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Komentar

V soucasné dobé jsme svédky velkého pokroku napii¢ vSemi Iékaiskymi obory. Piekotny
rozvoj Vv oblasti molekularni biologie a genetiky nam umoznil piesnéji pochopit a popsat
proces patogeneze nadorovych onemocnéni. Gliomy, a v prvni fadé glioblastomy jako jejich
nejcastéjsi a nejagresivnéjsi forma, nejsou vyjimkou. Ziskané poznatky byly vyuzity pii revizi
WHO klasifikace mozkovych nadorti v roce 2016. Diky konceptu tzv. integrované diagnozy,
stojicim na histopatologickém obrazu onemocnéni a molekularnich biomarkerech, dnes doslo
ke zpiesnéni diagnostiky, lepsimu odhadu prognézy a predikce 1é¢ebné odpoveédi. Presné;si
stratifikace pacientd s glioblastomy do riznych podskupin dle profilu biomarkert je a bude
zasadni pfi jejich zafazovani do klinickych studii s novymi léky. Prvni ¢ast habilitacni prace
je vénovana procestim karcinogeneze a molekularni klasifikaci glioblastomu. Kromé souhrnu
zakladnich informaci o stézejnich biomarkerech s diagnostickym, prognostickym
a prediktivnim vyznamem jsou zde zminény a komentovany vlastni piispévky. Jedna
se predevS§im o poznatky, které nase skupina nabyla pifi vyzkumu role nekddujicich
mikroRNA. Jde o velkou skupinu novych perspektivnich biomarkert, které se podileji
na epigenetické regulaci bunéénych procesti a na vlastni patogenezi onemocnéni. Toho dnes
muzeme vyuzit pro odhad prognézy glioblastomu, ptipadné pro predikci lécebné odpoveédi.
MikroRNA v sob¢ také skryvaji potencial terapeutického vyuziti. V druhé ¢asti habilita¢ni
prace je velky prostor vénovan standardni multimodalni 1é¢bé glioblastomu, kterd spociva
vV maximalni moZné bezpecné resekci nadoru néasledované konkomitantni chemoradioterapii
a adjuvantni chemoterapii s temozolomidem. Bohuzel ani pfes nabyté znalosti a obrovské
moznosti souc¢asné patologie a laboratorni diagnostiky zatim nedoslo od roku 2005 k zasadni
zméné terapeutického postupu. Lécba pomoci stfidavych elektrickych poli vysilanych
z elektrod nalepenych na ktzi hlavy (Optune) je omezené dostupnd a neni vhodna
pro kazdého. Klinické studie s cilenou 1é€bou a moderni imunoterapii skoncily neuspéchem.
Pfesto se ndm podafilo diky povSechnému medicinskému pokroku b&hem poslednich 10 let
prodlouzit Zivot naSich pacientl o n€kolik mésicti. Ve srovnani se stavem pied 10 lety nasi
neurochirurgové dosahuji vice radikalnich a bezpecnych resekci, coz umoziuje vetSimu
procentu pacientii podstoupit intenzivni pooperacni lécbu. ZlepSila se také podplrna
a symptomaticka 1écba. Diky hodnoceni naseho souboru pacientd jsme navic, ve shodé¢
se zahrani¢nimi centry, potvrdili roli nového negativniho prognostického faktoru, kterym je
rychla ¢asna progrese glioblastomu na planovacim MR vySetieni pfed zahajenim pooperacni

1écby. Tato vysoce rizikova skupina pacientl je nyni pfedmétem vyzkumu nasi kooperacni



skupiny (akademicka studie 2. faze GlioMET, grantova podpora AZV CR, hlavni fegitel
Dr. Radek Lakomy). I pres dil¢i uspéchy je nutny dalsi vyzkum, pfedevsim s moderni 1écbou.
Celosvétove se nyni méni pohled na koncept klinickych studii s glioblastomy. Hodné nadéji je
vkladano do sériového testovani biomarkert s vyuzitim precizni cilené 1é¢by a imunoterapie.
Predmétem zajmu védeckych tymu je aktualné pochopeni a pfekonani mechanismu pfirozené
a ziskané 1ékové rezistence. Timto komplexnim pfistupem se snad podafi zmeénit neptiznivou

prognodzu i u takového onemocnéni, jakym je glioblastom.

Klic¢ova slova: glioblastom, karcinogeneze, progndza, chemoradioterapie, molekularni cilena

1é¢ba, imunoterapie

Commentary

We are currently witnessing great progress across all medical disciplines. The rapid
development in the field of molecular biology and genetics has enabled us to understand
and describe the process of cancer pathogenesis more accurately. Gliomas and primarily
glioblastomas as their most common and aggressive form are no exception. The findings were
used in the revision of the WHO classification of brain tumours in 2016. Thanks
to the concept of the so-called integrated diagnosis, which is based on the histopathological
features of the disease and molecular biomarkers, we were able to refine diagnosis, estimate
the prognosis more precisely, and make better treatment response predictions. More accurate
stratification of patients with glioblastomas into different subgroups according to the profile
of biomarkers has been and will continue to be crucial for their inclusion in clinical trials
with new drugs. The first part of this habilitation thesis is devoted to the processes
of carcinogenesis and molecular classification of glioblastomas. Here, in addition
toasummary of basic information on key biomarkers with diagnostic, prognostic
and predictive significance, our contributions are mentioned and commented on. These are
mainly findings that our group has gained in the research of the role of non-coding
microRNAs. It is a large group of new promising biomarkers that are involved
in the epigenetic regulation of cellular processes and in the pathogenesis of the disease itself.
Today, we can use it to estimate the prognosis of glioblastoma, or to predict the response
to treatment. However, microRNAs have the potential for therapeutic use. In the second part
of the habilitation thesis, a substantial amount of space is devoted to the standard multimodal

treatment of glioblastoma, which consists of the maximum possible safe tumour resection



followed by concomitant chemoradiotherapy and adjuvant chemotherapy with temozolomide.
Unfortunately, despite the acquired knowledge and the huge possibilities of current pathology
and laboratory diagnostics, there has been no fundamental change in the therapeutic procedure
since 2005. The treatment with alternating electric fields emitted from electrodes affixed
to the scalp (Optune) is limited and not suitable for everyone. Clinical trials with targeted
therapy and modern immunotherapy have failed. Nevertheless, thanks to general medical
progress over the last 10 years, we have managed to extend the lives of our patients by several
months. Compared to 10 years ago, our neurosurgeons achieve more radical and safe
resections, allowing a larger percentage of patients to undergo intensive postoperative
treatment. The supportive and symptomatic treatment has also improved. Thanks
to the evaluation of our group of patients, we also confirmed, in agreement with foreign
centres, the role of a new negative prognostic factor, which is the rapid early progression
of glioblastoma on a planning MR examination before the start of postoperative treatment.
This high-risk group of patients is now the subject of research by our cooperation group
(academic study of the 2nd phase GlioMET, grant support from AZV CR — Czech health
research council, principal investigator Radek Lakomy, MD). Despite these partial successes,
further research is needed, especially with modern treatment. The concept of clinical trials
with glioblastomas is now changing worldwide. Much hope is placed in serial testing
of biomarkers using precise targeted treatment and immunotherapy. Scientific teams are
currently focused on understanding and overcoming the mechanisms of intrinsic and acquired
drug resistance. With this comprehensive approach, it is hopefully possible to change

the unfavourable prognosis even in a disease such as glioblastoma.

Keywords: glioblastoma, carcinogenesis, prognosis, chemoradiotherapy, molecular targeted

therapy, immunotherapy



1 Uvod

Glioblastom je nejcast€jsi primarni maligni nador mozku u dospélych. I pies intenzivni
multimodalni pfistup zahrnujici makroskopicky radikalni chirurgicky vykon, pooperacni
radioterapii a chemoterapii zistava glioblastom stidle nevylécitelnym onemocnénim,
s medidnem pfeziti mezi 14 a 17 mésici a Sletym prezitim kolem 5 %. I kdyz doslo
k vyznamnému pokroku Vv oblasti diagnostickych a 1é¢ebnych metod, pfeziti pacientt
se za poslednich 10 let zlepsilo fadové jen o mésice. Podobné jako u jinych diagnéz probiha
u glioblastomu intenzivni vyzkum Vv oblasti molekularni biologie a genetiky. Cilem je 1épe
pochopit patogenezi onemocnéni, nalézt nové prognostické a prediktivni faktory a predevsim
objevit dalsi potencialni terapeutické cile. Ziskané znalosti z oblasti genetiky a molekularni
biologie byly vyuzity pfi posledni aktualizaci WHO klasifikace nadort CNS v roce 2016.
Informace z preklinického vyzkumu byly také impulsem pro zahdjeni klinickych studii
scilenou 1é¢bou a moderni imunoterapii. Bohuzel zadna znich zatim nesplnila naSe
ofekavani a zkouseny preparat ani metoda vyznamné neovlivnily nepiiznivou prognozu
onemocnéni. Pfi¢in tohoto netspéchu je samoziejmé vice, jistou roli hraje také lokalizace
onemocnéni V mozku. Stale vyznamnéj$im faktorem, ktery prisp€l k urcité stagnaci v 1é¢b¢, je
velka intra- a interpersonalni heterogenita onemocnéni. Ta je zodpovédna za rozdilné
biologické chovani a citlivost k 1é¢ebnym modalitam. Proto je dualezité dale podporovat
vyzkum, patrat po novych potencidlnich léebnych cilech a pacienty vice zatfazovat
do klinickych studii. V&fim, Ze diky moznostem, které dnes védecky pokrok umoziuje,

se toto Usili vyplati a na glioblastom nebudeme brzy nahlizet jako na fatalni onemocnéni.

Habilita¢ni prace s ndzvem ,,Pokrocild diagnostika a moderni 1écebné strategie u pacientl
s glioblastomem* v podstaté navazuje na disertacni praci autora ,,Prognostické a prediktivni
faktory u glioblastoma multiforme®, ktera byla obhajena vroce 2012. Doslo k jejimu
podstatnému rozsifeni o nové poznatky v oblasti diagnostiky a lécby. Tyto mmnohaleté
zkuSenosti jsou dnes zdkladem pro dalSi vyzkum s cilem zlepSit prognézu pacientd
s glioblastomy (aktudlné bézici granty, akademické studie), pregradualni a postgradualni
vyuku, nebo pro tvorbu doporuéenych postupti Ceské onkologické spoleénosti pro 1ébu
nadortt CNS.

Prace je ¢lenéna do logicky navazujicich kapitol tak, aby byla komplexné shrnuta aktudlni

problematika glioblastomu. Soucasti nékterych kapitol jsou vlastni pfispeévky autora.



2 Epidemiologie a etiologie glioblastomu

Primarni nadory mozku jsou velmi heterogenni skupina onemocnéni. Piedstavuji jen cca 2 %
vSech nadoru, ale kvili své lokalizaci patii mezi zavazna onemocnéni, doprovazena vysokou
morbiditou a mortalitou. Jejich incidence je v poslednich letech pfiblizné stacionarni, v roce
2017 bylo v CR hlageno 7,9 novych piipadii na 100 000 obyvatel s mortalitou 6,3/100 000/rok
(Obr. 1). Incidence ma 2 vrcholy, prvni u déti do 9 let a pak po 60. roku (Obr. 2) (1). Vétsina
détskych nadort vznikd v zadni jamé lebni v Uzkém vztahu k mozkovému kmeni.
U dospélych, zvlasté ve sttednim a vys$$Sim véku naopak dominuje lokalizace supratentoridlni,
v obou hemisférach. Podle publikované analyzy americké databaze CBTRUS z let 2012-2016
pfevazuji benigni nadory nad malignimi (69,8 % vs. 30,2 %). Z benignich nadort jsou nejvice
zastoupeny meningeomy (53,3 % benignich nadori CNS, 37,6 % ze vSech nadori CNS,
Cast&jsi u Zen). NejcastéjSimi malignimi nadory jsou gliomy (80,8 % vsech malignich nadoru,
25,5 % vSech primarnich nadord). Nejvice zastoupenym a nejzhoubnéj$im gliomem je
glioblastom (14,6 % vSech primarnich nadord CNS, 48,3 % vsech zhoubnych nadort CNS,
cca 57,3 % gliomu, castéji u muzu), Sincidenci 3,22 ptipadi/100 000 obyvatel/rok.
Anaplasticky astrocytom jako dal$i astrocytarni vysokostupiiovy gliom je ve srovnani
s glioblastomem podstatné¢ méné frekventni (6,8 % vsech gliomt) (2). Vyskyt glioblastomu
v CR byl v obdobi 2011-2015 podobny jako v USA. Incidence high-grade astrocytarnich
nadort, S dominantnim zastoupenim glioblastomu, se u nas pohybovala kolem 3,74/100
000/rok (cca 394 novych piipadt roc¢né€). Incidence high-grade astrocytomt se zvysuje
s vékem, median véku pacientii v CR je 62 let, 42 % z nich ma v dobé diagnozy vék 65 a vice,
24 % pak 70 let a vice. Onemocnéni je Castéjs$i u muzd nez u zen (pomér 1,3 : 1). Bohuzel
ro¢ni poCty umrti na high-grade astrocytomy jsou stale pomérné vysoké, i kdyz v poslednich
letech stagnuji 3,24/100 000, coz odpovida 341 piipadim (3). Dlouhodobé pteziti pacientd
s glioblastomy je podle americké databaze vzacné (Sleté a 10leté pieziti 6,8 % a 4,7 %). Je
pravdépodobnéjsi v mladSim véku do 39 let (26,2 % a 18,6 %), po 40. roku zivota rapidné
klesa (5,5 % a 3,7 %) (2).



Obr. 1: Incidence a mortalita nidord mozku v CR (1)
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Obr. 2: Vékova distribuce nadori mozku v CR (1)
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Etiologie vzniku gliomt je pravdépodobné multifaktorialni. Jednozna¢né potvrzenym

rizikovym faktorem je zatim jen ionizujici zafeni na oblast hlavy. Latentni interval mezi

davkou zafeni a vznikem mozkového nadoru je variabilni, mize se pohybovat od 5 let

po nékolik dekad (4,5). Zvysena incidence gliomli, meningeomt a nadort z nervovych



pochev byla pozorovana u déti, které podstoupily radioterapii mozkovny, napi. pii 1écbe
akutni lymfoblastické leukemie (6,7). Hodné diskutovanym tématem je bezpecnost pouzivani
mobilnich telefont a elektromagnetické zatfeni. Tato otazka stale neni nedotfeSena, provedené
epidemiologické studie zatim nepfinesly jasné zavéry (8,9). Autofi studii proto doporucuji
delsi sledovani pro nejasnou délku mozné latentni periody. Stejné na tom jsou i dalsi
sledované potencidlni rizikové faktory, jako je zvySend expozice toxickym latkam
v zaméstnani (herbicidy, pesticidy, prace s oleji, barvami a dal§imi ropnymi produkty), dietni
navyky (tu¢na jidla), traumata hlavy, koufeni, alkohol, infekce (cytomegalovirus, herpetické
viry, toxoplazmoza), i zde jsou nutné dalsi studie. Jistou roli hraje funkce imunitniho systému.
Dlouhodobé imunosuprese (infekce HIV, imunosupresivni 1écba po transplantacich) je obecné
spojena s vyssim vyskytem nadord. Naopak néktera epidemiologicka Setfeni zamétena
na incidenci mozkovych nadorti poukazala na mozny protektivni vliv vystimulovaného
imunitniho systému u alergiki (astma bronchiale, atopické ekzémy) (10,11). Pouze 5 %
gliomt je podminéno familiarn€ a cca 1 % vznika v ramcei genetickych syndromu (12,13).
Mezi nejznaméjsi patii neurofibromatéza 1. typu (mutace genu NF1), Litv-Fraumeniho
syndrom (mutace genu TP53), hereditarni nepolypdzni kolorektalni karcinom — Lynchtiv
syndrom (mutace jednoho z repara¢nich gent MMR systému — MLH1, MSH2, MSH6, PMS2)
a dalsi. Vyssi nachylnost ke vzniku mozkovych nadort byla prokazana také pti mutacich gent

TERT, CCDC26, CDKN2A/CDKN2B, RTEL1, PHLDB1 a EGFR (14).

3 Patogeneze glioblastomu

3.1 Modely patogeneze (primarni vs. sekundarni glioblastom)

Glioblastom je nejagresivnéjsi forma astrocytomu (stupein IV) s typickym histologickym
obrazem (bunécné atypie, vysoka mitoticka aktivita, angiogeneze, nekrozy). Patogeneze je
obecné velmi slozity proces. Aktivaci onkogent a deaktivaci nadorovych supresorovych genti
dochazi k naruseni regulace bunééného cyklu, procesu apoptozy a k nekontrolované nadorové
proliferaci. Vyznamnou roli v procesu onkogeneze hraji také epigenetické mechanismy jako
metylacni stav DNA, mikroRNA, zmény chromatinu a dalsi (15). Z pohledu patogeneze
rozliSujeme dvé zakladni skupiny glioblastomu, které maji odliSné molekularné genetické
vlastnosti. Castéjsi je ,,primarni glioblastom®, ktery vznika piimo malignim zvratem zdravé

glidlni bunky (de novo) a predstavuje 95 % vSech glioblastomi. Zbyvajicich 5 %
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glioblastomii je oznaCovano jako ,sekundarni glioblastom®, protoze vznikaji postupnou

maligni transformaci z astrocytomu nizsiho stupné (Obr. 3) (16).

Obr. 3: Patogeneze primarniho a sekundarniho glioblastomu, upraveno podle Ohgakiho
a kol. (16)

Pied objevenim mutace genu pro isocitratdehydrogenazu (IDH) se ptedpokladalo, ze
primarni a sekundarni glioblastomy maji ptvod ve stejné prekurzorové glidlni bunce.
Rozdilné biologické chovani je pak zplisobeno nahodnymi genetickymi zménami pti klonalni
expanzi. Pohled na tuto problematiku se diky pfibyvajicim znalostem 0 molekularné
genetickych abnormalitach u téchto skupin glioblastomid zménil a dnes pievlada nazor
odlisnych bunétnych prekurzort. Pacienti s primarnim glioblastomem jsou ve srovnani se
sekundarnim vétsinou star$i (median véku 62 vs. 45 let), Castéji jde o muze (pomér k Zzenam
1,46 vs. 1,16) a klinické potize pied stanovenim diagnézy maji Kratsi trvani (kolem 3 vs. 15
mésictl)). Rozdilna je i lokalizace onemocnéni. Primarni glioblastom se objevuje v rtiznych
¢astech mozku, kdezto u sekundarniho glioblastomu je ¢astéjsi vyskyt ve frontalnich lalocich
(16). Zasadni rozdil je také v pteziti, kdy u sekundarnich glioblastoma je délka zivota od
diagnézy vice nez 2x del§i nez u glioblastomit primarnich (17,18). Urcit na zakladé
klasického histopatologického nalezu, zda se jedna o primarni ¢i sekundarni glioblastom, je
velmi problematické. Ke specifikaci je nutné doplnit molekularné genetické vySetieni.
V prvni tfadé¢ jde o vySetfeni mutace genu IDH, jejiz absence je znakem primarniho
glioblastomu (dale viz kapitola WHO Klasifikace) (19). Pro primarni glioblastomy je dale
typicka piedevsim amplifikace/overexprese gent pro tyrozinkinazové receptory (napt. EGFR,
PDGFR, MET, IGFR), ktera vede k hyperaktivaci nitrobuné¢nych signalnich drah PI3K/AKT
a RAS/MAPK, jejimz dusledkem je =zvySena nadorova proliferace a angiogeneze.
Na patologické aktivaci vyse uvedenych drah se dale podili inaktivace nddorovych supresora
(napt. PTEN u PISK/AKT a NF1 u RAS/MAPK). U sekundarnich glioblastomi dochazi
K postupné malignizaci nizkostupfiovych astrocytomi, a to casto za pfispéni poskozenych
epigenetickych regulaci (mutace genu IDH, G-CIMP, metylace promotoru genu pro MGMT).
Byvaji zde postizeny kontrolni mechanismy apoptoézy (mutace genu nadorového supresoru
TP53) aregulacni procesy bunécného cyklu (naptf. mutace onkosupresori RB1, CDKN2A).
Piitomna byva také mutace genu ATRX. Rada genetickych zmén se mezi primarnimi a
sekundarnimi glioblastomy piekryva (16,20). Dle aktualnich doporuc¢eni mezinarodniho

konsorcia neuropatologti a klinickych neuroonkologii cIMPACT-NOW (The Consortium to
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Inform Molecular and Practical Approaches to CNS Tumor Taxonomy — not official WHO) je
na zéklad¢ rozdilné biologie a chovani glioblastomt dle pfitomnosti IDH mutace zvazovano
prefazeni IDH mutovaného glioblastomu k dal§im IDH mutovanym gliomdm. Termin
glioblastom by dale pro tuto jednotku nebyl pouzivan a byl by nové oznafovan jako
»astrocytom, IDH mutovany (IDHmt), WHO grade IV. Nazev ,,glioblastom® by tak ziistal
rezervovan jen pro IDH nemutované (wild-type, IDHwt) glioblastomy (13,21).

3.2 Molekularni klasifikace (molekularni podtypy)

Glioblastomy jsou velmi heterogenni skupinou onemocnéni. Snaha o rozdé¢leni glioblastomii
do nékolika podskupin na zakladé podobného profilu genové exprese, a tak lepsi urceni
prognézy pacienta, ptipadné predikce odpovédi na 1é¢bu, vedla v roce 2006 k vytvoreni
tzv. Kalifornské klasifikace. Ta obsahovala tfi zakladni molekularni podtypy glioblastomd:
proneuralni, proliferani a mezenchymalni (22). Vroce 2010 pak byla publikovana
komplexni analyza na irovni DNA, mRNA a mikroRNA Vv ramci projektu nadorovych atlasi
(The Cancer Genome Atlas — TCGA). Vysledky vedly k vytvofeni znamé&jsi tzv. Bostonské
Klasifikace. Podle této klasifikace byly glioblastomy rozdé€leny do ¢Etyf podtypt — klasicky,
mesenchymalni, proneuralni a neuralni (23). Po objeveni IDH mutace, ktera hraje vyznamnou
roli v ¢asnych fazich karcinogeneze gliomi, doslo k dalsi upravé. Dle aktualnich znalosti
rozlisujeme IDH mutované (IDHmt) glioblastomy, typické u mladych pacientt (< 50 let)
s nejlepsi prognézou a IDH nemutované (IDHwWt) glioblastomy, které dale délime na ti hlavni
podskupiny. U mladsich pacientll se vyskytuje proneuralni typ (RTK I — receptor tyrosine
kinase 1) s amplifikaci genu CDK4 a PDGFR-alfa, u starSich pak typ klasicky (RTK 1)
s amplifikaci genu pro EGFR a deleci CDKN2A/B a typ mesenchymalni s hors$i prognozou.
U vSech THDwt glioblastoml se muze vyskytovat mutace genu promotoru TERT (Obr. 4)
(24). Bohuzel ani pfes znamy mutacni profil, typicky pro jednotlivé podskupiny, nejsme
zatim schopni tyto znalosti plné vyuzit pro predikci 1é¢ebné odpovédi. V roce 2015 sice byla
publikovana retrospektivni analyza studie AVAglio u nové diagnostikovanych glioblastomii,
dle které pacienti s proneuralnim subtypem vice profitovali zlécby bevacizumabem
ve srovnani s ostatnimi typy (25), ale velka prospektivni randomizovana klinicka studie

jednoznaéné potvrzujici tyto vysledky zatim neprobéhla.

Obr. 4: Molekularni klasifikace glioblastomi, upraveno podle Reifenbergera a kol. (24)
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Jak jiz bylo zminéno, v procesu patogeneze glioblastomu hraji velkou ulohu také epigenetické
mechanismy. Pfedmétem velkého zajmu jsou v poslednich 10 letech mikroRNA (miRNA).
Jde o velkou skupinu kratkych nekddujicich RNA, které obsahuji cca 1825 nukleotidi.
MIRNA se selektivné vazou na jednovlaknové mRNA (messenger RNA), tim tlumi jejich
translaci nebo vedou k jejich degradaci. MiRNA se tak podili na malignizaci nizkostuptiovych
gliomt, zasahuji do regulace klicovych bunécnych signalnich drah (napt. EGFR/PI3K/AKT,
JAK/STAT), ovliviiuji odpovéd na chemoradioterapii, a jsou tak dualezitymi hraci nejen
V patogenezi, ale i ve vyvoji rezistence k 1é¢bé. Na miRNA se dnes proto pohlizi nejen jako

na prognostické a prediktivni faktory, ale také jako na potencialni terapeutické cile (20,26).

3.3 Vlastni prispévek k problematice

Sana J, Busek P, Fadrus P, Besse A, Radova L, Vecera M, Requli S, Stollinova Sromova L,
Hilser M, Lipina R, Lakomy R, Kren L, Smrcka M, Sedo A, Slaby O. ldentification
of microRNAs differentially expressed in glioblastoma stem-like cells and their association
with patient survival. Sci Rep. 2018; 8(1): 2836 (citace 27, priloha 1).

Typ casopisu: Jimp
IF =4,011; JCR Category MULTIDISCIPLINARY SCI Q1

V praci ,, Identification of microRNAs differentially expressed in glioblastoma stem-like
cells and their association with patient survival“ jsme si dali za cil nalézt skupinu
mikroRNA specifickych pro kmenové bunky glioblastomu a urcit jejich vztah k pfeziti.
Na bunéénych kulturach od 10 pacientti s glioblastomem jsme pomoci globalni expresni
analyzy identifikovali celkem 51 rozdiln¢ exprimovanych mMIRNA mezi kmenovymi
a nekmenovymi bunkami glioblastomu (p < 0,001). Nékteré z nich korelovaly s expresi
markert kmenovych bunék jako transkripéni faktor Sox-2, cytoskeletalni protein nestin
nebo povrchovy bunéény glykoprotein CD133. Po dalsi statistické analyze s cilem zvysit
specificitu miRNA profilu u kmenovych a nekmenovych bunék glioblastomu nam ztstalo
celkem 9 miRNA (p <0,0001). Vsechny byly zvysen¢ exprimované u kmenovych bunck
(miR-9-3p, MiR-93-3p, MiR-93-5p, miR-106b-5p, miR-124-3p, MiR-153-3p, miR-301a-3p,
miR345-5p a miR-652-3p). Ve druha fazi prace jsme se vénovali potencialnimu vyuziti nami
identifikovanych miRNA. V TCGA databazi 485 pacientt s glioblastomy s dostupnymi daty

o miRNA profilech a celkovém pieziti jsme nasli shodu v 7 z9 nami vybranych miRNA
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(miR-9-3p, miR-93-5p, miR-106b-5p, miR-153-3p, miR-301a-3p, miR-345-5p, miR-652-3p).
Ty jsme pak pouzili pro vytvofeni rizikového skore, které by mohlo slouzit pro odhad
progndzy pacientu s glioblastomy, a to nezavisle na stavu mutace IDH. Nami identifikované
mMIiRNA by také mohly byt potencialnimi terapeutickymi cili. V nasi praci jsme potvrdili,
ze MIRNA epigeneticky ovliviiuji biologické chovani kmenovych bunék a mohou tak hrat

dilezitou roli pfi rezistenci k onkologické 1éCbé.

Besse A, Sana J, Lakomy R, Kren L, Fadrus P, Smrcka M, Hermanova M, Jancalek R, Requli

S, Lipina R, Svoboda M, Slampa P, Slaby O. MiR-338-5p sensitizes glioblastoma cells

to radiation through requlation of genes involved in DNA damage response. Tumour Biol.
2016; 37(6): 77197727 (citace 28, priloha 2).

Typ casopisu: Jimp
IF = 3,650; JCR Category ONCOLOGY Q2

Cilem prace ,,MiR-338-5p sensitizes glioblastoma cells to radiation through regulation
of genes involved in DNA damage response* bylo povrdit zapojeni miR-338 do procesu
proliferace a diferenciace glioblastomovych bunék a zjistit, zda by regulace jeji hladiny spolu
s radioterapii méla potencial pro terapeutické vyuziti. Nejprve jsme popsali vyznamné
snizenou expresi MiR-338-3p a MiR-338-5p v tkani glioblastomu u 40 pacientli ve srovnani
s nenadorovou mozkovou tkani (p < 0,05), coz svédéi o zapojeni téchto miRNA do procesu
patogeneze onemocnéni. Na tfech bunéénych liniich in vitro jsme poté zjistili, ze po cileném
zvySeni exprese miR-338-5p dochazi k poklesu proliferace nadorovych bunék. Tento pokles
byl zpisoben zastavou bunétného cyklu, pravdépodobné inhibici RHEB (dulezity aktivator
mTOR signalni drahy). Nasledné jsme kombinovali zvySenou expresi miR-338-5p s gama
ozéafenim bunéénych kultur 5 Gy (zdroj Cesium 137). Opét bylo dosazeno sniZeni bunécné
proliferace, ale na rozdil od pifedchoziho pokusu doslo k zadoucimu zvyseni apoptdzy
nadorovych bun€k. Terapeutické zvySeni hladiny miR-338-5p v buiikach glioblastomu

v kombinaci s radioterapii by mohlo byt dalsi moznosti jak zlepsit lécebné vysledky.
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4 Diagnostické metody u glioblastomu

4.1 Symptomy

Klinické projevy mozkovych nadort souvisi s jejich lokalizaci, velikosti a rychlosti ristu.
Potize u pacientl s glioblastomy se na rozdil od nizkostupnovych gliomi rozvijeji pomérné
rychle a ve vétsin€ piipadd trvaji jen tydny pred stanovenim diagnézy. Jsou zpusobeny rychle
rostoucim nadorem a okolnim edémem, které zvySuji nitrolebni tlak. Ten se nejCastéji
projevuje bolesti hlavy, zvracenim, instabilitou, poruchami psychiky, vizu, bradykardii
a Vv kone¢ném dasledku az poruchou védomi. K loZiskovym piiznakim pfi supratentorialni
lokalizaci patii nejcastéji senzomotoricky deficit, porucha feci, kognitivnich funkci, potize
s kratkodobou paméti, parcidlni ¢i generalizované epiparoxysmy (Cast¢jSi u nizkostuptiovych
gliomt). Pfi infratentoridlni lokalizaci (netypickd lokalizace pro glioblastom u dospélych)
byva v popiedi mozeckova a kmenova symptomatologie, pfipadn¢ parézy hlavovych nerv.
Vzacné a spiSe v pozdnich fazich onemocnéni mize dojit K postizeni mening a michy
s ptislusnou neurologickou symptomatologii, ptipadné i k rozvoji vzdalenych systémovych

metastaz (zjistény Castéji pii autopsiich nez v pribéhu Zivota pacienta) (29-32).

4.2 Zobrazovaci metody

4.2.1 Standardni zobrazovaci metody

Zobrazovaci metody jsou zésadni pro primarni diagnostiku nitrolebnich procest, planovani
1é€by (operace, ozafovani), hodnoceni efektu 1éCby a nésledné sledovani. Vypocetni
tomografie (CT) je vzhledem ke své dostupnosti Casto metodou prvni volby, zvlasté
pii diferencialni diagnostice akutnich stavi. Ve vztahu k primarnim mozkovym nadortim jde
ale jen o vySetfeni orienta¢ni. Zakladni zobrazovaci metodou pro nadory mozku a michy je
magnetickd rezonance (MR) a jeji modality. V porovnani s CT vySetfenim poskytne MR lepsi
zobrazeni mozkovych struktur (vyraznéjsi tkanovy kontrast) a tim Iépe odli$i normalni tkan
od patologické. Dalsi vyhodou je absence ionizujiciho zafeni. CT vysetfeni pro planovani
a hodnoceni efektu 1écby proto vyuzivame jen v situacich, kdy nelze pouzit MR (napi. MR
nekompatibilni Zelezné implantaty, kardiostimulator). Zakladni MR vySetfeni je slozeno
z kombinace né€kolika sekvenci T1 a T2 vazenych obrazu, FLAIR (fluid attenuated inversion
recovery — zobrazeni s potlacenim signalu volné tekutiny a mozkomisniho moku), difuzné

vazenych obrazi (DWI — diffusion weighted imaging). T1 nativni sekvence je vhodna
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pro detekci krvaceni €i rezidui derivati hemoglobinu v nadoru, T2/FLAIR sekvence ptinasi
informaci o rozsahu edému, ptipadné podilu nizkostupniového gliomu. Glioblastomy jsou
v Tl véazeném obraze hypo- ¢i izointenzni, s centralni hypointenzni C¢asti odpovidajici
nekroze, v T2 vazeném obraze jsou nehomogenni, pievazné hyperintenzni, s okolnim
hyperintenznim lemem odpovidajicimu edému, zvyraznénému ve FLAIR sekvenci.
Po intravendzni aplikaci kontrastni latky na bazi chelati gadolinia dochazi pfi poruse
hematoencefalické bariéry k nepravidelnému syceni tumoru, Casto s pievahou v periferii
pii pfitomné centralni nekroze, ktera se nesyti (33). Pro zobrazeni cévniho feéisté lze pouzit
MR angiografii nebo digitalni subtrakéni angiografii. Ke standardnim doplikovym metodam

patii také vySetieni ocniho pozadi nebo elektroencefalografie.

4.2.2 Pokrocilé MR zobrazovaci metody

S rozvojem metody magnetické rezonance se do praxe postupné dostavaji pokrocilé techniky
MR zobrazeni. Jejich vyuziti v praxi je nutno konzultovat s neuroradiologem. Pii diferencialni
diagnostice nitrolebnich loziskovych procest, odhadu stupné malignity a hodnoceni u¢innosti
1é¢by Ize pouzit difuzné vazené zobrazeni (DWI). S restrikci difuze souvisi vyssi bunécnost
tumoru, a tim i pfedpokladany vyssi stupeit malignity. Mezi varianty difuzni MR patii
traktografie, které mohou byt pfinosné pfi planovani neurochirurgického vykonu s cilem
co nejradikalngjsi resekce, bez poskozeni dilezitého mozkového centra ¢i nervové drahy.
Dalsi dopliikovou metodou, vhodnou pifi primarni diagnostice, ureni gradingu,
pfi diferencialni diagnostice recidivy a pseudoprogrese je perfuzni MR, ktera hodnoti pritok
spektroskopie. Jde o neinvazivni metodu, kterd je zalozena na hodnoceni pfitomnosti
a koncentrace metabolitli uvniti vySetiované tkané. U gliomt jde nejcastéji o N-acetylaspartat
(NAA), cholin (Cho), kreatinin (Cr), lipidy (Lip), laktat (Lac), myoinositol (ml) a glutamat-
glutamin (GIx). Za nejvice specificky nadorovy marker je dnes povazovan cholin. Jeho
zvySena koncentrace a pomér Cho/NAA a Cho/Cr podporuje diagnézu nadorového
onemocnéni. Dle koncentrace metabolitti a jejich poméri muze MR spektroskopie pomoci
odlisit nadorové 1éze od nenadorovych, rozpoznat primarni nador od metastdz, v piipade
primarniho nadoru odhadnout histologicky typ a stupen malignity, ur¢it rozsah nadoru, ukazat
jeho agresivni fokusy vhodné k cilené stereotaktické biopsii ¢i radioterapii (35,36). Dale muze
byt pomocnou metodou pii diferencidlni diagnostice recidivy nadoru a postradia¢nich zmén

(pseudoprogrese, poradiacni nekrozy). Pies vySe uvedeny potencial je tfeba na MR
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spektroskopii stale pohlizet jako na nastavbové pomocné vysetfeni a spravnou diagnozu
zpravidla uréit v kombinaci s vySe uvedenymi metodami (strukturdlni MR, difuzni MR,
perfuzni MR, ptipadné PET/CT, PET/MR).

4.2.3 Pokrocilé vysetirovaci metody z oblasti nuklearni mediciny

pouzivanym radiofarmakem je stale ‘°F-fluorodeoxyglukéza (*°F-FDG), kterd odrazi
metabolismus nadorovych bun¢k (glykolyzu). Vzhledem K piirozené¢ vysoké metabolické
aktivité ve zdravé mozkové tkani (3edd hmota) neni '®F-FDG idealnim radiofarmakem
pro zobrazeni mozkovych tumorti (vysoka metabolicka aktivita pozadi). Z tohoto divodu
se do poptedi zajmu dostala pfedevsim aminokyselinova radiofarmaka, ktera jsou markerem
proteosyntézy, a tudiz i1 proliferace nadorovych bunék. Ve srovnani s BE-FDG maji nizkou
kumulaci ve zdravé mozkové tkani a naopak vysokou v nddoru. Patfi mezi né Ue-MeT (He-
methionin), BE-FET (*®F-fluoroethyltyrosin) a BE-FDOPA (*°F-
fluorodihydroxyphenylalanin). Dal§im a u nas c¢asto pouzivanym radiofarmakem pro
zobrazeni mozkovych nadort je |F-FLT (**F-fluorothymidin). Jedna se o analog
pyrimidinovych nukleotidu, ktery koreluje se syntézou DNA a proliferaci nadorovych bungk.
Nadale jsou vyvijena dalsi radiofarmaka (fluorocholin — marker lipidového metabolismu,
fluoromizonidazol — marker hypoxie a dalsi) (37,38). 1 pfes pokroky v oblasti nuklearni
mediciny je PET vySetteni také nutno brat jako doplitkovou metodu, kterd zvysSuje senzitivitu
a specificitu MR vysetfeni. PET zobrazeni s novymi radiofarmaky mutize pfispét k presnéjsi
diagnostice nejasnych 1ézi (podezieni na nador), urcit fokusy maligniho zvratu
U nizkostupiiovych gliomti vhodnych k cilené stereotaktické biopsii. Dale miize byt vyuzito
pii planovani radioterapie, k hodnoceni efektu 1éCby a Vv posledni fadé mize byt dalsi

pomocnou metodou pii diferencialni diagnostice polééebnych zmén a nadorové recidivy.

4.2.4 Hodnocenilécebné odpovédi, pseudoprogrese a pseudoodpovéd

K hodnoceni 1é¢ebné odpovédi byla v minulosti vypracovana fada kritérii. U solidnich nadord
se dnes nejvice uzivaji WHO a RECIST kritéria, ptipadné jejich modifikace pii pouziti 1éCby
s unikatnim mechanismem ucinku, jako je imunoterapie. Vzhledem ke specifické lokalizaci
a biologickému chovani glioblastomu, které je odlisné od jinych extrakranidlnich néadord,

nejsou vySe uvedend kritéria vhodnd. Vroce 1990, kdy hlavni zobrazovaci metodou
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mozkovych nadoru bylo jest¢ CT vysetieni, byla publikovana MacDonaldova kritéria (39).
Ta krom¢& méfeni syticich se 1ézi ve dvou rozmérech reflektovala i1 klinicky stav pacienta
auzivani kortikosteroidi. S pfichodem MR vySetfeni, zavedenim chemoradioterapie
s temozolomidem (CHT/RT), snaslednym vyskytem fenoménu pseudoprogrese nejéastéji
do 12 tydnd po ukonéeni CHT/RT (u cca 20—-30 % pacientu, Castéji pii metylaci MGMT) (40—
42) se ukazala MacDonaldova kritéria jako nedostacujici a byla postupné nahrazena RANO
kritérii (Response Assesment Criteria in Neuro-Oncology). RANO kritéria jiz komplexnéji
popisuji velikost nadorové 1éze (véetné nesytici se porce vV T2/FLAIR zobrazeni) a zohlediuji
moznost pseudoprogrese béhem prvnich 12 tydnt po 1é¢bé chemoradioterapii. Pro uzavieni
nalezu jako progrese onemocnéni c¢asné po 1écbé chemoradioterapii je vyzadovana
progredujici 1éze mimo ozafované pole nebo jeji histologicka verifikace (43). RANO kritéria
prochazeji dal§imi upravami, predev§im pro potieby klinickych studii. S pseudoprogresi
se muzeme potykat také pfi pouziti imunoterapie, proto byla vypracovana tzv. iRANO kritéria
(44). Pti uziti 1éka s antiangiogennim ucinkem se naopak muzeme setkat s pseudoodpovédi.
Po jejich aplikaci totiz dochazi k ¢aste€né Upraveé predtim zvySené propustnosti nddorovych
cév pro gadolinium, coZ se na kontrolnim MR vySetfeni projevi zmensSenim sytici se ¢asti
tumoru (45). Také byla provedena modifikace RANO kritérii pro hodnoceni efektu 1é¢by
u mozkovych metastaz (RANO-BM) (46).

4.2.5 Vlastni prispévek k problematice
Kazda T, Bulik M, Pospisil P, Lakomy R, Smrcka M, Slampa P, Jancalek R. Advanced MRI

increases the diagnostic accuracy of recurrent glioblastoma: Single institution thresholds

and validation of MR spectroscopy and diffusion weighted MR imaging. Neuroimage Clin.
2016; 11: 316-321 (citace 47, priloha 3).

Typ casopisu: Jimp
IF = 4,348; JCR Category NEUROIMAGING Q1

V praci ,Advanced MRI increases the diagnostic accuracy of recurrent glioblastoma:
Single institution thresholds and validation of MR spectroscopy and diffusion weighted
MR imaging* jsme si dali za cil vyuzit kombinace MR spektroskopie (MRS) a difuzni MR
(DWI) pro rozliseni recidivy glioblastomu od poléebnych zmén po konkomitantni
chemoradioterapii s temozolomidem. Do nasi prospektivni studie jsme zaradili celkem 39

pacienti po makroskopicky radikalnim resekénim vykonu verifikovanym pooperaéni MR,
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léCenych Stuppovym rezimem a suspektni recidivou na strukturdlnim MR vysetfeni.
U kazdého pacienta byla provedena MR spektroskopie s hodnocenim koncentraci metabolitli
uvnitt suspektniho loziska (NAA — N-acetylaspartat a N-acetylaspartylglutamat, Cho — cholin,
Cr — kreatinin, Lip — lipidy, Lac — laktat) a jejich pomé&ru. Cholin je markerem buné¢né
membranové integrity a jeho vySs$i koncentrace souvisi s proliferaci naddorovych bunék,
zatimco NAA je marker denzity a viability neuronti. U vSech pacienti bylo provedeno MR
DWI s kvantifikaci difuze vody ve vySetfované oblasti pomoci ADC (apparent diffusion
coefficient) map. Mista s poklesem difuze odpovidaji zvySené bunécnosti pii proliferaci
nadoru. Kone¢né odliseni recidivy od polécebnych zmén (pseudoprogrese, event. nekroza)
bylo stanoveno na zakladé histologie z biopsie u 67 % pacientd nebo na zakladé vyvoje
na kontrolnich MR (zbyvajicich 33 % pacientd odmitajicich invazivni vykon). Vypoétené cut-
off hodnoty pro diagnozu recidivy byly validovany na historickém souboru. Z naseho
sledovani pak vznikly zavéry pouzitelné pro klinickou praxi. Pomér Cho/NAA > 1,3
aNAA/Cr < 0,7 na MRS a hodnota ADC < 1313 x 10® mm?%s na DWI s vysokou senzitivitou
a specificitou odpovidaji recidivé glioblastomu (p < 0,001). Na validacnim souboru jsme
vysledky potvrdili, a to pfedevsim pro Cho/NAA a hodnotu ADC. Kombinaci DWI s ADC
<1313 x 10® mm?%s (senzitivita 98,3 %, specificita 100 %) a MRS s Cho/NAA > 1,3
(senzitivita 100 %, specificita 94,7 %) s vysokou pravdépodobnosti muzeme pomoci
neinvazivniho pfistupu piispét K rozliSeni ¢asné recidivy glioblastomu od pseudoprogrese
po chemoradioterapii. Je nutné vSak mit na paméti, Ze jde o pomocné metody, které nejsou
schopny spolehlivé odliSit kombinaci vice moZnosti, v€etné podilu nekroz, které mohou byt

soucasti jak recidivy, tak polécebnych zmén.

Vasina J, Svoboda M, Lakomy R, Kazda T. Adam J, Rehdk Z. Vyuziti 11C-methioninu
pro PET/CT vysetieni pacientii s tumory mozku — soubor 16 pacienti. NukiMed 2018; 7(4):
6268 (citace 48, priloha 4).

Typ casopisu. Jost

Cilem prace ,,VyuZiti "'C-methioninu pro PET/CT vy3etieni pacientii s tumory mozKu -
soubor 16 pacienti“ byla publikace nasich zkusenosti s''C-methioninem z akademické
klinické studie faze 1, kde jsem byl hlavnim feSitelem. Do studie jsme zatadili celkem
18 pacientli, hodnoceno bylo 16 znich. Ve vétsin€ piipadi se jednalo o rekurentni
glioblastom po chemoradioterapii s temozolomidem (12 pacientt), dva pacienti méli
astrocytom grade Il, jeden pacient oligodendrogliom grade Il a jeden pacient metastazu

19


https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760
https://www.ncbi.nlm.nih.gov/pubmed/27298760

germinalniho nadoru varlete. Pti snimani aktivity v odstupu 5, 20 a 35 minut po intravendzni
aplikaci radiofarmaka jsme prokazali dostate¢nd zvysenou akumulaci 'C-methioninu
v tumoru s hodnotami SUV (standartized uptake value) 2,5krat vys$S§imi nez ve zdravé
mozkové tkani a také bezpetnost vySetteni. U prvnich 12 pacienti byl podan *C-methionin
s aktivitou 500 MBgq, u zbyvajicich 4 pacientl pak s nizsi aktivitou 350 MBq. Neshledali jsme
vyznamné rozdily v méfenych hodnotaich SUV.x mezi témito pacienty. Na zakladé naSich
vysledkti miizeme doporucit methioninovy PET jako metodu vhodnou k zobrazeni high-grade
gliomit nebo pfi maligni transformaci low-grade glioml (mista vhodna pro biopsii atd.).
Nevyhodou 'C-methioninu je kratky pologas rozpadu (cca 20 minut), coZ vyzaduje nutnost

vyroby radiofarmaka v cyklotronu piimo v PET centru.

4.3 WHO Klasifikace 2016 - princip integrované diagnozy

Histologické vySetteni je nezbytné k potvrzeni nadorového onemocnéni, odliSeni primarniho
nadoru od sekundéarniho (metastazy), ptipadné od jiného neonkologického procesu. Na rozdil
od jinych solidnich nadort se u primarnich nddori mozku nepouziva klasickd TNM
klasifikace mozkovych nadori z roku 2007 byla zaloZena na klasickych histopatologickych
kritériich, ktera vedla k urceni histologického typu onemocnéni (tkanovy puvod) a stupné
diferenciace (buné¢nost, jaderné atypie, mitdzy, mikrovaskularni proliferace a nekrozy). Diky
intenzivnimu vyzkumu u gliomt byly objeveny nové molekularni biomarkery (pfedev§im
mutace genu IDH a kodelece 1p/19q), jejichz znalost se ukazala jako zasadni, protoze vedla
k lepsimu odhadu progndzy nez zavedena WHO Kklasifikace. Nejlepsi prognozu méli pacienti
s mutaci IDH a kodeleci 1p/19q, néasledovala skupina s mutaci IDH, bez kodelece 1p/19q
anejhors$i prognézu meéli pacienti bez mutace IDH. Z tohoto divodu bylo v roce 2016
pfistoupeno k 4. revizi WHO Kklasifikace nadord CNS, ktera jiz kromé histopatologické
diagndzy a stupné diferenciace (gradingu) zohlednuje i molekularni a genetické informace —
koncept tzv. integrované diagnozy (19). Nova WHO klasifikace mozkovych nadort definuje
difuzni gliomy primarné podle pfitomnosti nebo nepfitomnosti mutace IDH (1 nebo 2)
a kombinované ztraty 1p/19q. Diagnoza oligodendrogliomu dnes vyzaduje pfitomnost jak
mutace IDH (IDHmt), tak kodelece 1p/19q. Astrocytom je d€len na nadory bez mutace IDH
(IDHwt) a s mutaci IDH (IDHmt). Nadory IDHmt maji pfiznivéjsi prognézu, tendenci
k pomalejsimu rustu a nachazeji se ptrevazné ve frontalnim laloku, zatimco IDHwt gliomy

spiSe v temporalnim laloku (49,50). Difuzni astrocytomy IDHwt nejsou homogenni
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jednotkou, protoze nékteré maji molekularni rysy a biologické chovani podobné prognosticky
neptiznivym IDHwt glioblastomim. V budoucnu se proto ocekava dalsi subklasifikace této
skupiny na zakladé novych biomarkerti. Pokud neni nebo nemohla byt molekulédrni analyza
provedena a diagnoza je stanovena jen na zakladé¢ morfologického obrazu, je za nazvem
jednotky uvedeno oznaceni NOS (not otherwise specified), ¢imz je ozndmeno, ze vysetieni
neni kompletni. Znalost téchto molekularnich a genetickych charakteristik dnes hraje velmi
dalezitou roli pfedevsim pro adjuvantni lécbu. K zdkladnim molekuldrné genetickym
biomarkeriim, které se staly soucasti nové WHO Kklasifikace, patii kromé mutace genu IDH
a kodelece 1p/19q také mutace genu pro histony H3-K27M, definujici prognosticky zavazny
sttedoCarovy gliom grade IV (Tab. 1) (19,51). K diagnostickym a prognostickym tc¢elim
muzeme navic vyuzit i znalost mutace genu ATRX, mutace genu TERT, ptipadn¢ EGFR
amplifikace, viz diagnosticky algoritmus diftiznich gliomt (Obr. 5 a Obr. 6) (52). Stav
metylace promotoru genu pro O°-metylguanin-DNA metyltransferazu (MGMT) sice neni
soucasti nové WHO Kklasifikace, ale jeho vySetfeni ma vyznam prognosticky a prediktivni,
zvlasté u IDH nemutovanych glioml pifi zvazované [é€bé s alkylaénimi cytostatiky
jako temozolomid. Diky znalosti genotypu jsme dnes schopni ptresnéji urcit histologicky typ
gliomu, 1épe odhadnout progndézu onemocnéni, predikovat odpovéd’ na 1é¢bu, a tim stanovit
optimalni 1écebny postup. Superiorita genotypu nad fenotypem je zjevna pii nejasnych
histologickych nalezech, kdy podle morfologického obrazu nelze s jistotou specifikovat typ
gliomu. Piikladem mohou byt dfive uvadéné oligoastrocytomy s histologickymi znaky
jak astrocytomu, tak oligodendrogliomu. Dnes pii tomto fenotypu doplnime molekularné
genetickou analyzu a s vétsi piesnosti urcime, o jaky typ gliomu se jedna. Stratifikace
pacientii na zakladé¢ integrované diagnozy se ukazuje jako nezbytna také pro spravné zafazeni
pacienti do klinickych studii s novymi léky. ZvysSuje se tak poté validita zavért ze studii

a reprodukovatelnost vysledku.
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Tab. 1: WHO Klasifikace nadora CNS, revidované 4. vydani, 2016 — mutace IDH,

kodelece 1p/19g a mutace H3-K27M jako soucast klasifikace (51)

Difuzni infiltrujici astrocytarni a oligodendroglialni nadory WHO grade
Difuzni astrocytom, IDH-mutovany (mt) 9400/3 1l
Gemistocytarni astrocytom, IDH-mutovany (varianta) 9411/3 I
Difuzni astrocytom, IDH-wildtype (wt) 9400/3 1
Difuzni astrocytom, NOS 9400/3 Il
Anaplasticky astrocytom, IDH-mutovany 9401/3 Il
Anaplasticky astrocytom, IDH-wildtype 9401/3 i
Anaplasticky astrocytom, NOS 9401/3 11
Glioblastom, IDH-wildtype 9440/3 v
Obrovskobunécny glioblastom (varianta) 9441/3 v
Gliosarkom (varianta) 9442/3 v
Epiteloidni glioblastom (provizorni varianta) 9440/3 v
Glioblastom, IDH-mutovany 9445/3 v
Glioblastom, NOS 9440/3 v
Difuzni stfedoCarovy gliom, H3 K27M-mutovany 9385/3 [\
Oligodendrogliom, IDH-mutovany, s kodeleci 1p/19q 9450/3 Il
Oligodendrogliom NOS 9450/3 Il
Anaplasticky oligodendrogliom, IDH-mutovany, s kodeleci 1p/19q 9451/3 Il
Anaplasticky oligodendrogliom NOS 9451/3 11
Oligoastrocytom, NOS 9382/3 Il
Anaplasticky oligoastrocytom, NOS 9382/3 11
Ostatni astrocytarni nadory
Pilocytarni astrocytom 9421/1 |
Pilomyxoidni astrocytom 9425/3 wx
Subependymalni obrovskobunéény astrocytom 9384/1 |
Pleomorfni xantoastrocytom 9424/3 1
Anaplasticky pleomorfni xantoastrocytom 9424/3 11
Ostatni gliomy
Chordoidni gliom 3. komory 9444/1 I
Angiocentricky gliom 9431/1 |
Astroblastom 9430/3 **
Ependymové nadory
Subependymom 9383/1 |
Myxopapilarni ependymom 9394/1 |
Ependymom 9391/3 I
Papilarni ependymom 9393/3 Il
Svétlobunéény ependymom 9391/3 I
Tanycyticky ependymom 9391/3 I
Ependymom, RELA fize pozitivni 9396/3 -1
Anaplasticky ependymom 9392/3 11

* Jednotky vyznacéeni kurzivou jsou provizorni
**Definitivni grading neni stanoven

***NOS (not otherwise specified): diagnoza histologicka, molekularni informace nedostupné
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Obr. 5: Integrovana diagnostika difiznich gliomi, IDH mutovanych, podle Hendrycha

a kol. (52)
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Obr. 6: Integrovana diagnostika difiiznich gliomi, IDH nemutovanych, podle

Hendrycha a kol. (52)
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4.4 Molekularni diagnostika

4.4.1 Zakladni molekularné genetické biomarkery u gliomt

Mutace genu pro isecitrdatdehydrogendzu 1 a 2 (IDH1 a IDH2)

Mutace genu pro IDH 1 (kodon 132) byla nejprve objevena u malé ¢asti glioblastomd jiz
v roce 2009 (sekundarni glioblastomy) (23). Dalsi vyzkum pak ukazal, Ze se mutace IDH1
apozdéji méné frekventni mutace IDH2 (kodon 172) vyskytuje ve vysokém procentu
pfedev§im u adultnich nizkostupiiovych gliomu (80-90 %). Isocitratdehydrogenaza je
dilezity enzym citratového cyklu. Jeho funkci je katalyzovat pfeménu isocitratu na alfa-
ketoglutarat. Mutaci genu pro IDH dochazi ke zméné funkce enzymu, ktera pak hraje zasadni
roli v onkogenezi glioma. Jednak vznika mensi mnozstvi alfa-ketoglutaratu, ale piedevsim
dochazi diky aberantni IDH k pfeméné alfa-ketoglutaratu na 2-hydroxyglutarat (2-HG). Tento
novy (onko)metabolit je pak pfi¢inou hypermetylace histonl, ktera brani transkripci
dilezitych tumor supresorovych genu (53). Mutace IDH1/2 je dnes povaZzovana za faktor
diagnosticky (gliom vs. reaktivni gliosa) a pfedevsim siln€ prognosticky. Néadory s mutaci
IDH1/2 maji vyznamné lepsi progndézu nez bez mutace (54-56). V budoucnu bude
pravdépodobné i faktorem prediktivnim pii cilené 1écbé IDH inhibitory. IDH1 mutace
v kodonu 132H se dnes stanovuje u vSech glioma (grade 11-1V) imunohistochemicky (IHC).
Pokud je IHC analyza negativni, tak by mélo probéhnout genové sekvenovani (kodon 132
IDH1 a kodon 172 IDH2) Kk vylouceni vzacnéjsich mutaci IDH (cca 10 % pacienti).
Vyjimkou jsou jen pacienti nad 54 let véku, s nestfedoGarovymi glioblastomy, bez gliomu
niz8§iho gradu nebo gliomu ve stfedocarové lokalizaci v anamnéze. Zde je znalost IDH1

dle THC analyzy dostacujici (Obr. 7).

24



Obr. 7: Algoritmus pro vySetieni mutace gent IDH, podle Hendrycha a kol. (52)
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Kodelece 1p/19q

Jedna se o nebalancovanou translokaci kratkého ramene 1. chromozomu a dlouhého ramene
19.  chromozomu, ktera je  diagnostickym a  patognomickym  markerem
pro oligodendrogliomy. Jeji pfitomnost je znakem lepSi prognozy a predikuje citlivost
k chemoterapii (57). Stanovuje se nejcastéji pomoci FISH (fluorescence in situ hybridization).
Pro riziko fale$né pozitivity jsou doporuc¢ovany metody umoziujici diagnostikovat kompletni
ztraty chromozomalnich ramének, napt. MLPA (Multiplex Ligation-dependent Probe
Amplification), array CGH (comparative genomic hybridization) nebo CNV (copy number
variation) pomoci NGS (Next Generation Sequencing) (52). Podminkou pro diagnézu
oligodendrogliomu musi byt kromé kodelece 1p/19q i pfitomnost IDH mutace. Pokud neni
mutace IDH pfitomna, jde pravdépodobné o nekompletni kodeleci a pribéh onemocnéni je

podstatné horsi, podobny IHDwt astrocytomu.
Metylace promotoru genu MGMT

O°-metylguanin-DNA metyltransferaza (MGMT) je enzym, ktery se podili na opravach

poskozené DNA, napft. pusobenim alkyla¢nich cytostatik (temozolomid, lomustin). Metylaci
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promotoru genu MGMT dochazi k zastavé transkripce genu MGMT a néslednému snizeni
hladiny uc¢inného enzymu. Po aplikaci cytostatické 1écby pak vazne oprava poSkozené DNA
tumoru, coz vede K zaniku nadorovych bunék. Metylace promotoru genu MGMT je dnes
povazovana za vyznamny prognosticky marker a také prediktor léCebné odpovédi
k alkylaénim cytostatikiim u IDHwt high-grade gliomu. V piipadé glioblastomii se metylace
MGMT vyskytuje u cca 35-40 % pacienti. Dosud vSak neni vyieSena jednotna metodika
testovani metylace MGMT promotoru (napf. metylaéné specificka PCR nebo metoda
bisulfitové konverze DNA s HRM — high resolution melting analyzou) a interpretace zaveéri

(,,cut-off* hranice pro pozitivitu vysledku). IHC metoda neni pro testovani doporucena.
H3-K27M mutace

Jedna se o mutaci v kodonu 27 gentt H3F3A nebo HIST1H3B/C. Vyskytuje se u diftznich
sttedocarovych gliomd (thalamus, mozkovy kmen, micha). Je Cast&jsi u déti a mladych
dospélych. Je markerem diagnostickym a markerem Spatné progndézy podobné jako
u primarnich glioblastomt (IHDwt). Ve srovnani s IDHwt nestfedo¢arovymi glioblastomy je
zde mensi frekvence metylace MGMT. Stanoveni mutace se provadi pomoci IHC

nebo genovym sekvenovanim (58).
ATRX mutace

Ztrata jaderné exprese ATRX (alpha-thalassemia/mental retardation syndrome X linked) hraje
také roli v onkogenezi. ATRX koduje protein regulujici chromatinovou strukturu telomer.
Jeho ztradta umoznuje alternativni prodluzovani telomer, coz vede k nekone¢nému mnoZeni
nadorovych bunék. Vyskytuje se soucasné s IDH mutaci a mutaci genu TP53 a je
diagnostickym markerem pro astrocytomy (grade Il a Ill, pfipadné sekundarni glioblastom).
Jeji pfitomnost je také pozitivnim prognostickym faktorem (IDHmt a ATRXmt astrocytom
ma leps$i progndézu nez IDHmt a ATRXwt astrocytom) (51). Stanoveni probihda pomoci

imunohistochemie.
TERT mutace

Telomerazova reverzni transkriptdza (TERT) je funk¢ni jednotkou telomerédzy, kterd brani
zkracovani telomer pii bunééném déleni. Mutace promotoru genu TERT se nejcastéji objevuji
u oligodendrogliomit a primarnich glioblastomt. Naopak se téméf nevyskytuji v IDH
mutovanych astrocytomech, kde se v procesu zachovani délky telomer uplatiiuje mutace genu

ATRX (52).
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Dalsi vyznamné molekuldrni biomarkery u gliomii

RELA fizni gen C110rf95/RELA definuje prognosticky nepiiznivy supratentorialni

ependymom u déti (nova jednotka ve WHO 2016).
Mutace gent TP53, RB1, MDM2, PTEN, BRAF, EGFR, CDKN2A, PDGFRA nebo fuze

NTRK, MET a FGFR jsou dalsi potencidlné¢ vyznamné biomarkery u gliomu, které lze

testovat. Zvlasté amplifikace EGFR a jeho mutacni varianty EGFRVIII jsou stale pfedmétem

velkého zajmu pro jejich vysoky vyskyt u glioblastomu. Potencial této molekuly se vSak

zatim nepodafilo pln€ vyuzit, viz kapitola 5.4.2 Cilena l1écba.

4.4.2 Diagnostické biomarkery

IDH mutace

Pii nejasnych histologickych ndlezech piitomnost mutace potvrzuje diagndézu
difuzniho infiltrativniho gliomu, nebo odliseni gliomu bez mutace IDH

Vyskytuje se u grade II a III astrocytomi a oligodendrogliomi a grade IV
sekundérnich glioblastomil. Primarni glioblastomy nemaji IDH mutaci (IDHwt)
Neinfiltrativni gliomy grade | (pilocyticky astrocytom a gangliogliomy) nemaji mutaci

IDH. Jeji pfitomnost tudiz znamena minimalné grade II infiltrativni gliom

Kodelece 1p/19q

Jedna se o marker potvrzujici diagnézu oligodendrogliomu pii nejasnych
histopatologickych nalezech.

IDH mutované gliomy bez mutace ATRX by mély byt testovany na kodeleci 1p/19q
k vylouceni oligodendrogliomu. Oligodenrogliom by mél mit jak IDH mutaci,
tak soucasné kodeleci 1p/19q. Pokud neni IDH mutace ptitomna, tak neni vySetfeni

na kodeleci indikovano (59).

H3-K27M

H3-K27M mutace se nejcastéji vyskytuje u pediatrickych stfedoCarovych gliomd,

ale mize se vyskytovat i u dospélych pacientli se stfedoCarovym gliomem. Jeji
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pfitomnost potvrzuje infiltrativni gliom, coz miZze byt pfinosné pii ¢asto malém

vzorku tkan¢ z rizikové biopsie (58).
ATRX mutace

= ATRX mutace je spojena s mutaci IDH a je typicka pro astrocytomy. Mutace ATRX
u IDHwt glioblastomu dle IHC by mé¢la byt podnétem genového sekvenovani IDH

(vylouceni vzacnéjsi IDH1 a 2 mutace) (60).
TERT mutace

» Pritomnost mutace TERT, IDH a kodelece 1p/19q je typicka pro oligodendrogliomy.
Absence TERT mutace pti IDH mutaci svéd¢i pro astrocytom. TERT mutace se déle
Casto vyskytuje u primarnich IDHwt glioblastomii, zvlast¢ pokud je pfitomna také

amplifikace genu pro EGFR (61).

4.4.3 Prognostické biomarkery

IDH mutace

* IDH mutace je ptic¢inou G-CIMP fenotypu (glioma CpG island methylator phenotype),
a souvisi proto i s ¢astou pritomnosti metylace MGMT (55).

» Pfitomnost IDH mutace je markerem pfiznivé prognozy, V pripadé¢ glioblastomu
silngj$im nez metylace promotoru genu MGMT (62). Gliomy grade Il a 111 bez mutace

IDH maji naopak vysoké riziko agresivniho pribéhu podobné jako u IDHwt
glioblastomu (55,63).

Kodelece 1p/19q

»  Kodelece 1p/19q byl jako marker pfiznivé prognozy potvrzen v nékolika klinickych
studiich u grade II a III oligodendrogliomui (64—68).

Metylace promotoru genu pro MGMT

= Metylace promotoru genu pro MGMT je siln¢ spojena s IDH mutaci a G-CIMP
fenotypem (55).
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» Dle fady klinickych studii metylace promotoru MGMT potvrdila roli pozitivniho
prognostického faktoru, zvlasté u IDHwt glioblastomii (69). Dle metaanalyzy 34 studii
s4 097 pacienty s glioblastomem se jednozna¢né ukazalo lepSi celkové pieziti
u skupiny s metylaci MGMT vs. bez metylace (HR 0,494; p = 0,001) (70).

H3-K27M

= Gliomy s H3-K27M mutaci nemivaji metylaci MGMT a H3-K27M mutace je
negativnim prognostickym faktorem jak u déti, tak u dospélych (58).

ATRX mutace

= Jeji pfitomnost je pozitivnim prognostickym faktorem (IDHmt a ATRXmt astrocytom

ma lepsi prognézu nez IDHmt a ATRXwt astrocytom) (51).
TERT mutace

* Pfitomnost mutace TERT u IDHwt glioblastomu je negativnim prognostickym
faktorem (71).

» Naopak je tomu u oligodendrogliomii (IDHmt a kodelece 1p/19q), kde je TERT
mutace priznivy prognosticky faktor (50).

4.4.4 Prediktivni biomarkery

IDH mutace

= |IDH mutace je spojena slep$im prezitim u pacientd léCenych radioterapii
a chemoterapii s alkylacnimi cytostatiky — spise pozitivni prognosticky faktor (72,73).

» IDH mutace je prediktor pro cilenou lécbu s IDH inhibitory (74). Klinické studie
s IDH inhibitory u IDHmt gliomt aktualné bézi.

Kodelece 1p/19q

= Kodelece 1p/19q je dle vysledki studii potvrzeny pozitivni prediktor odpovédi
na alkyla¢ni cytostatika a kombinaci alkyla¢nich cytostatik s radioterapii (64—68).
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Metylace promotoru genu pro MGMT

*= Metylace promotoru MGMT je povazovana za pozitivni prediktivni marker pro
léCebnou odpovéd” na chemoterapii s alkylacnimi cytostatiky (temozolomid,
lomustin), coz je zvlast€ vyznamné u pacientl s prognosticky horsimi IDHwt gliomy,
véetn¢ glioblastomt. Dulezitd je piedevSim jeji znalost pfi volbé chemoterapie

u starSich pacientti s high-grade gliomy (grade 1l a IV) (75,76).

Aktualni doporuceni pro testovani biomarkert u gliomi

VSichni pacienti s nové diagnostikovanym gliomem musi byt testovani na piitomnost mutace
IDH1 pomoci imunohistochemie (IHC). Pti IHC negativité je nutna genova sekvenace
na identifikaci vzacngjsich mutaci IDH1 a 2 (kromé nestiedoarovych glioblastomi
U pacientd star$ich 54 let, bez gliomu niz§iho gradu nebo gliomu ve stfedocarové lokalizaci
v anamnéze), viz Obr. 7. Pacienti s IDH mutaci a histologickym obrazem oligodendrogliomu
dale podstupuji vysetfeni na kodeleci 1p/19q. Pokud neni IDH mutace pfitomna, tak se
vySetfeni na kodeleci 1p/19q neprovadi. Také je doporucovano vySetfeni na mutace ATRX,
ptipadné i TERT (ptinos diagnosticky a prognosticky) (Obr. 5 a 6). VySetfeni na mutaci H3-
K27M se provadi jen pfi klinické indikaci (stiedocarovy IDHwt gliom) (Obr. 6). Pacienti
s high-grade gliomy by méli byt testovani na stav metylace MGMT — obecné uznavany
1écebny prediktor pro alkylaéni cytostatika. Nejvyznamnéjsi biomarkery jsou shrnuty v Tab.
2.

Dalsi molekularni testovani (napt. BRAF mutace, NTRK fuze, FGFR flze, muta¢ni nadorova
naloz) je indikovano vysoce individualné v ramci precizni mediciny nebo v klinickych
studiich. T kdyz zatim neni v pfipad¢ glioblastomu k dispozici zadna prokazatelné ucinna
cilena 1é¢ba, je tento postup celosvétové doporucovan. Pacientim s fidici mutaci by mohla
byt nabidnuta standardni efektivni cilena 1é¢ba nebo imunoterapie uzivana u jinych diagnoz,

ptipadné by mohli byt kandidaty pro klinickou studii s novymi 1éky.
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Tab. 2: Nejvyznamnéjsi molekularni diagnostické, prognostické a prediktivni
biomarkery u gliomu

Diagnosticky Prognosticky Prediktivni
marker marker marker

Mutace IDH1 a 2 ano ano ano
Kodelece 1p/19q ano ano ano
(oligodendrogliomy)

Metylace MGMT ne ano ano
Mutace H3-K27M ano ano ne
Mutace ATRX ano ano ne
Mutace TERT ano ano ne

4.4.5 Pokrocilé metody molekularni diagnostiky

Jak jiz bylo feceno, pti napliiovani konceptu tzv. integrované diagnozy dle WHO 2016 v praxi
pouzivame zavedeny algoritmus vySetifovani molekularnich markerd (Obr. 5-7) (52). Tento
pomérné naro¢ny proces bude v budoucnu pravdépodobné nahrazen metodami sekvenovani
nové generace — NGS (next generation sequencing). Tradi¢ni diagnostické metody
jako imunohistochemie, Sangerovo sekvenovani, sekvenacné specificka PCR ¢i fluorescenéni
in situ hybridizace (FISH) jsou cilené na konkrétni gen. Metody jsou na zékladé vyse
uvedeného algoritmu provadény nezavisle na sobé&, coz S sebou piindsi fadu nevyhod. Jednak
jde o casovou a finan¢ni naro€nost, ale Castym problémem byva vétsi spotieba nadorové
tkang, které byva v piipadé mozkovych nadorti nedostatek. Testovani pomoci NGS umoziuje
souCasn¢ testovani velkého mnozstvi genli, coz je z pohledu casu a Spotfeby mensiho
mnozstvi nadorové tkadné velkou vyhodou. Metodu lze pouzit i u formalinem fixovanych
a v parafinu zalitych tkani. Cilem testovani mohou byt bodové mutace, kratké genové inzerce
a delece, ale také pocet kopii geni ¢i fuzni geny jako nasledek chromozomalnich zlomd.
Pomoci NGS lze otestovat cely nadorovy genom nebo jeho exom (cca 1 % genomu).
V klinické praxi vSak bude NGS metoda vyuzivédna pro cilené sekvenovani s vyuzitim
sekvenacnich panelll, coz je soubor desitek az stovek vybranych genii. Tyto geny jsou bud’to
biologicky vyznamné (napf. driving mutace), nebo jsou klinicky vyznamné, protoze
predstavuji potencidlni terapeuticky cil pro dnesni dostupnou 1écbu. Dal§im produktem NGS,

pii testovani minimalné 300 genti (odpovida cca 1 milionu bézi), mize byt vypocet mutacni
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naloze nadoru, coz bude v budoucnu dulezity indikator pro nasazeni moderni imunoterapie

(77,78).
MikroRNA — nové potencialni diagnostické, prognostické a prediktivni biomarkery

Jak jiz bylo diive diskutovano V kapitole o patogenezi gliomti, velkou oblasti zajmu
Vv poslednich 10-15 letech jsou kratké nekodujici ribonukleové kyseliny — mikroRNA
(miRNA). Studium expresnich profili miRNA wumoznilo odhalit zapojeni téchto
epigenetickych modifikadtori do procesu iniciace a progrese nadorového onemocnéni.
S postupem ¢asu a ziskavanim dalSich znalosti se ukazuje, ze tyto molekuly budeme moci

vyuzit pro lepsi odhad progndzy onemocnéni a predikovat odpovéd’ k 1éEbé.

4.4.6 Vlastni prispévek k problematice

Slaby O*, Lakomy R*, Fadrus P, Hrstka R, Kren L, Lzicarova E, Smrcka M, Svoboda M,
Dolezalova H, Novakova J, Valik D, Vyzula R, Michalek J. MicroRNA-181 family predicts
response to concomitant chemoradiotherapy with temozolomide in glioblastoma patients.
Neoplasma. 2010; 57(3): 264269 (citace 79, priloha 5).

*Both authors contributed equally to this work
Typ casopisu: Jimp
IF = 1,449; JCR Category ONCOLOGY Q4

V praci snazvem ,MicroRNA-181 family predicts response to concomitant
chemoradiotherapy with temozolomide in glioblastoma patients“ jsme publikovali nase
zkuSenosti z retrospektivni analyzy souboru 22 pacienti s glioblastomy, ktefi
po neurochirurgickém vykonu podstoupili standardni 1écbu dle Stuppova protokolu. Cilem
prace bylo u téchto pacientd zméfit expresi 8 vybranych mikroRNA (miRNA) a tyto hodnoty
srovnat s nenadorovou tkani od 6 pacientli operovanych pro benigni onemocnéni mozku
(okoli arterioven6zni malformace). Zjistili jsme, ze hladiny miR-221 (p = 0,016), miR-222
(p = 0,038), miR-181b (p = 0,036), miR-181c (p = 0,043) a miR-128a (p = 0,001) byly
vyznamné snizeny V tkanich glioblastomu ve srovnani s nenadorovou tkani, naopak exprese
miR-21 byla vyznamné zvySena (téméf 8x), u miR-181a a miR-125b jsme nenasli vyznamné
rozdily. Dal$im cilem bylo zjistit, zda vySetfené hladiny analyzovanych miRNA souvisi

s lécebnou odpovedi (Stuppiv rezim). MiR-181b a miR-181c byly signifikantné snizeny
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U pacientt, ktefi pozitivné odpovédéli na 1écbu (p = 0,016 a p = 0,047) ve srovnani s pacienty
s progredujicim onemocnénim. Nasim zavérem tedy bylo, Zze mira exprese miR-181b a miR-
181c miize potencidlné predikovat odpovéd’ na lécbu chemoradioterapii s temozolomidem.
Samoziejmé, ze mala velikost souboru nam tehdy nemohla dat do rukou nové silné 1é¢ebné
prediktory, ale $lo 0 jednu z prvnich praci zabyvajicich se timto tématem, a prace tak byla

impulsem pro dal$i vyzkum nejen u nas, ale 1 v zahranici.

Lakomy R, Sana J, Hankeova S, Fadrus P, Kren L, Lzicarova E, Svoboda M, Dolezelova H,
Smrcka M, Vyzula R, Michalek J, Hajduch M, Slaby O. MiR-195, miR-196b, miR-181c, miR-

21 expression levels and O-6-methylguanine-DNA methyltransferase methylation status are

associated with clinical outcome in glioblastoma patients. Cancer Sci. 2011; 102(12): 2186—
2190 (citace 80, piloha 6).

Typ casopisu: Jimp
IF = 3,325; JCR Category ONCOLOGY Q2

Cilem prace ,,MiR-195, miR-196b, miR-181c, miR-21 expression levels and O-6-
methylguanine-DNA methyltransferase methylation status are associated with clinical
outcome in glioblastoma patients* bylo potencialni vyuziti specifickych miRNA a metylace
MGMT pro odhad 1é¢ebné odpovédi a progndzy u pacientl s glioblastomy. Provedli jsme
retrospektivni analyzu na souboru 38 pacientil s glioblastomy, ktefi podstoupili standardni
Stuppiv rezim. Podafilo se nam na rozdil od ptedchozi prace potvrdit, Ze ptitomnost metylace
MGMT souvisi s del$Sim casem bez progrese onemocnéni i1 celkovym piezitim (p = 0,0201
ap = 0,0054). Podobné jako v piedchozi praci jsme provedli expresni analyzu 8 vybranych
mMIiRNA v nadorové a nenadorové mozkové tkani (miR-21, miR-128a, miR-181c, miR-195,
miR-196a, MiR-196b, miR-221 a miR-222). Poté jsme se zabyvali otazkou mozné predikce
lécebné odpovedi a progndzy naSich pacientil ve vztahu k expresi vybranych miRNA. Vyssi
hladiny miR-195 (p = 0,0124) a miR-196b (p = 0,0492) pozitivné korelovaly s délkou
celkového preziti. Negativnim léCebnym prediktorem (Cas do progrese onemocnéni
< 6 mésicit) se ukazala byt zvySena hladina miR-181c (p = 0,001) a zvySena hladina miR-21
(p = 0,0143). Kombinace miR-181c a miR-21 predikovala Casnou progresi onemocnéni
do 6 mésicti od diagnézy s 92 % senzitivitou a 81 % specificitou (p < 0,0001). Nasim
zavérem bylo, ze hladiny miR-21, miR-181c, miR-195 a miR-196b souvisi s celkovym

prezitim pacientll s glioblastomy a Ze kombinaci miR-181c a miR-21 bychom mohli
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s vysokou senzitivitou a specificitou selektovat vysoce rizikovou skupinu pacienti s Casnou
progresi onemocnéni i pfes podani nejucinnéj$i pooperacni 1écby. Tato skupina by mohla byt
dnes predmétem dalSiho vyzkumu — podrobna genetickd analyza pomoci NGS
a individualizace 1écby dle vysledku (cilena 1é¢ba nebo imunoterapie pii vysoké mutacni

nalozi).

Sana J, Radova L, Lakomy R, Kren L, Fadrus P, Smrcka M, Besse A, Nekvindova J,

Hermanova M, Jancalek R, Svoboda M, Hajduch M, Slampa P, Vyzula R, Slaby O. Risk Score

based on microRNA expression signature is independent prognostic classifier of glioblastoma
patients. Carcinogenesis. 2014: 35(12): 2756-2762 (citace 81, p#iloha 7).

Typ casopisu: Jimp
IF =5,334; JCR Category ONCOLOGY Q1

V praci ,,Risk Score based on microRNA expression signature is independent prognostic
classifier of glioblastoma patients“ jsme retrospektivné analyzovali soubor 58 pacientl
s glioblastomy a 10 nenadorovych vzorki mozkové tkané. Cilem bylo vytvofeni
prognostického rizikového skore zalozeného na expresi specifickych miRNA. Z celkem 754
vySetfenych miRNA bylo vyselektovano 28 miRNA, které se 100% senzitivitou a specificitou
odlisily nadorovou tkan od nenadorové. Po korelaci s klinickymi daty jsme identifikovali
6 miRNA, které signifikantné souvisely s ¢asem bez progrese onemocnéni — PFS (p < 0,001)
a celkovym prezitim — OS (p < 0,001) a téchto 6 miRNA se stalo zakladem pro vytvoieni
rizikového skore. Pro srovnani jsme analyzovali metylacni stav MGMT, ktery také koreloval
sdélkou PFS a OS, ale méné signifikantné nez podle 6 vybranych miRNA (PFS a OS
pro MGMT - 0,035 a 0,022). Vyznam rizikového skére jako nezavislého prognostického
ukazatele pro PFS a OS potvrdila i multivariacni analyza (p v obou ptipadech < 0,001).
Vysledek jsme pak jesté validovali s daty 485 pacientt s glioblastomy v TCGA (The Cancer
Genome Atlas), kde jsme nalezli shodu ve 4 nami vytipovanych miRNA (miR-31, miR-224,
miR-432*, miR-454-3p). Provedli jsme novou analyzu PFS a OS podle rizikového skore
s t¢émito 4 miRNA a i poté bylo mozno spolehlivé rozd€lit soubor 58 pacienti s glioblastomy
na dvé skupiny se signifikantné rozdilnym celkovym piezitim (p < 0,0115). Stejné jako
v piedchozich pracich jsme dospé€li k zadvéru, ze vybrand skupina miRNA mizZe s pomérné

velkou spolehlivosti odhadnout prognozu pacienta s glioblastomem, a muze tak pfispét
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k ¢asnému odhaleni pacientd s vysokym rizikem, kterym by méla byt vénovana zvysena

pozornost pii planovani pooperacni 1écby.

5 Moderni terapie glioblastomu

5.1 Neurochirurgicka lécba

Standardni 1é¢ba glioblastomu je zalozena na multidisciplinarnim pfistupu. Zakladem je
neurochirurgicky vykon, jehoz cilem je provést maximalni bezpecnou resekci bez poskozeni
funkcné diilezitych oblasti mozku a ziskani nadorové tkané pro histologické a molekularné
genetické vySetieni. Rozsah resekce je povazovan za vyznamny prognosticky faktor, ktery
ovlivituje celkové pieziti (82—85). Jak rozsahly vykon musi byt proveden, aby pozitivné
ovlivnil délku zivota pacienta s glioblastomem, neni jasné. Podle jedné z retrospektivnich
analyz by mélo byt odstranéno minimaln¢ 70 % nédoru nebo by reziduum nemélo byt vétsi
nez 5 cm® (86). Jina prace ale doporuduje podstatné radikalngjsi resekce (> 98 %) nebo mensi
reziduum (< 2 cm®) (87). Velka resekce v kazdém piipadé poskytne dostatek tkang pro validni
histologické vySetteni, dekompresi muze zlepSit celkovy stav pacienta, umoznit vysazeni
kortikoidii a zvy$i Sanci na uspéch nasledné pooperacni 1é¢by. Radikalita provedeného
vykonu se urcuje na zékladé vysledku poopera¢niho MR vySetfeni v T1 vaZzeném obraze po
aplikaci i.v. kontrastu (max. do 48-72 hodin po vykonu). Pokud neni piitomno sytici
se reziduum tumoru, pak se vykon oznacuje za radiologicky radikalni, totdlni (gross total
resection — GTR). Vykon vSak neni ve skutecnosti radikalni, protoze mikroskopické Siteni
nadoru ptesahuje hranice viditelné na MR vySetieni a byva pfic¢inou velmi Castych recidiv.
Priresekci > 90 % tumoru jde o téméf totalni vykon (NTR — near total resection),
pii odstranéni > 50-90 % mluvime o subtotalnim resekénim vykonu (STR — subtotal
resection), pii operacich mensiho rozsahu < 50 % jde pak o parcialni resekci ¢i biopsii.
Vzhledem k tomu, ze vykon nema kurativni potencial a musi nasledovat brzka pooperacni
1é¢ba, je nutné, aby pfi snaze o maximalni resekci nedoslo k poSkozeni neurologickych
funkci. Poopera¢ni stav totiz mize vyznamné ovlivnit dalsi Ié¢ebné moznosti, a tim 1 celkovy
osud pacienta. Ktomu slouzi pfedoperacni planovani (funkéni MR a traktografie),
intraoperacni zobrazeni tumoru a intraoperacni elektrofyziologické mapovani elokventnich
oblasti. Pokud je nutno pii operaci monitorovat fe¢ nebo pamét, tak se vykon provadi
v bdélém stavu (tzv. awake kraniotomie). K dosaZeni co nejvétsi radikality vykonu muze byt

vyuzito intraoperacnich zobrazovacich metod jako UZ, intraopera¢ni MR, operace po aplikaci
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kyseliny 5-aminolevulinové (5-ALA), nebo jejich kombinace (88,89). Kumulace
protoporfyrinu IX v nadorové tkani po per oS podani 5-ALA a vizualizace nadoru v modrém
svétle o vinové délce 400 nm (razova fluorescence) umozinuje zvysit radikalitu vykonu c¢asto
az za hranice viditelné na MR (tzv. supramarginalni resekce). Pokud je resekéni vykon
nemozny (obtizny pfistup, komorbidity), je zvazovdna minimalné biopsie s cilem ziskat
validni tkan pro histologickou verifikaci procesu (stereotakticky navigovany vykon). Role
neurochirurga je dulezita také pti feSeni recidiv glioblastomu. Indikace reoperace je vzdy
posuzovana individualné z pohledu mozného benefitu a rizika. NejlepsSich vysledkl je
dosahovano u mladsich pacientd (< 60 let), v dobrém stavu (PS 0-1) a pii odstranéni

minimalné 80 % sytici se porce nadoru (90).

5.2 Radioterapie

Vzhledem k biologické povaze glioblastomu a jeho infiltrativnimu charakteru rastu, kdy
mikroskopické Sifeni onemocnéni presahuje jeho radiologicky viditelné hranice, je v podstaté
nemozné dosédhnout kompletniho chirurgického odstranéni. Snahy s vyuzitim radioterapie
(RT) pro zlepseni lokalni kontroly onemocnéni a prodlouzeni celkového pieziti (OS — overall
radioterapii provedla némecka skupina — Brain Tumour Study Group (BTSG) v 70. a 80.
letech 20. stoleti. Pacienti v rameni s pooperaéni radioterapii celé mozkovny (WBRT — whole
brain radiotherapy) méli vyznamné delSi celkové preziti nez bez ni (8,4 vs. 3,5
mésice, p <0,05). Navic se prokazal vliv aplikované davky ozafovani a zkouSela
se i kombinace s chemoterapii (karmustin) (91). Pfi retrospektivni analyze souboru 621
pacientl (86 % glioblastomu) ze studii skupiny BTSG se ukazalo, ze pieziti se signifikantné
zlepSuje s velikosti davky, a to pfedev§sim od 50 Gy. Pacienti bez radioterapie, s davkou < 45
Gy, 50 Gy, 55 Gy a 60 Gy, meli délku pieziti 3,1, 4,2, 6,5, 8,4 a 9,8 mésicti (91,92). Nasledné
probé&hla fada studii, ve kterych se zkouSelo dalsi zvySovani davky a ukazalo se, ze pfi
davkach > 60 Gy jiz nedochézi k vyznamnému zlepSeni 1é€ebnych vysledkli, naopak narasta
riziko radia¢ni nekrozy. Davka 60 Gy ve 30 frakcich je tak i dnes povazovana za standard pfi
1é¢bé glioblastomu. Neuplatnila se ani metoda lokalniho zvySovani davky zareni na tumor —
tzv. radiochirurgického boostu (15-24 Gy) po prob&hlé normofrakcionované RT s 60 Gy.
NavysSeni davky dle studie RTOG 9305 nevedlo k prodlouzeni pteziti (13,5 mésice s RT
boostem vs. 13,6 mésice bez né&j) (93). Radioterapie, stejn¢ jako dalsi medicinské obory,

zaznamenala v poslednich 10-15 letech velky pokrok. Stoji za nim rychly vyvoj v oblasti
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vypocetni techniky, zobrazovacich metod, ale také planovacich zafizeni a samotnych
ozatovacich pfistroji. Jesté pred 15 lety bylo standardem 2D planovani RT (62 % center ve
Stuppovée studii), které umoznuje vétSinou piipravu pouze jednoduchych ozarovacich plana
Snapf. dvéma protilehlymi poli. Dnes by tento postup byl téZko akceptovatelny.
V soucasnosti jsou vSichni pacienti standardné ozafovéani plany pfipravenymi pomoci CT
vySetieni, tedy 3D. Aktualné¢ se bud'to pouziva technika 3D konformni RT (3D-CRT)
s nékolika konvergentnimi neménnymi poli nebo castéji metoda IMRT — ozafovani
s modulovanou intenzitou svazku (v prubéhu ozafovani se pribézné méni tvar ozafovaciho
pole pomoci pohyblivych stinicich lamel) a jeji modality (VMAT — volumetric modulation
rapid arc) vyuzivajici rotace zdroje zaieni (gantry), s kratsi délkou ozafovani. Vyhodou IMRT
je ptesnéjsi ozafeni cilového objemu pozadovanou davkou, mensi zatizeni zdravé mozkové
tkané zéatfenim, coz je dilezité pro redukci vedlejSich Uc€ink, zv1asté pokud jsou v blizkosti
kritické struktury (chiasma opticum, optické nervy, kochlea) (94). S novymi moznostmi
v oblasti diagnostiky (MR a jeji modality, PET zobrazeni, molekularni a geneticka analyza)
a se zdokonalenim technik planovéni radioterapie se tak znovu oteviraji témata ,,spravné
davky a spravného mista ozatovani“ (91). Hodn¢ se dnes diskutuji moznosti stanoveni
cilovych objemu. Z dob pouzivani WBRT mozku je znamo, ze az 90 % recidiv vznika do 2—
3 cm od mista ptuvodni resekce (95,96). Pti planovani RT vychazime z nadorového objemu
(GTV — gross tumor volume), ktery je dan vlastnim nadorem, ptipadné poresekéni kavitou
a syticim se reziduem. Poté radia¢ni onkolog uréi klinicky cilovy objem (CTV — clinical
target volume), ktery je tvoten z GTV a lemem okolni makroskopicky normalné vyhlizejici
tkang, kde je ale potencialni mikroskopické Siteni choroby. CTV je tedy oblast, ktera by méla
dostat predepsanou davku zéfeni. Poté se jeSté¢ stanovuje planovaci cilovy objem (PTV —
planning target volume), ktery tvoii CTV plus dal$i bezpecnostni lem, jehoZ ti¢elem je pokryti
nejistot vzniklych pii planovani ¢i odchylkami pii kazdodennim nastaveni pacienta pied
radioterapii. V soucasné dobé neni stanoven jednotny postup pii definici cilovych objemd.
Nejcastéji se pouzivaji dva pfistupy. Prvnim je americky dle RTOG (Radiation Therapy
Oncology Group) s pouzitim dvou cilovych objemi (vétsi a mensi), kdy se vétsi objem
stanovuje s vyuzitim T2/FLAIR MR zobrazeni, mensi objem pak pfedevsim dle T1 vazeného
postkontrastniho MR vySetieni. Co se ty¢e davky, je v takovémto piipadé nejcastéji volen
rezim 46 + 14 Gy (celkova davka 60 Gy). Pokud je vybran postup evropsky dle EORTC
(European Organisation for Research and Treatment of Cancer), je ozafovan jeden cilovy
objem, a to na zaklad¢ MR T1 postkontrastni sekvence. Ktery postup je z pohledu mista

acetnosti recidiv ¢i vedlejSich ucinkG lepSi, neni znamo. Aktudlné v Masarykove
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onkologickém ustavu bézi akademicka studie GliOART, jejimz ukolem je pravé srovnani
téchto pfistupi (z metodologického pohledu jde o srovnani dvou standardnich metod).
Srozvojem zobrazovacich metod se Vbudoucnu objevi fada dalSich moznosti,
jak modifikovat cilovy objem a pfipadné i davku. Krom¢ doplikovych metod MR muze byt
pomocnou metodou pii planovani napt. PET s ®F-FDOPA (ur&eni oblasti s vysokym rizikem

recidivy).

Hodné¢ diskutovanou otdzkou je vliv ¢ekaci doby do zah4ajeni pooperacni (chemo)radioterapie.
(97). V onkologii plati obecné pravidlo, Zze poopera¢ni radioterapie by méla zacit co nejdiive
po zhojeni operacni rany. Zbytecné odloZzena radioterapie mize mit u agresivniho
onemocnéni negativni vliv na celkové preziti. V piipad¢ glioblastomu vsak toto tvrzeni neni
podlozeno zadnou prospektivni studii a o optimalnim intervalu, dokdy by méla byt
radioterapie zahdjena, se neustdle vedou spory. Né&které retrospektivni studie prokazaly horsi
pteziti pacientli s glioblastomy pii pozd&jsim startu pooperacni radioterapie (98-100), jiné
naopak ne (101,102). V dalsich studiich byl dokonce mirny odklad radioterapie pro pacienty
vyhodny (103,104). Dle obsahlé retrospektivni studie Blumenthalové a kol. s 2 855 pacienty
z 16 RTOG studii (pted zavedenim Stuppova rezimu) se zjistilo, Ze zahdjeni radioterapie
vintervalu 4-6 tydnt po operaci bylo spojeno s lepSim celkovym pfezitim ve srovnani
s radioterapii zahdjenou casné do 2 tydnl po operaci. Pficinou mohou byt Cerstvé pooperacni
zmény s edémem a sekundarni hypoxii, které mohou sniZovat citlivost nadorovych bunék
k zateni (104). Dalsi velka retrospektivni metaanalyza klinickych studii (5 212 pacientl)
publikovand v roce 2016 také neprokazala vliv intervalu do zahijeni RT na celkové pieziti
(HR 0,98; p = 0,70) (105). Ke stejnym zavéram dospéla i retrospektivni analyza souboru
1 395 pacientii 1écenych Stuppovym rezimem (studie RTOG 0525 a RTOG 0825). Celkové
pieziti pti zahajeni CHT/RT > 4 vs. < 4 tydny od operace bylo podobné (HR 0,93; p = 0,29)
(106). Obdobné vysledky pfinesla také dosud nejvétsi retrospektivni analyza z roku 2019
s 30 298 pacienty (107). Jasngjsi odpovéd’ nam muize pfinést jen prospektivni klinicka studie.
Z etického hlediska je vSak problém u tak agresivniho onemocnéni, jakym glioblastom je,
takovou studii provést. Na zakladé vySe uvedenych retrospektivnich analyz je dnes proto

doporucovano zahgjit adjuvantni (chemo)radioterapii do 4-6 tydnt od operace.

S vétsi dostupnosti MR vySetieni a jeho vyuzitim pfi planovani radioterapie se predmétem
zajmu staly ¢asné recidivy glioblastomu po resekénim vykonu, tedy v obdobi jesté pied
zahajenim adjuvantni radioterapie nebo chemoradioterapie. Diagnostika casné recidivy

se opird o srovnani nalezti na pooperacnim MR (do 72 hodin po operaci) a planovacim MR
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vySetfenim pied zahajenim radioterapie (108). Recidiva glioblastomu se nejcastéji objevuje
v lizku po resekci a incidence se dle publikaci pohybuje kolem 50 %. Dle nékolika
retrospektivnich analyz bylo shodné potvrzeno, ze piitomnost ¢asné recidivy na planovacim
MR vySetfeni je spojena s agresivnéjsi formou glioblastomu a hor§im celkovym pfezitim
(109-111). Zakladnim problémem je zatim predikce vyskytu ¢asné recidivy. Vyssi riziko lze
ocekavat u pacienti po méné radikédlnich resekcich (112). Co dale ovliviluje progndzu
pacientl s Casnou recidivou, neni jasné. V jedné praci bylo celkové pieziti signifikantné horsi,
pokud nebyla piitomna metylace MGMT (113). Jak pfistupovat k pacientim s ¢asnou
recidivou, také neni v soucasnosti piesné definovano. Zda indikovat reoperaci recidivy, volit
akcelerované rezimy radioterapie s event. davkovym boostem na oblast této ¢asné recidivy
nebo vsadit na intenzivnéj$i chemoterapii s alkylaénimi cytostatiky pifi pfitomné metylaci
MGMT? Zatim se 1écba téchto pacientl nelisi od pacientll bez ¢asné recidivy, a pokud ano,
jde Cisté o individualni pfistup. Vzhledem k vysokému poctu pacientll s ¢asnou recidivou
glioblastomu a dosud dostupnym jen retrospektivnim analyzam je dualezité prospektivné
analyzovat tuto skupinu agresivnéjSich nadord a pokusit se 1é¢ebné ovlivnit negativni priabéh
onemocnéni. S timto zdmérem jsme v Masarykové onkologickém ustavu v roce 2020 zahajili
akademickou studii 2. fize GlioMET a také ziskali grantovou podporu AZV CR. Cilem studie
je krom¢ biomarkerové analyzy i optimalizace ozafovaciho planu pomoci MR a PET
zobrazeni s 'C-methioninem. Casna recidiva na planovacim MR vysetfeni je vyznamny
negativni prognosticky faktor, ktery by mél byt stratifikatnim faktorem v budoucich

klinickych studiich.

Dalsi kontroverzni otazkou v oblasti radioterapie jsou radia¢ni postupy s Setfenim hipokampd,
jejichz cilem je minimalizace poSkozeni kognitivnich funkci. Tato moznost je dnes zvazovana
predevs§im u pacientli S mozkovymi metastadzami. U glioblastomu se tento postup nepouziva
pro obavy zpfitomnosti nadorovych kmenovych bunék v ipsilateralnim hipokampu

a subventrikuldrnich zénach, které mohou byt pficinou ¢asné recidivy.

Radioterapie, stejn¢ jako chirurgie a chemoterapie ma své misto také pii 1écbe recidiv.
Limitaci byva ptedchozi aplikovana davka 60 Gy. Pti prekroceni celkové davky 100 Gy
se vyznamné zvysSuje riziko poradiaéni nekrozy (114). Cilem paliativni radioterapie je
zpomalit pribéh onemocnéni, udrzet dobrou kvalitu Zivota, pfipadné prodlouzit pieziti.
U mladSich pacientli v dobrém stavu s mens$i recidivou do 4-5 cm a delSim casovym

intervalem od primarni radioterapie mizeme zvazit stereotaktické techniky ozafovani (115).
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5.3 Chemoterapie

5.3.1 Chemoterapie v pooperacni lécbé glioblastomu

Hlavni roli v pooperacni 1é¢bé glioblastomu hrala v minulosti samotna radioterapie. Postaveni
adjuvantni chemoterapie (CHT) bylo dlouho nejasné. Randomizované klinické studie v 70.
a 80. letech minulého stoleti, nejcastéji s derivaty nitrosourey, neprokdzaly zasadni vliv
pooperacni chemoterapie na prodlouzeni celkového pieziti. Dle Klinické studie Walkera a kol.
z roku 1978 byl median celkového preziti pacientl po operaci v rameni s nejlepsi podptirnou
1é¢bou 14 tydnu, s CHT (karmustin) 18,5 tydne, samotnou RT 35 tydnd a kombinaci RT +
CHT 34,5 tydne (116). Podobné nepiesvédéivé vysledky piichazely i z dalSich studii (117),
ato vcetné pouziti kombinované chemoterapie vrezimu PCV (prokarbazin, lomustin,
vinkristin) (118). Vzhledem k hrani¢nimu benefitu a riziku pfedev§im hematologické toxicity
byla chemoterapie casto metodou volby az pii 1é¢bé rekurentniho onemocnéni. K urcité
zméné nazoru piispély publikované zavéry z velké metaanalyzy 12 klinickych studii (GMT
Group, 2002) zahrnujici 3 004 pacientii 1écenych pooperacné samotnou radioterapii nebo
podanim radioterapie a chemoterapie. Pii této metaanalyze bylo zjisténo, Ze kombinace
radioterapie a chemoterapie vedla k absolutnimu zvyseni jednoletého pieziti ze 40 % na 46 %
a prodlouzeni medianu celkového preziti o 2 mésice (HR 0,85; p < 0,0001) (119). I kdyz
neslo o dramatické prodlouzeni celkového preziti, vysledky byly impulsem pro dalsi klinické
studie, véetné pralomové Stuppovy studie s konkomitantni chemoradioterapii a adjuvantni
chemoterapii s temozolomidem (82). V roce 2002 byla FDA v USA schvalena indikace
lokalni chemoterapie, aplikované do lizka nadoru po resekci high-grade gliomu (BCNU
polymer wafers — Gliadel). Prodlouzeni celkového pteziti sice bylo dle klinické studie 3. faze
statisticky signifikantni (13,9 vs. 11,6 mésice u placeba, HR 0,71; p = 0,03) (120), metoda
seale vpraxi piili§ neuplatnila. Jednim z divodd byl problém s naslednym zatazenim
pacienta do klinické studie s novymi léky, pooperacni 1écba s Gliadelem byla vylucujicim
kritériem. Dal$im faktorem byly i obavy z CastéjSich pooperac¢nich komplikaci. Na ty
napiiklad poukazala metaanalyza 19 klinickych studii (795 pacienti) publikovana v roce
2013. Celkové preziti pacientd lé¢enych Gliadelem bylo o cca 2 mésice delsi nez s adjuvantni
chemoradioterapii (16,2 vs. 14 mésict), ale za cenu vyssiho procenta komplikaci z lokalni
1écby (42,7 %) (121).
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Standardni léCebny protokol — konkomitantni chemoradioterapie a adjuvantni

chemoterapie s temozolomidem (zzv. Stuppitv reZim)

Postaveni pooperacni chemoterapie v 1écbé glioblastomu bylo zésadné¢ pirehodnoceno
na zéklad¢ randomizované studie 3. faze — EORTC 22981/26981 NCIC CE3 publikované
Stuppem a kol. v roce 2005 (82). Pacienti ve véku od 18 do 70 let, s WHO PS (performance
status) 0—2 byli po resekénim vykonu randomizovani do ramene se samotnou radioterapii
nebo chemoradioterapii s temozolomidem, kde temozolomid byl podavan v davece 75 mg/m?
béhem radioterapie (v&etnd vikendil) a pak adjuvantnd v davce 150-200 mg/m? 1.-5. den
ve ¢tyftydennich cyklech, celkem 6krat. Poopera¢ni chemoradioterapie prodlouzila celkové
pieziti a obdobi bez progrese onemocnéni. Median celkového pieziti pacienti v rameni
s konkomitantni chemoradioterapii a naslednou adjuvantni chemoterapii S temozolomidem
byl 14,6 mésict vs. 12,1 mé&sict u pacientll bez chemoterapie. Pieziti u kombinované 1é¢by
bylo ve 2 letech 27,2 %, ve 3 letech 16,0 %, ve 4 letech 12,1 % a v 5 letech 9,8 % ve srovnani
$10,9 %, 4,4 %, 3,0 % a 1,9 % pii pouziti samotné radioterapie (HR 0,6; p < 0,0001) (122).
Benefit pfidané chemoterapie byl zaznamenan ve vSech podskupindch. Nejlepsi 1é¢ebné
vysledky byly dosazeny ve v€kové skupiné pacientd mladSich 50 let, po makroskopicky
radikalnich resek¢énich vykonech a u pacientli ve vyborném klinickém stavu s WHO PS 0-1.
Diky studii byla na zdkladé retrospektivniho hodnoceni také potvrzena role nového silného
molekularniho prognostického faktoru — metylace promotoru genu pro O°-Methylguanin-
DNA methyltransferazu (MGMT) (69). Pacienti s prokazanou metylaci MGMT méli delsi
celkové preziti bez ohledu na podanou 1é¢bu. Kontroverzni a dosud neuzavienou otazkou je,
zda metylace MGMT ma i funkci pozitivniho prediktivniho faktoru ve vztahu Kk podané
chemoterapii. Kombinace radioterapie a chemoterapie totiz ve studii dosahla ve srovnani
se samotnou radioterapii signifikantn¢ delsiho celkového preziti, a to bez ohledu na stav
metylace MGMT. Jednoznaéné nejlepSich vysledkt ale dosahli pacienti s metylaci MGMT
a s podanou konkomitantni chemoradioterapii a adjuvantni chemoterapii. VétSina odborné
vetejnosti tak dnes i diky dal§im studiim s temozolomidem, zvlasté u starSich pacientt
s glioblastomy (Nordic trial, NOA-08) (75,76), povazuje metylaci MGMT za pozitivni
prediktivni faktor a pfihlizi k nému napf. pfi indikaci chemoradioterapie v hrani¢nich stavech.
Stuppiiv rezim se tak diky jasné potvrzenému benefitu adjuvantni chemoterapie stal novym
1écebnym standardem u glioblastomd, ktery je platny dodnes a je stale srovnavacim ramenem

Vv klinickych studiich s novymi I€ky.
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Kombinace chemoterapie a radioterapie je vsak zatizena vy$$im rizikem nezadoucich uc¢inkd.
Pti rozhodovani o typu pooperacni 1écby bychom méli znat prognézu pacienta. K tomu nam
slouzi ruzné prognostické modely, které byly vytvofeny jiz v dobé pouzivani samotné
radioterapie. Piikladem je stale uzivana RPA (Recursive Partitioning Analysis) klasifikace,
vytvofena na zaklad¢ klinickych prognostickych faktort ze tfi RTOG studii (123,124).
K zékladnim pozitivnim prognostickym faktorim patii vék (< 50 let), Karnofsky performance
status (70 a vice), absence neurologického deficitu a dalsi. Pro glioblastomy je vy¢lenéna
RPA tiida III-VI. Cim je pacient v prognosticky horsi (vy$si) skuping, tim ma i mensi benefit
z konkomitantni chemoradioterapie vs. samotné radioterapie a také pravdépodobnost krat§iho
celkového pieziti (RPA I — 17,9 mésict, RPA IV — 11,1 mésic, RPA V — 8,9 mésicti, RPA
VI — 4,6 mésict). Signifikantni benefit z konkomitantni 1écby u glioblastomu 1ze ocekavat
U pacientll v RPA tfidé III a IV. U RPA ttidy V je vliv pfidané chemoterapie na prodlouzeni
délky zivota jiz hrani¢ni. Ve Stuppové studii (EORTC 26981/22981) byla pro glioblastomy
provedena modifikace RPA Klasifikace (125). Karnofského performance status (KPS) byl
nahrazen PS dle WHO (PS 0-2) a neurologicky deficit byl hodnocen pomoci testu
kognitivnich funkci MMSE (Mini—-Mental State Examination), kdy normalni hodnota
kognitivnich funkci je 27-30 bodi. Na zakladé¢ hlavnich prognostickych faktort, které
vyplynuly z Cetnych subanalyz Stuppovy studie, jako je typ podané 1éCby, vek, rozsah
resekce, WHO PS, MMSE a stav metylace MGMT, byly sestrojeny nomogramy, které nam
mohou pomoci odhadnout progndézu pacienta s nové léfenym glioblastomem
(pravdépodobnost dvouletého a celkového pieziti) (126). Nomogramy jsou volné piistupné:
http://www.eortc.be/tools/gbmcalculator. Jejich posledni validace, ktera prob¢hla na zakladé
studii  RTOG 0525 a 0825 byla publikovana vroce 2017 a je

dostupna z: http://cancer4.case.edu/rCalculator/rCalculator.html (127).

S cilem dal8iho zlepSeni 1é€ebnych vysledkil u pacientil s glioblastomy probéhla od roku 2005
fada klinickych studii. Nékteré studie se snazily o intenzifikaci chemoterapie Stuppova
rezimu. ZkouSely se naptiklad dose-dense rezimy adjuvantniho temozolomidu (studie 3. faze
RTOG 0525, predpis temozolomidu v davce 75-100 mg/m? 1.-21. den, 28denni cyklus),
bohuzel s negativnimi vysledky ve srovnani se standardnimi davkami a navic s vyssi toxicitou
(128). Urc¢itou formou intenzifikace Stuppova rezimu mize byt také prodlouzené podavani
adjuvantniho temozolomidu (> 6 cykli) u pacienti bez prikazu progrese a bez toxicity
spojené s chemoterapii. Ackoliv se jedna o relativné castou formu adaptace piivodniho
Stuppova rezimu, nejsou k dispozici z&dna data podporujici prodlouzené podéavani

temozolomidu. Dle publikované metaanalyzy z roku 2017, vychazejici z dat vice nez 2 000
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pacientl ze 4 randomizovanych studii (EORTC 22981, CENTRIC, CORE a RTOG 0525) sice
doslo k prodlouzeni ¢asu bez progrese onemocnéni, ale nebylo prokazano prodlouzeni
celkového pieziti ve skupiné s del§im uzivanim temozolomidu, a to ani v podskupiné pacienti
smetylaci promotoru MGMT (129). Navic se ukazuje, Ze dlouhodobé podavani
temozolomidu muze vést k indukci hypermutaéniho fenotypu nadorovych bunék spojeného
s rezistenci k dal$i terapii alkylacnimi cytostatiky. Kromé toho je dlouhodobé podéavani
chemoterapie i1 pii absenci klasickych nezadoucich Uc¢ink (napf. hematologickd toxicita)
Spojeno Se zvySenou unavou, nauzeou a anorexii. Nezanedbatelna je také event. chronicka
imunosuprese a skutecnost, ze vétSina pacientll neni schopna se vratit ke kazdodennimu
béznému zivotu. Na druhou stranu je jist¢ mozné v individudlnich ptipadech po domluvé
s pacientem v adjuvantni chemoterapii temozolomidem pokracovat i po absolvovani 6 cykli.
Dals$i myslenkou, jak zlepsit vysledky pooperac¢ni 1écby, bylo posileni Stuppova rezimu
0 cilenou 1é¢bu, piedevsim z oblasti inhibitorti angiogeneze. S timto zamérem probéhly studie
3. faze zkoumajici benefit pfidaného bevacizumabu (AVAglio, RTOG 0825) nebo inhibitoru
integrini avp3 a avp5 cilengitidu (studie CENTRIC), vysledky téchto studii bohuzel
nedopadly pozitivné (130-132). Podobné skoncily i dalsi studie s cilenou 1é¢bou
a imunoterapii, viz dale.

Urcity posun od roku 2005 u nové diagnostikovanych glioblastomti pfinesly az vysledky
randomizované klinické studie 3. faze kombinujici adjuvantni temozolomid v ramci Stuppova
rezimu S ptistrojem Optune — TTF (Tumor Treating Fields) (133), viz dale. Zajimavé jsou
vysledky studie 3. faze CeTeG/NOA-09 u pacienti s metylaci MGMT publikované v roce
2019, kde Herrlinger a kol. pouzili v ramci modifikovaného Stuppova rezimu misto
samotného temozolomidu kombinaci cytostatik temozolomid + lomustin (134). Median
celkového preziti byl prodlouzen z 31,4 mésice pii pouZziti standardniho Stuppova reZimu na
48,1 mésice pii pouziti temozolomidu + lomustinu (HR 0,60; p = 0,0492). Vazna toxicita
(3. a4. stupen) byla zaznamenana u 32 (51 %) z 63 pacientll se standardnim rezimem versus
u 39 (59 %) z 66 pacient s intenzivni chemoterapii. Studie vSak pro relativné maly pocet
pacientli, obavy z toxicity a omezenou dostupnost lomustinu nenasla dostatek piiznivct
arezim se v praxi zatim moc nepouziva.

U pacientil nad 65 let v hor$im klinickém stavu, ktefi by nezvladli plny Stuppiv reZim a maji
metylaci MGMT, lze zvazit tzv. Perryho rezim (modifikovany Stuppiv rezim) s 3tydenni
hypofrakcionovanou radioterapii (40 Gy/15 frakci; 2,67 Gy na frakci) skonkomitantnim
a adjuvantnim  temozolomidem, studie EORTC 26062-22061 (135). Pacienti

v kombinovaném rameni mé&li delsi celkové pieziti (OS) ve srovnani se samotnou radioterapii
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(9,3 vs. 7,6 mé&sicu, HR 0,67; p < 0,001). Vétsi benefit z chemoradioterapie méli pacienti
s metylaci MGMT (OS 13,5 vs. 7,7 mésict, HR 0,53; p < 0.001) nez bez ni (OS 10,0 vs. 7,9
mésict, HR 0,75; p = 0,055). Pokud metylace MGMT neni piitomna, volime u hranicnich

stavu spiSe samotnou radioterapii, nejlépe v hypofrakcionovaném rezimu.

Lécba u starsich pacienti s glioblastomem

Piiblizné 20-25 % pacientt s glioblastomem je v dobé diagnézy starSi 70 let. Vzhledem
ke starnuti populace ve vyspélych zemich mizeme ocekavat rostouci incidenci onemocnéni
v této veékové kategorii. Pokud je pacient biologicky mladsi, bez vaznych komorbidit,
muzeme individualné zvazit standardni Stuppiiv rezim. Jinak by 1é¢ebna strategie u pacienti
nad 70 let (ptipadné > 65 let nevhodnych pro Stupptv rezim) dle dne$nich doporu¢eni méla
byt stanovena na zdklad€ metylace MGMT a celkového stavu. U pacientll s metylaci MGMT
volime mezi hypofrakcionovanou 3tydenni radioterapii S konkomitantnim a adjuvantnim
temozolomidem (Perryho rezim) (135) nebo samotnou chemoterapii s temozolomidem. Dle
dvou velkych klinickych studii 3. faze — Nordic a NOA-08 méli pacienti s metylaci MGMT
léCeni pouze temozolomidem signifikantné del$i pfeziti neZ pacienti bez metylace MGMT
(75,76). V pripadé pouziti samotné radioterapie nebyl rozdil v pfeziti dle stavu MGMT
vyznamny. Metylace MGMT je proto povazovana za léCebny prediktor pro pouziti
chemoterapie s alkylaénimi cytostatiky a méla by byt automaticky vySetfovana. Pokud pacient
smetylaci MGMT neni vhodny pro lécbu chemoterapii (komorbidity, problematicka
spoluprace), indikujeme radioterapii, stejné jako u pacientti bez metylace. Preferujeme spise
hypofrakcionované rezimy (30-36 Gy v 10-12 frakcich nebo 40—42 Gy v 15-16 frakcich),
které jsou minimaln¢ stejné €inné a predevsim Setrnéjsi ve srovnani se standardnim reZimem
60 Gy ve 30 frakcich (13,75). Lécebny algoritmus pro pacienty s nové diagnostikovanym
glioblastomem byl recentné publikovan pod zastitou odbornych spolecnosti SNO (Society
for Neuro-Oncology) a EANO (European Society of Neuro-Oncology), jeho zjednodusena
varianta je uvedena na Obr. 6 (13). Pokud je mozZnost zatazeni pacienta do klinické studie, mé&la

by byt vzdy zvazena.
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Obr. 8: ZjednoduSeny lécebny algoritmus u nové diagnostikovaného glioblastomu
pro praktické pouziti v CR, upraveno podle Wena a kol. (13)
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5.3.2 Chemoterapie u rekurentniho glioblastomu

Ve vice nez 80 % ptipadu dochazi k recidivé glioblastomu do 2—3 cm od okrajii primarniho
nadoru, multifokalni rekurence se objevuji u cca 5-6 % pfipadl. Lécba rekurentnich
glioblastomi je podminéna vice faktory a musi byt individudlné zvéazena, idealné cestou
multidisciplinarni komise pro mozkové nadory. Rozhodovani je zéavislé na véku pacienta,
pridruzenych onemocnénich, celkovém vykonnostnim stavu, odpovédi na primarni 1écbu,
Casu bez relapsu od primarni 1é€by a také na velikosti a lokalizaci recidivy. V prvni fadé ma
byt posouzena moznost reoperace. Dle publikovanych praci je pro indikaci chirurgického
vykonu rozhodujici predoperacni performance status (PS 0-1), mlady veék, prizniva lokalizace
recidivy, kterda umozni odstranéni jeji velké Casti bez poSkozeni neurologickych funkci
pacienta, a také ¢asovy interval od prvni operace (zpravidla > 6 mésicti) (136). Ve spravné
indikovanych ptipadech mlzZe opera¢ni vykon prodlouzit celkové pieziti a zlepsit kvalitu
Zivota pacienta. Pokud byla recidiva mimo puvodni ozafované pole, tak lze po zhojeni
opera¢ni rany doporucit radioterapii, ptipadné i s temozolomidem. Jestlize operac¢ni vykon
neni mozny nebo je pfili§ rizikovy, lze zvazit reiradiaci a/nebo chemoterapii (dle stavu
metylace MGMT), viz algoritmus (Obr. 7) (13). Limitaci reiradiace je ¢asto velikost recidivy,
jiz aplikovana davka zateni a kratky ¢asovy interval od piedchozi radioterapie (do 12 mésici)
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(136). Ve vybranych piipadech mizeme s vyhodou vyuzit moznosti stercotaktické
radioterapie nebo radiochirurgie. Pokud neni operace ani reiradiace vhodna, lze pacientovi
nabidnout paliativni chemoterapii, idedln¢ pfi metylaci MGMT. V¢étSina rezimu pro 1écbu
rekurentnich glioblastomi je zalozena na rechallenge temozolomidu a derivatech nitrosourey
(nejcastéji lomustin, méné Casto karmustin nebo fotemustin). Problémem je nizka cetnost
a kratké trvani 1é¢ebnych odpovédi. V piipadé lomustinu se pocet odpoveédi pohybuje kolem
10 %, cas bez progrese onemocnéni (PFS) mezi 1,5 a 3 mésici a celkové pieziti (OS) mezi 7,1
a 8,6 mésicu. VEtsi benefit z 1é¢by lomustinem maji pacienti s metylaci MGMT (13). Zatim
nebylo studiemi prokazano, ze by kombinovand chemoterapie byla v ptipad¢ rekurentnich
glioblastomi u¢inngjsi nez monoterapie s nitrosoureou. V minulosti byla publikovana tada
praci s dose-dense a metronomickymi rezimy s temozolomidem (137-139). Median PFS
se ve studiich pohyboval kolem 3 mésicti a median OS od recidivy/progrese mezi 5 a 9
meésici. Nevyhodou dose-dense rezimt s temozolomidem (TMZ) muze byt Castéjsi selektivni
CD4+ lymfopenie, kterd je rizikovym faktorem pro rozvoj oportunnich infekci
(napt. pneumocystova pneumonie). Vysledky s metronomickymi rezimy TMZ jsou sice
zajimavé, ale nejsou podlozeny daty z vétSich klinickych studii 3. faze. Dle studie 2. faze —
RESCUE — mohou z navratu k temozolomidu v metronomickém rezimu profitovat predevsim
pacienti, ktefi na tomto 1éku v minulosti nezprogredovali. Tedy ti, co zdarné ukoncili prvni
fazi 1écby a byli v dobé recidivy nékolik mésicti bez 1é¢by (137). Lécebny algoritmus
pro rekurentni glioblastom byl recentné publikovan pod zastitou odbornych spole¢nosti SNO
(Society for Neuro-Oncology) a EANO (European Society of Neuro-Oncology), jeho

upravena a zjednodusSena verze je na Obr. 7 (13).
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Obr. 9: ZjednoduSeny lécebny algoritmus u rekurentniho glioblastomu pro praktické

pouziti v CR, upraveno podle Wena a kol. (13)
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5.3.3 Vlastni prispévek k problematice

Lakomy R, Kazda T, Poprach A. Postaveni chemoterapie v lécbé gliomu. In: Lakomy R,

Kazda T, Slampa P a kol. Gliomy. Soucasnd diagnostika a lécba, 2. vwdani, Praha: Maxdorf.
2018, s. 177-189 (citace 140, priloha 8).

Knizni kapitola ,,Postaveni chemoterapie v 1é¢bé gliomi“ je vénovana vSem oblastem,
kde se chemoterapie u téchto nadord CNS pouziva. Cilem bylo uvést zasadni klinické studie
s chemoterapii, které probéhly u glioblastomt, anaplastickych astrocytomt, anaplastickych
oligodendrogliomi, nizkostupiiovych astrocytomi a oligodendrogliomti. Vysledky recentnich
studii jsou komentovany i z pohledu prob&hlé analyzy molekularnich biomarkert, které hraji
stale vyznamnéjsi roli. V zavéru kapitoly je 1éCebny algoritmus, ktery se odviji od EANO
doporuceni z roku 2017, a ptedevsim jsou zde shrnuta zakladni doporuceni pro kazdodenni

praxi.
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Kazda T, Lakomy R, Poprach A, Hendrych M, Knight A, Slampa P. Multidisciplindrni piistup

v lécbé gliomii — astrocytomy a oligodendrogliomy. Postgradualni medicina 2020; 22(2):
137142 (citace 141, p#iloha 9).

Typ casopisu. Jost

Clanek ,,Multidisciplinarni p¥istup v 1é6¢bé gliomii — astrocytomy a oligodendrogliomy*,
publikovany v ¢eském recenzovaném neimpaktovaném periodiku, je vénovan problematice
nechirurgické 1écby astrocytomi a oligodendrogliomtl a je urcen pro Sirokou Iékaiskou
vetejnost jako prostiedek pro postgradudlni vzdélavani. Cilem bylo shrnuti zakladnich
principi  1éCby nejcastéjSich gliomi. Duraz je kladen predev§im na radioterapii
a chemoterapii. Prostor je vénovan vyznamnym klinickym studiim, od nichz se odviji

praktickd doporuceni pouzitelnd v kazdodenni praxi.

Lakomy R, Fadrus P, Slampa P, Svoboda T, Kren L, Licaiovd E, Belanovd R, Sikovd I,
Poprach A, Schneiderovd M, Prochdzkovd M, Séna J, Slaby O, Smrcka M, Vyzula R, Svoboda

M. Vysledky multimodalni lécby glioblastoma multiforme: Konsekutivni série 86 pacientu

diagnostikovanych v letech 2003—2009. Klin Onkol. 2011; 24(2): 112-120 (citace 142,
priloha 10).

Typ casopisu: JsC

Clanek ,,Vysledky multimodalni 1é¢by glioblastoma multiforme: Konsekutivni série 86
pacientii diagnostikovanych v letech 2003—2009“ byl publikovan v ¢eském recenzovaném
neimpaktovaném periodiku (Klinickd onkologie) a ziskal cenu redakce Casopisu za nejlepsi
puvodni praci v roce 2011. Ve své dob¢ piedstavoval vyznamnou publikaci, ktera hodnotila
prvni zkuSenosti s nov€é zavedenym Stuppovym reZimem V nasi zemi. Do analyzy bylo
zafazeno celkem 86 pacient 1é¢enych v letech 2003-2009. Podminkou pro zatazeni pacienta
byl histologicky verifikovany glioblastom, indikovany ke konkomitantni chemoradioterapii
s temozolomidem. Cilem prace bylo zhodnotit parametry pteziti, potencialni klinické
prognostické faktory, toxicitu 1é¢by a analyzovat ucinnost pouzité 1é¢by v dobé rekurence.
Preziti naSich pacientd bylo podobné s registra¢ni Stuppovou studii (median PFS 7,0 mésice,
median OS 13,0 mésice). Mezi nejvyznamnéjsi pozitivni prognostické faktory patfil vyborny
celkovy stav pacienta (PS 0), makroskopicky radikalni resek¢éni vykon, absolvovani

konkomitantni chemoradioterapie bez zasadni redukce déavek chemoterapie (minimalné
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40 dni) a radioterapie (minimaln¢ 54 Gy) a moznost podstoupit reoperaci v dobé recidivy.
Vysledky analyzy byly impulsem pro dalsi vyzkum, predev§im na urovni molekuldrnich

biomarkeri (MGMT, mikroRNA).

Kazda T, Dziacky A, Burkon P, Pospisil P, Slavik M, Rehak Z, Jancalek R, Slampa P, Slaby
O, Lakomy R*. Radiotherapy of Glioblastoma 15 Years after the Landmark Stupp’s Trial:
More Controversies than Standards? Radiol Oncol. 2018; 52(2): 121-128 (citace 143,

priloha 11).

* corresponding author

Typ casopisu: Jimp
IF = 1,846; JCR Category ONCOLOGY Q4 + RADIOLOGY, NUCLEAR MEDICINE Q3

Prace ,,Radiotherapy of Glioblastoma 15 Years after the Landmark Stupp’s Trial:
More Controversies than Standards?“ byla publikovana v recenzovaném impaktovaném
Casopise. Jedna se o piehledovy €lanek, jehoz cilem je popsat vyvoj v 1écbé glioblastomu
V poslednich 15 letech a poukazat na aktualni diskutovana témata. Prvni ¢ast ¢lanku je
vénovana nespornym pokrokiim v oblasti diagnostiky a 1é¢by, které se podili na postupném
prodluzovani celkového pfeziti pacientii s glioblastomy i pies pouziti stale ,,stejného
Stuppova rezimu®. Svéd¢i o tom lepSi vysledky pieZiti pacienti lécenych Stuppovym
rezimem V kontrolnich ramenech z recentné publikovanych velkych klinickych studii 3. faze
(EF 14, ACT IV). Druha cast je pak zaméfena na mozné kontroverze piedevsim v oblasti
radioterapie, ktera v poslednich 10 letech prodé€lala ohromny vyvoj. Je zde diskutovana otazka
spravné davky, optimalnich cilovych objemt, vyuZziti modernich technik zobrazovéani pfi
planovani radioterapie (PET/MR). Kontroverzni je také otazka Setfeni hipokampu s cilem
minimalizovat poskozeni kognitivnich funkci. Prace poukazuje na dulezitost multimodalni
1écby glioblastomu. Protoze i minimalni posun napfi¢ vSemi obory se muze v kone¢ném
dasledku secist a pozitivné odrazit v prodlouzeni celkového pteziti a zlepSeni kvality zivota
nasich pacientd. Review pak bylo impulsem pro nasi vlastni analyzu srovnavajici pieziti

pacientli dnes a pied 10 roky.
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https://www.ncbi.nlm.nih.gov/pubmed/30018514
https://www.ncbi.nlm.nih.gov/pubmed/30018514

Lakomy R, Kazda T, Selingerova I, Poprach A, Pospisil P, Belanova R, Fadrus P, Vybihal V,

Smrcka M, Jancalek R, Hynkova L, Muckova K, Hendrych M, Sana J, Slaby O, Slampa P.

Real-World Evidence in Glioblastoma: Stupp s Regimen After a Decade. Front Oncol. 2020;
10: 840 (citace 144, piiloha 12).

Typ casopisu: Jimp
IF = 4,848; JCR Category ONCOLOGY Q2 (pro rok 2019)

V praci ,,Real-world evidence in glioblastoma: Stupp’s regimen after a decade*
publikované v zahrani¢nim impaktovaném cCasopisu jsme prezentovali zavéry nasi
retrospektivni analyzy konsekutivniho souboru pacientl s glioblastomem lé€enych pooperacni
radioterapii +/- chemoterapii od 1/2014 do 12/2017. Cilem bylo zhodnotit aktualni 1éCebné
vysledky a provést srovnani s nasim historickym souborem z let 2003-2009 a s registra¢ni
Stuppovou studii z roku 2005. Vstupni kritéria splnilo celkem 155 pacientl. Median véku byl
61 rokid, v 61 % se jednalo o muze, 37 % pacientii podstoupilo makroskopicky radikalni
chirurgicky vykon. Ke konkomitantni chemoradioterapii bylo indikovdno 90 (58 %) pacient.
Pti srovnani celkového preziti mezi soubory pacientd indikovanych ke Stuppové rezimu nyni
a pred 10 lety doslo k prodlouzeni celkového preziti o vice nez 2 mésice (16,0 vs. 13,8
mésice). Zvysil se také pocet dlouhodobéji Zijicich pacientd (2leté, 3leté a 4leté preziti bylo
31 % vs. 28 %, 21 % vs. 7 % a 10 % vs. 2 %). Vyznamné delsiho preziti bylo dosazeno
U pacientt, ktefi dokoncili alespon 3 cykly adjuvantni chemoterapie (median OS 23,3 mésice,
2leté preziti 44 %). Duvodi pro zlepSeni celkovych vysledkt je vice. Diky pokrokiim
v diagnostice a neurochirurgii mame nyni vice pacientl, u kterych je proveden
makroskopicky radikalni resekéni vykon (bez rezidua na pooperaéni MR). Radikalni
a bezpectna resekce spolu slepsi podpurnou 1écbou pak prispivaji k nekomplikovanému
pribéhu konkomitantni chemoradioterapie. Diky tomu je vice pacientd schopno dale
pokracovat v adjuvantnim temozolomidu (72 % vs. 40 % pied 10 roky). Pti analyze jsme také
hodnotili vliv intervalu od operace do zahajeni radioterapie na celkové pteziti. Medidn Casu
do zahajeni radioterapie byl 6,7 tydne a nebyl prognosticky vyznamny (p = 0,825). Naopak
jsme u 51 % pacienti potvrdili pfitomnost nového negativniho prognostického faktoru,
kterym je casnd progrese glioblastomu na planovacim MR vySetfeni pred zahijenim

radioterapie.
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Lakomy R, Kazda T, Selingerova I, Poprach A, Pospisil P, Belanova R, Fadrus P, Smrcka M,
Vybihal V, Jancalek R, Kiss I, Muckova K, Hendrych M, Knight A, Sana J, Slampa P, Slaby
O. Pre-Radiotherapy Progression after Surgery of Newly Diagnosed Glioblastoma:
Corroboration of New Prognostic Variable. Diagnostics (Basel). 2020;10(9):E676. Published
2020 Sep 5 (citace 145, priloha 13).

Typ casopisu: Jimp
IF = 3,110; JCR Category MEDICINE, GENERAL & INTERNAL SCI Q1 (pro rok 2019)

V praci ,,Pre-Radiotherapy Progression after Surgery of Newly Diagnosed Glioblastoma:
Corroboration of New Prognostic Variable®“ publikované v zahrani¢nim impaktovaném
Casopisu jsme prezentovali vysledky nasi retrospektivni analyzy konsekutivniho souboru
pacientt s glioblastomem a Casnou progresi onemocnéni (REP — rapid early progression)
na planovacim MR vySetfeni pied zahajenim pooperaéni radioterapie +/- chemoterapie. Jde
0 praci, kterd navazuje na pifedchozi publikaci. Cilem této retrospektivni studie bylo
zhodnoceni incidence, lokalizace a nalezeni potencialnich prediktort REP. Dal$im ukolem
bylo porovnani parametrii pteziti u pacienti s REP a bez REP ve vztahu k pouzité 1é¢be.
Vstupni kritéria pro studii (pfedoperacni, pooperacni a planovaci MR vySetfeni) splnilo 90
ze 155 pacienti s glioblastomem lé¢enych od 1/2014 do 12/2017. Median véku byl 59 rokd,
vV 59 % se jednalo o muze, 43 % pacientll podstoupilo makroskopicky totalni resekci nadoru.
Stupptv rezim byl indikovan u 64 (71 %) pacientt; 26 (29 %) pacientti bylo 1é¢eno samotnou
radioterapii. REP byla na planovacim MR vysetfeni zjisténa u 46 (51 %) pacientt, nejcastéji
ve stén¢ resekéni dutiny a hlavnim prediktorem pro vyskyt REP byl neradikalni resekéni
vykon (p < 0,001). Potvrdili jsme, Ze REP je silnym negativnim prognostickym faktorem.
Median celkového preziti pacientti s REP vs. bez REP byl 10,7 vs. 18,7 mésict a 2leté preziti
bylo 15,6 % vs. 37,7 % (hazard ratio HR 0,53 pro pacienty bez REP; p = 0,007). Zajimavym
zjiSténim bylo, ze pfitomnost REP byla vyznamnym negativnim prognostickym faktorem
predevsim u mladsich pacienti (< 50 let), pravdépodobné kvili agresivnéjs§imu biologickému
chovani. Pacienti indikovani ke konkomitantni chemoradioterapii (Stuppliv rezim) méli dle
ocekavani delsi celkové pieziti ve srovndni se skupinou léCenou samotnym ozafovanim
(median celkového pieziti 16,0 vs. 7,5; HR = 0,5, p = 0,022; 2leté pieziti 22,3 % vs. 5,6 %).
Délka intervalu mezi operaci a zahajenim radioterapie neméla u pacientt s REP vliv
na celkové preziti. NaSim zavérem je, ze pfitomnost REP je nutno povazovat za novy

vyznamny negativni prognosticky faktor, ktery by mél byt soucasti stratifika¢nich faktora pti
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planovani prospektivnich klinickych studii. Problematika REP nas velmi zaujala
apovazujeme ji za potencialni oblast pro dalsi vyzkum (prognostické a prediktivni
biomarkery, moderni planovani radioterapie s pomoci fuize MR a PET obrazu). S timto

zamérem jsme piipravili akademickou studii a ziskali také grantovou podporu AZV CR.

5.4 Modernilécebné pristupy

5.4.1 Optune

Lécba pomoci pfistroje Optune je zaloZena na principu tzv. Tumor Treating Fields (TTF).
Spociva v pusobeni stiidavého elektrického proudu stiednich frekvenci (100-300 kHz)
a nizké intenzity (< 2 V/cm) na nadorové buiky. Proud je vysilan z elektrod nalepenych na
ktGzi hlavy a negativnim pisobenim na proces mitdzy snizuje replikaci nddorovych bunék
(146). Nejprve probéhly klinické studie u pacienti s rekurentnimi glioblastomy, kdy
srovnavacim ramenem byla klasicka chemoterapie dle volby zkousejiciho. Metoda Vv klinické
studii 3. faze neprokazala superioritu Vv délce preziti nad chemoterapii, nebyla ale zatizena
systémovou toxicitou. Median celkového pteziti byl v rameni s Optune 6,6 vs. 6,0 mésice
s chemoterapii (HR 0,86; p = 0,27), 1leté preziti 20 % vs. 20 % (147). Tento relativni Gispéch
pak vedl Kiniciaci klinického zkousSeni i u nové léCenych glioblastomid. Optune jako
dopliikkova metoda byla testovana soucasné s adjuvantnim temozolomidem vs. samotny
temozolomid (TMZ) po ukonéené konkomitantni chemoradioterapii v klinické studii 3. faze
EF-14 (dal$i snaha o intenzifikaci U¢inku samotné chemoterapie) (133). Randomizace
probihala az po probehlé chemoradioterapii a zdkladni podminkou bylo, aby na kontrolnim
MR vysetfeni pfed randomizaci nebyla zaznamendna progrese onemocnéni. Tato skutenost
je dnes kritizovana odbornou vefejnosti, protoze tak doslo k selekénimu bias tim, ze byli
pfedem vylouceni pacienti s agresivnéjSim onemocnénim. Navic studie byla ,,open-label*
avysledky mohly byt castecné ovlivnény placebo efektem. Autofi argumentuji, Ze
k selekénimu bias pied randomizaci doslo v obou ramenech, coz nebrani vyhodnoceni
ucinnosti nové metody a Ze zafazeni placebového ramene by bylo pro pacienty neetické.
Navic hodnoceni MR nalezii bylo provadéno centralné nezavislymi zaslepenymi radiology.
Do klinické studie EF-14 bylo randomizovano celkem 695 pacientil, 466 pacientti do ramene
s Optune + adjuvantni temozolomid, 229 pacienti mélo samotny adjuvantni temozolomid
(6-12 cykli). Median ¢asu bez progrese onemocnéni od randomizace byl s TTF + TMZ
6,7 mésice vs. 4,0 mesice se samotnou chemoterapii (HR 0,63; p < 0,001). Median celkového

preziti od randomizace byl 20,9 mésic v rameni s TTF a TMZ vs. 16,0 mésict se samotnym
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temozolomidem (HR 0,63; p < 0,001) a 5Sleté preziti bylo 13 % vs. 5 %. Pacienti z 1écby TTF
profitovali bez ohledu na v€k ¢i stav metylace MGMT. Rameno s TTF nemélo vice
vaznéjSich systémovych nezadoucich ucinkt, jen zde byly zaznamenany mirné kozni reakce
v misté nalepenych elektrod (133). Autoii vysledky studie hodnoti velmi pozitivné, protoze
od roku 2005 se jedna v podstaté o jediny novy postup, ktery prekonal klasicky Stuppiv
rezim. Optune je dnes v EU schvalena pro 1é¢bu nové diagnostikovanych a rekurentnich
glioblastomi. Tato metoda vSak neni vhodna pro vSechny pacienty. Za kontraindikaci je
povazovana infratentorialni lokalizace nadoru a pfitomnost kardiostimulatoru. Zakladni
podminkou je spolupracujici motivovany pacient v dobrém stavu (KI > 70 %), s vybornym
socialnim a rodinnym zazemim. Vzhledem k finan¢ni ndkladnosti a nutnosti individudlni
zadosti o uhradu ze zdravotniho pojisténi nelze dnes Optune povazovat za standardné
dostupnou lécebnou metodu. Vyvoj beézi dale, v ptipravé jsou nyni studie, jejichz cilem je

zhodnotit efekt ¢asné zahajené 1éEby s Optune (soucasné S chemoradioterapii).

5.4.2 Cilenalécba

Diky intenzivnimu vyzkumu v oblasti patogeneze gliom byla objevena celd fada
molekularnich a genetickych biomarkeri. Jejich diagnosticky a prognosticky vyznam byl
vyuzit pii posledni aktualizaci WHO klasifikace v roce 2016. Dalsi velmi rychly pokrok Ize
ocekavat s postupnym zavadénim genomovych sekvenacnich technik. Aktuélni klinicka praxe
je vSak zatim zcela odlisna. Standardni 1é¢ebné moznosti se za poslednich 15 let zasadné
nezménily. Nadé&je vkladané do cilené 1écby se v ptfipadé nové diagnostikovaného
I rekurentniho glioblastomu zatim nenaplnily. Byly zkouseny inhibitory receptori pro rustové
faktory — EGFR (gefitinib, erlotinib, lapatinib), PDGFR (imatinib, dasatinib), zkouSely se
blokovat nitrobunécné signalni drahy (inhibitor proteinkinazy C — enzastaurin, inhibitor
mMTOR - sirolimus, everolimus). Nezdarem u nového i rekurentniho glioblastomu nedavno
skoncil 1 nadéjny preparat ABT-414 (depatuximab mafodotin), coZ je konjugat monoklonalni
protilatky proti EGFR (v€etné EGFRVIII) s navazanym mikrotubulinovym inhibitorem
(148,149). Fale$né nadéje byly vkladany do blokady angiogeneze pomoci multikinazovych
inhibitord (sunitinib, sorafenib, vandetanib), inhibitord VEGFR (cediranib) a integrint
(cilengitid) (150,151). Nejvétsim zklamanim byl asi neuspéch bevacizumabu, protilatky proti
vaskularnimu endotelidlnimu rastovému faktoru. Ten byl v roce 2009 v USA schvalen FDA
(Food and Drug Administration) k 1é¢bé rekurentniho glioblastomu na zakladé piiznivych

radiologickych odpovédi a prodlouzeni PFS (progression free survival) ve studiich 2. faze.
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Bevacizumab byl podavan v monoterapii 1 Vv kombinaci s chemoterapii, nejcastéji
s irinotekanem (152-154). VV monoterapii se Sestimési¢ni PFS (PFS-6) pohyboval mezi 29-42
% a median OS (overall survival) od recidivy byl kolem 7-9 mésici. V kombinaci
s chemoterapii byly vysledky podobné (PFS-6 mezi 30-50 %, median OS mezi 8,7 a 9,8
meésict). V EU vsak dosud ke schvaleni indikace bevacizumabu u rekurentnich glioblastomu
nedoslo. Diivodem byl jeho netspéch ve velké randomizované klinické studii 3. faze EORTC
26101 srovnavajici u pacientl s prvni recidivou glioblastomu kombinaci bevacizumab
+ lomustin vs. lomustin. V rameni s bevacizumabem nedo$lo K vyznamnému prodlouzeni
celkového preziti (median OS u kombinace 9,1 vs. 8,6 mésice u lomustinu, HR 0,95;
p = 0,65). Podobné jako v jinych studiich s bevacizumabem bylo zaznamenano pouze
prodlouzeni medianu PFS (4,2 vs. 1,5 mésice, HR 0,49; p < 0,001) (155). Parametry PFS
a hodnoceni 1écebné odpovédi na MR navic mohou byt zkresleny mechanismem ucinku
bevacizumabu s pseudoodpovédi (snizeni cévni propustnosti pro kontrastni latku a zmenSeni
edému). Vzhledem k pozitivnimu vlivu bevacizumabu na kvalitu zivota (antiedematozni
efekt, zpomaleni celkové deteriorace) je bevacizumab v nékterych zemich EU u rekurentnich
glioblastomi uzivan, a to i bez registrace (off-label indikace). O poznani jasnéjsi je situace
kolem bevacizumabu u nové diagnostikovanych glioblastomd. V této indikaci probéhly dvé
velké randomizované klinické studie 3. faze AVAglio a RTOG 0825 srovnavajici Stupptv
rezim + bevacizumab/placebo. Ob¢ studie dopadly podobné s pozitivnim vlivem
na prodlouzeni PFS, ale bez ovlivnéni OS (130,131). Se stejnymi zavéry byla publikovana
také metaanalyza tii studii s 1 738 pacienty, opét bez ovlivnéni OS (HR 1,04; p = 0,71) (156).
Bevacizumab na zakladé téchto vysledkli neni indikovan pro 1é€bu nové diagnostikovaného
glioblastomu. Zda néktera podskupina mize z 1é¢by bevacizumabem profitovat, neni jasné.
Podle retrospektivni biomarkerové analyzy ze studie AVAglio by urcity benefit z lécby

bevacizumabem mohli mit pacienti s proneuralnim typem glioblastomu (25).

Pii¢in, pro¢ doslo k opakovanému neuspéchu vyse uvedenych studii s cilenou 1é¢bou, je
pravdépodobné vice. Jistou roli hraje intratumordlni a interpersondlni heterogenita
onemocnéni, volba Spatného terapeutického cile, nedostatecny prunik preparatu pres
neporuSenou cast hematoencefalické bariéry, aktivace paralelni onkogenni nitrobunécné
signalni drahy vedouci k rychlému vyvoji sekundarni rezistence, vyuziti star§ich ve formalinu
fixovanych nadorovych tkani misto Cerstvych tkani pfi testovani biomarkert a dalsi. Dnes
se pohled na strategii vyuziti cilené 1é¢by méni. Diky pokroku v diagnostice poroste tlak

na sekvenovani nadorového genomu s tkolem hleddni novych potencidlnich terapeutickych

54



cilt. Témi mohou byt u glioblastomu také onkogenni fazni geny (napt. NTRK, MET, FGFR)
(157-159). Selektivni inhibitory tyrozinkinazovych receptorit pak nabizeji moznost cilené
1é¢by nadoru asociovanych s témito fiznimi geny. Piikladem muze byt 1é¢ba entrektinibem
a larotrektinibem pii prikazu fize genli pro neurotrofni receptory s tyrozinkindzovou
aktivitou (NTRK — neurotrophic receptor kinase). Bohuzel podle studii se NTRK fuzni geny
u glioblastomu dospélych vyskytuji vzacné, a to pouze v 1-3 % ptipada (160). Aktualné se
odhaduje, Ze potencialné 1é¢bou ovlivnitelné fuzni geny lze diagnostikovat u cca 5-10 %
glioblastomi (157,161). Poznatky vsak rychle pfibyvaji jak v oblasti diagnostiky, tak i ve
vyvoji novych preparatl, takze je realnd nadéje, ze se toto cCislo v budoucnu zvysi.
Z modernich 1€ki, které by se mohly uplatnit v 1é€b¢ glioblastomu, je potieba zminit PARP
inhibitory (olaparib, veliparib), které blokadou DNA repara¢nich mechanismi mohou pomaoci
ptekonat rezistenci k temozolomidu. Problémem ale muze byt zvySena myelosuprese
pti kombinaci obou preparatti (13). U IDH mutovanych glioblastom by mohly v budoucnu
sehrat pozitivni roli IDH inhibitory (napf. vorasidenib, ivosidenib, olutasidenib), které¢ se nyni
intenzivné zkousi hlavné u low-grade IDH mutovanych glioma (74,162). Bohuzel znamé
a dobfe ovlivnitelné onkogenni mutace typu BRAF jsou u glioblastomu vzacné (cca 2 %)
(74). Dalsi oblasti védeckého zajmu je také metabolismus nadorovych bunék a moznosti jeho

ovlivnéni (napf. metabolismus cholesterolu) (13).

Hodné se diskutuje o pottebé zménit design klinickych studii. Vyvoj potencialniho léku
by mél byt zahajen jiz testovanim ve studii faze 0, v tzv. prechirurgické fazi. Podstatou téchto
studii by bylo podani preparatu pted operaci. PO operaci by probéhla analyza s méfenim
dosazené koncentrace zkoumané latky v nadorové tkani. Tim by se jiz vtéto fazi
vyselektovaly preparaty s dobrou prostupnosti pfes hematoencefalickou bariéru. Pacienti
s glioblastomy by se dale méli vice zatazovat do studii 1. faze. Bude pravdépodobné vyvijen
tlak na masivni testovani biomarker ve studiich, a to nejen pfed 1écbou, ale také Vv jejim
pribéhu a v dob¢ recidivy. Snahou bude Cast&ji vyuZzivat tekuté biopsie z krve, piipadné
Z mozkomiSniho moku. Kromé standardniho ramene ve studiich 2. faze by mély mit studie
i dalsi experimentalni ramena, ktera by se bud’to rozsifovala, nebo uzavirala dle priabéznych
a ucinné 1écbé. Planuje se také Castéjsi zafrazovani pacientl do tzv. basket studii (stejna 1écba

riznych diagnéz s identickou mutaci) (13).
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5.4.3 Imunoterapie

Moderni imunoterapie dnes ptedstavuje jednu ze zakladnich 1écebnych metod u fady nadori.
Velké nadéje se do ni vkladaji také v pripade glioblastomu. Podobné¢ jako u cilené 1é¢by, tak
I u imunoterapie glioblastomt bylo dosazeno Vv oblasti vyzkumu velkého pokroku. Vysledkem
je mnozstvi probéhlych a probihajicich klinickych studii s novymi preparaty, ve vétsiné
ptipadt s rekurentnim glioblastomem. Moznosti, jak vyuzit potencidlu imunitniho systému
v boji s nadorem, je cela fada. Lze pouzit metody pasivni imunoterapie s aplikaci protilatek
¢inddorové specifickych T-lymfocyti — autologné stimulovanych tumor infiltrujicich
lymfocytd (TIL) ¢i geneticky upravenych CAR-T-lymfocyti s chimérickym antigennim
receptorem cilenym proti specifickému nadorovému antigenu. Z metod aktivni imunoterapie,
jejimz cilem je stimulace protinddorové imunity a/nebo potlaceni inhibi¢nich mechanismil
vyvolanych nadorem, je nutné zminit cytokiny, protinadorové vakciny (peptidové, bunécné)
aVvneposledni tad¢, dnes u jinych diagnéz velmi uspésné, protilatky proti inhibi¢nim
receptorum na efektorovych cytotoxickych T-lymfocytech ¢i jejich ligandim. Intenzivni
vyzkum probiha také v oblasti viroterapie s vyuzitim geneticky modifikovanych virg.
Po infekci a smrti nadorové bunky dochazi k uvolnéni nadorové specifickych antigent ¢i jiné
latky (genovy vektor), které maji aktivovat lokalni a pfipadn€¢ i systémovou imunitni
odpovéd’. Bohuzel podobné jako u cilené 1é¢by, ani u riznych forem imunoterapie zadna

studie zatim prulom v 1é¢bé glioblastomu nezaznamenala.

Za posledni velmi nadéjnou protinadorovou vakcinu byl povazovan rindopepimut (CDX-
110). Jde o specifickou peptidovou vakcinu proti EGFRVIII, coz je trvale aktivni mutovana
forma EGFR receptoru s chybgjici ¢asti extracelularni domény, vyskytujici se u cca 30 %
glioblastomil. Pfitomnost EGFRVIII je spojena s agresivnéj$im nddorovym fenotypem a horsi
progndzou. Intradermalni aplikace vakciny spolu s GM-CSF (rtstovy faktor pro granulocyty
a makrofagy) méla vyvolat nadorové specifickou imunitni odpovéd’ (163). Bohuzel slibné
vysledky z ¢asnych studii 2. faze u rekurentnich (studie ReACT) a nové diagnostikovanych
glioblastomit (studie ACTIVATE, ACT 1II, ACT III) nebyly potvrzeny ve velké
randomizované studii 3. faze s noveé diagnostikovanymi EGFRVIII glioblastomy (studie ACT
IV). Randomizace probéhla po ukoncené chemoradioterapii, podminkou byla absence
progrese onemocnéni, rindopepimut s GM-CSF byl podavan s adjuvantnim temozolomidem.
Pacienti s vakcinou méli stejné preziti jako bez ni, se standardnim Stuppovym rezimem

(median OS 20,1 vs. 20,0 mésica, HR 1,01; p = 0,93) (164). I pies negativni zavéry této velké
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studie je na EGFRVIII stdle pohliZzeno jako na perspektivni cilovou strukturu a urcité¢ bude

v budoucnu ptedmétem dalsiho vyzkumu.

Dal8im potencialnim cilem pro vyrobu peptidovych vakcin miize byt aberantni forma enzymu
isocitratdehydrogenazy jako produktu mutace genu IDH1 (nejc¢astéji mutace R132H). Zde je
vyvoj teprve na pocatku a v piipad¢ uspéchu se bude u glioblastomi tykat jen velmi malé
¢asti pacient (IDH mutovanych), podobné jako u cilené 1é¢by s IDH inhibitory. V oblasti
protinadorovych vakcin bézi intenzivni vyzkum s dendritickymi buiikami. Ty mohou byt
piipraveny pulsaci autolognich dendritickych bunék s jasné¢ definovanymi syntetickymi
peptidy (antigeny) typickymi pro glioblastomy (MAGE-1, HER-2, AIM-2, TRP-2, gp100, IL-
13Ra2). Piikladem muze byt studie 2. faze ICT-107, kterd vSak neprokazala vyznamné
prodlouzeni celkového preziti ve srovnani s kontrolnim ramenem (165). Autologni
dendritické buriky mohou byt také kultivovany piimo s nadorovym lyzatem pacienta, pak jde
o ptipravu vysoce specifické bunééné nadorové vakciny (studie 3. faze DCVax-L). Metody je
nutno vzhledem K jejich naro¢nosti povazovat za vysoce experimentalni, navic zatim nebylo

prokazano zasadni prodlouzeni celkového pieziti 1éCenych pacientd (166).

Zlomovym okamzikem v oblasti imunoterapie bylo objeveni inhibi¢nich receptori
na buitkach imunitniho systému, ptfedev§im na cytotoxickych T-lymfocytech. Jedna se
0 jednu z cest, jak nador unikd imunitnimu dozoru. Blokadou téchto receptorti (napi. CTLA-
4, PD-1) nebo jejich ligandii pomoci monoklonalnich protilatek (tzv. checkpoint inhibitort)
dochazi k restituci nddorem inhibované imunitni kontroly. Zavedeni checkpoint inhibitort
(ipilimumab, nivolumab, pembrolizumab) do 1é€by pokrocilého melanomu V poslednich
10 letech zpuisobilo v podstaté revoluci v onkologii. Diky této moderni 1é¢bé bylo vyznamné
prodlouzeno celkové preziti a vyrazné se zvySil pocet dlouhodob& Zijicich pacient
s diseminovanym melanomem. V tfad¢ pripadt se mluvi i o vysoké pravdépodobnosti uplného
vyléceni. Tento uspéch doslova spustil lavinu klinickych studii snad u vSech onkologickych
diagndz, a to véetné glioblastomu. Bohuzel podobné tspéchy s checkpoint inhibitory se
u glioblastomu zatim nedostavily. Studie 3. fdze CheckMate 143 u rekurentnich glioblastomi
neprokdzala superioritu nivolumabu nad bevacizumabem. Median OS u nivolumabu
a bevacizumabu byl 9,8 a 10,0 mésicti (HR 1,04; p = 0,76), 12mésicni celkové preziti bylo
shodné v obou ramenech (42 %), objektivni odpovédi bylo dosazeno cCastéji u bevacizumabu
(23,1 % vs. 7,8 %) (167,168). Podobn¢, bez prodlouzeni celkového pieziti v rameni
s nivolumabem dopadla i velka randomizovana studie 3. faze (CheckMate 498) u nové

diagnostikovanych  glioblastomi bez metylace MGMT srovnavajici radioterapii

57



s nivolumabem vs. chemoradioterapii s temozolomidem (168). Aktualné se ¢eka na vysledky
celkového preziti ze studie 3. faze (CheckMate 548) u nové diagnostikovanych glioblastomu
s metylaci MGMT srovnavajici Stupplv rezim + nivolumab/placebo (169). Dle pfedbéznych

vysledkt nebylo dosazeno signifikantniho prodlouzeni PFS v rameni s nivolumabem.

Zklamani z dosavadnich vysledkti klinickych studii s imunoterapii vedla samoziejmé
k zamysleni nad moznymi pfi¢inami. Jednou zhlavnich pfi¢in bude skutecnost,
ze glioblastom patii mezi nadory s nizkou mutacni ndlozi a ze vyznamnou roli hraje také
nadorové mikroprosttedi. To je zodpovédné =za pfirozenou a ziskanou rezistenci
k imunoterapii. Prostfednictvim solubilnich mediatori (nap¥. TGF-B, interleukin 10,
prostaglandin E2, kynurenin), myeloidnich supresorovych bunék, T regulac¢nich lymfocytt,
makrofagl, mikroglii a dalSich faktorti dochazi k potlaceni aktivity a vyCerpani efektorovych
T-lymfocytii. Negativni roli hraji jist¢ i Casto antiedematéozn€ pouzivané kortikosteroidy.
Cilem dalSiho vyzkumu bude zménit, z pohledu imunitniho systému, ,,studeny* nador
na ,horky*“ a prekonat mechanismy rezistence. Checkpoint inhibitory bude pravdépodobné
nutné kombinovat s dal§imi léky, které pomohou potlacit imunosupresivni vliv nadorového
mikroprostiedi. Dalsi cestou bude vhodny vybér pacienta pro imunoterapii. Jednou
Z moznosti je aktivni vyhleddvani pacientli s nddory s vysokou mutacni nalozi, u kterych se
ptedpoklada také vyssi Cetnost neoantigent a pozitivni odpovéd’ na imunoterapii. K tomu nam
muze pomoci NGS testovani pii patrani po fidici mutaci. Vys$si muta¢ni naloz maji pfirozené
pacienti s poruchou MMR systému — repara¢nich mutatorovych gent (mismatch repair geny —
hMSH2, hMLH1, hMS1, hPMS2), u kterych nedochézi k dostate¢né postreplikacni kontrole
aopravé vzniklych mutaci. Hypermutaéni fenotyp muze byt zpiisoben také samotnou
onkologickou 1écbou. Bylo popsano, ze se objevuje az u 10 % pacientli v dobé rekurence
po probéhlé chemoradioterapii  (13,170,171). Samoziejmosti bude hledani dalSich
prediktivnich biomarkerti, podobné jako u ostatnich diagnoz. Dulezitd také bude potencialni

toxicita imunoterapie (obavané imunitné podminéné vedlejsi ucinky).

5.4.4 Vlastni prispévek k problematice

Lakomy R, Kazda T, Poprach A. Klinicky vvzkum a moderni lécba u gliomu. In: Lakomy R,

Kazda T, Slampa P a kol. Gliomy. Soucasnd diagnostika a 1é¢ba, 2. vyddani, Praha: Maxdorf.
2018, s. 199-207 (citace 172, priloha 14).
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V kapitole nasi knihy Gliomy ,,Klinicky vyzkum a moderni 1é¢ba u gliomu* jsme se
vénovali perspektivnim lécebnym modalitam. Cilem bylo shrnuti v dané dob¢ aktualnich
informaci k Optune, cilené 1é¢bé véetné BRAF inhibitorti a pak pfedev§im k imunoterapii,
do které se vkladaly a stale vkladaji velké nadéje. Nejvice prostoru bylo vénovano checkpoint

inhibitortim, se kterymi mame z oblasti moderni imunoterapie nejvetsi zkuSenosti.

6 Zavér

Primarni mozkové nadory u dospélych patii k méné c¢astym onkologickym onemocnénim.
Bohuzel 1 pfes relativné nizkou incidenci piedstavuji zdvazny zdravotni problém.
NejcastéjSim primarnim malignim nadorem je glioblastom, ktery je pro své biologické
chovani a lokalizaci povazovan za jeden z nejhiife 1é¢itelnych nadort vibec. I pies velké
pokroky v oblasti diagnostickych a terapeutickych metod zistavaji vysledky komplexni
onkologické 1é¢by neuspokojivé. Soucasny 1écebny standard glioblastomu se od roku 2005
zasadnéji nezménil. Je zaloZzen na multimodéalnim pfistupu kombinujicim maximalné mozny
a soucasné bezpecny chirurgicky vykon nasledovany pooperacni radioterapii a chemoterapii
s alkyla¢nim cytostatikem temozolomidem. Jedinym malym pokrokem je lécba pomoci
stiidavych elektrickych poli vysilanych z elektrod nalepenych na kiizi hlavy (Optune). Vétsi
dostupnost této metody je vSak omezena enormné vysokou cenou, motivaci pacientl
anekterymi diskutabilnimi otdazkami v probé&hlych klinickych studiich. Median celkového
preziti se pres vesSkeré usili prodlouzil za poslednich 15 let pouze o par mésicu, a to
pfedevsim diky medicinskému vyvoji napfi¢ vSemi obory. BohuzZel, na rozdil od ostatnich
diagnoz, se ndm zatim nepodafilo zaradit do standardnich 1é¢ebnych postupii cilenou terapii
a imunoterapii. Prob&hlé klinické studie s moderni 1é¢bou dosud neprokazaly vyssi Gi¢innost
nez klasicky Stuppiv rezim. Dle recentnich publikaci a vystoupeni pfednich neuroonkologii je
ziejmé, Ze dalsi posun v 1é¢bé glioblastomu se bude opirat piedev§im o intenzivni hledani
novych biomarkerti a potencidlnich terapeutickych cilii. K tomu bude stale Castéji vyuzivano
modernich technik genomového sekvenovani. Ziskané informace budou zasadni jak pro
stanoveni individudlni 1écebné strategie, tak pro zarazovani pacientl s glioblastomy do studii
casnych fazi s designem ,,basket a ,,umbrella triala“. Dal$i oblasti s velkym potencialem je
imunoterapie. V budoucnu se musime zaméfit na vybér vhodného pacienta pro tuto formu
1écby a snazit se novymi pfistupy ¢i kombinacemi preparatl potlacit pfirozené ¢i ziskané

mechanismy rezistence. I kdyz ve svétle probéhlych studii vypada glioblastom jako téméf
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neovlivnitelné onemocnéni, je jen otazkou cCasu, kdy dojde k zasadni zméné¢ podobné jako

u jinych diagnoz.
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AIM-2
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ALA
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AZV CR
BCNU
BRAF
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BTSG
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CBTRUS
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CD
CDK4
CDKN2A
CGH

apparent diffusion coefficient, aparentni difuzni koeficient

human interferon-inducible protein, lidsky interferonem indukovatelny protein
alpha serine/threonine-protein kinase, alfa serin/threonin proteinkinaza
aminolevulinic acid, aminolevulinova kyselina

alpha-thalassemia/mental retardation syndrome X linked

Agentura pro zdravotnicky vyzkum Ceské republiky

cytostatikum karmustin

B-Raf serine/threonine-specific protein kinase, B-Raf serin/threonin specificka
proteinkindza

best supportive care, nejlepsi podptirna 1é¢ba

Brain Tumour Study Group

chimeric antigen receptor, chiméricky antigenni receptor

Central Brain Tumor Registry of the United States, Centralni registr
mozkovych nddort USA

coiled-coil domain-containing protein 26, protein obsahujici doménu coiled-
coil

cluster of differentiation, bunéény membranovy antigen (diferenciacni skupina)
cyclin-dependent kinase 4, cyklin-dependentni kinaza 4

cyclin-dependent kinase inhibitor 2A, inhibitor cyklin-dependentni kinazy 2A

comparative genomic hybridization, srovnavaci genomicka hybridizace
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11C-MET
CNS
CNV
Cr

CT
CTLA-4
CTV
CLS
Ccos
DAXX
DNA
DWI
EANO
EGFR

EGFRuvIII

EORTC
EU

FDA
18F-FDG
18F-FET

18F-FDOPA

18F-FLT
FGFR
FISH
FLAIR

FUBP1
G
G-CIMP

Glx
GM-CSF

11C-methionin, radiofarmakum

centralni nervovy systém

copy number variation, variace poctu kopii

kreatinin

computed tomography, pocitacova tomografie

cytotoxic T lymphocyte antigen 4, cytotoxicky T lymfocytarni antigen 4
clinical target volume, klinicky cilovy objem

Ceska 1ékatska spolecnost

Ceska onkologicka spole¢nost

death-domain associated protein, protein asociovany s doménou smrti
deoxyribonucleic acid, deoxyribonukleova kyselina

diffusion weighted imaging, difuzné vaZzené zobrazeni

European Association of Neuro-Oncology

epidermal growth factor receptor, receptor pro epidermalni rustovy faktor
epidermal growth factor receptor variant Ill, varianta Il receptoru pro
epidermalni ristovy faktor

European Organisation for Research and Treatment of Cancer

European Union, Evropska unie

Food and Drug Administration, Utad pro kontrolu potravin a 1é&iv
18F-fluorodeoxyglukoza, radiofarmakum

18F-fluoroethyltyrosin, radiofarmakum

18F-fluorodihydroxyphenylalanin, radiofarmakum

18F-fluorothymidin, radiofarmakum

fibroblast growth factor receptor, receptor pro fibroblastovy rustovy faktor
fluorescence in situ hybridization, fluorescenc¢ni in situ hybridizace

fluid attenuated inversion recovery, zobrazeni s potlatenim signdlu volné
tekutiny a mozkomi$niho moku

far upstream element binding protein 1

grade, stupen diferenciace nadoru

glioma CpG island methylator phenotype, hypermetyla¢ni stav ostravka
cytozin-guanin nadorového genomu

glutamat-glutamin

granulocyte-macrophage colony-stimulating factor, rastovy faktor pro

granulocyty a makrofagy
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GMT Group
GTR

GTV

Gy

HER-2

2-HG
HGG
HIV
H3-K27M
HR
HRM
Cho
CHT
CHT/RT
IDH
IDHmt
IDHwt
IF

IGFR

IHC
IMRT

iIRANO

JAK/STAT

JEP
kHz
Kl
KPS
Lac
LGG

Glioma Meta-Analysis Trialists Group

gross total resection, totalni resekce

gross tumor volume, nadorovy cilovy objem

Gray

receptor tyrosine-protein kinase erbB-2, receptor 2 pro lidsky epidermalni
rustovy faktor

2-hydroxyglutarat

high grade glioma, vysokostupniovy gliom

human immunodeficiency virus, virus lidské imunitni nedostatecnosti

histone H3 K27M mutant, mutace K27M v genech pro histon 3

hazard ratio, pomér rizik

high resolution melting analysis, analyza kiivek tani s vysokym rozliSenim
cholin

chemoterapie

chemoradioterapie

isocitrate dehydrogenase, isocitratdehydrogenaza

IDH mutant, mutace genu pro IDH pfitomna

IDH wild-type, mutace genu pro IDH nepfitomna

impakt faktor

insulin-like growth factor receptor, receptor pro ristovy faktor podobny
inzulinu

immunohistochemistry, imunohistochemie

intensity modulated radiotherapy, radioterapie s modulovanou intenzitou
ozatovaného svazku

immunotherapy response assesment criteria in neuro-oncology, kritéria
hodnoceni imunoterapeutické odpovédi v neuronkologii

Janus kinase/signal transducers and activators of transcription, transduktor
signalizace prostfednictvim Janusovych kindz a aktivator transkripce

Jan Evangelista Purkyné

kilohertz

Karnofski index, Karnofského index

Karnofski performance status, Karnofského stav télesné vykonnosti

laktat

low grade glioma, nizkostupiiovy gliom
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LOH
MAGE-1
MAPK
MBq
MDM2
MET

MGMT

ml
miR
MLPA

MMR
MMSE
MR
MRNA
MRS
mTOR

NAA
NCIC
NF1
NGS
NOS
NTR
NTRK

(ON)
PARP
PCR
PCV
PD-1

lipidy

loss of heterozygosity, ztrata heterozygozity

melanoma-associated antigen 1, antigen 1 spojeny s melanomem
mitogen-activated protein Kinase, mitogenem aktivovana proteinkinaza
megaBecquerel

murine double minute 2, E3 ubikvitin protein ligaza

mesenchymal epithelial transition receptor tyrosine kinase, mezenchymalni
epitelova pirechodna receptorova tyrozinkinaza

O6-methylguanine DNA  methyltransferase,  O6-methylguanin  DNA
methyltransferaza

myoinositol

microRNA, mikroRNA (kratké fetézce nekodujici RNA)

multiplex ligation-dependent probe amplification, multiplexni ligace zavisla
amplifikace sondy, variace multiplexni polymerazové fetézové reakce
mismatch repair, oprava chybného parovani bazi DNA

mini-mental state examination, kratky test kognitivnich funkci

magneticka rezonance

messenger RNA

magnetickd rezonan¢ni spektroskopie

mammalian target of rapamycin, savéi cil rapamycinu, serin/threonin
proteinkinaza

N-acetylaspartat

National Cancer Institute of Canada

gen pro neurofibromin 1

next generation sequencing, sekvenovani nové generace

not otherwise specified, neni uvedeno jinak

near total resection, témét kompletni resekce

neurotrophic receptor kinase, neutrofinovy receptor s tyrozinkinazovou
aktivitou

overall survival, celkové preziti

poly (ADP-ribose) polymerase, poly (ADP-rib6za) polymeraza

polymerase chain reaction, polymerazova fet€zova reakce

kombinovany cytostaticky rezim (prokarbazin, lomustin, vinkristin)

programmed cell death 1 receptor, receptor 1 programované buné¢né smrti
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PDGFR
PET
PFS
PFS-6
PHLDB1
PI3K
PS
PTEN
PTV
PXA
RANO

RANO-MB

RAS
RB1
RECIST

RELA

RHEB
RNA
RPA

RR

RT
RTEL1
RTK
RTOG
SNO
STR
SUv
TACC
TCGA

platelet derived growth factor receptor, receptor pro destickovy rustovy faktor
pozitronova emisni tomografie

progression free survival, pieziti bez progrese onemocnéni

6mesicni preziti bez progrese onemocnéni

pleckstrin homology like domain family B member 1, protein
phosphatidylinositol 3-kinase, fosfatidylinositol 3-kinaza

performance status, stav télesné vykonnosti

phosphatase and tensin homolog, fosfatazovy a tenzinovy homolog

planning target volume, planovaci cilovy objem

pleomorphic xanthoastrocytoma, pleomorfni xantoastrocytom

response assesment criteria in neuro-oncology, kritéria hodnoceni 1é¢ebné
odpovédi v neuronkologii

response assessment criteria in neuro-oncology brain metastases, kritéria
hodnoceni 1é¢ebné odpoveédi v neuronkologii u mozkovych metastaz

Rous adenosarcoma, onkogen RAS

human retinoblastoma gene, gen pro lidsky retinoblastom

response evaluation criteria in solid tumours, kritéria hodnoceni 1é¢ebné
odpovédi u solidnich nadort

v-rel reticuloendotheliosis viral oncogene homolog A, v-rel retikuloendoteliéza
virovy onkogen homolog A

ras homolog enriched in brain, homolog RAS

ribonucleic acid, ribonukleova kyselina

recursive partitioning analysis, statisticka metoda pro analyzu s vice
proménnymi

response rate, pocet lé¢ebnych odpovédi

radioterapie

regulator of telomere elongation helicase 1, regulator prodluzovani telomer
receptor tyrosine kinase, receptor s tyrozinkinazovou aktivitou

Radiation Therapy Oncology Group

Society for Neuro-Oncology

subtotal resection, subtotalni resekce

standartized uptake value, semikvantitativni ukazatel utilizace radiofarmaka
transforming acidic coiled-coil gene, gen koédujici protein TACC

The Cancer Genome Atlas, atlas nadorového genomu
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TERT telomerase reverse transcriptase, reverzni transkriptaza telomerazy

TGF-B transforming growth factor beta, transformujici ristovy faktor beta

TIL tumor infiltrating lymphocytes, tumor infiltrujici lymfocyty

TKI tyrosine kinase inhibitor, inhibitor tyrozinkinazy

T™Z cytostatikum temozolomid

TNF-a tumor necrosis factor, faktor nadorové nekrozy alfa

TNM tumor, lymph nodes, metastasis; nador, uzliny, metastazy

TRP-2 tyrosinase-related protein-2, protein-2 souvisejici s tyrosinazou

TTF tumor treating fields, pole 1é¢ici nador

uz ultrazvukové vysetieni

Vicm volt na centimetr

VEGF vascular endothelial growth factor, vaskularni endotelialni ristovy faktor
VEGFR vascular endothelial growth factor receptor, receptor pro vaskularni

endotelidlni rastovy faktor

VMAT volumetric modulated arc therapy, volumetrické rota¢ni IMRT
WBRT whole brain radiotherapy, ozafovani celého mozku
WHO World Health Organization, Svétova zdravotnicka organizace
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Glioblastoma stem-like cells (GSCs) are critical for the aggressiveness and progression of glioblastoma
(GBM) and contribute to its resistance to adjuvant treatment. MicroRNAs (miRNAs) are small, non-
coding RNAs controlling gene expression at the post-transcriptional level, which are known to be
important regulators of the stem-like features. Moreover, miRNAs have been previously proved to be
promising diagnostic biomarkers in several cancers including GBM. Using global expression analysis of
miRNAs in 10 paired in-vitro as well as in-vivo characterized primary GSC and non-stem glioblastoma
cultures, we identified a miRNA signature associated with the stem-like phenotype in GBM. 51 most
deregulated miRNAs classified the cell cultures into GSC and non-stem cell clusters and identified
a subgroup of GSC cultures with more pronounced stem-cell characteristics. The importance of the
identified miRNA signature was further supported by demonstrating that a Risk Score based on the

. expression of seven miRNAs overexpressed in GSC predicted overall survival in GBM patients in the

: TCGA dataset independently of the IDH1 status. In summary, we identified miRNAs differentially

. expressed in GSCs and described their association with GBM patient survival. We propose that these

: miRNAs participate on GSC features and could represent helpful prognostic markers and potential

. therapeutic targets in GBM.

Glioblastoma multiforme (GBM) is the most frequently occurring primary brain tumor of astrocytic origin in
. adults. Despite complex therapy consisting of maximal surgical resection, adjuvant concomitant chemoradio-
. therapy with temozolomide followed by temozolomide in monotherapy, the prognosis remains dismal'. The short
: survival of GBM patients is caused by both the impossibility of achieving “biologically” radical surgical resec-
. tion and tumor resistance to adjuvant therapy. Glioblastoma stem-like cells (GSCs) are thought to be an impor-
© tant contributor to the poor response to the adjuvant therapy due to the higher expressions of the DNA repair
enzymes, antiapoptotic factors, and multidrug transporters>*. These rather slow proliferating cells are also capable
of self-renewal and multilineage differentiation, are highly invasive, modulate immune response and promote
angiogenesis. GSCs form gliomaspheres in serum-free media in vitro** and have strong tumorigenic potential
. in immunodeficient animals recapitulating the hallmarks of the original tumors®. GSCs express, although to a
. variable extent, specific stemness markers such as the transcription factor Sox-2, the cytoskeletal protein nestin,
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and/or the cell surface glycoprotein CD133”#, which are generally used for their identification. According to
some studies, the presence of GSCs as determined by functional assays as well as the expression of GSC markers
is associated with the prognosis in GBM patients®~'. Several studies have shown that microRNAs (miRNAs) are
important molecular players closely related to the biological features of GSCs. MiRNAs are highly conserved,
18-25 nucleotide long non-coding RNAs that function as post-transcriptional regulators of gene expression by
silencing their mRNA targets. It is estimated that miRNAs could regulate up to 60% of human genes including
genes associated with the maintenance of the stem-like phenotype, differentiation, and chemo- and radiore-
sistance'!*. Thus, miRNAs play significant roles in the functions of various types of healthy as well as cancer
stem-like cells including GSCs'**”. Indeed, changes in miRNA expression were observed during the transition
of GSCs to more differentiated phenotypes'® and e.g. the miR-302-367 cluster was shown to be able to abolish the
stem cell characteristics of GSCs". Our previous studies also demonstrated that miRNAs are able to predict the
survival in GBM patients?*?..

In this study, we identified a set of miRNAs that is closely associated with the stem-like phenotype of GBM
cells. We further corroborated the importance of the most differentially expressed miRNAs by showing their
potential to predict overall survival in GBM patients independently of the IDH1 mutation status. These miRNAs
may thus play an important role in the pathogenesis of brain tumors and represent potential therapeutic targets
affecting GSCs and overcoming the therapeutic resistance of GBM.

Results

Characterization of the paired glioblastoma cell cultures. We successfully derived paired primary
cell cultures from several GBMs (8 men and 2 women; median age 64 years - min 52, max 78 years), which were
propagated in both defined serum-free medium favoring the expansion of GSCs and in medium supplemented
with 10% FBS (non-stem cells). The cells cultured in serum-free medium initially formed gliomaspheres (Fig. 1A)
and were subsequently propagated on laminin or geltrex (Fig. 1B). The matched paired primary cell cultures
propagated in serum containing media grew adherently (Fig. 1C). The majority of the GSC cultures exhibited
CD133 expression as determined by flow cytometry (Fig. 1D) and could undergo differentiation into GFAP and
beta III tubulin expressing cells when transferred into serum containing media (Fig. 1E). All of the paired GBM
cell cultures were IDH1/2 wild-type, their characteristics are summarized in Supplementary Table S1.

Western blot (Fig. 1F) and qRT-PCR (P = 0.002; Wilcoxon paired test) (Fig. 1G) analyses revealed substan-
tially higher Sox-2 expression in the cells cultured in serum-free conditions in comparison to the cells derived
from the same patient sample propagated in serum containing medium. The expression of nestin, another stem
cell marker, correlated with Sox-2 expression (r =0.7955; P < 0.0001) and there was a trend for higher nestin
expression in the GBM primary cells derived in serum-free conditions (P =0.065; Wilcoxon paired test) (see
Supplementary Figure S1).

The large majority of the cultures propagated in serum-free as well as serum containing media were tumor-
igenic in immunodeficient mice (7/8 and 6/8 cultures, respectively). Nevertheless, the paired GBM cell cultures
formed xenograft tumors with distinct features. The tumors derived from the glioma primary cell cultures propa-
gated in serum containing media were characteristically well demarcated and GFAP negative (Fig. 2C,D). In con-
trast, the paired cultures derived in serum-free conditions typically produced GFAP positive tumors with single
cell infiltration into the surrounding brain tissue including the contralateral hemisphere, white matter tracts and
tropism towards the periventricular regions (Fig. 2A,B).

In summary, we verified that the cell cultures derived in serum-free conditions have typical characteristics of
glioma stem-like cells (GSCs).

MicroRNAs differentially expressed in the paired GSC and non-stem glioblastoma cell cul-
tures. To identify a set of miRNAs characteristic for glioma stem-like cells we performed a genome-wide
expression profiling of 2578 human miRNAs in the 10 paired GSC and non-stem GBM cell cultures derived
in serum-free and serum supplemented medium, respectively. LIMMA analysis for paired samples revealed
431 significantly deregulated miRNAs in the GSCs in comparison with the non-stem GBM cells (P < 0.05) (see
Supplementary Table S2). 51 miRNAs were deregulated at a significance level below 0.001 (25 miRNAs were
upregulated and 26 miRNAs were downregulated). Importantly, among the 51 most deregulated miRNAs expres-
sion of 23 miRNAs correlated with Sox-2 expression at a significance level lower than 0.001, and 14 miRNAs
correlated with both Sox-2 (P < 0.001) and nestin expression (P < 0.05) (Table 1). These data strongly suggest that
several of the identified miRNAs are closely linked to the stemness of the glioma cell lines cultured in serum-free
media.

Cluster analysis based on the 51 most differentially expressed miRNAs correctly classified all GSC and 80%
of the non-stem cell cultures (Fig. 3A). This analysis also revealed that the main cluster I containing all GSC
samples was divided into two subclusters. Subcluster IA was exclusively composed of GSC cultures and the pat-
tern of miRNA expression was more distinct from serum cultures contained in cluster II. All analyzed cultures
in subcluster IA were tumorigenic and exhibited pronounced multilineage differentiation. Subcluster IB, which
contained the remaining four serum-free derived GSC cultures, also included two serum derived non-stem
cell cultures; moreover, the serum-free derived cultures in this subcluster exhibited only little differentiation
when exposed to 10% serum and one of them did not form tumors in immunodeficient mice. Collectively, these
data suggest somewhat less pronounced stemness characteristics of GSC cultures in subcluster IB (Table 2,
Supplementary Table S1). Statistical analysis comparing only cell cultures from subcluster IA, which exhibited
more pronounced stemness characteristics, and cluster II samples containing the non-stem cell cultures revealed
nine miRNAs (miR-9-3p, miR-93-3p, miR-93-5p, miR-106b-5p, miR-124-3p, miR-153-3p, miR-301a-3p, miR-
345-5p, and miR-652-3p), which were all upregulated in GSCs at a significance level below 0.0001 (Fig. 3B).
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Figure 1. Characterization of the primary GBM cell cultures propagated in serum-free and serum containing
media. (A) Cells growing in serum-free medium as gliomaspheres, (B) cells growing in serum-free medium on
laminin, (C) adherent cell growing in serum containing medium, (D) detection of CD133 in two independent
serum-free medium cultures, (E) differentiation of serum-free medium cultured cells induced by 10% fetal calf
serum, (F) western blot analysis of Sox-2 and a-tubulin and (G) qRT-PCR of Sox-2 expression in GBM cells
propagated in serum-free (DMEM/F12) and serum containing (DMEM + FBS) media. The P value signifies the

statistical significance of the difference between the paired primary cell lines as assessed by the Wilcoxon paired
test.
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Figure 2. Characteristics of orthotopic xenotransplants derived from primary GBM cell cultures propagated

in serum-free (A,B) and serum containing (C,D) media. (A and C) Detection of human glioma cells by an
antibody against human nuclei (in green). (B and D) Detection of GFAP expression (in green). ToPro3 was used
for nuclear counterstaining (red).

miR-3195 —0.85 <10°° —0.60 0.006
miR-3141 —0.83 <10~° —0.47 0.036
miR-4656 —0.81 <107 —0.51 0.023
miR-100-5p —0.79 <10~* —0.39 NS
miR-4739 -0.77 <1073 —0.42 NS
miR-3180 —0.75 <1073 —0.55 0.013
Negative correlation miR-1260b —0.75 <1073 —0.46 0.043
miR-1233-5p —0.74 <1073 —0.49 0.029
miR-4674 —0.73 <107? —0.54 0.015
miR-328-5p -0.73 <10°? —0.48 0.032
miR-378h —0.72 <1073 —0.48 0.034
miR-4505 —0.71 <1073 —0.46 0.045
miR-5787 —0.71 <1073 —0.47 0.036
miR-1207-5p —0.70 <1073 —0.37 NS
miR-345-5p 0.82 <10°° 0.57 0.011
miR-1180-3p 0.78 <107* 0.45 0.048
miR-9-3p 0.76 <10°? 0.40 NS
miR-124-3p 0.75 <107 0.34 NS
Positive correlation miR-106b-3p 0.73 <1073 0.42 NS
miR-1301-3p 0.73 <1073 0.41 NS
miR-130b-3p 0.71 <1073 0.49 0.029
miR-93-3p 0.70 <1073 0.37 NS
miR-106b-5p 0.70 <1073 0.32 NS

Table 1. MiRNAs correlating with Sox-2 and nestin expression in paired primary GBM cell cultures.
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A B

cluster I subcluster 1B subcluster IA cluster Il subcluster IA

Figure 3. Hierarchical clustergram discriminating paired primary GSC (yellow) and non-stem glioblastoma
cell cultures (blue) propagated in serum-free and serum containing medium, respectively. (A) Based on 51
differentially (P < 0.001) expressed miRNAs, (B)Based on 9 miRNAs differentially (P < 0.0001) expressed

in GSC and non-stem cell cultures contained in subclusters IA and II, respectively. A gradient of green and
red colors is used in the heatmap (green color indicates lower expression whereas red color indicates higher
expression of individual miRNAs in analyzed samples).

2/3 (GSC)

1B 4 2 0/3 1/2 (non-stem cells)

11 0 8 n.d. 5/6

Table 2. Characteristics of the clusters identified based on the 51 most differentially expressed miRNAs.
*Number of cell cultures exhibiting pronounced differentiation in serum containing media/number of analyzed
cell cultures, **P < 0.05, Pearson’s chi-squared test compared to cluster IB, n.d. - not determined.

Expression of all these miRNAs positively and statistically significantly correlated with Sox2 expression suggest-
ing their close association with the stem cell-like phenotype of the GSCs.

MiRNAs differentially expressed in GSCs are associated with survival of GBM patients. To
further support the potential importance of these miRNAs in GBM, we analyzed their relation to overall sur-
vival (OS) using the TCGA dataset comprising 485 GBM patients for whom OS and miRNA expression profiles
were available. Seven out of nine of the miRNAs most differentially expressed between the GSC cluster IA and
non-stem cell cluster II (Fig. 3B, miR-9-3p, miR-93-5p, miR-106b-5p, miR-153-3p, miR-301a-3p, miR-345-5p,
and miR-652-3p) were represented in the TCGA dataset. First, we performed Z-score transformation on expres-
sion levels across all GBM samples for each of the aforementioned seven miRNAs; then, the seven-miRNA signa-
ture was used to calculate the Risk Score for each patient based on a linear combination of the miRNA expression
level weighted by the regression coefficient derived from the multivariate Cox regression analysis?** as follows:
risk score = 0.08270698 * hsa-miR-652 + 0.15074626 * hsa-miR-345 — 0.11310809 * hsa-miR-301 — 0.15450420
* hsa-miR-153 4 0.09238838 * hsa-miR-9* — 0.18565873 * hsa-miR-93 — 0.04894894 * hsa-miR-106b. This com-
posite miRNA Risk Score was a statistically significant prognostic factor in the univariate Cox regression analysis
(HR=2.718;95% CI (1.814—4.073), P < 1.26 * 10~°). Correspondingly, using the median value of the miRNA
Risk Score as the threshold, GBM patients could be divided into a high-risk and a low-risk group. Kaplan-Meier
analysis confirmed that OS of the high-risk patients was significantly lower in comparison with low-risk patients
(P<3.26*107%, log-rank test) (Fig. 4). We further tested the prognostic power of the seven-miRNA signature
with respect to the IDH1 mutation status in a subset comprising 296 GBM patients for whom exome somatic
mutation data were available. The univariate Cox regression analysis revealed that the seven-miRNA signature
predicted OS in these patients with higher statistical significance (P=1.064 * 10~% HR=2.718; 95% CI (1.642-
4.501)) in comparison with IDH1 status (P=3.3*10"% HR=0.3147; 95% CI (0.1393-0.7109)). These results
were underscored using the multivariate Cox regression analysis (P =6.53 * 10™% HR =2.442; 95% CI (1.461-
4.080) for the seven-miRNA signature and P=1.67%10"% HR = 0.367; 95% CI (0.162-0.834) for IDH1 status).
The whole model based on the seven-miRNA signature and IDH1 status predicted OS in GBM patients with a P
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P <3.26*10°

< median
= median

Percent survival

Overall survival (years)

Figure 4. Kaplan-Meier survival curves estimating OS in GBM patients from the TCGA data set according to
the 7-miRNA based Risk Score.

value 4.24 * 107 (see Supplementary Table S3). Importantly, the seven-miRNA signature was able to predict OS
in both IDH1 wild-type (n=280) and IDH1 mutated (n=16) GBM patients (P < 1.01 *10-*and P < 4.62* 1072,
respectively; log-rank test) (see Supplementary Figure S2).

Discussion

Glioblastoma multiforme (GBM), the most common malignant primary brain tumor arising from glial cells, is
associated with fatal prognosis caused not only by its localization in the central nervous system, but especially by
the high invasiveness and resistance to conventional therapies. This biological behavior is associated with the cel-
lular and molecular heterogeneity, which is characteristic for this disease**?*. Recent studies have suggested that
GBM is driven and maintained by a subpopulation of clonogenic cells called glioblastoma stem-like cells (GSCs),
which seem to play a crucial role in GBM biology*>?’. These cells also contribute to GBM chemoradioresistance
through the activation of DNA damage checkpoint responses and the increase in DNA repair capacity’®?. The
small non-coding microRNAs (miRNAs) playing an important role in the posttranscriptional regulation of gene
expression have been previously described in association with GBM initiation, progression, and resistance to
therapy as well as with the maintenance of glioma stem-like cells*.

In this study, we firstly successfully derived and characterized paired GBM cell cultures from several GBMs,
which were propagated either under defined serum-free conditions, or in serum containing medium. These dif-
fering cell culture conditions most likely lead to the isolation of distinct cell subpopulations from the original
tumor. Consistently with the literature, the paired cell lines displayed profound biological differences®!. Glioma
cells cultured in serum-free conditions frequently expressed CD133, although as described by others® the quan-
tity was variable in individual cell lines. The serum-free medium cultured cells also showed the potential to form
gliomaspheres and differentiate into GFAP and beta III tubulin positive cells. In comparison with the paired gli-
oma cultures derived in serum containing medium, the serum-free medium derived cells expressed significantly
more Sox-2, the stemness marker crucial for the tumorigenicity of GSCs*?, on both mRNA and protein levels.
As previously reported®, the serum-free cultured cells characteristically formed highly infiltrative tumors when
implanted into immunodeficient mice.

Having established that the cell lines cultured under serum-free conditions used in this study exhibit features
typical of GSC, the paired GSC and non-stem cell cultures were utilized to uncover the miRNA expression pattern
specific for GSC. Using global miRNA expression analysis, we revealed 51 most differentially expressed miRNAs.
These miRNAs were able to classify the cell cultures into non-stem cell cluster II and two GSC subclusters IA
and IB (Fig. 3A). Analysis of these two GSC subclusters showed that the first of them (IA) consisted of cultures
with more pronounced GSC features compared to the second subcluster (IB) containing among others also two
non-stem cell cultures. Subsequent analysis focusing on the miRNAs most differentially expressed between the
GSC cluster IA and the non-stem cell cluster II highlighted nine miRNAs (miR-9-3p, miR-93-3p, miR-93-5p,
miR-106b-5p, miR-124-3p, miR-153-3p, miR-301a-3p, miR-345-5p, and miR-652-3p) that were strongly upreg-
ulated in GSCs. Several of these miRNAs were previously described to be associated with the regulation of the
stemness maintenance as well as with the biological behavior of GBM and survival of patients. MiR-9-3p (referred
to as miR-9*) and its hairpin counterpart miR-9-5p (referred to as miR-9), which was also upregulated in GSCs
though with lower statistical significance (p < 3.3*107% log2 FC=2.1), seem to be specifically expressed in
the brain®**, are evolutionary conserved from insects to human and are involved in vertebrate neural develop-
ment*~. Their activities are probably carried out through the effect on the Notch signaling pathway, especially
by the targeting of Notch2 and the transcription factor Hesl, resulting in an enhanced differentiation and pro-
liferation of neural stem cells (NSCs)***. These data seem to be somewhat contradictory to our findings as we
observed higher expression of both miRNAs in GSCs. The explanation may lie in the mutual regulation of miR-
9/9* and Notch signaling. It was demonstrated that expression levels of miR-9/9* depend on the activation status
of Notch signaling. While Notch inhibits differentiation of NSCs, it also induces miR-9/9*%. Moreover, Hes1
expression oscillates with a period of 2-3 hours in NSCs and this oscillation is important not only for cell differen-
tiation but also for proliferation as sustained Hes1 expression inhibits both processes®. Thus, it can be assumed
that miR-9/9* expression levels vary in time to allow cell proliferation. It also seems that the control mechanisms
in GSCs are different from those in NSCs. In line with our findings, Schraivogel et al. reported that both miR-
NAs were highly abundant in CD133+ GSCs and their inhibition led to the reduced neurosphere formation and
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stimulated cell differentiation*!. Finally, the higher levels of miR-9/9* hairpin counterparts in GSCs could also
contribute to the increased resistance of these cells to the conventional therapy. Munoz et al. recently showed that
CD1334 GSCs expressed greater levels of miR-9 which led to the activation of the SHH/PTCH1/MDRI axis. This
axis has been shown to impart TMZ resistance. In the case of the CD133+- cells, the resistance is not acquired but
seems to be inherent*~.

Interestingly, miR-9 and miR-9* seem to be functionally linked with the miR-124, another most differentially
expressed miRNA identified in our study. Staahl et al. published that mitotic exit in neurogenesis is inter alia
partially driven by these three matured miRNAs*. Another study described the synergistic effect of miR-9 and
miR-124 on the strong suppression of the GTP-binding protein Rap2a and consequent promotion of neuronal
differentiation of NSCs and dendritic branching of differentiated neurons*. A very similar effect of the overex-
pression of miR-9/9* and miR-124 on the self-renewal and differentiation was observed by Roese-Koerner et al.
in neuroepithelial-like stem cells derived from human pluripotent stem cells*.

MiR-106b-5p, miR-93-5p as well as miR-93-3p are members of the same miRNA gene cluster miR-106b~25
and it is thus not surprising that these miRNAs were jointly upregulated. Interestingly, this cluster seems to
be linked to the biology of stem cells. Serum induced differentiation of GSCs was previously demonstrated to
decrease the expression levels of miRNAs which belong to this cluster'® and Brett et al. showed that the expression
of the entire miR-106b~25 cluster in adult mouse neuronal stem/progenitor cells increases their ability to gener-
ate new neurons®. In the CD44+ gastric cancer stem-like cells, the entire cluster was significantly upregulated
and inhibition of miR-106b led to a decreased self-renewal capacity and cell invasiveness through the suppression
of the TGF-3/Smad signaling pathway*°.

Only few studies suggesting a direct link between the other miRNAs identified in our study and stem cell
biology are available so far. Chang et al. described miR-345 to be enriched in mesenchymal stem cells found
in Wharton’s jelly matrix of human umbilical cord which were able to transdifferentiate into neuronal lineage
cells”’. The miR-301 family has been recently shown to be the direct target of the SFRS2 splicing factor, an OCT4
regulated gene required for the pluripotency in human pluripotent stem cells*®. Stappert et al. demonstrated that
miR-153 contributes to the shift of long-term self-renewing neuroepithelial-like stem cells from self-renewal to
neuronal differentiation®. Similarly, Tezcan ef al. also demonstrated that miR-153 overexpression reduced tum-
origenic capacity of GSCs by targeting the Nrf-2/GPx1/ROS pathway*’. In contrast with these data, we observed
higher expression of both miR-153 and the members of the miR-301 family (miR-301a-3p, miR-130b-3p, and
miR-130a-3p) in GSCs. Unfortunately, there are no studies which could help to explain these discrepancies.
However, it seems that the stem cell-like state is dependent on many interacting molecules in feedback loops
mutually balancing one another over time.

The Risk Score utilized in this study proved that the set of the identified miRNAs is associated with GBM prog-
nosis independently of IDH1 mutation status, further suggesting their involvement in the disease pathogenesis.
Higher tissue levels of miR-652, miR-345 and miR-9* positively contributed to increased values of the risk score
and thus worse prognosis; nevertheless, miR-301, miR-153, miR-93 and miR-106b which were also upregulated
in GSCs were in fact negative contributors. The explanation for these results is at present speculative but may
involve the following aspects. Firstly, the relation between GSCs and survival is somewhat unclear as various
studies failed to show a correlation between the GSC quantity assessed by CD133, nestin or CD15 staining and
survival®"*2, Further, Pallini et al. observed that the percentage of CD133-positive cells somewhat paradoxically
correlated with longer survival in recurrent glioblastoma, likely due to the higher presence of normal neural stem
cells with possible antitumor properties, which may also apply to some newly diagnosed tumors®. Another study
described that the CD133-low GBMs showed more invasive growth and gene expression profiles characteris-
tic of mesenchymal or proliferative subtypes, whereas the CD133-high GBMs showed features of cortical and
well-demarcated tumors and gene expressions typical of proneuronal subtypes. Moreover, in contrast to various
reports claiming that only CD133-positive GBM cells can initiate tumor formation in vivo, Joo et al. showed that
CD133-negative cells also possess tumor-initiating potential®. It should be further noted that CSCs are rather
quiescent and slow-cycling, and some of the identified miRNAs may be regulators of this dormant state®. Last
but not least, non-transformed stromal cells may contribute to the tissue levels of miRNAs and the function of the
particular miRNAs may be different in these cells compared to glioma cells.

Taken together, we identified a set of miRNAs that are differentially expressed in GSCs as compared to
non-stem glioblastoma cells, several of which correlated with the expression of the stem cell markers Sox-2 and
nestin. Our findings thus suggest that a complex set of miRNAs is involved in the regulation of the stem-like
characteristics in glioblastoma. Moreover, a set of the most differentially expressed miRNAs correlated with the
survival of GBM patients independently of the IDH1 status indicating that they might be prognostic markers and
possibly new therapeutic targets.

Material and Methods
GBM samples and primary cell cultures. The 10 paired primary GBM cell cultures were derived from
fresh tumor tissues samples obtained from GBM patients who underwent surgically resection at the Departments
of Neurosurgery of the Hospital Na Homolce in Prague, University Hospital Brno, and University Hospital
Ostrava. Study has been approved by the local Ethical Board at Hospital Na Homolce in Prague, University
Hospital Brno, and University Hospital Ostrava. Written informed consent was obtained from all patients
included in the study. All experiments were performed in accordance with relevant guidelines and regulations.
The fresh tissue sample was enzymatically dissociated with TrypLE (ThermoFisher Scientific) for 20 min at
37°C with agitation or using the Papain Dissociation System (Worthington) according to manufacturer’s instruc-
tions. Single cell suspensions were seeded into 25 cm? tissue culture flasks (Techno Plastic Products AG) and
cultured in either Dulbecco’s modified essential medium supplemented with 10% FBS, 1% Glutamax (both
ThermoFisher Scientific), 100 U/mL penicillin and 100 pg/mL streptomycin, sodium pyruvate and non-essential
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amino acids (all GE Healthcare), or in DMEM/F12 containing bFGF 20 ng/mL, EGF 20 ng/mL (both PeproTech),
B27-supplement 1:50 (ThermoFisher Scientific), 1% Glutamax, 100 U/mL penicillin and 100 pg/mL streptomy-
cin. After 1-3 weeks, adherent cells, which covered more than 2/3 of the culture flask in DMEM, were passaged
using Trypsin-EDTA solution (Sigma-Aldrich). After approximately the same time, tumor spheres formed in
DMEM/F12, and these were dissociated using Accutase (Sigma-Aldrich) and up and down pipetting and then
passaged. Cells that initially formed spheres were dissociated and transferred to laminin (Sigma-Aldrich) or
Geltrex (ThermoFisher Scientific) coated culture flasks and propagated as monolayer cultures®**’. For the subse-
quent analyses, early passage cultures were used.

gRT-PCR quantification. Complementary DNA (cDNA) was synthesized from 1000 ng small RNA
enriched total RNA using the High Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific) accord-
ing to the manufacturer’s protocol. qRT-PCR was performed using the LightCycler 480 Instrument II (Roche) in
accordance with the standard TagMan manufacturer’s protocol using TagMan Gene Expression Assays (GAPDH
#Hs03929097_g1, SOX2 #Hs01053049_s1, NES #Hs00707120_s1; ThermoFisher Scientific). The data were eval-
uated using the second derivative maximum method with the arithmetic baseline adjustment. All QRT-PCR
reactions were run in triplicate and average Cp and SD values were calculated. Relative expression levels were
determined by the 274 method, where ACp was calculated as follows: ACp = Cp (gene of interest) — Cp
(GAPDH).

Western blot analysis. Cell pellets were lysed with RIPA buffer (Sigma-Aldrich). Protein concentration was
measured using a DC Protein Assay (Bio-Rad), samples were diluted with RIPA buffer to attain the same con-
centration of total protein and boiled for 10 min with the Laemmli sample buffer. Proteins (15 pg per well) were
separated on 10% SDS-PAGE gels, and electrophoretically transferred to the polyvinylidene difluoride (PVDF)
membrane (Merck Millipore). The membranes were blocked with 5% nonfat milk in PBS with 0.1% Tween 20
(PBS-T), then incubated either with an anti-Sox2 rabbit mAb or anti-alpha/beta-tubulin rabbit mAb (No. 3579
and 2148, respectively; both Cell Signaling Technology) diluted 1:1000 in blocking solution at 4 °C overnight.
Subsequently, the membranes were incubated with anti-rabbit IgG antibody HRP conjugate (No. 7074, Cell
Signaling Technology) diluted 1:2500 (60 min/RT). Each step was followed by washes in PBS-T. ECL-Plus detec-
tion was performed according to the manufacturer’s instructions (Amersham).

Flow cytometry. Accutase (Sigma-Aldrich) was used to harvest adherent cells and dissociate gliomaspheres.
The cell suspension was fixed with 2% paraformaldehyde for 1 hour at 4 °C, permeabilized (Intracellular Staining
Permeabilization Wash Buffer, Biolegend) and stained using an anti-CD133 APC conjugated antibody (Miltenyi
Biotec).

Differentiation of stem-like cell cultures, immunocytochemistry. To induce differentiation,
13 x 10° cells per cm? were plated on geltrex coated coverslips and cultured in differentiation medium (DMEM/
F12, 10% FBS, 1% Glutamax, 100 pg/mL Streptomycin and 100 U/mL Penicillin G). The medium was exchanged
every 2-3 days for 10-14 days. The coverslips were subsequently fixed with 4% paraformaldehyde (10 minutes at
room temperature) and stained overnight at 4 °C using the antibodies against GFAP (GF-01, Exbio, 1:200) and
beta III tubulin (Exbio, 1:250).

Orthotopic xenotransplantation glioma model, immunohistochemistry. The experimental use
of animals was approved by The Commission for Animal Welfare of the First Faculty of Medicine of the Charles
University in Prague and The Ministry of Education, Youth and Sports of the Czech Republic according to the
animal protection laws. Generation of xenotrasplants was performed as described previously®. 5 x 10° cells in
5uL of serum free medium were injected into 6-10 week old male NOD.129S7(B6)-Ragltm1Mom/] mice (The
Jackson Laboratory) with a Hamilton syringe 1.2 mm anterior from the bregma and 2.5 mm lateral from the
midline to a depth of 3 mm using a stereotactic device (Stoelting Co.). Inmunohistochemistry was performed on
10 pm thick frozen sections using antibodies against human nuclei (Chemicon, 1:500) and GFAP (GF-01, Exbio,
1:200) as described™.

MiRNA microarray analysis. Small RNA enriched total RNA was isolated using the mirVana miRNA
Isolation Kit (ThermoFisher Scientific). Nucleic acid concentrations and purities were controlled by UV spec-
trophotometry using Nanodrop ND-1000 (Thermo Scientific). To assess miRNA expression in Sox-2 high- and
low-expressing GBM cells, the samples were analyzed with Affymetrix GeneChip miRNA 4.0 arrays (Affymetrix)
containing 5607 probe sets for human small RNAs. Out of these probe sets the 2578 probe sets of human mature
miRNAs were filtered. All steps of the procedure were performed according to the Affymetrix standardized
protocol for miRNA 4.0 arrays. Intensity values for each probe cell (.cel file) were calculated using Affymetrix
GeneChip Command Console (AGCC). Quality control of the microarray was performed with the Affymetrix
miRNA QC Tool, version 1.1.1.0.

Microarray expression data analysis. All data were pre-processed and further analyzed by the software
packages included in the R/Bioconductor®. Pre-processing was performed by the RMA method with default
parameters as implemented in the Bioconductor package oligo®'. All data were log2-transformed. To iden-
tify differentially expressed miRNAs, the LIMMA approach® for paired samples was applied with additional
Benjamini-Hochberg correction of P values. To determine the correlation between miRNA and Sox-2 or nestin
expression, the Spearman rank correlation coefficient was used.
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IDH1/2 mutation status analysis. DNA was extracted using QlAamp DNA Mini Kit (Qiagen,
Germany) according to manufacturer’s instructions. Fragments of 254 bp and 293 bp lengths spanning the
sequences encoding the catalytic domains of IDH1 including codon 132 and IDH2 including codon 172,
respectively were amplified using 12,5 pmol each of the primers: IDH1-F ACCAAATGGCACCATACGA,
IDH1-R TTCATACCTTGCTTAATGGGTGT, IDH2-F GCTGCAGTGGGACCACTATT, and IDH2-R
TGTGGCCTTGTACTGCAGAG (primer sequences according to Hartmann et al., 2009). PCR was performed
using standard buffer conditions, 50-250 ng of DNA input and Taqg DNA Polymerase (Invitrogen, USA). PCR con-
sisted of 35 cycles with denaturing at 95 °C for 30s, annealing at 56 °C for 1 min and extension at 72 °C for 1 min in
a total volume of 25 pl. Two microliters of the PCR amplification product were subjected to sequencing using the
BigDye Terminator v3.1 Sequencing Kit (Applied Biosystems, USA). Twenty-five cycles were performed employ-
ing 0,5l of 10 pM primer IDH1-F ACCAAATGGCACCATACGA or IDH2-R TGTGGCCTTGTACTGCAGAG,
with denaturing at 96 °C for 305, annealing at 50 °C for 15s and extension at 60 °C for 4 min in a total volume of
10pl. Sequences were determined using the sequencer (ABI 3500 Genetic Analyzer, Applied Biosystems) and the
Mutation surveyor V4.0.9 software (SoftGenetics, USA).

Survival analysis. The relationship between overall survival and expression levels of the selected miRNAs
was analyzed on The Cancer Genome Atlas (TCGA) data set (485 GBM patients)®. To assess the miRNAs that
were identified in this study for survival prediction, a Risk Score formula for predicting survival was developed
based on a linear combination of the miRNA expression level weighted by the regression coefficient derived from
the multivariate Cox regression analysis?>**. Patients with high Risk Score are expected to have poor survival. Cox
proportional hazards regression analysis was performed to assess the contribution of the miRNA signature to
survival prediction®. Patients were further stratified into a high-risk group and a low-risk group according to the
Risk Score (cutoff value median) and survival was analyzed using the Kaplan-Meier method. Subsequently, both
univariate and multivariate Cox regression analyses including seven-miRNA signature and IDHI1 status were per-
formed on the data subset comprising 296 GBM patients for whom exome somatic mutation data were available.
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ABSTRACT

The accurate identification of glioblastoma progression remains an unmet clinical need. The aim of this prospec-
tive single-institutional study is to determine and validate thresholds for the main metabolite concentrations ob-
tained by MR spectroscopy (MRS) and the values of the apparent diffusion coefficient (ADC) to enable
distinguishing tumor recurrence from pseudoprogression. Thirty-nine patients after the standard treatment of
a glioblastoma underwent advanced imaging by MRS and ADC at the time of suspected recurrence — median
time to progression was 6.7 months. The highest significant sensitivity and specificity to call the glioblastoma re-
currence was observed for the total choline (tCho) to total N-acetylaspartate (tNAA) concentration ratio with the
threshold >1.3 (sensitivity 100.0% and specificity 94.7%). The ADCmean value higher than 1313 x 10~° mm?/s
was associated with the pseudoprogression (sensitivity 98.3%, specificity 100.0%). The combination of MRS fo-
cused on the tCho/tNAA concentration ratio and the ADCmean value represents imaging methods applicable to
early non-invasive differentiation between a glioblastoma recurrence and a pseudoprogression. However, the in-
stitutional definition and validation of thresholds for differential diagnostics is needed for the elimination of
setup errors before implementation of these multimodal imaging techniques into clinical practice, as well as

into clinical trials.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The critical biological characteristic of a glioblastoma (GBM), the
most frequent and serious primary brain tumor in adults is an inevitable
progression after standard therapy with the median of 6.9 months
(Dusek et al., 2014; Stupp et al., 2005). Tumor recurrence develops in al-
most all patients despite the aggressive standard first line treatment,
which comprised of radiotherapy and temozolomide usage (RT and
TMZ) (Stupp et al., 2005). GBM recurrence, however, has often similar
radiologic characteristics on conventional MRI as therapy-related

* Corresponding author at: Department of Neurosurgery, St. Anne's University Hospital
Brno, Pekarska 53, 656 91 Brno, Czech Republic.
E-mail address: radim.jancalek@fnusa.cz (R. Jancalek).

http://dx.doi.org/10.1016/j.nicl.2016.02.016

changes, like a pseudoprogression (PsP). Thus, the early and accurate di-
agnosis of GBM relapse constitutes to be an important clinical need, es-
pecially when more and more potentially active drugs are currently
being investigated for salvage treatment.

In comparison with standard structural MRI techniques, advanced
imaging methods, such as diffusion-weighted imaging (DWI) with ap-
parent diffusion coefficient (ADC) mapping, and the proton MR spec-
troscopy (MRS), allow much deeper and still non-invasive insight into
the interpretation of brain lesions, resulting in greater specificity of di-
agnostic imaging (Ahmed et al., 2014; Bulik et al., 2015; Kao et al.,
2013; Roy et al,, 2013). In our previous report of the consecutive series
of 24 patients with GBM, we described significant differences in ADC
and MRS data between those with GBM relapse and PsP after standard
RT and TMZ treatment (Bulik et al., 2015). However, thresholds with

2213-1582/© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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higher statistical power and intra-institutional validation have been re-
quired before these methods can be implemented into our institutional
imaging protocols on a routine basis and used in the decision-making
process. In this report, we present our final results of this prospective
study with extended number of patients, as well as the results from an
independent retrospective intra-institutional validation.

2. Methods
2.1. Characteristics of patients

Patients suitable for this study included the ones with histologically
proven GBM after gross total resection, as stated by an early post-
surgery MRI examination, who underwent the standard adjuvant treat-
ment consisting of concurrent RT (dose 60 Gy) and TMZ followed by ad-
juvant TMZ alone (Stupp et al.,, 2009). The standard follow-up imaging
protocol at our institution is the classic structural MRI after 6 weeks
and every 3 months thereafter. Patients were eligible for study enroll-
ment when suspected radiographic progression on the structural MRI
was found based on the neuro-radiologist's discretion. After they signed
an informed consent, the patients underwent the investigational ad-
vanced MRI, namely MRS and DWI. The final evidence of the disease sta-
tus was realized by means of biopsy/resection or early repeated
structural MRI depending on the clinical situation, patient's perfor-
mance status, de facto his or her best interest. The advanced imaging
protocol was approved by the Institutional Review Board of the St.
Anne's University Hospital Brno. Patients previously described in our
initial analysis are also included in the current study cohort (Bulik
et al,, 2015). The validation cohort consisted of the independent series
of previous patients with GBM treated by surgery and adjuvant RT and
TMZ, who underwent MRS and DWI/ADC exams according to the
same protocol. Initially, the derived thresholds for pertinent MRS spec-
tra and ADCmean values were subsequently applied to predict a GBM
recurrence or treatment related changes, such as PsP and radionecrosis.

2.2. MR data acquisition

The advanced MRI examination was performed at 3.0T clinical MR
scanner (GE Medical Systems Discovery MR750), following the same
setup parameters as in our initial report (Bulik et al., 2015). MRS was fo-
cused on gadolinium-enhanced lesions suspected of recurrence by
means of the chemical shift imaging (CSI) technique in two orthogonal
planes respecting the long axis of the lesion and the proximity to struc-
tures increasing noise in MR spectra (point-resolved spectroscopy se-
quence — PRESS, TR/TE 1800/144 ms, 16-cm FOV, 15-mm slice
thickness, and voxel size 10 x 10 x 15 mm?). Automatic prescanning
was performed prior to each spectroscopic scan to ensure adequate
water suppression. The MR spectra of all measured voxels were auto-
matically post-processed for each patient by LCModel version 6.3
(Provencher, 2001). The output of MRS processing by LCModel were
the concentrations of N-acetylaspartate and N-acetylaspartylglutamate
(tNAA), choline-containing compounds (tCho), total creatine (tCr),
lipids at 0.9-1.3 ppm, and lactate (Lac). Afterwards, the ratios of the me-
tabolite concentrations (tCho/tNAA, tCho/tCr, tNAA/tCr, Lac + Lip1.3/
tCr, Lac + Lip0.9-1.3/tCr) were calculated and visualized by jSIPRO 1.0
beta version (Jiru et al., 2013). The signal-to-noise ratio for each MR
spectrum and an error map showing the error in a measured concentra-
tion for each metabolite were calculated by using the jSIPRO software.
The concept of error images in jSIPRO was developed to help rejection
of low quality spectra (Jiru et al., 2006). From the voxels covering
gadolinium-enhancing region, these with the signal-to-noise ratio > 3
and the error of measured metabolite concentrations <20% where se-
lected and arranged based on the value of the Cho/NAA ratio. The voxels
with the highest Cho/NAA ratio were selected for further analyses.

An axial echo planar SE sequence (TR/TE 6000/100 ms), 5-mm slice
thickness, and diffusion gradient encoding in three orthogonal

directions (b = 0 and 1000 mm?/s, and 240-mm FOV) were utilized
for DWI imaging. ADC maps were calculated using the OsiriX software
version 6.0.2 64-bit (Pixmeo SARL, Switzerland) with the ADC Map Cal-
culation plugin version 1.9 (Stanford University). The mean ADC value
(ADCmean) of the voxel corresponding to the measured MRS voxel
was calculated.

2.3. Data analysis

The optimal diagnostic cut-offs and the description of their sensitiv-
ity and specificity for the final diagnosis of recurrence were derived
from the receiver operating characteristic (ROC) analysis with the area
under the ROC curve (AUC) for distinguishing between the two diag-
nostic groups (GBM relapse and PsP). Fisher's exact test for categorical
data and Mann-Whitney U test for continuous variables were used to
estimate the significance of measured differences. Censoring the pa-
tients who were lost for the follow up, the overall survival was defined
as the time elapsed between the GBM diagnosis and death from any
cause. The time to progression was measured since the end of RT and
TMZ with suspected progression at structural MRI as the event of inter-
est. The probability value p < 0.05 was considered statistically significant
in all tests. All statistical evaluations were performed using the statisti-
cal software Statistica 12 (StatSoft, Inc.).

3. Results
3.1. Study patient characteristics

Between May 2013 and March 2015, the total of 39 patients (median
age 51, 72% men) with suspected GBM progression on the structural
MRI was prospectively included into this study. The basic characteristics
of patients are summarized in Table 1. The median time to suspected
progression and the median overall survival were 6.7 months (95% CI
2.9-9.6) and 14.5 months (95% CI 12.9-17.4), respectively. The final di-
agnosis was established by a biopsy in 26 patients (67%) and by follow-
up imaging in 13 patients (33%). The diagnosis of a GBM recurrence
yielded in 29 patients (75%) with the rest having PsP. No case of
radionecrosis was found in our cohort of patients.

Table 1

Basic characteristics of the study cohort: T = temporal, F = frontal, P = parietal, 0 =
occipital, F-P = frontoparietal, 3D-CRT = Three-Dimensional Conformal Radiotherapy,
IMRT = Intensity-Modulated Radiotherapy.

Basic characteristics Study cohort Validation p
n=239 n=16
Age at initial diagnosis (years)
Median 51 54 0.7
Range 29-66 35-64
Sex (n)
Men 28 (72%) 10 (63%) 0.5
GBM location (%)
T/F/P/O/F-P 38/29/19/5/9 34/31/14/7/14 0.7
Radiotherapy
Median dose (Gy) 60 60 0.9
Technique 3D-CRT/IMRT (%) 30/70 40/60 0.8
Cycles of adjuvant TMZ
Median 6 6 0.9
Range 1-12 4-10
Time to graphic progression (months)
Median (95% Cl) 6.7 (2.9-9.6) 6.1 (4.8-8.8) 0.8
Diagnosis validation
Biopsy/subsequent imaging (%) 67/33 75/25 0.6
Final diagnosis
Tumor recurrence 29 (75%) 12 (75%) 1
Pseudoprogression 10 (25%) 4 (25%)

Overall survival (months)

Median (95% CI) 145 (129-174) 14.0(13.1-152) 038
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Table 2
Calculated cut-offs for the diagnosis of a tumor recurrence with related sensitivity and specificity for the most important concentration ratios of the metabolites measured by MRS and for
ADCmean.
Metabolite AUC (95% CI) p Cut-off for recurrence Sensitivity Specificity
tCho/tNAA 0.993 (0.978; 1.000) <0.001 213 100.0 94.7
tCho/tCr 0.691 (0.539; 0.843) 0.013 >0.7 74.6 63.2
tNAA/tCr 0.949 (0.873; 1.000) <0.001 <0.7 96.6 94.7
Lac + Lip 1.3/tCr 0.714 (0.559; 0.868) 0.003 21.6 76.3 68.4
Lac + Lip 0.9-1.3/tCr 0.723 (0.568; 0.879) 0.004 22.0 78.0 68.4
ADCmean [10~° mm?/s] 0.998 (0.993; 1.000) <0.001 <1313 98.3 100.0

3.2. Advanced imaging characteristics

The values of metabolite concentration ratios are summarized in
Table 2, the percentage distribution of patients in Table 3, and typical
imaging findings are presented in Fig. 1. The mean and standard devia-
tion of the signal-to-noise ratios of MR spectra in the analyzed voxels
was 4.75 £ 0.80. The average number of voxels with acceptable spectra
quality per patient was 3.75 4 1.13 and varied based on the proximity
of the skull and a resection cavity as the most significant noise-
conducting factors.

A significant difference in the tCho/tNAA and tNAA/tCr ratios was
found between the GBM relapse and PsP. The GBM relapse was charac-
terized by the tCho/tNAA ratio > 1.3 with sensitivity of 100% and speci-
ficity of 94.7% (p < 0,001). All patients with GBM recurrence had the
value of tCho/tNAA above this cut-off; yet, there were still 5.3% (1/19)
lesion assigned as PsP reaching the same tCho/tNAA cut-off as GBM re-
currence. Another metabolite ratio with statistical significance was
tNAA/tCr characterized by the threshold <0.7 for calling the GBM recur-
rence with sensitivity of 96.6% and specificity of 94.7% (p < 0,001). There
were 93.2% (55/59) lesion considered as the GBM recurrence that had
the tNAA/tCr values below the cut-off, just as 5.3% (1/19) as PsP.

The calculated ADCmean values were significantly lower in the GBM
relapse group than in the PsP group (p < 0.001), with the cut-off of
1313 x 10~ % mm?/s (sensitivity 98.3% and specificity 100.0%). Ninety-
eight percent of patients with the GBM relapse had the ADCmean
<1313 x 10~ % mm?/s while all the patients with PsP had the ADCmean
>1313 x 10~ % mm?/s.

3.3. Characteristics of the patients in the validation cohort

The basic characteristics of the patients in the validation cohort are
summarized in Table 1 and are balanced with the study cohort. Their

Table 3
The percentage distribution of patients with the pseudoprogression and glioblastoma re-
currence as the function of calculated cut-offs.

Pseudoprogression  Recurrence p
(n=19) (n=159)
tCho/tNAA <13 18 (94.7%) 0 <0.001
213 1(5.3%) 59 (100.0%)
Median (min; max) 0.74 (0.33-1.77) 2.13(1.35-9.60)  <0.001
tCho/tCr <0.7 11 (57.9%) 15 (25.4%) 0.013
20.7 8 (42.1%) 44 (74.6%)
Median (min; max) 0.64 (0.28-1.37) 0.89 (0.44-2.83) 0.013
tNAA/tCr >0.7 18 (94.7%) 4 (6.8%) <0.001
<0.7 1(5.3%) 55 (93.2%)
Median (min; max) 0.99 (0.28-1.59) 0.41 (0.11-0.96) <0.001
Lac + Lip 1.3/tCr <1.6 12 (63.2%) 14 (23.7%) 0.004
21.6 7 (36.8%) 45 (76.3%)

Median (min; max) 1.13 (0.07-10.65)
Lac + Lip 0.9-1.3/tCr <2.0 13 (68.4%)
>2.0 6 (31.6%)

1.33 (0.08-12.35)

2,69 (0.40-15.63)  0.005
13 (22.0%) <0.001
46 (78.0%)

Median (min; max) 3.26 (0.54-17.42) 0.004

ADCmean >1313 19 (100.0%) 1(1.7%) <0.001
<1313 0 58 (98.3%)
Median (min; max) 1372 (1317-1476)  1155(756-1344)  <0.001

pertinent metabolite concentrations and ADCmean values are reported
in Table 4 together with the level of success in the prediction of diagno-
sis by each measured characteristic. The tCho/tNAA ratio assigned diag-
nosis correctly in 15/16 (94%) patients, the ADCmean value in 15/16
(94%) patients, the concentration ratio of tNAA/tCr in 13/16 (81%) pa-
tients, while tCho/tCr, Lac + Lip 1.3/tCr and Lac + Lip 0.9-1.3/tCr only
in 8/16 (50%) patients. These results confirm expected specificity for
the measured MR characteristics. The combination of tCho/tNAA and
ADCmean led to the highest accuracy while establishing the final
diagnosis.

4. Discussion

The accurate and timely identification of a tumor relapse is the most
essential prerequisite of an efficient salvage therapy emphasizing the
importance of precise assessment of the response to the initial treat-
ment. Well-known difficulties with distinguishing between a GBM re-
currence and treatment related changes caused by the administration
of concomitant RT and TMZ (pseudoprogression) or angiogenesis inhib-
itors (pseudoresponse) (Hygino da Cruz et al.,, 2011; Chakravarti et al.,
2006) are already expressed in the current RANO (Response Assess-
ment in Neuro-Oncology) criteria (Wen et al., 2010). Nevertheless, the
evolution of the response criteria that is a continuing process and imple-
mentation of advanced MRI methods is expected, most likely by MRS
and DWI because of their high availability. Especially for these advanced
MRI methods, the standardization of MRI protocols is needed in order to
be used optimally in the evaluation of results from multicentric studies.
The topicality of this need is expressed by the current consensual rec-
ommendations for the standard brain tumor imaging protocol in clinical
trials published in September 2015, which already include pre-contrast,
axial 2D, 3-directional DWI (Ellingson et al., 2015). Before similar rec-
ommendations for other advanced MRI modalities are established, cen-
ters utilizing these methods to resolve ambiguous findings in the classic
structural MRI should develop their own thresholds and cut-offs for a
valid image description.

The MRS seems to be a promising method that is complementary to
the widely used structural MRI and can be used to increase the diagnos-
tic accuracy of the brain tumor imaging protocol. The results of this
study proved very high sensitivity and specificity of the tCho/tNAA con-
centration ratio (100.0% and 94.7%, respectively) for a non-invasive dif-
ferentiation between a GBM recurrence and PsP. The underlying
pathophysiology of the MRS observations is well described especially
from the experience with glioma grading (Bulik et al., 2013). Choline
represents the marker of cell membrane integrity and turnover and is
associated with the presence of an increased tumor cell proliferation,
while NAA is the marker of the density and viability of neurons. Thus,
their mutual ratio forms the best approach when using the MRS for
brain tumor diagnostics. The result of the MRS, though, depends on
the type of the MR scanner, specific acquisition setup parameters, and
is very sensitive to the proximity of FOV to the surrounding structures
decreasing signal/noise ratio of the brain spectra (i.e. bone). As the spec-
trum quality is also highly influenced by the personal experience of a ra-
diologist, it is useful to establish an institutional protocol with the
adjustment of thresholds and cut-offs for the main metabolite concen-
trations measured by the MRS. Moreover, there is the significant
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Fig. 1. The pseudoprogression and glioblastoma recurrence findings on MRI. Representative MRI examples of the pseudoprogression (A-E) and glioblastoma relapse (F-]): (A) + (G) show
T1WI, (B) + (H) show T1WI with gadolinium, (C) + (I) show T2WI, (D) + (J) show the ADC maps with marked VOI and corresponding ADCmean values, and (E) + (F) show the proton
MR spectroscopy maps focused on tCho/tNAA concentration ratio with marked VOI, corresponding values and spectra. The MR spectra illustrate concentrations of the main metabolites
within the selected voxel. The color scale for the tCho/tNAA ratio corresponds to the color map shown for the MRSI grids overlaid on top of the MR images. The signal-to-noise ratio of the
presented MR spectra is 4.98 in pseudoprogression and 4.86 in glioblastoma recurrence as well as the error of tCho/tNAA concentration 7% and 4%, respectively.

heterogeneity of glial tumor tissue and many suspected recurrences are
localized in close proximity to the bone increasing noise in the acquired
MR spectra. Thus, it is useful to perform the MRS by means of a Spectro-
scopic Imaging technique in two orthogonal planes covering most of the
enhancing brain regions. We faced all the described difficulties in MRS
voxel analysis since the patients of our cohort underwent gross total re-
section (GTR). This patients' selection was needed, whether we wanted
to analyze the ability of MRS and ADC maps to distinguish strictly be-
tween the pseudoprogression and tumor recurrence with no bias by a
residual tumor. The probability to achieve GTR is higher in the case of
small and superficial tumors located in the proximity of the skull. In ad-
dition, the majority of gadolinium-enhancing lesions were heteroge-
neous, irregular in shape, and small due to a frequent follow-up that
further underline necessity to use the Spectroscopic Imaging technique
and strict voxel selection. Compare to our methodology, Single Voxel
MR spectroscopy is often used in published studies but it is highly influ-
enced by the partial volume effect where the obtained spectra are
distorted by surrounding tissue (Lee et al., 2013).

There are several studies focusing on MRS for the purpose of differ-
entiating glioma recurrence from treatment related changes. The cur-
rent meta-analysis by Zhang et al., involving 18 studies and 455
patients, showed only moderate sensitivity and specificity of the tCho/
tNAA ratio (88% and 86%, respectively) for differentiating a recurrent
glioma from radiation necrosis (Zhang et al., 2014). However, the late
treatment related changes of RT and TMZ have some similar histopath-
ologic features as a high-grade glioma relapse (e.g. the presence of ne-
crosis) that can lead to a decreased accuracy of MRS diagnostic and
can explain our superior results because we observed only patients
with PsP. Moreover, most studies reviewed by Zhang and colleagues
used Single Voxel MRS where average values from larger voxels are pro-
duced. The analysis of individual small voxels may also explain higher
sensitivity and specificity observed in the presented study. Neverthe-
less, as we can expect lower sensitivity and specificity of the MRS in
the general diagnostic protocol for differential diagnostic in neuro-
oncology, we agree with the recommendation of Zhang et al. to combine
MRS with other multimodal imaging methods. For example, that would
be definitely the case of the patient number 12 from our validation co-
hort where conflicting results of MRS and DWI were presented.

Fortunately, this patient was able to undergo biopsy validation
confirming the tumor recurrence. Otherwise, close follow-up with
early repeated imaging studies would be indicated.

Diffusion-weighted imaging describes changes in water diffusivity
mainly as the function of changes in cell density. The diffusion changes
can be quantified by the ADC. Generally speaking, decreased diffusivity
is the consequence of an enhanced tumor cell proliferation and is
reflected by the water diffusion restriction that lowers ADC values. In
the present study, the evaluation of mean ADC values led to the highest
sensitivity and specificity with the cut-off of 1313 x 10~ mm?/s in
distinguishing between a GBM recurrence and PsP that was proved in
our validation cohort of patients. For all patients with PsP from this
study cohort, the ADC mean value was >1313 x 10~ mm?/s. However,
evaluating the diagnostic quality of DWI in differentiating glioma recur-
rence from radiation necrosis, the current meta-analysis by Zhang et al.
from April 2015 pooled and weighted data from 284 patients, and
showed only moderate diagnostic performance in differentiating the
glioma recurrence with sensitivity of 82% (95% Cl: 75,87) and specificity
of 84% (95% CI: 76,91) (Zhang et al., 2015). In the present study, the
higher sensitivity and specificity observed can be explained by the
same way as in the case of the MRS mentioned above — treatment relat-
ed changes represented exclusively by PsP with no case of
radionecrosis.

The lack of radionecrosis in our cohort can be explained by a time
factor. The aim of our study was to describe early MRI changes after on-
cology treatment; however, radionecrosis is more often related to the
late effect of radiotherapy. Regardless of low radionecrosis incidence
in selected group of patients after RT and TMZ (9.3% of patients),
Ruben with co-authors described that mean interval from the comple-
tion of radiotherapy to the diagnosis of radionecrosis was 11.6 months
in the cohort of 426 patients treated for glioma (Ruben et al., 2006).
The lack of radionecrosis may be also related to the gross total extent
of resections and generally less aggressive strategy in delivery of radio-
therapy (normalization to 95% of prescribed dose, strict limitations of
Dmax, less generous target definition strategy with reference to RTOG
rather than to EORTC approach).

This study has also some inherent limitations. The fact that a biopsy
for proving the final diagnosis (recurrence vs. treatment related
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Table 4

The validation of the calculated metabolite concentration ratios and ADCmean cut-offs for the GBM recurrence by the respective cohort of patients. The gray color indicates discrepancy
between the predicted value and the real measured value. R — recurrence, PsP — pseudoprogression.

Validation cohort

n=16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Final diagnosis

R [ PsP R R R R PsP R R R R R R R R PsP | PsP | PsP
tCho/tNAA

Utonff> 13 15 | 20 | 24 | 27 | 11| 27 | 51 |33 | 36 | 18 5.1 12 | 20 | 05 | 1.0 | 10
tCho/tCr

cUtonff> 0.7 06 | 07 | 06 | 06 | 04 | 05 | 03 |05 | 07 | 08 08 | 04 | 04 | 05 | 05 | 06
ENAA/tCr 04 | 03 | 02 | 02 | 04 | 02| 01 |02 ] 02 | 04 02 | 04 | 02 | 11 | 06 | 06
cut-off < 0.7

Lac +Lip 1.3/tCr

cut—off > 1.0 05 | 1.1 3 06 | 22 | 08 1 |07 | 17 | 14 | 28 | 09 | 1.7 | 04 | 05 | 04
Lac+Lip 0.9-1.3/tCr 06 | 13 | 47 | 09 | 38 2 17 |11 | 22 | 18 | 34 | 16 | 21 | 07 | 08 | 07
cut-off > 2.0

ADCmean 1248 | 1157 | 928 | 1189 | 1387 | 1287 | 1038 | 917 | 838 | 1348 | 937 | 1197 | 1298 | 1503 | 1425 | 1398
cut-off £1313

changes) was missing in 33% of patients, as their best interest was Funding/Acknowledgments

reflected, may prevent the deeper explanation of the observed metabo-
lite concentrations or the ADC data. It may be assumed that some pa-
tients develop the overlapping imaging features of both PsP and early
GBM recurrence at the same time, which lowers the tCho/tNAA ratio
and increases the ADCmean value due to the predominance of initial
PsP changes. On the other hand, patients with PsP are more often
those with a favorable prognosis and the concurrent presence of PsP
and early GBM progression is not a case of all patients with PsP. More-
over, the use of biopsy samples may also be difficult to interpret because
of the above mentioned tissue mixture, as well as the post radiotherapy
changes. It means that the single target stereotactic needle biopsy of the
lesion suspected of a tumor recurrence may be inaccurate (Hygino da
Cruz et al., 2011). Patients who are not able to undergo tumor resection
or at least biopsy validation may most benefit from the non-invasive na-
ture of advanced MRI methods and, in clinical practice, they may be can-
didates for further imaging studies including MR perfusion or positron
emission tomography examination. With this consideration, we can
agree with the recommendation of Zhang et al. to combine DWI imaging
results with other multimodal imaging methods (Zhang et al., 2014,
2015). Thus, combination of ADC values and metabolite concentrations
measured by MRS could produce a single prediction with a significant
clinical impact; however, other studies with more patients included
are needed for valid recommendations.

5. Conclusion

In conclusion, there is the increasing evidence for routine utilization
of advanced MRI methods such as DWI and MRS in brain tumor imaging
protocols. This study has proved that the combination of ADCmean
values <1313 x 10~ mm2/s and the tCho/tNAA concentration ratio
>1.3 have the high validity for a non-invasive differentiation between
a GBM recurrence and pseudoprogression. However, institutional defi-
nition and validation of the thresholds of the advanced MR methods is
needed in order to implement the multimodal imaging into routine
clinical practice, as well as clinical trials.
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Vyuziti ""C-methioninu pro PET/CT vysSetireni pacientu
s tumory mozku — soubor 16 pacientu

Assessment of ""C-methionine for PET/CT examination of patients
with a brain tumor — group of 16 patients
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ABSTRAKT:

Uvod: FDG PET/CT vySetfeni mozku neposkytuje u pacien-
td s tumory mozku optimalni vysledky pro vysokou akumula-
ci FDG obvykle méfenou v mozku. Tyto suboptimalni vysled-
ky vedou k hledani a testovani jinych radiofarmak pro lepsi
zobrazeni tumord mozku.

Cil: Ovéreni moznosti vyuziti '"C-methioninu pro PET/CT vy-
Setfeni pacientd s tumory mozku.

Metoda: Do klinické studie faze | bylo zafazeno celkem 18 pa-
cientl s tumory mozku, z toho hodnoceno bylo 16 pacient(,
12 s glioblastomem, 2 s astrocytomem, po jednom pacientu
s oligodendrogliomem a metastazou testikularnino tumoru.
Vsichni pacienti podstoupili po aplikaci "C-methioninu PET
snimani v odstupu 5, 20 a 35 minut ke stanoveni akumulace
methioninu v tumoru. V ramci studie probéhlo i zhodnoceni
bezpecnosti aplikovaného pfipravku.

Vysledky: U vSech hodnocenych pacientl byla zobrazena
zvySena akumulace methioninu v tumoru s hodnotami 2,5x
vy$Simi nez v normalni mozkové tkani méfenymi pomoci
maximalni hodnoty “standardized uptake value” (SUVmax).
Zaveér: Methionin je vhodnym radiofarmakem pro stanoveni
rozsahu postizeni u pacientt s high-grade gliomy nebo reku-
rentnimi ¢i progredujicimi gliomy s nizkym stupném gradin-
gu, u kterych Ize predpokladat transformaci do high-grade
gliomu .

Klicova slova: PET/CT, "C-methionin, tumory CNS
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ABSTRACT:

Introduction: FDG PET imaging of the brain is not ideal in
patients with a brain tumor due to a high physiological accu-
mulation of FDG in the brain tissue. These suboptimal results
stimulated seeking for different radiopharmaceuticals for bet-
ter imaging of brain tumors.

Goal: To verify a possiblity of the use of "C-methionine for
evaluation of patients with brain tumors.

Method: 18 patients with brain tumors were included to
the phase | clinical trial; 16 of them were evaluated, 12 had
a glioblastoma, 2 an astrocytoma, 1 an oligodendroglioma
and 1 a testicular tumor metastasis. PET acquisition of all
patients was performed after injection of ""C-methionine at
5, 20 and 35 minutes post injection, respectively, to assess
the accumulation in the tumors. Safety evaluation of injected
tracer was a part of this study.

Results: Increased accumulation of ""C-methionine in the tu-
mor was detected in all evaluated patients; it reached 2.5fold
higher values comparing to a normal brain tissue measured
by a maximal value of standardized uptake value (SUVmax).
Conclusion: ""C-methionine is a useful radiopharmaceutical
for the assessment of the brain tumor extent in patients with
a high-grade gliomas or recurrent or progressive gliomas
with a low grade in which a transformation to the high-grade
gliomas can be considered.

Key words: PET/CT, ""C-methionine, brain tumors
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Incidence primarnich tumor( centralniho nervového sys-
tému (CNS) je v Ceské republice 7,8-8,5 pfipadd na 100 000
obyvatel a rok. ' Dle histologické klasifikace jsou nejcasté;si-
mi malignimi primarnimi tumory CNS gliomy se 40 az 50 %.?

2-deoxy-2-[18F]fluoro-D-glukéza ('®F-FDG, FDG) je nej-
Castéji uzivanym radiofarmakem v PET/CT diagnostice. V pfi-
padé vysetfeni CNS ale neposkytuje u pacientd s vétSinou
typu primarnich a sekundarnich mozkovych tumort opti-
malni vysledky. Jednim z divodu téchto suboptimalnich vy-
sledkl je vysoké metabolické pozadi aktivity FDG méfené
v mozku, zvlasté v Sedé hmoté. 2 Distribuce akumulace FDG
je zavisla na lokalni perfuzi mozkové tkané a po prestupu
pfes bunécnou membranu i na intenzité aerobni glykolyzy.
FDG je po intracelularni fosforylaci zachycena uvnitf bunék
a je proto nespecificky marker glykolytického metabolismu,
nikoliv bunécéné proliferace. Na rozdil od normalnich diferen-
covanych bunék je energetickym zdrojem pro vétSinu nado-
rovych bunék aerobni glykolyza, jde o tzv. Warburguv efekt.
Intenzita glykolyzy pak muze korelovat s agresivitou tumo-
ru. % Variabilni intenzita akumulace FDG muze byt pfitom-
na u vSech typl gliomu jak ve smyslu vzrustu, tak poklesu
jeji akumulace oproti nepostizené mozkové tkani. Variabilita
byva zvlasté vyznamna u gliomd nizkého gradu (LGG), ze
sekundarnich tumort CNS napfiklad také u karcinomu ledvin
a jeho metastaz, testikularnich tumord, ale i mozkovych me-
tastaz jinych malignit. Dasledkem variability akumulace FDG
je snizena senzitivita a méné vyznamné i specificita detekce
mozkovych metastaz pomoci FDG PET ve srovnani s MR/CT
hlavy — napfiklad u malobunééného karcinomu plic (senziti-
vita 46 % oproti 100 % pro MR, specificita 97 % oproti 100 %
pro MR)®, nebo v jiné studii udavana senzitivita 45 % a spe-
cificita 80 % pro mozkové metastazy non-CNS tumorl bez
rozliSeni typu tumoru.” K vzristu akumulace FDG oproti Se-
dé hmoté dochazi zvlasté u dediferencovanych tumor(
a tumorl vysokého gradu — anaplastické oligodendrogliomy,
astrocytomy nebo glioblastoma multiforme. Ze sekundarnich
tumoru pak nejc¢astéji u lymfoma nebo melanomu.

K prekonani limitd FDG PET/CT zobrazeni a pro pfida-
ni informace o proliferaéni aktivité nebo jinych metabolickych
cestach je mozné vyuzit riznych radiofarmak. & *®F-fluorothy-
midin (FLT), analog thymidinu inkorporovaného do DNA pfi jeji
replikaci, slouzi k hodnoceni proliferacni aktivity a bunééného
déleni. ® "®F-fluorocholin (FCh) je stavebnim kamenem fosfo-
lipidovych buné&nych membran a mize slouzit k hodnoceni
lipidového metabolismu, v omezené mife i bunécné prolife-
race. [18F]-O-(2-fluoroethyl)-L-tyrosine (FET) '*!", "®F-fluoro-
dihydroxyfenylalanin (FDOPA) a L[methyl-[11C]-methionin
(methionin, MET) 2 jsou analogy aminokyselin a jejich akumu-
lace odpovida intenzité proteosyntézy. VétSinu mozkove tka-
né tvori buriky nepodstupujici déleni, jejich Uroven proteosyn-
tézy je nizsi nez v proliferujicich bunkach tumor(. Disledkem
je pak nizka akumulace radioizotopem znaéenych aminoky-
selin v normalni mozkové tkani (pozadi) oproti jejich zvySené
akumulaci v tumoru.Cilem nasi studie bylo ovéfit jednak moz-
nost provedeni vlastniho vySetfeni s MET, a jednak zhodnotit
diagnosticky vystup PET/CT vySetfeni s MET.

NukiMed 2018; 7(4)

© | SN [ [

METODA

Soubor pacientt

Soubor pacientl byl generovan v ramci nerandomizova-
né klinické studie |. faze, ktera probihala v MOU v obdobi
mezi fijnem 2012 a bfeznem 2014. VSichni pacienti pode-
psali informovany souhlas se zafazenim do klinické studie
a byli do souboru zafazeni ve shodé s protokolem klinické
studie. Zafazeno bylo celkem 18 pacientd, z toho u 16 byly
vysledky pIné hodnotitelné ve vztahu ke stanovenym cilum.
V pfipadé 1 subjektu nebylo z technickych divodua radiofar-
makum vubec aplikovano a vysetfeni neprobéhlo. U dal$iho
1 pacienta nebylo mozné vyhodnotit parametry akumulace
radiofarmaka, nebot nadorové onemocnéni, v daném pfipa-
dé renalni karcinom metastazujici do mozku, radiofarmakum
nevychytavalo. Primarnim cilem bylo prokazat akumulaci po-
daného ""C-methioninu v aktivit¢ 500 MBq v nadorové tkani
pfitomné v mozku, sekundarni cile byly: 1. hodnoceni bez-
pecnosti aplikovaného pfipravku a 2. pouziti radiofarmaka
v aktivité 350 MBq a srovnani s vyssi aktivitou. Zakladnim
vstupnim kritériem byl histologicky potvrzeny primarni moz-
kovy nador nebo extrakranialné lokalizovany primarni nador
sekundarné postihujici CNS a postizeni mozku nadorovym
procesem potvrzené MRI vySetfenim provedenym bé&hem
28 dnu pred studiovym PET/CT. Z hlediska sledovani bez-
pecnosti pfipravku bylo u vSech subjektt provedeno kom-
plexni vstupni fyzikalni a laboratorni vySetfeni, véetné mére-
ni zakladnich fyziologickych funkci. Toto bylo opakovano za
24 hod. po vySetifeni, méfeni krevniho tlaku, pulsu a teploty
i za 15 min. po vysetfeni.

Z 16 hodnocenych pacientt v souboru bylo 5 Zen (31 %)
a 11 muzd (69 %), vék pacientl byl primérné 53,4 roku (od-
chylka +14,0 roku, median 51,3 roku, rozpéti 37 az 80 roku).
Histologicky bylo 12 pacientd s glioblastomem G4 (nalez
u 3 z nich byl podrobnéji histologicky hodnocen jako glioblas-
tom s rysy gliosarkomu), 2 pacienti méli astrocytom G2, 1 pa-
cient byl s oligodendrogliomem G2 a jeden pacient s mozko-
vou metastazou smiSeného testikularniho tumoru (90 % em-
bryonalni karcinom, 5 % choriokarcinom, 5 % yolk sac tumor).

Z 15 pacientll s primarnim mozkovym tumorem bylo
u 2 pacientt (13 %) PET/CT vySetfeni provedeno v ramci
primarniho stagingu pfi rozhodovani o rozsahu lécby, 13 pa-
cientll (87 %) bylo vySetfeno pro recidivu jiz Ié¢eného nado-
ru. Z téchto 13 predlécenych pacientt byli 4 pacienti (31 %)
po subtotalni resekci tumoru, 1 pacient (7 %) po parcialni
resekci tumoru, 8 pacientt (62 %) bylo po provedené totalni
resekci tumoru. VSichni nasledné podstoupili minimalné je-
den cyklus konkomitantni chemo-radioterapie. U vSech byl
dle kontrolni magnetické rezonance patrny relaps onemoc-
néni nebo progrese polécebného residua, z ¢ehoz vyplynula
indikace pro provedeni MET PET vySetfeni.

Radiofarmakum

Pro vySetfeni bylo pouzito radiofarmakum L-[methyl-
-11C]-methionin pfipravené na objednavku vzdy pro konkrét-
niho pacienta na pracoviéti UJV ReZ, a. s. — PET Centrum
Brno v komeréné dostupnych modulech GE TRACERIab
FXC.
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Priprava radiofarmaka byla cilena pro aktivitu 500 MBq
u prvnich 12 pacientu, u poslednich 4 pacientl pak byla zvo-
lena cilena aktivita 350 MBq. Vzhledem k praktickym moz-
nostem pfipravy radiofarmaka bylo u pacientd s cilenymi
500 MBq skute¢né aplikovano 545,1 MBq + 37,4 MBq, me-
dian 556 MBq a u pacientl s cilenymi 350 MBq pak skute¢na
aktivita 389 MBq 15,5 MBq, median 386 MBq MET. P¥i pfe-
pocteni na hmotnost pacientl byla aplikovana aktivita pru-
mérné 6,67 MBq/kg pro prvnich 12 pacientl s vysSi apliko-
vanou aktivitou a 5,2 MBq/kg pro zbyvajici 4 pacienty s nizsi
aplikovanou aktivitou. V celém souboru je to pak primérné
6,3 MBqg/kg + 1,45 MBqg/kg, median 6,28 MBq/kg.

Pristroj a akvizice

K akvizici dat byla pouzita kamera Siemens Biograph 64
(Siemens, Némecko), vyhodnoceni pak probihalo na vyhod-
nocovacich konzolich Siemens se softwarem Siemens Syn-
go MultiModality WorkPlace (Siemens) s fuzi obrazovych dat
PET a low-dose CT. Pro vSechny pacienty bylo také \Y
nemocni¢nim obrazovém archivu dostupné MR vySetfeni
mozku ne starsi 1 mésice, se kterym byla provedena fuze.

Pét minut po i. v. aplikaci radiofarmaka bylo zahaje-
no 12 minut trvajici PET/CT snimani mozku, které bylo
shodné zopakovano od 20. a 35. minuty po aplikaci. PET
snimky mozku byly rekonstruovany iterativni metodou s 6
iteracemi, 21 subsety, image size 168, FWHM 4,0 mm. Sni-
mani PET predchazela akvizice low-dose CT k anatomické
orientaci a korekci atenuace v rozsahu shodném s rozsa-
hem PET snimku s nasledujicimi parametry snimani: 120 kV,
100 mAs, pitch 0,8, CARE Dose 4D vypnuta, rotation time
1 s, slice 5 mm. Rekonstrukce fezli probéhla standardni fil-
trovanou zpétnou projekci.

Hodnoceni

Hodnocena byla intenzita akumulace MET v patologic-
kém lozisku pomoci SUVmax (maximalni hodnoty “standar-
dized uptake value” pro vybranou oblast zajmu), pomér in-
tenzity akumulace MET v patologickém lozisku (T — tumour)
vzhledem k pozadi (B — background). Za pozadi byla vzdy vy-

brana nepostizena oblast kontralateralné k tumoru ve shod-
né topografické oblasti. V pfipadé, Ze i kontralateralni oblast
byla povazovana za patologickou, byla jako pozadi zvolena
jina dle MR nepostizena oblast mozku. Dale byla sledovana
zména intenzity akumulace MET pfi snimani mozku v 5., 20.
a 35. minuté po aplikaci, méfeno pomoci SUVmax.

VYSLEDKY

VySetfeni pomoci MET probéhlo u vSech pacientl bez
komplikaci, nebyly zaznamenany Zadné nezadouci ucinky
ani reakce po podani radiofarmaka.

U vSech pacientd s primarnim mozkovym tumorem bylo
patrné zvySeni akumulace MET v patologickém lozZisku urce-
ném dle magnetické rezonance. Vysledky jednoho ze 2 pa-
cientl s metastatickym mozkovym tumorem, jehoz tkan ne-
vykazovala zvySenou akumulaci MET, nebyly pro dal$i hod-
noceni uvazovany. Mimo jiné také proto, Ze nebylo mozné
pfesné stanovit adekvatni oblast méfeni SUVmax. Hodnoty
sledovanych parametrt jsou vyjadreny v tabulce €. 1. Aku-
mulace methioninu i pomér akumulace v patologickém lo-
zisku vzhledem k pozadi normaini (,zdravé“) mozkové tkané
nebyl v jednotlivych ¢asech snimani odliSny v pfipadé zhod-
noceni celého souboru.

Pfi rozdéleni souboru do skupiny s glioblastomem
a s ostatnimi diagndézami jsou hodnoty uvedeny v tabulce
¢. 2.

Nebyl zaznamenan vyznamny rozdil v méfenych hod-
notach SUVmax mezi pacienty s aplikovanymi 500 MBq
a 350 MBq MET, ale pro statistické zpracovani nebylo do
souboru zafazeno dostatek pacientu.

DISKUZE

Methionin zna€eny uhlikem-11 je markerem syntézy
proteini a jako takovy je mozno jej vyuzit k zobrazeni pa-
tologickych procest v mozku, kde ma v porovnani s glu-
kézou (FDG) niz§i metabolické pozadi. Pro tuto indikaci je
pouzivan jiz od 80. let minulého stoleti. > VyraznéjSimu

Akumulace
v patologickém lozisku

SUVmax

Akumulace v normalni

mozkové tkani Pomér T/B

SUVmax

v 5. minuté

prim. 5,50 + 1,55
median 5,83

prim. 2,08 + 0,56
median 2,01

prim. 2,62 + 0,56
median 2,49

ve 20. minuté

priim. 5,06 £ 1,9

median 5,51

prim. 1,99 + 0,49

median 1,91

prim. 2,52 £+ 0,73
median 2,42

ve 35. minuté

prim. 4,91 + 1,74
median 5,44

pram. 1,99 + 0,54
median 2,01

pram. 2,46 + 0,61
median 2,32

Tab. 1 Intenzita akumulace MET v patologickém lozisku hodnocena pomoci SUVmax a pomér (T/B) akumulace v patologickém loZisku

(T — tumour) vzhledem k normalni mozkoveé tkani (B — background) — cely soubor.
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Aku_mu]ace . Akumulace v nqrn_IéIni
v patologickém lozisku mozkové tkani Pomér T/B
SUVmax SUVmax
glioblastom : | glioblastom : | glioblastom : i
. ostatni . ostatni . ostatni
G4 : G4 : G4 :
v 5. minuté 5,33+1,69 6,01 + 0,88 2,03+04 2,25+0,34 2,58 + 0,52 2,75+ 0,66
ve 20. minuté 4,76 £ 2,08 5,98 + 0,66 1,96 + 0,54 2,09 +0,22 2,41 + 0,81 2,86 +£0,17
ve 35. minuté 462+1,86 : 571+1,01 1,91+£0,59 : 221+025 | 241+070 : 257+0,16

Tab. 2 Intenzita akumulace MET v patologickém loZisku hodnocena pomoci SUVmax a pomér akumulace v patologickém loZisku vzhledem
k normalni mozkové tkani (background) — rozdéleno dle diagnézy na skupinu s glioblastomem G4 a ostatni histologické typy.

rozsifeni ale brani relativné kratky polo€as rozpadu 20 mi-
nut pro uhlik-11 oproti 110 minutam pro fluor-18. Doprava
radiofarmaka pfipraveného k aplikaci je mozna k pacientovi
v PET centru dostupném maximalné v fadu nékolika malo
desitek minut od cyklotronu, nejlépe vSak v ramci jedné
budovy.

Vyhodou '"C-methioninu je moZznost pfipravy radiofar-
maka dle potfeby pfimo pro jednotlivého pacienta dle poza-
davku indikujiciho Iékare (a technickych a technologickych
moznosti dodavatele). V takovém pfipadé by bylo mozno
reagovat pfimo na potfeby oSetfujiciho Iékafe v upfesné-
ni nalezu u pacientll bez nutnosti odkladani 1&¢by z dlvo-

Obr. 1 Pacient s astrocytomem G2 vlevo. V MET PET obrazu patrny presah patologické akumulace pres stfedni ¢aru a vétsi

rozsah neZ v MR obrazu.

Obr. 2 Pacient s glioblastoma multiforme temporalniho laloku vievo, po resekci tumoru. Lokalni recidiva s vysokou akumulaci

""C-methioninu.
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du dlouhé objednaci doby — z pohledu nuklearni mediciny
a objednacich dob na "®F-FDG a zvlasté '®F-FLT vysSetreni
by mohlo vySetfeni ""C-methioninem byt provadéno takika
Lakutné“. "®F-FLT tuto moznost nema; vzhledem k moznos-
tem dodavatelt, ekonomickym podminkam a relativné ome-
zenym indikacim jsou objednaci doby pro toto vySetfeni spi-
Se ve veétsiné pracovist v fadu tydnt az meésicu.

Akumulace MET v nadorovych burikach v mozku zavisi
na jeho koncentraci v krvi, na intracelularnim metabolismu
aminokyselin a nepfimo i na stavu hematoencefalické barié-
ry. Tim nepfimo odpovida proliferaéni aktivité tumoru a maze
poslouzit k neinvazivnimu stanoveni gradingu tumoru a také
potvrzeni transformace LGG do agresivnéjsi formy. ' Po-
ruSeni hematoencefalické bariéry neni nutnosti pro zvyseni
akumulace MET v tumoru, jeji poSkozeni ale muze akumu-
laci MET ovlivnit zvySenym prisakem do extracelularniho
prostoru. '

P¥i vizualnim hodnoceni obrazd byla patrna v pfipadé po-
uziti methioninu lehce nizsi ostrost snimkd. '” Tato lehka ne-
ostrost muze byt na vrub fyzikalnim vliastnostem radioizotopu
"C a pii jeho rozpadu vzniklém pozitronu. Pozitron vznikly
rozpadem fluoru-18 ma takovou energii, Ze v mékkych tkanich
doleti 50 % pozitrond do vzdalenosti 0,19 mm a 10 % pozi-
tront az 0,91 mm nez dojde k anihilaci s elektronem a vzni-
ku gama zareni. AZ toto sekundarné vzniklé gama zareni je
nasledné detekovano kamerou. V pfipadé pouziti uhliku-11 je
energie vzniklého pozitronu vysSi a s tim souvisi i delSi dolet
v mékkych tkanich. 50 % pozitron doleti do vzdalenosti az
0,28 mm a 10 % az 1,7 mm. Z tohoto srovnani je zfejmé, ze
zhruba o 50 % delSi dolet pozitronu bude mit vliv na ostrost
a prostorové rozliseni obrazu. Toto ovlivnéni prostorového
rozliSeni obrazu je tim vyraznégjsi, ¢im lepsi je prostorové roz-
liSeni kamery dané jeji konstrukci a technickymi parametry.
Jelikoz pozitronova emisni tomografie principialné nezobra-
zuje vznik pozitronu (a tedy pfesnou lokalitu znaceného ra-
diofarmaka v bunkach/tkanich/organismech), ale az anihilaci
takto vzniklého pozitronu s elektronem a nasledny vznik foton(
gama, je tato vlastnost fyzikalné neovlivnitelna a je atributem
nikoliv pouzitého radiofarmaka ("'C-methionin na jedné strané
a "8F-FDG, "8F-FLT, 8F-FDOPA, "®F-FET na strané druhé), ale
atributem pouzitého radioizotopu (zda je tracer oznacen uhli-
kem ["'C] nebo fluorem ['®F]). Toto ovlivnéni obrazové ostrosti
ale nijak nesnizuje moznost hodnoceni MET PET obrazu, coz
potvrzuje i nase zkusenost.

Dle literatury je v MET PET obrazu rozsah tumord s niz-
kym '8 i vysokym '° gradingem obvykle vétsi nez v T1 vaze-
nych obrazech magnetické rezonance a pfesnéji odpovida
skuteénému rozsahu tumoru. Je proto také vhodnym doplni-
kem MRI v planovani radioterapie, ktery pfinasi dodate¢nou
informaci v rdmci multiparametrického vysetieni. 22" V na-
Sem souboru pacientl nebyl vztah mezi rozsahem tumoru
v MET PET obrazu a v MRI obrazu sledovan.

U v8ech pacientt byla v patologickém loZisku patrna zvy-
Send akumulace MET s hodnotami SUVmax okolo 5-5,5.
Tyto hodnoty jsou niz§i nez absolutni hodnoty SUVmax
obvyklé v pfipadé PET vySetfeni mozku s FDG, ale také
je vyrazné niz8i akumulace MET v normalni nepatologické
mozkové tkani. Méfené hodnoty akumulace MET v nepato-
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logické mozkové tkani (,pozadi“) byly s SUVmax okolo 2,0.
Vysledkem je relativné vysoky pomér akumulace MET v tu-
moru vzhledem k pozadi — obrazovy kontrast s hodnotami
2,5x vy$simi pro tumor.

Vzhledem k malému poctu pacientd s LGG v nasem sou-
boru neni mozné statistické zhodnoceni rozdilu kontrastu
v LGG a glioblastomu (to ostatné ani nebylo cilem nasi stu-
die). 2 Nebyl ale patrny vyznamny rozdil v kontrastu mezi
snimky z 5., 20. a 35. minuty. Chybéni statisticky vyznam-
ného rozdilu v akumulaci MET gliomy s rozdilnym gradem je
uvadéno i v literature. 2> Hodnocena oblast tumoru ale nebyla
rozdélena na podoblasti, je tedy mozné se zamyslet na vy-
voji akumulace MET v jednotlivych oblastech tumoru a jejich
vztahu k MRI obrazu.

Maly pocet pacientli v souboru také neumoznuje statis-
tické zhodnoceni rozdilu obrazi mezi pacienty s aplikovanou
aktivitou 350 MBq a 500 MBg MET. Dle nasnimanych obraz{
4 pacientl s nizsi aplikovanou aktivitou ale neni patrné vy-
znamné zhorS$eni hodnotitelnosti. Je tedy mozné zvazit pou-
ziti nizsi aktivity pro snizeni radiacni zatéze pacientl. V lite-
ratufe je uvedeno jak pouziti radiofarmaka s vys$si aktivitou %,
tak s aktivitou niz$i2° nez nami zvolené hodnoty.

ZAVER

"C-Methionin je vhodnym radiofarmakem pro hodnoceni
rozsahu tumoru mozku pfed zvazovanou IéCbou i pfi kontrole
jejiho efektu. Tak jak naSe studie potvrzuje, jeho vyuziti je
pfinosné jak u glioml s nizkym, tak vysokym gradem. Limi-
tem je dostupnost pouze na pracovisté s cyklotronem. Volba
mnozstvi radiofarmaka pfi dolni hranici literarné uvadéného
rozmezi neni na vrub zhor$eni obrazové kvality a hodnotitel-
nosti provedeného vysetreni.

Podporeno: MZ CR — RVO (MOU, 00209805)
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MicroRNA-181 family predicts response to concomitant chemoradiotherapy
with temozolomide in glioblastoma patients
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MicroRNAs are endogenously expressed regulatory noncoding RNAs. Previous studies showed altered expression levels of
several microRNAs in glioblastomas. In this study, we examined the expression levels of selected microRNAs in 22 primary
glioblastomas and six specimens of adult brain tissue by real-time PCR method. In addition, we examined methylation status
of MGMT promoter by methylation-specific real-time PCR, as this has been shown to be a predictive marker in glioblasto-
mas. MGMT methylation status was not correlated with response to concomitant chemoradiotherapy with temozolomide
(RT/TMZ). MiR-221 (p=0,016), miR-222 (p=0,038), miR-181b (p=0,036), miR-181c (p=0,043) and miR-128a (p=0,001) were
significantly down-regulated in glioblastomas. The most significant change was observed for up-regulation in miR-21 expres-
sion in glioblastomas (p<0,001). MiR-181b and miR-181c were significantly down-regulated in patients who responded to
RT/TMZ (p=0,016; p=0,047, respectively) in comparison to patients with progredient disease. Our data indicate for the first
time that expression levels of miR-181b and miR-181c could serve as a predictive marker of response to RT/TMZ therapy

in glioblastoma patients.

Key words: microRNA; MGMT methylation; glioblastoma; chemoradiotherapy; temozolomide;

Glioblastomas are the most common form of primary
malignant tumors in the central nervous system of adults,
accounting for 50-60% of primary brain tumors [1]. Despite
a cytoreductive surgery and intense combined chemoradio-
therapy, glioblastomas are the most lethal tumors with dismal
prognosis. A marked and significant benefit of a 2-year overall
survival (27% versus 11%) has been achieved in patients treated
with a concomitant chemoradiotherapy with temozolomide
(RT/TMZ) [2]. Because of an extremely short median sur-
vival time of glioblastoma patients and a diversity in therapy
response, it is extremely important to find new biomarkers
that can be used in prediction of clinical outcome in patients
treated with RT/TMZ .

One of a number of novel approaches to molecular char-
acterization of tumors is based on the expression profiling of

* Both authors contributed equally to this work.

microRNAs (miRNAs) which are short (18-25 nucleotides in
length), noncoding RNA molecules that regulate gene expression
post-transcriptionally. Bioinformatic tools predict that miRNAs
are able to regulate approximately one-third of mammalian
genes, including a significant number of oncogenes, tumor
suppressor genes and genes associated with the invasion, dis-
semination and chemoresistance of tumors [3]. MiRNAs have
been studied in association with a broad spectrum of oncological
diseases [4]. Further, significant differences have been noticed in
miRNA expression profiles of glioblastomas and normal brain
tissues. Among others, miR-125b, miR-128a and miR-181a-c
were found to be extremely down-regulated and miR-221/222
and miR-21 highly up-regulated in glioblastomas [5]. Following
the discovery of specific glioblastoma miRNA expression profiles,
several studies were undertaken that focused on the functional
validation of each miRNA identified separately: miR-21 [6-10],
miR-221/222 [11, 12], miR-181a/181b [13], miR-128 [14, 15],
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miR-124 and miR-137 [16]. From these the anti-apoptotic effects
of miR-21 were repeatedly verified on established glioblastoma
cell lines in vitro [6, 7, 8] and in vivo using the athymic nude
mouse model [9] and clinical samples [9, 10].

Recently, the most frequently studied predictive marker in
glioblastomas has been the ubiquitous DNA-repair enzyme,
Of-methylguanine-DNA methyltransferase (MGMT) [17]. Epi-
genetic silencing of the MGMT gene by a promoter methylation
has been shown to be an independent predictor of response to
alkylating chemotherapy and prognosis of patients with newly
diagnosed glioblastomas treated with RT/TMZ [17-21].

The purpose of this study is, firstly, to identify the methyla-
tion status of an MGMT promoter and to quantify expression
levels of selected miRNAs (miR-21, miR-221/222, miR-125b,
miR-128a and miR-181a-c) as glioblastoma biomarkers
through a quantitative real-time PCR, and, secondly, to evalu-
ate their possible relationship in regards to the response to
a standard RT/TMZ treatment in glioblastoma patients.

Patients and methods

Patients and treatment. A retrospective study was conducted
by two centers (Masaryk Memorial Cancer Institute and Uni-
versity Hospital Brno, Czech Republic). The study included 22
patients with primary glioblastomas who underwent surgery
at the Department of Neurosurgery of the University Hospital
Brno. After surgery patients were treated at the Masaryk Me-
morial Cancer Institute under a standard protocol, receiving
radiation therapy (2 Gy per fraction for 6 weeks; total dose of
60 Gy) plus concomitant chemotherapy with temozolomide
(RT/TMZ) at 75 mg/m? daily, for 6 weeks. A response was
evaluated at the first MRI scan performed 1 month after the
concomitant RT/TMZ. A lesion enlargement was recorded in
11 (50%) patients (non-responders) while 11 (50%) patients
indicated a response to the therapy. In the responding group
of patients, the course followed an adjuvant treatment with
temozolomide (150-200 mg/m? for 5 days in 4 week cycles).
Informed consent approved by the local Ethical Commission
was obtained from each patient before the treatment. Clinical
data were retrieved from the hospital’s patient records.

Tissue sample preparation and nucleic acid extraction Under
a supervision of two experienced neuropathologists, 22 sam-
ples of tumor tissue were collected from, surgically

resected glioblastomas and six samples of an adult brain
tissue were taken from areas surrounding arteriovenous mal-
formations (AVM). The glioblastoma and brain formalin-fixed
paraffin-embedded (FFPE) specimens (containing either >90%
tumor or >90% normal tissue) were dissected and placed into
nuclease-free microcentrifuge tubes. Total RNA isolation and
small RNA enrichment procedures were performed with the
mirVana miRNA Isolation Kit (Ambion, USA), according to
the manufacturer’ instructions. DNA was extracted using the
Qiagen DNA Mini Kit (Qiagen, Germany), again following the
manufacturer’s instructions. Nucleic acid concentration and
purity were controlled by UV spectrophotometry (A260:A280

>2.0; A260:A230 > 1.8) using Nanodrop ND-1000 (Thermo
Scientific, USA).

Methylation-specific polymerase chain reaction .Real-time
quantitative, methylation-specific PCR (QMSP) was performed
using a methodology previously described by Hattermann et
al. [21]. Bisulfite conversion was performed using the EpiTect
Bisulfite Kit (Qiagen, Germany), as described by the manufac-
turer. For each conversion reaction, 1 ug DNA was employed.
CG Genome Universal Unmethylated DNA (S7822; Vial A;
Millipore, Germany) and CG Genome Universal Methylated
DNA (S7821; Millipore, Germany) were used for positive
controls (100% values) and standard curves. The QuantiTect
SYBR green PCR Kit (Qiagen, USA) and primers specific for
fully methylated and fully unmethylated MGMT promoter
sequences were used for QMSP. The primer pair corresponding
to a specific 3-actin sequence was used as an internal standard
to assess bisulfite conversion efficiency [21].

Real-time quantification of miRNAs by stem-loop RT-PCR.
Complementary DNA (cDNA) was synthesized from total
RNA using gene-specific primers according to the TagMan
MicroRNA Assay protocol (PE Applied Biosystems, Foster
City, Calif., USA). Reverse transcriptase (RT) reactions utilized
10 ng of RNA sample, 50 nM of stem-loop RT primer, 1 x RT
buffer and 0.25 mM each of dNTPs, 3.33 U/ul MultiScribe
RT and 0.25 U/ul RNase inhibitor (all from the TagMan
MicroRNA Reverse Transcription kit of Applied Biosys-
tems; 4366597). Reaction mixtures (15 ul) were incubated in
a TGradient thermal cycler (Biometra) for 30 min at 16°C,
30 min at 42°C, 5 min at 85°C, and then held at 4°C. Real-
time PCR was performed using the Applied Biosystems 7000
Sequence Detection System. The 20-ul PCR reaction mixture
included 1.3 pl of RT product, 1 x TagMan (NoUmpErase
UNG) Universal PCR Master Mix and 1 pl of primer and
probe mix of the TagMan MicroRNA Assay protocol (PE
Applied Biosystems). Reactions were incubated in a 96-well
optical plate at 95°C for 10 min, followed by 40 cycles at 95°C
for 15 s and 60°C for 10 min. The threshold cycle data were
determined using the default threshold settings. All real-time
PCR reactions were run in triplicate and average Ct and SD
values were calculated.

Statistical analysis. Expression data were normalized ac-
cording to the expression of the RNU6B (Assay no. 4373381;
Applied Biosystems). Statistical differences between miRNA
levels in glioblastomas and adult brain tissue and differences
in therapy response in relation to miRNA levels were evalu-
ated using the nonparametric Mann-Whitney U test between
2 groups. Contingency tables were analyzed using Fisher’s
exact test. All calculations were performed using Statistica
software version 6.0 (StatSoft Inc., USA).

Results

The MGMT promoter methylation status. The MGMT pro-
moter was methylated in 10 cases (45%) and unmethylated in
12 cases (55%) and it was not related to any other clinical char-
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Table 1. Patient characteristics and their relation to methylation status of MGMT' promotor.

Total % Unmethylated % Methylated % Association with methylation status
n=22 n =12 (55%) n =10 (45%) (Fischer’s exact test)
Age
<50 7 32 4 34 3 30
P =0.7059
>50 15 68 8 66 7 70
Median = 55
Range = 28-65
Gender
Male 14 64 9 75 5 50
P =0.3467
Female 8 36 3 25 5 50
Karnofsky score
>90 17 77 9 75 8 80
P=0.8123
<90 5 33 3 25 2 20
RT/TMZ response
Responders 11 50 5 42 6 60
P=0.4716
Non-responders 11 50 7 58 40

'MGMT = O-6-methylguanine-DNA methyltransferase.

Table 2. Median fold changes of miRNAs in glioblastomas, their possible association with cancer and their putative targets.

Fold Chromosome Connection to cancer in previous reports Putative targets’

microRNA change localization P P 8

iR-221 2 Xpll. i i -
ot o S pincese s, CDRNIB (27, CDRNIC g7 KIT MYBLL

iR- : : ’ ECK, , APAF1, TIMP3, TIMP2, TCF12

jmiR222 022 XU P breast cancer - tamoifen resistance (see [4] for review) koo oo e LTIV TIMP2 T o

miR-181a 0.4 14313 , , , , HOXA11%, TCL1* TGFBRI1, TGFBI, TGFBRAPI,
miR-181b  0.28 19313 * gh"bl.ast“;m? t[}f ’li]t’  chronic l’t'mg };O.Cynclleukfri“a (22} 1 GIF2, PLAU, MMP7, MMP14, MYBLL, SMAD2,

‘ [22750(:13 ea Wi etter reSPOﬂSe 0 OS-1 1In colorectal cancer SMAD7, MAPKI, KLK13, HLA—DR, CD14,
miR-181c 029 19p13.12 SAP30, RAB38, HSPA9, CYTC, E2F5, MGMT

l glioblastoma [5], J prostate cancer, T ovarian cancer,

E2F3*, MCL1%, BCL2*, NTRK3*, ERBB2*,

miR-125b 1.45 11q24.1 { associated with better survival in hepatocellular carcinoma TP53INP1, SMAD2, RAB6B, CASP2, ETS],

e see [ forreview) . ABL ST
BMI1*, TGFBR1, TGIF2, SMAD2, RARA,

miR-128a 0.03 2q21.3 l glioblastoma [5,14,15] NOVAL1, BAG2, EGFR, ITGA5, GSPT1, VEGFB,

O .~
. T glioblastoma [5-10], T colorectal cancer [3], T lung cancer, PDCD4*, TGFBI, TIMP3*, RHOB, RECK, PPA-
miR-21 8.35 17q23.2 . .
T breast cancer and other solid cancers (see [4] for a review) RA, ASPN

! Human mRNAs displaying imperfect complementarity with particular miRNAs were selected according to the potential function in carcinogenesis using

TargetScan, PicTar and miR-Base target prediction algorithms (3).
* The predicted target was verified by in-vitro functional analysis.

acteristic of glioblastoma, i.e. age, gender, performance status
assessed by Karnofsky score or a response to a concomitant
chemoradiotherapy with temozolomide (Table 1). The MGMT
methylation proved to be independent of any of the miRNAs
analyzed in this study.

Comparison of miRNA expression levels in glioblastomas
and adult brain samples. The fold change of the miRNAs in
glioblastoma samples, their possible relationship to cancer,
and their putative and validated targets are all presented in
Table 2. Both, the levels of significance and the medians of the
relative expression values with their ranges defined by the 25th
and 75th percentiles, are presented in Table 3. The Real-time

PCR analysis indicated no significant difference in expression
levels of miR-181a and miR-125b between glioblastomas and
the normal brain tissue. In contrast, the expression level of
miR-21 was significantly up-regulated (by nearly eight times)
in the tumor compared with the normal brain tissue (Table 3).
Conversely, miR-221, miR-222, miR-181b, miR-181c, were all
significantly down-regulated in glioblastomas (Table 3). The
most significant difference was observed in miR-128a with
levels in glioblastomas approximately 40 times lower than in
a normal brain tissue.

Correlation of patient response to RT/TMZ with miRNA
expression levels. To evaluate the potential association of
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Table 3. Comparison of normalized miRNA expression levels in glioblastomas and control brain tissue and their association with response to RT/

TMZ.
Glioblastoma vs. brain tissue' RT/TMZ response*
microRNA Glioblastoma CBT! Responders Non-responders P’
n =22 n=6 n=11 n=11
miR-221* 2.26 (1.43-6.90) 8.88 (8.21-21.76) 0.016 1.85 (1.60-3.40) 2.85(1.15-9.86) 0.562
miR-222 4.81 (2.29-13.06) 22.01 (9.25-42.62) 0.038 4.62 (1.50-7.09) 10.34 (2.42-29.90) 0.243
miR-181a 1.97 (0.99-3.87) 4.89 (2.83-7.84) 0.073 1.52 (0.68-2.82) 2.88 (1.32-5.22) 0.116
miR-181b 6.28 (3.23-15.09) 22.62 (7.46-50.39) 0.036 5.17 (2.78-6.77) 12.59 (6.59-18.43) 0.016
miR-181c 0.57 (0.21-1.05) 1.95 (0.58-2.52) 0.043 0.33 (0.14-0.72) 0.91 (0.50-1.54) 0.047
miR-125b 50.36 (22.50-84.76) 34.76 (17.79-56.30) 0.502 45.5(10.98-76.41) 55.2(33.92-84.82) 0.519
miR-128a 0.02 (0.01-0.06) 0.76 (0.12-1.16) 0.001 0.02 (0.01-0.04) 0.04 (0.01-0.06) 0.652
miR-21 219.26 (75.24-562.87) 26.26 (18.68-30.84) <0.001 266.87 (79.29-424.53) 165.04 (76.87-830.85) 0.747

*Medians of expression level related to RNU6B with 25th and 75th percentiles in parentheses.
'Control brain tissue from arteriovenous malformation surgeries; “Response to concomitant chemoradiotherapy with temozolomide; *Mann-Whitney U-test

between 2 groups, bold indicate significance at the P = 0.05 level.

Figure 1. Response to concomitant chemoradiotherapy with temozolomide based on miR-181b (a) and miR-181c (b) expression levels (Mann-Whitney
U test). Central box represents values from lower to upper quartile (25 to 75 percentile). Middle line represents the median. A line extends from mini-
mum to maximum value, excluding outstanding values which are displayed as separate squares.

individual miRNAs with a patient response to RT/TMZ, the
expression levels of each miRNA in the response group of
patients were compared with their levels in the group of pa-
tients with the progressive disease. Patients who responded to
RT/TMZ tended to have lower expression levels of members
of the microRNA-181 family than those with the progressive
disease. MiR-181b and miR-181c were significantly down-
regulated in the glioblastomas of patients with response (Table
3, Figure 1a and 1b). On the other hand, no association was
found between the treatment response and miR-221, miR-222,
miR-181a, miR-125b, miR-128a, and miR-21 (Table 3).

Discussion

The most extensively studied predictive factor in gliob-
lastoma patients is the epigenetic silencing of the MGMT
gene by a promoter methylation. It has been associated with

longer survival in patients who received alkylating agents.
However, recent studies that have focused on the MGMT
predictive potential have provided ambiguous results
[17-20]. In this study, we used QMSP, the most sensitive
method for the methylation analysis [21]. A positive meth-
ylation status of the MGMT promoter was detected in 45%
of tumors. According to recent literature, the frequency of
the MGMT promoter methylation in glioblastoma patients
ranged from 45% to 65% [17-20]. Using this highly sensitive
QMSP assay, we did not identify any relationship between
the methylation status of the MGMT promoter and age,
gender, performance status or response to RT/TMZ. Our
observations are in accordance with data published by
Sadones et al. [18] and Blanc et al. [19] and do not lead us
to consider promoter methylation of the MGMT gene as
a predictive factor of responsiveness to RT/TMZ in gliob-
lastoma patients.
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There are several advantages of using miRNAs instead of
mRNAs as biomarkers. It is relatively easier to discover reli-
able biomarkers from approximately 1,000 miRNA candidates
discovered to date than from over 40,000 genes. A further
advantage is that, due to their small size and stem-loop struc-
ture, miRNAs are relatively more stable and less subjected
to degradation during fixation and sample processing. This
can also be of benefit for large retrospective studies based on
archived FFPE samples. MiRNA-specific real-time PCR assays
are very sensitive and require only a small amount (10-25 ng)
of the total RNA from archived FFPE patient samples.

Our study confirmed the up-regulation of miR-21 in gliob-
lastoma tissue that has been noted previously by others [6-10].
MiR-21 was the most up-regulated miRNA with an almost
eight-fold expression increase in glioblastoma tissue. Chan et
al. [6] have shown that inhibition of miR-21 expression led to
a caspase activation and an associated apoptotic cell death in
multiple glioblastoma cell lines, suggesting an anti-apoptotic
function of miR-21. We did not observe higher levels of miR-
221/222 in glioblastomas despite a previous study [11] showing
that miR-221/222 were over-expressed in gliomas, with the
tumor suppressor p27Kipl proven to be their direct target
[11, 12]. In contrast, we observed approximately four-fold
lower levels of miR-221/222 in glioblastomas in comparison
to the adult brain tissue (Table 3). The adult brain tissue was,
for our purposes, collected during an AVM surgery. It is likely
that the brain tissue, though excised from the margin of re-
section material, contained traces of micro-capillaries from
around the AVM. It is generally known that miR-221/222 is
found in the highest levels in endothelial cells. This could be
responsible for the apparently low levels of miR-221/222 in the
glioblastomas of our group of patients despite their absolute
levels being comparable with those of previous reports [11,
12]. The down-regulation of MiR-125b noticed by Ciafre et
al. [5] was not detected in glioblastomas in this study. How-
ever, the deregulation of miR-128a first identified by the same
authors, was verified by our data. The miR-128a was, indeed,
the most down-regulated miRNA in glioblastomas showing
an approximately 40-fold decrease which is in concordance
with observations of Godlewski et al. [14].

MiR-181a and miR-181b have been shown to function as
tumor suppressors that trigger growth inhibition, induced
apoptosis and inhibited invasion in glioma cells [13]. Accord-
ingly, the expression levels of miR-181a-c in glioblastomas
were, in our case, lower, whereas a down-regulation of miR-
181b and miR-181c was statistically significant. Lower levels
of miR-181b and miR-181c in glioblastomas, however, were
positively correlated with response to RT/TMZ in glioblastoma
patients. Nakajima et al. [23] were able to demonstrate similar
results using the colorectal cancer model and its response to
chemotherapy with fluoropyrimidine based drug S-1. Sig-
nificantly lower levels of miR-181b (P =0.02) were noticed
in tumors of patients responding to S-1 treatment [23]. The
potential of all microRNA-181 family members to regulate
MGMT levels suggests a relationship with the chemosensitivity

to alkylating agents such as temozolomide. The down-regu-
lation of microRNA-181 family leads to an up-regulation
of MGMT and, therefore, its association with a response to
RT/TMZ through MGMT post-transcriptional regulation is
implausible. Our data indicate that an alternative and efficient
molecular mechanism exists by which microRNA-181 fam-
ily sensitizes glioblastoma cells to a chemoradiotherapy. As
a robust translational regulator, the microRNA-181 family
can mediate a number of genes in response to an acute cellular
stress caused by a drug treatment or radiation (Table 3).

To our knowledge, it is noted for the first time that the
expression of miR-181b and miR-181c has shown a negative
correlation with a response to RT/TMZ. Our findings also
support the importance of miR-128a and miR-21 in patho-
genesis of glioblastomas. Further studies and validations are
needed but we suggest that microRNA-181 family might be
used for prediction of RT/TMZ response in clinical practice.
If validated, it would pave the way to better treatment deci-
sions and, ultimately, an improvement in the survival rate of
glioblastoma patients.
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Glioblastoma multiforme (GBM) is the most frequently occurring
primary malignant brain tumor; patients with GBM often have a
very poor prognosis and differing responses to treatment. There-
fore, it is very important to find new biomarkers that can predict
clinical outcomes and help in treatment decisions. MicroRNAs are
small, non-coding RNAs that function as post-transcriptional regu-
lators of gene expression and play a key role in the pathogenesis
of GBM. In a group of 38 patients with primary GBM, we analyzed
the expression of eight microRNAs (miR-21, miR-128a, miR-181c,
miR-195, miR-196a, miR-196b, miR-221, and miR-222). In addition,
we examined the methylation status of O-6-methylguanine-DNA
methyltransferase (MGMT) promoter by high-resolution melting
analysis, as this has been shown to be a predictive marker in GBM.
MGMT methylation status correlated with progression-free sur-
vival (P = 0.0201; log-rank test) as well as with overall survival
(P = 0.0054; log-rank test). MiR-195 (P = 0.0124; log-rank test) and
miR-196b (P = 0.0492; log-rank test) positively correlated with
overall survival. Evaluation of miR-181c in combination with miR-
21 predicted time to progression within 6 months of diagnosis
with 92% sensitivity and 81% specificity (P < 0.0001). Our data
confirmed that the methylation status of MGMT but also miR-21,
miR-181c, miR-195, and miR-196b to be associated with survival of
GBM patients. Above all, we suggest that the combination of miR-
181c and miR-21 could be a very sensitive and specific test to iden-
tify patients at high risk of early progression after surgery. (Cancer
Sci 2011; 102: 2186-2190)

G lioblastoma multiforme (GBM) is the most frequently
occurring primary malignant brain tumor of astrocytic ori-
gin. M Despite the introduction of modern therapeutic
approaches, this cancer remains generally associated with very
poor prognosis.? A significant benefit of overall survival (OS)
has been achieved in patients treated with concomitant chemora-
diotherapy with temozolomide (RT/TMZ), an alkylating agent
However, not all patients are sensitive to this therapy.®®
Because of an extremely short median survival time of glioblas-
toma patients and diversity in therapy response, it is very impor-
tant to identify new biomarkers that can be used in prognosis
and prediction of therapeutic response and/or clinical outcome
in GBM patients in order to rationalize treatment decisions.
MicroRNAs (miRNAs) are highly conserved, small, non-cod-
ing RNAs, 18-25 nucleotides in length, that function as post-
transcriptional regulators of gene expression by silencing their
mRNA targets. Bioinformatics tools estimate that miRNAs

Cancer Sci | December 2011 | vol. 102 | no. 12 | 2186-2190

regulate up to one-third of human genes including a significant
number of oncogenes, tumor suppressor genes, and genes asso-
ciated with the invasion, dissemination, and chemoresistance of
tumors.® Therefore, these molecules play 51gn1ﬁcant roles in
the pathogenesis of many cancers, including GBM.” In the
context of this tumor, recent published reports have proposed
that some miRNAs that could be used to predict disease out-
come and therapy response. As we previously described, miR-
21, miR-128a, miR-181b, miR-181c, miR-221, and miR-222
were significantly altered in glioblastomas. Moreover, miR-
181b and miR-181c were significantly downregulated in patients
who responded to RT/TMZ compared to patients with progres-
sive disease.® In another study, miR-195, miR-455-3p, and
miR-10a* were the most upregulated miRNAs in TMZ-resistant
cell lines.”” MiR-196a and miR-196b expression levels are
increased in glioblastomas relative to both anaplastic astrocyto-
mas and normal brain tissues. Furthermore, patients with h1gh
miR-196 expression levels showed significantly poorer OS.

Another frequently studied predictive marker in GBM is the
0-6-methylguanine-DNA methyltransferase (MGMT). D This
protein with DNA repair activity removes mutagenic O-6-alkyl-
guanine induced by alkylating agents. Therefore, MGMT
partially contributes to alkylating chemotherapy resistance, and
epigenetic silencing of the MGMT gene by a promoter methyla-
tion has been shown to be an independent predictor of prognosis
and response to RT/TMZ and adjuvant TMZ treatment of GBM
patients.!*~'¥

The aims of this study were to quantify expression levels of
eight miRNAs (miR-21, miR-128a, miR-181c, miR-195, miR-
196a, miR-196b, miR-221, and miR-222) that have been previ-
ously described as associated with GBM pathogenesis in the
clinical samples, and to determine the methylation status of
MGMT gene promoter. The results were correlated to clinical
data in order to obtain prognostic and predictive biomarkers for
GBM patients treated with RT/TMZ and adjuvant TMZ.

Materials and Methods

Patients and treatment. The retrospective study included 38
patients with primary glioblastomas who were resected at the
Department of Neurosurgery (University Hospital Brno, Brno,
Czech Republic). After resection, patients underwent adjuvant
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therapy at the Masaryk Memorial Cancer Institute (Brno, Czech
Republic) according to the standard Stupp protocol: radiother-
apy (2 Gy per fraction for 6 weeks, total dose of 60 GQI) plus
concomitant chemotherapy with RT/TMZ at 75 mg/m~ daily,
for 6 weeks. Nineteen patients received an adjuvant treatment
with temozolomide (150200 mg/m? for 5 days in 4-week
cycles) (Table 1). Informed consent approved by the local Ethi-
cal Commission was obtained from each patient before the treat-
ment. Clinical data were retrieved from the hospital’s patient
records.

Tissue sample preparation and nucleic acid extraction. The 38
tumor samples were obtained from surgically resected glioblas-
tomas. As a control, six non-tumor samples of adult brain tissue
were taken from areas surrounding arteriovenous malformations
(AVM) and four commercially available RNAs from adult brain
tissues (540005, total brain; 540117, frontal cortex; 540137,
occipital cortex; 540135, striatum; Agilent-Stratagene, Santa
Clara, CA, USA). Glioblastoma clinical samples were evaluated
by two experienced neuropathologists. For subsequent analysis
were used dissected formalin-fixed paraffin-embedded (FFPE)
samples containing more than 90% tumor tissue. Small RNA-
enriched total RNA was isolated using mirVana miRNA Isola-
tion Kit (Ambion, Austin, TX, USA). DNA was extracted using
the QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, Germany).
Nucleic acid concentration and purity were controlled by UV
spectrophotometry (A260:A280 > 2.0; A260:A230 > 1.8) using
Nanodrop ND-1000 (Thermo Fisher Scientific, Waltham, MA,
USA).

Real-time quantification of miRNAs by stem-loop RT-
PCR. Complementary DNA was synthesized from 10 ng small
RNA-enriched total RNA using gene-specific primers and Taq-
Man MicroRNA Reverse Transcription kit according to the Tag-
Man MicroRNA Assay protocol (Applied Biosystems, Foster
City, CA, USA). Real-Time PCR was carried out using the
Applied Biosystems 7500 Real-Time PCR System in accordance
with the TagMan MicroRNA Assay protocol. The threshold
cycle data were determined using the default threshold settings.
All real-time PCR reactions were run in triplicate and average
Ct and SD values were calculated.

Bisulfite conversion of DNA and high-resolution melting (HRM)
analysis of MGMT promoter. Bisulfite conversion was carried
out using the EpiTect Bisulfite Kit (Qiagen) with 1000 ng DNA
per reaction. High-resolution melting was carried out on the
LightCycler 480 (Roche, Mannheim, Germany) using a Light-
Cycler 480 High Resolution Melting Master kit (Roche) with
30 ng bisulfite converted DNA on each reaction, 4 nM Mg2+,
and previously described primers MGMT MS-HRM2."> CpGe-
nome Universal Methylated DNA and CpGenome Universal

Table 1. Characteristics of patients with glioblastoma multiforme
who participated in this study (n = 38)

Unmethylated DNA set (Millipore, Darmstadt, Germany) were
used for dilution of standard samples (0, 10, 25, 50, 75, 90, and
100% methylated DNA). All HRM reactions were run in
triplicate.

Statistical analysis. Expression data were normalized accord-
ing to the expression of RNU6B (Assay no. 4373381; Applied
Biosystems). Statistical analysis of differences between miRNA
levels in glioblastomas and non-tumor adult brain tissues, and
differences in therapy response and time to progression in rela-
tion to miRNA levels, were evaluated using the non-parametric
Mann-Whitney U-test between two groups. Survival analyses
were carried out by the Kaplan—Meier method and significance
was calculated by the log-rank test. Sensitivity and specificity
were evaluated and significance of the patient stratification
according to a particular miRNA marker was assessed by
Fischer’s exact test. For all calculations we used MedCalc
version 11.4.2.0 (MedCalc Software, Mariakerke, Belgium).

Results

Methylation status of MGMT promoter. Twenty-five percent-
age methylation status of MGMT promoter was used as cut-off
for stratification of GBM patients into (un)methylated groups.
The MGMT promoter was unmethylated in 26 cases (68%) and
methylated in 12 cases (32%) (Table 2). In patients with methy-
lated promoter of the MGMT gene, there was an observed bene-
fit in OS (hazard ratio [HR] 0.4012; 95% confidence interval
[CI] 0.2068-0.7783; P = 0.0054, log-rank test) as well as in pro-
gression-free survival (HR 0.4799; 95% CI 0.2516-0.9153;
P =0.0201, log-rank test) (Fig. 1). The MGMT methylation
status was not associated with any of the miRNA expression
levels analyzed in this study (Table 3).

Comparison of miRNA expression levels in GBM tissues and
non-tumor brain tissue samples. Medians of relative expression
levels of all examined miRNAs with their 25th and 75th percen-
tile ranges, GBM samples and non-tumor brain tissue samples,
as well as P-values indicating statistical significance of differ-
ences, are summarized in Table 3. Our data indicated significant
overexpression of miR-21 and miR-196a/b in GBM samples
compared to control non-malignant brain tissues, and downregu-
lation of miR-181¢c, miR-221, miR-222, miR-195, and miR-
128a. Of these, miR-128a showed the most significant change
(P < 0.0001).

Correlation of miRNA expression levels with prognosis and
prediction of response to RT/TMZ treatment in GBM
patients. Higher levels of miR-195 (HR 0.4249; 95% CI
0.2167-0.8332; P = 0.0124, log-rank test) and miR-196b (HR
0.5470; 95% CI 0.2776-1.0776; P = 0.0492, log-rank test)
expression have been significantly associated with longer OS of
GBM patients. For these analyses, the 75th percentile range and
median of relative expression levels have been used as cut-offs
for miR-195 and miR-196b, respectively (Fig. 2). Significantly

Total
n =38 %
Table 2. Characteristics of patients with glioblastoma multiforme
Age (years) (n = 38), based on methylguanine-DNA methyltransferase methylation
<50 14 37 status
>50 24 63
Median (range) 53 (28-67) Promoter status
Gel\r;lgrer 19 50 Unmethylated Methylated
Female 19 50 No. of patients 26 (68%) 12 (32%)
ECOG performance status Progression-free survival
0and 1 36 95 Median duration (months) 8.0 (3.0-24.0) 14.5 (3.0-27.0)
2 2 5 Rate at 6 months (%) 61.5 83.3
Extent of resection Overall survival
Total 9 24 Median duration (months) 13.0 (3.0-33.0) 22.5 (6.0-62.0)
Subtotal 29 76 Rate at 24 months (%) 11.5 58.3
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Fig. 1. Kaplan—-Meier survival curves estimating progression-free survival (A) and overall survival (B) in patients with glioblastoma multiforme,
according to methylguanine-DNA methyltransferase promoter methylation status.

Table 3. Comparison of normalized microRNA expression levels in glioblastoma multiforme and non-tumor brain tissues and their association

with methylation status of methylguanine-DNA methyltransferase (MGMT) promoter

MicroRNA Gllonblzas?:cgma Non-tum(;r:b:?)m tissuet Fold change P-valuet assoc,\illa?i'\gr-:-§ @
miR-21 78.5814¢ 22.7989 3.45 0.02550 0.4142
(33.1469-237.7333) (19.2862-30.8386)

miR-128a 0.01534 1.1798 0.01 <0.0001 0.8494
(0.005892-0.05036) (0.7614-7.7713)

miR-181c 0.4805 2.2363 0.21 0.0005 0.4232
(0.1345-0.9141) (0.6974-3.1595)

miR-195 5.4032 38.5964 0.14 0.0290 0.2928
(0.8845-33.2029) (17.8927-46.8118)

miR-196a 0.14790 0.01511 9.79 0.0021 0.2573
(0.06040-0.7335) (0.00022-0.04707)

miR-196b 0.09182 0.01978 4.64 0.0330 0.4795
(0.01690-0.57340) (0.00022-0.11020)

miR-221 2.3737 23.2871 0.10 0.0001 0.9749
(1.0943-6.7427) (8.2249-67.7547)

miR-222 7.0326 46.1839 0.15 0.0010 0.1092

(3.2716-14.4534)

(18.2944-99.2503)

tNon-tumor brain tissue from arteriovenous malformation surgeries (x6) and commercially available adult brain RNAs (x4). tMann-Whitney
U-test (bold indicates significance at P < 0.05). §Association with methylation status of MGMT promoter (Mann-Whitney U-test). {Median of
expression level related to RNU6B with 25th and 75th percentiles.
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Fig. 2. Kaplan—-Meier survival curves estimating overall survival in patients

196b (B) expression levels.

higher miR-181c expression levels were observed in the group
of patients with time to progression shorter than 6 months
(TPP6) (P = 0.0010, Mann—Whitney U-test) (Fig. 3A). Identi-

2188

Time (months)

with glioblastoma multiforme, according to miR-195 (A) and miR-

cally, miR-21 was significantly upregulated in this high risk
group of patients (P = 0.0143, Mann—Whitney U-test) (Fig. 3B).
Analysis of the miR-181c in combination with miR-21 (cut-offs

doi: 10.1111/j.1349-7006.2011.02092.x
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Fig. 3. Time to progression (TTP) up to 6 months in patients with glioblastoma multiforme, based on miR-181c (A) and miR-21 (B) expression
levels. Central box represents values from the lower to upper quartiles (25th to 75th percentiles), and the middle line represents the median
(Mann-Whitney U-test). Vertical line extends from minimum to maximum values.

were median and 25th percentile, respectively) predicted signifi-
cantly TPP6 (sensitivity = 92%, specificity = 81%, P < 0.0001;
see Table 4). However, neither prognostic nor predictive associ-
ations were found for miR-128a, miR-196a, miR-221, or miR-
222.

Discussion

In this study, we have confirmed the impact of MGMT promoter
methylation status on the favorable outcome after RT/TMZ
therapy in GBM patients. Patients with MGMT promoter hyper-
methylation in >25% tumor DNA showed significantly longer
OS as well as progression-free survival. These observations fully
correlate with the results of many authors."*'®™'® The percent-
age of MGMT methylated samples has been smaller in our
cohort §32%) than in other studies, where it ranged from 35% to
47% .11 However, we analyzed MGMT methylation status
using the HRM method, which is a more suitable approach for
methylation analysis in routine practice compared to methyla-
tion-specific PCR, used in most of the other published studies,
which can easily generate PCR false-positive results.

There are several reports that discuss the use of miRNAs as
potential predictive and prognostic factors in GBM.® In this
study, we analyzed the expression of eight miRNAs in primary
GBM and we correlated the obtained data with clinical charac-
teristics of GBM patients. In concordance with Guan ez al.,""”
we observed significantly lower levels of miR-196a,b in normal
brain compared to glioblastoma tissue. This group also
described a significant correlation between higher expression of
miR-196a,b with poor survival in a group of GBM and anaplas-
tic astrocytoma patients.'” Another study described miR-195 as
one of the most upregulated miRNAs in TMZ-resistant GBM
cell lines, and their knockdown led to reversal of TMZ resis-

Table 4. Contingency table of glioblastoma patients stratified
according to time to progression (TTP) and miR-21/miR-181c
positivity

No. of patients
with TTP > 6 months

No. of patients
with TTP < 6 months

miR-21 and 5 1"
miR-181c

positivity

miR-21 and/or 21 1
miR-181c

negativity

Lakomy et al.

tance and increased cytotoxicity of TMZ.”” Accordingly, we
expected a negative correlation between miR-195 and miR-
196a,b expression and OS. However, our analyses suggest that
there is more likely an opposite association between miR-195
and miR-196b and OS in GBM patients, which is in agreement
with several other reports in colorectal, hepatocellular, and adre-
nocortical cancers."*? The number of GBM patients in
Guan’s study was 39, which is comparable to the size of our
group. Larger studies need to be carried out to establish the
prognostic significance of miR-196b in glioblastoma. Interest-
ingly, miR-196a showed no significance in OS in our study.

The miR-181 family has many predicted targets and some
of these have been verified by in vitro functional analysis
(HOXAL11, TCL1, TGFBR1, and MAPK1).®) Therefore, it is a
robust translational regulator and can mediate a number of genes
in response to an acute cellular stress caused by a drug treatment
or radiation. In this study, we have shown that higher levels of
miR-181c is significantly associated with disease progression
within 6 months. In fact, we confirmed results from our previous
pilot study where we described positive correlation between
lower miR-181c levels and the response to RT/TMZ in GBM.®
We did not observe an association between MGMT methylation
status and miR-181c levels, nor with any other examined miR-
NAs. Our study also confirmed the upregulation of miR-21 in
glioblastoma tissue, noted previously by others.®**72% MiR-21
is the most frequently explored miRNA in GBM, and it has been
found to act as an oncogene. It is evident that this molecule
influences multiple important components of oncogenic signal-
ing pathways.® Similar to miR-181c, we found that higher
expression of miR-21 is associated with early progression.
Moreover, the combination of miR-181c and miR-21 predicted
progression within 6 months with 92% sensitivity and 81% spec-
ificity. This study also partially confirmed the downregulation of
miR-221 and miR-222, described in our previous publication.®
In the current study, significant downregulation of miR-221, and
a similar trend for miR-222, were observed. However, results
from both of our studies conflict with another report showing
miR-221 and miR-222 as overexpressed in primary GBM.*® In
our study, we combined tissue from AVM surgeries and com-
mercially available RNAs from adult brain tissue as the control
group. The miRNA expression changes tended to have identical
trends in total RNA from AVM samples and commercially avail-
able adult brain RNAs, therefore, we integrated them together in
further statistical analyses. In the study by Ciafre er al.,*
which reported opposite changes in miR-221/222 expression
levels, peripheral tissue of glioblastomas were used as the con-
trol tissue. We suggest that this is not an ideal control tissue, and
could partially explain the contradiction in results. Our data did
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not indicate the potential of miR-221,/222 for survival prediction
in GBM patients, as observed by Srinivasan et al.*”

In conclusion, we have verified two previous reports describ-
ing miR-128a dere%&ulation in GBM compared to non-tumor
adult brain tissue.®*® Interestingly, this miRNA showed
approximately 50-fold higher expression in non-tumor brain tis-
sue than in GBM (P < 0.0001), suggesting its role in glioblas-
toma pathogenesis. Both miR-195 and miR-196b demonstrated
prognostic significance, showing a positive correlation with OS.
We suggest that the combination of miR-181c and miR-21
expression levels is a highly sensitive and specific indicator for
identification of early progressing (high risk) patients, who
would require specific attention, in order to improve their sur-
vival, through the use of more intensive therapy immediately
after surgery. This fact is all the more important when bev-
acizumab is introduced for glioblastoma patients and evaluated
in clinical trials combined with concomitant chemoradiotherapy.
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Glioblastoma multiforme (GBM) is the most malignant primary
brain tumor. The prognosis of GBM patients varies considerably
and the histopathological examination is not sufficient for individ-
ual risk estimation. MicroRNAs (miRNAs) are small, non-coding
RNAs that function as post-transcriptional regulators of gene
expression and were repeatedly proved to play important roles in
pathogenesis of GBM. In our study, we performed global miRNA
expression profiling of 58 glioblastoma tissue samples obtained
during surgical resections and 10 non-tumor brain tissues. The
subsequent analysis revealed 28 significantly deregulated miRNAs
in GBM tissue, which were able to precisely classify all exam-
ined samples. Correlation with clinical data led to identification
of six-miRNA signature significantly associated with progression
free survival [hazard ratio (HR) 1.98, 95% confidence interval
(CI) 1.33-2.94, P < 0.001] and overa+ll survival (HR 2.86, 95%
CI 1.91-4.29, P < 0.001). O(6)-methylguanine-DNA methyltrans-
ferase methylation status was evaluated as reference method and
Risk Score based on six-miRNA signature indicated significant
superiority in prediction of clinical outcome in GBM patients.
Multivariate Cox analysis indicated that the Risk Score based on
six-miRNA signature is an independent prognostic classifier of
GBM patients. We suggest that the Risk Score presents promising
prognostic algorithm with potential for individualized treatment
decisions in clinical management of GBM patients.

Introduction

Glioblastoma multiforme (GBM) is the most malignant primary brain
tumor that arises by transformation of astrocytes. Because of its aggres-
sive nature and common therapeutic resistance, GBM exhibits the
worst prognosis among all gliomas. The median survival of patients is
~13 months from diagnosis; nevertheless, the survival ranges from 2.5

Abbreviations: FFPE, formalin-fixed paraffin-embedded; GBM, glioblas-
toma multiforme; MGMT, O(6)-methylguanine-DNA methyltransferase;
miRNAs, microRNAs; OS, overall survival; PFES, progression-free survival;
TCGA, The Cancer Genome Atlas.

to 70 months. Although the short- and long-term surviving patients with
GBMs have histologically similar tumors, biological and molecular
characteristics of these tumors vary significantly. This was evidenced
by integrated genomic analyses of large set of GBMs, which identi-
fied clinically relevant molecular subtypes showing different treatment
efficacy (1-3). Until recently, adjuvant chemotherapy with alkylating
agents (temozolomide or carmustine) was the common GBM therapy
following surgical resection and radiation with concomitant temozo-
lomide (RT/TMZ). Currently, an angiogenesis inhibitor bevacizumab
is evaluated in phase III clinical trials. Unfortunately, data suggest that
bevacizumab in mohotherapy improved progression free survival with
preservation of quality of life and reduction of corticosteroids use, but
did not improved overall survival (OS). Therefore, another agents, such
as cilengitide, are used in combination with bevacizumab aiming to
prolong OS (4,5). Thus, one of the important aims of GBM research
is to find powerful prognostic biomarkers for GBM patients enabling
sensitive prediction of clinical outcome and their suitability for imple-
mentation of new drugs.

One of the most modern and progressive approaches for molecu-
lar characterization of tumors today is based on microRNA (miRNA)
expression profiling. miRNAs are highly conserved, small, non-cod-
ing RNAs, 18-25 nucleotides in length that function as post-transcrip-
tional regulators of gene expression through silencing of their mRNA
targets. Bioinformatic tools estimate that miRNAs could regulate up
to 60% of human genes including a significant number of oncogenes,
tumor suppressor genes and genes associated with the chemoradi-
oresistance of tumors. Therefore, these molecules play significant
roles in pathogenesis of many cancers, including GBM, and it is not
surprising that their levels are frequently deregulated in tumor tissue
(6,7). Moreover, some recent studies described miRNA signatures
with ability to predict clinical outcome in GBM patients (6). From the
analytical perspective, it is important to note that, due to their small
size, miRNAs are subjected to significantly less degradation than
mRNAs and, thus, also formalin-fixed paraffin-embedded (FFPE) tis-
sues indicate sufficient quality for miRNA analyses (8).

The aim of this study was to define signature of miRNAs signifi-
cantly deregulated in GBM tissues compared with non-tumor brain tis-
sues, and to identify miRNA signature with ability to efficiently predict
progression-free and survival OS of GBM patients treated with con-
comitant RT/TMZ. Potential of miRNA signature to predict clinical
outcome of GBM patients was compared with O(6)-methylguanine-
DNA methyltransferase (MGMT) promoter methylation status as ref-
erence method and evaluated in multivariate model.

Material and methods

Patients

The retrospective one-center study included 58 patients with primary GBM who
were surgically treated at the Department of Neurosurgery, University Hospital
Brno. After resection of the tumor, patients underwent adjuvant therapy at the
Masaryk Memorial Cancer Institute accordingly to the standard Stupp proto-
col; radiation (2 Gy per fraction for 6 weeks, total dose of 60 Gy) plus con-
comitant chemotherapy with temozolomide (75 mg/m? daily, for 6 weeks). After
completion of the concomitant chemoradiotherapy, 31 patients received adju-
vant temozolomide in monotherapy (150-200mg/m? for 5 days in six cycles
or until disease progression). Clinicopathologic characteristics of GBM patients
are summarized in Supplementary Table S1, available at Carcinogenesis Online.
Portions of the non-dominant anterior temporal cortexes resected during surgery
for intractable epilepsy of 10 patients were used as non-tumor control brain tis-
sues. Control brain tissues have no signs of dysplastic changes. Informed con-
sent approved by the local Ethical Commission was obtained from each patient
before the treatment. Clinical data were retrieved from the hospital’s patient
records. The Cancer Genome Atlas (TCGA) dataset (485 GBM patients) was
used for independent validation of the prognostic miRNA signature (2).
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Tissue sample preparation and nucleic acid extraction

The GBM tissues samples and non-tumor brain tissue samples were surgically
resected and immediately fixed in formalin and embedded in paraffin (FFPE).
Histopathological diagnosis of GBM and evaluation of control brain tissues
were performed independently by two experienced neuropathologists. Total
RNA with enriched fraction of small RNAs was purified from FFPE samples by
xylene deparaffinization and mirVana miRNA Isolation Kit (Ambion). miRNA
extracted from FFPE samples are commonly used for high-throughput miRNA
analyses (9). DNA was extracted using the QIAamp DNA FFPE Tissue Kit
(Qiagen, Germany). Nucleic acid concentrations and purities were controlled
by UV spectrophotometry using Nanodrop ND-1000 (Thermo Scientific).

MicroRNA expression profiling

MicroRNA expression profiling was performed using TagMan Low Density
Array Human MicroRNA technology. In brief, 350 ng of total RNA was reverse
transcribed into cDNA by the Tag-Man MicroRNA Reverse Transcription
Kit and microRNA Megaplex RT set pool A and B version 3.0 (Applied
Biosystems, Foster City, CA). The ¢cDNA product was loaded into TagMan
Human MicroRNA A and B Cards Set version 3.0 (Applied Biosystems)
enabling simultaneous quantification of 754 human miRNAs. TagMan Low
Density Array Assays and analysis were performed on the ABI 7900 HT
Instrument (Applied Biosystems). All reactions were performed according to
the standard manufacturers’ protocols.

Bisulfite conversion of DNA and high-resolution melting analysis of MGMT
promoter

Bisulfite conversion was performed using the EpiTect Bisulfite Kit (Qiagen,
Hilden, MD) with utilization of 1000ng DNA per reaction. High-resolution melt-
ing was performed on the LightCycler 480 (Roche, Germany) using LightCycler
480 High Resolution Melting Master kit (Roche) with utilization of 30ng bisulfite
converted DNA on each reaction, 4nM Mg+, and described previously prim-
ers MGMT MS-HRM2 (6,10). CpGenome Universal Methylated DNA and
CpGenome Universal Unmethylated DNA set (Millipore, Germany) were used for
dilution of standard samples (0%, 25%, 50%, 75% and 100% methylated DNA).

Cell cultures and growth conditions

The human GBM cell lines A172, T98G, U87MG and U251 were obtained
from the American Type Culture Collection. Cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum,
100 pg/ml penicillin, 100 pg/ml streptomycin, 0.1 mM non-essential amino
acids, 2 mML-glutamin and 1mM sodium pyruvate (all purchased from
Invitrogen, Gibco) in 5% CO, at 37°C.

Transfection of GBM cells

Cells were transfected with 6 pmol of hsa-miR-31 mimic (assay ID MC12887,
Life Technologies) or mirVana miRNA Mimic Negative Control (cat. no,
4464058, Life Technologies) oligonucleotides and equimolar concentration of
Lipofectamine 2000 accordingly to the manufacturer’s recommendations (Life
Technologies).

MTT assay

Cell viability of transfected cells was measured by the 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assay (MTT, Sigma—Aldrich).
GBM cells were seeded in 24-well plate at a density of 2x10* (A172, T98G,
U87MG) and 1 x 10* (U251) cells per well 24 h prior to transfection with hsa-
miR-31 mimic or miRNA mimic negative control oligonucleotides. Subsequently,
96h after transfection, 60 pl of 5 mg/ml MTT solution in phosphate-buffered
saline was added to each well, and plates were incubated for 1h at 37°C. The
precipitate was solubilized in 100% dimethyl sulfoxide (500 pl per well), and
absorbance was measured on ELISA Multi-detection Microplate Reader (BIO-
TEK) at 570nm wavelength. All experiments were run in tetraplicates.

Statistical analysis

Quantitative miRNA expression data were acquired by use of ABI 7900 HT
SDS version 2.0.1 software (Applied Biosystems) (settings: automatic base-
line, threshold 0.2) and, subsequently, normalized to the expression level of
miR-1233 that showed the highest expression stability across all examined
samples by use of GeneNorm and NormFinder algorithms. The relative
miRNA expression levels were determined by 272¢T method, where ACTs
were calculated as follows: ACT = CT ,irna of interest) = CLimir-1233)- Normalized
miRNA expression data were statistically evaluated in the environment of sta-
tistical language R (11) using the Bioconductor LIMMA package concerning
miRNA profiling combined with hierarchical clustering (12).

To assess the miRNAs that were identified for survival prediction, a Risk
Score formula for predicting survival was developed based on a linear combi-
nation of the miRNA expression level weighted by the regression coefficient

Glioblastoma Risk Score based on miRNA signature

derived from the univariate Cox regression analysis (13,14). The Risk Score
for each patient was calculated as follows: Risk Score = (-0.14745 * expres-
sion level of miR-224) + (0.09530 * expression level of miR-31) + (0.54293*
expression level of miR-454) + (0.21673 * expression level of miR-672) +
(0.10605 * expression level of miR-885-5p) + (—0.05557 * expression level of
miR-432%). Patients with high Risk Score are expected to have poor survival.

According to the Risk Score (cutoff value, 0.348), patients were stratified
into a high-risk group and a low-risk group. The Risk Score threshold was set
as a value, which significantly separates KaplanMeier survival curves. Cox
proportional hazards regression analyses were performed to assess the inde-
pendent contribution of the miRNA signature-based Risk Score and clinico-
pathologic variables to survival prediction (15). Our patient population was
evaluated as large enough to allow multivariate survival analysis.

Viability was statistically analyzed using #-test and GraphPad Prism soft-
ware. P < 0.05 value was considered to be significant.

Results

MicroRNAs differentially expressed in glioblastoma and non-tumor
brain tissues

We performed a genome-wide expression profiling of 754 human miR-
NAs in 58 GBM and 10 non-tumor brain FFPE tissue samples. LIMMA
analysis revealed 108 significantly upregulated and 108 downregu-
lated miRNAs in GBMs in comparison with non-tumor brain samples
(P < 0.05) (see Supplementary Table S2, available at Carcinogenesis
Online). Among them, 28 miRNAs showed P value < 10~ and were
able to discriminate GBMs and non-tumor brain samples with 100%
sensitivity and 100% specificity (Figure 1). The most significantly
upregulated miRNAs in GBM tissue were miR-21* and miR-155 (both
P < 107"7; fold change = 8.44 and 4.59, respectively). On the other side,
miR-220 and miR-1247 were the most significantly downregulated in
tumor tissue (both P < 1072'; fold change = 9.15 and 8.35, respectively).

MGMT promoter methylation status

We have examined MGMT promoter methylation status in our
cohort of GBM patients and have identified methylated promoter in
22 (38%) cases. Methylated promoter of MGMT was significantly
associated with longer progression-free survival (PFS) (P = 0.0309,
log-rank test; PFS medians of patients with methylated and non-
methylated MGMT promoter were 9 and 6.75 months from diagno-
sis, respectively) (Figure 3A) and longer OS (P = 0.0202, log-rank
test; OS medians of patients with methylated and non-methylated
MGMT promoter were 18.5 and 12 months form diagnosis, respec-
tively) (Figure 3B) in GBM patients. However, MGMT promoter
methylation status has not reached statistical significance in multi-
variate Cox regression analysis.

Identification of miRNA prognostic signature

‘We used univariate Cox regression to analyze each miRNA as predic-
tor of OS in 58 GBM patients and identified 15 miRNAs (P < 0.15),
from which were subsequently, using bidirectional stepwise regression,
selected six miRNAs (miR-31, miR-224, miR-432*, miR-454, miR-672
and miR-885-5p) (Supplementary Table S3, available at Carcinogenesis
Online). This six-miRNAs signature was used to calculate the Risk
Score for each patient (Figure 2). Higher Risk Score has been signifi-
cantly associated with shorter PFS (P < 0.0001, log-rank test; median
PES for low-risk and high-risk patients were 9.4 and 4.4 months since
diagnosis, respectively) (Figure 3C) and shorter OS (P < 0.0001, log-
rank test; median OS of low-risk and high-risk patients were 16.2 and
7.5 months since diagnosis, respectively) (Figure 3D) in GBM patients.

Risk Score based on six-miRNAs signature is an independent
prognostic factor

We performed univariate Cox regression analysis using clinical and
molecular factors for whole set of 58 GBM patients and observed
that the Risk Score based on six-miRNA signature and methylation
status of MGMT gene promoter were significantly associated with
OS and PFS. Moreover, PFES also correlated with adjuvant TMZ in
monotherapy (Table I). Performance status and extent of resection
were significantly associated with neither OS nor PFS. A multivariate
Cox regression analyses showed that Risk Score based on six-miRNA
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Fig. 1. Hierarchical clustergram discriminating GBM and non-tumor brain tissues according to differentially expressed miRNAs (blue color indicate GBM
tissues, yellow color indicate non-tumor brain tissues, P < 107).

Fig. 2. Analysis of the 6-miRNA-based Risk Score for overall survival in GBM patients; top—Risk Score distribution, middle—overall survival of GBM
patients, bottom—heat map of six-miRNA expression levels in GBM tissues, the black dotted lines on the top and middle represent the Risk Score cutoff value.

signature is independent prognostic factors in relation to both OS another independent factor associated with PFS was confirmed adju-
[hazard ratio (HR) 2.86; 95% confidence interval (CI) 1.914.29; vant TMZ in monotherapy (HR 0.56; 95% CI 0.320.97; P = 0.039)
P < 0.001] and PFS (HR 1.98; 95% CI 1.332.94; P < 0.001). As observed also in univariate Cox regression (Table I).
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Fig. 3. Kaplan—Meier survival curves estimating PFS (A) and OS (B) in patients with GBM accordingly to MGMT methylation status; and PFS (C) and OS (D)
in patients with GBM based on six-miRNA (miR-31, miR-224, miR-432%*, miR-454, miR-672 and miR-885-5p) prognostic Risk Score.

Table I. Cox hazard regression analysis of common GBM prognostic factors and 6-miRNA-based Risk Score effects on survival of GBM patients

Factors Univariate Cox regression Multivariate Cox regression Long-rank test P
HR 95% C1 P value HR 95% CI P value
Progression free survival
Risk Score 2.00 1.37-2.91 <0.001 1.98 1.33-2.94 <0.001 <0.001
T™Z 0.48 0.28-0.82 0.007 0.56 0.32-0.97 0.039
PS 1.69 0.70-4.04 0.242 2.17 0.89-5.30 0.090
MGMT 0.54 0.23-0.96 0.035
Overall survival
Risk Score 2.72 1.84-4.02 <0.001 2.86 1.91-4.29 <0.001
Extent of resection 1.00 0.49-2.04 0.991 <0.001
T™™Z 0.64 0.37-1.08 0.096
PS 1.79 0.76-4.22 0.186 2.31 0.96-5.57 0.061
MGMT 0.51 0.29-0.91 0.022

Bolded values are factors signficant in multivariate cox regression analysis. CI, confidence interval; HR, hazard ratio, MGMT, methylation status of
O°-methylguanine-DNA methyltransferase gene promoter; PS, performance status; TMZ, adjuvant temozolomide in monotherapy.

Validation of the six-miRNA prognostic signature by use of The

Cancer Genome Atlas data

We used TCGA dataset of 485 GBM patients for whom OS informa-
tion and miRNA expression profiles were available for validation of our

prognostic six-miRNAs signature. Unfortunately, only four miRNAs
(miR-31, miR-224, miR-432* and miR-454-3p) from signature were
represented in the TCGA dataset. First, we performed Z-score transfor-
mation on expression levels across the all GBM samples for each of
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the aforementioned four miRNAs; then, the four-miRNAs signature was
used for calculation of the individual Risk Score for each patient. By
using the median value of the Risk Scores as the threshold, we divided
GBM patients into high-risk and low-risk groups. Kaplan—Meier analy-
sis confirmed that OS of the high-risk patients was significantly lower in
comparison with low-risk patients (P < 0.0115, log-rank test) (Figure 4).

Ectopic expression of miR-31 decreases proliferation of GBM cells
in vitro

We performed in vitro transient transfection of miR-31 mimic in
A172, T98G, U8TMG and U251 cell lines to investigate effect of
miR-31 levels on GBM cells proliferation. MTT assay showed that
miR-31 mimic transfection leads to the significant decrease of prolif-
eration in all examined GBM cell lines when compared with control
oligonucleotide (P < 0.05, t-test) (Figure 5).

Discussion

Comparison of miRNA expression profiles in GBMs and non-tumor
brain tissues revealed a signature of 28 most significantly deregulated

Fig. 4. KaplanMeier survival curves estimating OS in GBM patients from
TCGA dataset accordingly to four-miRNA (miR-31, miR-224, miR-432* and
miR-454-3p)-based Risk Score.

Fig. 5. MiR-31 replacement reduces proliferation of GBM cells A172, T98G,
U8TMG and U251. *indicates P < 0.05; ‘dark’ grey indicates mimic negative
control (MOCK) transfected cells; ‘pale’ indicates miR-31 mimic transfected cells.
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miRNAs, which were able to precisely discriminate both of the inves-
tigated tissue categories accordingly to their origin. Nine miRNAs
(miR-10b*, miR-21, 128a, miR-133b, miR-139-3p, miR-139-5p,
miR-155, 196b and miR-328) were described previously to be dereg-
ulated in GBM (16-19). In this regard, the most frequently stud-
ied miRNA in cancer research and well-known oncogenic miRNA
in GBM is miR-21. This miRNA was many times observed to be
upregulated in GBM in comparison with non-tumor brain tissue and
its expression level is positively correlated with increased grading of
glioma tumors (16-19). These facts undoubtedly highlight miR-21
to be promising GBM biomarker. miR-21* (also called miR-21-3p)
that shares the same stem-loop precursor as miR-21 was another sig-
nificantly upregulated miRNAs in GBM. Although miR-21* is not as
famous as its precursor counterpart, there are studies indicating that
this molecule play a role in breast cancer, head and neck squamous
cell carcinoma, and multiple myeloma (20-22). Moreover, recent data
suggest that miR-21%, similarly to miR-21, positively regulate p-AKT
level; and activation of AKT results in cell growth and survival of
GBM cells (20,23,24). From one stem-loop precursor originate also
miR-139-3p and miR-139-5p, which were both significantly down-
regulated in GBM tissue in our study. These findings were several
times confirmed previously in both GBM and some other cancers. In
addition, miR-139-5p expression negatively correlates with survival
of high-grade glioma patients. However, their functional participation
on tumor cell biology remains unknown (25-27).

We have confirmed recently described reduction in expression
levels of miR-128a, miR-133b and miR-328 in GBM tissue. From
these, miR-128a has been the most frequently observed miRNA to
be downregulated in GBM (6,17,18), where it is involved in negative
regulation of mesenchymal signaling pathway and, thus, could be an
useful biomarker of novel clinically relevant molecular taxonomy of
GBM (1,28). In agreement with our results, several authors described
downregulation of miR-328 in GBM and, moreover, there are studies
showing negative correlation between miR-328 expression and malig-
nant progression of gliomas and positive relationship with prognosis
(17,29). This is probably due to the ability of miR-328 to participate
on regulation of Wnt signaling pathway and/or ABCG2 expression
(30,31). In concordance with our work, Silber et al. described down-
regulation of miR-133b in GBM suggesting its tumor suppressive func-
tioning (17). Decreased expression levels of miR-133b in other cancers
and its tumor suppressive role mainly through targeting CXCR4 and
EGFR signaling were recently published (32-34), which both were
several times described also in relation to GBM molecular pathology.

Excepting miR-21, we observed higher expression levels of miR-
10b*, miR-155 and miR-196b in GBM tissue in accordance with the
earlier published works (6,16,17). Oncogenic functioning of miR-155
in GBM is well described. In addition to generally observed increased
levels in tumor tissue, its expression inversely correlated with both OS
and PFS in GBM patients (35-37). miR-155 regulates glioma cell pro-
liferation, apoptosis, migration, invasiveness as well as chemoresist-
ance to taxol through targeting MXI1 (antagonist of c-Myc), FOXO3
and/or GABA receptors (36-39). Much less is known about the two
other upregulated miRNAs: miR-196b and miR-10*. High expression
of miR-196b GBM tissue was recently observed, and upregulation of
miR-196b confers a poor prognosis in GBM patients (40,41). miR-10*
(miR-10b-3p), unlike its stem-loop precursor counterpart miR-10b-5p,
is not well known and was not described in GBM yet and there are only
a few references available in other cancers till now. This miRNA has
been upregulated in saliva samples of esophageal carcinoma patients
and in older melanoma patients (42,43). On the other hand, this miRNA
has been downregulated in breast carcinoma and endometrial serous
adenocarcinoma (44,45). If we consider miR-10b* to have similar func-
tional properties as miR-10b, which functioning in cancer cell is well
described, its role in GBM would be more probably oncogenic (46,47).

In the second part of our study, logistic regression revealed six-
miRNAs signature (miR-31, miR-224, miR-432*, miR-454, miR-672
and miR-885-5p) that is associated with clinical outcome of GBM
patients treated with chemoradiotherapy. Interestingly, all miRNAs,
except miR-454, were significantly deregulated in tumor tissue
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in our GBM patient cohort (Supplementary Table S2, available at
Carcinogenesis Online). Three miRNAs (miR-31, miR-224 and miR-
885-5p) were studied earlier in relation to gliomas (Supplementary
Table S3, available at Carcinogenesis Online). In accordance with our
findings, miR-224 was described to be significantly upregulated in
glioma tissues and associated with survival of GBM patients (48). On
the contrary, miR-31 and miR-885-5p showed lower expression levels
in glioma cells, which also in agreement with our findings (47-50).
Because of its significant downregulation in GBM tissues as well as
its tumor suppressive character in relation to the GBM patient’s sur-
vival, miR-31 was chosen for the following in vitro functional analy-
ses. In accordance with the earlier observation, ectopic expression
level of miR-31 led to the significant decrease of cell proliferation in
all examined GBM cell lines indicating its tumor suppressive function
in GBM. Moreover, in recent studies was observed that both miR-31
and miR-885-5p reduced migration and/or invasiveness of glioma cell
lines suggesting their role in progression of gliomas and their prog-
nosis (47-50). To our knowledge, miR-432*, miR-454 and miR-672
have not been observed till now as associated with any type of cancer.

Risk Score calculated on the basis of this six-miRNAs signature
has been significantly associated with PES and OS in KaplanMeier
analyses. Our data showed that patients with higher Risk Score have
statistically worse prognosis than patients with Risk Score under cut-
off value. Our study confirmed well-described prognostic potential
of methylation status of MGMT promoter in GBM patients, who
underwent adjuvant concomitant RT/TMZ therapy. Ability of MGMT
methylation status to predict clinical outcome of GBM patients was
considerably lower in comparison with our six-miRNA-based Risk
Score. Furthermore, univariate Cox regression analysis revealed that
Risk Score and methylation status of MGMT gene promoter signifi-
cantly correlate with OS and following multivariate Cox regression
analysis confirmed Risk Score to be the independent prognostic factor.
Similar results were reached also in relation to the PFS. Interestingly,
common prognostic factors in GBM like performance status or extent
of resection have not been associated with PFS and OS. This is
probably due to the fact, that our cohort of GBM patients is highly
homogenous and total/subtotal resection and performance status 1 or
2 comprised 86 and 90 percentages of cases, respectively.

Finally, we performed independent validation analysis of our results
by use of TCGA dataset for OS prediction. Despite the fact that only
four miRNAs (miR-31, miR-224, miR-432* and miR-454-3p) from
six-miRNA prognostic signature were available in TCGA datasets for
calculation of Risk Score, GBM patients having Risk Score below the
median survived significantly longer time in KaplanMeier analysis.
This confirmed our findings from explorative part of this study where
higher Risk Score was associated with poor prognosis of GBM patients.

Overall, Risk Score based on six-miRNA signature showed sig-
nificant superiority in prediction of clinical outcome of GBM patients
when compared with MGMT methylation status as reference method.
Multivariate Cox analysis indicated that the Risk Score based on six-
miRNA signature is an independent prognostic classifier of GBM
patients. Therefore, we suggest that the Risk Score presents promis-
ing prognostic algorithm with potential for individualized treatment
decisions in clinical management of GBM patients.

Supplementary material

Supplementary Tables S1-S3 can be found at http://carcin.oxford-
journals.org/.
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PUVODNI PRACE

Vysledky multimodalni lécby glioblastoma
multiforme: Konsekutivni série 86 pacientu
diagnostikovanych v letech 2003—-2009

Multimodal Treatment of Glioblastoma Multiforme: Results
of 86 Consecutive Patients Diagnosed in Period 2003-2009
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Souhrn

Vychodiska: Glioblastoma multiforme patii k nej¢astéjsim primarnim nadorim mozku u dospélych.
Standardni lé¢ba spociva v maximalni resekci nddoru, adjuvantni konkomitantni chemoradioterapii
a nasledné chemoterapii s temozolomidem. Tento postup zlepsuje mediadn celkového preziti ve
srovnani se samotnou radioterapii. Soubor pacientti a metody: Retrospektivné jsme vyhodnotili
konsekutivni soubor pacientd s histologicky potvrzenym glioblastomem, ktefi v obdobi od ledna
2003 do prosince 2009 podstoupili po primarnim chirurgickém zakroku konkomitantni radiotera-
pii (1,8-2,0 Gy/den, planovano celkem 60 Gy) s chemoterapii (temozolomid 75mg/m?*den) s na-
slednym zédmérem podani 6 cykll adjuvantni chemoterapie (temozolomid 150-200mg/m? D1-5,
interval 28 dni). Primarnim cilem bylo zhodnotit vliv klinickych faktord a pouzité l1écby na zakladni
parametry preZiti, jako je ¢as bez progrese onemocnéni (PFS) a celkové pieziti (OS). Dale jsme se
zaméfili na toxicitu Ié¢by a vyhodnoceni jeji bezpecnosti. Vysledky: Do souboru bylo zafazeno cel-
kem 86 pacient(l. Median véku byl 56 let (rozmezi 24-69), prevazovali muzi (60 %). Vétsina pacientd
byla v dobé zahajeni chemoradioterapie v dobrém fyzickém stavu, u vice nez 80% byl performance
status (PS) 0-1. U 20% pacient( byla inicidlné provedena makroskopicky totdlni resekce nadoru,
v 65 % subtotdlni resekce, v 9% parcidlni resekce a v 6% se jednalo pouze o biopsii. Median PFS byl
7,0 mésict (2,0-35,5), median OS byl 13,0 mésict (2,5-70,0). Pooperacni PS, rozsah resekce a absol-
vovani planované konkomitantni Ié¢by bez nutnosti jeji redukce mély statisticky signifikantnivliv na
PFSiOS. Median PFS a OS byl u pacientdi s PS0, 1a 2 22,0,7,0a 6,0 mésicd v piipadé PFS (p =0,0018)
a 32,0, 13,0 a 9,0 mésicd v pripadé OS (p = 0,0023). Pacienti, u kterych bylo dosazeno totalniho od-
stranéni tumoru, méli delsi PFS (14,0 vs 6,0 mésicd, HR = 0,5688, p = 0,0301) i OS (23,0 vs 12,0 mé-
sicC, HR 0,4977, p = 0,0093), stejné jako pacienti, ktefi absolvovali konkomitantni chemoradioterapii
bez vyraznéjsi redukce. Pokud celkova dévka radioterapie presahla 54 Gy, byl PFS 8,0 vs 3,0 mésice
(HR=10,3313, p=10,0001) a OS 15,0 vs 5,0 mésice (HR = 0,1730, p < 0,0001). Podobné pokud pocet
dnd chemoterapie presahl 40, byl PFS 8,0 vs 5,0 mésict (HR=0,5300, p=0,0023) a OS 17,0 vs 9,5 mé-
sictl (HR = 0,5943, p = 0,0175). Vék, pohlavi a lokalizace nddoru nedosahly statistické vyznamnosti.
U hematologickeé toxicity hodnocené 3. nebo 4. stupném zdvaznosti (grade 3 nebo 4) byla relativné
¢asto zaznamenana trombocytopenie (9%), leukopenie (6 %), neutropenie (6%) a selektivni lym-
fopenie (25%). U nehematologické toxicity jednoznacné dominovaly tromboembolické piihody
(12%). Toxicita byla ¢astéjsi predevsim u pacientt s horsim PS (PS 2). V Ié¢bé recidivy nebo progrese
onemocnéni pfinasel pacientovi benefit zejména neurochirurgicky vykon (OS 24,0 vs 12,5 mésice,
HR =0,5325, p = 0,0111). Zdvér: Performance status, rozsah resekce, Uspésné podani vétsiny plano-
vané davky konkomitantni chemoradioterapie a moznost chirurgického feseni piipadné recidivy/
progrese onemocnéni vyznamné ovlivnily progndzu nasich pacientl s glioblastomy. Dle nasich
zkusenosti ma byt hlavnim faktorem pro rozhodovani o typu pouzité 1écby predevsim celkovy stav
nemocného. Lé¢ba malignich gliomt vyzaduje multidisciplinarni pristup.
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Summary

Backgrounds: Glioblastoma multiforme is the most common malignant primary tumor of the brain in adults. Standard therapy consists in maxi-
mal surgical resection and adjuvant concurrent chemoradiotherapy and adjuvant therapy with temozolomid. This approach improves survival
in comparison with postsurgical radiotherapy alone. Patients and Methods: Consecutive patients with histologically confirmed glioblastoma
multiforme in the period from January 2003 to December 2009 underwent postoperative radiotherapy (1.8-2.0 Gy/d, total of 60 Gy) plus concur-
rent daily chemotherapy (temozolomide 75 mg/m?%/d), followed by 6 cycles of temozolomide (150 to 200 mg/m? for 5 days, every 28 days) and
were analyzed retrospectively. The primary end point was to describe the correlation between known clinical factors, treatment and progression
free survival (PFS) and overall survival (OS). We assessed the toxicity and safety of the chemoradiotherapy. Results: Eighty-six patients (median
age, 56 years; 60% male) were included. Most of them (> 80%) were of performance status (PS) 0-1 at the beginning of chemoradiotherapy. Total
macroscopic resection was performed in 20% of the patients, subtotal in 65%, partial in 9%, and just biopsy in 6%. Median PFS was 7.0 months
(2.0-35.5), median OS was 13.0 months (2.5-70). Postoperative performance status (PS), the extent of resection, and administration of planned
treatment without reduction had statistically significant influences on PFS and OS. Median PFS and OS were 22.0, 7.0 and 6.0 months for PFS
(p = 0.0018) in patients with PS 0, 1 and 2 respectively and 32.0, 13.0 and 9.0 months for OS (p = 0.0023). Patients with total removal of tumor had
longer PFS (14.0 vs 6.0 months, HR = 0.5688; p = 0.0301) and OS (23.0 vs 12.0 months, HR 0.4977; p = 0.0093), as did patients without dose reduc-
tion of radiotherapy and/or chemotherapy. Patients with radiotherapy dose of over 54 Gy had PFS 8.0 vs 3.0 months (HR=0.3313; p =0.0001) and
0S 15.0 vs 5.0 months (HR = 0.1730; p < 0.0001). Similarly, treatment with concurrent chemotherapy for more than 40 days was also important:
PFS 8.0 vs 5.0 months (HR = 0.5300; p = 0.0023) and OS 17.0 vs 9.5 months (HR = 0.5943; p = 0.0175). Age, gender and position of tumor had
no significant influence. Treatment-related hematology toxicity grades 3 and 4 occurred relatively often: thrombocytopenia (9%), leukopenia
(6%), neutropenia (6%) and lymphopenia (25%). Thrombo-embolic events were dominant in non-hematology toxicity. Serious toxicity occurred
mainly in the subgroup of patients with PS 2. Treatment of progression was useful in selected patients. Second surgery was of the most benefit
(OS 24.0 vs 12.5 months, HR = 0.5325; p = 0.0111). Conclusion: Postoperative performance status, extent of resection, successful administration
of the majority of planned concurrent chemoradiotherapy and possibility of surgical treatment at the time of recurrence correlate with better
prognosis for our patients with glioblastoma. Our experience indicates that performance status should be the main factor in decisions about

treatment intensity. Treatment of malignant glioma requires a multidisciplinary team.

Key words

glioblastoma multiforme — chemotherapy - radiotherapy - survival — toxicity

Vychodiska

Glioblastoma multiforme patfi k nejcas-
t&jSim primarnim nadordim mozku u do-
spélych. Incidence se pohybuje mezi
3 a 4 pfipady na 100 000 obyvatel za
rok. Postihuje prevazné dospélé mezi
45 a 75 lety, vice nez 80% pacientu je
v dobé diagndézy starsi 50 let. Radika-
lita operacniho vykonu je dllezitym pro-
gnostickym faktorem [1,2]. Maximalni re-
sekéni vykon a pooperacni radioterapie
byla po léta Iécebnym standardem. Indi-
kace pooperacni chemoterapie nej¢as-
té&ji s derivaty nitrosourey byla sporna,
jeji vliv na prodlouzeni preziti nebyl vy-
znamny, lé¢ba byla navic zatizena vyssi
toxicitou [3-6].

V roce 2005 byly publikovany vy-
sledky Stuppovy studie faze lll, kde
byla jasné potvrzena ucinnost chemo-
terapie (temozolomid) v konkomitant-
nim podani s frakcionovanou radiotera-
pii a s jeji naslednou adjuvantni aplikaci
[7]. Poopera¢ni chemoradioterapie s te-
mozolomidem v této studii prodlouzila
medidn celkového preziti z 12,1 mésice
na 14,6 mésice a dle posledni aktualizace
dat sledovanych pacientll zvysuje i prav-

dépodobnost pétiletého preziti, a to bez
ohledu na vék ¢i rozsah vykonu [7,8]. Dle
retrospektivniho hodnoceni této pralo-
mové studie maji nejvétsi benefit z [écby
pacienti po makroskopicky totalni resekci,
mladsi 50 let, s performance statusem (PS)
0-1 a pfitomnosti metylace promotoru
genu reparacniho enzymu O%-Methylgua-
nin-DNA-methyltransferazy (MGMT) [9].

Lécba primarnich nadorl mozku ma
v Masarykové onkologickém Ustavu
(MOU) dlouholetou tradici. Dllezitym
faktorem je Uzka spoluprace s Neurochi-
rurgickou klinikou Fakultni nemocnice
Brno (FN Brno) a dalSimi pracovisti. Za
zasadni povazujeme komisionalni fesenf
kazdého pacienta.

V nésledujici retrospektivni analyze
bude vyhodnocen soubor pacientl
s glioblastomy, ktefi byli diagnostikovani
a lé¢eni nasim multioborovym tymem
v letech 2003-2009.

Soubor pacient{i a metody

Do retrospektivniho hodnoceni byli za-
fazeni vsichni pacienti starsi 18 let s his-
tologicky potvrzenym glioblastomem,
ktefi v obdobi od ledna 2003 do pro-

since 2009 zahdjili po chirurgickém za-
kroku konkomitantni chemoradioterapii
s temozolomidem s néaslednym zamé-
rem podani 6 cykld adjuvantni chemo-
terapie. Vice nez 95% pacientd bylo
primarné operovano na Neurochirur-
gické klinice FN Brno, néasledna Ié¢ba
probihala v Masarykové onkologickém
Ustavu. Resekce primarniho nadoru
byla povazovana za makroskopicky to-
talni (bez pfitomnosti evidentniho rezi-
dua), pokud bylo dosazeno shody neu-
rochirurga i pooperaéni zobrazovaci
metody. V ostatnich pripadech byla re-
sekce vyhodnocena bud jako subtotalni
(reziduum do 20 %), nebo parcidlni (rezi-
duum nad 20 %).

Schéma konkomitantni
chemoradioterapie a adjuvantni
chemoterapie
Temozolomid byl podévadn v déavce
75mg/m?, den 1.-42., p.o., po celou
dobu radioterapie, v¢etné vikend.
Konformniradioterapie byla provadéna
standardni frakcionaci (5 x 1,8-2,0 Gy/
/tyden, celkovd dévka 60 Gy za 6 tydn().
Nejcastéji byla pouzita technika dvou la-
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terolaterdlnich nebo konvergentnich
poli brzdného zéreni linearniho urych-
lovace o energii 6 MV a 18 MV. Plano-
vaci cilovy objem (PTV 1) zahrnoval 1tzko
nadoru a reziduum (GTV) s bezpecnost-
nim lemem 2-3cm. Po 4 tydnech Ié¢by
(aplikovana davka 20 x 1,8-2,0 Gy) byl
bezpec¢nostni lem zmensen na 1-2cm
(PTV 2) a bylo pokrac¢ovano v radioterapii
(10 x 1,8-2,0 Gy) do celkové davky 60 Gy.
Adjuvantni [é¢ba temozolomidem v mo-
noterapii byla indikovdna po ukonceni
konkomitantni chemoradioterapie (ve
4. tydnu po ukonceni ozafovani) v davce
150-200mg/m?, p.o., den 1.-5., interval
28 dni, celkem 6 cykld nebo do progrese
onemocnéni. Toto Iécebné schéma bylo
totozné s postupem, ktery ve své studii
uplatnili Stupp et al [7].

Schéma sledovani pacientt

v pribéhu lécby a po jejim ukonceni
K hodnoceni velikosti pooperac¢niho re-
zidua bylo provddéno ¢asné CT nebo
MRI vysetfeni (do 72 hod po vykonu).
Dalsi CT nebo MRI vy3etieni k hodno-
ceni efektu probéhlé konkomitantni
chemoradioterapie bylo standardné in-
dikovano za 4 tydny po jejim ukonceni.
V prlibéhu adjuvantni chemoterapie
s temozolomidem a/nebo nésledného
sledovani bylo CT nebo MRI provddéno
kazdé 3 mésice, pokud aktudini stav pa-
cienta nevyzadoval kontrolu dfive. Ze
zobrazovacich metod bylo vzdy jedno-
znacné preferovano MRI vysetieni, CT
bylo pouzito v pfipadech, kdy nebylo
MRI dostupné nebo nebylo z medicin-
skych ddvodd mozné. Odborné neuro-
logické vysetfeni atestovanym neurolo-
gem bylo standardné provadéno pred
zahajenim konkomitantni chemoradio-
terapie, déle za 4 tydny po jejim ukon-
ceni a poté kazdé 3 mésice.V pripadé kli-
nickych potizi byl neurolog konzultovan
kdykoliv mimo plvodni plan.

V pfipadé progrese onemocnéni (pro-
grese tumoru o 25% a vice, nové sate-
litni |éze, klinické zhor3eni s nutnosti na-
vyseni kortikosteroidd) byl dalsi postup
posouzen multidisciplinarni komisi pro
mozkové nadory. Zde byly zvazeny alter-
nativy nasledné lécby: operace, reiradia-
ce (v€etné stereotaktické radioterapie
a radiochirurgie), paliativni chemotera-
pie, symptomaticka lécba.

Tab. 1. Charakteristika souboru a orientacni srovnani se Stuppovym souborem.

Sledované parametry CHT/RT CHT/RT(Stupp)
n=86 n =287

vék (roky) <50 27 (31 %) 90 (31 %)
n (%) > 50 59 (69 %) 197 (69 %)

50-60 37 (43 %)

> 60 22 (26 %)
vék - median (roky) 56 (24-69) 56

m 56 (28-68)
251 (24-69)

pohlavi muzi 51 (60 %) 185 (64 %)
n (%) Zzeny 35 (40 %) 102 (36 %)
performance status (PS) PS0 11 (13 %) 113 (39 %)
dle WHO a Karnofsky (K1 100%)
index (KI) PS 1 64 (74 %) 136 (47 %)
n (%) (KI 90 %) 27 (31 %)

(K1 80 %) 37 (43 %)

PS2 11 (13 %) 38 (13 %)

(KI' 70 %) 11 (13 %)

(KI 60 %) 0
rozsah resek¢niho totalni resekce 17 (20 %) 113 (39 %)
vykonu
n (%)

subtotalni a parcialni 56 (65 %) 126 (44 %)

resekce 8(9 %)

biopsie 5 (6 %) 48 (17 %)
adjuvantni CHT n (%) 34/86 (40 %) 223/287 (78 %)
median cykla 4(1-7) 3(0-7)
adjuvantni CHT
ukonceno 6 cykli CHT 32% (11/34) 47 %

CHT/RT - chemoradioterapie, CHT - chemoterapie, n — pocet

Primarnim cilem studie bylo zhodno-
tit vliv klinickych faktoru (rozsah resekce,
celkovy stav pacienta, vék, pohlavi, loka-
lizace nadoru) a pouzité primarni a na-
sledné |écby na zakladni parametry
preziti, jako je ¢as bez progrese onemoc-
néni (PFS), celkové preziti (OS) a ¢as pre-
Ziti od zjisténi recidivy/progrese (EFS).
Parametr PFS je definovan jako doba od
operace do recidivy/progrese nadoru
nebo Uumrti. Parametr OS je definovan
jako doba od operace do umrti pacienta.
Parametr EFS je definovan jako doba od
recidivy/progrese do umrti.

Druhotnym cilem bylo vyhodnoceni
bezpecnosti/toxicity Ié¢by. Toxicita lécby
byla stanovena na zakladé klasifikace dle
National Cancer Institute Common Toxi-
city Criteria (NCI-CTC) version 3.0.

K zdkladni charakteristice dat byly po-
uzity bézné statistické funkce (napf. me-
dian, procentualni vyjadreni vysledku).

V analyzach preziti byl pfi porovnani pre-
Zivéni jednotlivych skupin pacient( vy-
uzit Gehantv-Wilcoxonuv test, pfipadné
Ln-pofadovy test. Kfivky preziti byly se-
strojeny klasickou Kaplan-Meierovou
metodou. Za statisticky signifikantni
byly povazovany hodnoty p < 0,05. Sta-
tistické vyhodnoceni dat bylo prove-
deno pomoci programu MedCalc, verze
9.3.9.0. Prace byla zpracovana progra-
movymi produkty spole¢nosti Microsoft
(Microsoft Word, Microsoft Excel).

Charakteristiku souboru pacient(
a jeho srovnani se souborem Stuppovy
studie uvadi tab. 1.

Vysledky

Vysledky lécby

V dobé od ledna 2003 do prosince
2009 bylo ke konkomitantni chemo-
radioterapii s temozolomidem a né-
sledné adjuvantni 1é¢bé indikovano
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Tab. 2. Celkové preziti (OS) a ¢as bez progrese (PFS), orientac¢ni srovnani se

Stuppovym souborem.

CHT/RT (MOU) CHT/RT (Stupp)
n=2386 n =287

median OS (mésice) 13,0 14,6
overall survival v (%)
6 mésicich 84,0 86,3
12 mésicich 57,0 61,1
18 mésicich 39,0 39,4
24 mésicich 26,0 27,2
3 letech 7,0 16,0
4 letech 3,0 12,1
5 letech 3,0 9,8
median PFS (mésice) 7,0 6,9
progression-free
survival v (%)
6 mésicich 62,0 53,9
12 mésicich 29,0 26,9
18 mésicich 15,0 18,4
24 mésicich 8,0 10,7

CHT/RT - chemoradioterapie, n - pocet

celkem 86 pacientll s nové diagnosti-
kovanym glioblastoma multiforme. Me-
dian véku pacientll byl 56 let, pfevazo-
vali muzi (60 %). Vétsina pacient( byla
v dobé zahdjeni chemoradioterapie
v dobrém fyzickém stavu, vice nez 80 %
mélo PS 0-1. U 20% pacientd byla inici-
alné provedena makroskopicky totalni
resekce nadoru, v 65% subtotdlni re-
sekce, v 9% parcidlni resekce a v 6% se
jednalo pouze o biopsii (tab. 1). Median
PFS v nasem souboru byl 7,0 mésict

(2,0-35,5) a median OS byl 13,0 mésicl
(2,5-70,0), viz kiivky preziti (graf 1 a 2).
V prvnim a druhém roce od diagnézy
choroby prezivalo 57 % a 26 % pacient(,
ve stejném obdobi bylo bez progrese
onemocnéni 29% a 8% pacientl (po-
drobné viz tab. 2).

Data preziti byla podrobena analyze
z pohledu PS (stavu fyzické vykonnosti),
véku a pohlavi pacienta, lokalizace na-
doru, radikality neurochirurgického vy-
konu, aplikované davky radioterapie

a chemoterapie. Dle ocekdavani poope-
ra¢ni PS, rozsah resekce a absolvovani
planované konkomitantni Iécby bez nut-
nosti jeji redukce mély statisticky sig-
nifikantni vliv na PFS i OS. Median PFS
a OS byl u pacientli sPS0,1a2220,70
a 6,0 mésich v pripadé PFS (p = 0,0018)
a 32,0, 13,0 a 9,0 mésicll v pripadé OS
(p = 0,0023), viz graf 3. Pacienti, u kte-
rych bylo dosaZzeno makroskopicky total-
niho odstranéni tumoru, méli ve srovnani
s pacienty s jakymkoliv poopera¢nim re-
ziduem delsi PFS (14,0 vs 6,0 mésicd,
HR = 0,5688, p = 0,0301) i OS (23,0 vs
12,0 mésicd, HR 0,4977, p = 0,0093), viz
graf 4.V pfipadé hodnoceni vlivu davek
konkomitantné aplikované radiotera-
pie a chemoterapie jsme zjistili, ze lepsi
vysledky lé¢by zaznamenali pacienti,
u nichz celkova davka radioterapie pre-
sahla 54 Gy a pocet dnli chemoterapie
preséhl 40.V prvnim pfipadé byl PFS 8,0
vs 3,0 mésice (HR = 0,3313, p = 0,0001)
a 0OS 15,0 vs 5,0 mésica (HR = 0,1730,
p < 0,0001), ve druhém pfipadé byl PFS
8,0 vs 5,0 mésict (HR=0,5359, p=0,0023)
a OS 17,0 vs 9,5 mésice (HR = 0,5943,
p =0,0175), viz tab. 3. Naopak vék (tab. 3,
graf 5) a pohlavi pacienta nebo lokalizace
tumoru nemély v nasi studii signifikantni
vliv ani na PFS, ani na OS.

Podobné jako v pfipadé primarni
[é¢by i moznost pokracovat v adjuvant-
nim poddavani temozolomidu méla vliv
na preziti pacientd. Dle statistického
hodnoceni byl PFS u pacientd, ktefi po-
kracovali v adjuvantnim temozolo-
midu, signifikantné delsi (10,0 vs 5,0 mé-
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Graf 1. Kaplan-Meierova analyza - pfeziti bez progrese onemoc-

néni (PFS).
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Graf 2. Kaplan-Meierova analyza - celkové pfeziti (OS).
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Tab. 3. Parametry pfeziti (median OS a median PFS) ve vztahu k véku, rozsahu resekce, stavu vykonnosti po operaci (PS), davce
podané radioterapie a poctu dni chemoterapie pfi konkomitantni fazi lécby.

Performance status

Vék (roky) Rozsah resekce (PS)

<50 >50 radikalni  neradikalni 0 1 2
OSV g 16,0 11,0 23,0 12,0 32,0 13,0 9,0
(mésice)
p p=0,6159 p=0,0093 p=0,0023
HR 0,8933 0,4977 -
PF% . 8,0 6,0 14,0 6,0 22,0 7,0 6,0
(mésice)
p p=0,5217 p = 0,0301 p=0,0018
HR 0,8674 0,5688 -

sic, HR = 0,6480, p = 0,0393) nezZ ve
skupiné, ktera adjuvantni lé¢bu z rdz-
nych ddvodu neabsolvovala. V pfipadé
OS byl sice rovnéz patrny rozdil mezi
obéma skupinami, nicméné nebyl sta-
tisticky signifikantni (18,0 vs 11,0 mé-
sicd, HR = 0,6874, p = 0,0896). Vysledky
vSak mohou byt ovlivnény relativné niz-
kym poctem pacientd, ktefi pokracovali
v adjuvantnim temozolomidu (40 %).
K hlavnim pfi¢indm preruseni IéCby jiz
po konkomitantni ¢asti patfila progrese
onemocnéni a pfedevsim toxicita |écby,
ktera byla vyssi nez ve Stuppové studii.
K adjuvantnimu temozolomidu byli in-
dikovani jen pacienti, ktefi absolvovali
konkomitantni chemoradioterapii bez
zavaznéjsi G3/4 toxicity, bez jasné pro-
grese nadoru na kontrolnim CT nebo
MRI vy3etfeni a bez vyznamného zhor-
$eni stavu fyzické vykonnosti.

Radioterapie (Gy) Chemoterapie

(pocet dni)
<54 >54 <40 > 40
5,0 15,0 9,5 17,0
p <0,0001 p=0,0175
0,1730 0,5943
3,0 8,0 5,0 8,0
p = 0,0001 p =0,0023
0,3313 0,5300

Tab. 4. Lécba recidivy/progrese po chemoradioterapii a adjuvantni chemoterapii.

Lécebna metoda MOU - n (%) Stupp - n (%)
operace 21/86 (24 %) 64/272 (24 %)
reiradiace 8/86 (9 %) 13/272 (5 %)
paliativni chemoterapie 39/86 (45 %) 148/272 (54 %)

n - pocet

Na podskupiné 67 pacientd, u kterych
byla zobrazovacimi metodami (CT nebo
MRI) potvrzena recidiva nebo progrese
onemocnéni, jsme hodnotili vliv dalsiho
postupu na celkové preziti a na Cas pre-
ziti od zjisténi recidivy/progrese (EFS).
V nasem souboru byla reoperace prove-
dena u 24 % pacient(, v ostatnich pfipa-
dech pacienti podstoupili bud' paliativni
chemoterapii, radioterapii, nebo sym-
ptomatickou lé¢bu. Vyuziti jednotlivych
modalit ukazuje tab. 4. PfestoZe je hod-

noceni vysledkd 1é¢by recidivy/progrese
znacné problematické, nebot charakter
progrese vyznamné ovliviiuje celkovy
stav pacienta a moznost pouzit proti-
nadorovou lécbu, nase vysledky potvr-
zuji jeji pozitivni vliv na dalsi vyvoj ne-
moci. Skupina lé¢enych pacient(, bez
ohledu na pouzitou modalitu lé¢by, za-
znamenala signifikantné delsi preziti
od recidivy/progrese nez pacienti na
symptomatické terapii (7,0 vs 3,0 mé-
sice, HR = 0,5675, p = 0,0187), viz graf 6.
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Graf 3. Kaplan-Meierova analyza - celkové preziti (OS) v zavis-

losti na celkovém stavu vykonnosti (PS).
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Graf 4. Kaplan-Meierova analyza - celkové preziti (OS) v zavis-

losti na pfitomnosti poopera¢niho rezidua tumoru.
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Graf 5. Kaplan-Meierova analyza - celkové pieziti (OS) v zavis-

Graf 6. Kaplan-Meierova analyza - cas preziti od recidivy/pro-
losti na véku.

grese (EFS) v zavislosti na lécbé.

Toxicita lécby

Tab. 5. Pouzitd lIé¢ba v dobé recidivy/progrese a ovlivnéni délky Zivota (EFS). .
Kromé vysledkd [é¢by jsme se rovnéz za-

Lé¢ba relapsu/ Reoperace Reiradiace Paliativni jimali o jeji toxicitu. Vyskyt zdvazné he-

progrese chemoterapie matologické a nehematologické toxicity,

ano ne ano ne ano ne ano ne hodnocené stupném 3 a 4 (G3/4), je uve-

n 46 21 21 46 8 59 39 28 den v tab. 6. U hematologické toxicity
pieziti od byla ve srovnéani se Stuppovym soubo-
rogrese rem castéji zaznamendana trombocyto-
zo l?ml’tl' Ze Sl e Y I 0 &0 A penie (celkem 8 pacientll, 9%), ve tfech
(mésice) pfipadech s krvacivymi projevy s nut-
p p=0,0187 p =0,0247 p=0,1207 p = 0,4008 nosti aplikaci trombonéplavi. Leukope-
HR 0,5675 0,5855 0,5883 0,8286 nie a neutropenie G3/4 byla také ¢astéjsi
n - pocet (celkem 5 pacientd, 6 %), ve dvou pfipa-

dech kvili probihajicimu infektu s nut-
nou podporou myelopoézy (G-CSF).

Z pohledu vyznamnosti pouzité metody
mél nejvétsi benefit opera¢ni vykon. Pa-
cienti, ktefi podstoupili reoperaci, méli
ve srovnani s ostatnimi pacienty EFS 9,0
vs 4,0 mésice (HR = 0,5855, p = 0,0247)

a OS 24,0 vs 12,5 mésice (HR = 0,5325,
p=0,0111), vizgraf 7 a 8. Samostatny vliv
paliativni chemoterapie nebo reiradiace
na prodlouzeni délky Zivota od progrese
nedosahl statistické vyznamnosti (tab. 5).

Dllezité je také poukazat na casto pod-
cenovanou G3/4 lymfopenii. V nasem
souboru se vyskytla u celkem 22 pa-
cientll (25%), ve 4 pfipadech mohla
mit podil na rozvoji infekce (bez dopro-
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Graf 7. Kaplan-Meierova analyza - ¢as preziti od recidivy/pro-

grese (EFS) v zavislosti na operabilité.
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Graf 8. Kaplan-Meierova analyza - celkové preziti (OS) v zavis-

losti na moznosti chirurgické 1é¢by progrese nemoci.
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Tab. 6. Zavazna toxicita (G3/4) dle NCI-CTC version 3.0 a komplikace konkomitantni chemoradioterapie (v priibéhu a do

1 mésice od ukonceni).

Toxicita G3
Hematologicka
anémie 1
leukopenie 1
neutropenie 1
lymfopenie 16
trombocytopenie 4
Nehematologicka
hepatopatie 3
pneumonie
plicni embolizace +
flebotrombézy DKK
amrti

vodné G3/4 neutropenie) i pres profylaxi
sumetrolimem u vétsiny pacient(. U ne-
hematologické toxicity jednozna¢né do-
minovaly tromboembolické pfihody,
z nichz jedna byla fatalni. Zanedbatelnd
nejsou ani dvé Umrti na pneumocysto-
vou pneumonii, z nichZ jedna vznikla
v terénu lymfopenie G4. Tento relativné
vysoky vyskyt toxicity mél zcela jisté vliv
na indikaci adjuvantni 1écby a tim prav-
dépodobné ovlivnil i median PFS a OS
a zfejmé i snizil procento pacientl zi-
jicich déle nez 2 roky. Na zakladé zna-
mych vstupnich klinickych faktord jsme
se proto snazili blize popsat skupinu pa-
cient(, ktera je vystavena vyssimu riziku
vaznych nezadoucich G¢inkd 1é¢by. Dle
nasich zkusenosti je evidentni, ze pre-
devsim pacienti s PS 2 maji vy3si riziko
komplikaci pfi probihajici chemoradio-
terapii a tim i vyssi pravdépodobnost je-
jiho pfed¢asného ukonceni.

Opacna situace nastala v pfipadé ad-
juvantni [écby temozolomidem, tj. po
ukonéeni chemoradioterapie, kde jsme
zavaznou toxicitu (G3/4) nepozorovali.
Dlvodem byla jisté selekce pacientll pro
pokracovani v adjuvantni Iécbé.

Diskuze

| v pfipadé protinddorové lécby glio-
blastom doslo v priibéhu poslednich
20 let k postupnému vyvoji v otazce za-
fazeni chemoterapie a typu cytostatik.
Na pocatku byly klinické studie zamé-

* 2x atypickd pneumonie (Pneumocystis carinii)

* 1x plicni embolizace

feny zejména na hodnoceni vyznamu
chemoterapie na bazi derivatQ nit-
rosourey aplikovanych po chirurgic-
kém zakroku a radioterapii u pacientt
s high-grade gliomy. Dle metaanalyzy
12 klinickych studii (GMT Group, 2002)
zahrnujicich pfes 3 000 pacientU léce-
nych pooperacné samotnou radiotera-
pii nebo sou¢asnym podéanim radiotera-
pie a chemoterapie bylo zjisténo, Ze diky
chemoterapii dochazi k absolutnimu na-
vyseni jednoletého preziti ze 40% na
46 % a hrani¢nimu prodlouzeni medianu
pfeziti o 2 mésice [6].

Od konce 90. let se zacaly objevo-
vat vysledky ze studii faze Il s konko-
mitantni chemoradioterapii s temozo-
lomidem. V roce 2005 byly Stuppem
publikovany vysledky prdlomové stu-
die faze lll, které potvrdily signifikantni
vliv konkomitantni chemoradioterapie
a nasledné adjuvantni chemoterapie
s temozolomidem na prodlouZeni ¢asu
bez progrese i medidnu celkového pre-
Ziti ve srovndni s pacienty lé¢enymi jen
operaci a radioterapii [7]. Rezim pouzity
v této studii se stal novym standardem
Ié¢by pacientll s glioblastomy a je i za-
kladnim srovnavacim rezimem v klinic-
kych studiich s novymi Iéky, pfedevsim
z oblasti cilené [é¢by. Diskuze, kterd stale
probiha, se tyka zejména poctu cykld
adjuvantni chemoterapie po ukonceni
konkomitantni l1écby a také davkového
schématu temozolomidu. Inicidlni Stup-

G4 G3+4 (MOU) G3+4 (Stupp)
0 1/86 (1 %) 1(<1%)
4 5/86 (6 %) 7/284 (2 %)
4 5/86 (6 %) 12/284 (4 %)
6 22/86 (25 %) neuvedeno
4 8/86 (9 %) 9/284 (3 %)
0 3/86 (3 %) neuvedeno
6/86 (7 %), 4x nekomplikovana, 2x atypicka 3/284 (1 %)
4/86 (5 %) o
6/86 (7 %) 12/284 (4 %)
3/86 (3 %)

2/284 (1 %)
* krvaceni do mozku

pova studie byla opakované podro-
bena retrospektivnim analyzam, jejichz
cilem bylo popsat jednotlivé podsku-
piny pacientd a nalézt zadsadni prognos-
tické a prediktivni faktory. Posledni hod-
noceni s vysledky pétiletého sledovani
bylo publikovano v bfeznu roku 2009
[8]. Signifikantni vliv chemoradiotera-
pie na délku preziti byl zaznamenan ve
vsech analyzovanych podskupinach, bez
ohledu na vék ¢i rozsah vykonu. Nejvétsi
benefit z é¢by z pohledu klinickych fak-
torl méli pacienti po makroskopicky to-
talni resekci, mladsi 50 let, s performance
statusem (PS) 0-1.V pfipadé resekcniho
vykonu a nasledné kombinované che-
moradioterapie se 5 let dozZivalo cca
10% pacientl versus 1-2% pacientq,
u kterych byla poopera¢né aplikovana
pouze samotnd radioterapie. Pokud pa-
cient podstoupil pouze biopsii, byly jeho
sance na pétileté preziti pfi pouziti kon-
komitantni chemoradioterapie cca 5%,
kdeZto s pouhou radioterapii téméf nu-
lové [8].

V nasem souboru jsme rovnéz zazna-
menali signifikantni vliv radikality re-
sekce a PS na celkové preziti. Vék byl jako
prognosticky faktor nesignifikantni, coz
mohlo byt ovlivnéno skladbou pacientd,
kdy v souboru vyrazné prevazovali pa-
cienti s PS 1 (74 %). P¥i srovnavani s vy-
sledky Stuppova souboru jsme u nasich
pacientll dosahli podobného dvoule-
tého preziti, nicméné v pétiletém preziti
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Graf 9. Kfivky celkového pieziti a orientacni srovnani se Stuppovou studii.

jsou nase vysledky horsi (podrobné viz
tab. 2 a graf 9). Pficinou m(iZze byt mensi
podil pacientl po totalnich resekcich
(20% vs 39%) a nizsi procento pacientd
adjuvantné |é¢enych temozolomidem
po ukoncené konkomitantni chemora-
dioterapii (40% vs 78 %, viz tab. 1).

Nase studie ma rovnéz urcité limity
v moznosti pfesného hodnoceni Ié-
¢ebné odpovédi bezprostiedné po pri-
marni chirurgické 1é¢bé a po chemora-
dioterapii. V obdobi od ledna 2003 az
cervna 2005 nebylo vzdy mozné pro-
vadét pooperacni MRI vysetfeni k po-
souzeni rezidua nadoru (bylo pouze CT
vysetieni) a u ¢asti téchto pacientl ne-
bylo k dispozici ani MRl za mésic po
ukonceni konkomitantni chemoradio-
terapie. K hodnoceni l1é¢ebné odpovédi
bylo proto nejcastéji pouzivano CT vy-
Setfeni s i.v. kontrastem, u nékterych ne-
jasnych nalez(l v kombinaci s PET vyset-
fenim, coz nelze pokladat za optimalni
algoritmus polécebného sledovani. Dle
dnesnich doporuceni ma byt poope-
ra¢ni MRI vysetfeni provedeno do 24-72
hod po vykonu, dal$i MRI vysetieni s od-
stupem 2-6 tydn( po ukonceni konko-
mitantni chemoradioterapie a nasledné
MRI kontroly v intervalu 2-4 mésicu

v pribéhu adjuvantniho temozolomidu
a sledovani.

Zajimavé bylo i srovnani vyskytu za-
vazné hematologické a nehematolo-
gické toxicity. V priibéhu konkomitantni
chemoradioterapie byla zaznamenana
Castéjsi hematologicka toxicita stupné
G3/4, a to predevsim trombocytope-
nie (9% vs 3 %) a lymfopenie (25 %), coz
opodstatnuje doporuceni profylaktic-
kého podavani sumetrolimu. U nehe-
matologické toxicity dominovaly trom-
boembolické piihody, viz tab. 6. Pacienti
s PS 2 castéji konkomitantni |é¢bu ne-
dokoncili a jejich pfreziti bylo v fadé pfi-
padl kratsi nez u podobnych pacientt
indikovanych k samotné radioterapii.
Z toho vyplyva, Ze indikace konkomi-
tantni chemoradioterapie u pacientq,
ktefi jsou po operaci v celkové horsim
klinickém stavu, musi byt dobfe zva-
Zena. V pfipadé, Ze kromé PS 2 jsou pfi-
tomny dalsi negativni prognostické fak-
tory, napf. ¢etné a zdvazné interkurence
nebo inoperabilni nador, je vhodnéjsi
volit pouze samotnou radioterapii.

Kromé klasickych klinickych prognos-
tickych faktor( je v sou¢asnosti diskuto-
van i vyznam molekularnich prognostic-
kych a prediktivnich faktor(. Za nadéjny

prediktivni molekularni faktor se pova-
Zuje stav metylace promotoru genu re-
para¢niho enzymu O°®-Methylguanin-
-DNA-methyltransferazy (MGMT) [9-12].
Bohuzel problémy se standardizaci vy-
Setfovaci metody komplikuji zavedeni
vysetfovani tohoto faktoru do rutinnikli-
nické praxe. Stav metylace MGMT u ¢3sti
nasich pacientl je pravé testovan a vy-
sledky budou publikovény pozdéji.
Dalsi velmi vyznamnou problemati-
kou v této oblasti je 1écba recidivy/pro-
grese glioblastomu po pfedchozi pri-
marni [écbé. Pro urcité pacienty mize
byt metodou volby dalsi neurochirur-
gicky vykon, reiradiace nebo chemote-
rapie. Vysledky paliativni chemotera-
pie zaloZzené na derivatech nitrosourey
v nasem souboru nebyly nijak presvéd-
¢ivé. Cetnost lécebnych odpovédi se
pohybovala do 10%, trvani bylo krat-
kodobé, median ¢asu do progrese se
pohyboval kolem 3 mésict. Podobné
vysledky byly dosazeny i v pfipadé opa-
kovani radioterapie, jejiz aplikace je
omezena predchozim ozafovanim. Na-
opak i nase zkusenosti jednoznacéné po-
tvrzuji, Zze u vybranych pacientd mGze
byt vyznamnym pfinosem reoperace.
Urcité zlepseni [écebnych vysledkl
u rekurentnich glioblastom@ by mohly
pfinést dose-dense a metronomické re-
zimy s temozolomidem [13,14]. Jejich
potencialni Gc¢innost i po selhani rezim(
se standardné davkovanym temozolo-
midem je vysvétlovana odlisnym pato-
fyziologickym mechanizmem pUlsobeni
metronomické protinadorové lécby. Me-
tronomické rezimy prevysuji davkovou
intenzitou standardni rezimy, mohou
plsobit antiangiogenné a diky konti-
nualnimu podavani mohou zplsobovat
chronickou depleci repara¢niho enzymu
MGMT. K dnesnimu datu vsak nepro-
béhla Zadna klinicka studie faze Ill, ktera
by tyto hypotézy potvrdila. V soucasné
dobé probiha fada klinickych studii s ci-
lenou Ié¢bou a v této souvislosti jsou
i hledany nové molekularni prognostické
faktory [15]. Nejcastéji se jedna o |éciva
cilena proti mechanizm{m angiogeneze
[16,17], signalnim drahdm receptord pro
rdstové faktory [18-20], m-TOR [21], in-
tegrinlm [22]. V tomto sméru nejnadéj-
néjsich vysledkd dosahl bevacizumab
[23,24], ktery je v USA jiz doporucen
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k 1é¢bé rekurentnich high-grade gliomu
jak v monoterapii, tak v kombinaci s che-
moterapii. Zac¢lenéni bevacizumabu do
prvni linie 1é¢by ke konkomitantni che-
moradioterapii s temozolomidem je
nyni predmétem probihajicich klinickych
studii faze Il (AVAglio, RTOG 0825) [25].
Z dalsich testovanych Iéciv mél nadéjné
vysledky ve studiich faze Il oraIni inhibi-
tor receptorli pro VEGF - cediranib [26].
Bohuzel studie faze Ill tato o¢ekavani ne-
potvrdila [27]. Dalsi studie faze lll probiha
také s inhibitorem integrina - cilengiti-
dem. Tento preparat je zkousen v rdmci
prvni linie 1é¢by se Stuppovym rezimem
u pacientl s pfitomnou metylaci promo-
toru genu pro MGMT.

Zavér

K dosazeni optimalnich vysledkl 1é¢by
pacientd s glioblastoma multiforme je
nutné, aby lécebna strategie byla ve-
dena multidisciplinarnim tymem. Stan-
dardni komplexni 1é¢ba je v soucas-
nosti zaloZzena na chirurgickém vykonu
s maximalni radikalitou pfi souc¢asném
zachovani kvality zivota, nasledova-
ném konkomitantni aplikaci radiotera-
pie a chemoterapie s temozolomidem,
ktery dale pokracuje i v adjuvantnilécbé.
Vétsi benefit z uvedené [é¢by Ize oceka-
vat u pacientd po makroskopicky totalnf
resekci, mladsich 50 let, s performance
statusem 0-1 a pfitomnosti metylace
promotoru genu repara¢niho enzymu
MGMT. Dulezitym faktorem pro rozho-
dovani o indikaci konkomitantni che-
moradioterapie je i potencidlni toxicita
lé¢by vedouci k jejimu pfedcasnému
ukon¢eni a v kone¢ném disledku krat-
simu preziti nez pfi radioterapii samotné.
Proto je nezbytné kazdého pacienta po-
suzovat individualné. Dle nasich zkuse-
nosti musime byt zvlasté opatrni s in-
dikaci chemoradioterapie u pacienta
s PS 2. Dalsim dulezitym faktorem je
také Iécba recidivy/progrese onemoc-
néni po predchozi primarni |écbé. Na za-

kladé nasich vysledkl je evidentni, ze
u vybranych pacientdl mGze byt vyznam-
nym pfinosem reoperace. Ve snaze zlep-
Sit Iécebné vysledky probéhla a probiha
v poslednich letech fada klinickych stu-
dii s cilenou lé¢bou. Nejdale je vyzkum
v oblasti inhibice angiogeneze, prede-
vsim s bevacizumabem. Vysledky téchto
studii mohou zlepsit obecné Spatnou
progndzu pacientl s glioblastomy.

Literatura

1. Laws ER, Parney IF, Huang W et al. Glioma Outcomes In-
vestigators. Survival following surgery and prognostic fac-
tors for recently diagnosed malignant glioma: data from
the Glioma Outcomes Project. J Neurosurg 2003; 99(3):
467-473.

2. Hentschel SJ, Sawaya R. Optimizing outcomes with
maximal surgical resection of malignant gliomas. Cancer
Control 2003; 10(2): 190-114.

3. Walker MD, Green SB, Byar DP et al. Randomized com-
parisons of radiotherapy and nitrosoureas for the treat-
ment of malignant glioma after surgery. N Engl J Med
1980; 303(23): 1323-1329.

4. Kala M, Cwiertka K, Hajdich M. Nové trendy v chemo-
terapii nddord mozku - lé¢ba dle histologickych diagnéz.
Klin Onkol 2000; 13(4): 107-111.

5. Fine HA, Dear KB, Loeffler JS et al. Meta-analysis of ra-
diation therapy with and without adjuvant chemothe-
rapy for malignant gliomas in adults. Cancer 1993; 71(8):
2585-2597.

6. Stewart LA. Chemotherapy in adult high-grade gli-
oma: a systematic review and meta-analysis of indivi-
dual patient data from 12 randomised trials. Lancet 2002;
359(9311):1011-1018.

7. Stupp R, Mason WP, van den Bent MJ et al. European
Organisation for Research and Treatment of Cancer Brain
Tumor and Radiotherapy Groups; National Cancer Insti-
tute of Canada Clinical Trials Group. Radiotherapy plus
concomitant and adjuvant temozolomide for glioblas-
toma. N Engl J Med 2005; 352(10): 987-996.

8. Stupp R, Hegi ME, Mason WP et al. European Organisa-
tion for Research and Treatment of Cancer Brain Tumor
and Radiotherapy Groups; National Cancer Institute of
Canada Clinical Trials Group. Effects of radiotherapy with
concomitant and adjuvant temozolomide versus radio-
therapy alone on survival in glioblastoma in a randomi-
sed phase Il study: 5-year analysis of the EORTC-NCIC trial.
Lancet Oncol 2009; 10(5): 459-466.

9. Hegi ME, Diserens AC, Gorlia T et al. MGMT gene silen-
cing and benefit from temozolomide in glioblastoma.
N Engl J Med 2005; 352(10): 997-1003.

10. Esteller M, Garcia-Foncillas J, Andion E et al. Inac-
tivation of the DNA-repair gene MGMT and the clinical
response of gliomas to alkylating agents. N Engl J Med
2000; 343(19): 1350-1354.

11. Hegi ME, Diserens AC, Godard S et al. Clinical trial sub-
stantiates the predictive value of O-6-methylguanine-
DNA methyltransferase promoter methylation in glioblas-

toma patients treated with temozolomide. Clin Cancer
Res 2004; 10(6): 1871-1874.

12. Paz MF, Yaya-Tur R, Rojas-Marcos | et al. CpG island hy-
permethylation of the DNA repair enzyme methyltransfe-
rase predicts response to temozolomide in primary glio-
mas. Clin Cancer Res 2004; 10(15): 4933-4938.

13. Perry JR, Bélanger K, Mason WP et al. Phase Il trial of
continuous dose-intense temozolomide in recurrent ma-
lignant glioma: RESCUE study. J Clin Oncol 2010; 28(12):
2051-2057.

14. Wick A, Pascher C, Wick W et al. Rechallenge with te-
mozolomide in patients with recurrent gliomas. J Neurol
2009; 256(5): 734-741.

15. Necesalova E, Kuglik P, Cejpek P et al. Studium polyzo-
mie chromozomu 7, monozomie chromozomu 10, am-
plifikace genu EGFR a delece genu p53 u multiformniho
glioblastomu pomoci metody fluorescen¢ni in situ hybri-
dizace (FISH). Klin Onkol 2006; 19(1): 9-14.

16. Folkman J. Tumor angiogenesis: therapeutic implicati-
ons. N EnglJ Med 1971; 285(21): 1182-1186.

17. Fine HA, Figg WD, Jaeckle K et al. Phase Il trial of the
antiangiogenic agent thalidomide in patients with recur-
rent high-grade gliomas. J Clin Oncol 1999; 18(4): 708-715.
18. Neyns B, Sadones J, Joosens E et al. Stratified phase I
trial of cetuximab in patients with recurrent high-grade
glioma. Ann Oncol 2009; 20(9): 1596-1603.

19.Rich JN, Reardon DA, Peery T et al. Phase Il trial of gefitinib
in recurrent glioblastoma. J Clin Oncol 2004; 22(1): 133-142.
20. Peereboom DM, Shepard DR, Ahluwalia MS et al.
Phase Il trial of erlotinib with temozolomide and radia-
tion in patients with newly diagnosed glioblastoma mul-
tiforme. J Neurooncol 2010; 98(1): 93-99.

21. Galanis E, Buckner JC, Maurer MJ et al. Phase I trial
of temsirolimus (CCI-779) in recurrent glioblastoma mul-
tiforme: a North Central Cancer Treatment Group Study.
J Clin Oncol 2005; 23(23): 5294-5304.

22. Reardon DA, Fink KL, Mikkelsen T et al. Randomized
phase Il study of cilengitide, an integrin-targeting argi-
nine-glycine-aspartic acid peptide, in recurrent glioblas-
toma multiforme. J Clin Oncol 2008; 26(34): 5610-5617.
23. Vredenburgh JJ, Desjardins A, Herndon JE 2nd et al.
Bevacizumab plus irinotecan in recurrent glioblastoma
multiforme. J Clin Oncol 2007; 25(30): 4722-4729.

24. Friedman HS, Prados MD, Wen PY et al. Bevacizumab
alone and in combination with irinotecan in recurrent
glioblastoma. J Clin Oncol 2009; 27(28): 4733-4740.

25. Radiation Therapy Oncology Group 0825, American Col-
lege of Radiology. Phase Il double-blind placebo-control-
led trial of conventional concurrent chemoradiation and
adjuvant temozolomide plus bevacizumab versus conven-
tional concurrent chemoradiation and adjuvant temozolo-
mide in patients with newly diagnosed glioblastoma [on-
line]. September 29, 2009. Cited 2010-01-20. Available from:
http://www.rtog.org/members/protocols/0825/0825.pdf.
26. Batchelor TT, Duda DG, di Tomaso E et al. Phase Il study
of cediranib, an oral pan-vascular endothelial growth factor
receptor tyrosine kinase inhibitor, in patients with recurrent
glioblastoma. J Clin Oncol 2010; 28(17): 2817-2823.

27. Batchelor T, Mulholland P, Neyns B et al. A phase IIl
randomized study comparing the efficacy of cediranib as
monotherapy, and in combination with lomustine, with
lomustine alone in recurrent glioblastoma patients. Ann
Oncol 2010; 21 (Suppl 8): viii4.

120

Klin Onkol 2011; 24(2): 112-120




3 gESfUVTER i and O | Lj It | i | www.radioloncol.com ADIOLOGY
G NCOLOGY

review

Radiotherapy of glioblastoma 15 years after
the landmark Stupp’s trial: more controversies
than standards?

Tomas Kazda'23, Adam Dziacky#, Petr Burkon'?, Petr Pospisil':2, Marek Slavik'-,
Zdenek Rehak>%7:8 Radim Jancalek®'%, Pavel Slampa'2¢, Ondrej Slaby37:2,
Radek Lakomy”:

' Department of Radiation Oncology, Masaryk Memorial Cancer Institute, Brno, Czech Republic

2 Department of Radiation Oncology, Faculty of Medicine, Masaryk University, Brno, Czech Republic

3 Central European Institute of Technology, Masaryk University, Brno, Czech Republic

4 Faculty of Medicine, Masaryk University, Brno, Czech Republic

> Department of Nuclear Medicine and PET Center, Masaryk Memorial Cancer, Institute, Brno, Czech Republic

6 Regional Center for Applied Molecular Oncology (RECAMO), Masaryk Memorial Cancer Institute, Brno, Czech Republic

7 Department of Comprehensive Cancer Care, Faculty of Medicine, Masaryk University, Brno, Czech Republic

8 Department of Comprehensive Cancer Care, Masaryk Memorial Cancer Institute, Brno, Czech Republic

9 Department of Neurosurgery - St. Anne’s University Hospital Brno, Faculty of Medicine, Masaryk University, Brno,
Czech Republic

0 Department of Neurosurgery, St. Anne’s University Hospital Brno, Brno, Czech Republic

Radiol Oncol 2018; 52(2): 121-128.

Received 7 November 2017
Accepted 12 March 2018

Correspondence to: Radek Lakomy M.D., Ph.D., Department of Comprehensive Cancer Care, Masaryk Memorial Cancer Institute,
Zluty kopec 7, 656 53 Brno, Czech Republic. Phone: +420 54 31 32 203; Fax: +420 54 31 32 455; E-mail: lakomy@mou.cz

Disclosure: No potential conflicts of interest were disclosed.

Background. The current standard of care of glioblastoma, the most common primary brain tumor in adults, has
remained unchanged for over a decade. Nevertheless, some improvements in patient outcomes have occurred as
a consequence of modern surgery, improved radiotherapy and up-to-date management of toxicity. Patients from
control arms (receiving standard concurrent chemoradiotherapy and adjuvant chemotherapy with temozolomide)
of recent clinical trials achieve better outcomes compared to the median survival of 14.6 months reported in Stupp’s
landmark clinical trial in 2005. The approach to radiotherapy that emerged from Stupp’s trial, which continues to be
a basis for the current standard of care, is no longer applicable and there is a need to develop updated guidelines
for radiotherapy within the daily clinical practice that address or at least acknowledge existing controversies in the
planning of radiotherapy.

The goal of this review is to provoke critical thinking about potentially controversial aspects in the radiotherapy of
glioblastoma, including among others the issue of target definitions, simultaneously integrated boost technique, and
hippocampal sparing.

Conclusions. In conjunction with new treatment approaches such as tumor-treating fields (TTF) and immunotherapy,
the role of adjuvant radiotherapy will be further defined. The personalized approach in daily radiotherapy practice is
enabled with modern radiotherapy systems.

Key words: glioblastoma; radiation therapy; confroversy; target volumes; radiotherapy dosage

Introduction only a few findings were translated into updates

in the treatment guidelines for this most aggressive
Despite many advances in the understanding of and frequent primary brain tumor of adults. These
glioblastoma (GBM) biology in recent decades, updates have notably occurred in the manage-
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ment of elderly patients, where methylation of the
O6-methylguanine-DNA methyltransferase (MGMT)
gene promotor indicates higher chemosensitivity
and higher benefit from administration of alkylat-
ing agents such as temozolomide (TMZ).!* Unlike
for the majority of other cancer types in which
there have been treatment gains with the advent
of targeted therapies, there have not been similar
advances in GBM treatment to date. Owing to rich
tumor neovascularization, much hope was put es-
pecially into anti-angiogenic therapy® however,
negative results have been reported in GBM clini-
cal trials that used bevacizumab to target vascular
endothelial growth factor.”8 In contrast with nega-
tive results from recent GBM trials focused on new
pharmacotherapeutics, co-administration of RT
with TMZ has nearly tripled the 2-year survival of
GBM patients in the last decade from a dismal 10%
with RT alone to 27% with the addition of TMZ
and quintupled to 47% in patients with MGMT
promoter methylation’, representing an exciting
advance after little progress in previous decades.
However, standard post-surgery treatment of
newly diagnosed GBM patients has remained un-
changed since implementation of the recommen-
dations of the EORTC 26981-22981/NCIC CES3 trial
(Stupp regimen) that finished enrolling patients
in 2002 and was published in 2005.>!! In this pro-
tocol, TMZ (75 mg/m?) is administered on days 1
through 42 with concomitant RT (60 Gy), followed
by administration of TMZ alone (150 to 200 mg/
m2) on days 1-5 in six consecutive 4-week cycles.
Co-administration of TMZ improved survival from
12.1 months (with RT alone) to 14.6 months (with
the addition of TMZ).!112

This educational review considers potentially
controversial aspects in the RT of GBM assuming
strict application of the current standard of care
EORTC 26981-22981/NCIC CE3 protocol for RT
planning.

Current updates in glioblastoma
treatment

Despite the advance described above, patients in
ordinary clinical practice (outside of clinical tri-
als) have now been treated with the same general
protocol for more than 10 years. During that time,
though, RT itself has experienced rapid evolution
due to advances in computing technology, better
access to imaging methods, and more sophisti-
cated RT instrumentation.’® Today, preparation
and application of RT is much more complicated
than 10 years ago, but does this complexity bring

Radiol Oncol 2018; 52(2): 121-128.

any benefits in regards to overall survival of pa-
tients with GBM? Even though patients receive
a numerically identical dose of 60 Gy, the dos-
ing technique matters as it affects toxicity. There
is an obvious difference between conventional
2-dimensional external beam RT (as whole brain
irradiation, WBRT) and the 3-dimensional con-
formal RT or other modern methods of photon
RT (e.g., intensity-modulated arc therapy, IMRT).
Recently, tumor-treating fields (TTFs) have be-
come recognized as a novel cancer treatment
modality with antimitotic effects against rapidly
dividing tumor cells.* This is caused by alternat-
ing electric fields of low-intensity and intermedi-
ate-frequency through transducer arrays applied
to the shaved head, which are being increasingly
thought of as an upcoming new standard of care
in GBM, already approved by the U.S. Food and
Drug Administration for both newly diagnosed
as well as recurrent GBM.'> A randomized clinical
phase 3 trial EF-14 evaluated the effect of TTF plus
maintenance TMZ vs. maintenance TMZ alone on
survival parameters in patients with newly diag-
nosed GMB.1%'7 This trial represents the first ma-
jor advance in the treatment of newly diagnosed
GBM in roughly a decade, with a hazard ratio for
overall survival of 0.63 being numerically com-
parable with that seen in the Stupp trial in 2005.
Ultimately, aside from health-care payers’ points
of view, the willingness of patients to undergo the
burden of carrying a TTF device non-stop will de-
termine if TTF becomes a new standard of care.!®
Based on the interim analysis, there is no prelimi-
nary evidence that health-related quality of life,
cognitive, or functional status is adversely affected
by continuous usage of TTF.

Notably, patients in control (standard therapy)
arm of this trial achieved relatively long median
survival, as well as in another recent trial (ACT
IV trial), where the role of epidermal growth fac-
tor receptor EGFRVIII targeted vaccine-based im-
munotherapy rindopepimut was investigated.?
Compared to a median overall survival (OS) of
14.6 months in the original Stupp trial', there was
reported to be significant increase in median OS
(from diagnosis to death) to 19.8 months in the EF-
14 trial", and to 20.2 months (median 17.4 months
from randomization to death + a reported median
of 2.8 months from diagnosis to randomization) in
the control arm of the rindopepimut ACT 1V trial.?
Since the underlying treatment (RT to 60 Gy + con-
comitant and maintenance TMZ) is the same, it is
unclear whether this difference in median OS is
the evidence of improved treatment outcomes as
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a consequence of modern surgery, improved RT,
and up-to-date management of toxicity. Patients
in both of these studies were randomized after
the completion of concomitant chemoradiother-
apy. Thus, more favorable patients were selected
compared to the first landmark Stupp trial. For
this reason, a selection bias may be responsible
for the described difference in OS. 82 out of 1019
(8%) eligible patients for EF-14 trial experienced
progressive disease after completion of radiother-
apy phase and were excluded.” Whether 8% pa-
tients with the worst prognosis would have been
excluded in EORTC 26981-22981/NCIC CES3 trial,
the median overall survival would be roughly 16.5
months from randomization (17.7 months from
diagnosis). So without eventual selection bias, it is
possible to compare these 17.7 months in the Stupp
trial to the 19.8 months in EF-14 and 20.2 months
in rindopepimut trials, all with the same treatment
RT + TMZ. The difference in more than 2 months is
clear improvement in outcomes as a consequence
of modern surgery, RT and toxicity management.
Or should we utilize approaches in daily RT prac-
tice which were employed in the Stupp trial decade
ago since this is a “registration” trial for the current
standard of care?

The correct total dose

Despite advances in RT over the last 10 to 15 years,
certain postulates remain unchanged. One such
principle is: “the correct dose to the correct place.”
Dosage for adjuvant RT of GBM has been same
over the last few decades, and it is not typically
considered controversial in patients younger than
60-65 years.” The effect of high doses in adjuvant
RT of GBM was shown in 1979 by a retrospective
analysis performed by the German “Brain Tumor
Study Group”.? The best result (median over-
all survival of 42 weeks) was achieved by WBRT
with 60 Gy compared to 55 (36 weeks) or 50 Gy (28
weeks)? and with significant difference between
those receiving 60 versus 50 Gy. Doses above 60
Gy did not lead to any benefit regardless of RT
technique used. With WBRT, increasing to 70 Gy
was not associated with further survival improve-
ment.?* The later attempts to improve outcomes
by an increase of RT dose included combination
of 60 Gy WBRT and increased targeted dosage by
IMRT?, brachytherapy?®, or stereotactic radiosur-
gery (RTOG 9305).7 Increasing focused radiation
dose by hyperfractionation was tested as well.?
Doses above 60 Gy have not proven to be beneficial
even in the TMZ era.?

One might conclude that the question of the cor-
rect total dose in adjuvant RT is a closed chapter
and further studies in this field are not judged.
On the other hand, it is possible that the studies
mentioned above missed application of increased
RT dose to the most malignant tumor cells (a high-
density portion of tumor). Such areas are generally
considered to be areas with contrast enhancement
on CT or MRI. MRI-guided serial biopsy study
has proven that tumor cells are present inside but
also outside the area of this enhancement, infiltrat-
ing at least borders of T2 hyperintensity on MRIL3
Positron emission tomography (PET) has an in-
creasingly important role in the diagnosis, grading,
response assessment, and/or guidance of surgery
and RT.3-* For example, ¥F-DOPA (3,4-dihydroxy-
6-['F] fluoro-1-phenylalanine) is an amino acid
tracer that identifies areas of high-grade portions
of disease as proven by histopathology evaluation
of F-DOPA and MRI-guided biopsies with statis-
tically significant difference in tumor-to-normal
brain uptake ratio between grade II, Il and IV glio-
mas.* Dose escalation to not only areas with post-
contrast MRI enhancement but also to high-risk
areas identified by PET or diffusion/perfusion MRI
may improve clinical outcomes of glioma treat-
ment.*® An ongoing phase II clinical trial for high-
grade gliomas is evaluating increases in the dose
up to 76 Gy with target volume defined by MRI
and 8F-DOPA PET (NCT01991977). Dose-escalated
proton beam RT is being evaluated in an ongoing
prospective trial as well (NCT02179086). Hence,
even if the current RT dosage is well established at
60 Gy in common standard of care, the correct dose
of radiation may become controversial shortly with
wider availability of advanced MR and PET imag-
ing or proton beam facilities.?**” Furthermore, as
we gain additional experience with TTF therapy,
effects of concurrent administration of TTF and RT
will be questioned, and dose escalation or de-es-
calation trials may be of substantial interest in the
field, further clouding the issue of correct RT dose.

The correct RT target definition

Determination of the ideal target volume for RT
represents a trade-off between minimizing treat-
ment-related toxicity and achieving tumor control.
With standard structural MRI, there are several
comparable methods of contouring clinical target
volume (CTV: location of expected or suspected
malignant cells). Two basic approaches in target
definition are “the American approach” by the
Radjiation Therapy Oncology Group (RTOG con-
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TABLE 1. Recommendations for target definition according to EORTC, RTOG and ESTRO-ACROP

Contouring -
approach Dose prescription GV C1v
EORTC 30x2.0 Gy Resection cavity GTV +2cm
single phase + residual T1 enhancement
RTOG 23x2.0 Gy GTV1: CTV1 = GTV1 + 2 cm (the margin is
two phases Resection cavity 2.5 cm in cases where no oedema
+ residual T1 enhancement is presented)
+ FLAIR abnormality (oedema)
+7x20 Gy GTV2: GTV2+2cm
Resection cavity
+ residual T1 enhancement
ESTRO-ACROP  30x 2.0 Gy Resection cavity GTV+2cm

+ residual T1 enhancement
+ FLAIR abnormality (oedema)
for secondary glioblasomas

Abbreviations: EORTC = European Organisation for Research and Treatment of Cancer; ESTRO-ACROP = European Society for Radiotherapy & Oncology
- Advisory Committee on Radiation Oncology Practice; CTV = clinical target volume; FLAIR = Fluid-attenuated Inversion Recovery. GTV = gross tumor

volume; RTOG = Radiation Therapy Oncology Group

touring approach) that defines two CTVs accommo-
dating hyperintensity at T2/FLAIR MRI (FLAIR -
Fluid-attenuated Inversion Recovery) in addition
to T1 contrast-enhanced MRI?® and “the European
approach” by the European Organization for
Research and Treatment of Cancer (EORTC single
phase contouring approach) that defines one CTV uti-
lizing mainly T1 post-contrast MRI. The ESTRO-
ACROP (European Society for Radiotherapy &
Oncology - Advisory Committee on Radiation
Oncology Practice) approach resembles EORTC
practice, although CTV is defined in certain in-
stances also by T2/FLAIR MRI, especially in the
case of secondary, isocitrate dehydrogenase (IDH)-
mutated GBM¥ (Table 1). There has been no ran-
domized comparison of these different consensus
practices. Nevertheless, the single phase approach
is generally associated with reduced irradiated
volume without a significant increase in marginal
or distant recurrences.* Reducing target volumes
leads to lower irradiation of radiographically nor-
mal brain and, thus, possibly to less toxicity, al-
though this remains to be validated prospectively.

In daily clinical practice, the chosen method for
contouring depends in part on the planned radia-
tion technique (3-dimensional conformal therapy
vs. inverse planning of IMRT with steeper dose
gradients and higher demand on precision) or on
the extent of edema, respective of the tumor itself.
Molecular characteristics of gliomas, currently
established in the integral diagnosis within the
new WHO classification update from 2016, may
also influence target definition in the personal-
ized contouring of target volumes.* Mutation of
the IDH gene, the early stable driving mutation in
diffuse glioma, is associated with WHO grade II/
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III gliomas and a better prognosis, while GBMs are
typically IDH wild-type. Nonetheless, about 10%
of GBMs, formerly named secondary GBMs, are
IDH-mutated, which probably indicates their dedi-
fferentiation from low-grade gliomas. Because this
dedifferentiation may occur anywhere within ini-
tial low-grade glioma, a single phase approach with
high dose irradiation covering all T2/FLAIR hyper-
intensity may be deemed suitable. Nevertheless, it
is too soon to speak about a predictive marker for
RT because no clinical trial or RT planning study so
far addressed this issue.

If a two-phase RTOG strategy is applied for a
particular patient, the dose for “the larger volume”
and the dose for “the smaller volume — the high-
risk region” must be determined. This cone-down
strategy, also called sequential boost, combines
most often 46 + 14 Gy, or possibly 50 + 10 Gy, de-
pending on target volume size. IMRT allows prep-
aration of irradiation for two target volumes si-
multaneously. This technique, called simultaneous
integrated boost (SIB), is sometimes used in clinical
practice. However, its usage may be controversial.
A common prescription is 30 x 1.7 Gy (51 Gy) for
planning target volume #1 and 30 x 2.0 Gy (60 Gy)
for planning target volume #2. This is not truly an
SIB, because the dose in high-risk subvolume does
not exceed standard daily 2.0 Gy; instead, the dose
in low-risk subvolume is decreased to daily 1.7 Gy.
The advantage is in dose control within individual
subvolumes. In the case of the standard sequential
46 + 14 Gy regimen, the low-risk subvolume re-
ceives more than the prescribed 46 Gy (Figure 1)
because irradiation during the second phase passes
through the low-risk subvolume (resulting in anon-
homogeneous dose of about 50-57 Gy, of which
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first 46 Gy is delivered in 2.0 Gy daily fractions). As
long as all dose-volume constraints are met, such
an RT plan can be clinically applied. SIB seems to
be more beneficial for cases with a large volume
of hyperintensity on T2/FLAIR-weighted MRI, be-
cause the total dose for low-risk subvolume exactly
matches the prescribed dose. Assuming relative ra-
dioresistance of glioma cells, the disadvantage is in
the low daily dose of 1.7 Gy. There are no clinical
studies that prove or disprove superiority of this
type of SIB, and therefore its use remains contro-
versial. However, there are also no robust clinical
studies demonstrating benefits of IMRT in gener-
al.®2 Some reports exist in the evaluation of classi-
cal SIB, where the RT schedule is hypofractionated.
For example, Paner-Raymond reported no survival
improvement or patterns of failure change in their
retrospective analysis of patients treated in 20 frac-
tion of 2.0 Gy delivered to the larger volume while
simultaneously boosting gross tumor volume by
3.0 Gy.# The same RT protocol was used in recent-
ly published phase II clinical trial evaluating the
role of neoadjuvant TMZ.# Hypofracionated (60
Gy in 20 daily fractions) RT was administrated con-
currently with TMZ after 2 weeks of prior neoadju-
vant TMZ (75 mg/m? per day) and was followed by
adjuvant TMZ.# Encouraging median overall sur-
vival of 22.3 months warrants further testing of this
approach in phase III design. Until then, hypofrac-
tionated SIB cannot be considered a standard for
daily clinical practice. Generally, there is potential
for a planning study and then even maybe a trial
(comparison of RTOG vs. EORTC contouring ap-
proaches, normofractionated or hypofractionated
SIB techniques vs. cone-down strategy, etc), how-
ever only one topic at the time must be addressed.
IMRT is commonly used due to its apparent do-
simetric advantages, mainly for tumors localized
close to critical organs. The question often asked
about expensive particle therapy is also pertinent
for IMRT: What evidence do we need for the es-
tablishment of a new standard of care in RT tech-
niques? Dosimetric advantages have the potential
to translate into the better neurocognitive function
as is currently evaluated in the NCT01854554 clini-
cal trial, where IMRT is compared with intensity-
modulated proton RT for newly diagnosed GBM.

Lessons from the past: RT approach
from Stupp “s protocol

The RT planning steps in the original Stupp’s
protocol were substantially less complicated than
those used nowadays. Gross tumor volume (GTV)

FIGURE 1. An example of an RT treatment plan (color wash display of isodoses with a
minimal dose of 57 Gy, that is 95% of the prescribed dose of 60 Gy) in three planes.
A RT plan for the same patient was prepared using a simultaneous integrated boost
(left) and sequential boost (right). Target volumes are shown in blue contour (yellow
labeled arrows). Dose assignment to the “PTV2-boost” target volume is the same
in boost cases, 30 x 2.0 Gy. With sequential boost, overtreatment (red arrows) is

observed in the area where a lower dose was prescribed.

representing tumor mass, was defined as the
area within the primary tumor as measured by
post-contrast enhancement on either CT or MRL
In general terms, planning target volume (PTV:
margin needed to compensate for inaccuracies)
is the GTV enlarged by approximately 2-3 cm.!
Determination of a safety margin for PTV is com-
plicated in daily clinical practice with a slight dif-
ference in each patient as several variables must
be taken into consideration. The most important
are planned technique (classical conformal RT wvs.
IMRT; coplanar vs. non-coplanar), quality of im-
mobilization, availability of on-board imaging sys-
tem, inaccuracy in images registration, compliance,
and overall patient’s state.

Based on the evaluation of randomly selected
individual patients from all participating centers
in the EORTC 26981-22981/NCIC CES3 trial, 34% of
centers planned RT based solely on pre-operative
CT and 62% of centers planned RT on classic 2-di-
mensional simulator measurements.* Most of the
centers (94%) delineated PTV alone or with CTV
or GTV.# Would that be considered as a lege artis
or as a controversial, whether we plan RT for our
patient on 2 dimensional RTG simulator without
dedicated planning CT (and MRI) scan, since it was
employed in a registry study of the current stand-
ard of care?
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Other controversies in the decision-
making of daily RT practice

A few other controversies associated with RT of
HGG are mentioned briefly. The issue of reduction
of CTV around natural barriers to tumor growth is
not standardized. One of the options is to reduce
the CTV to as low as zero at the border with fixed
barriers such as bone or falx and to as low as few
millimeters around non-rigid barriers such as ven-
tricles or brain stem. Another controversial topic
is hippocampal sparing with the goal of minimiz-
ing the negative effects of RT on cognitive func-
tions.*# RT in 2 Gy fractions to 40% of the bilateral
hippocampi greater than an equivalent dose of 7.3
Gy was associated with long-term memory impair-
ment in patients with low-grade or benign brain tu-
mors.”” There is controversy as to whether it might
or might not be beneficial to spare the ipsilateral
neural stem cell regions as in the hippocampus,
owing to accumulating evidence of higher risk of
tumor recurrence in the proximity to these regions,
which are thought to provide favorable conditions
for putative glioma stem cells whose survival is be-
lieved to be responsible for tumor recurrence.*
Indeed, subventricular zones have been proposed
as new key targets for GBM treatment.”>> Whether
to spare the contralateral hippocampus remains
controversial. Nevertheless, especially when em-
ploying inverse RT planning to allow dose control
in different parts of the brain, contralateral hip-
pocampal sparing should be at least considered
in patients with right-sided low-grade glioma to
spare the dominant left hemisphere which may
be more related to verbal memory declines after
RT.5354

Conclusion and future perceptivities

To provide state-of-the-art RT for GBM patients in
daily clinical practice, it is necessary to acknowl-
edge the capabilities and limitations of current RT
techniques in the light of the potential controver-
sies described in this review. With current techni-
cal and supportive care advances, it is possible to
prolong further the survival of patients with GBM
as presented in the control arms of the recent EF-14
and rindopepimut ACT IV trials. In trials enrolling
patients who have completed chemoradiotherapy,
significant differences in completed upfront treat-
ment may affect results; further confounding in-
fluences can be at least partially mitigated if the
above-mentioned uncertainties and controversies
in daily RT are used as stratifications factors. For

Radiol Oncol 2018; 52(2): 121-128.

example, for the EF-14 trial, trial protocol amend-
ment V2.0 included an update in the dose of RT
(from 60 Gy to 45-70 Gy) to address common vari-
ations in the standard of care treatment between
individual patients/centers.!® Although the pro-
portion of patients who received less than 57 Gy
was balanced between the TTF and control arms,
one must ask what kind of RT should be used in
daily clinical practice if the TTF treatment were to
become the new standard of care. With the current
standard approach of concomitant and adjuvant
TMZ, it might not matter which RT procedure is
chosen. With new treatment approaches such as
TTF or immunotherapy®, the role of adjuvant ra-
diotherapy will be further defined.
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The aim of this retrospective study is to provide real-world evidence in glioblastoma
treatment and to compare overall survival after Stupp’s regimen treatment today and
a decade ago. A current consecutive cohort of histologically confirmed glioblastoma
irradiated from 1/2014 to 12/2017 in our cancer center was compared with an already
published historical control of patients treated in 1/2003-12/2009. A total of new 155
patients was analyzed, median age 60.9 years, 61% men, 58 patients (37%) underwent
gross total tumor resection. Stupp’s regimen was indicated in 90 patients (58%), 65
patients (42%) underwent radiotherapy alone. Median progression-free survival in Stupp’s
regimen cohort was 6.7 months, median OS 16.0 months, and 2-year OS 30.7%. OS
was longer if patients were able to finish at least three cycles of adjuvant chemotherapy
(median 23.3 months and 43.9% of patients lived at 2 years after surgery). Rapid
early progression prior to radiotherapy was a negative prognostic factor with HR 1.87
(p = 0.007). The interval between surgery and the start of radiotherapy (median 6.7
weeks) was not prognostically significant (p = 0.825). The median OS in the current
cohort was about 2 months longer than in the historical control group treated 10
years ago (16 vs. 13.8 months) using the same Stupp’s regimen. Taking into account
differences in patient’s characteristics between current and historical cohorts, age, extent
of resection, and ECOG patient performance status adjusted HR (Stupp’s regimen vs.
RT alone) for OS was determined as 0.45 (p = 0.002).

Keywords: glioblastoma, chemotherapy, radiotherapy, rapid early progression, overall survival, real-world
evidence
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INTRODUCTION chemoradiation with subsequent adjuvant chemotherapy was
further analyzed in detail.

Despite intensive multimodal treatment of glioblastoma Radiotherapy (RT) was performed in all patients within

consisting of maximal safe resection followed by combined
chemoradiotherapy (well-known Stupp’s regimen), ultimately
all patients develop tumor recurrence and subsequently die for
further glioblastoma progression (1, 2). The greatest benefit
from multimodal treatment has been demonstrated in patients
after macroscopic gross total resection (GTR), those under
50 years of age, with ECOG (Eastern Cooperative Oncology
Group) performance status of 0-1 and the presence of promoter
methylation of  O6-methylguanine-DNA-methyltransferase
(MGMT) gene (3-5). Currently, more approaches are considered
standard of care in older people who are less tolerant to the
standard Stupp’s regimen and are treated by Perry’s modification
(3 weeks chemoradiotherapy) of by chemotherapy alone, for
example (6-8).

Real-world evidence data are an increasingly important
supplement to clinical and translational research. These analyses
of current real-world patients treated outside controlled clinical
trials may identify hidden needs as well as provide survival data
for proper powering in future clinical trials. This is especially
relevant in glioblastoma where no positive practice changing
trial, focused on the treatment of the best prognostic glioblastoma
subcohort, was published during the last 15 years despite huge
advances in the understanding of glioblastoma in general (9, 10).

This single institutional retrospective study unbiased by inter-
center variability aims to analyze the outcomes of consecutive
glioblastoma patients irradiated in our cancer center from 1/2014
to 12/2017 and to compare their outcomes with a historical
control of patients treated in 1/2003-12/2009. This control
cohort with a median survival of 13 months (2-year overall
survival 26%) was published in 2011 and was treated by the
same Stupp’s regimen as most patients from the present cohort
(11, 12). Comparison of survival data in respective control arms
in recently published global clinical trials (Stupp’s regimen used
as the standard of care in control arm) with those published in
original trial by Stupp et al. (patients enrollment from 8/2000
to 3/2002) reveals remarkable improvement in survival around
5 months after the same treatment regimen (1, 10, 13, 14). We
aim to describe this possible improvement also in patients treated
in real-world care outside of clinical trials in single institutional
report unbiased by variability associated with the inclusion of
patients in many countries and institutions.

MATERIALS AND METHODS

Consecutive patients over 18 years of age with histologically
proven newly diagnosed glioblastoma irradiated from 1/2014
to 12/2017 in our cancer center were eligible for this analysis
approved by our institutional review board. All patients signed
informed consent with the usage of their data for research
purposes. All patients after glioma surgery were discussed in the
multidisciplinary neurooncology tumor board and those eligible
for postsurgery oncology treatment were referred to radiotherapy
consultation. A subgroup of patients indicated to concurrent

study cohorts. A planning CT scan for 3-dimensional RT dose
calculation was utilized in all patients. Some of them underwent
also planning MRI (including postcontrast T1 weighted scan
with submillimeter slices) which was rigidly registered to CT
scan for proper RT target definition. Individual prescription
of RT dose and scheduling was guided mainly by patients
performance status and by volume, size, shape, and location
of the target volume. Both standards of care approaches in
target volume definitions were employed in patients eligible for
treatment by Stupp’s regimen—the Radiation Therapy Oncology
Group (RTOG contouring approach) that defines two clinical
target volumes accommodating hyperintensity at T2/FLAIR
MRI in addition to T1 contrast-enhanced MRI (15) and the
European Organization for Research and Treatment of Cancer
(EORTC single-phase contouring approach) that defines one
target utilizing mainly T1 postcontrast MRI (16). The total
dose of normofractionated 60 Gy was prescribed irrespective of
the used target volumes definition approach. RT was prepared
employing planning system Eclipse™ (Varian medical systems,
Palo Alto, CA, USA) and performed on linear accelerator Varian
Clinac iX or TrueBeam (Varian medical systems, Palo Alto,
CA, USA).

Concurrent chemoradiotherapy and adjuvant chemotherapy
were prescribed according to the original Stupp et al. (1) protocol.
Temozolomide (75 mg/mz) was administered on days 1 through
42 with concomitant RT (60 Gy). After 4 weeks, treatment follows
by the administration of temozolomide alone (150-200 mg/m?)
on days 1-5 in six consecutive 4-week cycles or to progression.
The prophylaxis against Pneumocystis jirovecii pneumonia was at
the discretion of the treating physician.

Response to treatment was evaluated based on regular
follow up MRI scanning. Progression presented already on
planning MRI was considered only in patients who had
available early postsurgery (within 72h) control MRI enabling
a clear definition of eventual postsurgery residuum. The
first post (chemo)radiotherapy MRI was usually ordered 4-
6 weeks after the last RT session, followed by regular
MRI every 3 months unless clinically indicated for earlier
examination. No routine RANO criteria (17) usage in daily
clinical practice was employed and MRI were visually evaluated
by servicing radiologist. Unclear findings were reviewed by
a multidisciplinary neurooncology tumor board, mostly with
a recommendation for an earlier control exam. Treatment
at progression was highly individualized with options for
resurgery, reirradiation, temozolomide rechallenge, palliative
chemotherapy (mostly lomustine), or symptomatic treatment.

The primary objective is to evaluate the impact of clinical and
laboratory factors (gender, age, extent of resection, ECOG patient
status, tumor location, early tumor progression on planning MRI,
MGMT methylation) and used treatment on survival parameters
such as progression-free survival (PFS) and overall survival (OS).
PES was defined as the time from the date of initiation of RT
to the date of relapse. Considering retrospective nature of this
analysis, no strong measures according to differential diagnosis
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TABLE 1 | Basic patients’ characteristics of current cohort (GBM 2014-2017) and historical group (GBM 2003-2009).

Study cohort GBM 2014-2017 GBM 2003-2009 Current vs.
(n = 155) (n = 145) historical group
Stupp’s regimen RT alone Stupp’s regimen RT alone Stupp’s regimen
n =290 n =65 n =86 n =59 p-value*
Age (years)
Median (IQR) 56 (30-76) 66 (20-86) 56 (24-69) 67 (41-82) 0.034
<50 22 (24%) 10 (15%) 30 (35%) 5 (8%) 0.140
Mens 61 (68%) 34 (562%) 51 (569%) 33 (66%) 0.274
Performance status (ECOG) 0.450
and Karnofsky index (KI)
ECOG 0 45 (560%) 11 (17%) 38 (44%) 6 (10%)
(KI'90-100%)
ECOG 1 44 (49%) 38 (58%) 48 (56%) 35 (69%)
(KI 70-80%)
ECOG 2 1(1%) 16 (25%) 0 (0%) 18 (31%)
(KI 50-60%)
Tumor location
Deep brain location 23 (26%) 26 (40%) NA NA
Extent of resection <0.001
GTR 44 (49%) 14 (22%) 17 (20%) 8 (13%)
STR 36 (40%) 24 (37%) 56 (65%) 21 (36%)
Partial resection 10 (11%) 27 (41%) 13 (15%) 30 (51%)
or biopsy
IDH status
Mutated/evaluated 5/57 (9%) 1/22 (5%) NA NA
MGMT status
Metylated/evaluated 11/48 (23%) 8/25 (32%) 12/38 (32%) NA

GBM, glioblastoma; CHT/RT, chemoradiotherapy; CHT, chemotherapy; RT, radiotherapy; NA, Not Available; ECOG, Eastern Cooperative Oncology Group; GTR, gross total resection;
STR, subtotal resection; IDH, Isocitrate dehydrogenase; MGMT, O6-methylguanine-DNA-methyltransferase. *p-values <0.05 are marked in bold.

of pseudoprogression were possible to be utilized. In the cases,
where progression was described by the radiologist and there was
subsequent change in the treatment, we recorded date of that
MRI as a date of progression. On the other hand, in the cases
where there was no change in the treatment after radiologist call
of possible progression and subsequent MRI did not confirm
progression, we did not record the previous MRI as that with
progression and the subsequent MRI were evaluated in PES
analysis. OS was defined as the time from the date of diagnosis
to the date of death (from tumor cause). The last control date was
considered when relapse/death was not presented. The secondary
goal is to compare the current treatment results using the Stupp’s
regimen with the results of patients treated 10 years ago adjusted
for age, extent of resection, and ECOG patient status.

Patients’ characteristics of both current and historical cohorts
were described using standard summary statistics i.e., median
and interquartile range (IQR) for continuous variables and
frequency distributions for categorical variables. The following
comparison of both groups was examined with Fisher’s exact test,
chi-squared test, or Mann-Whitney test, as appropriate. Survival
probabilities were estimated using the Kaplan-Meier method.
The log-rank test was performed to compare OS and PES between
the groups. Characteristics associated with the time-to-event
outcomes were evaluated using Cox models where hazard ratios

(HR) and their 95% confidence interval (CI) were calculated.
The proportional hazard assumption was verified based on
scaled Schoenfeld residuals. The multivariable model was fitted
using stepwise backward selection. All statistical analyses were
performed employing R version 3.6.2 (18) and the significance
level of 0.05 was considered.

RESULTS

A total of 155 patients was indicated to postsurgery RT.
The median age was 61 years, 21% were younger 50 years,
slightly higher number of men (61%). Gross total resection was
achieved in 58 (37%) patients and more than 80% were in
good general condition (ECOG 0-1). The other basic patients
and tumor characteristics are summarized in Table 1 including
corresponding data from the historical cohort (11, 12). Patients
treated with the Stupp’s regimen in 2014-2017 were older
than the historical cohort (p = 0.034) but underwent more
often radical resection (p < 0.001). Postsurgery MRI exam was
performed in 97 (63%) patients and was more common in
patients after GTR or subtotal resection (STR).

The median time to first RT session was 6.7 weeks (range
2.1-11.7 weeks). The majority of patients (91%) were irradiated
by intensity-modulated radiotherapy technique (including arc
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TABLE 2 | Patients’ treatment.

Study cohort GBM 2014-2017 GBM 2003-2009 Current vs.
(n = 155) (n = 145) historical group
Stupp’s regimen RT alone Stupp’s regimen RT alone Stupp’s regimen
n =290 n =65 n =86 n =59 p-value*
Time to RT initiation
Median (weeks) 6.7 6.9 5.1 5.3 <0.001
>6 weeks 57 (63%) 43 (66%) 27 (31%) 22 (39%) <0.001
Radiotherapy
Median dose 60 40 60 50 0.430
Abbreviated RT 15 x 2.67 Gy 0 11/65 0 0
(17%)
Abbreviated RT 20 x 2.5Gy 0 17/65 0 9/59 (15%)
(26%)
Contouring approach EORTC 32 (36%) 53 (82%) NA NA
Contouring approach RTOG 58 (64%) 5(8%) NA NA
Chemoradiotherapy
Duration (days; IQR) 42 (37-44) 0 42 0
Corticosteroids use 53/86 (62%) 57/62 NA NA
(92%)
Adjuvant chemotherapy
No. of patients 65/90 (72%) 34/86 (40%) 0 <0.001
No. of cycles: median (range) 4 (1-15) 4 (1-12) 0
No. of cycles: >3 47/90 (52%) 26/86 (30%) 0
No. of cycles: >6 31/90 (34%) 0 11/86 (13%) 0
Treatment after progression
No. of patients 47/79 (59%) 9/32 (28%) 46/67 (69%) NA
Surgery 20/47 (43%) 1/9 (11%) 21/46 (46%) NA
Chemotherapy 33/47 (70%) 8/9 (89%) 39/46 (85%) NA
Reirradiation 20/47 (43%) 1/9 (11%) 8/46 (17%) NA

GBM, glioblastoma, CHT/RT, chemoradiotherapy; CHT, chemotherapy; RT, radiotherapy; NA, Not Available. *p-values < 0.05 are marked in bold.

therapy—volumetric modulated RT). Among patients who were
not indicated to Stupp’s regimen, the most common abbreviated
schedule was 15 x 2.67 Gy (11/65; 17%) and 20 x 2.5 Gy (17/65;
26%). Stupp’s regimen was indicated in 90/155 patients (58%).
Only 31/90 (34%) patients finished the whole Stupp’s protocol
with all six cycles of adjuvant chemotherapy, 47/90 (52%) finished
at least three cycles. More details about patients’ treatment are
summarized in Table 2.

With a median follow up of 34.8 months, the median PFS
for the whole study cohort was 4.2 months and 2-year PFS
10%. Corresponding values for OS were 11.6 months and 19.8%.
Treatment with Stupp’s regimen was a strong positive prognostic
factor with HR 0.31 (p < 0.001, median 16.0 vs. 7.1 months)
and HR 0.48 (p < 0.001, median 6.7 vs. 3.1 months) for OS and
PES, respectively (Figure 1). Univariable analysis of prognostic
factors for OS and PFS in the whole study cohort, Stupp’s
regimen cohort, and radiotherapy alone cohort is summarized
in Figure 2 and Table 3. In the whole cohort, the median OS
of patients over 50 years was significantly shorter than that of
younger patients (10.7 vs. 20.2 months; HR 2.31; p < 0.001).
Better OS was observed in patients after GTR (median 15.4 vs.
11.8 months; HR 0.54; p = 0.003), those with better ECOG

score (median 13.6 vs. 10.3 vs. 5.8 months for EOCG 0, 1,
2 respectively; p < 0.001), patients with contouring based on
RTOG approach (median 14.0 vs. 10.7 months; HR 0.60; p =
0.005) and patients without corticosteroids, as well as without
deep brain tumor location (related to possibility to achieve GTR).
No difference in OS and PFS was observed in our considered
cohorts with respect to MGMT methylation status. The interval
between surgery and the start of radiotherapy (median 6.7 weeks)
was not prognostically significant (p = 0.825 and 0.603 for
OS and PFS, respectively). On the other hand, the presence
of rapid early progression on planning MRI (in 46 patients
out of 90 evaluable patients who had postsurgery MRI) was
associated with significantly worse survival (median 10.7 vs.
18.7 months; HR 1.87; p = 0.007, 2-year OS 15.6 vs. 37.7%),
Figure 3.

The best outcomes had patients, who were able to continue
in adjuvant chemotherapy after chemoradiotherapy (median OS
23.3 months and 2-year survival of 43.9% in those who finished at
least three cycles of adjuvant chemotherapy), Figure 4. Survival
outcome was associated with adjuvant chemotherapy also after
adjusting for age, extent of resection, and ECOG patient status
(Figure 5).
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FIGURE 1 | OS and PFS according to Stupp’s regimen indication.

In the subgroup of patients treated by Stupp’s protocol,
the age, deep brain tumor location, contouring approach,
corticosteroids, and adjuvant chemotherapy were independently
associated with OS and age, deep brain tumor location, and
adjuvant chemotherapy were independently associated with PES
(Figure 6).

In comparison with 86 patients from historical control
treated by “the same” Stupp’s regimen, the positive trend in the
increase of overall survival was observed (median OS 13.8 vs.
16.0 months), Table 4 (11). The hazard ratios (Stupp’s regimen
vs. RT alone) were adjusted for age, extent of resection, and
ECOG patient status due to comparability with historical results
(historical cohort and original Stupp’s trial) (1, 11). Adjusted HRs
in current cohort were 0.45 (95% CI: 0.27-0.75, p = 0.002) and
0.55 (95% CI: 0.32-0.93, p = 0. 025) for OS and PFS, respectively.

DISCUSSION

Remarkable improvement in overall survival after Stupp’s
regimen treatment was observed in recent years in comparison
to the historical cohort treated a decade ago in our cancer center.
Using the same treatment protocol in daily real-world practice,
we observed improvement in median OS more than 2 months,
with similar median PFS. Absence in PFS improvement may
probably be due to the frequent unavailability of postoperative
MRI examination 10 years ago. In the cohort of subsequently
treated patients according to Stupp’s regimen, postoperative
MRI was performed in only 20% (17/86) of patients. The
evaluation of the finding on the first MRI examination after
completed radiotherapy was then very problematic. Progression
was often closed according to the second MRI examination.
Similar improvement in OS through decade was also observed

in reports from recent prospective randomized clinical trials
where treatment in control study arm usually consisted of
Stupp’s regimen. However, care must be taken in comparison
of survival data with respect to time of randomization (some
of the recent clinical trials randomized patients after the end
of chemoradiotherapy phase) (10, 13, 14). In the ACT IV
study with rindpopepimut, the median OS with Stupp’s regimen
alone (control arm) was 20.2 months (median 2.8 months
from diagnosis to randomization + median 17.4 months from
randomization to death) and in EF-14 with Optune median OS
19.8 months as discussed below (13, 14). Randomization in the
EF-14 study (Stupp’s regimen + Optune vs. Stupp’s regimen
alone) occurred after chemoradiotherapy was finished and only
patients without progression of the disease were enrolled (92%),
the remaining 8% of patients were excluded. Hypothetically, if the
same proportion of patients with the worst prognosis (8%) were
excluded from the Stupp’s study EORTC 26981-22981/NCIC
CE3, then the median OS of patients treated with Stupp’s regimen
would increase to around 16.5 months from randomization and
to around 17.7 months from diagnosis. The difference in overall
survival of 2-3 months is probably due to advances in diagnostic
and treatment methods (20.2 months in ACT IV and 19.8 months
in EF-14 vs. hypothetical 17.7 months in the Stupp’s study)
(10, 13, 14). The same improvement was also observed in our
real-world cohort of patients treated outside of clinical trials.
The original Stupp’s regimen (EORTC 26981-22981/NCIC
CE3) was published already in 2005 and represents one of
the most influencing prospective clinical trial in general (1).
Indeed, the referred paper is unequivocally the most cited
one (Publication Year 2005) in premium the New England
Journal of Medicine journal. Only a few subsequent reports
indicate so far possible improvements, mainly based on
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FIGURE 2 | Univariable analysis for OS and PFS in whole, Stupp’s regimen cohort, and RT only cohorts. p-values < 0.05 are marked in bold.

trials focused on alternative temozolomide scheduling, as is
prolonged administration to 12 or even more months (19).
However, based on a meta-analysis of 4 randomized clinical
trials comparing outcomes after six vs. more cycles adjuvant
chemotherapy, no difference in OS was observed next to
only slight improvement in PFS (19). Moreover, not every
patient is actually able to finish in daily clinical practice the
predefined 6 months of adjuvant treatment due to worsening
clinical status or already progressing tumor. In our recent
cohort, 52% (47/90) of patients were able to finish three and
more cycles, and only 34% (31/90) completed six cycles of
temozolomide (in original Stupp’s cohort 47% of patients finished
six cycles).

Neither other modern targeted therapies (bevacizumab, anti-
EGEFR inhibitors and antibodies, integrin inhibitors, anti-EGFR
antibody conjugate, and depatuxizumab mafodotin cytostatics)
have been able to improve the Stupp regimen (20-26).
Similarly, immunotherapy with rindopepimut or the anti-PD-
1 antibody nivolumab, which has been currently successful
in a number of poorly treatable diagnoses, has not been
successful (13).

The only positive phase 3 clinical trial since 2005 that
partially changed the glimpse of the treatment standard of newly
diagnosed glioblastomas is the EF-14 study with Optune. The
principle of treatment is based on the application of alternating
current via Tumor Treating Fields to the tumor by means of
electrodes adhered to the scalp, which prevent tumor cell mitosis
(14, 27). Since treatment with TTF is not appropriate/accepted
by and also available to every patient with glioblastoma, the
Stupp’s regimen should still be considered the gold standard
(28). Similarly, intensification of chemotherapy in patients with
MGMT methylation (lomustine + temozolomide combination)
will probably not be a major breakthrough. The scheme is
accepted with embarrassment, mainly because of concerns about
a potential increase in toxicity (29).

The essential prerequisite for further optimization of
treatment in daily clinical practice is the auto evaluation of own
cohorts with comparison to published guidelines defining clinical
trials. We performed the first major analysis of glioblastoma
patients treated by the Stupp’s regimen in 2011. At that time,
patients treated in our cancer center achieved a similar median
overall survival (13.8 vs. 14.6 months), the same 2-year survival
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TABLE 3 | Univariable analysis for OS and PFS in whole, Stupp’s regimen, and RT only cohorts.

0s
All Stupp’s regimen RT alone

Variable Group HR (95% CI) P-value* HR (95% ClI) P-value* HR (95% CI) P-value*
Sex Female/male 1.11(0.78-1.57) 0.558 0.85 (0.51-1.40) 0.514 1.19(0.72-1.97) 0.495
Age 10 years 1.51(1.28-1.76) <0.001 1.57 (1.25-1.97) <0.001 1.05 (0.84-1.31) 0.658

>50/<50 2.31 (1.44-3.69) <0.001 2.87 (1.50-5.48) <0.001 1.22 (0.61-2.42) 0.571
ECOG 1/0 1.561 (1.04-2.19) 0.032 1.32 (0.82-2.11) 0.251 0.84 (0.42-1.66) 0.609

2/0 4.02 (2.27-7.14) <0.001 NA NA 1.26 (0.58-2.73) 0.554
Deep brain loc Yes/no 2.15(1.49-3.08) <0.001 1.88(1.12-3.15) 0.016 2.85 (1.65-4.92) <0.001
Resection Non-GTR/GTR 1.84 (1.22-2.77) 0.003 1.46 (0.87-2.45) 0.145 2.66 (1.24-5.72) 0.009
MGMT Pos/neg 0.96 (0.55-1.70) 0.898 0.74 (0.34-1.63) 0.459 1.38 (0.58-3.30) 0.470
Time to RT Weeks 1.02 (0.92-1.14) 0.696 1.02 (0.87-1.20) 0.763 0.92 (0.79-1.07) 0.267

<6/<6 weeks 0.96 (0.67-1.37) 0.825 0.87 (0.54-1.41) 0.578 0.98 (0.57-1.70) 0.953
Contouring RTOG/EORTC 0.60 (0.42-0.86) 0.005 1.18 (0.72-1.93) 0.511 0.29 (0.09-0.95) 0.031
Corticosteroids Yes/no 2.60 (1.67-4.05) <0.001 2.26 (1.33-3.85) 0.002 1.08 (0.43-2.71) 0.872

PFS

Sex Female/male 1.09 (0.77-1.55) 0.613 0.99 (0.61-1.59) 0.953 1.04 (0.62-1.76) 0.869
Age 10 years 1.33 (1.14-1.55) <0.001 1.50 (1.19-1.88) <0.001 0.95 (0.76-1.19) 0.679

>50/<50 1.79 (1.15-2.79) 0.009 2.36 (1.33-4.20) 0.003 0.72 (0.36-1.43) 0.347
ECOG 1/0 1.10(0.76-1.58) 0.618 1.11(0.71-1.74) 0.657 0.41 (0.20-0.83) 0.014

2/0 2.02 (1.14-3.57) 0.016 NA NA 0.53 (0.24-1.18) 0.122
Deep brain loc Yes/no 1.96 (1.35-2.83) <0.001 1.80 (1.07-3.01) 0.024 1.77 (1.02-3.08) 0.040
Resection Non-GTR/GTR 1.49 (1.00-2.22) 0.049 1.32 (0.82-2.14) 0.256 1.56 (0.74-3.25) 0.237
MGMT Pos/neg 0.82 (0.45-1.49) 0.516 0.91 (0.43-1.91) 0.802 0.56 (0.20-1.55) 0.261
Time to RT Weeks 1.04 (0.92-1.17) 0.527 0.98 (0.84-1.15) 0.832 1.06 (0.89-1.26) 0.492

<6/<6 weeks 0.91 (0.64-1.30) 0.603 0.88 (0.56-1.41) 0.605 0.86 (0.49-1.51) 0.597
Contouring RTOG/EORTC 0.63 (0.44-0.90) 0.011 0.92 (0.57-1.47) 0.720 0.45 (0.16-1.27) 0.121
Corticosteroids Yes/no 1.93 (1.28-2.92) 0.002 1.66 (1.02-2.68) 0.039 1.45 (0.52-4.05) 0.475

OS, overall survival; PFS, progression free survival; RT, radiotherapy; NA, Not applicable; ECOG, Eastern Cooperative Oncology Group; GTR, gross total resection;, MGMT, O6-

methylguanine-DNA-methyltransferase. *p-values < 0.05 are marked in bold.

FIGURE 3 | OS and PFS in the context of a presence of rapid early progression on planning MRI.
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FIGURE 4 | OS and PFS in the context of adjuvant chemotherapy.

FIGURE 5 | Age, extent of resection, and ECOG patient status adjusted hazard ratios for patients, who were able to continue in adjuvant chemotherapy.

after surgery (28 vs. 27%), but lower 5-year survival (2 vs. 10%)
compared to outcomes from original Stupp et al. trial (Table 4)
(1, 11). In the recent evaluation of patients treated in 2014-2017,
we confirmed the importance of known prognostic factors
(except for MGMT methylation) and compared the overall
survival to patients treated previously in 2003-2009 (86 patients).
Similar to improvements observed in mentioned clinical trials,
we also described increased survival in our cohort of patients
treated outside of clinical trials (median overall survival
increased from 13.8 to 16.0 months, the 2-year survival rate
increased from 28 to 31% and 4-year survival increased from 2 to
10%), Table 4. This improvement in OS is also reflected by better

adjusted HR for treatment by Stupp regimen HR 0.45 (95% CI:
0.27-0.75, p = 0.002) in comparison to that reported in original
Stupp paper [HR 0.63 (95% CI: 0.52-0.75) p < 0.001]. However,
it should be acknowledged that the proportion of patients treated
with adjuvant temozolomide increased significantly, mainly
thanks to better toxicity management and improvements in
general comprehensive cancer care. In the historical cohort,
adjuvant chemotherapy after chemoradiotherapy was indicated
in only 40% of patients, whereas in the current cohort it was
already 72% (65/90), which is close to that in the Stupp and
colleagues trial (78%) (1, 11). In addition, a subanalysis of
47 patients who underwent three or more cycles of adjuvant
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FIGURE 6 | Multivariable analysis for OS and PFS in Stupp’s regimen cohort.

TABLE 4 | Survival outcomes (months) in comparison with previous cohorts.

CHT/RT CHT/RT CHT/RT
(MMCI 2014-2017) (MMCI 2003-2009) [Stupp trial (1)]
n=90 n =286 n =287
Median follow 34.8 NA 28
up (months)
Overall survival
Median 16.0 13.8 14.6
1-year 65% 58% 61%
2-year 31% 28% 27%
3-year 21% 7% 16%
4-year 10% 2% 12%
5-year NA 2% 10%
Progression free survival
Median 6.7 7.8 6.9
1-year 28% 32% 27%
2-year 14% 9% 11%

OS, overall survival; PFS, progression free survival; CHT/RT, chemoradiotherapy; MMCI,
Masaryk Memorial Cancer Institute; NA, Not Available.

temozolomide revealed a significant increase in overall survival
to 23.3 months and nearly 44% of patients achieved 2-year
OS. From these results, it is evident that the continuation of
adjuvant temozolomide is crucial. Premature discontinuation of
chemotherapy should be avoided due to unclear findings at the
first MRI follow-up after chemoradiotherapy (30-34). Attention
should be paid to the differential diagnosis of pseudoprogression,
with cooperation of radiation oncologist and neuroradiologist
(35) as well as with employment of advanced imaging methods.
Definitely, some patients (including those in original Stupp
and colleagues trial) developed pseudoprogression, and wrong
discontinuation of chemotherapy affected their survival. We
can only assume the same bias rate in both historical and
current cohort and thus relatively low influence on the overall
survival analysis.

In the current analysis, we also addressed the issue of rapid
early recurrence at planning MRI and its effect on overall survival
(evaluated strictly only in patients who underwent postoperative
MRI). The incidence of rapid early progression was 51% high,
what incidence is in accordance with recent publications (36—
39). We confirmed its significant negative prognostic effect on
overall survival and progression-free survival (Figure 3). More
aggressive treatment of this especially risky group of patients
warrants further interest in future clinical trials.

The inherent limitation of this study is its retrospective nature.
On the other hand, the methodology to obtain data describing
the truly real clinical experience must be retrospective in nature.
Thus, this represents both the strength as well as the limitation of
this single institution study unbiased by inter-center variability.
Definitely, there are enormous unmeasurable biases in the way
the patients were treated during a decade (extent of surgery,
demographic features, etc.) and these are likely different in the
two time cohorts. Even more biases would be in the case we
would aim to compare results with original trial by Stupp et al. (1)
(patients enrollment between 2000 and 2002; patients enrolled
in many institutions in many countries; ability to recover after
brain surgery and ability to achieve better performance status
also thanks to safer neurosurgery). For these reasons, we focused
mainly on a comparison of our own two cohorts, and mentioned
differences were acknowledged in statistical methodology. Some
results (for example effect of RT target volumes contouring
strategy on OS and observation of association between OS and
number of temozolomide cycles in the adjuvant phase) warrant
further detailed evaluation.

CONCLUSIONS

Age, performance status, extent of resection, the presence of rapid
early recurrence before radiotherapy, MGMT gene promoter
methylation, ability to finish concomitant chemoradiotherapy,
and adjuvant chemotherapy significantly influence the prognosis
of glioblastoma patients. According to an analysis of a recent
group of patients treated outside of clinical trials with the Stupp’s
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regimen, we have shown a clear trend in extending overall
survival over the last decade, despite the absence of a new
treatment method. An important factor is the completion of the
full Stupp’s regimen. The most important is multidisciplinary
cooperation and medical progress in both the area of diagnostics
and individual treatment methods.
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Abstract: Background: The aim of this retrospective study is to assess the incidence, localization,
and potential predictors of rapid early progression (REP) prior to initiation of radiotherapy in newly
diagnosed glioblastoma patients and to compare survival outcomes in cohorts with or without
REP in relation to the treatment. Methods: We assessed a consecutive cohort of 155 patients with
histologically confirmed irradiated glioblastoma from 1/2014 to 12/2017. A total of 90 patients
with preoperative, postoperative, and planning MRI were analyzed. Results: Median age 59 years,
59% men, and 39 patients (43%) underwent gross total tumor resection. The Stupp regimen was
indicated to 64 patients (71%); 26 patients (29%) underwent radiotherapy alone. REP on planning
MRI performed shortly prior to radiotherapy was found in 46 (51%) patients, most often within the
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surgical cavity wall, and the main predictor for REP was non-radical surgery (p < 0.001). The presence
of REP was confirmed as a strong negative prognostic factor; median overall survival (OS) in patients
with REP was 10.7 vs. 18.7 months and 2-year survival was 15.6% vs. 37.7% (hazard ratio HR 0.53
for those without REP; p = 0.007). Interestingly, the REP occurrence effect on survival outcome was
significantly different in younger patients (< 50 years) and older patients (> 50 years) for OS (p = 0.047)
and non-significantly for PFS (p = 0.341). In younger patients, REP was a stronger negative prognostic
factor, probably due to more aggressive behavior. Patients with REP who were indicated for the
Stupp regimen had longer OS compared to radiotherapy alone (median OS 16.0 vs 7.5, HR = 0.5, p =
0.022; 2-year survival 22.3% vs. 5.6%). The interval between surgery and the initiation of radiotherapy
were not prognostic in either the entire cohort or in patients with REP. Conclusion: Especially in the
subgroup of patients without radical resection, one may recommend as early initiation of radiotherapy
as possible. The phenomenon of REP should be recognized as an integral part of stratification factors
in future prospective clinical trials enrolling patients before initiation of radiotherapy.

Keywords: glioblastoma; chemotherapy; radiotherapy; rapid early progression; overall survival

1. Introduction

The Stupp regimen is still the standard of care for patients with newly diagnosed glioblastoma,
with only a few reports indicating possible improvement in the past decade [1,2]. Apart from the
possible role of tumor treating fields [3], the update in treatment guidelines was mainly related
to modifications of already known procedures (abbreviated chemoradiotherapy, or combination of
temozolomide and lomustine) [4,5]. Prognostic and predictive biomarkers guide the indication for
optimal treatment. Besides classical clinical prognosticators, biomarkers such as promoter methylation
of the O6-methylguanine-DNA-methyltransferase (MGMT) gene or isocitrate dehydrogenase (IDH)
1 and 2 mutations moved into daily practice and became an integral part of diagnosis [6-9]. With
the long-lasting lack of new effective therapeutics, further biomarkers for a suitable indication of the
currently used modifications of temozolomide-based chemoradiotherapy are one way to improve the
care of these patients.

The phenomenon of postoperative rapid early progression (REP) has only recently been
explored with increasingly available magnetic resonance imaging (MRI) for both postsurgery and
pre-radiotherapy (pre-RT) indication and is currently of high interest. REP diagnosis is based on a
comparison of early postoperative MRI findings (up to 72 h postoperatively) and planning pre-RT MRI.
Only a few studies retrospectively evaluated REP and indicated almost up to 50% risk of development
of REP, regardless of the waiting time until the start of radiotherapy (RT) [10-12]. Clearly, these patients
biased previous clinical trials, where no routine pre-RT MRI examination was performed. Currently,
the treatment of these patients is not different from patients without REP, and if so, it is a purely
individual approach.

The aim of this retrospective study is to evaluate the incidence and localization of REP in a
consecutive cohort of patients treated, out of the frame of clinical trials (real-world evidence data).
The aim is also to describe clinical factors associated with REP in glioblastoma and to describe the
effect of REP and treatment on survival.

2. Materials and Methods

2.1. Patients and Treatment

A consecutive cohort of 155 histologically confirmed glioblastoma patients, who were indicated
via a multidisciplinary neuro-oncology board to adjuvant or palliative radiotherapy between 01/2014
and 12/2017, were screened for eligibility to this retrospective study (Figure 1). All patients were
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treated outside of clinical trials. Those with available early postoperative MRI (up to 72 h) evaluating
the extent of surgery and those who had also performed pre-RT MRI were eligible for assessment of
REP. The subgroup of patients who were indicated for the treatment according to the Stupp regimen
was further analyzed in more detail. All patients signed standard informed consent to treatment
and consent to processing their data for scientific purposes in a pseudonymized form. The study
was approved by Institutional Review Board No. 2020/1206/MOU, JID: 315 453, approved on day
month year.

Figure 1. Design of study (flow chart). Grey dot line: time to study enrolment and follow up,
respectively. Black line arrows: division into parts. Grey dot line box: cohort analyzed in more detailes.

Clinical and imaging data were retrieved from electronic medical records for further statistical
analysis. Radiotherapy was performed in all patients. Planning pre-RT MRI (including postcontrast T1
weighted scan with submillimeter slices) was rigidly registered to planning CT scan for proper RT target
and organs-at-risk definition. Individual prescription of RT dose and scheduling was guided mainly
by the patient’s performance status and by volume, size, shape, and location of the target volume.
Both standard of care approaches in target volume definitions were employed in patients eligible
for treatment by the Stupp regimen (60 Gy in 30 fractions), the Radiation Therapy Oncology Group
(RTOG contouring approach) that defines two clinical target volumes accommodating hyperintensity
at T2/FLAIR MRI in addition to T1 contrast-enhanced MRI [13], and the European Organization for
Research and Treatment of Cancer (EORTC single-phase contouring approach) that defines one target
utilizing mainly T1 post-contrast MRI [14]. In patients with RED, the single target EORTC approach was
preferably performed. The RT plan was prepared employing the treatment planning system EclipseTM
(Varian medical systems, Palo Alto, CA, USA) and delivered on linear accelerators Varian Clinac iX
or TrueBeam (Varian medical systems, Palo Alto, CA, USA). Abbreviated RT courses (for example,
15 x 2.7 or 10 x 3.4 Gy) were indicated according to the treating physician, reflecting the individual
patient’s performance status and disease.

Concurrent chemoradiotherapy and adjuvant chemotherapy were prescribed according to the
original Stupp protocol [1]. Temozolomide (75 mg/m2) was administered on days 1 through 42 with
concurrent RT (60 Gy). After 4 weeks, treatment was followed by the administration of temozolomide
alone (150 to 200 mg/m2) on days 1-5 in six consecutive 4-week cycles or to progression. The prophylaxis
against Prneumocystis jirovecii pneumonia was at the discretion of the treating physician. In patients with
an abbreviated course of RT, concurrent chemotherapy was usually not indicated and was initiated
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after the end of RT based on the patient’s actual performance status. Treatment at progression was
very individualized, with options for resurgery, reirradiation, temozolomide rechallenge, palliative
chemotherapy (mostly lomustine), or symptomatic treatment.

2.2. Imaging Evaluation

All diagnostic MRIs were evaluated by two independent radiologists as part of the standard
of care in our institution. In the case of discordance, patients were referred to the discussion on the
neuro-oncology tumor board as well. Response to treatment was evaluated based on regular follow
up MRI scanning. The first post (chemo) radiotherapy MRI was usually performed 4-6 weeks after
the last RT session, followed by regular MRI every 3 months unless clinically indicated for earlier
examination. No routine RANO criteria [15] were employed and MRI was visually evaluated by the
servicing radiologist. Unclear findings (as was suspected pseudoprogression) were reviewed by a
multidisciplinary neuro-oncology board, mostly with recommendations for earlier control exams with
or without the change of treatment or with suggestions for advanced MRI methods [16].

The pre-RT MRI was retrospectively evaluated by an experienced radiation oncologist (TK) and
doublechecked by a neuroradiologist (RB). Progression already presented on planning MRI was
considered only in patients who had available early postsurgery (within 72 h) control MRI enabling a
clear definition of eventual postsurgery residual disease. Criteria for REP were as follows: (1) increase
in postsurgery residual disease (T1 weighted post contrast MRI) for >25% in any dimension; (2)
occurrence of a new enhancing lesion; (3) unambiguous progression of enhancing lesion (in multifocal
glioblastomas where only some nodules were amenable to surgery). The localization of REP was
categorized as follows: (1) progression of postsurgery residuum; (2) new enhancing satellite; (3) new
enhancement in the wall of resection cavity; or (4) progression of tumor which was not operated on in
patients with multicentric tumors.

2.3. Statistical Analysis

Patient and treatment characteristics were described using standard summary statistics, i.e., median
and interquartile range (IQR) for continuous variables and frequency distributions for categorical
variables. The comparison of these characteristics in patients with and without the occurrence of REP
was performed using Fisher’s exact test, a chi-squared test, or a Mann—-Whitney test, as appropriate.
Overall survival (OS) and progression-free survival (PFS) were considered as survival outcome. OS
was defined as the time from the date of neurosurgery resection to the date of death from tumor
cause. PFS was defined as the time from the date of initiation of RT until progression or death from
tumor cause. Survival probabilities were calculated by the Kaplan—-Meier method. Survival curves
were compared using the log-rank test. The Cox proportional hazard model was used to perform the
univariable and multivariable analysis. The proportional hazard assumption was verified based on
scaled Schoenfeld residuals. Stepwise backward selection was performed to obtain characteristics
independently associated with OS and PFS. Stratified models were used for the assessment of the effect
of treatment or age in patients with and without the occurrence of REP. All statistical analyses were
performed employing R version 4.0.0 [17], and the significance level of 0.05 was considered.

3. Results

3.1. Patients Characteristics

A total of 155 patients who were indicated for postoperative oncology treatment were screened
for eligibility, and 90/155 (58%) met the inclusion criteria and had undergone both postsurgery as
well as pre-RT MRI (Figure 1). The median age was 59 years, with 23% of patients being younger
than 50 years. Gross total resection (GTR) was achieved in 39/90 (43%) patients, and 34/90 (38%) were
in excellent overall performance status with Eastern Cooperative Oncology Group (ECOG) status 0.
MGMT methylation was present in 26% and IDH mutation in 8% of patients (total of 53 evaluated
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patients). The subgroup of 64 patients (64/90; 71%) was indicated for concurrent chemoradiotherapy
and was further analyzed in detail. The other patients” diagnostic and treatment characteristics are
summarized in Table 1; Table 2.

Table 1. Basic patients’ characteristics of cohort with REP and non-REP.

St“(‘iyzcg‘:)})‘ort All REP Non-REP p-Value
No. of patients 90 (100%) 46 (51%) 44 (49%)
Age (years)
. 59.3 60.0 57.1
median (IQR) (51.1,65.2) (522, 67.8) (50.6, 63.5) p=0.180
<50 21 (23%) 10 (22%) 11 (25%) p = 0.805
Men 53 (59%) 27 (59%) 26 (59)% p > 0.999
Performance status (ECOG)
and Karnofsky index
ECOG 0 (KI 90-100%) 34 (38%) 17 (37%) 17 (39%) p =0.868
ECOG 1 (KI 70-80%) 49 (54%) 26 (57%) 23 (52%)
ECOG 2 (KI 50-60%) 7 (8%) 3 (7%) 4 (9%)
Tumor location
deep brain location 21 (23%) 14 (30%) 7 (16%) p=0.136
Extent of resection
GTR 39 (43%) 10 (22%) 29 (66%) p <0.001
STR 44 (49%) 31 (67%) 13 (30%)
Partial resection or biopsy 7 (8%) 5 (11%) 2 (5%)
Extent of resection
GTR 39 (43%) 10 (22%) 29 (66%) p <0.001
Non-GTR 51 (57%) 36 (78%) 15 (34%)
IDH status
Mutated/evaluated 4/53 (8%) 1/24 (4%) 3/29 (10%)
MGMT status
Methylated/evaluated 14/53 (26%) 6/23 (26%) 8/30 (27%) p > 0.999
Localization of REP
Postsurgery residuum 31/46 (67%)
New enhancing satellite 6/46 (13%)
New enhancement in the wall o
of resection cavity 22/46 (48%)
Not operated tumor in 10/46 (22%)

multicentric tumors

Abbreviations: REP—rapid early progression; ECOG—Eastern Cooperative Oncology Group; GTR—gross
total resection; non-GTR—non gross total resection; STR—subtotal resection;, MGMT—O6-methylguanine-
DNA-methyltransferase; IDH—Isocitrate dehydrogenase; IQR—interquartile ratio.
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Table 2. Patients’ treatment.

Study Cohort All REP Non-REP Val
(n =90) (n =90) (n = 46) n=44) p-vatue
Time to RT initiation
Median (weeks; IQR) 6.7 (5.9,7.3) 6.6 (5.97.1) 6.8 (5.8,7.5) p=0.981
>6 weeks 56 (62%) 28 (61%) 28 (64%) p =0.830
Radiotherapy
RT technique IMRT 89 (99%) 46 (100%) 43 (98%)
RT technique other 1 (1%) 0(0) 1 (2%)
median dose (Gy; IQR) 60 (50, 60) 60 (43, 60) 60 (60, 60) p =0.024
ts. receiving > 90% of o o o _
P prescribe% o 82 (91%) 43 (93%) 39 (89%) p = 0.480
contouring approach EORTC 46 (51%) 30 (65%) 16 (36%) p=0.011
contouring approach RTOG 43 (48%) 16 (35%) 27 (62%)
contouring unknown 1/90 (1%) 0/46 (0) 1/44 (2%)
Chemoradiotherapy (Stupp
regimen)
No. of patients 64 (71%) 28 (61%) 36 (82%) p =0.037
median (days; IQR) 42 (30, 45) 41.5 (23, 43) 43 (39, 46) p =0.095
corticosteroids use 62 (69%) 35 (76%) 27 (61%) p=0.151
Adjuvant chemotherapy
No. of patients 43 (48%) 16 (35%) 27 (61%) p =0.020
No. of cycles: median (IQR) 45(2,6) 35(1,6) 5(3,6) p=0.242
No. of cycles: >3 32/43 (74%) 8/16 (50%) 24/27 (89%) p =0.016
No. of cycles: > 6 21/43 (49%) 7/16 (44%) 14/27 (52%) p=0.761
Treatment after progression
No. of patients 42 22 20 p > 0.999
surgery 7 (17%) 4 (18%) 3 (15%)
surgery + chemoradiotherapy 1 (2%) 0(0) 1 (5%)
surgery + chemotherapy 8 (19%) 2 (9%) 6 (30%)
chemotherapy 18 (43%) 13 (59%) 5 (25%)
reirradiation 6 (14%) 2 (9%) 4 (20%)
reirradiation + chemotherapy 2 (5%) 1 (5%) 1 (5%)

Abbreviations: IQR—interquartile ratio; IMRT—intensity modulated radiotherapy; EORTC—European Organization
for Research and Treatment of Cancer; RTOG—Radiation Therapy Oncology Group; GBM—glioblastoma;
CHT/RT—chemoradiotherapy; CHT—chemotherapy; RT—radiotherapy.

3.2. Rapid Early Progression

REP was presented in 46 out of 90 evaluated patients (51%). In the majority of patients, REP was
presented as a progression of postsurgery residuum (31/46; 67%) or as a new enhancement in the wall
of the resection cavity (22/46; 48%). Only 6/46 (13%) REP presented by a new enhancing lesion and
10/46 (22%) by the progression of the tumor, which was not operated on in patients with multicentric
tumors. The occurrence of REP was significantly associated with the extent of resection (78% of patients
with REP vs. 34% of patients without RED, after non-radical resection; p < 0.001). The other evaluated
pre-RT diagnostic variables (age, sex, performance status, etc.) were not significantly associated with
the development of REP (Table 1).

With a median follow up (measured from neurosurgery resection) of 34.1 months, the median
OS was significantly longer in patients without REP (18.7 vs. 10.7 months; HR 0.53; p = 0.007) with
corresponding 2-year survival 37.7% vs. 15.6%. A similar effect was observed for PFS (Figure 2).
Interestingly, the REP occurrence effect on survival outcome is significantly different in younger
patients (<50 years) and older patients (>50 years) for OS (p = 0.047) and non-significantly for PFS
(p = 0.341). In younger patients (<50 years), REP occurrence is a negative prognostic factor, probably
in relation to more aggressive glioblastoma behavior at a younger age (Figure 3).
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Figure 2. Overall survival and progression-free survival in patients with REP vs. non-REP. OS—overall
survival; PFS—progression free survival; HR—hazard ration; REP—rapid early progression.

Figure 3. Overall survival and progression-free survival in patients with REP and non-REP in relation
to age.

Indication to concurrent chemoradiotherapy (the Stupp regimen) was more common in the
subgroup without REP (82% vs. 61%; p = 0.037), as was summarized in Table 2. OS and PFS were
significantly better in patients indicated for the Stupp regimen in both subgroups with and without
REP (Figure 4). The median OS of patients with REP who were indicated for the Stupp regimen was
16.0 (2-year OS 22.3%). The median OS of patients treated by RT alone was 7.5 months (2-year OS
5.6%) (Table 3). The model stratified by REP showed a 50% lower risk of death, and a 37% lower risk
of progression in patients indicated concurrent chemoradiotherapy (OS: HR = 0.5, p = 0.007; PFS:
HR = 0.63, p = 0.060).

The median time to initiation of radiotherapy was 6.7 weeks and was similar in both groups of
patients (6.6 vs. 6.8 weeks in patients with and without REP, respectively). In the REP subgroup, both
OS and PFS were similar in patients undergoing RT within six weeks after resection as in patients with
a longer initiation time (Figure 5). Target definition for radiotherapy planning according to EORTC
(the one same target for the whole course of RT) was more commonly employed in the subgroup of
patients with REP (65%) vs. in patients without REP (36%; p = 0.011). Nevertheless, the OS of patients
with REP did not differ with respect to contouring strategy (HR 0.9 for RTOG vs. EORTC; p = 0.824).
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Figure 4. Survival outcomes of patients with REP and non-REP in relation to the treatment.

Table 3. Survival outcomes in patients with REP and non-REP in relation to the treatment.

Non-REP
(n = 46) (n=44)
Median follow up31.9 (28.7, NA) Median follow up 34.1 (32.9, NA)
Stupp regimen RT Stupp regimen RT
(n=28) (n=18) (n=36) (n=28)
Overall survival
Median (months) 16.0 (10.2, 21.6) 7.5(4.8,11.0) 20.1 (13.6, 29.8) 12.6 (8.0, NA)
1-year 59.3 (43.4, 81.1) 16.7 (5.9, 46.8) 72.2 (59.0, 88.4) 50.0 (25.0, 100.0)
2-year 22.3(11.0,45.1) 5.6 (0.8, 37.3) 40.8 (27.3, 60.9) 25.0 (7.5, 83.0)
3-year 9.3(1.9,45.7) 5.6 (0.8, 37.3) 22.9(11.9,44.1) 0.0 (NA, NA)
Progression-free
survival
Median (months) 4.13.2,7.1) 2.8(2.4,4.3) 8.8 (5.8, 11.5) 5.0 (4.2, NA)
1-year 11.2 (3.8,32.4) 5.6 (0.8, 37.3) 27.8 (16.4, 47.0) 37.5(15.3,91.7)
2-year 7.4 (2.0,28.2) 0.0 (NA, NA) 5.6 (1.4,21.4) 12.5(2.0,78.2)

Abbreviations: REP—rapid early progression; Stupp regimen—concomitant chemoradiotherapy and adjuvant
chemotherapy with temozolomide; RT—radiotherapy; NA—Not Available.

Figure 5. Survival outcomes of patients with REP in relation to the start of radiotherapy.
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Based on univariable analysis of 46 patients with REP, the lower overall performance status
(the median OS 16.8 vs. 11.0 vs. 5.8 months in patients with ECOG 0 vs. 1 vs. 2; p = 0.011), and
indication to concurrent chemoradiotherapy (HR 0.50; p = 0.022 for OS) was positively associated
with OS and PFS (Figure 6). REP presented as a progression of postsurgery residuum was a negative
prognostic factor of OS with the borderline level of statistical significance (HR 1.9; p = 0.068). Deep
brain tumor location was a significant negative prognostic factor for PFS (HR 2.4; p = 0.014), but not
for OS (HR 1.0; p = 0.948). The other prognostic variables (age, sex, the extent of resection, MGMT
status, the location of REP) were not significant in the univariable analysis (Figure 6). IDH mutation
was not evaluated in a univariable analysis due to low numbers of positive patients. According to
the multivariable analysis of patients with REP (Table 4), the extent of resection and Stupp regimen
are independently associated with OS, and performance status and deep brain tumor location are
independently associated with PFS.

Figure 6. Univariable analysis in patients with REP. Number in bold are < 0.05.
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Table 4. Multivariable analysis in patients with REP.

oS PFS
HR (95% CI) p-Value HR (95% CI) p-Value
Performance 1/0 23 (1.14.5) 0.033
status (ECOG) 2/0 16.6 (3.9,70) < 0.001
Extent of resection non-GTR/GTR 2.2(0.9,5.2) 0.088
Stupp regimen yes/no 0.3(0.1,0.7) 0.003
df(‘:fa:’iﬁ“ yes/no 3.1(1.5,6.7) 0.003

Abbreviations: OS—overall survival; HR—hazard ratio; CI—confidence interval; PES—progression free survival;
ECOG—Eastern Cooperative Oncology Group; GTR—Gross total resection.

4. Discussion

A high proportion of glioblastoma patients indicated for adjuvant oncology treatment developed
rapid early progression in this retrospective analysis of an unselected cohort of consecutive patients
treated outside of clinical trials. About half of the patients (46/90; 51%) progressed between surgery and
initiation of adjuvant RT, regardless of waiting time to RT initiation. High incidence of REP and reports
of overall survival are in accordance with other retrospective published studies [10-12]. The only one
clinical negative predictive factor for the development of REP in our cohort was non-radical surgery,
confirming the overall prognostic value of surgical radicality in glioblastoma [1]. Further studies
evaluating potential biomarkers of REP are highly warranted.

The question of optimal timing of RT initiation, the first logical argument for the risk of REP in a
specific patient, is still unanswered. Published studies that evaluated this issue are inconclusive with
different waiting times, ranging from 37 to 56 days after surgery [18-23]. Some reported no effect of
waiting time on the OS. In the broad analysis of 2855 patients enrolled in 16 RTOG trials, Blumenthal
et al. described even better outcomes in patients with the mild postponement of RT (4-6 weeks)
comparing to early initiation of RT within 2 weeks after surgery [24]. One may assume the need
for recovery from secondary edema and hypoxia to be a prerequisite for RT effect on radioresistant
glioblastoma. However, considering glioblastoma aggressivity with doubling time reported about
24 days, it is recommended to avoid unnecessary delay in RT initiation [25-28].

Development of REP represents an important, and not yet described in detail, negative prognostic
factor (median OS 10.7 vs. 18.7 months in our cohort). We confirmed other well-known prognostic
factors, such as performance status and the ability to undergo the Stupp regimen. The question of
eventual administration of chemotherapy for over 6 months remains to be answered. As expected,
worse OS was in the subgroup of patients with REP who were treated by RT alone (OS 7.5 months).

The majority of patients with REP develop central progression within the initial lesion of the
cavity. Modification of RT targeting and techniques including employment of planning PET may
be another way how to improve the outcomes of this unfavorable group of patients [29,30]. Precise
knowledge of tumor biology may also add to the guidance of optimal treatment (prediction for more
invasive forms of glioblastoma and risk of distant satellites). MGMT promoter methylation is both a
prognostic and predictive marker in an REP group of patients, as described by Palmer et al.: patients
with both REP and MGMT methylation reached significantly longer survival compared to those with
REP and MGMT intact (16.5 vs. 10.2 months, p = 0.033) [12]. In our cohort, we did not observe any
role of MGMT (p = 0.830). However, only 23/46 (50%) patients with REP were examined, which could
significantly affect our analysis. Palmer’s study evaluated MGMT promoter methylation, however,
there may be many different genetic mutations and molecular characteristics specific to a subset of
patients that predispose to REP and poor treatment response. It can be assumed that other important
molecular markers such as IDH and pTERT (Telomerase reverse transcriptase gene promoter) also
influence the prognosis and rapid progression in patients with glioblastomas [31-33].

In our clinical practice, MGMT is more likely to be investigated in elderly patients and in patients
unable to undergo intensive postoperative treatment. For all others, we indicate the Stupp regimen
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regardless of MGMT methylation. It may be hypothesized that tumors with REP represent more
aggressive disease, which may be associated with higher tumor mutation burden and neoantigens,
relevant biomarkers for immunotherapy. On the other hand, unlike in other tumors, immunotherapy in
glioblastoma did not prove clear effectivity so far, including immune checkpoint inhibitors or dendritic
cell vaccines [34-36]. Analysis of REP patients may provide new insights into the biology of this
aggressive tumor and potentially reveal new targets for cancer therapy.

An inherent limitation of our study is its retrospective nature, related also to limited possibility
for molecular analyses. Ongoing work may provide more information, especially with the analysis
of molecular biomarkers of REP. In future prospective studies, advanced MRI techniques such as
MRI spectroscopy or diffusion-weighted MRI may play a role in the differential diagnosis of REP and
postoperative changes, as does ischemia, for example.

5. Conclusions

The extent of surgery remains one of the most important prognostic factors in glioblastoma,
affecting not only general OS but also the risk of REP development. Especially in the subgroup of
patients without radical resection, one may recommend as early initiation of radiotherapy as possible.
The phenomenon of REP should be recognized as an integral part of stratification factors in future
prospective clinical trials enrolling patients before the initiation of RT.
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