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Introduction

1.1 Généralités sur les cancers

Le cancer est une maladie caractérisée par la transformation de cellules qui vont
proliférer de maniere exagérée et non controlée. Une masse anormale se développe, les
cellules envahissent le tissu sain, se détachent de la tumeur et passent par la circulation

sanguine pour former de nouvelles niches tumorales (métastases).

La présence de lésions similaires a celles des tumeurs malignes sur des os de
dinosaures suggere que le cancer existe depuis des millions d’années (1,2). C'est un
phénomene observé dans la plupart des organismes multicellulaires avec une susceptibilité
plus prononcée pour le régne animal (3). Actuellement, 'Homme présente des taux et des
types de cancer qui different grandement de ce qui est observé dans I'Ordre des primates (4).
Bien que ’'Homme puisse encore étre soumis a une pression de sélection pour s’adapter a son
environnement, le prolongement de son espérance de vie dépend grandement des outils et
des moyens qu’il a su développer pour survivre (5). Ainsi les cancers humains qui apparaissent
précocement pourraient étre liés aux processus évolutifs (mutations, prédispositions
génétiques) alors que ceux qui apparaissent plus tardivement pourraient étre sous I'influence

de I'’environnement et du mode de vie (4).

En France, les décés par cancer représentent la 1°® cause de mortalité chez ’lhomme
et la 2™ chez la femme. L'incidence normalisée selon I’Age de tous cancers confondus en
2020 est estimée a 341,9 cas par 100 000 habitants (6). Dans le monde, les cancers les plus
fréquemment recensés sont les cancers du sein (= 2,3 millions), du poumon (= 2,2 millions),

colorectal (= 1,9 millions) et de la prostate (= 1,4 millions) (6).
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1.2 Les tumeurs du systéme nerveux central et glioblastomes

1.2.1 Terminologie et épidémiologie

Selon I’Organisation Mondiale de la Santé, les tumeurs du systeme nerveux central
(SNC) représentent environ de 2% des cancers. Chez les enfants, elles sont la principale cause
de déces par tumeur solide et la deuxieme tumeur la plus fréquente, apres les leucémies (7).

L'incidence annuelle chez les adultes est de 21 cas pour 100 000 habitants.

Les tumeurs cérébrales constituent un groupe hétérogéne de maladies divisées en
trois grandes catégories selon le tissu ou le type cellulaire atteint. Les tumeurs des méninges
prennent naissance dans les enveloppes englobant le cerveau, a savoir la dure-mere,
I"arachnoide et la pie-meére. Les neurinomes se développent a partir des nerfs craniens et
spinaux. Enfin, les tumeurs neuro-épithéliales sont issues de la transformation des

constituants du SNC (neurones et cellules de de soutien) et sont les plus fréquentes.

Issus de cette derniere catégorie, les gliomes représentent plus du tiers de I'ensemble
des tumeurs cérébrales. lls sont divisés en deux sous-groupes qui distinguent les gliomes de
bas grade (grades 1 et 2), d’évolution lente et peu infiltratifs, des gliomes de haut grade ou
« malins » (grades 3 et 4) a caractere anaplasique, prolifératif et diffus. Tumeur la plus
fréquente des gliomes, le glioblastome (GBM) est également la plus agressive avec une
médiane de survie des patients d’environ de 15 mois aprés traitement (8—10). La survie tend
a diminuer avec I’'avancement de I’age des patients (11). Son incidence dans le monde varie
entre 2 et 4 cas par 100 000 habitants (10). En France, les principales sources de données
épidémiologiques pour les GBMs sont le Recensement national histologique des tumeurs
cérébrales et le registre des tumeurs cérébrales de la Gironde, ce dernier informant d’une

incidence locale de 5 cas par 100 000 habitants (12,13).

1.2.2 C(Classification des gliomes

La classification des tumeurs du SNC selon I’OMS évolue en paralléle de la progression
des nouvelles technologies en biologie moléculaire. En 2016, elle réutilisait les criteres
anatomopathologiques proposés en 2007, tout en introduisant des approches basées sur la

génétigue moléculaire des gliomes (14,15). La classification de 2016 permettait
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d’homogénéiser des entités tumorales en termes de pronostic et de réponse au traitement

(15). Concretement, le diagnostic histologique des gliomes diffus basé sur des critéres

morphologiques séparait astrocytomes, oligodendrogliomes et GBMs. Ensuite, le statut

mutationnel de certains génes était utilisé comme marqueur diagnostic et pronostic des

gliomes :

Les mutations des génes de l'isocitrate déshydrogénase 1 et 2 (IDH1 et IDH2)
apparaissent comme un facteur de meilleur pronostic (16). Ces génes codent pour
des enzymes qui catalysent la conversion réversible de I'isocitrate en a-
cetoglutarate (ou 2-oxoglutarate) (17). Les mutations entrainent un changement
de l'activité catalytique avec la production du 2-hydroxyglutarate (18) et
I’altération du métabolisme tumoral (19). Elles sont généralement observées dans
les gliomes de bas grades, évoquant I'apparition précoce de ces mutations lors du
développement des gliomes (20).

La perte du bras court du chromosome 1 et la perte du bras long du chromosome
19 (co-délétion 1p/19q) est une signature moléculaire des oligodendrogliomes
(21). Elle est de meilleur pronostic et rend la tumeur plus sensible a la
chimiothérapie (22).

La protéine p53, nommée « gardienne du génome », est impliquée dans une
grande partie des processus cellulaires, des interactions complexes entre les
différentes voies de signalisation mais également sur les différents états de phase
cellulaire (23). Elle est encodée par le géne TP53 et agit principalement comme un
gene suppresseur de tumeur. Une mutation de TP53 est caractéristique des
astrocytomes (24).

Le promoteur TERT (TElomerase Reverse Transcriptase) intervient dans I’activité
des télomérases et régule la sénescence réplicative. Une mutation du promoteur
TERT est fréquemment retrouvée dans les GBMs et est associée a un tres mauvais
pronostic vital (25).

Les mutations somatiques du gene codant pour la protéine chaperonne des
histones ATRX (alpha thalassémie liée a I’X avec retard mental) joue un réle

épigénétique dans la régulation des télomeéres (26). Elle est souvent concomitante
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avec des mutations de TP53 et du gene codant pour I’histone H3 dans les formes
pédiatriques (27).

- L’hyperméthylation du promoteur du géne MGMT (0®-méthylguanine-DNA
méthyltransférase) induit une perte d’expression de son enzyme qui répare les
brins d’ADN. Sa présence est une facteur prédictif de réponse a la chimiothérapie
alkylante, elle influence favorablement la survie des patients (28-30).

- Une amplification du gene du récepteur au facteur de croissance épidermique
(EGFR) situé sur le chromosome 7 est détecté dans presque 60% des GBMs (31).
Une surexpression de ce récepteur contribue a la tumorigenése, a la résistance et
a progression des GBMs (32). Il existe également des variants a ces récepteurs dont
le 11l (EGFRVIII) qui est retrouvé dans 10% des GBMs et est activé sans liaison avec

son ligand (33,34).

Lorsque les tests moléculaires s’avéraient non contributifs et que la tumeur ne pouvait étre
précisément catégorisée alors elle était classée dans la catégorie NOS (Not Other Specified).
Enfin, le grade histo-pronostique des gliomes était établit en fonction des parametres
précédents. Les gliomes de grade | et |l correspondent a des tumeurs bénignes ou a évolution
tres lente alors que ceux de grade lll et IV regroupent des tumeurs a croissance rapide avec

une forte infiltration du tissu sain.

Cependant, chaque classification présente ses limites (manque de reproductibilité,
variabilité diagnostic) reflétant principalement I’état de I’art du domaine a un moment donné
(35). La nouvelle classification des tumeurs cérébrales de 2021, prenant essence dans les
précédentes, propose des changements substantiels pour faire progresser le réle des
diagnostics moléculaires (36). Les gliomes sont classés dans la catégorie « Gliomes, tumeurs
glioneuronales et tumeurs neuronales » divisée en 6 familles (Tableau 1) : (1) les gliomes
diffus de type adulte, (2) les gliomes diffus de bas grade de type pédiatrique et (3) les gliomes
diffus de haut grade de type pédiatrique, (4) les gliomes astrocytaires circonscrits, (5) les
tumeurs glioneuronales et neuronales, et enfin (6) les épendymomes. Ainsi, les gliomes
pédiatriques sont séparés des gliomes des adultes car leurs différences moléculaires sont
importantes (37). La classification de 2016 comptait 15 entités de gliomes chez les adultes, ce
nombre est réduit a 3 types dans la nouvelle: (1) les astrocytomes IDHmue, (2) les

Oligodendrogliomes IDHmu¢ avec co-délétion 1p/19q et (3) les GBMs IDHyilg-type. Le statut
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mutationnel d’IDH permet d’isoler les GBMs des astrocytomes et oligodendrogliomes (Figure
1). Les GBMs secondaires issus de |’évolution progressive de gliomes de plus bas grade (38)
sont reclassés: ceux qui présentaient auparavant des mutations d’IDH deviennent des

astrocytomes de haut grade (36).

Les GBMs appartiennent aux tumeurs de grade 4. Il s’agit de tumeurs malignes a
croissance rapide et tres infiltratives au niveau du parenchyme cérébral, elles n’envahissent
généralement pas les organes distants. Les GBMs se caractérisent également par une

angiogenese locale et I'apparition de zones nécrotiques.

Tableau 1 : Classification OMS 2021 des gliomes, tumeurs glioneuronales et tumeurs neuronales (36)

Gliomas, glioneuronal tumors, and neuronal tumors Grade
O Astrocytoma, IDH-mutant 2,3,4
Adult-type diffuse gliomas e  Oligodendroglioma, IDH-mutant, and 1p/19g-codeleted 2,3
e  Glioblastoma, IDH-wildtype 4
. Diffuse astrocytoma, MYB- or MYBL1-altered 1
Pediatric-type diffuse low- e Angiocentric glioma
grade gliomas . Polymorphous low-grade neuroepithelial tumor of the young 1

. Diffuse low-grade glioma, MAPK pathway-altered
. Diffuse midline glioma, H3 K27-altered

Pediatric-type diffuse high- e Diffuse hemispheric glioma, H3 G34-mutant 4
grade gliomas . Diffuse pediatric-type high-grade glioma, H3-wildtype and IDH-wildtype
. Infant-type hemispheric glioma

. Pilocytic astrocytoma

. High-grade astrocytoma with piloid features

Circumscribed  astrocytic o Pleomorphic xanthoastrocytoma 2,3

gliomas . Subependymal giant cell astrocytoma

. Chordoid glioma

. Astroblastoma, MN1-altered

. Ganglioglioma

. Desmoplastic infantile ganglioglioma / desmoplastic infantile astrocytoma

. Dysembryoplastic neuroepithelial tumor

. Diffuse glioneuronal tumor with oligodendroglioma-like features and nuclear
clusters

. Papillary glioneuronal tumor

. Rosette-forming glioneuronal tumor

. Myxoid glioneuronal tumor

. Diffuse leptomeningeal glioneuronal tumor

. Gangliocytoma

. Multinodular and vacuolating neuronal tumor 1

. Dysplastic cerebellar gangliocytoma (Lhermitte-Duclos disease)

. Dysplastic cerebellar gangliocytoma (Lhermitte-Duclos disease)

. Extraventricular neurocytoma

. Cerebellar liponeurocytoma

. Supratentorial ependymoma 2,3

. Supratentorial ependymoma, ZFTA fusion-positive

. Supratentorial ependymoma, YAP1 fusion-positive

. Posterior fossa ependymoma 2,3

. Posterior fossa ependymoma, group PFA

. Posterior fossa ependymoma, group PFB

. Spinal ependymoma

. Spinal ependymoma, MYCN-amplified

. Myxopapillary ependymoma 2

. Subependymoma

Glioneuronal and neuronal
tumors

Ependymal tumors
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Figure 1 : Classification de 2021 d’aprées ’'OMS selon les altérations moléculaires des tumeurs gliales

D’apres (36,39) ; Astro = astrocytome ; Oligo = oligodendrogliome ; GBM = glioblastome ; AD = astrocytome
diffus ; GA = gliomes angiocentrique ; TNPBG = tumeur neuroépithéliale polymorphique de bas grade ; GBG =
gliome diffus de bas grade ; GM = gliome diffus médian ; GH = gliome diffus hémisphérique ; GPHG = gliome
pédiatrique diffus de haut grade ; GIH = gliome infantile diffus hémisphérique.

1.2.3 Origine des GBMs

Les GBMs sont des tumeurs hétérogenes, les cellules existent sous différents états de
différenciation et peuvent étre assimilées a des progéniteurs neuronaux et
oligodendrocytaires, a des astrocytes et a des cellules mésenchymateuses (40). Les cellules
cancéreuses progénitrices exprimant des caractéristiques de cellules souches neurales sont
capables de se différencier et de s’organiser comme la hiérarchie de la lignée neurale normale
(41,42). La connaissance de l'origine cellulaire des GBMs, via des cellules progénitrices
neurales (43) ou via des cellules différenciées devenant anaplasiques (44), présente un intérét
dans la prédiction de la réponse thérapeutique (45).

Les causes de survenue des GBMs sont mal connues et peuvent étre multiples. Parmi
les facteurs de risque, peuvent étre cités I’exposition aux rayonnements ionisants (46,47) ainsi
gue I'existence de prédispositions génétiques (48,49). Certains facteurs environnementaux et
professionnels (pesticides, métaux lourds) sont mis en doute dans la survenue de gliomes

malgré I'observation de variabilités géographiques et de différences observées entre les
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hommes et les femmes (50-52). D’autres cancers s’initient suite a des infections virales
(papillomavirus et cancers du col de I'utérus) (53) ou bactériennes (helicopter pylori et cancers
gastriques) (54). L’étiologie virale représente 10 a 15% des cancers dans le monde (55).
Certaines infections virales a herpesviridae (virus Epstein-Barr - EBV ou cytomégalovirus
humain - HCMV) pourraient jouer un role dans le développement de certains sous-types GBMs
(56-58). D’autant plus que l'infection a HCMV peut induire la dédifférenciation cellulaire et
générer des cellules cancéreuses souches géantes a I'origine de cancers a mauvais pronostic

(59).

1.2.4 Cellules souches cancéreuses

Les cellules souches cancéreuses (CSCs) correspondent a une population de cellules
initiatrices de tumeur capables de s’auto renouveler et de se différencier en plusieurs sous-
types cellulaires (60). Elles expriment des protéines retrouvées chez les cellules souches
neuronales comme par exemple Sox2 ou la nestine. Sox2 est un facteur de transcription qui
forme un complexe avec Nanog et Oct4, ils interviennent dans le maintien du phénotype
souche (61) et la neurogenése (62). La nestine est un filament intermédiaire exprimée par
progéniteurs du SNC (63), elle apparait comme un marqueur d’invasion des CSCs (64). Il existe
d’autres marqueurs potentiels de CSCs comme CD44, CD90, CD133, CXCR4, L1CAM ET SSEA1
ayant un réle dans le maintien du phénotype souche ou de la migration/invasion.

Les CSCs ont la capacité d’étre cultivées sous la forme de neurospheres et de reformer
la tumeur originelle aprés xenogreffe cérébrale (60). Cette population s’adapte et développe

des résistances aux traitements (65).

1.2.5 Aspect clinique et diagnostic

Le diagnostic et la prise en charge thérapeutique d’'un GBM doivent étre réalisés en
urgence du fait de I’évolution rapide de la tumeur et des séquelles neurologiques rarement
réversibles qu’elle engendre. L'imagerie par résonnance magnétique (IRM) est I’examen de
référence pour investiguer I'apparition récente de signes cliniques neurologiques (céphalées,
épilepsies, déficits minimes) (66). L'examen clinique comporte également des indices de
performance statuts selon Karnofsky (KPS) ou selon I’OMS (PS) pour évaluer I'état de santé

général de la personne (66).
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En raison de I’hétérogénéité cellulaire des GBMs, le diagnostic combine des approches

de profiling moléculaires a I’analyse histologique issus de plusieurs prélevements (36).

1.2.6 Prise en charge

La stratégie thérapeutique est envisagée apres discussion d’au moins trois médecins
de spécialités différentes en réunions de concertations pluridisciplinaires (RCP - généralement
un neurochirurgien, un oncologue et un radiothérapeute). Elle va dépendre du type de la
tumeur, de sa localisation, des antécédents médicaux et comorbidités, de I'age et de I'état
général du patient. Le traitement standard des GBMs nouvellement diagnostiqués consiste en
une exérese complete de la tumeur suivie de I’association radiothérapie et témozolomide
concomitant puis adjuvant (protocole de Stupp). Cette prise en charge standard basée sur un
essai clinique de phase Il de 2005 (8), consolidé en 2009 (9), est toujours d’actualité a la suite
d’un examen par consensus de deux sociétés de neuro-oncologie (SNO et EANO) (39).

Le traitement chirurgical doit étre le plus agressif possible tout en limitant I'impact
fonctionnelle de la résection. Comme les GBMs sont des tumeurs infiltrantes, la résection est
toujours incompléte mais demeure un facteur pronostic important pour les patients (67,68).
La radiothérapie associée a la chimiothérapie débute quelques semaines apres la chirurgie,
sous la dépendance de la cicatrisation du scalp. La dose totale délivrée en radiothérapie
conventionnelle est de 60 Gy fractionnée en 30 doses de 2 Gy sur 6 semaines (5 jours par
semaine). Le témozolomide (TMZ) est administré oralement en traitement concomitant (75
mg/m?/jour) sur les 6 semaines de radiothérapie puis en traitement adjuvant (150 a 200
mg/m?/jour) par cure de 5 jours, chaque cure étant répétée tous les 28 jours pour une durée
de 6 cycles (8). Le TMZ est un agent alkylant qui, lorsqu’il est converti en monométhyl
triazénoimidazole carboxamide, soumet a la méthylation (ajout d’un groupement -CHs)
I’oxygene en position 6 ou I’azote en position 7 de la guanine. L’ajout de cet adduit génere
une non-concordance base/base avec la thymine reconnue par le systéme de réparation des
mésappariements (mismatch repair) et ceci entraine des cassures de I’ADN, cytotoxiques pour
la cellule. Le bénéfice du TMZ est principalement observé pour les GBMs présentant la
méthylation du promoteur MGMT, d’ou l'intérét de dépister son statut chez les patients

nouvellement diagnostiqués.
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Cependant, les GBMs récidivent et progressent invariablement les mois qui suivent
cette prise en charge (8,9). Devant cette impasse thérapeutique et I’absence de consensus de
prise en charge pour les récidives, il est recommandé de réaliser une RCP afin de discuter des
différentes options thérapeutiques possibles (69). Selon certains facteurs pronostics comme
I’dge ou l'indice de KPS, une reprise de la chirurgie et/ou de la radiothérapie peut étre
envisagée (70,71). La lomustine seule est actuellement I'agent alkylant de la famille des
nitrosourées qui présente les meilleurs résultats dans les premiéres récidives des GBMs (72).
Il est également possible de déposer directement des agents antinéoplasiques dans la cavité
formée aprés la résection pour augmenter leur biodisponibilité locale. L'implant a la
carmustine (Gliadel®), agent lipophile capable de traverser la barriére-hémato-encéphalique
(BHE), est indiqué dans les GBM nouvellement diagnostiqués et récidivants. Cependant les
bénéfices thérapeutiques de cette formulation restent limités (73,74).

L'exploration de nouvelles pistes thérapeutiques est nécessaire et les patients doivent

pouvoir étre inclus en essais cliniques lorsque cela est possible (39).

1.3 Exploration thérapeutique

En raison du pronostic défavorable des GBMs malgré les traitements standards,
diverses approches expérimentales ont été développées et sont évaluées en essais cliniques
(75). Cependant, le plus grand défi pour cibler les GBMs est d’utiliser des composés capables
de franchir la BHE, réduisant drastiquement le nombre de candidats envisageables (76). Les
stratégies thérapeutiques exposées ci-dessous s’intégrent dans une médecine de précision en
proposant des traitements adaptés aux anomalies de la tumeur qui complétent I'arsenal

thérapeutique actuel.

1.3.1 Thérapie ciblée

L’ére de la biologie moléculaire des gliomes amorcée en 2016 a permis de déterminer
des biomarqueurs spécifiques qui sont généralement impliqués dans le développement ou la
dissémination des GBMs (15). Les thérapies ciblées agissent spécifiquement sur ces anomalies

moléculaires pour altérer les processus indispensables a la croissance tumorale.
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L'un des processus les plus étudiées dans les GBMs est le phénomene d’angiogenese
tumorale. Les mécanismes généraux sur I'angiogeneése, les différentes cibles thérapeutiques
et le développement de médicaments a visée anti-angiogénique ont été introduits lors d’un
travail parallele qui a été réalisé au laboratoire en collaboration avec le service de
pharmacologie clinique du CHU de Bordeaux (« Sécurité cardiovasculaire des médicaments
anticancéreux agissant sur l'angiogenése ») (77). — Brievement, I’angiogenése est un
processus de création de nouveaux vaisseaux a partir d’un systéme vasculaire préexistant (78).
Ce processus est hautement déséquilibré dans les cancers avec une sécrétion de facteurs pro-
angiogéniques en faveur de la synthese vasculaire pour subvenir aux besoins nutritifs de la
tumeur (79). Le facteur de croissance de I’endothélium vasculaire (VEGF) en est le principal
représentant, cibler sa voie de signalisation apparait des lors comme une stratégie potentielle
pour traiter le GBM (80). — Le bevacizumab, anticorps monoclonal dirigé contre le VEGF, a été
approuvé par la Food and Drug Administration (FDA) et le Japanese Ministry of Health, Labour
and Welfare (MHLW) suite a trois essais cliniques de phase Ill en association avec le protocole
standard pour les GBMs nouvellement diagnostiqués (81,82) ou en association avec la
lomustine pour les récidives (83). Cependant la survie globale dans ces essais n’étant pas
modifiée avec une balance bénéfice/risque défavorable, I’Agence Européenne du
Médicament (EMA) n’a pas approuvé son utilisation dans la prise en charge des GBMs. Cette
initiative est également appuyée par les lignes directrices du National Institute for Health and
Care Excellence (NICE) (84). La biodisponibilité du bevacizumab est limitée dans le cerveau
sain car il ne peut traverser la BHE intacte. Néanmoins, sa diffusion est possible dans une
certaine mesure car la BHE est partiellement interrompue dans le GBM (85). D’autres
molécules de plus petite taille ont été développées pour cibler les voies de signalisation sous-
jacentes du récepteur au VEGF. Il s’agit des inhibiteurs de tyrosine kinase (iTK) : cediranib,
dovitinib, tivozanib, cabozantinib et regorafenib. Censés avoir une meilleure perméabilité
cellulaire, seul le regorafenib a montré des résultats encourageants dans les GBMs récurrents
(86). A ce jour, il n’y a pas de bénéfices cliniques établis pour I'utilisation des médicaments
antiangiogéniques dans les GBMs nouvellement diagnostiqués (Annexe) (87).

La voie de signalisation de I'EGFR, fréquemment altérée dans les GBMs, apparait
également comme pertinente a cibler. Des iTK de premiére (erlotinib, lapatinib, vandetanib),
deuxiéme (afatinib, dacomitinib, tesevatinib) et de troisieme génération (osimertinib) ainsi

que des anticorps monoclonaux (cetuximab) ont été développés et testés cliniquement dans
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les GBMs. Cependant, les résultats de ces études montrent trés peu de bénéfices pour les
patients (88,89).
Actuellement, les études sur les thérapies ciblées n’ont pas démontré une efficacité

supérieure a la chimiothérapie alkylante.

1.3.2 Immunothérapies

L'immunothérapie est une approche alternative qui vise a stimuler les cellules du
systeme immunitaire (Sl) contre les cellules cancéreuses et a les détruire. Il existe plusieurs
stratégies pour activer la réponse immunitaire anti-tumorale.

La premiere approche consiste a utiliser des inhibiteurs de points de contrble
immunitaire (ou immunomodulateurs) qui lévent le mécanisme d’inhibition du Sl induit par la
tumeur. Ces agents bloquent la reconnaissance de molécules spécifiques produites par les
cellules tumorales impliquées dans I'inhibition des lymphocytes T (LT). L'ipilimumab est un
anticorps monoclonal qui se fixe sur I'antigéne 4 des LT cytotoxique (CTLA-4), régulateur
majeur de leur activité. Le blocage de la voie du CTLA-4 augmente le nombre de cellules
réactives au niveau de la tumeur. Son efficacité clinique dans les GBMs nouvellement
diagnostiqués en plus du traitement standard est en cours d’évaluation (90). La liaison du
récepteur PD-1 (programmed death-1) a son ligand PD-L1 régule négativement I'activation
des LT cytotoxiques. PD-1 se situe sur les LT alors que PD-L1 est exprimée par les cellules
présentatrices d’antigenes et les cellules tumorales. Le nivolumab est un anticorps
monoclonal se fixant sur PD-1, bloquant ainsi I'interaction ligand/récepteur. Il a été évalué
lors d’un essai clinique de phase Il (CheckMate 143) en comparaison avec le bévacizumab
chez des patients avec une récidive de GBM, mais aucun avantage en termes de survie n’a été
observé (91). De plus, I’association synergique nivolumab - ipilimumab permettant le blocage
double de PD-1 et CTLA-4 a été étudié lors d’un essai clinique de phase | mais cette association
présentait un profil de toxicité plus défavorable que le nivolumab seul pour des GBMs
récidivants (92). Ayant le méme mécanisme d’action, le pembrolizumab ne réussit pas a
induire une réponse immunologique cytotoxique au sein de la tumeur (93). Autre anticorps
monoclonal, I'atezolizumab est dirigé contre les ligands PD-L1. Cependant, il présente une
faible activité clinique dans les GBMs nouvellement diagnostiqués (94). De plus, ces thérapies

sont fréquemment associées avec des évenements immunologiques qui sont principalement
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d’ordre dermatologique (prurit, rash cutané), gastro-intestinal (diarrhée, colite), et dans une
moindre mesure endocrinien et hépatique (91,95).

L’approche de la thérapie cellulaire adoptive consiste a prélever les LT des patients, les
multiplier puis les modifier génétiqguement pour qu’ils puissent exprimer un récepteur
chimérique capable de reconnaitre un antigéne spécifique de la tumeur (lymphocytes CAR-T
— chimeric antigen receptor-T) (96). Théoriquement, la reconnaissance de |’antigéne tumoral
active le processus de cytotoxicité cellulaire et détruit les cellules tumorales. Les essais
cliniques évaluant les lymphocytes CAR-T visant, par exemple, EGFRvIII (variant 3 du récepteur
a ’EGFR), ou HER2 dans les GBMs n’ont pas montré de résultats aussi encourageants que dans
les leucémies ou lymphomes (97).

Contrairement a I'approche précédente utilisant des procédés de modifications
synthétiques, la  vaccination thérapeutique anticancéreuse permet d’armer
« physiologiquement » les cellules du SI contre la tumeur. Le vaccin est généralement
composé de fragments d’antigenes adaptés au profil moléculaire du GBM. lls sont présentés
aux cellules immunitaires qui pourront ensuite reconnaitre les cellules tumorales et
déclencher une réponse cytotoxique. Ces vaccins présenteraient une plus grande spécificité,
moins d’effets indésirables mais surtout une activité anticancéreuse continue et de longue
durée (98). Le rindopépimut est un vaccin constitué d’'un peptide spécifique de EGFRuvIII
conjugué a une hémocyanine de patelle. Evalué lors d’un essai clinique de phase llI, son
utilisation en association n’a pas montré de supériorité quand comparé au traitement
standard (99). Normalement inactive dans les cellules saines et différenciées, la télomérase
est un oncogéne majeur qui limite le phénomene de sénescence. La présence d’une mutation
dans son promoteur résulte en une augmentation de son expression et de son activité (100).
Elle est fréquemment retrouvée dans les cancers et dans plus de 80% des GBMs (25,101).
Apparaissant comme une cible universelle, le vaccin thérapeutique anticancéreux (UCPVax®-
Glio) est actuellement en cours d’évaluation pour le GBM (NCT04280848). En plus des cellules
effectrices comme les LT cytotoxiques, la réponse immunitaire fait intervenir des cellules
régulatrices comme les cellules dendritiques (CD). Les CDs sont capables de reconnaitre un
antigene, de migrer et de le présenter aux LT pour induire une réponse cytotoxique.
L’administration d’un vaccin autologue aux CDs pulsées par lysat tumoral (DCVax®-L) a permis
de prolonger la survie des patients nouvellement diagnostiqués de GBM de plus de 7 mois par

rapport au contréle historique (23 vs 16 mois). Lorsqu’ils présentaient une méthylation du
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promoteur MGMT, I'augmentation de la survie dépassait les 13 mois (34 vs 21 mois) (9,102).
Toutefois, le développement de tels vaccins s’avere long (quelques mois) et couteux (103).

La derniére approche est celle de la virothérapie avec I'utilisation de virus oncolytique.
Il s’agit de modifier un virus a tropisme spécifique pour directement attaquer la tumeur ou
stimuler les réponses immunitaires. Le poliovirus de type 1 a une forte affinité pour CD155 qui
se trouve surexprimé dans les gliomes (104,105). Une fois atténué, il n’induit plus d’effets
neuronaux déléteres (106). Il se multiplie dans les cellules tumorales et induit directement
leur lyse ou indirectement par la présentation a la membrane des antigenes viraux, reconnus
par le SI. Evalué en essai clinique, cette stratégie a montré des résultats intéressants : peu de
différence pendant 18 mois par rapport au groupe historique puis une phase de plateau est

observée (9,107).

N p
Standard /
~ -
~\ z . f'
~ Résection ”~
\~ t’

N — & £ d
~ . P ,

. T, > /,

N "_.' Irradiation e
N ,

. L
N ,

o + =3 o
. pr /,

N Temozolomide g Vaccin CD

,
,
. ®

présentation
-...._Cellule tumorale LIS

—— Ipilimumab

Vaisseaux

~

Bevacizumab ——j VE%F%
VEGFR

iTK —T

Cellule tumorale .~

Lymphocyte
-
N U CART

Anti-EGFRvIII

Oncolytic virus
iTK
Cetuximab

i EgR < Atezolizumab

Nivolumab

Py . o g o Pembrolizumab
Thérapies ciblées

J

Immunothérapie

Figure 2 : Apercu des principales stratégies thérapeutiques du GBM

La prise en charge standard consiste en une résection tumorale la plus large possible suivi d’'une radio- et chimio-
thérapie au TMZ. Les autres stratégies thérapeutiques comprennent les thérapies ciblées qui vont
principalement inhiber les processus de signalisation vasculaire ou tumorale et 'immunothérapie qui stimule le
systeme immunitaire pour permettre une réponse cytotoxique.
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1.4 Métabolisme énergétique tumoral

1.4.1 Notions de base

Le métabolisme comprend, au sens large, 'ensemble des réactions chimiques au sein
de la matiere vivante. Il fait intervenir des enzymes qui catalysent la transformation de
métabolites (acides aminés, glucides, lipides) et s’organise en voies métaboliques spécifiques
interconnectées. Le terme de catabolisme est utilisé pour désigner les processus de
dégradation thermodynamiquement favorable des métabolites libérant ainsi de I'énergie
(réactions exergoniques). De facon opposée, l'anabolisme désignant les processus de
synthése puis d’assemblage de molécules et ces réactions non spontanés requiert de I’énergie
(réactions endergoniques). Il s’agit d’un systéme conservé au cours de I’évolution, bien que
les animaux, les plantes et les bactéries aient leurs variantes métaboliques, il existe de
nombreux intermédiaires communs et réactions similaires (108).

Chez I'homme, le métabolisme énergétique est divisé en de nombreuses voies
métaboliques dont s’en distinguent trois majeures : la glycolyse, la fermentation lactique et
I’oxydation phosphorylante (OxPhos) (Figure 3). Outre la production d’énergie, ces voies
permettent également la synthése d’intermédiaires métaboliques nécessaires a la production

de biomasse, indispensable pour la croissance et la multiplication des cellules.

Figure 3 : Schéma des principales voies métaboliques énergétiques
issues du glucose

La glycolyse correspond a la dégradation du glucose en pyruvate. En
condition d’oxygénation normale, le pyruvate est oxydé dans la
mitochondrie. Lorsque I'oxygéne est limité ou dans le cadre tumoral,

Pyruvate  |ilulull g le pyruvate est fermenté en lactate.

Glycolyse

Fermentation

OxPhos
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a. La glycolyse

La glycolyse est la voie de dégradation du glucose, elle se déroule dans le cytoplasme
de la cellule. Indépendamment du niveau d’oxygene, elle fait intervenir une série de 10
réactions enzymatiques qui aboutissent a la formation du pyruvate (Figure 4).

Les cellules incorporent le glucose via les transporteurs au glucose (GLUT) puis le
phosphorylent en glucose-6-phosphate (G6P). Cette réaction irréversible est catalysée par les
hexokinases (HK) 1, 2, 3 et 4 (ou glucokinase), elle consomme une molécule d’énergie : I’ATP
(Adénosine TriPhosphate). Le G6P formé sert de voie d’entrée pour la glycolyse mais
également pour la voie des pentoses phosphates. Il est ensuite isomérisé en fructose-6-
phosphate (FEP) par la G6P isomérase. La phosphofructokinase-1 (PFK1) catalyse la deuxieme
réaction irréversible ou le F6P est phosphorylé en fructose-1,6-biphosphate (FbP) avec la
consommation d’une autre molécule d’ATP.

Le F6P est ensuite clivé en deux trioses : le glycéraldéhyde-3-phosphate (GA3P) et la
dihydroxyacétone phosphate (DHAP). Cette derniere est isomérisée en GA3P par la triose-
phosphate isomérase.

La GA3P déshydrogénase est I’enzyme catalysant I"'unique réaction d’oxydoréduction
de laglycolyse, I'oxydation du GA3P en 1,3-bisphosphoglycérate s’accompagne de la réduction
du nicotinamide adénine dinucléotide (NAD). Cette réaction génére une liaison a haut
potentiel énergétique qui sera ensuite déplacé par la phosphoglycérate kinase sur une
molécule d’ADP pour former de I’ATP et du 3-phosphoglycérate (PG). La phosphoglycérate
mutase catalyse I'isomérisation du 3PG en 2PG. Le phosphoenolpyruvate (PEP) formé a partir
de la déshydratation du 2PG via |'énolase présente également une liaison énol a tres fort
potentiel énergétique. La formation du pyruvate et la synthése d’'une molécule d’ATP sont
issues de I’hydrolyse de cette liaison médiée par la pyruvate kinase (PKM).

Au final, la glycolyse produit 2 molécules d’ATP et de NADH/H* a partir d’'une molécule

de glucose et génere deux molécules de pyruvate, véritable carrefour des voies métaboliques.
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Figure 4 : La glycolyse

Voie d’assimilation du glucose également connue sous le nom de voie d’Embden-Meryerhof-Parnas qui permet
de générer 2 molécules d’ATP, de NADH/H" et de pyruvate.

Pyruvate kinase

b. L’oxydation phosphorylante mitochondriale

Le pyruvate est transporté a travers la membrane interne de la mitochondrie par un
transporteur spécifique au pyruvate (MPC). Il alimente le cycle de Krebs qui produit
principalement des électrons (NADH/H*) nécessaire a la synthése d’ATP via la chaine
respiratoire (Figure 5).

Le pyruvate est décarboxylé en acétyl-Coenzyme-A (CoA) par le complexe pyruvate
déshydrogénase et s’accompagne d’une réduction d’'un NAD*. Ce thioesther activé sera
condensé a I’oxaloacétate (OAA) puis hydrolysé pour former le citrate, point d’entrée du cycle
de Krebs (ou cycle du citrate — tricarboxylic acid cycle — TCA). — Lorsque la concentration en
OAA diminue, le pyruvate peut également étre carboxylé en OAA par la pyruvate carboxylase.

Il s’agit d’'un phénomene d’anaplérose pour maintenir le flux du cycle.— Le citrate est
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déshydrataté puis réhydraté en isocitrate sous la dépendance de I'aconitase. Cette réaction
d’isomérisation permet le déplacement du groupement hydroxyle (-OH) de la position 3
(alcool tertiaire) en position 4 (alcool secondaire) et ainsi de rendre I'intermédiaire sensible
aux réactions d’oxydo-réduction. L’oxydation de I'isocitrate catalysée par I'IDH réduit le NAD*
et forme un intermédiaire B-cétoacide instable (oxalosuccinate). Ce dernier est rapidement
décarboxylé en a-cétoglutarate (a-KG), métabolite pivot d’une autre voie d’anaplérotique,
celle de la glutamine. L'a-KG déshydrogénase est un complexe multienzymatique composé de
trois activités distinctes. Tout d’abord, une décarboxylase oxyde I’a-KG en succinaldéhyde, le
fixe au thiamine pyrophosphate (TPP) puis le transfére au lipoamide. Au cours de cette
réaction d’oxydoréduction, le carbonyle du succinaldéhyde se fixe a I'atome de souffre du
lipoamide, il se forme un acide succinique et un dihydrolipoamide dont la liaison acyl-thiol
possede un fort potentiel énergétique. Une transsuccinylase libére le dihydrolipoamide en
transférant le groupement succinyl sur un CoA (succinyl-CoA). Le lipoamide est régénéré a
partir de I"oxydation du dihydrolipoamide et la réduction du NAD* médiée par la lipoyl
déshydrogénase. L'énergie de la liaison du succinyl-CoA est déplacée sur une molécule de GDP
via la succinyl-CoA synthétase libérant le CoA du succinate et générant une molécule de GTP.
Une nucléoside disphosphate kinase catalyse le déplacement d’un groupement phosphate de
la molécule de GTP sur une molécule d’ADP pour former une molécule d’ATP. Au niveau du
complexe 2 de la chaine respiratoire, la succinate déshydrogénase transmet les protons du
succinate a I'ubiquinone (coenzyme-Q) par le biais du flavine adénine dinucléotide (FAD). Le
fumarate, produit de I'oxydation du succinate, est un acide dicarboxylé présentant une
insaturation entre ses deux groupements carboxyles. La fumarase catalyse I’hydratation du
fumarate, réaction d’addition d’'une molécule d’eau sur la double liaison, pour former du
malate. La derniere enzyme du cycle de Krebs est la malate déshydrogénase, réaction
d’oxydoréduction faisant de nouveau intervenir le NAD* et produisant I'OAA.

Les NAD* qui sont utilisés lors de I’oxydation des intermédiaires du cycle de Krebs sont
régénérés au niveau du complexe 1 de la chaine respiratoire mitochondriale. La NADH
déshydrogénase transmet les électrons au coenzyme-Q qui joue le role de transporteur
d’électrons des complexes 1 et 2 vers le complexe 3. La coenzyme-Q cytochrome réductase
catalysera le transfere de ces électrons sur le cytochrome C. Enfin, le cytochrome C donnera
ses électrons aux molécules d’O, au niveau du complexe 4 de la chaine respiratoire

mitochondriale. Ces réactions permettent de générer un gradient électrochimique de protons
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H* a travers la membrane interne pour la synthese de molécules d’ATP au niveau du complexe
5 (ATP synthase) (109).

La décarboxylation d’'une molécule de pyruvate suivie d’un cycle d’oxydation
phosphorylante génére 4 NADH/H*, 1 FADH; et 1 équivalent d’ATP. Au sein de la mitochondrie,
les coenzymes NADH/H* et FADH, permettent la synthése de 3 et 2 molécules d’ATP,
respectivement. Le bilan de I'OxPhos a partir d’'une molécule de glucose s’éléve donc a la

production de 30 molécules d’ATP, soit quinze fois plus que la glycolyse.
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Figure 5 : Le cycle de Krebs

Voie d’oxydation du pyruvate et d’autres précurseurs de différentes voies métaboliques (acides aminés, acides
gras) également connue sous le nom de cycle du citrate qui permet de générer 1 équivalent d’ATP (via le GTP), 4
molécules de NADH/H" et 1 de FADH,.

c. La fermentation lactique et lactates déshydrogénases

Physiologiquement, ce processus intervient principalement lorsque les niveaux
d’oxygene diminuent. Il est de faible rendement énergétique puisque seulement deux
molécules de lactate sont produites et deux NADH,H* sont réoxydés a partir d’'une molécule
glucose (Figure 6). Cependant la réaction est rapide, non limitée, permet de maintenir le flux

de la glycolyse en réapprovisionnant la GA3P déshydrogénase en NAD" et le lactate peut étre
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reconverti en pyruvate lorsque les conditions d’oxygénation redeviennent normales

permettant d’alimenter le cycle de Krebs ou de reformer du glucose (via le cycle de Cori).

ENZYMES
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@ Lactate deshydrogénase A

\/
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NADH/H* NAD*

Figure 6 : La fermentation lactique
Voie de régénération du NAD* qui permet de réguler le potentiel redox de la cellules.

L’enzyme catalysant cette conversion est la lactate déshydrogénase (LDH). Elle
présente deux sous-unité H (coeur) et M (muscle) qui s’assemblent en homo- ou
hétérotétramere pour former 5 isotypes différents : LDH1 (4H), LDH2 (3H1M), LDH3 (2H2M),
LDH4 (1H3M) et LDH5 (4M) (Figure 7). La sous-unité H est codée par le géne LDHA localisé sur
le chromosome 11 (110) alors que la M par le géne LDHB localisé sur le chromosome 12 (111).
Toutes les LDHs catalysent I'interconversion du pyruvate et du lactate mais présentent des
paramétres cinétiques différents (112). Ces enzymes sont généralement simplifiées en LDHA
et LDHB. LDHA est abondante dans les muscles et le foie, elle privilégie la conversion du
pyruvate en lactate alors que LDHB, qui prédomine dans le cceur et les reins, privilégie la
réaction du lactate en pyruvate (113). Toutefois, il existe d’autres isoformes particuliéres : les
LDHC, D-LDH et LDHBx. LDHC (anciennement LDHX) est un homotétramere codé par le gene
LDHC sur le chromosome 11. Elle est spécifique des cellules germinales mais peut étre
exprimée dans certains cancers (114-116). L'enzyme D-LDH catalyse la réaction de conversion
de la forme dextrogyre du lactate (D-lactate) mais demeure moins abondante que la forme
classique (117). Enfin, LDHBx est impliquée dans la régulation du potentiel redox du
péroxysome. Codée par le méme gene que I'enzyme LDHB, elle differe de cette derniere par
un déplacement de lecture du codon stop. Ce qui se traduit par un ajout de sept acides aminés

sur la protéine (118).
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Figure 7 : Formation des différents isoméres des LDHs

Les isotypes LDH1 a 5 sont issus de I’assemblage de sous-unité provenant de la transcription de LDHA et de LDHB.
L'isoforme LDHBx provient d’un allongement du brin transcrit de LDHB et LDHC de I'assemblage
homotétramérique de sous-unités LDH-C. Figure adaptée de (119).

1.4.2 Meétabolisme cérébral

Le cerveau est un organe tout a fait singulier d’un point de vue fonctionnel. Il est le
siege d’activités complexes comme le controle de la motricité, le traitement des informations
sensorielles, la régulation hormonale, la pensée, la mémoire et les émotions qui nécessitent
des besoins énergétiques considérables. Reflet des dépenses en énergie, il mobilise le
cinquieme de la consommation en oxygéne alors qu’il ne pése que de 2% de la masse totale
du corps (120). L'activité métabolique de cerveau dépend essentiellement de I'oxydation
compléte du glucose dont en découle la production d’une grande quantité d’ATP (121). Cette
énergie est principalement utilisée pour la communication synaptique glutamatergique
(122,123). Le glucose entre dans les neurones par le transporteur GLUT3 ayant une forte
affinité pour ce substrat puis est complétement oxydé dans la mitochondrie (124).

Les capillaires cérébraux amenant les nutriments sont recouverts par les extensions
des astrocytes (125,126). Le glucose et autres nutriments sont en partie absorbés par les
astrocytes avant d’atteindre les neurones. Les astrocytes sont des cellules de soutien des
cellules nerveuses qui possédent une activité glycolytique plus élevée que les neurones (127).
Ils peuvent aussi stocker le glucose sous forme de glycogene via I'action de la glycogéne
synthase a contrario des neurones ou cette enzyme est maintenue inactive par le glycogene
synthase kinase 3 (128). La différence entre les isoformes des transporteurs et enzymes du
métabolisme exprimés par les neurones (MCT2 et LDHB) par rapport aux astrocytes (MCT1/4

et LDHA) distingue I'activité métabolique des cellules neurales (129-131). De ces observations
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est apparu le concept de la navette lactate entre astrocytes et neurones, basé sur des
expériences de culture de tissus (132). La LDHA des astrocytes convertit le pyruvate en lactate
puis ce lactate est exporté dans le milieu extracellulaire par MCT1/4. Assimilé par les neurones
en passant a travers MCT2, il est reconverti en pyruvate par LDHB et alimente le cycle de Krebs
(Figure 8) (132,133). Cette hypothése est appuyée par une étude in vivo montrant un gradient
de lactate des astrocytes vers les neurones (134). Physiologiquement, le lactate n’est peut-
étre pas la source majeure d’énergie des neurones, contrairement au glucose (135), mais il
s’agit d’une source énergétique annexe pouvant devenir importante lors de certaines
conditions particulieres comme |’hyperlactatémie (136,137) ou I’'hypoglycémie (138).

Le glucose est dilué dans un grand nombre de voies métaboliques fournissant énergie
et des intermédiaires métaboliques nécessaire a la synthese des nucléotides, des protéines
ou des lipides (139). La majeure partie du lactate est principalement oxydée dans le cycle de
Krebs pour produire de I’énergie (140,141). Il peut également servir pour la synthése d’acides
gras, qui sont ensuite transférés aux astrocytes sous forme de gouttelettes lipidiques (142).

Le lactate joue un réle important dans le métabolisme cérébral que ce soit pour la
régulation du potentiel redox cellulaire ou en tant que substrat énergétique. De plus, il agit
comme un neuroprotecteur contre la toxicité excitatrice du glutamate (143) et promeut la
résistance au stress oxydatif (144). Sa régulation dépend étroitement de celle des LDHs qui

catalysent sa conversion en pyruvate ou la réaction inverse.
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Figure 8 : Schéma de la navette lactate entre astrocytes et neurones

Le glucose provenant des capillaires sanguins est capté par les astrocytes qui vont I'oxyder en pyruvate. Le
pyruvate sera réduit en lactate par LDHA puis exporté dans le milieu extracellulaire. Les neurones assimilent le
lactate, le réoxyde en pyruvate via LDHB et alimenter le cycle de Krebs dans la mitochondrie pour produire de
I’énergie. Les neurones peuvent également utiliser le glucose comme source énergétique.

1.4.3 Dérégulation énergétique et reprogrammation métabolique des tumeurs

La reprogrammation du métabolisme énergétique des cellules tumorales est I'une des
caractéristiques des cancers (145). Dans la premiére partie du XX®™¢ siécle, le docteur Otto
Warbug observait que le métabolisme énergétique des cellules cancéreuses différait
anormalement de celui des cellules saines. Les cellules tumorales consommaient et
sécrétaient plus de glucose et de lactate et, ce, indépendamment du niveau d’oxygene (146).
L’accumulation de lactate dans le microenvironnement tumoral induisant son acidification est
un facteur de mauvais pronostic associé aux métastases et aux récidives (147-150).
Cependant, le concept général est bien plus complexe que ce shift métabolique glycolytique,
aussi connu sous le nom d’« Effet Warburg ». La signalisation oncogénique est souvent en
faveur d’une augmentation de I’expression et d’une stabilisation du facteur de transcription
HIF-1 alors qu’il est normalement dégradé sous I'action de I'oxygéne (151). Ce facteur active
la transcription de nombreux génes impliqués dans la prolifération (TGFa et IGF),
I’angiogeneése (VEFG et PDGF) et I’expression d’enzyme de la glycolyse (HK, PKM, LDHA) (152—

154). D’un autre coOté, HIF-1 promeut I’expression de la pyruvate déshydrogénase kinase 1 qui,
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par phosphorylation, inhibe le complexe pyruvate déshydrogénase (155). L'OxPhos ralentit la
croissance tumorale alors HIF-1a. s’oppose a cet effet en diminuant la synthese de I'acétyl-
CoA pour réduire I'activité du cycle de Krebs et le métabolisme oxydatif des cellules (156).

Comme toutes cellules tumorales, les cellules de GBM sont capables d’adapter leurs
capacités métaboliques a leurs besoins, comme pour favoriser leur survie ou maintenir leur
prolifération, mais également en fonction de leur environnement. A I'instar des navettes
d’échange physiologique du lactate, il existe une symbiose métabolique entre les cellules
tumorales glycolytiques des zones hypoxiques qui le produisent et les cellules tumorales
oxydatives des zones oxydatives qui le consomment (157). Ces zones ne sont pas statiques,
elles fluctuent dans le temps et I'espace obligeant les cellules tumorales a reprogrammer
constamment leurs flux glycolytique et oxydatif (158,159).

Pour des raisons thermodynamiques, les cellules utilisent 'une ou l'autre voie
métabolique pour maximiser soit le rendement énergétique (énergie produite par molécule
de substrat), soit le débit énergétique (énergie produite par unité de temps) (160). Au cours
de I"évolution, I'acquisition de la mitochondrie lors de I'augmentation des niveaux d’oxygene
dans I'atmosphére a permis d’accroitre considérablement la production d’énergie (161,162).
L'augmentation du rendement énergétique est une stratégie de coopération chez les
organismes multicellulaires afin de réduire la concurrence vis-a-vis d’'un substrat commun
(160). Cependant les cellules cancéreuses suivent une stratégie de compétition pour proliférer
rapidement (163), elles présentent souvent des altérations mitochondriales (164,165) et
utilisent préférentiellement la glycolyse (146). La glycolyse est une voie énergétique
considérablement plus rapide que I’OxPhos et dépend principalement de la disponibilité du
glucose et de I'équilibre rédox de la cellule (représenté par le couple NAD*/NADH/H*). En
supposant I'apport en glucose illimité, elle produira beaucoup plus d’ATP que I’OxPhos pour
un méme laps de temps (50 a 100 fois plus).

Les HKs sont les enzymes catalysant la toute premiere réaction de la glycolyse, la
phosphorylation du glucose en G6P, métabolite initial des voies des pentoses phosphates et
de la synthése des nucléotides. L'isoforme 1 (HK1) est principalement associé au catabolisme
du glucose alors que I'HK2 intervient a la fois dans le catabolisme et dans I’anabolisme (166).
Un knock-down de HK1 induit une augmentation d’expression de HK2, une diminution de
I’OxPhos et accélére les mécanismes de tumorigenése par le biais d’une transition épithélio-

mésenchymateuse (167). Les GBMs présentent une forte expression de HK2 alors que les
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gliomes de bas grade expriment principalement HK1. Une déplétion de HK2 restore le
métabolisme oxydatif des GBMs et les sensibilise a la radiation et au témozolomide (166,168).

Le sous-type mésenchymateux des GBMs est celui qui a le plus mauvais pronostic et
qui est le plus résistant aux traitements (169). Il présente une signature métabolomique
associée a une diminution de I"activité de la PKM et une accumulation du PEP dans la cellule
(170). 1l existe deux isoformes de PKM qui proviennent de I'épissage alternatif de son gene:
PKM1 et PKM2. L'isoforme M1 est stable et active alors que M2, moins active, est régulée
allostériquement par différents acteurs (171). Lorsqu’elle est inactive, PKM2 permet
I"accumulation d’intermédiaires pouvant étre utilisés dans les processus anaboliques et
favorisant la prolifération cellulaire (172,173).

La fermentation lactique permet de réguler instantanément I'homéostasie rédox
contrairement a I’"OxPhos qui dépend de l'oxygéne et qui fait intervenir de nombreux
intermédiaires, enzymes et systémes de régulation. Les LDHs jouent donc un role majeur, si
ce n’est indispensable dans le métabolisme tumoral. La surexpression de 'isoforme LDHA est
souvent retrouvée dans les cancers (174) et apparait comme un facteur de mauvais pronostic
chez les patients (175), associée a I'angiogenése (176) et a la radiorésistance (177). Lorsque
I’angiogenese est inhibée dans les GBMs, le bévacizumab induit une augmentation de
I’expression de LDHA le long des bordures invasives (178). La diminution d’expression de LDHA
augmente la consommation d’oxygéne qui favorise le stress oxydatif (179) et qui réduit la
croissance tumorale (180,181). Une moins forte expression de LDHA est également de
meilleur pronostic dans certains gliomes (182). L'isoforme LDHB est moins étudiée dans les
cancers et aucune donnée n’est retrouvée pour les GBMs. Sa diminution d’expression par
hyperméthylation de son promoteur est corrélée positivement avec I'agressivité des cancers
de la prostate et des carcinomes hépatocellulaires (183,184). Une perte d’expression de LDHB
promeut la prolifération et I'invasion des cancers pancréatiques (185). LDHB joue aussi un role
dans la modulation de I'autophagie des adénocarcinomes du col utérin (186). Lorsque les deux
isoformes sont étudiées simultanément, la double extinction de LDHA et LDHB abolie la
fermentation lactique dans des modeles 2D humain d’adénocarcinome du colon et murin de
mélanome. Cet effet a pour conséquence de diminuer la croissance de la tumeur (187).

Le métabolisme tumoral est un déterminant majeur du développement des GBMs. Les
nombreuses mutations modulant ce métabolisme favorisent la survie, la prolifération et

résistance aux traitements des GBMs (173,188). Il peut également étre utilisé comme un
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marqueur diagnostic, pronostic et méme thérapeutique puisque la reprogrammation
métabolique des cellules tumorales génere des vulnérabilités pouvant étre ciblées. Des
analogues de métabolites tels que le 2-deoxyglucose ou I’'oxamate ont déja été testés dans le
GBM. Le 2-deoxyglucose entre en compétition avec le glucose, il est phosphorylé par I’'HK puis
s’accumule dans la cellule ne pouvant pas étre isomérisé par la GPI. Seul son effet est limité
mais lorsqu’il est associé avec la metformine, inhibant I’OxPhos, la croissance et I'invasion des
GBMs est ralentie (189). L’'oxamate est une forme isostérique du pyruvate qui inhibe LDHA et
permet de diminuer la migration des cellules de GBM de maniere dose dépendante (190). Un
agent spécifique de LDHA et LDHB pourrait augmenter I’OxPhos des cellules (187), favoriser la
production de plus d’especes réactives a I'oxygene et rendre la cellule plus sensible aux

approches de radiothérapie.

1.5 Lignées cellulaires

Les modeles cellulaires sont des outils essentiels et indispensables pour la
compréhension d’'un phénomene, d’un processus ou d’'une maladie. lls permettent de
miniaturiser un systéme pour mieux le comprendre, ils ont une trés grande durée de vie et
permettent d’obtenir des résultats reproductibles. Chaque modele présente des avantages

et des inconvénients, il est donc nécessaire de valider soigneusement son modele (191).

[Biopsie tumorale|

RN

Culture adhérente '0 & 0! Culture non adhérente

Xénotransplantation

Figure 9 : Modéles cellulaires issus d’une biopsie tumorale

Apercu des trois modeéles expérimentaux dérivés de patients : la culture en milieu supplémenté avec du sérum
comprenant les lignées adhérentes ainsi que celles avec xénotransplantation successives et la culture en milieu
neurobasal sans sérum pour le maintien des lignées non adhérentes. Adaptée d’aprés (192).
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1.5.1 Lignées cellulaires établies

Pendant des années, les cellules de GBM ont été cultivées de maniére adhérentes dans
un milieu complémenté avec du sérum. Ces lignées, comme les U87MG ou les U-251, ont
permis d’étudier certains mécanismes et aspects du développement des GBM. Cependant,
elles ne reproduisent pas finement toutes les caractéristiques des GBM (193) et dérivent
rapidement de leur phénotype original (194). Lorsqu’elles sont implantées chez I’animal, les
tumeurs divergent également de ce qui est observé chez I’'homme. Bien qu’elles soient
angiogéniques (195), elles ne présentent pas de coeur nécrotique (196) et n’infiltrent pas le

parenchyme sain du cerveau (197).

1.5.2 Xénogreffes dérivées de patient (PDX)

Ce modele est basé sur la xénotransplantation séquentielle chez I'animal de petites
pieces de matériel tumoral humain, comprenant tissus et cellules tumorales (198,199).
L'intérét de ce modele réside dans I’"hypothese que les PDX conservent les caractéristiques
originales de la tumeur. Les cellules tumorales ne subissent pas de changements génétiques
ou mutations significatives sur plusieurs générations murines (200). En contraste du modéle
précédent, elles présentent une hétérogénéité cellulaire et conservent une signature
biomoléculaire clinique. De plus, elles reproduisent I'architecture tumorale des GBM ainsi que
leur phénotype invasif (192). Les PDX permettent d’obtenir des renseignements cliniques
prédictifs plus pertinents lors de I'utilisation de traitements ciblant la tumeur (201). Elles ne
sont donc jamais en contact avec du plastique et lorsqu’un passage in vitro est nécessaire,
elles sont cultivées sur une gélose d’agar. Parmi les limitations de ce modele, le temps de
culture entre deux implantations est relativement court, ce qui restreint les procédures
expérimentales in vitro envisageables. |l nécessite également une utilisation continue et

importante d’animaux, représentant un co(t non négligeable.

1.5.3 Lignées non-adhérentes

L’utilisation de cellules cultivées non adhérentes en milieu neurobasal sans sérum est
un bon compromis entre les deux précédant modeles. Ces lignées poussent spontanément

sous forme de neurospheres ou sphéroides (202). Cette structure tridimensionnelle mime
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partiellement les conditions in vivo d’une tumeur, a savoir la différence de disponibilité de
I’oxygene et des nutriments selon I’endroit ou se situent les cellules. Le coceur du sphéroide
apparait comme plus hypoxique et le glucose y diffuse plus difficilement alors que la
périphérie est plus oxygénée et les nutriments ou facteurs de croissance directement
disponibles (193). Ce modeéle de culture préserve les échanges entre les cellules et maintient
aussi les interactions symbiotiques normalement trouvé au sein de la tumeur in vivo. En outre,
lorsque ces cellules sont implantées chez I’animal, elles reproduisent plus finement les
caractéristiques retrouvées chez les patients (angiogenése, nécrose, invasion localisée) (203).

Au cours de cette these, plusieurs lignées issues de patients ont été utilisées. Du fait
de I’acces aux données de caractérisation de la biopsie de GBM (199), la lignée P3 a été le plus
fréquemment utilisée. Elle a été isolée a I'hopital universitaire de Bergen (Norvege) a partir
d’une biopsie d’un patient male agé de 64 ans atteint d’'un GBM de sous-type mésenchymal.
L’analyse par CGH a montré que la tumeur présente des aberrations chromosomiques comme
un gain sur les chromosome 7, 19 et 20q, une perte sur les chromosomes 1g42-43, 9, 10 et
20p ainsi qu’une perte de PIK3R et de CDKN2A/B. La lignée cellulaire présente un phénotype

intermédiaire, a la fois invasif et angiogénique (199).

1.6 Infiltration tumorale

L’'une des caractéristiques des GBMs est sa capacité a envahir le parenchyme cérébral
sans métastases extra-cérébrales (204). L'infiltration diffuse apparait comme un facteur de
mauvais pronostic chez les patients atteints de GBM (205). Les cellules tumorales peuvent
envahir individuellement ou collectivement pour former des GBMs multifocaux (206).
L’invasion se fait préférentiellement le long de structures préexistantes comme les axones de
la substance blanche et les vaisseaux sanguins (207,208). Si I'invasion péri-vasculaire est un
processus tres étudié et ses mécanismes moléculaires commencent a étre élucidés, I'invasion
le long des fibres nerveuses reste trés peu connue. Certaines chimiokines et leurs récepteurs,
comme SDFla (Facteur 1 dérivant des cellules stromales) et CXCR4 (Récepteur 4 de la
chimiokine a motif C-X-C) semblent étre impliquées dans l'invasion le long des fibres
nerveuses (209). L'axe transcellulaire NOTCH1-SOX2 semble également étre une voie

importante pour l'invasion des GBMs le long des fibres nerveuses (210). Les cellules de GBM
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envahissent le parenchyme sur des neurones partiellement démyélinisés suggérant la
destruction de la gaine de myéline par les cellules GBM.

Plus récemment, plusieurs études ont souligné le role de I’activité électrique dans le
développement des GBMs (211,212). Les connections entre les CSCs par le biais de microtubes
ou les interactions avec les neurones par le biais de synapses neurogliales sont cruciales dans
les étapes invasives des GBMs. D’autres facteurs ont été identifiés comme étant important

dans lI'invasion des GBMs comme CXCR3, TGFb ou la thrombospondine-1 (213,203,214).

1.7 Objectifs

Les GBMs sont des tumeurs agressives associées a un tres mauvais pronostic dont leur
prise en charge a tres peu évolué depuis 2007. Les travaux de ce projet de thése visent a

étudier de nouveaux mécanismes impliqués dans la croissance et I'invasion des GBMs.

La premiéere partie s’est consacrée au développement de modele in vitro de croissance
et d’infiltration pour étudier et tester des cibles d’intérét afin de mieux comprendre les
phénomeénes du développement des GBMs et d’essayer de prédire |'efficacité clinique.

(articles 1, 2 et 3).

La deuxieéme partie s’est intéressée a |’étude de cibles impliquées dans l'infiltration et
le métabolisme énergétique des GBMs.

L’invasion des cellules dans le parenchyme est un obstacle majeur aux traitements des
GBMs ainsi qu’un élément qui contribue dans la mort des patients. Une analyse protéomique
entre les zones invasive et centrale a été réalisée révélant des candidats potentiels impliqués
dans les processus invasifs. (article 4)

Le GBM est une tumeur hautement glycolytique pouvant adapter son métabolisme.
Les LDHs apparaissent comme des candidats majeurs dans son développement puisqu’elles
possedent plusieurs roles, elles interviennent dans le métabolisme énergétique, la navette
lactate cérébrale ainsi que dans la régulation du potentiel rédox de la cellule. L'objectif était
d’étudier les effets du blocage des LDHs dans le GBM et d’en dégager les vulnérabilités grace

a la combinaison d’analyses transcriptomique et métabolomique. (article en révision)
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Modélisation expérimentale

2.1 Liste des articles relatifs a ce chapitre

(1) Glioblastoma patient-derived cell lines: Generation of non-adherent cellular models from
brain tumors (215) — Neuromethods (10.1007/978-1-0716-0856-2_5)

(2) A 3D Spheroid Model for Glioblastoma (216) — Journal of Visualized Experiments
(10.3791/60998)

(3) Co-culture of Glioblastoma Stem-like Cells on Patterned Neurons to Study Migration and
Cellular Interactions (217) - Journal of Visualized Experiments (10.3791/62213)

2.2 Réglementation

L’utilisation de matériel biologique humain est soumise a une réglementation assurant
le respect et la protection du corps humain (218). Cette réglementation éthique s’appuie sur
les regles du Code civil et du Code de la santé publique dont les principes majeurs sont
(1) inviolabilité du corps humain, (2)la non patrimonialité du corps humain et de ses
matériels biologiques ainsi que (3) I'anonymat de la personne (218). Il est également stipulé
gue le prélevement de matériel biologique ne peut se faire que dans un but thérapeutique ou

scientifique (219) avec le consentement préalable du donneur (220).

Suite a I'accord libre et éclairé du patient et 'anonymisation du prélevement, le

matériel biologique peut donc étre utilisé a des fins scientifiques.

2.3 Extraction, établissement et entretien

Apres exérese de la tumeur cérébrale, la biopsie de GBM est directement placée dans
un tube contenant du milieu de culture avant d’étre acheminée au laboratoire. Apres étre
découpées en piece a I'aide d’un scalpel, I'’échantillon est digéré avec de la trypsine, une

peptidase hydrolysant les liaisons des protéines membranaires. Enfin, les cellules et particules
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dissociées sont mécaniquement filtrées a travers un tamis de 40 um puis déposées dans une
flasque avec du milieu neurobasal. Ce milieu est complémenté avec du supplément B27, de
I’"héparine (100 U/mL), du FGF basique (20 ng/mL) et de la pénicilline — streptomycine (1000
U/mL).

Les cellules sont lavées chaque jour et le milieu remplacé jusqu’a élimination des
déchets. La formation spontanée de microsphéres tumorales en absence de sérum est le reflet
du caractére souche des cellules tumorales (221). Des microsphéres tumorales non
adhérentes (sphéroides) poussent spontanément, et I’obtention de microsphéres tumorales

caractéristiques appelées sphéroides (Figure 10).

Jours aprés extraction

Hétérogénéité types cellulaires

Cellules tumorales

Figure 10 : Etablissement d’une lignée cellulaire issue de patient
Les cellules sont extraites a partir d’'une biopsie de GBM et cultivées en milieu neurobasal sans sérum.

L'entretien de la lignée GBM issue de patient se réalise par un repiquage qui se
distingue des lignées cellulaires adhérentes ol la trypsine est utilisée pour détacher les
cellules de la flasque. Dans le cas présent, les sphéroides sont dissociés avec de |'accutase,
moins toxique et moins agressive pour les cellules (222). Aprés comptage, les cellules sont
replacées dans du milieu neurobasal frais.

Les cellules extraites conservent |'expression de marqueurs a caracteres souches
comme la nestine ou Sox2 (Figure 11). La nestine est une protéine filamenteuse assurant une
fonction régulatrice essentielle de la neurogenése (63). Sox2 est un facteur de transcription
retrouvé lors de I'embryogenese qui permet le renouvellement des cellules souches
indifférenciées (62). L’expression de marqueurs de différenciation neuronale demeure faible

(CD90) ou absente (NeuN).
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Figure 11 : Marquage de cellules adhérentes provenant de sphéroides dissociés
Les cellules sont marquées pour la nestine et Thy-1 (CD90), GFAP, vimentine et NeuN (gauche) ainsi que pour le
cytosquelette et Sox2 (droite). Echelle = 25 pm.

2.4 Expérimentations in vitro

2.4.1 Introduction

Un nombre considérable d’expériences utilisant des lignées cellulaires commerciales
ont été réalisées sur une simple couche de cellules. La prolifération se quantifie par un
comptage direct du nombre de cellules ou par une réaction colorimétrique. L'invasion et la
migration, difficilement séparables ici, correspondent au déplacement des cellules a travers
un insert de culture contenant une membrane poreuse (chambre de Boyden) ou le long d’'une
surface exempt de cellules. Malgré la simplicité d’utilisation et le moindre colt de ces
techniques, elles présentent un désavantage majeur vis-a-vis des expériences
tridimensionnelles (3D) : elles ne reproduisent pas I'architecture complexe d’une tumeur
(223). Ce point est critique pour plusieurs raisons, la surface de contact en monocouche avec
le milieu de culture est maximale exagérant la biodisponibilité des nutriments et des
traitements. De plus, I'adhésion des cellules sur des surfaces non physiologiques impacte les
processus de différenciation (224).

Les cultures 3D ont été développées pour surmonter ces défauts et mieux mimer
I"architecture multicellulaire et I’hétérogénéité tumorale (223). La structure du sphéroide
contribue a une meilleure évaluation de la pharmacocinétique des médicaments et des
mécanismes physiques a |'origine des résistances aux traitements (225). La densité cellulaire
et la taille du sphéroide impacte sur la diffusion des nutriments et des gaz (Figure 12a et b).

Ainsi, I’environnement au centre du sphéroide devient plus hypoxique (Figure 12c) et
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nécessite une reprogrammation métabolique pour s’adapter a cette condition plus
défavorable (226). Un centre nécrotique apparait avec des sphéroides de plus en plus
volumineux, se rapprochant au plus prées de ce qui est retrouvé dans beaucoup de cancers et
particulierement les GBMs (227). Les cultures 3D représentent donc un modeéle relevant pour

étudier les mécanismes de croissance et d’invasion des tumeurs solides (228).

_Brightfield
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200 400
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Core Peripherie

Figure 12 : Le sphéroide est un modéle intermédiaire pour mimer les tumeurs solides

a. Image en fond clair d’un sphéroide P3 avec une zone centrale dense. b. Représentation schématique montrant
les gradients de métabolites et de gaz au sein du sphéroide, adaptée de Hirschhaeuser et al. (229) c. Image
confocale d’un sphéroide marqué pour les noyaux (DAPI) et pour I'anhydrase carboxique IX (CAIX) (gauche) et
quantification de I'intensité de fluorescence de la zone sélectionnée (droite). Echelle = 100 pm.

2.4.2 Préparation de sphéroides de taille homogene

Les sphéroides sont préparés sur des plaques 96 puits a fond incurvé. Apres
dissociation avec de I'accutase, les cellules sont comptées a raison de 10 000 cellules par puits
et sont diluées dans un milieu de suspension (milieu neurobasal complet contenant 0.4 mg/mL
de méthylcellulose). La méthylcellulose est une forme synthétique de la cellulose, son colt est
faible, elle a peu d’influence sur le pH et n’est pas toxique (230). Son intérét en culture réside
dans sa capacité a forcer rapidement I’agrégation cellulaire due a se faible réactivité avec les
cellules. Les cellules sont incubées a 37°C, 5% de CO;, 95% d’humidité et s’agglomereront

progressivement pour former des sphéroides utilisables au bout de 72 h (Figure 13A).

2.4.3 Expériences de croissance

Le sphéroide formé est prélevé avec une pipette dont la pointe du cone a été coupée
afin d’éviter 'endommagement de la structure. Il est rincé puis replacé en puits a fond incurvé
dans du milieu de suspension frais avec ou non des molécules d’intéréts (agents chimiques,
inhibiteurs). Une image est prise a To puis a intervalles réguliers. La croissance du sphéroide

est le reflet de la prolifération cellulaire.
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La roténone est un composé tres lipophile qui inhibe le complexe | de la chaine
respiratoire induisant ainsi la production d’especes réactives a I'‘oxygene et un
dysfonctionnement mitochondrial (231). L’ajout de roténone dans le milieu de culture ralentit

la croissance des sphéroides tumoraux (Figure 13B).

2.4.4 Expériences d’'invasion

L'invasion tumorale est la premiere étape clé de la cascade métastatique. Son
mécanisme met en jeu la capacité des cellules de GBM a interagir, remodeler et se mouvoir a
travers la matrice extracellulaire (MEC) du systéme nerveux central. La MEC est un réseau
complexe principalement composés de protéines fibrillaires comme le collagene, la laminine,
la fibronectine et le protéoglycane. Pour se déplacer, la cellule de GBM émet une protrusion
(invadopode) et crée des points focaux d’adhérence dans la MEC. Elle synthétise des protéases
pour dégrader la MEC, réorganise son cytosquelette, se contracte et se détache des autres
cellules pour avancer (232).

Ainsi pour mimer ce microenvironnement tumoral, reproduire plus fidelement la
morphologie de la tumeur et les processus d’invasion, les sphéroides sont placés dans une
matrice tridimensionnelle. Celle-ci est composée de collagene de type 1, principal
représentant de la classe des collagenes fibrillaires. Le collagene sert principalement de point
d’ancrage pour les cellules tumorales (233). Couramment utilisé dans les essais d’invasion, il
s’agit aussi du type de collagéne le plus abondant dans I'organisme et est également un
élément constitutif du stroma cérébral.

L’acidification du microenvironnement tumoral est un facteur qui favorise l'infiltration
(234). L'ajout d’acide chlorhydrique (HCI) dans le milieu de culture a permis d’augmenter
I'invasion des cellules en matrice de collagéne (Figure 13C).

Les phosphodiestérases des nucléotides cycliques (PDE) sont des enzymes régulant le
couplage excitation — contraction cellulaire en dégradant ’AMP et le GMP cyclique (AMPc et
GMPc) (235). Des concentrations élevées d’AMPc réduisent la migration cellulaire (236,237).
Dans les gliomes, un faible niveau d’AMPc est correlée avec une plus grande malignité des
tumeurs (238). De plus, I'expression des PDE est retrouvée augmentée dans les GBMs
(239,240). La PDE3 hydrolyse préférentiellement ’AMPc, elle a initialement été étudiée dans

le coeur et les muscles lisses vasculaires qui possedent des cellules hautement contractiles
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(241). L'utilisation du cilostamide, inhibiteur de PDE3, réduit les capacités invasives des
cellules de GBMs (Figure 13D). Ces résultats sont concordant avec un autre cancer agressif,

celui du pancréas (242).
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Figure 13 : Apercu des expérimentations réalisables avec des sphéroides

A. Formation des sphéroides a partir de cellules dissociées en puits a fond incurvés. B. Expérience de croissance
en présence de roténone. C-D. Expériences d’'invasion en présence d’acide chlorhydrique (C) ou de cilostamide
(D). Echelle = 100 pm.

2.4.5 Analyse des expériences

La microscopie optique est I'un des moyens les plus simples d’étudier les phénomeénes
de croissance, d’invasion ainsi que d’autres phénomeénes cellulaires. Dans ce cadre, I'image
numérisée correspond a une représentation planaire d’'un objet dans un espace
tridimensionnel et transcrite en niveau de gris ou en couleur (Tableau 2). Il s’agit d’une matrice

dont l'unité est le pixel (provenant de I'anglais picture element), chaque pixel est défini par
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une valeur correspondant a une couleur. La création des images résulte de la volonté de figer
un instant dans le temps afin de pouvoir analyser et interpréter I’évenement observé a tout
moment.

Notre systeme visuel est capable de détecter des variations d’intensité lumineuse qui
correspondent le plus souvent a des contours d’objets. Cette étape du traitement d’image,
instantanée et automatique, nous permet de décomposer I'image en plusieurs régions
homogenes ou de délimiter des zones hétérogenes. Cependant la quantification manuelle des
parametres pouvant étre extraits (longueur, périmétre, aire, morphologie...) est énormément

chronophage.

Tableau 2 : Valeurs des couleurs

Type d’'image Valeurs des pixels | Exemples

Binaire (BIN) [0a1]

8 bits [0a 255]

Niveau de gris 16 bits | [0a 2%¢-1]

32 bits | [0a2%2-1]

Couleur (RVB) [03 255)3

Le traitement informatique d’image est alors apparu pour remplacer I'observateur
humain par une machine et de permettre I'automatisation des analyses. Les images sont
d’abord prétraitées via une réduction du bruit de fond ou une augmentation de contraste a
I"aide filtres ou d’algorithmes puis sont traitées pour en extraire les parametres d’intéréts. Ici,
nous nous intéresseront brievement a I'un des traitements qui operent sur des grandeurs
calculées a partir des valeurs de chaque pixel de I'image: la détection de contour par
segmentation ou approche frontiere. Les variations d’intensité de pixels sont des informations
importantes représentant des modifications de propriétés physiques et/ou géométriques
(densité, distance, ombres, orientation...). Un contour se présente généralement comme une
zone présentant une variation locale d’intensité. En considérant I'image comme un

échantillonnage d’une fonction scalaire, cette variation peut étre calculée sous la forme d’un
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gradient pour chaque pixel en fonction des pixels voisins. Ainsi, les contours correspondront
aux pixels de fort gradient (243).

Des outils ont été développés pour automatiser I'’enchainement de ces étapes mais
rarement sur des plateformes libres et gratuites (244-246). Ils débutent généralement avec
(1) un algorithme de soustraction de bruit fond ol pour chaque pixel, une valeur moyenne est
déterminée a partir des valeurs des pixels compris dans un cercle autour de ce pixel. Cette
valeur moyenne est ensuite soustraite a la valeur du pixel de I'image originale supprimant
ainsi les variations des intensités (247). (2) Un filtre de détection de contour est appliqué
(classiquement un filtre de Sobel) pour calculer le gradient en chaque pixel de I'image. Il existe
d’autres types de filtres similaires comme celui de Prewitt, ou bien ceux utilisant des systemes
de convolution comme les filtres de Canny et de Deriche. L’étape finale est de sélectionner
ces pixels a fort gradient par (3) des algorithmes de seuillage pour obtenir une image binaire
et d’en délimiter le contour avec une sélection composite. De maniére générale, il est
nécessaire d’ajuster les parametres de chacune de ces étapes d’une image a |I’autre en prenant
également compte de la résolution et/ou du niveau de gris de I'image.

Dans 'optique de réduire ce paramétrage et d’optimiser I'utilisation sur plusieurs de
type d’'image, nous avons modifié certaines parties en développant un outil sur le logiciel libre
et gratuit Image) (Figure 14). L'image brute est représentée en Figure 14Ai avec son
diagramme de profil basé sur I'intensité de valeur des pixels. A ce stade, seul le centre du
sphéroide est déterminable par seuillage avec une valeur trés contrasté des pixels comparé a
ceux du reste de I'image. L'algorithme de soustraction du bruit de fond est remplacé par une
opération d’images calculée a partir de I'image originale soumise a un filtre de convolution
(3x3) d’intensité 1 soustraite de I'image originale soumise a un masque flou. Le filtre floute
légerement I'image alors que le masque améliore sa piquée. Pour les zones ne comprenant
pas de fortes variations d’intensité (centre du sphéroide et la matrice de collagéne sans
cellules), les valeurs de pixels sont ramenées a 0. Le décalage produit par les deux
transformations qui ont été soustraites a permis de mettre en évidence des irrégularités
d’intensité et donc de donner une information sur la présence de bords. Ainsi, cette étape
permet de générer une image générique d’un unique format et d’éliminer le bruit de fond
(Figure 14Aii). Un filtre de Sobel est appliqué pour détecter les contours de I'image prétraitée
(Figure 14Aiii). Une image binaire est obtenue grace a un seuillage avec un algorithme Triangle

(248) suivi d’étapes d’extraction, de remplissage et d’élimination de petites particules. Les
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zones d’intéréts peuvent ensuite étre extraites, vérifiées et enregistrées (Figure 14Aiv).
L'invasion se calcule a postériori par la soustraction du total par le centre. Le panel B de la
Figure 14 montre le résultat du contourage des objets sur différents types d’images sans

ajustement préalable des parameétres.
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Figure 14 : Présentation de I'algorithme de segmentation

A. Présentation de la segmentation étape par étape. (i) Image brute. (ii) Image obtenue de la soustraction de
I'image filtrée par I'image avec un masque. (iii) Contour de I'image avec filtre Sobel. (iv) Délimitation des
différentes zones du sphéroide. B. Exemples de segmentation avec les paramétres de base. Echelle = 50 um.

Cet outil relativement simple reste cependant limité dans son utilisation lorsque des
parametres non pris en compte venait a apparaitre comme par exemple la présence de
plusieurs objets dans le méme champ (pas de séparation automatique de ceux-ci), une
résolution trop faible, un trés mauvais contraste ou bien une image ayant subie une
compression irréversible avec pertes. Des outils plus performants, basés sur 'intelligence
artificielle, peuvent étre alors utilisés (245).

Un autre intérét de la microscopie est I'utilisation de sondes fluorescentes (comme la
calcéine, I'’ethidium homodimer ou I'hoechst) directement placées dans le milieu renseignent
sur la viabilité (cellules positives a la calcéine) ou sur mortalité cellulaire (cellules positives a
I’ethidium homodimer). Cependant, la capacité de pénétration de ces sondes peut étre un

point limitant selon la taille du sphéroide, ce qui sera traduit par une absence de signal au
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niveau du centre de la structure. De plus, I'acquisition d’images fluorescentes est beaucoup
plus longue qu’en microscopie classique (des centaines de millisecondes versus quelques

millisecondes) et génére de grandes quantités de données.

2.4.6 Coupe coronale d’'un sphéroide envahissant une matrice de collagene

Cette technique d’histologie a base de paraffine présente plusieurs intéréts. Tout
d’abord, découper un sphéroide invasif sur plusieurs lames permet I'utilisation de nombreux
marqueurs sur le méme échantillon et de diminuer la quantité utilisée. Des coupes fines de
guelques micrometres d’épaisseur réduisent |'effet de saturation (concentration plus
importante de cellules fluorescentes) ou I'absence de signal (faible pénétration du marqueur)
qui peuvent étre observés au centre des sphéroides 3D (246). Elle permet également
d’analyser des informations a I’échelle cellulaire comme les interactions cellules/cellules et
cellules/matrice (249). Enfin, I'imprégnation a la paraffine permet la conservation a long terme
des échantillons a température ambiante.

Les phases de manipulation d’un sphéroide invasif dans une la matrice de collagene a
I"aide d’un enrobage d’agarose se basent sur un protocole validé pour des cellules isolées dans
un hydrogel (249). A notre connaissance, une coupe coronale d’un tel sphéroide n’a pas
encore été réalisée. L'ensemble du processus est schématisé dans la Figure 15. Les sphéroides
sont inclus dans un insert de culture de 8.0 um format 24 puits. Apres 24 heures d’invasion,
les sphéroides sont fixés 4 heures avec du PFA 4% puis lavés trois fois avec du PBS avant d’étre
déshydratés dans deux bains d’éthanol 70%. L’éthanol est éliminé puis de I’agarose liquide 2%
non bouillant est déposé au-dessus de I’échantillon dans l'insert. Apres solidification, la
membrane de I'insert est retirée ce qui facilite le démoulage du gel d’agarose comprenant le
sphéroide dans le collagene sur sa partie supérieure. L'échantillon est ensuite entierement
enrobé avec de I’agarose liquide puis laissé a température ambiante. Il est ensuite déshydraté
dans deux bains d’éthanol 96%, deux bains d’éthanol 100% puis par deux bains de toluene.
L’échantillon est enfin placé dans deux bains de paraffine liquide (60°C). L’insertion se fait

verticalement dans un bloc d’inclusion.
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Figure 15 : Processus pour manipuler, paraffiner et marquer des sphéroides invasifs en matrice de collagéne
Expérience d’invasion : les sphéroides sont inclus dans une matrice de collagene de type | en insert de culture
puis sont incubés 24h. Enrobage agarose (adapté selon (249)) : Apreés fixation au PFA et lavage au PBS, I'agarose
2% est coulé au-dessus de la matrice. La membrane de l'insert est retirée permettant le démoulage de
I’échantillon, il est ensuite coupé puis a nouveau enrobé avec de I'agarose 2%. Préparation des lames:
I’échantillon est déshydraté dans des bains d’éthanol puis de toluéne, paraffiné et inclus en bloc de paraffine
pour étre coupé avec un microtome. Marquage : les lames sont déparaffinées dans des bains de toluéne puis
d’éthanol, les antigenes sont démasqués dans un bain de citrate. Le sphéroide est marqué pour le cytosquelette
(phalloidine), les noyaux (DAPI) et les mitochondries (TOM?20).

2.4.7 Co-culture avec des neurones

Ici, nous décrivons un modele simplifié pour étudier I'invasion des GBM a travers un
recouvrement de neurones adhérent sur des fibres de laminine. Les cellules étant disséminées
dissociées ou sous forme de sphéroides. Ces deux conditions visent a récapituler I'invasion
sur des neurones tel que c’est observé chez des patients atteints de GBM (203,217,250). Ce
modele permettra d’étudier I’échappement des cellules de GBM a travers les fibres nerveuses

et d’étudier les nouvelles voies moléculaires impliquées dans ce processus.
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a. Protocole

Les étapes du protocole sont schématisées dans la Figure 16A.

Des lamelles circulaires en verre de 18 mm sont traitées par un mélange d’air/plasma
activé pendant 5 minutes. Elles sont ensuite placées en chambre fermée avec 100 pL de (3-
aminopropyl)triethoxysilane et un dessiccateur pendant 1 heure. Les lamelles sont incubées
avec du poly(ethylene glycol)-succinimydil valerate (PEG SVA) dans un tampon carbonate de
10 mM et de pH > 8 pendant 1 heure. Elles sont ensuite rincées avec de I’eau ultrapure et
sechées sous une hotte chimique. Le photoinitiateur 4-benzoylbenzyl-trimethylammonium
chloride (PLPP) est dissous a 14,7 mg/mL dans du PBS. Un mélange de 3 pL de gel de PLPP et
50 pL d’éthanol absolu est déposé au centre de la lamelle. L’échantillon est placé sous une
hotte chimique pour favoriser I’évaporation compléte de I’éthanol absolu. La lamelle est
ensuite montée dans une chambre de Ludin et placée sur un microscope équipé d’un systeme
d’autofocus. Les images qui correspondent au motif visionné sont chargées sur le logiciel. Les
parametres suivant sont appliqués : réplication 4 x 4 temps, espace de 200 um, dose d’UV de
1000 mJ/mm?. Apres l'illumination automatique aux UV, le PLPP décollé est retiré a I'aide de
plusieurs ringage au PBS. La laminine (50 pug/mL de PBS) est ensuite incubée pendant 30
minutes. La chambre est lavée avec du PBS.

Les neurones proviennent de la dissection de I’hippocampe d’embryons de rats (E18
Sprague-Dawley) qui est transféré dans une solution saline balancée d’Hank’s (HBSS)/1 mM
4-(2-hydroxyethyl)-&-piperazineethanesulficacid (HEPES) contenant une solution de 15 mL de
pénicilline-streptomycine. L’exces de la solution est éliminé sans que I’hippocampe soit séché.
Puis est ajouté 5 mL de trypsine-ethylenediamide tetraacetic acid (EDTA), supplémenté en
pénicilline (10000 unités/mL), en streptomycine (10000 pg/mL) avec 1 Mm d’HEPES.
L’échantillon est incubé 15 minutes a 37°C puis rincé deux fois avec la solution
d’HBSS/HEPES/pénicilline-streptomycine. Le tissu est laissé 2 a 3 minutes dans cette solution
avant d’étre dissocié précautionneusement avec une pipette Pasteur. Les cellules sont
finalement comptées et la viabilité est évaluée. Les neurones sont ensuite semées sur la
lamelles précédemment préparées a raison de 50 000 cellules par cm? dans du NBM enrichit
avec 3% de sérum de cheval. Apres 48 h d’incubation a 37°C, les cellules dissociées ou les
sphéroides sont ajoutés sur les neurones. L’échantillon est immédiatement placé sur un
microscope équipé d’'une chambre thermostatée a 37°C et 5% de CO,. Les images sont

acquises toutes les 5 minutes sur 12 heures avec un objectif X20.
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b. Résultats représentatifs

Les cellules de GBM migrent de maniere aléatoire le long des extensions neuronales
(Figure 16B - vidéo). Elles peuvent étre distinguées des cellules neuronales par leur
fluorescence, ce qui permet le suivi des mouvements cellulaires. Ainsi, la capacité migratoire
des cellules de GBM sur le tapis de neurones est plus grande que celles déposées sur la
laminine (Figure 16B i et ii). La motilité cellulaire est quantitativement estimée avec le
déplacement carré moyen (MSD) et sa transformation logarithmique représente une fonction
linéaire (251), elle est également plus importante pour les cellules de GBM semées sur les
neurones (Figure 16B iii). Le ratio directionnel (ou persistance) est aussi calculé pour les deux
conditions, il permet de comparer la direction du parcours de la cellule (réel entre le point de
départ et d’arrivé) par rapport a la direction idéale de la migration (ligne droite entre le point
de départ et d’arrivé) (252) (Figure 16B iv).

La migration des sphéroides est également suivie via la détection de l'aire de
fluorescence au cours du temps sur les neurones ou sur le recouvrement de laminine (Figure
16Ci). Apres 500 minutes, la moitié du tapis de neurones est recouvert par les cellules de GBM

alors que les sphéroides n’adherent pas au recouvrement de laminine (Figure 16C ii).
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Figure 16 : Coculture des cellules de GBM sur un tapis de neurones

A. Setup expérimental. (1) La surface de la plaque est recouverte par une couche de PEG. (2) Ajout de I'agent
photo-inhibiteur. (3) Un rayon UV projette une image a travers I'objectif du microscope, ce qui active localement
I’agent photo-inhibiteur et clive les molécules de PEG. (4) La laminine est ajoutée puis s’adsorbe sur les zones
clivées. (5) Les neurones sont déposés et adhérent uniqguement sur le recouvrement de laminine. (6) Les cellules
fluorescentes (GFPmembranaire/ TOMatonucicaire) de GBM P3 sont déposées sur les neurones et les images sont
acquises toutes les 5 minutes. B. Analyse du déplacement des cellules P3. Graphique de déplacement des cellules
sur un recouvrement (i) de neurones ou (ii) de laminine. (iii) Déplacement carré moyen (Mean Square
Displacement ou MSD) et (iv) Ratio directionnel des cellules P3 sur neurones ou sur laminine. C. Analyse de
migration des sphéroides. (i) Image représentative a différents temps des sphéroides sur neurones et sur
laminine. Echelle = 100 um. (i) Migration des sphéroides représenté par la confluence de I'aire de fluorescence.
Pour chaque expérience : 4 zones indépendantes, les données sont représentées par la moyenne + S.E.M.
Abréviations : PEG = polyéthyléne glycol, UV = ultraviolet, GFP = protéine fluorescente verte.
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2.5 Expérimentations in vivo

La greffe de cellules tumorales humaines chez les animaux permet d’étudier la
tumorigenese et I'efficacité d’un traitement dans un contexte in vivo. Les sphéroides sont
directement implantés dans le cerveau d’une souris immunodéficiences RAG2/y a I'aide d’un
appareillage stéréotaxique. Cette implantation est préférée a celle sous-cutanée car elle
permet a tumeur I'expression de composants de la MEC cérébrale, non retrouvée au niveau
de la peau. La tumeur se trouve également dans un microenvironnement plus proche et donc
plus représentatif de celui observé chez ’lhomme. L'implantation se réalise sur des souris
anesthésiées dont le crane a été perforé pour faciliter I'insertion d’une seringue Hamilton.
Cing sphéroides sont inoculés a gauche de 2,2 mm du point de rencontre des sutures de I'os
frontal et des pariétaux (bregma) et a 3.4 mm de profondeur. La croissance tumorale peut
étre observée deux a trois semaines apres I'implantation. A la fin de I’expérience, les souris
sont euthanasiées et les cerveaux prélevés pour étre ensuite étudiés avec des techniques
d’'immunohistologie renseignant des informations sur la tumeur (nestine) mais également
d’autres parameétres comme la vascularisation (CD31) (Figure 17). Plusieurs des
caractéristiques des GBM sont observées comme une large invasion controlatérale par le biais
des corps calleux (Figure 17 panel haut droit), une augmentation de la densité vasculaire dans
la tumeur par rapport a la partie saine (Figure 17 milieu droit) et des cellules qui envahissent

de maniere isolée (Figure 17 bas droit).

DAPI  CD31 _ Nestin | Controateral |

Figure 17 : Immunohistologie sur une coupe coronale d’un cerveau de souris
Les cellules sont marquées pour le DAPI (bleu), CD31 (rouge) et la nestine (vert). Echelles = 2,5 mm (gauche) et
250 um (droite)
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Articles

3.1 The invasive proteome of glioblastoma revealed by laser-capture

microdissection

Le phénotype invasif et diffus des GBMs est a |'origine du mauvais pronostic de ces
tumeurs (253). C’est aussi pourquoi la résection chirurgicale, bien que la plus large possible,
n‘englobe pas [lintégralité de Ila tumeur. Les cellules tumorales envahissent
préférentiellement le long des corps calleux, composé de fibres nerveuses, mais également le
long des vaisseaux sanguins et dans I’espace interstitiel pour former des tumeurs secondaires
cérébrales (208). Les analyses « omics » sont généralement basées sur la biopsie méme,
comprenant simultanément plusieurs zones de la tumeur ou une seule zone... Il n’existe pas
de traitement efficace selon les sous-types de GBMs déterminés par transcriptomique,
excepté les GBMs présentant une mutation du promoteur MGMT avec une amélioration de la
survie des patients lors de l'utilisation du TMZ (8,169). La transcriptomique repose sur la
quantification des ARN issus de la transcription du génome, témoin des réponses adaptatives
des cellules. Cependant, entre 80 et 90% des ARN messagers produits sont dégradés avant
d’étre traduits en protéines (254,255). L'effet génotypique (synthése des ARN messagers) ne

reflete donc pas forcément I’effet phénotypique (synthése et activité des protéines).

Dans cette étude, nous avons utilisé la lignée P3 de GBM issue de patients et implantée
dans le cerveau de souris pour étudier le changement d’expression de protéines entre les
zones centrales et invasives. Les zones ont été récoltées par microdissection laser puis
analysées par une étude de protéomique afin d’identifier de nouvelles signatures tumorales.

Enfin les cibles trouvées ont été validées in vitro.
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Principaux résultats :

L’analyse a montré une augmentation d’expression de 34 protéines et une diminution
d’expression de 118 protéines dans la zone invasive par rapport a la zone centrale.

PLP1 et DMN1 sont les candidats majeurs retrouvés parmi les protéines surexprimées.
L’utilisation in vitro d’inhibiteurs de PLP1 (PLP1i) ou de DNM1 (dynasore) a doses non

cytotoxiques réduit les capacités invasives des cellules tumorales.
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Abstract

Background. Glioblastomas are heterogeneous tumors composed of a necrotic and tumor core and an invasive

periphery.

Methods. Here, we performed a proteomics analysis of laser-capture micro-dissected glioblastoma core and inva-

sive areas of patient-derived xenografts.

Results. Bioinformatics analysis identified enriched proteins in central and invasive tumor areas. Novel markers of
invasion were identified, the genes proteolipid protein 1 (PLP1) and Dynamin-1 (DNM1), which were subsequently

validated in tumors and by functional assays.

Conclusions. In summary, our results identify new networks and molecules that may play an important role in gli-
oblastoma development and may constitute potential novel therapeutic targets.

Key Points

e Proteomics analysis on central and invasive areas reveals molecular heterogeneity.
e Membrane trafficking, cytoskeleton, and metabolism pathways are particularly enriched.

e Identification of new players in glioblastoma development.

Glioblastomas (GBM) are the most common and aggressive
tumors from the central nervous system. Patient survival rate,
despite therapeutic improvements, is about 15 months after
tumor detection."? GBM derive mainly from astrocytes but
may contain oligodendrocytic components as well. They are
characterized by increase in vascular growth, but also by tor-
tuous blood vessels, that are poorly perfused and thrombose,
resulting in hypoxia and, in turn, necrosis.® Furthermore, single
or contro-lateral invasion is observed.* The Stupp protocol,
commonly used as first-line therapy, is based on large tumor

mass resection, local irradiation, and temozolomide treatment.
Tumor recurrence is a constant feature and observed after a
few months at which point patients may undergo second line
surgery and antiangiogenic therapy (bevacizumab).5 However,
evasive resistance to antiangiogenic treatment is observed
with tumor recurrence in most of the cases, mainly due to
secondary tumors formed from invasive cells. We have re-
cently performed RNA sequencing for both central and inva-
sive areas and identified a gene regulatory network with high
connectivity.®
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Thisis an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


http://creativecommons.org/licenses/by/4.0/
mailto:andreas.bikfalvi@u-bordeaux.fr?subject=
mailto:thomas.daubon@u-bordeaux.fr?subject=

Daubon et al. Invasive proteome of glioblastoma

Importance of the Study

Our study deals with the identification of mo-
lecular players and regulatory circuits in glio-
blastoma development. Since glioblastomas are
heterogeneous tumors composed of a tumor
core and an invasive periphery, we have chosen

In this study, we performed laser-capture microdissection
of core and invasive areas from patient-derived GBM xeno-
grafts followed by high-throughput proteomic analysis. We
identified novel protein signatures including proteolipid
protein 1 (PLP1) and Dynamin-1 (DNM1) and validated
them in additional tumor samples. Finally, a functional
validation was carried out in vitro. Thus, our results report
novel unexpected proteins that are involved in glioblas-
toma development and may constitute novel therapeutic
targets for preventing invasion following surgery.

Materials and Methods
Ethical Issues

Male RAGy2C~- mice were housed and treated in the animal
facility of Bordeaux University (“Animalerie Mutualisée
Bordeaux”). All animal procedures were performed as ac-
cording to the institutional guidelines and approved by the
local ethics committee (agreement number: 5522).

Patients gave their consent prior tissue analysis ac-
cording to the clinical guidelines. Informed written con-
sent was obtained from all subjects (Department of
Neurosurgery, Humanitas, Milan according to Humanitas
ethical committee regulations).

Intracranial Tumor Xenografts

P3 spheroids were prepared 3 days before implantation
by seeding 10* P3 cells in neurobasal medium with 0.4%
methylcellulose (Sigma) in a U-bottom 96 wells plate
(Falcon). After PBS washing, five P3 spheroids were ster-
eotactically implanted into the brains of randomly chosen
three Ragy2C-- mice (8-12 weeks old). P3 cells have been
extensively characterized and have molecular profile of the
mesenchymal subgroup (from male patient, age 64; chro-
mosomal aberrations + [Chr 7, Chr19, 20q], -[1942-q43, Chr9,
Chr10, 20p] - [PIK3R, CDKN2A/B]’). Briefly, GBM spheroids
(5 spheroids of 10* cells per mouse) were implanted into the
right cerebral hemisphere using a Hamilton syringe fitted
with a needle (Hamilton, Bonaduz, Switzerland), following
the procedure already described,® which consisted in an in-
jection at Bregma 0, 2 mm left, 3 mm deep.

Laser-Capture Microdissection

Coronal brain sections (10 pm thickness) were made using
a CM3050-S microtome (Leica, Wetzlar, Germany) from

a proteomics approach which takes into account
this regional heterogeneity. We used laser-capture
microdissection and state-of-the-art proteomics
analysis of core and invasive tumor areas to
identify molecular players and signatures.

snap-frozen samples. The sections were then dehydrated in
a series of pre-cooled ethanol baths (40 s in 95% and twice
40 s in 100%) and air-dried. Laser microdissection of samples
was performed using a PALM MicroBeam microdissection
system version 4.6 equipped with the PA.L.M. RoboSoftware
(PA.L.M. Microlaser Technologies AG, Bernried, Germany).
Laser power and duration were adjusted to optimize the cap-
ture efficiency. Microdissection was performed at 5x magni-
fication. Three tumors were analyzed for each condition, and
five caps were collected for each tumor type.Three replicates
were generated on serial sections for each brain tumor.

Sample Preparation for Mass Spectrometry

Microdissected tissues were first incubated in RIPA buffer
supplemented with inhibitor cocktail (Complete, Roche).
They were then treated by sonication for 10 s, supplemented
with Laemmli buffer, heated at 95°C during 5 min and finally
loaded onto a 10% acrylamide SDS-PAGE gel. Migration was
stopped when samples entered into the first centimeter of
the resolving gel and proteins were visualized by Colloidal
Blue staining. Each SDS-PAGE band was cut into 1 x 1 mm
gel pieces. Gel pieces were destained in 25 mM ammo-
nium bicarbonate (NH,HCO,), 50% Acetonitrile (ACN), and
shrunk in ACN for 10 min. After ACN removal by evapora-
tion or pipetting, gel pieces were dried at room temperature.
Proteins were first reduced in 10 mM dithiothreitol, 100 mM
NH,HCO, for 30 min at 56°C, then alkylated in 100 mM
iodoacetamide, 100 mM NH,HCO, for 30 min at room tem-
perature, and shrunken in ACN for 10 min. After ACN re-
moval, gel pieces were rehydrated with 100 mM NH,HCO,
for 10 min at room temperature. Before protein digestion,
gel pieces were shrunken in ACN for 10 min and then dried
at room temperature. Proteins were digested by incubating
each gel slice with 10 ng/ul of trypsin (T6567, Sigma—Aldrich)
in 40 mM NH,HCO,, 10% ACN, rehydrated at 4°C for 10 min,
and finally incubated overnight at 37°C. The resulting pep-
tides were extracted from the gel by three steps: a first in-
cubation in 40 mM NH,HCO,, 10% ACN for 15 min at room
temperature and two incubations in 47.5% ACN, 5% formic
acid for 15 min at room temperature. The three collected ex-
tractions were pooled with the initial digestion supernatant,
dried in a SpeedVac, and resuspended in 0.1% formic acid
before nanoLC-MS/MS analysis.

nanol.C-MS/MS Analysis

Online nanoLC-MS/MS analyses were performed using
an Ultimate 3000 RSLC Nano-UPHLC system (Thermo



Scientific, USA) coupled to a nanospray Q-Exactive hy-
brid quadruplole-Orbitrap mass spectrometer (Thermo
Scientific, USA). Each peptide extract were loaded onto
a 300 um ID x 5 mm PepMap C,; precolumn (Thermo
Scientific, USA) at a flow rate of 20 pl/min. After 3 min
desalting, peptides were online separated on a 75 pm
ID x 26 cm C,; Acclaim PepMap RSLC column (Thermo
Scientific, USA) with a 4-40% linear gradient of solvent B
(0.1% formic acid in 80% ACN, solvent A: 0.1% formic acid
in H,0) in 108 min.The separation flow rate was set at 300
nl/min. The mass spectrometer was operated in positive
ion mode at a 1.8 kV needle voltage. Data were acquired
using Xcalibur 3.1 software in a data-dependent mode. Full
MS scans in the range from m/z 300 to 1600 were recorded
at a resolution of 70,000 at m/z 200 and the target value for
the automatic gain control (AGC) algorithm was set to 3 x
108 ions collected within 100 ms. Dynamic exclusion was
set to 30 s and top 12 ions were selected from fragmenta-
tion in HCD mode. MS/MS spectra were acquired with a
resolution of 17500 at m/z 200, and the maximum ion in-
jection time and the AGC target were set to 100 ms and
1 x 10% ions, respectively. Only precursors with assigned
charges states +2 and +3 were selected for fragmenta-
tion. Molecules that are not proteins are generally charged
with only one proton, hence the interest of sequencing
only multicharged ions, which are generally peptides.
Furthermore, peptide anion analysis remains little prac-
ticed because of challenges with high-pH reversed-phase
separations and a lack of robust fragmentation methods
suitable for peptide anion characterization. Others set-
tings were as follows: no sheath and no auxiliary gas flow;
heated capillary temperature of 270°C; normalized HCD
collision energy of 27%; and an isolation width of 2 m/z.

MS Data Processing and Quantification

Mascot 2.5 algorithm through Proteome Discoverer 1.4
Software (Thermo Fisher Scientific Inc.) was used for pro-
tein identification in batch mode by searching against a
Mus musculus database (Proteome ID UP000000589; re-
lease date November 15, 2018; 54,188 proteins) merged to
a Homo sapiens database (Proteome ID UP000005640; re-
lease date November 17, 201pretty8; 73,931 proteins) from
http://www.uniprot.org/ website.® Two missed enzyme
cleavages were allowed. Mass tolerances in MS and MS/
MS were set to 10 ppm and 0.02 Da. Oxidation of methio-
nine, acetylation of lysine, and deamidation of asparagine
and glutamine were searched as dynamic modifications.
Carbamidomethylation on cysteine was searched for as a
static modification. For protein quantification, raw LC-MS/
MS data were imported in Proline Studio (http:/proline.
profiproteomics.fr/) for feature detection, alignment, and
quantification. Protein identification was only accepted
when at least 2 specific peptides had a pretty rank = 1 and
had a protein false discovery rate value < 1.0% calculated
using the “decoy” option in Mascot.® Label-free quantifica-
tion of MS1 level by extracted ion chromatograms was car-
ried out using the parameters indicated in Supplementary
Table 1. Protein ratios were normalized to the median ratio.
A missing values inference method was applied, and we
used a variant when there is a minimum of 1.5-fold change
with an adjusted P value below .05.
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Experimental Reproducibility Between
Triplicates

Protein quantifications were analyzed using a bespoke
pipeline of python scripts. For human data set, there were
743 proteins in each brain sample and 517 proteins for
the mouse data set. We estimated the dispersion of pro-
tein quantification values between technical replicates (3
per sample) for each condition (angiogenic and invasive)
by computing the coefficient of variation CV= oy, where o
and p are the standard deviation and mean. Histograms of
CV values were built for each sample separately for each
condition. Based on the analysis of these histograms, we
chose CV=0.8 as the threshold for eliminating proteins
whose values were not sufficiently reproducible between
triplicates. Proteins were retained only if the CV was below
the 0.8 threshold for both conditions, resulting in 574, 691,
and 714 proteins for each of the brain samples for Human
and in 372, 468, and 484 proteins for each of the brain sam-
ples for mouse. To compare central and invasive condi-
tions, we have generated aggregated tables with protein
quantifications for all samples and replicates, resulting in
18 column tables (9 columns per condition) for Human and
mouse; a protein was retained to be part of these tables
only if it was present in 6 out of 9 columns for each con-
dition. These resulting aggregated data set contain in total
730 proteins for the Human-annotated data set and 510
for the mouse-annotated data set (Supplementary Tables
2 and 3). Furthermore, for certain downstream analyses,
we considered only proteins common to all replicates, re-
ducing the aggregated data sets to 544 and 331 proteins
for Human and mouse, respectively.

Differential Expression Analysis

To reveal potential biomarkers which distinguish be-
tween invasive and angiogenic conditions, we applied the
Welch's t-test to the corresponding replicate value vectors.
The resulting P-values were further adjusted using the
Benjamini-Hochberg multiple test correction algorithm?® re-
sulting in padj values for each protein. We set the threshold
for the significance of the padj at 0.01, yielding (i) for the
aggregated data sets 152 and 284 potential biomarkers for
Human and mouse, respectively; and (ii) for the common
data sets 119 and 206 potential biomarkers for Human
and mouse, respectively. These significantly differentially
expressed proteins are further filtered by computing the
log-fold change between protein quantifications for inva-
sive and angiogenic replicates as log FC =log*() /,, 4),
where | and A are vectors of values for invasive and angi-
ogenic conditions, respectively. Proteins having padj<0.01
and |logFC|>2 for the Human data set and padj<0.01 and
[logFC|>5 for the mouse data set are retained to generate
the clustermaps. Clustermaps were generated using
pheatmap package v.1.0.12'® with the Euclidean distance
and Ward D2 clustering method parameters.

Functional Enrichment Analysis

For the enrichment analysis, the significantly differen-
tially expressed proteins (padj<0.01) in the aggregated
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data sets were further filtered by the logFC criterion.
We have retained proteins having the |logFC|>1 for both
Human- and mouse-aggregated data sets. In order to find
pathways deregulated between the two conditions of in-
terest, we subsequently performed a Gene Set Enrichment
Analysis (GSEA) on these subsets. We used Gseapy python
package (https://pypi.python.org/pypi/gseapy), which is a
wrapper to the functionalities provided by the Broad's in-
stitute GSEA suite (http://www.broad.mit.edu/gsea/). We
used the enrichment function, applying a 0.05 adjusted
P-value cutoff, and ran the analysis using the GO biolog-
ical process and GO cellular component knowledgebases.
KEGG package was also used for defining cellular path-
ways enriched in invasive areas.

AngioScore

The AngioScore was calculated as done previously."
Briefly, for each gene, the AngioScore is the percentage
of publications that contain one or more relevant angi-
ogenesis keywords in the abstracts from all publications
assigned to a gene by the Entrez Gene database. A t-test
comparison of AngioScores between the core and the in-
vasive GBM areas was performed.

Antibodies and Reagents

PLP inhibitor peptide was purchased from Peprotech (100-
21), and DNM1 inhibitor, Dynasore (RD Systems, 201-LB/C).
Cells were treated at concentrations indicated concentra-
tions in the legend section.

Histological and Immunohistological Analyses

For immunofluorescence on histological sections, frozen
sections were processed as described previously.® Patient
paraffin-embedded sections were deparaffinised in xy-
lene and hydrated serially in 100%, 95%, and 80% ethanol.
Endogenous peroxidase was quenched in 3% H202 in PBS
for 10 min. Slides were then incubated with anti-DNM1
(Invitrogen PA1660), anti-PLP1 (Sigma SAB2101830), or
anti-Nestin (ThermoFisher PA5-11887) antibodies overnight
at 4°C. Sections were washed three times in PBS, and sec-
ondary fluorescent antibodies were applied (Anti-mouse or
anti-rabbit fluorescent antibodies). After mounting, DNM1
or PLP1 expression localizations were analyzed using IHC
profiler from Fiji Software. IHC profiler uses the DAB signal
in images and the results are expressed as a ratio the DAB
area to the total area.

Proliferation and Viability Experiments

A 96 wells plate (Falcon) was coated with 0.2 mg/ml
of Matrigel in NBM for 30 min. Then, 2000 P3 cells were
placed into the wells with 10 ng/ml of Hoechst stain in NBM
and incubated for 24 h. When adherent cells appeared, su-
pernatant were removed and substituted by 100 ul of NBM
with treatment. Pictures of each well were taken atTO, 24 h,
48 h, and at 72 h. LIVE/DEAD (Invitrogen) assays were also
realized through the addition of Calcein into the wells. The

number of living (in blue) and/or dead (in red) cells was
quantified with the FIJI software.

Invasion Assays in Collagen I Gels

P3 spheroids were prepared 3 days, respectively, before
inclusion by the seeding of 10* cells in neurobasal me-
dium with 0.4% methylcellulose (Sigma) in a U-bottom
96 wells plate (Falcon). A solution of 1 mg/ml of collagen
| (Fisher Scientific) was prepared in PBS with 7.2mM NaOH.
Treatments were mixed directly into the collagen gels.
After 30 min incubation on ice, spheroids were individually
picked, washed in PBS, and included in the collagen solu-
tion. After 45 min at 37°C in a cell incubator, neurobasal
medium with the different treatments was added. P3 sphe-
roid invasion areas were measured after 24 h with FiJi
software, with a home-made macro. Briefly, total area was
automatically quantified and the core area was manually
measured. The core area was then subtracted from the
total area for obtaining the invasive area. For each inde-
pendent experiment, the mean of 7 to 8 invasive areas was
calculated and compared with controls.

Statistical Analysis for In Vitro Experiments

Statistical analysis was performed using the Graphpad
software. Multiple comparisons were performed with one-
way analysis of variance, followed by Tukey post hoc tests
and with one-way ANOVA Bonferroni multiple comparison
test. Statistical comparison between two groups was per-
formed by using the Mann-Withney test.

Data Availability

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE
(Deutsch et al., 2017) partner repository, with the data
set identifier PXD012791. All data are available within the
Article and Supplementary Files, or available from the au-
thors upon request.

Results

Laser Capture and Mass Spectrometry of
Glioblastoma Core and Invasive Areas

For this study, we have used patient-derived P3 tumors.
These tumors are of mesenchymal phenotype and have
the following characteristics: male patient, age 64; chromo-
somal aberrations + [Chr 7, Chr19, 20q], - [1q42-g43, Chr9,
Chr10, 20p] - [PIK3R, CDKN2A/B]. Five P3 spheroids were
injected in the right hemisphere in the striatum.® Laser-
capture microdissection (LCM) was performed on patient-
derived glioblastoma xenografts from P3 cells transduced
with GFP vectors from core and invasive areas and the pro-
teins extracted (Figure 1A and B). Tumor core and invasive
areas from three different mice were laser-microdissected
and processed for proteomic analysis. Proteins were di-
gested and analyzed by liquid chromatography/tandem
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Figure 1. Laser-capture microdissection and proteomics analysis for comparing central and invasive glioblastoma areas. (A) Schematic rep-
resentation of P3 tumor core and invasive areas. P3-GFP cells were stereotactically injected into mouse hemisphere and were visualized using
fluorescence microscopy with CD31 and DAPI staining (P3 in green, CD31 in red, and DAPI in blue). Scale bar = 500 pm. (B) Technical flow chart
of P3 tumors analysis by combining laser microdissection and mass spectrometry analysis. (C) Hierarchical clustering of paired samples obtained
from the analysis of the log-ratio values of the 544 proteins common for all samples. Values at the left represent approximately unbiased Pvalues
(AU) and values at the right correspond to boot- strap probability (BP). (D) Venn diagrams of Human proteins expressed in the three different tumors
analyzed by proteomics. 544 proteins are common between the three tumors (left diagram). After Welch test P-values by FDR and setting the signif-
icance threshold at0.01, 152 Human proteins were found differentially regulated between the core and the invasive areas (right diagram).

mass spectrometry (LC-MS/MS). Relative abundances of 1C and Supplementary Figure 1A). A total of 730 Human
specific Human and mouse peptides were compared and  and 510 mouse proteins were detected. A Venn diagram
then grouped to analyze the differential protein expres- shows a comparison of the number of proteins found for
sion levels. The dendrogram showed a distinct pattern three different mouse brains, where 544 Human proteins
of arborescence for invasive and core proteins (Figure  were found common with all (Figure 1D). After adjusting
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the Welch test P-values by FDR and setting the signifi-
cance threshold at 0.01, 152 Human proteins were found
significantly differentially regulated between the core and
the invasive areas (Figure 1D), and 284 mouse proteins
(Supplementary Figure 1B). Thirty-four Human proteins
were found upregulated in the invasive area and 118 in core
area (Supplementary Table 4). For Human proteins, meta-
bolic pathways were enriched, notably gluconeogenesis
(GO:0006094), mitochondrion (GO:0005739), and fatty acid
metabolism (G0:019395 and GO: 0006635) (Figure 2A).
Furthermore, categories relating to cytoskeleton proteins
(focal adhesion G0O:0005925, cell cortex part GO:0044448,
and or cytoskeleton G0:0005856) and trafficking were
also enriched (Figure 2A). Two hundred seventy-six mouse
proteins were found upregulated in the invasive area and
eight in core area (SupplementaryTable 5). For mouse pro-
teins, metabolic pathways were also enriched, such as
gluconeogenesis (G0O:0006094), glucose catabolic to pyr-
uvate (GO:0061718), canonical glycolysis (GO:0061621),
and mitochondrion (G0O:0005739) (Supplementary Figures
1C and 2). Analysing invasive and central protein hits with
KEGG database, PI3K-Akt signaling pathway (hsa04151),
and synaptic vesicle cycle (hsa04721) were highly repre-
sented (SupplementaryTable 6).

Enrichment of New Marker Proteins in Invasive
Glioblastoma Area

For the subsequent analyses, we focused our attention
on the Human specific proteins. Volcano plot for proteins
overexpressed in the invasive part and/or the tumor core
demonstrated a clear enrichment of proteins in the core
area, but with higher log-fold change (|logFC|) found in the
invasive area (Figure 2B and Supplementary Table 4). A 2D
cluster heatmap of proteins with padj<0.01 and logFC>2
and which are in common in three mouse brains showed
a highly significant overexpression of Proteolipid Protein-1
(PLP1, log-fold change of 3.19), Dynamin-1 (DNM1, log-fold
change of 4.02), and RHOB (log-fold change of 3.14) in the
invasive area (Figure 2C). Among the most upregulated
proteins in the core area were Glial Fibrillary Astrocytic
Protein (GFAP, log-fold change of -2.38), Isocitrate
Dehydrogenase 2 (IDH2, log2 fold change of -2.04), and
glutamine synthetase (GLUL, log-fold change of -2.99)
(Figure 2C). An interaction network of proteins from the in-
vasive area showed a main node where DNM1 and PLP1
were linked (Figure 2D). Among the highest upregulated
genes, VSNL1 (Visinin Like 1, log-fold change of 6.38) and
STXBP1 (syntaxin binding protein, log-fold change of 4.31)
were identified. However, functional analysis of these mol-
ecules is difficult since no specific inhibitors exist.

To provide further evidence of the difference between
the invasive area and the angiogenic tumor core, we cal-
culated an “AngioScore,” as described previously.” The
AngioScore is derived by searching angiogenesis and
tumor angiogenesis keywords against total publications
using Pubmed and reflects in our analysis angiogenic
signaling provided by the tumor (Figure 2E). The average
AngioScore was 1.5 times higher in the angiogenic tumor
core when compared with the invasive area, by taking the
30 best hits from each area. This is globally in agreement

with the proteomic expression analysis. By filtering the
20 highest AngioScores, most of the identified protein
potential biomarkers were expressed in the core area
(Supplementary Table 7). In the invasive part, some pro-
teins (RHOB or fumarate hydratase) also exhibited an el-
evated AngioScore but these proteins have been indeed
extensively studied in the context of tumor angiogenesis
(SupplementaryTable 7).

Analysis of PLP1 and DNM1 Expression in Patient
Samples

Little is known about the role of PLP1 in tumor develop-
ment'? and only few publications identify DNM1 as glioblas-
toma marker.’®4 Therefore, we focused our attention on
these proteins since they were significantly overexpressed
in the invasive area. Immunostaining with anti-PLP1 or anti-
DNM1 antibodies showed higher expression of both pro-
teins in invasive areas in patient-derived xenografts (Figure
3A and B). PLP1 was detected in the extracellular space
and on the plasma membrane, and DNM1 was expressed
in the cytoplasm (Figure 3A and B). This was confirmed in
paraffin-embedded patient samples (Figure 3C).

PLP1 and DNM1 Inhibition Decreases Cell
Invasion

To functionally study the role of PLP1 and DNM1, invasion
experiments were performed. We used the patient-derived
cell line P3 for these experiments. To interfere with PLP1-
and DNM1-dependent invasion, specific inhibitors were
used in a collagen type | invasion assay (Figure 4). Both
inhibitors showed inhibitory activity on invasion (29% of
inhibition for PLP1 inhibitor; 36%/71%/97% of inhibition for
Dynasore at 78/155/310 uM, respectively) (Figure 4A and B).
The specific inhibitor of DNM1 (Dynasore) demonstrated
a very strong and dose-dependent inhibition of tumor cell
invasion (Figure 4B). To rule out cell toxicity, we used the
Dead/Live kit assay. At a maximum inhibitory Dynasore
concentration of cell invasion (310 uM), cytotoxicity was in-
deed observed but not at 155 pM, which inhibited invasion
at 71% (Figure 5A). In addition, Dynasore at 155 uM also in-
hibited proliferation of P3 cells (Figure 5B). We also verified
the effect of PLP inhibitor on cytotoxicity and proliferation.
No difference in comparison to untreated cells was found
(Figure 5C and D).

Discussion

In this article, we undertook a systematic study to unravel
molecular signatures related to glioblastoma development
and, in particular, invasion. To this aim, we performed a
proteomics analysis on patient-derived tumors implanted
in immunodeficient mice. It has been previously shown
that the molecular characteristics of patient tumors remain
stable when xenografted in mice.’® We performed our anal-
ysis on laser-capture microdissected material obtained from
invasive and central tumor areas. The scientific pipeline
used in this study was validated in previous publications in
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Figure 2.  Protein enrichment of tumor invasive area (A) Gene Set Enrichment Analysis results. Gene Ontology (GO) biological processes (BP) and
cellular components (CC) enrichment of the top 152 proteins that are significantly differentially expressed between core and invasive areas (pval
adj < 0.01 and [logFC| > 2), and which are represented here for the three tumors. The x-axis represents the negative log10 P-adjusted value. The
size of each spot (Ratio) corresponds to the fraction of proteins within our set of proteins that have the corresponding GO function. (B) Graphical
representation of quantitative proteomics data for the three P3 tumors. Proteins are ranked in a volcano plot according to Pvalue for technical re-
producibility, calculated from a one-tailed paired t-test (-log10 [P value]) (y-axis) and their relative abundance ratio (log ratio) between core and
invasive areas (x-axis). The line indicates the P< 0.05 threshold. Off-centered spots are those that vary the most between core and invasive areas.
(C) Heatmap of the top 22 of the 152 proteins that are significantly differentially expressed for P3 tumor core and invasive areas (pval adj < 0.01
and |logFC| > 2). (D) Network of human tumor invasive proteins. Each node represents a protein and interactions with medium confidence >0.4 are
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of the top 30 hits from P3 tumor core and invasive areas. Student t-test, * P<.05.
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Figure 4.  DNM?1 and PLP1 control P3 cell invasion. (A) P3 cells were included into Collagen | gels and then incubated with control or PLP1 inhibitor
(80 ng/ml). P3 spheroid invasion was measured in collagen | gels after 24 h. Scale: 50 pm. The graph represents the results as means + SD of three
independent experiments, each done in eight replicates for each condition. **P< .01 (Student t-test). (B) P3 cells were included into Collagen | gels
and then incubated with control or DNM1 inhibitor Dynasore at several concentrations (78, 155, or 310 pM). P3 spheroid invasion was measured in
collagen | gels after 24 h. Scale: 50 um. The graph represents the results as means + SD of three independent experiments, each done in eight repli-

cates for each condition. *P<.05; ****P<.0001 (ANOVA).

which unidentified protein candidates were discovered for
tumor classification® or for invadopodia structure.’” When
stringent statistical conditions were applied (padj<0.01 and
logFC>2), 34 Human proteins were overexpressed and 118
were downregulated in invasive areas (out of 152 proteins
present in the aggregated dataset).

Our analysis also included the estimation of an
AngioScore. This latter approach was already success-
fully used in a previous publication from our team.” In the
AngioScore, we compared the 30 best hits between core and

invasive areas, and confirmed enrichment angiogenesis-
related proteins in the core area. Furthermore, the
AngioScore was significantly reduced in the invasive area.
To reinforce the validity of our analysis, we only
selected proteins which were overexpressed in the dif-
ferent tumor areas of three different animals. PLP1
and DNM1 were among the top candidates. PLP1 is a
proteolipid protein expressed in the myelinated neurons,
which was recently found in glioblastoma by scRNAseq."®
However, this article did not discriminate between the
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Figure 5.

DNM1 inhibitor Dynasore reduces cell viability and proliferation at high doses. (A) Cell viability was recorded in live microscopy with

Dead/Live kit (Invitrogen) as represented in lower panels (blue for living cells and red for dead cells). Dynasore was used at 155, 310, or 620 pM as
indicated. The graph represents the percentage of living cells at the time of 72 h, and the results as means + SD of three independent experiments,
each done in 10 replicates for each condition. ns, nonsignificant; ****P < .0001 (ANOVA). (B) Cell proliferation was recorded in live microscopy at
time 24, 48, and 72 h. Dynasore was used at 155, 310, or 620 uM as indicated. The graph represents cell proliferation at different time points, and
the results as means + SD of three independent experiments, each done in 10 replicates for each condition. ns, nonsignificant; **P < .01; ***P <
.001; ****P < 0001 (ANQOVA). (C) Cell viability was recorded in live microscopy with Dead/Live kit (Invitrogen) as represented in lower panels (blue
for living cells and red for dead cells). PLP1 inhibitor (PLPi) was used at 20, 40, or 80 pM as indicated. The graph represents the percentage of
living cells at the time of 72 h, and the results as means + SD of three independent experiments, each done in 10 replicates for each condition. ns,
nonsignificant (ANOVA). (D) Cell proliferation was recorded in live microscopy at time 24, 48, and 72 h. PLP1 inhibitor (PLPi) was used at 20, 40, or
80 uM as indicated. The graph represents cell proliferation at different time points, and the results as means + SD of three independent experiments,
each done in 10 replicates for each condition. ns, nonsignificant (ANOVA).

viable core and the invasive areas. PLP was shown to
be expressed in glioblastoma without isoform distinc-
tion'? but more recently, the PLP1 isoform was reported
as oligodendrocytic marker.' We reinforced our anal-
ysis by immunohistology using a specific anti-PLP1 an-
tibody, to ascertain its overexpression in the invasive
area. Furthermore, we performed functional analysis
using a specific PLP inhibitor and found that tumor cell
invasion was inhibited. A similar analysis was performed
on DNM1. DNM1 has been studied in acute myeloid leu-
kaemia, lung, and colon adenocarcinomas but not in
glioblastoma.?® In glioblastoma, DNM1 was recently char-
acterized as a marker of long-term patient survival in a
computational analysis.?' At a biological level, DNM1 was
found to form a complex with Cortactin in glioma cells.’
Our data are not in agreement with a publication which

reported a role of DNM2 in glioblastoma invasion using
the standard glioblastoma cell lines LN444 and SNB19.2?
DNM2 is highly expressed in all cancer types contrary to
the expression of DNM1, which is mainly expressed in
glioma, as referenced inTCGA. Furthermore, DNM2 is not
a good prognosis marker for glioblastoma patient sur-
vival (TCGA database). Dynamin 2 was also recently de-
scribed as a potential therapeutic target for glioblastoma
development.?® In our analysis, 2/,3-cyclic-nucleotide
3’-phosphodiesterase (CNP, log2 fold change of 1.28) was
significantly overexpressed in the core area in agree-
ment with a previously published study.?* CNP is not
well studied in glioblastoma development and can be of
interest for further studies. Furthermore, as indicated by
the enrichment analysis, metabolic pathways were highly
represented in both Human and mouse protein data sets.



We validated the regional expression of PLP1 and DNM1
by analyzing their RNA expression in the lvy Glioblastoma
Atlas Project database. Both candidates were found
upregulated in the infiltrative tumor (IT), and the leading
edge (LE) when compared with core areas (Cellular
Tumor—CT). These areas were defined by histological
characteristics, by evaluating the number of tumor cells
in the sections. This correlation indicates that both tumor
genes and proteins are involved in glioblastoma invasion.

Our study differs from the previous proteomics anal-
ysis where two different PDX glioblastoma models (angi-
ogenic or invasive) were compared.?® In the latter analysis,
Annexin A2 (ANXA2) and Calnexin (CNX) were found
upregulated in the angiogenic model. A second prote-
omics study, from the same group, investigated effects
of bevacizumab, which significantly modulated the tumor
proteome.?® Bevacizumab induces a switch from angio-
genic to invasive tumors, largely documented in the lit-
erature.>?’ QOur study is completely different from these
studies above since they did not take into account re-
gional heterogeneity.Thus, the results from the proteomics
cannot be compared, except for Isocitrate dehydrogenases
1 and 2 (IDH1, IDH2), ANXA5, and alpha-Enolase (ENO1)
which were found upregulated in the angiogenic tumor
model®® and in the core area in our study. All together, we
highlight in this study underexplored proteins, which show
evidence of a role in cell invasion.
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3.2 Specific expression of lactate dehydrogenases in glioblastoma
controls intercellular lactate transfer to promote tumor growth

and invasion

Les cellules de GBMs présentent un fort métabolisme glycolytique permettant
d’accroitre la production de biomasse et de maintenir une forte prolifération tumorale (146).
Ce phénomeéne s’accompagne d’une augmentation de la sécrétion du lactate acidifiant le
microenvironnement tumoral et favorisant I'invasion des cellules (256).

La production de lactate est médiée par les LDHs. Les enzymes LDHA et LDHB
catalysent la conversion du pyruvate en lactate et inversement. Cette réaction est couplée a
I’oxydoréduction du couple NAD*/NADH/H*, indispensable a 'homéostasie rédox de la cellule.
L'isoforme LDHA ayant une plus forte affinité pour le pyruvate est souvent surexprimée dans
les cancers (174) et est un facteur de mauvais pronostic chez les patients (175). L'isoforme
LDHB est peu étudiée dans les cancers. De plus, ces deux enzymes n’ont pas encore été

simultanément étudiées dans le GBM.

Sur deux lignées cellulaires différentes de GBM, nous nous sommes d’abord intéressés
a I’effet in vitro du lactate sur la croissance et I'invasion des GBMs. Nous avons ensuite étudié
I'impact de la perte compléte d’expression des enzymes LDHA (sgLDHA), LDHB (sgLDHB) ou
des deux simultanément (sgLDHA/B). Une approche couplant analyses métabolomique et
transcriptomique a mis en évidence |'adaptation des GBMs et leur reprogrammation
métabolique vis-a-vis de la perte des LDH. Cette approche a permis de détecter des
vulnérabilités cellulaires qui ont été exploitées pour altérer le développement in vivo des
GBMs. Enfin, le blocage des LDHs apparaissant comme un stratégie thérapeutique
prometteuse, nous proposons une approche pharmacologique avec le stiripentol

(médicament antiépileptique) pour inhiber ces enzymes.
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Principaux résultats :

Le lactate seul alimente le cycle de Krebs et promeut I'invasion des GBMs.

La double délétion de LDHA et LDHB est nécessaire pour abolir compléetement la
sécrétion du lactate et inhiber la croissance et I'invasion tumorale.

La mise en relation d’analyses métabolomique et transcriptomique révele un
métabolisme OxPhos plus important pour les sgLDHA/B sensibilisant la lignée a la
radiothérapie et prolongeant significativement la survie des souris.

Le stiripentol réduit I'activité des LDHs et augmente la survie des souris en

combinaison avec un traitement antiangiogénique.
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ABSTRACT

Lactate is a central metabolite in brain physiology, involved in the astrocyte-neuron
lactate shuttle, but also contributes to tumor development. Glioblastoma (GBM) is the most
common and malignant primary brain tumor in adults, recognized by angiogenic and invasive
growth, in addition to its altered metabolism. By adapting their glycolytic or oxidative
metabolism, GBM stem-like cells are able to resist chemo- and radiotherapy. We show herein
that lactate fuels GBM anaplerosis by replenishing the TCA cycle in absence of glucose. Lactate
dehydrogenases (LDH) catalyze the interconversion of pyruvate and lactate. Deletion of either
LDHA or LDHB did not alter significantly GBM growth and invasion. However, ablation of both
LDH isoforms led to a reduction of tumor growth, and, consequently, to an increase in mouse
survival. Comparative transcriptomics and metabolomics revealed metabolic rewiring
involving high oxidative phosphorylation (OxPhos) in the double LDHA/B KO group which
sensitized tumors to cranial irradiation, massively improving mouse survival. Survival was also
increased when control mice were treated with the antiangiogenic treatment, bevacizumab,
and the antiepileptic drug, stiripentol which targets LDH activity.

Taken together, this highlights the complex metabolic network in which both LDH A
and B are integrated and underscores that combined inhibition of LDHA and B is necessary to
impact tumor development. Targeting of these enzymes in combination with anti-angiogenic
and repurposed drugs may be of therapeutic benefit, especially when associated with

radiotherapy.
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INTRODUCTION

GBM is the most common malignant primary brain tumor in adults. Major hallmarks of
GBM are high proliferation rate, pronounced angiogenesis, and local invasion®. GBM is a highly
heterogeneous tumor that exhibit astrocytic-, oligodendrocytic-, neural progenitor-, and
mesenchymal features?. The current treatment of GBM consists in surgical tumor resection,
followed by concomitant radio-chemotherapy. However, this strategy invariably leads to
tumor recurrence due the inability to fully eradicate invasive cells and results in poor
prognosis®. This highlights the need for alternative therapeutic targets to improve this tumor
management and treatment. Glioblastoma invasion impacts three types of brain structures:
blood vessels, white matter tracts, and the interstitial space®. Expression of hypoxia-inducible
factor 1a. (HIF1a) expression induced by hypoxia or following anti-angiogenic treatment,
significantly impacts GBM invasion® and metabolism®.

Unlike non-neoplastic cells that rely on mitochondrial oxidative phosphorylation (also
known as “mitochondrial respiration”) to produce energy, a common property of solid
cancers, is enhanced glucose metabolism’. Even under aerobic condition, tumor cells have a
high glycolytic rate and production of lactate®. This particularity, known as the Warburg effect,
is an efficient way to increase biomass production for maintaining a high proliferation rate,
and to facilitate invasion by microenvironment acidosis”®. Production of lactate, an end
product of glycolysis, is catalysed by lactate dehydrogenase (LDH), a tetrameric enzyme
composed by two subunits, LDHA and/or LDHB, both encoded by separate genes. In the
human body, LDH exists in five different isozymes composed of four subunits, LDH1 is
composed of only LDHB subunits and LDH5 of LDHA subunits, LDH2/3/4 express differently
one or the other subunit!?. Depending on the lactate/pyruvate flux, LDHA and LDHB can both
catalyse the conversion of pyruvate into lactate or its retroconversion, both reactions coupled
to oxidoreduction of NAD*/NADH. This leads to increased lactate production (for LDHA) and
consumption (for LDHB). Lactate and protons are then extruded from cells by
monocarboxylate transporters (MCTs). Other subunits of LDH exist, LDHC and LDHD, but are
not highly expressed in brain tissue in contrary to LDHA or LDHB!.

Many cancers display high LDHA levels'?, which is associated with poor patient
survival'®14, Several pre-clinical studies have demonstrated that LDHA inhibition shows anti-
proliferative effects!>®, One proposed explanation is that LDHA inhibition induces

mitochondrial reactive oxygen species (ROS) production and oxidative damagel>'”18,
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Moreover, several studies have shown that LDHA activity and lactate secretion promote
invasion and metastasis!®?°. In GBM, a relationship between lactate and in vitro migration has
also been established?!23, LDHA has been found at GBM invasive borders of antiangiogenic-
treated tumors®. lsocitrate-dehydrogenase (IDH)-mutated gliomas, which are of better
prognosis than IDH1wt gliomas, express lower levels of LDHA?4, Of note, LDHB has not yet
been explored in the GBM context, unlike in uterine cancer where LDHB activity modulates
autophagy?>. However, no study to date has examined the role of both LDHA/LDHB in
promoting GBM development and invasion.

We therefore aimed to study the impact of LDHA and LDHB activity in GBM
development using patient-derived GBM stem-like cells cultured as spheroids to maintain
parental DNA genotype and tumor phenotype while implanted into rodents 2°.

We show herein that GBM stem-like cells starved from carbon sources and fed with
lactate can compensate for the absence of glucose to sustain the TCA cycle to drive
proliferation and invasion. Single CRISPR-cas9 LDHA or LDHB knock-out have limited effects
on glioblastoma development, but major biological adaptations are observed in double
LDHA/B KO cells. Even under low O, concentration, double LDHA/B KO cells still rely on TCA
and mitochondrial respiration to support tumor growth, which could be further inhibited by
irradiation. Finally, treatment with stiripentol (Diacomit®, Biocodex), a known antiepileptic
drug that also block LDH activity?’, inhibits lactate production and decreases GBM invasion
and growth. Collectively, these results demonstrate a central role of LDHA/LDHB and lactate
production to support energy metabolism which has a major impact on GBM invasion and

growth.
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RESULTS
Expression of LDHA and LDHB are restricted to specific glioblastoma areas

We have previously showed that regional expression of specific molecules define GBM
hallmarks>?®. Regional expression of the lactate dehydrogenase isoforms was first analyzed in
a patient-derived xenograft mouse model by immunohistochemistry. Both LDH isoforms were
more express in the tumor when compared to healthy tissue (Fig 1a). However, LDHA was
found mainly expressed in the central hypoxic area of the tumor and in some invasive cells,
while LDHB was mainly expressed in peripheral tumor areas but also in invasive cells in contact
to neurons of the corpus callosum (Fig 1a). Thus, LDHA and LDHB showed a distinct spatially-
restricted expression pattern in the tumor core but were found both expressed in invasive
cells (Fig 1a). Next, we generated an original setup in which spheroids invading in a 3D collagen
matrix in paraffin, a model that recapitulates GBM oxygenation regional heterogeneity?®, were
included in paraffin to analyse LDHA and LDHB expression in coronal sections (Fig 1b). LDHA
was found highly expressed in the central hypoxic area but also in some single invasive cells,
while LDHB was highly expressed at spheroid borders and invasive areas (Fig 1c). Of note, only
few cells expressed both enzymes. In silico analysis on a single-cell RNAseq database from
invasive and central GBM areas demonstrated a similar pattern, with preferential expression
of LDHA in the central area and LDHB in the peripheral area albeit mRNA of both enzymes
were found in a portion of invasive tumor cells (Supplementary Fig 1a). When using data
extracted from the IVYGAP database, distinct regional LDHA and LDHB expression was
observed, as well as a positive correlation between LDHA and the hypoxic transcription factor
HIF1a in invasive and microvascular areas (Supplementary Fig 1b). LDHB and HIF1a expression
were not found as correlated (Supplementary Fig 1b). When analyzed in the GBM-TCGA data
set, LDHA was found to be a marker of poor prognosis. LDHB expression was, on the contrary,
linked to favourable prognosis (Supplementary Fig 1c). In summary, LDHA and LDHB

expression is restricted to hypoxic or peripheral areas respectively.

Lactate modulates glioblastoma invasion by fuelling energy metabolism pathways

On physiological conditions, brain tissue is exposed to low level of oxygen, i.e.
physiological hypoxia, that ranges from 0.5 to 7 % depending on the distance from blood
vessels3L. Local O, concentration can be even lower in brain tumors, reaching around 0.1% in

the core area. We, therefore, investigated whether stem-like cells (P3 or BL13 cells) in culture
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express LDHA and/or LDHB, and whether expression of these enzymes can be modified by
incubating cells at 0.1% O,. We observed that LDHA expression was upregulated from 48 hours
under hypoxic conditions (3x fold induction at 72 hours), while LDHB expression did not
change (Fig 2a for P3 cells and Supplementary Fig 2a for BL13 cells). Lactate production was
also increased under hypoxia 0.1%, correlating with higher LDH activity in P3 and in BL13 cells
(Fig 2b-d and Supplementary Fig 2b-d). Lactate has been reported to sustain tumor growth
via monocarboxylate transporters (MCT1/4)32. We then tested the effect of lactate on tumor
cell proliferation and invasion. To rule out a lactate-induced cytotoxic effect, lactate was
added to the medium of P3 cells and cytotoxicity was measured by fluorescence assay. Lactate
concentrations starting at 30 mM induced cytotoxicity at 24 hours (Supplementary Fig 2e).
The effect of non-cytotoxic lactate concentrations was then tested and spheroid growth and
invasion measured. Spheroid growth was significantly inhibited by 20 mM lactate (Fig 2e),
while cell invasion increased in the presence of lactate from 10 mM onwards (Fig 2f). Lactate
treatment also induced changes in cell morphology, promoting an elongated cell shape,
reminiscent of a mesenchymal phenotype (Supplementary Fig 2f). In absence of glucose,
lactate by itself increased cell invasion (Fig 2g). To rule out an effect of acidification, we tested
cell invasion at the same pH of lactate treatment (pH 6.8) by using HCl, and no effect was
observed (Fig 2g). Rotenone, a respiratory chain complex | inhibitor, completely blocked
lactate-induced invasion. This suggests that lactate is fuelling mitochondria activity to
promote invasion (Fig 2g). Pyruvate, the main LDH substrate was then tested in invasion
experiments, and invasion rates was increased in comparison to control conditions but
remained lower than under lactate stimulation (Supplementary Fig 2g). Of note, the
respiration capacity of P3 cells was similar in complete medium, with glucose or lactate (Fig
2h). Lactate consumption by GBM mitochondrial activity was followed by [*3Cs]lactate infusion
in glucose-starved P3 cells, wherein labelled TCA intermediates (citrate, oxoglutarate) and
amino acids (alanine, glutamate, glutamine) were detected in the endometabolome but also
in the exometabolome after 1 hour (Fig 2i and Supplementary Fig 3). Intracellular abundance
of lactate and pyruvate was found unchanged along the experiment (Figure 2i and
Supplementary Figure 3), but the amount of [*3Cs]lactate and [*3Cs]pyruvate immediately
reached their maximum level (Supplementary Figure 3). The appearance of [*3C;]citrate from
the beginning indicated a fast reaction from acetyl-CoA, and higher isotopologues increased

quickly after, indicating an active TCA cycle (Supplementary Figure 3). These results shed light
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on the pathways involved in lactate metabolism of GBM cells and is a direct demonstration
that lactate is used as an energy source via the TCA cycle. Only a slight increase or almost no
labelling of amino-acids not associated with the TCA cycle or gluconeogenesis was observed

and, thus, this was not included in the analysis.

Double LDHA/B KO impairs in vitro and in vivo GBM growth and invasion

First, we transduced P3 and BL13 cells with lentiviral CRISPR-Cas9 constructs to fully
eliminate LDHA and/or LDHB expressions (sgControl, sgLDHA, sgLDHB, and sgLDHA/B). Knock-
out (KO) was validated by Western-blot in single LDHA or LDHB KO cells, and in double LDHA/B
KO cells at 21 or 0.1% O, (Fig 3a and Supplementary Fig 4a). Next, we performed functional
experiments to further validate knockout strategy. Lactate secretion was only abolished on
double LDHA/B KO cells (Fig 3b). LDH activity was decreased in LDHA and slightly decreased in
LDHB single KO cells, but massively decreased in double KO cells (Supplementary Fig 4b). LDHB
activity was not detected in LDHB or LDHA/B KO cells (Supplementary Fig 4c). Next, we
transduced the lactate-sensitive FRET biosensor into all P3 cells to detect intracellular lactate
levels (Supplementary Fig 4d)3. Basal lactate concentrations were higher in control, LDHA or
LDHB KO cells than in double LDHA/B KO cells (Fig 3c). Adding oxamate, a potent LDH inhibitor
that also induces lactate efflux by MCT trans-acceleration®*, followed by a MCT blocker
cocktail (diclofenac and AR-C155858) unveil that basal lactate concentrations are higher in
control, LDHA or LDHB KO cells compared to double LDHA/B KO cells, are result explained by
decreased lactate production (Fig 3c). Spheroid growth was next monitored over one week at
1% O and showed that double LDHA/B KO strongly reduced spheroid growth, unlike LDHA KO
that moderately decreased spheroid growth and LDHB KO that had no effect (Fig 3d, left
panel). This was associated with a strong ethidium homodimer-1 staining for visualization of
apoptotic events (Fig 3d, right panel). This cell death signature was also supported by a high
Annexin-V staining in double KO cells detected by cytometry (Supplementary Fig 4e). The
invasion capacity was analyzed in all cell lines and a moderate but significant decrease in
invasion was observed in LDHA KO in both P3 (Fig 3e) and BL13 cells (Supplementary Fig 4f).
Nevertheless, LDHB KO P3 but not LDHB KO BL13 cells had higher invasive capacities (Fig. 3e
and Supplementary Fig 4f). For LDHA/B KO cells, under 0.1 % O, the invasive capacity dropped
by 75% for P3 cells (Fig 3e), and by 50% for BL13 cells (Supplementary Fig 4f).
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Spheroids from single and double LDHA/B KO cells were injected into immunodeficient
mice to evaluate in vivo tumor development and survival. No histopathological differences
were observed between control and single LDH KO (LDHA KO or LDHB KO) tumors (Fig 3f).
However, double LDHA/B KO tumors were much smaller and less invasive than control tumors
(Fig 3g), which correlated with an increase in mouse survival, in both, the P3 (Fig 3h) and the
BL13 model (Supplementary Fig 4i). Only a small but significant increase in mouse survival
was observed in the LDHA KO group, and, surprisingly, a drastic decrease in survival in LDHB
KO group (Fig 3h), the latter was most likely due to haemorrhages at the tumor site. Vascular
endothelial growth factor (VEGF), the main inducer of neoangiogenesis by tumor cells, was
quantified by ELISA and an increase was only observed in LDHB KO cells (Supplementary Fig
4g). The VEGF inhibitor bevacizumab (bev) was then injected in mice bearing single or double
LDHA/LDHB KO P3 tumors. An increase in survival was observed in mice implanted with LDHB
KO tumors and treated with bev, reaching a similar survival curve than for control animals
(Supplementary Fig 4h). Increased survival was also seen in mice with double LDHA/B KO
tumors, while no difference was observed in mice with control or LDHA KO tumors

(Supplementary Fig 4h).

Metabolic switch in double LDHA/B KO cells under hypoxia delineates vulnerabilities

To trace metabolic fluxes at 0.1% O, cells were starved and infused with [*3Cg]glucose
for 24 or 48 hours. Principal component analysis (PCA), defining global RNA regulation,
showed that metabolism of double LDHA/B KO cells switched after 48 hours at 0.1% O, when
compared to control or single KO tumors (Fig 4a). Exometabolome of double LDHA/B KO cells
strongly differed from other cells, by a decrease in glucose consumption and an absence of
lactate production (Fig 4b). In addition, pyruvate and its derivates (acetate and formate) were
only secreted in double LDHA/B KO cells (Fig 4b).

RNA sequencing was then performed on the same cells under 21 or 0.1 % O, and
confronted with metabolomics data. Metabolograms were used to integrate transcriptomics
and metabolomics data as previously described®. The changes of each metabolite/transcript
pair were determined and average metabolome/transcriptome variations of a metabolic
pathways were visualized by comparing two conditions (Fig 4c). Based on global results
showed previously (Fig 4a), metabolograms were built by analyzing total metabolite

abundances in P3 control cells at 21% and while adapting at 0.1% O, (Fig 4c, left panels, and
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supplementary Fig 5), and compared to P3 control and P3 double LDHA/B KO cells at 21% (Fig
4c, middle panels, and supplementary Fig 5) or at 0.1% O, (Fig 4c, right panels, and
supplementary Fig 5). When changes in consensus gene expression were analyzed,
differences in glycolysis or oxidative phosphorylation for all comparisons were seen, but only
negligible variations for amino acid synthesis (Fig 4c). Significant variations in the majority of
pathways from the metabolome perspective were observed for most of the comparisons (Fig
4c). For P3 control cells, the majority of transcripts were related to glycolysis and showed
increases in expression at 0.1% O, when compared to 21% 0, (18 up, 12 down), whereas the
majority of metabolites significantly decreased at 0.1% O (0 up, 4 down) (Fig 4c, left panels).
Metabolograms were heterogeneous when comparing changes between P3 control and
double LDHA/B KO cells at (1) 21% and (2) at 0.1% O (Fig 4c, middle and right panels). P3
double LDHA/B KO cells had a strongly modified metabolism, as seen by the increase in all
metabolites and transcripts related to glycolysis and oxidative phosphorylation, especially
under 0.1% O, (Fig 4c).

Since metabolograms are based on the total metabolite abundances, metabolite
abundance was calculated after [*3Cs]glucose labelling using the fractional contribution and
was incorporated into the central pathway of the carbon metabolic network map obtained
from previous comparisons (Fig 4c). To explore the relationship between transcriptomic and
metabolomic data, transcript levels of metabolism-related genes were incorporated into the
central carbon metabolic network pathway map (Fig 4d and supplementary Fig 6) and
comparisons were generated between P3 control cells after 48 h under 0.1% O, or between
P3 control and double LDHA/B KO cells when cultured under 21% O, (supplementary Fig 6).
At 0 h, the difference between P3 double LDHA/B KO versus control cells was low to non-
significant (Supplementary Fig 6). The detailed metabolic map depicts the increase in
abundance for the majority of metabolites after [13Cs]glucose labelling in double KO LDHA/B
cells versus control cells for the glycolytic and the oxidative phosphorylation pathways (Fig
4d). Fourteen transcripts from the glycolytic pathway (HK1, HK2, GPI, PFKB3, PFKB4, ALDOC,
TPI1, PGK1, ENO1, ENO2 and PKM), and from the Krebs cycle (ACO2, SUCLG1and SDHB) were
upregulated, while 6 were downregulated (GAPDHS, LDHA, LDHB, DLAT, SDHD, CS) (Fig 4d).
These findings indicate that, under hypoxia, double LDHA/B KO deregulates cell metabolism
at many levels. Global transcripts at 0.1% O, were increased in P3 control cells when compared

to 21% O, (Supplementary Fig 7, upper panels), impacting metabolism, and in particular
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glycolysis (HK2, ENO1, ENO2, GAPDH, PKM, LDHA). At 21 % O, major biological pathways are
related to membrane and organelle dynamics during cell division and cell cycle regulation, at
the contrary, in more unfavorable condition at 0.1% O,, pathways are involved to low oxygen
adaptation and maintenance of energy production (Supplementary Fig 7, upper panels).
Hypoxic stress has been found to decrease the nucleotide pool®. Indeed, the abundance of
nucleotides was lower while fractional contribution was enriched suggesting a continuous but
limited turnover (Supplementary Fig 6). Under 0.1% O,, the transcription profiles were more
enriched indouble LDHA/B KO cells when compared to P3 sgControl cells (Supplementary Fig
7, lower panels). This was also seen at 21% O (Supplementary Fig 7, middle panels). The
differences in abundance and isotopolog contribution between control and double KO LDHA/B
cells were less pronounced in 21% O.. In hypoxia, the abundance in nucleotide
monophosphates (AMP, GMP and UMP) was also higher in double KO LDHA/B cells
(Supplementary Fig 8). The fractional contribution of purines and pyrimidines mainly
consisted in m+5 labeling in double KO LDHA/B cells whereas m+5, m+7 and m+8 labeling was

seen in control cells.

Double LDHA/B KO cells reorganize their mitochondrial respiratory chain to support growth
under 0.1% O concentration

To corroborate the RNA sequencing results (Fig 4c-d and supplementary Fig 6), we
exposed P3 cells to 21 or 0.1% O and analyzed the subunits of the mitochondrial respiratory
chain by Western blot. NDUFBS8, SDHA, UQCRC2, COXII protein levels increased upon 0.1% O3
in double LDHA/B KO cells, but only NDUFB8 and COXII at 21% O, (Fig 5a). Expression of the
subunit V ATP5A complex did not change in high or low oxygen conditions (Fig 5a). For single
LDHB or LDHA KO cells, only minor changes were observed (Fig 5a). Immunostaining of
mitochondria networks revealed an increase in the mitochondrial mass and modifications in
network shape, defined as aspect ratio, only in double LDHA/B KO cells (Fig 5b). Under
uncoupling conditions, double LDHA/B KO cells possess higher respiratory capacity than the
other cells (Fig 5c). Two in vivo strategies were employed to inhibit these metabolic
adaptations. The double LDHA/B KO tumors were challenged either with the respiratory
complex | inhibitor phenformin or by irradiation (Fig 5d). Phenformin treatment improved

survival of control tumor-bearing mice while did not improve survival of KO LDHA/B tumor-
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bearing mice (Fig 5e). Furthermore, cranial irradiation massively increased overall survival in

mice, with a higher efficiency for mice bearing double LDHA/B KO tumors (Fig 5e).

Use of anti-epileptic drug targeting LDH activity efficiently reduces GBM development

Mice were next treated with the anti-epileptic drug stiripentol, which inhibits LDH
activity and is capable to cross the blood-brain barrier®’. Importantly, this drug has already
been used in preclinical therapy studies in vivo in mice?’ (Fig 6a). We first validated LDH
inhibition in vitro in P3 GBM cells by intracellular lactate recording with the FRET biosensor
Laconic, finding that lactate level decreased and its production was inhibited 50% after 24 hrs
treatment with 500 uM of stiripentol (Fig 6b). This was correlated with a drastic decrease of
basal and uncoupled respiration in pre-treated P3 cells (Fig 6¢). Furthermore, stiripentol
significantly reduced P3 spheroid proliferation (Fig 6d) and invasion at 0.1% O (Fig 6e). To test
stiripentol anti-cancer properties in vivo, intraperitoneally injection of either 100 mg/kg of
stiripentol (stiri) or 10 mg/kg of bevacizumab (bev) alone, or in combination (combo) in
animals implanted with P3 cells were then carried out (Fig 6f). Stiripentol treatment had
positive effect on mouse survival when administered alone but its combination with
bevacizumab treatment significantly increased survival (Fig 6f). Immunohistochemistry
analysis showed reduction in tumor size and invasion when treated with the combinatory

regimen (Fig 6g).
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DISCUSSION

A common property of many solid cancers including GBMs, is upregulation of
glycolysis and it has been postulated that blocking glycolysis could be a useful target against
this aggressive disease. Our study pinpoints lactate as one of the main metabolic drivers in
glioblastoma, through both LDHA and LDHB activities to support tumor development and
invasion.

Histological analysis of LDHA and LDHB expression demonstrated a clear pattern with
LDHA predominantly expressed in the central hypoxic area, confirming our previous data3®,
whereas LDHB was expressed in peripheral and invasive tumor areas. Only a few cells were
found positive for LDHA in peripheral and invasive areas in the corpus callosum. This pattern
was also confirmed in the collagen-embedded invasive spheroid model where LDHA was
mainly found in the hypoxic core of spheroid?® and in a few invasive cells. LDHB is exclusively
localized at spheroid borders and in invasive cells. This observed differential spatial
distribution was reinforced by analyzing a single-cell database which include RNAseq data
from central and invasive GBM regions3C. These results demonstrate that LDHA or LDHB spatial
distribution echoes the expression of the lactate transporters MCT1 and MCT432, supporting
the hypothesis of lactate shuttle between cells, as described in the astrocyte-neuron lactate
shuttle (ANLS).

We evidenced that lactate, as a single carbon source being retro-converted into
pyruvate, is able to fuel the TCA cycle via upregulation of oxidative phosphorylation, an
observation that become evident when inhibiting the respiratory chain complex | with
rotenone. Our data also show that lactate alone can regulate tumor invasion in cells starved
for most carbon sources, over proliferation, by quickly fuelling TCA cycle. When glucose is
present, lactate and acidification (by HCI) regulate GBM invasion?3. Acidification of the
microenvironment participates to cell invasion by upregulating many factors such as TGF?3.
Labelling of starved GBM stem-like cells with [*3Cs]lactate quickly generated pyruvate which
fuels the TCA cycle, or converted into alanine which is secreted into the extracellular space.
The TCA cycle plays a central role in energy metabolism through acetyl-CoA oxidation but has
also functions in biosynthetic pathways (e.g. non-essential amino acids or fatty acids)®°. As the
TCA cycle cannot fully oxidize all intermediates, known as cataplerosis, these were removed

from the cycle and secreted by the cells mainly in the form of glutamine and asparagine.
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Moreover, exogenous lactate provides an important and rapid carbon pool for citrate-
mediated fatty acid biosynthesis*®4l. Consistent with a previous study*®, we observed a
smaller m+2 isotopolog contribution of a-ketogluratate and succinate compared to citrate.
Oddly enough, m+2 isotopolog contribution of glutamate and malate tend to be similar to
citrate.

Single KO of LDHA does not have significant impact on the stem-like GBM cell models
used in this study, which is different to LDHA KO neuroblastoma cells described in another
publication*?. When LDHA is absent, compensatory mechanisms are observed in our study,
even under low oxygen conditions. Surprisingly, KO LDHB cells were more aggressive on in
vitro and in vivo experiments, an observation that may be partially explained by an
accumulation of extracellular lactate and higher production of VEGF, inducing a strong
vascular response and lower survival of implanted animals. VEGF is of the strongest signal for
neoangiogenesis and was shown to be activated via lactate and tumor acidosis, increasing
endothelial cell proliferation**44. LDHB knockout was previously characterized to be linked to
autophagy, and reduction of cell proliferation?®, which was not observed in our study. Double
LDHA/B KO decreased both proliferation and invasion and was also linked to an increase in
apoptosis, thus improving mouse survival via reduction of the tumor mass. While
complementary roles of LDHA and LDHB in brain tumor development have been reported in
a neuroblastoma model*?, double LDHA/B KO in GBM stem-like cells induced a strong
decrease on tumor development via lactate production and consumption. In an elegant
publication, Zdralevic and coolleagues showed that LDHA/B ablation impairs melanoma and
colon adenocarcinoma growth*®, but with less difference for melanoma between single LDHA
KO and LDHA/B KO when compared to our study. Cerebral tumors rely on low oxygen
concentrations, which can partially explain these differences between the models. As lactate
has been shown to be immunosuppressive?®, we are, at present, investigating
macrophages/microglia activation in our in vivo models, as they represent the main immune
cells in glioblastoma*’. GBM stem-like cells evolve in a different microenvironment than
melanoma cells or adenocarcinoma cells and, thus, metabolic regulations during tumor
growth may be different.

Accumulation and excretion of incompletely catabolized intermediates could reflect
hyperactive metabolism* or a blockade of essential pathways. The best example is the

Warburg effect, where a high glycolytic rate lead to pyruvate excess that cannot be consumed
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by mitochondria, resulting in significant lactate production and secretion. In addition, GBM
LDHA/B KO cells lost the ability to maintain the redox balance under anaerobic conditions.
Therefore, the double knock-out globally impacts the cellular metabolism and this is
associated with a decrease of glucose consumption, an accumulation of the majority of
intermediates from glycolysis and TCA and excretion of formate or acetate. One possible
explanation for fermentative by-product overflow is that the pyruvate-derived acetate is
produced to maintain a lower redox potential to compensate LDH KO*°. We also observed an
increase in the expression of the respiratory complex in LDHA/B KO cells in hypoxia to
counteract the metabolic stress in these extreme conditions. To increase apoptosis of double
LDHA/B KO tumor, phenformin was used as an inhibitor of respiratory complex I. This
treatment failed to increase double LDHA/B KO tumor apoptosis which is possibly due to the
compensation by other respiratory complexes or alternative metabolic pathways such as fatty
acid oxidation. Of note, control tumors were found sensitive to phenformin treatment, as
suggested by other groups®. After cranial irradiation, on the contrary, a strong increase in
mouse survival was globally observed.

In a recent study, the use of anti-epileptics as anticancer drugs has been proposed, and
this could be beneficial for the treatment of GBM patients®l. We therefore took advantage of
the use of stiripentol, an antiepileptic drug approved by FDA for the treatment of Dravet
Syndrome because it also potently inhibits both LDHA and LDHB activity?’. Our results
demonstrate that stiripentol coupled with an antiangiogenic drug induced a significant
therapeutic response with inhibition of tumor growth and tumor cell invasion.

All in all, we conducted herein a detailed analysis of the metabolic consequences of the
deletion or inhibition of LDH enzymes in GBM cells and demonstrated that targeting of both
LDHA and LDHB is required for efficient inhibition of tumor growth. These results are of great
translational significance because these enzymes may represent interesting candidates for

further therapeutic development in GBM.
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MATERIALS AND METHODS
Ethical issues

Male RAGy2C”/~ mice were housed and treated in the animal facility of Bordeaux
University. All animal procedures have been done according to the institutional guidelines and
approved by the local ethics committee (agreement number: A5522). The collection of biopsy
tissue was approved by the regional ethical committee at Haukeland University Hospital,

Bergen, Norway (REK 013.09), and by Humanitas Hospital (Milan, Italy).

Antibodies and reagents

The detailed information of primary and secondary antibodies used in this study is
listed in Reagent List. Forimmunofluorescence, DAPI was used to stain DNA in blue, Phalloidin
Rhodamine was used to stain cytoskeleton in red. Calcein-AM and ethidium homodimer-1
were directly added to cultures in their usual media. Calcein-AM is converted into green
fluorescent calcein by intracellular esterase and is an indicator of cell viability. Injured or dead
cells take up ethidium homodimer-1 which stained the DNA in red. Spheroids are incubated
in these reagents for 45 min at 37°C and then images were directly taken. Others reagents and

products are listed in Reagent List.

Cell culture
Patient-derived GBM P3 and BL13 cells were cultured in NeuroBasal medium (NBM)
supplemented with B27, heparin (100 U/uL), 20 ng/mL basic FGF and Penicillin — Streptomycin

(1000 U/mL) at 37°C in 5% CO; incubator. Stable cell lines were generated by infecting
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lentiviral particles. For generation of lentiviral particles, HEK293T cells were transfected with
the lentiCRISPR v2 vector with sgRNA, psPAX2 (packaging construct) and pMD2.G (viral
envelope). The culture medium was replaced by Opti-MEM with 20mM HEPES 6 hours after
transfection. After 2-3 days of culture, the supernatant was collected, passed through a 0.22
um syringe filter. The virus-containing media supplemented with 8 pg/mL polybrene was used
to infect P3 and BL13 cells. The infected cells were selected in media with puromycin (0.75
ug/mL) or blasticidin (10 ug/mL) and the LDHA or/and LDHB deletion was assessed by Western

blot.

sgRNA constructs

LDHA and LDHB sgRNAs were designed online (http://crispr.mit.edu/). The target
sequences were 5’-TGCGAATACGCCCACGCGATGGG-3' for Control, 5’-
CCGATTCCGTTACCTAATGGGGG-3’ for LDHA, and 5’-AAGATCACTGTAGTGGGTGT-3’ for LDHB.

The sgRNAs were then cloned into the lentiCRISPR v2 vector by a BsmBlI digestion.

Spheroid experimental assays

Protocols are described into details in a previous article?®. Briefly, P3 and BL13
spheroids of uniform size were prepared from 10* dissociated cells in NBM with 0.4%
methylcellulose in a 96-well round-bottom plate. The spheroids were used after 3 days of
formation. For spheroid growth, each spheroid was washed with PBS and individually replaced
in fresh complete neurobasal medium with 0.4% methylcellulose supplemented with different
treatments in a 96-well round bottom plate. For spheroid invasion, spheroids were washed in
PBS and individually included in a 96-well flat-bottom plate in 100 uL of type | collagen matrix
prepared on ice with 1 mg/mL collagen type | and NaOH (initial concentration: 1M, volume
added correspond to 0.023 volume of collagen type I). The matrix was incubated at 37°C for
30 minutes and then, complete neurobasal medium with different treatments were added

over the matrix.

Intracranial implantation
For in vivo experiments, 5 spheroids of P3 or BL13 knock-out for LDHA, LDHB or LDHA/B
(only LDHA/B for BL13) and control cell lines were stereotactically implanted into the brains

of immunodeficient RAGy2C~~ mice (n = 8 for survival or n = 5 for stop at a given point, 7-9-
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week-old) housed and treated in the animal facility of Bordeaux University (“Animalerie
Mutualisée Bordeaux”). The animals were anesthetized with ketamine (1.5mg/Kg) and
xylazine (150ug/Kg) and a burrhole was drilled 2.2 mm to the left of the bregma, and the
spheroids were implanted into the cerebral cortex at 3 mm depth using a 10 uL Hamilton
syringe. An analgesic procedure was applied with the subcutaneous injection of
buprenorphine (0.1 mg/kg, once 10 min before and once 12 to 24h after implantation). After
4 days, started the bevacizumab injections (10 mg/kg ip), and/or stiripentol (100 mg/kg ip), or
phenformin (50 mg/kg ip) injection 3 times a week. The animals were euthanized by cervical
dislocation at the end of the experiment and brains removed for further histological and

immunohistological analyses.

Histological samples preparation

For frozen process, mice brains were placed in a cryotube after extraction, directly
frozen in liquid nitrogen without fixation and stored at -80°C. Sections (10 um) were prepared
using a cryostat (CM1900, Microsystems) and mounted on slides. Before immunolabeling
process (see below), cryo-sections were dried at room temperature for 10 minutes. They were
fixed with 4% paraformaldehyde (PFA) for 15 min at room temperature, then washed 3-times
in phosphate-buffered saline (PBS). For paraffin process, mice brains or other samples were
fixed with 4% PFA for 15 min at room temperature, then washed 3-times in PBS. Samples were
dehydrated serially in 70, 96, and 100% ethanol then toluene, and paraffinized. Sections (10
um) were prepared using a microtome (Leica) and mounted on slides. Before immunolabeling
process (see below), paraffin-embedded sections were deparaffinized in toluene and hydrated
serially in 100, 96, and 70% ethanol and distilled water then for 1h at 95°C in citrate buffer

before staining procedure.

Immunolabeling process

Samples were permeabilized with 0.1% Triton X-100 in PBS for 15 min, quickly washed
in PBS, blocked with 1% bovine serum albumin and 2% fetal donkey serum (FDS) in PBS
(blocking buffer) for 1 h. Samples were incubated with primary antibodies in blocking buffer
overnight at 4°C, followed by 3-time PBS wash and incubation with secondary antibodies in

blocking buffer for 1 h, for staining DNA or/and cytoskeleton, samples were treated with DAPI
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or/and Phalloidin Rhodamine, respectively. Samples were washed 3-times in PBS and were

mounted using Prolong Gold antifade reagent.

Western blot

Cells were washed twice in PBS and, depending on the analysis, two procedures were
used for protein lysis. (1) Cells were lysed in RIPA buffer (10 mM Tris-HCI, pH 7.4, 150 mM
NaCl, 0.5% NP-40, 1%TritonX-100, 1 mM EDTA) containing proteases and phosphatases
inhibitors. Protein concentrations were determined using bicinconinic acid assay. Cell lysates
were resuspended in Laemmli Buffer (LB - 62.5 mM Tris, 10% glycerol, 2.5% SDS, 5% pB-
mercaptoethanol, pH 6.8). (2) Cells were directly lysed in LB. All protein extracts (1 and 2) were
separated on an acrylamide gel (10% for LDHA and B, 4-12% precasted gels (Invitrogen) for
OxPhos proteins) and transferred to a nitrocellulose membrane. After blocking in blocking
buffer for 1 hour at room temperature, membranes were incubated with different primary
antibodies overnight at 4°C. After 3 washes in TBST (20 mM Tris, 0.5 N NaCl, 0.1% Tween-20,
pH=38)and 1in TBS (20 mM Tris, 0.5 N NaCl, pH = 8), membranes were incubated with IR-Dye

680 or 800 labelled secondary antibodies, or secondary antibodies coupled with HRP.

Image acquisition and analysis

For Western Blot analysis, membranes were imaged using Odyssey infra-red scanner
(LI-COR). The densitometry of proteins was quantified using Image Studio Lite Software with
normalization against tubulin or vinculin. Uncropped immunoblot are depicted in
Supplementary Figure 8. For cell or spheroid experiment assays, images were acquired with
an Eclipse Ti Nikon microscope equipped with NIS (Nikon imaging element) software based on
x4, x10 or x20 objective lens (Nikon), a Hamamatsu Digital CCD C10600-10B camera. Images
were acquired in brightfield or/and color filters (red/green) at the plane level where the
contrast is the most pronounced. Fiji software with different open-access macros was used
for image analysis (GitHub). Images of the spheroid growth were acquired at Oh and every 24
h (total duration dependent on the experiments), growth was quantified as the percent of
change of the spheroid area relative to 0 h. Images of the spheroid invasion were acquired at
24 h, invasion was quantified as the invasive area (total area — core area) normalized to the
core area, and expressed as a fold change relative to the control group for each independent

experiment. For samples from immunolabeling process, images were acquired with confocal
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microscope (Nikon Elipse Ti) or epifluorescence microscope (Nikon). The pipeline analysis of
mitochondrial morphology and mass was adapted in Fiji software from Koopman et al*2. The
slide scanner was a Nanozoomer 2.0HT with fluorescence imaging module (Hamamatsu
Photonics France) using objective UPS APO 20X NA 0.75 combined to an additional lens 1.75X,
leading to a final magnification of 35X. Virtual slides were acquired with a TDI-3CCD camera.
Fluorescent acquisitions are done with a mercury lamp (LX2000 200W - Hamamatsu
Photonics, Massy, France) and the set of filters adapted for DAPI, and/or GFP/Alexa 488,

and/or Alexa 568 and or Alexa 647/Cy5 fluorescence.

Sample preparation and transcriptomic profiling

Transcriptomic sequencing was performed in collaboration with Core Unit for
Molecular Tumor Diagnostics (CMTD), National Center for Tumor Diseases (NCT), Dresden-
Germany. Details are included in the Supplemental Experimental Procedures. The R package
DESeq2°3 was used to identify differentially expressed genes using a stringent threshold:
absolute value of Log2 Fold Change (LFC) >1 and p-value adjusted for multiple testing (p-
adjust) <0.01. KEGG pathways enrichment analysis was done with the R package
ClusterProfiler>*. Gene Ontology (GO) terms enrichment analysis was done with the R package
BACA with the EASE score set at 0.01. Only GO terms from Biological Pathways level 5 were
used for this analysis. GO terms were clustered to get annotation clusters with a similarity of
genes greater than 0.85. Finally, read counts were transformed using variance stabilizing

transformations (VST).

Sample preparation and metabolic profiling

Metabolomic profiling was performer in collaboration with MetaboHUB-MetaToul
([*3Cle Glucose) and VIB Metabolomics (['3C]e Lactate). Details are included in the
Supplemental Experimental Procedures. The Principal Component Analysis (PCA) was done on
the total geometric mean abundance of each metabolite in each condition. PCA is realized
with the dudi .pca function from the R package « ade4 » and visualized with ggplot. Metabolite
abundance between two conditions was analyzed using the non-parametric Mann-Whitney
test with a Benjamini-Hochberg correction for multiple comparisons. For visualisation

purposes, comparisons between two conditions may be Log2-transformed.
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Metabolomic and transcriptomic representation

Metabolome and transcriptome were independently analyzed (see above). Due to the
difficulty in examining detailed metabolic networks using several cell lines and conditions, two
representations are proposed. The first one, called metabologram®3, have the ability to
visualize data at pathway level relative to the second one, which is the classical detailed
network map of central carbon. In order to avoid redundancy of data, the metabologram
showed all the isotope abundances in metabolites and the network map showed only the
[3C]-labelled abundance in metabolite in order to trace the pathway of [*3C]-initial
metabolite. For each pathway and after the stringent threshold based on log2 FC and p-value

(p<0.05), transcripts are selected according to the KEGG pathway database.

Intracellular lactate recording

Cultured P3 spheroids were gently dissociated and seeded on 18 mm glass coverslips
treated with Matrigel. Constructs coding for the lactate-sensitive FRET biosensor Laconic 33
have been described previously and are available through Addgene (Plasmid #44238).
Adenoviral vectors encoding the FRET biosensor was custom made by Vector Biolabs.The
lactate-sensitive biosensor Laconic was expressed by exposing cells to 1x10° PFU of adenoviral
particles (serotype 5) overnight. After 48-72 hrs post infection, cells were imaged on wide-
field mode with an inverted LEICA DMI6000B microscope (Leica Microsystems, Germany)
equipped with a motorized stage Scan IM (Marzhduser, Germany), a 40X oil-immersion
objective (NA 1.25), a excitation system Lumencor spectra 7 (Lumencor, US) and a Coolsnap
HQ2 CDD camera (Photometrics, US). Cells were superfused with an imaging solution
consisting of (in mM): 10 HEPES, 112 NaCl, 24 NaHCO3, 3 KCl, 1.25 MgCl2, 1.25 CaCl2, 10
glucose and bubbled with air/5% CO; at 37 °C with a constant flow of 3 ml/min. For fluorescent
ratio measurements, cells expressing Laconic were excited at 430 nm for 0.05-0.1 s and
emission collected with band pass filters mounted on a motorized filter wheel, at 465-485 nm
for mTFP and 542-556 nm for Venus, with image acquisition every 10 s. The ratio between
MTFP and Venus was computed and is proportional to the intracellular lactate level. To
quantify differences in lactate level, biosensor occupancy was computed as a proxy of
intracellular lactate level with the following equation: Occupancy = (R-Rmin)/(Rmax-Rmin), in
which R: basal mTFP/Venus ratio (before any drug treatment), Rmin: steady state mTFP/Venus

ratio induced by oxamate (6 mM), Rmax: steady state mTFP/Venus ratio induced by MCTs
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block (1 uM AR-C155858 and 1 mM diclofenac). Lactate production rate was computed by
fitting a linear rate to the first minutes of lactate accumulation during MCTs block.

Fluorescence ratios were normalized to Rmin before quantifications.

LDH and LDHB activities

In the LDH assay (ab102526), LDH reduces NAD to NADH, which then interacts with a
specific probe to produce a color (OD max = 450 nm) based on whole lysates (LDHA + LDHB
isozymes) while LDHB activity is measured on LDHB enzyme which was immune-captured
within the wells of the microplate (ab140361) and determined by following the production of
NADH catalyzed by the enzyme (LDHB isozymes, alone). Recommendations from

manufacturer were followed for optimal procedure.

Statistical analysis

No statistical methods were used to predetermine sample size. The experiments were
not randomized and investigators were not blinded to allocation during experiments and
outcome assessment. GraphPad Prism software and RStudio was used for analyses. Equality
of variances was made with a F-test for two groups and Brown-Forsythe test for at least three
groups. According to the homoscedasticity, comparisons of two groups were made by an
unpaired two-tailed t-test or a Mann-Whitney test. Comparisons of at least three groups were
performed using a one-way ANOVA followed by a Dunnett’s or Tukey’s multiple comparisons
test or Kruskal-Wallis test followed by a Dunn’s multiple comparisons test. A two-way ANOVA
test was used to compare two or more than two groups with two variables or more than two
variables (e.g. 21% and 0.1% O,) or repeated measures at different times followed by a Tukey’s
multiple comparisons test. Survival analyses were made using log-rank Mantel-Cox test. All
the tests used were indicated in the figure legends. Pvalues <0.05 were considered

statistically significant.

Data availability
All data are available within the Article and Supplementary Files, or available from the
corresponding authors on reasonable request. Transcriptomics data are available from the

European Nucleotide Archive: PRJEB45718.
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Figure legends
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Figure 1: Distinctive expression of lactate dehydrogenase A and B in GBM.

a. Coronal section of P3 spheroids implanted in mouse brain, embedded with paraffin and
stained with DAPI (blue), LDHA (green) and LDHB (red). Magnification shows areas as depicted
in the central illustration. Quantification of LDHA and LDHB staining was performed on the
tumor areas as indicated in the graphs. Scale: 15 um. b. Left, 3D representation of an invading
P3 spheroid embedded in a collagen matrix. Right, upper view: brightfield microscope image,
lower view: coronal section of an invading spheroid. Scale: 100 um. c. Coronal section of a P3
spheroid embedded with paraffin and stained with DAPI (blue), LDHA (green) and LDHB
(red). Magnification boxes show different areas as depicted in the main image. Quantification
of LDHA and LDHB staining was performed on the spheroid areas as indicated in the graphs.
Scale: 100 pm.
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Figure 2
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Figure 2: Increased lactate production by hypoxia, fuels TCA cycle, and drives cell invasion.

a. Western blot analysis of LDHA and LDHB from P3 cells upon exposure to 21% or 0.1% O, for
6, 24, 48 and 72 h. The graphs represent densitometry quantification of immunoblots
normalized to tubulin (n = 4). b. Lactate secretion of P3 cells exposed to 21 or 0.1% O
measured with a bioluminescent assay using a pro-luciferin reductase substrate converted to
luciferin in the presence of NADH (n = 3). ¢, d. Colorimetric assays for the activity of (c) total
LDH enzymes (n = 4) or (d) immune-captured LDHB enzyme in P3 cells (n = 3). e. P3 spheroid
growth recorded over 72 h during incubation with or without 20 mM lactate. Area of spheroids
were measured at 0, 24, 48 and 72 h and growth is represented as a percentage of spheroid
area compared to time 0 (8-10 spheroids per condition, n = 3). f. P3 spheroid invasion in
collagen | gel incubated 24 h at 21% O; and incubated with 10 or 20 mM lactate. Invasion rate
is expressed as a fold change to the control. (6-8 spheroids per condition, n = 4). Images of
representative invasive spheroids in each condition. Scale: 100 um. g. P3 spheroid invasion in
collagen | gel incubated 24 h at 0.1% O; and incubated with 20 mM lactate, 20 uM rotenone,
and 1.5 mM HCI. Invasion rate is expressed as a fold change of the control (6-8 spheroids per
condition, n = 4). Images of representative invasive spheroids in each condition. Scale: 100
um. h. P3 cell mass-specific respiration obtained by oxygraphy analysis (left) and inhibitors
sensitivity ratio standardized for their respective maximal respiratory capacity (right). Cells
were cultured in (1) complete medium or in medium without glucose and pyruvate
supplemented with either (2) 10 mM glucose or (3) 20 mM lactate (n = 4). JO; Basal: baseline
respiratory capacity, JO2 non-phosphorylating (non phos): minimal respiratory capacity and
JO2 uncoupled: maximal respiratory capacity. i. Metabolic changes of central carbon
metabolism on P3 cells infused with [*3C]lactate for 24 h. Metabolites are labelled with a
colored oval whose color corresponds to log fold changes between 24 h and 0 h (red, increase
in 24 h). The values m+0 to m+6 indicate: m+0 stands for the fraction of metabolite without
13Carbon and m+n (n > 0) stands for fraction of metabolite with n 3CarbonThe sum of (m+0,
m+1,..., m+10,...) equals to 1. TCA, TriCarboxylic Acid cycle; MAS, Malate-Aspartate Shuttle;
LAC, lactate; PYR, pyruvate; CIT, citrate; AKG, alpha-ketoglutarate; SUC, succinate; MAL,
malate; ALA, alanine; GLU, glutamate; GLN, glutamine; ASP, aspartate; ASN, asparagine. See
also Suppl Figure 3. Data are represented as mean +s.d (a, b, ¢, d, e), as mean (f, g) or as mean
t s.e.m (h). n represents independent experiments. P values were calculated using One-Way
ANOVA following by Dunnett’s multiple comparisons test (a), unpaired t test (b, c, d, e),
Kruskal-Wallis test following by Dunn’s multiple comparisons test (f, g), Two-way ANOVA
following by Tukey’s multiple comparisons test (h); *P<0.05; **P<0.01; ***P<0.001; ns, not
significant. Exact P values are provided in the Source Data.
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Figure 3
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Figure 3: Double knockout of LDHA and LDHB impairs GBM lactate metabolism, viability,
and invasion

a. Western blot analysis of LDHA and LDHB expression in P3 cells transduced with CRISPR-Cas9
lentiviral vectors with scramble sequence (sgControl) or against LDHA (sgLDHA), LDHB
(sgLDHB) or both (sgLDHA/B). Knockout (KO) cells were exposed to 21% or 1% O, for 48 h. b.
Lactate secretion of P3 cells KO for LDHA, LDHB or both, exposed to 21% or 1% (n = 3).
c. Intracellular lactate level analyzed with a fluorescent biosensor in P3 cells (control, KO for
LDHA, LDHB or both). Left, lactate level monitored in basal condition, followed by sequential
exposure to OXPHOS block (5 mM sodium azide), 6 mM oxamate and MCTs blockers (1 uM
AR-C1558585 + 1 mM diclofenac). The response to oxamate and MCTs blockers was used to
determine, Middle, the basal lactate level (expressed as biosensor occupancy) and, Right, the
lactate production rate (n=4, 33-44 cells analyzed per condition). See material and methods
for analysis details and see also Supplementary Figure 4. d. Left: P3 spheroid growth recorded
over one week at 1% O, (8—10 spheroids per condition, n = 3). Right: Viability of spheroids at
one week, incubated with calcein (green) or ethidium homodimer-1 (red). Scale: 200 um. e.
P3 spheroid invasion in collagen | gel, incubated 24 h at 21% or 0.1% O,. Invasion rate is
expressed as fold change from controls (6-8 spheroids per condition, n = 4). Images of
representative of control or LDHA/B KO spheroids. Scale: 100 um. f-g. A first cohort of mice
was sacrificed when one mouse reached a limit point, brains was extract, snap frozen in liquid
nitrogen, sliced and stained. For the second cohort, each mouse was sacrificed when it
reached a limit point allowing the draw of survival curves. Left: Immunofluorescence staining
of Nestin (top and middle) and CD31 (bottom) of control and LDHA/B KO P3 tumor section.
Scales: 2 mm (top), 250 um (middle) and 100 um (bottom). Right: Graphs represent tumor
core and invasion area of control and LDHA/B KO P3 tumors in mm? (average of 5-6 sections
per tumor, n = 5 mice per group). h. Kaplan-Meier survival curves of xenotransplanted mice
with P3 cells KO for LDHA (yellow), LDHB (green), LDHA/B (red) or control (blue) (n = 8 mice
per group). Data are represented as mean + s.d (b), as mean £ s.e.m (c — left part) or as mean
(c, d, e, f, g). n represents independent experiments or biological replicates. P values were
calculated using Two-way ANOVA following by Tukey’s multiple comparisons test (b, e),
Kruskal-Wallis test following by Dunn’s multiple comparisons test (c, d), One-Way ANOVA
following by Dunnett’s multiple comparisons test (f), unpaired t test (g) or Log-rank (Mantel-
Cox) test (h); *P<0.05; **P<0.01; ***P<0.001; ns, not significant; exact P values are provided
in the Source Data.
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Figure 4
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Figure 4: Correlation between transcriptomic and metabolomic analysis reveals
dysregulated metabolic pathways in double knock out LDHA/B.

LDH KO P3 cells were infused 0, 24 and 48 h with [*3C]glucose at 0.1% O,. a. Principal
component analysis of metabolomic data from cell extracts. b. Metabolites from cell medium.
Top, concentration of metabolite consumed ([*3C]glucose) or secreted (pyruvate, lactate,
acetate, formate) by cells. Bottom, amount of labeled isotopes relative to the total amount of
this element, expressed as a percentage (fractional contribution). c. Circular metabologram
illustrating metabolic and transcriptomic differences in metabolite pathways between LDH KO
P3 cells. The metabologram is divided in two parts, the left corresponds to metabolomic
analysis and the right to the transcriptomic analysis. The outer circle corresponds to the log,
fold change for each metabolite (left) and transcripts (right). The central circle displays the
average fold change of all analytes. d. Metabolic changes of central 13-labeled-carbon
metabolism in LDH KO P3 cells infused with [*3C]glucose at 1% O for 48 h. Metabolites are
labelled with a colored-oval and enzyme transcripts with a colored-square, whose color
corresponds to the log, fold changes between sgControl and sgLDHA/B (blue, increase in
sgControl; red, increase in sgLDHA/B; gray, not measured or not computable). For legend, see
also Figure 2i; PPP: Pentose Phosphate Pathway; G6P: Glucose-6-Phosphate; 6PG: 6-
Phosphogluconate; F6P: Fructose-6-Phosphate; FbP: Fructose-bisPhosphate; P5P: Pyridoxal-
5-Phosphate;  F1P:  Fructose-1-Phosphate;  Gly3P:  Glycerol-3-Phosphate; = DHAP:
Dihydroxyacetone Phosphate; G3P: Glyceraldehyde-3-Phosphate; PRPP:
Phosphoribosylpyrophosphate; GLY: Glycine, SER: Serine; 2,3-PG: 2,3-Phosphoglycerate; PEP:
Phosphoenolpyruvate; 2HG: 2-Hydroxyglutarate. See also Suppl Figure 5.
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Figure 5
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Figure 5: Knock out LDHA/B affect mitochondrial functions and sensitize tumors to
radiation.

a. Western blot analysis of mitochondrial respiratory chain subunits from LDH KO P3 cells upon
exposure to 21% or 0.1% O,. Roman numbers indicate the respiratory complex number. The
diagram below represents densitometry quantification of the immunoblots normalized to
vinculin and expressed as log, foldchange to control cells in 21% and 0.1% O, (n = 3). b.
Epifluorescence (top) and quantitative image analysis (bottom) of immune stained
mitochondria (TOM20, green) from LDH KO P3 cells (Phalloidin, red; DAPI, blue) upon
exposure to 0.1% O, (28-32 cells per group). Mitochondrial mass corresponds to the area
covered by the mitochondria relative to the entire cell area. Network aspect ratio is the ratio
of the major axis to minor axis of the mitochondrial network. Scale: 10 um. c. LDH KO P3 cell
mass-specific respiration obtained by oxygraphy analysis (n = 4). For details, see Figure 2h. d.
Schematic representation of phenformin or irradiation effects on tumor cells. e. Kaplan-Meier
survival curves of xenotransplanted mice with LDHA/B KO (red) or control (blue) P3 cells,
treated with phenformin or irradiated with 10 Gy. Data are represented as mean (b) or as
mean ts.e.m (c). n represents independent experiments or biological replicates. P values were
calculated using Two-way ANOVA following by Tukey’s multiple comparisons test (a, c), One-
way ANOVA following by Tukey’s multiple comparisons test (b) or Log-rank (Mantel-Cox) test
(e); *P<0.05; **P<0.01; ***P<0.001; ns, not significant; exact P values are provided in the
Source Data.
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Figure 6: Combination of antiepileptic and antiangiogenic drugs reduce GBM growth

a. Stiripentol, an aromatic allylic alcohol drug that inhibits LDH. b. Intracellular lactate level
analyzed with a fluorescent biosensor in P3 cells treated with vehicle or 500 uM stiripentol.
Left, lactate level monitored in basal condition, followed by sequential exposure to 6 mM
oxamate and MCTs block (1 uM AR-C1558585 + 1 mM diclofenac). The response to oxamate
and MTCTs block was used to determine, Middle, the basal lactate level (expressed as
biosensor occupancy) and, Right, the lactate production rate (n=4, 33-45 cells analyzed per
condition). c¢. P3 cell mass-specific respiration in cells treated with 500 uM stiripentol,
obtained by oxygraphy analysis (n = 4). For details, see Figure 2h. d. Left: P3 spheroid growth
recorded over 72 h during incubation with stiripentol at 0.1% O, (8-10 spheroids per
condition, n = 3). Right: Viability of spheroids at 72 h, incubated with calcein (green) or
ethidium homodimer-1 (red). Scale: 100 um. e. Left: P3 spheroid invasion in collagen | gel,
incubated 24 h with 500 uM stiripentol at 0.1% O>. Invasion rate is expressed as fold change
from control (6-8 spheroids per condition, n = 3). Right: Representative images of invasive
spheroids for each condition. Scale: 100 um. f. Kaplan-Meier survival curves of
xenotransplanted mice with P3 cells. Mice were treated either with vehicle (blue),
bevacizumab (gray), stiripentol (red) or both drugs (orange) (n = 8 mice per group). g. Left:
Immunofluorescence staining of DAPI of treated P3 tumor section. Scales: 500 um. Right: The
graphs represent the tumor core and invasion area of double LDH KO P3 tumor in mm?
(average of 5-6 sections per tumor, n = 4-5 mice per group).
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Supplementary Figure 1
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Supplementary Figure 1: Expression of LDHA and LDHB in publicly available databases

a. Correlation between gene expression of LDHA and LDHB and cell localization based on
single cell RNA sequencing data extracted from Darmanis et al.(257) (1010 tumor cells and 62
periphery cells). b. LDHA and LDHB gene expression relative to HIF1A gene expression
according to their anatomical origin (data extracted from lvy Glioblastoma Atlas Project). LE,
Leading Edge; IT, Infiltrating Tumor; CT, Cellular Tumor; CTpan, Cellular Tumor
pseudopalisading cells around necrosis; CTmvp, Cellular Tumor microvascular proliferation.
c-d. Survival analysis based on LDHA (left) or LDHB (right) gene expression level in glioblastoma
(c) and on low grade gliomas (d). Data were extracted from TCGA.
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Supplementary Figure 2
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Supplementary Figure 2: Independent stem-like cell line BL13 confirms results obtained in
P3 stem-like cells

a. Western blot analysis of LDHA and LDHB from BL13 cells upon exposure to 21% or 0.1% O3
during 6, 24, 48 and 72 h. The graphs represent densitometry quantification of the
immunoblots normalized to tubulin (n = 4). b. Lactate secretion of BL13 cells exposed to 21%
or 0.1% 0O; measured by bioluminescent assay using a pro-luciferin reductase substrate
converted to luciferin in the presence of NADH (n = 3). ¢, d. Colorimetric assays related to the
activity of (c) LDH enzymes (n = 4) or (d) immune-captured native LDHB enzyme (n = 3) in BL13
cells by measuring the absorbance at 450 nm. e. P3 spheroid cytotoxicity assay recorded over
24 h when incubated with or without lactic acid at different concentrations (1, 10, 20, 30, 40,
50, and 100 mM). Area of spheroids were measured at 0 and 24 h. Growth is represented as
a percentage of spheroid area when compared to time 0 and viability is estimated with
Live/Dead fluorescence ratio at 24 h and represented as a fitted curve (8—10 spheroids per
condition, n = 3). Images of representative spheroids in each condition (in green, calcein ; in
red, ethidium homodimer-1). Scale: 250 um. f. Principal component analysis of morphologic
data on P3 cells incubated 7 days with or without lactate (20 mM). Cell number and
morphology were measured at 0 h, 24 h and 7 days. Images of representative adherent cells
in each condition (in green, GFP; in red, nuclear Tomato). Scale: 40 um. The graphs represent
quantification of the cell number and elongated cells (Aspect ratio > 2,5; n = 3). g. P3 spheroid
invasion in collagen | gel incubated 24 h at 21% O, and treated with 20 mM pyruvate or 1.5
mM HCI. Invasion rate is expressed as a fold change of the control (6-8 spheroids per condition,
n = 3). Data are represented as mean % s.d. n represents independent experiments. P values
were calculated using One-Way ANOVA following by Dunnett’s multiple comparisons test (a),
unpaired t test (b, ¢, d), Kruskal-Wallis test following by Dunn’s multiple comparisons test
(e, g8); Two-Way ANOVA following by a Sidak’s multiple comparisons test (f); *P<0.05 ;
**P<0.01; ***P<0.001 ; ns not significant; exact P values are provided in the Source Data.
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Supplementary Figure 3: Metabolic tracing using [*3Cs]lactate (Extended data Figure 2i)

P3 cells were infused during 0, 1, 2, 4, 6 and 24 h with [*3Cs]lactate at a concentration of 5
mM. Metabolites from cell extracts (endometabolome) or cell medium (exometabolome)
measured by gas chromatography-mass spectrometry. Metabolite abundance of some
intermediates of metabolic pathway of interest. Quantification of the ['3Cs]lactate carbon
incorporation into intermediates of the carbon metabolism (isotopologue contribution). m+0
stands for the fraction of metabolite without *Carbon and m+n (n > 0) stands for fraction of
metabolite with n 3 Carbon. The sum of (m+0, m+1,..., m+10,...) equals to 1.
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Supplementary Figure 4
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Supplementary Figure 4: LDHA/B KO in BL13 cells and bevacizumab treatment in P3 tumors.

a. Western blot analysis of LDHA and LDHB from BL13 cells knockout by Crispr-Cas9 lentiviral
vectors against LDHA, LDHB or both, and upon exposure to 21% O>. b, c. Colorimetric assays
related to the activity of (b) LDH enzymes (n = 4) or (c) immune-captured native LDHB enzyme
(n = 3) by measuring the absorbance at 450 nm in KO P3 cells. d. Schematic representation of
the intracellular lactate level monitoring with a fluorescent biosensor. The presence of the
lactate changes the conformation of the biosensor and fluorescence emission. Known as an
accelerated-exchange transport (trans-acceleration), oxamate was used to quickly release the
lactate out of the cells for the determination of the lactate basal level. Then, diclofenac was
used to block the lactate transporter for the quantification of the lactate production rate. e.
Cells incubated during 48 h at 21% or 0.1% O, labeled with Annexin V-FITC and analyzed by
cytometry. Table of statistical comparisons of annexin-V signal in sgLDHA, sgLDHB and
sgLDHA/B cells with respective control (either 21 or 0.1% 0O). f. BL13 spheroid invasion in
collagen | gel incubated 24 h at 21 or 0.1 % O;. Invasion rate is expressed as a fold change of
the control (6-8 spheroids per condition, n = 4). Images of representative invasive sgControl
or sgLDHA/B spheroids. Scale: 100 um. g. Supernatants were collected from each cell line and
analyzed by using ELISA to detect VEGF. h. Kaplan-Meier survival curves complement of Figure
3i where xenotransplanted mice with LDHA/B KO P3 spheroids were treated by bevacizumab.
i. Kaplan-Meier survival curves of xenotransplanted mice with BL13 cells KO for LDHA/B (red)
or control (blue) (n = 10 mice per group). Data are represented as mean +s.d (b, c, e, g). n
represents independent experiments. P values were calculated using Two-way ANOVA
following by Tukey’s multiple comparisons test.
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Supplementary Figure 5

Supplementary Figure 5: Detailed metabolograms

Circular metabologram illustrating metabolic and transcriptomic differences in metabolite
pathways between LDH KO P3 cells. The metabologram is divided in two parts, the left
corresponds to metabolomic analysis and the right to the transcriptomic analysis. The outer
circle corresponds to the log fold change for each metabolite (/eft) and transcripts (right). The
central circle displays the average fold change of all analytes. Metabolites and gene names
were added into these metabolograms.
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Supplementary Figure 6
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Supplementary Figure 6: RNAseq/metabolomics profiles of P3 CRISPR adaptations to
hypoxia or basal differences between P3 sgControl, P3 sgLDHA, P3 sgLDHB and P3 sgLDHA/B
cells

P3 sgControl, sgLDHA, sgLDHB and sgLDHA/B were infused during 0, 24 and 48 h at 0.1% 02
with [13Ce]glucose. Metabolites from cell extracts (endometabolome) or cell medium
(exometabolome) measured by gas chromatography-mass spectrometry. Abundance and
isotopolog contribution of all metabolite isotopes contribution of direct isotopes are showed.
m+0 stands for the fraction of metabolite without 3Carbon and m+n (n > 0) stands for fraction
of metabolite with n 3Carbon. For example, m+5 correspond to a metabolite with 5 labeled
13Carbon. The sum of (m+0, m+1,..., m+10,...) equals to 1. Enzyme transcripts with colored-
square whose colour corresponds to the log; fold changes between two conditions : 1 : sgCont
0 hand sgCont 48 h, 2 :sgCont 0 h and sgLDHA 0 h, 3:sgCont 0 h and sgLDHB 0 h, 4 : sgCont
0 h and sgLDHA/B 0 h, 5 : sgCont 48 h and sgLDHA 48 h, 6 : sgCont 48 h and sgLDHB 48 h,
7 : sgCont 48 h and sgLDHA/B 48 h.
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Supplementary Figure 7: Bioinformatics analysis based on RNAseq data from all cell lines

Left: Volcano plots for visualizing gene expression in described comparisons. Right:
Enrichment analysis using Gene Ontology with filtered terms “biological process” and “cellular

component”.
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Supplemental Experimental Procedures

TCGA Glioblastoma cohort

The TCGA Glioblastoma (GBM) RNAseqV2 normalized data (level 3, log2(x+1) transformed
RSEM normalized count, version 2017-10-13), the associated clinical data and complementary
clinical data from GDC pancan were downloaded from the xenabrowser website datapages
(https://xenabrowser.net/datapages/).

For the genes LDHA and LDHB, primary tumor samples from the GBM cohort were split into
three groups of equivalent size defined by the level of their expression. Overall survival (in
months) was used to estimate survival distributions using the Kaplan—-Meier method and the

three distributions were compared using the log-rank test.

Ivy-GAP cohort

The expression of HIF1A, LDHA and LDHB were downloaded from the IVY-GAP website
(https://glioblastoma.alleninstitute.org/rnaseq/search/index.html) with associated clinical
data. Spearman correlation was computed between HIF1A and LDHA and between HIF1A and

LDHA for all samples and for each anatomic structure separately.

RNA sequencing

e Sample preparations and RNA sequencing
P3 sgControl, sgLDHA, sgLDHB and sgLDHA/B were cultivated under 0.1% or 21% oxygen for
48h. Total RNA was extracted from fresh frozen cells with the Qiagen RNeasy Mini Kit
according to the manufacturer’s protocol. Quality and quantity of RNA was checked using a
Fragment Analyzer (Agilent) with the company’s Standard Sensitivity RNA Kit (DNF-471).
Libraries were prepared using the TruSeq stranded mRNA Kit (lllumina). All barcoded samples
were pooled and sequenced together in 75nt paired-end mode with an Illumina NextSeq500
in 2 runs to reach sufficient coverage. Runs were demultiplexed with bcl2fastq (v2.20.0.422,

[llumina).
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e Bioinformatics analysis

Quality of obtained fastq files was initially checked by FastQC v0.11.4 2 followed by adapter
removal and quality trimming using Trim Galore v0.4.2. Mapping of reads to the human
reference genome (GRCh38 Ensembl release 95) was done using STAR v2.5.3a with standard
settings® and duplicates were marked using Picard tools v1.141.

Quality analysis of mapped reads was done using RSeQC v3.0.0 # to analyze read distributions
across gene bodies. Raw read counts per gene were determined by counting gene-specific
reads in exons of protein-coding genes using FeatureCounts v1.5.3 °. Finally, a gene expression
data matrix was created by removing genes without any reads and lowly expressed genes (less
than 1 read per million in more than 50% of samples) followed by cyclic loess normalization
resulting in normalized log2-counts per million for 14,111 protein-coding genes that were
measured in each sample.

The R package DESeq2® v1.22.2 was used to identify differentially expressed genes.
Enrichment analysis was performed using the ClusterProfiler’ R package v3.10.1. Gene
Ontology (GO) terms enrichment analysis was visualized using Bubble Chart to Compare
Annotations (BACA) using the p-value threshold at 0.01. Only GO terms from Biological
Pathways level 5 were used for this analysis. GO terms were clustered to get annotation
clusters with a similarity of genes greater than 0.85. PathView R package v.1.22.3 was used to

visualize KEGG metabolic pathways.

Metabolomics Supplemental Method 1: [*3C]s Glucose — *3C isotopic profiling

e Sample preparations
For cells in suspension (fast filtration method), 1 mL of cell culture are dropped on a filter
(Sartolon Polyamide 0.2um) in order to eliminate cultivation medium. The filter is then rinsed
with washing solution, quickly removed from the filtration unit, putted on an aluminum foil
and frozen in liquid nitrogen. Every filter is then extracted into a centrifuge tube containing
the 5 mL of cold sampling solution (see table below). The centrifuge tubes are then vortexed
and placed 1 hour at -20°C. After one hour, the tubes are centrifuged 5 min at 2000 g and the

supernatant is putted in a new tube for evaporation.
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i i i f Soluti f
Types of | Sampling solution | Temperature of | Duration o Evaporation olution o

metabolites composition extraction extraction resuspension
Central ACN(4)/MeOH(4)/

. H20mg (2) 125 | -20°C 1 h minimum Speedvac Water
metabolites

mM formic acid
ACN(4)/MeOH(4)/

Intr'aceIILfIar H20mqg (2) 125 | -20°C 1 h minimum Speedvac Water
amico acids . .
mM formic acid
2% methanol,
ACN(4)/MeCQH(4)/ 98% water, 25
Coenzyme A H20mqg (2) 125 | -20°C 1 h minimum Speedvac mM formic
mM formic acid acid, pH

adjusted at 3.5

For cell supernatants, the sampling procedure is based on the separation of the cells from the
medium thanks to the combination of filtration and centrifugation. This give access only to the
exometabolome content for metabolomics or fluxomics studies. The supernatant can be
stored at -80°C before shipment and analysis evaporated. Then samples are prepared either
for NMR or MS analysis manually or automatically using a robotic station.

To control the quality of the analysis, blank samples are done for each type of samples (culture
medium, conditions, treatment...). These blank samples are obtained from “cell-free” culture

made in parallel and sampled in the same way and time as the culture with cells.

e Nuclear Magnetic Resonance (NMR) profiling
The acquisition of 1D 1H NMRAvance Il 800MHz equipped with a 5mm CQPCI Z-Gradient
cryoprobe. Following parameters were used for the acquisition: Pulse program: zgpr30; Pulse
angle 30°; Time Domaine (TD) 64k; Number of dummy scan: 4; Number of scan: 32; Acquisition
time: 2.04 sec; Pulse P1 length: 7.70 psec; Pulse P1 power: -12.39 dB; Pulse P9 power: 43.79
dB; Acquisition temperature: 280°K. Raw data obtained after acquisition are FID. A Fourier
transform were applied for each spectrum with a specific smoothing (efp with LB = 0.3 and SI
= 128K). Phase and baseline correction were also performed using automatic tools form
TopSpin 3.5 software before the automatic integration of specific signals belonging to exo-
metabolites present in the samples. Absolute quantification of metabolites of interest was
performed using the internal standard TSP-d4 as reference. The quality of the analysis is based

on the good resolution of the spectrum: width at half height for TSP-d4 signal < 2.5Hz.
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e Liquid chromatography / Mass Spectrometry analysis

Central metabolites were separated on an ionic chromatography column lonPac AS11 (250 x
2 mm i.d.; Dionex, CA, USA). Solvent used was KOH at a flow rate of 350 puL/min. Solvent was
varied as follows: 0 min: 2 %, 2 min: 2 %, 10 min: 5 %, 16 min: 35 %, 20 min: 100 % and 24 min:
100%. The column was then equilibrated for 6 min at the initial conditions before the next
sample was analyzed. The volume of injection was 15 pL. High-resolution experiments were
performed with an ICS5000+, ion chromatography system (Dionex, CA, USA) coupled to an
LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA)
equipped with a heated electrospray ionization probe. MS analyses were performed in
negative FTMS mode at a resolution of 60 000 (at 400 m/z) in full-scan mode, with the
following source parameters: the capillary temperature was 350 °C, the source heater
temperature, 300 °C, the sheath gas flow rate, 50 a.u. (arbitrary unit), the auxiliary gas flow
rate, 5 a.u., the S-Lens RF level, 60 %, and the source voltage, 3.5 kV.

Amino acids were separated on a PFP column (150 x 2.1 mm i.d., particle size 5 um; Supelco
Bellefonte, PEN, USA). Solvent A was 0.1 % formic acid in H20 and solvent B was 0.1 % formic
acid in acetonitrile at a flow rate of 250 puL/min. Solvent B was varied as follows: 0 min: 2 %, 2
min: 2 %, 10 min: 5 %, 16 min: 35 %, 20 min: 100 % and 24 min: 100%. The column was then
equilibrated for 6 min at the initial conditions before the next sample was analyzed. The
volume of injection was 5 pL. High-resolution experiments were performed with a Vanquish
HPLC system coupled to an Orbitrap Qexactive+ mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) equipped with a heated electrospray ionization probe. MS analyses were
performed in positive FTMS mode at a resolution of 70 000 (at 400 m/z) in full-scan mode,
with the following source parameters: the capillary temperature was 320 °C, the source heater
temperature, 300 °C, the sheath gas flow rate, 40 a.u. (arbitrary unit), the auxiliary gas flow
rate, 10 a.u., the S-Lens RF level, 40 %, and the source voltage, 5 kV.

All the metabolites were determined by extracting the exact mass with a tolerance of 5 ppm.
For central metabolites isotopic profile analysis and amino acids isotopic profile analysis, their
concentrations have to be included in the dynamic range of the method, respectively. This
range was determined during the method validation with the PA-PT sample and corresponds

to the total area of the cluster / number of isotopologues with a bias of less than 5 %.
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e Data Quality
Filters and supernatants were received on 03.04.19 and analyzed on 10.04.19 (MS) and
11.04.19 (NMR). All the acceptability criteria were satisfied, values meet MetaToul’s

acceptance as shown in the table below.

Acceptability criteria

MS calibration < 7 days Day of injection (11.04.19) Passed
Bias on Pascal Triangle PEP -1.4% max Passed
sample < 5% FruBP -2.5% max Passed

B ATP 2.4% max Passed

e Data extraction and Quality
The data extraction of the raw mass spec data files yielded information that could loaded into

a relational database. Peaks were identified using IsoCor peak integration software?.

e Normalization
Data correction was performer to correct variation resulting from the difference of cell
number into each condition. For abundance interpretation, sample P3 LDHA/B at 24 h and 48

h were 2-times concentrated.

Metabolomics Supplemental Method 2: [*3C]s Lactate — 13C isotopic profiling

e Sample preparations
Metabolite extraction was performed using 80% methanol and 0.2% of myristic acid d27
(internal standard). After 5 minutes of incubation cells were scraped and collected in a new
tube. Following a centrifugation at 20’000 G for 10 minutes at 4°C, the supernatant was

transferred to a new vial for MS analysis. Pellet was used for protein quantification.

e Liquid chromatography / Mass Spectrometry analysis
10 ul of each sample was loaded into a Dionex UltiMate 3000 LC System (Thermo Scientific
Bremen, Germany) equipped with a C-18 column (Acquity UPLC -HSS T3 1. 8 um; 2.1 x 150
mm, Waters) coupled to a Q Exactive Orbitrap mass spectrometer (Thermo Scientific)
operating in negative ion mode. A step gradient was carried out using solvent A (10 mM TBA
and 15 mM acetic acid) and solvent B (100% methanol). The gradient started with 0% of

solvent B and 100% solvent A and remained at 0% B until 2 min post injection. A linear gradient
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to 37% B was carried out until 7 min and increased to 41% until 14 min. Between 14 and 26
minutes the gradient increased to 100% of B and remained at 100% B for 4 minutes. At 30
min the gradient returned to 0% B. The chromatography was stopped at 40 min. The flow was
kept constant at 250 uL/min at the column was placed at 25°C throughout the analysis. The
MS operated in full scan mode (m/z range: [70-1050]) using a spray voltage of 3.2 kV, capillary
temperature of 320 °C, sheath gas at 10.0, auxiliary gas at 5.0. The AGC target was set at 3e6
using a resolution of 140.000, with a maximum IT fill time of 512ms. Data collection was
performed using the Xcalibur software (Thermo Scientific). The data analyses were performed

by integrating the peak areas (EI-Maven — Polly - Elucidata).

ELISA VEGF
Supernatants were collected from all cell lines and a VEGF Human ELISA Kit (Thermo Fisher)

and procedure was followed based on manufacturer instructions.
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Conclusion - Discussion

Les GBMs sont les tumeurs cérébrales les plus fréquentes chez I'adulte qui se
caractérisent notamment par un fort métabolisme glycolytique et une infiltration diffuse dans
le parenchyme cérébral. Leur prise en charge thérapeutique associant la chirurgie avec la
radiothérapie et la chimiothérapie (8,9) a permis d’augmenter la médiane de survie des
patients a 17 mois. Cependant, peu d’évolutions ont été effectuées depuis une quinzaine
d’années. De plus, une récidive proche de la cavité tumorale est invariablement observée dans
les semaines suivant le traitement (9). Ceci serait principalement dd a la présence de CSCs qui
aurait résisté a la radiothérapie et a la chimiothérapie (258). Lors de la rechute, il n’existe pas
de recommandations établies. Le choix du traitement se décide en RCP en fonction de certains
criteres comme I'état général du patient, son age ou de I’évolution de sa maladie. L'inclusion
des patients en essais cliniques est privilégiée pour vérifier I’efficacité de nouvelles approches
thérapeutiques. Les thérapies ciblées, comme l'inhibition de I'angiogenése ou l'inhibition de
la voie de signalisation de 'EGFR, ainsi que 'immunothérapie stimulant 'immunité a réponse
cellulaire n"ont pas vraiment montré de bénéfice par rapport au traitement standard. Il
apparait donc évident que la clé d'un traitement efficace repose sur le fait de trouver de

nouvelles cibles et des alternatives thérapeutiques.

4.1 Pertinence des modeles d’expérimentation

L’étude d’'une tumeur se fait a plusieurs niveaux : in vitro avec les cultures cellulaires,
in vivo chez le petit animal et in situ chez les patients lors des essais cliniques. Avant les essais
chez I’homme, il est indispensable d’évaluer I’activité d’'une molécule candidate chez I'animal
compte tenu des risques non connus pouvant apparaitre lors de son administration. La
molécule est étudiée sur les plans pharmacologiques pour valider son mécanisme d’action,
pharmacocinétique pour modéliser son devenir dans I’organisme et toxicologique pour établir

ses doses toxiques. Bien que cette approche essaye de prédire les effets chez ’lhomme, son

123



recours tend a diminuer (259,260). Ainsi, des méthodes alternatives in vitro doivent étre mises
au point pour se rapprocher aux mieux de ce qui est observé in vivo. Les tests in vitro sont
principalement réalisés en culture cellulaire et sont facilement adaptables selon le mécanisme

étudié : prolifération, migration, invasion...

Le choix du modele cellulaire est un élément crucial pour étudier les phénomeénes
tumoraux. D’un c6té, les lignées établies qui sont cultivées en 2D dans un milieu supplémenté
en sérum permettent d’étudier facilement et de maniere reproductible les voies de
signalisation mises en place par les cellules ou I'effet d’un traitement sur une population
cellulaire peu hétérogene. Cependant, elles ne reproduisent pas I'architecture complexe
d’une tumeur et faussent I'appréciation de I'effet pharmacologique d’un traitement, toutes
les cellules étant exposées a la méme concentration de la molécule. En outre, les cellules
dérivent rapidement de leur génotype initial ce qui les éloigne de la représentation de la
tumeur originale (261).

Un peu plus complexe a manipuler, les lignées dérivées de patients cultivées en 3D et
sans sérum représentent un modele tumoral plus pertinent. Elles conservent I’hétérogénéité
et les caractéristiques tumorales comme la présence d’un cceur hypoxique, d’une zone de
guiescence et de prolifération, des gradients d’échange de gaz et nutriments. Leur taille est
maitrisée pour éviter 'apparition d’un coeur nécrotique (< 400 um de diamétre). Toutefois,
elles ne miment pas spontanément la tumeur dans son environnement biologique complexe
mais peuvent étre insérées dans une matrice artificielle pour se rapprocher de cette situation.
Le collagéne est la protéine la plus abondante chez les mammiféres (262). Il permet de fournir
un hydrogel transparent qui sert d’ancrage aux cellules tumorales influengant peu la
différenciation cellulaire (263). Ce modeéle permet de distinguer le processus d’invasion, ou
les cellules émettent des protrusions et sécretent des métalloprotéases digérant la matrice,
du processus de migration ou elles se déplacent par simple extension cytoplasmique (264). De
plus, il est possible d’adapter la rigidité de la matrice en modulant la concentration du gel.

La volonté de cette partie était de développer un outil simple d’utilisation,
reproductible, facilement analysable et ayant une meilleure prédiction thérapeutique. Pour
améliorer le niveau de ressemblance de la complexité tumorale, les directions futures
s’orientent vers I'implémentation de la matrice avec des cellules du microenvironnement

telles que les cellules de la microglie, les cellules endothéliales vasculaires ou les neurones.
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L'infiltration des GBMs le long des fibres nerveuses est un mode d’invasion tres peu
décrit dans la littérature a cause de la difficulté a trouver de bon modeles (265). Nous
proposons un modele simple, en cultivant des neurones de rat sur un recouvrement de
laminine, sur lesquels sont déposés des cellules de GBMs. Il s’agit d’un systeme flexible pour
analyser les échanges moléculaires entre GBM et neurones. Cette méthode peut également
étre applicable dans un hydrogel 3D sensible aux U.V. (266).

Les cellules de GBMs adherent sur les neurones en étendant leur surface cellulaire et
augmentant leur points contacts et migrent efficacement, ce qui ne peut pas étre observé sur
un recouvrement de laminine (267). Cette attraction pour les neurones pourrait étre
partiellement expliquée par I'activation de la voie de signalisation Notch1/Sox2 (210) ou
encore par la présence de facteurs sécrétés par les neurones. Il a récemment été montré que
les cellules de GBMs forment des synapses avec les neurones permettant au glutamate
sécrété par les neurones d’activer le récepteur AMPAR localisé sur les membranes des cellules
de GBM (211).

Une des limites majeures de cette méthode est I'utilisation cellules provenant
d’especes différentes. Pour éviter la cross-réactivité entre les especes, il est possible d’utiliser
des neurones issus de cellules souches pluripotentes humaines (268) ou bien des nano-fibres
pour étudier la migration (269). Cependant, ces derniéres sont inertes et limitent les contacts
cellule-cellule. Une autre stratégie consiste a utiliser des organoides complexes (mini
cerveaux) et faire des cultures de confrontation pour évaluer le potentiel invasif des cellules
de GBM (265,270).

En outre, ces modeles ne peuvent pas encore totalement se substituer aux
expérimentations animales mais les approches biomimétiques pourraient réduire leur

nombre en recherche biomédicale.
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4.2 Etude de l'infiltration des GBMs

L’analyse protéomique sur des tumeurs dérivées de patient implantées dans des souris
immunodéprimées a permis de décrypter les signatures moléculaires liées a I'invasion des
GBMs. Le matériel des zones invasive et centrale de la tumeur a été obtenu via capture par
microdissection laser. Pour renforcer la validité de cette analyse, nous avons sélectionné deux
protéines fortement surexprimées dans la zone invasive et communes a trois animaux
différents : la protéine protéolipide 1 (PLP1) et la dynamine 1 (DNM1).

PLP1 est un constituant structural de la gaine de myéline qui permet de maintenir
I'intégrité axonale (271). Dans les gliomes, elle apparait comme un marqueur de
différenciation oligodendrocytaire (272) qui favorise I'adhésion cellulaire et la gliogenese
(273). Le marquage immunohistochimique a également appuyé la surexpression de PLP1 pour
les cellules de GBMs situés dans les corps calleux. Dans cette étude, nous avons montré que
son inhibition in vitro réduisait I'invasion des GBMs.

La méme approche a été réalisée pour DNM1. Cette protéine est essentielle pour
I’endocytose de vésicules synaptiques et nécessaire pour une forte activité neuronale (274).
Une forte expression de DNM1 apparait comme un marqueur de mauvais pronostic chez les
patients atteints de GBM (275). Elle intervient aussi dans le processus de fission
mitochondriale (276), qui, lorsqu’il est excessif, contribue au développement (277), permet la
maintenance des cellules souches (278) et favorise la migration des GBMs (279). Dans notre
étude, lorsque DNM1 est inhibée, I'invasion in vitro des cellules de GBM est réduite de
maniére dose dépendante.

L’analyse de I’'expression des ARNs de PLP1 et de DNM1 dans la base IVYGap a montré
que ces deux candidats sont régulés positivement dans la partie infiltrative (« infiltrative
tumor ») et dans la bordure tumorale (« leading edge »). Ces zones ont été définies par des

caractéristiques histologiques en évaluant le nombre de cellules tumorales par section.

A notre connaissance, cette étude est la premiere a montrer I'importance du réle des
protéines PLP1 et DNM1 dans les processus invasifs du GBM. Si ces résultats étaient répliqués,
cela pourrait ouvrir de nouvelles perspectives de compréhension mécanistique et

thérapeutique du GBM.
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4.3 Blocage du métabolisme fermentatif des GBMs.

Les cancers solides reprogramment leur métabolisme pour maintenir leur
prolifération, se déplacer et s’adapter a leur microenvironnement. Ces phénomenes jouent
un role dans la progression tumorale. La glycolyse est la voie d’entrée principale du
métabolisme énergétique des tumeurs. Elle est accrue dans les cancers et I'inhiber serait un
moyen efficace de réduire I'agressivité des GBMs. Notre étude identifie le lactate comme I'un
des principaux facteurs métaboliques a travers 'activité des deux enzymes LDHA et LDHB pour

favoriser le développement et I'invasion des GBMs.

L’analyse histologique de la tumeur in vivo corrobore avec celle du sphéroide invasif
ou LDHA apparait plus exprimée dans les zones centrales hypoxiques et LDHB en périphérie.
Cette configuration d’expression est renforcée avec les données de transcriptomique issue du
projet IVYGap (280). Ces résultats démontrent que la distribution spatiale de LDHA et LDHB
fait écho a I'expression des transporteurs de lactate MCT1 et MCT4 (281), supportant
I’hypothése de la navette lactate entre les cellules, comme celle décrite entre les astrocytes

et les neurones (132).

L’approche métabolomique ou le [13Cs]lactate est infusé dans les cellules montre que
celui-ci est utilisé comme source carbonée pour alimenter le TCA, produire de |'énergie et
favoriser I'invasion des GBMs. Il est rapidement converti en pyruvate qui a trois devenirs
possibles : (1) étre décarboxylé en acétyl-CoA pour étre oxydé dans le TCA, (2) étre transaminé
en alanine pour les réactions d’anaplérose ou (3) étre directement sécrété (Figure 18). Le TCA
joue un réle central dans le métabolisme énergétique a travers I’oxydation des métabolites, il
possede aussi des fonctions dans les voies de biosynthese (282). Comme il ne peut pas oxyder
complétement tous les intermédiaires, ils sont retirés du cycle et principalement sécrétés sous
la forme de glutamine et d’asparagine (Figure 18). Le lactate exogene est une source

importante pour la biosynthése des acides gras (283,284).
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Figure 18 : Voie du métabolisme du lactate

Représentation du métabolisme du lactate dans une CSC. Le lactate pénetre dans la cellule et est converti en
pyruvate. Le pyruvate peut entrer dans la mitochondrie pour alimenter le TCA ou il peut étre transformé en
alanine via I'alanine transaminase (ALAT). Les métabolites générés en aval sont impliqués dans la navette malate-
aspartate permettant le transfert net d’électron a travers la membrane mitochondriale. Les métabolites ne
pouvant plus étre oxydés par la mitochondrie sont transformés en glutamine ou en asparagine.

ASNS, asparagine synthétase ; GOT, glutamate oxaloacétate transaminase ; GS, glutamine synthase ; MDH,
malate deshydrogénase.

Comme les deux LDHs sont capables de catalyser la réaction de conversion du pyruvate
et lactate dans les deux sens, seule la double extinction de LDHA/B réduit efficacement la
prolifération et l'invasion des GBMs. Elle est également liée a une augmentation de
I’apoptose, réduisant la masse tumorale et améliorant le temps de survie des souris. La seule
autre étude utilisant une double extinction de LDHA/B montre aussi que la double perte
d’expression compromet peu la croissance des mélanomes et des adénocarcinomes du colon
(187). Les cellules de GBM évoluent dans un microenvironnement différent des cellules de
mélanome ou d’adénocarcinomes et, par conséquent les régulations métaboliques pendant
la croissance tumorale peuvent étre différentes.

L’accumulation et I’excrétion de métabolites incomplétement catabolisés peut refléter
un métabolisme hyperactif ou un blocage des voies essentielles (285). Le meilleur exemple est

celui de I'effet Warburg ou le fort taux de glycolyse entraine un exces de pyruvate qui ne peut
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étre entierement oxydé dans la mitochondrie, il en résulte une production importante de
lactate et est directement sécrété par la cellule. Les cellules KO pour LDHA/B ont perdu leurs
enzymes ayant un role majeur dans le maintien du rédox sous des conditions hypoxiques. Elles
consomment moins de glucose et il y a une accumulation de la majorité des intermédiaires de
la glycolyse et du TCA avec I'excrétion de formate et d’acétate. La sécrétion de formate
proviendrait d’une augmentation du catabolisme de la sérine, témoin de I’activité oxydative
des cellules et favorisant I'invasion in vitro des GBMs (285). Il est possible que la production
d’acétate a partir du pyruvate (via I'acétyl-CoA) soit réalisé pour maintenir le potentiel rédox
(286). A linstar du lactate, I'acétate peut étre utilisé comme source énergétique quand les
conditions d’oxygénation redeviennent normales (287). Les cellules KO pour LDHA/B
augmentent l'expression de leurs complexes respiratoires pour compenser le stress
métabolique dans les conditions extrémes d’hypoxie. La phenformine, inhibiteur du complexe
1, a été utilisée pour augmenter I'apoptose des cellules KO pour LDHA/B. Ce traitement n’a
pas réussi a augmenter l'apoptose de cette lignée, ce qui est possiblement di a une
compensation par un autre complexe respiratoire. Par contre, les tumeurs contréles ont été
sensibles au traitement a la phenformine comme le suggérent d’autres études (288). En effet,
apres irradiation craniale, une tres forte augmentation de la survie a été observée dans le

groupe controle.

Dans une étude récente, I'utilisation d’antiépileptiques semblent étre prometteuse
pour les patients atteints de GBM (289). Nous avons choisi d’utiliser le stiripentol, déja
approuvé par les agences du médicament, car il inhibe I’activité de LDHA et LDHB (290). Nous
avons montré qu'’il est aussi capable d’inhiber la croissance et I'invasion in vitro des GBMs. En
combinaison avec le bevacizumab, il augmente la survie des souris, en réduisant notamment

I'invasion des cellules tumorales dans le parenchyme cérébral.

Dans cette étude, nous avons réalisé une analyse détaillée des conséquences
métaboliques de la délétion des LDHs et démontré que seule la double extinction de LDHA et
LDHB est requise pour ralentir le développement tumoral. Cependant, le stiripentol seul n’a
pas réussi a obtenir un effet similaire a I'extinction génétique totale des LDHs. Pour se
rapprocher de la clinique, une autre stratégie basée sur le protocole de Stupp sans résection

chez la souris est en cours. Elle consiste a administrer le stiripentol juste avant l'irradiation
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dans le but d’augmenter I'efficacité de cette derniere. La diminution de production de lactate
devrait induire une augmentation de la sensibilité aux especes réactives a I’oxygene.

En outre, la recherche de nouvelles molécules candidates est aussi nécessaire puisque
le blocage de la fermentation lactique représente une cible intéressante. Ces molécules
doivent pouvoir passer la BHE et inhiber les deux LDHs a la fois. Cependant, il est indispensable
de se rappeler que I'inhibition des LDHs peut avoir un impact sur les cellules saines a I'origine

d’effets indésirables, qui resteront a évaluer.

4.4 Conclusion générale

L’échec des thérapies conventionnelles et ciblées est généralement attribué a
I’hétérogénéité moléculaire intratumorale omniprésente du GBM, qui se produit aux niveaux
génétique, épigénétique, transcriptionnel et fonctionnel. La prise en charge des tumeurs
s'oriente de plus en plus vers une approche personnalisée et donc adaptée aux
caractéristiques de celles-ci.

Dans ce travail de thése, nous avons établi un systeme standardisé d’extraction et de
culture de lignées de GBM, véritables avatars des patients. Nous avons proposé des méthodes
simples et reproductibles pour étudier les phénomeénes de croissance et d’invasion
tridimensionnelle. Nous avons également développer des outils informatiques pour en
faciliter I'analyse et réduire le temps de quantification. Nous avons mis au point une toute
nouvelle technique histologique permettant de réaliser des coupes coronales de sphéroides
invasif dans une matrice de collagene.

L’approche protéomique a mis en évidence le rble in vivo de certaines protéines
impliquées dans les processus invasifs et leur ciblage in vitro a permis le confirmer.

Le ciblage du métabolisme, moteur énergétique de la cellule, est une stratégie
prometteuse. L’étude du métabolisme en utilisant des composés marqués au carbone 13 ont
souligné I'importance des voies biochimiques dans les processus tumoraux et mis en évidence
les adaptations cellulaires lorsque certaines voies étaient bloquées. Ceci permet de mieux
comprendre la plasticité métabolique des cellules a I'origine de la résistance et de la survie
des GBMs pour ouvrir de nouvelles voies thérapeutiques.

Associer toutes les données d’analyse permettrait d’avoir un point de vue global pour

prédire le comportement des tumeurs et d’en dégager ses vulnérabilités.
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Annexe

The Normal and Brain Tumor Vasculature: Morphological and Functional Characteristics and

Therapeutic Targeting

Résumé :

Le GBM est I'une des tumeurs les plus courantes du SNC chez les adultes. La survie
global ne s’est pas améliorée de fagon significative au cours de la derniére décennie et ce,

méme en optimisant les soins thérapeutiques standard.

Dans cette revue de la littérature, nous examinons les caractéristiques de la
vascularisation cérébrale dans les tissus sains et dans le GBM. Les cellules non vasculaires
telles que les astrocytes ou les cellules de la microglie interagissent également avec les
systeme vasculaire et jouent des roles importants. Nous discutons aussi des vaisseaux
sanguins artificiels in vitro qui correspondent a des modeles utiles pour mieux comprendre
I'interaction 3D tumeur-vaisseaux. Enfin, nous résumons les résultats d’essais cliniques avec
I"utilisation de traitements antiangiogéniques seuls ou en combinaison et discutons de la

valeur de ces approches pour cibler le GBM.
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Glioblastoma is among the most common tumor of the central nervous system in adults.
Overall survival has not significantly improved over the last decade, even with optimizing
standard therapeutic care including extent of resection and radio- and chemotherapy.
In this article, we review features of the brain vasculature found in healthy cerebral
tissue and in glioblastoma. Brain vessels are of various sizes and composed of several
vascular cell types. Non-vascular cells such as astrocytes or microglia also interact
with the vasculature and play important roles. We also discuss in vitro engineered
artificial blood vessels which may represent useful models for better understanding
the tumor—vessel interaction. Finally, we summarize results from clinical trials with anti-
angiogenic therapy alone or in combination, and discuss the value of these approaches
for targeting glioblastoma.

Keywords: brain, glioblastoma, blood vessels, astrocyte, antiangiogenic therapy, vascular tissue engineering

INTRODUCTION

In vertebrates, vessels are built of an internal layer made of endothelial cells which are in contact
with the blood and of mural cells that are composed of either smooth muscle cells (larger vessels)
or pericytes (in capillaries). In the brain, blood vessels are tightly organized and participate in blood
and brain tissue exchange via the blood-brain barrier (BBB).

Within the brain tumor vasculature, two different types of vessels are found, vessels formed by
angiogenesis (neoangiogenic vessels) and preexisting vessels which may be co-opted by tumor cells
(co-opted vessels). Anti-angiogenic strategies have been developed for targeting the brain tumor
vasculature (Lakka and Rao, 2008). Unfortunately, clinical trials were not crowned with success
(Chinot et al., 2014). A contributing factor is represented by a shift of tumor cells to a co-optive
mode induced by anti-angiogenic therapy which contributes to tumor spread and development
(Griveau et al., 2018).

In this article, we discuss the characteristics and specific features of the normal and brain tumor
vasculature. We will also include in our discussion in vitro constructed artificial blood vessels by
tissue engineering which represent an interesting tool to study tissue-vessel interactions and may
also be useful in the tumor context. Finally, we will review some recent clinical studies using anti-
angiogenic drugs in glioblastoma.
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Physiological and Brain Tumor Vasculature

THE BLOOD-BRAIN BARRIER

In a healthy individual, the central nervous system (CNS)
parenchyma is protected from the peripheral circulation by the
BBB. This barrier comprises a network of blood vessels made of
endothelial cells with unique features (Figure 1 - healthy brain).
Endothelial cells at the BBB act as gatekeepers to control soluble
factors and immune cell trafficking into the vessel wall and
underlying tissues, and both the transcellular and paracellular
pathways are involved in this process.

The Paracellular Pathway

The paracellular pathway is modulated by the coordinated
opening and closure of endothelial cell-cell junctions which
involves a complex rearrangement of endothelium-specific
transmembrane tight/adherens junction proteins and the related
cytoskeleton. CNS tight junctions are primarily formed by
Claudin5 and Occludin, and are coupled with the Zonula
Occludens intracellular proteins (ZO1, ZO2, and ZO3) which
form a scaffold between these transmembrane proteins and
the actin cytoskeleton. Other Claudins may be involved in
controlling endothelial cell paracellular barrier properties, as
Claudin5 downregulation only leads to small size molecule
leakage at the BBB (Nitta et al., 2003). Claudinl, Claudin3,
and Claudinl2 have been identified as potential candidates,
but their role still needs to be clarified (Ohtsuki et al., 2008;
Daneman et al., 2010a; Kooij et al., 2014). Members of the
immunoglobulin superfamily, notably CAMs (PECAMI,
ICAM1, and VCAMI), JAMs (JAM1-3), and Nectin proteins,
clustered at CNS endothelial intercellular contacts, promote
homotypic cell-cell adhesion and regulate inflammatory cell
transmigration at the BBB (Del Maschio et al., 1999). Recent
literature suggested that tricellular contacts, where the corners
of three cells meet, can also be found in CNS endothelial
cells. Specifically, tricellulin and angulin-1/lipolysis-stimulated
lipoprotein receptor (LSR) were shown to participate to
BBB paracellular control of plasmatic protein and immune
cell trafficking (Iwamoto et al, 2014; Sohet et al, 2015).
Importantly, tight junctions cannot be dissociated from
adherent junctions in regulating BBB tightness; CNS endothelial
adherent junctions are characterized by homophilic cadherin
(VE-cadherin and N-cadherin) interactions controlling cell
adhesion. Adherent junctions are linked to the cytoskeleton
via their binding partner B-catenin and participate to
BBB tightness through phosphorylation, cleavage, and
internalization, or by modulating Claudin5 expression level
(Meng and Takeichi, 2009).

The Transcellular Pathway
Aside from the paracellular pathway, brain nutrient intake and
CNS toxin removal are highly regulated by solute transporters
and receptor-mediated transcytosis at the BBB, and inflammatory
cells are actively prevented from crossing the BBB by low levels of
immune receptors that normally permit immune trafficking.
Specifically, the cerebral endothelium expresses a number
of specific solute transporters to facilitate the carrier-mediated
transport of glucose (glucose transporters: GLUT1), amino

acids (cationic amino acid transporters: CAT1, CAT3),
monocarboxylic acids (monocarboxylate transporters: MCT1),
hormones (thyroid hormone transporters: MCT8), fatty acids
(fatty acid transporters: FATP-1), nucleotides (nucleoside
transporters: ENT1, ENT2), ions (organic anion and organic
cation transporters), amines, choline, and vitamins, which
are otherwise excluded from the brain due to the paracellular
pathway (Sweeney et al, 2019). Efflux mechanisms also
contribute to barrier functions, with ATP-binding cassette
transporters (P-gp: MDRI), breast cancer resistance protein
(BCRP), and multidrug resistance-associated proteins (MRP 1-
5) hydrolyzing ATP to actively pump drugs and their conjugates,
xenobiotics, endogenous metabolites, and nucleosides across the
luminal side of blood vessels into the circulation (Mahringer and
Fricker, 2016; Sweeney et al., 2019).

Selective peptides and even large proteins can enter the brain
by binding to receptors on endothelial cells via endocytosis
(receptor-mediated transcytosis) (leptin receptors, transferrin
receptors, and insulin receptors) (Preston et al, 2014). The
BBB is characterized by extremely low rates of vesicular
transport (transcytosis) which limits the transcellular passage
across CNS barriers. It has been recently reported that the
major facilitator superfamily domain containing 2a (Mfsd2a)
is selectively expressed in CNS blood vessels and actively
participates to BBB homeostasis by suppressing transcytosis
in CNS endothelial cells (Ben-Zvi et al, 2014). Mfsd2a is
located upstream of Caveolin-1 (Cav-1) (Chow and Gu,
2017), which is involved in regulating endothelial permeability,
angiogenesis, and leukocyte diapedesis (Zhao et al, 2014),
and VE-cadherin/catenin complex targets Cav-1 to endothelial
cell junctions leading to BBB breakdown under permeability
conditions (Kronstein et al., 2012).

These features exist within the majority of the CNS capillary
population. However, it is worth noting that some regions of the
CNS display a leaky BBB. These regions are grouped together
under the term “circumventricular organs” which are regions
of the brain sensing blood-borne signals. Morphologically, in
the circumventricular organs, the capillaries are fenestrated
with discontinuous tight junctions and thinner endothelial
cells which contain more vesicles than capillaries of other
parts of the CNS (Coomber and Stewart, 1985). This permits
the two-way exchange of metabolic information: the delivery
of neuro-hormones into the bloodstream by secretory organs
and the sensing of blood-borne molecules by neurons in
sensory organs. However, within the circumventricular organs,
there is no direct passage of blood-borne substances in the
parenchyma due to the presence of outer basement membrane
but also astrocytes and tanycytes (ependymal cells sharing
common features with radial glial cells and astrocytes) which are
considered alternative CNS barriers (Langlet et al., 2013). The
peculiar organization of the BBB within the circumventricular
organs leads us to approach the CNS vascular barrier system
from another angle by acknowledging its complex architecture
which is not just a vascular endothelium. Indeed, it is more
proper to consider it as a multi-cellular neurovascular unit
comprising notably astrocytes, pericytes, basement membranes
as well as blood vessels.
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FIGURE 1 | Healthy and tumor brain vascular architecture: focus on artery, arteriole, and capillary. Left panel: in a healthy brain vasculature, endothelial cell
monolayer is surrounded by a smooth muscle coat in arteries and arterioles, and is replaced by pericytes in the capillaries. The perivascular space is delimited by the
vascular basement membrane and glial basement membrane. This space gradually diminished and the two basement membranes enter in direct contact to
astrocytes endfeet. Molecules diffuse or are transported at the capillary level. Right panel: GBM is a highly angiogenic and infiltrative tumor. Cells invade along blood
vessels to support tumor growth (co-option). GBM displaces astrocytes endfeet and alters pericyte stability, leading to perivascular niches and cell evasion. Created

THE NEUROVASCULAR UNIT, A
MULTI-CELLULAR CNS-BARRIER
STRUCTURE

A wealth of literature published during the last decades has
enabled a change in the vision of the BBB, leading to the
concept of a multi-cellular CNS-barrier structure. Indeed,
substantial intercellular communication occurs between vascular
cells (endothelial cells and pericytes) and the adjoining glia
(Tadecola, 2017). More specifically, to enter the CNS from the
vasculature, soluble factors and immune cells must traverse the
endothelial BBB and the adjacent pericyte layer. Once soluble
factors and immune cells penetrate the BBB, they circulate within
the perivascular space, a region surrounding the basal surface of
the endothelial cell wall, to reach the CNS parenchyma by passing
through the glia limitans composed of the parenchymal basement
membrane and the astrocyte endfeet (Engelhardt and Coisne,
2011; Engelhardt and Ransohoft, 2012).

Pericytes

Pericytes, strategically positioned along capillaries, play a
critical role in the multi-cellular CNS barrier structure. Indeed,
pericytes, sandwiched between endothelial cells and astrocytes,
are dynamically and synergistically engaged in interactions
with neighboring cells to maintain homeostasis of the CNS
(Figure 1 - healthy brain). Pericytes are notably involved in the
regulation of cerebral blood flow, neurovascular coupling and
BBB homeostasis.

A role for pericytes in the regulation of microcirculatory
blood flow has long been suspected (Armulik et al., 2011; Hall
et al., 2014; Sweeney et al., 2016). Recent work demonstrated
that pericytes synchronize microvascular blood flow dynamics
and neurovascular coupling via nanotube-like processes called
inter-pericyte tunneling nanotubes (IP-TNTs) which connect
two pericytes on separate capillaries to form a functional
network (Alarcon-Martinez et al., 2020). Pericytes are also
part of the neurovascular unit and are most firmly attached
to brain capillaries. They are involved in a crosstalk between
endothelial cells and the surrounding cerebral tissue. Notably,
it has been reported that pericytes interact with endothelial
cells via specific adhesion sites that represent peg-and-socket
junctions in the presence of N-cadherin (Sweeney et al., 2016),
the single cell adhesion receptor CD146 (Chen et al., 2017),
adhesion plaques containing fibronectin (Courtoy and Boyles,
1983), Connexin43 gap junctions (Cuevas et al., 1984), and
even tight junctions (Larson et al, 1987). In a mouse model
lacking pericyte coverage at the microvascular level, BBB integrity
is compromised because of the transcellular barrier specific
dysfunction (Sweeney et al., 2016) but also because of the loss
of astrocytic endfeet polarization (Armulik et al., 2010). While
pericytes are necessary for maintaining BBB integrity, astrocytic
endfeets are also major actors in CNS barrier homeostasis.

Astrocytes

Astrocytes represent an important population of glial cells
in the CNS and astrocytic endfeet create a thick continuous
layer that covers BBB microvessels called the glia limitans
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(Mathiisen et al., 2010) (Figure 1 - healthy brain). Neural
precursor cells represent the primary source of astrocytes
which develop at late gestation stages in mammals (Daneman
et al.,, 2010b; Cheslow and Alvarez, 2016). Therefore, it is
commonly accepted that if astrocytes do not play a major role
in BBB establishment, they strongly impact BBB maturation
and maintenance.

Reducing the vascular coverage of the population of astrocytes
and astrocytic endfeet in the early postnatal cerebral cortex
leads to the formation of microvessels with an abnormally
large diameter (Ma et al, 2012). In addition, astrocytes are
actively involved in the production of the basement membrane
embedding the glia limitans. Knocking down elements of the
basement membrane results in the disruption of Aquaporin4
(AQP4) channel enrichment at the astrocytic endfeet membrane
(Brightman, 2002; Lien et al., 2012; Menezes et al, 2014).
This leads to BBB permeability and associated brain edema
(Nagelhus and Ottersen, 2013).

Astrocytes maintain BBB integrity via the secretion of soluble
factors. Astrocytes improve endothelial barrier function in co-
culture or after administration of conditioned medium to CNS
endothelial mono-culture (Igarashi et al., 1999; Alvarez et al.,
2011; Podjaski et al., 2015). Astrocytes secrete soluble factors
notably Sonic Hedgehog (Shh) (Alvarez et al., 2011), retinoic
acid (RA) (Mizee et al., 2014), glial-derived neurotrophic factor
(GDNF) (Igarashi et al., 1999), and angiopoietin 1 (Ang-1) (Suri
etal., 1996; Pfaff et al., 2006) which reduce permeability.

Blood-brain barrier integrity in the cerebellum, spinal cord,
and olfactory bulbs relies on astrocyte-derived Wnt-like ligand
Norrin which interacts with the endothelial Frizzled4 receptor.
Knocking down the Norrin/Frizzled4 signaling leads to BBB
defects through B-catenin-dependent transcriptional regulation
(Zhou et al., 2014).

Astrocytes also express members of the ephrin receptor
(EphR)/ephrin family (Nestor et al., 2007) which may impact
BBB homeostasis. Notably, EphA4 receptor is expressed by glial
cells especially around blood vessels in the adult marmoset
(Goldshmit et al., 2014). EphA4 also plays a role in vascular
formation and guidance during CNS development in mice. The
proper interaction between the EphA4 receptor and its astrocytic
ephrinA5 ligand is necessary for the development of a normal
vascular system in the hippocampus of adult mice (Goldshmit
et al., 2006; Hara et al., 2010).

Hence, based on these strong arguments, it is now recognized
that the vascular component in the CNS is inseparably linked to
glial and neuronal partners. Therefore, it is necessary to consider
the neurovascular unit as a whole (and not only the BBB) in
vascular pathophysiology and targeted therapeutic strategies.

Glioblastoma Disrupts The Normal Brain
Architecture And Molecular Interactions
Basic Characteristics of Glioblastoma

Diffuse gliomas are brain tumors classified into IDHImut
and WT tumors (Louis et al., 2016). Glioblastomas (grade IV
gliomas) are generally IDH WT tumors and represent the most
aggressive form with an extremely poor prognosis. It is now

admitted that glioblastoma (GBM) are mainly derived from
neural stem cells, giving rise to transformed cells with astrocytic,
neuronal, or oligodendrocytic characteristics (Alcantara Llaguno
et al, 2009; Zong et al, 2012). Accumulation of genetic
mutations, alterations, and amplifications play a central role
in the transformation of healthy neural stem cells. Typical
alterations in primary GBM are represented by amplification
or mutation of PTEN, NF1, CDKN2A/B, and RB genes, or
homozygous deletion or mutation of MDM2, CDK4, EGEFR,
PDGFRa, and PI3K genes. Typical histopathological features
of GBM comprise highly proliferative cells with multinuclei,
areas of necrosis surrounded by pseudopalisading cells, and
endothelial cell proliferation with numerous clusters of blood
vessels forming so-called glomeruloid structures. In 1938,
Scherer highlighted several modes of GBM invasion: interstitial
invasion, white matter tract invasion, and perivascular invasion
(Scherer, 1940). GBM invasion relies on genetic alterations
such as overexpression, amplification, deletion, or mutation
in focal adhesion kinase (FAK) and phosphatidylinositol 3-
kinase (PI3K) pathways. Activation of growth factors and their
receptors are mainly involved in promoting invasion. These
include CD44, integrins, osteonectin (SPARC), transforming
growth factor (TGF)a/B, and receptors for platelet-derived
growth factor (PDGF), fibroblast growth factor (FGF-2), and
epidermal growth factor (EGF). Extracellular matrix components
such as thrombospondins, laminins, or fibronectin are also
overexpressed in GBM and their inhibition reduces invasiveness
of GBM cells (Serres et al., 2014; Chouleur et al., 2020). Indeed, we
and others characterized the role of thrombospondin-1 (which
was primarily described as anti-angiogenic molecule) in GBM
development and invasion (Daubon et al., 2019).

Glioblastoma is the most common brain tumor in Europe,
in the United States, or in China, with more than 50% of
glioma cases each year, and with an incidence of 3.2 per 100,000
people each year in the United States. Increasing incidence in
populations from several countries were observed, suggested by
authors as consequences of environmental or lifestyle factors
(Philips et al.,, 2018). The 5-year overall survival (OS) rate is
very low of only 5.1%, even with standard-of-care treatment
(large tumor resection, chemo- and radiotherapy, so-called Stupp
protocol). GBM are often only diagnosed at an advanced stage
of the disease and often only detected when patients present
symptoms (headaches, seizures, memory loss, loss of movements,
cognitive impairments, and language dysfunctions). The poor
response to therapy is partially explained by high intratumor
heterogeneity, leaky and tortuous blood vessels in the central
part, and intact BBB surrounding invasive cells, which leads
to difficulties for therapeutic molecules to reach these sites
(Figure 1 - glioblastoma).

Metabolic Interactions Between GBM
Cells and the Endothelium

Glioblastoma is considered as one of the most glycolytic human
tumors. High glycolytic flux drive production of pyruvate from
glucose, and then pyruvate into lactate by lactate dehydrogenases,
to regenerate NAD™ to support glycolytic flux by fulfilling the
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demand for ATP and other metabolic precursors. As previously
described in striated muscles and also in the brain, lactate is,
in turn, retro-converted into pyruvate by oxygenated tumor
cells to feed oxidative metabolism. This phenomenon was
described in the seminal publication of Pellerin et al. (1998)
as lactate shuttle between astrocytes and neurons. Vegran et al.
(2011) also demonstrated a lactate shuttle between tumor cells
and endothelial cells, mainly via endothelial monocarboxylate
transporter 1 (MCT1). More recently, MCT1 was also identified
as a key mediator of lactate signaling between glioma cells
and brain endothelial cells (Miranda-Gongalves et al., 2017).
Targeting symbiotic metabolism between GBM and endothelial
cells may represent an interesting therapeutic strategy.

Involvement of Pericytes and Astrocytes
in Glioblastoma Vascular

Pathophysiology

The chronic hyper-permeability of blood vessels is a hallmark
of glioblastoma. We focus herein our attention on the role of
pericytes and astrocytes in disrupting the BBB in glioblastoma.

Role of Pericytes

Glioblastoma vessels are characterized by numerous structural
and functional abnormalities, including altered association
between endothelial cells and pericytes. These dysfunctional,
unstable vessels contribute to hypoxia, interstitial fluid pressure,
and enhanced susceptibility to metastatic invasion (Barlow
et al., 2013). An interesting feature of glioblastoma pericytes
is that they represent one of the active cell components of
the perivascular niche. It has been reported that cancer stem
cells, which are closely associated with tumor vessels, trans-
differentiate into endothelial cells or pericytes (Wang et al., 2010;
Cheng et al., 2013), a phenomenon described as vasculogenic
mimicry (VM). VM was also shown to be promoted by tumor-
associated macrophages (TAMs) by increasing the expression
of cyclooxygenase 2 in the tumor cells (Rong et al., 2016) and
has been associated with poor patient prognosis. However, the
significance of VM in GBM is still debated and not universally
accepted. Furthermore, tumor-derived pericytes exhibit specific
genetic alterations that allow for discrimination between them
and normal pericytes (Cheng et al, 2013), which may be
relevant for diagnosis and therapy. Finally, pericytes were shown
to promote evasion from the anti-tumor immune response
favoring tumor growth (Figure 1 - glioblastoma). Glioblastoma-
dependent immunosuppressive function in pericytes is mediated
by the expression of anti-inflammatory molecules such as IL-10,
TGF-B, and MHC-II (Valdor et al., 2017).

Role of Astrocytes

Reactive astrocytes are an integral part of the glioblastoma micro-
environment and are characterized by hypertrophy, upregulation
of intermediate filaments (vimentin and glial fibrillary acidic
protein), and increase in proliferation. The role of reactive
astrocytes in the pathophysiology of glioblastoma has been
widely documented in the literature. Astrocyte-glioma crosstalk
was shown to drive migration, proliferation, and invasion of
glioblastoma (Guan et al., 2018). However, only few works

focused on the contribution of astrocytes to the aberrant
organization of the BBB in these tumors.

The participation of astrocytes to BBB permeability in
glioblastoma is documented by the loss of astrocytic endfeet
polarity which is characterized by Aquaporin-4 (AQP4)
redistribution to membrane domains apart from endfeet areas
(Kroger et al, 2004). This re-localization is probably due
to the degradation of the proteoglycan agrin by the matrix
metalloproteinase 3 (MMP3). Consequently, the water transport
is compromised leading to edema. This, in turn, may drive BBB
breakdown characterized by disrupted tight junctions leading
to the development of vasogenic edema. However, how the
loss of polarity is linked to the disturbance of microvascular
tight junctions is still not understood (Wolburg et al., 2012).
Using a clinically relevant mouse model of glioblastoma, it
has been shown that tumor cells populate the perivascular
space of preexisting vessels and displace astrocytic endfeet
from endothelial or mural cells. This leads to abnormal BBB
permeability and loss of astrocyte-mediated gliovascular coupling
which pave the way for glioma cells to take control of vascular
tone regulation (Watkins et al., 2014). This phenomenon, known
as blood vessel co-option, is a strategy for glioblastoma to invade
distant sites of the brain parenchyma (Figure 1 - glioblastoma).
Vessel co-opting GBM cells directly obtain oxygen and nutrients
from the blood. The interactions with the vascular niche
stimulate proliferation and self-renewal of GBM cells.

There is still much to explore as reactive astrocytes have
already been identified as key players impacting the state of the
BBB in various diseases (Liebner et al., 2018). They are likely to
also play an important role in vessel hyper-permeability of GBM.

VASCULAR TISSUE ENGINEERING AND
ITS POTENTIAL FOR THE STUDY OF
GBM-VESSEL INTERACTIONS

The critically involved in GBM
development. This has led to clinical trials using anti-angiogenic
drugs but with mixed results (Chinot et al., 2014). It has been
postulated that anti-angiogenic treatment may impact tumor
cell behavior by shifting them from an angiogenic to a co-
optive behavior (Griveau et al., 2018). Thus, it is important to
better understand more rigorously how tumor cells and vessels
interact. A number of experimental models have been proposed
in this context.

There are two classic and widely used models to study the
role of the vasculature in tumor growth: the in vivo chick chorio-
allantoic membrane (CAM) assay (Lokman et al., 2012) and the
in vivo mouse/rodent graft model (Eklund et al., 2013). These two
models are based on grafting tumor cells on the membrane of a
growing chicken or in a specific site in mouse. If the chick model
follows to some extent better the 3R rule (replacement, reduction,
and refinement; Aske and Waugh, 2017) as considered as less
sentient living beings due to not fully active nervous system, it
is nevertheless necessary to develop alternative models that are
closer to the human situation.

tumor vasculature is
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During the last decade, tissue engineering led to the
development of artificial vessels which can be used for tissue
vascularization in a 3D environment. These in vitro models may
represent a promising alternative to animal models.

Regarding studies related to tumor-vessel interactions, it
is important to note that cancer cells are involved in two
phenomena: inducing vessel sprouting (angiogenesis) and
transmigrating through the blood vessel wall (endothelial cells,
smooth muscle cells, and matrix) for dissemination. The
latter phenomenon is difficult to study in both CAM and
mouse models. It is therefore necessary to develop in vitro
models that are closer to the human situation. During the last
decade, tissue engineering led to the development of artificial
human vessels which can be used for tissue vascularization
in a 3D environment. These in vitro models, which harbor
all the histological components of a blood vessel (lumen,
endothelium, smooth muscle cells, and matrix), must also retain
its mechanical properties such as liquid-tightness, perfusability,
and contractility.

Tissue-Engineered Blood Vessels

Since the 1950s, synthetic tubes were the first choice for
vascular reconstruction and grafts in patients with cardiovascular
diseases. These conducts were made of polymer materials
like expanded polytetrafluoroethylene (ePTFE), polyethylene
terephthalate (Dacron), and polyurethane (Kannan et al., 2005),
but all the functional characteristics of a blood vessel were
not maintained in these tubes: they were not contractile and
are not immune to thrombosis or inflammation. Motivated
by these limitations, the development of 3D tissue-engineered
blood vessels (TEBVs) has progressed significantly over the
past two decades. Indeed, TEBVs tend to better match the
biomechanical properties and the physiological responses of
healthy blood vessels.

Tissue-engineered blood vessels can be not only used for
vascular grafts but also for mechanistical studies related to the
tumor-vessel interaction. For all the aforementioned reasons,
engineering of artificial blood vessels is not an easy task and has
been for a long time restricted to big diameter arteries (>6 mm)
(Niu et al., 2014), and were usually made of synthetic polymers
without endothelial of smooth muscle cell. Recently, efforts have
been made to produce smaller blood vessels (<2 mm) by the use
of various approaches (Song et al., 2018) (Figure 2A).

The production of tubular structures is achieved by three
commonly used techniques: sheet rolling, tubular molding, and
direct scaffolding. The sheet rolling technique is based on the
creation of a sheet with the biomaterial of your choice and on
the rolling of several sheets together for generating a tubular
structure (Peck et al., 2011). Weinberg and Bell (1986) first
described the use of a tubular mold that was filled with the
desired cells and matrix. Finally, most of the biopolymers can be
directly injected in a tubular form by direct scaffolding, but the
major issue for all these techniques is the long-term culture of
blood vessel. As an example, two pioneered groups (Roger Kamn
and Lance Munn) developed in 2011 and 2012 microfluidic
channels surrounded by 3D hydrogels using microfabricated
silicone molds (Song and Munn, 2011; Shin et al., 2012). The

point was to put endothelial cells in 2D culture on top of these
hydrogels to mimic vessel sprouting and invasion inside a tissue.
These models were subsequently improved by mixing stroma
and tumor cells inside the hydrogel for tumor angiogenesis
studies. A recent paper by Andrique et al. (2019) used a co-
extrusion microfluidic device to produce small-diameter artificial
vessels (<500 pwm) with both endothelial and smooth muscle
cells, surrounded by a scaffold made of biocompatible alginate
polymer. These “vesseloids” are rapidly formed (only 1 day
of culture) easy to handle, perfusable, liquid-tight, and retain
their vascular functions (contractility, response to inflammatory
stimuli) (Figure 2B). Vesseloids may be used as trunks for
angiogenic sprouts to emerge which are useful for organ or tumor
vascularization.

Controlled Microenvironment in 3D

in vitro Models
3D co-culture systems including tumors cells, endothelial cells
(blood vessels), and other micro-environmental components
have emerged for reproducing tumor-stroma interactions. It
was shown that tissue stiffness modulate tumor growth and
nutrient transport (Massa et al, 2017). This is critical and
must be considered for drug testing in cancer therapy. The
major advantage of 3D co-culture models relies on the fact that
various parameters can be controlled: type and density of the
ECM components (e.g., Matrigel, collagen, PEG, fibronectin,
and gelatin methacryloyl), stiffness, hypoxia and gas exchange,
and the inclusion of various cell types such as macrophages,
astrocytes, or vascular cells.

3D systems, which do not include the vascular component,
already improve phenotypic properties, gene expression, and
drug response. The importance of the environment in drug
delivery testing was already highlighted by Seo et al. (2014).
They explained that new anti-cancer drugs are usually tested
in 2D tissue culture which neglects the complexity of the 3D
micro-environment (Langhans, 2018). The development of 3D
in vitro tissue-engineered models will help to refine the drug
response and contribute to the improvement of anti-cancer
therapies. More recently, striking differences in gene expression
between 2D and 3D culture of GBM have been reported (Ma
et al., 2018) which mirrored the phenotypic differences. This
is in agreement with another study (Chaicharoenaudomrung
et al,, 2020) where GBM cells were cultured in Ca-alginate
3D scaffolds before next-generation sequencing (Illumina), and
this uncovered cellular pathways (Map kinase, autophagy, and
cell metabolism) for 3D different to 2D cultures. Musah-
Eroje and Watson (2019) developed a new 3D model of
GBM which seems to more accurately reflect the complexity
of the GBM micro-environment. Compared with regular
2D cultures or spheroids, they showed that GBM cells in
the3D model were more resistant to temozolomide and that
this resistance was potentiated by hypoxia. One unresolved
issue regarding 3D brain organoid models is the lack of
functional vascularization. Recently, Cakir et al. (2019) developed
with success in vitro functional vasculature-like networks in
human cortical organoids (hCOs) from human embryonic
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stem cells (hESCs). In this work, endothelial reprogramming
in hCOs induced the formation of organoids with vascular-
like structures. These vascular structures are functional and
exhibit BBB characteristics. Close to this work, a recent
model of vascularized human cortical organoids (vOrganoids)
was developed by Shi et al. (2020) (Vascularized human
cortical organoids (vOrganoids) model cortical development
in vivo 2020 PLOS One). These vOrganoids (human cortical
cell types with vasculature structure) presented bidirectional
electrical transmission trough functional synapses, and their
transplantation in the mouse cortex resulted in the survival of the
graft. All these innovative 3D models represent useful models for
studies related to physiology or pathology and may be useful as a
model for therapeutic studies.

3D Co-Culture Models of Tumor and
Endothelial Cells

The ultimate step of these 3D tumor models is the inclusion
of endothelial and/or pericytes/smooth muscle cells to mimic
blood vessels to produce vascularized tissues. A number of these
works were done in tumor types other than glioblastoma. For
example, Silvestri et al. (2020) developed a tissue-engineered
model of a 3D co-culture of microvessels and mammary tumor
organoids. They first fabricated a collagen gel scaffold with
cylindrical channels filled with endothelial cells as a microvessel
device. After perfusion and verification of the microvessels
permeability, mammary tumor organoids were introduced
inside of the 3D collagen scaffold and tumor cell-endothelial
cell interactions were analyzed by live imaging. Others went
further and developed a tri-culture metastatic model of breast
cancer (Cui et al, 2020). By stereolithography 3D printing,
a complex tripartite tissue was created which is composed of
bone, vessels, and breast cancer cells. This model was used to
study mechanisms of bone metastasis. Wang et al. (2014) have
developed a 3D model to observe tumor invasion with high
spatial and temporal resolution. Furthermore, intravasation and
extravasation were observed at high spatial resolution using
microvessels embedded in collagen 3D matrix and mixed with

cancer cells (Langhans, 2018). As for glioblastoma, McCoy et al.
(2019) generated GBM spheroids of uniform size distribution,
and embedded them into collagen hydrogels to investigate GBM
invasion into the ECM of the perivascular niche. They also
showed by co-culturing endothelial and GBM cells that GBM
cells have a high stemness potential and invasion capacity
dependent on IL-8 signaling. Thus, tumor vasculature models
may be very useful to shed light into the complex interactions
between the vasculature and tumor cells.

REVIVAL OF ANTI-ANGIOGENIC
THERAPY: COMBINATION WITH OTHER
DRUGS

Anti-Angiogenic Background

To date, bevacizumab is the only anti-angiogenic drug admitted
for GBM management. Based on the results of three different
clinical studies (Table 1), bevacizumab was approved by the
Food and Drug Administration (FDA), the Japanese Ministry
of Health, Labour and Welfare (MHLW), and other countries
as a combination treatment with standard therapy and as a
single agent for relapsed or progressive GBM after previous
therapy. However, the OS was not prolongated in these studies;
bevacizumab showed nevertheless some benefit in decreasing the
use of corticosteroids, the adverse effects of which impair patient’s
quality of life. However, the European Medicine Agency (EMA)
has not approved its indication, estimating that the benefit-risk
assessment is not in favor of its prescription in the management
of GBM. This is also supported by the National Institute for
Health and Care Excellence (NICE) guidelines (NICE, 2018). It
is important to emphasize that bevacizumab cannot be used a
month before and after brain surgery. This must be considered
when using this treatment. Of note, the pharmacokinetics and
bioavailability of bevacizumab is limited since it cannot cross the
intact BBB which is nevertheless partially disrupted to allow drug
penetration to some extent.
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TABLE 1 | Pivotal clinical trials supporting the approval indication.

Study name or ID Design Treatment arms Median PFS Median OS
Mvs (2 M vs 2

AVAglio Randomized, (1) RT + TMZ + Placebo *6.2 (6.0-7.5) vs. 10.6 *16.7 (15.4-18.4) vs.
(NCT00943826) (Chinot double-blinded, (N = 463) (10.0-11.4) months; 16.8 (15.5-18.5)
etal.,, 2014) placebo-controlled (2) RT + TMZ + Bev HR = 0.64 (0.55-0.74); months; HR = 0.88
(new dig GBM) Phase Ill (N = 921) (N = 458) p < 0.001 (0.76-1.02); p = 0.1
RTOG0825 Randomized, (1) RT + TMZ + Placebo *7.3(6.6-7.9)vs. 10.7 *16.1 (14.8-18.7) vs.
(NCT00884741) double-blinded, (N =317) (10.0-12.2) months; 16.7 14.2-16.8)
(new dig GBM) placebo-controlled (2) RT + TMZ + Bev HR = 0.79 (0.66-0.94); months; HR = 1.13

Phase Ill (N = 637) (N = 320) p =0.004 (0.93-1.37); p = 0.11
EORTC26101 Randomized (1) Lomustine alone #1.5(1.5-2.5) vs. 4.2 *8.6 (7.6-10.4) vs. 9.1
(NCT01290939) (Wick Phase Il (N = 437) (N =149 (8.7-4.3) months; (8.1-10.1) months;
etal., 2017) (2) Lomustine + Bev HR = 0.49 (0.39-0.61); HR =0.95 (0.74-1.21);

(recurrent GBM)

(N = 288)

p < 0.001

p=0.65

RT, radiotherapy; TMZ, temozolomide; Bev, bevacizumab; PFS, progression-free survival; OS, overall survival. * Primary outcome measure. *Secondary outcome measure.

Revival of Bevacizumab and
Anti-Angiogenic Therapy

Bevacizumab alone is certainly not a curative treatment for
GBM and this raises ethical issues related to the benefit-risk
of this treatment between the improvement of the patients’
quality of life and frequent occurrence of serious side effects.
Security data of clinical trials, as pharmacovigilance studies, have
shown frequent and serious cardiovascular effects (hemorrhages,
thromboembolic events, and heart failure) and hematological
disorders (neutropenia, leukopenia, and thrombocytopenia)
(Chinot et al., 2014; Gilbert et al., 2014; Wick et al.,
2017). On theoretical grounds, the use of anti-angiogenic
drugs may be justified due to physiopathological consideration
(high expression of VEGE BBB dysfunction, edema leading
to hemorrhages, cognitive impairment, tumor growth, and
cell invasion). Better outcomes may be observed when anti-
angiogenic therapy is combined with inhibitors of tumor cell
invasion or in combination with immunotherapy as documented
in some studies (Kang et al., 2015; Piao et al., 2016; Gravina et al.,
2017; Daubon et al., 2019).

A short review of the last-5-years published clinical trials is
shown in Table 2, using the following parameters from PubMed:
key words = Glioblastoma AND Antiangiogenic; filters = Abstract
available, Clinical Trial; date = between 2015 and 2020. As
no clinical trials of phase III were found, articles related to
phase II studies, describing new associations or new indications
with bevacizumab or new individual anti-angiogenic drugs,
were selected if median progression-free survival (mPFS) or the
median overall survival (mOS) outcomes were available and if
the trial was referenced in https://clinicaltrials.gov/. mPFS and
mOS reflect more robust outcomes than response rate. Eighteen
clinical trials were found using these inclusion criteria.

New Investigations for Bevacizumab

Certain populations are under-represented in global clinical
trials. This has led to the investigation of the efficacy
of bevacizumab in newly diagnosed GBM (nGBM) in
the elderly (ARTE, Wirsching et al, 2018 and ATAG,

Reyes-Botero et al., 2018 studies) and in pediatric populations
(HERBY study, Grill et al,, 2018). The ARTE study showed
that when radiotherapy associated with bevacizumab, it did
not prolong mOS compared with radiotherapy only (12.2 vs
12.1 months; HR = 1.09; p = 0.75). However, mPFS was favorable
with bevacizumab in restricted per protocol analyses (7.6 vs
4.8 months; HR = 0.36; p = 0.001) (Wirsching et al., 2018). In
combination with temozolomide, bevacizumab seemed active
in the ATAG study and had an acceptable adverse effect profile
(Reyes-Botero et al., 2018). As for the pediatric population,
adjunction of bevacizumab to the current therapy did not
improve mOS (18.3 vs 20.3 months; HR = 1.23; p = 0.46) (Grill
et al., 2018). The results in the pediatric population differ from
adults, and, thus, further research is needed.

New Associations With Bevacizumab

Glioblastomas are associated with increased stimulation
of different signaling pathways. Trials have been run with
bevacizumab combined with molecules interfering with these
pathways. The association of bevacizumab with BKM 120-
buparlisib, an oral PI3K inhibitor, did not improve outcome
(mPFS: 2.8 to 5.3 months; mOS: 6.6 to 10.8 months) and
increased the adverse drug effect profile (Hainsworth et al,
2019). In another study, mOS in the arm of bevacizumab
combined with dasatinib, a Src signaling inhibitor, is similar
to the placebo arm (7.3 vs 7.9 months; HR = 0.92; p = 0.7)
(Galanis et al., 2019). In two trials, addition with bevacizumab
to the histone deacetylase inhibitors vorinostat (Ghiaseddin
et al, 2018) and panobinostat (Lee et al., 2015) failed to
improve outcome compared with control (mPFS: 3.7 and
5 months; mOS: 10.4 and 9 months, respectively). When
bevacizumab is combined with onartuzumab, a monovalent
MET inhibitor, it did also not improve patient outcome
versus bevacizumab plus placebo alone (mPFS: 3.9 vs
2.9 months; HR = 1.06; p = 0.74 and mOS: 8.8 vs 12.6 months;
HR = 1.45; p = 0.14) (Cloughesy et al., 2017). The GLARIUS
trial aimed to study the association of bevacizumab with
irinotecan, a topoisomerase 1 inhibitor, comparing with
temozolomide alone in nGBM with un-methylated MGMT
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TABLE 2 | Phase Il clinical trials recently published.

Study name or ID

Indication

Design

Treatment arms

Outcomes (months)

mPFS

mOS

NCT01349660
(Hainsworth et al.,
2019)

NCT01753713
(Sharma et al., 2019)

NCT00892177

REGOMA
(NCT02926222)
(Lombardi et al., 2019)

ARTE (NCT01443676)
(Wirsching et al., 2018)

ATAG
(NCT02898012)(Reyes-

Relapsed or refractory
GBM following first-line
therapy

Recurrent or
progressive GBM
following first-line
therapy

Recurrent or
progressive GBM

Relapsed GBM after
surgery

Newly diagnosed GBM
in elderly patients

GBM in elderly patients
with a Karnofsky

Non-randomized, single
group assignment,
open label (N = 76)

Non-randomized,
parallel assignment,
open label (N = 33)

Randomized, parallel
assignment, double
blinded (N = 12(1)

Randomized, parallel
assignment, open label
(N=119)

Randomized. parallel
assignment, open label
(N=T75)
Non-randomized, single
group assignment,

BKM 120 (buparlisib)
per os + Bev

(1) Prior anti-angiogenic
therapy (N = 19)

(2) Without previous
anti-angiogenic therapy
(N =57)

(1) Dovitinib per os in
anti-angiogenic naive
patients (N = 19)

(2) Dovitinib per os in
progressed GBM on
previous
anti-angiogenic therapy
(N=14)

(1) Bev + dasatinib per
os (N =83)

(2) Bev + placebo

(N = 38)

(1) Regorafenib per os
(N =59)

(2) Lomustine per os

(N = 60)

(1) RT (N = 25)

(2) RT + Bev (N = 50)

TMZ + Bev (N = 66)

*(1) 2.8 (1.6-5.3)
*(2) 5.3 (3.6-9.2)

#(1)2.0 (1.3-3.7)
#(2)1.8 (0.9-1.8)

#(1) 4.8 vs (2) 7.6;

HR = 0.36 (0.20-0.65);
p =0.001

#3.8 (3.2-4.8)

#(1) 6.6 (4.0-14.6)
#(2)10.8 (9.2-13.5)

#(1) 8.0 (4.4-11.7)
#(2) 4.3 (2.6-6.7)

#(1) 7.3 (6.2-9.7) vs.

©) 7.9 (6.6-11.3);

HR = 0.92 (0.61-1.4);
p=07

(1) 7.4 (5.8-12.0) vs (2)
5.6 (4.7-7.3); HR = 0.5
(0.33-0.75); p = 0.0009

*(1) 12.1 vs (2) 12.2;
HR = 1.09 (0.63-1.89);
p=0.75

*6 (4.8-6.9)

Botero et al., performance open label (N = 66)
2018) status < 70
HERBY Newly diagnosed GBM Randomized, parallel (1) RT + TMZ (N = 59) #(1) 20.3 (14.8-33.8)
(NCT01390948) (Grill in pediatric and assignment, open label (2) RT + TMZ + Bev vs. (2) 18.3 (16.2-25.7);
etal., 2018) adolescent patients N=12(1) N =62 HR =1.23 (0.72-2.09);
p=0.46
NRG/RTOG Recurrent GBM Randomized, parallel (1) Bev + placebo #(1) 4.8 (3.8-7.1) vs. (2) #(1) 11.5 (8.4-14.2) vs
(NCT01609790) assignment, double (N =58) 4.2 (3.7-5.6); (2) 7.5 (6.8-10.1);
(Reardon et al., 2018) blinded (N = 115) (2) Bev + trebananib HR = 1.51 (1.02-2.24); HR = 1.46 (0.95-2.27);
(N =57) p=0.04 p=0.09
NCT01738646 Recurrent GBM Non-randomized, single Bev + vorinostat #3.7 (2.9-4.8) #10.4 (7.6-12.8)
(Ghiaseddin et al., group assignment, (N = 40)
2018) open label (N = 40)
NCT00704288 Recurrent or Non-randomized, single Cabozantinib per os #2.3 overall #4.6 (3.0-5.6) overall
(Cloughesy et al., 2018) progressive GBM group assignment, (N=70) (1)38.3-2)2.3 (1)4.1-2)4.6
following previous open label (N = 222) (1) 140 mg/day (N = 12)
anti-angiogenic therapy (2) 100 mg/day (N = 58)
NCT00704288 (Wen Recurrent or refractory Non-randomized, single Cabozantinib per os #3.7 overall #(1)7.7
etal., 2018) GBM following group assignment, (N =152) #2)10.4
non-anti-angiogenic open label (N = 222) (1) 140 mg/day (N = 34)
therapy (2) 100 mg/day
(N =118)
GO27819 Recurrent GBM Randomized, parallel (1) Bev + onartuzumab *(1) 3.9 vs. (2) 2.9; #(1) 8.8 vs. (2) 12.6;
(NCT01632228) assignment, double (N = 64) HR = 1.06 (0.72-1.56); HR = 1.45 (0.88-2.37);
(Cloughesy et al., 2017) blinded (N = 129) (2) Bev + placebo p=0.74 p=0.14
(N = 65)
NCT01846871 Recurrent GBM Non-randomized, single Tivozanib #2.3 (1.5-4) #8.1 (5.2-12.5)
(Kalpathy-Cramer et al., group assignment,
2017) open label (N = 10)
(Continued)
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TABLE 2 | Continued

Study name or ID Indication Design Treatment arms Outcomes (months)

mPFS mOS
NCT01067469 Recurrent GBM Randomized, single (1) Bev (N = 36) *(1) 4.11 (2.96-5.55) #(1) 8.3 (6.42-11.58)
(Weathers et al., 2016) group assignment, (2) Bev low *2) 4.34 (2.96-8.34) #(2) 9.6 (6.26-16.73)

GLARIUS
(NCT00967330)
(Herrlinger et al., 2016)

NCT00667394

NCT00720356 (Raizer
et al., 2016)

NCT00859222 (Lee
etal., 2015)

Newly diagnosed GBM
and a non-methylated
MGMT promoter

Recurrent GBM

Newly diagnosed GBM
and a non-methylated
MGMT promoter

Recurrent GBM

open label (N = 69)

Randomized, parallel
assignment, open label
(N=182)

Non-randomized,
parallel assignment,
open label (N = 41)
Non-randomized,
single-group
assignment, open label
(N = 46)
Non-randomized, single
group assignment,

doses + lomustine
(N =33)

(1) Bev + irinotecan
(N =122)

(2) TMZ (N = 60)

Bev + tandutinib

Bev + erlotinib

Bev + panobinostat

#(1) 9.7 (8.7-10.8) vs.
(2) 6.0 (2.7-6.2);

HR = 0.59 (0.42-0.82);

p = 0.001
4.1

99.2 (6.4-11.3)

#5 (3-9)

#(1) 16.6 (15.4-18.4)
vs. (2) 17.3 (14.8-20.4);
HR = 0.96 (0.68-1.35);
p=0.83

291

*13.2 (10.8-19.6)

#9 (6-19)

open label (N = 24)

mPFS, median progression-free survival; mOS, median overall survival; Bev, bevacizumab;, RT, radiotherapy; TMZ, temozolomide.

*Primary outcome measure. *Secondary outcome measure. ®Post hoc analysis.

promoter. This resulted in a superior mPFS with the drug
combination (9.7 vs 6.0 months; HR = 0.59; p = 0.001) without
improving mOS (16.6 vs 17.3 months; HR = 0.96; p = 0.83)
(Herrlinger et al., 2016).

Another strategy aims at an additive effect by targeting both
the vasculature and tumor cells and by combining bevacizumab
with inhibitors of other growth factor pathways. Trebananib
is a Fc fusion protein that targets Angl and Ang2; however,
its association with bevacizumab failed to improve outcome
when compared with bevacizumab plus placebo alone (mPFS:
4.2 vs 4.8 months, HR = 1.51, p = 0.04; and mOS 7.5 vs
11.5 months, HR = 1.46, p = 0.09) (Reardon et al, 2018).
The association between bevacizumab and tandutinib, an oral
FLT3, c-Kit, and PGDFRp inhibitor, showed some benefit
(post hoc mPES: 4.1 months; post hoc mOS: 11 months) but
showed a high toxicity (Odia et al, 2016). One trial with
patients presenting a nGBM with an unmethylated MGMT
promoter investigated the combination with erlotinib, an EGFR
tyrosine kinase inhibitor. This association did not also increase
survival (mOS: 13.2 months — estimated mOS should have
reached 17.9 months to show an increase in survival) (Raizer
et al., 2016). This indicates that, during these last 5 years, no
new drug combination with bevacizumab showed substantial
clinical benefit and even increased toxicity. Furthermore, when
comparing the use of low doses of bevacizumab to standard doses
in patients with rGBM, it did not improve survival (mPFS: 4.34
vs 4.11 months; mOS: 9.6 vs 8.3 months) (Weathers et al., 2016).

Combination with immunotherapy also did not provide
significant benefit. Recently nivolumab was investigated in a
phase III randomized clinical trial with or without bevacizumab
in patients with rGBM; nivolumab arm did not improve mOS
[9.8 (8.2-11.8) vs 10.0 (9.0-11.8) months; HR = 1.04 (0.83-
1.30), p = 0.76] and showed a lower mPFS [1.5 (1.5-1.6)

vs 3.5 (2.9-4.6) months; HR = 1.97 (1.57-2.48), p > 0.001]
(Reardon et al., 2020).

New Anti-Angiogenic Drugs

Bevacizumab is the first representative of a drug family that
interfered with the VEGF pathway. Others are represented by
VEGF receptor tyrosine kinase inhibitors. A great advantage
of these drugs is the oral administration which increases the
patient’s observance. In 2013, a phase III clinical trial studied
the efficacy of cediranib, VEGFR, PDGEFR, and c-Kit inhibitor, in
combination with lomustine versus lomustine alone in patients
with rGBM, but results did not show improvement of PFS
(Batchelor et al., 2013). In a trial that compared dovitinib,
a FGFR and VEGEFR inhibitor, as second-line treatment after
prior anti-angiogenic therapy by bevacizumab, no efficacy in
prolonging mPFS (1.8 vs 2 months) was seen (Sharma et al.,
2019). Tivozanib also showed limited activity in rtGBM (mPEFS:
2.3 months; mOS: 8.1 months), but the patient number in the trial
(N = 10) was low (Kalpathy-Cramer et al., 2017). Two studies
on cabozantinib, which inhibits MET and VEGFR2, on a global
population did show some positive outcome in the rtGBM group
not treated previously with anti-angiogenic drugs (mPFS: 2.3 and
3.7 months; mOS: 4.6 and 10.4 months) (Cloughesy et al., 2018;
Wen et al., 2018). Furthermore, the REGOMA study showed
encouraging therapeutic benefit with regorafenib compared with
lomustine alone (mOS: 7.4 vs 5.6 months; HR = 0.5; p < 0.001)
(Lombardi et al., 2019).

Drug Delivery

Therapy development for GBM is challenging. This is due to
resistances to radio- and chemotherapy because of the presence of
glioblastoma stem-like cells (Safa et al., 2015). Furthermore, the
CNS is composed of natural barriers which impair drug delivery
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into the brain. As such, the BBB allows the passive transport
of gas and liposoluble molecules. BBB’s tight junctions regulate,
furthermore, paracellular transport.

Current pharmacological treatments for GBM are
administered systemically by intravenous injection or orally.
Oral route simplifies patient treatment by proposing several
pharmaceutical options. Parenteral route allows a short action
period and a controlled dosage. However, tissue diffusion into
the brain is hampered and toxic side effects occur because
of their systemic action and the possibility to reach the brain
tissue only when the BBB is altered. To overcome these
problems, permeability of drugs can be enhanced by increasing
liposolubility or integrating them into liposomes or nanocarriers.
On the other hand, BBB can be temporarily disrupted by
therapeutic ultrasound whereas a hyperosmotic disruption
did not improve the drug penetration (Kobrinsky et al., 1999;
Idbaih et al., 2019).

Another possibility is to administer topically medicinal
products using injectable or implantable devices with sustained
drug release. Local delivery strategies aim at increasing the
concentration of the drug at the tumor site, at decreasing
alterations related to enzymatic metabolization, and at reducing
the systemic side effects. After surgery, the resection cavity
represents an accessible implantation site near non-surgically
resectable cells. The only approved strategy by the FDA for nGBM
and rGBM is the carmustine-impregnated biodegradable Gliadel
wafer. However, these implants did not improve outcomes
and presented higher local toxicity (brain edema, seizures) (De
Bonis et al., 2012). Hydrogels are a 3D matrix composed of a
hydrophilic polymer network. Injectable hydrogel is a reservoir-
system similar to soft tissue that can contain a large panel
of drugs able to diffuse into the surrounding tissue (Basso
et al., 2018). Antineoplastic drugs can be administered directly
into the cavity or in the cerebrospinal fluid via an intrathecal
injection device (Ommaya reservoir) for therapeutic delivery
(Ommaya, 1984). However, the drug concentration decreases as
the diffusion distance increases, and thus, this approach is of
limited use in highly infiltrating tumors. Moreover, long-term
use of these medical devices may cause complications including
infections and hemorrhages. Convection-enhanced delivery has
been developed to increase local delivery by enhancing diffusion
by a bulk flow to maintain a pressure gradient (Bobo et al.,
1994). Despite an acceptable safety profile, this method did
not improve clinical outcomes of patient with GBM (Oberoi
et al., 2016). An alternative method is the use of the intranasal
delivery, which is non-invasive because of the anatomical
proximity of these structures. Intranasal administration of a
telomerase inhibitor in a rat model extended animal survival
(Hashizume et al., 2008).

Perspectives for Anti-Angiogenic Drugs

There are new avenues to be explored for anti-vascular therapy.
They can be used to enhance the activity of other therapies.
For example, local hypoxia induced by bevacizumab could
activate evofosfamide, a hypoxia-activated alkylating prodrug
(Duan et al., 2008). Evofosmamide was studied on a phase
I clinical trial for the treatment of rGBM following previous

bevacizumab therapy, and results appeared to be favorable
for being studied in a phase II trial (Brenner et al, 2018).
Furthermore, anti-angiogenic therapy could be of more benefit
in some GBM subgroups. In a retrospective study of the
AVAglio Trial, it has been shown that bevacizumab treatment
led to a prolongation of OS of 4.3 months compared with
placebo (17.1 vs 12.8 months; multivariable HR = 0.42;
p = 0.001) in patients with proneural and IDH-1 wild-type
nGBM (Sandmann et al., 2015). To date, the use of anti-
angiogenic drugs should preferably be part of personalized
care for patients.

GENERAL CONCLUSION

The vasculature plays an important role in the brain in normal
and pathological conditions. In this article, we reviewed some
recent literature on this subject. In a healthy tissue, endothelial
cells are considered gatekeepers in all vessel types, for controlling
diffusion of soluble factors or immune cells, by using para-
or transcellular pathways. In GBM, however, vessels present
maturation defect and chronic hyper-permeability, leading to
vessel leakage, and poor vessel perfusion and delivery of
nutrients. Pericytes and astrocytes have a central role in
controlling physiology of normal and GBM NVUs. Pericytes,
which are positioned along capillaries, help GBM cells to
invade distant sites along blood vessels, as observed for reactive
astrocytes. Importantly, GBM cells displace the astrocytic endfeet
during co-option, disrupting endothelial cell junctions, and
participating in blood leakage and hemorrhage.

The tumor-vessel interaction can also be modeled using
in vitro bioengineered blood vessels. For now, no perfect 3D co-
culture model exists. However, recent efforts have been made
at developing 3D artificial vessels and 3D co-culture models
using co-cultures of cancer cells and artificial blood vessels.
Regarding vascularized 3D GBM models, researchers departed
from 2D co-cultures to spheroids and are now able to reproduce
small brain organoids with or without a functional vascular
network. The main challenge for brain organoids is the co-
culture of multiple cell types including neurons, astrocytes,
oligodendrocytes, and microglia (Cakir et al., 2019). Another
difficulty is the reconstruction of a tissue resembling to the
human brain with microglia and six cortical layers (Heide
et al., 2018) which exhibits the functional characteristics of
the human brain such as neuronal networks and functional
synapses (Shi et al., 2020). Moreover, the presence of a stabilized
functional vascular network is also critical which requires the
improvement of the current models for better recapitulating the
physiopathology of these models.

3D co-culture models of blood vessels have been recently
developed which may be used as vascularization trunks for
tumor models. 3D models are much more relevant to study
these interactions because they better recapitulate cell behavior
and also better mirror in vivo gene expression and signaling.
3D co-culture models represent an attractive alternative to
animal models and may be used in drug screening to identify
better therapies.
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Anti-angiogenic therapy in GBM did not meet the initial
high expectations when tested in clinical trials. There was no
real clinical benefit in newly diagnosed and recurrent GBM
(maybe with exception of regorafenib). However, if clinical trials
allow to obtain a global vision of the therapeutic effect, they
do not consider patient subgroups. When considered, this may
allow a more precise vision of the therapeutic response. Another
drawback is variable study design and the criteria for determining
progression. Radiologic response criteria such as Macdonald
or RANO criteria may be misleading in monitoring clinical
responses to anti-angiogenic therapy. Thus, this is still not the
end of the road for anti-angiogenic therapy in GBM and more
promising data from clinical trials are expected to come.
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Titre : Nouveaux mécanismes du développement des tumeurs cérébrales
Résumé :

Le glioblastome (GBM) est la tumeur cérébrale maligne la plus fréquente et la plus agressive
chez I'adulte. Il est hautement prolifératif et invasif et se caractérise par une forte angiogenése
et la présence d’un métabolisme altéré.

Afin de mieux comprendre son développement, nous avons créé des modeles cellulaires
tridimensionnels permettant de se rapprocher au mieux de l'architecture complexe de la
tumeur. Nous avons également affiné des méthodes in vitro, tels que des essais de croissance
ou d’invasion en collagéne de type |, pour analyser certaines caractéristiques des GBMs.

L'infiltration diffus des GBMs complique la prise en charge thérapeutique et est a I'origine des
récidives tumorales. Les cellules qui envahissent le parenchyme cérébral sain peuvent former
de nouveaux foyers tumoraux a distance de la tumeur originelle. En utilisant une analyse de
protéomique sur des échantillons de tumeurs humaines dans des cerveaux de souris
récupérées par microdissection laser, nous avons identifié de potentiels acteurs de I'invasion
tumorale. Les protéines PLP1 (proteolipid protein 1) et DNM1 (dynamin-1) ont été retrouvées
enrichies dans la partie invasive. Leur inhibition in vitro a permis la réduction de la capacité
invasive des GBMs et pourrait représenter de potentielles cibles thérapeutiques.

En adaptant son métabolisme glycolytique et oxydatif, les cellules de GBM sont capables de
résister a la chimio- et radiothérapie. Le lactate est un des métabolites centraux de la
physiologie cérébrale, il est impliqué dans la navette astrocyte-neurone ainsi que dans le
développement tumoral. En I'absence de glucose, le lactate alimente la production d’énergie
des GBMs par le biais du cycle de Krebs. Les lactates déshydrogénases (LDHs) sont les enzymes
qui catalysent I'interconversion du pyruvate et du lactate. La simple perte d’expression des
isoformes LDHA ou LDHB ne perturbe pas significativement le développement des GBMs.
Cependant, la double extinction de LDHA et LDHB (KO LDHA/B) induit une réduction de la
croissance tumorale, de I'invasion et en conséquence, allonge la survie des souris. Les analyses
comparatives des données de transcriptomique et de métabolomique révelent que la lignée
double KO LDHA/B augmente le métabolisme oxydatif sensibilisant la tumeur a I'irradiation et
augmentant la survie des souris. L’utilisation d’'un médicament antiépileptique inhibiteur de
I'activité de LDHA et LDHB a permis d’augmenter la survie des souris en association avec le
bevacizumab, un médicament anticancéreux ciblant I'angiogenése. Cette étude met en
évidence le réseau métabolique complexe dans lequel LDHA et LDHB sont intriqués. Elle
souligne I'importance de la double inhibition de LDHA/LDHB pour impacter le développement
tumoral.

Mots clés : Glioblastome, Métabolisme, Lactate déshydrogénase, Sphéroides, Invasion,
Angiogenese
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Title : Novel mechanisms of brain tumor development

Abstract :

Glioblastoma (GBM) is the most common and malignant primary brain tumor in adults. It can
be recognized by its angiogenic and invasive growth, in addition to its altered metabolism.

To study GBM, we developed three-dimensional models to better mimic its complex
architecture of tumors. We have also refined in vitro methods, such as spheroid growth or
invasion in collagen | matrix, to analyze certain characteristics of GBMs.

Diffuse infiltration of GBMs complicates therapeutic management and is the cause of tumor
recurrence. Invading cells into the healthy brain may form new tumor foci from the original
tumor. A proteomic analysis of laser microdissection-captured human tumor pieces revealed
potential actors of tumor invasion. PLP1 (proteolipid protein 1) and DNM1 (dynamin-1) was
found enriched in the invasive part. In vitro inhibition of these protein lead to decrease GBM
invasion and may represent potential therapeutic targets.

By adapting their glycolytic or oxidative metabolism, GBM stem-like cells are able to resist
chemo- and radiotherapy. Lactate is a central metabolite in brain physiology, involved in the
astrocyte-neuron lactate shuttle, but also contributes to tumor development. We show herein
that lactate fuels GBM anaplerosis by replenishing the TCA cycle in absence of glucose. Lactate
dehydrogenases (LDH) catalyze the interconversion of pyruvate and lactate. Deletion of either
LDHA or LDHB did not alter significantly GBM growth and invasion. However, ablation of both
LDH isoforms led to a reduction of tumor growth, and, consequently, to an increase in mouse
survival. Comparative transcriptomics and metabolomics revealed metabolic rewiring
involving high oxidative phosphorylation (OxPhos) in the double LDHA/B KO group which
sensitized tumors to cranial irradiation, massively improving mice survival. Survival was also
increased when control mice were treated by an antiepileptic which targets LDH activity.
Taken together, this highlights the complex metabolic network in which both LDH A and B are
integrated and underscores that combined inhibition of LDHA and B is necessary to impact
tumor development.
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