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CXMDJ! Canine!XElinked!Muscular!Dystrophy!in!

! ! Japan!

DAPC! Dystrophin!Associated!Protein!Complex!

DAPI! 4',6EdiamidinoE2Ephénylindole!

DMD! Dystrophie!musculaire!de!Duchenne!

DRP! DystrophinERelated!Protein!

DYS! Dystrophine!

EGF! Epidermal!Growth!Factor!

ESC! Embryonic!Stem!Cell! ! !

FACS! FluorescenceEActivated!Cell!Sorting!

FDA! Food!and!Drug!Administration!

Flk! Fetal!liver!kinase!

FPS! FluoroEphosphorothioate!

FSHD! FascioEScapuloEHumeral!Dystrophy!

GECSF! GranulocyteEColonies!Stimulating!Factor!!

GFP! Green!Fluorescent!Protein!

GMP! Good!Medical!Practice!

GRMD! Golden!Retriver!Muscular!Dystrophy!

GvHD! Graft!versus!Host!Disease!

HAC! Human!Artificial!Chromosome!

HDAC! Histone!DeEacetylase!

HES! HemalunEEosineESafran!

HFMD! Hypertrophic!Feline!Muscular!!

! ! Dystrophy!

HGF! Hepatocyte!Growth!Factor!

HLA! Human!Leukocyte!Antigen!

HMGB! High!Mobility!Group!Box!

HOE1! Heme!OxygenaseE1!

ICAM! InterCellular!Adhesion!Molecule!

IDO! IndoleaminE2,3Edéoxygénase!

IFN! Interferon!

Ig! ! Immunoglobuline!

IGF! Insulin!Growth!Factor!

IKK! Inhibitor!of!κB!kinase!

IL! ! Interleukin!

IM!! IntraMusculaire!

iNOS! inducible!Nitric!Oxide!Synthase!

iPSC! induced!Pluripotent!Stem!Cell!

IS! ! ImmunoSuppression!

IV! ! IntraVeineux!

KDA! KiloDalton!

Klf!! KruppelElike!factor!

LB!! Lymphocytes!B!

LFA! Lymphocyte!Function!Antigen!

LGMD! Limb!girdle!muscular!dystrophy!

LIF! Leukemia!Inhibitory!Factor!

lin!! lineage!

LT!! Lymphocytes!T!

MAPK! MitogenEActivated!Protein!Kinases!

MBPE1! Major!Basic!Protein!

MCPE1! Monocyte!Chemoattractant!Protein!

MDAC! MyosphereEderived!Adherent!Cells!

MDPC! MyosphereEderived!Progenitor!Cells!

MDSC! MuscleEderived!Stem!Cells!

mdx! XElinked!muscular!dystrophy!

MEM! Minimal!Essential!Medium!

MHC! Myosin!Heavy!Chain!

miRNA! micro!RiboNucleic!Acid!

MLR! Mixed!Lymphocyte!Reaction!

MMP! Matrix!MetalloEProtease!

MRF! Myogenic!Regulatory!Factors!

MuSC! Muscle!Stem!Cells!

Myf5! Myogenic!factorE5!

MyoD! Myogenic!DifferentiationE1!

NA! Norépinéphrine!

Nanog! Nanog!homeobox!

NCAM! Neural!Cell!Adhesion!Molecule!
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NFEκB! Nuclear!FactorEκElightEchainEenhancer!

! ! of!activated!B!cells!

NG! NeuroEGlial!proteoglycan!

NK! Natural!Killer!

NO! Nitric!Oxide!

nNOS! neuronal!Nitric!Oxide!Synthase!

Oct! OctamerEbinding!transcription!factor!

OMP! OEméthylEphosphorothioate!

OPMD! OculoEPharyngeal!Muscular!Dystrophy!

Pax! PairedEbox!transcription!factor!

PBMC! Peripheral!Blood!Mononuclear!Cells!

PBS! PhosphateEBuffered!Saline!

PCR! Polymerase!Chain!Reaction!

PD!! Population!Doubling!

PDE! Phosphodiestérase!

PDGF! PlateletEDerived!Growth!Factor!

PDGFR! PDGF!Receptor!

PDL! Population!Doubling!Level!

PFA! Paraformaldéhyde!

PGC! PPAR!Gamma!Coactivator!

PGE! Prostaglandin!E!

PICs! PW1+/Pax7E!Interstitial!Cells!

PLA2! Phospholipase!A2!

PMA! Phorbol12Emyristate13Eacetate!

PMO! Phosphorodiamidate!morpholino!!

! ! oligomer!

PSGL! PESelectin!Glycoprotein!Ligand!

Rag! RecombinationEactivating!genes!

ROS! Reactive!Oxygen!Species!

RS!! Reticulum!sarcoplasmique!

RTEPCR! Reverse!Transcriptase!PCR!

SC!! Satellite!Cells!

Sca! Stem!cell!antigen!

SCID! Severe!combined!immunodeficiency!

SDF! StromalEDerived!Factor!

SG!! Sarcoglycanes!

siRNA! Small!interferent!RiboNucleic!Acid!

SMALD! Skeletal!Muscle!ALDH!cells!

SMEMSC! SynovialEmembrane!Mesenchymal!Stem!

! ! Cells!

snRNA! Small!nuclear!RiboNucleic!Acid!

Sox! Sex!determining!region!YEbox!2!

SP!! Side!Population!

SRBC! Sheep!Red!Blood!Cells!

SSEA! StageESpecific!Embryonic!Antigen!

SVF! Sérum!de!Veau!Foetal!

TA!! Tibialis#Anterior!
TAE! Tris,!Acétate,!EDTA!

TALEN! Transcription!activatorElike!effector!!

! ! nuclease!

TGF! Transforming!Growth!Factor!

Th!! T!Helper!

TLR! TollElike!Receptor!

TNF! Tumor!Necrosis!Factor!

TRPC! Transient!Receptor!Potential!Canonical!

TSG! TNF!Stimulating!Gene!

ULA! UltraELow!Attachment!

VBS! Veronal!Buffer!Saline!

VCAM! Vascular!Cell!Adhesion!Molecule!

VEGF! VascularEEndothelial!Growth!Factor!

ZFN! Zinc!Finger!Nucléases
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 Avant'Propos!
“La!chance!ne!sourit!qu'aux!esprits!bien!préparés.”!

Louis!Pasteur!
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Il!faut!remonter!à!l’Antiquité!pour!voir!apparaître!le!concept!de!cellule!avec!le!postulat!

d'Aristote!selon!lequel!les!animaux!et!les!plantes!sont!formés!d’éléments!minuscules!qui!

se!répètent.!Ce!n'est!que!des!siècles!plus!tard,!en!1665,!que!Robert!Hooke!découvrit! la!

cellule!avec! l’invention!de! la! lentille!puis!du!microscope.!Ce!savant!anglais!observa! les!

cavités!constituant!le!liège!et!délimitées!par!des!parois!de!cellulose.!Il!nomma!ces!cavités!

«!cellules!»,!en!référence!aux!cellules!des!moines!et!les!présenta!comme!plus!petite!unité!

du!vivant.!Cette!théorie!selon!laquelle!tout!être!vivant!est!constitué!de!cellules,!allait!être!

formalisée! de! façon! plus! approfondie! par!Matthias! Schleiden! et! Theodor! Schwann! au!

XIXème! siècle.! En! 1931,! la! première! transplantation! de! cellules! fut! réalisée! par! Paul!

Niehans!avec!l'administration!à!un!patient!des!glandes!parathyroïdes!d'une!brebis.!Sur!

cette! base,! deux! concepts! ont! émergé,! d’une! part! la! transplantation! autologue! qui!

consiste! à! implanter! les! propres! cellules! du! patient! après! manipulations! ex7vivo! et!

d’autre! part,! la! transplantation! allogénique! qui! consiste! à! administrer! au! patient! des!

cellules!d'un!donneur.!Si!les!deux!stratégies!possèdent!leurs!points!forts!et!leurs!limites,!

la! transplantation! allogénique! a! montré! dans! différents! contextes! une! meilleure!

efficacité! ainsi! qu’une! facilité! de!mise! en!place!d’un!point! de! vue! clinique.! Cependant,!

elle!se!voit!régulièrement!limitée!eu!égard!à!la!contrainte!immunologique.!

!

La! dystrophie!musculaire! de!Duchenne! (DMD)! est! une!pathologie! génétique! récessive!

liée! au! chromosome! X! touchant! l’ensemble! de! la! musculature.! Elle! est! liée! à! une!

mutation! sur! le! gène! de! la! dystrophine,! énorme! protéine! de! la! membrane! des! fibres!

musculaires,!qui!se!traduit!par!l'absence!complète!de!celleEci!conduisant!à!la!nécrose!des!

fibres.! Il! s’agit! de! la! plus! fréquente! des! dystrophies! musculaires! avec! un! garçon!

nouveauEné!sur!3500!à!5000!concerné.!Aujourd’hui,!il!n’existe!pas!de!traitement!curatif!

pour!cette!pathologie!qui!conduit!au!décès!des!patients!entre!20!et!30!ans!et!ce,!malgré!

le! développement! de! différents! axes! expérimentaux! au! cours! des! trente! dernières!

années.! Parmi! ceuxElà,! les! thérapies! génique! et! cellulaire! visent! à! amener! la! protéine!

manquante! dans! les! cellules! du! patient! soit! par! un! transfert! de! gène! à! l’aide! d’un!

transporteur! viral! soit! par! injection! de! cellules! saines! ou! malades! corrigées! ex7vivo!

exprimant!la!protéine.!!

La! première! cellule! utilisée! dans! le! cadre! de! la! thérapie! cellulaire! a! été! le!myoblaste,!

descendant! du! précurseur! endogène! du! tissu! musculaire! que! représente! la! cellule!

satellite.!Malgré! la!démonstration!dans!différents!modèles!animaux!d'une!restauration!
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de! dystrophine! consécutivement! à! son! administration! intramusculaire,! les! essais!

cliniques!qui!en!ont!découlé!se!sont!néanmoins!soldés!par!un!échec,!avec!un!apport!de!

dystrophine! très! limité! et! une! absence! de! bénéfice! clinique.! Une! mortalité!

particulièrement!importante!des!cellules!injectées!dans!les!heures!qui!suivent!la!greffe!

en!est!une!cause!principale.!A! l'aube!des!années!2000,! la!découverte!de! l’existence!de!

populations!marginales!de!cellules!souches!au!sein!de!tissus!postEnataux!a!provoqué!un!

fort! engouement! dans! la! communauté! scientifique! et! ouvert! la! voie! à! de! nouvelles!

propositions! thérapeutiques! pour! les! maladies! neuromusculaires! parmi! lesquelles! la!

DMD.!!

Ainsi,! des! candidats! cellulaires! d'origine! médullaire,! sanguine! ou! musculaire! ont! été!

isolés!puis!caractérisés!de! façon!plus!ou!moins!approfondie!dans!des!espèces!modèles!

et/ou!chez!l’Homme.!Ces!dernières!années,!des!preuves!de!concept!de!l'efficacité!de!leur!

administration! ont! été! apportées! dans! des! modèles! animaux! de! lésions! musculaires!

et/ou! de! dystrophies! musculaires.! La! multiplication! des! travaux! menés! sur! ces!

populations!a!cependant!révélé!un!certain!degré!de!complexité!dans! l'analyse!de! leurs!

propriétés,! faisant! apparaître! un! caractère! hétérogène! des! cellules! au! sein! des!

populations! d'intérêt,! des! spécificités! entre! les! populations! ou! encore! des! propriétés!

distinctes!pour!une!même!population!selon!l'espèce!considérée.!

Dans! ce! contexte,! l’objectif! de! mon! travail! de! thèse! a! consisté! d'une! part! à! isoler! et!

caractériser!une!population!de!cellules!souches!dérivées!du!muscle!humain,!les!cellules!

hMuStem,! en! terme!de! signature!phénotypique,!de!propriétés! immunomodulatrices! et!

de!potentiel!de! régénération!musculaire!et!d'autre!part,!d'aborder! les!modalités!de! sa!

transplantation!en!contexte!allogénique!sous!l'angle!de!la!contrainte!immunologique.!!

Le! présent! manuscrit! qui! récapitule! ce! travail! expérimental! se! compose! de! trois!

parties!à!savoir!une!revue!bibliographique!suivie!d’une!partie!expérimentale!puis!d’une!

discussion!générale.!!

La! revue! bibliographique! est! organisée! en! quatre! chapitres!:! le! premier! porte! sur! les!

deux! stratégies! de! thérapie! cellulaire! développées! et! a! pour! objectif! d'en! décrire! les!

principaux! avantages! et! limites.! Le! second! chapitre! est! dédié! au! domaine! des!

dystrophies! musculaires! et! en! particulier! la! DMD! avec! une! description! de! la!

physiopathologie,! des!modèles! animaux! et! des! stratégies! pharmacologique! et! génique!

déployées.!Le!troisième!chapitre!évoque!les!différents!candidats!à!la!thérapie!cellulaire!

de!la!DMD!avec!un!intérêt!particulier!pour!leur!nature,!rôles!et!effets!thérapeutiques.!Le!
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dernier!chapitre!récapitule!les!résultats!majeurs!obtenus!par!l’UMR703!INRA/Oniris!et!

positionne!mon!travail.!

Les! résultats! exprimentaux! s’organisent! en! trois! chapitres!:! (i)! Caractérisation!

phénotypique!et!comportementale!de!la!population!MuStem!humaine!à!la!fois!in#vitro!et!

in# vivo;! (ii)! Evaluation! des! propriétés! immunomodulatrices! de! la! population! MuStem!

notamment!à!travers!l'étude!in#vitro!de!son!impact!sur!l’immunité!innée!et!adaptative;!et!

(iii)!Définition!des!modalités!de!couverture!immunosuppressive!dans!le!contexte!d'une!

transplantation! allogénique! avec! la!mise! en! place! d'un! protocole! dans! le!modèle! gros!

animal!de!la!DMD.!

!

En!conclusion!de!ce!travail!qui!participe!à!une!meilleure!compréhension!de!l'identité!et!

des!modalités! d'action! de! la! population!MuStem,! une! discussion! générale!mettant! en!

perspective!les!résultats!obtenus!est!présentée.!

!
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 Revue!bibliographique!
L'homme!animé!par!l'esprit!scientifique!désire!sans!doute!savoir,!!

mais!c'est!aussitôt!pour!mieux!interroger.!

!

Gaston!Bachelard!
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Chapitre!1. Stratégies!de!thérapie!cellulaire!

I. Historique!et!principe!général!
Dès! le! XVIème! siècle,! le! physicien! Paracelse! avait! énoncé!:! «!le! cœur! guérit! le! cœur,! le!

poumon! guérit! le! poumon,! la! rate! guérit! la! rate,! le! semblable! soigne! le! semblable! ».!

Ainsi,! le! concept!de! thérapie! cellulaire! repose! sur! le!principe! selon! lequel!des! cellules!

saines!d’un!organe!issu!d’un!animal!ou!d'un!autre!être!humain!peuvent!servir!à!guérir!le!

même!organe!chez!une!personne!malade!(Villa!Médica,!2016).!

Le! premier! traitement! de! thérapie! cellulaire! a! été! administré! en! 1931! par! le! Dr! Paul!

Niehans,! physicien! suisse.! Appelé! par! un! confrère! chirurgien! ayant! accidentellement!

retiré!les!glandes!parathyroïdes!d’un!patient,!Niehans!préleva!ces!mêmes!glandes!chez!

une!brebis,! les!dilacéra! en!petits! fragments! avant!de! les! injecter! en! solution! saline! au!

patient.!Les! résultats! furent! rapides!et! l’amélioration! clinique!du!patient! spectaculaire!

avec!par!ailleurs!une!absence!d'effet!secondaire.!A!ce!titre,!le!Dr!Niehans!devint!le!père!

de!la!thérapie!cellulaire.!!

La! thérapie!cellulaire!possède!des! intérêts!non!négligeables!en!médecine!régénérative!

en! proposant! de! nouvelles! stratégies! thérapeutiques! pour! des! pathologies! qui! restent!

sans!traitement.!Il!est!ainsi!envisagé!d'obtenir!à!partir!de!cellules!souches!des!neurones!

fonctionnels! afin! de! développer! un! traitement! pour! les! maladies! de! Parkinson! ou!

d'Alzeimer!ou!encore!de!parvenir!à!faire!se!différencier!des!cellules!souches!en!cellules!

sanguines!afin!de!pallier!aux!besoins!en!sang!pour! les!transfusions!(Daadi!et#al.,!2012;!

Young!and!Goldstein,!2012).!D'un!point!de!vue!technique,!la!thérapie!cellulaire!fait!appel!

à! une! procédure! d’administration! relativement! simple! et! induit! une! morbidité! ainsi!

qu'un! temps! de! récupération! réduits! pour! le! patient! comparé! à! une! transplantation!

d’organe! (Koch! et#al.,! 2009).! Cependant,! on! dénombre! aujourd’hui! un! seul! produit! de!

thérapie! cellulaire! ayant! obtenu! une! autorisation! de! mise! sur! le! marché! en! Europe,!

appelé!Holoclar.!CeluiEci!repose!sur!le!prélèvement!de!cellules!souches!de!la!cornée!chez!

le!patient!atteint!de!brûlures!de!cette!dernière!et!leur!différenciation!ex#vivo!en!cellules!

épithéliales! de! la! cornée! destinées! à! être! réEimplantées! (Eurostem! cell,! 2015).! Une!

suspension! de! cellules! souches! allogéniques! amplifiées! dérivées! de! tissus! adipeux!

(eASC),! appelée! Cx601,! a! également! fait! l'objet! début! 2016! d'une! demande!

d'autorisation! de!mise! sur! le!marché,! dans! le! cadre! de! la!maladie! de! Crohn! (TiGenix,!

2016).!Ce!faible!nombre!de!succès!eu!égard!aux!centaines!d’essais!cliniques!engagés!ces!
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dernières! années! (Andrades! et# al.,! 2014)! illustre! bien! le! niveau! de! complexité! de!

l'identification!d'un!nouveau!traitement!efficace!avec!des!difficultés!notamment!dans!la!

confection!du!produit!de!thérapie!cellulaire,!la!compréhension!des!mécanismes!d’action,!

la! définition! du! protocole! d'administration! optimum! et! la!mise! en! place! d'un!modèle!

économique! viable! rendant! ces! thérapies! attractives! pour! les! industriels.! L’ingénierie!

tissulaire! a! récemment! émergé! et! constitue! la! seconde! génération! de! thérapie!

régénérative! basée! sur! la! cellule! en! incorporant! des! composés! 3D! biodégradables,!

mimant!la!matrice!extraEcellulaire!(Haraguchi!et#al.,!2012).!!

II. Modalités!d’application!
La! thérapie! cellulaire! peut! s'appliquer! selon! deux! modalités! basées! sur! l’origine! du!

produit! administré!:! une!modalité! autologue! lors!de! laquelle! le!patient! est! son!propre!

donneur!et!celle!allogénique!avec! l'utilisation!de!cellules! issues!d'un!donneur!différent!

du!receveur!(Figure!1).!!

!

!

!

!

!

!

!

!

!

!

              
Figure, 1., Comparaison, des, thérapies, autologue, et, allogénique, (Karantalis! et# al.,! 2014).! La!
transplantation!allogénique!offre!de!nombreux!avantages! en! comparaison!de! la! thérapie! autologue.! Les!

cellules! sont! isolées! de! donneurs! sains,! éliminant! toute! coEmorbidité! associée! avec! une! quelconque!

pathologie.! Les! cellules! allogéniques! sont! amplifiées! et! conservées! dans! une! biobanque!de! façon! à! être!

disponibles!sous!un!court!délai.!!
! ! ! ! ! ! ! ! ! ! ! ! ! !

!

!

!

1. Transplantation!autologue!
L’administration! autologue! fait! appel! à! un! patient! qui! est! à! la! fois! le! donneur! et! le!

receveur! des! cellules! transplantées.! Les! avantages! de! ce! type! de! traitement! sont!

nombreux!(Mason!and!Dunnill,!2009).!Parmi!ceuxEci,!l’absence!de!rejet!immunitaire!lié!à!

la! transplantation! de! cellules! faisant! partie! du! «!soi!»! est! un! gain!majeur! en! terme!de!
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sécurité.!Une!inflammation!locale!liée!à!l’injection!peut!être!observée!mais!présente!peu!

de! risque.! De! plus,! les! effets! secondaires! indésirables! liés! aux! traitements!

immunosuppresseurs!tels!que!cancers!et!problèmes!cardiaques,!sont!évités!(Mason!and!

Dunnill,!2009).!Ainsi,!la!transplantation!autologue!de!cellules!souches!hématopoïétiques!

(CSH)! associée! à! de! la! chimiothérapie! chez! des! patients! atteints! de! leucémie! aigue!

s'avère! efficace! avec! une! rémission! complète! et! une!mortalité! faible,! inférieure! à! 4%!

(Cioch! et# al.,! 2016).! Une! étude! réalisée! sur! des! patients! atteints! de! fractures!

mandibulaires! ayant! reçu! une! injection! locale! de! CSM! dérivées! de! tissu! adipeux! a!

démontré! 12! semaines! postEinjection! une! ossification! supérieure! de! 36%! chez! les!

patients!traités!(CastilloECardiel!et#al.,!2016).!

La!biocompatibilité!et! la!biosécurité! limitent! les! frais!pour! la!mise!en!place!de! lignées!

cellulaires! autologues.! Dans! certains! cas,! la! source! de! tissu! permet! d'obtenir! des!

quantités! importantes!de! cellules! ce!qui! limite! les!procédés!d'expansion! in#vitro! avant!

administration!et!ainsi!réduit!les!risques!d’anormalités!cellulaires!apparaissant!lorsque!

les! cellules! se! répliquent! trop! in# vitro.! Il! existe! également! une! possibilité! de!

personnaliser! le! traitement!au! cas!par! cas,! l'état!du!patient!déterminant! la! taille!de! la!

biopsie!prélevable!ainsi!que! le! type!de! tissu!à!cibler!pour!cette!dernière.!D'autre!part,!

des! traitements! pharmacologiques! complémentaires! peuvent! être! administrés! en!

fonction!de! la!pathologie!du!patient.!Enfin,! ce!modèle!est!parfaitement!orienté!vers! le!

service! hospitalier.! Les! cliniciens! n’ont! en! effet! pas! besoin! d’attendre! des! produits!

cellulaires! commercialisés! et! dans! certains! cas,! peuvent! réaliser! le! prélèvement! de!

cellules!et!la!transplantation!euxEmêmes!(Mason!and!Dunnill,!2009).!!

Malgré!ces!points! forts,!un!certain!nombre!de! limites!a!été!révélé.!La!principale! limite!

réside!dans!la!variabilité!du!matériel!source.!En!effet,!les!lots!cellulaires!présentent!des!

propriétés!plus!ou!moins!altérées!en!fonction!des!pathologies!et!du!vécu!présentés!par!

les!patients.!Dans!le!cadre!des!transplantations!autologues,!il!a!été!noté!une!difficulté!à!

générer!un!nombre! important!de!cellules! issues!de!sources!somatiques.!Ceci!peut!être!

expliqué! par! un! épuisement! dans! certaines! pathologies! des! cellules! du! patient! qui!

peinent!à!proliférer!in#vitro!et!ne!permettent!pas!une!administration!ultérieure!(Mason!

and!Dunnill,!2009;!Morgan!and!Zammit,!2010).!Le!peu!de!réactivité! face!aux!urgences!

est! également! fortement!dommageable.!En!effet,! le! temps!nécessaire! à! l’obtention!des!

cellules,!à!leur!éventuelle!amplification!puis!leur!administration!semble!trop!long!en!cas!

de!réelle!urgence!médicale!mettant!en!jeu!la!vie!du!patient.!Ceci!entraîne!également!un!
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nombre!de!patients!traités!relativement!faible!ainsi!qu’une!difficulté!de!s’adresser!à!un!

grand! nombre! de! patients! à! un! coût! raisonnable,! chaque! procédure! d’isolement!

cellulaire,! d’amplification! et! d’administration! devant! être! ajustée! à! chaque! nouveau!

patient.! Ainsi,! tout! échec! de! la! procédure! entraînera! des! délais! majeurs! dans! le!

traitement.! Il! est! également! à! noter! que! la! réalisation! de! la! biopsie! suivie! de! la!

procédure! d’administration! n’est! pas! un! acte! anodin! et! présente! un! risque! pour! le!

patient!qui!est!bien!souvent!limité!dans!certaines!fonctions!(Mason!and!Dunnill,!2009).!

Enfin,! dans! le! cas! de! patients! atteints! de! maladies! génétiques! ou! présentant! des!

prédispositions,! la! transplantation!autologue!peut! s'avérer!délicate!dans! la!mesure!où!

une!réaction!immunitaire!est!susceptible!de!se!mettre!en!place!contre!le!transgène!et!ce,!

consécutivement! à! la! correction! ex# vivo.! A! titre! d'exemple,! une! réponse! adaptative!

dirigée! contre! le! transgène! après! correction! de! cellules! AC133+! autologues! par! saut!

d'exon! et! injection! intraEartérielle! chez! le! chien! dystrophinopathe! Golden! Retriever!

Muscular!Dystrophy!(GRMD)!a!été!récemment!démontrée!(Sitzia!et#al.,!2016).!

!

2. Transplantation!allogénique!
L’administration! allogénique! fait! appel! à! un! donneur! sain! de! cellules! qui! vont! être!

amplifiées! par! un! établissement! de! production! accrédité! et! possiblement! ensuite!

stockées!dans!une!banque.!Les!aliquots!de!cellules!seront!ensuite!pris!en!charge!pour!la!

confection!d'un! lot! injectable!qui! sera! acheminé! jusqu’au!patient.! Les! avantages!de! ce!

type! de! traitement! sont! nombreux.! En! comparaison! de! cellules! autologues,! il! a! été!

démontré!une!plus!grande!efficacité!dans!la!production!de!cellules,!permettant!à!partir!

d’un!nombre!restreint!de!cellules!prélevées!d’obtenir!un! lot!de!taille!plus!conséquente!

(Mason!and!Dunnill,!2009).!De!plus,!la!disponibilité!du!produit!cellulaire!est!immédiate,!

ce!qui!prend!tout!son!sens!dans!les!cas!d’urgences!médicales!nécessitant!un!traitement!

rapide.!L’absence!de!besoin!d’effectuer!une!biopsie!sur!le!patient!permet!de!lui!épargner!

ainsi! un! acte! chirurgical! invasif! et! possiblement! lourd! de! conséquence! sur! son! état!

général.! Il! est! également!à!noter!que! l’administration!de! cellules! souches!allogéniques!

s’accompagne!d’un!bénéfice!tissulaire!similaire!voire!supérieur!à!celui!observé!avec!des!

cellules!autologues!comme!cela!a!notamment!été!montré!dans! le! cœur!avec!des!effets!

secondaires! observés! chez! 53%! de! patients! atteints! de! dysfonction! ventriculaire! et!

injectés! avec! des! CSM! autologues! contre! 33%! des! patients! traités! avec! des! CSM!

allogéniques.!Aucune!arythmie!ventriculaire!n'est!observée!chez!ces!derniers!tandis!que!
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27%!des!patients!du!groupe!autologue!en!présentent!(Hare!et#al.,!2012;!Westerdahl!et#

al.,!2016).!Enfin,!cette!stratégie!allogénique! faisant!appel!à!des!donneurs!sains!permet!

une! standardisation! des! procédés! de! production! et! de! contrôle! qualité,! limitant! les!

variabilités!pouvant!être!observées!entre!lots!cellulaires.!!

Cependant,! un! certain! nombre! de! limites! peut! être! évoqué.! En! premier! lieu,! le! rejet!

immunitaire!constitue!une!limite!sérieuse!à!la!transplantation!allogénique,!malgré!d'une!

part!l’arsenal!de!molécules!immunosuppressives!actuellement!disponible!et!d'autre!part!

l'existence! de! propriétés! immunomodulatrices! démontrées! pour! certaines! cellules! de!

l’organisme!(Karantalis,!2015).!Il!est!cependant!intéressant!de!souligner!qu'il!est!estimé!

qu’environ!150!donneurs!sélectionnés!au!hasard!ou!10!«!superEdonneurs!»,!c’estEàEdire!

homozygotes!pour!les!types!communs!du!HLA,!permettent!de!remplir!les!conditions!de!

compatibilité!de!38%!des!patients!(Mason!and!Dunnill,!2009).!!

!

 

Les! deux! stratégies! thérapeutiques! décrites! ciEdessus! présentent! donc! des! avantages!

majeurs! mais! également! des! limites! qui! sont! récapitulées! dans! le! tableau! ciEdessous!

(Tableau!I).!On!peut!ainsi!voir!clairement!le!bénéfice!que!pourrait!apporter!la!thérapie!

allogénique,! sous! réserve! de! pallier! au! rejet! de! greffe,! principal! challenge! de! ce! type!

d’approche.! C'est! ce! type! de! stratégie! qui! a! été! privilégiée! dans! le! contexte! de! mon!

travail!de!thèse.!

              
Tableau,I.,Comparaison,des,thérapies,autologue,et,allogénique,(Smith,!2012).!Les!cases!vertes!
symbolisent!un!avantage!avéré!tandis!que!les!rouges!représentent!l’absence!d’avantage!ou!un!risque!

élevé.!
! ! ! ! ! ! ! ! ! ! ! ! ! !

!
 Thérapie 

autologue 
Thérapie 

allogénique 
Capacité d’entretenir le stock de produits de thérapie 
cellulaire 

  
Adaptabilité industrielle   
Délai entre l’obtention et le traitement   
Nombre de procédures requises   
Immunogénicité   
Potentiel d’intégration au long terme des cellules   
Répétabilité du protocole d’administration   
Risque d’échec du protocole de production   

Capacité du patient à fournir des cellules donneuses viables   
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Chapitre!2. Dystrophies!musculaires!

I. Définition!
Les! dystrophies! musculaires! regroupent! un! ensemble! de! pathologies! musculaires!

héréditaires! caractérisées! par! une! dégénérescence! du! tissu! musculaire! ainsi! qu’une!

faiblesse! clinique! de! sévérité! et! distribution! variables! sans! origine! neurogénique!

(Emery,! 1998;! 2002).! Une! caractéristique! commune! à! l’ensemble! des! dystrophies!

musculaires! concerne! l’analyse! histologique! des! muscles! atteints! qui! présentent! des!

variations!dans! la! taille!des! fibres!musculaires,! des! zones!de!nécrose!musculaire! ainsi!

qu’une!augmentation!de! la!proportion!du!tissu!graisseux!et!conjonctif.!Dans! la!plupart!

des! cas,! le! taux! sérique! de! créatine! kinase! (CK),! enzyme! présente! dans! le! tissu!

musculaire,! est! fortement! élevé,! révélant! une! rupture! de! la! membrane! des! cellules!

musculaires!(Emery,!1998;!2002).!!

II. Classification!des!dystrophies!musculaires!
Différentes!classifications!ont!été!établies,!basées!sur!trois!principaux!critères,!à!savoir!

le! type! d’anomalie! génétique! à! l’origine! de! la! pathologie,! le!mode! de! transmission! et!

enfin!le!type!de!muscles!atteints.!!

1. Anomalie!génétique!

On!peut! classer! les! dystrophies!musculaires! en! fonction! du! chromosome! touché! ainsi!

que!du! type!d’anomalie! (Emery,!1998;!2002).!On!distingue! les!dystrophies! liées!à!des!

mutations!sur!les!gonosomes,!comme!les!dystrophies!musculaires!de!Duchenne!(DMD)!

et!de!Becker!(BMD)!et!celles!touchant!les!autosomes,!bien!plus!nombreuses,!de!l'ordre!

d'une! dizaine.! Ainsi! des! mutations! sur! les! chromosomes! 4! ou! 14! conduisent!

respectivement! à! l’apparition! d’une! dystrophie! musculaire! fascioscapulohumérale!

(FSHD)!ou!oculopharyngée!(OPMD)!(Özsarlak!et#al.,!2001).!Le!type!d’anomalie!génétique!

rencontré!est!également!variable.! Il!peut!s’agir!de!délétions! (DMD,!BMD),!duplications!

(OPMD)!ou!encore!de!microEdélétions!et!substitutions!(Yang!et#al.,!2013).!

!

2. Mode!de!transmission!

Il! y! a! principalement! trois! types! de! transmission! possibles! pour! les! dystrophies!

musculaires!(Emery,!1998,!2002)!(Tableau!II)!:!
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E Autosomique! dominant! (OPMD,! FSHD! et! 10%! des! cas! de! dystrophies! des!

ceintures!ou!LGMD!pour!LimbEGirdle!Muscular!Dystrophy),!ce!qui!signifie!qu’une!

personne!peut!être!atteinte!avec!seulement!un!allèle!du!gène!muté!sur!les!deux,!

ce!dernier!étant!porté!par!un!chromosome!non!sexuel.!

E Autosomique! récessif! (dystrophie! musculaire! congénitale! et! 90%! des! cas! de!

LGMD).!Dans! ce! cas,! une!personne!ne!peut! être! atteinte!que! si! elle!possède! les!

deux!allèles!du!gène!muté!sur!une!paire!de!chromosomes!non!sexuels.!

E Liée!à!l’X!récessif!(DMD!et!BMD).!Ce!type!de!transmission!touche!principalement!

les! garçons! qui! ne! possèdent! qu’une! seule! copie! du! chromosome! X.! Il! peut!

toucher!également!les!femmes!mais!la!prévalence!est!bien!moins!importante,!les!

deux!chromosomes!X!devant!alors!être!porteurs!du!gène!muté.!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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Tableau, II., Mutations, génétiques, et, protéines, altérées, dans, les, principales, dystrophies,
musculaires, (Emery,!2002).!AR,!autosomale!récessive!;!AD,!autosomale!dominant!;!XR,!lié!à!l’X!récessif!;!
SG,!sarcoglycanes!
! ! ! ! ! ! ! ! ! ! ! ! ! !

!
Dystrophie musculaire Locus du gène muté Protéine déficiente 
Congénitale (AR)   
 6q Laminine α2 (mérosine) 
 12q Recepteur laminine (α7-intégrine) 
 9q « Fukutine »  
Duchenne et Becker (XR) Xp21 Dystrophine 
Emery-Dreifuss   

XR Xq28 Emerine 
AD/AR 1q Lamine A/C 

Distale   
AD 14q, 2q, 2p ? 
AR 2p Dysferline 

Facioscapulohumérale (AD) 4q ? 
Oculopharyngée (AD) 14q Poly(A)-binding protein 2 (PAB2) 
Ceintures   

AD   
1A 5q Myotiline 
1B 1q Lamine A/C 
1C 3p Cavéoline 3 
1D 6q ? 
1E 7q ? 
1F 2q ? 

AR   
2A 15q Calpaïne 3 
2B 2p Dysferline 
2C 13q γSG 
2D 17q αSG (adhaline) 
2E 4q βSG 
2F 5q δSG 
2G 17q Téléthonine 
2H 9q ? 
2I 19q ? 

!

3. Groupes!musculaires!atteints!

Une! des! classifications! les! plus! couramment! utilisée! s’appuie! sur! le! type! de! muscle!

atteint! par! la! pathologie! considérée.! On! distingue! ainsi! les! pathologies! touchant!

l’ensemble!du!système!musculaire!que!sont!la!DMD!et!la!BMD!et!celles!plus!spécifiques!

d’un! groupe!musculaire!:! LGMD! et! dystrophie!musculaire! d’EmeryEDreifuss! ou! DMED!

(muscles! de! la! ceinture! scapulaire! et! pelvienne),! FSHD! (muscles! faciaux,!

scapulohuméraux,! tibial! anterieur! et! pelviens),! distale! (exclusivement! les! muscles!

distaux!des!membres!supérieurs!et! inférieurs)!et!OPMD!(muscles!distaux!et!du!crâne)!

(Figure!2).!
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!

!
              
Figure, 2., Distribution, des, muscles, atteints, dans, différents, types, de, dystrophies, musculaires,
(Emery,!1998).!(a)!DMD!et!BMD,!(b)!DMED,!(c)!LGMD,!(d)!FSHD,!(e)!distale!et!(f)!OPMD.!!
! ! ! ! ! ! ! ! ! ! ! ! ! !

!

III. Dystrophie!musculaire!de!Duchenne!
1. Généralités!

a. Gène'et'transmission'

La!DMD!est!la!plus!fréquente!et!sévère!des!dystrophies!musculaires,!avec!une!incidence!

d’un!garçon!nouveauEné!sur!3500!à!5500!naissances!(Emery,!1991;!Koenig!et#al.,!1989;!

Moat!et#al.,!2013).!Elle!doit!son!nom!au!médecin!Guillaume!Duchenne!de!Boulogne!qui!

en!fit! la!description!en!1858.!Cette!pathologie!est! liée!à!une!mutation!sur!le!gène!de!la!

dystrophine,!présent!sur!le!bras!court!du!chromosome!X,!au!locus!Xp21.!Il!s’agit!du!plus!

long!gène!connu!chez!l’Homme,!occupant!1,5%!de!la!séquence!du!chromosome!porteur!

et! 0,1%! du! génome! humain! entier! (Leturcq! and! TufferyEGiraud,! 2015).! Il! représente!

environ!2500!kilobases!et!est!transcrit!en!un!ARN!messager!de!14!kilobases!qui!contient!

79! exons! constituant!moins! d'un! pourcent! de! la! séquence! du! gène! (Dent! et#al.,! 2005;!

Leturcq! and! TufferyEGiraud,! 2015;! Prior! and! Bridgeman,! 2005;! Roberts! et# al.,! 1993)!

(Figure!3).!

!

!

!

!

!

!
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!
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!

              
Figure, 3., Représentation, des, transcrits, produits, chez, une, personne, saine, et, un, patient, DMD,
(AartsmaErus!et#al.,!2016).!(A)!En!condition!normale,!l’ARNm!de!la!dystrophine!contient!79!exons!qui!sont!
traduits!pour!produire!la!dystrophine.!(B)!Chez!un!patient!DMD,!la!traduction!de!la!protéine!est!stoppée!

prématurément.!Ceci!peutEêtre!liée!à!une!rupture!du!cadre!de!lecture!(comme!ici!représentée!une!délétion!

des! exons!47! à!50,! en!haut)! qui! conduit! à! un!arrêt! de! la! traduction.! Ceci! peutEêtre! également! lié! à! une!

mutation!nonEsens!faisant!apparaître!un!codon!stop!en!lieu!et!place!d’un!codon!produisant!un!acide!aminé!

(en!bas).!Ce!nouveau!codon!stop!sera!lu!à!la!place!de!celui!placé!à!la!fin!du!transcrit.!!
, , , , , , , , , , , , , !

!

Cette! structure! et! cette! longueur! expliquent! en!grande!partie! le! taux!particulièrement!

élevé! de! mutations.! Le! gène! est! sous! la! dépendance! de! sept! promoteurs! tissuE

spécifiques.! Trois! d'entre! eux! contrôlent! l’expression! d’isoformes! de! longueur!

complète!:!l’isoforme!cérébral,!musculaire!et!spécifique!des!cellules!de!Purkinje!(Leturcq!

and! TufferyEGiraud,! 2015).! Quatre! autres! promoteurs! internes! situés! dans! les! introns!

29,! 44,! 55! et! 62,! contrôlent! l’expression! d’isoformes! plus! courts.! Dans! le! cadre! de! la!

DMD,! des! délétions! intragéniques! modifiant! le! cadre! de! lecture! après! l’épissage! des!

introns!peuvent!faire!apparaître!un!codon!stop!prématuré!et!ainsi!tronquer!sévèrement!

la!protéine!produite!(Monaco!et#al.,!1988).!!

!

Soixante!à!70%!des!patients!présentent!une!délétion!d’une!partie!du!gène!DMD!(Koenig!

et#al.,!1987;!Wulff!et#al.,!1989;!Yang!et#al.,!2013),!majoritairement!retrouvée!autour!des!

exons!2!à!20!(15%!des!délétions)!et!des!exons!45!à!55!(74%!des!délétions)!(Leturcq!and!

TufferyEGiraud,!2015;!Prior! and!Bridgeman,!2005;!Yang!et#al.,! 2013).!Des!duplications!

sont! retrouvées! dans! 5! à! 10%! des! cas! (Bushby,! 1992;! Yang! et# al.,! 2013),! plus!

fréquemment! en! début! de! gène.! Concernant! les! mutations! ponctuelles,! elles! se!

répartissent!tout!le!long!de!la!séquence!codante!et!la!majorité!sont!des!mutations!nonE

sens!(48%)!(Figure!4).!!
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Figure,4.,Types,de,mutations,du,gène,de,la,dystrophine,chez,les,patients,DMD,(Leturcq!and!TufferyE
Giraud,! 2015).! (A)! Fréquence! des! différents! types! de!mutations.! (B)! Fréquence! des! différents! types! de!

mutations!ponctuelles.!!
! ! ! ! ! ! ! ! ! ! ! ! ! !

!

!

!

!

!

L’existence! de! mutations! qui! maintiennent! le! cadre! de! lecture! et! aboutissent! à! un!

phénotype! moins! sévère,! la! BMD,! est! rapportée! (Koenig! et# al.,! 1989).! Il! existe! une!

corrélation! directe! entre! les! données! moléculaires! et! l’altération! du! cadre! de! lecture!

valable!dans!96%!des!cas!de!DMD.!Ce!modèle!dit!du!cadre!de!lecture!a!été!proposé!en!1988!

par!Monaco!(Monaco!et#al.,!1988).!Il!stipule!que!les!mutations!altérant!le!cadre!de!lecture!

aboutissent! à! un! phénotype! sévère! de! type! DMD! tandis! que! celles! préservant! le! cadre!

conduisent!à!un!phénotype!modéré!de! type!BMD.!Cependant,! il! existe!des!exceptions.!La!

délétion! des! exons! 3! à! 7! ne! semble! pas! avoir! d’effet! clinique,! ceci! étant! du! à! des!

phénomènes! d’épissage! alternatifs! restaurant! le! cadre! de! lecture! (Bushby,! 1992),! tandis!

que!des!délétions!dans!le!reste!des!premiers!exons!ou!des!délétions!très!importantes!(30!

exons!ou!plus)! sont! associées! à! l’apparition!de! la!DMD! (Koenig!et#al.,! 1989).!De!plus,! un!

tiers!des! cas!DMD!est! lié!à!des!mutations!de#novo! (Wulff!et#al.,! 1989).!L’apparition!d’une!

cardiomyopathie!chez!les!patients!DMD!a!été!corrélée!à!la!présence!de!mutations!dans!les!

exons!12,!14!à!17!et!31!à!42!(Jefferies!et#al.,!2005).!!

!

b. Dystrophine'et'complexe'protéique'associé'

La!dystrophine!est!une!protéine!d’approximativement!427!kDa!contenant!3685!acides!

aminés! séparés! en! quatre! domaines! et! représentant! 0,002%!de! la! quantité! protéique!

totale!du!muscle!strié!(Hoffman!et#al.,!1987;!Koenig!et#al.,!1988)!(Figure!5).!Les!quatre!

domaines! sont!:! (i)! un!domaine!NEterminal! constitué!de!240!acides! aminés,! fortement!

conservé,! permettant! la! liaison! à! l’actine;! (ii)! un! domaine! similaire! à! la! spectrine! en!

triple! hélice! formé! d’une! succession! de! 25! segments,! responsable! de! la! forme! en!
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bâtonnet!et!conférant!à!la!protéine!sa!flexibilité;!(iii)!un!domaine!constitué!d’un!premier!

domaine!WW,!motif!en!feuillet!β,!permettant! la! liaison!au!βEdystroglycan!et!d’un!autre!

enrichi!en!cystéine,!formé!de!150!acides!aminés,!et!composé!d’un!site!de!fixation!au!zinc!

ZZ! ainsi! que! de! deux!motifs! EF! de! fixation! au! calcium! et! (iv)! un! domaine! CEterminal!

constitué!de!420!acides!aminés!se!liant!aux!syntrophines,!à!la!dystrobrévine!ou!encore!

au!βEdystroglycan!(Ahn!and!Kunkel,!1993;!Koenig!et#al.,!1988;!Le!Rumeur!et#al.,!2010).!

!

!

!

!

!

!

!

!

!

!

             !
Figure,5.,Représentation,des,différents,types,de,dystrophine,et,des,protéines,associées,(Ahn!and!
Kunkel,!1993).!Le!domaine!de! liaison!à! l’actine!(rouge)!est!partagé!par!un! large!nombre!de!protéine!du!

cytosquelette.!La!longue!région!interne!(vert)!consiste!en!24!régions!homologues!répétées!de!109!acides!

aminés.!La!région!riche!en!cystéine!(violet)!est!homologue!à!la!région!de!liaison!au!calcium!de!l’αEactinine.!

La! région! CEterminale! (jaune)! est! homologue! seulement! à! l’utrophine! (ou! Dystrophin! Related! Protein,!

DRP)!et!participe!à!l’association!de!la!dystrophine!à!la!membrane.!!!
! ! ! ! ! ! ! ! ! ! ! ! ! !

!

La!dystrophine!est!également!détectée!à!la!surface!membranaire!des!fibres!musculaires!

lisses! dans! les! viscères,! le! système! bronchique,! urétral! et! dans! la! tunique!media! des!

vaisseaux!sanguins!ainsi!que!dans! le! tissu!musculaire!cardiaque!(Hoffman!et#al.,!1987;!

Miyatake!et#al.,!1989;!Klietsch!et#al.,!1993).!La!dystrophine!possède!trois!rôles!majeurs!:!

(i)! de! stabilité! de! la! membrane! cellulaire! durant! les! cycles! répétés! de!

contraction/relaxation! musculaire;! (ii)! de! transducteur! de! la! force! musculaire! en!

établissant!un!lien!entre!le!domaine!intracellulaire!et!l’environnement!extracellulaire!et!

(iii)! d’organisation! de! la! spécialisation! membranaire,! notamment! dans! les! tissus! non!

contractiles!où!elle!peut!maintenir!la!concentration!locale!de!composants!membranaires!

(Ahn!and!Kunkel,!1993).!

!
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La! dystrophine! est! en! association! étroite! avec! un! complexe! de! glycoprotéines!

(Dystrophin! Glycoprotein! Complexe! ou! DGC)! contenant! à! la! fois! des! glycoprotéines!

(Dystrophin!Associated!Glycoproteins!ou!DAG)!et!des!protéines!(Dystrophin!Associated!

Protein!ou!DAP)!(Figure!6).!On!distingue!:!

(i)!Les!protéines!de!la!famille!des!dystrophines!:!dystrophine,!utrophine!(ou!dystrophinE

related!protein,!DRP),!αE!et!β–dystrobrévines!et!DRP2!!

L’utrophine! est! une! protéine! homologue! à! la! dystrophine! qui! se! lie! également! au!

cytosquelette! d'actine.! Contrairement! à! la! dystrophine,! l’utrophine! est! largement!

distribuée!dans!l’ensemble!des!tissus,!y!compris!le!sarcolemme!des!patients!DMD!(Shim!

and! Kim,! 2003).! Une! des! hypothèses! évoquées! dans! la! littérature! propose! un!

phénomène! de! compensation! chez! ces! patients! par! l’expression! plus! abondante!

d’utrophine.!Cependant,!il!s’avère!que!l’utrophine!est!davantage!une!conséquence!de!la!

régénération!musculaire.!En!effet,!cette!protéine!est!exprimée!transitoirement!dans!les!

phases!précoces!de!régénération!et!disparaît!des!fibres!matures!(Shim!and!Kim,!2003;!

Le! Rumeur! et# al.,! 2010).! Le! domaine! CEterminal! de! la! dystrophine! interagit! avec! les!

dystrobrévines! et! les! syntrophines.! Les! premières! présentent! une! homologie! avec! la!

région! CEterminale! de! la! dystrophine,! de! taille! comprise! entre! 59! et! 78! kDa.! Deux!

isoformes!ont!été!identifiés!chez!les!Mammifères!(α!et!β)!mais!seul!l’αEdystrobrévineE2!

est!exprimée!dans!le!sarcolemme!du!muscle!squelettique!et!particulièrement!concentrée!

au!niveau!de! la! jonction!neuromusculaire!(Ehmsen!et#al.,!2002).!Les!dystrobrévines!se!

lient! à! la! dystrophine! mais! également! au! complexe! sarcoglycanes/sarcospan! (Rando,!

2001).! Enfin,! la! dystrophine! est! la! cible! de! nombreuses! kinases! comme! la! protéine!

kinase! II! calmodulineEdépendante,! via! sa! région! CEterminale! riche! en! domaines! de!

phosphorylation.!Les!deux!partenaires!cruciaux!de!la!dystrophine!sont!l’actineEF!et!le!βE

dystroglycane!(Le!Rumeur!et#al.,!2010).!!

(ii)!Les!dystroglycanes!!

Dans!le!muscle!squelettique,!les!formes!matures!glycosylées!des!αE!et!βEdystroglycanes!

(156! kDa! et! 43! kDa! respectivement)! forment! un! complexe! fortement! associé! à! la!

dystrophine! (Ehmsen! et# al.,! 2002;! Ervasti,! 2007).! Le! βEdystroglycane! traverse! la!

membrane! tandis! que! l’αEdystroglycane! se! lie! à! la! portion! extracellulaire! du! βE

dystroglycane! et! joue! le! rôle! de! récepteur! à! la! laminineE2! à! travers! le! sarcolemme!

(Ehmsen! et# al.,! 2002).! La! région! CEterminale! du! βEdystroglycane! se! lie! au! domaine!

enrichi! en! cystéine! de! la! dystrophine! ou! de! l’utrophine.! Les! dystroglycanes! sont!
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également!associés!aux!sarcoglycanes.!La!rupture!de!liaison!entre!les!dystroglycanes!et!

la!dystrophine!est!l’origine!d’un!phénotype!DuchenneElike!(Ehmsen!et#al.,!2002).!

(iii)!Les!sarcoglycanes!!

Il!existe!quatre!sarcoglycanes!exprimées!dans!le!muscle!squelettique!(α!de!50!kDa!aussi!

appelée!adhaline,!β!de!43!kDa,!γ!de!35!kDa!et!δ!de!35!kDa).!Une!cinquième,!ε!de!50!kDa,!

est! retrouvée! dans! le! muscle! lisse! entre! autres! tissus! (Ehmsen! et# al.,! 2002;! Ervasti,!

2007).! Les! β,! γ! et! δEsarcoglycanes! sont! les! plus! fortement! associées! et! constituent! le!

noyau! fonctionnel! du! complexe! tandis! que! l’αEsarcoglycane! est! physiquement! séparée!

des!autres!sarcoglycanes!(Ehmsen!et#al.,!2002).!Une! liaison!directe!des!composants!du!

complexe! sarcoglycane! à! la! dystrophine! a! été! rapportée! (Vainzof! et# al.,! 1999).! Le!

complexe!sarcoglycane!stabiliserait!l’ensemble!du!DGC!en!général!et!l’interaction!entre!

dystrophine!et!dystroglycane!en!particulier! (Ervasti,!2007).!La!mutation!aboutissant!à!

l’absence!d’expression!d’une!seule!sarcoglycane!provoque!la!perte!des!autres!au!niveau!

du!sarcolemme!et!est!responsable!de!la!LGMD!(Ehmsen!et#al.,!2002).!!

(iv)!Les!syntrophines!

Les! trois! isoformes!de! syntrophines! identifiés! (α1,!β1!et!β2)! sont!des!protéines!de!58!

kDa.!Les!isoformes!α1!et!β1!sont!présents!à!des!niveaux!très!élevés!dans!le!sarcolemme!

du!muscle! squelettique! tandis! que! le!dernier! est! exprimé!dans!des! tissus! aussi! divers!

que!le!rein,!le!cœur!ou!le!pancréas!(Ehmsen!et#al.,!2002).!Les!syntrophines!intéragissent!

avec! de! nombreux! membres! de! la! famille! des! dystrophines,! incluant! la! dystrophine,!

l’utrophine!et!les!dystrobrévines!(Ervasti,!2007).!L’intéraction!entre!la!dystrophine!et!la!

syntrophine! est! régulée! par! la! calmoduline! et! par! la! phosphorylation! ou!

déphosphorylation!de!la!dystrophine!(Rando,!2001).!Il!n’a!pas!été!mise!en!évidence!de!

corrélation!entre!les!mutations!des!syntrophines!et!la!genèse!de!pathologie!musculaire!

humaine!(Ehmsen!et#al.,!2002).!

(v)!Le!sarcospan!

Il!s’agit!d’une!protéine!de!25!kDa!qui!est!associée!au!DGC!par!sa!liaison!avec!le!complexe!

des! sarcoglycanes.! Le! sarcospan! n’est! pas! phosphorylé! (Rando,! 2001)! et! aucune!

pathologie!humaine!n’a!été!associée!à!l’absence!de!sarcospan.!Les!souris!présentant!des!

mutations! du! sarcospan! (sarcospanEnull)! maintiennent! l’expression! de! toutes! les!

sarcoglycanes!au!sarcolemme!et!ne!développent!pas!de!dystrophie!musculaire!(Ehmsen!

et#al.,!2002).!

!
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En! parallèle! de! ces! composants! intrinsèques,! le! DGC! est! associé! à! d’autres! protéines!

impliquées! dans! diverses! voies! de! signalisation.! On! peut! en! citer! quatre!majeures!:! la!

calmoduline,!Grb2!,!nNOS!et!la!cavéoline!3.!La!calmoduline!se!lie!à!la!dystrophine!et!aux!

syntrophines.! La! liaison! avec! la! calmoduline! peut! moduler! l’interaction! entre! la!

dystrophine!ou! l’utrophine!et! l’actine!(Rando,!2001).!Grb2!est!une!protéine!de!25!kDa!

qui!participe!à!la!transduction!du!signal!impliquant!le!récepteur!aux!tyrosines!kinases!et!

Ras.! Grb2! s’associe! notamment! à! la! βEdystroglycane! (Rando,! 2001).! L’enzyme! nNOS!

produit! du! NO! qui! module! de! nombreuses! voies! de! signalisation! intracellulaire!

(Brenman!et#al.,!1995;!Rando,!2001)!et!notamment!augmente!le!flux!sanguin!localement!

afin!de!répondre!aux!besoins!métaboliques!des!muscles!durant!l’exercice!(Ehmsen!et#al.,!

2002;!Le!Rumeur!et#al.,!2010).!L’interaction!entre!nNOS!et!l’α1Esyntrophine!est!perdue!

dans!nombre!de!dystrophies!musculaires,!notamment!la!DMD,!ce!qui!est!corrélée!à!une!

constriction! anormale! des! vaisseaux! sanguins! chez! les! patients! DMD! (Brenman! et#al.,!

1995;!Ehmsen!et#al.,!2002;!Le!Rumeur!et#al.,!2010).!Le!NO!produit!agit!directement!sur!

l’activation! des! cellules! souches! résidentes,! les! cellules! satellites,! en! activant!

l’hypertrophie! morphologique! et! diminuant! leur! adhésion! au! complexe! membranaire!

(Anderson,! 2000).! Les! cavéolines! sont! des! protéines! associées! aux! membranes!

constituant! les! invaginations! membranaires! que! l’on! retrouve! dans! différents! types!

cellulaires.!Dans!le!muscle!squelettique,!l’isoforme!retrouvé!est!la!cavéolineE3!(Ehmsen!

et# al.,! 2002)! dont! il! a! été! montré! une! forte! association! avec! la! dystrophine,! les!

dystroglycanes!et!les!sarcoglycanes!(Rando,!2001;!Ehmsen!et#al.,!2002).!

!

!

      ,
Figure, 6., Complexe, dystrophine&
glycoprotéines, (Rando,! 2001).! Cette!

représentation! du! complexe! associé! à! la!

dystrophine! montre! les! éléments! majeurs! du!

complexe! (dystrophine,! dystroglycanes,!

sarcoglycanes,! dystrobrévine,! syntrophines! et!

sarcospan),!le!ligand!extracellulaire!(laminineE2),!

les! partenaires! de! liaison! intracellulaires! (FE

actine,! syncoiline! et! filamineE2)! ainsi! que! les!

molécules! de! signalisation! associées!

(calmoduline,!Grb2,!nNOS).!Les!dystroglycanes!et!

sarcoglycanes!sont!représentés!glycosylées.!!
, , , , , , !

!

!

!
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Il! est! à! présent! bien! établi! que! le! complexe! associé! à! la! dystrophine! joue! un! rôle!

prépondérant! dans! la! physiopathologie! musculaire! en! liant! le! cytosquelette! d’actine!

avec! les! composants! extracellulaires! du! muscle! squelettique! (Ervasti! and! Campbell,!

1991).! Ainsi,! il! stabilise! mécaniquement! la! membrane! sarcolemmale! lors! du! stress!

imposé!par!les!cycles!de!contraction!musculaire!via!l’interaction!entre!la!dystrophine!et!

les! costamères,! protéines! du! cytosquelette! (Rybakova! et# al.,! 2000).! Les! costamères!

transmettent! la! force!contractile! latéralement!de!la!membrane!sarcolemmale!à! la! lame!

basale! ce! qui! maintient! la! longueur! des! sarcomères! uniforme! entre! les! fibres!

musculaires!actives!et!au!repos!des!différentes!unités!motrices!(Rybakova!et#al.,!2000).!

D’autre!part,! l’interaction!entre!la!dystrophine!et!le!DGC!est!décrit!comme!analogue!au!

réseau! de! spectrine! qui! agit! comme! un! absorbeur! de! chocs! dans! le! cytosquelette! des!

cellules!sanguines!(Batchelor!and!Winder,!2006).!Le!DGC!est!également!un!receveur!et!

transducteur!de!signal.!La!perte!d’un!de!ses!composants!ne!perturbe!pas!uniquement!le!

lien! physique! et! le! rôle! protecteur! que! cela! lui! confère,! mais! également! perturbe! la!

fonction!de!signalisation.!!

!

2. Physiopathologie!
a. Conséquence'de'l’absence'de'dystrophine'

Plusieurs!effets!distincts!sont!répertoriés!consécutivement!à!l’absence!de!dystrophine.!!

Effet!mécanique!:!en!son!absence,!la!membrane!de!la!cellule!musculaire!est!plus!fragile!

conduisant! ainsi! à! des! ruptures! de! celleEci! et! une! augmentation! de! sa! perméabilité!

(Petrof!et#al.,!1993;!Allen!and!Whitehead,!2011).!Le!niveau!de!dommage!du!sarcolemme!

est!directement!corrélé!à!l’amplitude!du!stress!mécanique!subi!plutôt!qu’au!nombre!de!

contractions!musculaires! (Petrof! et#al.,! 1993).! Ceci! a! pour! conséquence! une! profonde!

perturbation! de! l’homéostasie! calcique.! L’augmentation! des! niveaux! de! calcium!

intracellulaire! contribue! à! la! dégénérescence!musculaire! par! l’activation! aberrante! de!

protéases! calciumEdépendantes! comme! la! calpaïne! et! l’augmentation! de! production!

d'espèces!réactives!de!l'oxygène!ou!ROS!(pour!Reactive!Oxygen!Species)!qui!rendent!les!

fibres!musculaires!plus!sensibles!à!la!nécrose!(Mallouk!et#al.,!2000;!Vandebrouck!et#al.,!

2002;!Batchelor!and!Winder,!2006;!Lawler,!2011).!!

La!perte!de!dystrophine!augmenterait!également!l’activité!des!canaux!mécanoEsensibles!

ainsi!que!des!Transient!Receptor!Potential!Channels!ou!TRPC!se!traduisant!par!l’entrée!

massive!de!calcium!à!l’intérieur!de!la!fibre!musculaire!(Vandebrouck!et#al.,!2007).!Cette!
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augmentation! du! calcium! intracellulaire! conduit! à! une! hyperEcontraction! des! fibres!

musculaires!qui,!associée!à!un!couplage!mécanique! latéral! réduit,! conduit!à! la! rupture!

des!fibres!musculaires!(Claflin!and!Brooks,!2008).!!

!

Effet! sur! la! signalisation! intracellulaire!:! Un! rôle!majeur! du!DGC! a! été!montré! dans! la!

signalisation! cellulaire,! notamment! dans! la! transduction! de! la! voie! MAPK.! Chez! les!

souris! dystrophiques! soumises! à! un! exercice,! de! nombreuses! protéines! de! cette! voie!

sont!fortement!phosphorylées!(Nakamura!et#al.,!2005).!La!rupture!entre!la! laminine!et!

les! dystroglycanes! inhibe! l’activation! d’Akt! aboutissant! à! une! perte! de! la! survie! des!

cellules!musculaires.!L’augmentation!de! la!production!de!ROS!aboutit! à!une!activation!

du! facteur! de! transcription! NFEκB! qui! induit! l’expression! de! différentes! voies! de!

signalisation,!notamment!de! l’inflammation,!de! la! fibrose!ainsi!que!de! l’atrophie!(Allen!

and! Whitehead,! 2011;! Kozakowska! et# al.,! 2016).! L’inhibition! de! ce! facteur! de!

transcription! améliore! le! phénotype! de! souris! dystrophique! mdx! d’un! point! de! vue!

fonctionnel,! biochimique! et! morphologique! avec! notamment! une! augmentation! de! la!

régénération! musculaire! et! une! diminution! de! l’inflammation! (Messina! et# al.,! 2006;!

Acharyya!et#al.,!2007;!Yang!et#al.,!2012).!L’absence!de!dystrophine!aboutit!également!à!

une! perte! de! nNOS! à! la! membrane! ce! qui! altère! gravement! la! réponse! de!

vasoconstriction! à! l’activation! du! récepteur! αEadrénergique! (Sander! et# al.,! 2000;!

Crosbie,!2001).!

Ces!effets!à!la!fois!mécaniques!et!!de!signalisation!conduisent!à!un!cercle!vicieux!(Figure!

7).! En! effet! l’augmentation! de! la! concentration! en! calcium! intracellulaire! liée! à! la!

perméabilisation! de! la!membrane! va! d’abord! être! contrôlée! par! un! pompage! actif! du!

calcium!dans!le!réticulum!sarcoplasmique!et!les!mitochondries.!Arrivés!à!saturation,!ces!

composants! cellulaires! vont! relarguer! tout! le! calcium! stocké,! augmentant! ainsi! la!

perméabilisation! membranaire,! et! par! là! même,! l’entrée! de! calcium! extracellulaire.!

Lorsque! la!membrane! de! la! cellule!musculaire! n’est! pas! réparée! à! temps,! il! existe! un!

point!de!nonEretour!au!delà!duquel!il!n’est!plus!possible!pour!la!cellule!de!reprendre!le!

contrôle!du!flux!calcique!et!aboutissant!à!la!mort!de!cette!dernière!(Gissel,!2005).!

!

!

!
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!

!

!

!

!

!

!

             !
Figure, 7., Modèle, physiopathologique, du, «,cercle, vicieux,», dans, la, DMD, (Gissel,! 2005).! PLA2! :!
Phospholipase!A2;!RS!:!réticulum!sarcoplasmique,![Ca2+]c!:!concentration!en!calcium!cytosolique!!!
! ! ! ! ! ! ! ! ! ! ! ! ! !

!

A!l’échelle!tissulaire,!des!phénomènes!d’apoptose!des!fibres!musculaires!sont!observés!

(Tidball!et#al.,!1995).! Ils!seraient! liés!à! la!production!de!ROS!qui!activent! les!protéases!

comme!la!caspase!3!par!le!relargage!du!cytochrome!C!(Higuchi!et#al.,!1998)!et!à!la!forte!

infiltration!des!lymphocytes!T!CD8+!cytotoxiques!qui!sécrétent!la!perforine!(Spencer!et#

al.,!1997;!Cai!et#al.,!2000).!La!dégénérescence!répétée!des!fibres!musculaires!conduit!à!

terme! au! remplacement! du! tissu! musculaire! par! des! tissus! collagénique! et! adipeux!

altérant! ses! propriétés! contractiles.! Cette! fibrose! serait! également! liée! à! la!

reprogrammation! des!myoblastes! vers! un! phénotype! proEfibrotique! qui! sécréteraient!

alors! du! collagène! (Alexakis! et# al.,! 2007;! Wynn,! 2008).! La! fibrose! est! corrélée! à! la!

quantité!présente!dans!le!tissu!musculaire!de!TGFβ1!qui!a!été!décrit!comme!inhibant!la!

différenciation! myogénique! (Massagué! et# al.,! 1986;! Li! et# al.,! 2004).! Cette! protéine!

majeure! dans! l’inflammation! et! la! cicatrisation! est! sécrétée! principalement! par! les!

lymphocytes!et! les!macrophages! infiltrés!dans! le! tissu!dystrophique!(Bernasconi!et#al.,!

1995;! Li! et#al.,! 2004;! Acharyya! et#al.,! 2007).! Les!macrophages! sont! impliqués! dans! la!

sécrétion! de! l'enzyme! protéolytique!MMPE9,! qui! perturbe! l'homéostasie! tissulaire! par!

une!dégradation!notamment!du!βEdystroglycane!à!l'origine!d'une!rupture!du!lien!entre!

la!matrice!extraEcellulaire!et! la!membrane!plasmique!(Michaluk!et!al.,!2007).!Par!cette!

action,! les! marcophages! contribuent! largement! à! l’agravation! du! phénotype!
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dystrophique.!L’inhibition!pharmacologique!ou!génique!de! la!MMPE9!chez! les!modèles!

de!souris!dystrophique!conduit!à!une!augmentation!de!la!régénération!musculaire,!une!

diminution!de!l’inflammation!et!de!la!nécrose!des!fibres!(Li!et#al.,!2009).!!!

La!déplétion!in#vivo!des!cellules!CD4+!ou!CD8+!ou!des!macrophages!améliore!par!ailleurs!

le!phénotype!des!souris!mdx!(Lawler,!2011).!Chez!les!patients!DMD,!les!traitements!antiE

inflammatoires! à! base! de! corticostéroïdes! sont! largement! utilisés! pour! pallier! à! la!

progression!de!la!pathologie!(Deconinck!and!Dan,!2007).!En!outre,!une!interaction!entre!

les!cellules!de!l’immunité!et!les!cellules!musculaires,!particulièrement!les!macrophages,!

a! été! démontrée! comme! jouant! un! rôle!majeur! dans! les! phénomènes! de! régénération!

musculaire! (Villalta! et#al.,! 2015)! (Figure! 8).! Les!macrophages! proEinflammatoires! (ou!

M1)!agissent!pendant! la!phase!aïgue!en!stimulant! la! lyse!des! fibres!musculaires!par! la!

sécrétion! de! NO! tandis! que! les! macrophages! antiEinflammatoires! (M2)! interviennent!

dans! les! phases! ultérieures! notamment! par! la! sécrétion! d’arginase! qui! promeut! la!

régénération!des!fibres!(Villalta!et#al.,!2009).!!

 
             !
Figure, 8., Intervention, des, macrophages, aux, différents, stades, de, régénération, du, muscle,
dystrophique, (Villalta! et# al.,! 2011).! La! phase! aïgue! de! la! pathologie! implique! une! forte! inflammation!
musculaire! avec! une! intervention! des!macrophages!M1! (proEinflammatoires)! qui! contribuent! au! stress!

oxydatif! et! à! la! lyse!des! fibres!par! la! sécrétion!de!NO.! Ils!promeuvent! la!prolifération!des!myoblastes! à!

travers! la! sécrétion!de! cytokines! inflammatoires.!Lorsque! la!phase!de! régénération!commence,! les! forts!

niveaux! d’IL10! font! basculer! les! macrophages! M1! vers! un! phénotype! M2c,! causant! une! réduction! de!

l’expression!de! iNOS!et!atténuant! les!dommages!musculaires.!L’IL10!affecte!également! la!différenciation!

des! cellules!myogéniques.! Lorsque! le! processus! régénératif! est! altéré! (phase! progressive),! l’expression!

d’arginase!est!augmentée!dans!les!macrophages!M2!ce!qui!augmente!la!fibrose!par!dépôt!collagénique.!En!

vert! sont! représentées! les! phases! où! le! tissu! musculaire! est! en! régénération,! en! rouge! les! phases!

inflammatoires.!!
! ! ! ! ! ! ! ! ! ! ! ! ! !

!

Finalement,! une! infiltration! par! les! éosinophiles! a! été! démontrée! conduisant! à! une!

sécrétion! de! MBPE1! qui! augmente! aussi! la! fibrose! tissulaire.! De! fait,! la! déplétion! en!
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éosinophiles!ou!en!MBPE1!réduit!la!lyse!des!cellules!musculaires!ainsi!que!la!fibrose!du!

muscle!squelettique!et!cardiaque!de!souris!mdx!(WehlingEhenricks!et#al.,!2008).!

,
Dans!un!muscle!sain,! les!phénomènes!ponctuels!de!nécrose!sont!largement!compensés!

par!la!régénération!de!fibres!musculaires.!CelleEci!est!liée!à!la!présence!de!précurseurs!

myogéniques! endogènes,! les! cellules! satellites! qui! restent! quiescentes! jusqu’à! la!

demande!de!régénération.!Elles!s’activent,!prolifèrent!pour!donner!lieu!à!des!myoblastes!

qui! fusionnent! pour! reformer! une! nouvelle! fibre! musculaire! mature! (Kottlors! and!

Kirschner,! 2010).! Dans! un! muscle! DMD,! les! cycles! répétés! de! nécrose! aboutissent! à!

l'épuisement!du!stock!de!cellules!satellites.!A!ce! titre,! les!myoblastes! issus!de!patients!

DMD!présentent!des!anomalies!morphologiques!et!une! faible!capacité!de!prolifération!

qui!appuie!cette!notion!d’épuisement!cellulaire!(Blau!et#al.,!1983;!Luz!et#al.,!2002;!Sacco!

et#al.,!2010).!Il!a!été!montré!un!raccourcissement!des!télomères!qui!signe!la!sénescence!

des! cellules! satellites! dans! le!muscle! dystrophique,! avec! un! raccourcissement! 14! fois!

plus!important!chez!les!myoblastes!DMD!comparés!à!ceux!de!sujets!sains!(Decary!et#al.,!

2000;! Lund! et# al.,! 2007).! La! dystrophine! est! naturellement! produite! dans! les! cellules!

musculaires! activées! et! s’associe! à! la! sérineEthréonine! kinase! Mark2! (ou! Par1b),! un!

important! régulateur!de! la!polarité! cellulaire.!En!absence!de!dystrophine,! l’expression!

de!Mark2!est!diminuée,!aboutissant!à!une! forte!diminution!de! la!division!asymétrique!

des!cellules!et!donc!une!baisse!de!la!genèse!de!précurseurs!musculaires!(Dumont!et#al.,!

2015).!!

!

b. Manifestations'cliniques'

La!DMD!touche!principalement!le!système!musculaire.!Le!premier!signe!d’appel!est!une!

faiblesse!et!une!atrophie!musculaires!proximales!observées!vers!l’âge!de!4E5!ans!qui!va!

ensuite! toucher! l’ensemble! des! muscles! du! corps.! L’enfant! va! présenter! de! grosses!

difficultés!à!se!lever!à!partir!de!la!station!assise!comme!en!témoigne!le!signe!de!Gowers!

où!l'enfant!devra!prendre!appui!sur!ses!cuisses!avec!ses!bras!pour!se!relever!(Iwańczak!

et#al.,!2000)!(Figure!9).!Une!pseudoEhypertrophie!des!muscles!des!jambes!est!observée!

ainsi!que!des!crampes!et!douleurs!musculaires!à! l’exercice!(Angelini!et#al.,!1996).!Vers!

l’âge!de!10!ans,!l’enfant!perd!progressivement!la!marche!et!a!recours!au!fauteuil!roulant.!

Des!déformations!osseuses!sont!observées!(Tyler,!2003).!La!DMD!atteint!également!les!

muscles! cardiaque! et! lisses,! provoquant! une! cardiomyopathie! caractérisée! par! une!



!

! 26!

tachycardie! sinusale! suivie! d’une! arythmie! ventriculaire! et! une! dilatation! gastrique!

(Towbin,!1998;!Iwańczak!et#al.,!2000).!Les!atteintes!cardiaques!cliniques!sont!présentes!

chez! 90%! des! patients! DMD! et! sont! responsables! de! 20%! des! décès! (Finsterer! and!

Stöllberger,!2003).!L’atteinte!du!diaphragme!conduit!à!une!hypoventilation!des!patients!

ainsi! qu’au! développement! d’infections! bronchoEalvéolaires.! Tous! ces! symptômes!

conduisent!au!décès!par!arrêt!cardiaque!ou!respiratoire!à!l’âge!de!20!à!30!ans!(Boyce!et#

al.,! 1991).! Les! patients! DMD! présentent! également! des! atteintes! du! système! nerveux!

central,!révélées!par!un!QI!faible!d’environ!80.!Un!tiers!des!patients!DMD!est!considéré!

comme!mentalement!retardé!(Boyce!et#al.,!1991).!Une!augmentation!du!taux!sérique!de!

CK,! enzyme! spécifiquement! musculaire,! est! retrouvée,! révélant! la! rupture! des! fibres!

musculaires! et! le! relargage! de! cette! enzyme! cytosolique! (Angelini! et# al.,! 1996).! Ce!

dosage!de!la!CK!est!un!des!moyens!de!diagnostic!les!plus!utilisés,!combinés!au!test!PCR!

(AnayaESegura!et#al.,!2015;!Falzarano!et#al.,!2015).!

!

!

      !
Figure, 9., Signes, cliniques, d’un, patient,
DMD, (a)!Vue!latérale!d’un!patient!DMD!âgé!
de!8!ans!(Iwańczak!et#al.,!2000)!(b)!Signe!de!
Gowers.! L’enfant!doit! s’appuyer! à! l’aide!des!

mains! d’abord! au! sol! puis! sur! ses! genoux!

afin! de! pouvoir! atteindre! la! station! debout!

(Tyler,!2003).!!
! ! ! ! ! ! !

!

3. Modèles!animaux!

a. Modèles'rongeurs'

i. Souris'mdx'

La! souris! mdx! issue! d'une! colonie! C57BL/10! présente! une! mutation! ponctuelle!

spontanée! sur! l’exon!23!du! chromosome!X!qui! conduit! à! l’apparition!d’un! codon! stop!

prématuré!et!s’accompagne!d’une!absence!de!dystrophine!(Bulfield!et#al.,!1984;!DiMario!

et#al.,!1991;!Im!et#al.,!1996).!Le!tissu!musculaire!de!la!souris!mdx!apparaît!normal!jusqu’à!

14!jours!(Figure!10).!A!20!jours,!la!destruction!massive!de!groupes!musculaires,!associée!

à! une! infiltration! de! neutrophiles! et! de!macrophages! dans! le! tissu,! est! suivie! par! une!

régénération! complète! (Tanabe!et#al.,! 1986;!Collins!and!Morgan,!2003;!Nakamura!and!

Takeda,! 2011).! Les! zones!non!nécrosées!ne!présentent! aucune! variation!dans! la! taille!

a" b"
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des!fibres!et!aucune!fibre!centronucléée!n’est!observée.!A!30!jours,!on!peut!observer!des!

foyers! de! régénération! avec! des! fibres! centronucléées! et! au! cytoplasme! basophile.! La!

nécrose! musculaire! diminue! à! l’âge! de! 60! jours! (Tanabe! et# al.,! 1986).! Ainsi! le!

phénomène!de!régénération!apparaît!efficace.!Même!après!des!cycles!répétés!de!nécrose!

et! régénération,! le! remplacement! par! du! tissu! interstitiel! fibreux! et! adipeux! reste!

minimal!chez!ce!modèle!et!aucune!atteinte!cardiaque!n’est!décrite!(Tanabe!et#al.,!1986).!

Le! diaphragme! de! la! souris!mdx! est! le! seul!muscle! particulièrement! touché! avec! une!

dégénérescence! accompagnée! d’une! fibrose! qui! conduit! à! une! perte! d’élasticité,! de! la!

vitesse!de!contraction!et!de! la! longueur!des! fibres! (Stedman!et#al.,!1991;!Barbin!et#al.,!

2016).!!!

Cependant,!malgré!ces!atteintes!tissulaires,!d’un!point!de!vue!clinique,!aucune!faiblesse!

musculaire!n’est!observée! (Tanabe!et#al.,! 1986;!Collins!and!Morgan,!2003).!Ce!modèle!

met! rapidement! en! place! des! phénomènes! compensatoires! notamment! par! la!

surexpression! d’utrophine! qui! stabilise! les! fibres! musculaires! en! rétablissant! le! lien!

entre! le! cytosquelette! d’actine! et! le! sarcolemme! (Pons! et# al.,! 1994;! Rybakova! et# al.,!

2000).!Une!réduction!de!l’espérance!de!vie!de!ces!souris!de!18%!a!été!observée,!de!27!

mois! pour! les! souris! saines! contre! 22!mois! pour! les! souris!mdx! (Itagaki! et# al.,! 1995;!

Chamberlain!et#al.,!2007).!Ce!n’est!que!sur!des!souris!mdx!âgées!de!plus!de!20!mois!que!

se!manifestent!une!faiblesse!musculaire,!le!remplacement!des!fibres!musculaires!par!du!

tissu! conjonctif! ainsi! que! des! atteintes! cardiaques,! respiratoires! et! posturales!

(Lefaucheur!et#al.,!1995;!Pastoret!and!Sebille,!1995).!!

!

             !
Figure,10.,Evolution,de, la,pathologie,dystrophique, chez, la, souris, (Roberts!et#al.,!2015),Les!clichés!
histologiques!représentent!la!progression!de!la!dystrophie!musculaire!chez!le!modèle!murin.!
! ! ! ! ! ! ! ! ! ! ! ! ! !

!

Il! est! possible! d’aggraver! le! phénotype! du! modèle! en! le! soumettant! à! un! exercice!

musculaire! répété! (Sandri! et#al.,! 1997;! Vilquin! et#al.,! 1998)! ou! en! induisant! une! forte!
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expression!d’IL6!(Pelosi!et#al.,!2015),!ce!qui! induit!des! lésions!musculaires!ainsi!qu’un!

relargage! de! CK! sérique! (Vilquin! et# al.,! 1998).! En! prenant! en! compte! l’ensemble! des!

caractéristiques! physiopathologiques! de! la! souris!mdx,! celleEci! représente! un! modèle!

peu!pertinent.!

Quatre!modèles! de! souris! dystrophique! ont! ensuite! été! générés! par! exposition! au! NE

éthylnitrosurée!:! les! souris! mdx2cv,! mdx3cv! et! mdx4cv! présentent! une! mutation!

supplémentaire!dans!la!partie!3’!du!gène!de!la!dystrophine!tandis!que!la!souris!mdx5cv!

présente!des!mutations!dans! la!partie!5’! (Danko!et#al.,! 1992)! (Figure!11).!Toutes! sont!

issues!de!la!lignée!BL6!(Li!et#al.,!2008)!avec!une!mutation!respectivement!dans!l’intron!

42,!65,!l’exon!53!et!10!(Im!et#al.,!1996;!Banks!and!Chamberlain,!2008).!Elles!sont!toutes!

déficientes!en!dystrophine!à! l’exception!notable!de! la!mdx3cv!qui!présente!des!niveaux!

bas! de! cette! protéine,! de! l’ordre! de! 5%! du! niveau! normal! (Li! et# al.,! 2008).! La! souris!

mdx5cv!présente!une!fatigue!plus!sévère!liée!à!l’exercice!ainsi!qu’une!atteinte!de!la!force!

musculaire! du! diaphragme! (Beastrom! et# al.,! 2011).! Par! rapport! aux! souris!mdx,! ces!

modèles!présentent!à!2!et!6!mois!dix!fois!moins!de!fibres!révertantes!c’estEàEdire!ayant!

subi! une! deuxième! mutation! restaurant! le! cadre! de! lecture! et! la! production! de!

dystrophine!(Danko!et#al.,!1992;!Im!et#al.,!1996;!Wilton!et#al.,!1997).!Un!autre!modèle!a!

été! généré! par!modification! génétique,! la! souris!mdx52!qui! présente! une! délétion! sur!

l’exon!52!(Arakia!et#al.,!1997).!

 
             !
Figure,11.,Localisation,des,mutations,identifiées,sur,le,gène,de,la,dystrophine,chez,les,principaux,
modèles,murins,et,canins.,(Larcher,!2012!d'après!Cohen!and!Muntoni,!2004;!Cox!et#al.,!1993;!Im!et#al.,!
1996).!,
! ! ! ! ! ! ! ! ! ! ! ! ! !

!

!

!

ii. Souris'doubles'mutantes'

Devant! les! limites! majeures! rencontrées! avec! le! modèle! mdx,! de! nombreux! autres!

modèles!de!souris!ont!été!générés!afin!de!mieux!modéliser!le!décours!de!la!pathologie.!

Les!caractéristiques!des!modèles!les!plus!utilisés!sont!récapitulées!dans!le!Tableau!III.!
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Tableau, III.,Modèles,de,souris,doubles,mutantes,(Megeney!et#al.,!1996,!1999;!Deconinck!et#al.,!1997;!
Grady!et#al.,!1997,!1999;!Burkin!et#al.,!2001;!Connolly!et#al.,!2001;!Raymackers!et#al.,!2003;!Janssen!et#al.,!
2005;!Guo!et#al.,!2006;!Farini!et#al.,!2007;!Capote!et#al.,!2010;!Sacco!et#al.,!2010;!Alameddine,!2012;!Isaac!et#
al.,!2013;!Vallese!et#al.,!2013;!Shiba!et#al.,!2015).!,
! ! ! ! ! ! ! ! ! ! ! ! ! !
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iii. Rat'DMDmdx'

Récemment,! des! modèles! de! rats! dystrophinopathes! ont! été! générés! grâce! à! la!

technologie!CRISPR/Cas!ciblant!l’exon!3!et!16!(Nakamura!et#al.,!2014)!ou!TALEN!ciblant!

l’exon!23!(Larcher!et#al.,!2014).!Ces!derniers!rats!présentent!une!très!faible!expression!

de! dystrophine,! environ! 5%! des! fibres! l’expriment,! ainsi! qu’une! désorganisation!

majeure! du! complexe! DGC.! A! 3! mois,! les! muscles! des! membres! et! du! diaphragme!

subissent! des! phénomènes! de! nécrose! et! de! régénération.! A! 7! mois,! ces! muscles!

présentent! une! fibrose! sévère! et! une! infiltration! adipeuse.! Les! rats! montrent! une!

réduction!de!leur!force!musculaire,!une!diminution!de!leur!activité!motrice!ainsi!qu’un!

poids!beaucoup!plus!faible!que!celui!des!rats!sains.!De!façon!majeure,!ils!présentent!une!

altération!cardiaque!avec!une!cardiomyopathie!dilatée!et!un!remodelage! tissulaire!qui!

aboutit! à! une! dysfonction! diastolique! (Larcher! et# al.,! 2014).! Ce! modèle! récemment!

développé!est!d’importance!car!il!pourrait!permettre!une!meilleure!appréhension!de!la!

physiopathologie!de!la!DMD!et!servir!à!mieux!évaluer!les!stratégies!thérapeutiques.!

!

De! façon! globale,! les! modèles! rongeurs! présentent! une! limite! majeure! liée! à!

l’impossibilité!d’évaluer!l’efficacité!de!traitements!dans!de!larges!volumes!musculaires.!!

!

b. Modèles'canins'

Des!mutations! spontanées!du!gène!de! la!dystrophine!ont!été!détectées!dans!plusieurs!

races! de! chien! domestique!:! le! Golden! Retriever! (Cooper! et# al.,! 1988),! le! Rottweiler!

(Collins!and!Morgan,!2003),!le!Pointer!(Schatzberg!et#al.,!1999)!et!le!Beagle!(Shimatsu!et#

al.,! 2003).! La! physiopathologie! dans! l’espèce! canine! est! remarquablement! proche! de!

celle! observée! chez! l’Homme.! D’autre! part,! un! chien! présente! une! masse! corporelle!

comparable!à!celle!d’un!patient!DMD!(Collins!and!Morgan,!2003).!!

i. Chien'GRMD'

Historiquement,!le!premier!cas!avéré!de!dystrophie!musculaire!a!été!découvert!en!1958!

par!Meier!chez!un!chiot!Golden!Retriever!(Shelton!and!Engvall,!2005).!Le!chien!Golden!

Retriver!Muscular!Dystrophy! (GRMD)! est! le! plus!décrit! dans! la! littérature! et! le!mieux!

caractérisé.!Il!présente!une!mutation!ponctuelle!dans!l’intron!6!à!l'origine!d'un!saut!de!

l’exon! 7! et! de! la! genèse! d’un! codon! stop! prématuré! dans! l’exon! 8! aboutissant! à! une!

absence!de!dystrophine!(Sharp!et#al.,!1992;!Nakamura!and!Takeda,!2011).!!
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D’un! point! de! vue! histologique,! une! nécrose! des! fibres!musculaires! est! observée! avec!

une! forte! phagocytose! suivie! d'une! régénération! associée! à! une! augmentation! du!

calcium!intracytoplasmique!(Valentine!et#al.,!1986,!1990)!(Figure!12).! Il!est!également!

rapporté!la!présence!de!fibres!hyalines,!hypercontractées,!infiltrées!de!macrophages!ou!

en! régénération! (Cooper! et# al.,! 1988).! Le! diamètre! moyen! des! fibres! musculaires!

présente!une! forte! augmentation! et! une! variabilité! importante! (Kornegay!et#al.,! 1988;!

Valentine! et# al.,! 1990).! Une! fibrose! périmysiale! et! endomysiale! est! déjà! présente! à! 4!

mois! d’âge! (Cooper! et# al.,! 1988).! On! observe! une! désorganisation! du! cytoplasme! des!

fibres! musculaires,! une! internalisation! des! noyaux! musculaires,! une! prolifération!

mitochondriale!ainsi!qu’une! forte! infiltration!adipocytaire.!Une!dilatation!du!réticulum!

sarcoplasmique!et!un!développement!de!dégénérescence!subsarcolemmale! focale! sont!

également! rapportés! (Valentine! et# al.,! 1990).! Une! perturbation! de! l’expression! de! la!

myosine! est! visible! dès! 15! jours! avec! une! perte! des! fibres! exprimant! l’isoforme!de! la!

myosine! rapide! et! la! persistance!des! fibres! développementales.!De!plus,! chez! le! chien!

GRMD,! une! surexpression!marquée!de! l’utrophine! est! présente! (Lanfossi!et#al.,! 1999).!

Chez! les! chiens! GRMD! âgés! de! 7! à! 10! mois,! la! fibrose! est! également! associée! à! une!

diminution!de!la!densité!des!microvaisseaux!sanguins,!une!augmentation!de!la!distance!

interEcapillaire! ainsi! que! de! leur! diamètre.! Le! rapport! capillaires/fibres! et! aire!

vasculaire!totale!sont!normaux!(Nguyen!et#al.,!2005).!

      !
Figure,12., Comparaison,des, caractéristiques,
histologiques,entre,un,chien,sain,et,un,chien,
GRMD,(Nguyen!et#al.,!2002).!(1)!Expression!de!la!
dystrophine!révélée!en!immunohistochimie!dans!

le!muscle!diaphragmatique!de!chien!sain!d’un!an.!

(2)! Absence! de! dystrophine! dans! le! muscle!

deltoïde!d’un!chien!GRMD!d’un!an.!(3)!Altération!

du! tissu!musculaire! chez! le! chien!GRMD!avec! la!

présence! de! fibres! hyalines! et! (4)! de! fibres!

hypertrophiques.,
! ! ! ! ! ! !

!

!

!

Les!premiers!signes!cliniques!se!manifestent!in#utero!avec!le!développement!d’atteintes!

des!muscles!de!la!langue.!Une!nécrose!extensive!des!muscles!des!membres,!du!tronc!et!

du! cou!peut! être! identifiée!dès! la! naissance! (Nguyen!et#al.,! 2002;! Collins! and!Morgan,!

2003).!Elle!est!davantage!prononcée!entre!le!2ème!et!le!30ème!jour!de!vie!avec!un!nombre!

de! fibres! nécrotiques! qui! diminuent! ensuite! avec! l’âge! (Cozzi! et#al.,! 2001;! Collins! and!

1" 2"

3" 4"
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Morgan,!2003).!Durant!toute!cette!période,!et! jusqu’à!60!jours,! les!niveaux!de!TGFE β1!
retrouvés! dans! le! muscle! sont! élevés! et! associés! à! la! fibrose! (Passerini! et# al.,! 2002;!

Collins!and!Morgan,!2003).!A!6!mois,!une!fibrose!sévère!et!une!contracture!articulaire!se!

développent! (Collins! and! Morgan,! 2003)! (Figure! 13).! La! perte! musculaire! qui!

accompagne!la!faiblesse!musculaire!est!progressive!et!induit!souvent!des!déformations!

du! squelette! (Shelton! and! Engvall,! 2005;! Nakamura! and! Takeda,! 2011).! La! force!

tétanique!du! tarse! est! plus! faible! avec! des! temps!de! relaxation! et! de! contraction!plus!

importants! (Kornegay! et# al.,! 1999).! Le! taux! de! CK! sérique! est! particulièrement! élevé!

chez!les!chiens!GRMD!(Kornegay!et#al.,!1988).!On!observe!un!élargissement!de!la!base!de!

la! langue! lié! à! une! hypertrophie! des! fibres! musculaires,! également! observé! chez! le!

patient!DMD.!Ceci!entraîne!des!dysfonctions!pharyngées!et!de!l’œsophage,!générant!des!

dysphagies!et!régurgitations!(Shelton!and!Engvall,!2005).!Le!diaphragme!présente!une!

dysfonction!majeure! qui! se! traduit! par! une! augmentation! des! pauses! respiratoires! et!

une! composante! abdominale! excessive.! De! plus,! le! chien! GRMD! développe! une!

cardiomyopathie! progressive! (Nakamura! and! Takeda,! 2011)! avec! une! calcification! du!

myocarde! et! un! développement! du! tissu! conjonctif! conduisant! à! des! arythmies!

ventriculaires! (Moise! et# al.,! 1991).! Les! chiens! GRMD! décèdent! aux! alentours! d’un! an!

d’atteinte! cardiaque! et! respiratoire! (Collins! and!Morgan,! 2003).! Il! a! été! rapporté! une!

forte!variabilité!phénotypique!entre!les!chiens!GRMD!avec!trois!phénotypes!distincts!en!

terme!de!sévérité!(Allamand!and!Campbell,!2000;!Ambrosio!et#al.,!2009;!Barthélémy!et#

al.,! 2014)! ainsi! qu’une! variabilité! dans! les! muscles! affectés,! les! plus! atteints! étant! le!

diaphragme,!la!langue!et!les!muscles!fléchisseurs!des!membres!(Kornegay!et#al.,!2003).!

!

 
     !
Figure, 13., Evolution, de, la, posture, de,
chiens, GRMD, selon, les, différents,
phénotypes, (Barthélémy!et#al.,!2014).!En!
encadré!rouge!est!présentée!l’évolution!de!

la! forme! sévère! avec! une! perte! de! la!

marche! avant! 6! mois! d’âge.! En! encadré!

vert! est! représentée! l’évolution! de! deux!

formes! modérées! qui! conservent! la!

capacité!à!marcher!après!6!mois.!,
! ! ! ! ! !

!

!
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ii. Chien'CXMDJ'

En!raison!de!la!taille!importante!du!chien!GRMD!qui!se!répercute!sur!le!coût!de!gestion!

de!la!colonie,!le!développement!d’une!race!de!taille!intermédiaire!a!été!réalisé!au!Japon!

en!inséminant!artificiellement!des!femelles!Beagles!avec!des!chiens!GRMD!(Shimatsu!et#

al.,!2003).!Ce!modèle!est!appelé!Canine!XElinked!muscular!dystrophy!in!Japan!(CXMDJ).!

Le! taux! de! CK! est! élevé! dès! la! naissance! et! la! mortalité! durant! la! période! néonatale!

s’élève! à! 32,3%! (contre! 13,3%! pour! une! portée! saine).! L’altération! du! diaphragme!

apparaît! très! tôt! après! la! naissance! et! est! plus! importante! que! celle! touchant! les!

membres.! A! l’âge! de! 2E3! mois,! l’atrophie! et! la! faiblesse! musculaire! des! membres!

apparaissent,!suivie!à!4!mois!par!le!développement!d’une!macroglossie,!de!dysphagie!et!

de! contractures! articulaires! (Nakamura! and! Takeda,! 2011).! Ce! modèle! présente!

également!une!cardiomyopathie!mais!de!progression!plus!lente!que!celle!décrite!chez!le!

chien!GRMD!(Yugeta!et#al.,!2006).!!

La! limite!majeure!rencontrée!avec! les!modèles!canins!concerne! les!aspects! logistiques!

importants!avec!la!nécessité!de!grandes!infrastructures!d'hébergement!ce!qui!se!traduit!

par!des!coûts!d'expérimentations!particulièrement!élevés!avec!ces!modèles!(Collins!and!

Morgan,!2003).!

!

c. Autres'modèles'

Il!existe!également!d’autres!modèles!animaux!de!la!DMD!que!sont!le!chat!(Carpenter!et#

al.,! 1989),! le! porc! (Klymiuk! et# al.,! 2013),! le! ver! nématode! Caenorhabditis# elegans!

(Gieseler!et#al.,!2000),!le!zébrafish!(Guyon!et#al.,!2003)!et!la!drosophile!D.#melanogaster!

(Greener!and!Roberts,!2000).!

De! façon!similaire!à! la!souris!mdx,! le!muscle!squelettique!du!chat!dystrophique!HFMD!

pour! Hypertrophic! Feline!Muscular! Dystrophy! (Carpenter! et# al.,! 1989;! Gaschen! et# al.,!

1992)! subit! des! cycles! répétés! de! nécrose! et! régénération!mais! ne! développe! pas! de!

fibrose!marquée!(Gaschen!and!Burgunder,!2001;!Collins!and!Morgan,!2003;!Shelton!and!

Engvall,!2005).!Il!présente!une!hypertrophie!marquée,!notamment!de!la!langue,!du!cou,!

des!épaules,!ce!qui!conduit!à!une!obstruction!oesophagienne!et!des!atteintes!rénales.!Il!

présente! également! une! calcification! linguale,! une! salivation! excessive,! un!

mégaoesophage,!une!hépatosplénomégalie!ainsi!qu’une!insuffisance!rénale!(Gaschen!et#

al.,!1992;!Shelton!and!Engvall,!2005;!Nakamura!and!Takeda,!2011).!!
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Un!modèle!de!porc!transgénique!muté!pour!l’exon!52!présente!une!pathologie!similaire!

à! l’Homme.! On! observe! une! absence! totale! de! dystrophine! dans! les! muscles!

squelettiques,! une! augmentation! du! taux! de! CK,! un! remodelage! tissulaire! avec!

l’apparition!de! lésion!nécrotiques! focales,!une!diminution!de! la!mobilité,!une! faiblesse!

musculaire! et! une! espérance! de! vie! de! 3!mois! liée! aux! atteintes! respiratoires! sévères!

(Klymiuk!et#al.,!2013;!Selsby!et#al.,!2015;!Fröhlich!et#al.,!2016).!!!!

Le!ver!nématode!C.#elegans!a!été!le!premier!organisme!multicellulaire!dont!le!génome!a!

été! entièrement! séquencé! en! 1998.! Il! est! apparu! que! 65%! des! gènes! impliqués! dans!

différentes!pathologies!humaines!possédaient! leur!équivalent! chez! ce!ver! (Baumeister!

and! Ge,! 2002).! Les! muscles! striés! du! ver! C.# elegans! expriment! une! dystrophine!

homologue!dys1!intéragissant!avec!les!autres!composants!du!DGC!(Gieseler!et#al.,!2000;!

Grisoni! et# al.,! 2003).! Les! mutations! de! dys1! s’accompagnent! d’une! hyperactivité! et!

hypercontraction!ainsi!que!d’une!augmentation!de! la!sensibilité!au!neurotransmetteur!

acétylcholine!et!à!son!inhibiteur!(Collins!and!Morgan,!2003).!

Le! zébrafish! est! un! modèle! intéressant! car! il! contient! une! large! proportion! de! tissu!

musculaire!squelettique!et!exprime!des!orthologues!de!la!plupart!des!protéines!du!DGC!

avec!une!localisation!membranaire!similaire!(Chambers!et#al.,!2001;!Bassett!and!Currie,!

2003).! En! utilisant! les! techniques! de! gene! editing,! un! zébrafish! déficient! pour! la!

dystrophine,!présentant!une! instabilité!du!complexe!DGC,!une!morphologie!courbée!et!

une! faible! activité,! a! été! généré! (Bassett! and! Currie,! 2003;! Collins! and!Morgan,! 2003;!

Guyon!et#al.,!2003).!!

La!drosophile!a!également!été!entièrement!génotypée,!ce!qui!a!permis!de!montrer!une!

expression!d’un!analogue!à! la!dystrophine,!associé!aux!composants!classiques!du!DGC!

(Greener!and!Roberts,!2000).!!

Ces!modèles!ont!l’avantage!majeur!de!pouvoir!se!reproduire!en!large!nombre!à!moindre!

coût,! sont! facilement! manipulables! génétiquement! et! présentent! souvent! une!

physiologie!plus!simple!que!celle!des!Mammifères.!Leur!musculature!et!leur!pathologie!

diffèrent! cependant! largement! de! l’Homme.! Ils! sont! utilisés! principalement! pour!

comprendre! des! modalités! d’action! ou! élaborer! des! expérimentations! reproductibles!

(Collins!and!Morgan,!2003).!!

!

!

!
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Nous! avons! ainsi! détaillé! les! différents! modèles! animaux! disponibles! présentant! un!

phénotype!proche!ou!similaire!à!celui!du!patient!DMD.!La!comparaison!de!ces!modèles!est!

récapitulée!dans!le!tableau!IV.!Il!est!à!noter!que!les!modèles!murins!mdx2Cv,!mdx3Cv,!mdx52!

et!le!modèle!canin!CXMDJ!sont!assez!peu!caractérisés.!Le!chien!GRMD!constitue!le!modèle!

cliniquement! pertinent! de! la! DMD! avec! une! affection! lourdement! invalidante! et! une!

espérance!de!vie!fortement!réduite.!Ce!modèle!a!été!choisi!au!laboratoire!pour!évaluer!de!

façon!pertinente!une!approche!de!stratégie!thérapeutique!innovante.!

!

             !
Tableau,IV.,Comparaison,des,différents,modèles,animaux,de,la,DMD,(D’après!Larcher,!non!publié).!
Les! différences!majeures! qui! distinguent! ces!modèles! de! la! pathologie! humaine! sont! indiquées! en! bleu!

gras.!,
! ! ! ! ! ! ! ! ! ! ! ! ! !

!

!

!

!
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!
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!
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!

!
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!

!

!
 

!
Souris,mdx,et,
variants,

Chat,HFMD, Cochon,Dmd&/&, Chien,GRMD,

Mutation!

génétique!

Codon!stop!dans!!

l’exon!23!

Délétion!du!

!promoteur!

Codon!stop!dans!!

l’exon!52!

Codon!stop!dans!!

l’exon!8!

Lésions!

musculaires!

Primaires,(peu,ou,
pas,de,fibrose),

Primaires,
(hypertrophie),

Primaires!et!

secondaires!

Primaires!et!

secondaires!

Fonction!

musculaire!

Réduction!de!la!

force!

Locomotion,
normale,

Réduction!de!la!

force!!

Locomotion!

altérée!

Réduction!de!la!

force!

Locomotion!

altérée!

Réduction!de!la!

force!

Locomotion!

altérée!

Fonction!

cardiaque!
Normale, Cardiomyopathie! Normale,

Cardiomyopathie!

modérée!

Durée!de!vie!
Légèrement,
réduite,

Réduite!!

Cause!:!

insuffisance,
rénale!

Fortement!réduite!

Cause!:!

insuffisance,
respiratoire!

Réduite!

Environ!1!an!

Reproduction! Aisée!
Modérément!

difficile!
Difficile! Difficile!

Poids!adulte! 25,g, 4,kg, 20!kg! 15!kg!

Principale!

utilisation!

Physiopathologie!

Tests!précliniques!
Pas!d’utilisation!

Description!

récente!

Etudes!court!

terme!

Tests!précliniques!
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4. Traitements!pharmacologique!et!génique!

Conjointement!à!la!thérapie!cellulaire!qui!sera!décrite!en!détail!dans!le!chapitre!3,!deux!

autres!types!de!stratégies!thérapeutiques!sont!envisagées!pour!la!DMD!:!les!traitements!

pharmacologiques!agissant!sur!les!cascades!physiopathologiques!et!la!thérapie!génique!

qui!vise!la!réEexpression!de!la!dystrophine.!

a. Traitements'pharmacologiques'

Les!traitements!pharmacologiques!visent!à!agir!sur!la!physiopathologie!en!stabilisant!les!

voies!de!signalisation!dérégulées!et!l’architecture!tissulaire.!

i. Traitements'antiEinflammatoires'

L’utilisation!chronique!de! traitements!corticostéroïdes! initiée!au!stade!ambulatoire!du!

patient!est!le!traitement!palliatif!de!référence!de!la!DMD.!Grâce!à!ce!type!de!traitement!

combiné!à!une!aide!respiratoire!et!cardiaque,!53%!des!patients!DMD!survivent!jusqu’à!

l’âge!de!25!ans!(Markham!et#al.,!2008).!Les!principaux!corticostéroïdes!utilisés!sont! la!

prednisone! (0,3! mg! à! 1,5! mg/kg/jour;! Manzur! et# al.,! 2008),! la! prednisolone! et! le!

deflazacort! (0,9!mg/kg/jour;!Bonifati!et#al.,!2000)!ainsi!qu'un!dérivé!de!cette!dernière!

(Goemans!and!Buyse,!2014).!L’administration!est!d’ordinaire!quotidienne!mais! il!a!été!

démontré! un! impact! bénéfique! de! la! prednisone! avec! un! traitement! hebdomadaire!

(Escolar!et#al.,!2011).!Le!mécanisme!d’action!est!encore!inconnu!mais!il!améliorerait!le!

phénotype! en! possédant! à! la! fois! des! propriétés! antiEinflammatoires! et!

immunomodulatrices.! Les! glucocorticoïdes! auraient! un! effet! anabolisant! sur! le! tissu!

musculaire! en! agissant! positivement! sur! la! prolifération! et! la! différenciation! des!

myoblastes!(Fisher!et#al.,!2005).!Ce!type!de!traitement!inhibe!la!protéolyse!musculaire,!

stimule!la!prolifération!des!myoblastes,!stabilise!la!membrane!des!fibres!musculaires!et!

augmente!la!régénération!(Manzur!et#al.,!2008;!Yuko!et#al.,!2015).!Il!réduirait!également!

le! calcium! cytosolique,! augmenterait! l’expression! d’utrophine! ainsi! que! des! gènes! de!

régulation!des!fibres!musculaires!(Manzur!et#al.,!2008;!Tamma!et#al.,!2013).!Il!augmente!

la! force! musculaire! pour! une! période! supérieure! à! trois! ans,! maintient! la! capacité!

ambulatoire! et! permet! de! différer! l'apparition! des! dysfonctions! cardiaques! et!

respiratoires! (Manzur! et# al.,! 2008;! Goemans! and! Buyse,! 2014).! D’autre! part,! il! a! été!

démontré! un! effet! protecteur! des! stéroïdes! contre! la! dysfonction! ventriculaire!

(Markham! et# al.,! 2008).! La! prednisone! et! le! deflazacort! présentent! une! efficacité!

similaire! (Bonifati! et# al.,! 2000;! Biggar! et# al.,! 2001,! 2004,! 2006;! McAdam! et# al.,! 2012;!
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Griggs! et# al.,! 2016).! Cependant,! ces! molécules! produisent! des! effets! secondaires! non!

négligeables,!parmi!lesquels!:!un!gain!de!poids!associé!à!une!augmentation!de!l’appétit,!

des! changements! comportementaux,! une! fragilité! osseuse! conduisant! à! des! fractures!

spontanées,! une!hypokaliémie.!Afin!de! limiter! ces! effets!néfastes,! il! a! été!proposé!une!

administration! intermittente!de!prednisolone!avec!des!pauses!de!10! jours! tous! les!10!

jours!(ten!Dam!et#al.,!2012;!Ricotti!et#al.,!2013).!

Il!a!été!également!testé!des!administrations!de!Cyclosporine!A,!un!immunomodulateur!

utilisé!notamment!dans!le!transfert!d’organes,!ou!combinées!à!des!doses!intermittentes!

de!prednisone.!Cependant,!ce!type!de!traitement!n’augmente!pas!la!force!musculaire!de!

patients!DMD!(Kirschner!et#al.,!2010)!alors!qu’il!permet!pourtant!une!amélioration!du!

score!clinique,!de!la!relaxation!musculaire!postEtétanique!et!du!taux!de!CK!sérique!chez!

le!chien!GRMD!(Barthélémy!et#al.,!2012).!!!

Récemment,! un! nouvel! antiEinflammatoire! appelé! le! VP15! a! été! développé! par!

ReveraGen!BioPharma,.! Il!s’agit!d’un!Δ9,!11!glucocorticoïde!présentant!une!perte!de! la!

capacité! de! liaison! au! récepteur! aux! glucocorticoïdes! et! limitant! ainsi! les! effets!

secondaires! de! ces! derniers.! Il! a! été! démontré! in# vitro! capable! d’inhiber! NFEκB,!

d’empêcher! le! récepteur! aux! glucocorticoïdes! d’être! transloqué! dans! le! noyau.! Sa!

pharmacocinétique!est!similaire!à!celle!des!glucocorticoïdes!non!modifiés!(Reeves!et#al.,!

2013).!!Administré!quotidiennement!à!des!souris!mdx!à!raison!de!5,!15!ou!30!mg/kg,!il!

diminue!l’inflammation!tissulaire,!stabilise!la!membrane!de!la!fibre!musculaire,!promeut!

la! réparation! de! fibres!musculaires! lésées! au! laser! et! augmente! la! force! (Heier! et# al.,!

2013).!

NFEκB!est!largement!impliqué!dans!le!développement!musculaire!et!sa!régénération.!Les!

activateurs!de!ce! facteur!de! transcription,! comme! le!TNFEα,! sont! surexprimés!chez! les!

patients!DMD.!L’inhibition!pharmacologique!de!la!IκB!kinase!(IKK),!un!régulateur!positif!

de!NFEκB!améliore! le!phénotype!pathologique!et! la! fonction!musculaire!de!souris!mdx.!

Ceci!a!encouragé!la!mise!en!place!d’un!essai!du!pentoxifylline,!un!inhibiteur!du!TNFEα,!

sur! des! enfants! DMD! âgés! de! 4! à! 9! ans! (Zimmerman! et# al.,! 2011).! Les! résultats! ont!

montré! une! faible! tolérance! au! produit! mais! suggèrent! une! stabilisation! de! la! force!

musculaire!chez!un!petit!nombre!de!patients.!Une!étude!plus!importante!lancée!sur!des!

garçons!DMD!de!plus!de!7!ans!ayant!été!traités!à!la!prednisone!a!montré!qu’il!n’y!avait!

pas! de! bénéfice! supplémentaire! du! pentoxifylline! par! rapport! aux! corticostéroïdes!

(Wagner,!2008).!



!

! 38!

Une! étude! récente! s’est! intéressée! à! la! GalectineE1,! petite! protéine! nonEglycosylée,!

retrouvée!dans! le! tissu!musculaire!et!ayant!été!décrite!comme!agissant!sur! la!réponse!

immunitaire,!la!réparation!musculaire!et!l’apoptose!(Camby!et#al.,!2006;!CedenoELaurent!

and! Dimitroff,! 2012).! Les! niveaux! de! GalectineE1! sont! plus! élevés! dans! le! muscle! de!

souris!et!de!chien!dystrophiques!(Cerri!et#al.,!2008).!Après!injection!intramusculaire!et!

intrapéritonéale!de!GalectineE1!recombinante!chez!la!souris!mdx,!il!a!été!démontré!une!

amélioration!de!la!fonction!musculaire!liée!à!l’augmentation!de!l’expression!d’utrophine!

et!α7β1!intégrine!qui!stabilisent!la!membrane!du!sarcolemme!(Van!Ry!et#al.,!2015).!

!

ii. Traitements'antiEoxydants'

La!NEacétylcystéine,!qui!possède!des!propriétés!antiEoxydantes,!prévient!l’augmentation!

de! la! perméabilisation!membranaire! et! réduit! le! déficit! de! force! de!muscles! isolés! de!

souris! mdx.! Administré! dans! l’eau! de! boisson! de! souris! mdx,! elle! réduit! les!

concentrations!de!ROS!dans!les!muscles,!diminue!le!nombre!de!fibres!centronuclées!et!

également! l’expression!de!NFEκB.!De!plus,! elle! réduit! l’expression!de! la! cavéoline!3! et!

augmente! l’expression! sarcolemmale! du! βEdystroglycane! ainsi! que! de! l’utrophine!

(Whitehead!et#al.,!2008).!

La!forte!réduction!de!l’expression!et!de!l'activité!de!la!nitric!oxide!synthase!(NOS)!dans!

les!muscles!déficients!en!dystrophine!se! traduit!par!un!déficit!en!NO.!Compte! tenu!du!

rôle!antiEinflammatoire!et!cytoprotecteur!via!les!propriétés!antiEoxydantes!du!NO,!cette!

réduction!de!NOS!dans! le!muscle! dystrophique! exacerbe! l’inflammation!musculaire! et!

les! dommages! aux! fibres.! L’expression! transgènique! de!NOS! dans! le!muscle! de! souris!

mdx!prévient!la!majorité!des!dommages!membranaires!et!diminue!le!taux!de!CK!sérique.!

De!plus,! les!macrophages!infiltrés!dans!les!muscles!de!ces!souris!perdent!leur!capacité!

cytolytique! (Wehling! et# al.,! 2001).! Il! est! également! rapporté! chez! la! souris!mdx! une!

atténuation!de!la!perte!de!la!force!musculaire!suite!à!des!contractions!excentriques!ou!

isométriques! après! expression! de! NOS! transgénique! dans! les! muscles! squelettiques!

(Rebolledo!et#al.,! 2016).! Ces! découvertes! ont! conduit! à! la! proposition!d’un! traitement!

appelé! HCT! 1026,! un! dérivé! du! flurbiprofen! relarguant! du! NO.! Après! un! an! de!

traitement!sur!deux!modèles!de!souris,!αEsarcoglycanEnull!et!mdx,! l’HCT!1026!a!réduit!

l’inflammation,!prévenu!les!dommages!musculaires!et!préserver!le!nombre!ainsi!que!la!

fonction! des! cellules! satellites! de! façon! plus! importante! que! la! prednisolone.! D’autre!
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part,! ce! traitement! a! également! amélioré! le! tropisme!musculaire!de!mésoangioblastes!

murins!injectés!par!voie!intraEartérielle!(Brunelli!et#al.,!2007).!

De! façon! intéressante,! il! a! été! montré! que! la! restauration! de! production! de! NO! par!

correction! génique! chez! la! souris! mdx! s’accompagnait! d’un! blocage! d’une! histone!

déacétylase! HDAC2! par! nitrosylation.! Il! y! aurait! donc! un! lien! entre! la! dystrophine,! la!

signalisation!de!NO!et!les!HDAC.!Une!activité!plus!importante!des!HDAC!et!notamment!

une!augmentation!de!l’expression!de!HDAC2!est!ainsi!détectée!dans!le!muscle!de!souris!

mdx.!L’inhibition!de!HDAC!à!l’aide!de!siRNA!est!suffisante!pour!reproduire!les!bénéfices!

morphologiques! et! fonctionnels! observés! avec! des! molécules! donneuses! de! NO! ou!

inhibitrices!des!HDAC!(Brunelli!et#al.,!2007).!!

Le! naproxcinod,! une! molécule! combinant! les! propriétés! antiEinflammatoires! du!

naproxen! avec! des! capacités! de! don! de! NO,! améliore! significativement! la! force!

musculaire!et!la!résistance!à!la!fatigue!de!souris!mdx.!Il!réduit!l’inflammation,!la!fibrose!

cardiaque! et! diaphragmatique,! contrairement! à! la! simple!dose!de!naproxen,!montrant!

bien! l’impact! majeur! du! don! de! NO! sur! le! phénotype! dystrophique! (Miglietta! et# al.,!

2015).!!

Les! effets! d’un! dérivé! de! l’ibuprofène,! le! NCX! 320,! ont! été! évalués! sur! la! souris! αE

sarcoglycane!null.!Le!NCX!320!modère!les!lésions!musculaires,!réduit!significativement!

le! taux! de! CK! sérique,! le! nombre! de! fibres! nécrotiques! ainsi! que! les! infiltrats!

inflammatoires.!De!plus,!il!stimule!la!régénération!musculaire!en!augmentant!le!nombre!

de!progéniteurs!musculaires!ce!qui!aboutit!à!une!amélioration!de!la!fonction!musculaire!

globale!(Sciorati!et#al.,!2011).!Un!essai!clinique!de!phase!I!a!montré!la!bonne!tolérance!

d’une!combinaison!d’ibuprofène!avec!un!donneur!de!NO,!l’isosorbide!dinitrate,!chez!des!

patients!DMD,!BMD!et!LGMD!(D’Angelo!et#al.,!2012).!

Les! benzoquinones! possèdent! la! propriété! d’améliorer! la! fonction! mitochondriale! et!!

ainsi! de! diminuer! le! stress! oxydatif.! Le! 2,3EdimethoxyE5EmethylE6E(10Ehydroxydecyl)E

1,4Ebenzoquinone,! autrement! appelé! Idebenone,! permet! de! corriger! les! dysfonctions!

cardiaques!et!de!diminuer! la!mortalité! liée!aux! insuffisances!cardiaques!chez! la!souris!

mdx.!Il!réduit!également!l’inflammation!et!la!fibrose!cardiaque!(Buyse!et#al.,!2009).!Fort!

de! ces! résultats! précliniques,! un! essai! clinique! de! phase! IIa! chez! des! patients! DMD! a!

montré!une!bonne!tolérance!de!l’idebenone!ainsi!qu’une!augmentation!du!pic!systolique!

du! ventricule! gauche.! L’idebenone! améliore! également! la! fonction! respiratoire! des!

patients!traités!avec!un!effet!sur!le!pic!du!flux!expiratoire!(Buyse!et#al.,!2011).!
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Enfin,! un! inhibiteur! de! phosphodiesterase! PDE5A,! le! tadalafil,! diminue! l’ischémie! et!

rétablit!un!flux!sanguin!normal!dans!les!muscles!de!patients!BMD!et!DMD!en!activant!la!

voie!de!signalisation!NOEcGMP!de!façon!dose!dépendante!(Martin!et#al.,!2012;!Nelson!et#

al.,!2014).!Le!tadalafil!agit!également!sur!d’autres!voies!métaboliques!comme!celles!des!

lipides! en! augmentant! le! métabolisme! associé,! la! surexpression! de! PGCE1α,!

l’augmentation!de!la!synthèse!protéique!et!la!réEorganisation!de!l’actine!(De!Arcangelis!

et#al.,!2016).!L'essai!clinique!de!phase!III!du!tadalafil!chez!des!patients!DMD!a!été!arrêté!

en! juin! 2016! en! raison! d'absence! d'efficacité! du! traitement!mais! aucun! résultat! n'est!

pour!l'heure!communiqué!(Eli!Lilly!&!Co,!2016).!

Enfin,! l'administration! combinée! de! LEarginine,! un! précurseur! naturel! du! NO! et! de! la!

metformine,! un! activateur! pharmacologique! de! l'enzyme! nNOS,! chez! des! patients!

ambulatoires! DMD! s'accompagne! d'une! amélioration! clinique! associée! au! niveau! du!

muscle!à!une!réduction!du!stress!oxydatif!lié!à!la!présence!de!ROS!(Hafner!et#al.,!2016).!

!

iii. Augmentation'de'la'masse'musculaire'

L’atrophie! musculaire! causée! par! la! DMD! est! liée! à! l’activation! de! cascades! de!

signalisation! intracellulaire,! et! notamment! l’activation! de! NFEκB! par! la! production! de!

TNFEα! qui! provoquerait! l’expression! d’effecteurs! impliqués! dans! l’atrophie! (Sishi! and!

Engelbrecht,! 2011)! (Figure! 14).! Pour! contrebalancer! cette! perte! musculaire! sévère,!

différentes! équipes! ont! développé! des! approches! destinées! à! stimuler! l’hypertrophie,!

c’estEàEdire!l’augmentation!de!la!masse!musculaire!liée!à!l’augmentation!de!la!taille!des!

fibres!et!non!pas!de!leur!nombre.!L’IGFE1!a!notamment!été!impliqué!dans!ce!phénomène,!

via! l’inhibition! de!médiateurs! de! l’atrophie! que! sont! les! ubiquitinesEligases!MuRF1! et!

MAFbx!(ou!AtroginE1)!(Glass,!2005).!!

!

!

!

!

!

!

!

!

!
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!

    !
Figure, 14., Inhibition, des,
voies, de, signalisation, de,
l’atrophie, par, activation, de,
l’hypertrophie, (Glass,! 2005).!
Sur! la! partie! gauche! est!

représentée! la! voie! de!

signalisation!hypertrophique!de!

l’IGFE1.! Les!molécules! ayant! un!

impact! négatif! sur!

l’hypertrophie! sont! colorées! en!

rouge! tandis! que! celles!

induisant! une! activation! de!

l’hypertrophie! sont! colorées! en!

vert.! Sur! la! partie! droite! est!

représentée! la! voie! de!

signalisation! de! l’atrophie.!

Différentes! perturbations!

peuvent! induire! l’atrophie! et! activer! NFEB! qui! entraîne! une! activation! de! l’ubiquitineEligase! E3!

MuRF1.! Une! seconde! ligase,! MAFbx! est! également! surexprimée! suite! à! son! activation! par! p38.!

L’activation! d’Akt! inhibe! la! surexpression! de! MAFbx! et! de! MuRF1! via! l’inhibition! de! FOXO! et!

également!via!mTOR.!,
! ! ! ! ! ! ! ! ! ! ! ! !

!

L’IGFE1! promeut! la! régénération! en! stimulant! la! prolifération! et! la! différenciation! des!

cellules! progénitrices! musculaires.! Il! favorise! également! la! synthèse! protéique! tandis!

qu'il! inhibe! la! dégradation! des! protéines! en! bloquant! la! transcription! d’ubiquitinesE

ligases.! Les! souris!mdx! exprimant! un! transgène! IGFE1! (mdx/mIGF+/+)! ont! une! masse!

musculaire! augmentée,! une! force!musculaire! améliorée! ainsi! qu’une! diminution! de! la!

fibrose,! notamment! au! niveau! du! diaphragme.! De! plus,! ces! souris!mdx/mIGF+/+! ont!

moins! de! susceptibilité! aux! dommages! contractiles! et! une! réduction! de! la! nécrose!

musculaire!(Barton!et#al.,!2002;!Wagner,!2008).!Le!traitement!postEnatal!de!souris!mdx!

par!injection!sousEcutanée!d’IGFE1!provoque!l’augmentation!de!la!force!musculaire!et!de!

la!résistance!à!la!fatigue!dans!le!diaphragme!(Gregorevic!et#al.,!2002;!Wagner,!2008).!De!

l’IGFE1! recombinant! humain! associé! à! l’IGFE1! binding! protein! 3! est! actuellement! en!

cours!d’essai!clinique!de!phase! II!chez!des!patients!atteints!de!dystrophie!myotonique!

(Wagner,!2008).!!

La!myostatine!est!un!membre!de!la!famille!du!TGFEβ!et!un!régulateur!négatif!endogène!

de! la! croissance! musculaire.! La! perte! de! fonction! de! la! myostatine! entraîne! une!

hypertrophie! massive.! Les! souris! mdx! déficientes! en! myostatine! ont! une! masse!

musculaire! augmentée,! une! force! musculaire! plus! importante! et! une! amélioration!

histologique! de! leur! tissu! musculaire! avec! notamment! une! diminution! de! la! fibrose!
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(Bogdanovich! et# al.,! 2002).! Dans! les! modèles! de! lésions! aïgues,! la! régénération!

musculaire! est! plus! rapide! et! robuste! en! absence! de! myostatine.! La! levée! de! la!

répression! de! la! quiescence! des! précurseurs! musculaires! est! un! mécanisme! d’action!

possible.!Il!a!notamment!été!démontré!in#vitro!que!l’inhibition!de!la!myostatine!par!saut!

d'exon!induisait!une!surexpression!des!facteurs!de!régulation!myogénique!(MRF)!Myf5!

et!myogénine!dans!des! cultures!primaires!de!myoblastes!humains! (Kemaladewi!et#al.,!

2011).! La! modulation! directe! de! la! prolifération! des! fibroblastes! par! la! myostatine!

contribuerait! également! aux! effets! observés! sur! la! fibrose! (Wagner,! 2008).! Certains!

inhibiteurs!de!la!myostatine,!notamment!la!follistatine!ont!été!testés!avec!succès!sur!des!

modèles! animaux.! Cependant,! la! follistatine! agit! également! sur! d’autres! voies,! en!

inhibant!par!exemple! l’activine,! avec!un! impact!global! sur!différents! tissus.!Des! souris!

transgéniques,! exprimant! le! FS! IEI,! un! dérivé! de! la! follistatine,! sous! contrôle! d’un!

promoteur!muscleEspécifique,!présentent!une!augmentation!de! la!masse!et!de! la! force!

musculaire.! Une! hyperplasie! ainsi! qu’une! hypertrophie! sont! également! observées.!

Lorsqu’on!croise!ces!souris!FS! IEI!avec!des!souris!mdx,! les!descendants!présentent!des!

muscles! squelettiques! plus! gros! et! une! diminution! de! l’infiltration! cellulaire.! La! force!

musculaire! de! ces! souris! est! également! augmentée! (Nakatani! et# al.,! 2008).! Il! a! été!

démontré! que! l’utilisation! d’inhibiteurs! des! déacétylases! induit! l’expression! de! la!

follistatine! chez! les! souris! mdx! et! une! meilleure! résistance! des! muscles! aux! cycles!

contractionErelaxation!(Minetti!et#al.,!2006).!Un!essai!clinique!de!phase! I/II!mené!chez!

des!patients!DMD,!BMD!et!LGMD!a!permis!de!démontrer!la!bonne!tolérance!du!MYOE029!

ainsi!que!du!ACEE031,!deux!anticorps!neutralisant! la!myostatine! (Wagner!et#al.,! 2008;!

Campbell! et# al.,! 2016).! Des! approches! combinées! chez! des! souris! mdx,! associant! la!

thérapie!génique!pour!restaurer!la!dystrophine!et!l’inhibition!de!la!myostatine!par!une!

stratégie! d’ARN! interférants! ont! conduit! à! une! augmentation! importante! de! la! force!

tétanique!(Dumonceaux!et#al.,!2010;!Malerba!et#al.,!2012;!RodinoEKlapac!et#al.,!2013).!

Le!TGFEβ1,!un!autre!membre!de!la!famille!du!TGFEβ,!inhibe!également!la!prolifération!et!

la! différenciation! des! précurseurs!myogéniques! et! stimule! la! fibrose! (Massagué! et#al.,!

1986).!In#vitro,!il!présente!une!action!plus!importante!sur!les!myoblastes!et!fibroblastes!

que! les!molécules! précédemment! citées.! Au! contraire! de! la!myostatine,! le! TGFEβ1! est!

surexprimé!dans! les!phases!précoces!de! la!DMD!(Wagner,!2008).!Des!résultats!ont!été!

apportés!concernant!l’efficacité!d’un!inhibiteur!du!récepteur!à!l’angiotensineEII!de!type!

1,!le!losartan,!dans!des!souris!mdx#(Bish!et#al.,!2011).!Le!losartan!réduit!l’expression!du!
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TGFEβ! dans! le! cœur! et! le! rein,! réduit! l’hétérogénéité! de! taille! des! fibres!musculaires,!

diminue! la! fibrose! et! augmente! la! force!musculaire! (Cohn! et#al.,! 2007).! De! nombreux!

patients!DMD!âgés!sont!sous!losartan!afin!de!prévenir!les!atteintes!cardiaques!(Wagner,!

2008).!L’halofuginone,!un! inhibiteur!de! la!synthèse!du!collagène,!agirait!en! inhibant! la!

voie!du!TGFEβ!et!ainsi!inhibe!la!fibrose!et!améliore!la!fonction!cardiaque!des!souris!mdx#

(Turgeman!et#al.,!2008).!

Enfin,! l’activine! A,! un! autre! membre! de! la! famille! du! TGFEβ,! possède! un! effet!

pléiotropique! sur! la! fibrose! et! l’inflammation.! L’introduction! de! l’activine! A! dans! un!

muscle!normal! augmente! l’inflammation!et! l’atrophie.! La!neutralisation!de! l’activine!A!

par! un! anticorps! monoclonal! spécifique! dans! des! muscles! préalablement! lésés! à! la!

cardiotoxine,! augmente! la! dégradation! du! tissu! ainsi! que! le! nombre! de! cellules!

Pax7/MyoD1!positives!ce!qui!indiquerait!une!activation!des!précurseurs!musculaires!et!

induit! un! recouvrement! rapide! des! propriétés! contractiles! du! muscle! avec! une!

restauration!de! la! force!maximale.!L’inhibition!de! l’activine!A!dans! le! cadre!de! lésions!

musculaires!aïgues!accélérerait! le!nettoyage!du!tissu!lésé!et!ainsi!sa!réparation!(Yaden!

et#al.,!2014).!!

!

iv. Surexpression'd’utrophine'

L’utrophine,! comme! indiqué!plus!haut,! est!une!protéine!paralogue!à! la!dystrophine! et!

transcrite! de! façon! ubiquitaire.! Cette! protéine! du!DGC! est! retrouvée! chez! les! patients!

DMD! à! des! taux! élevés! (Khurana! and! Davies,! 2003;! Mizuno! et# al.,! 1993)! et! il! a! été!

démontré! une! corrélation! directe! entre! la! quantité! d’utrophine! présente! dans! le! tissu!

musculaire!de!patients!DMD!et!l’âge!de!perte!totale!de!la!marche!(Kleopa!et#al.,!2006).!La!

principale! différence! entre! l’utrophine! et! la! dystrophine! est! la! répartition! de! leur!

expression!dans! l’organisme.!La!dystrophine!est!exprimée! tout! le! long!du!sarcolemme!

tandis! que! l’utrophine! est! confinée! à! la! jonction! myotendineuse! et! neuromusculaire!

(Miura!and!Jasmin,!2006).!Il!existe!deux!isoformes!de!l’utrophine,!l’isoforme!A!retrouvé!

dans!le!muscle!squelettique!et!l'isoforme!B!exprimé!dans!l’endothelium!vasculaire.!!

L’héréguline,! un! facteur! de! croissance! neuronal,! a!montré! des! capacités! à! stimuler! la!

transcription! de! l’utrophine! par! l’activation! des! facteurs! de! transcription!GABPα! et! β.!

L’administration!d’héreguline!chez! la!souris!mdx!augmente! l’expression!d’utrophine!et!

améliore!le!phénotype!dystrophique.!Des!souris!âgées!de!4!semaines!et!traitées!pendant!

3! mois! présentent! des! niveaux! d’utrophine! trois! fois! supérieur! aux! souris!mdx! non!
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traitées! avec! une! expression! sur! toute! la! longueur! du! sarcolemme! ce! qui! est! d'autant!

plus!intéressant!qu'il!a!été!montré!qu’une!augmentation!de!deux!à!trois!fois!du!niveau!

d’utrophine! présent! dans! la! souris!mdx! était! suffisante! pour! améliorer! le! phénotype!

dystrophique! (Miura! and! Jasmin,! 2006).! L’augmentation! de! l’expression! d’utrophine!

s’accompagne! d’une! réduction! de! la! dégénérescence! musculaire! et! de! l’inflammation!

ainsi! que! d’une! diminution! à! la! sensibilité! aux! dommages! induits! par! la! contraction!

(Miura!and!Jasmin,!2006).!

La! voie!de! signalisation! calcineurineENFAT!a! été!décrite! comme!ayant!un! rôle!dans! le!

contrôle! de! l’expression! de! l’utrophine.! L’introduction! d’un! transgène! contenant! une!

forme! activée! de! la! calcineurine! dans! les! muscles! de! souris! mdx! provoque! une!

augmentation! de! l’expression! d’utrophine! ainsi! qu’une! amélioration! du! phénotype!

dystrophique,! notamment! une! réduction! des! dommages! des! fibres!musculaires,! de! la!

variabilité! de! taille! des! fibres! ainsi! que! de! la! centronucléation.! Ces! souris! présentent!

également! une! diminution! de! l’inflammation! et! une! restauration! de! l’intégrité! du!

sarcolemme! (Miura!and! Jasmin,!2006).! Il! est! important!de!noter!que! l’activation!de! la!

voie!calcineurineENFAT!peut!causer!des!effets!secondaires!importants.!Il!est!notamment!

démontré!que!l’hypertrophie!cardiaque!est!induite!par!cette!voie!de!signalisation!(Miura!

and!Jasmin,!2006).!

L’administration!de!LEarginine,!un!substrat!de!l’enzyme!nNOS!augmente!l’expression!de!

l’utrophine! chez! la! souris! mdx.! Le! niveau! de! NO! semble! réguler! l’expression! de!

l’utrophine!dans! les! fibres!musculaires!dystrophiques!et! ainsi! améliorer! le!phénotype.!

Les! souris! mdx! traitées! à! la! LEarginine! présentent! une! réduction! de! la! nécrose!

musculaire!et!des!dommages!induits!par!la!contraction.!De!la!même!façon,!le!traitement!

au!molsidomine,!un!donneur!de!NO,!produit!des!effets!bénéfiques!similaires!(Miura!and!

Jasmin,!2006).!

Le!SMTC1100,!une!molécule!agissant!sur! le!promoteur!de! l’utrophine!A!et!provoquant!

une! surexpression! d’utrophine,! administrée! oralement! à! des! souris! mdx! induit! un!

remaniement! tissulaire!bénéfique!ainsi!qu'une!augmentation!de! la! force!musculaire!et!

de! la! résistance! à! l’exercice!des! souris! traitées! (Tinsley!et#al.,! 2011).! Cette!molécule! a!

tout! récemment! fait! l'objet! d'un! essai! clinique! de! phase! I! sur! 12! patients! DMD.! Une!

bonne!tolérance!et!une!absence!d'effet!secondaire!majeur!ont!été!rapportées!(Ricotti!et#

al.,!2016).!Une!nouvelle!génération!de!cette!molécule,!le!SMT022357,!produit!des!effets!
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similaires!avec!notamment!une!surexpression!d’utrophine!dans!le!diaphragme!et!dans!le!

cœur!de!souris!mdx!(Guiraud!et#al.,!2015).!

Il! a! été! démontré! que! l’activation! de! la! voie! de! signalisation! liée! à! p38! causait! une!

augmentation! de! l’expression! de! l’utrophine! A! à! l’échelle! du! transcrit! comme! de! la!

protéine.! L’héparine,! molécule! antiEcoagulante,! est! capable! d’activer! la! voie! des!

protéines! kinases! liées! à! p38.! Administrée! à! des! souris! mdx,! elle! a! provoqué! une!

augmentation! significative! de! l’expression! d’utrophine! A! dans! le! diaphragme! et! le!

Tibialis#anterior!des!souris! traitées!ainsi!qu’une!meilleure! intégrité!du!sarcolemme.!Le!

traitement!à!l’héparine!combiné!à!l’administration!de!5EaminoE4Eimidazolecarboxamide!

riboside! (AICAR),! enzyme! ciblant! la! protéine! kinase! activée! par! le! 5’! adénosine!

monophosphate!et!ainsi!stimulant!l’expression!d’utrophine,!conduit!à!un!effet!additif!de!

ces!deux!molécules!(Péladeau!et#al.,!2016).!

!

v. Translecture'du'codon'stop'

Quinze! pourcent! des! patients! DMD! portant! une! mutation! ponctuelle! présentent! un!

codon!stop!prématuré.!Un!moyen! thérapeutique!envisagé!consiste!à! forcer! la! cellule!à!

ignorer!ce!codon!stop!afin!que!la!transcription!et!la!traduction!se!fassent!correctement!

(AartsmaERus!et#al.,!2010;!Pichavant!et#al.,!2011).!!

Historiquement,!les!antibiotiques!de!la!classe!des!aminoglycosides!ont!été!les!premiers!

décrits!comme!provoquant!une!translecture!du!codon!stop.!La!gentamicine!notamment!

a!démontré!son!efficacité! in#vitro!sur!cellules!en!culture!mais!également! in#vivo,!que!ce!

soit! sur! des! modèles! de! souris! ou! des! patients! (BartonEDavis! et# al.,! 1999).! La!

gentamicine! intéragit!directement!avec! la!machinerie! traductionnelle!via! la! sousEunité!

40S! du! ribosome! lorsque! ce! dernier! reconnaît! un! codon! stop.! Cette! interaction! induit!

l’introduction! d’un! acide! aminé! dans! l’ARNm! et! ainsi! autorise! la! poursuite! de! la!

traduction.! Cela! se! produit! particulièrement! avec! des! codons! stop! prématurés! car! la!

séquence!des!nucléotides!entourant!une!mutation!non!sens!et!celle!encadrant!un!codon!

stop! naturel! sont! différentes! (Pichavant! et#al.,! 2011).! La! qualité! de! la! translecture! du!

codon!stop!est!également!déterminée!par! la!nature!du!codon!stop!(TGA,!TAA!ou!TAG)!

(AartsmaERus!et#al.,!2010).!Chez!la!souris!mdx!traitée!à!la!gentamicine,!on!observe!une!

expression!d’environ!20%!de!fibres!dystrophine!positives.!Suite!à!ce!résultat!préclinique!

prometteur,! deux! essais! cliniques! ont! été! conduits! sur! des! patients! DMD! et! BMD.!

Cependant,! les! résultats! ont! été! relativement! modestes! avec! aucune! détection! de!
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dystrophine!postEadministration!(Wagner!et#al.,!2001;!Pichavant!et#al.,!2011).!Un!autre!

essai!rapporte!qu’un!traitement!de!6!mois!à!la!gentamicine!résulte!en!une!restauration!

des!niveaux!de!dystrophine!de!l’ordre!de!13!à!15%!chez!3!des!16!patients!DMD!traités!

(Malik!et#al.,!2010).!Ces!résultats!différents!entre!la!souris!et!l’homme!peuvent!être!liés!à!

la!présence!d’isomères!de!la!gentamicine,!qui!ne!possèdent!pas!une!efficacité!similaire.!

Les! lots! de! gentamicine! correspondant! à! un!mélange! de! différents! isomères,! certains!

d'entre!eux!peuvent!présenter!une!efficacité!moindre!(Howard!et#al.,!2004;!Pichavant!et#

al.,! 2011).! De! façon! majeure,! il! a! été! démontré! qu’un! traitement! chronique! à! la!

gentamicine!peut!conduire!à!une!toxicité!rénale!et!de! l’oreille! interne!(AartsmaERus!et#

al.,!2010;!Pichavant!et#al.,!2011).!Les!effets!variables!ainsi!que!la!toxicité!potentielle!de!la!

gentamicine!limitent!grandement!ses!applications!cliniques.!

Récemment,! un! autre! membre! de! la! famille! des! antibiotiques! aminoglycoside! a! été!

proposé! comme! alternative! à! la! gentamicine,! la! négamycine.! Cette! dernière! restaure!

également!la!dystrophine!dans!le!muscle!cardiaque!et!squelettique!de!souris!mdx!et!est!

par!ailleurs!beaucoup!moins!toxique!que!la!gentamicine!(Arakawa!et#al.,!2003;!Taguchi!

et#al.,!2012;!Hamada!et#al.,!2015).!

Afin!de!diminuer!les!effets!secondaires!majeures!de!la!gentamicine,!un!nouveau!produit!

a! été! développé! par! PTC! Therapeutics,! le! PTC124! appelé! également! Ataluren®.! Il! est!

présumé!fonctionner!de!façon!similaire!à!la!gentamicine,!à!ceci!près!qu’il!se!lie!à!la!sousE

unité! 60S! du! ribosome! (Welch! et# al.,! 2007;! Pichavant! et# al.,! 2011).! L’Ataluren! a! été!

identifié!sur!sa!capacité!à!augmenter!la!translecture!du!codon!stop!UGA!(Wilton,!2007).!

Des!études!précliniques!ont!montré!une!restauration!de!la!dystrophine!sur!des!cellules!

en!culture!et!chez! la!souris!mdx!avec!20%!à!25%!de! fibres!dystrophine!positives!chez!

cette! dernière! (Welch! et# al.,! 2007;! Wilton,! 2007;! Pichavant! et# al.,! 2011).! La! bonne!

tolérance!au!produit!a!été!démontrée!dans!le!premier!essai!clinique!de!phase!I!suivi!par!

trois!essais!de!phase!II!sur!des!patients!DMD.!Dans!l’essai!de!phase!IIa!qui!s’est!déroulé!

sur!une!période!de!4!semaines,!aucun!effet!sur!la!fonction!musculaire!n’a!été!testé!mais!

il!a!été!montré!une!augmentation!de!l’expression!de!dystrophine!de!11%!après!28!jours!

de! traitement! (Finkel! et#al.,! 2013).! Un! essai! clinique! de! phase! IIb! sur! une! durée! plus!

longue!de!48!semaines!a!été!mis!en!place!avec!un!groupe!traité!à!haute!dose!de!PTC124!

et!un!groupe!à!faible!dose.!Aucune!différence!n’a!pu!être!mise!en!évidence!entre!les!deux!

groupes!et!le!groupe!placebo!en!ce!qui!concerne!la!fonction!musculaire,!évaluée!grâce!au!

test! de! 6! minutes! de! marche.! Une! des! hypothèses! avancées! est! que! le! niveau! de!
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dystrophine!n’est!pas!suffisant!pour!induire!une!différence!significative!dans!la!fonction!

musculaire! (AartsmaERus! et#al.,! 2010).! L’étude! de! confirmation! a! été! réalisée! sur! 110!

patients!DMD!en!évaluant!leur!réponse!au!test!de!6!minutes!de!marche.!Il!a!été!rapporté!

une! plus! grande! distance! parcourue! dans! le! groupe! sous! ataluren,! qui! ne! devient!

significative!que!si!l’on!considère!le!sousEgroupe!capable!de!parcourir!entre!300!et!400!

m!(Péréon,!2016,!communication!personnelle).!!Enfin,!il!est!important!de!noter!que!seul!

10%!des!patients!DMD!possèdent!des!mutations!non!sens!et!seraient!donc!éligibles!pour!

pareil! traitement! (Wilton,! 2007).! En! février! 2016,! la! Food! and!Drug!Administration! a!

refusé!l’autorisation!de!mise!sur!le!marché!de!l’Ataluren!(PTC!Therapeutics,!2016).!

Récemment,! un! nouveau! composé! nommé! RTC13! a! été! testé! pour! induire! une!

translecture!du!codon!stop!avec!une!moindre!toxicité!que!la!gentamicine!(AartsmaERus!

et# al.,! 2010).! Administré! en! intramusculaire! à! des! souris! mdx,! il! ne! présente! pas!

d’activité! majeure! in# vivo.! En! revanche,! administré! par! voie! générale,! il! permet! une!

restauration! de! la! dystrophine,! une! augmentation! de! la! force!musculaire! ainsi! qu’une!

diminution!du!taux!de!CK!sérique!(Kayali!et#al.,!2012).!!

!

b. Traitements'par'thérapie'génique''

La! thérapie! génique! repose! sur! la!modification! du! patrimoine! génétique! des! patients!

dans!le!but!de!restaurer!l’expression!de!dystrophine.!

i. Saut'd’exon'

Le! saut! d’exon! consiste! à! utiliser! des!molécules! antisens! qui! vont! interférer! avec! les!

signaux! d’épissage,! permettant! un! saut! des! exons! mutés! et! ainsi! conduire! à! une!

restauration! du! cadre! de! lecture! (Figure! 15).! La! dystrophine! sera! produite! de! façon!

tronquée!mais! fonctionnelle,! conduisant! à! une! évolution! du! phénotype! DMD! vers! un!

phénotype! BMD.! Théoriquement,! cette! technique! de! simple! et! de! double! saut! d’exon!

permettrait!de!cibler!83%!des!patients!DMD!(AartsmaERus!et#al.,!2009).!Cependant,!si!on!

considère! le! saut!de! l’exon!51,!mutation! la!plus! courante! chez! les!patients!DMD,! cette!

méthode!ne!touchera!que!10%!des!patients!(Aoki!et#al.,!2013).!
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     !
Figure, 15., Principe, du, saut, d’exon,
dans,la,DMD,(Pichavant!et#al.,!2011).!
(a)! L’absence! de! l’exon! 50! dans! le!

gène! de! la! dystrophine! aboutit! à! un!

décalage! du! cadre! de! lecture! dans!

l’ARNm! créant! un! codon! stop!

prématuré!dans! l’exon!51!et!un!arrêt!

de! la! traduction.! (b)! En! utilisant! un!

oligonucléotide! antisens! (AO)! ciblant!

l’exon! 51,! ce! dernier! sera! sauté!

durant! l’épissage.! Ceci! restaure! le!

cadre! de! lecture! du! transcrit! et!

permet! la! synthèse! d’une! protéine!

dystrophine! tronquée! mais!

fonctionnelle.!
! ! ! ! ! !

!

Les! molécules! utilisées! sont! de! petits! ARN! ou! ADN! synthétiques! modifiés! appelés!

oligonucléotides! antisens! (AO)! capables! de! se! lier! de! façon! spécifique! à! des! sites!

exoniques! ou! introniques! du! préEARNm.! On! distingue! deux! types! d’AO!:! 2’EOEmethylE

phosphorothioate!(2OMP)!et!phosphorodiamidate!morpholino!oligomer!(PMO).!

!2’&O&methyl&phosphorothioate,(2OMP),

Le! 2OMP! contient! environ! 20! nucléotides! et! est! obtenu! en! modifiant! la! synthèse!

classique! d’oligonucléotides,! de! sorte! de! les! rendre! plus! résistants! aux! nucléases,!

d'augmenter! leur!affinité!pour! l’ARN,!d'améliorer! leurs!propriétés!pharmacocinétiques!

et!de!prévenir!un!clivage!de!l’hybride!ARN:ARN!par!la!RNase!H!(Pichavant!et#al.,!2011).!

Différents! 2OMPs! ont! été! testés! avec! succès! dans! des!myotubes! de! patients! DMD.! En!

parallèle,!des!2OMPs!ciblant!l’exon!23!ont!été!testés!chez!la!souris!mdx.!L’administration!

IM!et!systémique!chez!ce!modèle!conduit!à!une!restauration!de!la!dystrophine!dans!les!

muscles!(BremmerEBout!et#al.,!2004;!Heemskerk!et#al.,!2010),!tandis!qu'un!faible!niveau!

d’expression!dans! le! cœur!est! retrouvé!après! injection!systémique.!L’injection! répétée!

de!2OMP!conduit!à!une!meilleure!efficacité!du!produit!sans!augmenter!sa! toxicité.!Les!

administrations! sousEcutanées! quant! à! elles,! semblent! conduire! à! une! meilleure!

pharmacocinétique! que! les! deux! autres! types! d’injections! (Heemskerk! et# al.,! 2010;!

Pichavant!et#al.,!2011).!Une!équipe!a!développé!le!2’EF!phosphorothioate!(2FPS)!à!partir!

d’un!2OMP.!Si!l’efficacité!du!2FPS!est!plus!importante!dans!les!cellules!humaines!in#vitro,!

elle!est!nulle!après!administration!dans! le!modèle!mdx!avec!en!plus!une!augmentation!

de!la!taille!de!la!rate!ainsi!qu’une!perte!de!poids!des!souris!traitées!(Jirka!et#al.,!2015).!!!
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Après!ces!résultats!prometteurs,!un!essai!clinique!sur!4!patients!DMD!a!été!lancé!avec!le!

produit!PRO051/GSK2402968,!composé!de!deux!2OMPs!ciblant! l’exon!51.!Les!muscles!

injectés!présentent!64!à!97%!de!fibres!dystrophine!positives.!Aucun!effet!secondaire!n’a!

été! observé! (van! Deutekom! et# al.,! 2007).! L’essai! clinique! de! phase! I/IIa! a! permis! de!

démontrer! l’efficacité!de!l’administration!sousEcutanée!chez!12!patients!DMD!avec!une!

expression!de!dystrophine!dans!60!à!100%!des!fibres!musculaires.!Après!12!semaines!

de!traitement,!il!a!été!rapporté!une!augmentation!de!35!mètres!parcourus!durant!le!test!

de! 6! minutes! de! marche! chez! les! patients! traités! (Goemans! et# al.,! 2011).! Un! essai!

clinique!de!phase!II,!dans!lequel!le!même!AO,!appelé!Drisapersen,!a!été!administré!par!

voie!sousEcutanée,!a!montré!une!bonne!tolérance!chez!les!patients!et!une!réEexpression!

de!la!dystrophine!de!façon!dose!dépendante.!A!25!semaines!de!traitement,! le!test!de!6!

minutes!de!marche!a!montré!une!différence!significative!entre! les!groupes!de!patients!

traités!et!non!traités!avec!31,5!m!de!plus!de!parcouru!par!les!patients!sous!Drisapersen.!

Cependant,!cette!différence!n’est!plus!significative!à!49!semaines!(Kole!and!Krieg,!2015).!

Un!essai!clinique!de!phase!III!a!été!mené!sur!186!patients!DMD!soumis!à!une!dose!de!6!

mg/kg/semaine! pendant! 48! semaines.! Cette! étude! n’a! montré! aucune! différence!

significative!entre! les!groupes!traités!et!placebo!au!test!du!6!minutes!de!marche!(Kole!

and!Krieg,! 2015).!Un! essai! clinique! réalisé! au! long! terme! sur!12!patients!DMD! traités!

avec!6mg/kg/semaine!a!mis!en!évidence!une!amélioration!des!résultats!obtenus!au!test!

de! 6!minutes! de!marche! avec! 64!mètres! de! plus! parcourus! par! les! 8! patients! encore!

ambulants!après!plus!de!3!ans!de!traitement!(Goemans!et#al.,!2016).!Une!étude!récente!a!

évalué!l’effet!de!la!dose!de!drisapersen!sur!des!patients!DMD!non!ambulatoires!avec!des!

doses!comprises!entre!3!et!12!mg/kg.!A!3!et!6!mg/kg,!des!doses!simples!de!drisapersen!

n’induisent!pas!de!problème!de!sécurité!ou!de!tolérance!par!les!patients.!Cependant,!à!9!

mg/kg,! une! augmentation!de! l’inflammation! est! observée! (Flanigan!et#al.,! 2014).! Tout!

récemment,! la! FDA! a! refusé! l’autorisation! de! mise! sur! le! marché! du! Drisapersen!

(Anderson,!2016).!Une!nouvelle! classe!d’AONs! composés!de! tricycloEADN!a!également!

été!décrite!récemment,!les!tcDNAEAONs.!Administrés!en!systémique!chez!la!souris!mdx,!

ils!permettent!une!forte!restauration!de!dystrophine!dans!les!muscles!squelettiques,! le!

cœur!et!plus!modestement!dans!le!cerveau.!Un!impact!fonctionnel!sur!la!sphère!cardioE

respiratoire!est!également!démontré!(Goyenvalle!et#al.,!2015).!!

Phosphorodiamidate,morpholino,oligomer,(PMO),
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Les! PMOs,! également! appelés! morpholinos,! sont! également! obtenus! en! modifiant! la!

synthèse!des!oligonucléotides.! Leur! ribose! est! remplacé!par!un! anneau!morpholine! et!

l’oxygène! présent! dans! la! liaison! phosphodiester! est! remplacé! par! un! atome! de!

nitrogène.!Ces!modifications!permettent!au!PMO!d’être!biologiquement!stable!et!d’avoir!

des!propriétés!antisens.!L’exon!23!de!la!souris!mdx!a!été!la!première!cible!testée!avec!ce!

type! de! produit.! Une! restauration! de! la! dystrophine! est! observée! dans! les! muscles!

traités! après! administration! par! voie! intramusculaire! de! morpholinos! et! dans! des!

nombreux!muscles!après!administration!systémique!ou!intrapéritonéale!(Fletcher!et#al.,!

2006).! Une! restauration! partielle! de! la! dystrophine! dans! le! cœur! de! souris!mdx! est!

également!montrée!mais! les! doses! utilisées! sont! 50! fois! supérieures! à! celles! choisies!

pour! traiter! le!muscle! squelettique.! Des! études! long! terme! sur! un! an! ont!montré! que!

l’injection! systémique! répétée! de! morpholinos! à! des! doses! de! 5! à! 50! mg/kg! chez! la!

souris!mdx! s’accompagnait! d’une! amélioration! significative! de! la! pathologie! et! d’une!

normalisation! de! la! locomotion! sans! aucun! signe! de! toxicité! rénale! ou! hépatique!

(Malerba!et#al.,!2011).!Un!morpholino!administré!en!IV!chez!le!chien!GRMD!a!permis!une!

expression! de! dystrophine! dans! 25%! des! fibres! musculaires! avec! une! amélioration!

globale!de!la!fonction!musculaire.!Aucun!signe!de!toxicité!n’a!été!rapporté!(Yokota!et#al.,!

2009;!Pichavant!et#al.,!2011).!!

Pour! améliorer! l’entrée! des! PMO! dans! les! cellules,! ils! peuvent! être! conjugués! à! des!

peptides!ou!d’autres!composés.!L'injection!locale!et!systémique!chez!la!souris!mdx!d'une!

solution!de!PMO!diluée!dans!du!fructose!permet!une!expression!de!dystrophine!4,25!fois!

supérieure!à!celle!observée!après!l'injection!de!PMO!seul!(Cao!et#al.,!2016).!

L’administration!d’un!morpholino!conjugué!à!une!octaguanidine!dendrimérique!(VivoE

Morpholino)!est!efficace!pour!restaurer!la!dystrophine!dans!les!muscles!de!souris!mdx!

ou! de! chiens! dystrophiques.! Des! injections! répétées! conduisent! à! une! expression! de!

dystrophine! de! 100%! dans! les! fibres! musculaires! dans! de! nombreux! muscles!

squelettiques! sans!détection!particulière! de! réponse! immune! (Yokota!et#al.,! 2012).! La!

restauration! de! la! dystrophine! dans! le! cœur! atteint! 30%! (Jearawiriyapaisarn! et# al.,!

2008).! Les! PMOs! conjugués! avec! des! peptides! riches! en! arginine,! appelés! pPMOs,!

provoquent!une!excellente!restauration!de! la!dystrophine!chez! la!souris!mdx#ainsi!que!

chez!la!double!mutante!utrophineE/E!mdx,!avec!chez!cette!dernière!une!diminution!de!la!

faiblesse! musculaire,! une! amélioration! histopathologique! et! une! espérance! de! vie!

passant! de! 15! semaines! à! un! an! (Pichavant! et# al.,! 2011).! Un! heptapeptide! ciblant! le!
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muscle!(MSP)!fusionné!avec!un!peptide!riche!en!arginine!(BEpeptide)!et!conjugué!à!un!

PMO,!appelé!BEMSPEPMO,!a!montré!une!efficacité!en!restaurant!la!dystrophine!dans!les!

muscles! de! souris!mdx.! Administré! deux! fois! par! semaine! en! IV! à! 6! mg/kg! pendant!

douze! semaines,! il! conduit! à! une! expression! de! dystrophine! de! 100%!dans! différents!

muscles!à!l’exception!notable!du!cœur.!Si!ces!pPMO!sont!bien!tolérés!chez!la!souris!mdx!

ils! provoquent! cependant! une! dégénérescence! tubulaire! du! rein! après! administration!

une! fois! par! semaine! chez! le! primate! non! humain! à! une! dose! de! 9!mg/kg! pendant! 4!

semaines!(Pichavant!et#al.,!2011).!

Le!morpholino,! AVIE4658! ou! Eteplirsen,! a! été! administré! par! voie! IM! chez! 7! patients!

DMD!présentant!une!mutation!dans!l’exon!51.!Deux!patients!ont!été!traités!avec!la!faible!

dose,!correspondant!à!0,09!mg,!et!5!avec!la!forte!dose,!0,9!mg.!Seuls!les!patients!ayant!

reçu!la!forte!dose!produisent!de!la!dystrophine!alors!que!le!phénomène!de!saut!d’exon!

est!observé!par!RTEPCR!chez!tous!les!patients.!Chez!les!patients!traités!à!haute!dose,!les!

muscles! injectés! présentent! de! 44! à! 79%! de! fibres! exprimant! la! dystrophine.! Aucun!

signe!de!toxicité!n’a!été!montré!(Kinali!et#al.,!2009).!Un!essai!de!phase!IIb!réalisé!sur!19!

patients! DMD! traités! par! voie! IV! a! montré! une! augmentation! de! l’expression! de!

dystrophine!mais!une!absence!d’amélioration!au!test!de!6!minutes!de!marche!(Kole!and!

Krieg,!2015)! tandis!qu'une!étude! long! terme!a!mis!en!évidence!une!stabilisation!de! la!

capacité!ambulatoire!après!36!mois!de!traitement!(Mendell!et#al.,!2016).!

Une!approche!combinée,!utilisant!un!cocktail!d'oligonucléotides!composés!de!PMO!et!de!

2OMP! réalisée! chez! le! chien! CXMDJ! a! révélé! une! restauration! de! l'expression! de! la!

dystrophine!après!administration!locale!et!systémique!(Miskew!Nichols!et#al.,!2016).!

!

ii. Expression'de'miniE'et'microEdystrophine''

Le!gène!dystrophine!ayant!une! taille!particulièrement! importante,! il!n’est!pas!possible!

de!transférer!la!totalité!de!la!séquence!codante.!De!fait,!le!transfert!de!portions!du!gène,!

appelé!miniEdystrophine!(mDYS)!ou!microEdystrophine!(μDys)!est!envisagé!en!utilisant!

des! vecteurs! viraux! ou! en! employant! l’ADN! nu! (Harper! et# al.,! 2002;! Pichavant! et# al.,!

2011)!!

Adéno&associated,virus,ou,AAV,

Les! adénoEassociated! virusE1! et! 2! (AAVE1,! 2)! portant! une! μDys! injectés! en! IM! chez! la!

souris!mdx!ont!permis!une!expression!de!dystrophine!dans!80%!des!fibres!et!conduit!à!

une!restauration!du!DGC!ainsi!qu’une!diminution!des!atteintes!histologiques!(Fabb!et#al.,!
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2002;!Harper!et#al.,!2002).!L’administration!systémique!d’un!AAV6!mDYS!réalisée!chez!

la!souris!mdx!et!la!double!mutante!utrnE/E!mdx!a!aussi!conduit!à!une!expression!diffuse!et!

importante! de! la! protéine! exogène,! une! amélioration! de! la! fonction! du! muscle!

squelettique! ainsi! qu’une! augmentation! de! l’espérance! de! vie! (Gregorevic! et#al.,! 2004,!

2006).! L’utilisation! des! vecteurs! AAV! a! également! été! testée! sur! des! modèles! gros!

animaux.!Les!AAV6!et!8!ont! été!administrés! chez! le! chien!GRMD!mais!ont!généré!une!

réponse!immune!contre!la!capside.!L’injection!IM!d’AAV2/8!mDys!canine!sous!contrôle!

d’un!promoteur!muscleEspécifique!conduit!à!une!forte!expression!de!dystrophine!chez!le!

chien! CXMDj! pendant! 8! semaines! sans! aucune! réponse! immunitaire! détectée.! D’autre!

part,! les!muscles! sont!protégés!des!dommages! liés! à! la! contraction! et! on!observe!une!

diminution! de! la! perméabilité! des! fibres! et! de! la! centronucléation! (Koo! et# al.,! 2011).!

L’injection!IV!d’un!AAV9!mDys!humaine!à!une!concentration!de!1,5.1014!vecteur/kg!chez!

4! chiens! GRMD! a! conduit! à! une! expression! de! dystrophine! de! 15! à! 100%! des! fibres!

musculaires.!Cependant,!une!forte!inflammation!a!été!observée!dans!différents!muscles!

pelviens,!pouvant!être!liée!à!l’utilisation!d’un!promoteur!CMV!ubiquitaire,!induisant!une!

expression! beaucoup! trop! importante! d’une! protéine! xénogénique! (Kornegay! et# al.,!

2010).! Une! autre! équipe! a! injecté! en! IM! un! AAV9! à! une! dose! plus! faible,! 2,6.1013!

vecteur/muscle.! Une! expression! robuste! de! dystrophine! a! été! observée! malgré! une!

infiltration! de! cellules! T.! Les! muscles! traités! présentaient! également! moins!

d’inflammation,! de! fibrose! ou! de! calcification.! Le! traitement! préserve! par! ailleurs! la!

force!musculaire!(Shin!et#al.,!2013).!!

Il! a! également! été! rapporté! une! efficacité! de! la! combinaison! des! techniques! de! saut!

d’exon!précédemment!décrites!et!de!transfert!de!gène!par!AAV.!L’AAV1!codant!le!petit!

ARN! nucléaire! U7! ou! U1! administré! chez! la! souris!mdx! conduit! à! une! expression! de!

dystrophine! trois! mois! à! un! an! après! les! injections! (Pichavant! et# al.,! 2011).!

L’administration! IM! d’un! AAV2! portant! la! séquence! d'un! snRNA! modifié! U7! chez! la!

souris!mdx! conduit! à! une! expression! de! dystrophine,! une! restauration! du! DGC! ainsi!

qu’une! meilleure! sensibilité! des! muscles! traités! à! l’exercice! (Goyenvalle! et# al.,! 2004,!

2009).!L’efficacité!de!cette!technique!a!également!été!démontrée!chez!le!chien!GRMD!en!

utilisant! un! AAV1EU7! (Vulin! et# al.,! 2012)! ou! un! AAV8EU7! (Le! Guiner! et# al.,! 2014)! en!

injection! IM! et/ou! perfusion! de! membre! avec! l'observation! d'une! restauration! de!

dsytrophine,!une!correction!partielle!de!la!force!musculaire!ainsi!qu’une!amélioration!de!

l’architecture!musculaire.!!
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Lentivirus,

Injecté!en!IM!chez!la!souris!mdx,!le!lentivirus,!virus!à!ARN!simple!brin!enveloppé!!dont!la!

capacité! d’encapsidation! est! limitée! à! la! taille! de! la!mDYS,! ! induit! une! expression! de!

dystrophine!dans!65%!des!fibres,!conduisant!à!une!augmentation!de!la!force!musculaire!

et!à!la!protection!contre!les!dommages!induits!par!les!cycles!de!contraction!(Meregalli!et#

al.,!2008).!Le!lentivirus!est!également!capable!de!transduire!les!cellules!satellites,!car,!à!

la!différence!de!l’AAV,!il!peut!pénétrer!dans!le!noyau!des!cellules!quiescentes!(Kobinger!

et#al.,!2003;!Kimura!et#al.,!2010).!Malgré!des!résultats!intéressants!sur!les!modèles!petits!

animaux,! aucune! étude! n’est! disponible! sur! des! modèles! gros! animaux.! De! plus,!

l’intégration! aléatoire! des! vecteurs! lentiviraux! prédispose! à! la! genèse! de! tumeurs!

(Pichavant!et#al.,!2011).!

!

iii. Utilisation'des'méganucléases,'zinc'finger'nucléases'et'CRISPR'

Une! alternative! aux! oligonucléotides! pour! restaurer! le! cadre! de! lecture! de! la!

dystrophine!consiste!à!utiliser!des!enzymes!qui!vont!créer!une!cassure!du!double!brin!

d’ADN! à! la! fin! d’un! exon! qui! précède! une! délétion! ou! au! début! d’un! exon! qui! suit! la!

délétion.! Cette! cassure! peut! être! induite! par! des! méganucléases,! des! zinc! finger!

nucléases!(ZFN),!des!TALENs!ou!encore!des!CRISPR.!!

Les!méganucléases! sont! des! endonucléases! séquenceEspécifique! qui! reconnaissent! un!

site! unique! long! (412! pb)! dans! les! cellules! vivantes.! Elles! peuvent! induire! des!

recombinaisons! homologues.! Elles! ont! été! testées! sur! des!myoblastes! immortalisés! et!

permettent!ainsi!l’expression!de!dystrophine!(Chapdelaine!et#al.,!2010;!Popplewell!et#al.,!

2013;!Rousseau!et#al.,! 2011).!Testés! sur!des!myoblastes!de!patients!DMD,! les!ZFN!ont!

conduit!à!une!délétion!de!l’exon!51!(Rousseau!et#al.,!2011).!Ces!myoblastes!transplantés!

chez!la!souris!immunodéficiente!ont!été!capables!de!produire!une!dystrophine!humaine!

localisée!à!la!membrane!sarcolemmale!(Ousterout!et#al.,!2015).!

Les! nucléases! effectrices! activant! la! transcription! ou! TALENs! présentent! une! plus!

grande!flexibilité!que!les!méganucléases.!L’efficacité!de!cet!enzyme!a!été!testée!sur!des!

iPSCs!humaines!pour!réaliser!des!knockEin!de!gènes!rapporteurs,!du!knockEout!et!de!la!

correction! génique! (Hockemeyer! et# al.,! 2012;! Ding! et# al.,! 2013).! Des! myoblastes!

immortalisés! ont! également! été! utilisés! pour! restaurer! la! dystrophine! grâce! à! cette!

technologie!(Ousterout!et#al.,!2013).!Ces!enzymes!présentent!un!effet!offEtarget!limité!(Li!

et#al.,!2015).!
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Les!petites!répétitions!palindromiques!en!cluster!régulièrement!espacés!ou!CRISPR!ainsi!

que! le! système! endonucléase! 9! associé! au! CRISPR! (Cas9)! sont! également! davantage!

flexible!que!les!méganucléases.!Testés!in#vivo!chez!la!souris!mdx,! les!CRISPR/Cas9!sont!

capables! de! restaurer! la! dystrophine! dans! les! myofibres,! les! cardiomyocytes! et! les!

cellules! souches! musculaires,! de! restaurer! également! le! DGC,! de! normaliser! les! flux!

calciques! et! d’augmenter! la! force! musculaire! des! souris! traités! (Xu! et# al.,! 2016;!

Tabebordbar!et#al.,!2016;!Nelson!et#al.,!2016).!Ces!enzymes!présentent!un!effet!offEtarget!

limité!(Li!et#al.,!2015).!

!

!
!

Les! résultats! relativement! décevants! des! essais! utilisant! le! PTC124! ou! la! miniE

dystrophine!limitent!grandement!le!développement!de!ces!deux!stratégies!tandis!que!le!

saut! d’exon! apparaît! aujourd’hui! comme! la! technique! la! plus! prometteuse! de! celles!

décrites!ciEdessus.!Cependant,!son!efficacité!reste!encore!à!établir!de!façon!poussée.!En!

revanche,! les! traitements!pharmacologiques!ont!permis!une!amélioration!de! la!qualité!

de!vie!ainsi!que!de!l'espérance!de!vie!des!patients,!sans!toutefois!apporter!de!solutions!

curatives.! Il! apparaît! que! l'impact! de! l'utilisation! d'une! seule! stratégie! thérapeutique!

semble!limité!ce!qui!conforte!l'idée!de!combinaisons!de!traitements!pharmacologiques,!

de!thérapie!génique!et/ou!cellulaire!afin!de!prétendre!à!une!meilleure!efficacité.!!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!



!

! 55!

Chapitre!3. Candidats!cellulaires!à!la!mise!en!place!d’une!
thérapie!pour!les!dystrophies!musculaires!

I. Caractéristiques!générales!attendues!pour!un!candidat!cellulaire!
La! thérapie! cellulaire! consiste!à!administrer!au!patient!des! cellules! saines!ou!malades!

préalablement! corrigées! ex# vivo,! afin! de! pallier! à! l'anomalie! génétique.! Dans! le! but!

d’obtenir!une!efficacité!thérapeutique!intéressante!dans!le!cadre!de!la!DMD,!un!certain!

nombre!de!critères!ont!été!définis!auxquels!le!candidat!cellulaire!doit!répondre!(Meng!et!

al.,!2011a).!

Il! doit! tout! d’abord! être! facilement! isolable! et! cultivable! in# vitro! sans! perdre! ses!

propriétés.! En! effet,! la! quantité! en! général! limitée! de! cellules! souches! présente! dans!

l'organisme! rend! nécessaire! des! étapes! d’amplification! in# vitro! afin! d’obtenir!

suffisamment!de!cellules!à!injecter!au!patient.!La!pathologie!touchant!la!totalité!du!tissu!

musculaire!réparti!sur!l'ensemble!du!corps,!l’agent!doit!également!être!administrable!de!

façon! systémique! si! on! considère! un! traitement! corps! entier.! Cela! sousEentend! que!

l'agent!est!capable!de!survivre!dans!la!circulation!sanguine,!de!rejoindre!le!tissu!cible!et!

de!s’y!intégrer.!Ainsi,!le!candidat!cellulaire!doit!disposer!d'une!capacité!de!migration!in#

vivo,!de!survie!au!sein!du!tissu!cible!et!de!prolifération!afin!de!se!maintenir!dans!le!tissu.!

La!cellule!candidate!doit!également!présenter!une!capacité!à!régénérer!le!tissu!lésé!en!se!

différenciant! en! cellules! musculaire! afin! de! remplacer! les! fibres! endommagées! et! à!

reconstituer!le!stock!de!cellules!satellites!pour!stabiliser!le!tissu!sur!le!long!terme!(Meng!

et!al.,!2011a).!Enfin,!elle!doit!être!immunoEprivilégiée!de!sorte!de!présenter!un!taux!de!

survie! élevé! et! de! limiter! l'usage! de! traitements! immunosuppresseurs! connus! comme!

possédant! de! nombreux! effets! indésirables.! D'autre! part,! elle! ne! doit! pas! présenter!

d'anomalies! cytogénétiques! consécutivement! au! temps! passé! en! culture,! lesquelles!

peuvent!conduire!à!une!tumorogénicité!(Meng!et!al.,!2011a).!

II. Définition!et!classification!des!cellules!souches!
1. Définition!

Le!terme!de!cellule!souche!désigne!une!cellule!capable!de!se!diviser!pendant!une!période!

indéfinie.! Sous! l'influence! de! signaux! appropriés,! elle! peut! générer! différents! types!

cellulaires!différenciés!d'un!organisme.!
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On! distingue! les! cellules! souches! embryonnaires! des! cellules! souches! adultes.! Les!

cellules!souches!embryonnaires!ou!cellules!ES!sont!des!cellules!pluripotentes!dérivées!

de! la!masse! interne!du!blastocyste.! Elles!peuvent! être! amplifiées! in#vitro! dans!un! état!

indifférencié!en!conservant!leur!potentiel!pluripotent!(Baharvand!and!Matthaei,!2003).!

Elles!ne!seront!pas!détaillées!dans!ce!manuscrit.!Plus!récemment,!des!cellules!souches!

ont!été!obtenues!par!reprogrammation!de!cellules!adultes!différenciées,!les!fibroblastes,!

pour! donner! des! cellules! appelées! iPSC! pour! cellules! souches! pluripotentes! induites!

(Takahashi! and! Yamanaka,! 2006).! Les! cellules! souches! adultes,! contrairement! aux!

cellules!souches!embryonnaires,!sont!d'origine!inconnue!pour!la!plupart,!quelque!soit!le!

tissu! adulte! à! partir! duquel! elles! sont! isolées! (Kirschstein! and! Skirboll,! 2001).! On! les!

retrouve! dans! un! large! nombre! de! tissus! et! d’organes! qui! sont! détaillés! dans! les!

paragraphes! ciEdessous! (Figure! 16).! Elles! sont! pour! la! plupart! quiescentes! dans!

l’organisme!et!ne!s’activent!que!lorsque!des!signaux!chimiques!sont!libérés,!comme!dans!

le!cas!d’une!lésion!tissulaire!(Jankowski!et#al.,!2002a).!!

!

!

!

!

!

!

      !
Figure,16.,Origine,des,cellules,souches,adultes,
utilisées, pour, la, régénération, musculaire.,
(Tedesco! et# al.,! 2010).! La! source! des! principales!
catégories!de!cellules!souches!adultes!est!indiquée!

ainsi! que! la! reprogrammation! éventuelle! de!

cellules!du!derme!en! iPSC.!Une! fois! obtenues,! ces!

cellules! peuvent! être! caractérisées,! amplifiées,!

corrigées!génétiquement!et!transplantées.!
! ! ! ! ! ! !

!
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2. Classification!des!cellules!souches!
Les! cellules! souches! sont! définies! par! deux! caractéristiques! majeures! que! sont! la!

différenciation!multiElignage!et!l'autoErenouvellement.!

!

Différenciation#multi3lignage#

La! diversité! des! types! cellulaires! générés! par! une! cellule! qui! définit! son! potentiel! de!

différenciation! permet! de! positionner! celleEci! en! cellule! totipotente,! pluripotente,!

multipotente,!progénitrice!ou!finalement!en!précurseur!(Figure!17).!!

Cellules!totipotentes!:!il!s'agit!de!la!première!cellule!de!l'organisme,!le!zygote.!Ce!dernier!

possède! la! capacité! de! se! différencier! en! n'importe! quel! type! cellulaire! y! compris! les!

annexes!embryonnaires!responsables!de!la!formation!du!placenta!et!ainsi!de!générer!un!

organisme!entier.!

Cellules!pluripotentes!:!à!partir!du!stade!32!cellules,!la!masse!interne!du!blastocyste!est!

composée!de! cellules!dites!pluripotentes! c'estEàEdire!qu'elles!peuvent!donner! les! trois!

feuillets! de! l’embryon! que! sont! l’ectoderme,! le! mésoderme! et! l’endoderme,! mais! ne!

peuvent! plus! conduire! à! la! formation! d’un! organisme! entier! car! elles! ont! perdues! la!

capacité! de! se! différencier! en! cellules! des! annexes! embryonnaires.! Ces! cellules! sont!

caractérisées!l'expression!de!marqueurs!spécifiques!comme!Nanog.!

Cellules! multipotentes! :! présentes! dans! les! tissus! adultes,! elles! peuvent! générer!

plusieurs! types! cellulaires!distincts!mais! sont! engagées!dans!un!programme! tissulaire!

spécifique.!Par!exemple,!les!cellules!souches!hématopoïétiques!vont!donner!les!cellules!

du! sang! tandis! que! les! cellules! souches! mésenchymateuses! donneront! les! cellules!

cartilagineuses,!adipeuses!et!musculaires.!

Progéniteurs! et! précurseurs! :! les! premiers! ne! peuvent! donner! que! quelques! types!

cellulaires! différenciés! d'un! même! tissu! dont! des! cellules! précurseurs! qui,! elles,! ne!

peuvent! donner! qu'un! type! cellulaire! et! perdent! la! capacité! d'autoErenouvellement!

(Jankowski!et#al.,!2002a).!

!

!

!

!

!

!
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!

!

!

      !
Figure, 17., Capacité, de, différenciation, des,
cellules, souches.! Les! cellules! totipotentes!
peuvent!donner!tous!les!types!cellulaires!d'un!

organisme! tandis! que! les! cellules!

pluripotentes! se! différencient! dans! les! trois!

feuillets! embryonnaires.! Les! cellules!

totipotentes,! pluripotentes,! multipotentes! et!

les! progéniteurs! sont! tous! capables! d'autoE

renouvellement,! capacité! perdue! au! stade!

précurseur!et!cellule!différenciée.!
! ! ! ! ! ! !

!

!

Auto3renouvellement#

En! moyenne,! la! moitié! des! cellules! filles! issues! de! la! division! d'une! cellule! souche!

demeurent! identique! à! cette! dernière,! ce! qui! permet! de!maintenir! un! stock! de! cellules!

souches!stables.!Cette!propriété!est!appelée!autoErenouvellement!et!est!permise!par!deux!

modalités!de!division!:!la!division!symétrique!et!asymétrique!(Figure!18).!!

La!division!symétrique!aboutit!à!la!formation!de!cellules!filles!strictement!identiques!à!la!

cellule! d'origine! et! qui! peuvent! ensuite! se! différencier! grâce! aux! signaux! de!

l'environnement! (asymétrie! environnementale).! La! division! asymétrique! génère! une!

cellule! fille! identique!à! la! cellule!mère!et!une!autre! cellule! fille!qui!hérite!de! facteurs! la!

poussant!dans!une!voie!de!différenciation.!Grâce!à!cette!propriété!d'autoErenouvellement,!

les! cellules! souches! présentent! une! forte! capacité! proliférative,! propriété!majeure! pour!

des! cellules! à! visée! thérapeutique! car! permettant! d'en! obtenir! suffisamment! pour! des!

traitements!corps!entier.!

! 
       !
Figure, 18., Divisions, asymétriques, des, cellules,
souches, (Wilson! and! Trumpp,! 2006).! (a)! Durant! une!
division!asymétrique,!les!déterminants!moléculaires!de!la!

différenciation! cellulaire! sont! localisés! de! façon!

asymétrique!dans!une!seule!des!deux!cellules!filles,!ce!qui!

aboutit!à!une!cellule!fille!identique!à!la!cellule!d'origine!et!

une! cellule! qui! se! différencie.! (b)! L'asymétrie!

environnementale!agit! après!une!division! cellulaire.!Une!

cellule! fille! reste!dans! la!niche!de! la!cellule!mère! initiale!

tandis!que! la!deuxième!sort!de! la!niche!et! se!différencie!

sous!l'effet!du!microEenvironnement.!
! ! ! ! ! ! ! !

!

!
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III. Précurseurs!myogéniques!
i. Isolement'et'caractérisation'

Définition,

Le!précurseur!myogénique!naturel!du!muscle!est!la!cellule!satellite!(SC)!décrite!pour!la!

première! fois! par! Mauro! en! 1961! comme! une! cellule! mononucléée! présente! à! la!

périphérie!des!fibres!musculaires!et!identifiée!par!sa!position!entre!la!lame!basale!et!le!

sarcolemme! de! la! fibre! musculaire! (Mauro,! 1961).! En! 1970,! les! cellules! satellites!

musculaires!sont!identifiées!comme!précurseurs!myogéniques!capables!de!proliférer!et!

de!fusionner!entre!elles!pour!former!des!fibres!musculaires!matures!(Moss!and!Leblond,!

1970).!

!

Récemment,! la! notion! de! niche! cellulaire! autrement! dit! le! microEenvironnement!

tissulaire!dans!lequel!la!cellule!souche!évolue,!est!venue!étayer!cette!définition.!Dans!le!

cadre! des! SC,! la! niche! est! délimitée! par! la! lame! basale! de! la! fibre! musculaire! et! la!

membrane!plasmique.!Les!facteurs!solubles!ainsi!que!les!contacts!directs!entre!cellules!

présentent!dans!cette!niche!supportent!la!prolifération,!la!différenciation!et!la!survie!des!

SC!(Watt!and!Hogan,!2000;!Spradling!et#al.,!2001).! Il!a!été!montré!une! forte!proximité!

anatomique! entre! les! SC! et! les! capillaires! localisés! dans! le! muscle.! Les! cellules!

endothéliales! composant! ces! derniers! augmentent! leur! prolifération! in# vitro! par! la!

sécrétion!notamment!de!l’IGFE1,!HGF,!bFGF,!PDGFEBB!et!VEGF!(Christov!et#al.,!2007).!De!

plus,! les! interactions! entre! les! SC! et! les! cellules! de! l’immunité,! notamment! les!

macrophages,!participent!pleinement!à! la!mise!en!place!de! la!régénération!musculaire.!

Les! cellules! myogéniques! sont! ainsi! capables! d’attirer! spécifiquement! les! monocytes!

circulants.!La!stimulation!mutuelle!qui!en!résulte!augmente!l’activité!chimiotactique!des!

deux! types! cellulaires.! Enfin,! les! macrophages! stimulent! la! croissance! des! cellules!

myogéniques! par! sécrétion! de! facteurs! solubles! mais! également! contact! direct,! les!

protégeant!ainsi!de!l’apoptose!(Chazaud!et#al.,!2007).!!

,
Origine,

L’origine! des! SC! est! double.! La! première! origine! vient! des! somites,! structures!

épithéliales!dérivées!du!mésoderme!paraxial!(Cossu!et#al.,!1996).!Suite!à!la!libération!de!

signaux!provenant!des! tissus!environnants,!une!partie!des!cellules!somitiques!migrent!

sous! le! dermomyotome! et! forment! le! myotome,! première! structure! musculaire!
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squelettique.!Une!partie!des!cellules!venant!du!dermomyotome!donnera!également! les!

cellules!progénitrices!musculaires!(De!Angelis!et#al.,!1999).!La!seconde!origine!des!SC!est!

l’aorte!dorsale!qui!est!colonisée!par!des!angioblastes!d'origine!somitique.!Ces!derniers!

migrent!dans!les!membres,!suivis!par!les!cellules!myogéniques,!et!se!différencient!pour!

former!les!vaisseaux!sanguins!mais!également!les!SC!(Seale!and!Rudnicki,!2000;!Collins!

et#al.,! 2005).!Les! souris!mutantes!déficientes!en!précurseurs!myogéniques!dérivés!des!

somites! présentent! un! nombre! significatif! de! SC! fonctionnelles! d'origine! endothéliale!

(De!Angelis!et#al.,!1999).!

!

Localisation,et,morphologie,

Les! SC! sont! situées! sous! la! lame! basale! de! la! fibre! musculaire! striée,! contre! le!

sarcolemme.! Sur! un! plan! morphologique,! à! l'état! de! quiescence,! il! s’agit! d’une! petite!

cellule!fusiforme,!mononucléée!présentant!un!rapport!nucléoEcytoplasmique!élevé,!peu!

d’organites,!un!noyau!de!taille!petite,!de! l'ordre!de!10!à!15!μm!de! long!et!2!à!5!μm!de!

large,!et!une!chromatine!condensée!en!interphase!(Yin!et#al.,!2013)!(Figure!19).!Une!fois!

activée,!elle!présente!une!augmentation!de!la!quantité!de!son!cytoplasme,!la!chromatine!

se!décondense!et!l'appareil!de!Golgi!ainsi!que!le!réticulum!endoplasmique!granuleux!se!

développent.! La! SC! activée! peut! présenter! un! ou! plusieurs! prolongements!

cytoplasmiques!et!de!vésicules!intraEcytoplasmiques!(Yin!et#al.,!2013).!!

      !
Figure, 19., Localisation, de, la, cellule, satellite,
(Shi! and! Garry,! 2006).! (A)! Micrographie!

électronique! de! muscle! squelettique! adulte!

montrant!le!noyau!d’un!myocyte!(MC)!et!le!noyau!

d’une! cellule! satellite! (SC).! Cette! dernière! est!

caractérisée! par! sa! petite! taille,! son! rapport!

nucléoEcytoplasmique! élevé,! la! relative! absence!

d’organelles!cytoplasmiques!et!une!forte!proportion!en!hétérochromatine!nucléaire,!signe!d’un!état!

quiescent.! (B)!Représentation! schématique!de!A!permettant!de! localiser! la! SC!entre! la! lame!basale!

(flèche!noire!et!ligne!verte)!et!le!sarcolemme!(flèche!blanche!et!ligne!rouge).!
! ! ! ! ! ! ! ! ! ! ! ! !

!

Phénotype,

Un!ensemble!de!marqueurs!phénotypiques!définit!la!SC!et!permet!de!la!distinguer!selon!

son! état! de! quiescence,! d'activation! ou! de! prolifération.! Il! diffère! également! entre!

espèces!(Tableau!V).!!

!

!

!



!

! 61!

            !
Tableau,V.,Principaux,marqueurs,des,cellules,satellites,(Negroni!et#al.,!2015).!,
! ! ! ! ! ! ! ! ! ! ! ! !

!

Les!SC!quiescentes!comme!activées!expriment!chez!la!souris!le!CD34,!qui!est!également!

présent!sur!les!CSH!et!cellules!endothéliales!et!qui!joue!un!rôle!dans!la!conservation!de!

la! quiescence! (Morgan! and! Partridge,! 2003).! Elles! se! définissent! par! une! expression!

pour!la!MECadhérine.!Il!est!en!revanche!établi!que!chez!l'Homme,!les!SC!n'expriment!pas!

le! CD34! et! que! la! MEcadhérine! n’est! pas! un! marqueur! spécifique! des! SC.! Un! des!

marqueurs!les!plus!fiable!entre!les!deux!espèces!est!la!molécule!d'adhésion!NCAME1!ou!

CD56,!qui!est! cependant!également!exprimé!par! les! lymphocytes!ayant! infiltré! le! tissu!

musculaire! en! dégénérescence! (Péault! et# al.,! 2007).! Récemment,! il! a! été! décrit! une!

expression!par! les!SC!du!marqueur!membranaire!CD82!qui!d'une!part!permettrait!une!

interaction! avec! l'α7β1Eintégrine! ainsi! que! l'αEsarcoglycane! et! d'autre! part! serait!

impliqué!dans!la!prolifération!de!ces!cellules!(Alexander!et#al.,!2016).!

!

Les! SC! sont! également! définies! par! l'expression! de! divers! facteurs! myogéniques! que!

représentent!:!!

(i)! les! facteurs! de! transcription! de! la! famille! Pax! qui! régulent! le! développement! et! la!

différenciation!lors!de!l'embryogenèse.!Pax3!et!Pax7!sont!exprimés!de!façon!superposée!

lors!du!développement!embryonnaire!chez!la!souris.!L'expression!de!Pax3!est!largement!

diminuée! après! la! naissance! chez! la! souris! et! absente! chez! l'Homme! tandis! que! Pax7!

, Etat,de,la,SC, Espèce,

, Quiescente! Activée! Proliférative! Souris! Homme!

Facteurs#de#transcription# ! ! ! ! !

Pax7! +! +! +! ✓! ✓!

Myf5! +! +! +! ✓! ?!

MyoD! E! +! +! ✓! ✓!

Protéines#membranaires# ! ! ! ! !

MEcadhérine! +! +! +! ✓! ✓!

CavéolineE1! +! +! +! ✓! ?!

Syndécan!3!et!4! +! +! +! ✓ ?!

cEmet! +! +! +! ✓ ?!

CD34! +! +! E! ✓ ?!

CD56! +! +! +! NA! ✓!

CXCR4! +! ?! ?! ✓ ?!

α7Eintégrine/β1Eintégrine! +! +! ?! ✓ ?!

Protéines#du#cytosquelette# ! ! !  !

Desmine! E! +! +! ✓ ✓!

Nestine! +! +! ?! ✓ ?!
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reste!exprimé!par! les!SC!quiescentes!du! tissu!musculaire!adulte! (Mansouri! and!Gruss,!

1998).!Leurs!rôles!diffèrent!:!Pax3!est!requis!pour!la!migration!des!cellules!somitiques!

dans!les!membres.!Pax7!est!nécessaire!pour!le!maintien!des!SC!dans!le!tissu!musculaire,!

comme! le! démontre! la! réduction! de! leur! nombre! et! l'altération! de! la! régénération!

musculaire!observées!chez!les!souris!mutantes!Pax7E/E!au!cours!du!développement!postE

natal! (Oustanina!et#al.,!2004).!Pax7!est!également! indispensable!à! la!prolifération!et! la!

survie! des! progéniteurs.! Ainsi,! l'expression! forcée! de! Pax7! dans! les! cellules! souches!

hématopoïétiques!adultes!CD45+!isolées!de!muscle!squelettique,!initialement!incapables!

de!se!différencier,!induit!leur!détermination!myogénique!(Seale!et#al.,!2004).!!

(ii)!les!facteurs!de!régulation!myogéniques!(MRF)!dénommés!Myf5,!MyoD,!la!myogénine!

et!MRF4!qui!interviennent!tous!séquentiellement!dans!le!programme!de!différenciation!

myogénique.!La!SC!quiescente!exprime!conjointement!à!Pax7!exclusivement!Myf5.!Une!

fois! activée,! elle! commence! en! revanche! à! exprimer! MyoD! (Hawke! and! Garry,! 2001;!

Negroni!et#al.,!2006).!Lorsque!le!rapport!Pax7/MyoD!est!faible,!la!différenciation!des!SC!

sera! induite! préférentiellement! tandis! que! quand! ce! dernier! est! fort,! ces! dernières!

restent!quiescentes!(Olguin!et#al.,!2007).!L'expression!de!Myf5!et!MyoD!est!majeure!dans!

l'engagement! myogénique! comme! le! démontre! l'absence! totale! en! précurseurs!

myogéniques!chez! les!souris!déficientes!en!Myf5!et!MyoD!(Wang!and!Rudnicki,!2012).!

Lorsque! les!cellules!musculaires!sont! totalement!différenciées,!elles!expriment!alors! la!

myogénine!ainsi!que!MRF4!également!appelé!Myf6!(Figure!20).!!

 
 
 
 
 
 
 
 
 
 
 
 
 
 
            !
Figure, 20., Activation,, différenciation, et, fusion, des, cellules, satellites, (Yin! et# al.,! 2013).! Le!
programme! myogénique! est! orchestré! par! des! facteurs! de! transcription! clés! qui! dictent! la!

progression!des!SC!entre!les!états!de!quiescence,!d’activation,!de!prolifération!et!de!différenciation.!

Cela! résulte! de! la! transformation! de! SC! individuelles! en! un! syncitium! de! myofibres! contractiles.!

Initialement,! les!SC!sont!quiescentes!(phase!G0)!et!résident!dans!la!niche!sousElaminaire.!Elles!sont!
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caractérisées! par! leur! expression! de! Pax7! et! Myf5! conjointement! à! leur! négativité! pour! MyoD! et!

myogénine.!Les!lésions!dans!le!microEenvironnement!les!entourant!résultent!en!la!détérioration!de!la!

lame!basale!et! leur!sortie!de! l’état!de!quiescence.!Les!SC!en!prolifération!et! leurs!descendants!sont!

souvent!nommés!précurseurs!myogéniques!(MPC)!ou!myoblastes!adultes.!Les!myoblastes!expriment!

les! facteurs!de!transcription!Myf5!et!MyoD.!Après! la!prolifération,! les!myoblastes!commencent!à!se!

différencier! en! sousEexprimant! Pax7.! L’initiation! de! la! différenciation! terminale! et! de! la! fusion!

commence! avec! l’expression! de! myogénine! qui,! en! combinaison! avec! MyoD,! active! les! gènes!

structuraux! et! contractiles! spécifiques! du! muscle.! Durant! la! régénération,! les! SC! activées! ont! la!

capacité! de! revenir! à! la! quiescence! pour! maintenir! leur! pool.! Cette! capacité! est! cruciale! pour!

l’intégrité!au!long!terme!du!muscle.!
! ! ! ! ! ! ! ! ! ! ! ! !

#

In#vivo,!environ!10%!des!SC!Pax7+!n’expriment!pas!Myf5.!Cette!population!Pax7+/Myf5E!

donne!naissance!à!une!population!Pax7+/Myf5+!par!division!asymétrique.!Cette!dernière!

présente!une!différenciation!précoce!tandis!que!les!cellules!Pax7+/Myf5E!contribuent!au!

réservoir! des! SC! (Kuang! et# al.,! 2007).! En! ce! sens,! les! SC! constituent! une! population!

hétérogène!composée!de!cellules!souches!et!de!progéniteurs!commis.!!

,
Rôle,et,modalités,d'action,

Les! SC! sont! responsables! de! la! croissance! postEnatale! du! muscle! ainsi! que! de! sa!

régénération!suite!à!une!lésion.!La!croissance!musculaire!est!liée!à!l'augmentation!de!la!

taille! des! fibres! musculaires! ou! hypertrophie! causée! par! l'ajout! de! nouveaux! noyaux!

dans! leurs! cytoplasmes! (Kumar! et# al.,! 2005).! La! régénération! peut! être! liée! à! de!

nombreuses! causes! de! dégénérescences! musculaires.! Elle! se! réalise! par! phases!

successives.! Dans! la! première! phase,! une! hypercontraction! des! fibres!musculaires! est!

observée! avec! une! augmentation! du! diamètre! et! une! acidophilie! du! sarcoplasme! qui!

devint! hyalin,! ceci! étant! lié! à! la! perte! de! structure! des!myofibrilles.! Le! cytoplasme! se!

fragmente! et! le! calcium! intracellulaire! est! relargué! (Valentine! and!McGavin,! 2007).! La!

seconde! étape! qui! se! déroule! dans! les! 24! à! 48!heures! après! la! lésion! consiste! en!une!

infiltration!du!tissu!musculaire!par!des!monocytes!circulants!qui!vont!se!différencier!in#

situ! en! macrophages! et! permettre! la! clairance! des! débris! apoptotiques.! La! troisième!

étape!correspond!à!l'activation!des!SC!proprement!dite!en!réponse!aux!facteurs!sécrétés!

par! les!macrophages! (Sonnet! et#al.,! 2006).! Les! SC! prolifèrent,! perdent! l’expression! de!

Pax7!et!se!différencient!de!façon!asymétrique!d’une!part!en!myoblastes!qui!fusionnent!

pour! reformer! une! fibre! mature! complète,! et! d’autre! part! en! cellules! maintenant!

l’expression! de! Pax7! mais! perdant! MyoD! ce! qui! provoque! un! arrêt! du! processus! de!

différenciation! et! permet! le! renouvelement! du! pool! de! cellules! de! réserve.! Certaines!

cellules! Pax7+/MyoD+! sortent! également! du! cycle! cellulaire! et! retrouve! un! phénotype!

quiescent.! Bien! qu'étant! engagées! dans! la! différenciation,! les! SC! peuvent! ainsi! passer!



!

! 64!

d’un!processus!de!myogenèse!terminal!à!celui!de!maintien!du!pool!de!cellules!résidentes!

(Zammit!et#al.,!2004)!(Figure!20).!Le!cytoplasme!des!fibres!nouvellement!régénérées!est!

basophile,! ceci! étant! lié! à! l'augmentation! de! la! densité! cytoplasmique! en! ARN.! La!

dernière! étape! est! la! maturation! de! la! fibre! qui! augmente! en! diamètre,! perd! sa!

basophilie! et! reforme! des! sarcomères.! Dans! la! DMD,! une! perturbation! de! l'équilibre!

entre! division! symétrique! et! assymétrique! des! SC! est! évoquée! (Bulfield! et# al.,! 1984;!

Kottlors! and! Kirschner,! 2010;! Dumont! et# al.,! 2015).! En! effet,! une! augmentation! du!

nombre!de!SC!a!été!observée!chez! la! souris!mdx! comme!chez! le!patient!DMD,! laissant!

supposer! une! division! symétrique! favorisée,! empêchant! la! formation! de! progéniteurs!

engagés! dans! la! lignée! myogénique! et! limitant! ainsi! la! régénération! des! fibres!

musculaires!!(Figure!21).!!

       
Figure,21.,Equilibre,entre,division,symétrique,
et, asymétrique, dans, un, muscle, DMD, et, un,
muscle, sain! (Chang! et# al.,! 2016).! Lors! d'une!
lésion! dans! un! muscle! sain,! les! SC! générées! par!

division! symétrique! maintiennent! le! pool! de!

cellules! résidentes! tandis! que! la! division!

asymétrique! génère! des! progéniteurs!

myogéniques!qui!participent!à!la!régénération!des!

fibres! endommagées.! Dans! le! contexte! DMD,! la!

perte!de!la!polarité!cellulaire!liée!à!la!dystrophine!

induit! une! inhibition! de! la! division! asymétrique,!

ce!qui!aboutit!à!une!augmentation!du!nombre!de!

SC.! La! présence! de! défauts! mitotiques! conduit! à!

une! entrée! de! ces! cellules! dans! un! stade! de!

sénescence! et! au! long! terme! à! une! déplétion! du!

stock!de!SC.!
! ! ! ! ! ! !

!

!

!

Enfin,! la!fonction!de!la!SC!et!de!son!descendant,! le!myoblaste,!est!largement!influencée!

par!l'environnement!dans!lequel!ils!évoluent!(Figure!22).!Il!a!ainsi!été!démontré!qu'une!

teneur!en!oxygène!de!1%!inhibe!la!différenciation!des!myoblastes!en!agissant!sur!la!voie!

Notch! (Gustafsson! et# al.,! 2005).! L'hypoxie! favorise! également! la! quiescence! des!

précurseurs!myogéniques!ainsi!que!leur!autoErenouvellement!et!augmente!l'efficacité!de!

leur! transplantation!notamment! chez! la! souris!mdx! (Liu!et#al.,! 2012b).!La!présence!de!

ROS! inhibe! la! différenciation!myogénique! en! augmentant! l'activité! de! NKEκB! dans! les!

myoblastes!ce!qui!induit!une!diminution!de!l'expression!de!MyoD!et!une!augmentation!

de! la! prolifération! cellulaire! (Guttridge! et# al.,! 2000;! Ardite! et# al.,! 2004;! Catani! et# al.,!

2004;!Sandiford!et#al.,!2014).!Enfin,!nombre!de!cytokines!produites!par!les!cellules!de!la!

niche!agissent!sur!la!différenciation!des!myoblastes.!On!peut!citer!par!exemple!le!VEGF!
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(Vascular!Endothelial!Growth!Factor)!dont!les!récepteurs!sont!exprimés!par!les!SC!et!qui!

a!une!action!sur!les!myoblastes!en!stimulant!leur!migration!et!en!inhibant!l'apoptose!des!

myoblastes!en!différenciation!(Germani!et#al.,!2003).!

!

      
Figure, 22., Régulation, de,
l’activation, des, cellules,
satellites., (Fu! et# al.,! 2015).! Les!
marqueurs!spécifiques!des!SC!sont!

indiqués! sur! la! membrane! de! la!

cellule! et! les! facteurs! de!

transcription! impliqués! dans!

l’activation! dans! le! noyau.! Les!

composants! majeurs! du! microE

environnement!ainsi!que! les!voies!

de! signalisation! impliquées! sont!

représentées.!
! ! ! ! ! !

!

!

!

ii. Potentiel'thérapeutique'des'myoblastes'

L’administration!locale!de!myoblastes!murins!chez!la!souris!dystrophique!s’accompagne!

d’une! amélioration! phénotypique! et! tissulaire! avec! notamment! une! restauration! de!

l’expression! de! dystrophine! (Law! et# al.,! 1988;! Partridge! et# al.,! 1989).! Parallèlement,!

l'administration! de! myoblastes! humains! dans! différents! modèles! murins!

immunodéficients!a!révélé!également!une!capacité!d'intégration!dans!le!tissu!musculaire!

(Karpati! et# al.,! 1989;! Huard! et# al.,! 1994).! Ces! résultats! prometteurs! obtenus! après!

injection!intramusculaire!ont!conduit!à!une!première!vague!d’essais!cliniques!chez!des!

patients!DMD!dans!les!années!1990!(Gussoni!et#al.,!1992;!Mendell!et#al.,!1995;!Morandi!

et#al.,! 1995;!Miller!et#al.,! 1997)!qui! s'est! traduite!par! la!démonstration!d'une!efficacité!

limitée! en! raison! de! différents! éléments.! Une! mortalité! massive! des! cellules!

administrées! (environ! 90%)! est! observée! dans! les! premières! 24! heures! postE

transplantation!(Beauchamp!et#al.,!1999).!Il!a!été!établi!que!l’amplification!in#vitro!réduit!

considérablement!le!potentiel!myogénique!des!cellules!satellites!in#vivo!(Meregalli!et#al.,!

2012).! Ainsi,! les! SC! fraîchement! isolées! ont! été! montrées! comme! participant! plus!

efficacement! à! la! régénération! du! tissu! musculaire! que! les! myoblastes,! restaurent!

l’expression! de! dystrophine! et! participent! au! maintien! du! pool! de! cellules! satellites!

quiescentes.!Injectées!dans!les!mêmes!conditions!chez!la!souris!mdx,!les!SC!fraîchement!

isolées!contribuent!à!38%!au!stock!de!cellules!de!réserve!contre!12%!seulement!pour!
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les!myoblastes!amplifiés!par!un!passage!(Rossi!et#al.,!2011).!Par!ailleurs,!l’utilisation!des!

polymères!ou!hydrogels!dans!lesquels!sont!placées!les!myoblastes!a!permis!d’améliorer!

sensiblement! leur! survie! et! donc! leur! efficacité! thérapeutique! avec! 149! fibres!

musculaires!issues!des!myoblastes!transplantés!en!hydrogel!chez!la!souris!nude!contre!

39!fibres!musculaires!chez!les!animaux!transplantés!avec!les!myoblastes!seuls!(Ding!et#

al.,!2015).!D'autre!part,!certains!auteurs!avancent!l'hypothèse!que!l'amplification!aurait!

également! un! impact! direct! sur! le! phénotype! des! myoblastes,! les! rendant! davantage!

visible! au! système! immunitaire! de! l'hôte! ou! moins! viables! pour! la! fusion! in# vivo!

(Palmieri!et#al.,!2010).!!

La!migration!très! limitée!des!myoblastes,!de! l’ordre!de!quelques!millimètres! in#tissu!et!

restreinte!aux!trois!premiers!jours!après!la!transplantation!a!été!démontrée!(Riederer!et#

al.,! 2012).! Pour! pallier! à! ces! difficultés,! un! protocole! d’administration! à! haute! densité!

basé! sur!des! centaines!d'injections! locales! séparées!de!1!mm!a!été!proposé!après!une!

évaluation! chez! le! primate! et! quelques! patients.! Ce! type! d’injection! conduit! à! des!

pourcentages!de!myofibres!hybrides!exprimant! la!dystrophine!respectivement!de!28%!

et!34%!après!un!et!18!mois.!L'expression!de!dystrophine!est!restreinte!exclusivement!au!

site! d'injection! (Skuk! et# al.,! 2004,! 2007).! De! plus,! une! stimulation! des! myoblastes!

préalablement!à!leur!injection!intramusculaire!chez!la!souris!mdx!par!la!Concanavaline!A!

qui! est! un! mitogène! et! activateur! de! la! collagénase,! du! plasminogène! et! des!

métalloprotéinases! a!montré! une! augmentation! de! leur!migration! (Ito! et#al.,! 1998;! El!

Fahime!et#al.,!2000;!Morgan!et#al.,!2010).!!

Ces!dernières!années,!des!essais!cliniques!reposant!sur! l'administration!de!myoblastes!

ont! été! menés.! L'un! d'eux! a! consisté! à! administrer! 178! millions! de! myoblastes!

autologues!dans!les!muscles!pharyngés!après!myotomie!de!12!patients!atteints!d'OPMD.!

Un!suivi! à! court! et! long! terme! (1!et!3!ans!après! transplantation)!a!montré!une!bonne!

tolérance!au!traitement!chez!tous!les!patients!traités,!une!amélioration!de!la!fonction!du!

sphincter! oesophagien! avec! une! diminution! du! temps! de! déglutition! nécessaire! ainsi!

qu'une!amélioration!de!leur!qualité!de!vie.!Aucun!effet!indésirable!ni!de!dégradation!de!

la! fonction!de!déglutation!n'a!été!rapporté,!confirmant! la!possibilité!d'utilisation!locale!

des!myoblastes!pour!des!pathologies!ciblant!des!groupes!restreints!de!muscles!(Périé!et#

al.,! 2014).! Ces! essais! cliniques! par! administration! de! myoblastes! autologues! ciblant!

l'OPMD!et! la!FSHD!montrent!donc!des!résultats!prometteurs.!Cependant,!dans!le!cadre!
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de! la! DMD,! les! SC! des! patients! présentent! un! déficit! de! prolifération! qui! limite!

grandement!ce!type!de!transplantation!(Mouly!et#al.,!2005).!

IV. Progéniteurs!d’origine!non!musculaire!
1. Cellules!souches!hématopoïétiques!

i. Isolement'et'caractérisation'

Les! cellules! souches! hématopoïétiques! (CSH)! sont! les! cellules! à! l’origine! de! toutes! les!

lignées! de! cellules! sanguines! (Abramson! et#al.,! 1977).! Elles! sont! isolées! à! partir! de! la!

moelle! osseuse! ou! possiblement! du! sang! de! cordon! ombilical! ou! sang! circulant! de!

patients!traités!par!administration!de!cytokines!(Verfaillie,!2002).!Elles!sont!définies!par!

l’expression!de!marqueurs!membranaires!spécifiques!grâce!auxquels!elles!peuvent!être!

isolées! (Tableau! VI)! (Visser! et# al.,! 1984).! Les! CSH! murines! sont! définies! comme!

exprimant!ScaE1,!CD27,!CD34,!CD38,!CD43,!CD45,!CD90.1!(ThyE1.1),!CD117!(cEkit),!CMHI!

et!CD150.!Cependant,!leur!définition!se!fait!habituellement!par!une!combinaison!de!ces!

marqueurs! comme! [CD117high,! CD90low,! LinE/low,! ScaE1+],! [CD90low,! LinE,! ScaE1+,!

Rhodamine123low],![CD34E/low,!CD117+,!ScaE1+,!LinE]!ou![CD150+,!CD48E,!CD244E]!(Uchida!

and!Weissman,!1992;!Domen!et#al.,!2006).!Les!CSH!humaines!expriment!pour!leur!part!

le!CD34,!CD38,!CD43,!CD45,!CD59,!CD90,!CD109,!CD117,!CD133,!CD166!et! le!HLAEDR.!

Elles!sont!majoritairement!sélectionnées!sur!la!base!de!l’expression!du!CD45!et!du!CD34!

(Domen!et#al.,!2006).!!

            !
Tableau,VI.,Principaux,marqueurs,des,CSH,(Domen!et#al.,!2006;!Kirschstein!and!Skirboll,!2001).!,
! ! ! ! ! ! ! ! ! ! ! ! !

!

!

!

!

!

!

Deux!types!de!CSH!se!distinguent!:!celui!à!longue!durée!de!vie!(8!et!10%!des!CSH!chez!la!

souris!jeune!adulte)!qui!prolifère!pendant!toute!la!vie!au!rythme!d'une!division!par!jour!

et!celui!à!courte!durée!de!vie!qui!prolifère!de!façon!plus!limitée!sur!seulement!quelques!

mois!et!se!différencie!pour!produire!les!précurseurs!lymphoïdes!à!l'origine!des!cellules!

, Souris, Homme,
CD27! +! ND!

CD34! low/E! +!

CD38! +! +/low!

CD43! +! +!

CD45! +! +!

CD59! ND! +!

CD90!(Thy1)! +/low! +!

CD117!(cEkit)! +! low/E!

CD133! ND! +!

ScaE1! +! NA!
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T,!B!et!NK!mais!aussi!les!précurseurs!myéloïdes!à!l'origine!des!monocytes,!macrophages,!

neutrophiles,!éosinophiles,!basophiles,!mégacaryocytes!et!érythrocytes!(Kirschstein!and!

Skirboll,!2001)!(Figure!23).!

!

!

!

!

!

!

!

             
Figure,23.,Différenciation,des,CSH,dans,les,lignées,lymphoïde,et,myéloïde,(Domen!et#al.,!2006).!!
! ! ! ! ! ! ! ! ! ! ! ! !

!

!

ii. Potentiel!thérapeutique!

La!première!démonstration!in#vivo!de!l’efficacité!thérapeutique!des!CSH!a!été!réalisée!en!

1956! avec! la! reconstitution! du! compartiment! hématopoïétique! consécutivement! à!

l'injection!de!cellules!médullaires!à!des!souris! irradiées!par!rayon!X!(Ford!et#al.,!1956;!

Nowell!et#al.,!1956).!Ensuite,!il!a!été!démontré,!selon!un!protocole!classique!d'injection!

IV!d'une!suspension!de!cellules!médullaires!à!des!rongeurs!irradiés,!une!capacité!de!ces!

CSH! à! se! différencier! en! cellules! d'autres! tissus! comme! le! muscle,! le! myocarde,! le!

système! nerveux! et! le! foie! (Ferrari! et# al.,! 1998;! Gussoni! et# al.,! 1999;! Petersen,! 1999;!

Mezey,! 2000;! Orlic! et# al.,! 2001;! Fukada! et# al.,! 2002).! En! ce! qui! concerne! le! muscle!

squelettique,! il! a! été! établi! une! capacité! des! CSH! à! migrer! sur! les! sites! de! lésions!

musculaires,!se!différencier!en!cellules!musculaires!et!à!participer!à!la!régénération!des!

fibres!endommagées!(Ferrari!et#al.,!1998).!Une!capacité!à!former!des!fibres!dystrophine+!

a! également! été! démontrée! après! administration! chez! la! souris! mdx! irradiée,! avec!

cependant!une! intensité! faible!représentant!moins!de!1%!à!4%!des! fibres!musculaires!

(Gussoni!et#al.,!1999;!Ferrari!et#al.,!2001;!LaBarge!and!Blau,!2002).!Ainsi,!les!CSH!ont!un!

très! faible! impact! sur! le! remplacement! des! fibres! musculaires! et! n’induisent! aucune!

amélioration!du!phénotype!des!souris!transplantées!ce!qui!pourrait!être! lié!à!un!faible!

recrutement! des! CSH! vers! le! tissu! dystrophique! (Ferrari! et# al.,! 2001;! Lapidos! et# al.,!

!

!!

!
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2004).!Par!ailleurs,!aucune!participation!à! la! régénération!musculaire!et!aucun! impact!

fonctionnel! n’ont! pu! être! observé! après! transplantation! de! CSH! chez! le! chien! GRMD,!

démontrant!l'inefficacité!clinique!de!cette!stratégie!(Dell’Agnola!et#al.,!2004;!Kuhr!et#al.,!

2007).!!

2. Cellules!souches!mésenchymateuses!

i. Isolement'et'caractérisation'

Les!cellules!souches!mésenchymateuses!(CSM)!sont!des!cellules!non!hématopoïétiques!

isolées! initiallement! de! la! moelle! osseuse! où! elles! représentent! 0,001! à! 0,01%! de! la!

population!totale!de!cellules!mononucléées!(Pittenger!et#al.,!1999).!Elles!sont!également!

isolées! à! partir! de! tissu! adipeux! (ASCs)! et! musculaire,! de! l'endomètre,! de! la! pulpe!

dentaire!(IDPSC)!ou!de!la!membrane!synoviale!(SMECSM)!(De!Bari!et#al.,!2001;!Zuk!et#al.,!

2002;!Dezawa,!2005;!Kerkis!et#al.,!2006;!Cui!et#al.,!2007).!Concernant! leur!origine,!une!

théorie! évoque! qu’elles! pourraient! dériver! d’un! progéniteur! commun,! à! savoir! une!

cellule! endothéliale! primordiale! qui! aurait! donné!naissance! aux! CSH! et! au! précurseur!

mésodermique.! Ce! dernier! se! différencierait! ensuite! en! précurseur!myogénique! et! en!

cellules!stromales!de! la!moelle!osseuse!(Bianco!and!Cossu,!1999).! Il!serait!positif!pour!

SSEAE1! et! posséderait! une! capacité! de! prolifération! supérieure! à! ses! descendants!

(AnjosEAfonso!and!Bonnet,!2007).!!

!

Les! CSM! sont! définies! par! un! ensemble! de! marqueurs! incluant! les! récepteurs!

membranaires!CD44,!CD90,!CD73,!CD29,!CD105!et!un!marqueur!spécifique!stromal!StroE

1! (Simmons! and! TorokEStorb,! 1991;! Kirschstein! and! Skirboll,! 2001)! (Tableau! VII).!

Comme!les!CSH,!elles!dérivent!du!mésoderme!embryonnaire!durant!le!développement.!Il!

est! notamment! évoqué! une! origine! commune! entre! les! cellules!mésenchymateuses! et!

périvasculaires,!ceci!étant!étayé!par!l’expression!identique!de!marqueurs!entre!les!deux!

lignées!comme!le!CD146,!CD49b,!CD90,!CD44!et!CD73!(Zannettino!et#al.,!2007;!Crisan!et#

al.,!2008;!Corselli!et#al.,!2012).!!

!

!

!

!

!

!
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             !

Tableau,VII.,Phénotype,des,CSM,humaines,(De!Bari!et#al.,!2001;!Le!Blanc!et#al.,!2003;!Rodriguez!et#al.,!
2005;!Yoon!et#al.,!2005;!Gonçalves!et#al.,!2006;!Rider!et#al.,!2007;!Gang!et#al.,!2007;!da!Silva!Meirelles!et#al.,!
2008).!,
! ! ! ! ! ! ! ! ! ! ! ! ! !

!

Les! CSM! présentent! une! capacité! d’adhérence! rapide! en! culture,! ce! qui! facilite! leur!

isolement!et! leur!séparation!des!CSH!à!partir!d’extraits!de!moelle!osseuse!(Kirschstein!

and!Skirboll,!2001).!Le!temps!de!doublement!moyen!des!cellules!de!la!moelle!osseuse!au!

premier!passage!est!d'environ!40!h,!celuiEci!augmentant!ensuite!considérablement!après!

le!passage!6!pour!permettre! l'obtention!à!partir!de!2!mL!de!moelle!osseuse!de!12,5!à!

35,5! milliards! de! cellules! en! 3! semaines! (Lu! et# al.,! 2006).! Les! CSM! présentent! une!

capacité! à! se! différencier! dans! différentes! lignées! adipogénique,! ostéogénique,!

chondrogénique,! nerveuse,! hépatique! ou! musculaire! faisant! d’elles! des! cellules!

multipotentes! (Pittenger! et# al.,! 1999;! Kirschstein! and! Skirboll,! 2001).! Dans! la! moelle!

! CSM!

Molécules,d’adhésion,
!!!αv!intégrine/CD51!

!!!β3!intégrine/CD61!

!!!β5!intégrine!

!!!CD15!

!!!CD29!

!!!CD31/PECAM1!

!!!CD44!

!!!CD49a!

!!!CD49b!

!!!CD49c!

!!!CD49d!

!!!CD49e!

!!!CD62P/PEsélectine!

!!!VCAME1/CD106!

!

+!

low!

+!

E!

+!

E!

+!

+!

+!

+!

E/+!

+!

low!

+!

Récepteurs,
!!!CD19!

!!!CD46!

!!!CD56/NCAM!

!!!CD71!

!!!CD73!

!!!CD90!

!!!CD105!

!!!CD140a!

!!!CD140b!

!!!CD144!

!!!CD146!

!!!CD166!

!!!CXCR4!

!!!FGFRE1!

!!!!FGFRE2!

!!!FGFRE3!

!

E!

low!

low!

low!

+!

+!

+!

+!

+!

E!

+!

+!

E!

+!

+!

E!

, CSM!

!!!HLAEI!

!!!HLAEII,
+/low!

E!
Facteurs,de,transcription,
!!!Pax3!

!!!Sox9,

!
E!

+!
Marqueurs,hématopoïétiques,,
!!!CD3δ!

!!!CD14!

!!!CD20!

!!!CD34!

!!!CD45!

!!!CD117/cEkit!

!
E!

E!

E!

E!

E!

E!

Autres,
!!!αEactine!

!!!aEP2!

!!!CD13!

!!!CD133!

!!!LBKEAP!

!!!Myogénine!

!!!Ostéocalcine!

!!!Ostéonectine!

!!!Ostéopontine!

!!!PPARγ2!

!!!SSEA1!

!!!SSEA3!

!!!SSEA4!

!!!SmadE1!

!!!SmadE2!

!!!SmadE5!

!!!SmadE7!

!!!SkMEMHC!

!!!Vimentine,

!
+!

E!

+!

E!

+!

E!

E!

+!

E!

E!

E!

low!

+!

+!

+!

+!

+!

E!

+!
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osseuse,! elles! jouent!un! rôle!majeur! comme! cellule! de! soutien! à! la! différenciation!des!

CSH! (Caplan,! 1991)! mais! exercent! également! d’autres! fonctions! notamment! dans!

l'activation!ou!l'inhibition!des!cellules!de!l'immunité!selon!le!contexte!inflammatoire.!En!

effet,! une! propriété! essentielle! des! CSM! réside! dans! leurs! capacités!

immunomodulatrices! sur! un! large! ensemble! de! cellules! de! l’immunité! innée! comme!

adaptative! (Svobodova! et# al.,! 2012;! Ylöstalo! et# al.,! 2012)! (Figure! 24).! Ces! effets!

immunomodulateurs! sont! largement! médiés! par! la! sécrétion! de! facteurs! paracrines!

pléiotropes!tels!que!l’ILE6,!PGEE2!ou!IDO!(Djouad!et#al.,!2005;!Jones!et#al.,!2007;!Liu!et#al.,!

2012a)!mais!peuvent!également!être!liés!à!des!contacts!directs!entre!cellules!(Rosado!et#

al.,!2014;!Demmers!et#al.,!2015)!(Tableau!VIII).!!

!

 
 
 
 
 
 
 
 
 
 
 
 
              
Figure,24.,Mécanismes,d’immunomodulation,des,CSM,(Reddy!et#al.,!2012).!Les!CSM!agissent!à!la!fois!
sur! l’immunité! innée! et! adaptative.! (A)! Concernant! l’immunité! innée,! les! CSM!peuvent! inhiber! l’activité!

cytotoxique!des!cellules!NK!en!sousEexprimant!NKp30!et!NKG2D!et!également!en!secrétant!PGE2,!IDO!et!

HLAEG5.! Les! CSM! peuvent! également! agir! sur! les! neutrophiles! via! la! production! d’ILE6.! (B)! En! ce! qui!

concerne!l’immunité!adaptative,!les!CSM!inhibent!indirectement!la!fonction!des!cellules!T!en!diminuant!la!

présentation! antigénique! des! cellules! dendritiques.! La! sécrétion! de! HLAEG5! par! les! CSM! provoque! une!

augmentation! de! la! fraction! des! cellules! T! régulateurs! CD25+! qui! possèdent! une! activité! suppressive.!

L’inhibition!des!lymphocytes!T!peut!également!être!directe!via!la!production!de!TGFEβ,!ILE6,!ILE10,!IDO!et!

iNOS! et! l’activation! directe! de! la! voie! PD1.! Les! CSM! peuvent! inhiber! l’activation! des! lymphocytes! B! à!

travers!des!contacts!directs!qui!sont!encore!à!explorer.!HLA,!human!leukocyte!antigen!;! IDO,! indoleamin!

2,3Edioxygénase!;! IFNγ,! interferon! gamma!;! iNOS,! inducible! nitric! oxide! synthase!;! MHC,! major!

histocompatibility!complex!;!MSC,!mesenchymal!stem!cell!;!NK,!natural!killer!;!PD1,!programmed!cell!death!

1!;! PGE2,! prostaglandin! E2!;! TGFβ1,! transforming! growth! factor! beta! 1!;! TNFEα,! tumor! necrosis! factor!

alpha!;!IL,!interleukin!
! ! ! ! ! ! ! ! ! ! ! ! ! !

!

!

!

!
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            !
Tableau,VIII.,Principaux,facteurs,immunomodulateurs,sécrétés,par,les,CSM,(Roubeix,!2014).!,
! ! ! ! ! ! ! ! ! ! ! ! !

!

Facteurs!exprimés!par!

les!CSM!
Cellules!cibles!

CCL2! Macrophages,!LTh2,!Th17!

CCL5! Neutrophiles,!Monocytes,!CDs,!LTh1,!Treg!

IDO! Monocytes,!CDs,!LB,!LT,!Treg!

ILE6! Neutrophiles,!monocytes,!CDs,!LB,!LTh2,!Treg,!Th17!

ILE10! Macrophages,!neutrophiles,!CDs,!LTh1,!Treg!

PGE2! Macrophages,!monocytes,!NK,!CDs,!LT!

TGFEb! Macrophages,!NK,!CDs,!LB,!LT,!Treg!

VEGF! CDs,!LTh1,!Th17,!Treg!

!

Il!est!clairement!défini!que!ces!cellules!ont!besoin!d’être!éduquées!afin!de!développer!ce!

type!de!propriétés.!Notamment,! leur!effet!est!potentialisé!par! la!stimulation!à! l’IFN,!au!

TNF! ou! à! l’IL1α! et! β.! Le! phénotype! immun! des! CSM! est! en! effet! largement! lié! à! leur!

environnement!et!peut!basculer!entre!des!caractéristiques!proE!ou!antiEinflammatoires!

(Waterman!et#al.,!2010).!!

En!ce!qui!concerne!les!lymphocytes!T,!une!inhibition!de!leur!activation!et!prolifération!a!

été! établie! in# vitro! et! in# vivo# par! la! réalisation! de! coEculture! directe! avec! des! CSM!

allogéniques!mais! également! par! l'augmentation! de! la! survie! de! greffe! allogénique! de!

peau!chez! le!babouin,!passant!de!7! jours!de!survie!chez! le!groupe!greffé!contrôle!à!12!

jours! chez! le! groupe! greffé! conjointement! à! une! injection! de! CSM! allogéniques!!

(Bartholomew! et# al.,! 2002;! Le! Blanc! et# al.,! 2003;! Krampera! et# al.,! 2006).! Dans! des!

conditions!proEinflammatoires,! les!CSM!activées!par! leur!TLR3! se! spécialisent! vers!un!

phénotype! antiEinflammatoire! et! sécrètent! alors! des! cytokines! comme! le! PGE2,! IDO,!

TGFEβ,! ILE10,! LIF! et! les! galectineE1! et! 3! qui! sont! impliqués! dans! l’inhibition! de! la!

prolifération! lymphocytaire!T! (Waterman!et#al.,! 2010).!D’autre! part,! la! forte! sécrétion!

d’ILE6! et! d’ILE10! diminue! l’expression! du! CMH! II,! CD40! et! CD86! sur! les! cellules!

dendritiques!matures!et!réduit!ainsi!la!prolifération!lymphocytaire!(Djouad!et#al.,!2007).!

En!sécrétant!du!TGFEβ,! les!CSM! induisent!également!une!différenciation!des!cellules!T!

naïves!en!cellules!T!régulatrices!(Svobodova!et#al.,!2012).!!

En! ce! qui! concerne! les! lymphocytes! B,! les! CSM! inhibent! leur! prolifération,! leur!

différenciation!en!plasmocytes!ainsi!que!la!production!d’anticorps!de!façon!indirecte!via!

les!lymphocytes!T!mais!les!mécanismes!d'action!sont!encore!mal!connus!(Rosado!et#al.,!

2014).!!
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Elles!régulent!également!l’immunité!innée!en!inhibant!la!différenciation!macrophagique!

M1,! décrite! comme! proEinflammatoire,! et! en! orientant! les! macrophages! vers! un!

phénotype!M2,! antiEinflammatoire! (CoulsonEThomas!et#al.,! 2016).!Quand! les!CSM!sont!

stimulées!via!leur!TLR4,!elles!présentent!en!revanche!un!phénotype!proEinflammatoire,!

promeuvent! le! recrutement!des!neutrophiles! et! augmentent! l’activation!des! cellules!T!

(Waterman!et#al.,!2010).!

!

ii. Potentiel'thérapeutique'

Aujourd'hui,! ce! sont! principalement! les! propriétés! immunomodulatrices! des! CSM! qui!

font!l'objet!de!nombreuses!études.!En!effet,!ce!comportement!immun!privilégié!permet!

aux! CSM! d'accroître! sensiblement! la! prise! de! greffe,! comme! cela! a! notamment! été!

montré!avec!le!prolongement!de!greffe!de!peau!suite!à!une!administration!de!CSM!chez!

le!babouin!(Bartholomew!et#al.,!2002).!De!plus,! les!CSM!administrées!chez! les!patients!

atteints! de! maladie! du! greffon! contre! l’hôte! (GvHD)! présentent! une! amélioration!

clinique!persistante!(Le!Blanc!et#al.,!2004).!!

!

Concernant! les! démonstrations! ciblant! la! DMD,! les! résultats! sont! limités.! En! effet,! les!

CSM! de! moelle! osseuse,! contrairement! à! celles! obtenues! de! tissu! adipeux! ou! de! la!

membrane!synoviale,!ne!se!différencient!dans!la!voie!myogénique!in#vitro!que!si!elles!ont!

été! au! préalable! transduites! avec! Pax3! ou! MyoD! ou! mises! en! coculture! avec! des!

myoblastes! et! cela! avec! une! intensité! faible! (Dezawa,! 2005;!Gonçalves!et#al.,! 2006;!Di!

Rocco! et# al.,! 2006;! Vieira! et# al.,! 2008a,! 2012;! Gang! et# al.,! 2009;! Zucconi! et# al.,! 2011).!

L'administration!systémique!chez!la!souris!mdx!de!CSM!de!moelle!osseuse!murines!dont!

la!voie!Wnt!a!été!préalablement!activée!s'accompagne!d'une!expression!de!dystrophine!

et! du! facteur! MyoD! plus! importante! qu'après! injection! de! CSM! non! modifiées.!

Néanmoins,! aucune! différence! n'est! observée! en! ce! qui! concerne! le! remodellage!

histologique!et!le!taux!de!CK!circulant!(Shang!et#al.,!2016).!Un!potentiel!myogénique!de!

CSM!humaines!dérivées!de!la!membrane!synoviale!(hSMECSM)!avec!une!différenciation!

myogénique!a!été!rapporté!après!transplantation!IM!dans!un!modèle!de!souris!nude!de!

régénération!musculaire.!Elles!restaurent! l'expression!de!dystrophine,!contribuent!à! la!

constitution! des! myofibres! et! au! pool! de! cellules! satellites.! Aucune! fusion! nucléaire!

hybride!n’a!cependant!été!observée,!démontrant!une!capacité!de!fusion!limitée!des!CSM!

transplantées! (De! Bari! et#al.,! 2003).! Un! intérêt! particulier! est! porté! aux! CSM!du! tissu!
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adipeux!dans!la!mesure!où!transplantées!en!IM!chez!la!souris!mdx!immunocompétente,!

les!cellules!humaines!permettent!une!restauration!de!l’expression!de!dystrophine!dans!

plus! de! 50%! des! fibres! musculaires! 10! jours! après! transplantation,! participent! à! la!

régénération!musculaire!par!fusion!avec!les!fibres!endogènes!et!montrent!une!capacité!

de! survie! dans! le! tissu! 80! jours! après! transplantation! (Rodriguez! et# al.,! 2005).! Un!

tropisme!musculaire! a! été! attribué! à!partir! d'un! abord! systémique! chez! la! souris!mdx!

pour! une! population! de! CSM! issues! du! tissu! adipeux! et! sélectionnées! pour! leur!

expression! du! marqueur! FlkE1,! de! même! qu'une! participation! à! la! régénération!

musculaire!et!à! la! réexpression!de!dystrophine! (Liu!et#al.,! 2007).!Ces! résultats!ont!été!

également!confirmés!dans!le!modèle!de!souris!SJL!atteintes!de!dystrophie!des!ceintures!

(Vieira! et# al.,! 2008b).! Enfin,! une! stimulation! de! l’angiogenèse! a! été! démontrée!

parallèlement! à! une! réduction! de! la! fibrose! pour! les! CSM! dérivées! de! pulpe! dentaire!

(hDPSC)!après!une!injection!intramusculaire!dans!des!souris!SCID/mdx!(Pisciotta!et#al.,!

2015).! Ces! résultats! ont! été! complétés! par! des! travaux! menés! chez! le! chien!

dystrophinopathe! GRMD! qui! ont! démontré! après! administration! intraEartérielle! ou!

intramusculaire! d’ASCs! humaines! sans! immunosuppression! la! présence! de! fibres!

chimériques! et! une! amélioration! clinique! des! animaux! sans! rejet! immunitaire! et! ce,!

malgré! une! faible! expression! de! dystrophine! humaine! (Kerkis! et# al.,! 2008).! Aucune!

expression! de! dystrophine! n'a! été! détectée! après! injection! intraEartérielles! de! CSM!

issues! de! sang! de! cordon! ombilical! (Zucconi! et# al.,! 2011).! Vieira! et! son! équipe! ont!

montré!que!des!ASCs!humaines!délivrées!de!façon!répétée!par!voie!systémique!chez!le!

chien! GRMD! sans! immunosuppression! étaient! capables! de! rejoindre! le! muscle! et! de!

permettre! une! expression! de! la! dystrophine! humaine! pendant! plusieurs! mois.!

Cependant,! il! est! à! noter! que! cette! expression! est! faible,! de! 6! à! 19%! du! niveau!

d'expression!normal!en!western!blot,!qu'elle!n'est!associée!à!aucun!bénéfice!tissulaire!et!

qu'elle!est!perdue!un!an!après!le!protocole!de!transplantation!(Vieira!et#al.,!2012).!Une!

étude!récente!basée!sur!la!réalisation!d'injection!systémique!de!CSM!humaines!dérivées!

du!tissu!adipeux!chez!cinq!chiens!GRMD!en!absence!de!traitement!immunosuppressif!a!

permis!d'établir!une!absence!de!bénéfice!clinique!ou!tissulaire.!Par!ailleurs,!aucun!effet!

secondaire!à! l'exception!notable!d'une!épisode!convulsif! chez!un!des!chiens! traités!ou!

formation! tumorale!n'ont!été!mis!en!évidence! (Pelatti!et#al.,!2016).!De! façon!similaire,!

l'équipe!de!NitaharaEKasahara!a!montré!chez!le!chien!CXMDJ!sans!immunosuppression!

une!participation!à!la!régénération!musculaire!avec!une!expression!de!la!dystrophine!et!
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la!myosine!développementale!après!administration!intramusculaire!de!CSM!médullaires!

CD271+! préalablement! transduites! avec! MyoD.! Cependant,! seulement! 2%! de! fibres!

contenant! des! cellules! injectées! sont! dénombrées,! le! nombre! de! fibres! exprimant! la!

dystrophine! étant! également! faible.! Enfin,! des! infiltrats! de! lymphocytes! cytotoxiques!

CD8! et! de! macrophages! sont! observés! 8! semaines! après! transplantation! autour! des!

cellules! injectées,! démontrant! l'existence! d'une! réaction! immunitaire! (NitaharaE

Kasahara!et#al.,!2012).!Les!CSM!possèdent!également!un!effet! thérapeutique!paracrine!

par! la! sécrétion! de! molécules! de! la! matrice! extracellulaire! ou! par! la! réduction! de!

l’inflammation,! particulièrement! dans! le!muscle! DMD! (Ichim! et! al.,! 2010;!Meng! et! al.,!

2011a),! et! ont! fait! notamment! l'objet! d'essais! dans! le! domaine! cardiologique! afin! de!

pallier! aux! lésions! d'infarctus! et! d'ischémie! reperfusion! (Chen! et#al.,! 2004;! Guo! et#al.,!

2007).!

V. Autres!progéniteurs!à!potentiel!myogénique!
1. Cellules!AC133!

i. Isolement'et'caractérisation'

Une! fraction! marginale! de! cellules! mononucléées! extraites! du! sang! périphérique!

(0,06%)!ou!isolées!du!muscle!humain!(1%)!a!été!décrite!comme!exprimant!le!marqueur!

CD133! aussi! appelé! prominineE1! (Torrente! et# al.,! 2004;! Benchaouir! et# al.,! 2007).! Les!

cellules!AC133!expriment! le!CD44,! LFAE1,!PSGLE1,!α4Eintégrine,! LEséléctine! et! le!CCR7!

(Gavina! et# al.,! 2006).! SoixanteEdix! neuf! pourcent! des! cellules! AC133+! musculaires!

expriment!le!CD34!et!CD90!tandis!que!4!à!5%!présentent!une!expression!du!CD45.!Les!

AC133+! sanguines! sont! quant! à! elles! toutes! positives! pour! ces! trois! marqueurs.! Les!

marqueurs! myogéniques! Pax7,! Myf5,! MyoD,! mEcadhérine,! MRFE4! et! myogénine! sont!

détectés! après! 24! h! en! culture! dans! les! deux! populations! de! cellules! AC133+.! Les!

marqueurs!de!pluripotence!que!sont!cEkit!et!Oct4!sont!progressivement!perdus!par!les!

AC133!tandis!que!le!SSEAE4!reste!présent.!Elles!présentent!également!une!expression!du!

HLAEI!mais!sont!négatives!pour!le!HLAEDR!(Pozzobon!et#al.,!2009).!

In#vitro,!les!cellules!AC133+!dérivées!du!sang!comme!du!muscle!ne!sont!pas!capables!de!

se!différencier!spontanément!dans!la! lignée!myogénique!et!requierent!pour!cela!d'être!

cocultivées!avec!des!myoblastes!primaires!C2C12!(Torrente!et#al.,!2007).!La!principale!

limite!des! cellules!AC133+! concerne! leur! faible! capacité!de!prolifération,! qui!peut! être!
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néanmoins!améliorée!par!leur!insertion!dans!des!polymères!ou!nanostructures!(Belicchi!

et#al.,!2010).!

!

ii. Potentiel'thérapeutique'

Une!participation!à! la! régénération!musculaire,! une!production!de!dystrophine! et!une!

colonisation! de! la! niche! des! SC! ont! été! établies! après! injection! intramusculaire! ou!

systémique! chez! la! souris! mdx! immunodéficiente.! Une! augmentation! de! la! force!

musculaire!a!également!été!rapportée!(Torrente!et#al.,!2004).!Les!administrations!locale!

et!systémique!dans!le!même!modèle!de!cellules!AC133+!dérivées!du!muscle!ou!du!sang!

de!patients!DMD!et!corrigées!génétiquement!par!un!lentivirus!codant!un!oligonucléotide!

antisens,! se! sont! traduites! par! une! restauration! de! la! dystrophine! et! un! impact!

fonctionnel!(Benchaouir!et#al.,!2007).! Il!s'en!est!suivi!un!essai!clinique!de!phase! I!chez!

des!patients!DMD!qui!a!montré!une!absence!d'effet!indésirable,!une!augmentation!de!la!

vascularisation! ainsi! qu'une! absence! d'intégration! dans! les! fibres! musculaires! après!

l’administration!locale!de!cellules!AC133+!autologues!dérivées!du!muscle.!Cette!absence!

de!bénéfice! tissulaire!est!notamment! liée!à!une! forte!mortalité!des! cellules!24!h!postE

injection! (Torrente! et# al.,! 2007).! L'activité! de! régénération! des! cellules! AC133+!

objectivée! par! le! nombre! de! fibres! exprimant! les! protéines! humaines,! le! nombre! de!

cellules!humaines!ayant!colonisé!la!niche!satellitaire!et! la!dispersion!dans!le!tissu!s'est!

avérée!être!supérieure!à!celle!observée!avec!les!myoblastes!(Negroni!et#al.,!2009).!

Une!capacité!à!promouvoir!la!vasculogenèse!par!sécrétion!de!VEGF!et!à!se!différencier!in#

vivo! en! cellules! endothéliales! ont! été! présentées! (Shi! et# al.,! 2009).! Dans! l'optique! de!

valider! les! résultats! acquis! jusqu'alors,! le! groupe! de! Jennifer! Morgan! a! montré! une!

contribution!à!la!régénération!suite!à!l'administration!locale!des!cellules!AC133+!!dans!le!

modèle! de! souris! immunodéficient! cryolésé! Rag2E/γ! chainE/C5E! mais! en! revanche! a!

révélé! une! absence! complète! de! dissémination! de! ces! cellules! à! partir! de! l'abord!

systémique!comme!précédemment!présenté!(Meng!et#al.,!2014).!!

Récemment,! une! étude! comparée! dans! deux! modèles! de! souris! immunodéficientes!

cryolésées! ou! irradiées! a!montré! une!meilleure! efficacité! de! régénération! des! cellules!

AC133!en!comparaison!des!péricytes!(Meng!et#al.,!2015).!!
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2. Cellules!de!la!Side!Population!
i. Isolement'et'caractérisation'

Les!cellules!de!la!Side!Population!ou!cellules!SP!sont!des!cellules!rares!définies!par!leur!

capacité! à! exclure! le! colorant! Hoechst! et! l’iodure! de! propidium! (Goodell! et# al.,! 1996;!

Montanaro!et#al.,!2004)!(Figure!25).!Elles!peuvent!être!isolées!de!la!moelle!osseuse!mais!

aussi!du!tissu!musculaire!squelettique!(Gussoni!et#al.,!1999).!Une!population!appelée!SP!

CD45E!a!également!été!isolée!à!partir!de!la!fraction!vasculaire!stromale!du!tissu!adipeux!

(Andersen!et#al.,!2008,!2012).!La!capacité!à!exclure! le!colorant!vital!peut!être!réversée!

avec! l’utilisation! de! verapamil,! indiquant! qu’elle! est! liée! à! la! présence! de! protéine! de!

résistance! multidrogues! (MDR)! (Goodell! et# al.,! 1996)! en! l'occurence! le! transporteur!

ABCG2!aussi!connu!sous!le!nom!de!Bcrp1,!(Zhou!et#al.,!2001).!La!majorité!des!cellules!SP!

maintiennent! une! forme! sphérique! en! culture! et! n’adhèrent! que! peu! aux! supports! de!

culture!(Gussoni!et#al.,!1999).!

!
 
 
       
Figure, 25., Isolement, des, cellules, SP, à, partir,
de,leur,capacité,à,exclure,le,colorant,Hoechst,
33342, (Asakura! et# al.,! 2002).! L’isolement! des!
cellules!SP!est!réalisé!par!cytométrie!en! flux!sur!

la! base! de! leur! capacité! à! exclure! le! colorant!

Hoechst! (fenêtre! SP! en! noire).! Les! cellules! SP!

isolées! de! moelle! osseuse! ou! de! muscle! sont!

sensibles!au!vérapamil.!MP,!main!population!
! ! ! ! ! ! !

!

!

!

Les! cellules!SP!expriment! la!protéine!morphogénétique!osseuse!4! (BMP4)!qui! joue!un!

rôle!de!régulateur!dans!la!prolifération!de!progéniteurs!myogéniques!ainsi!que!dans!la!

régénération!musculaire! in#vivo! (Frank!et#al.,! 2006;!Doyle!et#al.,! 2011).!Les! cellules!SP!

issues!de! la!moelle!osseuse!expriment! les!marqueurs!ScaE1,! cEKit,!CD43!et!CD45.!Elles!

expriment! faiblement! les!marqueurs!Lin!(B220,!MacE1,!GrE1,!CD4,!CD5!et!CD8)!et!sont!

CD34E! (Gussoni! et# al.,! 1999).! Celles! isolées! à! partir! du! tissu! musculaire! expriment!

également! ScaE1! et! sont! négatives! pour! les! marqueurs! Lin.! En! revanche,! elles! se!

distinguent!des!cellules!SP!de!la!moelle!osseuse!car!elles!n’expriment!pas!les!marqueurs!

cEKit! et! CD45.! De! la!même! façon,! plus! de! 90%! des! cellules! SP! du!muscle! sont! CD43E!

(Gussoni!et#al.,!1999)!(Tableau!IX).!!
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            !
Tableau,IX.,Marqueurs,exprimés,par,les,cellules,SP,(Gussoni!et#al.,!1999).!,
! ! ! ! ! ! ! ! ! ! ! ! !

!

Selon!le!groupe!de!Uezumi,!les!cellules!SP!du!muscle!peuvent!être!divisées!en!trois!sousE

populations!:! les! cellules!CD31+CD45E!qui! sont!majoritaires,! les! cellules!CD31ECD45+!et!

les!cellules!CD31ECD45E!(Uezumi!et#al.,!2006).!Ces!sousEpopulations!sont!incapables!de!se!

différencier! spontanément!en!myocytes! in#vitro.!Après! coEculture!avec!des!myoblastes!

ou! induction! forcée! de! MyoD,! elles! peuvent! s’engager! dans! la! lignée! myogénique!

(Asakura! et# al.,! 2002;! Bachrach! et# al.,! 2004;! Andersen! et# al.,! 2008).! Par! ailleurs,! elles!

présentent! des! capacités! de! différenciation! différentes! dans! les! lignées! myogénique,!

angiogénique! ou! hématopoïétique.! La! sousEpopulation! CD31ECD45E! présente! ainsi! un!

plus!grand!potentiel!de!différenciation!myogénique!que! les!autres!avec!également!une!

différenciation! mésenchymateuse! tandis! que! les! CD31+CD45E! et! CD31ECD45+! restent!

respectivement!engagées!dans!la!lignée!endothéliale!et!hématopoïétique!(Uezumi!et#al.,!

2006).!

Les! cellules! SP! CD45E! du! tissu! adipeux! présentent! un! enrichissement! notamment! en!

actine!du!muscle!lisse,!cEmet!et!CD34!ainsi!que!l’angiopoïétine!2,!FlkE1,!VEECadhérine!et!

CD31,!suggérant!un!phénotype!proche!des!péricytes!et!des!mésoangioblastes!(Andersen!

et#al.,!2008,!2012).!

!

ii. Potentiel'thérapeutique'

Une!contribution!à!la!formation!des!lignées!lymphoïde!et!myéloïde!a!été!attribuée!in#vivo!

aux! cellules! SP! (Goodell! et# al.,! 1996).! L'administration! des! cellules! SP! de! la! moelle!

osseuse! comme! du! muscle! dans! des! souris!mdx! irradiées,! permet! une! expression! de!

dystrophine! qui! est! cependant! modérée,! de! l’ordre! de! 4%! de! myofibres! positives!

(Gussoni! et# al.,! 1999).! La! participation! à! la! régénération! musculaire! est! également!

modeste,!de!l’ordre!de!1%!seulement!de!fibres!positives!pour!les!protéines!des!cellules!

donneuses! (Bachrach!et#al.,! 2004)! après! injection! intramusculaire! et!de! l’ordre!de!5! à!

8%! après! injection! systémique! (Bachrach! et# al.,! 2006).! De! façon! importante,! il! a! été!

démontré!une!capacité!des!cellules!SP!issues!du!muscle!(Asakura!et#al.,!2002)!comme!du!

!
CD34! ScaE1! CD43! cEkit! CD11! CD45! GrE1! B220! CD5!

CD4/

CD8!

SP!muscle! +/E! +! E! E! E! E! E! E! E! E!

SP!moelle!osseuse! E! +! +! +! E! +! E! E! E! E!
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tissu! adipeux! (Andersen! et# al.,! 2008)! à! se! différencier! en! myocytes! et! en! SC! après!

injection! intramusculaire! chez! la! souris! immunodéficiente.! Ce! potentiel! est! davantage!

marqué!pour!la!fraction!CD31ECD45E!(Uezumi!et#al.,!2006).!La!cotransplantation!de!cette!

fraction!avec!des!myoblastes!dans!la!souris!mdx!améliore!la!migration!et!la!fusion!de!ces!

derniers! (Motohashi!et#al.,!2008).!Même!si! la! fraction!CD45E!présente!des!capacités!de!

différenciation! myogénique! in# vitro! et! in# vivo,! la! majorité! des! cellules! SP! CD45E!

possèdent!une!activité!myogénique!limitée!(McKinneyEFreeman!et#al.,!2002,!2003).!Les!

cellules! SP! sont! également! capables!de! s’insérer! au!niveau!de! l’endothélium!durant! la!

régénération!vasculaire!(Majka!et#al.,!2003).!Délivrées!par!voie!systémique,! les!cellules!

SP!autologues!isolées!de!souris!mdx!puis!corrigées!afin!d’exprimer!la!dystrophine,!ont!la!

capacité!de!traverser!les!capillaires,!de!rejoindre!le!tissu!musculaire!et!de!fusionner!avec!

les!fibres!endommagées!(Bachrach!et#al.,!2004,!2006).!De!plus,!elles!expriment!in#situ!le!

facteur!de!transcription!Pax7!ainsi!que!la!desmine!(Bachrach!et#al.,!2006).!Les!cellules!SP!

obtenues!du!muscle!et!enrichies!en!fraction!ScaE1+!et!CD45+!sont!capables!de!générer!in#

vitro! et! in# vivo! des! colonies! hématopoïétiques! mais,! en! revanche,! pas! de! colonie!

myogénique!in#vitro!ce!qui!suggère!que!même!si!ces!cellules!SP!sont!retrouvées!dans!le!

tissu! musculaire,! elles! n'en! demeurent! pas! moins! des! cellules! affiliées! à! la! lignée!

hématopoïétique!(McKinneyEFreeman!et#al.,!2002,!2003).!!

!

3. Cellules!PICs!
i. Isolement'et'caractérisation'

Une!population!de!progéniteurs!musculaires!localisés!dans!l’interstitium!et!caractérisés!

par! l’expression! du! marqueur! PW1! a! été! décrite! (Mitchell! et# al.,! 2010).! Ces! cellules,!

appelées!PICs!pour!Cellules!Interstitielles!PW1+/Pax7E!sont!abondantes!à!la!naissance!et!

déclinent! dans! les! 2! à! 3! premières! semaines! de! vie,! en!maintenant! un! rapport! de! 1:1!

avec!les!SC.!Le!marqueur!PW1,!qui!les!caractérise!et!code!une!protéine!à!doigts!de!zinc,!

est! initialement! exprimé! dans! les! cellules! du! mésoderme! pendant! le! développement!

embryonnaire!et!reste!exprimé!par!les!cellules!musculaires!différenciées!et!par!les!SC,!ce!

qui! suggère! un! rôle! spécifique! dans! la! lignée! musculaire! (Relaix! et# al.,! 1996;!

Schwarzkopf! et# al.,! 2006).! Il! est! également! retrouvé! dans! d’autres! types! de! tissus,!

comme!le!système!nerveux!et!la!peau!(Besson!et#al.,!2011).!Les!cellules!PICs!n’expriment!

aucun!marqueur!myogénique!à!l’état!basal.!Des!études!ont!révélés!qu'elles!expriment!un!

large!nombre!de!gènes!communs!aux!CSM!(Pannérec!et#al.,!2013).!Enfin,!une!population!
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discrète!et!transitoire!de!PICs!juvéniles!exprime!ScaE1!mais!disparait!après!3!semaines!

de! développement! postEnatal! (Pannérec! et# al.,! 2013).! Elle! présente! une! capacité! de!

différenciation! myogénique! lisse! ou! squelettique! in# vitro! et! expriment! Pax3,! Pax7! et!

MyoD!durant!l’engagement!dans!ce!programme!(Mitchell!et#al.,!2010).!Cependant,!elle!ne!

dérive!pas!des!cellules!parentales!exprimant!Pax3!et!est!donc!distincte!des!SC! (Figure!

26).!Sa!capacité!de!différenciation!adipogénique!a!été!démontrée!comme!étant!liée!à!la!

présence! d’une! sousEpopulation! exprimant! PDGFRα! tandis! que! les! cellules! PICs!

présentant!une!capacité!de!différenciation!myogénique!ne!l’expriment!pas.!!

 
 
 
 
 
 
 
 
 
 
             !
Figure,26.,Expression,de,PW1,dans,les,cellules,souches,du,muscle,(Pannérec!et#al.,!2013).!Ce!schéma!
représente!la!hiérarchie!des!cellules!souches!sur!la!base!de!l’expression!de!PW1.!Les!cellules!présentant!

un! potentiel! myogénique! sont! les! cellules! satellites! (SAT),! les! mésoangioblastes! (MABs)! et! une! sousE

population!de!PICs!tandis!que!celles!présentant!un!potentiel!adipogénique!sont!constituées!de!la!fraction!

IAPs! des! PICs.! Les! cellules! qui! n’expriment! pas! PW1! donnent! naissance! aux! fibroblastes.! IAPs,!

progéniteurs!interstitiaux!adipogéniques!
! ! ! ! ! ! ! ! ! ! ! ! ! !

!

!

!

ii. Potentiel'thérapeutique'

Les!cellules!PICs!participent!à!la!régénération!musculaire!in#vivo!à!un!niveau!comparable!

à! celui! des! SC! (Mitchell! et#al.,! 2010)! et! sont! capables! de! générer! des! SC! ainsi! que! de!

renouveler! le! stock! de! cellules! PICs.! Les! souris! déficientes! en! Pax7! présentent! une!

augmentation! du! nombre! de! cellules! PICs! durant! le! développement! postEnatal,!

inversement! proportionnelle! à! la! diminution! du! nombre! de! SC! (Mitchell! et#al.,! 2010).!

Tandis!que!les!SC!isolées!de!souris!mutantes!déficientes!en!Pax7!montrent!un!potentiel!

myogénique!robuste,!les!cellules!PICs!isolées!de!ce!mutant!sont!incapables!de!participer!

à!la!myogenèse,!démontrant!une!implication!de!Pax7!dans!le!potentiel!myogénique!des!

cellules!PICs!(Mitchell!et#al.,!2010).!!

!
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4. Cellules!ALDH!
i. Isolement'et'caractérisation'

L’aldéhyde! déhydrogénase! 1A1! (ALDH1A1)! est! une! enzyme! ubiquitaire! détoxifiante!

impliquée! dans! le! métabolisme! des! aldéhydes! et! de! l’acide! rétinoïque.! Il! existe! 17!

isoformes!différents!de!cette!enzyme!(Douville!et#al.,!2009).!Les!cellules!ALDH+!peuvent!

être! retrouvées! dans! la! moelle! osseuse,! le! cordon! ombilical! et! le! sang! (Storms! et# al.,!

1999).!Une!population!cellulaire!présentant!une! forte!activité!ALDH!(ALDHbr),!appelée!

SMALD+!pour!ALDH+!du!muscle!squelettique,!a!été! identifiée!dans! l’espace!endomysial!

de!muscles!squelettiques!murin!et!humain!(Vauchez!et#al.,!2009).!!

Les!cellules!ALDH+!représentent!une!petite!fraction!(2!à!4%)!des!cellules!mononucléées!

qui! se! distinguent! des! SC,! des! péricytes/mésoangioblastes,! myoblastes,! cellules! myoE

endothéliales!et!CSM!par!les!marqueurs!qu’elles!expriment.!Elles!sont!négatives!pour!le!

CD31,!CD45!et!CD56.!Deux!populations!de!cellules!SMALD+!présentant!un!phénotype!et!

des! propriétés! fonctionnelles! distinctes! peuvent! être! isolées! du! muscle! squelettique.!

Tandis! que! les! cellules! SMALD+/CD34+! présentent! un! profil! mésenchymateux,!

n’expriment!jamais!le!CD56!et!sont!capables!de!se!différencier!en!cellules!adipogéniques,!

les!cellules!SMALD+/CD34E!surexpriment!rapidement!le!CD56!in#vitro!et!se!différencient!

en!myotubes!(Vauchez!et#al.,!2009).!Il!a!également!été!démontré!que!l’expression!ALDH!

confère!une!meilleure!résistance!au!stress!oxydatif!ainsi!qu’une!meilleure!survie!après!

transplantation!des!myoblastes! (Jean!et#al.,! 2011)!mais!également!des!MuscleEDerived!

Stem!Cells!ou!MDSC!(Vella!et#al.,!2011).!

!

ii. Potentiel'thérapeutique'

Une!contribution!robuste!à!la!myogenèse!et!à!la!colonisation!de!la!niche!satellitaire!a!été!

établie! pour! les! cellules! humaines! ALDH+/CD34E! après! injection! intramusculaire! dans!

des! souris! immunodéficientes! irradiées! et! lésées! à! la! notexine.! De! façon!majeure,! les!

cellules!ALDH+/CD34E!présentent!aussi!une!forte!prolifération!après!leur!injection!dans!

un!muscle!immunodéficient!(Vauchez!et#al.,!2009).!

!
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5. Cellules!souches!associées!aux!vaisseaux!sanguins!
a. Mésoangioblastes/Péricytes'

i. Isolement'et'caractérisation'

Initiallement! isolés! à! partir! de! l’aorte! dorsale! d’embryons! murins! (De! Angelis! et# al.,!

1999),! les! péricytes/mésoangioblastes! (Mabs)! ont! ensuite! été! caractérisés! chez! la!

souris,! le! chien! et! l’Homme! que! ce! soit! dans! du! tissu! musculaire! squelettique! ou!

cardiaque!(Cossu!and!Bianco,!2003;!Sampaolesi!et#al.,!2003,!2006;!Dellavalle!et#al.,!2007;!

Galvez! et# al.,! 2008).! Ils! correspondent! à! des! progéniteurs! mésodermiques! qui! sont!

définis!par!l’expression!de!l’ALP,!NG2,!CD44,!PDGFRβ,!CD146,!Flk1,!cEKit!et!de!l’αESMA!et!

par! leur! négativité! en! CD56.! Ils! sont! également! positifs! pour! les! marqueurs!

mésenchymateux!(Crisan!et#al.,!2008)!(Figure!27).!Elles!présentent!une!forte!capacité!de!

prolifération! et! se! différencient! spontanément! en! myotubes,! ostéocytes,! adipocytes,!

cellules!musculaires!lisses!et!cardiomyocytes!in#vitro.!!

!

     !
Figure, 27., Origine, possible, des,
mésoangioblastes, (Cossu! and! Bianco,!
2003).! Des! influences! environnementales!!

impriment! un! potentiel! hématopoïétique!

à! des! progéniteurs! angioEpoïétiques.! Des!

signaux! de! nature! encore! inconnus!

préservent!un!potentiel!de!différenciation!

mésodermique! à! une! autre! fraction! des!

progéniteurs! angiopoïétiques,! les!

mésoangioblastes.!
! ! ! ! ! !

!

!

!

!

!

!

!

ii. Potentiel'thérapeutique'

Les! premières! injections! de!Mabs! issues! d’aorte! dorsale! de! souris! réalisées! dans! des!

embryons! de! poulet! ont! révélé! leur! incorporation! rapide! dans! les! vaisseaux! sanguins!

mais! aussi! leur! capacité! à! coloniser! les! tissus! mésodermiques! comme! le! sang,! le!

cartilage,! les! os,! les! muscles! striés! squelettiques,! cardiaques! ou! lisses! (Minasi! et# al.,!

2002).! Une! correction! morphologique! et! fonctionnelle! du! phénotype! des! souris! α–

sarcoglycaneE!a!été!démontrée!suite!à!l’administration!intraEartérielle!de!Mabs!issus!de!

souris! saines! ou! de! souris! dystrophiques! et! corrigés! par! un! lentivirus! codant! l’α–

sarcoglycane!(Sampaolesi!et#al.,!2003).!Un!impact!de!l’administration!intracardiaque!des!



!

! 83!

Mabs! a! également! été! démontré! avec! une! amélioration! de! la! fonction! contractile! du!

ventricule! gauche,!une!augmentation!de! la! vascularisation!et! une!meilleure! survie!des!

cardiomyocytes!(Galli!et#al.,!2005).!Un!traitement!associant! le! facteur!stromal!dérivéE1!

(SDFE1),! le! facteur!de!nécrose!tumorale!α!(TNF)!et!une!induction!d’expression!de! l’!α4!

intégrine! augmente! l'efficacité! de! migration! des! Mabs! ce! qui! se! traduit! par! une!

colonisation!massive! du! tissu!musculaire! de! souris! αEsarcoglycaneE!par! les!Mabs! avec!

une! reconstitution!d’environ!80%!des! fibres! exprimant! l’αEsarcoglycane! (Galvez!et#al.,!

2006).! Chez! la! souris! double!mutante!mdx/utrnE/E,! l’administration! intramusculaire! de!

Mabs! s’accompagne! d’une! synthèse! de! dystrophine! et! d’utrophine,! d’une! genèse! de!

nouvelles!fibres!et!d’une!meilleure!résistance!aux!lésions!avec!environ!50!fois!moins!de!

dommages! musculaires! que! dans! un! muscle! non! injecté.! D’autre! part,! les! Mabs! se!

positionnent!en!loge!satellitaire!et!expriment!des!marqueurs!de!SC!comme!cEmet!(Berry!

et#al.,!2007).!Une!amélioration!du!phénotype!dystrophque!de!souris!mdx!a!été!montrée!

après! transplantaton! de! Mabs! issus! de! souris! mdx! corrigés! avec! un! chromosome!

artificiel! humain! épisomal! codant! le! gène! entier! de! la! dystrophine.! Ces! cellules!

s’intègrent! de! façon! robuste! dans! le! tissu! musculaire,! donnent! de! nombreuses! fibres!

dystrophine+! ainsi!que!des! SC!et! améliorent! le!phénotype!8!mois!postEtransplantation!

(Tedesco!et#al.,!2011).!Des!péricytes!humains!administrés!par!voie!systémique!chez! la!

souris!scid/mdx!sont!capables!de!traverser!la!barrière!endothéliale!et!de!migrer!dans!le!

muscle!dystrophique!où!elles!participent!à! la!régénération!musculaire!en!restaurant! la!

dystrophine!et!en!colonisant!la!niche!satellitaire!(Dellavalle!et#al.,!2011,!2007).!Les!Mabs!

issus!de!personnes!saines!ou!de!patients!DMD!puis!transduits!avec!un!lentivirus!codant!

pour!une!miniE!ou!microEdystrophine!sont!capables,!après!injection!intraEartérielle!chez!

la! souris! scid/mdx,! de! rejoindre! le! tissu! musculaire,! de! permettre! la! réexpression! de!

dystrophine! ainsi! qu’une! amélioration! clinique! (Dellavalle! et# al.,! 2007).! Des! résultats!

identiques!sont!obtenus!lors!de!greffes!allogéniques!chez!le!chien!GRMD!(Sampaolesi!et#

al.,! 2006).! La! correction! des!Mabs! à! l’aide! de! lentivirus! contenant! le! site! nNOS! sur! la!

séquence!de! la!dystrophine,! conduit!également!à!une! forte!expression!de!dystrophine,!

une! restauration! du! complexe! DGC! et! une! expression! de! nNOS! (Meng! et# al.,! 2016).!

Récemment,!Noviello!et!al.!ont!montré!une!faible!immunogénicité!des!Mabs!en!condition!

basale! avec!une! absence!de! réponse!des! cellules!T! allogéniques! et! une! résistance! à! la!

lyse!médiée!par!les!lymphocytes!T.!Après!traitement!à!l’IFN!ou!après!différenciation,!les!

Mabs!deviennent!en!revanche!sensibles!à!la!lyse!et!provoquent!une!réponse!allogénique!
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(Noviello! et#al.,! 2014).! Le! premier! essai! clinique! de! phase! I/IIa! a! été! réalisé! sur! cinq!

patients!DMD!avec!quatre!administrations!intraEartérielles!de!doses!croissantes!de!Mabs!

HLAEcompatibles! à! 2! mois! d’intervalle.! Si! les! mesures! fonctionnelles! ont! permis! de!

montrer! une! stabilisation! temporaire! de! 2! des! 3! patients! ambulatoires,! aucune!

amélioration! fonctionnelle! n’a! été! observée.! Un! faible! niveau! d’ADN! des! cellules!

donneuses!a!été!retrouvé!de!même!qu'une!absence!de!dystrophine!au!sein!des!muscles.!

De! façon! importante,! l’un! des! patients! a! développé! une! attaque! cérébrale! dont! la!

corrélation!avec!l’administration!des!cellules!reste!à!démontrer!(Cossu!et#al.,!2015).!!

!

b. Cellules'myoEendothéliales'

i. Isolement'et'caractérisation'

Les! progéniteurs! myogéniques! et! endothéliaux! ont! été! initiallement! identifiés! dans!

l’espace!interstitiel!du!muscle!squelettique!de!souris!sur!la!base!de!l'expression!du!CD34!

(Tamaki! et# al.,! 2002).! Ces! cellules! sont! ScaE1+! (94%)! et! négatives! pour! CD14,! CD31,!

CD49,!CD73,!cEkit!et!FlkE1!(Tamaki!et#al.,!2002,!2003).!Elles!expriment!le!transcrit!cEmet!

mais! aucun! marqueur! myogénique! et! se! distinguent! des! SC! par! leur! expression! du!

Bcrp1/ABCG2! à! l’échelle! du! transcrit.! Une! expression! du! CD56,! CD34! et! CD144! est!

présentée!pour! les!cellules!humaines!(Zheng!et#al.,!2007).!Après!trois! jours!en!culture,!

elles!expriment!à! l’échelle!du! transcrit! les!marqueurs!myogéniques!Pax3,!Pax7,!MyfE5,!

MyoD,!MyfE6,!myogénine!et!mEcadhérine.!Elles!forment!des!cultures!clonales! in#vitro!et!

possèdent! le! potentiel! de! différenciation! adipogénique,! endothélial! et! myogénique!

(Tamaki!et#al.,!2002).!!

!

ii. Potentiel'thérapeutique'

Une!différenciation!endothéliale!vasculaire!et!myogénique!a!été!démontrée!in#vivo!pour!

les!cellules!myoEendothéliales!murines!(Tamaki!et#al.,!2002,!2005).!Une!augmentation!de!

la!masse!musculaire! et! de! la! fonction! contractile! a! été! répertoriée! après! injection! IM!

chez! la! souris! C57BL/6! lésée! (Tamaki! et#al.,! 2007).! Ces! cellules! présentent! également!

une! capacité! de! différenciation! cardiaque! in# vivo! et! participent! à! l’amélioration! de! la!

fonction! cardiaque! après! administration! locale! dans! un! modèle! de! souris! atteinte!

d’infarctus!du!myocarde!(Tamaki!et#al.,!2008).!

!
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6. MDSC!

i. Isolement'et'caractérisation'

Les! cellules! souches! dérivées! du!muscle! ou!MDSC! ont! été! initialement! isolées! chez! la!

souris!sur! la!base!d'un!déficit!d’adhérence! initial.!Le!protocole!d’isolement!consiste!en!

une!digestion!mécanique!et!enzymatique!du!tissu!musculaire!suivi!d’un!ensemencement!

de! la! suspension! de! cellules! mononucléées! extraites! du! muscle! puis! d’un! transfert!

successif! du! surnageant! de! culture,! de! façon! à! obtenir! une! fraction! marginale!

représentant!de! l'ordre!de!1%!des!cellules!totales!dérivées!du!muscle!(Qu!et#al.,!1998;!

Lee!et#al.,!2000)!(Figure!28).!

!

 

 

 

 

 

 

 
             !
Figure, 28., Profil, des, différentes, fractions, isolées, par, pre&plating, (d’après! Gharaibeh! et# al.,! 2008;!
Lavasani!et#al.,!2013).!PP1!à!PP6!représentent!les!preEplatings!1!à!6.!SAC:!Slow!adhering!cells!
! ! ! ! ! ! ! ! ! ! ! ! ! !

!

!

!

Les!MDSC!murines! sont! caractérisées! par! une! expression! de! FlkE1,! ScaE1,! desmine! et!

sont! négatives! pour! le! CD45,! mEcadhérine! et! CD34! (Jankowski! et# al.,! 2001).! Ce!

phénotype!varie!en! fonction!des!études!et!des! techniques!d’isolement.!Ainsi,! les!MDSC!

sont! parfois! présentées! comme! positives! pour! le! CD133,! la! vimentine! et! le! CD105! et!

négatives!pour!KlfE1,!VEEcadhérine!et!Bcl2!(Alessandri!et#al.,!2004).!Les!MDSC!humaines!

se! définissent! par! l’expression! de! marqueurs! mésenchymateux! et! se! distinguent! des!

myoblastes,!notamment!par!l’expression!plus!faible!du!CD146,!de!la!desmine!et!du!CD56!

(Chirieleison!et#al.,!2012).!

Les! MDSC! murines! sont! présentées! comme! dotées! d'une! très! forte! capacité! de!

prolifération!étant!capables!d'assumer!300!doublement!de!populations!(PDs)!avec!une!

préservation!de!leur!phénotype!pendant!au!moins!200!PDs.!Elles!conservent!par!ailleurs!

des! capacités! de! régénération!musculaire! in# vivo! comparables! à! celles! ayant! subi! une!
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amplification! minimale! (Deasy! et# al.,! 2005).! Tout! comme! les! cellules! SP,! la!

différenciation!myogénique!des!MDSC!est!largement!tributaire!de!l’expression!de!Pax7.!

Ces! cellules! sont! multipotentes,! donnant! in# vitro! et! in# vivo! les! lignées! myogénique,!

adipogénique,!ostéogénique,!chondrogénique!ainsi!qu’hématopoïétique!(QuEPetersen!et#

al.,! 2002;!Cao!et#al.,! 2003).!D’autre!part,! les!MDSC!présentent!une! résistance!au!stress!

oxydatif! plus! importante! que! les! myoblastes,! notamment! grâce! à! l'expression! de! la!

superoxyde! dismutase! et! la! gluthatione,! enzyme! dégradant! les! composés! oxygénés! et!

qui! leur! confèrent! un! avantage! en! terme! de! survie!mais! également! de! différenciation!

(Urish!et#al.,!2009).!!

Selon! les! conditions! de! culture! employées,! ces! cellules! possèdent! des! caractéristiques!

distinctes.!Placées!sur!des!supports!à!faible!niveau!d’adhérence!ou!ULA!pour!UltraELow!

Attachment,!elles!forment!notamment!des!structures!particulières!appelées!myosphères!

ou! cellules! progénitrices! dérivées! des!myosphères! (MDPC).! Les!myosphères! sont! des!

amas!de!cellules!rondes!capables!de!proliférer!en!suspension! tout!en!conservant!cette!

morphologie!pendant!plusieurs!mois!(Arsic!et#al.,!2008;!Wei!et#al.,!2011).!Chez!la!souris,!

ces!myosphères!expriment!ScaE1,!CD29,!CD90!et!CD34!mais!sont!négatives!pour!CD45,!

CD31!et!les!marqueurs!myogéniques!Pax7,!Myf5!et!MyoD!(Westerman!et#al.,!2010).!Chez!

l’Homme,!elles!expriment!Pax7,!l’ADH1,!MyoD!et!la!Desmine!ainsi!que!les!marqueurs!de!

pluripotence! Nanog,! Sox2! et! Oct3/4! (Wei! et# al.,! 2011).! De! façon! originale,! les!

myosphères!se!différencient,!sans!fusion!cellulaire,!en!fibres!contractiles!mononucléées,!

exprimant!la!myogénine!et!la!chaine!lourde!de!la!myosine.!L’exposition!de!la!myosphère!

à! des!molécules! inductrices! spécifiques! provoque! une! différenciation! adipogénique! et!

ostéogénique! (Sarig! et# al.,! 2006;! Wei! et# al.,! 2011).! Ces! myosphères,! placées! sur! des!

supports!autorisant!l’adhérence,!réEadhèrent!au!support!et!forment!une!monocouche!de!

cellules!MyoD+!(Sarig!et#al.,!2006)!appelées!par!certains!auteurs!MDACs!(Westerman!et#

al.,! 2010).! Ces! cellules! sont! assez! similaires! aux!myoblastes,! expriment! les!marqueurs!

myogéniques!et!se!différencient!aisément!en!myotubes!multinucléés.!!

!

ii. Potentiel'thérapeutique'

Une! capacité! à! traverser! la! barrière! endothéliale,! à! rejoindre! le! tissu!musculaire! et! à!

réexprimer!la!dystrophine!a!été!attribuée!aux!MDSC!murines!après!administration!intraE

artérielle!chez! la!souris!mdx! (Torrente!et#al.,!2001).!Leur!administration!s’accompagne!

de! 10! fois! plus! de! fibres! dystrophine+! qu’après! celle! de! myoblastes! 30! jours! après!
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transplantation!(QuEPetersen!et#al.,!2002).!Une!meilleure!efficacité! thérapeutique!a!été!

attribuée!pour!la!fraction!CD34+!après!administration!locale!chez!la!souris!mdx!avec!un!

index!de!régénération,!un!nombre!de!fibres!exprimant!la!dystrophine!et!une!capacité!de!

fusion! plus! importants! (Jankowski! et# al.,! 2002b).! Une! expression! de! la! LEsélectine!

favoriserait! l'adhérence! des! MDSC! à! l’endothélium! et! le! tropisme! vers! le! muscle!

(Torrente!et#al.,!2003).!Des!capacités!de!régénération!supérieures!sont!rapportées!pour!

les!MDSC!issues!de!souris!femelles,!ce!qui!pourrait!être!dû!à!des!facteurs!hormonaux!ou!

à! la! différence! de! réponse! au! stress! cellulaire! observée! entre! les! cellules! mâles! et!

femelles! (Deasy! et# al.,! 2007).! Concernant! les! myosphères,! après! inoculation!

intramusculaire!chez!la!souris!nude!lésée,!elles!participent!à!la!régénération!musculaire!

en!formant!des!fibres!multinucléées!matures!(Sarig!et#al.,!2006;!Westerman!et#al.,!2010).!

La!transplantation!intracardiaque!de!MDSC!murines!chez!la!souris!mdx!se!traduit!par!la!

formation!majoritaire!de!myocytes!hybrides!qui!expriment!la!dystrophine!et!présentent!

des!marqueurs!phénotypiques!squelettiques!et!cardiaques!(Payne!et#al.,!2005).!Malgré!

ces! limites,! il! a! été! montré! que! la! greffe! de! MDSC! dans! des! cœurs! de! souris! infarcis!

s’accompagne! d’un! néovascularisation,! prévient! le! remodelage! tissulaire! cardiaque! et!

permet! une! amélioration! de! la! fonction! cardiaque! et! ce! de! façon! plus! efficace! que! les!

myoblastes! (Oshima! et#al.,! 2005).! Comparées! aux!myoblastes,! une!meilleure! efficacité!

dans! la! régénération! musculaire! a! été! démontrée! pour! les! MDSC! humaines! après!

injection! intramusculaire!chez! la! souris!scid/mdx! avec!cependant!un!nombre!de! fibres!

dystrophine+!assez!faible!(Chirieleison!et#al.,!2012).!

!

VI. Cellules!iPS!
i. Isolement'et'caractérisation'

Les!cellules! iPS!ou!cellules!pluripotentes! induites!ont!été! initiallement!générées!par! la!

transduction! de! fibroblastes! murins! avec! quatre! facteurs! de! pluripotence,! à! savoir!

Oct3/4,! Sox2,! cEMyc! et! Klf4! (Takahashi! and! Yamanaka,! 2006).! Ces! cellules! présentent!

une!morphologie,!un!niveau!de!prolifération!et!un!phénotype!comparables!aux!cellules!

souches! embryonnaire! (ES).! Leur! administration! sousEcutanée! chez! la! souris! nude!

s’accompagne! de! formations! tumorales! contenant! différents! types! de! tissus! des! trois!

feuillets!embryonnaires.!Après!injection!dans!le!blastocyste,!les!cellules!iPS!contribuent!

au!développement!embryonnaire!de!la!souris!(Takahashi!and!Yamanaka,!2006).!Selon!la!
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même!démarche,!des! cellules! iPS!ont! été! générées! à!partir!de! fibroblastes!de!patients!

(Takahashi!et#al.,!2007).!

!

ii. Potentiel'thérapeutique'

En!2010,!des!cellules!iPS!issues!de!souris!mdx!et!de!patients!DMD!ont!été!corrigées!par!

incorporation! de! chromosome! humain! artificiel! (HAC)! contenant! l’ensemble! de! la!

séquence!de!la!dystrophine!ce!qui!a!aboutit!à!une!expression!épisomale!stable!du!gène!et!

permis!d'éviter!les!mutations!insertionnelles.!Des!souris!chimériques!obtenues!à!partir!

des! cellules! iPS! murines! corrigées! ont! présenté! une! expression! tissuEspécifique! des!

différents!isoformes!de!la!dystrophine!et!une!localisation!correcte!de!la!protéine!dans!le!

tissu!musculaire!(Kazuki!et#al.,!2010).!!

De!larges!foyers!de!fibres!dystrophine+!ainsi!que!d’une!amélioration!de!la!contractibilité!

des!muscles!ont!été!démontré!chez!la!souris!mdx!après!la!transplantation!d’iPS!issues!de!

fibroblastes! de! souris! C57/BL6! exprimant! de! façon! conditionnelle! Pax7! (Darabi!et#al.,!

2011).!

Des! fibroblastes! et! myoblastes! isolés! de! patients! atteints! de! LGMD! ont! été!

reprogrammés!pour!générer!des!cellules! iPS!(Tedesco!et#al.,!2012)!(Figure!29)!qui!ont!

ensuite! été! soumis! à! un! protocole! de! différenciation! pour! produire! des!

mésoangioblastes.! Ces! derniers! ont! finalement! été! transduits! avec! un! lentivirus! pour!

apporter! le! gène! de! l'αEsarcoglycane! et! de!MyoD! avant! d'être! administrés! localement!

dans! le! modèle! murin! immunodéficient! αEsarcoglycanenull! (Tedesco! et# al.,! 2012).! Par!

cette! démarche! expérimentale,! une! expression! d'αEsarcoglycane! associée! à! une!

amélioration!du!phénotype!dystrophique!a!pu!être!démontrée!ainsi!qu'une!contribution!

des!cellules!injectées!au!stock!de!péricytes!dans!l'interstitium.!!!

!

!

!

!

!

!

!

!

!
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Figure, 29., Stratégie, de,
thérapie, cellulaire, basée, sur,
l’administration,d’iPS,(Tedesco!
et#al.,!2012).!(A)!Des!fibroblastes!
et! myoblastes! sont! isolés! de!

biopsies!musculaires!de!patients!

atteints! de! dystrophie! des!

ceintures! de! type! 2D! et! des!

cellules! iPS! générées! par!

reprogrammation! à! l’aide! des!

facteurs! Oct3/4! (O),! Klf4! (K)! et!

Sox2!(S).!(B)!Les!cellules!iPS!sont!

différenciées!dans!la!lignée!mésodermale!et!plus!spécifiquement!en!mésoangioblastes!(HIDEMs).!(C)!Les!

HIDEMs! sont! transduits! à! l’aide! d’un! lentivirus! portant! le! gène! thérapeutique! pour! corriger! l’anomalie!

ainsi!qu’une!version!inductible!de!MyoD!pour!augmenter!leur!capacité!de!différenciation!myogénique.!(D)!

Les!HIDEMs!sont!transplantés!dans!le!modèle!murin!immunodéficient!de!la!LGMD2D.!
! ! ! ! ! ! ! ! ! ! ! ! ! !

!

De! façon! similaire,! une! expression! de! marqueurs! myogéniques,! une! formation! de!

myotubes!in#vitro!ainsi!qu'une!participation!à!la!régénération!musculaire!dans!le!modèle!

immunodéficient! dystrophique! Rag2EDMDE! ont! été! relatées! à! partir! de! cellules! iPS!

humaines!issues!de!fibroblastes!de!patients!DMD!transduites!avec!un!adénovirus!MyoD!

(Goudenege! et# al.,! 2012).! L'injection! IM! de! cellules! iPS! exprimant! Pax7! de! façon!

conditionnelle! chez! la! souris! immunodéficiente! NSGEmdx4Cv! s'est! également!

accompagnée! de! la! formation! d'un! large! nombre! de! fibres! exprimant! la! dystrophine,!

d'une!augmentation!de!la!force!musculaire!et!d'une!colonisation!de!la!niche!satellitaire!

(Darabi!et#al.,!2012).!

!

Malgré!ces!résultats!prometteurs,!un!certain!nombre!de!limites!à!l'utilisation!des!cellules!

iPS! en! clinique! peuvent! être! relevées.! La! plus! importante! concerne! les! aspects! de!

sécurité!consécutifs!à!la!transduction!des!cellules.!Il!a!en!effet!été!démontré!une!capacité!

de! ces! cellules! à! former! des! tumeurs! après! injection! sousEcutanée! plus! rapidement!

encore! que! les! cellules! ES! (GutierrezEAranda! et# al.,! 2010)! ainsi! qu'une! expression!

d'oncogènes! après! reprogrammation! cellulaire! (Zhang! et# al.,! 2012).! Les! cellules! iPS!

doivent! également! être! induites! dans! le! programme!myogénique,! ce! qui!multiplie! les!

étapes!de!production,!rendant!le!protocole!de!reprogrammation!lourd!et!coûteux.!

!

!
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VII. Synthèse!sur!l'exploration!des!cellules!souches!
L'identification! de! cellules! souches! au! sein! des! tissus! adultes! a! ouvert! de! nouvelles!

perspectives!d'applications!thérapeutiques!pour!un!large!nombre!de!pathologies!parmi!

lesquelles! les! maladies! neuromusculaires! comme! les! dystrophies! musculaires.! Les!

travaux!de!caractérisation!multiples!ont!conduit!au!cours!des!quinze!dernières!années!à!

l'identification! de! caractéristiques! majeures! pour! ces! populations! marginales,! les!

positionnant! comme! de! potentielles! candidates! pour! la! mise! en! place! de! thérapie!

cellulaire! pour! des! maladies! restant! encore! aujourd'hui! sans! traitement.! Cependant,!

l'accumulation! de! résultats! expérimentaux! discordants! selon! l'espèce! considérée! pour!

une! même! population! d'intérêt! mais! également! la! non! reproductibilité! des! données!

entre! les! laboratoires! de! recherche! ou! encore! la! présentation! de! résultats! négatifs! en!

essais!cliniques!témoignent!de!l'existence!d'une!réelle!complexité!dans!l'exploration!de!

ces!cellules!souches!et!la!confection!d'un!médicament!de!thérapie!innovant!(Tableau!X,!

Figure!30).!
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             !
Tableau,X.,Avantages,et,limites,des,différents,candidats,cellulaires,à,la,thérapie,des,DM,(Meng!et!
al.,!2011a).!,
! ! ! ! ! ! ! ! ! ! ! ! ! !

!
Type!cellulaire! Avantages! Limites!

SC!

E!Contribution!à!la!régénération!

musculaire!après!injection!IM!

E!Contribution!au!stock!de!SC!

E!Isolement!d'une!population!

relativement!pure!

E!Faible!nombre!de!cellules!

disponibles!!

E!Contribution!à!la!régénération!!

musculaire!uniquement!si!

fraîchement!isolées!

E!Ne!peuvent!pas!être!délivrées!par!

voie!systémique!

E!Cellules!humaines!non!testées!in#vivo!

Myoblaste!

E!Facilité!d'isolement!et!

d'expansion!in#vitro!
E!Contribution!à!la!régénération!

musculaire!après!injection!IM!

E!Contribution!au!stock!de!SC!

E!Efficacité!dans!la!régénération!et!la!

contribution!au!stock!de!cellules!de!

réserve!moindre!que!celle!des!SC!

E!Pas!d'injection!systémique!possible!

MDSC!

E!Facilité!d'expansion!in#vitro!
E!Contribution!à!la!régénération!

musculaire!après!injection!IM!et!IA!

E!Origine!inconnue!

E!Pas!de!démonstration!de!

reconstitution!de!SC!

Cellule!myoE

endothéliale!

E!Facilité!d'expansion!in#vitro!
E!Contribution!à!la!régénération!

musculaire!après!injection!IM!

E!Pas!de!démonstration!de!

reconsitution!de!SC!

E!Pas!de!démonstration!après!injection!

systémique!

E!Difficultés!à!préparer!une!population!

pure!

Mésoangioblaste/

péricyte!

E!Facilité!d'expansion!in#vitro!
E!Contribution!à!la!régénération!

musculaire!après!injection!IM!et!IA!

E!Reconstitution!du!stock!de!SC!

E!Difficultés!à!préparer!une!population!

pure!

E!Capacité!régénérative!variable!en!

fonction!des!lots!isolés!

Cellule!AC133+!

E!Contribution!à!la!régénération!

musculaire!après!injection!IM!et!IA!

E!Reconstitution!du!stock!de!SC!

E!Difficultés!à!préparer!une!population!

pure!

E!Difficulté!d'expansion!in#vitro#

Cellule!PIC!

E!Contribution!à!la!régénération!

musculaire!après!injection!IM!

E!Reconstitution!du!stock!de!SC!et!

de!cellules!PICs!endogènes!

E!Difficultés!à!préparer!une!population!

pure!

E!Pas!de!démonstration!après!injection!

systémique!

E!Cellules!humaines!non!testées!in#vivo!

CSH!

E!Facilité!d'isolement!!

E!Bien!caractérisées!

E!Délivrables!par!voie!systémique!

E!Contribution!à!la!régénération!

musculaire!très!limitée!

E!Cellules!satellites!et!fibres!

musculaires!dérivées!des!CSH!non!

fonctionnelles!

CSM!
E!Facilité!d'isolement!et!

d'expansion!in#vitro!
E!Contribution!à!la!régénération!

musculaire!très!limitée!

ES/iPS!

E!Facilité!d'expansion!in#vitro#
E!Contribution!à!la!régénération!

musculaire!après!injection!IM!

E!Problèmes!éthiques!!

E!Nécessité!d'induction!préalable!dans!

la!lignée!myogénique!

E!Tumorogénèse!possible!

E!Pas!de!démonstration!systémique!

!
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Figure, 30., Bilan, des, études, pré&cliniques, et, cliniques, concernant, les, principaux, candidats,
cellulaires,à,la,thérapie,de,la,DMD,(Charrier,!2016,!communication!personnelle).!Les!éléments!favorables!
à! une! poursuite! vers! un! essai! clinique! sont! indiqués! en! vert,! les! résultats! nécessitant! des! données!

complémentaires!en!orange!et!les!limites!majeures!en!rouge.!
! ! ! ! ! ! ! ! ! ! ! ! ! !
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Cellule allogénique Cellule humaine I      II          III       IV 

Souris LGMD / Chien DMD  
Injection locale / systémique 
-  Restauration des protéines déficientes 
-  Amélioration clinique 
 

(Sampaolesi et al., 2003, 2006) 

Recherche préclinique Essai clinique 

Souris DMD immunodéficiente  
Injection locale  
-  Restauration de dystrophine  
-  Fort indice de régénération 
(Qu-Petersen et al., 2002) 
Injection systémique 
-  Faible dissémination (Torrente et al., 2001) 

Souris DMD immunodéficiente  
Injection locale  
-  Faible restauration de dystrophine 
-  Faible indice de régénération 
 

(Chirieleison et al., 2012) 

Souris DMD immunodéficiente  
Injection locale / systémique  
(Benchaouir et al., 2007) 
-  Restauration de dystrophine 
-  Amélioration clinique  
Injection systémique (Meng et al., 2014) 
-  Pas de restauration de dystrophine  
-  Pas d’amélioration clinique 

Souris DMD immunodéficiente 
Injection systémique 
-  Restauration de dystrophine 
-  Amélioration clinique partielle 
 (Dellavalle et al., 2007) 
-  Pas de restauration de dystrophine  
(Meng et al., 2011) 

Sujets DMD (Essai clinique phase I) 
Injection locale 
-  Mort cellulaire excessive à 24h 
-  Absence de bénéfice fonctionnel 
(Torrente et al., 2007) 

Sujets DMD (Essai clinique phase I/IIa) 
Injection systémique 
-  Pas de restauration de dystrophine  
-  Pas d’amélioration clinique  
(Cossu et al., 2015) 

Cellules souches périvasculaires 

Cellules souches dérivées du muscle (MDSC) 

Cellules AC133+ 

Type cellulaire 

Modèle animal 
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Chapitre!4. Positionnement!du!travail!de!thèse!

I. Contexte!scientifique!
A!partir!de!2005,!l’UMR!703!INRA/Oniris!a!développé!un!programme!de!recherche!dont!

l'objectif! a! été! d'identifier! un! candidat! cellulaire! pour! le! traitement! de! la! DMD.!

S’appuyant!sur!la!technique!de!preplating!initialement!développé!par!l’équipe!de!Johnny!

Huard,! l’UMR! a! isolé! tout! d’abord! dans! un! modèle! aviaire! puis! chez! le! chien,! une!

population!de! cellules! souches!dérivées!du!muscle,! les! cellules!MuStem!(Rouger!et#al.,!

2007,! 2011).! Elles! se! définissent! comme! des! progéniteurs! myogéniques! précoces!

caractérisés! par! une! capacité! de! prolifération! importante! et! une! oligopotence! étant!

capables! in# vitro! de! se! différencier! en! adipocytes,! ostéocytes! et! myocytes.!

L’administration! intramusculaire! de! cellules! cMuStem! isolées! à! partir! de! muscles! de!

chien!sain!chez!le!chien!dystrophinopathe!GRMD!immunosupprimé!s'accompagne!d'une!

capacité! de! survie! supérieure! comparée! à! celle! des! myoblastes! ainsi! que! d’une!

participation!à!la!régénération!musculaire!avec!la!formation!de!fibres!dystrophine+!et!de!

cellules!en!position!satellite.!De!façon!majeure,!il!a!été!établi!la!preuve!de!concept!de!leur!

administration! systémique! avec! une! stabilisation! de! l'état! clinique! général! des! chiens!

transplantés!et!un!remaniement! tissulaire!marqué!avec!notamment!une!augmentation!

de! l’activité!de!régénération!et!une!réEexpression!de!dystrophine!malgré!une! intensité!

faible!(Figure!31).!

!
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            !
Figure, 31., Comportement, in# vivo, des, cellules, cMuStem, après, administration, systémique,
(Rouger!et#al.,! 2011).! (A)!Evaluation!clinique!des!chiens!GRMD.!Le!score!clinique!est!déterminé!de!
façon!hebdomadaire!et!exprimé!en!pourcentage,!100%!représentant!le!score!d’un!chien!sain.!(B)!Vue!

latérale!droite!d'un!chien!GRMD!mock!de!36!semaines!(haut)!et!d'un!chien!GRMD!traité!par!injection!

de!cellules!MuStem!(bas).!Le!transfert!de!poids!sur!les!pattes!antérieures!et!la!plantigradie!du!chien!

non!traité!ainsi!que!la!posture!normale!chez!le!chien!traité!sont!illustrés!dans!l'insert!(C)!Activité!de!

régénération! évaluée! par! immunomarquage! de! la! chaîne! lourde! de! la! myosine! développementale!

(MyHCd)! (marron)! et! coloration! hématoxylineEéosineEsafran! de! muscles! canins.! Les! fibres!

hypertrophiques! (astérix),! la! fibrose! (tête! de! flèche)! et! les! fibres! calcifiées! (c)! sont! indiquées.! (D)!

Expression! de! la! dystrophine! (vert)! dans! le! muscle! de! chien! GRMD! 4! mois! après! le! protocole!

d'injection!des!cellules!cMuStem.!!
! ! ! ! ! ! ! ! ! ! ! ! !

 

II. Objectifs!du!travail!de!thèse!
Les!résultats!exposés!ciEdessus!ont!permis!d'identifier!des!caractéristiques!intéressantes!

de! cette! population! de! cellules! souches! adultes! MuStem! sur! le! plan! du! potentiel!

régénératif!musculaire,! laissant! envisager! un!possible! intérêt! à! utiliser! cet! agent! dans!

une! démarche! de! thérapie! cellulaire.! Des! travaux! préliminaires! à! mon! doctorat! ont!

suggéré!qu'une!adaptation!du!protocole!d'isolement!permettait!d'isoler!une!fraction!de!

cellules! à! adhérence! retardée! à! partir! de! prélèvements! musculaires! humains,! ces!

dernières!présentant!un!fort!pouvoir!prolifératif!et!une!myogénicité!in#vitro!similaires!à!

celles!précédemment!décrites!pour!les!cellules!MuStem!canines.!Dans!ce!contexte,!l'UMR!

a!engagé!un!programme!de!recherche!translationnelle!dont!l'objet!a!été!de!définir!si!le!

candidat! MuStem! peut! être! envisagé! comme! produit! thérapeutique.! Au! sein! de! ce!

programme,! le! projet! de! thèse! qui! m'a! été! confié! a! eu! pour! finalité! d'apporter! les!

réponses!à!trois!questions!essentielles!en!lien!avec!la!caractérisation!de!l’agent!humain!

et!aux!modalités!de!transplantation!de!la!population!MuStem!:!

I. SommesEnous! en! capacité! d'isoler! les! cellules! MuStem! humaines!avec! des!

caractérisitques!phénotypiques!et!comportementales!similaires!à!celles!observées!

pour!les!cellules!canines!?!

II. Un! comportement! immunomodulateur! peutEil! être! attribué! aux! cellules!MuStem!

humaines,!comme!précédemment!décrit!pour!les!CSM!et!les!mésoangioblastes!?!

III. PouvonsEnous!optimiser!le!protocole!d'administration!systémique!de!la!population!

MuStem!allogénique!par!une! limitation!du!traitement! immunosuppresseur!connu!

pour!générer!des!effets!indésirables!majeurs!sur!le!long!terme!?!
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 Résultats!expérimentaux!

La!connaissance!scientifique!possède!en!quelque!sorte!des!propriétés!fractales!:!nous!aurons!

beau!accroître!notre!savoir,!le!reste!E!si!infime!soitEil!E!sera!toujours!aussi!infiniment!complexe!

que!l'ensemble!de!départ.!

!

Isaac!Asimov!

!
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Chapitre!1. Exploration!des!caractéristiques!phénotypiques!et!
du!comportement!myogénique!de!la!population!MuStem!
humaine!

I. Positionnement!
La! découverte! des! cellules! souches! adultes! dans! les! années! 2000! a! été! à! l’origine! de!

nouvelles! propositions! thérapeutiques! pour! la! DMD.!Malheureusement,! aucune! étude!

clinique!n’a!pour!le!moment!apporté!de!résultats!concluants!pour!proposer!un!produit!

de!biothérapie!innovant.!En!2011,!l’UMR!703!PAnTher!a!isolé!une!population!de!cellules!

souches!dérivées!du!muscle!canin,!la!population!MuStem,!et!fait!la!preuve!de!concept!de!

son!administration!systémique!en!contexte!allogénique!chez!le!chien!dystrophinopathe!

GRMD.! Malgré! ces! résultats! prometteurs,! la! proposition! d’un! candidat! d’intérêt!

thérapeutique! est! conditionnée! par! la! capacité! à! isoler! une! population! similaire! chez!

l’Homme! présentant! des! caractéristiques! phénotypiques! et! comportementales!

identiques.!!

La! première! partie! de! mon! travail! de! thèse! a! consisté! à! caractériser! la! population!

MuStem! humaine! (hMuStem)! d'une! part! en! terme! phénotypique! avec! l’étude! d'un!

ensemble!de!marqueurs!spécifiques!permettant!de!la!positionner!par!rapport!aux!autres!

populations! cellulaires!d’intérêt!mais!aussi!dans! le!programme!myogénique!et!d'autre!

part! en! terme! comportemental! in# vitro! et! in# vivo! avec! l'étude! de! son! potentiel!

myogénique.!!

II. Résumé!de!la!démarche!expérimentale!
Le!détail!du!matériel!et!méthodes!utilisés!étant!décrit!dans!l'article!joint!ciEaprès,!je!ne!

ferai!ici!qu'un!résumé!des!principaux!points!méthodologiques.!

L'obtention!de!prélèvements!musculaires!humains!a!été!réalisée!grâce!à!un!partenariat!

mis! en! place! avec! le! CHU! de! Nantes! dans! le! cadre! d'un! dossier! de! biocollection!

enregistré!auprès!de! la!Direction!de! la!recherche!clinique.!Nous!avons!ainsi!eu!accès!à!

des!déchets!opératoires!de!muscles!posturaux!ou!locomoteurs!issus!de!patients!âgés!de!

15!à!51!ans,!ne!présentant!pas!de!pathologie!musculaire!et!opérés!principalement!dans!

un!contexte!de!scoliose!malformative.!La!difficulté!d'obtenir!des!muscles!locomoteurs!ne!

nous!a!pas!permis!d'acquérir!suffisamment!d'échantillons!sur!la!durée!de!ma!thèse!pour!

mener! à! bien! une! étude! comparative! stricte! avec! les!muscles! posturaux.! Une! fois! les!
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cellules! hMuStem! isolées,! une! analyse! phénotypique! a! été! menée! par!

immunocytochimie,!RTEPCR,!mais!aussi!cytométrie!en! flux!dans! le!cadre!de! la!mise!en!

place!d'une!collaboration!à!la!fois!avec!la!société!MacoPharma!et!Blandine!Lieubeau!de!

l'USC1383!INRA/Oniris/Université!de!Nantes.!Cette!caractérisation!phénotypique!a!été!

complétée! par! une! étude! du! comportement! de! différenciation! in# vitro! par! la!mise! au!

point!de!protocole!d'induction!myogénique,!adipogénique,!ostéogénique!et!endothélial.!

Enfin,!une!collaboration!avec!l'Institut!de!Myologie!à!Paris!m'a!permis!d'administrer!les!

cellules! hMuStem! par! voie! intramusculaire! dans! des! souris! immunodéficientes! Rag2E!

IL2rbE!cryolées!afin!d'évaluer!leur!capacité!de!régénération!musculaire!in#vivo.!

III. Résumé!des!résultats!obtenus!
Dans! cette! étude,! nous! décrivons! pour! la! première! fois! le! candidat! cellulaire!MuStem!

issu!de!tissus!musculaires!humains.!Nous!montrons!que! la!population!obtenue! in#vitro!

est! polyclonale! et! morphologiquement! composée! d'une! fraction! de! petites! cellules!

rondes! réfringentes! et! d'une! fraction! majoritaire! de! cellules! fines! et! fusiformes.! Une!

forte!capacité!proliférative!est!également!mise!en!évidence!pour!ces!cellules!avec!plus!

de!23!doublements!de!population!assurés!sur!une!période!de!38!jours!soit!un!temps!de!

doublement!inférieur!à!1,7!jour.!Sur!le!plant!phénotypique,!nous!établissons!qu'à!l'image!

des! cellules! canines,! la! population! hMuStem! correspond! à! des! progéniteurs!

myogéniques! précoces! d'origine! périvasculaire! comme! en! atteste! la! combinaison! des!

marqueurs! myogéniques! CD56,! Myf5,! desmine! et! péricytaires! mésenchymateux!

CD140b,!CD146,!ALP,!CD29,!CD44,!CD73!ou!encore!CD90,!CD105.!La!population!est!par!

ailleurs! exempte!de! cellules! contaminantes! de! type!hématopoïétique,! endothélial.! Une!

oligopotence!des!cellules!hMuStem!est!démontrée!avec!une!différenciation!myogénique,!

adipogénique! et! ostéogénique! révélée! par! coloration! spécifique! et! expression! de!

marqueurs!des!lignées!considérées.!

De! façon!majeure,! l’administration!de!cellules!hMuStem!dans!un!muscle! lésé!de!souris!

immunodéficiente!montre!une!capacité!d’intégration!au!sein!du!tissu!musculaire!et!plus!

spécifiquement!une!participation!active!à!la!régénération!musculaire!avec!jusqu’à!80%!

de!noyaux!retrouvés!dans!les!fibres!musculaires!et!la!production!de!protéines!humaines!

que!sont!la!dystrophine!et!la!spectrine.!!

!

!
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ABSTRACT 

Systemic delivered allogeneic MuStem cells contribute to persisting stabilization of the 

GRMD dog clinical status and muscle degenerative process. However, it remains unknown 

whether the human counterpart could be identified, considering recent demonstrations of 

divergent features between species for several somatic stem cells. Here, we report that 

MuStem cells reside in human muscle and display a high proliferation potential allowing 

generating clinically relevant amount of cells. We show that they reproducibly correspond to 

a population of early myogenic-committed progenitors with perivascular mesenchymal 

imprint, revealing a blood vessel wall origin. In addition, these oligopotent cells are negative 

for the classical pluripotent stem cell markers and exhibit interesting survival behavior under 

oxidative stress. Importantly, hMuStem cells display a regenerative myogenic potential 

following transplantation into injured muscle of immunodeficient mice. Together, our 

findings provide new insights supporting the notion that hMuStem cells could represent a 

potential therapeutic candidate for dystrophic patients. 

 

 

 

 

 



!

! 99!

INTRODUCTION 

Duchenne Muscular Dystrophy (DMD) is an X-linked recessive muscle disorder that 

represents the most common form of muscular dystrophy, affecting about one in 3,500 to 

5,500 male births [1-2]. It is caused by mutations or deletions in the dystrophin gene, which 

gives rise to the lack of the protein, resulting in muscle fiber degeneration followed by severe 

endomysial sclerosis [3]. This leads to progressive muscle weakness and premature death near 

30 years of age [4-5]. Currently, there is no effective treatment for DMD although the 

development of pharmacological strategies as well as viral-based transfer of shorter form of 

dystrophin, oligonucleotide induced exon-skipping and cell therapy strategies based on the 

use of precursor cells [6]. 

In cell-based strategy, intramuscular (IM) injections of murine [7-8] or human [9-10] 

myoblasts generated encouraging results with demonstration of dystrophin expression 

restoration in the mdx mice corresponding to the DMD murine model. Nevertheless, limited 

successes were subsequently obtained on clinical trials showing only poor dystrophin+ fiber 

formation and no clinical benefit [11-12]. These disappointing results were mainly due to 

massive death and limited dissemination of injected cells [13-15]. Over the past few years, 

several cell types distinct from satellite cells (SC) and exhibiting myogenic fate after 

engraftment into damaged or diseased muscle have been described as blood circulating cells, 

muscle-derived stem cells (MDSC), vessel-associated stem cells, mesenchymal stem cells 

(MSC) or interstitial cells [16-23]. After IM or intra-arterial (IA) injection in scid/mdx mice, 

blood- and muscle-derived CD133+ cells were able to participate in muscle regeneration and 

to colonize the SC niche [16, 23]. Such cells were even more effective than myoblasts when 

injected intramuscularly in Rag-/- gC-/- C5-/- mice [24]. Human mesoangioblasts 

(Mabs)/pericyte-derived cells crossed the vessel barrier following IA injection in scid/mdx 

mice and colonized host muscle where they generated numerous human dystrophin+ fibers 

and replenished the SC pool [17]. In addition, DMD Mabs/pericytes transduced with a 

lentiviral vector expressing human mini- or micro-dystrophin were shown to reach the muscle 

tissue and participate to host muscle regeneration after IA injection in scid/mdx mice [17] or 

in Golden Retriever Muscular Dystrophy (GRMD) dogs that represents the clinically relevant 

DMD model [22]. Following IM or IA injections in mdx mice, murine MDSC exhibited an 

improved ability to restore dystrophin expression compared to myoblasts [20]. Similarly, 

human adipose-derived stem cells (ADSC) reached skeletal muscle, engrafted and expressed 

dystrophin after local or systemic delivery, in mdx mice or GRMD dogs in the absence of 

immunosuppression [21, 25]. IM injection of myogenic endothelial cells (MEC) in scid/mdx 
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mice was shown to give rise to efficient muscle fiber regeneration and dystrophin restoration 

[26]. Finally, PW1+ interstitial cells (PICs) were shown to generate new myofibers, SC and 

PICs following engraftment into damaged muscle [19]. Together, these compelling results 

have opened up novel opportunities for cell therapy of muscular dystrophies to face to the 

limited efficacy of myoblast transplantation. 

However, several major obstacles have hindered development of analogous approaches in 

clinically relevant models or in clinical trials. Injection of bone marrow CD271+ MSC into 

cardiotoxin-injured muscle of dog leukocyte antigen (DLA)-identical donor recipient pair of 

CXMDJ dogs gave rise to only a limited number of clustered dystrophin+ fibers [27]. 

Systemic injections of umbilical tissue MSC in GRMD dogs demonstrated the inability of 

these cells to differentiate into muscle cells and express human dystrophin [28]. After 

transplantation of human MDSC (PP6 preplate cells) in the Gastrocnemius muscle of 

scid/mdx mice, modest regenerative index was observed [29]. In addition, intra-peritoneal 

injection of human pericytes obtained from muscle, adipose tissue, fallopian tube and 

endometrium in double mutant Utrtm1KedDMDmdx/J mice was not associated with any clinical 

or morphological sign of improvement [30]. A double-blinded phase I clinical trial, consisting 

of IM injection of autologous muscle-derived CD133+ cells in DMD patients, resulted in an 

increase in capillary vascularization, and a lack of adverse effect but also a lack of 

demonstration of effective integration into muscle fibers [31]. Importantly, a phase I/IIa 

clinical trial consisting of multiple IA infusions of human leukocyte antigen (HLA)-matched 

donor Mabs/pericytes into immunosuppressed DMD patients revealed that even if this 

strategy corresponds to a moderately safe protocol, in return it is associated with a very low 

level of donor cell engraftment with no or only a few dystrophin+ fibers as well as a lack of 

any functional improvement [32].  

In 2011, we isolated delayed adherent MDSC from healthy dogs (we named them cMuStem 

cells) and established that their systemic delivery into immunosuppressed GRMD dogs was 

associated with a striking and persistent clinical stabilization [33]. Concomitantly, we 

observed a remodeling of the muscle tissue with an enhancement of long-term muscle fiber 

regeneration and targeting of the ubiquitin-dependent protein degradation pathway as well as 

modifications in both lipid homeostasis and energy metabolism processes [34-35]. These 

preclinical data positioned MuStem cells as a possible attractive therapeutic avenue for DMD 

patients. However, they can only be considered to be of major interest if a similar cell 

counterpart is identified in human skeletal muscle. Here, we report for the first time the 

isolation of human MuStem cells (hMuStem cells) based on an adaptation of the protocol 
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initially developed for canine muscle. In addition, we provide an extensive phenotype analysis 

of the hMuStem cell population as well as the in vitro/in vivo behavior of these cells. Overall, 

we demonstrate a regenerative myogenic potential of hMuStem cells, reinforcing the fact that 

they could be presented as a therapeutic option in view of clinical application for dystrophic 

patients.  

 

MATERIALS & METHODS 

Human Skeletal Muscle Tissue  

Muscle samples were obtained from Paravertebralis (pP) of 20 year-old female and 15 year-

old male patients (pP1 and pP2, respectively). Locomotor (pL) muscles corresponding to 

gastrocnemius muscle of 38 year-old and fascia lata tensor muscle of 45 year-old males 

patients (pL1 and pL2, respectively) were also considered. Patients were free of known 

muscular disease and operated for scoliosis at the Department of Pediatric surgery of the 

Centre Hospitalier Universitaire (CHU) de Nantes (France). All patients gave written 

informed consent. All protocols were approved by the Clinical Research Department of the 

CHU (Nantes, France), according to the rules of the French Regulatory Health Authorities 

(Permit numbers: MESR/DC-2010-1199). Biological sample bank was constituted in 

compliance with the national guidelines regarding the use of human tissue for research 

(Permit numbers: CPP/29/10).  

 

Animals 

Immunodeficient Rag2- IL2rb- mice [36-37] were housed in the specific pathogen-free 

animals facilities at the Faculty of Medicine of the University Pierre and Marie Curie (UPMC, 

Paris, France). Mice were fed ad libitum and allowed continuous access to tap water. Twelve 

5- to 6-month-old mice were used as recipients for human cell implantation. All surgeries 

were performed under Ketamine/Xylazine anesthesia. To minimize suffering, buprenorphine 

was administrated to animals prior to surgery and during the next two days. All experiments 

were carried out in accordance with the guidelines from the French National Research 

Council for the Care and use of Laboratory Animals (Referenced number: 

2016071316136141).  

 

Isolation of Human MuStem Cells 

Freshly surgically taken muscle tissues were placed in cold phosphate buffered saline (PBS; 

PAA, Les Rumeaux, France) supplemented with 2% UI/mL penicillin, 0.1 mg streptomycin, 
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0.25 mg/mL amphotericin B (PSF; Sigma-Aldrich) and transferred to the laboratory. They 

were weighed, washed several times in PBS/2% PSF, carefully minced into 1 mm3 pieces 

using forceps and scalpel and enzymatically digested (15 min, 37°C) by a mix of collagenase 

type-VIII (2,000 U/g of tissue, Sigma-Aldrich) and 0.2% hyaluronidase type-1S (Sigma-

Aldrich). The pre-digested tissue was centrifuged (100 g, 5 min), the supernatant collected 

and neutralized with 20% (v/v) FCS while the pellet was digested (30 min, 37°C) with 

0.125% Pronase E (Sigma-Aldrich). After centrifugation (100 g, 5 min), the supernatant was 

collected, pooled with those obtain after the first enzymatic digestion and submitted to 

successive centrifugation (300 g, 15 min) and sequential filtering through 100, 70, and 40 µm 

pore-diameter nylon mesh (BD Biosciences). Muscle-derived cells (MDCs) were resuspended 

in PBS (PAA) supplemented with 2% fetal calf serum (FCS; Sigma-Aldrich) and 1% PSF 

(Sigma-Aldrich) and viability was assessed using 0.1% trypan blue staining (VWR, 

Strasbourg, France). hMuStem cells were isolated after six days using a modified version of 

the preplating technique previously described [33]. They were plated at 1.105 viable cells/cm2 

to gelatin-coated plastic flasks (Sigma-Aldrich, Saint Quentin-Fallavier, France) under 

standard condition (37°C in 95% humidified air and 5% CO2) and amplified in growth 

medium (MacoPharma, Mouvaux, France) containing 10% FCS, 1% PSF, 10 ng/mL human 

recombinant basic fibroblast growth factor and 25 ng/mL human recombinant epidermal 

growth factor (PromoCell, Heidelberg, Germany). Growth medium was replaced every four 

days. At confluence, cell layers were dissociated with tryspin-EDTA at 0.25% v/v 

(Invitrogen, Cergy-Pontoise, France). Cell were then resuspended in growth medium and 

seeded at 1.104 cells/cm2 (passage 1, P1). Myoblasts, corresponding to a pool of MDCs that 

adhered during the first two days, were plated at 2.104 viable cells/cm2 to gelatin-coated 

plastic flasks and grown in HAM F12 (Invitrogen) supplemented with 15% FCS and 1% PSF.  

 

In vitro Proliferation Analysis  

Four independent hMuStem cell-derived primary cultures were plated in gelatin-coated flask 

at a density of 1.104 cells/cm2 in growth medium and placed under standard condition. Cell 

population growth was monitored over a period of 38 days. The population doubling level 

(PDL) and the doubling time (DT) were calculated at each passage performed when cultures 

reach 80% confluence, as previously described [38]. 
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Cytogenetic analysis 

After amplification, four batches of hMuStem cells were harvested and the reverse heat 

Giemsa (RHG)–banding was performed. A total of 25 to 30 metaphases were analyzed from 

each batch of cells. The karyotypes were described according to the International System for 

Human Cytogenetics Nomenclature KARGER 2016. 

 

Flow Cytometry  

Four in vitro expanded hMuStem cell samples (P5) were resuspended in cold PBS/2% human 

serum and 1.105 cells were incubated (30 min, 4°C) in the dark with fluorochrome-conjugated 

antibodies (Ab) at saturating concentration (Table 1). For intracellular labelling, cells were 

previously fixed using Cytofix/Cytoperm (20 min, 4°C; BD Biosciences, Franklin Lakes, NJ, 

USA) and washed twice with PBS/0.2% saponin (Sigma-Aldrich). Isotype-matched Ab and 

fluorescence minus control samples were used as negative controls for gating and analyses. 

When applicable, 7-amino-actinomycin D (7-AAD; BD Biosciences) was added to evaluate 

cell viability. Samples were acquired using a FACS Aria flow cytometer (BD Biosciences) 

and data were analysed using FlowJo software (FlowJo, Ashland, Oregon). For each labelling, 

at least 15,000 viable cells were considered.  

 
Table 1. List of antibodies used for hMuStem cell characterization by FACS analysis 

 
!

Primary  
antibody  

Compagny and  
catalogue number 

Corresponding 
isotype 

ALP-APC R&D Systems, 
FAB1448A Mouse IgG1-APC 

ASMA-PE R&D Systems, 
IC1420P Mouse IgG2a-PE 

CD4-PE Beckman-Coulter, 
A07751 Mouse IgG1-PE 

CD8-PE Beckman-Coulter, 
A07757 Mouse IgG1-PE 

CD15-PE BD Biosciences, 
555402 Mouse IgM-PE 

CD19-PE BD Biosciences, 
555413 Mouse IgG1-PE 

CD29-PE BD Biosciences, 
555443 Mouse IgG1-PE 

CD31-PE BD Biosciences, 
555446 Mouse IgG1-PE 

CD33-PE BD Biosciences, 
555450 Mouse IgG1-PE 

CD34-PE BD Biosciences, 
345802 Mouse IgG1-PE 

CD38-PE BD Biosciences, 
555460 Mouse IgG1-PE 
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CD44-PE BD Biosciences, 
555479 Mouse IgG2b-PE 

CD45-PE BD Biosciences, 
555483 Mouse IgG1-PE 

CD49b-PE BD Biosciences, 
559669 Mouse IgG2a-PE 

CD56-AF647 BD Biosciences, 
562413 

Mouse IgG1-
AF647 

CD56-PE BD Biosciences, 
555516 Mouse IgG1-PE 

CD73-PE BD Biosciences, 
550257 Mouse IgG1-PE 

CD90-PE BD Biosciences, 
555596 Mouse IgG1-PE 

CD105-PE BD Biosciences, 
560839 Mouse IgG1-PE 

CD117-PE BD Biosciences, 
555714 Mouse IgG1-PE 

CD133-PE R&D Systems, 130-
080-801 Mouse IgG1-PE 

CD140b-PE BD Biosciences, 
556002 Mouse IgG2a-PE 

CD144-PerCPCy5.5 BD Biosciences, 
561566 

Mouse IgG1-
PerCPCy5.5 

CD146-PE-Cy7 BD Biosciences, 
562135 

Mouse IgG1-PE-
Cy7 

CD151-PE BD Biosciences, 
556057 Mouse IgG1-PE 

CD166-PE BD Biosciences, 
556057 Mouse IgG1-PE 

CD338-PE BD Biosciences, 
561180 Mouse IgG2b-PE 

SSEA3-PE BD Biosciences, 
560237 Rat IgM-PE 

SSEA4-PE R&D Systems, 
FAB1435P Mouse IgG3-PE 

TRA1-60-PE BD Biosciences, 
560193 Mouse IgM-PE 

TRA1-81-PE BD Biosciences, 
560161 Mouse IgM-PE 

VEGFR1-PE R&D Systems, 
FAB321P Mouse IgG1-PE 

VEGFR2-PE R&D Systems, 
FAB357P Mouse IgG1-PE 

VWF-PE R&D Systems, 
IC27641P Mouse IgG2b-PE 

Mouse IgG1 
control:AF647 

BD Biosciences, 
557714  N/A 

Mouse IgG1 
control:PE 

BD Biosciences, 
555749 N/A 

Mouse IgG1 
control:PE-Cy7 

BD Biosciences, 
557872 N/A 

Mouse IgG1 
control:PerCPCy5.5 

BD Biosciences, 
550795 N/A 

Mouse IgG2a 
control:AF488 

BD Biosciences, 
557703 N/A 

Mouse IgG2a 
control:PE 

R&D Systems,  
IC003P N/A 

!
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Mouse IgG2b 
control:PE 

BD Biosciences, 
555743 N/A 

Mouse IgG3 
control:PE 

R&D Systems,  
IC007P N/A 

Mouse IgM 
control:PE 

BD Biosciences, 
555584 N/A 

Rat IgM  
control:PE 

BD Biosciences, 
553943 N/A 

 

Gene Expression 

Total RNA was extracted from either dry pellets of 2.106 cells or muscle tissue samples, using 

RNeasy mini kit and RNeasy Fibrous kit (Qiagen, Santa Clara, CA, USA) respectively 

following manufacturer’s instructions. Total RNA was treated with DNase (Ambion, Austin, 

TX, USA), quantified using a NanoDrop spectrophotometer (Labtech, Wilmingtom, DE, 

USA) and processed for reverse transcriptase using standard protocol. Briefly, RT reactions 

were carried out on 0.5 µg of total RNA using the GoScript reverse transcriptase (Promega, 

Madison, WI, USA). Gene-specific oligonucleotide primers were designed using Oligo 

Primer Analysis Software v.7 (Molecular Biology Insights Inc., Colorado Springs, CO, USA) 

and synthesized by MWG Operon (Eurofins, Ebersberg, Germany). PCR amplifications were 

performed on 0.5 µL of cDNA with the following program: initial denaturation (12 min, 

95°C) followed by 35 cycles (30 s, 94°C; 30 s, 60°C; 30 s, 72°C) and a final extension (10 

min, 72°C). The PCR products were migrated and visualized on a 2% agarose gel with 

GelRed staining. For RT-qPCR, all cDNA amplifications were performed in triplicate, using 

1/20th of the reverse transcription products with the MESA BLUE qPCR kit (Eurogentec, 

Seraing, Belgium). Quantitative PCR was run on the Thermocycler CFX96 (Biorad, Hercules, 

CA, USA) with the following parameters: initial denaturation step (5 min, 95 °C) and a total 

of 40 cycles (15 sec, 95 °C; 1 min, 60 °C per cycle). RPS18 was selected as an endogenous 

control and the relative expression levels were calculated by the 2-∆∆Ct method. Primers are 

supplied in Table 2. 
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Table 2. Summary of primers used for RT-PCR analysis 
!

Name Type Sequence Product 
(bp) 

Accession number 

RPS18 Housekeeping 
gene 

For 5'-ACCAAGAGGGCGGGAGAA-3' 85 NM_022551.2 Rev 5'-CTGGGATCTTGTACTGGCGTC-3' 

Pax3 

Myogenic 
markers 

For 5'-GAGTTCCATCAGCCGCATCC-3' 105 NM_181457.3 Rev 5'-TGTTTGGCCTTCTTCTCGCTT-3' 

Pax7 For 5'-CAAGATTCTTTGCCGCTACC-3' 390 NM_002584.2 Rev 5'-TTCAGTGGGAGGTCAGGTTC-3' 

Myf5 For 5'-CCACGACCAACCCCAACCA-3' 122 NM_005593.2 Rev 5'-TCCCGGCAGGCTATAGTAGT-3' 

MyoD For 5'-CAAGCGCAAGACCACCAAC-3' 123 NM_002478.4 Rev 5'-TGGTTTGGATTGCTCGACGTG-3' 

Myogenin For 5'-CCCTACAGATGCCCACAACC-3' 126 NM_002479.4 Rev 5'-GATGCCCGGCTTGGAAGAC-3' 

MRF4 For 5'-GAAAATCTGCCCCCACTGACC-3' 330 NM_002469.2 Rev 5'-GCCCCCTGGAATGATCGGAAA-3' 

Desmin For 5'-TGAAGATGGCCCTGGATGTGGA-3' 206 NM_001927.3 Rev 5'-GGCCTCACTGACGACCTCC-3' 

M-cadherin For 5'-ACAGATGCCGACGACCCCGAG-3' 134 NM_004933.2 Rev 5'-TCGCGGTCCAGCCCCACTT-3' 

C-met For 5'-AGCCAATTTATCAGGAGGTGT-3' 202 NM_001127500.1 Rev 5'-CTGGCTGGGCTCTTCTATCTG-3' 

Adiponectin Adipogenic 
markers 

For 5'-ACTGCAACATTCCTGGGCT-3' 212 NM_001177800.1 Rev 5'-ACGCTCTCCTTCCCCATACAC-3' 

LPL For 5'-GAGTATGCAGAAGCCCCGAG-3' 214 NM_000237.2 Rev 5'-CCACATCTCCAAGTCCTCTCTC-3' 

Osteoprotegerin Osteogenic 
marker 

For 5'-TGCTGCGCGCTCGTGTTTCTG-3' 386 NM_002546.3 Rev 5'-CCAGCTTGCACCACTCCAAATCC-3' 

CD31 

Endothelial 
markers 

For 5'-ACAACAGACATGGCAACAAGG-3' 130 NM_000442.4 Rev 5'-AGTTCTGTTATGTTGACCACGA-3' 

VWF For 5'-CCGAAGCACCATCTACCCTG-3' 150 NM_000552.3 Rev 5'-TAAGTGAAGCCCGACCGACA-3' 

CD144 For 5'-TTCCAGCAGCCTTTCTACCAC-3' 144 NM_001795.4 Rev 5'-GAAGAACTGGCCCTTGTCACT-3' 

Klf4 

Pluripotent 
markers 

For 
Rev 

5'-AGAGGAGCCCAAGCCAAAGA-3' 
5'-TTTCCATCCACAGCCGTCCCAG-3' 181 NM_004235.4 

Nanog For 
Rev 

5'-AGAAGAGTGTCGCAAAAAAGGAAG-3' 
5'-TCTGCGTCACACCATTGCTATT-3' 261 NM_024865.2 

Oct-4A For 
Rev 

5'-CAGCGACTATGCACAACGAGA-3' 
5'-GAAAGGGACCGAGGAGTACAG-3' 151 NM_002701.4 

Sox2 For 
Rev 

5'-ATGCACCGCTACGACGTGA-3' 
5'-GGACTTGACCACCGAACCCAT-3' 150 NM_003106.3 

!

 
Immunofluorescence Analysis  

MuStem cells and myoblasts (P5) were plated on gelatin-coated Lab-Tek culture chamber 

slides (Nalge-Nunc, Rochester, NY, USA) at 2.104 cells/cm2 in growth medium during three 

days. Induced pluripotent stem (iPS) cells were used as positive control for pluripotent marker 

labelling. Cells were fixed in 2% paraformaldehyde (PFA) in PBS (10 min, 4°C or at room 
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temperature/RT), permeabilized with 0.3-0.5% triton X-100 (4°C, 20 to 30 min) and 

incubated (60 min, RT) in blocking buffer (5% goat serum in PBS). Cells were then incubated 

with the Ab listed in Table 3. Cells were finally counterstained (15 min, 37°C) with DAPI 

fluorescent cell-permeable DNA probe (Life Technologies Ltd, Paisley, UK). More than 300 

cells were counted per sample by using Fiji image analysis software v.2 [39]. Data were 

presented as the mean ± SD. 

 
Table 3. List of antibodies used for hMuStem cell characterization by immunocytochemistry 

!

Primary  
antibody  

Compagny and  
catalogue number Dilution 

Incubation 
temperature 

and time 

Secondary 
antibody 

PAX7 DSHB 1:10 60min, 37°C GAM Alexa 488 

MYF5 LifeSpan BioSciences, 
C138416/35039 1:500 60min, 37°C GAR Alexa 488 

MYOD Dako, 
 M3512 1:10 60min, 37°C GAM Alexa 488 

MYOGENIN DSHB, 
 F5D 1:10 60min, 37°C GAM Alexa 488 

OCT-4A Cell Signaling Technology, 
C30A3 1:100 ON, 4°C 

Biotinylated Ab + 
Streptavidin Alexa 

555 

NANOG Cell Signaling Technology, 
4903P 1:100 ON, 4°C 

Biotinylated Ab + 
Streptavidin Alexa 

555 

KLF4 Cell Signaling Technology, 
4038P 1:100 ON, 4°C 

Biotinylated Ab + 
Streptavidin Alexa 

555 
!

!

!

In Vitro Differentiation Potential Assay  

For myogenic differentiation, hMuStem cells (P5) were plated at 3.104 cells/cm2, maintained 

in standard growth medium for 24 hours after that 10% FCS was replaced by 2% horse serum. 

After 7 days, differentiation was assessed based on cell morphology and expression of the 

sarcomeric myosin heavy chain isoform (sarcMyHC). Cultures were fixed in 4% PFA, treated 

with 0.5% Triton X-100/20% (w/v) goat serum in PBS and incubated (60 min, 37°C) with 

anti-human sarcMyHC Ab (1:500, DSHB). Specific antibody binding was revealed using 

either AlexaFluor® 488-coupled (1:500, Invitrogen) or biotinylated secondary goat-anti-

mouse Ab (1:300, Dako) followed by peroxidase-coupled streptavidin (1:300, Dako). The 

nuclei were finally counterstained with DRAQ5 (Biostatus). Fusion index was determined by 

determining the percentage of nuclei within sarcMyHC+ myotubes (>2 nuclei) in two 

randomly field per well in three replicate wells. At least 1199 nuclei per well were 

considered. For adipogenic and osteogenic differentiations, hMuStem cells (P5) were plated 
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at 1.104 cells/cm2, maintained in standard growth medium until 80% confluence and then 

incubated in specific cell-type differentiation media, as previously described [40]. For 

endothelial differentiation, hMuStem cells were amplified in EGMTM-2 medium (Lonza, 

Basel, Swiss) for 7 days. Then, cell layer was dissociated with trypsin and cells were seeded 

on Matrigel coating (3 g/mL, BD Biosciences) in EGMTM-2 medium. Differentiation was 

assessed 3 days later based on capillary-like formation. RT-PCR analysis of lineage-specific 

genes were performed using primers listed in Table 2. 

 

H2O2-Induced Oxidative Stress  

hMuStem cells and myoblasts isolated from the same muscle samples (P5, n=4) were seeded 

onto gelatin-coated dishes at 6.104 cells/cm2 in 24-well plates and incubated for 4 hours at 

37°C to allow their adhesion. Then, 200 µM H2O2 (Sigma-Aldrich) was added. After 24, 48 

and 72 hours, both adhering and floating cells were harvested in each well, centrifuged (300 

g, 10 min), resuspended in PBS/2%FCS and transferred in TrucountTM tubes (BD 

Biosciences). After addition of 7-AAD, numbers of viable cells were determined by flow 

cytometry. All the experiments were performed in duplicate. To consider possible differences 

observed between the cell batches in terms of proliferation, the percentages of living cells 

were calculated compared to the condition without addition of H2O2 for each corresponding 

cell preparation. The effects of time on the percentage of living cells were analyzed with a 

linear mixed effects model to take into account the repeated measurement design. The 

conditions of independence and normality of the residuals on one hand and random effects on 

the other hand were checked by graph or residual plots as recommended in the parametric 

estimation field.  

 

In Vivo Experiment and Histological Analysis  

Rag2- IL2rb- mice were anesthetized with an intra-peritoneal injection (0.1 mL per 20 g body 

weight) of a solution containing 100 mg/mL Ketamine (Merial, Lyon, France), 20 mg/mL 

Rompun 2% (Bayer, Puteaux, France) in PBS. To minimize suffering, mice received a 

subcutaneous injection of a painkiller 0.3 mg/mL buprenorphine (50 µg/kg of body weight; 

Axience, Pantin, France). Cryolesion of Tibialis anterior (TA) muscle was induced just 

before transplantation as previously described [41]. Cell layers of four hMuStem cell-derived 

primary cultures (P5) were dissociated, cells were pelleted, resuspended (2.5x105 cells in 15 

µL PBS) and each injected through the skin into left TA muscle (n=3 mice per cell batch), 

using a 50 mL syringe with a 22 gauge needle. Three weeks later, TA muscles were removed, 
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frozen in isopentane/liquid nitrogen and entirely cut into 10 µm sections. For every 350 µm 

along the complete length of the muscle, 8 transverse sections corresponding to a 80 µm 

length were used for quantitative analysis. The number of human nuclei or 

spectrin+/dystrophin+ fibers in each section examined was counted and the total values were 

determined for each TA muscle investigated, as previously described [24].  

To quantify cytoplasmic and interstitial hMuStem cell nuclei, a triple labelling was 

performed. Sections were treated with Triton-X100 0.3% detergent (10 min, RT) and with 

blocking buffer (10% goat serum in PBS; 30 min, RT) before incubated (60 min, 37°C) with a 

solution of mouse anti-human lamin A/C primary Ab (1:50, Leica Biosystems, Nussloch, 

Germany) followed by Alexa-555 rabbit anti-mouse secondary Ab (1:300, Invitrogen) in a 

humid chamber (60 min, RT). The sections were then treated with goat blocking serum (30 

min, RT) before incubation with a solution containing both rabbit anti-mouse dystrophin Ab 

(1:50, Chemicon, Rolling Meadows, IL, USA), and rat anti-mouse laminin Ab (1:100, Sigma-

Aldrich; 60 min, 37°C). Secondary Ab corresponding to a mixture of Alexa-488 goat anti-

rabbit Ab (1:300, Invitrogen) and Alexa-555 goat anti-rat Ab (1:300, Invitrogen) were finally 

added (60 min, RT). Nuclei were then counterstained by DRAQ5 (1:1000, Invitrogen; 15 min, 

RT). Finally, sections were mounted in Mowiol Medium (Calbiochem EMD Biosciences). To 

visualize human dystrophin+ and spectrin+ myofibers, double labelling against human proteins 

and human lamin A/C were realized by same protocol using monoclonal mouse anti-human 

Ab NCL-Dys3 and NCL-Spect1 (1:20; Leica Biosystems; 60 min, 37°C), respectively. The 

number of hMuStem cells and human protein+ fibers in the injected muscles were determined 

on the images acquired with laser confocal scanning microscope LSM780 Zeiss (Carl Zeiss 

Microscopy GmbH, Iena, Germany) at x20 magnificence and by using Fiji image analysis 

software v.2. Non-injected mice muscle and human muscle were used as negative and 

positive controls, respectively. 

 

RESULTS  

hMuStem Cells Reside in Adult Skeletal Muscle and Exhibit Both High Proliferation 

Rate and Ability to Survive under Oxidative Stress 

MuStem cells were initially isolated from a pool of posterior limb and postural muscles of 

2.5-month-old healthy dogs [33]. To analyze whether a similar muscle-resident cell subset 

could be identified in humans, we performed experiments using a modified version of the 

original protocol. We isolated hMuStem cells from small biopsies of Paravertebralis (pP) 
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muscle or locomotor (pL) muscles (n=2 each), collected from 15 to 45 year-old male (n=3) or 

female (n=1) subjects free from known muscle disease. Six days after the first plating, 

floating cells corresponding to 0.9 to 1.8.105 cells per gram of muscles, were seeded on new 

gelatin-coated plastic to finally obtain three days later a marginal fraction of poorly adherent 

cells corresponding to hMuStem cells. Independently of the source of the tissue samples from 

which they were collected, hMuStem cells remain as small round cells for the following seven 

days. After that, they start to proliferate as pseudo-clonal cultures composed of poorly 

adherent cells (Figure 1 upper left), some of which clearly remain in the supernatant as 

refringent round cells (Figure 1 upper left, arrows). While most of the thin fusiform cells 

divide to generate spindle-shaped cells, pairs of round cells are regularly observed during the 

first step of proliferation (Figure 1 upper left, insert), revealing ability for these cells to 

proliferate as floating cells. In contrast, myoblasts rapidly form lengthened and large spindle-

shaped cells for which cell outlines could appear difficult to define (Figure 1 upper right). 

After two passages, hMuStem cell-derived primary cultures are composed of some round 

cells (Figure 1 bottom left, arrows) and a majority of spindle-shaped cells that are 

characterized by their thin and elongated form (Figure 1 bottom left, arrowhead) compared to 

larger cytoplasm observed on myoblasts (Figure 1 bottom right). Moreover, we found that 

hMuStem cells proliferate by generating highly confluent cultures with multilayers of 

mononucleated refractile cells and without any thickening (Figure 1 bottom left), even after 

one month of culture and/or alignment of elongated cells. In contrast, cultured myoblasts 

generate cell monolayers and exhibit a rapid thickening of their cell membrane as soon as 

they reach confluence (Figure 1 bottom right).     
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Figure 1. Morphological features and survival potential under oxidative stress condition of hMuStem cells 

and myoblasts  

(A) Upper left: seven days after the end of the isolation protocol, phase contrast microscopy reveals that 

hMuStem cells form colony-unit composed of round and thin cells (arrow) as well as short spindle-shaped cells. 

A part of cells remains in the supernatant as floating cells (insert). Upper right: typical lengthened and large 

spindle-shaped cells were observed in myoblast-derived primary culture. Bottom left: expanded hMuStem cell-

derived primary culture is characterized by a large majority of thin elongated cells aligned in networks 

(arrowhead) and a permanent presence of some refractile round cells (arrow). Bottom right: monolayer of 

spindle-shaped cells and thick multinucleated cells characterized the expanded myoblast-derived primary 

cultures. (B) Karyotype of hMuStem cells revealed neither chromosome duplication or deletion nor structural 

abnormality (n=6) (C) The number of living cells was determined after exposure to 200 µM H202 and expressed 
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in percentage considering cell count obtained in untreated culture condition. Data are expressed as mean ± 

S.E.M; n=4. ***p<0.001, mixed-effects model. 

 

Due to its scarcity in adult tissue, the in vitro expansion potential of a cell candidate is 

essential for therapeutic application and especially for a whole body treatment. We found that 

hMuStem cells (n=4 batches, at passage 4 to 5) are able to generate a mean cumulative 

number of population doubling (CPD) of 25.5 ± 3.48 over a period of 38 days, corresponding 

to a doubling time (DT) of 1.51 ± 0.19 days (Figure S1). Interestingly, we observed that the 

number of CPD (range: 21.0-28.4) was not really different despite distinct origin of the 

muscle, age or gender of the donors. Importantly, we evaluated the cytogenetic status of our 

cells by RHG banding analysis in order to see if this important proliferative capacity leads to 

karyotype abnormalities. No numerical and/or structural chromosomes abnormality has been 

found on all the observed metaphases (Figure 1B). 

 
Supplemental Figure 1. Proliferation analysis of long-term cultured hMuStem cells 

 

DMD muscle is characterized by an inflammatory component associated with a production of 

reactive oxygen species. In this context, several studies have shown that oxidative stress is 

responsible for the rapid death of myoblasts following transplantation [42-43]. Here, we 

sought to determine how hMuStem cells behave when confronted with oxidative stress. 

hMuStem cells and myoblasts (P5, n=4 each) collected from pP muscle were exposed to 200 

µM hydrogen peroxide (H2O2) during 24, 48 or 72 hrs in their respective growth medium. 

hMuStem cell-derived primary cultures display significantly higher percentage of viable cells 
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compared with myoblasts at each time point (p<0.0001) (Figure 1C, Table 4), demonstrating 

that they are more resistant to H2O2-induced cytotoxic effect than myoblasts. 

 
Table 4. Influence of the cell type and time on the percentage of living cells at 200 µM H202 
!

Effect of time   Mean Standard Error p-value 

 24 hours 
MuStem cells 85.3 6.8  

Myoblasts 57.7 3.4  
 Difference 27.6 NA 0.005 
 

48 hours 
MuStem cells 43.8 7.8  

 Myoblasts 26.0 0.6  
 Difference 17.9 NA 0.031 
 

72 hours 
MuStem cells 23.8 2.5  

 Myoblasts 12.8 1.1  
 Difference 10.9 NA 0.003 

Effect of cell type at any time      

  MuStem cells 50.9 8.4  

  Myoblasts 32.2 5.8  

  Difference 18.8  0.0001 
#
hMuStem Cells Correspond Predominantly to Early Myogenic-Committed Cells of 

perivascular origin 

In order to characterize the hMuStem cell population in terms of cell content, a large panel of 

lineage-specific markers was tested on cell batches (n=4), using RT-PCR, flow cytometry and 

immunocytochemical analysis at P5 (CPD range: 10.4 to 12.7). First, we determined that 69 

to 97% and 45 to 93% of the cells express the muscle cell markers CD56 and desmin, 

respectively (Figure 2A, Table 5). RT-PCR analysis showed a lack of Pax7 mRNA in all 

hMuStem cell populations while Pax3 as well as M-cadherin and c-met transcripts 

corresponding to classical markers of SC and proliferative myogenic cells are always 

detected. In addition, we demonstrated the presence of Myf5, MyoD, MRF4 and myogenin 

mRNAs in all batches (Figure 2B). This was implemented at the protein level by the detection 

of 14 to 75% Myf5+ cells as well less than 14% and 5% of MyoD+ cells and myogenin+ ones, 

respectively (Figure 2A, Table 5). Overall, these results revealed that hMuStem cells 

predominantly correspond to early myogenic-committed progenitors as previously described 

for canine counterparts [33]. All hMuStem cell batches showed a homogenous expression of 

the characteristic MSC markers CD29, CD44, CD73, CD90 and CD105 independently of the 

postural or locomotor muscle origin (Figure 2C). In addition, they do not express classical 

hematopoietic markers (CD34, CD45, CD117) and consistently are defined by a lin- 
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phenotype based on the lack of expression for the CD4, CD8, CD19, CD33 and CD38 

antigens (Figure S2A). The hMuStem cells are also negative for the expression of endothelial 

markers CD31, CD144, VEGFR1 and VEGFR2 (Figure 2C). Interestingly, they are uniformly 

negative for CD133 as well as for CD338 and CD15 commonly used to identify SP cells and 

myo-adipogenic cells (Figure S2B).  

 
Figure 2. Cell lineage-specific phenotype of hMuStem cells  

(A) Immunolabellings against CD56, Desmin, Myf5, MyoD and myogenin were performed on hMuStem cells 

(P5) initially obtained from postural (pP) and locomotor (pL) muscle and cultivated in growth medium. 

Myoblasts were used as positive control. For labellings done on culture chamber slides, nuclei were 
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counterstained with 10 µg/mL DAPI (Blue). Scale bar: 100 µm. (B) Expression of myogenic proteins and 

regulatory factors at RNA level by four cell preparations (P5). Myoblasts and RPS18 were used as positive 

control (T+) and housekeeping gene, respectively. (C) Representative flow cytometry profiles revealing the 

expression of MSC markers CD29, CD44, CD73, CD90 and CD105 by hMuStem cells and the lack of 

expression of the hematopoietic marker CD34, CD45 and CD117, endothelial marker CD31, CD144, VEGFR1, 

VEGFR2. Control- and specific antibody-stained cells are shown in white and gray profiles, respectively. (D) 

Representative flow cytometry images revealing the main four subsets identified in hMuStem cell batches based 

on CD56 and CD140b expression. CD146 expression in each subpopulation is shown in histograms. Isotype 

control and positive signal are in empty and full areas, respectively. Finally, the ALP/CD56 pattern is 

represented. 

,
Table 5. Myogenic phenotype of hMustem cell population  
Percentage of CD56, Desmin, Myf5, MyoD and myogenin positive cells determined in the four hMuStem cell 
batches. For analysis of CD56 labelling done in flow cytometry, at least 15,000 viable cells were considered. 
Concerning the others markers, eight randomly selected fields were used to analyze at least 300 cells and determine 
the proportion of cells positive for each of the myogenic marker. nd: not detected. 
!

 pP1 pP2 pL1 pL2 

CD56 73% 97% 69% 95% 

Desmin 45% 93% 88% 78% 

Myf5 75% 29% 14% 40% 

MyoD  14% 6% nd 3% 

Myogenin <1% 5% nd <1% 

 

 
Supplemental Figure 2. Expression of lin- and cell type-specific markers by hMuStem cells 

 

Multi-labellings with CD56 and well-described perivascular cell markers evidenced 

CD56+/CD140b+ cells, CD56+/CD146+ cells and CD56+/ALP+ ones in the hMuStem cell 

population (Figure 2D and Table 6). Most of the cells express an intermediate level of CD56 

(CD56med cells) and are also CD140b+ while they are CD146 low or negative. In addition, 

they appear partly ALP+ (from 30% to 100 %). We also identified a population of CD56hi 

cells, representing from 4 to 17% of the hMuStem cell population, which can be further 
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divided into CD140b+ and CD140b- fractions, both being CD146+ and ALP-. Among the 

CD56- cell fraction identified in two batches, cells are CD140b+ with a variable expression of 

CD146 (from 22 to 35%). Moreover, ALP is detected in 40 to 80% of the cells. Overall, we 

show that hMuStem cell population consists of a majority of early myogenic-committed 

progenitors that exhibit a perivascular mesenchymal imprint evoking a pericyte origin and 

conventional CD56-/CD140b+/CD146+/ALP+ pericytes. 

 
Table 6. Phenotypic composition of hMustem cell population  
Expression of perivascular markers by four cell preparations (P5) initially obtained from postural (pP) and 
locomotor (pL) muscles. Percentages of the three main subsets found in hMuStem cell batches are represented. nd: 
not detected.  
!

 pP muscle-derived MuStem cells pL muscle-derived MuStem cells 

Cell subsets pP1 pP2 pL1 pL2 

CD56+ 73% 97% 69% 95% 

CD56med / CD140b+ (ALP+) 56% (30%) 80% (76%) 65% (85%) 91% (>99%) 

CD56hi / ALP- 17% 17% 4% 4% 

CD140b+ 8% 2% 2% 2% 

CD140b- 9% 15% 2% 2% 

CD56- / CD140b+ (ALP+) 24% (40%) nd 35% (80%) nd 
!

 

hMuStem Cells  Display an Oligopotent Status 

Next, we investigated the degree of plasticity of the hMuStem cells. First, we examined the in 

vitro differentiation potential in mesodermal lineages of cells at P5. Seven days after being 

placed in low serum “fusion promoting” medium, all hMuStem cell batches form 

multinucleated myotubes expressing sarcomeric myosin heavy chain isoform (sarcMyHC) 

(Figure 3A) and displayed a fusion index of 28 ± 3%, revealing an ability for the cultured 

hMuStem cells to differentiate into the myogenic lineage. The potential of differentiation into 

adipocytes was showed with the cytoplasmic accumulation of small lipid vesicles in all 

hMuStem cell-derived cultures two weeks after their switch in adipogenic induction media, 

using Oil Red O staining (Figure 3B). Also, adiponectin and lipoprotein lipase (LPL) mRNAs 

were detected by RT-PCR (Figure 3C). In addition, Alizarin Red staining revealed the 

formation of calcium deposits in all cultures when cultivated for three weeks in osteogenic 

induction media (Figure 3B). An expression of the osteogenic-specific gene, osteoprotegerin 

(OPG), was detected by RT-qPCR (mean CT of 26.4 ± 1.81; data not shown). Finally, we 

showed that even if cells in hMuStem cell population cultivated in endothelial-specific 
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medium align and form capillary-like structures when they are plated on Matrigel (Figure 

3D), they never express the endothelial markers CD31, CD144 and von Willebrand factor 

(VWF) (data not shown). This demonstrated that hMuStem cells fail to commit in endothelial 

lineage.  

Next, we addressed the profile of the pluripotent stem cell markers at both RNA and protein 

levels. We demonstrated that all hMuStem cell batches expressed Klf4 and Nanog RNA 

(Figure 3E). In contrast, Sox2 mRNA was only detected on one pP muscle-derived hMuStem 

cells batch. Also, Oct-4A transcript appeared lacking in all cell samples. RT-qPCR revealed 

mean CT values of 26.9 ± 1.3 and 30.9 ± 1.0 for Klf4 and Nanog mRNAs respectively, 

revealing relative high and low expression while Sox2 was not detected (data not shown). 

Finally, we showed at the protein level that KLF4 and NANOG is expressed by 95 ± 3 % and 

83 ± 10 % of hMuStem cells, respectively (Figure 3F). Interestingly, flow cytometry analysis 

determined that hMuStem cell populations are also uniformly negative for the glycolipid 

antigens SSEA1, SSEA3 and the keratin sulfate antigens TRA1-60 and TRA1-81 (Figure 

3G). SSEA4 is not detected on the pP muscle-derived hMuStem cells while 45 to 100 % of 

pL muscle-derived ones are SSEA4+. Taken together, our results indicated that hMuStem 

cells correspond to oligopotent cells. 
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Figure 3. Multilineage potential and pluripotent phenotype of long-term cultured hMuStem cells  

(A) Cultured hMuStem cells were grown in low-serum medium for 7 days, then fixed and submitted to May-

Grumwald Giemsa (MGG) staining and sarcomeric MyHC (sarcMyHC) immunolabelling to reveal multinuclei 

myotubes. hMuStem cells placed on growth medium were used as negative control. Fusion index was calculated 

on sarcMyHC fluorescent-labelled cells. Nuclei were counterstained with 10 µg/mL DAPI (Blue). Scale bar: 100 

µm. (B) Top: after 14 days in adipogenic induction medium, the differentiation of hMuStem cells was assessed 

by detection of lipid vesicles through Oil Red O staining. Bottom: at 80% of confluency, hMuStem cells were 

placed in osteogenic differentiation medium for 21 days. Alizarin Red staining revealed the formation of calcium 

deposits. Scale bar: 100 µm. (C) RT-PCR revealed the presence of adiponectin and lipoprotein lipase (LPL) 

RNA on hMuStem cells only after the adipogenic induction. (D) hMuStem cells were cultivated in endothelial 

medium for 7 days before plated in Matrigel for further 3 days. Phase contrast microscopy revealed the 

formation of capillary-like structures. Scale bar: 300 µm.  (E) Expression of classical pluripotent marker mRNA. 

MSC, HUVEC and iPSCs were used as positive controls for B-D, E and F, respectively. (F) Immunolabellings 

against KLF4 and NANOG were performed on hMuStem cells (P5) cultivated in growth medium. Nuclei were 

counterstained with 10 µg/mL DAPI (Blue). Scale bar: 50 µm. (G) Representative flow cytometry images 

revealing the lack of expression of SSEA1, SSEA2, TRA1-60 and TRA1-81 by hMuStem cells and SSEA4 
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expression (restricted to pL muscle-derived cells). Isotype control and positive signal are shown in white and 

gray, respectively.  

 

hMuStem Cells Participate to Regeneration in Injured Muscles 

We next investigated the in vivo behavior of hMuStem cells especially in terms of 

contribution to muscle fiber regeneration. For this purpose, 3.105 hMuStem cells prepared 

from pP and pL muscles (n=2 each) were injected into cryodamaged TA muscles of the 

immunodeficient Rag2- IL2rb- mice (n=3 per cell batch). Three weeks later, specific human 

lamin A/C immunolabelling showed the presence of hMuStem cell nuclei in all the injected 

muscles, revealing an ability of the hMuStem cells to integrate into the host injured muscle 

tissue (Figure 4A, 4B). The maximum total number of lamin A/C+ nuclei found per muscle 

were respectively 50498 and 9891 for the two pP muscle-derived MuStem cell batches and 

21686 and 30601 for the two pL muscle-derived ones (Table 7). This represents an average of 

141 ± 82.0 and 45.7 ± 25.7 lamin A/C+ nuclei per section for pP muscle-derived MuStem 

cells and 43.7 ± 20.8 and 88.0 ± 63.0 nuclei per section for pL muscle-derived ones. 

Importantly, distribution analysis of lamin A/C+ nuclei established a capacity of fusion with 

the host muscle fibers for each of the injected pP and pL muscle-derived hMuStem cell 

batches with nevertheless a variable efficacy (Table 7). 
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Figure 4. Contribution of long-term cultured 

hMuStem cells to muscle regeneration  

hMuStem cells (P5) initially sorted from postural (pP) 

and locomotor (pL) muscle were injected into 

cryodamaged Tibialis anterior (TA) muscle of Rag2- 

IL2rb- mice. Three weeks later, frozen sections of 

recipient muscle were stained with specific antibodies 

against human lamin A/C (red), murine dystrophin 

(green) and murine laminin (red) (A, B, Scale bar: 100 

µm; blue; G and H, Scale bar: 50 µm). A large number 

of human nuclei were found in muscle tissue. 

Immunolabellings against human lamin A/C, spectrin 

or dystrophin (red) were performed (C-F, Scale bar: 

150 µm). Numerous human spectrin+ and dystrophin+ 

fibers were detected. hMuStem cells were rarely found 

in a satellite cell location (arrowhead, G and H).  
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Table 7. Histological analysis of cryodamaged TA muscles of Rag2-IL2rb- mice following intramuscular 

injection of hMuStem cells 

Human lamin A/C+ nuclei were counted per section and total number of human cells in the muscles was 

determined based on a linear density by considering the size of the hMuStem cell nuclei and the thickness of the 

section, as previously described [24]. The cytoplasmic, satellite and interstitial distribution is expressed as 

percentage while human spectrin+ and dystrophin+ fibers are expressed as the number of counted fibers per 

section. 

!

Cell batch Mice  
number hLamin A/C+ nuclei hSpectrin+ fibers with 

 lamin A/C+ nuclei  
hDystrophin+ fibers with 

lamin A/C+ nuclei  

   hLamin A/C+ 
nuclei number 

per muscle 

Tissue distribution (%)  Number of fibers per section 
 

 
Cytoplasmic 

location 
Satellite cell 

location 
Interstitial 
location   

pP1 

#1 12169 23.5 1.50 75.0 70.4 6.00 
#2 50498 20.2 0.40 79.4 64.5 17.5 
#3 21312 16.8 any 83.2  40.0  4.70 

Mean ± SD 27993 ± 20019 20.2 ± 3.35 0.60 ± 0.78 79.2 ± 4.10 58.3 ± 16.1 9.40 ± 7.04 

pP2 

#4 9891 51.3 3.90 44.9 89.6 37.0 
#5 4181 38.2 0.70 61.1 50.5 any 
#6  2164  55.9 any  44.2  153  52.0 

Mean ± SD 5412 ± 4008 48.5 ± 9.18 1.50 ± 2.08 50.1 ± 9.56 97.7 ± 51.7 29.7 ± 26.8 

pL1 

#7 7142 20.9 2.70 76.5 62.8 3.00 
#8 6849 9.40 0.50 90.2 26.6 any 
#9 21686 11.2 0.30 88.5  55.8  12.0 

Mean ± SD 11892 ± 8483 13.8 ± 6.19 1.20 ± 1.33 85.1 ± 7.47 48.4 ± 19.2 5.00 ± 6.24 

pL2 

#10 30601 73.7 6.10 20.2 191 62.3 
#11 17180 86.3 0.80 13.0 124 48.3 
#12 10152 80.3 0.60 19.1  131  10.5 

Mean ± SD 15821 ± 10986 80.1 ± 6.30 2.50 ± 3.12 17.4 ± 3.88  149 ± 36.8  40.4 ± 26.8 

 

In addition, the ability of the hMuStem cells (to participate to muscle fiber regeneration and) 

to differentiate in vivo into myogenic cells was demonstrated with the detection in all injected 

TA muscles of human-specific MyoD and myogenin as well as Myf5 and M-cadherin 

mRNAs, respectively (Figure S3). Furthermore, the presence of cytoplasmic lamin A/C+ 

nuclei was found to be associated with the expression of human spectrin protein (maximum 

number: 70 and 153 spectrin+ fibers per section for pP muscle-derived MuStem cells and 63 

and 191 spectrin+ fibers per section for pL muscle-derived ones). Interestingly, although less 

frequent due to its late maturation, we also evidenced human dystrophin+ fibers in muscles of 

10 upon 12 recipient mice (Table 7). These results give evidence that the incorporation of 

hMuStem cell nuclei into host muscle fiber is really effective, being associated with activation 

of human muscle-specific genes and production of “late” proteins  (Figure 4 C-F). Confocal 

microscopy analysis indicated that hMuStem cell nuclei were rarely observed in satellite cell 

location, less than 5% of lamin A/C+ nuclei being found in this position (Figure 4 G-J; Table 

7). Finally, we determined that the hMuStem cells with an interstitial location never express 
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the endothelial differentiation marker CD31 (data not shown). Taken together, our results 

indicated that hMuStem cells isolated from both the pP and pL muscles are able to participate 

to muscle fiber regeneration allowing the production of mature muscle proteins. 

 
Supplemental Figure 3. Detection of human myogenic markers in Rag2- IL2rb- mouse muscles following 

hMuStem cell injection 

RT-PCR analysis revealed the presence of the MyoD, myogenin, Myf5 and M-cadherin mRNAs in the Tibialis 

anterior (TA) muscle of the immunodeficient mice three weeks after intramuscular injection of hMuStem cells. 

Cultured myoblasts were used as positive control. 

 

DISCUSSION  

Over the last years, several adult stem cell populations were presented as having a myogenic 

potential, suggesting that their clinical use could allow surmounting the major limitations of 

the myoblast transplantation. Then, they were positioned as promising candidates for the 

setting-up of therapeutic strategy, notably for DMD. In return, when protocols were 

developed with these cells of human origin [28-30, 44] and/or in clinically relevant context 

[25, 27, 32] the regenerative potential initially described was unfortunately not identically 

found. These works pointed out the difficulties to easily translate from preclinical to clinical 

data and the need to define carefully standardized experimental protocols.  

 

hMuStem cells could be isolated from skeletal muscle tissue of different source 

In a previous study, canine MuStem cells (cMuStem cells) were obtained from a large sample 

of posterior limb muscles of 2.5-month old healthy dogs [33]. Based on an adaptation of this 

protocol, we report here that hMuStem cells could be successfully isolated from small 

biopsies of postural or locomotor muscles of 15 to 45-year old women and men. Like 

cMuStem cells, all hMuStem cell batches generated a polyclonal population morphologically 

composed of predominantly spindle-shaped flat cells and low percentage of round cells. 

hMuStem cell-derived primary cultures are all able to produce more than 20 PDLs in 38 days, 

revealing an extended proliferation capacity in vitro. This result is in agreement with those 

previously presented for cMuStem cells as well as for human myosphere-derived progenitor 
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cells (MDPCs) and freshly isolated muscle AC133+ cells that could respectively undergo 

more than 40 PDs before the onset of senescence [45] and 25 PDs in 50 days of culture [24]. 

hMuStem cells exhibited a mean DT of about 36 hrs, similar to that of human PP6 cells, Mabs 

(32 to 36 hrs) [29, 46] but shorter than those for MDPCs (60 to 111 hrs) and adipose-derived 

pericytes (60 hrs). Finally, although they exhibit an ability to spontaneously differentiate into 

myotubes, they also display a differentiation potential into osteocyte and adipocyte cell 

lineages when placed under suitable inductive in vitro condition, like cMuStem cells. Since 

features of several adult stem cells among which MDSC [47], ADSC and MSC [48-49] have 

been shown to be variably influenced by the age and the gender of the donor, future 

experiments done in a more important number of cell batches would be necessary to 

determine if these morphological and behavioral features are homogeneously found in the 

hMuStem cells.  

 

hMuStem cells correspond predominantly to early myogenic-committed progenitors 

with a perivascular origin 

Based on concomitant detection of CD56, desmin, M-cadherin and myogenic regulatory 

factors, we establish here that cultured hMuStem cells are early myogenic-committed 

progenitors, as previously mentioned for canine cells [33]. Consistently, human PP6 cells 

were characterized as being positive for CD56 as well Myf5, MyoD and myogenin mRNAs 

[29]. It should be noted that although the percentage of CD56+ cells are quite similar in canine 

and human (81 ± 4% and 84 ± 15%, respectively), the proportion of hMuStem cells 

expressing MRF’s appear to be less important than those observed in canine ones, especially 

for the key regulators of myogenic determination and myoblast differentiation MyoD and 

myogenin. This suggests that hMuStem cells contain an enriched population of cells 

positioned at the early stage of the myogenic programme. Recently, several biological 

properties of adult stem cells have been shown impacted by the age of donors [48-49]. Since 

cMuStem cells were always isolated from very young dogs in comparison to hMuStem cells 

that were isolated from adult human subjects, this difference could also be due to the 

divergent age between dog and human donors. 

The last years, Peault’s group proposed that adult stem cells identified in multiple human 

organs could be related to a common ancestor corresponding to perivascular cells expressing 

MSC markers [50-51]. Like long-term cultured human perivascular cells, we determined that 

in vitro expanded hMuStem cells express the pericyte markers CD146, CD140b, ALP, the 

recognized MSC markers CD29, CD44, CD73, CD90 and CD105, but not the markers of 
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hematopoietic cells (CD45) and endothelial ones (CD31, CD34, CD144, VEGFR1 and 

VEGFR2). These results evoke a possible blood vessel wall origin for the MuStem cells. 

Moreover, the high expression we observed for the MSC markers is consistent with the 

description done for hMDPCs and human PP6 cells isolated by the preplating technique from 

muscle biopsies of subjects with no known muscle disease [29, 52]. In return, MDPCs were 

clearly distinct from hMuStem cells with 91.27% of CD144+ cells. Based on expression of 

endothelial markers, it has been hypothesized that MDPC subsets may originate from blood 

vessels [53] and correspond to myo-endothelial cells [54]. Our present results clearly indicate 

that it is not the case for the hMuStem cells. A main point resides in the difference concerning 

the myogenic imprint between human perivascular cells and MuStem cells. While freshly 

isolated or long-term cultured muscle-derived perivascular cells did not express the CD56 

protein as well Pax7, Myf5, myogenin and M-cadherin at RNA level [50, 17], expanded 

hMuStem cells were characterized by a panel of myogenic markers. Interestingly, cultured 

mdcs preparations obtained with the same protocol used to previously isolate pericytes were 

mostly defined as containing a CD56+ subpopulation and expressing the myogenic markers 

Pax3, Myf5 and MyoD mRNAs. Only few preparations expressed Pax7. In agreement with 

these data, we detected Pax3, Myf5 and MyoD mRNAs in all hMuStem cell batches whereas 

we did not observe Pax7 expression. It is interesting to note that the expression of Pax7, Myf5 

and MyoD was shown to decrease with time in culture of a mdcs preparation from non 

dystrophic muscle whilst Pax3 expression was maintained [44]. It would be informative to 

explore the expression of the MRFs in poorly expanded hMuStem cells to control if the quite 

restricted expression is not related to the in vitro expansion time. The fraction of CD56+ cells 

ranged from 69-97% of the hMuStem cell population, which seems higher than the one 

obtained for the whole mdcs population (1.5-47%) [44]. The authors revealed that mdcs that 

did not express CD56 gave rise to CD56+ cells capable of myogenesis during the cell culture 

process, as previously shown [17]. Then, it can be postulate that this higher proportion of 

CD56+ cells in hMuStem cell population result from an elevated conversion of the initial 

CD56- cells through the in vitro proliferation process. 

Based on the lack of CD15/SSEA-1 antigen expression, we additionally found that hMuStem 

cells do not correspond to the adipogenic CD56-/CD15+ cells, which are progeny of the myo-

adipogenic CD56+/CD15+ progenitors [55]. In vitro, the proliferation of these bipotent cells 

also give rise to CD56+/CD15- progenitors that express Myf5 but not the SC marker Pax7, as 

we determined here for the hMuStem cells. Intriguingly, RT-PCR analysis showed that 

CD56+/CD15- cells express PW1/Peg3 that was also detected in all hMuStem cell 
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preparations. Considering that CD56+/CD15- cells, which were found in the interstitial 

compartment of human muscle [56], were defined as positive for MSC markers CD44, CD49, 

CD90, CD146 and negative for lineage markers CD45, CD106, CD117, CD133, we cannot 

exclude that hMuStem cells could belong to the CD56+/CD15- cell fraction. Overall, our data 

demonstrated that hMuStem cells consist to a population of early myogenic progenitors with a 

perivascular mesenchymal imprint.  

 

hMuStem cells do not correspond to pluripotent stem cells 

In parallel to their in vitro differentiation potential into myogenic, adipogenic and osteogenic 

cells, we showed that whether hMuStem cells are able to form capillary-like structure in 3D-

culture condition, in return they do not express CD31, CD144 or VWF. In addition, hMuStem 

cells that adopted an interstitial location after injection into injured muscle never 

differentiated in endothelial cells. Overall, these data suggest that hMuStem cells fail to 

commit to the endothelial cell lineage in contrast to blood- and muscle-derived AC133+ cells 

whom IM injection in scid/mdx mice resulted in CD34+/CD144+ cells and α-sma+ cells that 

were located near or with small vessels and around capillaries, respectively [16]. Recent 

studies have shown that MSC may express embryonic stem cell markers [57-59]. In 

agreement with results obtained in hMDPCs [52], hMuStem cells express the transcription 

factor NANOG even if the percentage of NANOG+ cells is more important (77.6 to 85.9% vs. 

40.1%). The glycolipid antigen SSEA-4 was detected in hMuStem cells, as previously shown 

in MSC from various human tissues [58, 60]. In contrast, hMuStem cells are uniformly 

negative for the other markers of stemness such as SOX-2, OCT-4A, TRA1-60, TRA1-81 and 

SSEA3, which demonstrates a lack of pluripotency and indicate a certain degree of 

commitment to specific lineages for hMuStem cells. This feature distinguished hMuStem 

cells from pre-plated hMDPCs that contained 11.76 and 32.43% of OCT-4+ and SOX-2+ cells, 

respectively [52].  

 

hMuStem cells contribute to muscle regeneration 

We show that hMuStem cells can engraft into host tissue where they efficiently participate to 

muscle fiber regeneration, which is in agreement with our previous results obtained with 

cMuStem cells intramuscularly injected into immunosuppressed GRMD dogs [33]. Indeed, 

we detected many hundreds of hMuStem cell nuclei fused with host fibers and production of 

human proteins, which distinguishes hMuStem cells from human PP6 cells that were 

characterized by modest regenerative index after transplantation in muscles of scid/mdx mice 
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[29]. One possible element to explain the difference between these two cell types may be that 

the human PP6 cells corresponded to cells adhering between 48 and 120 hrs while the 

hMuStem cells were defined as cells adhering after 144 hrs. Similarly to our data, 

perivascular cells freshly sorted from human adult skeletal muscle generated numerous 

human spectrin+ myofibers after IM injections in cardiotoxin-damaged muscle of scid/mdx 

mice [50]. Human muscle-derived AC133+ cells were also shown to contribute to extensive 

muscle regeneration following IM transplantation into irradiated and cryodamaged TA 

muscles of immunodeficient Rag2-/γ chain-/C5-mice [24, 61]. However, they also efficiently 

participate in SC formation with 25% of human nuclei corresponding to SC, which contrast 

with the modest contribution we determined for the hMuStem cells. Meng et al. [61] 

demonstrated that AC133+ cells that had undergone greater expansion in vitro contribute less 

to muscle regeneration in vivo. It would be informative to determine the behavior of 

hMuStem cells submitted to limited in vitro expansion especially as those used here for in 

vivo experiments correspond to high mean population doubling cells comparatively to 

AC133+ cells previously investigated. In parallel to a limited contribution of hMuStem cells 

to generate SC compared to those observed with cMuStem cells, we established that 

hMuStem cells can adopt an interstitial location as canine cells with however a higher 

percentage of endomysial cells. We cannot exclude the possibility that this distinct behavior 

of hMuStem cells to generate muscle-resident cells is not related to the context of damaged 

muscle in which they were investigated. Indeed, we can hypothesize that hMuStem cells were 

much less requested in mice muscle that was submitted to only one experimental injury and 

contained normal SC pool compared to cMuStem cells placed in GRMD dog skeletal muscle, 

which is characterized by repeated fiber necrosis/regeneration processes and a SC exhaustion. 

Interestingly, a similar ability to give rise to interstitial cells had been described for the PICs 

corresponding to muscle-resident stem cells located in the interstitium and defined as 

PW1/peg3+ cells [19]. Intriguingly, these cells exhibit a broad range of genes common to 

MSC [62], do not express Pax7, exhibit myogenic potential in vitro and form myofibers and 

SC after engraftment in damaged mice muscle [19], as we describe here for the hMuStem 

cells. It was recently shown that the expression level of PW1 correlates with the myogenic 

competence and migratory capacities of Mabs [63]. Considering that all hMuStem cell 

batches tested express PW1 mRNA, further experiments may be developed to determine in 

what manner these two populations share other biological properties. 

Concerning the hMuStem cell behavior after IM injection, we determined that all batches 

isolated from muscle of 15 to 45-year old subjects free of known muscle disease contribute to 
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skeletal muscle regeneration with nevertheless distinct efficacy. When we compared the 

percentage of donor nuclei inside the basal lamina and human spectrin+ fibers, we found that 

the highest percentage concerned the muscles injected with hMuStem cell batches containing 

the higher proportion of CD56+ cells that include CD140b+/ALP+ cells, suggesting a better 

myogenic potential for this CD56+ cell subset. These data are in agreement with those 

presented for CD56+ and CD56- mdcs isolated from one DMD patient [44]. In terms of 

phenotype profile associated with our CD56+ and CD56- hMuStem cells, no clear difference 

appeared on MRFs expression but a limitation of the present study resides in the minor 

number of the cell batches. RT-PCR analysis showed that neither CD56+ nor CD56- mdcs 

were positive for Pax7 but both expressed similar levels of Myf5 and MyoD [44], as shown 

with hMuStem cells. In return, CD56+ mdcs expressed more desmin and MHC than the 

CD56- ones, suggesting a more differentiated status of CD56+ mdcs. Concerning hMuStem 

cells, we did not observe major difference in percentage of myogenin+ cells, all being below 

5.5% of the whole cells. 

In conclusion, our results reinforced the notion from which MuStem cells may represent an 

interesting agent for clinical application in DMD context. Additional experiments are now 

required to consolidate this hypothesis among which one should analyze the ability of 

hMuStem cells to exhibit muscle homing after a systemic delivery and contribute to muscle 

repair. Then, we should determine if hMuStem cells exhibit same behavior of canine 

counterparts after their intra-arterial delivery into GRMD dogs. This appears of major interest 

as Meng et al. [61] failed to obtain any contribution to muscle regeneration from intra-

arterially delivered AC133+ cells in immunodeficient injured mice models that contrast to 

their data after local injection [61]. Similarly, if a regenerative myogenic potential was 

established after IM delivery of mdcs, in return a lack of participation to muscle fiber 

formation was noted after systemic delivery [44]. Further works will need to more clearly 

identify the phenotypic composition of cultured hMuStem cell population to make the most 

robust contribution to muscle fiber regeneration. 
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Chapitre!2. Etude!des!propriétés!immunomodulatrices!de!la!
population!MuStem!humaine!

I. Positionnement!
Malgré! des! démonstrations! cliniques! prometteuses,! la! thérapie! cellulaire! allogénique!

reste! aujourd'hui! confrontée! à! une! limite!majeure! qui! est! la! réponse! immunitaire.! Au!

cours!des!quinze!dernières!années,!des!propriétés!immunomodulatrices!ont!été!décrites!

pour! quelques! types! de! cellules! souches! adultes! en! particulier! les! cellules! souches!

mésenchymateuses! (CSM)! et! les! mésoangioblastes,! permettant! d'envisager! une!

alternative! à! cette! limite.! Ainsi,! un! effet! pléiotrope! des! CSM! a! été! démontré! sur! le!

système!immunitaire!inné!comme!adaptatif!avec!des!actions!principalement!paracrines.!!

Compte!tenu!de!la!filiation!périvasculaire!mésenchymateuse!de!la!population!hMuStem,!

la! seconde! partie! de! ma! thèse! a! consisté! à! déterminer! si! des! propriétés!

immunomodulatrices! ciblant! le! système! inné! et/ou! adaptatif! pouvaient! lui! être!

attribuées! par! l’étude! in# vitro! de! son! impact! respectivement! sur! l’activité! du!

complément!et!la!prolifération!lymphocytaire.!!

II. Résumé!de!la!démarche!expérimentale!
Le!détail!du!matériel!et!méthodes!utilisés!étant!décrit!dans!l'article!joint!ciEaprès,!je!ne!

ferai!ici!qu'un!résumé!des!principaux!points!méthodologiques.!

Le! matériel! biologique! nécessaire! aux! expérimentations,! à! savoir! les! lymphocytes!

humains!et!les!érythrocytes!ovins,!a!été!obtenu!grâce!à!la!mise!en!place!respectivement!

d'une!prestation!de! service! auprès!de! la! plateEforme!Développement! et! Transfert! à! la!

Clinique! du! CHU!de!Nantes! et! d'une! collaboration! avec! l'UMR!1300! INRA/Oniris.! Une!

analyse! phénotypique! a! été! menée! sur! les! cellules! hMuStem! par! ELISA,!

immunocytochimie,! RTEPCR,! ainsi! que! par! cytométrie! en! flux! dans! le! cadre! d'une!

collaboration!avec!Blandine!Lieubeau!de!l'USC1383!INRA/Oniris/Université!de!Nantes.!

J'ai! également! mis! au! point! la! technique! de! dosage! de! kynurénine! ainsi! que! des!

composés! nitrés! à! partir! des! surnageants! des! cellules! hMuStem.! Cette! caractérisation!

phénotypique!a!été!complétée!par!une!étude!du!comportement! immunomodulateur! in#

vitro.!Afin!d'étudier!l'impact!des!cellules!hMuStem!sur!la!prolifération!lymphocytaire,!j'ai!

acquis!une!méthodologie!basée!sur!l'incorporation!de!thymidine!tritiée!radioactive!par!

les!cellules!en!prolifération!sur!la!plateEforme!de!radioactivité!de!l'Institut!de!Recherche!
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Scientifique/Université!de!Nantes.!D'autre!part,!l'étude!de!l'impact!des!cellules!hMuStem!

sur! la! lyse! érythrocytaire! médiée! par! le! complément! m'a! conduit! à! développer! une!

nouvelle!technique!au!sein!de!l'UMR!en!m'appuyant!sur!les!données!de!la!littérature.!!

III. Résumé!des!résultats!obtenus!
Concernant! l’immunité! adaptative,! nous!montrons! in# vitro! une! faible! immunogénicité!

des!cellules!hMuStem!avec!l’absence!de!prolifération!lymphocytaire!lors!de!la!coculture!

avec! les!cellules!hMuStem.!D’autre!part,! la!coculture!directe!entre!cellules!hMuStem!et!

des!lymphocytes!préalablement!activés!par!une!MLR!ou!par!un!mitogène!s’accompagne!

d’une! diminution! importante! de! la! prolifération! lymphocytaire,! démontrant! une!

capacité! des! cellules! hMuStem! à! inhiber! leur! activation! in# vitro.! Ces! résultats!

fonctionnels! peuvent! être! mis! en! parallèle! des! résultats! de! phénotypage! obtenus.! En!

effet,! si! les! cellules! hMuStem! n’expriment! pas! Fas! Ligand,! IDO2,! IL1α,! IL1β,! IL10! et!

l’IL33,! elles! sécrètent! ou! expriment! en! revanche! l’IL6,! IL8,! IL35,! HGF,! HOE1,! iNOS! et!

PGE2.!La!LEKynurénine!détectée!dans! le!surnageant!des!cellules!hMuStem!indique!une!

présence!de!l’enzyme!IDO!fonctionnelle.!En!ce!qui!concerne!les!molécules!de!surface!et!

notamment! les!molécules! du! complexe!majeur! d’histocompatibilité! (CMH)! impliquées!

dans!le!contact!direct!avec!les! lymphocytes,! les!cellules!hMuStem!sont!toutes!positives!

pour!le!HLA!de!classe!I!et!négatives!pour!les!HLAEDR,!DP!et!DQ!ainsi!que!le!HLAEE!et!G.!

Le!HLAEDR,!DP!et!HLAEE!sont!en!revanche!exprimés!après!stimulation!IFNγ.!Par!ailleurs,!

les!molécules!de!costimulation!CD80!et!CD86!ne!sont!jamais!exprimées.!!

En!ce!qui!concerne!l’immunité!innée,!nous!montrons!une!capacité!des!cellules!hMuStem!

à! inhiber! partiellement! la! lyse! érythrocytaire! médiée! par! le! complément! selon! une!

modalité!paracrine!impliquant!le!facteur!H.!Sur!le!plan!phénotypique,!une!expression!du!

CD55!et!du!CD59,!inhibiteurs!du!complément!ainsi!qu’une!sécrétion!de!facteur!H!ont!été!

mises!en!évidence.!!

Ces#résultats#ont#fait#l’objet#:#

− de# deux# posters#présentés# au# congrès# de# la# Société# Européenne# de# Thérapie#

Cellulaire#et#Génique#(ESGCT)#en#octobre#2014#à#La#Haye#(Pays7Bas)#et#au#congrès#

international#Myology#en#mars#2016#à#Lyon.#

− de# trois# communications# orales#présentées# à# l'ESGCT# en# octobre# 2015# à# Helsinki#

(Finlande),# au# congrès# Nantes# Actualités# Transplantations# (NAT)# en# juin# 2016# à#



!

! 139!

Nantes#et# au# congrès# PCS# Cell# Science# &# Stem# Cell# Conference# en# juin# 2016# à#

Barcelone.##

− d’un#article#en#préparation#pour#Journal#of#Immunology#
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ABSTRACT  

Over the last years, many studies demonstrated in vitro pleiotropic immunomodulatory 

properties for adult stem cells, especially mesenchymal stem cells or vessel-associated stem 

cells. These cells interact with a wide variety of immune cells via direct cell-cell interactions 

and secretion of paracrine factors. We isolated a muscle-derived stem cell population in 

different species, named Mustem cells, which have a mesenchymal/perivascular origin and 

exhibit in vitro/in vivo myogenic potential, positioning them as promising candidate for a 

therapeutic application in a context of Duchenne Muscular Dystrophy, a severe and fatal 

degenerative muscle disease. Here, we demonstrated that human MuStem (hMuStem) cells 

are weakly immunogenic in vitro, as they do not activate allogeneic lymphocyte proliferation. 

Moreover, they inhibit mixed lymphocyte reaction and proliferation of concanavalin A-

stimulated lymphocytes in a dose-dependent manner. hMuStem cells exert an immune 

tolerant phenotype, being characterized by presence of MHC class I antigens associated with 

the lack of MHC class II antigens and the co-stimulatory molecules. Also, they secrete 

various immunomodulatory molecules such as PGE2, IDO, HO-1 or iNOS. After stimulation 

with the inflammatory molecules TNFα and IFNγ, hMuStem cells  become positive for HLA-

II molecules and upregulate the secreted factors. Moreover, we showed that hMuStem cells 

inhibit complement-mediated hemolysis mainly through secretion of factor H. Overall, these 

results demonstrate in vitro a global action of hMuStem cells on both innate and adaptive 

immunity. Combine to their participation in regenerating damaged tissues, these 
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immunomodulatory properties suggest that even HLA-mismatched hMuStem cells might be 

suitable for cell therapy of muscular dystrophies. 

 

GRAPHICAL ABSTRACT 

 
 

Introduction 

MuStem cells are adult stem cells isolated from healthy skeletal muscles of Turkey, Dog and 

human based on their initial delayed adhesion properties [1, 2, Lorant et al., submitted]. They 

are defined by their large proliferation potential, their oligopotency and specially an ability to 

commit in myogenic differentiation as well as their combined expression of myogenic and 

perivascular mesenchymal markers. Allogeneic cells have been demonstrated to strikingly 

improve the clinical status of the Golden Retriever Muscular Dystrophy (GRMD) dog 

representing the clinically relevant animal model of Duchenne Muscular Dystrophy (DMD) 

and to generate persistent muscle repair [2, 3, 4, 5]. These results positioned the MuStem cell 

population among the few promising candidates for an attractive therapeutic avenue for DMD 

patients. Although the use of more and more effective immunosuppressive regimen [6], major 

limit in allogeneic-based cell therapy resides in the immune reject [7, 8]. This was particularly 
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true in the case of DMD that is characterized by a highly degenerative muscle tissue 

displaying a sustained inflammatory component as well a large amount of resident and active 

immune cells [9, 10]. 

Over the past years, various in vitro and in vivo studies attributed to mesenchymal stem cells 

(MSCs) an ability to modulate the functions of different immune cell subpopulations involved 

in adaptive and innate immunity via direct cell-cell interactions and secretion of soluble 

paracrine factors [11, 12]. These include CD8+ cytotoxic T lymphocytes, regulatory T cells 

(Tregs) [13, 14], natural killer (NK) cells [15] as well as B cells [16], dendritic cells (DC) [17] 

and macrophages [18]. In particular, in vitro mixed lymphocyte reactions and transplantation 

of MSCs across MHC barriers revealed that MSCs inhibit T cell proliferation induced by 

mitogens, CD3 and CD28 antibodies as well as by allogeneic antigens [19]. In addition, in 

vitro studies showed that MSCs suppress cytotoxic T lymphocyte activity directly by 

inhibiting their proliferation following allogeneic antigen stimulation and indirectly by 

promoting the activities of helper T lymphocytes and Tregs [20, 21, 22]. Melief et al. [23] 

showed that culture-expanded bone marrow-derived MSCs promote the generation of 

CD4+CD25hiFoxP3+ T cells in human PBMC populations via TGF-b1 and induce 

differentiation of monocytes toward macrophage type 2 cells that express CD206 and CD163 

and secrete high levels of IL-10 and CCL-18. Upon co-cultivation of MSCs with peripheral 

blood mononuclear cells (PBMCs), CCL1 and sHLA-G were induced leading to a shift from 

allogeneic T cell responses to the secretion of a Th2 cytokine profile and inhibition of 

cytotoxic T cell-mediated lysis of allogeneic cells [11]. Human mesoangioblasts, vessel-

associated stem/progenitor cells, also inhibit T lymphocyte proliferation through a cell-

contact independent mechanism involving indoleamine 2,3 dioxygenase (IDO) and 

prostaglandin E-2 (PGE-2) [23]. It was determined that MSCs inhibit the division of 

stimulated T cells by preventing their entry into the S phase of the cell cycle and mediating an 

irreversible G0/G1 phase arrest [24]. Concerning the innate immune system, in vitro work 

revealed that MSCs can suppress the maturation of monocytes into DCs and so prevent their 

antigen-presentation function [17, 25]. It has been shown that co-culture of macrophages and 

monocytes with MSCs induces a regulatory macrophage population through increased levels 

of IL-10, reduced levels of TNF-� and IL-12 and low co-stimulatory molecule CD86 and 

HLA class II [26, 27, 28]. Generation of an immunoregulatory type of macrophages was also 

demonstrated in vivo [29]. MSCs were described as able to inhibit complement activation by 

producing factor H through IDO and PGE2 synthesis [30]. Finally, it was established that 

MSCs inhibit IL-2-induced NK cell proliferation, which is primarily mediated by the soluble 
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immunosuppressive factors TGF-b, sHLA-G and PGE-2 as well as cell–cell contact [11, 31]. 

As a result, MSCs have been used in the treatment of a variety of disorders [32, 33], notably 

revealing that co-transplantation of autologous MSCs and HSCs led to enhanced HSC 

engraftment [34] and that allogeneic transplantation of MSCs reduced the incidence and 

severity of graft-versus-host disease (GvHD) [35]. Overall, these immunomodulatory 

properties determined for the MSCs may allow their use even in allogeneic context for new 

therapeutic applications including stem cell-based therapies. 

In this study, we sought to examine in vitro the immunogenicity of human MuStem cells and 

to characterize if they could modulate the function of immune cells in a similar manner to 

MSCs. For that purpose, hMuStem cells were tested for their interaction with T lymphocytes 

and the complement system through in vitro assays. Flow cytometry experiments, Elisa 

assays and Kynurenin/NO dosage were performed to determine the profile of specific cell 

surface and secreted markers on hMuStem cells. Here, we present novel findings that 

demonstrate that hMuStem cells display an immune regulatory phenotype and are able to 

interact with and modultate in vitro the functions of both T cells and complement, 

 

Materials and Methods 

Chemical reagents 

Collagenase type-VIII, hyaluronidase type-1S, pronase E, dimethylsulfoxide, trichloroacid, p-

dimethylbenzaldehyde, acetic acid, concanavaline A (ConA), NaCl, Sodium Barbital, CaCl2 

and MgCl2 were purchased from Sigma-Aldrich (St Quentin-Fallavier, France) unless stated 

otherwise. TNFα and IFNγ molecules were purchased from Miltenyi (Bergisch Gladbach, 

Germany) and streptavidin-agarose from Biorad (Hercules, CA, USA). 

 

Human skeletal muscle tissue  

Tissue samples were obtained from Paravertebralis muscles of 12- to 15-year-old subjects 

free of known muscle disease and operated for scoliosis at the Department of Pediatric 

surgery of the Centre Hospitalier Universitaire (CHU) Hôtel Dieu de Nantes (France). All 

patients gave written informed consent. All protocols were approved by the Clinical Research 

Department of the CHU (Nantes, France), according to the rules of the French Regulatory 

Health Authorities. Biological sample bank was constituted in compliance with the national 

guidelines regarding the use of human tissue for research (Permit numbers: MESR/DC-2010-

1199; CPP/29/10). 
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Sheep red blood cells 

Sheep red blood cells (SRBC) were kindly provided by Dr. Nathalie Delacotte (INRA UMR 

1300 Oniris, Nantes, France) and kept in RPMI 1640 (Lonza, Basel, Swiss) supplemented 

with 10% fetal calf serum (FCS, Pierce-Hyclone, Logan, UT, USA) and 1% 100 UI/mL 

penicillin/0.1mg/mL streptomycin/0.25 µg/mL amphotericin B (PSF, Sigma, St. Louis, MO, 

USA) at 4°C in the dark. SRBC were washed every week by suspension homogenization 

before centrifugation (5 min, 400 g) to discard dead cells or free hemoglobin and SRBC 

sediment was taken back in fresh medium.  

 

Other cell types 

Human CD3+ lymphocytes were isolated by centrifugal counter-flow elutriation from blood 

samples of patients (Clinical Transfer Facility, CICBT0503, Nantes, France) and next sorted 

by negative magnetic sorting using EasySepTM kit (>90% of purity; Stemcell Technologies, 

Vancouver, Canada). Mesenchymal stem cells (MSCs), adherent Peripheral Blood 

Mononuclear Cells (PBMCs) and Raw cells were plated on Lab-Tek chamber slides (Nalge 

Nunc., International, Rochester, NY) at 2.104 cells/cm2 in growth medium (MSCs: 89% 

αMEM/10% FCS/1% PSF ; PBMCs and Raw cells: 89% RPMI 1640/10% FCS/1% PSF) 

during three days and served as controls for immunocytochemistry study. 

 

Isolation of human MuStem cells  

Freshly surgically resected muscle tissues were placed in cold phosphate buffered saline 

(PBS; PAA, Les Rumeaux, France) supplemented with 2% PSF and transferred to the 

laboratory. They were weighed, washed several times in PBS/2% PSF, carefully minced into 

1 mm3 pieces using forceps and scalpel and enzymatically digested (15 min, 37°C) by a mix 

of collagenase type-VIII (2,000 U/g of tissue, Sigma-Aldrich) and 0.2% hyaluronidase type-

1S (Sigma-Aldrich). The pre-digested tissue was centrifuged (100 g, 5 min), the supernatant 

collected and neutralized with 20% (v/v) FCS while the pellet was further digested (30 min, 

37°C) with 0.125% Pronase E (Sigma-Aldrich). After centrifugation (100 g, 5 min), the 

supernatant was collected, pooled with the previous ones and submitted to successive 

centrifugations (300 g, 15 min) and sequential filtering through 100-, 70-, and 40-μm pore-

diameter nylon mesh (BD Biosciences, Franklin Lakes, NJ, USA). 

Muscle-derived cells (MDCs) were resuspended in PBS/1% PSF/2% FCS and viability was 

assessed using 0.1% trypan blue staining (VWR, Strasbourg, France). hMuStem cells were 
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isolated using a modified version of the preplating technique, as previously described (Rouger 

et al., 2011). Cells were initially plated at 104 viable cells/cm2 in gelatin-coated flasks under 

standard condition (37°C in 95% humidified air and 5% CO2) and grown in medium 

(Macopharma, Mouvaux, France) containing 10% FCS, 1% PSF, 10 ng/mL human 

recombinant basic fibroblast growth factor and 25 ng/mL human recombinant epidermal 

growth factor (PromoCell, Heidelberg, Germany). Growth medium was replaced every four 

days. At confluence, cell layers were dissociated with 0.25% v/v tryspin-EDTA (Invitrogen, 

Cergy-Pontoise, France). Cell were then resuspended in growth medium and seeded at 1.104 

cells/cm2 (passage 1, P1). Five batches of hMuStem cells at P5 were used for the different 

experiments. In some experiments, cells were treated 48h or 72h with 25 µg/mL TNFα or 50 

µg/mL IFNγ (Miltenyi).    

 

Isolation of human PBMCs 

PBMCs were isolated by gradient-density centrifugation (400 g, 20 min, RT) on Ficoll 1.077 

(PAA). PBMC rings were collected in PBS/5% FCS and centrifuged (400 g, 10 min, 4°C). 

The supernatant was removed and the pellet was washed twice with PBS/5% FCS before 

centrifugation (300 g, 10 min, 4°C). Cells were counted in Türk and Trypan dyes. Red blood 

cells were lysed in a lysis buffer (NH4Cl, KHCO3, Na2EDTA; 10 min, RT) and washed twice. 

PBMCs were frozen in FCS/10% Dimethylsulfoxide (DMSO, Sigma-Aldrich) prior to test. 

 

Flow cytometry  

hMuStem cells or lymphocytes were resuspended in cold PBS/2% human serum and 105 cells 

were incubated (30 min, 4°C) in the dark with fluorochrome-conjugated antibodies (Ab) at 

saturating concentration (Table 1). Isotype-matched Ab and fluorescence minus one control 

samples were used as negative controls for gating and analyses. When applicable, 7-amino-

actinomycin D (7-AAD; BD Biosciences, Franklin Lakes, NJ, USA) was added to evaluate 

cell viability. Samples were acquired using a FACS Aria flow cytometer (BD Biosciences) 

and data were analyzed using FlowJo software (FlowJo, Ashland, Oregon). For each labeling, 

at least 15,000 viable cells were considered.  
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Table 1. List of antibodies used for FACS and immunocytochemistry analysis 
,
A.,
!

Antigen! Conjugation!! Clone! Company! Isotype!

CD55!

PE!

IA10! BD!Biosciences!! Mouse!IgG1EPE!

CD59! p282!(H19)! BD!Biosciences! Mouse!IgG1EPE!

CD80! L307.4! BD!Biosciences! Mouse!IgG1EPE!

CD86! 2331!(FUNE1)! BD!Biosciences!! Mouse!IgG1EPE!

HLAEA,B,C! W6/32! eBiosciences! Mouse!IgG1EPE!

HLAEDP! NA! HI43! SEROTEC! Mouse!IgG1!

HLAEDQ! FITC! Tu169! BD!Biosciences! Mouse!IgG1EFITC!

HLAEDR!

PE!

LN3! eBiosciences! Mouse!IgG1EPE!

HLAEE! 3D12! BIOLEGEND! Mouse!IgG1EPE!

HLAEG! 87G! BIOLEGEND! Mouse!IgG2aEPE!

HOE1! NA! HOE1E1! Abcam! Mouse!IgG1!

,
B.,
!

Antigen!! Secondary!antibody! Clone! Company!

Dilution,!incubation!

temperature!and!

time!

HOE1! Biotinylated!Ab!+!

Streptavidin!Alexa!

555!

HOE1E1! Enzo!ifesciences! 1:200,!60!min,!37°C!

iNOS! scE651! Santa!Cruz! 1:100,!ON,!4°C!

!

 

Immunocytochemistry  

Cells were fixed in cold methanol (15 min, -20°C) and treated with 0.3% triton X-100 (30 

min, 4°C). After incubation (60 min, RT) in blocking buffer (5% goat serum in PBS), cells 

were incubated with the Ab listed in Table 1. Cells were finally counterstained (15 min, 37°C) 

with DAPI fluorescent cell-permeable DNA probe (Life Technologies Ltd, Paisley, UK). 

More than 300 cells were counted per sample by using Fiji image analysis software 

(Schindelin et al., 2012). Data were presented as the mean ± SD. 

 

RT-PCR analysis 

Total RNA was extracted from either dry pellets of 2.106 cells or muscle tissue samples, using 

RNeasy mini kit (Qiagen, Santa Clara, CA, USA) or RNeasy Fibrous kit (Qiagen) following 

manufacturer’s instructions, respectively. Total RNA was treated with DNase (Ambion, 

Austin, TX, USA), quantified using a NanoDrop spectrophotometer (Labtech, Wilmingtom, 

DE, USA) and processed for reverse transcriptase using standard protocol described in 

Supplemental Information. RT reactions were carried out on 0.5 µg of total RNA using the 
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GoScript reverse transcriptase (Promega, Madison, WI, USA). Gene-specific oligonucleotide 

primers were designed using Oligo Primer Analysis Software v.7 (Molecular Biology Insights 

Inc., Colorado Springs, CO, USA) and synthesized by MWG Operon (Eurofins, Ebersberg, 

Germany). List of primers is supplied in Table S1. PCR amplifications were performed on 0.5 

μL of cDNA with the following program: initial denaturation (12 min, 95°C) followed by 35 

cycles (30 s, 94°C; 30 s, 60°C; 30 s, 72°C) and a final extension (10 min, 72°C). The PCR 

products were migrated and visualized on a 2% agarose gel with GelRed staining. RPS18 was 

used as an endogenous control. 

 
Table S1. Summary of modelized primers used for RT-PCR analysis 

!

Gene name  Sequence 5'-3' Product 
size (bp) Accession number 

RPS18 Fw ACCAAGAGGGCGGGAGAA 85 NM_022551.2 Rv CTGGGATCTTGTACTGGCGTC 

Cox2 Fw 
Rv 

TGATGATTGCCCGACTCCCT 
CTGGCCCTCGCTTATGATCT 188 NM_000963.2 

Factor H Fw 
Rv 

TTCTGGGCTTGTGGCTTGT 
CTGGGTGCCTTCTGGATATGTTT 327 NM_001014975.2 

FasL Fw 
Rv 

ATGCACCGCTACGACGTGA 
GGACTTGACCACCGAACCCAT 150 NM_003106.3 

HO-1 Fw CCAACATTGCCAGTGCCACC 104 NM_002133.2 Rv CTTGGCCTCTTCTATCACCCT 

IDO1 Fw AAAGGCAACCCCCAGCTATC 315 NM_002164.5 Rv CAGGGAGACCAGAGCTTTCACA 

IDO2 Fw CATAGAAGACATCCACTCAGCAC 200 NM_194294.2 Rv GAGGCCCTGGGAGATGGTTTG 

IL1α Fw CCCAAGATGAAGACCAACCAG 209 NM_000575.3 Rv AAAGTCAGTGATAGAGGGTGG 

IL1β Fw CAGCTACGAATCTCCGACCACCA 298 NM_000576.2 Rv GGAGGTGGAGAGCTTTCAGT 

IL6 Fw AAAGAGGCACTGGCAGAAAACAA 257 NM_000600.3 Rv GGGGTGGTTATTGCATCTAGATT 

IL8 Fw ACCTTTCCACCCCAAATTTATCA 277 NM_000584.3 Rv CCTACAACAGACCCACACAATAC 

IL10 Fw CCTTGTCTGAGATGATCCAGTT 145 NM_000572.2 Rv AGAAATCGATGACAGCGCC 

IL33 Fw AAATCCCAACAGAAGGCCAAAG 166 NM_033439.3 Rv GACAGGCAGCGAGTACCAG 

IL35 Fw GTGTCCAGCGCGCAGCCTC 169 NM_000882.3 Rv TTGTCTGGCCTTCTGGAGCATGT 

TGFβ2 Fw CCTGCTAATGTTATTGCCCTCCT 244 NM_001135599.2 Rv CCTGCTGTGCTGAGTGTCTG 
!

 

ELISA assay 

Supernatant of stimulated or unstimulated hMuStem cells was collected, centrifuged to 

discard any cell fragment and stocked at -20°C. The presence of the secreted proteins namely 
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Factor H, Hepatocyte Growth Factor (HGF), Interleukin-1 alpha (IL1α), Interleukin-1 beta 

(IL1β), Interleukin-10 (IL10), Interleukin-33 (IL33), Interleukin-35 (IL35) and Prostaglandin 

E2 (PGE2) was measured by ELISA (HGF, IL1α, IL1β: R&D Systems; IL10, PGE2: Enzo 

Life Sciences; IL33: Abcam; IL35: MyBioSource), according manufacturing procedures 

(detection threshold: Factor H, 0.2 ng/mL; HGF, 40 pg/mL; IL1α, 1.0 pg/mL; IL1β, 1.0 

pg/mL; IL10, 3.75 pg/mL; IL33, 0.2 pg/mL; IL35, 15.6 pg/mL; PGE2, 13.4 pg/mL). 

 

Kynurenin and NO dosage 

Supernatant of stimulated or unstimulated hMuStem cells was collected, centrifuged to 

discard any cell fragment and stored at -20°C. For kynurenin assay, supernatants were 

incubated with trichloroacid (30%; Sigma-Aldrich) and centrifuged (5 min, 10.000 g). An 

equal volume of Ehrilch’s reagent corresponding to 2% p-dimethylbenzaldehyde (Sigma-

Aldrich) in glacial acetic acid was added to each sample and incubated for 10 min at RT. For 

NO dosage, supernatant of hMuStem cell primary cultures are incubated (10 min, RT) with 

Griess reagent (Griess Reagent Kit, Cayman Chemical, Ann Arbor, MI, USA). The optical 

density (OD) was read on plate reader (LT-4000 Microplate Reader) with Labtech Manta Lite 

software (Labtech International Ltd.) at 450 nm and 548 nm for kynurenin and NO, 

respectively. Kynurenin and nitrite concentrations were calculated in comparison with 

standards consisting in serial dilution series of kynurenin (Sigma-Aldrich) from 150 to 600 

mM and of nitrite (Cayman Chemical) from 5 to 35 μM, respectively.  

 

Evaluation of lymphocyte proliferation after coculture with hMuStem cells 

Cultured hMuStem cells (n=4) in either unstimulated or stimulated (TNFα or IFNγ) culture 

conditions were harvested and irradiated at 35Gy during 10 min. Recovered hMuStem cells 

were co-cultured with 105 unactivated T-cells per well during 5 days (hMuStem cells:T-cell 

ratios: 2:1, 1:1, 1:4, 1:16 and 1:64). Another experiment consisted in co-culturing irradiated 

hMuStem cells (n=4) in either unstimulated or stimulated (TNFα or IFNγ) culture conditions 

with 105 T-cells per well stimulated with either concavaline A (Con A, Sigma-Aldrich) or 

allogeneic irradiated (35Gy) PBMCs (MLR assay) during 5 days (hMuStem cells:T-

cell;PBMC ratios: 2:1:1, 1:1:1, 1:4:4, 1:16:16 and 1:64:64). 

For both experiments, cells were then incubated overnight with tritiated thymidine (0.925 

µBq/mL, PerkinElmer, Zaventem, Belgium) and harvested on filter using Harvester Mach III 

(Tomtec, Hamden, USA). Radioactivity was measured on the filters using 1450 MicroBeta Jet 
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(Perkin Elmer). Activation threshold was determine by considering proliferation mean of 

unstimulated lymphocytes alone ± 3 SD. Percentages of inhibition were calculated as follows: 

% inhibition = 100 – radioactivity measure of the sample / radioactivity measure of activated 

T-cell control. 

 

Erythrocyte lysis 

SRBCs were washed twice in Veronal Buffered Saline (VBS: 0.75 M NaCl/25.95 mM 

Sodium Barbital/1.15 mM CaCl2/6.10-3 M MgCl2) to discard free hemoglobin. SRBCs were 

centrifuged (5 min, 600 g) and resuspended in appropriate volume to obtain 1.108 SRBCs per 

well of 96-well plate. For factor H depletion, supernatants of hMuStem cell primary cultures 

were successively incubated (60 min, RT) with biotin-conjugated anti-factor H antibody (2 

g/mL, Abcam) and streptavidin-agarose beads (15 g/mL, BioRad). Samples were then 

centrifuged and supernatants of factor H-depleted hMuStem cell primary cultures were 

harvested. Supernatants, undepleted or depleted of factor H, were added on SRBCs at a final 

concentration of 80% v/v. After incubation (30 min, 37°C), cells were centrifuged and 

supernatants were transferred in 96-well plate. The OD was read at 405 nm on plate reader 

(LT-4000 Microplate Reader) with Labtech Manta Lite software (Labtech International Ltd.). 

Positive and negative controls consist in SRBCs lysed with distilled water (100% lysis) or 

incubated with 15% human serum and SRBCs incubated with VBS, respectively.  

 

Statistical analysis 

All data were reported as mean±SD. Lymphocyte proliferations were compared between 

different ratio of co-cultured MuStem cells, using a Kruskal-Wallis test completed with 

multiple comparisons between pairs. Secretion of soluble molecules by hMuStem cells were 

compared between unstimulated and TNFα or IFNγ stimulation conditions, using Mann-

Withney test. Hemolysis results were compared between factor-H depleted or undepleted 

supernatant, using multiple t-test with Holm-Sidak correction. A value of P < 0.05 was 

considered to be statistically significant. 

 

Results  

hMuStem cells were able to inhibit in vitro T cell proliferation  

Independent hMuStem cell batches (n=4) were co-cultured in different ratios with unactivated 

lymphocytes (MCR) as well as with MLR- or ConA-activated lymphocytes. Results are 

summarized in Figure 1. In contact with unactivated lymphocytes, hMuStem cells did not 
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induce lymphocyte proliferation at any ratio in comparison with positive control, suggesting a 

weak immunogenicity for the hMuStem cells (Fig. 1A).  When hMuStem cells were added to 

MLR- or Con-A activated lymphocytes, a significant decrease of the lymphocyte proliferation 

was determined at 1:2, 1:1 and 4:1 (Lymphocytes:MuStem cells) ratio (Fig. 1B), that reveals 

an ability of the hMuStem cells to inhibit in vitro T cell proliferation activity. In return, this 

effect was lost when lower ratios of hMuStem cells (16:1 and 64:1) were applied. Neither 

TNFα nor IFNγ stimulation of hMuStem cells has impact on this inhibitory capacity (Fig. S1). 

 

 
Figure 1: hMuStem cells display inhibitory effect on T-cell proliferation. hMuStem cells were seeded at 

1.105 cells per square centimeter and cocultured for 5 days with (A) unactivated lymphocytes or (B) activated 

lymphocytes with either ConA or allogeneic PBMC (MLR), at different ratio. Summary of independent 

experiments with hMuStem cells from four different donors. Results are expressed as mean ± SEM.  

 

 
Figure S1: TNF or IFN stimulation do not influence inhibitory effect of hMuStem cells on T-cell 

proliferation. hMuStem cells were seeded at 1.105 cells per square centimeter and were treated with TNFα or 
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IFNγ before cocultured for 5 days with (A) unactivated lymphocytes or (B) activated lymphocytes with either 

ConA or allogeneic PBMC (MLR), at different ratio. Summary of independent experiments with hMuStem cells 

from four different donors. Results are expressed as mean ± SEM.  

 

hMuStem cells display an immune regulatory phenotype 

 To investigate the mechanisms of action potentially involved in this lymphocyte proliferation 

inhibition, hMuStem cells were phenotyped. All hMuStem cells were positive for HLA class I 

surface antigens while they were negative for HLA class II (DR, DP and DQ) in native 

condition (Fig. 2). Importantly, they homogeneously acquired HLA-DR and DP expression 

following IFNγ stimulation whereas only one cell batch express HLA-DQ. We focused also 

on the expression of the non-classical HLA molecules, namely HLA-E and HLA-G. 

hMuStem cells express HLA-E only following IFNγ stimulation while they are always 

negative for HLA-G. Finally, hMuStem cells were characterized by the lack of expression for 

the costimulatory molecules CD80 and CD86. 

 

 
Figure 2: hMuStem cells express MHC molecules in native or stimulated conditions. The expression of 

surface markers on hMuStem cells was assessed by flow cytometry. Histograms show level of surface marker 

expression on hMuStem cells (red) and isotype control (black). Data are one representative of five hMuStem 

cells donors.  

 

All MuStem cell batches were defined in native conditions by the presence of the transcript 

Cox2, the enzyme that produces PGE2 (Fig. 3A). By ELISA assay, we determined the PGE2 
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secretion of hMuStem cells at 32.8 ± 19.7 pg/mL per cell million (Fig. 3B). This secretion 

was upregulated after TNFα (10302 ± 15858 pg/mL per million) but not IFNγ stimulation 

(26.7 ± 11.0 pg/mL per million) (Fig. 3D). IL-6, IL-8, IL-33 and IL-35 transcripts were 

detected by RT-PCR analysis on all hMuStem cell batches (Fig. 3A). In native condition, 418 

± 184 pg/mL, 422 ± 146 pg/mL and 6887 ± 4383 pg/mL per cell million of IL-6, IL-8, and 

IL-35 were determined, respectively (Fig. 3B). In return, IL33 was not detected. Finally, 

hMuStem cells also produced HGF at 4259 ± 2281 pg/mL per cell million (Fig. 3B). An up-

regulation of IL-6 and IL-8 secretion was observed after TNFα stimulation (48547 ± 34535 

pg/mL per million and 112069 ± 57631 pg/mL per million, respectively). A decrease of IL-8 

secretion was induced by IFNγ stimulation (146 ± 77.1 pg/mL per million) and of IL-35 

secretion by TNFα stimulation (1037 ± 784 pg/mL per million) whereas no effect of this 

stimulation was observed in IL-6 production (295 ± 222 pg/mL per million) (Fig. 3D).  

The expression of HO-1 was determined by RT-PCR in all hMuStem cell batches tested (Fig. 

3A). Twenty to 70% of HO-1+ cells were demonstrated by immunocytochemistry and FACS 

analysis (Fig.3E-F). In native or stimulated conditions, all hMuStem cell batches were 

characterized by the presence of TGFβ (Fig. 3A) and the lack of FasL (data not shown) at 

RNA level.  

In native conditions, hMuStem cells expressed neither IDO1 nor IDO2 at RNA level (Fig. 3C 

and data not shown). Following TNFα or IFNγ stimulation, hMuStem cells did not express 

IDO2 whereas IDO1 transcript was detected after IFNγ stimulation. 252 ± 91.7 mM of 

kynurenin, the enzyme product by IDO, were detected in the supernatant of the hMuStem cell 

primary cultures (Fig. 3B). In addition, IL-1α and IL-1β were detected at transcript level only 

after TNFα stimulation (Fig. 3C) but no secretion was shown after ELISA assays (data not 

shown). hMuStem cells are negative for IL10 secretion under native or stimulated conditions 

(data not shown). On the different hMuStem cell batches tested, we determined that 100% of 

cells express iNOS, using immunocytochemistry (Fig. 3G). 6.9 ± 1.2 μM, 8.9 ± 1.2 μM and 

8.3 ± 2,4 μM of this enzyme were detected in the supernatants of unstimulated, TNFα-

stimulated and IFNγ-stimulated hMuStem cell primary cultures, respectively (data not 

shown). 
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Figure 3: hMuStem cells secrete numbers of immunomodulatory molecules. The expression levels of (A) 

Cox2, IL-6, IL-8, IL-33, IL-35, HO-1, TGFβ, IDO1, IL1α and IL1β were assessed by PCR analysis. MSC 

(Cox2, IL-6, IL8, HO-1 and TGFβ) and PBMC (IL-33, IL-35, IDO1, IL1α and IL1β) were used as positive 

controls (B): HGF, IL-6, IL-8 and PGE2 quantification was performed using enzyme-linked immunosorbent 

assays on supernatants (left Y axis) while IDO activity was evaluated by dosing L-kynurenin in hMuStem cell 

supernatant (right Y axis). Results are expressed as mean ± SEM. (C) IDO1, IL1α and IL1β were assessed by 

PCR analysis. PBMC were used as positive controls (D): PGE2, IL-6, IL-8 and IL-35 quantification was 

performed using enzyme-linked immunosorbent assays on supernatants of unstimulated (US), TNFα or IFNγ 

stimulation. Results are expressed as mean ± SEM. p value *,<.03.  (E) HO-1 expression was evaluated by 

immunocytochemistry using MSC and PBMC as positive and negative controls, respectively. Scale bar: 50 uM. 

(F) The expression of HO-1 was assessed by flow cytometry. Macrophages are used as positive controls (T+). 

Histograms show level of surface marker expression on two batches of hMuStem cells (red) and isotype control 

(black). (G): iNOS expression was evaluated by immunocytochemistry using Raw cells and MSC as positive and 

negative controls, respectively. Scale bar: 50 uM.  
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hMuStem cells inhibit complement formation by factor H secretion  

By FACS analysis, we showed that 80 to 91% and 91 to 99% of all hMuStem cells were 

CD55+ and CD59+, respectively (Fig. 4A-B). Moreover, we determine by ELISA that 

hMuStem cells secrete Factor H in native conditions (11,7 to 158 ng/mL) and present an up-

regulation after TNFα (12,5 to 204 ng/mL) and IFNγ stimulation (11,6 to 389 ng/mL) (Fig. 

4C). To determine if hMuStem cells have an impact on complement formation, an hemolysis 

experiment that consisted in incubating sheep red blood cells (SRBCs) with human serum as 

source of complement and adding hMuStem cell supernatant, was realized. Red blood cells in 

distilled water (total lysis) or in serum without supernatant (Ctrl+) were used as positive 

control and represent 100% of hemolysis. When hMuStem cell supernatant was added, we 

observed a decreased of hemolysis of about 28% in native or stimulated conditions (Fig. 4D). 

Importantly, when we used Factor-H depleted hMuStem cell supernatant, hemolysis was 

restored (Fig. 4D), showing a partial implication of Factor H in inhibition of complement-

mediated hemolysis by hMuStem cells. 
Figure 4: hMuStem cells display 

inhibitory effect on complement-

mediated hemolysis mediated by Factor 

H production. The expression levels of (A) 

CD55 and (B) CD59 was assessed by flow 

cytometry. Histograms show level of 

surface marker expression on hMuStem 

cells (M2) and isotype control area (M1). 

(C) Factor H quantification was performed 

using enzyme-linked immunosorbent 

assays on supernatants of unstimulated 

(US), TNFα or IFNγ stimulation. Results 

are expressed as mean ± SEM. p value 

*,<.05.  (D) Complement inhibition was 

evaluated by hemolysis assay using sheep 

red blood cells in distilled water (total lysis) 

or red blood cells in human serum (Ctrl +) 

as positive controls. Factor H-depleted or 

undepleted hMuStem cell supernatant were 

added to red blood cells in human serum. 

Results are expressed as mean ± SEM. p 

value ****,<.0001.  
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Discussion  

To define the immunological status of the human MuStem cells is crucial for the set-up of  

therapeutic strategy based on this adult stem cell population. A large number of studies 

reported immunomodulatory properties of human MSC or mesoangioblasts in vitro by acting 

on innate and adaptive immunity. In this study, we investigated whether hMuStem cells could 

display such properties. We showed for the first time that a population of skeletal muscle-

derived stem cells is weakly immunogenic in vitro, as demonstrated by a low proliferation of 

allogeneic lymphocytes in contact with MuStem cells. These results are similar to those 

obtained in literature with mesoangioblasts [23] that display the same low immunogenicity. 

Concerning MSCs, this capacity is controversial. Some groups demonstrated that direct co-

culture of MSCs with unstimulated allogeneic PBMC for 7 days leads to a proliferation of 

these cells [37]. Nevertheless, this study has been done by removing MSCs after 7 days with 

PBMCs and then left the PBMCs alone before investigated the proliferation. The majority of 

the studies showed that direct co-culture between MSCs and PBMCs lead to a weak 

proliferation of these cells. [38-39] This weak immunogenicity of MuStem cells could not be 

correlated with HLA I level, which is highly expressed. One can make the hypothesis that 

secreted soluble factors are sufficient to avoid T cell activation. Even if it is commonly 

considered that T cell activation is initiated by receptor triggering, some authors demonstrated 

that activation could be antigen independent, as the proliferation of lymphocytes by both 

allogeneic and autologous MSC in transwell systems, indicated that T cells could be activated 

by soluble factors [37].   

Importantly, we demonstrated that hMuStem cells are able to inhibit ConA or MLR-activated 

T-cells in a dose dependent manner with an effect observed until 1:4 ratio and 1:1 for ConA 

and MLR activation, respectively. This dose effect was also described with MSCs [38-

39].Yang et al. showed an inhibitory effect at 1:1 up to 1:50 (MSCs:PBMCs) with a 

CD3/CD28 stimulation [40] whereas Tsé et al. demonstrated an effect at 1:6 ratio [39]. 

Concerning mesoangioblasts, CD3/CD28 activation is counteract from 1:1 to 4:1 ratio 

(Mabs:PBMCs) [23]. However, the thymidine uptake could be linked to proliferation of cells 

but also to survival, so we couldn't conclude if this decrease of proliferation is linked to a 

decrease of activation or survival of T cell in contact to hMuStem cells. In order to explain the 

action modalities of hMuStem cells on T cell proliferation, we reported negativity for HLA-

DR, DP, DQ, E and G in native conditions whereas IFNγ stimulation leads to an up-regulation 

of HLA-DR, DP and G which contrast with MSC and mesoangioblast phenotype that are 

negative for HLA-II even after stimulation [23, 41, 42]. HLA-G, a tolerogenic non-classical 
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form of MHC found in trophoblast, is expressed constitutively by MSCs [43, 44]. Moreover, 

hMuStem cells do not express in any condition, costimulatory molecules CD80 and CD86, 

like MSCs and mesoangioblasts. This data suggest that, even if hMuStem cells display the 

machinery required for nonself antigen presentation, they fail to induce allogeneic T-cell 

proliferation.  

An important part of our work was to determine the secretory profile of hMuStem cells. We 

detected an important secretion of HGF (4259 ± 2281 pg/mL per cell million), IL6 (418 ± 184 

pg/mL per cell million), IL8 (422 ± 146 pg/mL per cell million), IL35 (6887 ± 4383 pg/mL 

per cell million) and PGE2 (32,8 ± 19,7 pg/mL per cell million). In comparison, MSC secrete 

between 125 pg/mL and 343 pg/mL of HGF [45, 46], 776.46&±&86.32 pg/48&h/105&cells of IL6 

[47] and 80 pg/mL/48h of PGE2 [48]. As it has been described for MSCs and 

mesoangioblasts, hMuStem cells are sensitive to TNFα stimulation with a strong up-

regulation of IL6, IL8 and PGE2 respectively. PGE2 is clearly involved in the 

immunomodulatory effect of MSCs and mesoangioblasts not only in lymphocytes but also in 

macrophages [48, 49] but if mesoangioblasts, similarly to hMuStem cells, responds to TNFα 

[23], MSC are only sensitive to IFNγ concerning PGE2 secretion [50]. This difference could 

be link to different activated pathways that could have a impact on in vivo behavior of cells. 

Importantly, the secretion of IL6 and IL8 by hMuStem cells is quite hard to explain because 

their functions are still controversial. IL6 and IL8 are classically described as inflammatory 

cytokines [51] but IL6 has been reported to partially mediate immunosuppressive effect of 

MSCs [52, 53]. It has been described that IL6 and IL8 are strongly secreted by muscle tissue, 

which is considered today by some authors as an endocrine organ [54]. These cytokines called 

myokines are especially secreted by myoblasts under native or inflammatory conditions. IL6 

is secreted constitutively by human myoblasts (3312 pg/mL) and is affected by TNFα (16811 

pg/mL) and IFNγ (5918 pg/mL) and IL8 also (114 pg/mL in native conditions; 1153 pg/mL 

with TNFα stimulation and 865 pg/mL with IFNγ stimulation) [55]. IL6 was described as a 

key regulator of satellite cell proliferation [56]. The secretion of myokines by hMuStem cells 

could be linked to their myogenic origin.  

Concerning IDO, MSCs as mesoangioblasts are able to express these enzymes only in 

inflammatory condition with a detection of enzyme metabolite, L-kynurenin, at 20 µM for 

MSCs [57]. hMuStem cells present a stronger secretion of this molecule with 252 ± 91,7 mM. 
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Finally, iNOS enzyme is expressed by hMuStem cells and nitrites are detected in supernantant 

of hMuStem cells at  6.9 ± 1.2 μM whereas in literature, MSCs secrete among 20 µM of 

nitrites [58]. 

Interestingly, we do not detect any secretion of IL10 and no transcript expression of FasL, in 

contrast to MSCs that are defined by expression of these molecules [59, 60] although the 

secretion of IL10 is still controversial with some studies that showed an absence of IL10 in 

MSC supernatant [40]. 

 

Concerning the interaction between innate immunity and hMuStem cells, and in concordance 

with the results in literature concerning MSCs, we demonstrated that MuStem cell population 

is able to inhibit complement-mediated lysis and this effect is, in part, mediated by factor H 

secretion. Tu et al. showed that MSCs secrete 300 ng/mL of Factor H and confirmed that 

MSCs inhibit complement-mediated lysis of about 40%. The depletion of MSC supernatant 

from factor H lead to a restauration of hemolysis, demonstrating that this molecule is involved 

in the effect [30]. The inhibition of complement by hMuStem cells is not complete and we can 

hypothesis that surface molecules expressed by hMuStem cells, CD55 and CD59, may be 

involved in the effect of hMuStem cells. It would be interesting to use neutralizing antibodies 

to demonstrate this implication. 

 

In this study, we demonstrate that, even if hMuStem cells display some similar pattern as 

MSCs, they also are quite different in terms of secreted factors, cell surface molecules profile 

and interaction with lymphocytes. It would be major to strongly confirm and correlate the 

phenotype with the in vitro effect observed on lymphocyte proliferation by performing 

inhibitory based-assay.  

Over the last years, many works have demonstrated large panel of immunomodulatory 

properties for MSCs that may allow them to survive in xenogeneic environment [24, 44, 45]. 

Based on the present demonstration of similar properties for hMuStem cells, it may be highly 

informative to develop hMuStem cells transplantation protocol in the dystrophic dogs 

representing the DMD animal model, in order to investigate the behavioral features in terms 

of efficacy and safety of the therapeutic product.     

Collectively, the results obtained in this study demonstrate immunomodulatory properties for 

hMuStem cells and precise action modalities of this population that could explain their 

therapeutic efficacy observed.  
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Chapitre!3. Impact!des!modalités!d'immunosuppression!
requises!pour!la!transplantation!allogénique!de!la!population!
MuStem!!

I. Positionnement!
En!2011,! l'UMR!a! fait! la!preuve!de! concept!de! l'administration! systémique!de! cellules!

souches! MuStem! en! contexte! d'immunosuppression! continue! chez! le! chien! GRMD.!

Cependant,!dans! l'optique!de!développer!une!stratégie!de! transplantation!directement!

transposable! en! clinique,! il! demeure! majeur! de! déterminer! les! conditions!

d'immunosuppression! requises.! En! effet,! il! a! été! largement! décrit! un! effet! négatif! de!

traitements! immunosuppresseurs! comme! la! cyclosporine! sur! la! prolifération! et! la!

différenciation! musculaire,! qui! impacte! directement! l'efficacité! de! régénération! des!

cellules!souches!transplantées.!D'autre!part,!l'administration!au!long!court!de!ce!type!de!

traitements!chez!le!patient,!malgré!leurs!effets!bénéfiques!autorisant!la!prise!de!greffe,!

entraîne! également! des! effets! secondaires! importants! parmi! lesquels! une! cytotoxicité,!

une!sensibilité!accrue!aux!infections!et!une!formation!de!cancers.!!

Dans!ce!contexte,!la!troisième!partie!de!ma!thèse!a!consisté!à!optimiser!les!conditions!de!

transplantation! des! cellules!MuStem! allogéniques! par! la!mise! en! place! d'un! protocole!

expérimental!chez!le!chien!GRMD!dont!l'objectif!a!été!de!déterminer!si!!l'administration!

systémique!de!ces!cellules!pouvait!être!réalisée!sans! immunosuppression!ou!sous!une!

couverture! transitoire! restreinte! à! la! période! d'injection.! Ce! travail! a! été! réalisé!

conjointement!avec!Thibaut!Larcher!qui!est!vétérinaire!pathologiste!au!sein!de!l'UMR!et!

qui! a! pris! en! charge! l'analyse! clinique! et! tissulaire! des! chiens! transplantés.! ! Ma!

contribution!a!consisté!à!prendre!en!charge!avec!un!assistantEingénieur!de! l'UMR1089!

INSERM! de! l'IRS! de! Nantes! (Nicolas! Jaulin)! l'immunomonitoring! des! chiens! GRMD!

transplantés! à! travers! l'étude! de! la! réponse! antiEcellulaire! et! humorale! contre! les!

cellules!administrées!et!la!dystrophine.!

II. Résumé!de!la!démarche!expérimentale!
Le!détail!du!matériel!et!méthodes!utilisés!étant!décrit!dans!l'article!joint!ciEaprès,!je!ne!

ferai!ici!qu'un!résumé!des!principaux!points!méthodologiques.!

Un! protocole! a! été! mis! en! place! sur! le! centre! de! thérapies! génique! et! cellulaire! de!

Boisbonne! (Oniris)! avec! 30! chiens! inclus! dont! 13! chiens! GRMD! définis! par! leur!
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histocompatibilité,!grâce!à!un!travail!collaboratif!mené!avec!Catherine!André!et!Benoît!

Hédan!de!l'Institut!de!Génétique!et!Développement!de!Rennes.!Les!chiens!sont!soumis!à!

deux!injections!intraEartérielles!de!cellules!MuStem!séparées!de!2!à!3!semaines.!Ils!sont!

placés! sous! immunosuppression! (IS)! transitoire! une! semaine! avant! la! première!

injection,!le!traitement!immunosuppressif!étant!arrêté!deux!semaines!après!la!deuxième!

injection.!Un!suivi!hebdomadaire!des!animaux!a!été!réalisé!par!Thibaut!Larcher!sur!plus!

de! 7! mois! sur! la! base! d'une! évaluation! graduée! de! 17! critères! spécifiques! de! l'état!

général!des!chiens!et!de!leurs!capacités!locomotrices.!Les!données!d'immunomonitoring!

ont!été!générées!sur!deux!sites,!à!savoir!l'UMR!703!INRA/Oniris!et!l'UMR!1089!INSERM.!

J'ai! plus!précisément!pris! en! charge! l'analyse!de! la! réponse! cellulaire! antiEMuStem!en!

utilisant!la!méthodologie!d'incorporation!de!la!radioactivité!précédemment!évoquée.!

III. Résumé!des!résultats!obtenus!
L'immunomonitoring! des! chiens! a! été! réalisé! en! ciblant! la! réponse! cellulaire! antiE

MuStem! et! antiEdystrophine! ainsi! que! la! réponse! humorale! antiEdystrophine.!

Concernant! la! réponse! cellulaire! antiEMuStem,! la! réalisation! d'une! réaction! cellulaire!

mixte!consistant!à!incuber!les!cellules!MuStem!du!donneur!avec!les!PBMC!du!receveur!a!

révélé!une!absence!de!réponse!ou!une!réponse!faible!des!PBMC!pour!le!groupe!de!chiens!

transplantés!sous!IS!transitoire.!En!revanche,!une!prolifération!significative!des!PBMC!a!

été!démontrée!pour!le!groupe!des!chiens!transplantés!sans!IS.!Aucune!réponse!cellulaire!

ou!humorale! contre! la!protéine!dystrophine!n'a!été!mise!en!évidence,!dans!aucun!des!

groupes!de!chiens!considérés.!!

Sur!le!plan!histologique,!une!augmentation!significative!de!l'activité!de!régénération!est!

observée!chez!les!chiens!injectés!soumis!à!une!IS!transitoire!par!rapport!aux!chiens!non!

immunosupprimés! non! injectés.! Cette! augmentation! de! la! régénération! n'est! pas!

observée! chez! les! chiens! ! transplantés! sans! IS.! Une! dégradation! progressive! du! score!

clinique!est!démontrée!chez! les! chiens! transplantés!sans! IS!avec!une!perte!de! la! force!

musculaire!et!de!la!capacité!locomotrice!à!partir!de!14!semaines!d'âge,!comme!cela!est!

classiquement! décrit! chez! le! chien! GRMD.! A! partir! de! deux! semaines! après! l'arrêt! du!

traitement! IS! et! jusqu'à! la! fin! du! protocole,! une! remarquable! stabilisation! du! score!

clinique! est! observée! chez! les! chiens! transplantés! avec! une! IS! transitoire.! De! façon!

intéressante,!nous!montrons!que!cette!stabilisation!des!chiens!transplantés!avec!une!IS!

transitoire!est!similaire!à!celle!précédemment!publiée!sur!les!chiens!GRMD!transplantés!
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sous! IS! continue.! Ainsi,! nous! mettons! en! évidence! que! la! transplantation! de! cellules!

MuStem!allogéniques!nécessite!un!traitement!immunosuppresseur!mais!que!ce!dernier!

peut! être! restreint! à! la! période! d'injection! pour! obtenir! le! même! effet! clinique! et!

tissulaire!que!précédemment!observé!sous!IS!continue.!

!
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Promising therapeutic approaches have merged in the field of neuromuscular diseases 

consecutively to the demonstration of a regenerative potential for some adult stem cells. 

Allogeneic MuStem cell transplantation into continuously immunosuppressed golden retriever 

muscular dystrophy (GRMD) dogs generated a striking clinical stabilization and persistent 

muscle repair. However, several adverse effects were reported after long-term 

immunosuppression (IS) in medical practice, raising safety concerns. To address this issue, 

we evaluated whether a lack of IS or an IS restricted to the MuStem cell infusion period 

would be sufficient to support a sustained benefit of the allogeneic transplantation in a 

clinically relevant context. 

Following arterial infusions of MuStem cells in dog leukocyte antigen-identical littermate 

donor/recipient pairs, a mixed cell reaction with the host PBMC and the corresponding donor 

cells revealed no to weak lymphocyte proliferation in transplanted GRMD dogs under 

transient IS (GRMDMU/tr-IS). In contrast, a significant proliferation was determined in GRMD 

dogs without IS (GRMDMU/no-IS). In addition, neither cellular nor humoral anti-dystrophin 

response was revealed. Histologically, an increased myogenic regenerative activity was 

demonstrated four months after the cell infusion in GRMDMU/tr-IS dogs compared to 

GRMDMU/no-IS ones. Finally, a stabilized clinical status was shown for GRMDMU/tr-IS dogs from 

two weeks after the IS arrest while GRMDMU/no-IS dogs exhibited no clinical benefit.  

Our results revealed that a transient IS is necessary but sufficient to avoid host immunity 

against allogeneic MuStem cells and sustain benefits up to five months post-infusion. These 

data are critical for the design of safer strategy by limiting the use of immunosuppressants. 

 

Introduction 

Duchenne Muscular Dystrophy (DMD) is a X-linked recessive muscle disease that is caused 

by mutations in the dystrophin gene, which results in an absence of the protein at the fiber 

membrane [1, 2]. This most common form of muscular dystrophy is characterized by an 

extensive and progressive degeneration of skeletal and cardiac muscles [3, 4]. Clinically, it 

causes progressive muscle weakness leading to a reduced motility, a wheelchair dependency 

and a severe limitation of life expectancy of affected boys [5, 6]. As yet, there is no effective 

treatment for DMD despite the recent development of several therapeutic strategies based on 

new drugs, viral vector-based dystrophin transfer, oligonucleotide induced exon-skipping or 

precursor/stem cell delivery [7].  

In cell-based therapy, the myoblast that derives from satellite cells (SC) and corresponds to 

the natural precursor of muscle fibers was the first candidate tested [8, 9]. Despite 
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encouraging results showing that intramuscular (IM) injections of murine [10, 11] or human 

[12, 13] myoblasts could restore dystrophin expression in the mdx mice, a DMD murine 

model, subsequent clinical trials demonstrated limited success of the strategy with only few 

dystrophin+ fibers and no clinical benefit [14, 15]. This was attributed to the low survival and 

migration of injected cells, the low number of donor-derived muscle fibers as well as the 

recipient humoral and cellular immune responses against allogeneic donor cells [16-19]. Over 

the past years, identification of tissue-specific progenitors/stem cell populations with in vivo 

myogenic potential and homing capacities following systemic delivery has given a new 

impetus to correct the dystrophic phenotype [20-25]. After IM or intra-arterial (IA) injection 

in scid/mdx mice, human blood- and muscle-derived AC133+ cells were shown to contribute 

to muscle regeneration, SC replenishment, dystrophin restoration and muscle function 

recovery [26]. Similar results were obtained with genetically corrected AC133+ cells isolated 

from DMD patients [27]. In addition, IA delivery of wild-type mesoangioblasts (Mabs) 

corrected the dystrophic phenotype in α-sarcoglycan null mice [28] and even mobility in the 

golden retriever muscular dystrophy (GRMD) dogs submitted to an immunosuppressive 

regimen [29]. In comparison, genetically corrected autologous canine Mabs appeared much 

less effective, positioning favorably the allogeneic strategy.  

Concomitantly to these successful demonstrations of myogenic potential, an immune 

privileged behavior has been recently reported for some of these tissue-specific stem cells. In 

vivo, murine muscle-derived stem cells (MDSC) exhibited an improved ability to restore 

dystrophin compared to myoblasts after their injection in mdx mice, notably due to their 

capacity to escape rapid immune rejection linked to their low level of major 

histocompatibility complex class 1 expression [30-32]. When intramuscularly injected into 

non-immunocompromised mdx mice, human adipose-derived stem cells (ADSC) gave rise to 

large number of dystrophin+ fibers and were not rejected up to 6 months after their injection. 

The lack of an immune recognition may be due in part to the low level of cell surface class I 

and the lack of class II human leukocyte antigen (HLA) [33]. In addition, an ability to engraft 

and express dystrophin was determined in GRMD dogs without immunosuppression (IS) 

several months after local or systemic delivery of hADSC [34]. Overall, these results strongly 

evoked that these cells could have particular immunoregulatory properties, as previously 

shown for the mesenchymal stem cells (MSC) and Mabs with an ability to modulate both 

innate and adaptive immunity [35-38]. Such biological features may be of major interest in 

allogeneic stem cell-based strategies considering that long-term IS is difficult to envisage in 
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medical practice. In the last couple of decades, the development of a large panel of new 

immunosuppressive molecules [39, 40] has allowed a significant increase in short-term graft 

survival rate after organ transplantation [41, 42]. One of the main drugs used is cyclosporine 

(CsA) [43]. Nevertheless, its long-term use is associated with aggressive toxicity in kidney 

[44], liver [45] and heart [46, 47] as well others adverse effects such as increased sensitivity 

to infections [48] and lymphoma formation [49, 50]. In skeletal muscle, myalgia, cramps and 

muscle weakness have also been reported [51, 52]. In addition, CsA inhibits in vitro and in 

vivo the myogenic differentiation of the muscle precursor cells [53, 54], induces their 

apoptosis [55] and delays the muscle regeneration following injury [56, 57]. 

Recently, we have isolated delayed adherent MDSC we named cMuStem cells from healthy 

dogs and demonstrated that their systemic delivery into GRMD dogs placed under continuous 

IS was associated with a striking clinical stabilization and long-term muscle repair [58, 59]. 

Here, we sought to determine in what manner the immunosuppressive regimen is required to 

support the infusion protocol of allogeneic MuStem cells. More specifically, we searched to 

define whether IS could be suppressed or a short-term IS limited to the injection time window 

may be suitable for a phenotypic correction as previously described with a continuous IS. 

For that purpose, an intra-arterial delivery protocol of MuStem cells was developed using 

donor/recipient pairs of dogs with identical dog leukocyte antigen (DLA). Four to five-month-

old recipient dogs were submitted or not to transient IS. A monitoring of host immune 

responses against both MuStem cells and dystrophin protein and a longitudinal study based on 

clinical follow-up and were made up to the age of 9 months. At this endpoint, a histological 

analysis was performed.  

 

Methods 

Animals 

Thirty male golden retrievers were included in the study. All the dogs were obtained from the 

Centre d'Elevage du Domaine des Souches (CEDS, Mézilles, France) or the Boisbonne 

Center for Gene and Cell Therapy of Oniris (Nantes, France). The dogs were housed at the 

Boisbonne Center in a controlled environment (temperature 21±1°C, 12 hours light/dark 

cycle). Affected dogs were identified at birth using polymerase chain reaction (PCR)-based 

genotyping, as previously described [60]. Elevated serum creatine kinase levels confirmed 

dystrophic diagnosis. Seven 2.5-month-old healthy dogs were used for MuStem cell isolation 

while four others were used to collect control muscle samples. Nineteen GRMD dogs were 

subdivided into two main groups as described in Table 1 and used for clinical and/or 
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pathophysiological investigations: a first group was composed of dogs receiving MuStem 

cells i) without IS regimen (GRMDMU/no-IS, n=4), ii) with transient IS (GRMDMU/tr-IS, n=4) or 

iii) with continuous IS (GRMDMU/co-IS, n=3) and a second group of mock dogs i) without IS 

regimen (GRMDmo/no-IS, n=3) or ii) submitted to transient IS (GRMDmo/tr-IS, n=5). This study 

was carried out in strict accordance with the recommendations in the Guide for the Care and 

Use of Laboratory Animals of the French National Research Council. The protocol was 

approved by the Ethics Committee on Animal Experimentation of the Pays de la Loire Region, 

France (Permit Number: CEEA.2012.121). All the surgeries were performed under sodium 

pentobarbital anesthesia and all efforts were made to minimize suffering. Pain evaluation was 

performed every day during a complete clinical evaluation by a veterinarian and an analgesia 

treatment was set up if necessary. Dogs were euthanized by intravenous administration of 

sodium pentobarbital (2000 mg, Dolethal, Vetoquinol SA, Magny Vernois). 

 
Table 1. Summary of investigations performed on dogs. An identification number and a name define each 

animal. The age of dogs at the onset of the experiments are mentioned in weeks. Cause of death, 

immunosuppressive status (none or transient) of the GRMD dogs and number of injected cells are indicated. 
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Dog leukocyte antigen genotyping  

DNA from blood samples of breeders and litters was extracted using the NucleoSpin® Blood 

L kit (Macherey-Nagel, Hoerdt, France) according to the manufacturer’s instructions. All the 

samples were genotyped by Illumina Infinium Canine 170K SNP HD array by Integragen 

(Evry, France). To identify DLA-identical littermate donor/recipient pairs for dog #1 to #8, 

phasing haplotypes of major histocompatible complex (MHC) loci were performed manually 

based on SNPs positions on CanFam3, CFA12: 0-3 496 085 containing MHC class I, II and 

III genes and CFA35: 24 006 657-26 506 199 containing MHC class I genes, as previously 

presented [61]. GRMDMu/co-IS dogs (#9 to #11) were transplanted with a pool of cMuStem cells 

obtained from five non DLA-identical donor healthy dogs. 

 

Isolation of canine MuStem cells  

Tissues were collected from a pool of hind limb muscles of 2.5-month-old healthy dogs (n=7) 

and immediately placed in cold Phosphate Buffered Saline (PBS, PAA; Les Rumeaux, 

France) supplemented with 2% 100 UI/mL penicillin/0.1mg/mL streptomycin/0.25 µg/mL 

amphotericin B (PSF, Sigma, St. Louis, MO, USA). Tissues were submitted to mechanical 

and enzymatic dilacerations to obtain muscle-derived cell suspension. A modified preplating 

protocol was then performed to isolate canine MuStem cells (cMuStem cells), as previously 

established [58]. Cells were expanded at 37°C with 5% CO2, maintained at roughly 75% of 

confluence and passaged every 4 to 5 days. The medium was replaced every two days. As 

previously mentioned, MuStem cells exhibit a large expansion capacity and correspond to 

early myogenic progenitors and uncommitted cells. 

 

Immunosuppressive treatment  

The GRMD dogs were daily immunosuppressed with 27 mg/kg of oral CsA (Neoral®; 

Novartis, Rueil-Malmaison, France) in combination with 6 mg/kg mycophenolate mofetil 

(CellCept®; Roche, Paris, France). Ten mg/kg of ketoconazole (Nizoral®; Janseen-Cilag, 

Issy-les-Moulineaux, France) was also added daily to decrease CsA catabolism. Blood levels 

of CsA were controlled twice a week and maintained between 250 and 350 ng/mL by 

individual adjustments of the dose. The IS was started one week before cell administration 

and arrested two weeks after the last administration (transient IS).  
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Systemic delivery procedure 

MuStem cells were injected as previously described [58]. Briefly, they were suspended at 

1.5x107 cells/mL in 0.9% NaCl/2.5% homologous serum/10 U/mL heparin. Two intra-

femoral injections of 6.3x107-1.2x108 MuStem cells/kg were performed in seven GRMD dogs 

at 2- to 3-week intervals, using laminar flow at a rate of 15 mL/min (Table 1). Systemic 

injections were always performed on GRMD dogs aged between 13 and 22 weeks. 

 

Isolation of canine peripheral blood mononucleated cells and splenocytes 

Blood samples were collected every two weeks from GRMD dogs until sacrifice and 

peripheral blood mononuclear cells (PBMC) were isolated by gradient-density centrifugation 

(2000 rpm, 20 minutes, RT) on ficoll 1,077 (PAA). PBMC rings were collected in PBS 

(Lonza)-5% fetal calf serum (FCS, Pierce-Hyclone, Logan, UT, USA) and centrifuged (1800 

rpm, 10 min, 4°C). The supernatant was removed and the pellet was washed twice with PBS-

5% FCS before centrifugation (1400 rpm, 10 min, 4°C). Cells were counted in Türk and 

Trypan dye. At the necropsy, spleen was harvested and treated for 45 min with collagenase D 

(2 mg/mL; Roche, Bâle, Swiss). The reaction was stopped by adding EDTA 0.1 M pH 7.2 

during 5 min. Freshly isolated splenocytes were washed once with 50 mL of PBS-5% FCS. 

Red blood cells were lysed in a lysis buffer (NH4Cl, KHCO3, Na2EDTA) (10 min, RT) and 

washed twice. PBMC and splenocytes were frozen in FCS-10% Dimethylsulfoxide (DMSO, 

Sigma-Aldrich, St-Louis, MO, USA) prior to testing. 

 

Evaluation of Peripheral Blood Mononucleated Cell proliferation  

cMuStem cells (n=7, independent cell batches) were thawed and seeded at 10.000 cells/cm2 

for one week. At this time, host’s PBMC harvested before and following cell delivery 

protocol were thawed in cMuStem cell proliferation medium and cultured at 37°C with 5% 

CO2 overnight. cMuStem cells were harvested and irradiated at 35 Gy as well as splenocytes 

from another dog which were used as a positive control. PBMC were then cultured in 

quadriplicates at 1.105 per well in 96-well plates with cMuStem cells, control splenocytes or 

with 10 μg/mL of Concanavaline A (ConA, Sigma-Aldrich). A dilution range of cMuStem 

cells was done at 2:1, 1:1, 1:4, 1:16 and 1:64 (MuStem cells:PBMC) to demonstrate a dose 

effect. Coculture lasted 5 days before tritiated thymidine (1:40, NET027A001MC, Perkin 

Elmer, Waltham, MA, USA) was incubated overnight at 37°C, 5% CO2. Cells were harvested 

on a filter using a Harvester (Perkin Elmer) and radioactivity was read as counts per minute 

(cpm) with MicroBeta plate counter (Perkin Elmer). 
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IFNγ ELISpot  

The assay was performed using a library of 15-mers peptides overlapping in sequence by 10 

amino acids covering the canine dystrophin sequence (15 per 10 mers, Pepscreen, Sigma) 

assembled in seven pools of 105 peptides. After 18 to 20 hours of resting at 37°C, 5% CO2, 

recipient thawed splenocytes were seeded in PVDF membrane 96-well plate (Millipore, 

Billerica, MA, USA) coated overnight with mouse anti-canine IFNγ capture antibody (Canine 

IFNγ ELISpot Development Module, catalogue number: SEL781, R&D, Minneapolis, MN, 

USA). They were then stimulated for 24 hours with the peptide pools. Cells and non-bound 

protein were washed away before adding biotinylated goat anti-canine IFNγ detection 

antibody (Canine IFNγ ELISpot Development Module, R&D) overnight at 4°C. Streptavidin-

AP (ELISpot Blue Color Module) was incubated (2 hours, RT). NBT/BCIP substrate 

(ELISpot Blue Color Module, R&D) was added in each well of the plate for 30 min, read with 

iSpot Reader Spectrum (AID, Strassberg, Germany) and then analyzed with AID ElISpot 

software. As controls, splenocytes from transplanted GRMD dogs were either stimulated with 

PMA/ionomycin (positive control, 10 ng/mL and 500 ng/mL, respectively) or cultured in 

medium alone (negative control). Responses were considered positive when the number of 

spot-forming colonies per million cells was >50 and at least threefold higher than 

unstimulated cells. 

 

Western-blot analysis 

The analysis of anti-dystrophin IgG antibodies in transplanted dog's sera was performed by 

Western-blot, as described earlier [62]. Briefly, protein muscle extracts from healthy or 

GRMD dogs were subjected to 3-8% Tris-Acetate Precast polyacrylamide gel electrophoresis 

(Invitrogen) and then transferred to a Hybond ECL nitrocellulose membrane (Invitrogen). 

After overnight saturation, membranes were incubated (2 hours, RT) with sera (dilution 

1:500) from transplanted dogs obtained at different time points. Subsequently, detection was 

performed by hybridization with peroxidase conjugated rabbit anti-dog IgG antibody (1:5000, 

catalogue number: 304-001-003, Jackson Immunoresearch, West Grove, PA, USA) followed 

by enhanced chemiluminescence detection (Pierce). Two positive controls were used: (i) an 

anti-dystrophin IgG positive canine serum (kindly provided by S. Blot, Veterinary School of 

Alfort, France) obtained from a GRMD dog immunized against the dystrophin protein and (ii) 

an anti-dystrophin antibody (1:100, catalogue number: NCL-DYS1, Novocastra) revealed 

with a peroxidase conjugated goat anti-mouse IgG antibody (1:2000, catalogue number: 

P044701, Dako, Santa Clara, CA, USA). 
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Muscle sampling 

Fragments of Triceps brachialis muscle were collected from 9-month-old GRMDMU/no-IS (n=4), 

GRMDMU/tr-IS (n=4), GRMDmo/tr-IS (n=5) dogs and healthy dogs (n=4) during a complete 

necropsy examination at the end of the protocol. Muscle samples were divided into two parts 

for immunohistochemistry and molecular/biochemical analysis. 

 

Immunohistochemistry 

Muscle samples were snap-frozen in isopentane cooled in liquid nitrogen and stored at -80°C 

until processing. After incubation in blocking buffer (PBS/5% goat serum, 1 hour, RT), 

transversal cryosections of 12 μm were successively incubated with mouse monoclonal anti-

dystrophin antibody (1:50, overnight, RT; catalogue number: NCL-DYS2, Menarini, Rungis, 

France), Alexa fluor 488-conjugated goat anti-mouse IgG (1:400, 1 hour, RT; catalogue 

number: ab150113, Invitrogen, Carlsbad, CA, USA) and the fluorescent DNA-dye DRAQ5 

(1:1,000, 15 minutes, RT; catalogue number: DR05500, Biostatus, Leicestershire, UK). 

Immunofluorescence labeling was observed with a confocal microscope (Zeiss, Marly-le-Roi, 

France).  

 

Histomorphometry 

Myogenic regenerative potential was evaluated using immunolabeling against the 

developmental isoform of the myosin heavy chain (MyHCd) (1:20, catalogue number: NCL-

MHCd, Menarini). Microscopic fields were randomly chosen to evaluate at least 700 fibers 

(1010±232). Endomysial fibrosis was analyzed after immunolabeling against collagen I 

(1:500, catalogue number: 02150026, MP biomedicals, Illkirch, France). The percentage of 

the labeled area on the whole muscle section was calculated. All measurements were 

performed using Nikon Imaging Software (Nikon, Champigny sur Marne, France). For each 

measurement, repeatability was tested by the same observer measuring five times the same 

sample. The intra-assay variation coefficients were all lower than 5%. 

 

Clinical monitoring  

A clinical evaluation of GRMD dogs was performed weekly by a veterinarian, as previously 

described [58, 63]. Briefly, 11 locomotion criteria and 6 items related to the general health 

status were considered. Each item was scored from 0 to 2, with 0 corresponding to a normal 

appearance, 1 to an intermediate phenotype, and 2 to a severe alteration. The clinical score 
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was expressed as the percentage of the maximum score (defined as 100% for a healthy dog) 

and a tendency curve (mobile means order 3) was built to represent the score evolution. 

 

Statistical analysis 

All data were reported as mean±SD. Clinical scores were compared between each GRMD dog 

group with reiterated measure ANOVA followed by a post-hoc Tukey test, using XLStat 

software (Addinsoft, Paris, France). Percentages of regenerative fibers and fibrotic area 

fractions were compared between GRMDMU/no-IS, GRMDMU/tr-IS and GRMDmo/tr-IS dogs, using a 

Mann-Whitney test with a two-tailed P value. A value of P < 0.05 was considered to be 

statistically significant. 

 

Results  

Transplanted GRMD dogs under transient immunosuppression do not exhibit 

deleterious immunity against both MuStem cells and dystrophin 

Our previous results showed the potential of cMuStem cells to generate clinical and tissue 

benefits after systemic delivery in GRMD dogs placed under IS covering the entire 

experimental period [58]. Here, we monitored the immune responses of the recipient GRMD 

dogs developed against both transplanted cells and dystrophin to investigate the requierement 

of an IS associated with systemic delivery of allogeneic MuStem cells. For that purpose, we 

reproduced a systemic delivery protocol in GRMD dogs submitted to none (GRMDMU/no-IS) or 

transient IS (GRMDMU/tr-IS). In both groups, all the littermate donor-recipient pairs were 

defined as being DLA-haplo- or geno-identical. In addition, another group of non-

transplanted dogs with transient IS (GRMDmo/tr-IS) was included. Their experimental settings 

are summarized in Table 1. The data of representative animal from GRMDMU/tr-IS, GRMDMU/no-

IS and GRMDmo/no-IS dog groups are shown in Figure 1 (data corresponding to each dog were 

presented in Figures S1 to S3). Results are summarized in Table 2. 
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Figure 1. Cellular responses against donor’s MuStem cells and dystrophin. A. Mixed cell reaction with the 

recipients PBMC collected at the time of sacrifice. The PBMC were stimulated with donor MuStem cells at 

increasing ratio. Lymphocyte proliferation was measured using a thymidine uptake-based assay and expressed as 

counts per minute (cpm). The threshold of positivity was determined as the basal proliferation of PBMC 

(medium alone) + 3 SD. Representative dogs from GRMDMU/no-IS (left panel), GRMDMU/tr-IS (middle panel) and 

GRMDmo/tr-IS (right panel) groups are shown. B. IFNγ ELISpot. Negative (C-) and positive (C+) controls 

correspond to splenocytes in medium alone or stimulated with PMA/ionomycin, respectively. Responses were 

considered positive when the number of spot-forming cells (SFC) per million cells was >50 and at least threefold 

higher than unstimulated cells.  

 

Figure S1. Cellular response against 

donor’s MuStem cells. Mixed cell 

reactions were performed with the 

recipients PBMC collected at the time 

of sacrifice. The PBMC were 

stimulated with donor MuStem cells at 

increasing ratio. Lymphocyte 

proliferation was measured using a 

thymidine uptake-based assay and 

expressed as counts per minute (cpm). 

The threshold of positivity was 

determined as the basal proliferation of 

PBMC (medium alone) + 3 SD. All 

dogs from GRMDMU/no-IS (left panel), 

GRMDMU/tr-IS (middle panel) and 

GRMDmo/tr-IS (right panel) groups are 

shown. 
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Figure S2. Cellular response against 

dystrophin by IFN � ELISpot. 

Negative (C-) and positive (C+) 

controls correspond to splenocytes in 

medium alone or stimulated with 

PMA/ionomycin, respectively. 

Responses were considered positive 

when the number of spot-forming cells 

(SFC) per million cells was >50 and at 

least three-fold higher than 

unstimulated cells. 

 

 

 

 

 
Figure S3. Humoral response against dystrophin by western blot analysis. GRMDMU/no-IS and GRMDMU/tr-IS 

dog’s sera collected before injection, at IS arrest and at sacrifice, were incubated with either healthy (H) or 

GRMD (G) dog muscle extracts to detect dystrophin antibody. An IgG positive canine serum and an anti-

dystrophin antibody incubated with healthy muscle extracts were used as positive controls (C+). 
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Table 2. Analysis of immune responses against both MuStem cells and dystrophin protein. For the anti-

MuStem cell immunity, PBMC of the recipient GRMD dogs were tested against the corresponding donor’s 

MuStem cells. The selected dilution was 1:16 with a detection threshold corresponding to the basal proliferation 

(PBMC in medium alone + 3 SD). For the cellular anti-dystrophin immunity, recipient splenocytes harvested at 

euthanasia were tested against overlapping dystrophin peptide library using an IFNγ ELISpot assay. For the 

humoral anti-dystrophin response (circulating specific IgG antibodies), transplanted dog’s sera were tested by a 

western blot-based assay. 
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Host immunity against MuStem cells was examined in a mixed cell reaction (MCR)-based 

assay where host PBMC harvested at different time points were co-cultured with MuStem 

cells of the donor using an increasing ratio. Concerning the GRMDMU/tr-IS dog group, no or 

weak proliferation of PBMC collected at two time points after the cell transplantation (i.e., at 

the IS arrest and the dog euthanasia) was determined in the presence of donor MuStem cells 

in all animals (Figures 1A and S1). Same results were obtained in the GRMDmo/tr-IS dog group. 

In contrast, significant PBMC proliferation was observed in animals from GRMDMU/no-IS dog 

group (n = 4, 8287 to 54003 cpm for instance at the time of sacrifice for the 1:16 MCR ratio) 

as shown in Table 2 and Figure 1A. Anti-dystrophin cellular and humoral immune responses 

were then monitored in transplanted dogs. Using an ELISpot assay, no IFNγ secretion was 

detected after dystrophin peptide stimulation of splenocytes harvested at the end of the 

protocol in all dogs whatever the IS regimen, showing that splenocytes did not become 

reactive following MuStem cell infusion (Figures 1B and S2). Accordingly and using a 

western blot-based assay, no IgG anti-dystrophin antibody was detected in all animals 

whatever the time point and the IS treatment (Figure S3). These results showed that the 

MuStem cell infusion protocol realized with a transient IS did not generate cellular and 

humoral responses against both MuStem cells and dystrophin while an anti-allogeneic antigen 

immune response is observed when cells are delivered without IS. 

 

Increased myogenic regenerative activity observed in the MuStem cell-transplanted 

GRMD dog under transient immunosuppression  

Lesions typically described in GRMD dogs were identically observed in HES stained sections 

of 32-week-old GRMDMU/tr-IS, GRMDmo/tr-IS and GRMDMU/no-IS dogs. Briefly, muscle fibers 

displayed some heterogeneity of size with presence of small fibers, some being 

centronucleated, and large hyaline ones. To note, foci of mononuclear cell infiltration, 

calcium deposits and mild fibrosis were present. Low level of subsarcolemmal expression of 

dystrophin was observed in muscle sections, which did not allow us to detect the protein 

using Western blot analyses. Myogenic regenerative activity was assessed using a specific 

immunolabeling directed against the developmental MyHC isoform whose expression is 

restricted to development and regeneration processes. In the transiently immunosuppressed 

dog group, MyHCd+ fibers were 39.8±4.8% and 19.3±6.4% in the Triceps brachialis muscle 

of GRMDMU/tr-IS and GRMDmo/tr-IS dogs respectively, demonstrating a significant effect of the 

MuStem cell delivery (p=0.005) (Figure 2). Strikingly, MyHCd+ fibers represented 

25.2±3.5% GRMDMU/no-IS dogs, revealing that this effect on the formation of newly 
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regenerated muscle fibers is compromised when cells are delivered without IS. These results 

indicate that the set-up of a transient IS is required to allow the MuStem cells to actively and 

persistently contribute to muscle fiber regeneration. 

 
Figure 2. Histological impact of the systemic delivery of MuStem cells on the Triceps brachialis muscle. 

Hematoxylin-eosin-safranin topographic staining (upper panel) and MyHCd labeling for muscle regeneration 

(lower panel) of representative muscle sections. Three groups of 9-month-old GRMD dogs are represented: 

MuStem cell-injected dogs with transient IS (GRMDMU/tr-IS, left), mock GRMD dogs with transient IS 

(GRMDmo/tr-IS, middle) and MuStem cell-injected dogs without IS (GRMDMU/no-IS, right). Note the heterogeneity 

of muscle fiber sizes showing numerous small fibers especially in the GRMDMU/tr-IS dog group. Based on MyHCd 

labeling, most of these small fibers appeared to correspond to newly regenerated ones indicating a global 

increase in regenerative activity (brown staining) in GRMDMU/tr-IS compared to the one observed in GRMDMU/no-IS 

and GRMDmo/tr-IS dog muscles. Scale bar = 100 µm. 

 

Persisting clinical stabilization of MuStem cell-transplanted GRMD dogs under 

transient immunosuppressive treatment 

A weekly clinical and locomotion ability evaluation first revealed that the GRMDMU/no-IS dogs 

displayed a well-known progressive clinical impairment with a striking decline in their 

muscle strength and locomotion abilities from 14 to 35 weeks of age, as described in GRMD 

mo/no-IS dogs (Figure 3A). The clinical composite score quantified this clinical status with 

GRMDMU/no-IS dogs that displayed a score of 40.6±16.3% at 35 weeks of age. This reveals that 

MuStem cell transplantation does not generate beneficial clinical effect in absence of IS. 

Concerning the GRMDMU/tr-IS dog group, no clinical difference was noted before the age of 24 

weeks compared to animals of the GRMDMU/no-IS dog group. From 2 weeks after the time of IS 

arrest (i.e., 24 weeks of age) to the end of the protocol, a remarkable stable clinical score was 
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observed in GRMDMU/tr-IS dogs with a score of 65.5±9.2% at 35 weeks of age as compared to 

the slow decrease in the clinical score of GRMDMU/no-IS dogs (Figure 3B). A reiterated measure 

ANOVA statistical test underlines a significant impact of the transient IS on the clinical score 

(F=11,726; p=0.001) between GRMDMU/tr-IS and GRMDMU/no-IS dogs from 26 to 35 weeks. 

Importantly, GRMDMU/tr-IS dogs present a similar clinical stabilization than those of GRMD 

dogs placed under continuous IS (GRMDMU/co-IS) that displayed a score between 60 to 90% 

from 24 to 36 weeks of age, as already published [58] (Figure 3C). Noteworthy, the clinical 

score of the GRMDmo/tr-IS dog group displayed a mild improvement following cessation of the 

IS treatment with important differences between dogs (coefficient of variation: 11.4%). No 

statistical difference was identified between GRMDMU/tr-IS and GRMDmo/tr-IS dog groups that 

does not allow us to show unequivocal that the clinical stabilization observed with the 

GRMDMU/tr-IS dogs reflects only a positive effect generated by the MuStem cells infused under 

IS.  
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Figure 3. Clinical assessment of 

GRMD dogs. A clinical score was 

assessed weekly from 2 months of 

age and expressed as a percentage 

of a theoretical healthy dog score. 

Clinical score (mean±SD) of 

MuStem cell-injected GRMD dogs 

without IS (GRMDMU/no-IS in orange, 

n = 4), with transient IS 

(GRMDMU/tr-IS in red, n = 4) or with 

continuous IS (GRMDMU/co-IS in 

grey, n = 3) was determined in 

comparison with mock GRMD 

dogs (GRMDmo/no-IS in purple, n = 4 

and GRMDmo/tr-IS in green, n = 4). 

The corresponding 

immunosuppressive period is 

represented in the lower part of the 

graph by a color line. A. MuStem 

cell delivery did not mitigate the 

clinical impairment of GRMDMU/no-

IS dogs in comparison with 

GRMDmo/no-IS dogs. B. A significant 

stabilization of the clinical score 

was observed in GRMDMU/tr-IS dogs 

in comparison with GRMDMU/no-IS 

group. C. Comparable stabilized 

clinical curves were obtained for 

GRMDMU/tr-IS dogs and GRMDMU/co-

IS ones (previously published data 

[58]). No clinical difference as 

assessed by the scoring used here 

was observed between GRMDMU/tr-

IS and GRMDmo/tr-IS.dog groups. 
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Discussion  

In view of clinical application, the use of allogeneic cells displays several advantages in 

comparison to those of ex-vivo corrected autologous cells. Among these favorable features, a 

better in vitro proliferation capacity was described evoking a whole-body treatment and/or 

delivery protocols based on repeated cell infusions. A higher myogenic regenerative index 

was also demonstrated. [64]. In addition, allogeneic cell-based therapy allows a better 

standardization in cell batch confection by avoiding to use of the patient’s muscles which are 

very heterogeneous in terms of tissue damage and thus of cell yield. Finally, in case of 

repeated cell delivery, cell banking allows a better clinical reactivity to treat patients. 

However, the main limit in the use of allogeneic product for cell therapy protocol resides in 

the immune rejection and it is why organ transplant and cell infusion in allogeneic context are 

always designed in conjunction with IS [65-67]. Nevertheless, the long-term use of 

immunosuppressants is associated with numerous and severe adverse effects, limiting their 

clinical application [46, 47]. Over the last decade, some immunomodulatory properties have 

been attributed to several somatic stem cells and especially to MSC [37, 68, 69], evoking even 

their use as a new strategy for immunosuppression, in combination of allogeneic 

hematopoietic stem cell transplantation for instance [70]. 

In 2011, we demonstrated that the systemic delivery of allogeneic MuStem cells into GRMD 

dogs submitted to continuous IS allows a persistent clinical stabilization and increased 

regeneration [58]. Here, we show that similar clinical and tissue benefits could be obtained 

when delivery protocol is performed into DLA-haplo- or geno-identical dogs under transient 

IS. In return, a lack of beneficial effect with an induction of cellular response against 

allogeneic cells was observed when transplantation was done without the use of IS, clearly 

establishing the requirement of a transient IS for the MuStem cell transplantation. The 

longitudinal clinical evaluation revealed a remarkable stabilization of the transplanted dogs 

under transient IS compared to the progressive impairment of the ones without IS. It was also 

noticed that mock group receiving only transient IS exhibits a break in the evolution of the 

clinical curve when stopping IS treatment with a rebound effect that contrasts with the 

homogenous stabilization observed from the period of cell infusion for the group of interest. 

Considering that CsA treatment has been shown to be associated with adverse effects among 

which several clinical signs such as myalgia and muscle weakness [51, 52], it is possible that 

this inflection of the clinical curve can reflects a better general clinical status due to the loss 

of these adverse effects. This emphasizes that clinical evaluation of a cell therapy-based 

strategy with an immunosuppressive component needs to be carefully interpreted as already 



!

! 189!

mentioned [71]. A possibility to make sure not to attribute clinically effect of the IS to the cell 

product would be to include a long-time follow-up after the arrest of the IS treatment, so that 

the consequences of the IS become blurred. Due to a continuous degenerative process, the 

dystrophic muscle displays a relatively high level of pro-inflammatory cytokines and immune 

cell infiltrates especially composed of lymphocytes and macrophages [72, 73]. This 

inflammatory status makes the dystrophic muscle tissue a particularly unfavorable target for 

cell engraftment and explains in part why neutralization of the immune system is initially 

required despite the use of DLA-identical donor-recipient pairs of dogs. Our data related to 

the induction of the host’s immune response against allogeneic donor antigens are in 

agreement with previous results obtained after injection of MyoD-transduced canine CD271+ 

MSC into the TA muscle of CXMDJ dogs in the absence of IS. Eight weeks later, the injected 

muscles were characterized by the presence of numerous cellular infiltrates positive for CD8 

and CD11 markers around degenerating donor fibers while the number of dystrophin+ cells 

was relatively low [74]. In addition, a lack of detection of human cells, histological change as 

well as motor ability were reported after eight successive intra-peritoneal injections of human 

pericytes obtained from four different tissues in double mutant Utrntm1Ked Dmdmdx /J mice 

without IS [75]. In contrast, following IV and IM injections of hADSC in SJL [76] and mdx 

mice [33], an ability of xenogeneic cell engraftment into host muscles was reported without 

the use of IS. Indeed, chimeric human/mouse muscle fibers were detected with the re-

expression of defective proteins as well as an improvement of muscle performance. 

Nevertheless, it is important to note that these data were obtained in two mice models 

exhibiting mild dystrophic phenotype in contrast with previous results collected in clinically 

relevant DMD models namely DKO mice and GRMD dogs.  

In the present study, the clinical and tissue benefits observed in the transplanted GRMD dogs 

submitted to transient IS were histologically associated with very low levels of 

subsarcolemmal expression of dystrophin, as we previously reported in GRMD dogs under 

continuous IS [58, 59]. It is suggested that the global effect observed following the MuStem 

cell transplantation is mainly related to the stimulation of the myogenic regenerative activity 

that could allow a preservation of the muscular architecture in spite of a limited dystrophin 

restoration. Similar results were described with the intra-femoral injection of 5.108 CD271+ 

MSC transduced with MyoD into immunosuppressed wild-type dogs for which TA muscle 

was previously injured with cardiotoxin [74]. In this study, eight weeks after the 

transplantation, rare donor muscle fibers were detected in the damaged muscle, suggesting 

that the dispersion of the infused cells throughout the whole body can only result in scattered 
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events. Then, we can hypothesize that the number of donor MuStem cell’s nuclei per recipient 

muscle fiber is too low to allow a sufficient expression of dystrophin. In order to significantly 

improve the efficacy of the IA delivery of allogeneic Mabs into immunosuppressed GRMD 

dogs notably in terms of dystrophin restoration, Sampaolesi et al. [29] demonstrated the need 

to perform five successive injections of 5.107 cells in comparison to the three initially done 

and which only allowed the generation of 2 to 10% of dystrophin+ fibers. In addition, 

detection of rare human nuclei and limited number of dystrophin+ fibers with weak 

immunolabelling was also reported in another study six months following nine successive IV 

injections of 5.107 hADSCs/kg in GRMD dogs [34]. Importantly, we have shown in the 

present study that this low dystrophin expression is not associated with host cellular or 

humoral responses against the protein, although we cannot exclude a limit of sensitivity to 

detect antibody presence in dog’s sera or cell response. Identically, a lack of detection of anti-

dystrophin antibodies was reported eight weeks after IM injection of allogeneic MyoD-

transduced CD271+ MSC in CXMDJ dogs in the absence of IS and thus despite the presence 

of some dystrophin+ fibers [74]. The lack of immunity against the newly expressed dystrophin 

may be explained by either the low amount of expressed protein and the subsequent potential 

antigen levels or the presence of some revertant fibers that express dystrophin in the GRMD 

canine model that could act in a tolerogenic way. Nevertheless, this hypothesis related to the 

revertant fibers does not seem to be supported in DMD patients who can present preexisting 

circulating anti-dystrophin T cells with a proportion that increase in individuals not subjected 

to corticosteroid treatment [77, 78]. Those observations in humans suggest that anti-

dystrophin immunity issue must be considered in the design of cell therapy trials.   

MSC have been shown to be involved in a large number of immunomodulation pathways 

thanks to their interactions with a broad range of immune cells types [79]. Among the 

reported immunomodulatory mechanisms, it has been demonstrated that vascular cell 

adhesion molecule-1 (VCAM1) and intracellular cell adhesion molecule-1 (ICAM1) could 

mediate MSC immunomodulation via a direct adhesion to activated T cells [80]. Also, it has 

been established that Mabs inhibit T cell proliferation through a cell contact independent 

mechanism involving indoleamine 2,3 dioxygenase (IDO) and prostaglandin E2 (PGE-2) 

[37]. Based on our present data pointing out the need of only a transient immunosuppressive 

treatment limited to the period of MuStem cell infusion for a therapeutic effect, it could be 

postulated that an initial inhibition of the immune system is required to allow donor MuStem 

cells to engraft into recipient muscle tissue where it could then secrete immunomodulatory 

soluble factors and/or establish contact with immune cell subsets to allow their persisting 
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engraftment. Further experiments aiming to determine the cell surface markers expressed by 

the MuStem cells as well as the soluble factors they secrete will be highly informative.  

 

Conclusion 

Overall, the original data presented here indicate that a long-term immunosuppressive 

regimen is not required in the context of allogeneic MuStem cell transplantation in the GRMD 

dog model and that a transient IS limited to the transplantation period is sufficient to generate 

sustained benefits. While further experiments are needed to investigate how the therapeutic 

effects associated with MuStem cell delivery is maintained once IS is stopped, our results are 

critical from a safety perspective for the design of future MuStem cell-based trials.   
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Dans! le! domaine! des! pathologies! neuromusculaires! et! en! particulier! des! dystrophies!

musculaires,! différents! types! de! cellules! progénitrices! ont! été! isolés! ces! dernières!

années!à!partir!de!tissus!adultes!distincts.!Ces!candidats!à!la!thérapie!cellulaire!ont!tous!

démontré! des! propriétés! d'intérêt! majeur,! notamment! en! termes! de! différenciation!

musculaire,! laissant! entrevoir!pour! certains!des!possibilités!d'impact! important! sur! la!

régénération!du!muscle.!Si!les!démonstrations!précliniques!réalisées!pour!la!plupart!sur!

des!modèles!murins!ou!canins!se!sont!avérées!concluantes!(Farini!et#al.,!2009),!les!deux!

essais! cliniques! mis! en! place! avec! l'utilisation! des! mésoangioblastes! et! des! cellules!

AC133+! se! sont! en! revanche! révélés! décevants! avec! une! absence! d'effet! bénéfique,!

démontrant!par! là! le!niveau!de!complexité!pour! identifier!un!médicament!de! thérapie!

innovant!(Torrente!et#al.,!2007;!Cossu!et#al.,!2015).!!

Parmi!les!populations!d'intérêt!potentiel,!les!MDSC!isolées!à!partir!de!tissus!musculaires!

murins!sur! la!base!d'un!déficit!d'adhérence!présentent!une! forte!capacité!proliférative!

autorisant! une! administration! systémique! (QuEPetersen! et# al.,! 2002).! Elles! sont!

également! capables! de! participer! à! la! régénération! musculaire! en! fusionnant!

directement!avec!les!fibres!endogènes!et!en!reconstituant!un!stock!de!cellules!satellites.!

Cependant,! très! peu! d'études! ont! été! réalisées! à! partir! du! candidat! humain,! limitant!

grandement! l'utilisation! des! MDSC! dans! une! visée! clinique.! Les! travaux! de! notre!

laboratoire!ont!démontré!qu'une!population!dérivée!du!tissu!musculaire!canin!sain,!les!

cellules! cMuStem,! présentent! des! caractéristiques! intéressantes! en! terme! clinique,!

notamment! une! forte! capacité! proliférative! ainsi! qu'un! impact! clinique! après!

administration! systémique! chez! le! chien! GRMD,! modèle! cliniquement! pertinent! de! la!

DMD! (Rouger! et# al.,! 2011;! Robriquet! et# al.,! 2015,! 2016;! Lardenois! et# al.,! 2016).!

Cependant,!un!des!points!cruciaux!avant!de!pouvoir!envisager!de!proposer!la!population!

MuStem!comme!produit!de!thérapie!cellulaire!est!de!réussir!à!l'isoler!du!tissu!humain!et!

d'en! proposer! une! carte! phénotypique! et! comportementale! complète! mettant! en!

évidence! un! ensemble! de! propriétés! d'intérêt.! C'est! strictement! la! tâche! qui! m'a! été!

confiée!lors!de!ma!thèse.!

!

Mon!travail!expérimental!a!permis!de!déterminer!que!les!cellules!MuStem!humaines!se!

définissent! comme! une! population! de! progéniteurs! myogéniques! précoces! d'origine!

mésenchymateuse/périvasculaire! et! caractérisée! par! une! forte! capacité! proliférative,!

une! oligopotence! ainsi! qu'une! capacité! de! régénération! musculaire! in# vivo! après!
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injection! dans! un! muscle! lésé! de! souris! immunodéficiente.! La! population! hMuStem!

possède! par! ailleurs! des! propriétés! immunomodulatrices! démontrées! par! une!

intéraction! avec! l'immunité! adaptative! mais! également! innée,! en! inhibant! la!

prolifération! lymphocytaire! et! l'activité! du! complément! in# vitro.! Enfin,! l'étude! des!

modalités! d'administration!des! cellules!MuStem!allogéniques! chez! le! chien!GRMD!m'a!

conduit!à!définir! la!nécessité!d'un! traitement! immunosuppresseur!qui!peut!cependant!

être! limité! à! la! période!d'injection!des! cellules! afin! d'observer! un!bénéfice! clinique! et!

tissulaire.!

Je! vais! m'attacher! à! discuter! dans! la! suite! de! ce! manuscrit! ces! points! principaux! en!

mettant!en!perspective!les!résultats!obtenus!avec!ceux!de!la!littérature.!

I. Nature!de!l'agent!cellulaire!
L'identification!de!candidats!cellulaires!d'intérêt! thérapeutique!potentiel!a!rapidement!

posé!la!question!de!leur!nature!et!notamment!de!leur!parenté!les!uns!envers!les!autres.!

Une! des! difficultés!majeures! rencontrées! concerne! la! grande! diversité! des! techniques!

d'isolement! utilisées! qui! diffèrent! entre! les! laboratoires! et! rendent! extrèmement!

complexe!la!comparaison!stricte!entre!populations.!!

1. Origine!tissulaire!
Certains! candidats! cellulaires! sont! clairement! isolés! de! tissus! spécifiques,! rendant!

l'identification!de!leur!origine!plus!aisée!comme!par!exemple!les!CSH!et!CSM!issues!de!la!

moelle! osseuse! ou! du! tissu! adipeux! (Sherwood! et# al.,! 2004).! Concernant! les! cellules!

MuStem,!nous!sommes!confrontés!à!la!difficulté!de!préciser!leur!origine.!En!effet,!nous!

isolons!ces!cellules!à!partir!de!tissu!musculaire!sans!être!en!mesure!de!déterminer!s'il!

s'agit!de!cellules!résidentes!ou!de!cellules!"de!passage"!au!sein!du!tissu!musculaire.!De!

plus,!nous!ignorons!si!elles!occupent!la!loge!satellitaire!ou!si!elles!sont!plutôt!localisées!

dans! l'interstitium.! De! façon! intéressante,! il! est! aujourd'hui! avancé! une! origine!

mésenchymateuse! et! périvasculaire! d'un! grand! nombre! de! cellules! souches! adultes!

ayant!des!propriétés!myogéniques!(Crisan!et#al.,!2011).!Les!cellules!MuStem!humaines,!

de!part!leur!phénotype!détaillé!ciEaprès,!pourraient!faire!partie!de!cellesEci.!!!

2. Phénotype!
En! condition! clonale,! les! colonies! de! cellules! hMuStem! se! composent! de! cellules!

fusiformes! et! rondes,! cette! double!morphologie! étant! retrouvée! après! culture! clonale,!

démontrant! qu'un! seul! type! cellulaire! peut! indifféremment! redonner! les! deux!
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morphologies.! Une! caractérisation! approfondie! nous! a! permis! de! positionner! la!

population! hMuStem! comme! un! ensemble! de! progéniteurs! myogéniques! précoces!

d'origine!mésenchymateuse/périvasculaire.!En!effet,!les!cellules!hMuStem!sont!CD56+!à!

hauteur!de!48!à!97%!tandis!qu'elles!expriment!Myf5!de!15!à!75%!et!dans!une!moindre!

mesure!MyoD!(2!à!14%).!De!plus,!elles!présentent!les!transcrits!Pax3,!myogénine,!MRF4,!

desmine,! MEcadhérine! et! cEmet,! montrant! clairement! une! empreinte! myogénique.!

Contrairement!aux!cellules! canines,! les! cellules!hMuStem!n'expriment!pas!Pax7!ce!qui!

pourrait!être!lié!aux!différences!entre!espèces!ou!à!la!différence!d'âge!(2!à!3!mois!contre!

15! à! 51! ans)! et! de!muscle! considéré! (groupe! de!muscles! locomoteurs! contre!muscle!

paravertébral! ou! locomoteur).! Nous! avons! également! pu! montrer! que! la! population!

hMuStem! n'exprime! pas! les! marqueurs! hématopoïétiques! et! est! définie! par! une!

négativité! pour! les!marqueurs! LinE! (CD4,! CD8,! CD19,! CD33! et! CD38)! et! endothéliaux.!

Elles! sont! uniformément! négatives! pour! les! marqueurs! CD133,! CD338! et! CD15,!

classiquement! utilisés! pour! qualifier! respectivement! les! cellules! AC133,! cellules! SP! et!

cellules! myoEadipogéniques! (Benchaouir! et# al.,! 2007;! Frank! et# al.,! 2006;! Pisani! et# al.,!

2010).! De! façon! intéressante,! le! phénotypage! de! la! population! hMuStem! a! révélé! une!

positivité!de!l'ensemble!des!cellules!pour!les!marqueurs!mésenchymateux!CD29,!CD44,!

CD73,! CD90,! CD105.! Il! est! cependant! à! noter! que! ces!marqueurs! initialement! définis!

comme! spécifiques! de! la! lignée! mésenchymateuse! sont! à! présent! décrits! comme!

relativement! ubiquitaires.! Ils! sont! en! effet! retrouvés! dans! un! grand! nombre! de!

populations! de! cellules! souches! adultes! parmi! lesquelles! les! mésoangioblastes! et! les!

MDSC!mais!aussi!dans!les!SC!(Tedesco!et#al.,!2012;!Danisovic!et#al.,!2011;!Xu!et#al.,!2015),!

laissant! suggérer! une! origine! ancestrale! commune! entre! ces! populations.! Pour! la!

première! fois,! nous! montrons! par! une! analyse! de! multimarquages! au! FACS! que! la!

population! MuStem! peut! se! diviser! en! trois! sousEpopulations! :! (i)! une! population!

majoritaire! de! cellules! CD56+! qui! présentent! une! expression! variable! du! marqueur!

CD140b! et! une! négativité! pour! le! CD146,! (ii)! une! population! de! cellules! CD56hi!

représentant! 6! à! 17%! des! cellules! hMuStem! et! qui! peut! être! divisée! en! fractions!

CD140bE! et! CD140b+,! toutes! présentant! une! expression! pour! le! CD146,! (iii)! une!

population! péricytaire! conventionnelle! CD56E/CD140b+/CD146+/ALP+.!Nous! appuyons!

donc! le! fait! que! la! population! hMuStem! est! clairement! composée! de! cellules!

périvasculaires/mésenchymateuses! qui! présentent! un! engagement! plus! ou! moins!

prononcé!dans!le!programme!myogénique.!Il!est!important!de!noter!que!les!conditions!
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d'isolement!et!d'amplification!des!cellules!souches!adultes!impactent!de!façon!majeure!

leur!phénotype.!Ceci!a!été!démontré!pour!les!cellules!AC133!(Pozzobon!et#al.,!2009)!qui!

perdent! rapidement! l'expression! du! CD133! et! également! les! MDSC! (Jankowski! et# al.,!

2001)! pour! lesquelles! les! variations! de! durées! de! preplating! utilisées! à! l'isolement!

rendent! délicat! la! comparaison! de! leur! phénotype! entre! les! différentes! équipes! de!

recherche!(Gharaibeh!et#al.,!2008;!Chirieleison!et#al.,!2012).!!

Les!cellules!hMuStem!présentent!une!capacité!de!différenciation!myogénique!spontanée!

lorsqu'on! les! place! dans! des! conditions! d'appauvrissement! sérique,! confirmant!

l'engagement! dans! la! lignée! myogénique! de! cette! population.! Cette! capacité! est!

également!partagée!par!les!CSM!du!tissu!adipeux!ainsi!que!par!les!MDSC!(Westerman!et#

al.,!2010)!tandis!que!les!cellules!AC133!présentent,!elles,!une!capacité!de!différenciation!

myogénique!moins!marquée!(Yin!et#al.,!1997).!De!façon!majeure,!nous!avons!défini!une!

oligopotence!pour!les!cellules!hMuStem!qui!sont!capables!de!s'engager!dans!les!lignées!

adipogénique! et! ostéogénique.! En! revanche,! malgré! une! formation! de! structures!

"capillairesElike"! en! milieu! 3D,! elles! ne! parviennent! pas! à! s'engager! dans! la! lignée!

endothéliale! et! restent! négatives! pour! le! CD31.! A! titre! de! comparaison,! les! CSM! et!

mésoangioblastes!partagent!une!différenciation!adipoE!et!ostéogénique!avec!les!cellules!

hMuStem! et! peuvent! également! s'engager! dans! la! lignée! chondrogénique! (Prockop,!

1997;!Tagliafico,!2004;!Morosetti!et#al.,!2006).!Il!sera!intéressant!de!vérifier!la!capacité!

des! cellules!hMuStem!à! s'engager!dans! cette! lignée,!procédure!d'ores!et!déjà!en!cours!

dans!le!laboratoire.!!

II. Mécanismes!d'action!des!cellules!MuStem!
Un! des! résultats! majeurs! acquis! par! le! laboratoire! ces! dernières! années! concerne! la!

remarquable!stabilisation!clinique!et!tissulaire!des!chiens!transplantés!avec!des!cellules!

MuStem! allogéniques! (Rouger! et# al.,! 2011).! Cette! amélioration! du! phénotype!

dystrophique! ne! s'accompagne! cependant! que! d'une! faible! restauration! de! la!

dystrophine,! n'expliquant! pas! cet! effet! observé! et! entrant! en! contradiction! avec! le!

dogme!établi!selon!lequel!l'amélioration!clinique!ne!peut!s'obtenir!qu'en!restaurant!un!

niveau! suffisant! de! dystrophine! (Jankowski! et#al.,! 2002a).! Je!me! suis! donc! attachée! à!

comprendre!les!mécanismes!d'action!des!cellules!MuStem!afin!de!documenter!les!voies!

pouvant! être! impactées! par! leur! transplantation.! Comme! nous! l'avons! exposé! dans! le!

précédent!paragraphe,!nous!avons!défini!la!population!MuStem!comme!une!population!
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clairement! engagée! dans! le! programme! myogénique! avec! une! filiation!

mésenchymateuse/périvasculaire.! Ces! deux! facettes! peuvent! suggérer! deux! types! de!

voies!impliquées!:!

− un! effet! sur! la! régénération! tissulaire,! avec! une! fusion! éventuelle! des! cellules!

MuStem!avec!les!fibres!endogènes!ou!encore!une!participation!au!contingent!des!

cellules!de!réserve,!comme!cela!a!été!démontré!pour!les!myoblastes,!les!MDSC!et!

les!péricytes!(Huard!et#al.,!1994;!Dellavalle!et#al.,!2011;!Chirieleison!et#al.,!2012).!

− une! action! sur! l'inflammation! et! l'immunorégulation,! de! part! leur! origine!

mésenchymateuse,!les!CSM!ayant!montré!des!capacités!d'immunomodulation!qui!

pourraient! être! bénéfiques! dans! le! cadre! de! la! DMD,! pathologie! à! composante!

inflammatoire!(Vieira!et#al.,!2008b).!

1. Impact!sur!la!régénération!musculaire!

Mes!travaux!de!thèse!ont!permis!de!démontrer!une!participation!des!cellules!hMuStem!à!

la! régénération! musculaire! trois! semaines! après! injection! intramusculaire! dans! le!

muscle!Tibialis#anterior! cryolésé!de! souris! immunodéficiente!Rag2E! IL2rbE.!En!premier!

lieu,!une!capacité!d'intégration!au!sein!du!tissu!musculaire!a!été!établie,!au!même!titre!

que! les! péricytes! ou! les! MDSC! (Dellavalle! et# al.,! 2011;! Chirieleison! et# al.,! 2012).! La!

distribution! des! cellules! injectées! a! permis! de! déterminer! la! présence! de! noyaux! en!

position!cytoplasmique,!montrant!une!capacité!de!fusion!des!cellules!hMuStem!avec!les!

fibres!endogènes!murines!selon!une!intensité!variable!en!fonction!des!lots.!La!capacité!

de!participation!à!la!régénération!musculaire!est!également!confirmée!par!la!détection!

des! transcrits! MyoD,! myogénine! ainsi! que! Myf5! et! MEcadhérine! dans! les! tissus!

musculaires! murins! injectés.! Ces! résultats! sont! d'autant! plus! forts! que! nous! sommes!

dans!un!contexte!de!greffe!xénogénique!qui!pourrait! limiter! les!phénomènes!de!fusion!

des! cellules! hMuStem! avec! les! fibres! endogènes.! De! plus,! la! présence! de! ces! noyaux!

humains! cytoplasmiques! s'accompagne! d'une! expression! des! protéines! humaines! que!

sont!la!spectrine!et!dans!une!moindre!mesure!la!dystrophine,!montrant!la!fonctionnalité!

des! noyaux! fusionnés.! Cette! restauration! modérée! de! dystrophine! est! également! à!

mettre!en!parrallèle!avec! le!statut!du!modèle!animal!considéré!qui!ne!présente!pas!de!

dystrophie!et!produit!donc!sa!propre!dystrophine!endogène.!Le!niveau!de!dystrophine!

relativement! faible! observé! est! donc! à! mettre! directement! en! corrélation! avec! les!

conditions!expérimentales!dans!lesquelles!nous!sommes.!On!peut!cependant!noter!que!

dans! la! littérature! de! plus! en! plus! d'études! commencent! à! démontrer! qu'une!
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amélioration!clinique!et! tissulaire!est!possible!sans!pour!autant!restaurer! le!niveau!de!

dystrophine,!que!ce!soit!par!thérapie!cellulaire!(Kerkis!et#al.,!2008;!Tedesco!et#al.,!2011)!

ou!moléculaire!(Denti!et#al.,!2008;!Cacchiarelli!et#al.,!2010).!!

!

De!façon!surprenante,!nous!avons!montré!que!les!cellules!hMuStem!ne!sont!retrouvées!

que!rarement!(moins!de!5%)!dans!la!loge!satellitaire!comme!cela!a!été!démontré!pour!

les! cellules!AC133+!avec!6%!(Torrente!et#al.,! 2004).!Ceci! contraste!d'une!part!avec! les!

données!obtenues!chez!le!chien!où!les!cellules!canines!colonisent!la!niche!satellitaire!à!

hauteur! de! 17%! des! cellules! injectées! (Rouger! et# al.,! 2011)! et! d'autre! part! avec! les!

données! bibliographiques! concernant! les! cellules! PICs! (Mitchell! et# al.,! 2010)! et! les!

cellules!SP!(Gussoni!et#al.,!1999).!Cependant,!il!est!à!noter!que!ces!études!ont!été!faites!

dans!un!contexte!allogénique!pouvant! favoriser! le!positionnement!des!cellules!en! loge!

satellitaire,!contrairement!à!la!greffe!xénogénique.!Enfin,!nous!avons!déterminé!que!les!

cellules! hMuStem! en! position! interstitielle! n'expriment! pas! le! marqueur! endothélial!

CD31,! ce! qui! les! distinguent! des! cellules! AC133+! (Benchaouir! et#al.,! 2007).! Il! pourrait!

s'agir! de! cellules! interstitielles! de! soutien! peu! différenciées! dans! le! programme!

myogénique! et! ne! fusionnant! pas! avec! les! fibres! endogènes! mais! susceptibles! de!

répondre!à!une!demande!de!régénération!ultérieure.!!

Deux! études! réalisées! par! le! groupe! de! Jennifer! Morgan! ont! montré! successivement!

l'efficacité! de! l'administration! locale! de! péricytes! et! de! cellules! AC133+! humains!

respectivement!dans!les!modèles!murins!mdx!nu/nu!et!Rag2E/γ!chainE/C5!cryolésé!avec!

une! fusion! avec! les! fibres! endogènes! et! une! expression! de! protéines! structurales!

humaines! (Meng!et#al.,! 2011b,!2014).!Néanmoins,! ces! études!ont! également!démontré!

une!absence!d'efficacité!de!ces!deux!types!cellulaires!après!administration!systémique,!

les!auteurs!ne!détectant!aucune!cellule!humaine!après!l'injection.!Ces!résultats!sont!en!

opposition! avec! ceux! préalablement! par! Dellavalle! et# al.! (2007)! et! Benchaouir! et# al.!

(2007).!Ces!études!ayant!été!réalisées!chez!la!souris!mdx/scid,!il!ne!peut!être!exclus!que!

la!différence!de!comportement!observée!suite!à!l'administration!systémique!puisse!être!

liée!au!modèle!animal!utilisé.!Il!sera!donc!primordial!en!considérant!un!possible!impact!

négatif! du! modèle! animal! considéré! de! confirmer! la! capacité! d'intégration! au! tissu!

musculaire! et! de! participation! à! la! régénération! musculaire! des! cellules! hMuStem! à!

partir! d'un! abord! systémique! afin! de! positionner! la! population! humaine! comme! un!

candidat!à! la! thérapie!de! la!DMD,!cette!voie!d'abord!étant! la! seule!capable!de! toucher!
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l'ensemble! de! la! musculature.! Pour! renseigner! au! mieux! sur! le! comportement! de! la!

population! MuStem! à! partir! d'un! abord! systémique,! il! sera! également! nécessaire! de!

pouvoir!générer!des!données!de!biodistribution!de!cet!agent.! Il! sera!cependant! requis!

d'être!vigilant!sur! le! fait!que!les!modèles!de!transplantation!xénogénique!peuvent!être!

limitants! pour! ce! type! d'étude! en! raison! de! nonEinteraction! et/ou! d'affinité! limitées!

entre! les! molécules! impliquées! dans! les! processus! de! migration! qui! sont! liées!

strictement!aux!barrières!d'espèces.!Fort!de!ce!constat,! les! futurs!travaux!devront!être!

réalisés!à! l'aide!de!nouveaux!modèles! intégratifs!pour!consolider! les!résultats!obtenus!

avec!l'agent!définitif!et!s'affranchir!du!contexte!xénogénique.!On!peut!en!décrire!deux!:!i)!

un! modèle! qui! porte! sur! la! pathologie! avec! la! greffe! autologue! de! cellules! Mustem!!

canines!produites!en!conditions!compatibles!avec!le!grade!clinique!chez!le!chien!GRMD!

et! ii)! un! modèle! qui! s'attache! à! la! proximité! de! l'espèce! cible! avec! l'injection! de! la!

population!MuStem!autologue!chez! le!primate!non!humain!avec! la! limite!qu'il!s'agirait!

ici! d'un! animal! non! dystrophique! ce! qui! peut! aussi! influencer! la! capacité! de!

dissémination!des!cellules.!

!

Il!est!intéressant!de!noter!que!les!MDSC,!comme!les!CSM!ou!les!péricytes!présentent!une!

capacité! de! différenciation! en! cardiomyocytes.! En! effet,! les! CSM! et! les! MDSC! traitées!

avec!du!5Eazacytidine!in#vitro!se!différencient!en!cellules!cardiaques!(Tomita!et#al.,!1999;!

Winitsky! et! al.,! 2005).! Différentes! études! in# vivo! ont! démontrées! un! impact! de! ces!

différents! candidats! cellulaires! sur! la! fonction! cardiaque.! Après! transplantation! de!

péricytes! humains! dans! le! coeur! infarci! de! souris,! une! amélioration! de! la! fonction!

cardiaque! avec! une! réduction! de! la! zone! nécrosée,! une! augmentation! de! la!

vascularisation! du! myocarde,! une! diminution! de! la! dilatation! cardiaque! ainsi! qu'une!

meilleure!contraction!du!ventricule!gauche!ont!été!notées!(Katare!et#al.,!2011;!Chen!et#

al.,! 2013).! La! transplantation! de! CSM! allogéniques! dans! un!modèle! porcin! d'ischémie!

cardiaque!s'accompagne!d'une!prolifération!des!cellules!cardiaques!endogènes!vingt!fois!

supérieure!aux!animaux!non!injectés!(Hatzistergos!et#al.,!2010).!Enfin,! l'administration!

locale!de!MDSC!murines! chez! la! souris! soumise!à!une! ligature!coronarienne!conduit! à!

leur!fusion!avec!les!cardiomyocytes!endogènes,!une!augmentation!de!la!vascularisation!

du!myocarde! ainsi! que! de! la! capacité! contractile! du! ventricule! gauche! (Oshima! et#al.,!

2005;!Sekiya!et#al.,!2013).!Ces!effets!bénéfiques!passent!principalement!par!des!actions!

paracrines!des!cellules! injectées!qui! i)!augmentent! la!prolifération!des!cardiomyocytes!
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et! la! différenciation! des! cellules! souches! résidentes! endogènes,! ii)! jouent! un! rôle!

cytoprotecteur,!iii)!augmentent!la!néovascularisation!et!iv)!limitent!l'inflammation!et!les!

processus! proEfibrotiques! (Kinnaird! et# al.,! 2004;! Gnecchi! et# al.,! 2006;! Amsalem! et# al.,!

2007;!Przybyt!et#al.,!2013).!Dans!le!contexte!de!la!DMD,!une!cardiomyopathie!sévère!est!

décrite!chez!le!patient!(Connuck!et#al.,!2008).!Il!serait!donc!pertinent!d'évaluer!l'impact!

éventuel!de!la!population!MuStem!sur!la!fonction!cardiaque.!En!cas!de!résultats!positifs,!

ces! études! permettraient! d'élargir! le! domaine! d'application! de! la! population!MuStem,!

par!exemple!dans!les!cardiomyopathies!non!liées!à!la!DMD!ainsi!que!dans!l'infarctus!du!

myocarde,!enjeux!majeurs!de!santé!public.!!

2. Impact!sur!la!régulation!du!système!immunitaire!

Parmi!les!modalités!d'action!envisagées!pour!expliquer!l'effet!des!cellules!MuStem,!nous!

avons! émis! l'hypothèse!d'une! interaction! entre! ces! cellules! et! le! système! immunitaire!

comme!cela!a!été!décrit!notamment!pour!les!CSM!(Singer!and!Caplan,!2011).!Il!convient!

de!distinguer!deux!effets!potentiels!:!(i)!l'impact!des!cellules!souches!sur!l'inflammation,!

composante!importante!de!la!physiopathologie!de!la!DMD;!(ii)!l'immunomodulation!au!

sens!strict,!associée!à!l'induction!de!tolérance!et!ayant!un!impact!direct!sur!la!prise!de!

greffe!cellulaire.!

Concernant!l'inflammation,!la!mise!en!place!et!la!progression!de!la!DMD!sont!associées!à!

la!surexpression!de!gènes!inflammatoires,!en!particulier!un!fort!taux!de!la!cytokine!proE

inflammatoire! TNFα! à! la! fois! chez! le! patient! (Comim! et# al.,! 2015)! et! la! souris!mdx!

(Barros!Maranhao!et#al.,!2015).!La!diminution!de!l'inflammation!tissulaire!pourrait!donc!

s'accompagner!de!bénéfices!cliniques!pour!le!patient,!ce!qui!est!déjà!utilisé!aujourd'hui!

dans! le! cadre! de! traitements! pharmacologiques! antiEinflammatoires! (Goemans! and!

Buyse,!2014).!!

Le! phénotype! des! cellules! hMuStem! que! je! me! suis! attaché! à! renseigner! pourrait!

impacter! directement! le! niveau! d'inflammation! du! tissu! dans! lequel! elles! seraient!

administrées.!En!effet,!j'ai!pu!montrer!une!importante!sécrétion!du!HGF,!d'IL6,!IL8,!IL35!

et! de! PGE2,! tous! décrits! comme! inhibant! l'inflammation.! Les! cellules! hMuStem!

présentent!des!capacités!sécrétoires!relativement!comparables!à!celles!observées!pour!

les!CSM!(Li!et#al.,!2016;!Zhao!et#al.,!2016).!De!façon!intéressante,!comme!cela!a!été!décrit!

pour!les!CSM!et!mésoangioblastes,!les!cellules!hMuStem!sont!sensibles!à!la!stimulation!

au!TNFα!avec!une!sécrétion!augmentée!d'IL6,!IL8!et!PGE2.!Cette!sensibilité!est!d'autant!

plus! importante! que! ces! cellules! vont! être! transplantées! dans! un! environnement!
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inflammatoire!qui!va!donc!directement!agir!sur!leur!capacité!sécrétoire.!Les!myoblastes!

possèdent!la!capacité!à!secréter!l'IL6!de!façon!constitutive!et!cette!sécrétion!est!affectée!

par!le!TNFα!et!l'IFNγ.!L'interprétation!de!la!sécrétion!d'IL6!et!d'IL8!est!délicate!dans!la!

mesure! où! si! l'IL6! agit! comme! un! régulateur! de! la! prolifération! des! cellules! satellites!

(Toth! et#al.,! 2011)! et! est! décrit! comme! acteur! de! l'effet! immunosuppresseur! des! CSM!

(Djouad!et#al.,!2005;!Najar!et#al.,!2009),! l'IL6!et! l'IL8!sont!aussi!classiquement!décrites!

comme! proEinflammatoires! (Djouad! et# al.,! 2007).! La! sécrétion! de! myokines! par! les!

cellules! hMuStem! pourrait! ainsi! être! liée! à! leur! origine! musculaire.! De! façon!

intéressante,! et! contrairement!aux!CSM,! les! cellules!hMuStem!ne! secrètent!pas!d'IL10,!

molécule!antiEinflammatoire.!

En!ce!qui!concerne!le!phénomène!d'immunomodulation,!il!est!clair!que!l'agent!cellulaire!

administré!aux!patients!DMD!rencontrera!un!environnement!inflammatoire!hostile!à!sa!

survie.! La! présence! de! cellules! immunitaires! de! l'hôte! dans! des! muscles! lésés! en!

régénération!affecte!directement!la!capacité!thérapeutique!des!cellules!injectées!(Wynn,!

2008).! C'est! dans! ce! contexte! que! l'immunomodulation! joue! un! rôle! majeur! dans!

l'efficacité! thérapeutique! des! cellules! souches! adultes! en! augmentant! leur! prise! de!

greffe.!

Nous! avons! montré! pour! la! première! fois! que! la! population! MuStem! est! faiblement!

immunogène! in# vitro! avec! une! faible! prolifération! des! lymphocytes! allogéniques! coE

cultivés!avec!les!cellules!hMuStem.!Ces!résultats!sont!similaires!à!ceux!obtenus!avec!les!

mésoangioblastes! (English!et#al.,! 2013).! Concernant! les!CSM,! cette! capacité! est! encore!

controversée.!Si!la!majorité!des!études!réalisées!montre!que!la!coEculture!directe!entre!

CSM!et!PBMC!aboutit!à!une!faible!prolifération!de!ces!derniers!(Le!Blanc!et#al.,!2003;!Tse!

et# al.,! 2003),! certaines! ont! démontré! le! maintien! d'une! prolifération! des! PBMC!

allogéniques.!Néanmoins,!ces!études!ont!été!réalisées!en!retirant!les!CSM!au!bout!des!7!

jours! et! en! poursuivant! la! culture! des! PBMC! seuls! avant! d'évaluer! leur! prolifération!

(Crop!et#al.,! 2010).! Cette! faible! immunogénicité! des! cellules!MuStem!ne!peut! pas! être!

corrélée!à!un!faible!niveau!d'expression!du!HLAEI,!celuiEci!étant!exprimé!par!100%!des!

cellules.! On! peut! émettre! l'hypothèse! que! l'importante! sécrétion! de! facteurs!

immunomodulateurs! par! les! cellules! hMuStem! soit! suffisante! pour! éviter! une!

prolifération!lymphocytaire.!Il!est!classiquement!admis!que!l'activation!des!cellules!T!est!

initiée!par!l'activation!de!récepteurs.!Cependant,!certains!auteurs!ont!avancé!l'idée!selon!

laquelle!cette!activation!pouvait!être!antigène! indépendant,!ceci!étant!démontré!par! la!
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prolifération! des! lymphocytes! mis! en! contact! avec! des! CSM! allogéniques! comme!

autologues,!y!compris!dans!des!cultures!en!chambres!séparées!(Crop!et#al.,!2010).!!

Une!capacité!à!inhiber!une!activation!préalable!des!lymphocytes,!que!ce!soit!à!l'aide!d'un!

mitogène,! la! ConA,! ou! d'une! réaction! lymphocytaire! mixte! (MLR)! de! façon! doseE

dépendante!a!également!été!établie!pour! les!cellules!hMuStem!avec!un!effet!marqué!à!

1:1! et! jusqu'à! 1:4! pour! la! stimulation! à! la! ConA.! Ce! type! d'effet! dose! est! également!

documenté! pour! les! CSM! (Le! Blanc! et#al.,! 2003;! Tse! et#al.,! 2003).! L'équipe! de! Yang! a!

montré!un!effet!inhibiteur!à!un!rapport!de!1:1!jusqu'à!1:50!(CSM:PBMC)!en!stimulation!

CD3/CD28! (Han! et# al.,! 2011)! tandis! que! Tsé! et! ses! collègues! démontrent! un! effet! au!

rapport! 1:6! (Tse! et# al.,! 2003).! Concernant! les! mésoangioblastes,! une! activation!

CD3/CD28!peut!être!inhibée!à!des!rapports!allant!de!1:1!à!4:1!(Mésoangioblastes:PBMC)!

(English! et# al.,! 2013).! Cependant,! ce! type! d'étude! réalisée! par! incorporation! de!

thymidine!tritiée!ne!permet!pas!de!déterminer!si!la!diminution!d'incorporation!est!liée!à!

une! réelle! diminution! de! la! prolifération! ou! plutôt! à! une! diminution! de! la! survie! des!

cellules! T.! Il! sera! donc! intéressant! de! confirmer! ces! résultats! par! des! approches!

d'évaluation!de!prolifération!en!FACS!avec!un!marquage!des!lymphocytes!en!CFSE.!

De! façon! à! renseigner! les!modalités! d'action! des! cellules! hMuStem!pouvant! expliquer!

l'inhibition!de!la!prolifération,!j'ai!déterminé!que!cette!population!est!négative!pour!les!

molécules!du!HLAEDR,!DP,!DQ,!E!et!G!en!condition!native!tandis!qu'après!stimulation!à!

l'IFNγ,! une!détection!du!HLAEDR,!DP!et!G! est! observée.! Ces! résultats! contrastent! avec!

ceux!obtenus!pour! les!CSM!et! les!mésoangioblastes!qui! sont!négatives!pour! le!HLAEII,!

même!après!stimulation!(Vieira!et#al.,!2012;!English!et#al.,!2013;!Lee!et#al.,!2015)!et!pour!

les! CSM! qui! expriment! constitutivement! le! HLAEG! non! conventionnel! (Selmani! et# al.,!

2009;! Montespan! et# al.,! 2014).! Enfin,! les! cellules! MuStem,! tout! comme! les! CSM! et!

mésoangioblastes,!n'expriment!pas!les!molécules!de!costimulation!lymphocytaire!CD80!

et! CD86.! L'ensemble! de! ces! données! suggère! que,! même! si! les! cellules! MuStem!

présentent!la!machinerie!nécessaire!à!la!présentation!d'antigènes,!elles!n'induisent!pas!

de!prolifération!lymphocytaire!allogénique!in#vitro.!!

Concernant! les! molécules! secrétées,! IDO! est! un! enzyme! produite! par! les! cellules!

hMuStem! et! dont! on! détecte! le!métabolite,! la! LEkynurénine,! de! façon! très! importante!

dans! le!surnageant!des!cellules!MuStem,!à!252!±!91,7!mM,!en!comparaison!des!20!μM!

obtenus!pour!les!CSM!(Ryan!et#al.,!2007).!Enfin,!iNOS!est!exprimée!de!façon!constitutive!

par!les!cellules!hMuStem!et!les!nitrites!sont!présents!dans!le!surnageant!à!hauteur!de!6.9!



!

! 209!

±!1.2!μM!tandis!que!les!CSM!secrètent!aux!alentours!de!20!μM!de!nitrites!(Bouffi!et#al.,!

2010).!!!!

!

Je! me! suis! intéressée! à! l'interaction! entre! les! cellules! hMuStem! et! l'immunité! innée.!

Comme!décrit!pour!les!CSM,!la!population!MuStem!est!capable!d'inhiber!partiellement!la!

lyse!médiée! par! le! complément! et! j'ai! démontré! que! cet! effet! est! lié! à! la! sécrétion! de!

facteur! H! (66! ng/mL/million! de! cellules).! Assez! peu! d'études! se! sont! intéressées! au!

contact! entre! les! cellules! souches! et! le! complément.! L'équipe! de! Tu! a! démontré! une!

sécrétion! d'environ! 300! ng/mL! de! facteur! H! et! confirmé! que! la! lyse! médiée! par! le!

complément!est!inhibée!de!40%!par!le!surnageant!de!CSM.!La!déplétion!en!facteur!H!du!

surnageant! de! CSM! restaure! la! lyse,! démontrant! l'implication! de! cette!molécule! dans!

l'effet!des!CSM!(Tu!et#al.,!2010).!L'inhibition!de!la!lyse!par!les!cellules!hMuStem!est!plus!

modeste,!de!l'ordre!de!28%!de!diminution!de!l'hémolyse,!pouvant!être!lié!au!niveau!de!

sécrétion!en!facteur!H!plus!faible.!

L'ensemble! de! ce! travail! a! ainsi! permis! de!mettre! en! évidence! des!modalités! d'action!

pouvant! expliquer! l'effet! des! cellules! MuStem! en! démontrant! des! propriétés!

immunomodulatrices! in# vitro.! Il! est! largement! décrit! dans! la! littérature! un! effet!

pléiotropique!des!CSM!sur!la!sphère!immunitaire!tant!au!niveau!des!modalités!d'action!

que! des! partenaires.! Ainsi,! les! CSM! sont! capables! d'induire! un! changement!

phénotypique! des! macrophages! proEinflammatoires! vers! un! profil! régulateur! antiE

inflammatoire! (Kim! and! Hematti,! 2009;! ! Abumaree! et# al.,! 2013).! Les! macrophages!

régulateurs!ainsi!induit!ont!un!rôle!pivot!dans!la!mesure!où!ils!peuvent!à!leur!tour!agir!

en! tant! que! médiateurs! paracrines! sur! d’autres! cellules! de! l’immunité! telles! que! les!

populations! T! régulatrices! (Eggenhofer! and!Hoogduijn,! 2012;!Melief! et#al.,! 2013).! Les!

macrophages! jouant! un! rôle! central! dans! i)! les! mécanismes! d’inflammation,! ii)! le!

maintien!de!l’homéostasie!cellulaire!au!sein!des!tissus!mais!également!iii)!la!réparation!

et!le!remodelage!tissulaire!(Murray!and!Wynn,!2011),!il!serait!intéressant!d'étudier!les!

éventuelles! interactions! entre! ces! cellules! et! la! population! MuStem.! De! façon!

intéressante,!une!interaction!entre!les!CSM!et!les!cellules!dendritiques!(DC)!a!également!

été!démontrée.!La!sécrétion!d'IL6!par!les!CSM!induit!un!phénotype!tolérogénique!des!DC!

avec! une! diminution! de! l'expression! des! molécules! de! coEstimulation! ainsi! que! de! la!

capacité!à!stimuler!la!prolifération!et!la!migration!des!lymphocytes!T!(Deng!et#al.,!2014;!

Consentius! et# al.,! 2015).! De! plus,! différentes! équipes! ont! démontré! que! la!
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transplantation! de! CSM! associée! à! la! greffe! de! peau! chez! la! souris! permettait! une!

diminution!du!taux!de!cytokines!proEinflammatoires,!de!la!réponse!des!lymphocytes!à!la!

stimulation! et! une! survie! plus! importante!du! greffon.!Une! capacité! des!CSM!à! induire!

une!tolérance!périphérique!a!été!évoquée!(Larocca!et#al.,!2013;!Lee!et#al.,!2014).!L'étude!

de!l'interaction!de!la!population!MuStem!avec!les!DC!serait!également!d'intérêt!majeur!

pour! renseigner! la! capacité! de! l'agent! cellulaire! à! induire! une! tolérance! à! sa! propre!

greffe,!ce!qui!permettrait!de!potentialiser!son!effet!thérapeutique.!Nombre!de!ces!effets!

immunomodulateurs! passent! par! la! sécrétion! de! molécules.! La! population! MuStem!

présentant! une! forte! capacité! sécrétrice,! il! pourrait! être! intéressant! d'explorer! le!

contenu! des! exosomes.! Finalement,! l'utilisation! de! souris! humanisées,! c'estEàEdire!

irradiées!puis! injectées!avec!des!cellules!souches!hématopoïétiques!afin!de!générer!un!

système!immunitaire!humain!(Huntington!and!Di!Santo,!2008;!Jacobson!et#al.,!2010;!van!

Lent!et#al.,!2010),!pourrait!permettre!d'étudier!l'interaction!entre!la!population!MuStem!

et!l'ensemble!des!cellules!du!système!immunitaire!et!d'autre!part!de!déterminer!si!une!

tolérance!est!mise! en!place!ou!non!à! l'échelle!de! l'organisme! suite! à! l'injection!de! ces!

cellules.!

!

Au!vu!des!résultats!collectivement!obtenus,!nous!posons!l'hypothèse!d'un!potentiel!effet!

bivalent!de!la!population!hMuStem,!reflet!de!sa!nature!avec!une!proportion!de!cellules!

agissant!directement!sur!la!régénération!musculaire,!à!travers!une!fusion!avec!les!fibres!

endogènes! et! une! seconde! fraction! cellulaire! localisée! dans! l'interstitium! et! qui!

présenterait!un!effet!paracrine!immunomodulateur.!

III. Contexte!d'administration!
L'administration! systémique! de! cellules! MuStem! allogéniques! chez! le! chien! GRMD!

soumis!à!une! immunosuppression!(IS)!continue!par! injection!de!cyclosporine!(CsA)!et!

de!mycophénolate!mofetil! (MMF)!s'accompagne!d'une!stabilisation!clinique!des!chiens!

transplantés!ainsi!qu'une!régénération!musculaire!au!long!terme.!Cependant,! la!CsA,!si!

elle! bloque! la! calcineurine! et! ainsi! l'activation! lymphocytaire,! génère! également! des!

effets! secondaires! importants! chez! les! patients! traités! au! long! terme! (Sakuma! et# al.,!

2005).!Dans!ce!contexte,!nous!avons!évalué!la!pertinence!d'un!traitement!IS!restreint!à!

la!période!d'injection!des!cellules.!!

!
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Nous! montrons! un! bénéfice! clinique! et! tissulaire! similaire! à! celui! observé!

précédemment! chez! les! chiens! transplantés! placés! sous! IS! transitoire.! De! façon!

importante,!une!absence!d'impact!bénéfique!ainsi!qu'une!détection!de!réponse!cellulaire!

antiEMuStem!sont!rapportées!après!transplantation!sans!IS,!ce!qui!confirme!la!nécessité!

d'un!traitement!IS.!Comme!précédemment!exposé,! le! tissu!DMD!est!un!environnement!

fortement! inflammatoire! (Guérette! et# al.,! 1997;! Villalta! et# al.,! 2011)! le! rendant!

défavorable! à! la! prise! de! greffe! cellulaire,! ce! qui! peut! expliquer! l'absence! de! bénéfice!

observé!sans!IS.!Ces!résultats!présentant!une!réponse!immunitaire!contre!les!cellules!du!

donneur! sont! en! accord! avec! ceux! obtenus! après! l'administration! de! CSM! CD271+!

canines! dans! le! TA! de! chiens! CXMDJ! en! absence! d'IS.! En! effet,! huit! semaines! après!

injection,!une!infiltration!par!des!cellules!CD8!et!CD11!est!observée!(NitaharaEKasahara!

et# al.,! 2012).! Une! absence! de! détection! des! cellules! humaines,! d'amélioration!

histologique! ainsi! que! de! capacité! motrice! ont! été! rapportés! après! huit! injections!

successives! de! péricytes! humains! par! voie! intraEpéritonéale! chez! la! souris! Utrntm1Ked!

Dmdmdx! /J! (DKO)! sans! IS! (Valadares! et# al.,! 2014).! A! l'opposé,! d'autre! études! ont!

démontré!une!capacité!de!CSM!du!tissu!adipeux!xénogéniques!à!s'intégrer!dans!le!tissu!

musculaire! sans! l'utilisation! de! traitement! IS! après! administrations! par! voie!

intraveineuse! ou! intramusculaire! chez! la! souris! SJL! (Vieira! et# al.,! 2008b)! ou! mdx!

(Rodriguez! et# al.,! 2005).! Des! fibres! chimériques! humaines! et! murines! sont! détectées!

avec! la! réEexpression! des! protéines! déficientes! et! une! amélioration! de! la! force!

musculaire.! Cependant,! il! est! à! noter! que! ces! résultats! ont! été! obtenus! dans! deux!

modèles! SJL! et!mdx! qui! présentent! un! phénotype! dystrophique!modéré,! comparé! aux!

modèles!canin!CXMDJ!ou!murin!DKO,!précédemment!évoqués.!!

Ces! résultats! peuvent! être! mis! en! regard! de! ceux! obtenus! in# vitro! sur! la! population!

hMuStem!et!démontrant!des!propriétés!immunomodulatrices.!Cependant,!aucune!étude!

n'a!été!réalisée!sur!la!population!canine,!ceci!étant!liée!à!la!difficulté!technique!d'obtenir!

des! anticorps! permettant! un! phénotypage! complet! du! candidat! canin.! Les! résultats!

obtenus!in#vivo!à!partir!de!la!population!canine!suggèrent!qu'une!IS!transitoire!limitée!à!

la! période! d'injection! permettrait! d'inhiber! la! genèse! d'une! réaction! immune! dirigée!

contre!les!cellules!transplantées!et!de!permettre!ainsi!la!greffe!des!cellules!MuStem!dans!

le!tissu!musculaire!où!elles!peuvent!ensuite!sécréter!des!facteurs!solubles!et!établir!des!

contacts!directs!avec!les!cellules!immunitaires!afin!de!maintenir!leur!propre!greffe!et!de!

participer!à!la!régénération!musculaire.!
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Ces!résultats!sont!majeurs!dans!la!définition!des!conditions!d'administration!des!cellules!

MuStem! en! vue! d'un! futur! essai! clinique.! Comme! présenté! dans! l'introduction!

bibliographique,!de!nombreuses!stratégies! thérapeutiques!sont!proposées,!notamment!

en!ce!qui!concerne!les!traitements!pharmacologiques.!Ainsi,!la!prednisolone,!de!part!son!

action!antiEinflammatoire,!a!un!effet!bénéfique!sur!le!patient!DMD!(Escolar!et#al.,!2011).!

Malgré!la!démonstration!dans!le!présent!travail!de!propriétés!immunomodulatrices!de!

la! population! MuStem,! cellesEci! pourraient! s'avérer! insuffisantes! dans! un! contexte!

tissulaire!aussi!défavorable!que! le!muscle!dystrophique.! Il! serait!donc!pertinent!d'agir!

en!amont!sur!l'environnement!tissulaire!dans!lequel!la!population!MuStem!sera!injectée!

en!administrant! ce! traitement!antiEinflammatoire!en!combinaison!de!celui!de! thérapie!

cellulaire.! Les! donneurs! de! NO! que! sont! la! LEarginine! combinée! à! la! metformine!

permettent!de!diminuer! le! stress!oxydatif! tissulaire! (Hafner!et#al.,!2016)! tandis!que! le!

tadalafil!diminue!l'ischémie!et!rétablit!le!flux!sanguin!(Martin!et#al.,!2012;!Nelson!et#al.,!

2014).! Considérant! l'impact! du! stress! oxydatif! et! de! l'oxygénation! tissulaire! liée! au!

niveau! de! vascularisation! sur! le! devenir! cellulaire,! il! serait! également! intéressant! de!

combiner! les! traitements! antiEoxydants! avec! la! transplantation! de! la! population!

MuStem.!Enfin,! la!myostatine!présente!au!sein!du! tissu!musculaire,! a!un! impact! sur! la!

prolifération! et! la! différenciation! des! cellules! résidentes.! Il! a! en! effet! été!montré! que!

l'inhibition!de!la!myostatine!provoque!une!augmentation!de!l'expression!de!Myf5!et!de!

la!myogénine!dans!les!myoblastes!humains!(Kemaladewi!et#al.,!2011).!Ainsi,!il!sera!peutE

être! opportun! d'envisager! l'utilisation! d'anticorps! neutralisants! cette! molécule! après!

injection!de!la!population!MuStem!afin!d'optimiser!l'efficacité!du!traitement.!

!

L'ensemble!des!résultats!obtenus!ici!apporte!une!meilleure!compréhension!de!la!nature!

de! la! population! hMuStem,! de! ses! modalités! d'action! ainsi! qu'une! meilleure!

connaissance!du!contexte!de!transplantation!qui!sera!nécessaire!de!mettre!en!place!pour!

prendre!en!considération!la!composante!allogénique.!Ce!travail!permet!d'ouvrir!sur!de!

nombreuses! perspectives! parmi! lesquelles! l'impact! fonctionnel! et! tissulaire! d'une!

administration!systémique!de!la!population!MuStem!humaine,!la!mise!en!place!d'études!

de! biodistribution! ainsi! que! l'obtention! des! données! de! sécurité! devant! encore! être!

réalisées!dans!le!but!de!proposer!un!futur!essai!clinique.!!
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 Annexe!
Science!sans!conscience!n'est!que!ruine!de!l'âme.!
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Chapitre!1. Impact!de!l’apport!nutritif!sur!le!phénotype!et!le!
comportement!in'vitro!des!CSM!

I. Positionnement!
Mes! connaissances! fondamentales! sur! l'immunomodulation! des! cellules! souches!

associées! à! mes! compétences! techniques! pour! l'évaluation! de! la! prolifération!

lymphocytaire! par! incorporation! de! thymidine! tritiée!m'ont! permises! d'être! sollicitée!

par!un!porteur!de!projet!avec!lequel!mon!encadrant!Karl!Rouger!collabore!et!ce!afin!de!

compléter! son! étude! concernant! l'impact! de! l'apport! nutritif! sur! le! phénotype! et! le!

comportement! des! CSM! in#vitro.! Dans! ce! travail,! j'ai! eu! en! charge! la!mise! en! place! de!

cocultures!entre!des!CSM!et!des!lymphocytes!allogéniques!dans!le!but!de!déterminer!si!

les! différents! types! d'apport! nutritif! pouvaient! impacter! la! capacité!

d'immunomodulation!des!CSM.!

II. Matériel!et!méthodes!
Les! cellules! T! CD3+! sont! obtenues! à! partir! d'échantillons! sanguins! par! élutriation! en!

force! centrifuge! et! par! tri! magnétique! négatif! en! utilisant! un! kit! EasySepTM! (>90%!

pureté,!Stemcell!Technologies,!Vancouver,!Canada)!sur!la!plateEforme!de!développement!

et! de! transfert! à! la! clinique! (CHU,! CICBT0503,! Nantes).! Après! amplification! des! CSM!

humaines! issues! de!moelle! osseuse! (BMEhMSC)!dans! les! différents!milieux!de! culture,!

leurs! capacités! à! inhiber! la!prolifération!des! cellules!T! stimulées! à! la! concanavaline!A!

(ConA)!ou!avec!des!PBMC!allogéniques! irradiés! (MLR)!est!évaluée.!Les!BMEhMSC!sont!

dissociées! et! irradiées! à! 35! Gy! pendant! 10!minutes.! Elles! sont! ensuite! cocultivées! en!

gamme!selon!différents!rapports!pendant!5!jours!avec!des!cellules!T!activées!à!la!ConA!

(10!μg/mL)!ou!avec!des!PBMC!allogéniques!irradiés!en!plaque!96!puits.!Les!cellules!sont!

ensuite! incubées!une!nuit!en!thymidine!tritiée!et!récupérées!sur!filtre.!La!radioactivité!

est!mesurée!pour!finalement!calculer!le!pourcentage!d'inhibition.!

III. Résumé!des!résultats!obtenus!
Nous!montrons!que! les!CSM! indépendamment!du! type!de!supplémentation!(SVF,! lysat!

plaquettaire! inactivé!ou!non)!utilisé!dans! le!milieu!de!culture,!présentent!une!capacité!

d'immunomodulation!équivalente.!

!
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Short title: 

Preservation of optimal quality and efficacy in UV-C pathogen-reduced human platelet lysate. 

 

Abstract: 

Background: We recently developed and characterized a standardized and clinical grade 

human Platelet Lysate (hPL) that constitutes an advantageous substitute for fetal bovine 

serum (FBS) for human mesenchymal stem cell (hMSC) expansion required in cell therapy 

procedures, avoiding xenogenic risks (virological and immunological) and ethical issues. 

Because of the progressive use of pathogen-reduced (PR) labile blood components, and the 

requirement of ensuring the viral safety of raw materials for cell therapy products, we 

evaluated the impact of the novel procedure known as THERAFLEX UV-Platelets for 

pathogen reduction on hPL quality (growth factors content) and efficacy (as a medium 

supplement for hMSC expansion). This technology is based on short-wave ultraviolet light 

(UV-C) that induces non-reversible damages in DNA and RNA of pathogens while 
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preserving protein structures and functions, and has the main advantage of not needing the 

addition of any photosensitizing additives (that might secondarily interfere with hMSCs). 

Methodology / Principal Findings: We applied the THERAFLEX UV-Platelets procedure on 

fresh platelet concentrates (PCs) suspended in platelet additive solution and prepared hPL 

from these treated PCs. We compared the quality and efficacy of PR-hPL with the 

corresponding non-PR ones. We found no impact on the content of five cytokines tested 

(EGF, bFGF, PDGF-AB, VEGF and IGF-1) but a significant decrease in TGF-b1 (-21%, 

n=11, p<0.01). We performed large-scale culture of hMSCs from bone marrow (BM) during 

three passages and showed that hPL or PR-hPL at 8% triggered comparable BM-hMSC 

proliferation as FBS at 10% plus bFGF. Moreover, after proliferation of hMSCs in an hPL- or 

PR-hPL-containing medium, their profile of membrane marker expression, their clonogenic 

potential and immunosuppressive properties were maintained, in comparison with BM-

hMSCs cultured under FBS conditions. The potential to differentiate towards the adipogenic 

and osteogenic lineages of hMSCs cultured in parallel in the three conditions also remained 

identical. 

Conclusion / Significance: We demonstrated the feasibility of using UV-C-treated platelets to 

subsequently obtain pathogen-reduced hPL, while preserving its optimal quality and efficacy 

for hMSC expansion in cell therapy applications. 
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Introduction: 

 

Human bone marrow-mesenchymal stem cells (BM-hMSCs) are adult multipotent stem cells 

with a potential for multi-lineage differentiation, a hematopoiesis-supportive capacity [1] and 

migration / homing properties [2]. In addition to these characteristics, their 

immunosuppressive properties [3, 4] and their profile of secretion of trophic factors [5] lead 

to an increase in hMSC uses in cell therapy clinical trials, mainly for immunomodulation and 

regenerative medicine purposes [6, 7]. 

In this context, defining proper conditions for necessary ex vivo hMSC expansion is critical. 

In particular, the immunological risk induced by the use of fetal bovine serum (FBS) as a 

medium supplement for cell culture in cell therapy procedures needs to be addressed [8]. 

Studies showed that FBS proteins may be internalized by hMSCs during culture (up to 7-

30mg/cell), showing perinuclear localization [9]. Antibodies against FBS proteins may be 

detected in patient serum following cell infusion [10]. Human platelet lysate (hPL), obtained 

from the lysis of human platelets, is particularly rich in growth factors and nutritive elements 

and may constitute a non-xenogenic substitute for FBS [11, 12]. Indeed, the use of hPL and 

its derivatives in hMSC culture has been documented since 2005 [13] and 2003 [14], 

respectively, and hPL is commonly recognized as a way to avoid xenogenic risks (viruses and 

immunological) linked to FBS [15].  

Although there are few reported cases of platelet transfusion-transmitted bacterial infections 

(estimated at 0.001% in the USA [16] and between 0.001% and 0.004% in Europe [17, 18]), 

the bacterial contamination of platelet concentrates (PCs) (estimated < 0.1% in Germany [19]) 

currently remains an issue in transfusions [20], mainly due to the storage of PCs at ambient 

temperature. The risk of bacterial contamination of hPL derived from PCs can be eliminated 

via a final step of aseptic filtration (pore size of 0.22 µm) in the production process. However, 

the issue of potential human virus contamination still remains, even if blood donors are 

screened and each blood collection is tested according to country specific regulations. The 

risk of viral transmission in transfusion appears to be very low for “well-known” viruses, such 

as HIV-1 and -2 (1 per 2.3 million blood product donations in USA) or hepatitis C (1 per 1.8 

million) [15, 21] but cannot be completely excluded. Also of concern are (re)emerging viruses 

and variants of existing viruses. Furthermore, the species barrier is bypassed when FBS is 

replaced by hPL for human cell culture. Consequently, a viral inactivation step of hPL may 

rapidly become a mandatory regulatory requirement when in vitro expanded cell therapy 

products are used for clinical applications [22]. 
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THERAFLEX UV-Platelets is a pathogen reduction technology for PCs based on ultraviolet 

(UV) light absorption by nucleic acids (DNA and RNA) [23]. This in turn causes the 

formation of cyclobutane pyrimidine and pyrimidine pyrimidone dimers, which block the 

elongation of nucleic acid transcripts [24]. Under orbital agitation, PCs are subjected to 

double-sided UV-C irradiation at a wavelength (254 nm) leading, on one side, to non-

reversible damages in DNA and RNA of viruses, bacteria and parasites while, on the other 

side, preserving protein structures and functions [25]. The efficacy of this additive-free 

technology has been reported on lipid-enveloped and non-enveloped viruses [26], and a phase 

I clinical trial has been completed, demonstrating the safety and tolerability of THERAFLEX 

UV-Platelets-treated autologous PCs in subjects [27]. 

In this study, we evaluated the impact of the THERAFLEX UV-Platelets procedure for 

pathogen reduction of PCs used to produce hPL. The quality (growth factors content) and 

efficacy (as a medium supplement for hMSC proliferation) were assessed, and we particularly 

investigated the efficiency of hPL prepared from UV-C pathogen-reduced PCs for BM-hMSC 

expansion, while preserving their differentiation potential and immunosuppressive properties. 

 

Material & Methods: 

 

Pathogen reduction of PCs using THERAFLEX UV-Platelets 

Leucoreduced PCs, obtained from pools of five buffy coats each, suspended in SSP+ additive 

solution (Macopharma, Mouvaux, France) and prepared according to French transfusion 

practices were obtained from EFS Nord de France. PCs were subjected to UV-C treatment 

using dedicated illumination devices (kit XUV4005XU and Macotronic UV illumination 

machine, Macopharma), in accordance with the THERAFLEX UV-Platelets procedure. A 

standard illumination dose of 0.2 J/cm² was used under agitation of the bag, as recommended 

by the manufacturer. An aliquot of each PC was collected before illumination for non-

irradiated control. 

 

HPL and PR-hPL preparation 

Treated and non-treated PCs were frozen at -80°C and thawed overnight at +4°C. 

Centrifugation was performed at 3,500 g for 30 min, with low break. The pellet composed of 

cell debris was discarded. Platelet lysates prepared from non-irradiated (hPL) and irradiated 

PCs (PR-hPL) were aliquoted and stored at -80°C. One hPL unit and one PR-hPL unit were 

prepared from one PC. Before use for hMSC culture, hPL and PR-hPL were thawed at +37°C, 
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and used individually (corresponding to five donors in each unit) or as batches of three units 

(corresponding to 15 donors in each batch). 

 

Growth factor assay in hPL and PR-hPL 

The contents of basic fibroblast growth factor (bFGF, #DFB50), vascular endothelial growth 

factor (VEGF, #DVE00), epidermal growth factor (EGF, #DEG00), platelet-derived growth 

factor-AB (PDGF-AB, #DHD00C), insulin-growth factor (IGF)-1 (#DG100) and 

transforming growth factor (TGF)-b1 (#DB100B) in PR-hPL and their respective hPL 

controls were measured by ELISA (Bio-techne, Minneapolis, USA), following manufacturer 

instructions. The absorbance was measured using an Infinite® M200 PRO spectrometer 

(Tecan, Männedorf, Switzerland), and the results were analyzed using Magellan™ data 

analysis software (Tecan). 

 

BM-hMSC culture 

BM-hMSCs were cultured as previously described [28]. Briefly, cells were seeded on a cell 

culture-treated surface (Corning, New York, USA) in the presence of Minimum Essential 

Medium (MEMa) manufactured under GMP conditions (Macopharma) and supplemented 

with either MSC-qualified FBS (Gibco, Life Technologies, Carlsbad, USA) with 1 ng/mL 

bFGF (Eurobio, Montpellier, France) or hPL or PR-hPL. Heparin (Biochrom, VWR, Radnor, 

USA) at 2 IU/mL was added to hPL- and PR-hPL-containing media to avoid gelation of the 

medium. 100 U/mL penicillin G / 0.1 mg/mL streptomycin sulfate (Lonza, Basel, 

Switzerland) was added under all conditions, and the media were renewed twice a week. Cell 

cultures were maintained in a humidified atmosphere containing 5% CO2. All experiments 

were performed between P1 and P4. 

 

BM-hMSC proliferation determination 

For miniaturized cell proliferation experiments, cells were seeded at 3,000 cells/cm2 in 96-

well plates (Corning). BM-hMSCs were cultured for 10 days under the culture conditions 

described above, with the concentration of FBS, hPL or PR-hPL ranging from 2 to 15%. Cell 

proliferation was determined using the CellTiter-Glo luminescent kit (Promega Corporation, 

Madison, USA) in accordance with the manufacturer’s instructions. The luminescence level 

was measured using an Infinite® M200 PRO spectrometer (Tecan) and analyzed using i-

control™ software (Tecan). 
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For “large-scale” BM-hMSC proliferation, cells were seeded at 4,000 cells/cm2 in 75 cm2 

flasks (Corning). Cells were cultured using the culture conditions described above, with FBS 

at 10% v/v + 1 ng/mL bFGF or with hPL or PR-hPL at 8% v/v. When the cell layer under 

hPL conditions reached confluency, the medium was discarded, the cell layer was washed 

twice with phosphate buffer saline (PBS, Macopharma) and dissociated with TrypLETM 

(Gibco). Cells were centrifuged at 300 g for 5 min and diluted in 10 mL of the appropriate 

medium. Cell number was determined using a cell counter, and viability was assessed by 

Trypan Blue exclusion (ViCell XR, Beckman Coulter, Brea, USA). 

 

Determination of BM-hMSC clonogenic potential  

After proliferation of BM-hMSCs under the different culture conditions tested, the colony-

forming unit-fibroblast (CFU-F) assay was performed as previously described [28]. After cell 

layer dissociation by TrypLETM (see above), cells were seeded at 100 and 200 cells in 25 cm2 

flasks (Corning). The medium was renewed on days 3 and 7. After 12 days of culture, cell 

layer was washed twice with PBS, fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich, St 

Louis, USA) in PBS for 10 min and washed twice with PBS. Colonies were stained with 

May-Grünwald (RAL, VWR), washed twice with distilled water and counterstained with 

Giemsa (Merck, VWR) diluted 10 times in PBS. Giemsa was then removed, and colonies 

were finally washed twice with water. Individual colonies composed of at least 50 cells were 

counted. CFU-F frequency was calculated based on the respective input cell number as 

numbers of CFU-F / BM-hMSCs initially plated (in percentage). 

 

BM-hMSC immunophenotype 

After proliferation of BM-hMSCs under the different culture conditions tested, the expression 

of a panel of surface markers was assessed, following previously described protocols [28]. 

After cell layer dissociation by TrypLETM (see above), BM-hMSCs were subjected to 

centrifugation at 350 g for 5 min. Cells were resuspended in cold PBS and then centrifuged at 

350 g for 5 min. For each antigen tested, 200,000 cells resuspended in cold PBS were 

incubated with phycoerythrin (PE)-conjugated CD29 (#555443), CD34 (#345802), CD40 

(#555589), CD45 (#555483), CD73 (#550257), CD80 (#PN IM1976U), CD86 (#PN 

IM2729U), CD90 (#555596), CD105 (#560839) or HLA-DR (#PN IM0464U) monoclonal 

antibody, at saturating concentration, for 30 min in the dark at +4°C. Appropriate PE-

conjugated isotype-matched controls (mouse IgG1 #555749 and IgG2b #555743) were 

included. Antibodies and isotype controls were purchased from Becton-Dickinson (Durham, 
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USA; CD29, CD34, CD40, CD45, CD73, CD90, CD105, IgG1 and IgG2b) or Beckman 

Coulter (CD80, CD86 and HLA-DR). BM-hMSCs were then washed twice with PBS by 

centrifugation at 350 g for 5 min. Pellets of BM-hMSCs were finally resuspended in 200 µL 

of CellFix (Becton-Dickinson) and processed immediately for flow cytometric analysis. 

Acquisitions were performed using an ACCURI™C6 flow cytometer equipped with 488 nm 

argon laser (Becton-Dickinson). At least 10,000 events were recorded for each analysis. 

 

Differentiation potential assay of BM-hMSCs 

After proliferation of BM-hMSCs in the different culture conditions tested, their adipogenic 

and osteogenic differentiation capacity was assessed by seeding cells at 30,000 cells/cm2 on 

12-well plates (Corning). Previously described protocols [28] were followed. Adipogenic 

differentiation was induced using Dulbecco’s modified Eagle’s medium (DMEM) low 

glucose (#31885, Gibco) supplemented with 10% FBS, 1 µM dexamethasone (Sigma-

Aldrich), 0.5 mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich) and 60 µM indomethacine 

(Sigma-Aldrich). Osteogenic differentiation was induced using DMEM high glucose (#41965, 

Gibco) supplemented with 10% FBS, 0.1 µM dexamethasone, 25 µg/mL L-ascorbic acid 

(Sigma-Aldrich) and 3 mM NaH2PO4 (Sigma-Aldrich). Antibiotics (see above) were added to 

the cell culture medium, and the medium was renewed twice a week. 

After 14 days of culture, adipogenic differentiation was revealed using Oil Red O staining. 

Briefly, the cell layer was stained with 1.8 g/L Oil Red O (Sigma-Aldrich) for 30 min after 

fixation with 4% PFA (see above). Lipid droplets in the cytoplasm of the cells appeared to be 

stained in red. 

After 21 days of culture, osteogenic differentiation was revealed using Alizarin Red S and 

Von Kossa stainings after fixation with 4% PFA (see above). Briefly, cell layer was stained 

with 2% Alizarin Red S at pH 4.3 (Sigma-Aldrich) for 30 sec to 5 min. The staining reaction 

was stopped with distilled water. Calcium deposits appeared to be stained in red-orange. For 

Von Kossa staining, the cell layer was stained with 4% AgNO3 (Sigma-Aldrich) for 30 min in 

the dark. The cell layer was then washed twice with distilled water, covered with distilled 

water and exposed to light for 1 hour. The staining reaction was stopped with 5% thiosulfate 

(Sigma-Aldrich) for 2 min. The extracellular matrix appeared to be stained in black. 

 

Evaluation of immunosuppressive properties of BM-hMSCs 

Human CD3+ T-cells were obtained from whole blood samples of donors (Clinical Transfer 

Facility, CICBT0503, Nantes, France) by centrifugal counter-flow elutriation and isolation by 
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negative magnetic sorting using an EasySepTM kit (>90% purity; Stemcell Technologies, 

Vancouver, Canada). 

After proliferation of BM-hMSCs under the different culture conditions tested, their ability to 

suppress proliferation of T-cells stimulated with concavaline A (Con A, Sigma-Aldrich) was 

assessed. The cell layer was dissociated (see above) and irradiated at 35 Gy for 10 min. 

Recovered BM-hMSCs (5,000, 10,000, 20,000 or 100,000 cells per well) were co-cultured for 

five days with T-cells (100,000 per well) activated with Con A (10 µg/mL) in 96-well plates 

(BM-hMSC:T-cell ratios: 1:20, 1:10, 1:5 and 1:1). Controls included non-activated and 

activated T-cells with no BM-hMSCs. 

After proliferation of BM-hMSCs under the different culture conditions tested, their ability to 

suppress proliferation of T-cells stimulated with allogeneic irradiated (35 Gy) PBMCs (MLR 

assay) was assessed. The cell layer was dissociated (see above) and irradiated at 35 Gy for 10 

min. Recovered BM-hMSCs (20,000 or 100,000 cells per well) were co-cultured for five days 

with T-cells (100,000 per well) activated with PBMCs (100,000 cells per well) in 96-well 

plates (BM-hMSC:T-cell:PBMC ratios: 1:5:5 and 1:1:1). Controls included non-activated and 

activated T-cells with no BM-hMSCs. 

For both experiments, cells were then incubated overnight with tritiated thymidine (0.925 

µBq/mL, PerkinElmer, Zaventem, Belgium) and harvested on a filter using Harvester Mach 

III (Tomtec, Hamden, USA). Radioactivity was measured on the filters using 1450 MicroBeta 

Jet (Perkin Elmer). Percentages of inhibition were calculated as follows: 

% inhibition = 100 – radioactivity measurement of the sample / radioactivity measurement of 

activated T-cell control. 

 

Statistical analysis 

Statistical analyses were performed using PRISM Software. Student’s t-test, one-way 

ANOVA or two-way ANOVA and Bonferroni posttests were applied when appropriate. 

P<0.05 was considered statistically significant.  

 

Results: 

 

UV-C illumination of PCs induced a slight decrease in TGF-b1 content in hPL 

We determined the concentration of bFGF, VEGF, EGF, PDGF-AB, IGF-1 and TGF-b1 in 11 

units of PR-hPL and their respective hPL controls (Figure 1). We did not find any significant 

effect of the UV-C illumination of PCs on bFGF, VEGF, EGF, PDGF-AB and IGF-1 contents 
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in hPL. Under both conditions, the major growth factors present were IGF-1, PDGF-AB and 

TGF-b1. In hPL, IGF-1 varied from 26.5 ng/mL to 38.6 ng/mL, PDGF-AB from 9.66 ng/mL 

to 47.9 ng/mL and TGF-b1 from 35.9 ng/mL to 74.5 ng/mL. The contents of bFGF, VEGF 

and EGF were at least ten-fold lower, without any significant difference between hPL and 

PR-hPL. In hPL, bFGF varied from 75.8 pg/mL to 221 pg/mL, VEGF from 338 pg/mL to 961 

pg/mL and EGF from 1,089 pg/mL to 1,868 pg/mL. Interestingly, TGF-b1 was found to be 

slightly but significantly affected by UV-C illumination, with a decrease of 21% (from 61 ± 

12 ng/mL to 48 ± 13 ng/mL, p<0.01). 

 
Figure 1: Growth factor contents in hPL and PR-hPL measured using commercially 

available ELISA kits. Results are presented as concentrations of PDGF-AB, IGF-1, TGF-b1 

(a), and bFGF, VEGF and EGF (b), (individual values and means of dosages in n=11 units of 

PR-hPL and their respective hPL controls). **: p<0.01 hPL versus PR-hPL (Student’s t-test). 

 

hPL or PR-hPL triggered similar proliferation of BM-hMSCs 

The possibility to use PR-hPL as a cell culture supplement for BM-hMSC proliferation was 

evaluated. 

In a first step, because FBS displays batch-to-batch variability, requiring batch screening for 

hMSC culture, we carefully screened and selected an efficient FBS batch that we 

subsequently used as our control. Eight references of FBS were compared when used as a 

supplement for BM-hMSC proliferation, at the typical dose of 10% with bFGF at 1 ng/mL 

(Figure 2). Our results highlighted that huge variations were observed, the amplification yield 

ranging from 6.98 ± 0.63 to 15.88 ± 0.27. FBS batch 3 leads to the best proliferation of BM-

hMSCs (significant difference from all the other FBS batches except FBS batch 8) and is 

hMSC-dedicated from the manufacturer. We decided to select this batch of FBS for the 

following experiments. 
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Figure 2: Proliferation of BM-hMSCs cultured in an FBS-containing medium. Eight 

references of FBS were tested at a dose of 10% with 1 ng/mL bFGF. Results are presented as 

amplification yields for means of triplicates. NS: not significant; ***: p<0.001 versus FBS 3 

(one-way ANOVA and Bonferroni posttests). 

 

In a second step, we cultured BM-hMSCs for 10 days in a medium containing hPL or PR-hPL 

(at doses ranging from 0% to 15%) or FBS (from 2% to 15%, with bFGF at 1 ng/mL) (Figure 

3). Individual units of hPL or PR-hPL were used. We could observe a dose-effect of hPL, PR-

hPL and FBS on cell proliferation (Figures 3a and 3b). The variability between units of hPL 

was minimal (1.12-fold) and maximal (1.77-fold) at the doses of 8% and 2%, respectively 

(Figure 3a). When compared to the FBS-containing medium, the hPL-containing medium 

was always better or equivalent, considering individual units (Figure 3a) or a mean of six 

units (Figure 3b). Moreover, a dose of 8% hPL always presented a better or comparable 

efficacy than a dose of 10% FBS with 1 ng/mL bFGF (typical dose for BM-hMSC 

proliferation) (Figures 3a and 3b). Most interestingly, UV-C illumination of PCs appeared to 

have no effect on hPL efficacy (Figure 3b). We showed that PR-hPL was still more efficient 

than FBS (Figure 3b). Finally, we could observe that for the 10% dose, BM-hMSCs 

proliferation seemed to reach a maximum under FBS with bFGF conditions, while it may be 

further increased with higher supplementation under hPL or PR-hPL conditions, suggesting 

that the difference in efficacy between FBS with bFGF and hPL or PR-hPL may be further 

increased. 
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Figure 3: Proliferation of BM-hMSCs cultured for 10 days in an FBS+bFGF-, hPL- or 

PR-hPL-containing medium. Six units of PR-hPL and their respective hPL controls were 

tested at doses ranging from 0% to 15%. FBS (from 2% to 15%) with 1 ng/mL bFGF was 

used as a control. Proliferation was evaluated using the CellTiter-Glo assay. *: p<0.05; **: 

p<0.01; *** p<0.001 versus hPL / PR-hPL (two-way ANOVA and Bonferroni posttests).  

 

Considering these first results, we chose the 8% dose of hPL or PR-hPL for further 

investigations. Batches of PR-hPL and hPL were obtained by pooling three units of PR-hPL 

and pooling the three respective hPL controls. Thus, each batch of hPL or PR-hPL included 

15 donors. 10% FBS with bFGF at 1 ng/mL was used as a control. 

In a third step, we compared the proliferation of BM-hMSCs cultured during three 

consecutive passages under the three different medium conditions: 10% FBS + 1 ng/mL 

bFGF, 8% hPL and 8% PR-hPL (Figure 4). Our results confirmed that using 8% hPL or PR-

hPL leads to comparable proliferation of cells compared to 10% FBS + bFGF for the first and 

second passages (Figure 4a). After the third passage, the cumulative population doubling in 

the hPL- or PR-hPL-containing medium was significantly higher than in FBS-containing 

medium (Figure 4a, 12.1 ± 0.3 or 11.7 ± 0.8 versus 10.4 ± 1.6, p<0.05). The generation time 

was decreased in the hPL- or PR-hPL-containing medium, in comparison with the FBS-



!

! 225!

containing medium (Figure 4b, not significant). The generation time increased in passage 2 

versus passage 1 and in passage 3 versus passage 2, whatever the culture conditions (Figure 

4b, overall effect of the passage: p<0.001). Our results showed no differences between PR-

hPL and hPL (Figures 4a and 4b). 

 

 
Figure 4: Proliferation of BM-hMSCs cultured in an FBS+bFGF-, hPL- or PR-hPL-

containing medium during three consecutive passages. Results are presented as cumulative 

population doubling (a) and generation time (b), for means of n=3 experiments. *: p<0.05 

versus hPL / PR-hPL (two-way ANOVA and Bonferroni posttests). 

 

hPL- or PR-hPL-containing medium preserved the clonogenic potential of BM-hMSCs 

We also verified that the clonogenic potential of BM-hMSCs was maintained after culture 

under the different conditions. We showed no differences in the number of CFU-F between 

BM-hMSCs previously cultured in the hPL- and PR-hPL-containing medium: 23.7% ± 8.4% 

versus 22.9% ± 4.7%, respectively (n=3 experiments, not significant).  

 

Culture in hPL or PR-hPL did not alter membrane marker expression of BM-hMSCs 

We investigated membrane marker expression of BM-hMSCs after proliferation in the 

FBS+bFGF-, hPL-, or PR-hPL-containing medium (Table 1 and Figure 5), in accordance 
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with ISCT guidelines [29, 30]. Our results showed that cells express BM-hMSC membrane 

markers (CD13, CD44, CD73, CD90 and CD105), whatever the culture conditions, and did 

not express hematopoietic markers (CD34 and CD45) or major histocompatibility complex 

class II (HLA-DR). We also verified that culture conditions did not induce the expression of 

co-stimulatory molecules. BM-hMSCs were found negative for the expression of CD40, 

CD80 and CD86 markers, whatever the culture conditions. We found that neither hPL nor 

PR-hPL impaired membrane marker expression of BM-hMSCs. 

 

Table 1: Expression of CD13, CD34, CD40, CD44, CD45, CD73, CD80, CD86, CD90, 

CD105 and HLA-DR in BM-hMSCs cultured in an FBS+bFGF-, hPL- or PR-hPL-

containing medium assessed by flow cytometry. Results are presented as percentages of 

positive cells for means of experiments with hMSCs from n=3 BM. 

% of positive cells 10% FBS + 1 ng/mL 

bFGF 

8% hPL 8% PR-hPL 

BM-hMSC markers 

CD13 99.8 ± 0.2 99.9 ± 0.1 99.7 ± 0.4 

CD44 96.9 ± 2.7 98.3 ± 0.9 98.8 ± 2.0 

CD73 93.1 ± 0.3 98.6 ± 0.1 98.8 ± 0.3 

CD90 97.8 ± 2.3 99.5 ± 0.3 99.3 ± 1.1 

CD105 85.2 ± 2.8 92.1 ± 1.5 91.0 ± 1.2 

Hematopoietic markers 

CD34 0.33 ± 0.10 0.10 ± 0.06 0.17 ± 0.12 

CD45 0.03 ± 0.02 0.04 ± 0.02 1.06 ± 1.65 

Major Histocompatibility Complex class II 

HLA-DR 0.81 ± 0.67 0.22 ± 0.12 0.03 ± 0.03 

Co-stimulatory molecules 

CD40 0.01 ± 0.01 0.01 ± 0.02 0.48 ± 0.77 

CD80 1.33 ± 0.13 1.02 ± 0.68 1.18 ± 0.79 

CD86 0.12 ± 0.16 0.49 ± 0.49 0.07 ± 0.12 
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Figure 5: Representative histogram overlays for expression of CD13 (a), CD44 (b), CD73 

(c), CD90 (d), CD105 (e), CD34 (f), CD45 (g), HLA-DR (h), CD40 (i), CD80 (j) and CD86 

(k) of BM-hMSCs cultured in an hPL- (red curves versus isotype controls in black) or PR-

hPL-containing medium (green curves versus isotype controls in blue). 

 

BM-hMSC differentiation potential was maintained using hPL or PR-hPL in culture 

medium 

We investigated the effect of the culture conditions on the BM-hMSC multilineage 

differentiation potential (Figure 6). We showed that BM-hMSCs amplified in FBS-, hPL-, or 

PR-hPL-containing medium were able to differentiate in adipocytes (Figure 6a) and 

osteoblasts (Figures 6b and 6c), when cultured in specific media. We found that neither hPL 

nor PR-hPL impaired BM-hMSC differentiation potential. 
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Figure 6: Adipocyte and osteoblast differentiation potential of BM-hMSCs after culture 

in an FBS+bFGF-, hPL- or PR-hPL-containing medium. Differentiations were induced 

using specific media. Lipid droplets in adipocytes were stained using Oil Red O (a). For the 

osteoblast differentiation, the calcium deposit was stained using Alizarin Red S (b) and 

extracellular matrix using Von Kossa (c). Representative photographs of experiments with 

hMSCs from n=3 BM. 

 

BM-hMSCs cultured in hPL or PR-hPL kept their immunosuppressive properties 

Lastly, we investigated the effect of the culture conditions on the BM-hMSC 

immunosuppressive properties (Figure 7). T-cell proliferation was induced using Con A and 

MLR assay. T-cell proliferation was determined after five days using 3H-thymidine 

incorporation. We obtained a 104-fold and 14-fold activation using Con A induction and 

MLR assay, respectively (66,136 cpm ± 5,868 cpm and 9,250 cpm ± 5,608 cpm, respectively, 

versus 639 ± 414 cpm for non-activated cells). 

We observed that mitogen-induced T-cell proliferation was inhibited by BM-hMSCs in a 

dose-dependent manner, whatever the culture conditions (Figure 7a). At the lowest ratio 

(1:20), results showed 12.10% ± 13.33%, 11.12% ± 0.61% and 19.94% ± 12.21% of 
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inhibition with BM-hMSCs previously cultured in FBS, hPL and PR-hPL, respectively. We 

obtained inhibition up to 97.57% ± 0.98%, 97.37% ± 1.48% and 98.84% ± 0.29% with BM-

hMSCs previously cultured in FBS, hPL and PR-hPL, respectively (BM-hMSC:T-cell ratio 

1:1). 

The proliferation of T-cells in MLR assay was inhibited up to 80.91% ± 7.68%, 60.93% ± 

9.20% and 93.38% ± 2.17% with BM-hMSCs previously cultured in FBS, hPL and PR-hPL, 

respectively (BM-hMSC:T-cell:PBMC ratio 1:1:1). 

Using hPL or PR-hPL for BM-hMSC culture does not alter their immunosuppressive 

properties. 

 
Figure 7: Immunosuppressive properties of BM-hMSCs after culture in an FBS+bFGF-, 

hPL- or PR-hPL-containing medium. T-cell proliferation was induced using Con A (a) or 

MLR assay (b). Results are presented as the percentage of inhibition of T-cell proliferation in 

experiments performed in quadruplicates. Experiments were performed with MSC:T-cell 

ratios of 1:20, 1:10, 1:5 and 1:1 (a) and MSC:T-cell:PBMC ratios of 1:5:5 and 1:1:1 (b) NS: 

not significant, *: p<0.05; **: p<0.01 and ***: p<0.001 versus FBS (two-way ANOVA and 

Bonferroni posttests). 

 

Discussion: 

 

It has been widely published that hPL is an advantageous substitute for FBS [11-13, 31]. The 

use of FBS raises xenogenic issues, such as immunological, virological and prion risks. The 

immunological risk is lowered using human supplements such as hPL; nevertheless, the risk 

remains that human proteins may be incorporated in infused cells and lead to immunological 

reactions in the receiving patient. Autologous use may reduce this risk. Concerning the 

virological risk, hPL is prepared from human blood products obtained from screened 

(qualified) donors, and every blood collection is tested according to national regulations on 
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blood products. However, zero risk does not exist, and prions are still an issue. Autologous 

use may reduce contamination risks with viruses and prions. It is well-known that FBS 

presents batch-to-batch variability, requiring batch screening for hMSC culture, whereas PCs 

are produced according to standard operating procedures, thus minimizing biological product 

variation. For this reason, it is possible to standardize hPL, by increasing the batch size via the 

pooling of several PCs, thus limiting batch-to-batch variability. Neither FBS nor hPL are 

defined products, but hPL, as a human supplement, can be characterized more easily. Finally, 

the use of FBS leads to ethical issues, regarding the origin of the product (bovine fetus) and 

the conditions of production, which are not applicable for hPL.  

As previously shown, we confirmed in our study that, in comparison with cells cultured in 

FBS with bFGF, BM-hMSCs cultured in hPL display a better proliferation rate and fully meet 

the quality control criteria (expression of membrane markers, potential of adipocytes and 

osteoblasts differentiation, and inhibition of T-cell proliferation). Moreover, we demonstrated 

for the first time that the THERAFLEX UV-Platelets procedure performed on PCs has no 

impact on hPL quality and efficacy. The proliferation of BM-hMSCs in the PR-hPL-

containing medium was still better than in the FBS-containing medium, and the quality of 

expanded BM-hMSCs was maintained (no difference observed in clonogenicity, membrane 

marker expression, differentiation potential and immunosuppressive properties). The only 

modification observed was a moderate but significant decrease of hPL TGF-b1 content 

without any consequence on hPL quality and efficacy. In addition, the use of PR-hPL can also 

contribute to viral safety. We consequently demonstrated the feasibility of using 

THERAFLEX UV-Platelets-treated PCs to subsequently obtain hPL suitable for the scalable 

efficient expansion of BM-hMSCs in a xeno-free and optimally secured (pathogen-reduced) 

medium.  

 

Among the six growth factors we assayed, the only one significantly affected by UV-C 

illumination is TGF-b1, with a decrease of 21% (from 61 ± 12 ng/mL to 48 ± 13 ng/mL). 

TGF-b1 is the most abundant of the three isoforms of TGF-b. It acts by binding TGF-b 

receptors I and II, leading to Smad2 and Smad3 phosphorylation. Smad4 associated with 

phosphorylated Smads form a complex that translocates to the nucleus and acts as a 

transcription factor [32]. 

First described as a potent chemotactic factor, TGF-b1 has been shown to display pro- and 

anti-inflammatory properties [33]. The involvement of TGF-b1 in the immunosuppressive 

properties of hMSCs has not been clearly described. More particularly, it has been shown that 
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adding neutralizing TGF-b1 monoclonal antibody decreases the inhibition of PBMC 

proliferation by hMSCs [4] but this result has not been reproduced by others [34]. 

Using neutralizing TGF-b1 monoclonal antibody, Fekete et al. suggested the involvement of 

TGF-b1 in BM-hMSC proliferation [31]. However, TGF-b1 whether associated or not with 

other trophic factors, failed to promote BM-hMSC proliferation in the absence of any 

supplement [31, 35], but a cocktail of factors including TGF-b1 increased the proliferation in 

the presence of a small percentage of hPL. These results suggested that TGF-b1 may be 

involved in BM-hMSC proliferation, acting synergistically with other factors in hPL. Studies 

from other groups have shown that TGF-b1 may increase [36] or inhibit [37] the proliferation 

of hMSCs from BM or from endometria [38]. 

In our study, the decrease in TGF-b1 content of PR-hPL was not correlated with any 

difference in terms of BM-hMSC proliferation or immunosuppressive properties. On one 

hand, the results described above are not clear cut and on the other hand, the still high level of 

TGF-b1 in PR-hPL suggest that the decrease in TGF-b1 content between hPL and PR-hPL 

has no impact on MSC proliferation or immune properties. 

 

In our study, T-cell proliferation inhibition by BM-hMSCs was not impaired under either hPL 

or PR-hPL culture conditions. Comparing immunosuppressive properties of BM-hMSCs 

cultured in those two supplements, some studies showed that BM-hMSCs cultured in hPL 

displayed lesser properties of T-cell proliferation inhibition than BM-hMSCs cultured in FBS 

[11, 39, 40]; however, some others did not observe any difference [12, 13, 41]. Interestingly, 

Capelli and collaborators showed that the results observed may depend on the method used 

(mitogen-induced T-cell proliferation or MLR assay) [42]. More generally, a number of 

parameters may have an impact, such as the origin of the cells and the culture conditions. For 

instance, the inhibition of T-cell proliferation by adipose-tissue-derived hMSCs isolated in 

hPL has been shown to be increased in comparison with BM-hMSCs isolated in FBS or hPL 

[43]. The discrepancies in results may also be explained by the diversity of hPL used in these 

studies. Indeed, hPLs are not all the same, and the involvement of fibrinogen in the decrease 

in T-cell proliferation inhibition has been demonstrated [44]. Fibrinogen is a major 

component of plasma, and these results suggest that hPL prepared from PCs in additive 

solution may maintain hMSC immunosuppressive properties better than hPL obtained from 

PCs in plasma. 
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Three technologies have been developed for pathogen reduction in PCs [15, 20]. Intercept 

technology (described in [45]), is based on the blockage of pathogen replication by a synthetic 

psoralen (Amotosalen, S-59). Upon UV-A illumination (320 – 400nm), S-59 induces 

irreversible damage in nucleic acids. The Mirasol technology associates and combines the 

damaging effects of vitamin B2 (riboflavin) and UV-A and -B illumination (285 – 365nm) on 

nucleic acids [46]. The THERAFLEX UV-Platelets technology, (fully described in [23]), is 

based on short-wave UV illumination (254 nm) without the need for any additive. At this 

wavelength, UV-C light generates damage specifically in nucleic acids that is too extensive to 

be reversible. The efficacy of these three technologies against bacteria [47-49] and enveloped 

and non-enveloped viruses [26, 49, 50] has been described. In addition, the three technologies 

have been shown to perform inactivation of residual leukocytes [51-53], thus lowering the 

risk of transfusion-associated graft-versus-host disease. The preservation of platelets quality 

has been described for the three technologies, with only a slight activation of the cells and a 

slight increase of their metabolism [48, 54, 55].  

In contrast to UV-A- or UV-B-based technologies, the THERAFLEX UV-Platelets 

technology does not need any photosensitizing additive. As a consequence, any risk of 

adverse effects with the photochemicals, their photoproducts or impurities (immune reactions, 

toxicity and carcinogenicity) can be excluded. Indeed, it has been estimated that residual 

quantities of S-59 (1 µg/kg) and its photoproducts (115 µg/kg) have been infused to the 

platelet recipient after pathogen reduction using Intercept technology [45]. Even though 

toxicological studies in animals [45, 56] and clinical trials [57-60] have demonstrated the 

safety of photochemical-based pathogen reduction technologies, long-term studies may be 

needed for the evaluation of the risk of adverse effects, especially of carcinogenesis [23]. 

Moreover, it has been difficult to assess the safety margin of psoralen or its photoproducts 

bound to or incorporated by platelets when transfused into a patient [23] and quantities 

infused into the recipient may be increased in the case of BM-hMSCs cultured for several 

passages in hPL prepared from pathogen-reduced PCs. Considering this and the fact that 

pathogen-reduced PCs using S-59 and UV-A are contraindicated in patients displaying allergy 

to psoralens, the use of hPL prepared from pathogen-reduced PCs using Intercept technology 

[61-63] for BM-hMSCs intended for clinical use may lead to a regulatory issue. In this 

context, an additive-free technology, consequently with no need for conventional 

pharmacokinetic and toxicological assessments [20], may remain advantageous. 
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Our results demonstrate for the first time the feasibility of using the additive-free 

THERAFLEX UV-Platelets technology to subsequently obtain a pathogen-reduced hPL, 

suitable for GMP-compliant proliferation of BM-hMSCs intended for clinical use. Such 

pathogen-reduced hPL could become the gold standard for the preparation of cell therapy 

products. 
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Chapitre!2. Valorisation!scientifique!

I. Publications!
I. Judith Lorant, Cindy Schleder,  Florence Robriquet, Blandine Lieubeau, Elisa Négroni, 

Charlotte Saury, Isabelle Leroux, Lucie Chabrand, Sabrina Viau, Candice Babarit, 

Mireille Ledevin, Laurence Dubreil, Antoine Hamel, Armelle Magot, Chantal Thorin, 

Laëtitia Guével, Bruno Delorme, Yann Péréon, Gillian Butler-Browne, Vincent Mouly, 

and Karl Rouger. Human MuStem cells, a mix of progenitor subsets suitable for 

efficient muscle regeneration in damaged muscle of immunodeficient mice (en 

révision dans « American Journal of Pathology») 

 

II. Judith Lorant, Thibaut Larcher, Nicolas Jaulin, Benoît Hedan, Isabelle Leroux, Céline 

Zuber, Laurence Dubreil,  Mireille Ledevin, Hélicia Goubin, Sophie Moullec, Jack-Yves 

Deschamps, Catherine André,  Yan Chérel, Oumeya Adjali and Karl Rouger. Systemic 

Delivery of Allogeneic MuStem Cells in Dystrophic Dogs only Requires a Short-

Term Immunosuppression to Avoid Host Immunity (en révision dans « Stem Cell 

Translational Medicine») 

 

III. Judith Lorant, Blandine Lieubeau, Nicolas Jaulin, Marine Charrier, Candice Babarit, 

Isabelle Leroux, Cindy Schleder, Yann Péréon, Oumeya Adjali and Karl Rouger. 

Adaptive and innate immunity, combined targets impacted by hMuStem cells 

through solubles factors (en préparation pour « Journal of Immunology ») 

 

IV. Sabrina Viau, Lucie Chabrand, Sandy Eap, Judith Lorant, Karl Rouger, Francis 

Goudaliez, Chryslain Sumian and Bruno Delorme. Pathogen reduction through 

additive-free short-wave UV light irradiation retains the optimal efficacy of human 

platelet lysate for the expansion of human bone marrow mesenchymal stem cells 

(en révision dans « PLOS One»)  

!

II. Communications!orales!
− Immunomodulatory properties of human MuStem cells: assessing their impact 

on adaptive and innate immunity. European Society of Gene and Cell Therapy 

(ESGCT) Congress, Septembre 2015, Helsinki, Finlande 
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− Human MuStem cells, a promising therapeutic candidate for muscular 

dystrophies with immunomodulatory properties 21st Nantes Actualités 

Transplantation (NAT) congress, Juin 2016, Nantes, France 

 

− Human MuStem Cells Impact on Adaptive and Innate Immunity: Definition of 

Immunomodulatory Properties of a Cell-based Therapy Candidate for Duchenne 

Muscular Dystrophy. PCS Cell Science & Stem Cell Conference, Juin 2016, 

Barcelone, Espagne!

III. Communications!affichées!
I. Judith LORANT, Nicolas Jaulin, Thibaut Larcher, Benoit Hedan, Jack-Yves 

Deschamps, Isabelle Leroux, Céline Zuber, Cindy Schleder, Mireille Ledevin, Maéva 

Dutilleul, Hélicia Goubin, Corinne Jounier, Sophie Moullec, Catherine André, Yan 

Chérel, Oumeya Adjali and Karl Rouger. In vitro and in vivo characterization of 

immunomodulatory properties of MuStem cells. ESGCT Congress, Octobre 2014, 

La Haye, Pays-Bas 

 

II. Judith LORANT, Nicolas Jaulin, Isabelle Leroux, Céline Zuber, Cindy Schleder, 

Marine Charrier, Blandine Lieubeau, Yann Péréon, Armelle Magot, Antoine Hamel, 

Oumeya Adjali and Karl Rouger. Human MuStem cells: a cell-based therapy 
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Adult stem cells named MuStem: phenotype, myogenicity, immunomodulation 
and immunological context of in vivo delivery 
 
 

Résumé 
 
La dystrophie musculaire de Duchenne (DMD) est une 
pathologie récessive liée au chromosome X qui résulte 
d’une mutation sur le gène de la dystrophine 
aboutissant à l’absence complète de la protéine. Elle 
correspond à la plus fréquente des dystrophies 
musculaires et reste aujourd’hui sans traitement curatif. 
L’UMR a fait la preuve de concept de l’administration 
systémique d’une population de cellules souches 
adultes résidentes du muscle, les cellules MuStem 
canines chez le chien dystrophinopathe, modèle 
cliniquement pertinent de la DMD. L’objectif de la thèse 
a consisté à caractériser la population humaine 
(hMuStem) en terme de phénotype, myogénicité, 
immunomodulation et de contexte immunologique 
d’administration in vivo. La population hMuStem se 
compose de progéniteurs myogéniques précoces 
d’origine mésenchymateuse-périvasculaire. Elle se 
définit par une forte capacité proliférative, une 
oligopotence et une participation à la régénération 
musculaire après administration dans un muscle lésé. 
Elles présentent des propriétés immunomodulatrices en 
interagissant avec l’immunité adaptative et innée par 
inhibition de la prolifération lymphocytaire et du 
complément via un ensemble de molécules de surface 
et/ou de facteurs sécrétés. Enfin, un traitement 
immunosuppressif restreint à la période d’injection in 
vivo de la population allogénique s’avère nécessaire 
mais suffisant pour éviter une réaction immune de 
l’hôte. L’ensemble de ces résultats aboutit à une 
meilleure compréhension de l’identité et des modalités 
d’action de la population MuStem. 
 
Mots clés 
Dystrophie musculaire de Duchenne, Thérapie 
cellulaire, Cellules souches adultes, Immunomodulation, 
Greffe allogénique 

 

Abstract 
 
Duchenne Muscular Dystrophy is a X-linked recessive 
disorder that results from mutation in the dystrophin 
gene leading to a total lack of the protein. It is the most 
frequent muscular dystrophy with no curative treatment. 
The lab made a proof of concept of the systemic 
delivery of a muscle-derived adult stem cell population 
called MuStem cells in dystrophic dog, the clinically 
relevant DMD model. The aim of my Ph.D. was to 
characterize the human population (hMuStem) in terms 
of phenotype, myogenicity, immunomodulation and 
immunological context of in vivo delivery. hMuStem cell 
population is composed of myogenic progenitors with 
mesenchymal/perivascular imprint. It exhibits a high 
proliferative capacity, an oligopotency and a 
participation to muscle regeneration after transplantation 
into injured muscle. It displays immunomodulatory 
properties by interacting with adaptive and innate 
immunity with inhibition of lymphocyte proliferation and 
complement thanks to expression of surface molecules 
and/or secreted factors. At last, an immunosuppressive 
regimen restricted to the allogeneic injection period is 
necessary but sufficient to avoid host immune response. 
Collectively, these results allow a better understanding 
of identity and action modalities of MuStem cell 
population.    
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