine IgV (Kobayashi, Karisola et al. 2007). Tous ces mécanismes de

27



reconnaissance de la cellule apoptotique vont permettre aux macrophages d’induire un

programme cellulaire de prise en charge et de dégradation de ces cellules.

11.2.3) Elimination des corps apoptotiques

Lorsque la cellule apoptotique se lie au macrophage, une signalisation induisant un
réarrangement du cytosquelette va étre mise en place afin de permettre la phagocytose de la
cellule. Pour ce faire, différentes voies de signalisation vont étre mises en place. Leur
découverte a d’abord été faite chez Caenorhabditis elegans puis étendue a ’Homme. Les

principales voies de signalisations sont résumées dans le tableau 3.

C. elegans | Mammiféeres Role

Récepteur de surface sur les phagocytes reconnaissant
un ligand a la surface des cellules apoptotiques

Adaptateur qui semble co-localisé avec Dock180 et ELMO

CED-1 LRP1(CD91)/MEGF10

CED-2 Crill a la membrane ; son rdle est peu connu

CED-5 Dock180 Facteur d’échange de guanine qui charge Rac de GTP
CED-6 GULP Adaptateur se liant avec LRP1; son réle est peu connu
CED-7 ABCA1/ABCA7 Transporteurs ABC impliqués dans I'efflux du cholestérol

Rho GTPase ; régule I'activation d'Arp2/3, la polymérisation
de l'actine et le réarrangement du cytosquelette

CED-12 ELMO Adaptateur se liant a Dock180 et qui facilite son activité

CED-10 Rac

Tableau 3. Protéines impliquées dans la signalisation liée a la prise en charge des cellules apoptotiques. La
découverte des protéines impliquées dans le remodelage du cytosquelette a été faite chez C. elegans puis étendue
a P’Homme mettant en évidence de nombreuses voies de régulation de ce phénoméne. ABCALl: ATP-binding
cassette 1. C. elegans: Caenorhabditis elegans. Crkll: CTI10 regulator of kinase. Dock180: dedicator of
cytokinesis. GULP: engulfment adaptor PTB domain containing. Rac: ras-related C3 botulinum toxin substrate.
ELMO: engulfment and cell motility. Modifié¢ d’aprés (Hochreiter-Hufford and Ravichandran 2013).

Une fois la cellule apoptotique internalisée, I’acidité augmente au sein du phagosome avant la
fusion avec les lysosomes permettant la dégradation du contenu phagosomal apres 1’activation
des cathepsines (Lennon-Dumenil, Bakker et al. 2002; Kinchen and Ravichandran 2008). La
dégradation des composants cellulaires (ADN, cholestérol, peptides...) est alors prise en
charge permettant une stricte régulation de ce processus. Il a par exemple été montré que les
fragments d’ADN sont dégradés par la DNAse II. Une délétion de cette protéine chez la
souris favorise le développement de la polyarthrite rhumatoide due a une incapacité du
macrophage a dégrader I’ADN issu des cellules apoptotiques induisant une sécrétion de TNF-
o (Kawane, Ohtani et al. 2006). Le cholestérol sera lui éliminé via une augmentation de

I’efflux médié par le transporteur ABCA1 (ATP-binding cassette 1) (Kiss, Elliott et al. 2006).
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Enfin, les peptides peuvent étre présentés par le CMH de classe I aux lymphocytes T afin

d’induire des mécanismes de tolérance (Huang, Platt et al. 2000).

11.2.4) Reprogrammation des macrophages et retour a 1’homéostasie

Aprés phagocytose des cellules apoptotiques, les macrophages operent un changement
phénotypique, d’un profil pro-inflammatoire vers un profil pro-tolérogénique caractérisé
notamment par une production d’IL-10 et de TGF-B (Fadok, Bratton et al. 1998). Cette
modification de phénotype met en jeu différents facteurs de transcription tels que PPAR-y
(peroxisome proliferator-activated receptor gamma) ou LXR (liver X receptor) qui favorisent
I’acquisition d’un profil tolérogénique (N, Bensinger et al. 2009; Natrajan, de la Fuente et al.
2015). L’analyse transcriptomique des macrophages présents lors de la phase de résolution de
I’inflammation a montré une augmentation de I’expression de geénes codant pour des
molécules impliquées dans la présentation antigénique (CMH-II, CD86), de molécules
chimio-attractantes (XCL1, CCL5, CXCL13) ou encore de facteurs impliqués dans 1’arrét du
recrutement cellulaire et la clairance des cellules apoptotiques (Alox15, Timd4) (Stables,
Shah et al. 2011). De plus, de nombreux lipides pro-résolutifs sont produits par les

macrophages apres efferocytose (Serhan, Chiang et al. 2008).

Complément sur les lipides pro-résolutifs :

Les lipides pro-résolutifs sont générés a partir d’acide gras omega 3 polyinsaturé
(Figure 6). L’omega 3 peut alors donner de I’acide eicosapentaenoique qui via la
cyclooxygénase 2 va générer de I’acide hydroxyeicosapentanoique. La 5-lipoxygénase
va alors le convertir en résolvine El et E2 alors que la 15-lipoxygénase va le convertir
en résolvine E3. L’omega 3 peut également donner de 1’acide docosahexanoique. La
lipoxygénase génerera alors les marésines (et notamment la marésine 1) alors que la
cyclooxygénase 2 générera de I’acide 17-hydroxyphospho docosahexanoique. Ce
dernier va étre a I’origine de la synthese des protectines et des résolvines D (D1 a 6) par
la 5-lipoxygénase (Serhan 2017). Ces lipides pro-résolutifs vont favoriser la mise en
place de la résolution de I’inflammation en bloquant I’infiltration des neutrophiles et
monocytes, en diminuent la sécretion de cytokines, leucotrienes et prostaglandines ou
encore en favorisant 1’efferocytose (Serhan and Petasis 2011). Il a par ailleurs été
montré que les résolvines E, D1 a 5 et les marésines favorisaient la survie et la
résolution de I’inflammation dans des mode¢les d’infections ou d’inflammations (Serhan
2017). La voie de I’acide arachidonique qui permet la synthése de lipides pro-
inflammatoires (telles que les prostaglandines) mais également la synthése de lipides
anti-inflammatoires (résolvines, protectines et marésines) lors de la reprogrammation
des macrophages est également mise en jeu. Les macrophages de type M1 expriment
ainsi de maniére importante COX2 (cyclo-oxygénase 2) et voient leurs expressions de
COX1, leukotriecne hydrolase, thromboxane A synthase 1 et arachidonate 5-
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lipoxygénase diminuées, favorisant I’acquisition d’un phénotype inflammatoire. En
revanche, les macrophages de type M2 voient leurs expressions de COXI1 et
arachidonate 15-lipoxygénase augmentées favorisant 1’acquisition d’un phénotype
tolérogénique (Martinez, Gordon et al. 2006). En plus de cette sécrétion de différents
facteurs pro-résolutifs et anti-inflammatoires, les macrophages, en réponse a
I’efferocytose, ont une capacité moindre a produire de nombreuses cytokines pro-
inflammatoires telles que I’IL-1p, I’IL-6, I’'IL-8, le GM-CSF, I’IL-12 ou encore I’'IL-23
(Saas, Kaminski et al. 2013).

Oméga 3 polyinsaturé

7N

Acide Acide
eicosapentanoique docosahexanoique

[cox2 ] [ Lipoxygénase |

Vo

Acide 17-HpDHA  Marésines
hydroxyeicosapentanoique \

5-lipoxygénase

5-lipoxygénase 15-lipoxygénase \
Résolvine E1,2 Résolvine E3 Protectines Résolvine D

Figure 6. Voie de biosynthése des lipides pro-résolutifs. La production de lipides pro-résolutifs
démarre a partir de la transformation de 1’oméga 3 polyinsaturé en acide eicosapentanoique ou
docosahexanoique. Le premier donnera comme produits finaux les résolvines El et 2 via la 5-
lipoxygénase et la résolvine E3 via la 15-lipoxygénase. La transformation du second acide va permettre la
génération de marésines par la lipoxygénase et de 17-HpDHA par COX 2. Finalement, le 17-HpDHA sera
a lorigine des résolvines de la séric D via la S-lipoxygénase ainsi que des protectines. COX 2 :
Cyclooxygénase 2. 17-HpDHA: acide 17-hydroxyphospho docosahexanoique. Modifié d’aprés (Serhan
2017).

La reprogrammation des macrophages apres efferocytose va ensuite induire de nombreux

phénoménes immuno-modulateurs sur les cellules de I'immunité innée (Figure 7). La

lipoxine A4 est un des lipides produits par les macrophages pro-résolutifs. Elle va notamment,

via son récepteur nommé ALX, diminuer I’attraction des neutrophiles et renforcer celle des
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monocytes (Maddox, Hachicha et al. 1997). La famille des résolvines, lipides pro-résolutifs,
est également impliquée dans la résolution de I’inflammation. L interaction de la résolvine E1
avec son récepteur CMKLRI1 (chemokine-like receptor I) atténue 1’activation du facteur de
transcription NF«B et la production de TNF-a subséquente dans différents types cellulaires,
dont les monocytes lors de la résolution de I’inflammation (Arita, Bianchini et al. 2005). La
résolvine D1 est quant a elle responsable de I’arrét du recrutement des neutrophiles dans
différents contextes inflammatoires (Serhan, Hong et al. 2002). De plus, ces différents lipides
pro-résolutifs vont favoriser la phagocytose des cellules apoptotiques par les macrophages

permettant d’entretenir I’immuno-modulation tissulaire (Serhan, Chiang et al. 2008).

La reprogrammation des cellules de I'immunité innée va alors permettre de moduler les
cellules de I'immunité adaptative et principalement les lymphocytes T (Figure 7). En effet,
lors de la phagocytose de cellules apoptotiques par les macrophages, une profonde
reprogrammation lymphocytaire est observée (Miyake, Asano et al. 2007; Perruche, Zhang et
al. 2008). L’efferocytose diminue notamment la production de TNF-a, IL-8, IL-23, GM-CSF
ou d’IL-1B, des cytokines impliquées dans la polarisation des LT en Thl et Th17, et augmente
la sécrétion de TGF- qui est le facteur principal impliqué dans la génération de lymphocytes
T régulateurs (Treg) (Fadok, Bratton et al. 1998; Chen, Jin et al. 2003; Stark, Huo et al. 2005).
Dans un contexte auto-immun (diabéte de type I et sclérose en plaques), la prise en charge de
cellules apoptotiques par les macrophages diminue les signes cliniques de la maladie. Cette
induction de tolérance est liée a 1’efferocytose des cellules apoptotiques par les macrophages
qui sécretent alors du TGF-B induisant la différentiation des lymphocytes T naifs en Treg
spécifiques de ID’antigene (Kasagi, Zhang et al. 2014). Chez des souris atteintes
d’athérosclérose, le blocage de la phagocytose en utilisant des anticorps anti-TIM1 et 4 mene
a une pathologie exacerbée et a une augmentation des réponses Thl et Th2 et des cytokines

associées (Foks, Engelbertsen et al. 2016).

Les cellules non immunes sont également impactées par les produits issus de 1’efferocytose
permettant la réparation tissulaire et le retour a I’homéostasie (Figure 7). Au niveau de la
peau, par exemple, les macrophages controlent la réparation tissulaire en régulant
I’angiogenese et la différentiation des myofibroblastes en sécrétant du TGF-$ et du VEGF
(vascular endothelial growth factor). Le TGF-B joue également un rdle important dans la
régénération tissulaire en facilitant la production d’inhibiteurs des métalloprotéinases (les
TIMP) qui régulent le remodelage tissulaire ou encore en favorisant la production de

collagene (Lucas, Waisman et al. 2010; Ortega-Gomez, Perretti et al. 2013). Les macrophages
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de type M2, et notamment les facteurs qu’ils produisent (VEGF, IL-10, TGF-B1 et 3),
favorisent également la prolifération des cellules souches mésenchymateuses et leur motilité
permettant la réparation tissulaire dans un modele de dégradation de la moelle épiniére
(Anton, Banerjee et al. 2012; Nakajima, Uchida et al. 2012; Freytes, Kang et al. 2013). Enfin,
des travaux récents ont démontré que les macrophages apres efferocytose sécretent de I’IGF1
(insulin growth factor I). L’IGF1 interagit alors avec son récepteur présent sur les cellules
épithéliales, notamment au niveau des poumons, et diminue 1’inflammation démontrant des
interactions primordiales entre les macrophages et les cellules non-immunes pour controler

I’inflammation et induire un retour a 1I’homéostasie et une réparation tissulaire (Han,

Juncadella et al. 2016).
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Figure 7. Effet direct et indirect de I’efferocytose sur les cellules du microenvironnement. La production de
facteurs anti-inflammatoires (TGF-f, IL-10...) par les macrophages aprés efferocytose ainsi que la baisse de
production de facteurs pro-inflammatoires (GM-CSF, IL12, 1L23...) va permettre de modifier les cellules du
microenvironnement tissulaire et notamment les cellules de I'immunité innée. En effet, sous 1’effet de ce
sécretome, les neutrophiles vont acquérir une capacité migratoire moindre alors que ’état d’activation des DC et
macrophages sera diminué. Les cellules non immunes seront également modulées par ces macrophages pro-
résolutifs. Les cellules souches mésenchymateuses développeront une capacité proliférative accrue, les
fibroblastes se différencieront en myofibroblastes et les cellules épithéliales vont développer un phénotype anti-
inflammatoire. Tous ces changements vont alors favoriser la réparation et la régénération tissulaire. Enfin, les
cellules de I’immunité adaptative sont également modulées par les macrophages de maniére directe ou indirecte.
La baisse de sécrétion de cytokines inflammatoires et I’augmentation de la sécrétion de TGF-f vont diminuer la
différenciation des LT en Thl et Thl7 et favoriser I’émergence de Treg. De plus, les cellules épithéliales
modulées par les macrophages vont moduler la migration des LT CD4+, les fibroblastes induire la génération de
Treg et les cellules souches mésenchymateuses vont induire des macrophages anti-inflammatoires et des Treg.
Enfin, les APC moduler par le sécretome des macrophages vont alors diminuer ’activation des LT. GM-CSF:
Granulocyte-macrophage colony-stimulating factor. IGF-1: Insulin growth factor-1. IL: Interleukine. LXA4:
Lipoxine A4. Rv: Résolvine. TGF-fB: Transforming growth factor beta. TNF-o: Tumor necrosis factor alpha.
VEGF: Vascular endothelial growth factor.
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Bien que la mise en place de la réponse inflammatoire soit un mécanisme bénéfique afin de
répondre a une agression, cette réponse inflammatoire doit demeurer aigué et se résoudre
d’elle-méme. En cas de défaut de résolution de I’inflammation, la persistance de la réponse
inflammatoire va favoriser le déclenchement de pathologies inflammatoires chroniques. Il a
par exemple été montré que la capacit¢ de phagocytose des macrophages lors de la
périodontite (inflammation dentaire) est altérée et que le traitement de ces macrophages avec
de la résolvine El restaure la phagocytose (Fredman, Oh et al. 2011). Un défaut de
phagocytose similaire est observé chez les patients atteints de sclérose en plaques et diminue
la capacité de remyélinisation par les oligodendrocytes (Natrajan, de la Fuente et al. 2015).
Enfin, les taux de lipides pro-résolutifs sont diminués chez les patients atteints d’Alzheimer
ou d’asthme démontrant que la résolution de I’inflammation est défaillante chez les patients
atteints de maladies inflammatoires chroniques (Miyata, Fukunaga et al. 2013; Headland and

Norling 2015).

Comme nous I’avons vu précédemment, I’inflammation est une réaction naturelle de
I’organisme permettant au corps de lutter contre une agression. Cette réaction se résout
généralement d’elle-méme permettant le retour a 1’homéostasie et la réparation tissulaire.
Cependant, un défaut de résolution de I’inflammation peut mener au développement de
maladies inflammatoires chroniques dont nous allons étudier maintenant 1’exemple de la

sclérose en plaques.
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La sclérose en plaques, une pathologie auto-immune

I) Les maladies inflammatoires a médiation immune

Lors d’une inflammation non-résolue, a cause de facteurs environnementaux non favorables,
de mutations génétiques ou encore a cause d’une infection persistante, la réaction
inflammatoire peut perdurer et favoriser le développement de maladies auto-immunes
inflammatoires chroniques. Environ 80 maladies auto-immunes sont actuellement recensées et
constituent la troisiéme cause de mortalité/morbidité dans le monde, touchant 8% de la
population dans les pays développés. Une forte prévalence est observée chez les femmes qui
représentent 78% des personnes atteintes de maladie auto-immunes. Ces maladies sont
distinguées en premier lieu par I’organe qu’elles affectent : la sclérose en plaques touche le
systeme nerveux central (SNC), le psoriasis la peau, la polyarthrite rhumatoide se développe
au niveau des articulations et les maladies inflammatoires de I’intestin (MICI) affectent le
tractus digestif. De plus, ces maladies different par leur développement. Dans le diabete de
type 1 (qui affecte le pancréas), par exemple, d’importants dommages tissulaires sont
observés avant le déclenchement de la maladie alors que dans la plupart des autres maladies
auto-immunes ces dommages sont proches dans le temps (Cho and Feldman 2015). S’il existe
une hétérogénéité importante entre les différents types de maladies auto-immunes, une
hétérogénéité est également observée au sein d’une méme pathologie. Si I’on prend I’exemple
de la polyarthrite rhumatoide, 1’age de déclenchement, le nombre d’articulations affectées et
les complications multi-organes constituent des facteurs de variation interindividuelle
(Klareskog, Catrina et al. 2009). Le déclenchement de ces maladies est multifactoriel et
encore mal défini. Cependant, les facteurs génétiques ont un rdle certain dans certaines
pathologies comme cela a été démontré récemment par différentes études de « Genome-Wide
Association Study » (GWAS). Cependant, les facteurs génétiques ne suffisent pas a expliquer
a eux seuls le développement de ces pathologies. Chez des jumeaux hétérozygotes, la
concordance du taux de maladie est de 15% pour la polyarthrite rhumatoide et de 30% pour le
diabete de type 1, suggérant que d’autres facteurs sont mis en jeu (Bogdanos, Smyk et al.
2012). Les infections sont ainsi suspectées de participer au développement des maladies auto-
immunes. Par exemple, les infections liées aux périodontites augmentent la susceptibilité a la
polyarthrite rhumatoide (Hajishengallis 2015). Le microbiote et sa dérégulation sont
¢galement au cceur du développement des maladies auto-immunes. Des modifications du
microbiote dans différents modeles murins de maladies auto-immunes modulent la sévérité de
la maladie via des modifications des réponses immunes (Mathis and Benoist 2011). Différents
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modes d’actions peuvent expliquer les liens entre infections par un pathogeéne et auto-
immunité. Les pathogénes peuvent exprimer certains antigénes possédant une structure proche
de celle des antigenes du soi. Des LT ou B autoréactifs vont alors étre activés et induire une
réaction immunitaire ainsi que des dommages directs contre le tissu cible. Ce phénomene est
appelé « mimétisme moléculaire » (Cusick, Libbey et al. 2012). De plus, si la réponse au
pathogene persiste au sein du tissu affecté, des dommages tissulaires peuvent avoir lieu
menant a la libération d’antigénes du soi qui seront alors pris en charges par les APC initiant
une réponse auto-immune. Ce mécanisme est appelé « étalement d’épitope » (Vanderlugt and
Miller 2002). Ensuite, une activation des cellules immunes de maniére non spécifique par un
pathogéne peut également mener a activer d’autres cellules du systéme immunitaire et
notamment des LT auto-réactifs. Ce processus est appelé « activation occasionelle » (Boyman
2010). Enfin, la présence persistante d’un pathogeéne au sein d’un tissu peut créer un
environnement inflammatoire activant la production de protéases et le clivage d’antigénes
sous-dominants. Ces antigénes sont appelés antigénes cryptiques et ne sont normalement pas

reconnus par le systéeme immunitaire. Leur clivage va permettre une présentation antigénique

par les APC et a la mise en place d’une auto-immunité (Vanderlugt and Miller 2002).

Enfin, d’autres facteurs environnementaux sont impliqués dans la survenue de maladies auto-
immunes tels que 1’exposition a des polluants, le régime alimentaire ou une exposition aux

ultraviolets (Vojdani 2014).
IT) La sclérose en plaques (SEP)

I1.1) Généralités

La SEP est une maladie auto-immune démy¢linisante affectant le SNC (cerveau et moelle
épiniere [ME]). La premicre description de la SEP a été effectuée en 1838 par Robert
Carswell qui la décrivit comme « une lésion remarquable de la moelle épiniére accompagnée
d’atrophie ». Elle est caractérisée par une infiltration des cellules immunes au sein du SNC
suivie d’une inflammation et d’une perte des gaines de myéline qui entourent 1’axone
neuronal affectant ainsi la fonction de ce neurone. Cette maladie touche actuellement environ
3 millions de personnes dans le monde, principalement au sein des pays développés, avec une
incidence supérieure chez les femmes. C’est une maladie du jeune adulte dont les premiers
signes apparaissent généralement autour de 30 ans et qui provoque une paraplégie chez 50%
des patients a 25 ans du diagnostic initial. Ces signes cliniques sont variés et incluent

notamment la douleur, la fatigue, des vertiges, des faiblesses, une perte de fonction cognitive
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et une perte des fonctions motrices (Compston and Coles 2008). Une hétérogénéité dans les
formes de la maladie est cependant observée. Environ 80-85% des patients ont la forme la
plus commune qui est la forme récurrente-rémittente (Figure 8). Elle est caractérisée par un
premier €pisode affectant un ou plusieurs sites du SNC (appelé syndrome clinique isol¢)
suivie par un cycle de phases de rémission et d’épisodes cliniques. Les épisodes de rechute
sont marqués notamment par une inflammation et une démyélinisation discernable par IRM
(imagerie a résonnance magnétique). Apres cette phase récurrente-rémittente, 80% des
patients développent une forme de la maladie appelée progressive secondaire (10 a 20 ans
apres le premier diagnostic) durant laquelle 1’évolution est progressive et marquée par une
atrophie du cerveau (et donc une perte de volume cérébral). Environ 10% des patients
développent une SEP de type progressive primaire qui présente les méme symptomes que
ceux de la forme progressive secondaire (Figure 8) (Dendrou, Fugger et al. 2015). La
moyenne de mortalité se situe autour de 30 ans apres le début de la maladie ce qui représente
5 a 10 ans de diminution de la durée de vie (Bronnum-Hansen, Koch-Henriksen et al. 2004).
Les patients atteints de SEP présentent également un plus grand risque de suicide et de
dépression (Minden and Schiffer 1990). D’un point de vue pathologique, la sclérose en
plaques est caractérisée par une démyélinisation au niveau de la matic¢re blanche et grise du
cerveau et de la ME. Ces aires démyélinisées appelées plaques ou lésions marquent la mort
des oligodendrocytes et la disparition de la myéline qu’ils produisent. Avec la progression de
la maladie, la perte de myéline va également aboutir a une perte de fonction axonale.
L’inflammation est présente tout au long de la maladie mais de maniére plus marquée dans les
phases aigués que chroniques. Lors des premiers signes de la maladie, I’infiltrat est constitué
principalement de macrophages et de lymphocytes T CDS. L’infiltration des cellules
immunitaires est permise par une étanchéité accrue de la barriere hémato-encéphalique (BHE)
qui fait du SNC un organe de privilege immun en conditions physiologiques. Au sein des
1ésions de stades plus avancés, un fort infiltrat de lymphocytes T et B est observé ainsi qu’une

activation de la microglie et des astrocytes (Dendrou, Fugger et al. 2015).
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Figure 8. Course clinique de la SEP. Le développement de la maladie est variable suivant les individus. La
majorité des personnes atteintes de SEP développent des syndromes cliniques isolés marqués par des épisodes
d’affections neurologiques puis des phases de rémission de la maladie. Cette phase est appelée récurrente-
rémittente. Elle est généralement suivie d’une phase progressive secondaire marquée par un déclin neurologique
progressif. Cependant, une faible proportion de patients (environ 15%) développe directement une phase
progressive appelée alors progressive primaire. D’aprés (Dendrou, Fugger et al. 2015).

I1.2) Causes de la SEP

Les causes de déclenchement de la SEP sont encore mal connues mais semblent reposer sur
des facteurs génétiques et environnementaux. En effet, cette maladie se développe
principalement chez des individus génétiquement susceptibles. La SEP présente notamment
un taux de récurrence familial de 20 %. Des études au Canada et aux Etats-Unis ont
notamment montré que la concordance clinique était de 25% chez des jumeaux homozygotes
(Compston and Coles 2008). Les GWAS ont mis en évidence une centaine de génes associés
au déclenchement de la SEP dont la majorité est impliquée dans la régulation des réponses
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immunes. Parmi les génes mis en cause on note 1I’IL-2, les interférons (IFN), le récepteur
TNFR1 (tumor necrosis factor receptor 1), la voie NFkB, I'I[L7R ou encore les protéines
HLA (Dendrou, Fugger et al. 2015). L’implication de mutations dans les génes de I’immunité
est un caractére commun dans le déclenchement des maladies auto-immunes. Néanmoins, le
role spécifique de chaque modification génique peut engendrer des effets inverses en fonction
de la pathologie. Ainsi, une mutation dans le géne TNFR1 confére une susceptibilité pour la
sclérose en plaques mais une résistance a la spondylarthrite, expliquant au moins pour partie
les effets positifs des médicaments ciblant la voie du TNFRI sur la spondylarthrite
ankylosante mais délétéres sur la SEP (Sawcer, Hellenthal et al. 2011; Gregory, Dendrou et
al. 2012).

Cependant, si les facteurs génétiques jouent un role certain dans le déclenchement de la SEP,
ils ne semblent impliqués que pour 30% dans sa survenue. La survenue de la SEP semble
donc liée également a d’autres facteurs comme les facteurs environnementaux. La premiere
catégorie des facteurs environnementaux est composée de facteurs non-infectieux tels que la
vitamine D, la cigarette ou encore des modifications du cycle circadien. Des études ont
montré une augmentation des taux de SEP dans les pays les plus éloignés de 1’équateur, ce qui
correle inversement avec leur durée d’ensoleillement. Cependant, des populations vivant a des
hautes latitudes, mais ayant une forte consommation en vitamines D, voient leur taux de SEP
réduit (Westlund 1970; Kurtzke, Beebe et al. 1979). La cigarette est également impliquée
dans une exacerbation des réponses immunes et est associée a un risque accru de SEP
(Handel, Williamson et al. 2011). De plus, la consommation de cigarettes favorise la mutation
de deux génes, HLA-DRB1 muté en position 15 (HLADRB1*15) et HLA-A muté en position
2 (HLA-A*02) induisant sa non expression, deux genes considérés comme facteurs de risque
de la SEP (Hedstrom, Sundqvist et al. 2011). Enfin, des modifications du rythme circadien
peuvent également étre en partie responsables du développement de la SEP. En effet, le
travail nocturne ou partiellement nocturne favorise I’apparition de SEP chez les sujets de
moins de 20 ans en comparaison du travail diurne (Hedstrom, Akerstedt et al. 2011). De plus,
un article récent a montré que chez la souris, le rythme circadien modifiait la localisation des
LT notamment au niveau des ganglions et que ces changements étaient liés a des variations de

la maladie dans un modéle murin de SEP (Druzd, Matveeva et al. 2017).

La deuxiéme catégorie de facteurs environnementaux sont les facteurs infectieux et
notamment les infections virales. Le premier d’entre eux et le plus étudi¢ est le virus

d’Epstein-Barr (EBV). Des études épidémiologiques ont montrées que 99,5% des patients
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atteints de SEP sont séropositifs pour ’EBV contre 94,2% pour la population totale. De
maniere encore plus marquante, dans les cas de SEP pédiatrique, 83% des enfants atteints de
SEP sont séropositifs pour I’EBV contre 42% pour la population générale (Alotaibi, Kennedy
et al. 2004; Goodin 2009). D’autres virus tels que I’Human herpesvirus-6, le Varicella-zoster
virus ou encore le Torque teno virus pourraient avoir un role dans le déclenchement de la SEP
mais leur role n’est pas certain et peu défini (Kakalacheva and Lunemann 2011). En plus des
virus, le microbiote joue également un role fondamental dans le développement de la SEP. Si
le réle exact du microbiote dans la SEP est encore peu étudié, une étude récente a notamment
démontré que le microbiote des patients atteints de SEP était modifié tant d’un point de vue
des especes présentes que d’un point de vue fonctionnel (Chen, Chia et al. 2016). Chez la
souris, I’absence de microbiote prévient totalement le déclenchement de la maladie (Berer,
Mues et al. 2011). De plus, I’administration d’antibiotiques diminue le déclenchement de la
maladie dans un modéle murin de SEP appelé EAE (encéphalomyélite auto-immune
expérimentale) notamment en modifiant la balance Treg-Th17 (Yokote, Miyake et al. 2008;

Ochoa-Reparaz, Mielcarz et al. 2009).

I1.3) Pathophysiologie de la SEP

Le SNC a longtemps été considérée comme un organe de privilege immun, donc a I’abri de la
réponse immunitaire. Si le SNC est effectivement particulier, il peut étre le lieu d’une réponse
inflammatoire. Les premiéres cellules impliquées dans les réponses inflammatoires au sein du
SNC sont la microglie et les astrocytes. Les cellules microgliales sont des cellules de
I’immunité innée capable de phagocytose, de présenter I’antigéne et de sécréter des facteurs
cytotoxiques. Les astrocytes sont eux impliqués dans le formation des neurones et leur soutien
mais peuvent également induire des réponses inflammatoires via la sécrétion de facteurs
cytotoxiques et de cytokines inflammatoires (Becher, Spath et al. 2017). Ces deux types
cellulaires seront les premiers a s’activer de maniére chronique lors de I’inflammation au sein
du SNC. La sécrétion des cytokines et chemokines inflammatoires va ensuite permettre
d’induire I’expression de molécules d’adhésion au sein du SNC mais également d’activer les
cellules immunes en périphérie et de favoriser leur recrutement au sein du SNC. L’infiltration
immunitaire au sein du SNC va alors permettre la mise en place de réponses inflammatoires
persistantes et induire une dégradation tissulaire (Lucas, Rothwell et al. 2006). Le
développement d’une réponse inflammatoire au sein du SNC est donc différent de celle

observée dans d’autres organes périphériques et la capacité d’infiltration des leucocytes est un
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facteur cl¢ dans le développement de I’inflammation au sein du SNC. Nous allons maintenant

détailler le déroulement de la réponse inflammatoire au cours de la SEP.

11.3.1) Les lymphocytes T

Les lymphocytes T CD4" initient et régulent les réponses immunes adaptatives liées aux
infections et au cancer et jouent également un role prépondérant dans le développement des
allergies et des maladies auto-immunes. Depuis les années 1980, les LT CD4" ont été
classifiés selon leur profil cytokinique (Mosmann, Cherwinski et al. 1986). Les principaux

sous-types de T CD4" ainsi que leurs caractéristiques sont détaillées dans la figure 8.

La principale hypothese de déclenchement de la SEP suggere une activation périphérique des
lympthocytes T spécifiques de la myéline qui une fois activés entrent ensuite au niveau du
SNC ou ils sont réactivés par des cellules présentatrices de I’antigéne (APC) (Dendrou,
Fugger et al. 2015) (Figure 9 et 10). L’activation en périphérie des lymphocytes T implique la
présence de protéines dérivées de la myéline, bien que supposées produites strictement au
niveau du SNC par les oligodendrocytes. Cependant, certaines observations suggerent que des
protéines telles que la myelin binding protein (MBP) ou la protéine protéolipide (PLP) sont
constitutivement présentes au niveau systémique. En effet, des souris exprimant un TCR
transgénique spécifique de MBP ou PLP développent une EAE spontanée apres une activation
lymphocytaire au niveau des ganglions cervicaux (Furtado, Marcondes et al. 2008; Zhang,
Podojil et al. 2008). L’autre hypothése majeure pouvant expliquer la survenue de la SEP
suggére que le premier ¢éveénement inflammatoire est une dégénérescence des
oligodendrocytes (Stys, Zamponi et al. 2012). Cette hypothése est basée sur I’observation du
fait que la perte des oligodendrocytes et de la myéline se déroule avant d’observer une
inflammation au sein du cerveau de patients atteints de SEP (Seewann, Vrenken et al. 2009).
De plus, chez le souris, I’induction de la mort des oligodendrocytes et la subséquente
démy¢élinisation sont des événements suffisants afin d’induire une infiltration des LT au sein
du SNC et une inflammation (Traka, Podojil et al. 2016). Dans ce mod¢le, I’activation de la
microglie, suite a la démyélinisation, permet alors la prise en charge des antigénes
my¢liniques par les cellules dendritiques qui migrent alors au niveau des organes lymphoides
périphériques afin d’induire I’activation de LT pathogéniques (Hemmer, Kerschensteiner et
al. 2015). Une fois activés, les lymphocytes T vont entrer au sein du SNC par la barriere entre
le liquide cérébro-spinal et le sang au niveau de 1’espace subarachnoidien, par cette méme
barriere au niveau du plexus choroide et par la BHE au niveau de 1’espace périvasculaire

(Ransohoff, Kivisakk et al. 2003). Une fois au sein du SNC, les lymphocytes T vont étre
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réactivés par les APC et notamment les cellules dendritiques (DC) présentant des peptides
issus de la myéline. Les lymphocytes T pathogéniques ainsi générés induisent alors une

dégradation des gaines de myéline (Bailey, Schreiner et al. 2007).
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Figure 9. Principaux sous-types de T CD4". La différenciation en Thl se fait sous ’action de I'IL-12 et du
TNF-a ainsi qu’un fort signal provenant du TCR. Ces signaux activent alors différents facteurs de transcription
et notamment le facteur T-bet. Les Thl sont caractérisés par leur expression des récepteurs CCR5 et CXCR3
ainsi que de la production d’IFN-y et sont impliqués dans les réponses anti-cancéreuses, la défense contre les
pathogenes mais également le développement des maladies auto-immunes. Les Th2 sont générés par la présence
d’IL-4 et un faible signal du TCR ce qui aboutira a I’activation des facteurs de transcription GATA3 et STAT6.
Ils sont caractérisés par 1I’expression des récepteurs CCR4, CCR8 et la production d’IL-4, 5 et 13. Ils sont
impliqués dans les réponses antiparasitaires et les allergies. La différenciation en Th17 est controlée par les
cytokines IL-6, IL-21, IL-23 et TGF-B. Le facteur de transcription clé¢ des Th17 est le facteur RORyt qui va
permettre 1I’expression du récepteur CCR6 et des cytokines IL-17 et IL-22. Les Th17 sont impliqués dans les
réponses contre les pathogeénes, la réparation tissulaire mais également dans les maladies auto-immunes. Enfin,
les Treg sont générés sous l’action du TGF-B et le facteur de transcription Foxp3 est essentiel a leur
développement. Ils expriment a leur surface les molécules PD-1 et CTLA-4 et sécrétent principalement de 1’IL-
10 et du TGF-B. Ils sont impliqués dans la régulation des réponses T effectrices et s’ils favorisent la survenue de
cancers, ils diminuent le risque de maladies inflammatoires. AHR: aryl hydrocarbon receptor. BACH2: basic
leucine zipper transcription factor 2. CTLA4: cytotoxic T lymphocyte antigen 4. EOMES: eomesodermin.
FOXO: forkhead box O. GATA3: GATA-binding protein 3. HIFla: hypoxia-inducible factor la. IRF4:
interferon-regulatory factor 4. MAF: macrophage-activating factor. NR4A: nuclear receptor 4A4. PDI1:
programmed cell death 1. pTReg cell: peripherally derived regulatory T cell. RAR: retinoic acid receptor.
ROR: retinoic acid receptor-related orphan receptor. RUNX3: runt-related transcription factor 3. TCR: T cell
receptor. SMAD: SMA and MAD related protein. tTReg cell: thymus-derived regulatory T cell. D’apres
(DuPage and Bluestone 2016).
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Les premiéres cellules T CD4" ayant été démontrées comme impliquées dans la SEP sont les
Thl. En effet, des observations basées sur le modele d’EAE ont montré que les LT infiltrant
le SNC étaient principalement des cellules productrices d’IFN-y ainsi que d’IL12p40 (Segal
and Shevach 1996). De plus, le transfert de Thl dans des souris naives est suffisant pour
induire ’EAE (Baron, Madri et al. 1993). Enfin, chez les patients atteints de SEP,
I’expression d’IFN-y et d’IL-12 est corrélée avec I’activité clinique et I’administration d’IFN-
vy augmente les signes cliniques (Panitch, Hirsch et al. 1987; Gutcher and Becher 2007).
Cependant, des observations plus récentes remettent en cause 1’axe Thl dans la SEP.
Premierement, des souris déficientes en IFN-y, IL-12 ou TNF-a sont capables de développer
une EAE aprés immunisation (Steinman 2007). Par ailleurs, des souris déficientes en 1L-23,
une molécule nécessaire pour le développement des Thl7, sont totalement résistantes a
I’induction d’EAE (Cua, Sherlock et al. 2003). De plus, le transfert de Th17 induit une
pathologie plus sévere que le transfert de Thl et la neutralisation de I’IL-17 par un anticorps
améliore les signes de la maladie, suggérant I’implication de cette population dans la SEP
(Hofstetter, Ibrahim et al. 2005; Langrish, Chen et al. 2005). Cependant, des souris déficientes
en IL-17a et IL-17f sont toujours susceptibles de déclencher une EAE (Haak, Croxford et al.
2009). Toutes ces données montrent que le déclenchement de la SEP ne peut pas étre attribué
uniquement a un de ces deux types cellulaires mais serait plutét une combinaison d’effets.
Une des molécules clés dans le déclenchement de la SEP pourrait étre le GM-CSF. En effet,
ce facteur pro-inflammatoire est nécessaire pour le déclenchement de ’EAE (Croxford, Spath
et al. 2015). De plus, cette cytokine est nécessaire et suffisante pour 1’acquisition d’un profil
encéphalitogénique par les LT CD4" et ce de maniére plus marquée que la sécrétion d’IFN-y
ou d’IL-17 (Codarri, Gyulveszi et al. 2011). Les Th1 et Th17 déficients en GM-CSF sont par
ailleurs incapables de déclencher ’EAE malgré leur capacité a infiltrer le SNC (El-Behi, Ciric
et al. 2011). Enfin, la présence de GM-CSF est accrue dans le liquide cérébro-spinal de
patients atteints de SEP démontrant que le marqueur de polarisation des LT clé dans la SEP

pourrait étre le GM-CSF, plus que I’IL-17 ou I’IFN-y (Carrieri, Provitera et al. 1998).

Le déclenchement de la SEP est également associé a une défaillance des Treg qui pourrait
permettre I’émergence de lymphocytes T auto-réactifs. En effet, les Treg issus des PBMC de
patients atteints de SEP ont une fonction suppressive et un phénotype altérés (Venken,
Hellings et al. 2008). De plus, certains sous-types de Treg spécifiques tels que les Treg
CD39", qui contrdlent les réponses Th17 voient leur pourcentage et leur phénotype altérés

(Fletcher, Lonergan et al. 2009). Les déficiences des Treg peuvent notamment étre attribuées
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a une diminution de la fréquence de Treg naifs circulants provenant du thymus, ce qui induit
une expansion des Treg mémoires non effective (Venken, Hellings et al. 2008). De plus, ces
Treg pourraient également changer de phénotype pour devenir des Thl-/ike qui sécrétent de

I’IFN-y (Fletcher, Lonergan et al. 2009).

Enfin, le role des lymphocytes T CD8" dans la SEP est souligné par la présence de cette
population au niveau des Iésions démyélinisées de patients ainsi que celle de leurs granules
cytotoxiques au niveau des oligodendrocytes et axones des neurones. Ainsi, des lymphocytes
T CD8" de patients atteints de SEP spécifiques de la MBP sont capables de lyser des
oligodendrocytes en culture (Friese and Fugger 2005; Goverman, Perchellet et al. 2005). De
plus, ces lymphocytes T ont la capacit¢ de sécréter de I'l[FN-y et du TNF-a ainsi que
d’acquérir une activité cytotoxique (Zang, Li et al. 2004). Au niveau des 1ésions de patients
atteints de SEP, les CD8" produisent de I’IL-17 dans plus de 70% des cas et ce de maniére
équivalente a celle des lymphocytes T CD4" suggérant un rdle pathogénique de cette
population lymphocytaire (Tzartos, Friese et al. 2008). Chez la souris, des lymphocytes T
CDS8" stimulés avec le peptide MOG (myelin oligodendrocyte glycoprotein) sont capables

d’induire la maladie lorsqu’ils sont transférés a des animaux naifs (Ford and Evavold 2005).

11.3.2) Les cellules dendritiques

Les DC se subdivisent en deux grands groupes : les DC conventionnelles (¢cDC) et les DC
plasmacytoides (pDC). Les cDC expriment le marqueur CD11c ainsi que le CMH-II et sont
divisées en deux sous-types basés sur I’expression du CD8a chez la souris et du CDlc et
CD141 chez I’'Homme (Xie, Zhang et al. 2015). Les cDC CDS8a' chez la souris et CD141c"
chez I’Homme présentent les antigénes exogenes et induisent des réponses Thl in vitro tandis
que les ¢cDC CD8 et CDIc induisent des réponses Th2 in vitro et semblent étre impliquées
dans des phénomenes de tolérance (Maldonado-Lopez, De Smedt et al. 1999; Kassianos,

Hardy et al. 2012; Xie, Zhang et al. 2015).
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Figure 10. Dérégulation du systéme immunitaire en périphérie lors de la SEP. Deux hypothéses peuvent
expliquer la survenue de la SEP : (1) Au cours de la sélection négative au sein du thymus, certains LT auto-
réactifs peuvent échapper a cette sélection et étre relargués en périphérie ; (2) Une mort des oligodendrocytes
induit une démyélinisation et une activation de la microglie au sein du SNC. Les DC vont alors étre activées et
vont migrer en périphérie afin de présenter les antigénes myéliniques et d’activer les LT. Chez un individu sain,
des mécanismes de tolérance périphérique limitent I’action pathogénique de ces cellules. Cependant, une
modification de la balance entre cellules effectrices et régulatrices (notamment au niveau des LT) va permettre
I’activation des LT spécifiques de la myéline par une présentation antigénique. Une fois activés, ils vont se
différencier, principalement en Thl et Th17, et migrer au sein du SNC en compagnie des LB et des cellules de
I’immunité innée. Des facteurs environnementaux tels que la cigarette, une infection virale ou une modification
du microbiote intestinal peuvent également favoriser ces événements. APC: Cellule présentatrice d’antigene.
CMH: Complexe majeur d’histocompatibilité. GG: Ganglions. SNC: Systéme nerveux central. Modifié d’apres
(Dendrou, Fugger et al. 2015).

Les ¢DC sont présentes au niveau du SNC sain notamment au sein du plexus choroide, du
parenchyme et des méninges, suggérant un role de surveillance immunitaire (Pashenkov and
Link 2002). Cependant, elles s’accumulent de maniére importante au sein du SNC de patients
atteints de SEP (Serafini, Rosicarelli et al. 2006) et présentent un profil pro-inflammatoire
avec une augmentation de I’expression des marqueurs de co-stimulation (CD80, CD40), des

cytokines pro-inflammatoires (TNF-a, IL-12) et induisent des polarisations de type Thl
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¢galement plus de cytokines inflammatoires (Huang, Xiao et al. 1999). Dans le mod¢le
d’EAE, les ¢cDC peuvent induire des Thl et Thl7 au niveau des organes lymphoides
périphériques et notamment des ganglions (Diebold 2008). Durant le développement de la
maladie, les cDC sont suffisantes pour présenter les antigénes et induire la génération de
(Figure 9 et 10) (Karni, Abraham et al. 2006). De plus, les cDC circulantes produisent
lymphocytes T spécifiques de la myéline et I’inflammation au sein du SNC (Greter, Heppner
et al. 2005; McMahon, Bailey et al. 2005; Bailey, Schreiner et al. 2007). Cependant, une
¢tude récente a démontré que la présence de cDC n’était pas nécessaire pour 1’induction
d’EAE et que leur déplétion augmentait le score clinique montrant un rdle régulateur des DC.
Cette induction de tolérance passerait par I’induction de Treg via un axe PD-1/PD-L1 (Yogev,

Frommer et al. 2012).

Les pDC représentent une population cellulaire rare dérivée de la moelle osseuse (0,3 4 0,5 %
des PBMC) et qui possede un progéniteur commun avec les cDC exprimant Flt3 (fins-like
tyrosine kinase 3), CD115 et CD117 (Naik, Sathe et al. 2007). Le développement des pDC
requiert ’expression du facteur de transcription E2-2 permettant ainsi I’expression de genes
impliqués dans les fonctions vitales des pDC tels que BDCA2 (blood dendritic cell antigen
2), ILT-7 (immunoglobulin-like transcript 7) et IRF7 (Cisse, Caton et al. 2008). Les pDC sont
les principales cellules responsables de la production d’interférons de type 1 en réponse a une
infection virale mais également des cytokines pro-inflammatoires telles que le TNF-o ou I’'IL-
6 (Liu 2005; O'Keeffe, Grumont et al. 2005). Les médiateurs produits par les pDC semblant
exacerber la pathologie, le réle de cette population a récemment été étudié dans la SEP. En
premier lieu, les pDC sont présentes au sein du liquide cérébro-spinal, des leptoméninges et
des Iésions démy¢linisées de patients atteints de SEP (Lande, Gafa et al. 2008). De plus, leur
concentration est augmentée durant les phases de rechute (Longhini, von Glehn et al. 2011).
Leur phénotype est également modifi¢ au cours de la maladie. En effet, [’expression de la
molécule de co-stimulation CD86 est altérée sur les pDC de patients atteints de SEP ainsi que
leur capacité a induire des Treg (Stasiolek, Bayas et al. 2006). De plus, une étude récente a
montré que plus de 1200 genes étaient modifiés dans les pDC au cours de la SEP et
notamment des genes impliqués dans la régulation des réponses immunes (Aung, Brooks et al.
2012). Chez la souris, leur role est plus controversé et semble dépendant des phases de la
maladie. En effet, la déplétion des pDC au jour de I'immunisation diminue le score clinique
mais leur déplétion au pic de la maladie exacerbe les symptomes (Bailey-Bucktrout, Caulkins

et al. 2008; Isaksson, Ardesjo et al. 2009). Lors du développement de la maladie, les pDC
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augmentent les réponses Thl et Th17 au niveau du SNC et de la rate et diminuent la
génération de Treg (Isaksson, Ardesjo et al. 2009). Cependant, I’injection de pDC au cours de
la maladie permet de diminuer les réponses Thl et Thl7 ainsi que le score clinique
notamment via le recrutement de ces pDC au niveau du SNC par un axe chemerine-CMKLR 1
(chemokine like receptor 1) (Duraes, Lippens et al. 2016). De plus, des souris dont les pDC
sont déficientes pour le CMH-II développent une maladie plus forte notamment a cause d’un
déficit d’expansion des Treg démontrant un role duel des pDC au cours de la SEP (Irla,

Kupfer et al. 2010).

11.3.3) Les macrophages/microglie

Les macrophages ont un réle de « patrouilleurs » au sein du SNC en conditions non
pathologiques. Ils sont responsables de la surveillance immunologique du SNC mais jouent
¢galement un role dans la production des neurones, leur clairance ainsi que la clairance des
débris cellulaires. Cependant, une rupture de I’homéostasie au niveau du SNC peut mener a
un recrutement de monocytes issus du sang (Bogie, Stinissen et al. 2014). Chez des patients
atteints de SEP, les macrophages issus de la moelle osseuse (MO) sont abondamment présents
au sein des lésions démyélinisées actives (Trebst, Sorensen et al. 2001). De plus, ils
présentent un phénotype activé et notamment une sécrétion de cytokines inflammatoires, de
médiateurs toxiques et une augmentation de I’expression des marqueurs de maturation
(Figure 10) (Kouwenhoven, Teleshova et al. 2001; Hendriks, Teunissen et al. 2005). Si chez
I’Homme le role des monocytes/macrophages est encore relativement peu décrit, plusieurs
¢tudes s’y sont consacrées dans le modéle d’EAE. Dans les phases d’induction et de pic, une
infiltration massive de macrophages au niveau du SNC est observée notamment au niveau des
méninges, du plexus choroide et de I’espace périvasculaire et ce nombre est diminué¢ durant la
phase de résolution de I’inflammation (Ousman and Kubes 2012). Cette augmentation de
recrutement des macrophages est notamment liée a une augmentation de production des
chémokines CCL2, 3, 4 et 22 au niveau du SNC. Par ailleurs, un blocage de certaines de ces
chémokines ou des récepteurs associés diminue la sévérité de la pathologie (Jiang, Jiang et al.
2014). De plus, la déplétion des macrophages chez le rat comme chez la souris atténue
fortement la pathologie, démontrant un rdle pathogénique des macrophages dans le
déclenchement de la maladie (Huitinga, van Rooijen et al. 1990; Yang, Zheng et al. 2016). De
nombreuses études ont démontré que les macrophages exprimant Ly6c de maniére forte
s’accumulaient dans le sang et infiltraient le SNC de maniere dépendante de CCR2 au pic de

la maladie (King, Dickendesher et al. 2009; Mildner, Mack et al. 2009; Ajami, Bennett et al.
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2011). Ces macrophages présentent une forte expression du CMH-II et du CDllc et le
blocage de I’infiltration de ces cellules diminue fortement la pathologie (King, Dickendesher
et al. 2009; Ajami, Bennett et al. 2011). Les macrophages, lors de ’EAE, ont donc un profil
pro-inflammatoire caractérisé par une sécrétion accrue de TNF-a, IFN-y, IL-12, IL-6 ou
encore de NO et la balance M1/M2 est altérée. Ainsi, de nombreuses études ont montré que
rétablir cette balance pouvait étre une cible thérapeutique importante dans le traitement de la
SEP (Weber, Prodhomme et al. 2007; Mikita, Dubourdieu-Cassagno et al. 2011; Jiang,
Milovanovic et al. 2012; Liu, Li et al. 2013).

La microglie est un type cellulaire provenant de la lignée myéloide, résidant au niveau du
parenchyme dans le SNC et jouant un role dans la maintenance de son homéostasie. Le role
joué par la microglie chez les patients atteints de SEP ou dans le modele d’EAE est encore
débattu (Rawji and Yong 2013). La microglie est activée au niveau des lésions et présente une
forte expression du CMH-II, des molécules de co-activation, des cytokines inflammatoires et
des médiateurs neurotoxiques chez ’'Homme et dans le modele d’EAE (Figure 10) (Bogie,
Stinissen et al. 2014). L’activation de la microglie dans le modele d’EAE précede le
développement de la maladie et I’inhibition de son activation permet de diminuer
I’inflammation au niveau du SNC en altérant la polarisation Thl (Ponomarev, Shriver et al.
2005; Bhasin, Wu et al. 2007). Cependant, la microglie pourrait également jouer un role
bénéfique et neuro-protecteur. En effet, la stimulation de I’activation de la microglie avant et
au début de la maladie diminue la pathologie et favorise le recouvrement des déficits

neurologiques (Bhasin, Wu et al. 2007).

11.3.4) Role de la barriére hémato-encéphalique

La barriere hémato-encéphalique (BHE) est une barriére membraneuse qui sépare le SNC du
compartiment sanguin. Elle est constituée principalement de cellules endothéliales liées entre
elles par des jonctions serrées (formées notamment des protéines tight junction protein [
(TJP1), occludine, claudine 5 et FII receptor (F11R)) ainsi que par des astrocytes. Cette
barriére joue un réle important dans le maintien de 1’homéostasic du SNC notamment en
empéchant I’entrée des xénobiotiques, métabolites toxiques et des cellules immunes (Ortiz,
Pacheco-Moises et al. 2014). Une perméabilité accrue de cette barriere est observée chez les
patients atteints de SEP sous I’action de cytokines pro-inflammatoires telles que 1’'IL-17 ou
I’IL-22 (Kebir, Kreymborg et al. 2007; Cramer, Simonsen et al. 2014). Dans le mod¢le
d’EAE, une perméabilit¢ de la BHE est observée deux jours avant le début des signes

cliniques et semble liée a I’injection de toxine pertussique qui favoriserait 1’adhésion et la
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migration leucocytaire au sein du SNC (Aube, Levesque et al. 2014). Enfin, I’importance de
la perte d’intégrité de la BHE dans la physiopathologie de la SEP est appuyée par 1’effet d’un
anticorps dirigé contre ’intégrine o4-fl1 dans le modeéle d’EAE: ce dernier bloque
I’accumulation de leucocytes au sein du SNC et prévient la maladie (Yednock, Cannon et al.
1992). Le traitement de patients atteints de SEP par cet anticorps semble prévenir les phases
de rechute, les activités lésionnelles et la progression de la maladie (Pucci, Giuliani et al.

2011).

BERCRCRCRCIC PR

Figure 11. Mécanismes inflammatoires au niveau du SNC lors de la SEP. Une fois les LT activés en
périphérie (1) ils entrent au sein du SNC en franchissant la barriere séparant le sang du liquide cérébrospinal au
niveau du plexus choroide ou des méninges (2). Les LT sont alors réactivés par les cellules présentatrices de
I’antigene (DC, macrophages, pDC) qui expriment des épitopes my¢liniques (3 et 5). Les LT activés vont a leur
tour activer les cellules microgliales ainsi que les cellules endothéliales et migrer au sein du SNC en franchissant
la BHE perméabilisée (4). Au sein du SNC, les LT, en coopération avec les cellules présentatrices de I’antigéne
et les LB, vont sécréter des médiateurs solubles induisant la démyélinisation (6). D’aprés (Goverman 2009).

I1.4) Traitements actuels

Actuellement, il n’existe pas de thérapie curative de la SEP, les traitements disponibles
permettent uniquement de prévenir ou de retarder la survenue de la phase progressive. Ces
approches reposent principalement sur des activités anti-inflammatoires. Les traitements se
divisent en deux grandes catégories : les traitements de premiére ligne qui sont des immuno-

modulateurs bien tolérés par les patients mais montrant une efficacité limitée ; les traitements
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de seconde ligne qui sont beaucoup plus efficaces mais provoquant d’importants effets

secondaires (Michel, Larochelle et al. 2015).

Les traitements de premiére ligne sont notamment composés de I'IFN-f et de 1’acétate de
glatiramere. L’IFN- est une protéine glycosylée de 166 acides aminés qui appartient a la
famille des interférons de type I. Le mécanisme d’action exact de I’I[FN-f dans le traitement
de la SEP n’est pas encore totalement élucidé, cependant il semble exercer un effet majeur sur
les lymphocytes T. Il diminue notamment la différenciation des lymphocytes T en Th17 ainsi
que leur sécrétion d’IL-17 (Guo, Chang et al. 2008). Il impacte €¢galement la capacité des
lymphocytes T a adhérer et & migrer a travers la BHE en diminuant leur expression de MMP9
(Stuve, Dooley et al. 1996). En plus de son effet direct sur les lymphocytes T, il diminue la
capacité¢ des APC a présenter 1’antigéne et augmente leur capacité a produire des cytokines
anti-inflammatoires telles que I'[L-10 et le TGF-B induisant une génération accrue des
lymphocytes T et B régulateurs (Stuart 2004; Meinl, Krumbholz et al. 2006; Guo, Chang et al.
2008). L’acétate de glatiramere est compos¢ d’un mélange de peptide de 40 a 100 acides
aminés dont la structure ressemble a celle de la protéine basique de la myéline (MBP). Ce
médicament exerce des effets immuno-modulateurs sur les cellules périphériques mais
¢galement au niveau du SNC. En périphérie, il va notamment diminuer la génération des
lymphocytes Th17 au profit des Treg et des Th2 (Hong, Li et al. 2005; Aharoni, Eilam et al.
2010). Cet effet est notamment di a la capacité des APC a produire plus d’IL-10 et de TGF-$3
et moins de TNF-a et d’IL-12 (Vieira, Heystek et al. 2003; Weber, Prod'homme et al. 2007).
Au niveau du SNC, I’acétate de glatiramere va favoriser la sécrétion de TGF-f et d’IL-10 par
les astrocytes, la microglie et les lymphocytes T et diminuer celle d’IFN-y par les

lymphocytes T (Aharoni 2013).

Les traitements de seconde ligne comprennent le fingolimod, le natalizumab ainsi que des
anticorps dirigés contre les marqueurs CD20, CD25 et CD52. Le fingolimod est un
antagoniste du récepteur a la sphingosine 1-phosphate (S1P) qui, apres avoir été phosphorylé,
induit une internalisation de ce récepteur (présent a la surface de nombreuses cellules dont les
lymphocytes T) et sa dégradation (Billich, Bornancin et al. 2003). Le rdle principal du
fingolimod est d’inhiber la capacité des lymphocytes T auto-réactifs a migrer des ganglions
vers le SNC en réponse au gradient de S1P (Chun and Hartung 2010). Le natalizumab, quant
a lui, est un anticorps monoclonal dirigé contre 1’intégrine o4 présente a la surface des
leucocytes humains. Le blocage de ce récepteur entrave 1’adhérence des leucocytes au niveau

de I’endothélium inflammé, ce qui inhibe leur migration au niveau du SNC (Sellebjerg,
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Cadavid et al. 2016). Les anticorps anti-CD20 permettent la déplétion des lymphocytes B qui
sont des acteurs importants de la SEP puisqu’ils sont capables de présenter 1’antigéne et donc
d’activer les lymphocytes T mais également de produire des antigenes pathogéniques. Les
anticorps monoclonaux anti-CD20 (rituximab, ofatumumab et ocrelizumab) vont permettre la
déplétion des lymphocytes B matures et immatures via des mécanismes cytotoxiques et
dépendants du complément mais également par induction d’apoptose induisant une tolérance
(Lehmann-Horn, Kronsbein et al. 2013; Kasagi, Zhang et al. 2014). L’anticorps anti-CD25
(appelé aussi daclizumab) cible lui le récepteur a I’'[L-2 (CD25), exprimé a la surface des
lymphocytes T, bloquant ainsi la signalisation de I’IL-2 sur son récepteur. Le CD25 étant
surexprimé a la surface des lymphocytes T activés il va donc inhiber leur activation (Goebel,
Stevens et al. 2000; Dargahi, Katsara et al. 2017). Enfin, un anticorps anti-CD52 a été
approuvé dans le traitement de la SEP. Le CD52 est un antigéne exprimé sur de nombreux
leucocytes tels que les LT, monocytes et certaines cellules dendritiques (Rao, Sancho et al.
2012). L’injection de cet anticorps va donc induire une déplétion des cellules immunes
circulantes et principalement des LT et B permettant de moduler les réponses immunes. De
plus, une repopulation est ensuite observée au cours de laquelle les proportions de Treg et T
mémoires sont augmentées contrairement a celles des LT naifs. Les différentes populations de
LB vont également étre modulées en faveur des LB immatures favorisant la mise en place de
mécanismes de tolérance (Cox, Thompson et al. 2005; Zhang, Tao et al. 2013; Havrdova,

Horakova et al. 2015).

Si les traitements de premiere ligne présentent des effets secondaires peu importants (grippe,
fievre, douleurs, lymphadénopathies), ils ne diminuent le taux de rechute que de 30% environ
et en semble pas influer sur les niveaux de progression d’invalidit¢ lors de la phase
progressive. En revanche, les traitements de seconde ligne diminuent le taux de rechute de
50% et les taux d’invalidité de 25 a 50%, ils présentent des effets secondaires importants
(infections respiratoires, bradychardies, blocages atrio-ventriculaires, leucoencéphalopathie
multifocale progressive). Ces données démontrent donc la nécessité de définir des nouveaux
traitements afin de lutter et de moduler cette maladie plus efficacement (Torkildsen, Myhr et

al. 2016).

I1.5) Les modéles animaux de SEP

Les modeles animaux expérimentaux de SEP ont permis de mettre en lumiére les mécanismes
de la pathologie et de tester différentes approches thérapeutiques. Le caractére multifactoriel
de la SEP a conduit a la mise en place de différents modéeles. Ainsi, 1’étude de la réponse
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immune spécifique est principalement étudiée dans les modeles d’EAE (passifs et actifs) ainsi
qu’a I’aide de souris transgéniques, alors que le phénoméene de remyélinisation est davantage
décrit dans les mode¢les induits a 1’aide de toxines. Enfin, les liens entre SEP et virus ont été

étudiés a I’aide de modéle d’infections virales.

Le modele d’EAE actif est le modeéle animal d’étude de la SEP le plus couramment utilisé.
Son induction se fait en induisant des réponses immunes dirigées contre des composants de la
my¢line ce qui permet d’induire une démy¢élinisation au niveau du SNC. Le premier modé¢le
d’EAE actif a été développé par Koritschoner et Schweinburg en 1925 qui ont montré que
I’injection d’un homogénat de moelle épiniére humaine chez le lapin permettait de déclencher
une inflammation au niveau de la moelle épiniére accompagnée d’une paralysie (Stromnes
and Goverman 2006). Le fractionnement d’homogénats de moelle épinicre a permis de mettre
en évidence la présence d’antigenes myéliniques encéphalitogéniques tels que les protéines
MBP, PLP et MOG (Kipp, van der Star et al. 2012). Le protocole d’induction d’EAE a été
profondément modifi¢ depuis ces débuts et 'immunisation des souris avec différentes
protéines ou peptides se fait actuellement en combinaison avec une injection d’adjuvant de
Freund complet (qui permet I’induction de réponse Thl et Th2 via I’activation des TLR) et de
toxine pertussique (qui induit une perméabilité accrue de la BHE et favorise la génération de
Thl) (Kabat, Wolf et al. 1947; Yong, Meininger et al. 1993; Ryan, McCarthy et al. 1998).
Dans ces modgeles, les signes cliniques sont le reflet de la localisation de I’infiltrat au sein du
SNC ainsi que du type d’infiltrat majoritaire (macrophages, lymphocytes T et B) (Berger,
Weerth et al. 1997) (Sobel 2000). De plus I’espéce animale, 1’age et le genre influencent le
déroulement de la pathologie (Stromnes and Goverman 2006). Les modéles d’EAE les plus
couramment utilisés sont déclenchés chez les rongeurs tels que le rat et la souris. Dans la
majorité des modeles utilisés chez les rongeurs, les signes cliniques sont marqués par une
paralysie progressive de la queue qui atteint les pattes arrieres puis avants. Cette forme d’EAE
est dite « classique » et refléte une inflammation principalement localisée au niveau de la
moelle épinicre, atteignant également le nerf optique dans le modele utilisant le peptide
MOG;s.ss. L’EAE « classique » peut présenter une forme monophasique comme dans le
modele d’injection du peptide MOGs;s-ss dans les souris de fond génétique C57BL/6 ou une
forme récurrente-rémittente comme dans le modele d’injection du peptide PLP;39.15; dans les
souris de fond génétique SJL/J. Leur score clinique est basé sur 1’évaluation de la perte de
fonctionnalité¢ du train arriére qui s’évalue de la maniere suivante: 0: pas de maladie ; 1:

paralysie de la queue; 2: faiblesse des pattes arricres; 3: paralysie partielle des pattes arrieres;

52



4: paralysie totale des pattes arricres; 5: état moribond ou mort (Stromnes and Goverman
2006). Au contraire, certains protocoles d’EAE chez les rongeurs provoquent d’autres signes
cliniques caractéristiques de la SEP et refletent une inflammation au niveau du cerveau
(Storch, Stefferl et al. 1998). Ces modéeles sont dits « atypiques ». La majorité des
observations et des mécanismes immunologiques de la SEP ont été faits dans les mod¢les
d’EAE. Briévement, ces mécanismes reposent sur 1’activation de lymphocytes T CD4" auto-
réactifs ayant échappé a la sélection négative au sein du thymus. Leur activation leur permet
de franchir la BHE perméabilisée (Figure 9). Une fois au sein du SNC, ces lymphocytes T
pathogéniques vont étre réactivés par des APC locales ou infiltrantes. Les lymphocytes T
activés au sein du SNC vont a leur tour alimenter 1’attraction de cellules immunitaires telles
que les macrophages et la sécrétion de molécules pro-inflammatoires et toxiques comme I’IL-

1B, le TNF-a ou encore de dérivés réactifs de 1'oxygene (Figure 10) (Goverman 2009).
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Pharmacologie résolutive : le SuperMApo

La résolution de I’inflammation constitue une cible thérapeutique potentielle dans différentes
maladies ou I’inflammation est dérégulée. Afin de rétablir cette résolution défaillante, de
nombreux groupes ont utilisé les propriétés immuno-modulatrices des cellules apoptotiques
afin de contrdler des maladies inflammatoires. L’injection de cellules apoptotiques dans des
modeles de diabéte, d’EAE, d’arthrite, de MICI ou encore de maladie du greffon contre I’hote
ont permis de mettre en évidence le potentiel thérapeutique de I'injection de cellules
apoptotiques (Saas, Daguindau et al. 2016). Dans le contexte de la SEP, il a été démontré que
I’injection de cellules apoptotiques surexprimant un fragment de MOG prévenait la
progression de ’EAE en réduisant les réponses lymphocytaires spécifiques de 1’antigene.
L’efficacité de cette approche dépend de la prise en charge des cellules apoptotiques par les
macrophages ; leur déplétion entrainant la perte de I’effet tolérogénique (Miyake, Asano et al.
2007). Cependant, une autre étude de la méme équipe a montré que les DC CD8a'CD103"
¢taient ¢galement impliquées dans cette induction de tolérance (Qiu, Miyake et al. 2009).
L’injection de microparticules couplées a un antigene my¢linique permet de diminuer la
pathologie chez la souris. Cette induction de tolérance requiert la phagocytose des
microparticules par les macrophages de la zone marginale de la rate via le récepteur MARCO
(macrophage receptor with collagenous structure) (Getts, Martin et al. 2012). De plus,
I’induction d’apoptose in vivo par ’ajout d’anticorps anti-CD3 ou CD20 ou par irradiation
permet 1’efferocytose par les phagocytes professionnels (DC et macrophages) et la génération
de Treg de maniére TGF- dépendante (Perruche, Zhang et al. 2008; Kasagi, Zhang et al.
2014) et le contrdle de la maladie. Enfin, un essai clinique dans la maladie du greffon contre
I’hdte a récemment montré que I’injection de cellules apoptotiques était un traitement sans
effets secondaires et efficace pour controler cette pathologie suggérant que la mise en place de
pharmacologies résolutives pourraient étre un bon moyen de contrdler les pathologies auto-

immunes (Mevorach, Zuckerman et al. 2014).

De nombreuses études ont ainsi permis de mettre en évidence un lien entre dysfonction de la
phase de résolution de I’inflammation et survenue et maintien de différentes pathologies
inflammatoires chroniques. Au vu de ces observations, un nouveau paradigme a vu le jour au
cours de la derniére décennie : la « pharmacologie résolutive » (Perretti, Leroy et al. 2015).
Cette pharmacologie résolutive se propose de cibler la phase de résolution de I’inflammation
et non plus uniquement la phase inflammatoire. La « pharmacologie résolutive » se propose

d’intensifier les processus permettant 1’arrét naturel de la réponse inflammatoire et favoriser
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ainsi la réparation tissulaire. Les molécules pro-résolutives ont alors pour but, non pas de
supprimer la réponse inflammatoire, mais de rétablir une résolution active de cette dernicre.
(Serhan, Chiang et al. 2008; Perretti, Leroy et al. 2015). Trois types d’approches peuvent alors
étre mis en place afin d’établir la résolution de I’inflammation : 1) mimer les médiateurs pro-
résolutifs endogénes ; 2) développer des agonistes des récepteurs pro-résolutifs ; 3) favoriser
les voies de signalisation menant a la résolution. La premicre approche a vu un certain
nombre de molécules testées lors d’essais cliniques. Des essais cliniques ont notamment testé
I’effet de mélanocortines, de la lipoxine Al, de la résolvine E1 ou de I’adénosine dans des
pathologies telles que le diabete de type II, la goutte ou encore la polyarthrite rhumatoide
(Perretti, Leroy et al. 2015). La seconde approche cible notamment le récepteur FPR2/ALX
(formyl peptide receptor type 2; lipoxin A4 receptor) et de nombreux agonistes ont été
développés ces dernicres années afin de moduler différentes pathologies inflammatoires
chroniques. Un des récepteurs ciblés pourrait également étre le récepteur MC1 qui est un
récepteur a la mélanocortine et dont 1’activation a montré un effet bénéfique dans des modeles
pré-cliniques d’inflammation vasculaire et de néphropathies (Leoni, Voisin et al. 2010;
Lindskog Jonsson, Granqvist et al. 2014). Enfin, la troisiéme approche peut notamment se
faire en favorisant la prise d’oméga-3 (notamment via |’alimentation) résultant d’une
augmentation de sa conversion et lipides pro-résolutifs par le corps dans des patients atteints
de polyarthrite rhumatoide (Miles and Calder 2012). De plus, la prise d’aspirine ou de statines
bloque I’action de la cyclooxygénase ce qui favorise la synthése de lipoxine A4 et de
résolvine D1 en fonction du substrat dans des volontaires sains, des patients atteints
d’arthérite a cellule géante ou dans des modeéles d’inflammation pulmonaires (Chiang,
Bermudez et al. 2004; Planaguma, Pfeffer et al. 2010; Spite and Serhan 2010; Nadkarni, Dalli
et al. 2014). Toutes ces ¢tudes plus ou moins avancées démontrent donc que rétablir la phase

de résolution de I’inflammation est une stratégie thérapeutique intéressante.

Basé¢ sur ce concept de «pharmacologie résolutive » et sur les précédents travaux de
I’UMR1098 de Besangon sur les cellules apoptotiques, notre équipe a proposé et développé
une nouvelle approche pro-résolutive inspiré du processus d’efferocytose. Cette approche
propose d’utiliser les facteurs issus de I’efferocytose, processus clé dans la résolution de la
réponse inflammatoire. En effet, comme détaillé précédemment, les facteurs produits par les
macrophages ¢éliminant les cellules apoptotiques sont capables d’induire un changement pro-
tolerogene des cellules immunitaires, de limiter le recrutement lymphocytaire et de permettre

I’induction de tolérance. Pour ce faire, des cellules apoptotiques sont cultivées durant 48h in
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vitro avec des macrophages assurant leur efferocytose et la production de nombreux facteurs
pro-résolutifs dans le surnageant cellulaire. Le surnageant de culture compose donc le
médicament, appelé SuperMApo pour supernatant from macrophage and apoptotic cell

culture.

L’injection de ce surnageant dans un modele de péritonite, permet de favoriser la résolution,
de nombreux neutrophiles sont recrutés et leur élimination par les macrophages et également
augmentée. En effet, bien que le nombre de macrophages reste constant, ces derniers
acquirent une capacité de phagocytose accrue. Dans un mod¢le d’arthrite induite au collagene,
I’injection de SuperMApo a 48h d’intervalle permet de stopper I’arthrite en cours. Cette
résolution, qui n’induit pas d’immunosuppression, est associée a ’émergence de Treg
spécifiques de I’antigéne, dépendante du TGF-f, permettant un maintien a long terme de la
résolution (Bonnefoy et al, en préparation). De fagon intéressante, en plus de contrdler la
réponse inflammatoire, SuperMApo permet également d’augmenter la cicatrisation des tissus.
Ces données ont été obtenues dans un modéle expérimental de MICI par transfert de
lymphocytes T naifs chez des animaux immunodéprimés. En effet, ’injection de SuperMAPo
permet une régression des 1ésions coloniques a travers une meilleure prolifération et migration
des cellules épithéliales intestinales et des fibroblastes. Cette approche résolutive est donc
tout a fait prometteuse dans le traitement de pathologies chroniques inflammatoires. Les
stratégies thérapeutiques classiques ayant échoué a réduire efficacement I’inflammation dans
les pathologies chroniques telles que la SEP, il apparait nécessaire de développer de nouvelles
approches afin de permettre la résolution de I'inflammation et le retour a 1’homéostasie

accompagnée d’une réparation des tissus lésés.
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Objectif des travaux de thése

La mise en place de la réponse inflammatoire en réponse a une agression est suivie d’une
phase de résolution de I’inflammation au cours de laquelle la phagocytose des neutrophiles
apoptotiques par les macrophages permet d’induire la réparation tissulaire et le retour a
I’homéostasie. Cependant, lorsque cette phase de résolution est défaillante, la persistance de la
réponse inflammatoire va aboutir a 1’apparition de maladies inflammatoires chroniques telles
que la SEP. Au cours de cette maladie, les « chefs d’orchestre » des réponses immunes sont
les cellules de I’'immunité innée et a leur téte les cellules présentatrices de ’antigéne. Ces
cellules vont permettre d’induire des réponses adaptatives notamment en favorisant
I’émergence de lymphocytes Thl et Th17 et en diminuant la génération de lymphocytes T
régulateurs. Les réponses immunes se développeront d’abord dans les organes lymphoides
périphériques ou la sécrétion de molécules pro-inflammatoires (TNF-a, IL-12, IL-23...) et la
présentation de I’antigéne pathogénique vont permettre d’induire I’activation de LT auto-
réactifs. Une fois activés, ces LT vont alors migrer au sein de I’organe cible (Ie SNC ici) et
étre réactivés par ces APC afin de leur permettre de faciliter la destruction des

oligodendrocytes producteurs de myéline et la subséquente démyélinisation du SNC.

La régulation de ces APC est donc un facteur clé¢ afin de moduler I’inflammation. De
nombreuses publications ont ainsi montrées que la modulation de ces APC lors des maladies
inflammatoires chroniques, et particulicrement dans la SEP, permettait de diminuer
I’inflammation au sein de 1’organe enflammé mais également en périphérie. De plus, cette
régulation a été montré récemment comme impliquant des enzymes impliquées dans le
controle épigénétique de I’expression génique et notamment au niveau de la méthylation de
I’ADN. A notre connaissance, 1’effet des produits de 1’efferocytose sur la régulation de
I’inflammation n’a jamais été étudié. De plus, les mécanismes par lesquels 1’efferocytose
module le phénotype des APC n’ont jamais été décrits. L objectif de ce travail de thése sera
donc d’¢étudier I’effet des produits issus de I’efferocytose sur le controle de I’inflammation

dans un modele murin de SEP ainsi que les mécanismes qui controlent les fonctions des APC.
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Résultats
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Etude 1 : Implication des macrophages dans I’effet pro-

résolutif de SuperMApo

Le surnageant issu de I’élimination des cellules apoptotiques par les macrophages contient de
nombreux facteurs pro-résolutifs et permet un controle de la réponse inflammatoire et de
favoriser la réparation tissulaire. La SEP présente une inflammation du SNC favorisant la
destruction de ses composants essentiels, comme la my¢line. Nous avons logiquement évalué
si les facteurs issus de 1’efferocytose pouvaient permettre de terminer I’inflammation en cours

et permettre une résolution de la maladie dans le modele d’EAE.

Dans cette étude, nous montrons que 1’injection de SuperMApo chez des souris atteintes
d’EAE (score moyen de 1,5/5), permet de contrdler 1’évolution du score clinique et de
diminuer de fagon drastique I’infiltrat inflammatoire au niveau du SNC. Nous avons observé
que cette diminution de I’infiltrat au niveau du SNC n’était pas associée a une réparation de la
BHE, mais a une moindre capacité des lymphocytes T a migrer au niveau du SNC et a une
moindre proportion de lymphocytes T pathogéniques spécifiques du peptide MOGs3s.55 dérivé
de la myéline. Alors que les Treg ne semblent pas démontrer d’effets suppressifs spécifiques
dans ce mod¢le apres traitement par SuperMApo, les macrophages démontrent ex vivo une
reprogrammation pro-tolérogene. En effet ces derniers permettent de favoriser une
polarisation Treg de lymphocytes naifs, démontrent une activit¢ NFxB réduite, un profil
transcriptomique résolutif et des modifications épigénétiques pro-tolérogénes. Notamment,
une baisse de la méthylation globale de I’ADN est observée dans ces macrophages, liée a une
augmentation de ’activit¢ TET dépendante de FOXAI1, favorisant I’expression du miRNA

127 anti-inflammatoire.

Ces travaux démontrent que les facteurs issus de 1’efferocytose sont capables de réprimer une
EAE en cours a travers la reprogrammation pro-tolérogénique des macrophages en périphérie.
Ces données proposent aussi une nouvelle alternative thérapeutique pro-résolutive dans le

traitement de la SEP.
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Abstract

Multiple sclerosis is a chronic inflammatory disease of the central nervous system in which
resolution is impaired. Here, we proposed to evaluate whether the injection of the factors
issued from efferocytosis (i.e. apoptotic cells elimination by macrophages) would permit to
reboot resolution and terminate ongoing experimental autoimmune encephalomyelitis (EAE).
We demonstrated that treatment with efferocytosis factors (or SuperMApo for supernatant
issued from macrophages and apoptotic cell culture) allowed the control of EAE severity,
inducing a diminished demyelination and inflammatory cell infiltration. Macrophages played
a major role in the control of EAE by SuperMApo, and demonstrated a pro-tolerogenic
reprogramming favoring regulatory T cell induction, through NF-«B signaling pathway
modulation and epigenetic modifications. Our data demonstrate that efferocytosis factor
injection can stop ongoing inflammation by triggering macrophage reprograming and thus
propose SuperMApo as a promising therapeutic approach to control multiple sclerosis, and

more generally dysregulated chronic inflammatory diseases.
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Autoimmune disorders share an altered resolution of inflammation leading to an uncontrolled
chronic and pathogenic inflammation causing tissue destruction'. Recently, innovative
approaches triggering the resolution of inflammation have been developed. They can induce
short term-immunosuppression, such as apoptotic cell injection, alone* or associated with the
pathogenic antigen’, or long term tolerance with cell apoptosis induction in vivo in the
presence of the pathogenic antigen®. The fact that only short term tolerance is achieved or that
the pathogen has to be known strongly limit the clinical transfer of these approaches.
However, whereas the therapeutic effect observed in these approaches is associated to
efferocytosis, the factors issued from efferocytosis used as a whole has never been evaluated
as a therapeutic approach. Resolution of inflammation promotes the return to homeostasis,
with tissue healing and repair’. Many factors are implicated in this process, notably
specialized pro-resolutive lipid mediators which are believe to initiate the shift from
inflammation to resolution® and anti-inflammatory cytokines which participate to inhibit
inflammation and reprogram macrophages®!'!. Other factors can directly inhibit or degrade
inflammatory lipids or molecules in order to limit further inflammatory cell recruitment and
over inflammation!!. Most of these factors are issued from efferocytosis, i.e. apoptotic cell
elimination by phagocytes and in particular by tissue-resident and monocyte-derived
macrophages. Altogether, efferocytosis factors enhance efferocytosis and tissue cleaning,
restore homeostasis and initiate tissue repair'>!3. This highlights the therapeutic potential of
these factors to control resolution and terminate dysregulated inflammation’-!4,

Here we demonstrated that the injection of the efferocytosis factors produced by macrophages
eliminating apoptotic cells (called here SuperMApo) can resolve ongoing inflammation in a
model of EAE. This effect is mediated by an in vivo reprogramming of macrophages toward a
tolerogenic profile at different levels. Thus, reintroduction of SuperMApo could be a new

therapeutic approach to treat chronic inflammatory diseases.
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Results

Injection of SuperMApo modulates ongoing EAE

To determine whether efferocytosis factors injection might control ongoing inflammation, we
cultured macrophages with apoptotic cells and collected the supernatant 48 h later. At that
time all apoptotic cells have been engulfed by macrophages (data not shown). This
supernatant (named SuperMApo) was then injected twice (with 48 h of interval) in mice with
ongoing EAE exhibiting a clinical score of 0.5-1 out of 5, and we observed the arrest of EAE
progression over the next 10 days after SuperMApo treatment compared to EAE mice
receiving vehicle (Fig. 1a). Consistent with this, SuperMApo-treated mice demonstrated a
lower score of inflammation within the spinal cord with a strongly reduced inflammatory
infiltrate and demyelination in the central nervous system (CNS), 72 h after treatment (Fig.
1b). Of importance, the control of ongoing EAE was only achieved using efferocytosis factors
and not with the factors from apoptotic cell culture plus the factors from macrophage culture
(Fig. 1¢). These data demonstrate that the injection of efferocytosis factors (i.e. SuperMApo)

in ongoing EAE is able to stop disease progression and to decrease tissue inflammation.

SuperMApo injection reduces inflammation and modulates macrophage phenotype in
the CNS of EAE mice

By further investigating the CNS after SuperMApo treatment, we observed consistently with
our immunohistochemistry observations (Fig. 1b) that SuperMApo injection strongly
decreased the number of leucocytes in the CNS, including Th1, Th17 and Tcl T cell subsets,
dendritic cell (DC) and macrophage numbers as well (Fig. 2a,b). The number of Treg within
the CNS was not modified (Fig. 2b), neither leucocyte subset percentages (Fig. 2¢).

Quantities of the inflammatory cytokines TNF-a, IL-12p70, IFN-y, IL-6 and IL-10 were not
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modified in the CNS after SuperMApo-treatment (Fig. 2d). Compared to CD11b™CD45"
microglial cell number, in which maturation and cytokine content were not modified by
SuperMApo treatment (Supplementary Fig. 1a-d), CD11b"e"CD45" macrophages in the
CNS expressed lower levels of CD80 and MHC-II molecules as well as intracellular IL-12
after SuperMApo treatment (Fig. 2e,f, Supplementary Fig. 1d). The maturation of DC and
their content in TNFa, IL-12 and IL-10 was not modified by SuperMApo treatment (not
shown). Because SuperMApo lowered pathogenic cell infiltration in the spinal cord, we
investigated SuperMApo blood brain barrier (BBB) permeability, which can be damage by
inflammation'>!®, first using Evans Blue (EB) dye which pass through the BBB when
compromised. The similar quantities of EB dye suggested the absence of BBB repairing 72 h
after SuperMApo treatment (Fig. 2g) and this was further supported by the mRNA levels of
the major genes coding for occludin, claudin-5, tight junction protein 1 and F11 receptor
(Ocln, Cldn5, Tjpl and F11r, respectively), implicated in the integrity of BBB, which were
not increased after SuperMApo treatment (Fig. 2h). In addition to the absence of BBB
remodeling by SuperMApo, we did not observed modification of chemokine and integrin
expression at the CNS level as well (Fig. 2i,j). Our results show that the decreased CNS
inflammation induced by SuperMApo treatment is not associated with BBB remodeling but

might be associated with the peripheral modulation of inflammatory immune cells.

SuperMApo treatment decreases peripheral pathogenic T cell response

To evaluate peripheral modulation, we looked in the spleen and inguinal lymph nodes and
observed similar percentages and numbers in terms of CD4" T cells and Th1, Th17 and Treg
subsets, as well as CD8" T cells and Tcl subset (Fig. 3a,b). In addition, we did not observed
differences in terms of cell apoptosis and proliferation in both lymphoid organs (Fig. 3¢,d).

We then determined pathogenic T cell response by culturing the cells ex vivo in the presence
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of MOGss.s5 peptide and observed a lower proliferation of cells issued from SuperMApo-
treated EAE mice (Fig. 3e). This suggested to us either an immunosuppression of cell
proliferation mediated by antigen-specific Treg or a lower proportion of antigen-specific
pathogenic T cells. The immunosuppression mediated by Treg was excluded using MOG-
specific suppressive assays in which we did not observed antigen-specific Treg
immunosuppression (Fig. 3f). However, when T cells were submitted to ex vivo stimulation
by MOG peptide, we observed a reduced response of Thl and Tcl subsets (Fig. 3g)
demonstrating that SuperMApo treatments reduced Thl and Tcl pathogenic subsets in vivo.
This reduction however did not affect total Th1 and Tcl cell numbers and percentages.
Whereas we did not detected any antigen-specific activity of Treg after SuperMApo
treatment, our data demonstrate that MOG-specific Thl and Tcl pathogenic T cell subsets are

invalidated in periphery by the injection of efferocytosis factors.

SuperMApo reprograms macrophages toward a tolerogenic profile

Macrophages have been reported to be involved in the pathogenesis and in the regulation of
EAE, notably by modulating the Th1-Th17/Treg balance'”"°. In addition, macrophages play a
key role in resolution and are very plastic cells undergoing reprogramming depending on the
microenvironment and the location'!. Intriguingly, while no Treg increase was observed in
SuperM Apo-treated EAE mice neither ex vivo antigen-specific Treg immunosuppression,
macrophages isolated from these mice demonstrated ex vivo the capacity to favor Treg rather
than Th1 cell polarization of naive T cells (Fig. 4a). In addition, naive macrophages submitted
to SuperMApo in culture also favored Treg induction rather than Th1 cell polarization from
naive T cells (Fig. 4b). Thus macrophages underwent a pro-tolerogenic reprogramming in the
presence of SuperMApo and they retained their ability to mature after TLR ligand stimulation

as they expressed similar levels of co-stimulatory CD40, CD80, CD86 and MHC-II molecules
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and produced similar levels of pro-inflammatory cytokines TNF-a and IL-12 than control
macrophages (Supplementary Fig. 2a,b). Macrophage pro-tolerogenic reprogramming was
further confirmed by the adoptive transfer of macrophages from SuperMApo-treated EAE
mice into EAE mice where they significantly modulated the severity of the disease compared
to macrophages issued from EAE mice receiving vehicle (Fig. 4¢). This EAE score
modulation was associated in the spinal cord with Treg percentage increase and in the iLN
with the decrease of IFN-y"-producing CD4" T cell percentages (Fig. 4d). Similar data were
obtained with the adoptive transfer of naive macrophages cultured with SuperMApo
(Supplementary Fig. 3a,b). In addition, using clodronate-loaded liposome injection, which
depletes phagocytes, EAE resolution by SuperMApo treatment was inhibited (Fig 4e).
Consistently, T cells from the spleen and the iLN showed the same ability to proliferate after
MOG3s.s5 peptide stimulation and similar number of Th1 cells was founded in the spinal cord
compared to the EAE plus clodronate liposome control group. (Fig. 4f,g). Our data
demonstrate that SuperMApo induces in vitro and in vivo macrophages pro-tolerogenic
reprogramming which are therefore mandatory for SuperMApo-induced EAE resolution.

To further explore macrophage reprogramming, a transcriptomic analysis was performed on
spleen macrophages from SuperMApo- and vehicle-treated EAE mice 72 h after treatment.
Interestingly, among the 571 genes up-regulated in SuperMApo-macrophages, we found the
M2-specific markers Argl, Ppary, Cd226 and Alox15 which are representative of a pro-
tolerogenic macrophage state (Fig. Sa,b). In addition among the 810 down regulated genes in
SuperMApo-macrophages, we found the pro-inflammatory genes Fasl, 117, Ccr4 and Ccl22
(Fig. S5a,b). Overall, signaling pathway analysis demonstrated the up-regulation of the
responses to wounding pathway (a major feature of the resolution of inflammation) (Fig.
5c,e). In addition, cellular functions (protein lipidation, regulation of cell cycle phase

transition, membrane lipid metabolic process) and exhaustion of immune response pathways
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were revealed down-regulated (Fig. 5d,f). These results strongly support that SuperMApo
induces macrophage reprogramming at the transcriptomic level, giving them pro-resolutive

properties to control ongoing EAE.

SuperMApo-induced reprogramming inhibits macrophage pro-inflammatory properties
Because SuperMApo treatment modulated peripheral immune response in EAE setting, we
evaluated whether macrophages triggered T cell migration since leukocyte migration into the
CNS is one of the major pathogenic feature of EAE development?®?!. First, we observed that
spleen cells from SuperMApo-treated EAE mice demonstrated a decreased migration to the
lymphoid organs when transferred into new EAE mice, and that this lower influx was mostly
affecting T cells (Supplementary Fig. 4a-c). In spleen and lymph node cells from
SuperMApo-treated EAE mice only Cxcr3 expression was observed reduced, but not Ccr5
and Ccr6, compared to controls, and this was observed only in Th1 cells (Supplementary
Fig. 4d,e). Then, to evaluate whether reprogrammed macrophages influenced CXCR3
expression on Thl cells, we went back to our coculture experiments and observed that in
addition to favor less Th1 polarization, SuperMApo-treated macrophages induced less
CXCR3 expression on Thl cells (Supplementary Fig. 4f). In addition, in SuperMApo-treated
EAE mice depleted for phagocytes, CXCR3 expression on T cells was not reduced
(Supplementary Fig. 4g). Together, these data demonstrate that SuperMApo decreases T cell
influx within the CNS by targeting the expression of CXCR3 on putative pathogenic Thl cells
through macrophage reprogramming.

Because macrophages treated by SuperMApo displayed a decreased expression of the
maturation marker CD40 and a decreased ability to produce the pro-inflammatory cytokine,
TNF-o (Supplementary Fig. 5a,b) in response to LPS stimulation in vitro, we explored the

NF-kB pathway in macrophages, which downregulation has been demonstrated to modulate
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EAE?*>??, We observed that macrophages sorted from SuperMApo-treated EAE mice
demonstrated a decreased phosphorylation of IKK-f3, kB and p65 subunit, and a decreased
percentage of p65 subunit in the nucleus (Supplementary Fig. 5¢,d). Similar data were
observed in vitro with SuperMApo and LPS stimulation (Supplementary Fig. Se).
Altogether, these data demonstrate that SuperMApo-induced macrophage reprogramming
reduced NF-kB pathway signaling in macrophages and reduced Thl cell migration to the

CNS.

Macrophage reprogramming occurs through epigenetic modifications

To further determine whether SuperMApo-induced macrophage reprogramming during the
treatment of EAE was an epiphenomenon or a long term modification, we then focused on the
regulation of DNA methylation. Macrophages isolated from the spleen of SuperMApo-treated
EAE mice displayed a decreased global level of 5-methylcytosine which was associated with
both an increase of the ten-eleven translocation (TET) enzyme activity, and particularly of the
de maintenance methylation activity (but not de novo methylation) (Fig. 6a-d). Additional
experiment performed with antibodies directed against Tetl, Tet2 and Tet3 suggest that TET1
is responsible for the increase of global TET activity since only Tetl antibody limited the
TET activity (Fig. 6b). This further supports the long term reprogramming of macrophages by
SuperMApo treatment. These methylation modifications by SuperMApo in macrophages
increased the anti-inflammatory miR-223 expression, which was associated with a
demethylation of miR-223 promoter (Fig. 6e,f). Then using anti-Foxal antibody, the TET
conversion activity was modulated, but not with antibodies targeting c-EBPa or EBFI,
showing that the Foxal-TET1 complex was responsible for macrophage DNA decreased
methylation of miR-223 promoter (Fig. 6g), and notably of the FOXA1-targeted gene family.

In addition, we also observed a decreased expression of the pro-inflammatory miR-127 while
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its promoter was also demethylated, which classically correlate with an increased gene
expression (Fig. 6e,h). However, miR-127 promoter demethylation region is close to the
CCCTC-binding factor (CTCF) transcriptional repressor binding site, which was observed
enriched by ChIP assay after SuperMApo treatment in macrophages (Fig. 6i). Thus,
macrophages reprogramming by SuperMApo treatment during ongoing EAE occurs through
the control of DNA methylation, targeting FOXA 1-targeted gene family as well as the
repression of the miR-127 and increase of the anti-inflammatory miR-223.

Discussion

Resolution of inflammation is impaired in numerous chronic inflammatory diseases and
triggering the resolution of inflammation could be a promising approach to develop new
treatment modalities''*?*. Here, we demonstrated that the injection of the factors produced by
macrophages clearing apoptotic cells (i.e. SuperMApo) allow the control of EAE progression
(a model of MS) by modulating splenic macrophage functions through a deep pro-tolerogenic
reprogramming. Hence, this new therapeutic approach could be used as a treatment for MS
and more globally to dysregulated inflammatory diseases.

Several conclusions can be drawn from the current study. First, efferocytosis is a key step for
inducing a reprogramming of macrophages toward a tolerogenic profile as well as to
propagate in vivo tolerance (i.e., Treg polarization). Indeed, efferocytosis reprogram
macrophages to produce pro-resolutive and healing factors. We were not able to observe any
modulation of EAE neither macrophage reprogramming when we used the factors produced
by apoptotic cells together with those produced by macrophages.

Second, reduced inflammation and demyelination in spinal cords seem to not be induced
directly within the CNS, but is rather due to peripheral immune modulation. Indeed, the
factors within SuperMApo did not favor a remodeling of the BBB since we did not observe a

decrease of BBB permeability to EB after SuperMApo treatment nor an increase of occludin,
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claudin-5, tight junction protein 1 and F11 receptor mRNA levels. In line with these
observations, we did not observed accelerated remyelination after SuperMApo treatment after
cuprizone chowing (data not shown), which is a model of demyelination secondary to
oligodendrocyte death followed by a spontaneous remyelination?>. Whereas microglial cells,
which are local tissue-resident macrophages ¢, demonstrated a conserved maturation despite
SuperMApo treatment, infiltrating macrophages showed pro-tolerogenic properties.
Resolutive macrophages should support tissue repair notably through the action of TGF-p 2"
2% but maybe the model we are using do not allow tissue repair, the pertussis toxin is
persisting long term and pro-healing factors might not as strong. In addition, the fact pertussis
toxin maintains BBB permeability may also contribute to limit SuperMApo therapeutic effect
to terminate EAE. Indeed, SuperMApo treatment induced the desertion of the inflammatory
infiltrate in the CNS, as well as the strong reduction of pathogenic T cell response to the auto-
antigen, attesting of long term immune tolerance induction. Of importance, this has been
obtained after only two injections of SuperMApo and in ongoing EAE.

Third, splenic macrophages are mandatory in the control of ongoing inflammation by
efferocytosis factors in EAE mice. This is supported by depletion of phagocytes using
clodronate-loaded liposome injection which totally abrogated the effect of SuperMApo.
Macrophages are reprogrammed toward a tolerogenic profile by SuperMApo and favor the
induction of Treg and control disease progression. Our data suggest that macrophages
interplayed with T cells after SuperMApo treatment since macrophages depletion restored T
cell proliferation to the auto-antigen MOGs3s.ss. Concerning the role of Treg after SuperMApo
treatment, whereas we did not observed MOG-specific Treg increase or suppressive activity,
the depletion of Treg in Foxp3-DTR EAE mice before SuperMApo treatment abrogated the
control of EAE by efferocytosis factors (data not shown). Because SuperMApo-

reprogrammed macrophages generated Treg ex vivo, our data suggest that tolerogenic
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macrophages may favor the emergence of Treg which are necessary to mediate long-term
tolerance but to a level undetectable using our assays or in a location (CNS) where Treg
numbers are too low to assess suppressive assays. In this line, macrophages modulated by
SuperMApo show a decrease activation state in vitro and in vivo, linked to a down-regulation
of the NF-«kB pathway. In addition, our transcriptomic data demonstrated a pro-resolutive
phenotype of macrophages, with a down regulation of signaling pathways involved in the
regulation of immune activation. Interestingly, the pathway “response to wounding” is up-
regulated, as well as numerous M2 markers. These data confirm that macrophages are
reprogrammed toward a pro-resolutive profile at both the transcriptomic and post-
transcriptomic levels. Moreover, this specific control of macrophages by SuperMApo occurs
also through epigenetic modifications. The expression of miR-127 and miR-223 is tightly
control by DNA methylation through an increase of TET proteins activity in a Foxal
dependent axis, leading to a skew macrophages polarization toward a tolerogenic profile.
Overall, this demonstrates that the factors released during efferocytosis participate in a deep
macrophage reprogramming locally but also elsewhere, which will then shape adaptative and
innate cell response to induce and maintain tolerance.

Our data strongly demonstrate that efferocytosis factor injection modulate immune
responses in an EAE model by a tight control of macrophage functions. After SuperMApo
treatment, macrophages reprograms toward a pro-tolerogenic profile and express genes
implicated in wounding and down-regulates the expression of genes involved in immune
activation. Moreover, the activation of inflammatory NF-kB pathway is impaired resulting in
a decrease activation state. These pro-resolutive macrophages are necessary for the anti-
inflammatory effect of SuperMApo and able to control T cell migration, as well as stopping
EAE clinical score progression. These findings suggest that the injection of SuperMApo could

be a new therapy for inflammatory diseases.
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Online Methods

Mouse experimentation

Female C57BL/6 mice aged of 6-10 weeks were purchased from Charles River Laboratories.
Experimentation (#0283 1) was approved by the local ethic committee (#58) and the French
Ministry of Higher Education and Research (Ministére de I’Enseignement Supérieur et de la
Recherche) and was conducted in accordance with the European Union’s Directive 2010/63.
Mice were housed at the environmentally controlled and germ free UMR1098 animal facility
(#D25-056-7) in ventilated cages with cellulose bedding and access ad libitum to pellet food
and sterile water pouches (Plexx, The Netherlands).

Production of SuperMApo

Briefly, macrophages were isolated from the peritoneal cavity of C57Bl/6 mice, 48 h after 3%
thioglycollate (BD biosciences) mobilization, and then cultured (1.10e6 cells/mL) with
apoptotic thymocytes from C57BL/6 mice generated by X-ray irradiation (35 Gy) in 1 mL of
X-vivo media (Lonza) at a final ratio of 1 macrophage for 5 apoptotic cells. Supernatant was
collected at 48 h and filtered using a 20 um disposable filter (Greiner bio-one) before storage
at -80°C until use. Supernatant of macrophages or apoptotic cells cultured alone were also
produced as controls.

EAE induction and SuperMApo treatment

C57BL/6 female mice were injected subcutaneously with 200 ug of MOGs3s.s5 peptide (MD
Bioproducts) emulsified in [FA with 5 mg/mL of heat-inactivated Mycobacterium
tuberculosis (Sigma-Aldrich). Pertussis toxin (Calbiochem) was injected i.p. at 0 and 48 h
after disease induction (200 ng/mouse). Mice are monitored and scored daily as follows: 0: no

disease; 1: flaccid tail; 2: hind limb weakness; 3: partial hind limb paralysis; 4: total hind limb
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paralysis; 5: moribund state or death. When mice reached a 0.5-1 clinical score, SuperMApo
or vehicle (X-vivo medium) were injected i.p. (1 mL) and reinjected at 48 h.

Cell isolation and staining

Spinal cords were harvested and incubated with type II collagenase (2 mg/ml; Roche). Then,
mononuclear cells were separated using a 30% Percoll layered over 70% Percoll (Sigma-
aldrich) solution by centrifugation (600 g, 20 min). Spleens and inguinal lymph nodes were
harvested and cells extracted and stained with a cell viability dye FvS (BD biosciences), as
well as labelled monoclonal antibodies against CD45 (BD biosciences, clone 30-F11), CD11b
(BD biosciences, clone M1-70), CD11c¢ (BD biosciences, clone HL3), CD19 (BD biosciences,
clone 1D3), CXCR3 (BD biosciences, clone CXCR3-173) or F4/80 (BD biosciences, clone
T45-2342) after incubation with anti-Fc receptor antibody (clone 24G2). Expression of co-
stimulation markers was assessed using CD80 (BD biosciences, clone 16-10A1), CD86
(Biolegend, clone GL-1), CD40 (Biolegend, clone 3/23) and MHC-II (Miltenyi Biotec, clone
REAR&13) antibodies. For intracellular staining, cells were stimulated with 1 pg/mL of LPS (or
not) (Sigma-Aldrich, only for in vitro stimulation assays) for 6 h and then with 25 ng/mL of
phrobol 12-myristate 13-acetate (Sigma-Aldrich) and 1 pg/mL of ionomycin (Sigma-Aldrich)
in presence of 10 pg/mL of monencin (BD biosciences) for 4 h at 37°C. Foxp3 (ebiosciences,
clone FJK-16S) expression as well as intracellular TNF-a (BD biosciences, clone MP6-
XT22), IL-12 (BD biosciences, clone C15.6), IL-10 (BD biosciences, clone JES5-16E3), IL-
17A (Miltenyi Biotec, clone REA660), IFN-y (Miltenyi Biotec, clone REA381) or KI-67 (BD
biosciences, Clone B56) staining were performed in CD3" (BD biosciences, clone 145-2C11),
CD4" (BD biosciences, clone RM4-5), CD8" (BD biosciences, clone 53-6.7)-gated cells, using
a FACS CANTO II cytometer with DIVA v7 software (BD biosciences).

T cell recall responses
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Inguinal lymph node and spleen cells were harvested and stimulated with 15 pg of MOGss.s5
peptide for 72 h. Cell proliferation was evaluated by BrdU incorporation and counting
following manufacturer instructions (Perkin Elmer) and T cell polarization was evaluated by
FACS.

Suppressive assay

For MOG-specific or Mycobacterium tuberculosis (MT)-specific co-cultures, naive
CD4"CD25 T cells were isolated from EAE mice by MACS (Miltenyi Biotec) and cultured
(100.10e3 cells) with CD11¢" dendritic cells (DC) (50.10e3 cells) isolated from naive mice
(CDI11c MicroBeads, Miltenyi Biotec), in the presence of 15 pg/mL of MOGs3s.ss peptide
(MD Bioproducts) or 50 ng/mL MT protein (Difco). For CD3/CD28-stimulated T cell
cultures, CD4'CD25 naive T cells were isolated from EAE mice and cultured in the presence
of coated anti-CD3 (BD biosciences, clone 145-2C11) and soluble anti-CD28 (BD
biosciences, clone 37.51) antibodies (2 and 0.5 pg/mL, respectively). After adding sorted Treg
and after 4 days of culture, T cell proliferation was assessed by BrdU incorporation and
counting.

RNA isolation, cDNA reverse transcription and RT-gPCR

Total RNA from CNS, spleen and iLN cells were isolated using the RNA easy mini kit
(Qiagen) according to manufacturer’s protocol and used for first-strand cDNA synthesis
(Applied Biosystems). Then, mRNA expression levels were quantified by real-time
quantitative PCR using Fast SYBR Green Master Mix (Applied Biosystems) with CFX96
system (Biorad). Primers (ThermoFischer) of interest are: Cc/2 (Mm00441242), Ccl5
(Mm01302427), Claudin-5 (MmO01169675_s1), Cxcl9 (Mm00434946), Cxcl10
(Mm00445235), Cxcr3 (Mm99999114), Ccr5 (Mm01963251), Ccr6 (Mm99999054), F11r
(Mm00554113_ml), Icam (Mm00516023 m1l), ltga4 (MmO01277951 ml), ltgh5

(Mm00439825 m1), Itgh7 (Mm00442916 ml1), Occludin (Mm00500912_m1), TjpI
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(Mm00493699 ml) and Veaml (MmO01320970 m1). Qiagen miScript Primer Assays were
used for miR-127 (MI10000154), mir146a (MI0000170), miR-155 (MS00001701) and miR-
223(MI0000703).

Histology

Spinal cords were extracted at sacrifice and fixed in 5% formol solution before embedded in
paraffin and sectioned. Sections (2 um) were stained with Luxol fast blue or H&E (Merck)
using standard procedures. Inflammation was evaluated by a pathologist blinded to the nature
of the mice, and determined using a score system with three levels (0 =no infiltrate, 1 =low
mononuclear cell infiltrate, 2 = middle mononuclear cell infiltrate, 3 = dense mononuclear cell
infiltrate penetrating in the tissue). Demyelination was also evaluated and determined using a
score system with three levels (0 = no demyelination, 1 = few areas of demyelination, 2 =
middle areas of demyelination, 3 = large areas of demyelination).

Blood brain barrier permeability evaluation

Evans Blue dye (Sigma-Aldrich) was injected i.v. for 60 min and then mice were sacrificed,
the spinal cords removed and weighted. Evans Blue was extracted with 2.5 mL of 60 %
trichloroacetic acid, centrifuged for 30 min at 10 000 g and the amount of Evans Blue was
quantified at 610 nm by spectrophotometry and normalized to spinal cord weight.
Macrophages evaluation

CD11b" macrophages were sorted from spleen using CD11b microbeads and autoMACS pro
device (Miltenyi Biotec) (purity >90%). Cells were conserved in RLT buffer for RNA
extraction, or cultured with naive CD4"CD25™ T cells issued from RAG"OT-II mice (50 000
APC for 100 000 T cells) in presence of OV A3z23.339 peptide (2 pg/mL; Invivogen). After 72 h
of culture, T cell polarization was analyzed by FACS. In some experiments, home-made
clodronate-loaded or PBS-loaded liposomes®® were injected i.v. 24 h before pRM treatment (2

mg per mouse). For adoptive transfer of macrophages, spleen CD11b" cells were sorted and

75



injected in EAE mice (5.10e6 cells per mouse) exhibiting a clinical score of 1-2. In other
experiments, spleen CD11b" cells were sorted from naive mice, treated ex vivo with vehicle or
SuperMApo for 24 h and injected in EAE mice (1.5.10e6 cells per mouse).

Injection of CFSE stained cells

Spleen from vehicle- or SuperMApo-treated EAE mice were removed 72 h after treatment
and stained with CFSE (Thermo Fischer Scientific) during 10 min at 37°C, then washed and
injected 1.v in EAE mice (50 million per mice). Four h after the injection, percentage of
CFSE" CD11¢'CDI11b” DC, CD19°CD3™ B cells and CD3"CD19™ T cells in spinal cord, iLN
and spleen was assessed by FACS.

Immunofluorescence

Spleen macrophages were sorted, treated with SuperMApo or vehicle during 24 h and
stimulated with LPS for 1 h. Cells were then fixed in 4 % paraformaldehyde (Sigma-Aldrich)
and permeabilized with 0.1% triton X-100 (Sigma-Aldrich) at room temperature.
Immunofluorescence staining was performed, as previously described*!*2. Briefly, non-
specific sites were blocked with 0.1 % tween-TBS with 5 % BSA for 1 h at 37°C. Incubations
with primary antibodies were performed overnight at +4°C, and then cells were rinsed 3 times
with 0.1% tween-TBS. Incubations with secondary antibodies were performed for 1 h at 37°C
and then cells were rinsed 3 times with 0.1% tween-TBS, stained with 4',6'-diamidino-2-
phénylindole (DAPI) and mounted using Vectashield mounting medium (Vector
Laboratories). Primary antibodies were against pP65 (cell signaling; 3033S), P65 (cell
signaling; 6956P), pIKBa (cell signaling; 9246s), IKBa (abcam; ab76429), pIKKf} (abcam;
ab192440), IKK (abcam; ab32135) and secondary antibodies were against donkey anti-
mouse IgG Alexa Fluor 555-conjugated (Life technologies; A31571) and donkey anti-rabbit
IgG NorthernLights493-conjugated (R&D systems; NL006) antibodies. Mean fluorescence

intensity (MFI) was determined using image J software as previously described**.
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Immunoblot analysis

Whole-cell protein fraction was obtained by cell lysis in lysis buffer (complete protease
inhibitor cocktail [Sigma], EDTA [1 mM], NaF [1 mM], sodium orthovanadate [1 mM], and
Dithiothreitol [DTT, 0.5 mM)]). Proteins were separated by electrophoresis using 10 % sodium
dodecyl sulfate-polyacrylamide gels and transferred to polyvinylidene difluoride membranes
(GE Healthcare). Blots were saturated with 5 % nonfat milk in TRIS-buffered saline (TBS)-
0.1 % Tween 20 1.5 h at room temperature (RT), then incubated overnight with specific
primary antibodies (same as in immunofluorescence staining), followed by HRP-conjugated
secondary antibody (peroxidase-conjugated sheep anti-mouse IgG or donkey anti-rabbit IgG;
Jackson Immuno Research) staining in 1% BSA-TBS-Tween for 1.5 h at RT.
Bioluminescence was analyzed with the clarity western ECL reagent (Biorad) using a CCD
camera (Vilber-Lourmat). Relative intensity was determined using Bio 1-D software (Vilber-
Lourmat).

Transcriptomic analysis

RNA samples were sent to Integragen for sequencing on NGS platform (Illumina HiSeq
4000) and the resulting raw data (fastq) were sent to the CLIPP platform (Dijon, France) for
analysis on their custom pipeline (mouse reference genome alignment was performed using
TopHat2 algorithm followed by differential expression of transcripts with Cufflinks
algorithms). Resulting RNA-seq data, containing FPKM (Fragments Per Kilobase of exon per
million fragments Mapped) values, were log> transformed, normalized and mean-centered
using Cluster 3.0 software and data visualization was performed using GiTools and TreeView
3 for the different Heatmaps, and Cytoscape 3.2 for network analysis of the associated
pathways.

Epigenetic studies
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DNA extract was performed using QIAamp DNA Mini QIAcube Kit and QIAcube (Qiagen,
France). 5-methylcytosine ELISA was performed using SmC ELISA (Ozyme/Zymo, France).
TET activity was determined using eth SmC-Hydroxylase TET Activity/Inhibition Assay Kit

(Euromedex, France).

DNMTs magnetic bead (DMB) assays were performed as described by Yokochi and
Robertson (PMID: 15273420). A typical methylation reaction contained 30 nM of the
respective DNMT protein (Methylation Ltd, Port Orange, Florida or Tebu-Bio, France), 125
nM DNA oligonucleotides, and 900 nM tritium-labeled AdoMet (Amersham Bioscience, 1
mCi/mL), in reaction buffer (50 mM Tris, pH 8.0, 5 mM EDTA, 10% glycerol, 0.5 mM
phenylmethylsulfonyl fluoride). After incubation at 37 C for 1 h, the reaction was quenched
with an equal volume of magnetic beads suspension, and incubated for 15 min at room
temperature. Next, the beads were magnetically isolated from the reaction mix, and trittum
incorpo- ration was measured by scintillation counting. Unmethylated double stranded
oligonucleotides were used to estimate the de novo MTase activity, and hemimethylated

double stranded oligonucleotides were used to estimate the maintenance MTase activity.

miRNA extraction was perfomed using miRNeasy Mini Kit and QIAcube (Qiagen, France).
miScript II RT Kit (Qiagen, France), miScript SYBR Green PCR Kit (Qiagen, France) and
miScript Primer Assay were used to quantify the miRNA expression. MSRE methodology
was adaptated from the OneStep qMethylTM Kit (Ozyme, ZYMO, France). A typical
digestion of genomic DNA contained 20ng of DNA and 5 units of considered enzyme (New
England Biolab, France). For the non-enzyme control, distilled water was added instead of
considered enzyme. Except for certain enzyme, all prepared samples were incubated at 37 C
for 12 hours, follow by heat inactivation at 65 C for 20 minutes. qPCR were performed using
SYBR Green PCR Kit (Qiagen, France). The methylation level for any amplified region was

determined using the following equation %methylation=100x2"2“'. Primers used are:
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miR127#1: GCGATGGAACTGAGTTTTGTC and TCCTGGTCTACTCAATGAG,
miR127#2: GCTCAGAGGGCTCTGATTCAGAAA and
ATGAGACTTCCGACCAGCCAA, miR-223#1: ACCAGGGTAAACAGAGCATACAAG
and GTGGCCCAAGCCTCAATTAACTCT, and miR-223#2 :

ACACGAAACGTAACACTACA and CCAACTCAACTTATCAAATACACG.

Chromatin ImmunoPrecipitation (ChIP) experiments were performed with teh LowCell#ChIP
kit (Diagenode, France). Bioruptor (Diagenode, France) was used for the sonication step (3
runs of 8 cycles (30seconds“ON”, 30 seconds “OFF”) at high power setting). 6 ug of antibody
(Anti-CTCF antibody (ab70303) Abcam, France) were used and IP tubes were incubated at 40
rpm on a rotating wheel for 4 hours at 4°C. qPCR were performed using SYBR Green PCR

Kit (Qiagen, France).

Typically, TET conversion activity was determined by measuring the SmC level (ELISA) in a
methylated oligonucleotide probe mimicking a DNA region of interest. Biotinylated probe
was incubated with 10ng of Nuclear Extraction Kit (ab113474, Abcam, France) for 90min at
37°C in presence of not of 10ug of considered antibody (cEBPa: sc- sc-9314, Santa Cruz,
France, EBF1 (clone 1G8, Abnova, France), and FOXA1 Abcam ab24738). After isolation
and washes, reageants issue to the MethylFlashTM Global DNA Methylation (5-mC) ELISA

Easy Kit (Colorimetric) were used to detect the SmC on probe.

Statistical analysis
All data were analyzed for statistical significance using GraphPad Prism version 5.00
(GraphPad Software, San Diego, CA, USA) by adapted student t test or one or two-way

ANOVA test including multiple comparison post-tests, as indicated.
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Figure Legends

FIGURE 1 SuperMApo attenuates ongoing EAE in C57BL/6 mice. (a) Clinical score of EAE

mice treated twice (black arrows) with SuperMApo (n = 6 mice) or with vehicle (n = 5 mice).

Data representative of 3 independent experiments. (b) H&E and Luxol Fast Blue staining of

spinal cords 72 h after the first injection of SuperMApo or vehicle. Degree of inflammation in

mice is depicted by inflammatory index and scored in H&E sections. Demyelination is scored

in Luxol Fast Blue sections. Demyelinated areas are pointed out by black arrows. Scale bar,

80 uM. Data pooled from 3 independent experiments (n= 5 mice). (¢) Clinical score of EAE

mice treated twice (black arrows) with supernatant of apoptotic cells added to the supernatant

of macrophages (1 mL) (n=5 mice). Data representative of 2 independent experiments. Mean
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+ SEM. Statistical significance was assessed by using anova two-way and Bonferroni post test

(a,c) or unpaired two tailed Student’s t test (b) (*p<0.05 ***p<0.001).

FIGURE 2 SuperMApo decreases spinal cord inflammation in EAE mice. (a) Total number
of leukocytes in spinal cords 72h after the first SuperMApo (n= 5 mice) or vehicle (n=5
mice) treatment. Data representative of 3 independent experiments. (b) Absolute number of
Thl (IFN-y"CD4"CD3"), Th17 (CD3"CD4'1L-17"), Tc1 (CD3"CD8TFN-y"), dendritic cells
(DC) (CD11¢"CD11b") and macrophages (CD11b"CD45"). Data representative of 3
independent experiments. (¢) Percentages of cells depicted in (b). (d) Analysis by Cytometric
Bead Array of TNF-q, IL-12p70, IFN-y, IL-6 and IL-10 concentrations in spinal cord lysate
(n=5 mice). Data representative of 3 independent experiments. (e) Leukocytes isolated from
spinal cords were analyzed by FACS and Mean Fluorescence Intensity (MFI) of CDS6,
CD80, MHC-II and CD40 in macrophages are given (n=4 mice). Data representative of 3
independent experiments. (f) Frequency of TNF-a, IL-12 and IL-10 positive cells gated on
macrophages in spinal cords of mice (n= 5 mice). Data representative of 2 independent
experiments. (g) Evan’s Blue (EB) was injected i.v 72h after the first injection of SuperMApo
and extracted 1h after dye injection (n= 5 mice). Data given in ng EB/mg of tissue (refer to
Materials and Methods section). Data representative of 3 independent experiments. (h)
Analysis by qRT-PCR for expression of Occludin, Claudin5, Tjpland F'I1r in total spinal
cord extracts (n= 5 mice). Data are representative of 3 independent experiments. (i) Analysis
by qRT-PCR for expression of Cc/2, Ccl5, Cxcl9 and Cxcll0 in total spinal cord extracts (n=
5 mice). Data are representative of 3 independent experiments. (j) Analysis by qRT-PCR for
expression of /tgfi5, Itgf7, Via-4, Icam-1 and Vcam in total spinal cord extracts (n= 5 mice).
Data are representative of 3 independent experiments. Mean + SEM. *= p<0.05 **=p<0.01

*#*=p<0.005, unpaired two-tailed Student’s T test.
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FIGURE S1 SuperMApo does not modulate microglia phenotype. (a) Absolute number of
microglia (CD11b™4CD45") in spinal cords of EAE mice 72h after the first SuperMApo
treatment (n= 5 mice). Data representative of 3 independent experiments. (b) Mean
Fluorescence Intensity (MFI) of CD80, CD86, CD40 and MHC-II in microglia (n= 4 mice).
Data representative of 3 independent experiments. (¢) Frequency of TNF-a, IL-12 and IL-10
positive cells gated on microglia in spinal cords of mice (n= 5 mice). Data representative of 2
independent experiments. (d) Cytometric representation illustrating (c) and figure 2.f. Mean +

SEM, unpaired two-tailed Student’s t test.

FIGURE 3 SuperMApo decreases peripheral T cell responses in peripheral lymphoid organ.
Percentage of CD4, Th1, Th17, Treg (a) or CD8 and Tc1 (b) in spleen and iLN 72 h after the
first SuperMApo treatment (n= 5 mice). Data representative of 3 independent experiments. (¢)
Percentage of activated caspases was assessed by FACS in CD4"CD3", CD8'CD3" or total
cells in the spleen (n= 3 mice). Data representative of 3 independent experiments. (d)
Percentage of ki67 positive cells was assessed by FACS in CD4"CD3", CD8"CD3",
IL17°CD4" CD3", IFN-y"CD4" CD3" and IFN-y"CD8" CD3" in the spleen and iLN (n=5
mice). Data representative of 2 independent experiments. (e) Spleen or iLN from
SuperMApo- (n= 5 mice) or vehicle-treated mice (n= 4 mice) were restimulated with MOGss.
sspeptide (15 pg/mL) and proliferation was assessed by BrdU incorporation. Data
representative of 3 independent experiments. (f) Naive OT-II T cells sorted from the spleen of
EAE mice were cultured in presence of DC and OV A323.339, Mycobacterium tuberculosis or
CD3/CD28 and different ratio of Treg sorted from the spleen of EAE mice treated with
SuperMApo or vehicle. Data representative of two independent experiments. (g) Spleen and

iLN from SuperMApo- or vehicle-treated mice were restimulated with MOG peptide (15
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ug/mL) and frequencies of IL17°CD4", IFN-y"CD4" and IFN-y"CD8" were determined by
FACS (n= 4 mice). Data representative of 3 independent experiments. Mean + SEM.

*=p<0.05 **=p<0.01 ***=p<0.005, unpaired two tailed Student’s t test.

FIGURE 4 SuperMApo decreases immune responses in EAE mice by inducing pro-
tolerogenic macrophages. (a) Macrophages sorted from vehicle- or SuperM Apo-treated mice
were co-cultured during 96 h with naive CD25 CD4" OT-II T cells in presence of OVA
peptide (2 pg/mL). Frequencies of IL17°CD4", IFN-y"CD4" and Foxp3'CD25'CD4" were
determined by FACS (left panels show representative staining of these CD4" T cells cultured
with macrophages from a vehicle-treated EAE mouse [EAE] or macrophages from a
SuperMApo-treated EAE mouse [+SuperMApo]). Data representative of 3 independent
experiments (triplicate from a pool of 5 mice, right panel). (b) Macrophages isolated from the
spleen of naive C57BL/6 mice were pre-treated with SuperMApo or vehicle during 24 h, and
then co-cultured during 96 h with naive CD25°CD4" OT-II T cells in presence of OVA
peptide (2 pg/mL). Frequencies of CD4IL17", CD4 ' TFN-y" and CD4"CD25 Foxp3" were
determined by FACS (same gating strategy as in a). Data representative of 2 independent
experiments. (c¢) Clinical score of mice treated with macrophages sorted from vehicle- or
SuperM Apo-treated mice (n= 4 mice). Data representative of 2 independent experiments. (d)
Percentage of T cell subset was analyzed by FACS in the spinal cord (left) and inguinal
lymph node (iLN) (right) seven days after treatment of mice in (¢) (n=4 mice) (same gating
strategy as in a). Data pooled from 2 independent experiments. (e) Clinical score of mice
treated with clodronate loaded- or PBS loaded-liposomes infused i.v. at day 6, 8 and 10, and
then treated with vehicle or SuperMApo at day 9 and 11 (n= 3-4 mice). Data representative of
2 independent experiments. (f) Splenocytes (left) or iLN (right) from mice (described in ¢)

were restimulated with MOGss.s5 peptide (15 pg/mL) and proliferation was assessed by BrdU
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incorporation (n= 4-5 mice). Data pooled from 2 independent experiments. (g) Leukocytes
from spinal cord of mice (described in e) were sorted 7 days after treatment and analyzed by
FACS. Data pooled from 2 independent experiments. Mean = SEM. *=p<0.05 **=p<0.01
***=p<0.005, unpaired two-tailed Student’s T test (a, c, d, f, h, 1), Anova two-way with

Bonferroni post test (b) or Anova one-way with Tukey post test (e and g).

FIGURE S2 SuperMApo does not modulate in vivo macrophage response to LPS
restimulation in vitro. Maturation markers (a) and pro-inflammatory cytokines (b) were
analyzed on macrophages from the spleen of vehicle- or SuperMApo-treated EAE mice after
ex vivo LPS stimulation (1 pg/mL) during 24 h compared to not treated cells (n= 5 mice).
Data representative of at least 2 independent experiments. Mean + SEM. Unpaired two-tailed

Student’s t test.

FIGURE S3 SuperMApo induces pro-tolerogenic macrophages in vitro which are able to
control EAE. (a) Macrophages sorted from naive mice were treated with vehicle or
SuperMApo during 24 h, and then injected in EAE mice (n= 5 mice). Clinical score is
depicted. Data representative of 2 independent experiments. (f) T cells from spinal cord (left)
or iLN (right) were sorted 7 days after treatment and analyzed by FACS (n= 3-5 mice). Data
pooled from 2 independent experiments. Mean = SEM. Anova two-way with Bonferroni post

test (a) or Anova one-way with Tukey post test (b).

Figure 5 SuperMApo reprogramms macrophages toward a pro-tolerogenic profile. (a) Gene
expression (log2 FPKM transformed) of macrophages from EAE mice treated with vehicle or
SuperMApo. Genes are ordered and colored based on their fold change, with (a) 357 genes

with a change in expression of 1.5-fold or more, (b) 569 genes with a fold change of 0.67 or
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below, (c) 214 genes expressed only in macrophages from SuperMApo-treated mice, and (d)
241 genes expressed only in macrophages from vehicle-treated mice. (b) Expression (log2
FPKM transformed, normalized, mean centered) of all 12049 genes in mouse macrophages,
clustered from lowest fold change (top) to highest (bottom). (¢) Network analysis of gene-
ontology pathway enrichment on all 357 genes with a fold change of 1.5 or more and all 214
genes only expressed in macrophages from SuperMApo-treated mice with a P<0.05. (d)
Network analysis of gene-ontology pathway enrichment on all 569 genes with a fold change
of 0.67 or below and all 241 genes only expressed in macrophages from vehicle-treated mice.
(e) Expression (log2 FPKM transformed, normalized, mean centered) of genes corresponding
to selected pathways found in the network analysis enrichment on all 357 genes with a fold
change of 1.5 or more and all 214 genes only expressed in macrophages from SuperMApo-
treated mice. (f) Expression (log2 FPKM transformed, normalized, mean centered) of selected
genes corresponding to selected pathways found in the network analysis enrichment on all
569 genes with a fold change of 0.67 or below and all 241 genes only expressed in
macrophages from vehicle-treated mice. Data obtained from 2 independent experiments from

a pool of 5 mice.

FIGURE S4 Macrophages modulate expression of CXCR3 on Thl cells. (a) Experimental
scheme of the EAE splenocytes transfer. (b) Spleen of vehicle- (n=5 mice) or SuperMApo-
treated (n= 4 mice) EAE mice were removed, stained with CFSE, and then reinjected in EAE
mice (50*%10e6 cells/mice). Four hour after injection, spleen, inguinal lymph node (iLN) and
spinal cord (SC) were sorted and analyzed by FACS for expression of CFSE. Data pooled
from two independent experiments. (¢) Percentage of CFSE-positive B cells, T cells and
dendritic cells (DC) from the spleen and iLN of (a). (d) Analysis by qRT-PCR for expression

of Cxcr3, Ccr5 and Cer6 in spleen and iLN of vehicle- or SuperM Apo-treated mice (n= 4
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mice). Data representative of 3 independent experiments. (e) Splenocytes removed from
vehicle- or SuperMApo-treated EAE mice and analyzed by FACS for the expression of
CXCR3 on Thl, Th17, Tcl, and DC (n= 5 mice). Data representative of three independent
experiments. (f) Macrophages isolated from spleen of naive mice were pre-treated with
SuperMApo or vehicle during 24 h, and then co-cultured during 96 h with naive CD25 CD4"
OTII T cells in presence of 2 ug/mL of OVA peptide. Data representative of 2 independent
experiments from triplicate measurements. (g) Analysis of CXCR3 expression on Thl cells
from the spleen of mice treated with vehicle (n=4 mice) or SuperMApo (n= 5 mice) and with
an 1.v. injection of clodronate-loaded or control PBS-loaded liposomes. Data pooled from two

independent experiments. Mean +£ SEM. *=p<0.05 **=p<0.01 ***=p<0.005.

FIGURE S5 SuperMApo decreases macrophage inflammatory state by blocking NF-xB
activation. Expression of co-stimulatory molecules (a) and pro-inflammatory cytokines (b)
were analyzed on macrophages sorted from naive mice after SuperMApo or vehicle treatment,
and then stimulated for 24 h by LPS (1 pug/mL). Data representative of 3 independent
experiments. (¢) Immunofluorescence staining of p-IKKb, p-IkB, p-P65 and P65 subunits on
CD11b" macrophages sorted from SuperMApo- or vehicle-treated EAE mice. Data pooled
from three independent experiments (d) P-P65, p-IxB (S473), as well as unphosphorylated
corresponding protein expression was assessed by western blotting on CD11b* macrophages
sorted from SuperMApo- or vehicle-treated EAE mice. The expression of these proteins was
compared with actin. Data representative of three independent experiments. (e) p65 NF-kB
subunit localization was assessed by immunofluorescence on CD11b" macrophages sorted
from the spleen of naive mice and treated during 24 h with SuperMApo or vehicle, and then
stimulated with LPS during 1 h. Data representative of three independent experiments. Mean

+ SEM. *=p<0.05 ***=p<(.005, unpaired two-tailed Student’s T test.
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Figure 6 Macrophage reprogramming by SuperMApo occurs through an epigenetic-
dependent manner. (a) Total level of 5-methylcytosine observed on macrophages sorted from
EAE mice 72 h after the first SuperMApo treatment. TET activity (b), de maintenance (¢) and
de novo (d) methyltransferase activity on macrophages sorted from EAE mice 72 h after the
first SuperMApo treatment. (e¢) TET conversion was assessed using antibodies directed
against c-EBPa, EBF1 and FOXA1. (f) Analysis by qRT-PCR for expression of miRNA-155,
-127, -146a and 223. (g) Local methylation level on genes coding miR-223 (left) and miR-127
(right) observed by gMSRE. (h) CHIP of CTCF enrichment on region 1 on the promoter of
miR-127. Data pooled from three independent experiments from a pool of five mice. Mean +

SEM. **=p<(.01 ***=p<0.005, unpaired two-tailed Student’s T test.
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Etude 2 : Effet de SuperMApo sur la reprogrammation
des ¢cDC et pDC

Nos premicres données ont montré que le traitement SuperMApo diminuait le score clinique
dans un modele d’EAE par la reprogrammation des macrophages. Cependant, d’autres
cellules présentatrices de 1’antigéne sont impliquées dans la modulation des réponses
immunes dans ’EAE. De plus, I’effet de I’efferocytose sur la modulation des différents sous-
types de cellules dendritiques est totalement inconnu a ce jour. Les ¢cDC et les pDC, bien que
partageant des fonctions communes, divergent dans leurs fonctions immunes et les facteurs
qui les contrdlent. Au cours de cette seconde étude, nous avons donc cherché a évaluer 1’effet
de SuperMApo sur ces cellules dans le modele d’EAE. Premiérement, nous avons observé
I’effet du traitement sur le phénotype des cDC et pDC au sein de 1’organe inflammatoire qui
est la ME. Puis, étant donné leur role dans 1’activation des LT au sein des organes lymphoides
périphériques, nous avons étudié¢ leur modulation au sein de la rate. Afin de poursuivre cette
¢tude, nous nous sommes intéressés a la modulation de leur expression génique en réponse a
SuperMApo. Enfin, nous avons étudié par quels mécanismes d’actions, notamment

épigénétique, ces cellules étaient régulées.

Nos résultats ont montré que 1’injection de SuperMApo ne modifiait pas le phénotype pro-
inflammatoire des cDC et pDC au sein du SNC. Cependant, une diminution du nombre de ces
cellules est observée. Dans la rate, les cDC et pDC ont la méme expression des marqueurs de
maturation et cytokines pro-inflammatoires mais les pDC, contrairement au c¢cDC, ont une
capacité accrue de générer des Treg et une capacité moindre a générer des Thl. Les données
de transcriptomique ont alors permis de mettre en évidence une certaine proximité entre ces
deux types cellulaires. Cependant, les pDC présentent un profil tolérogénique alors que les
cDC ont un profil plus mitigé puisqu’elles expriment des facteurs de tolérance en
combinaison avec des facteurs inflammatoires. La modulation différentielle de ces deux types
cellulaires peut notamment s’expliquer par une régulation différente au niveau €pigénétique.
En effet, les cDC ont une baisse de la méthylation globale de I’ADN (qui s’explique par une
augmentation de D’expression et de l’activit¢ de TETI1) alors que les pDC ont une
augmentation de la méthylation globale de ’ADN (qui s’explique par une augmentation de
I’expression de DNMTT et 3B). De plus, les pDC, contrairement aux ¢cDC, ont démontré une

baisse de I’expression du miR-214 qui est associé¢ avec 1’induction d’un profil tolérogénique.
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Enfin, afin de confirmer le réle des pDC dans I’effet résolutif de SuperMApo, nous avons
dépléteé ce type cellulaire a 1’aide de souris BDCA2-DTR. La déplétion des pDC entraine une
perte de I’effet de SuperMApo démontrant un role clé des pDC dans la résolution de

I’inflammation dans ce modeéle.

Ces données nous ont donc permis de mettre en évidence que les produits de 1’efferocytose
régulent de maniere différentielle les cDC et pDC, mettant en lumiére un réle important de la

reprogrammation des pDC dans I’effet résolutif de ces facteurs.
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Pro-resolutive factors issued from efferocytosis modulate differentially ¢cDC

and pDC in an epigenetic manner during EAE

Gauthier T!, Martin-Rodriguez O, Bonnefoy F!, Chagué C!, Ceroi A!, Varin A!, Missey A,

Adda-Rezzig H', Saas P!,Couturier M! Cartron PF?, Perruche S!

'Université Bourgogne Franche-Comté, INSERM, EFS BFC, UMR1098, Interactions Hote-
Greffon-Tumeur/Ingénierie Cellulaire et Génique, Fédération Hospitalo-Universitaire
INCREASE, LabEx LipSTIC, F-25000 Besangon, France ; “°CRCINA-INSERM 1232, Team
Apoptose et Progression tumorale - 44 805 Saint Herblain, FR

Abstract
Background: Experimental autoimmune encephalomyelitis (EAE) is the most common used

MS model. It has been shown that classical dendritic cells (¢cDC) and plasmacytoid dendritic
cells (pDC) in EAE are dysregulated toward a pro-inflammatory profile. Moreover, resolution
of inflammation is failing during multiple sclerosis leading to investigate new therapies
targeting the resolution of inflammation. To this aim, we used ex vivo phagocytosis of
apoptotic cells by macrophages (i.e efferocytosis) to induce pro-resolutive mediators (here
named SuperMApo for Supernatant issued from Macrophages Apoptotic cell culture)

production to resolve inflammation in EAE.

Methods: EAE MOGss.ss mouse model was used to monitor the effect of SuperMApo on
resolution of inflammation. Flow cytometry staining was used to observe the effect of
SuperMApo on cDC and pDC inflammatory profile in the spinal cord and the spleen or after
lipopolysaccharide (LPS) restimulation. The ability of ¢cDC and pDC after SuperMApo
treatment to polarize T cells was observed by coculture with CD4" naive T cells from RAG™
OT-II mice. The gene expression profile of cDC and pDC was assessed in the spleen by

transcriptomic analysis after cell sorting using magnetic beads or FACS cell sorting.

105



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Epigenetics modification of DNA methylation was performed using qRT-PCR and gMSRE

experiments. Finally, depletion of pDC was performed using BDCA2-DTR mice.

Results: EAE mice receiving SuperMApo at the first days of clinical appearance
demonstrated a decreased clinical score correlated with a decreased infiltrate in the spinal
cord. While ¢cDC and pDC seemed to not be modulated by SuperMApo in the spinal cord,
pDC in the spleen, contrary to cDC, displayed a tolerogenic profile in vivo or after LPS
exposure in vitro. Moreover, pDC demonstrated a totally reprogrammed profile toward a
resolutive phenotype as attested by their expression of genes implied in axon regeneration
which was not observed on ¢cDC. We also demonstrated that pDC and cDC reprogramming
was modulated in an epigenetic manner toward differential phenotype. Finally, the depletion
of pDC led to lose SuperMApo effects demonstrating their role in inducing tolerance after

SuperMApo treatment.

Conclusion: This study reveals a previously unrecognized role of targeting the resolution of
inflammation to control EAE. Our results also demonstrate that pDC, but not ¢cDC, are a
major target of factors issued from efferocytosis which induces a tolerogenic profile in these

cells through modulation of DNA methylation.

Keywords: Experimental autoimmune encephalomyelitis (EAE), multiple sclerosis (MS),
pro-resolutive factors (SuperMApo), classical dendritic cells (cDC), plasmacytoid DC (pDC),

DNA methylation
Background

Multiple sclerosis (MS) is an autoimmune disorder characterized by demyelination in
the central nervous system (CNS). It affects about 3 millions of people worldwide with

primary clinical course occurring in young adults!. Currently, no potent therapy for MS is
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available, and several investigations of new therapeutic approaches are in progress>. These
last mainly used mouse model namely Experimental autoimmune encephalomyelitis (EAE)
allowing a better understanding of pathological mechanistic underlying, and the in vivo
investigation of therapeutic drug effects’. While the pathogenesis of MS remains poorly
understood, several evidences suggest the involvement of autoreactive Th1l and Th17 cells®.
Indeed, antigen presenting cells (APC) such as classical dendritic cells (¢cDC) and
plasmacytoid DC (pDC) were described to prime myelin specific T cells in peripheral organs,
inducing their migration into inflammatory area where they would be re-stimulated by the
previously infiltrated APC'. The evidence of ¢cDC and pDC involvement was proven in
several experiments in EAE mice. Indeed, pDC depletion leads to a decrease clinical score in
the MOGs3s.s5 (Myelin Oligodendrocyte Protein 35-55) model and a decrease percentage of
MOG-specific Th17 cells into the spleen®. Similar effects were demonstrated with DC,
showing a decrease of clinical score induced by cell depletion and that MHC II expression in
DC is sufficient to induce pathological events’®. In another hand, APC were described to
control pathogenesis of EAE. It was demonstrated that MOG-presenting DC can control the
pathology through PD-1 involvement’. Moreover, injection of resting pDC, but not CpG
activated pDC, inhibits EAE in a MOG-dependent fashion!®. Thus, the expression of MHC-II
during EAE on pDC decreases the clinical course of the disease by modulating the priming of

CD4" T cells and the generation of Treg cells'!.

While autoimmune diseases are characterized by chronic inflammatory responses,
several mechanisms occur in physiological circumstances to maintain homeostasis and
promote tissular reparation'?. The paradigm of active resolution of inflammation mediated by
macrophages has emerged and been detailed in terms of actors and mechanisms, as well as to

propose a new branch of pharmacology called “resolution pharmacology”'®>. Among these,
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production of anti-inflammatory factors (e.g. IL-10, PGE2, TGF-f, adenosine, retinoids...) by
apoptotic cells/bodies phagocytosized-macrophages is widely accepted as a key step of

inflammation resolution'*!?

. In MS, CNS infiltrating macrophages during flairs were
described as inflammatory M1 macrophages, contributing to pathogenesis through pro-
inflammatory cytokines secretion and damaging CNS tissue. However, it was interestingly
demonstrated that after flairs, same macrophages presente a similar profile compared to
activated M2 macrophages, releasing anti-inflammatory cytokines which was associated to
resolution of inflammation and tissue repair'®. This suggests that physiological mechanisms of
inflammation control are available, but insufficient in MS to prevent autoimmune disease'”.
Several approaches were investigated to promote resolutive activity of macrophages in
autoimmune disease. One of them is the promotion of apoptotic body phagocytosis, namely
efferocytosis'®. This concept was illustrated through apoptotic cells injection . Interestingly,
apoptotic cells were also demonstrated to reverse the inflammatory response induced by a
specific antigen®’. Then, our group showed that in vivo induction of apoptosis using CD3-
specific antibody in EAE mice reduced MOG-induced and diminished ongoing PLP-induced
EAE severity. Involvement of efferocytosis was demonstrated in these effects, involving the
induction of antigen-specific regulatory T cells (Treg)*'. However, the factors issued from

efferocytosis have never been investigated to modulate MS and their effect on different APC

populations is totally unknown.

In this study we investigated another approach to resolve inflammation in EAE mouse
model. This last includes the ex vivo efferocytosis of apoptotic cells by macrophages to induce
the pro-resolutive factors production, which could be isolated for subsequent therapeutic use.
This resolution-based medicinal drug is named SuperMApo. We found that SuperMApo

injection decreased the clinical score of EAE mice and the inflammation in the spinal cord.
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Since the effect of resolution of inflammation on ¢cDC and pDC has not been previously
investigated, we focused on these cell types. We observed that their phenotypes were not
altered after SuperMApo treatment in the spinal cord. However, in the spleen, while their
expression of co-stimulation markers and cytokines remained stable, the ability of pDC, but
not ¢cDC, to prime Treg cells and to inhibit Thl differentiation was enhanced. We also
demonstrated that pDC had a decreased ability to respond to TLR activation in vitro. This
differential behavior was explained by a differential gene expression pattern due to a
differential DNA methylation status and a modulation of miRNA expression. Finally, we
observed that the pro-resolutive effect of SuperMApo in EAE was dependent on pDC because
their depletion leads to lose SuperMApo effect. Thus, our experiments demonstrated new

insights on the mechanisms by which resolution of inflammation could modulate MS.

Methods

Mice

Female C57BL/6 mice aged of 6-10 weeks were purchased from Charles River
Laboratories (L’ Arbresle, France). Experimentation (#02831) was approved by the local ethic
committee (#58) and the French Ministry of Higher Education and Research (Ministere de
I’Enseignement Supérieur et de la Recherche) and was conducted in accordance with the
European Union’s Directive 2010/63. Mice were housed at the environmentally controlled
and germ free UMR1098 animal facility (#D25-056-7) in ventilated cages with cellulose
bedding and access ad libitum to pellet food and sterile water pouches (Plexx, The

Netherlands).

Production of SuperMApo
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Briefly, macrophages were isolated from the peritoneal cavity of C57BL/6 mice, 48 h after
thioglycollate (3%, BD biosciences) mobilization, and then cultured (1.10e6 cells/mL) with
apoptotic thymocytes from C57BL/6 mice generated by X-ray irradiation (35 Gy) in 1 mL of
X-vivo media for a final ratio of 1 macrophage for 5 apoptotic cells. Supernatant was
collected at 48 h and filtered using a 20 pm disposable filter (Greiner bio-one) before storage
at -80°C until use. Supernatant of macrophages or apoptotic cells cultured alone were also

produced as controls.

EAE induction and SuperMApo treatment

C57BL/6 female mice were injected subcutaneously with 200 pg of MOGs3s.s5s peptide (Mb
bioproducts, Zurich, Switzerland) emulsified in IFA and 5 mg/mL of heat-inactivated
Mycobacterium tuberculosis (Sigma-Aldrich). Pertussis toxin (Merck Millipore, Billerica,
MA) was injected i.p. at 0 and 48 h after disease induction (200 ng/ mouse). . Mice were
monitored and scored daily as follows: 0, no disease; 1, flaccid tail; 2, hind limb weakness; 3,
partial hind limb paralysis; 4, total hind limb paralysis; 5, moribund state. When mice reached
a clinical score ranged between 0.5 and 1, SuperMApo or X-vivo medium (Lonza, Basel,
Switzerland) alone used as vehicle control (vehicle) were injected twice i.p. (I mL, each 48
h). To deplete pDC in BDCA2-DTR mice, 1 pg of diphtheria toxin (Sigma-Aldrich) was

injected the 2 days before and the day after the first injection of SuperMApo

Isolation of CNS-infiltrating leukocytes

Spinal cords were extracted 72 h after the first SuperMApo treatment, excised and digested
using 2 mg/mL of collagenase II (Roche Diagnostics, Indianapolis, IN) for 35 min at 37°C.
Cells were washed with Roswell Park Memorial Institute medium containing 10 % Fetal

Bovine Serum, then resuspended on 30 % Percoll (Sigma-Aldrich) solution. The 30 % Percoll
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homogenate was layered over 70 % Percoll followed by centrifugation for 20 min at room
temperature. Leukocytes were collected from the interface and washed twice as previously

described.
Flow cytometry analysis

For surface staining, cells were incubated with anti-CD16/CD32 (24G2, BD biosciences, Le
pont de Claix, France) during 10 min at 4°C with Fixable Viability Stain (V510, BD
biosciences). Then, cells were stained with anti-CD11¢c-PECy7 (clone N418), CD19-APCCy7
(clone 6D5), mPDCA-APC (JF05-1C2.4.1), Siglec-H-PE (REA819), MHC-II-VioBlue (clone
REAS813) (Miltenyi Biotec, Bergisch Gladbach, Deutschland), CD80-FITC (clone 16-10A1)
(BD biosciences), CD86-PerCP (clone GL-1) and CD40 PECy7 (clone 3/23) (Biolegend, San
Diego, CA) at 4°C during 20 min. For intracellular staining, cells were stimulated with 1
pg/mL of LPS (Sigma-Aldrich, only for in vitro stimulation assays) followed by a stimulation
with 25 ng/mL of phrobol 12-myristate 13-acetate (Sigma-Aldrich) and 1 pg/mL of
ionomycin (Sigma-Aldrich) in presence of 10 pg/mL of monensin (BD biosciences) 4 h at
37°C. Cells were then washed and stained with surface antibodies as described previously.
After a wash in Phosphate Buffer Saline (PBS, Life technologies, Carlsbad, CA), cells were
fixed with Cytofix/Cytoperm (BD biociences) 20 min at 4°C, rinced with permeabilization
buffer (ThermoFischer Scientific, Waltham, MA) and stained with anti-TNF-PerCPCy5.5
(clone MP6-XT22), IL-12-PE (clone C15.6) and IL-10-FITC (clone JES5-16E3) (BD
biosciences) for 40 min at 4°C. FACS analysis was performed using LSR Fortessa X-20
system (BD biosciences). ¢DC were considered as CDI1¢'CD19" and pDC as

mPDCA"Siglec-H" (or mPDCA*CD11c¢™ when indicated).

T cell polarization
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To assess the effect of cDC and pDC on T cell polarization, splenocytes from EAE
mice at 72 h after the first SuperMApo treatment or splenocytes from naive C57BL/6 mice
were harvested. cDC were isolated using CD11c magnetic beads (Miltenyi Biotec, following
the manufacturer’s instructions) and pDC using FACS cell sorting (pDC were considered as
Siglec-H' mPDCA"CD19" gated on live cells). Cells from naive mice were then cultured with
SuperMApo during 18 h followed by TLR stimulation during 6 h (1 pg/mL of LPS (Sigma-
Aldrich) for ¢cDC and 12 pg/mL of CpG ODN 2216 (Invivogen, San Diego, CA) for pDC).
¢DC and pDC were then cultured with CD4"CD25™ naive T cells sorted from RAG~/OT-II
mice (50 000 APCs for 100 000 T cells) in presence of ovalbumine peptide (323-339) (2
pg/mL, Invivogen). After 96 h of culture, T cell polarization was analyzed using CD3-
APCCy7 (clone 145-2C11), CD4-V450 (clone RM4-5) (BD biosciences), CD25-PECy7
(clone 7D4), IFN-y-FITC (clone REA381), IL-17-APC (clone REA660) (Miltenyi Biotec)
and Foxp3 PE (ebiosciences, clone FJK-16S) as described previously for intracellular

staining.
Transcriptomic analysis

cDC and pDC were isolated using cell sorting as previously described. RNA samples were
sent to Integragen (Evry, France) for sequencing on their NGS platform (Illumina HiSeq
4000) and resulting raw data (fastq.gz) were sent to Plateforme CLIPP (Dijon, France) for
data processing on their custom pipeline (alignment on mouse reference genome was
performed using TopHat2 algorithm followed by differential expression of transcripts with
Cufflinks algorithms). Resulting RNA-seq data, containing FPKM (Fragments Per Kilobase
of exon per million fragments Mapped) values, were log, transformed, normalized and mean-

centered using Cluster 3.0 software and data visualization was performed using GiTools and
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TreeView 3 for the different Heatmaps, and Cytoscape 3.2 for network analysis of the

associated pathways.

Epigenetic analysis

DNA extract was performed using QIAamp DNA Mini QIAcube Kit and QIAcube (Qiagen,

France). 5-methylcytosine ELISA was performed using SmC ELISA (Ozyme/Zymo, France).

DNMTs magnetic bead (DMB) assays were performed as described by Yokochi and
Robertson (PMID: 15273420). A typical methylation reaction contained 30 nM of the
respective DNMT protein (Methylation Ltd, Port Orange, Florida or Tebu-Bio, France), 125
nM DNA oligonucleotides, and 900 nM tritium-labeled AdoMet (Amersham Bioscience, 1
mCi/mL), in reaction buffer (50 mM Tris, pH 8.0, 5 mM EDTA, 10% glycerol, 0.5 mM
phenylmethylsulfonyl fluoride). After incubation at 37 C for 1 h, the reaction was quenched
with an equal volume of magnetic beads suspension, and incubated for 15 min at room
temperature. Next, the beads were magnetically isolated from the reaction mix, and tritium
incorpo- ration was measured by scintillation counting. Unmethylated double stranded
oligonucleotides were used to estimate the de novo MTase activity, and hemimethylated

double stranded oligonucleotides were used to estimate the maintenance MTase activity.

miRNA extraction was perfomed using miRNeasy Mini Kit and QIAcube (Qiagen, France).
miScript II RT Kit (Qiagen, France), miScript SYBR Green PCR Kit (Qiagen, France) and
miScript Primer Assay were used to quantify the miRNA expression. MSRE methodology
was adaptated from the OneStep qMethylTM Kit (Ozyme, ZYMO, France). A typical
digestion of genomic DNA contained 20ng of DNA and 5 units of considered enzyme (New
England Biolab, France). For the non-enzyme control, distilled water was added instead of

considered enzyme. Except for certain enzyme, all prepared samples were incubated at 37 C
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for 12 hours, follow by heat inactivation at 65 °C for 20 minutes. Primers (ThermoFischer) of
interest are: Dmmtl (MmO01151063 ml), Dmnmt3a (Mm00432881 ml), Dnmt3b
(MmO01240113 m1), Uhrfl (Mm00477872 ml), Tetl (MmO1169087 ml), Tet2?
(Mm00524395 ml), Tet3 (Mm00805756 m1) and Tdg (Mm02602088 gl). Qiagen miScript
Primer Assays were used for miR-22 (MS00001330), mi-34a (MS00001428), miR-146a
(MI10000170), miR-155 (MS00001701) and miR-214 (MS00032571). The methylation level

for any amplified region was determined using the following equation %methylation=100x2"

ACt

Chromatin ImmunoPrecipitation (ChIP) experiments were performed with the LowCell#ChIP
kit (Diagenode, France). Bioruptor (Diagenode, France) was used for the sonication step (3
runs of 8 cycles (30seconds“ON”, 30 seconds “OFF”) at high power setting). 6 pg of antibody
(Anti-CTCF antibody (ab70303) Abcam, France) were used and IP tubes were incubated at 40
rpm on a rotating wheel for 4 hours at 4°C. qPCR were performed using SYBR Green PCR

Kit (Qiagen, France).

Typically, TET conversion activity was determined by measuring the 5SmC level (ELISA) in a
methylated oligonucleotide probe mimicking a DNA region of interest. Biotinylated probe
was incubated with 10ng of Nuclear Extraction Kit (ab113474, Abcam, France) for 90min at
37°C in presence of not of 10pug of considered antibody (GATA1: sc-265, Santa Cruz, France,
RXRa (clone 1C1, Abnova, France), and FOXM1 (clone 3A9, Abnova). After isolation and
washes, reageants issue to the MethylFlashTM Global DNA Methylation (5-mC) ELISA Easy

Kit (Colorimetric) were used to detect the SmC on probe.

Statistical analysis
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233 Data were expressed as mean + sem. Statistical differences among groups were assessed by

234  ANOVA followed by Bonferroni post test (for clinical score analysis) or unpaired two-tailed

235  Student’s T test. Values of p <0.05 were considered statistically significant.
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Results
SuperMApo modulates ongoing EAE and reduces cellular infiltrate in the CNS

To evaluate the therapeutic properties of effercoytosis factors we cultured macrophages with
apoptotic cells during 48 h and collected the supernatant (SuperMApo). EAE mice
demonstrating an ongoing disease (clinical score between 0.5 and 1) received SuperMApo
twice (1 mL) in i.p as indicated by the black arrows (Fig. 1a). We observed that SuperMApo
treatment modulated significantly the pathology compared to vehicle X-vivo during the ten
days following injection (p<0.005) (Fig. 1a). While the CNS inflammatory cytokine content
(TNF-a, IL-12, IL-6, IFN-y) was not modulated by the treatment (Fig. 1b), the number of
total leukocytes was dramatically decreased after SuperMApo treatment at 72 h (p<0.01) (Fig.
1¢). We then focused on cDC and pDC which are major immune player during EAE but in
which the effect of efferocytosis is not understood. Among the leukocytes, the number of cDC
and pDC was dramatically diminished 72 h after the first SuperMApo treatment (Fig. 1d).
Analysis by FACS of their expression of co-stimulation markers (CD80, CD86, CD40 and
MHC-II) as well as their production of cytokines in the spinal cord was not altered after
SuperMApo treatement (Fig. le-f). Together, these results demonstrated that SuperMApo
treatment modulates an ongoing EAE by inducing a decrease infiltration of immune cells in

the CNS.
SuperMApo influences spleen pDC, but not cDC toward a tolerogenic profile

APC like ¢DC and pDC are key players of inflammation notably by activating immune
responses in lymphoid organs*®. Having established that SuperMApo modulated the
infiltration of these cells into the CNS, we questioned whether SuperMApo could modulate

their phenotype in peripheral lymphoid organs. The number of ¢cDC and pDC was increased
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of about three in the spleen 72 h after SuperMApo treatment in EAE mice (Fig. 2a). pDC
demonstrated a slight, but not significant, decreased expression of IL-12, but the expression of
co-stimulation markers and cytokines was not altered after treatment (Fig. 2b-c). Since these
cell types could modulate T cell responses in vivo, we hypothesized that cDC and pDC after
SuperMApo treatment could influence T cell polarization. While cDC (upper panel) had the
same ability to generate T cell responses after SuperMApo treatment, pDC (lower panel)
demonstrated a decreased ability to generate Thl responses and an increased ability to
generate Treg (Fig. 2d). In line with these observations, SuperMApo did not modulate the
response of cDC to TLR ligand in vitro but impaired the ability of pDC to express maturation
markers (Fig. 2e). When we co-cultured these APC with naive CD4" OT-II T cells as
described previously, cDC displayed the same T cell responses, but interestingly pDC had a
stronger capacity to generate Treg cells (Fig. 2f). These results demonstrated that SuperMApo
impact the functionnality of pDC, but not cDC, in vivo and in vitro allowing them to acquire a

pro-tolerogenic phenotype.

SuperMApo modulates the transcriptome of cDC and pDC in a differential manner

To further investigate the regulation of these cells by SuperMApo treatment, transcriptomic
analysis was performed on splenic cDC and pDC from SuperMApo- and vehicle-treated EAE
mice. 328 genes were upregulated in cDC after SuperMApo treatment and 482 genes were
down-regulated (Fig. 3a,c). Similarly, 336 genes were upregulated in pDC treated by
SuperMApo and 513 were downregulated (Fig. 3b,d). Interestingly, cDC and pDC share
common genes upregulated as the immunoregulatory genes Idol, Argl or Sirt4 as well as
common genes downregulated as pro-inflammatory factors Mmp9 and Rarres! (Fig. 3a-b).
Interestingly, pDC overexpressed only genes implicated on tolerogenicity and downregulated

genes implied on maturation and inflammation. However, cDC while expressing tolerogenic
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genes (Idol and Argl) also expressed the pro-inflammatory chemokine Ccl/22*? and
downregulated the tolerogenic enzyme Arg2*’. Moreover, pDC overexpressed a pathway
implicated on alpha amino acid catabolic process containing the genes Arg/ and Ido! and also
a pathway implicated on axon regeneration which is a key feature of resolution of
inflammation in the pathology of MS and which was not overexpressed on cDC (Fig. 3e-l).
Thus, these results confirmed that pDC and ¢cDC were differentially regulated by SuperMApo

treatment allowing pDC to express pro-tolerogenic genes.
Modulation of the epigenome of pDC and ¢cDC by SuperMApo

To further determine the mechanisms by which SuperMApo regulates differentially cDC and
pDC, we focused on DNA methylation which play a role on DC immune responses>*?°. First,
cDC from the spleen of EAE mice 72 h after the first SuperMApo treatment demonstrated a
decreased level of global methylation while pDC demonstrated an increased level of global
methylation (Fig. 4a). These changes were accompanied by an increased expression and
activity of the demethylase TET1 in c¢DC and an increased expression of the
methyltransferases DNMT1 and DNMT3B (Fig. 4b). Thus, we focused on miRNA which
exert a tight control on immune cells during different inflammatory context**?’. We observed
that the anti-inflammatory miR-146a expression was increased after SuperMApo treatment in
cDC while the pro-inflammatory miR-214 expression was decreased after SuperMApo
treatment in pDC (Fig. 4¢). In c¢DC, the increased expression of mir-146a was due to a
decrease methylation level on its promoter (Fig. 4e) and in pDC the miR-214 was
hypermethylated (Fig. 4d,e). Using blocking anti-RXRa antibody, the demethylating activity
on promoter of miR-146a has been lost in cDC however, the hypermethylating activity on
promoter of miR-214 was dependent on GATAL1 in pDC (Fig. 4f).

SuperMApo resolutive effect is dependent on pDC
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Since pDC were modulated by SuperMApo toward a tolerogenic profile in our EAE model,
we questioned whether the effect of SuperMApo was mediated by pDC. To this aim, pDC
were depleted before SuperMApo treatment in BDCA2-DTR mice by injecting diphtheria
toxin at day 6, 7 and 9 to ensure a complete depletion of pDC during SuperMApo treatment
(at day 8 and 10). As expected, SuperMApo decreased the clinical score compared to vehicle
control (p<0.01). However, the depletion of pDC leads to totally lose SuperMApo effect (Fig.
5). Thus, the pro-resolutive factors issued from effereocytosis induce the reprogramming of

pDC toward a tolerogenic profile which allow them to control EAE.
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Discussion

Resolution of inflammation is impaired in several inflammatory diseases and new insights
suggest that targeting the resolution of inflammation could be a promising therpeutic way'>!”.
The role of ¢cDC and pDC cells in the pathogenesis of EAE is well defined but remains still
controversial. In fact, cDC were found to prime Thl and Th17 responses in the lymph nodes
and be sufficient to induce antigen specific pathogenic T cells via antigen presentation®.
However, a recent publication demonstrated that their depletion could lead to an exacerbated
pathology because they were able to prime Treg responses in a PD-1/PD-L1 axis’. pDC
depletion leads to decrease clinical score in EAE mice suggesting a pathogenic role of these
cells notably by modulating the balance between pathogenic Th1/Th17 cells and Treg cells®.
However, their injection into EAE mice induces their recruitment through a
chemerin/CMKLR1 axis into the SNC leading to decreased pathology'’. Moreover, mice
deficient for MHC-II specifically on pDC lead to an increased disease due to lower Treg
generation'!. These facts suggest that modulating the phenotype of ¢cDC and pDC during EAE
could be a good way to establish tolerance. Indeed, the effect of the resolution of

inflammation, notably in the context of EAE, is largely undescribed leading us to focus on the

effect of SuperMApo on these cells.

Here, we have demonstrated that reintroducing pro-resoliving factors issued from the
resolution of inflammation permits to control the disease in an EAE model (Fig. 1a). We
observed that number of ¢cDC and pDC was dramatically decreased in the spinal cord of EAE
mice after SuperMApo treatment while their inflammatory markers remained stable (Fig. 1d-
f). However, in the spleen, pDC but not cDC were reprogrammed toward a tolerogenic
profile. They are able to generate higher levels of Treg cells but lower level of Thl cells

demonstrating that targeting pDC is a promising way to re-establish the balance between Treg
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and Th1 which is broken during EAE (Fig. 2d). Moreover, in response to TLR ligand, which
mimick an inflammation in vitro, pDC demonstrated also a tolerogenic phenotype (Fig. 2e-f).
It is particularly intriguing to observe that SuperMApo exert a differential effect on these cells
type. An explanation could be the expression of the receptor CMKLR1 which is expressed
both on ¢cDC and pDC?®. However, a study have been demonstrated a differential expression
of this receptor on ¢cDC and pDC on human blood and an ability of chemerin (a ligand of
CMKLR1) to attract pDC?°. Moreover, in the EAE model, injection of pDC leads to their
recruitment in the SNC in a CMKLR1/chemerin dependent manner which permits to control
the disease!®. Interestingly, the CMKLRI1 receptor is able to transduce the pro-resolutive
lipids resolvin D1 and E1 which are produced during efferocytosis suggesting that the
differential effect of SuperMApo on cDC and pDC may be partly due to their differential

CMKLRI1 expression'?.

Further analysis of ¢cDC and pDC transcriptome demonstrated also a differential pattern
between these cells (Fig. 3). Interestingly, pDC and cDC overexpressed genes implied on
resolution of inflammation as Arg/ and Idol and expressed lower amount of pro-
inflammatory genes as Mmp9 and Raressl (Fig. 3a-b). However, cDC expressed also more
levels of the pro-inflammatory chemokines Cc/22 which is implied on the pathogenesis of
EAE by recruiting inflammatory macrophages®”. Moreover, they displayed also a decrease
expression of Arg2 which has recently been demonstrated to permit the suppression of T cell
responses by fetal cDC?. Indeed, pDC overexpressed a pathway relying on axon regeneration
which is a key feature of resolution of inflammation in the model of EAE demonstrating a
strong resolutive phenotype in this model®’. Interestingly, the presence of two different

pathways implicated on cellular metabolism could indicate that metabolism in ¢cDC and pDC

121



365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

is regulated differently after SuperMApo treatment. Thus, pDC are pro-tolerogenic but cDC

expressed a “mixed” phenotype composed of pro-tolerogenic and pro-inflammatory genes.

To further address the underlying cause of reprogrammation observed on pDC but not on
cDC, we focused on the regulation of these cells by epigenetic counterparts. As observed
during this study, the methylation profile of ¢cDC and pDC is differently regulated. In cDC,
the global level of DNA methylation is decreased due to an increase of TET1 expression (Fig.
4). However, in pDC the global level of DNA methylation is increased due to an higher
expression of DNMT1 and DNMT3B which is link with a decrease of miR-214 not observed
on cDC which overexpressed the miR-146a (Fig. 4). Interestingly, miR-214 has been found
down-regulated on tolerogenic cDC (treated with TGF-B and IL-10)*°. Moreover, the
inhibition of this miRNA led to decrease the activation of cDC in vitro and in vivo, their
production of pro-inflammatory cytokines and enhance their capacity to generate Treg cells?'.
Although the role of miR-214 in pDC is not known, our data suggest that it plays the same
function as in ¢cDC because pDC treated with SuperMApo demonstrated a decrease activation
and an increased ability to generate Treg cells which is correlated to a decrease expression of
miR-214. While the anti-inflammatory miR-146a%?3® is overexpressed on cDC it’s not
sufficient to induce a tolerogenic profile in these cells suggesting that other factors

counterbalance this effect.

Finally, we observed that depletion of pDC lead to lose SuperMApo pro-resolutive effect
demonstrating that they are key cells in the control of EAE. This effect seemed to be due to an
increase ability to generate Treg cells in peripheral organs and to induce tolerance more than
by decreasing immune response in periphery directly in the spinal cord. Thus, our data
strongly demonstrate that reintroduction of pro-resolutive mediators issued from efferocytosis

is an interesting way to treat inflammatory diseases.
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Figure 1 SuperMApo modulates EAE by decreasing CNS infiltration.

(a) Clinical score of EAE mice treated twice (black arrows) with SuperMApo (n= 5 mice) or
vehicle (n= 3 mice). Data representative of 3 independent experiments. (b) Analysis by qRT-
PCR of TNF-q, II-12p70, 11-6 and IFN-y relative gene expressions in spinal cord lysate 72 h
after the first SuperMApo treatment (n= 4 mice). Data representative of 2 independent
experiments. (¢) Absolute number of leukocytes in spinal cord of SuperMApo- (n= 5 mice)
or vehicle- (n= 3 mice) treated EAE mice 72 h after treatment. Data representative of 3
independent experiments. (d) Absolute number of conventional DC (¢cDC) and plasmacytoid
DC (pDC) in the spinal cord (n= 5 mice). Data representative of 3 independent experiments.
(e) Costimulatory (CD80, CD86, CD40) and MHC-II mean florescence intensity (MFI)
expressions evaluated in cDC and pDC from the spinal cord by FACS (n= 4-5 mice). Data
representative of 3 independent experiments. (f) Cytokines (TNF-a, IL-12 and IL-10)
expressions evaluated in ¢cDC and pDC from the spinal cord (n= 5-6 mice). Data
representative of 2 independent experiments. Mean + SEM. *= p<0.05, **=p<0.01
***=p<0.005, unpaired two-tailed Student’s T test (b-f) or Anova two-way followed by

Bonferroni post test (a).

Figure 2 SuperMApo modulates splenic pDC, but not DC, toward a tolerogenic profile in

vivo and in vitro.

(a) Absolute number of conventional DC (¢cDC) and plasmacytoid DC (pDC) in the spleen of
EAE mice 72 h after the first SuperMApo (or vehicle) treatment (n= 5 mice). Data
representative of 3 independent experiments. (b) Costimulatory (CD80, CD86, CD40) and
MHC-II mean florescence intensity (MFI) expressions evaluated in ¢cDC and pDC from the
spleen 72 h after the first SuperMApo treatment by FACS (n= 5 mice). Data representative of

3 independent experiments. (¢) Cytokine (TNF-q, IL-12 and IL-10) expressions evaluated in
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c¢DC and pDC from the spleen (n= 5 mice). Data representative of 2 independent experiments.
(d) ¢cDC (upper panel) and pDC (lower panel) sorted from vehicle- or SuperMApo-treated
mice were co-cultured during 96 h with CD4*CD25 OT-II naive T cells in presence of OVA
peptide (2 ug/mL). Frequencies of CD4IL17", CD4'IFN-y" and CD4"CD25 Foxp3" were
determined by FACS. Data representative of 3 independent experiments (triplicate from a
pool of 5 mice). (e) Splenocytes from naive mice were treated with SuperMApo or vehicle
and then restimulated with TLR ligand (LPS for ¢cDC and CpG for pDC). Costimulatory
(CD80, CD80 and CD40) and MHC-II mean fluorescence intensity (MFI) expressions were
evaluated by FACS. Mean of triplicate. Data representative of 2 independent experiments. (f)
cDC and pDC from the spleen of naive mice were isolated, treated with SuperMApo or
vehicle, restimulated with TLR ligand (LPS for ¢cDC and CpG for pDC) and then co-cultured
during 96 h with CD4"CD25 OT-II naive T cells in presence of OVA peptide (2 pg/mL).
Frequencies of CD4"IL17", CD4'TFN-y" and CD4"CD25 Foxp3" were determined by FACS.
Data representative of 3 independent experiments. Mean + SEM. *= p<0.05, **=p<0.01

*#%=p<0.005, unpaired two-tailed Student’s T test.

Figure 3 SuperMApo modulates differentially the transcriptome of ¢cDC and pDC. (a,b) Gene
expression (logz FPKM transformed) of conventional DC (¢cDC) (a) and plasmacytoid DC
(pDC) (b) from EAE mice treated with vehicle or SuperMApo. Genes are ordered and colored
based on their fold change, with (a) 231 (pDC) and 229 (cDC) genes with a change in
expression of 1.5-fold or more, (b) 379 (pDC) and 366 (DC) genes with a fold change of 0.67
or below, (c) 105 (pDC) and 99 (cDC) genes expressed only in SuperMApo-treated mice, and
(d) 134 (pDC) and 116 (cDC) genes expressed only in vehicle-treated mice. (¢,d) Expression
(logo FPKM transformed, normalized, mean centered) of all 12348 (cDC) (c) and 12382

(pDC) (d) genes expressed, clustered from lowest fold change (top) to highest (bottom). (e,f)
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Network analysis of gene-ontology pathway enrichment on all 229 (¢cDC) (e) and 231 (pDC)
(f) genes with a fold change of 1.5 or more and all 99 (cDC) and 105 (pDC) genes only
expressed in SuperMApo treated mice with a P< 0.05. (g,h) Network analysis of gene-
ontology pathway enrichment on all 366 (cDC) (g) and 379 (pDC) (h) genes with a fold
change of 0.67 or below all 116 (¢cDC) and 134 (pDC) genes only expressed in vehicle treated
mice. (i,j) Expression (logz FPKM transformed, normalized, mean centered) of genes
corresponding to selected pathways found in the network analysis enrichment on all 229
(cDC) (1) and 231 (pDC) (j) genes with a fold change of 1.5 or more and all 105 (pDC) and 99
(cDC) genes only expressed in SuperMApo treated mice. (k,I) Expression (logz FPKM
transformed, normalized, mean centered) of selected genes corresponding to selected
pathways found in the network analysis enrichment on all 366 (¢cDC) (k) and 379 (pDC) (1)
genes with a fold change of 0.67 or below and all 134 (pDC) and 116 (cDC) genes only
expressed in vehicle treated mice. Data obtained from 3 independent experiments from a pool

of 5 mice.

Figure 5 pDC were responsible of SuperMApo tolerogenic effect. Clinical score of EAE
BDCA2-DTR mice treated with 1 pg of diphtheria toxin (DT) (or PBS) i.p at day 6, 7 and 9
and vehicle or SuperMApo at day 8 and 10 (n=4-5 mice). Data representative of 2
independent experiments. Mean + SEM. *= p<0.05, **=p<0.01, Anova one-way followed by

Bonferroni post test.
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Résultats complémentaires

D’autres résultats nous ont permis au cours de cette thése d’orienter notre recherche
mais ils ne sont pas inclus dans les résultats précédents soumis pour publication ou en cours
de préparation. Ces travaux sont détaillés ici, apreés une section « matériel et méthodes »

récapitulant les techniques utilisées et non décrites précédemment.

Matériel et méthodes

Western blotting

Des pDCs triées (Miltenyi Biotech, pureté supérieure a 80%) de la rate de souris naives
(ou de souris EAE traitées par SuperMApo) ont été incubées pendant 24h avec SuperMApo
ou son controle X-vivo (Lonza), suivie d’une activation au CpG durant 1 h (12 pg/mL,
invivoGen). Les cellules ont alors été rincées en PBS puis les protéines ont été extraites a
I’aide d’un tampon Laemmli. Les protéines ont été déposées sur un gel d’acrylamide a 8,5 %
suivi d’un transfert sur membrane de polyvinlydéne difluoride. La membrane a été bloquée
avec du PBS-Tween 20 0,01 % régilait 5 % durant 1,5 h puis incubée sur la nuit avec des
anticorps anti-pP65, p-STAT1, plkB, P65, IkB ou actine (Cell signaling). La détection a été
réalisée 2 h a température ambiante a 1’aide d’anticorps anti-IgG couplé a la peroxidase suivie

d’une révélation a I’ECL (BioRad).
Etude de la glycolyse in vivo

Des souris C57BL/6 ont été mises a la di¢te 3h avant I’injection ip. d’1 mL de
SuperMApo ou 1 mL de X-vivo. La glycémie a été mesurée avant injection puis a 1, 3, 6 et 24

h a I’aide d’un Freestyle Accu check (Freestyle).
Etude de la glycolyse in vitro

Apres extraction, des splénocytes ont €té prétraitées 12 h avec SuperMApo ou du X-vivo

en présence ou non de 2-déoxyglucose (2-DG, 2mM ; Sigma-aldrich) puis activées avec du
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LPS (1 pg/mL ; Sigma-Aldrich) ou du CpG (12 pg/mL) pendant 24 h. Apres rincage, les
cellules ont été bloquées pour les récepteurs Fc puis marquées avec des anticorps anti-CDl1 1c,
CDl11b, CD19, F4/80, mPDCA, Siglec-H, CD80, CD86, CD40 et MHC-II (BD biosciences)
pendant 20 min a +4°C a D’abri de la lumicre. Les cellules mortes ont été exclues avec un
marquage FVS (BD biosciences). Enfin, les cellules ont été rincées et analysées en cytométrie

de flux a I’aide d’un FACS canto II (BD biosciences).
SPR et spectrométrie de masse

Une puce d’or (Femto-ST, Besancon, France) a ét¢ activée durant 30 min avec de ’EDC-S (1-
Ethyl-3-(3-Dimethylaminopropyl)-sulfo-N-hydroxysuccinimide) puis 1’anticorps anti-TGF-f3
(clone 2G7 ; gracieusement fourni par L Chatenoud, Hopital Necker-Enfants Malades, Paris)
ou son isotype (Biolegend) ont été greffés durant 35 min sous ultrason. Apres saturation de la
puce avec de I’albumine de sérum de rat (Sigma-Aldrich), le surnageant SuperMApo a été
injecté pendant 90 min en recirculation a 200 pL/min. La puce a alors été envoyée pour
analyse en spectrométrie de masse a la plateforme CLIPP (G. Lucchi, Dijon, France). Des
expériences identiques ont été réalisées avec un anticorps anti-LAP (clone TW7-16B4 ;

Biolegend) et son isotype (Biolegend).

Résultats

En complément de ces travaux, nous avons étudi¢ plus en amont les voies de régulation
des différentes APC qui pouvaient expliquer ces changements observés apres 1’action de
SuperMApo. La voie NF«kB a ét¢ montrée comme sous-exprimée dans les macrophages in
vivo et in vitro. De plus, la voie d’activation classique de NFkB est impliquée dans la mise en
place de I’activation des pDC notamment lors de leur activation par le ligand TLR9 CpG
(Volpi, Fallarino et al. 2013; Ceroi, Delettre et al. 2016). Nous avons donc cherché a
déterminer I’effet du traitement par SuperMApo sur la voie NFkB dans les pDC. Pour se faire,
des pDC ont été isolées de la rate de souris EAE traitées ou non par SuperMApo 72 h apres
traitement. Nous avons alors étudi¢ la phosphorylation des acteurs de la voie NFxB, IkB et
p65. Une diminution de la phosphorylation de p65 et de son régulateur IkB a été observée
démontrant que cette voie est modulée par le traitement SuperMApo dans les pDC (Figure
11a). De plus, le traitement de pDC in vitro avec SuperMApo suivie d’une stimulation par le
ligand TLR CpG permet aussi de diminuer la phosphorylation de p65 et du facteur de
transcription pro-inflammatoire STAT1 (Figure 11b) (Takauji, Tho et al. 2002). Ces données
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montrent que SuperMApo modulent le phénotype pro-inflammatoire des pDC en modulant

I’activation de la voie NFkB.
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Figure 12. Etude de ’activation de la voie NFkB dans les pDC. (a) Des pDC ont été isolées de la rate de
souris EAE, 72 h aprés avoir été traitées ou non par SuperMApo. L’activation de la voie NFkB a été évaluée par
Western blotting. (b) Des pDC ont été isolées de la rate de souris naives, traitées durant 24 h par SuperMApo ou
son contrdle (med) puis activées par CpG (ligand du TLR9) pendant 1 h. L’activation de la voie NFkB et de la
phosphorylation de STATI1 a été¢ étudiée par Western blotting. Données représentatives de 3 expériences
indépendantes.

Le réle du métabolisme dans la reprogrammation des cellules immunitaires a été décrit
récemment comme €étant un facteur essentiel de la réponse immunitaire (Kelly and O'Neill
2015; Buck, Sowell et al. 2017). De maniére étonnante, I’analyse par spectrométrie de masse
de SuperMApo démontre qu’il contient des enzymes de la glycolyse (7 sur 10) alors que les
surnageants de cellules apoptotiques ou de macrophages n’en contiennent pas (Figure 12a).
Ces données nous ont donc incités a évaluer si SuperMApo pouvait affecter le métabolisme.
Tout d’abord, I’injection de SuperMApo dans des souris C57BL/6 WT diminue le taux de
glucose dans les souris de manicre significative (p<0,005) dans I’heure suivant le traitement
puis ce taux revient au taux basal dés 3 h (Figure 12b). Cependant, le méme phénomeéne est

observé dans les souris traitées avec le controle X-vivo (qui contient de 1’insuline) démontrant
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que cette baisse de la glycémie n’est pas liée a I’injection de SuperMApo. Afin de poursuivre
I’¢tude de la reprogrammation métabolique des APC par SuperMApo, nous avons observé
I’effet du blocage de la glycolyse sur la capacité d’activation des APC en réponse a un ligand
TLR apres traitement par SuperMApo in vitro. L’activation des différents types d’APC par un
ligand TLR (LPS pout les DC et macrophages et CpG pour les pDC) induit une augmentation
de I’expression des marqueurs de co-stimulation CD40, CD80 et CD86 (Figure 12¢). Cette
activation est prévenue lorsque les cellules ont été prétraitées par SuperMApo confirmant
I’effet immunomodulateur des SuperMApo sur les APC. Afin d’étudier le role de la glycolyse
sur ’effet de SuperMApo, les cellules ont été incubées en présence de 2-deoxyglucose (2-
DG) (inhibiteur de la glycolyse) lors du traitement par SuperMApo ou son contrdle. L’ajout
de 2-DG dans les cultures diminue les niveaux d’activation basale des APC ainsi que leur
capacit¢ de réponse au ligand TLR ce qui est cohérent avec la littérature (Jantsch,
Chakravortty et al. 2008; Chiba, Hisamatsu et al. 2017). Cependant, le 2-DG ne bloque pas
’effet anti-inflammatoire de SuperMApo puisque SuperMApo en présence de 2-DG diminue
toujours la capacité d’activation des APC. De maniere intéressante, I’insuline présente dans le
X-vivo ne semble pas avoir d’effets sur ’activation des cellules et I’inhibition de cette
activation par le 2-DG suggérant que I’insuline modifie principalement le taux de glucose in
vivo par ’action de cellules non immunes qui ne sont pas présentes dans la rate. Ces données
démontrent que I’effet de SuperMApo n’est pas dépendant de la glycolyse et que d’autres

mécanismes de modulations métaboliques, s’ils existent, pourraient étre mis en jeu.
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Figure 13. L’effet immunodmodulateur de SuperMApo n’est pas dépendant de la glycolyse. (a) Analyse
par spectrométric de masse des enzymes de la voie glycolytique dans le surnageant SuperMApo, de cellules
apoptotiques (Apo) et de macrophages (Macro). (b) Taux de glucose dans le sang chez des souris C57BL/6
naives injectées par SuperMApo ou son controle X-vivo (1 mL en i.p a 0 h). (¢) Les splénocytes de souris
C57BL/6 naives ont été cultivés durant 24 h en présence de SuperMApo ou son contréle combiné ou non a du 2-
DG (2 deoxyglucose), puis stimulés pendant 24 h avec un ligand TLR (CpG pour les pDC et LPS pour les DC et
macrophages). Les cellules ont ensuite été analysées par cytométrie de flux pour I’expression (MFI ou Mean
Fluoresence Intensity) des marqueurs CD80, CD86 et CD40. Données représentatives de 2 expériences
indépendantes. Moyenne = SEM de 5 souris/groupe (b) ou de triplicat (c).

L’immunomodulation observée apres traitement par SuperMApo, que ce soit celle des
macrophages dans le modele d’EAE ou I’induction de Treg dans le mod¢le d’arthrite induite
au collagene nous a amené a étudier plus précisément le TGF-f au sein de SuperMApo. En
effet, les résultats dans le modele d’arthrite ont montré que SuperMApo déplété en TGF-3
n’était plus actif, que le TGF-f recombinant n’était pas capable de mimer I’effet de
SuperMApo et que I’injection de TGF-B recombinant dans du SuperMApo déplété en TGF-3
restaurait I’activité résolutive du médicament. Ces travaux suggérent que le TGF-B requiert
des partenaires pour médier et potentialiser son effet. Afin d’étudier cette hypothése, nous
avons réalisé des expériences de résonnance plasmonique de surface (SPR) couplée a de la
spectrométrie de masse. Cette technique a consisté a greffer un anticorps anti-TGF-3 sur une
puce d’or. Cette puce a été placée dans un systeme de fluidique permettant a SuperMApo de
passer de maniére continue sur la puce. Lors d’une interaction entre I’anticorps anti-TGF- et
un ligand, le faisceau optique était décalé, signe d’interaction (Figure 13a). L’injection de
SuperMApo permet de visualiser un signal d’interaction de 1’anticorps (mais pas de I’isotype
controle) démontrant que SuperMApo contient le ligand spécifique de 1’anticorps, du TGF-3
(Figure 13b,c). L’analyse par spectrométriec de masse a ensuite mise en évidence d’autres
molécules ayant été captées par la puce, grace a leur interaction avec le TGF-B et notamment
I’apolipoproteine E (ApoE), le composant du complément Clg, la macrophage
métallo¢lastase MMP12, la thrombospondine 1 (Thbsl) et la transthyretine (Ttr). En
revanche, sur trois essais indépendants, le peptide de latence associ¢ au TGF- (latency-
associated peptide ; LAP) et Ltbp3 (latent-transforming growth factor beta-binding protein 3)
n’ont été détectés que de facon aléatoire. Ensuite, grace au couplage d’un anticorps anti-LAP,
nous avons pu détecter a nouveau ApoE, MMP12, Thbs1 et Ttr en plus de I’ Annexin-A2 et de
la lipoprotéine lipase. Ces protéines sont pour la plupart impliquées dans 1’induction de
tolérance (Figure 13d,e) (Mendez, Fernandez-Luna et al. 1986; Beppu, Nakamura et al. 2001;
Bellac, Dufour et al. 2014; Spivia, Magno et al. 2014). Toutes ces protéines doivent donc étre

impliquées dans 1’effet du TGF-B, notamment en potentialisant son effet immunomodulateur.
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De maniere tres intéressante, la thrombospondine a été montrée comme étant un activateur du
TGF-B sous sa forme non-active (qui est la forme présente dans SuperMApo) (Murphy-
Ullrich and Poczatek 2000). Ces données nécessitent d’autres expériences afin d’étudier le

role de I'interaction du TGF-P et de ses différents partenaires dans 1’effet de SuperMApo.
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Figure 14. Le TGF-§ est complexé a différentes protéines dans le surnageant SuperMApo. (a) Principe de
la SPR. (b) Sensorgramme représentant la capture de TGF-f par un anticorps anti-TGF-f, son isotype ou la
surface d’immobilisation seule. (¢) Image différentielle du canal correspondant au graphique (b). (d) Analyse par
spectrométriec de masse des partenaires du TGF-f a I’aide d’un anticorps anti-TGF-f. (e) Analyse par
spectrométrie de masse des partenaires du TGF-f a I’aide d’un anticorps anti-LAP. Données représentatives de 3
expériences indépendantes. ApoE: Apolipoprotéine E. MMP12: Métalloprotéinase 12.
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Discussion
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Lors de ce travail de these, nous nous sommes intéressés a 1’effet des facteurs pro-résolutifs
issus de I’efferocytose sur la modulation de la sclérose en plaques dans un modele murin et
les mécanismes qui y étaient associés. L’efferocytose est un mécanisme bien décrit permettant
I’induction de tolérance via la synthése de nombreux facteurs anti-inflammatoires et pro-
résolutifs par les macrophages tels que le TGF-B, la PGE2, I’IL-10 et les lipides pro-résolutifs
(Résolvines, Marésines, Lipoxine A4...). Cependant, I’effet des facteurs produits lors de ce
processus sur la modulation des maladies inflammatoires chroniques n’avaient jamais été

¢tudiées a ce jour.
Transfert de I’approche SuperMApo dans le traitement de la SEP

Des données paralléles a ce travail ont montré que I’injection de SuperMApo dans des
modeles d’arthrite induite au collagéne et d’IBD permettait de diminuer la pathologie en
favorisant la réparation tissulaire ainsi qu’en modulant les réponses immunes. Lors de cette
¢tude, nous avons démontré que I’injection de SuperMApo aux premiers signes cliniques de
la maladie permettait de controler ’EAE démontrant que SuperMApo pourrait étre efficace
dans les traitements des maladies inflammatoires chroniques. Il est a noter que le choix de la
posologie du médicament (1 mL a deux reprises en i.p) a été fait sur la base des données
préliminaires dans [’arthrite démontrant que cette posologie permettait de contrdler
I’inflammation. Cependant, il serait intéressant d’étudier différentes posologies et voies
d’injections du médicament afin de déterminer les parameétres optimaux. En effet, la
production de SuperMApo s’effectue via la phagocytose d’un millions de macrophages pour 5
millions de cellules apoptotiques ce qui correspond a la dose moyenne utilisée dans les études
ayant montrées 1’effet tolérogénique des cellules apoptotiques in vivo (Saas, Kaminski et al.
2013). Cependant, un nombre supérieur de cellules apoptotiques ont déja été injectées avec
succes chez la souris suggérant que d’autres doses de SuperMApo pourraient €tre injectées
dans notre modele afin d’obtenir une rémission compléte de la maladie (Saas, Kaminski et al.
2013). De plus, ’injection de SuperMApo a été réalisée en i.p se basant sur des études
précédentes démontrant que I’injection de cellules apoptotiques en i.v ou en i.p ne modifiait
pas la réponse obtenue mais il parait intéressant de confirmer que 1’injection de SuperMApo
en i.v démontre les mémes effets (Gray, Miles et al. 2007). L’injection de SuperMApo dans le
modele d’EAE MOGss.ss a été réalisée aux premiers signes cliniques de la maladie afin d’étre
dans les conditions les plus proches de ce qui se fait chez ’'Homme. Cependant, il serait
¢galement pertinent de tester I’effet de SuperMApo dans la phase chronique de I’EAE. Pour

cela, un modele d’EAE dans les souris SJL/J est actuellement mis en place au laboratoire afin
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de déterminer [Deffet de [D’injection de SuperMApo lors des phases de
« rémissions/récurrences ». Les premieres données préliminaires montrent que 1’injection de
SuperMApo lors des phases de « récurrences » permet de contrdler la maladie a long terme
(données non montrées). A terme, il sera également important de tester I’effet de SuperMApo
dans des modeles d’EAE chez d’autres animaux tels que le rat ou encore le singe Callithrix
(Adelmann, Wood et al. 1995; Jagessar, Dijkman et al. 2016). Enfin, SuperMApo est
actuellement en cours de développement chez ’Homme ou des études pré-cliniques ont
débuté chez des patients atteints de différentes maladies inflammatoires (notamment les
MICI, la polyartrite rhumatoide ou encore la fibrose pulmonaire). A la différence de la souris,
les macrophages sont générés a partir de cellules mononuclées sanguines a 1’aide de M-CSF
et les cellules apoptotiques proviennent également de cellules mononuclées sanguines. Pour
cela, les cellules mononuclées sont issues de couches leuco-plaquettaires (45 mL par
prélévement) qui nous permettent d’obtenir un volume final de 30 mL de SuperMApo. Nous
¢valuons actuellement la quantit¢ de SuperMApo a injecter chez ’Homme a 500 mL en
intrapéritonéal lors des premicres phases de la maladie en combinaison ou non avec des
traitements de fond (notamment des immunomodulateurs). Ces données font que le passage
du SuperMApo souris au SuperMApo humain nécessitent encore des ajustements notamment
liés a la provenance des macrophages (péritonéaux chez la souris et dérivés de cellules
monuclées sanguines chez I’Homme) mais également a la quantité de SuperMApo obtenue
(une souris prélevée pour 10 injectées contre 10 humains prélevés contre 1 injecté). Malgré
ces difficultés, les derniers avancements pré-cliniques nous font espérer pouvoir démarrer des

essais cliniques au cours des 2 a 3 prochaines années.
SuperMApo et réparation de la BHE

Nos travaux ont ensuite démontré que I’injection de SuperMApo dans un modele murin
d’EAE contrélait la maladie en diminuant I’inflammation et la démyélinisation au sein du
systtme nerveux central. Dans le but de montrer que SuperMApo pouvait induire une
réparation tissulaire, nous nous sommes intéressés a ’effet de SuperMApo sur la BHE.
Cependant, le traitement par SuperMApo n’induit pas de réparation de la BHE. Ces données
sont différentes de celles obtenues dans un modele de MICI au cours duquel nous avons
observé un réparation accrue de la barricre intestinale due notamment a une augmentation des
propriétés réparatrices des fibroblastes et cellules épithéliales. Ces données suggérent que
SuperMApo influe uniquement sur les réponses immunes en périphérie dans ce modele ou

qu’il n’est pas accessible au SNC et ne peut donc pas moduler directement cet organe. Il serait
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intéressant afin de confirmer ces données de tester 1’effet de SuperMApo sur la réparation de
cette BHE et la migration cellulaire dans des modeles in vitro de BHE (Czupalla, Liebner et
al. 2014). Au vu des données préliminaires dans le modele de MICI et de données montrant
une baisse de la démyélinisation au sein du SNC, il semble €galement intéressant d’étudier
I’effet direct de SuperMApo sur cette démyélinisation. Pour cela, nous sommes en train de
mettre en place un modéle de destruction chimique basé sur 1’ingestion de cuprizone au sein
du laboratoire. Cependant, les premicres données suggeérent que SuperMApo ne module pas
directement la remyélinisation au sein du SNC ce qui confirme que SuperMApo joue plutot
un réle d’immunomodulateur périphérique au cours de la pathologie et ne module pas

directement la pathologie au niveau du SNC.
SuperMApo et migration cellulaire

Nos travaux ont démontré que I’injection de SuperMApo dans un modele murin d’EAE
controlait la maladie en diminuant I’inflammation et la démy¢élinisation au sein du systéme
nerveux central. De nombreux facteurs peuvent favoriser I'infiltration des cellules immunes
au sein du SNC. Parmi eux, on compte la perméabilité de la BHE ainsi que 1’expression de
chemokines et d’intégrines au niveau du SNC (Jain, Coisne et al. 2010; Steiner, Coisne et al.
2010; Schlager, Korner et al. 2016; Wang, Li et al. 2016). Cependant, I’injection de
SuperMApo ne permet pas de moduler ces facteurs mais semble plutdt agir en périphérie.
Nous nous sommes donc intéressés a 1’effet de SuperMApo sur la capacité migratoire des
cellules immunitaires depuis la périphérie, et notamment les lymphocytes T. En effet, les
cellules de la rate provenant de souris traitées par SuperMApo démontrent une baisse de
capacité migratoire au niveau de différents organes (rate et ganglions inguinaux) qui est liée a
une baisse d’expression du récepteur CXCR3 qui est le récepteur des chemokines pro-
inflammatoires CXCL9, 10 et 11 (Groom and Luster 2011). Ce récepteur est exprimé
principalement par les Thl et joue un rdle dans le contréle de I’EAE (Sporici and Issekutz
2010). De plus, sa modulation, notamment au niveau des Thl, impacte différentes maladies
inflammatoires telles que I’'IBD ou la maladie de Kawasaki (Altara, Mallat et al. 2016;
Wadwa, Klopfleisch et al. 2016). De maniére tres intéressante, cette baisse de I’expression de
CXCR3 sur les Thl est dépendante des macrophages (qui semble étre une des cellules clés
dans ’effet de SuperMApo) puisque leur déplétion meéne a perdre cette baisse. Cependant, les
facteurs produits par les macrophages qui sont responsables de cette baisse d’expression
devront étre déterminés et notamment le réle de I’IL-10 dans cet effet (Wadwa, Klopfleisch et

al. 2016). De maniere particulierement intéressante, les macrophages diminuent également la
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polarisation Thl in vivo et in vitro démontrant une régulation fine de ce type cellulaire par les
macrophages qui diminuent leur différenciation mais également leur capacité migratoire
suggérant un profil « semi-mature ». Ces résultats n’excluent pas la contribution d’autres
mécanismes dans le contréle de la migration par SuperMApo. Comme nous I’avons montré
figure 10.b, SuperMApo contient un certain nombre de chémokines qui pourraient attirer les
cellules immunitaires dans un lieu autre que le SNC dans notre modé¢le. De plus, 1’expression
de CXCR3 peut expliquer la baisse d’infiltration des LT ; cependant une baisse d’infiltration
générale est observée et pourrait étre due a la sous-expression d’autres récepteurs de
chémokines que nous n’avons pas ¢étudiés ici. Une rétention au niveau des organes
lymphoides secondaires empéchant la sortie des cellules immunitaires pourrait également
expliquer la baisse de capacité migratoire observée. Ces données suggerent donc que
SuperMApo controle la migration cellulaire depuis la périphérie, notamment via un rdle

fondamental des APC qui sera décrit dans le paragraphe ci-dessous.
SuperMApo, cellules dendritiques et macrophages

Dans le cadre de la SEP, les lymphocytes T pathogéniques sont activés par les APC en
périphérie avant de migrer au sein du SNC (Figure 15). Notre étude a également permis de
montrer que I’effet pro-résolutif de SuperMApo dans le modele d’EAE était di a une
reprogrammation des APC permettant une modulation des lymphocytes T CD4 et CD8 au
niveau des organes périphériques (ganglions inguinaux et rate). Il est intéressant de noter que
les réponses immunes sont modulées au niveau des ganglions inguinaux, considérés comme
les ganglions drainants dans ce modéle, mais pas au niveau des ganglions brachiaux (données
non montrées) qui sont des ganglions non-drainants. Ces observations sont & mettre en regard
du fait que les réponses T affectées sont celles induites par le peptide MOG et que les APC
sont toujours sensibles a une restimulation TLR au niveau de la rate suggérant que ’effet de
SuperMApo est spécifique de notre antigéne et n’entraine pas une immunosuppression
globale. De plus, des données préliminaires ont montré que I’injection de SuperMApo dans un
modele d’infection bactérienne ou de tumorigénése n’altérait pas les réponses immunes ainsi
que la survie (données non montrées). SuperMApo n’entraine donc pas d’immunosuppression

mais bien une tolérance immunitaire.

De maniére intéressante, les macrophages et les pDC démontrent un profil tolérogénique alors
que ce n’est pas le cas pour les cDC. Ceci pourrait s’expliquer par un profil moins

« plastique » des cDC qui ne seraient pas capables d’étre reprogrammées suffisament par
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SuperMApo, ce que suggerent nos données de transcriptomique montrant une
reprogrammation seulement partielle des cDC vers un profil tolérogénique. De plus, les cDC
se divisent en différentes catégories selon I’expression notamment du CD11b et du CD8a. Or,
dans cette ¢tude, la stratégie d’étude des cDC est basée uniquement sur I’expression du
CDllc sans avoir étudier les différents sous-types de cDC. De plus, les cDC CD8a' ont
tendance a générer des Thl via la synthése d’IL-12 et qui sont pathogéniques dans le cadre de
’EAE tandis que les cDC CD11b" ont tendance a générer des Th2 qui sont bénéfiques pour la
pathologie (Maldonado-Lopez, De Smedt et al. 1999; Weber, Prod'homme et al. 2007; Grifka-
Walk, Giles et al. 2015). Le role exact des cDC doit donc étre étudié plus en profondeur.

L’étude du role des pDC et macrophages dans 1’effet pro-résolutif de SuperMApo a mis en
¢vidence que leur déplétion menait a la perte de son effet. Ces données viennent confirmer
des travaux précedents de notre laboratoire démontrant que [I’injection de cellules
apoptotiques permettait la prise de greffe de moelle osseuse de manieére dépendante des
macrophages qui induisaient des pDC tolérogéniques nécessaire a 1’effet observé. Ces pDC
¢taient alors capable d’induire la génération de Treg de maniere TGF-B dépendante
(Bonnefoy, Perruche et al. 2011). Nos travaux suggerent donc que ce sont les facteurs issus de
I’efferocytose qui seraient responsables de cet effet. Les macrophages et pDC semblent donc
coopérer afin d’induire un contrdole de I’activation des LT au niveau des organes
périphériques. Il serait donc intéressant de déterminer I’influence d’un type cellulaire sur
I’autre et de savoir quel type cellulaire joue I’effet premier dans notre modele d’EAE et
notamment de déterminer si les pDC en ’absence de macrophages induisent toujours des Treg
sous I’effet de SuperMApo. De plus, I’injection de macrophages modulés par SuperMApo in
vitro ou in vivo module I’EAE. Cependant, ce contrdle n’est pas aussi marqué qu’avec
I’injection de SuperMApo directe suggérant que les macrophages ne sont pas les seuls
responsables de 1’effet résolutif de SuperMApo. Il parait donc intéressant d’injecter des pDC
reprogrammeé par SuperMApo en synergie avec des macrophages afin de déterminer si 1’effet
cumulé de ces deux types cellulaires permet de récapituler I’effet de SuperMApo. Ces
résultats suggerent que les cellules de I’immunité innée sont en premicre ligne afin d’induire
une immunomodulation globale. Des travaux du laboratoire ont également montré que
I’injection de SuperMApo dans un modele de MICI chez la souris induisait non seulement
une modulation du phénotype des APC mais également une modulation des cellules du
microenvironnement (cellules épithéliales et fibroblastes) et favorisaient la réparation

tissulaire (Omayra Martin-Rodriguez et al., en préparation). Dans ce contexte, des
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macrophages présentant un profil réparateur sont retrouvés au sein des colons de souris apres
traitement par SuperMApo. Nous proposons donc un modele au cours duquel SuperMApo
module premiérement les macrophages, leur permettant d’acquérir un phénotype pro-
réparateur et pro-tolérogénique. Ces macrophages modulent alors les réponses immunes
innées, et notamment les pDC, ainsi que la réparation tissulaire en les cellules de
I’environnement tissulaire. Tous ces types cellulaires favoriseront alors la modulation de
I’immunité adaptative permettant d’établir une tolérance a long terme, une réparation

tissulaire et un retour a I’homéostasie.
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Figure 15. Mécanisme général d’action de SuperMApo. 1: L’injection de SuperMApo dans un modele
d’EAE induit une baisse de I’activation de la voie NFxB ainsi que des modulations épigénétiques dans les
macrophages et pDC au sein de la rate. 2 : Ces modifications permettent a ces cellules d’acquérir un profil
tolérogénique et de favoriser la génération de Treg et d’inhiber la génération de Thl. Les Thl, sous I’effet des
macrophages, voient également leur expression du récepteur CXCR3 diminué. 3 : La diminution de I’expression
de CXCR3 sur les Thl, ainsi que I’induction générale de tolérance, diminue les capacités migratoires des cellules
immunes de la périphérie vers le SNC induisant une diminution de ’infiltrat inflammatoire au sein de cet organe.
4: Les macrophages, au sein du SNC, posseédent également un profil moins inflammatoire (baisse de
I’expression du CD80, CMH-II et de I’IL-12) suggérant une capacit¢ moindre a réactiver les LT. 5: La
diminution de I’inflammation au sein du SNC diminue la démyélinisation neuronale ce qui entraine une
amélioration des signes cliniques de la maladie. Mg : Macrophages.

De maniére particuliérement intéressante, les trois types cellulaires ne sont pas du tout réguler
de la méme maniére au niveau génique. En effet, les macrophages sur-expriment
principalement des marqueurs de type M2 tels que Argl, Alox15, Pparg ou Cd226 et sous-

expriment des genes impliqués dans les réponses inflammatoires tels que Ccll7, Ccl22, I’IL-
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7, Foxol ou Ccr4. De plus, les voies modulées de manicre négatives sont impliquées dans les
réponses immunes et la régulation de processus cellulaires alors qu’une des deux seules voies
sur-exprimées est impliquée dans la réparation tissulaire démontrant que ce type cellulaire est
profondément remodelé par SuperMApo et qu’il acquiert un phénotype pro-résolutif. Les
pDC sont également modulées vers un profil tolérogénique alors que les ¢cDC acquiérent un
profil plus mitigé puisqu’elles sur-expriment des molécules impliquées dans les réponses
inflammatoires. De plus les pDC surexpriment la voie « axon regeneration » renforgant 1’idée
qu’elles possédent un profil résolutif. Une question reste cependant a ¢lucider, les pDC et
macrophages expriment des voies impliquées dans la réparation tissulaire qui a lieu au sein du
SNC dans notre modele. Or, ces cellules sont présentes en moins grand nombre au sein de cet
organe ce qui pose la question de leur mécanisme d’action afin de favoriser la
remy¢linisation. Une explication pourrait étre l’induction de Treg par ces deux types
cellulaires. En effet, les pDC et macrophages ont une capacité accrue de produire des Treg.
Ces observations sont a mettre en lien avec une étude récente démontrant que les Treg
favorisent de manic¢re directe la remyélinisation au sein du SNC de maniere CCN3
dépendante, suggérant que les pDC et macrophages pourraient favoriser la réparation
tissulaire en induisant des Treg (Dombrowski, O'Hagan et al. 2017). De plus, bien qu’aucune
augmentation du nombre de Treg spécifique de 1’antigéne ne soit observée dans nos souris
apres injection de SuperMApo, la déplétion de Treg inhibe 1’effet de SuperMApo démontrant
un role dans le contrdle de la maladie (données non montrées). Ces données suggerent que des
Treg spécifiques de I’antigéne pourraient étre présents dans d’autres organes et notamment au
sein des ganglions inguinaux et de la moelle épiniére. Les pDC et macrophages semblent donc
jouer un role important dans I’effet de SuperMApo qui devra étre confirmé par des données

pré-cliniques chez I’Homme.
SuperMApo et modulations épigénétiques

Les APC étant reprogrammeées vers un profil tolérogénique, nous nous sommes intéressés a
I’étude des mécanismes impliqués dans cette reprogrammtion. Nous avons démontré que la
modulation des APC in vivo par SuperMApo implique une modulation épigénétique
différentielle qui pourrait notamment expliquer en partie les différences de comportement
entre ces trois types cellulaires. Les macrophages présentent un profil de méthylation globale
diminué qui est li¢ a une augmentation de I’activité TET et une baisse de I’activit¢ DNMT de
maintien. Cette déméthylation globale est associée a une déméthylation au niveau du

promoteur de genes impliqués dans la synthése de miRNA tels que les miR-223 (qui est sur-
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exprimé) et -127 (qui est sous-exprimé). De manicre intéressante, la déméthylation du miR-
127 est associée a une augmentation du facteur de transcription CTCF qui est un répresseur
transcriptionnel (Holwerda and de Laat 2013). Le miR-223 a été décrit récemment comme
¢tant un régulateur des réponses immunes dans les macrophages et sa déplétion augmente la
colite induite au dextran sulfate sodium (Zhou, Xiao et al. 2015; Neudecker, Haneklaus et al.
2017). Cette régulation se fait notamment via une modulation de I’activité du facteur de
transcription PPARy, facteur qui est sur-exprimé dans les macrophages modulés par
SuperMApo (Ying, Tseng et al. 2015). Le miR-127 favorise la génération de macrophages de
type M1 et réprime la génération des M2 et son inhibition protége d’une inflammation
pulmonaire induite au LPS en induisant la génération de M2 (Ying, Kang et al. 2015).
Cependant, sa régulation par des facteurs épigénétiques et par le répresseur transcriptionnel
CTCF n’avaient jamais ét¢ démontrées a ce jour. Chez les ¢cDC et pDC, une régulation
différentielle a lieu comme celle observée au niveau fonctionnel et génique. En effet, les cDC
présentent une baisse de la méthylation globale de I’ADN alors que les pDC présentent une
augmentation de cette méthylation. La baisse de méthylation des ¢cDC s’explique par une
augmentation de I’expression de TETI alors que chez les pDC, une augmentation de
I’expression de DNMT1 et DNMT3 est observée. La régulation des APC par SuperMApo
passe donc par un controle épigénétique de ces cellules suggérant que la modulation
épigénétique, de manicre ciblée, de la SEP pourrait étre un moyen intéressant de contrdle de

la maladie.
SuperMApo et signalisation cellulaire

La régulation des APC par SuperMApo induit également une baisse de 1’activation de la voie
de transcription pro-inflammatoire NFkB mais aussi, chez les macrophages, une diminution
de D’expression du facteur de transcription p65. Il serait €galement intéressant d’étudier
d’autres voies de signalisations impliquées dans la reprogrammation des APC telles que les
voies AKT/PI3K/mTOR, JAK/STAT, MAPK ou encore la voie NFkB non canonique. Des
données chez la souris ont mis en évidence que le TGF- (qui est une molécule présente dans
le surnageant SuperMApo) induisait la production de ’enzyme IDO1 (qui est surexprimée
dans nos pDC traitées par SuperMApo in vivo) ce qui activait la voie NFkB non-canonique
résultant un profil tolérogénique au niveau des pDC (Pallotta, Orabona et al. 2011). De plus,
cette voie a ét¢ montrée comme impliquée dans la génération de macrophages de type M2,
permettant d’induire la tolérance dans un modele d’inflammation lié a la réaction de

Schwartzmann (Porta, Rimoldi et al. 2009). La voie PI3K/AKT/mTOR est ¢galement une
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cible intéressante. En effet, elle est impliquée dans la génération de macrophages de type M2
(Vergadi, Ieronymaki et al. 2017). De plus, le blocage de mTOR inhibe la génération de M2
en permettant notamment 1’activation de la voie NFxB (Weichhart, Haidinger et al. 2011;
Zhu, Yang et al. 2014). Des récents travaux ont démontré 1’importance de la régulation du
métabolisme au sein des cellules immunitaires ainsi que le role important de la voie
PI3K/AKT/mTOR. De manicre générale, les cellules lors de leur activation (notamment par
les agonistes des TLR) ont besoin de mettre en place une glycolyse accrue due a des besoins
énergétiques croissants. Les cellules régulatrices ont tendances a favoriser 1’utilisation de la -
oxidation des acides gras (Kelly and O'Neill 2015). In vitro, I’effet de SuperMApo ne semble
pas dépendant de la glycolyse puisque les APC sont toujours capables de démontrer un profil
moins inflammatoire lorsque la glycolyse est bloquée a I’aide de 2-DG. Cependant, nous
n’avons pas étudié le role de la B-oxidation des acides gras dans 1’effet de SuperMApo
notamment en bloquant cette voie avec I’etomoxir. L’¢tude de la reprogrammation
métabolique des APC par SuperMApo semble d’autant plus importante que des données
préliminaires suggerent que la culture de macrophages avec SuperMApo suivie d’une
activation au LPS modifie les besoins métaboliques de la cellule (données non montrées). De
plus, la présence d’enzyme de la glycolyse renforce 1I’idée que la reprogrammation
métabolique possede un role important dans 1’effet de SuperMApo qui devra étre étudié en

profondeur.
Les acteurs essentiels de SuperMApo

S’il semble important d’étudier les différentes voies métaboliques mises en jeu (glycolyse, -
oxidation des acides gras, cholestérol...), il semble aussi important de définir les différentes
molécules présentes dans le surnageant SuperMApo. La présence de TGF-B dans notre
surnageant est particulierement intéressante. En effet, des articles récents ont démontré que
cette molécule favorisait la génération de M2 et diminuait la génération de M1 mais modulait
¢galement les cDC et pDC vers un profil tolérogénique (Speck, Lim et al. 2014; Chalise,
Pallotta et al. 2016; Zhang, Wang et al. 2016). De plus, une étude récente a montrer que le
mannose permettait la différenciation en Treg via une augmentation de I’activation du TGF-3
de maniere intégrine B8 et ROS dépendante (Zhang, Chia et al. 2017). Or, le TGF-} présent
dans notre surnageant de SuperMApo se trouve sous sa forme non active et une activation est
nécessaire afin d’obtenir une molécule active. Nos travaux suggerent que si le TGF- est
important pour ’effet pro-résolutif de SuperMApo, il n’est pas la seule molécule importante

et qu’il pourrait interagir avec d’autres protéines (Apolipoprotéine E, TSP-1, Clqc,
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transthyrétine, Annexine A2, Lipoprotéines lipase et MMP12). Il est notamment intéressant
de retrouver la TSP-1 parmi ces interactants possibles car cette protéine permet I’activation du
TGF-B latent (Murphy-Ullrich and Poczatek 2000). L’apolipoprotéine E a également été
montrée comme modulant les réponses immunes en ciblant les cellules présentatrices de
I’antigéne (Tenger and Zhou 2003). De plus, sa production est sous le contréle du TGF-p
(Braesch-Andersen, Paulie et al. 2013). Enfin, la MMP12 a ét¢ montrée récemment comme
favorisant la résolution de I’inflammation et la réparation tissulaire dans un mode¢le d’arthrite
(Bellac, Dufour et al. 2014). La présence de TGF-p et de MMP12 dans SuperMApo suggere
que SuperMApo en plus de moduler les réponses immunes pourrait également affecter
directement la réparation tissulaire. Des données obtenues dans un modele de MICI ont
notamment montrées que le TGF-B, le VEGF et I'IGF-1 présents dans le SuperMApo
favorisaient 1’acquisition d’un phénotype pro-réparateur par les fibroblastes et les cellules
épithéliales. Or, ces protéines ont ét¢ montrées comme impliquées dans la réparation tissulaire
et le contrdle de I’inflammation confirmant que SuperMApo pourrait avoir un role direct sur
la phase de réparation tissulaire (Bao, Kodra et al. 2009; Finnson, McLean et al. 2013; Han,
Juncadella et al. 2016). Il parait également important d’étudier la présence d’autres molécules
(lipides, sucres...) favorisant I’effet résolutif de SuperMApo. Le mannose est une piste
d’autant plus intéressante que son récepteur CD206 est impliqué dans la génération de
macrophages de type M2 et est un marqueur important de ce type de polarisation (Kambara,
Ohashi et al. 2015). Des travaux récents ont également montré que 1’a-ketoglutarate favorisait
la génération de macrophages de type M2 en modulant notamment la voie NFxB et des
acteurs ¢épigénétiques (Liu, Wang et al. 2017). Enfin, il faudra définir la présence ou non de
lipides au sein du surnageant de SuperMApo. En effet, de nombreuses études ont démontrées
la présence de lipides pro-résolutifs (Résolvine D1 et 2,PGE2, lipoxine B4, marésine 1,
protectine D1, thromboxane B2 et lipoxine A4) au sein du sécretome de macrophages lors de
la phagocytose de cellules apoptotiques (Dalli and Serhan 2016). La protectine D1 favorise
notamment 1’acquisition de macrophages pro-réparateurs au niveau de la peau dans des souris
diabétiques (Hong, Tian et al. 2014). De plus, la lipoxine A4 diminue la capacité de sécrétion
de I'IL-12 par les DC (Aliberti, Serhan et al. 2002). Enfin, la résolvine D1 diminue
I’infiltration de cellules inflammatoires au sein des articulations de souris arthtritiques
favorisant la réparation tissulaire et la diminution de la pathologie (Norling, Headland et al.
2016). Ces lipides ont donc des effets sur I’inhibition de la migration cellulaire, de la sécrétion
de cytokines pro-inflammatoires, de signaux pro-inflammatoires ou encore la favorisation de

macrophages de type M2 qui sont tous des phénotypes retrouvés dans notre modéle d’EAE
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(Fullerton and Gilroy 2016). En conséquence, si le TGF-B semble étre une molécule
importante pour I’effet de SuperMApo, la caractérisation des molécules essentielles a I’effet

pro-résolutif de SuperMApo (et notamment les lipides) devra étre étudiée plus en détails.
Données pré-cliniques humaines

Enfin, des données préliminaires suggerent que la reprogrammation des APC observée dans
notre modele avait aussi lieu chez ’Homme. En effet, des APC issus de cellules mononuclées
sanguines de donneurs sains notamment démontrent une diminution de la sécrétion de
cytokines pro-inflammatoires et une augmentation a générer des Treg (données non
montrées). Nous sommes actuellement en train de confirmer la reprogrammation des APC
chez des donneurs sains mais €galement chez des patients atteints de SEP au cours de leur

premier épisode clinique et n’ayant donc jamais été traités.

L’inflammation est un processus finement régulé qui permet au corps de répondre a une
agression. Ce processus aboutit de manicre naturelle a une résolution permettant le retour a
I’homéostasie et a la réparation tissulaire. Cependant, un défaut de résolution de
I’inflammation est a I’origine de maladies inflammatoire chroniques. Les travaux présentés ici
ont permis de montrer que les facteurs pro-résolutifs issus de I’efferocytose (un des processus
clés de la résolution de I’inflammation) permettaient de diminuer la maladie dans un mode¢le
de SEP. Nous avons ensuite pu montrer que le contréle de la maladie était li¢ a une
reprogrammation des macrophages et pDC en périphérie afin de contrdler les réponses T
pathogéniques. Par ailleurs, cette induction de tolérance ne semble pas affecter le profil des
cDC. Enfin, ces régulations mettent en jeu des mécanismes de régulations épigénétiques
différentiels entre ces trois types cellulaire expliquant leur rdle dans le controle de la maladie
(Figure 15). Ces travaux démontrent donc que les produits issus de I’efferocytose modulent
les cellules de ’immunité innée en premier lieu induisant une tolérance générale et suggerent
que SuperMApo pourrait étre une approche thérapeutique intéressante afin de contrdler les

pathologies inflammatoires chroniques.
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Abstract

Macroautophagy is a highly regulated intracellular degradation process which has been ex-
tensively studied over the last decade. This pathway has been initially described as a non
selective process inducing the degradation of parts of the cytoplasm as well as organelles
at random. Nevertheless, over the last few years, new research highlighted the existence of
a more selective autophagy pathway specifically recruiting some organelles or aggregates
to the autophagosomes in order to induce their degradation. These selective autophagy
pathways such as aggrephagy, mitophagy, pexophagy or xenophagy, involve the interven-
tion of a cargo, the material to be degraded, cargo adapters, the molecules allowing the re-
cruitment of the cargo to the autophagosome, and the proteins of the ATG8 family which
link the cargo adapters to the autophagosome. One of the main questions which now re-
main is to develop new techniques and protocols able to discriminate between these differ-
ent types of induced autophagy. In our work, we studied the possibility to use the P-LISA
technique, which has been recently developed to study endogenous in vivo protein interac-
tions, as a new technique to characterize the ATG proteins specifically involved in bulk or
selective autophagy. In this manuscript, we indeed demonstrate that this technique allows
the study of endogenous ATG protein interactions in cells following autophagy induction,
but more interestingly that this technique might be used to characterize the ATG proteins in-
volved in selective autophagy.

Introduction

Macroautophagy (hereafter called autophagy) is a catabolic process that leads to the identifica-
tion, transport and the degradation of cytosolic constituents to the lysosome. More than 40
ATG proteins are related to the initiation, elongation and maturation of a double membrane
vesicle, referred as autophagosome, during autophagy. One family has been described to be
particularly important for vesicle formation in yeast as well as mammals, the ATG8 family. In
mammals, these homologues of the only yeast ATG8 are divided in two subfamilies: the LC3
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family (LC3A, LC3B, LC3C) required in the early phases of autophagosome formation and the
GABARAP family (GABARAP, GEC1/GABARAPLI (GL1), GATE-16/GABARAPL2) which
seems to be more involved in the elongation and closure of autophagosomes.[1] The ATG8
members are synthetized as cytosolic pro-proteins and cleaved by ATG4 enzymes at a C-
terminal Glycine to give the mature form of these proteins (form I) before their conjugation
onto phospholipids to give the lipidated form of ATG8s (form II). Starvation or hypoxic stress
have been described to induce autophagy in a non selective manner and induce the degradation
and/or recycling of damaged cellular components in order to regulate cellular homeostasis.
More recently, a selective autophagy leading to the specific degradation of intracellular compo-
nents (ubiquitinylated proteins, damaged mitochondria, endoplasmic reticulum, peroxysomes,
ribosomes) has been described. This selective process requires the interaction of specific pro-
tein cargo adapters with the ATG8 proteins, linked to the membrane of the autophagosome as
an anchor point to recruit the cargo into the autophagosome. These cargo adapters, such as
SQSTM1/P62, NBR1, NIX/BNIP3L or NDP52/CALCOCQ2, all interact with LC3-II via a LIR
domain (LC3 interacting domain) and with their ligand to be degraded, the cargo using an
UBA domain (ubiquitin associated).[2] NIX/BNIP3L is required for the selective degradation
of mitochondria, called mitophagy, while NBR1 is indispensable for the selective degradation
of peroxisomes, called pexophagy.[3] NDP52 regulates the selective degradation of DICER and
AGO?2 and thus regulates miRNA activity [4] whereas SQSTM1/P62 is implicated in the selec-
tive degradation of ubiquitinylated proteins.[5] These different autophagy cargo adapters can
then interact with different ATG8 proteins through an AIM WXXL-like motif (ATG8-family
interacting motif).[6] This high number of putative interactions between cargo adapters and
ATG8s might explain the existence of numerous types of selective autophagy in the cells. This
hypothesis has been confirmed by a recent in vitro study performed by Berhends and collabo-
rators in order to characterize the cellular autophagy network which revealed a complex net-
work of interactions between autophagy proteins.[7]

Autophagy deregulation has been associated with numerous human pathological disorders
even if the mechanism still remains unknown. For example, inactivation or modulation of the
expression of several autophagy genes have been reported in cancer cells. Indeed, BECLIN-1,
BIF-1 and UVRAG, three essential autophagy genes have been classified as tumor suppressor
genes and are frequently inactivated in cancer cells leading to the promotion of cell prolifera-
tion and aggressiveness.[8,9,10] Defects and mutations in autophagy genes have also been fre-
quently observed in neurodegenerative disorders such as Alzheimer’s disease, or familial
Parkinson’s disease.[11] Since then, the development of techniques to efficiently monitor
autophagy levels in cell and tissue models became a challenge to better characterize autophagy
protein expression, function and deregulation in these pathologies. This information will be es-
sential in the future to characterize autophagy levels or autophagy gene and protein expressions
as potential diagnostic markers or therapeutic targets.

Several techniques currently used to quantify autophagy levels in cells and tissues are based
on the detection of proteins associated to the autophagosomes. Therefore, the ATGS proteins,
and in particular LC3, are the preferential targets for autophagy level quantification. SQSTM1/
P62 has also been extensively studied by the autophagy community since this protein was de-
fined as a specific substrate of autophagy.[12] Nevertheless, more recent studies demonstrated
that the levels of SQSTM1/P62 are highly regulated by different cellular stresses and cannot be
considered anymore as exclusively correlated to autophagy levels. Therefore, western blotting
experiments are used to quantify both the LC3-II and LC3-I forms and the amounts of
SQSTM1/P62 protein, and in situ analysis of GFP-LC3 vesicles in transfected cells are fre-
quently performed. An improved version of the latter approach has been obtained by the ex-
pression of a double fusion protein mRFP-GFP-LC3B which allows the identification and
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quantification of both autophagosomes (in yellow) and lysosomes (in red). Indeed, it has been
described a loss of GFP fluorescence, but not red fluorescence, in acidic compartments (e.g. ly-
sosomes).[13] In spite of their highly informative power on autophagosome formation, these
techniques are not adapted to study bulk versus selective autophagy. Regarding selective autop-
hagy, researchers concentrate on the study of localization and quantification of cargo adapters
such as GFP-P62 or GFP-NBR1.[14] However, due to high levels of aggregation following pro-
tein overexpression,[15] variable levels of expression of exogenous GFP or the difficulty to ac-
curately quantify the number of GFP vesicles in transfected cells, in particular when willing to
perform co-localization quantification, these models remain difficult and problematic to use.
Here, we propose the use of a recently new described technique, called proximity ligation in
situ assay (P-LISA) (S1 Fig), to monitor endogenous ATG8/cargo adapters interactions to ac-
curately analyze and quantify non selective and selective autophagy in cells.

In this publication, we demonstrate that SQSTM1/LC3B, SQSTM1/GL1, NIX/LC3B and
NIX/GLI interactions can be quantified using P-LISA and are effectively correlated to autop-
hagy levels as shown by the comparison with former techniques. Moreover, our work shows
that SQSTM1/LC3B interaction is increased following different autophagy inducers whereas
NIX/LC3B and NIX/GL1 interactions are mainly regulated by mitochondria stressors. Alto-
gether, our data describe for the first time, the use of P-LISA in order to easily and efficiently
discriminate between different types of autophagy targeting endogenous non overexpressed
autophagy proteins.

Material and Methods

Antibodies and reagents

The following antibodies were used: monoclonal anti-P62/SQSTM1 (Santa Cruz, sc-28359; di-
lutions: IF/P-LISA 1/200, WB 1/1000), polyclonal anti-LC3B (Sigma, L8918; dilutions: IF/
P-LISA 1/100, WB 1/3000), polyclonal anti-GABARAPLI (Proteintech, 11010-AP, dilution:
IF/P-LISA 1/100), monoclonal anti-NIX (Santa Cruz, sc-166332; dilution: IF/P-LISA 1/100),
polyclonal anti-rabbit-HRP conjugate (P.A.R.LS, BI2407; dilution: 1/10 000), polyclonal anti-
mouse-HRP conjugate (P.A.R.IS; dilution: 1/10 000), polyclonal anti-rabbit-Alexa 488 (Life
Technologies, BI2413C; dilution 1/1 000), and polyclonal anti-mouse-Alexa 555 (Life Technlo-
gies; dilution: 1/1000). Cell culture reagents were purchased from Invitrogen. EBSS (E3024),
BafA1 (B1793), Rapa (R8781) and CCCP (C2759) were purchased from Sigma-Aldrich. Rot
(AC13237) was purchased from Acros organics.

Cell culture

MDA-MB-436 and MCF-7 cells were obtained from ATCC (HTB-130 and HTB-22). Cells
were cultured at 37°C with 5% CO, atmosphere in DMEM 1g/L glucose (Dominique Dutscher,
L0066) supplemented with 5% SVF (Dominique Dutscher, S1810), 1% penicillin/streptomycin
(Dominique Dutscher, L0018) and 0.1% Fungizone (PAA, P11-001). MCF-7 control and
MCEF-7 overexpressing FLAG-GABARAPLI-6His were available in the laboratory and cul-
tured as described above with the exception of 10% SVF.[16]

Plasmids and transfection

The pGFP-LC3 vector was kindly provided by Dr. Elazar (The Weizmann Institute of Science,
Rehovot, Israel). The pEGFP-NIX was kindly provided by Dr. Xiao-Ming Yin[17] and the
pGFP-mRFP-LC3B (ptf-LC3) vector was purchased from Addgene (21074). Transient
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transfections were performed in 24-well plates using 0.5 pug of DNA and 1uL of JetPrime re-
agent (Polyplus Transfection, 114-07) according to manufacturer’s protocol.

Western blotting

Cells were scraped, harvested and lysed in RIPA buffer (50 mM Tris-HCI, pH 8, 150 mM NaCl,
1% Triton X 100, 0.5% DOCA, 0.1% SDS) supplemented with 0.1% protease inhibitors (104
mM AEBSF, 1.5 mM pepstatin A, 1.4 mM E-64, 4 mM bestatin, 2 mM leupeptin, 80 uM aproti-
nin). Lysates were sonicated ten times for 5 sec. 40ug of protein were loaded and separated on a
12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) before being
transferred onto a polyvinylidenedifluoride (PVDF) membrane (Bio-Rad, 162-0177). Mem-
brane was blocked with 5% nonfat milk in Tris-buffered saline supplemented with Tween 20
(TBS-T) (20 mM Tris-HCI, pH 7.6, 137 mM NaCl, 0.1% Tween 20) and incubated with prima-
ry antibodies overnight at 4°C under gentle agitation. Immunoreactive bands were detected
using goat horseradish peroxidase (HRP)-coupled secondary (anti-mouse or anti-rabbit anti-
bodies) and the p-coumaric acid-enhanced chemiluminescent (PCA-ECL) solution. Signals
were acquired using the ChemiDocXRS+ (Biorad, France) and quantified using the Biorad
Image Lab software (version 4.0) (Biorad, France).

Immunofluorescence and Proximity Ligation in situ Assay (P-LISA)

Cells were cultured for 24 h on coverslips and then fixed with 4% paraformaldehyde pH 7.4 in
PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 2 mM KH,PO,) during 15 min at room
temperature. Permeabilization was performed in cold methanol for 20 min at 4°C.

For immunofluorescence, blocking was realized with 0.1% tween-TBS with 5% BSA for 1h
at 37°C. Incubations with primary antibodies were performed overnight at 4°C, and then cells
were rinsed 3 times with 0.1% tween-TBS. Incubations with secondary antibodies were per-
formed for 1 h at 37°C and then cells were rinsed 3 times with 0.1% tween-TBS, stained with
DAPI (4',6'-diamidino-2-phénylindole) and mounted using Vectashield Hardset mounting
medium (Vector Laboratories, H-1400).

For P-LISA, all incubations were performed in a humidity chamber and according the
OlinkBioscience’s recommendations using Duolink In Situ Detection Reagents Red kit
(DUO92008, Sigma-Aldrich, France). Briefly, coverslips were blocked with Blocking solution
(82007, Olinkbioscience) for 45 min at 37°C and then incubated with primary antibodies previ-
ously diluted in Antibody diluent (82008, Olinkbioscience) overnight at 4°C. Coverslips were
washed 3 times for 5 min in T-PBS buffer under gentle shaking and then incubated with PLA
probes MINUS and PLUS corresponding to the primary antibodies using Duolink In Situ PLA
Probe Anti-Goat MINUS (DU092006, Sigma-Aldrich, France), Duolink In Situ PLA Probe
Anti-Mouse PLUS (DU092001, Sigma-Aldrich, France), Duolink In Situ PLA Probe Anti-
Mouse MINUS (DUO92004, Sigma-Aldrich, France) and Duolink In Situ PLA Probe Anti-
Rabbit MINUS (DU092005, Sigma-Aldrich, France) for 2 h at 37°C. Then, coverslips were
washed 3 times for 5 min in T-PBS buffer under gentle shaking and then incubated with a
DNA ligase previously diluted in Ligation buffer for 30 min at 37°C. Coverslips were washed 3
times for 5 min in T-PBS buffer under gentle shaking and incubated with a DNA polymerase
previously diluted in Amplification buffer for 90 min at 37°C. Finaly, coverslips were rinsed for
10 min in presence of DAPI under gentle shaking and then washed 2 min with (0.02X, 0.2X, or
2X (30 mM sodium citrate; 300 mM sodium chloride) SCC buffer, and then 2 min in 70% etha-
nol. Dried coverslips were mounted with Vectashield Mounting Medium (Vector Laboratories,
H-1000). Fluorescence was visualized with an Olympus IX81 confocal microscope (Olympus,
France) and pictures acquisition was realized using a DP75 camera.
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Finally, immunofluorescence images were analyzed using the “Image]” software while
P-LISA images were analyzed using the “BlobFinder”software available for download from
www.cb.uu.se/~amin/BlobFinder. Interactions were quantified by counting the number of dots
per cell as well as the intensity of signal per dot. An increase of intensity is the consequence of a
concentration of interactions in the same cellular dots. [18] In the different figures, each bar
(Mean + SEM) represents the mean obtained from the quantification of signals observed in
about 200 cells chosen randomly in 5 different fields from 3 independent experiments.

Statistical Analysis

Differences between means were analyzed using t-test with GraphPad Prism 5 software. Co-
localization experiments were analyzed using Pearson and the Image J (plug-in Coloc-2) soft-
ware. * (p<0.05), ** (p<0.01), *** (p<0.001) and **** (p<0.0001)

Results

P-LISA can be used for the detection of autophagy protein interactions in
breast cancer cell models

Previous reports described the importance of multiple interactions between autophagy proteins
during the course of autophagosome formation.[2,5,6,7,19] Moreover, recent data suggested
that specific interactions between members of the ATGS8 family (LC3B, GABARAP or
GABARAPLL1) and cargo adapters, such as SQSTM1/P62 or NIX, were essential to induce the
selective degradation of target proteins or organelles during a new processus called selective
autophagy. For example, SQSTM1/LC3B interaction has been previously reported in cells over-
expressing GFP-LC3B, and the authors demonstrated that this interaction favored the
SQSTM1 localization in autophagosomes.[19,20,21] Moreover, additional interactions of
SQSTM1 with other ATGS8 proteins (LC3A, LC3B, LC3C, GABARAP, GABARAPLI and
GABARAPL2) have been reported in ATG8-overexpressing cell models [7]. Unfortunately,
these data were mostly observed in transfected cells and it is known that overexpression of ex-
ogenous proteins might lead to non specific interactions or the formation of GFP aggregates as
already pointed out.[15] Therefore, we decided to develop a specific P-LISA protocol to quanti-
fy in cellulo endogenous autophagy protein interactions.

P-LISA is a multi-step technique leading to the detection of specific fluorescent dots
linked to close proximity protein interactions (range below 40 nm) (S1 Fig). This technique
is based on the use of two different primary antibodies of different species which are specific
of two proteins supposed to interact in the cells. The advantage of this technique is the detec-
tion of endogenous proteins in the cellular context without the need of overexpression.
Moreover, the maximal distance between the two proteins to get a signal should not exceed
40 nm, a distance which is below the sensitivity of confocal microscopy used for co-
localization experiments.

First, we compared the possibility to use P-LISA in breast cancer cells (MDA-MB-436) to
detect the interaction between LC3B (an ATG8 family member) and SQSTM1 (a cargo
adapter). Immunofluorescence (IF) experiments confirmed the expression of these proteins
and their partial co-localization in the MDA-MB-436 cells (Fig 1A left panel). However, co-
localization of proteins detected by IF does not necessarily mean interaction. Moreover, co-
localization quantification of ATG proteins in immunostained cells is difficult to analyze
due to the large distribution of these proteins in the cell. Since our LC3 antibody seemed to
present a rather low specificity and induced the detection of non specific nuclear signals,
which has already been described by others,[22] we wondered whether P-LISA would give a
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Fig 1. Detection of SQSTM1/LC3B, SQSTM1/GL1, NIX/GL1 and NIX/LC3B interactions by P-LISA. (A) MDA-MB-436 cells were cultured for 24 h at 37°C
and 5% CO,, fixed, permeabilized, blocked with 5% BSA, incubated with rabbit anti-LC3B, rabbit anti-GL1, mouse anti-SQSTM1 or/and mouse anti-NIX
antibodies overnight at 4°C and then with an Alexa Fluor 488 goat anti-rabbit and an Alexa Fluor 555 goat anti-mouse, respectively, for 1 h. The cells were
then analyzed using a confocal microscope. (B) For P-LISA, the protocol was performed according to the manufacturer’'s recommendations using the same
antibodies as described above. Nuclei were stained with DAPI. Each picture is representative of a typical cell staining observed in 10 fields chosen at
random. Scale bars: 20um.

doi:10.1371/journal.pone.0128701.g001

more specific result in our model. Therefore, we developed a specific P-LISA protocol to
quantify in cellulo endogenous SQSTM1 and LC3B interactions. During these P-LISA exper-
iments, using two specific primary antibodies directed against SQSTM1 and LC3B, we de-
tected quantifiable specific P-LISA dots corresponding to the interaction of endogenous
LC3B and SQSTM1 in MDA-MB-436 cells without the need to overexpress these proteins
(Fig 1B left panel). We then asked whether this protocol could be used for the study of other
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autophagy-related protein interactions and therefore targeted the interactions between
SQSTM1 and GABARAPLI (GL1, another ATGS8 family member) or interactions of a sec-
ond cargo adapter NIX with LC3B or GL1 in MDA-MB-436 cells (Fig 1). Immunofluores-
cence experiments confirmed the expression of NIX and LC3 proteins in our models and
their partial co-localization in MDA-MB-436 cells (Fig 1A). Then, the use of NIX/GL1
P-LISA revealed the presence of dots (a mean of 11.6 dots/cell) in MDA-MB-436 which
quantification was facilitated thanks to the specificity of P-LISA staining. We obtained
similar results regarding the interaction between LC3B and NIX (a mean of 18.9 dots/cell)
(Fig 1B).

To confirm that these signals observed in MDA-MB-436 cells were indeed specific, we per-
formed several technical controls (Fig 2). First, we performed P-LISA controls without primary
antibodies (Fig 2A left panel) or using one secondary PLA probe antibody incompatible with
the primary antibodies used. As expected, both controls did not produce any P-LISA signals in
the cells (Fig 2A). Second, we used siRNA targeting LC3B expression in our models (Fig 2B top
panel). We also observed that the specific LC3B siRNA also strongly decreased the number of
SQSTM1/LC3B P-LISA fluorescent dots, data which demonstrated the specificity of the tech-
nique (Fig 2B bottom panel). To confirm these data, we performed a control using murine cells
since the murine SQSTM1 protein does not contain the human epitope recognized by the anti-
SQSTM1 antibody used in our P-LISA experiments. Once again, we confirmed the specificity
of our technique since we observed no SQSTM1/LC3B P-LISA signal in murine cells but
showed the restoration of P-LISA signals when these cells were transfected with a vector coding
the human HA-SQSTM1 protein (Fig 2C). At last, we performed NIX/GL1 P-LISA in
MDA-MB-436 cells stably expressing a sShRNA targeting GABARAPL1.[16] Absence of GLI in
these cells was confirmed using westen blotting (Fig 2D). Our data confirmed that the cells
which did not express GL1 following shRNA expression did not present any P-LISA staining
(Fig 2E).

Since a decreased expression of GL1, a member of the ATG8 family, has been frequently ob-
served in breast cancer (BC) cells, we decided to use the MCE-7 cell line, which has been de-
scribed to present an undetectable expression of GL1 in western blotting and a weak basal
signal in IF, to validate the specificity of the SQSTM1/GL1 and NIX/GL1 P-LISA (Fig 3). West-
ern blotting (Fig 3A) and immunofluorescence experiments (Fig 3B) indeed confirmed the low
GL1 expression in MCF-7 control cells (stably transfected with an empty vector) and the pres-
ence of this protein in MCF-7 cells stably overexpressing FLAG-GLI1-6His, as previously de-
scribed.[16] These data also showed an increase in the co-localization of GL1 and SQSTM1 in
overexpressing cells compared to non-expressing cells (Fig 3B top panel). Regarding SQSTM1/
GL1 P-LISA staining, as expected, few fluorescent dots were observed in MCF-7 control cells
(3.9 dots per cell) while a significant increase of SQSTM1/GL1 P-LISA signals was quantified
in MCF-7 stably overexpressing FLAG-GL1-6His (15.4 dots per cell) (p<0.0001, Fig 3B bottom
panel). MCE-7 cells stably overexpressing FLAG-GL1-6His cells expressed a very low level of
NIX protein associated with a low signal of NIX/GL1 P-LISA signals in these cells (Fig 3C).
Nevertheless, the transfection of the pEGFP-NIX vector and the overexpression of GFP-NIX in
these cells, increased NIX/GL1 P-LISA signals confirming that these interactions are NIX-de-
pendent (Fig 3C).

Altogether, these data demonstrated the feasibility and the specificity of P-LISA to detect
specific autophagy protein interactions in BC cell models. Moreover, we showed that, in our
models, the quantification of P-LISA signals is easier and more accurate than the quantification
of co-localization signals in IF experiments.
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NIX/GL1 interactions was performed by P-LISA in MDA-MB-436 cells expressing or not a GABARAPL 1 shRNA using rabbit anti-GL1 and mouse anti-

NIX antibodies.
doi:10.1371/journal.pone.0128701.g002

Quantification of SQSTM1/LC3B, SQSTM1/GL1, NIX/LC3B and NIX/
GL1 specific interactions using P-LISA following autophagy flux
inhibition

In order to analyze whether the autophagy protein interactions could be detected following
autophagy induction using P-LISA and whether they were indeed associated to the formation
of autophagosomes, we asked whether the signals obtained with SQSTM1/LC3B P-LISA,
SQSTM1/GL1 P-LISA, NIX/LC3B P-LISA, or NIX/GL1 P-LISA co-localized with the fusion
protein GFP-LC3 overexpressed in MDA-MB-436 cells. As expected, GFP-LC3 puncta signifi-
cantly colocalized with all four P-LISA signals suggesting that these signals were related to
autophagosomes (Fig 4A-4D). These conclusions were confirmed by the significant correlation
index determined between the number of GFP-LC3B puncta and the SQSTM1/LC3B P-LISA
signals (p = 0.025) (Fig 4A). However, due to the overexpression of GFP-LC3B in transfected
cells, the strong increase of SQSTM1/LC3B P-LISA signals linked to large puncta in the cells
was influenced by GFP-LC3 overexpression and not only by autophagy induction since expres-
sion of GFP-LC3B significantly increased SQSTM1/LC3B P-LISA signals in both the absence
or presence of EBSS/BafA1 treatment in MDA-MB-436 cells (S2 Fig). Indeed, it has already
been demonstrated that the overexpression of LC3B can induce the formation of cellular aggre-
gates which could also include SQSTM1.[15] Taken together, these observations suggest that
SQSTM1/LC3B P-LISA quantification of endogenous proteins interactions may be more accu-
rate than overexpressed GFP-LC3B quantification for autophagy flux analysis. Similar experi-
ments performed using SQSTM1/GL1 P-LISA revealed a very strong correlation between the
number of GFP-LC3B vesicles and P-LISA signals (p<0.0001) (Fig 4B). These experiments
were also performed using NIX/LC3B P-LISA or NIX/GL1 P-LISA and, once more, a signifi-
cant co-localization between GFP-LC3-positive puncta and P-LISA signals were observed (Fig
4C, p =0.016 and Fig 4D, p = 0.005).

P-LISA can be used to monitor selective autophagy

Following the demonstration that P-LISA can quantify differences in autophagosome forma-
tion, we next asked whether this technique might also help discriminating between responses
to different autophagy inducers. Indeed, until now, none of the current techniques used to
quantify autophagy may specifically and undoubtedly discriminate between non selective and
selective autophagy. To do so, we decided to use P-LISA protocols including cargo adapters
(such as NIX or SQSTM1) and ATG8 proteins (LC3B or GABARAPLL1) since these proteins
have been described to play an essential role in autophagy selectivity.[2,5]

In this assay, we treated MDA-MB-436 cells, described to express endogenous SQSTMI,
LC3B, NIX and GL1, with different modulators of autophagy: i) rapamycin (Rapa), an autop-
hagy inducer inhibiting mTOR activity; ii) rotenone (Rot), an inhibitor of oxidative phosphor-
ylation complex I or, iii) CCCP (carbonyl cyanide m-chloro-phenyl hydrazone), an uncoupling
agent. The two latter chemicals have been described to induce a mitochondrial stress and mito-
phagy.[23,24,25] As expected, using western-blotting, an increase of the autophagosome-linked
LC3B form (LC3B-II) was observed following treatment with Rapa, BafA1, CQ, Rot and CCCP
but we were unable to detect any significant differences in autophagy induction following these
treatments using this technique (S3 Fig). To determine whether SQSTM1/LC3B, SQSTM1/
GL1, NIX/LC3B and NIX/GLLI interactions are differentially modulated by these treatments,
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Fig 3. Increase of SQSTM1/GL1 and NIX/GL1 interactions quantified by P-LISA in MCF-7 overexpressing FLAG-GABARAPL1-6His and GFP-NIX.
(A) Expression of GL1 protein was analyzed using western blotting in MCF-7 expressing or not FLAG-GL1-6His. (B) MCF-7 Control or MCF-7 FLAG-GL1-6His
cells were cultured for 24 h at 37°C and 5% CO, fixed, permeabilized, blocked with 5% BSA, incubated with mouse anti-SQSTM1 and rabbit anti-GL1
antibodies antibodies overnight at 4°C and then with an Alexa Fluor 555 goat anti-mouse and an Alexa Fluor 488 goat anti-rabbit, respectively, for 1 h. The
cells were then analyzed using a confocal microscope (top panel). For P-LISA, the protocol was performed according to the manufacturer's recommendations
using mouse anti-SQSTM1 and rabbit anti-GL 1 antibodies (bottom panel). (C) MCF-7 FLAG-GL1-6His cells were cultured for 24 h at 37°C and 5% CO, and
transfected with pEGFP-NIX plasmid and then fixed and permeabilized. P-LISA was performed as precognized by the manufacturer using rabbit anti-GL1 and
mouse anti-NIX antibodies. Nuclei were stained with DAPI. Each picture is representative of a typical cell staining observed in 10 fields chosen at random.
Scale bar: 20pum.

doi:10.1371/journal.pone.0128701.9003
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Fig 4. Co-localization of SQSTM1/LC3B, SQSTM1/GL1, NIX/LC3B and NIX/GL1 P-LISA signals with the GFP-LC3B protein. MDA-MB-436 cells were
transfected with the pEGFP-LC3B vector then cultured with EBSS and BafA1 (100 nM) for 2 h. (A) Co-localization of SQSTM1/LC3B P-LISA signal and
GFP-LC3B fluorescence. (B) Co-localization of SQSTM1/GL1 P-LISA signal and GFP-LC3B fluorescence. (C) Co-localization of NIX/LC3B P-LISA signal
and GFP-LC3B fluorescence. (D) Co-localization of NIX/GL1 P-LISA signal and GFP-LC3B fluorescence. Co-localization of P-LISA signal and GFP-LC3B
puncta was determined in at least 30 cells using the imageJ software. Nuclei were stained with DAPI. ***#*: p<0.0001 and ***: p<0.001, vs control (n = 3).
Scale bar: 20pm.

doi:10.1371/journal.pone.0128701.9004
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we quantified both the number of P-LISA signals as well as the intensity per dot in untreated
and treated MDA-MB-436 cells (Fig 5). Since autophagic vesicles frequently accumulate in
clusters, the result is a partial or total overlap of the P-LISA signals. This explains why close in-
teractions could not be independently quantified. However, this concentration of signals in the
same area of the cell led to the increase of intensity per dot and this parameter is therefore use-
ful to quantify autophagy since a strong increase of intensity per dot, without an apparent in-
crease of dots per cell, also corresponds to a significant increase in ATG/cargo adapter
interactions which are preferentially concentrated in specific punctates.

All treatments significantly increased SQSTM1/LC3B P-LISA signals (Fig 5A and 5E) sug-
gesting an accumulation of autophagosomes in the cells. Moreover, SQSTM1/LC3B PLISA in-
tensity per dot was also increased following exposure to the three autophagy inducers
suggesting a relocalization of SQSTM1/LC3B interactions in these vesicles. Although the in-
crease of intensity per dot is quite similar (about 1.5 to 2 fold) following treatment with the dif-
ferent autophagy inducers, the highest increase in intensity per dot and the lowest increase in
dots per cell was obtained after Rapa treatment whereas the lowest increase in intensity per dot
and the highest increase in dots per cell was induced by CCCP. These results suggest that these
three autophagy inducers increased SQSTM1/LC3B interactions but that SQSTM1/LC3B inter-
actions are more concentrated in specific areas of the cells following Rapa treatment.

CCCP and Rot treatments led to the highest increase in SQSTM1/LC3B P-LISA signals. As
expected, transfection of LC3B siRNA extinguished SQSTM1/LC3B P-LISA signals in cells
treated with CCCP demonstrating, once again, the specificity of these signals (54 Fig). On the
opposite, no variations in the number of SQSTM1/GL1 P-LISA signals were observed following
the different treatments (Fig 5B and 5E). Interestingly, when we analyzed the interactions in-
volving NIX, an autophagy adaptor described to be involved in mitophagy, we only observed
an increase in P-LISA signals following treatments using specific mitochondrial stress inducers
(Fig 5C, 5D and 5E).

Altogether, our P-LISA experiments led to the conclusion that NIX/GL1 and LC3B/NIX
P-LISA can be used to specifically monitor mitophagy while SQSTM1/LC3B P-LISA, but not
SQSTM1/GL1 P-LISA, is more suitable to study overall autophagy levels.

Discussion

Whereas autophagy quantification is a crucial point when studying autophagy or biological
pathways regulating autophagy, end-points analysis remain often difficult to interpret due to
the dynamic autophagy flux which corresponds to the sum of initiation and degradation. Sev-
eral methods have been developed by the “autophagy community” to quantify autophagy but
western-blotting of SQSTM1 and LC3B-II moieties still remains the most popular experi-
ment to estimate autophagy.[12] However, some recent data showing the frequent transcrip-
tional up-regulation of SQSTM1 following different autophagy-inducing stresses have
demonstrated that the levels of this protein cannot exclusively be linked to autophagy degra-
dation anymore.[26]

Quantification of fluorescent vesicles following pGFP-LC3B or pmRFP-LC3B expression is
also considered as a powerful tool useful for autophagy quantification but is limited to cells in
culture. Moreover, fluorescence intensities of the GFP or mRFP reporter proteins are difficult
to quantify due to variable levels of expression in transfected cells. In addition, some cells re-
main difficult to transfect and autophagy flux could not be analyzed using this protocol.
Moreover, it has been shown that overexpression of GFP-LC3B can induce the formation of
aggregates independent of its role in autophagy.[15,27] More recently, the development of a
new vector called ptf-LC3B leading to the expression of a double-tagged GFP-RFP-LC3B

PLOS ONE | DOI:10.1371/journal.pone.0128701 June 2, 2015 12/16



@ : PLOS | ONE Detection of Specific ATG Protein Interactions using P-LISA
A - Rot - Rot
Rapamycin CCCP Raiamlcin CCCP

vs

SQSTM1/LC3B
SQSTM1/GL1

- Rot

Rot

(@

D

-

Q =

= O

> Rapamycin CCCP | Rapamycin

| - - | - -
E 160

Fekkk o

— —k 92 ..1:%. Xkkk
E *xkk 62 — i
E a8 38 42 39 - *kkk
5 35 n ﬂ r— 19 18 w gy B 34
a ] —

0
600 p—_. .+ — T
= — —EE

gg — it —_— |

* N0 i oo ool
Rpa =- + =- - = + = = -+ - - -+ - -
Rot = = 4 -~ - - + - R . k.
CCCP = = - + - - - + - - - + - - - +

SQSTM1/LC3B SQSTM1/GL1 NIX/LC3B NIX/GL1

Fig 5. Effects of Rapamycin, Rotenone and CCCP on ATG8/cargo adapter interactions. MDA-MB436 cells were cultured for 24 h at 37°C and 5% CO,
then with Rapa (10 uM for 5h), Rot (50 pM for 24h) or CCCP (100 uM for 24h). (A) SQSTM1/LC3B, (B) SQSTM1/GL1, (C) NIX/LC3B and (D) NIX/GL1
P-LISA were performed according to the manufacturer’s recommendations using mouse anti-NIX or anti-SQSTM1 and rabbit anti-GL1 or anti-LC3B
antibodies. Nuclei were stained with DAPI. Each picture is representative of a typical cell staining observed in 10 fields chosen at random. (E) Quantification
of P-LISA signals (dots/cell and intensity per dot) was performed using the Blobfinder software. Each bar (Mean + SEM) represents the mean obtained from
the quantification of signals observed in about 200 cells chosen randomly in 5 different fields from 3 independent experiments. ****: p<0.0001, ***:
p<0.0001, and **: p<0.001, vs control. Scale bar: 20um.
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protein has helped in the study of autophagy flux. Indeed, this recombinant protein allows to
distinguish between autophagosomes and autophagolysosomes. Nevertheless, the quantifica-
tion of red and yellow dots still remains difficult to perform in cells and this protocol is still
linked to the necessity of high transfection rates. Moreover, co-localization of this double
fluorescent protein with other ATG proteins remains almost impossible to interpret. These
data strongly suggest that autophagy should be analyzed by a combination of protocols

and techniques.

Recent new data have also demonstrated that autophagy can be non selective or selective
and that these two processes might require different autophagy proteins in the cells. For exam-
ple, some specific ATGs or autophagy-related proteins, such as NIX, have been described to be
specifically involved in selective autophagy of mitochondria, called mitophagy. Therefore, in
order to improve the quantification of autophagy and to better discriminate between non selec-
tive or selective autophagy, we developed a P-LISA protocol to specifically monitor ATG8/
cargo adapter interactions. First we asked whether this technique could be used to quantify cel-
lular autophagy levels and, then, to discriminate between different types of induced autophagy.
Indeed, the currently available techniques are preferentially used to quantify autophagic flux
(WB, IF) and are not always sensitive enough to quantify slight modifications of autophagy lev-
els. Our data confirmed that the SQSTM1/LC3B and SQTSM1/GL1 P-LISA signals detected in
the cells were indeed specifically related to autophagy as demonstrated by their strong co-local-
ization with GFP-LC3B vesicles in autophagy-induced cells following an EBSS/BafA1 treat-
ment. Then, our data led to the conclusion that SQSTM1/LC3B interactions measured by
P-LISA were increased in all treatments described to induce autophagy and might be used to
quantify overall autophagy rates. On the opposite, NIX/GL1 and NIX/LC3B P-LISA appeared
to be useful to discriminate between rapa-induced autophagy and specific degradation of mito-
chondria and therefore might be used to quantify selective mitophagy.

In conclusion, our work proves that P-LISA can be used as a new tool for autophagy quanti-
fication and for the discrimination between different induced selective autophagy. Moreover,
since this technique can be adapted to the study of protein interactions in parrafine-included
tissue samples or in vivo biological tissues, this technique could become an useful tool to per-
form diagnostic test targeting endogenous autophagy proteins.[28]

Supporting Information

S1 Fig. Schematic representation of the P-LISA protocol. (A) Two primary antibodies issued
from distinct species recognize specific endogenous ATG proteins supposed to interact. (B)
Secondary antibodies called Proximity Ligation Assay (PLA) probes, each coupled to an oligo-
nucleotide + or an oligonucleotide—, recognize the two primary antibodies. (C) A circular
probe targets the PLA + and—, only if the distance between these probes is less than 40nm. (D)
Circular DNA is amplified by a DNA polymerase. (E) DNA probes coupled to fluorochromes
hybridize to amplicons and lead to the formation of intracellular fluorescent dots specific to
the interaction of the two ATG proteins.

(TIF)

S2 Fig. Effect of EBSS/BafA1 treatment and influence of GFP-LC3B expression on
SQSTM1/LC3B P-LISA signals. MDA-MB-436 cells were transfected with the pPEGFP-LC3B
vector then treated or not with EBSS and BafA1 (100 nM) for 2 h (left panel). SQSTM1/LC3B
P-LISA signals were quantified in about 20 cells (right panel). Nuclei were stained with DAPL
% p<0.0001 and **: p<0.01.

(TIF)
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S3 Fig. Effects of Rapamycin, BafA1, CQ, Rotenone and CCCP on LC3B-II levels.
MDA-MB436 cells were cultured for 24 h at 37°C and 5% CO, then treated with Rapa (10 uM
for 5h, BafA1 (100 nM for 2h), Chloroquin (40 uM for 2h)), Rot (50 uM for 24h), or CCCP
(100 uM for 24h). Accumulation of the LC3B-II form was determined by western blotting
using an anti-LC3B antibody.

(TIF)

$4 Fig. SQSTM1/LC3B P-LISA in cells transfected with siLC3B and treated with CCCP.
MDA-MB-436 cells were cultured for 24 h at 37°C and 5% CO, and treated with CCCP

(100 uM for 24h). P-LISA was performed according to the manufacturer’s recommendations.
Inhibition of SQSTM1/LC3B P-LISA signals was observed in cells previously transfected with
siLC3B compared to cells transfected with a siRNA control, Nuclei were stained with DAPI.
Each picture is a representative image of a typical cell staining observed in 10 fields chosen

at random.

(TIF)
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Abstract

Background: The GABARAP family members (GABARAP, GABARAPL1/GECT and GABARAPL2 /GATE-16) are involved
in the intracellular transport of receptors and the autophagy pathway. We previously reported that GABARAPLIT
expression was frequently downregulated in cancer cells while a high GABARAPLT expression is a good prognosis
marker for patients with lymph node-positive breast cancer.

Methods: In this study, we asked using qRT-PCR, western blotting and epigenetic quantification whether the
expression of the GABARAP family was regulated in breast cancer by epigenetic modifications.

Results: Our data demonstrated that a specific decrease of GABARAPLT expression in breast cancers was associated
with both DNA methylation and histone deacetylation and that CREB-1 recruitment on GABARAPLT promoter was

required for GABARAPL] expression.

future to regulate autophagy in breast cancer cells.

Conclusions: Our work strongly suggests that epigenetic inhibitors and CREB-1 modulators may be used in the

Keywords: Autophagy, GABARAP, GABARAPL1, GABARAPL2, Breast cancer, CREB-1, DNA methylation, Epigenetics

Background

Autophagy is a cell process which regulates cell homeosta-
sis and survival by inducing the degradation and recycling
of intracellular components like protein aggregates or
organelles (such as damaged mitochondria) [1]. This
mechanism involves more than 40 proteins required for :
i) the formation of autophagosomes, ii) the fusion of
autophagosomes with lysosomes and/or, iii) the regulation
of autophagy flux. The role of autophagy in tumorigenesis
is controversial, even though evidence indicated that au-
tophagy is often downregulated in cancer cells. On one
hand, autophagy might protect against transformation of
non tumoral cells into cancer cells and in the other hand,
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a loss of autophagy might help the cancer cells to escape
from type II cell death (also called autophagy cell death)
[2, 3]. Since induction of autophagy in cancer cells has also
been described to confer resistance to chemotherapeutive
agents, the co-administration of both alkyling agents and
autophagy inhibitors (such as hydroxychloroquine) could
improve the anti-tumoral response in these resistant cells
[4]. Among the proteins involved in autophagy, two sub-
families of homologs of the yeast Atg8 (Autophagy-related
8) have been described in mammals: i) the MAP-LC3s
(Microtubule-associated protein Light Chain 3) including
LC3A, LC3B and LC3C and, ii) the GABARAP (GABA,-
receptor-associated protein) family. The latter com-
prises 3 members: GABARAP, GABARAPL1/GEC1/
ATGS8L (GABARAP-like protein 1/guinea-pig endometrial
glandular epithelial cells-1/Atg8-like protein) and GABAR-
APL2/GATE-16 (GABARAP-like protein 2/Golgi-associ-
ated ATPase enhancer of 16 kDa).

© 2015 Hervouet et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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GABARAP, GABARAPLI and GABARAPL2 genes are
located on the human chromosomes, 17p13.12, 12p12.3
and 16q22.3 respectively, and are differentially expressed
in normal and pathological tissues. The GABARAP gene
has been described to be highly expressed in endocrine
tissues while the GABARAPLI gene is predominantly
expressed in the central nervous system but they both
are underexpressed in a large variety of cancer cell lines
[5]. Nevertheless, the analysis of GABARAPLI expres-
sion in a cohort of 256 breast adenocarcinoma revealed
that a low GABARAPLI expression was correlated with
a high risk of metastasis, in particular for lymph node-
positive patients [6]. Despite these recent studies, the
regulation of the GABARAP family is still poorly under-
stood and the origin of their decreased expression in
tumor models remains unknown.

It is now recognized that epigenetic modifications con-
trol the expression of numerous genes via the regulation
of promoter accessibility to transcriptional factors. Both
DNA methylation and histone modifications affect the
level of chromatin compaction and it has been described
that epigenetically-mediated aberrant silencing of genes
are an important factor in the pathogenesis of cancers
including breast cancers (BC) [7, 8] Indeed, epigenetic
modifications can regulate the expression of a large
panel of genes involved in the hallmarks of cancer, such
as apoptosis, cell signaling, invasion and proliferation.
For example, the detection of the promoter methylation
of the tumor suppressor gene BRCA1, which is frequent
in BC and is associated with a decrease of BRCA1I ex-
pression, can help to predict the response to conven-
tional chemotherapies in triple negative BC patients
[9]. DNA methylation consists on the addition of a
methyl group on a cytosine in CpG islands. It is catalyzed
by DNA methyl transferases (DNMTs) and is unfavorable
to transcription. Following DNA replication and formation
of hemi-methylated DNA, the conservation of DNA
methylation on the neo-synthesized strand, is mainly proc-
essed by DNMT1 using the parental strand as a model.
This DNA methylation conservation is called maintaining
or inheritance DNA methylation. On the opposite, de novo
DNA methylation referred to the addition of DNA methy-
lation on both strands of DNA on previously unmethylated
loci is catalyzed by both DNMT3A and DNMT3B.

Besides DNA methylation, post-translational modifi-
cations of histones are also frequently associated to the
regulation of gene expression in cancers. Histones are
associated as octamers in nucleosomes (dimer of H2A,
H2B, H3 and H4 and a loop of 126 pb DNA) whose
compaction is regulated by post-translational modifications
such as phosphorylation, methylation or acetylation. The
local sum of these modifications is called the histone code
and determine the status of local chromatin compaction
(for a review see [10]). Histone methyl transferases (HMTs)
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or histone demethylases (HDMs) respectively catalyze
the methylation or demethylation of histones leading to
different effects on transcription. For example, H3K9me
or K3K27me are negative marks while H3K4me is favor-
able to transcription. Acetylation, the most studied histone
modification, is processed by histone acetyl transferases
(HATs) and is associated with a local relaxed chromatin
and is therefore favorable to gene expression. On the op-
posite, the removal of acetyl groups from histones,
which is catalyzed by histone deacetylases (HDACs),
contributes to gene silencing.

Some recent studies also revealed that epigenetic mod-
ifications can regulate autophagy gene expression as well
as autophagy levels in both normal and cancer cells. For
example, HDACs play an essential role in the regulation
of autophagy: HDAC1 inhibition favors the conversion
of the soluble LC3B form (LC3B-I) to the membrane-
bound form of LC3B (LC3B-II), while the presence of
H4Kl6ac (catalyzed by hMOF (human ortholog of
drosophila males absent in the first)) in some ATGs genes,
is associated to a decrease of expression of these genes
[11, 12]. Moreover, HDAC6, an HDAC mainly localized in
the cytosol, has also been described to be involved in the
transport and maturation of autophagosomes [13]. DNA
methylation is also involved in autophagy regulation as
hypermethylation of several ATG genes has been described
in various cancers [13, 14]. For example, methylation of
BECN-1, a tumor suppressor gene, has been observed
in BC, while methylation of ATG16L2, LC3A, ULK2, or
BNIP3 has been suggested to be involved in the down-
regulation of autophagy in other cancers [15-19].

In order to characterize the regulation of GABARAP
gene family expression in cancer cells, we analyzed their
expression and the epigenetic modifications in the pro-
moters of these genes in in vitro human BC cell models.
Our data demonstrated that GABARAPLI expression is
decreased in BC patients and BC cell line models. More-
over, both DNA methylation and deacetylation of histone
H3 in GABARAPL1 promoter were observed in these BC
cell line models while the inhibition of DNMTs and
HDACs using specific inhibitors restored GABARAPLI
expression in these cells. These data suggest that DNMTi
(DNMT inhibitors) and HDACi (HDAC inhibitors) could
be used in the future to modulate autophagy levels in
BC cells.

Methods

Ethic statement

Human samples were collected according to French laws
and the recommendations of the French National Com-
mittee of Ethics. Indeed, this study has been approved by
of the scientific committee of “the tumorothéque régionale
de Franche-Comté BB-0033-00024”. The samples and the
medical history of patients were encoded to protect
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patients confidentiality and used under protocols ap-
proved by the recommendations of the French national
Committee of Ethics. All human samples were collected
by Pr. Severine Valmary-Degano (Centre Hospitalo-
Universitaire, Besancon, France) at the “Tumorothéque
régionale de Franche-Comté BB-0033-00024". Collec-
tion of samples and their use (AC-2010-1163) for studies
(approved by the scientific committee of “the tumorothe-
que régionale de Franche-Comté BB-0033-00024”) have
been approved by the French “ministére de la recherché”
and by the CPP EST I1.We obtained all necessary consents
from any patients involved in the study.

Quantitative RT-PCR

RNA was isolated from cells and frozen tissues using Tri
Reagent (Molecular Research Center, TR-118) as described
by the manufacturer. Reverse transcription were performed
using M-MLV (Sigma-Aldrich, M-1302) reverse transcript-
ase and 1.5 pg total RNA according to manufacturer’s in-
structions (Sigma-Aldrich). Quantitative PCR (qPCR) were
done in duplicate using the Step one Real-Time PCR
system (Applied Biosystems), Power SYBR Green PCR
Master Mix (Applied Biosystems, 4367659), according
to manufacturer’s instructions and primers specific of
GABARAP (F: 5'-GCCTTTCCCATCCTGCTGTA-3" and
R: 5'-AGGAGGGGATTGCTGGGTTCT-3") ; GABAR-
APLI (F: 5'-CCCTCCCTTGGTTATCATCCA-3" and R:
5'-ACTCCCACCCCACAAAATCC-3") and GABARAPL2
(F: 5'-AAATATCCCGACAGGGTTCC-3" and R: 5'-CAG
GAAGATCGCCTTTTCAG-3"). H3B2 was used as an
housekeeping gene (F: 5'-GCTAGCTGGATGTCTTTT
GG-3" and R: 5'-GTGGTAAAGCACCCAGGAA-3’) as
previously described [20].

Cell culture

MCEF-7 and MDA-MB-453 cell lines were obtained from
ATCC (HTB-130 and HTB-22) and grown in DMEM
1 g/L glucose (Dominique Dutscher, L0066) containing
fetal calf serum (5 %) (Dominique Dutscher, S1810),
penicillin (50 U/ml) (Dominique Dutscher, L0O018), strepto-
mycin (50 pg/ml), and amphotericin B (1.25 pg/ml) (PAA,
P11-001) at 37 °C in 5 % CO,, and routinely used at
70-80 % confluence. When indicated, cells were exposed

Table 1 List of antibodies
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to 2 uM 5-aza-CdR (A3656, Sigma-Aldrich) for 48 h and
400 nM TSA (T8552, Sigma-Aldrich) for 16 h.

Luciferase activity

GABARAPLI promoter fragments were obtained by PCR
using the following primers—-336 F: 5'-GCTGGATCCC
AACCAGCAGGA-3’, -659 F: 5'-GTCAGGCTGGTCTC
GAACTC-3" and +241 R: 5'-GGGATGCACCGCAGGG
CTTCC-3" and then cloned into the pGL3 basic plasmid.
5000 cells were seeded in 96 multiwell dishes and cells
were transfected with pGL3 plasmids, co-transfected with
the pCDNA3.1-CREB-1 vector (kindly provided by Vincent
Coulon, Montpellier, France) or treated with 10 pM
forskolin. Luciferase expression was measured using the
Luciferase Assay System kit (E1500, Promega) according
to the manufacturer’s recommendations.

Epigenetics

gDNA was extracted using the NucleoSpin® Tissue kit
(740952, Macherey Nagel). Global DNA methylation was
quantified using the MethylFlash methylated DNA quan-
tification kit (P-1034, Epigentek, France). Methyl DNA
collection were performed using the “Methyl-Collector
Ultra kit” (55005, Active Motif). Histone 3 acetylation
was quantified using the EpiQuik Tissue Acetyl-Histone
H3 ChIP Kit (P-2012, Epigentek). ChIP was performed
using the ChIP-IT High Sensitivity kit (53040, Active
Motif) with ChIP grade antibodies (Table 1). All these
kits were used according to the manufacturer’s instruc-
tions. Primers used in this study were designed with the
primer3 software [21]: GABARAP (F: 5'-AAAGCCAACC
GTCTTTGCTA-3’ and R: 5'-GCCACTTCCCTATTCAC-
CAA-3"), GABARAPLI (MC1 F: 5'-GTCAGGCTGGTC
TCGAACTC-3" and R: 5'-CGCTCCTGAACAGCAACA
TA-3") and GABARAPLI (MC2 F: 5'-AAGGAAACGCA
GTGAGACAGA-3" and R: 5'-AGCTGGGAGCACAAAA
ACAG-3"), GABARAPL2 (F: 5’ AATTCCCCAGACTTCCC
CTA-3" and R: 5'-GGTGGCGAAGAAGTTGGTTA-3").

Western-blotting

Cells were scraped, harvested and lysed in RIPA buffer
(50 mM Tris—HCI, pH 8, 150 mM NaCl, 1 % Triton
%100, 0.5 % DOCA, 0.1 % SDS) supplemented with pro-
tease inhibitors (104 mM AEBSF, 1.5 mM pepstatin A,

Antibody Application Dilution Manufacturer Ref
GABARAP/GABARAPL1 WB 1:3000 (Millipore, France) #AB15278
GABARAPL2 WB 1:1000 (Proteintech, France) #18727-AP
ACTIN WB 1:3000 (Sigma-Aldrich, France) #A5060
CREB-1 IF/ChIP 1:50/1 ug (Santa-Cruz Biotechnology, France) #sc-374227
DNMT1 ChiP 1 ug (Active Motif, Belgium) #39204
HDAC1 ChIP 1 ug (Active Motif, Belgium) #40967
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1.4 mM E-64, 4 mM bestatin, 2 mM leupeptin, 80 pM
aprotinin) for 30 min on ice, sonicated for 15 sec and
centrifuged at 10 000 g for 10 min at 4 °C. Supernatant
was used for protein quantification using the Bradford
method [22] and then proteins (40 pg) were separated
using SDS-PAGE gels and transferred to PVDF mem-
branes (Bio-Rad, 162—-0177) for 2 h in Tris-Glycine buffer
as previously described [23]. Membranes were saturated
in 0.1 % TBS-Tween 20 and 5 % nonfat milk for 1 h
and then incubated with primary antibodies (Table 1)
overnight at 4 °C. Membranes were washed 3 times
with TBS-Tween 20 0.1 %, incubated with secondary
anti-rabbit HRP conjugate or anti-mouse HRP conju-
gate antibody according to manufacturer’s instructions
(P.A.R.I.S., BI2407 and BI2413C). The membrane was
washed 3 times with TBS-0.1 % Tween 20 incubated
with ECL revelation buffer (Pierce) and cheluminescence
was monitored using a ChemiDoc™XRS+ (Biorad).

Immunofluorescence

CREB-1 IF was performed as precognized by the manu-
facturer. Briefly, cells were seeded on coverslips in 24
multiwell-plates, fixed and permeabilized for 20 min
with cold methanol at—20 °C, washed 3 times with cold
PBS (Phosphate buffer saline : 137 mM NaCl, 2.7 mM
KCl, 10 mM Na,HPO,, 2 mM KH,PO,), incubated with
1 % BSA-PBS for 1 h at 37 °C and incubated overnight
with the CREB-1 antibody (Table 1). The coverslips were
washed 3 times for 5 min with 0.1 % Tween-PBS (T-PBS),
incubated for 1 h with a goat secondary anti-mouse
Alexa 555 antibody (Life technology, France) and washed
3 times for 5 min with (T-PBS). Cells were then mounted
in Vectashield Hardset mounting medium (Vector
Laboratories, H-1000) and analyzed using an Olympus
IX81 confocal microscope (Olympus, France).
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Statistics

Mean’s comparison were analyzed using a Student t-test
with GraphPad Prism5 software (USA). Correlation in-
dexes were measured using a Spearman test with Image]
software. Significant values were highlighted in bold in
each figure.

Results

GABARAP family genes are differentially expressed in
human breast cancer biopsies

We first analyzed GABARAP, GABARAPLI or GABAR-
APL2 mRNA expression in human BC biopsies using
qRT-PCR (Fig. 1). The different BC subtypes are classified
in regard of their molecular marker expression. Luminal
BC, which represent 50 % of total BC and generally associ-
ated with a good prognosis, are divided in Luminal A and
Luminal B BC. Both Luminal A and B BC express ERa (es-
trogen receptor: ER+) whereas the expression of the HER2
(HER+) (human epidermal growth factor receptor) gene
was only observed in Luminal B BC. HER+ BC subtype,
which represents 17 % of BC, presents an amplification of
the HER2 gene without the expression of ERa (ER-). The
triple negative BC (ER-/PR-/HER-) do not express ERa, PR
(progesterone receptor) and HER2 and cannot be treated
with specific therapies (for a review, see [24]). Our cohort
comprised 5 grade I BC (ER+/PR+/HER-) and 8 grade III
BC (5 ER-/PR-/HER-and 3 ER+/PR+/HER+). Our results
revealed an insignificant decrease of both GABARAP and
GABARAPL2 mRNA levels in grade III BC compared to
non tumoral tissue (NT). More interestingly, GABARAPLI
expression was strongly decreased in BC grade III tissues
(p=0.004) versus non tumoral tissues. An inverse correl-
ation (r=-0.57) was also observed between GABARAPLI
mRNA and tumor stage while a very poor correlation
was determined between GABARAP or GABARAPL2
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Fig. 1 GABARAP family expression is deregulated in breast cancers. Quantification of GABARAP, GABARAPL1, GABARAPL2 expression using gRT-PCR,
in grade | + 1l and grade IIl BC biopsies compared to normal adjacent tissue. Circle: NT (non tumoral), square: grade I, triangle: grade Ill. Difference
of expression were quantified using a t-test. The correlation between the tumor grade and gene expression was measured using a Spearman test
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expression levels and the tumor grade (respectively r=
-0.3 and r=-0.1).

Study of global and local epigenetic modifications in
GABARAPL1 promoter and GABARAPL1 expression in BC
tissues and cell models

Since tumors are frequently associated with aberrant
DNA methylation content, we quantified global DNA
methylation levels using ELISA in gDNA issued from
both grade III BC samples (associated with the lowest
expression of GABARAPLI mRNA, as previously de-
scribed in Fig. 1 and NT tissues (Fig. 2a).” [25, 26] As
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expected, several gDNA issued from grade III BC pre-
sented a lower global DNA methylation compared to
gDNA issued from NT tissues. These results suggested
that epigenetic modifications might occur in these tumors.
To determine whether local DNA methylation was also al-
tered in these BC samples, methylation of XIS7, a X-linked
gene known to be methylated in women, and GAPDH, a
gene constitutively active and unmethylated, were analyzed
by precipitation of methylated DNA using the methyl-
Collector Ultra kit. As expected, methylation of XIST
was observed in 100 % of both gDNA issued from NT
and grade I-II BC tissues tested but lost in 3 out of 5
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Fig. 2 Detection of DNA methylation in GABARAP family promoters a Global DNA methylation quantification in BC and non tumoral biopsies
using methylFlash ELISA kit. b Scheme describing the GABARAP family gene promoter structure (Methprimer) and primer localization. ¢ Left:
Descriptive of GABARAP family gene methylation using methylCollector kit ; right : examples of methylation signal observed using GABARAPL1
MC2 primers. White : absence of signal of methylation; black : signal of methylation. d Correlations (Spearman test) between expression and
methylation of GABARAP, GABARAPLT and GABARAPL2 genes. NT: non tumoral, ER +/—: status of expression of estrogen receptor a, PR+/—: status
of expression of progesterone receptor, HER+/—: status of expression of Human epidermal growth factor receptor; I-lll: BC grade
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triple negative BC biopsies (Grade III) (Additional file 1:
Figure S1). On the contrary, GAPDH was never found to
be methylated in NT gDNA but was surprisingly fre-
quently methylated in gDNA issued from BC samples
(Additional file 1: Figure S1). Loss of global DNA
methylation in several tissues (Fig. 2a 4 out 13 samples)
and aberrant status of methylation of XIST and GAPDH
(Additional file 1: Figure S1) strongly suggested that DNA
methylation was deregulated in BC samples.

We next analyzed whether epigenetic regulation of the
GABARAPLI might explain its specific down-regulation
in BC. GABARAP, GABARAPLI and GABARAPL?2 present
CpG rich areas in their promoter (—800/+200) as predicted
using the methPrimer software [27], so we analyzed the
methylation status of these promoters using the methyl-
Collector Ultra kit (Fig. 2b and c). A low methylation sig-
nal was observed in both GABARAP and GABARAPL2
promoters (MC primers) both in tumors and NT tissues
while primers designed in the—800 region of GABARAPLI
(MC1) (Fig. 2¢) revealed a strong signal of methylation in
both NT and BC tissues. Regarding GABARAPLI, a low
signal of unmethylation was also measured in N'T samples
but not in BC samples suggesting that hemi-methylation
was lost in cancer cells (p = 0.0024) (Fig. 2c). To confirm
the higher level of methylation in the GABARAPLI pro-
moter in BC, the same experiment was repeated using
primers (MC2) designed to detect the 5'-UTR region of
this gene. Results obtained with MC2 primers showed that
GABARAPL1 was not or weakly methylated in NT sam-
ples but highly methylated in BC tissues (p = 0.05) (Fig. 2c¢).
Pearson correlation analysis revealed that GABARAP
or GABARAPL2 expression was not correlated with
methylation status (r = -0.45, p =0.12 and r = 0.36, p = 0.25
Fig. 2d), while GABARAPL1 expression was indeed cor-
related with the methylation status of the gene (r = -0.58,
p =0.03 suggesting that methylation of the GABARAPLI
promoter may explain the downregulation of GABAR-
APL]I expression in BC (Fig. 2d).

In order to characterize the pathway allowing epigenetic
modifications to control GABARAP family expression, we
first analyzed GABARAP, GABARAPLI and GABARAPL2
mRNA levels using qRT-PCR in MCF-7 and MDA-
MB-453 (BC cell lines) and MCF-10A (Breast immor-
talized but non tumoral cell line) cell lines (Fig. 3a).
Both GABARAP (p =0.039), GABARAPLI (p =0.013) and
GABARAPL2 (p=0.039) expression were decreased in
MCE-7 compared to MCF-10A but while the loss of
GABARAP or GABARAPL?2 expression was weak (0.5-2
fold), GABARAPLI expression was about 100-fold lower
in MCF-7 compared to MCF-10A (Fig. 3a). Similar results
were obtained for GABARAP, GABARAPLI and GABAR-
APL2 in MDA-MB-453 cells but GABARAP did not show
any significant differences in this cell line (Fig. 3a). Methy-
lation of the GABARAP family promoters was then
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assessed using the MethylCollector kit in both MCF-7 and
MDA-MB-453 cell lines presenting a low expression of
GABARAPLI. First, a signal of methylation of GABARAP
promoter was observed in MCEF-7 cells but not in MDA-
MB-453 cells (Fig. 3b). Regarding GABARAPL2 promoter,
no methylation was detected in both cell lines. A high sig-
nal of methylation was detected in the GABARAPLI pro-
moter in MCF-7 and MDA-MB-453 cells using MC1
primers confirming that the region of MC1 is highly
frequently methylated. As expected GABARAPLI pro-
moter methylation was lost in MCF-7 cells treated with
5-aza-CdRdeoxycytidine (5-aza-CdR), a DNMTi (Fig. 3b).
A high signal of methylation was also detected using MC2
primers in MCF-7 cells but not in MCE-10A cells sug-
gesting, as observed before in human BC biopsies, that
GABARAPLI methylation is predominantly observed in
BC cell lines (Fig. 3c)

As local DNA methylation is frequently associated to
histone deacetylation, the acetylation status of histone H3
(H3-ac) was analyzed by ChIP in MCF-7 and MDA-MB-
453 cells previously treated or not with trichostatin A
(TSA), an inhibitor of HDACs (Fig. 3d). ChIP analysis re-
vealed that H3 acetylation was detected in the GABARAP
promoter in MCEF-7 cells but not in MDA-MB-453 cells.
A very low level of H3 acetylation was also observed in
GABARAPL?2 promoter in these both cell lines. These sig-
nals were increased following TSA treatment in MCF-7
and MDA-MB-453 cells. Similarly, no H3 acetylation sig-
nal could be detected in the GABARAPLI promoter of BC
cells but this signal was increased after TSA treatment,
particularly in the MDA-MB-453 cells (Fig. 3d).

All these data (Figs. 1, 2 and 3) suggest that GABAR-
APLI is the most regulated gene of the GABARAP family
and that require promoter deacetylation and DNA methy-
lation. Interestingly, both DNMT1, which predominantly
catalyzes inheritance DNA methylation, and HDAC1 were
detected on GABARAPLI promoter in MCEF-7 cells using
ChIP experiments (Fig. 3e).

We next asked whether 5-aza-CdR or TSA could restore
GABARAPLI expression in BC cell lines. To do so, MCF-7
and MDA-MB-453 cells were treated with 5-aza-CdR
or TSA and the levels of GABARAP, GABARAPLI and
GABARAPL2 mRNA were measured using qRT-PCR
(Fig. 4a) while protein levels were quantified by western-
blotting (Fig. 4b). All cells were also treated with MG-132,
before protein extraction, to prevent the fast proteasomal
degradation of GABARAPL1 which has been previously
reported [28]. First we observed a not significant increase
of GABARAP mRNA (p =0.07) but a significant increase
of the corresponding protein GABARAP (p = 0.007 and
p =0.02) following TSA treatment in MCF-7 and MDA-
MB-453 cells. Both GABARAPL2 mRNA (p =0.05 and
p = 0.05 respectively) and GABARAPL2 protein (p = 0.045
and p = 0.0003 respectively) were increased in MCF-7 and
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Fig. 3 Epigenetic modifications in GABARAP family gene promoters. a Quantification of GABARAP, GABARAPLT, GABARAPL2 expression using gRT-PCR in
BC MCF-7 and MDA-MB-453 cancer cells and MCF-10A immortalized cells. b and ¢ GABARAP family gene methylation using methylCollector
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MDA-MB-453 cells treated with TSA. No significant effect
of 5-aza-CdR could be observed on GABARAP and
GABARAPL? expression (Fig. 4a). On the opposite, 5-
aza-CdR treatment increased GABARAPLI mRNA level
(about 2 fold) in both cell lines (p = 0.004 and p < 0.0001
respectively) while TSA treatment increased GABARAPLI
expression of 10 to 25 fold (Fig. 4a). Moreover, GABAR-
APL1 expression, which was undetectable in non treated
MCE-7 cells or 5-aza-CdR-treated cells, was increased fol-
lowing TSA treatment (Fig. 4b). A weak and diffuse band
signal corresponding to the GABARAPL1 protein was
also in over-exposed western-blotting using lysates of
MDA-MB-453 cells treated with TSA, suggesting that
GABARAPLI might also be slightly increased in these
cells after TSA treatment.

Altogether these results confirm that GABARAPLI is
the gene of the GABARAP family whose expression is the

most sensitive to epigenetic regulation in BC cell lines.
Since 5-aza-CdR and TSA treatments restored GABAR-
APL1 content, we next asked whether these compounds
modulate autophagy and cell proliferation in MCEF-7 cells
(Additional file 2: Figure S2). Both an increase of LC3B-II
(form associated to the autophagosomes) (Additional
file 2: Figure S2A) and of cells with GFP-LC3 puncta
(Additional file 2: Figure S2B) were observed in respect-
ively 5-aza-CdR/ TSA treated cells and in GFP-LC3
transfected and TSA treated cells compared to control
cells. Moreover, both an decrease of cell proliferation
and clonogenecity were also observed in MCEF-7 treated
cells (Additional file 2: Figure S2C and D). These results
suggest that restoration of GABARAPL1 expression
might be linked to these processes although some pleio-
tropic effects of 5-aza-CdR and TSA treatment could
also be involved [29].
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GABARAPL1 expression is regulated by CREB-1

Behind epigenetic modifications of the promoter, the sec-
ond step of gene regulation is the recruitment of transcrip-
tional factors (TF). Therefore, in order to characterize the
mechanisms governing GABARAPLI expression in these
cells, we cloned two fragments of the GABARAPLI
promoter (-659/+241 and -336/+241) in the pGL3 lu-
ciferase reporter plasmid. As suggested by 3 different
softwares (TESS http://www.cbil.upenn.edu/tess, Cis-
ter http://zlab.bu.edu/~mfrith/cister.shtml and Patch
http://www.gene-regulation.com/pub/programs.html#-
patch) used to predict TF binding sites, several putative
CRE (cAMP Response Element) elements were identified
in GABARAPLI promoter (Fig. 5a). Indeed, following
transfection of our constructions in MCF-7 cells, we ob-
served a significant increase of luciferase signal in cells

transfected with the—336/+241-GABARAPLI-promoter-
pGL3 plasmid compared to the empty pGL3 vector
suggesting the presence of functional regulatory elements
in this region. Moreover, luciferase activity was strongly
increased when cells were transfected with the—659/+241-
GABARAPLI-promoter-pGL3 vector compared to the
basal-336/+241-GABARAPLI-promoter-pGL3 vector sug-
gesting that the region -659/-336 is also important for
GABARAPLI regulation (Fig. 5b). Both treatment of
MCE-7 cells with forskolin, a compound known to acti-
vate CREB-1 (CRE binding protein-1), or transfection with
a plasmid expressing the CREB-1 protein significantly
increased luciferase activity linked to the construction—
659/+241-GABARAPLI-promoter-pGL3, suggesting that
CREB-1 is indeed involved in GABARAPLI expression
(Fig. 5c). The increase of luciferase activity in cells
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transfected with the pcDNA3.1-CREB-1 vector might be
explained by the low level of endogenous CREB-1 in
MCE-7 cells as observed in IF experiments (Fig. 5¢) and
ChIP experiment also confirmed the recruitment of
CREB-1 on the—659/+241-GABARAPLI-promoter in spite
of the presence of a high background noise that may be
provoked by the presence of-659/+241-GABARAPLI-

promoter plasmid (Fig. 5d). We next asked whether
endogenous GABARAPLI expression may be regulated
by CREB-1. Treatment of MCEF-7 cells with Actinomycin
D revealed that the half-life of GABARAPLI mRNA was
high (about 17 h) suggesting that regulation of GABAR-
APLI mRNA content is more dependent on transcrip-
tion that mechanisms affecting mRNA stability (Fig. 5e)
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[30, 31]. Moreover, overexpression of CREB-1 in MCEF-
7 cells significantly increased GABARAPLI1 expression
but at a lower level than the ones observed in cells
treated with 5-aza-CdR/TSA (Fig. 5f). Moreover, a
non-significant (p =0.066) further increase of GABAR-
APLI expression was observed in cells transfected with
the CREB-1 plasmid and treated with 5-aza-CdR/TSA
compared to cells with 5-aza-CdR/TSA treatment alone.

These data suggest that epigenetic modifications may
be an initial predominant factor allowing the recruitment
of CREB-1 on GABARAPLI promoter. These observations
were partly confirmed by ChIP experiments showing an in-
crease of CREB-1 recruitment on GABARAPLI promoter
in MCEF-7 cells previously treated with 5-aza-CdR/TSA.
But no significant difference could be observed between
5-aza-CdR/TSA treated cells transfected or not with the
vector encoding CREB-1 (Fig. 5g).

Discussion

While the role of autophagy in tumorigenesis is still
controversial, it is currently admitted that autophagy is
generally reduced in cancer cells. Whereas the origin of
the autophagy disruption is still unknown, mutations or
loss of heterozygosity-dependent autophagy gene silencing
(LC3, ATGs, UVRAG, BECN-1) have been reported in
many different cancers, such as colorectal, gastric car-
cinoma or breast cancers [32-36]. Besides mutations,
epigenetic modifications frequently occur in cancers, such
as global DNA hypomethylation and/or both local hypo
and hypermethylations in specific loci [37-39]. Hyper-
methylation of five autophagy-related genes, BECN-1,
ATGI16L2, ULK2, BNIP3 and a variant of LC3A, were
previously reported respectively in BC, leukemia, astro-
cytoma, colorectal cancer and esophageal carcinoma and
these data demonstrated that this hypermethylation was
correlated to tumor grade [15-19]. Moreover, inhibition
of the HMT EZH2 or G9a promotes autophagy in cancer
cells while the use of HDACI gave contradictory results on
autophagy levels in cancer cells [12, 40].

Despite a high homology between the different mem-
bers of the GABARAP family (GABARAPL1 shows 87 %
identity with GABARAP and 61 % with GABARAPL2),
these proteins are differentially expressed during develop-
ment and in adult tissues (for review see [41]) and these
proteins have been described to be involved in several
molecular pathways, including receptor transport and
autophagy. Previous studies revealed that GABARAP
and GABARAPL1 may have redundant functions in
transport but experiments of invalidation/overexpression of
GABARAP and GABARAPLI showed that both are re-
quired for autophagy [42, 43]. GABARAPLI expression has
been described to be decreased in cancer cell lines. MCE-7
cells stably expressing exogenous Flag-GABARAPLI1-
6His presents a significantly reduced proliferation rate
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compared to control cells [6]. Other studies described
that a high expression of this gene is associated with a
positive outcome in metastatic BC [5, 6] while a low ex-
pression of GABARAPLI was also associated with a
poor outcome in kidney carcinoma patients [44]. Our
results presented in this study confirmed these data by
showing an inverse correlation between GABARAPLI
expression and BC grade (Fig. 1). While GABARAP and
GABARAPL?2 expression are also reduced in the tumor
samples, this decrease was not significant. Similar differ-
ences were observed between non tumoral MCF-10A cells
and MCE-7 BC cells since we showed a significant decrease
of GABARAP and GABARAPL?2 expression in MCF-7 cells
but the highest decrease was observed for GABARAPLI.
Based on previous data reporting an epigenetic regulation
of BECN-1 in BC and our data showing a deregulation
of DNA methylation in our BC samples (Fig. 2a, and
Additional file 1: Figure S1), we hypothesized that the
loss of GABARAPLI expression in BC might be linked
to epigenetic modifications. Indeed, DNA methylation
dependent gene silencing is frequent in BC and is highly
related to BC tumor genotypes (e.g. hypermethylation
of ESRI in ERa negative patients), and may be essential
to determine the good treatment [45]. We report here
that the GABARAPLI gene is highly methylated in
both—600 (MC1) and +200 (MC2) promoter regions but
the 5'-UTR +200 region presents the more significant
difference between non tumoral tissues/cells promoter
regions and tumoral/cancer cells since this region is poorly
methylated in normal tissue and frequently methylated in
tumors (Fig. 2). As described in previous studies, a correl-
ation between local DNA methylation and histone modifi-
cations is frequently observed in epigenetic-mediated gene
silencing [46, 47]. Our results confirm these observations,
since we observed that the promoter of GABARAPLI pre-
sented a high level of methylated DNA and deacetylated
histone H3 (Fig. 3). On the other hand, DNA methylation
seemed poorly involved in GABARAP and GABARAPL2
expression while the inhibition of HDACs by TSA in-
creased H3 acetylation and increased GABARAP and
GABARAPL? expression (Figs. 3 and 4).

Since the control of transcription factor accessibility in
the region close to the transcription initiation site is often
crucial for gene expression, we wondered whether it might
be important for the regulation of GABARAPL1 expression.
According to transcription binding site prediction soft-
wares, our data indeed revealed that GABARAPLI ex-
pression is controlled by CREB-1 and that inhibition of
epigenetic repressive marks increased CREB-1-recruitment
on the GABARAPLI promoter. Since CREB-1 has been
previously involved in the regulation of autophagy, the role
of this transcriptional factor may be crucial in this process.
Indeed, neuron protection mediated by CREB-1 activation
and associated with an increase of BECN-1 and LC3
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expression, was observed following rapamycin administra-
tion in ischemic neonatal rats [48]. On the opposite,
CREB-1 activation together with mTOR inhibitors has
also been described to potentiate chemotherapies in
renal cancers [49]. Nevertheless, the mechanism by which
CREB-1 can regulate autophagy and pro-survival signals
in cancer cells will require further studies.

Conclusion

The current use of epigenetic drugs in clinical trials pro-
vides new options for personalized adjuvant therapies in
cancers. Indeed, HDAC], such as Entinostat or valproic acid
efficiently increase ERa expression in ER-BC tumors and
considerably improve the efficiency of anti-estrogen signal-
ing therapies [50, 51]. 5-aza-CdR treatment has also been
previously reported to increase autophagy by inducing
LC3B-II in myeloid cells and myeloid cells resistant to 5-
aza-CdR presented an increase of basal autophagy [52]. An
increase of GABARAP family protein expression, following
5-aza-CdR/TSA treatment, might at least partly explain this
increase of autophagy levels. Indeed, GABARAP/GABAR-
APL1 overexpression in BC has been described to decrease
cell proliferation and tumorigenesis in nude mice [53, 54].
All these data strongly support the idea that autophagy
regulation may be a focal point for the design of combined
anti-cancer therapies in the future. Mahalingam et al. re-
cently proposed the evaluation of a combination of HDACi
(vorinostat) and autophagy inhibitor (hydroxychloroquine)
in a phase I study in patients with solid tumors [55]. How-
ever, identification of the molecular mechanisms governing
gene silencing in autophagy impairment in cancer will def-
initely help to develop future specific drugs, and decrease
the important side effects. Indeed, while DNMTi efficiently
restore ERx or BECN-1 expression in methylated tumors,
these compounds also reduce global DNA methylation and
local methylation [56]. DNMTi also strongly induce metal-
loproteinase expression in lymphoma and pancreatic can-
cers suggesting an increase of metastatic potential [57].
Similarly, urokinase, a marker of invasiveness associated
with the most aggressive BC and with prostate cancers is
increased after DNMTi treatment [58, 59].. In agreement
with previous studies on different autophagy related-genes,
our work demonstrated for the first time that the
GABARAP family genes, and particularly GABARAPLI, are
regulated by epigenetic modifications in BC and that epi-
genetic inhibitors might be used in combination with clas-
sical anti-chemotherapeutive drugs for futures anti-cancer
therapies.

Additional files

Additional file 1: Figure S1. X/ST and GAPDH methylation status in BC.
XIST and GAPDH methylation was quantified using methylCollector kit.
NT: non tumoral, ER +/—: status of expression of estrogen receptor a,
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PR+/—: status of expression of progesterone receptor, HER+/—: status of
expression of Human epidermal growth factor receptor. White : absence
of signal ; black : signal of methylation. (TIFF 77 kb)

Additional file 2: Figure S2. Effects of 5-aza-CdR/TSA treatment on
autophagy and cell proliferation. Increase of both cytosolic LC3-I and
autophagosome associated LC3-Il forms detected by western blotting
using lysates of MCF-7 cells treated with 5-aza-CdR/TSA (antibody anti-LC3:
18918, Sigma-Aldrich). (B) Increase of the number of cells presenting vesicles
in GFP-LC3 positive MCF-7 cells transfected with GFP-LC3 and treated with
5-aza-CdR or TSA. (O) A decrease of cell proliferation was observed in MCF-7
cells treated with 5-aza-CdR/TSA using the crystal violet/acid acetic method
as previously described [61]. (D) A decrease of clonogenecity was observed
in MCF-7 treated with 5-aza-CdR/TSA using the crystal violet method as
previously described [62]. (TIFF 122 kb)
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ABSTRACT

The GABARAPL1 protein belongs to the ATG8 family whose members are involved
in autophagy. Our laboratory previously demonstrated that GABARAPL1 associates
with autophagic vesicles, regulates autophagic flux and acts as a tumor suppressor
protein in breast cancer. In this study, we aimed to determine whether GABARAPL1
conjugation to autophagosomes is necessary for its tumor suppressive functions using
the MCF-7 breast cancer cell line overexpressing GABARAPL1 or a G116A mutant,
which is unable to be lipidated and associated to autophagosomes. We show that
the G116A mutation impaired GABARAPL1 function in autophagosome/lysosome
fusion and inhibited lysosome activity but did not alter MTOR and ULK1 activities
or tumor growth in vivo. Our results demonstrate for the first time that GABARAPL1
plays different regulatory functions during early and late stages of autophagy,
independently or not of its conjugation to autophagosomes, but its tumor suppressive
function appeared to be independent of its conjugation to autophagic vesicles.

INTRODUCTION

Macroautophagy (hereafter called autophagy) is a
cellular degradation process in which damaged proteins,
organelles and other cytoplasmic constituents are degraded
and recycled to provide nutrients and energy [1, 2]. This
process is characterized by the engulfment of portions
of the cytosol, soluble proteins and/or organelles into a
unique double-membrane structure called the phagophore.
The phagophore elongates and closes to generate a double-
membrane organelle called the autophagosome which then
fuses with the lysosome to form the autophagolysosome,
leading to the degradation of its content by lysosomal
hydrolases [3, 4]. This mechanism occurs at low basal
levels to maintain cellular homeostasis but can be induced

by different stresses such as hypoxia or nutrient starvation
to allow cell survival. These stresses induce different
signaling pathways involving MTORCI! (mechanistic
target of rapamycin complex), an autophagy inhibitor,
or AMPK (AMP-activated protein kinase), an inducer
of autophagy. MTORC1 and AMPK then phosphorylate
the same protein called ULK1 (unc-51 like autophagy
activating kinase 1), the yeast homolog of Atgl, to
modulate autophagy following nutrient or energy
starvation. During nutrient-rich conditions, MTORCI1
associates with the ULK1 complex and inhibits autophagy
through the phosphorylation of ULK1 at Ser 757. Nutrient
starvation leads to the inhibition of MTORCI1, activation
of ULK1 and subsequent induction of autophagy [5, 6].
During nutrient or energy starvation, AMPK can inhibit
MTORCI and activate ULK1 through phosphorylation
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at Ser 317, 555 and 777 leading to the induction of
autophagy [7-9].

The autophagy process is mediated by more than 30
autophagy-related (ATG) proteins. Among these proteins,
GABARAPLI/GEC1  (GABA, receptor-associated
protein-like 1/Glandular epithelial cells 1), which was
first described by our group as an estrogen regulated
gene, belongs to the ATG8 family [10], composed of
2 subfamilies the MAP-LC3 (microtubule-associated
light chain-3) subfamily and the GABARAP subfamily.
The latter includes GABARAPL1, GABARAP and
GABARAPL2/GATE-16 (GABARAP like-2 protein/
Golgi-associated ATPase enhancer of 16 kDa), which share
87% and 61% identity with GABARAPL1, respectively
[11-13]. GABARAPLI is composed of 117 amino acids
and is involved in protein intracellular transport due to its
interaction with the GABA,, receptor, the « opioid receptor
and TUBULIN [14, 15]. GABARAPLI1 also interacts
with HSP-90 (Heat shock protein 90) which prevents its
degradation by the proteasome [16].

The members of the ATG8 family possess a
conserved C-terminal glycine at position 116 (GABARAP
family) or 120 (LC3 family) which is essential for their
conjugation to autophagosomes and their role in autophagy
[17]. Indeed, during autophagy, GABARAPLI, like the
other members of ATG8 family, is cleaved by the protease
ATG4B which exposes its C-terminal glycine, and give the
cytosolic mature form called GABARAPL1-I [18]. During
phagophore elongation, this cytosolic form is linked to
phosphatidylethanolamine, by the ATG7 (El-like) and
ATG3 (E2-like) enzymes, to give rise to the membrane-
associated form, called GABARAPLI-II [19-23].

Despite their homology, GABARAP and LC3
subfamily members are suspected to be involved at
different stages of the autophagic process. Indeed, the LC3
subfamily is thought to be necessary for the elongation
of the phagophore whereas the GABARAP subfamily has
been suggested to be necessary for the maturation of the
autophagosome [24]. In a previous study, we demonstrated
that a cellular knock-down of GABARAPLI decreased
autophagic flux and lysosome number in the breast cancer
cell line MDA-MB-436 [25]. This knock-down also led to
an increase in glutathione and ATP level, basal respiration
and accumulation of damaged mitochondria, suggesting a
function of GABARAPLI1 in mitochondrial homeostasis
and metabolic reprogramming. Moreover, GABARAPL1
has been shown to interact with AMPK (unpublished
data) and ULK1 suggesting a potential involvement of
this protein during the early stages of autophagy, as well
[26, 27].

The ATGS8 family is also involved in “selective
autophagy” which targets defined cargos for degradation
[28]. Cargo adaptor proteins interact with ATGS proteins
via their LIR motif (LC3-interacting region) to deliver
ubiquitinated proteins or organelles to the autophagosomes
for their degradation [29, 30]. For example, GABARAPLI1

interacts with the cargo receptors SQSTM1 (sequestosome
1) or NBR1 (neighbor of BRCA1 gene 1) to induce the
degradation of ubiquitinated protein aggregates (cargos)
and with NIX to activate the degradation of damaged
mitochondria during the selective process called
mitophagy [31-33].

Deregulation of autophagy is thought to be involved
in various diseases including cancer [34]. However,
autophagy presents a double edge-sword in cancer since
it can act as a tumor-suppressing or a tumor-promoting
process depending on tumor type and stage [35-37].
During the early stages of tumorigenesis, autophagy
acts as a tumor suppressor mechanism by limiting
DNA damage, chromosome instability, oxidative stress
and inflammation which are oncogenic stimuli [38,
39]. Moreover, the expression of proteins involved in
autophagy such as BECN1 (BECLIN-1), ATG5, UVRAG
(UV radiation resistance-associated gene), GABARAP
and LC3 has been described to be reduced or lost in
several types of cancers [40-44]. On the contrary, during
the later stages of tumorigenesis, some cancer cells present
elevated autophagy levels allowing them to survive
against metabolic stress. Indeed, the microenvironment of
cancer cells presents reduced levels of nutrients, oxygen
and growth factors leading to an altered metabolism and
an impairment of ATP production [45, 46].

Several studies have highlighted a role of
GABARAPLI as a tumor suppressor protein. We have
previously shown in our laboratory that cancer cell lines
present a reduced GABARAPLI expression compared
to normal cells and that a high GABARAPLI expression
is correlated with a good prognosis in breast cancer
patients [47, 48]. Moreover, we have demonstrated that
GABARAPLI overexpression inhibits cell proliferation,
colony formation and invasion of breast cancer cells in
vitro [25, 47]. These results are consistent with those
recently demonstrating that GABARAPLI1 expression is
decreased in hepatocellular carcinoma (HCC) compared
to adjacent liver tissue and that GABARAPLI inhibits
cell growth of HCC cancer cell lines [49]. It has also been
shown that GABARAPL1 overexpression inhibits tumor
growth in vivo and mediate the degradation of DVL2
(Dishevelled 2) through selective autophagy leading to
the inhibition of the Wnt pathway whose deregulation has
been described to be involved in various diseases such as
cancer [50].

Given the function of GABARAPLI in autophagy
and cancer, the purpose of our study was to: i) study
the role of GABARAPLI1 during early and late stages
of autophagy and, ii) determine the involvement of
GABARAPLI conjugation to autophagosomes in its
tumor suppressive function. To do so, we used the breast
cancer cell line MCF-7 overexpressing GABARAPL1
or GABARAPLI1 G116A mutant protein in which the
essential C-terminal glycine at position 116 has been

replaced by an alanine.
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RESULTS

The G116A mutation impaired the conjugation
of GABARAPL1 to phospholipids and its
recruitment to autophagosomes

In order to determine the importance of the
GABARAPL1 conjugation to autophagosomes on
its tumor suppressive function, we designed MCF-
7 breast cancer cell lines overexpressing either
Flag:GABARAPLI1:6His (GABARAPLI) or
Flag:GABARAPL1-G116A:6His mutant (clone 1 and
clone 2 ; GABARAPLI G116A cl and c2) (Figure 1A).
First, we analyzed GABARAPLI protein and mRNA
expression levels in our cell models. As expected,
GABARAPL1 and GABARAPL1 G116A expression
were detected in MCF-7 GABARAPL1, GABARAPLI1
G116A cl and c2 cells but not in control cells transfected
with the empty vector (Figures 1B-1C). Interestingly,
we noted that MCF-7 GABARAPL1 GI116A cl cells
showed a GABARAPLI protein expression similar to
the one observed in MCF-7 GABARAPLI cells whereas
MCF-7 GABARAPL1 G116A c2 cells presented a lower
GABARAPLI protein expression. We next wanted to
check whether overexpression of GABARAPL1 modified
the expression of its homologue GABARAP using an
antibody which detects both proteins. Overexpression
of GABARAPL1 or GABARAPL1 GI16A in MCF-
7 cells did not modify the expression of its homologue,
GABARAP (Supplementary Figure S1A).

Our laboratory has previously reported that,
during autophagy, GABARAPLI1 needs to be cleaved,
depending on its C-terminal glycine, before being
associated to autophagic vesicles in HEK-293 cells
[23]. We therefore wanted to know whether the G116A
mutation impaired lipidation of GABARAPL1 and its
localization to autophagosomes in MCF-7 cells. To do
so, we studied GABARAPLI1 expression in our different
cell models following treatment with NH,Cl, a lysosomal
activity inhibitor, which led to the accumulation of
autophagosomes and the lipidated form of GABARAPLI1
called GABARAPLI-II [23]. Without treatment, only
the mature soluble GABARAPLI1-I form (19 kDa) was
detected in MCF-7 GABARAPL1 or GABARAPLI
G116A cl and c2 cells (Figure 1D). As expected, in
MCF-7 GABARAPLI cells, NH,CI treatment led to the
appearance of the GABARAPL1-II form (16 kDa) but this
treatment had no effect on MCF-7 GABARAPL1 G116A
cl and c2 cells. These results clearly demonstrate that the
G116A mutation impaired the lipidation of GABARAPLI.
In order to confirm that GABARAPL1 G116A cannot be
cleaved, we transfected MCF-7 cells with three different
vectors coding either GFP, GFP fused to the C-terminus of
GABARAPLI1 (GABARAPL1-GFP) or to the C-terminus

of GABARAPL1 G116A (GABARAPL1-G116A-GFP)
(Figure 1E). When GABARAPLI-GFP is expressed the
anti-GFP antibody recognized the truncated GFP protein
due to the cleavage of GABARAPL1 at G116 (lane 2). The
difference in size between the native GFP (lane 1) and the
cleaved GFP (lane 2) was probably due to a supplementary
linker sequence added in the EGFP-C1 commercial vector.
These results were confirmed by probing with the anti-
GABARAPLI1 antibody which detected GABARAPLI
alone (lane 5). When GABARAPL1-G116A-GFP was
expressed, we did not observe the truncated form of
GFP (lane 3) or GABARAPLI (lane 6). These results
confirmed that the G116A mutation impaired the cleavage
of the GABARAPLI protein in the MCF7 cells. Since
GABARATP is also cleaved during autophagy to give the
membrane-associated form called GABARAP-II, we
wanted to verify that overexpression of GABARAPLI1
or GABARAPL1 G116A did not alter the lipidation of
GABARAP. As expected, NH,CI led to an increase in
the GABARAP-II form in MCF-7 C, GABARAPLI,
GABARAPL1 GI116A cl and c2 cells (Supplementary
Figure S1B). However, this increase appeared similar in
our different cell lines confirming that overexpression of
GABARAPL1 or GABARAPL1 G116A did not modify
expression or lipidation of the GABARAP protein.

Next, we studied the cellular localization of
GABARAPL1I and GABARAPL1 GI116A after
treatment with BafilomycinAl (BafAl), an inhibitor of
autophagosome/lysosome fusion. Without treatment,
MCF-7 GABARAPL1 or GABARAPL1 GIl16A
cells presented a diffuse GABARAPLI staining in
the cytoplasm (Figure 1F top panel). As expected,
the treatment with BafAl led to an accumulation of
GABARAPL1 puncta around the nucleus in MCF-
7 GABARAPLI cells, indicating a relocalization of
GABARAPLI1 to autophagosomes. On the contrary,
treatment of MCF-7 GABARAPL1 GI116A cells with
BafAl did not lead to any accumulation of GABARAPL1
puncta, confirming that GABARAPL1 G116A was unable
to conjugate to autophagic vesicles (Figure 1F top panel).
Similar results were obtained after treatment with EBSS,
an inducer of autophagy, in the presence or absence of
BafAl (Figure 1F bottom panel). Indeed, treatment with
EBSS increased the intensity of GABARAPLI staining
and GABARAPLI1 puncta in MCF-7 GABARAPL1 but
only increased the intensity of GABARAPLI1 staining
in GABARAPL1 G116A cl and c2 cells. As shown
above, addition of BafAl led to an accumulation of
GABARAPLI puncta in MCF-7 GABARAPLI1 cells but
not in MCF-7 GABARAPL1 G116A ¢l and c2 cells.

In order to study the effect of the G116A mutation
on other functions of GABARAPLI1 (those suggested to
be independent of its conjugation to autophagosomes),
we studied the impact of this mutation on the interaction
of GABARAPL1 with TUBULIN and the degradation
of GABARAPLI by the proteasome [14, 16]. Firstly,
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Figure 1: Characterization of MCF-7 overexpressing GABARAPL1 or GABARAPLI1 G116A. A. Alignment of the amino
acid sequences of GABARAPL1 and GABARAPL1 G116A (Top). Schema representing the cleavage and lipidation of GABARAPLI1
during autophagy (Bottom). B. Western blotting analysis of GABARAPL1 in MCF-7 C, GABARAPL1 and GABARAPLI1 G116A cells.
Data are representative of three independent experiments. C. qRT-PCR analysis of GABARAPL1 mRNA expression. Representative data of
two independent experiments performed in duplicate are shown. D. Western blotting analysis of GABARAPL1 in MCF-7 C, GABARAPL1
and GABARAPL1 G116A cells cultured in medium with or without 50 mM NH,CI for 2h. Data are representative of three independent
experiments. E. Western blotting analysis of GFP and GABARAPL1 in MCF-7 cells transfected with the pGFP, pGABARAPL1-GFP
and pGABARAPL1-G116A-GFP vectors. Data are representative of three independent experiments. F. Immunofluorescence analysis of
GABARAPLI in MCF-7 C, GABARAPL1 and GABARAPL1 GI116A cells cultured in medium or EBSS with or without 100 nM BafA1l
for 8 h. A representative image of two independent experiments performed in duplicate is shown. Scale bar represents 10 pm. G. P-LISA
signals analysis of TUBULIN/GABARAPLI interaction (red) and nuclei (blue) in MCF-7 C, GABARAPLI and GABARAPL1 G116A
cells. A representative image of three independent experiments is shown. The number of red dots and the intensity per dots were counted
using the Blobfinder software. 200 cells were randomly selected in 5 fields. Data are means = S.E.M. *P <0.05 compared to the control.
Scale bar represents 5 um. (H) Western blotting analysis of GABARAPL1 in MCF-7 C, GABARAPL1 and GABARAPL1 G116A cells
cultured in medium with or without 2 uM MG132 for 16h. Data are representative of three independent experiments.
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we studied the interaction between GABARAPL1 and
TUBULIN using the P-LISA protocol (Proximity Ligation
In Situ Assay), which allows the quantification of stable
and transient interactions of endogenous proteins in
situ [51]. Our experiments showed that GABARAPL1
GI116A exhibited a similar level of interaction with
TUBULIN compared to GABARAPLI suggesting that
the G116A mutation did not impair GABARAPLI1/
TUBULIN interaction (Figure 1G). Next, we studied
endogenous or exogenous GABARAPLI1 expression
[Flag:GABARAPLI1:6His and Flag:GABARAPLI-
G116A:6His expression (19 kDa) or GABARAPLI1
expression (16 kDa)] in our different cell models after
treatment with MG132, a proteasome inhibitor (Figure
1H). As previously described, MG132 treatment led to an
increase in both exogenous and endogenous GABARAPLI
expression levels in MCF-7 GABARAPLI cells. Similar
results were obtained in MCF-7 GABARAPL1 G116A
cells, suggesting that the G116A mutation did not impair
its degradation by the proteasome. On the contrary,
MG132 treatment did not modify GABARAP expression
levels in MCF-7 C, GABARAPL1, GABARAPLI G116A
cl and c2 cells (Supplementary Figure S1C). These results
therefore suggest that the G116A mutation specifically
alters GABARAPLI conjugation to autophagosomes
without affecting other functions of this protein.

The G116A mutation impaired the function of
GABARAPL1 during induced but not basal
autophagy

We then investigated, in a qualitative study,
the effect of GABARAPL1 or GABARAPL1 GIl116A
overexpression on autophagy by identifying autophagic
vesicles using electron microscopy (Figure 2A).
Overexpression of GABARAPL1 and GABARAPLI1
GI116A appears to lead to an increase in autophagic
vesicles (Av) and lysosomes (Lys) compared to the
control cells. Surprisingly, these results suggested that
GABARAPLI GI116A, like GABARAPL1 might regulate
autophagy induction.

Given these results, we next wanted to study
the effect of GABARAPL1 or GABARAPL1 G116A
expression on autophagic flux. Indeed, our laboratory
has previously shown that knocking down GABARAPLI
decreased autophagic flux in MDA-MB-436 cells [25].
During autophagy, LC3B is cleaved and linked to a
phospholipid at the autophagosome to form the membrane-
associated form LC3-II. The amount of this protein is
directly correlated with the number of autophagosomes
[20]. We therefore analyzed the effect of GABARAPL1
or GABARAPL1 G116A overexpression on LC3-II levels.
Without treatment, overexpression of GABARAPLI led to
an increase in LC3-II levels compared to the control cell
lines. On the contrary, overexpression of GABARAPL1

G116A did not regulate the levels of LC3-II (Figure 2B,
lanes 1-4-7-10). Since the amount of LC3-II is not directly
related to the autophagic flux but represents the number of
autophagosomes at a particular time point, an increase in
LC3-II might either indicate an increase in autophagic flux
or a decrease in autophagolysosome degradation. In order
to study autophagic flux, we compared the amount of LC3-
IT in the presence or absence of BafA1l (Figure 2B, lanes
2-5-8-11) or Chloroquine (CQ) (Figure 2B, lanes 3-6-9-
12), two inhibitors of autophagosome/lysosome fusion.
Treatments with BafA1l and CQ led to a greater increase
in LC3-II protein levels in MCF-7 GABARAPL1 and
GABARAPLI1 G116A cells compared to the control cells,
suggesting an increased autophagic flux in these cells.
These results suggested that GABARAPL1 might increase
basal autophagic flux independently of its conjugation
to autophagosomes. The effect of GABARAPLI1 and
GABARAPLI G116A on induced autophagy, following
treatment with EBSS, was then studied (Figure 2C). After
treatment with EBSS, overexpression of GABARAPL1
led to an increase in LC3-II levels compared to the control
cells whereas overexpression of GABARAPL1 G116A
did not (Figure 2C, lanes 1-3-5-7). Combination of EBSS
with BafAl led to a greater increase in LC3-II levels in
MCF-7 GABARAPLI cells compared to the control cells
(Figure 2C, lanes 2-4), suggesting increased autophagic
flux. Interestingly, after treatment with EBSS and BafAl,
MCF-7 GABARAPL1 G116A cells exhibited LC3-II
levels similar to those observed in control cells (Figure
2C, lanes 2-6-8), suggesting that GABARAPLI increased
induced autophagic flux depending on its conjugation to
autophagosomes.

In order to confirm these results, we used a double-
tagged GFP-RFP-LC3 construct and studied the effect of
GABARAPL1 or GABARAPL1 G116A overexpression
on autophagosome and autophagolysosome numbers
[52]. Since GFP fluorescence is sensitive to acidic
and proteolytic conditions found in lysosomes but
RFP fluorescence is not, this construct allows the
discrimination of autophagosomes (RFP+/GFP+, yellow)
and autophagolysosomes (RFP+/GFP-, red). Therefore, an
increase in autophagic flux would result in a concomitant
increase of red and yellow puncta. We used CQ as a
negative control of this experiment. Indeed, the use of
CQ led to an increase in yellow puncta but not red puncta
specific of a blockade of autophagic flux (Supplementary
Figure S2A). Without treatment, overexpression of
GABARAPL1 and GABARAPL1 G116A increased the
number of autophagosomes as well as autophagolysosomes
compared to the levels observed in control cells (Figure
2D left panel). These results suggested that GABARAPLI1
and GABARAPL1 G116A increased the basal autophagic
flux. We next studied the number of autophagosomes and
autophagolysosomes during induced autophagy. After
treatment with EBSS, overexpression of GABARAPLI led
to a greater increase in autophagic flux, characterized by
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Figure 2: The G116A mutation impaired the effect of GABARAPLI1 on induced but not basal autophagy. A. Electron
microscopy of MCF-7 C, GABARAPL1, GABARAPL1 G116A cells. Av: Autophagic vesicles; Lys: Lysosomes and M: Mitochondria.
Scale bar represents 0.25 pm. A representative image of 60 pictures for each cell lines is shown. B. Western blotting analysis of LC3 in
MCF-7 C, GABARAPL1 and GABARAPL1 G116A cells cultured in medium with or without 100 nM BafA1 or 40 uM Chloroquine (CQ)
for 2h. A representative image of ten independent experiments is shown. LC3-II levels were quantified using the Image Lab software. Data
are means = S.E.M. of ten independent experiments. *P <0.05 compared to the associated control. C. Western blotting analysis of LC3 in
MCEF-7 C, GABARAPL1 and GABARAPL1 G116A cells cultured in EBSS for 4h with or without 100 nM BafA1 for 2h. A representative
image of ten independent experiments is shown. LC3-II levels were quantified using the Image Lab. Data are means + S.E.M. of ten
independent experiments. *P <0.05 compared to the associated control. D. GFP-RFP-LC3 puncta analysis in MCF-7 C, GABARAPLI1
and GABARAPLI1 G116A cells transfected with the ptf-LC3 vector and cultured in medium or EBSS. Each picture is representative of a
typical cell staining observed in 20 fields chosen at random. Red and yellow puncta were counted using the ImageJ software (Green and Red
puncta colocalization tool). In each group, 20 cells were randomly selected. Data are means + S.E.M. of three independent experiments.
*P <0.05 compared to the control. Scale bar represents 10 pm. E. P-LISA signals analysis of SQSTM1/GABARAPLI interaction (red)
and nuclei (blue) in MCF-7 C, GABARAPL1 and GABARAPL1 G116A cells cultured in complete medium or EBSS for 4h with 100 nM
BafA1l for 2h. A representative image of three independent experiments is shown. The number of red dots and the intensity per dots were
counted using the Blobfinder software. 200 cells were randomly selected in 5 fields. Data are means + S.E.M. *P <0.05 compared to the

control. Scale bar represents 5 um.

an increase in autophagosomes and autophagolysosomes
number (Figure 2D right panel). On the contrary, after
treatment with EBSS, overexpression of GABARAPL1
G116A led to a similar number of autophagosomes and
autophagolysosomes compared to the one observed in
control cells suggesting that GABARAPLI increased
induced autophagic flux depending on its conjugation to
autophagosomes. Altogether, results obtained by western
blotting and GFP-RFP-LC3 transfection suggested that
GABARAPLI1 seemed to present different functions
in basal or induced autophagy, which are dependent or
independent of its conjugation to autophagosomes.

It has been previously shown that GABARAPLI,
like the other members of ATGS8 family, interacts
with SQSTM1 during selective autophagy [29]. In
fact, SQSTMI1 recognizes ubiquitinylated aggregates
or organelles and then interacts with ATGS8 proteins
localized at the autophagosome membrane to direct
their degradation. Moreover, it has been shown that
the G120A mutation in LC3 or the G116A mutation in
GABARAP or GABARAPL2/GATE-16 impaired their
interaction with SQSTM1 [19, 21, 53]. Therefore we
next wanted to confirm wether the G116A mutation
also impaired the interaction of GABARAPL1 with
SQSTMI1. We therefore analyzed the interaction between
SQSTM1 and GABARAPLI1 in MCF-7 GABARAPLI
or GABARAPL1 G116A cells using P-LISA (Figure
2E). First, we observed that the overexpression of
GABARAPLI increased its interaction with SQTMI.
As expected, treatment with EBSS and BafA1l led to an
increased interaction of SQSTM1 with GABARAPLI.
Without treatment, GABARAPL1 G116A did not interact
with SQSTMI since the signals observed were similar to
the ones quantified for the interaction between endogenous
GABARAPL1 and SQSTMI1 in MCF-7 control cells.
When MCF7 GABARAPL1 GI116A cells were treated
with EBSS and BafAl, we observed an increase in
cellular dots but to a lower extent than the one quantified
for GABARAPLI1, suggesting that SQSTMI1 interacts

preferentially with GABARAPLI when it is localized in
autophagosomes. We confirmed these results by studying
the colocalization between SQSTM1 and GABARAPLI1
or GABARAPL1 G116A (Supplementary Figure S2B).
Our results showed that, GABARAPL1 GI116A can
still interact with SQSTMI1 but to a lesser extent than
the interaction observed between GABARAPLI1 and
SQSTMI1. Altogether, these results suggested that the
G116A mutation, which prevented the conjugation of
GABARAPLI onto the autophagosomes, might impair
its interaction with the cargo adaptor SQSTMI1 and
consequently its function in selective autophagy.

The G116A mutation impaired GABARAPL1
functions during late stages of autophagy

During the later stages of autophagy, a mature
autophagosome fuses with a lysosome, a digestive
organelle with an acidic lumen, to allow protein
degradation and turnover. We previously reported that a
knock-down of GABARAPL1 in MDA-MB-436 cells
led to a decreased number of lysosomes compared to
the control cells [25]. The effect of GABARAPLI1 and
GABARAPL1 GI116A overexpression on lysosome
acidification was then studied using Lysotracker,
a fluorescent dye which specifically label acidic
compartments including lysosomes. Confocal microscopy
analysis showed that overexpression of GABARAPLI led
to an increase in Lysotracker fluorescence suggesting an
increase in lysosomal acidification (Figure 3A). On the
contrary, overexpression of GABARAPL1 G116A did
not change the Lysotracker fluorescence levels compared
to control cells. Treatment with EBSS led to an increase
in Lysotracker fluorescence in control cells and cells
overexpressing GABARAPL1 G116A. Interestingly,
treatment with EBSS did not modify Lysotracker
fluorescence in cells overexpressing GABARAPLI,
probably because the levels in non-treated cells are already
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Figure 3: The G116A mutation impaired GABARAPLI1 functions during late stages of autophagy. A. Lysotracker staining
in MCF-7 C, GABARAPL1 and GABARAPL1 GI116A cultured in medium or EBSS for 4h observed with confocal microscope and
quantified with the Blobfinder software. For each group, 100 cells were randomly selected. The data representative of three independent
experiments are shown. Data are means + S.E.M. *P <0.05 compared to the control. Scale bar represents 10 um. B. Intensity of Lysotracker
fluorescence analyzed by flow cytometry using the flowing software. Data are means + S.E.M. of four independent experiments performed
in duplicate. *P <0.05 compared to the control. C. Western blotting analysis of LAMP1 in MCF-7 C, GABARAPL1 and GABARAPL1
G116A cells. Data representative of three independent experiments performed in duplicate are shown D. Immunofluorescence analysis of
LAMPI in MCF-7 C, GABARAPL1 and GABARAPL1 G116A cells. A representative image of three independent experiments is shown.
Scale bar represents 10 pm. E. Colocalization of LC3 and LAMP1 in MCF-7 C, GABARAPL1 and GABARAPL1 G116A cells transfected
with the pGFP-LC3 vector and immunostained for LAMP1. Colocalization of the autophagosome marker GFP-LC3 and the lysosomal
marker LAMP1 was analyzed using a confocal microscope and the Pearson’s coefficient using coloc 2 (ImagelJ software). For each group,
25 cells were randomly selected. The data representative of two independent experiments are shown. Data are means + S.E.M. *P <0.05

compared to the control.

elevated. Furthermore, we did not detect any change in
the percentage of Lysotracker-positive vesicules following
overexpression of GABARAPL1 or GABARAPLI1 G116A
(Supplementary Figure S3A). These results suggested that
GABARAPLI increased the acidification of lysosome
depending on its conjugation to autophagosomes. These
results were confirmed by the quantification of Lysotracker
fluorescence using a flow cytometer (Figure 3B). Since an
increase in lysosomal acidification could be linked to an
increase in lysosomal number, we then studied the effect
of GABARAPL1 or GABARAPL1 G116A overexpression
on LAMPI1 (Lysosome associated membrane protein
1) protein expression, a lysosomal marker. Our results
showed that overexpression of GABARAPLI and
GABARAPL1 G116A did not significantly modify the
levels of LAMP1 compared to those observed in control
cells (Figure 3C). This result was confirmed by the
observation of LAMP1 immunostaining using confocal
microscopy. Indeed, overexpression of GABARAPLI1 or
GABARAPLI1 GI116A did not modify the fluorescence
intensity of LAMP1 (Figure 3D).

The lysosome is a digestive organelle with an acidic
lumen containing hydrolases such as cathepsins which
are involved in the intracellular degradation and turnover
of proteins. We next studied the activity of CATHEPSIN
B during basal and induced autophagy using MagicRed
(MR) (Supplementary Figure S3B). Without EBSS
treatment, overexpression of GABARAPLI1 led to an
increase in MR fluorescence whereas overexpression of
GABARAPLI1 G116A did not. Moreover, during EBSS
treatment, overexpression of GABARAPLI led to a further
increase in MR fluorescence compared to the one observed
in the other cell lines (Supplementary Figure S3B). These
preliminary results could suggest that the increase in
lysosomal acidification observed in MCF-7 GABARAPLI1
cells led to an increase in CATHEPSIN B activity. An
increased lysosomal acidification and activity could be
due to an increased autophagosome/lysosome fusion
[54]. In order to verify this hypothesis, we then studied
the effect of GABARAPL1 or GABARAPL1 GI116A
overexpression on GFP-LC3/LAMP1 colocalization, an
event correlated with autophagosome/lysosome fusion
(Figure 3E). Overexpression of GABARAPLI led to an

increase in GFP-LC3/LAMPI colocalization compared
to control cells whereas overexpression of GABARAPLI1
GI116A did not. EBSS treatment led to an increase in
GFP-LC3/LAMPI1 colocalization in control cells and
cells overexpressing GABARAPL1 G116A compared to
non-treated cells. In cells overexpressing GABARAPLI,
treatment with EBSS did not modify GFP-LC3/LAMP1
colocalization, probably because, as described for
Lysotracker fluorescence, the levels in non-treated
cells are already elevated. These results suggested that
GABARAPLI increased autophagosome/lysosome fusion
depending on its conjugation to autophagosomes. In order
to examine whether GABARAPL1 or GABARAPLI
G116A localized at the autophagolysosome, we studied
colocalization between GABARAPL1 or GABARAPL1
G116A and LAMPI1 (Supplementary Figure S2C). We
observed that GABARAPL1 but not GABARAPLI
G116A colocalized with LAMP1 during autophagy,
suggesting that the G116A mutation impaired the
localization of GABARAPLI1 to lysosomes, which is
consistent with the fact that this protein could not be linked
to autophagosomes anymore. These results suggested that
GABARAPLI might increase autophagosome/lysosome
fusion depending on its conjugation to autophagosomes,
which could then also explain the increased lysosomal
acidification observed in MCF-7 GABARAPLI cells.

The G116A mutation did not impair
GABARAPLI1 function during early stages of
autophagy

Since it has been previously shown that
GABARAPLI interacts with ULK1 [26, 27], a protein
involved in initial events of autophagosome formation, we
then studied the effect of GABARAPL1 and GABARAPLI
G116A overexpression during the induction of autophagy
and particularly MTOR, a well-known ULK1 inhibitor
and autophagy inhibitor [26, 27]. Without treatment
overexpression of GABARAPL1 or GABARAPLI1 G116A
did not significantly modify MTOR phosphorylation
(Figure 4A, lanes 1-3-5-7). Moreover, treatment with
EBSS led to the same decrease in MTOR phosphorylation
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in MCF-7 GABARAPLI1, GABARAPLI G116A cl or Without treatment, overexpression of GABARAPLI1 and

c2 cells (Figure 4A, lanes 2-4-6-8). We therefore studied GABARAPLI G116A led to a decreased phosphorylation
the effect of GABARAPL1 and GABARAPL1 G116A of P70S6K compared to control cells suggesting
overexpression on the phosphorylation of P70S6K that GABARAPL1 inhibited MTOR activity and
(p70S6 kinase), a cellular MTOR target (Figure 4B). consequently P70S6K phosphorylation independently
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Figure 4: The G116A mutation did not impair GABARAPLI1 functions during early stages of autophagy. Western blotting
analysis of MTOR phosphorylation A. P70S6 phosphorylation B. and ULK1 phosphorylation at Ser555 D. in MCF-7 C, GABARAPL1 and
GABARAPLI1 G116A cells cultured in medium or EBSS for 4h. Protein levels were quantified using the Image Lab. Representative image
of four independent experiments is shown. Data are means + S.E.M. of four independent experiments. *P <0.05 compared to the control. C.
Western blotting analysis of ULK1 phosphorylation at Ser757 in MCF-7 C, GABARAPL1, and GABARAPL1 G116A cells. Protein levels
were quantified using the Image Lab. Representative image of three independent experiments is shown. Data are means + S.E.M. of three
independent experiments. *P <0.05 compared to the control. E. Western blotting analysis of ULK1 phosphorylation at Ser555 in NIH3T3
cells cultured in medium or EBSS for 4h. Protein levels were quantified using the Image Lab. Representative image of two independent
experiments is shown.
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of its conjugation to autophagosomes. Treatment with
EBSS led to total loss of P70S6K phosphorylation in
our cell lines (Figure 4B). Since ATGS8 family members
and more particularly GABARAP family proteins
have been described to interact with ULK1 and allow
its conjugation to autophagosomes [26], we wanted to
analyze the effect of GABARAPL1 and GABARAPLI1
G116A overexpression on the phosphorylation of ULK1 at
Ser757, which is a direct target of MTOR and is associated
with an inhibition of autophagy [7]. Overexpression of
GABARAPL1 and GABARAPLI GI116A cl led to a
decreased phosphorylation of ULK1 at Ser757 (Figure
4C), confirming that GABARAPLI indeed inhibited
MTOR activity and ULKI1 phosphorylation at Ser757
independently of its conjugation to the autophagosomes.
We then examined another phosphorylation site of ULK1
at Ser555, a phosphorylation event which has been
described to be necessary for autophagy induction [8].
Without treatment, overexpression of GABARAPLI and
GABARAPLI1 G116A led to an increased phosphorylation
of ULK1 at Ser555 (Figure 4D, lanes 1-3-5-7). It is
interesting to note that overexpression of GABARAPL1
and GABARAPL1 G116A also increased total levels
of the ULKI protein. It has been previously shown in
NIH3T3 cell lines that starvation induced by Krebs-
Henseleit medium deprived of amino acids led to an
increase in phosphorylation of ULK1 at Ser 555 [55].
On the contrary, in an MCF7 cells, treatment with EBSS
led to a complete decrease in ULK1 phosphorylation. So,
we repeated our experiment in NIH3T3 cells (Figure 4E)
and demonstrated that treatment with EBSS also led to a
decrease in Ser555 phosphorylation of ULK1 in NIH3T3
cell line. The use of different starvation medium may
therefore explain these contradictory results.

Altogether, these results suggested that
GABARAPLI could regulate early induction autophagy
steps independently of its conjugation to autophagosomes.

The G116A mutation modified the function of
GABARAPL1 for some cancer cell phenotypes in
vitro but not tumor growth in vivo

Since GABARAPL1 has been previously described
as a tumor suppressor gene [47, 48], we wondered whether
the role of GABARAPLI in cancer was dependent of its
conjugation to autophagosomes. To answer this question,
we examined the effect of GABARAPL1 or GABARAPLI
G116A overexpression on cancer cell phenotypes. As
previously shown, overexpression of GABARAPLI
led to a decrease in cell proliferation [47]. However,
overexpression of GABARAPL1 G116A led to cell
proliferation rates similar to those obtained in control cells
(Figure 5A). This conclusion was the same regarding other
in vitro cancer cell phenotypes such as clonogenicity, cell
adhesion, anchorage independent-cell proliferation and

invasion (Figures 5B-5E). However, different results were
obtained regarding cell migration. Indeed, overexpression
of GABARAPLI decreased cell migration in a transwell
assay, but surprisingly, overexpression of GABARAPL1
G116A also led to a decrease in cell migration (Figure
5F). In order to confirm these results, we studied cell
migration using a wound healing assay. This experiment
led to similar results suggesting that overexpression of
GABARAPL1 and GABARAPL1 GI16A decreased
migration rates (Figure 5G). We next wanted to confirm
the effects of GABARAPL1 and GABARAPL1 G116A
on cell cancer phenotype in a second breast cancer cell
lines. To do so, the luminal BT474 breast cancer cell
lines was first subjected to transient transfection with the
Ctrl, the Flag:GABARAPL1:6His (GABARAPLI1) or the
Flag:GABARAPL1-G116A:6His (G116A)-expressing
vectors (Supplementary Figure S4A) and then analyzed
using proliferation and migration assays (Supplementary
Figure S4B and C). As already observed for cell migration
in the MCF-7 cells, overexpression of GABARAPL1 and
GABARAPLI1 G116A in BT474 cells led to a decrease in
cell proliferation and migration. These results suggested
that GABARAPL1 conjugation to autophagosomes may
not be necessary for its role in cancer cell regulation in
vitro.

In order to conclude about the effect of
GABARAPL1 and GABARAPL1 G116A in cancer, we
studied in vivo the tumor growth after injection of MCF-7
C, GABARAPL1 or GABARAPL1 G116A cells into Rag
v/c mice. The tumor size was monitored for two months
following injection. According to previously published
data [50], overexpression of GABARAPL1 decreased the
size and inhibited the growth of the tumors in vivo (Figure
6A). Overexpression of GABARAPL1 G116A also led to
a significant decrease in tumor growth. In order to confirm
the overexpression of GABARAPL1 and GABARAPLI1
GI116A in the respective tumor, we next wanted to
analyze levels of these proteins in tumors by IHC (Figure
6B). MCF-7 GABARAPL1 G116A cl cells showed a
GABARAPLI staining similar to those observed in MCF-
7 GABARAPLI cells whereas MCF-7 GABARAPL1
G116A c2 cells presented a lower GABARAPL1 staining.
These results were consistent with those described in
vitro by western blotting (Figure 1B). Interestingly, we
noted that GABARAPLI1 expression levels seemed to be
inversely correlated with tumor growth, but we cannot
exclude that there are other intrinsic differences which
may influence tumor growth unrelated to GABARAPLI1
expression. Moreover, only MCF-7 GABARAPLI cells
showed a GABARAPLI1 vesicular staining in tissue
sections from tumors. These results suggested that
GABARAPLI could inhibit tumor growth independently
of its conjugation to autophagosomes.
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Figure 5: The G116A mutation modified the effect of GABARAPL1 on some cancer cell phenotypes in vitro. A.
Growth rate of MCF-7 C, GABARAPL1 and GABARAPL1 G116A cells using MTT assay. The data representative of three independent
experiments performed in 24 replicates are shown. Data are means + S.E.M of three independent experiments. *P <0.05 compared to
the control. B. Clonogenic assay of MCF-7 C, GABARAPL1 and GABARAPL1 G116A cells. The colony numbers were evaluated by
counting using Vision Capt software. The data representative of three independent experiments performed in duplicate are shown. Data
are means = S.E.M of three independent experiments. *P <0.05 compared to the control. C. Adhesion of MCF-7 C, GABARAPLI1 and
GABARAPLI1 G116A cells. The data representative of three independent experiments performed in triplicate are shown. Data are means +
S.E.M of three independent experiments. *P <0.05 compared to the control. D. Colonies formation in soft agar of MCF-7 C, GABARAPL1
and GABARAPL1 G116A cells. Representative cell colonies in soft agar are shown. Data representative of three independent experiments
performed in duplicate are shown. Data are means £ S.E.M of three independent experiements. *P <0.05 compared to the control. E.
Invasion of MCF-7 C, GABARAPL1, GABARAPLI1 GI116A cl and c2 cells in Boyden-modified chamber. A representative image of
ten fields of view (FOV) of each membrane is shown. 10 FOV were randomly selected and the number of invasive cells was determined.
Data representative of three independent experiments performed in duplicate are shown. Data are means + S.E.M of three independent
experiments. *P <0.05 compared to the control. Scale bar represents 10 um. F. Migration of MCF-7 C, GABARAPL1 and GABARAPL1
G116A cells in Boyden-modified chamber. A representative image of ten fields of view (FOV) of each membrane is shown. 10 FOV were
randomly selected and the number of migrative cells was determined. Data representative of three independent experiments performed in
duplicate are shown. Data are means + S.E.M of three independent experiments. *P <0.05 compared to the control. Scale bar represents
10 um. G. Migration of MCF-7 C, GABARAPL1 and GABARAPL1 G116A cells using wound healing assay. Data representative of two
independent experiments performed in 8 replicates are shown. The wound area was quantified using imagelJ software. Data are means +
S.D of two independent experiments. *P <0.05 compared to the control.

to regulate autophagosome maturation [23, 24] and
autophagosome-lysosome fusion [56]. Moreover, several
studies have highlighted a role of GABARAPLI1 as
a tumor suppressor protein [25, 47, 50]. This tumor

DISCUSSION

GABARAPLI1 belongs to the ATG8 family whose
function in autophagy has been far less studied than the

one linked to the members of the LC3 family. During
autophagy, GABARAPLI is associated with autophagic
vesicles and acts with other GABARAP family members

suppressive function has been suggested to be dependent
on selective autophagy degradation and its interaction with
SQSTMI [50].
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Figure 6: The G116A mutation did not modify the effect of GABARAPL1 on tumor growth in vivo. Growth of MCF-7
C, GABARAPL1 and GABARAPL1 G116A cells injected subcutaneously in Rag y/c mice (n = 12 per group). One week prior to cell
inoculation and until the end of the experiment, estrogen was administrated at 1 pg/ml in drinking water. A. 13 days after injection, the
tumor volume was measured twice a week and the tumor volume was calculated using the formula: V=% (a x b?), where a is the longest
tumor axis, and b is the shortest tumor axis. 42 days after injection, tumors were fixed in formol and photographed. Data are means + S.E.M.
of three independent experiments, *P <0.05, compared to the control. B. Immunofluorescence analysis of GABARAPLI in tissue sections
from tumors fixed in formol. A representative image of 2 independent experiments is shown. Scale bar represents 10 pm.
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In this study, we demonstrated that GABARAPL1
plays a major role during late stages of autophagy, but
can regulate earlier steps of autophagy, as well. More
importantly, we showed that these two functions do not
necessarily require the conjugation of GABARAPLI to
autophagosomes and significantly, we demonstrated that
the tumor suppressive function of GABARAPLI1 seems to
be independent of its conjugation to autophagosomes (see
model in Figure 7).

To investigate the role of GABARAPLI conjugation
to autophagosomes on its tumor suppressive function,
we designed two in vitro models: one MCF-7 cell line
stably overexpressing GABARAPL1 and two stably
overexpressing the GABARAPL1 G116A mutant protein
which is no longer able to be linked onto phospholipids
[23]. In our models, the G116A mutation indeed impaired
the cleavage, and subsequently the lipidation and
conjugaison of GABARAPLI to autophagosomes (Figures
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Figure 7: GABARAPLI1 functions in autophagy and cancer. Our results demonstrated that GABARAPL1, which is linked to
the autophagosome, enhances basal and induced autophagy. GABARAPLI also increases early stages of autophagy through regulation
of MTOR or ULK1 activity and late stages of this process through regulation of lysosome activity and autophagosome/lysosome fusion.
GABARAPLI1 G116A, which is not linked to the autophagosome, can only enhance basal autophagy through regulation of the early stages
of this process. However, GABARAPL1 and GABARAPL1 G116A both inhibit tumor growth in vivo suggesting that GABARAPLI1
conjugation to autophagosomes as well as its functions during late stages of autophagy is not required for its tumor suppressive functions.
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1D-1E). Our data are consistent with previous studies
describing similar results for the G120A mutation in LC3
or the G116A mutation in GABARAP or GABARAPL2/
GATE-16 [19, 21, 53]. Nevertheless, these previous
studies have only investigated the requirement for the
C-terminal processing of GABARAP family members on
their function in intracellular transport.

GABARAPLI1, like the other members of the
ATG8 family, can interact with SQSTMI1 to enhance
the degradation of ubiquitinylated aggregates through
selective autophagy [29]. In our models, the G116A
mutation impaired the interaction of GABARAPL1 with
SQSTML1 (Figure 2E), suggesting that this protein only
interacts with GABARAPL1 when it is localized at the
surface of the autophagosomes and that the processing
of GABARAPLI1 is required for its function during
selective autophagy with SQSTMI1. These results are
consistent with data demonstrating that an ATG4B mutant
or the mutant LC3 G120A, which both impaired the
maturation and lipidation of LC3, inhibited the interaction
of LC3 with SQSTMI; suggesting that SQSTMI1
preferentially interacted with LC3-II, the lipidated form
of LC3, to be efficiently recruited to the autophagosomes
and transported into autophagolysosomes [57, 58].
Interestingly, it has been also demonstrated that the
mutation of the LC3-binding site in SQSTM1 inhibited the
SQSTM1-LC3 interaction and inhibited the degradation
of specific substrates through selective autophagy without
affecting overall autophagy [59]. Our data are consistent
with these results and confirm that the processing of
GABARAPLI, like those of other ATG8 family members,
could be important for its conjugation to autophagosomes,
its interaction with SQSTMI and its function in selective
autophagy.

Previously, we have demonstrated that a knock-
down of GABARAPLI led to a decrease in basal
autophagic flux which was suggested to be linked to
a decrease in lysosome number [25]. As expected,
overexpression of GABARAPL1 in MCF-7 led to
an increase in basal autophagic flux. Surprisingly,
overexpression of the GABARAPLI G116A mutant
led to a similar result suggesting that the function of
GABARAPLI in basal autophagy might be independent of
its conjugation to autophagosomes (Figures 2B and 2D).
We have shown that GABARAPL1 and GABARAPLI1
G116A both reduced MTOR activation, inhibited ULK 1
phosphorylation (Ser757) mediated by MTOR and
increased ULK1 phosphorylation (Ser555) mediated by
AMPK during the early steps of autophagy (Figure 4).
It has been described that ULK1 inhibits MTOR through
the phosphorylation of RAPTOR inducing a positive
regulatory loop of autophagy induction [60]. We therefore
suggested that GABARAPLI, through its interaction
with ULK1 [26, 27], could activate this protein leading
to the subsequent inhibition of MTOR. In a recent study,
Tooze and colleagues have shown that, in HEK293 cells,

GABARAP knock-down decreases ULKI activation
demonstrated by the reduction of the phosphorylation
in one of its target, ATG13. They also showed that
GABARAPLI interacts with ULK1 via its LIR motif
but independently of its lipidation [61]. Moreover, it has
also been shown in our laboratory, that GABARAPLI1
can interact with the energy sensor AMPK (unpublished
data), which has been previously shown to inhibit MTOR
and activate ULK1 by phosphorylation (Ser555) [5, 8,
62]. Our results are therefore in agreement with previous
studies suggesting a link between basal autophagy and
MTOR activity [63]. One hypothesis would be that, in fed
condition, GABARAPLI1 could recruit AMPK in close
proximity of the ULK1 complex leading to the increased
ULKI1 activation, decreased MTOR activity and the
induction of basal autophagy.

During induced autophagy following EBSS
treatment, overexpression of GABARAPLI, but not
GABARAPLI1 G116A, led to an increase in autophagic
flux suggesting that the role of GABARAPLI
during induced autophagy requires its conjugation to
autophagosomes (Figures 2C-2D). This function could be
associated with its role in late stages of autophagy. Indeed,
overexpression of GABARAPLI, but not GABARAPLI1
GI116A, led to an increased lysosomal activity and
autophagosome/lysosome fusion (Figure 3). These results
are in agreement with the recent literature which identified
GABARAP family members as primary contributors
to starvation-induced autophagy by the regulation of
autophagosome-lysosome fusion [56]. Recently, it has
been demonstrated that ATG8 family members, localized
on the surface of the autophagosomes, could favor
autophagosome/lysosome fusion through their interaction
with the protein PLEKHMI1 (pleckstrin homology
domain containing, family M [with RUN domain]
member 1) at the lysosomal surface [64, 65]. It has been
also demonstrated that the members of the GABARAP
family can recruit PI4KIIa (Phosphatidylinositol 4-kinase
ITa) to the autophagosomes leading to the generation
of PI4P (Phosphatidylinositol 4-phosphate) which
favor autophagosome/lysosome fusion [66]. These
observations could explain the increase in lysosome
activity and autophagosome/lysosome fusion observed
in the presence of the membrane-bound GABARAPL1
but not the cytosolic GABARAPL1 G116A. Moreover,
GABARAPLI1 is known to interact with microtubules
and favor their polymerization [14], and microtubules
have been shown to regulate autophagosome/lysosome
fusion by relocalizing these organelles to the juxta-
nuclear region during autophagy [67, 68]. We could then
hypothesize that GABARAPL1, but not GABARAPL1
GI116A, could improve microtubule polymerization
and therefore facilitate the transport of autophagosomes
and lysosomes to the juxta-nuclear region to lead to
increased autophagosome/lysosome fusion. Moreover,
during autophagy, lysosome activation has been described
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to require two mechanisms: MTOR inhibition and
autophagosome/lysosome fusion [54]. In fact, MTOR
not only inhibits ULK1 during early stages of autophagy
but also reduces late stages of autophagy through the
inhibition of lysosomal function. These data could explain
the increased lysosome activity observed in GABARAPL1
overexpressing cells which might present both MTOR
inhibition and increased autophagosome/lysosome fusion
whereas GABARAPL1 G116A overexpressing cells
would only display MTOR inhibition.

Altogether, our results therefore suggest that
GABARAPLI1 could act during early and late steps
of autophagy, functions which are either dependent
or independent of its conjugation to autophagosomes.
Since GABARAPLI has also been described as a tumor
suppressor protein in breast cancer, we then wondered
whether the tumor suppressive function of GABARAPLI
require its conjugation to autophagosomes. In vitro,
overexpression of GABARAPLI1 led to an inhibition
of cancer cell phenotypes (proliferation, clonogenicity,
adhesion and invasion) which confirmed previous data
obtained in the laboratory (Figures 5A-5E) [25, 47].
Interestingly, the G116A mutation inhibited GABARAPL1
tumor suppressive function on several phenotypes apart
from migration in MCF7 cells in vitro (Figures SF-5G).
Furthermore, the G116A mutation did not alter the effect
of GABARAPLI on cell proliferation and migration
phenotypes in another breast cancer cell line BT474
in vitro (Figures S4). These data therefore suggest that
GABARAPLI conjugation to autophagosomes may not
be necessary for its function in cancer cells in vitro.

In order to characterize the effect of GABARAPL1
conjugation to autophagosomes on cancer progression
in vivo, we studied tumor growth following injection of
GABARAPL1 and GABARAPL1 G116A-overexpressing
cells into Rag y/c mice (Figure 6A). Overexpression
of GABARAPLI1 led to a decrease in tumor size
confirming previous results obtained in nude mice [50].
Overexpression of GABARAPL1 G116A also led to a
decrease in tumor growth suggesting that GABARAPL1
conjugation to autophagosomes could not be necessary
for its tumor suppressive function in vitro as well as in
vivo. Moreover, given that GABARAPL1 G116A, which
predominately cannot conjugate to autophagosomes
and interacts less with SQSTMI, still presented a tumor
suppressor role, we might think that GABARAPLI
function in selective autophagy is not essential for
its tumor suppressive function. GABARAPL1 and
GABARAPLI1 G116A could present a tumor suppressor
role through the inhibition of MTOR which has been
previously shown to be involved in cell proliferation and
tumor progression [69-71]. But, we cannot exclude that
GABARAPLI1 might present a tumor suppressor role
through functions independent of its role in autophagy.
For example, BECN1, which is a protein involved in the
initiation of autophagy and previously described as a tumor

suppressor gene frequently deleted or downregulated in
cancer [42, 72, 73], can inhibit tumorigenesis through the
inhibition of MCL-1 stabilization or WNT1 (wingless-type
MMTYV integration site family, member 1) activation, two
mechanisms independent of autophagy [74, 75].

Our results demonstrate that GABARAPLI can act
during early and late steps of autophagy, independently
or not of its conjugation to autophagosomes, respectively.
We also showed that its conjugation to autophagosomes
as well as its function during late stages of autophagy and
selective autophagy is probably not required for its tumor
suppressive function in vivo (Figure 7).

MATERIALS AND METHODS

Reagents and antibodies

Earle’s balanced salt solution (EBSS, E3024),
bafilomycin Al (B1793), chloroquine (C6628), MG132
(C2211) and NH,Cl (A0171) were purchased from
Sigma-Aldrich. For the western blotting experiments,
the following antibodies were used: polyclonal anti-
GABARAPL1 (Proteintech, 11010-1-AP, 1:1000),
monoclonal anti-GABARAPL1/GABARAP (Millipore,
AB15278, 1:1000), polyclonal anti-LC3 (Sigma-Aldrich,
L8918, 1:3000), monoclonal anti-LAMP1 (Abcam,
Ab25630, 1:1000), monoclonal anti-MTOR (Cell
signaling, #2983, 1:1000), polyclonal anti-phospho-
MTOR (Cell signaling, #2974, 1:1000), polyclonal anti-
P70S6K (Cell signaling, #9202, 1:1000), polyclonal
anti-phospho-P70S6K (Cell signaling, #9205, 1:1000),
monoclonal anti-phospho-ULK1 (Ser555) (Cell signaling,
#5869, 1:1000), monoclonal anti-phospho-ULKI1
(Ser757) (Cell signaling, #14202, 1:1000), monoclonal
anti-ULK1 (Cell signaling, #8054, 1:1000), polyclonal
anti-GFP (Chemicon Millipore, AB3080, 1:1000),
polyclonal anti-ACTIN (Sigma-Aldrich, A5060, 1:15000),
polyclonal anti-rabbit (P.A.R.I.S, BI2407, 1:10000) and
polyclonal anti-mouse (P.A.R.L.S, BI24130, 1:10000).
For the immunofluorescence and P-LISA experiments,
the following antibodies were used: polyclonal anti-
GABARAPL1 (Proteintech, 11010-1-AP, 1:200),
monoclonal anti-LAMP1 (Abcam, Ab25630, 1:100),
monoclonal anti-SQSTM1 (Santa Cruz, sc-28359, 1:250),
Alexa Fluor 555 goat anti-mouse (Life technologies,
A-21422, 1:800), Alexa Fluor 488 goat anti-rabbit (Life
technologies, A-11008, 1:800) and polyclonal anti-rabbit
FITC (P.A.R.LS, BI2107, 1:200).

Cell culture and treatment

MCF-7 control cells (C) and MCF-7
Flag:GABARAPL1:6His (GABARAPL1) cells were
obtained previously in our laboratory following
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transfection with pcDNA3.1 control, pcDNA3.1-Flag-
GABARAPLI1-(His)6 [47]. MCF-7-Flag:GABARAPLI1-
G116A:6his (GABARAPL1 G116A cl and c2) cells were
obtained in the same way following transfection with
pcDNA3.1-Flag-GABARAPL1-G116A-(His)6 vectors.
The cells were cultured in Dulbecco’s minimum essential
medium (DMEM) (PAA, E15-891) supplemented with
100 pg/ml penicillin/streptomycin (PAA, P11-010) and
10% fetal bovine serum (FBS) (PAA, A15-101) ina 5
% CO, incubator at 37°C. To inhibit autophagosome/
lysosome fusion, cells were incubated for 2 h in complete
medium supplemented with 100 nM bafilomycin A1, 40
uM chloroquine or 50 mM NH,CI. To induce autophagy,
cells were incubated in EBSS for 4h at 37°C. To inhibit
proteasome degradation, cells were cultured in complete
medium supplemented with 2 uM MG132 for 16 h.

For transient transfection, 2 pg of pGFP,
pGABARAPLI1-GFP, pPGABARAPLI1-G116A-GFP, 200
ul Jetprime Buffer and 4 pul Jetprime reagent (Polyplus
transfection, 114-07) were used per reaction according to
the manufacturer’s protocol.

Western blotting

Cells were scraped, harvested and lysed in
SB1X. Protein lysates were sonicated for 5 s before
loading (Sonics and Materials), separated on a 10 or
12.5 % sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) before being transferred onto
a polyvinylidene difluoride (PVDF) membrane (Bio-Rad,
162-0177). The membrane was blocked with 5 % nonfat
milk in Tris-buffered saline with Tween 20 (TBS-T) (20
mM Tris-HCI, pH 7.6, 137 mM NaCl, 0.1 % Tween 20)
and incubated with primary antibodies at the previously
indicated dilutions. Immunoreactive bands were detected
using secondary goat horseradish peroxidase (HRP)-
coupled anti-mouse or anti-rabbit antibodies and the
p-coumaric acid-enhanced chemiluminescent (PCA-ECL)
solution [76] and were analyzed using the ChemiDoc
XRS+ system (Biorad). Protein levels were quantified
using the Image Lab software.

RT-PCR

Total RNAs were extracted as previously
described [77]. For RT-PCR analysis, 2 pg of total
RNAs were reverse transcribed using the RevertAid
M-MulV Reverse Transcriptase to obtain cDNA

(Sigma, M1302). The exogenous GABARAPLI
primer sequences (Flag:GABARAPLI:6His) were:
T7 sens 5’-TAAATACGACTCACTATAGGG-3’
and BamH1 reverse

5’-CGCGGATCCGCCTTTCCCATAGACACTCTC-3’
and the following primer sequences were used for GAPDH:
GAPDH S 5’-GCGAGATCCCTCCAAAATCA-3’ and

GAPDH R 5’-TGTGGTCATGAGTCCTTCCA-3’. The
DreamTaq DNA polymerase (Life technologies, EP0711)
was used to amplify GABARAPLI and GAPDH from the
template cDNA. GAPDH was used as an internal control.
Polymerase chain reaction was performed for 35 cycles:
initial denaturation at 94°C for 5 min, denaturation at
94°C for 30 seconds, annealing at 52°C for 30 seconds,
extension at 72°C for 1 min and final extension at
72°C for 10 min. All PCR products were analysed by
electrophoresis on a 2% agarose gel and signals were
visualized using a Gel doc EZ imager (Biorad).

Immunofluorescence and confocal microscopy

MCF-7 cells were plated on coverslips in 24-
well plates at a density of 10° cells/well. For transient
transfection, the GFP-LC3 (green fluorescent protein-
microtubule-associated protein light chain 3) plasmid was
kindly provided by Dr. Elazar (Weizmann Institute, Israél)
and the ptf-LC3 vector was purchased from Addgene
(137624). Plasmids were transfected using the Jetprime
reagent (Polyplus transfection, 114-07) according to the
manufacturer’s protocol. After the designated treatments,
cells were washed with phosphate-buffered saline (PBS),
fixed with 4 % PFA (paraformaldehyde) in PBS for 15
min at room temperature and mounted in Vectashield
Hardset (Vector laboratories, H1400). The cells were then
examined and photographed using a confocal microscope
(Olympus Fluoview FV1000). For ptf-LC3, green, red and
yellow puncta were counted using the “Green and Red
puncta colocalization tool” designed for ImageJ. For each
experiment, 20 cells were randomly selected.

For Lysotracker staining, cells duplicate were
stained with 500 nM of LysoTracker® Red DND-99 (Life
technologies, L-7528) for 1 h. Cells were then washed
with PBS, fixed with 4 % PFA in PBS for 15 min at room
temperature and mounted with Vectashield Hardset. The
cells were then examined and photographed using a
confocal microscope (Olympus Fluoview FV1000). For
each group, 100 cells were randomly selected.

For GABARAPLI, LAMPI and SQSTMI
immunostaining, cells were washed with PBS and fixed
with 4 % PFA in PBS for 15 min at room temperature.
Cells were then permeabilized with 0.2 % Triton-X100
in PBS for 5 min, washed with PBS, blocked with 5
% BSA (bovine serum albumin) in PBS for 45 min,
incubated with primary antibodies overnight at 4°C, at
the previously indicated dilutions, and finally with a
secondary goat anti-rabbit-FITC or an Alexa Fluor 555
goat anti-mouse for 1 h. The cells were then mounted
with Vectashield Hardset and analyzed using a confocal
microscope. Each picture is representative of a typical
cell staining observed in 10 fields chosen at random.
Colocalization of the autophagosome marker GFP-LC3
and the lysosomal marker LAMP1 was analyzed using a
confocal microscope and the Pearson’s coefficient using
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coloc_2 (Imagel software). For each group, 25 cells were
randomly selected.

For immunofluorescence staining of tumor tissue,
tumors were embeded in Tissue-Tek (Microm microtek,
F/62550-1) and sliced using a Cryostat (Microm
microtech, HM560) (Plateau technique d’histopatholigie,
DImacCell platform). The slides were incubated at 95°C
for 40 min in sodium citrate buffer (10 mM sodium
citrate, pH 6), overnight with the previously described
GABARAPLI antibody and 1 h at room temperature
with an Alexa Fluor 488 goat anti-rabbit secondary
antibody at previously indicated dilutions. After each
incubation, the slides were rinsed thrice in 1% PBS-Triton
X-100. After being mounted in PBS-glycerol mounting
medium, the slides were observed and analyzed using a
confocal microscope (Olympus Fluoview FV1000). Two
independent experiments were performed.

Cell migration and invasion assays

10° cells were diluted in 250 pl serum-free medium,
added to the upper chamber of the Boyden modified
chamber™ (SPL Life Sciences) and incubated for 24 h at
37°C. For the cell invasion assay, 50 ul of extra cellular
matrix (ECM) gel (Sigma-Aldrich, E1270, 1 mg/ml) were
added to the upper chamber 5 h before cell seeding. The
invasive cells were fixed, stained with 2 % crystal violet
and images of each membrane were acquired. Finally, the
invasive cells located in the lower chamber were counted
manually. 10 FOV were randomly selected and the number
of invasive and migrative cells was determined. Three
independent experiments were performed in duplicate.

Cell proliferation

Cells were plated in 96-well plates at a density of
1.5 x 10° cells/well and cell proliferation experiments
were conducted over a 7-day period using MTT
[3-(4,5-dimethylthiazol-2-y1)-2,5- diphenyl tetrazolium
bromide] (Sigma-Aldrich, M2128). Each day, 100 ul of
100 mM MTT solution in Hank’s were added to the cells
after the removal of the supernatant. After a 2 h incubation,
the formazan crystals were dissolved in 50 pl of DMSO
(dimethyl sulfoxide) (Euromedex, UD8050-A) and the
absorbance was quantified at 549 nm using a microplate
reader (Multiskan FC, ThermoScientific). For each clone,
three independent experiments were performed in 24 wells
of'a 96 well-plate.

Colony formation assay

Cells were plated duplicate in 6-well plates at a
density of 2 x 10° cells/well. After 15 days, colonies were
fixed with 100% ethanol for 10 min and stained with 2%

crystal violet for 10 min. The dye in excess was rinced
with water and the colony number was imaged using a
ChemiDoc XRS+ and Image Lab 2.0 software (Biorad).
Quantitative changes in clonogenicity were determined
by counting the colonies, using Bio-Rad Vision-Capt
software. Three independent experiments were performed
in duplicate.

Cell-matrix adhesion assay

Cells were plated in 24-well plates at a density of 4
x 10° cells/well in serum-free DMEM for 1 h and 3 h at
37°C (three wells/cell line: one well to control the number
of seeded cells and the two others for the two different
times after seeding). After washing, adherent cells were
collected and pelleted. Then, cells were counted using
a Malassez cell. Results were expressed as the ratio of
adherent cells versus total seeded cells. Three independent
experiments were performed in triplicate.

Anchorage independent cell proliferation

Cells were seeded in 6-well plates at a density of 5 x
105 cells/well in 0.3% agar (Fisher Scientific, 10776644).
Before seeding, 0.6% agar was added into each well. The
cell layers were then covered with complete medium
and cultured for 25 days at 37°C. Images from four
representative fields of each well were taken and analyzed.
Three independent experiments were performed in
duplicate.

Wound healing assay

Cells were seeded in 6-well plates at a density of
5 x 10° cells/well. Following confluency, two artificial
wound per well were performed into the monolayers
using a micropipette tip. After wounding, the tissue culture
medium was removed, and cells were washed at least
twice in PBS to eliminate detached cells. Wound closure
was monitored after 24 h, 48 h and 72 h using image J
software. The migration of cells was expressed as the
percentage of wound closure: % of wound closure = [(A,_,
LA A ] X100%. A _ |, is the wound area measured
immediately after scratching, and A_, , is the wound area
measured at 24 h, 48 h and 72 h after scratching. Two
independent experiments were performed in § replicates.

Xenograft experiments

Rag vy/c mice were obtained from Taconic
(Germantown, NY, USA) and maintained in the UMR 1098
animal facility (agreement number #C25-056-7). Approval
for animal experimentation and care was received from
the “Services Vétérinaires de la Santé et de la Protection
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Animale” delivered by the “Ministére de 1’ Agriculture”,
Paris, France and experimental procedures were approved
by a local ethic committee. One week prior to cell
inoculation and until the end of the experiment, estrogens
were administrated at 1 pg/ml in drinking water. A total
of 1.5 x 10° cells of the different cell lines resuspended in
100 pL of PBS were inoculated subcutaneously in RAGg/c
mice (n =9 per group) and tumor growth was monitored
two times a week in each group. Tumor volume was
calculated by the formula V= Y% (a x b?), where a is the
longest tumor axis and b is the shortest tumor axis. When
tumors reached 1 cm in diameter, mice were sacrified and
each tumor was fixed in formol and photographed.

Proximity ligation in situ assay (P-LISA)

MCF-7 cells were cultured for 24 h on coverslips
and then fixed and permeabilized using cold methanol
for 20 min at -20°C. P-LISA staining was performed
according to the OlinkBioscience’s recommendations
using Duolink® In Situ Detection Reagents Red kit
(Sigma-Aldrich, DU0O92008) and as previously described
[51]. The number of red dots and the intensity per dots
were counted using the Blobfinder software. 200 cells
were randomly selected in 5 fields.

Transmission Electron microscopy

MCEF-7 cells were washed in 0.1M Sorensen buffer,
pH 7.3. Then, cells were fixed with 2% glutaraldehyde
(Sigma Aldrich, G5882) in 0.1M Sérensen buffer, pH 7.3
for 1 h at 4°C, and post-fixed in the mixture 1% osmium
tetroxide (Sigma Aldrich, 75632) and 1.5% potassium
ferricyanide (Sigma Aldrich, 702587) in 0.2M Soérensen
buffer, pH 7.3 for 1 h at 4°C. The cells cultures were
dehydrated through a graded series of ethanol to 100%,
embedded in Poly/Bed 812 resin (Polysciences, 21844-
1) and polymerized for 48h at 60°C. Ultrathin sections
were collected on 100 mesh nickel grids coated formvar-
carbon (Delta microscopy), stained with uranyl acetate
(Polysciences, 21447-25) and lead citrate. Then, they
were imaged using a Technai 12 Biotwin TEM microscope
(Primacen Platform, University of Rouen). Representative
image of 60 pictures for each cell lines is shown.

Flow cytometry

Cells were plated in 24-well plates at a concentration
of 2 x 10° cells/well and incubated at 37°C overnight
following the different treatments. Cells were stained with
MagicRed (Immunochemistry technologies) according
to the manufacturer’s protocol or 50 nM LysoTracker®
Green DND-26 (Life technologies, L-7526) for 45 min.
After two PBS washes, cells were then trypsinized and

resuspended with 500 pl complete medium before being
harvested at 5,000 g for 5 min and resuspended in 250
ul PBS. Cells (10,000 events) were then examined using
a FC500 Beckman Coulter flow cytometer. Data were
acquired and analyzed using the Flowing software.

Statistical analysis

Statistical analyses were carried out using a
Student’s t test. A p value <0.05 was considered as
statistically significant.
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