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0«FDQLVPHV HW LPS
WK«UDSHXWLT
O K\SHUPXWDWLRQ GDC

7TKaVEBHHGRFWRBUDWYHU YD WID/F © D\

«<FROH GRFWRUD QW QRORKBRBHRBkGHFLQBIQW.& 0® S « F MD<xOG H
GRFWRUDW $VSHFWV PRO«FXODLUHV HW
SQLWKHFKHUFRQWHBUP &15@805
—QVWE XMWY HHDKFO DRHO«CSH Q L2&d
5«l«UHIPWXOW« GH P«GHI

7K2VHU «VH HWRKW HIBORUDODWH GHFHPEUH SDU

ODKGR8$7

&RPSRVLWLRQ C

eULF '(876&+
383+ 8QWUYVLWpsBBODY
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7TLWOPFDQLVPHY HW LPSOLFDWLRQV WKpUDSHXWLTXHYVY GH O K\SHU

ORWWOPMLRPHY K\SHVYEPXWDQREBQBRBLFPLRRRXIRHW KL VPDWFK UHSDL

5pVXPBQH pOpYDWLRQ PDMHXUH G
K\SHUPXWDWLRQ HVW REVHUYpH G
OHV PpFDQLVPHV GH FH S OMILRRYWD K
WLTXHV QRWDPPHQW FRQFHUQDQW
O LPPXQRWKpUDSLH VRQW HQFRUH
QLVPH XQH DVVRFLDWLRQ HQWUH
JJQHV GH OD YRLH GH UpSDUDWLRC(
005 D pWp UDSSRUWpPH GDQV OHV J
PXWDWLRQV 005 REVHUYpHV GDQV
WLRQQHOOHPHQW FDUDFWpPULVpHV
GTK\SHUPXWDWLRQ UHVWDLW GH FH
O K\SHUPXWDWLRQ VXU O LPPXQRJp
OHXU VHQVLELOLWp DX EORFDJH GF
SDU H[HPSOH SDU3W U DQLMANMH G VYV DI
FHWWH pWXGH QRXV DQDO\VRQV G
QDQWYV FOLQLTXHV HW PROpPFXODLU
WDWLRQQHOOH GDQV JOLRPHYV
PXWpHV 1RXV LGHQWLILRQV GHX]
G K\SHUPXWDWLRQ GDQV OHV JOLRI
i GHV GpILFLWVY FRQVWLWXWLRQQHC
UDVH HSVLORQ 32/( DLQVUDLXWK®O]
IUpTXHQWH DVVRFLpH j O DFTXLVL\
WDQFH VHFRQGDLUH GDQV OHV JOL
SLH WPBRQRPLGSPULPHQWDOHPHQW
WLRQQHOOH GHV JO L RVPHW WHSRHHUPW \

VLIQDWXUH &260,& PWDLW UHS
GXLV SDU OH WpPR]JRORPLGH GDQV
$ORUV TXH OH GplILFLW LOW5SWL RY \CR
DX WpPR]JRORPLGH GHV GRQQpHYV
VXJJqQUHQW TXH OHV FHOOXOHV 0!
VHQVLELOLWpP j OD QLWURVRXUpH
JOLRPHV 005 GpILFLHQWYV SUpVH?
XQLTXHV QRWDPPHQW O DEVHQF#
PDUTXpV XQH KpWpURJpQpLWp LQ"
YLH GLPLQXpH DLQVL TXTXQ IDLEC
PHQWW'DQWLSOXV DORUV TXH O 1
WHOOLWHV Q HWDLW SDV GpWHFW
JOLRPHV 005 GpILFLHQWYV OH VpT
O pFKHOOH GH OD FHOOXOH XQLDR
PHQW SHUPHWWDLW GH GpPRQWUF
FURVDWHOOLWBW RRY O FWQ WHR
GqOH GDQV OHTXHO GHV VSpFLILFI
JOLRPHV K\SHUPXWpV SRXUUDLHQ'
QDLVVDQFH SDU OH V\VWqPH LPPX
UpPSRQVH DX[ WUDRBRW HPBQW @ FS\D UQ
GPpILFLHQWV 1RV GRQQpPHV VXJJqgl
VHORQ OHTXHO OD UHFKHUFKH GTI
PRUDO ORUV GH OD UpFLGLYH DSU
SURQRVWLF HW JXLGHU OD SULVH
WLHQWYV

7TLWOHFKDQLVPV DQG WKHUDSHXWLF LPSOLFDWLRQV RI

.H\ZRUGW@WLRPDV K\SHVUPXWD®HRRQFKIHP RWKHUDS\

$SEVWUPIFW WXPRU PXWDWLRQDO E
REMUYHG LQ VRPH JOLRPDV KRZHYF
K\SHUPXWDWLRQ GHYHORSY DQG ZK
LPPXQRWKHUDS\ UHVSRQVH DUH SF
FDOO\ DQ DVVRKLSMLRQWDHWRHDRG
'1$ PLVPDUMBIOLU 005 JHQHV KDV E
PDV EXW PRVW 005 PXWDWLRQV RE
IXQFWLRQDOO\ FKDUDEFWHUL]HG DQ
WLRQ UHPDLQV XQFOHRHU )K\SMKIPX
KDQFHV WXPRU LPPXQRJHQLFLW\ DC
LPPXQH FKHFNSRLQW EEDRRERNDISGH HL'
+HUH ZH FRPSUHKHQVLYHO\ DQDO\]
WHUPLQDQWYV RI PXWDWLRQDO EXO!
PDV LQFOXGLQJ K\SHUPXWI
WZR PDLQ SDWKZD\V WR K\SHUPXWD
DWHG ZLWK FRQVWLWXWLRQDO GHI
JHQHV DQG D PRUWUFRPWREQHRYDIW
ZLWKTXLUHG UHVLVWDQFH GULYHQ
DSVHQVLWLYH JOLRPDV UHEXUSHQUUF
WDOO\ WKH PXWDW L RAQUDHD WIPHXDW
JOLRPDV

&260,& VLIQDWXUH ZDV UHFDSI
LGXFEBPDJH LGBGWOSFLHQW FHOOV
FLHQF\ ZDV DVVRFLDWHG ZLWK DF
LQ JOLRPD PRGHOV FOLQLFDO DQ:
WKDW GBS5LFLHQW FHOOV UHWDLQ °
DWLQJ QLW UR YV RXUSH®H OLER KQWL QO
LWHG XQLTXH IHDWXUHV LQFOKIBQ(
ILOWUDWHY H[WHQVLYH LQWUDW)
DQG ORZ UHVSRQEGRFINDIG W RO BUH
FURVDWHOOLWH LGQHWBIEHQWW\OL®
WHFWHG E\ EXO N FHDIDO I\KHR\G F\H. @ BIC
RI SRAMADWPHQW K\SHUPXWDWHG .
FURVDWHOOLWH PXWDWLRQV &RC
PRGHO ZKHUH GLIIHUHQFHV LQ WHJ
FORQDOLWGRILEQHQW JOLRPDV UH
GHILFLHQW FDQFHUV PD\ H[SODLQ
QLWLRQ DQG UH\EDRFWHD GHR LI JO
VXJIJHVW D FKDQJH LQ SUDMNIXAHD I
UHODSVH VWBRIROBHOQOWLRQ DQG K\St
IRUP SURJQRVLY DQG JXLGH WKHU

*kkkkkkkk

K\SHUPXW

LPPXQRWKHUDS\
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/LVWH GHV DEUpYLDWLRQV™™ I VW RI"DEEUHYTDWLRQ V"""
7DEOH GHV LOOXV WU DL RGN H "W E QB
ILVW RI LOOXVW UDWL RV TG TR Qg

, QW LR G g
Cl & RQWH W H Gy Ty py g
,, 1 7XPHXUV QHXURPSLWKpOLD OB GO T WL R GRYB"W" W U D

$! &ODVVLILEDWLRQ HW G ROUEHV"ESTGEPTRORBATXH V

% ! 'LDJQRVWLF GHV JOLRPHV VRXV W\SHY"PR@PFXODLU

& ! ZUDLWHPHQWY GHV JOLRPHW""SODEM"GHYV"DIETWYV D

'l OpEFDQLVPHV G DFEWLR Q"G D" B WY DO N O TRy

(! 5pVLVWDQFH DX WpPR]JRORPLGH U{OHV GH OD 0*07

KNS H U P XY YA
,,, JF\SHUPXWDWLRQ GO Oy g R gy gy

$! (WXGH GH OD FKDUJH HW GH OD VLJQDWXUH PXWDWL

SUPGLFWLI GDQV OD SUpGLFWLRQ"GH"OD"UHSREYVH|] O LI

% | +\SHUPXWDWLRQ BTV O g pr R g
Ol VS RWK GV H VB R E R g g,

y 1 B W X G\ PRI A g g
,» 'y ITHXURHSLWKHOLDO WXPRUN""GHTUQTWLRQY"D'QE"WUHDW
$! &ODVVLILFDWLRQ DQG"H'SLGHPLRUORILFDO"GBHBWDM""
% !"LDIJQRVLV PROHFXODU VXEWYSHYV"'SURIQRBGRLFI IDFV
&! 7TUHDWPHQWYV UROH"RI"D'O'NVO'DWL'QI"D"IH QWHS
'l OHFKDQLVP RI DFWLRQRT"D'ONVODWL'Q'I"D"I"H' WV "
(! 7T HPR]JRORPLGH UHVLVWDQFH LQYROYPHQW RI 0*07 D
vy VFASHUPXWDW L R'Q"IQMIQT R PO s g
$! 6WXG\ RI WKH PXWDWLRQDO ORDG DQG VLIQDWXUH L
WKH UHVSRQVH WR"LP'PXQRWRHYD G i)
% ! +\SHUPXWDW L RQ™LQ"JOLR P D\ i
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9! $XWUHV FRQWULEXWLRQV j GHVY DUWLFOHV SXEOLpV V
2WKHU FRQWULEXWLRQV WR DUWLFOHW"SXEDUVEHNG RQ W
$UWLFOH VXU OD GpILFLHQFH 005 HW OD UpSRQVH j O LI
WXPHXU FpUpEUDOH SULPLWLYH OHV PpQLQJLRPHV $U
LPPXQRWKHUDS\ LQ DQRWKHU VXEW\SH 'RTSUIMRD U\ EUD
9,! $XWUHV DUWLFOHV SXEOLpVY SHQGDQW OD 7KqVH GH 6
B 15 L H QR g
$1 5HYXH VXU OH GpYHORSSHPHQW GH WKpUDSLHV FLEC
WKH GHYHORSPHQW RI W D U'JH"AE "G WK U D S T IO O LR |
% ! $UWLFOH VXU OH FLEODJH GHV PXWDWLRQ %5$) SDU
$UWLFOH RQ WKH WDUJHWLQJ RI %5$Y"P'XWDWEROV ZLWEk
&! SUWLFOH VXU OH FLEODJH GH IXVLRQ $7* 5$) SDU FI
$UWLFOH RQ WKH WDUHJWLQJ RI DQ "$7*""5"¢J""IR$'LRQ ZL\
'l $UWLFOH VXU OH FLEODJH G DOWpPUDWLRQV PROpPFXC
JOLRPHV PDOLQV $UWLFOH RQ WKH WDUUMWIH®BI RI 3,
(! SUWLFOH VXU OH FLEODJH GH PXWDWLRQV ,'+ SDU L
RQ WKH WDUJHWLQJ RI ,'+ PXWDWLIRQV"ZTWEK"EYRVILGH Q
& IR QI O KR 0
& IR QI O KR 0
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[,67( '(6 $%5(9,%$7,81/,67 2) $%%5(9,%$7,216

ALKBH2 : alkB homolog 2, alpha-ketoglutarate dependent dioxygenase
ALKBH3 : alkB homolog 3, alpha-ketoglutarate dependent dioxygenase
APC : APC regulator of WNT signaling pathway

APEX1 : apurinic/apyrimidinic endodeoxyribonuclease 1

APOBEC : ApolipoprotZins B mRNA editing enzyme, catalytic polypeptide-like
ATG7 : autophagy related 7

ATRX : ATRX chromatin remodeler

BER : base excision repair

BRAF : B-Raf proto-oncogene, serine/threonine kinase

CIC : capicua transcriptional repressor

CDKNZ2A : cyclin dependent kinase inhibitor 2A

CMMRD : constitutional mismatch repair deficiency

DSB : double-strand breaks

EGFR : epidermal growth factor receptor

EXO : site actif de I'exonuclZase

FANCM : FA complementation group M

FUBP1 : far upstream element binding protein 1

H3F3A : H3.3 histone A

ICI : inhibiteurs de checkpoints immunitaires

IDH1 : isocitrate dZshydrogZnase 1

IDH2 : isocitrate dZshydrogZnase 2

Indels : petites insertions et dZIZtions

KU70 : X-ray repair cross complementing 6

KUS8O0 : X-ray repair cross complementing 5

Mb : MZgabases

MGMT : O-6-methylguanine-DNA methyltransferase

MMR : mismatch repair

MLH1 : mutL homolog 1
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MLHS3 : mutL homolog 3

MPG : N-methylpurine DNA glycosylase

MSH2 : mutS homolog 2

MSHS3 : mutS homolog 3

MSH®6 : mutS homolog 6

MSI : instabilitZ des microsatellites

MTIC : mZthyltriazenoimidazole-4-carboxamide

MYC : MYC proto-oncogene, bHLH transcription factor
NF1 : neurofibromin 1

NF2 : neurofibromin 2

NER : nucleotide excision repair

OGG1 : 8-oxoguanine DNA glycosylase

PARP : poly(ADP-ribose) polymerases

PHLDB1 : pleckstrin homology like domain family B member 1
PI3K : phosphatidylinositol 3-kinase

PMS2 : PMS1 homolog 2, mismatch repair system component
POL : site actif de la polymZrase

POLB : DNA polymerase beta

POLE : DNA polymerase epsilon, catalytic subunit
POLDL1 : DNA polymerase delta 1, catalytic subunit
PTCH1 : patched 1

PTEN : phosphatase and tensin homolog

NGS : next generation sequencing

OMS : organisation mondiale de la sante

PCR : polymerase chain reaction

RAF1 : Raf-1 proto-oncogene, serine/threonine kinase
RELA : RELA proto-oncogene, NF-kB subunit
SMARCBL1 : SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily
b, member 1

SNC : systeme nerveux central

SNV : single nucleotide variant

SSB : single-strand breaks

STMNS : stathmin 3

TCGA : The Cancer Genome Atlas

TERT : telomerase reverse transcriptase
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TP53 : umor protein p53

TSC1 : TSC complex subunit 1

TSC2 : TSC complex subunit 2

VHL : von Hippel-Lindau tumor suppressor

XRCC1 : X-ray repair cross complementing 1
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7DEOHV
7DEOH &ODVVLILFDWLRQ VLPSOLILpH GHV WXPHXUV QHXU
7DEOH6\QGURPHY GH SUpPGLVSRVLWLRQ JpQpWLTXH DX F
QHXURHSLWKpOLDOH

JLIXUHV
JLIXUMLVWULEXWLRQ GHV WXPHXUV SULPLWLYHV GX 61& C
GYIDSUQV 2VWURP HW DO

JLIXUAXPHXU IURQWR SDULpWDOH JDXFKH FRUUHVSRQGDQ'
klp GH DQV

JLIXUBULQFLSDX[ VRXV W\SHV GH JOLRPHV GLIIXV HW VWU
IDH1/2 HW S T

JLIXUBRRXUEHV GH VXUYLH DVVRFLpHV DX[ VRXV W\SHV PRO
7&*$ GYIDSUQV %UDW HW DO
JLIXUBULQFLSDX[ W\SHV G DJHQWY DON\ODQWVY XWLOLVpV
OHXUV HIITHWV ELRORJLTXHV VXUDOES®L H® 30GHE@LRYY HXYV HVO
JLIXUBHSUpVHQWDWLRQ VFKpPDWLTXH GHV SULQFLSDX[ GR
XWLOLVpY GDQV OHV JOLRPHV HW OHXUV PpFDQLVPHV GH L
J)LIXUH OpFDQLVPH GH F\WRWR[LFLWp GX WpPR]JRORPLGH
: LFN HW DO

YLIXUH 5HSUpVHQWDWLRQ VFKpPDWLTXH GH OD UpSDU
SRO\PpUDVH SDU OHV V\VWGPHV GH © SURRIUHD@ LHQ>HE BWF(
JLIXUHDRGQOH VXJJpUDQW XQ OLHQ PpFDQLVWLTXH HQWU
UpVLVWDQFH WpPR]JRORPLGH HW SKpQRW\SH K\SHUPXWDQW
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JLIXUHBURFHVVXV PXWDWLRQQHOV H[RIJIgQHV HW HQGRJgQH"
VRPDWLTXHY GDQV OHV WXPHXUV KXPDLQHV HW WH$W®LTX
nucleotide variants

JLIXUH$QDO\WH GH OD FKDUJH PXWDWLRQQHOOH GDQV Ot
LPPXQRWKpUDSLHY SDU LQKLELWHXUV GH FKHFNSRLQWYV
PXWDWLRQQHOOH pOHYpH E PpODQRPH RX IDLEOH>P@JC
/I DUNLQ HWDEHDUGRQ HW DO

JLIXUHSpSRQVH DX[ WUDLWHPHQWY SDU ,&, GDQV GHV WXP
GURLWH SDQ FDQFHU GYID® UW % RMWHDMNOHW DO

JLIXUH 6LIQDWXUHYVY PXWDWLRQQHOOHY UHWURXYpHV G
HQ EOHX RX DYHBHEe KowwdwH YPHXIWD VRIXRQRVW WUDLWHPHQW UF
DO

JLIXUH)UpPTXHQFH GHV PXWDWLRQV GHV SULQFLSDX[ JqQt
VPTXHQFpPVY ORUV GX GLDJQRVWLF LQLWLDO GRQQpPHV 7&*$
JLIXUH(WDEOLVVHPHQW G XQH OLJQpH GH JOLRPH PDOLQ
JHUPLQDOH MSH2

JLIXUHYROXWLRQ FORQDOH WHPSRUHOOH HW VSDWLDOH F
PXWDWLRQIDH1/2 G DSUgV -RKQVRQ HW DO
JLIXUH$SFTXLVLWLRQ G K\SHUPXWDWLRQ DYHF VLIJQDWXUH
WpPR]J]RORPLGH GDQV XQ DVWURF\VWRIPH DQDSODVLTXH DYH
JLIXUHBQDO\WVHY GHY DQRPDOLHYVY GH QRPEUH GH FRSLHV SI
VRPDWLTXHV EDV GDQV SDLUHV GH DQDRRWYHYUPD BI W pT1
O HIRPH GfDSUqV %DL HW DO

JLIXUH6\QWKqVH GHV pWXGHV GH SDLUHV GH JOLRPHV P
O DVVRFLDWLRQ GX SKpQRPgQH G K\SHUPXWDWLRQ DYHF C
HW OD SUpVHQBHL/Z HW XRXDGH. RQW K\ O DMEMR Q GII0 SWARWP REFIEX L
HW DODQJ HW.DROHW .b® HW W -RKQVRQ HW DO
JLIXUHSUEUHV SK\ORJpQpWLTXHV UHSUpVHQWDQW OD FRF
GYDSUQqV OF*UDQDKDQ HW DO

JLIXUH$QDO\WVH SDQ FDQFHU GHV VRXV W\SHV LPPXQLWDL
7TKRUVVRQ HW DO
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[,67 2) ,/1/18675%$7,2%6' 7$%/(6

7TDEOHYV
7TDEOH 6LPSOLILHG FODVVLILFDWLRQ RI QHXURHSLWKHOL
7TDEOH &DQFHU SUHGLVSRVLWLRQ VIQGURPHY DVVRFLDW!

JLIXUHV
JLIXUHLVWULEXWLRQ RI SULPDU\ &16 WXPRUV LQ WKH 8QLW
2VWURP HW DO

J)LIXUH  /HIW IURQWR SDULHWDO WXPRU FRUUHVSRQGLQJ
JLIXUBDLQ VXEW\SHV RI GLIIXVH JOLRPD DQG GLDJQRVWLF
'+ DQG S T VWDWXVHV

J)LIXUBXUYLYDO DVVRFLDWHG ZLWK WKH PROHEXODU VXEW!'
IURP %UDW HW DO

)LIXUBDLQ W\SHV RI DON\ODWLQJ DJHQWVY XVHG IRU WKH W
ELRORJLFDO HIIHFWV RQ '>® E@ DIQWGH B UNV@IR QAW DO
JLIXUBFKHPDWLF UHSUHVHQWDWLRQ Rl WKH PDLQ '1$ GDP
JOLRPDV DQG WKHLU DVVRFLDWHG UHSDLU PHFKDQLVPV IL
J)LIXUH OHFKDQLVP RI WHPRJRORPLGH F\WRWR[LFLW\ DQC

YLIXUH 6FKHPDWLF UHSUHVHQWDWLRQ Rl WKH UHSDLU
SURRIUHDGLQJ DQG 005 VIVWHPIV@IDRB SHEVAORQ HW DO

JLIXUHORGHO VXJJHVWLQJ D PHFKDQLVWLF OLQN EHWZHH
WHPR]JRORPLGH UHVLVWDQFH DQG K\SHUPXWDQW SKHQRW\!
JLIXUH([RJHQRXV DQG HQGRJHQRXV PXWDWLRQDO SURFHYV
VRPDWLF PXWDWLRQV LQ KXPDQ WXPRUV DQG SRLQW PXWD
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JLIXUHSQDO\VLV Rl WKH PXWDWLRQDO ORDG LQ 7&*$ WXPRL
KLJK E PHODQRPD RU ORZ F JOLREODVWRPD PR®&DWLRK
HW DOE@ DQG 5HDYB®Q HW DO

JLIXUHSHVSRQVH WR ,&, WUHDWPHQWYVY LQ 005 GHILFLHQW
IURP %RXIIHWDWNVD® /H HW DO

YLIXUH OXWDWLRQDO VLIJQDWXUHV IRXQG LQ JOLRPDV ZL
JUHHQ RU SRVW WUHDWPHQW K\SHUPXWDWLRQ UHG IUR
JLIXUHUHTXHQF\ RI PXWDWLRQV LQ WKH PDLQ 005 JHQHV L(
GLDJQRVLV 7&*$ GDWD

JLIXUHVWDEOLVKPHQW RI D PDOLJQDQW JOLRPD 3'&/ GHUL
PXWDWLRQ

JLJIXUH7HPSRUDO DQG VSDWLDO FORQDO HYROXWLRQ LQ
PXWDWLRQ IURP -RKQVRQ HW DO

JLIXUH$SFTXLVLWLRQ RI K\SHUPXWDWLRQ ZLWK PXWDWLRC(
WHPR]JRORPLGH LQ DQ DQDISEIDR XYW BWVRQRF\WRPD ZLWK
JLIXUH$QDO\VLV Rl FRS\ QXPEHU DEQRUPDOLWLHV XSSHU
ORZHU LQ SDLUV RI SUH DQG SRVW WHPR]JRORPLGH JOL
HW DO

JLJIXUHB6XPPDU\ RI SUH DQG SRVW WUHDWPHQW PDOLJQELC
DVVRFLDWLRQ Rl K\SHUPXWDWLRQ ZLWK KLVWRU\ RI H[S
IDH1/2 PXWDW L RIGMD (& RRRWHU PHWK\ODW%®Q HWRIR®I &% DO
.LP HW DDP HW DQG -RKQVRQ HW DO

JLIXUH 3K\ORJHQHWLF WUHHV UHSUHVHQWLQJ WKH FORQ
OF*UDQDKDQ HW DO

JLJXUH FBR®HU DQDO\VLV RI LPPXQH VXEW\SHV LQ 7&*$ W
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y17/2'8&7,21

1 &RQWBHWHWUDYDX|

JHV WXPHXUV SULPLWLYHV GX VI\VWgPH QHUYHX[ FHQWU
SDWKRORJLHYV EpQLJQHV RX PDOLJQHV WRXFKDQW O HQ
Of2UJDQLVDWLRQ PRQGLDOH GH OD VDQWp 206 GH R(
SULPLWLYHV GX 61& OHV WXPHXUV GHV PpQLQJHV OHV W)
OHV WXPHXUV GH OD UpJLRQ VHOODL W&H W \WLQA VWWXHPWH X/ R\D
VXEGLYLVpPY HQ SOXVLHXUV VRXV W\SHV KLVWRORJLTXHV
FDUDFWpPULVWLTXHV ELRORJLTXHV HW FOLQLTXHV KDXWHP
PDMRULWpP GHV WXPHXUV QHXURpPSLWKpOLDOHY HW SOXV (
%LHQ TX DSSDUWHQDQW DX JURXSH GHV FDQFHUV UDUH'
SHUVRQQHV OHV JOLRPHV PDOLQV UHSUpVHQWHQW &R H
PRUELGLWpP DVVRFLpH j OHXU GpYHORSSHPHQW GDQV OH 6:
VXLN®H OHXU FDUDFWqUH OH SOXV VRXYHQW LQFXUDEOH |/
PDOLQ HVW WUQV KpWpURJgQH DOODQW GH OD VLPSOH V
JUDGH , VHORRH® MWOBDLWHPHQWY ORXUGV FRPELQDQW F|
FKLPLRWKpPUDSLH SRXU OHV WXPHXUV OHV SOXV DJUBWWLY
SURJUQV WKpPUDSHXWLTXHV DX FRXUV GHV GHUQLQUHV I
PpGLDQH GH PRLV HQYLURQ 'H SOXV PrPH OHV WXPHXU
.., VHORQ O 206 ILQLVVHQW OH SOXV VRXYHQW SDU pYRO>
UHVSRQVDEOHV GX GpFqV FKH] OD PDMRULWpP GHV SDWLHC
GH UpVLVWDQFH DX[ WUDLWHPHQWY HVW GRQF LQGLVSHQV
JOLRPH PDOLQ

/IHV SURJUqV DFFRPSOLY GDQV OD FRPSUpKHQVLRQ GH (
PYLGHQFH GIDOWpUDWLRQV PROpFXODLUHY GH Of$'1 &£RQV
I"HSY&H()*+, &4 -., 10,1 *
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© ELRPDUTXHXUV PROpPFXODLUHV @ RQW GHYV DS\ FPBIHR Q
DXVVL SRXU OD SUpGLFWLRQ GX SURQRVWLF HW GH OD Up
SHXW FLWHU OHV RDHA BIMHR QAL ®ISV g\ V2D WIWRQD FR GpO|
EUDV FKURPRVRPLTXHV S HW T FR GpOpWLRQ S T &
drivers DVVRFLpHVY DX GpYHORSSHPHQW GHV DVWURF\WRPF
DXMRXUG KXL GHVY RXWLOV LQGLVSHQVDEOHV DX GLDJQRVYV
O DYQQHPHQW GHV ELRPDUTXHXUV PROpPFXODLUHY UHSUpV|
FKDUJH GHV SDWLHQWVY DWWHLQWY GH JOLRPHV PDOLQV
HVVHQWLHOOHPHQW VXU O DQDO\WVH KLVWRORJLTXH GHV W
DVVRELpPV DX jWDXW QofEIHN HW OH GpYHORSSHPHQW GH SD
PROpFXODLUHY G LQWpUrW GLVSRQLEOHV HQ FOLQLTXH O
SUDWLTXH FRXUDQWH GqV OH GLDJQRVWLEF LQLWLDO HW
FDUDFWpULVDWLRQ PROpPFXODLUH GH SOXV HQ SOXV H[KDX

'DQV FHV WUDYDX[ QRXV DYRQV FKHUFKp j LGHQWLILHL
GHOj GH O LGHQWLILFDWLRQ GH VRXV W\SHV PROAMMID LUt

O REMHFWLI pWDLW GH PLHX[ FRPSUHQGUH XQ SKpQRPq
POpYDWLRQ WUQV LPSRUWDQWH GH OD FKDUJH PXWDWLRQ
U{OH GDQV OD SUpGLFWLRQ G HHND UPPR@RW K @IDDBSK HP L1IRRX
HQ SDUWLFXOLHU IREFDOLVpV VXU GHVY DQRPDOLHV GX V\VV
VI\VWgPH 00HisB&chRepar HQ DQJODLY FDUDEWPpPULVpHV pJ
PpQLQJpHV AnERQ@H[H'DQV Afitl¢ 37 $QQH[H QRXV UDSSRU
GpYHORSSHPHQW GH QRXYHOOHV WKpUDSLHV FLEOpHV YL
PROPFXODLUHYV VSpPFLILTXHV ie JOLMBRARN DY HEPPXWDWHIER E
IDH1/2 JOLRPHV DYHF DOWpUDWLRQV GH OD YRATB7RAF1 JOL
&ROOHFWLYHPHQW FHV WUDYDX[ PHWWHQW HQ pYLGHQFF
UpVLVWDQFH RX XQH UpSRQVH DX[ WUDLWHPHQWY GDQV FlI
OfHIILFDFLWp HQFRUH OLPLWpPH GH OfLPPXQRWKpPUDSLH GI
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S TXPHXUYVY QHXURPSLGWGRPOQDWHWRQ HW W

$!1&ODVVLILFDWLRQ HW GRQQpHV pSLGpPLRORJ

/JHV WXPHXUV SULPLWLYHV GX 61& FRQVWLWXHQW XQ H
RX PDOLJQHVY WRXFKDQW O HQIDQW HW O DGXOWH (OOHV V
OHV WLVVXV GX 61& SDUHQFK\PH FpUpEUDO PpGXO®MMLULI
PpQLQJHV 2Q OHV RSSRVH DX[ WXPHXUV VHFRQGDLUHV F
LOQLWLDOHPHQW j SDUWLU GTXQ DXWUH RUJDQH /D FODVV
W XPHXUV HWXV6 BBHOOH2 & OH LQWgqJUH GHSXLV GHV GRQQ
SHUPHWWDQW XQ GLDJQRVWLEF GLW © LQWpJUp @ F HVW |
O LGHQWLILFDWLRQ GYDOWpPUDWLRQV JpQpWLTXHV DVVRF
WXPHXUV GX 61& VRQW HQ HIIHW FDUDFWpULVpHV SDU Gt
OYDETXLVLWLRQ GYDOWpUDWLR QBHI/R GIYW DBX BR WIRRPEP HSO HTV
FHVY DQRPDOLHV PROpPEXODRLE HVW ODD FH WXLU L BDWQRED O L
GLIIpPUHQFLDWLRQ HW OH SKpQRW\SH GHV FHOOXOHV IRUF
WV\SHV GH WXPHXUV SULPLWLYHV GX 61& OHV WXPHXUV G
WXPHXUV JHUPLQDOHY OHV WXPHXUV GH OD U pJLHRQ WXROHX
QHXURPSLWKpPOLDOHYV UHSUpVHQWDQW SOXV GH )LJEHM W
IRQW OJREMHW GH FH WUDYDLO GH WKqVH

/JHWXPHXUV QHXURPSLWKpOLDOHY RQW SRXU RULJLQH
OTHQYLURQQHPHQW GHV QHXURQHV FHOOXOHV JOLDOHV F
GLVWLQJXH KXLW SULQFLSDOHV FDWpJRULHV GH WXPHXUYV
SDU OHV JOLRPHV PDOLQV JURXSH GHV © 7XPHXUV JOLDOH
(Q SOXV GH OD GpWHUPLQDWLRQ GX VRXV W\SH OH GLDJC
SHUPHW GH G DWWULEXHU j FHV W X PHXOUHU XE&HJ U DAGP B X URD
FXUDEOHV HQ FDV GH UpVHFWLRQ FRPSOqWH FRPPH OHV D
OHV SOXV DJUHVVLYHV SULQFLSDOHPHQW UHSUpPVHQWpHYV
SUpPVHQFH GH FDUDFWpPULVWLTXHV KLVWRORJLTXHV DVVRFI

GHQVLW pHIHWOLXYQMpUPLWRWLTXH DW\SLHVY F\WRQXFOpDL
QpPFURVMH UHIOgWH DLQVL OfDJUHVVLYLWpP GHV WXPHXUV HV
IHSY6& H()+,&# -, [0,1*
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YW XUH 'LVWULEXWLRQ GHV WXPHXU®QGLLFXW LYM \E BUX 8 HEADUX V(
2VWURP HW DO

/HV WXPHXUV QHXURpPSLWKpOLDOHY DSSDUWLHQQHQW I
LQIPULHXUH | BHUXRQOHHW FK'AP QM HQ I'BRFRILGHHU OH
IUpTXHQW DSUqV OHV KpPRSDWKLHV OHV WXPHXUV QHX
LQFLGHQFH IDLEOH MXVTXYj OfkJH GH DQV $X GHOj OH \
HQWUH HW DQV GH SHUVRQQHY HQYLURQ /HV F
FRPSDUDEOHY j FHOOHV GpFULWHY SRXU OfLQFLGHQFH /
QHXURPpSLWHKWORLIDIOHWP HQ W +CHYV WOXKN DIURMEYDVWRPH GRQW
LQGXVWULDOLVpY HVW HVWLPpH WUH HWHUVRQBHYRPE
QRXYHDX[ FDV GH WXPHXUV QHXURpPSLWKpOLDOHV D SUH
O DXJPHQWDWLRQ GH O LQFLGHQFH REVHUYp j SDUWLU GH
XQH DXJPHQWDWLRQ GX ULVTXH HW SRXU PRLWLpP DX YLHLC

!”#$%&'#O*+,&#' -, /O’l * Fkdk Kk Kk K
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7EOH &ODVVLILFDWLRQ VLPSOLILpH GHV WXPHXUV QHXURPpPSLYV
+LVWRORJLH DOWpUDWLRQV PROpFXODLUHY DVVEF *UDGH 206

Tumeurs glialediffuses astrocytaires et oligodendrogliales

SVWURF\WRIBH/GRKIWY VDX YDJH RX 126 *UDGH ,,
$VWURF\WRPH IDHIR2 PXBWpIVIDXH DJH RX 126 *UD G HR X9,
*OLREODDHWRYBIXYDJH RX 126 *UDGH ,9
20LJRGHQGIDHRLUIZORRWEH HW FRGpOpWp S T *UDGH ,,
20LJIRGHQGURJOLRMPH2PXMNFOBDWLAFREppWp S *UDGH ,,,
*OLRPH GLIIXV GH GBF3BIPPQWHpPpGLDQH *UDGH ,9
Autres tumeurs astrocytaires et gliales
$VWURF\WRPH SLORF\WLTXH *UDGH ,
*OLRPH FKRUBRMGW UWEDFXOH *UD GH
;DQWKRDVWURF\WRPH SOpRPRUSKH *UDGH ,,
;DQWKRDVWURF\WRPH SOpRPRUSKH DQDSODVL *UDGH ,,,
$VWUREODVWRPH 1RQ GplLQL
Tumeurs Zpendymaires
(SHQG\PRPH P\[RSDSLOODLUH *UDGH ,
(SHQG\PRPH DYHF REXAVDQV IXVLRQ *UDGH ,,
(SHQG\PRPH DQDSODVLTXH *UD G H
Tumeurs des plexus choroedes
3DSLO GIFEMHXE FKRURWGHY *UDGH ,
&EDUFLQRFH X/ FKRURWGHYV *UDGH ,,,

Tumeurs neuronales et glioneuronales
7XPHXU G\WWHPEU\RSODVLTXH QHXURpPSLWKpOL *UDGH |,

*DQJOLRJOLRPH *UDGH ,
*DQJOLRDDISOMH LTXH *UDGH ,,,
*DQJOLRF\WRPH G\VWSODVLTXH GX FHUYHOHW *UDGH ,
7XPHXU JOLRQHXURQDOH SDSLOODLUH *UDGH ,

7XPHXU JOLRQHXURQDOH IRUPDOQWYGHWURNFXKE *UDGH ,
Tumeurs de la rZgion pinZale

7XPHXU SDSLOODLUH GH OD UpJLRQ SLQpDOH *UDGH ,, R;

SLQpDOREODVWRPH *UDGH ,9
Tumeurs embryonnaires

OpGXOOREODVWRPH *UDGH ,9

7XPHXU HPEU\RQQDLUH DYHF URVHWWHY SOXL *UDGH ,9

7XPHXUV UKDEGRWGHYV WpUDBMRARGBHY DW\SLTX *UDGH ,9
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126 not otherwise specified WXPHXUV SRXU OHVTXHOOHV OH VWDWXW PF
FHUWLWXGH DEVHQFH GH JpQRW\SDJH RX JpQRW\SDJH LQFRPSO

(Q GHKRUV GH FDV PLQRULWDLUHV PRLQV GH DX WRW
DX[ UD\RQQHPHQWY LRQLVDQWY SDU H[HPSOH DQWPpFpGH(
SUPGLVSRVLWLRQ JpQpWLTXH DX FDQFHU 7DEOH OHV
VSRUDGLTXHV j JpQpWLTXH FRPSOH[H HW QH GLVSRVHQW j
PWXGHV G DVVRFLDWLRQ SDQJpQRPLTXH Genome-Wide Association Si
O LGHQWLILFDWLRQ UpFHQWH GH SOXVLHXUV SRO\PRUSKLV
PDOLQ QRWDPPHQW OHV ORFL S S T S
SUR[LPLW p TERTVEGRRQMYZ CDKN2A PHLDB1 TP53 HSTMN3 8QH PHLOO|
FDUDFWpULVDWLRQ GH OD EDVH IRQFWLRQQHOOH GH FHYV
FRPSUpPKHQVLRQ GHV PpFDQLVPHY FRQWULEXDQW DX GpYH

7TDEOH6\QGURPHYVY GH SUpGLVSRVLWLRQ JpQpWLTXH DX FDQF
QHXURpMIEDW K

6\QGURPH GH SUPGLVSRVLWLRQ JpQpWLT, *HQH V LPSOLTXH \
6\Q G UR P BK MLH1, MSH2, MSH6, PMS2
6\QGURPH GH GpILFLHQFH FRQVWLWXWLR MLH1, MSH2, MSH6, PMS2

6\QGURPH GH YR@GHLXSSHO VHL
6\QGURPH GH 7XUFRW $ APC
6\QGURWHRF\MpROPLHQ RP H CDKN2A
6\QGURPH GH *RUOLQ PTCH1
6FOPURVH WXEpPUHXVH GH %RXUQHYLOOH TSC1, TSC2
6\QGURPH GH &RZGHQ PTEN
6\QGURPH UWXPHQL TP53
1IHXURILEURPDWRVH GH W\SH NF1
1IHXURILEURPDWRVH GH W\SH NF2

6\QGURPH GH SUpGIWKERVYNVWILKRIEBRWGHY SMARCB1
6\QGURPHY DVVRFLpV DX[ PXWDWLRQV/'FR POLE, POLD1

WA'LDIQRGWYRIOLRPWYSHVYRXRIOpFXODLUHYV DVS

JHV WXPHXUV GX 61& SHXYHQW VH UpYpOHU SDU GHV V
YDULDEOHV GfXQ SDWLHQW j OfDXWUH GpSHQGDQW SULQ
GHV OpVLRQV DLQVL TXH GH OHXUH® RFWLAYLFIS\D XR @ FEOHW ©F
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OHV FULVHV G pSLOHSVLH OHV GplLFLWW IZHRX FEOXR B RPSIRWL
HW RX OH VIQGURPH GIK\SHUWHQVLRQ LQWUDFUKQLHQQH

JLIXUAXPHXU |9 R DEDK FKRHUUHV SRQIG DQMWRPH GH KDXW JUDGH FK
GH DQW ,50 FpUAEMpDRHQFH D[LDOH 7 DSUqV LQMHFWLRSH GH
KLVWRORJLTXH DSUqV FRORUDWLRQ j O KpPDWR[\OLQH HW j O pF

/I fLPDJHULH HW QRWDPPHQW OfLPDJHULH SDU UpVRQ
LQGLVSHQVDEOHYV SRXU OH GLDJQRVML I LHDW Q&N WDH. YAp IG
QpDQPRLQV O DQDO\VH DQDWRPRSDWKRORJLTXH GX WLVVX
RX FRPSOgWH ORUVTXH OD WXPHXU HVW RSpUDEOH RX EI
GH UpVHFWLRQ FHFL SHUPHW O REWHQWLRQ GH PDWpULH:
UHFKHUFKH 6XU OH SODQ DQDWRPRSDWKRORJLTXH O DS
G DQDO\VHV KLVWRORJLTXHV HW PROpFXODLUHVY SHUPHWYV
FDWpJRULHV SULQFLSDOHYV OHV ROHIPRHOW FRURPOLWEPRY
DVWURF\WRPHV GLIIMHL/2D YHDPIROR XGWODWWRRQ S T OHV JO
PXWDWBDHIRQQER GpOpWLRQ S T HW OHV DXWUHV VEMKV W
WHFKQLTXHY SHXYHQW r'WUH FRPELQpHY VHORQ GHV DOJR
SHUPHWWDQW G DERXWLU DX GLDJQRVWLF )LJXUH

LPPXQRKLVWRFKLPLH SDU H[HPSOH SRXU OD PXWDWLI
UHFKHUFKH GH PXWDWLRQV KRWVSRWYV SDU 3&5 SXLV
D QD O\nékt gdr@ration sequencing 1*6 GH SDQHOV GH JqQHV
SHUPHWWDQW OD UHFKHUFKH VLPXOWDQpH GH QRPE
PXWDWLRQV KRWVSRWY DXWUHV PXWDWLRQV DQRPD
XWLOLVDWLRQ GH WHFKQLTXHV pPHUJHQGH Y HRPRPH K
JpQRPH FRPSBOHQYFRUH GX WUDQVFULSWRPH WXPRUDO
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JUXUBULQFLSDW)\YRYOARPHY GLIITXV HW VWUDWpPpJLH GLDODHQRV WL
HW S 6WDWXW REWHQX SDU LPPXQRKLVWRFKLPLH RX VpTXHQoD

/H SURQRVWLF GHV JOLRPHV PDOLQV HVW WUQqV KpWpUF
HW YDULH pJDOHPHQW GH IDORQ FRQVLGpPUDEOH DX VHLQ C
HVW LQIOXHQFpH SDU OH WHUUDLQ eg. kJH pWDW JpQpUDC
LPSRUWDQWH KpWpURJpQpLWp LQWHU WXPRUDOH HQ WHUP/|
SDU UDGLRWKpUDSLH HW FKL P IDRU2K-HW DCEIL 1 R2G AW O R @ PX
DVVRFELpPHV j XQH PHLOOHXUH UpSRQVHD DPWKUDD W HR & QG
JGQMEMT FRGDQW O HQJ\PH GH 2p PRWXWARRQD GHQE $'1 PpWK
0*07 HVW DVVRFLpH j XQH PHLOOHXUH UpSRQVH j OD FKLF
VXLYDQWHIV ELRPDUTXHXUV SH UPIHRG\D BN VE B R QSRMVB ILIF W MR
GPpFLVLRQ WKpPUDSHXWLTXH GDQV OHV JOLRPHV OHV SOXV
ELRPDUTXHXUV PROPFXODLUHV V@& DML \WpKQHRI \R PplLoL \@ pi \G
WKPpUDSHXWLTXHV VRQW GHV REVWDFOHV SRXU OD YDOLGEL
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JUWXUH&RXUEHYV GH VXUYLH DWWSRHRL (°PHR\O DR O\DRRXIMY G HV DQVY RPHH
7&*$ GIDSUH®HWYRKIDW Y LDDML BQRQABH/2 /** ORZHU JUDGOGILRPHRPOH J
v, HW *%0 JOLREOOVRVERRG®PDVWRPH

&Q7UDLWHPHQWY GHV JOLRPHVY SODFH GHV DJHQYV

!

/H WUDLWHPHQW VWDQGDUG GHV JOLRPHV PDOLQV UH.
FKLPLRWKpUMSISWWHPLQUH pWDSH GX WUDLWHPHQW UHSRV}
ORUVTX HOOH HVW UpDOLVDEOH HVW SURSRVpH VRLW GqV
ELHQ DSUgV XQH SpULRGH G REVHUYDWLRQ LQLWLDOH GD!
G HVVDLV UDQGRPLVpPV SOXVLHXUV VpULHV FKLUXUJLFDOF}
FRPSOgQWH RX VXEWRWDOH WD QPR VXYY OB DEFDEANDMILR
FDUDFWQqUH LQILOWUDQW GHV JOLRPHVY UHQGHQW GLIILFLO
GH OD WXPHXU O XWLOLVDWLRQ GH OD FKLUXUJLH pYHLO
SHUPHW G RSWLPLVHU O pWHQGXH GH O H[pUgVH G DXJPH!
GIXQH UpVHFWLRQ HQ UpJLRQV IR®AWLRD QG G\ L FHLW VG
SRVWRSPUDWRLUHVY 2XWUH OH EpQpILFH SRWHQWLHO HQ
DPpPOLRUDWLRQ VRXYHQW UDSLGH FHUWDLQV V\PSW{PHV FI

/ID UDGLRWKpUDSGEHVHGERVENYOLYUpPH HW IUDFWLRQV

OH GLDJQRVWLF KLVWRORJLTXH QRWDPPHQW JUDGH HW Yt
I"HSY&H()*+, &4 -., 10,1 *
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JpQpUDO ©6DXI GDQV FHUWDLQV UDUHV FDYVFXKQQHXHS/URWR
SDU IDLVFHDX[ GH SKRWRQV VRQW JpQPWHROKPHQWXRRWULDQV
PDUJHVY VRQW DMRXWpHYV DILQ GH FLEOHU G pYHQWXHOOH"
GHV HIITHWV DQWL WXPRUDX[ VXU OHV FHOOXOHYV JOLDOHYV
G HVSqFHV UpDFWLYHV GH O R[\JgQH HW SHUPHW VRXYHC(
JOLRPHV GH JUDGH ,,, RX ,9 O LUUDGLDWLRQ HVW JpQpUD
FKLUXUJLH RX OD ELRSVLH 'DQV iy BRSWRPBW GHI® WL G U DG
Q HVW SDV ELHQ FRGLILp /D UDGLRWKpUDSLH SUpFRFH SH
PDLV SDV OD VXWHWH IOREQ@QWH SUREDEOHPHQW OH ULVTXH
'HV VWUDWPpPJILHV YLVDQW j GLIIpUHU OH WUDLWHPHQW SDU
GDQV OHV VRXV W\SHV OHV SOXV FKLPLRVHQVLEOHV FRPPF

/D FKLPLRWKpPUDSLH GHV JOLRPHV PDOLQV UHSRVH VXL
H[HUFHQW GHV HIIHWV DQWL WXPRUDX[ VXU OHV FHOOXOH
ERQQH SpQpWUDWLRQ GH OD EDUULQUH KpPDWR HQFpSKDO
DJHQWYV DON\ODQWY HVW Qp GH O REVHUYDWLRQ SDU (GZzlI
YLFWLPHV G H[SRVLWLRQ DX JD] PRXWDUGH VRXIIUDLHQW
2Q GLVWLQJXH DXMRXUG KXL JUDQGHV IDPLOOHV G DJHQ\
PROPFXOHV GHV IDPLOGHVEFBHRXYUWLQRY FORPOHWLQH HW
WpPR]JRORPLGH SURFDUED]LQH VRQW OHV SOXV IUpTXHP
&HV WUDLWHPHQWV VRQW GpOLYUpV VHORQ SULQFLSD
SURFDUED]LQH HW ORPXVWLQH DVVRFLpV j XQ DOFDORw
PRQRWKpUDSLH SDU WpPR]JRORPLGH RX ORPXVWLQH &HV ¢
RQW GpPRQWUpP GHV EpQpILFHV HQ VXUYLH DOODQW GH

DQV DYHF OH SURWRFROH 3&9 GDQV&®ISHIGDRMH P BEJU
GRHWVJHQWY OHV JOLRPHV PDOLQV GpYHORSSHQW TXDVL V'
FRQGXLVDQW j OD UHFKXWH ,GHQWLILHU FRPSUHQGUH H'
REMHFWLI PDMHXU GH OD UHFKHUFKH SUpPFOLQLTXH HW FO

'"IOpFDQLGPBINWLBOH@MMW DON\ODQWYV

3DUPL OHV DJHQWYV DON\ODQWYV XWLOLVpVY GDQV OHV JO
HITLFDFHV VRQW OGN VOIP BRIREOKRPLGEH FLV FKORURHWK\OQL
DQDORJXH OD FDUPXVWLQH ELV FKORURHWK\OQLWURVRXL
I"HSY&H()*+, &4 -., 10,1 *
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DJHQW DON\ODQW GH OD IDPLOOH GHV WULD]®®MAL Y\ Y L
SK\WWLRORJLTXH YLD XQH K\GURO\VH HQ]\PH LQGpSHQGDQW
PpK\OWULD]J]HQRLPLGD]ROH FDUER[DPLGH 07,& SXLV OH
VRQ HVSQFH UpDFWLYH O LRQ PHWK\OGLMRQRRKXVWALIQH
FKORURHWK\OQLWURVRXUHD &&18 HW OD FDUPXVWLQH
FKORURPWK\OQLWURVRXUpHY PpWDEROLVpHVY HQ FRPSR
FKORURPWK\ODWLRQ GH O $'1 HW O LVRF\DQDWH UHVSRQV

ImeC
1meA

J)LIXUBULQFLSDX[ W\SHV G XOWHQ@WRWXUDON\WDQWWHPHQW GHV JOLR
HITHWV ELRORIJLT EHOA M JYKq&FW SDIOD@ HW FHIWHBWRBHUWDLQHY OpVLR
SDU OHV DJHQWY DON\ODQWYV VH SURGXLVHQW VSRQWDQpPHQW
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6XU OH SODQ ELRORJLTXH OHV DJHQWV DON\OEQ WD SIRE
GH UpDJLU DYHF GHV UDGLFDX[ QXFOpRSKLOHV eg. 6+ 2+
OWRWPLQHY HW OHV DBXGENYBRKO@HT®HN1 FHV LQWHUL
IRUPDWLRQ GH GLIIpUHQWY W\SHV GYDG GXVLMBHM ILppiH GWM
SULQFLSDOHPHQW DX QLYHDX GHV EDVHV SXULTXHV 1 D¢
HWF  )LJXUH E /YDJRWH 1 GH OD JXDQLQH HVW OD FLE
O $'1 i GH O HQVHPEO6HGRYYQ DGEXWWHY G DGGXLWV T
DON\ODQWVY VRQW GLWV PRQR DGGXLW VXU XQ QXFOpF
QXFOpRWLGHY DGMDFHQWY SRXU IRUPHU GHV SRQWV LQWF
GH OD GRXEOH KpOLFH HPSrFKHQW OD UpSOLFDWLRQ HW
EULQ HW LQGXLVHQW GHV FDVVXUHV VLPSOH RX GRXEOF
VI\VWgPHV GH UpSDUDWLRQV HW pYHQWXHOOHPHQW j O D!
LUUpYHUVLEOH 'H IDoRQ LPSRUWDQWH FHUWDLQHV OpVLE
1 PpWK\OJXDQLQH 1 PpWK\ODGPQLQH 2 PpWK\OJXDQLQH
FRQGLWLRQV SK\WLRORJLTXHV )LIJXUH F OHV FHOOXOH
UpSDUHU FHV OpVLRQV

6XU OH SODQ GH OD WKpUDSHXWLTXH DQWL WXPRUDOH

O HIILFDFLWp GHY DJHQWY DON\ODQWY SDUPL OHVTXHOV |

8QH IDLEOH FRQFHQWUDWLRQ GH GURJXH SDU XQH DX
VRQ HQWUpPH GDQV OHV FHOOXOHYV

/I TLQDFWLYDWLRQ GH OD GURJXH SDU GHV PpFDQLVPH'
OH JOXWDWKLRQ

/I NTDXJPHQWDWLRQ GH OD UpSDUDWLRQ GH Of$'1 QR
$/.%+ HW 0*07 HW GHV V\VWBaseHEXCiSiohRedaW NuiCEotide Excision
Repair

/| LQODFWLYDWLRQ GX V\VWgPH GH UpSDUDWLRQ 005

/| HISUHVVLRQ GH SURWPLQHY LPSOLTXpHV GDQV IOW V
%FO [/

/HV PpFDQLVPHV GH UpVLVWDQFH HQ OLHQ DYHF OD U
FDUDEWpPULVpPV )LIXUH &HUWDLQV GH FHV PpEDQLVPHYV
GH OHXU GLVSRQLELOLWp j SUR[LPLWp GHV OpVLRQV GH O ¢
O H[SUHVVLRQ @GH70DWS GRW [LWQRWpLQHV GX 005 RQW pWp D
UpVLVWDQFH DX WpPRJRORPLGH HW j O DFTXLVLWLRQ G XQ
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JUXUHSHSUpVHQWDWLRQ VFKpPDWLTXH GHV SULQFLSDX[ GRPPD:
XWLOLVpPY GDQV OHV JOLRPHV HW OHXUG TBERDG MW BBV \8 HHUWE Dl
OpVLRQV LQGXLWHYV SDUVWIH WRRRYJRBRBHGHOPVLRQV LQGXLWHYV

(15pVLVWDRFMRPXKORPLEGHY GH OD 0*07 HW GX V
SKPQRWKSIHOPXAWD QW

/H WpPR]JRORPLGH HVW O DJHQW DFWXHOOHPHQW OH S
JOLRPHV PDOLQV / HIILFDFAIWKO WX WPPRFRGRPHPH QW GH (
PPWK\OJXDQLQH 2 PH* DX (@LFRRBIGMLRBVISK\VLRORJILTXI
VRQW QHWWHPHQW PRLQV IUpTXHQWY TXH OHV DXWUHV W
WpPR]JRORPLGH FRPPH OD 1 PpWK\0JXD&HBIH HUDBISTRAHWH Q €
LPSRUWDQW GHV OpVLRQV 2 PH* GDQV OD F\WRWR[LEDWp
UpSDUDWLRQ GLUHFWH GHV OpVLRQV 2 PH* GH PrPH TXH |
OHV FKORURpPWK\OQLWURVRXUpPHV $X FRXUV GH FHWWH Ug
IHSY6& H()+,&# -, [0,1*
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O 2 H* SDU WUDQVIHUW FRYDOHQW UpWDEOLVVDQW DLQVL
QpDQPRL@Y LQDFWLYDWLRQ LUUPpYHUVLEOH GH OD SW®RWpL
Q HVW GRQF SDV VWULFWR VHQVX XQH HQJ\PH SXLVTX HC
UpSDUDWLRQ HQJ\PH VXLFLGH (WDQW GAOQF PHWWHSS RS
FRPPH O XQH GHV SULQFLSDOHV FDXVHV GH UpVLVWDQFH L
MGMT TXL FRQGiehdMgj pSQJIpQpWLTXH GHHVRQ HKY SFUHYVW LRQV |
VHQVLELOLWpP DFFUXH DX[ WUBDEWORHY RMWWKSDQL W R R RXQR
SURQRVWLF FKH] OHV SDWLHQWY DWWHLQWY GH JOLRPH P

(Q O DEVHQFH GH 0*07 SDU H[HPSOH HQ FDV GH PpWK\¢
GX SRRO GH SURWPLQHV GLVSRQLEOHV XQ@H PMK P HFR Q.
FRPPH XQH DGEPQY.@H OD UpSOLFDWLRQ GH O $'1 SDU OHV
PpVDSSDULHPHQW 2 PH* 7 &H PpVDSSDULHPHQW HVW UHFI
FRPSOH[H PXOWLSURWpPLTXH SURWPLQHV 06+ 06+ 0/+
UHFRQQDVWUH HW GH UpSDUHU OHV PpVDSSDULHPHQWYV G
slippage GH OD SRO\PpUDVH ORUV GH XD XWds O L BH\® RRQOGIHPE
F\FOHV IXWLOHV 2 futlecycing O DOWHUQDQFH VXFFHVVLYH
VI\VWgPH 005 SXLV GH UHV\QWKQVHV @ X4 WRP LIS DODF +
SRO\PpUDVHV DERXWLW j OD PLVH HQ WHQVLRQ GH OD GRX
GH O $'1 KDXWHPHQW WR[LTXHV HW DERXWLVVDQW pYH
DSRSWRW L JXIHKWH $LQVL VHORQ FH PRGgOH OD WRJ[LFL
GH O LQWpJULWp GX RNWWMPHKDSRWK FRDIRUWpPH SDU O RE
PRGQOHV GpILFLHQWY HQ 005 eg. OLJQpHYV FHOOXODLUHV G
FRGDQW SRXU OHV SURWPLQHV 005 GH UpVLVWDQFH PDMH:

'H IDoRQ LPSRUWDQWH GDQV G DXWUHV FDQFHUV OD
G K\SHUPXWDELOLWpP HW G DFFXPXODWLRQ GH SHWLWHV L
VPTXHQFHV UpSpWpHVY GDQV OH JpQRPH XQ SKpQRW\SH DS¢
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Repair

No repair

JUXUHpPpFDQLVPH GH F\AWRWR[LFLWp GX WpPR]JRORP L GH IHSN §/NW S D
HW DOQ O DEVHQFH GH UpEDPEWEBRQ GBYDDEXGMRIMR[LFLWp G
GpSHQG LOQGLUHFWHPHQW GH O LQWpJULWpP GX V\VWqgPH 00
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Failure > persistent mutation Failure > microsatellite instability

JUXUH 5HSUPVHQWDWLRQ \DRK plPpSVD UTDXWL RECHG GLHVF RHUUSURBIBIDVE L R Q

SRO\PpBDVHOHYV V\pruvieading HBW 005 1D SUHVVMAR @O @ HW LE@FQ\

3HQGDQW OD VI\QWKgVH GH O $'1 GH UDUHV HUUHXUV GHV SRC
JOLVVHPHQW GH OD PDWULFH j B WDRPIRVH HHPVE rG KFHQRIQ B KHH[QWIH @\HL |
HQ FURLVVDQFH GX VLWH DFWLI GH OD SRO\PpUDVH 32/ YHUV
PYHQWXHOOHPHQW H[FLVpH /HV HaptbefiéadivigG XL OplF ISRDS W FIHDWDML V R
DX PRLQV HQ SDUWLH SDU GHX[ YRLHV SD UWMIVHSORIW pIIQYWH VU HGE R Q
VRQW LQGLVSHQVDEOHV DX IRQWWSREWHRBEW @BH FHW Bk RIQ W
ups SHUPHWWDQW OD IRUPDWXRG GMW PRRHODRGNSOH] W 106+ 06
0/+ 0/+ QRWDPPHQW SRXU OD UPSMVERHQQY Giphdged URDHMD UIVE B H (
GH UpSDUDRYIVDG S DBIVH P H QIMER XAMLVEVDHGW | OD WUDQVPGVWQRQ
LQVHUWLRQ GpOpWLRQ GDQV XQH GHV FHOOXOHV ILOOHV / DFF
K\SHUPXWDQW DYHF VLIQDWXUH PXWDWLRQQHOOH VSpFLILTXH

SKPQRW\SH G LQVWWRYPMHMWPLEHY PHE OLHQ DYHF OHV LQVHUWLF
GDQV GLIIpPUHQWHY FHOOXOHV GH IUDJPHQWY GH WDLOOXW6GL
UHFRQQDVW OHV GRPPDJHV j O $'1 HBEAD R GH@MHOWHEBIDEOHHRGHOMMQ & DS
GWpPWHSDULHPHQW GH O $'1 WU VDVQPHHIW BXD HS RSD B VO 1B W K LFFKKHL]D

/ $'1 QRXYHOOHPHQW VUMHF R QW XA § DWHHOBNEOMRQV P pWK\Op FHUFOH'
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$ORUV TXH OHV DQRPDOLHV GX V\VWgPH 006 L\RPPGIW H P&
QRXYHOOHPHQW GLDJQRVWETKRXY EGW P RW DADIUDEW POEVpH
+ RQW pWp REVHUYpHV FKH] | GHV SDWLHQWY DWWHLQ"
GHV DIJHQWYV DON\SORWVFHUWDLQHYV GH FHV pWXGHV RQW
GH SDLUHV GHHBRMWP MMUBUWHPHQW HW RQW PRQWUp TX XGC
XQ SKpQRW\SH © K\SHUPXWDQW 2 FDUDFWpULVp SDU O DF
WUDLWHPHQW SDU WpPR]JRORPLGH QRWDPPHQW &ROOHFW
LQGLTXDQW XQH UpVLVWDQFH DX[ DJHQWV DON\ODQRQ@WG
VXJJIpUp XQ OLHQ PpFDQLVWLTXH HQWUH GpILFLWV 0*07 HW
HW SKpQRW\SH K\SHUPXWDQW GIDIXWHYV IPORLQ P R WIND DHINQ @ |
GpPRQWUp GDQV GHV PRGOHV LVRJIpQLTXHV GH JOLRPHV
FDUDFWpPULVWLTXH§RMIKDEHOW HOHWLIJQDWXUH PXWDWLI
SKPQRW\SH 06, YRLU #BFWIHRWOPMWWDQW DV GH OHV UHOL
FDQFHUV DYHF DQRPDOLHV GX V\VWQPH 005 &HFL QRXV D
FDUDFWpPULVWLTXHV FOLQLTXHV HW PROpPFXODLUHV GHV JC

|

JLIXUBRGQOH VXJJpUDQW XQ QLUK GplEB QWWWLIDXHWQG X VI\VW(qP
WHR]RORPLGH HW SKpQRW\SH K\SHUP X PISAQRCDRY HOHW OO LRPHV
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,, ) t\SHUPXWDWLRQ GDQV OHV JOLRPH

$'(WXGH GH OD FKDUJH HW GH OD VLJQDWXUH
SRWHQMWUIHHHSOSUpPGLFWLI GDQV OD SUpGLFWLRC
O LPPXQRWKpUDSLH

|

/JHV PXWDWLRQV VRPDWLTXHV UHWURXYpHV GDQV OH)
PXWDWLRQQHOV G RULJLQH H[RJJQH HW HQGRJqQH TXL RSt
j OD FHOOXOH WXAKDUIXBHSURFHVVXV PXWDWLRQQHO SHXW
GRPPDJHV RX PRGLILEFDWLRQV GH O $'1 G DQRPDOLH GH Up
XQH VLIQDWXUH PXWDWLRQQHOOH FDUDFWpPULVWLTXH TXL

GHV LQGHOV GHV UpDUUDQJHPHQWY FKURPRVRPLTXH
JPQRPLTXHV 3DUIRLVY SOXVLHXUV SURFHVVXV PXWDWLR
PXWDWLRQQHO GH OD WXPHXU LQFRUSRUH GLIIpUHQWH
FRQVPpTXHQFH OD FDUDFWpPULVDWLRQ V\VWpPDWLTXH GHV
OH SRWHQWLHO GH UpYpOHU OHV SURFHVVXV QRUPDX[ H'
PXWDWLRQV HW GRQF DX GpYHORSSHPHQW GHV FDQFHUYV
VPTXHQODJH j KDXW GpELW HW O DQDO\VH JpQRPLTXH GH
FRQVRUWLXPV LQVEGHYQWMALK@DMXHY PDWKpPDWLTXHV RQW
O DQDO\WH V\VWpPDWLTXH GH VLIQDWXUHV PXWDWLRQQHC
HW DLQVL G HVWLPHU OH QRPEUH GH PXWDWLRQV DWWUL
PFKDQWLOORQV LQGLMLI®YRQVLPSRUWDQWH FHV PpWKRGH'
SDUWLU GH GRQQpPHYV GH VpTXHQo0DJH G H[RPHV RX JpQRPH"
VXFFQV j O DQDO\WVH G pFKDQWLOORQV VpTXHQFpV SDU SD(
SUPVHQFH G K\SHUPXMBWLRYY UHQG SRWHQWLHOOHPHQW
VPTXHQoDJH REWHQXHV GDQV OH FDGUH GH OD SUDWLTXH F
GHV VRXV W\SHV PROpFXODLUHV GHV JOLRPHV
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DNA replication infidelity
(polymerase E/D1)

/ SNV SNV + \
flanking bases
C>A CA CA
C>G ccCc cCcc
CG CG
CT CT
E
n possible
combinations: 6 96

JUXUH 3URFHVVXV PXWDWLRQQHOV H[RJgQHV HW HQGRJqQHV FF
VRPDWLTXHY GDQV OHV WXPHXUV KXPDLQHV HW WHFKQEkiigleH G L[
nucleotide variants 6 LO H[LVWH GH WUQqV QRFPEQHA&Y SUREWV VXN & XYWDUN
GRPPDJHV HW GH FDSDFLWpV GH UpSDUDWLRQ GH O $'1 OH QRP

ORUVTXH VHXO OH QXFOpRWLGH PXWDQW HVW SULV HQ HRPS)
O DQDO\WH GX FRQWH[WH WULQXFOpPpRWLGLTXH GH FKDTXH YDULI
SRVVLEOHYV | H W SPLEPXENRPHOQ VGIVOOYWH GHYVY SURFHVVXV PXWDWLF

2XWUH OD FDUDFWpPULVDWLRQ GHV SURFHVVXV PXWDWL
SUpFLVH OH QRPEUH GH PXWDWLRQV VRPDWLTXHV GDQV FK
PXWDWLRQQHOOH QRPEUH GH PXWDWLRQV VRPDWLTXHV ¢
PpPWKRGH UplpUHQFH SRXU OH FDOFXO GH OD FKDUJH PX
O K\SHUPXWDWLRQ GDQV OHV WUDYDX[ UHSRVDQW VXU G
PXWDWLRQV SDU OE O DQDO\VH GH JUDQGV QRPEUHV G p
GLVWLQJXDQW GHV DXWUHV GX IDLW GH OD SUpVHQFH G X(
PFKDQWLOORQV VRQW GLWV K\SHUPXWDQWV /D FKDUJH P:
QRWDPPHQW OH QRPEUH GH UpSOLFDWLRQV FHOOXODHVH"
SURFHVVXV PXWDWLRQQHOV RSpUDQWY 7RXV W\SHV GH FI
GHV YDULDWLRQV PRGHVWH VO®RD @R URLK\DIU & i W WY B RH @V @HHO
+ RQW XQ QRPEUH UHODWLYHPHQW IDLEOH GH PXWDWLRQV
OH FDQFHU FRORUHFWDO OH PpODQRPH RX OH FDQFHU SX

XQ SKPQRW\SH K\SHUBMNWEXWMDWLRQ SHXW rWUH FDXVpH SD
!”#$%&'#()*+,&#' -, /O,l * *kkkkkkkk
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eg. H[SRVLWIRRX D[ FDQFpURJgQHVY GX WDEDF SDU XQH
IDPLOOH GHV F\WLGLQH GpVDPLQDVHV $32%(& RX HQFRUH
GHV SULQFLSDOHV SRO\PpUDVHV 3RO! HW 3RO" RX GH Up
QRWDPPHQW

a Pan-cancer TCGA exomes

n= 2369

J)LIXUH $QDO\VH GH OD FKDUJH PXWDWLRQQHOOH GDQV OHV
LPPXQRWKpUDSLHV SDU LQKLELWHXUV GH FKHFNSRLQWV LPP)
PXWDWLRQQHOOH pOHYpH E PpODQRGHYSIRH[DQEWR¥EQ@J) DR E(
HW DHOW 5HDUGRQ HW DO

$ORUV TXH OHV WUDYDX[ VXU OHV SURFHVVXV PXWDWLR
FRPSUpPKHQVLRQ GHV IDFWHXUV SDUWLFLSDQW DX[ SURFH\
PYROXWLYH GHV FDQFHUV HW OJDFFXPXODWLRQ GH PXWDW
TXH O K\SHUPXWDWLRQ SRXUUDLW UHSUpVHQWHU XQ IDF
LQKLELWHXUV GH FKHFNSRLQWY $B WX 6 QWIVL D WW/MHIEQ VEK &
DQWLFRUSVY PRQRFORQDX[ DQWL 3 3' ) &T7I/% VRQW
UpFHSWHXUV PHPEUDQDLUHVY SRLQWV GH FRQWU{OH GX V

GIDFWLYDWLRQ GHV FHOOXOHV LPPXQLWDLUHV /HV ,&, RQ
I"HSY&H()*+, &4 -., 10,1 *
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UpSRQVH LPPXQLWDLUH DQW5DWXPRYDOW SKRFRAWHVFH\ VR W
O H[SUHVVLRQ GH SRLQWY GH FRQWU{OH GX V\VWgPH LPPX
GpPRQWUpP XQH HIILFDFLWp LPSUHVVLRQQDQWH GDQV SOXV
DYHF GpILFLHQFH 005 eg. FDQFHUV FRORUHPWWD G BIXW G H V(
K\SHUPXWDQWYV eg. PpPODQRPH HW FDQRHMUINW SREXPRQ /HV
SRXYDQW H[SOLTXHU FHWWH DVVRFLDWLRQ VRQW QRPEUH;
K\SHUPXWDQWV SUpVHQWHQW XQH DXJPHQWDWLRQ VLJQLI
UHQG SOXV VXVFHSWLEOHV j XQH UHFRQQDLVVDQFH SDU

$ O LQYHUVH 'DQV OHV FDQFHUV DYHF FKDUJH PXWI
JOLRPHV PDOLQV OHV WUDLWHPHQWYV SDU ,&, RQW PRIQWL
IDORQ LPSRUWDQWH SOXVLHXUV REVHUYDWLRQV FOLQLTX
GHV WUDLWHPHQWY SDU ,&, FKH] GHV SDWLHQWY DWWHL!

JLIXUH 1pDQPRLQV FHV REVHUYDWLRQV VH OLPL
FRQWH[WHYV UHODWLYHPHQW XQLTXHV eg. VIQGURPH GH Gp
DSSOLFDELOLWpP GDQV G DXWUHV FRQWH[WHV PRLQV UDUH

Pembrolizumab in MMR-d cancers

High response rate

Prolonged survival

JLIXUH5pSRQVH DX[ WUDLWHPHQWY SDU ,&plGDBRHNQ®HIW WIHDPHXUH
GURLWHDGQGPIBYD SR X IHWWD®D @ HW /H HW DO

$LQVL QRXV GLVSRVRQV GpVRUPDLY GH PpWKRGHV SHU
OD FKDUJH HW GHV VLJQDWXUHVY PXWDWLRQQHOOHV UHWU/
DYHASRWHQWLHO GH PLHX[ SUpGLUBD®@D, &,p SIRRXWH QIR VW
LQWpPUHVVpPV j OD TXHVWLRQ GHV PpFDQLVPHV UHVSRQVDI

UpSRQVH pYHQWXHOOH DX] ,&,

I"HSY&H()*+, &4 -., 10,1 *
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Wd+\SHUPXWDWLRQ GDQV OHV JOLRPHYV

!

/| K\SHUPXWDWLRQ GDQV OHV JOLRPHV VXUYLHQW GDQV
FDGUH K\SHERXWDWQRB HVW UHWURXYpH GqV OH GLDJQR
GDQV FHV WXPHXUV GH SURFHVVXV G RQFRJHQqVH DVVRFL
HQ HIIHW OH SOXV VRXYHQW FKH] GHV SDWLHQWVY DYHF \
DVVRFLpV j GHV DQRPDOLHVY FRQVWLWXWLRQQHOOHYV GHYV
SRO\PpUDVHV 3RO! HW 3RO" RX GRQMV)RHFPRGG FDGUH
SRVW WUDLWHPHQW 2 O K\SHUPXWDWLRQ HVW DEVHQWH
UpFLGLYH DSUQV WUDLWHPHQW QRWDRPHYW BMD U XOH HQ MAS |
VRLW OD FRQVPTXHQFH GLUHFWH GX WUDLWHPHQW VRLW
WUDLWHPHQW / DQDO\WVH GHV VLIQDWXUHV PXWDWLRQQHC
FHV GHX[ FDGUH Vdeko®HHWXS\FOML RRUDLWHPHQW VRQW GLII
YLIXUH (Q HITHW RQ UHWURXYH OH SOXV V RIXNovWdQ &H®D
VLIQDWXUHV PXWDWLRQQHOOHY DVVRFLpHV DX[ GpILFLHQF
GHV SRO\PpUDVHV 3RO! HW 3RO" VLJQDWXUH &260,& D
SRVW WUDLWHPHQW SUpVHQWHQW XQH VLIJQDWXUH PXWD
WUDQVLWLRQV &!7 DX QLYHDX GH UpJLR @V HXB & XHNO&BW L R
VLIQDWXUH UHVWH LQFRQQXH HOOH VH UDSSUIRFi#oH GH
H[SRVpV DX[ DJHQWYV DON\ODQWYV
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Gliomas, TMBlow
Age-related

Gliomas, TMBhigh
Signature 11
Etiology??

MMR deficiency:

Sigs 6, 15, 20
[ ] Gl, endometrial

I'HSUHE HB()*+ S, Yo+ Y (S

JUXUHG6LIQDWXUHYVY PXWDWLRQQHOOHY UHWURXYpHYVY GDQV OHV
EOHX RX DYHF Kd&rdwPYXNAUDAY LRRAXQYDR VWWH P H QGM D SRO§HVIHD Q 16 W RDYOH
VSHFWUH PXWDWLRQQHO GH OD VLIQDWXUH HVW UHSUpVHQWHp

| +\SHUPXWDWLRQ GDQV OHV JOLRPHV ORUV GX GL
!
&HWWH FDWpJRULH UHJURXSH TXDWUH SULQFLSDX[ FDG
6\QGURPH GH SUpPGLVSRVLWLRQ JpQpWLTXH DX FDQFHL
VI\VWQgPH 005
6\QGURPH GH SUpGLVSRVLWLRQ JpQpWLTXH DX FDQFH
VI\VWQgPH 005
6\QGURPH GH SUPGLVSRVLWLRQ JpQpWLTXH DX FDQFH!

GHV SRO\PpUDVHYV 3RO! HW 3RO"
!”#$%&'#0*+,&#' -, 10,1 * Fk gk kkkk
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$QRPDOLHV VRPDWLTXHV GX V\VWgPHMOIBORX GHV SRO!

DI'pILFLHQFHVY GX V\VWqgPH 005

/IHV JOLRPHV PDOLQV DVVRFLpV j GHV GpILFLWV FRQVW
VRQW WUqV UDUHV LOV UHSUpVHQWHQW PRLQV GH GHV

I" #9846 )" *4-%/ 0. 96496 )" 14929196 )"

JLIXUHUpPTXHQFH GHV PXWDWLRQV GHV SULQFLSDX[ JgQHV GX 0
ORUV GX GLDJQRR/WMAFHVQLEN$D O

'HV GpILFLWV FRQVWLWXWLRQQHOV GX V\VWgPH 005 \
SUPGLVSRVLWLRQ DX FDQF+0M\ QQGURRHGGR FIPHU BGLMORKL W LR
OH SOXV IUpTXHQW G D Q ¥ \0Gm) HLAES YO PRVQ\RVY LYY )XW U |
GH UpSDUDWLRQ GHV PpVDSSDULHPHQWY &005' EHDXFRX
GHV PXWDWLRQV PRQR RX EL DOOpOLTXMSHEMLUHP PRERO RX G
SOXV UDUHPHQW S DEPCRANMWUIHVISR@ \GIXEDH) B XQH L Q IMSWL Y DW
'DQV OH VIQGURPH GH /\QFK O LQDFWLYDWLRQ VRPDWLTXF
G KpWpURJ\VJRWLH HQWUDVQH XQH SHWVWSH \8 HHQDV VR QW HR Q
NQFK GPYHORSSHQW OH SOXV VRXYHQW GHV FDUFLQRPHYV
JDVWULTXH SDQFUpDWLTXH HW GH O LQWHVWLQ JUrOH /|
GHV JOLRPHV PDOLQV SOXW{W TXH GHV FD3UG LLGRMAHW HV @'}
DWWHLQWYVY GH &005' GpYHORSSHQW OH SOXV VRXYHQW
IHSY6& H()+,&# -, [0,1*
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FRORUHBWDRPHY PDOLQV GDQV O HQIDQFH R/ D DIBWRIOHY k
GH VIQGURPH GH /\QFK RX GH &005' GpYHORSSDQW GHV JOL

6XU OH SODQ PROpPFXODLUH ELHQ TXH O HQVHPEOH
K\SHUPXWDQWV RQ QH VDLW SDV VL OD PrPH FKRVH HVW °
GLDJQRVWLF OHV JOLRPHV DYHF GpILFLHQFH 005 VHPEOH:
G DXWUHV FDQFHUV DYHF GpILFLHQFH 005 FRPPH OHV FDQF
DYHF VIQGURPH GH /\QFK RX &005' VXJJQUHQW HQ HIIHW TXt#
XWLOLVp HQ SUDWLTHWRBWHPHQYWM FRMXUPQWH OD GpILFLHC
FRORUHFWHBRXUUDLW rWUH DEVHQW GDQV/HO\H P pRDL@RIPHPH ¥
WHQGDQW FHV GLIIpUHQFHV QH VRQW SDV FRQQXV (Q SLU
GLIILFLOH OH GLDJQRVWLF GH GpILFLHQFH 005 FKH] XQ SDV
GHV PXWSHEHMUSY HW OHV GLIILFXOWpV G LQWHUSUpPWDWLR
SUpPpIpUDEOH G XWLOLVHU O LPPXQRKLVWRFKLPLH GHV TXDV
VL SRVVLEOH HQ DVVRFLDWLRQ j XQ VpTXHQoDJH GHV JqQFt
FKDUJH HW GHV VLJQDWXUHV PXWDWLRQQHOOHV / DSSOL
UpFHQW DX ODERUDWRLUH GH OLJQpHV GH JOLRPHV GpULY|

"# $" #%
IS 1'% &'()

&l"s IH(

I"4$)  *+,-./$01

JLIXUHWDEOLVVHPHQWpPpEH XGAHHIOLRPH PDOLQ GpULYpH G XQH SD\

MSH2 +DXW JDXFKH LPPXQRKLVWRFKLPLH GHV SULQFLSDOHV SU
I"HSY&H()*+, &4 -., 10,1 *
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FRORUDWLRQ j O KpPDWR[\OLQH HW W b DERMLIMHHR R D VGBIX QNUXHPVH & pl U
WXPHXU HiQViEX OM XY WHpVHQFHNVGR QO W WPRIQEHR BIQWGE XG(H SKpQRW\SH |
DYHF VLIQDWXUH PXWDWLRQQHOOH 005 D pWp FRQILUPpPH GDQV

E!U'pILFLHQFHY GHV SRO\PpUDVHV 3RO! HW 3RO"

/HV JPQHVHROLDL FRGHQW SRXU OHV SULQFLSH®WERSXIL S|
RQW XQ U{OH GDQV OD ILGpOLWp @rbofieauB® HMD WQ R® WYH. FOJ
GLYHUV PpFDQLVPHV GH UpSDUBWLRSG BW 00%'1l /¢l PX
FRQVWLWXWLRQPMBD 8ROLDE MAR QWQBYLQFLSDOHPHQW UHWUI
DWWHLQWHY GH FDQFHUV FRORUHFWDX[ RX GH SRO\SHV FF
VLWXpHV GDQV OH GRPDLQH H[RQXFOpDVH GHV JgQHV 'DQ
pJDOHPHQW pWp UDSSRUWDPHV FKH] GHV SDW LH\D VIP\X \DDAAN
VRPDWLTXHV GRPDLQHV RORHWOILDVR QGWH Y JDE@HPHQW REVI
SDWLHQWY DWWHLQWY GH JOLRPHV PDOLQV QRWDPPHQW
DYHF GpILFLHQFH EL DOOpOLTX6XE XOW \B\U ®RHPRIGp FXODLUH
GDQV OHV JOLRPHV PDOLQV DYHF GpILFLHQFH 3RO! RK BRW"
j GLUH DYHF XQH FKDUJH PXWDWLRQQHOOH GpSDVVDQW
PXWDWLRQQHOOH 'HV FDV GH UpSRQVH DX[ WUDLWHPH!
DWWHLQWY GH JOLRPHYV PDOLQV DYHF GpILFLHQFH 3RO!

'+\SHUPXWDWLRQ GDQV OHV JOLRPHV ORUV GH OIL

,O V DJLW GX FDV OH SOXV IUpTXHPPHQW UDSSRUWp GD
UHPRQWDQW |j FKH] GHV SDWLHQW \&K\J DALRWD \B C5VD UH W Ry
WXPHXU LQLWLDOH QH SUpVHQWDLW SDV G K\SHUPXWDWL
UpDOLVpV DSUqV WUDLWHPHQW SDU WpPR]JRORPLGH XQH p
2XWUH OD SUpVHQFH G K\SHUPXWDWLRQ RQ QRWDLW GDQ
PXWDWLRQV WRXFKDQW OH® HYyWHVYPERWOWDQW GH QRWHU
PXWDWLRQV GHV JqQHV 005 pWDLHQW GHV PXWDWLRQV IDX
&HFL UHQGDLW GLIILFLOH OD G fdiied UiRL QIHW ISR@ VBHE GOHH YXGLX
K\SHUP XWD Q#¥seRyar EeHDVVRFLp DX SKPQRPGQH G K\SHUPXW
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GH SURFHVVXV G K\SHUPXWDWLRQ OD SUREDELONWYP &8 Gt
JgQHV 005 HVW WUqV pOHYpH HW GLUHFWHPHQW FRUUpOpH

$YHF O DSSRUW GHVY GRQQpPHV LVVXHV GH VpTXHQODJH (
GH SDLUHV GH WXPHXUVWHMJIKDWDFWpULVWLTXHV PROpE:
K\SHUPXWDWLRQ SRVW WUDLWHPHQW RQW SX rWUH SUpFLV
L (OpYDWLRQ FODLUH GH OD FKDUJH PXWDWLRQQHOOH
LL 3UpVHQFH G XQH VLJQDWXUH PXWDWLRQQHOOH WU
VLIQDWXUHV REVHUY inhivo G ORVEM VWD RRGJ B 8 WRUPP N\S D \X
JUDQGH PDMRULWpP GH WUDQVLWLRQV &!7 DX QLYHDX GH Uj
LLL 3UpVHQFH IUpTXHQWH GH YDULDQWY GH VLJQLILF
WXPHXUV UpFLGLYHVY QRQ UHWURXYpV GDQV OHV SUpOqYH
LY $VVRFLDWLRQ FODLUH GX SKpQRPgQH G K\SHUPXWD
DJHQWY DON\ODQWY DYDQW OD UpFLGLYH GHV UpFLGLY
Y $VVRFLDWLRQ DYHF GHV ELRPDUTXHXUV PROpPFXODL!
VHQVLELOLWpPp D OD FKLPLRWKpUDSLH SIDHIRIHQVGW\D ONFQ D

K\SHUPXWDQWHV YV GHV UpFLGLYHV QRQ K\SHWBMWDQ\
YV JLIXUH
a b
Hypermutation

OPost-temozolomideC

JLIXUH(YROXWLRQ FORQDOH WHP SGRHSHHOWWY B HW/HKEMHS V@V LL D ROHB NGHKEFH X
PXWDWMHIRQG DSUQqV -RKQVIRQWBWOLUVHPHQW G XQ DUEUH SK\ORJ
GRQQpHVY GH VpTXHQoDJH G H[RPH GDQV GHV JOLRPHV PDOLQV S
DSUqV WUDLWHRHQWR BWDDRMHNY PRQWUDQW OH QRPEUH GH PXWD

KXLW SDIHWHB3WHPBR]RORPWGHPLWp GURLWH /IHV PXWDWLRQV UHE¢
I"HSY&H()*+, &4 -., 10,1 *
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GDQV O pFKDQWLOORQ LPXWDIVDIOR QQLTNEB OO W pHH/NY HQ EOH X
O pFKDQWLOORQ UpPFLGLYH XQLTXHPHQW OHV PXWDWLRQV U}
PFKDQWLOORQV 2Q REVHUYH XQH pOpYDWLRQ PDMHXUH GH OD
WpPR]JRORPLGH

2008: 0,52 mutations / Mb

2016: 77 mutations / Mb
MLH1 (c.1805G>A:p.G602D)

JLIXUH$SFTXLVLWLRQ G K\SHUPXWDWLRQ DYHF VLIQDWXUH PXW
WpPR]J]RORPLGH GDQV XQ DVWURF\WRIPHI1DRD®@HVLOWKWHXBYHEHP X
O HIRWHKPHXUV LQIHWHWORFR QUUWPWBLCHYRQVWLWXWLRQQHO

J)LIXUHSQDO\VHY GHVY DQRPDOLHVY GH QRPEUH GH HREHM ? X @D UM
VRPDWLTXHVY EDV GDQV SBBMW BRMBR]ROERRP®HYYVpNYTIBQoDJH
O HIRBHYDSWOHW DA&KDTXH PXWDWLRQ FHUFOH H\W®DWHS O pp/AKDOW

LOQLWLDO DOODQW GH > ] GHV FGIOW X6 B0 X\OH\R WXPRVU@OHV @
I"HSY&H()*+, &4 -., 10,1 *
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UpPpFLGLYH LGHP VXU O D[H GRY RBUWEFRIY@HW 005HVRRMXWW WS UpVH
MDXQHYV

Dataset Coverage Hypermutated Hypermutated recurrences
recurrences
IDH1/2 MGMT | MMR Prior Prior AA
mutated meth mut 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%
Cell15
. Kim, Gen WES/WGS 23 5 (22%) 20% 100%  100% 100%  100%
MlXed 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 | g5 NatGen WES 18 3(17%) 100%  NA 100% 67%  67%
2016
b Hypermutated recurrences (n = 38):

ﬁ

- 55% IDH1/2-mutant

- 94% MGMT methylated

- 92% have MMR mutations

- 97% received alkylating agents

Non-hypermutated

Recug;ipces Non-hypermutated recurrences (n = 164):
(0]

—_— - 20% IDH1/2-mutant
- 30% MGMT methylated
- 5% have MMR mutations

JLIXUM\QWKgVH GHV pWXGHV GH S D LHW \B/RNIM @/IHPRHQWP DRQ WY V [5Q
GX SKPQRPgQH G K\BHUP BWD \D IOMOSFR\CLMQAVR Y ® X[ D BIMQ @V DIDPNAKDC
PXW DMHIRQHW X BHWK\ODWLRQ GWGNSTU BMRBABRXY %DIDEW:DQJ HW
DO .LP HW OL® HW BW -RKQVR/HBWURBGNYVLIQHQW GHV pFKDQWLOGC
GRQQpPHY GH VpTXHQoDJH G H[RPH RX GH JpQRPW IMRIHN GHMSERLQYL
FRQVWLWXWLRQQHO

&HV REVHUYDWLRQV VXJJQUHQW O H[LVWHQFH G XQ OLF}
OD FKLPLRWKpUDSLH DSSDULWLRQ G XQ SKpQRW\SH K\SHL
005 GDQV OHV JOLRPHV PDOLQV WUDLWpV SDU WpPR]RORP
TXHVWLRQ FH OLHQ SRWHQWLHO ' XQH SDUW OD VLJQDWXL

WUDLWHPHQW VLIJQDWXUH SDUIRLY GpQRPPpH VLIJQDWX
QRWDPPHQW GHV VLIQDWXUHY PXWDWLRQQHOOHY REVHUY
!"#$%&'#()*+,&#' -, /O,l* *kkkkkkkk
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R X &HUWDLQV DXWHXUV RQW pPLV O K\SRWKqgqVH TXH C
GLUHFWH GH O H[SRVLWLR@PDDQPRALQRR]IRBDWMWMHGNLIJIQDWXUH
UHWURXYpH GDQV OD PDMRULWpP GHV JO)RPHM PDH MQWWH
FRPSDUDLVRQ GDQV OHV PpODQRPHV RX OHV FDQFHUV
FDUFLQRJgQHVY GX WDEDF VH WUDGXLW SDU OD GpWHFWLR
VLIQDWXUHYVY PXWDWLRQQHOOHYV HW UHVSHFWLYHPHQW
FHV PXWDJ&PHY VXIJIJgUH TXH OD VHXOH RB[ERWLWDR Q/ OXLW
FDXVHU OH GpYHORSSHPHQW G XQH K\SHUPXWDWLRQ DYHF
GplILFLWV 005 VRQW IRUWHPHQW VXVSHFWpV GH FRQWULEX
DX WpPR]JRORPLGH OHV JOLRPHV DYHF K\SHUPXWDWLRQ £
XQLTXHV OHV GLVWLQJXDQW GHV DXWUHV FDQFHUV 005 Gp
&HFL D FRQGXLW G DXWUHV DXWHXUV j UHPHWWUMWpPQ FDX'

!”#$%&'#O*+,&#' -, /O’l * Fkdk Kk Kk K
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, 99 +\SRWKHWHREMHFWLIV

&ROOHFWOANWRRDMpHY GH OD OLWWpUDWXUH FRQYHUJF
HQWUH K\SHUPXWDWLRQ SRVW WUDLWHPHQW GplLFGWQA/X
OHV JOLRPHYVY PDGLQ@HY DYDQFpHV VLIQLILFDWLYHV RIHN p
PpFDQLVPH SUpFLV VRXV WHQGDQW XQ WHO OLHQ UHVWH
SRXYDQW FRQWULEXHU j DPpOLRUHU OD SULVH HQ FKDUJH

(ILVWH W LO XQH DVVRFLDW bh&Q H\@WSRH W \\&/'K DR YWW B ¥
FDUDFWpULVWLTXHV FOYRXKFRWRED pFERO DML iy, MBMW K\ O L
SDWWHUQ GH WUDLWHPHQW GDQV OHV JOLRPHV PDOLQV "
SUPYHQLU OH ULVTXH G pPHUJHQFH G XQ WHO SKpQRPgQH
PrPH O LPSDFW:SRRQRVWREXPPIRVBHIUPXWDWLRQ GDQV FH'
PWXGLp 5pSRQGUH j FHV TXHVWLRQV QpFHVVLWH O DQDO\
OH SODQ FOLQLTXH RU OHV SUpPFpGHQWHY pWXGHV QH GL'
DX PD[LPXP WXPHXUV K\SHUPXWpHV

/D GpILFLHEBVWW GDBOH VXIILVDQWH SRXU SURGRMXUHBLKX®!
G DXWUHV |DFQWHXYY DIRGHV3LLRG XLW HOOH GH IDORQ pTXLY
DXWUHV DJHQWY DON\ODQWY FRPPH OH &&18 " &HFL QpFH
DJHQWY DON\ODQWY GDQV XQ ODUJH pFKDQWLOORQ GH Ol
GpULYpHV GH SDWLHQW HW UHIOpWDQW OD ELRORJLH GH
JOLRPHV DYHF GpILFLHQFH 005

4XHO PpFDQLVPH VRXV WHQG OH GpYHORSSHPHQW G K

" @HWWH VLIJQDWXUH HVW OH SOXV IUpTXHPPHQW UHWUR

HOOH GLIIQUH GHV DXWUHV VLIJQDWXUHV DVVRFLpPHV j OD C

JURXSHV GLVWLQFWVY GH JOLRPHV /HV PXWDWLRQV 005 GF

SRXUUDLHQW rWUH Gpassehd G HV HF\W & A B QYRR B GNUB PEHY D W

GH OD FKDUJH PXWDWLRQQHOOH RX ELHQ rWUH UHVSRQVD|
DX WpPR]JRORPLGH
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/| K\SHUPXWDWLRQ V DVVRFLH W HOOH j XQ®’ ,PAHRFOROH & |
G DXWUHV W\SHV GBolFHD@ AW OHV JOLRPHV VRLHQW DVVR
KDXWHPHQW LPPXQRVXSSUHVVHXU GHV WUDYDX[ UpFHQW)
EpQpILFLHU GHV &&Y REVHUYDWLRQV SURYLHQQHQW QpDC
XQLTXHV eg. &005' HW OHXU DSSOLFDELOLWpP GDQV G DXW!I

$ILQ GH UpPSRQGUH j FHV TXHVWLRQV QRXV DYRQV |
PXWDWLRQQHOOHY GDQV XQ WUgV ODUJH pFKDQWLOORQ G
GRQW K\SHUPXWDQWHY HW pWXGLp OHV DVVRFLDWLRQ
PROpFXODLUHY GDQV FHWWH FRKRUWH 1RXV DYRQV pWXG
VLIQDWXUH GpILFLW GX V\VWQqPH 005 HW UpVLVWDQFH D
PDOLQV (QILQ QRXV DYRQV pWXGLp O LPSDFW GH O K\SHU
JOLRPH HW VXU OHXU UpSRQVH DX[ WUDLWHPHQWYV SDU ,&,

!”#$%&'#O*+,&#' -, /O’l * Fkdk Kk Kk K
"#$%8&'(&%)*+,+-./0&'1'233&04,&'5."%+6& 78"
9+0:&"&',<=73&'$0>"?&7.".&7"95'@AB'1'C@ @CD'EGOF *H'l 7$*%&'



y17/2'8&7,21

' BWXG\Y FRQWH[W

!

ULPDU\ FHQWUDO QHUYRXV VA\VWHP &16 WXPRUV IRUP
SDWKRORJLHV DIIHFWLQJ FKLOGUHQ DQG DGXOWV $FFRUG
FODVVLILFDWLRQ WKHUH DUH ILYH PDLQ W\SHV RI SULF
QHXURHSLWKHOLDO WXPRUV JHUP FHOO WXPRUV WXPRU\
7KHVH ILYH W\SHVY DUH WKHPVHOYHV VXEGLYLGHG LQWR VH
WKDQ GLVWLQFW WXPRU W\SHV ZLWK KLJKO\ KHWHURJ
ODOLJQDQW JOLRPDV FRQVWLWXWH WKH PDMRULW\ RI QHX
PDOLJOQDQW &1XKIMXHPEBIWVRQJILQIJ WR WKH JURXS RI UDUH FLC

SHRSOH PDOLJQDQW JOLRPDVY UHSUHVHQW D SDUW
DVVRFLDWHG ZLWK WKHLU GHYHORSPHQW LQ WKH &16 WKF
WKHLU LQFXUDEOH QDWXUH 7KH PDQDJHPHQW RI SDWLHQ
UbQJLQJ IURP VLPSOH PRQLWRULQJ IRU FHUWDLQ WXPRUV
WR WKH :+2 WR KHDY\ WUHDWPHQWY FRPELQLQJ VXUJHU\
DJJUHVVLYH WXPRUV JUDGH ,9 DFFRUGLQJ WR WKH :+2 )R

\HDUV UHPDLQV YHU\ PRGHVW PHGLDQ VXUYLYDO RI DUR
DJJUHVVLYH WXPRUV JUDGHYV ,, DQG ,,, DFFRUGLQJ WR :+2
UHIUDFWRU\ VWDJH DQG DUH UHVSRQVL& @GHVMRHKUGHKODNKD E QY
WKH PHFKDQLVPV RI UHVLVWDQFH WR WUHDWPHQWYV LV WK
ZLWK PDOLJQDQW JOLRPD

$GYDQFHV LQ WKH XQGHUVWDQGLQJ RI WKH ELRORJ\ F
PROHFXODU DOWHUDWLRQV LQ '1$ UHSUHVHQKH\DH 3FDROOGD
ELRPDUNHUV  KDYH DSSOLFDWLRQV DRU ZGIORIUDRMLE SVXBW
SURJQRVLY DQG UHVSRQVH WR WUHDWPHQWY ,Q PDOLJQD
"#3%&'#()*+,&#' -., /0,1 * Fkdkkdokk
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WHKDHL DQEH2 JHQHV KHDHHR2QBPXWHWLRQYV DQG FR GHOHWL
FKURPRVRPDO DUPV S T FR GHOHWLRQ 7KHVH IRXQGLQ.
ZLWK WKH GHYHORSPHQW RI GLIIXVH DVWURF\WRPDV DQG
GLDJQRVLV DQG IRU WKH VWUDWLILFDWLRQ RI WUHDWPHQ
SDUDGLJP VKLIW IRU WKH PDQDJHPHQW RI SDWLHQWV ZLWK

ZDV HVVHQWLDOO\ EDVHG RQ WKH KLVWRORJLFDO DQI
GHFUHDVH LQ FRVWV DVVRFLDWHG ZLWK KLJK WKURXJKS
HQFRPSDVVLQJ JHQHV DQG PROHFXODU DOWHUDWLRQV RI
PDOLJQDQW JOLRPDV WHQGVY WR EHFRPH FRPPRQ SUDFWLF
WR REWDLQ DQ LQFUHDVLQJO\ H[KDXVWLYH PROHFXODU FK

,Q WKLV ZRUN ZH VRXJKW WR LGHQWLI\ DSSOLFDWLRQV
RI PROHFXODU VXEW\SHV D\ArGckellL Q RE EREMHFWLQH ZDV WR
D SKHQRPHQRQ FDOOHG K\SHUPXWDWLRQ LH D VLJQLILF
FHUWDLQ PDOLJQDQW JOLRPDV DQG LWV UROH LQ WKH ¢
LPPXQRWKHUDS\ :H IRFXVHG LQ SDUWLFXODU RQ DEQRUP
005 DOVR FKDUDFWHUL]HA&tHER PHDQ D[, QDI W X PR KW $
ZH UHSRUW WKH GHYHORSPHQW RI QHZ WDUJHWHG WKHUD ¢
PROHFXODU GULYHUV LH BRABE RPPOND MR IQ \D FIMALIROPVR IMODEW WK
JOLRPDV ZLWK DOWHUDWLRQV RI| ATGARAEL .| XS\DLVRK)Z D & R O O HEER
ZRUN XQFRYHUV QRYHO JHQHWLF PRGLILFDWLRQV DVVRFLI
FHUWDLQ JOLRPDV DQG FRQWULEXWHVY WR D EHWWHU >
LPPXQRWKHUDS\ LQ WKHVH WXPRUV
|
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o I1HKURHSLWKRUGLDEOH W QLWLRQ DQG Vv

$!'&ODVVLIDEDGNHRODGHPGBRWRJILFDO

3ULPDU\ &16 WXPRUV FRQVWLWXWH D KHWHURJHQHRX
DIIHFWLQJ FKLOGUHQ DQG DGXOWV 7KH\ GHYHORS IURP V!
EUDLQ PHGXOODU\ HSHQG\PDO DQG SLWXLWDU\ SDUHQFK
VHFRQGDU\ WXPRUV WKDW LV PHWDVWDVHV WKDW LQLYV
FODVVLILFDWLRQ IRU GLDJQRVLQJ &66Q¥XPRUV LW MWXOXG
ELRORJ\ GDVWODVROICEADAKE 3 LQWHJIJUDWHG” GLDJQRVLV LH D
WKH KLVWRORJ\ DQG LGHQWLILFDWLRQ RI JHQHWLF DOWHU
&16 WXPRUV DUH LQGHHG GULYHQ E\ VSHFLILF ELRORJLF ¢
DOWHUDWLBHIRZ PXMKODWVYRQV DQG WKH S T FR GHOHWLRQ
DEQRUPDOLWLHY WKH GLDJQRVLV LV EDVHG RQ WKH ORFD
FHOOV IRUPLQJ WKH WXPRU ,Q DOO WKHUH DUH ILYH PD
PHQLQJHV QHXURHSLWKHOLDO WXPRUV JHUPLQDO WXPRU
WXPRUWHXURHSLWKHOLDO WXPRUV UHSUHVHQWLQJ PRUH V
JLIXUH DUH WKH VXEMHFW RI WKLV WKHVLV

IHXURHSLWKHOLDO WXPRUV RULJLQDWH HLWKHU LQ Qt
QHXURQV JOLDO FHOOV RU WKHLU SUHFXUVRUV 7KH :+2
FDWHJRULHV RI QHXURHSLWKHOLDO WXPRUV WKH YDVW P
$VWURF\WLF DQG ROLIJIRGHQGURJOLDO JOLDO WXPRUV 1
VXEW\SH WKH KLVWRORJLFDO GLDJQRVLV RI QHXURHSLWKI
D JUDGH RI PDOLJQDQF\ UDQJLQJ IURP JUDGH , WXPRUV ¢
UHVHFWLRQ VXFK DV SLORF\WLF DVWURF\WRPDYV WR JU
UHSUHVHQWHG E\ JOLREODVWRPDYV 7KLV JUDGH GHSHQG"
DVVRFLDWHG ZLWK D ULVN RI UHFXUUHQFH DIWHU VXUJL
F\WWRQXFOHDU DW\SLD HQGRWKHOLRFEWSWERDUNHIOR 6WIN\H W
RI WKH WXPRUV DQG JXLGHV WKH WKHUDSHXWLF VWUDWHJ

|

|
I"HSU6& H()*+, &' -., 10,1 *

"#$%8&'(&%)*+,+-./0&'1'233&04,&'5."%+6& 78"
9+0:&";&',<=73&'$0>'?&7.".&7"95'@AB'1'C@ @CD'EGOF.*H' 7$*%&'



JUXUHLVWULEXWLRQ RI SULPDU\ &16 WXPRUV LQ WKH S8QRWPHG 6
2VWURP HW DO

IHXURHSLWKHOLDO WXPRUV EHORQJ WR WKH JURXS RI |
SHRSOHJHTXHQW LQ FKLOGUHQ QG PRVW FRPPRQ FDC
PDOLJQDQW QHXURHSLWKHOLDO WXPRUV WKHQ KDYH D OR
LQFLGHQFH UDWH LQFUHDVHY WR UHDFK D SHDN EHWZHHQ
SHRSOH 7KH PRUWDOLW\ FXUYHV IROORZ WUHQGV FRPSDL

FRPPRQ VXEW\SH RI QHXURHSLWKHOLDO WXPRUV  DQC
WKH LQFLGHQFH RI ZKLFK LQ LQGXVWULDOL]HG F ROXIQW/ZH
DQG WKH DQQXDO QXPEHU QHZ FDVHV RI QHXURHSL

VORZGRZQ LQ WKH LQFUHDVH LQ LQFLGHQFH REVHUYHG IU
KDOl WR DQ LQFUHDVHG ULVN DQG KDOI WR WKH DJLQJ RI \
!
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TEOHGLPSOLILHG FODVVLILFDWLRQ RI QHXURHSLWKHOLDO WXPR
+LVWRORJLH DOWpPpUDWLRQV PROpFXODLUHY DVVE *UDGH 206

Tumeurs gliales astrocytaires et oligodendrogliales

SVWURF\WRIBH/GRKIWY VDX YDJH RX 126 *UDGH ,,
$VWURF\WRPH IDHIR2 PXBWpIVIDXH DJH RX 126 *UDGH ,,,
*OLREO DDHWRP XKW pVIDXYDJH RX 126 *UDGH ,9
20LJRGHQGIDHRLUIZORRWEH HW FRGpOpWp S T *UDGH ,,
20RBEHGURJOLRPH DQDSEOOWHh THWH ARHEROPWpP S *UDGH ,,,
*OLRPH LQILOWUDQMBFEAXPWWRQF FpUpPEUDO *UDGH ,9
Autrestumeurs astrocytaires et gliales
$VWURF\WRPH SLORF\WLTXH *UDGH ,
*OLRPH FKRUBRMGW UWEDFXOH *UDGH ,,
;DQWKRDVWURF\WRPH SOpRPRUSKH *UDGH ,,
;DQWKRDVWURF\WRPH SOpRPRUSKH DQDSODVL *UDGH ,,,
$VWUREODVWRPH 1RQ GplLQL
Tumeurs Zpendymaires
(SHQG\PRPH P\R[RSDSLOODLUH *UDGH ,
(SHQG\PRPH DYHF REXAVDQV IXVLRQ *UDGH ,,
(SHQG\PRPH DQDSODVLTXH *UDGH ,,,
Tumeurs des plexus choroedes
BDSLOORPH GX SOH[XV FKRURwWGH *UDGH ,
&DUFLQRPH GX SOH[XV FKRURWGH *UDGH ,,,

Tumeurs neuronales eglioneuronales
7XPHXU G\WWHPEU\RSODVLTXH QHXURpPSLWKpOL *UDGH |,

*DQJOLRJOLRPH *UDGH ,
*DQJOLRJOLRPH DQDSODVLTXH *UDGH ,,,
*DQJOLRF\WRPH G\WSODVLTXH GX FHUYHOHW *UDGH ,
7TXPHXU JOLRQHXURQDOH SDSLOODLUH *UDGH ,

7XPHXU JOLRQHXUR QLHOWHWIHRW BBXQWK WM LURH Y *UDGH ,
Tumeurs de la rZgion pinZale

7XPHXU SDSLOODLUH GH OD UpJLRQ SLQpDOH *UDGH ,, R;

SLQpDOREODVWRPH *UDGH ,9
Tumeurs embryonnaires

OpGXOOREODVWRPH *UDGH ,9

7XPHXU HPEU\RQQDLUH DYHF URVHWWHY SOXL *UDGH ,9

7XPHXUV UKDEGRWGHYV WpUDBMRARGBHY DW\SLTX *UDGH ,9
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126 @QYRAMWKHUZLVAWSPARUM HR&BU ZKLFK WKH PROHFXODU VWDWXYV
WDLQW\ ODFN RI JHQRW\SLQJ RU LQFRPSOHWH JHQRW\SLQJ

$SDUW IURP UDUH FDVHV OHVV WKDQ LQ WRWDO RI
UDGLDWLRQ IRU LQVWDQFH KLVWRU\ RI EUDLQ UDGLRWKF
QHXURHSLWKHOLDO WXPRUV DUH VSRUDGLF WXPRUV ZLWK
HWLRORJLFDO IDFWRU *HQRPH ZLGH DVVRFLDWLRQ VWXGL
LGHQWLILFDWLRQ RI VHYHUDO SRO\PRUSKLVPV DVVRFLDWEFE
SDUWLFXODU WKH S S T ORFL S TERT S
EGFR MYC CDKN2A PHLDB1 TP53 DQMIN3 JHQHV $ EHWWHU FKDUDFW#
IXQFWLRQDO EDVLV RI WKHVH SRO\PRUSKLVPV FRXOG SUR
FRQWULEXWLQJ WR WKH GHYHORSPHQW RI PDOLJQDQW JOL

7TDEO&DQFHWHGLVSRVLWLBQVRELOWRHPPEH VY LWK WKH ULVN RI QHXUR

6\QGURPH GH SUpGLVSRVLWLRQ JpQpWLT! *HQH V LPSOLTXH \

6\QGURPWH BK MLH1, MSH2, MSH6, PMS2
6\QGURPH GH GpILFLHQFH FRQWWBWX3WLR MLH1, MSH2, MSH6, PMS2
6\QGURPH GH YIRGDXSSHO VHL

6\QGURPH GH 7XUFRW $ APC

6\QGURPH DV®DRBRPRP H CDKN2A

6\QGURPH GH *RUOLQ PTCH1

6FOPURVH WXEPUHXVH GH %RXUQHYLOOH TSC1, TSC2
6\QGURPH GH &RZGHQ PTEN

6\QGURPH WXPHQL TP53
1IHXURILEURPDWRVH GH W\SH NF1
1IHXURILEURPDWRVH GH W\SH NF2

6\QGURPH GH SUpGLVSRVLWLRQ DX[ WXPF SMARCB1
6\QGURPHY DVVRFLpV DX[ PXWDWH®RQ32FR POLE, POLD1

AWA'LDIJQRVLY PROHFXODU VXEW\SHV SURJQRYV

&16 WXPRUV FDQ SUHVHQW ZLWK ZLGHO\ YDU\LQJ V\P¢
SDWLHQW WR SDWLHQW GHSHQGLQJ SULPDULO\ RQ WKH VI
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&16 7KH PDLQ PRGHV RI GLVFORVXUH DUH HSLOHSWLF V
FRIQLWLYH RU EHKDYLRUDO GLVRUGHUV DQG LQWUDFUDAQ
!

YLIXUH [HITS/DIWRHWDRO WXPRU FRUUNDSRHQLBAIORRW BRI G ISTKWLHQ'
&HUHEUDO 05, LQ D[LDO 7 VHTXHQFH DIWHU LQMHFWLRQ RI FRC
ZLWK KHPDWR[\OLQ DQG HRVLQ

,PDJLQJ DQG LQ SDUWLFXODU QXFOHDU PDJQHWLF UHVF
DQG IROORZ XS RVISH\GHHIQWWLYH GLDJQRVLY QHYHUWKHO}
RI WKH WXPRU WLVVXH REWDLQHG DIWHU WXPRU UHVHFWL
RWKHUZLVH E\ ELRSV\ ,Q DGGLWLRQ WR WKH WKHUDSHXWL
WXPRU PDWHULDO IRU GLDJQRVWLF DQG SRVVLEO\ UHVHD
WKH FRPELQDWLRQ Rl KLVWRORJLFDO DQG PROHFXODU DI
JOLRPDV LQ IRXU PDLQ FDWHJRULH YV IDROZ PRGHNCLRRY O QRSP T
GHOHWLRQ GLIIXVH DAMURFIWDRWLIRGQ ZZIMWKKRRW S T FR G
ZLWHKRX/™Y PXWDWLRQ RU S T FR GHOHWLRQ D Q G7 RNWKH
WHFKQLTXHV FDQ EH FRPELQHG DFFRUGLQJ WR DOJRULWKF
WR REWDLQ D ILQDO GLDJQRVLV )LJIJXUH

LPPXQRKLVWRFKHPLVWU\ IRU LQVWDQFH IRU WKH GRP
VHDUFK IRU KRWVSRW PXWDWLRQV E\ 3&5 WKHQ 6DQJK
QH[W JHQHUDWLRQ VHTXHQFLQJ 1*6 DQDO\VLV RI SDQ
WKH VLPXOWDQHRXV VHDUFK IRU QXPHURXV UHFXUUHC

RWKHU PXWDWLRQV FRS\ QXPEHU DQRPDOLHV IXVLRQ
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XVH RI HPHUJLQJ WHFKQLTXHV VXFK DWMRH RQDIHY!
VHTXHQPNQDQVFULSWRPH

J)LIXUBWDLQ VXEW\SHV RI GLIIXVHLFOLWBDWHIGC BHPRIQOQRNVQM WR W
IDH1/2 D@ ST VWBDWBWDWXV REWDLQHG E\ LPPXQRKLVWRFKHPLVW

7KH SURJQRVLV RI PDOLJQDQW JOLRPDV LV YHU\ KHWHU
YLIXUH DQG DOVR YDULHV FRQVLGHUDEO\ ZLWKLQ WKF
LQIOXHQFHG E\ SDWLHQW UHODWHG IDFWRUV H J DJBVJH
ZHOQ@WULQVLF VHQVLWLYLW\ WR DGMXYDQW WUHDWPHQW
IDH1/2 PXWDWLRQV DQG WKH S T FR GHOHWLRQ ERWK DV
WUHDWPHQ@KMY PHWK\ODWLRQ Rl WKH SURPRWHU RI WKH '1$
PHWK\OWUDQVIHUDVH 0*07 KDV EHHQ DVVRFLDWHG ZLW|
DON\ODWLQJ DJHQWYV MHH I MR RBIEMWHBRY HQDEOH DQ LF
SURJQRVLY DQG DQ DLG LQ WKH WKHUDSHXWLF GHFLVLRQ
FHUWDLQ PROHFXODU ELRPDUNHUV DUH H[SORUHG EXW W

WKHUDSHXWLF PRGDOLWLHY DUH REVWDFOHYV IRU WKH YDO
I"HSY&H()*+, &4 -., 10,1 *
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YUXUMBXUYLYDOHBVYRWKDMKH PROHFXODU VXEW\SHV RI GLIURWPH J1
%UDW H$#EPBPOHYLDWLRQVIHQHVY'+/** ORZHU JUDGH JOLRPD JUDGH
JOLREODVWRPD JOLREODVWRPD

& 7UHDWPHQWY UROH RI DON\ODWLQJ DIJHQWYV

!

7KH VWDQGDUG WUHDWPHQW IRU PDOLJQDQW JOLRPDV 1

7KH V\WIRBWKH WUHDWPHQW LV PRVW RIWHQ VXUJHU\ Z|
LQLWLDO GLDJQRVLYV LQ KLJK JUDGH JOLRPDV RU DIWHU
JOLRPDVY 'HVSLWH WKH DEVHQFH RI UDQGRPL]J]HG WULDOV
LPSDFW RI FRPSOHWH RU VXEWRWDO+BAMMHAW L @& HR Q RRFYCHI
DQG WKH LQYDVLYH QDWXUH RI JOLRPDVY PDNH FRPSOHWH
ORFDWLRQ RI WKH WXPRU WKH XVH RI DZDNH VXUJHU\ DQC
HIWHQW RI UHVHFWLRQ LQFUHDVH WKH SHUFHQWDJH Rl SI
UHJLRQV DQG UHGXFH WKH ULVN RI SRVWRSHUDWLYH QHXI
VXUYLYDO EHQHILW VXUJLFDO H[FLVLRQ RIWHQ UHVXOWYV

LQWUDFUDQLDO K\SHUWHQVLRQ RU HSLOHSV\
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50LDWLRQ WKHUDS\ LV GHOLYHUHG DW GRVHYV *\
DFFRUGLQJ WR WKH KLVWRORJLFDO GLDJQRVLYVY LQ SDUWLI
SDUWLFXODU DJH DQG JHQHUDO FRQGLWLRQ ([FHSW LQ V
FRQYHQWLRQDO HOHFWURQ EHDP WHFKQLTXHVY DUH JHQHU
YROXPH WR ZKLFK PDUJLQV DUH DGGHG LQ RUGHU WR WL
WUHDWPHQW H[HUWYV DQWLWXPRU HIITHFW¥$ RE)Y O NN OD RKOW
R[\JHQ VSHFLHVY DQG RIWHQ UHGXFHVY HSLOHSWLF VHLMXUEF
XVXDOO\ RITHUHG XSRQ LQLWLDO GLDJQRVLV DIWHU VXUJH!
WLPLQJ RI EUDLQ UDGLDWLRQ WKHUDS\ LV QRW ZHOO FRGL
I[UHH VXUYLYDO EXW QBYGRHNBDOOLQY)XUHADWHY WKH ULVN R
WHUP 6WUDWHJILHYVY DLPLQJ DW SRVWSRQLQJ UDGLRWKHUD.
FKHPRVHQVLWLYH VXEW\SHV VXFK DV ROLJRGHQGURJOLRPI

7KH FKHPRWKHUDS\ Rl PDOLJQDQW JOLRPDV FRQVLVWYV
H[HUW DQWL WXPRU HIIHFWV RQ WKH JOLDO FHOOV DQG KEC
SHQHWUDWLRQ )LJXUH D 7KH FRQFHSW RI FKHPRWKHU
REVHUYDWLRQ E\ (GZDUG .UXPEKDDU LQ WKDW &DQDGLI
JDV VXIIHUHG IURP UHVSLUDWRU\ GIR/GDIH WK BQiE MUPISKRD
FODVVLF DON\ODWLQJ DJHQWYV DPRQJ ZKLFK PROHFXOHYV
WULD]JHQH K\GUDJLQHV IDPLOLHV WHPR]JRORPLGH SURFDI
WUHDWPHQW RI7EKBIVRPDWUHDWPHQWY DUH GHOLYHUHG D
SRO\FKHPRWKHUDS\ ZLWK 3&9 SURFDUED]LQH DQG ORPX
YLQFULVWLQH RU PRQRWKHUDS\ ZLWK WHPR]JRORPLGH RU
UDGLRWKHUDS\ KDYH GHPRQVWUDWHG VXUYLYDO EHQHILW
JOLREODVWRPD WR \HDUV ZLWK WKH 3&9+RZRWRE RGH.\S |
HIILFDF\ RI WKHVH DJHQWYV PDOLJQDQW JOLRPDV DOPRVW
OHDGLQJ WR UHODSVH ,GHQWLI\LQJ XQGHUVWDQGL®JIDDQ
PDMRU REMHFWLYH RI WKH RQJRLQJ SUHFOLQLFDO DQG FO

I"HSY&H()*+, &4 -., 10,1 *
I"#$%& (&%6)*+,+-./08'1'233804,&'5."%+6& 78"
9+0:&,&',<=73&'$0>'"7&7.". &7"95'@AB'1'C@ @CD'EGOF*H'17$*%&



'"IOHKDQLVP RI DFWLRQ RI DON\ODWLQJ DJHQW

$PRQJ WKH DON\ODWLQJ DJHQWV XVHG LQ JOLRPDV W
HITHFWLYH DUH WHPR]JRORPLGH DQG ORPXVWLQH FLV FK(
FDUPXVWLQH ELV FKORURHWK\OQLWURVRXUHD >%&18@ )
IURP WKH WULD]JHQH K\GUD]JLQH IDPLO\ ,W LV D SURGUX:
LQGHSHQGHQW K\GURO\VLV IROORZHG E\ GHFDUER[\ODYV
FDUER[DPLGH 07,& WKHQ DPLQRLPLGD]ROH FDUER[DPL
PHWK\OGLD]RQLXP LRQ ZKLFRPXNWHKDDWHV FIBORURHWK\OC
FDUPXVWLQH ELV FKORURHWK\OQLWURVRXUHD %&18 DUH
FRPSRXQGV GLD]RK\GUR[LGH UHVSRQVLEOH IRU FKORURH
IRU SURWHLQ FDUEDPR\ODWLRQ
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ImeC
imeA

JUXUHODLQ W\SHV RI DON\ODWLQJ DJHQWYV XVHG IRU WKH WUHI
ELRORJLFDO HIIHFWV RQ '"1$>IE@ DKRQNHBUKY HWWRAREWH MWK O WVVR®k
LQGXFHG E\ DON\ODWLQJ DIJHQWYV RFFXU VSRQWDQHRXVO\ XQGHI

%LRORJLFDOO\ DON\ODWLQJ DJHQWY DUH HOHFWURSKI
QXFOHRSKLOLF UDGLFDOV HJ 6+ 2+ &22+ RU 1+ $WRX
WKH '1$ OHYHO WKHVH LQWHUDFWLRQV UHVXOW LQ WKH IR
WR WKH '1$ RQ SUHIHUHQWLDO VLWHY PDLQO\ RQ SXULQH
JXDQLQH HWF )LIJXUH E 7KH 1 QLWURJHQ RI JXDQLQH

W R RI DOO DHSS3XFOM\WQJ RQ WKH W\SHV RI DGGXFWV WK
"#3%&'#()*+,&#' -., /0,1 * ki
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VDLG WR EH PRQR VLQJOH QXFOHRWLGH DGGXFW RU E
QXFOHRWLGHV WR IRUP LQWHU RU LQWUD VWUDQG EULGJI
KHOL[ SUSHYHO®LFDWLRQ DQG WUDQVFULSWLRQ HVSHFLDO
VLQJOH RU GRXEOH VWUDQG EUHDNV LQ '1$ 7KLV OHDGV V
DSRSWRVLV RI WKH GDPDJHG FHOO LQ WKH HYHQW RI LUU}
FDXVHG E\ DON\ODWLQJ DJHQWY HJ 1 PHWK\OJXDQLQH 1
IUHTXHQWO\ IRUPHG XQGHU SK\WLRORJLFDO FRQGLWLRQ"
PHFKDQLVPV WR UHSDLU WKHVH OHVLRQV

,Q WHUPV RI DQWLWXPRU WKHUDS\ PDQ\ UHVLVWDQFH ¢
DJHQWV DPRQJ ZKLFK ZH FDQ PHQWLRQ

$ ORZ GUXJ FRQFHQWUDWLRQ GXH WR DQ LQFUHDVH L(

,QDFWLYDWLRQ RI WKH GUXJ E\ GHWR[LILFDWLRQ PHFK

,QFUHDVH LQ WKH DFWLYLW\ RI '1$ UHSDLU LQ SDUW
0*07 DQG WKH %(5 DQG 1(5 V\VWHPV %DVH ([FLVLRQ 5HS
UHVSHFWLYHO\

,QDFWLYDWLRQ RI WKH 005 V\VWHP

7KH H[SUHVVLRQ RI SURWHLQV LQYROYHG LQ DQWL DS

The resistance mechanisms associated with DNA repair are by far the best characterized (Figt
6). Some of these mechanisms are redundant and their involvement thereby depends on th
availability near DNA lesions. Among these various proteins and mechanisms, the expression of tf
MGMT protein and of the MMR proteins have been associated with mechanisms of resistance t
temozolomide and with the acquisition of a so-called OhypermutantO phenotype under treatment.
|
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JUXUH6FKHPDWLF UHSUHVHQWDWLRQ RI WKH PDLQ '1$ GDPDJH
JOLRPDYVY DQG WKHLU DVVRFLDWHG UHSDISY SFHF KDQUW PO HYURE
WHPR]JRORPLGH /RZHU SDUW OHVLRQV LQGXFHG E\ FKORURHWK"

(!"7HPRJRORPMAW WHQ¥FROYPHQW RI 0*07 DQG 00!
OK\SHUP X WIDKWHRIIR W\S H

7HPRJRORPLGH LV FXUUHQWO\ WKH PRVW IUHTXHQWO\
JOLRPDV 7KH HIILFDF\ RI WHPR]JRORPLGH LV WKRXJKW W
PHWK\OJXDQLQH 2 PH* DGGXFWEGHW WKW LRDORHWVD® FR
DGGXFWV DUH PXFK OHVV IUHTXHQW WKDQ RWKHU W\SHV R
VXFK DV 1 PHWK\OJXDQLQH DSSURI[NVPEMNMHOO\ H[S QDVOIVRW
2 PH* OHVLRQV LQ WKH F\WRWR[LFLW\ Rl DON\ODWLQJ DJH
2 PH* OHVLRQV DV GR WKH 2 FKORURHWK\OJXDQLQH DC

'XULQJ WKLV UHSDLU 0*07 VHTXHVWHUV WKH PHWK\O JUF
I"HSY&H()*+, &4 -., 10,1 *
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UHVWRULQJ JXDQLQH WR LWV QRUPDO VWDKNWMH UNKLLE/O H HLIDFD
WKH SURWHLQ DIWHU XELTXLWLQDWLRQ )LJXUH 0*07 LV
LW RQO\ FDSDEOH RI FDUU\LQJ RXW RQH UHSDLU F\FOH
H[SUHVVLRQ RI 0*07 KDV EHHQ SURSRVHG DV RQH RI WKH |
MGMT SURPRWHU PHWK\ODWLRQ ZKLFK OHDGV WR HSLJHQ
DVVRFLDWHG ZLWK LQFUHDVHG VHQVLWLYLW\ WR WHPR]R
SURJQRVLV LQ SDWLHQWV ZLWK PDOLJQDQW JOLRPD

|

,Q WKH DEVHQFH RI 0*07 IRU H[DPSOH LQ WKH HYHQW
GHJUDGDWLRQ Rl WKH SRRO RI DYDLODEOH SURWHLQV D
UHVLGXH UHFRJQL]HG DV DQ DGHQLQH GXULQJ '1$ UHSOI
2 PH* 7 PLVPDWFK 7KLV PLVPDWFK LV UHFRJQL]JHG E\ W
PXOWLSURWHLQ FRPSOH[ 06+ 06+ O0/+ DQG 306 SURWHL!
UHSDLUV '1$ PLVPDWFKHY DQG UHSOLFDWLRQ HUURUV E\
UHSOLFDWLRQUH $FFRUGLQJ WR WKH VR FDOOHG 3IXWLOI
WKH 005 VAIVWHP Rl PLVPDWFKHG WK\PLQH DQG WKHQ UHV\
IURQW Rl WKH 2 PH* UHVLGXH QRW UHSDLUHG UHVXOWV L(
RI GRXEOH VWUDQGHG '1$ EUHDNV ZKLFK DUH KLJKO\ WR
DSRSWRWLF SYURIXWDHPY 7KXV DFFRUGLQJ WR WK IUHPRIGHOD
IXQFWLRQDO 005 KYWHRSRWKHVLV ZDV VXSSRUWHG E\ WK
PRGHOV HJ FRORQ FDQFHU FHOO OLQHV ZLWK PXWDWLR(
UHVLVWDQFH WR DON\ODWLQJ DJH®®RUWCOXWDY W & PRVKM
GHILFLHQF\ LV DVVRFLDWHG K\SHUPXWDELOLW\ DQG DFFXP
DW VKRUW UHSHDWHG VHTXHQFHV LQ WKH JHQRPH D SKHQ
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Repair

No repair

JUXUHHFKDQLVP RI WHPR]JRORPLGH FP\MGRIVDRYH BINRPSIENGH OV (0pO
WKH DEVHQFH RAHJHB®GXNFRIV2 E\ 0*07 W K HPHAW®RNML[R © MINH QRBIL BJ H ¥
IXQFWAR DO/ WH P

[
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Failure > persistent mutation Failure > microsatellite instability

JUXUH 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH UHSDLWUBRUYS$ E!
SURRIUHDGLQJ DQG 005 VIVWHPYD @ RP G UHRMEFRORUH\@ ID'A$ VIQW
UDUH SRO\PHUDVH HUURUV EDVH PLVPDWFKHV WR WKH OHIW RU
WULJJHU WUDQVIHU RI WKH JURZLQJ '1$ VWUDQG IURP WKH VLWI
VLWH (;2 ZKHUH WKH HUURU LV SRVVLEO\ H[FLVHG 7KH HUURU
SRO\PHUDVH DUH FRUUHFWHG DW O MEDAWKR® \WE H V00 & \VWWZARHSD 7 K
DQG 0/+ SURWHLQV D UBI5HYVW R IVD\D IXTQEHWAMRED QG 306 SURWHLQ
XSV SUR@QMDEWKBAJIRUPDWLRQ RI DOWHUQDWLYH OXW6 DQG O0XW/
0/+ KHWHUR/GXBQHBUWLFXODU IRU WKH UHSDLU RI PDWUL[ VOI
UHSDLU EDVH PLVPDWFKHV UHVXOW L QW KGN ORI IQR/@ LL\QV RRY RII
FHOOV 7KH DFFXPXODWHRG RQ WLE BHHHURY WRQW LYKHQRW\SH ZLW
VLIQDWXUH OLQNHG WR PXWDWLRQ W L PERR\HDLRONODHNHAD AR B F
LQVHUWLRQV GHOHWLRQV ZKLFK FRUUHVSRQGV WKH SWHNWQWK
OHYHO RI PLBEGBWDMWWSEO UNWARIQL]HY '1$ GDPDJH DQG ORWIROVI
UHSUHVHQWLQJ WKH H[FLVLRQ UHV\QWKHVLV RI '1$ PLVPDWFK U
LQ (VFKHULFKLD FROL 7K QHAHHQV\DWKHYRHELIHG E\ WKH 005
PHWK\ODWHG RSHQ FLUFOHYV
|
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. KLOH DEQRUPDOLWLHV RI WKH 005 VIVWHP DUH H[WUHF
PXWDWLRQV RIWHQ QRW IXQFWLRQDOO\ FKDUDFWHUL]HG
UHFXUUHQW PDOLJQDQW JOLRPDQDDW 8 UWLRN) ODRALH R ID WHK®
WR FRPSDUH WKH PROHFXODU SURILOHV Rl SUH DQG SRVW
RI WXPRUV GHYHORSHG D 3K\SHUPXWDQW  SKHQRW\SH FKD
PXWDWLRQV DIWHU WUHDWPHQW ZLWK WHPR]JRORPLGH LQ
ZLWK GDWD LQGLFDWLQJ UHVLVWDQFH WR DON\ODXWUG.Y N &
PHFKDQLVWLF OLQN EHWZHHQ 0*07 DQG 005 GHILFLWYV UH\
SKHQRW\SH LQ PDOLJ)QDXQWH JOLRPDWYHU WKLV OLQN KDV (
LVRJHQLF PRGHOV RI JOLRPDV DQG K\SHUPXWDQW JOLRP
XQLTXH PXWDWLRQDO VLIQDWXUH DQG WKH DEVHQFH RI D(
HQDEOH WKHP WR EH OLQNHG WR WKH JURXS Rl FDQFHUV 2

WR IXUWKHU VWXG\ WKH FOLQLFDO DQG PROHFXODU FKDUL
!

J)LIXUBBRGNRIIJHVWLQJ D PHFKDQLVWLF OLQN EHWZHHQ 0*07 DQG
UHVLVWDQFH DQG K\SHUPXWDQW SKHQRW\SH LQ PDOLJQDQW JOI
|
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.1 +\SHUP X WLDQNOLLRRGP

$'6WXG\ RI WKH PXWDWLRQDO ORDG QG O/ IULRY
LQ WKH SUHGLFWLRQ RI WKH UHVSRQVH WR
|
6RPDWLF PXWDWLRQV IRXQG LQ FDQFHUV DUH FDXVHG
HQGRJHQRXV RULJLQ ZKLFK RSHUDWH GXULQJ GHYHO®ERH (
PXWDWLRQDO SURFHVV FDQ LQYROYH FRPSRQHQWVIRI '1:
UHSOLFDWLRQ RU UHSDLU DQG JHQHUDWHV D FKDUDFWHU
VXEVWLWXWLRQV )LJIXUH LQGHOV FKURPRVRPH UHDU
6RPHWLPHVY VHYHUDO PXWDWLRQDO SURFHVVHV RSHUDWH
WKHUHIRUH LQFRUSRUDWHVY GLIIHUHQW RYHUODSSLQJ PX
FKDUDFWHUL]DWLRQ RI PXWDWLRQDO SURILOHV RI WXPRU
DQG SDWKRORJLFDO SURFHVVHV FRQWULEXWLQJ WR WK}
GHYHORSPHQW RI FDQFHUV )LJXUH 'LWK WKH DGYHQW
WKH JHQRPLF DQDO\VLV Rl ODUJH FRKRUWYV R K>CPVDKH WX W
WHFKQLTXHV KDYH EHHQ GHYHORSHG WR HQDEOH V\VWHPD
RI VRPDWLF PXWDWLRQV DQG WKHUHE\ HYWLPDWH WKH Q°
VLIQDWXUH LQ LQGLYLGXPPSRWDWBQMAO\ WKHVH PHWKRGYV
VHTXHQFLQJ GDWD Rl WXPRU H[RPHV RU JHQRPHV KDYH UH
RI VDPSOHV VHTXHQFHG E\ 1*6 SDQHOV RI OHJDEDVHV
K\SHUPXWDWLRKLY PDNHV WKHP SRWHQWLDOO\ DSSOLFDEC
FRQWH[W Rl FXUUHQW FOLQLFDO SUDFWLFH IRU H[DPSOH
JOLRPDV
|
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DNA replication infidelity
(polymerase E/D1)

/ SNV SNV + \
flanking bases
C>A CA CA
C>G ccCc cCcc
CG CG
CT CT
E
n possible
combinations: 6 96

JUXUH([RIJHQRXV DQG HQGRJHQRXV PXWDWLRQDO SURFHVVHV FR
PXWDWLRQV LQ KXPDQ WXPRUV DQDOBRIWKWKGEXNW NVWHRE D6UE PDQ
SURFHVVHV UHVXOWLQJ IURP YDULRXV FRPELQDWLRQV RI GDPD]J
SRLQW PXWDWLRQV LV OLPLWHG WR ZKHQ RQO\ WKH PXWDQW Q
EWKH LQFOXVLRQ RI WKH WU L Q X3P OHRW L\& KHOBDEIWE WMDR UHD ¥ K WX
RI SRVVLEOH FRPELQDWLRQV WR DQG WR LQFUHDVH WKH VSH

,Q DGGLWLRQ WR WKH FKDUDFWHUL]DWLRQ RI PXWDWLR
HVWLPDWH WKH QXPEHU RI VRPDWLF PXWDWLRQV LQ HDFK
QXPEHU RI VRPDWLF PXWDWLRQV SHU OE (YHQ LI WKHUH |
WKH PXWDWLRQDO ORDG QRU D WKUHVKROG IRU GHILQLQ.
WKUHVKROG LV XVXDOO\ VHW DW PXWDWLRQV SHU OE I
LGHQWLI\ WXPRUV GLIIHULQJ IURP RWKHUV GXH WR WKH ¢
K\SHUPXWDQW VDPSOHVY 7KH PXWDWLRQDO ORDG LV LQIOX
RI FHOO UHSOLFDWLRQV UHTXLUHG IRU WKH WUDQVIRUPDYV
$00 W\SHV RI FDQFHU FRPELQHG WKHVH IDFWRUV RQO\ F|
ORDG DQG WKH PDMRULW\ RI FDQFHUYV HVSHFLDOO\ JOLF
PXWDWLRQV )LIJXUH D ,Q FRQWUDVW VRPH FDQFHUV VX|
DUH ITUHTXHQWO\ DVVRFLDWHG ZLW K\ IH KPXRULPY MR WD K
HQYLURQPHQWDO IDFWRUV HJ H[SRVXUH WR 89 UD\V RU W/
RI WKH $32%(& F\WLGLQH GHDPLQDVH IDPLO\ RU GHIHFWYV

3RO" SRO\PHUDVHV RU UHSDLU 005 VA\VWHP GHILFLHQF\
!"#$%&'#()*+,&#' -, /O,l * *kkkkkkkk
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a Pan-cancer TCGA exomes

n= 2369

JUXUH$QDO\WVLYV RI WKH PXWDWLRQDO ORDG L Q&7.8& % DVXPHRUWW Z DW
E PHODQRPD RU ORZ F JOLREODVHORHD QBX\K BVBIER QDO NOLRD B W
>EEQG 5HDUGR®EBHW DO

'KLOH ZRUN RQ PXWDWLRQDO SURFHVVHV LQLWLDOO\

LQYROYHG LQ RQFRJHQHVLVY SURFHVVHVY DQG DLPHG DW S
UHFHQW GDWD LQGLFDWH WKDW K\SHUPXWDWLRQ FRXOG Ul
LQKLELWRU ,&, WKHUDS\ L@&,NDGIFHUDRMWLLHQWY' / &7/$

DQWLERGLHY DUH WUHDWPHQWY GLUHFWHG DJDLQVW PHP
FHOOWLPKRI ,&,V LV WR UHOHDVH WKH LQKLELWLRQ RI WK
F\WRWR[LF O\PSKRF\WHV LQGXFHG E\ WKH H[SUHVVLRQ R
7KHVH WUHDWPHQWY KDYH GHPRQVWUDWHG LPSUHVVLYH
FDQFHUV ZLWK 005 GHILFLHQF\ HJ FRORUHFWD O QIQ ® WK
K\SHUPXWDQW FDQFHUV HJ PHODQRPDLDRGHYX Q5 FD QFKHIU
IDFWRUV WKDW FDQ H[SODLQ WKLV DVVRFLDWLRQ $PRQJ

H[KLELW D VLJQLILFDQW LQFUHDVH LQ WKHLU QHRDQWLJ
I'HSY6& H()+,&# -, 10,1 *
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UHFRJQLWLRQ E\ HIIHFWRU FHOOV &R QY KH \LIRG X QH) AN Q/FHPL
ORZ PXWDWLRQDO ORDG VXFK DV PDOLJQDQW JOLRPDV WL
JLJIXUH FPSRUWDQWO\ VHYHUDO UHFHQW FOLQLFDO REV#H
RI WUHDWPHQWYV ZLWK ,&, LQ SDWLHQWYV ZLWK PDOLJQDG
YLIXUH +RZHYHU WKHVH REVHUYDWLRQV ZHUH OLPLW|
VHWWLQJV H J 005 FRQVWLWXWLRQDO GHILFLHQF\ VIQGUR
WKXV UHPDLQV WR EH GHWHUPLQHG

Pembrolizumab in MMR-d cancers

High response rate

Prolonged survival

JLIXUBHVSRQVHVWRDWPHQWOWHLIQFDBRW WXPRWYVUDHA QFHIQR P | UF
%RXITHW HW@ODOQG /H HW DO

,Q DOO ZH QRZ KDYH PHWKRGV IRU HVWDEOLVKLQJ D G
VLIQDWXUHV IRXQG LQ ODUJH FRKRUWYV RI VHTXHQFHG WXP
WR ,&, WUHDWPHQWYV 'H WKHUHIRUH IRFXVHG RQ WKH T
K\SHUPXWDWLRQ LQ JOLRPDV DQG WKHLU SRVVLEOH UHVSF

% +\S HUP X WDQ/OLLR@

!
+\SHUPXWDWLRQ LQ JOLRPDV RFFXUV LQ WZR YHU\ GLII
K\SHUPXWDWLRQ LW LV IRXQG IURP WKH LQLWLDO GLDJC

!”#$%&'#O*+,&#' -, /O’l * Fkdk Kk Kk K
"#$%8&'(&%)*+,+-./0&'1'233&04,&'5."%+6& 78"
9+0:&"&',<=73&'$0>"?&7.".&7"95'@AB'1'C@ @CD'EGOF *H'l 7$*%&'



SURFHWWHRFLDWHG ZLWK K\SHUPXWDWLRQ LQ WKHVH WXPRI
SDWLHQWYV ZLWK FDQFHU SUHGLVSRVLWLRQ VI\QGURPH DVV|
UHSOLFDWLRQ 3RO! DQG 3RO" SRO\PHUDVH PX\DDWHFRDG |
SSRVW WUHDWPHQW’' K\SHUPXWDWLRQ K\SHUPXWDWLRQ
GXULQJ UHFXUUHQFH DIWHU WUHDWHKXEQNW WIL\PK W& VO DWKIH
HLWKHU D GLUHFW FRQVHTXHQFH WUHDWPHQW RU DVVRF]|
$QDO\VLV RI PXWDWLRQDO VLIJQDWXUHV DV GHVFULEHG DI
K\SHUPXWDWLRQ DQG SRVW SURFHVVLQJ DUH PHFKDQLVWI
DVVRFLDWHG ZLWK 005 GHILFLHQFLHV HJ &260,& R
SRO\PHUDVHV &260,& VLJQDWXUH DUH PRVW RIWHQ IRX
ZKLOH JOLRPDV ZLWK SRVW WUHDWPHQW K\SHUPXWDWLRQ
PDMRULW\ RI &! 7 WUDQVLWLRQV DW &S & DWIGR&I K WHKH. RIQW
VLIQDWXUH UHPDLQV XQNQRZQ LW LV VLPLODU WR VLJ
DON\ODWLQJ DIJHQWYV

Gliomas, TMBlow
Age-related

Gliomas, TMBhigh
Signature 11
Etiology??

MMR deficiency:

Sigs 6, 15, 20

[ ] Gl, endometrial

IHSVHEHS( +, B, 00 +HE YR g (S
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JLIXUHOXWDWLRQDO VLIQDWXUHV IRXQG LBRXUWGHPOH RIVWAKLW®R ZG
JUHHQ RVWUSPWPHQW K\SHUPXWO W[IRXG URHYCHWUR®WDWLRQDO V
VLIQDWXUH LV VKRZQ EHORZ

'+\SHUPXWDWLRQ LQ QHZO\ GLDJQRVHG JOLRPDV
7KLV FDWHJRU\ LQFOXGHV IRXU PDLQ VLWXDWLRQV DO((
6\QGURPH RI JHQHWLF SUHGLVSRVLWLRQ WR FDQFHU F

VA\VWHP
6\QGURPH RI JHQHWLF SUHGLVSRVLWLRQ5 WHHIEBDRKFA

& 005"
6\QGURPH RI JHQHWLF SUHGLVSRVLWLRQ WR FDQFHU F

3RO" SRO\PHUDVHYV
6RPDWLF DEQRUPDOLWLHYV RI WKH 005 VA\VWHP RU 3RO!

D005 GHILFLHQF\

ODOLJQDQW JOLRPDV DVVRFLDWHG ZLWK FRQVWLWXWLEF
YHU\ UDUH WKH\ UHSUHVHQW OHVV WKDQ Rl GLIIXVH JOL

" #R )" *+,-%/0. $61% )" 1598 "#4 )"

YLIXUH JUHTXHQF\ Rl PXWDWLRQV LQ WKH PDVE& TXOHQFHHEH I WL
GLDJQRVLV 7&*$ GDWD

&RQVWLWXWLRQDO GHIHFWV RI WKH 005 V\VWHP DUH IR
NQFK VIQGURPH WKH PRVW FRPPRQ FDQFHU SUHGLVSRVLYV
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SRSXODWLRQ DQG &005' PXFK UDUHU 7KHVH VIQGURPHYV
PXWDWLRQV Rl WKH OMSH6NLEHRMSZSHRU PRUH UD UH OBPBAMWV D W
UHVXOWLQJ LQ HSLIJHMSHWLR LQEIAKWY YOALRRH RWKH VRPDW
VHFRQG ZLOG W\SH DOOHOH E\ PXWDWLRQ RU ORVV RI KHW
3DWLHQWYV ZLWK /\QFK VIQGURPH PRVW RIWHQ GHYHORS F
XURWKHOLDO JDVWULF SDQFUHDWLF DQG VPDOO LQWHVW
GHYHORS PDOLJQDQW JOLRPDV UDWKHU WKRE® FPHEYBEAP DX
ZLWK &005' PRVW RIWHQ GHYHORS KHPDWRORJLF PDOLJQD
JOLRPDWKQOWKIRRG RU DGROHVFHWEHQWY ZLWK /\QFK V\QC(
GHYHORSLQJ PDOLJQDQW JOLRPDV KDYH D SRRU SURJQRVL

OROHFXODUO\ DOWKRXJK DOO JOLRPDV DVVRFLDWHG ZI
LI WKH VDPH LV WUXH LQ /\QFK VIQGURPH 005 GHILFLHQW :
GHILFLHQW FDQFHUV VXFK DV FRORUHFWDO FDQFHUV 'DWIL
VXJIJHVW 06, D GLDJQRVWLF PDUNHU XVHG LQ FXUUHQW FC(
GHILFLHQF\ LQ FRORUH¥\WEQ®HRD/Q EIQURDOLIQD QWHIGHRRD QL
XQGHUO\LQJ WKHVH GLIIHUHQFHV DUH QRW NQRZQ ,Q FOI
GLDJQRVH 005 GHILFLHQF\ LQ D SDWLHQW MSWeK DI@&EIR P D
PXWDWLRQV DQG WKH GLIILEFXOWLHYV LQ LQWHUSUHWLQJ V
LPPXQRKLVWRFKHPLVWU\ RI WKH IRXU 005 SURWHLQV 06+
FRPELQDWLRQ ZLWK D VHTXHQFLQJ Rl WKH 005 JHQHV PR
PXWDWLRQDO EXUGHQ DQG VLJQDWXUH 7KHVH WHFKQLTX
ODERUDWRU\ RI JOLRPD OLQHV GHULYHG IURP SDWLHQWYV :
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"# $" #%
s 4% &0

&'s I

I"4$) %+ ,-./$01

JUXUH (VWDEOLVKPHQW RI D PROGHYL Y WGJ OLRP D MSBWILHHIPVD LZQ K
PXWDWRBQOHIW LPPXQRKLVWRFKHPLVWU\ RI WKH PDLQ 005 SUI
VWDLQLQJ ZLWK KHPDWR[\OLQ D QR WRWRRDK R/ WKERISIO W DH. @ WDW $\
YLWUR FXOW XU HD ISKR WSUWX-HQ/FHIQVE HQR KR S WD R QDM SKHQRW\SH ZL\
VLIQDWXUH ZDV FRQILUPHG LQ ERWK WKH WXPRU DQG 3'&/

EIBRO! DQG 3RO" GHILFLHQFLHYV

7KPOLE D@GLD1 JHQHV FRGH IRU WKH PDLQ '1$ SRO\PHUDVI
D UROH LQ WKH ILGHOLW)\ RI '1$ UHSOLFDWLRQ 3SURRIUHD
UHSDLU PHFKDQLVPV HJ %(5 1(5 DQG 005 POERQN @ALYIXW L F
JHQHV DUH PDLQO\ IRXQG LQ IDPLOLHV ZLWK FRORUHFWDO
7KHVH PXWDWLRQV DUH ORFDWHG LQ WKH H[RQXFOHDVH GF
KDYH DOVR EHHQ UHSRUWHG LQ SDWLBRRMDMWE EWK RRDXFLAI
PXWDWLRRDVERD ®BKIHL JHQHY DUH DOVR REVHUYHG LQ SDWLF
SDUWLFXODU DV VHFRQGDU\ HYHQWYV LQ SDWLHQWV ZRQK I
WKH PROHFXODU OHYHO ZH RIWHQ ILQG LQ PDOLJQDQW J!
SIXOWUD K\SHUPXWDQW " SKHQRW\SH ZKLFK FRUUHVSRQGV )\
OE RIWHQ DVVRFLDWHG ZLWK D PXWDWLRQDO VLJQDWXUH
ZLWK PDOLJQDQW JOLRPD ZLWK 3RO! GHILFLHQF\
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'*\SHUPXWDWLRQ LQ UHFXUUHQW JOLRPDYV

7KLV LV WKH PRVW IUHTXHQWO\ UHSRUWHG FDVH LQ WK
W R LQ SDWLHQWY WUHDWHG WKWK W 8 B W]LRHGRWPVY. GHK L O H
H[KLELW K\SHUPXWDWLRQ WXPRU VDPSOHV WDNHQ DIWHU
D VLIQLILFDQW LQFUHDVH LQ WKH PXWDWLRQDO ORDG ,Q
PXWDWLRQV DIIHFWLQJ WKW INQHPAS RUWDEQW WR QRWH KHL
005 JHQH PXWDWLRQV ZHUH PLVVHQVH PXWDWLRQV RI XQ!
GLIILFXOW WR GHWHUPLQH WKHLU 3GULYHU" L H UHVSRQV
LH DVVRFLDWHG ZLWK WKH SKHQRPHQRQ RI K\SHUPXWDW
WKH SUREDELOLW)\ RI ILQGLQJ DW OHDVW RQH PLVVHQVH P
FRUUHODWHG ZLWK WKH LQFUHDVH LQ WKH PXWDWLRQDO ¢

'LWK WKH DFFXPXODWLRQ Rl GDWD IURP H[RPH VHTXHQ
WXPRU SDLUV )LIJXWKH PROHFXODU FKDUDFWHULVWLFV [
K\SHUPXWDWLRQ KDYH EHHQ VRPHZKDW FODULILHG

L &OHDU LQFUHDVH LQ VRPDWLF PXWDWLRQDO ORDG DI

LL 3UHVHQFH RI D YHU\ VSHFLILF PXWDWLRQDO VLJQDW
LQ LQ YLWUR PRGHOV H[SRVHBUWR®EGNDOOWUDH PDMGWNW\
&S& DQG &S7 UHSHDWYV )LIJXUHV DQG

LLL JUHTXHQW SUHVHQFH RI YDUL® Q05 JMIQXYN QRIQ IR
LQLWLDO VDPSOHV )LJXUH

LY &OHDU DVVRFLDWLRQ RI SRVW WUHDWPHQW K\SHUP)
UHODSVH RI K\SHUPXWDQW UHODSVHV )LJXUH

Y $VVRFLDWLRQ ZLWK PROHFXODU ELRPDUNHUV WKHP'
FKHPRWKHUDS\ ZLWK D O NDHLR WIXQUDIVIHRQNY  V XAKKDS/HUP X W |

RI QRQ K\SHUPXWDQW UHFXUUHQFHV DQG MGMT SURPRW!I
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Hypermutation
OPost-temozolomideC

JUXUH7HPSRUDO DQG VSDWLDO FORQW® BYRGXW LIFQR R BADWILKRG
IURP -RKQVRQDHWVMWDEOLVKPHQW RI D FORQDO SK\ORJHQHWLF
PDOLJQDQW JOLRPDV WDNHQ DW HEXWUBQ FGL DJW R VLW UDHDGN WH O
VKRZLQJ WKH QXPEHU Rl VRPDWLF PXWDWQRQRMIR | RORIPUG HL § B
HQG 7KH PXWDWLRQV UHSUHVHQWHG LQ JUD\ DUH IRXQG LQ WK
EOXH DUH IRXQG LQ WKH UHFXUUHQFH VDPSOH RQO\ WKH PXWD
$ PDMRU HOHYDWLRQ RI WEWHRXWGWMR @ R SRRORPIGGHDYHFXUUHQW
|
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2008: 0,52 mutations / Mb

2016: 77 mutations / Mb
MLH1 (c.1805G>A:p.G602D)

JUXUH $FTXLVLWLRQ RI K\SHUPXWDWLRQ ZLWK PXWDWLRQDO
WHPR]JRORPLGH LQ DQ DQDSOMNWLFANVDVWY @RF\WRRP H [RIPHKVHTXHC
WXPRUV UHFXUUHQFH DQG FRQVWLWXWLRQDO FRQWURO

JLIXUH$QDO\VERSRIQXPEHU DEQRUPDOLWLHY XSSHU SDUW DQC
ORZHU LQ SDRWSRWS\BHRORPLGH JOLRPDV DQDO\]HG%D HRW D
(DFK PXWDWLRQ FLUFOH LV UHSUHYVHQWH® O AVIRABILH JUWB R JU
RI WXPRU FHOOV@ WR > DRI W ORRU IFHHRXQ\@ RFH WEHWWR RQ W
LQ WKH 005 JHQHV DUH UHSUHVHQWHG E\ \HOORZ FLUFOHV
|
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Dataset Coverage Trios | Hypermutated Hypermutated recurrences
recurrences

IDH1/2 MGMT | MMR Prior Prior AA
mutated meth mut RT therapy

IDHL/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%
Cell15
. Kim, Gen WESWGS 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 | g5 NatGen WES 18 3(17%) 100%  NA 100% 67%  67%
2016
b Hypermutated recurrences (n = 38):

ﬁ

- 55% IDH1/2-mutant

- 94% MGMT methylated

- 92% have MMR mutations

- 97% received alkylating agents

Non-hypermutated

Recug;ipces Non-hypermutated recurrences (n = 164):
(0]

—_— - 20% IDH1/2-mutant
- 30% MGMT methylated
- 5% have MMR mutations

JUXUHG6XPPDU\ RDQGHSRRYAMMDWPHQW PDOLJQDQW JOLRPD SDLU VW
RI K\SHUPXWDWLRQ ZLWK KLVWRUD RH@GHWS/RN Q@ G HWWRH 15 OANAWELIYW HROB
DQGM&BMT SURPRWHU PHWRPADWLRQDL HW:DQJ HW D® HW DIOP HW

DO DQG -RKQVR¥YYBIMRDOUHIHU WR VDPSOHV IRU ZKLFK H[RPH RU
IRU LQLWLDO UHFXUUHQW DQG FRQVWLWXWLRQDO FRQWURO W

7KHVH REVHUYDWLRQV VXJJHVW WKH H[LVWHQFH RI D
UHVLVWDQFH WR FKHPRWKHUDS\ WKH GHYHORSPHQW RI K\
005 JHQHV LQ PDOLJQDQW JOLRPDV WUHDWHG ZLWK WHPF
TXHVWLRQ WKLV SRWHQWLDO OLQN 2Q RQH KDQG WKH P
K\SHUPXWDWLRQ VLJQDWXUH VRPHWLPHVY FDOOHG WKH
IURP WKH PXWDWLRQDO VLIQDWXUHV REVHUYHG LQ 6R% & H
DXWKRUV KDYH WKHUHIRUH K\SRWKHVL]HG WKDW VLJQDWX
WHPR]JRORPHRZHHYHU WKLV PXWDWLRQDO VLJQDWXUH LV C
IHSY6& H()+,&# -, [0,1* FrrrrRRR
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JOLRPDV WUHDWHG ZLWK WHPR]|JQOARRQWHBID VIMI XU PHODQR
HISRVXUH WR 89 UD\V RU WREDFFR FDUFLQRJHQV UHVXOWYV
VLIQDWXUHY PXWDWLRQDO VLIQDWXUHYV DQG UHVSHFW
WKHVH PXWDPKHQVY XJIJHVWYVY WKDW H[SRVXUH WR WHPR]RORI
GHYHORSPHQW RI VLIQDWXUH 2Q WKH RWKHU KDQG Gt
VXVSHFWHG RI FRQWULEXWLQJ WR WKH GHYHORSPHQW RI1 K
ZLWK SRVW WUHDWPHQW K\SHUPXWDWLRQ H[KLELW XQLTX
005 GHILFLHQW FDQFHUV QRWDEO\ WKH DEVHQFH RI WKH

TXHVWLRQ WKLV PHFKDQLVWLF OLQN LQLWLDOO\ VXVSHFWI
!
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, 99 +\SRMYKDQG REMHFWLYHYV

&ROOHFWLYHO\ WKH GDWD LQ WKH OLWHUDWXUH FRQ)\
EHWZHHQ SRVW WUHDWPHQW K\SHUPXWDWLRQ 005 GHILFL
JOLRPDV :KLOH VLJQLILFDQW SURJUHVV KDV EHHQ PDGH
XQGHUO\LQJ VXFK D OLQN UHPDLQV XQGHWHUPLQHG DQG V
SDWLHQW FDUH UHPDLQV XQVROYHG

,V WKHUH DQ DVVRFLDWLRQ EHWZHHQ K\SHUPXWDWL|
PROHFXODU FKDUDFWHULVWIGMY SHJRPRRMHFR B DK\ DX EW \FSGH
LQ PDOLIJQDQW JOLRPDV" 7KLV ZRXOG PDNH LW SRVVLEOH"
WKH HPHUJHQFH RI VXFK D SKHQRPHQRQ LQ WXPRUV DW K
SRVLWLYH RU QHJDWLYH RI K\SHUPXWDWLRQ LQ WKHVH
TXHVWLRQV UHTXLUHV WKH DQDO\VLV RI D ODUJH VDPSOH
RQO\ KDG YHU\ OLPLWHG VDPSOHV D PD[LPXP RI K\SHUP

,V 005 GHILFLHQF\ VXIILFLHQW WR SURGXFH WHPR]R
QHFHVVDUY 'RHV LW SURGXFH HTXLYDOHQW UHVLVWDQFH W
7KLV UHTXLUHV WKH VI\VWHPDWLF VWXG\ Rl WKH UHVSRQVF
3'&/ DQG [HQRJUDIWV 3'; GHULYHG IURP SDWLHQW DQG
LQFOXGLQJ WKHVH LVRJHQLF PRGHOV RI JOLRPDV ZLWK 00!

KDW PHFKDQLVP XQGHUOLHYV WKH GHYHORSPHQW RI ¢

" 7KLV VLIQDWXUH LV PRVW IUHTXHQWO\ IRXQG LQ JOLRPI

VLIQDWXUHY DVVRFLDWHG ZLWK 005 GHILFLHQF\ DQG HDFEk

PXWDWLRQV LQ SRVW WUHDWPHQW K\SHUPXWDWLRQ JOLR

FUHDWHG E\ WHPR]J]RORPLGH DQG WKH HOHYDWLRQ RI WKH
DQG WKH DFTXLVLWLRQ RI WHPR]JRORPLGH UHVLVWDQFH

,V K \SHUPXWDWLRQ DVVRFLDWHG ZLWK EHWWHU UHVS
"$OWKRXJIJK JOLRPDVY DUH DVVRFLDWHG ZLWK D KLJKO\ L
ZRUN VXJJHVWV WKDW K\SHUPXWDWHG JOLRRBVHPRE\EH®D
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QRQHWKHOHVYV FRPH IURP UHODWLYHO\ XQLTXH FRQWHYVWK k
FRQWH[WYV UHPDLQV WR EH GHWHUPLQHG

,Q RUGHU WR DGGUHVV WKHVH TXHVWLRQV ZH FKDDDFV
YHU\ ODUJH VDPSOH RI JOLRPDV VHTXHQFHG E\ 1*6 SDQHO'
JOLRPDV DQG VWXGLHG WKH DVVRFLDWLRQV EHWZHHQ K\¢
LQ WKLV FRKRUW :H VWXGLHG WKH PHFKDQLVWLF OLQN E
GHIHFWV DQG UHVLVWDQFH WR DON\ODWLQJ DJHQWYV LQ P
LPSDFW RI K\SHUPXWDWLRQ RQ WKH SURJQRVLV RI SDWLHC
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7 Check for updates

A high tumour mutational burden (hypermutation) is observed in some gliomas ~ *,
however, the mechanisms by which hypermutation develops and whether it predicts
the response to immunotherapy 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 a more 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 de " ciency. MMR-de" cient gliomas
were characterized by a lack of prominent T lcell in" ltrates, extensive intratumoral
heterogeneity, poor patient survival and a low rate of response to PD-1 blockade.
Moreover, although bulk analyses did not detect microsatellite instability in

MMR-de" cient gliomas, single-cell whole-genome sequencing analysis of
post-treatment hypermutated glioma cells identi"  ed microsatellite mutations.
These results show that chemotherapy can drive the acquisition of hypermutated
populations without promoting a response to PD-1 blockade and supports the
diagnostic use of mutational burden and signatures in cancer.

Identifying genomic markers of response to immune checkpoint
blockade (for example, PD-1 blockade) may benefit cancer patients
by providing predictive biomarkers for patient stratification and
identifying resistance mechanisms for therapeutic targeting. Glio -

data from other cancers ™, these initial observations were derived
from unique disease contexts such as constitutional DNA mismatch-repair
(MMR) deficiency! syndrome °. Therefore, the extent to which
glioma patients at large will benefit from this approach is unknown.

mas typically have a low tumour mutational burden (TMB) and a
highly immunosuppressive microenvironmentNtwo features associ-
ated with immunotherapy resistance. Nevertheless, recent work has
suggested that a subset of patients with high-TMB (hypermutated)
gliomas might benefit from PD-1 blockade °. Although consistent with

While large amounts of genomic data on gliomas exist >**1°*12 our
understanding of the clinical landscape of hypermutation and the
mechanisms that underlie its development remain unclear. Hypermu -
tation! is rare in newly-diagnosed gliomas (de Inovo hypermutation),
but common in tumours that have recurred after the use of alkylating

A list 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 **%2 it remains to be determined whether molecular biomarkers
(for example, IDH1 orIDH2 (hereafter!IDH1/2)mutations) reliably pre-
dict the development of hypermutation or response to immunotherapy.

An association between hypermutation and MMR mutations has
been observed in gliomas **3 but most of the reported MMR muta -
tions were not functionally characterized, and their role in causing
hypermutation is unclear. Other studies have suggested that alkylating
agents such as temozolomide are the direct cause of hypermutation
This was supported by the discovery of a mutational 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 hypermutation is
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-1 blockade. Not all hypermutated cancers
respond to such treatments ™; a more accurate characterization of the
phenotypic and molecular features of hypermutated gliomas therefore
would help clinicians to manage such patients more effectively.

3

Mutational burden and signatures in gliomas

Previous studies included too few hypermutated gliomas to
characterize the landscape of hypermutation in gliomas **. 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}®. All samples from patients
with a histopathological diagnosis of glioma were included and classi -
fied into molecular 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 Tables!1,
2). We quantified the TMB of all samples (median 2.6 Imutations (mut.)
per Mb (range 0.0D781.3)), 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 (8.8D781.3)) for further analysis.

Using samples with detailed clinical annotation (DFCI-Profile), we
found that the prevalence of hypermutation varied between and within
subgroups (Fig. l1a, b Extended Data Fig. 3a, blSupplementary 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; FisherOs exact test, P!<!139 (Fig.!1b). In samples
of recurrent tumours, hypermutation was associated with markers
of response to alkylating agents, including IDH1/2 mutation (hyper -
mutation in 1.4% of newly diagnosed versus 25.4% of post-treatment
IDHY/2-mutant tumours, FisherOs exact test, PEI2.01#!110' %), 1p/19q
co-deletion (0.0% versus 33.8%, P=17.31#110"), and MGMT promoter
methylation (2.4% versus 24.2%,P'=19.0 1#110'9). The effect of IDH1/2
mutation was confirmed only in  MGMT-methylated tumours (Extended
Data Fig.Bc). These findings suggest that selective pressure from ther -
apy may elicit progression towards hypermutation.

The standard treatment for gliomas includes surgery, radiation and
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 treatment in 356 recurrent
gliomas. Hypermutation was associated with prior treatment with
temozolomide (FisherOs exact test, P<110"*% in a dose-dependent man-
ner (Fig.!1b, Extended Data Fig.Bd, ), 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 in temozolomide-treated samples (median 16.32 (inter -
quartile range (IQR) 6.95D70.32) versus 6.08 (3.80D7.97) with surgery

2 | Nature | www.nature.com

only, PI=14.01#110"; 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%) > IDH1/2-mutant astro -
cytomas (30.2%) >MGMT-methylated IDH1/2 wild-type glioblastomas
(23.1%) MGMT-unmethylated IDH1/2 wild-type glioblastomas (5.6%);
P=B.814#1107; Fig.!Lb). We observed a similar pattern in the FMI validation
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
the biological processes that cause hypermutation in gliomas. We first
validated that mutational signatures can be predicted using large tar-
geted panel sequencing in hypermutated samples (Extended Data
Figs.4, 5abc). The majority of dehovo 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.55d, 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
that were highly correlated with mutational signature 11 (Extended Data
Fig.55b, c) including a previously undescribed signature (S2) associated
with 1p/19q co-deletion and lack of prior radiation therapy. Finally,
half of the samples with a dominant 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 the increased incidence of passenger mutations associ -
ated with hypermutation . In the merged DFCI-Profile/MSKCC-IMPACT
dataset, 36 genes were significantly enriched ( givaluek!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, gk!1.61#!110"), and mutations in MSH6 showed the highest enrich -
ment (43.0% versus 1.2%gq=8.3%110) (Extended Data Figs.Bjpl, 6a, b).
MMR-variant allele frequencies (VAFs) and cancer cell fractions (CCFs)
in gliomas were most similar to those in MMR-deficient colorectal
(CRC) or endometrial cancers and were higher than in MMR-proficient
hypermutated cancers (Extended Data Fig. 6¢, d). Some MMR variants
in post-treatment hypermutated samples matched the canonical sig-
nature 11 sequence context (Extended Data Fig.5f), suggesting that
akubset oflthese 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. In rare 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 spectrum in 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.l6f, Supplementary Table! 4), including a recurrent MSH6
mutation (p.T1219I, 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 2%
(Extended Data Fig.'6g, h).

Immunohistochemistry on an independent 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 withIDH1/2 mutations (20% mutant
versus 2% wild-type; FisherOs exact tes®E18.01"110%) (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
delnovo hypermutated gliomas (12 of 46 (26.1%) versus 0 of 16 (0.0%),
PEI0.03) (Extended Data Fig.!7¢bf).

We next assessed the relationship between MMR deficiency and
acquired chemotherapy resistance. Because hypermutation and 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 Data Fig.'8abc), 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-proficientbMGMT-deficient and MMR-proficientD
MGMT-proficient PDCLs, respectively) (Fig.! 2b, Extended Data Fig.Bdb
f). We next treated native and engineered isogenic MMR-knockout

"#$%E&#()*+,&#' -., /0,1 *
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promoter methylation, histological grade, age at initial diagnosis, and prior
treatment. Red line denotes high TMB ( $17.0 mut. per Mb). b, Prevalence of
hypermutation in the DFCI-Profile dataset. Chi-squared test and two-sided
FisherOs exact test. NA, not available; 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.!8gbi). All MMR-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 signature 11

Our analyses indicated that MMR deficiency together with temozo -
lomide exposure might cause signature 11, as opposed to it being
a OpureO temozolomide signature. To test this idea, we exposed ise
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.!9c, d). These tumours developed hypermutation with signature
11 (Fig2f, Extended Data Fig.9e) and shared four unique variants;
the dominant-negative MSH6 hotspot mutation (p.T1219I) and three
non-coding variants (Fig.! 2g), consistent with the theory thatthe 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,
hypermutation with signature 11 represents a potential biomarker for
MMR deficiency and temozolomide resistance in gliomas (Extended
Data Fig.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
(nl=12,173) using a permutation test to control for random mutation rate in the
setting of hypermutability. b, Response to temozolomide across a panel (n!=130)
of native spheroid glioma PDCLs (blue,! MMR-proficient; red,! MMR-deficient).
Dosebresponse curves were calculated using mean surviving fractions from

three independent assays. ¢, Response to temozolomide and CCNU in the
glioblastoma PDCL BT145 following knockout of MSH2,MSH6,MLH1 orPMS2 by
CRISPRDCas9. Dosebresponse curves were calculated using mean surviving
fractions from three independent assays (mean! *s.e.m.).d, Number of signature
11 variants after chronic temozolomide treatment of the!  PDCL DIPG13 wittMSH2
or MSH6 knockout by CRISPRDCas9. Mutational signatures could not be called in

Characteristics of MMR-deficient gliomas

MMR deficiency recently emerged as an indicator 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-1 blocker 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 to immunotherapy.

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) 20.8DNA (not applicable))
versus 137.2inonths (95% CI 41.8DNA) in non-hypermutated tumours,
PE.0009, two-sided log-rank test) and IDH1/2-mutant astrocytomas
(median OS 15.#nonths (95% Cl 12.9918.3) versus 21rabnths (95% CI
19.2D29.8),PE=10.0015) (Fig. Ba, Extended Data Fig.l10abc). We observed
a similar trend in IDH1/2 wild-type glioblastomas ( PE0.0809). The find -
ing of poor survival in recurrent hypermutated gliomas remained sig-
nificant in multivariable analysis (hazard ratio 2.16 (95% CI 1.38D3.38),
PEI0.0008; Supplementary Table! 5).

The current hypothesis behind the response of MMR-deficient CRCs
to PD-1 blockade is based on their increased neoantigen burden and
immune infiltration. We therefore assessed the association between

4 | Nature | www.nature.com
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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 (Resistant 1 and 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 1 and 2, respectively), and three
non-coding variants of NF1 (VAF 1.0 and 0.99)RAC1 (VAF 0.86 and 0.86) andRAF1
(0.44 and 0.56).!HGG, high-grade glioma; Chr, chromosome.

MMR deficiency and T-cell infiltration in gliomas ( n!=43) and CRCs
(nENY). 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 from the GENIE and TCGA datasetsif=!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 an increase 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 neoantigens is unlikely to explain the differences in immune 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)Nwhich accumulate in MMR-deficient cells and can
cause frameshift mutationsNare crucial for producing Ohigh-quality®
neoantigens that are recognized by immune cells 2%, Unexpectedly,
although the high TMB was associated with an increased homopolymer
indel burden in MMR-deficient CRCs, this association was not found in
MMR-deficient gliomas (de! novo hypermutated gliomas showed a mod -
est increase; Fig.Bd, Extended Data Fig.1L1c). 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
phenotypic and molecular characteristics including poor outcome and

lack of MSlI in bulk sequencing. a, Survival of patients with recurrent
high-grade glioma from the time of sample collection according 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-magnification images of CD3
immunolabelling (brown; intraepithelial lymphocytes, 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! um (100"), 50um (200 ").
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-cells in gliomas according to their MMR
status(n = 43). For each group, three areas with the maximal CD3 infiltration
were selected for quantification (representative images, left). Scale bars:
500 um (20 "), 50um (200 ). Right: boxes, quartiles; centre lines, median ratio
for each group; whiskers, absolute range. KruskalPWallis test and DunnOs
multiple comparison test. d, TMB (top) and homopolymer indel burden

deficiency. Whereas MSI was identified in all MMR-deficient CRCs, all
tested gliomas with MMR protein loss ( nE15) were microsatellite-stable
(MSS) (Extended Data Figs.7dbf, 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.l11ebh). We therefore performed
single-cell whole-genome DNA sequencing (scWGS) of 28 cells from a
hypermutated, post-temozolomide glioblastoma with an MSH6(T12191)

(bottom) in hypermutated gliomas compared with other hypermutated

cancers from the GENIE dataset. TukeyOs boxplots are shown. Two-sided
Wilcoxon rank-sum test with Bonferroni correction. e, Pan-cancer analysis of
cancer cell fractions in 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 transitions at NCC and NCT trinucleotide contexts in 63 cells from a
glioblastoma patient with post-temozolomide hypermutationusingl " scWGS
sequencing. Error bars show 95% CI. 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
rate in eight cells from a patient with glioblastoma with post-temozolomide
hypermutation. Eight cells were analysed for the presence of MSI using

10" scWGS 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.11iDk).
In the post-temozolomide sample, 13 of 28 cells (46.4%) were hyper -
mutated with signature 11 (Fig.!3g, Extended Data Fig.!11l). Strikingly,
whereas this tumour harboured only a minor increase in its homopoly -
mer indel burden at the bulk level (0.49 versus 0.0 per Mb), the sScWGS
analysis showed a ninefold increase in microsatellite mutations in all
hypermutated cells (Fig. !3h). This suggested that glioma cells with
an MSH6(T1219I) variant harbour a subtle MSI phenotype that is not
revealed by standard bulk sequencing or clinical MSI assays (Extended
Data Fig.11m).
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Fig. 4 | Treatment of hypermutated gliomas with PD-1 blockade. 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-1 blockade. A cohort of patients with non-hypermutated gliomas who were
treated with PD-1 blockade 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-1 blockade in MMR-deficient gliomas

As hypermutation in gliomas that acquire MMR deficiency tends to be
subclonal and does not generate optimal antitumour T-cell responses,
we hypothesized that these tumours might not have high response
rates to PD-1 blockade. We performed a retrospective institutional
review of patients treated with PD-1 pathway blockade for which the
TMB at treatment initiation was available ( n!=1210). This identified 11
patients with MMR-deficient glioma (5 de hovo, 6 post-treatment) who
were treated with PD-1 blockade for a median of 42 days (range 13D145;
Supplementary Table! 7). Nine (81.8%) had disease progression as their
best response (Fig.4a), and the median progression-free survival (PFS)

strong immune infiltrates are seen at diagnosis. Treatment with anti-PD-1 results
in expansion 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-producing indels) 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 a mixed phenotype.

response to immunotherapy (Fig. 4c) and may explain the lack of both
recognition of MMR-deficient glioma cells by the host immune system
and response to PD-1 blockade, compared to other MMR-deficient
cancers®?®. A key 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

a lack of sufficient evolutionary time to select clonal MSI populations.
Mechanistically, selective pressure exerted by temozolomide drives
the late evolution of MMR-deficient subclones, which further accumu-
late temozolomide-induced mutations in individual cells. In line with

and OS were 1.38 months (95% CI 0.95D2.69) and 8.7 months (95% CI previous data, therapy-induced single nucleotide variant mutations

2.79D15.08), which were not significantly different from the data for
matched patients with non-hypermutated glioma (PFS 1.87 months
(95% CI1.28D2.92), OS 9.960nths (95% CI 7.56D15.08); Figdb, 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-1 blockade 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-1 blockade (16.10 months (95% CI 3.98D22.21) versus

8.07 (95% CI 2.79D15.08.21p = 0.02, two-sided log-rank test; Extended
Data Fig.!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-1 blockade
showed highly proliferative tumour in both samples, with no significant
evidence of pathologic response or increase in immune infiltrates after
PD-1 blockade (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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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 in the MMR path -
way drive hypermutation and acquired temozolomide resistance in
chemotherapy-sensitive gliomas. Although it is difficult to determine
the origin of MMR deficiency by sequence context alone in individual
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 fithess 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 3. 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 data indicate that the absence of an immune response in
gliomas is likely to result from several aspects of immunosuppression
in the brain that require further characterization. Approaches that
increase infiltration by cytotoxic lymphocytes into the glioma micro-
environment will probably be required to improve immunotherapy
response. Our data also 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
of 1,628 gliomas sequenced between June 2013 and November 2018 as
part of a large institutional 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 to a molecular subgroup (see below) were included *3*%23%, 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 at international institutions) were
downloaded from Synapse (public data, release v6.1) *. For pan-cancer
analyses in whole-exome sequencing sets, clinical data and 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
a cohort 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 ~ IDH1 and
IDH2 genes, and whole-arm co-deletion of chromosomes 1p and 19q
(1p/19q co-deletion), according to WHO 2016 criteria *2 All samples
were assigned to one of four main molecular subgroups: IDH1/2-mutant
and 1p/19q co-deleted oligodendrogliomas (high- and low-grade),
IDH1/2-mutant astrocytomas (high- and low-grade), |IDH1/2 wild-type
glioblastomas (high-grade only), and IDH1/2 wild-type gliomas of other
histologies (high- and low-grade), the latter including grade | pilocytic
astrocytomas, glioneuronal tumours and other unclassifiable gliomas.
For simplification, IDH1/2 wild-type grade Il anaplastic astrocytomas
and grade |V 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 uracil and subsequent PCR using primers
specific for either methylated or the modified unmethylated DNA in the
CpG island 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 gené%®.

In brief, between 50 and 200 ng tumour DNA was prepared as previously
described 1%, hybridized to custom RNA bait sets (Agilent SureSelect
TM, San Diego, CA) and sequenced using lllumina HiSeq 2500 with
21"1100 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
realignment around indel sites *®. Single-nucleotide variants were called
using MuTect 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. To filter 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 [ittp://fevs.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 databas€e®. 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 as amplified 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 data from 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) 5%, 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 '3*., MS| status was deter-
mined as previously described “. A log-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 was 1, 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) “. A sample was considered 1p/19dco-deleted if both
1p and 199 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"". In all analyses, the homopolymer indel burden was
calculated by computing the number of single base insertions or dele -
tions in homopolymer regions of at least 4 bases in length and dividing
the count by the total exonic coverage as previously established *.
Somatic variants were annotated as previously described %%, |n
addition, for the DFCI-Profile and MSKCC-IMPACT datasetsariants in
a selected list of glioma- and DNA-repair associated genes (IDH1,IDH2,

*kkkkkkkk

"#$%E&#()*+,&#' -., /0,1 *
"#$%8&'(&%)*+,+-./0&'1'233&04,&'5."%+6& 78"
9+0:&";&',<=73&'$0>'?&7.".&7"95'@AB'1'C@ @CD'E&O&.*H' 7$*%&'



TERTATRX CIC,H3F3A HISTIH3BEGFRPDGFRAFGFR1FGFR2FGFRS,
MET,KRAS, NRAS, HRAS, BRAF, NFIPN11PTEN PIK3CAPIK3C2B,
PIK3R1CDKN2A CDKN2B,CDKN2C CDK4,CDK6,CCND2 RB1, TP53
MDM2, MDM4, TP53BP1PPM1DCHEK1CHEK2RAD51BRCA1BRCA2,
ATM, ATR MLH1,MLH3,PMS1PMS2 MSH2 MSH6,EPCAMSETD2POLE
POLD1MUTYH,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
30! read depth were stringently filtered for germline origin using the
gnomAD (population allele 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 'tonsistent with
possible germline origin (45D955% 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 a two-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 PearsonOs correlation coefficients when compared to the
30 well-established COSMIC signatures v2 (https://cancer.sanger.ac.uk/
cosmic/signatures_v2 )** (Extended Data Fig. 5abc). We then used the
DeconstructSigs package in R to estimate the contribution of identi-
fied signatures using a regression model *2. To account for the potential
overfitting of a regression approachNowing to either lack of important
signatures in the model, or inclusion of uninvolved signaturesNwe
used only the signatures identified by the decomposition approach

in step one, supplemented by any strong signature predictions identi -
fied through a first 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 a dominant signa-
ture if a mutational signature had a score of 0.4 or greater.

To assess the ability of this method to detect hypermutation-associated
signatures in 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 (with a
predicted signature fraction greater than 0.190.2). This analysis showed
that panel-based signature calls for the APOBEC, mismatch repair,
tobacco, and ultraviolet light signatures reached 90% sensitivity with
at least 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; we instead downsampled the number of variants in 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 mutation rates, 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 ( #$) between the
group of interest and the reference group. We then randomly permuted
the mutations 100,000 times, preserving sample and gene mutation
counts, and computed the # for each gene in each permutation. The P
value for a given gene was determined by the fraction of permutations
1Bn(in our case, M="100,000) for which #,"%"#$. 8tey q values were
generated using the gvalue 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
an independent analysis.

Single-cell whole-genome sequencing

Frozen glioma samples were mechanically dissociated into pools of
single nuclei as previously described **, following which single nuclei
were isolated 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 sequencing library
construction for lllumina Sequencing (Qiagen QIAseq FX DNA library
kit). Libraries were sequenced on the lllumina HiSeq platform in paired
end mode. Single cells were sequenced to 0.1D1 coverage. Bulk pooled
nuclei were sequenced to 60! coverage while matched germline DNA
(extracted from blood) was sequenced to 30! 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
in single cells were called if they were monoallelic, had a homozygous
reference genotype call but no alternate-allele support in bulk normal
tissue, and had at least three supporting reads in a single cell. Germline
heterozygous mutations (gHets) were called if they were monoallelic,
were found in dbSNP (version 138, http://www.ncbi.nim.nih.gov/snp ),
and had at least one supporting read and a heterozygous genotype
call in bulk normal tissue. To assess sensitivity in each single cell, we
computed the fraction of gHets detected with at least three supporting
reads, analogous to our procedure for calling somatic mutations. To
estimate the total number of somatic mutations present in 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 JeffreyOs prior, in which the beta parameters (&, ') 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 sScWGS data
from neurons (1.C.-C. et ‘al., manuscript in preparation). First, the human
genome was scanned to define a reference set of microsatellite repeats
that can be captured using short reads (that is, 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
a given cell mapping to each heterozygous SNP allele detected in the
bulk sample and their mates were extracted. If any of the microsatel-
lites in 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

to the 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 KolmogorovBSmirnov
test. The rates of microsatellite instability for each cell were computed
as the 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

8 single cell and 10 normal reads required to make a call. All the code is
publicly available ( https://github.com/parklab/MSIprofiler ).

Immunohistochemistry

For the revalidation of MMR defects in an independent 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 PitiZ
Salpetriere cohort (Supplementary Table '2) in order to assess the WHO
2016 integrated diagnosis and to select the tumour areas for immuno -
histochemistry and for DNA extraction when molecular testing from
formalin-fixed paraffin-embedded (FFPE) tissue material was required.
Diffuse gliomas harbouring unambiguous positive IDH1(R132H) immu -
nostaining were classified as IDH1/2-mutant. IDH1/2 status was tested
by targeted sequencing in all diffuse gliomas harbouring negative or
ambiguous IDH1(R132H) immunostaining. IDH1/2-mutant diffuse glio -
mas with loss of ATRX expression in tumour cells were classified as non
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 inlDH1/2 wild-type gliomas. FFPE sections (3 pum 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 PitiZ-Salpstrisre (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 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 anti -
bodies were used: mouse monoclonal anti-MLH1 (Leica, clone ES05,
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). An expert neuropathologist blinded to
the molecular 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

the immune infiltrate was studied after immunolabelling 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

All PDCLs with a name starting with BT were established from tumours
resected at Brigham and WomenOs Hospital and Boston ChildrenOs
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#iCThe N16-1162 PDCL was established by
the GlioTex team (Glioblastoma and Experimental Therapeutics) at the
Institut du Cerveau et de"la Mo'lle Zpiniere (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 in a humidified atmosphere of 5% CO ,
at 37#C in tumour stem medium (TSM) consisting of DulbeccoOs modi -
fied EagleOs medium: nutrient mixture F12 (DMEM/F12), neurobasal-A
medium, HEPES buffer solution 1#4, sodium pyruvate solution 100 #M,
non-essential amino acids solution 10 #M, Glutamax-| supplement
and antibiotic-antimycotic solution (Thermo Fisher). The medium was
supplemented with B-27 supplement minus vitamin A, (Thermo Fisher),
20#g/ml human-EGF (Miltenyi), 20 #g/ml human-FGF-basic (Miltenyi),
20#g/ml human-PDGF-AA, 20#g/ml human-PDGF-BB (Shenandoah
Biotech) and 2#1g/ml heparin solution (0.2%, Stem Cell Technologies).
The identity of all cell lines established was confirmed by short tandem
repeat assaybr 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 79 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 manufacturerOs
protocol. Luminescence was measured using the Modulus Microplate
Reader (Promega). The surviving fraction (SF) for each [X] concentra-
tion was calculated as SF¥'mean viability in treated sample at concentra -
tion [X J/mean viability of untreated samples (vehicle). DosePresponse
curves and IC;, were generated using Prism 8 (GraphPad Software,
San Diego, USA) after log transformation of the concentrations. Curves
were extrapolated using nonlinear regression with four-parameter
logistic regression fitting on triplicates from survival fractions of three
independent replicates, following the model:  y='Bottom + (Top b Bot-
tom)/(1 + 10([logIC 5, Bx]"$'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; sgMLH1,
ACTACCCAATGCCTCAACCG; sgPMS2, TCACTGCAGCAGCGAGTATG)
and 5-AAACIrc20]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
(pPXPR_BRDO001; 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
their respective 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 103 !1¢F 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_BRD051 (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
underwent a subsequent lentiviral spin-infection with the lentiCRISPR
sgGFP, sgMSH2, or sgMSH6 vectors described above. Puromycin selec
tion (0.4 pg/ml for DIPG13 cells) commenced 48 h post-infection.

Chronic treatment and sequencing of isogenic MMR-deficient

cell lines

DIPG13-sgGFP, -sgMSH2, and -sgMSH6 cells were seeded at 810
cells/well in 4 ml medium in a 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 3Db5 days, splitting
over-confluent cells 1:2 or 1:4 as needed. After 3 months, genomic DNA
was extracted using the QIAmp DNA Mini Kit. DNA was subjected to
whole-exome lllumina 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/1VO2kX_fgf
Ud0x3mBS9NjLUWGZu794WhbTepBel3cBg08/edit#theading=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 (24#10°) were resuspended in equal parts HankOs buffered
salt solution (Life Technologies) and Matrigel (BD Biosciences) and
then injected into both flanks of eight-week-old NU/NU male mice
(Charles River). 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#4ength##vidth 2. 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
of tumour-related iliness or before reaching the maximum tumour bur-
den. Tumours were subsequently removed, and a subset 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 OrawO data were mapped to both the hg19 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
each read 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 CollectF1R2Counts 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) Oaf-of-alleles-not-in-resource®
was set to 0; (i) OMateOnSameContigOrNoMappedMateReadFilterO was
disabled,; (iii) the output of Step8 was used for fitting the read orienta -
tion model; and (iv) a germline resource from the gnomAD database was
included ( https:/iconsole.cloud.google.com/storage/browser/_details/
gatk-best-practices/somatic-b37/af-only-gnomad.raw.sites.vcf ). The
capture targets intervals 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.

All in#¥ivo 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,
5 mM EDTA, 0.5% sodium deoxycholic acid, 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
manufacturerOs protocol. Samples were then prepared with 1! 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 4D12% Bis-Tris Gel (Invitrogen) with NuPAGE
MOPS SDS (Invitrogen) buffer and run through electrophoresis. The
transfer onto membrane was then done at 40 # overnight at 4'iC in
NuPAGE transfer buffer (Invitrogen) with 10% methanol. Membranes
were blocked with 5% skim milk in TBST for 1 h, then incubated with the
following primary antibodies added to 5% BSA and incubated overnight

at 4"jC on a shaker: 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
(Version 1.2, Promega). PCR products were analysed by an electropho-
retic separation on the polymer POP7 50cm in an Applied Biosystems
3130XL sequencer and using Genemapper Software 5.

Outcome of patients treated with PD-1 blockade

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 glioma who had been treated with PD-1 block-
ade (alone or in combination with bevacizumab) for recurrent disease

at our 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
Assessment in Neuro-Oncology (RANO) criteria by 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-1 block-
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 MannBWhitney or Kruskalb

Wallis tests; categorical variables were compared using FisherOs exact or
Chi-squared tests. Survival and PFS were estimated using the Kaplanb

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 matching in a 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)-1 antibodies
or other treatments (total n!= 1210) 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. P values 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 QXk0.01. Where applicable, the means of
population averages from multiple independent experiments (+!s.d.

or s.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 data from 1,495 samples from the DFCI-Profile

and 545 samples from the MSKCC-IMPACT datasets are publicly avail-

able (GENIE v.6.1: https://igenie.cbioportal.org or https:/www.synapse.

org/ ). All data for samples from the GENIE v.6.1 and 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 data are 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/
MSilprofiler ).
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Extended Data Fig. 1 | Overview of the clinical characteristics of the 545 and 8,121 gliomas with sequencing from the MSKCC-IMPACT and FMI

patients in the study and analyses performed. a, Clinical datasets analysed datasets, respectively, and used them as a replication set (total set of 10,294

and main demographics including age, histomolecular subtype and disease sequenced samples). In addition, 314 tumoursNincluding 247 consecutive

stage. 1,628 glioma samples from adult and paediatric patients were sequenced recurrent gliomasNwere analysed for protein expression of four MMR proteins

as part of a large institutional prospective sequencing program of consented (MSH2, MSH6, MLH1, and PMS2) using immunohistochemistry. b, Analyses

patients (DFCI-Profile) and subsequently clinically annotated. We identified performed and key clinical questions that were addressed in the study.
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Extended Data Fig. 2 | Distributions of TMB, homopolymer indels, and SNV
mutation spectra in the datasets used.  a, DFCI-Profile/(de!novo gliomas only);
b, MSKCC-IMPACT;c, FMI (total ni=19,938). After examining the distribution of
TMB in each dataset for breakpoints, thresholds for hypermutation were

further! confirmed using segmented linear regression analysis (analysis
restricted to de! novo gliomas for DFCI-Profile). This method showed the
presence of a breakpoint at 17.0 and 8.7 mutations per Mb for the DFCI-Profile
and FMI datasets, respectively. For the MSKCC-IMPACT dataset, the cutoff used

for hypermutation (13.8 mutations per Mb) was previously determined ~ *".

The frequency of hypermutation was similar in the three datasets (85 (5.2%) in
DFCI-Profile; 29 (5.3%) in MSKCC-IMPACT; 444 (5.5%) in FMI). The median tumour
mutation burden (TMB) in the combined datasets was 2.6 mutations per Mb

(range, 0.0D781.3). Compared with non-hypermutated gliomas, hypermutated
tumours showed atypical patterns of SNVs, consistent with abnormal mutational
processes operating in these samples. Bars represent median and interquartile
range for each dataset (right). HPI, homopolymer indels.
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Extended Data Fig. 3| See next page for caption.
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Extended Data Fig. 3 | Integrated analysis of tumour mutation burden in
hypermutated gliomas in the! DFCI-Profile, MSKCC-IMPACK land FMI
datasets. a, Distribution of TMB, homopolymer indels, MMR mutations, and
SNV mutational spectrum according 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'=184, data not shown for
the single sample from other gliomas, IDH1/2-wt subgroup). b, Top, distribution
of histomolecular groups in non-hypermutated and hypermutated gliomas

from the combined sequencing dataset (n! =12,173). Bottom, distribution of
molecular groups in de! novo and post-treatment hypermutated gliomas from
the DFCI-Profile dataset (n!=885)(annotation not available for the
MSKCC-IMPACT set).c, Prevalence of hypermutation accordingto  MGMT
promoter methylation and IDH1/2 mutation status in post-temozolomide
gliomas from the DFCI-Profile dataset ( n'=1150). Two-sided FisherOs exact test.
d, Number of temozolomide cycles according to IDH1/2 mutation status in
post-temozolomide diffuse gliomas from the DFCI-Profile dataset (  n!=211
gliomas). Patients who received combined chemoradiation but no adjuvant
temozolomide were included. Two-sided Wilcoxon rank-sum test. e, Boxplots
of TMB in post-treatment hypermutated gliomas according to the number of

temozolomide cycles received before surgery. Kruskal®Wallis test and DunnOs
multiple comparison test. f, TMB in recurrent gliomas according to treatments
received before surgery. Patients who received multiple treatment modalities
were excluded. Kruskal®Wallis test and DunnOs multiple comparison test.
Boxes, quartiles; centre lines, median ratio for each group; whiskers, absolute
range (dbf). g, Integrated analysis of the FMI dataset (n!=18,121 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 IDH1/2and 1p/19q co-deletion (1p/19q), MSI status, and age
at initial diagnosis. Dominant mutational signatures detected in hypermutated
samples are depicted. The dotted line indicates the threshold for samples with
a high mutation burden (8.7 mutations per Mb). h, Prevalence of
hypermutation among molecularly defined subgroups in the FMI dataset
(n'=18,121 gliomas). Chi-squared test.i, Dominant mutational signatures
detected in hypermutated samples in the FMI dataset ( n'=18,121 gliomas).
Chi-squared test. j, Mutated genes and pathways enriched in hypermutated
gliomas in the FMI dataset (nl=18,121). Enrichment was assessed using a
permutation test to control for random effects of hypermutability in tumours
with high TMB. k, I, Proportion of TMB "9" versus TMB®" samples with
mutations in selected DNA repair genes and glioma drivers ( e) and in the MMR
pathway (MSH2, MSH6, MLH1 and PMS2 f). Permutation test; **** Pk10.0001,
***pPKkI0.001, **Pk10.01; ns, not significant.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Validation of known 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
(signature 7), 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 (!=1129 out
of 411 samples).b, Detection of ultraviolet-associated mutational signature in
TCGA SKCM samples (237 out of 466 samples). ¢, Detection of tobacco
smoking-associated mutational signature in TCGA LUAD samples ( ni=250 out
of 513 samples).d, Detection of MMR-associated mutational signature in TCGA
COAD (/=188 out of 380 samples). e, Detection of POLE-associated mutational
signature in TCGA COAD and READ samplesr{'=277 out of 380 samples).

f, Detection of temozolomide-associated mutational signature in ref.  *
(n!=129). g, Unsupervised clustering of hypermutated samples. A total

of1865hypermutated tumour samples from exomes (pan-TCGA and Wang
etlal.®)land 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
Euclidean distance. h, Performance of cancer panel versus other genesets in
mutational signature calling. We analysed 622 hypermutated tumour exomes
(pan-TCGAland Wang ethl.*, black) for their mutational signature contributions
when restricted to variants from i) DFCI-Profile OncoPanel cancer panel genes
(red), or i) 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, The violin plots represent the number of variants (top) and the cosine
similarity of signature contributions (bottom) when using all exonic variants
versus restriction to cancer panel or the 49 random gene sets. Boxes, quartiles;
centre lines, median ratio for each group; whiskers, absolute range. Two-sided
WelchOs-test.
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5 | Mutational signature analysis of primary and age-related, IC1; POLEC10, C14. Chi-squared test.e, Mutational signatures
secondary hypermutated cohort ( nl=1111).a, Mutational signature analysis of identified in individual de! novo hypermutated gliomas (hypermutated at first
newly diagnosed hypermutated gliomas in the DFCI-Profile dataset ( n!=224). diagnosis, ni=126, left) and post-treatment hypermutated gliomas
b, Mutational signature analysis of secondary hypermutated gliomas (samples (hypermutation in a recurrent tumour,  n!=59, right). f, Mutational signature
in which hypermutation was detected in the recurrent tumour) in the analysis of MMR variants in hypermutated gliomas from the DFCI-Profile and
DFCI-Profile dataset (n!=558). The novel COSMIC Signature 11-related signature MSKCC-IMPACT datasets (!=!114). Ninety variants of the MMR genesMSH2,
(S2) was associated with 1p/19q co-deletion and lack of prior radiation therapy MSH6, MLH1, and PMS2were merged into two groups (de! novo, nl=118;
(66.7% of samples with high S2 versus 26.2% of samples with high S1 signature, post-treatment, n!=72) according to the type of sample in which they were
Fisher PE0.016). ¢, Mutational signature analysis of hypermutated gliomas found and analysed for mutational signatures using a regression model
from the MSKCC-IMPACT dataset (n=29). d, Mutational signature analysis in (Rosenthal et!al.*?). In each sample, only the MMR variant with the highest VAF
delhovo (hypermutated at first diagnosis, n'=126, left) and post-treatment was included, to limit the inclusion of possible passenger variants. For
hypermutated gliomas (hypermutation in a recurrent tumour, nl=59, right). signature discovery in both cohorts ( abc), variants were analysed using the
Percentage of samples exhibiting the most common mutational signatures non-negative matrix factorization (NMF) method and correlated with known
and their hypothesized causes are displayed. MMR,! C6, C14, C15, C26; COSMIC mutational signatures ** using Pearson correlation.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Characteristics of MMR molecular variants in
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,MLH1 andPMS2) (b) in the merged DFCI-Profile/
MSKCC-IMPACT dataset (n12,173). Permutation test; ***Pk10'®, **P£10"?,
*Pk10.05. ¢, 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 BenjaminibHochberg
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, andPMS2 mutations found in hypermutated gliomas from
the DFCI-Profile and MSKCC-IMPACT datasets (n£!114). The hotspot MSH6
missense variant p.T1219I was found in nine samples.g, Hotspot MSH6 p.T1219I
variant mapped to the bacterial MutS 3D structure (PDB 5YK4). h, Representative
immunohistochemistry (IHC) images of the MMR proteins MSH2, MSH6, MLH1
and PMS2 in a hypermutated glioblastoma with MSH6(T12191) mutation. Three
independent samples were stained. Scale bar, 100!pm.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Results of MMR IHC screening in 213 consecutive
recurrent gliomas and patterns of MMR protein expression loss in three

delnovo or post-treatment!  MMR-deficient gliomas.  a, Recurrent patterns of
MMR protein loss identified by IHC in gliomas. Scale bar, 50! pm. b, Summary of
MMR IHC screening results for 213 consecutive recurrent gliomas. All
monocentric consecutive relapses of diffuse gliomas in adult patients

following treatment with post-alkylating agents (surgery between 2009 and
2015) were included in the immunohistochemistry analysis. Further

sequencing of samples in which MMR protein loss was identified showed
hypermutation with MMR molecular defects in 18/19 (94.7%) samples.

¢, Percentage of tumour MMR protein loss in glioma samples with de! novo
(n!=116) or post-treatment ( n'=46) MMR deficiency. Samples were scored by two
pathologists in blinded 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, Clonal MMR deficiency in aldelhovo 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 magnification in
three tumour areas (H&E staining, MLH1 and PMS2 immunostaining) showing a
highly cellular tumour with an oligodendroglial phenotype and a loss of
expression of MLH1 and PMS2 in all tumour cells (open arrowheads). Normal
cells have a maintained MLH1 and 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
MLH1. Scale bars; top left, 5lm; right, 100! um. e, Clonal MMR deficiency in a

low-magnification image of H&E staining of tissue obtained from surgical
resection, with three areas of tumour selected for images. Red dashed line
delimits normal brain. Right, high-magnification images of H&E staining,
showing highly cellular tumour and an astrocytic phenotype, and PMS2 IHC,
showing loss of expression of PMS2 in 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 to be MSS. NGS showed a TMB of 120.1 per Mb and homopolymer
indel burden of 3.8 per MB, with contributions from temozolomide (90%) and
MMR-deficiency (10%) mutational signatures. A missense (p.P648L) hotspot
MLH1 mutation known to be pathogenic from patients with Lynch syndrome
with a VAF of 0.73 and loss of heterozygosity was present in this case. Scale
bars, top left, 5!mm; right 100! um. f, Subclonal MMR deficiency in a
hypermutated post-treatment  IDH1-mutant glioblastoma. Top left,
low-maghnification image of PMS2 immunostaining of the tumour pieces
obtained from surgical resection. Right, high magnification images of three
areas of PMS2 immunostaining showing heterogeneous PMS2 expression
across the sample consistent with a subclonal tumour. Area 1 shows that PMS2
is retained in atypical tumour cells (arrow); area 2 is heterogeneous with loss
(open arrowhead) in some but not all tumour cells; area 3 is an example of
diffuse loss of expression in tumour cells (open arrowhead). Normal cells have
a maintained PMS2 expression (solid arrowheads in all images). Bottom left,
microsatellite analysis via PCR amplification of five mononucleotide markers
(BAT25, BAT26, NR21, NR24, and MONO27) showed the tumour to be MSS. NGS
showed a TMB of 236.5 per Mb and homopolymer indel burden of 2.3 per MB,
with 95% contribution of temozolomide mutational signature. Scale bars, top
left 5!mm,; right 100! um.

hypermutated post-treatment, IDH1-mutant glioblastoma. Top left,
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Extended Data Fig. 8| See next page for caption.
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Extended Data Fig. 8 | Characterization of high-grade glioma PDCLs and

their sensitivity to temozolomide and CCNU. a, Clinico-molecular
characteristics of four native newly diagnosed or recurrent glioma PDCL
models harbouring hypermutation and 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 homopolymer indel burden (right) in each model.
Boxes, quartiles; centre lines, median ratio for each group; whiskers, absolute
range. Two-sided Wilcoxon rank-sum test. c, 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 a regression model (Rosenthal et! al.*?). For each
PDCL, the contribution of the main COSMIC mutational signatures identified is

expressed as decimal. d, Boxplots of temozolomide AUC in 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, A panel of 12 glioma PDCL models representing the different MGMT and
MMR classes was selected and assessed for sensitivity to temozolomide in a
short-term viability assay ( e; dots represent means). The temozolomide AUC
was compared between the three groups using a KruskalPWallis test and DunnOs
multiple comparison test ( f; meankis.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 CRISPRDCas9 systemh, i, A panel of 11 glioma
PDCL models representing the different MGMT and MMR classes was selected
and assessed for sensitivity to CCNU in a short-term viability 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 KruskalbWallis test and
Dunn®s multiple comparison test (i ; meankss.d.).
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Extended Data Fig. 9| See next page for caption.
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Extended Data Fig. 9 | MMR-deficient models of glioma, continued.

a,b, CRISPRDCasMSH2and MSH6 gene knockout in DIPG13 high-grade glioma
cell line. a, Integrated genomics viewer (IGV) plots depicting MSH2reads in
between the guide RNAs in the MSH2unedited line (sgGFP, left) and the MSH2
CRISPR knockout line (right) confirming knockout inthe  MSH2edited line.

b, IGV plots depicting MSH6reads in between the guide RNAs in theMSH6
unedited line (sgGFP, left) and the MSH6 CRISPR knockout line (right)
confirming knockout in the MSH6 edited line. ¢, Overview of inlvivo
temozolomide resistance study. Treatment of subcutaneous BT145
PDX-bearing animals was initiated at a volume of 100 mm * and eight nude mice
per group were randomized to 12 mg/kg/day temozolomide or vehicle for five
consecutive days per 28-day cycle. Mice were treated until tumours reached a
volume of 1,500 mm *, and tumours were sequenced to identify mutations and
mutational signature. d, Survival of mice with BT145 xenografts (n!=18 mice per
group) during treatment with vehicle (blue) or temozolomide (red). Two-sided
log-rank test. 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
in the two temozolomide-treated tumours. Mutational signatures could not be
called in the 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(T1219l) mutation and three
noncoding variants. f, BT145 xenografts chronically treated with vehicle ( ni=11)
or temozolomide (n! =) were removed, dissociated and cultured in serum-free
medium to establish cell lines. After three passages in culture, sensitivity to
temozolomide was assessed. The results of the short-term viability assays
(meankls.e.m.) and temozolomide AUC of each cell line are depicted. g, Model
of acquired hypermutation with mutational signature 11 in gliomas. Top,
MMR-proficient cells repair TMZ damage and do not develop signature 11.
Resistance in these cells is 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 signature 11.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Extended outcome data. abc, Survival of patients
with recurrent high-grade glioma (WHO grade Il or IV) from the time of initial
diagnosis according to TMB status (solid curves, TMB "**; dotted curves,
TMB""). The curves include 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 IDH1/2 wild-type glioblastoma
from the time of initial diagnosis. d, PFS of 11 patients with hypermutated and
MMR-deficient glioma who were treated with PD-1 blockade (single-agent or in
combination with bevacizumab, red curve). A cohort of patients with
non-hypermutated glioma who were treated with PD-1 blockade is depicted as
control (n! =110, 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¢) and OS {) of 11 patients with hypermutated and MMR-deficient
glioma who were treated with PD-1 blockade! (red curves). A cohort of
hypermutated patients treated with other systemic agents is 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 from both cohorts are provided in Supplementary Table!  7.g, Lack of
immune response following PD1 blockade (pembrolizumab) in a patient

with post-treatment hypermutated MMR-deficient glioblastoma. Top,

timeline; middle, MRI images; bottom, H&E images and IHC for PMS2
expression and tumour infiltration with CD3-positive T!  cells and IBA1-positive
macrophages in the primary (S1), recurrent pre-pembrolizumab (S3) and
recurrent post-pembrolizumab (S4) tumours. The tumour acquired a focal
PMS2two-copy deletion, protein loss, and hypermutation in the
post-temozolomide recurrent tumour (S3). Scale bar, 50! pm.
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Extended Data Fig. 11 | See next page for caption.
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Extended Data Fig. 11 | Molecular characteristics of hypermutated

gliomas. a, Pan-cancer analysis of TMB and homopolymer indel burden in

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!=I798). Two-sided Wilcoxon rank-sum test with Bonferroni correction.

¢, Pan-cancer analysis of the homopolymer indel burden in hypermutated
gliomas (post-treatment) versus MMR-deficient cancers and other
hypermutated cancers from the TCGA and Wang et! al.* exome datasets
(nl=I798). d, Results of MSI analysis using the standard pentaplex assay in
glioma (n!=139) and CRC samples (r#!19) according to MMR status (MMR-d,
MMR deficient; MMR-p, MMR-proficient). e, Pan-cancer analysis of cancer cell
fractions in hypermutated gliomas (post-treatment) versus MMR-deficient
cancers and other hypermutated cancers from the TCGA and Wang et! al.*
exome datasets (n!=1798). 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
Wang etlal.* exome datasets (n=1798). The weighted TMB was calculated by
weighing each individual mutation to its 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), dehovo 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 (nt!1,265, top) and TMB"" CRCs
with MMR deficiency mutational signature ( n!=1110, bottom) from the GENIE

dataset. i, Clinical timeline for the patient with hypermutated glioblastoma

with an MSH6(T12191) mutation in whom bulk and single-cell WGS was
performed. j, Distribution of VAFs of mutations in the recurrent bulk sample.
The median VAF in the 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
dot represents a coding 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

in red. |, Mutational spectra in 35 cells from the primary tumour (orange)

and 28 from the recurrent tumour (green) submitted to sScCWGS sequencing

(1"). Mutational signature analysis showed a strong contribution of

mutational signature 11 in hypermutated cells from the recurrent tumour.

m, Representative IGV plots (n!=12 distinct genomic segment! for each sample)
of microsatellite insertions in the normal (TMB low) and! recurrent (TMB

high) bulk lsamples andrecurrent TMB low (n! = 2) and TMB high (n&R) 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 a true somatic microsatellite mutation. In general, a
few reads with similar microsatellite insertions correctly phased with the same
flanking heterozygous SNP allele were found in the recurrent bulk, but not in

the normal bulk or non-hypermutated cells. For abc, e, f, biological subgroups
were identified on the basis of mutational burden, dominant signature and
histology. For b, c,e,f, 100 non-hypermutated samples were randomly selected
as controls. For all box 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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'DQV FHWWH SXEOLFDWDORRY FORXVPRHDWBRWEULVRQW j O
OHV JOLRPHV PDOLQV 8QH WYDREEH QRSRILADWQWRE GH FDUI
SKpPQRW\SH FOLQLTXH HW KLVWRPROpPFXODLUH GHV JOLRPF}
GX VI\VWgPH PTBX¥H5LV SURQRVWLF DEVHQFH GH SKpQRW\S}
GH O K\SHUPXWDWLRQ O&NYW®IHVp WK®FHXW\DYBE GpILEFLHQW
H[SOLTXHU O DEVHQFH GH UpSRQVH DX[ ,&, TXH QRXV DYRQ
(Q SDUWLFXOLHU OD FKDUJH PXWDWLRQQHOOH PDMRULWD
SRVW WUDLWHPHQW SRXUUDLW V DVVRFLHU j O DEVHQFH
QpPRDQWLJIJgQHV WXPRUDX[ )LJIJXUH

"#$%&'()' (%*" &+$%&,"-+.(/&+/*0

-

JLIXUHBUEUHV SK\ORJpQpW L TOXH ¥ RABRIWVILWHLARQ DFYOAR Q D O H GIHD\E W/
OF*UDQDHKW @ BRXU FKDTXH W\SH GH FDQFHU OH QRPE UHORR\BIQH
HVW UHSUpVHQWp SEIVUGGIVVEW DR EOKM W EWIS W WWLW HFRXQJ W
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3DU DLOOHXUV QRV GRQQpHV PRQWUDQW O IRDEDWQRH
O DEVHQFH GH UpSRQVH DX[ ,&, PrPH GDQV OHV JOLRPHV D
SDWLHQWYV DYHF VIQGURPH GH /\QFK QRWDPPHQW VXJJql
FORQDO GHV QpRDQWLJGQHV WXPRUDX[ GHV VSpFLILFLWp\
GHV JOLRPHV + QRWDPPHQW GDQV OD SRSXODWLRQ GH FH(
+ FRQWULEXHQW VLJQLILFDWLYHPHQW j OD UpVLVWDQFH D
O DQWLJIJpQLFLWpP GHV FHOOXOHV WXPRUDOHY HW O LQILOV
SUREDEOHPHQW WRXWHY GHX[ QpFHVVDLUHV DILQ G DPp(
JOLRPHV 'HSXLV OD SXEOLR&eL R BW F¥HRQWH SpAWLXGEHHQ /D QL\
G LQWpUrwW SHUPHWWDQW GH PLHX[ FR Pt&ffickiQuG G VO A M ORY
O\PSKRF\WDLUHV GDQV OHV WXPHXUV JOLDOHV G XQH SDL
UpSRQGX DX[ ,&, HW G DXWUH SDUW GHV VRXV JURXSHV XC
LQIODPPDWRLUH 7 LQWUDWXPRUDO 8QH FDUDFWpULVDWL
DQDO\VH GX WUDQVFULSWRPH HW WHFKQLTXHV PXOWLSOH
FRXUV DYHF O REMHFWLI G REWHQLU XQH PHLOOHXUH FRP
WXPRUDOH HW OfDFWLYLWp GHV FHOOXOHV 7 DQWLWXPRL
GPYHORSSHPHQW GH QRXYHOOHV VWUDWPpPJLHV GH FRPE
O LPPXQRWKpPUDSLH GDQV OHV JOLRPHYV

Lung and melanoma:
high M1/M2, high CD8, high TCR diversity

JLIXUHBQDO\V HF BB@FHU GWMVSMRXWPPXQLWDLUHV GD Q & MW RIXWPWHRQ
HW DOHV UHFWDQJOHYV UHSUpVHQRG\Q WSSD $W R 8 R QWS R RGP TOEHK B
/HV JOLRPHM FRIQWHIQQW X P H& U \& GRIR/L DUHRVS B B URKS KIXISISUHV V H G
HW & LJKHVW PDFURSKDJH UHVSRQVH

8QH TXHVWLRQ OpJLWLPH ITUpTXHPPHQW VRXO HWypBIL@RC
GpWHUPLQHU VL OD GpILFLHQFH 005 SRVW WUDLWHPHQW p
%LHQ TX LO VRLW GLIILFLOH G DIILUPHU OHV RULJLQHYV GX
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LQGLYLFGRHOMY GH QRV GRQQpPHV VXJJqQUHQW TX DX PRLQV
SDU OH WUDLWHPHQW

/ID PXWDWLRQ 005 OD SOXV IUpTXHPPHQW UHWURXYp
WUDLWHPHQW HQYLURQ HVW XQH PXWDWLRQ DYHF HIII
IDORQ H[FHSWLRQQHOOH FKH] OHV SDW ISHI@R\E X LDW IGF XD\ GWL
HW pJDOHPHQW LQGXFWLEOH GDQV GHV PRGgOHV LQDEOMU
6XSS

JRUVTXH OHV PXWDWLRQV 005 GHV JOLRPHV K\SHUPXW
XQ pFKDQWLOORQ YLUWXHO O DQDO\VH GHV VLJQDWXUHV
FRQWULEXWLRQ GH VLJQDWXUH \ FRPSULV DSUQV H[FOX
JLIXUH 6XSS |

1RXV PRQWURQV DLQVL TX DX PRLQV XQH SWWWYpWRGR® RF
&HSHQGDQW pWDQW GRQQp TXH OHV GpILFLWV 005 VHFRQ
VHQVLEOHV DX WpPR]JRORPLGH LO HVW SHX SUREDEOH TXF
PDXYDLV SURQRVWLF DSUqV OD UHFKXWH O HPSRUWH VXI
GDQV OHV JOLRPHV &HV UpVXOWDWY QH UHPHWWHQGD GRQ
FHV WXPHXUV 3RXU DOOHU SOXV ORLQ LO IDXGUDLW SRX
K\SHUPXWDQWYV UpVLVWDQWYV + SDU H[HPSOH YLD OH GpYHC
HQ FRXUV DX VHLQ GH O pTXLSH +*+ HW SUpPYHQLU OH GpYHC
WXPHXUV OHV SOXV FKLPLRVHQVLEOHV FRPPH OHV ROLJR
&&18 HQ DVVRFLDWLRQ DX WpPR]JRORPLGH TXL D UpFHPPH:!
SDWLHQWY DWWHLQWY GH JOLREODVWR P WMGME XPYprADKO BLRRH/Q W
GRQQpPHY FOLQLTXHV HW H[SPULPHQWDOHYV PRQWUDQW TX
VHQVLELOLWpP DX &&18 VRXWLHQQHQW FHWWH VWUDWpJLH

(QILQ QRV WUDYDX[ RXYUHQW GHV SLVWHV GH UHFKH
SKpPQRW\SH 06, VRXV FORQDO QRWDPPHQW HW OH WUDLW!
005 VWUDWPpPJIJLHVY GH OpWDOLWp VIQWKpWLTXH QRWDPPHQ
DOWHUQDWLIV GH UpVLVWDQFH QRQ DVVRFLpV DX GpYHOR
REVHUYp GDQV HQYLURQ OHV GHX[ WMBMV RPpHWK p® K D @\ V OX
SURMHWY VRQW HQ FRXUV GDQV QRWUH pTXLSH GH UHFKH!I
GX GpYHORSSHPHQW GH QRXYHOOHV PpWKRGHV ELRLQIRU
FDSDFLWpV GH UpSDUDWLRQ HW GH UHPRGHODJH GH O $'1
VHQVLELOLWpP RX OD UpSRQVH DX[ WUDLWHPHQWY DQWLFD!
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,Q WKLV VWXG\ ZH FKDUDFWHUL]HG WKH PHFKDQLVPV O
$Q LPSRUWDQW EUHDNWKURXJK KDV EHHQ WKH LGHQWLILF
KLVWRPROHFXODU SKHQRW\SHV RI JOLRPIBVGHIWKL K BH U PIX.
SURJQRVLV DEVHQFH RI 06, SKHQRW\SH ODWH EXUVW RI V;
005 GHILFLHQW WXPRUV FRXOG DW OHDVW LQ SDUW H[SO
IUHTXHQWO\ REVHUYHG LQ JOLRPDV 6SHFLILFDOO\ WKH
JOLRPDV ZLWK SRVW WUHDWPHQW K\SHUPXWDWLRQ FRXOC
LPPXQH UHVSRQVH DJDLQVW WXPRU QHRDQWLJHQV )LJXUH

"#$%&'()' (%*" &+$%&,"-+.(/&+/*0

-

)LIXUH 3K\ORJHQHWLF WUH HR PUBHRS/AL MM HR@WR_IQ 7 BWWEKAA ORFS R D\D D KA
HW DRU HPFEMWHSH WKH DYHUDJH QXPEHU RI FORQDO DQG VXEF(
EOXH DQG EUDQFKHV JUHHQ DQG UHG UHVSHFWLYHO\

) XUWKHUPRUH RXU GDWD VKRZLQJ WKH DEVHQFH RI V
UHVSRQVH WR &,V HYHQ LQ JOLRPDV ZLWK 005 GHILFLHQ
VIQGURPH LQ SDUWLFXODU VXJJHVW WKDW EH\RQG FORC

VSHFLILFLWLHY LQ WKH LPPXQRVXSSUHVVLYH PLFURHQYLU
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RI PLFURJOLDO DQG PDFURSKDJH FHOOV )LIJXWHVLVWPRGW L
$SSURDFKHV DLPHG DW LQFUHDVLQJ ERWK DQWLJHQLFLW\
O\PSKRF\WHV DUH OLNHO\ ERWK QHFHVVDU\ LQ RUGHU WR L
6LQFH WKH SXEOLFDWLRQ RI WKLV VWXG\ LQ 1DWXUH ZH K
H[SHFW ZLOO DOORZ DQ LPSURYHG XQGHUVWDQGLQJ RI
O\PSKRF\WH FHOOV LQ JOLDO WXPRUV UDUH SDWLHQWV Zl1
RWKHU XQLTXH VXEJDRMENM @I LIKDLRW DMOMOICRM OR\RWIDWH 7 6
FKDUDFWHUL]DWLRQ Rl WKHVH WXPRUV LQFOXGLQJ WUDQV
LV XQGHUZD\ WR REWDLQ D EHWWHU XQGHUVWDQGLQJ RI W
WXPRU 7 FHOOV DFWLYLW\ ,Q WKH ORQJHU WHUP WKLV F
VWUDWHJILHY DLPHG DW LQFUHDVLQJ WKH HIILFDF\ Rl LPPX
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Lung and melanoma:
high M1/M2, high CD8, high TCR diversity

J)LIXUH FBROHU DQDO\VWLV RI LPPXQH VXEWRBKRUNY RQ@ *$MOHR PR
UHFWDQJOHV UHSUHVHQW WKH SURSRUWLRQ RI VDPSOHV EHORQ
ZLWK WXPRUV Rl WKH & SURPLQHQW PDFURSKDJH DQG 7K VXS
UHVSRQVH JURXSV

$ OHJLWLPDWH TXHVWLRQ IUHTXHQWO\ UDLVHG ZKHQ
WUHDWPHQW 005 GHILFLHQF\ ZDV VHOHFWHG RU LQGXFHG
DVFHUWDLQ WKH RULJLQV RI SRVW WUHDWPHQW 005 GHIL
VXJIJHVWVY WKDW DW OHDVW D SDUW RI 005 GHILFLWYV DUH L
7KH 005 PXWDWLRQ PRVW IUHTXHQWO\ IRXQG LQ SRVW
LVQDO6+ 7 , PXWDWLRQ ZLWK GRPLQDQW QHJDWLYH HIIH
NQFK VIQGURFPBHRGXFW RI D & WUDQVLWLRQ ! 7 DQG DOVR L
H[SRVHG WR WHPR]JRORPLGH 7DEOH 6XSS
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KHQ WKH 005 PXWDWLRQV RI SRVW WUHDWPHQW) KDSH
YLUWXDO VDPSOH WKH DQDO\VLV RI WKH PXWDWLRQDO VL
Rl VLIQDWXUH HYHQ DIWHU WKH H[FOXVLRQ RI WKH PRV

‘H WKHUHE\ VKRZ WKDW DW OHDVW D SDUW RI WKH 00
+RZHYHU VLQFH VHFRQGDU\ 005 GHILFLWV RFFXU LQ WXF
GHOHWHULRXV HIIHFW RI VHFRQGDU\ 005 GHILFLHQF\ SRRU
LVBRVLWLYH HIIHFWV 7KHVH UHVXOWV WKHUHIRUH GR QRW
WXPRUV 7R JR IXUWKHU LW ZRXOG EH QHFHVVDU\ WR EH
UHVLVWDQW K\SHUPXWDQW FORQHV IRU H[DPSOH YLD WKI
XQGHUZD\ ZWMPBIPY ROWG SUHYHQW WKH GHYHORSPHQW RI
FKHPRVHQVLWLYH VXFK DV ROLJRGHQGURJOLRPDV IRU H|
WHPR]JRORPLGH ZKLFK KDV UHFHQWO\ VKRZQ SRVLWLYH
JOLREODVWRPD ZLWK D PHWK\DOWFGL Q107D OUR®@E WHHSHULP
005 FHOOV GHILFLHQW PDLQWDLQ VHQVLWLYLW\ WR WKH &¢

)LQDOO\ RXU ZRUN RSHQV QHZ DYHQXHV RI UHVHDUEFK
VXEFORQDO 06, SKHQRW\SH DQG WKH WUHDWPHQW RI K\¢
VIQWKHWLF OHWKDO VWUDWHJLHV DV ZHOO DV RQ WKH L
DVVRFLDWHG ZLWK WKH GHYHORSPHQW RI K\SHUPXWDWLRC(
Rl VDPSOHV ZLWK PHWK\ODWHG 0*07 SURPRWHU 7KHVH Q
JURXSY ORUH EURDGO\ WKLV ZRUN UHLQIRUFHV WKH LQW
PHWKRGY HQDEOLQJ WR EHWWHU FKDUDFWHUL]H WKH "1$ U
WKHLU OLQN ZLWK WKH VHQVLWLYLW\ RU UHVSRQVH WR DQ
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S$UWLFOH VXU OD GpILFLHQFH 005 HW OD UpSR
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INTRODUCTION CASE REPORT

Meningiomas are the most common primary A 50-year-old woman with progressive headaches
tumor of the CNS; there are approximately underwent a gross total resection (surgery 1) of
28,000 new diagnoses annually in the United a gadolinium-enhancing right frontal convexity
States. Currently, there are no approved sys- atypical meningioma (WHO grade 2; ).
temic therapies for meningiomas that recur after The tumor recurred 10 months later and was
local treatment: chemotherapy and hormonal treated with stereotactic radiosurgery (SRS;
agents have demonstrated minimal benebt in SRS 1, 25 Gy/bve fractions). Recurrent atypical
numerous clinical trials. meningioma was debulked 17 months (surgery 2)

Meningiomas comprise a heterogeneous group and 21 months (surgery 3) after the original
of neoplasms driven by mutations in a wide array diagnosis. The patient then underwent con-
of tumor suppressor genes and oncogenes. ventional radiotherapy (RT; conformal RT, 54

Characterization of these mutations has revealed GY/27 fractions). Three months later, she again
opportunities for rational therapy.  For exam- underwent SRS (SRS 2, 14 Gylone fraction)
ple, a durable therapeutic response has peenbecause of tumor spread to the sphenoid ridge
reported for a metastaticAKT1 E17KDmutant and infratemporal fossa. Additional debulking

meningioma treated with a pan-AKT inhibitor. ~ Surgeries for recurrent atypical meningioma
. ) . were performed at 46 months (surgery 4) and
Studies also suggest the potential for treating :
L L . 49 months (surgery 5). She then received bev-
meningioma with immune checkpoint modula- . L
acizumab for 11 months, mifepristone for 7

tors : programmed death ligand 1 (PD-L1) is .
P g 9 o ( ) months, and temozolomide for 4 months. Each
expressed in a subset of meningiomas, and the, . . ;
. . L therapy was discontinued after disease pro-
tumor microenvironment is immunosuppres- . ; ;
gression occurred. A sixth debulking surgery

Sive. . ngher—grade meningiomas also hfarbor (surgery 6) at 70 months conbrmed recurrent
mutations predicted to generate neoantigens, ; .
atypical meningioma.

which may foster susceptibility to immunother-
apies. Five weeks later, the patient enrolled in our
On the basis of these data, we initiated a phasephase Il nivolumab clinical trial. At that time, 75
Il study of nivolumab, a humanized 1gG4 pro- months after the original diagnosis, painful sub-
grammed death 1 (PD-1)Pblocking monoclo- cutaneous masses overlaid the right convexity.
nal antibody, in patients with higher-grade The patient required oxycodone for scalp pain
meningiomas that recurred after surgery and and dexamethasone (4 mg/day) for worsening
radiotherapy ( identiber: headache. Pretreatment magnetic resonance
NCT02648997). We report here a patient with  imaging (MRI) showed an enlarging-enhancing
an atypical meningioma that was not controlled right sphenoid wing mass, plaque-like dural
by repeated surgery and radiation but that was enhancement over the right convexity, tumor
highly response to nivolumab. erosion through the occipital skull, and an
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MSH2: del ex 2-5 + one copy loss Mifepristone 7 months ~ Temozolomide 4 months
POLD1: G203E (VUS) Bevacizumab 11 months 5-week wait
POLE: R639C (VUS)
=
— N ™ O < 10 © ~
2 > 2T > 2 2
@ — o o £ N o @ ) o) g
e %) 22590 ep <4 e >
5 o S5 5 8 S5 35 5 =]
(7] n (2 -] [2IN7] 7] 2]
| | |O | | | | | |
| [ [ [ [ [ ] I I I I
0 1 2 3 4 5 6 T 6 12 18 24
Years Surgery 4: TMB 26.6 Surgery 6: TMB 38.0 Months
MSH2: del ex 2-5 + one copy loss MSH2: del ex 2-5 + one copy loss
POLD1: G203E (VUS) POLD1: G203E (VUS)
RADS50: P571L (VUS) RADS50: P571L (VUS)

POLE: S30L (VUS)

Fig 1. Patient treat-
ment and radiographic
assessment. (A) Timeline
of patient therapy. Nivo,

increased Ruid-attenuated inversion recovery permissions required by law and by the Dana-
(FLAIR) signal abnormality that involved the Farber Cancer Institute (DFCI)/Harvard Can-

nivolumab: RT, radiation  fight hemisphere ( ). cer Center to allow the publication of images
therapy; SRS, stereotac- . . . from the patient.
tic radiosurgery; TMB, The patient received nivolumab 3 mg/kg on

tumor mutational burden;  days 1 (dose 1) and 15 (dose 2) of cycle 1 with-
VUS, variant Ofuﬁ‘knlc’W“ out incident, but her headaches and scalp pain
signibcance. Sagital 1\ o sened. The scalp masses were notably larger
gadolinium-enhanced g
images (B) before initiation €rythematous, and more tender by day 28. Brain
of study nivolumab therapy MRI showed signibcantly enlarged dural-based
(before surgery 6), (C) after i i i K
e e.nhancmg Iesmﬁls, increased T2 and FLAIR ment) and published protocols.
signal abnormalities, and enlarged scalp masses
therapy (before surgery X o
7), and (D) after subtotal ). Her physical examination and MRI
resection (surgery 7) that appeared consistent with progressive disease,
d_e”tjlons"a‘e necrosis and nand we withheld additional nivolumab. She
viable tumor; (E) ongoing ,yerwent palliative debulking surgery 3 weeks
response 1 year after initia- X
tion of nivolumab therapy. later (surgery 7). Immediately before surgery,
White arrows indicate bulky her scalp masses were modestly smaller and les

tumor blulfd?“v including  tender. Postoperative MRI showed a subtotal
occipital lesion growing into I

soft tissue external to skull. resection ( )-
MSH?2: del ex 2-5' indicates

homozygous deletion of
exons 2 to 5 of the DNA ~ MATERIALS AND METHODS

mismatch repair (MMR)

gene MSH2. We used targeted next-generation exome sequenc
Our patient provided informed consent for our ing (Oncopanel version 3; DFCI/Brigham and
institutional review boardPapproved study and WomenOs Hospital [BWH)]) to detect mutations
consented to this publication. We obtained all and copy number variations in 447 cancer genes.

"We used immunohistochemistry (IHC) to eval-
uate protein expression using Envision Plus
detection (Dako, Carpinteria, CA; Data Supple-

The protocol for tissue-based multiplexed cyclic
immunofRuorescence (t-CyCIF) of convention-
ally prepared formalin-bxed, paraln-embedded
§pecimens and image analysis are described
elsewhere. Antibodies are listed in the Data
Supplement.
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Fig 2. Histologic, immunohistochemical, and tissue-based multiplexed cyclic immunofRuorescence (t-CyCIF) characterization of meningioma
resection samples. Representative images of hematoxylin and eosinBstained 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 Pgure and cells with prominent nucleoli; an elevated mitotic index of more than four mitoses per
10 high-powered belds was used for grading. (E) A representative beld 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 it 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. t test statistical analysis was performed. *, P < .01, , P <.001, &, P <.0001. The bar graphs repre-
sent the most pertinent data derived from the immune proble of the pre-nivolumab (sample 6) and post-nivolumab (sample 7)Ptreated meningioma
samples using t-CyCIF. Detailed data are listed in and the Data Supplement.
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We processed and annotated data as previouslytemozolomide (sample 4); and the resection
described. We calculated tumor mutational before treatment with nivolumab (sample 6;
burden (TMB) by determining the number ; Data Supplement). This analysis revealed a
of nonsynonymous mutations per megabase signibcantly elevated TMB of 20.5, 26.6, and
(Mb) of exonic sequence data across sequence®8.0 mutations/Mb in the samples, respectively

genes. (Data Supplement). These levels were greater
than those of 228 other meningiomas sequenced
RESULTS as part of the BWH/DFCI proble initiative.

] ) o ] Copy number variation in the three samples was
Histopathologic examination of the tissue characteristic of higher-grade aggressive menin-
resected 5 weeks before nivolumab treatment gioma ( : Data Supplement). Notably,
(sample 6) revealed a highly proliferative atyp- homozygous deletion of exons 2 to 5 of the

ical meningioma ( ). In contrast, tissue pNA mismatch repair (MMR) gene MSH2 was
resected 3 weeks after nivolumab dose 2 (sam-present in all three samples ( ) but was

ple 7) had dense Pbrosis with extensive immune gpsent in a peripheral-blood specimen.

cell inbltration and necrosis { ). Tumor

cells were absent in the hematoxylin and eosinp!HC showed that tumor cells were negative for
stained slides, but IHC with a marker of menin- the MSH2 protein and its heterodimeric part-
gioma, SSTR2a ( ), revealed one M€ MSHS6, but that express?on of MLH1 and
small cluster (approximately 1,000 cells/ypof ~PMS2 protein was retained { ). Loss
possible residual tumor cells (which represented °f MSH2/MSHG in sample 1 demonstrated that

< 0.0001% of resected tissue; image and data notMSH2 had been inactivated before any therapy
shown). and independent of temozolomide exposure, a

known driver of acquired MMR debciency in
gliomas.  Thus, the tumor was MMR deb-
cient at the original diagnosis, and there was a
progressive increase in TMB (Data Supplement).

To characterize the elects of nivolumab, we
probled the tumor and its microenvironment
using t-CyCIF, a method for highly multiplexed
immunof3uorescence imaging of formalin-bxed,
para” n-embedded specimens. We imaged The patient resumed nivolumab after surgery 7
11 markers (Data Supplement) on pre- and and continued biweekly therapy for more than
post-treatment samples to measure changes in2 years. MRI scans have shown gradual and con-
immune cell types and the relative density of tinued regression of enhancing lesions and asso-
the immune inbltrate ( : ciated T2/FLAIR signal abnormalities ( ).
Appendix : Data Supplement). We have Scalp lesions have disappeared, and narcotics
previously shown that PD-L1 is overexpressed and dexamethasone are no longer required for
in tumor cells of some higher-grade meningio- pain control and cerebral edema.

mas, but, in this pretreatment specimen (Sam- iven the dramatic response of thisMSH2-

ple 6), we found PD-L1 restricted to immune  gepgcient tumor to nivolumab, we investigated
cells. Post-treatment (in sample 7), we observed a;, o prevalence of elevated TMB and MMR deb-
marked increase in IBA1+/CD14+ macrophages, ciency in meningioma ! : Data Supple-
CD4+ and CD8+ T cells, CD20+ B cells, and - ent) we used sequencing data from the BWH/
FOXP3+ regulatory T cells (T, cells; ' DFCI proble initiative (n = 228 patient cases)

; Appendix )- The fraction of o BywH/DFCI patient cases screened only by
CD8+ T cells increased from 7% to 73% ( MMR-protein IHC (n = 237 patient cases)

) and CD8+ T-cell density increased from 0.5, gy specimens from 465 patients (n = 288
.to 304 cells/mn¥; the CD8+ T cellDtobT ratio i grade 1, n = 132 with grade 2, and n = 45
increased 20-fold (from 5.8 to 115; ' with grade 3 disease). Among the 228 sequenced
Data Supplement). These data are consistent specimens, the cohort mean TMB was 4.2 muta-
with a highly active antitumor immune response  qns/Mb (grade 1, 4.0; grade 2, 4.4; grade 3, 6.5
after treatment. Data Supplement). Seven of the 228 specimens
We used targeted-exome sequencing to charac- had TMBs of 10 or more mutations/Mb, a com-
terize genomic aberrations in specimens from the monly used threshold for hypermutatiori ; one
original resection (sample 1); the resection before of these meningiomas (TMB, 18 mutations/Mb)
treatment with bevacizumab, mifepristone, and had a truncating mutation in the DNA MMR
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Table 1. Immune Proble of the Pre-Nivolumab (Sample 6) and Post-Nivolumab (Sample 7)DTreated Meningioma Samples Using t-CyCIF

Pretreatment Total Cell Post-Treatment Total

Ratio No. (% of total cells) Cell No. (% of total cells) Fold Change

regulator SETD2 as well as a splice site muta- substitution in the DNA polymerase domain of
tion in MSH2 of unclear functional signiPcance. the POLE subunit of DNA polymerase epsilon,
We discovered one occurrence with MMR pro- and another grade 3 meningioma had a trun-
tein loss discovered by IHC (one of 237 occur- cating mutation in SETD2 ( ; ;
rences), and sequencing conbrmed biallelic Data Supplement). Thus, across two cohorts of
inactivation of MSH6 and a TMB of 10 muta- sequenced meningioma samples (n = 843), 21
tions/Mb ( ; ; Data Supplement). (2.5%) had high TMBs. Three of 1,080 menin-
Among the sequenced meningiomas, elevated giomas screened by sequencing or IHC (0.3%)
TMB was signibcantly positively associated with had detectable inactivating mutations itMSH2
anaplastic histology, Ki-67 proliferative index, or MSH6. The number of notable tumors
and chromosomal instability but not with prior ~ increased to six (0.6%) when MMR-related
radiotherapy, radiation induced meningioma, or genes (eg, SETD2, POLE) were considered.
recurrent tumor (Data Supplement).

In a second cohort of 615 sequenced meningio- DISCUSSION

mas (Foundation Medicine cohort), 14 tumors In our patient with an MSH2-debcient menin-
had a TMB of more than 10 mutations/Mb. gioma, nivolumab treatment generated a robust
Among these 14 specimens, two grade 3 menin- anticancer immune response, as evidenced by
giomas had inactivating mutations inMSH2  dramatically increased inPltrating CD8+ T cells
and MSH6; one grade 2 meningioma had a 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 identiPed a genome-wide proble characteristic of a high-grade meningioma,
including loss of 1p, 9p and monosomy of chromosomes 18 and 22. Focal homozygous deleticB@KN2A/CDKN2B and
intragenic deletion of MSH2 were present. (B) Gene-level view of MSH2 showed a homozygous intragenic deletion of exons 2
through 5 of MSH2 (NM_000251; log, ratio from !2.21 to 12.73) in the setting of 2p arm-level single copy loss. Copy number
is depicted as a logratio value. Immunohistochemistry on pretreatment meningioma resection (surgery 4/sample 4; S4) for
(C) MSH2, (D) MSHS, (E) MLH1, 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 WomenOs
Hospital (BWH)/Dana-Farber Cancer Institute (DFCI) proPle initiative cohort (n = 228 sequenced cases; Data Supplement)
plus sequencing data for the mismatch repair (MMR)Bdebcient 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 ) are highlighted in red (dots and squares). For the BWH/DFCI proble 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%
Cl 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 Proble Initiative Cohort and
the Foundation Medicine Cohort

TMB (mutations/ Amino Acid MMR IHC in
Patient WHO Grade megabase) Gene Alteration Tumor Cells

the enlargement of lesions and increased signalexpression in other tumor types. In a subset
abnormalities seen on the MRI after nivolumab of mutation-rich meningiomas, loss of function
ref3ected pseudoprogression, not tumor growth. alterations in MMR and MMR-related genes
In addition to inactivation of MSH2, sequencing can be detected. It is possible that other, as yet
of the patientOs tumors revealed missense mutaunknown or undetected, mutations contribute
tions in POLD1 (R639C),RAD50 (P571L), and to high TMB in the remaining tumors. In all,
POLE (G203E, S30L), but these changes are this brst report, to our knowledge, of a dramatic
of unclear signibcance and are predicted to be response of an MMR-debcient meningioma to
nonpathogenic. Anincrease in TMB from 26.6 immunotherapy and our characterization of
mutations/MB in sample 4 (before experimental meningioma cohorts from two di!erent insti-
therapies) to 38.0 in sample 6 raises the possi-tutions indicate that screening meningiomas
bility that temozolomide can augment TMB is warranted to identify a molecularly debned
in meningioma. However, this neoplasm was subtype that is likely responsive to immuno-
MMR debcient at the time of original diagno- therapy.

sis; thus, temozolomide did not drive acquired

MMR debciency.

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 PD1 DAPI PD1 DAPI+CD4+CD8+PD1
cD4 PDL1 cb4 PDL1 DAPI+CD4+CD8+PDLL
s06m s0m s00m s0m s00m
co8 FOXP3 [t} FOXP3 DAPI+CD4+CD8+FOXP3
s0om s0m 0 em 2 om 0 om

Fig Al. Tissue-based
multiplexed cyclic immu-
nof3uorescence (t-CyCIF)
characterization of resection
tissues before and after
nivolumab treatment. (A) A
representative Peld 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 peld 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.

12

ascopubs.org/journal/po JCO? Precision Oncology

Downloaded from ascopubs.org by ASCO on November 29, 2018 from 066.102.234.242
Copyright © 2018 American Society of Clinical Oncology. All rights reserved.

"#$%E&#()*+,&#' -., /0,1 *
"#$%8&'(&%)*+,+-./0&'1'233&04,&'5."%+6& 78"

*kkkkkkkk

9+0:&";&',<=73&'$0>'?&7.".&7"95'@AB'1'C@ @CD'E&O&.*H' 7$*%&'




9! $XWUHV DUWLFOHYVY SXEOLGpPLISE DKV
2WKHU DUWLFOHY SXEOLVKHG GXUI

$ISHYXMXU OH GpYHORSSHPHQW GH WKpUDSLI
PDOLGWYLHZ RQ WKH GHYHORSPHQW RI WDU

HSW&HO)+,&H -., 10,1* ek
"#$%8&'(&%)*+,+-./0&'1'233&04,&'5."%+6& 78"
9+0:&";&',<=73&'$0>'?&7.".&7"95'@AB'1'C@ @CD'EGOF.*H' 7$*%&'



600D SCIENCE Annals of Oncolo@B: 145791472, 2017
BETTER MEDICINE doi:10.1093/annonc/mdx106
BEST PRACTICE Published online 12 June 2017

REVIEW

Glioblastoma targeted therapy: updated approaches
fromrecent biological insights

M. Toualt? A. Idbaih® M. Sansdr?& K. L. Ligdfi

Yinserm U 1127, CNRS UMR 7225, Sorbonne Universites, UPMC Univ Paris 06 UMR S 1127, Institut du Cerveau et de la Moelle a?@iuﬁmellzwmris;
Universitec Paris-Saclay, Departement dOInnovation Thecrapeutique et dOEssais PrecocesSABFHER ikt Universitaires La PitiétrBatp- Charles
Foix, Service de Neurologie 2-Mazarin, Paris, Fﬁﬂepa(tment of Oncologic Pathology, Dana-Farber/Brigham and WomenOs Cancer Center, Boston, USA

*Correspondence fr Keith L. Ligon, Dana-Farber Cancer Institute, 450 Brookline Avenue, JF215B Boston, MA 02215,61%/483Pek357;
E-mail: keith_ligon@dfci.harvard.edu

Glioblastoma (WHO grade IV astrocytoma) is the most frequent pbiraaryumor 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 drivévscombined 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 Genomic landscape of glioblastoma

Glioblastoma is the most frequent and aggressive primary maligngitoblastomas constitute a highly heterogeneous group of invasive
brain tumor in adults 1], with a median overall survival (OS) be- malignant brain tumors 2. It was the Prst tumor to undergo com-
tween 10 and 20 month2p4]. Standard of care is maximal safe surprehensive molecular characterizatios®L.0, 13015. BrieRy, these
gewy followed by concomitant radio-chemotherapy and adjuvargtudies showed that most tumors harbor recurrent molecular alter-
chemotherapy with temozolomide, which can be combined witations disrupting core pathways involved in regulation of growth
intermediate-frequency alternating electric PeRj<l[5]. Once re- (receptor tyrosine kinase [RTK], imgen-activated protein kinase
currence occurs, therapeutic options are limited, including bevadMAPK] and phosphoinositide 3-kinase [PI3K] signaling path-
zumab and nitrosoureas, although bevacizumab is not approvedvirys), cell cycle, DNA repair and apoptosis (Retinoblastoma/E2F
Europe. Unlike in most other cancers, this lack of progress hasd p53 tumor suppressor pathways) as well as control of chromatin
been sustained despite growing insight into the biology of thetate and telomere length (Taldle Frequently, these alterations de-
diseasedbl1]. Fortunately, these signiPcant advances have contiive from copy number aberrations (CNAs). The most common
uedto stimulate the development and re-purposing of numerouampliPcation events involve chromosomesEGEFRMET/CDK6),
targeted therapies in clinical trials. 12 (CDK4 and MDM2) and 4 (PDGFRA, while recurrent

¥ TheAuthor 2017. Published by Oxford University Press on behalf of the European Society for Medical Oncology.
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