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Titre : Mécanismes et implications thérapeutiques de I'hypermutation dans les gliomes

Mots clés : gliomes, hypermutation, résistance, chimiothérapie, immunothérapie, mismatch repair

Résumé : Une élévation majeure de la charge mutationnelle
(hypermutation) est observée dans certains gliomes. Néanmoins,
les mécanismes de ce phénomeéne et ses implications thérapeu-
tiques notamment concernant la réponse a la chimiothérapie ou a
l'immunothérapie sont encore mal connus. Sur le plan du méca-
nisme, une association entre hypermutation et mutations des
genes de la voie de réparation des mésappariements de I'ADN
(MMR) a été rapportée dans les gliomes, cependant la plupart des
mutations MMR observées dans ce contexte n'étaient pas fonc-
tionnellement caractérisées, et leur role dans le développement
d’hypermutation restait de ce fait incertain. De plus, I'impact de
I'hypermutation sur I'immunogénicité des cellules gliales et sur
leur sensibilité au blocage des points de contrdles immunitaires
(par exemple par traitement anti-PD-1) n’est pas connu. Dans
cette étude, nous analysons de maniére exhaustive les détermi-
nants cliniques et moléculaires de la charge et des signatures mu-
tationnelle dans 10 294 gliomes, dont 558 (5,4%) tumeurs hyper-
mutées. Nous identifions deux principales voies responsables
d'hypermutation dans les gliomes : une voie "de novo" associée
a des déficits constitutionnels du systétme MMR et de la polymé-
rase epsilon (POLE), ainsi qu'une voie "post-traitement", plus
fréquente, associée a l'acquisition de déficits MMR et de résis-
tance secondaire dans les gliomes récidivant aprés chimiothéra-
pie par témozolomide. Expérimentalement, la signature muta-
tionnelle des gliomes hypermutés post-traitement

(signature COSMIC 11) était reproduite par les dommages in-
duits par le témozolomide dans les cellules MMR déficientes.
Alors que le déficit MMR s'associe a 1'acquisition de résistance
au témozolomide, des données cliniques et expérimentales
suggérent que les cellules MMR déficientes conservent une
sensibilité a la nitrosourée lomustine. De fagon inattendue, les
gliomes MMR déficients présentaient des caractéristiques
uniques, notamment l'absence d'infiltrats lymphocytaires T
marqués, une hétérogénéité intratumorale importante, une sur-
vie diminuée ainsi qu’un faible taux de réponse aux traite-
ments anti-PD-1. De plus, alors que l'instabilité des microsa-
tellites n'etait pas détectée par des analyses en bulk dans les
gliomes MMR déficients, le séquengage du génome entier a
1'échelle de la cellule unique de gliome hypermuté post-traite-
ment permettait de démontrer la presence de mutations des mi-
crosatellites. Collectivement, ces résultats supportent un mo-
dele dans lequel des spécificités dans le profil mutationnel des
gliomes hypermutés pourraient expliquer 1’absence de recon-
naissance par le systéme immunitaire ainsi que 1’absence de
réponse aux traitements par anti-PD-1 dans les gliomes MMR
déficients. Nos données suggérent un changement de pratique
selon lequel la recherche d’hypermutation par séquengage tu-
moral lors de la récidive aprés traitement pourrait informer le
pronostic et guider la prise en charge thérapeutique des pa-
tients.

Title : Mechanisms and therapeutic implications of hypermutation in gliomas

Keywords : gliomas, hypermutation, resistance, chemotherapy, immunotherapy, mismatch repair

Abstract : High tumor mutational burden (hypermutation) is
observed in some gliomas; however, the mechanisms by which
hypermutation develops and whether it predicts chemotherapy or
immunotherapy response are poorly understood. Mechanisti-
cally, an association between hypermutation and mutations in the
DNA mismatch-repair (MMR) genes has been reported in glio-
mas, but most MMR mutations observed in this context were not
functionally characterized, and their role in causing hypermuta-
tion remains unclear. Furthermore, whether hypermutation en-
hances tumor immunogenicity and renders gliomas responsive to
immune checkpoint blockade (e.g. PD-1 blockade) is not known.
Here, we comprehensively analyze the clinical and molecular de-
terminants of mutational burden and signatures in 10,294 glio-
mas, including 558 (5.4%) hypermutated tumors. We delineate
two main pathways to hypermutation: a de novo pathway associ-
ated with constitutional defects in DNA polymerase and MMR
genes, and a more common, post-treatment pathway, associated
with acquired resistance driven by MMR defects in chemother-
apy-sensitive gliomas recurring after temozolomide. Experimen-
tally, the mutational signature of post-treatment hypermutated
gliomas

(COSMIC signature 11) was recapitulated by temozolomide-
induced damage in MMR-deficient cells. While MMR defi-
ciency was associated with acquired temozolomide resistance
in glioma models, clinical and experimental evidence suggest
that MMR-deficient cells retain sensitivity to the chloroethyl-
ating nitrosourea lomustine. MMR-deficient gliomas exhib-
ited unique features including the lack of prominent T-cell in-
filtrates, extensive intratumoral heterogeneity, poor survival
and low response rate to PD-1 blockade. Moreover, while mi-
crosatellite instability in MMR-deficient gliomas was not de-
tected by bulk analyses, single-cell whole-genome sequencing
of post-treatment hypermutated glioma cells demonstrated mi-
crosatellite mutations. Collectively, these results support a
model where differences in the mutation landscape and antigen
clonality of MMR-deficient gliomas relative to other MMR-
deficient cancers may explain the lack of both immune recog-
nition and response to PD-1 blockade in gliomas. Our data
suggest a change in practice whereby tumor re-sequencing at
relapse to identify progression and hypermutation could in-
form prognosis and guide therapeutic management.
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Figure 9. Model suggesting a mechanistic link between MGMT and MMR system deficits,
temozolomide resistance and hypermutant phenotype in malignant gliomas (from Allan et al. *°).
Figure 10. Exogenous and endogenous mutational processes contributing to the accumulation of

somatic mutations in human tumors and point mutation (SNV) analysis method.
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Figure 11. Analysis of the mutational load in TCGA tumors (a) and response to ICI in cancers with
high (b, melanoma) or low (c, glioblastoma) mutational load (from Alexandrov et al. '®* [a], Larkin
et al. '"® [b] and Reardon et al. ''®[c]).

Figure 12. Response to ICI treatments in MMR-deficient tumors (left, gliomas; right, pan-cancer)
(from Bouffet et al. ''” [a] and Le et al. '*%).

Figure 13. Mutational signatures found in gliomas with low mutational burden (blue) or with de novo
(green) or post-treatment hypermutation (red) (from Alexandrov et al. '*).

Figure 14. Frequency of mutations in the main MMR genes in malignant gliomas sequenced at initial
diagnosis (TCGA data ®7).

Figure 15. Establishment of a malignant glioma PDCL derived from a patient with MSH2 germline
mutation.

Figure 16. Temporal and spatial clonal evolution in patients with diffuse glioma with IDH1/2
mutation (from Johnson et al. *°).

Figure 17. Acquisition of hypermutation with mutational signature 11 during recurrence after
temozolomide in an anaplastic astrocytoma with /DH I mutation.

Figure 18. Analysis of copy number abnormalities (upper part) and clonality of somatic mutations
(lower) in 3 pairs of pre- and post-temozolomide gliomas analyzed by exome sequencing (from Bai
et al. '¥).

Figure 19. Summary of pre- and post-treatment malignant glioma pair studies showing the
association of = hypermutation with history of exposure to alkylating agents and the presence of
IDH1/2 mutation and/or MGMT promoter methylation (from TCGA ', Bai et al. '*°, Wang et al. **,
Kim et al. >, Kim et al. °?, and Johnson et al. 90).

Figure 20. Phylogenetic trees representing the clonal composition of TCGA tumors (from
McGranahan et al. '*%).

Figure 21. Pan-cancer analysis of immune subtypes in TCGA tumors (from Thorsson et al. '*).
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INTRODUCTION

I. Contexte des travaux

Les tumeurs primitives du systéme nerveux central (SNC) forment un ensemble hétérogene de
pathologies bénignes ou malignes touchant I'enfant et l'adulte. Selon la classification de
I’Organisation mondiale de la santé (OMS) de 2016, on distingue cinq principaux types de tumeurs
primitives du SNC : les tumeurs des méninges, les tumeurs neuroépithéliales, les tumeurs germinales,
les tumeurs de la région sellaire et les tumeurs hématopoiétiques '. Ces cinq types sont eux-mémes
subdivisés en plusieurs sous-types histologiques formant au total plus de 150 pathologies aux
caractéristiques biologiques et cliniques hautement hétérogenes. Les gliomes malins constituent la
majorité des tumeurs neuroépithéliales et plus de 80% des tumeurs primitives malignes du SNC .
Bien qu'appartenant au groupe des cancers rares (incidence annuelle inférieure a 6/100 000
personnes), les gliomes malins représentent un enjeu particulier de santé publique en raison de la
morbidité associée a leur développement dans le SNC, de la complexité de leur diagnostic et de leur
suivi, et de leur caractere le plus souvent incurable. La prise en charge des patients atteints de gliome
malin est trés hétérogene, allant de la simple surveillance pour certaines tumeurs peu évolutives
(grade I selon I'OMS) a des traitements lourds combinant chirurgie d’exérese, radiothérapie et
chimiothérapie pour les tumeurs les plus agressives (grade IV selon I'OMS). Pour ces dernicres, les
progres thérapeutiques au cours des 15 derniéres années demeurent trés modestes (survie globale
médiane de 18 mois environ). De plus, méme les tumeurs initialement moins agressives (grades II et
IIT selon 'OMYS) finissent le plus souvent par évoluer vers un stade réfractaire au traitement et sont
responsables du déceés chez la majorité des patients. Une meilleure caractérisation des mécanismes
de résistance aux traitements est donc indispensable pour améliorer la survie des patients atteints de

gliome malin.

Les progres accomplis dans la compréhension de la biologie des gliomes ont permis la mise en
évidence d’altérations moléculaires de I’ ADN constituant des outils précieux pour la clinique *'*. Ces
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« biomarqueurs moléculaires » ont des applications pour le diagnostic (définition de sous-types) mais
aussi pour la prédiction du pronostic et de la réponse aux traitements. Dans les gliomes malins, on
peut citer les mutations des génes IDH1 et IDH?2 (ci-aprés mutations /DH1/2) et la co-délétion des
bras chromosomiques Ip et 19q (co-délétion 1p/19q). Ces altérations moléculaires fondatrices
(drivers), associées au développement des astrocytomes diffus et des oligodendrogliomes, sont
aujourd'hui des outils indispensables au diagnostic ainsi qu'a la stratification des traitements. Au total,
l'avénement des biomarqueurs moléculaires représente un changement de paradigme pour la prise en
charge des patients atteints de gliomes malins, dont le diagnostic avant 'OMS 2016 reposait
essentiellement sur 'analyse histologique des tumeurs au microscope. Avec la diminution des cofits
associés au séquencage a haut débit et le développement de panels ciblant des geénes et altérations
moléculaires d'intérét disponibles en clinique, le séquencage des gliomes malins tend a devenir une
pratique courante dés le diagnostic initial, et nous sommes ainsi amenés a obtenir en clinique une

caractérisation moléculaire de plus en plus exhaustive.

Dans ces travaux, nous avons cherché a identifier des applications du séquencage tumoral au-
dela de l'identification de sous-types moléculaires tels que définis par 'OMS 2016. Dans 1'drticle 1
1 l'objectif était de mieux comprendre un phénoméne nommé « hypermutation », c'est a dire une
¢lévation trés importante de la charge mutationnelle observée dans certains gliomes malins, et son
role dans la prédiction de la réponse a la chimiothérapie et a I'immunothérapie. Nous nous sommes
en particulier focalisés sur des anomalies du systéme de réparation des mésappariements de I'ADN
(systtme MMR pour Mismatch Repair en anglais), caractérisées également dans des tumeurs

21-2
>, nous rapportons le

méningées (Article 2, Annexe) *°. Dans les Articles 3-7 (Annexe)
développement de nouvelles thérapies ciblées visant des sous-types rares associ¢s a des drivers
moléculaires spécifiques (i.e. gliomes avec mutations activatrices BRAF, gliomes avec mutations
IDH]1/2, gliomes avec altérations de la voie PI3K, gliomes avec géne de fusion ATG7-RAFI).
Collectivement ces travaux mettent en évidence des modifications génétiques associées a une

résistance ou une réponse aux traitements dans certains gliomes et contribuent a mieux comprendre

I’efficacité encore limitée de I’immunothérapie dans ces tumeurs.
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II. Tumeurs neuroépithéliales : définition et traitements

A. Classification et données épidémiologiques

Les tumeurs primitives du SNC constituent un ensemble hétérogéne de pathologies bénignes
ou malignes touchant I'enfant et 'adulte. Elles se développent a partir des cellules spécialisées formant
les tissus du SNC (parenchyme cérébral, médullaire, épendymaire et hypophysaire, vaisseaux et
méninges). On les oppose aux tumeurs secondaires (c'est a dire les métastases) qui se développent
initialement a partir d’un autre organe. La classification de référence permettant le diagnostic des
tumeurs du SNC est celle de ’OMS . Elle intégre depuis 2016 des données de biologie moléculaire
permettant un diagnostic dit « intégré », c'est a dire basé sur 1'analyse conjointe de 1'histologie et
l'identification d’altérations génétiques associées a des sous-types histo-moléculaires. Certaines
tumeurs du SNC sont en effet caractérisées par des voies d’oncogenése spécifiques définies par
I’acquisition d’altérations génétiques comme les mutations IDH1/2 et la co-délétion 1p/19q. Outre
ces anomalies moléculaires, la classification OMS est basée sur la localisation, le degré de
différenciation, et le phénotype des cellules formant la tumeur. On distingue ainsi cinq principaux
types de tumeurs primitives du SNC : les tumeurs des méninges, les tumeurs neuroépithéliales, les
tumeurs germinales, les tumeurs de la région sellaire et les tumeurs hématopoiétiques '. Les tumeurs
neuroépithéliales, représentant plus de 80% des tumeurs primitives malignes du SNC * (Figure 1),

font I’objet de ce travail de these.

Les tumeurs neuroépithéliales ont pour origine soit les neurones, soit les cellules formant
I’environnement des neurones (cellules gliales) ou leurs précurseurs. La classification de I’OMS 2016
distingue huit principales catégories de tumeurs neuroépithéliales, en grande majorité représentées
par les gliomes malins (groupe des « Tumeurs gliales astrocytaires et oligodendrogliales ») (Table 1).
En plus de la détermination du sous-type, le diagnostic histologique des tumeurs neuroépithéliales
permet de d'attribuer a ces tumeurs un grade de malignité pouvant aller de I (tumeurs potentiellement
curables en cas de résection compléte comme les astrocytomes pilocytiques), au grade IV (tumeurs
les plus agressives, principalement représentées par les glioblastomes). Ce grade est fonction de la
présence de caractéristiques histologiques associées a un risque de récidive apres exérése chirurgicale
: densité cellulaire et activité mitotique, atypies cytonucléaires, prolifération endothéliocapillaire et
nécrose '. Il refléte ainsi 1’agressivité des tumeurs et permet d’orienter la stratégie thérapeutique.
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Figure 1. Distribution des tumeurs primitives du SNC aux Etats-Unis sur la période 2012-2016 (d’aprés
Ostrom et al. 2).

Les tumeurs neuroépithéliales appartiennent au groupe des cancers rares (incidence annuelle
inférieure & 6/100 000 personnes) . Fréquentes chez I’enfant (1% cancer solide, 2°™ cancer le plus
fréquent apres les hémopathies), les tumeurs neuroépithéliales malignes présentent ensuite une
incidence faible jusqu’a 1’age de 40 ans. Au-dela, le taux d’incidence progresse pour atteindre un pic
entre 80 et 84 ans de 35/100 000 personnes environ. Les courbes de mortalité suivent des tendances
comparables a celles décrites pour I’incidence. Le sous-type le plus fréquent (55% des tumeurs
neuroépithéliales) — et également le plus agressif — est le glioblastome dont l'incidence dans les pays
industrialisés est estimée a 3.2/100 000 personnes . Entre 1990 et 2018, le nombre annuel de
nouveaux cas de tumeurs neuroépithéliales a presque doublé, avec un léger ralentissement de
'augmentation de l'incidence observé a partir de 2010. Cette hausse semble attribuable pour moitié a

une augmentation du risque et pour moitié au vieillissement de la population.
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Table 1. Classification simplifiée des tumeurs neuroépithéliales selon ’OMS 2016.

Histologie (altérations moléculaires associées)

Tumeurs gliales diffuses astrocytaires et oligodendrogliales
Astrocytome diffus (/DH1/2-muté ou -sauvage ou NOS)
Astrocytome anaplasique (/DH1/2-muté ou -sauvage ou NOS)
Glioblastome (IDH1/2-sauvage ou NOS)
Oligodendrogliome (IDH1/2-muté et codélété 1p19q)
Oligodendrogliome anaplasique (/IDH1/2-muté et codélété 1p19q)
Gliome diffus de la ligne médiane (H3F3A4-muté)

Autres tumeurs astrocytaires et gliales
Astrocytome pilocytique
Gliome chordoide du 3™ ventricule
Xanthoastrocytome pléomorphe
Xanthoastrocytome pléomorphe anaplasique
Astroblastome

Tumeurs épendymaires
Ependymome myxopapillaire
Ependymome (avec ou sans fusion RELA)
Ependymome anaplasique

Tumeurs des plexus choroides
Papillome des plexus choroides
Carcinome des plexus choroides

Tumeurs neuronales et glioneuronales
Tumeur dysembryoplasique neuroépithéliale
Gangliogliome
Gangliogliome anaplasique
Gangliocytome dysplasique du cervelet
Tumeur glioneuronale papillaire
Tumeur glioneuronale formant des rosettes du quatriéeme ventricule

Tumeurs de la région pinéale
Tumeur papillaire de la région pinéale
Pinéaloblastome

Tumeurs embryonnaires
Médulloblastome
Tumeur embryonnaire avec rosettes pluristratifiées

Tumeurs rhabdoides/tératoides atypiques (avec perte SMARCBI)
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Grade OMS

Grade II

Grade III ou IV
Grade IV
Grade II

Grade II1
Grade IV

Grade I
Grade I1
Grade I1
Grade II1
Non défini

Grade |
Grade 11
Grade II1

Grade |
Grade 111

Grade I
Grade I
Grade II1
Grade I
Grade I
Grade I

Grade II ou III
Grade IV

Grade IV
Grade IV
Grade IV



*NOS : not otherwise specified, tumeurs pour lesquelles le statut moléculaire n’a pas été déterminé avec

certitude (absence de génotypage ou génotypage incomplet).

En dehors de cas minoritaires (moins de 5% au total) survenant dans des contextes d’exposition
aux rayonnements ionisants (par exemple, antécédent de radiothérapie cérébrale) ou de syndrome de
prédisposition génétique au cancer (Table 2), les tumeurs neuroépitheliales sont des tumeurs
sporadiques a génétique complexe et ne disposent a ce jour d’aucun facteur étiologique reconnu. Des
¢tudes d'association pangénomique (Genome-Wide Association Study, GWAS) ont néanmoins permis
l'identification récente de plusieurs polymorphismes associés au risque de développement de gliome
malin (notamment les loci 5p15.33, 7pl11.2, 8q24.21, 9p21.3, 11923.3, 17p13.1, et 20q13.33 a
proximité des génes TERT, EGFR, MYC, CDKN2A4, PHLDBI, TP53 et STMN3) ***’. Une meilleure
caractérisation de la base fonctionnelle de ces polymorphismes pourrait permettre une meilleure

compréhension des mécanismes contribuant au développement des gliomes malins.

Table 2. Syndromes de prédisposition génétique au cancer associés au risque de tumeur

neuroepithéliale.
Syndrome de prédisposition génétiques au cancer Gene(s) implique(s)
Syndrome de Lynch MLHI, MSH2, MSH6, PMS?2
Syndrome de déficience constitutionnelle des génes MMR (CMMRD)  MLHI, MSH2, MSH6, PMS?2
Syndrome de von Hippel-Lindau VHL
Syndrome de Turcot A APC
Syndrome astrocytome-mélanome CDKN24
Syndrome de Gorlin PTCHI
Sclérose tubéreuse de Bourneville TSC1, TSC2
Syndrome de Cowden PTEN
Syndrome de Li-Fraumeni TP53
Neurofibromatose de type 1 NF1
Neurofibromatose de type 2 NF2
Syndrome de prédisposition aux tumeurs rhabdoides SMARCBI

Syndromes associés aux mutations constitutionnelles POLE et POLD1 POLE, POLD]

B. Diagnostic des gliomes : sous-types moléculaires, aspects pronostiques

Les tumeurs du SNC peuvent se révéler par des symptomes et manifestations cliniques tres
variables d’un patient a 1’autre, dépendant principalement du volume et de la vitesse de croissance

, . .o . . 28- . . , .
des 1ésions ainsi que de leur localisation dans le SNC ***°. Les principaux modes de révélation sont
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et/ou le syndrome d’hypertension intracranienne (Figure 2).
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Figure 2. Tumeur fronto-pariétale gauche correspondant a un gliome de haut grade chez un patient agé

de 64 ans. (a) IRM cérébrale en séquence axiale T1 aprés injection de produit de contraste. (b) Coupe

histologique apres coloration a I'hématoxyline et a I'éosine.

L’imagerie et notamment I’imagerie par résonance magnétique nucléaire (IRM) sont

indispensables pour le diagnostic et le suivi des patients ***°. Le diagnostic définitif requiert

néanmoins l'analyse anatomopathologique du tissu tumoral obtenu apres résection tumorale (partielle

ou compléte) lorsque la tumeur est opérable, ou bien par biopsie. Outre 1'effet thérapeutique en cas

de résection, ceci permet l'obtention de matériel tumoral a visée diagnostique et éventuellement de

recherche. Sur le plan anatomopathologique, l'approche diagnostique repose sur la combinaison

d'analyses histologiques et moléculaires permettant le classement des gliomes malins dans quatre

catégories principales : les oligodendrogliomes (avec mutation I/DH1/2 et co-délétion 1p/19q), les

astrocytomes diffus (avec mutation IDHI/2, sans co-délétion 1p/19q), les glioblastomes (sans

mutation IDHI1/2 ni co-délétion 1p/19q), et les autres sous-types plus rares de gliomes '. Ces

techniques peuvent étre combinées selon des algorithmes associant plusieurs analyses séquentielles

permettant d'aboutir au diagnostic (Figure 3) :

- immunohistochimie, par exemple pour la mutation IDH1 majoritaire (R132H) °';

32,33,

- recherche de mutations hotspots par PCR puis séquencage Sanger ou pyroséquencage ~~;

- analyse en next generation sequencing (NGS) de panels de geénes associés au cancer

permettant la recherche simultanée de nombreuses anomalies moléculaires récurrentes

34-38,

(mutations hotspots, autres mutations, anomalies du nombre de copies, fusions) ;

- utilisation de techniques émergentes comme l'analyse du méthylome *°, de l'exome ou du

r 4 .
génome complet *, ou encore du transcriptome tumora
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Figure 3. Principaux sous-types de gliomes diffus et stratégie diagnostique en fonction des statuts IDH1/2

et 1p/19q. *Statut obtenu par immunohistochimie ou séquencage.

Le pronostic des gliomes malins est trés hétérogene selon les différents sous-types (Figure 4),
et varie également de fagon considérable au sein d’un méme sous-type histologique. Cette variabilité
est influencée par le terrain (e.g. age, état général), par I'étendue de I'exérése chirurgicale, et par une
importante hétérogénéité inter-tumorale en termes de sensibilité intrinséque aux traitements adjuvants
par radiothérapie et chimiothérapie. Outre les mutations IDH1/2 et la co-délétion 1p/19q, toutes deux
associées a une meilleure réponse aux traitements médicaux ***, la méthylation du promoteur du
géne MGMT codant I'enzyme de réparation de I'ADN O6-méthylguanine-ADN-méthyltransférase
(MGMT) est associée a une meilleure réponse a la chimiothérapie par agents alkylants (voir section
suivante) *°. Ces biomarqueurs permettent une prédiction — imparfaite — du pronostic et une aide a la
décision thérapeutique dans les gliomes les plus fréquents. Dans les tumeurs plus rares, certains
biomarqueurs moléculaires sont explorés mais les effectifs limités et I'hétérogénéité des modalités

thérapeutiques sont des obstacles pour la validation de leur pertinence en clinique.
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Figure 4. Courbes de survie associées aux sous-types moléculaires des gliomes diffus inclus dans le
TCGA (d’aprés Brat et al.”). Abréviations : IDH (génes IDH1/2) LGG, lower grade glioma (gliomes de grade
II et III) ; GBM, glioblastoma (glioblastome).

C. Traitements des gliomes : place des agents alkylants

Le traitement standard des gliomes malins repose sur le trépied chirurgie, radiothérapie et
chimiothérapie **>°. La premiére étape du traitement repose le plus souvent sur la chirurgie, qui
lorsqu'elle est réalisable est proposée soit dés le diagnostic initial dans les gliomes de haut grade, ou
bien apres une période d'observation initiale dans les gliomes diffus de grade II. Malgré I'absence
d'essais randomisés, plusieurs séries chirurgicales ont montré un impact significatif de la résection
compléte ou subtotale sur la survie globale *'~°. Néanmoins, la localisation dans le cerveau et le
caractere infiltrant des gliomes rendent difficile I’exérese chirurgicale compléte. Selon la localisation
de la tumeur, l'utilisation de la chirurgie éveillée et des techniques de cartographie fonctionnelle
permet d'optimiser 1'étendue de 1'exérése, d'augmenter le pourcentage de patients pouvant bénéficier
d’une résection en régions fonctionnelles, et de diminuer le risque de déficits neurologiques
postopératoires. Outre le bénéfice potentiel en survie globale, I’exérése chirurgicale permet une

amélioration souvent rapide certains symptomes comme I'hypertension intracranienne ou I'épilepsie.

La radiothérapie est délivrée a des doses (54-60 Gy) et fractions (15-30 séances) variables selon

le diagnostic histologique (notamment grade et voie moléculaire) et le terrain (notamment age et état
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général). Sauf dans certains rares cas ou les protons peuvent étre indiqués, des techniques classiques
par faisceaux de photons sont généralement utilisées. L'irradiation vise le volume tumoral auquel des
marges sont ajoutées afin de cibler d'éventuelles zones d'infiltration tumorale. Ce traitement exerce
des effets anti-tumoraux sur les cellules gliales, notamment via I'induction de cassures de I'ADN et
d'espéces réactives de l'oxygeéne, et permet souvent de diminuer les crises d'épilepsie. Dans les
gliomes de grade III ou IV, l'irradiation est généralement proposée des le diagnostic initial apres la
chirurgie ou la biopsie. Dans les gliomes diffus de grade II, le timing optimal de l'irradiation cérébrale
n'est pas bien codifi¢. La radiothérapie précoce permet en effet d'allonger la survie sans progression
mais pas la survie globale °', et augmente probablement le risque de troubles cognitifs au long terme.
Des stratégies visant a différer le traitement par radiothérapie sont actuellement en cours d'évaluation

dans les sous-types les plus chimiosensibles comme les oligodendrogliomes.

La chimiothérapie des gliomes malins repose sur des schémas a base d'agents alkylants qui
exercent des effets anti-tumoraux sur les cellules gliales et présentent pour certains I'avantage d'une
bonne pénétration de la barriére hémato-encéphalique (Figure 5a). Le concept de chimiothérapie par
agents alkylants est né de I'observation par Edward Krumbhaar en 1919 que les soldats canadiens
victimes d'exposition au gaz moutarde souffraient d'atteintes respiratoires et d'aplasie lymphoide .
On distingue aujourd'hui 7 grandes familles d'agents alkylants dits « classiques » parmi lesquels des
molécules des familles des nitrosourées (e.g. carmustine, lomustine) et des triazénes hydrazines
(témozolomide, procarbazine) sont les plus fréquemment utilisés dans le traitement des gliomes .
Ces traitements sont délivrés selon 3 principaux protocoles : polychimiothérapie par PCV
(procarbazine et lomustine associés a un alcaloide extrait de la pervenche, la vincristine) ou
monothérapie par témozolomide ou lomustine. Ces protocoles en association avec la radiothérapie
ont démontré des bénéfices en survie allant de 2.5 mois avec le témozolomide dans le glioblastome a
5.5 ans avec le protocole PCV dans les gliomes de grade IT ***~*>°. Cependant, malgré l'efficacité
de ces agents, les gliomes malins développent quasi systématiquement des mécanismes de résistance
conduisant a la rechute. Identifier, comprendre et contourner ces mécanismes de résistance est un

objectif majeur de la recherche préclinique et clinique en cours.

D. Mécanismes d'action des agents alkylants

Parmi les agents alkylants utilisés dans les gliomes, les 2 molécules considérées comme les plus
efficaces sont le témozolomide et la lomustine (cis-chloroethylnitrosourea [CCNU] ou encore son
analogue la carmustine, bis-chloroethylnitrosourea [BCNU]) (Figure 5a). Le témozolomide est un
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agent alkylant de la famille des triazénes hydrazines. Il s'agit d'une pro-drogue activée a pH
physiologique via une hydrolyse enzyme-indépendante suivie d’une décarboxylation formant le 5-
méhyltriazenoimidazole-4-carboxamide (MTIC) puis le 5-aminoimidazole-4-carboxamide et enfin
son espéce réactive, l'ion methyldiazonium qui méthyle PADN . La lomustine (cis-
chloroethylnitrosourea, CCNU) et la carmustine (bis-chloroethylnitrosourea, BCNU) sont des
chloroéthylnitrosourées métabolisées en 2 composés actifs : le diazohydroxyde responsable de

chloroéthylation de 'ADN, et l'isocyanate responsable de carbamoylation des protéines °'.

a Monofunctional
Triazene OH
i N
0.__NH; 0 B 7 SN H?{o\/\, oH y s
[ oh | N NH 7meG [y
A fa N N~ y 3meA |y
N SN N g | H Ny o= O'meG | |
" NH CH; H;C X NG o "~ NH, Hct\‘t\o \ e 1
Dacarbazine Procarbazine Temozolomide Streptozotocin \ln_]e’A/ !
* Metastatic melanoma * Malignant glioma Malignant glioma Pancreatic islet
* Hodgkin’s lymphoma * Hodgkin's lymphoma el
* Sarcoma
Chloroethylating nitrosoureas o
i RN
o] ~ — < S p- O
G . & ‘ ’F\[é i S OG> i 7-alkylG
. H R=4 HNT N7 O“ClethylG
_N —> | N1,0%EG
& Nimustine Car L i Fotemustine G-C crosslink
* Brain tumours * Brain tumours * Brain tumours Metastatic GG érasstink
* Solid tumours * Lymphoma * Lymphoma e noma | ERR——
* Melanoma * Melanoma
b /H v ¥ Minor ¢
0----- H—N N . ) Type of Damage events / cell / day
/ X O3—th_vm1ne
8 N3-thymine :
v /8 5\ o/ | Oxthymine Hydrolys!s )
B s N1 A )N |N7-adenine depurination 9,000 - 10,000
N2 \2_;j depyrimidination 300 - 500
s <g C deamination 50 - 500
[5al+54 I[ Sul+5] 5-MeC deamination 5-50
~10,000
« Ni-adenine * N3-adenine
» Toxic (replication block)| | * Toxic (replication block) Oxidation
* Mutagenic * Mutagenic
(A—T transversion) (A—=T transversion) 8.'OXOG o 500-1 ,000
ring-saturated pyrimidines 1,000
» O®-guanine » N7-guanine i .
* Toxic (replication block) | | (after depurination) Ilpld perOXIdatlon prOdUCtS ﬂ
» Mutagenic « Toxic (replication block) ~3,000
(G—A transition) * Mutagenic
Methylation
l 7-MeG 3,000 - 4,000
] 3-MeA 600
N—=Hmnas [e] N = v Minor 05-MeG 10 - 50
7 y O*-cytosine i
/5 AN 6 5\ 9 N1-guanine 4,000
6 ¢ W oo H—N1G 1 N‘,L‘ N3-guanine
3 Total ~20,000

Syl+5,2

* N3-cytosine
* Toxic (replication block)

* Mutagenic (C—=T transition)

Figure 5. Principaux types d'agents alkylants utilisés pour le traitement des gliomes malins (a) et leurs
effets biologiques sur ' ADN (b) (d’aprés Fu et al.>® [a-b] et Preston et al.” [c] ). Certaines lésions induites

par les agents alkylants se produisent spontanément en conditions physiologiques (c).
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Sur le plan biologique, les agents alkylants sont des composés organiques électrophiles capables
de réagir avec des radicaux nucléophiles (e.g. -SH, -OH, -COOH ou —NH2) que I’on retrouve dans
les protéines et les acides nucléiques >, Au niveau de 'ADN, ces interactions aboutissent & la
formation de différents types d’adduits liés de facon covalente sur des sites préférentiels,
principalement au niveau des bases puriques (N1-adenine, N3-adenine, N7-guanine, O6-guanine,
etc.) (Figure 5b). L’azote N7 de la guanine est la cible principale des dommages d'alkylation sur
I'ADN (60 a 80% de I'ensemble des adduits) >*. Selon les types d'adduits qu'ils produisent, les agents
alkylants sont dits mono- (adduit sur un nucléotide) ou bi-fonctionnels (adduit reliant deux
nucléotides adjacents pour former des ponts inter- ou intra-brins). Ces adduits modifient la structure
de la double hélice, empéchent la réplication et la transcription (notamment adduits inter- ou intra-
brin), et induisent des cassures simple- ou double-brin de I’ADN. Ceci conduit a la mise en jeu de
systémes de réparations et éventuellement a l'apoptose de la cellule 1ésée en cas de dommage
irréversible. De facon importante, certaines 1ésions de 'ADN causées par les agents alkylants (e.g.
N7-méthylguanine, N7-méthyladénine, O6-méthylguanine) sont également fréquemment formées en
conditions physiologiques (Figure 5c¢) ; les cellules disposent donc de mécanismes permettant de

réparer ces lésions.

Sur le plan de la thérapeutique anti-tumorale, de nombreux phénoménes de résistance limitent
l'efficacité des agents alkylants, parmi lesquels on peut citer :

- Une faible concentration de drogue par une augmentation de 1I’efflux ou une diminution de
son entrée dans les cellules %*:

- L’inactivation de la drogue par des mécanismes de détoxification, comme 1’interaction avec
le glutathion *¢7;

- D’augmentation de la réparation de I’ADN, notamment via l'activit¢ des déméthylases
ALKBH2-3 et MGMT, et des systemes BER et NER (Base Excision Repair et Nucleotide Excision

-\ 46,53,68-72,
Repair) ;

- L'inactivation du systéme de réparation MMR "%
- L'expression de protéines impliquées dans la signalisation anti-apoptotique comme Bcl-2 et

Bel-xL 7.

Les mécanismes de résistance en lien avec la réparation de I’ADN sont de loin les mieux
caractérisés (Figure 6). Certains de ces mécanismes sont redondants et leur mise en jeu dépend ainsi
de leur disponibilité a proximité des Iésions de ' ADN. Parmi ces différentes protéines et mécanismes,
l'expression de la protéine MGMT et des protéines du MMR ont été associ¢es a des mécanismes de
résistance au témozolomide et a 1'acquisition d'un phénotype dit « hypermutant » sous traitement.
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Figure 6. Représentation schématique des principaux dommages ADN causés par les agents alkylants

utilisés dans les gliomes et leurs mécanismes de réparation associés (d’apres Fu et al.>). Partie supérieure

: 1ésions induites par le t¢émozolomide. Partie inférieure : 1€sions induites par les chloroéthylnitrosourées.

E. Résistance au témozolomide : roles de la MGMT et du syst¢tme MMR,

phénotype « hypermutant »

Le témozolomide est 'agent actuellement le plus fréquemment utilisé¢ pour le traitement des

gliomes malins. L'efficacité du témozolomide résulte principalement de la formation d'adduits O6-

méthylguanine (O6-meG) au niveau de 'ADN *. En conditions physiologiques, les adduits 06-meG
ylg

sont nettement moins fréquents que les autres types de Iésions plus fréquemment induites par le

témozolomide comme la N7-méthylguanine (rapport 1:100 environ) ®*. Ceci explique en partie le role

important des lésions O6-meG dans la cytotoxicité des alkylants. La protéine MGMT permet la

réparation directe des 1ésions O6-meG, de méme que les adduits O6-chloroéthylguanine formés par

les chloroéthylnitrosourées. Au cours de cette réparation, la MGMT séquestre le groupe méthyle de
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1'06-meG par transfert covalent, rétablissant ainsi la guanine a son état normal. Cette réaction aboutit
néanmoins a une inactivation irréversible de la protéine apres ubiquitination (Figure 7). La MGMT
n'est donc pas stricto sensu une enzyme, puisqu'elle n'est capable d'effectuer qu'un seul cycle de
réparation (enzyme suicide). Etant donné cette particularité, I'expression de la MGMT a été proposée
comme l'une des principales causes de résistance au témozolomide. La méthylation du promoteur de
MGMT, qui conduit a un silencing épigénétique de son expression, est en effet associée a une
sensibilité accrue aux traitements par témozolomide et chloroéthylnitrosourées et a un meilleur

pronostic chez les patients atteints de gliome malin "2,

En l'absence de MGMT (par exemple en cas de méthylation du promoteur ou de dégradation
du pool de protéines disponibles), une thymine est incorporée face au résidu O6-meG — reconnu
comme une adénine — lors de la réplication de 'ADN par les polymérases, créant a ce niveau un
mésappariement O6-meG:T. Ce mésappariement est reconnu par les protéines du systtme MMR, un
complexe multiprotéique (protéines MSH2, MSH6, MLHI1 et PMS2 notamment) permettant de
reconnaitre et de réparer les mésappariements de 'ADN et erreurs de réplication par glissement
(slippage) de la polymérase lors de la réplication de I'ADN *'*? (Figure 8). Selon le modéle dit de «
cycles futiles » (futile cycling), 'alternance successive d'excisions de thymine mésappariée par le
systtme MMR puis de resynthéses d'une thymine face au résidu O6-meG non réparé par les
polymérases aboutit a la mise en tension de la double-hélice et a la formation de cassures double-brin
de I'ADN, hautement toxiques et aboutissant éventuellement a l'activation de programmes
apoptotiques "% (Figure 7). Ainsi, selon ce modéle, la toxicité de '06-meG dépend indirectement
de l'intégrité du systéme MMR 3*¥. Cette hypothése a été confortée par l'observation dans des
modeles déficients en MMR (e.g. lignées cellulaires de cancer du c6lon avec mutations dans les génes
codant pour les protéines MMR) de résistance majeure aux agents alkylants tels que le t¢émozolomide
B De facon importante, dans d'autres cancers, la déficience MMR s'associe a des phénomeénes
d'hypermutabilité¢ et d'accumulation de petites insertions et délétions (indels) au niveau de courtes
séquences répétées dans le génome, un phénotype appelé instabilité¢ des microsatellites (MSI) (Figure

8).
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Figure 7. Mécanisme de cytotoxicité du témozolomide et réparation médiée par la MGMT (d’aprés Wick
et al.*®), En I'absence de réparation des adduits O6-meG par la MGMT, la cytotoxicité de ces 1ésions

dépend indirectement de l'intégrité du systtme MMR.
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Figure 8. Représentation schématique de la réparation des erreurs d'incorporation de 1'ADN
polymérase par les systémes de proofreading et MMR (d’aprés Preston et al.*’ [a] et Jiricny *'[b]). a)
Pendant la synthése de 'ADN, de rares erreurs des polymérases (mésappariements de bases & gauche ou
glissement de la matrice a droite) empéchent l'extension de I'amorce et déclenchent le transfert du brin d'ADN
en croissance du site actif de la polymérase (POL) vers le site actif de I'exonucléase (EXO) ou l'erreur est
éventuellement excisée. Les erreurs qui échappent au systéme de proofreading de la polymérase sont corrigées,
au moins en partie, par deux voies partiellement redondantes du syst¢tme MMR. Les proté¢ines MSH2 et MLH1
sont indispensables au fonctionnement de ce systéme. Les protéines MSH6 et PMS2 ont des protéines back-
ups permettant la formation de complexes MutS et MutL alternatifs (hétéroduplexes MSH2:MSH3 et
MLH1:MLH3), notamment pour la réparation des erreurs de glissement de la matrice (slippage). En 'absence
de réparation, les mésappariements de bases aboutissent a la transmission d'une mutation ou d'une
insertion/délétion dans une des cellules filles. L'accumulation de ces erreurs est a l'origine d'un phénotype
hypermutant avec signature mutationnelle spécifique (en lien avec les mutations) plus ou moins associé a un
phénotype d'instabilité des microsatellites (en lien avec les insertions/délétions) qui correspond a la présence
dans différentes cellules de fragments de tailles différents au niveau des séquences microsatellites. MutS
reconnait les dommages a ' ADN et signale également I'apoptose. b) Modéle représentant I'excision/resynthése
de mésappariement de I'ADN (triangle rouge) par le systtme MMR et la polymérase chez Escherichia coli.

L'ADN nouvellement synthétisé (vert) est reconnu par le systeme MMR car non méthylé (cercles vides).
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Alors que les anomalies du systtme MMR sont extrémement rares dans les gliomes malins
nouvellement diagnostiqués, des mutations MMR — souvent non caractérisées sur le plan fonctionnel
— ont été observées chez 5 a 30% des patients atteints de gliome malin en récidive apres exposition a
des agents alkylants **"°. De plus, certaines de ces études ont pu comparer les profils moléculaires
de paires de gliomes pré- et post-traitement et ont montré qu'un sous-groupe de tumeurs développait
un phénotype « hypermutant » caractérisé par l'accumulation de centaines de mutations, apres
traitement par témozolomide notamment. Collectivement, ces observations, ainsi que les données

indiquant une résistance aux agents alkylants dans les modéles MMR-déficients 7>~7%97-101

, ont
suggéré un lien mécanistique entre déficits MGMT et du systéme MMR, résistance au témozolomide
et phénotype hypermutant dans les gliomes malins '°* (Figure 9). Néanmoins, ce lien n'a jamais été
démontré dans des modéles isogéniques de gliomes, et les gliomes hypermutants présentent des
caractéristiques inhabituelles — notamment une signature mutationnelle unique et 1'absence de
phénotype MSI (voir section suivante) — ne permettant pas de les relier formellement au groupe des
cancers avec anomalies du systtme MMR. Ceci nous a conduit a étudier plus en profondeur les

caractéristiques cliniques et moléculaires des gliomes hypermutants.
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Figure 9. Modéle suggérant un lien mécanistique entre déficits MGMT et du systeme MMR, résistance

témozolomide et phénotype hypermutant dans les gliomes malins (d’aprés Allan et al’®.).
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III. Hypermutation dans les gliomes

A. Etude de la charge et de la signature mutationnelles dans les cancers,
potentiel role prédictif dans la prédiction de la réponse a

I'immunothérapie

Les mutations somatiques retrouvées dans les cancers sont causées par des processus
mutationnels d'origine exogeéne et endogéne qui operent au cours du développement de la cellule ceuf
a la cellule tumorale '“'®. Chaque processus mutationnel peut impliquer des composantes de
dommages ou modifications de I'ADN, d'anomalie de réplication ou de réparation de ' ADN et génére
une signature mutationnelle caractéristique qui peut comprendre des substitutions de bases (Figure
10), des indels, des réarrangements chromosomiques et des anomalies du nombre de copies
génomiques. Parfois, plusieurs processus mutationnels opérent simultanément, et le profil
mutationnel de la tumeur incorpore différentes signatures mutationnelles superposées. En
conséquence, la caractérisation systématique des profils mutationnels d'échantillons tumoraux offre
le potentiel de révéler les processus normaux et pathologiques contribuant a 1'accumulation de
mutations et donc au développement des cancers (Figure 10). Avec I'avénement des techniques de
séquencage a haut débit et 1'analyse génomique de larges cohortes de tumeurs humaines par des
consortiums internationaux '*, des techniques mathématiques ont été développées afin de permettre
l'analyse systématique de signatures mutationnelles a partir de catalogues de mutations somatiques,
et ainsi d'estimer le nombre de mutations attribuables a chaque signature mutationnelle dans des

y . . .. 1 105,110-112
échantillons individuels '0*10>11°

. De fagon importante, ces méthodes, initialement développées a
partir de données de séquengage d'exomes ou génomes tumoraux, ont récemment été appliquées avec
succes a l'analyse d'échantillons séquencés par panels NGS de 1-2 Mégabases (Mb), notamment en
présence d'hypermutation **''"*!'* Ceci les rend potentiellement applicables aux données de
séquencgage obtenues dans le cadre de la pratique clinique courante, par exemple pour la détermination

des sous-types moléculaires des gliomes.
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Figure 10. Processus mutationnels exogénes et endogénes contribuant a 'accumulation de mutations
somatiques dans les tumeurs humaines et technique d'analyse des mutations ponctuelles (SNV, single
nucleotide variants). S'il existe de trés nombreux processus mutationnels fruits de diverses combinaisons de
dommages et de capacités de réparation de I'ADN, le nombre de mutations ponctuelles différentes se limite a
6 lorsque seul le nucléotide mutant est pris en compte. Cette limite est contournée par l'inclusion lors de
I'analyse du contexte trinucléotidique de chaque variant, permettant d'augmenter le nombre de combinaisons

possibles a 96, et d'augmenter la spécificité¢ de I'analyse des processus mutationnels opérationnels.

Outre la caractérisation des processus mutationnels, ces progres ont permis d'estimer de fagon
précise le nombre de mutations somatiques dans chaque échantillon tumoral par le calcul de la charge
mutationnelle (nombre de mutations somatiques par Mb). Méme s'il n'existe actuellement pas de
méthode référence pour le calcul de la charge mutationnelle ni de seuil permettant de définir
I'hypermutation (dans les travaux reposant sur des exomes, ce seuil est habituellement fixé a 10
mutations par Mb), 1'analyse de grands nombres d'échantillons a permis d'identifier des tumeurs se
distinguant des autres du fait de la présence d'une charge mutationnelle particuliérement ¢levée ; ces
¢chantillons sont dits hypermutants. La charge mutationnelle est influencée par le type de tumeur
(notamment le nombre de réplications cellulaires nécessaires au processus de transformation) et les
processus mutationnels opérants. Tous types de cancers confondus, ces facteurs ne contribuent qu'a
des variations modestes de la charge mutationnelle et la majorité des cancers — notamment les gliomes
— ont un nombre relativement faible de mutations somatiques (Figure 11a). Certains cancers comme
le cancer colorectal, le mélanome ou le cancer pulmonaire sont au contraire fréquemment associés a

un phénotype hypermutant '®*. L'hypermutation peut étre causée par des facteurs environnementaux
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(e.g. exposition aux UV ou aux cancérogeénes du tabac), par une dérégulation des enzymes de la
famille des cytidine désaminases APOBEC, ou encore par des anomalies de réplication (mutations

des principales polymérases Pole et Pold1) ou de réparation de 'ADN (déficit du systétme MMR

103,105,113
notamment) .
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Figure 11. Analyse de la charge mutationnelle dans les tumeurs du TCGA (a) et réponse aux
immunothérapies par inhibiteurs de checkpoints immunitaires dans des cancers avec charge

mutationnelle élevée (b, mélanomes) ou faible (c, glioblastomes) (d’aprés Alexandrov et al. > [a], Larkin

115 116
).

et al. "~ et Reardon et al.

Alors que les travaux sur les processus mutationnels se focalisaient initialement sur la meilleure
compréhension des facteurs participant aux processus d'oncogenése et visant a prédire la trajectoire
évolutive des cancers et I’accumulation de mutations supplémentaires, des données récentes indiquent
que I'hypermutation pourrait représenter un facteur prédictif de réponse aux traitements par
inhibiteurs de checkpoints immunitaires (ICI) chez les patients atteints de cancer ''""*°. Les ICI (e.g.
anticorps monoclonaux anti-PD-1, PD-L1, CTLA-4) sont des traitements dirigés contre des
récepteurs membranaires (points de contrdle du systéme immunitaire) essentiels dans le processus

d’activation des cellules immunitaires. Les ICI ont pour objectif principal de lever I’inhibition de la
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réponse immunitaire anti-tumorale effectrice (e.g. par les lymphocytes cytotoxiques) induite par
l'expression de points de contrdle du systéme immunitaire les cellules tumorales. Ces traitements ont
démontré une efficacité impressionnante dans plusieurs types tumoraux, notamment certains cancers

123,124,130,131
BB o qrautres cancers

avec déficience MMR (e.g. cancers colorectaux et de l'endometre)
hypermutants (e.g. mélanome et cancer du poumon) '>''# 12012128 (Fioyres 11b, 12). Les facteurs
pouvant expliquer cette association sont nombreux. Parmi ceux-ci, il a ét¢ démontré que les cancers
hypermutants présentent une augmentation significative de leur charge en néoantigénes, ce qui les

\

rend plus susceptibles a une reconnaissance par les cellules effectrices du systéme immunitaire
19122132 A T'inverse, Dans les cancers avec charge mutationnelle habituellement faible comme les
gliomes malins, les traitements par ICI ont montré des résultats trés modestes (Figure 11c) ''°. De
facon importante, plusieurs observations cliniques récentes ont rapporté une efficacité significative
des traitements par ICI chez des patients atteints de gliome malin avec phénotype hypermutant
H7126127 (Rioure 12). Néanmoins, ces observations se limitaient & de rares cas survenant dans des
contextes relativement uniques (e.g. syndrome de déficience constitutionnelle des génes MMR). Leur

applicabilité dans d'autres contextes moins rares reste ainsi a déterminer.
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Figure 12. Réponse aux traitements par ICI dans des tumeurs MMR-déficientes (gauche, gliomes ;

droite, pan-cancer) (d’aprés Bouffet et al. '’ [a] et Le et al.'**).

Ainsi, nous disposons désormais de méthodes permettant d'établir une cartographie détaillée de
la charge et des signatures mutationnelles retrouvées dans de larges cohortes de tumeurs séquencées,
avec le potentiel de mieux prédire la réponse aux traitements par ICI. Nous nous sommes donc
intéressés a la question des mécanismes responsables d'hypermutation dans les gliomes et a leur

réponse éventuelle aux ICI.
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B. Hypermutation dans les gliomes

L'hypermutation dans les gliomes survient dans deux contextes trés différents. Dans un premier
cadre (hypermutation de novo), elle est retrouvée des le diagnostic initial, suggérant la mise en jeu
dans ces tumeurs de processus d'oncogenese associés a 'hypermutation. Ces tumeurs se développent
en effet le plus souvent chez des patients avec syndrome de prédisposition génétique au cancer
associés a des anomalies constitutionnelles des systémes de réplication de I'ADN (mutations des
polymérases Pole et Pold1) ou du systtme MMR '*"'**"1*° Dans un second cadre (hypermutation «
post-traitement »), I'hypermutation est absente lors du diagnostic initial mais retrouvée lors de la

879 suggérant que I'hypermutation est

récidive apres traitement notamment par agents alkylants
soit la conséquence directe du traitement, soit elle s'associe a des mécanismes de résistance au
traitement. L'analyse des signatures mutationnelles telles que décrites précédemment confirme que
ces deux cadres (hypermutation de novo et post-traitement) sont différents sur le plan mécanistique
(Figure 13). En effet, on retrouve le plus souvent dans les gliomes avec hypermutation de novo des
signatures mutationnelles associées aux déficiences MMR (e.g. signatures COSMIC 6, 15 ou 20) ou
des polymérases Pole et Pold1 (signature COSMIC 10), alors que les gliomes avec hypermutation
post-traitement présentent une signature mutationnelle formée par une trés grande majorité de
transitions C>T au niveau de régions CpC et CpT, la signature 11 '®. Bien que 1'étiologie de la

signature 11 reste inconnue, elle se rapproche de signatures observées dans des modeles in vitro

exposés aux agents alkylants ',
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Figure 13. Signatures mutationnelles retrouvées dans les gliomes avec charge mutationnelle faible (en

bleu) ou avec hypermutation de novo (vert) ou post-traitement (rouge) (d’aprés Alexandrov et al.'™). Le

spectre mutationnel de la signature 11 est représenté en bas.

1. Hypermutation dans les gliomes lors du diagnostic initial

Cette catégorie regroupe quatre principaux cadres, tous rares ou exceptionnels :

- Syndrome de prédisposition génétique au cancer causés par une déficience mono-allélique du

‘ 113,135,139,141
systtme MMR 3,135,139,141,

- Syndrome de prédisposition génétique au cancer causés par une déficience bi-allélique du

‘ 113,134,136-138,142,
systtme MMR "™ ;

- Syndrome de prédisposition génétique au cancer causés par des mutations constitutionnelles

des polymérases Pole et Poldl 13,143,
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- Anomalies somatiques du systtme MMR ou des polymérases Pole et Pold1 26127144,

a) Déficiences du systeme MMR

Les gliomes malins associés a des déficits constitutionnels ou somatiques du systtme MMR

sont trés rares : ils représentent moins de 1% des gliomes diffus dans le TCGA (Figure 14) *’.
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Figure 14. Fréquence des mutations des principaux génes du MMR dans des gliomes malins séquencés

lors du diagnostic initial (données TCGA 6’7).

Des déficits constitutionnels du systtme MMR sont retrouvés dans deux syndromes de
prédisposition au cancer : le syndrome de Lynch — le syndrome de prédisposition génétique au cancer
le plus fréquent (1/800-1/1000 dans la population générale) — et le déficit constitutionnel bi-allélique
de réparation des mésappariements (CMMRD), beaucoup plus rare. Ces syndromes sont causés par
des mutations mono- ou bi-alléliques germinales des genes MMR (MSH2, MSH6, MLH1, PMS?2) ou
plus rarement par mutation du géne EPCAM responsable d'une inactivation épigénétique de MSH?2.
Dans le syndrome de Lynch, 1'inactivation somatique du second all¢le sauvage par mutation ou perte
d'hétérozygotie entraine une perte de la fonction du MMR '*. Les patients atteints de syndrome de
Lynch développent le plus souvent des carcinomes (e.g. cancer colorectal, de I'endométre, urothélial,
gastrique, pancréatique et de l'intestin gréle). La raison pour laquelle certains patients développent

113,135,139,141,146 Al

des gliomes malins plutdt que des carcinomes est inconnue inverse, les patients

atteints de CMMRD développent le plus souvent des hémopathies malignes, des carcinomes
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113,134,136-138,142

colorectaux et des gliomes malins dans 1'enfance ou 'adolescence . Les patients atteints

de syndrome de Lynch ou de CMMRD développant des gliomes malins ont un pronostic sombre.

Sur le plan moléculaire, bien que l'ensemble des gliomes associés au CMMRD soient
hypermutants, on ne sait pas si la méme chose est vraie dans le syndrome de Lynch. Sur le plan du
diagnostic, les gliomes avec déficience MMR semblent présenter des différences importantes avec
d'autres cancers avec déficience MMR comme les cancers colorectaux. Des données issues de patients
avec syndrome de Lynch ou CMMRD suggerent en effet que le phénotype MSI — marqueur diagnostic

J4

utilisé en pratique clinique courante et fortement corrélé a la déficience MMR dans les cancers

147,14
colorectaux 47148

— pourrait étre absent dans les gliomes malins ****"**137 TLes mécanismes sous-
tendant ces différences ne sont pas connus. En pratique clinique, cette particularité peut rendre
difficile le diagnostic de déficience MMR chez un patient atteint de gliome. Etant donné la fréquence
des mutations MSH6 et PMS? et les difficultés d'interprétation de la technique dans les gliomes, il est
préférable d'utiliser 'immunohistochimie des quatre protéines MMR (MSH2, MSH6, MLH1, PMS2),
si possible en association a un séquencage des génes MMR plus ou moins associé a une étude de la

charge et des signatures mutationnelles. L'application de ces techniques a permis 1'établissement

récent au laboratoire de lignées de gliomes dérivées de patients atteints de syndrome de Lynch (Figure
15).
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Figure 15. Etablissement d'une lignée de gliome malin dérivée d'une patiente avec mutation germinale

MSH?2. Haut, gauche : immunohistochimie des principales protéines MMR (MSH2, MSH6, MLH1, PMS2) et
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coloration & I'hématoxyline et a I'éosine sur la tumeur de la patiente. Bas, droite : gliomasphéres dérivées de la
tumeur en culture in vitro. La présence de la mutation tronquante de MSH?2 et d'un phénotype hypermutant

avec signature mutationnelle MMR a été confirmée dans la tumeur et la lignée.

b) Déficiences des polymérases Pole et Polo1

Les génes POLE et POLDI codent pour les principales ADN polymérases Pole et Pold1 qui
ont un réle dans la fidélité de réplication de ’ADN (fonction proofreading) et interviennent dans
divers mécanismes de réparation de 1'ADN (e.g. BER, NER et MMR). Les mutations
constitutionnelles des génes POLE et POLDI sont principalement retrouvées dans des familles
atteintes de cancers colorectaux ou de polypes coliques adénomateux multiples. Ces mutations sont
situées dans le domaine exonucléase des geénes. Dans des cas exceptionnels, de telles mutations ont

113,14 .
319 Des mutations

¢galement ¢été rapportées chez des patients atteints de gliomes malins
somatiques domaines exonucléase des génes POLE et POLDI sont également observées chez des
patients atteints de gliomes malins, notamment en tant qu'événements secondaires chez des patients
avec déficience bi-allélique du systéme MMR 13> Sur le plan moléculaire, on retrouve souvent
dans les gliomes malins avec déficience Pole ou Pold1 un phénotype dit « ultra-hypermutant » — c'est
a dire avec une charge mutationnelle dépassant 100 mutations par Mb — associé a une signature
mutationnelle 10. Des cas de réponse aux traitements par ICI ont été¢ rapportés chez des patients

. . . ’ . 117,126,12
atteints de gliomes malins avec déficience Pole 7126127,

2. Hypermutation dans les gliomes lors de la récidive apreés traitement

Il s'agit du cas le plus fréquemment rapporté dans la littérature avec des premiéres observations
remontant & 2006 chez des patients traités par témozolomide “*"°. Chez ces patients, alors que la
tumeur initiale ne présentait pas d'hypermutation, on retrouvait sur des prélévements tumoraux
réalisés aprés traitement par témozolomide une élévation significative de la charge mutationnelle.
Outre la présence d'hypermutation, on notait dans ces tumeurs récidivante la présence fréquente de
mutations touchant les génes du MMR **”* 1l est important de noter ici que la majorité de ces
mutations des genes MMR étaient des mutations faux-sens non caractérisées sur le plan fonctionnel.
Ceci rendait difficile la détermination de leur caractére driver (i.e. responsable du phénotype

hypermutant) ou bien passenger (i.e. associ¢ au phénomene d'hypermutation). En effet, en présence
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de processus d'hypermutation, la probabilité de retrouver au moins une mutation faux-sens sur un des

genes MMR est tres €levée et directement corrélée a I'é1évation de la charge mutationnelle.

Avec l'apport des données issues de séquencage de l'exome et l'analyse d'un plus grand nombre

de paires de tumeurs (Figure 16) **°

, les caractéristiques moléculaires des gliomes avec
hypermutation post-traitement ont pu étre précisées :

1) Elévation claire de la charge mutationnelle somatique aprés traitement (Figure 16) ;

ii) Présence d'une signature mutationnelle trés spécifique (signature 11), se rapprochant de
signatures observées dans des modéles in vitro exposés aux agents alkylants '*°, formée par une trés
grande majorité de transitions C>T au niveau de régions CpC et CpT (Figures 13 et 17) ;

iil) Présence fréquente de variants de signification indéterminée des génes MMR dans les
tumeurs récidives, non retrouvés dans les prélévement initiaux (Figure 18) ;

iv) Association claire du phénoméne d'hypermutation post-traitement avec une exposition aux
agents alkylants avant la récidive (97% des récidives hypermutantes) (Figure 19) ;

v) Association avec des biomarqueurs moléculaires eux-mémes associées a une plus grande
sensibilité a la chimiothérapie par agents alkylants, comme les mutations IDH1/2 (55% des récidives

hypermutantes vs 22% des récidives non hypermutantes) et la méthylation du promoteur MGMT

(94% vs 30%) (Figure 19).
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Figure 16. Evolution clonale temporelle et spatiale chez des patients atteints de gliome diffus avec
mutation IDH1/2 (d'aprés Johnson et al.”’). a) Etablissement d'un arbre phylogénétique clonale & partir de
données de séquencage d'exome dans des gliomes malins prélevés au diagnostic initial puis lors de la récidive
apres traitement (paires). b) Histogrammes montrant le nombre de mutations somatiques dans 15 paires, dont
huit paires pré- et post-témozolomide (extrémité droite). Les mutations représentées en gris sont retrouvées
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dans [I'échantillon initial uniquement ; les mutations représentées en bleu foncé sont retrouvées dans
I'échantillon récidive uniquement ; les mutations représentées en bleu clair sont communes aux deux
échantillons. On observe une ¢lévation majeure de la charge mutationnelle dans 5/8 tumeurs récidive post-

témozolomide.

2008: 0,52 mutations / Mb

20

39 mutations)

Percentage of mutations(

2016: 77 mutations/ Mb
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Figure 17. Acquisition d'hypermutation avec signature mutationnelle 11 lors de la récidive aprés
témozolomide dans un astrocytome anaplasique avec mutation IDH1. Données issues de séquencage de

'exome (tumeurs initiale, récidive et contrdle constitutionnel).
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Figure 18. Analyses des anomalies de nombre de copies (partie haute) et de la clonalité des mutations
somatiques (bas) dans 3 paires de gliomes pré- et post-témozolomide analysées par séquencage de
'exome (d’aprés Bai et al.'*”). Chaque mutation (cercle) est représentée selon sa clonalité dans 1'échantillon

initial (allant de 0 [0% des cellules tumorales] a 1 [100% des cellules tumorales] sur I'axe des abscisses) et
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récidive (idem sur l'axe des ordonnées). Les mutations des génes MMR sont représentées par des cercles

jaunes.

a
Dataset Coverage Hypermutated Hypermutated recurrences
recurrences
IDH1/2 MGMT Prior Prior AA
mutated meth RT therapy
IDH1/2wt GBM TCGA, WES 19 7 (36%) 0% 86% 86% 100% 100%
Nature 08
Kim, Cancer WES 35 1 (3%) 100% 100% 100% 0% 100%
Cell 15
. Kim, Gen WES/WGS 23 5 (22%) 20% 100% 100% 100% 100%
Mixed Res 15
Wang, Nat WES 93 17 (15%) 65% NA 94% 100% 100%
Gen 2016
Johnson, WES 14 5 (36%) 100% 100% 80% 0% 100%
Science 14
IDH1/2-mutLGG { g4 NatGen WES 18 3(17%) 100%  NA 100% 67%  67%
2016
b Hypermutated recurrences (n = 38):

- 55% IDH1/2-mutant

- 94% MGMT methylated

- 92% have MMR mutations

- 97% received alkylating agents

Non-hypermutated

Recl;:roe/nces Non-hypermutated recurrences (n = 164):
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—_— - 20% IDH1/2-mutant
- 30% MGMT methylated
- 5% have MMR mutations

Figure 19. Synthése des études de paires de gliomes malins pré- et post-traitement montrant l'association
du phénoméne d'hypermutation avec les antécédents d'exposition aux agents alkylants et la présence de
mutation IDH1/2 et/ou de méthylation du promoteur MGMT (d’aprés TCGA'”, Bai et al."”, Wang et
al.”, Kim et al.”?, Kim et al.”, et Johnson et al.”®). Les « trios » désignent des échantillons pour lesquels les
données de séquencage d'exome ou de génome sont disponibles pour les tumeurs initiale, récidive et le controle

constitutionnel.

Ces observations suggerent l'existence d'un lien mécanistique entre acquisition de résistance a
la chimiothérapie, apparition dun phénotype hypermutant et présence de mutations dans les génes
MMR dans les gliomes malins traités par t¢émozolomide. Cependant, plusieurs points remettent en
question ce lien potentiel. D'une part la signature mutationnelle des gliomes avec hypermutation post-
traitement (signature 11, parfois dénommée signature « témozolomide ») est unique et se distingue

notamment des signatures mutationnelles observées dans les cancers MMR-déficients (signatures 6,
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15 ou 20) ', Certains auteurs ont émis I'hypothése que la signature 11 pourrait étre la conséquence
directe de l'exposition au témozolomide *°. Néanmoins, cette signature mutationnelle n'est pas
retrouvée dans la majorité des gliomes malins traités par témozolomide (Figure 19) ***°. A titre de
comparaison, dans les mélanomes ou les cancers pulmonaires, l'exposition aux UV ou aux
carcinogénes du tabac se traduit par la détection de signatures mutationnelles spécifiques associées
(signatures mutationnelles 4 et 7 respectivement) dans la vaste majorité des échantillons exposés a
ces mutagénes ', Ceci suggére que la seule exposition au témozolomide n'est pas suffisante pour
causer le développement d'une hypermutation avec signature 11. D'autre part, malgré que le fait les
déficits MMR sont fortement suspectés de contribuer a 1'acquisition d'hypermutation et de résistance
au témozolomide, les gliomes avec hypermutation post-traitement présentent des caractéristiques
uniques les distinguant des autres cancers MMR-déficients, notamment I'absence de phénotype MSI.

. . \ . 7 s e s » 150,151
Ceci a conduit d'autres auteurs & remettre en cause ce lien mécanistique initialement suspecté "',
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IV. Hypothéses et objectifs

Collectivement, les données de la littérature convergent vers l'existence d'un lien mécanistique
entre hypermutation post-traitement, déficit du systtme MMR, et résistance au témozolomide dans
les gliomes malins >7*""'°!_ Si des avancées significatives ont été accomplies dans ce domaine, le
mécanisme précis sous-tendant un tel lien reste indéterminé et plusieurs questions importantes

pouvant contribuer a améliorer la prise en charge des patients restent a résoudre :

1) Existe-t-il une association entre hypermutation (de novo et post-traitement) et certaines
caractéristiques clinico-moléculaires (e.g. sous-type moléculaire, méthylation promoteur MGMT,
pattern de traitement) dans les gliomes malins ? Ceci permettrait de mieux prédire et éventuellement
prévenir le risque d'émergence d'un tel phénomene dans certaines tumeurs a plus haut risque. De
méme, I'impact pronostique — positif ou négatif — de I'hypermutation dans ces tumeurs n'a jamais été
¢tudié. Répondre a ces questions nécessite I'analyse d'un grand échantillon de tumeurs annotées sur
le plan clinique, or les précédentes études ne disposaient que d'un nombre d’échantillons tres limité

(au maximum 17 tumeurs hypermutées) **°.

2) La déficience MMR est-elle suffisante pour produire une résistance au témozolomide ou bien
d'autres facteurs sont-ils nécessaires > > '°! ? Produit-elle de fagon équivalente une résistance aux
autres agents alkylants comme le CCNU ? Ceci nécessite I'é¢tude systématique de la réponse aux
agents alkylants dans un large échantillon de lignées cellulaires (PDCL) et de xénogreffes (PDX)
dérivées de patient et reflétant la biologie de ces tumeurs, y compris ces modeles isogéniques de

gliomes avec déficience MMR.

3) Quel mécanisme sous-tend le développement d'hypermutation post-traitement avec signature
11 ? Cette signature est le plus fréquemment retrouvée dans des gliomes avec mutations MMR, mais
elle différe des autres signatures associées a la déficience MMR et chacune sont retrouvées dans des
groupes distincts de gliomes. Les mutations MMR des gliomes avec hypermutation post-traitement
pourraient étre de simples événements passenger directement créés par le t¢émozolomide et 1'é1évation
de la charge mutationnelle, ou bien étre responsables de la signature 11 et de I'acquisition de résistance

au témozolomide.
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4) L'hypermutation s'associe-t-elle a une meilleure réponse aux traitements par ICI comme dans
' 17-130 o R : . U . .
d'autres types de cancer ? Bien que les gliomes soient associés & un microenvironnement
hautement immunosuppresseur, des travaux récents suggerent que les gliomes hypermutés pourrait
S . 117,126,12 . . 4 : .
bénéficier des ICI '"'?*1%7 Ces observations proviennent néanmoins de contextes relativement

uniques (e.g. CMMRD) et leur applicabilité dans d'autres contextes reste a déterminer.

Afin de répondre a ces questions, nous avons caractérisé la charge et les signatures
mutationnelles dans un trés large échantillon de gliomes séquencés par panels NGS (10.294 tumeurs
dont 558 hypermutantes) et étudié¢ les associations entre hypermutation et caractéristiques clinico-
moléculaires dans cette cohorte. Nous avons étudié le lien mécanistique entre hypermutation avec
signature 11, déficit du systeme MMR, et résistance aux agents alkylants dans des mode¢les de gliomes
malins. Enfin, nous avons étudié l'impact de 1'hypermutation sur le pronostic des patients atteints de

gliome et sur leur réponse aux traitements par ICI.
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INTRODUCTION

I. Study context

Primary central nervous system (CNS) tumors form a heterogeneous set of benign or malignant
pathologies affecting children and adults. According to the 2016 World Health Organization (WHO)
classification, there are five main types of primary CNS tumors: tumors of the meninges,
neuroepithelial tumors, germ cell tumors, tumors of the sellar region and hematopoietic tumors .
These five types are themselves subdivided into several histological subtypes forming a total of more
than 150 distinct tumor types with highly heterogeneous biological and clinical characteristics.
Malignant gliomas constitute the majority of neuroepithelial tumors and more than 80% of primary
malignant CNS tumors >. While belonging to the group of rare cancers (annual incidence of less than
6/100.000 people), malignant gliomas represent a particular public health issue due to the morbidity
associated with their development in the CNS, the complexity of their diagnosis and monitoring, and
their incurable nature. The management of patients with malignant glioma is very heterogeneous,
ranging from simple monitoring for certain tumors do not significantly progress (grade I according
to the WHO) to heavy treatments combining surgery, radiotherapy and chemotherapy for the most
aggressive tumors (grade IV according to the WHO). For the latter, therapeutic progress over the past
15 years remains very modest (median survival of around 18 months). In addition, even initially less
aggressive tumors (grades I and IIT according to WHO) most often end up progressing to a treatment
refractory stage and are responsible for death in the majority of patients. A better characterization of
the mechanisms of resistance to treatments is therefore essential to improve the survival of patients

with malignant glioma.

Advances in the understanding of the biology of gliomas have led to the identification of
molecular alterations in DNA representing valuable tools for the clinic *"'®. These “molecular
biomarkers” have applications for diagnosis (subtype definition) as well as for the prediction of
prognosis and response to treatments. In malignant gliomas, mention may be made of mutations in
Université Paris-Saclay
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the IDHI and IDH2 genes (hereinafter /DHI/2 mutations) and co-deletion of the 1p and 19q
chromosomal arms (1p/19q co-deletion). These founding molecular alterations (“drivers”), associated
with the development of diffuse astrocytomas and oligodendrogliomas, are today essential tools for
diagnosis and for the stratification of treatments. The advent of molecular biomarkers represents a
paradigm shift for the management of patients with malignant gliomas, whose diagnosis before WHO
2016 was essentially based on the histological analysis of tumors under a microscope. With the
decrease in costs associated with high throughput sequencing and the development of panels
encompassing genes and molecular alterations of interest available in the clinic, sequencing of
malignant gliomas tends to become common practice from the initial diagnosis, and we are thus led

to obtain an increasingly exhaustive molecular characterization in the clinic.

In this work, we sought to identify applications of tumor sequencing beyond the identification
of molecular subtypes as defined by WHO 2016. In Article I *°, our objective was to better understand
a phenomenon called "hypermutation", ie a significant increase in the mutational load observed in
certain malignant gliomas, and its role in the prediction of the response to chemotherapy and
immunotherapy. We focused in particular on abnormalities of the DNA mismatch repair system
(MMR), also characterized in meningeal tumors (Article 2, Annex) *°. In Articles 3- 7 (Annex) >,
we report the development of new targeted therapies targeting rare subtypes associated with specific
molecular drivers (ie gliomas with activating BRAF mutations, gliomas with I/DH1/2 mutations,
gliomas with alterations of the PI3K pathway , gliomas with ATG7-RAFI fusion). Collectively, this
work uncovers novel genetic modifications associated with resistance or response to treatments in
certain gliomas and contributes to a better understanding of the still limited efficacy of

immunotherapy in these tumors.
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II. Neuroepithelial tumors: definition and treatments

A. Classification and epidemiological data

Primary CNS tumors constitute a heterogeneous set of benign or malignant pathologies
affecting children and adults. They develop from specialized cells that form the tissues of the CNS
(brain, medullary, ependymal and pituitary parenchyma, vessels and meninges). They are opposed to
secondary tumors (that is, metastases) that initially develop from another organ. The reference
classification for diagnosing CNS tumors is that of the WHO '. Since 2016, it includes molecular
biology data enabling a so-called “integrated” diagnosis, ie a diagnosis based on the joint analysis of
the histology and identification of genetic alterations associated with histomolecular subtypes. Some
CNS tumors are indeed driven by specific biologic pathways defined by the acquisition of genetic
alterations such as IDH1/2 mutations and the 1p/19q co-deletion. In addition to these molecular
abnormalities, the diagnosis is based on the location, degree of differentiation, and phenotype of the
cells forming the tumor. In all, there are five main types of primary CNS tumors: tumors of the
meninges, neuroepithelial tumors, germinal tumors, tumors of the sellar region and hematopoietic
tumors '. Neuroepithelial tumors, representing more than 80% of primary malignant tumors CNS *

(Figure 1), are the subject of this thesis.

Neuroepithelial tumors originate either in neurons or in cells that form the environment of
neurons (glial cells) or their precursors. The WHO 2016 classification distinguishes eight main
categories of neuroepithelial tumors, the vast majority of which are malignant gliomas (group of
"Astrocytic and oligodendroglial glial tumors") (Table 1). In addition to the determination of the
subtype, the histological diagnosis of neuroepithelial tumors makes it possible to assign these tumors
a grade of malignancy ranging from grade I (tumors potentially curable in the event of complete
resection such as pilocytic astrocytomas), to grade IV (the most aggressive tumors, mainly
represented by glioblastomas). This grade depends on the presence of histological characteristics
associated with a risk of recurrence after surgical excision: cell density and mitotic activity,
cytonuclear atypia, endotheliocapillary proliferation and necrosis '. It thus reflects the aggressiveness

of the tumors and guides the therapeutic strategy.

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



Malignant

“’fllil!]?g g;lt All Other Megigog/ioma Non-Malignant
; Malignantc “°”° Meningioma
31.5% 5.6% 36.3%

All Other
Malignant Glioma
10.6%

Glioblastoma
14.9%

Non-Malignant

Non-Malignant
9 Pituitary Tumors

Glioma 16.2%
1.1% Al Other  Non-Malignant e :
Non-Malignant® Nerve Sheath Non_Ma“gnant
6.6% Tumors N = 2601174
8.4% 68.5%

Figure 1. Distribution of primary CNS tumors in the United States over the period 2010-2014 (from

Ostrom et al. 2).

Neuroepithelial tumors belong to the group of rare cancers (annual incidence of less than 6/100
000 people) . Frequent in children (2nd most common cancer after hematologic malignacies),
malignant neuroepithelial tumors then have a low incidence up to the age of 40. Beyond that, the
incidence rate increases to reach a peak between 80 and 84 years of age of approximately 35/100.000
people. The mortality curves follow trends comparable to those described for incidence. The most
common subtype (55% of neuroepithelial tumors) - and also the most aggressive - is glioblastoma,
the incidence of which in industrialized countries is estimated at 3.2 / 100.000 people . Between
1990 and 2018, the annual number new cases of neuroepithelial tumors almost doubled, with a slight
slowdown in the increase in incidence observed from 2010. This increase seems to be attributable

half to an increased risk and half to the aging of the population.
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Table 1. Simplified classification of neuroepithelial tumors according to WHO 2016.

Histologie (altérations moléculaires associées)

Tumeurs gliales astrocytaires et oligodendrogliales
Astrocytome diffus (/DH1/2-muté ou -sauvage ou NOS)
Astrocytome anaplasique (/DH1/2-muté ou -sauvage ou NOS)
Glioblastome (IDH1/2-muté ou -sauvage ou NOS)
Oligodendrogliome (IDH1/2-muté et codélété 1p19q)
Oligodendrogliome anaplasique (IDH1/2-muté et codélété 1p19q)
Gliome infiltrant du tronc cérébral (H3F3A4-muté)

Autres tumeurs astrocytaires et gliales
Astrocytome pilocytique
Gliome chordoide du 3™ ventricule
Xanthoastrocytome pléomorphe
Xanthoastrocytome pléomorphe anaplasique
Astroblastome

Tumeurs épendymaires
Ependymome myoxopapillaire
Ependymome (avec ou sans fusion RELA)
Ependymome anaplasique

Tumeurs des plexus choroides
Papillome du plexus choroide
Carcinome du plexus choroide

Tumeurs neuronales et glioneuronales
Tumeur dysembryoplasique neuroépithéliale
Gangliogliome
Gangliogliome anaplasique
Gangliocytome dysplasique du cervelet
Tumeur glioneuronale papillaire
Tumeur glioneuronale formant des rosettes du quatriéme ventricule

Tumeurs de la région pinéale
Tumeur papillaire de la région pinéale
Pinéaloblastome

Tumeurs embryonnaires
Médulloblastome
Tumeur embryonnaire avec rosettes pluristratifiées

Tumeurs rhabdoides/tératoides atypiques (avec perte SMARCBI)
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Grade II
Grade II1
Grade IV
Grade II
Grade II1
Grade IV

Grade I
Grade I1
Grade I1
Grade II1
Non défini

Grade |
Grade 11
Grade 111

Grade |
Grade 111

Grade I
Grade I
Grade II1
Grade I
Grade I
Grade I

Grade II ou III
Grade IV

Grade IV
Grade IV
Grade IV



*NOS : « not otherwise specified », tumors for which the molecular status has not been determined with cer-

tainty (lack of genotyping or incomplete genotyping).

Apart from rare cases (less than 5% in total) occurring in contexts of exposure to ionizing
radiation (for instance, history of brain radiotherapy) or cancer predisposition syndromes (Table 2),
neuroepithelial tumors are sporadic tumors with complex genetics and to date have no recognized
etiological factor. Genome-wide association studies (GWAS) have nevertheless enabled the recent
identification of several polymorphisms associated with the risk of developing malignant glioma (in
particular the 5p15.33, 7p11.2, 8q24 loci .21, 9p21.3, 11g23.3, 17p13.1, and 20q13.33 near the TERT,
EGFR, MYC, CDKN2A4, PHLDBI, TP53 and STMN3 genes) 2627 A better characterization of the

functional basis of these polymorphisms could provide a better understanding of the mechanisms

contributing to the development of malignant gliomas.

Table 2. Cancer predisposition syndromes associated with the risk of neuroepithelial tumor.

Syndrome de prédisposition génétiques au cancer
Syndrome de Lynch
Syndrome de déficience constitutionnelle des génes MMR (CMMRD)

Gene(s) implique(s)
MLHI, MSH2, MSH6, PMS?2
MLHI, MSH2, MSH6, PMS?2

Syndrome de von Hippel-Lindau VHL
Syndrome de Turcot A APC
Syndrome astrocytome-mélanome CDKN24
Syndrome de Gorlin PTCHI
Sclérose tubéreuse de Bourneville TSC1, TSC2
Syndrome de Cowden PTEN
Syndrome de Li-Fraumeni TP53
Neurofibromatose de type 1 NF1
Neurofibromatose de type 2 NF2
Syndrome de prédisposition aux tumeurs rhabdoides SMARCBI
Syndromes associés aux mutations constitutionnelles POLE et POLD1 POLE, POLD1

B. Diagnosis: molecular subtypes, prognostic factors

CNS tumors can present with widely varying symptoms and clinical manifestations from

patient to patient, depending primarily on the size and rate of lesion growth and their location in the
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CNS **3° The main modes of disclosure are epileptic seizures, focal neurological deficits and/or

cognitive or behavioral disorders, and intracranial hypertension syndrome (Figure 2).

Figure 2. Left fronto-parietal tumor corresponding to a high-grade glioma in a 64-year-old patient. (a)
Cerebral MRI in axial T1 sequence after injection of contrast product. (b) Histological section after staining

with hematoxylin and eosin

Imaging and in particular nuclear magnetic resonance imaging (MRI) are key for the diagnosis
and follow-up of patients **>°. The definitive diagnosis nevertheless requires the pathological analysis
of the tumor tissue obtained after tumor resection (partial or complete) when the tumor is operable,
otherwise by biopsy. In addition to the therapeutic effect in the event of resection, the surgery provides
tumor material for diagnostic, and possibly research purposes. The diagnostic approach is based on
the combination of histological and molecular analyzes allowing the classification of malignant
gliomas in four main categories: oligodendrogliomas (with both an /DH1/2 mutation and 1p/19q co-
deletion), diffuse astrocytomas (with an IDH1/2 mutation, without 1p/19q co-deletion), glioblastomas
(without IDH1/2 mutation or 1p/19q co-deletion), and other rarer subtypes of glioma '. These
techniques can be combined according to algorithms combining several sequential analyzes enabling
to obtain a final diagnosis (Figure 3):

- immunohistochemistry, for instance for the dominant IDH1 mutation (R132H) *';

- search for hotspot mutations by PCR then Sanger sequencing or pyrosequencing >>*>;

- next generation sequencing (NGS) analysis of panels of genes associated with cancer allowing

the simultaneous search for numerous recurrent molecular abnormalities (hotspot mutations,

. . . 4-
other mutations, copy number anomalies, fusions) **7%;
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Figure 3. Main subtypes of diffuse glioma and diagnostic strategy according to the determination of

IDH1/2 and 1p/19q statuses. T Status obtained by immunohistochemistry or sequencing.

The prognosis of malignant gliomas is very heterogeneous depending on the different subtypes
(Figure 4), and also varies considerably within the same histological subtype. This variability is
influenced by patient-related factors (e.g. age, general condition), the extent of surgical excision, as
well as intrinsic sensitivity to adjuvant treatments by radiotherapy and chemotherapy. In addition to
IDH1/2 mutations and the 1p/19q co-deletion, both associated with a better response to adjuvant

42-4
treatments ***°

, the methylation of the promoter of the DNA repair enzyme O6-methylguanine-DNA-
methyltransferase (MGMT) has been associated with a better response to chemotherapy with
alkylating agents (see next section) *°. These biomarkers enable an - imperfect - prediction of the
prognosis and an aid in the therapeutic decision in the most frequent gliomas. In the rarer tumors,
certain molecular biomarkers are explored but the limited numbers and the heterogeneity of the

therapeutic modalities are obstacles for the validation of their clinical relevance.

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



—%— LGG with IDH mutation and
1p/19q codeletion (N=284)
—— LGG with IDH mutation and
no 1p/19q codeletion (N=139)
~5— LGG with wild-type IDH (N=55)
—#— GBM with IDH mutation (N=24)
—#— GBM with wild-type IDH (N=373)

80 ¥

60+

P<0.001 by log-rank test

40+

Overall Survival (%)

20

Years since Diagnosis

Figure 4. Survival associated with the molecular subtypes of diffuse gliomas included in the TCGA (from
Brat et al. ’). Abbreviations: IDH (IDH1/2 genes) LGG, lower grade glioma (grade II and III gliomas); GBM,

glioblastoma (glioblastoma).

C. Treatments: role of alkylating agents

The standard treatment for malignant gliomas includes surgery, radiotherapy and chemotherapy
2830 The first step of the treatment is most often surgery, which when possible is offered either upon
initial diagnosis in high-grade gliomas, or after an initial observation period in grade II diffuse
gliomas. Despite the absence of randomized trials, several surgical series have shown a significant
impact of complete or subtotal resection on overall survival *"°. However, the location in the brain
and the invasive nature of gliomas make complete surgical removal often difficult. Depending on the
location of the tumor, the use of awake surgery and functional mapping techniques can optimize the
extent of resection, increase the percentage of patients who can benefit from resection in functional
regions, and reduce the risk of postoperative neurological deficits. In addition to the potential overall
survival benefit, surgical excision often results in rapid improvement in certain symptoms such as

intracranial hypertension or epilepsy.
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Radiation therapy is delivered at doses (54-60 Gy) and fractions (15-30 sessions) which vary
according to the histological diagnosis (in particular grade and molecular subtype) and the patient (in
particular age and general condition). Except in some rare instances where protons can be indicated,
conventional electron beam techniques are generally used. The radiation therapy targets the tumor
volume to which margins are added in order to target possible areas of tumor infiltration. This
treatment exerts antitumor effects on glial cells, in particular by inducing DNA breaks and reactive
oxygen species, and often reduces epileptic seizures. In grade III or IV gliomas, radiation therapy is
usually offered upon initial diagnosis after surgery or biopsy. In grade II diffuse gliomas, the optimal
timing of brain radiation therapy is not well codified. Early radiation therapy prolongs progression-
free survival but not overall survival ', and likely increases the risk of cognitive disorders in the long
term. Strategies aiming at postponing radiotherapy treatment are currently being evaluated in the most

chemosensitive subtypes such as oligodendrogliomas.

The chemotherapy of malignant gliomas consists of regimens based on alkylating agents which
exert anti-tumor effects on the glial cells and have the advantage of having good blood-brain barrier
penetration (Figure 5a). The concept of chemotherapy with alkylating agents arose from the
observation by Edward Krumbhaar in 1919 that Canadian soldiers who had been exposed to mustard
gas suffered from respiratory distress and lymphoid aplasia *%. Today, there are 7 major families of
'classic' alkylating agents among which molecules of the nitrosourea (carmustine, lomustine) and
triazene hydrazines families (temozolomide, procarbazine) are the most frequently used in the

treatment of gliomas .

These treatments are delivered according to 3 main protocols:
polychemotherapy with PCV (procarbazine and lomustine combined with the vinca alkaloid
vincristine) or monotherapy with temozolomide or lomustine. These protocols in combination with
radiotherapy have demonstrated survival benefits ranging from 2.5 months with temozolomide in
glioblastoma to 5.5 years with the PCV protocol in grade II gliomas ***~*>°. However, despite their
efficacy of these agents, malignant gliomas almost systematically develop resistance mechanisms
leading to relapse. Identifying, understanding and circumventing these resistance mechanisms is a

major objective of the ongoing preclinical and clinical research.
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D. Mechanism of action of alkylating agents

Among the alkylating agents used in gliomas, the 2 molecules considered to be the most
effective are temozolomide and lomustine (cis-chloroethylnitrosourea [CCNU] or its analogue
carmustine, bis-chloroethylnitrosourea [BCNU]) (Figure 5a). Temozolomide is an alkylating agent
from the triazene hydrazine family. It is a prodrug activated at physiological pH via enzyme-
independent hydrolysis followed by decarboxylation forming 5-mehyltriazenoimidazole-4-
carboxamide (MTIC) then 5-aminoimidazole-4-carboxamide and finally its species reactive, the
methyldiazonium ion which methylates DNA °. Lomustine (cis-chloroethylnitrosourea, CCNU) and
carmustine (bis-chloroethylnitrosourea, BCNU) are chloroethylnitrosoureas metabolized into 2 active
compounds: diazohydroxide responsible for chloroethylation of DNA , and isocyanate responsible

for protein carbamoylation ®'.
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Figure 5. Main types of alkylating agents used for the treatment of malignant gliomas (a) and their
biological effects on DNA (b) (after Fu et al. >3 [a-b] and Preston et al. 62 [e]). Note that some lesions

induced by alkylating agents occur spontaneously under physiological conditions (c).

Biologically, alkylating agents are electrophilic organic compounds capable of reacting with
nucleophilic radicals (e.g. -SH, -OH, -COOH or -NH2) found in proteins and nucleic acids ****. At
the DNA level, these interactions result in the formation of different types of adducts covalently linked
to the DNA on preferential sites, mainly on purine bases (N1-adenine, N3-adenine, N7-guanine, O6-
guanine , etc.) (Figure 5b). The N7 nitrogen of guanine is the main target of DNA alkylation damage
(60 to 80% of all adducts) **. Depending on the types of adducts they produce, alkylating agents are
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said to be mono- (single nucleotide adduct) or bi-functional (adduct connecting two adjacent
nucleotides to form inter- or intra-strand bridges). These adducts modify the structure of the double
helix, prevent DNA replication and transcription (especially inter- or intra-strand adducts), and induce
single- or double-strand breaks in DNA. This leads to the activation of repair systems and possibly to
apoptosis of the damaged cell in the event of irreversible damage. Importantly, some DNA damage
caused by alkylating agents (e.g. N7-methylguanine, N7-methyladenine, O6-methylguanine) are also
frequently formed under physiological conditions (Figure 5c); cells therefore have intrinsic

mechanisms to repair these lesions.

In terms of antitumor therapy, many resistance phenomena limit the effectiveness of alkylating

agents, among which we can mention:

. . . .o . 4
- A low drug concentration due to an increase in efflux or a decrease in its entry into cells “%;

- Inactivation of the drug by detoxification mechanisms, such as the interaction with glutathione
65-67.

- Increase in the activity of DNA repair, in particular of the demethylases ALKBH2-3 and
MGMT, and the BER and NER systems (Base Excision Repair and Nucleotide Excision Repair

. 4 -72
respectively) 030872,

- Inactivation of the MMR system "%

- The expression of proteins involved in anti-apoptotic signaling such as Bcl-2 and Bel-xL .

The resistance mechanisms associated with DNA repair are by far the best characterized (Figure
6). Some of these mechanisms are redundant and their involvement thereby depends on their
availability near DNA lesions. Among these various proteins and mechanisms, the expression of the
MGMT protein and of the MMR proteins have been associated with mechanisms of resistance to

temozolomide and with the acquisition of a so-called “hypermutant” phenotype under treatment.
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Figure 6. Schematic representation of the main DNA damage caused by alkylating agents used in

gliomas and their associated repair mechanisms (from Fu et a

temozolomide. Lower part: lesions induced by chloroethylnitrosoureas.

153

). Upper part: lesions induced by

E. Temozolomide resistance: involvment of MGMT and MMR system,

« hypermutator » phenotype

Temozolomide is currently the most frequently used agent for the treatment of malignant

gliomas. The efficacy of temozolomide is thought to result mainly from the formation of O6-

methylguanine (O6-meG) adducts at the DNA level ®. Under physiological conditions, O6-meG

adducts are much less frequent than other types of lesions more frequently induced by temozolomide

such as N7-methylguanine (approximately 1: 100 ratio) °>. This partly explains the important role of

06-meG lesions in the cytotoxicity of alkylating agents. The MGMT protein allows direct repair of

06-meG lesions, as do the O6-chloroethylguanine adducts formed by chloroethylnitrosoureas.

During this repair, MGMT sequesters the methyl group of O6-meG by covalent transfer, thus
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restoring guanine to its normal state. This reaction nevertheless leads to irreversible inactivation of
the protein after ubiquitination (Figure 7). MGMT is therefore not strictly speaking an enzyme, since
it is only capable of carrying out one repair cycle (suicide enzyme). Given this peculiarity, the
expression of MGMT has been proposed as one of the main causes of resistance to temozolomide.
MGMT promoter methylation, which leads to epigenetic silencing of its expression, is indeed
associated with increased sensitivity to temozolomide and chloroethylnitrosoureas and a better

prognosis in patients with malignant glioma ****72,

In the absence of MGMT (for example in the event of silencing by promoter methylation or
degradation of the pool of available proteins), a thymine is incorporated in front of the O6-meG
residue - recognized as an adenine - during DNA replication by polymerases, creating at this level an
06-meG:T mismatch. This mismatch is recognized by the proteins of the MMR system, a
multiprotein complex (MSH2, MSH6, MLH1 and PMS?2 proteins in particular) which recognizes and
repairs DNA mismatches and replication errors by slippage of the polymerase during of DNA

replication *'**

(Figure 8). According to the so-called “futile cycling” model, successive excisions by
the MMR system of mismatched thymine and then resyntheses by the polymerases of a thymine in
front of the O6-meG residue not repaired results in tensioning of the double helix and the formation
of double-stranded DNA breaks, which are highly toxic and eventually lead to the activation of
apoptotic programs > (Figure 7). Thus, according to this model, the toxicity of O6-meG requires a
functional MMR system ***. This hypothesis was supported by the observation in MMR-deficient
models (e.g. colon cancer cell lines with mutations in the genes encoding MMR proteins) of major
resistance to alkylating agents such as temozolomide "”®. Importantly, in other cancers, MMR
deficiency is associated hypermutability and accumulation of small insertions and deletions (indels)

at short repeated sequences in the genome, a phenotype called microsatellite instability (MSI) (Figure

8).
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Figure 7. Mechanism of temozolomide cytotoxicity and MGMT mediated repair (from Wick et al. *). In

the absence of repair of O6-meG adducts by MGMT, the cytotoxicity of O6-meG lesions indirectly requires a
functional MMR system.
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Figure 8. Schematic representation of the repair of DNA polymerase incorporation errors by
"proofreading" and MMR systems (from Preston et al. ** [a] and Jiricny *' [b]). a) During DNA synthesis,
rare polymerase errors (base mismatches to the left or template slip to the right) prevent primer extension and
trigger transfer of the growing DNA strand from the site active polymerase (POL) to the active exonuclease
site (EXO) where the error is possibly excised. The errors which escape the system of “proofreading” of the
polymerase are corrected, at least in part, by two partially redundant pathways of the MMR system. The MSH2
and MLH1 proteins are essential for the MMR pathway functions. The MSH6 and PMS2 proteins have “back-
ups” proteins enabling the formation of alternative MutS and MutL complexes (MSH2: MSH3 and MLH1:
MLH3 heteroduplexes), in particular for the repair of matrix sliding errors (“slippage”). In the absence of
repair, base mismatches result in the transmission of a mutation or insertion/deletion in one of the daughter
cells. The accumulation of these errors is responsible for an hypermutant phenotype with specific mutational
signature (linked to mutations) more or less associated with microsatellite instability (related to
insertions/deletions) which corresponds the presence in different cells of fragments of different sizes at the
level of microsatellite repeats. MutS recognizes DNA damage and also signals apoptosis. b) Model
representing the excision/resynthesis of DNA mismatch (red triangle) by the MMR system and the polymerase
in Escherichia coli. The newly synthesized DNA (green) is recognized by the MMR system because it is not

methylated (open circles).
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While abnormalities of the MMR system are extremely rare in newly diagnosed gliomas, MMR
mutations - often not functionally characterized - have been observed in 5 to 30% of patients with
recurrent malignant glioma after alkylating agent ***°. In addition, some of these studies were able
to compare the molecular profiles of pre- and post-treatment glioma pairs and showed that a subgroup
of tumors developed a “hypermutant” phenotype characterized by the accumulation of hundreds of
mutations, after treatment with temozolomide in particular. Collectively, these observations, along

- -101
BISITI0 guggested a

with data indicating resistance to alkylating agents in MMR-deficient models
mechanistic link between MGMT and MMR deficits, resistance to temozolomide, and hypermutant
phenotype in malignant gliomas ' (Figure 9). However, this link has never been demonstrated in
isogenic models of gliomas, and hypermutant gliomas exhibit unusual characteristics - notably a
unique mutational signature and the absence of an MSI phenotype (see next section) - which do not
enable them to be linked to the group of cancers with abnormalities of the MMR system. This led us

to further study the clinical and molecular characteristics of hypermutant gliomas.
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Figure 9. Model suggesting a mechanistic link between MGMT and MMR system deficits, temozolomide

resistance and hypermutant phenotype in malignant gliomas (from Allan et al. >°).
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III. Hypermutation in gliomas

A. Study of the mutational load and signature in cancers, potential role

in the prediction of the response to immunotherapy

Somatic mutations found in cancers are caused by mutational processes of exogenous and
endogenous origin which operate during development from the egg cell to the tumor cell '*'%. Each
mutational process can involve components of DNA damage or modification, abnormal DNA
replication or repair and generates a characteristic mutational signature, which can include base
substitutions (Figure 10), indels, chromosome rearrangements and copy number abnormalities.
Sometimes several mutational processes operate simultaneously, and the tumor mutational profile
therefore incorporates different overlapping mutational signatures. Accordingly, the systematic
characterization of mutational profiles of tumor samples provides the potential to uncover the normal
and pathological processes contributing to the accumulation of mutations and therefore the
development of cancers (Figure 10). With the advent of high throughput sequencing techniques and
the genomic analysis of large cohorts of human tumors by international consortia '*, mathematical
techniques have been developed to enable systematic analysis of mutational signatures from catalogs
of somatic mutations, and thereby estimate the number of mutations attributable to each mutational

103,105,110-112

signature in individual samples . Importantly, these methods, initially developed from

sequencing data of tumor exomes or genomes, have recently been successfully applied to the analysis
of samples sequenced by NGS panels of 1-2 Megabases (Mb), in particular in the presence of

. 113,114
hypermutation **'"*

. This makes them potentially applicable to sequencing data obtained in the
context of current clinical practice, for example for the determination of molecular subtypes of

gliomas.
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Figure 10. Exogenous and endogenous mutational processes contributing to the accumulation of somatic
mutations in human tumors and point mutation (SNV) analysis method. While there are many mutational
processes resulting from various combinations of damage and DNA repair capacities, the number of different
point mutations is limited to 6 when only the mutant nucleotide is taken into account. This limit is circumvented
by the inclusion of the trinucleotide context of each variant during the analysis, enabling to increase the number

of possible combinations to 96, and to increase the specificity of the analysis.

In addition to the characterization of mutational processes, these advances enabled to accurately
estimate the number of somatic mutations in each tumor sample by calculating the mutational load
(number of somatic mutations per Mb). Even if there is currently no reference method for calculating
the mutational load nor a threshold for defining hypermutation (in studies based on exomes, this
threshold is usually set at 10 mutations per Mb), analysis of large numbers of samples allowed to
identify tumors differing from others due to the presence of a particularly high mutational load,
hypermutant samples. The mutational load is influenced by the tumor type (for instance the number
of cell replications required for the transformation process) and the mutational processes involved.
All types of cancer combined, these factors only contribute to modest variations in the mutational
load and the majority of cancers - especially gliomas - have a relatively low number of somatic
mutations (Figure 11a). In contrast, some cancers such as colorectal cancer, melanoma or lung cancer
are frequently associated with a hypermutant phenotype '®. Hypermutation can be caused by
environmental factors (eg exposure to UV rays or to tobacco carcinogens), deregulation of enzymes
of the APOBEC cytidine deaminase family, or defects in DNA replication (mutations in Pole and

Pold1 polymerases) or repair (MMR system deficiency) '3
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Figure 11. Analysis of the mutational load in TCGA tumors (a) and response to ICI in cancers with high
(b, melanoma) or low (c, glioblastoma) mutational load (from Alexandrov et al. '” [a], Larkin et al. '*®

[b] and Reardon et al. 116 [cD.

While work on mutational processes initially focused on better understanding the factors
involved in oncogenesis processes and aimed at predicting the evolutionary trajectory of cancers,
recent data indicate that hypermutation could represent a predictor of response to immune checkpoint
inhibitor (ICI) therapy in cancer patients ''' . ICIs (e.g. anti-PD-1, PD-L1, CTLA-4 monoclonal
antibodies) are treatments directed against membrane receptors essential in the activation of immune
cells. The aim of ICIs is to release the inhibition of the effector antitumor immune response (e.g.
cytotoxic lymphocytes) induced by the expression of immune system checkpoints in tumor cells.
These treatments have demonstrated impressive efficacy in several tumor types, in particular some

123,124,130,131

cancers with MMR deficiency (eg colorectal and endometrial cancers) and other

115,118-120,125,128

hypermutant cancers (eg melanoma and lung cancer) (Figures 11b, 12). There are many

factors that can explain this association. Among these, hypermutant cancers have been shown to

exhibit a significant increase in their neoantigen load, which makes them more susceptible to
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recognition by effector cells of the immune system '*"'**'*2. Conversely, in cancers with a usually
low mutational load such as malignant gliomas, treatments with ICI have shown very modest results
(Figure 11¢) ''°. Importantly, several recent clinical observations have reported a significant efficacy
of treatments with ICI in patients with malignant glioma with hypermutant phenotype ''"-'2®!%’
(Figure 12). However, these observations were limited to rare cases occurring in relatively unique

settings (e.g. MMR constitutional deficiency syndrome). Their applicability in other less rare contexts

thus remains to be determined.
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Figure 12. Response to ICI treatments in MMR-deficient tumors (left, gliomas; right, pan-cancer) (from

Bouffet et al. '’ [a] and Le et al. 124).

In all, we now have methods for establishing a detailed mapping of the burden and mutational
signatures found in large cohorts of sequenced tumors, with the potential to better predict the response
to ICI treatments. We therefore focused on the question of the mechanisms responsible for

hypermutation in gliomas and their possible response to ICIs.

B. Hypermutation in gliomas

Hypermutation in gliomas occurs in two very different contexts. In a first setting (“de novo”

hypermutation), it is found from the initial diagnosis, suggesting the involvement of oncogenesis
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processes associated with hypermutation in these tumors. These tumors indeed most often develop in
patients with cancer predisposition syndrome associated with constitutional abnormalities of the DNA
replication (Pole and Pold1 polymerase mutations) or MMR systems ''*'**"*° In a second setting
(“post-treatment” hypermutation), hypermutation is absent during the initial diagnosis but found

+8796  suggesting that the hypermutation is

during recurrence after treatment with alkylating agents
either a direct consequence treatment or associated with mechanisms of resistance to treatment.
Analysis of mutational signatures as described above confirms that these two pathways (de novo
hypermutation and post-processing) are mechanistically different (Figure 13). Mutational signatures
associated with MMR deficiencies (eg COSMIC 6, 15 or 20 signatures) or Pole and Poldl
polymerases (COSMIC 10 signature) are most often found in gliomas with de novo hypermutation,
while gliomas with post-treatment hypermutation have a mutational signature formed by a large
majority of C> T transitions at CpC and CpT regions (signature 11) '%. Although the etiology of the

signature 11 remains unknown, it is similar to signatures observed in in vitro models exposed to

alkylating agents '*°.
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Figure 13. Mutational signatures found in gliomas with low mutational burden (blue) or with de novo

103

(green) or post-treatment hypermutation (red) (from Alexandrov et al. ). The mutational spectrum of

signature 11 is shown below.

1. Hypermutation in newly-diagnosed gliomas

This category includes four main situations, all rare or exceptional:

- Syndrome of genetic predisposition to cancer caused by mono-allelic deficiency of the MMR
system 113,135,139,141,

- Syndrome of genetic predisposition to cancer caused by by-allelic MMR deficiency
(CMMRD) 113,134,136-138,142,

- Syndrome of genetic predisposition to cancer caused by constitutional mutations of Pole and

Pold1 polymerases ''*'*;

- Somatic abnormalities of the MMR system or Pole and Pol81 polymerases '2¢'27-144,

a) MMR deficiency

Malignant gliomas associated with constitutional or somatic deficits of the MMR system are

very rare: they represent less than 1% of diffuse gliomas in the TCGA (Figure 14) *7.
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Figure 14. Frequency of mutations in the main MMR genes in malignant gliomas sequenced at initial

diagnosis (TCGA data *").

Constitutional defects of the MMR system are found in two cancer predisposition syndromes:

Lynch syndrome - the most common cancer predisposition syndrome (1/800 to 1/1000 in the general
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population) - and CMMRD, much rarer. These syndromes are caused by germline mono- or bi-allelic
mutations of the MMR genes (MSH2, MSH6, MLH1, PMS2) or more rarely mutation of the EPCAM
resulting in epigenetic inactivation of MSH2. In Lynch syndrome, the somatic inactivation of the
second wild-type allele by mutation or loss of heterozygosity results in a loss of MMR function '*.
Patients with Lynch syndrome most often develop carcinomas (eg colorectal cancer, endometrium,
urothelial, gastric, pancreatic and small intestine). The reason why some Lynch syndrome patients
develop malignant gliomas rather than carcinomas is unknown ''>'*>13141:146 " Conversely, patients
with CMMRD most often develop hematologic malignancies, colorectal carcinomas and malignant

113,134,136-138,142

gliomas in the childhood or adolescence . Patients with Lynch syndrome or CMMRD

developing malignant gliomas have a poor prognosis.

Molecularly, although all gliomas associated with CMMRD are hypermutated, it is not known
if the same is true in Lynch syndrome. MMR-deficient gliomas differ significantly from other MMR-
deficient cancers such as colorectal cancers. Data from Lynch syndrome or CMMRD patients indeed
suggest MSI - a diagnostic marker used in current clinical practice and strongly correlated with MMR

147,148 - . . . 133,134,136,1 .
719 _is absent in malignant gliomas '**"**"**!37 The mechanisms

deficiency in colorectal cancers
underlying these differences are not known. In clinical practice, this feature makes it difficult to
diagnose MMR deficiency in a patient with glioma. Given the frequency of MSH6 and PMS2
mutations and the difficulties in interpreting the technique in gliomas, it is preferable to use the
immunohistochemistry of the four MMR proteins (MSH2, MSH6, MLH1, PMS2), if possible in
combination with a sequencing of the MMR genes more or less associated with a study of the
mutational burden and signature. These techniques gave enabled the recent establishment in the

laboratory of glioma lines derived from patients with Lynch syndrome (Figure 15).
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Figure 15. Establishment of a malignant glioma PDCL derived from a patient with MSH2 germline
mutation. Top, left: immunohistochemistry of the main MMR proteins (MSH2, MSH6, MLH1, PMS2) and
staining with hematoxylin and eosin on the patient's tumor. Bottom, right: tumor-derived gliomaspheres in in
vitro culture. The presence of an MSH?2 truncating mutation and hypermutant phenotype with MMR mutational

signature was confirmed in both the tumor and PDCL.

b) Pole and Polo1 deficiencies

The POLE and POLD1 genes code for the main DNA polymerases Pole and Pold1 which have
a role in the fidelity of DNA replication (“proofreading” function) and are involved in various DNA
repair mechanisms (eg BER, NER and MMR). Constitutional mutations in the POLE and POLD1
genes are mainly found in families with colorectal cancers or multiple adenomatous colonic polyps.
These mutations are located in the exonuclease domain of genes. In exceptional cases, such mutations
have also been reported in patients with malignant gliomas '>*'**. Somatic exonuclease domain
mutations of the POLE and POLD] genes are also observed in patients with malignant gliomas, in
particular as secondary events in patients with bi-allelic deficiency of the MMR system '>'*>!**_On
the molecular level, we often find in malignant gliomas with Pole or Pold1 deficiency a so-called
“ultra-hypermutant” phenotype, which corresponds to a mutational load exceeding 100 mutations per
Mb, often associated with a mutational signature 10. Response to ICI has been reported in patients

with malignant glioma with Pole deficiency ''7'**'*.
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2. Hypermutation in recurrent gliomas

This is the most frequently reported case in the literature with the first observations dating back
to 2006 in patients treated with temozolomide **"°. In these patients, while the initial tumor did not
exhibit hypermutation, tumor samples taken after treatment with temozolomide were found to show
a significant increase in the mutational load. In addition, these recurrent tumors frequently harbored

mutations affecting the genes of MMR **7%

. It is important to note here that the majority of these
MMR gene mutations were missense mutations of unknown functional significance. This made it
difficult to determine their “driver” (i.e. responsible for the hypermutant phenotype) or “passenger”
(i.e. associated with the phenomenon of hypermutation) character. In the presence of hypermutation,
the probability of finding at least one missense mutation in one of the MMR genes is high and directly

correlated with the increase in the mutational load.

With the accumulation of data from exome sequencing and the analysis of a larger number of

tumor pairs (Figure 16) °°°

, the molecular characteristics of gliomas with post-treatment
hypermutation have been somewhat clarified:

1) Clear increase in somatic mutational load after treatment (Figure 16);

i) Presence of a very specific mutational signature (signature 11), similar to signatures observed
in in vitro models exposed to alkylating agents '*’, formed by a large majority of C> T transitions at
CpC and CpT repeats (Figures 13 and 17);

ii1) Frequent presence of variants of unknown significance in MMR genes, not found in the
initial samples (Figure 18);

iv) Clear association of post-treatment hypermutation with exposure to alkylating agents before
relapse (97% of hypermutant relapses) (Figure 19);

v) Association with molecular biomarkers themselves associated with greater sensitivity to

chemotherapy with alkylating agents, such as IDH1/2 mutations (55% of hypermutant recurrences vs

22% of non-hypermutant recurrences) and MGMT promoter methylation (94% vs 30%) (Figure 19).
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Figure 16. Temporal and spatial clonal evolution in patients with diffuse glioma with IDH1/2 mutation

(from Johnson et al. *

). a) Establishment of a clonal phylogenetic tree from exome sequencing data in
malignant gliomas taken at initial diagnosis and then during recurrence after treatment (pairs). b) Histograms
showing the number of somatic mutations in 15 pairs, including eight pre- and post-temozolomide pairs (right
end). The mutations represented in gray are found in the initial sample only; the mutations represented in dark
blue are found in the recurrence sample only; the mutations shown in light blue are common to both samples.

A major elevation of the mutational load was observed in 5/8 post-temozolomide recurrent tumors.
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Figure 17. Acquisition of hypermutation with mutational signature 11 during recurrence after
temozolomide in an anaplastic astrocytoma with IDHI mutation. Data from exome sequencing (initial

tumors, recurrence and constitutional control).
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Figure 18. Analysis of copy number abnormalities (upper part) and clonality of somatic mutations
(lower) in 3 pairs of pre- and post-temozolomide gliomas analyzed by exome sequencing (from Bai et al.
%), Each mutation (circle) is represented according to its clonality in the initial sample (ranging from 0 [0%
of tumor cells] to 1 [100% of tumor cells] on the x-axis) and recurrence (ditto on the axis ordinates). Mutations

in the MMR genes are represented by yellow circles.

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France
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Figure 19. Summary of pre- and post-treatment malignant glioma pair studies showing the association
of = hypermutation with history of exposure to alkylating agents and the presence of IDH1/2 mutation
and/or MGMT promoter methylation (from TCGA 109, Bai et al. 149, Wang et al. 94, Kim et al. > , Kim et
al. %, and Johnson et al. *°). “Trios” refer to samples for which exome or genome sequencing data is available

for initial, recurrent, and constitutional control tumors.

These observations suggest the existence of a mechanistic link between the acquisition of
resistance to chemotherapy, the development of hypermutation and the presence of mutations in the
MMR genes in malignant gliomas treated with temozolomide. However, several points call into
question this potential link. On one hand, the mutational signature of gliomas with post-treatment
hypermutation (signature 11, sometimes called the “temozolomide” signature) is unique and differs
from the mutational signatures observed in MMR-deficient cancers (signatures 6, 15 or 20) '**. Some
authors have therefore hypothesized that signature 11 could be the direct consequence of exposure to
temozolomide *°. However, this mutational signature is not found in the majority of malignant
Université Paris-Saclay
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gliomas treated with temozolomide (Figure 19) °* *°. In contrast, in melanoma or lung cancer,
exposure to UV rays or tobacco carcinogens results in the detection of associated specific mutational
signatures (mutational signatures 4 and 7 respectively) in the vast majority of samples exposed to
these mutagens '*°. This suggests that exposure to temozolomide alone is not sufficient to cause the
development of signature 11. On the other hand, despite the fact that MMR deficits are strongly
suspected of contributing to the development of hypermutation and temozolomide resistance, gliomas
with post-treatment hypermutation exhibit unique characteristics that distinguish them from other
MMR-deficient cancers, notably the absence of the MSI phenotype. This has led other authors to

question this mechanistic link initially suspected ">*"*".
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IV. Hypothesis and objectives

Collectively, the data in the literature converge towards the existence of a mechanistic link
between post-treatment hypermutation, MMR deficits, and temozolomide resistance in malignant

gliomas 73-78,97-101

. While significant progress has been made in this field, the precise mechanism
underlying such a link remains undetermined and several important questions that may help improve

patient care remains unsolved:

1) Is there an association between hypermutation (de novo and post-treatment) and clinical-
molecular characteristics (e.g. molecular subtype, MGMT promoter methylation, treatment pattern)
in malignant gliomas? This would make it possible to better predict and possibly prevent the risk for
the emergence of such a phenomenon in tumors at higher risk. Likewise, the prognostic impact -
positive or negative - of hypermutation in these tumors has never been studied. Answering these
questions requires the analysis of a large sample of clinically annotated tumors, yet previous studies

only had very limited samples (a maximum of 17 hypermutated tumors) ***°.

2) Is MMR deficiency sufficient to produce temozolomide resistance or are other factors
necessary > 21919 Does it produce equivalent resistance to other alkylating agents such as CCNU?
This requires the systematic study of the response to alkylating agents in a large sample of cell lines
(PDCL) and xenografts (PDX) derived from patient and reflecting the biology of these tumors,

including these isogenic models of gliomas with MMR deficiency.

3) What mechanism underlies the development of post-treatment hypermutation with signature
11? This signature is most frequently found in gliomas with MMR mutations, but it differs from other
signatures associated with MMR deficiency and each is found in distinct groups of gliomas. MMR
mutations in post-treatment hypermutation gliomas could be simple “passenger” events directly
created by temozolomide and the elevation of the mutational load, or responsible for the signature 11

and the acquisition of temozolomide resistance.

4) Is hypermutation associated with better response to ICI treatments as in other types of cancer
171309 Although gliomas are associated with a highly immunosuppressive microenvironment, recent

work suggests that hypermutated gliomas may benefit from ICI "7'**'*’_ These observations
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nonetheless come from relatively unique contexts (e.g. CMMRD) and their applicability in other

contexts remains to be determined.

In order to address these questions, we characterized the burden and mutational signatures of a
very large sample of gliomas sequenced by NGS panels (10,294 tumors including 558 hypermutant
gliomas) and studied the associations between hypermutation and clinical-molecular characteristics
in this cohort. We studied the mechanistic link between hypermutation with signature 11, MMR
defects, and resistance to alkylating agents in models of malignant gliomas. Finally, we studied the

impact of hypermutation on the prognosis of patients with glioma and their response to ICI.
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Ahigh tumour mutational burden (hypermutation) is observed in some gliomas'™;
however, the mechanisms by which hypermutation develops and whether it predicts
the response toimmunotherapy are poorly understood. Here we comprehensively
analyse the molecular determinants of mutational burden and signatures in 10,294
gliomas. We delineate two main pathways to hypermutation: a de novo pathway
associated with constitutional defects in DNA polymerase and mismatch repair
(MMR) genes, and amore common post-treatment pathway, associated with acquired
resistance driven by MMR defects in chemotherapy-sensitive gliomas that recur after
treatment with the chemotherapy drug temozolomide. Experimentally, the
mutational signature of post-treatment hypermutated gliomas was recapitulated by
temozolomide-induced damage in cells with MMR deficiency. MMR-deficient gliomas
were characterized by alack of prominent T cell infiltrates, extensive intratumoral
heterogeneity, poor patient survival and alow rate of response to PD-1blockade.
Moreover, although bulk analyses did not detect microsatellite instability in
MMR-deficient gliomas, single-cell whole-genome sequencing analysis of
post-treatment hypermutated glioma cells identified microsatellite mutations.
These results show that chemotherapy can drive the acquisition of hypermutated
populations without promoting a response to PD-1blockade and supports the
diagnostic use of mutational burden and signatures in cancer.

Identifying genomic markers of response to immune checkpoint
blockade (for example, PD-1blockade) may benefit cancer patients
by providing predictive biomarkers for patient stratification and
identifying resistance mechanisms for therapeutic targeting. Glio-
mas typically have a low tumour mutational burden (TMB) and a
highly immunosuppressive microenvironment—two features associ-
ated withimmunotherapy resistance. Nevertheless, recent work has
suggested that a subset of patients with high-TMB (hypermutated)
gliomas might benefit from PD-1blockade®. Although consistent with

data from other cancers’”?, these initial observations were derived
fromuniquediseasecontextssuchasconstitutional DNAmismatch-repair
(MMR) deficiency syndrome®. Therefore, the extent to which
glioma patients at large will benefit from this approach is unknown.
While large amounts of genomic data on gliomas exist>*>'*"2, our
understanding of the clinical landscape of hypermutation and the
mechanismsthatunderlieits development remain unclear. Hypermu-
tation is rare in newly-diagnosed gliomas (de novo hypermutation),
but commonin tumours that have recurred after the use of alkylating

Alist of affiliations appears at the end of the paper.
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agents (post-treatment hypermutation)**°!", Given that gliomas
exhibit substantial inter-patient and intra-tumoral genomic varia-
tion'®*% it remains to be determined whether molecular biomarkers
(forexample, IDH1 or IDH2 (hereafter IDH1/2) mutations) reliably pre-
dict the development of hypermutation or response toimmunotherapy.
An association between hypermutation and MMR mutations has
been observed in gliomas'*%, but most of the reported MMR muta-
tions were not functionally characterized, and their role in causing
hypermutationis unclear. Other studies have suggested that alkylating
agents such as temozolomide are the direct cause of hypermutation®.
This was supported by the discovery of amutational signature (single
base substitution (SBS) signature 11) characterized by the accumulation
of G:C>A:T transitions at non-CpG sites in hypermutated gliomas after
exposure to alkylating agents™. However, the fact that hypermutationis
undetectable in most gliomas that recur after temozolomide treatment
challenges this notion**. Furthermore, it remains unclear whether this
mutational pattern enhances tumour immunogenicity and renders
gliomas responsive to PD-1blockade. Not all hypermutated cancers
respond to such treatments”’; amore accurate characterization of the
phenotypicand molecular features of hypermutated gliomas therefore
would help clinicians to manage such patients more effectively.

Mutational burden and signatures in gliomas

Previous studies included too few hypermutated gliomas to
characterize the landscape of hypermutationingliomas' . We therefore
created a cohort of sufficient scale (n =10,294) and subtype diversity
by leveraging large datasets generated from clinical sequencing panels
(DFCI-Profile, MSKCC-IMPACT and FMI)**™. Allsamples from patients
withahistopathological diagnosis of gliomawere included and classi-
fied intomolecular subgroups according to histopathology, mutational
status of IDH1/2, and whole-arm co-deletion of chromosomes 1p and
19q (1p/19q co-deletion) (Extended Data Fig.1, Supplementary Tables1,
2). We quantified the TMB of all samples (median 2.6 mutations (mut.)
per Mb (range 0.0-781.3)), established thresholds for hypermutation
by examining the distribution of TMB (Extended Data Fig. 2)"'%, and
identified 558 (5.4%) hypermutated gliomas (median TMB 50.8 mut.
per Mb (8.8-781.3)) for further analysis.

Using samples with detailed clinical annotation (DFCI-Profile), we
foundthat the prevalence of hypermutation varied between and within
subgroups (Fig.1a, b, Extended DataFig. 3a, b, Supplementary Table 3).
Hypermutation was detected almost exclusively in diffuse gliomas
(99.1% of hypermutated samples) with high-grade histology (95.6%) and
was more prevalent in recurrent tumours (16.6% versus 2.0% in newly
diagnosed tumours; Fisher’s exact test, P<107) (Fig. 1b). In samples
of recurrent tumours, hypermutation was associated with markers
of response to alkylating agents, including IDHI/2 mutation (hyper-
mutation in 1.4% of newly diagnosed versus 25.4% of post-treatment
IDH1/2-mutant tumours, Fisher’s exact test, P=2.0 x10™), 1p/19q
co-deletion (0.0% versus 33.8%, P=7.3 x10™), and MGMT promoter
methylation (2.4% versus 24.2%, P=9.0 x 102). The effect of IDH1/2
mutation was confirmed only in MGMT-methylated tumours (Extended
DataFig.3c). These findings suggest that selective pressure from ther-
apy may elicit progression towards hypermutation.

Thestandard treatment for gliomasincludes surgery, radiationand
chemotherapy with alkylating agents'*?°. To assess the role of each
of these in the development of hypermutation, we analysed associa-
tions between TMB and detailed patterns of treatmentin 356 recurrent
gliomas. Hypermutation was associated with prior treatment with
temozolomide (Fisher’s exact test, P<107) ina dose-dependent man-
ner (Fig.1b, Extended DataFig.3d, e), but not with radiation (P=0.88)
or nitrosoureas (P = 0.78). Among recurrent tumours from patients
who had received only one adjuvant treatment modality, TMB was
increased only intemozolomide-treated samples (median16.32 (inter-
quartile range (IQR) 6.95-70.32) versus 6.08 (3.80-7.97) with surgery

2 | Nature | www.nature.com

only, P=4.0 x107; Extended Data Fig. 3f). Of note, the prevalence of
hypermutation in post-temozolomide samples correlated with the
chemosensitivity of the primary, molecularly defined tumour type
(1p/19q co-deleted oligodendrogliomas (59.5%) > IDHI/2-mutant astro-
cytomas (30.2%) > MGMT-methylated IDHI/2 wild-type glioblastomas
(23.1%) > MGMT-unmethylated IDHI/2 wild-type glioblastomas (5.6%);
P=3.8x107;Fig.1b). We observed asimilar patternin the FMlIvalidation
dataset (Extended Data Fig. 3g-i).

The systematic analysis of somatic mutation patterns by genome
sequencing has identified a variety of mutation signatures in human
cancer which are driven by known and unknown DNA damage and repair
processes™. We examined the contributions of 30 previously reported
signatures (COSMIC signatures v2) within our cohort to investigate
thebiological processes that cause hypermutationin gliomas. We first
validated that mutational signatures can be predicted using large tar-
geted panel sequencing in hypermutated samples (Extended Data
Figs.4,5a-c). The majority of de novo hypermutated gliomas harboured
mutational signatures associated with defects in the MMR pathway
(COSMIC signatures 6, 15, 26 and 14) or the DNA polymerase POLE
(10 and 14)* (69% and 35% of samples, respectively; Extended Data
Fig.5d, e),implying that constitutional deficiency in MMR or POLE was
likely to be the underlying genetic cause of hypermutation. By contrast,
98% of post-treatment hypermutated gliomas showed a mutational
signature that has been previously associated with temozolomide expo-
sure (signature 11). We also identified two distinct mutational signatures
thatwere highly correlated with mutational signature 11 (Extended Data
Fig.5b, ¢)including a previously undescribed signature (S2) associated
with 1p/19q co-deletion and lack of prior radiation therapy. Finally,
half of the samples with adominant signature 11 showed a co-existing
minor MMR- or POLE-deficiency signature component (Extended Data
Fig. 5e), suggesting that defective DNA repair and mutagen exposure
cooperate to drive hypermutation in recurrent gliomas.

Molecular drivers of hypermutation

Only a subset of temozolomide-treated samples (58 of 225, 25.8%)
showed evidence of hypermutation, suggesting that additional
factors are required for its development. Although MMR defects
have been consistently observed in hypermutated gliomas' *, their
co-occurrence with high TMB did not enable prior studies to deter-
mine the degree to which MMR mutations represent passenger versus
hypermutation-causing driver events. We systematically characterized
mutations and copy number variants (CNVs; Supplementary Figs.1,2)
to identify hypermutation drivers using an unbiased approach that
controlled for theincreased incidence of passenger mutations associ-
ated with hypermutation®. In the merged DFCI-Profile/MSKCC-IMPACT
dataset, 36 genes were significantly enriched (g value <0.01) in hyper-
mutated tumours (Fig. 2a). Collectively, MMR mutations stood out
among the most enriched (91.2% versus 4.9% in non-hypermutated sam-
ples, §<1.6x107),and mutations in MSH6 showed the highest enrich-
ment (43.0% versus 1.2%,g=3.3x107) (Extended DataFigs. 3j-1, 6a,b).
MMR-variant allele frequencies (VAFs) and cancer cell fractions (CCFs)
in gliomas were most similar to those in MMR-deficient colorectal
(CRC) orendometrial cancers and were higher thanin MMR-proficient
hypermutated cancers (Extended DataFig. 6¢, d). Some MMR variants
in post-treatment hypermutated samples matched the canonical sig-
nature 11 sequence context (Extended Data Fig. 5f), suggesting that
asubset of these variants are likely to have been caused by temozolo-
mide treatment.

As most MMR variants lacked functional annotation, we next inte-
grated sequencing data with immunohistochemistry for protein
loss (Extended Data Fig. 6e). Overall, results from both assays were
concordant, consistent with MMR mutations leading to loss of func-
tion. Inrare samples that lacked MMR variants, signature analysis and
MMR immunohistochemistry revealed evidence for MMR deficiency,
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Fig.1| TMB and mutational signature analysis reveals clinically distinct
subgroups of hypermutated gliomas. a, Integrated analysis of the
DFCI-Profile dataset (n=1,628 gliomas) depicting TMB, indels at homopolymer
regions, and the single nucleotide variant (SNV) mutation spectrumin each
tumour according to molecular status of IDH1/2,1p/19q co-deletion,
chromosome 7 gain and/or chromosome 10 deletion (7gain/10del), MGMT

suggesting that these samples harboured underlying MMR defects that
could not be identified by sequencing (for example, promoter meth-
ylation). We identified several MMR mutational hotspots (Extended
Data Fig. 6f, Supplementary Table 4), including a recurrent MSH6
mutation (p.T12191, in 7.4% of hypermutated tumours) that has
been previously identified in Lynch syndrome and shown to exert a
dominant-negative effect without affecting protein expression*?
(Extended DataFig. 6g, h).

Immunohistochemistry on anindependent cohort of 213 recurrent
post-alkylator gliomas further validated these findings (Supplementary
Table 2). MMR protein expression was lost in 22 post-treatment sam-
ples, and this loss was associated with /[DHI/2 mutations (20% mutant
versus 2% wild-type; Fisher’s exact test, P= 8.0 x 10°°) (Extended Data
Fig.7a, b). Sequencing of samples with MMR protein loss confirmed
hypermutation, with MMR mutations in 18 of 19 (94.7%) of these sam-
ples. Subclonal loss of MMR proteins (that is, protein retained in more
than 20% of tumour cells) was more common in post-treatment than
de novo hypermutated gliomas (12 of 46 (26.1%) versus 0 of 16 (0.0%),
P=0.03) (Extended Data Fig. 7c-f).

We next assessed the relationship between MMR deficiency and
acquired chemotherapy resistance. Because hypermutationand MMR
defects were almost exclusively seen after temozolomide treatment,
we hypothesized that nitrosoureas and temozolomide might not show
complete cross-resistance. Analysis of temozolomide sensitivity in
30 cell lines derived from patients with glioma (patient-derived cell
lines, PDCLs), including four derived from MMR-deficient gliomas
(Extended DataFig. 8a-c), showed that all native MMR-deficient PDCLs
had striking temozolomide resistance compared to MMR-proficient
PDCLs (6.46- and 1.35-fold increase in median area under the curve
(AUC) versus MMR-proficient-MGMT-deficient and MMR-proficient—
MGMT-proficient PDCLs, respectively) (Fig. 2b, Extended DataFig. 8d-
f). We next treated native and engineered isogenic MMR-knockout

promoter methylation, histological grade, age at initial diagnosis, and prior
treatment. Red line denotes high TMB (217.0 mut. per Mb). b, Prevalence of
hypermutation in the DFCI-Profile dataset. Chi-squared test and two-sided
Fisher’sexacttest.NA, notavailable; TMZ, temozolomide; WT, wild-type; mut,
mutant; codel, co-deleted.

glioma models with temozolomide or the nitrosourea lomustine
(CCNU), a chloroethylating alkylating agent that generates DNA
interstrand crosslinks and double-strand breaks (Fig. 2c, Extended Data
Fig. 8g-i). AMMR-deficient models were resistant to temozolomide
and sensitive to CCNU, consistent with the lack of hypermutation in
samples from nitrosourea-treated patients?* (Extended Data Fig. 3f).

Mismatch repair deficiency and signature11

Our analyses indicated that MMR deficiency together with temozo-
lomide exposure might cause signature 11, as opposed to it being
a‘pure’ temozolomide signature. To test this idea, we exposed iso-
genic models of MMR deficiency to temozolomide (Extended Data
Fig.9a,b). After treatment with temozolomide, MMR-deficient PDCLs
developed hypermutation with signature 11, whereas MMR-proficient
controls (expressing sgGFP) did not (Fig. 2d). We then chronically
treated temozolomide-sensitive glioblastoma xenografts (PDXs) with
temozolomide until resistance was acquired (Fig. 2e, Extended Data
Fig. 9¢c, d). These tumours developed hypermutation with signature
11 (Fig. 2f, Extended Data Fig. 9e) and shared four unique variants;
the dominant-negative MSH6 hotspot mutation (p.T12191) and three
non-coding variants (Fig. 2g), consistent with the theory that the MSH6
mutation drives both hypermutation and acquired temozolomide
resistance (Extended Data Fig. 9f).

Collectively, these findings show that temozolomide exerts a previ-
ously underappreciated selective pressure in favour of MMR-deficient
cells, which are resistant to temozolomide. Exposing MMR-deficient
cells to temozolomide induces hypermutation with signature 11 by
causing DNA damage in the absence of functional MMR. Therefore,
hypermutationwith signature 11 represents a potential biomarker for
MMR deficiency and temozolomide resistance in gliomas (Extended
DataFig. 9g).
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Fig.2| MMR deficiency drives hypermutation and chemotherapy

resistance in gliomas. a, Mutated genes and pathways enriched in
hypermutated gliomas in the merged DFCI-Profile/MSKCC-IMPACT dataset
(n=2,173) using a permutation test to control for random mutation rate in the
setting of hypermutability. b, Response to temozolomide across a panel (n=30)
of native spheroid glioma PDCLs (blue, MMR-proficient; red, MMR-deficient).
Dose-response curves were calculated using mean surviving fractions from
threeindependent assays. ¢, Response to temozolomide and CCNU in the
glioblastoma PDCL BT145 following knockout of MSH2, MSH6, MLH1 or PMS2 by
CRISPR-Cas9. Dose-response curves were calculated using mean surviving
fractions from three independent assays (mean + s.e.m.). d, Number of signature
11variants after chronic temozolomide treatment of the PDCL DIPG13 with MSH2
or MSH6 knockout by CRISPR-Cas9. Mutational signatures could not be called in

Characteristics of MMR-deficient gliomas
MMR deficiency recently emerged as anindicator of response to PD-1
blockade in patients with cancer®%, leading to the first tissue-agnostic
cancer-drug approval by the US Food and Drug Administration for use
of the PD-1blocker pembrolizumab in patients with MMR-deficient
cancers. However, in CRCs and some other cancers, MMR inactivation
occurs early in tumour progression, whereas in post-treatment gliomas
it arises late. Gliomas might therefore differ from other cancers on
which the approval was based and these differences might influence
immune recognition of tumours and the response toimmunotherapy.

To test this hypothesis, we first assessed the outcome of hypermu-
tated gliomas. In CRC, MMR deficiency is associated with improved
outcomes. By contrast, among patients with recurrent glioma, we
observed worse survival in both hypermutated high-grade 1p/19q
co-deleted oligodendrogliomas (median overall survival (OS)
96.5 months (95% confidence interval (CI) 20.8-NA (not applicable))
versus 137.2 months (95% CI141.8-NA) in non-hypermutated tumours,
P=0.0009, two-sided log-rank test) and /DH1/2-mutant astrocytomas
(median 0OS 15.7 months (95% C112.9-18.3) versus 21.5 months (95% CI
19.2-29.8), P=0.0015) (Fig. 3a, Extended Data Fig.10a-c). We observed
asimilar trendin/DH1/2 wild-type glioblastomas (P=0.0809). The find-
ingof poor survivalinrecurrent hypermutated gliomas remained sig-
nificantin multivariable analysis (hazard ratio 2.16 (95% C11.38-3.38),
P=0.0008; Supplementary Table 5).

The current hypothesis behind the response of MMR-deficient CRCs
to PD-1blockade is based on their increased neoantigen burden and
immune infiltration. We therefore assessed the association between
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the vehicle-treated samples (too few variants). e, Tumour volume (n = 8 mice per
group) during treatment with vehicle (blue) or temozolomide (red) in BT145
patient-derived xenografts (PDXs). f, Number of signature 11 variants found after
chronic temozolomide exposure in BT145 PDXs. Mutational signatures could not
be called in the vehicle-treated tumours (too few variants). g, Schematic
representation of BT145 PDXs clonal evolution under temozolomide exposure.
Two independent secondary resistant tumours (Resistant1and 2) and one
vehicle-treated tumour are represented. Resistant tumours had four private
variants that were not detected in the vehicle-treated tumour: an MSH6(T12191)
mutation (VAF 0.27 and 0.37 for resistant 1and 2, respectively), and three
non-coding variants of NFI (VAF 1.0 and 0.99), RACI (VAF 0.86 and 0.86) and RAF1
(0.44 and 0.56). HGG, high-grade glioma; Chr, chromosome.

MMR deficiency and T-cell infiltration in gliomas (n =43) and CRCs
(n=19).As expected, MMR-deficient CRCs exhibited significantly more
infiltrating T-cells than their MMR-proficient counterparts (Fig. 3b).
By contrast, both MMR-deficient and MMR-proficient glioma samples
lacked significant T-cell infiltrates (Fig. 3c).

We next assessed whether the neoantigen burden was lower in
MMR-deficient gliomas than in other hypermutated cancers using
samples fromthe GENIE and TCGA datasets (n=1,748 and 699 hypermu-
tated cancers, respectively). As neoantigen prediction was not feasible
using panel sequencing data, we used the nonsynonymous mutational
burden as a surrogate measure. This showed that both de novo and
post-treatment MMR-deficient gliomas had anincrease in their nonsyn-
onymous mutational burden, when compared to non-hypermutated
gliomas, and the glioma nonsynonymous mutational burden was simi-
lar to other hypermutated cancers (Fig. 3d, Extended Data Fig. 11a, b,
Supplementary Table 6). This finding suggested that the total number
of neoantigensis unlikely to explain the differencesinimmune response
between gliomas and other hypermutated cancers.

Recent data suggest that, among mutations associated with MMR
deficiency, small insertions and deletions (indels) at homopolymers
(microsatellites)—which accumulate in MMR-deficient cells and can
cause frameshift mutations—are crucial for producing ‘high-quality’
neoantigens that are recognized by immune cells**?, Unexpectedly,
although the high TMB was associated with anincreased homopolymer
indel burdenin MMR-deficient CRCs, this association was not found in
MMR-deficient gliomas (de novo hypermutated gliomas showed amod-
estincrease; Fig. 3d, Extended Data Fig. 11c). This was validated using
testing for microsatellite instability (MSI), a clinical biomarker for MMR
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Fig.3|Hypermutated and MMR-deficient gliomas harbour unique
phenotypicand molecular characteristics including poor outcome and
lack of MSlinbulk sequencing. a, Survival of patients with recurrent
high-grade glioma from the time of sample collectionaccording to
histomolecular group and TMB status (n=333 recurrent samples; 238

from DFCI-Profile, 95 from MSKCC-IMPACT). Two-sided log-rank test.

b, Quantification of tumour-infiltrating CD3-positive T-cells in CRC samples
(n=19). Left, representative low- and high-magnificationimages of CD3
immunolabelling (brown; intraepithelial ymphocytes, black arrowheads;
stromal lymphocytes, black arrows) and nuclear counterstaining (blue).
Dashed lines, border between tumour and stroma. Only intraepithelial
lymphocytes were quantified. Scale bars; 100 pm (100x), 50 pm (200x).
Right:boxes, quartiles; centre lines, median ratio for each group; whiskers,
absolute range. Two-sided Wilcoxon rank-sum test. ¢, Quantification of
tumour-infiltrating CD3-positive T-cellsin gliomas according to their MMR
status (n=43).Foreach group, three areas with the maximal CD3 infiltration
were selected for quantification (representative images, left). Scale bars:
500 pm (20x), 50 um (200x%). Right: boxes, quartiles; centre lines, medianratio
foreach group; whiskers, absolute range. Kruskal-Wallis test and Dunn’s
multiple comparison test.d, TMB (top) and homopolymerindel burden

deficiency. Whereas MSl was identified in all MMR-deficient CRCs, all
tested gliomas with MMR protein loss (n=15) were microsatellite-stable
(MSS) (Extended Data Figs. 7d-f, 11d).

We hypothesized that, in hypermutated gliomas, more of the
homopolymer indels are subclonal and below the detection limits
of bulk sequencing, relative to other MMR-deficient cancers. Indeed,
analysis of CCFs indicated that hypermutated gliomas contained a
greater burden of subclonal variants than did other hypermutated
cancers (Fig. 3e, Extended Data Fig. 11e-h). We therefore performed
single-cell whole-genome DNA sequencing (scWGS) of 28 cells from a
hypermutated, post-temozolomide glioblastomawith an MSH6(T12191)

tumour

(bottom) in hypermutated gliomas compared with other hypermutated
cancers from the GENIE dataset. Tukey’s boxplots are shown. Two-sided
Wilcoxon rank-sum test with Bonferroni correction. e, Pan-cancer analysis of
cancer cell fractionsin hypermutated gliomas (post-treatment) compared with
other hypermutated cancers from the TCGA and ref. * exome datasets (n=798).
One hundred non-hypermutated samples from the TCGA were randomly
selected as controls. Boxes, quartiles; centre lines, median ratio for each
group; whiskers, absolute range excluding outliers. Two-sided Wilcoxon
rank-sum test with Bonferroni correction. f, Workflow for scWGS and bulk
tumour DNA sequencing. g, Single-cell sequencing estimate of the number of
G:C>A:T transitionsat NCC and NCT trinucleotide contextsin 63 cells froma
glioblastoma patient with post-temozolomide hypermutation using 1x scWGS
sequencing. Error bars show 95% Cl. The absolute computed purity was 0.66
for the primary tumour sample and 0.47 for the recurrent tumour sample in the
bulk sequencing. h, Single-cell sequencing estimate of microsatellite mutation
rateineightcells from a patient with glioblastoma with post-temozolomide
hypermutation. Eight cells were analysed for the presence of MSl using
10xscWGS sequencing. WGA, whole genome amplification; QC, quality
control; nucl, nuclei; seq, sequencing.

mutation, and compared these to 35 non-hypermutated cells from
the matched pre-treatment sample (Fig. 3f, Extended Data Fig. 11i-k).
In the post-temozolomide sample, 13 of 28 cells (46.4%) were hyper-
mutated with signature 11 (Fig. 3g, Extended Data Fig. 111). Strikingly,
whereas this tumour harboured only aminorincreaseinits homopoly-
merindelburden at the bulk level (0.49 versus 0.0 per Mb), the scWGS
analysis showed a ninefold increase in microsatellite mutations in all
hypermutated cells (Fig. 3h). This suggested that glioma cells with
an MSH6(T12191) variant harbour a subtle MSI phenotype that is not
revealed by standard bulk sequencing or clinical MSl assays (Extended
Data Fig.11m).
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Fig. 4| Treatment of hypermutated gliomas with PD-1blockade. a, b, Best
radiological response (a, measured as the best change in the sum of the products
of perpendicular diameters of target lesions), and overall survival (b) of 11
patients with hypermutated and MMR-deficient gliomas who were treated with
PD-1blockade. A cohort of patients with non-hypermutated gliomas who were
treated with PD-1blockade is depicted as control (n =10, best matches according
to diagnosis, primary versus recurrent status, and prior treatments). Two-sided
log-rank test. ¢, Proposed model explaining differential response to PD-1
blockade in MMR-deficient CRCs and gliomas. In CRCs (top), MMR deficiency is
acquired early in pre-cancerous cells, creating mutations and indels at
homopolymer regions. Over time, clonal neoantigens of both types emerge and

PD-1blockade in MMR-deficient gliomas

As hypermutationingliomas thatacquire MMR deficiency tends tobe
subclonal and does not generate optimal antitumour T-cell responses,
we hypothesized that these tumours might not have high response
rates to PD-1blockade. We performed a retrospective institutional
review of patients treated with PD-1 pathway blockade for which the
TMB at treatment initiation was available (n=210). This identified 11
patients with MMR-deficient glioma (5 de novo, 6 post-treatment) who
were treated with PD-1blockade for a median of 42 days (range 13-145;
Supplementary Table 7). Nine (81.8%) had disease progression as their
bestresponse (Fig.4a), and the median progression-free survival (PFS)
and OS were 1.38 months (95% CI 0.95-2.69) and 8.7 months (95% CI
2.79-15.08), which were not significantly different from the data for
matched patients with non-hypermutated glioma (PFS 1.87 months
(95%CI1.28-2.92),0S 9.96 months (95% C17.56-15.08); Fig. 4b, Extended
Data Fig.10d).

Because our prior analyses indicated that patients with hypermu-
tated gliomas might have reduced survival, we used a second set of
historical controls to compare the outcome of hypermutated glio-
mas treated with PD-1blockade versus other systemic agents (Supple-
mentary Table 7). Unexpectedly, we observed a longer median OS for
patients treated with other systemic agents when compared to those
treated with PD-1blockade (16.10 months (95% CI 3.98-22.21) versus
8.07(95% C12.79-15.08.21); P=0.02, two-sided log-rank test; Extended
DataFig.10e, f, Supplementary Table 8). In one patient with hypermu-
tated glioma that showed rapid imaging changes, histopathologic
analysis of samples taken before and after treatment with PD-1blockade
showed highly proliferative tumour in both samples, with no significant
evidence of pathologic response orincrease inimmune infiltrates after
PD-1blockade (Extended Data Fig.10g).

DISCUSSION

Collectively, these results support a model in which differences in
the mutation landscape and antigen clonality of hypermutated gli-
omas relative to other hypermutated cancers markedly affect the
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strong immune infiltrates are seen at diagnosis. Treatment with anti-PD-1results
inexpansion of T cells that recognize these clonal neoantigens and substantial
antitumour responses. In gliomas (bottom), few mutations are acquired early
during tumorigenesis in the majority of tumours. Temozolomide drives the
expansion of cells with MMR deficiency and late accumulation of random
temozolomide-induced mutations. Ineffective antitumour responses may result
from poor neoantigen quality (high burden of missense mutations versus
frameshift-producingindels) and high subclonality associated with an
immunosuppressive microenvironment. In some tumours, MMR-proficient
subclones that have acquired therapy resistance through other pathways can
co-exist with MMR-deficient subclones, giving rise to amixed phenotype.

response toimmunotherapy (Fig. 4c) and may explain thelack of both
recognition of MMR-deficient glioma cells by the hostimmune system
and response to PD-1blockade, compared to other MMR-deficient
cancers®?. Akey difference is that MMR-deficient gliomas lack detect-
able MSI by standard assays, similar to data from patients with consti-
tutional MMR deficiency syndromes®. Our scWGS analyses suggest
that this discordance might be due to intratumour heterogeneity and
alack of sufficient evolutionary time to select clonal MSI populations.
Mechanistically, selective pressure exerted by temozolomide drives
thelate evolution of MMR-deficient subclones, which further accumu-
late temozolomide-induced mutations in individual cells. In line with
previous data, therapy-induced single nucleotide variant mutations
might not elicit effective antitumour responses, possibly because of
the quality (missense mutations versus frameshift-producing indels) or
subclonal nature of their associated neoantigens®” 2. However, future
evaluation of longer treatment exposure or combinatorial strategies is
warranted to determine whether checkpoint blockade can be effective
in this or other selected populations (for example, individuals with
newly diagnosed MMR- or POLE-deficient gliomas)®.

We have presented evidence that recurrent defects inthe MMR path-
way drive hypermutation and acquired temozolomide resistance in
chemotherapy-sensitive gliomas. Althoughitis difficult to determine
the origin of MMR deficiency by sequence context alone inindividual
post-treatment samples, our data suggests that some MMR variants
are likely to be caused by temozolomide. However, as acquired MMR
deficiency occurs in the most temozolomide-sensitive tumours, it is
not clear whether the acquired MMR deficiency outweighs the positive
effects of temozolomide in gliomas. Our finding that MMR-deficient
cells retain sensitivity to CCNU supports the hypothesis that hyper-
mutation reduces cellular fitness and tolerance to DNA-damaging
agents other than temozolomide. These alternatives are of interest in
light of recent evidence showing that the addition of CCNU to chemo-
radiation improves the outcome of patients with MGMT-methylated
glioblastomas®. Future studies are warranted to address the possi-
bility that upfront temozolomide with CCNU may attenuate the pro-
cess of post-treatment hypermutation. Furthermore, mechanisms of
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resistance to temozolomide that are not associated with hypermutation
will need to be addressed.

Finally, our dataindicate that the absence of animmune response in
gliomasislikely to result from several aspects of immunosuppression
in the brain that require further characterization. Approaches that
increase infiltration by cytotoxic lymphocytes into the gliomamicro-
environment will probably be required to improve immunotherapy
response. Our dataalso suggest a change in practice whereby repeated
biopsies and sequencing to identify progression and hypermutation
could inform prognosis and guide therapeutic management.
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Methods

Datasets

For the DFCI-Profile dataset, clinical data and tumour variant calls
identified through targeted next-generation sequencing (NGS) panels
of1,628 gliomas sequenced between June 2013 and November 2018 as
partofalargeinstitutional prospective profiling program (DFCI-Profile)
were included' (Extended Data Fig. 1). The distinction between pho-
ton and proton radiotherapy was not systematically captured; the
vast majority of patients underwent photon radiotherapy. For the
MSKCC-IMPACT and FMI datasets, clinical data and tumour variant
calls from a total of 545 and 8,121 samples, respectively, that could be
assigned toamolecular subgroup (see below) were included™**®, For
pan-cancer analyses in targeted panel sets, clinical data and tumour
variant calls from the GENIE project (a repository of genomic data
obtained during routine clinical care atinternational institutions) were
downloaded from Synapse (public data, release v6.1)**. For pan-cancer
analysesinwhole-exome sequencing sets, clinical dataand tumour vari-
ant calls from 17 hypermutated glioblastomas* and from the pan-cancer
TCGA dataset were downloaded from the NCI Genomic Data Com-
mons®. In addition, 247 gliomas collected at one site between 2009
and 2017 were analysed for protein expression of four MMR proteins
(MSH2, MSH6, MLH1, and PMS2) using immunohistochemistry. Writ-
ten informed consent or IRB waiver of consent was obtained from all
participants. Patients of the FMI dataset were not consented for release
of raw sequencing data. The study, including the consent procedure,
was approved by the institutional ethics committees (10-417/11-104/17-
000; Western Institutional Review Board (WIRB), Puyallup, WA).

Tumour genotyping and diagnosis

For the majority of samples, genomic testing was ordered by the pathol-
ogist or treating physician as part of routine clinical care to identify
relevant genomic alterations that could potentially inform diagnosis
and treatment decisions. Patients who underwent DFCI-Profile testing
signed a clinical consent form, permitting the return of results from
clinical sequencing. In total, 1,628 gliomas were sequenced as part of
acohort of 21,992 tumours prospectively profiled between June 2013
and November 2018. Research tumour diagnoses were reviewed and
annotated according to histopathology, mutational status of IDHI and
IDH2 genes, and whole-arm co-deletion of chromosomes 1p and 19q
(1p/19q co-deletion), according to WHO 2016 criteria'. All samples
were assigned to one of four main molecular subgroups: /[DHI/2-mutant
and 1p/19q co-deleted oligodendrogliomas (high- and low-grade),
IDH1/2-mutant astrocytomas (high- and low-grade), IDHI/2 wild-type
glioblastomas (high-grade only), and /DH1/2 wild-type gliomas of other
histologies (high-and low-grade), the latter including grade I pilocytic
astrocytomas, glioneuronal tumours and other unclassifiable gliomas.
For simplification, IDHI/2wild-type grade lll anaplastic astrocytomas
and grade IV diffuse intrinsic pontine gliomas were assigned to the
group of IDH1/2 wild-type glioblastomas in all analyses. Samples for
which the clinical diagnosis of glioma could not be confirmed (other
histology or possible non-tumour sample) and five samples with miss-
ing minimal clinical annotation were excluded from all analyses. For
the MSKCC-IMPACT and FMI datasets, patients also signed a consent
form, and samples were classified using the same procedure. MGMT
promoter methylation status was determined as part of routine clini-
cal care using chemical (bisulfite) modification of unmethylated, but
not methylated, cytosines to uraciland subsequent PCR using primers
specific for either methylated or the modified unmethylated DNAinthe
CpGisland of the MGMT gene (GenBank accession number AL355531
nt46931-47011).

Targeted panel next-generation sequencing (DFCI-Profile) was per-
formed using the previously validated OncoPanel assay at the Center
for Cancer Genome Discovery (Dana-Farber Cancer Institute) for
277 (POPv1),302 (POPv2), or 447 (POPv3) cancer-associated genes'**,

Inbrief, between 50 and 200 ng tumour DNA was prepared as previously
described'®¥, hybridized to custom RNA bait sets (Agilent SureSelect
TM, San Diego, CA) and sequenced using lllumina HiSeq 2500 with
2 x100 paired-end reads. Sequence reads were aligned to reference
sequence b37 edition from the Human Genome Reference Consortium
using bwa, and further processed using Picard (version 1.90, http://
broadinstitute.github.io/picard/) to remove duplicates and Genome
Analysis Toolkit (GATK, version 1.6-5-g557da77) to perform localized
realignmentaroundindelsites®. Single-nucleotide variants were called
usingMuTect v1.1.4%, insertions and deletions were called using GATK
Indelocator, and variants were annotated using Oncotator*°. Copy
number variants and structural variants were called using the internally
developed algorithms RobustCNV* and BreaKmer** followed by manual
review. Tofilter out potential germline variants, the standard pipeline
removes SNPs present at >0.1% in Exome Variant Server, NHLBI GO
Exome Sequencing Project (ESP), Seattle, WA (http://evs.gs.washington.
edu/EVS/, accessed May 30, 2013), present in dbSNP, or present in an
in-house panel of normal tissue, but rescues those also present in the
COSMIC database*. For this study, variants were further filtered by
removing variants present at >0.1% in the gnomAD v.2.1.1 database
or annotated as benign or likely benign in the ClinVar database***.
Arm-level copy number changes were generated using an in-house
algorithm specific for panel copy number segment files followed by
manual expert review. We set a copy number segment mean log, ratio
threshold at which we could accurately call arm amplification and dele-
tion based on the average observed noise in copy number segments.
Chromosome arms were classified asamplified or deleted if more than
70% of the arm was altered. A sample was considered co-deleted if more
than 70% of both 1p and 19q were deleted.

Sequencing datafrom MSKCC-IMPACT were generated at the Memo-
rial Sloan Kettering Cancer Center using a custom targeted panel cap-
ture to examine the exons of 341 (IMPACT341) or 398 (IMPACT410)
cancer-associated genes as previously described”. The FMI dataset
comprised specimens sequenced as a part of clinical care using a
targeted next-generation sequencing assay as previously described
(FoundationOne or FoundationOne CDx, Cambridge, MA)**. Germline
variants without clinical significance were further filtered by applying
an algorithm to determine somatic or germline status*. Results were
analysed for genomic alterations, TMB, MSI and mutational signa-
tures. TMB was assessed by counting all mutations and then excluding
germline and known driver mutations®****’. The remaining count was
divided by the total covered exonic regions™>**, MSI status was deter-
mined as previously described*®. Alog-ratio profile for each sample was
obtained by normalizing the sequence coverage at all exons and ~3,500
genome-wide SNPs against a process-matched normal control. This pro-
file was corrected for GC-bias, segmented and interpreted using allele
frequencies of sequenced SNPs to estimate tumour purity and copy
number at each segment. Loss of heterozygosity (LOH) was called if
local copy number was1, or if local copy number was 2 with an estimated
tumour minor allele frequency of 0%. To assess 1p/19q co-deletion, we
calculated the percentage of each chromosome arm that was monoal-
lelic (under LOH)*¢. Asample was considered 1p/19q co-deleted if both
1p and 19q were >50% monoallelic.

For the DFCI-Profile and FMI datasets, the appropriate cutoffs for
hypermutation (17.0 and 8.7 mut/Mb, respectively) were determined by
examining the distribution of TMB in all samples and further confirmed
using segmented linear regression analysis (Extended Data Fig.2). For
the MSKCC-IMPACT datasets, a threshold previously validated in this
dataset was used”. Inall analyses, the homopolymer indel burden was
calculated by computing the number of single base insertions or dele-
tions inhomopolymer regions of at least 4 bases inlength and dividing
the count by the total exonic coverage as previously established®.
Somatic variants were annotated as previously described”73¢% In
addition, for the DFCI-Profile and MSKCC-IMPACT datasets, variantsin
aselected list of glioma-and DNA-repair associated genes (IDHI1,IDH2,
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TERT,ATRX,CIC,H3F3A, HISTIH3B, EGFR, PDGFRA, FGFR1, FGFR2, FGFR3,
MET, KRAS, NRAS, HRAS, BRAF, NF1, PTPN11, PTEN, PIK3CA, PIK3C2B,
PIK3R1, CDKN2A, CDKN2B, CDKN2C, CDK4, CDK6, CCND2, RB1, TP53,
MDM2, MDM4, TPS3BP1, PPM1D, CHEK1, CHEK2,RADS1, BRCA1, BRCA2,
ATM,ATR, MLHI1, MLH3,PMS1,PMS2, MSH2, MSH6, EPCAM, SETD2, POLE,
POLDI, MUTYH, WRN) were manually reviewed for oncogenicity using
several clinical databases for variant annotation (OncoKB, ClinVar,
COSMIC, EXAC, and ARUP).

Mutational signature analyses
All variants detected by the sequencing pipeline covered by at least
30xread depth were stringently filtered for germline origin using the
gnomAD (populationallele frequency greater than 0.1%), and ClinVar
(benign or likely benign annotation) databases***, as well as manual
review of VAF distributions and variants with VAFs consistent with
possible germline origin (45-55% or over 95%). The mutational spec-
trum of variants filtered during these steps was similar to a previously
published germline mutation spectrum®. Signature analysis was per-
formed for hypermutated samples in atwo-step approach starting with
the SomaticSignatures package in R for de novo signature extraction
within each group®. To account for the inherent heuristic quality of
the NMF approach, the NMF clustering step was repeated 100 times
and chosen result was selected based on identifying signatures with
the strongest Pearson’s correlation coefficients when compared to the
30 well-established COSMIC signatures v2 (https://cancer.sanger.ac.uk/
cosmic/signatures_v2)* (Extended Data Fig. 5a-c). We then used the
DeconstructSigs package in R to estimate the contribution of identi-
fied signatures using aregression model*. To account for the potential
overfitting of aregression approach—owing to either lack ofimportant
signatures in the model, or inclusion of uninvolved signatures—we
used only the signatures identified by the decomposition approach
instep one, supplemented by any strong signature predictions identi-
fied through afirst pass run of DeconstructSigs with the 30 COSMIC
signatures to check for samples that may show strong correlation to
an outlier signature. For the FMI dataset, mutational signatures were
called as previously described”. All point mutations were included in
the analysis except known oncogenic driver mutations and predicted
germline mutations. A sample was deemed to have adominant signa-
ture if a mutational signature had a score of 0.4 or greater.
Toassesstheability of thismethod todetecthypermutation-associated
signaturesin targeted panel sequencing data, we compared the signa-
ture calls of exome-sequenced samples using all variants (previously
published DeconstructSigs signature predictions®) versus using only
variants that overlapped with the panel-targeted regions. Somatic vari-
ant calls for bladder cancer, colon adenocarcinoma, rectal adenocar-
cinoma, skin cutaneous melanoma, and lung adenocarcinoma (study
abbreviations BLCA, COAD, READ, SKCM, LUAD) from the TCGA MC3
dataset were used* to assess the detection of COSMIC mutational
signatures associated with APOBEC (signatures 2 and 13), mismatch
repair (signature 6), ultraviolet light (signature 7), POLE (signature
10), and tobacco (signature 4). Variant calls for 17 hypermutated and
12 non-hypermutated glioma exome-sequenced samples were used
for assessing temozolomide (signature 11) detection®*. There were two
COAD samples with known POLE exonuclease domain oncogenic muta-
tions and a POLE signature predicted by DeconstructSigs; these were
used for assessing POLE signature detection. For a given threshold
number of variants (X*), we considered how many samples had at least
X'variants, and what percentage of these samples could correctly pre-
dict the exome-based signature using panel-restricted variants (witha
predicted signature fraction greater than 0.1-0.2). This analysis showed
that panel-based signature calls for the APOBEC, mismatch repair,
tobacco, and ultraviolet light signatures reached 90% sensitivity with
atleast 20 somatic variants. Owing to the low number of samples with
POLE-associated and temozolomide-associated hypermutation, we did
not assess the sensitivity of signature detection at each variant count

threshold; weinstead downsampled the number of variantsin positive
control samples to find the minimum number of variants necessary to
reproducibly predict the known signature, which was also determined
to be 20 somatic variants (Extended Data Fig. 4).

Enrichment analysis

Mutation enrichment was statistically determined through a permuta-
tion test to control for confounders including variable mutability of
different genes as well as sample mutationrates, which is of particular
importance when assessing enrichment in hypermutated samples.
First, we generated a list of every mutation in each of our samples.
We calculated the difference in the mutation counts (A’) between the
group of interest and the reference group. We thenrandomly permuted
the mutations 100,000 times, preserving sample and gene mutation
counts, and computed the A for each gene in each permutation. The P
value for agiven gene was determined by the fraction of permutations
1-n (in our case, n=100,000) for which A, > A’. Storey g values were
generated using the qvalue package in R to adjust for multiple compari-
sons. The analysis was first performed in the merged DFCI-Profile and
MSKCC-IMPACT dataset, and further revalidated in the FMI dataset in
anindependent analysis.

Single-cell whole-genome sequencing

Frozen glioma samples were mechanically dissociated into pools of
single nuclei as previously described*, following which single nuclei
wereisolated by flow cytometry, using a DAPI-based stain. Nuclei were
subjected to whole-genome multiple displacement (MDA) amplifica-
tion (Qiagen, REPLI-g) followed by next-generation sequencinglibrary
construction for lllumina Sequencing (Qiagen QlAseq FXDNA library
kit). Libraries were sequenced on the lllumina HiSeq platformin paired
end mode. Single cells were sequenced to 0.1-1x coverage. Bulk pooled
nuclei were sequenced to 60x coverage while matched germline DNA
(extracted from blood) was sequenced to 30x coverage.

Reads were aligned to hg38 using bwa mem, and variants were
jointly called across bulk normal tissue, primary tumour single cells,
and recurrent tumour single cells using the GATK best practices pipe-
line*® without variant quality score recalibration. Somatic mutations
insingle cells were called if they were monoallelic, had ahomozygous
reference genotype call but no alternate-allele supportin bulk normal
tissue, and had atleast three supporting readsin asingle cell. Germline
heterozygous mutations (gHets) were called if they were monoallelic,
were found in dbSNP (version 138, http://www.ncbi.nlm.nih.gov/snp),
and had at least one supporting read and a heterozygous genotype
callin bulk normal tissue. To assess sensitivity in each single cell, we
computed the fraction of gHets detected with atleast three supporting
reads, analogous to our procedure for calling somatic mutations. To
estimate the total number of somatic mutations presentin each cell, we
divided the total number of somatic mutations detected by sensitivity.
To obtain 95% confidence intervals on the total mutational burden,
we modelled the measurement of sensitivity using a beta distribu-
tion with Jeffrey’s prior, in which the beta parameters (a, 3) are equal
to the number of detected gHets + 0.5 and the number of undetected
gHets + 0.5, respectively. We identified recurrent tumour single cells
as hypermutated if their mutational burden was at least 1.5 times the
highest mutational burden detected among primary tumour cells.

The method to detect microsatellite mutations was based on
read-based phasing®*¢ and was previously validated using scWGS data
fromneurons (I.C.-C. et al., manuscript in preparation). First, the human
genome was scanned to define areference set of microsatellite repeats
that canbe captured using shortreads (thatis, between 6 and 60 bp) as
previously described”. Heterozygous SNPs were then detected in the
bulk normal sample using the variant caller GATK?., Next, the reads in
agiven cell mapping to each heterozygous SNP allele detected in the
bulk sample and their mates were extracted. If any of the microsatel-
litesin the reference set were covered by these reads, the distribution
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of the allelic repeat lengths supported by the data was obtained by
collecting the lengths of all intra-read microsatellite repeats mapped
tothe microsatellite locus under consideration. To discount truncated
microsatellite repeats, we required 10-bp flanking sequences (both 5’
and 3’) of the intra-read microsatellite repeats to be identical to the
reference genome. The same procedure was applied to the bulk sample.
Finally, the distributions of microsatellite lengths from the single cell
and the bulk sample were compared using the Kolmogorov-Smirnov
test. The rates of microsatellite instability for each cell were computed
asthe number of sites mutated divided by the total number of microsat-
ellites for which a call could be made. We applied FDR correction using
0.05 as a threshold for statistical significance, with a minimum of
8single celland 10 normal reads required to make a call. All the code is
publicly available (https://github.com/parklab/MSlIprofiler).

Immunohistochemistry

For therevalidation of MMR defectsin anindependent set, all prospec-
tively collected surgical samples representing consecutive relapses
of diffuse glioma following treatment with alkylating agents in adult
patients (surgery between 2009 and 2015) were included. An expert
neuropathologist reviewed histological samples from the IHC Pitié
Salpétriére cohort (Supplementary Table 2) in order to assess the WHO
2016 integrated diagnosis and to select the tumour areas forimmuno-
histochemistry and for DNA extraction when molecular testing from
formalin-fixed paraffin-embedded (FFPE) tissue material was required.
Diffuse gliomas harbouring unambiguous positive IDHI(R132H) immu-
nostaining were classified as IDHI/2-mutant. /DHI/2 status was tested
by targeted sequencing in all diffuse gliomas harbouring negative or
ambiguous IDH1(R132H) immunostaining. [DHI/2-mutant diffuse glio-
mas with loss of ATRX expression in tumour cells were classified asnon
1p/19q co-deleted. 1p/19q co-deletion was tested in all IDH1/2-mutant
diffuse gliomas with maintained ATRX expression. MGMT status was
assessed in IDHI/2 wild-type gliomas. FFPE sections (3 um thick) were
deparaffinized and immunolabelled with a Ventana Benchmark XT
stainer (Roche, Basel, Switzerland). The secondary antibodies were
coupled to peroxidase with diaminobenzidine as brown chromogen.
For immunohistochemistry performed at Pitié-Salpétriére (PSL)
Hospital, the following antibodies were used: mouse monoclonal
anti-ATRX (Bio SB, clone BSB-108, BSB3296, 1:100), mouse monoclo-
nal anti-IDH1(R132H) (Dianova, clone HO9, DIA-H09, 1:100), rabbit
monoclonalanti-CD3 (Roche, clone 2GV6,790-4341, prediluted), rabbit
polyclonal anti-IBA1 (Wako, W1W019-19741,1:500), mouse monoclonal
anti-MLH1 (Roche, clone M1,790-4535, prediluted), mouse monoclonal
anti-MSH2 (Roche, clone G219-1129, 760-4265, prediluted), mouse
monoclonal anti-MSH6 (Roche, clone 44, 760-4455, prediluted), rabbit
monoclonal anti-PMS2 (Roche, clone EPR3947, 760-4531, prediluted).
For immunohistochemistry performed at BWH, the following anti-
bodies were used: mouse monoclonal anti-MLH1 (Leica, clone ESO5,
MLHI-L-CE, 1:75), mouse monoclonal anti-MSH2 (Merck Millipore, clone
Ab-2-FE11,NA27,1:200), mouse monoclonal anti-MSH6 (Leica, clone
PU29, MSH6-L-CE, 1:50), mouse monoclonal anti-PMS2 (Cell Marque,
MRQ-28,288M-14-ASR, 1:100). An expert neuropathologist blinded to
themolecular status of MMR deficiency analysed the immunostaining.
If loss of expression of one or several MMR proteins was observed in
tumour cells, this result was confirmed in an independent laboratory
by a second expert pathologist with separate stainer and reagents:
FFPE sections were immunolabelled with a BOND stainer (Leica, Wet-
zlar, Germany). Primary antibodies were as follows: mouse monoclo-
nal anti-MLH1 (clone G168-728, BD Pharmingen), mouse monoclonal
anti-MSH2 (clone 25D12, Diagnostic BioSystems), mouse monoclonal
anti-MSH6 (clone 44, Diagnostic BioSystems), mouse monoclonal
anti-PMS2 (clone A16-4, BD Pharmingen). The loss of expression of
MMR proteins was defined as the total absence of nuclear labelling in
tumour cells associated with a maintained expression in normal cells
(as a positive internal control in the same tissue area). The density of

theimmune infiltrate was studied afterimmunolabelling of T lympho-
cytes by CD3 and of macrophage/microglial cells by IBA1. The num-
ber of immunopositive cells was quantified by visual counting in the
three areas (one square millimetre) of tumour tissue containing the
highest density of immunopositive cells and a mean density was cal-
culated.

Patient-derived cell lines

AllPDCLs with aname starting with BT were established from tumours
resected at Brigham and Women’s Hospital and Boston Children’s
Hospital (Boston, MA) and were maintained in neurosphere growth
conditions using the NeuroCult NS-A Proliferation Kit (StemCell
Technologies) supplemented with 0.0002% heparin (StemCell Tech-
nologies), EGF (20 ng/ml), and FGF (10 ng/ml; Miltenyi) in a humidified
atmosphere of 5% CO, at 37 °C. The N16-1162 PDCL was established by
the GlioTex team (Glioblastoma and Experimental Therapeutics) atthe
Institut du Cerveau et de laMoélle épiniére (ICM) laboratory and main-
tained as described above. SU-DIPG-XIII (DIPG13) cells were provided
by Dr. Michelle Monje at Stanford University and were maintained in
neurosphere growth conditions ina humidified atmosphere of 5% CO,
at37 °Cintumour stem medium (TSM) consisting of Dulbecco’s modi-
fied Eagle’s medium: nutrient mixture F12 (DMEM/F12), neurobasal-A
medium, HEPES buffer solution1M, sodium pyruvate solution100 nM,
non-essential amino acids solution 10 mM, Glutamax-I supplement
and antibiotic-antimycotic solution (Thermo Fisher). The medium was
supplemented with B-27 supplement minus vitamin A, (Thermo Fisher),
20 ng/ml human-EGF (Miltenyi), 20 ng/ml human-FGF-basic (Miltenyi),
20 ng/ml human-PDGF-AA, 20 ng/ml human-PDGF-BB (Shenandoah
Biotech) and 2 pg/mlheparinsolution (0.2%, Stem Cell Technologies).
Theidentity of all cell lines established was confirmed by short tandem
repeat assay or sequencing. All cell lines were tested for the absence
of mycoplasma. Cell lines, xenografts, and model data available from
the DFCI Center for Patient Derived Models.

Viability assays

For short-term viability assays, cells were plated in 96-well plates and
treated the following day with temozolomide (Selleckchem) or CCNU
(Selleckchem) for 7-9 days incubation. Fresh medium was added after
four days of incubation. Cell viability was assessed using the lumines-
cent CellTiter-Glo reagent (Promega) according to the manufacturer’s
protocol. Luminescence was measured using the Modulus Microplate
Reader (Promega). The surviving fraction (SF) for each [X] concentra-
tionwas calculated as SF=mean viability in treated sample at concentra-
tion [X]/mean viability of untreated samples (vehicle). Dose-response
curves and IC;, were generated using Prism 8 (GraphPad Software,
SanDiego, USA) after log transformation of the concentrations. Curves
were extrapolated using nonlinear regression with four-parameter
logistic regression fitting ontriplicates from survival fractions of three
independent replicates, following the model: y=Bottom + (Top - Bot-
tom)/(1+10([logICs, - x] x HillSlope)).

Generation of Isogenic MMR-deficient cell lines

Oligos of the form 5’-CACCG[N20] (where [N20]is the 20-nucleotide tar-
getsequence;sgGFP, GAGCTGGACGGCGACGTAAA;sgMSH2, ATTCTGTT
CTTATCCATGAG; sgMSH6, TTATTGGAGTCAGTGAACTG; sgMLH]1,
ACTACCCAATGCCTCAACCG; sgPMS2, TCACTGCAGCAGCGAGTATG)
and 5-AAAC[rc20]C (where[rc20]is the reverse complement of [N20])
were purchased from Integrated DNA Technologies (IDT). For DIPG13
cells, oligos containing the sgRNA target sequence were annealed
with their respective reverse complement and cloned into the len-
tiCRISPR all-in-one sgRNA/Cas9-delivery lentiviral expression vector
(pXPR_BRDOOI; now available as pXPR_BRD023 lentiCRISPRv2) from
the Broad Institute Genetics Perturbation Platform (GPP). For BT145
cells, oligos containing the sgRNA target sequence were annealed with
theirrespective reverse complement and cloned into the pXPR_BRD051
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CRISPRko all-in-one sgRNA/Cas9-delivery lentiviral expression vec-
tor (available from the Broad Institute Genetics Perturbation Plat-
form, GPP). Successful cloning of each sgRNA target sequence was
confirmed via Sanger Sequencing. To generate lentivirus from these
vectors, HEK293T cells were transfected with 10 pg of each expression
plasmid with packaging plasmids encoding PSPAX2 and VSVG using
lipofectamine. Lentivirus-containing supernatant was collected 48
and 72 h after transfection. DIPG13 and BT145 cells were seeded in a
12-well plate at 1-3 x 10° cells/well in 3 ml medium and spin-infected
(2,000 rpm for 2 h at 30 °C with no polybrene) with pLX311-Cas9
(DIPG13) or pXPR_BRDOS51 (BT145) lentiviral vectors and selected with
blasticidin (10 pg/ml, DIPG13) or hygromycin (300 pg/ml, BT145)
to generate Cas9-expressing or knockout cells. DIPG13-Cas9 cells
underwentasubsequent lentiviral spin-infection with the lentiCRISPR
sgGFP, sgMSH2, or sgMSH6 vectors described above. Puromycin selec-
tion (0.4 pg/ml for DIPGI13 cells) commenced 48 h post-infection.

Chronic treatment and sequencing of isogenic MMR-deficient
celllines

DIPG13-sgGFP, -sgMSH2, and -sgMSH6 cells were seeded at 8 x 10°
cells/wellin4 mlmediumina 6-well ULA plate. Each line was grown for
3 months under 3 conditions: no treatment, temozolomide (100 pM,
Selleckchem), or DMSO vehicle. Cells were grown under these con-
ditions in the absence of both blasticidin and puromycin. Cells were
re-dosed with temozolomide or DMSO every 3-5 days, splitting
over-confluent cells1:2 or 1:4 as needed. After 3 months, genomic DNA
was extracted using the QIAmp DNA Mini Kit. DNA was subjected to
whole-exome Illumina sequencing. Reads were aligned to the Human
Genome Reference Consortium build 38 (GRCh38). WES data were
analysed using the Getz Lab CGA whole-exome sequencing charac-
terization pipeline (https://docs.google.com/document/d/1IVO2kX_fgf
UdOx3mBS9NjLUWGZu794WbTepBel3cBg08/edit#heading=h.yby87
12ztbcj) developed at the Broad Institute which uses the following
tools for quality control, calling, filtering and annotation of somatic
mutations and copy number variation: PicardTools (http://broadinsti-
tute.github.io/picard/) ContEst*®, MuTect1*, Strelka®, Orientation Bias
Filter®®, DeTiN®, AllelicCapSeg®, MAFPoNFilter®®, RealignmentFilter,
ABSOLUTE®*, GATK?®, Variant Effect Predictor®, and Oncotator*°.

Subcutaneous xenografts and drug treatment

BT145 cells (2 x 10°) were resuspended in equal parts Hank’s buffered
salt solution (Life Technologies) and Matrigel (BD Biosciences) and
then injected into both flanks of eight-week-old NU/NU male mice
(CharlesRiver). Tumour-bearing mice (n=_8) were randomly assigned
to the treatment or vehicle arm when tumours measured a volume
of 100 mm?. Animals received 12 mg/kg/day temozolomide or vehi-
cle (Ora-Plus oral suspension solution, Perrigo, Balcatta, Australia)
by oral gavage for 5 consecutive days per 28-day cycle. An additional
4 weeks resting period without treatment was observed before the
second cycle. Tumour volumes were calculated using the formula:
0.5 xlength x width?. Body weights were monitored twice weekly. The
investigators were not blinded to allocation during experiments and
outcome assessment. Mice were euthanized when they showed signs
oftumour-related illness or before reaching the maximum tumour bur-
den. Tumours were subsequently removed, and asubset were submitted
to Oncopanel sequencing for analyses of exonic mutations (POPv3, 447
genes) and mutational signature as defined above. To separate human
and mouse sequenced reads in the DNA sequencing data generated for
the PDX models, the ‘raw’ data were mapped to both the hgl9 human
and mm10 mouse reference genomes using BWA-MEM-0.7.17. The out-
put of the alignment was name sorted by Samtools-1.7. We then used
the software package Disambiguate (ngs_disambiguate-1.0) to assign
eachread to the human or mouse genome and to produce final align-
ment files in BAM format. Final hg19 BAM files were coordinate sorted
by Samtools-1.7. Duplicate reads were marked and removed from the

BAM files using Picard-2.0.1. GATK4.1.0.0 base recalibration was per-
formed using BaseRecalibration and Applying Recalibration followed
by CollectF1IR2Counts and LearnReadOrientationModel to create a
model for read orientation bias. Variant calling was performed using
GATK-4.1.0.0/Mutect2 pipeline with the default parameters and filters
except for the following modifications: (i) ‘af-of-alleles-not-in-resource’
was set to O; (ii) ‘MateOnSameContigOrNoMappedMateReadFilter’ was
disabled; (iii) the output of Step8 was used for fitting the read orienta-
tionmodel; and (iv) agermline resource from the gnomAD database was
included (https://console.cloud.google.com/storage/browser/_details/
gatk-best-practices/somatic-b37/af-only-gnomad.raw.sites.vcf). The
capturetargetsintervals used for Mutect2 were POPv3. The generated
variant calls were further filtered using the FilterMutectCalls mod-
ule of GATK4.1.0.0 and the final output in VCF format was annotated
with Ensemble Variant Effect Predictor (ensembl-vep-96.0) using vcf-
2maf-1.6.16. The calls were additionally annotated with the OncokB
dataset using oncokb-annotator and sorted as MAF files.

Allin vivo studies were performed in accordance with Dana-Farber
Cancer Institute animal facility regulations and policies under protocol
number 09-016.

Immunoblotting

Proteins were extracted in lysis RIPA buffer (50 mM Tris, 150 mM NacCl,
SmMEDTA, 0.5% sodium deoxycholicacid, 0.5% NP-40, 0.1% SDS) sup-
plemented with protease inhibitor cocktail (Roche Molecular). Proteins
were quantified using the PierceBCA Protein Assay Kit, according to the
manufacturer’s protocol. Samples were then prepared with 1x NuPAGE
(Invitrogen) LDS sample buffer,and NuPAGE (Invitrogen) sample reduc-
ing agent followed by heating to 95 °C for 5 min. The samples were
then loaded onto NuPAGE 4-12% Bis-Tris Gel (Invitrogen) with NuPAGE
MOPS SDS (Invitrogen) buffer and run through electrophoresis. The
transfer onto membrane was then done at 40 V overnight at 4 °Cin
NuPAGE transfer buffer (Invitrogen) with 10% methanol. Membranes
were blocked with 5% skim milk in TBST for 1h, thenincubated with the
following primary antibodies added to 5% BSA and incubated overnight
at4 °C on ashaker: mouse monoclonal anti-MGMT (Millipore, MT3.1,
MAB16200, 1:500), mouse monoclonal anti-MSH2 (Calbiochem, FE11,
NA27,1:1,000), mouse monoclonal anti-MSH6 (Biosciences, 44, 610918,
1:500), mouse monoclonal anti-MLH1 (Cell Signaling, 4C9C7, 3515,
1:500), mouse monoclonal anti-PMS2 (BD Biosciences, A16-4, 556415,
1:1,000), mouse monoclonal anti-beta-actin (Sigma, AC-74, A2228,
1:10,000). After several cycles of washing and incubation with second-
ary goat anti-mouse antibody (Invitrogen 31430, 1:10,000), membranes
were imaged by chemiluminescence using the Biorad ChemidocTM
MP imaging system.

Microsatellite instability analysis

PCR amplification of the five mononucleotide markers (BAT25, BAT26,
NR21,NR24, MONO27) was performed with the MSI Analysis System kit
(Version1.2,Promega). PCR products were analysed by an electropho-
retic separation on the polymer POP7 50cmin an Applied Biosystems
3130XL sequencer and using Genemapper Software 5.

Outcome of patients treated with PD-1blockade

For comparison of PFS and OS in patients treated with PD-1 pathway
blockade according to TMB and MMR statuses, we retrospectively
identified patients with gliomawho had been treated with PD-1block-
ade (alone orin combination with bevacizumab) for recurrent disease
atour institutions. Patients for whom sequencing was not performed
at the time of recurrence were excluded. Magnetic resonance imag-
ing (MRI) tumour assessments were reviewed using the Response
Assessmentin Neuro-Oncology (RANO) criteriaby three independent
reviewers (M.J.L.-F., S.A., and R.Y.H.) who were blinded to the groups.
PFS and OS duration were calculated from cycle 1 day 1 of PD-1block-
ade therapy.
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Statistical analyses

Data were summarized as frequencies and proportions for categori-
cal variables and as median and range for continuous variables.
Continuous variables were compared using Mann-Whitney or Kruskal-
Wallis tests; categorical variables were compared using Fisher’s exact or
Chi-squared tests. Survival and PFS were estimated using the Kaplan-
Meier method, and differences in survival or PFS between groups were
evaluated by the log-rank test. Survival for subjects who were alive or
lost to follow-up at the time of last contact on or before data cut-off
was censored at the date of the last contact. Patient matchingina k-to-k
fashion was conducted using coarsened exact matching according to
diagnosis, primary versus recurrent status, and prior treatments. For
evaluation of response to PD-1 blockade, patients with glioma from
the DFCI-Profile cohort who were treated with anti-PD(L)-1antibodies
or other treatments (total n = 210) as part of their management were
included in the analysis. For multivariable analysis, Cox proportional
hazard regression was used to investigate the variables that affect sur-
vival. Pvalues were considered statistically significant when <0.05.
Statistical analyses were performed using STATA (v14.2, StataCorp LLC,
College Station, USA), Prism 8 (GraphPad Software, San Diego, USA),
and MedCalc Statistical Software, version 19.0.3 (MedCalc Software
bvba, Ostend, Belgium). For enrichment analyses, mutated genes were
considered significant when Q<0.01. Where applicable, the means of
population averages from multiple independent experiments (+ s.d.
ors.e.m.) are indicated. No statistical methods were used to prede-
termine sample size.

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

Data availability

Clinical and sequencing datafrom 1,495 samples from the DFCI-Profile
and 545 samples from the MSKCC-IMPACT datasets are publicly avail-
able (GENIE v.6.1: https://genie.cbioportal.org or https://www.synapse.
org/). All data for samples from the GENIE v.6.1and TCGA pan-cancer
datasets are publicly available. Data for samples from the FMI dataset
are not publicly available, but de-identified, aggregated data can
be accessed on request. dbGaP Study Accession: phs001967.v1.pl.
All other dataare available on request.

Code Availability

The code for the detection of microsatellite mutations in single-cell
DNA sequencing is publicly available (https://github.com/parklab/
MSlprofiler).
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Extended DataFig.1| Overview of the clinical characteristics of the
patientsinthestudy and analyses performed. a, Clinical datasets analysed
and maindemographicsincluding age, histomolecular subtype and disease
stage.1,628 gliomasamples from adult and paediatric patients were sequenced
aspartofalargeinstitutional prospective sequencing program of consented
patients (DFCI-Profile) and subsequently clinically annotated. We identified
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545and 8,121gliomas with sequencing from the MSKCC-IMPACT and FMI
datasets, respectively, and used themasareplication set (total set of 10,294
sequenced samples). Inaddition, 314 tumours—including 247 consecutive
recurrent gliomas—were analysed for protein expression of four MMR proteins
(MSH2,MSH6, MLH1, and PMS2) usingimmunohistochemistry. b, Analyses
performed and key clinical questions that were addressed in the study.
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Extended DataFig. 3 |See next page for caption.
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Extended DataFig. 3 |Integrated analysis of tumour mutationburdenin
hypermutated gliomas in the DFCI-Profile, MSKCC-IMPACK and FMI
datasets. a, Distribution of TMB, homopolymerindels, MMR mutations, and
SNV mutational spectrumaccording to molecular status of IDH1/2,1p/19q
co-deletion (1p/19q), gain of chromosome 7 and/or deletion of chromosome 10
(7gain/10del), and MGMT promoter methylation, histological grade, age at
initial diagnosis, and history of prior treatment with alkylating agents or
radiation therapy (the distinction between photon and proton therapy was not
systematically captured) in the DFCI-Profile dataset (n =84, data not shown for
the single sample from other gliomas, IDH1/2-wt subgroup). b, Top, distribution
of histomolecular groupsinnon-hypermutated and hypermutated gliomas
from the combined sequencing dataset (n=2,173). Bottom, distribution of
molecular groupsinde novo and post-treatment hypermutated gliomas from
the DFCI-Profile dataset (n=85) (annotation not available for the
MSKCC-IMPACT set). ¢, Prevalence of hypermutation according to MGMT
promoter methylation and /DH1/2 mutation status in post-temozolomide
gliomas from the DFCI-Profile dataset (n=150). Two-sided Fisher’s exact test.
d, Number of temozolomide cycles according to /DHI/2 mutation statusin
post-temozolomide diffuse gliomas from the DFCI-Profile dataset (n =211
gliomas). Patients who received combined chemoradiation but no adjuvant
temozolomide wereincluded. Two-sided Wilcoxonrank-sumtest. e, Boxplots
of TMBin post-treatment hypermutated gliomas according to the number of

temozolomide cyclesreceived before surgery. Kruskal-Wallis testand Dunn’s
multiple comparison test.f, TMBinrecurrent gliomas according to treatments
received before surgery. Patients who received multiple treatment modalities
were excluded. Kruskal-Wallis test and Dunn’s multiple comparison test.
Boxes, quartiles; centre lines, median ratio for each group; whiskers, absolute
range (d-f). g, Integrated analysis of the FMI dataset (n = 8,121 gliomas)
depicting tumour mutation burden, the number of indels at homopolymer
regions, and the SNV mutation spectrum detected in each tumour according to
molecular status of IDH1/2 and 1p/19q co-deletion (1p/19q), MSl status, and age
atinitial diagnosis. Dominant mutational signatures detected in hypermutated
samplesare depicted. The dotted lineindicates the threshold for samples with
ahigh mutationburden (8.7 mutations per Mb). h, Prevalence of
hypermutation among molecularly defined subgroupsin the FMI dataset
(n=8,121gliomas). Chi-squared test. i, Dominant mutational signatures
detectedin hypermutated samplesin the FMIdataset (n=8,121gliomas).
Chi-squared test.j, Mutated genes and pathways enriched in hypermutated
gliomasin the FMIdataset (n=8,121). Enrichment was assessed using a
permutation test to control for random effects of hypermutability in tumours
with high TMB. Kk, 1, Proportion of TMB"&" versus TMB'" samples with
mutationsinselected DNArepair genesand gliomadrivers (e) and in the MMR
pathway (MSH2, MSH6, MLHI and PMS2; f). Permutation test; ****P<0.0001,
***P<0.001,**P<0.01; ns, not significant.
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Extended DataFig. 4| Validation ofknown hypermutation-associated
signatures using TCGA datasets. Mutational signatures were predicted using
exome-sequencing variants that overlapped with the panel-targeted regions,
and then compared to previously published DeconstructSigs signature
predictions based on all exome variants. The TCGA MC3 dataset was used to
assess the detection of COSMIC mutational signatures associated with
APOBEC (signatures 2 and 13), mismatch repair (signature 6), ultraviolet light
(signature7), POLE (signature 10), and tobacco (signature 4). Variant calls for 17
hypermutated and 12 non-hypermutated glioma exome-sequenced samples*
were used to assess temozolomide (signature 11) detection. a, Detection of
APOBEC-associated mutational signature in TCGA BLCA samples (n=129 out
of 411samples). b, Detection of ultraviolet-associated mutational signature in
TCGASKCMsamples (n=237 out of 466 samples). ¢, Detection of tobacco
smoking-associated mutational signature in TCGA LUAD samples (n=250 out
of 513 samples). d, Detection of MMR-associated mutational signature in TCGA
COAD (n=188 out of 380 samples). e, Detection of POLE-associated mutational
signaturein TCGA COAD and READ samples (n=277 out of 380 samples).

f, Detection of temozolomide-associated mutational signature inref. *
(n=29).g, Unsupervised clustering of hypermutated samples. A total

of 865 hypermutated tumour samples from exomes (pan-TCGA and Wang
etal.*) and targeted panels (DFCI-Profile and MSK-IMPACT) were analysed for
known hypermutation signatures (tobacco, UV, MMRD, POLE, TMZ, APOBEC).
Samples and signatures underwent 2D hierarchical clustering based on
Euclideandistance. h, Performance of cancer panel versus other genesetsin
mutational signature calling. We analysed 622 hypermutated tumour exomes
(pan-TCGA and Wang etal.*, black) for their mutational signature contributions
whenrestricted to variants from i) DFCI-Profile OncoPanel cancer panel genes
(red), orii) 9 randomly selected gene sets (grey) of similar total capture size to
the cancer panel. For each sample, we assessed known hypermutation
signatures for cancer panels and gene sets for which at least 20 single base
substitutions were retained in the sample after restriction. Samples and
signatures underwent 2D hierarchical clustering based on Euclidean distance.
i, Theviolin plots represent the number of variants (top) and the cosine
similarity of signature contributions (bottom) when using all exonic variants
versusrestriction to cancer panel or the 49 random gene sets. Boxes, quartiles;
centre lines, median ratio for each group; whiskers, absolute range. Two-sided
Welch’s t-test.

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



Article

Mutational Signature:

mcs
C15 L MMR deficiency
Wz

mcio
Wi

mcn

c1
1 other

POLE deficiency
MMR/POLE deficiency
Signature 11

(Alkylating agent-related)
Age-related

a oA =3 =3 A =S
s1 o
r=0.91 with C15 (MMR-deficiency) 5
s o . 1l L [T SRERRREEFIARFS
s 3 0
r=0.95 with C1 (Age-related) £ s J J
5
8 IO paxgai]jal jar' [e® igg) b inspngeasgagug] unnnessry
10
s3 5
r=0.84 with C10 (POLE-deficiency)
0
b
s1 .
r=0.99 with C11 (Alkylating agent-related) 4
2
0
S2 6
r=0.91 with C11 (Alkylating agent-related) c 4
s 2
S3 E :
r=0.80 with C15 (MMR-deficiency) E 4
2
0
sS4 6
r=0.85 with C1 (Age-related) ;
0 LI 1L L ool nl|
c on = A =
s1 s
1=0.96 with C11 (Alkylating agent-related) e
ol 1 1
S2 75
r=0.92 with C11 (Alkylating agent-related) s 5.0
£ 2s
3 o A3nannal|IaN 1 RRRR
T7s
. " S3 8 5.0
r=0.83 with C15 (MMR-deficiency) 25
o 'l L L] 1l |38RAT TRRAR
s 75
5.0
r=0.87 with C1 (Age-related) 25 I |
" =1 -=
ST SR S, T R SR
d De novo Hypermutated Gliomas (n=26) Post-treatment Hypermutated Gliomas (n=59)
Number of samples with signature Number of samples with signature
5 10 15 20 0 20 40 60
! h h i 1 n h )
mvR T eo% agent o I -
Age-related - 69% MMR - 41%
POLE-_ 35% POLE J 3%
e .
De novo Hypermutated Gliomas (n=26) Post-treatment Hypermutated Gliomas (n=59)
210 H T 2100 I
g i | H |I i e
2 - 2
5 10 2 10 I 1l
E = I- H | | i |
=
I8 - i L L Ll )
Samples samples
f De novo Hypermutated Gliomas (n=18) Post-treatment Hypermutated Gliomas (n=72)
MMR variants mutational spectrum MMR variants mutational spectrum
r=0.88 with C1/C5 (Age-related) r=0.89 with C11 (Alkylating agent-related)
o [ = o [ wm L w [ w = o or ™ w | w
< 0.124‘ [
£ 008/
&
€ 0.04) |
S R 0 111 o

Extended DataFig. 5|See next page for caption.
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Extended DataFig. 5| Mutational signature analysis of primary and
secondary hypermutated cohort (n=111). a, Mutational signature analysis of
newly diagnosed hypermutated gliomas in the DFCI-Profile dataset (n=24).

b, Mutational signature analysis of secondary hypermutated gliomas (samples
inwhich hypermutation was detected in the recurrent tumour) inthe
DFCI-Profile dataset (n=58). The novel COSMIC Signature 11-related signature
(S2) was associated with 1p/19q co-deletion and lack of prior radiation therapy
(66.7% of samples with high S2 versus 26.2% of samples with high S1signature,
Fisher P=0.016). ¢, Mutational signature analysis of hypermutated gliomas
from the MSKCC-IMPACT dataset (n=29).d, Mutational signature analysis in
denovo (hypermutated at first diagnosis, n=26, left) and post-treatment
hypermutated gliomas (hypermutationinarecurrent tumour,n =59, right).
Percentage of samples exhibiting the most common mutational signatures
and their hypothesized causes are displayed. MMR, C6, C14, C15, C26;

age-related, C1; POLE, C10, C14. Chi-squared test. e, Mutational signatures
identified inindividual de novo hypermutated gliomas (hypermutated at first
diagnosis, n=26, left) and post-treatment hypermutated gliomas
(hypermutationinarecurrenttumour, n =59, right). f, Mutational signature
analysis of MMR variants in hypermutated gliomas from the DFCI-Profile and
MSKCC-IMPACT datasets (n=114). Ninety variants of the MMR genes MSH2,
MSH6, MLHI, and PMS2were merged into two groups (denovo, n=18;
post-treatment, n=72) according to the type of samplein which they were
found and analysed for mutational signatures using a regression model
(Rosenthal etal.*?).Ineach sample, only the MMR variant with the highest VAF
wasincluded, tolimit the inclusion of possible passenger variants. For
signature discovery inboth cohorts (a-c), variants were analysed using the
non-negative matrix factorization (NMF) method and correlated with known
COSMIC mutational signatures' using Pearson correlation.
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Extended DataFig. 6 | Characteristics of MMR molecular variantsin
hypermutated gliomas. a, b, Proportion of TMB"" versus TMB'" samples with
mutations in selected DNA repair genes and glioma drivers (a) and in the MMR
pathway (MSH2, MSH6, MLHI and PMS2) (b) in the merged DFCI-Profile/
MSKCC-IMPACT dataset (n=2,173). Permutation test; ***P<107, *P<1072,
*P<0.05. ¢, CCFs of MMR gene mutations in post-treatment hypermutated
gliomas versus other hypermutated cancers in the FMI dataset. Horizontal line,
median. Two-sided Wilcoxon rank-sum test with Benjamini-Hochberg
correction. d, VAF distribution of mutations in post-treatment hypermutated
gliomas, non-glioma MMR-deficient cancers (diverse histologies) and other
non-glioma hypermutated samples (diverse histologies) from the TCGA and
MSKCC-IMPACT datasets. Each dot represents a mutation found in an individual
sample (represented vertically). MMR mutations are depicted in red. Left,

hypermutated samples from the pan-TCGA dataset; right, hypermutated
samples from the MSKCC-IMPACT dataset. e, Integrated view of mutational
signatures and MMR gene mutations and protein expression in hypermutated
gliomas (n=114). Tumours with the mutational hotspot MSH6(T12191) (11.9% of
post-treatment hypermutated gliomas) are highlighted. f, Mutation diagram of
MSH2, MSH6, MLH1, and PMS2 mutations found in hypermutated gliomas from
the DFCI-Profile and MSKCC-IMPACT datasets (n=114). The hotspot MSH6
missense variant p.T12191 was found in nine samples. g, Hotspot MSH6 p.T12191
variant mapped to the bacterial MutS 3D structure (PDB 5YK4). h, Representative
immunohistochemistry (IHC) images of the MMR proteins MSH2, MSH6, MLH1
and PMS2in a hypermutated glioblastoma with MSH6(T12191) mutation. Three
independent samples were stained. Scale bar, 100 pm.
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Extended DataFig.7|Results of MMRIHC screeningin 213 consecutive
recurrentgliomas and patterns of MMR protein expressionlossinthree
denovo or post-treatment MMR-deficient gliomas. a, Recurrent patterns of
MMR proteinlossidentified by IHCin gliomas. Scale bar, 50 pm. b, Summary of
MMRIHC screening results for 213 consecutive recurrent gliomas. All
monocentric consecutive relapses of diffuse gliomasinadult patients
following treatment with post-alkylating agents (surgery between 2009 and
2015) wereincluded in theimmunohistochemistry analysis. Further
sequencing of samplesin which MMR protein loss was identified showed
hypermutation with MMR molecular defectsin18/19 (94.7%) samples.

¢, Percentage of tumour MMR proteinloss in gliomasamples with de novo
(n=16) or post-treatment (n=46) MMR deficiency. Samples were scored by two
pathologistsinblinded fashion. Regional heterogeneity of MMR protein loss
for the four MMR proteins MSH2, MSH6, MLH1, and PMS2 was scored as to the
maximal percentage of protein loss among tumour cells for each sample (5%
increments). Boxes, quartiles; centre lines, median ratio for each group;
whiskers, absolute range, excluding outliers. Two-sided Wilcoxon rank-sum
test.d, ClonalMMR deficiencyinade novo high-grade glioma. Top left, low
magnification of haematoxylin and eosin (H&E) staining of the large surgical
tumour pieces obtained from surgical resection. Right, high magnificationin
three tumour areas (H&E staining, MLH1and PMS2 immunostaining) showinga
highly cellular tumour with an oligodendroglial phenotype and aloss of
expression of MLH1and PMS2inall tumour cells (open arrowheads). Normal
cells have amaintained MLH1and PMS2 expression (solid arrowheads). Bottom
left, microsatellite testing via PCR amplification of five mononucleotide
markers (BAT25,BAT26,NR21,NR24,and MONO27) showed the tumour to be
MSS. Array CGH showed a homozygous deletion of the entire coding region of
MLHL1.Scale bars; top left, 5 mm; right, 100 pm. e, Clonal MMR deficiency ina
hypermutated post-treatment, /DHI-mutant glioblastoma. Top left,

low-magnificationimage of H&E staining of tissue obtained from surgical
resection, with three areas of tumour selected forimages. Red dashed line
delimits normal brain. Right, high-magnificationimages of H&E staining,
showing highly cellular tumour and anastrocytic phenotype,and PMS2IHC,
showingloss of expression of PMS2in all tumour cells (open arrowheads).
Normal cells have maintained PMS2 expression (internal control, solid
arrowheads). Bottom left, Microsatellite testing via PCR amplification of five
mononucleotide markers (BAT25, BAT26, NR21, NR24, and MONO27) showed
the tumour tobe MSS.NGS showed a TMB 0f120.1 per Mb and homopolymer
indel burden of 3.8 per MB, with contributions from temozolomide (90%) and
MMR-deficiency (10%) mutational signatures. Amissense (p.P648L) hotspot
MLH1mutation known to be pathogenic from patients with Lynch syndrome
withaVAF of 0.73 and loss of heterozygosity was presentin this case. Scale
bars, top left, 5mm; right 100 pm. f, Subclonal MMR deficiencyina
hypermutated post-treatment /DHI-mutant glioblastoma. Top left,
low-magnificationimage of PMS2 immunostaining of the tumour pieces
obtained fromsurgical resection. Right, high magnificationimages of three
areas of PMS2 immunostaining showing heterogeneous PMS2 expression
across the sample consistent with a subclonal tumour. Arealshows that PMS2
isretainedinatypical tumour cells (arrow); area 2 is heterogeneous with loss
(openarrowhead) insome but notall tumour cells; area3isan example of
diffuseloss of expressionin tumour cells (openarrowhead). Normal cells have
amaintained PMS2 expression (solid arrowheadsinallimages). Bottom left,
microsatellite analysis via PCRamplification of five mononucleotide markers
(BAT25,BAT26,NR21,NR24,and MONO27) showed the tumour to be MSS.NGS
showedaTMB of236.5 per Mb and homopolymerindel burden of 2.3 per MB,
with 95% contribution of temozolomide mutational signature. Scale bars, top
left 5 mm; right100 pm.
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Extended DataFig. 8| Characterization of high-grade gliomaPDCLs and
theirsensitivity to temozolomide and CCNU. a, Clinico-molecular
characteristics of four native newly diagnosed or recurrent glioma PDCL
models harbouring hypermutationand MMR deficiency. b, Thirty glioma
PDCLs, including four PDCLs derived from patients with de novo (BT1160,
N16-1162, both established from patients with Lynch syndrome) or
post-treatment (BT237, BT559) MMR deficiency were molecularly
characterized using whole-exome sequencing. The panels show the tumour
mutational burden (left) and homopolymerindel burden (right) in each model.
Boxes, quartiles; centre lines, median ratio for each group; whiskers, absolute
range. Two-sided Wilcoxon rank-sum test. ¢, Mutational signature analysis was
performed in the PDCL models of constitutional and post-treatment MMR
deficiency using the R package DeconstructSigs to estimate the contributions
of mutational signatures using aregression model (Rosenthal etal.*?). For each
PDCL, the contribution of the main COSMIC mutational signatures identified is

expressed as decimal. d, Boxplots of temozolomide AUCin non-hypermutated
versus hypermutated PDCLs. Boxes, quartiles; centre lines, median ratio for
each group; whiskers, absolute range. Two-sided Wilcoxon rank-sum test.

e, f,Apanel of12gliomaPDCL models representing the different MGMT and
MMR classes was selected and assessed for sensitivity to temozolomideina
short-termviability assay (e; dots represent means). The temozolomide AUC
was compared between the three groups using a Kruskal-Wallis testand Dunn’s
multiple comparison test (f; mean+s.d.). g, Western blot of the glioblastoma
patient-derived cell line (BT145) in which the genes MSH2, MSH6, MLH1 or PMS2
have been knocked-out using the CRISPR-Cas9 system. h, i, Apanel of 11glioma
PDCL modelsrepresenting the different MGMT and MMR classes was selected
and assessed for sensitivity to CCNU inashort-termviability assay (h; dots
represent means). No CCNU data was available for the model BT172. The CCNU
AUC was compared between the three groups using a Kruskal-Wallis testand
Dunn’s multiple comparisontest (i; meants.d.).
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Extended DataFig. 9| MMR-deficient models of glioma, continued.

a, b, CRISPR-Cas9 MSH2and MSH6 gene knockout in DIPG13 high-grade glioma
cellline. a, Integrated genomics viewer (IGV) plots depicting MSH2reads in
betweenthe guide RNAs in the MSH2 unedited line (sgGFP, left) and the MSH2
CRISPR knockout line (right) confirming knockout in the MSH2 edited line.

b, IGV plots depicting MSH6 reads in between the guide RNAsinthe MSH6
unedited line (sgGFP, left) and the MSH6 CRISPR knockout line (right)
confirmingknockoutin the MSH6 edited line.c, Overview of in vivo
temozolomide resistance study. Treatment of subcutaneous BT145
PDX-bearing animals wasinitiated at avolume of 100 mm?®and eight nude mice
pergroup were randomized to 12 mg/kg/day temozolomide or vehicle for five
consecutive days per 28-day cycle. Mice were treated until tumoursreached a
volume 0f1,500 mm?, and tumours were sequenced to identify mutations and
mutational signature. d, Survival of mice with BT145 xenografts (n=8 mice per
group) during treatment with vehicle (blue) or temozolomide (red). Two-sided
log-ranktest. e, Unique variants found in three sequenced BT145 tumours

(two temozolomide-treated, and one vehicle-treated) were analysed for

correlation with known mutational signatures. COSMIC Signature 11 was found
inthe two temozolomide-treated tumours. Mutational signatures could not be
calledinthe vehicle-treated tumour (too few variants). After filtering of truncal
variants common to all tumours, the two temozolomide-treated tumours
shared only four variants, including an MSH6(T12191) mutation and three
noncoding variants. f, BT145 xenografts chronically treated with vehicle (n=1)
ortemozolomide (n=2) wereremoved, dissociated and cultured in serum-free
mediumto establish celllines. After three passages in culture, sensitivity to
temozolomide was assessed. Theresults of the short-term viability assays
(mean+s.e.m.) and temozolomide AUC of each cell line are depicted. g, Model
ofacquired hypermutation with mutational signature1lin gliomas. Top,
MMR-proficient cells repair TMZ damage and do not develop signature 11.
Resistancein these cellsis mediated by non-MMR pathways (for example,
MGMT expression). Bottom, TMZ induces and/or selects resistant subclonal
MMR-deficient cells. Further TMZ exposure produces accumulation of
mutations at specific trinucleotide contexts, detected as hypermutation

with signature11.
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Extended DataFig.10 | Extended outcome data. a-c, Survival of patients
withrecurrent high-grade glioma (WHO grade Ill or IV) from the time of initial
diagnosis according to TMB status (solid curves, TMB""; dotted curves,
TMB""). The curvesinclude 240 recurrent samples from DFCI-Profile

with available survival data from initial diagnosis. Two-sided log-rank test.

a, Survival of patients with recurrent high-grade 1p/19q co-deleted
oligodendroglioma from the time of initial diagnosis. b, Survival of patients
with recurrent high-grade IDH1/2-mutant astrocytoma from the time of initial
diagnosis. ¢, Survival of patients with recurrent /DH1/2 wild-type glioblastoma
fromthe time of initial diagnosis. d, PFS of 11 patients with hypermutated and
MMR-deficient gliomawho were treated with PD-1blockade (single-agent orin
combination with bevacizumab, red curve). A cohort of patients with
non-hypermutated gliomawho were treated with PD-1blockade is depicted as
control (n=10, best matches according to diagnosis, primary versus recurrent
status, and prior treatments, blue curve). A two-sided log-rank test is used.

e, f, PFS (e) and OS (f) of 11 patients with hypermutated and MMR-deficient
gliomawho were treated with PD-1blockade (red curves). A cohort of
hypermutated patients treated with other systemic agentsis depicted as
control (best matches according to diagnosis, primary vs recurrent status, and
prior treatments were selected from the cohort of sequenced gliomas, purple
curves). Two-sided log-rank test. Clinical and histomolecular characteristics of
patients fromboth cohortsare provided in Supplementary Table 7.g, Lack of
immune response following PD1blockade (pembrolizumab) in a patient

with post-treatment hypermutated MMR-deficient glioblastoma. Top,
timeline; middle, MRIimages; bottom, H&E images and IHC for PMS2
expression and tumour infiltration with CD3-positive T cells and IBAl-positive
macrophagesin the primary (S1), recurrent pre-pembrolizumab (S3) and
recurrent post-pembrolizumab (S4) tumours. The tumour acquired a focal
PMS2two-copy deletion, protein loss, and hypermutationin the
post-temozolomide recurrent tumour (S3). Scale bar, 50 um.
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Extended DataFig.11|Molecular characteristics of hypermutated
gliomas. a, Pan-cancer analysis of TMB and homopolymerindel burdenin

the GENIE dataset (n=44,389). Tumour samples from the GENIE dataset (v6.1)
were analysed for mutational and homopolymer indel burden. Statistical
comparisons between groups are provided in Supplementary Table 6.b, TMB
in hypermutated gliomas (post-treatment) versus MMR-deficient cancers and
other hypermutated cancers from the TCGA and Wang et al.* exome datasets
(n=798). Two-sided Wilcoxon rank-sum test with Bonferroni correction.

¢, Pan-cancer analysis of the homopolymer indel burdenin hypermutated
gliomas (post-treatment) versus MMR-deficient cancers and other
hypermutated cancers from the TCGA and Wang et al.* exome datasets
(n=798).d, Results of MSl analysis using the standard pentaplex assay in
glioma (n=39) and CRC samples (n=19) according to MMR status (MMR-d,
MMR deficient; MMR-p, MMR-proficient). e, Pan-cancer analysis of cancer cell
fractionsin hypermutated gliomas (post-treatment) versus MMR-deficient
cancersand other hypermutated cancers from the TCGA and Wangetal.*
exome datasets (n=798). Two-sided Wilcoxon rank-sum test with Bonferroni
correction. f, Weighted TMB in hypermutated gliomas (post-treatment) versus
MMR-deficient cancers and other hypermutated cancers from the TCGA and
Wangetal.* exome datasets (n=798). The weighted TMB was calculated by
weighingeachindividual mutationtoits cancer cell fraction. Two-sided
Wilcoxon rank-sum test with Bonferroni correction. g, Distribution of VAFs
(left) and mutation spectrum analysis of low-allelic frequency variants (<0.1,
right) in TMB'** gliomas (n=1,543, top), de novo hypermutated gliomas with
MMR deficiency mutational signature (n=12, middle), and post-treatment
hypermutated gliomas (n =59, bottom) from the DFCI-Profile dataset.

h, Distribution of VAFs (left) and mutation signature analysis of low-allelic
frequency variants (<0.1, right) in TMB'" CRCs (n=1,265, top) and TMB"'¢" CRCs
with MMR deficiency mutational signature (n=110, bottom) from the GENIE

dataset.i, Clinical timeline for the patient with hypermutated glioblastoma
withan MSH6(T12191) mutation in whom bulk and single-cell WGS was
performed.j, Distribution of VAFs of mutationsin the recurrent bulk sample.
Themedian VAF inthe recurrent sample was 0.11. The MSH6(T12191) mutation
had the 18™-highest VAF out of 4,350 coding mutations. k, Cancer cell fractions
(CCFs) of mutations in the primary and recurrent tumour bulk samples. Each
dotrepresentsacoding mutation. The horizontal and vertical axes are
estimated clonal frequency for each mutation in the primary and recurrent
samples, respectively. Mutations of the four main MMR genes are depicted
inred.l,Mutational spectrain 35 cells from the primary tumour (orange)

and 28 fromthe recurrent tumour (green) submitted to scWGS sequencing
(1x). Mutational signature analysis showed a strong contribution of

mutational signature 11in hypermutated cells from the recurrent tumour.

m, Representative IGV plots (n=2 distinct genomic segment for each sample)
of microsatelliteinsertionsin the normal (TMB low) and recurrent (TMB

high) bulk samples and recurrent TMB low (n=2) and TMB high (n=2) single
cells.Solid arrowheads represent microsatellite insertions phased with a
flanking heterozygous SNP allele. Open arrowheads represent microsatellite
insertions for which the reads do not reach the flanking heterozygous SNP
allele. Both hypermutated single cells showed multiple phased microsatellite
insertions consistent with atrue somatic microsatellite mutation. Ingeneral, a
few reads with similar microsatellite insertions correctly phased with the same
flanking heterozygous SNP allele were found in the recurrent bulk, but notin
the normal bulk or non-hypermutated cells. For a-c, e, f, biological subgroups
wereidentified on the basis of mutational burden, dominant signature and
histology.Forb, c, e, f,100 non-hypermutated samples were randomly selected
ascontrols. For allbox plots: boxes, quartiles; centre lines, median ratio for
each group; whiskers, absolute range, excluding outliers. RT, radiation therapy;
Cil, cilengitide; Cabo, cabozantinib; Bev, bevacizumab.
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Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection No software used for data collection

Data analysis For WES analyses, we used the CGA WES Characterization pipeline developed at the Broad Institute to call, filter and annotate somatic
mutations and copy number variation. The pipeline employs the following tools: MuTect[1], ContEst[2], Strelka[3], Orientation Bias
Filter[4], DeTiN [5], AllelicCapSeg[6], MAFPoNFilter[7], RealignmentFilter, ABSOLUTE[8], GATK([9], PicardTools[10], Variant Effect Predictor
[11], Oncotator [12].

1. MuTect1: Cibulskis, K, Lawrence, MS & Carter, SL. Sensitive detection of somatic point mutations in impure and heterogeneous cancer
samples. Nature ... (2013). doi:10.1038/nbt.2514

2. ContEst: Cibulskis, K. et al. ContEst: estimating cross-contamination of human samples in next-generation sequencing
data.Bioinformatics 27, 2601-2 (2011).

3. Strelka: Saunders, C. T. et al. Strelka: accurate somatic small-variant calling from sequenced tumor-normal sample pairs. Bioinformatics
28,1811-7 (2012).

4. Orientation Bias Filter (oxoG, FFPE): Costello, M. et al. Discovery and characterization of artifactual mutations in deep coverage
targeted capture sequencing data due to oxidative DNA damage during sample preparation. Nucleic Acids Res. 41, e67 (2013).

5. DeTiN: Taylor-Weiner, A. et al. DeTiN: overcoming tumor-in-normal contamination. Nat Methods 15, 531-534 (2018).

6. AllelicCapSeg: Landau, D. A. et al. Evolution and impact of subclonal mutations in chronic lymphocytic leukemia. Cell 152, 714-26
(2013).

7. MAFPoNFilter: Lawrence, M. et al. Discovery and saturation analysis of cancer genes across 21 tumour types. Nature 505, 495 (2014).
8. ABSOLUTE: Carter, S. L. et al. Absolute quantification of somatic DNA alterations in human cancer. Nat. Biotechnol. 30, 413-21 (2012).
doi: 10.1038/nbt.2203.

9. GATK (Mutect2, somatic CNV): McKenna, A. et al. The Genome Analysis Toolkit: a MapReduce framework for analyzing next-
generation DNA sequencing data.Genome Res. 20, 1297-303 (2010).

10. Picard Tools: https://software.broadinstitute.org/gatk/documentation/tooldocs/4.0.1.0/
picard_fingerprint_CrosscheckFingerprints.php
https://software.broadinstitute.org/gatk/documentation/tooldocs/4.0.0.0/picard_analysis_CollectMultipleMetrics.php

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



11. Variant Effect Predictor: McLaren, W. et al. The Ensembl Variant Effect Predictor.Genome Biol. 17, 122 (2016).
12. Oncotator: Ramos, A. H. et al. Oncotator: cancer variant annotation tool.Hum. Mutat. 36, E2423-9 (2015).

Additional tools used for PDX analyses, mutational signature analyses and statistical analyses included:
1. SAMtools (1.7): Li, H. et al A statistical framework for SNP calling, mutation discovery, association mapping and population genetical
parameter estimation from sequencing data. Bioinformatics 2011;27:2987-93

2. BWA-MEM (0.7.17): https://github.com/Ih3/bwa

3. Disambiguate (ngs_disambiguate-1.0): https://github.com/AstraZeneca-NGS/disambiguate

4. Genemapper Software (5): https://www.thermofisher.com/order/catalog/product/4475073#/4475073
5. SomaticSignature (3.1): https://bioconductor.org/packages/release/bioc/html/SomaticSignatures.html
6. DeconstructSigs (1.8): https://github.com/raerose01/deconstructSigs

7. STATA (v14.2): https://www.stata.com

8. MedCalc (19.0.3): https://www.medcalc.org

9. Graphpad Prism (8): https://www.graphpad.com/scientific-software/prism/

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Clinical and sequencing data from 1495 samples from the DFCI-Profile and 545 samples from the MSKCC-IMPACT datasets are publicly available (GENIE v4.1:
https://www.synapse.org/). All data for samples from the GENIE v6.1 and TCGA pan-cancer datasets are publicly available. Data for samples from the FMI dataset
are not publicly available.

Detailed clinical annotation for the DFCI-Profile and MSKCC-IMPACT cohorts is provided in supplementary table 1.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical test was used to determine the sample size. We systematically collected data from 10,294 glioma samples from three large
independent datasets. Based on prior literature (prevalence of hypermuation of 2-5% in gliomas), we hypothesized that this sample size
would provide enough power (200-500 hypermutated samples) for clinical and molecular association studies.

Data exclusions 47 samples for which the clinical diagnosis of glioma could not be confirmed (other histology or possible non-tumor sample) and 5 samples
with missing clinical annotation were excluded from all analyses. Exclusion criteria were pre-established.

Replication In vivo experiments were performed using groups of 8 mice per group. All mice were included in the analysis.
In vitro sensitivity assays were replicated in at least 3 independent experiments. All experiments that were technically valid were included in
the analysis.

Randomization For in vivo experiments, mice were randomized.

Blinding No blinding was performed. Blinding was not relevant to our study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems

Methods

Involved in the study
Antibodies
Eukaryotic cell lines

Palaeontology

n/a | Involved in the study
XI|[] chip-seq
XI|[] Flow cytometry

X D MRI-based neuroimaging

Animals and other organisms

Human research participants

XOOXOO s
OXXOXKX

Clinical data

Antibodies

Antibodies used

For immunohistochemistry, the following antibodies were used: mouse monoclonal anti-ATRX (Bio SB, clone BSB-108, BSB3296,
1:100), mouse monoclonal anti-IDH1 R132H (Dianova, clone H09, DIA-H09 , 1:100), rabbit monoclonal anti-CD3 (Roche, clone
2GV6, 790-4341, prediluted), rabbit polyclonal anti-IBA1 (Wako, W1W019-19741, 1:500), mouse monoclonal anti-MLH1 (Roche,
clone M1, 790-4535, prediluted), mouse monoclonal anti-MSH2 (Roche, clone G219-1129, 760-4265, prediluted), mouse
monoclonal anti-MSH6 (Roche, clone 44, 760-4455, prediluted), rabbit monoclonal anti-PMS2 (Roche, clone EPR3947, 760-4531,
prediluted). For immunohistochemistry performed at BWH, the following antibodies were used: mouse monoclonal anti-MLH1
(Leica, clone ESO5, MLH1-L-CE, 1:75), mouse monoclonal anti-MSH2 (Merck Millipore, clone Ab-2-FE11, NA27, 1:200), mouse
monoclonal anti-MSH6 (Leica, clone PU29, MSH6-L-CE, 1:50), mouse monoclonal anti-PMS2 (Cell Marque, MRQ-28, 288M-14-
ASR, 1:100). For immunobloting, the following antibodies were used: mouse monoclonal anti-MGMT (Millipore, MT3.1,
MAB16200, 1:500), mouse monoclonal anti-MSH2 (Calbiochem, FE11, NA27, 1:1000), mouse monoclonal anti-MSH6
(Biosciences, 44, 610918, 1:500), mouse monoclonal anti-MLH1 (Cell Signaling, 4C9C7, 3515, 1:500), mouse monoclonal anti-
PMS2 (BD Biosciences, A16-4, 556415, 1:1000), mouse monoclonal anti-beta-actin (Sigma, AC-74, A2228, 1:10000).
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Validation All antibodies used are commercially available and were validated by the manufacturer.

Eukaryotic cell lines

Policy information about cell lines

All patient-derived cell lines (PDCLs) and xenografts (PDXs) with a name starting with "BT" were established from tumors
resected at Brigham and Women's Hospital and Boston Children's Hospital (Boston, MA). SU-DIPG-XIII (DIPG13) cells were
provided by Dr. Michelle Monje at Stanford University.

Cell line source(s)
Authentication The identity of all cell lines established were confirmed by short tandem repeat assay.
All cell lines were tested for the absence of mycoplasma.

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Eight-week-old NU/NU male mice (Charles River).

Wild animals The study did not involve wild animals.
Field-collected samples The study did not involve samples collected from the field.

All'in vivo studies were performed in accordance with Dana-Farber Cancer Institute animal facility regulations and policies under
the protocol #09-016.

Ethics oversight

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

We systematically analyzed clinical data and somatic tumor variants identified through targeted next-generation sequencing
(NGS) panels of 1,628 gliomas sequenced between June 2013 and November 2018 as part of a large institutional prospective
profiling program (DFCI-Profile). All samples were assigned to a molecular subgroup based on histopathology, mutational status
of IDH1 and IDH2 genes, and whole-arm co-deletion of chromosomes 1p and 19q (1p/19q co-deletion). A total of 545
independent samples from the GENIE project (a repository of genomic data obtained during routine clinical care at international
institutions) were also identified and assigned to molecular subgroups. The combined sequencing set comprised 2,173 glioma
samples, which included a broad spectrum of newly-diagnosed and recurrent glioma types including IDH1/2 wild-type

Population characteristics
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glioblastomas (1234 tumors, 56.8%), IDH1/2-mutant gliomas (640, 29.5%), and other rare subtypes of IDH1/2 wild-type gliomas
(299, 13.8%). In addition, 247 gliomas collected at one site between 2009 and 2017 were analyzed for targeted protein
expression using immunohistochemistry.

Recruitment Genomic testing was ordered by the pathologist or treating physician as part of routine clinical care to identify relevant genomic
alterations that could potentially inform diagnosis and treatment decisions. All patients undergoing genomic testing signed a
clinical consent form, permitting to return results from clinical sequencing. No systematic bias likely to impact results were
known at the time of data analysis.

Ethics oversight The study, including the consent procedure, was approved by the institutional ethics committees (10-417/11-104/17-000; WIRB,
Puyallup WA).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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DISCUSSION

Dans cette publication, nous caractérisons les mécanismes conduisant a I'hypermutation dans
les gliomes malins. Une avancée importante a ét¢ 1'identification de caractéristiques uniques dans les
phénotype clinique et histomoléculaire des gliomes avec hypermutation secondaire a une déficience
du systéme MMR (e.g. mauvais pronostic, absence de phénotype MSI, caractére sous-clonal et tardif
de I'hypermutation). Ces différences avec les autres tumeurs MMR-déficientes pourraient en partie
expliquer 'absence de réponse aux ICI que nous avons le plus fréquemment observé dans les gliomes.
En particulier, la charge mutationnelle majoritairement sous-clonale des gliomes avec hypermutation
post-traitement pourrait s'associer a l'absence de réponse immunitaire efficace contre certains
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néoantigénes tumoraux (Figure 20) ''*1?%132,
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Figure 20. Arbres phylogénétiques représentant la composition clonale des tumeurs du TCGA (d’aprés
McGranahan et al. '*%). Pour chaque type de cancer, le nombre moyen de mutations clonales et sous-clonales

est représenté par des troncs (bleu) et des branches (vert et rouge) respectivement.

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



Par ailleurs, nos données montrant l'absence d'infiltrats lymphocytaires T significatifs et
l'absence de réponse aux ICI méme dans les gliomes avec déficience MMR lors du diagnostic initial
(patients avec syndrome de Lynch notamment) suggérent qu'au-dela du caractere clonal ou sous-
clonal des néoantigénes tumoraux, des spécificités dans le microenvironnement immunosuppresseur
des gliomes — notamment dans la population de cellules microgliales et macrophages (Figure 21) >
— contribuent significativement a la résistance aux ICI. Des approches visant a augmenter a la fois
l'antigénicité des cellules tumorales et 1'infiltration tumorale par des lymphocytes cytotoxiques sont
probablement toutes deux nécessaires afin d'améliorer la réponse a l'immunothérapie dans les
gliomes. Depuis la publication de cette étude dans Nature, nous avons pu identifier plusieurs groupes
d'intérét permettant de mieux comprendre les mécanismes limitant le trafficking des cellules
lymphocytaires dans les tumeurs gliales : d'une part des rares patients avec gliome hypermutant ayant
répondu aux ICI, et d'autre part des sous-groupes uniques de gliomes présentant un important infiltrat
inflammatoire T intratumoral. Une caractérisation systématique de ces tumeurs notamment par
analyse du transcriptome et techniques multiplex sur lame (immunofluorescence multiplex) est en
cours avec l'objectif d'obtenir une meilleure compréhension des mécanismes limitant la pénétration
tumorale et 1’activité des cellules T antitumorales. A plus long terme, ceci pourrait permettre le
développement de nouvelles stratégies de combinaison visant a augmenter I'efficacité de

l'immunothérapie dans les gliomes.
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Figure 21. Analyse pan-cancer des sous-types immunitaires dans les tumeurs TCGA (d’aprés Thorsson

etal. '

). Les rectangles représentent la proportion d'échantillons appartenant a chaque sous-type immunitaire.
Les gliomes sont enrichis en tumeurs des groupes C4 ("prominent macrophage and Th1 suppressed responses")

et C5 ("highest macrophage response").

Une question légitime, fréquemment soulevée lors de la présentation de nos résultats, était de
déterminer si la déficience MMR post-traitement était sélectionnée ou induite par le témozolomide.

Bien qu'il soit difficile d'affirmer les origines du déficit en MMR post-traitement dans des échantillons
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individuels, certaines de nos données suggerent qu'au moins une part des déficits MMR sont induits
par le traitement :

- La mutation MMR la plus fréquemment retrouvée dans les gliomes hypermutants post-
traitement (environ 15%) est une mutation avec effet dominant négatif MSH6 T12191 retrouvée de

154-1
h 54-156

facon exceptionnelle chez les patients avec syndrome de Lync , produit d'une transition C>T

et également inductible dans des mode¢les in vitro chroniquement exposes au témozolomide (Table
Supp. 4) ;

- Lorsque les mutations MMR des gliomes hypermutants post-traitement sont regroupées dans
un échantillon virtuel, 1'analyse des signatures mutationnelles de cet échantillon montre une forte
contribution de signature 11, y compris aprés exclusion des mutations MMR les plus sous-clonales

(Figure Supp. 51).

Nous montrons ainsi qu'au moins une part des déficits MMR sont induits par le t¢émozolomide.
Cependant, étant donné que les déficits MMR secondaires se produisent dans les tumeurs les plus
sensibles au témozolomide, il est peu probable que I'effet délétére de la déficience MMR secondaire
(mauvais pronostic apres la rechute), I'emporte sur les effets positifs démontrés avec le t¢émozolomide
dans les gliomes. Ces résultats ne remettent donc pas en question 'utilisation du témozolomide dans
ces tumeurs. Pour aller plus loin, il faudrait pouvoir prédire plus rapidement I'émergence de clones
hypermutants résistants — par exemple via le développement de biomarqueurs circulants, actuellement
en cours au sein de I'équipe — et prévenir le développement de ce mécanisme de résistance dans les
tumeurs les plus chimiosensibles comme les oligodendrogliomes, par exemple par I'utilisation de
CCNU en association au témozolomide qui a récemment démontré des résultats positifs chez des
patients atteints de glioblastome nouvellement diagnostiqué avec promoteur MGMT méthylé *°. Nos
données cliniques et expérimentales montrant que les cellules MMR déficientes conservent une

sensibilit¢ au CCNU soutiennent cette stratégie.

Enfin, nos travaux ouvrent des pistes de recherche concernant le diagnostic (détection du
phénotype MSI sous-clonal notamment) et le traitement des gliomes hypermutants avec déficience
MMR (stratégies de 1étalité synthétique notamment), ainsi que sur l'identification de mécanismes
alternatifs de résistance non associés au développement d'une hypermutation (comme nous l'avons
observé dans environ les deux tiers des échantillons avec promoteur MGMT méthylé). Ces nouveaux
projets sont en cours dans notre équipe de recherche. Plus largement, ces travaux renforcent l'intérét
du développement de nouvelles méthodes bioinformatiques permettant de mieux caractériser les
capacités de réparation et de remodelage de I'ADN dans les cellules tumorales et leur lien avec la
sensibilité ou la réponse aux traitements anticancéreux.

Université Paris-Saclay

Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



DISCUSSION

In this study, we characterized the mechanisms leading to hypermutation in malignant gliomas.
An important breakthrough has been the identification of unique characteristics in the clinical and
histomolecular phenotypes of gliomas with hypermutation secondary to MMR deficiency (e.g. poor
prognosis, absence of MSI phenotype, late burst of subclonal mutations). These differences with other
MMR-deficient tumors could at least in part explain the lack of response to ICIs that we have
frequently observed in gliomas. Specifically, the predominantly subclonal mutational burden of
gliomas with post-treatment hypermutation could be associated with the absence of an effective

: : : . 119,122,132
immune response against tumor neoantigens (Figure 20) '*-'2%!32,
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Figure 20. Phylogenetic trees representing the clonal composition of TCGA tumors (from McGranahan
et al.). For each cancer type, the average number of clonal and subclonal mutations is represented by trunks

(blue) and branches (green and red) respectively.

Furthermore, our data showing the absence of significant T lymphocyte infiltrates and the
response to ICIs even in gliomas with MMR deficiency at initial diagnosis (patients with Lynch
syndrome in particular) suggest that beyond clonal or subclonal nature of tumor neoantigens,

specificities in the immunosuppressive microenvironment of gliomas - especially in the population
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of microglial and macrophage cells (Figure 21) - contribute significantly to gliomas resistance to ICls.
Approaches aimed at increasing both antigenicity of tumor cells and tumor infiltration by cytotoxic
lymphocytes are likely both necessary in order to improve the response to immunotherapy in gliomas.
Since the publication of this study in Nature, we have been able to identify several groups which we
expect will allow an improved understanding of the mechanisms limiting the trafficking of
lymphocyte cells in glial tumors: rare patients with hypermutant glioma who responded to ICIs, and
other unique subgroups of gliomas with significant intratumoral T cells infiltrate. Systematic
characterization of these tumors, including transcriptome analysis and multiplex immunofluorescence
is underway to obtain a better understanding of the mechanisms limiting tumor penetration and anti-
tumor T cells activity. In the longer term, this could allow the development of new combination

strategies aimed at increasing the efficacy of immunotherapy in gliomas.
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Figure 21. Pan-cancer analysis of immune subtypes in TCGA tumors (from Thorsson et al. '**). The
rectangles represent the proportion of samples belonging to each immune subtype. The gliomas are enriched
with tumors of the C4 ("prominent macrophage and Th1 suppressed responses") and C5 ("highest macrophage

response") groups.

A legitimate question, frequently raised when presenting our results, was whether post-
treatment MMR deficiency was selected or induced by temozolomide. Although it is difficult to
ascertain the origins of post-treatment MMR deficiency in individual samples, some of our data
suggests that at least a part of MMR deficits are induced by treatment:

- The MMR mutation most frequently found in post-treatment hypermutated gliomas (~15%)
is an MSH6 T12191 mutation with dominant negative effect found exceptionally in patients with

153-155

Lynch syndrome , product of a C transition > T and also inducible in in vitro models chronically

exposed to temozolomide (Table Supp. 4);
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- When the MMR mutations of post-treatment hypermutant gliomas are pooled together in a
virtual sample, the analysis of the mutational signatures of this sample showed a strong contribution

of signature 11, even after the exclusion of the most subclonal MMR mutations (Figure Supp . 5f).

We thereby show that at least a part of the MMR deficits are induced by temozolomide.
However, since secondary MMR deficits occur in tumors most sensitive to temozolomide, the
deleterious effect of secondary MMR deficiency (poor prognosis after relapse) is unlikely to outweigh
its positive effects. These results therefore do not call into question the use of temozolomide in these
tumors. To go further, it would be necessary to be able to more quickly predict the emergence of
resistant hypermutant clones - for example via the development of circulating biomarkers, currently
underway within our teams - and prevent the development of this resistance mechanism in the most
chemosensitive such as oligodendrogliomas, for example by using CCNU in combination with
temozolomide, which has recently shown positive results in patients with newly diagnosed
glioblastoma with a methylated MGMT promoter . Our clinical and experimental data show that

MMR cells deficient maintain sensitivity to the CCNU support this strategy.

Finally, our work opens new avenues of research regarding the diagnosis (eg detection of the
subclonal MSI phenotype) and the treatment of hypermutant gliomas with MMR deficiency (eg
synthetic lethal strategies), as well as on the identification of alternative resistance mechanisms. not
associated with the development of hypermutation, which we observed in approximately two-thirds
of samples with methylated MGMT promoter. These new projects are underway in our research
groups. More broadly, this work reinforces the interest in the development of new bioinformatics
methods enabling to better characterize the DNA repair and remodeling capacities in tumor cells and

their link with the sensitivity or response to anticancer treatments.
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ANNEXE / ANNEX

V. Autres contributions a des articles publiés sur la
thématique pendant la Theése de Sciences / Other

contributions to articles published on the theme during

the Thesis

Article sur la déficience MMR et la réponse a l'immunothérapie dans un
autre sous-type de tumeur cérébrale primitive, les méningiomes / Article
on MMR deficiency and response to immunotherapy in another subtype

of primary brain tumor, meningiomas

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



Mismatch Repair Deficiency in High-
Grade Meningioma: A Rare but
Recurrent Event Associated With

Dramatic Immune Activation and
Clinical Response to PD-1 Blockade

Ian F. Dunn
Ziming Du
Mehdi Touat
Michael B. Sisti
Patrick Y. Wen
Renato Umeton
Adrian M. Dubuc
Matthew Ducar
Peter D. Canoll
Eric Severson
Julia A. Elvin
Shakti H. Ramkissoon
Jia-Ren Lin

Lais Cabrera
Brenda Acevedo
Peter K. Sorger
Keith L. Ligon
Sandro Santagata

David A. Reardon

Author affiliations and
support information (if
applicable) appear at the
end of this article.

LED. and Z.D. con-
tributed equally to this
work. S.S. and D.AR.
contributed equally to
this work.
Corresponding author:
David A. Reardon, MD,
450 Brookline Ave, Dana
2134, Boston, MA 02215-
5450; e-mail: david_rear-
don@dfci.harvard.edu.

INTRODUCTION

Meningiomas are the most common primary
tumor of the CNS; there are approximately
28,000 new diagnoses annually in the United
States.! Currently, there are no approved sys-
temic therapies for meningiomas that recur after
local treatment: chemotherapy and hormonal
agents have demonstrated minimal benefit in
numerous clinical trials.”*

Meningiomas comprise a heterogeneous group
of neoplasms driven by mutations in a wide array
of tumor suppressor genes and oncogenes.’’
Characterization of these mutations has revealed
opportunities for rational therapy.'®*’ For exam-
ple, a durable therapeutic response has been
reported for a metastatic AK71 E17K-mutant
meningioma treated with a pan-AKT inhibitor.”!

Studies also suggest the potential for treating
meningioma with immune checkpoint modula-
tors”?*: programmed death ligand 1 (PD-L1) is
expressed in a subset of meningiomas, and the
tumor microenvironment is immunosuppres-
sive.”?* Higher-grade meningiomas also harbor
mutations predicted to generate neoantigens,
which may foster susceptibility to immunother-
apies.””

On the basis of these data, we initiated a phase
II study of nivolumab, a humanized IgG4 pro-
grammed death 1 (PD-1)-blocking monoclo-
nal antibody, in patients with higher-grade
meningiomas that recurred after surgery and
radiotherapy (ClinicalTrials.gov identifier:
NCT02648997). We report here a patient with
an atypical meningioma that was not controlled
by repeated surgery and radiation but that was
highly response to nivolumab.

© 2018 by American Society of Clinical Oncology

CASE REPORT

A 50-year-old woman with progressive headaches
underwent a gross total resection (surgery 1) of
a gadolinium-enhancing right frontal convexity
atypical meningioma (WHO grade 2; Fig 1A).
The tumor recurred 10 months later and was
treated with stereotactic radiosurgery (SRS;
SRS 1, 25 Gy/five fractions). Recurrent atypical
meningioma was debulked 17 months (surgery 2)
and 21 months (surgery 3) after the original
diagnosis. The patient then underwent con-
ventional radiotherapy (RT; conformal RT, 54
Gy/27 fractions). Three months later, she again
underwent SRS (SRS 2, 14 Gy/one fraction)
because of tumor spread to the sphenoid ridge
and infratemporal fossa. Additonal debulking
surgeries for recurrent atypical meningioma
were performed at 46 months (surgery 4) and
49 months (surgery 5). She then received bev-
acizumab for 11 months, mifepristone for 7
months, and temozolomide for 4 months. Each
therapy was discontinued after disease pro-
gression occurred. A sixth debulking surgery
(surgery 6) at 70 months confirmed recurrent
atypical meningioma.

Five weeks later, the patient enrolled in our
phase II nivolumab clinical trial. At that time, 75
months after the original diagnosis, painful sub-
cutaneous masses overlaid the right convexity.
The patient required oxycodone for scalp pain
and dexamethasone (4 mg/day) for worsening
headache. Pretreatment magnetic resonance
imaging (MRI) showed an enlarging-enhancing
right sphenoid wing mass, plaque-like dural
enhancement over the right convexity, tumor
erosion through the occipital skull, and an
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Fig 1. Patient treat-
ment and radiographic
assessment. (A) Timeline
of patient therapy. Nivo,
nivolumab; RT, radiation
therapy; SRS, stereotac-
tic radiosurgery; TMB,
tumor mutational burden;
'VUS, variant of unknown
significance. Sagittal T'1
gadolinium-enhanced
images (B) before initiation
of study nivolumab therapy
(before surgery 6), (C) after
two doses of nivolumab
therapy (before surgery
7), and (D) after subtotal
resection (surgery 7) that
demonstrate necrosis and no
viable tumor; (E) ongoing
response 1 year after initia-
tion of nivolumab therapy.
‘White arrows indicate bulky
tumor burden, including
occipital lesion growing into
soft tissue external to skull.
MSH2: del ex 2-5" indicates
homozygous deletion of
exons 2 to 5 of the DNA
mismatch repair (MMR)
gene MSH2.

increased fluid-attenuated inversion recovery
(FLAIR) signal abnormality that involved the
right hemisphere (Fig 1B).

The patient received nivolumab 3 mg/kg on
days 1 (dose 1) and 15 (dose 2) of cycle 1 with-
out incident, but her headaches and scalp pain
worsened. The scalp masses were notably larger,
erythematous, and more tender by day 28. Brain
MRI showed significantly enlarged dural-based
enhancing lesions, increased T2 and FLAIR
signal abnormalities, and enlarged scalp masses
(Fig 1C). Her physical examination and MRI
appeared consistent with progressive disease,
and we withheld additional nivolumab. She
underwent palliative debulking surgery 3 weeks
later (surgery 7). Immediately before surgery,
her scalp masses were modestly smaller and less
tender. Postoperative MRI showed a subtotal
resection (Fig 1D).

MATERIALS AND METHODS
Patient Consent
Our patient provided informed consent for our

institutional review board-approved study and
consented to this publication. We obtained all

permissions required by law and by the Dana-
Farber Cancer Institute (DFCI)/Harvard Can-
cer Center to allow the publication of images
from the patient.

Immunohistochemistry

We used immunohistochemistry (IHC) to eval-
uate protein expression using Envision Plus
detection (Dako, Carpinteria, CA; Data Supple-
ment) and published protocols.’*!

Multiplexed Immunofluorescence

The protocol for tissue-based multiplexed cyclic
immunofluorescence (t-CyCIF) of convention-
ally prepared formalin-fixed, paraffin-embedded
specimens and image analysis are described
elsewhere.’>** Antibodies are listed in the Data
Supplement.

Oncopanel Sequencing

We used targeted next-generation exome sequenc-
ing (Oncopanel version 3; DFCI/Brigham and
Women’s Hospital [BWH]) to detect mutations
and copy number variations in 447 cancer genes.
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Fig 2. Histologic, immunohistochemical, and tissue-based multiplexed cyclic immunofluorescence (t-CyCIF) characterization of meningioma
resection samples. Representative images of hematoxylin and eosin—stained section of meningioma resection (A) before treatment with nivolumab
(surgery 6/sample 6; S6) and (C) after two doses of nivolumab (surgery 7/sample 7; S7). Representative images of immunohistochemistry for me-
ningioma marker SSTR2a on resections (B) before treatment with nivolumab (surgery 6/sample 6; S6) and (D) after two nivolumab doses (surgery
7/sample 7; S7). The inset in (A) shows a mitotic figure and cells with prominent nucleoli; an elevated mitotic index of more than four mitoses per
10 high-powered fields was used for grading. (E) A representative field of view of t-CyCIF imaging data of 11 biomarkers (ionized calcium-binding
adapter molecule 1 [IBA], CD45RB, CD14, CD3, marker of proliferation Ki-67 [Ki-67], CD20, CD4, CD8A, programmed cell death 1 [PD-1],
forkhead box P3 [FOXP3], programmed death ligand 1 [PD-L1]) generated from a single section of pretreatment meningioma (surgery 6/sample
6) and (F) from a single section of the post-treatment meningioma (surgery 7/sample 7). Comparison of the images in (E) and (F) showed a marked
increase in macrophages; T lymphocytes (CD3+), including CD4+ T cells and CD8A+ T cells; and B lymphocytes (CD20+) after nivolumab
treatment. The majority of T cells after treatment were CD8A+. The antibodies used for this characterization and a detailed analysis of the absolute
number, relative number and density of various immune subtypes are provided in Table 1 and the Data Supplement. (G) Bar graph of the percent-
age of immune cell subtypes relative to all cells (immune and nonimmune) before (red bars) and after (blue bars) nivolumab treatment. (H) Bar
graph of cell density before (red bars) and after (blue bars) nivolumab treatment. The analysis was performed on 10 representative views (tiles) from
the t-CyCIF data collected from samples 6 and 7. 7 test statistical analysis was performed. *, P < .01, t, P <.001, %, P < .0001. The bar graphs repre-
sent the most pertinent data derived from the immune profile of the pre-nivolumab (sample 6) and post-nivolumab (sample 7)-treated meningioma
samples using t-CyCIF. Detailed data are listed in Table 1 and the Data Supplement.
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We processed and annotated data as previously
described.”*** We calculated tumor mutational
burden (TMB) by determining the number
of nonsynonymous mutations per megabase
(Mb) of exonic sequence data across sequenced
genes.*>*

RESULTS

Histopathologic examination of the tissue
resected 5 weeks before nivolumab treatment
(sample 6) revealed a highly proliferative atyp-
ical meningioma (Fig 2A). In contrast, tissue
resected 3 weeks after nivolumab dose 2 (sam-
ple 7) had dense fibrosis with extensive immune
cell infiltration and necrosis (Fig 2C). Tumor
cells were absent in the hematoxylin and eosin—
stained slides, but IHC with a marker of menin-
gioma, SSTR2a* (Figs 2B and 2D), revealed one
small cluster (approximately 1,000 cells/pm?) of
possible residual tumor cells (which represented
<0.0001% of resected tissue; image and data not
shown).

To characterize the effects of nivolumab, we
profiled the tumor and its microenvironment
using t-CyCIF, a method for highly multiplexed
immunofluorescence imaging of formalin-fixed,
paraffin-embedded specimens.”” We imaged
11 markers (Data Supplement) on pre- and
post-treatment samples to measure changes in
immune cell types and the relative density of
the immune infiltrate (Table 1; Figs 2E-2H;
Appendix Fig Al; Data Supplement). We have
previously shown that PD-L1 is overexpressed
in tumor cells of some higher-grade meningio-
mas,” but, in this pretreatment specimen (sam-
ple 6), we found PD-L1 restricted to immune
cells. Post-treatment (in sample 7), we observed a
marked increase in IBA1+/CD 14+ macrophages,
CD4+ and CD8+ T cells, CD20+ B cells, and
FOXP3+ regulatory T cells (T, cells; Table 1;
Figs 2E-2H; Appendix Fig Al). The fraction of
CD8+ T cells increased from 7% to 73% (Table
1) and CD8+ T-cell density increased from 0.5
to 304 cells/mm?; the CD8+ T cell—to—Treg ratio
increased 20-fold (from 5.8 to 115; Figs 2G-2H;
Data Supplement). These data are consistent
with a highly active antitumor immune response
after treatment.

We used targeted-exome sequencing to charac-
terize genomic aberrations in specimens from the
original resection (sample 1); the resection before
treatment with bevacizumab, mifepristone, and

temozolomide (sample 4); and the resection
before treatment with nivolumab (sample 6; Fig
1A; Data Supplement). This analysis revealed a
significantly elevated TMB of 20.5, 26.6, and
38.0 mutations/Mb in the samples, respectively
(Data Supplement).”” These levels were greater
than those of 228 other meningiomas sequenced
as part of the BWH/DFCI profile initative.”
Copy number variation in the three samples was
characteristic of higher-grade aggressive menin-
gioma®™* (Fig 3A; Data Supplement). Notably,
homozygous deletion of exons 2 to 5 of the
DNA mismatch repair (MMR) gene MSH2 was
present in all three samples (Figs 3A-3B) but was
absent in a peripheral-blood specimen.

THC showed that tumor cells were negative for
the MSH2 protein and its heterodimeric part-
ner, MSH6, but that expression of MLHI and
PMS2 protein was retained (Figs 3C-3F). Loss
of MSH2/MSHS6 in sample 1 demonstrated that
MSH?2 had been inactivated before any therapy
and independent of temozolomide exposure, a
known driver of acquired MMR deficiency in
gliomas.”* Thus, the tumor was MMR defi-
cient at the original diagnosis, and there was a
progressive increase in TMB (Data Supplement).

The patient resumed nivolumab after surgery 7
and continued biweekly therapy for more than
2 years. MRI scans have shown gradual and con-
tinued regression of enhancing lesions and asso-
ciated T2/FLAIR signal abnormalities (Fig 1E).
Scalp lesions have disappeared, and narcotics
and dexamethasone are no longer required for
pain control and cerebral edema.

Given the dramatic response of this MSH2-
deficient tumor to nivolumab, we investigated
the prevalence of elevated TMB and MMR defi-
ciency in meningioma (Fig 3G; Data Supple-
ment). We used sequencing data from the BWH/
DFCI profile initiative (n = 228 patient cases)*’
or BWH/DEFCI patient cases screened only by
MMR-protein IHC (n = 237 patient cases)’**
to study specimens from 465 patients (n = 288
with grade 1, n = 132 with grade 2, and n = 45
with grade 3 disease). Among the 228 sequenced
specimens, the cohort mean TMB was 4.2 muta-
tions/Mb (grade 1, 4.0; grade 2, 4.4; grade 3, 6.5;
Data Supplement). Seven of the 228 specimens
had TMB:s of 10 or more mutations/Mb, a com-
monly used threshold for hypermutation®; one
of these meningiomas (TMB, 18 mutations/Mb)
had a truncating mutation in the DNA MMR
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Table 1. Immune Profile of the Pre-Nivolumab (Sample 6) and Post-Nivolumab (Sample 7)-Treated Meningioma Samples Using t-CyCIF

Pretreatment Total Cell

Post-Treatment Total

Ratio No. (% of total cells) Cell No. (% of total cells) Fold Change
All cells 160,967 (100) 128,307 (100)

CD45RB+ (Ilymphocytes) 1,743 (1.08) 65,896 (51.36) 47.56
IBA1+/CD14+ (macrophages) 29,614 (18.4) 69,378(54.07) 2.94
CD45RB+ or IBA1+ or CD14+ (immune cells) 62,970 (39.12) 106,483 (82.99) 2.12
CD45RB-/IBA1-/CD14- (tumor cells, fibroblast) 97,997 (60.88) 21,823 (17.01) 0.28
CD45RB+/CD3+ (T cells) 513 (0.32) 42,273 (32.95) 102.97
CD45RB+/CD20+ (B cells) 43 (0.027) 3,307 (2.58) 95.56
CD45RB+/CD3+/CD4+ (CD4+ T cells) 27 (0.017) 8,457 (6.59) 387.65
CD45RB+/CD3+/CD8A+ (CD8A+ T cells) 35(0.022) 30,906 (24.09) 1,095.00
CD45RB+/CD3+/CD4-/CD8A- 452 (0.28) 6,665 (5.19) 18.54
CD45RB+/CD3+/PD-1+ 13 (0.0081) 79 (0.062) 7.65
CD45RB+/PD-L1+ 2 (0.0012) 100 (0.078) 65.00
IBA1+/CD14+/PD-L1+ 5(0.0031) 59 (0.046) 14.84
CD45RB+/PD-1+/PD-L1+ 0(0) 25(0.019)
CD45RB+/CD3+/CD4+/FOXP3 (T cells) 6(0.0037) 270 (0.21) 56.76
Ratio of CD8A+ T cells v ng cells 5.83 114.47 19.63
Ki67+ 22,239 (13.82) 7,317 (5.7) 0.41
CD45RB+/Ki67+ 443 (0.28) 4,824 (3.76) 13.43
CD45RB+/CD3+/Ki67+ 217 (0.13) 3,635 (2.83) 21.77
CD45RB+/CD3+/CD8A+/Ki67+ 8 (0.005) 3,116 (2.43) 486
CD45RB+/CD3+/CD4+/Ki67+ 9 (0.0056) 634 (0.49) 87.5
CD45RB+/CD3+/CD4-/CD8A-/Ki67+ 200 (0.12) 328(0.26) 2.17
IBA1+/CD14+/Ki67+ 4,872 (3.03) 4,153 (3.24) 1.07
CD45RB-/IBA1-/CD14-/Ki67+ 12,968 (8.06) 1,035 (0.81) 0.10

Abbreviations: PD-1, programmed cell death 1; PD-L1, programmed cell death 1 ligand; t-CyCIF, tissue-based multiplexed cyclic immunofluorescence; T, regulatory

T cells.

Université Paris-Saclay

regulator SETD?2 as well as a splice site muta-
tion in MSH?2 of unclear functional significance.
We discovered one occurrence with MMR pro-
tein loss discovered by THC (one of 237 occur-
rences), and sequencing confirmed biallelic
inactivation of MSH6 and a TMB of 10 muta-
tions/Mb (Table 2; Fig 3G; Data Supplement).
Among the sequenced meningiomas, elevated
TMB was significantly positively associated with
anaplastic histology, Ki-67 proliferative index,
and chromosomal instability*® but not with prior
radiotherapy, radiation induced meningioma, or
recurrent tumor (Data Supplement).

In a second cohort of 615 sequenced meningio-
mas (Foundation Medicine cohort), 14 tumors
had a TMB of more than 10 mutations/Mb.
Among these 14 specimens, two grade 3 menin-
giomas had inactivating mutations in MSH2
and MSHG6; one grade 2 meningioma had a

substitution in the DNA polymerase domain of
the POLE subunit of DNA polymerase epsilon,
and another grade 3 meningioma had a trun-
cating mutation in SETD2 (Table 2; Fig 3G;
Data Supplement). Thus, across two cohorts of
sequenced meningioma samples (n = 843), 21
(2.5%) had high TMBs.*¢ Three of 1,080 menin-
giomas screened by sequencing or IHC (0.3%)
had detectable inactivating mutations in MSH2
or MSH6. The number of notable tumors
increased to six (0.6%) when MMR-related
genes (eg, SETD2, POLE) were considered.

DISCUSSION

In our patient with an MSH2-deficient menin-
gioma, nivolumab treatment generated a robust
anticancer immune response, as evidenced by
dramatically increased infiltrating CD8+ T cells
and a durable therapeutic response. Notably,
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Fig 3. Genomic and immunohistochemical characterization of meningioma samples. (A) Copy number analysis from target-
ed next-generation sequencing data from sample 6 identified a genome-wide profile characteristic of a high-grade meningioma,
including loss of 1p, 9p and monosomy of chromosomes 18 and 22. Focal homozygous deletion of CDKN2A/CDKN2B and
intragenic deletion of MISH2 were present. (B) Gene-level view of MSH2 showed a homozygous intragenic deletion of exons 2
through 5 of MISH2 (NM_000251; log, ratio from -2.21 to -2.73) in the setting of 2p arm-level single copy loss. Copy number
is depicted as a log, ratio value. Immunohistochemistry on pretreatment meningioma resection (surgery 4/sample 4; S4) for
(C) MSH2, (D) MSHS, (E) MLH]1, and (F) PMS2. MSH2 and MSH6 staining was present only in nontumor cells. (G) Box and
whiskers plot (5th to 95th percentiles) of tumor mutational burden (TMB; mutations per megabase) for Brigham and Women’s
Hospital (BWH)/Dana-Farber Cancer Institute (DFCI) profile initiative cohort (n = 228 sequenced cases; Data Supplement)
plus sequencing data for the mismatch repair (MMR)-deficient case BWH/DFCI 2 and for the Foundation Medicine cohort
(FMI; n = 615 sequenced cases; Data Supplement). Patient cases with loss of function changes in MMR and MMR-related genes
(from Table 2) are highlighted in red (dots and squares). For the BWH/DFCI profile initiative cohort, the mean TMB was
4.25 mutations/megabase (standard deviation, 2.55; standard error of the mean, 0.17; lower 95% CI of mean, 3.91; upper 95%
CI of mean, 4.58). For the Foundation Medicine cohort, the mean TMB was 2.77 mutations/megabase (standard deviation,
8.08; standard error of the mean, 0.33; lower 95% CI of mean, 2.14; upper 95% CI of mean, 3.41).
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Table 2. Additional Meningiomas With Mutations in MMR Genes and MMR-Related Genes From the BWH/DFCI Profile Initiative Cohort and
the Foundation Medicine Cohort

TMB (mutations/ Amino Acid MMR IHC in
Patient WHO Grade megabase) Gene Alteration Tumor Cells
BWH/DFCI-1 3 18 MSH?2 1510+8delT MSH2/MSH6
SETD2 Splice site (VUS) retained
 ELS9sSETIS
BWH/DFCI-2 2 10 MSH6 F1088Sfs*2 MSH2/MSH6
negative
FMI-4 3 30 MSH?2 Homozygous deletion NA
FMI-6 3 28 MSH6 C5591s*3 NA
FMI-7 3 91 SETD2 N34£s*77 NA
FMI-10 2 25 POLE R762W NA

Abbreviations: BWH, Brigham and Women’s Hospital; DFCI, Dana-Farber Cancer Institute; fs, frameshift; IHC, immunohistochemistry; MMR, mismatch repair; NA,

tissue sections not available for analysis; TMB, tumor mutational burden; VUS, variant of unknown significance.

the enlargement of lesions and increased signal
abnormalities seen on the MRI after nivolumab
reflected pseudoprogression, not tumor growth.
In addition to inactivation of MSH2, sequencing
of the patient’s tumors revealed missense muta-
tions in POLD1 (R639C), RADS50 (P571L), and
POLE (G203E, S30L), but these changes are
of unclear significance and are predicted to be
nonpathogenic.” An increase in TMB from 26.6
mutations/MB in sample 4 (before experimental
therapies) to 38.0 in sample 6 raises the possi-
bility that temozolomide can augment TMB
in meningioma. However, this neoplasm was
MMR deficient at the time of original diagno-
sis; thus, temozolomide did not drive acquired
MMR deficiency.

This work also shows that approximately 2.5%
of meningiomas have a high mutation burden, a
phenotype that has been linked with neoantigen
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Appendix

A Pretreatment B

Post-treatment

DAPI+CD4+CD8+PD1

DAPI+CD4+CD8+FOXP3

,a

Fig Al. Tissue-based
multiplexed cyclic immu-
nofluorescence (t-CyCIF)
characterization of resection
tissues before and after
nivolumab treatment. (A) A
representative field of view
of t-CyCIF imaging data of
selected biomarkers gener-
ated from a single section of
pretreatment meningioma
(surgery 6/sample 6). (B) A
representative field of view
of t-CyCIF imaging data of
selected biomarkers gener-
ated from a single section of
the post-treatment menin-
gioma (surgery 7/sample 7).
FOXP3, forkhead box P3;
PD-1, programmed death 1;
PD-L1, programmed death
ligand 1.
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Glioblastoma (WHO grade IV astrocytoma) is the most frequent primary brain tumor in adults, representing a highly
heterogeneous group of neoplasms that are among the most aggressive and challenging cancers to treat. An improved
understanding of the molecular pathways that drive malignancy in glioblastoma has led to the development of various
biomarkers and the evaluation of several agents specifically targeting tumor cells and the tumor microenvironment. A
number of rational approaches are being investigated, including therapies targeting tumor growth factor receptors and
downstream pathways, cell cycle and epigenetic regulation, angiogenesis and antitumor immune response. Moreover,
recent identification and validation of prognostic and predictive biomarkers have allowed implementation of modern trial
designs based on matching molecular features of tumors to targeted therapeutics. However, while occasional targeted
therapy responses have been documented in patients, to date no targeted therapy has been formally validated as effective in
clinical trials. The lack of knowledge about relevant molecular drivers in vivo combined with a lack of highly bioactive and
brain penetrant-targeted therapies remain significant challenges. In this article, we review the most promising biological in-
sights that have opened the way for the development of targeted therapies in glioblastoma, and examine recent data from
clinical trials evaluating targeted therapies and immunotherapies. We discuss challenges and opportunities for the develop-

ment of these agents in glioblastoma.

Key words: glioma, cancer genomics, targeted therapies, precision medicine, personalized medicine, biomarkers

Introduction

Glioblastoma is the most frequent and aggressive primary malignant
brain tumor in adults [1], with a median overall survival (OS) be-
tween 10 and 20 months [2—4]. Standard of care is maximal safe sur-
gery followed by concomitant radio-chemotherapy and adjuvant
chemotherapy with temozolomide, which can be combined with
intermediate-frequency alternating electric fields [2, 4, 5]. Once re-
currence occurs, therapeutic options are limited, including bevaci-
zumab and nitrosoureas, although bevacizumab is not approved in
Europe. Unlike in most other cancers, this lack of progress has
been sustained despite growing insight into the biology of the
disease [6—11]. Fortunately, these significant advances have contin-
ued to stimulate the development and re-purposing of numerous
targeted therapies in clinical trials.

Genomic landscape of glioblastoma

Glioblastomas constitute a highly heterogeneous group of invasive
malignant brain tumors [12]. It was the first tumor to undergo com-
prehensive molecular characterization [6-10, 13—15]. Briefly, these
studies showed that most tumors harbor recurrent molecular alter-
ations disrupting core pathways involved in regulation of growth
(receptor tyrosine kinase [RTK], mitogen-activated protein kinase
[MAPK] and phosphoinositide 3-kinase [PI3K] signaling path-
ways), cell cycle, DNA repair and apoptosis (Retinoblastoma/E2F
and p53 tumor suppressor pathways) as well as control of chromatin
state and telomere length (Table 1). Frequently, these alterations de-
rive from copy number aberrations (CNAs). The most common
amplification events involve chromosomes 7 (EGFR/MET/ CDKG6),
12 (CDK4 and MDM?2) and 4 (PDGFRA), while recurrent
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homozygous deletions are found in chromosomes 9 (CDKN2A/B)
and 10 (PTEN). In addition, genome-wide sequencing highlighted
single nucleotide variants (SNVs) and short insertions and deletions,
resulting in recurrent mutations in the TERT promoter, PTEN,
TP53, EGFR, PIK3CA, PIK3R1, NF1 and RBI [10].

Most of these recurrent and biologically relevant genomic vari-
ants continue to be attractive targets for drug development [16—
23] (Table 1). However, none of the recurrent genomic variants in
glioblastoma has been strongly associated with clear prognostic
and predictive value so far. This challenges the assumption that
these variants are necessarily obligate cancer drivers in glioblast-
oma and suggests that strong cancer cell plasticity and redundancy
among alterations that drive tumor growth may contribute to
therapy failure more than previously assumed (Figure 1).
Increasingly, it is being recognized that glioblastomas are charac-
terized by significant inter- and intra-tumor genomic heterogen-
eity, which can exist as temporal or spatial [10, 24-33]. This
represents challenges for appropriate driver identification due to
glioblastoma being inherently limited in the amount and locations
that one can sample, as well as the limited opportunities for reop-
eration [34-36]. The evidence that such heterogeneity might be
relevant comes from multisector genome-wide sequencing of pri-
mary and post-treatment tumors, which revealed substantial di-
vergence in the landscape of driver alterations between primary
and recurrent tumors [30, 32, 33, 37, 38]. Moreover, heterogeneity
at the single cell level can exist as multiple genomic alterations
within redundant pathways (e.g. mosaic amplifications of EGFR,
MET and PDFGRA) [10, 24, 29, 39, 40], or multiple unique vari-
ants of a single gene (e.g. multiple EGFR oncogenic variants in a
single cell) [29, 30, 40], which overall results in heterogeneity in
drug sensitivity within individual tumor cells [41] (Figure 1).

Annals of Oncology

Targeting growth factor receptors and their
downstream signaling pathways

Drugs directed against alterations that lead to constitutive activa-
tion of growth factor RTKs are the most common type of targeted
therapy in all types of cancer with successful responses seen in
many cancers. These drugs have also been of great interest in glio-
blastoma because direct alterations in RTKs and/or downstream
MAPK/PI3K signaling pathways represent a hallmark of this
tumor (Table 1) [10].

EGFR-targeted therapies

EGFR amplification, rearrangement or point mutations are
found in approximately half of glioblastomas and multiple aber-
rations in EGFR often co-exist within an individual tumor [10,
30, 42—44]. Nearly 20% of glioblastomas harbor deletion of exons
2-7 of EGFR, resulting in EGFRVIII, a constitutively active onco-
genic variant frequently associated with EGFR amplification.
Preclinical studies have demonstrated that EGFRvIII-driven
tumors are only weakly sensitive to first generation EGFR tyro-
sine kinase inhibitors (TKI) erlotinib and gefitinb [45, 46].
Indeed, EGFRvIII—as most other EGFR SNV found in glioblast-
oma—alters the extracellular domain of EGFR in glioblastoma,
while in contrast lung adenocarcinomas typically harbor direct
activating mutations in the kinase domain [45].

Rindopepimut is an EGFRVIII peptide vaccine that demon-
strated signs of activity in preclinical models of glioblastoma and
early phase trials [16, 47, 48]. The recently completed randomized
phase II study ReACT evaluated the association of rindopepimut
plus bevacizumab in EGFRvIII-positive recurrent glioblastoma.

Table 1. Genomic alterations and example targeted therapies in glioblastoma

Gene Alteration or target

Target freq y C

did

therapy (drug example)

in glioblastoma® (%)

Growth factor receptors

EGFR Deletion (EGFRvIII), mutation,
translocation and/or amplification

KIT Amplification, mutation

PDGFRA Amplification

FGFRI, FGFR3 Translocation (e.g. FGFR3-TACC3)

MET Amplification, translocation

MAPK and PI3K/mTOR signaling pathways

PTEN Deletion, mutation
PIK3CA Amplification, mutation
NF1 Deletion, mutation

BRAF Mutation (BRAF V600E)
Cell cycle pathways

MDM2 Amplification

TP53 Wild-type (no mutations)
CDK4/6 Amplification

RB1 Wild-type (no mutations)
Others

IDH1 Mutation

MYC, MYCN Amplification

55 EGFR vaccine or antibody-drug conjugate
(rindopepimut, ABT-414)

10 KIT inhibitor (imatinib)

15 PDGFR inhibitor (dasatinib)

3 FGFR1/3 inhibitor (JNJ-42756493)

3 MET inhibitor (cabozantinib)

40 AKT inhibitor, mTOR inhibitor (voxtalisib)

10 mTOR inhibitor, PI3K inhibitor (buparlisib)

14 MEK inhibitor (trametinib)

2 BRAF inhibitor (vemurafenib), MEK inhibitor (trametinib)

10 MDM2 inhibitor (AMG232)

60 MDM2 inhibitor (AMG232)

20 CDK4/6 inhibitor (ribociclib)

90 CDK4/6 inhibitor (ribociclib)

6 IDH1 inhibitor (AG120)

5 Bromodomain inhibitor (OTX-015)

“Source: cbioportal.org (glioblastoma TCGA dataset, n = 281 tumor samples with sequencing and CNA data) [10].
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Advantage to rindopepimut therapy was reported across multiple
endpoints including 2-year OS rate and progression-free survival
(PFES), although the trial failed to meet its primary endpoint [49]
(Table 2). Preliminary analyses from the phase III randomized
study of rindopepimut in newly diagnosed EGFRVIII-positive glio-
blastoma indicated that its benefit on OS will not reach statistical
significance (23 months from diagnosis in both arms), resulting in
the closure of the trial [50]. Subgroup analyses suggested that rin-
dopepimut might have failed due to reduced amount of EGFRVIIT
antigen burden in patients that underwent gross total resection (2-
year survival rate of 30% in patients with non-minimal residual
disease versus 19% in patients with minimal residual disease), al-
though these results will need confirmation after longer follow-up.
Further development of rindopepimut is uncertain.

Other EGFRvIII-targeted therapies are being evaluated. ABT-
414 is an antibody drug conjugate (ADC) consisting of an anti-

EGFR MAD, conjugated to the tubulin inhibitor monomethy-
lauristatin F. ABT-414 demonstrated cytotoxicity against glio-
blastoma patient-derived xenograft models expressing either
wild-type EGFR or EGFRVIII [51]. Preliminary data from a phase
I trial of ABT-414 monotherapy in EGFR-amplified recurrent
glioblastoma showed a 6 months PFS rate of 28.3% [52] (Table
2). OS from trial entry was 9 months, which was considered
encouraging, as 56% of patients had already undergone two to
three prior therapies. No dose-limiting toxicity was reported, al-
though specific ocular toxicities were frequently observed (mostly
reversible blurred vision, with some patients presenting with
keratitis or corneal epithelial microcysts). The clinical develop-
ment of ABT-414 is ongoing with randomized phase II/III trials
(Table 3).

In addition, several trials have evaluated more broadly effective
EGFR-targeted therapies (Table 2). A variety of first and second

Models of single cell genomic heterogeneity

Common progenitor cell
disruptions of RB, TP53 pathways
activation of TERT

Multiple RTK
amplification

Single RTK ¢
amplification

L ¢ ¢ EGFR
' ' Q -
MET GFR PDGFRA
amp. amp. amp. @ @ @
EGFR EGFRvar. A EGFR var. B
wt.  (e.g. EGFRUvIIl) (e.g. EGFR p.A289V)

MET+EGFR PDGFRA+EGFR

amp. amp.

Multiple RTK targets

Combinations of inhibitors
against different RTKs

Multiple variants and mechanisms

of activation in a single RTK

Single RTK target

Inhibitor(s) against
same RTK (targeting different
mechanisms of activation)

Figure 1. Cellular heterogeneity of RTK aberrations in glioblastoma: implications for appropriate drug targeting (adapted from Francis et al. [30]).
Dynamics of the glioblastoma genome may generate or select for subclonal populations of tumor cells that are highly resistant to treatment, over-
all suggesting that comprehensive characterization of tumor heterogeneity is a prerequisite for the success of pharmacological inhibition of RTK
alterations. Left, multiple amplifications of distinct RTK genes can be observed in non-overlapping subclonal populations from individual tumors,
or within individual tumor cells. In other cases (right), tumor heterogeneity may exist as multiple alterations within a single RTK gene.
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Table 2. Recently reported trials of targeted therapies in recurrent glioblastoma

Design Drug regimen Target(s) Population, number of Median OS Median PFS PFS-6 Reference
patients (n) (months) (months)
Growth factor receptors, MAPK/PI3K signaling pathways
Phase II, randomized Onartuzumab + bevacizumab MET (onartuzumab), VEGF First recurrence, n = 64 8.8 (ona/beva), 3.9 (ona/beva), 33.9% (ona/beva), [97]
(ona/beva) or bevacizumab (bevacizumab) (ona/beva), n = 65 12.6 (beva/p) 2.9 (beva/p) 29% (beva/p)
+ placebo (beva/p) (beva/p)
Phase II, double-blind, Bevacizumab + rindopepimut VEGF (bevacizumab), First or second recurrence, 11.6 (beva/rindo), NA 28% (beva/rindo), [49]
randomized (beva/rindo) or bevacizu- EGFRVIII (rindopepimut) bevacizumab-naive, 9.3 (beva/p) 16% (beva/p)
mab + placebo (beva/p) EGFRVIII- positive,
n=73
Phase II, randomized Temozolomide (TMZ) or afati- EGFR (Afatinib) First recurrence, n = 39 10.6 (TMZ) 1.9 (TMZ) 23% (TMZ) [62]
nib (afa) or afatinib + (TMZ), n = 41 (afa), 9.8 (afa) 1 (afa) 3% (afa)
temozolomide (afa/TMZ) n = 39 (afa/TMZ) 8 (afa/TMZ) 1.5 (afa/TMZ) 10% (afa/TMZ)
Phase |, single-agent ABT-414 EGFR, EGFRuvIII Any recurrence, n = 60 90 NA 28.3% [52]
Phase II, single-agent PX-866 PI3K First recurrence, n = 33 NA NA 17% [101]
Phase II, single-arm Buparlisib + bevacizumab PI3K (buparlisib), VEGF First recurrence, n = 68 108 53 NA [102]
(bevacizumab)
Phase I, single-arm Erlotinib + sorafenib EGFR (erlotinib), VEGFR, NA, n =56 5.7 25 14% [71]
PDGFR, Raf kinases
(sorafenib)
DNA repair and other epigenetic modifiers
Phase II, randomized Bevacizumab (beva) + vorino- Histone deacetylases (vori- First recurrence, n = 49 8.3 (beva/vor), 4.2 (beva/vor), NA [154]
stat (beva/vor) or bevacizu- nostat), VEGF (beva/vor), n = 41 7.0 (beva) 3.6 (beva)
mab (beva) (bevacizumab) (beva)
Phase II, randomized Sequential temozolomide + PARP (veliparib) NA, n = 141 10.3 (beva-naive), 4.7 2.0 (beva-naive), 2.0 17.0% (beva- [129]
veliparib (beva-resistant) (beva-resistant) naive), 4.4%
(beva-resistant)
Phase II, single-arm Panobinostat + bevacizumab Histone deacetylases First or second recurrence, 90 50 30.4% [143]
(panobinostat), VEGF n=24
(bevacizumab)
Antiangiogenics
Phase Ill, double-blind, Lomustine + bevacizumab VEGF (beva) First recurrence, n = 288 9.1 (lom/beva), 4.2 (lom/beva), NA [169]
randomized (lom/beva) vs. lomustine (lom/beva), n = 149 8.6 (lom) 1.5 (lom)
(lom) (lom)
Phase Ill, double-blind, CCNU + placebo (CCNU) or VEGFR1-3 and PDGFR First recurrence, n = 65 9.8 (CCNU), 8.0 (ced), 2.7 (CCNU), 3.1 (ced), 24.5% (CCNU), [155]
randomized cediranib (ced) or cediranib (ced) (CCNU), n = 131 (ced), 9.4 (CCNU/ced) 4.2 (CCNU/ced) 16% (ced),
+ CCNU (CCNU/ced) n = 129 (CCNU/ced) 34.5% (CCNU/
ced)
Phase II, randomized Axitinib (axi) or physician’s First recurrence, n = 22 6.3 (axi), 3.7 (control) 34% (axi), 28% [165]
choice (lomustine or (axi), n = 22 (control) (control)
bevacizumab)
Continued

ABOj0dUQ JO Sjeuuy
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Table 2. Continued

Design Drug regimen Target(s) Population, number of Median OS Median PFS PFS-6 Reference
patients (n) (months) (months)
Phase II, randomized Bevacizumab + placebo SRC, cKIT, EPHA2, PDGFR First or second recurrence, 7.9 (beva/p), 7.2 NA 18.4% (beva/p), [164]
(beva/p) vs. bevacizumab (dasa), VEGF (beva) n =38 (beva/p), n = 83 (beva/dasa) 27.2% (beva/
+ dasatinib (beva/dasa) (beva/dasa) dasa)
Phase Il, single-agent Dasatinib SRC, c-KIT, EPHA2, PDGFR First recurrence, overex- 79 1.7 6% [84]
pression of at least 2
putative dasatinib tar-
gets, n =50
Phase I, single-arm Pazopanib + lapatinib VEGFR1-3, c-Kit, PDGFR NA, n =41 NA 19 7.5% [65]
(pazopanib), EGFR
(lapatinib)
Phase I, single-agent Sunitinib VEGFR1-2, c-Kit, PDGFR, NA, n = 63 94 (beva-naive), 44 1 (beva-naive), 1 10.4% (beva-naive) [152]
FLT3, CSF-1R, RET (beva-resistant) (beva-resistant) 0% (beva-resistant)
Phase Il, single-agent Nintedanib VEGFR1-3, FGFR1-3, First or second recurrence, 6 1 NA [157]
PDGFR n=25
I checkpoint inhibitors
Phase II/Ill, randomized Nivolumab (3 mg/kg, nivo1) PD1 (nivolumab), CTLA-4 First recurrence, n = 10 10.5 (nivo3), 9.3 1.9 (nivo3), 2.1 NA [183]
or nivolumab (1 mg/kg) + (ipilimumab) (nivo3), n =10 (nivo1/ (nivo1/ipi3), (nivo1/ipi3),
ipilimumab (3 mgrkg, ipi3), n = 20 (nivo3/ 7.3 (nivo3/ipi1) 24 (nivo3/ipi1)
nivo1/ipi3) or nivolumab ipi1)
(3mag/kg) + ipilimumab
(1 mg/kg, nivo3/ipil)
Phase I, single-agent Durvalumab PD-L1 First or second recurrence, 6.7 32 20% [185]
bevacizumab-naive,
n =30
Phase Ib, single-agent Pembrolizumab PD1 Any recurrence, n = 26 14.0 30 44% [184]

Abbreviations: NA, data not available.
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Table 3. Ongoing randomized phase 3 trials evaluating investigational agents in glioblastoma
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ClinicalTrials.gov  Population Treatment arms Primary Status® Sponsor
Identifier endpoint
Newly diagnosed glioblastoma
NCT00045968 Sufficient tumor Experimental: RT/TMZ followed by TMZ + DCVax-L PFS Accrual Northwest
lysate after (dendritic cells vaccine) suspended Biotherapeutics
surgery Comparator: RT/TMZ followed by TMZ + placebo
NCT02617589 Unmethylated Experimental: RT + nivolumab (anti-PD1 MAb) oS Recruiting Bristol-Myers
MGMT Comparator: RT/TMZ followed by TMZ Squibb
promoter
NCT02546102 HLA-A2 positive Experimental: RT/TMZ followed by TMZ + ICT-107 oS Recruiting ImmunoCellular
patients (dendritic cells vaccine) Therapeutics
Comparator: RT/TMZ followed by TMZ + placebo
NCT02573324 EGFR-amplified Experimental: RT/TMZ/ABT-414 followed by TMZ + oS Recruiting AbbVie
ABT-414 (anti-EGFR ADC)
Comparator: RT/TMZ/placebo followed by TMZ +
placebo
NCT02152982 Unmethylated Experimental: RT/TMZ + followed by TMZ + veli- 0s Not yet National Cancer
MGMT parib (PARP inhibitor) recruiting Institute
promoter Comparator: RT/TMZ followed by TMZ + placebo
Recurrent glioblastoma
NCT0201771 First progression Experimental: nivolumab (anti-PD1 MAb) 0s Accrual Bristol-Myers
Comparator: bevacizumab completed Squibb
NCT02511405 First or second Experimental: bevacizumab + VB-111 (viral toxin) oS Recruiting Vascular
progression Comparator: Biogenics
bevacizumab
NCT02414165 First or second Experimental: TOCA-511 (viral gene therapy injected (0 Recruiting Tocagen

progression,
candidate for

in tumor resection cavity) + TOCA-FC (5-
fluorocytosine)

resection

Comparator: Investigator's choice (single agent

lomustine or temozolomide or bevacizumab)

?Source: clinicaltrials.gov (November 2016).

generation EGFR/HER2 TKI or anti-EGFR monoclonal antibod-
ies (Mab) have been evaluated as monotherapy [53-62] or in as-
sociation with various agents or radiation therapy [63-79]. The
results of these trials have been comprehensively reviewed else-
where [18, 80]. Overall, disappointing results were reported des-
pite some anectodotal response observed, suggesting the lack of
efficacy of the currently available agents. Further studies evaluat-
ing novel agents or combinations are warranted to re-evaluate
the value of EGFR inhibition in molecularly selected populations.

Targeting other receptor tyrosine kinases

Oncogenic FGFR-TACC fusions are found in nearly 3% of glio-
blastomas, with promising evidence of actionability provided by
preclinical studies [21, 81]. Encouraging evidence of activity was
recently reported in a phase I study evaluating JNJ-42756493—a
highly selective pan-FGFR TKI—in three patients harboring
FGFR3-TACC3-positive glioblastomas [21, 82]. Phase II clinical
trials evaluating other selective FGFR inhibitors (e.g. BGJ398 and
AZD4547) are currently ongoing [83].

PDGFRA amplification is found in nearly 15% of glioblastomas
[10]. This receptor is highly active in all glioma types and represents
one of the more underexplored targets for therapy. A recently re-
ported phase II trial evaluated the efficacy of dasatinib, a multikinase

inhibitor targeting PDGFR, ¢-KIT, SRC and EPHA2 [84] (Table 2).
Despite the fact that patients were selected on the basis of overexpres-
sion of at least 2 putative dasatinib targets, no response was reported.
Additional trials evaluated other multikinase inhibitors without
showing any consistent clinical activity in glioblastoma [85-89].
Finally, preclinical evidences indicated an oncogenic role for c-
MET signaling pathway activation in glioblastoma, notably by
promoting tumor growth and invasiveness as well as drug resist-
ance [90-94]. Rare responses have been documented in patients
receiving crizotinib, a c-MET/ALK inhibitor and represent some
of the first evidence of targeted therapy success [95, 96]. MET
amplification or mutation as well as overexpression of c-MET or
its ligand, the hepatocyte growth factor (HGF), have been pro-
posed as predictive biomarkers, although efficacy and its molecu-
lar determinants remain unclear to date. A recently reported
randomized phase II trial investigated the safety and efficacy of
bevacizumab plus onartuzumab—a MAb against MET—versus
bevacizumab plus placebo in recurrent glioblastoma (Table 2)
[97]. Overall, there was no evidence of clinical benefit with beva-
cizumab plus onartuzumab compared with bevacizumab plus
placebo, although exploratory biomarker analyses suggested
benefit in patients with umethylated O6-methylguanine-DNA
methyltransferase (MGMT) or high HGF expression in tumor
tissue. Further understanding of the role of these RTKs in the
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progression of glioblastoma, as well as evaluation of highly brain
penetrant and potent inhibitors is warranted.

Targeting PI3BK/AKT/mTOR and MAPK signaling
pathways

In light of the disappointing activity observed with existing RTK
inhibitors, agents designed to interfere with downstream mol-
ecules remain attractive. The PI3K/AKT/mTOR signaling path-
way is dysregulated in the vast majority of glioblastomas through
various molecular alterations (Table 1). mTOR inhibitors such as
temsirolimus and everolimus have been FDA-approved to treat
various solid cancers including subependymal giant cell astrocy-
toma, a low grade brain tumor arising in patients with tuberous
sclerosis complex, with good response in this special type of
astrocytoma. However, when evaluated in glioblastoma as mono-
therapy, or in combination with either EGFR TKIs, bevacizumab
or temozolomide and radiation therapy, these agents have not
demonstrated significant clinical activity [66-70, 98—100].

Nonetheless, it has been hypothesized that a subset of patients
may benefit from PI3K/AKT/mTOR signaling inhibition, and novel
agents with a broader range of activity are currently being evaluated.
PX-866 is an oral PI3K inhibitor recently tested in a phase II trial
[101]. While the study was negative, durable stabilization was
observed in 21% of patients. No association between outcome and
PTEN, PIK3CA or PIK3RI1 status was observed. The dual PI3K/
mTOR inhibitor voxtalisib and the pan-class I PI3K inhibitor bupar-
lisib have been evaluated in other trials. Preliminary results from
phase II trials evaluating buparlisib indicated activity in association
with bevacizumab [102], while limited efficacy was observed in pa-
tients receiving buparlisib as monotherapy, even in the presence of
PIK3CA, PIK3R1 or PTEN molecular alterations (Table 2).

Targeting of MAPK pathway signaling, activated in all glio-
blastoma, is also a rational approach. A small subset of patients
(3%), especially those with giant cell or epithelioid morphology
(11%), harbors the BRAF V600E mutation [103], a well-known
targetable oncogene. The BRAF inhibitor vemurafenib has shown
promising efficacy in individual patients with BRAF-mutant
(V600E) high-grade gliomas of non-glioblastoma types [104,
105]. The RAF multikinase inhibitor sorafenib has been evaluated
in several small phase I/II studies as monotherapy or in combin-
ation with bevacizumab, temozolomide, temsirolimus [106-110]
or radiation therapy and temozolomide [111]. Unfortunately,
limited efficacy was observed and has not supported further de-
velopment of sorafenib in glioblastoma (Table 2). Future preclin-
ical studies and trials should focus on combined inhibition of
MAPK and other pathways, as well as identifying predictive bio-
markers. The presence of responses in other glioma types with
BRAF alterations suggests these agents may be some of the most
promising for future success in targeted therapies.

Targeting DNA repair and cell cycle control
pathways
Disruption of p53 and Retinoblastoma/E2F tumor suppressor
pathways is found in more than 80% of glioblastomas [10]. TP53

encodes the tumor suppressor protein p53 that causes cell-cycle
arrest and promotes apoptosis upon DNA damage [112]. TP53

mutation/deletion results in growth advantage and clonal expan-
sion of glioma cells, as well as impairment of DNA repair, pro-
moting overall genetic instability and transformation [113, 114].
Besides direct gene mutation or deletion, p53 inactivation may be
caused by MDM?2 or MDM4 amplification (20% of patient over-
all) [10, 115]. The first therapeutic strategies targeting p53 were
centered on attempting reactivation of the pathway using gene
therapy or pharmacological approaches, although these have
failed to demonstrate clinical efficacy [116]. A key disadvantage
of the original nutlin-based drugs was the low potency and poor
blood-brain barrier (BBB) penetration. However, MDM2 inhib-
ition has recently re-emerged as an attractive strategy to restore
p53 function with advances in the chemical properties of nutlin-
based agents (RG7112, RG7388), as well as other classes of agents
recently developed (HDM201, AMG232). Preclinical studies
have demonstrated striking antitumor efficacy in MDM2-ampli-
fied glioblastoma models [117, 118]. Most importantly, TP53-
wild-type models also showed marked response to these agents
and blood—tumor and blood-brain penetration of the more novel
agents has been in a range as feasible for clinical trials. Given that
about 50% of glioblastoma patients have TP53-wild-type tumors
this represents an attractive strategy for the majority of patients.
Cell cycle progression is frequently deregulated through vari-
ous recurrent molecular alterations including inactivation of
CDKN2A/CDKN2B and RBI as well as amplification of CDK4
and CDK6 (Table 1) [10, 119]. Novel agents designed to inhibit
CDK4 and CDK6 have demonstrated strong antitumor efficacy
in RBI-wild-type glioblastoma models [120-123], and have been
subsequently evaluated in phase II. Results from this study as well
as other trials evaluating newer compounds (NCT02345824)
should shed light on the value of CDK inhibitors in glioblastoma,
and the biomarker profile of the patients that may respond.
Finally, synthetic lethal approaches have been developed as
novel strategies to target tumors harboring alterations disrupting
DNA repair and tumor suppressor pathways. WEE1—a nuclear
serine/threonine kinase—acts as a gatekeeper against mitotic ca-
tastrophe in glioblastoma. Recent preclinical works demon-
strated that small-molecule inhibition of WEE1 sensitized
glioblastoma to DNA damaging agents including radiation ther-
apy [124-126]. Combination of the WEE1 inhibitor AZD1775
with radiation therapy and temozolomide is currently being eval-
uated (NCT01849146). Other promising strategies exploiting
synthetic lethal interactions include association of DNA repair
inhibitors (e.g. the PARP inhibitors veliparib and olaparib) with
radiation therapy and/or temozolomide, which have demon-
strated antitumor efficacy in animal models [127-128], and are
currently evaluated in randomized trials (Table 3) [129].

Targeting epigenetic deregulation and
tumor metabolism

Targeting isocitrate dehydrogenase

IDHI mutations are found in 6% of primary glioblastomas [7,
130-132]. These mutations confer a gain-of-function, resulting
in the production of p-2-hydroxyglutarate (D2HG), which inter-
feres with cellular metabolism and epigenetic regulation [132,
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133]. Small-molecule inhibitors of mutant IDH enzymes have
demonstrated activity in preclinical models [17], and are being
evaluated in phase I/II trials (NCT02073994, NCT02481154).
Preliminary reports indicated favorable safety profile and signs of
activity, mainly in patients with lower grade tumors [134]. IDH1
peptide vaccines represent an alternative approach that has dem-
onstrated activity in preclinical models [135, 136], and are being
evaluated in clinical trials (NCT02454634, NCT02193347).

Targeting histone deacetylase and other
epigenetic modifiers

Histone deacetylase (HDAC) inhibitors represent an emerging
class of therapeutics that has shown activity in hematologic
malignancies. Despite encouraging efficacy in preclinical models
including histone H3-mutant pediatric glioblastoma [137-139],
only modest activity has been observed in clinical trials evaluating
HDAC inhibitors as a single agent, or in combination with temo-
zolomide, bortezomib or bevacizumab [140-143] (Table 2).
Beyond HDAC inhibitors, other epigenetic modifiers have re-
cently gained interest for the treatment of glial tumors. These in-
clude BET bromodomain proteins inhibitors and EZH2
inhibitors, which have recently entered in clinical trials
(NCT01897571, NCT02711137), and have both demonstrated
antitumor activity in preclinical models [144-147].

Targeting tumor angiogenesis

A multitude of anti-angiogenic targeted therapies have been eval-
uated in clinical trials of glioblastoma as monotherapy or in com-
binations with various agents, all with no significant survival
benefit to patients [63, 84, 106, 148—168] (Table 2). In 2009, beva-
cizumab received provisional FDA-approval for the treatment of
recurrent glioblastoma on the basis of radiographic response
rates ranging from 28% to 59% reported in two single-arm trials
[148, 149]. However, subsequent trials failed to demonstrate su-
periority of bevacizumab alone or combined with lomustine in
terms of OS [161, 169]. In newly diagnosed glioblastoma, two re-
cently reported placebo-controlled randomized trials evaluating
the benefit from the addition of bevacizumab to standard of care
showed no difference in OS, while significant improvement in
PFS was demonstrated in both trials (extension of median PFS of
3.4 and 4.6 months) [162, 163].

Given the encouraging preclinical data, what went wrong?
The lack of the target being expressed in tumor cells is some-
thing that became clearer with time. The level of dependency of
the tumor ecosystem on the vasculature now appears to be low.
Despite the lack of clear survival benefit of antiangiogenic agents
in glioblastoma, prolonged PFS with long-lasting tumor re-
sponse or stabilization has been proposed to be present in a sub-
set of patients receiving bevacizumab. The identification of
biomarkers to predict response of antiangiogenics agents may
therefore be warranted. One possibility for this comes from
post-hoc analysis from the AVAglio randomized phase III trial
[170], which reported significant OS advantage of adding beva-
cizumab to standard of care in patients with proneural IDHI
wild-type tumors, albeit this needs to be validated further in an
independent trial.
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Immunotherapies

Immunotherapy for glioblastoma has gained considerable interest
over the past years. The concept of the central nervous system
(CNS) as an ‘immune privileged site’ has been recently challenged
by the discovery of the CNS lymphatic system, which is connected
to the deep cervical lymph nodes [171-174]. Therapeutic targeting
of immune checkpoint programmed cell death 1 (PD1)/pro-
grammed death-ligand 1 (PD-L1) and cytotoxic T-lymphocyte-
associated molecule-4 (CTLA-4) using MAbs has been associated
with significant clinical benefit in several human malignancies
[175, 176]. These treatments aim at enhancing antitumor immune
responses, by blocking negative regulatory pathways in T-cell acti-
vation. In glioblastoma, PD-L1 is expressed in some patients [177,
178], and preclinical studies have provided rationale for the evalu-
ation of immune checkpoint blockers (ICBs) [179-182].

Several clinical trials evaluating ICBs are ongoing (Tables 2 and
3), including randomized phase III trials of the anti-PD1 nivolumab.
Preliminary data on efficacy and safety of ICBs as monotherapy or
in combination were recently reported [183—186] (Table 2). Overall,
the response rates observed with these agents in recurrent disease
were low; however, the observation of a relative increase in 6-month
PFS and OS suggested a possible benefit in a subset of patients.
Recent studies in non-CNS cancers have indicated that patients
whose tumors bear high neoantigen and/or mutation load may de-
rive enhanced clinical benefit from immune checkpoint inhibitors
[187-190]. Partial responses to nivolumab were recently reported in
two pediatric patients that developed hypermutant glioblastoma in
the context of biallelic mismatch repair deficiency [191], suggesting
that this subset of patients may be responsive to this strategy.

Beyond targeting of immune checkpoints, other approaches
taking advantage of the immune system and the tumor micro-
environment are being explored. Dendritic cell and peptide vac-
cines have entered clinical trials, with promising signs of activity
reported in preclinical studies and early phase trials [16, 47, 48,
135, 136, 192-197]. These encouraging results need further con-
firmation in the ongoing larger randomized trials. Other
immune-cells based approaches include engineered chimeric
antigen receptor (CAR T)/NK cells re-directed to specific tumor
antigens (e.g. EGFRVIII), which have demonstrated promising
antitumor efficacy in animal models [198, 199], and are cur-
rently evaluated in several phase I/II trials (NCT01109095,
NCT02442297, NCT02664363, NCT01454596). However, these
novel approached will require further standardization and opti-
mization efforts, and costs and technical issues associated with
cell-based therapy will likely limit its widespread application.

Development of targeted therapies in
glioblastoma: current state of the art and
future directions

Lessons learned from the clinical development of
targeted therapies

Unlike the experience in some other human malignancies harboring
activating oncogenic alterations (e.g. EGFR or ALK in lung adeno-
carcinoma), efforts in the field of precision medicine have not yet
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demonstrated consistent clinical activity in glioblastoma. Several
factors may explain such disappointing results. A central element of
precision medicine is the matching of a selective drug and its mech-
anism of action using a robust biomarker (e.g. a molecular assay
defining a specific biologic subgroup) to select patients that are ex-
pected to benefit from the drug (‘selecting the right drug for the
right patient’). Before evaluation in large trials, scientists and investi-
gators should provide: (i) strong evidence of antitumor activity in
disease-relevant models [200] and (ii) proof-of-concept (i.e. dem-
onstration of the feasibility) as well as evidence of effective target
modulation in early phase trials. In glioblastoma, few if any trials
that evaluated targeted therapies have met these preliminary
requirements.

As far as target relevance and selection are concerned, most of
the trials had not implemented molecular enrichment for patient
selection. It is likely that most patients have received investiga-
tional agents in the absence of the relevant target in their tumor.
Defining relevant targets is often challenging. Although early
studies suggested that EGFR and PTEN status could predict re-
sponse to EGFR-targeted therapies [201, 202], outcome was not
correlated with the presence of EGFR amplification, EGFRVIII,
PTEN loss or other molecular alterations in subsequent studies,
and molecular predictors for the efficacy of EGFR targeted thera-
pies remain undetermined. Future precision medicine studies
should more largely implement systematic molecular character-
ization, including assessment of non-invasive biomarkers [203,
204], which will theoretically enable physicians to identify the
most relevant targets for each patient, and allow further correl-
ation of molecular profile with outcome (Figure 2).

In trials that have failed despite molecular enrichment [50],
other potential sources of failures have to be considered. As previ-
ously mentioned, the marked heterogeneity and plasticity of glio-
blastoma cells are likely major factors mediating the currently
observed resistance to targeted therapies [31, 40, 205]. As an illus-
tration, in a phase II trial, analyses of tissues from glioblastoma

patients treated with gefitinib before debulking surgery revealed
significant intratumoral accumulation of gefitinib associated with
dephosphorylation of EGFR, while downstream canonical path-
ways were not significantly dephosphorylated when compared
with untreated controls [31, 40, 206]. This indicated concomitant
activation of redundant cell signaling pathways, a resistance mech-
anism observed in EGFR-driven glioma models [205]. This clearly
implies that exploring combinations of targeted therapies to avoid
emergence of resistant subclones is needed (Figure 1). Moreover,
future studies should explore approaches that have the potential to
more broadly inhibit tumor cell growth and survival [207, 208].
Agents that more broadly target pathways rather than single muta-
tion variants have the potential to improve outcome in a much
wider population of patients, even in the absence of actionable mu-
tation targets identified by genomic profiling. As an illustration,
novel MDM2 inhibitors have been reported to inhibit the growth
of TP53-wild-type glioblastoma PDCLs, regardless of the tumor
MDM?2 amplification status [117, 118]. However, such approaches
are expected to go along with more side effects. Other examples in-
clude synthetic lethal approaches and immunotherapy, which are
investigated in large trials (Table 3).

Regarding drug relevance, most of the tested agents were nei-
ther primarily designed to inhibit alterations that are specific to
glioblastoma, nor developed for targeting tumors located in the
brain. Most currently available agents display inadequate phar-
macokinetic properties due to poor crossing of the BBB [209—
211]. The BBB is universally disrupted in glioblastomas but not
necessarily within more infiltrative non-enhancing areas of the
tumor. Given this mixed BBB setting, novel agents should be
optimized for brain penetration. Other approaches include the
use of tailored regimens (e.g. higher doses in pulsed schedules)
and other strategies to actively break down the BBB (e.g. transi-
ent opening of the BBB by pulsed ultrasound) [212, 213], which
may improve drug delivery and target inhibition using agents
that are unlikely to adequately penetrate the tumor. In this
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context, having a molecular assay that confirms effective modu-
lation of the target in the tumor is essential; otherwise conclu-
sions on relevance of the target will remain elusive. Novel trial
designs should more often incorporate tissue biomarkers collec-
tion during treatment, enabling evaluation of pharmacodynam-
ics markers.

Novel biomarker-driven trial designs

Overall, considering the lack of clear demonstration of the benefit
of targeted therapies in glioblastoma, proof-of concept in well
molecularly characterized populations should be established in
early phase and small-randomized phase II trials before further
evaluation in registration trials. Academic groups and industry
should collaborate in order to identify: (i) the best targets, drugs/
combinations to be tested in clinical trials; (ii) the best popula-
tion and (iii) the best biomarkers. Within the context of more
precise and systematic molecular characterization of glioblas-
toma and increasing availability of novel targeted therapies, novel
trial designs will be essential to more rapidly test agents. Practical
implications for such precision medicine studies are represented
in Figure 2.

A popular design is the ‘basket trial’ that involves screening of
patients with cancer independent of tumor histology, for recruit-
ment of a specific and often rare molecularly-defined population.
A recently reported basket phase II trial evaluating vemurafenib
in several BRAF"*"-mutant non-melanoma tumors reported re-
sponses in high-grade glioma patients [105]. Similarly, crizotinib
is currently investigated in MET-amplified glioblastomas
(NCT02034981) as part of a larger trial with 23 molecularly
defined cohorts. However, basket trials require robust preclinical
studies to identify relevant biomarkers that will predict treatment
response with high confidence, and well-established diagnostic
assays available in real-time for patient selection [32, 214-220]
(listed in supplementary Table S1, available at Annals of Oncology
online). Moreover, such trial designs can present a major chal-
lenge when the molecular alterations in question are rare, requir-
ing such trials to screen and reject a high number of patients who
are then disappointed.

Other new approaches are multi-arm ‘master protocol’ and
‘umbrella’ trials, which most commonly involve screening for
multiple targets [221], arms and agents, and yield added benefit
that a higher proportion of patients may enter into the trial
once screened. Such trials may include randomization between
‘standard’ and ‘molecularly tailored’ treatment arms, allowing
assessing the utility of precision medicine approaches. These
designs have been aided by translation of modern methods of
high-throughput multiplex diagnostic assays, allowing to sim-
ultaneously measuring a host of targets using platforms such as
targeted exomes or CGH/SNP arrays [208, 222]. These are now
commonplace in an increasing number of centers and aid de-
signing novel trials based on systematic molecular screening
programs for treatment stratification (Figure 2). As an illustra-
tion, personalized medicine trials such as MOSCATO 02
(NCT01566019) and INSIGhT (NCT02977780) studies are cur-
rently evaluating the feasibility and the utility of genomic
profiling to inform treatment decisions in patients with
glioblastoma.

Annals of Oncology

Conclusion

An improved understanding of the molecular pathways that drive
malignancy in glioblastoma has led to the development of various
biomarkers and several agents targeting specific molecular path-
ways in malignant cells. The concept of precision medicine driven
by molecular stratification for the treatment of glioblastoma is ap-
pealing and scientifically sound; however, no evidence has yet dem-
onstrated an improved patient outcome within the context of this
disease, likely as a result of both scientific and logistical challenges
that have hampered the success of clinical trials. The identification
of relevant driver molecular events and highly bioactive and specific
drugs remain the biggest challenges. With the recent incorporation
in clinical practice of modern methods allowing molecular charac-
terization and appropriate stratification of patients, there is hope
that novel trials evaluating targeted therapies may be more effective.
Identification of relevant targets, compounds and biomarkers for
appropriate patient selection during early phase trials are essential
for successful development of novel therapies.
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ORIGINAL REPORT

BRAF Inhibition in BRAF"®%°_Mutant Gliomas: Results From
the VE-BASKET Study

Thomas Kaley, Mehdi Touat, Vivek Subbiah, Antoine Hollebecque, Jordi Rodon, A. Craig Lockhart, Vicki Keedy,
Franck Bielle, Ralf-Dieter Hofheinz, Florence Joly, Jean-Yves Blay, Ian Chau, Igor Puzanov, Noopur S. Raje, Jurgen
Wolf, Lisa M. DeAngelis, Martina Makrutzki, Todd Riehl, Bethany Pitcher, Jose Baselga, and David M. Hyman

Purpose

BHE\FVGOO mutations are frequently found in several glioma subtypes, including pleomorphic
xanthoastrocytoma (PXA) and ganglioglioma and much less commonly in glioblastoma. We sought
to determine the activity of vemurafenib, a selective inhibitor of BRAF'6%, in patients with gliomas
that harbor this mutation.

Patients and Methods

The VE-BASKET study was an open-label, nonrandomized, multicohort study for BRAF/**°-mutant
nonmelanoma cancers. Patients with BRAF'®°°-mutant glioma received vemurafenib 960 mg twice
per day continuously until disease progression, withdrawal, or intolerable adverse effects. Key end
points included confirmed objective response rate by RECIST version 1.1, progression-free survival,
overall survival, and safety.

Results

Twenty-four patients (median age, 32 years; 18 female and six male patients) with glioma, including
malignant diffuse glioma (n = 11; six glioblastoma and five anaplastic astrocytoma), PXA (n = 7),
anaplastic ganglioglioma (n = 3), pilocytic astrocytoma (n = 2), and high-grade glioma, not otherwise
specified (n = 1), were treated. Confirmed objective response rate was 25% (95% Cl, 10% to 47 %) and
median progression-free survival was 5.5 months (95% Cl, 3.7 to 9.6 months). In malignant diffuse
glioma, best response included one partial response and five patients with stable disease, two of whom
had disease stabilization that lasted more than 1 year. In PXA, best response included one complete
response, two partial responses, and three patients with stable disease. Additional partial responses
were observed in patients with pilocytic astrocytoma and anaplastic ganglioglioma (one each). The
safety profile of vemurafenib was generally consistent with that of previously published studies.
Conclusion

Vemurafenib demonstrated evidence of durable antitumor activity in some patients with BRAF60-
mutant gliomas, although efficacy seemed to vary qualitatively by histologic subtype. Additional
study is needed to determine the optimal use of vemurafenib in patients with primary brain tumors
and to identify the mechanisms driving differential responses across histologic subsets.

J Clin Oncol 36:3477-3484. © 2018 by American Society of Clinical Oncology. Creative Commons
Attribution Non-Commercial No Derivatives 4.0 License: https./jcreativecommons.org/licenses/by-nc-nd/4.0/

survival (OS) of 14 to 18 months.** Recurrent
GBM is highly resistant, with a historical median
progression-free survival (PFS) of 9 weeks and
a 6-month PFS of 5% to 15% for nonbevacizumab
therapies.>® Patients with recurrent grade III ma-

Gliomas represent a heterogeneous group of tu-
mors with a range of behaviors." Aggressive

malignant diffuse gliomas include WHO grade IV
glioblastoma (GBM) and WHO grade III iso-
citrate dehydrogenase (IDH) 1/2 wild-type ana-
plastic gliomas." For decades, standard of care for
GBM, including surgery, chemoradiation with
temozolomide, and bevacizumab at recurrence
has not significantly improved median overall

lignant diffuse gliomas fare only slightly bet-
ter, with a median PFS of 13 weeks and 31%
6-month PFS in patients with recurrent anaplastic
astrocytoma.”

Patients with IDHI/2-mutant grade II as-
trocytomas and oligodendrogliomas have better
prognoses, although these tumors eventually

© 2018 by American Society of Clinical Oncology 3477
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progress and transform into malignant diffuse gliomas.' Low-grade
gliomas also encompass rarer IDHI/2 wild-type histologies, in-
cluding pilocytic astrocytoma (PA), pleomorphic xanthoas-
trocytoma (PXA), and ganglioglioma. These are more indolent,
usually occur in younger patients, and can sometimes be cured
with surgery and radiation'; however, a subset of tumors exhibit
higher-grade histologic features or aggressive biology at initial
presentation or relapse. There is no standard effective treatment
for these patients.

Irrespective of glioma subtype, radiographic volumetric re-
sponse to conventional chemotherapies is rare, occurring in 6% of
patients with GBM and in 14% with of patients with anaplastic
gliomas.™® Bevacizumab seems to delay disease progression and
ameliorate neurologic symptoms in patients with GBM but
provides no survival advantage.*”®* Radiographic response rates
with bevacizumab may be up to 40%,”° but these are often
pseudoresponses that result from blood—brain barrier reconstitution
and decreased enhancement on magnetic resonance imaging, rather
than an indication of true antitumor effects.'’

Selective targeting of oncogenic mutations has revolutionized
the treatment of genomically defined subtypes of non—small-cell
lung cancer (NSCLC), breast, gastric, and ovarian cancers, mel-
anoma, and other solid and hematologic cancers.'> Targeted ap-
proaches include selective inhibition of the BRAF'*® oncogene,
which is the standard treatment of melanoma, NSCLC, anaplastic
thyroid cancer, and Erdheim—Chester disease.'>"'® BRAFV®? in-
hibition has shown promise in BRAF'**°-mutant papillary thyroid
cancer,'® colorectal cancer,” and hairy cell leukemia.”’ Of im-
portance, BRAF'® mutations have been identified in several
glioma subtypes, specifically in select rare IDH1/2 wild-type gli-
omas, including PXAs (38% to 100%), gangliogliomas (18% to
57%), anaplastic gangliogliomas (AGGs; 50%), PAs (9%), and less
commonly (< 3%) in high-grade gliomas, including GBM.?**°
Despite the BRAF*® mutation being a recurrent genomic event
across multiple glioma subtypes, to our knowledge no prospective
therapeutic study has investigated targeted therapy in this setting,
although retrospective case series provide some evidence for the
activity of RAF inhibitors with or without MEK inhibitors.*”*

Vemurafenib is a selective oral inhibitor of the oncogenic
BRAF'*® kinase approved globally for the treatment of patients
with BRAF'**°-mutant metastatic or unresectable melanoma and
in the United States for patients with Erdheim—Chester disease.
The VE-BASKET study was a nonrandomized, open-label, histology-
agnostic, basket study for patients with nonmelanoma solid tumors
and myeloma that harbors BRAF'**® mutations.” VE-BASKET
enrolled 24 patients with glioma. We now report the final efficacy
and safety of vemurafenib in this cohort.

Study Design and Population

The phase II, histology-independent VE-BASKET study was con-
ducted at 23 centers worldwide in patients with a range of BRAF'®®
mutation—positive tumor types. Nine centers enrolled one or more pa-
tients with glioma. The study design has been described in full else-
where.>> In brief, the study included six cohorts of patients with
prespecified cancers—NSCLC, ovarian, colorectal, and breast cancers,
cholangiocarcinoma, and multiple myeloma—as well as a seventh cohort

3478 © 2018 by American Society of Clinical Oncology

of patients with other BRAF** mutation—positive cancers. The other

cohort permitted enrollment of patients with cancer types not otherwise
specified, including gliomas. As this cohort was anticipated to enroll
a heterogeneous patient group, no maximum cohort size was specified.
Rather, the cohort remained open until the last disease prespecified cohort
closed. Written informed consent was obtained from all participants. The
study was performed in accordance with provisions of the Declaration of
Helsinki and Good Clinical Practice guidelines. The protocol was approved
by institutional review boards or human research ethics committees at each
participating center. Eligibility was confirmed by the sponsor on all
patients.

Patients with brain tumors were required to have histologically
confirmed glioma (any grade) and confirmation of BRAFY**® mutation in
tumor material obtained at any point in treatment. Testing for BRAF'*%
mutation was performed according to local testing procedures in a Clinical
Laboratories Improvement Amendment—accredited laboratory or equiv-
alent for sites outside the United States. Central pathologic confirmation of
locally reported glioma subtypes and BRAF mutation was not performed.
As the clinical trial database did not capture glioma-specific biomarkers
(methylguanine-DNA-methyltransferase [MGMT] promoter methylation,
IDH1 mutation, or CDKN2A/B deletion), these data, when available, were
extracted directly from pathology reports without source verification by
the study sponsor. All patients had recurrent disease after standard therapy;
there was no limit on the number of prior therapies, and prior bev-
acizumab was permitted. Patients had measurable disease (Response
Evaluation Criteria in Solid Tumors [RECIST] version 1.1°%), were
age = 16 years, with Eastern Cooperative Oncology Group performance
status of 0 to 2 and acceptable laboratory parameters. Patients were ex-
cluded if they had prior treatment with a BRAF or MEK inhibitor, were
unable to swallow pills, had intractable vomiting, a corrected QT interval
of 450 milliseconds or more, or known leptomeningeal metastases.

Treatment

Patients received vemurafenib 960 mg twice per day continuously in
28-day cycles until they experienced disease progression, unacceptable
toxicity, or withdrew. The vemurafenib dose could be reduced on the basis
of toxicity in decrements of 240 mg at each dose administration to
a minimum permitted dose of 480 mg twice per day. Patients who were
unable to tolerate this minimum dose were removed from the study.
Patients were assessed for response by magnetic resonance imaging and
clinical examination every two cycles. As VE-BASKET was not specifically
designed for the treatment of primary brain tumors, responses were
determined using RECIST.** Treatment toxicities were evaluated using
National Cancer Institute Common Terminology Criteria, version 4.0.%
Patients were required to have dermatologic assessments at baseline, after
cycle 1, then every 12 weeks to evaluate for cutaneous squamous cell
carcinoma (SCC), keratoacanthoma, basal cell carcinoma, and any other
malignancy. Head and neck examinations were performed at baseline and
every 12 weeks thereafter to evaluate for noncutaneous SCC. All patients
were required to undergo chest computed tomography at baseline and at
least every 6 months thereafter to evaluate for noncutaneous SCC.

Statistical Analysis

The primary end point of the study was unconfirmed objective
radiographic response rate at week 8 or first assessment, as assessed by
individual investigators using RECIST version 1.1. Secondary end points
included confirmed objective response rate (ORR), clinical benefit rate
(defined as confirmed complete response [CR] or partial response [PR] of
any duration or stable disease [SD] lasting = 6 months), PFS, OS, and
toxicity. PFS and OS were estimated using the Kaplan-Meier method and
95% ClIs (Clopper—Pearson method). The protocol used an adaptive Si-
mon two-stage design®® for all tumor-specific cohorts to minimize the
number of patients treated if vemurafenib was deemed to be ineffective for
a specific tumor type. A response rate of 15% at week 8 was considered low,
aresponse rate of 45% was considered high, and a response rate of 35% was
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Table 1. Baseline Characteristics
Characteristic PXA (n = 7) Malignant Diffuse Glioma* (n = 11) Othert (n = 6) All Patients (n = 24)
Sex, No. (%)

Male 1014 3(27) 2 (33) 6 (25)
Female 6 (86) 8 (73) 4 (67) 18 (75)
Median age, years (range) 29 (18-57) 42 (23-57) 255 (21-81) 32 (18-81)

ECOG performance status, No. (%)
0 5 (71) 5 (45) 2 (33) 12 (50)
1 1014 4 (36) 1017) 6 (25)
2 0 2 (18) 2 (33) 4(17)
Missing 1014 0 1017) 2(8)
Prior radiotherapy, No. (%) 6 (86 11 (100) 6 (100) 23 (96)
No. of prior systemic therapies, No. (%)
0 3 (43) 109 2 (33) 6 (25)
1 3 (43) 5 (45) 2 (33) 10 (42)
2 0 2 (18) 1017) 3(13)
=3 1014 3(27) 1017) 5 (21)
Median time from first diagnosis to enrollment, 18.0 (4.0-76.8) 13.4 (3.7-110.0) 30.9 (5.6-141.0) 15.7 (3.7-141.0)
months (range)
BRAF assay, No. (%)
Sanger 2 (29) 3(27) 3 8 (33)
Sequenom 3 (43) 3(27) 0 6 (25)
PCR 2 (29) 1(9) 1017) 4(17)
NGS 0 1(9) 1(17) 2(8)
SNaPshot 0 1(9) 1017) 2(8)
IHC 0 1(9) 0 1(4)
Unknown 0 1(9) 0 1(4)
Abbreviations: ECOG, Eastern Cooperative Oncology Group; IHC, immunohistochemistry; NGS, next-generation sequencing; PCR, polymerase chain reaction; PXA,
pleomorphic xanthoastrocytoma.
*Anaplastic astrocytoma, n = 5; glioblastoma, n = 6.
TPilocytic astrocytoma, n = 2; anaplastic ganglioglioma, n = 3; high-grade glioma, not otherwise specified, n = 1.

considered low but still desirable and indicative of efficacy. Assuming
response rates as specified in the hypothesis testing, a power of 80% for
a high response rate and 70% for the low but still desirable response rate,
and a two-sided a level of .1, seven, 13, or 19 patients were required in each
cohort, depending on results obtained. However, this analysis only applied
to prespecified tumor cohorts 1 to 6. As patients with glioma enrolled in
cohort 7 (other solid tumors) were considered an exploratory group,
response and survival end points were analyzed and reported descriptively.
The study was permanently closed and the final data lock performed on
January 12, 2017.

Twenty-four patients with gliomas (median age, 32 years; 18 female
patients) were enrolled, including 11 with malignant diffuse glioma
(six with GBM and five with anaplastic astrocytoma), seven with
PXA, two with PA, three with AGG, and one with a high-grade
glioma, not otherwise specified (Table 1). Of the 11 patients with
malignant diffuse glioma, four had MGMT testing and all were
unmethylated. Across the entire cohort, 18 patients had IDH]I
testing (all wild type) and 10 CDKN2A/B testing (nine deleted and
one wild type). Of the six patients with GBM, all had received prior
temozolomide and two had received bevacizumab. Four of five
patients with anaplastic astrocytoma had received prior temozo-
lomide. Among the 13 remaining patients with lower-grade gli-
oma, eight had received prior temozolomide and one had received
bevacizumab.

Aggregate clinical efficacy data are summarized in Table 2.
One CR was observed in a patient with PXA, and five patients

jeo.org

achieved PR—two with PXA and one each with anaplastic as-
trocytoma, AGG, and PA—for a confirmed ORR in the overall
group of 25% (95% CI, 10% to 47%; Table 2). CR lasted
25.9 months or more (censored at last assessment), and PRs lasted
13.1, 9.9, 7.5, 3.4, and 2.4 months. An additional three patients
achieved SD that lasted 6 months or more (12.9, 14.9, and 24.8
[censored at last assessment] months), one each with anaplastic
astrocytoma, GBM, and PXA, for an overall confirmed clinical
benefit rate of 38% (95% CI, 19% to 59%).

Efficacy data at the individual patient level are shown in
Figure 1. In patients with PXA (n = 7), best response included
one patient with CR, two with PR, three with SD (one that
lasted = 6 months), and one with progressive disease, which yielded
a confirmed clinical benefit rate of 57% (95% CI, 18% to 90%). Best
response in patients with malignant diffuse glioma (n = 11) included
one patient with PR, five with SD (two of whom had SD that
lasted = 6 months, thus meeting the definition for clinical benefit),
three with progressive disease, and response data unavailable for two
as a result of early withdrawal. This yielded a clinical benefit rate of
27% (95% CI, 6% to 61%). In the six patients with GBM, best
response was SD in three patients, with two experiencing pro-
gression at 3.6 months (censored at the last assessment) and
3.7 months, and one with prolonged SD until 12.9 months. One of
five patients with anaplastic astrocytoma achieved PR and two had
SD that progressed after 14.9 and 5.6 months. Responses among
patients with other tumor types included PR in one patient with PA
who was treated for 15.3 months and PR in one patient with AGG
who was treated for 13.8 months for a confirmed clinical benefit rate
of 33% (95% CI, 4.3% to 77.7%).

© 2018 by American Society of Clinical Oncology 3479
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Table 2. Efficacy Summary

Outcome PXA (n =7)

Confirmed objective response rate, % (95% Cl)
Best overall response, No. (%)

42.9 (9.9 to 81.6)

Complete response 1(14.3)
Partial response 2(28.6)
Stable disease 3(42.9)
Progressive disease 1(14.3)

Missing/not evaluable 0
Confirmed clinical benefit¥, % (95% ClI) 57.1 (18.4 t0 90.1)
Unconfirmed response rate (ORR88), No. (%) 3 (42.86)

Malignant Diffuse Glioma* (n = 11) Othert (n = 6) All Patients (n = 24)
9.1 (0.2 to 41.3) 33.3 (4.3 to 77.7) 25.0 (9.8 to 46.7)
0 0 1(4.2)
1.1 2 (33.3) 5(20.8)
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*Glioblastoma, n = 6; anaplastic astrocytoma, n = 5.

Abbreviations: ORR8, overall response rate at week 8; PXA, pleomorphic xanthoastrocytoma.

tPilocytic astrocytoma, n = 2; anaplastic ganglioglioma, n = 3; high-grade glioma, not otherwise specified, n = 1.
$Clinical benefit includes patients whose best response was confirmed complete response, partial response, or stable disease that lasted = 6 months.
§Unconfirmed response rate at week 8 or at first available response assessment.

Overall median PFS for all patients was 5.5 months (95% ClI,
3.7 to 9.6 months; Fig 2). Median PFS durations for the PXA,
malignant diffuse gliomas, and other cohorts were 5.7 months
(95% CI, 3.0 months to not reached [NR]), 5.3 months (95% CI,
1.8 to 12.9 months), and 3.7 months (95% CI, 2.0 to 13.6 months),
respectively. Median OS for all patients was 28.2 months (95% CI,
9.6 to 40.1 months). Median OS durations for PXA, malignant

diffuse glioma, and other cohorts were NR (95% CI, 5.0 months to
NR), 11.9 months (95% CI, 8.3 to 40.1 months), and 28.2 months
(95% CI, 12.8 to 31.6 months), respectively. The longest treatment
duration was 39.1 months in a patient with PXA, which was
ongoing at study closure (Fig 3) —this was the only patient who
had received no radiotherapy or temozolomide before protocol
initiation. All patients discontinued the study. Three patients with
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Fig 1. Integrated efficacy and treatment duration by patient. Maximal decrease in sum of the longest diameters (SLD), confirmed best response, treatment duration, and
prior regimens in patients with (A) PXA, (B) malignant diffuse glioma, and (C) other tumor types. Numbers that appear above individual waterfall bars indicate the percent
maximal increase in SLD from baseline. (*) Unchanged from baseline. (1) Patient had no postbaseline assessments. PD was symptomatic deterioration. (§) Patients with
secondary malignant diffuse glioma. CR, complete response; D, deleted; MGMT, methylguanine-DNA-methyltransferase gene promoter methylation; /DH7, isocitrate
dehydrogenase 1 gene; N, no; NA, not available; NOS, not otherwise specified; PA, pilocytic astrocytoma; PD, progressive disease; PR, partial response; PXA, pleomorphic
xanthoastrocytoma; SD, stable disease; UM, unmethylated; WT, wild type; Y, yes.
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Fig 2. Progression-free survival (PFS) and overall survival (OS) curves in the (A) cohort overall, as well as in patients with (B) pleomorphic xanthoastrocytoma (PXA),
(C) malignant diffuse glioma, and (D) other tumor types. NR, not reached.
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Table 3. Treatment-Emergent Adverse Events With an Incidence of = 20%,
Irrespective of Causality (n = 24)

Adverse Event All Grades Grade 3 and 4
Arthralgia 16 (67) 0
Melanocytic nevus 9 (38) 0
Palmar-plantar erythrodysesthesia 9 (38) 0
Photosensitivity reaction 9 (38) 0
Alopecia 8 (33) 0
Fatigue 7 (29) 1(4)
Pruritus 7 (29) 0
Rash 7 (29) 0
Rash maculopapular 7 (29) 3(13)
Skin papilloma 7 (29) 0
Asthenia 6 (25) 0
Folliculitis 6 (25) 0
Headache 6 (25) 0
Hyperkeratosis 6 (25) 0
Keratosis pilaris 6 (25) 0
Constipation 5(21) 0
Diarrhea 5 (21) 0
Nausea 5 (21) 0
Decreased appetite 5(21) 0
NOTE. Data are given as No. (%).

5 treatment-related events occurred, and no new vemurafenib
safety signals were identified. Ten patients required one or more
vemurafenib dose reduction and one discontinued as a result of
intolerable adverse effects.

Our data suggest that vemurafenib may have clinically meaningful
activity in patients with BRAF'*®-mutant gliomas but that this
activity varies by histologic subtype. The highest response rate was
observed in patients with low-grade tumors, particularly PXA,
a histology in which BRAF'*®® mutations seem to be a common
and early genomic event. In the overall population, including
tumors of all grades and histologic subtypes, confirmed ORR was
25% and the clinical benefit rate was 38%—rates numerically
higher than those historically observed with other agents used in
unselected patients with refractory glioma.”” Although encour-
aging, these results should be interpreted with caution given the
limited number of patients and the descriptive nature of the
analysis. These data, however, justify the continued pursuit of this
therapeutic strategy through additional dedicated glioma studies.

Although the efficacy reported here is encouraging, the
greatest degree of activity was observed in patients with IDH1/2
wild-type low-grade gliomas, specifically PXAs. Historically, PXAs
are associated with a better prognosis than GBMs and have been
managed with curative intent by surgery, sometimes followed by
radiotherapy. For a subset of patients with higher-grade histology
or refractory disease, including those enrolled in this study, there is
no established standard of care or effective chemotherapy regimen.
In our patients, vemurafenib achieved a radiographic response or
prolonged stabilization in more than 50% of patients with PXA,
which suggests that this strategy may be associated with clinically
meaningful benefit. Although one durable response was observed

3482 © 2018 by American Society of Clinical Oncology

in a patient with PA, only two such patients were enrolled, which
precludes the interpretation of efficacy within in this histology.

The 11 patients with high-grade gliomas experienced a more
variable response, with PR in one and SD of 6 months or more in
two other patients. Although the overall clinical benefit rate was
lower than in patients with PXA, AGG, or PA, patients with high-
grade glioma were more heavily pretreated, which makes the
observed responses even more notable. In addition, patients with
PXA, AGG, and PA were younger than those in the high-grade
glioma group. The incidence of BRAF'®™ mutations is age de-
pendent in patients with gangliogliomas,' although the etiology
that underlies this association is unclear.

The lack of a detailed genomic characterization of the tumors
of patients enrolled in this study is a limitation. An important
consideration when targeting any oncogene in glioma is whether
the previously detected oncogenic alteration is present at the time
of treatment and whether, if present, the mutation occurs as the
dominant clone. As BRAF'** mutation status was not confirmed
by biopsy immediately before enrollment in the VE-BASKET study,
it is unclear whether the mutation was present in the tumors of all
patients at the start of vemurafenib treatment. Moreover, GBMs
demonstrate substantial temporal and spatial intratumoral het-
erogeneity,” and it is possible that in some primary GBMs,
BRAF'*® mutations are subclonal or among multiple mutations
present and driving tumor growth. These factors, at least in part,
may account for the variable efficacy of vemurafenib monotherapy
in this subgroup. Of interest, the one patient with GBM who
achieved prolonged SD that lasted 12.9 months had a secondary
GBM that evolved from a prior low-grade lesion, in keeping with
our observation that lower-grade BRAF**-mutant gliomas seem
to be more sensitive to vemurafenib. Another consideration is that
the BRAF mutation may not be present in all components of the
tumor. This latter mechanism has been potentially implicated in
gangliogliomas in which a subset of BRAF'**-mutant ganglio-
gliomas had expression in both neuronal and glial tumor
components.®®

Of note, as a multihistology basket trial, several characteristics
of the VE-BASKET study were suboptimal for the evaluation and
treatment of patients with gliomas. The clinical trial was not
designed to collect glioma biomarkers, such as MGMT promoter
methylation, IDH mutation, or CDKN2A/B deletion status, al-
though we were ultimately able to gather available data on most
patients. It is possible that complete biomarker status may have
helped provide additional context to the differential activity
observed.”**> MGMT promoter methylation testing is only rou-
tine in malignant diffuse gliomas, where it is important for
prognostication and in the evaluation of pseudoprogression after
chemoradiation. There are no data to suggest that MGMT pro-
moter methylation status would influence radiographic response
or PFS with BRAF inhibitors. IDH mutation testing is not currently
recommended for PXA, AGG, or PA. Moreover, prior studies have
demonstrated mutual exclusivity between IDH and BRAF'®
mutations in gliomas,23’43’44 which indicates that this biomarker
might not be relevant in our cohort. Accordingly, IDHI mutation
status was available for 18 (75%) of 24 patients in this study, all of
whom all had wild-type IDHI tumors.

The current study used RECIST, which is designed primarily
for the assessment of solid tumors, instead of dedicated brain
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tumor response criteria, such as the Macdonald or Response
Assessment in Neuro-Oncology criteria.'' However, prior studies
showed similarity in response assessments between one-
dimensional and two-dimensional measurement methods in pa-
tients with high-grade gliomas.*>*® Moreover, given the lack of
a substantial antiangiogenic effect of vemurafenib, it is unlikely that
pseudoresponses might have occurred in our patients. Another
limitation is the lack of central review of investigator-reported
response assessments. In summary, although the inclusion of
patients with primary brain tumors in this study provided the
opportunity to evaluate genomically targeted therapy in this
relatively large, prospectively accrued group of patients with
BRAFY®°_mutant gliomas, future histology-agnostic studies should
be designed to address brain tumor-specific considerations to
optimize the interpretation of the findings.

Despite its shortcomings, the current study serves as an initial
proof of concept that BRAFY® is a targetable oncogene in at least
a subset of patients with primary brain tumors. Responses were
observed across all glioma subsets, with the strongest signal ob-
served in patients with lower-grade gliomas, particularly the PXA
subgroup. Additional evaluation is needed to clarify the precise use
of RAF and MEK inhibitors—alone or in combination—in pa-
tients with primary brain tumors. Several such studies that permit
the enrollment of pediatric or adult patients with glioma are
currently ongoing (ClinicalTrials.gov identifiers: NCT01748149,
NCTO01677741, NCT02124772, NCT02684058, NCT02285439,
and NCT03429803). These studies may also help elucidate the

diagnosed glioblastoma. N Engl J Med 370:709-722,

2014

underlying mechanisms that drive the differential responses across
histologic subsets.
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INTRODUCTION

Pleomorphic xanthoastrocytoma (PXA) is an un-
common primary brain tumor occurring primarily in
children and young adults.? Although PXA is typically
considered a relatively indolent entity, some tumors
are accompanied by anaplastic features associated
with high rates of recurrence after local treatment and
unfavorable outcome.? Accordingly, anaplastic PXA
(WHO grade 3) has been added to the 2016 WHO
classification of CNS tumors as a distinct entity.* There
is no standard management for patients with ana-
plastic PXA that recurs after surgery; neither chemo-
therapy nor radiotherapy have demonstrated clinical
benefit in this disease.?®

In recent years, the identification of activating
BRAF®F mutations in ~50% of patients with PXA has
refined our understanding of these disorders as ma-
lighancies driven by aberrant activation of the mitogen-
activated protein kinase (MAPK) signaling pathway.!*®
This was further supported by the observation of
both preclinical and clinical activity of vemurafenib,
a selective BRAFY®E inhibitor, in BRAF'®E-mutant
gliomas.®” However, patients with BRAF wild-type
PXA are not candidates for treatment with selective
BRAFY®9E inhibitors, and little is known about the
spectrum of molecular alterations occurring in this
population. Recent studies showed that a subset of
BRAF wild-type PXA might harbor rare BRAF or RAF1
fusions,®? which have been associated with exquisite
sensitivity to MAPK signaling inhibition in preclinical
models.'° It remains unknown whether patients who
have glioma with BRAF or RAF1 gene fusions might
respond to therapies targeting MAPK signaling. We
hypothesized that alternative non-BRAF/®°t muta-
tions might promote dependency on MAPK signaling
in patients with BRAF wild-type anaplastic PXA. In
support of this, we report that treatment with the MEK
inhibitor cobimetinib resulted in major clinical re-
sponse in a patient with refractory BRAF wild-type

anaplastic PXA harboring an in-frame ATG/-RAF1
fusion.

CASE REPORT

A 20-year-old woman initially presented in 2014 with
seizures that revealed a right occipital mass on brain
magnetic resonance imaging (MRI; Fig 1). She un-
derwent complete surgical resection of the right oc-
cipital lesion in December 2014. Histopathologic
analysis showed a tumor composed of pleomorphic
glial cells with the presence of mitoses, necrosis, and
microvascular proliferation, consistent with  WHO
grade 3 anaplastic PXA (Fig 2). Although rhabdoid
morphology was observed in some sectors, both ep-
ithelial membrane antigen and p53 immunostainings
were negative, and we did not observe loss of INI1,
features that were previously associated with rhabdoid
glioblastomas and CNS atypical teratoid/rhabdoid tu-
mors, respectively. Furthermore, targeted sequencing
of the tumor did not find mutations in BRAF (exons
11 and 15), IDHI1, IDH2, H3F3A, HIST1IH3B, or
SMARCBI. Array comparative genomic hybridization
revealed a 9p deletion involving CDKN2A and
CDKNZ2B, which have been previously associated
with poor outcome in BRAF/®%E-mutant gliomas.>11:1?
Given the unfavorable prognosis, she was first treated
with adjuvant chemoradiotherapy (60 Gy in 30
fractions over 6 weeks along with once-per-day
temozolomide 75 mg/m?) followed by temozolomide
(200 mg/m?) for 6 cycles until November 2015
(Fig 1A).

In February 2016, routine surveillance MRI scans
showed increased contrast enhancement in the right
occipital lobe. She underwent a second gross total
resection, with pathologic and sequencing analyses
confirming recurrent WHO grade 3 anaplastic PXA
with wild-type BRAF. A regimen of combined bev-
acizumab (10 mg/kg) and lomustine (90 mg/m?) was
started in March 2016. In June 2016, she was ad-
mitted for rapid clinical deterioration. Brain MRI scans
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CONTEXT

Key Objective

To report the successful treatment of a patient with refractory BRAF-wild-type anaplastic PXAs harboring an in-frame ATG/7-
RAF1 fusion with the MEK inhibitor cobimetinib.

Knowledge Generated

We report for the first time, to our knowledge, that RAFI gene fusions are actionable molecular events in high-grade gliomas.
This report highlights the oncogenic role of MAPK-activating alterations including RAFI rearrangements and BRAF/6%°F
mutations in a subset of pediatric and adult gliomas.

Relevance

Cobimetinib can achieve therapeutic exposure within the CNS, including the cerebrospinal fluid in patients with RAFI-
translocated high-grade gliomas.

showed leptomeningeal enhancement in the posterior
cerebral fossa (Fig 1B). Neoplastic meningitis was con-
firmed by lumbar puncture showing 42 white blood cells
per pL (84% lymphocytes), hyperproteinorachia (0.55 g/L),
and the presence of tumor cells in the cerebrospinal fluid
(CSF; Fig 1B). Intravenous thiotepa (45 mg/m?) was begun,
but the treatment was discontinued after one infusion
because of grade 4 thrombopenia and febrile neutropenia
with infectious pneumonia, which required intravenous
antibiotics.

The patient was enrolled in the precision medicine program
EXORARE for tumor molecular characterization using RNA
sequencing and matched tumor or normal whole-exome
sequencing. The patient signed an informed consent for
a pangenomic analysis of the primary tumor (first surgery in
2014). RNA sequencing revealed a fusion between exon 18
of ATG7and exon 8 of RAF1(ATG7-RAF1; Fig 3A). Reverse
transcriptase-polymerase chain reaction and Sanger se-
quencing confirmed the expression of an in-frame ATG7-
RAF1 fusion transcript in the recurrent tumor (second
surgery, 2016; Fig 3B). Interestingly, no additional mo-
lecular alteration was found by whole-exome among 475
genes previously associated with cancer, which suggested
that the ATG7-RAF1 fusion was the main oncogenic driver.
Moreover, previous reports showed that fusions involving
exon 8 of RAF1 are recurrent events in cancer including
PXA813 and can result in constitutive activation of the
tyrosine kinase domain and downstream MAPK signaling
through the loss of the N-terminal autoinhibitory domain of
RAF1.%* Treatment with sorafenib (200 mg twice per day)
was then started in October 2016 through off-label use after
informed consent. Unfortunately, her clinical condition
rapidly deteriorated with partial seizures, confusion,
cerebellar ataxia, diplopia, hypoacousia, headaches,
and diffuse pain in the lower limbs, for which treatment
with intravenous morphine, steroids, and midazolam
was begun.

On the basis of preclinical data suggesting that MEK in-
hibition in astrocytomas harboring RAFI1 fusions has

2 © 2019 by American Society of Clinical Oncology

superior efficacy,'° sorafenib was discontinued and treat-
ment with off-label cobimetinib (60 mg per day, 3 weeks on
and 1 week off) was started in November 2016, after family
members provided informed consent (Fig 1A). The patient
dramatically improved after a few days of treatment, with
complete regression of the confusion and headaches and
partial regression of the cerebellar ataxia and pain in the
lower limbs. In December 2016, she presented with sud-
den visual loss with severe bilateral papilledema as a result
of chronic intracranial hypertension (> 70 cm of water at
the lumbar puncture), for which she was treated with
a ventriculoperitoneal shunt.

Treatment with full-dose cobimetinib was continued be-
cause she gradually improved with complete regression of
the neoplastic meningitis symptoms and recovery of gait.
Treatments with intravenous morphine, steroids, and
midazolam were progressively discontinued. Subsequent
lumbar puncture showed complete cytologic response in
the CSF (Fig 1B) with regression of both pleocytosis (1 white
blood cell per pl) and hyperproteinorachia (0.15 g/L;
Fig 1B). Serial restaging brain MRI scans showed stabili-
zation of the leptomeningeal disease (Fig 1B). Cobimetinib
was well tolerated, with only grade 1 rash, nausea, and
increase in creatinine kinase level. In June 2017, after
seven cycles of cobimetinib, the patient died at home after
repeated generalized seizures complicated with cardiac
arrest. Her symptoms suggested disease progression, but
no autopsy was performed.

DISCUSSION

Molecular alterations that involve the MAPK pathway, in-
cluding BRAF'S%F mutations and BRAF and RAF1 fusions,
have been identified in a wide range of pediatric and adult
gliomas,>®8%1518 in which they result in constitutive acti-
vation of the pathway and drive tumor growth.&011:19 Al
though most efforts to develop targeted therapies for the
treatment of gliomas have been unsuccessful to date,?®
vemurafenib has yielded promising signals of activity in
BRAF_mutant gliomas.” Here we report for the first
time, to our knowledge, that RAFI1 gene fusions are
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FIG 1. Sustained response to cobimetinib in a 20-year-old patient with refractory ATG7-RAF 1-translocated anaplastic pleomorphic xanthoastrocytoma. (A)
Timeline of treatment from initial presentation. (B) Top: serial contrast-enhanced T1-weighted images of brain magnetic resonance imaging (MRI) and
cerebrospinal fluid (CSF; May-Griinwald-Giemsa stain) cytology at (left) initial presentation, (middle) pretreatment, and (right) during treatment with
cobimetinib showing the right occipital lesion, the leptomeningeal enhancement on the brain MRI (white arrows), and the presence of neoplastic cells in the
CSF (black arrowheads) before treatment with cobimetinib was started. A complete cytologic response to cobimetinib was observed after 3 months of
treatment with cobimetinib. Bottom: evolution of performance status as evaluated by the Karnofsky index. The dotted curve was drawn on the basis of data
points collected during follow-up. Beva, bevacizumab; CCNU, chloroethyl-cyclohexyl-nitrosourea; RT, radiation therapy.

actionable molecular events in high-grade gliomas. These
data support the oncogenic role of MAPK signaling in
a subset of gliomas characterized by high rates of molecular
alterations activating this pathway. The observation of
clinical activity with both BRAF and MEK inhibitors suggest
that BRAF- and RAF1-driven gliomas, even in patients who
have been heavily pretreated, display a high level of MAPK
pathway dependency and possibly less molecular het-
erogeneity than the majority of gliomas driven by other
alterations such as EGFR variants.?%%2

Despite previous reports indicating activity of sorafenib in
treating patients with cancer who harbor mutations of

JCO Precision Oncology

BRAF or ARAF (both paralogs of RAF1),%>24 our patient did
not respond to treatment with sorafenib. It is not clear
whether the rapid clinical deterioration we observed with
sorafenib was caused by true primary resistance to RAF
inhibition or by suboptimal drug exposure because of the
inability of sorafenib to adequately penetrate the CSF.2°
Although cobimetinib showed modest brain penetration in
mouse models,?® the dramatic clinical response seen in
a patient with leptomeningeal dissemination indicates that
cobimetinib can achieve therapeutic exposure within the
CNS, as suggested by previous reports.?” A trial of cobi-
metinib in patients with glioma who harbor MAPK pathway
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FIG 2. Histopathologic analysis of the primary tumor. (A) Hematoxylin-eosin and (B) reticulin colorations showing
a pleomorphic tumor proliferation, with the presence of xanthomatous cells with nuclear atypia, reticulin fibers,
microvascular proliferation, and necrosis. (C-F) Immunohistochemical stains showing tumor cell immunoreactivity
for (C) glial fibrillary acidic protein, (D) CD34, and (E) oligodendrocyte transcription factor 2. (F) High mitotic activity

was noted on MIB-1 staining.

alterations is currently ongoing (NCT02639546; Safety
and Pharmacokinetics of Cobimetinib in Pediatric and
Young Adult Participants With Previously Treated Solid
Tumors [IMATRIXcobil), although adult patients are not
yet eligible for this study. Additional studies are war-
ranted to determine the efficacy of cobimetinib in adult
patients with glioma who have BRAF or RAF1 gene fu-
sions. Furthermore, novel MEK inhibitors optimized for
achieving higher brain exposure might have a role in
these diseases.”®

In conclusion, our report provides evidence for the onco-
genic role of MAPK alterations, including RAFI rear-
rangements, in pediatric and adult brain tumors and

4 © 2019 by American Society of Clinical Oncology

suggests that RAF1 fusions may represent potential ther-
apeutic targets in a subset of patients with BRAF wild-type
high-grade gliomas. In addition, this finding has potential
relevance to other tumor types driven by RAF1I fusions. A
recent report of a patient with melanoma with an ANO10-
RAF1 fusion reported long-lasting clinical improvement
after treatment with the MEK inhibitor trametinib,?® sug-
gesting that patients with RAF 1 fusion—driven tumors might
respond to MEK inhibition regardless of histology. Our
report also highlights the usefulness of comprehensive
molecular profiling, including fusion detection, for identi-
fying potentially targetable alterations in patients with ad-
vanced rare cancers.
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FIG 3. ATG7-RAF1 gene fusion identified by RNA sequencing in the primary and recurrent tumors. (A) Schematic representation of the ATG7-RAF1 gene
fusion protein identified by using RNA sequencing of the primary tumor sample. The predicted fusion protein (bottom) includes the tyrosine kinase domain
of RAF1 and the THIF domain of ATG7. The predicted translation at the breakpoint is shown. (B) Confirmation of the ATG7-RAF1 fusion in the recurrent
tumor by reverse transcriptase polymerase chain reaction (RT-PCR) and Sanger sequencing (seq.). Left: primers spanning the fused exons yielded
a fusion-specific amplicon with an expected size of 241 bp. Right: Sanger sequencing chromatogram of the PCR product confirming a fusion event
between ATG7 and RAF1 and showing the reading frame and putative translation at the breakpoint. C1, protein kinase C-like phorbol ester/diacylglycerol
binding domain; RAF1, Raf-1 proto-oncogene serine/threonine kinase; ATG7, autophagy related 7; RBD, RAF-like RAS-binding domain; ThiF, THIF-type
NAD/FAD binding fold; Tyr, tyrosine-protein kinase catalytic domain.
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PURPOSE Phosphatidylinositol 3-kinase (PI3K) signaling is highly active in glioblastomas. We assessed phar-
macokinetics, pharmacodynamics, and efficacy of the pan-PI3K inhibitor buparlisib in patients with recurrent
glioblastoma with PI3K pathway activation.

METHODS This study was a multicenter, open-label, multi-arm, phase Il trial in patients with PI3K pathway—
activated glioblastoma at first or second recurrence. In cohort 1, patients scheduled for re-operation after
progression received buparlisib for 7 to 13 days before surgery to evaluate brain penetration and modulation of
the PI3K pathway in resected tumor tissue. In cohort 2, patients not eligible for re-operation received buparlisib
until progression or unacceptable toxicity. Once daily oral buparlisib 100 mg was administered on a continuous
28-day schedule. Primary end points were PI3K pathway inhibition in tumor tissue and buparlisib pharma-
cokinetics in cohort 1 and 6-month progression-free survival (PFS6) in cohort 2.

RESULTS Sixty-five patients were treated (cohort 1, n = 15; cohort 2, n = 50). In cohort 1, reduction of
phosphorylated AKTS*”2 immunohistochemistry score was achieved in six (42.8%) of 14 patients, but effects on
phosphoribosomal protein S6522%2%¢ and proliferation were not significant. Tumor-to-plasma drug level was 1.0.
In cohort 2, four (8%) of 50 patients reached 6-month PFS6, and the median PFS was 1.7 months (95% Cl, 1.4
to 1.8 months). The most common grade 3 or greater adverse events related to treatment were lipase elevation
(n =7 [10.8%])), fatigue (n = 4 [6.2%]), hyperglycemia (n = 3 [4.6%]), and elevated ALT (n = 3 [4.6%]).

CONCLUSION Buparlisib had minimal single-agent efficacy in patients with PI3K-activated recurrent glioblas-
toma. Although buparlisib achieved significant brain penetration, the lack of clinical efficacy was explained by
incomplete blockade of the PI3K pathway in tumor tissue. Integrative results suggest that additional study of
PI3K inhibitors that achieve more-complete pathway inhibition may still be warranted.

J Clin Oncol 37:741-750. © 2019 by American Society of Clinical Oncology

INTRODUCTION

Glioblastoma is the most common malignant primary
brain tumor.* Despite treatment with surgery, radiation
therapy (RT), and chemotherapy, outcomes have not
substantially improved over the past two decades, with
median overall survival (OS) of only 14 to 18 months.?*
Limited drug delivery as a result of the blood-brain
barrier (BBB) represents one of the most significant
challenges and partly explains why many agents
that target oncogenic pathways of glioblastoma but
whose chemical properties do not allow significant

BBB penetration have minimal efficacy.® However,
few studies directly examined tumor tissue during
treatment,®” which prevents reliable conclusions
about drug effectiveness with regard to level of target
inhibition and effects on cell death and proliferation.
Studies designed to confirm drug penetration and
target engagement therefore may be critical to un-
derstanding trial results and improving outcomes in
glioblastoma.

The PI3K pathway is activated in most glioblastomas.®
PTENIloss and PIK3CA or PIK3R1 mutations represent

Journal of Clinical Oncology-
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potential therapeutic targets that are found in approxi-
mately 45% of glioblastomas.®® Previous trials of mecha-
nistic target of rapamycin (mTOR) complex 1 inhibitors did
not show significant efficacy.>'%!! More recently, PI3K
inhibitors have been evaluated. In a trial of the pan-PI3K
inhibitor PX-866 in 32 molecularly unselected patients with
recurrent glioblastoma, one patient achieved a partial re-
sponse (PR), and the 6-month progression-free survival
(PFS6) rate was 17%.'2 However, this study did not
evaluate whether adequate brain penetration and target
engagement was achieved.

Buparlisib (NVP-BKM120) is an oral pan-PI3K inhibitor that
targets all four isoforms of class 1 PI3K («, B, vy, and 3).'3
Buparlisib has high penetration across the BBB. In pre-
clinical studies, buparlisib enters the brain at therapeutic
concentrations demonstrated to inhibit the PI3K pathway in
normal brain and glioma models in vitro and in vivo.*4¢ The
vy Foundation Early Phase Clinical Trials Consortium
conducted a phase Il trial of buparlisib in patients with
recurrent glioblastoma with evidence of PI3K pathway

742 © 2019 by American Society of Clinical Oncology

activation to assess the pharmacokinetics, pharmacody-
namics, and efficacy of buparlisib in this population.

METHODS
Study Design and Participants

This study was a multicenter, open-label, and multi-arm
phase Il trial in patients with recurrent glioblastoma at first
or second relapse. Written informed consent was obtained
from all participants. The study was approved by the local
institutional review board of each participating institution
and consisted of two cohorts: a surgery plus treatment arm
(cohort 1) and a treatment-only arm (cohort 2; Appendix Fig
Al, online only). Eligible participants were age 18 years or
older with a centrally confirmed diagnosis of glioblastoma.
Patients must have not responded to prior RT, with an
interval of at least 12 weeks from RT completion to study
entry. Tumor progression was confirmed by magnetic
resonance imaging or computed tomography scan. Prior
treatment with bevacizumab or vascular endothelial growth
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TABLE 1. Baseline Patient Demographics and Clinical Characteristics
Cohort, No. (%)

In cohort 1, participants received a pre-operative course of
buparlisib for 7 to 13 days. The last dose of buparlisib was
on the day of surgery. Whenever possible, tissue from both

Characteristic 1 2 . A
- enhancing and nonenhancing tumor was collected. After
No. of patients 15 50 . N
: recovery from surgery, participants resumed buparlisib in a
Median age, years (range) 55(39-68) 56 (29-80)  manner consistent with cohort 2. In cohort 2, participants
Sex received buparlisib 100 mg daily for each 28-day cycle until
Male 11 (73.3) 37 (74.0) disease progression or unacceptable toxicity.
Female 4(26.7) 13 (26.0) Tumor assessments were performed with magnetic reso-
KPS nance imaging scans every 8 weeks using the Response
100 2 (13.3) 9 (18.0) As;essment :Q NeurofOncology criteria (Appendix. Table Al,
% 10 66.7) 23 (46.0) o.nlllne only). PFS6 was qeflned as the proportion of par-
ticipants alive and progression free at 6-months from cycle 1,
80 2(133) 15 (30.0) day 1, of buparlisib. Only participants who had measurable
70 1(6.7) 3(6.0) disease at baseline and received at least one dose of therapy

Corticosteroids at baseline were evaluable for response, which was centrally reviewed for
Yes 7 (4667) 24 (48.0) participants who achieved response or PFS6. Adverse events
were evaluated using the National Cancer Institute Common

No 8333 26020 qominology Criteria for Adverse Events (version 4.0). Addi-
Histology™ tional analyses, including pharmacokinetics and IHC studies,
GBM, IDH1/2 wild type 13 (86.7) 37 (74.0) tumor genomic profiling, reverse-phase protein array (RPPA),
GBM, /DH1/2 mutant 1(6.7) 11 (22.0) and matrix-assisted laser desorption/ionization-mass spec-
GBM, NOS 16.7) 2 (4.0) trometry imaging are described in the Appendix (online only).
Median No. of prior systemic therapies (range) 1(1-2) 1(1-2) Outcomes
Prior bevacizumab 0 (0) 0 (0)

The primary objectives in cohort 1 were to evaluate PI3K
pathway modulation as a result of buparlisib in tumor tissue
and to evaluate buparlisib concentration in enhancing and
nonenhancing tumor tissue and plasma. Secondary end
points included pharmacokinetics and safety of buparlisib
in this population. Exploratory end points included corre-
lation of '8F-fluorodeoxyglucose (FDG) positron emission
tomography with response.

Abbreviations: GBM, glioblastoma; KPS, Karnofsky performance status; NOS,
not otherwise specified.
*Diagnosis according to WHO 2016 diagnostic criteria.

factor receptor* inhibitors, PI3K, AKT, or mTOR inhibitors
was not permitted. Patients had a Karnofsky performance
status greater than or equal to 60, adequate organ and
bone marrow function, fasting plasma glucose less than In cohort 2, the primary objective was to investigate the
120 mg/dL, hemoglobin A1C less than or equal to 8%, treatment efficacy of buparlisib in participants with re-
baseline left ventricular ejection fraction greater than or current glioblastoma as assessed by PFS6. Secondary end
equal to 50%, and QTc less than 480 ms. Patients on points were response rates and the median PFS, OS, and
enzyme-inducing anticonvulsants, warfarin, more than safety profile of buparlisib. Exploratory end points included
4 mg/d dexamethasone, strong CYP3A inhibitors or inducers, ~ correlation of outcomes with tumor genomics.

or QT-prolonging medications were excluded, as were
patients with a history of clinically significant cardiovascular

events, intratumoral hemorrhage, or psychiatric disorders.  1he cohort 1 primary end point was the modulation of the
PI3K pathway as assessed by IHC for pAKTss73 and

phosphorylated S6 S235/236 (pS6s235/236). On the basis of
historical data or mTOR complex 1 inhibitors in recurrent
glioblastoma,® a pharmacodynamic response rate less than
40% was considered to be low, a response rate of greater
than or equal to 75% was considered to be high, and this
portion of the trial was considered a success if nine (60%)
of 15 participants showed a pathologic response. With a
sample size of 15 patients, there was a 94% chance of this

Sample Size Justification

Histomolecular criteria for eligibility included PIK3CA or
PIK3R1 mutation, loss of PTEN activity through PTEN
mutation, homozygous deletion or negative PTEN expres-
sion (< 10% of tumor cells that stained positive), or positive
phosphorylated AKTS*73 (pAKT®#’3) by central immuno-
histochemistry (IHC) review. Cohort 1 surgical patients were
required to have positive expression of pAKTS4’2 within the
archival tumor.

Procedure

Buparlisib was supplied by Novartis (East Hanover, NJ).
The dose of buparlisib was 100 mg administered orally

daily.t”1®

Journal of Clinical Oncology

occurring if the true response rate was 75% and a 10%
chance of this occurring if the true response rate was 40%.

The cohort 2 primary end point was PFS6. Historical
comparison data suggested that ineffective therapies in
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FIG 2. Buparlisib pharmacokinetics and phosphatidylinositol 3-kinase pathway modulation as a result of buparlisib in tumor tissue in cohort 1. (A) Box plots of
buparlisib concentration in non-contrast-enhancing (NCE) and contrast-enhancing (CE) tumor tissue assessed by liquid chromatography-tandem mass
spectrometry. Difference between groups was calculated using the Mann-Whitney U'test. (B) Histopathologic and matrix-assisted laser desorption/ionization-
mass spectrometry imaging drug analysis on stereotactically registered specimens collected from a patient in cohort 1 treated with buparlisib. Image on the
left demonstrates location of buparlisib (green) and vessels as measured by heme (red). Hematoxylin and eosin (HE) staining of the corresponding tissue.
Outlined area delineates tumor and adjacent infiltrated brain parenchyma. (C) Representative microscopy images of the HE staining and PTEN, phos-
phorylated AKT (pAKT), and phosphorylated S6 (pS6) in tumor samples collected at baseline and on buparlisib treatment from a patient in cohort 1. (D)
Quantification of pAKT immunohistochemistry (IHC) staining intensity in the surgical cohort. Data are mean = SEM (n =5 to 7 replicates for each sample). (E)
Box plots of mean pAKT IHC staining intensity in the archival and resected tissues from the surgical cohort (n = 14). Difference between groups was calculated
using the Wilcoxon test (See Appendix).

recurrent glioblastoma have a PFS6 rate of approximately RESULTS
9% t0 16%.52021 The trial was sized to differentiate between

Bationt Characterict
2 15% and a 32% PFS6. With a total sample size of 50 & ot Cnaracteristics

participants, this design yielded at least 90% power with a
one-sided a less than .1 to detect a true PFS6 rate of at least
32%. If the number of successes was 12 or more, the
therapy was to be considered worthy of additional study.

Between May 9, 2011, and February 26, 2014, 136 pa-
tients were screened for eligibility from seven centers in the
United States. Of these patients, 71 were excluded (Fig 1).
Sixty-five patients were eligible and assigned to receive

More statistical analysis details are provided in the Appendix.  buparlisib (cohort 1, n = 15; cohort 2, n = 50; Fig 1).

744 © 2019 by American Society of Clinical Oncology Volume 37, Issue 9
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TABLE 2. Response to Treatment
Response to Treatment

Response Cohort 1 (n = 15) Cohort 2 (n = 50)
Best responset, No (%)

CR 0(0) 0(0)

PR 0(0) 0(0)

SD 6 (40) 21 (42)

PD 9 (60) 27 (54)

Not evaluable 0(0) 2 (4)
Disease control rate (CR, PR, or SD), 40 (20 to 64) 43.8 (31 to 58)

% (95% CIt

PFS6 rate, % (95% CI)* 26.7 (11 to 52) 8 (310 19)
Median PFS, months (95% CI 18(1.1t05.6) 17 (1410 18)
Median OS, months (95% CD§ 179(93129.2) 98(84to0121)

Abbreviations: CR, complete response; OS, overall survival; PD, progressive
disease; PR, partial response; PFS, progression-free survival; PFS6, 6-month
progression-free survival; SD, stable disease.

*Censored patients (two patients in cohort 2) were included in the calculations of
PFS6 proportions as patients not reaching PFS6.

TAssessed per Response Assessment in Neuro-Oncology.

tKaplan-Meier estimates; three patients from cohort 2 were censored without
having progressed.

§Kaplan-Meier estimate; two patients from cohort 1 were lost to follow-up, three
patients from cohort 2 were lost to follow-up, and two patients from cohort 2 were
still alive at data cutoff.

Baseline characteristics of patients are listed in Table 1.
Sixty-four patients (98.5%) had received RT and temozo-
lomide, and 31 (41.7%) and eight (12.3%) had received
surgery or systemic therapy, respectively, for progressive
disease. Demonstration of PI3K pathway activation in ar-
chival tumor tissue was based on IHC of PTEN and
PAKTS*73 status in 62 patients (95.4%) and genomic testing
in three (4.6%). Overall, 31 enrolled patients (47.7%) had
combined negative PTEN and positive pAKTSY"2 IHC; 24
(36.9%) had positive pAKTS*3 |HC; seven (10.8%) had
negative PTEN IHC; and three (4.6%) had genomic testing
showing PTEN inactivation or PIK3CA mutation.

Pharmacokinetics and Pharmacodynamics of Buparlisib

Buparlisib was absorbed rapidly, achieving a maximum
plasma concentration of 471 = 147 ng/mL and 820 + 192
ng/mL within a median of 1.5 hours postdose on days 1 and
8, respectively (Appendix Table A2, online only). Both max-
imum plasma concentration and exposure (0- to 5-hour
area under the curve) increased between days 1 and 8,
with an accumulation ratio of 1.88 = 0.503 and 2.42 =
0.726, respectively (Appendix Table A2). The accumula-
tion of buparlisib was consistent with the reported half-life of
approximately 40 hours reaching steady state by day 8.1718

Resected tumor tissue was evaluable for pharmacokinetics
and pharmacodynamics analyses in 14 patients. The av-
erage time between the last dose of buparlisib and the time
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of tumor samplingwas 5 = 1.61 hours. The average plasma
concentration at the time of the tumor sampling was
585 + 192 ng/mL. The geometric mean concentration of
buparlisib in the tumor tissue was 612 ng/g (range, 86 to
6,947 ng/g), with a resulting tumor-to-plasma geometric
mean ratio of 1.0 (range, 0.18 to 8.44). There was no
significant difference between the non—contrast-enhancing
(CE) and CE tumor tissue concentrations of buparlisib
(mean, 404 + 429 v654 + 363, respectively; P=0.16; Fig
2A). Brain penetration of buparlisib also was confirmed by
matrix-assisted laser desorption/ionization-mass spec-
trometry imaging performed on tumor specimens that
showed the presence of drug in the tumor as well as in the
infiltrated brain parenchyma (Fig 2B).

A decrease in pAKT®¥2 |HC score was achieved in six
patients (42.9%) and was statistically significant in the
overall cohort (Figs 2C to 2E), whereas the analysis of an
independent set of pre- and post-treatment (RT + temo-
zolomide) glioblastoma pairs did not show significant
change in pAKTS*’3 or pS6°23%23¢ |HC (Appendix Fig A2,
online only). A reduction in pAKT™ only in post-buparlisib
treatment tumor also was observed in RPPA analysis of 299
antibodies (Appendix Table A4, online only). Nevertheless,
in seven patients (50%), no change in pAKT®42 IHC score
was noted, and one patient (7.1%) had an increase in
pAKTS*73 |HC score, which suggested an incomplete
blockade of PI3K signaling in approximately one half of
patients. This finding was consistent with the absence of
modulation of pS6523%23¢ by |IHC and lack of consistent
changes in pS6°23%/236  nS5ES240244 and p70 S6'8 kinases
in the RPPA analysis (Appendix Fig A3, online only; Ap-
pendix Table A4). Moreover, RPPA analysis did not show
a consistent change in members of the mitogen-activated
protein kinase (MAPK) pathway when comparing buparlisib-
treated versus control glioblastoma pairs (Appendix Table
A4). Finally, there was no significant change in tumor cell
proliferation between baseline and post-buparlisib treat-
ment samples as assessed by the IHC proliferation marker
Ki-67 (Appendix Fig A2).

Outcome

At final analysis (April 30, 2018), none of the 65 patients
remained on treatment. The most frequent reason for
treatment discontinuation in both groups was disease
progression (59 [90.8%]; Fig 1). The median follow-up was
15.6 months (range, 3.6 to 36.6 months) in cohort 1 versus
9.8 months (range, 1.0 to 71.2 months) in cohort 2.

The study did not meet its primary end point for PFS6 with
buparlisib in cohort 2 (n = 50); four patients (8%; 95% Cl,
3% to 19%) reached PFS6, and the median PFS was
1.7 months (95% ClI, 1.4 to 1.8 months; Table 2; Appendix
Fig A4, online only). OS data were mature, with 58 deaths in
the total population at the cutoff date (cohort 1, n = 13;
cohort 2, n =45). Two patients were still alive, and five were
lost to follow-up. The median OS was 17.9 months (95% Cl,
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nn PIK3R1 4.3% B Missense mutation
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II I II II I I I PTEN 24.1% I Focal gain/amplification
I II I II I I II II I EGFR 27.6% I Not available
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I II I II III I II III I PTEN 41.3% IHC expression
IIII I I I II p-AKT 95.7% I Positive
II II II I p-S6 84.8% Negative

FIG 3. Relationship between mutations in phosphatidylinositol 3-kinase (PI3K) pathway members and response to buparlisib. Patient outcomes,
including best overall response (BOR), median progression-free survival (PFS), and median overall survival (OS), are shown in the top rows; tumor
genotyping and immunohistochemistry (IHC) results are shown in the middle rows; and integrative biomarker analysis for PI3K/ PTEN signaling is shown
in the bottom rows. Missense mutations are displayed in green, amplifications in orange, and deletions in blue. All mutations were reviewed by a
molecular diagnostician to confirm that they were deemed pathogenic/hotspot mutations and were not commonly identified in normal databases as
germline single nucleotide polymorphisms.

9.3 to 29.2 months) in cohort 1 and 9.8 months (95% Cl,
8.4 t0 12.1 months) in cohort 2 (Table 2; Appendix Fig A4).

Best overall response was evaluable in 63 patients
(96.9%). No patients achieved a radiographic response
(Table 2). Six patients (40%; 95% ClI, 20% to 64%) in
cohort 1 and 21 (43.8%; 95% Cl, 31% to 58%) in cohort 2
had disease stabilization as best response. In addition, 12
patients in cohort 1 had an FDG-positron emission to-
mography scan performed before and after treatment with
buparlisib (mean delay, 11.4 days; range, 7 to 25 days). Six
of the 12 patients had a modest decrease in tumor-to-
background ratio in FDG uptake (—2.35% to —18.7%), but
there was no correlation with outcome.

Correlation of Outcomes With Genotyping

Correlation between outcome and tumor genotyping was
assessed in 46 patients (71.9%; eight [53.3%] in cohort 1
and 38 [76%] in cohort 2) for whom copy number array
and/or tumor-targeted sequencing was available (Fig 3).
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Overall, pathogenic variants of PTEN, PIK3CA, or PIK3R1
were identified in 27 patients (56.3%; Fig 3).

Candidate biomarkers, including PTEN, PIK3CA, PIK3R1,
EGFR, PDGFRA, IDH1/2, and TP53 molecular alterations
and IHC evidence for PTEN inactivation, pAKT®*’3, and
pSES235/236 gctivation, were evaluated for their association
with outcome. Although no statistically significant associ-
ation was found between PFS6 or OS and any of the
candidate biomarkers, there was a shorter PFS in patients
with IDH1/2-mutant versus /DH1/2 wild-type glioblastoma
(median PFS, 0.9 months [interquartile range (IQR), 0.9-
1.8 months] v 1.8 months [IQR, 1.1-3.6 months], re-
spectively; log-rank P=.002; Appendix Fig A5, online only).
No statistically significant association was found between
PFS and PIK3CA/PIK3R1-mutant glioblastoma (median
PFS, 2.2 months [IQR, 1.8-2.8 months] v 1.8 months [IQR,
0.9-2.8 months] in PIK3CA/PIK3R1 mutant v PIK3CA/
PIK3R1 wild type, respectively; log-rank P = .67) or PTEN
molecular alterations (median PFS, 1.8 months [IQR,
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TABLE 3. Summary of Grade 3 to 4 Treatment-Related Adverse Events benefit.69-1112.22:27 Although PI3K pathway activation was

Adverse Event (CTCAE grade) No. (%)  confirmed in all patients, post hoc analyses did not show a
Increased lipase (4) 1(1.5) correlation between the mutation status of PTEN, PIK3CA,
Increased lipase (3) 602 and P/K3R1 and out;ome. Of note, a shorter PFS was

- observed in patients with /DH1/2-mutant tumors. However,
Fatigue (3) 4 (6.2) ) L .

because this was a post hoc analysis in a relatively small
Increased ALT (3) 348 number of patients with /DH1/2-mutant tumors, definitive
Hyperglycemia (3) 3(46)  conclusions will require increased numbers.
Hypophosphatemia (3) 2GD  1o0ur knowledge, this study provides the first evidence that
Rash acneiform (3) 2@.1)  puparlisib can achieve adequate brain penetration in pa-
Rash maculopapular (3) 2(3.1) tients with glioblastoma. Buparlisib accumulation was seen
Diarrhea (3) 115 inboth CEand non-CE areas of tumor, with a trend to higher
Increased AST (3) 1015 agcumulgtipn in CE areas. These findings arel ;onsistent
| " e G with preclinical and early-phase studies of buparlisib*16282°
MESEEEY S e > s well as with the phase Il trial BELLE-2 in human epi-
Decreased lymphocyte count (3) 15  dermal growth factor receptor 2-negative metastatic breast
Decreased platelet count (3) 1(15)  cancer.° In this study, a higher rate of psychiatric adverse
Anxiety (3) 1(15)  effects, including depression and anxiety, was observed
Depression (3) 1(15) yvith ‘bupiﬂiss;b, which were not reported vyith other PI3K
Photosensitivity (3) 15 |nh!b|tors an‘dA were attributed to the high BBB pene-
tration of buparlisib.

Pruritus (3) 1 (15 . . I .
Confluent enythema (3) 105 Our multidimensional analysis, including IHC, study of cell

proliferation and signaling markers, RPPA, and tumor
genomic profiling provide important insights for un-
derstanding mechanisms of resistance to single-agent PI3K
inhibitors in glioblastoma. Although our analyses document
inhibition of pAKTS*’3 in a subset of patients, blockade of
the PI3K pathway activity was incomplete, as evidenced by
the limited effects on downstream pS6523%2%¢. This was

Abbreviation: CTCAE, Common Terminology Criteria for Adverse Events (version
4.0).

1.3-3.6 months] v 1.8 months [IQR, 0.9-2.8 months] in
PTEN mutant v PTEN wild type, respectively; log-rank P =
.57; Appendix Fig Ab).

Toxicity

Table 3 lists the most common grade 3 and 4 adverse
events. Overall, grade 3 to 4 treatment-related adverse
events were reported in 40.0% (95% Cl, 19.8% to 64.3%)
of patients in cohort 1 and 32.0% (95% Cl, 20.8% to
45.8%) of patients in cohort 2. Only one patient (1.5%)
experienced a grade 4 toxicity that was at least possibly
related to treatment, and consisted of an asymptomatic
lipase increase. No suicidality was reported. No on-
treatment deaths occurred. Buparlisib treatment was dis-
continued in two patients (3.1%) as a result of adverse
events, one in each arm. The most common adverse events
that led to dose reduction or discontinuation were in-
creased lipase in six patients (9.2%) and increased ALT
and hyperglycemia in five (7.7%).

DISCUSSION

This study shows that the brain-penetrant PI3K inhibitor
buparlisib has minimal single-agent efficacy in patients with
recurrent glioblastoma.>?%2! Buparlisib did not meet the
primary pharmacodynamic and efficacy end points of this
study. These findings are consistent with previous results
wherein PI3K/mTOR inhibitors alone or in combination with
cytotoxic or targeted therapies in patients with glioblastoma
unselected for PI3K pathway activation showed no clinical

Journal of Clinical Oncology

associated with minimal effects on tumor cell proliferation
and outcome. The morphometric IHC and RPPA analyses
suggest that persistent downstream signaling occured
through incomplete blockade of PI3K pathway together
with activity of complementary pathways, including MAPK
signaling. Previous studies showed that buparlisib con-
centrations required to fully inhibit PI3K activity generate
toxic off-target effects on cytoskeleton dynamics, which
suggests that the therapeutic window of buparlisib might be
too narrow in glioblastoma. The robust activity of PI3K
sighaling in glioblastoma may require more potent and
selective inhibitors that would achieve greater pathway
inhibition without causing dose-limiting adverse events.

Besides incomplete PI3K pathway inhibition, the persistent
activity of p70 S6 kinases and the MAPK pathway observed
in the RPPA analysis suggests activation of alternate pro-
survival pathways that also may contribute to buparlisib
resistance. This phenomenon might be overcome by a
combination of buparlisib or other PI3K inhibitor with
inhibiting complementary signaling or feedback mole-
cules, such as sonic hedgehog, ribosomal S6 kinase, or
insulin.?’-4©

A limitation of our study was the use of historical data as
reference because of a lack of a control arm in the study
design. Nevertheless, the absence of radiologic response
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observed in this study suggests that buparlisib has minimal
single-agent efficacy in this population and is unlikely to
demonstrate benefit against controls in future trials. An-
other limitation was that biomarker analyses for study entry
were performed on archival tissues instead of use of an
immediate pretreatment biopsy sample because the fea-
sibility of performing sequential biopsies was limited by
ethical considerations. However, recent studies that
addressed clonal evolution of glioblastoma under ther-
apy using whole-exome sequencing of pre- and post-
treatment—paired tumors showed that molecular alterations
of PTEN, PIK3CA, or PI3R1 are rarely lost in recurrent
samples.**** This suggests that although a certain de-
gree of clonal evolution occurs after treatment with DNA-
damaging agents, alterations in the PI3K pathway are likely
retained as targets in recurrent tumors in a majority of
patients.

In conclusion, this study shows that buparlisib does not
provide clinically meaningful benefit in patients with PI3K-

AFFILIATIONS

!Dana-Farber Cancer Institute, Boston, MA

2Brigham and Women's Hospital, Boston, MA

3Memorial Sloan Kettering Cancer Center, New York, NY

“The University of Texas M.D. Anderson Cancer Center, Houston, TX
SCalifornia Institute of Technology, Pasadena, CA

®David Geffen School of Medicine at University of California, Los Angeles,
Los Angeles, CA

“The University of Texas, San Antonio, San Antonio, TX

8Huntsman Cancer Institute and University of Utah, Salt Lake City, UT
°New York University School of Medicine, New York, NY

1%|nstitute for Systems Biology, Seattle, WA

Massachusetts General Hospital, Boston, MA

12University of California, San Francisco, San Francisco, CA

CORRESPONDING AUTHOR

Patrick Y. Wen, MD, Center for Neuro-Oncology, Dana Farber Cancer
Institute, 450 Brookline Ave, Dana 2-2202, Boston, MA 02215; Twitter:
@PatrickWen3; e-mail: pwen@partners.org

PRIOR PRESENTATION
Presented at the American Society of Clinical Oncology 2014 Annual
Meeting, Chicago, IL, May 30-June 3, 2014.

SUPPORT

Supported by the lvy Foundation Early Phase Clinical Trials Consortium,
DFHCC/MIT Bridge Project (RO1CA188288, P50 CA165962), and by
Novartis, which provided the drug and funding.

AUTHORS' DISCLOSURES OF POTENTIAL CONFLICTS OF INTEREST
AND DATA AVAILABILITY STATEMENT

Disclosures provided by the authors and data availability statement (if
applicable) are available with this article at DO https://doi.org/10.1200/
JC0.18.01207.

AUTHOR CONTRIBUTIONS

Conception and design: Patrick Y. Wen, Mehdi Touat, Shakti Ramkissoon,
Howard Colman, Eudocia Q. Lee, Susan M. Chang, Michael D. Prados,
W.K. Alfred Yung, Keith L. Ligon

748 © 2019 by American Society of Clinical Oncology

activated recurrent glioblastoma. Our finding that pathway
inhibition was incomplete suggests that additional studies
are warranted to assess whether more potent and selective
PI3K inhibitors may achieve greater pathway inhibition and
clinical benefit. Careful assessment of tissue pharmaco-
kinetics and pharmacodynamics through the surgical arm
of the study was important to our understanding that poor
pathway inhibition was likely the basis for the modest re-
sponse seen in patients. This suggests that in glioblastoma,
more routine use of studies specifically designed to confirm
drug penetration and target engagement may be beneficial
to perform before considering advancing a drug for more
testing. In addition, investigation of how PI3K inhibitors can
be combined with complementary therapeutics to provide
clinical benefit in glioblastoma are still warranted and
should include studies designed to understand the de-
pendency and associations between biomarkers and re-
sponse to PI3K inhibitors, including PTEN, PIK3CA, PI3R1,
and /DH1/2 mutations.

Financial support: Keith L. Ligon

Administrative support: Christine S. McCluskey, Loreal E. Brown, W.K.
Alfred Yung

Provision of study material or patients: Patrick Y. Wen, Ingo K. Mellinghoff,
Howard Colman, Antonio M. Omuro, Lisa M. DeAngelis, Mark R. Gilbert,
John F. de Groot, Timothy F. Cloughesy, Eudocia Q. Lee, Lakshmi Nayak,
Tracy T. Batchelor, Susan M. Chang, lan F. Dunn, Geoffrey S. Young,
Michael D. Prados, W.K. Alfred Yung, Keith L. Ligon

Collection and assembly of data: Patrick Y. Wen, Mehdi Touat, Ingo K.
Mellinghoff, Shakti Ramkissoon, Christine S. McCluskey, Kristine
Pelton, Sankha S. Basu, Sarah C. Gaffey, Loreal E. Brown, Jungwoo Kim,
Wei Wei, Mi-Ae Park, Jason T. Huse, Mikael L. Rinne, Howard Colman,
Nathalie Y.R. Agar, Antonio M. Omuro, Lisa M. DeAngelis, Mark R.
Gilbert, John F. de Groot, Andrew S. Chi, Eudocia Q. Lee, James R.
Heath, Laura L. Horky, Tracy T. Batchelor, Rameen Beroukhim, Susan M.
Chang, lan F. Dunn, Dimpy Koul, Geoffrey S. Young, Michael D. Prados,
David A. Reardon, Keith L. Ligon

Data analysis and interpretation: Patrick Y. Wen, Mehdi Touat, Brian M.
Alexander, Ingo K. Mellinghoff, Shakti Ramkissoon, Kristine Pelton, Sam
Haidar, Sankha S. Basu, Juan Emmanuel Martinez-Ledesma, Shaofang
Wu, Wei Wei, Mi-Ae Park, John G. Kuhn, Nathalie Y.R. Agar, Antonio M.
Omuro, Lisa M. DeAngelis, Mark R. Gilbert, John F. de Groot, Timothy F.
Cloughesy, Thomas M. Roberts, Jean J. Zhao, Lakshmi Nayak, James R.
Heath, Laura L. Horky, Susan M. Chang, Azra H. Ligon, Dimpy Koul,
Michael D. Prados, Keith L. Ligon

Manuscript writing: All authors

Final approval of manuscript: All authors

Accountable for all aspects of the work: All authors

ACKNOWLEDGMENT

We thank the patients who took part in the study and their families as well
as the staff, research coordinators, and investigators at each participating
institution. We acknowledge the support of the Ben and Catherine lvy
Foundation and Lisa Doherty, APRN, OCN; Debra Conrad LaFrankie, RN,
OCN; Sandra French Ruland, RN, BSN, OCN; Jennifer Stefanik, NP, and
Jann N. Sarkaria, MD, for sharing unpublished results. Finally, we
acknowledge the Center for Cancer Genome Discovery; Paul Van
Hummelen and Aaron Thorner; and the members of the Brigham and
Women'’s Hospital Center for Advanced Molecular Diagnostics, Clinical
Cytogenetics Division.

Volume 37, Issue 9

Downloaded from ascopubs.org by 31.34.66.224 on October 18, 2020 from 031.034.066.224
Copyright © 2020 American Society of Clinical Oncology. All rights reserved.

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



Buparlisib in Recurrent Glioblastoma With Activated PI3K Pathway

REFERENCES

1.

Ostrom QT, Gittleman H, Liao P, etal: CBTRUS statistical report: Primary brain and other central nervous system tumors diagnosed in the United States in 2010-
2014. Neuro-oncol 19:v1-v88, 2017

2. Wen PY, Kesari S: Malignant gliomas in adults. N Engl J Med 359:492-507, 2008

3. StuppR, Hegi ME, Mason WP, et al: Effects of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on survival in glioblastoma
in a randomised phase IIl study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol 10:459-466, 2009

4. Stupp R, Taillibert S, Kanner AA, et al: Maintenance therapy with tumor-treating fields plus temozolomide vs temozolomide alone for glioblastoma: A ran-
domized clinical trial. JAMA 314:2535-2543, 2015

5. Touat M, Idbaih A, Sanson M, et al: Glioblastoma targeted therapy: Updated approaches from recent biological insights. Ann Oncol 28:1457-1472, 2017

6.  Cloughesy TF, Yoshimoto K, Nghiemphu P, et al: Antitumor activity of rapamycin in a phase | trial for patients with recurrent PTEN-deficient glioblastoma. PLoS
Med 5:€8, 2008

7. Hegi ME, Diserens AC, Bady P, et al: Pathway analysis of glioblastoma tissue after preoperative treatment with the EGFR tyrosine kinase inhibitor gefitinib--a
phase Il trial. Mol Cancer Ther 10:1102-1112, 2011

8. Brennan CW, Verhaak RG, McKenna A, et al: The somatic genomic landscape of glioblastoma. Cell 155:462-477, 2013 [Erratum: Cell 157:753, 2014]

9. Wen PY, Lee EQ, Reardon DA, et al: Current clinical development of PI3K pathway inhibitors in glioblastoma. Neuro-oncol 14:819-829, 2012

10. Chang SM, Wen P, Cloughesy T, et al: Phase Il study of CCI-779 in patients with recurrent glioblastoma multiforme. Invest New Drugs 23:357-361, 2005

11. Ma DJ, Galanis E, Anderson SK, et al: A phase Il trial of everolimus, temozolomide, and radiotherapy in patients with newly diagnosed glioblastoma: NCCTG
NO57K. Neuro-oncol 17:1261-1269, 2015

12. Pitz MW, Eisenhauer EA, MacNeil MV, et al: Phase Il study of PX-866 in recurrent glioblastoma. Neuro-oncol 17:1270-1274, 2015

13. Burger MT, Pecchi S, Wagman A, et al: Identification of NVP-BKM120 as a potent, selective, orally bioavailable class | PI3 kinase inhibitor for treating cancer.
ACS Med Chem Lett 2:774-779, 2011

14. Koul D, Fu J, Shen R, et al: Antitumor activity of NVP-BKM120--a selective pan class | PI3 kinase inhibitor showed differential forms of cell death based on p53
status of glioma cells. Clin Cancer Res 18:184-195, 2012

15. Maire CL, Ramkissoon S, Hayashi M, et al: Pten loss in Olig2 expressing neural progenitor cells and oligodendrocytes leads to interneuron dysplasia and
leukodystrophy. Stem Cells 32:313-326, 2014

16. Netland IA, Fgrde HE, Sleire L, et al: Treatment with the PI3K inhibitor buparlisib (NVP-BKM120) suppresses the growth of established patient-derived GBM
xenografts and prolongs survival in nude rats. J Neurooncol 129:57-66, 2016

17. Bendell JC, Rodon J, Burris HA, et al: Phase |, dose-escalation study of BKM120, an oral pan-class | PI3K inhibitor, in patients with advanced solid tumors.
J Clin Oncol 30:282-290, 2012

18. Rodon J, Brafa I, Siu LL, et al: Phase | dose-escalation and -expansion study of buparlisib (BKM120), an oral pan-class | PI3K inhibitor, in patients with
advanced solid tumors. Invest New Drugs 32:670-681, 2014

19. Wen PY, Macdonald DR, Reardon DA, et al: Updated response assessment criteria for high-grade gliomas: Response assessment in Neuro-Oncology Working
Group. J Clin Oncol 28:1963-1972, 2010

20. Wong ET, Hess KR, Gleason MJ, et al: Outcomes and prognostic factors in recurrent glioma patients enrolled onto phase Il clinical trials. J Clin Oncol 17:
2572-2578, 1999

21. Lamborn KR, Yung WK, Chang SM, et al: Progression-free survival: An important end point in evaluating therapy for recurrent high-grade gliomas. Neuro-oncol
10:162-170, 2008

22. Wen PY, Chang SM, Lamborn KR, et al: Phase I/l study of erlotinib and temsirolimus for patients with recurrent malignant gliomas: North American Brain Tumor
Consortium trial 04-02. Neuro-oncol 16:567-578, 2014

23. Reardon DA, Quinn JA, Vredenburgh JJ, et al: Phase 1 trial of gefitinib plus sirolimus in adults with recurrent malignant glioma. Clin Cancer Res 12:860-868,
2006

24. Doherty L, Gigas DC, Kesari S, et al: Pilot study of the combination of EGFR and mTOR inhibitors in recurrent malignant gliomas. Neurology 67:156-158, 2006

25. Kreisl TN, Lassman AB, Mischel PS, et al: A pilot study of everolimus and gefitinib in the treatment of recurrent glioblastoma (GBM). J Neurooncol 92:99-105,
2009

26. Reardon DA, Desjardins A, Vredenburgh JJ, et al: Phase 2 trial of erlotinib plus sirolimus in adults with recurrent glioblastoma. J Neurooncol 96:219-230, 2010

27. Lassen U, Sorensen M, Gaziel TB, et al: Phase Il study of bevacizumab and temsirolimus combination therapy for recurrent glioblastoma multiforme. Anticancer
Res 33:1657-1660, 2013

28. Nanni P, Nicoletti G, Palladini A, et al: Multiorgan metastasis of human HER-2+ breast cancer in Rag2-/-;112rg-/- mice and treatment with PI3K inhibitor. PLoS
One 7:39626, 2012

29. Maira M, Schnell C, Lollini P, et al: Preclinical and preliminary clinical activity of NVP-BKM120, an oral pan-class | PI3K inhibitor, in the brain. Ann Oncol 23,
2012 (suppl 9; abstr 1675P)

30. Baselga J, Im SA, Iwata H, et al: Buparlisib plus fulvestrant versus placebo plus fulvestrant in postmenopausal, hormone receptor-positive, HER2-negative,
advanced breast cancer (BELLE-2): A randomised, double-blind, placebo-controlled, phase 3 trial. Lancet Oncol 18:904-916, 2017

31. Gopal AK, Kahl BS, de Vos S, et al: PI3K3 inhibition by idelalisib in patients with relapsed indolent lymphoma. N Engl J Med 370:1008-1018, 2014

32. Saura C, Sachdev J, Patel MR, et al: Ph1b study of the PI3k inhibitor taselisib (GDC-0032) in combination with letrozole in patients with hormone receptor-
positive advanced breast cancer. Cancer Res 75, 2015 (suppl 9; abstr PD5-2)

33. Sarker D, Ang JE, Baird R, et al: First-in-human phase | study of pictilisib (GDC-0941), a potent pan-class | phosphatidylinositol-3-kinase (PI3K) inhibitor, in
patients with advanced solid tumors. Clin Cancer Res 21:77-86, 2015

34. Mayer IA, Abramson VG, Formisano L, et al: A phase Ib study of alpelisib (BYL719), a PI3Ka-specific inhibitor, with letrozole in ER+/HER2- metastatic breast
cancer. Clin Cancer Res 23:26-34, 2017

35. Dreyling M, Santoro A, Mollica L, et al: Copanlisib in patients with relapsed or refractory indolent B-cell lymphoma (Chronos-1). Hematol Oncol 35:119-120,
2017

36. Brachmann SM, Kleylein-Sohn J, Gaulis S, et al: Characterization of the mechanism of action of the pan class | PI3K inhibitor NVP-BKM120 across a broad
range of concentrations. Mol Cancer Ther 11:1747-1757, 2012

37. Filbin MG, Dabral SK, Pazyra-Murphy MF, et al: Coordinate activation of Shh and PI3K signaling in PTEN-deficient glioblastoma: New therapeutic opportunities.
Nat Med 19:1518-1523, 2013

38. Serra V, Eichhorn PJ, Garcia-Garcia C, et al: RSK3/4 mediate resistance to PI3K pathway inhibitors in breast cancer. J Clin Invest 123:2551-2563, 2013

Journal of Clinical Oncology 749

Downloaded from ascopubs.org by 31.34.66.224 on October 18, 2020 from 031.034.066.224
Copyright © 2020 American Society of Clinical Oncology. All rights reserved.

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



39.

40.

41.
42.

43.

45.

Wen et al

Hopkins B, Pauli C, Du X, et al: Suppression of insulin feedback enhances the efficacy of PI3k inhibitors. Nature 560:499-503, 2018 [Erratum: Nature 563;E24,
2018]

NiJ, Ramkissoon SH, Xie S, et al: Combination inhibition of PI3K and mTORC1 yields durable remissions in mice bearing orthotopic patient-derived xenografts
of HER2-positive breast cancer brain metastases. Nat Med 22:723-726, 2016

Kim J, Lee IH, Cho HJ, et al: Spatiotemporal evolution of the primary glioblastoma genome. Cancer Cell 28:318-328, 2015

Kim H, Zheng S, Amini SS, et al: Whole-genome and multisector exome sequencing of primary and post-treatment glioblastoma reveals patterns of tumor
evolution. Genome Res 25:316-327, 2015

Wang J, Cazzato E, Ladewig E, et al: Clonal evolution of glioblastoma under therapy. Nat Genet 48:768-776, 2016

Louis DN, Ohgaki H, Wiestler OD, et al: World Health Organization Histological Classification of Tumours of the Central Nervous System (ed 2). Lyon, France,
International Agency for Research on Cancer, 2016

Akbani R, Ng KS, Werner HMJ, et al: A pan-cancer proteomic perspective on the Cancer Genome Atlas Nature Comms: 5:3887, 2014

CancerLinQ®—Shaping the Future of Cancer Care

ASCO's CancerLinQ® is a groundbreaking health information technology platform that aims to rapidly improve the quality of
cancer care. It assembles vast amounts of usable, searchable, real-world cancer information into a powerful database.

This in turn provides immediate feedback to doctors to help them improve and personalize care for people with cancer.
CancerLinQ® is the only major cancer data initiative being driven by a nonprofit physician group.

For more information, visit CancerLinQ.org

CancerLinQ

750 © 2019 by American Society of Clinical Oncology Volume 37, Issue 9

Downloaded from ascopubs.org by 31.34.66.224 on October 18, 2020 from 031.034.066.224
Copyright © 2020 American Society of Clinical Oncology. All rights reserved.

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



Buparlisib in Recurrent Glioblastoma With Activated PI3K Pathway

AUTHORS’ DISCLOSURES OF POTENTIAL CONFLICTS OF INTEREST
Buparlisib in Patients With R 1t Gliobl

Harboring Pt

| 3-Kinase Pathway Activation: An Open-Label, Multicenter, Multi-Arm, Phase

Il Trial

The following represents disclosure information provided by authors of this manuscript. All relationships are considered compensated. Relationships are self-held
unless noted. | = Immediate Family Member, Inst = My Institution. Relationships may not relate to the subject matter of this manuscript. For more information about
ASCO'’s conflict of interest policy, please refer to www.asco.org/rwc or ascopubs.org/jco/site/ifc.

Patrick Y. Wen

Honoraria: Merck

Consulting or Advisory Role: AbbVie, Agios Pharmaceuticals, AstraZeneca, Blue
Earth Diagnostics, Eli Lilly, Genentech, Roche, Immunomic Therapeutics,
Kadmon Corporation, KIYATEC, Puma Biotechnology, Vascular Biogenics, Taiho
Pharmaceutical, Deciphera Pharmaceuticals, VBI Vaccines

Speakers’ Bureau: Merck, prime Oncology

Research Funding: Agios Pharmaceuticals (Inst), AstraZeneca (Inst), BeiGene
(Inst), Eli Lilly (Inst), Roche (Inst), Genentech (Inst), Karyopharm Therapeutics
(Inst), Kazia Therapeutics (Inst), MediciNova (Inst), Novartis (Inst), Oncoceutics
(Inst), Sanofi (Inst), Aventis (Inst), VBI Vaccines (Inst)

Travel, Accommodations, Expenses: Merck

Mehdi Touat
Consulting or Advisory Role: Agios Pharmaceuticals, Taiho Pharmaceutical
Travel, Accommodations, Expenses: Merck Sharp & Dohme

Brian M. Alexander
Employment: Foundation Medicine

Ingo K. Mellinghoff

Honoraria: Roche

Consulting or Advisory Role: Agios Pharmaceuticals, Puma Biotechnology,
Debiopharm Group

Research Funding: General Electric, Amgen, Eli Lilly

Shakti Ramkissoon
Employment: Foundation Medicine
Stock and Other Ownership Interests: Foundation Medicine

Sam Haidar
Employment: Philips Healthcare
Stock and Other Ownership Interests: Johnson & Johnson

Wei Wei
Patents, Royalties, Other Intellectual Property: US patent application pending
from a technology related to health or medicine (application No. 15/045241)

Jason T. Huse
Employment: Champions Oncology
Research Funding: Taiho Pharmaceutical (Inst)

John G. Kuhn
Consulting or Advisory Role: TG Therapeutics
Research Funding: Methodist Health System

Mikael L. Rinne
Employment: Novartis Institutes for BioMedical Research
Consulting or Advisory Role: N-of-One

Howard Colman

Honoraria: Merck Sharp & Dohme

Consulting or Advisory Role: Novocure, AbbVie, Foundation Medicine, Innocrin
Pharmaceuticals, Tactical Therapeutics, Deciphera Pharmaceuticals, NewLink
Genetics, Best Doctors, Merck

Research Funding: NewLink Genetics, Plexxikon, Kadmon Corporation, Orbus
Therapeutics, Merck, DNAtrix, AbbVie, BeiGene, FORMA Therapeutics (Inst)

Nathalie Y.R. Agar

Consulting or Advisory Role: Bayesian Dx

Patents, Royalties, Other Intellectual Property: IP portfolio at Partners
Healthcare for surgical margin delineation and intraoperative diagnosis largely
based on mass spectrometry

Travel, Accommodations, Expenses: Bruker

Antonio M. Omuro
Consulting or Advisory Role: Stemline Therapeutics, Bristol-Myers Squibb,
Alexion Pharmaceuticals, Novocure, Inovio Pharmaceuticals

Lisa M. DeAngelis
Consulting or Advisory Role: Roche, CarThera, BMJ Publishing Group, BTG,
Tocagen, Sapience Therapeutics

Journal of Clinical Oncology

John F. de Groot

Employment: Helsinn Therapeutics (1), Ziopharm Oncology (1)

Leadership: Ziopharm Oncology (1)

Stock and Other Ownership Interests: Gilead Sciences, Ziopharm Oncology (1)
Consulting or Advisory Role: Celldex, Deciphera Pharmaceuticals, Vascular
Biogenics, Foundation Medicine, Genentech, Roche, Omniox, OXiGENE,
AbbVie, Novogen, Kadmon Corporation, Merck, Five Prime Therapeutics, Insys
Therapeutics, AstraZeneca, Boston Biomedical, GW Pharmaceuticals, CarThera
Research Funding: Deciphera Pharmaceuticals, Novartis, Eli Lilly, Sanofi, EMD
Serono, Mundipharma Aventis, AstraZeneca

Timothy F. Cloughesy

Stock and Other Ownership Interests: Notable Labs

Consulting or Advisory Role: Roche, Genentech, Celgene, Tocagen, VBL
Therapeutics, NewGen Therapeutics, Novartis, Agios Pharmaceuticals, Cortice
Biosciences, Novocure, AbbVie, OXIGENE, Wellcome Trust, Pfizer, Notable
Labs, Bristol-Myers Squibb, Merck, Insys Therapeutics, Human Longevity,
Sunovion, Boston Biomedical, Novogen, Alexion Pharmaceuticals, GW
Pharmaceuticals, Eli Lilly, Genocea Biosciences, Puma Biotechnology

Other Relationship: Global Coalition for Adaptive Research

Thomas M. Roberts

Leadership: iKang Healthcare Group, Geode Therapedutics, Crimson
Pharmaceutical

Stock and Other Ownership Interests: iKang Healthcare Group, Crimson
Pharmaceutical, Geode Therapeutics

Consulting or Advisory Role: Novartis Institutes for BioMedical Research
Patents, Royalties, Other Intellectual Property: Applied for patents combining
PI3K inhibitors with immunotherapies

Jean J. Zhao

Leadership: Crimson Pharmaceutical, Geode Therapeutics

Stock and Other Ownership Interests: Crimson Pharmaceutical, Geode
Therapeutics

Speakers’ Bureau: Ruijin Hospital

Research Funding: Eli Lilly, Puma Biotechnology

Patents, Royalties, Other Intellectual Property: Several intellectual properties at
Dana-Faber Cancer Institute as a co-inventor

Travel, Accommodations, Expenses: Ruijin Hospital, Princess Margaret Cancer
Centre

Eudocia Q. Lee
Honoraria: MedLink, UpToDate
Consulting or Advisory Role: Eli Lilly

Lakshmi Nayak
Honoraria: Bristol-Myers Squibb
Travel, Accommodations, Expenses: Bristol-Myers Squibb

James R. Heath

Leadership: Indi Molecular, PACT pharma, Sofie Biosciences, IsoPlexis,
Nirmidas Biotech, Arivale

Stock and Other Ownership Interests: Indi Molecular, IsoPlexis, PACT pharma

Tracy T. Batchelor

Honoraria: Champions Oncology, UpToDate, Imedex, NXDC, Merck,
GenomiCare Biotechnology

Consulting or Advisory Role: Merck, GenomiCare Biotechnology, NXDC, Amgen
Travel, Accommodations, Expenses: Merck, Roche, Genentech, GenomiCare
Biotechnology

Downloaded from ascopubs.org by 31.34.66.224 on October 18, 2020 from 031.034.066.224
Copyright © 2020 American Society of Clinical Oncology. All rights reserved.

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



Wen et al

Rameen Beroukhim

Consulting or Advisory Role: Novartis, Merck (1), Gilead Sciences (1), ViV
Healthcare (1)

Research Funding: Novartis

Patents, Royalties, Other Intellectual Property: Prognostic Marker for
Endometrial Carcinoma (US patent application 13/911456, filed June 6, 2013),
SF3B1 Suppression as a Therapy for Tumors Harboring SF3B1 Copy Loss
(international application No. WO/2017/177191, PCT/US2017/026693, filed
July 4, 2017), Compositions and Methods for Screening Pediatric Gliomas and
Methods of Treatment Thereof (international application No. W0/2017/132574,
PCT/US2017/015448, filed 1/27/2017)

Susan M. Chang
Consulting or Advisory Role: Tocagen
Research Funding: Novartis (Inst), Agios Pharmaceuticals (Inst)

Azra H. Ligon

Leadership: Travera (I)

Stock and Other Ownership Interests: Travera (1)
Consulting or Advisory Role: Travera (1)

Geoffrey S. Young

Research Funding: Siemens Healthineers

Michael D. Prados

Stock and Other Ownership Interests: Quadriga BioSciences

Consulting or Advisory Role: Nativis, Tocagen

Research Funding: Genentech (Inst), Roche (Inst), Novartis (Inst), Nativis (Inst)

© 2019 by American Society of Clinical Oncology

David A. Reardon

Honoraria: AbbVie, Cavion, Genentech, Roche, Merck, Midatech Pharma,
Momenta Pharmaceuticals, Novartis, Novocure, Regeneron Pharmaceuticals,
Stemline Therapeutics, Celldex, OXIGENE, Monteris Medical, Bristol-Myers
Squibb, Juno Therapeutics, Inovio Pharmaceuticals, Oncorus, Agenus, EMD
Serono, Merck, Merck KGaA, Taiho Pharmaceutical, Advantagene
Consulting or Advisory Role: Cavion, Genentech, Roche, Merck, Momenta
Pharmaceuticals, Novartis, Novocure, Regeneron Pharmaceuticals, Stemline
Therapeutics, Bristol-Myers Squibb, Inovio Pharmaceuticals, Juno
Therapeutics, Celldex, OXIGENE, Monteris Medical, Midatech Pharma,
Oncorus, AbbVie, Agenus, EMD Serono, Merck, Merck KGaA, Taiho
Pharmaceutical

Research Funding: Celldex (Inst), Incyte (Inst), Midatech Pharma (Inst), Tragara
Pharmaceduticals (Inst), Inovio Pharmaceuticals (Inst), Agenus (Inst), EMD
Serono (Inst), Acerta Pharma (Inst), Omnivox

W.K. Alfred Yung

Stock and Other Ownership Interests: DNATTrix

Honoraria: DNAtrix, Amgen

Consulting or Advisory Role: DNAtrix, Boehringer Ingelheim
Patents, Royalties, Other Intellectual Property: DNATTrix

Keith L. Ligon

Stock and Other Ownership Interests: Travera

Consulting or Advisory Role: Midatech Pharma, Bristol-Myers Squibb
Research Funding: Plexxikon (Inst), Amgen (Inst), X4 Pharmaceuticals (Inst),
Tragara Pharmaceuticals (Inst), Bristol-Myers Squibb (Inst), Eli Lilly (Inst)
Patents, Royalties, Other Intellectual Property: Molecular diagnostics assay
patent

No other potential conflicts of interest were reported.

Volume 37, Issue 9

Downloaded from ascopubs.org by 31.34.66.224 on October 18, 2020 from 031.034.066.224
Copyright © 2020 American Society of Clinical Oncology. All rights reserved.

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



APPENDIX

Buparlisib in Recurrent Glioblastoma With Activated PI3K Pathway

Pharmacokinetic Evaluation

The analytic method for the quantitative determination of buparlisib in
human plasma and tumor was developed and validated by Novartis
(Basel, Switzerland). The method consists of a solid phase extraction
using a 96-well plate with Oasis HLB cartridge (10 mg, 30 wm; Waters,
Milford, MA) and analysis by liquid chromatography-tandem mass
spectrometry in multiple-reaction monitoring mode using electrospray
jonization in the positive ion mode. The method is suitable for the
determination of buparlisib in human plasma (EDTA) over the range of
1.00 ng/mL (lower limit of quantification) to 1,000 ng/mL (upper limit of
quantification). No matrix effect was observed; mean recovery ranged
from 59% to 61%. Buparlisib was stable in stock and diluted solutions,
in matrix, and after multiple freeze-thaw cycles. The assay method
exhibited sufficient specificity and selectivity, accuracy, precision, and
sensitivity for the purposes and conclusions of the individual studies.
For pharmacokinetic studies, blood samples were collected at the
following time points on days 1 and 8 (+ 1 day) before surgery: predose
and at0.5, 1.5, 3, and 5 hours postdose. Non—contrast-enhancing and
contrast-enhancing brain tumor tissue and a concomitant blood
sample were obtained at the time of surgery. Standard pharmacoki-
netic parameters were determined using noncompartmental methods.
The tumor-to-plasma ratio was calculated by dividing the tumor
geometric mean concentration by the plasma geometric mean con-
centration at the time of surgery.

Immunohistochemical Studies

Immunohistochemical (IHC) stainings for PTEN (#9559, 1:50 dilution,
heated citrate retrieval; Cell Signaling Technologies, Danvers, MA),
positive phosphorylated AKT (pAKT) S473 (#4060, 1:75 dilution,
EDTA retrieval; Cell Signaling Technologies), and phosphorylated S6
(pS6) S235/236 (#4858, 1:75 dilution, EDTA retrieval; Cell Signaling
Technologies) were performed on 5-pm formalin-fixed paraffin-
embedded (FFPE) tissue sections.

In the surgical component of the trial, modulation of the phospha-
tidylinositol 3-kinase pathway response in tumor tissue was de-
termined by pathologist-performed semiquantitative IHC scoring of
pAKT and pS6 on the basis of previously established methods in
preclinical models and clinical trials of glioblastoma.®?? Sample
staining was scored for intensity in tumor cells on a 0 to 2+ scale (O,
no staining; 1+, weak positive staining; 2+, strong positive staining,
with 1+ and 2+ being the average intensity of all positive cells in the
cohort). Staining within nontumor elements (eg, macrophages,
vessels) was not included in the scoring. Change in pAKT and pS6
IHC scores was the difference in score from baseline to surgery in
each participant. Participants were classified into three groups; a
reduction of staining score of one or more degrees qualified for
response, whereas no change or an increase in score qualified for no
response.

Matrix-Assisted Laser Desorption/lonization-Mass
Spectrometry Imaging Drug Analysis on Surgical
Specimens

Surgical sections were flash frozen after surgery, stored at —80°C, and
placed at —25°C 1 hour before use. Twelve-micrometer coronal tissue
sections were prepared using a Microm HM550 cryostat (Thermo
Fisher Scientific, Waltham, MA) and thaw mounted onto indium
tinoxide—coated microscopic slides (Bruker, Billerica, MA) for matrix-
assisted laser desorption/ionization-mass spectrometry imaging and
onto optical slides for hematoxylin and eosin staining. Samples were
dried for 15 minutes in a desiccator. 2,5-Dihydroxybenzoic acid
(40 mg/mL solution in methanol OH/0.2% trifluoroacetic acid 70:30
volume-to-volume ratio) was deposited using the TM-Sprayer system
(HTX Technologies, Chapel Hill, NC) as previously described (Sun Y
et al: Neuro-oncol 19:774-785, 2017). Mass spectra were acquired

Journal of Clinical Oncology

using a 9.4-T solariX XR Fourier transform ion cyclotron resonance
mass spectrometer (Bruker).

Tumor Genotyping

Targeted exome next-generation sequencing (OncoPanel) was per-
formed at the Dana-Farber Cancer Institute Center for Cancer Genome
Discovery on an approximately 50-mm thickness of FFPE tumor tissue
using the OncoPanel version 2.0 custom targeted exome capture panel
to examine the exons of 275 cancer-causing genes and their respective
single nucleotide variants and indels. Data were annotated as previously
described (Sholl LM, et al: JCI Insight 1:e87062, 2016; Ramkisson SH,
et al: Neuro-oncol 19:986-996, 2017). Array comparative genomic
hybridization copy number testing was performed using SurePrint G3
1M feature stock arrays (Agilent Technologies, Santa Clara, CA) from
approximately 1 wg of total DNA extracted from FFPE tissue (approxi-
mately 200-wm thickness of tissue) using fragmentation simulation
methodology (Craig JM, et al: PLoS One 7:38881, 2012). Amplification
was calculated as greater than 2.0 log-ratio, and single-copy losses
generally were calculated as less than —0.3 log-ratio change compared
with a pooled DNA normal. Results were analyzed using CytoGenomics
and Genomic Workbench software (Agilent Technologies).

Reverse-Phase Protein Analysis

For comparison of signaling changes in buparlisib-treated patients, 11
paired untreated versus standard-of care-treated glioblastoma tumor
sets obtained from The University of Texas M.D. Anderson Cancer
Center were used as controls. Frozen tumor tissue approximately the size
of a grain of rice was placed in 2-mL tubes with ceramic beads using a
Precellys homogenizer (Bertin Instruments, Montigny-le-Bretonneux,
France). Tissue was lysed using ice-cold lysis solution. Lysates from
flash-frozen tissues were prepared and analyzed by reverse-phase
protein analysis using 299 antibodies as described previously.”® Re-
verse phase protein microarrays were printed on nitrocellulose-coated
glass FAST Slides (Schleicher & Schuell BioScience, Keene, NH) by a
GeneTAC G3 arrayer (Genomic Solutions, Ann Arbor, MI). Antibody
staining of each reverse phase protein microarray was done using an
autostainer (BioGenex, Freemont, CA). The slide images were quantified
using MicroVigene 4.0 (VigeneTech, Carlisle, MA). The spot-level raw
data were processed using the R package SuperCurve (https:/r-forge.
r-project.org/R/?group_id=1899), which retumns the estimated protein
concentrations (raw concentration) and a quality control score for each
slide. Raw concentration data were normalized by median centering of
each sample across all proteins to correct loading bias.

Statistical Analyses

Data were summarized as frequencies and proportions for categorical
variables and as medians and ranges for continuous variables.
Intrapatient mean differences were evaluated with the paired Wilcoxon
test. Intercohort mean differences were evaluated with the Mann-
Whitney U test. Survival analyses (ie, progression-free survival [PFS],
overall survival) were performed using the Kaplan-Meier method, and
differences between groups were evaluated by the log-rank test.
Survival for participants who were alive or lost to follow-up at the time of
last contact on or before data cutoff was censored at the date of the last
contact alive. Patients who were censored for PFS before 6-month PFS
(PFS6) determination were included in the calculation of the PFS6
proportion as patients who did not reach PFS6. For biomarker eval-
uation, categorical groups were explored while considering variable
distribution to evaluate the possible association with outcome using the
Fisher's exact test (PFS6) or the log-rank test (PFS, overall survival).
Differentially expressed proteins in pre- and post-treatment samples
were determined using Limma (Ritchie ME, et al: Nucleic Acids Res
43:e47, 2015), a software package used to perform differential ex-
pression analysis, and the R language (http://www.R-project.org). P=
.05 was set for statistical significance for all evaluations.
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FIG A1. Treatment schema. CR, complete response; GBM, glioblastoma; IHC, immunohistochemistry; MRI, magnetic resonance imaging; pAKT,
phosphorylated AKT; PD, progressive disease; PI3K, phosphatidylinositol 3-kinase; PR, partial response; SD, stable disease.
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FIG A2. Phosphatidylinositol 3-kinase pathway modulation as a result of buparlisib in tumor tissue in the control
cohort. Quantification of (A and B) phosphorylated AKT®*3 (pAKT®*”) and (C and D) phosphorylated S6 $235/
236 (pS6s235/236) immunohistochemistry staining in the surgical cohort. The control cohort consisted of seven
patients treated with standard of care for whom surgical resection of tumor tissue was performed at initial
diagnosis and recurrence. (B and D) Differences between groups were calculated using the paired Wilcoxon test.
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FIG A3. Phosphatidylinositol 3-kinase pathway modulation and changes in tumor cell proliferation as a result of
buparlisib in tumor tissue in cohort 1. (A and B) Quantification of phosphorylated S6 S235/236 (pS6s235/236)
immunohistochemistry staining and (C and D) tumor cell proliferation as assessed by the IHC proliferation marker
Ki-67 in the surgical cohort. (B and D) Differences between groups were calculated using the paired Wilcoxon test.
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FIG A4. Kaplan-Meier curves of (A) overall survival (OS) and (B) progression-free survival (PFS) in cohorts 1 and 2. IQR, interquartile range.
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FIG A5. Kaplan-Meier curves of overall survival (0S) and progression-free survival (PFS) by (A and B) IDH1/2 status, (C and D) PIK3CA/PIK3R1
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- 50 A PTEN mutant 9.3 (7.1-12.6) v 50 PTEN mutant 1.8 (1.3-3.6)
g PTEN wild type 12.1 (6.3-19.9) L PTEN wild type 1.8 (0.9-2.8)
Log-rank P=.38 o Log-rank P=.57
1 1
T T T T T T T T
0 20 40 60 80 0 5 10 15 20 25
Time (months) Time (months)
No. at risk (no. No. at risk (no.
censored) censored)
Mutant 17 (0) 3(M 1(1) (1 0(2) Mutant 17 (0) 3(M (1) o o(m o
Wild type 29 (0) 7 (0) 1(3) 1(3) 0(4) Wild type 29 (0) 4(1 (M (M (M 0(1)

status, and (E and F) PFS by PTEN status. Differences between groups were evaluated using the log-rank test. IQR, interquartile range.
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TABLE A1. Summary of the Response Assessment in Neuro-Oncology Response Criteria

Assessment CR PR SD PD

T1 Gd+ None = 50% decrease < 50% decrease to < 25% increase = 25% increase*
T2/FLAIR Stable or decrease Stable or decrease Stable or decrease Increase*®

New lesion None None None Present*
Corticosteroids None Stable or decrease Stable or decrease NA

Clinical status Stable or increase Stable or increase Stable or increase Decrease*
Requirement for response All All All Any*

Abbreviations: CR, complete response; NA, not applicable (increase in corticosteroids alone will not be taken into account in determining progression in the
absence of persistent clinical deterioration); PD, progressive disease; PR, partial response; SD, stable disease; T1 Gd+, gadolinium-enhancing lesion on T1
magnetic resonance imaging; T2/FLAIR, fluid-attenuated inversion recovery on T2 magnetic resonance imaging.

*Progression occurs when criterion is present.

TABLE A2. Buparlisib Pharmacokinetic Parameters
AUCo 5 1 (png - h/mL),

Day Cmax (ng/mL), Mean + SEM Tmax (h), Median (range) Mean + SEM
1 471 + 147 1.5 (1.5-5) 142 0.5
8 820 *= 192 1.5 (0.5-9) 3.27 + 143

Abbreviations: AUCq.5 , O- to 5-hour area under the curve; Cmax, maximum plasma concentration; Tmax, maximum time.

TABLE A3. Buparlisib Pharmacokinetic Parameters in Cohort 1
Cohort 1 (n = 15)

Time (hours) Presurgery Concentration (ng/mL)* Range
Predose 426 = 160 203-746
0.5 507 + 218 252-948
1.5 705 = 301 281-1,300
3 676 + 218 408-1,290
5 623 + 244 397-1,030

*Patients in the surgical cohort had presurgery sampling performed after 5 to 9 days of treatment with buparlisib.

Journal of Clinical Oncology
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TABLE A4. Reverse-Phase Protein Array Analysis of Buparlisib-Treated Contrast-Enhancing Tumors Versus Unrelated SOC-Treated Control Tumors

Protein Symbol Buparlisib Treated SOC Treated P

Cyclin-E1-M-V CCNE1 0.1172 —-0.0771 .0029
Mcl-1-R-V McCL1 0.2553 —0.2491 .0069
Cyclin-B1-R-V CCNB1 0.3047 -0.2241 .0168
RPA32-T-C RPA2 0.0824 —0.1633 .0194
D-a-Tubulin-R-V TUBA1A —-0.5775 0.0379 .0208
Akt_pT308-R-V AKT1 -0.2614 0.0723 .0219
Connexin-43-R-C CNST43 —1.1597 0.3410 .0244
elF4G-R-C EIF4G1 0.3188 —-0.3195 .0340
HSP27_pS82-R-V HSBP1 0.2195 —-0.2570 .0371
Rb_pS807_S811-R-V RB1 —0.5456 0.1168 .0401
Annexin-I-M-V ANXAT1 0.6267 —0.1652 .0403
Hif-1-alpha-M-C HIF1A —0.0044 0.1676 .0444
JNK2-R-C MAPK9 —0.0820 0.0755 .0619
p38-MAPK-R-V MAPK14 0.2682 —0.2081 0622
p38_pT180_Y182-R-V MAPK14 —0.3590 —-0.0877 2718
MAPK_pT202_Y204-R-V MAPK3 -0.1771 0.1634 .0850
p44-42-MAPK-R-V MAPK3 —0.2158 —0.1204 6713
JNK_pT183_Y185-R-V MAPK8 0.1351 0.0227 3315
MEK1-R-V MAP2K1 -0.3323 —0.1404 4235
MEK1_pS217_S221-R-V MAP2K1 —0.0759 —0.0575 7944
RSK-R-C RPS6KA1 —0.2927 —0.0392 1175
p70-S6K_pT389-R-V RPS6KB1 —0.0628 —-0.1197 8281
S6_pS235_S236-R-V RPS6 0.1864 -0.2722 .1689
S6_pS240_S244-R-V RPS6 0.0869 —-0.2706 2182
S6-M-V RPS6 0.1897 —-0.1757 3136
p9ORSK_pT573-R-C RPS6K —-0.0128 —-0.0574 8178
Akt_pS473-R-V AKT1 —0.3848 0.0711 .2000

NOTE. Differences in pre- and post-treatment protein expression in each group were evaluated using Limma (Ritchie ME, et al: Nucleic Acids Res 43:e47,
2015). Selected proteins and proteins that showed statistically significant changes between buparlisib-treated (contrast-enhancing regions) and unrelated
control tumors that underwent SOC (radiation therapy and temozolomide) are shown.

Abbreviation: SOC, standard of care.
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PURPOSE Diffuse gliomas are malignant brain tumors that include lower-grade gliomas (LGGs) and glioblastomas.
Transformation of low-grade glioma into a higher tumor grade is typically associated with contrast enhancement
on magnetic resonance imaging. Mutations in the isocitrate dehydrogenase 1 (/DH1) gene occur in most LGGs (>
70%). Ivosidenib is an inhibitor of mutant IDH1 (mIDH1) under evaluation in patients with solid tumors.

1oRIISqQR

METHODS We conducted a multicenter, open-label, phase |, dose escalation and expansion study of ivosidenib
in patients with m/DH1 solid tumors. Ivosidenib was administered orally daily in 28-day cycles.

RESULTS In 66 patients with advanced gliomas, ivosidenib was well tolerated, with no dose-limiting toxicities
reported. The maximum tolerated dose was not reached; 500 mg once per day was selected for the expansion
cohort. The grade = 3 adverse event rate was 19.7%; 3% (n = 2) were considered treatment related. In patients
with nonenhancing glioma (n = 35), the objective response rate was 2.9%, with 1 partial response. Thirty of 35
patients (85.7%) with nonenhancing glioma achieved stable disease compared with 14 of 31 (45.2%) with
enhancing glioma. Median progression-free survival was 13.6 months (95% Cl, 9.2 to 33.2 months) and
1.4 months (95% ClI, 1.0to 1.9 months) for the nonenhancing and enhancing glioma cohorts, respectively. Inan
exploratory analysis, ivosidenib reduced the volume and growth rates of nonenhancing tumors.

CONCLUSION In patients with m/DH1 advanced glioma, ivosidenib 500 mg once per day was associated with
a favorable safety profile, prolonged disease control, and reduced growth of nonenhancing tumors.

J Clin Oncol 38:3398-3406. © 2020 hy American Society of Clinical Oncology
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hypermethylation, persist throughout the disease,
and are associated with a better prognosis com-
pared with /DH wildtype gliomas of the same tumor
grade.®'® Cancer-associated /DH1/2 mutations lead
to the abnormal production of the oncometabolite
D(-)-2-hydroxyglutarate (2-HG),'®'” which inhibits
a-ketoglutarate—dependent enzymes, resulting in

Creative Commons Attribution Non-Commercial No Derivatives 4.0

INTRODUCTION

Diffuse gliomas represent the most common malignant
primary brain tumor in adults and include glioblastoma
(GBM) and WHO grade 2 and WHO grade 3 tumors.
The latter are referred to as lower-grade gliomas (LGGs).
LGGs grow at a slower rate, but eventually “transform”
into a higher tumor grade.! Patients with LGGs with
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long-term disease control suffer from treatment-related
symptoms, including radiation-induced cognitive
changes.?® Brain magnetic resonance imaging (MRI)
plays a central role in disease monitoring.®” Malignant
transformation of LGGs is often associated with the
appearance of contrast enhancement.

Mutations in the isocitrate dehydrogenase 1 (IDH1I)
gene, and less commonly in the IDH2 gene, are found
in more than 70% of LGGs.®2 IDH mutant (m/DH)
gliomas have emerged as a separate glioma entity with
a distinct molecular pathogenesis. /DH mutations in
glioma occur early during tumor development, cluster
in key arginine residues within the enzyme’s active
site, are associated with a distinctive pattern of DNA

3398 Volume 38, Issue 29

tumorigenesis.'&2°

The contribution of mIDH enzymes to the growth of
established cancers remains incompletely understood.
Inhibition of the mIDH enzyme reduced tumor cell
proliferation in experimental models of m/DH leukemia
and m/DH glioma.?"2? In clinical trials for patients with
advanced acute myeloid leukemia, another human
cancer harboring /DH mutations,?*2* the first-in-class,
Food and Drug Administration—approved inhibitors of
mIDH2 (enasidenib) and mIDH1 (ivosidenib) induced
clinical and molecular remissions.?®2¢

We designed a multicenter, open-label, phase | dose
escalation and expansion study of ivosidenib in pa-
tients with m/DH1 advanced solid tumors. Data from

Journal of Clinical Oncology-
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CONTEXT

Key Objectives

To determine safety and tolerability of oral ivosidenib as a single agent in patients with glioma and to determine the
recommended phase Il dose.

Knowledge Generated

Ivosidenib was well tolerated, with no dose-limiting toxicities. 500 mg once per day was selected for the expansion cohort. In
exploratory analyses, ivosidenib reduced the growth of honenhancing tumors.

Relevance

Our findings point toward an important contribution of the mutant IDH1 enzyme to the growth of m/DH1 LGGs. Further
evaluation of mIDH inhibitors for the treatment of m/DH LGGs appears warranted.

cholangiocarcinoma and chondrosarcoma cohorts have
been reported.?’?® Here we report results for the advanced
glioma cohort in the phase | study, including LGG and GBM.

METHODS
Study Design

This phase |, multicenter, open-label study comprised
a dose escalation and a dose expansion phase (Data
Supplement, online only). The primary objectives were to
assess the safety and tolerability of oral ivosidenib as
a single agent and to determine the maximum tolerated
dose or recommended phase Il dose of ivosidenib in pa-
tients with solid tumors. Secondary objectives included
evaluation of dose-limiting toxicities (DLTs) during cycle 1
of dose escalation, pharmacokinetic and pharmacody-
namic findings (reported elsewhere®), and characteriza-
tion of preliminary clinical response. DLTs were defined as
any grade = 3 event reported to be at least possibly related
to ivosidenib. The data reported here are from patients with
glioma who were enrolled in both phases.

Patients underwent baseline screening evaluations within
28 days before study day 1. Dose escalation was performed
using a 3+3 design, with patients enrolled into sequential
3-patient cohorts of increasing doses from 100 mg twice per
day (200 mg/d) to 1,200 mg once per day. Treatment with
ivosidenib was continuous; 1 cycle was defined as 28 days.

Patients

Eligible patients included men and women = 18 years of
age with an Eastern Cooperative Oncology Group perfor-
mance status of O to 1 and an expected survival of = 3
months. All patients had an established diagnosis of
m/DH1 glioma that had recurred after, or not responded
to, initial surgery, radiation, or chemotherapy. IDHI1 mu-
tation status was based on local laboratory testing with
retrospective central confirmation. Because this study was
initiated before the most recent revision of the WHO
Classification of Tumors of the Central Nervous System,*°
we used the 2007 classification.®!

Journal of Clinical Oncology

Transformation of LGGs to a higher tumor grade is fre-
quently associated with the appearance of tumor contrast
enhancement on T1-weighted brain MRI. For the dose
expansion phase, patients were therefore separated into 2
cohorts on the basis of the presence or absence of tumor
contrast enhancement at the time of enrollment according
to the investigator. The “nonenhancing” glioma cohort
comprised patients with m/DH1 glioma that had progressed
within 12 months before enrollment and did not enhance
on T1-weighted postgadolinium MRI. Patients in this cohort
required at least 3 full sets of “historical” MRI examinations
(not including screening), each separated by at least 2
months, and were ineligible if they had had surgery or ra-
diation therapy within 6 months of enroliment. The second
cohort comprised patients with progressive m/DH1 gliomas
who did not meet these criteria.

Study Oversight

The study was designed by the sponsor in collaboration
with the lead investigators. Clinical data were generated by
investigators and research staff at each participating site.
Safety data were reviewed at regular intervals by study
investigators and the sponsor. All authors vouch for the
accuracy and completeness of the data and analyses and
for the adherence of the study to the protocol. The study
was conducted in accordance with the principles of the
Declaration of Helsinki and Good Clinical Practice guide-
lines. The protocol was approved by relevant institutional
review boards or ethics committees at each site. Written
informed consent was provided by all the patients before
screening and enrollment.

Study Assessments

Toxicity was evaluated by the collection of adverse events
(AEs), serious AEs, and AEs leading to discontinuation,
graded according to the National Cancer Institute Common
Terminology Criteria for Adverse Events v4.03. Treatment
efficacy was assessed by investigators using MRI every 2
cycles (56 * 3 days) according to Response Assessment in
Neuro-Oncology (RANO) criteria for high-grade gliomas®

3399
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for all patients in the dose escalation phase and for those
with enhancing glioma in the expansion phase. For patients
with nonenhancing glioma in the expansion cohort, re-
sponse was assessed using the RANO criteria for LGG
(RANO LGG).*® End points included best overall response
and objective response rate (defined as complete response
plus partial response plus minor response). Progression-
free survival (PFS) was defined as the interval from first
dose to disease progression or death.

TABLE 1. Baseline Characteristics of All Patients With Glioma
Characteristic

Exploratory Assessments

Tumor growth rate was assessed by volume in the non-
enhancing glioma expansion cohort. Tumor volume mea-
surements were performed at the same visits as the
RANO assessments using either 2-dimensional T2-weighted
images, 3-dimensional T2-weighted images, or fluid-
attenuated inversion recovery (FLAIR) images in compliance
with the international standardized brain tumor imaging pro-
tocol.>* All patients needed at least 3 “historical” pretreatment

Treated Patients With Glioma, Total (n = 66)

Median age, years (range) 41.0 (21-71)
Female sex 25 (37.9)
ECOG performance status at baseline
0 30 (45.5)
1 36 (54.5)
Tumor type at screening
Oligodendroglioma 23 (34.8)
Astrocytoma 19 (28.8)
Oligoastrocytoma 12 (18.2)
Glioblastoma 12 (18.2)
Tumor grade (WHO) at screening
2 32 (48.5)
8 18 (27.3)
4 12 (18.2)
Unknown 4(6.1)

1p/19q codeleted, No. of total No. (% of those tested)

18 of 54 (33.3)

Mutated ATRX protein, No. of total No. (% of those tested)

23 of 25 (92.0)

Patients with prior radiotherapies 49 (74.2)
Patients with prior systemic therapy 50 (75.8)
Median No. of prior systemic therapies, range 2.0 (1-6)
Temozolomide 48 (72.7)
Procarbazine plus lomustine plus vincristine 8 (12.1)
Bevacizumab 10 (15.2)
Median time since last systemic therapy, months (range) 3.7 (0.7-139.5)
Median duration of last systemic therapy, months (range) 7.0 (0.0-36.0)
Receiving anticonvulsant therapy 53 (80.3)
IDH1 genotype
R132H 57 (86.4)
R132C 1(1.5)
R132G 1(1.5)
R132S 1(1.5)
R132 (unknown) 5 (7.6)
Other 1(1.5)

NOTE. Data are presented as No. (%) unless indicated otherwise.

Abbreviations: ATRX, alpha-thalassemia mental retardation syndrome X-linked; ECOG, Eastern Cooperative Oncology Group; /DH1, isocitrate

dehydrogenase 1.
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MRIs, each separated by = 2 months, acquired with = 5-mm
slice thickness and up to 1-mm interslice gap. Tumor volumes
were segmented using a semiautomated approach by an
imaging contract research organization (MedQIA, Los Angeles,
CA). A centralized review of coregistered MRIs was also per-
formed. In a post hoc exploratory analysis, the tumor growth
rate after treatment versus before treatment was determined
using a linear mixed-effects model.* Using this model, the
percentage change in tumor volume per 6 months was derived
from the slope estimates from the mixed-effects model, ad-
justed for 6 months.

Exploratory assessments also included confirmation of
baseline m/DH1 status and identification of co-occurring
mutations. Archival formalin-fixed paraffin-embedded sam-
ples were collected for analysis by next-generation se-
quencing using the FoundationOne panel (Foundation
Medicine, Cambridge, MA),® which includes 361 genes.
Foundation Medicine provides a “known/likely oncogenic”
call to identify known or likely oncogenic variants on the basis
of current literature and likely somatic status of the variant.

Statistical Analysis

The safety analysis set comprised all patients with glioma
who received at least 1 dose of study treatment. Patients
who had received at least 1 dose of ivosidenib were in-
cluded in the efficacy analysis. Efficacy results are reported
separately for contrast-enhancing and nonenhancing tu-
mors, and they combine the dose escalation and dose
expansion cohorts. Descriptive statistics are reported for
safety outcomes and other clinical parameters. PFS was
estimated using Kaplan-Meier methods, and medians with

TABLE 2. Adverse Events Occurring in = 10% of Patients With Glioma

Ivosidenib 500 mg All Treated Patients

Once per Day (n = 50) (N = 66)
Event Any Grade Grade =3 Any Grade Grade >3
Any adverse event 48 (96.0) 7 (14.0) 63(95.5) 13(19.7)
Headache 19 (38.0) 1(20) 26 (39.4) 3(45)
Fatigue 14 (280) O 15(22.7) O
Nausea 10(200) O 15(227) O
Vomiting 8(16.00 0 13(19.7) O
Seizure 8(16.0) 2(4.0) 12 (182) 2(3.0)
Diarrhea 10 (20.0) O 11(16.7) O
Aphasia 5(100) O 10 (15.2) 0
Hyperglycemia 7(140) 1(20) 10(15.2) 1(1.5)
Neutrophil count decreased 5(100) O 8(12.1) 1(1.5)
Depression 5(10.0) O 7 (10.6) 0
Hypophosphatemia 6(12.00 2(4.0) 7 (10.6) 2 (3.0)
Paresthesia 5(10.0) O 7 (10.6) 0

NOTE. Data are presented as No. (%). Adverse events occurring in = 10% of all

66 patients

are shown; percentages indicated for 500 mg once per day and all

treated are based on the respective No. for each category.

Journal of Clinical Oncology

associated 95% Cls were calculated. Statistical analyses
were carried out (by L.J.) using SAS software version 9.3
or higher. Association of baseline gene or pathway muta-
tion status and PFS was assessed using the log-rank test.

RESULTS
Patients

This study was initiated in March 2014 across 12 study
sites in the United States and one in France, and 168
patients with m/DH1 solid tumors were enrolled, including
66 with glioma. At the data cutoff date (January 16, 2019),
enrollment was complete, and the study was ongoing.
Twelve of 66 patients (18.2%) had GBM; the remainder
had LGGs. The median number of prior systemic therapies
was 2 (range, 1 to 6) and included temozolomide (48 of 66
patients); combination procarbazine, lomustine, and vin-
cristine (eight of 66 patients); and bevacizumab (10 of 66
patients). Forty-nine of 66 patients had received prior ra-
diotherapy (Table 1).

Twenty patients were treated in the dose escalation phase,
and 46 were treated in the dose expansion phase (24 with
nonenhancing disease). In the dose escalation phase, pa-
tients received ivosidenib doses of 100 mg twice per day
(n = 1), 300 mg once per day (n = 6), 500 mg once per day
(n = 4), 600 mg once per day (n = 5), and 900 mg once per
day (n = 4). Fifty patients received 500 mg once per day (4
in dose escalation and all 46 patients in dose expansion). At
the data cutoff date, 15 patients (22.7%) were still receiving
treatment and 51 (77.3%) had discontinued; all but one
discontinued for disease progression (Data Supplement).

Safety

No DLTs were reported, and the maximum tolerated dose
was not reached. A dose of 500 mg once per day was
selected for expansion on the basis of the pharmacokinetic/
pharmacodynamic data from all solid tumor cohorts, in-
cluding less-than-dose-proportional increases in exposure
and maximum suppression of plasma 2-HG at 500 mg in
patients with nonglioma solid tumors, as well as the safety
profile and preliminary clinical activity observed in the dose
escalation phase. Plasma 2-HG was not elevated above
normal levels in patients with glioma.?®

Most patients (63 of 66 [95.5%]) experienced at least 1 AE
of any grade or causality. The most common AEs (= 10%)
were headache (39.4%), nausea (22.7%), fatigue (22.7%),
vomiting (19.7%), seizure (18.2%), diarrhea (16.7%),
hyperglycemia (15.2%), aphasia (15.2%), neutrophil
count decreased (12.1%), depression (10.6%), hypo-
phosphatemia (10.6%), and paresthesia (10.6%; Table 2;
Data Supplement). Grade = 3 AEs were observed in 13 of
66 patients (19.7%). These included headache (4.5%),
hypophosphatemia (3.0%), and seizure (3.0%; Table 2;
Data Supplement). Treatment-related AEs were observed
in 39 of 66 patients (59.1%); most were grade 1 or grade 2.
The most common treatment-related AEs of any grade were
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fatigue (13.6%), decreased neutrophil count (12.1%), and
diarrhea (10.6%; Data Supplement). Grade = 3 treatment-
related AEs were reported in 2 patients (neutropenia, de-
creased weight, hyponatremia, and arthralgia). Serious AEs
were reported for 11 patients (16.7%), but none were
considered related to treatment. No patients discontinued
study treatment owing to an AE. Eight patients (12.1%) had
a dose interruption because of an AE; no patients required
dose reduction for AEs. Two patients (3.0%) died within
30 days of the last dose (unrelated to AEs; both had en-
hancing glioma and both had received ivosidenib 500 mg
once per day). There were no clinically meaningful changes
in hematology parameters, coagulation parameters, vital
signs, physical examination assessments, left ventricular
ejection fraction, or Eastern Cooperative Oncology Group
performance status.

Investigator-Reported Response

All 66 patients in the dose escalation and dose expansion
phases were evaluable for efficacy. According to the in-
vestigator’s assessment of response, 1 patient had a partial
response, 44 patients (66.7%) had a best response of
stable disease, and 21 patients (31.8%) had a best re-
sponse of progressive disease.

As of the data cutoff, patients with nonenhancing tumors
had a median treatment duration of 18.4 months (range,
1.4-47.2 months) compared with a treatment duration of
1.9 months (range, 0.4-39.9 months) for patients with
enhancing tumors. Fifteen (22.7%) remained on treatment
(Figs 1A and 1B). In patients with measurable disease at
baseline, tumor measurements decreased from baseline in
22 of 33 nonenhancing tumors (66.7%) and in 9 of 27

Nonenhancing Enhancing
- =PD =SD = PR [ =PD =SD
= > First response  —Ongoing O Progression — Ongoing O Progression
= T T T T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Treatment Duration (months) Treatment Duration (months)
D 1 -
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i 1 L**“*** 1 ® 'E. 0.8 —— Enhancing overall
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= 0.7 A
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g -g 0.6
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FIG 1. Clinical activity and efficacy of ivosidenib in patients with glioma. (A) Time receiving ivosidenib for the 35 patients with nonenhancing glioma. Twelve
patients remain on treatment as of the data cutoff. (B) Time receiving ivosidenib for the 31 patients with enhancing glioma. Three patients remain on treatment as
of the data cutoff. (C) Best response in evaluable patients with measurable disease (27 enhancing and 33 nonenhancing), expressed as the percent change in
sum of products of the diameters from the target lesions at start of treatment. (D) Investigator-assessed progression-free survival according to glioma type for all
evaluable patients with glioma (n = 66). Tick marks indicate censored data. PD, progressive disease; PR, partial response; SD, stable disease. (*) Lesion growth
> 100%. (1) Two patients with enhancing disease had decreases of > 50% that were not confirmed and are indicated as SD.
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TABLE 3. Investigator-Reported Best Overall Response in Efficacy-Evaluable Patients

Response

RANO Criteria

RANO LGG Criteria

Enhancing (n = 31)

Nonenhancing Escalation (n = 11)

Nonenhancing Expansion (n = 24)

Best overall response, No. (%)

Complete response 0 0 0

Partial response 0 0 1(4.2)

Minor response 0 0 0

Stable disease 14 (45.2) 9 (81.8) 21 (87.5)

Progressive disease 17 (54.8) 2(18.2) 2(8.3)
Objective response rate,? No. (%) [95% CII° 0 0 1(4.2) [0.1to 21.1]

NOTE. Includes patients who had baseline and postbaseline response assessments or discontinued prematurely.
Abbreviations: LGG, lower-grade gliomas; RANO, Response Assessment in Neuro-Oncology.

2Complete response, partial response, or minor response.
"95% 2-sided exact binomial CI.

enhancing tumors (33.3%; Fig 1C). The patient with
a partial response had a nonenhancing tumor and received
ivosidenib 500 mg once per day. The majority of patients
had disease control, with a best response of stable disease
observed in 30 of 35 patients with nonenhancing tumors
(85.7%) and 14 of 31 patients with enhancing tumors
(45.2%; Table 3). The median PFS times were 13.6 months
(95% Cl, 9.2 to 33.2 months) and 1.4 months (95% ClI, 1.0
to 1.9 months) for the nonenhancing and enhancing glioma
cohorts, respectively, across all doses (Fig 1D). PFS curves for
patients receiving 500 mg were similar (Data Supplement).

Exploratory Evaluation of Tumor Genetics

We examined tumor genetic profiles by targeted se-
quencing for 15 patients with enhancing glioma and for 16
with nonenhancing glioma. In the nonenhancing glioma
group, the presence of genetic alterations in cell cycle
pathway genes was associated with shorter PFS (P < .001;
Data Supplement).

Exploratory Evaluation of Tumor Volume Growth Rates

We supplemented the investigator-based assessment of
tumor response with a quantitative evaluation of tumor
volumes before and during treatment with ivosidenib for all
24 patients in the nonenhancing expansion cohort. As
defined by the study protocol, this analysis included at least
3 brain MRIs before enrollment, each separated by at least
2 months. No patient had received surgery or radiation within
6 months before enrollment. In total, this analysis included
239 MRI scans from 24 patients, including 63 historical
MRIs. The estimated tumor growth rate per 6 months was
26% (95% Cl, 9% to 46%) in the pretreatment period and
9% (95% Cl, 1% to 20%) with ivosidenib (Data Supple-
ment). The percentage change of tumor growth rate after
treatment versus before treatment estimated from the model
was —14% (95% Cl, -25% to -0.4%).

We also performed a centralized review of MRIs after image
coregistration to minimize scan-to-scan variability related to

Journal of Clinical Oncology

head tilt.*” Figure 2 and Data Supplement show brain MRIs
and manually segmented tumor volume growth curves for
selected patients with nonenhancing glioma. Patient 1 had
an anaplastic oligodendroglioma that was initially treated
with surgery, radiation, and temozolomide. Following this
initial tumor therapy, the patient was off therapy for 3 years
and developed a slowly progressive T2/FLAIR signal ab-
normality. Visual inspection of coregistered images and
volume growth curves showed tumor shrinkage after the
initiation of ivosidenib (Fig 2A). Despite a best response of
stable disease according to the investigator, this patient
subsequently achieved partial response by RANO LGG.
Patient 2 had an astrocytoma and had undergone tumor
resection 6 years before enrollment and had received no
additional therapy in the interim. MRIs demonstrated an
increase in tumor volume before enrollment. Visual in-
spection of coregistered images and volume growth curves
showed tumor shrinkage after initiation of ivosidenib
(Fig 2B). Best response by investigator for this patient was
stable disease. Patient 3 had an oligodendroglioma di-
agnosed 4 years before enrollment and was observed
without additional therapy since the initial surgery. Treat-
ment with ivosidenib resulted in reduction of tumor volumes
(Fig 2C). Best response by investigator for this patient was
stable disease. Patient 4 had an oligodendroglioma di-
agnosed by biopsy 8 years before enrollment, was initially
treated with surgery and 1 year of temozolomide, and then
was observed for 7 years without additional therapy. The
gradual increase in tumor volume before enroliment sta-
bilized after initiation of ivosidenib (Fig 2D). Best response
by investigator for this patient was stable disease. All of
these patients were receiving ivosidenib at the time of
analysis.

DISCUSSION

The majority of human LGGs harbor /DH mutations.*°
Standard treatment of LGG consists of radiation and che-
motherapy. There are no approved molecularly targeted
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therapies for LGG, and /DH mutations represent a novel
opportunity for early therapeutic intervention. Our study
shows that continuous daily oral therapy with ivosidenib
was well tolerated and was not associated with DLTs in
patients with advanced m/DH1 glioma. An ivosidenib
dose of 500 mg once per day was selected for the
expansion phase.

The median PFS for patients with nonenhancing gliomas
in our study compares favorably to that reported for temo-
zolomide in advanced m/DH1 LGG (approximately 7
months).*® However, comparisons with earlier LGG studies,
and in particular retrospective single-center studies, should
be made with caution because these studies often in-
cluded patients with both /DH wildtype and m/DH LGGs
and used variable definitions of disease progression (ie,
treatment-naive progressive disease v progression after
standard therapy).>® More direct evidence for the anti-
tumor activity of ivosidenib in m/DH LGG stems from our
exploratory analysis of tumor volumes, which documented
shrinkage in several patients. Compared with conventional
2-dimensional measurements, tumor volume measure-
ments that incorporate changes in tumor growth rates may

3404 © 2020 by American Society of Clinical Oncology

FIG 2. (A-D) Examples of brain magnetic resonance images and manually segmented tumor volume growth curves in 4 patients with nonenhancing glioma
treated with ivosidenib. IVO, ivosidenib; Tx, treatment with ivosidenib.

represent the diffuse intracranial growth of LGG with greater
confidence and accuracy,”4° but broader implementation
of this approach for LGG will require harmonization of
image acquisition and analysis,>**! as well as regulatory
guidance.

Despite the heterogeneous patient population in our trial,
the nonrandomized design, and the lack of central pa-
thology review, the data from our trial suggest that ivosi-
denib has greater activity against nonenhancing gliomas
than against enhancing gliomas. This finding may seem
surprising because the absence of contrast enhancement
is typically associated with impaired drug delivery. In
a perioperative clinical trial (ClinicalTrials.gov identifier:
NCT03343197), we recently observed that ivosidenib (at
500 mg once per day orally) reduces intratumoral 2-HG
levels in nonenhancing gliomas by > 90%* and is asso-
ciated with objective responses. We hypothesize that ivo-
sidenib may be more effective in nonenhancing gliomas
because these tumors represent an earlier disease stage
with fewer genetic alterations, reminiscent of the greater
antitumor activity of the BCR-ABL inhibitor imatinib in
earlier stages of chronic myeloid leukemia.*>** In support

Volume 38, Issue 29

Downloaded from ascopubs.org by 31.34.66.224 on October 18, 2020 from 031.034.066.224
Copyright © 2020 American Society of Clinical Oncology. All rights reserved.

Université Paris-Saclay

Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



Ivosidenib in Glioma

of this hypothesis, we found that the presence of genetic
alterations in cell cycle genes (lesions that are associated
with LGG progression)®“® was associated with shorter PFS
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CONCLUSIONS

En conclusion, nos travaux rapportés dans '4rticle 1 ' permettent une meilleure caractérisation
clinique et biologique des deux voies principales conduisant a I'hypermutation dans les gliomes (i.e.
voie de novo associée a des anomalies constitutionnelles du systtme MMR ou des genes des
polymérases ; voie post-traitement, plus fréquente, retrouvée dans les gliomes les plus
chimiosensibles en récidive aprés témozolomide). Nous montrons que l'hypermutation post-
traitement résulte de dommages a 'ADN induits par le témozolomide dans des cellules MMR-
déficientes et que celle-ci représente un nouveau biomarqueur de résistance acquise au témozolomide.
En comparaison a d'autres cancers MMR-déficients, nous montrons que les gliomes hypermutés
MMR-déficients présentent des caractéristiques uniques (e.g. mauvais pronostic, absence de
phénotype MSI, caractere sous-clonal et tardif de I'hypermutation) s'associant a 1'absence fréquente
de réponse aux traitements par ICI. A l'inverse, nous rapportons dans 1'4rticle 2 *° un cas de réponse
spectaculaire aux traitements par ICI chez un patient avec méningiome agressif hypermuté et MMR-
déficient. Ceci indique I'existence de différences importantes dans les mécanismes déterminant la
réponse aux ICI entre différentes tumeurs du SNC, selon leur localisation, cellules d'origine et voies
d'oncogenése, et leurs interactions avec le microenvironnement immunitaire. Ces différences font
l'objet de travaux actuellement en cours au sein de 1'équipe, avec comme objectifs d'identifier : 1) de
meilleurs biomarqueurs permettant de sélectionner les patients les plus susceptibles de bénéficier des
ICI, et ii) de nouvelles stratégies de combinaison visant a contourner les mécanismes de résistance a

lI'immunothérapie mis en jeu dans les gliomes.

Le développement des thérapies ciblées dans les gliomes malins a été¢ grevé par les échecs de
trés nombreux essais cliniques, ce malgré la présence de candidats moléculaires récurrents et
potentiellement ciblables (voir Article 3 *' pour une revue de la littérature et discussion sur les facteurs
expliquant potentiellement ces échecs). Ceci a conduit a remettre en question le concept de médecine
de précision dans les gliomes malins. Les résultats que nous rapportons dans les Articles 4, 5 et 7%
3 apportent la preuve que certains sous-types rares de gliomes malins peuvent bénéficier de tels
traitement (i.e. gliomes avec mutations activatrices BRAF, gliomes avec mutations /DH1/2, gliomes

avec géne de fusion ATG7-RAFI). Nous illustrons par ailleurs dans I'4rticle 6 ** I'intérét majeur de
Université Paris-Saclay

Espace Technologique / Immeuble Discovery

Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



nouvelles méthodologies d'essais cliniques incluant des bras chirurgicaux au cours du développement
précoce de nouvelles thérapies visant 8 documenter de fagcon systématique : 1) la pénétration cérébrale
intraparenchymateuse des agents expérimentaux, et ii) leurs effets pharmacodynamiques sur les
cellules tumorales. De tels essais sont en effet de nature a apporter des informations clés sur le
caractere ciblable ou non des principales anomalies moléculaires retrouvées dans les gliomes (e.g.
amplification de I'EGFR), et sur les mécanismes de résistance potentiels. Nos observations supportent
leur mise en place de fagon plus systématique avant la progression vers des essais randomisés de plus
grande envergure. A terme, nous anticipons que ces nouveaux essais permettront d'identifier les
stratégies de combinaisons qui permettront de contourner les multiples mécanismes de résistance mis

en jeu dans les gliomes malins, barriére principale au progres thérapeutique dans ces pathologies.

Collectivement, nos travaux supportent un changement dans la pratique clinique visant a élargir
les applications du séquencage tumoral, non seulement pour le diagnostic histomoléculaire, mais
¢galement pour l'identification de modifications génétiques associées a une résistance ou une réponse
aux chimiothérapies et aux thérapies ciblées. Compte tenu de l'adaptation rapide des cellules de
gliomes aux traitements les plus efficaces, cette pratique implique le développement de nouveaux
biomarqueurs, peu invasifs, qui pourront étre utilisés de fagon longitudinale pour monitorer la réponse

au traitement et anticiper la récidive.
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CONCLUSIONS

In conclusion, our findings reported in Article 1

advance the clinical and biological
characterization of the two main pathways leading to hypermutation in gliomas (ie de novo pathway
associated with constitutional defects in the MMR pathway or polymerase genes; post-treatment
pathway, more common, found in the most chemosensitive gliomas recurring after temozolomide).
We show that post-treatment hypermutation results from DNA damage induced by temozolomide in
MMR-deficient cells and that post-treatment hypermutation represents a new biomarker of acquired
resistance to temozolomide. We show that MMR-deficient hypermutated gliomas present unique
characteristics when compared to other MMR-deficient cancers (eg poor prognosis, lack of classic
MSI phenotype, subclonal and late burst of hypermutation) associated with the frequent lack of
response to ICI treatments. By contrast, we report in Article 2 * a case of a spectacular response to
ICI in a patient with aggressive hypermuted and MMR-deficient meningioma. This suggests the
existence of important differences in the determinants of the response to ICI between different CNS
tumors, depending on their location, cells of origin and pathways of oncogenesis, and their
interactions with the immune microenvironment. These differences are the subject of works currently
underway within the team, with the aim of identifying: i) new biomarkers improving the selection of
the patients most likely to benefit from ICKs, and ii) new combination strategies aimed at bypassing

the mechanisms of resistance to immunotherapy involved in gliomas.

The development of targeted therapies in malignant gliomas has been hampered by the failures
of a large number of clinical trials, despite the presence of recurrent and potentially targetable
molecular candidates (review of the literature and discussion of the factors potentially explaining
these failures in Article 3 *'). This has led to questioning the concept of precision medicine in

malignant gliomas. The results reported in Articles 4, 5 and 7 >

provide the proof of principle that
certain rare subtypes of malignant gliomas may benefit from such treatment (ie gliomas with BRAF
activating mutations, gliomas with I/DH1/2 mutations, gliomas with ATG7-RAFI fusion gene). We
also illustrate in Article 6 ** the key potential of new early clinical trial designs that include surgical
arms aimed at systematically documenting: i) the intraparenchymal cerebral penetration of

experimental agents, and ii) their pharmacodynamic effects on tumor cells. Such trials are likely to
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provide key information on whether the main molecular abnormalities found in gliomas (e.g. EGFR
amplification) are targetable, as well as providing insights on potential resistance mechanisms. Our
observations support their implementation in a more systematic way before the progression to larger
randomized trials. Ultimately, we anticipate that these new trials enable the identification of novel
combination strategies that will bypass the multiple resistance mechanisms involved in malignant

gliomas, the main barrier to therapeutic progress in these cancers.

Collectively, our work supports a shift in clinical practice aimed at expanding the applications
of tumor sequencing, not only for histomolecular diagnosis, but also for the identification of genetic
changes associated with resistance or response to chemotherapy and targeted therapy. Given the rapid
adaptation of glioma cells to the most effective treatments, this practice will require the development
of new, minimally invasive biomarkers that can be used longitudinally to monitor the response to

treatment and anticipate recurrence.
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Résumé : Une élévation majeure de la charge mutationnelle
(hypermutation) est observée dans certains gliomes. Néanmoins,
les mécanismes de ce phénomeéne et ses implications thérapeu-
tiques notamment concernant la réponse a la chimiothérapie ou a
l'immunothérapie sont encore mal connus. Sur le plan du méca-
nisme, une association entre hypermutation et mutations des
genes de la voie de réparation des mésappariements de I'ADN
(MMR) a été rapportée dans les gliomes, cependant la plupart des
mutations MMR observées dans ce contexte n'étaient pas fonc-
tionnellement caractérisées, et leur role dans le développement
d’hypermutation restait de ce fait incertain. De plus, I'impact de
I'hypermutation sur l'immunogénicité des cellules gliales et sur
leur sensibilité au blocage des points de contrdles immunitaires
(par exemple par traitement anti-PD-1) n’est pas connu. Dans
cette étude, nous analysons de maniére exhaustive les détermi-
nants cliniques et moléculaires de la charge et des signatures mu-
tationnelle dans 10 294 gliomes, dont 558 (5,4%) tumeurs hyper-
mutées. Nous identifions deux principales voies responsables
d'hypermutation dans les gliomes : une voie "de novo" associée
a des déficits constitutionnels du systétme MMR et de la polymé-
rase epsilon (POLE), ainsi qu'une voie "post-traitement", plus
fréquente, associée a l'acquisition de déficits MMR et de résis-
tance secondaire dans les gliomes récidivant aprés chimiothéra-
pie par témozolomide. Expérimentalement, la signature muta-
tionnelle des gliomes hypermutés post-traitement

(signature COSMIC 11) était reproduite par les dommages in-
duits par le témozolomide dans les cellules MMR déficientes.
Alors que le déficit MMR s'associe a 1'acquisition de résistance
au témozolomide, des données cliniques et expérimentales
suggérent que les cellules MMR déficientes conservent une
sensibilité a la nitrosourée lomustine. De fagon inattendue, les
gliomes MMR déficients présentaient des caractéristiques
uniques, notamment l'absence d'infiltrats lymphocytaires T
marqués, une hétérogénéité intratumorale importante, une sur-
vie diminuée ainsi qu’un faible taux de réponse aux traite-
ments anti-PD-1. De plus, alors que l'instabilité des microsa-
tellites n'etait pas détectée par des analyses en bulk dans les
gliomes MMR déficients, le séquengage du génome entier a
1'échelle de la cellule unique de gliome hypermuté post-traite-
ment permettait de démontrer la presence de mutations des mi-
crosatellites. Collectivement, ces résultats supportent un mo-
dele dans lequel des spécificités dans le profil mutationnel des
gliomes hypermutés pourraient expliquer I’absence de recon-
naissance par le systéme immunitaire ainsi que 1’absence de
réponse aux traitements par anti-PD-1 dans les gliomes MMR
déficients. Nos données suggérent un changement de pratique
selon lequel la recherche d’hypermutation par séquengage tu-
moral lors de la récidive aprés traitement pourrait informer le
pronostic et guider la prise en charge thérapeutique des pa-
tients.

Title : Mechanisms and therapeutic implications of hypermutation in gliomas

Keywords : gliomas, hypermutation, resistance, chemotherapy, immunotherapy, mismatch repair

Abstract : High tumor mutational burden (hypermutation) is
observed in some gliomas; however, the mechanisms by which
hypermutation develops and whether it predicts chemotherapy or
immunotherapy response are poorly understood. Mechanisti-
cally, an association between hypermutation and mutations in the
DNA mismatch-repair (MMR) genes has been reported in glio-
mas, but most MMR mutations observed in this context were not
functionally characterized, and their role in causing hypermuta-
tion remains unclear. Furthermore, whether hypermutation en-
hances tumor immunogenicity and renders gliomas responsive to
immune checkpoint blockade (e.g. PD-1 blockade) is not known.
Here, we comprehensively analyze the clinical and molecular de-
terminants of mutational burden and signatures in 10,294 glio-
mas, including 558 (5.4%) hypermutated tumors. We delineate
two main pathways to hypermutation: a de novo pathway associ-
ated with constitutional defects in DNA polymerase and MMR
genes, and a more common, post-treatment pathway, associated
with acquired resistance driven by MMR defects in chemother-
apy-sensitive gliomas recurring after temozolomide. Experimen-
tally, the mutational signature of post-treatment hypermutated
gliomas

(COSMIC signature 11) was recapitulated by temozolomide-
induced damage in MMR-deficient cells. While MMR defi-
ciency was associated with acquired temozolomide resistance
in glioma models, clinical and experimental evidence suggest
that MMR-deficient cells retain sensitivity to the chloroethyl-
ating nitrosourea lomustine. MMR-deficient gliomas exhib-
ited unique features including the lack of prominent T-cell in-
filtrates, extensive intratumoral heterogeneity, poor survival
and low response rate to PD-1 blockade. Moreover, while mi-
crosatellite instability in MMR-deficient gliomas was not de-
tected by bulk analyses, single-cell whole-genome sequencing
of post-treatment hypermutated glioma cells demonstrated mi-
crosatellite mutations. Collectively, these results support a
model where differences in the mutation landscape and antigen
clonality of MMR-deficient gliomas relative to other MMR-
deficient cancers may explain the lack of both immune recog-
nition and response to PD-1 blockade in gliomas. Our data
suggest a change in practice whereby tumor re-sequencing at
relapse to identify progression and hypermutation could in-
form prognosis and guide therapeutic management.
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