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AVANT-PROPOS

Ce travail de thése est I'aboutissement de trois années passionnantes dédiées a la recherche en
neurosciences sur la Sclérose Latérale Amyotrophique (SLA), s’inscrivant dans un cursus médical et
scientifique initié en 2011 au CHU d’Angers. Dés le début de mon internat au sein du service de
Neurologie du Pr Christophe Verny, mon intérét s’est porté vers les maladies neuromusculaires,
sujet de ma thése de médecine dirigée par le Dr Julien Cassereau. J'ai dans ce cadre été formé au
diagnostic et a la prise en charge des neuropathies périphériques, des myopathies et de la SLA dans
le centre de référence des maladies neuromusculaires et le centre SLA du CHU d’Angers, second

centre SLA créé en France en 1991 par le Pr Jean Emile.

La réalisation d’'une année de Master 2 en 2014 (Université Pierre et Marie Curie, Sorbonne
Université, Paris) a permis mon initiation aux neurosciences et a la méthode scientifique. J’ai dans
ce cadre effectué un travail de recherche au sein de I'équipe Mitolab (Dr Guy Lenaers) de 'UMR
CNRS 6015 INSERM 1083 (Dr Daniel Henrion) a Angers, structure dédiée a I'’étude des anomalies du
métabolisme énergétique et de Ila dynamique mitochondriale dans les maladies
neurodégénératives. Encadré par le Dr Arnaud Chevrollier, j’ai été formé aux techniques de culture
cellulaire et de microscopie live et en immunofluorescence en réalisant un travail de modélisation

du réseau mitochondrial de fibroblastes de patients atteints de maladie de Charcot-Marie-Tooth 2A.

La fin de mon internat a été consacrée a I'apprentissage des techniques de préparation et de lecture
de prélevements nerveux, musculaires et cérébraux au sein du service de neuropathologie et
neurobiologie du CHU d’Angers, dirigé par le Dr Franck Letournel. L’activité de ce service fondé en
1986 par le Pr Frédéric Dubas est consacrée au diagnostic biologique et histologique des maladies
neuromusculaires et neurodégénératives. La recherche y occupe également une place importante,
la biocollection du service comptant plus de 500 cerveaux et moelles épiniéres de patients
provenant de Maine-et-Loire, Loire-Atlantique, Mayenne, Sarthe et Indre-et-Loire, dont 50 patients

atteints de SLA.
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(1) Centre Hospitalo-Universitaire d’Angers. Le service de Neurologie dirigé par le Pr Christophe Verny, comprend
- entre autres unités - un centre de référence des maladies neuromusculaires et un centre SLA (Dr Julien
Cassereau). (2) Exemple d’analyse de tissu cérébral apres coloration effectuée au sein du service de neurobiologie
et neuropathologie clinique dirigé par le Dr Franck Letournel. (3) L’étude en vidéo-microscopie de I'architecture
et de la dynamique mitochondriale du réseau mitochondrial aprés marquage des mitochondries (en vert) et du

noyau (en bleu) est I'une des techniques utilisées au sein de I'UMR CNRS 6015 INSERM 1083 (4).

Ma these d’université sur la SLA a débuté en 2016. Ce travail a été dirigé par le Dr Arnaud Chevrollier
et co-encadré par le Dr Julien Cassereau. Ma premiére année (2016-2017), financée par l'université
d’Angers (Médaille d’Or) et le CHU d’Angers (Appel d’Offre interne), a été consacrée a I’analyse de
I"ultrastructure et du métabolisme de fibroblastes de patients atteints de SLA sporadique. Ce travail
m’a permis de conforter mes connaissances en biologie cellulaire et en physique optique, et de
contribuer a la mise en place des techniques de microscopie super-résolution STORM au sein du
laboratoire. Ce projet a également permis de réunir plusieurs chercheurs de notre laboratoire,
cliniciens et biologistes, autour d’'une thématique commune, la Sclérose Latérale Amyotrophique,
et d’établir des partenariats nationaux et internationaux avec des équipes de recherche travaillant

sur la maladie.



Ma seconde année de thése (2017-2018) financée par un poste d’Accueil Inserm, a été pour moi
I’occasion d’effectuer une mobilité internationale au sein d’une équipe de recherche prestigieuse
travaillant sur différentes stratégies thérapeutiques pour le traitement de la SLA. Grace a I'aimable
invitation du Pr Jean-Pierre Julien (Institut CERVO, Qc, Canada) j’ai eu la chance de contribuer a la
mise au point d’'une nouvelle approche thérapeutique basée sur I'administration d’une
immunothérapie ciblant la protéine TDP-43. Durant cette année j’ai pu m’initier a I’expérimentation
animale, tout en confortant mes compétences en préparation et analyse de tissu cérébral et
médullaire en immunofluorescence. Cette mobilité au Québec a également été I'occasion de vivre

une année riche en expériences, découvertes et rencontres.
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(1) Centre de Recherche CERVO, Québec, Canada. L'axe Neurosciences Intégratives et Thérapies
Expérimentales est dirigé par le Pr Jean-Pierre Julien. (2) L'étude de la protéine TDP-43 (en rouge) au sein des
motoneurones spinaux par immunofluorescence est I'une des techniques utilisées pour évaluer |'efficacité des

nouvelles approches thérapeutiques testées sur modéles animaux transgéniques.

De retour en France au sein de I'équipe Mitolab - UMR CNRS 6015 — INSERM 1083 pour ma troisieme
année de thése (2018-2019) également financée par un poste d’accueil Inserm, j'ai pu initier un
travail de recherche portant sur la mise au point d’'une technique d’'imagerie super-résolutive par
microscopie STORM sur tissu cérébral et médullaire, dans le but d’améliorer la caractérisation des
Iésions histologiques présentées par les patients atteints de SLA. Ce projet a l'interface entre la
neurologie, la neuropathologie et I'imagerie cellulaire, est le résultat de la mise en commun des
connaissances acquises tout au long de mon cursus. Ce travail a permis de créer un partenariat avec
I’équipe du Pr Charles Duyckaerts (Institut du Cerveau et de la Moelle épiniere, INSERM U1127,
CNRS UMR7225, Université Pierre et Marie Curie, Sorbonne Universités, Paris, France), et de

conforter les collaborations nationales et internationales existantes.



Ce manuscrit s’ouvre sur une introduction générale, suivie de trois chapitres correspondant aux trois
projets menés aux cours de cette these. Chaque partie fait 'objet d’une introduction spécifique,
puis les objectifs du travail et le contexte de sa réalisation sont présentés succinctement. Les
principaux résultats sont ensuite discutés et des perspectives de recherche sont proposées.

L'ensemble de ce travail fait enfin I'objet d’une conclusion générale.
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INTRODUCTION

1. LA SCLEROSE LATERALE AMYOTROPHIQUE

La sclérose latérale amyotrophique (SLA), ou maladie de Charcot, est une pathologie
neurodégénérative affectant les motoneurones du cortex moteur, des noyaux du tronc cérébral, et
de la corne antérieure de la moelle épiniere (Kiernan et al., 2011). La maladie touche entre 5 et 10
personnes pour 100 000 dans le monde, prés de 7 000 patients en sont atteints en France (Chié et
al.,, 2013 ; Marin et al. 2014). Dans 90% des cas, la SLA est dite sporadique (sSLA), sans cause
étiologique connue. Toutefois, certains génes de susceptibilité (plus de 120 identifiés a ce jour) tels
gue SMN (survie des motoneurones) VEGF (vascular endothelial growth factor), ANG (angiogénine),
APOE (Apolipoproteine E) ou encore NFH (neurofilament heavy chain) pourraient augmenter le
risque de survenue de SLA (Corcia et al., 2014 ; Wang MD et al., 2017). De méme, certains facteurs
environnementaux tels qu’un traumatisme du systéme nerveux central (SNC), une activité physique
soutenue, un tabagisme actif, un déficit en vitamine D, ou encore une exposition aux métaux lourds,
pesticides ou solvants, pourraient favoriser le développement de la maladie (Camu et al., 2014 ;
Wangetal., 2017). La survenue de la SLA sporadique serait ainsi conditionnée par |'association d’'une
susceptibilité polygénique et I'exposition a différents facteurs de risque environnementaux. Dans
10% des cas, la SLA est héréditaire (fSLA), conséquence de la transmission de mutations pathogénes
portant sur des genes connus depuis de nombreuses années (SOD1) ou de découverte plus récente

(C90rf72, TARDBP, FUS).

La SLA débute en moyenne al’age de 60 ans. Les patients atteints de la maladie présentent un déficit
moteur diffus d’aggravation progressive, associé a des troubles de la phonation et de la déglutition.
Le diagnostic de la SLA est avant tout clinique et électrophysiologique, reposant sur |’existence d’une
atteinte motoneuronale dans différents territoires spinaux, bulbaires et corticaux (EFNS Task Force,
2012). La médiane de survie des patients est de 20 a 36 mois aprés le début des symptomes (Chio
et al., 2009). Il existe une grande variabilité phénotypique chez les patients, qui porte sur plusieurs
aspects cliniques. La localisation centrale ou périphérique de I'atteinte peut tout d’abord varier,
avec un spectre allant d’'une atteinte exclusivement centrale appelée sclérose latérale primitive
(SLP), aux formes périphériques pures appelées atrophies musculaires progressives (AMP). De

méme la topographie du déficit moteur peut différer d’un patient a I'autre, les symptémes pouvant

CODRON Philippe | Marqueurs pathologiques et
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prédominer au niveau des membres (formes spinales) ou a I’étage oro-pharyngé (formes bulbaires),
avec toutefois une épargne oculomotrice et sphinctérienne constante. Des signes cliniques non
moteurs peuvent également étre présents, tels que des troubles cognitifs (prés de 50% des
patients), une dysautonomie, un syndrome extrapyramidal, des symptomes douloureux ou encore
des troubles de I’équilibre (Phukan et al., 2011 ; Swinnen et Robberecht, 2014). Plus généralement,
30 a 60% des patients peuvent présenter un syndrome hypermétabolique, défini par une
augmentation des dépenses énergétiques de repos, a |'origine d’un déclin accéléré des fonctions
motrices et de la survie (Jésus et al., 2018 ; Steyn et al., 2018). Enfin la durée d’évolution de la
maladie est trés variable d’un patient a I'autre, pouvant aller de quelques mois a plusieurs dizaines

d’années (Swinnen et Robberecht, 2014).

Le seul traitement médicamenteux disponible a ce jour en France pour ralentir I'évolution de la
maladie est le Riluzole, décrit pour diminuer de 38,6 % le taux de décés des patients a 1 an et
allonger de la durée de vie sans trachéotomie (Bensimon et al., 1994 ; Lacomblez et al., 1996). La
prise en charge repose par ailleurs en grande partie sur la mise en place de traitements
symptomatiques et fonctionnels (antalgie, kinésithérapie, ergothérapie, orthophonie, ventilation
non invasive), permettant une amélioration de la survie et de la qualité de vie des patients
(Radunovié et al., 2007). La création de centres de référence a partir de 1990 a permis d’harmoniser

le diagnostic et la prise en charge des patients en France.

2. NEUROPATHOLOGIE ET PISTES ETIOPATHOGENIQUES

Les mécanismes physiopathologiques a |'origine de la neurodégénérescence motoneuronale
observée dans la SLA restent encore incertains malgré les avancées considérables opérées dans le
champ de la recherche en neuroscience ces vingt dernieres années. Les premieres hypotheses ont
émergé a partir de I'observation des lésions présentes au sein du systéme nerveux central des

patients décédés de la maladie (Gray et al., 2013).

2.1. Observations Générales

L’'examen macroscopique de I'encéphale et de la moelle prélevés post mortem chez les patients
atteints de SLA met en évidence une atrophie des circonvolutions précentrales, un effacement des

pyramides bulbaires, ainsi qu’une diminution du calibre de la moelle épiniere (Figure 1a). Ces
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observations sont associées a une atrophie des nerfs craniens moteurs et des racines spinales

ventrales, plus prononcée aux étages correspondant aux signes cliniques.

L’étude microscopique des coupes histologiques du cortex de l'aire précentrale retrouve une
raréfaction des neurones pyramidaux de la couche V (cellules de Betz). Aux niveaux bulbaire et
médullaire, une dégénérescence du faisceau cortico-spinal peut étre présente, traduisant |'atteinte
des motoneurones corticaux (Figure 1b). A ces étages, une raréfaction des motoneurones
périphériques peut également étre observée, au niveau de la corne antérieure de la moelle et des
noyaux moteurs du tronc cérébral. Les neurones restants apparaissent basophiles et atrophiques,
témoignant d’une souffrance cellulaire pré-apoptotique, ou hypertrophiques et ballonnés avec en
leur sein des inclusions hyalines éosinophiles appelées corps de Bunina (denses) ou inclusions Skein-
like (plus diffuses et réticulées) (Figure 1c). Ces lésions de neurodégénérescence sont accompagnées
d’une activation astrocytaire et microgliale réactionnelle (Figure 1d,e). Il n’existe pas au niveau du
tissu musculaire des patients de signe pathologique spécifique de la SLA : un regroupement de fibres
anguleuses et de petite taille peut étre observé, témoin de la dégénérescence des neurones

périphériques.

La répartition topographique de la perte motoneuronale est relativement bien corrélée aux
manifestations cliniques présentées par les patients (Gray et al., 2013). Ainsi, I'atteinte sera plus
prononcée au niveau du tronc cérébral et de la moelle épiniére chez les patients atteints de formes
bulbaires et spinales, et plus marquée au niveau du cortex moteur chez les patients présentant
majoritairement des symptomes pyramidaux. De méme, les noyaux oculomoteurs du tronc cérébral
et le noyau sacré d’Onufrowicz sont généralement préservés, reflet de I'absence d’atteinte
oculomotrice et sphinctérienne observée dans la maladie. Enfin, chez les patients présentant des
symptdmes non-moteurs associés, des lésions de neurodégénérescence similaires peuvent étre
retrouvées au niveau du néocortex des régions préfrontales, des tracti cérébelleux, du

mésencéphale ou encore des noyaux végétatifs.

Si I'ensemble de ces signes anatomopathologiques traduit [|'existence d’une atteinte
neurodégénérative affectant préférentiellement les neurones moteurs encéphaliques et
médullaires, ils ne permettent toutefois pas de préjuger des mécanismes a |'origine de la perte

neuronale.
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Figure 1. Marqueurs histopathologiques de la Sclérose Latérale Amyotrophique. (a) Etude macroscopique d’une
moelle cervicale de patient atteint de SLA, révélant une diminution du calibre de la moelle associée a une atrophie
des racines antérieures. (b) L'examen microscopique de la moelle épiniere retrouve a faible grossissement une
dégénérescence des tracti pyramidaux latéraux (astérisques), ainsi qu’une perte motoneuronale au niveau de la
corne antérieure (pointe de fléche). (c) Les motoneurones restants étudiés en coloration Hématéine-Eosine
apparaissent hypertrophiques, avec au sein de leur cytoplasme des inclusions hyalines éosinophiles (pointe de
fleche). (d,e) La perte motoneuronale est accompagnée d’une astrocytose (d) et d’'une microgliose (e), révélées
par immunohistochimies dirigées contre les protéines GFAP et Ibal. (f) Les motoneurones corticaux et médullaires
présentent au sein de leur cytoplasme des inclusions marquées positivement en immunohistochimie dirigée
contre 'ubiquitine, traduisant la présence d’agrégats protéiques. (g) L'étude des neurofilaments permet d’en
observer I'accumulation au sein des corps cellulaires des neurones (pointes de fleche), mais également au sein de
segments axonaux ballonnés appelés sphéroides (fleche) traduisant une perturbation du transport axonal. (h)
Analyse au microscopie électronique a transmission (MET) d’un motoneurone révélant une fragmentation du
réseau mitochondrial. (i) Immunohistochimie dirigée contre la 3-nitrotyrosine, marqueur du stress oxydant,
mettant en évidence une élévation de ce dernier au sein des motoneurones médullaires. (j) Etude de la matrice
extra-cellulaire d’'une section de moelle épiniére de patient atteint de SLA en microscopie électronique a
transmission : les fibres de collagéne sont orientées de facon anarchique et forment des agrégats hétérogénes.

(Sources Images : Beal et al., 1997 ; Ono et al., 1998 ; Sasaki et al., 2007 ; Ellison et al., 2012 ; Codron et al., 2016).
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2.2. Observations spécifiques : émergence des premieres pistes

Les avancées opérées ces 20 dernieres années dans le champ de I'imagerie cellulaire ont permis de
progresser dans notre compréhension des mécanismes étiopathogéniques impliqués dans la SLA,

grace a la caractérisation de lésions spécifiques de la maladie.

2.2.1. Maintenance protéique

La dégradation des protéines altérées, mal repliées ou agrégées est une fonction essentielle pour
les cellules non proliférantes telles que les neurones. Des agrégats de protéines ubiquitinylées
peuvent étre observés au sein du cytoplasme des neurones de patients atteints de
certaines pathologies neurodégénératives telles que la maladie d’Alzheimer et la maladie de
Parkinson, traduisant un dépassement des mécanismes de maintenance protéique neuronale dans
ces maladies. L'aspect ballonné des motoneurones des patients atteints de SLA et la présence
d’inclusions hyalines cytoplasmiques ont conduit a suspecter I'existence de mécanismes similaires

dans la maladie.

En condition physiologique, les protéines ou agrégats protéiques a dégrader au sein d’une cellule
son marqués par un signal de reconnaissance constitué par I'adjonction de plusieurs molécules
d’ubiquitines par les enzymes E1, E2, E3. Les protéines marquées par une chaine d’au moins quatre
molécules d’ubiquitine sont dirigées vers I'une des deux principales voies de dégradation en

fonction de leur nature et de leur taille (Komatsu et al.,2007 ; Tanaka et al., 2014).

Les peptides et protéines de taille intermédiaire sont conduits au protéasome, complexe
enzymatique cytosolique dont la fonction principale est la dégradation des protéines mal repliées,
dénaturées ou en fin de vie. Ce complexe posséde en son centre une cavité cernée par quatre

anneaux, formant un espace clos pour la dégradation des protéines par ses protéases (Figure 2a).

Les structures plus volumineuses telles que les polypeptides, agrégats protéiques, macromolécules
ou organites, sont quant a elles éliminées par autophagie guidée par les récepteurs LC3 et P62,
Optineurine et TBK1. Ce processus est initié par la constitution d’'une vacuole appelée
autophagosome par une double membrane phospholipidique (phagophore), qui capte les
constituants du cytoplasme a dégrader. L'autophagosome fusionne ensuite avec un lysosome,
vésicule dédiée aux mécanismes de dégradation riche en hydrolases actives a pH acide (lipases,

protéases, nucléases) (Figure2b).
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Figure 2. Principales voies de dégradation protéique au sein d’une cellule en condition physiologique. (a) Les
protéines de taille intermédiaire sont marquées par ubiquitination (Ub) et dirigées vers le protéasome, complexe
polypeptidique dédié a I'élimination des protéines anormales ou en fin de vie. (b) Les macromolécules, agrégats
protéiques et fragments d’organites plus volumineux sont quant a eux captés lors de la constitution

d’autophagosomes pour permettre leur dégradation apres fusion avec un lysosome. (P. Codron)

Le marquage des inclusions hyalines présentes au sein des motoneurones des patients atteints de
SLA par immunohistochimie dirigée contre ['ubiquitine a fait émerger |’hypothése d’un
dépassement des voies de ’homéostasie protéique dans la maladie, a 'origine de I'accumulation
d’agrégats cytotoxiques (Figure 1f) (Neumann et al., 2006). Un travail complémentaire de review
sur ’'homéostasie protéique et le réle de la protéine ubiquiline 2 dans la SLA est reporté en Annexe

(Travail Complémentaire n°1, Renaud et al., 2019)

2.2.2. Anomalies du Cytosquelette

Le cytosquelette des neurones est composé de trois principales structures, classées selon leur
diametre : les microtubules (15 nm), les filaments intermédiaires (10 nm) et les microfilaments
d’actine (6 nm). Les filaments intermédiaires (FI) sont les éléments du cytosquelette les plus
abondants au sein des neurones matures. lls sont composés de différentes sous-unités protéiques
codées par des genes distincts : a-internexine, peripherine, neurofilament light chain (NFL),
neurofilament medium chain (NFM), et neurofilament heavy chain (NFH). La composition des Fls
(sous unités) et leurs modifications post traductionnelles varient selon le type de neurone, leur
localisation (centrale ou périphérique) et leur maturité. Ces deux éléments déterminent leurs
propriétés structurelles et métaboliques (interactions protéiques) au sein de la cellule. Les Fls
contribuent a I'organisation de I'architecture cellulaire, a la croissance radiale des axones et au trafic

intracellulaire et axonal.
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Les analyses en immunohistochimie portant sur les filaments intermédiaires des motoneurones de
patients atteints de SLA ont révélé I'existence d’une désorganisation et d’une accumulation de ces
derniers au sein du corps cellulaire des neurones (Munoz et al., 1988 ; Troost et al., 1992). Ces
anomalies étaient également présentes au niveau de segments axonaux appelées sphéroides,
traduisant une altération du trafic intracellulaire et axonal (Figure 1g). S'il est difficile de déterminer
si les altérations de I'architecture du cytosquelette et du transport axonal sont une cause ou une
conséquence du stress motoneuronal observés dans la SLA, ces anomalies participent
indiscutablement aux processus de neurodégénérescence a l'origine de la maladie. Un travail
complémentaire de review portant sur I'implication des neurofilaments dans la physiopathologie de

la SLA est disponible en Annexe (Travail Complémentaire n°2, Codron et al., 2016).

2.2.3. Métabolisme énergétique mitochondrial

Les mitochondries sont des organites intracellulaires tubulaires constitués d’'une membrane externe
et d’'une membrane interne, délimitant deux compartiments, I'espace inter-membranaire et la
matrice mitochondriale. Elles possedent leur propre génome, I’ADN mitochondrial (ADNmt), codant
pour des sous unités de protéines mitochondriales, des acides ribonucléiques ribosomiques et des
acides ribonucléiques de transfert. Toutefois les protéines mitochondriales sont en grande majorité

codées par le génome nucléaire puis acheminées vers les mitochondries.

La principale fonction des mitochondries est la production d’énergie sous forme d’adénosine
triphosphate (ATP). Le catabolisme des nutriments (glucides, acides aminés et acides gras) et le cycle
de Krebs fournissent les substrats nécessaires au fonctionnement des quatre complexes protéiques
de la chaine respiratoire au niveau de la membrane interne pour permettre la synthése d’ATP par

I’ATP synthase (Figure 3a).

Au sein des cellules, les mitochondries sont organisées en réseau dynamique, dont la morphologie
et la distribution varient selon le type cellulaire et les conditions métaboliques (Griparic et Van der
Bliek, 2001). L'architecture du réseau repose sur I'équilibre entre deux processus fonctionnels : Ia
fusion mitochondriale qui favorise les échanges nucléiques et protéiques entre les mitochondries,
et la fission mitochondriale qui permet I’élimination de fragments mitochondriaux non fonctionnels,
le plus souvent par autophagie, alors appelée mitophagie (Karbowski et Youle, 2003) (Figure 3b-d).
Les mitochondries sont par ailleurs en mouvement constant au sein d’une cellule, se déplagant le

long des microtubules via les protéines de la famille des kinésines et des dynéines. Ce transport
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permet de répartir le réseau mitochondrial de fagon homogéne afin de répondre aux demandes
énergétiques de la cellule. Ce processus est capital pour les neurones compte tenu de leurs
nombreux prolongements : les mitochondries sont transportées le long des microtubules de fagon
antérograde du corps cellulaire vers les synapses afin d’apporter I'énergie dans les parties les plus
distales de I’axone, puis retournent vers le soma par transport rétrograde pour étre régénérées ou

dégradées (Miller et Sheetz, 2004).

Plus généralement, il existe une relation directe et bidirectionnelle entre la structure du réseau
mitochondrial et la fonction énergétique (Koopman et al., 2005 ; Pich et al., 2005 ; Benard et al.,
2007). Ainsi, I'architecture du réseau mitochondrial d’une cellule est un indicateur de son état
métabolique, la survenue d’un stress mitochondrial primitif ou secondaire conduisant a la

fragmentation du réseau et a I'induction des voies de I'apoptose.

Les motoneurones, ayant une demande énergétique élevée et de nombreux prolongements, sont
particulierement sensibles aux perturbations du métabolisme et de la dynamique mitochondriale.
Des altérations fonctionnelles mitochondriales ont été mises en évidence au sein des neurones
moteurs périphériques de la moelle épiniere des patients atteints de SLA, avec en particulier une
diminution d’activité enzymatique des complexes de la chaine respiratoire mitochondriale
(Borthwick et al., 1999 ; Wiedemann et al., 2002). Ces anomalies sont associées a une fragmentation
du réseau mitochondrial des motoneurones de la corne antérieure des patients, observable en
microscopie électronique a transmission (MET), probable conséquence d’un stress cellulaire ou
mitochondrial (Figure 1h) (Sasaki et al., 2007). Enfin, la désorganisation du cytosquelette des
motoneurones et les anomalies du transport axonal participent assurément aux altérations de la

dynamique mitochondriale observée chez les patients.

CODRON Philippe | Marqueurs pathologiques et
pistes thérapeutiques dans la sclérose latérale amyotrophique sporadique 9



CYTOSOL FUSION

BIOGENESE

~ D~
DI oo

Réseau Fragmenté

-
5 - aliD 4

o DEGRADATION
FISSION (MITOPHAGIE)

ESPACE INTER-
MEMBRANAIRE

MEMBRANE
INTERNE

MATRICE

ADP+Pi

Figure 3. Métabolisme énergétique et dynamique mitochondriale. (a) Le catabolisme des nutriments et I'activité du
cycle de Krebs fournissent a la chaine respiratoire mitochondriale des équivalents réduits sous forme de NADH et de
FADH2. Le NADH ceéde ses électrons (e-) au complexe | (NADH-ubiquinone oxydoréductase) et le FADH2 au complexe I
(succinate-ubiquinone oxydoréductase). Les électrons sont ensuite transportés jusqu’au complexe Il (ubiquinone-
cytochrome C oxydoréductase) par I'ubiquinone (Q). Les électrons sont finalement pris en charge par le cytochrome C
(C) puis libérés au niveau du complexe IV (cytochrome C oxydase), ou ils sont utilisés pour la réduction du dioxygeéene
(02) en eau (H20). Le transfert des électrons s’accompagne d’un pompage de protons (H+) de la matrice mitochondriale
vers |'espace inter-membranaire au niveau des complexes |, lll et IV, a I'origine d’un gradient de pH. La résultante de ce
gradient électrochimique est la force proton-motrice, qui permet la production d’ATP par 'ATP synthase. (b) Les
mitochondries sont organisées en réseau dynamique dont I’équilibre repose sur les phénomeénes de fusion et fission.
Les protéines MFN1 et MFN2 initient la fusion en accolant les membranes externes adjacentes, puis la protéine OPA1
guide la fusion des membranes internes. La protéine GDAP1 participe a I'initiation du processus de fission, aboutissant
au recrutement de la mécano-enzyme DRP1 au niveau des sites de scission ou elle agit par constriction du tubule
mitochondrial. (c,d) Marquage du réseau mitochondrial chez des fibroblastes embryonnaires murins (MEF) en culture.
A I'état basal physiologique, le réseau mitochondrial apparait tubulaire et connecté (c). En cas de stress cellulaire ou
mitochondrial, le réseau se fragmente, les mitochondries sont de petites taille et isolées (d). (e) Co-marquage du réseau
mitochondrial (rouge), du réticulum endoplasmique (vert) et du noyau (bleu) chez un fibroblaste en culture. Le réseau
mitochondrial est en constante interaction avec le réticulum endoplasmique au niveau des MAMs (mitochondria
associated membranes), participant a ’homéostasie calcique intracellulaire. (Schémas : Cassereau et Codron, 2016.

Images : P. Codron).
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2.2.4. Homéostasie calcique et Excitotoxicité

Une élévation des concentrations intracellulaires en Calcium a également été rapportée au sein des
motoneurones des patients atteints de SLA (Siklos et al., 1996). Cette observation pourrait étre la
conséquence d’une excitotoxicité neuronale. Au sein des neurones, I'homéostasie calcique est
assurée par les interactions entre le réticulum endoplasmique et le réseau mitochondrial (Figure
3e). Dans le cadre de la SLA, une altération de la recapture astrocytaire du glutamate au niveau
synaptique serait a l'origine d’une entrée massive de calcium par ouverture des récepteurs
glutamatergiques. Le dépassement des voies du maintien des concentrations calciques
intracellulaires aboutirait a I'induction de la mort neuronale par ouverture des pores membranaires
mitochondriaux et au relargage du cytochrome C dans le cytosol (Leigh et Meldrum, 1996 ; Appel et
al., 2001). Par ailleurs, si les mécanismes d’action du Riluzole sont encore aujourd’hui incertains,
son action sur le métabolisme du glutamate conforte I’hypothése de la participation d’une toxicité

médiée par ce neurotransmetteur dans la SLA.

2.2.5. Stress Oxydant

Le stress oxydant, ou stress oxydatif, est secondaire a la présence au sein d’une cellule d’especes
réactives de I'oxygéne (ROS) telles que I'anion superoxyde (O2e—) et le radical hydroxyle (HOe). Ces
composés radicalaires instables porteurs d’un électron dit célibataire non apparié sont vecteurs
d’une importante toxicité de par leur réactivité vis-a-vis des protéines, des lipides et des nucléotides
avoisinants. S’il existe une production physiologique de ROS au sein des cellules, principalement liée
a l'activité de la chaine respiratoire mitochondriale, celle-ci est contr6lée par un systeme de
détoxification basé sur I'activité d’enzymes telles que la superoxyde dismutase, la catalase, et la
glutathion peroxydase (Boveris et Chance, 1973). Ainsi, la présence d’un stress oxydant au sein
d’une cellule traduit une augmentation de la concentration en ROS et/ou un dépassement des

systémes antioxydants.

Les ROS en excés altérent directement la structure des molécules intracellulaires (protéines, lipides
et acides nucléiques) par le biais de leur électron célibataire. lls sont notamment responsables d’'une
altération de la structure des protéines par oxydation des résidus cystéine, pouvant entrainer une
désorganisation du cytosquelette et la constitution d’agrégats protéiques intracellulaires (Iguchi et
al.,, 2012). Les ROS peuvent par ailleurs altérer les propriétés de la membrane plasmique et des

membranes des organites intracellulaires par peroxydation des lipides (Chen JJ et al., 1995). De
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méme, le stress oxydant peut étre responsable d’un stress mitochondrial a I'origine d’une altération
du métabolisme énergétique et d’une fragmentation du réseau mitochondrial (Fridovich, 1997).

Enfin, les ROS sont vecteurs de mutations de I’ADN nucléaire et mitochondrial.

Plusieurs études ont mis en évidence une élévation des marqueurs de stress oxydant au sein des
neurones moteurs du cortex et de la moelle épiniére de patients atteints de SLA (Figure 1i) (Beal et
al.,, 1997 ; Ferrante et al., 1997). De plus, I'effet du traitement antioxydant par Edaravone sur
I’évolution de la maladie de certains sous-groupes de patients conforte I’"hypothese de I'implication
des ROS dans le développement de la SLA (ALS 19 Study Group, 2017). Toutefois, il reste difficile de
déterminer si les processus de neurodégénérescence a 'origine de la maladie sont la cause ou la

conséquence d’un stress oxydant.

2.2.6. Neuroinflammation

Le cerveau a longtemps été considéré comme un organe immunoprivilégié, I'étanchéité de la
barriere hémato-encéphalique (BHE) empéchant toute pénétration d’agents infectieux et cellules
immunitaires circulants. Il est aujourd’hui admis qu’il existe au sein du SNC un systeme de défense
médié par des signaux pro-inflammatoires et des cellules immunitaires, dont la dynamique
complexe se distingue des processus inflammatoires périphériques. Au sein du neuropile, les
cellules microgliales et les astrocytes expriment des récepteurs PRR (pattern-recognition receptors),
qui permettent l'identification de débris endogenes (corps apoptotiques, agrégats protéiques,
organites sénescents) et de structures pathogénes (agents infectieux, toxines, corps étrangers)
(Tang et al., 2012 ; Lee H et al., 2013). La stimulation de ces récepteurs entraine |'activation de
cascades de signalisation qui modifient le phénotype des cellules microgliales, qui deviennent

hypertrophiques et amiboide, proliferent, et sécretent de nombreux facteurs de signalisation.

La détection d’agents pathogénes par les récepteurs PRR entraine l'activation des cellules
microgliales dans un état de « défense », stimulant les processus de phagocytose et la sécrétion de
cytokines pro-inflammatoires (TNF-a, IFN-y, IL-6, IL-1) qui attirent les cellules microgliales voisines
et ouvrent les portes de la BHE aux cellules de défense circulantes (lymphocytes, monocytes et
granulocytes). D’autres facteurs participent au stress inflammatoire, telles que la production de ROS
et le relargage de glutamate respectivement responsables d'un stress oxydant et d’une
excitotoxicité, ainsi que la sécrétion de métalloprotéinases matriciellesa I'origine d’un

remaniement du neuropile. Dans ce contexte, les neurones jouent un réle immunomodulateur en
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freinant l'inflammation locale, en inhibant les kinases et facteurs de transcription pro-
inflammatoires tels que MAPK (mitogen-activated protein kinase), c-myc, Nrf2 (nuclear factor
erythroid 2-related factor 2) et NFkB (nuclear factor kappa-light-chain-enhancer of activated B cells),
et en sécrétant des facteurs solubles inhibiteurs de I'activation microgliale tel que le TGF-B
(transforming growth factor-B) (Renaud et al., 2015). Cette modulation est primordiale pour leur
survie, I'exposition prolongée aux facteurs pro-inflammatoires étant délétére pour les neurones et

les oligodendrocytes au faible potentiel de régénération.

Dans certaines conditions, les cellules microgliales peuvent s’activer dans un état « réparateur »,
favorisant la détersion de structures endogenes sénescentes ou d’agrégats protéiques au sein du
neuropile, le remodelage matriciel, et la sécrétion de facteurs trophiques stimulant la

différenciation de cellules souches en oligodendrocytes, astrocytes, et neurones (Eggen et al., 2013).

L’activation microgliale et I’élévation des facteurs pro-inflammatoires observées au sein de la moelle
épiniére des patients atteints de SLA pourrait étre secondaire a un emballement des mécanismes
neuroinflammatoires, a I'origine des processus de neurodégénérescence (Kuhle et al., 2009). Un
défaut d’activation microgliale dans un état « réparateur » pourrait également étre a I'origine d’'une
accumulation d’agrégats protéiques et de corps apoptotiques au sein du SNC, contribuant au stress

motoneuronal et a la propagation des lésions.

2.2.7. Anomalies de la Matrice Extra-cellulaire

Enfin, la mise en évidence en microscopie électronique a transmission d’une désorganisation des
fibres de collageéne au sein de section de moelle épiniére de patients atteints de SLA pose la question
du réle d’un remaniement de la matrice extra-cellulaire dans la survenue de la maladie (Figure 1j)
(Ono et al., 1998). Celui-ci pourrait étre lié a un défaut de sécrétion astrocytaire du collagéne, aux
mécanismes inflammatoires locaux, a la présence de ROS au sein du neuropile ou encore a une

activité anormale des métalloprotéinases matricielles (MMPs) (Lim et al. 1996).

A partir de I'ensemble de ces observations, plusieurs pistes physiopathologiques se sont
progressivement construites. L'identification paralléle des genes impliqués dans certaines formes
familiales de maladies du motoneurone, I'étude des modéles animaux porteurs de ces mutations,
et les effets de certains traitements sur I'évolution de la maladie ont permis de progressivement

renforcer ces hypotheses (Figure 4) (Tableau 1).
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Figure 4. Principales pistes physiopathologiques dans la SLA. Ces hypothéses reposent sur I'observation
neuropathologique de tissu cérébral et médullaire de patients atteints de la maladie (noir), I'identification de
génes impliqués dans certaines formes familiales de maladies du motoneurone (bleu) et de genes de susceptibilité
(vert), et les effets de certains traitements sur I'évolution de la maladie (rouge). ARN : acide désoxyribonucléique.

MEC : matrice extra-cellulaire. (P. Codron).

Tableau 1. Principaux génes dont la pathogénicité a été établie dans les formes familiales de SLA.

Geéne (protéine) Fonction Transmission Références

Siddique et al., 1991
Rosen et al., 1993

SOD1

(superoxide dismutase 1)

Stress Oxydant AD-AR

FUS . . Kwiatkowski et al., 2009
(RNA-binding protein FUS) Métabolisme des ARN AD-AR Vance et al., 2009
TARDBP . . Kabashi et al., 2008
(TAR DNA-binding protein 43) Métabolisme des ARN AD Sreedharan et a|_' 2008
C9orf72 . . Delesus et al., 2011
(guanine nucleotide exchange C90rf72) Métabolisme des ARN AD Renton et a|_, 2011

AD : autosomique dominant. AR : autosomique récessif. ARN : Acide Ribonucléique. XL : Liée a I'X.
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3. TDP-43, UN ACTEUR CENTRAL DANS LA MALADIE

L'année 2006 marque un tournant dans le champ de la recherche sur la SLA grace a I'identification
de la protéine Transactive Response DNA-binding protein-43 (TDP-43) au sein des agrégats
protéiques présents dans le cytoplasme des motoneurones (Arai et al., 2006 ; Neuman et al., 2006).
En effet, en condition physiologique TDP-43 est majoritairement localisée au sein du noyau des
neurones (Figure 5a). Sa délocalisation nucléaire et son accumulation intracytoplasmique sont
observées chez la quasi-totalité des patients atteints de SLA sporadique ou familiale, faisant de cette
|ésion un marqueur pathologique de la maladie (Mackenzie et al., 2010) (Figure 5b-e). Ces agrégats
sont constitués de protéine TDP-43 ubiquitinylée et hyperphosphorylée, mais également de
fragments de son extrémité C-terminale (CTF) de 35 kDa et 25 kDa. L'identification deux ans plus
tard de formes familiales de SLA liées a des mutations du gene TARDBP codant cette protéine (plus
de 60 a ce jour) a par la suite renforcé I’hypothése de son role central dans la physiopathologie de

la maladie (Gitcho et al., 2008 ; Kabashi et al., 2008 ; Sreedharan et al., 2008).
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Figure 5. Accumulation cytosolique de la protéine TDP-43 dans la SLA. Etude de sections médullaires de sujet contrdle
(a) et de patients atteints de SLA (b-e) apres immunomarquage dirigé contre TDP-43. La protéine TDP-43 normalement
majoritairement nucléaire (a) est relocalisée et agrégée dans le cytoplasme des neurones moteurs des patients, avec un

aspect pouvant étre punctiforme (b), filamenteux (c), ou plus dense (d,e). (Images : Ellison et al., 2012).
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3.1. Structure et fonction

TDP-43 est une protéine ubiquitaire de 43 kDa appartenant a la famille des RNA-binding-proteins
(RBPs). Les 414 acides aminés qui la composent sont codés par le ggne TARDBP (OMIM#605078)
situé sur le chromosome 1. TDP-43 possede deux domaines de liaison aux acides ribonucléiques
(RNA recognition motifs RRM1 et RRM2), des domaines d’import (NLS) et d’export nucléaire (NES),
et des domaines d’adressages mitochondriaux (M1, M3, M5). Ses extrémités N et C terminales sont
guant a elles dédiées aux interaction protéine-protéine (Figure 6a). En effet, TDP-43 est présente a
I’état physiologique sous forme d’homodimere ou d’oligomere, et interagit constamment avec de

nombreux partenaires protéiques (Shiina et al., 2010 ; Afroz et al., 2017).

La principale fonction de TDP-43 est dédiée au métabolisme des ARN, avec une activité portant sur
plus de 30% du transcriptome cellulaire total (Figure 6b) (Tollervey et al., 2011 ; Xiao et al., 2011).
Au sein du noyau, TDP-43 se lie aux ARN messagers (ARNm) émergents de I’ARN polymérase Il afin
de moduler leur transcription, initier leur épissage et assurer leur stabilisation, transport et
traduction en dehors du noyau (Buratti et Baralle, 2001). TDP-43 joue également un réle dans la
biogénése des ARN non codants (ARNNc) tels que les micro-ARN (miARN) et les ARN longs non
codants (IncARN), qui permettent la modulation de I'expression de certaines protéines et voies
cellulaires. Au sein des mitochondries, TDP-43 inhibe la traduction d’ARN mitochondriaux codant
pour des sous-unités du complexe | de la chaine respiratoire (Wang W et al., 2016). Enfin, en
conditions de stress cellulaire, TDP-43 participe a la formation des granules de stress (SG) au sein
du cytosol des cellules. Ces granules composés de RBPs (Ataxin 2, TIA1, TIAR) et d’ARNm se
constituent lors de la survenue d’un stress oxydant, hypoxique ou thermique, avec pour objectif la
séquestration transitoire des ARNm d’entretien pour favoriser la traduction des ARNm codant pour

les protéines de réponse au stress (Bentmann et al., 2013).
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Figure 6. Structure et fonctions de la protéine TDP-43. (a) Structure de TDP-43. RRM : RNA recognition motifs. GRD :
Glycin Rich Domain. NLS : nuclear localization sequence. NES : nuclear export sequence. M1, M3, M5 : séquences
d’adressage mitochondrial (b) Principales fonctions de TDP-43. ARNm : ARN messager. ARNmt : ARN mitochondrial.
ARNNCc : ARN non codant. miARN : micro-ARN. IncARN : ARN longs non codants. (Adapté de Ratti et Buratti, 2016).

3.2. Agrégats cytoplasmiques de TDP-43 : gain de fonction cytotoxique

Les mécanismes a l'origine de la constitution d’agrégats de protéine TDP-43 au sein des
motoneurones restent débattus. Les modifications conformationnelles de TDP-43 responsables de
son accumulation pourraient étre la conséquence de modifications post traductionnelles de son
domaine RRM1 au niveau du cytosol apres exposition a un stress oxydant (Chang et al., 2013 ; Shodai
et al.,, 2013). La protéine anormale agirait ensuite sur un modele prion-like via son extrémité C
terminale riche en glycine, en transmettant ces anomalies structurelles aux protéines TDP-43
voisines et en favorisant la constitution d’inclusions cytoplasmiques (Furukawa et al., 2011 ; Guo et
al., 2011 ; Nonaka et al., 2013). Ces phénomenes seraient accompagnés par un dépassement des

mécanismes d’homéostasie protéique (systeme ubiquitine-protéasome, autophagie) empéchant
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I’élimination des protéines anormales et des agrégats (Scotter et al., 2014). Les inclusions protéiques
de TDP-43 pathologique pourraient ensuite étre transmises aux cellules voisines au sein du SNC, par
relargage post apoptotique des agrégats, ou par transmission plus directe médiée par
microvésicules, exosomes ou nanotubes (Feiler et al., 2015 ; Iguchi et al., 2016). L'arrivée des
protéines toxiques au sein des cellules hotes serait alors a I'origine d’une nouvelle cascade

pathologique, participant a la diffusion de la maladie dans le SNC des patients.

A I'échelle cellulaire, la premiere conséquence de I’élévation des concentrations cytoplasmiques de
TDP-43 serait un déréglement du métabolisme des ARNm au sein du cytosol (transport, stabilisation,
traduction). La constitution d’inclusions protéiques serait en outre responsable d’une cytotoxicité
cellulaire par désorganisation de l|’architecture cytoplasmiques et perturbation des cascades
cellulaires internes (Zhang et al., 2009 ; Guo et al.,, 2011 ; Fang YS et al.,, 2014). De plus, une
augmentation de la localisation mitochondriale de la protéine entrainerait une inhibition de la
traduction des ARNmt codant pour le complexe | de la chaine respiratoire a I'origine d’une altération
du métabolisme énergétique et une augmentation de la production de radicaux libres oxydants
(Onesto et al., 2016 ; Wang W et al., 2016). Ce stress mitochondrial serait également responsable
d’une fragmentation du réseau mitochondrial et d’'un déséquilibre de I’'homéostasie calcique par

altération des échanges avec le réticulum endoplasmique (Wang W et al., 2013 ; Stoica et al., 2014).

Enfin, I'accumulation intracytoplasmique de TDP-43 serait a 'origine d’une hyper-activation des
voies de la neuroinflammation, via I'interaction directe entre le domaine RRM1 de TDP-43 et la sous

unité p65 du facteur de transcription pro-inflammatoire NFkB (Swarup et al., 2011).

3.3. Déplétion nucléaire : perte de fonction physiologique

La seconde conséquence de la relocalisation nucléo-cytoplasmique de TDP-43 est la diminution de
sa concentration intranucléaire. Cette déplétion peut étre le fruit d’'une sortie active du noyau en
réponse a un stress persistant, d’une ségrégation cytoplasmique empéchant tout renouvellement
de la fraction nucléaire, ou d’une perturbation du trafic nucléo-cytoplasmique secondaire a la

désorganisation de 'ultrastructure cellulaire.

La premiere conséquence directe serait une perte de la fonction nucléaire de TDP-43, participant
aux phénomeénes de cytotoxicité par déreglement du métabolisme des ARN cibles (Kraemer et al.,
2010 ; Polymenidou et al., 2011 ; Wu LS et al.2012 ; Iguchi et al., 2013 ; Yang C et al., 2014 ; White

et al., 2018). L’altération du métabolisme des ARNm du génes codant pour les chaines légeres des
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neurofilaments (NFL) pourrait par exemple concourir a la désorganisation de I'architecture du
cytosquelette observée au sein des motoneurones (Strong et al., 2007). De méme, un déreglement
de I'expression des genes ATG7 (autophagy related 7), TFEB (transcription factor EB) et HDAC6
(histone deacetylase 6) participerait au phénomene de dépassement des voies de ’homéostasie
protéique et de la réponse au stress (Kim SH et al., 2010). Une anomalie portant sur I’expression des
génes IL6 (interleukine 6) et GRN (granuline) pourrait également jouer un réle dans I’activation de

la neuroinflammation (Lee S et al., 2015).

Enfin, TDP-43 étant impliquée dans la régulation de sa propre expression, une perte de ce
rétrocontréle entrainerait une surexpression cellulaire de TDP-43, amplifiant I'accumulation de la

protéine au sein du cytoplasme (Ayala et al., 2011 ; White et al., 2018).

Les hypothéses portant sur les mécanismes a I'origine de la pathogénicité de la protéine TDP-43

dans la SLA sont représentées sur la Figure 7.

W /TDP43\ . | ‘ .

Figure 7. Principales hypotheses actuelles portant sur les mécanismes de pathogénicité de TDP-43 dans la SLA. La

relocalisation de la protéine TDP-43 du noyau vers le cytoplasme a plusieurs conséquences a I'échelle cellulaire. Sa
déplétion nucléaire (1) et son accumulation cytoplasmique (2) seraient a I'origine d’une altération du métabolisme des
ARN aboutissant a une dérégulation de voies cellulaires et un déséquilibre de sa propre expression. La constitution
d’agrégats cytosoliques hyperphosphorylés et ubiquitinylés de la protéine (3) serait par ailleurs a I'origine d’une toxicité
cellulaire. ’accumulation de TDP-43 au sein des mitochondries (4) serait responsable d’une altération du métabolisme
énergétique, d’'une désorganisation du réseau mitochondrial, d’anomalies de ’homéostasie calcique (5), et de la
production de radicaux libres oxydants (ROS) (6). Par ailleurs, 'interaction directe de TDP-43 avec la sous unité P65 du
complexe NFkB via son domaine RMM1 aboutirait a une hyper-activation pathologique des voies de la
neuroinflammation (7). Enfin, les agrégats toxiques de protéine TDP-43 seraient transmis directement ou indirectement

aux cellules voisines (8,9), concourant a la propagation de la pathologie au sein du SNC des patients. (P. Codron).
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4. SOD1 ET FUS, POSSIBLES ACTEURS COMPLEMENTAIRES DANS LA SLA SPORADIQUE

Le géne SOD1 (OMIM#147450), codant pour la protéine Cu/Zn-binding superoxide dismutase 1
(SOD1), a été le premier géne décrit comme étant responsable de formes familiales de SLA (Rosen
et al. 1993). SOD1 est une métalloenzyme de 32 kDa dont le réle principal est la transformation des
radicaux superoxydes toxiques O2e— en peroxyde d'hydrogene H202, principalement au niveau du
cytosol et de I'espace inter-membranaire mitochondrial des cellules (Rotunno et al., 2013). Plus de
170 mutations du gene SOD1 ont été rapportées a ce jour, responsables d’environ 20% des cas de
SLA familiales, soit pres de 2% de I'ensemble des patients atteints SLA. Les mécanismes
physiopathologiques impliqués dans ces formes particulieéres de la maladie semblent liés a un gain
de fonction de la protéine SOD1 mutée conduisant a la formation d’agrégats toxiques cytosoliques

(Rotunno et al., 2013).

Ces dernieres années, plusieurs hypothéses ont émergé quant a I'implication de la protéine SOD1
sauvage dans la physiopathologie des formes sporadiques de SLA, c’est a dire en I’'absence de variant
pathogene du géne SOD1. En effet, il a été observé que cette protéine en condition oxydante peut
elle aussi subir une modification de sa conformation et s’organiser en agrégats toxiques (Rakhit et
al., 2004 ; Ezzi et al., 2007 ; Bosco et al., 2010). Ces résultats ont été confortés par I'observation
d’inclusions de protéine SOD1 au sein des motoneurones spinaux de sujets atteints de SLA
sporadique (Bosco et al., 2010 ; Forsberg et al., 2010 ; Paré et al., 2018). Toutefois, des études
similaires menées sur tissu médullaire de patients n’ont pas permis de retrouver ces agrégats (Liu
et al., 2009 ; Kerman et al., 2010 ; Da Cruz et al., 2017). Si ces résultats contradictoires peuvent étre
le fait de différences portant sur les protocoles d'immunomarquage employés et les anticorps
utilisés, ils suggerent toutefois I'existence probable de différences conformationnelles entre les
inclusions de protéine SOD1 observées dans les formes sporadiques et familiales de la maladie,
résultants de mécanismes pathogéniques distincts. De plus, I'absence d’agrégats de protéine TDP-
43 au sein des motoneurones des patients porteurs d’'une mutation du géne SOD1 est un élément
supplémentaire de distinction physiopathologique entre les formes sporadiques et familiales de la

maladie (Mackenzie et al., 2007).

Dans le méme esprit, les résultats d’'une étude récente posent la question de I'implication dans la
sSLA d’une autre protéine dont la mutation est responsable de fSLA (Tyzack et al. 2019). FUS est une
protéine nucléaire dont la structure et la fonction sont proches de celles de TDP-43. La relocalisation

cytoplasmique de cette protéine n’était jusqu’alors observée que dans les formes liées aux
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mutations du gene FUS (OMIM#137070), soit environ 5% des formes familiales de SLA (Kwiatkowski
et al., 2009 ; Vance et al., 2009). Dans cette étude, les analyses en immunomarquage réalisées sur
tissu médullaire de patients atteints de SLA sporadique ont permis de révéler une accumulation
cytosolique de la protéine au sein des neurones, soulevant la question de la participation de FUS

dans la dégénérescence motoneuronale observée dans la maladie.

Si I'implication des protéines SOD1 et FUS sauvages dans la physiopathologie de la de SLA
sporadique reste débattue (anomalies primitives toxiques ou marqueurs secondaires non
pathogénes), cette question est centrale dans le champ de la recherche sur la SLA car elle
conditionne le développement et I'extension aux formes sporadiques de protocoles de recherche

aujourd’hui réservés aux formes familiales de la maladie.

5. ENJEUX DE LA RECHERCHE ET PROBLEMATIQUES DE LA THESE

La recherche clinique sur la SLA a été marquée ces 20 dernieres années par une multitude d’essais
négatifs (Mitsumoto et al., 2014). Deux constats peuvent en partie expliquer les résultats de ces

études et les difficultés a faire émerger de nouvelles pistes thérapeutiques.

D’une part, les mécanismes physiopathologiques a l'origine de la dégénérescence motoneuronale
dans la SLA demeurent mal compris malgré I'importance des avancées opérées ces dernieres
années. Ces difficultés sont a certains égards liées a I'absence de modele d’étude fiable de la SLA
sporadique. Si les souris transgéniques SOD1 présentent une atteinte motoneuronale marquée et
une espérance de vie courte, leur utilisation ne permet pas de modéliser fidelement la forme
sporadique de la maladie (Gurney et al., 1994). En effet, la présentation clinico-histologique des
formes familiales liées aux mutations du géne SOD1 est singuliére, avec en particulier une absence
de pathologie TDP-43 au niveau du SNC. De plus, les fSLA SOD1 représentent seulement 2% de
I'ensemble des patients atteints de SLA. Enfin, les échecs des essais thérapeutiques orientés par les
résultats d’études pré-cliniques sur ces modeéles témoignent de leurs limites. Plus récemment, de
nouveaux modeles in vitro et in vivo de SLA ont été générés par inhibition ou surexpression de la
protéine TDP-43 sauvage ou mutée (Hergesheimer et al., 2019). Si leur étude constitue un apport
considérable dans le champ de la recherche sur la SLA, I’hétérogénéité de leurs phénotypes et

I'incompléte reproduction des mécanismes impliqués dans la physiopathologie de la maladie
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rendent encore nécessaire la genése de nouveaux modéles pour avancer dans la compréhension de

la maladie et faire émerger des pistes thérapeutiques novatrices.

D’autre part, 'absence de biomarqueur diagnostique et pronostique spécifique de la maladie et la
grande hétérogénéité clinique des patients rendent difficile la construction et I'interprétation des
essais thérapeutiques. En effet, il est a ce jour impossible au moment du diagnostic de prédire
I’évolution de parameétres tels que la topographie de I'atteinte, le développement de signes associés
et la durée d’évolution de la maladie. Ainsi, I'administration d’'un méme traitement a un groupe
hétérogene de patients pourra masquer un possible effet bénéfique sur un sous-groupe atteint
d’'une forme particuliere de SLA. Si les récents résultats d’études portant sur le dosage des
neurofilaments light chain (NFL) et heavy chain phosphorylés (oNFH) dans le sang et le LCR semblent
indiquer 'utilisation de ces biomarqueurs de neurodégénérescence pour conforter le diagnostic de
SLA et estimer I’évolution clinique et le pronostic des patients (Gagliardi et al., 2019 ; Thouvenot et
al., 2019), leur absence de spécificité pour la maladie reste cependant une limite (Khalil et al., 2018).
L'identification de biomarqueurs fiables et spécifiques de la maladie et de ses sous-types reste donc
un enjeu capital pour avancer dans la compréhension de la physiopathologie de la SLA, mieux
diagnostiquer la maladie en pratique clinique, et homogénéiser les groupes de patients dans les

essais pour se diriger vers une médecine personnalisée.

Ces dernieres années, les efforts dans le champ de la recherche sur SLA se sont donc concentrés sur

quatre enjeux majeurs :

- Elucider les mécanismes physiopathologiques a 'origine de la SLA.

- Générer de nouveaux modeles d’étude de la maladie.

- Identifier des biomarqueurs de la SLA et de ses différents sous-types.
- Faire émerger des pistes thérapeutiques novatrices.

Dans ce travail, nous avons cherché a apporter des éléments de réponse a certains de ces grands

axes actuels de la recherche.
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Le premier projet de ce travail de these a porté sur I'optimisation de I'analyse histologique des
Iésions neuronales observées dans les maladies neurodégénératives grace a la mise au point d’'une
nouvelle technique d’imagerie cellulaire permettant I'analyse de tissu cérébral, médullaire et
musculaire de patients a I'échelle nanométrique. Nos premiers résultats obtenus a partir de la
banque de cerveaux du département de Neuropathologie du CHU d’Angers ont permis de
caractériser avec précision les agrégats protéiques observés dans certaines pathologies
neurologiques, ouvrant un nouveau champ pour I'exploration de tissus de patients atteints de SLA.
L'utilisation de cette technique pourrait permettre de caractériser avec précision I'architecture et la
composition des lésions observées dans la maladie et d’émettre de nouvelles hypotheéses sur les

mécanismes physiopathologiques a |'origine de la dégénérescence motoneuronale.

Le second travail de cette thése a porté sur la recherche de marqueurs biologiques de la SLA, en
étudiant des fibroblastes en culture issus de prélevements cutanés. Grace a I'expertise de I'équipe
UMR CNRS 6015 INSERM 1083 (Angers), nous avons analysé l'ultrastructure cellulaire, le
métabolisme énergétique et protéique, I'architecture du réseau mitochondrial, et la réponse au
stress d’une biocollection de fibroblastes issus de patients atteints de SLA sporadique et de sujets
controles constituée prospectivement. Nos données ont permis d’objectiver chez ces cellules une

altération de certaines voies métaboliques, ainsi qu’'une augmentation de la synthése du collagene.

Enfin, la 3éme approche expérimentale de cette thése a été menée au sein de I'équipe du Professeur
Jean-Pierre JULIEN (Institut CERVO, Qc, Canada) qui développe des thérapeutiques innovantes dans
le domaine de la SLA. Nous avons plus particulierement étudié I'adressage et I'action d’anticorps
monoclonaux ciblant les agrégats de protéine TDP-43 au niveau du systéme nerveux central de
souris transgéniques porteuses de la mutation TDP-432315T. Nos résultats obtenus par
immunomarquages fluorescents et études histologiques ont montré |'efficacité de I'adressage du
traitement ainsi qu’une diminution de la charge Iésionnelle centrale. Sur la base de ces résultats,
des projets complémentaires ont été initiés dans la perspective de tester I'efficacité de cette

nouvelle approche chez I’homme.
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ANALYSE D’AGREGATS PROTEIQUES PATHOLOGIQUES DU SYSTEME
NERVEUX CENTRAL PAR MICROSCOPIE SUPER-RESOLUTIVE STORM

1. INTRODUCTION A LA MICROSCOPIE SUPER-RESOLUTIVE

1.1. Limites de I'imagerie optique conventionnelle

La description histopathologique des Iésions observées au sein du cerveau et de la moelle épiniére
des patients atteints de SLA reste un élément central dans le champ de la recherche sur les formes
sporadiques la maladie. Cette approche anatomo-clinique a permis d’avancer dans la
compréhension des mécanismes physiopathologiques a I'origine de son développement, depuis les
premieres observations macroscopiques par Jean-Martin Charcot au XIXe siécle jusqu’a
I'identification plus récente du role de la protéine TDP-43 par immunohistochimie. Toutefois, malgré
les avancées opérées au cours des dernieres décennies dans le champ de I'imagerie optique, les
limites résolutives imposées par la diffraction de la lumiére restent une barriére a la caractérisation

précise des structures intraneuronales.

La résolution spatiale, ou pouvoir séparateur, désigne la capacité d'un systéme optique a distinguer
deux points contigus pour qu'ils soient correctement discernés. Selon un principe établi en 1873 par
Ernst Abbe, il est impossible pour un microscope optique conventionnel (microscope en
épifluorescence et microscope confocal) de distinguer deux structures lumineuses ponctuelles
séparées par une distance inférieure a la moitié de la longueur d’onde de la lumiere émise, soit
environ 250 nm dans le spectre visible (Abbe, 1873). Ce phénomeéne est lié a la diffraction des
photons : pour un systeme optique sans aberration, I'image d’un point lumineux pour une ouverture
circulaire est un disque de plusieurs centaines de nanomeétres aux contours flous et auréolé de
cercles concentriques de plus faible luminosité, appelé tache d'Airy (Figure 8a). Si deux sources
lumineuses sont trop proches (< 250 nm) leurs aires de diffraction se confondent dans le méme halo
empéchant leur distinction (Figure 8b). Cette barriere résolutive prend toute son importance en
imagerie cellulaire, discipline basée sur I'étude de structure de I'ordre de quelques dizaines de
nanometres marquées par des sondes ou des anticorps émettant un signal fluorescent (pouvant

étre considérés comme sources lumineuses ponctuelles).
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Figure 8. Limites résolutives liées a la diffraction de la lumiére. (a) Pour un systéme optique sans aberration, I'image
d’une source lumineuse ponctuelle (a) est un disque de plusieurs centaines de nanomeétres aux contours flous (a’),
conséquence de la diffraction des photons émis. (b) Ce phénomeéne limite les possibilités résolutives des microscopes
conventionnels, deux sources lumineuses séparées d’une distance inférieure a 250nm étant impossible a distinguer quel

que soit le systeme optique utilisé (b3). i : intensité. nm : nanométres. (P. Codron).

1.2. Principe de I'imagerie STORM

Afin de surmonter cette barriére, des approches dites « super-résolutives », ou nanoscopiques, se
sont développées ces derniéres années (Sigal et al., 2018 ; Schermelleh et al., 2019). Le prix Nobel
de Chimie a été décerné en 2014 aux Docteurs Eric Betzig, Stefan Hell et William Moerner pour leurs
travaux dans ce domaine. L'une de ces techniques, appelée stochastic optical reconstruction

microscopy (STORM) repose sur le principe de détection en molécule unique.

L’échantillon analysé est baigné dans un tampon aux propriétés oxydo-réductrice et exposé a un
faisceau d’excitation laser en champ large a haute intensité. Dans ces conditions, certains
fluorochromes organiques photoconvertibles (Cy5, Alexa 647, Atto655, Alexa 532) ont la propriété
de passer dans un état de clignotement. Cette activation temporelle stochastique des
fluorochromes permet une séparation spatiale de leurs taches d’Airy, de telle sorte qu’elles ne se
recouvrent pas (Figure 9a). Les acquisitions sont répétées dans le temps (toutes les 40 ms environ),
entre 5000 et 25 000 images sont acquises au total. Les taches d’Airy sont individualisées sur chaque
image, et la localisation des molécules émettrices est déterminée avec précision par fit gaussien. En
utilisant une approche basée sur le principe du pointillisme, chaque point source détecté sur les

milliers d’images acquises est représenté par un pixel sur une image de reconstruction.
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La résolution finale de I'image est de I'ordre de 20 nm, proche de celle d’un microscope électronique
a transmission, tout en conservant les avantages de I’analyse spécifique de protéines cibles propres

a 'immunomarquage (Figure 9b).

a
~Champ Large Acquisition dSTORM

Acql (t1) Acq2 (t2) Acq3 (t3)

Figure 9. Principe d’acquisition d’une image super-résolutive en utilisant la technologie STORM. (a) L'image d’une
structure marquée par 3 fluophores en microscopie conventionnelle (Champ Large) est la somme des aires d’Airy de ces
derniers, ne permettant pas de les distinguer s’ils sont trop rapprochés. Lors d’une acquisition STORM, les
fluorochromes passent dans un état de clignotement permettant de séparer leurs aires d’Airy dans le temps (t1, t2, t3)
(Acquisition). Le centre de chaque aire, correspondant a la localisation de la molécule fluorescente, est déterminé par
fit gaussien (croix bleue) et marqué par un pixel sur une image de reconstruction. La répétition des acquisitions (Acql,
Acq2, Acq3) permet de s’assurer de détecter toutes les molécules fluorescentes afin d’obtenir d’'une image super-
résolue (reconstruction) en utilisant le principe du pointillisme. (b) La résolution nanométrique permet une définition
précise des organites intracellulaires. Exemple d’images obtenues aprés marquage des mitochondries (magenta) et des
microtubules (vert) au sein d’une cellule en culture. (c) L'utilisation de la technique STORM en neurosciences a permis
de caractériser I'architecture périodique du cytosquelette des axones (microfilaments d’actine d’un neurone en culture).

(Schéma : P. Codron, images : huanglab.ucsf.edu ; Xu et al., 2013).
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La mise au point de cette nouvelle technologie a constitué une avancée considérable dans le
domaine de l'imagerie optique et des neurosciences, permettant par exemple de caractériser
I'architecture périodique du cytosquelette des axones, et I'organisation interne des protéines
synaptiques (Figure 9c) (Dani et al., 2010 ; Xu et al., 2013). Toutefois son utilisation reste pour le
moment limitée a I'étude de modeéles cellulaires en culture, empéchant son application a I'approche

anatomo-clinique par analyse tissulaire.

2. MISE EN PLACE DE L'ETUDE

2.1. Problématique et objectifs

L'objectif de ce travail était de mettre au point un protocole d’analyse de tissu cérébral par
microscopie super-résolutive STORM et d’utiliser cette technique sur des échantillons cérébraux et
médullaires prélevés chez des patients atteints de maladies neurodégénératives afin de caractériser
a I’échelle nanoscopique la composition et I'architecture des agrégats protéiques présents au sein
des neurones. Notre perspective était d’employer cette approche sur des prélévements issus de
patients atteints de SLA afin de tenter de caractériser avec précision I'architecture et la composition
des lésions observées dans la maladie, et d’émettre de nouvelles hypothéses sur les mécanismes

physiopathologiques a I'origine de la dégénérescence motoneuronale.

2.2. Contexte méthodologique et stratégie expérimentale

Depuis 2010, nous travaillons avec le Dr Arnaud CHEVROLLIER a la mise en place des techniques
d’imagerie super-résolutive STORM sur lignées cellulaires au sein de I’'lUMR CNRS 6015 INSERM 1083
(Angers), en ciblant plus particulierement I'étude de I'architecture du cytosquelette et du réseau
mitochondrial dans les maladies neurodégénératives (Figure 10) (Codron et al., 2016 ; Codron et al.,

2018).
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Figure 10. Systéme optique et exemples d’acquisition STORM du laboratoire UMR CNRS 6015 INSERM 1083, Angers. (a)
microscope inversé NIKON ECLIPSE Ti-E (Nikon Instruments Europe, Amsterdam, The Netherlands) équipé d’un objectif
CFI SR APO TIRF 100X ON1.49, d’un systeme Perfect Focus, d’'un module ILas2 (Roper Scientific, Martinsried, Germany)
et d’une caméra Evolve 128TM EMCCD 512 x 512 (Photometrics, Tucson, AZ, USA). (b) Microscopie conventionnelle en
champ large sur fibroblaste de peau, noyau marqué en jaune et microfilaments d’actine en rouge. Barre d’échelle 10pum.
(c) Etude des microfilaments d’actine a I'échelle nanoscopique en microscopie super résolution STORM. Le diamétre
d’un microfilament d’actine est d’environ 10nm. (d) Microscopie conventionnelle en champ large sur fibroblaste de
peau fixé, noyau marqué en bleu et filaments intermédiaires (vimentine) en blanc. Barre d’échelle 10pum. (e) Etude des

filaments intermédiaires en microscopie super résolution STORM. (Images P. Codron — A. Chevrollier).

Pour ce projet, nous avons couplé notre expertise développée dans ce domaine a I'expérience
acquise au sein du service de neuropathologie du CHU d’Angers afin de mettre au point une
technique de préparation et d’analyse de coupes histologiques de tissu cérébral par microscopie
STORM. La résolution des images a été comparée a celles obtenues sur les mémes tissus a partir de
techniques de microscopie optique conventionnelle et électronique, en partenariat avec I'UMR
CNRS 7225 - INSERM 1127 (Institut du Cerveau et de la Moelle épiniére, Université Pierre et Marie
Curie, Sorbonne Universités, Paris, France). Des techniques complémentaires ont été développées
afin de permettre des acquisitions en double couleur et en 3 dimensions. Enfin, nous avons utilisé
cette nouvelle approche pour caractériser a I'échelle nanoscopique les Iésions intra- et extra-

neuronales caractéristiques de maladies neurodégénératives.

Les résultats de ce travail sont rapportés dans I'article suivant.
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Abstract:

The development of STochastic Optical Reconstruction Microscopy (STORM) has contributed recently to
major advances in the field of cell neuroscience. Here, we extended this technique to neuropathological
tissue preparations to perform 2D-, 3D- and two-color STORM on human neocortex, white matter and
brainstem samples. In particular, we imaged pathological protein aggregates in tissues from patients affected
with neurodegenerative diseases, to visualize the architecture of Amyloid-B, Tau and Lewy pathologies with
unprecedented details. Thus, this approach opens further gates to a more comprehensive understanding of
the human brain organization and revelations about the underlying mechanisms responsible for common

neurological diseases.
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Imaging Human Brain at the Nanoscale Level with Level with Super-Resolution Microscopy

Introduction

Advances in neuroscience are closely linked to the progresses made in optical brain imaging. The invention
of the microscope in the 17th century first allowed the characterization of the human brain at the cellular
level and the emergence of clinical neurology, neurosurgery and psychiatry in the 18th and 19th centuries.
Likewise, the understanding and classification of neurodegenerative disorders have benefited from the
development of immunostaining techniques and multichannel fluorescence imaging in the second part of
the 20th century. However, despite these advances, the diffraction barrier (~ 250 nm) remains a resolution

limit for conventional light microscopy, hindering the precise characterization of subcellular structures.

In the recent years, super-resolution microscopy techniques overcame this limit by using different concepts.
One of them, called STochastic Optical Reconstruction Microscopy (STORM), is based on single molecule
localization by stochastic excitation of photo-switchable fluorescent molecules?. By improving the resolution
barrier towards the nanometer scale (~20-50 nm), STORM allows the visualization of nanoscopic structures
while retaining the advantages of optical microscopy such as sample preparation, molecular identification
through immunostaining, and multicolor imaging®. This led in the field of neuroscience to the characterization
of the periodic structure of axonal cytoskeleton in neurons® and to the outlining of the spatial organization
of synaptic proteins®. However, to date, the use of STORM microscopy was restricted to cultured cells and

rodent brain, while so far no experiment on human cortex has been reported.

In this study, we performed STORM on human brain structures combining cellular microscopy protocols with
neuropathology tissue preparation techniques. Using an astigmatism-based imaging method and photo-
switchable fluorophores, we performed 2D-, 3D- and two-color STORM to characterize pathological

structures in brain samples from patients with common age-related neurodegenerative diseases.
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Results

Super-resolution imaging of human brain samples

To assess STORM technique on human brain tissue, we first aimed to image a well-defined histological
structure as axon tracts from the neocortex. Prefrontal cortex samples of control subjects were
immunostained using an anti-neurofilament primary antibody and a secondary antibody conjugated with the
photo-switchable fluorophore Alexa Fluor (AF) 647. Coverslips with immunostained brain sections were
bathed in a switching buffer and placed on the stage of an inverted motorized microscope equipped with a
high-power laser module, a Total Internal Reflection Fluorescence (TIRF) system, and an Electron Multiplying

Charge Coupled Device (EMCCD) single-photon sensitive camera (Fig. 1a).

STORM is based on separating stochastically the emission of photo-switchable fluorescent molecules in time,
so that each individual emitter can be distinguished from the others that reside within the same diffraction-
limited volume. For each acquisition, thousands of frames are recorded and each frame is computationally
processed to detect activated fluorescent molecules, determine their center position, and report it as a single
pixel on a corresponding reconstruction picture. The final super-resolved STORM image is obtained by
merging all the reconstruction pictures in a single overlap image (Fig.1b, Supplementary Video 1). The total
acquisition and reconstruction time for one super-resolved image lasts from 5 to 10 minutes, depending on

the number of acquired frames.

Using this technique, we imaged neurofilaments in axons with high resolution. Although neurofilament fibrils
(~*10 nm) could not be defined as well as when using Transmission Electron Microscopy (TEM), the axon
caliber was significantly decreased compared the one found using conventional fluorescence microscopy
(Supplementary Fig. 1). For the same prefrontal axons, the diameter in longitudinal sections and the area in
transversal sections were more than 50% smaller when measured with STORM than with conventional
fluorescence microscopy (p<0.001) (Fig. 1c-e). In contrast, there was no significant difference regarding these
parameters from prefrontal cortex samples of an age-matched control subject, measured with STORM or
TEM (p= 0.441 diameters, p = 0.596 areas). Thus, STORM provides a powerful tool to image human brain

samples and a reliable method to measure histological structures at the nanoscale level.
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Fig. 1. Super-resolution imaging of human brain samples. a, Schematic of the optical setup used for STORM imaging.
I.B. = incident beam, E.F = evanescent field, R.B. = reflected beam. b, STORM acquisition of a cortical axon in a human brain section
immunostained for neurofilaments (NF): a conventional fluorescence microscopy image was first acquired (left), excitation power
was then strongly increased to induce fluorophore blinking and thousands of frames were recorded (center — up). Each frame was
computationally processed to detect activated fluorescent molecules and report their center position as single pixels on a
corresponding reconstruction picture (center — down). The final STORM image was obtained by merging all the reconstruction
pictures in a single overlap image (right). IF = imaging frame. c, Representative images of longitudinally and transversally sectioned
prefrontal cortex axons acquired with conventional fluorescence microscopy, STORM, and Transmission Electron Microscopy (TEM).
d,e, Axon diameters (longitudinal sections) and areas (transversal sections) measured in human brain using conventional fluorescence

microscopy, STORM, and TEM. Error bars indicate means with standard deviations. * p<0.001.
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3D-STORM and two-color STORM imaging of human brain samples

As three-dimensional and multichannel imaging provide fundamental insights into the architectural
organization of nanoscale structures, we assessed STORM to image human brain sections, using an
astigmatism-based method allowing a three-dimensional detection of individual fluorophore®. After setting
a cylindrical lens in the detection path of the microscope, the z coordinate of each fluorescent molecule was
determined from the ellipticity of its image. Prefrontal cortex samples of control subjects were
immunostained for Neurofilaments, and after reconstruction, axons were visualized in 3D with high
resolution and an imaging depth of ~0.5 um (Fig. 2a). The cylindrical shape of the axon tracts was discernible
and both longitudinal and transversal sections of the 3D modelled axon were similar in size to those obtained

with 2D-STORM.

Then, to assess two-color STORM imaging on cortex samples, we immune-stained human brain sections with
two primary antibodies detecting nearby structures, the Bassoon and Homer 1 proteins from the synapses,
and used secondary antibodies conjugated with the photoswitchable fluorophores AF 647 and AF 532. In
conventional fluorescence microscopy, Bassoon and Homer 1 signals appeared diffuse and overlapping, and
the synaptic clefts could not be precisely defined (Fig. 2b). In contrast, the two-color STORM imaging allowed
to distinct pre- and postsynaptic protein clusters separated by the synaptic cleft, and to precise the exact
size, orientation and organization of the synapses. Interestingly, multichannel imaging combining
conventional fluorescence microscopy and STORM was also achievable, allowing super-resolution imaging of
brain structures using both photoswitchable and non-photoswitchable fluorophores. Although less specific
than two-color STORM, this technique can provide valuable information about the layout of adjacent
structures, as for example myelin sheath around axonal tracts (Fig. 2c). Together, these results demonstrate
the possibility to perform 3D and two-color STORM imaging with a nanoscale resolution on human brain

samples.
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Fig. 2. 3D-STORM and two-color STORM images of physiological structures in human brain. al, Conventional fluorescence
microscopy image of a longitudinally sectioned axon immunostained for neurofilament (NF) in prefrontal cortex. a2, STORM image
of the same area. a3,a4, 3D-STORM reconstruction of the acquired axon, allowing a three-dimensional analysis of the structure at
the nanoscale level. b1, Conventional fluorescence microscopy image of pre- and post-synaptic proteins Bassoon and Homer 1 in
prefrontal cortex. b2, Two-color STORM image of the same area resolving distinct synaptic clusters. b3, Comparative TEM image of
2 synapses with pre- (black arrowheads) and post- (white arrowheads) synaptic compartments. c1, Conventional fluorescence
microscopy image of axonal NFs and oligodendrocyte Myelin Basic Protein (MBP) in peri-ventricular white matter. c2, Image of the
same area combining conventional fluorescence microscopy (NF) and STORM (MBP). c¢3, Comparative TEM image of a transversally

sectioned axon (asterisk) surrounded by oligodendrocyte processes and myelin sheath (white arrowhead).
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Super-resolution imaging of A and Tau Pathology

Understanding the pathophysiology of neurodegenerative disorders to identify novel therapeutic prospects
is a major challenge. As each of these diseases is defined by specific intra- or extra-cellular protein aggregates
in distinctive anatomical brain regions, valuable insights will be provided by the precise characterization of
the corresponding lesions. To this end, we focused on imaging Amyloid-B (AB), Tau and a-synuclein

aggregates with STORM in samples from patients with parkinsonism and dementia.

Alzheimer’s disease (AD) is the leading cause of dementia, with hallmarks of the disease consisting in the
presence of extracellular deposits of AP peptides called senile plaques, and intracellular aggregates of
hyperphosphorylated tau protein (pTau) called neurofibrillary tangles (NFT), essentially in the hippocampus,
entorhinal cortex and neocortex’. As aggregate size can measure up to 100 um, keeping an overall view of
the whole lesions is critical to study AR and Tau pathology in the brain, while high resolution imaging is

required to characterize the nanoscale organization of the misfolded proteins.

Towards this goal, we imaged by STORM entire senile plagues and degenerating neurons together with
performing observations at a nanoscale resolution. Tissue samples from the prefrontal, parietal and temporal
cortex of AD patients were immunostained for AR and pTau (Ser202, Thr205). Auto-fluorescence quenchers
were used to reduce the signal of lipofuscin, an autofluorescent pigment present in senescent neurons?.
Lipofuscin signal was specifically detectable in neuron, but did not preclude STORM acquisitions. STORM
images of ~30 um diameter senile plaques and ~15 um degenerating neurons with NFTs were acquired. While
the AB fibrils and the paired helical filaments of Tau could not be identified as with TEM, the STORM images
provided highly resolving details of the nanoscale distribution and size of AB peptides and pTau aggregates
(Fig 3a,b). AB fibrils were highly reticulated and cross-linked in the extracellular matrix (Fig. 3a), while NFTs
appeared denser, with both a honeycombed structure in the soma and a filamentous organization in the
axon (Fig. 3b). These observations emphasize that STORM provides great insights in studying AB and Tau
aggregates in brain samples from AD patients, which will contribute to a better understanding of their

formation and generation of neuronal lesions.
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Fig. 3. Super-resolution images of senile plaques and neurofibrillary tangles in AD brain samples. al, Representative image of a
senile plaque in the neocortex of a patient affected with AD (immunohistochemical detection of AB). a2, Conventional fluorescence
microscopy image of a whole senile plaque in a neocortex section immunostained for AB. a3, STORM image of the same area. The
high-magnification views of marked regions show fine details of the nanoscale distribution and size of AB. a4, Comparative TEM
image of AB fibrils (black arrowheads) in a senile plaque. b1, Representative image of neurofibrillary tangles in the neocortex of a
patient affected with AD (immunohistochemical detection of pTau). b2, Conventional fluorescence microscopy image of
neurofibrillary tangles within the soma of a whole degenerating neuron surrounded by AB deposition in a neocortex section. b3,
Same area imaged by combining conventional fluorescence microscopy and STORM. The high-magnification views of marked regions
show the honeycombed structure of pTau aggregates in the soma and a filamentous organization in the axon. b4, Comparative TEM

image of Tau filaments (white arrowhead) in neurofibrillary tangles.
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Super-resolution imaging of Lewy Pathology

Parkinson's disease (PD) and dementia with Lewy bodies (DLB) are two neurodegenerative diseases
characterized by the presence of intra-neuronal a-synuclein immuno-reactive inclusions, called Lewy bodies
(LB)°. The structure of LBs varies depending on their localization within the central nervous system. Two main
types of LB can be defined: typical Lewy bodies (TLB) mainly found in the soma of the brainstem neurons,
spherical with a pale core surrounded by a dense halo when studied in immunohistochemistery, and smaller
cortical Lewy bodies (CLB), usually lacking the central core and peripheral halo, mainly detected in the axons
of the neocortex (Fig. 4a). Accumulation of a-synuclein in dystrophic axons called Lewy neurites (LN) can also
be observed. To date, the structure of LBs remains unclear, as the resolution of conventional fluorescence
microscopy is too low to characterize their internal architecture and TEM does not provide sufficient

information about protein content and organization.

In order to characterize LB pathogenicity at the nanoscale level with a molecular staining approach, we
performed STORM imaging using brain samples from PD and DLB patients. Neocortex from prefrontal and
temporal samples and substancia nigra (brainstem) sections were immune-stained with a-synuclein
(phospho S$129) antibodies and images of TLBs, CLBs and LNs were acquired. The pale core and the dense
halo of TLBs were observed both with conventional and super-resolution imaging, although only the STORM
images defined precisely their internal organization (Fig. 4a). The pale core appeared empty, while the halo
was made of an a-synuclein reticulated corona. Likewise, STORM imaging of CLBs revealed a dense
honeycomb structure that could not be detected by conventional fluorescence microscopy (Fig. 4a). Finally,
two-color STORM imaging of LB showed a central core of aggregated pTau surrounded by reticulated a-
synuclein (Fig. 4b). In contrast, LNs were composed of a-synuclein dense aggregates bounded by
neurofilaments (Fig. 4c). These very first STORM images of a-synuclein aggregates hold great promise for
characterizing the composition, organization and diffusion of Lewy pathologies in human brain and

discovering the pathophysiological processes involved in a-synucleinopathies.
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Fig. 4. Super-resolution images of Lewy bodies in PD and DLB brain samples. al, Representative image of a typical Lewy body (black
arrowhead) in the substantia nigra of a patient affected with PD (immunohistochemical detection of a-synuclein). a2, Conventional
fluorescence microscopy image of a typical Lewy body in a substantia nigra section immunostained for a-synuclein. a3, STORM image
of the same area resolving distinctly the a-synuclein reticulated corona of the Lewy body. a4, Representative image of cortical Lewy
bodies (black arrowheads) and Lewy neurite (White arrowhead) in the neocortex of a patient affected with PD. a5, Conventional
fluorescence microscopy image of a cortical Lewy body in a neocortex section immunostained for a-synuclein. a6, STORM image of
the same area revealing the dense honeycomb organization of the Lewy body. b1, Conventional fluorescence microscopy image of a
typical Lewy body immunostained for a-synuclein and pTau. b2, Two-Color STORM image of the same area showing a central core of
aggregated pTau surrounded by reticulated a-synuclein. c1, Conventional fluorescence microscopy image of a Lewy neurite (black
arrowhead) immunostained for a-synuclein and neurofilaments (NF). c2, Two-Color STORM image of the same area showing a-

synuclein dense aggregates bounded by neurofilaments. Note the unaffected axon with normal caliber (white arrowhead).
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Discussion

In this work, we combined approaches used for cellular imaging to neuropathological techniques in order to
develop a reliable STORM protocol for observing human control and pathological brain samples. This allowed
to characterize with a nanometer-scale precision the architecture of physiological structures in human cortex
and white matter, such as axons, oligodendrocytes processes, and pre- and post-synaptic compartments. In
addition, for the very first time, we imaged AB, Tau and Lewy aggregates with unprecedented details from

brain samples of patients affected with neurodegenerative disorders.

Until now, the only approach to image nanoscopic brain structures relied on TEM. While TEM imaging is time
consuming, requires ultrathin tissue sections and stringent sample preparation, and limits its focus on
restricted areas, STORM imaging retains the advantages of conventional fluorescence microscopy with
respect to sample preparation, specificity of the molecular labelling, 3D acquisitions and multi-channel
observations across large areas. The tissue preparation technique developed in this work for STORM brain
tissue observations is time-saving and easily reproducible, as it is inspired by the protocols used routinely for
conventional fluorescence microscopy. Moreover, it can be used on any brain tissue sample stored in a Brain
Bank, with reagents and antibodies commonly employed in neuropathology departments and neuroscience

research laboratories. Finally, the acquisition and reconstruction of a STORM image takes only a few minutes.

Nevertheless, while attractive, performing STORM on human brain samples requires adjustments to generate
high resolution final images. Regarding sample preparation, the first issue is the presence of sample-induced
aberrations that can distort and blur single-molecule emission patterns, in particular when performing 3D
acquisition. In this work, we selected to use <5 um tissue sections to limit the impact of optical artifacts on
the final image. Imaging thicker brain sections can be considered, however it should require complementary
techniques such as adaptive optics (AO)-based correction or self-interferences (SELFI) method to avoid
excessive aberrations!®!!, Sample preparation is also critical. First, the signal of auto-fluorescent materials
must be reduced using quenchers. Likewise, the fluorophores must have high photoswitching kinetics and
sufficient brightness to be detected properly. In this work, we chose to use AF 647 and AF 532 as they exhibit
excellent photoswitching characteristics and have long wavelength excitation and emission, allowing deep
tissue penetration and limiting background signal from tissue autofluorescence. The sizes of the antibodies
used for immunostaining has also to be adapted to those of the analyzed nano-structures, as the combination
of a primary and a secondary antibody can reach up to 30 nm distance. Nevertheless, we selected
conventional immunostaining with antibodies routinely used in neuropathology departments, because they
are accessible and commonly employed both in neuroscience research and clinicopathological practice. But
the immunostaining protocol can involve fluorescent probes or primary antibodies conjugated with

fluorophores to increase the accuracy of the measurements. Finally, the background fluorescence generated
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by fluorophores located outside the focal plane must be reduced to its minimum. To meet this imperative,
we used TIRF illumination??, with the incident beam reflected at the coverslip and the sample excited by the
resulting evanescent wave, thus providing effective optical-sectioning and background reduction. However,
as TIRF illumination is limited to a depth of a few micrometers, other approaches should be considered for

imaging thicker tissue sections, such as light-sheet illumination or tissue clearing®3.

To conclude, STORM imaging of human tissue samples will provide valuable data about the organization and
composition of physiological and pathological brain structures. In particular, the ultrastructural imaging of
AB, pTau and a-synuclein pathological samples will further contribute to a more comprehensive
understanding of the progressive mechanisms involved in AD, PD and DLB. Moreover, inferring correlations
between clinical diagnosis and high-resolution imaging should further highlight ultrastructural differences
between lesions, identify factors contributing to clinical heterogeneity, and define subclasses of diseases,
precluding future therapeutic routes. Finally, the easiness of sample preparation should open a
straightforward extension of this approach to study the pathological lesions of other neurodegenerative
disorders such as Frontotemporal Lobar Dementia, Amyotrophic Lateral Sclerosis, Huntington disease, or

Multiple Sclerosis, with promising new avenues to the current challenges in neuroscience.
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Methods

Tissue samples

All post mortem brain samples used for STORM imaging were obtained from the Neurodegenerative Diseases
Brain Bank of Angers University Hospital. Four patients with neurodegenerative disorders and 3 age-matched
control subjects were chosen by screening archived histological sections. Samples from prefrontal cortex,
parietal cortex, temporal cortex, peri-ventricular white matter, and substantia nigra were considered.

Patient and control characteristics are reported in Supplementary Table 1.

Immunostaining

Cryopreserved brain samples were used for STORM imaging (samples bathed 30 seconds into iso-pentane
immersed in liquid nitrogen during brain autopsy and stored dry at -80°C). Tissue samples were cryo-
sectioned at -20 °C into 5 um thick sections using a Leica CM3050 S cryostat (Leica Biosystems, Wetzlar,
Germany). Each frozen section was retrieved onto 22x22 mm N°1 cover glasses (Paul Marienfeld, Lauda-
Koénigshofen, Germany), air-dried for 45 minutes. After three washes in phosphate buffered saline (PBS)
(PAN-Biotech, Aidenbach, Germany) the sections were blocked and permeabilized in 0.1% triton X-100 and
5 % bovine serum albumin (BSA) (Sigma-Aldrich, Saint-Louis, MO, USA) in PBS for 1 h at room temperature
(RT). The sections were then washed and incubated over night at 4 °C with primary antibodies diluted in
blocking solution. The next day, the sections were washed and incubated with appropriate AF-conjugated
secondary antibodies (Thermo Fisher Scientific, Waltham, MA, USA) diluted in blocking solution for 2 hours
at RT. Finally, DNA was counterstained with Hoechst 33342 (Thermo Fisher Scientific, Waltham, MA, USA)
diluted in PBS (1:200) for 5 minutes at RT. Sudan Black B (Sigma-Aldrich, Saint-Louis, MO, USA) or TrueBlack®
(Biotium, Fremont, CA, USA) were used to quench lipofuscin autofluorescence following manufacturer’s

instructions. Antibodies and reagents references and dilutions are reported in Supplementary Table 2.

STORM Acquisition

For super resolution imaging, the cavity of a clean single depression slide (Paul Marienfeld, Lauda-
Koénigshofen, Germany) was filled with 50 pl of switching buffer (Abbelight, Paris, France), and covered by a
coverslip, the sample side facing downward. Excess buffer was carefully wiped away, and the coverslip was
sealed on its slide with the two-component silicone-glue Twinsil® (Picodent, Wipperfirth, Germany).
After a drying time of 10 minutes, the device was placed on the stage of an inverted motorized microscope
NIKON ECLIPSE Ti-E (Nikon Instruments Europe, Amsterdam, The Netherlands) equipped with a CFI SR APO
TIRF 100X ON1.49 objective, a Perfect Focus System, and a Total Internal Reflection Fluorescence (TIRF) ILas2
module (Roper Scientific, Martinsried, Germany). Image sequences were acquired with a single-photon
sensitive camera Evolve 128TM EMCCD 512 x 512 imaging array, 16 x 16 um pixels (Photometrics, Tucson,

AZ, USA). Acquisitions were performed at fixed temperature 25°C (Okolab NA, Pozzuoli, Italy). Phase contrast
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was first used for orientation and focus adjustment. The TIRF angle was then adjusted for each channel to
reduce the background excitation. The region of interest was defined using the 647 nm and 532 nm laser
line, and the 488 nm laser line was used to assess the autofluorescence signal. Prior to STORM imaging, a
multichannel conventional fluorescence microscopy image was acquired for subsequent comparison with
STORM image. The excitation power of either 647 nm or 532 nm laser line was then strongly increased (~50
to 100 mW before the objective lens) to induce fluorophore blinking and preform STORM imaging. The em-
gain of the camera was set to high amplification to optimize the signal-to-noise ratio. Images were acquired
with an integration time of 30 ms per frame. The total acquisition time points for each sequence was adapted

to the observed structure and to the labelling density (5,000 to 20,000 frames).

Image reconstruction

The center positions of the fluorophores were determined by fitting of 2D Gaussian function with parameters
of microscope’s point spread function (PSF) using WaveTracer software (Roper Scientific, Martinsried,
Germany). Imaris 8.0 software (Bitplane, Zurich, Switzerland) was used for image processing and

visualization. More than 300 STORM images have been acquired and analyzed in total.

Immunohistochemistry

Formalin-fixed tissue samples were embedded in paraffin and cut at 4 um using a Leica RM125 microtome
(Leica Biosystems, Wetzlar, Germany). Sections were collected on slides and immunostained using a fully
automated IHC stainer Leica-BOND Il (Leica Biosystems, Wetzlar, Germany). Finally, samples were analyzed
under a Zeiss Axioscop40 microscope equipped with an Axio-cam MRC5 camera, using AxioVisio 4.6 software

(Carl Zeiss, Oberkochen, Germany).

Electron microscopy

Brain cortical samples from the middle frontal gyrus of the right hemisphere were collected between 1974
and 1986, Biopsies were immediately fixed in Karnovsky’s solution, postfixed in osmium, and embedded in
Araldite. Samples from a 38-year-old male subject who suffered a brain hemorrhage were used as control
(laboratory identification #927). Samples from a 58-year-old male patient affected with a familial form of AD
(M146L mutation of the PSEN1 gene) were used to study neurofibrillary tangles and senile plaques
(laboratory identification #1507). Seventy-nm-thick ultrathin sections were collected on copper grids, and
contrasted by incubation with 5 % uranyl acetate followed by lead citrate for 5 min each. Sections were
analyzed with a Hitachi HT 7700 (Elexience, Verrieres le Buisson, France) electron microscope. More than 80

TEM images have been analyzed in total for each sample.

CODRON Philippe | Marqueurs pathologiques et
pistes thérapeutiques dans la sclérose latérale amyotrophique sporadique 45



Statistical analysis

Statistical analyses were conducted using PRISM software version 5.0 for Windows (GraphPad, La Jolla, CA).
Comparisons of means were performed using Student’s t-test for two groups analysis, and one-way analysis
of variance (ANOVA) for multiple groups analysis, after verifying the Normal distribution and the
homoscedasticity of data using Shapiro—Wilk’s test. In the absence of Normal distribution, the nonparametric

Mann—-Whitney U-test was used. Differences were considered to be significant at p<0.01.

Ethical considerations

Brain tissue samples were stored in the Biological Resource Centre « Neurodegenerative disorders »
(national identifier BB-0033-00038) after being authorized by the Regional Ethics Committee West Il
(declaration number DC-2011-146). The study protocol has been declared to the French commission for
information technology and civil liberties (declaration number ar19-0012v0). An anonymous database and a
list of correspondence have been generated and stored on a hard disk of the University Hospital of Angers

with restricted access.

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

article.

Data availability
The data sets generated and analyzed during the current study are available from the corresponding author

on reasonable request.
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Supplementary data
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Supplementary Fig. 1. Comparison of conventional fluorescence and STORM imaging of axonal processes. al, Conventional
fluorescence image of a longitudinally sectioned axon immunostained for neurofilaments (NF) in prefrontal cortex. a2, STORM
image of the same area. b, Representation of the cross-sectional profiles (dotted lines in a) through axonal process. Error bars

indicate mean with standard error, n=8 measures per image.

Supplementary Movie
Supp Movie 1. Super-resolution imaging of human brain samples with STORM. STORM imaging of a cortical axon in a human brain

section immunostained for neurofilaments.
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Supplementary Tables

Supplementary table 1: Controls and patients clinical and pathological characteristics.

Identifier Gender Age Clinical information Tau and AB pathology” Lewy pathology®*
17N00233 M 25 Control (BH) - -
18N00117 F 48 Control (AMOF) - -
18N00032 M 70 Control (AMOF) - -
18N00040 F 86 Dementia A3-B3-C3 -
18N00132 F 66 Dementia A4-B5-C3 -
18N00068 F 58 Parkinsonism A4-B5-C3 Stage 4
17N00238 M 74 Parkinsonism A2-B3-C3 Stage 5

AMOF: Acute Multiple Organ Failure, BH Brain Hemorrhage.

Supplementary table 2: Antibodies and reagents.
Primary antibodies Host Company Catalog Number Dilution
Alpha-synuclein (phospho $129) Rabbit Abcam ab209422 1:1000
Bassoon Rabbit Synaptic Systems 141003 1:250
Beta Amyloid Rabbit Abcam ab2539 1:1000
Beta Amyloid Mouse Dako-Agilent MO0872 1:1000
Homer 1 Mouse Synaptic Systems 160011 1:500
Myelin Basic Protein Rabbit Dako-Agilent A0623 1:250
Neurofilament Mouse Monosan MON3004-1 1:1000
Phospho-Tau (Ser202, Thr205) Mouse Thermo Fisher MN1020 1:1000
Secondary antibodies Host Company Catalog Number Dilution
Alexa Fluor 532 anti-Mouse IgG Goat Thermo Fisher A-11002 1:2500
Alexa Fluor 647 anti-Mouse IgG Goat Thermo Fisher A-21235 1:2500
Alexa Fluor 532 anti-Rabbit IgG Goat Thermo Fisher A-11009 1:2500
Alexa Fluor 647 anti-Rabbit IgG Goat Thermo Fisher A-21244 1:2500

Reagents or Resources Company Catalog Number
Abbelight smart kit STORM Abbelight SMART KIT-1
Bovine Serum Albumin Sigma-Aldrich A6003
Fluoromount-G® Southern Biotech 0100-01
Hoechst 33342 Thermo Fisher Scientific H3570
Microscope cover glasses Paul Marienfeld 0102052
Microscope slide with single cavity Paul Marienfeld 1320000
Paraformaldehyde Sigma-Aldrich P6148
Phosphate Buffered Saline Pan Biotech P04-53500
Sudan Black B Sigma-Aldrich 199664
Triton X-100 Sigma-Aldrich 79284
TrueBlack® Biotium CAT#23007
Twinsil® Picodent CAT#13001000
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3. DISCUSSION ET PERSPECTIVES

3.1. Principaux résultats de I'étude

Dans ce travail nous avons mis au point une technique novatrice d’analyse super-résolutive de tissu
cérébral humain en utilisant une approche pluridisciplinaire. La résolution des images est élevée,
proche de celles obtenues en microscopie électronique, et les techniques complémentaires en
double couleur et 3D-STORM permettent une analyse plus compléte de la composition et de
I’architecture des structures étudiées.

Le développement de la technique de microscopie super-résolutive STORM constitue une avancée
considérable dans le domaine de la microscopie optique. Si le matériel nécessaire a la réalisation
des acquisitions était initialement onéreux et son utilisation particulierement complexe, la
commercialisation des outils d’'imagerie super-résolution par différents constructeurs a permis ces
dernieres années une démocratisation de la technique et son utilisation par de nombreuses équipes
de recherche. Les fabricants proposent désormais des modules complémentaires qu’il est possible
d’'implémenter directement sur un statif déja disponible, diminuant ainsi les couts d’acquisition. De
plus, certains constructeurs proposent des appareils et réactifs clé-en-main, facilitant d’autant plus
la mise en place du dispositif au sein d’'une unité de recherche. Enfin des logiciels open source
intuitifs permettant une reconstruction fiable d’images super-résolues sont disponibles en
téléchargement libre.

Sur un plan pratique, siles temps d’acquisition et de reconstruction des images sont plus importants
gu’en imagerie optique conventionnelle (environ 10 minutes pour I'obtention d’une image STORM),
ce délaireste raisonnable en regard du gain résolutif permis par la technique. Dans cette étude nous
avons choisi d’employer un protocole classique d’immunomarquage basée sur ['utilisation
d’anticorps primaires ciblant une protéine spécifique de structure, et un anticorps secondaire
couplé a un fluorochrome permettant la révélation du premier. Nous nous sommes par ailleurs
attachés a utiliser des anticorps communs, utilisés en routine dans les services d’anatomopathologie
et les laboratoires de recherche en neurosciences, afin de favoriser la diffusion de la technique.
Toutefois ce choix méthodologique diminue sensiblement la résolution des images acquises : en
effet, le complexe antigéne + anticorps primaire + anticorps secondaire peut mesurer jusqu’a 30
nm, de par la taille des immunoglobulines utilisées. Si cette distance est négligeable en microscopie
conventionnelle, elle peut géner les mesures et études en colocalisation lors d’'une acquisition en

nanoscopie. Nous travaillons actuellement sur la mise au point de techniques de préparation
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permettant de réduire la taille du complexe de marquage, en utilisant des anticorps primaires
directement couplés a un fluorochrome, des immunoglobulines recombinantes de plus petite taille
(fragments Fab, fragments monocaténaires), et des sondes fluorescentes. Cette stratégie permettra
d’obtenir un signal au plus proche de la structure et diminuer les artéfacts de marquage.

La technique d’imagerie STORM présentée dans cet article permet I'analyse d’échantillons de tissu
cérébral de patients a I’échelle nanoscopique. L'extension et I'adaptation de ce protocole a d’autres
types de tissus peuvent étre envisagées, ouvrant de nombreuses perspectives dans les champs de
la recherche et du diagnostic : échantillons issus de modéles animaux ou végétaux, biopsie de
patient ou encore matériel autopsique. Il est toutefois important de considérer qu’une connaissance
des principes fondamentaux de physique optique et d’'imagerie cellulaire, ainsi qu’une formation a
la discipline anatomopathologique (préparation d’échantillons et lecture de lames) sont nécessaires
pour permettre I'acquisition d’images STORM sur coupes tissulaires, pouvant ainsi constituer une

limite technique.

3.2. Perspectives en recherche

3.2.1. Analyse des Iésions motoneuronales dans la SLA a I’échelle nanométrique

Dans cette étude, les délais d’accés aux tissus cérébraux et médullaires de patients atteints de SLA
stockés au sein du Centre de Ressources Biologiques (CRB) du CHU d’Angers suivant I’émission de
I’autorisation de Comité de Protection des Personnes (CPP) n’ont pas rendu possible 'utilisation ces
prélévements pour ce projet. La technique a donc été initialement mise au point sur des échantillons
de patients et sujets contrdles déja accessibles au sein du laboratoire au moment de la délivrance
des autorisations administratives et éthiques. Les résultats obtenus pour l'analyse d’agrégats
protéiques dans les maladies d’Alzheimer et de Parkinson nous incitent a poursuivre ce travail et
utiliser 'imagerie STORM pour caractériser la composition et I'architecture des Iésions observées
au sein du SNC des patients atteints de SLA.

En effet, si les observations anatomo-histologiques ont indiscutablement permis d’émettre des
hypothéses quant aux mécanismes de neurodégénérescence impliqués dans la SLA, les contraintes
résolutives et techniques des approches d’imagerie cellulaire conventionnelles rendent difficile
I'obtention de nouvelles données pathologiques.

Cette limite est d’abord présente a I’échelle cellulaire, dans les analyses morphologiques visant a

caractériser avec précision la localisation des agrégats protéiques au sein des neurones et leurs
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rapports aux autres structures intracellulaires. Une étude récente portant sur la présence d’agrégats
intra-mitochondriaux de protéine TDP-43 avait utilisé une approche en immunofluorescence
conventionnelle en double marquage sur tissu médullaire de patient (Figure 11a) (Wang et al., 2016
sup data). Si les résultats obtenus permettent de suspecter une proximité des agrégats protéiques
et des mitochondries au sein des motoneurones, la localisation exacte de TDP-43 autour ou au sein
de cet organite reste a définir. Une analyse en imagerie double couleur STORM ciblant TDP-43 et
différents marqueurs mitochondriaux (membrane externe, membrane interne, matrice)
permettrait ainsi de confirmer et de préciser a I'échelle nanoscopique la localisation intra-
mitochondriale de ces inclusions. Plus généralement, une telle approche permettrait d’étudier les
rapports des agrégats protéiques avec les différents organites intracellulaires des motoneurones
(lysosomes, peroxysomes, noyau).

A l’échelle moléculaire, les limites résolutives des systémes optiques et les difficultés techniques de
I'imagerie électronique empéchent la caractérisation précise de la constitution et de I'architecture
des agrégats intraneuronaux. Une étude en immunofluorescence utilisant une acquisition en triple
marquage TDP-43, périphérine et ubiquitine suivie d’un traitement numérique par déconvolution
des images obtenues afin d’en augmenter la résolution, avait permis d’observer une organisation
en bulbe d’oignon des agrégats (Figure 11b) (Sanelli et al., 2007). La protéine TDP-43 étant située
en périphérie de ces inclusions, les auteurs avancaient I’hypothése d’une implication plus
importante de la périphérine, située plus au coeur des agrégats, dans les mécanismes
physiopathologiques a I'origine de la maladie. Toutefois, compte tenu de la possible construction
d’artéfacts numériques résultant de I'application d’algorithmes de déconvolution aux images
acquises par systeme optique, l'utilisation d’'une imagerie STORM (double couleur et 3D) plus
résolutive et basée sur la détection directe du signal fluorescent permettrait un complément

d’analyse plus précis mais également plus fiable.
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Figure 11 : Limites techniques actuelles rencontrées en imagerie optique conventionnelle pour I’étude des rapports
et de l'ultrastructure des agrégats protéiques intraneuronaux chez les patients atteints de SLA. a. Travaux de Wang
et al., 2016 (supp data) : si la superposition (jaune) des signaux émis par I'immunomarquage ciblant TDP-43 (rouge) et
des deux marqueurs mitochondriaux (COXIV et VDAC1, en vert) permet de suspecter une proximité des agrégats
protéiques avec les mitochondries au sein des motoneurones, la localisation exacte de TDP-43 autour ou au sein de cet
organite reste a définir. Barres d’échelle 20 um (2 um inset) b. Travaux de Sanelli et al., 2007 : I'utilisation d’algorithmes
de déconvolution permet d’augmenter numériquement la résolution d’images acquises en immunofluorescence et
étudier l'ultrastructure et la composition des agrégats intraneuronaux. Toutefois la possible présence d’artéfacts

construits doit étre prise en compte dans l'interprétation des images obtenues. Barre d’échelle 10 um.

Dans cette optique, un travail préliminaire a été effectué sur tissu cérébral (cortex moteur) de sujets
contrdles afin d’évaluer les possibilités d’utilisation de cette technique pour I'étude des agrégats de
TDP-43 a |"échelle nanoscopique. Un immunomarquage dirigé contre les protéines TDP-43
(Proteintech 10782-2-AP, 1:750) et Lamine A/C (Novocastra NCL-LAM-C/C, 1:2000) a été réalisé. Les
premieres images obtenues nous ont permis de confirmer la possibilité de retenir cette méthode
pour I’étude de TDP-43 en STORM, et d’observer avec précision la distribution de la protéine au sein

du noyau des neurones en conditions normales (Figure 12a).
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Figure 12. Protocole d’imagerie STORM sur tissu cérébral et musculaire. (a) Acquisition en Champ Large (Wide
Field) et STORM d’un noyau de motoneurone central (cortex moteur de sujet contréle). Immunomarquage dirigé
contre les protéines TDP-43 et Lamine A/C. (b) Acquisition en Champ Large et STORM de myofibrilles au sein d’un
myocyte en coupe longitudinale (biopsie musculaire de sujet contrble). Marquage de l'actine par sonde

Phallotoxine-647. (Images : P. Codron).

3.2.2. Protocole d’analyse du tissu musculaire en microscopie STORM

Nous avons également adapté les techniques de préparation et lecture afin de permettre I'analyse
en microscopie STORM de tissu musculaire provenant de biopsies effectuées en ambulatoire chez
des patients atteints de maladies neuromusculaires. Nous avons ainsi pu obtenir des images super-
résolutives de myofibrilles de fibres musculaires en utilisant un marquage de l'actine par
Phallotoxine-647 (Thermo-Fisher Scientific) (Figure 12b,c). Ainsi, I'’étude des structures intra- et
inter-myofibrillaires des fibres musculaires squelettiques prélevées chez des patients atteints de SLA
sporadique pourrait mettre en lumiéere des |ésions auparavant indétectables en microscopie optique

conventionnelle.
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4. CONCLUSION ET OUVERTURE

Un projet de recherche financé par le CHU d’Angers (appel d’offre interne 2019) débutera au mois
de Novembre 2019, avec pour objectif I'analyse en microscopie super-résolutive STORM de coupes
histologiques cérébrales et médullaires de patients atteints de SLA sporadique. Nous utiliserons les
échantillons de cerveau de patients issus de la Biocollection du service de neuropathologie du CHU
d’Angers comptant plus de 50 cerveaux et moelles épiniéres de patients atteints de SLA. Nous
étudierons avec précision l'architecture des lésions présentes au sein des motoneurones des
patients, en nous intéressant plus particulierement aux agrégats de protéine TDP-43, aux anomalies
du cytosquelette et a I'architecture du réseau mitochondrial. Des échantillons de sujets controles,
dont I’étude histologique n’a pas permis de retrouver de signes de neurodégénérescence active,
seront utilisés comme contréle. Un travail complémentaire portant sur des biopsies musculaires
sera également effectué, afin de tenter d’identifier des anomalies ultrastructurelles au sein des
myofibrilles des patients. L’utilisation de I'imagerie STORM pour I'analyse d’échantillons cérébraux
et médullaires prélevés chez des patients atteints de SLA pourrait permettre de caractériser a
I’échelle nanoscopique la composition et I'architecture des lésions observées au sein des
motoneurones et d’améliorer nos connaissances sur les mécanismes physiopathologiques a
I'origine de la maladie. Les corrélations clinico-histologiques obtenues par une approche

translationnelle pourront également permettre de détacher différents profils de patients.
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ETUDE DE L’'ULTRASTRUCTURE ET DU METABOLISME DE FIBROBLASTIQUES
EN CULTURE ISSUS DE PATIENTS ATTEINTS DE SLA SPORADIQUE

1. PRELEVEMENTS CUTANES ET FIBROBLASTES EN CULTURE

1.1. La biopsie cutanée pour I'étude des maladies neurodégénératives

Si I'approche anatomo-clinique a indiscutablement joué un réle central dans I'émergence des
hypothéses portant sur la physiopathologie de la SLA, son caractére observationnel post-mortem
empéche l'approche interventionnelle permise par les expérimentations in vitro et in vivo.
Toutefois, I'impossibilité d’obtenir des lignées primaires neuronales de patients, les difficultés
techniques et les colits engagés pour la genese de cellules souches pluripotentes induites (iPSC), et
I'absence de modele cellulaire ou animal reproduisant fidelement les mécanismes de

neurodégénérescence en ceuvre dans la maladie constituent des limites certaines.

Ces dernieres années, un nombre croissant de travaux a porté sur I'étude des anomalies cutanées
présentées par les patients porteurs de maladies neurodégénératives. En effet, en raison de I'origine
embryonnaire ectodermique commune de la peau et du systéme nerveux, certaines lésions proches
de celles observées au sein du SNC peuvent étre détectées au niveau cutané par analyses
histologiques. La réalisation d’une biopsie cutanée - peu invasive - offre en outre la possibilité de
générer des cultures de fibroblastes dérivant directement des patients. Ces cellules dont le
phénotype se rapproche en certains points de celui des astrocytes et des neurones (Janmaat et al.,
2015) permettent une approche translationnelle particulierement intéressante pour I'identification
et I'’étude de marqueurs biologiques du vivant des patients (del Hoyo et al., 2006 ; Auburger et al.,

2012 ; Mocali et al., 2014 ; Khan et al., 2015 ; Codron et al., 2016).

1.2. Applications dans le domaine de la SLA

Dans le champ de la recherche sur la SLA, les études histologiques menées depuis 2010 sur tissu
cutané de sujets atteints de la maladie ont révélé des anomalies similaires a celles observées au
niveau de la moelle épiniére des patients, telles qu’une augmentation de I'expression de la protéine
TDP-43 (Suzuki et al., 2009), une fragmentation du réseau mitochondrial (Rodrigez et al., 2012), une
augmentation des marqueurs de l'inflammation (Fukazawa et al., 2013, Ono et al., 2001) et de

I’expression des protéines de I'homéostasie telles que I’'Ubiquitine (Watanabe et al., 2010) et la VCP
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(Ishikawa et al.,, 2012), et une augmentation des taux de collagénases et métalloprotéinases
(Fullmer et al., 1966 ; Fang L et al., 2009) associée a une désorganisation du collagéne (Ono et al.,

1988, Kolde et al., 1996).

Compte tenu de ces résultats, un nombre croissant d’études a porté sur des fibroblastes en culture
obtenus a partir de préléevements cutanés de patients atteints de SLA. Ces travaux ont
principalement été menés sur des fibroblastes issus de patients atteints de formes familiales de la
maladie. En effet, ces cellules exprimant naturellement des mutations pathogénes, elles constituent
un bon modele d’étude de la fSLA. Les principaux résultats de ces études sont reportés dans le

Tableau 2.

Tableau 2. Principaux résultats des études menées sur des fibroblastes en culture générés a partir de prélevements

cutanés de patients atteints de SLA familiale. (P. Codron)

Auteurs Mutations (patients) Principaux Résultats

Bartolome et al., 2013 VCPRI55C (n=1), VCPRISSH (n=1), Abaissement du potentiel de membrane mitochondrial,
VCPRI910 (n=1) diminution de la production d'ATP.

Schwartz et al., 2014 FUSHS17Q (n=1), FUSM51INfs*6 (n=1) Agrégats intranucléaires de la protéine FUS,

hyperphosphorylation de I'ARN-polymérase |I.

Allen et al., 2014 SOD1113T (n=3) Diminution de production d'ATP par phosphorylations
oxydatives et augmentation des voies de la glycolyse.

Bannwarth et al., 2014 CHCHD10 (n=1) Diminution de production d'ATP par phosphorylations
oxydatives, diminution de la consommation en dioxygene,
fragmentation du réseau mitochondrial.

Yu et al., 2015 FUSRS21C (n=1), FUSR514G (n=1) Relocalisation cytosolique de la protéine FUS.

Yang Setal., 2015 UBQLN2™87' (n=1),TDP-43M337V (n=2) Présence d'agrégats cytosoliques ubiquitinylés de TDP-43 aprés
traitement par MG132 (inhibition de I'UPS), Sodium Arsenite et
H202 (induction d’un stress oxydant).

Sabatelli et al., 2015 TDP-43A382T (n=2), TDP-4362°%V(n=1), Présence d'agrégats cytosoliques de TDP-43 chez les
SOD1L84 (n=1), SOD10%%A(n=1) fibroblastes porteurs de mutations sur les genes TARDBP, FUS
et C90rf72. Diminution de I'expression de la protéine chez les

G930(n= E133del( =
SOD1¢%*¥(n=1), SOD1 (n=1), fibroblastes porteurs d'une mutation sur le gene SOD1.

FUSR521C (n=1)’ FUSC*5QG>A(n=1)’
C90RF72 expansions (n=3)

Onesto et al., 2016 TDP-43A382T (n = 3) Absence de relocalisation cytosolique ou mitochondriale de
CYORF72 expansions (n = 4) TDP-43. Fragmentation du réseau mitochondrial. Elévation du
potentiel de membrane mitochondrial associée a une
augmentation de la consommation d'ATP, du stress oxydant et
de la mitophagie chez les fibroblastes C90rf72.

Orru et al., 2016 TDP-43A382T (n=2) Diminution du nombre de stress granules et de la viabilité
cellulaire chez les fibroblastes porteurs de la mutation aprés
induction d'un stress oxydant par Sodium Arsenite.
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1.3. Enjeux pour la recherche sur la SLA sporadique

Les résultats de ces travaux nous ont amenés a envisager I'utilisation de fibroblastes issus de
patients atteints de sSLA pour I'étude de la forme sporadique de la maladie. En effet, compte tenu
de I'absence de mutation impactant directement la machinerie cellulaire chez ces cellules, la mise
en évidence d’anomalies caractéristiques de la SLA traduirait I’existence de mécanismes pathogénes
systémiques telles qu’une susceptibilité polygénique ou [I'exposition a des facteurs
environnementaux. Ainsi, la présence d’altérations chez ces cellules pourrait amener a conforter le
fibroblaste comme modele d’étude primaire de la SLA sporadique, et la caractérisation de ces
anomalies pourrait permettre d’améliorer notre compréhension de la physiopathologie de la
maladie. De plus, la mise en perspective des phénotypes cellulaires avec les paramétres cliniques
des patients (age, forme de la maladie, durée d’évolution) par une approche translationnelle
permettrait d’identifier de potentiels marqueurs biologiques diagnostiques et pronostiques de la

maladie observables du vivant des patients, particulierement utiles en pratique clinique.

2. MISE EN PLACE DE L'ETUDE

2.1. Problématique et objectifs

Dans ce second travail nous avons cherché a caractériser le phénotype cellulaire de fibroblastes
issus de patients atteints de SLA sporadique, en nous intéressant plus particulierement aux
signatures pathologiques centrales de la maladie. Notre objectif était de mettre en évidence la
présence d’agrégats cytoplasmiques de protéine TDP-43, une désorganisation du cytosquelette, une
fragmentation du réseau mitochondrial, et une altération du métabolisme énergétique et de la

réponse au stress oxydant.

2.2 Contexte méthodologique et stratégie expérimentale

Ce projet a été financé conjointement par I’'Université d’Angers (bourse d’étude) et le CHU d’Angers
(appel d’offre interne 2016). L’inclusion des sujets (patients et témoins) a été réalisée
prospectivement au sein du centre SLA du CHU d’Angers a partir du 1¢" décembre 2016 apres

validation du protocole de recherche par ’ANSM et le CPP Ouest 2. Un examen neurologique et un
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prélevement cutané ont été effectués lors d’une consultation avec I'investigateur principal pour
I'ensemble des sujets participant a la recherche aprés signature d’un consentement éclairé. Les
criteres d’inclusion ont été définis a priori pour les patients (SLA cliniquement définie selon les
critéres d’El Escorial révisés - Airlie House, absence de comorbidité ou traitement susceptible de
perturber le métabolisme énergétique ou protéique) et témoins (examen neurologique normal,
absence de comorbidité ou traitement susceptible de perturber le métabolisme énergétique ou
protéique). Les fibroblastes obtenus a partir de la biopsie de peau ont été amplifiés et cryo-congelés
lors des premiers passages. La caractérisation génétique des patients a été réalisée au CHU de Tours
(Laboratoire de Neurogénétique et Métabolomique, UMR INSERM U930, Tours), afin de s’assurer
de I'absence de mutations sur les genes responsables des formes familiales de SLA. La cinétique de
croissance des cellules a été étudiée grace au systeme IncuCyte® permettant le relevé automatisé
de la confluence cellulaire au sein d’un incubateur. La localisation de la protéine TDP-43,
I'architecture du cytosquelette et la dynamique du réseau mitochondrial ont été étudiées par
microscopie a épifluorescence et super-résolution STORM. La production de radicaux libres
oxydants a été quantifiée par microscopie a I'aide de sondes fluorescentes sensibles aux ROS. Enfin,
la constitution de granules de stress a été étudiée par immunofluorescence apres induction d’un

stress oxydant par Sodium Arsenite.

Un travail complémentaire portant plus spécifiquement sur le métabolisme énergétique et lipidique
de ces fibroblastes a été réalisé en paralléle par le Dr VEYRAT-DUREBEX au sein du laboratoire en
utilisant des techniques d’oxygraphie, de métabolomique, de lipidomique et de séquencage de
I’ADNmt. Ce travail a été effectué en partenariat avec I’'lUMR INSERM U930 de Tours et les Centres

de Référence SLA de Tours et Limoges.

Les résultats de ces travaux sont rapportés dans |’article suivant (Codron et al.2018) et dans I’article

complémentaire n°1 situé en annexe (Veyrat-Durebex et al., 2018).
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Abstract

Objective: Sporadic amyotrophic lateral sclerosis (sALS) is a fatal neurodegenerative disorder affecting upper and lower
motor neurons. In view of the heterogeneous presentation of the disease, one of the current challenges is to identify
diagnostic and prognostic markers in order to diagnose sALS at early stage and to stratify patients in trials. In this study, we
sought to identify cytological hallmarks of SALS in patient-derived fibroblasts with the aim of finding new clinical-related
markers of the disease. Methods: Primary fibroblasts were prospectively collected from patients affected with classical, rapid,
and slow forms of sALS. TDP-43 localization, cytoskeleton distribution, mitochondrial network architecture, and stress
granules formation were analyzed using 3D fluorescence microscopy and new super-resolution imaging. Intracellular
reactive oxygen species (ROS) production was assessed using live imaging techniques. Results: Six sALS patients (two
classical, two rapid, and two slow) and four age-matched controls were included. No difference in fibroblasts cell growth,
morphology, and distribution was noticed. The analysis of TDP-43 did not reveal any mislocalization nor aggregation of
the protein. The cytoskeleton was harmoniously distributed among the cells, without any inclusion noticed, and no
difference was observed regarding the mitochondrial network architecture. Basal ROS production and response to induced
stress were similar among patient and control fibroblasts. Conclusions: ALS cytological lesions are absent in patient-derived
fibroblasts and thus cannot contribute as diagnostic nor prognostic markers of the disease.

Keywords: Amyotrophic lateral sclerosis, primary skin fibroblasts, TDP-43, cytoskeleton, mitochondria, oxidative stress, stress
granules

Introduction processes are nevertheless supported by the pres-
ence of constant postmortem lesions in degenerating
motor neurons: intracytoplasmic inclusions of ubi-
quitinated 43 kDa TAR DNA-binding protein
(TDP-43) (3), intermediate filaments aggregates
(4), mitochondria structural alterations (5,6), and
elevated markers of oxidative stress (7).

To date, the only treatment available for ALS is

the Riluzole, with a modest efficiency on the

Amyotrophic lateral sclerosis (ALS) is a neurode-
generative disorder affecting upper and lower motor
neurons in the cortex, brainstem and spinal cord
(1). Ninety percent of the ALS cases are sporadic
(sALS), whereas 10% are hereditarily transmitted
(fALS). The disease is responsible for a progressive
paralysis leading to death within 2—-5 years after the
symptom onset, usually from respiratory failure.

Clinical manifestations of ALS can vary widely from
one patient to another in terms of location of onset,
rate of progression, and associated non-
motor involvement (2). Common pathophysiologic

progression of the disease (8). Indeed, despite the
advances in understanding the pathophysiology of
ALS in the last two decades, most therapeutic trials
remained negative (9). Finding human-based study
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models of the disease with the aim of better
characterizing its pathophysiology and identifying
novel therapeutic prospects is a central issue.
Furthermore, as patients may need personalized
medicine in view of their heterogeneous clinical
presentation, another current challenge is to identify
clinical-related markers in order to diagnose ALS at
the very early stage, and to stratify patients in trials
on the basis of their clinical profile and prognosis.

In recent years, there has been increasing con-
cerns about the use of primary skin fibroblasts as a
study model of ALS, following the publication of
studies highlighting the presence of histologic alter-
ations in patients’ skin (10-12). As fibroblasts are
directly derived from patients and share embryo-
logic origins with neurons, they provide an interest-
ing translational model in neurosciences. Fibroblasts
have thus been used in many studies assessing the
pathogenicity of ALS-associated mutations in famil-
ial cases, such as in C90rf72 and TARDBP (13-16),
FUS (17,18), SOD1 (19), CHCHDI10 (20),
UBQLN?2 (21), and VCP (22). Indeed, the natural
expression of the mutated protein in these cells lines
resulted in specific biological and/or ultrastructural
alterations in standard culture conditions.
Nevertheless, despite the potential multigenic
origin of the sporadic form of the disease, only a
few studies investigated the phenotype of sALS
patient fibroblasts. Recently, five studies using
transcriptomic, proteomic, and respirometry tech-
niques highlighted the presence of biological alter-
ations in sALS patient fibroblasts regarding energy
metabolism, stress—response, and RNA processing
(23-27).

We prospectively collected primary skin fibro-
blasts from patients affected with classical, rapid,
and slow forms of sporadic amyotrophic lateral
sclerosis (SALS) in order to identify histopatho-
logical hallmarks of ALS, with the aim of finding
new clinical-related markers and providing a study-
model of ALS lesions.

Materials and methods
Patients inclusion

Sporadic ALS patients were included prospectively
in the ALS center of the University Hospital of
Angers from November 2016 to May 2017.
Diagnosis of ALS was made according to revised
El Escorial/Airlie House Criteria (28). Patients were
screened for COORF72, SOD1, FUS, and TARDBP
mutation. Strict inclusion criteria were defined in
order to avoid bias related to age, medical history,
treatments, toxic exposure, and severity of the
disease. Patients with age <19 or >80, other
relevant medical history or treatment, body mass
index <19 or >25, alcoholic or tobacco consump-
tion, professional toxic exposure, ALS Functional
Rating Scale (ALSFRS) score <30, cognitive

impairment, and transient or permanent noninva-
sive ventilation therapy, gastrostomy or tracheotomy
were excluded from the study. Patients were classi-
fied as having one of the following clinical courses of
the disease: classical, rapid (<18 months and aggres-
sive form), or slow (>8 years and slow evolution).
Healthy age- and sex-matched subjects without
relevant medical history or toxic exposure were
included prospectively as controls.

Cell culture

Patients and controls primary fibroblasts were
derived from skin biopsies after obtaining written
consent. Amplifications were performed from pas-
sage 1 to 5, allowing cell cryoconservation of eight
samples per cell line. Fibroblasts were cultured in
Dulbecco’s minimum essential medium in the pres-
ence of 10% fetal calf serum (FCS), 1% uridine, and
1% pyruvate, in a humidified atmosphere (95% air,
5% CO,) at 37°C. Monolayers of primary fibro-
blasts were routinely maintained in T75 flasks. All
experiments were conducted on cells with similar
passage numbers, ranging from 6 to 20, in order to
avoid artifacts due to senescence.

Cell growth assay

Approximately, 10,000 fibroblasts per well were
seeded on a 12-well chamber slide (Cellstar,
Greiner, Monroe, NC) and placed in a cell incuba-
tor equipped with a microscope gantry connected to
a networked external hard drive (IncuCyte ZOOM®
system Essen Biosciences, Ann Arbor, MI). Four
phase-contrast automated images per well were
acquired every 10 hours during 90 hours with a
10x objective. Cell growth was automatically
calculated at each time point using the relative cell
density (ratio of the occupied area to the total area of
the acquired regions).

Immunofixation

Approximately, 30,000 fibroblasts were seeded in
22 mm borosilicate glass coverslips (Dutscher D.) in
a humidified atmosphere (95% air, 5% CO,) at
37°C for at least 24 hours. Cells were then fixed
with 4% paraformaldehyde for 15min at room
temperature. After three washes in phosphate buf-
fered saline (PBS), cells were blocked and permea-
bilized in 0.1% triton X-100 and 5% bovine serum
albumin in PBS for 1h at room temperature. Cells
were then washed and incubated over night at 4°C
with primary antibodies, depending on the
immunolabeling: rabbit anti-TDP-43 (Proteintech
10782-2-AP, Rosemont, IL, 1:2000), mouse anti-
pTDP-43 Ser409/410 (Cosmobio CAC-TIP-PTD-
MO, Tokyo, Japan, 1:25,000), mouse anti-vimentin
(Sigma V6630, Kawasaki, Japan, 1:1000), mouse
anti-a-tubulin  (Sigma T9026, Kawasaki, Japan,
1:500), mouse anti-ATP-synthase (ThermoFisher
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A21351, Waltham, MA, 1:5000), mouse anti-TIAR
(BD Transduction Labs 610352, Franklin Lakes,
NJ, 1:1000). Finally, cells were washed in PBS and
incubated with Alexa Fluor conjugated secondary
antibodies (Invitrogen, Carlsbad, CA, 1:10,000).
For actin imaging, cells were incubated with Alexa
Fluor 647 Phalloidin (ThermoFisher, Waltham,
MA, 1:40) 20 minutes at room temperature after
immunofixation. DNA was counterstained with
Hoechst 33342 (ThermoFisher H3570, Waltham,
MA, 1:200). For the assessment of stress response,
fibroblasts were exposed to 1 mM sodium arsenite
(Sigma-Aldrich, St. Louis, MO) for 60 min at 37°C
before fixation.

3D fluorescence microscopy

For fluorescence imaging, coverslips were mounted
in housing and placed on the stage of an inverted
wide-field microscope ECLIPSE Ti-E (Nikon,
Tokyo, Japan) equipped with a 100x oil immersion
objective (Nikon Plan Apo100x, Tokyo, Japan, N.A.
1.45) and an Andor NEO sCOMS camera con-
trolled by Metamorph® 7.7 software (Molecular
Devices, Sunnyvale, CA). A precision, piezoelectric
driver mounted underneath the objective lens
allowed faster Z-step movements, keeping the
sample immobile while shifting the objective lens.
Twenty-one image planes were acquired along the
Z-axis at 0.1 um increments. More than 3500
images were acquired and analyzed in total. Imaris
8.0% software (Bitplane, Zurich, Switzerland) was
used for 3D processing and morphometric analysis.
For mitochondrial network characterization,
acquired images were iteratively deconvolved using
Huygens Essential® software (Scientific Volume
Imaging, Hilversum, The Netherlands), with a
maximum iteration scored 50 and a quality thresh-
old at 0.01. The cell volume and mitochondrial
network were modeled in 3D, and thresholds were
defined in order to classify mitochondria depending
on their volume: <5 pm’ (fragmented), <100 pm?
(normal size), and >100 um3 (overfused).

Super resolution microscopy (dStorm)

For super resolution imaging, coverslips were
mounted in an Attofluor™ cell chamber
(ThermoFisher, Waltham, MA), bathed in a stan-
dardized super-resolution buffer (Smart Kit,
Abbelight, Paris, France), and placed on the stage
of an inverted motorized microscope NIKON
ECLIPSE Ti-E equipped with a CFI SR APO
TIRF 100X ON1.49 objective and a Perfect Focus
System (Nikon Instruments Europe, Amsterdam,
The Netherlands), allowing long acquisition in
oblique illumination mode. Acquisitions were per-
formed at fixed temperature 25°C in order to
reduce microscope drift (Okolab NA, Pozzuoli,
Italy). A microscope equipped with a TIRF

module, based on the ILas2 module (Roper
Scientific, Martinsried, Germany), was used for
direct stochastic optical reconstruction microscopy
(dStorm). A 642nm laser was used to excite
fluorescence and switch Alexa-647 to the dark
state. dASTORM images were acquired using a
Photometrics Evolve 512 x512 backthinned
EM-CCD with 16 micron pixels and analyzed with
MetaMorph Imaging Software, MetaSeries version
7.8.2 (Molecular Devices, Sunnyvale, CA) using a
10 ms exposure time. Series of 12,000 images were
taken at a frequency of 20 Hz. Images were recon-
structed and analyzed in real-time using
the integrated WaveTracer (Roper Scientific,
Martinsried, Germany).

Reactive oxygen species (ROS) detection

For intracellular ROS detection in cells, approxi-
mately 50,000 fibroblasts per well were seeded on a
two-well chamber slide (Labtek, Nunc
International, Penfield, NY) in a humidified atmos-
phere (95% air, 5% CO,) at 37°C for at least
24 hours. Cells were then incubated for 30 minutes
with 5uM CellROX Orange® (Molecular Probes,
Eugene, OR). After loading, the cells were thor-
oughly washed and bathed with DMEM without red
phenol, 1% FCS, 1% uridine, and 1% pyruvate.
Fluorescent live-images were acquired with an
inverted microscope ECLIPSE Ti-E (Nikon,
Tokyo, Japan), equipped with 20x objective and
an airtight heating system (Okolab NA, Pozzuoli,
Italy). Measurements were performed at fixed tem-
perature 37 °C in order to minimize cell stress. At
least 200 cells were analyzed for each line.
Acquisition, reconstruction and analyses of images
were proceeded using Metamorph® 7.7 software.

Statistical analysis

The study protocol was developed in collaboration
with the methodology and statistics department of
Angers University Hospital. Statistical analyses were
carried out using PRISM software version 5.0 for
Windows (GraphPad, La Jolla, CA). Comparisons
of means were performed using Student’s z-test for
two groups analysis, and the one-way analysis of
variance (ANOVA) for multiple groups analysis,
after verifying the normal distribution and the
homoscedasticity of data using Shapiro—Wilk’s and
Bartlett’s tests. Comparisons of percentages were
performed using Fischer’s test. Differences were
considered to be significant at p<0.05.

Ethical considerations

The study protocol has been registered on
ClinicalTrials.gov (NCT02969759) and approved
by the Regional Ethics Committee West II
(Authorization Number 2016/36) and the French
Health Products Safety Agency (2016-102600243).
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An anonymous database and a list of correspond-
ence have been generated and stored on a hard disk
of the University Hospital of Angers with restricted
access.

Results

Patients

Six sALS patients (two classical, two rapid, and two
slow) with a mean age of 63.8 (+7.3 SD) and four
control subjects with a mean age of 59.7 (+12.7 SD)
have been included. There was no significant
difference between patient and control groups
regarding age (p=0.76) and sex (p=1). The mean
severity of the disease assessed by the ALSFRS score
was 38/48 (+4 SD). None of the patients carried a
known ALS-associated mutation. Clinical charac-
teristics of patients and controls are summarized in
Table 1.

Cell proliferation

As cell growth is a general indicator of cells
functioning, we monitored fibroblasts proliferation
over the time. The cell growth, calculated from the
cell density at each time point, was similar among
patients and controls fibroblasts, with 100% con-
fluence reached after 90hours of proliferation
(Supplemental Figure 1). Furthermore, no differ-
ence in fibroblasts morphology or distribution
within the wells was noticed between the lines.

TDP-43 localization

We aimed to characterize the ultrastructural archi-
tecture of sALS patient fibroblasts focusing on
TDP43 distribution in order to highlight potential
relocation or aggregation. 3D fluorescence imaging
was performed on fixed and immunostained cells.
The analysis of TDP-43 distribution did not
reveal any mislocalization nor protein inclusion in
patient and control fibroblasts (Figure 1(a—g)).

Table 1. Clinical characteristics of patients and controls.

TDP-43 was mainly intranuclear, and no significant
difference was found between the lines with regard
to the nucleocytoplasmic ratio of the fluorescence
signal (p=0.22) (Figure 1(h,i)). Similar findings
were obtained regarding the phosphorylated form of
TDP-43 (Figure 1(j—m)).

Chytoskeleton architecture

Our analysis of vimentin distribution did not show
any disorganization nor aggregation of intermediate
filaments in patient fibroblasts using both 3D
fluorescence microscopy and new super-resolution
imaging (Figure 2). Likewise, microtubules and
actin were well distributed among the cells, without
any inclusion noticed (Figure 3).

Mitochondrial network organization

In fibroblasts, mitochondria are organized in a large
connected network. We did not observe any differ-
ence between patients and controls fibroblasts
regarding the overall organization of the mitochon-
drial networks (Figure 4(a—g)). After 3D modeliza-
tion of mitochondria and cell volumes (Figure 4(h)),
the mitochondria/cell ratio was calculated for each
cell and found similar among patient and control
fibroblasts (p=0.59) (Figure 4(i)). In order to
characterize the mitochondrial network architecture,
mitochondria were then divided into three groups
depending on their volume range: <5pm> (frag-
mented), <100 pm’ (normal size), and >100 um’
(overfused) (Figure 4()). No difference was
observed regarding the mitochondrial distribution
between patients and controls cells (Figure 4(k)).

Reactive oxygen species production and stress granules
formation

As the increase of oxidative stress markers in the
central nervous system is another hallmark of ALS,
we acquired fluorescent live-images of cultured
fibroblasts after CellROX® staining. Intracellular

Death during

the study
Age at Duration of Clinical Toxic Score (months
biopsy Sex disease (months) course Other medical history Treatment exposure ALSFRS after biopsy)
ALS_ 1 65 M 18 Classical None None No 43/48 —
ALS 2 62 F 24 Classical None Riluzole, antidepressant No 40/48 —
ALS 3 54 F 6 Rapid None None No 31/48 3
ALS_4 60 F 16 Rapid Thyroidectomy Riluzole, levothyroxine No 38/48 5
ALS 5 76 M 96 Slow None None No 40/48 -
ALS_6 66 M 144 Slow Benign head trauma, Riluzole, baclofen No 38/48 -
pulmonary embolism
Curl_1 52 M - - Anxiety syndrome Antidepressant No - -
Ctrl_2 72 F - - High blood pressure  Antihypertensive No - -
treatment
Ctrl_3 69 M - - None None No - —
Ctrl_4 46 F - - None None No - -

ALFRS: ALS Functional Rating Scale.
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Nucleocytoplasmic

Figure 1. TDP-43 and pTDP-43 are not mislocalized nor aggregated in sALS patient fibroblasts. 3D fluorescence imaging was performed
on fixed and immunostained fibroblasts with sequential analysis of TDP-43 (a), Hoechst 33342 (b), and Merge (c). Representative images
of fibroblasts from each group are shown in d (conzrol), e (classical), f (rapid), and g (slow). The nucleocytoplasmic ratio of the protein was
calculated on the basis of the fluorescence intensity distribution within each cell (h). Histograms display the mean calculated
nucleocytoplasmic ratio for each group, error bars indicate the standard deviation (i). Analyses of pTDP-43 and Hoechst 33342 were also
performed, representative merged images of fibroblasts from each group are shown in j (control), k (classical), 1 (rapid), and m (slow). Scale

bars 10 um.

ROS levels determined from the mean signal inten-
sity per cell were similar among patients and
controls fibroblasts (p=0.73) (Figure 5(a,b)). We
then assessed the fibroblasts response to oxidative
stress exposure using sodium arsenite. After treat-
ment, cells were fixed and immunostained with
antibodies against TIAR, a stress-granule marker,

and TDP-43. The stress response was similar
among patients and controls fibroblasts, with for-
mation of numerous and evenly distributed stress
granules. Furthermore, TDP-43 remained intra-
nuclear without any additional inclusion noticed
both in patients and controls fibroblasts (Figure

5(c).
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Figure 2. Intermediate filaments network is normal in sALS patient fibroblasts. 3D fluorescence imaging was performed on fixed and
immunostained fibroblasts with sequential analysis of intermediate filaments (a), Hoechst 33342 (b), and Merge (c). Representative
images of fibroblasts from each group are shown in d (control), e (classical), f (rapid), and g (slow). Intermediate filaments architecture was
also assessed using Super Resolution imaging (dStorm). Series of 12,000 images were taken at a frequency of 20 Hz, representative
reconstructed images are shown in h (control) and i (patient). Scale bars 10 pm.

Discussion

Our study on sALS primary patient fibroblasts
based on strict clinical inclusion criteria and the
use of high resolution techniques showed the
absence of ultrastructural alterations in the disease
condition. To our knowledge, this is the first
prospective study investigating specifically and sim-
ultaneously several morphological parameters of
sALS patient fibroblasts on the basis of ALS
cytological lesions observed in motor neurons,
although some of them were separately assessed in
few studies.

Cytoplasmic relocation and aggregation of ubi-
quitinated and phosphorylated TDP-43 is a major

component of the lesions found in neuronal cells
both in sporadic and familial forms of ALS (3), with
the exception of SODI-linked fALS (29). It is still
unclear whether the physiopathological mechanism
leading to neuronal degeneration is a cytoplasmic
toxicity of aggregated TDP-43 or its nuclear loss of
function. In our study, we did not observe mis-
localization or inclusion of both TDP-43 and
phospho-TDP-43 in patients and controls fibro-
blasts. Likewise, in two previous studies, Sabatelli
et al. (six sSALS cases) and Paré et al. (six sALS
cases) did not report TDP-43 relocation or aggre-
gation in cultured patient fibroblasts, using
immunoblotting and immunofluorescence tech-
niques (16,30). Conversely, we did not find
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Figure 3. Microtubules and microfilaments architectures are not altered in sALS patient fibroblasts. 3D fluorescence imaging was
performed on fixed and immunostained fibroblasts with sequential analysis of a-tubulin (a), Hoechst 33342 (b), and Merge (c).
Representative images of fibroblasts from each group are shown in d (conzrol), e (classical), f (rapid), and g (slow). A similar protocol was
used to analyze actin microfilaments organization within the patients and controls cells (h—j). Representative images of fibroblasts from
each group are shown in k (control), 1 (classical), m (rapid), and n (slow). Scale bars 10 um.

abnormalities regarding the phosphorylated form of
the protein reported in the first study, although we
used the same antibody (16). Interestingly in the
second study, the generation of a tissue engineered
skin model using a 3D culture technique resulted in
cytoplasmic TDP-43 lesions in sALS patient fibro-
blasts which were not observed in controls (30).
Furthermore, some aspects of TDP-43 proteino-
pathy can be observed in induced pluripotent stem
cells IPSCs) derived from sALS patient fibroblasts
and differentiated in motor neurons (31). Thus,
these results suggest that the use of such a set of

techniques may be necessary to induce TDP-43
inclusions in fibroblasts derived from sALS patients.

The accumulation of intermediate filaments in
the perikarya and axons of motor neurons is another
histopathological hallmark of ALS, even though it is
still uncertain if these aggregates are a cause or a
consequence of the disease (32). To our knowledge,
the cytoskeleton of ALS patient fibroblasts has never
been investigated to date, both for sporadic and
familial forms of the disease. Bundles and ovoid
aggregate of vimentin have been recently highlighted
in fibroblasts derived from patients with giant axonal
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Figure 4. Mitochondrial connection and volume are similar among patients and controls fibroblasts. 3D fluorescence imaging was
performed on fixed and immunostained fibroblasts with sequential analysis of ATP-synthase (a), Hoechst 33342 (b), and Merge (c) after
iterative deconvolution. Representative images of fibroblasts from each group are shown in d (control), e (classical), f (rapid), and g (slow).
The cell volume and mitochondrial network were modeled in 3D using Imaris® software (Bitplane) (h). Histograms display the mean
mitochondrial volume per cellular volume ratio for each group, error bars indicate the standard deviation (i). Mitochondria were then
divided into three groups depending on their volume: 55 pm3 (fragmented), 5100 pm3 (normal size), and 4100 um3 (overfused) ().
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Figure 5. Reactive oxygen species production and oxidative stress response are similar between patients and controls fibroblasts.
Fluorescent live-images of fibroblasts were acquired after CellROX staining for intracellular reactive oxygen species detection (a).
Histograms display the mean signal intensity per cell for each group, error bars indicate the standard deviation (b). For the assessment of
stress response, fibroblasts were exposed to 1 mM sodium arsenite for 60 min at 37 °C before fixation. 3D fluorescence imaging was then
performed on immunostained fibroblasts with sequential analysis of TIAR (c), TDP-43 (d) Hoechst 33342 (e), and Merge (f).
Representative images of fibroblasts from each group are shown in g (control), h (classical), i (rapid), and j (slow).

neuropathy, an autosomal-recessive disorder indu-
cing aggregates of intermediate filaments in neurons
(33). Although we did not find cytoskeleton alter-
ation in sALS patient fibroblasts in our study, it
would be interesting to explore this parameter in
familial ALS patient fibroblasts showing ultrastruc-
tural and metabolic alterations, in order to find if
they are accompanied by intermediate filaments
aggregation.

Mitochondria are thought to have a major role in
the occurrence of ALS through multiple pathways.
Indeed, alterations of mitochondrial morphology
and metabolism are present in the central nervous
system of ALS patients (5,34), and mutations in
genes coding for mitochondrial proteins can lead to
fALS (20). Significant differences regarding mito-
chondrial membrane potential and oxygen con-
sumption rates were reported in seven TARDBP
and C90ORF72 mutated fibroblasts grown in

galactose medium, accompanied by a fragmentation
of the mitochondrial network (13). Likewise, an
increase of the mitochondrial metabolism in fibro-
blasts derived from a large cohort of sALS patients
was highlighted in a recent study, thanks to the use
of a new machine learning approach, but fibroblasts’
mitochondrial architecture was not assessed (27). In
another study investigating mitochondrial metabol-
ism in six SALS patient fibroblasts, while changes in
mitochondrial respiration rates were also noticed, no
significant difference was reported in mitochondrial
network complexity between affected and control
individuals, both in standard and glucose-free con-
ditions (23). In our study, we did not observe any
mitochondrial network alteration in patient fibro-
blasts. Thus, while mitochondrial metabolism
appears to be modified in fibroblasts derived from
sALS patients, these changes do not affect mito-
chondrial morphology.
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SOD1 was the first gene reported to cause
familial forms of ALS (35). This gene encodes the
Cu/Zn-binding superoxide dismutase protein, a
homodimeric metalloenzyme that catalyzes the
dismutation of the toxic superoxide anion O,°
to O, and H,0,. This linkage highlighted the
potential role of free radical toxicity in the disease,
supported later by studies reporting elevated
markers of oxidative stress in the cortex and
spinal cord of ALS patients (7,36). In our study,
the ROS level measured in cultured sALS fibro-
blasts did not differ from controls in basal culture
conditions. This observation is in line with two
previous studies which investigated respectively 5
and 10 ALS cases and reported the lack of
evidence of oxidative stress in patient fibroblasts
(37,38). Since our results did not point out an
alteration of the ROS homeostasis in physiological
conditions, we decided to challenge cells by
inducing an oxidative stress using sodium arsenite,
in order to assess the cellular response and the
potential mislocalization of TDP-43. However, we
did not find any difference between patients and
controls fibroblasts regarding stress granules for-
mation and TDP-43 location. Likewise, in a
previous study assessing stress response after
sodium arsenite exposure, TDP-43 remained in
the nucleus and stress granule formation was not
reduced in two sALS patient fibroblasts (14).

Conclusions

Despite the use of strict prospective inclusion
criteria and high-resolution techniques, the cul-
tured fibroblasts derived from patients affected
with different forms of sporadic ALS did not show
any ultrastructural alteration compared to controls.
The parameters analyzed in our study thus cannot
contribute as diagnostic nor prognostic markers
of the disease. 3D culture techniques and the
use of iPSC to generate neuronal cells appear to
be more promising ways to investigate these
features.
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3. DISCUSSION ET PERSPECTIVES

3.1. Principaux résultats de I'étude

3.1.1. Ultrastructure, métabolisme et réponse au stress des fibroblastes

Cette étude est la premiere a avoir analysé de fagon spécifique et simultanée différents parameétres
pathologiques propres a la SLA sporadique chez des fibroblastes issus de patients prélevés
prospectivement. Malgré une inclusion basée sur des critéres stricts et I'utilisation de techniques
hautement résolutives, ce travail n’a pas permis de mettre en évidence de différence significative
entre les fibroblastes de patients atteints de sSLA et les contréles. Le faible nombre de sujets, bien
gue dans la moyenne pour ce type de travail, a pu diminuer la puissance de notre étude. Toutefois
I'absence de tendance observée malgré une bonne représentativité des différentes formes de la
maladie exclue toute possibilité de retenir ces parametres comme potentiels biomarqueurs de SLA

sporadique en pratique clinique.

Les analyses en oxygraphie et le séquencage de I’ADN mitochondrial réalisés en parallele par le Dr
Veyrat-Durebex sur ces cellules n’ont pas mis en évidence d’anomalie du métabolisme énergétique
mitochondrial ni d’altérations de I’ADNmt. En revanche, I'utilisation d’une approche multi-omique
a permis d’identifier plusieurs signatures métaboliques et lipidiques, portant en particulier sur les
voies du métabolisme des purines et pyrimidines et les taux de phosphatidylcholine et
phosphatidylethanolamine. Si ces signatures métaboliques ne semblent pas suffisantes pour étre
responsables a I’échelle cellulaire d’altérations ultrastructurelles compte tenu des résultats obtenus
dans notre étude, elles ont permis de discriminer efficacement les patients atteints de sSLA des

sujets controéles, constituant ainsi de potentiels biomarqueurs de la maladie.

3.1.2. Données Bibliographiques

Durant la réalisation de ces deux projets, plusieurs travaux portant sur des fibroblastes en culture
issus de patients atteints de SLA sporadique ont été publiés, permettant une mise en perspective
de nos résultats avec les données de la littérature. Deux études ayant analysé chacune la localisation
intracellulaire de TDP-43 chez des fibroblastes issus de 6 patients atteints de SLA sporadique par
imagerie cellulaire et immunoblot ont conforté nos résultats en ne mettant pas en évidence de
relocalisation cytoplasmique de la protéine chez ces cellules (Sabatelli et al., 2016 ; Paré et al., 2016).
De méme, deux études portant respectivement sur la production de ROS (nombre de patients n=10)

et la réponse au stress oxydant (n=2) n’avaient pas retrouvé de différence significative avec les
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contrbles (Sala et al.,, 2009 ; Orru et al.,, 2016). Enfin, une étude portant sur le métabolisme
énergétique de fibroblastes de patients atteints de sSLA (n=12) n’avait pas permis d’objectiver
d’atteinte de l'activité enzymatique des complexes de la chaine respiratoire mitochondriale, de
mutation de I’ADNmt ni de production excessive de ROS (Bradley et al., 2009). Toutefois, les auteurs
d’une étude plus récente (n=6) ont identifié une diminution de la respiration mitochondriale a I'état
basale (Allen et al., 2015), tandis que deux autres études (n=50, n=171) mettaient en évidence un
état hypermétabolique des cellules de patients associant une stimulation des voies de la glycolyse
et des phosphorylations oxydatives mitochondriales avec élévation du potentiel de membrane (Kirk
etal, 2014 ; Konrad et al., 2017). L’hétérogénéité de ces derniers résultats peut étre liée a certaines
différences portant sur les populations de patients étudiées. En effet, les techniques d’analyse du
métabolisme mitochondrial sont particulierement sensibles aux caractéristiques cliniques des
patients, telles que I'age, le sexe, la durée évolution de la maladie, I'existence d’une atteinte
respiratoire, la prise de traitements, ou encore la présence de comorbidités associées. Ces
parameétres n’ayant pas fait I'objet d’analyses complémentaire correctives dans ces études, ils
peuvent étre au moins en partie a I'origine de certaines des différences observées. |l est également
intéressant de noter que deux de ces travaux portaient sur de larges effectifs. Il est probable que
compte tenu du nombre important de sujets inclus, une proportion de patients hypermétaboliques
proche de celle observée dans les études cliniques ait été analysée, déplacant les résultats
d’ensemble vers la significativité en cas d’altérations importantes du métabolisme énergétique chez

ces sujets (aucune de ces études n’a pris en compte le statut métabolique des patients inclus).

La dissociation entre ultrastructure et métabolisme observée dans ces travaux amene a privilégier
une approche fonctionnelle lors de I'étude de fibroblastes de patients atteints de SLA. L'une des
raisons de cette dissociation pourrait étre le trop faible impact des modifications métaboliques sur
la croissance et l'ultrastructure cellulaires. L'absence de marqueurs pathologiques au sein des
fibroblastes pourrait également provenir de la trop grande différence phénotypique entre ces
derniers et les motoneurones. Ces dernieres années, plusieurs approches expérimentales ont vu le
jour pour permettre d’obtenir des lignées neuronales ou gliales a partir de fibroblastes de peau. Ces
méthodes de conversion, par le biais d’iPSC (Burkhardt et al., 2013 ; Fujimori et al., 2018 ; Sun et al.,
2018) ou plus directes (Meyer et al.,, 2014), ont permis de mettre en évidence des anomalies
métaboliques et morphologiques (dont la présence d’inclusions protéiques) chez les neurones
obtenus. D’un apport considérable, les contraintes matérielles, techniques et financiéres de ces

approches constituent toutefois une limite a leur mise en place au sein d’une équipe de recherche.
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3.2. Perspectives en recherche

3.2.1. Paramétres énergétiques et hypermétabolisme clinique

Les résultats de nos travaux amenent plusieurs perspectives d’études complémentaires. Il apparait
tout d’abord intéressant de tenter de déterminer si les anomalies du métabolisme énergétique
constatées dans certaines études chez les fibroblastes de patients atteints de SLA sont en lien avec
I'existence d’un syndrome hypermétabolique clinique, et si ces anomalies sont responsables d’'une
altération de paramétres ultrastructurels tels qu’observés au sein des motoneurones. La
construction d’une étude prospective s’attachant a caractériser le statut métabolique des sujets lors
de linclusion permettrait d’apporter certains éléments de réponse. La mise en évidence
d’anomalies spécifiques chez les sujets atteints de SLA présentant un syndrome hypermétabolique
permettrait d’ouvrir de nouvelles pistes de réflexion physiopathologique et de détacher des profils
clinico-biologiques de patients susceptibles de répondre a certaines approches thérapeutiques. Un

exemple de schéma d’étude est proposé Figure 13.

SUJETS CONTROLES PATIENTS SLA
Age >18 anset<80 ans. Age >18ans et < 80 ans
Examen neurologique normall SLA cliniquement définie selon les critéres d’El Escorial
Absence d’antécédents familiaux de SLA Absence d’antécédents familiaux de SLA
Absence de comorbidité outraitement Absence Eléments pouvant faire évoquer un diagnostic différentiel
susceptible de perturber le métabolisme Absence de comorbidité ou traitement susceptible de perturber le

energetique ou proteique. métabolisme énergétique ou protéique

! |

age, sexe, BMI, antécédents, age, sexe, antécédents, traitement, age de début de la maladie, durée
traitement, exposition a des toxiques, d’évolution, exposition a des toxiques, antécédents, présentation
examen physique, plicutané, masse clinique (échelles motrices et cognitives ALSFRS-R, ECAS),
maigre, masse grasse parametres électrophysiologiques, capacité respiratoire, plicutané,
(impédancemétrie), DER (calorimétrie masse maigre, masse grasse (impédancemétrie), DER (calorimétrie
indirecte) prélevement sanguin indirecte), prélevement sanguin (ionogramme, NGFS, albuminémie)
(ionogramme, NGFS, albuminémie) biologie moléculaire (génes fSLA)
| |
v v v v
Contréle Contréle Hyper-Mbq sSLA sSLA Hyper-Mbq
Biopsie Cutanée Biopsie Cutanée Biopsie Cutanée Biopsie Cutanée

I | | !

Croissance cellulaire, étude du métabolisme énergétique par oxygraphie et dosage d’activité des complexes, étude
ultrastructurelle (Répartition de TDP-43, architecture du cytosquelette, organisation du réseau mitochondrial),
production de ROs, réponse aux stress oxydant et hypoxique, recherche de signatures par approche multi-omique.

Figure 13. Schéma d’étude proposé pour I'analyse du métabolisme énergétique, de I'organisation ultrastructurelle et
de laréponse au stress de fibroblastes issus de patients atteints de sSLA en fonction de leur statut métabolique. ALSFRS :
Amyotrophic Lateral Sclerosis Functional Rating Scale. ECAS : Edinburgh Cognitive and Behavioural ALS Screen. DER :

dépense énergétique de repos. Mbq : Métabolique. ROS : radicaux libres oxydants. (P. Codron).
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3.2.2. Métabolisme du collagéene

Une seconde piste de réflexion porte sur le métabolisme du collagene. En effet, la production et
I’architecture du collagene sont deux marqueurs pathologiques altérés a la fois au sein du SNC et du
tissu cutané des patients atteints de SLA sporadique (Ono et al., 1998, Ono et al., 2001). Cette
observation peut étre le fait d’anomalies primitives de synthese du collagene par les cellules
matricielles, ou de la production anormale de facteurs de dégradation de ce dernier (collagénases,
métalloprotéinases). Une premiere étude portant sur I'analyse de biopsies de peau en culture avait
permis d’observer une activité collagénolytique importante chez environ 60% des échantillons
provenant de patients atteints de SLA (Fullmer et al., 1966). Cette activité était également observée
chez pres de 40% des fragments issus de patients atteints de maladies neurodégénératives ou
neuromusculaires autres. Une seconde étude portant sur la production de facteurs
collagénolytiques par des biopsies de peau et des fibroblastes en culture n’avait toutefois pas permis
de mettre en évidence de différence entre les échantillons provenant de patients et de contréles
(Beach et al., 1986). Plus récemment, I’étude des taux de métalloprotéinase au sein du tissu cutané
a permis d’objectiver une augmentation de I'expression de MMP9 chez les patients atteints de SLA
(Fang L et al., 2009). L'origine de cette augmentation, également objectivée au niveau du SNC des
patients (Lim et al., 1996), et son role dans la physiopathologie de la SLA restent débattus. S’agissant
de la synthese et la structure du collagene, si des anomalies ont été caractérisées dans plusieurs
études portant sur des prélevements cutanés et médullaires de patients atteints de SLA, ces

parameétres n’ont a notre connaissance jamais été étudiés chez des fibroblastes en culture.

Dans un travail préliminaire conduit au sein du laboratoire Mitolab UMR CNRS 6015 INSERM 1083,
nous avons effectué des analyses sur les fibroblastes issus de 4 patients atteints de sSLA (2 formes
classiques, 1 forme rapide, 1 forme lente) et 4 contrOles ajustées en age et sexe. En utilisant une
technique de coloration au Sirius Red/Fast Green, qui permet de marquer spécifiquement les
collagénes d’un échantillon, nous avons étudié la morphologie et la production de collagene dans

ces cellules.

L’étude morphologique des collagénes produits par les fibroblastes issus de sujets contréles et de
patients SLA aprés marquage au Sirius Red n’a pas mis en évidence de différence notable entre les
cellules en culture, ne retrouvant notamment pas d’agrégats intra- ou extra-cellulaires (Figure
14a,b). En revanche, I'analyse du rapport collagéne total / protéines totales (Co/P) aprés 72 heures

de culture a révélé une augmentation significative de la production de collagéne chez les
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fibroblastes issus de patients atteints de SLA (p<0,0001) (Figure 14c). Cette augmentation était
proportionnelle a la durée d’évolution de la maladie (p=0,0006) (Figure 14d). Enfin, les analyses
guantitatives du collagéne effectuées au sein de coupes histologiques de moelles épinieres
cervicales ont permis de mettre en évidence une augmentation similaire du rapport Co/P chez un
patient atteint de SLA par rapport a un sujet contréle (p=0,0175) (Figure 14e-g). Les méthodes et

résultats de ce travail sont détaillés dans le travail complémentaire n°3 situé en Annexe.
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Figure 14. Production de collagénes par les fibroblastes de patients atteints de SLA. (a,b) Etude morphologique
des collagénes produits par les fibroblastes issus de sujets controles (a) et de patients SLA (b) aprés marquage au
Sirius Red (rouge) et Hoechst (bleu) (barre d’échelle 10 um). (c,d) Mesures spectrométriques du rapport Collagéne
total / Protéines totales (Co/P) aprés 72 heures de culture. Analyse globale (c) et détaillée par sujet (d). (e,f) Coupes
histologiques de cornes antérieures de moelle épiniére cervicale de sujet contréle (e) et de patient SLA (f). Mesures
spectrométriques du rapport Co/P au sein de ces coupes. Barres d’erreur : déviations standards. * p<0,01

***p<0,0001. (A. Bodin, P. Codron).

Ces premiers résultats mettent en avant une augmentation de la production de collagéne par les
fibroblastes en culture issus de patients atteints de SLA sporadique, a I'image de I'élévation des taux
de collagéne observée aux niveaux cutané et médullaire dans la maladie. S’il est aujourd’hui encore

difficile d’émettre des hypothéses physiopathologiques quant a cette augmentation périphérique
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compte tenu du peu d’études réalisées sur ce sujet, deux pistes de réflexion peuvent étre avancées :
ces anomalies pourraient étre le reflet d’'un remaniement matriciel central et périphérique,
conséquence d’un stress systémique actif a la fois au niveau du SNC (neuroinflammation, stress
oxydant, mort neuronale) et au niveau cutané. Ces résultats peuvent également faire évoquer un
role pathologique propre du collagene dans la SLA, actif au niveau du SNC et dont les effets
pourraient étre observés au niveau cutané compte tenu de I'origine embryonnaire commune de ces

deux tissus.

4. CONCLUSION ET OUVERTURE

A notre connaissance, il s’agit des premieres analyses portant sur la synthese du collagéne par des
fibroblastes en culture issus de patients atteints de SLA. Ces résultats préliminaires obtenus a partir
d’un petit effectif de patients incitent a poursuivre ce travail. Une étude sera réalisée au sein de
notre laboratoire Mitolab UMR CNRS 6015 INSERM 1083 dans le cadre d’un Master 2 a partir du
mois de Janvier 2020, sur un nombre de patients et sujets controles plus importants. Les techniques
de coloration au Sirius Red / Fast Green seront complétées par une quantification spécifique de la
production des différents types de collagene (I, Ill, VI), de la fibronectine, de I'élastine et des
métalloprotéinases par western Blot. De méme, I'architecture et la composition de la matrice extra-
cellulaire générée par les fibroblastes seront étudiées par immunofluorescence, microscopie super-
résolutive STORM et microscopie électronique a balayage. Des études similaires seront effectuées
sur des échantillons de moelle épiniére de patients SLA et de sujets contrdles conservés au sein de
la banque de cerveaux du service de Neuropathologie du CHU d’Angers. Enfin, une approche
translationnelle s’attachera a mettre en perspective les résultats obtenus avec les parametres

cliniques des patients.

Si ces travaux confirment nos premiers résultats, la production de collagéne par les fibroblastes en
culture pourrait devenir un marqueur diagnostique et pronostique de la sSLA identifiable du vivant
des patients, particulierement utile dans la pratique clinique et la construction des essais
thérapeutiques. De plus, ces cellules pourraient permettre d’étudier le réle du métabolisme du
collagéne dans la physiopathologie de la maladie et de tester des molécules candidates afin d’ouvrir

de nouvelles pistes thérapeutiques.
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INJECTION INTRATHECALE D’UNE IMMUNOGLOBULINE MONOCLONALE
DIRIGEE CONTRE LE DOMAINE RRM1 DE LA PROTEINE TDP-43

1. IMMUNOTHERAPIE ET SLA

1.1. Utilisation d’anticorps pour le traitement des maladies neurodégénératives

Les avancées opérées dans la compréhension des mécanismes physiopathologiques a I'origine des
maladies neurologiques ont mené ces derniéres années au développement de nouvelles approches
thérapeutiques ciblant plus spécifiguement certaines voies impliquées dans les processus de
neurodégénérescence. Parmi elles, I'immunothérapie repose sur l'utilisation d’anticorps dirigés
contre les agrégats protéiques toxiques intra- ou extra-cellulaires, afin de diminuer leur

pathogénicité et favoriser leur dégradation.

L'immunisation « active » par vaccination a été la premiére stratégie a étre testée. Cette approche
est basée sur I'administration d’un peptide immunogéne dans le but d’induire la production
d’anticorps endogéne dirigés contre un antigéne cible. Les premiers résultats obtenus sur modéles
animaux dans le cadre de la recherche sur la maladie d’Alzheimer se sont révélés particulierement
prometteurs (Schenk et al., 1999 ; Bard et al., 2000 ; Morgan et al., 2000). Cependant, la survenue
d’effets indésirables graves lors des premiers essais cliniques, en particulier de méningo-
encéphalites auto-immunes, a par la suite mené a la prudence quant a son utilisation (Nicoll et al.,

2003 ; Orgogozo et al., 2003 ; Gilman et al., 20015).

Des stratégies d'immunisation dites « passives », reposant sur I'expression transgénique d’anticorps
ou leur administration directe, ont été développées par la suite (Figure 15). Si l'infection virale (virus
adéno-associé (AAV) ou Lentivirus porteur de transgenes codant pour les anticorps) ne nécessite
gu’une seule injection, I'impossibilité de contréler I'expression du transgéne et I'absence de
réversibilité en cas de survenue d’effet indésirable rendent difficile son utilisation en pratique
clinique. Les approches par administration directe (ARNm ou anticorps) permettent un meilleur

contréle du traitement, au prix d’'une répétition des injections.
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Administration Systemique (IV, IN, IP) Administration Centrale (ICV, IT)
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Figure 15. Techniques d’immunisation passive dirigée contre un antigene central (cible). AAV : adeno associated
virus. BHE : barriere hémato-encéphalique. ICV: intra cérébroventriculaire. IgG: Immunoglobuline G. IP:
intrapéritonéale. IN : intranasale. IT : intrathécale. IV : intraveineuse. LCS : liquide cérébro-spinal. LV : Lentivirus.

scFv : single chain variable fragment. (P. Codron)

1.2. Stratégies thérapeutiques

Plusieurs parametres conditionnent l'efficacité d’'une immunothérapie et I'éventuelle survenue
d’effets secondaires. Le type d’anticorps utilisé et les propriétés inhérentes a sa structure jouent
tout d’abord un rdle central. Deux types d’anticorps sont principalement employés: les
immunoglobulines G (IgG) composés de deux chaines lourdes et deux chaines légeres, et les
fragments monocaténaires recombinants (scFv) constitués de deux régions variables de chaines
lourdes et légeres d’'immunoglobulines connectées par un peptide de liaison. Les scFv sont plus
petits, simples a générer par lignées d’hybridomes ou a administrer par transgénése (alors appelés
intrabodies), mais leur demi-vie est plus courte et ils ne peuvent interagir avec les récepteurs aux

fragments Fc (FcR) des neurones et phagocytes pour leur internalisation et/ou dégradation.

Le choix de l'antigene est également un élément crucial : I'anticorps doit cibler un épitope
pathogene accessible au sein de cellules en souffrance, avec une forte affinité, une grande
spécificité et une faible immunogénicité (développement d’une immunité dirigée contre
I'immunothérapie). En effet, I'interaction d’un anticorps peu spécifique avec des protéines de
maintenance physiologiques sera a l'origine d’effets secondaires (Rosenmann et al., 2006). A
I'inverse, un anticorps fortement immunogéne ayant un acces restreint a son épitope aura peu

d’effets thérapeutiques.
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Enfin, la voie d’administration conditionne en grande partie I'efficacité du traitement. En effet, si les
AAV et Lentivirus passent aisément la barriere hémato-encéphalique (BHE) et infectent
spécifiqguement les cellules cibles lorsqu’ils sont injectés par voie systémique, les ARNm et les
anticorps ont un trés faible pouvoir de diffusion au sein du SNC (seulement 0.1% de passage de la
BHE pour les IgG en I'absence de Iésion) (Poduslo et al., 1994). Afin d’améliorer leur biodisponibilité,
des méthodes d’administration centrale peuvent étre envisagées, au prix d’un plus grand risque
iatrogene : administration intra-cérébroventriculaire (ICV) ou intrathécale (IT), par injections

répétées ou par l'intermédiaire de pompes automatisées sous cutanées.

1.3. Cibles antigéniques dans la SLA

Dans le champ de la recherche sur la SLA, les stratégies thérapeutiques par immunothérapie active
et passive ont principalement été étudiées sur modéle murin SOD1, en ciblant la forme native,
mutée ou agrégée de la protéine SOD1 (Tableau 3). Les traitements ont dans I'ensemble permis une
amélioration clinique et pathologique chez les souris. Toutefois, compte tenu de la forme
particuliére de la maladie, représentant seulement 2% des patients atteints de SLA et n’impliquant
pas de pathologie TDP-43, il est difficile d’envisager I'utilisation de tels traitements pour la prise en
charge des patients atteints de la forme sporadique de la maladie.

Le développement récent de modeles murins transgéniques surexprimant la protéine TDP-43
(native ou mutée), plus représentatifs de la sSLA, a fait émerger la possibilité de la mise au point de

traitements par immunothérapie ciblant cette protéine.
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Tableau 3. Principaux résultats des études évaluant I'efficacité d’'une immunothérapie dans la SLA. (P. Codron).

Auteurs Modele(s)  Approche Cible Clinique Neuropathologie
Urushitaniet  SOD1%*®?  Immunisation active SOD1637R Amélioration des performances Présence d'anticorps endogénes.
al., 2006 SOD16%A  (Vaccination) SOD16%34 motrices, allongement de Diminution de la perte motoneuronale, de
I'espérance de vie, diminution de la charge lésionnelle SOD1, et de la
la perte de poids. Absence d'ES. neuroinflammation.
Gros-Louis SOD16%A  Administration ICV Agrégats SOD1  Amélioration des performances Présence d'anticorps exogenes. Diminution
etal., 2010 d’immunoglobulines motrices, allongement de de la perte motoneuronale, de la charge
I'espérance de vie, diminution de  Iésionnelle SOD1, et de I'activation
la perte de poids. Absence d'ES. astrocytaire.
Takeuchi et SOD16%A  Immunisation active SOD1IWT Amélioration des performances Présence d'anticorps endogéenes.
al., 2010 (Vaccination) SOD1G*A motrices, allongement de Diminution de la perte motoneuronale et
I'espérance de vie, diminution de  de la charge Iésionnelle SOD1, modulation
la perte de poids. Absence d'ES. de la neuroinflammation.
Liu et al., SOD1%%R  Immunisation active Agrégats SOD1  Amélioration des performances Présence d'anticorps endogénes.
2012 SOD16%A  (Vaccination) motrices, allongement de Diminution de la perte motoneuronale, de
I'espérance de vie, diminution de la charge lésionnelle SOD1 et de
la perte de poids. Absence d'ES. I'activation gliale, modulation de la
neuroinflammation.
Patel et al., SOD16%A  Expression transgénique Agrégats SOD1  Amélioration des performances Expression du transgéne par les
2014 de scFv (AAV médiée, motrices, allongement de motoneurones. Diminution de la perte
injection intrathécale) I'espérance de vie, diminution de  motoneuronale, du stress neuronal, de la
la perte de poids. Absence d'ES. charge lésionnelle SOD1 et de I'activation
Effets corrélés avec les taux gliale.
intrathécaux de scFv.
Sébado et SOD1%%A  Immunisation active Agrégats SOD1  Détérioration des performances ~ Augmentation de la charge Iésionnelle
al., 2015 (Vaccination) motrices, absence d'effet sur SOD1, dépdts immuns, augmentation de
I'espérance de vie et la perte de |'activation microgliale et de la
poids. neuroinflammation.
Dong et al., SOD16%A  Administration IN de Agrégats SOD1  Amélioration des performances Diminution de la perte motoneuronale, de
2018 scFv motrices, allongement de la charge lésionnelle SOD1 et de
I'espérance de vie, diminution de I'activation gliale, modulation de la
la perte de poids. Absence d'ES. neuroinflammation et des voies de
I'apoptose.
Maier et al., SOD1%¥R  Administration ICV et IP  Agrégats SOD1  Amélioration des performances Présence d'anticorps exogénes. Diminution
2018 SOD1%%4  d’immunoglobulines motrices, allongement de de la perte motoneuronale, de la charge
I'espérance de vie, diminution de  lésionnelle SOD1 et de I'activation gliale.
la perte de poids. Absence d'ES.
Ghadge et SOD16%A  Expression transgénique SOD1WT Amélioration des performances Expression du transgene par les
al., 2019 de scFv (AAV médiée, motrices, allongement de motoneurones spinaux. Diminution de la

injection intraveineuse)

I'espérance de vie, diminution de

la perte de poids. Absence d'ES.

perte motoneuronale, de la charge

lésionnelle SOD1 et de I'activation gliale.

ES : effet secondaire. ICV : intra-cérébroventriculaire. IN : intranasale. IP : intrapéritonéale. scFv : single chain variable fragment
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2. MISE EN PLACE DE L'ETUDE

2.1. Problématique et objectifs

L'objectif de ce projet était de mettre au point une immunothérapie ciblant les agrégats
pathologiques de protéine TDP-43 au sein du systeme nerveux central afin de limiter leur

cytotoxicité, empécher leur propagation, et favoriser leur dégradation.

2.2. Contexte méthodologique et stratégie expérimentale

Compte tenu de I'expression ubiquitaire de TDP-43, la mise au point d’'une immunothérapie dirigée
contre cette protéine dans la SLA doit s’attacher a cibler spécifiqguement les neurones affectés par
la pathologie, afin de limiter les potentiels effets secondaires systémiques. De plus, de par son rdle
central dans le métabolisme des ARN, les anticorps doivent, une fois captés par les neurones
moteurs, n’interagir qu’avec la fraction pathogene cytoplasmique de la protéine et ne pas entraver

sa fonction physiologique nucléaire.

Dans ce contexte, nous avons porté le choix de notre épitope sur le domaine RRM1 de TDP-43
(Figure 6a). En effet, ce site d’interaction nucléotidique étant masqué par I’ARN lors de I'activité
physiologique de la protéine au sein du noyau, une immunothérapie dirigée contre RRM1
permettrait de cibler spécifiquement les protéines non fonctionnelles, majoritairement
cytoplasmiques et extra-cellulaires. De plus, prévenir les modifications post-traductionnelles de ce
domaine - en particulier 'oxydation - permettrait de contenir les phénoménes de modifications
conformationnelles de TDP-43 médiées par RRM1 a I'origine de la constitution d’agrégats (Chang et
al., 2013 ; Shodai et al.,2013). Enfin, bloquer I'interaction du domaine RRM1 avec la sous unité p65
de la protéine NFkB limiterait I'activation pathologique de cette voie de la neuroinflammation

(Swarup et al., 2011).

Dans un premier travail mené par le Dr Pozzi au sein de |I'équipe du Professeur Jean Pierre Julien
(institut CERVO, Qc, Canada), nous avons mis au point une immunothérapie reposant sur |'injection
ICV et IT d’AAV porteurs de transgeénes codant pour des scFv dirigées contre le domaine RRM1 de la
protéine TDP-43. Le traitement de souris transgéniques surexprimant les protéines mutées TDP-
43A315T ot TDP-43%348C 3 permis une amélioration des fonctions motrices et cognitives des animaux
a 2 et 4 mois. L'étude histologique et biochimique des tissus médullaires et corticaux prélevés post

mortem a permis de confirmer |'expression des transgenes par les motoneurones et microgliocytes

CODRON Philippe | Marqueurs pathologiques et
pistes thérapeutiques dans la sclérose latérale amyotrophique sporadique 83



infectés, et d’observer une diminution de la perte motoneuronale, de la charge Iésionnelle TDP-43,
de l'activation astrocytaire et microgliale, et des marqueurs de la neuroinflammation. L’ensemble
des résultats de ce travail est reporté dans I'article complémentaire n°2 situé en annexe (Pozzi et

al., 2018).

Au vu des données de cette premiere étude, nous avons cherché a poursuivre ces travaux en
travaillant a la mise au point d'une approche d’immunothérapie par injection directe
d’'immunoglobulines monoclonales, plus susceptible d’étre secondairement employée dans le cadre
de protocoles de recherche clinique compte tenu de la possibilité de contréler les doses
administrées et de suspendre le traitement en cas de survenue d’effet indésirable. Nous avons
d’abord sélectionné puis généré une immunoglobuline G2A murine (mIgG2A) dirigée contre le
domaine RRM1 de TDP-43 produite par une lignée clonale d’hybridomes, nommée E6. Nous avons
ensuite analysé les effets de cet anticorps in vitro sur des lignées neuronales en culture surexprimant
TDP-43. Enfin, nous avons étudié les parameétres cliniques, biochimiques et histopathologiques de
souris transgéniques surexprimant la mutation TDP-43"315T traitées pendant 5 semaines par
immunothérapie administrée par voie systémique, intra-cérébroventriculaire et intrathécale. Les

résultats de ce travail sont reportés dans I'article suivant.
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Lumbar intrathecal injections of monoclonal immunoglobulin against TDP-43 reduce

proteinopathy and NFkB activation in a FTLD/ALS mouse model

INTRODUCTION

Transactive response DNA-binding protein 43 (TDP-43), encoded by TARDBP gene, is a DNA/RNA binding
protein predominantly located in the nucleus of cells under physiological conditions. Accumulation of
misfolded TDP-43 in the cytosol of degenerating neurons is a pathological hallmark of amyotrophic lateral
sclerosis (ALS) and frontotemporal lobar degeneration (FTLD), suggesting a central role for TDP-43 in the
pathogenesis of these two devastating diseases?. Further support is provided by the fact that TARDBP
mutations are responsible for familial forms of ALS and FTLD3* However, despites the advances in
understanding TDP-43 pathology in the last decade, it remains unclear whether neurodegeneration is caused
by a loss of function of the protein due to its nuclear depletion, or by a direct toxicity of cytosolic aggregates.
Furthermore, it also remains challenging to link TDP-43 proteinopathy to the other pathological processes
observed in the diseases such as neuronal excitotoxicity, cytoskeleton disorganisation, mitochondrial
dysfunction, axonal transport impairment, oxidative stress and neuroinflammation. All these uncertainties
partly explain the difficulties to develop therapeutic strategies and the current lack of curative therapy for

ALS and FTLD®.

In recent years, there has been increasing concerns about the use of monoclonal antibodies targeting
pathological proteins as a treatment for neurodegenerative disorders (reviewed in ©). The principle of this
approach is to block the toxicity and spreading of misfolded proteins, and to promote their degradation. With
the aim of conducting such procedure in ALS and FTLD, we generated a monoclonal antibody directed against
the RNA recognition motif 1 (RRM1) domain of TDP-43. This epitope was specifically chosen as it is masked
under physiological condition in the nucleus of the cells, and is directly involved in TDP-43 misfolding in ALS
and FTLD’. Moreover, RRM1 domain interacts with p65 subunit of nuclear factor kB (NFkB), activating its
pathological pro-inflammatory activity®. In this study, we aimed to assess the tendency of the generated anti-

TDP-43 antibody to decrease TDP-43 proteinopathy in vitro and in vivo in ALF/FTLD models.
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RESULTS

1. Generation and characterization of E6 antibody directed against TDP-43 RRM1 domain

A monoclonal full-length mouse IgG2A (mlgG2A) named E6 directed against the RRM1 domain of TDP-43 (Fig.
la) was used for experiments. A monoclonal mIgG2A reactive with the G1 protein of La Crosse Virus
(bunyavirus vector of La Crosse encephalitis through mosquito bite in human) named 807.3 was used as a
control. The antibodies were secreted by hybridoma cell line clones, purified, and stored at -80°C. The ability
of E6 to recognize TDP-43 was first tested using immunoblot techniques. E6 antibody was able to detect
human recombinant TDP-43 N-terminal peptide (1-206 amino acids containing RRM1) applied on a dot blot
membrane, whereas no reaction occurred with 807.3 antibody (Fig. 1b). E6 reaction was lower when
compared to a commercial anti-human TDP-43 (Abnova, Taipei City, Taiwan). No cross-reaction with BSA was
observed for both E6 and 807.3. The antigen affinity of E6 for TDP-43 was subsequently investigated using a
sandwich ELISA assay. As for dot-blot experiments, E6 antibody was able to recognize human recombinant
TDP-43 but with a lower affinity than the commercial anti-human TDP-43, whereas 807.3 antibody showed
the same absorbance as PBS (Fig. 1c). These results indicate that E6 was specifically directed against TDP-43

N-terminal fragment.

Since RRM1 domain is masked under physiological condition in the nucleus, immunofluorescence microscopy
was performed after exposing fixed cells and tissues to antibodies with the aim of knowing if E6 was able to
target only the cytosolic RNA/DNA-free fraction of TDP-43. E6 and 807.3 antibodies were conjugated to
fluorophore Alexa-488 (E6-488 and 807.3-488) to allow their direct detection and to avoid nonspecific
fluorescence signal. A mainly cytosolic fluorescence was observed in cells after exposing fixed HEK-293 cells
to E6-488, whereas no signal was detected after control 807.3-488 exposure (Fig. 1d). Similar results were
obtained with brain and spinal cord sections from TDP-43A315T transgenic mice, and human brain sections
from a control subject and a patient affected with ALS/FTD (Supp Fig.1). Although these results suggested
that E6 was able to recognize cytosolic but not nuclear TDP-43, the analyse of E6 and cytosolic TDP-43
colocalization was constrained by the strong nuclear signal of TDP-43 under physiological condition. The
same experiment was thus performed on fixed pre-apoptotic HEK-293 cells overexpressing human TDP-43
(hTDP-43) with total cytosolic relocation of the protein. The signal of E6-488 colocalized with the signal of
cytosolic TDP-43, whereas no signal was detected in fixed cells after 807.3-488 exposure (Fig. 1le).

Collectively, these data indicate that E6 antibody was specific to the cytosolic fraction of TDP-43.
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Figure 1. Characterization of E6 monoclonal antibody directed against TDP-43 RRM1 domain. (a) Schematic representation of
human TDP-43 structure. NLS: nuclear localization sequence, RRM: RNA recognition motif, NES: nuclear export signal, GRD: glycine
rich domain. (b) Immunoblot performed after exposing different amounts of human recombinant hTDP-43 or BSA to 807.3 control
antibody, E6 antibody or commercial mouse anti-TDP-43 antibody (Abnova, Taipei City, Taiwan). Ponceau was used as loading
reference. (c) ELISA assessing the affinity of E6 for human recombinant TDP-43 compared to control 807.3 antibody and commercial
mouse anti-TDP-43 antibody (means #SD from n=3 independent experiments). (d,e) Immunofluorescence performed on fixed HEK-

293 cells in standard conditions (d) or after inducing a strong overexpression of hTDP-43 with cytoplasmic delocalization of the protein

(e). Commercial anti-TDP-43 (Cterm) and 807.3-488 or E6-488 were used as primary antibodies. Scale bar S5pum.
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2. Neuronal cells spontaneously internalize E6 into cytosol in vitro

Neuronal cells are known to be able to uptake immunoglobulins, primarily through clathrin-dependent Fc
gamma receptor endocytosis®. Once in the cytosol of the neurons, these antibodies can interact with
intracellular epitopes. To determine whether E6 was able to penetrate living neurons, mouse neuroblastoma
cells (Neuro2A) were used as an in vitro model of neuronal cells. N2A cells were treated 24 hours with either
free Alexa-488, 807.3-488, or E6-488, and fluorescence microscopy was performed after fixation. Although
no signal was observed in free Alexa-488 treated cells, both 807.3-488 and E6-488 antibodies were detectable
in the cytosol of the cells (Fig. 2a). Interestingly, no signal was detected in the nucleus of both 807.3-488 and
E6-488 treated cells. Performing the same experiment in cells expressing an endosome marker highlighted
that 807.3-488 and E6-488 antibodies were internalized through endocytosis (Fig. 2b). Together, these results
indicate that neuronal cells spontaneously uptake antibodies present in their medium, and that once

internalized, the antibodies remain in the cytosol of the cells.
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Figure 2. E6 is spontaneously internalized in cytosol by cultured neuronal cells. (a) Immunofluorescence analysis of N2A cells treated
48h with free Alexa-488, 807.3-488 control antibody or E6-488 antibody. Scale bar 20 um. (d) Immunofluorescence analysis of N2A
cells transfected with an endosome marker (red) and treated 48 h with E6-488 antibody. Scale bar 20 um.
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3. E6 targets cytosolic misfolded TDP-43 in neuronal cells in vitro

To further assess the effects of E6 antibody in vitro and its ability to target cytosolic aggregates of TDP-43,
N2A cells overexpressing hTDP-43 were treated 24 hours with either free Alexa-488, 807.3-488, or E6-488,
and fluorescence microscopy was performed after fixation. When present in the cytoplasm of the cells after
being uptaken, E6-488 signal strongly colocalized with TDP-43 aggregates (Fig. 3a). By contrast, 807.3-488
signal did not overlap with TDP-43 cytosolic aggregates. Finally, as previously, no signal was detected in free
Alexa-488 treated cells. As decreasing TDP-43 activity in cells is toxic, we aimed to assess if the action of E6
on cytosolic TDP-43 was deleterious to the cells. N2A cells in basal condition and N2A cells overexpressing
hTDP-43 were treated with 24 hours with either PBS, 807.3, or E6, and cell viability was assessed by MTS
assay (Promega, Madison, WI, USA). No difference was observed between the cell lines regarding the
viability. These results suggest that when uptaken by neuronal cells, E6 antibody targets cytosolic abnormal

aggregated TDP-43 with no major toxic effect.
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Figure 3. E6 selectively interacts with cytosolic misfolded TDP-43 in cultured neuronal cells. (a) Immunofluorescence analysis of the
interaction between free Alexa-488, 807.3-488 or E6-488 antibody and cytosolic TDP-43 aggregates in N2A cells overexpressing hTDP-
43, 48h after treatment. Scale bar 10 um. (b,c) Viability of N2A cells expressing TDP-43 in basal conditions (b) or overexpressing hTDP-

43 (c) 48h after treatment with PBS, 807.3 or E6. (mean +SD from 4 independent experiments).
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4. E6 is internalized by CNS neuronal and microglial cells in vivo

Given the ability of neuronal cells to spontaneously uptake E6 antibody in vitro, we next asked whether E6
could reach central nervous system (CNS) cells when administered in vivo. We thus treated transgenic mice
expressing genomic fragments encoding mutated human TDP-43”315T10 wijth either 0.9% saline, 807.3 or E6

solutions using different procedures to assess the CNS bioavailability of our antibody.

Repeated intranasal and intraperitoneal administrations (twice a week) were first tested with the aim of
assessing a systemic delivery procedure. After 2 weeks of treatment, no antibody could be detected in the
brains and spinal cords of the mice treated either intranasally or intraperitoneally (Supp Fig. 2a), highlighting
the high selectivity of the undamaged blood-brain barrier towards circulating antibodies. Systemic

administration of the antibodies was thus excluded for further in vivo investigations.

A direct and continuous administration of the treatment in the CNS of the mice for 28 days was subsequently
tested using an osmotic minipump system (Alzet, Cupertino, CA, USA). Unfortunately, the implanted device
induced a local sterile inflammatory reaction in the brain of all the treated mice, regardless of the
administered solution (Supp Fig. 2b,c). The high amount of endogenous antibodies in the cerebral
parenchyma and the strong microglial activation precluded the assessment of E6 effects in the brain. This

technique was thus also excluded for in vivo experiments.

Finally, repeated lumbar intrathecal administrations of the treatment (twice a week for 2 weeks) were tested.
mlgG2A were detected by immunofluorescence microscopy in the 3 portions of the spinal cords of the
animals treated with antibodies, whereas no immunostaining was observed in the CNS of the 0.9% saline
treated mice (Fig. 4a). Although a weak staining was also detectable in the brainstem nuclei (data not shown),
no signal was found in the cerebellum and the brain of the mice. At high magnification, both E6 and 807.3
were found to be mainly uptaken by neurons and microglial cells and remained mainly cytosolic with no
overlap with nuclear TDP-43 (Fig. 4b). Taken together, these results suggest that when administered directly
in the CNS in vivo through repeated intrathecal injections, E6 is uptaken by neurons and microglia and

remains in the cytosol of these cells.

CODRON Philippe | Marqueurs pathologiques et
pistes thérapeutiques dans la sclérose latérale amyotrophique sporadique 92



a Saline 807.3 E6

15U30H /

Cell Marker mligG2A Hoechst Merge

NeuN

CD11B

GFAP

OligSP

Figure 4. Repeated intrathecal injections allow endocytosis of E6 by motor neurons and microglia. (a) Representative images of
mlgG2A immunofluorescence detection in spinal cords (anterior horn of lumbar, thoracic and cervical regions) and brains
(hippocampus and motor cortex) of mice 2 weeks after treatment with saline 0.9%, 807.3 or E6. Scalebar 50um. (b) Representative
high magnification images of mIgG2A immunofluorescence detection in neurons (NeuN), microglial cells (CD11B), astrocytes (GFAP)

and oligodendrocytes (OligSP) in anterior horn of lumbar spinal cords of mice treated with 807.3 and E6. Scalebar 20um.
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5. E6 treatment is not Toxic in vivo

With the aim of assessing the effects of intrathecal treatment with E6 in vivo, 30 TDP-43"31>T transgenic mice
at 9 months of age were divided into 3 groups (n=10, 7 males and 3 females per group) comparable with
regards to body weight, motor and cognitive performances (p>0.05 for all these parameters). Mice were
treated for 5 weeks with repeated lumbar intrathecal injections of 0.9% saline (control saline group), 807.3
antibody (control mIgG2A group), or E6 antibody (experimental group) (Fig. 5a). Motor (accelerating rotarod
and grid test) and cognitive performances (novel object recognition test and passive avoidance test) were
regularly blindly collected according to the schedule depicted on Fig. 5a. After 5 weeks, mice were sacrificed
for pathological analyses. Collected tissues were either frozen or fixed depending on the planned

experiments (biochemistry or immunofluorescence).

No adverse effect, neurological symptom, weight loss or premature death occurred in mice throughout the
course of the study, strengthening the absence of toxicity of E6 previously observed in vitro. No significant
difference was observed between the 3 groups with regard to both motor and cognitive performances (Fig.
5b-d). Finally, no difference was noticed between the 3 groups with regard to the morphology and number
of peripheral motor neurons in the anterior horn of the spinal cord (Fig. 5¢,f). Together, these results support

the absence of toxicity of E6 treatment, both at body and cellular levels.
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Figure 5. Absence of toxicity of E6 intrathecal treatment in mice. (a) Flow chart of the therapeutic assay conducted in mice to study
the effects of intrathecal treatment in vivo (up), and schedule of blind collection of mice’s motor and cognitive performances (down).
(b) Body weight of mice evolution during the treatment period (mean +SD from all the 10 mice per group; p=0.74). (c) Accelerating
Rotarod performances of mice during the treatment period (mean SD from all the 10 mice per group; p=0.82). The
slight improvement observed in all groups over time is due to learning and adaptation. (d) Novel object recognition performances of
mice during the treatment period (mean +SD from all the 10 mice per group; p=0.29). (e,f) Representative image of ChaT
immunofluorescence staining in the anterior horn of lumbar spinal cords of treated mice for motor neurons counting (mean =SD

from >15 spinal cord sections per mouse; p=0.98). Scalebar 25um.
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6. E6 reduces TDP-43 proteinopathy in vivo

To assess the effects of E6 on TDP-43 level and distribution in CNS cells, protein fractions were prepared from
the frozen lumbar spinal cords and nucleocytoplasmic ratio was measured in neurons using
immunofluorescence microscopy. Western-blot analysis of pan TDP-43 (Cterm) highlighted a trend towards
a decrease of TDP-43 levels in the spinal cord of the E6 treated mice (Figure 6a,b). Furthermore, high
magpnification immunofluorescence quantification of TDP-43 (Cterm) in motor neurons revealed a ~25%
increase of the nucleocytoplasmic ratio of TDP-43 in the E6 group when compared to 0.9% saline and 807.3

groups (Figure 6¢,d).
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Figure 6. E6 reduces TDP-43 proteinopathy in vivo. (a,b) Western blot analysis of TDP-43 (Cterm) levels in lumbar spinal cords of
mice. Actin was used as loading reference for analysis (mean +SD from n=3 independent experiments; p=0.22) (c,d) Representative
images of TDP-43 (Cterm) immunofluorescence staining in lumbar motor neurons of mice (signal intensity). The ratio between
measured nuclear and cytosolic intensities was calculated for each cell (mean £SD from >80 motor neurons analysed per mouse;

pairwise comparisons, * p < 0.01). Scalebar 10um, colour scale ranging from 0 to 400 intensity units.
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A microglial activation was also noticed in the lumbar spinal cord of the E6 treated mice, measured by a ~15%

increase of the CD11B area fraction in immunofluorescence (Fig. 7e,f). No difference was observed for GFAP

analyses (Fig. 7e,g). These data indicate that E6 treatment increases TDP-43 nucleocytoplasmic ratio in motor

neurons. This process is associated with a microglial activation that may contribute to TDP-43 elimination.
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Figure 7. E6 induces microglial but not astroglial activation in vivo. (a) Representative images of GFAP and CD11B

immunofluorescence staining in anterior horn of lumbar spinal cords of mice. (b,c) Quantification of astrocytes (b) and microglial cells

0.87 GFAP, * p<0.001 CD11B). Scale bars: 20 um.

(c) area fraction. (means +SD, >20 images per animal, p
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7. E6 reduces p65/NFkB activation in vivo

In ALS/FTLD, the RRM1 domain of TDP-43 interacts with p65 subunit of NFkB factor, activating the pro-
inflammatory p65/NFkB pathway®. We thus aimed to determine whether E6 antibody was able to disrupt
this interaction in the CNS of the treated mice by analysing p65 and its activated-form acetylated-p65
(ac.p65). Immunofluorescence staining of ac.P65 in the anterior horn of E6 treated mice showed a lower
nuclear signal in motor neurons that had high levels of E6 in their cytoplasm compared to the others (Fig.
8a). High magnification immunofluorescence was performed to allow quantified analysis, highlighting a ~15%
reduction of the ac.P65 nuclear signal in the motor neurons of E6 treated mice when compared to the two
other groups (Fig. 8b,c). These results were consistent with a downregulation of p65/NFkB pathway by E6 in

vivo.
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Figure 8. E6 reduces NFkB activation in vivo. (a) Representative image of acetylated P65 (ac.P65) immunofluorescence staining in
anterior horn of lumbar spinal cords of mice treated with E6. Ac.P65 staining was lower in the nucleus of motor neurons that had
high levels of E6 in their cytoplasm (arrowheads) compared to the others (arrows). (b,c) Representative images of ac.P65
immunofluorescence staining in lumbar motor neurons of mice. Ac.P65 nucleus total intensity was measured for each motor neuron

(mean £SD from >80 motor neurons analysed per mouse; *p<0.01). Scalebar 10um, colour scale ranging from 0 to 400 intensity units.
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DISCUSSION

In this study, we were able to reduce TDP-43 mislocalization and NFkB pathological activation in the spinal
cord of TDP-43"315T transgenic mice using direct administration of a monoclonal immunoglobulin against TDP-
43. To the best of our knowledge, this is the first study to assess the effects of a full-length antibody specific

to cytosolic TDP-43 both in vitro and in vivo.

Over the past decade, there has been increasing concerns about the use of monoclonal antibodies in
neurodegenerative disorders, with the aim of targeting misfolded intra- or extra-cellular proteins, such as
amyloid-B peptide, tau, or alpha-synuclein (reviewed in 1). In the field of ALS/FTLD, immunotherapies against
SOD1 protein, involved in familial forms of the disease, have been developed and tested on cellular and
mouse models with encouraging results'>8, However, applying such strategy for TDP-43 targeting must be
cautious, given the severe consequences observed when TDP-43 is depleted in cellular and animal models®~
21 Thus, the antibody must specifically target pathological cytosolic aggregates of TDP-43 in cells, without
interfering with the physiological nuclear activity of the protein. Considering this crucial fact, we chose to
generate a monoclonal antibody directed against the RRM1 domain of TDP-43, as this epitope is masked
under physiological condition in the nucleus, and is involved in cytosolic TDP-43 misfolding in FTLD/ALS.
Performing direct administration of full-length antibodies was motivated by fast and simple production
process, and the presence of Fc fragment allowing internalization by neurons®. Moreover, in contrast with
AAV mediated therapy, direct administration of monoclonal immunoglobulins allows adaptation and/or

cessation of treatment in case of side effects in trials and clinical practice.

Three modalities of treatment have been tested in this study. We first tried systemic administration through
intranasal and intraperitoneal injections, but we failed in detecting the administered immunoglobulins in the
brains and spinal cords of the treated mice. This observation could be explained by the fact that very few
circulating antibodies enter the CNS in vivo, due to tight control of the blood-brain barrier (BBB)?2. Although
continuous intra-ventricular injections were too invasive to correctly assess the efficiency of our treatment,
repeated lumbar intrathecal injections allowed a reliable, safe and reproducible diffusion of the antibody to
the neurons and microglial cells of the CNS. However, this technique did not allow to reach the encephalon.
In patients, intrathecal administration of monoclonal antibodies through both intra-ventricular and lumbar
intrathecal injections are performed in clinical practice, with low risk and few side effects related to the
technique? 2. Such techniques could thus be considered for E6 immunotherapy administration to ALS/FTLD

patients, allowing a diffusion of the treatment to the entire CNS.

In our study, E6 interaction with TDP-43 RRM1 domain did not result in toxic effects both in vitro and in vivo.

This observation is probably due to the specific ability of E6 to target misfolded cytosolic TDP-43 without
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interfering with the nuclear activity of the protein. Repeated intrathecal injection of E6 resulted in a trend
towards a decrease of TDP-43 levels in the spinal cord of the treated mice, and a ~25% increase of TDP-43
nucleocytoplasmic ratio in motor neurons, suggesting a clearance of TDP-43 cytosolic fraction in these cells.
Interestingly, these results were associated with a microglial activation in the spinal cord of the E6 treated
animals. This activation could be one plausible mechanism of the clearance of TDP-43 in motor neurons, as
recently reported in another ALS mouse model?®. Furthermore, in our study, E6 antibody was detected in the
cytosol of microglial cells of treated mice, so the occurrence of a Fc-mediated phagocytosis of the protein
could also be a possible pathway for TDP-43 degradation, as seen in Alzheimer disease models with anti-tau
monoclonal antibodies?’. Finally, this decrease could be due to a limitation of the extracellular spreading and

transcellular transfer of misfolded TDP-43%8 through E6 activity.

E6 administration was also accompanied with downregulation of p65/NFkB pathway in motor neurons. In
ALS/FTLD, TDP-43 RRM1 domain activates p65/NFkB pro-inflammatory pathway through direct interaction
with p65 subunit®. E6 antibody was thus able to disrupt this interaction in the CNS of treated mice, conferring

a complementary therapeutic property of the immunotherapy through neuroinflammation downregulation.

Despites the effects of E6 on decreasing TDP-43 proteinopathy and NFkB activation in the spinal cord of the
treated mice, these observations were not accompanied with major clinical improvements compared with
the two control groups. This could be explained by the absence of strong motor impairment in the TDP-434315T
mice. Indeed, transgenic mice carrying mutation on TDP-43 C-terminal domain have proved to display a slow
onset and heterogeneous phenotype, with mainly FTLD-like cognitive symptoms, including hyperphagia and
executive dysfunction'®93°, |n particular, these mice do not become paralysed and die at standard age. Thus,
as the site of diffusion of our treatment was mainly spinal, the effects of E6 treatment could not been

assessed in optimal conditions regarding clinical parameters.

It will therefore be of particular interest to further study the effects of E6 immunotherapy on animal models
exhibiting a stronger ALS/FTLD-like phenotype, as for example the recently reported rNLS8 or double-
transgenic UBQLN2P#7"; TDP-43%348C mice models?®3L. Long-term treatment trials will also be of interest to
ensure the absence of potential long-term side effects. Finally, we are currently working on humanizing E6
antibody to ensure the reproducibility of the obtained results and to consider E6 immunotherapy for future

therapeutic trials.

The results obtained in this study provide encouraging prospects for a patient-specific therapy for ALS/FTLD,
but also for the other neurological disorders in which TDP-43 pathology may be involved, such as Alzheimer’s

disease® or Stroke33.

CODRON Philippe | Marqueurs pathologiques et
pistes thérapeutiques dans la sclérose latérale amyotrophique sporadique 100



Acknowledgements

This work was supported by the Canadian Institutes of Health Research (CIHR) and by the Institut National
de la Santé et de la Recherche Médicale (INSERM Research Fellow 2017-2019).

Authors contributions

J-P. Julien supervised this project.

S. Pozzi, P. Codron, and J-P. Julien conceived the project,

S. Pozzi, P. Codron and L. Renaud performed the experiments.

G. Soucy and C. Bareil genotyped and treated the mice, and helped with mice maintenance.

S. Pozzi, P. Codron, and J-P. Julien analysed the data and wrote the paper.

Competing interests

The authors declare no competing interests.

References
1. Neumann, M. et al. Ubiquitinated TDP-43 in Frontotemporal Lobar Degeneration and Amyotrophic

Lateral Sclerosis. Science 314, 130-133 (2006).

2. Arai, T. et al. TDP-43 is a component of ubiquitin-positive tau-negative inclusions in frontotemporal
lobar degeneration and amyotrophic lateral sclerosis. Biochemical and Biophysical Research Communications
351, 602-611 (2006).

3. Benajiba, L. et al. TARDBP mutations in motoneuron disease with frontotemporal lobar degeneration.
Ann Neurol 65, 470-473 (2009).

4, Sreedharan, J. et al. TDP-43 Mutations in Familial and Sporadic Amyotrophic Lateral Sclerosis. Science
319, 1668-1672 (2008).

5. Mitsumoto, H., Brooks, B. R. & Silani, V. Clinical trials in amyotrophic lateral sclerosis: why so many

negative trials and how can trials be improved? Lancet Neurol 13, 1127-1138 (2014).

6. Freskgard, P.-O. & Urich, E. Antibody therapies in CNS diseases. Neuropharmacology 120, 38-55
(2017).
7. Shodai, A. et al. Aberrant assembly of RNA recognition motif 1 links to pathogenic conversion of TAR

DNA-binding protein of 43 kDa (TDP-43). J Biol Chem 288, 14886—14905 (2013).

8. Swarup, V. et al. Deregulation of TDP-43 in amyotrophic lateral sclerosis triggers nuclear factor
kappaB-mediated pathogenic pathways. J Exp Med 208, 2429-2447 (2011).

9. Congdon, E. E., Gu, J., Sait, H. B. R. & Sigurdsson, E. M. Antibody uptake into neurons occurs primarily
via clathrin-dependent Fcgamma receptor endocytosis and is a prerequisite for acute tau protein clearance.

J Biol Chem 288, 35452-35465 (2013).

CODRON Philippe | Marqueurs pathologiques et
pistes thérapeutiques dans la sclérose latérale amyotrophique sporadique 101



10. Swarup, V. et al. Pathological hallmarks of amyotrophic lateral sclerosis/frontotemporal lobar
degeneration in transgenic mice produced with TDP-43 genomic fragments. Brain 134, 2610-2626 (2011).
11. Valera, E., Spencer, B. & Masliah, E. Inmunotherapeutic Approaches Targeting Amyloid-beta, alpha-
Synuclein, and Tau for the Treatment of Neurodegenerative Disorders. Neurotherapeutics 13, 179-189
(2016).

12. Gros-Louis, F., Soucy, G., Lariviere, R. & Julien, J.-P. Intracerebroventricular infusion of monoclonal
antibody or its derived Fab fragment against misfolded forms of SOD1 mutant delays mortality in a mouse
model of ALS. J Neurochem 113, 1188-1199 (2010).

13. Ghadge, G. D., Pavlovic, J. D., Koduvayur, S. P., Kay, B. K. & Roos, R. P. Single chain variable fragment
antibodies block aggregation and toxicity induced by familial ALS-linked mutant forms of SOD1. Neurobiol
Dis 56, 74-78 (2013).

14. Takeuchi, S. et al. Induction of protective immunity by vaccination with wild-type apo superoxide
dismutase 1 in mutant SOD1 transgenic mice. J Neuropathol Exp Neurol 69, 1044—-1056 (2010).

15. Urushitani, M., Ezzi, S. A. & Julien, J.-P. Therapeutic effects of immunization with mutant superoxide
dismutase in mice models of amyotrophic lateral sclerosis. Proc Natl Acad Sci U S A 104, 2495-2500 (2007).
16. Liu, H.-N. et al. Targeting of monomer/misfolded SOD1 as a therapeutic strategy for amyotrophic
lateral sclerosis. ) Neurosci 32, 8791-8799 (2012).

17. Patel, P. et al. Adeno-associated virus-mediated delivery of a recombinant single-chain antibody
against misfolded superoxide dismutase for treatment of amyotrophic lateral sclerosis. Mol Ther 22, 498—
510 (2014).

18. Benkler, C. et al. Aggregated SOD1 causes selective death of cultured human motor neurons. Sci Rep
8, 16393 (2018).

19. Iguchi, Y. et al. Loss of TDP-43 causes age-dependent progressive motor neuron degeneration. Brain
136, 1371-1382 (2013).

20. Sephton, C. F. et al. TDP-43 is a developmentally regulated protein essential for early embryonic
development. J Biol Chem 285, 6826-6834 (2010).

21. Wou, L.-S. et al. TDP-43, a neuro-pathosignature factor, is essential for early mouse embryogenesis.
Genesis 48, 56-62 (2010).

22. Poduslo, J. F., Curran, G. L. & Berg, C. T. Macromolecular permeability across the blood-nerve and
blood-brain barriers. Proc Natl Acad Sci U S A 91, 5705-5709 (1994).

23. Bergman, J. et al. Intrathecal treatment trial of rituximab in progressive MS: An open-label phase 1b
study. Neurology 91, e1893—e1901 (2018).

24, Rubenstein, J. L. et al. Phase | study of intraventricular administration of rituximab in patients with

recurrent CNS and intraocular lymphoma. J Clin Oncol 25, 1350-1356 (2007).

CODRON Philippe | Marqueurs pathologiques et
pistes thérapeutiques dans la sclérose latérale amyotrophique sporadique 102



25. Perissinotti, A. J. & Reeves, D. J. Role of intrathecal rituximab and trastuzumab in the management
of leptomeningeal carcinomatosis. Ann Pharmacother 44, 1633-1640 (2010).

26. Spiller, K. J. et al. Microglia-mediated recovery from ALS-relevant motor neuron degeneration in a
mouse model of TDP-43 proteinopathy. Nat Neurosci 21, 329—-340 (2018).

27. Luo, W. et al. Microglial internalization and degradation of pathological tau is enhanced by an anti-
tau monoclonal antibody. Sci Rep 5, 11161 (2015).

28. Iguchi, Y. et al. Exosome secretion is a key pathway for clearance of pathological TDP-43. Brain 139,
3187-3201 (2016).

29. White, M. A. et al. TDP-43 gains function due to perturbed autoregulation in a Tardbp knock-in mouse
model of ALS-FTD. Nat Neurosci 21, 552-563 (2018).

30. Arnold, E. S. et al. ALS-linked TDP-43 mutations produce aberrant RNA splicing and adult-onset motor
neuron disease without aggregation or loss of nuclear TDP-43. Proc Natl Acad Sci US A 110, E736-745 (2013).
31. Picher-Martel, V., Renaud, L., Bareil, C. & Julien, J.-P. Neuronal Expression of UBQLN2(P497H)
Exacerbates TDP-43 Pathology in TDP-43G348C Mice through Interaction with Ubiquitin. Mol Neurobiol
(2018). d0i:10.1007/s12035-018-1411-3

32. Tremblay, C., St-Amour, |., Schneider, J., Bennett, D. A. & Calon, F. Accumulation of transactive
response DNA binding protein 43 in mild cognitive impairment and Alzheimer disease. J Neuropathol Exp
Neurol 70, 788-798 (2011).

33. Thammisetty, S. S. et al. Age-related deregulation of TDP-43 after stroke enhances NF-kappaB-

mediated inflammation and neuronal damage. J Neuroinflammation 15, 312 (2018).

CODRON Philippe | Marqueurs pathologiques et
pistes thérapeutiques dans la sclérose latérale amyotrophique sporadique 103



Methods

Antibodies production

The EcoR1-Notl 428 bp hTDP-43 cDNA fragment was PCR-amplified and cloned into the pGEX-6P-1 vector
(GE Healthcare, Chicago, IL, USA). This recombinant plasmid was used on the Escherichia Coli host BL21 with
the aim of producing the TDP-43 RRM1 domain. The 136 amino acids (15.68kDa) recombinant protein was
then purified using the Glutathione S-transferase (GST) gene fusion system (GE Healthcare, Chicago, IL, USA).
From the obtained purified recombinant protein, Medimabs (Mount Royal, QC, Canada) produced different
hybridoma cell lines. The medium of those cell lines was analysed by western blot in order to select the one
producing the most specific anti-RRM1 antibody. Control migG2A 807.3 antibody was provided commercially
(CTRL-2290, ATCC, Manassas, VA, USA). For direct fluorescence detection, E6 and 807.3 antibodies were
conjugated with Alexa fluorochrome (807.3-488 - E6-488) using an Alexa Fluor 488 Antibody Labelling Kit
(Thermofisher, Waltham, MA, USA) following manufacturer’s instructions. The obtained preparation was

then dialysed during 6 hours in order to avoid sodium bicarbonate toxicity.

Dot blots and ELISA Assays

Dot blots were performed by loading different concentrations of bovine serum albumin (BSA) and human
recombinant TDP-43 on a PVDF membrane by vacuum filtration using a Dot-Blot apparatus (Bio-Rad,
Hercules, CA, USA). Membranes were exposed overnight at room temperature to 807.3, E6 or commercial
mouse anti-hTDP-43 N-Terminal (Abnova, Taipei City, Taiwan, China) antibodies. After 4 washes in TBS,
membranes were incubated 2h in blocking reagent, washed 4 times with TBS and incubated 2h with an anti-
mouse HRP conjugated antibody (Abcam, Cambridge, UK). Densitometry was done by Image Lab (Bio-Rad,
Hercules, CA, USA) or Image Studio Lite 4.0 (Li-Cor, Lincoln, NE, USA) software.

ELISA assays were performed using Elisa assay kit (Peprotech, Somerset, NJ, USA). Human recombinant TDP-
43 or BSA were diluted in PBS, and 100ulL of the obtained solutions were loaded on an Elisa assay plate and
incubated overnight at room temperature. The day after, wells were washed 4 times with washing buffer
and incubated for 2h with 0.5 ug/mL of E6 monoclonal antibody, 807.3 monoclonal antibody, commercial
mouse anti-hTDP-43 antibody (Abnova, Taipei City, Taiwan, China), PBS or BSA. After 4 washes in TBS, wells
were incubated 2h in blocking reagent, washed 4 times with TBS and incubated 2h with anti-mouse and anti-
rabbit HRP conjugated antibodies (Abcam, Cambridge, UK). After 4 washes in TBS, wells were incubated with
100uL of substrate solution and chemiluminescence was read at 450nm using an EnSpire 2300 Multilabel

reader (Perkin Elmer, Waltham, MA, USA).
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Cells Culture, transfection and treatment

HEK293 (human embryonic kidney cells) and Neuro2A cells (mouse neuroblastoma cells) were grown in
Dulbecco’s Modified Eagle Medium (DMEM) with 10% foetal bovine serum (FBS), 1% penicillin-streptomycin
and 1% glutamine in a humidified atmosphere (95% air,5% CO2) at 37°C. Monolayers of cells were routinely
maintained in T75 flasks. To induce TDP-43 overexpression, cells were transfected for 48h when at 70%
confluence with hTDP-43 or Flag-TDP-43 plasmids (home-made) using Jet Prime (Polyplus, Strasbourg,
France) transfection reagents according to manufacturer’s instructions. To treat the cells, a 10uM solution of
either free Alexa 488, 807.3-488 antibody or E6-488 antibody was added to the medium for 24 hours. All
experiments were conducted on cells with similar passage numbers, ranging from 6 to 20, in order to avoid

artefacts due to senescence.

Protein extraction and Western blot (cells)

For Western blot analysis, cells were grown to 70% confluence in wells in a humidified atmosphere (95% air,

5% CO2) at 37°C. If applicable, cells transfections and/or treatments were performed as described before.

To obtain nuclear and cytoplasmic fractions, cells were collected in cold PBS and centrifuged at 2000 x rpm 5
min. Pellets were lysated in hypotonic buffer (Hepes pH 8 10mM, KCl 10mM, MgCI2 1.5mM, NaF 1mM, PMSF
0.5mM supplemented with protease, phosphatase inhibitors) and incubated on ice for 15min. NP-40 (0.5%)
was added and lysates were vortexed and centrifuged 10 min at 3000 x rpm. Supernatant were collected as
cytoplasmic fractions. Pellets were then solubilized in extraction buffer (Hepes pH 8 20mM, NaCl 420mM,
MgCl2 1.5mM, NaF 1mM, EDTA 0.2mM, glycerol 25%, PMSF 0.5mM supplemented with protease,
phosphatase inhibitors), incubated on ice 15min, sonicated and centrifuged at 12.000 rpm for 10min.

Supernatants were collected as nuclear fractions.

Total proteins from cells were obtained by lysating cells pellets in extraction buffer supplemented with 0.5%
of NP-40 if immunoprecipitation experiments were planned, or with SDS 1% followed by centrifugation at

12.000 rpm for 10min.

For soluble and insoluble protein extraction, cell pellets were solubilized in Ripa buffer (Tris 50mM, NaCl
150mM, SDS 0.1%, Na-Deoxycholate 0.5%, Triton X100 1%, PMSF 1mM supplemented of protease and
phosphatase inhibitors), sonicated and centrifuged 20 min at 13.000 rpm. Supernatants were collected as
soluble portion, whereas pellets were washed twice in Ripa buffer, sonicated, centrifuged again 20 min at
13.000 rpm., and finally resuspended in SDS 2%. For Western blots, equal amount of proteins was
resuspended in loading buffer supplemented with Dithiothreitol (DTT) 1mM, boiled 5 min at 100°C and
loaded on 12% acrylamide gels (home-made) or precast gels (Bio-Rad, Hercules, CA, USA), transferred on

PVDF membranes (Millipore, Burlington, MA, USA) and incubated 1h with blocking solution (BSA 3% or Milk
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5% in TBS-Tween 0.1%). Membranes were incubated overnight with primary antibodies (Supp Table 1)
diluted in blocking solution, washed in TBS-Tween, incubated 2h in secondary antibodies, and finally washed
in TBS-Tween. Goat anti-mouse HRP or goat anti-rabbit HRP were diluted 1:5000 in blocking, whereas IRDye
(Li-Cor, Lincoln, NE, USA) were diluted 1:10.000 in TBS-Tween and incubated in dark. Signal was acquired by
exposing membranes to X-ray film (Biomax, Rochester, NY, USA) or using the Li-Cor sistem (Li-Cor, Lincoln,

NE, USA).

Immunofluorescence (cells)

For immunofixation, cells were grown to 70% confluence on 0.17 mm thick cover glasses (Fisher Scientific,
Hampton, NH, USA) in a humidified atmosphere (95% air, 5% CO2) at 37°C. If applicable, cells transfection
and/or treatment were performed as described before. Cells were then washed once in PBS and fixed with
4% paraformaldehyde for 15min at room temperature. After three washes in phosphate buffered saline
(PBS), cells were blocked and permeabilized in 0.1% triton X-100 and 5% bovine serum albumin in PBS for 1
h at room temperature. Cells were then washed and incubated over night at 4°C with primary antibodies
(Supp Table 1) diluted in blocking solution. Finally, cells were washed in PBS and incubated with appropriate
Alexa Fluor conjugated secondary antibodies (Invitrogen, Carlsbad, CA, USA, 1:1000). DNA was
counterstained with Hoechst 33342 (Thermo Fisher Scientific, Waltham, MA, USA, 1:1000) and cover glasses
were mounted on 1.0 mm thick slides (Fisher Scientific, Hampton, NH, USA) using Fluoromount-G Buffer

(Southern Biotech, Birmingham, AL, USA).

Cells survival assay

Cell viability was assessed using [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium] MTS assay, following manufacturer’s instructions (Promega, Madison, WI,
USA). After one-hour incubation with the reagent, absorbance was determined at 490 nm using an EnSpire

2300 Multilabel reader (Perkin Elmer, Waltham, MA, USA).

TDP-43A315T transgenic animals

Transgenic mice bearing the human genomic fragment encoding for TDP-4331T mutation [ref Swarup] were
identified by PCR performed on tail biopsies. The animals were constantly maintained as colony at the CERVO
Brain Institute animal facility under standard conditions. The Animal Care Ethics Committee of the University
of Laval approved all in vivo experimental protocols. Experiments were carried out in accordance with the

Guide to the Care and Use of Experimental Animals of the Canadian Council on Animal Care.
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Treatments administration

Mice were anesthetized with 2% isoflurane during all the procedures, and post-treated with subcutaneous
buprenorphine (0.05 mg/kg) to prevent postoperative pain. For intranasal administration, anesthetized mice
were placed on their back, and droplets of 0.9% saline or 2mg/mL purified monoclonal antibody solution
were dropped into the mouse's nostrils using a pipette. Fifty microliters of solution per mouse (25uL per
nostril) was administered twice a week. For intraperitoneal administrations, mice were placed on their back
and 500uL of 0.9% saline or 1mg/mL purified monoclonal antibody solution were injected intraperitoneally.
For continuous intraventricular delivery, a sterile brain infusion cannula was stereotaxically implanted into
the right ventricle of the mice (David Kopf Instruments, Tujunga, CA, USA). After insertion, the infusion
cannula was fixed to the skull with dental cement and connected to an osmotic minipump implanted under
the skin (Alzet, Cupertino, CA, USA) filled with 200uL of 0.9% saline or 0.6 mg/mL purified monoclonal
antibody solution. Mice received continuous amount of antibody in ventricles with a pumping rate of
0.25uL/h. For intrathecal injections, anesthetized mice were placed on their stomach, and a total of 20uL
volume of 0.9% saline or 1,25mg/mL purified monoclonal antibody solution was slowly injected into the dura
(L4-L5 intervertebral space) using a 10pL sterile Hamilton syringe. The presence of a reflex contraction of the
hind legs or the tail was considered indicative of a successful administration. The syringe was removed 1

minute after the end of the injection to minimize CSF and vector leakage.

Behavioural experiments

All of the behavioural experiments were blindly conducted as such the experimenter had no knowledge of
the drug treatment of animals. Accelerating Rotarod was performed at 4 rpm speed with 0.1 rpm/s
acceleration as described elsewhere!?, Mice were subjected to three trials per session, the mean
(performance was considered. The novel object recognition test was performed as a 3 days test: on day 1
(habituation), the mouse was positioned in an empty 15 x 30 cm opaque box and allowed to discover the
environment for 5 min; on day 2 (training), the mouse was allowed to interact with 2 equal objects positioned
in the box for 5 min, time of interaction with each object was recorded; on day 3 (test), one object was
replaced with a new and completely different object (colour and shape) and time of interaction with each
object was again recorded. For the Step-through passive avoidance test, a two-compartment apparatus
(bright and dark compartments separated by a guillotine door) was used (Ugo Basile, Trappe, PA, USA). Mice
were placed in the bright compartment and allowed to explore for 30 seconds, at which point the guillotine
door was raised to allow the mice to enter the dark compartment. When the mice entered the dark
compartment, the guillotine door was closed and an electrical foot shock (0.5 mA) was delivered for 2

seconds on the second day. On the third day, mice were placed in the bright compartment and the time to
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enter the dark compartment was recorded (no shock given if entering the dark compartment, maximum

latency in the bright compartment = 300 seconds).

Sacrifice

Mice were anesthetized by intraperitoneal injection of 4% chloral hydrate (sodium pentobarbital, 100mg/kg).
For protein analyses, mice were perfused intracardially with 30mL of cold 0.1M phosphate buffer (+4°C, flow
rate 20 mL/minute), and tissues were then quickly collected, frozen on dry ice, and stored at -80°C until used
for protein extraction. For histological analyses, mice were first perfused intracardially with 30mL of cold
0.1M phosphate buffer, and subsequently perfused with 30mL of cold 4% paraformaldehyde (PFA). Tissues

were then collected, post-fixed for 24h in 4% PFA and cryoprotected in sucrose 30%.

Protein extraction and Western blot (tissues)

To obtain nuclear and cytoplasmic fractions, frozen tissues were lysed in hypotonic buffer (Hepes-KOH pH
7.6 10mM, NaCl 10mM, KH2PO4 1mM, NaHCO3 5mM, EDTA pH8 5mM, CaCl2 1mM, MgCl2 0.5mM
supplemented by protease and phosphatase inhibitors), homogenized, solubilized by rotation at 4°C for
10min, added of 10% sucrose 2.5M and centrifuged 10 min at 6.300 x g. Supernatants were collected as
cytoplasmic fraction. Pellets were resuspended in extraction buffer (Tris pH7.4 10mM, Sucrose 300mM, EDTA
1mM, NP-40 0,1% supplemented by protease and phosphatase inhibitors), homogenized and centrifuged
5min at 4.000 x g. Pellets were washed 3 times with extraction buffer followed by centrifugations. After last
centrifugation pellets were resuspended in Ripa buffer (Tris pH7.4 50mM, EDTA 1mM, NaCl 150mM NP-40
1% supplemented with SDS 2% and protease and phosphatase inhibitors) and sonicated. To obtain insoluble
proteins from cytoplasm, triton X100 1% was added to the cytoplasmic fraction, sonicated and
ultracentrifuged at 107.000 x g 30min. Supernatants were collected as cytoplasmic soluble portions whereas
pellets were resuspended in Ripa buffer and sonicated as for nuclear pellets. Proteins were quantified using
Lowry method (Bio-Rad, Hercules, CA, USA) or BCA method (Bio-Rad, Hercules, CA, USA) when SDS was

present in the lysate. Western blot analyses were performed as described before for cells protein extracts.

Immunofluorescence (tissues)

Paraformaldehyde fixed lumbar spinal cords and brains were 25um sectioned using a SM2000 R microtome
(Leica Microsystems, Wetzlar, Germany) and stored at -20°C in a glycerol and glycine solution. After 3 washes
in PBS, tissue sections were blocked and permeabilized in 0.1% Triton X-100 and 5% normal goat serum in
PBS for 1h at room temperature. Sections were then washed and incubated over night with primary

antibodies (Supp Table 1) in blocking solution. Sections were then washed in PBS and incubated with
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appropriate Alexa Fluor conjugated secondary antibodies (Invitrogen, Carlsbad, CA, USA, 1:1000) for 2 hours
at room temperature. DNA was counterstained using Hoechst 33342 (Invitrogen, Carlsbad, CA, USA, 1:10000,
1mn), and TrueBlack (Biotium, Fremont, CA, USA, 1:20, 2mn) was used to quench lipofuscin
autofluorescence. Sections were finally mounted on 1.0 mm thick slides and covered with 0.17 mm thick
cover glasses (Fisher Scientific, Hampton, NH, USA) using Fluoromount-G Buffer (Southern Biotech,

Birmingham, AL, USA).

For low magnificence fluorescence imaging, slides were placed on the stage of a DM5000 B wide-field
microscope (Leica Microsystems, Wetzlar, Germany) connected to a CTR5000 station and a Mi-150 Fiber
Optic lllumination System (Dolan-Jenner, Boxborough, MA, USA) and equipped with 10X/0.30 Ph1 HC PL
Fluotar, 20X/0.50 Ph2 HC PL Fluotar and 40X/0.75 Ph2 HCX PL Fluotar objectives. Images were acquired using
a Digital FireWire Monochrome Camera (DFC350 FX) controlled by Leica Application Suite software version
4.8.0. For high magnificence fluorescence Imaging, slides were placed on the stage of a Axio Imager Z1 wide-
field microscope (Zeiss, Oberkochen, Germany) equipped with 40X EC-plan Neofluar 40x/0.75 Ph2 M27, 63X
Plan Apochromat 63x/1.40 Oil DIC M27, and 100X EC-plan Neofluar 100x/1.30 Oil Ph3 M2 oil immersion
objectives. Images were acquired using an AxioCam MRm camera controlled by AxioVision software (Carl

Zeiss Imaging Solutions GmbH) version 4.8.1.0.

More than 15,000 images were acquired and analysed in total. Imagel) software was used for images
reconstruction and morphometric analysis {Johannes, 2015 #1878}. To assess the number of motor neurons
in ventral horns, neurons stained with anti-ChaT antibody were counted on pictures acquired at low
magpnification (20X). The nucleocytoplasmic ratio of TDP-43 was determined for each cell at high
maghnification (63X) as described before {Codron, 2018 #1880}. For astrogliosis and microgliosis assessments,
an automated intensity detection threshold (lJ_IsoData) was applied to images acquired at medium
magnification (40X), and elements higher than 30 um were selected and analysed for area distribution. To
quantify NFkB activation in neurons, the mean intensity of acetylated NFkB signal was measured in the

nucleus and corrected to the mean cytoplasmic signal of the same cell (considered as basal signal).

Statistical analysis

Statistical analyses were carried out using PRISM software version 6.0 for Windows (GraphPad, La Jolla, CA,
USA). Comparisons of means were performed using Student’s t-test for two groups analysis, and the one-
way analysis of variance (ANOVA) for multiple groups analysis, after verifying the normal distribution and the
homoscedasticity of data using Shapiro—Wilk’s and Bartlett’s tests. Comparisons of percentages were

performed using Fischer’s test. Differences were considered to be significant at p<0.05.
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Supplementary Data

Supplementary Figures
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Supplementary Figure 1. Characterization of E6 monoclonal antibody directed against TDP-43 RRM1 domain. (a)
Immunofluorescence performed on fixed brain sections from a control subject and a patient affected with ALS/FTD. Commercial anti-
TDP-43 (Cterm) and 807.3-488 or E6-488 were used as primary antibodies. Scale bar 10um. (b) Immunofluorescence performed on
fixed brain and spinal cord sections from TDP-434315T transgenic mice. Commercial anti-TDP-43 (Cterm) and 807.3-488 or E6-488 were

used as primary antibodies. Scale bar 50um, (high magnification scale bar 10um).
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Supplementary Figure 2. (a) Representative images of mlgG2A immunofluorescence detection in brain (bulbs,
prefrontal cortex and motor cortex) of mice 2 weeks after intranasal treatment with saline 0.9% or E6. Scalebar 100um.
(b) Representative immunofluorescence images of aseptic inflammation reactive to implanted device in brain of mice
treated 28 days using osmotic minipump system (Alzet, Cupertino, CA, USA). Endogenous immunoglobulins ingress (red)
and microglial activation (green) were observed both with saline 0.9% and E6 treatments. Scale bar 2mm. (c)
Representative immunofluorescence images of E6 direct detection in brain of mice treated 28 days using osmotic
minipump system filled with E6-488 antibody. Only a small amount of antibodies was detected in necrotic tissue around

the injection point (1) and on the wall of the ipsilateral ventricle (2). Scale bar 2mm

CODRON Philippe | Marqueurs pathologiques et
pistes thérapeutiques dans la sclérose latérale amyotrophique sporadique 111



Supplementary Tables

Supplementary Table 1: List of antibodies.

wB IF
Antigen Antibody Company
dilution dilution
Actin mouse monoclonal 1:10000 Millipore (Temecula, CA, USA)
CD11B rat monoclonal 1:1000 Bio-Rad (Hercules CA, USA)
Chat goat polyclonal 1:500 Millipore (Temecula, CA, USA)
Wako Chemicals (Richmond, VA,
Iba-1 rabbit polyclonal 1:500 1:1000
USA)
Glial fibrillary acidic protein rabbit polyclonal 1:1000 Dako (Santa Clara, CA, USA)
Glyceraldehyde 3-
mouse monoclonal 1:2000 Santa Cruz (Santa Cruz, CA, USA)
phosphate dehydrogenase
goat polyclonal (alexa-
Mouse I1gG2A 1:4000 Invitrogen (Carlsbad, CA, USA)
488 conjugated)
Cell Signaling Technologies
NeuN rabbit monoclonal 1:1000
(Danvers, MA, USA)
NF-kB p65 subunit rabbit polyclonal 1:1000 Santa Cruz (Santa Cruz, CA, USA)
p65 (acetylated) rabbit polyclonal 1:1000 Abcam (Cambridge, UK)
Cell Signaling Technologies
p65 (phospho Ser 536) mouse monoclonal 1:1000
(Danvers, MA, USA)
Oligodendrocyte Specific
Rabbit polyclonal 1:1000 Abcam (Cambridge, UK)
Protein
p84 nuclear membrane mouse monoclonal 1:500 Abcam (Cambridge, UK)
TDP-43 N-Term rabbit polyclonal 1:5000 1:1000 Proteintech (Chicago, IL, USA)
TDP-43 C-Term rabbit polyclonal 1:5000 1:1000 Proteintech (Chicago, IL, USA)
TDP-43 human specific mouse monoclonal 1:1000 1:1000 Abnova (Taipei City, Taiwan)
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3. DISCUSSION ET PERSPECTIVES

3.1. Principaux résultats de I'étude

Dans ce troisieme projet réalisé au sein de I’équipe du Professeur Jean-Pierre Julien (institut CERVO,
Qc, Canada), nous avons travaillé a la mise au point d’'une immunothérapie directe par injection
d’lgG dirigées contre le domaine RRM1 de la protéine TDP-43. En utilisant une approche
immunohistologique, nous avons pu observer chez des souris transgéniques surexprimant la
mutation TDP-43A31>T traitées par injections intrathécales répétées un adressage motoneuronal du
traitement et une diminution de la charge |ésionnelle médullaire. Il s’agit a notre connaissance du

premier travail portant sur une telle approche.

3.1.1. Choix de I'immunoglobuline

Les protocoles d’injection d’immunothérapie directe chez I'animal et chez 'lhomme sont bien
établis, et cette approche permet de contréler les posologies administrées et d’arréter le traitement
en cas de survenue d’effet indésirable. Nous avons pour cette étude choisi de générer une
immunoglobuline monoclonale de type G, plus adaptée aux immunothérapies directes de par une
demi-vie longue et un fragment Fc assurant une endocytose neuronale et microgliale. Les analyses
en immunofluorescence ont permis d’observer une endocytose neuronale spontanée des
immunoglobulines administrées, tant in vitro que chez les souris traitées. Ces résultats soutiennent
I’existence d’une internalisation neuronale des anticorps médiée par des récepteurs membranaires
aux fragments Fc (Gros Louis et al., 2011, Congdon et al., 2013), et confortent le choix des IgG dans

la mise au point des immunothérapies par injection directe dans la SLA.

L'endocytose de 'immunoglobuline E6 n’a pas été responsable d’une toxicité chez les cellules en
culture ni chez les souris. En effet, une fois internalisé, I'anticorps restait localisé au sein du
cytoplasme des neurones, ne pouvant ainsi interagir avec la fraction nucléaire physiologique de
TDP-43. De plus, I'analyse en immunofluorescence du co-marquage TDP-43 / E6 chez les cellules
N2A en culture a mis en évidence une interaction sélective de I'anticorps avec les agrégats
pathologiques intracytoplasmiques de TDP-43 in vitro. Ces résultats, associés aux données obtenues

par DotBlot et ELISA, démontrent une bonne spécificité de I'anticorps pour sa cible.
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3.1.2. Stratégie d’administration

Plusieurs modalités d’administration de I'immunothérapie ont été testées dans cette étude. Bien
gue les anticorps injectés par abord systémique (injections intrapéritonéales et intranasales) aient
pu étre détectés au sein des vaisseaux du SNC des animaux traités, leur trop faible passage de la
BHE (0.1%) et I'absence de rupture lésionnelle chez les souris transgéniques TDP-43*315T n’3 pas
permis une diffusion suffisante du traitement a I’'ensemble du parenchyme cérébral et médullaire.
Toutefois, compte tenu des résultats positifs obtenus dans de précédents travaux portant sur des
immunothérapies anti-SOD1 administrées par voie systémique (Dong et al., 2018 ; Maier et al.,
2018), cette approche pourrait étre envisagée sur des modéles animaux TDP-43 présentant une

atteinte clinico-pathologique plus marquée responsable d’une rupture de la BHE.

Nous avons par la suite employé des techniques d’injection centrale pour administrer le traitement.
La mise en place chirurgicale de minipompes osmotiques intra-cérébroventriculaires s’est révélée
traumatisante et responsable d’une forte réaction inflammatoire réactionnelle empéchant toute
analyse histologique. En revanche, I'administration par injections intrathécales répétées a permis
une excellente diffusion du traitement a '’ensemble de la moelle épiniére et au tronc cérébral tout
en étant peu invasive et non vectrice de réaction inflammatoire locale. De plus, les anticorps une
fois présents au sein du systéme nerveux central étaient naturellement captés par les deux types
cellulaires cibles du traitement : les neurones et les cellules microgliales. A I'inverse, les analyses en
immunofluorescence n’ont pas mis en évidence d’anticorps au sein du cytoplasme des astrocytes et
des oligodendrocytes. Cette différence de biodisponibilité cellulaire peut étre attribuée a
I'expression par les premiers (neurones et microgliocytes) de récepteurs membranaires aux
fragments Fc des immunoglobulines permettant leur endocytose, absents ou exprimés dans une
moindre mesure chez les seconds (astrocytes et oligodendrocytes) (Fuller et al., 2014).
L’administration par injections intrathécales n’a toutefois pas permis d’atteindre I'extrémité

encéphalique du névraxe, limitant son action aux étages spinal et bulbaire.

3.1.3. Observations histopathologiques

Dans cette étude nous avons pu observer chez des souris transgéniques exprimant la mutation TDP-
43A315T trajtées par immunothérapie une tendance a la diminution du taux de TDP-43 au niveau de
la moelle épiniére associée a une augmentation significative du rapport nucléocytoplasmique de

TDP-43 au sein des motoneurones.
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Ces résultats étaient accompagnés par une activation microgliale au niveau de la corne antérieure
des souris traitées. Cette derniére pourrait étre I'un des mécanismes d’élimination des inclusions de
protéine TDP-43 présents au niveau de la matrice extra-cellulaire, mais également des agrégats
intra-neuronaux. En effet les cellules microgliales activées « réparatrices » participent a la
dégradation des agrégats protéiques intra- et extra-cellulaires présents dans le SNC dans le cadre
des maladies neurodégénératives (Lee CY et al., 2010 ; Luo et al., 2015). Une récente étude utilisant
un modele murin rNLS8 dont la surexpression motoneuronale inductible de hTDP-43 aboutit a un
phénotype clinico-histologique sévere mais réversible, a montré que I'élimination des inclusions
motoneuronales de TDP-43 apreés arrét de I'induction était précédée par une activation microgliale
transitoire (Spiller et al., 2018). De plus, dans le cadre d’un traitement par immunothérapie, la
dégradation des inclusions protéiques par les cellules microgliales semble étre stimulée par la
présence des anticorps ciblant ces agrégats, par internalisation des complexes immuns via les
récepteurs membranaires aux fragments Fc (Luo et al., 2015). Cette hypothese est renforcée par la

détection dans notre travail d’anticorps E6 au sein des cellules microgliales en immunofluorescence.

Nous avons également pu constater dans notre étude une inhibition de la voie NFkB au sein des
motoneurones des souris traitées par E6. L’anticorps bloquant I'interaction de P65 avec le domaine
RRM1 de la protéine TDP-43, cette inhibition des voies de la neuroinflammation pourrait constituer

un élément neuroprotecteur supplémentaire du traitement.

3.1.4. Performances cliniques

Si aucun effet secondaire n’est survenu durant le traitement, nous n’avons pas observé
d’amélioration significative des performances motrices et cognitives des souris traitées par
immunothérapie intrathécale, malgré les observations histopathologiques et contrairement aux
résultats obtenus lors de notre précédente étude portant sur les scFv. Cette différence peut étre
expliquée par une durée de traitement plus courte et un age moins avancé des souris. De plus, les
modeles murins transgéniques surexprimant une mutation située sur I'extrémité C-terminale de
TDP-43 présentent des phénotypes hétérogénes et majoritairement cognitifs, rendant difficile
I’établissement de critéres de jugement moteurs pour évaluer I'efficacité d’un traitement chez ces
modeles (Arnold et al., 2013 ; White, et al.,, 2018). Ainsi, L'utilisation de souris transgéniques
présentant un phénotype moteur plus marqué, tels que les récents modeles rNLS8 et double-

transgénique UBQLN2P*7H:-TDP-436348C (picher-Martel et al., 2019 ; Spiller et al., 2018) serait
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particulierement intéressante pour tester I'efficacité de notre traitement sur les symptomes
déficitaires. Ce dernier modele, en particulier, a été généré suite a 'observation in vitro d’une
augmentation des agrégats TDP-43 intraneuronaux et de |'activation de la voie NFkB lors de la
surexpression de la protéine UBQLN2 (sauvage ou mutée), conséquences d’une perturbation du
systeme ubiquitine-protéasome (UPS) (Picher-Martel et al., 2015). La génération de souris
transgéniques exprimant la protéine mutée UBQLN2"4°7H sous contréle du promoteur hNFH, puis le
croisement de ces derniéres avec des souris porteuses de la mutation TDP-43%3%C 3 permis
I’obtention de souris double-transgéniques UBQLN2P47":TDP-43%348C dont le phénotype clinique et
pathologique était exacerbé (Picher-Martel et al., 2019). La majoration de la perte motoneuronale
et I'importance de la charge Iésionnelle TDP-43 des 5 mois pourrait permettre de mieux apprécier
les effets d’une immunothérapie chez ces modeéles. Toutefois, la configuration particuliere d’'une
double pathogénicité, avec en particulier I'existence d’une altération du systéme UPS associée, doit
étre prise en compte dans linterprétation des résultats et des conclusions portées lors de
I'utilisation de ce modeéle. Enfin, allonger la durée du traitement permettrait d’évaluer I'efficacité
du traitement a plus long terme, et de s’assurer de I'absence de survenue d’effets indésirables

tardifs.

3.2. Perspectives en recherche

Nous travaillons actuellement a compléter 'ensemble de ces résultats en utilisant des techniques
d’analyse quantitatives par Western-Blot et Immunoprécipitation. Les concentrations d’IgG2A sont
mesurées au sein de culots de cellules en cultures traitées et des prélevements médullaires congelés
des souris sacrifiées afin d’étudier la biodisponibilité du traitement. Nous étudions également dans
ces échantillons les taux de protéine TDP-43, en distinguant les fractions solubles et insolubles, mais
également nucléaires et cytoplasmiques. De méme, I’'analyse en Western Blot de I'expression des
protéines GFAP, Ibal et p65 permettra de mettre en perspective les résultats obtenus en
immunofluorescence sur |'activation gliale et I'inhibition des voies de la neuroinflammation. Enfin
I’étude de protéines dont I'expression est modulée par TDP-43 telles que FUS, NFL et POLDIP3,
permettra d’évaluer I'impact de I'internalisation de E6 sur I'activité physiologique nucléaire de la

protéine.
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4. CONCLUSION ET OUVERTURE

Les résultats obtenus dans cette étude sont encourageants, montrant I'efficacité de I'adressage du
traitement et une diminution de la charge lésionnelle chez les souris traitées. Plusieurs projets
s’inscrivant dans la continuité de ce travail sont actuellement en développement au sein de 'unité
de recherche du Pr Jean-Pierre Julien. Les modalités de vectorisation de I'anticorps E6 sont étudiées
pour faciliter son passage de la BHE et permettre d’envisager une administration systémique du
traitement. Un second projet porte sur I'injection d’ARNm codant pour des scFv ciblant le segment
RRM1 de TDP-43. Enfin, une immunoglobuline E6 humanisée sera prochainement générée pour étre

testée sur modele animal avant d’envisager son utilisation dans des protocoles d’études cliniques.
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CONCLUSION GENERALE

Durant ces 3 années dédiées a la recherche en neurosciences sur la thématique de la SLA, nous
avons cherché a contribuer a I'effort de recherche et tenté d’apporter des éléments de réponse aux

enjeux actuels dans ce domaine en menant trois projets aux approches et objectifs distincts.

Nous avons tout d’abord travaillé a la mise au point d’une nouvelle technique de préparation et
d’analyse de tissu par imagerie super-résolutive permettant I'étude d’échantillons cérébraux,
médullaires et musculaires de patients atteints de maladies neurodégénératives a I|’échelle
nanomeétrique. Si cette approche a permis d’augmenter considérablement la résolution des images
obtenues, pour des raisons administratives et chronologiques nous n’avons pas pu l'utiliser sur des
prélevements issus de patients atteints de SLA dans les délais impartis pour la finalisation de cette

these.

Dans un second travail, nous nous sommes attachés a caractériser I'ultrastructure, le métabolisme
et la réponse au stress de fibroblastes issus de patients atteints de SLA sporadique afin de tenter
d’identifier de nouveaux marqueurs pathologiques de la maladie décelables du vivant des patients,
et de préciser la place du fibroblaste en tant que modéle d’étude de la sSLA. Malgré I'absence
d’altérations de l'ultrastructure cellulaire, nous avons pu identifier chez ces fibroblastes une

altération de certaines voies métaboliques, ainsi qu’une augmentation de la synthése du collagéne.

Enfin, grace a I'aimable invitation du Pr Jean-Pierre JULIEN, nous avons eu la chance de contribuer
a la mise au point d’une immunothérapie par anticorps monoclonaux ciblant les agrégats de
protéine TDP-43 niveau du systeme nerveux central. Si I'administration du traitement n’a pas permis
d’amélioration clinique chez les souris testées, les résultats pathologiques, en particulier la
diminution de la charge lésionnelle et de I'activation des voies de la neuroinflammation, sont

encourageants.
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PERSPECTIVES EN RECHERCHE

Sur la base des résultats obtenus mais également des limites rencontrées au cours des projets

menés durant ces trois années de these, plusieurs pistes s’ouvrent pour les années a venir :

Un projet de deux ans financé a hauteur de 18.000€ par le CHU d’Angers débutera au mois de
Novembre 2019 au sein de notre laboratoire Mitolab UMR CNRS 6015 INSERM 1083, avec pour
objectif I'analyse en microscopie super-résolutive STORM de prélevements cérébraux et médullaires
de patients atteints de SLA sporadique et de sujets controles issus de la Biocollection du service de
neuropathologie du CHU d’Angers. Un travail complémentaire portant sur des biopsies musculaires
sera également effectué, afin de tenter d’identifier des anomalies ultrastructurelles au sein des
myofibrilles des patients. Plusieurs partenariats ont été établis pour ce projet (Paris, Brest Limoges).
Notre objectif est de tenter de caractériser la composition et I'architecture des lésions présentes au
sein des neurones moteurs des patients afin de tenter d’identifier de nouveaux marqueurs

pathologiques et de mieux comprendre les mécanismes de dégénérescence motoneuronale.

Un second projet débutera au sein de notre laboratoire dans le cadre d’un Master 2 a partir du mois
de Janvier 2020, également financé par le CHU d’Angers, visant a étudier plus précisément la
guantité et la structure des éléments de la matrice extracellulaire produits par les fibroblastes en
culture issus de patients atteints de SLA. Des analyses complémentaires seront effectuées en
paralléle sur des échantillons de moelle épiniére de patients et de sujets controles de la biocollection
du service de Neuropathologie du CHU d’Angers. Notre objectif est d’identifier un possible nouveau
marqueur biologique de la maladie observable du vivant des patients, ainsi qu’une voie d’étude du

métabolisme du collagéne.

Un troisieme projet initié sur la base de résultats complémentaires obtenus au cours de ces 3 ans
(non présentés dans ce manuscrit), porte sur une possible nouvelle fonction de la protéine TDP-43.
Ce projet d’'un an, mené en partenariat avec plusieurs structures de recherche (Québec, Gif sur

Yvette, et Lyon), pourra par la suite étre poursuivi en fonction des premiers résultats obtenus.

Enfin, les travaux portant sur la mise au point d’'une immunothérapie dans la SLA se poursuivent au
sein de I'équipe de recherche Québécoise du Pr Jean-Pierre JULIEN, plusieurs cibles, vecteurs et
modalités d’administrations sont actuellement a I'essai sur différents modeles cellulaires et

animaux.
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Abstract

Amyotrophic lateral sclerosis (ALS) is characterized by a wide metabolic remodeling, as shown by recent metabolomics
and lipidomics studies performed in samples from patient cohorts and experimental animal models. Here, we explored the
metabolome and lipidome of fibroblasts from sporadic ALS patients (n=13) comparatively to age- and sex-matched
controls (n=11), and the subcellular fraction containing the mitochondria and endoplasmic reticulum (mito-ER), given
that mitochondrial dysfunctions and ER stress are important features of ALS patho-mechanisms. We also assessed the
mitochondrial oxidative respiration and the mitochondrial genomic (mtDNA) sequence, although without vielding sigmf-
icant differences. Compared to controls, ALS fibroblasts did not exhibit a mitochondrial respiration defect nor an increased
proportion of mitochondrial DNA mutations. In addition, non-targeted metabolomics and lipidomics analyses identified
124 and 127 metabolites, and 328 and 220 lipids in whole cells and the mito-ER fractions, respectively, along with partial
least-squares—discriminant analysis (PLS-DA) models being systematically highly predictive of the disease. The most
discriminant metabolomic features were the alteration of purine, pyrimidine, and energetic metabolisms, suggestive of
oxidative stress and of pro-inflammatory status. The most important lipidomic feature in the mito-ER fraction was the
disturbance of phosphatidylcholine PC (36:4p) levels, which we had previously reported in the cerebrospinal fluid of ALS
patients and in the brain from an ALS mouse model. Thus, our results reveal that fibroblasts from sporadic ALS patients
share common metabolic remodeling, consistent with other metabolic studies performed in ALS, opening perspectives for
further exploration in this cellular model in ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal, neurodegener-
ative disease causing the progressive loss of motor neurons,
and death only 3 to 5 years after diagnosis [1]. There is no cure
for ALS, and the only two drugs available to date are riluzole
and, more recently, edaravone that present limited efficacy.
The pathophysiology of ALS includes glutamatergic
excitotoxicity, oxidative stress, mitochondrial dysfunctions,
abnormal protein aggregations, and neuroinflammation
[2-5]. Nevertheless, these mechanisms and their interconnec-
tedness are still only partially understood. Thus, new “omics”
strategies further integrating these patho-mechanisms and re-
vealing undescribed targets remain of utmost importance for
the development of ALS treatments. Metabolic alterations
have been largely described in ALS through targeted and
untargeted approaches in the body fluids and tissues of pa-
tients, as well as in animal and cellular models [6].

Patient fibroblasts, often used in the exploration of mito-
chondrial diseases, have proven to be of use to understand
ALS etiology, but so far they have not been analyzed by meta-
bolomics. In ALS, skin fibroblasts have shown to display
numerous abnormalities found in motor neurons [7] suggest-
ing that these apparently unaffected cells may share common
pathogenic pathways with motor neurons. Moreover, human
fibroblast cultures have demonstrated that they are an acces-
sible model to study the function of mitochondrial metabolism
in ALS [8]. Fibroblasts of sporadic ALS (sALS) patients dis-
play an increased, uncoupled mitochondrial respiration and
glycolytic rate compared to same-age control fibroblasts [9].
Similar defects in mitochondrial respiration with increased
glycolytic flux were observed in fibroblasts from patients car-
rying SOD1 pathogenic variants [10]. A higher mitochondrial
membrane potential associated to decreased mitochondrial
content was observed in ALS fibroblasts, and the correlation
with age at diagnosis offers hope in discovering potential ALS
biomarkers [11]. A recent study showed that fibroblasts from
patients affected with sALS, primary lateral sclerosis, or fa-
milial ALS related to C9ORF72 expansion repeats, were
hyper-metabolic in order to counteract the energetic impair-
ment [7]. This highlights the relevance of mitochondrial mem-
brane potential, respiration, glycolysis, and ATP content to the
classification of patients. Mitochondrial function also depends
on its structure, including membrane composition, and the
cellular environment. According to the link of polyunsaturated
fatty acids with inflammatory mediators, and with the break-
down of cell membranes during neuronal degeneration [12,
13], we hypothesize that specific lipid and metabolic profiles
may characterize the ALS pathologic condition. Mitochondria
and ER are physically closely related by the mitochondria-
associated membranes (MAM) that constitute the sites of
lipids, calcium, and proteins transferred from the ER towards
mitochondria, with a crucial regulatory role in cell

@ Springer

homeostasis. MAM display a key role in the mitochondrial
fission, apoptosis, and ROS generation. Defects in lipid me-
tabolism observed at the MAM contact sites might be in-
volved in pathophysiology of various conditions such as neu-
rodegenerative or metabolic diseases [14], especially in ALS
[15]. Since endoplasmic reticulum (ER) stress has been ob-
served in familial and sporadic ALS [16, 17], the association
between mitochondrial and ER defects in ALS led us to spe-
cifically explore this subcellular fraction, using a quick extrac-
tion protocol for metabolomics and lipidomics analyses [18].
Indeed, recent studies reported mitochondrial lipidome
[19-22], but the long procedures used to isolate mitochondria
are incompatible with metabolomics analyses due to the risk
of metabolite degradation.

Here, we report metabolomic and lipidomic explorations of
fibroblasts from ALS patients, both on whole cells and their
mitochondrial-endoplasmic reticulum (mito-ER) fraction, and
correlate these data to the functional assessment of oxidative
phosphorylation (OXPHOS) and complete mitochondrial
DNA sequencing, in order to unravel the metabolic distur-
bances through a multi-omics approach and to specify the
alterations of the mitochondria-ER fraction.

Materials and Methods
Patients

Skin fibroblasts were obtained from 13 sporadic ALS patients
diagnosed and followed in two French ALS reference centers:
Angers and Limoges University Hospitals. ALS patients sat-
isfied the diagnostic criteria of “probable” or “definite” symp-
toms as defined by the El Escorial workshop [23]. Information
on diagnosis, gender, current age, site of onset, diagnostic
delay, and age at onset were obtained for each patient. We also
collected the parameters of disease progression, such as the
revised ALS functional rating scale (ALSFRS-r), the forced
vital capacity (FVC), and the body mass index (BMI) at the
time of diagnosis.

Control fibroblasts from 11 gender- and age-matched
healthy subjects were selected in the Biological Resource
Center (Centre de Ressource Biologique CRB) from the hos-
pital of Angers. All the participants in this current study pro-
vided their informed consent for the use of their fibroblasts for
research. The ethic committees of the Centre for Human
Research of Angers and Limoges Hospitals approved the study
and the consent process (no 2016/36, 2016-A01425-46).

Fibroblast Culture
Human fibroblasts were cultured in a medium consisting of two-

third Dulbecco’s modified Eagle medium with nutrient mixture
F12 (DMEM-F12, PAN Biotech), one-third AmnioMAX™
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(Gibco, Invitrogen) supplemented with 10% fetal bovine serum
(PAN Biotech) at 37 °C and 5% CO,. To avoid artifacts due to
senescence, all experiments were conducted on fibroblast cul-
tures between the 6th and the 15th passages [24].

A schematic flowchart of experiments is presented in
Fig. 1.

OXPHOS Exploration

The mitochondrial respiration rates were measured using a
two-channel, high-resolution oxygraph respirometer
(Oroboros, Innsbruck, Austria) in a minimum of three repli-
cates. Cells were grown to 70-90% confluency and
approximatively three million cells in DMEM-F12 were used
for analysis. Firstly, the basal respiration was measured (i.e.,
routine oxygen consumption rate (OCR)). Secondly, the non-
phosphorylating respiration (proton leak) was evaluated by
adding an ATP synthase inhibitor, oligomycin (4 pg/mL)
(Oligomycin OCR). Then, maximal capacity of cellular respi-
ration was assessed by adding successive doses of FCCP (p-
trifluoromethoxy-carbonyl-cyanide-phenyl hydrazine).
Finally, we used an inhibitor of mitochondrial complex III,
antimycin (2 pg/mL) to evaluate the non-mitochondrial oxy-
gen consumption. The respiration capacity rate (RCR) was
calculated as the ratio between the maximal capacity of respi-
ration and the non-phosphorylating respiration. The phosphor-
ylating RCR was obtained by the subtraction of non-
phosphorylating respiration to basal respiration divided by

the maximal capacity of respiration. We measured the concen-
tration of proteins of each sample to normalize oxygen uptake
between samples.

Metabolomic and Lipidomic Analyses
Whole Cell Extraction

Samples were extracted as previously described [25]. After
medium removal, the cellular monolayer was rinsed twice
with an aqueous solution containing 0.22% NaCl before being
quenched with cold methanol for metabolomic analysis and
with a cold mixture of ammonium bicarbonate at 155 mM and
methanol (67.7/32.3) for lipidomics. The cell suspension (4
million cells) obtained after mechanical scraping was then
collected in aliquots of one million cells and stored at
—80 °C until analysis.

Mitochondria and Endoplasmic Reticulum (Mito-ER)
Extraction

The mitochondria plus endoplasmic reticulum (mito-ER) frac-
tion was extracted as previously described [18]. Briefly, cell
lysis of pellets containing 10 million cells was achieved in a
Precellys24® homogenizer (Bertin Instruments) using 1 cycle
of grinding 5 s at 2500 rpm at 4 °C. Then differential centri-
fugations were performed for mito-ER purification.

Fig. 1 Flowchart summarizing
the global methodology
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Metabolomics and Lipidomics

Metabolomics and lipidomics protocols and analytical sys-
tems have been detailed and recently published [18, 25].
HRMS system was based on UPLC Ultimate 3000 system
(Dionex) coupled to a Q-Exactive Mass Spectrometer
(ThermoFisher Scientific, Bremen, Germany) using
electrospray ionization (positive and negative Electrospray
Ionization (ESI+ and ESI-)). Quality controls (QC) were ana-
lyzed regularly on the plate (every 8 samples) to ensure the
stability of the mass system over time. Accordingly, peaks that
had high variability (coefficient of variation > 30%) were ex-
cluded from further analysis. Metabolites were identified at
level 1 and lipids at level 2 according to the level of compound
identification process [26].

Mitochondrial DNA Sequencing

Total DNA was extracted from patient fibroblasts using the
Nucleospin® tissue Kit (Macherey-Nagel®) and the EZ1
DNA extraction automate (Qiagen) according to the manufac-
turer’s recommendations. Whole mitochondrial genome
(mtDNA) was sequenced using Ion Proton high-throughput
sequencing platform and analyzed as previously described
[27]. Variants were filtered using the following criteria: at least
three callers predicting the variant, strand bias between 0.25—
0.75, and a minimum mtDNA heteroplasmy level of 2%.
Putative variants were visualized on Integrative Genome
Viewer [28] to avoid artifacts. Variant prioritization relies on
databases, i.e., Mitomap [29], HmtDB [30], Mamit [31], and
prediction tools, i.e., Mitlmpact [32] and MitoTip [33].
Variant heteroplasmy was considered as low under 30%, me-
dium between 30% and 70% and high between 70% and 95%,
and above 95% variants were considered as homoplasmic.
Mitochondrial haplogroups were determined using Phy-Mer
[34]. Structural mtDNA rearrangements were analyzed trough
a home-made tool based on soft-clipping.

Statistical Analysis

We performed both multivariate and univariate analyses using
Metaboanalyst, version 3.0 (http://www.metaboanalyst.ca) for
metabolomics and lipidomics data. Classification method was
based on Partial Least-Squares Discriminant Analysis (PLS-
DA). Values of variable importance in projection (VIP) repre-
sent the importance of the compound (metabolite/lipid) for the
PLS-DA models. The score plots show the classified samples
and the loadings characterize the relation between the Y and X
variables (metabolites, lipids). Metaboanalyst modeling in-
cludes leave-one-out cross-validation (LOOCV). We retained
the 15 most discriminant compounds based on the VIP to
explore pathways. To attest the relevance of these selected
compounds, the quality of the model built with these selected
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discriminant metabolites was assessed by prediction accuracy
and permutation test (set permutation n = 100). The perfor-
mance measures of the permutated data usually form a normal
distribution and if the performance score of the original data
lies outside the distribution, then the results are considered
significant.

The univariate analysis of metabolites and lipids levels was
based on the fold-change values and the threshold of signifi-
cance after non-parametric Wilcoxon test, using Benjamini
and Hochberg correction for multiple tests.

Non-parametric Wilcoxon test was used to compare clini-
cal data, oxygen consumption rate, and mtDNA sequencing
data between ALS and controls.

Pathway Analysis

We used KEGG pathway database (http://www.genome.jp/
kegg/pathway.html) on Metaboanalyst tool to discuss the
highlighted metabolic pathways. To focus on the most
relevant data, we highlighted only the pathways that had
significant Holm p and a pathway impact >0.05. The
pathway impact value is the cumulative percentage from the
matched metabolite nodes.

Results
Patients

No statistical difference was found regarding age and gen-
der between the 13 ALS and 11 control subjects. The mean
age at onset of ALS was 60.5+9.9 years, and percentage
of females was 38.5% (Table 1). About 77% of ALS pa-
tients had a spinal onset. None of these patients carried
mutations or expansions in SODI, TARDBP, FUS, or
CY9ORF?72 genes. Characteristics of ALS patients at diag-
nosis defined by BMI, FVC, and ALSFRS-r score were as
follows: 22.8+3.2 kg/m?, 81.6+18.9%, and 38.2+4.5,
respectively. There was no significant difference in mean
passage number between ALS and control fibroblast cul-
tures used for analyses (data not shown).

Mitochondrial Exploration

OXPHOS Analysis

The OXPHOS analysis revealed no differences in basal and
maximal respiration between ALS and control fibroblasts. We

did not detect any difference in respiratory capacity rate
(RCR) or in phosphorylating RCR (Table 2).
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Table 1 Clinical characteristics

of ALS patients and controls. SD ALS patients mean + SD Controls mean + SD p value
= standard deviation

Age (mean = SD) 60.5+9.9 543+114 0.12

Gender (% of female) 38.5 333 1

Age of onset (years) 59.4+9.1

BMI (kg/m?) 22.8+3.2

FVC (%) 81.6+18.9

ALSFRS-R 38.2+4.5

mtDNA Sequencing

mtDNA from 12 ALS and 11 control fibroblasts was se-
quenced, while one ALS sample could not be processed. We
did not identify any large-scale rearrangement in patients or
controls. Considering all samples together, 505 punctual var-
iants were found, among which 124 were unrelated to the
mitochondrial haplogroups (combinations of polymorphisms
retracing human evolution), including 66 heteroplasmic vari-
ants. Among the non-haplogroup variants, 32 (25.8%) oc-
curred in the D-Loop, the non-coding region controlling rep-
lication and transcription of mtDNA, 69 (55.6%) were located
in polypeptide-coding regions, 10 (8.1%) in tRNA genes, and
13 (10.5%) in rRNA genes. Figure 2 shows the repartitioning
of these variants in ALS and control fibroblasts. Twenty-eight
(42.4%) of the heteroplasmic variants were recognized as non-
pathogenic variants, nine (13.6%) were associated with clini-
cal phenotypes, and 29 (44%) were not reported in all mito-
chondrial databases. The level of heteroplasmy was consid-
ered to be low for 61 (63.5%) variants and medium for five of
them (15.4%).

Statistical comparison between the ALS and control groups
did not disclose difference between the total number of vari-
ants, the number of non-haplogroup variants, or the number of
variants in the different mtDNA genes (Table 2). Of note, the
mean level of heteroplasmic variants per ALS patient was 3.4,
while it was 2.3 per control, but this difference was not sig-
nificant. Interestingly, only ALS patients had mtDNA variants
with medium levels of heteroplasmy among the non-
haplogroup variants (p =0.0179) (Table 3). We did not

observe any difference in the number of pathogenic variants
between ALS and controls. Reported pathogenic variants
found in the ALS and control fibroblasts are reported in sup-
plementary Table S1.

Metabolomic and Lipidomic Signatures of ALS
Fibroblasts

We detected and identified 124 and 127 metabolites and 328
and 220 complex lipids in fibroblasts and mito-ER extracts,
respectively (Supplementary Tables S2 and S3).

The PLS-DA model from metabolomic data on total fibro-
blasts revealed an excellent discrimination between ALS pa-
tients and controls (75% accuracy, p value of permutation test:
0.01) (Fig. 3a). The 15 most discriminant metabolites were
attributed with VIP scores higher than 1 and are presented in
Fig. 3b. Mito-ER metabolomics correctly distinguished ALS
patients and controls (accuracy: 62.5%, p value of permutation
test: 0.1) (Fig. 3d). VIP scores of the 15 most discriminant
metabolites were higher than 1.5, and 3 of them were signif-
icant after univariate analysis: inosine, guanosine, and guanine
(p<0.03 and FC > 1.5) (Fig. 3e).

Whole cell and mito-ER lipidomics also displayed correct
discriminations between ALS and control subjects (64% and
50% accuracies, p values of permutation tests 0.17 and 0.75,
respectively). In these two non-optimized models, the 15 most
discriminant lipids had VIP scores higher than two (Fig. 4b
and d). Optimized PLS-DA models using only the 15 top VIP
metabolites improved the discriminations between ALS and
controls in both whole cells and mito-ER lipidomic data, with

Table 2 Exploration of oxidative

control fibroblasts. SD = standard

deviation

phosphorylation of ALS and Oxygen consumption rate (OCR) (pmol O,/min) ~ ALS patients mean+SD  Controls p value
mean +SD
Routine OCR 152.7+27.6 160.9+31.1 0.5
Oligomycin OCR 46.1£7.7 489+7.5 0.5
Maximal capacity of respiration 399.3+82.4 406.5+97.2 0.88
Respiration capacity rate (RCR) 35+0.8 34+0.5 0.5
Phosphorylating RCR 0.009 +0.002 0.009 +0.001 0.93
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Controls

Fig.2 Circos representing mtDNA sequence (black: D-loop; gray: tRNA in the center of each circos (ALS and controls) shows the repartition of
genes; purple: rRNA genes; green: complex I genes; yellow: complex IIT heteroplasmic variants on the mtDNA
genes; blue: complex IV genes; orange: complex V genes). The pie chart

80% and 83% accuracy, and 0.03 and 0.08 for p values of  Metabolomic Findings

permutation tests in whole cells and mito-ER extracts, respec-

tively (Fig. 4a and c). Univariate analysis did not reveal sig-  Using the “pathway analysis” module of the MetaboAnalyst
nificant variation in lipid concentrations. software, we explored the pathways involved in the

Table 3  Summary of mtDNA variants found in ALS and control fibroblasts. *p value < 0.05 was considered as significant

mtDNA ALS Control p value
Total sites Total Per individual (n=12) total Per individual (n=11)
Total variants 16,569 264 22.0 241 21.9 0.9508
Total non-haplogroup (HP) variants 16,569 71 59 53 4.8 0.5536
Total homoplasmic variants non HP 16,569 30 2.5 28 2.5 0.9000
Total heteroplamic variants non HP 16,569 41 34 25 2.3 0.4330
Variants non HP location
D-loop 1121 20 1.7 12 1.1 0.2624
All coding 15,409 51 43 41 3.7 0.9255
Complex I 6349 20 1.7 10 0.9 0.1829
Complex 1T 1141 6 0.5 4 0.4 0.3886
Complex IV 3010 7 0.6 12 1.1 0.2018
Complex V 388 4 0.3 6 0.5 0.4724
rRNA 2513 8 0.7 5 0.5 0.8558
tRNA 1508 6 0.5 4 0.4 0.8835
Type of variants
Reported pathogenic variants 16,569 6 0.5 3 0.3 0.2358
Non reported in DB variants 16,569 17 14 12 1.1 0.5524
Heteroplasmy
Low (1-30%) 16,569 36 3.0 25 23 0.7018
Medium (30-70%) 16,569 5 0.4 0 0.0 0.0179 *
High (70-95%) 16,569 0 0.0 0 0.0
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Fig. 3 Metabolomic data analyses of whole cells and mito-ER fraction.
A. Optimized PLS-DA 2D-score plot from metabolomic whole cells data
(red triangle: ALS samples; green cross: control samples) showing dis-
crimination between the two groups. B. List of the top 15 VIP (variable
importance in projection) from non-optimized PLS-DA model from
metabolomic whole cells data. C. Results of pathway analysis including
the top 15 VIP metabolites of whole cells PLS-DA model (using
MetaboAnalyst module). D. Optimized PLS-DA 2D-score plot from

metabolomic signatures of ALS whole fibroblasts and mito-
ER extracts. The main pathways involving the 15 most dis-
criminant metabolites identified with robustness in ALS fibro-
blasts were arginine and proline metabolism, pyrimidine, and
purine metabolism (Fig. 3c). The pathway analysis of the
metabolomic signature of ALS mito-ER notably underscored
the involvement of purine and pyrimidine metabolism, as well
(Fig. 39).

The global analysis of metabolic disturbances based on
fibroblasts and their mito-ER fraction disclosed modifications
of purine (adenine and guanine) and pyrimidine bases (cyto-
sine, uracil, and thymine), and various nucleosides and their
derivatives (inosine, guanosine, cytidine, deoxyadenosine,
deoxyguanosine, uridine-5'-monophosphate, and cytidine-5'-
diphosphocholine). We also observed a decrease in xanthine
in the mito-ER fraction.
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metabolomic mito-ER data (red triangle: ALS samples; green cross: con-
trol samples) showing the discrimination between the two groups. E. List
of'the top 15 VIP (variable importance in projection) from non-optimized
PLS-DA model from metabolomic mito-ER data (red stars show metab-
olites significant in univariate analysis with p <0.05 and fold change >

1.2). F. Results of pathway analysis including top 15 VIP metabolites of
mito-ER PLS-DA model (using MetaboAnalyst module)

Metabolomic signatures also highlighted several com-
pounds involved in energy metabolism. Indeed, we noticed
variations in glucose-6-phosphate levels in ALS whole fibro-
blasts and in lactate levels in the mito-ER fraction. This was
associated with a modification of the phosphocreatine levels
in both ALS fibroblasts and mito-ER fractions.

Lipidomic Findings

We found a reduction in several ceramide concentrations in
the ALS mito-ER fraction and a gain in sphingolipid (SM)
levels in ALS whole cells (Fig. 4). Lipidomic profiles of
ALS fibroblasts highlighted modifications in phosphatidyl-
choline (PC) and phosphatidylethanolamine (PE) levels, both
in whole cell and mito-ER extracts (Fig. 4). Interestingly, we
observed several plasmalogen species among the VIP

@ Springer

pistes thérapeutiques dans la sclérose latérale amyotrophique sporadique EX88S)

CODRON Philippe | Marqueurs pathologiques et

158



Mol Neurobiol

Whole cells
PLS-DA Score plot

PE(18:1p/22:6)
PE(18:0p/22:6)
PC(15:0/16:0)
PC(40:2) |
PC(16:0/18:1)
PC(37:1)
PS(16:0/18:1)
PG(18:1/22:6)
PC(37:2)
SM(d32:0)
PE(40:1)
PS(18:0/18:2)
PE(18:0/20:4)
SM(d34:1p0)
sM(d33:1)

Top 15 PLS-DA VIP

Scores Plot

sem A Al

Mito-ER
PLS-DA Score plot

< . 2 ° 2 . ¢

Fig. 4 Lipidomic data analyses of whole cells and mito-ER fraction. A.
Optimized PLS-DA 2D-score plot from lipidomic whole cells data (red
triangle: ALS samples; green cross: control samples) showing discrimi-
nation between the two groups. B. List of the top 15 VIP (variable im-
portance in projection) from non-optimized PLS-DA model from

metabolites of both models—PE plasmalogen (PEp) in the
whole cells with PE(18:1p/22:6) and PE(18:0p/22:6); and
PE(18:0p/22:6) and PC(36:4p) in the mito-ER extract.

Discussion

This study provides the first report of a multi-omics profiling
on sporadic ALS fibroblasts, both at the whole cell and mito-
ER subcellular levels, complemented by OXPHOS measure-
ment and mtDNA complete sequencing.

Multiple Implications of the Purine and Pyrimidine
Metabolisms in Oxidative Stress and Inflammation
in ALS

The alterations of purine and pyrimidine metabolisms recog-
nized in this study are convergent with data from a previous
study that we performed on rodent motor neurons and astro-
cytes [35], placing these pathways at the core of oxidative
stress and inflammatory mechanisms observed in ALS [36].
Purine catabolism leads to the production of xanthine, which
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lipidomic whole cells data. C. Optimized PLS-DA 2D-score plot from
lipidomic mito-ER data (red triangle: ALS samples; green cross: control
samples) showing discrimination between the two groups. D. List of the
top 15 VIP (variable importance in projection) from non-optimized PLS-
DA model from lipidomic mito-ER data

is converted to uric acid by xanthine oxidase, finally produc-
ing reactive oxygen species (ROS) [37]. This is consistent
with the increase in uric acid and ROS production found in
ALS patients; we also found that xanthine levels were lower in
the mito-ER samples compared to the controls, possibly sig-
nifying an augmented depletion due to uric acid production.
We did not highlight significant differences in uric acid levels
in our study (p = 0.6635), but we had a small cohort reducing
statistical power. Uric acid has numerous roles in cell homeo-
stasis, and its function in oxidative stress, especially increased
in ALS, may explain this finding. Indeed, uric acid concentra-
tions increase in response to oxidative stress and act as a
scavenger of singlet oxygen and hydroxyl radicals [38].
Therefore, uric acid acts as either an antioxidant (especially
in plasma) or a pro-oxidant in cells [39], suggesting a role in
oxidative stress as a primary phenomenon or as a neuropro-
tective effect [40]. Interestingly, multiple studies have
displayed support for the latter. It has been shown that uric
acid modulates neuroinflammation by decreasing the serum
levels of IL-13, IL-6, and TNF-« in Parkinson’s disease mu-
rine models [41]. Furthermore, primary astrocyte-conditioned
medium provides a neuroprotective effect against both H,O,-
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induced and SOD1%** astrocyte-induced oxidative stress in
NSC-34 cells, when the normal or mutant astrocytes are first
treated with uric acid [42].

Disturbances in Energy Metabolism in ALS

An imbalance in ATP production and consumption could ex-
plain an increased rate of purine catabolism with consequent
modifications in purine end-product levels, as xanthine and
inosine observed here. A recent study showed that multiple
sclerosis is characterized by perturbations in energy metabo-
lism, leading to significant changes in the serum profiles of
compounds directly (purines) or indirectly (creatinine, lactate,
and pyrimidines) connected to ATP homeostasis [43]. Our
findings are consistent with the results of this study, since
ALS also involves metabolic imbalances. In this respect, we
also noticed modified amounts of phosphocreatine, which me-
diates ADP phosphorylation and could be a response to ener-
getic impairment. It is also known to stabilize mitochondrial
membranes by binding phospholipids [44]. In addition, phos-
phocreatine has neuroprotective effects against oxidative
stress and mitochondrial dysfunction [45]. As in cancer cells,
significant levels of aerobic glycolysis, the so-called Warburg
Effect, have been documented in ALS due to the over-
activation of the WNT/[3-catenin pathway [46]. This is sup-
ported by the observation of modifications in the concentra-
tion of glucose-6-phosphate, a glycolytic intermediate, related
with variations in lactate levels. All these findings support the
alteration of the energy metabolism in ALS, associated with
oxidative imbalance and inflammation. As explained by Lu
et al., the reported concentrations of cellular ATP are notori-
ously inconsistent because of incomplete quenching and in-
complete extraction for mass spectrometry method. Enzyme
assays reveal that ATP concentration is more reflective of
overall purine abundance than cellular energetics [47]. Thus,
these results also lead us to program further explorations of
energy metabolism through the measurement of glycolytic
and mitochondrial production of ATP.

Involvement of Phospholipids and Sphingomyelins
in Neuroprotective Mechanisms

Lipidomic results further suggest perturbations in the oxida-
tive mechanism and inflammation. Indeed, higher concentra-
tions of PCs observed in ALS fibroblasts may stimulate the
metabolic activity of phospholipase A2 (PLA2), resulting in
an increased production of lipid mediators, such as eicosa-
noids that promote inflammation and are considered to play
arole in ALS pathophysiology [48, 49].

Three plasmalogen species, corresponding to phospho-
lipids (PL) having an ether bond between fatty acids and glyc-
erol, were discriminants between ALS and control fibroblasts:
(PE(18:1p/22:6), PE(18:0p/22:6), PC(36:4p)). Plasmalogens

are important components of myelin, subcellular membranes
as the mitochondrial membranes, and the membranes of se-
cretory granules. The main functions of plasmalogens are the
generation of lipid second messengers and the conservation of
membrane integrity. Plasmalogens, which terminate lipid ox-
idation and protect ROS-vulnerable myelin, are considered to
act as endogenous antioxidants [50, 51], which, in the context
of ALS, can prevent the oxidation of polyunsaturated fatty
acids and other lipids.

Our results further disclosed higher levels of
sphingomyelins (SM) in ALS fibroblasts, associated with
lower ceramide (Cer) levels in mito-ER fractions.
Classically, ceramides are synthesized using serine in the ER
then are converted to SM. These results are consistent with the
lipidomic signature of the cerebrospinal fluid (CSF) from ALS
patients [52], with the higher levels of ceramides and
glucosylceramides found in the spinal cord of ALS patients
and in ALS mouse model [53], and with the fact that
ceramides have been associated with apoptosis in response
to cytotoxic humoral factors [54]. Indeed, the accumulation
of ceramide-derived agents may be protective by reducing
ceramide synthesis and increasing the entry of ceramides into
the CerG1 pathway, thus limiting the direct toxic effect on
motor neurons [53]. Higher ceramide and downstream
glycosphingolipid levels have also been reported in the mus-
cle of an ALS mouse model, as well as in other mice after
muscle injury [55]. Taken together, these findings clearly
show a perturbation of the glycosphingolipid metabolism in
ALS fibroblasts. These results open perspectives of deeply
studying ER function in ALS.

The identification of the fatty acid chain 22:6 in the dis-
criminant phospholipids, i.e., (PE(18:0p/22:6), PE(18:1p/
22:6), PG(18:1/22:6)), corresponds to docosahexaenoic acid
(DHA), an omega-3 polyunsaturated fatty acid (n-3 PUFA)
that is involved in the maintenance of neuronal membranes,
signal transduction, neuronal differentiation, neurogenesis,
and protection against synaptic loss and spinal cord injury
[56]. Moreover, some authors have highlighted the significant
increase in DHA in the frontal cortex of ALS patients [17].
This phenomenon may be considered as a potentially defen-
sive response of the nervous tissue to brain ischemia and
Alzheimer’s disease [57], or as an inflammatory process via
the production of n-3-derived anti-inflammatory resolvins and
docosatrienes by the brain cortex [58]. We also recently re-
ported discriminant phospholipids containing DHA in the
lipidomic signature of ALS cerebrospinal fluids [52].

Mitochondrial Instability as a Protective Mechanism?
The assessment of OXPHOS capacities revealed that there
was no difference in cellular respiration between ALS and

control fibroblasts. MtDNA sequences of ALS fibroblasts
were similar to those of controls in terms of total number of
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variants per sample, frequency of mtDNA variants, type of
mtDNA variants, and patterns of distribution. Nevertheless,
we found that ALS cells exhibited higher levels of
heteroplasmy, which may attest to a higher mtDNA instability.
We could note that reported pathogenic variants found in ALS
fibroblasts are associated with Parkinson’s disease, dystonia
and myopathy, hypertrophic cardiomyopathy, and Leber
Hereditary Optic Neuropathy (LHON) mitochondrial dis-
eases. Despite the absence of obvious mtDNA alteration in
ALS fibroblasts, mitochondrial dysfunction observed so far
in ALS could be related to epigenetic mtDNA modifications,
as already suggested in Alzheimer’s disease [59]. Intriguingly,
it was demonstrated that mitochondrial heteroplasmy alters
mtDNA methylation [60]. Moreover, a recent study in blood
mtDNA of ALS patients, especially from SOD/ mutation car-
riers, showed a significant decrease in D-loop methylation
accompanied by an increase in mtDNA copy number, the
latter representing a mitochondrial compensation for metabol-
ic deregulation caused by oxidative stress in ALS [61].
However, we did not evidence difference in the mtDNA copy
number in ALS fibroblasts compared to controls (data not
shown). It neither seems likely that the inverse relationship
between mtDNA copy number and D-loop methylation in
the blood specifically points to ALS; rather, it could point
generally to a metabolic imbalance.

Conclusion

Provided that the discriminant metabolites found in this study
are also available in the blood and/or CSF, a collective reading
of purine, pyrimidine, arginine, proline metabolites, and
DHA-containing lipids could reflects a specific ALS signa-
ture. These results in agreement with the ALS research litera-
ture, in different affected tissues and body fluids (motor neu-
rons, CSF, blood etc....), reinforce the interest of fibroblast
cultures in the study of ALS. These findings reveal a robust
methodology to apply omics, even in subcellular organelles,
with data integration with promise to deeply understand ALS
pathophysiology. Thus, this approach may be applied to other
complex and multifactorial neurological diseases with high
confidence.
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treatment of ALS and FTD.

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disease characterized by the selective degeneration of both upper
and lower motor neurons. Middle-aged patients (average age of 55
years) present to the clinician with main muscle-related symptom-
atology. The disease then progresses to muscle atrophy followed
by complete paralysis, and death generally occurs by respiratory
failure 3 to 5 years after symptom onset. Diagnosis, which is still
based on clinical evaluations, aims to exclude other disorders that
resemble ALS and is thus often delayed by about 1 year from the
first appearance of symptoms (1, 2). Ninety percent of patients
with ALS have sporadic-origin ALS (sALS), while ten percent have
familial inherited mutations (fALS) (1, 3).

TAR DNA-binding protein 43 (TDP-43) is a DNA/RNA-binding
protein that is highly and ubiquitously expressed, with main localiza-
tion in the cell nucleus (4). Thanks to its 2 RNA recognition domains
(RRM1 and RRM2), the protein is a multifunctional factor involved
in different aspects of RNA metabolism such as transcription, splic-
ing, stabilization, and transport (4). Although mutations in TDP-43
are very rare, occurring in 3% of patients with fALS and 1.5% of those
with sALS, more than 90% of ALS cases (fALS and sALS) show a
pathological behavior of this protein called TDP-43 proteinopathy
(4, 5). This event was first described in 2006 (6) as a consistent mis-

Conflict of interest: JP], CG, and SP are owners of US patent application no. 15/532,909
titled “TDP-43-binding polypeptides useful for the treatment of neurodegenerative
diseases.” |P) is chief scientific officer of ImStar Therapeutics.

License: Copyright 2019, American Society for Clinical Investigation.

Submitted: July 31, 2018; Accepted: January 15, 2019.

Reference information: / Clin Invest. https://doi.org/10.1172/)CI123931.

jci.org

pistes thérapeutiques dans la sclérose latérale amyotrophique sporadique EX88S)

The cytoplasmic aggregation of TAR DNA-binding protein-43 (TDP-43) is a hallmark of degenerating neurons in amyotrophic
lateral sclerosis (ALS) and subsets of frontotemporal dementia (FTD). In order to reduce TDP-43 pathology, we generated
single-chain (scFv) antibodies against the RNA recognition motif 1 (RRM1) of TDP-43, which is invelved in abnormal protein
self-aggregation and interaction with p65 NF-kB. Virus-mediated delivery into the nervous system of a scFv antibody,
named VH7Vk9, reduced microgliosis in a mouse model of acute neuroinflammation and mitigated cognitive impairment,
motor defects, TDP-43 proteinopathy, and neuroinflammation in transgenic mice expressing ALS-linked TDP-43 mutations.
These results suggest that antibodies targeting the RRM1 domain of TDP-43 might provide new therapeutic avenues for the

localization and aggregation of the protein in the cytoplasm where
TDP-43 can form hyperphosphorylated, fragmented, and ubiquiti-
nated inclusions that impair the physiological function of the protein
(6-8). TDP-43 proteinopathy is not exclusive to ALS disease. It is in
fact present in 50% of patients with frontotemporal lobar dementia
(FTLD) (5, 9). FTLD, also referred to as frontotemporal dementia
(FTD), is a midlife-onset disease that is clinically heterogeneous
and characterized by changes in behavior, personality, and/or lan-
guage (9). Because of TDP-43 proteinopathy, ALS and FTD are now
considered a disease continuum, with 50% of ALS patients present-
ing with cognitive impairment (15%-20% recognized as FTD) and
15% of FTD patients having motor impairments (3, 5). Interestingly,
TDP-43 proteinopathy has also been observed in other neurodegen-
erative disorders such as Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD), and Huntington’s disease (HD) (4, 10).

Different studies have highlighted the sensitivity of the RRM1
domain in inducing TDP-43 proteinopathy. Oxidation or misfold-
ing of this domain results in cytosolic mislocalization with irre-
versible protein aggregation (11, 12). Apart from RNA metabolism,
the RRM1 domain is also responsible for the interaction between
TDP-43 and the p65 subunit of NF-xB (13). This interaction
mediates overactivation of the NF-kB pathway, which induces an
increased vulnerability of neurons to toxic injuries and a hyper-
active inflammatory response of glial cells (13). Both TDP-43 and
P65 proteins are overexpressed in patients with sALS (13, 14), and
the downregulation of TDP-43 can reduce NF-kB activation (13).

Here, we describe the generation of single-chain (scFv) anti-
bodies specifically against the RRM1 domain of TDP-43, with the
dual aim to (a) block TDP-43-p65 interaction and thereby reduce
NF-«kB activation, and (b) interfere with protein aggregation. Sin-
gle-chain antibodies are small molecules made by the linking of
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Figure 1. E6-derived scFv antibodies are able to recognize TDP-43. (A) Binding of p65 to TDP-43 was measured in the presence of PBS or anti-TDP-43
N-terminal antibody (Proteintech), monoclonal antibodies against RRM1TDP-43 (named C10, G8, and E6), or BSA. n = 8 wells per condition (dots). One-
way ANOVA P < 0.0001; *P < 0.05 and ***P < 0.001 versus PBS, by Tukey's multiple comparisons test. Data represent the mean + SEM. (B) Schematic
representation of the pscFv9 plasmid used for scFv production and expression. (C) Representative Western blot of cytoplasmic and nuclear fractions of
Hek293 cells. Anti-Myc antibody revealed scFv and laminin A/C or actin in the different fractions. (D) Representative image of media from transfected
Hek293 cells probed with anti-Myc antibody. Ponceau staining was used as a reference. (E) Different concentrations of TDP-43 (1-206 aa, Proteintech) or
BSA were loaded onto a dot blot membrane. Immunoblots were performed with media containing pscFvS-transfected Hek293 cells and E6 monoclonal
antibody. Signals were revealed with anti-Myc-HRP antibody for scFv conditions or anti-mouse HRP for E6. Ponceau staining was used as a reference. (F)
Representative blot of TDP-43 immunoprecipitation in pscFv3-transfected Hek293 cells. Experiments in C, D, and F were conducted more than 3 times.

Empty, no scFv; CTR, control D1.3 scFv.

variable heavy and light chains of the antigen-binding domain
of an antibody (15). Given their small size, good tissue penetra-
tion, and low immunogenicity (16), scFv antibodies have been
produced for different neurodegenerative disorders such as AD
(17-20), Lewy body disease, PD (21, 22), HD (23, 24), and ALS
(25-27). We report for the first time to our knowledge the in vivo
therapeutic effects of a scFv antibody against TDP-43 in trans-
genic mouse models of ALS/FTD.

Results

Selection of monoclonal antibodies against the RRM1 domain of
TDP-43. We generated monoclonal antibodies against the RRM1
domain of TDP-43, because this domain contributes to protein

aggregation (11, 12) and to the interaction with p65 NF-kB (13).
Among 8 hybridoma clones produced, only 3 of them, named
C10, G8, and E6, were able to clearly detect TDP-43 on immu-
noblots after SDS-PAGE (Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/
JCI123931DS1). We then examined the ability of these 3 antibod-
ies to disrupt the interaction between TDP-43 and p65 NF-«B.
We performed an ELISA with human recombinant TDP-43 and
human recombinant p65 protein (Supplemental Figure 1B). The
results revealed that the 2 proteins have a direct interaction that is
TDP-43 dose dependent. Using the same ELISA system, we incu-
bated p65 recombinant protein together with a fixed amount of
monoclonal antibodies against the RRM1 domain of TDP-43 (Fig-
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Figure 2. ScFv antibodies disrupt the interaction between TDP-43 and p65 and reduce NF-kB activity. (A) Binding of p65 to TDP-43 was measured in the
presence of equal volumes of PBS or media from pscFv3-transfected Hek293cells. n = 5-8 wells per condition (dots). One-way ANOVA P = 0.002; *P < 0.05
versus PBS; #*P < 0.05 or #*P < 0.001 versus control scFv by Tukey's multiple comparisons test. (B) BV2 cells were transfected with pscFv9, stimulated with
LPS or PBS, and lysated for the luciferase assay. n = 4-5 individual experiments (dots). Two-way ANOVA P = 0.0002; %P < 0.001 versus LPS; ***P < 0.001
versus empty; and ###P < 0.001 versus control scFv, by Tukey's multiple comparisons test. (C and D) BV2 p65-luc cells were treated or not for 6 hours or 10
hours with scFv antibodies, together with 4 hours of LPS treatment. (C) Representative Western blots of total lysates of Myc-tag scFv inside the cells and
actin (n = 3 pooled experiments). The blot of the untreated cells at 6 hours was run on the same gel but was noncontiguous. (D) NF-«xB activity assessed
by luciferase assay. n = 4-6 replicates (dots) from 2 independent experiments (2-3 wells each). Two-way ANOVA P < 0.0001; *P < 0.05 and ***P < 0.001
versus untreated cells; #*#P < 0.001 versus control scFv, by Tukey’s multiple comparisons test. Data represent the mean + SEM. RLU, relative luminescence

units; CTR, control D1.3 scFv.

ure 1A). All 3 of the selected monoclonal antibodies against RRM1
were able to disrupt TDP-43/p65 interaction more efficiently than
the polyclonal antibody against the TDP-43 N-terminal. Among
our monoclonal antibodies, the E6 clone was the most effective at
interfering with the binding. Therefore, we derived scFv antibod-
ies from this monoclonal antibody.

Production and characterization of E6-derived single-chain anti-
bodies. Reverse transcription PCR (RT-PCR) of ¢cDNA from E6
hybridoma cells using degenerative primers led to production of 2
different heavy chains, named VH1 and VH7, and 2 different light
chains, named Vk9 and VKk11. Four different plasmids were there-
fore produced encoding all different combinations of heavy and
light chains purified from the E6 clone. Figure 1B shows a sche-
matic representation of the plasmid (pscFv9) (26) used for the
production of scFv antibodies. The plasmid contains a CMV pro-
moter, an IgH domain for proper folding and secretion, a single-
chain antibody made of variable heavy and light chains, and a
human c-Myc tag for immunodetection. As shown in Figure 1C,
two plasmids encoding for VH1Vk9 and VH7Vk9 fusion proteins
were able to yield the expression of scFv antibodies in transfect-
ed human embryonic kidney 293 (Hek293) cells. The scFv anti-
body was detected in both nuclear and cytoplasmic fractions. The
recombinant scFv antibodies were also secreted into the medium
(Figure 1D). From the same clone, we therefore produced 2 dif-

jci.org

pistes thérapeutiques dans la sclérose latérale amyotrophique sporadique EX88S)

ferent scFv antibodies against the TDP-43 RRM1 domain. Both
antibodies shared the same variable light chain VK9 but had 1-aa
difference in the heavy chain, with VH1 owning a glutamic acid (E)
after the cloning site and VH7 having a glutamine (Q) in the same
position (Supplemental Figure 1C) (GenBank accession numbers
MK210239 and MK210240).

To test the ability of the scFv antibodies to bind TDP-43, we
used the medium of vector-transfected cells as a source of scFv
antibodies. Different concentrations of TDP-43 peptide (1-206
aa containing RRM1) or BSA were applied on a dot blot membrane
and probed with the medium of transfected cells. Figure 1E shows
that the media containing VH1Vk9 or VH7Vk9 were able to detect
TDP-43 specifically, whereas no cross-reaction was observed on
spots loaded with BSA, confirming the specificity of the scFv anti-
body in recognizing only TDP-43. Full-length E6 antibody was
used as a positive control, confirming the ability of the mono-
clonal antibody to recognize TDP-43. The specific interaction
between scFv and TDP-43 was also confirmed by immunoprecip-
itation of TDP-43 from Hek293-transfected cells expressing scFv
antibodies (Figure 1F). A clear band for the scFv (c-Myc-tagged)
at 28 kDa was indeed detectable when cells were transfected with
E6-derived scFv VH1VK9 and VH7VK9. This band was absent in
cells transfected with the empty plasmid or in cells transfected
with a control scFv (D1.3) encoding for a scFv antibody against
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Figure 3. ScFv antibodies mediate TDP-43 degradation. (A) Representative blot and quantification of TDP-43 levels in Hek293 cells transfected with
pscFv9 plasmid. Graph shows quantification of TDP-43 normalized to actin and expressed as the fold change versus empty vector. n = 7-9 independent
experiments (dots). One-way ANOVA P = 0.0003; *P < 0.05 and ***P < 0.0001 versus empty transfected, by Tukey's multiple comparisons test. (B and

C) Representative merged images of colocalization between scFv (Myc, green) and ubiquitin or LC3 (red). Arrows show cells with colocalization; yellow
arrows indicate cells enlarged 2.5 times in the insets. Scale bars: 20 um. The experiment was performed twice. (D) Representative blots and quantification
of immunoprecipitation for all K48-polyubiquitinated (proteasome) or K63-polyubiquitinated (autophagy) proteins and Western blot for TDP-43. Graphs
indicate the quantification of TDP-43 signal in immunoprecipitation experiments, expressed as the fold change versus empty vector. n = 3 independent
experiment (dots). K63-ubiquitinated TDP-43: P = 0.0082, by 1-way ANOVA; **P < 0.01 versus empty vector-transfected cells, by Dunnett’s multiple com-
parisons test. K48-ubiquitinated TDP-43: P = 0.0128, by 1-way ANOVA; *P < 0.05 versus empty vector-transfected cells, by Dunnett’s multiple compari-
sons test. Data represent the mean + SEM. Empty, no scFv (A and D); CTR, D1.3 scFv (B and C) or 8H11 anti-GFP scFv (A and D).

chicken lysozyme. Immunoprecipitation of TDP-43 from nuclear
and cytoplasmic fractions of transfected cells revealed that the
binding of VH1Vk9 or VH7Vk9 to TDP-43 occurred predomi-
nantly in the cytoplasm (Supplemental Figure 1D).

Since the scFv antibodies were generated against the RRM1
domain of TDP-43, we examined whether the binding of scFv
antibodies altered the ability of TDP-43 to bind RNAs. Thus, we
performed UV cross-linking immunoprecipitation (UV-CLIP)
experiments in pscFv9-transfected Hek293 cells and verified the
ability of TDP-43 protein to bind its own RNA (28) in the presence
of the scFv antibodies. As shown in Supplemental Figure 1E, only
the presence of VH1Vk9 antibody was able to reduce the binding
between the protein and the RNA, whereas no alterations were
observed in the presence of VH7Vk9 antibody.

Single-chain antibodies reduced p65 NF-xB activation. To deter-
mine whether E6-derived scFv antibodies against TDP-43 were
able to disrupt the interaction between p65 NF-kB and TDP-43,
we performed an ELISA, in which human recombinant p65 was
incubated with media of transfected cells containing scFv anti-
bodies (Supplemental Figure 2A). Figure 2A shows that both

pistes thérapeutiques dans la sclérose latérale amyotrophique sporadique EX88S)

VH1VKk9 and VH7Vk9 were able to disrupt the protein-protein
interaction between TDP-43 and p65. We then examined the
effect on NF-«B activity of scFv antibodies against TDP-43 in BV2
cells harboring a NF-kB-luciferase reporter gene (29). BV2 cells
were transfected with scFv vectors or controls and stimulated for
4 hours with LPS or PBS (Figure 2B). We observed that NF-xB
activity was strongly increased after LPS treatment in empty and
control scFv vector-transfected cells, whereas activation was
reduced in the presence of VHI1Vk9 and VH7Vk9 antibodies. It is
well established that microglia-induced toxicity toward neurons
is strongly dependent on microglial NF-xB activation (13, 30).
Therefore, we tested the effect of these scFv antibodies in such
a paradigm. As shown in Supplemental Figure 2B, expression of
VH7VK9 scFv in LPS-treated BV2 cells rescued the toxicity of
microglial medium toward N2A neuronal cells.

Since the scFv antibodies can be secreted from transfected cells,
we examined whether VHIVK9 or VH7VK9 scFv antibodies were
able to penetrate cells and inhibit NF-«B activity. We first purified
these scFv antibodies from media of Hek293-transfected cells. The
preparation yielded a single 28-kDa protein detectable by Coomassie
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Figure 4. ScFv antibodies reduce TDP-43 mislocalization and aggregation. (A) Representative enlarged images and TDP-43 mislocalization determined
by quantification of the integrated density of TDP-43 immunoreactivity in nuclear and cytoplasmic compartments. Images show merged scFv (Myc,
green), hTDP-43 (red), and Hoechst (nuclei, blue) channels, and lines circumscribe the perimeter of the representative cells. Scale bars: 5 um. Data in the
graph represent the cytoplasmic to nuclear ratio quantified in at least 200 cells per frame. n = 5-10 different frames (dots) analyzed from 2 independent
experiments. One-way ANOVA P < 0.0001; ***P < 0.001 versus control-transfected cells; *P < 0.05 and *##P < 0.001 versus empty vector-transfected cells,
by Tukey's multiple comparisons test. (B) Representative image and quantification of dot blot analysis for soluble or insoluble TDP-43 in transfected
Hek293 cells treated with 50 uM EA. Data represent TDP-43 immunoreactivity normalized to Ponceau from 5 to 9 replicates (dots) from 3 independent
experiments. Two-way ANOVA interaction P = 0.249, scFv P = 0.0014, and soluble/insoluble P < 0.00017; ***P < 0.001 versus empty vector-transfected
cells, by Tukey’s multiple comparisons test. Data represent the mean + SEM. Empty, no scFv, CTR, control D1.3 scFv.

blue after SDS-PAGE and anti-Myc antibody (Supplemental Figure
2, C and D). The purified scFv antibodies were added to the medi-
um (5 pg/ml) of BV2 p65-luciferase cells for 6 or 10 hours, together
with 4 hours of LPS treatment, and NF-«B activity was then mea-
sured (Supplemental Figure 2E). In extracts of cells treated with
scFv antibodies, we were able to detect a band corresponding to the
intracellular scFv antibody at 6 hours and, to a lesser extent, after 10
hours of treatment (Figure 2C). The levels of intracellular VHI1VK9 or
VH7VK9 scFv antibodies were associated with a reduction of NF-«xB
activity (Figure 2D). These results indicate that scFv antibodies are
able to penetrate cells and exert functional effects.

Single-chain antibodies drove TDP-43 to proteasome- and auto-
phagy-mediated degradation. Transfection of E6-derived vec-
tors encoding scFv antibodies in Hek293 cells led to a decrease
in total cellular levels of TDP-43 compared with empty vector-
transfected cells (Figure 3A). This reduction was not sufficient
to affect cell viability (Supplemental Figure 3A). We then ques-
tioned the mechanism underlying the reduction of TDP-43 lev-
els mediated by single-chain antibodies. First, we considered the
possibility that secreted scFv could facilitate the release of TDP-
43 into the medium. As expected, we found that scFv antibodies
localized mainly in the cytoplasm with the trans-Golgi network
where proteins are processed for secretion (Supplemental Fig-
ure 3B). However, our results revealed no changes in the levels
of TDP-43 in the media due to expression of VH1Vk9 or VH7Vk9
scFv antibodies (data not shown). As an alternative mechanism,
we investigated whether intracellular scFv antibodies, binding to
TDP-43, might promote its degradation via proteasomal or auto-
phagic pathways (31, 32). This idea was supported by our finding
that scFv antibodies partially colocalized with ubiquitin and LC3
in Hek293 cells (Figure 3, B and C, and Supplemental 3, C and D).
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Moreover, VH1Vk9 and VH7VK9 scFv antibodies were coim-
munoprecipitated with K48 or K63 polyubiquitinated proteins,
which are destined for proteasomal and autophagic degradation,
respectively (Supplemental Figure 4A). Using the same immuno-
precipitation method, we found that expression of VH7Vk9 scFv
stimulated the K63 and K48 polyubiquitination of TDP-43 (Fig-
ure 3D). We confirmed the degradative pathways by treating cells
with an autophagy inhibitor (bafilomycin) or a proteasome inhib-
itor (MG-132) (Supplemental Figure 4, B and C). Interestingly, we
found that the levels of TDP-43 were increased in the presence
of VH1Vk9 and VH7VK9 scFv antibodies in the cells treated with
bafilomycin (Supplemental Figure 4B), and the proteasome-me-
diated degradation of TDP-43 via VH7VKk9 scFv was confirmed
by the accumulation of TDP-43 in the presence of MG-132 (Sup-
plemental Figure 4C). Thus, these results suggest that intracellu-
lar scFv antibodies drive TDP-43 to degradation pathways, lead-
ing to a decrease in cytoplasmic TDP-43 levels.

Single-chain antibodies reduced TDP-43 mislocalization and
aggregation. To assess the ability of scFv antibodies to reduce TDP-
43 mislocalization and aggregation, we used a cell model system of
TDP-43 proteinopathy that is based on oxidative stress caused by
treatment with 50 uM ethacrynic acid (EA) in Hek293 cells (33). As
shown in Supplemental Figure 5, A-C, treatment of Hek293 cells
with EA increased oxidative stress and induced TDP-43 cytoplas-
mic mislocalization and aggregation. Remarkably, the presence of
VH1VK9 and VH7VK9 scFv antibodies in transfected cells led to a
reduction in cytoplasmic levels of TDP-43 detected by immuno-
fluorescence microscopy (Figure 4A and Supplemental Figure 5D).
Moreover, in the insoluble fractions prepared from cells treated with
EA, TDP-43 levels were reduced by up to 50% in cells expressing
VH7VK9 scFv antibody (Figure 4B and Supplemental Figure 5E).
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Figure 5. ScFv antibody reduces NF-kB activation in LPS-induced inflammation in vivo. (A) Real-time imaging of TLR2-luciferase response before (base-
line) and 1to 5 days after LPS injection and (B) relative quantification. Images of representative mouse brains previously injected with scAAV2/9 expressing
control or VH7VkS scFv. Color scale calibration in photon counts (minimum 10,000, maximum 7.08 x 10°). Graph shows quantification of photon emission.

n = 5-6 individual mice. Two-way, repeated-measures ANOVA P = 0.0004; **P < 0.01 versus VH7VkS, by Sidak's multiple comparisons test. (C) Repre-
sentative enlarged images of Iba1 staining and quantification of cell body size in contralateral and ipsilateral cortices of mice injected with scAAV2/9 and
challenged with LPS. Graph shows quantification of Iba1* cells. n = 3 individual mice (dots). Two-way ANOVA interaction P = 0.582, hemisphere P = 0.300,
and scFv P = 0.0003; **P < 0.01, by Bonferroni’s multiple comparisons test. Data represent the mean + SEM. Scale bars: 25 um. CTR, 8H11 scFv.

Virus-mediated expression of VH7Vk9 scFv antibody reduced
microglial activation and NF-xB activity in an acute model of
inflammation. Among the 2 single-chain antibodies, VH7Vk9
was more efficient at reducing NF-«B activity and TDP-43 prote-
inopathy in vitro. We therefore generated a scAAV2/9 viral vec-
tor encoding VH7Vk9 scFv (CMV promoter, IgH region and Myc
tag included) to further investigate the effect of the antibody
in vivo. As a control, we used a scAAV2/9 vector (named 8H11)
encoding scFv against GFP.

Virus (1.5 x 10'° vg) was injected unilaterally into the cortex
of mice (n = 5 control mice and n = 6 VH7Vk9-treated mice; 4
months of age) bearing the TLR2-luciferase transgene, a reporter
of microglial activation (34). One month after virus delivery, mice
were intraperitoneally injected with LPS, and TLR2-luciferase
activity was monitored for 5 days (Supplemental Figure 6A). As
shown in Figure 5, A and B, LPS injection induced strong lucifer-
ase activity in the brain after 1 and 2 days in control scAAV-treated
mice. Remarkably, expression of VH7Vk9 scFv reduced TLR2-lu-
ciferase activity by almost 50% compared with activity induced
by control scFv antibody. We repeated the experiment with age-
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matched nontransgenic mice (n = 3 per group) (Supplemental Fig-
ure 6B) and analyzed brain samples 24 hours after LPS injection.
Quantification of ionized calcium-binding adaptor molecule 1
(Ibal) staining revealed a consistent reduction in microglial body
size (Figure 5C) in the brains of mice treated with VH7Vk9 scFv
when compared with control 8H11 scFv and a concomitant reduc-
tion in total staining (Supplemental Figure 6C). Interestingly, the
effect on microglial cells was the same in ipsilateral and contra-
lateral brain hemispheres, suggesting an effect of secreted scFv
antibodies at a long distance from the site of viral injection. We
performed a cytokine array on the ipsilateral cerebral cortex of
the injected mice. All inflammatory factors significantly different
from the control condition were found to be reduced by VH7Vk9
expression (Supplemental Figure 6D).

Virus-mediated expression of VH7Vk9 scFv antibody ameliorated
cognitive deficits and TDP-43 pathology in TDP-43%¢ mice. We
injected scAAV2/9 virus encoding VH7Vk9 or 8H11 (anti-GFP)
scFv antibodies into transgenic mice expressing genomic frag-
ments encoding human TDP-43%#¢, a mouse model that exhibits
cytoplasmic accumulations of TDP-43 in neurons during aging

jci.org

CODRON Philippe | Marqueurs pathologiques et
170



The Journal of Clinical Investigation

RESEARCH ARTICLE

A & B * *%k *
2] ! 2] l —I— **L-* |—
B 100 rkx *kk —— B 100, X**
—— o = o)
8 904 o° o o > g 90+ o (-7 %9 20
o 80 ¢ o° o 80 o
c (o) ° Q9 o © (= o} ) -i)— %o
= 704 © @ ‘= 704
S oo 00 e o 0, ©0 o R
é. 60 - 5 gp @) & % S 60- Q® %
o 504 o © g % m @ %.@. 9 50+ ?L's?. °o o
S 40+ 2 838 ) g > & 404 ~S %
Q. 30 oo @ S Qo 4 oo o fe¥e}
(2] ) Op 2 C%)
o 204 ©° ° & o © o o %0
g - o (&9 Cb = 20 [6) ° o
= 109 o ® g s 104 o 0® 008
g 0 T T T T T T T T g 0 T T T T T T T T
e & ¢ & € & & & & e ¢ & & & & © & @
N N N N N N N N
S LHE LS L SELSHE £ S
0 NTgPBS (n=10) © G348C PBS (n = 21) o NTgPBS (n=7) © G348C PBS (n = 15)

© G348CVH7VK9 (n=23) O G348C8H11 (CTR,n=21)

© G348CVH7Vk9 (n=13) ©0G348C8H11 (CTR,n=13)

C D Nucleus Cytoplasm E
hTDP-43 /NeuN/Hoechst kDZ 8H11 VH7 8H11 VH7 8H11 VH7
[ w| & & | nTDP43 hTDP-43
e — [
35- | | | GAPDH
Cytoplasmic insoluble
154 Nuclear hTDP-43 15 hTDP-43
(% o
< & Q5
o X | o
- EE 1.0 ﬁ— = 15 1.0 %
5 ™ o
> < % — L o
T a > Q>
T & 5 054 ¥ 505
o S as o
e (o =
0.0l P = 00364 = P=0.0391
Em—r T T
- 8H11 (CTR) VH7VK9 8H11 (CTR) VH7VK9
@
S =~ 154  Cytoplasmic
£& I hTDP-43
o) o~
3 3E ] 2
S R
2% < > %
oS a T 054 T
® 2 oL
3 = P=0.0311
i ooLb—
= Contralateral Ipsilateral 8H11 (CTR) VH7Vk9

Figure 6. Intracortical injection of scAAV2/9 encoding for scFv antibody improves cognitive deficits and restores TDP-43 mislocalization in TDP-43¢345¢
mice. NOR test 2 months (A) and 4 months (B) after injection. Graphs in A and B show the percentage of time spent with objects and the number of
individual mice tested (dots). (A) Two-way ANOVA P = 0.0004; ***P < 0.001 and *P < 0.05, by Sidak's multiple comparisons test. (B) Two-way ANOVA

P < 0.0001; ***P < 0.001 for familiar versus novel object, by Sidak’s multiple comparisons test; *P < 0.05 and **P < 0.01 among groups, by uncorrected
Fisher's least significant difference (LSD) test. (C) Quantification of hTDP-43 mislocalization in cortical neurons and representative images. Data represent

the cytoplasmic to nuclear ratio of TDP-43 integrated density. n = 3 individual

mice (dots). Two-way ANOVA interaction P = 0.979, hemisphere P = 0.3747,

scFv P < 0.0001; **P < 0.01 versus control scFv, by Sidak’s multiple comparisons test. Shown are hTDP-43 (green) and merged images of hTDP-43, NeuN
(red), and Hoechst (nuclei, blue). Scale bars: 20 um. Representative blots and quantification of nuclear and cytoplasmic (D) and insoluble (E) hTDP-43 in
ipsilateral cortices. n = 3 individual mice (dots). hTDP-43 was normalized to p84 or GAPDH fraction markers (D) and to Ponceau (E). Values are expressed as
the fold change versus control scFv. Statistical analysis was done by unpaired t test. Data represent the mean + SEM. CTR, 8H11 scFv.

(35). Eight-month-old TDP-43%#¢ symptomatic mice were inject-
ed intracortically and unilaterally with scAAV2/9 viral vectors (9.2
x 10° vg) carrying virus coding for VH7VK9 (n = 23 mice: 11 males
and 12 females); virus bearing the control 8H11 scFv antibody (n =
23 mice: 11 males and 12 females); or PBS (# =24 mice: 11 males and
13 females). We also injected nontransgenic (NTg) mice (n = 6 male
and 4 females) with PBS as healthy controls for the behavioral tests.
The mice were analyzed for cognitive changes at 2 and 4 months
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after virus injection. Immunohistochemical microscopy with anti-
Myc antibody confirmed the expression of VH7Vk9 scFv antibody
in brain cortex in neurons and microglial cells (data not shown).
Two and four months after injection, the novel object recogni-
tion (NOR) test was performed (Figure 6, A and B). The TDP-43%345¢
mice (10 or 12 months of age) injected with PBS or control 8H11
scFv showed memory impairments, as they were unable to discrim-
inate between novel and familiar objects. In contrast, NTg mice and
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Figure 7. scAAV2/9-mediated delivery of scFv ameliorates motor performance and pathological defects in TDP-43%"" mice. (A) Grip strength analysis
showing the percentage of maximum performance of each single mouse and the number of individual mice (dots) analyzed. Two-way ANOVA corrected
for repeated-measures interaction P = 0.823, time P = 0.0512, scFv P < 0.0001; *P < 0.05 versus control scFv, by uncorrected Fisher's LSD. (B) Percentage
of total NMJs. n = 3 individual mice (dots). Two-way ANOVA P = 0.0063; *P < 0.05 versus control scFv, by uncorrected Fisher's LSD test. (C) Representative
image and quantification of hTDP-43 (green) in motor neurons (CHAT, red) of lumbar spinal cord. The cytoplasmic to nuclear ratio of the TDP-43 integrated
density of each cell was plotted according to the area of the cell. Data represent single-cell ratios (dots) analyzed from 4 individual mice. Solid line indi-
cates the linear regression and dotted lines the 95% Cls. Slope diversity P = 0.0033. Scale bars: 10 um. Representative blots and quantification of nuclear
and cytoplasmic (D) and insoluble (E) pan-TDP-43 in lumbar spinal cord from 3 individual mice (dots). TDP-43 was normalized to p84 or GAPDH fraction
markers (D) or to Ponceau (E), and values are expressed as the fold change versus control scFv. (B-E) Statistical significance was determined by unpaired

t test. Data represent the mean + SEM. CTR, 8H11 scFv.

TDP-43%#¢ mice expressing VH7VK9 scFv spent significantlymore  plasmic staining of hTDP-43 in VH7Vk9-expressing TDP-43¢3#
time with the novel object both 2 months (Figure 6A) and 4 months  mice, with an approximately 40% reduction of the cytoplasmic to
(Figure 6B) after virus injection, almost matching the results  nuclear ratio of hTDP-43 in both ipsilateral and contralateral corti-
obtained with healthy nontransgenic mice intracortically injected  cal neurons (Figure 6C and Supplemental Figure 7A).

with PBS. We analyzed brain tissue samples (n = 3 mice per group) We performed Western blotting on nuclear and cytoplasmic
by immunofluorescence microscopy to determine the distribution  fractions fromipsilateral cortices. As shown in Figure 6D, the anal-
of human TDP-43 (hTDP-43) in cortical neurons. Neurons were  yses confirmed decreased levels of hTDP-43 in the cytoplasmic
visualized by NeuN staining, and cytoplasmic and nuclear TDP-43  and nuclear fractions of VH7Vk9-expressing TDP-43%¢ mice.
was measured in each cell. The data revealed a reduction in cyto- ~ We also detected a reduction of insoluble cytoplasmic hTDP-
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Figure 8. scAAV2/9-mediated delivery of scFv restores TDP-43
functions in the lumbar spinal cord of TDP-43**"" mice. (A) Repre-
sentative Western blot and quantification of nuclear POLDIP3 splic-
ingin NTg (n =7), A315T scAAV control-treated (n = 4), and A315T
SCAAV-VH7Vk9-treated (n = 4) individual mice (dots). One-way ANO-
VA P = 0.0008; ***P < 0.001 and *P < 0.05, by Tukey’s multiple com-
parisons test. (B) Representative Western blot and quantification of
nuclear FUS in NTg (n = 6), A315T scAAV control-treated (n = 4), and
A315T scAAV-VH7Vk9-treated (n = 3) individual mice (dots). One-way
ANOVA P = 0.0112; *P < 0.05, by Tukey’s multiple comparisons test.
Values are expressed as the fold change versus NTg. (C) Representa-
tive Western blot and quantification of cytoplasmic NFL in NTg (n =
3), A315T scAAV control-treated (n = 3), and A375T scAAV-VH7VK9-
treated (n = 3) individual mice (dots). One-way ANOVA P = 0.0042;
**P < 0.01and *P < 0.05, by Tukey’s multiple comparisons test.

(D) Representative Western blot and quantification of cytoplasmic
peripherin in NTg (n = 5), A315T scAAV control-treated (n = 6), and
A315T scAAV-VH7Vk9-treated (n = 7) individual mice (dots). One-way
ANOVA P = 0.0392; *P < 0.05, by Tukey’s multiple comparisons test.

Protein levels were normalized to total transferred proteins (TTPs).
Data represent the mean + SEM. CTR, 8H11 scFv.

We injected 8-month-old TDP-434"T mice intrathecally with
SCAAV2/9 virus (5 x 10'° vg) expressing VH7VK9 (n = 18 mice:
11 females and 7 males) or 8H11 anti-GFP control scFv (n =
18 mice: 11 females and 7 males). An inverted grid test was
carried out to measure muscle strength over a period of 2
months after virus injection and revealed improved perfor-
mance for VH7Vk9-treated TDP-4343T mice when compared
with scAAV-8H11-injected mice (Figure 7A). No changes were
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observed in body weight (data not shown). In agreement with
the improved motor strength observed, the VH7Vk9-express-
ing TDP-43*"T mice exhibited better preservation of neuro-
muscular junctions (NM]Js) (Figure 7B), with an increase of
completely innervated junctions and a decrease of denervated

00 junctions in the muscles analyzed. We then analyzed the lum-

T T T
NTg 8H11 VH7VK9
A315T

43 (Figure 6E). In addition to neuronal changes in the hTDP-43
pathology, we detected a reduction of microgliosis, observed by
Ibal staining, in both the ipsilateral and contralateral cortices of
VH7VK9 scFv-injected mice (Supplemental Figure 7B).

Finally, 4 months after injection, the open field test (OFT)
showed that the VH7Vk9-injected TDP-43°*#¢ mice had less
anxiety (Supplemental Figure 8A). Mice injected with VH7Vk9
were indeed able to remain in the center of the box for a longer
period of time than the control scFv TDP-43%#-injected mice
and for a duration nearly equivalent to that of nontransgenic
mice that were intracortically injected with PBS. The cognitive
improvements observed 4 months after injection correlated
with reduced levels of insoluble hTDP-43 in the cerebral cortex
of VH7Vk9-injected mice (Supplemental Figure 8B).

Virus-mediated expression of VH7VK9 scFv antibody improved
motor performance and reduced TDP-43 pathology in TDP-4343T
mice. We also tested the effect of VH7Vk9 scFv in mice expressing
a human genomic transgene encoding the TDP-4343T mutant (35).

jci.org
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bar spinal cords of the injected mice (r = 4 mice per group).
Our analysis of choline acetyltransferase—positive (CHAT*)
cells, i.e., motor neurons, revealed no difference in the num-
ber of cells (Supplemental Figure 9A), nevertheless, immuno-
fluorescence quantification revealed a significant reduction of
cytoplasmic hTDP-43 (Figure 7C and Supplemental Figure 9, B and
C). A correlation between TDP-43 mislocalization and cell body size
revealed that larger cells were more sensitive to TDP-43 proteinop-
athy (Figure 7C), however, the slope of the linear regression of TDP-
43 mislocalization in motor neurons of scAAV-VH7Vk9-injected
mice was significantly reduced compared with that of scAAV-8H11-
injected mice (Y = 0.0052 x X +1.409 for control motor neurons and
Y = 0.0030 x X + 1.505 for VH7Vk9 motor neurons), confirming a
reduction of TDP-43 mislocalization mediated by VH7Vk9.

Western blots of cytoplasmic and nuclear TDP-43 fractions
showed a significant decrease of cytoplasmic TDP-43 in lumbar
spinal cords of mice injected intrathecally with scAAV-VH7Vk9
(Figure 7D). Moreover, dot blot analyses of cytoplasmic insoluble
TDP-43 revealed a significant decrease of aggregated/insoluble
pan-TDP-43 in VH7Vk9-treated mice (Figure 7E).

We then analyzed the activation of NF-kB and inflammation
in the lumbar spinal cords. Western blot analysis of cytoplasmic
total p65 showed no differences, whereas a significant decrease of
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the activated and phosphorylated subunit of NF-kB was observed
in VH7Vk9-treated mice (Supplemental Figure 10A). We observed
a concomitant reduction of the glial fibrillary acidic protein
(GFAP) and Ibal markers, suggesting decreased neuroinflamma-
tion (Supplemental Figure 10A), which was further confirmed
by immunofluorescence analyses. Ibal and GFAP staining was
indeed reduced in VH7Vk9-treated mice, in which both microglia
and astrocytes had smaller body sizes (Supplemental Figure 10, B
and C). Next, we performed a cytokine array on spinal cord and
detected a general downregulation of inflammatory cytokines in
the scAAV-VH7Vk9-injected mice (Supplemental Figure 10D).

Finally, we examined whether treatment with scFv VH7Vk9 anti-
body in the spinal cord of TDP-434%"5" mice was able to restore proper
functionality of the protein (Figure 8). We performed Western blotting
to analyze the splicing of DNA polymerase delta-interacting protein 3
(POLDIP3) (36) as well as the regulation of RNA-binding protein FUS
(37) and light-chain neurofilament protein (NFL) (38), three proteins
whose RNAs are regulated by TDP-43 in the nucleus or cytoplasm
(Figure 8, A-C). We found that, in TDP-43%%T mice, POLDIP3 was
aberrantly spliced, whereas FUS and NFL levels were downregulated
compared with levels in NTg mice, confirming the alteration of TDP-
43 functions. In spinal cord samples from TDP-4343*T mice injected
with VH7VK9, we observed a partial restoration of normal levels of
these 3 different proteins, close to the levels detected in the non-
transgenic mice. We also examined the levels of peripherin, anoth-
er pathological marker of ALS, which is abnormally upregulated in
TDP-43*"T mice (35). Expression of VH7VK9 antibodies produced a
downregulation of peripherin levels in the spinal cords of TDP-4343*"
mice (Figure 8D). Thus, the combined results show that expression of
VH7VK9 antibodies reestablished the normal functions of TDP-43 in
the TDP-4343"5"-transgenic mouse model.

Discussion

Single-chain antibodies, a new tool in nanomedicine, have been
recently introduced to the field of neurodegenerative diseases
through the generation of a variety of recombinant antibodies
that bind to various epitopes of pathological proteins implicated
in AD, PD, HD, and prion disease (39) and through the preclini-
cal demonstration of their efficacy in ameliorating pathological
symptoms. Some single-chain antibodies are now available for
ALS (25-27), but only the scFv targeting misfolded superoxide
dismutase 1 (SOD1) proved to be effective in vivo in ameliorating
pathological changes and slowing disease progression in a mouse
model with an ALS-linked SOD1 mutation (26, 40, 41).

Here, we report for the first time to our knowledge the gener-
ation of a novel scFv antibody against TDP-43, named VH7VK9,
and its therapeutic effect when delivered in mouse models of
ALS/FTD with TDP-43 pathology. The VH7Vk9 scFv antibody
specifically targeted the RRM1 domain of TDP-43, a region impli-
cated in the cytosolic mislocalization and aggregation of the pro-
tein (11, 12) and in the interaction with the p65 NF-xB subunit (13).
The VH7VK9 antibody was designed with a secretion signal pep-
tide to allow the antibody to also be effective on distant cells. We
demonstrated that virus-mediated delivery of VH7Vk9 in the CNS
of transgenic mice expressing mutant hDP-43 succeeded in ame-
liorating cognitive and motor deficits as well as in reducing TDP-
43 proteinopathy and neuroinflammatory changes.
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It is now well established that the cytoplasmic accumulation of
TDP-43 can be cytotoxic (8, 42). Both mRNA and protein levels of
TDP-43 were found to be increased in CNS tissues (13) and periph-
eral cells (14) of patients with sALS. The factors triggering the ini-
tial mislocalization of TDP-43 in pathologies are largely unknown.
Yet a reduction of cytoplasmic TDP-43 levels can rescue neurons
from death (42-45). TDP-43 can be degraded through proteasomal
and autophagic pathways (32). There is evidence that both of these
pathways can act on the soluble TDP-43 present in the cytoplasm,
with the proteasome contributing to the degradation of monomers
and autophagy promoting the degradation of early oligomers,
microaggregates, or late macroaggregates (32). Previous studies
have established the therapeutic potential of autophagy enhancers
in clearing TDP-43 from the cytoplasm (46, 47). Here, we showed
that the scFv VH7Vk9 antibody against the RRM1 domain of TDP-
43 can enhance the Lys-48 and Lys-63 polyubiquitin chains bound
to TDP-43, thereby enhancing protein degradation toward the pro-
teasomal and autophagic pathways (Figure3).

There are previous reports of scFv antibodies able to decrease
the levels of target proteins in other neurodegenerative disorders.
This can be achieved by inserting a specific signal peptide for deg-
radation in the scFv constructs (21, 24, 27). In contrast, we show
here that a scFv without signal peptide for degradation can help
to drive target proteins to degradation pathways by enhancing
their polyubiquitination. We can speculate that the scFv antibody
against the RRM1 domain may interfere with TDP-43 aggregation
and increase the soluble TDP-43 forms that might be more suitable
for polyubiquitination. Alternatively, the scFv antibody may form
complexes with TDP-43, which in turn may become more prone to
polyubiquitination. In any case, the observed reduction of TDP-43
levels mediated by the VH7Vk9 scFv antibody appeared to occur
at the protein degradation level. As shown in Supplemental Figure
1E, the VH7VK9 scFv antibody did not interfere with the binding
of TDP-43 to its own RNA in Hek293 cells, and therefore it does
not affect TDP-43 autoregulation via mRNA binding (28). Our cell
culture studies also revealed that the scFv antibodies can allevi-
ate mislocalization and aggregation of TDP-43 under conditions
of oxidative stress (Figure4). Therefore, it is possible that the scFv
antibody also protects the TDP-43 RRM1 domain from oxidative
damage and misfolding, which can trigger protein aggregation
(11, 12). Interestingly, the reduction of TDP-43 levels mediated
by VH7Vk9 was found to be safe for cultured cells in vitro (Sup-
plemental Figure 3A) as well as for motor neurons in TDP-434315T
mice (Supplemental Figure 9A). Our studies with TDP-43-trans-
genic mouse models revealed an antibody-mediated reduction of
cytoplasmic and aggregated TDP-43 levels in neurons (Figure 6,
C-E, and Figure 7, C-E) that was associated with a concomitant
restoration of cognitive (Figure 6, A and B, and Supplemental Fig-
ure 8A) and motor functions (Figure 7A), together with an allevia-
tion of NM]J loss (Figure 7B). We also observed that the presence
of VH7VK9 restored normal levels of proteins such as POLDIP3,
FUS, NFL, and peripherin that are aberrantly deregulated in the
context of cytoplasmic TDP-43 pathology (Figure 8).

Another therapeutic effect observed with the anti-RRM1scFv
antibody was the reduction of NF-kB-mediated inflammation.
By blocking the interaction of TDP-43 with p65 (Figure 2A), the
scFv antibody was able to reduce NF-«B activation in microglial
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cells (Figure 2B). In mouse models with LPS-induced inflamma-
tion (Figure 5) or TDP-43 mutations (Supplemental Figure 7B
and Supplemental Figure 10B), viral delivery of VH7Vk9 result-
ed in reduced microgliosis and levels of phosphorylated p65. As
a further confirmation of VH7Vk9-mediated NF-«B inhibition,
we observed a downregulation of different inflammatory factors
in tissues treated with the virus encoding for the scFv antibody
(Supplemental Figure 6D and Supplemental Figure 10D). Most
of these factors are relevant to ALS. Indeed, studies on cere-
brospinal fluid (CSF), plasma, or serum from patients with ALS
revealed an upregulation of granulocyte CSF (GCSF) and gran-
ulocyte-macrophage CSF (GM-CSF) (48), IFN-y (48), IL-12 (49),
IL-17 (48, 50), TNF-a and receptors (51), Rantes (52), monocyte
chemoattractant protein 1 (MCP1) (48), and macrophage inflam-
matory protein 1 (MIP1) (48, 53).

It should be noted that the inhibition of NF-«B signaling by
VH7VK9 antibodies is partial and occurs in the context of TDP-43
pathology in neurons or in the context of innate immune activation
(such as with LPS) in microglial cells. A previous study (13) showed
that TDP-43 can act as a coactivator of p65 and that overexpres-
sion of TDP-43 can enhance NF-«B activation. The blocking of
TDP-43 interaction with p65 NF-kB is beneficial rather than tox-
ic. First, the results presented in Supplemental Figure 2B revealed
that attenuation of NF-«B activity by scFv antibodies in microglial
cells (BV2 cells) challenged by LPS confers protection to N2A neu-
ronal cells exposed to media from LPS-treated BV2 cells. Second,
TLR2-luciferase mice injected in the brain with an adeno-associat-
ed virus (AAV) vector encoding VH7VK9 scFv antibody remained
healthy, and the presence of VH7VK9 scFv antibodies attenuated
microglial activation induced by LPS treatment (Figure 5). Third,
expression of scFv antibodies in transfected Hek293 cells did not
affect cell survival (Supplemental Figure 3A), nor did it reduce the
number of motor neurons in TDP-4343" mice (Supplemental Fig-
ure 9A). So far, we have obtained no evidence that VH7Vk9 scFv
antibodies cause cellular toxicity. On the contrary, the VH7Vk9
antibody can alleviate mislocalization and aggregation of TDP-43
(Figure 6 and Figure 7), and it can restore normal levels of proteins
that are aberrantly regulated in TDP-43 pathology (Figure 8).

Itis worth highlighting the fact that our scFvwas designed with
a secretion signal, which allowed the antibody to act not only on
virus-infected cells but also on distal cells from the injection site.
It is indeed remarkable that a reduction of microgliosis in TDP-
439345¢ and LPS-challenged mice was observed not only in the
injected ipsilateral hemisphere but also in the contralateral one.
Similarly, the reduction in TDP-43 mislocalization was detected in
the ipsilateral and contralateral cortical neurons of mice injected
with TDP-43%4¢, The diffusion of scFv antibodies in the CNS may
explain the improved cognitive performance in VH7Vk9-injected
mice after a focal intracortical injection of viral vectors.

In conclusion, we demonstrate for the first time to our knowl-
edge that a single-chain antibody against the RRM1 domain of
TDP-43 is an efficient therapeutic approach to target TDP-43 pro-
teinopathy and ameliorate cognitive and motor deficits in trans-
genic mouse models. The target specificity and therapeutic effects
of the scFv antibody support the feasibility of developing immu-
notherapeutic approaches to target intracellular TDP-43 aggre-
gates and neuroinflammation, two hallmarks of ALS and FTD.

jci.org
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Methods

Anti-TDP-43 antibody, scFv plasmid, and virus production. The BamH1-
Notl 411-bp fragment was PCR amplified from a previously pro-
duced vector containing the full-length hTDP-43 ¢cDNA (13) using
the primers TDP-43 BamH1 (5'-GGGGGATCC ACCATGCGCTA-
CAGGAATCCAGT-3') and TDP-43 Notl (5'-GGGGCGGCCGCT-
CATTTGCAGTCACACCAT C-3') and subcloned into the pGEX-6P-1
vector (GE Healthcare). This recombinant plasmid was used to trans-
form BL21-competent (DE3-competent) E. coli cells for expression of
the 136-aa protein encoding a portion of the N-Terminal region, the
nuclear localization signal (NLS), and the entire RRM1 domain of
hTDP-43. The 15.68-kDa recombinant protein was subsequently puri-
fied using the glutathione S-transferase (GST) gene fusion system (GE
Healthcare). From the recombinant protein, MediMabs produced dif-
ferent hybridoma cell lines.

Single-chain antibodies were produced as previously described
(26). The pscFv9 plasmid generated contained a CMV promoter,
a murine Ig H-secretory signal for efficient folding and secretion,
and a human c-Myc epitope to facilitate detection. The control sin-
gle-chain antibodies D1.3 anti-chicken lysozyme (26) or 8H11 anti-
GFP (produced in-house) were produced in the same way. To produce
scAAV2/9 (AAV2 terminal repeats and AAV9 capsid) encoding scFv,
we followed a previously described protocol (26). Briefly, the fragment
encoding for the secreted scFv was first HindIII and EcoRV excised,
subcloned into the plasmid Bluescriptll KS(+) (Stratagene) and then
the excised Sall/Notl, and subcloned into the Xhol/NotI-digested
plasmid AAV-CMV-GFP (54) replacing the EGFP-encoding sequence.
scAAV recombinant viruses were produced in the Hek293T cells cul-
tured in DMEM (Gibco, Thermo Fisher Scientific) supplemented with
10% normal bovine serum, 100 U/ml penicillin G, and 100 pg/ml
streptomycin. Cotransfection was done with scAAV-scFy, pXR1, and
pxx-6 as packaging and helper plasmids, respectively (54, 55).

Animal injections, imaging, and tissues collection. For intracortical
injections of scAAV2/9, the mice were anesthetized with 2% isoflu-
rane during the entire procedure and received a unilateral intracorti-
cal injection of scAAV2/9 (9.2 x 10° vg for TDP-43%4¢ and 1.5 x 10'°
vg for TLR2-luciferase) or PBS solution. Mice were placed in a ste-
reotaxic apparatus (David Kopf Instruments), and the primary frontal
cortex was then reached (-1.75 mm lateral, +1.0 mm anteroposterior
and -1.25 mm dorsoventral to the bregma) with a 33-gauge stainless
steel cannula (Plastics One) that was connected to a 25-ul Hamilton
syringe with intramedic polyethylene tubing (PE-50, Clay Adams).
A maximum volume of 2ul was infused over a 2-minute period by
means of a microinjection pump (Razel Scientific Instruments, mod-
el A-99). Intrathecal injection of scAAV2/9 into TDP-43***T mice was
performed as previously described (26). A maximum volume of 10 pl
(5x10'° vg) was injected with a Hamilton syringe.

Bioluminescence imaging was performed in TLR2-luciferase
mice over a period of 5 days after intraperitoneal injection of 5 mg/kg
LPS as previously described (34).

Tissue collection was done after deep anesthesia of the mice with
10 ul/g pentobarbital 12 mg/ml. Mice were perfused transcardially with
PBS followed by 4% paraformaldehyde (PFA) solution in PBS. Brain,
spinal cord, and gastrocnemius muscle were rapidly removed, post-
fixed overnight in 4% PFA, and transferred into 30% sucrose in PBS
until they sank. Tissues for protein analyses were rapidly removed from
the anesthetized mice and frozen on dry ice before storage at -80°C.

CODRON Philippe | Marqueurs pathologiques et
175

+ I



RESEARCH ARTICLE

Behavioral analyses. Starting 1 week before the virus injection
and throughout the treatment period, mutant TDP-434T mice were
subjected once a week to an inverted grid test to monitor their grip
strength (56). Briefly, during the test, the mice were allowed to hang
on an upside-down grid for a maximum of 90 seconds, and the latency
to fall from the grid was considered for analyses. The body weight of
the mice was also measured in each session. TDP-43%#C mice were
subjected to novel object recognition (NOR) to test their memory and
to an OFT for anxiety at established time points. NOR was done as a
3-day test, as previously described (57), in a 20 x 50 x 30 c¢m Plexi-
glas box for 5 minutes per session. The OFT was performed in a single
session. Mice were allowed to discover and move freely in a comput-
er-monitored box (58), and the time spent in the center of the box over
atotal period of 30 minutes was considered for analyses.

Cell transfection and treatments. Mouse microglia (BV2), Hek293,
Hek293T, and mouse brain neuroblastoma Neuro-2a (N2A) cell lines
were purchased from the American Type Culture Collection (ATCC).
All cell lines were maintained in DMEM supplemented with 1% sodi-
um pyruvate (Gibco, Thermo Fisher Scientific) and 1% penicillin G
and streptomycin (Gibco, Thermo Fisher Scientific) with 10% FBS
(Gibco, Thermo Fisher Scientific). The murine microglial cell line BV2
p65-luc (29) was continuously selected and maintained with 100 pg/
ml hygromycin (MilliporeSigma).

When 60% to 70% confluence was attained, the cells were trans-
fected for 48 hours with Lipofectamine (Invitrogen, Thermo Fisher
Scientific) or Jet Prime (Polyplus) transfection reagents according to
the manufacturer’s instructions.

After 32 hours of transfection, Hek293 cells were treated over-
night with 50 pM ethacrynic acid (MilliporeSigma) or the same vol-
ume of DMSO (MilliporeSigma) . Forty-four hours after transfection,
BV2 cells were treated for 4 hours with 500 ng/ml LPS (MilliporeSig-
ma) or PBS (Gibco, Thermo Fisher Scientific).

Media of transfected BV2 cells were collected after 4 hours of
LPS/PBS treatment, centrifuged at 400 g for 5 minutes to eliminate
dead cells and debris, and added to N2A cells seeded the day before.

Untransfected BV2 cells were treated with 5 pg/ml purified scFv
for 2 or 6 hours and then treated for 4 hours with 500 ng/ml LPS for a
total of 6 or 10 hours of treatment with scFv. Before the experiments,
cells were washed 3 times with PBS to avoid detection of scFv bound to
the cell membrane.

For pulse-chase experiments, after 48 hours of transfection with
scFv antibodies, Hek293 cell medium was replaced with OptiMEM
(Gibco, Thermo Fisher Scientific) containing 10 pg/ml cycloheximide
(MilliporeSigma) and 300 nM bafilomycin (MilliporeSigma) or 0.5 pM
MG-132 (MilliporeSigma) and treated for 3 or 6 hours.

For immunofluorescence, cells were seeded on coverslips. After
transfection or treatment, cells were washed in PBS and fixed for 30
minutes with 4% PFA.

The UV-CLIP procedure, as well as cell survival, luciferase, and
DCHFDA assays are described in the Supplemental Methods.

scFv purification. scFv antibodies were purified from the medium
of Hek293 cells transfected for 48 hours in Opti-MEM (Gibco, Thermo
Fisher Scientific). The medium was collected and centrifuged at 400
g for 5 minutes to eliminate dead cells and debris and then stored at
-80°C. scFv was immunoprecipitated from 10 ml medium overnight
with 400 ul Myc-tagged agarose beads (25% slurry, Thermo Fisher
Scientific). The next day, the beads were spun down by centrifugation
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at 2500 g for 5 minutes, moved to columns provided with the kit, and
washed twice with TBS and 10-second spins. A double elution was
performed by competition with 500 ul c-Myc peptide (Gene Script) at
0.5 mg/ml concentration for 2 hours of rotation at room temperature.
Unbound c-Myc peptide was removed by a 5-kDa cutoff spin column
(Bio-Rad) and centrifugation (5 min at 15,000 g). Purified scFv anti-
bodies were quantified using an Eon Plate Reader (BioTek).

Human recombinant TDP-43 protein production. The recombinant
plasmid expressing the hTDP-43 ¢cDNA (13) was used to transform
competent cells of the E. coli host BL21 (DE3) for the expression of
total hTDP-43. After cell lysis, the 43-kDa recombinant protein was
purified using the GST gene fusion system (GE Healthcare).

ELISA. ELISA assays were performed with an ELISA kit (Pepro-
tech). Different concentrations of TDP-43-GST-tag (made in-house)
or BSA (BioBasic) as a control were diluted in PBS, and 100 pl was
loaded onto an ELISA plate and incubated overnight at room tempera-
ture. The following day, the wells were washed 4 times with washing
buffer and incubated for 2 hours with 0.2 pg/ml p65-His-tag (Enzo
Life Sciences, ALX-201-284) in PBS, 0.4 ug/ml monoclonal antibod-
ies (MédiMabs), 0.4 pg/ml polyclonal anti-TDP-43 (Proteintech), and
BSA — all diluted in PBS or directly diluted in medium of transfected
cells. The wells were then incubated for 2 hours with rabbit polyclonal
anti-His-tag 6 X-HRP-conjugated antibody (rabbit polyclonal, Abcam
ab1187;1:10,000). Chemiluminescence was read at 450 nm using an
EnSpire 2300 Multilabel Reader (PerkinElmer).

Cell protein extraction methods. To obtain nuclear and cytoplas-
mic fractions, cells were collected in cold PBS and centrifuged at
400 g for 5 minutes. Pellets were lysated in hypotonic buffer (10 mM
HEPES, pH 8, 10 mM KCl, 1.5 mM MgCl,, 1 mM NaF, 0.5 mM PMSF
supplemented with protease and phosphatase inhibitors) and incu-
bated on ice for 15 minutes. NP-40 (0.5%) was added, and lysates
were vortexed and centrifuged for 10 minutes at 900 g. Supernatant
was collected as the cytoplasmic fraction. Pellets were then solubi-
lized in extraction buffer (20 mM HEPES, pH 8, 420 mM NaCl, 1.5
mM MgCl, 1 mM NaF, 0.2 mM EDTA, 25% glycerol, 0.5 mM PMSF
supplemented with protease and phosphatase inhibitors), incubated
on ice for 15 minutes, sonicated, and centrifuged at 15,000 g for 10
minutes. Supernatant was collected as the nuclear fraction. Total
proteins from cells were obtained by lysis in extraction buffer supple-
mented with 0.5% NP-40 if immunoprecipitation experiments were
planned, or in boiled 1% SDS followed by centrifugation at 15,000 g
for 10 minutes. RIPA soluble and insoluble proteins were obtained as
previously described (57).

For Western blot analysis of cellular media, proteins were precip-
itated with 4 volumes of cold acetone at -80°C overnight and pelleted
by centrifugation at 15,000 g for 20 minutes. Pellets were resuspended
directly in loading buffer.

Proteins were extracted from animal tissues. To obtain the
nuclear and cytoplasmic fractions, tissues were lysated in hypotonic
buffer (10 mM HEPES-KOH, pH 7.6, 10 mM NaCl, 1 mM KH,PO,, 5
mM NaHCO,, 5 mM EDTA, pH 8, 1 mM CaCl,, 0.5 mM MgCl, sup-
plemented by protease and phosphatase inhibitors), homogenized,
and solubilized by rotation at 4°C for 10 minutes, followed by addi-
tion of 2.5 M 10% sucrose and centrifugation for 10 minutes at 6300
g. Supernatant was collected as the cytoplasmic fraction. Pellets
were resuspended in extraction buffer (10 mM Tris, pH 7.4, 300 mM
sucrose, 1 mM EDTA, 0.1% NP-40 supplemented by protease and
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phosphatase inhibitors), homogenized, and centrifuged for 5 minutes
at 4000 g. The pellets were washed 3 times with extraction buffer
followed by centrifugations. After the last centrifugation, the pellets
were resuspended in RIPA buffer (50 mM Tris, pH 7.4, 1 mM EDTA,
150 mM NaCl, 1% NP-40 supplemented with 2 % SDS and protease
and phosphatase inhibitors) and sonicated. To obtain insoluble pro-
teins from the cytoplasm, 1% Triton X-100 was added to the cytoplas-
mic fraction, sonicated, and ultracentrifuged at 107,000 g for 30 min-
utes. Supernatant was collected as the cytoplasmic soluble portion,
whereas pellets were resuspended in RIPA buffer and sonicated, as
with nuclear pellets.

Proteins were quantified using the Lowry method (Bio-Rad) or the
bicinchoninic acid (BCA) method (Bio-Rad) when SDS was present in
the lysate. Western blotting and dot blot methods and cytokine array
procedures are described in the Supplemental Methods.

Immunoprecipitation. Immunoprecipitation of TDP-43 was done
by coating 40 pl Dynabeads (Invitrogen, Thermo Fisher Scientific)
with 2 pg rabbit polyclonal anti-TDP-43 antibody (Proteintech) for 2
hours at room temperature on rotation. The antibody was cross-linked
to the beads by a 30-minute incubation, rotating with 20 mM dimeth-
yl pimelimiolate dihydroxichloride (MilliporeSigma) in 0.2 M trieth-
anolamine (pH 8.2, MilliporeSigma) (59). The beads were incubated
with 300 pg proteins overnight at 4°C. The following day, output was
collected, and beads were washed in PBST (PBS, pH 5, Tween 0.02%)
before elution of bound proteins. Immunoprecipitation of scFv was
performed in the same way, but the beads were coated with 2 pg
mouse monoclonal anti-c-Myc antibody (Santa Cruz Biotechnology).

Immunoprecipitation of ubiquitinated proteins was performed as
previously described (60). Briefly, pellets of transfected cells collected
from 10-cm dishes were lysated in 200 pl lysis buffer (2% SDS, 150
mM NaCl, 10 mM Tris-HCI pHS8, 2 mM sodium orthovanadate, 50
mM sodium fluoride supplemented with protease inhibitors). Proteins
were then diluted in 800 pl dilution buffer (10 mM Tris-HCI pHS, 150
mM NaCl, 2mM EDTA and 1% Triton-X), resuspended for 1 hour with
rotation at 4°C, and centrifuged for 30 minutes at 20,000 g. Superna-
tant was collected, quantified, and used for the immunoprecipitation
experiments. Magnetic beads (30 pl) were coated with 10 pg rabbit
monoclonal anti-ubiquitin Lys48 (MilliporeSigma, rabbit monoclonal,
clone Apu2, 05-1307) or Lys63-specific (MilliporeSigma, rabbit mono-
clonal, clone Apu3, 05-1308) antibodies for 2 hours at room tempera-
ture with rotation. Immunoprecipitation was then performed as previ-
ously described, except for the washes done in washing buffer (10 mM
Tris-HCl, 1 M NaCl, 1 mM EDTA, 1% NP-40).

Immunoprecipitated proteins were eluted from beads by boiling
for 5 minutes at 100°C in loading buffer supplemented with 100 mM
DTT (MilliporeSigma).

All Western blotting was performed with antibodies with Igs differ-
ent from those used for immunoprecipitation to avoid cross-reactions.

Immunofluorescence and image analysis. Fixed cells or 30-pm tissue
sections cut with a microtome (Leica) were washed 3 times in PBS and
incubated for 1 hour with blocking solution (NGS 10%, Triton X-100
0.2% in PBS) and then overnight with primary antibodies diluted in
blocking solution (Supplemental Table 1). After washes in PBS, the
samples were incubated for 2 hours with goat-anti mouse or goat anti-
rabbit Alexa Fluor (Invitrogen, Thermo Fisher Scientific) secondary
antibodies diluted at 1:500 in blocking solution and washed again in
PBS. Nuclei were visualized with a 5-minute incubation with Hoechst
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33342 (Invitrogen, Thermo Fisher Scientific) diluted 1:1000 in PBS.
Slides were mounted with Fluoromount-G Buffer (Southern Biotech).
Images were acquired using a BX-61 Virtual Stage confocal micro-
scope (Olympus), an Apotome microscope (Carl Zeiss), or a DM5000
B wide-field microscope (Leica Microsystems).

For lumbar spinal cord sections, images were acquired focusing
on the ventral horns for TDP-43 location and astrogliosis and micro-
gliosis assessments. For TDP-43 localization analysis in brain sections,
images were acquired focusing on the neurons located in the fifth layer
of the primary motor cortex (Betz cells). Global microgliosis assess-
ment was performed in all 6 layers of the primary motor cortex. All
acquired brain images distinguished injected and noninjected hemi-
spheres by making a lateral incision in the contralateral hemisphere.

For nuclear and cytoplasmic localization of TDP-43, images were
analyzed with Image] software (NIH) as previously described (61).
Briefly, for each cell analyzed, total or nuclear TDP-43 integrated den-
sity was obtained by selecting the compartment according to the neu-
ronal (NeuN, CHAT) or nuclear (Hoechst) markers. Cytoplasmic TDP-
43 was obtained by substraction of the integrated nuclear density from
the total. The cytoplasm to nuclear ratio was considered for analyses.
For Ibal and GFAP quantification, images were analyzed with Image]
software. The adequate threshold was determined for all the images,
and an average of them was used for the final analysis. The parameters
analyzed included area fraction, number of events, and size of cells.
Motoneurons, microglia and astrocytes sizes were obtained by setting
the scale according to the enlargement. CHAT+ve cells larger than
250 um? and Ibal+ve or GFAP+ve cells larger than 20 to 35 um? were
included in the analysis as previously reported (62). Neuromuscular
junction (NM]J) staining was performed as previously described (29,
61) on mouse gastrocnemius muscle sections (25-pm thick) obtained
by cryostat sectioning (Thermo Fisher Scientific).

Mice overexpressing the human TDP-4345T or TDP-43%#C trans-
gene were generated in the laboratory of JPJ (35) and maintained,
after more than 20 backcrosses, on a C57/BL6 background (Charles
River Laboratories). hTDP-43%4¢ mice (n = 37 females, n = 33 males),
hTDP-43%1" mice (n = 22 females, n = 14 males), or nontransgenic
(NTg, from the hTDP-43%4¢ line) mice (n = 4 females, n = 6 males)
were injected with PBS or virus at 8 months of age. Mice expressing
the TLR2-luciferase transgene were generated in the laboratory of JK
(34) and maintained, after more than 20 backcrosses, on a C57/BL6
Albino background (Charles River Laboratories), and nontransgenic
(NTg) mice were obtained from the same colony. Mice were injected
with virus at 4 months of age (n = 11 TLR2-luciferase males, n = 6 NTg
males). Transgenic mice were identified by PCR of DNA tail biopsies
and constantly maintained as a colony at the CERVO Brain Centre ani-
mal facility under standard conditions.

Experimental design. Mice were randomly assigned to the experi-
mental groups, although sex was taken into consideration. Technical
randomization was applied for the in vitro experiments when possible.

Data collection was performed in a blinded manner for all in vivo
experiments. One researcher determined the treatment for each mouse.
Virus injections were performed by experimenters blinded to the type
of scFv produced by the virus; behavioral tests and biochemistry and
immunofluorescence experiments on mice were performed only with
the knowledge of their identification number and treatment group but
not the type of treatment received. Data collection was not done in a
blinded manner for the in vitro experiments.
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Statistics. GraphPad Prism 5.0 (GraphPad Software) was used for
all statistical analyses. Data distribution was assumed to be normal
but was not formally tested. Unpaired, 2-tailed ¢ tests and 1- or 2-way
ANOVA followed by post hoc test for multiple comparisons correc-
tion or repeated-measures correction were performed depending on
the experimental design. A P value of less than 0.05 was considered
statistically significant.

For quantitative analyses, the numbers of biological replicates
are stated in the text. Sample size for the in vivo analyses was not
determined by statistical methods but was consistent with other
studies in the field (61), and biochemical and histological experi-
ments were always performed using at least 3 individual mice for
each experiment.

Data exclusion was carried out in several instances. For in vitro
analyses in Figure 2B, data from 1 experiment involving control
scFv+LPS were excluded because of a technical mistake. For in
vivo analyses, several mice were not evaluated because of techni-
cal problems during the evaluation. Data exclusion for TDP-43¢345¢-
injected mice involved the following: PBS-injected mice (n = 3) and
8H11-injected mice (n = 2) in the NOR test at 2 months; VH7Vk9-in-
jected mice (n = 1) in the NOR test at 4 months; VH7Vk9-injected
mice (n = 3), 8H11-injected mice (n = 4), and NTg PBS-injected mice
(n =2) in the OFT at 4 months. For TDP-4343""-injected mice, sev-
eral individual time data points were excluded: n = 4 excluded for
VH7Vk9 and n = 3 excluded for 8H11 among 180 data points for each
group. Some values were excluded from the cytokine array analysis
because they were undetectable by the assay.

Study approval. The Animal Care Ethics Committee of the
Université Laval approved all in vivo experimental protocols. All
experiments were performed in accordance with the Guide to the
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Care and Use of Experimental Animals (Canadian Council on Animal
Care, 1993, 2nd edition, revised March 2017).
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Abstract

Ubiquilin-2 (UBQLN2) is a member of the ubiquilin family, actively implicated in the degradation of misfolded and
redundant proteins through the ubiquitin-proteasome system and macroautophagy. UBQLN2 received much
attention after the discovery of gene mutations in amyotrophic lateral sclerosis and frontotemporal dementia (ALS/
FTD). The abnormal presence of positive UBQLN2 inclusion in the cytosol of degenerating motor neurons of familial
and sporadic forms of ALS patients has been newly related to neurodegeneration. Only recently, data have
emerged on its role in liquid-liquid phase separation, in stress granule development and in the formation of
secondary amyloid structures. Furthermore, several animal models are available to investigate its involvement in
TDP-43 pathology and neuroinflammation in ALS. This review addresses the molecular pathogenetic pathways
involving UBQLN2 abnormalities which are converging toward defects in clearance mechanisms. UBQLN2.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive and
fatal disorder associated with degeneration of upper and
lower motor neurons [55]. The disease is characterized by
progressive and diffuse paralysis leading to death from re-
spiratory failure within 2 to 5years of symptoms onset.
Approximately 90% of ALS cases are sporadic (SALS), oc-
curring without any familial history of the disease. The
remaining 5-10% of cases constitute the familial form of
ALS (fALS). Several genes have been implicated in fALS,
notably the hexanucleotide repeat expansion in C9ORF72
(Chromosome 9 open reading frame 72), SODI (Super-
oxide dismutase 1), TDP-43 (TAR DNA-binding protein
43) and FUS (Fused in Sarcoma) [28, 53, 61]. In 2011,
Deng et al. first identified missense mutations in the
Ubiquilin-2 (UBQLN2) gene in large ALS and ALS/FTD
families, which has placed this protein as a new central
actor in the physiopathology of ALS.
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UBQLN2 is a shuttle protein implicated in the
ubiquitin-proteasome system (UPS). One of the most ac-
tively studied mechanism in UBQLN2-related pathology
is the mutant-related dysfunction of the UPS. However,
its implication in the cytoplasmic mislocalization of
TDP-43 into insoluble aggregates is also well described
in ALS. More recently, ALS-linked mutations in
UBQLN?2 gene were found to be associated with dys-
function of autophagy [24], neuroinflammation [49, 50]
and formation of stress granules (SGs) [9]. These recent
data surely placed UBQLN2 as an essential player in
noxious protein accumulation and clearance pathways in
ALS and FTD pathogenesis.

In this review we will describe the structure and the
function of UBQLN2, and we will propose an integrative
mechanism for the pathogenesis of UBQLN2 in ALS
and FTD.

UBQLN2
Structure
The UBQLN?2 gene, also called Chapl/Dsk2 or PLIC, is
located on the Xpl1.21 chromosome. UBQLN2 is a
single-exon coded, 66kDa protein member of the
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ubiquilin family [12, 29]. UBQLN2 has a ubiquitin-like
domain (UBL) in its N-terminal that can interact with
the proteasome, and a ubiquitin-associated domain
(UBA) on the C-terminal which recognizes the polyubi-
quitin chains on marked proteins [63]. UBQLN2 con-
tains four stress-induced protein 1-like domains (STI-1
like), located between the residues 178-247 and 379-
462, which are involved in the interaction with heat-
shock proteins and autophagy mediators. UBQLN2 has
also a unique PXX domain containing 12 tandem re-
peats implicated in protein-protein interactions [1, 12]
(Fig. 1). This domain differentiates UBQLN2 from other
members of the ubiquilin family. Interestingly, most of
the mutations identified in the UBQLN2 gene are lo-
cated in the PXX domain. Yet, it is unclear how the mu-
tations impact the secondary structure and functions of
the PXX domain. The 3-dimensional structure of
UBQLN?2 is formed by five B-strands, an a-helix of 3.5
turns and an additional 3o-helix [63].

Biological functions

UBQLN2 and the ubiquitin-proteasome system

UBQLN2 is located in the cytosol and has been reported
to be mainly expressed in the brain, spleen, heart, liver,
pancreas and other tissues [69]. The other members of
the ubiquilin family have different tissue expression.
UBQLNTI is expressed ubiquitously whereas UBQLN3 is
expressed only in testis. UBQLN4 has the same expres-
sion profile than UBQLN2. UBQLN2 is mainly involved
in protein homeostasis, directing misfolded or redundant
proteins towards the proteasome. Proteins marked by
ubiquitin, a highly conserved 76-residue polypeptide, are
destined to get degraded in a three-step enzymatic
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cascade [63]. First, the ubiquitin activating enzyme E1 is
binding ubiquitin to the protein by building a high-
energy thiol ester intermediate. Then, the activated ubi-
quitin is shuttled from E1 to E2, building another high-
energy thiol ester intermediate. A third-class enzyme,
the ubiquitin ligase E3, mediates the covalent conjuga-
tion of polyubiquitin chains to a lysine residue of the
specific UPS substrates. Polyubiquitinated proteins are
then recognized by the UBL domain of UBQLN2 and
brought to the S5a proteasomal cap of the 26S prote-
asome for degradation [39] (Fig. 2a). Likewise, UBQLN2
can be activated by heat shock protein 70 (HSP70) [24].
UBQLN2 is inactive under resting conditions but it
becomes activated when HSP70 binds to proteins, gener-
ating an exposure of a UBQLN2-binding site. The acti-
vation of UBQLN2 promotes its binding to the 26S
proteasome to form a degradation-competent complex.

Furthermore, UBQLN2 has been implicated in the
degradation of endoplasmic reticulum (ER) proteins.
UBQLN2 can interact with the ubiquitin regulatory X
domain-containing protein 8 protein (Ubxd8), which is
localized in the ER membrane and it facilitates the
transport of endoplasmic-reticulum-associated protein
degradation (ERAD) substrates to the cytosol [66].
UBQLN2 can also interact with Herp (homocysteine-in-
duced ER protein) an ER membrane protein activated in
stress conditions which induce the cellular protection by
stabilizing ER Ca®" homeostasis and maintaining mito-
chondrial function (Fig. 2a) [32].

UBQLN2 and autophagy
The implication of UBQLN2 in autophagy is now well
established. Autophagy, specifically macroautophagy, is
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Fig. 1 Schematic representation of the domain architecture of the human Ubiquilin-2 gene. UBQLN2 gene is in the chromosome Xp11.21 and

s

have only one coding exon. UBQLN2 possess a ubiquitin-like domain (UBL) domain on the N-terminal that interacts with the proteasome and a
ubiquitin-associated domain (UBA) on the C-terminal required for the UPS activity. UBQLN2 gene also arbors four stress-induced protein 1 (STI-1)-
like motif and a proline-rich repeat domain containing 12 PXX repeats. UBL: Ubiquitin-like domain; STI-1: Stress-induced protein 1; UBA: Ubiquitin-
associated domain; HSP70: Heat-shock protein 70; Ub: Ubiquitin
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Fig. 2 Roles of UBQLN2 in protein degradation in both the UPS and the autophagy systems. a UBQLN?2 targets ubiquitinated substrates and
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interacts with ER proteins involved in endoplasmic-reticulum-associated protein degradation (ERAD), such as Herp and Ubxds8, to drive substrates
degradation by the 26S proteasome. b UBQLN?2 is also implicated in the macroautophagy and interacts with LC3 indirectly through an unknown
mechanism and can deliver ubiquitinated proteins bound to the ubiquitin-associated domain (UBA). UBQLN2: Ubiquilin-2; Ub: Ubiquitin; LC3:
Microtubule-associated protein 1 light chain 3, Herp: Homocysteine-induced endoplasmic reticulum protein, isoform A. Ubxd8: ubiquitin

regulatory X domain-containing protein 8

crucial for the bulk turnover of redundant cellular com-
ponents, including protein aggregates and damaged or-
ganelles. A specific region of the cytosol is isolated in an
intracellular double membrane stretch called autophago-
some, secondarily fusing with lysosomes for degradation
[23, 42, 43, 68]. UBQLN2 can indirectly interact with the
membrane protein LC3, a marker for starvation-induced
autophagy, of autophagosomes through its UBA domain
to promote autophagosome formation and lysosomal fu-
sion (Fig. 2b) [42, 54]. Interestingly, UBQLN2 was found
to be recruited to Optineurin (OPTN)-containing vesi-
cles in Neuro2a and HeLa cells co-transfected with wild-
type myc-UBQLN2 and wild-type or E50K HA-OPTN
[45]. Those vesicles are positives for autophagy markers,
such as p62, LC3, autophagy-related protein 9a (APG9A)
and autophagy-related 16 (ATG16). Likewise, a study
with ChAttTA-9 transgenic rats crossed with TRE-
UBQLN2"*"M measured the autophagic flux with an
LC3 turnover assay [7]. LC3-II is one of the isoforms of
LC3 and is broadly used to measure autophagic flux
since its reduced levels is related to impaired autophagy.
Transgenic rats used in the study showed significant de-
creased levels of LC3-1I from 6 months of age. The same
result was observed for ATG7, another autophagy

component essential for autophagosome formation [7].
Thus, those results suggested that mutant UBQLN2F*7H
compromised autophagy-lysosomal pathways in an age-
related manner.

Ubiquilin-2 in amyotrophic lateral sclerosis
UBQLN2 mutations in familial ALS

UBQLN?2 mutations were first identified in five unrelated
families, suffering of ALS/FTD [12]. From this analysis,
five mutations were found in the PXX domain and all con-
sisted of substituted proline residues (P497H, P497S,
P506T, P509S and P525S). Subsequently, more than 10
other mutations have been reported [11, 13, 16, 18, 20, 26,
41, 46, 59, 60, 64] (Table 1). Albeit most of mutations have
been detected in the PXX domain, some of them were also
found in the STI1 domains or between domains [62]. The
authors examined 47 post-mortem spinal cord samples of
a wide variety of ALS cases, such as sALS (n =23), fALS
without mutations in SOD1, TDP-43 and FUS (n=05),
ALS with dementia (# = 5) and fALS with G298S mutation
in TDP-43 (n=21) [12]. Also, brain autopsy samples of
cases harboring UBQLN2"%" mutation were analysed.
All fALS cases exhibited co-localization of UBQLN2 and
TDP-43 cytoplasmic inclusions in the brain and the spinal
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Table 1 UBQLN2 mutations in ALS patients
Forms of Age at onset  Mutations Domain Clinical features Neuropathology Ref.
ALS (years)
Familial 16 to 71 P497H PXX Earlier onset in male (33.9+14.0)  TDP-43/UBQLN2 NCl in spinal ~ [12]
P497S P506T P509S than female (47.3 + 10.8), ALS, cord and hippocampus
P525S ALS/FTD and pure FTD
Familial 30 to 76 T487I PXX Earlier onset in male (39.5 + 10.4) FUS/UBQLN2/TDP-43/ubiquitin  [64]
than female (51.2 + 14.3), pure ALS, NCI in the spinal cord
bulbar and spinal onset
Sporadic 51to 73 Q425R A282V A283T  Outside domains ALS and pure FTD, spinal onset n/a [59]
Familial 30to 57 P506S P533L M446R  PXX ALS and ALS/FTD, n/a [18]
V538 L spinal and bulbar onset
N439I
Sporadic 46 10 59 S155N P189T S155 N: outside Pure ALS, n/a [11]
P189T: STI-1 bulbar and spinal onset
Familial 410 63 P497L PXX Phenotype diversity: UBQLN2/TDP-43 NCl in brain [16]
Choreoathetoid movements, stem and hippocampus, striatal
dysarthria, spastic paralysis, ALS, atrophy, cerebral atrophy
FTD
Familial and  27-62 p494L PXX ALS and spastic paraplegia n/a [60]
sporadic® P500S A488T: outside
P506A
A488T
Sporadic 62 M392V STh Pure ALS n/a [26]
Sporadic 14-16 M392I STh Madras-type MND n/a [46]
Familial 52 p.Gly502_lle504del PXX Bulbar ALS n/a [41]
Sporadic 30-77 S346C Outside Pure FTD (5346C) and pure ALS n/a [13]
S400G ST
P440L

n/a not applicable, NCI neuronal cytoplasmic inclusions
@ A488T was found in a sporadic case

cord neurons [12]. Interestingly, UBQLN2 was also found
to be colocalizing with TDP-43 in the spinal cord of sALS
patients, making it a component of the neuronal inclu-
sions in patients affected with the sporadic form of the
disease, suggesting a central role for this protein in ALS
pathology [12, 17].

Proteasome and autophagy impairment

The degradation of misfolded or redundant proteins is
critical for the maintenance of cellular health, specifically
in neurons which are not proliferating cells. There is evi-
dence that UBQLN2 mutations can provoke proteasome
as well as autophagy impairments. First, an accumula-
tion of the proteasome efficacy reporter Ubiqui-
tinS"®V-GFP was detected in Neuro2a cells expressing
mutant UBQLN2P*7H [12]. They further analyzed the
dynamic of this reporter after blocking new protein syn-
thesis with cycloheximide for 0, 2, 4 and 6 h in cells. The
rates of Ubiquitin®®~-GFP degradation were signifi-
cantly slower in UBQLN2 mutations (P497H and
P506T) when compared to the WT, suggesting the im-
pairment of the protein degradation pathway by
UBQLN2 mutations. Another group took advantage of
the endogenous Myc as a proteasome efficiency reporter,

as it is quickly degraded by the proteasome when its
synthesis is blocked by cycloheximide [6]. In HeLa cells
expressing mutant UBQLN2 (P497H, P497S, P506T,
P509S or P525S) and treated with cycloheximide, a delay
in the degradation of Myc was observed as compared to
untransfected cells. However, when a chymotrypsin-like
test was used to measure efficiency of the proteasome,
no dysfunction of the proteasome was detected, which is
contradictory with the previous study. Other studies
suggested that mutant IVm-UBQLN2 could impede the
UPS by reducing the delivery of ubiquitinated proteins
to the proteasome [6, 44]. Indeed, ALS-linked mutation
in UBQLN2 led to accumulation of ubiquitinated high-
molecular-weight complexes (HMW(GCs). Deletion of the
UBL domain of mutant UBQLN2 sequestered ubiquiti-
nated substrates from both the UPS and autophagy
(mATGY9 and ATGI16L1), resulting in an enhanced
HMW(Cs accumulation [44]. Those results suggest that
mutant UBQLN2 potentially interferes with the degrad-
ation of the polyubiquitinated substrates. Likewise, dele-
tion of UBQLN2 UBL domain impaired the clearance of
unfolded nascent polypeptide chains while UBQLN2
levels remained unaffected [24]. Recently, our group
highlighted that overexpression of mutant UBQLN2P*7H
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in Neuro2A cells sequestered lys**- bound ubiquitin and
resulted in a reduction in the efficiency of the proteasome
[50]. This also supports the evidences that mutant
UBQLN?2 is actively impairing the UPS pathway.

Another study reported, with a knocked-in
hUBQLN2P%T mouse, that UBQLN2 works with the
HSP70 system for proteasomal degradation of insoluble
ubiquitylated protein aggregates [24]. Under non-stressed
conditions nor mutations, UBQLN?2 is inactive in homo-
or heterodimers. In presence of HSP70 clients, UBQLN2
binds itself to HSP70 and associated ubiquitinated aggre-
gated/misfolded proteins. HSP70-HSP110-dependent dis-
aggregase activities can pull aggregated proteins apart,
allowing UBQLNZ2 to form a HSP70-client-UBQLN2-pro-
teasome degradation complex. UBQLN2 can then act as a
proteasomal shuttle by connecting ubiquitylated proteins
to the proteasome for degradation, leading to the prote-
olysis of the client. However, mutant UBQLN2 no longer
recognized client-bound HSP70 and remained in its in-
active phase, leading to accumulation of misfolded/aggre-
gated proteins [24]. Defect in HSP70 binding was later
confirmed in ALS patients’ lymphoblasts with P494L,
P497H or P506A mutations in UBQLN2 [60]. They also
confirmed the role of UBQLN2 as a shuttle factor for
HSP70-bound substrates which was previously shown
[24]. Thus, activation of UBQLN2 in order to bind to
HSP70 seems to represent an important step to accom-
plish its normal degradation function.

Lastly, optineurin (OPTN) is a ubiquitin-binding
multifunctional adaptor protein and is mainly implicated
in the autophagy processes. It has also been proposed to
be an important factor implicated in regulation of in-
flammation [38]. UBQLN2 and OPTN can be localized
to the same cellular compartment, the Rabll-positive
endosomal vesicles [45]. This observation led to propose
that these proteins are involved in the same pathological
processes in motor neurons diseases. Indeed, OPTN+/
UBQLN2+ vesicles showed features of recycling endo-
somes and were positives for the key autophagy-
regulating molecules p62, LC3, mAPGIL1, ATG16, and
the autophagy initiator ULK1, suggesting that these vesi-
cles are involved in protein homeostasis [45]. Thus,
OPTN and UBQLN2 are implicated in protein homeo-
stasis of the endosomal system via autophagy. Disrupting
the function of these vesicles may contribute to develop-
ment of ALS.

Direct interaction with TDP-43 promoting aggregation

It has been reported that cytoplasmic inclusions of mutant
C-terminal TDP-43 colocalized with either WT or mutant
UBQLN?2 in co-transfected Neuro2a cells [12]. UBQLN2
directly interacts with the C-terminal fragments of TDP-
43 [4]. Moreover, results from our laboratory suggested
that the overexpression of either htUBQLN2Y" or mutated
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hUBQLN2*"" in Neuro2A cells can promote the forma-
tion of TDP-43 cytoplasmic inclusions [49]. Yet, the mu-
tated form of UBQLN2 induced a stronger cytoplasmic
mis-localization of TDP-43 as compared to the WT form.
Those results were consistent with other studies that re-
ported the high affinity of TDP-43 and UBQLN?2 to form
inclusions in the cytosol [4, 12, 16, 27, 34]. The formation
of these inclusions has also been reported to be dose
dependent. Cells with low expression of WT or mutant
UBQLN2 did not exhibit cytoplasmic inclusions of
UBQLN?2 in TDP-43 aggregates [12, 49].

Strategies to increase ubiquitination have been pro-
posed to boost UPS function [8]. In this regard, our
group hypothesised that mutated UBQLN2 may seques-
ter ubiquitin proteins, thereby reducing the degradation
of mutated TDP-43 by the UPS and exacerbating the
formation of cytoplasmic aggregates [50]. The co-
expression, in Neuro2A cells, of hUBQLNZP4r97H and
hTDP-43%3%€ vectors led to the accumulation of cyto-
plasmic TDP-43. However, ubiquitin overexpression re-
duced the cytoplasmic aggregation of TDP-43 [50]. A
chymotrypsin-like assay was completed to measure the
proteasome efficacy in hUBQLN2P*”" and hTDP-
4393%8C transfected cells. This assay revealed a signifi-
cant reduction in proteasome efficacy in all transfected
cells as compared to control cells. The presence of up-
regulated ubiquitin levels corrected the proteasome dys-
function in cells transfected with hUBQLN2"*"" and in
cells co-transfected with both hUBQLN2P*"H and
hTDP-43%3C, These results suggested that the prote-
asome impairment caused by hUBQLN2P*"™ yp-
regulation may participate to cytoplasmic TDP-43
accumulation. In summary, UBQLN2 overexpression or
mutation exacerbated TDP-43 pathology in vitro (Fig. 3).
A reduction of UBQLN2 expression or an up-regulation
of ubiquitin may constitute potential therapeutic avenues
for ALS pathology.

UBQLN2 in neuroinflammation

The implication of UBQLN2 in inflammation has
emerged in the last two to 3 years. The overexpression
of hUBQLN2Y¥T and hUBQLN2"*"" in Neuro2A cells
was found to increase the phosphorylation of p38 MAPK
and the nuclear levels of the phosphorylated form of the
Nuclear Factor kappa-B (NF-«B), a potent inflammatory
mediator [49]. However, it remains unclear if the activa-
tion of NF-«B is directly caused by the accumulation of
UBQLN2 or comes from the UBQLN2-drived mislocali-
zation of TDP-43 or other mechanisms [58]. Neverthe-
less, the down-regulation of UBQLN2 with siRNA
reversed the increased NF-kB activation. NF-xB is a
transcription factor involved in inflammation and prob-
ably has a noxious role in ALS and other neurological
diseases. Indeed, the RNA levels of NF-«B as well as the
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Fig. 3 The integrative model for WT and mutant UBQLN2 pathology in ALS. WT UBQLNZ2 is prone to form oligomers with itself and associates
with ubiquitinated substrates, chaperones and other molecules. WT UBQLN2 oligomers can assemble into membraneless organelles and form
liquid-liquid phase separation droplets. The mechanism is UBQLN2 levels-dependant. Ubiquitin-binding can prevent this self-assembly and
oligomerization of UBQLN2 and an increase of ubiquitin can remove the UBQLN2 LLPS formation. LLPS formations as well as oligomers of
UBQLN2 can also become stress granules (SGs). The persistence of SGs can become aggregates or can lead to defect in RNA processing, leading
to motor neurons death. Mutant UBQLN2 forms amyloid-like fibrillar aggregates, even in the absence of ubiquitin and chaperones. UBQLN2
mutation increase its insolubility and ubiquitin-binding. A reduced HSP70 binding and autophagy degradation can lead to the formation of
aggregates. Aggregation is suspected to be driven by the UBA domain, while the UBL domain seems to inhibit aggregations. UBQLN2WT:
Ubiquilin-2 wild-type; UBQLN2 Mut: Ubiquilin-2 mutants; LLPS: Liquid-liquid phase separation; FUS: Fused in sarcoma RNA-binding protein; TDP-
43: TAR DNA-binding protein-encoding TDP-43; hnRNPAs: Heterogeneous nuclear ribonucleoprotein A
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levels of TDP-43 were abnormally up-regulated in the
spinal cord of ALS patients [58]. TDP-43 was found to
interact with p65 NF-kB in spinal cord of ALS but not
in control. NF-«B inhibition by withaferin A treatment
attenuated disease phenotype in mice expressing mutant
TDP-43 and it increased survival in mutant SOD1 mice
[14, 15, 48, 58]. Mice harboring UBQLN2"**7",TDP-
439348C mutations also exhibited increased levels of NE-
kB in spinal cord as compared to TDP-43%3%5C mice
[50]. The double transgenic mice also expressed higher
levels of pro-inflammatory cytokines CCL1, CCL5 and
CXCL1 and higher stages of activated microglia in the
spinal cord as compared to single TDP-43 transgenic
mice. Noteworthy, the UBQLN2*”" transgene was
only expressed in neurons. The increased inflammation

pistes thérapeutiques dans la sclérose latérale amyotrophique sporadique EX88S)

markers could suggest that microglia were hyperacti-
vated in reaction to UBQLN2/TDP-43 neuronal path-
ology. These results also suggested that UBQLN2
pathology may favorize neuroinflammation and the re-
duction of UBQLN2 cytoplasmic accumulation may be a
potential treatment approach to reduce glial cells activa-
tion observed in ALS.

Stress granules

Stress granules (SGs) are cytoplasmic inclusions of pro-
teins and maintenance mRNAs with the aim of promot-
ing stress response proteins translation in stressful
situations, such as oxidative stress, osmotic stress, infec-
tion, ER stress and inhibition of the proteasome [3].
Under stress conditions, rather than engaging with the
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protein degradation system via its UBA and UBL domains,
UBQLN2 associates with SGs components through its
STI1-like region. UBQLN2 influences the early processes
of molecular complex dynamics in phase separation that
drives SGs formation. A group recently suggested that
UBQLN2 modulates the state of the components to be re-
cruited to SGs rather than regulating the levels of core
SGs components [2]. One of the main components identi-
fied as UBQLN2-interacting SGs were heterogeneous nu-
clear ribonucleoproteins A (hnRNPAs) [2, 19]. UBQLN2
has been shown to colocalize with SGs in vitro under dif-
ferent cellular stressor. Indeed, UBQLN2 undergoes
liquid-liquid phase separation (LLPS) which correlates
with UBQLN? ability to form stress-induced puncta inside
cells [9]. LLPS consist of phase-separation of proteins
composed of low-complexity or prion-like domains into
membrane-less and spherical compartments. Persistent
stress, mutations and aging are suspected to induce
liquid-solid phase separation (LSPS) and might become ir-
reversible aggregation, such as amyloid-like aggregates
[52, 57]. Also, UBQLN2 puncta formation and stress gran-
ules (SGs) colocalization are highly sensitive to levels of
UBQLN?2 expression.

Stress granules contain various proteins, including
fALS related proteins, TDP-43, FUS, hnRNPA1 and 2. A
disturbance in stress granules homeostasis can lead to
disruption of RNA processing [37] (Fig. 3). It has been
recently reported that overexpression of mutated
UBQLN2 (P497H and P506T) in HeLa cells directly im-
paired the binding of UBQLN2 to FUS which resulted in
a loss of the ability of UBQLN2 to regulate FUS-RNA
complexes and SGs formation [2]. Mutations in FUS and
hnRNPA1 have been reported to increase their propen-
sity to accumulate in SGs, disrupting SGs primary func-
tion to act as a stress response modulator [30, 36, 47].
Other studies reported that UBQLN2 upregulation can
cause a cellular stress leading to MAPK activation,
which have been recently shown to have a critical role in
TDP-43 accumulation in stress granules following a
chronic stress [40, 49].

Ubiquitin is also a common component of SGs [12, 33].
The specific binding between ubiquitin and UBQNL2
could prevent the self-assembly and oligomerization of
UBQLN2 [9]. Spectrophotometric assays of ubiquitin and
UBQLN?2 at different molar ratios, revealed that LLPS for-
mation decreased with the enhancement of ubiquitin.
Those results might provide an insight by which UBQLN2
could traffic ubiquitinated substrates from SGs to the pro-
teasome (Fig. 3) [9]. Another group reported that the
UBA domain of UBQLN2 drove amyloid-like aggregation
of UBQLN?2 in vitro and without the help of ubiquitin or
chaperones [56]. The UBA domain responsible for binding
ubiquitinated substrates was also implicated in the promo-
tion of aggregation because of the propensity of UBQLN2
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to self-assemble and then aggregate. That process was
modulated by ubiquitin binding to UBQLN2. Indeed, the
behavior of the ubiquitin-binding-deficient form
UBQLN2""A in neurons could prevent UBQLN2 self-
assembly and could inhibit LLPS of UBQLN2 [56]. Also,
expression of UBQLN2""** induced a 50% increase in
neuronal death compared to WT. Collectively, those re-
sults suggest that the UBA domain promotes self-
assembly of the protein leading to an increase in UBQLN2
aggregation with toxic consequences for neurons.

The LLPS capacity of a protein is based on its multiva-
lent interactions in “sticker” regions which are separated
by “spacers” [22]. Recently, a group exposed that ALS-
linked mutations, depending of amino acid and sequence
position, differently affect the implication of UBQLN2 in
LLPS [10]. PXX domain mutations favorize UBQLN2
oligomerization and LLPS formation, creating reversible
aggregates which can be cleared by binding to ubiquitin.
Mutations to hydrophobic amino acid (P497L, P506A,
T487I) increased the interaction between stickers and in-
creased oligomerization of UBQLN2. Inversely, mutations
to hydrophile residues (A488T, P500S, P506S, P509S,
P525S) have small impact on oligomerization [10]. In-
creasing the hydrophobicity within “stickers”, but not
“spacers”, favorized the oligomerization tendency of
UBQLN?2 [67]. The sequence position also greatly impacts
UBQLN?2 capacity for oligomerization. Oligomerization
was high with mutation in 497 position and appeared to
be little with mutation 500, 509 or 525 positions [10].

ALS animal models of Ubiquilin-2

Animal models are essential to study in vivo pathological
mechanisms as well as to test experimental therapeutic
avenues, and numerous animal models were generated
for ALS research (recently reviewed in [51]). Several
models expressing UBQLN2 mutations have been re-
ported in the past years (Table 2). The first transgenic
mouse model was expressing hUBQLN2**”" under the
control of the hUBQLN2 promoter [21]. The animals
developed cognitive deficits, a dendritic spinopathy as
well as UBQLN2 inclusions in the hippocampus. How-
ever, no TDP-43 pathology nor loss of motor neurons
were reported in this study. This may be explained by
the low level of transgene expression. Indeed, in this
model, the levels of hUBQLN2"**"" was comparable to
the levels of endogenous UBQLN2Y™. Another group
used a transgenic hUBQLN2**"" rat model with TRE-
doxycycline system [65]. Their model displayed cognitive
deficits associated with UBQLN2 aggregates in hippo-
campus and evidence of neuronal death in cortex at the
age of 130days. Using knocked-in technique,
hUBQLN2">T mice were generated and showed cogni-
tive impairment but no motor deficits [24]. The
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Table 2 UBQLN2 animal models
Species  Mutations Age at onset  Motor neuron loss ~ Cognitive  Neuropathological particularities Ref.
(days) deficits
Mice PA497H 30 N Y Dendritic spinopathy. Hippocampal NCI [21]
(no TDP-43 but with proteasome component,
VCP and OPTN)
Rats KO 130 N Y Hippocampal and cortical neuronal loss, [65]
P497H UBQLN2/P62 NCI (no TDP-43),
KO rats exhibit no phenotype
Mice WT 90 N Y UBQLN2 AAV expression, [5]
P497H hippocampal and cortical NCI (with UBQLN2,
P497S P506T TDP-43, p62, ubiquitin and OPTN), motor
phenotype
Mice WT 90 Y Y Hippocampal and MN NCI (with UBQLN2, TDP-43 [34]
P497S P506T and Ubiquitin),
motor phenotype, muscle atrophy, NMJ loss,
axonal degeneration, gliosis
some MN loss and axonal degeneration in WT
Mice mP520T (KI) 270 N Y Hippocampal, cortical and brainstem NCI (with [24]
UBQLN2 and p62)
no motor phenotype
Rats WT 40 N Y Similar phenotype in WT and P497H [25]
P497H hippocampal and cortical neuronal loss,
NCI (UBQLN2, p62, ubiquitin and RPT1),
no motor phenotype
DM WT 28 Y N NMJ loss in P497H, [31]
P497H P525S 7 eye degeneration in mutant,
P4x 14 NCI (UBQLNZ2, ubiquitin and p62)
0 motor phenotype
Rats P497H 90 Y N Muscle atrophy, axonal degeneration, NMJ loss, [71
MN NCI (UBQLN2, p62, p-TDP-43), motor phenotype
no phenotype when expressed in astrocytes
DM KO 3 N N NCI (UBQLN2, TDP-43 and ubiquitin) [27]
motor phenotype
Mice UB™97H/TDP-439345C 150 Y Y Hippocampal and MN NCI (UBQLN2, TDP-43, (50]

pTDP-43, ubiquitin and p62), muscle atrophy,
axonal degeneration, gliosis, motor phenotype

WT wild-type, Y yes, N no, n/a not applicable, HTT huntington disease protein, NCI neuronal cytoplasmic inclusions, MN motor neurons, NMJ neuromuscular

junction, KI knock-in, DM Drosophila melanogaster

knocked-in approach resulted in low levels of UBQLN2,
which may explain the results.

Transgenic mice bearing Thyl.2-driven hUBQLN
or hUBQLN2"*T mutations exhibited motor neurons
loss and cognitive impairments [34]. The levels of mutated
UBQLN?2 expression in those mice were 70-80% of the
endogenous mouse UBQLN2 but the phenotypes were
not consistent within all the animal cohorts. Indeed, only
10% of the transgenic hUBQLN2"*”® mice and 40% of
hUBQLN2"%T mice developed hindlimb paralysis. Inter-
estingly, TDP-43 mislocalization could be noted in neu-
rons. Transgenic mice overexpressing hUBQLN2YT also
showed loss of upper motor neurons as well as hippocam-
pal neurons. Nevertheless, the effects were less important
than those observed in the mutant transgenic mice.
Knockout models were also generated, but phenotypes
were highly divergent between species (Table 2). While
knockout rats did not exhibit any phenotype [65],
UBQLN2 knockout in Drosophila melanogaster (DM)

21’4975

created a severe motor phenotype with TDP-43/Ubiqui-
tin/UBQLN?2 aggregation [27]. The cause for this discrep-
ancy is unknown, but could potentially be explained by
the fact that DM carry only one human UBQLN?2 ortholo-
gue (dUbqn), as compared to rats and human, which pos-
sesses four members of the UBQLN family [35].
Consequently, other members of the UBQLN family could
possibly compensate for UBQLN2 functions in rats.
Lastly, our team generated the first double transgenic
mouse model harboring both hUBQLN2"*"" and
hTDP-43%3*€ mutations using a NFH promoter with
low levels of expression [50]. The simple transgenic mice
hUBQLN2"*7animal models are summarized in Table 2.

Conclusion and future directions

Collectively, these multiple reports suggest that UBQLN2
is acting on various ALS pathological mechanisms and is
not only causing an UPS dysfunction as previously recog-
nized. It is now documented that UBQLN2 is acting on
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stress granules formation, on TDP-43 mislocalization into
cytoplasmic inclusions, on cellular clearance pathways and
neuroinflammation. Thus far, the pathological role of mu-
tated UBQLN2 is more defined, but many questions re-
main on the exact role of the WT UBQLN2 in sporadic
cases of ALS. Nevertheless, the tight control in the levels
of UBQLN?2 appears to be a primary factor for its role in
the clearance pathway and stress granules formation. A
small disturbance in its levels could promote
oligomerization and trigger dysfunction in LLPS forma-
tion, inducing aggregates formation and causing toxicity
in neurons. To our knowledge, the levels of UBQLN2 in
tissues from sporadic ALS cases without UBQLN2 muta-
tion have never been evaluated nor neuropathological
studied and this question should be addressed. Indeed, the
WT UBQLN?2 form also appears to have a toxic role when
overexpressed [12, 49]. It would be of interest to study the
relationship between levels of UBQLN2 and the prote-
asome dysfunction in sporadic ALS. The down regulation
of UBQLN2 using antisense oligonucleotide (ASO) or
other gene therapy approaches could be a potential strat-
egy for cases with genetic UBQLN2 mutations. This could
have an impact on the efficacy of the proteasomal and au-
tophagy clearance pathways to reduce toxic protein accu-
mulation in motor neurons. While, UBQLN2 may provide
a promising target for the development of new therapeu-
tics, more work is needed to analyze the potential impact
of reducing UBQLN?2 levels with therapies in familial and
sporadic diseases.
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Abstract

Neuronal intermediate filaments (NIFs) are the most abundant cytoskeletal element in
mature neurons. They are composed of different protein subunits encoded by separate
genes such as neurofilament light chain (NFL), neurofilament medium chain (NFM),
neurofilament heavy chain (NFH), a-internexin and peripherin. NIFs are dynamic
structures playing important functions in cell architecture and differentiation,
interactions between proteins or subcellular organelles, and in axonal calibre determi-
nation and myelination. Consequently, their presence modulates electrophysiological
properties of axons. NIFs have long been assigned a role in the pathogenesis of
amyotrophic lateral sclerosis (ALS). Indeed, accumulation and abnormal phosphoryla-
tion of NIF subunits in motor neuron are one of the major pathological features in both
sporadic and familial forms of the disease. Moreover, mutations in the NFH and
peripherin genes and elevated cerebrospinal fluid NIF levels reported in ALS cases,
associated with studies in transgenic mice, provided the evidence that primary defects
in NIFs could be causative for motor neuron disease. However, the processes leading
to the NIF abnormalities and the links to the pathogenesis of ALS remain unclear,
leaving a challenging open field for further investigations in this highly disabilitating
disease. Here, we review the main characteristics of these NIFs and their involvement
in the pathomechanisms of ALS.

Keywords: Intermediate filaments, Neurofilaments, cytoskeleton, amyotrophic lateral
sclerosis, tubulin, microtubules, axonal transport
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1. Neuronal intermediate filaments

1.1. Characteristics

Intermediate filaments (IFs) are components of the cytoskeleton, together with microtubules
(MTs) and microfilaments. IFs are defined by their diameter when examined by transmission
electronic microscopy (10 nm), which is intermediate between microtubules (15 nm) and
microfilaments (6 nm). They also differ from these two structures by the various sizes and
primary organisationof their constitutive proteins, theirnon-polararchitectureand theirrelative
insolubility. Intermediate filaments form a large family of proteins; they are classified into five
types according to their gene organisation, size, structure and cell-type expression (Table 1).
IFs expressed in neurons of the central and peripheral nervous systems are called neuronal
intermediate filaments (NIFs) and include nestin, synemin, vimentin, a-internexin, peripher-
in and neurofilaments (NFs) that are composed of three subunits, neurofilament light chain
(NFL), neurofilament medium chain (NFM) and neurofilament heavy chain (NFH) (for low-,
medium-, and high-molecular-weight NFs) [1-5].

Neurons express differentially IF proteins depending on their developing stage and their
localisation in the nervous system. While nestin, synemin and vimentin are mainly expressed
during the neuronal development, NFs, peripherin and a-internexin are the main intermediate
filament subunits in mature neurons from the central and peripheral nervous system [6]. In
this chapter, we focus on those three subtypes of NIFs.

Type Name Cell/tissue

I Acid keratins Epithelia

I Basic keratins Epithelia

1II Desmin Muscle
GFAP Astroglia
Peripherin PNS neurons
Vimentin Mesenchyme

v Neurofilaments (NFL, NFM, NFH) PNS and CNS neurons
a-Internexin CNS neurons
Nestin CNS stem cells

v Nuclear lamins Nucleus

IFs found in mature neurons are NFL, NEM, NFH, peripherin and a-internexin. Abbreviations: GFAP, glial fibrillary
acidic protein; CNS, central nervous system; PNS, peripheral nervous system [7].

Table 1. Classification of intermediate filaments.

1.2. Expression and post-translational modifications

Genes coding for NFL and NFM (NEFL and NEFM) are closely linked on chromosome 8 (8p21),
while NFH gene (NEFH) is located on chromosome 22 (22q12.2) [8-10]. Peripherin is encoded
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by PRPH located on chromosome 12 (q12—-q13) [11], and a-internexin is encoded by INA located
on chromosome 10 (10q24.33) [3]. As for other IFs, NFs, peripherin and a-internexin share a
common tripartite structure, with non-helical amino- and carboxy-terminal regions (head and
tail domains) flanking a 46-nm-long central a-helical rod domain composed of approximately
310 highly conserved amino acids [9, 10, 12] (Figure 1). These segments are joined by short
non-helical linker sequences, aligning the individual IF subunits prior to filament assembly.
While peripherin and NFL have a short-tail domain, those of NFM and NFH are longer and
contain numerous KSP (Lys-Ser-Pro) repeats that can be phosphorylated on serine (S) residues.
These sites are frequently modified by phosphorylation, glycosylation, nitration, oxidation
and ubiquitination, which can impact NIF interactions and dynamics [6].

Head domain Rod domain Tail domain
Peripherin N (el IO MG D) ) ©
) Non helical domain
Head domain Rod domain Tail domain [ Helical domain
adinternexin - N ([ TG TR EEN SN ) @B Giutamicacid /Lysin rich
- KSP motifs
Head domain Rod domain Tail domain
NFL o~ ([ i e W N I c
Head domain Rod domain Tail domain
NPM N N EE R NN  )c
Head domain Rod domain Tail domain

NFH N[ N e e e I S

Figure 1. Schematic representation of adult neuronal IF subunits. All NIF subunits share a highly conserved central
helical domain of 310 amino acid residues involved in the formation of coiled-coil structures. Flanking this central rod
domain are the amino- and the carboxy-terminal domains conferring functional specificity to the different types of NIF
proteins. The NFM and NFH carboxy-terminal regions contain Lys-Ser-Pro (KSP) repeats, which can be phosphorylat-
ed. Abbreviations: NF, neurofilament; NFL, NF-light; NFM, NF-medium; NFH, NF-heavy; C, carboxy-terminal; N,
amino-terminal.

Multiple aspects of IF biology are regulated by their post-translational modifications. The
phosphorylation state of NIF proteins depends on a dynamic balance between the activities of
kinases and phosphatases. Phosphorylation of the head domain by secondary-messenger-
dependent protein kinase A (PKA) and protein kinase C (PKC) prevents NIF subunits
assembly or leads to the disassembly of pre-existing filaments [13, 14]. Phosphorylation of the
KSP motifs on NFM and NFH tail domains by cyclin-kinase Cdk5 and microtubule-associated
protein (MAP) kinase promotes the formation of cross-bridges with MTs and slows NF axonal
transport [15, 16]. Phosphorylation of the head and tail domains is closely related; indeed,
phosphorylation of NFM head domain by PKA reduces the phosphorylation of tail domain
by MAP kinases [17]. This mechanism could be a way to protect neurons from abnormal
accumulation of phosphorylated NIFs in perikarya. NIF dephosphorylation is mainly cata-
lysed by phosphatase 2A; dephosphorylation of the head domain is necessary to allow NIF
polymerization and transport into the axon, while dephosphorylation of the tail domain
facilitates their interaction with other cytoskeletal proteins and their degradation [18, 19].
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NIFs are also post-translationally modified by glycosylation and nitration. Glycosylation
resides on attachment of O-linked N-acetyl glucosamine (O-GIcNAc) to S and threonine (T)
residues; the precise function of glycosylation is still unknown, but several clues suggest a role
in the NIF assembly [20]. NIF nitration is catalysed by superoxide dismutase 1 (SOD1) on
tyrosine residues; the nitration of NIFs changes hydrophobic residues into negatively charged
hydrophilic residues, thereby disrupting their assembly and stability.

1.3. Transport, assembly and degradation

Following their synthesis in the cell body, NIF proteins are assembled into filamentous
structures and transported into the axons. They are transported bidirectionally in the axon
along microtubules using kinesin (anterograde) or dynein (retrograde) motor proteins [21,
22]. Studies analysing the transport of green-fluorescent protein (GFP)-tagged NIF subunits
have shown that NIFs are transported intermittently in axons, their movements being
interrupted by prolonged pauses. Only a small fraction of NIFs moves at any given time and
direction, and approximately 97% of NIFs spent their time pausing [23-25]. The direction of
NIF transport is modulated by their phosphorylation status, since phosphorylation promotes
their release from kinesin and increases their affinity for dynein [22, 26].

a

— ) NFL, Peripherin or a-internexin ~ Smm—)
NFMorNFH co————

b

\/
10nm

Figure 2. Schematic model of IF assembly in mature neurons. Two NIF subunits (NFL and either NFH or NFM) form
head-to-tail coiled-coil dimers (a), anti-parallel half-staggered tetramers (b), protofilaments (c) and 10-nm NF (d). C-
terminal domains of NFM and NFH form lateral projections and participate in the stabilisation of the filament network
[33].

NIF subunits can assemble into filaments as soon as they are expressed in neurons, depending
on their post-translational modifications. Subunits can also disassemble and reassemble
during their transport. NIF assembly does not require nucleotide binding or hydrolysis. The
first step of the filament formation is the dimerisation of an NFL subunit with either an NFM
or an NFH subunit, via the association of their rod domains to form parallel side-to-side coiled-
coil dimers. Two coiled-coil dimers line up in a half-staggered manner, forming an anti-parallel
tetramer. Tetramers combine to form protofilaments, which finally assemble to constitute the
final 10-nm filament [27, 28] (Figure 2). The C-terminal domains of NFM and NFH form lateral
projections extending from the filament core [29]. Those projections participate to the stabili-
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sation of the filament network and interact with other filament structures and subcellular
organelles. Peripherin and a-internexin can co-assemble with NFL, NFM and NFH to form
NIFs in mature neurons, respectively, in the peripheral and in the central nervous system [30-
32]. Thus, NIFs are heteropolymers composed of different subunits, with a ratio changing
during neuronal development and activity. This stoichiometry is particularly important and
can lead to severe NF disorganisation when unbalanced.

In normal neurons, non-phosphorylated NIFs are found primarily in the soma and proximal
axons, while phosphorylated NIFs are located more distal in axons and in terminals [34]. Inside
the axon, NIFs are organised into a three-dimensional array interconnected with the other
components of the cytoskeleton by several cross-bridges. NIFs, microtubules and actin
filaments are interlinked by proteins of the plakin family including, among others, plectin,
bullous pemphigoid antigen-1 protein (BPAG1), actin cross-linking factor 7 (ACF7), desmo-
plakin, envoplakin and periplakin [35-38]. Lateral projections of NFH and NFM tails also
fasten adjacent structures (Figure 3).

cefeaREeeBoe  Microfilament R — Plakine

Figure 3. Schematic representation of the cytoskeleton organisation in axons. The components of the axoplasm are or-
ganised into a three-dimensional array interconnected by NFM and NFH tails and plakin-family proteins [39].

Following their synthesis, assembly and disassembly, NIFs are slowly transported towards
the nerve terminal where they are degraded by specific calcium-activated proteases, such as
calpain I, and neutral proteases. NIFs are also degraded by non-specific proteases like
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cathepsin D, trypsin and a-chymotrypsin. As mentioned above, post-translational modifica-
tions regulate NIF degradation: for example, phosphorylation protects NIFs from proteolysis,
while ubiquitination facilitates their degradation [40, 41].

1.4. Roles

As members of the cytoskeletal system, NIFs work together with microtubules and microfila-
ments to enhance structural integrity and cell shape [42]. In the last decades, it has become
increasingly apparent that IFs, instead of being inert, are in fact highly dynamic structures [43]
relaying signals from the plasma membrane to the nucleus [44], orchestrating the position and
function of cellular organelles [45] and regulating protein synthesis [46]. These interactions are
principally mediated through NIF-associated proteins that can modulate NIF structure and
function. Linker proteins such as Fodrin, Hamartin or MAP2 are responsible for NIF interac-
tions with filaments and organelles [29, 47, 48], whereas enzymes (principally kinases and
phosphatases) modulate their architecture, assembly and spacing.

Another major role recognised for NIFs is to modulate the calibre of axons, with a direct
repercussion on the axonal conduction velocity, myelin thickness and inter-nodal length.
Indeed, NIF density is correlated with axonal calibre in sciatic nerve fibres of rats and mice [49].
Moreover, the axonal radial growth during axonal development or regeneration coincides with
the entry of NFs into axons [50]. In the same way, triple heterozygous knockout mice (NFL+,
NFM= and NFH=), with a reduction of NF content but with a normal structure and stoichi-
ometry of the NIF network, exhibit a 50% decrease of the axonal diameter in L5 ventral root
[51]. Finally, the disruption of the NFM gene expression or the deletion of its carboxy-terminal
domain in mice reduces the inter-filament spacing and axonal calibre, illustrating the prepon-
derantrole of NFM in determining axonal diameter [52, 53]. The phosphorylation state of NFM
and NFH carboxy-terminal domains might be linked to axon calibre control by regulating NF
transport and inter-filament spacing, but the exact mechanisms remain unknown.

Thus, NIFs have a central role in cell architecture, dynamics of the organelles, axon structure
and calibre. Therefore, defects in their metabolism could lead to neurodegenerative processes.

2. Implication in amyotrophic lateral sclerosis

2.1. Clinical features

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease characterised
by the loss of motor neurons of the spinal cord, brain stem and motor cortex. Common clinical
symptoms of the disease are progressive paralysis, muscle atrophy and death within 2-5 years
usually from respiratory failure [54]. Although most cases are sporadic (sALS), approximately
10% of ALS patients have a positive family history (fALS). To date, there is no curative
treatment of the disease.

Primary evidence for a contribution of NIFs in ALS pathogenesis came from neuropathological
observations. Most of all, ALS is characterised by the loss and degeneration of upper motor
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neurons in the motor cortex (Betz cells), and lower motor neurons in the brainstem (cranial
motor nuclei) and spinal cord (anterior horn) [55]. One of the hallmarks of both sporadic and
familial ALS is the presence of inclusion bodies in the perikarya of degenerating motor
neurons, described as Lewy body-like inclusions (LBLIs), Skein-like inclusions (SLIs) or
hyaline conglomerate inclusions (HClIs). Other typical images observed in the disease are
motor neurons with swollen argyrophilic perikarya, and large swellings of the proximal part
of the axons called spheroids. In immunocytochemical studies, these abnormalities have been
shown to contain several proteins, such as ubiquitin or stable tubule-only polypeptide (STOP)
[56], but they are particularly reactive for neurofilament subunits [57, 58] and peripherin [59,
60] (Figure 4). Interestingly, NIF inclusions in the cell body and the proximal axon are
hyperphosphorylated, while as mentioned above in normal neurons NIFs are dephosphory-
lated in those sites and only phosphorylated in more distal part of the axon.

Figure 4. Neuropathological features in ALS. Immunohistochemistry for neurofilaments subunit (phosphorylated
form): diffuse labelling in neuronal swelling perikarya (a) and axonal spheroids (b) in ventral horn of cervical spine.
Scale bars, 20 um.

Evidence for the involvement of NIFs in the pathogenesis of ALS has been reinforced in the
last 20 years by the discovery of NIF gene mutations linked to the disease. Indeed, codon
deletions and insertions in PRPH and NEFH genes have been identified in several sporadic
ALS patients [61-64]. Although these mutations are not considered as a cause of familial ALS,
they could be a risk factor for sporadic ALS occurrence.

Other evidences came from several studies showing that cerebrospinal fluid NIF levels are
significantly higher in ALS patients than in patients with other neurodegenerative diseases,
especially for those with rapidly progressive disease [65, 66]. Although their contributions to
ALS pathogenesis remain unclear, all these clinical and neuropathological features suggest
that NIFs represent a component of the pathological mechanisms of the disease.

2.2. Animal model contributions

On the basis of these findings, several animal models have been developed, including mice
knockout for NIF genes, and mice expressing mouse, human and modified NIF subunits. While
deletions of NIF genes have limited phenotype and thus are not extensively used to study ALS
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pathogenesis, the axonal calibre reduction seen in knockout mice for NFL, NFM and NFH
genes demonstrated that neurofilaments play an important role in the radial growth of axons
(Table 2). Interestingly, transgenic mice overexpressing either NFL, NFM, NFH, human NFH,
peripherin or a mutated NFL show clinical and/or neuropathological alterations similar to
those found in ALS (Table 3). Finally, in order to investigate NF dynamics, NFH-LacZ and
NFH-GFP mice have been generated; while NFs are retained in cell bodies and deficient in
axons in NFH-LacZ mice, the fluorescent fusion protein is normally transported along axons
in NFH-GFP mice, suggesting that (3-galactosidase reporter alters the fusion protein dynamics
whereas GFP does not [67, 68]. All these animal models are therefore very useful to study the
processes underlying NIF accumulation and their role in motor neuron death.

Mice Motor dysfunction Axonal calibre reduction References
NFL -/- No >50% [69]
NFM -/- No >50% [70]
NFH -/- No 10% [71]
a-Internexin -/- No No [72]
Peripherin -/- No No [73]

Table 2. Knockout mice for NIF genes.

Mice Motor dysfunction NF inclusions References
Mouse NFL Yes Spinal motor neurons and DRG [74]
Mouse NFM No Spinal motor neurons and DRG [75]
Mouse NFH No Spinal motor neurons and DRG [76]
Human NFL No Thalamus and cortex [77]
Human NFM No Cortex and forebrain [78]
Human NFH Yes Spinal motor neurons and DRG [79]
Mutated NFL (tail) Yes Spinal motor neurons and DRG [80]
a-Internexin No Purkinje cells [81]
Peripherin Yes Spinal motor neurons [82]

Table 3. Mice overexpressing neuronal IF genes or expressing mutated neuronal IF proteins.

2.3. Pathophysiological hypotheses

Accumulation of neurofilaments in motor neurons undeniably participates in the pathogenesis
of ALS, breaking perikarya and axonal structures, disrupting organelles dynamics and
interactions, and affecting axonal transport. However, it is still difficult to determine whether
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NIF aggregations are the cause or consequence of the disease. For example, the motor neuron
loss caused by SOD1G85R mutation is still present despite the absence of NFL in transgenic
mice [83, 84], but the animal's lifespan is prolonged by approximately 15%, suggesting an
increased neuron toxicity when NFs are present in SOD1-mediated disease.

The mechanisms governing the formation of IF aggregates in ALS remain unclear because
multiple factors can potentially induce the accumulation of NIFs. Firstly, these accumulations
could result from perturbations of NIF transport through their abnormal phosphorylation,
leading to accumulation in cell bodies and in proximal axons. Glutamate excitotoxicity could
be involved in this process by activating mitogen-activated protein kinases and protein kinase
N1 [85, 86]. Direct disruption of the transport motors themselves could also result in NIF
accumulation, as it has been demonstrated in transgenic mice harbouring mutations or
modified expression in kinesin and dynein genes [87]. Finally, one of the emerging hypotheses
is that the aggregation of NIFs in ALS could result from their altered stoichiometry. Indeed,
overexpression of NFL, NFM or NFH in mice provokes NF aggregations and morphological
alterations similar to those found in ALS [74-76]. Remarkably, the motor neuron disease
caused by excess of human NFH in transgenic mice can be rescued by a correct stoichiometry
with the co-expression of human NFL transgene in a dosage-dependent fashion [88]. In a
similar way, the onset of peripherin-mediated disease in transgenic mice overexpressing PRPH
is accelerated by the deficiency of NEFL [82], peripherin interacting with NFM and NFH to
form disorganised NIF structures. Another interesting point supporting this hypothesis is that
NFL mRNA level is 70% decreased in degenerating motor neurons from ALS patients [89].
This could be due to reduced transcript stability, with a possible involvement of mutated SOD1
and TAR DNA-binding protein (TDP-43) that can bind and destabilise NFL mRNA [90, 91].

2.4. The paradox concerning perikaryal versus axonal aggregation of NIF, and the protective
effect of perycarial NFH accumulation

Transgenic mice carrying mutant SOD1 transgenes develop neuronal, clinical and pathological
features similar to those observed in ALS [92]. Surprisingly, the removal of axonal NIF by
crossing the SOD1 transgenic mice with the NFH-LacZ transgenic mice does not affect the
pathogenesis induced by SOD1 suggesting that axonal neurofilament aggregation is not the
cause of ALS [93]. On the other side, overexpression of mouse NFL and NFH in SOD1G93A
mice and overexpression of human NFH in SOD1G37R mice increase their lifespan by,
respectively, 15 and 65%, associated with an increase of perycarial NF inclusions and a decrease
of axonal spheroids (Table 4). Taken together, these last results suggest a protective effect of
perikaryal accumulation of NFH proteins in motor neuron disease caused by mutant SOD1.
Several hypotheses have been proposed to explain this protective effect. One possibility is that
NF proteins may act as calcium chelators thanks to their multiple calcium-binding sites [94].
It also cannot be excluded that the accumulation of NFs could interfere with glutamate
receptors and prevent glutamate excitotoxicity [95]. Finally, NF inclusions may act as a
phosphorylation sink for cyclin-dependent kinase 5 or for toxic oxygen radical species induced
by mutant SOD1, thereby reducing damage to other essential cellular components [96].
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Mice Lifespan Perycarial NF inclusions References
SODGS85R - NFL -/- Increased by 15% No change [84]
SODG93A — NFL overexpression Increased by 15%  Increased [97]
SODG93A - NFH overexpression Increased by 15% Increased [97]
SODG37R — human NFH overexpression Increased by 65% Increased [98]

Table 4. Effects of NF changes in SOD1-mediated disease.

3. Future directions

Implications of NIF abnormalities in the pathogenesis of ALS remain unclear. Despite
extensive studies over the past 20 years, it is still unknown how these abnormalities occur and
what are their exact contributions to the disease pathogenesis. Understanding how they are
formed remains an important objective in the study of both sporadic and familial forms of the
disease. Perhaps, the analysis of future generation of mouse models with new familial ALS
mutations or conditional control of abnormal NIF proteins will help to address this issue.
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Abstract

Introduction: Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease affecting central and
peripheral motor neurons. One of the main challenges of this pathology is that there is no diagnostic and
prognostic marker for the disease. The purpose of this study is to investigate collagen production of cultured
fibroblasts from patients with sporadic ALS in order to identify a potential biomarker for the disease. Methods:
Fibroblasts from 4 ALS patients (1 fast, 1 slow, 2 classic forms) and 4 control subjects were used. Collagen
production was quantified using a collagen staining kit with Sirius Red/Fast Green. Structural analysis of
collagen was performed by fluorescence microscopy using Sirius Red fluorescence. Similar experiments
were conducted on spinal cord samples from an ALS patient and a control subject. Results: A significant
increase of collagen production in ALS patients’ fibroblasts was observed. Similarly, an increase in the
amount of collagen was found in the spinal cord of ALS patients. However, no structural difference or
localization of collagen was observed between the two groups. Conclusion: The increase of collagen
production in ALS patients’ fibroblasts may constitute a potential diagnostic and prognostic marker for the
disease. These results must be confirmed in a larger patient population and by other collagen quantification
techniques.

Mots clés : Sclérose Latérale Amyotrophique, Collagéne, Fibroblastes

une paralysie d’aggravation progressive. En
moyenne le décés survient 24 & 36 mois aprés le
diagnostic, et 70% des déces sont causés par une
insuffisance respiratoire restrictive sévere [l

Introduction

La Sclérose Latérale Amyotrophique (SLA),

également connue sous le nom de maladie de
Charcot en raison du neurologue frangais I'ayant
décrit pour la premiere fois en 1865, est une
maladie neurodégénérative affectant les neurones
moteurs du cortex cérébral (centraux) et de la
moelle épiniére (périphériques). Avec une
incidence de 2,5 cas pour 100 000 individus, la SLA
survient généralement aux alentours de 60 ans,
plus souvent chez 'homme que la femme (1,5/1) 1",
Prés de 7000 personnes sont atteintes par la
maladie en France, et 2500 nouveaux cas sont
diagnostiqués chaque année. Dans 90% des cas la
maladie se déclare chez des individus isolés pour
des raisons inconnues, elle est alors dite
sporadique (sSLA). Plus rarement, les patients sont
atteints de la forme héréditaire, dite familiale
(fSLA), causée par la transmission de mutations
portant sur des génes de mieux en mieux connus.
Cliniqguement la dégénérescence des neurones
moteurs responsables du mouvement se traduit par

Toutefois la rapidité d’évolution de la pathologie est
treés hétérogéne entre les patients (de quelques
mois a plusieurs dizaines d’années), et ne peut étre
prédite au moment du diagnostic ®. Aucun
traitement curatif de la maladie n'est disponible
pour les patients atteints de SLA. Le seul traitement
ayant obtenu une autorisation de mise sur le
marché est le Riluzole ¥, dont l'efficacité reste
modeste.

L'absence de traitement et les difficultés a faire
emerger des pistes thérapeutiques peuvent
s'expliquer par deux faits ®l. D’une part, les
mécanismes expliquant la dégénérescence des
motoneurones restent incertains. Si deux acteurs
semblent se détacher - les inclusions
cytoplasmiques de la protéine TDP-43 au sein des
neurones et les anomalies de la matrice
extracellulaire, en particulier du collagéne - la
physiopathologie de la SLA demeure mal comprise
malgré limportance des travaux scientifiques
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réalisés a ce sujet. D'autre part, il n'existe pas de
marqueur diagnostique et pronostic fiable de la
maladie. En effet, c’est la réunion d’arguments
cliniques, paracliniques et évolutifs qui permettent
de retenir le diagnostic Pl Les essais
thérapeutiques conduits pour tester l'efficacité de
traitements candidats sont donc difficiles & mettre
en place et a interpréter compte tenu de
I'hétérogeénéite clinique des patients inclus dans
ces études. L'identification de biomarqueurs fiable
et spécifique de la maladie constitue donc un
élément central dans la recherche sur la SLA, tant
pour avancer dans la compréhension de la
physiopathologie de la maladie que pour mieux
diagnostiquer et caractériser la maladie en pratique
cliniqgue et homogénéiser les groupes de patients
dans les essais.

Ces derniéres années, [identification de
biomarqueurs a partir de prélévements cutanés est
devenu un champ important dans la recherche en
neurosciences. En effet, les cellules de peau et les
cellules neuronales dérivent toutes deux du
neuroectoderme. Cette origine embryologique
commune a suggéré l'idée que les atteintes
neuronales observées dans les maladies
neurodégénératives pourraient étre retrouvées au
niveau des cellules la peau des patients (facilement
accessible aux prélévements), en particulier au
sein des fibroblastes. Dans le domaine de la SLA,
des études ont démontrées que la peau des
patients présente des anomalies de TDP-43, et
notamment une augmentation de I'expression de
cette derniére €. Une augmentation de la densité
des fibrilles de collagene a également été retrouvée
dans des biopsies de peau de patient touchés par
la maladie . Plus récemment, une équipe de
recherche a réussi a mettre au point un modéle de
peau reconstituée et cultivée en 3D dérivé de
cellules cutanées de patients atteints de SLA 1. Ce
modéle d’étude in vitro reproduit les anomalies
caractéristiques de la maladie décrites
précédemment. Cependant la mise en place de ce
model requiert des techniques de culture
complexes et onéreuses. Des travaux ont donc été
réalisés sur des cultures primaires de fibroblastes
en monocouche afin de voir si ces anomalies
pouvaient étre retrouvées. Cette étude n’a pas
permis d’identifier la présence d’agrégats
protéiques de TDP-43 dans les fibroblastes de
patients atteints de SLA [l Malgré un nombre
important de paramétres analysés dans cette
étude, le collagéne au sein des fibroblastes n’a pas
été étudié.

Ce travail vise donc a étudier le collagéne de
fibroblastes en culture monocouche issus de
patients atteints de SLA et de sujets controles, afin
d’identifier un potentiel biomarqueur de la maladie.

Matériel et méthode

Sujets

Les fibroblastes issus de 4 patients atteints de SLA
(deux formes classiques, une forme rapide et une
forme lente) et de 4 sujets contréles ont été utilisés.
Les fibroblastes ont été obtenus par Punch (biopsie
cutanée simple) au niveau de l'avant-bras des
sujets sous anesthésie locale, puis congelés et
conservés au Centre de Ressources Biologiques
(CRB) du CHU d'Angers. Les échantillons utilisés
pour cette étude ont été prélevés en 2017 au CHU
d’Angers dans le cadre de [l'étude FibrALS
(ClinicalTrials NCT02969759, CPP 2016/36, ANSM
2016-102600243). En parallele, des prélevements
de moelle épiniére cervicale d’'un patient atteint de
SLA et d'un sujet contréle provenant de la banque
du laboratoire de Neuropathologie du CHU
d'’Angers ont été utilisés pour des analyses
tissulaires. Les caractéristiques cliniques des
sujets sont reportées dans le tableau 1.

Culture cellulaire

Les cultures ont été réalisées dans un laboratoire
de culture cellulaire de niveau L2. Apres
décongeélation, les fibroblastes ont étés cultivés en
flasques T25 dans du milieu de culture DMEM F-12
avec du SVF décomplémenté, de l'uridine et du
pyruvate, et incubées a 37°C + 5% CO.. Le
passage des cellules a été réalisé tous les 2-3 jours
et les flasques ont été remplacées tous les 3
passages. Afin de s’affranchir des artéfacts liés a la
sénescence, toutes les expériences ont étés
effectuées a passage inférieur a 20. Toutes les
expérimentations ont été réalisées plusieurs fois
(n>3) afin de s’assurer de la reproductibilité et de la
constance des résultats.

Etude de la cinétique de croissance
cellulaire

La cinétique de croissance des cellules a été
étudiée a l'aide du systéeme IncuCyte (ZOOM
Essen Biosciences, Ann Arbor, MI). Aprés
ensemencement dans une plaque 24 puits, les
cellules ont été placées dans un incubateur équipé
d’'un portique de microscope connecté a un disque
dur externe en réseau. Cet automate a permis
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Tableau 1 Caractéristiques cliniques des patients et des témoins. Abréviations : ALSFRS = Amyotrophic Lateral Sclerosis
Functional Rating Scale : Ce score noté sur 48 est utilisé pour évaluer la gravité de I'atteinte motrice des patients atteints de SLA en

prenant en compte plusieurs paramétres cliniques.

Age a Sexe | Duréedela Evolution
Pinclusion maladie clinique
(mois)

SLA 1 54 F 6 Rapide
SLA 2 65 M 18 Classique
SLA3 62 B 24 Classique
SLA 4 66 M 144 Lente
Ctrl 1 52 M - -
Ctrl 2 72 F - -
Ctrl 3 69 M - -
Ctrl 4 46 F - -

d’'acquérir a l'aide d'un objectif 10X, 4 images a
contraste de phase par puits toutes les 2 heures
pendant 100 heures. Puis a l'aide du logiciel de
lautomate, un masque a été réalisé afin de
mesurer le pourcentage de confluence cellulaire
sur chaque photo prise par I'lncuCyte.

Analyse quantitative du collagéne

Le kit de coloration du collagéne au Sirius Red/Fast
Green permet de déterminer le ratio
Collagene/Protéines (Co/P) d'un échantillon. En
effet, le Sirius Red se lie spécifiguement aux
structures hélicoidales du collagéne fibrillaire,
indépendamment des différents types de
collagéne. Le Fast Green en revanche se lie a
toutes les protéines qui ne sont pas du collagéne.
Le Sirius Red et Fast Green ont des longueurs
d'ondes d’absorption différentes, 540 nm et 605 nm

respectivement, mesurables a [laide dun
spectrophotométre.
Pour l'étude du collagéne sécrété par les

fibroblastes, aprés ensemencement dans une
plaque 24 puits, les cellules ont été fixées au Khale
Fixative (eau distillée, éthanol 96%, formaldéhyde
37%, acide acétique glacial) pendant 10 minutes a
température ambiante, puis rincées au PBS 1X.
Les fibroblastes ont ensuite été colorés a 'aide du
Kit de coloration du collagéne Sirius Red/ Fast
Green (Chondrex, Washington, USA).

pistes thérapeutiques dans la sclérose latérale amyotrophique sporadique EX88S)

Antécédents Traitements  Exposition Score
médicaux aux ALSFRS
toxiques
Non Non Non 31/48
Non Non Non 43/48
Non Riluzole Non 40/48
Anti-
dépresseurs
Traumatisme Riluzole Non 38/48
créanien bénin, Bacloféne
embolisme
pulmonaire
Syndrome Anti- Non =
Anxio- dépresseurs
Dépressif
Hypertension Anti- Non -
artérielle hypertenseurs
= = Non =
- - Non -

Pour I'étude des coupes de moelle épiniére, des
coupes d’environ 20 micrométres d’épaisseur ont
été réalisées a laide d'un microtome a lame
vibrante Leica VT1000S (Wetzlar, Germany). Les
coupes de moelle épiniére ainsi obtenues ont été
conservées dans du PBS 1X. Puis, les coupes ont
été colorées en free floating a I'aide du kit de
coloration du collagéne Sirius Red/Fast Green.

Les absorbances a 540 et 605 nm des suspensions
de colorant élué récoltées ont été mesurées a I'aide
d'un spectrophotométre  CLARIOstar, BMG
LABTECH (Ortenberg, Germany), et le ratio Co/P a
été calculé a partir des densités optiques (DO)
obtenues a I'aide des équations suivantes :

Calcul de la quantité de collagéne produit :

Collageéne (ng/section)

_ D0540 nm (DO605 nm X 0291)
0,0378

Calcul de la quantité de protéines produites :

DO&US nm

Protéines autres (ug/section) = 0.00204

Rapport Collagéne/Autres protéines :

Quantité de collagéne

Rapport Co/P =
PP / Quantité de protéines autres

CODRON Philippe | Marqueurs pathologiques et
214



Analyse structurelle du collagéne par
microscopie

Le Sirius Red est également détectable en
microscopie a fluorescence dans les longueurs
d’onde rouges. Cette propriété a été utilisée pour
létude structurelle du collagéne. Ainsi, les
fibroblastes ont étés cultivés dans une plague 12
puits contenant une lamelle de microscopie dans le
fond de chaque puit. Ces fibroblastes ont étés fixés
au Khale fixative comme décris précédemment puis
colorés au Sirius Red/Fast Green et au DAPI. Le
DAPI colore le noyau des cellules et fluoresce en
bleu. Les lamelles se trouvant dans le fond des
puits, recouvertes par les fibroblastes, ont ensuite
étés montées sur des lames de microscopies. De
la méme maniére, les coupes de moelle épiniére
ont été colorées au Sirius Red/Fast Green en free
floating. Une fois colorées, ces coupes ont été
montées sur des lames de microscopie.

La microscopie a fluorescence a été réalisée a
I'aide d'un microscope inversé NIKON ECLIPSE Ti-
E équipé d'un objectif CFI SR APO TIRF 100X
ON1.49 et du systeme Perfect Focus (Nikon
Instruments Europe, Amsterdam, Pays-Bas). La
microscopie photonique en champ clair a été
réalisée a I'aide d’'un microscope Zeiss Axioscop40
équipé d’une caméra Axio-cam MRCS5 et du logiciel
Axiovision (Carl Zeiss Imaging Solutions).

Analyses Statistiques

Les analyses statistiques ont été réalisées a
l'aide du logiciel Prism 5 (GraphPad Software,
California, USA). Le test non paramétrique de
Mann-Whitney a été utilisé pour comparer
deux échantillons indépendants de petite taille.
L'analyse de la variance ANOVA 1 voie a été
utilisée pour comparer les moyennes de plus de 2
groupes, d’échantillons indépendants a 1 facteur
d’influence. Le niveau de significativité a éte fixé a
priori & 5% (0,05).

Résultats

Validation de Ia méthode

Dans un premier temps, afin de mettre au point un
protocole de mesure optimal, l'influence de la
confluence des cellules sur la production de
collagene a été étudiée. Pour cela des fibroblastes
de sujets témoins ont été ensemencés dans une

plague 24 puits en quantité croissante de cellules
de fagon a créer une gamme de confluence
comprise entre 3x102 et 2,5x10° cellules/mL. Aprés
24 heures de culture, les cellules ont été fixées et
colorées a l'aide du kit Sirius Red/Fast Green. Les
absorbances a 540 et 605 nm ont été mesurées
(Figure 1A). Afin d'évaluer qualitativement la
confluence de chaque puit, en paralléle ces cellules
ont étés ensemencées aux mémes concentrations
dans une plaque 12 puits puis fixées a 24 heures et
colorées au DAPI, pour observation au microscope
(Figure 1C). Cette premiére expérience a permis
d’évaluer 'impact de la confluence cellulaire sur la
production de collagene, en s’affranchissant du
temps de culture. Au vu des résultats, la confluence
a un impact sur la production de collagéne avec un
pic de production a 80% de confluence, puis une
diminution de cette production pouvant étre en lien
avec une surpopulation cellulaire.

Suite a lI'obtention de ces premiers résultats, la
cinétique de production de collagéne en fonction du
temps de culture a été étudiée. Des fibroblastes
témoin ont été mis en culture a T=0h dans 4
plagues 12 puits. Puis la fixation et la coloration des
cellules au Sirius Red/ Fast Green a été réalisée a
T=24h, T=48h, T=72h, T=96h. Les absorbances a
540 et 605 nm des suspensions de colorant élué
ainsi récoltées ont été mesurées (Figure 1B). Cette
approche a permis de déterminer que la production
de collagéne augmentait avec le temps puis
diminuait aprés 72h, correspondant au seuil de
80% de confluence observé dans I'étude de la
production de collagéne en fonction de Ia
confluence.

Une gamme de confluence de cellules issues d’un
sujet témoin a été ensemencée dans une plaque 24
puits (entre 2x10* et 2x10° cellules par puit
contenant 1,5 mL de milieu). L'IncuCyte a permis
de déterminer que la quantité de suspension
cellulaire a inoculer dans les plaques de culture afin
d’avoir une croissance homogéne sur 96 heures
était comprise entre 2x10* et 4x10* cellules/mL
(Figure 1D).

La cinétique de croissance des fibroblastes de
témoins de patients SLA a déja été étudiée
précédemment et ne montrait pas de différence en
termes de croissance et de morphologie [l
Compte tenu des résultats obtenus, afin de
comparer la production de collagéne entre les
lignées, nous avons choisi d'ensemencer entre
2x10* et 4x10* cellules par puit et de les fixer et
colorer a 72h pour atteindre les conditions
optimales.
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Figure 1 Production de collagéne en fonction du temps de culture et de la confluence des fibroblastes. (A) Rapport de la
quantité de collagene sur la quantité de proteines autres (Co/P) en fonction de la confluence des fibroblastes témoins. (B) Rapport
Co/P en fonction du temps de culture des fibroblastes temoins. (C) Observation de la confluence des cellules en microscopie a
fluorescence : (1) 6.10%cellules/mL = 20% ; (2) 4.10"cellules/mL = 40% ; (3) 8.10* cellules/mL = 60% ; (4) 1.10° cellules/mL = 80% ;
(5) 6.10° cellules/mL = 90%. Barre d’échelle 50 um. (D) Confluence des cellules en fonction du temps de culture et en fonction de la

quantité de cellules ensemencées.

Analyse quantitative et structurelle du
collagéne dans les fibroblastes de patients
SLA

L’analyse du collagéne produit par les fibroblastes
aprées 72 heures de culture a révélé une
augmentation significative du rapport Co/P dans les
fibroblastes issus de patients atteints de SLA
(p<0,0001) (Figure 2A). Plus la forme de SLA était
lente, plus le rapport Co/P était augmenté
(p=0,0006) (Figure 2B). Afin de déterminer si une

atteinte structurale du collagéne existait dans les
fibroblastes de patients atteints de SLA, une
imagerie par microscopie a fluorescence a été
réalisée sur les fibroblastes fixés et colorés au
DAPI et au Sirius Red. L’analyse du collagéne dans
les fibroblastes ne montrait pas de différence
significative entre les sujets témoins (Figure 2C) et
les patients atteint de SLA (Figure 2D). Le
collagéne était réparti uniformément dans le
cytoplasme des fibroblastes, et n’a pas éte observe
dans le milieu extracellulaire.
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Figure 2 Analyse quantitative et structurelle du collagéne dans les fibroblastes de témoins et de patients SLA. (A) Rapport
Co/P dans les fibroblastes de patients SLA comparé aux fibroblastes de temoins (p<0,0001). (B) Rapport Co/P en fonction de la
forme de SLA (p=0,0006). Fibroblastes de sujet témoin (C) et de patients SLA (D) colorés au DAPI (bleu) et au Sirius Red (rouge)

observés en microscopie a fluorescence. Barre d’échelle 10 um.

Analyse quantitative et structurelle du
collagéne dans la moelle épiniéere de patients
SLA

Les coupes de moelle épiniére du patient SLA
(Figure 4A) et du témoin (Figure 4B) ont été
observées en microscopie photonique en champ
clair afin de s’assurer de la présence au sein des
coupes de substance blanche et de substance

grise (en particulier corne antérieure). L'analyse
guantitative du collagéne dans les coupes de
moelle épiniere démontrait une augmentation
significative (p=0,0175) du rapport Co/P chez le
patient atteint de SLA (Figure 4A). L’analyse
structurelle du collagéne en microscopie a
fluorescence n’a pas été possible compte tenu
de I'importance des artéfacts d’autofluorescence
(Figure 4D).
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Figure 3 Analyse quantitative et structurelle du collagéne dans des coupes de moelle épiniere de témoin et de patient atteint
de SLA. Coupe de moelle épiniére de patient atteint de SLA (A) et de sujet contréle (B), colorées au DAPI et au Sirius Red/Fast
Green observées au microscope photonique en champ clair, grossissement 5x. (C) Rapport Co/P dans des coupes de moelle épiniére
de témoin comparé a des coupes de patient atteint de SLA (p=0,0175). (D) Auto-fluorescence de la moelle épiniére du sujet contréle
observée en microscopie a fluorescence (1) DAPI, (2) RFP, (3) GFP. (Images similaires obtenues avec la moelle du patient SLA).

Barres d’échelle 500 um (A, B) et 10 um (D).

Discussion

Cette étude démontre une augmentation de la
production de collagéne dans des fibroblastes en
culture issus de patients atteints de SLA, en accord
avec ce qui a été retrouvé au niveau du systéme
nerveux central (SNC). De plus, cette augmentation
de collagéne semblait étre corrélée a la forme de la
maladie, avec une augmentation proportionnelle a
la durée de cette pathologie.

A notre connaissance, cette étude est la premiére
portant sur lanalyse du collagéne dans les
fibroblastes en culture issus de patients atteints de

SLA. Méme si peu d’études sont réalisées sur le
collagéne dans la SLA, nos résultats sont en accord
avec lI'augmentation de la densité des fibrilles de
collagéne dans le derme des patients SLA
observée par Ono et al . De plus, les auteurs de
cet article avaient également observé une
augmentation de la densité des fibrilles en lien avec
la durée de Ila maladie. En revanche,
laugmentation de la quantité de collagéne
retrouvée dans les prélévements de moelle
épiniere de patients SLA est en contraction avec
une autre étude menée par la méme équipe, et qui
démontre une diminution de la quantité de
collagéne dans la moelle épiniére de patients SLA
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0, Gependant la méthode utilisée pour la
guantification du collagéne dans cette étude est
différente de celle que nous avons utilisés.

L’augmentation du collagéne observée dans les
fibroblastes de patients SLA peut amener a
avancer deux hypothéses. La premiére étant que
cette augmentation de la production de collagéne
est un mécanisme de défense a la fois au niveau
du SNC contre la neurodégénérescence, mais
également au niveau de la peau contre la perte
motrice. Ces résultats peuvent également nous
permettent de penser que laugmentation de
collagéne est un mécanisme pathologique central
de la SLA, actif au niveau du SNC et dont on
observerait le reflet au niveau de la peau compte
tenu de leur proximité embryologique.

Afin d’obtenir des résultats les plus fiables possible,
notre travail a d’abord consisté & mettre au point
une technique de mesure dans le but d’obtenir un
protocole optimal. Nous avons utilisé des lignées
cellulaires  dérivant de patients recrutés
prospectivement selon des criteres d'inclusion
strictes. Toutefois, cette étude n'a été menée que
sur 4 patients atteints de SLA et 4 sujets contrles
ce qui en constitue la principale limite, il est donc
indispensable d’augmenter I'effectif de patients afin
de pouvoir tirer des conclusions fiables. Il serait
également important de diversifier les techniques
d'étude du collagéne, telles que le Western Blot et

limmunofluorescence pour étudier
quantitativement et structurellement les différents
types de collagene (I, ll, VI) dans les fibroblastes.

De méme, I'étude du métabolisme du collagéne par
les métalloprotéinases pourrait fournir des
informations supplémentaires.

Si la diversification des techniques de quantification
du collagéne dans les fibroblastes d’'un grand
effectif de patients atteints de SLA confirme nos
premiers résultats, le collagéne dans les
fibroblastes pourrait alors devenir un potentiel
marqueur diagnostique et pronostic de la
pathologie. De plus, ceci permettrait également de
confirmer [I'utilisation de cultures primaires en
monocouches de fibroblastes issus de patients
comme modéle in vitro de la pathologie, moins
couteux et contraignant que le modéle de culture
en 3D développé par Paré et al ®. Enfin, ceci
permettra de placer le collagéne en tant que nouvel
acteur dans la physiopathologie de la SLA,
permettant  d'ouvrir de nouvelles pistes
thérapeutiques.
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IMPLICATION TECHNIQUE PERSONNELLE

CHAPITRE 1 : COMPREHENSION DES MECANISMES PHYSIOPATHOLOGIQUES.

Etude du cerveau humain a I’échelle nanoscopique par microscopie super-résolutive

- Conception du schéma expérimental, rédaction du projet, des demandes d’autorisation et des
appels d’offre pour financement (investigateur principal).

- Contact avec les équipes de recherches pour partenariat.

- Sélection des patients (échantillons) sur dossier médical et neuropathologique.

- Lecture de lames archivées. Microscope : Zeiss Axioscop40 (Carl Zeiss). Logiciel d’acquisition :
AxioVisio 4.6 software (Carl Zeiss).

- Récupération des échantillons au centre de ressource biologique et coupe au cryostat Leica
CM3050 S (Leica Biosystems).

- Immunomarquage conventionnel ou en free floating des coupes, montage pour analyse.

- Paramétrage du microscope et acquisitions en imagerie conventionnelle ou super-résolutive
STORM. Microscope : NIKON ECLIPSE Ti-E (Nikon Instruments). Logiciel d’acquisition : Metamorph
(Molecular Devices).

- Traitement d’images (reconstruction 3D et STORM, Z projection, overlay, mesures). Logiciels :
Metamorph (Molecular Devices, CA, USA), WaveTracer (Roper Scientific), Imaris 8.0 software
(Bitplane).

- Méthodologie et analyse statistique. Logiciel : PRISM version 5.0 (GraphPad).

- Communications orales et affichées des résultats lors de réunions et de congrées nationaux.

- Rédaction du manuscrit (article scientifique en Anglais) et composition des figures. Logiciel de

montage : lllustrator (Adobe).

CODRON Philippe | Marqueurs pathologiques et
pistes thérapeutiques dans la sclérose latérale amyotrophique sporadique 221



CHAPITRE 2 : MODELES ET BIOMARQUEURS.
Etude de l'ultrastructure et du métabolisme de fibroblastes issues de patients atteints de Sclérose

Latérale Amyotrophique sporadique

- Conception du schéma expérimental, rédaction du projet, des demandes d’autorisation et des
appels d’offre pour financement (investigateur principal).

- Contact avec les équipes de recherches pour partenariat.

- Etude des dossiers médicaux des patients sélectionnés par les médecins du centre SLA (Dr
Cassereau, Dr Pautot, Dr Vieillard).

- Entretien avec patient et entourage pour inclusion dans I'étude, examen clinique et signature du
consentement. Tenue du dossier de I'étude.

- Biopsie cutanée par punch aprés anesthésie locale.

- Culture cellulaire (L2) de fibroblastes obtenus, traitement, induction de stress.

- Etude de la croissance cellulaire par systéme IncuCyte (Essen Biosciences).

- Analyses biochimiques par Western Blot et Oxygraphie.

- Traitement par sondes (live imaging) ou immunomarquage (cellules fixées) et montage pour
analyse en imagerie. Paramétrage du microscope et acquisitions en imagerie épifluorescence 3D,
vidéomicroscopie (live imaging) et microscopie super-résolutive STORM. Microscope : NIKON
ECLIPSE Ti-E (Nikon Instruments). Logiciel d’acquisition : Metamorph (Molecular Devices).

- Traitement d’images (reconstruction 3D et STORM, Z projection, overlay, mesures). Logiciels :
Metamorph (Molecular Devices), WaveTracer (Roper Scientific), Imaris 8.0 software (Bitplane).

- Direction du travail de recherche d’une étudiante en Master 1 parcours Neurobiologie Cellulaire
et Moléculaire, Université d’Angers.

- Méthodologie et analyse statistique. Logiciel : PRISM version 5.0 (GraphPad).

- Communications orales et affichées des résultats lors de réunions et de congrés nationaux.

- Rédaction du manuscrit (article scientifique en Anglais) et composition des figures. Logiciel de
montage : lllustrator (Adobe). Soumission au journal Amyotrophic Lateral Sclerosis and

Frontotemporal Degeneration.
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CHAPITRE 3 : PISTES THERAPEUTIQUES.
Injection intrathécale d’une immunoglobuline monoclonale dirigée contre le domaine RRM1 de

la protéine TDP-43

- Demande de mobilité aupres du Pr Jean-Pierre Julien pour effectuer un travail de recherche au
sein du centre CERVO.

- Participation a la conception du schéma expérimental.

- Culture cellulaire (L1) des lignées HEK293 et Neuro2A.

- Traitements, induction de stress et transfection des lignées.

- Suivi des souris : identification, pesée, performances motrices (Rotarod, Grid test, Wire hanging
test, pole test) et cognitives (novel object recognition test, Step-through passive avoidance test).

- Sacrifice des souris aprés injection létale IP, perfusion, et prélevement des tissus.

- Préparation des tissus congelés pour analyses biochimiques.

- Préparation des tissus fixés et coupe par microtome SM2000 R (Leica) pour analyses en
immunofluorescence.

- Analyses biochimiques (culots cellulaires et échantillons SNC) par Western Blot.

- Immunomarquage conventionnel ou en free floating (culots cellulaires et échantillons SNC),
montage pour analyse.

- Paramétrage des microscopes et acquisitions en imagerie conventionnelle par épifluorescence.
Microscopes : DM5000 B (Leica Microsystems) et Axio Imager Z1 (Carl Zeiss). Logiciel d’acquisition :
Leica Application Suite (Leica Microsystems) et AxioVision (Carl Zeiss).

- Traitement d’images (Z projection, overlay, mesures). Logiciel : Imagel.

- Méthodologie et analyse statistique. Logiciel : PRISM version 6.0 (GraphPad).

- Communications orales et affichées des résultats lors de réunions et congres de nationaux et
internationaux.

- Rédaction du manuscrit (article scientifique en Anglais) et composition des figures. Logiciel de

montage : lllustrator (Adobe).

CODRON Philippe | Marqueurs pathologiques et
pistes thérapeutiques dans la sclérose latérale amyotrophique sporadique 223



ABREVIATION

AAV : adeno associated virus.

AB : Amyloid-p.

ac.pb65 : acetylated-p65.

AD : Alzheimer’s disease.

ADN : acide désoxyribonucléique.

ADNmt : ADN mitochondrial.

AF : Alexa Fluor.

ALS : amyotrophic lateral sclerosis.

ALSFRS : amyotrophic lateral sclerosis functional rating scale.
AMOF: acute multiple organ failure.

AMP : atrophie musculaire progressive.

ANG : angiogénine.

ANOVA : analysis of variance.

AO : adaptive optics.

APOE : Apolipoproteine E.

ARN : acide ribonucléique.

ARNmM : ARN messager.

ARNnNc : ARN non codant.

ATP : adénosine triphosphate.

BBB : blood-brain barrier.

BH : brain hemorrhage.

BHE : barriere hémato-encéphalique.

BSA : bovine serum albumin.

CIHR : Canadian institutes of health research.
CLB : cortical Lewy body.

CNRS : centre national de la recherche scientifique.
CTF : fragments d’extrémité C-terminale.
DER : dépense énergétique de repos.

DLB : dementia with Lewy bodies.
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DMEM : Dulbecco’s modified eagle medium.

STORM : stochastic optical reconstruction microscopy.
DTT : dithiothreitol.

ECAS : Edinburgh cognitive and behavioural ALS screen.
EMCCD : Electron Multiplying Charge Coupled Device.
ES : effet secondaire.

FcR : fragment Fc.

FCS : fetal calf serum.

FI : filaments intermédiaires.

fSLA : sclérose latérale amyotrophique familiale.

FTLD : frontotemporal lobar degeneration.

GRD : Glycin Rich Domain.

GST : glutathione S-transferase.

HEK293 : human embryonic kidney cells.

ICV : intra cérébroventriculaire.

IgG : immunoglobuline G.

IN : intranasal.

INSERM : institut national de la santé et de la recherche médicale.

IP : intrapéritonéal.

iPSC : cellules souches pluripotentes induites.
IT : intrathécal.

IV : intraveineux.

LB : Lewy body.

LCS : liquide cérébro-spinal.

LN : Lewy neurite.

IncARN : long ARN non codant.

LV : Lentivirus.

MAPK : mitogen-activated protein kinase.
MBP : Myelin Basic Protein.

MEF : fibroblastes embryonnaires murins.
MET : microscopie électronique a transmission.

mMiARN : micro-ARN.
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mlgG2A : immunoglobuline G2A murine.
MMPs : Métalloprotéases matricielle.
NES : nuclear export sequence.
Neuro2A : mouse neuroblastoma cells.
NF : neurofilament.

NFH : neurofilament heavy chain.

NFkB : nuclear factor kappa-light-chain-enhancer of activated B cells.

NFL : neurofilament light chain.
NFM : neurofilament medium chain.
NFT : neurofibrillary tangle.

NLS : nuclear localization sequence.

Nrf2 : nuclear factor erythroid 2-related factor 2

PBS : phosphate buffered saline.

PD : Parkinson's disease

PFA : paraformaldehyde.

PRR : pattern-recognition receptor.

PSF : point spread function.

pTau : hyperphosphorylated tau protein
RBP : RNA-binding-protein.

ROS : especes réactives de I'oxygene.
RRM : RNA recognition motifs.

RT : room temperature.

scFv : fragment monocaténaire recombinant.

SD : standard deviation.

SELFI : self-interference.

SG : granules de stress.

SLA : sclérose latérale amyotrophique.
SLP : sclérose latérale primitive.

SMN : survie des motoneurones.

SNC : systéme nerveux central.

SSLA : sclérose latérale amyotrophique sporadique.

TDP-43 : Transactive Response DNA-binding protein-43.
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TEM : Transmission Electron Microscopy.
TGF-B : transforming growth factor-pB.

TIRF : total internal reflection fluorescence.
TLB : typical Lewy body.

UMR : unité mixte de recherche.

VCP : valosin containing protein.

VEGF : vascular endothelial growth factor.
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Marqueurs Pathologiques et Pistes Thérapeutiques dans la Sclérose Latérale Amyotrophique Sporadique
Mots clés : SLA, TDP-43, Dynamique mitochondriale, Cytosquelette, Microscopie STORM, Fibroblastes, Immunothérapie.

Résumé : La sclérose latérale amyotrophique (SLA) sporadique est une pathologie neurodégénérative affectant les
motoneurones, responsable d’une paralysie diffuse d’aggravation rapidement progressive aboutissant au décés des patients
dans les 5 années suivant le diagnostic. |l n’existe a ce jour aucun traitement de la maladie. L’étude des lésions neuronales a
I'origine de la maladie, I'identification de biomarqueurs de la SLA, et la mise au point de nouvelles approches thérapeutiques
sont les domaines de recherche sur lesquels les efforts sont actuellement concentrés. Le premier objectif de ce travail de
thése a été d’optimiser I'analyse histologique des lésions neuronales observées chez les patients atteints de maladies
neurodégénératives grace a lutilisation des nouvelles techniques d’imagerie super-résolutive, qui permettent un
immunomarquage spécifique a I'échelle nanoscopique. Nos premiers résultats obtenus a partir de la banque de cerveaux du
département de Neuropathologie du CHU d’Angers ont permis de caractériser avec précision les agrégats protéiques observés
dans les processus de neurodégénérescence, ouvrant un nouveau champ pour I'exploration du tissu cérébral et médullaire
des patients atteints de SLA. Le second travail de cette thése a porté sur I'identification de biomarqueurs de la SLA a partir des
hypothéses physiopathologiques impliquant la protéine TDP-43, des déficits mitochondriaux et les anomalies du
cytosquelette. Grace a I'expertise de I'’équipe MitoLab (Angers), nous avons exploré 'ultrastructure cellulaire, le métabolisme
énergétique et protéique, I'architecture du réseau mitochondrial, et la réponse au stress d’une biocollection de fibroblastes
issue de patients atteints de SLA sporadique constituée prospectivement. Nos données ont permis d’objectiver une altération
de certaines voies métaboliques, ainsi qu’une augmentation de la synthése du collagéne. Ces résultats font de ces deux
parameétres de potentiels marqueurs diagnostique et pronostique de la maladie. La 3éme approche expérimentale de cette
thése a été menée au sein de I'équipe du Professeur J.-P. JULIEN (Institut CERVO Canada). Nous avons étudié I'adressage et
I'action d’anticorps ciblant les agrégats de protéine TDP-43 au niveau du systeme nerveux central. Nos résultats obtenus par
immunomarquages fluorescents et études histologiques ont montré I'efficacité de I'adressage du traitement ainsi qu’une
diminution des lésions chez des souris transgéniques porteuses de la mutation TDP-43%315T, Sur |a base de ces résultats, des
projets complémentaires ont été initiés dans la perspective de tester I'efficacité cette nouvelle approche chez ’lhomme.

Pathological markers and therapeutic prospects in Sporadic Amyotrophic Lateral Sclerosis
Keywords : ALS, TDP-43, Mitochondrial dynamics, Cytoskeleton, STORM imaging, Fibroblasts, Immunotherapy

Abstract : Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder affecting both upper and lower motor neurons.
The disease is responsible for a progressive paralysis leading to death within 5 years after the symptom onset, with no curative
treatment available so far. Studying pathophysiological processes, identifying new biomarkers of the disease, and developing
new therapeutic prospects are currently the three main fields of ALS research. In this work, we first aimed to develop a new
microscopy technique allowing super-resolutive imaging of the human brain, with the aim of studying tissue samples at the
nanoscale level with specific immunostaining. Our results on brain samples from the Neuropathology Department of the
University Hospital of Angers allowed us to characterize precisely the architecture of pathological protein aggregates observed
in neurodegenerative disorders. Extending this approach to brain and spinal cord samples from patients affected with ALS will
contribute to characterize the composition and organization of intra-neuronal lesions, and reveal underlying mechanisms
involved in the diseases. Concomitantly, we aimed to identify new ALS biomarkers on the basis of pathophysiological
mechanisms involved in the disease. Thanks to the expertise of the research unit MitolLab (Angers), we analyzed the
ultrastructural organization, mitochondrial metabolism, stress response and collagen synthesis of controls- and patients-
derived skin fibroblasts. Our results highlighted alterations of purine and pyrimidine metabolisms, and an increase of the
collagen synthesis in fibroblasts derived from ALS patients. These parameters could be used as markers for ALS diagnosis and
prognosis, and may turn out to be valuable tools in clinical practice and therapeutic research. Finally, joining the Canadian
research team of Pr Jean-Pierre JULIEN (CERVO Institute, Qc), we participated in the development of a new therapeutic
approach in ALS based on the use of monoclonal antibodies targeting pathological TDP-43 aggregates in neurons. The
treatment decreased TDP-43 proteinopathy in vitro in cultured neuronal cells, and in vivo in TDP-43*315T transgenic mice
models. On the basis of these results, a new research project has started with the aim of humanizing the antibodies to consider
immunotherapy for future therapeutic trials
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