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Neurological	symptoms	
of	general	cancer	

What	is	Neuro-oncology?		

MCBO	II	–	Neuro-oncology	 2	

Secondary	brain	tumors	Primary	brain	tumors	
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–  Most	common	
–  OHen	mulIple	lesions	
–  25-45%	of	cancer	paIents	

•  Lung:	>50%	of	all;	most	common	in	
men	

•  Breast:	Most	common	in	women	
•  Melanoma:	Highest	risk	for	brain	

mets	
•  Renal	Cell	
•  Colorectal	

	
	

SECONDARY	brain	tumors	=	brain	metastasis	of	non-brain	cancers	
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PRIMARY	brain	tumors	=	originaGng	from	brain	Gssue	

•  Meningioma	(35%)		
•  Glioma	(30%)	

–  Astrocytoma	
•  Glioblastoma	

–  Oligodendroglioma	
–  Oligoastrocytoma	
–  Ependymoma		

•  Pituitary	Adenoma	(13%)	
	

Meninges	
Brain	

Neuron	
Astrocyte	
Oligo-	
dendrocyte	



Glioma	–	ClassificaGon	

WHO	classificaGon	 Molecular	classificaGon	

•  Based	on	histopathology		

•  Grading	I,	II,	III,	IV	

•  Based	on	molecular	profile	

•  OpImized	treatment		
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Histopathology: Diagnostic features

From: Preusser M et al. Ann Neurol 2011;70(1):9–21 by permission of Wiley (Creative Commons Licence) copyright (2011)

(classical	classificaIon)	 (new	classificaIon	–	since	2010)	



Glioma	–	WHO	ClassificaGon	RelaGve	Frequencies	
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Grade Tumor Type Glioma % 

I/II Well-
differentiated  
(low-grade) 
astrocytoma 

15 to 20 

III Anaplastic 
astrocytoma 

30 to 35 

IV Glioblastoma 
multiforme 

40 to 50 

5 years 

10 years 

Grade	I	 Grade	II	 Grade	III	 Grade	IV	

http://www.neurooncology.ucla.edu/ 



Primary	vs	Secondary	GBM	
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BBA - Reviews on Cancer, 2013, 1836:158–165 

⇒ PRIMARY	GBM	emerges	de-novo	as	a	GBM	upon	first	diagnosis	
⇒ SECONDARY	GBM	evolve	from	lower	grade	gliomas	first	diagnosed	years	earlier	
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Clin Cancer Res 2013;19:764-772 

population level, the mean age of patients with glioblasto-
ma clinically diagnosed as primary was 62 years, whereas
secondary glioblastomas developed in younger patients
(mean, 45 years; refs. 7, 63). Similarly, the mean ages of
patients with or without IDH1 mutations were 61 and 48
years, respectively (Table 1; ref. 13). Several hospital-based
studies showed that patients with IDH1mut glioblastoma
are significantly younger (mean age, 32–41 years) than
those without IDH1 mutations (mean age, 56–59 years;
refs. 12, 67, 70).

Glioblastomas predominantly affect males, with a pop-
ulation-based M/F ratio ranging from 1.28 (7) to 1.32 (64,
65). In contrast, diffuse astrocytomas (WHO grade II) have
a less pronounced male predominance, with M/F ratios of
approximately 1.17 (29, 65). Because secondary glioblas-
tomas typically develop from diffuse astrocytomas, one
would expect that they have a similar gender ratio. This is
indeed the case. In a population-based study, IDH1mut

secondary glioblastomas had an M/F ratio of 1.12, signif-
icantly lower than the ratio of 1.46 in patients with primary
glioblastoma (7). Several hospital-based studies also
showed a tendency toward a lower M/F ratio of patients
with secondary glioblastomas (5, 71–74). In a recent mul-
ticenter study, 49 of 618 glioblastomas (7.9%) carried an

IDH1mutation andhadanM/F ratio of 0.96, in contrast to a
ratio of 1.63 for nonmutated (primary) glioblastomas (68).

Clinical History
At a population level, the majority of patients with

primary glioblastoma (68%) had a clinical history of less
than3months (6). Themeandurationof the clinical history
of patients with primary and secondary glioblastoma was
6.3 and 16.8 months, respectively (7, 63). Similarly,
patients with glioblastomas lacking IDH1 mutations had
a mean duration of preceding clinical symptoms of 3.9
months, significantly shorter than patients with IDH1mut

glioblastoma (mean, 15.2 months; P ¼ 0.0003; ref. 13).
Glioblastomas clinically diagnosed as primary had a mean
clinical history of about 4 (IDHwt) and29months (IDHmut),
respectively (13). It remains to be analyzed why the pre-
cursor lesions of these IDHmut secondary glioblastomas
escaped clinical detection despite their long clinical history.

Localization
Lai and colleagues (68) reported that glioblastomas lack-

ing IDH1 mutations show widespread anatomic distribu-
tion, whereas IDH1mut glioblastomas have a striking

Table 1. Primary and secondary glioblastomas: comparison of clinical versus genetic diagnosis

Primary glioblastoma Secondary glioblastoma

Clinical
criteriaa

Genetic
criteria (IDH1wt)

Clinical
criteriaa

Genetic
criteria (IDH1mut) References

Fraction in a population 94.7% 91.2% 5.3% 8.8% (7, 13)
Mean age, y 59–62 56–61 33–45 32–48 (7, 12, 13, 67, 70)
Male/female ratio 1.33–1.5 1.2–1.46 0.65–2.3 1.0–1.12 (7, 12, 13, 70)
Mean clinical history, mo 6.3 3.9 16.8 15.2 (7, 13)
Median overall survival, mo (7, 12, 13)
Surgery þ radiotherapy 4.7b 9.9 7.8b 24 (7, 13)
Surgery þ radio/chemotherapy 15 31 (12)

Histologic features
Oligodendroglial comp. 18% 20% 42% 54% (13, 80)
Necrosis 89% 90% 63% 50% (13, 80)

Genetic alterations
IDH1 mutations 4–7% 0% 73–88% 100% (10, 12, 13)
TP53 mutations 17–35% 19–27% 60–88% 76–81% (7, 10, 12, 13, 67, 91)
ATRX mutations 4–7% 57–80% (36, 37)
EGFR amplification 36–45% 35–39% 0–8% 0–6.5% (7, 10, 12, 13, 91)
CDKN2A deletion 31–52% 30–45% 19–20% 7–22% (7, 12, 13, 91)
PTEN mutations 23–25% 24–26% 4–12% 0–8% (7, 12, 13)
19q loss 6% 4% 54% 32% (9, 13)
1p/19q loss 2–8% 0–13% (10, 12, 67)
10p loss 47% 8% (8)
10q loss 70% 67% 63% 73% (7, 13)

aTumors were considered to be primary if the diagnosis of glioblastoma was made at the first biopsy, without clinical or histological
evidence of a preexisting, lessmalignant precursor lesion, whereas the diagnosis of secondary glioblastoma required histological and/
or clinical (neuroimaging) evidence of a preceding low-grade or anaplastic astrocytoma.
bData from population-based study: all the patients who were treated in different ways were included.

Ohgaki and Kleihues

Clin Cancer Res; 19(4) February 15, 2013 Clinical Cancer Research768

on January 13, 2016. © 2013 American Association for Cancer Research. clincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst December 3, 2012; DOI: 10.1158/1078-0432.CCR-12-3002 
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Cancer Letters, Volume 331, Issue 2, 2013, 139–146 

Biomarker:	„A	func(onal	biochemical	or	molecular	indicator	of	a	biological	or	disease	process	
that	has	predic+ve,	diagnos+c,	and/or	prognos+c	u(lity.“	



Molecular	Biomarkers:	IDH	MutaGon	
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⇒ MOLECULAR	marker	for	diffusely	infiltraIng	glioma	(II	and	III)	
⇒ PROGNOSTIC	marker	for	becer	survival	
⇒ PREDICTIVE	marker	for	becer	response	to	treatment	

->	IDH	mutaIon	interferes	with	hypoxia-inducible	factor	HIF	signaling	

ScienIfic	Reports	5:16238		



Molecular	Biomarkers:	IDH	MutaGon	
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IDH	mutant	 IDH	wild	type	

BeTer	prognosis	and	beTer	response	to	chemotherapy	in	paGents	with	IDH	mutaGon.	

IDH	wt	 IDH	mutant	

J	Clin	Oncol	2014;	32(8):783-90.	 IDH1/2	MutaIons	in	Glioma:	ESMO	Biomarker	Factsheet	
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O6-methylguanine-DNA	methyltransferase	(MGMT)	=>	DNA	repair	protein	

Front	Oncol.	2013;	3:	59.	

MGMT	counteracts	the	alkylaIng	drug	TMZ.	HypermethylaIon	of	MGMT	promoter	region	
inhibits	MGMT	repair	funcIon	and	facilitates	becer	chemo-therapeuIc	responses.	
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Articles

www.thelancet.com/oncology   Vol 13   July 2012 713

Whether the addition of chemotherapy to radiotherapy7 
will improve outcomes in the elderly is currently being 
explored, but many elderly patients do not even receive 
chemotherapy at recurrence.25 To challenge this current 
practice, new trial data are needed. In a study of patients 
older than 70 years, including those with Karnofsky 
performance scores lower than 70, benefi ts were seen for 
temozolomide alone in comparison with historical 
controls.26 Our fi ndings support the use of dose-dense 
temozolomide as an alternative option to radiotherapy 
alone in patients aged at least 65 years, even if followed 
by radiotherapy as salvage (panel). In view of the limited 
life expectancy in these patients, dose-dense 
temozolomide might be particularly useful for those 
without easy access to radiation oncology facilities or 
who prefer oral medication that can be administered and 
monitored close to home.

The major fi nding in this study is the strong predictive 
power of MGMT promoter methylation status for 
EFS: MGMT promoter methylated tumours responded 
better to temozolomide than radiotherapy, whereas the 
opposite was true for unmethylated tumours. A similar 
but non-signifi cant eff ect was seen for overall survival; 
the data suggest that this fi nding was not due to 
resolving pseudoprogressions after radiotherapy, but 
rather to a good response to salvage temozolomide 
treatment. The concept of pseudoprogression was well 
known at all study centres and was regularly ruled out 
by MRI assessments repeated after short intervals. 
Stratifi cation of patients by the use of one biomarker is 
not an estab lished approach in neuro-oncology, despite 
supportive landmark data,7,8 or in general oncology. 
Although testing for MGMT promoter methylation 
poses known chal lenges,9 our data, in conjunction with 
those from the German Glioma Network,27 justify or 
even call for the routine testing of the MGMT promoter 
methylation status in elderly patients with anaplastic 
astrocytoma or glioblastoma. We believe this approach 
will improve outcomes, prevent unnecessary toxic 
eff ects, and save money.

Limitations of the NOA-08 study were weaknesses 
inherent to a non-inferiority design, the selection of a 
generous tolerance level, a one-sided test procedure, 
and possible non-proportional hazards for EFS. Only 
56% of tissue samples available for MGMT testing 
showed conclusive results, mainly because of the high 
percentage collected during stereotactic biopsies, which 
can yield limited amounts of tumour DNA owing 
to small specimen sizes. The results from the 
stereotactic-biopsy samples were, however, deemed to 
be representative of those for the effi  cacy analysis popu-
lation in all relevant aspects.

Although temozolomide was associated with haem-
atological toxic eff ects, raised liver-enzyme con-
centrations, asthenia and fatigue, and gastrointestinal 
side-eff ects in a notable number of patients, few were 
grade 4 adverse events (table 2). The events might be due 

to the dose-dense schedule and particularly careful 
monitoring owing to the age of the patients, in whom 
even grade 2 adverse events can aff ect quality of life. In 
another trial, dose intensifi cation in the adjuvant setting 
of primary combined modality treatment was not 
associated with increased overall survival in patients 
younger than 65 years who had glioblastoma.28 Likewise, 
no diff er ences were seen between patients with 
methylated and unmethylated MGMT promoter status.28 
Thus, temozolomide alone administered according to a 
conventional schedule might also be useful in elderly 
patients who have malignant glioma with positive 

30024012060 1800 33027015090 21030 360 390

Ov
er

al
l s

ur
vi

va
l (

%
)

100

80

50

40

20

0

30

10

90

70

60

30024012060 1800 33027015090 21030 360 390

Ev
en

t-
fre

e s
ur

vi
va

l (
%

)

100

80

50

40

20

0

30

10

90

70

60

Time (days)

Number at risk
RT

MGMT+ 42 41 39 34 33 29 27 24 24 20 18 16 16 15 
MGMT– 59 59 56 52 47 45 45 39 35 33 29 24 19 18

TMZ
MGMT+ 31 31 29 29 29 28 25 25 22 20 20 18 16 15 
MGMT– 77 76 73 66 55 50 42 37 31 28 24 23 18 17

Number at risk
RT

MGMT+ 42 41 38 33 28 21 14 10 8 6 5 4 1 0 
MGMT– 59 59 56 50 34 25 23 13 9 7 5 4 1 0

TMZ
MGMT+ 31 30 28 26 25 23 17 17 15 13 13 11 9 8 
MGMT– 77 76 63 37 18 11 9 8 6 5 4 4 1 0

B

A

p=0·009

p<0·0001

MGMT+ and RT
MGMT– and RT
MGMT+ and TMZ
MGMT– and TMZ

Figure 4: Kaplan-Meier analysis of overall and event-free survival in relation to MGMT promoter methylation 
status and treatment
(A) Overall survival. (B) Event-free survival. The p values were calculated for any signifi cant diff erence in at least 
two of the curves. See also table 3. RT=radiotherapy. TMZ=temozolomide. 

Lancet	Oncol.	2012	13:707-15.	

BeTer	prognosis	and	beTer	response	to	chemotherapy	in	paGents	with	MGMT	
hypermethylaGon.	

MGMT	hypermethylaIon:	

PrognosIc	marker	 PredicIv	marker	



Molecular	Biomarkers:	1p/19q	co-deleGon	
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Clinical	Oncology	2015,	27:445-453	

⇒ MOLECULAR	marker	for	oligodendrogliomas	(up	to	70%	posiIve	for	LOH	1p:19q)	
⇒ PROGNOSTIC	marker	for	becer	survival	
⇒ PREDICTIVE	marker	for	becer	response	to	treatment	

Co-deleIon	=>	loss	of	heterozygosity	
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J	Clin	Oncol	2013;	31:344–50	

<=	LOH	1p:19q	

BeTer	prognosis	and	beTer	response	
to	chemotherapy	in	paGents	with	
LOH	1p/19q	

<=	normal	1p:19q	status	



Glioblastoma	–	Clinical	Challenge		
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•  Mean	survival	12-14	months	from	diagnosis	(3	months	w/o	treatment)	
•  Mean	survival	4-5	months	from	recurrence	
•  2	year	survival	10%	
•  5	year	survival	5%	

•  Treatment	opIons:	
•  Surgery	(recurrence	within	2	cm	of	debulking	margin	in	80%	of	paIents)	
•  RadiaIon	(rarely	radiosurgery)	
•  Chemotherapy: 		

•  Nitrosureas,	PCV,	temozolomide,	thalidomide,	avasGn	



Glioblastoma	–	Clinical	Challenge		
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Clin Neurosurg. 1992;38:32. 

GBM	is	a	“non-surgical	disease”	=>	a	knife	cannot	remove	the	enIre	tumor		

12’2010 3’2011 

GBM	always	recurs	

E.A. Chiocca, 2017, Regis lecture	
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Ann	Neurol	2011;70(1):9–21	

Abbreviations: AED anti-epileptic drugs, PcP pneuomocystis jirovicii pneumonia, TMZ, temozolomide, RT radiotherapy, 
LMWH low molecular weight heparin
† if indicated
PcP prophylaxis: inhaled pentamidine or oral trimethoprim–sulfamethoxazole

Redrawn from: Preusser M et al. Ann Neurol 2011;70(1):9–21
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5d 5d 5d x6 cycles
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Therapy of glioblastoma

RT:	radiotherapy	
TMZ:	temozolomide		
LMWH:	low	molecular	weight	heparin	
AED:	anI-epilepIc	drugs	
PcP:	pneuomocysIs	jirovicii	pneumonia	prophylaxis	

Combined radiochemotherapy

From N Engl J Med, Stupp R et al., Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma, 352., 987-996. 
Copyright © (2005) Massachusetts Medical Society. Reprinted with permission from Massachusetts Medical Society

N	Engl	J	Med	352.,	987-996		
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may be of much more importance.) The overall picture that
emerges from this amalgam of probability clouds and stochastic
events is an ever-shifting blend of signaling complexes, constantly
forming and dissociating, flickering from one state to the next.
With this view in mind, it is easier to understand how inhibiting
one component of one pathway can fail to stop tumor growth. It
is like dipping your finger in a cup of waterVall of the water
molecules that are displaced simply find somewhere else to go.

Of course, intracellular signaling networks represent only
1 layer of complexity and heterogeneity within the glioblas-
toma. Most receptors are able to bind several different ligands.
Receptors may dimerize with themselves (homodimerization) or
may dimerize with other receptors (heterodimerization). All of
these possible interactions result in different outcomes. Dysregu-

lation of transcription and translation result in the accumulation
of misfolded proteins in abnormal stoichiometric ratios. Auto-
crine (eg, tumor cell to itself ) and paracrine (eg, endothelial cell
to tumor cell) loops are created when, for example, PDGF binds
to PDGF-R, which releases more PDGF. Glioblastoma cells are
constantly interacting with their local environment, and gene ex-
pression (and ultimately cell behavior) is largely predicated on
factors such as whether the cell borders a hypoxic necrotic envi-
ronment, or is located amid a swamp of distorted abnormal blood
vessels, or is invading as single cells into normal brain, and others.
The ability of glioblastoma cells to take on different identities in
response to different environmental stresses is truly astounding.
It was recently shown that stem-like cells within tumors are able
to differentiate into tumor endothelium. In other words, even the

FIGURE 1. Major signaling pathways in malignant gliomas and the corresponding targeted agents in development for glioblastoma.
RTK inhibitors that target EGFRs include gefitinib, erlotinib, lapatinib, BIBW2992, and vandetanib; those that target PDGF-R receptor
include imatinib, dasatinib, and tandutinib; those that target VEGFRs include cediranib, pazopanib, sorafenib, sunitinib, vatalanib,
vandetanib, and XL184. EGFR antibodies include cetuximab and panitumumab. Farnesyl transferase inhibitors (FTIs) include lonafarnib
and tipifarnib; HDAC inhibitors include depsipeptide, vorinostat, and LBH589; PI3K inhibitors include BEZ235 and XL765; mTOR inhibitors
include sirolimus, temsirolimus, everolimus, and deforolimus; and VEGFR inhibitors include bevacizumab, aflibercept (VEGF-trap), and
CT-322. Growth factor ligands include EGF, PDGF, IGF, TGF, HGF/SF, VEGF, and FGF. Stem cell pathways include SHH, wingless family,
and Notch. Akt indicates murine thymoma viral oncogene homolog (also known as PKB); ERK, extracellular signal-regulated kinase;
FGF, fibroblast growth factor; FTI, farnesyl transferase inhibitors; GDP, guanine diphosphate; Grb 2, growth factor receptorYbound
protein 2; GTP, guanine 5&-triphosphate -triphosphate guanine triphosphate; HDAC, histone deacetylase; HGF/SF, hepatocyte growth
factor/scatter factor; IGF, insulin-like growth factor; MEK, mitogen-activated protein kinase kinase; mTOR, mammalian target of
rapamycin; NF1, neurofibromin 1; PIP2, phosphatidylinositol (4,5) biphosphate; PIP3, phosphatidylinositol 3,4,5-triphosphate; PI3K,
phosphatidylinositol 3-kinase; PKC, protein kinase C; PLC, phospholipase C; PTEN, phosphatase and tensin homolog; RAF, v-raf 1
murine leukemia viral oncogene homolog 1; RAS, rat sarcoma viral oncogene homolog; RTK, receptor tyrosine kinase inhibitor; SHH,
sonic hedgehog; SOS, son of sevenless; Src, sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog; TGF, transforming growth factor
family; and TSC1 and 2, tuberous sclerosis gene 1 and 2. Red text denotes inhibitors.

Hu and Kesari The Cancer Journal & Volume 18, Number 1, January/February 2012

34 www.journalppo.com * 2012 Lippincott Williams & Wilkins

Copyright © 2012 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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family; and TSC1 and 2, tuberous sclerosis gene 1 and 2. Red text denotes inhibitors.

Hu and Kesari The Cancer Journal & Volume 18, Number 1, January/February 2012

34 www.journalppo.com * 2012 Lippincott Williams & Wilkins

Copyright © 2012 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Glioblastoma	–	Targeted	Therapy	
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Challenges	in	GBM	therapy:	

•  Redundancy	
•  Not	depending	on	one	driver	mutaIon,	others	can	compensate	

•  Heterogeneity	
•  Several	different	driver	mutaIons	present	in	same	tumor	

•  Resistance	
•  Tumors	escape	targeIng	by	uIlizing	new	driver	mutaIons	

=>	Targeted	therapy	rarely	shows	a	lasGng	effect	



Glioblastoma	–	EGFR	Targeted	Therapy	
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J	Clin	Neurosci.	2009	Jun;16(6):748-54.	

The	raGonale	for	using	erloGnib	(EGFR	blocker)	to	treat	glioblastoma:	

• 	High	expression	of	EGFR	in	about	50%	of	GBM	
• 	Blocking	EGFR	should	block	glioblastoma	growth	&	invasion	
• 	Small	molecule	tyrosine	kinase	inhibitor	(TKI)	-	crosses	blood-brain	barrier	

=>	In	trials,	only	10-20%	of	paIents	respond	



Glioblastoma	–	Immunotherapy	
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•  Checkpoint	modulaIon	

•  AnIbody-drug	conjugates	

•  Vaccines	

•  CAR-T-cells	



Glioblastoma	–	Immunotherapy	
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The	Journal	of	Immunology,	2012,	189:	1920–1927.	

adult/pediatric, radiation treatment, temozolomide treatment, supra-
tentorial location, thalamic location, and gross total resection) and
continuous variables that were divided at the mean value into high/
low [Th cell (CD4) infiltration, cytotoxic T cell (CD8) infiltration,
microglia/macrophage (AIF1) infiltration, age at diagnosis, and
Karnofsky/Lansky performance score]. Factors significantly asso-
ciated with survival were performance score greater than themean of
80 (p = 0.00387), cytotoxic T cell infiltration greater than the mean
(p = 0.0154), and Th cell infiltration greater than mean (p = 0.0272).
Mean cytotoxic and Th cell infiltration was 1.26 (range, 8.2–0) and
1.98 (range, 37–0) cells per 3400 field of view, respectively. As-
sociation of survival with greater than mean microglia/macrophage
infiltration showed a trend toward significance (p = 0.089). To in-
vestigate further the influence of microglia/macrophage infiltration
on survival, the cutoff for high infiltration in this cell population was
made more stringent by using .75th percentile, which showed a
significant association with survival (p = 0.0146). The 75th per-
centile score for microglia/macrophage infiltration was 100 (range,
220–0) cells per 3400 field of view. None of the remaining factors
showed a significant association with survival.
Significant variables were next subjected to multivariate anal-

ysis. Each of the three immune cell population infiltrations showed

a significant correlation with each other by either Pearson or
Spearman approaches. Because these factors were not therefore
independent, it was considered appropriate also to combine them
(microglia/macrophage .75th percentile or cytotoxic T cell greater
than mean or Th cell greater than mean) into one measure as a
single variable. By Kaplan–Meier analysis, the combined immune
cell variable was significantly associated with survival (p = 0.0066)
(Fig. 1C).
Combined immune cell and individual immune cell variables

were modeled with Karnofsky/Lansky performance score and
analyzed using Cox proportional hazard (Table IV). This analysis
showed that when combined with performance score, each of the
immune variables apart from Th cell infiltration were independent
variables for survival. The best model appeared to consist of per-
formance and combined immune cell infiltration, with both factors
contributing significantly to longer survival (p = 0.00268 and
0.00772, respectively) (Table IV).

Discussion
HGAs are heterogeneous but almost uniformly fatal with only
a small percentage of long-term survivors. An unbiased genome-
wide microarray approach, with validation in an independent data

FIGURE 1. Representative histology of (A) greater
than median tumor infiltration of cytotoxic T cells
(CD8; red) and Th cells (CD4; brown) in long-term
survivor HGA11, and (B) .75th percentile tumor in-
filtration of microglia/macrophages (AIF1; brown) in
long-term survivor HGA12. IHC was performed using
FFPE tumor sections with hematoxylin counterstaining
(original magnification 3400). (C) Kaplan–Meier sur-
vival analysis of combined immune cell infiltration.
High combined immune cell infiltration was defined
as greater than median cytotoxic T cell or Th cell or
.75th percentile microglia/macrophage infiltration.
Thirty-three HGA samples were used.

Table IV. Multivariate survival model of Karnofsky/Lansky performance score and immune cell infiltration using Cox’s
proportional hazards regression analysis

Model Variable Hazard Ratio 95% Confidence Interval p Value

Karnofsky/Lansky performance and microglia/macrophage infiltration (AIF1)
Performance . mean 0.216 0.086–0.538 0.00101
AIF1 . 75th percentile 0.138 0.031–0.618 0.00963

Karnofsky/Lansky performance and Th cell infiltration (CD4)
Performance . mean 0.402 0.169–0.957 0.0394
CD4 . mean 0.202 0.026–1.59 0.1282

Karnofsky/Lansky performance and cytotoxic T cell (CD8)
Performance . mean 0.317 0.132–0.762 0.0102
CD8 . mean 0.206 0.047–0.913 0.0375

Karnofsky/Lansky performance and combined immune (AIF1 . 75th percentile or CD4 . mean or CD8 . mean)
Performance . mean 0.253 0.103–0.620 0.00268
Combined immune 0.183 0.0523–0.638 0.00772
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⇒ Higher	immunoscore	associated	with	beTer	prognosis	
⇒ Brain	not	excluded	from	immunotherapy	approaches		
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Neuro-Oncology,2017,	19:1047–1057	

=>	Higher	grade	glioma	show	higher	mutaGonal	load	
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Glioma immunobiology
Multiple immunosuppressive mechanims

Glioma cells

Microglial cells
Antigen presentation
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proliferation
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Events, 
n

Median OS 
[95% CI], months

12-Month OS Rate 
[95% CI], months

Nivolumab 154 9.8 [8.2, 11.8] 41.8 [34.7, 48.8]

Bevacizumab 147 10.0 [9.0, 11.8] 42.0 [34.6, 49.3]

Events, 
n

Median PFS 
[95% CI], months

12-Month PFS Rate 
[95% CI], months

Nivolumab 171 1.5 [1.5, 1.6] 10.5 [6.5, 15.5]

Bevacizumab 146 3.5 [2.9, 4.6] 17.4 [11.9, 23.7]

Progression-Free Survival

HR = 1.97 [95%CI: 1.57, 2.48]
P < 0.0001
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Reardon et al., WFNOS meeting 2017Reardon	et	al.,	WFNOS	meeIng	2017	

Response to pembrolizumab in hypermutant POLE deficient 
glioblastoma

Johans, Cancer Discovery 2016

•	PD-L1	present	in	gliomas	(in	some)	
•	Anectodal	evidence	of	succesful	PD-1	inhibiIon	in	some	cases	
•	Phase	III	PD-1	inhibitor	trial	negaGve	in	recurrent	glioblastoma	
•	Clinical	trials	in	newly	diagnosed	glioblastoma	ongoing	

Johans,	Cancer	Discovery	2016	
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•  Vaccine	approaches:	tumor	cell	lysate,	RNA,	pepIdes,	DC	

•  Strong	adjuvants	required		

•  Promising	data	from	preclinical	models	

•  Clinical	trials	dissapoinIng	
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EGFRviii	vaccinaIon		

Weller et al., SNO meeting 2016

ACT-IV outcome
Overall surival

Weller	et	al.,	SNO	meeIng	2016	
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ICT-107:
autologous six-antigen DC vaccine

Six 9-10 amino acid antigen epitopes
• MAGE-1 (HLA - A1)
• AIM-2 (A1)
• gp100 (HLA - A2)
• IL-13RĮ2 (A2)
• HER2/neu (A2)
• TRP-2 (A2)

MHC  
Class I

Matured, activated, 
peptide-loaded DC

• Targeting multiple antigens may minimize tumor immune 
escape

• Promising data in a randomized phase II trial

• Phase III trial ongoing: ICT-107 or placebo in addition to 
temozolomide-based radiochemotherapy in patiens with 
newly diagnosed glioblastoma

•  TargeIng	mulIple	anIgens		
•  Promising	data	in	a	randomized	phase	II	trial		
•  Phase	III	trial	ongoing:	ICT-107	or	placebo	in	addiIon	to	temozolomide-based	radiochemotherapy	

in	paIens	with	newly	diagnosed	glioblastoma		

Roth	ESMO	2016	

Example	for	a	DC	based	vaccine	
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Neuro	Oncol.	2016;18(8):1146-1156	

Targeting the microenvironment
Multiple immunosuppressive mechanims

Glioma cells

Microglial cells

T cells

NK cells

Antigen presentation

cytotoxicity
proliferation

TGF-E

Roth	ESMO	2016	

=>	No	impact	on	median	survival	in	TGF-b	targeIng	treatment	groups	
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IntroducGon	of	a	novel	GBM	classificaGon	
based	on	molecular	signatures	
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16 PIK3CA/PIK3R1 mutations identified were found in the Pro-
neural subtype and were mostly observed in samples with
no PDGFRA abnormalities. The Proneural signature further con-
tained several proneural development genes, such as SOX
genes, as well as DCX, DLL3, ASCL1, and TCF4 (Phillips et al.,
2006). Gene ontology (GO) categories identified for the Proneural
subtype involved developmental processes and a previously
identified cell cycle/proliferation signature (Whitfield et al.,
2002) (Table S3C).
Neural
The Neural subtype was typified by the expression of neuron
markers, such as NEFL, GABRA1, SYT1, and SLC12A5. GO cate-
gories associated with the Neural subtype included neuron projec-
tion and axon and synaptic transmission (Table S3D). The two
normal brain tissue samples used in this data set were both clas-
sified as the Neural subtype. The majority (25 of 33) of the Neural
samples contained few normal cells on two pathology slides.
Pathology slides for three samples of each subtype were reviewed
again, and the diagnosis of GBM was confirmed (Figure S6).
Glioblastoma Subtypes Are Reminiscent
of Distinct Neural Cell Types
To gain insight into the biological meaning of the subtypes, we
used data from the brain transcriptome database presented by

Cahoy et al. (2008) to define gene sets associated with neurons,
oligodendrocytes, astrocytes, and cultured astroglial cells. These
mature cells may be of interest both for their primary associations
with tumor subtypes, as well as inherent signatures retained from
progenitor cells. Using these four gene sets, a single-sample
GSEA enrichment score was calculated for all samples (Figure 4)
(Barbie et al., 2009). The enrichment score indicates how closely
the expression in a sample reflects the expected expression
pattern of the gene set. In this exploratory analysis, we observed
a number of patterns associating each subtype with expression
patterns frompurified murineneuralcell types.The Proneural class
was highly enriched with the oligodendrocytic signature but not
the astrocytic signature, whereas the Classical group is strongly
associated with the murine astrocytic signature. The Neural class
shows association with oligodendrocytic and astrocytic differenti-
ation but also had a strong enrichment for genes differentially ex-
pressed by neurons. The Mesenchymal class was strongly associ-
ated with the cultured astroglial signature. Interestingly, the
majority of immortalized cell lines evaluated also demonstrated
expression patterns most similar to the Mesenchymal subtype
(data not shown). Additionally, well-described microglia markers,
such as CD68, PTPRC, and TNF, are highly expressed in the
Mesenchymal class and the set of murine astroglial samples.

LQ, lower quartile; UQ, upper quartile; and CI, confidence interval. Also see Figure S2 and Tables S5 and S7.
a Indicates statistically significant relationship between cluster category and phenotype at a 0.10 level (see text and Table S10 for details). For TCGA

samples, only the core samples were used for significance testing.
b Median survival and corresponding confidence intervals were estimated from Kaplan-Meier curve using the survival package in R.
c Indicates categories with large amounts of missing data. Only 101 patients (86 core patients) had a Karnofsky score, and only 193 patients (166 core

patients) had methylation data available.
d Five samples from Duke are not itemized here to protect patient confidentiality.
e Normal and recurrent patients were excluded from the analysis.

Table 2. Copy Number Alterations Correlate with GBM Subtype

Type of Event, ROI

Proneural

(n = 54)

Neural

(n = 24)

Classical

(n = 37)

Mesenchymal

(n = 55)

Total No. of

Samples Altered

Known Cancer

Gene in Region

Low- and High-Level Amplified Events

7p11.2 29 (54%)a 23 (96%) 37 (100%) 52 (95%) 141 EGFR

7q21.2 25 (46%)a 23 (96%) 34 (92%) 49 (89%) 131 CDK6

7q31.2 29 (54%)a 22 (92%) 32 (86%) 50 (91%) 133 MET

7q34 28 (52%)a 22 (92%) 32 (86%) 50 (91%) 132

High Level Amplification Events

7p11.2 9 (17%)a 16 (67%) 35 (95%)a 16 (29%) 76 EGFR

4q12 19 (35%)a 3 (13%) 2 (5%) 5 (9%) 29 PDGFRAb

Homozygous and Hemizygous Deletion Events

17q11.2 3 (6%) 4 (17%) 2 (5%) 21 (38%)a 30 NF1

10q23 37 (69%) 23 (96%) 37 (100%) 48 (87%) 145 PTEN

9p21.3 30 (56%) 17 (71%) 35 (95%) 37 (67%) 119 CDKN2A/CDKN2B

13q14 28 (52%) 11 (46%) 6 (16%) 29 (53%) 74 RB1

Homozygous Deletion Events

9p21.3 22 (41%) 13 (54%) 34 (92%)a 29 (53%) 98 CDKN2A/CDKN2B

ROI, region of interest. Significance of the difference in number of events between subtypes and remainder of the subtypes was tested using a two-

sided Fisher’s exact test, corrected for multiple testing using a Familywise Error Rate. Bold type indicates p values significant at 0.1 level. Also see

Figure S4 and Table S1.
a p value significant at 0.01 level.
b The peak of the amplification is adjacent to PDGFRA.
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Integrated Genomic Analysis Identifies Clinically
Relevant Subtypes of Glioblastoma Characterized
by Abnormalities in PDGFRA, IDH1, EGFR, and NF1
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SUMMARY

The Cancer Genome Atlas Network recently cataloged recurrent genomic abnormalities in glioblastoma
multiforme (GBM). We describe a robust gene expression-based molecular classification of GBM into Pro-
neural, Neural, Classical, and Mesenchymal subtypes and integrate multidimensional genomic data to estab-
lish patterns of somatic mutations and DNA copy number. Aberrations and gene expression of EGFR, NF1,
and PDGFRA/IDH1 each define the Classical, Mesenchymal, and Proneural subtypes, respectively. Gene
signatures of normal brain cell types show a strong relationship between subtypes and different neural line-
ages. Additionally, response to aggressive therapy differs by subtype, with the greatest benefit in the Clas-
sical subtype and no benefit in the Proneural subtype. We provide a framework that unifies transcriptomic
and genomic dimensions for GBM molecular stratification with important implications for future studies.

SIGNIFICANCE

This work expands on previous glioblastoma classification studies by associating known subtypes with specific alterations
in NF1 and PDGFRA/IDH1 and by identifying two additional subtypes, one of which is characterized by EGFR abnormalities
and wild-type p53. In addition, the subtypes have specific differentiation characteristics that, combined with data from
recent mouse studies, suggest a link to alternative cells of origin. Together, these data provide a framework for investigation
of targeted therapies. Temozolomide and radiation, a common treatment for glioblastoma, has demonstrated a significant
increase in survival. Our analysis illustrates that a survival advantage in heavily treated patients varies by subtype, with Clas-
sical or Mesenchymal subtypes having significantly delayed mortality that was not observed in the Proneural subtype.

98 Cancer Cell 17, 98–110, January 19, 2010 ª2010 Elsevier Inc.
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16 PIK3CA/PIK3R1 mutations identified were found in the Pro-
neural subtype and were mostly observed in samples with
no PDGFRA abnormalities. The Proneural signature further con-
tained several proneural development genes, such as SOX
genes, as well as DCX, DLL3, ASCL1, and TCF4 (Phillips et al.,
2006). Gene ontology (GO) categories identified for the Proneural
subtype involved developmental processes and a previously
identified cell cycle/proliferation signature (Whitfield et al.,
2002) (Table S3C).
Neural
The Neural subtype was typified by the expression of neuron
markers, such as NEFL, GABRA1, SYT1, and SLC12A5. GO cate-
gories associated with the Neural subtype included neuron projec-
tion and axon and synaptic transmission (Table S3D). The two
normal brain tissue samples used in this data set were both clas-
sified as the Neural subtype. The majority (25 of 33) of the Neural
samples contained few normal cells on two pathology slides.
Pathology slides for three samples of each subtype were reviewed
again, and the diagnosis of GBM was confirmed (Figure S6).
Glioblastoma Subtypes Are Reminiscent
of Distinct Neural Cell Types
To gain insight into the biological meaning of the subtypes, we
used data from the brain transcriptome database presented by

Cahoy et al. (2008) to define gene sets associated with neurons,
oligodendrocytes, astrocytes, and cultured astroglial cells. These
mature cells may be of interest both for their primary associations
with tumor subtypes, as well as inherent signatures retained from
progenitor cells. Using these four gene sets, a single-sample
GSEA enrichment score was calculated for all samples (Figure 4)
(Barbie et al., 2009). The enrichment score indicates how closely
the expression in a sample reflects the expected expression
pattern of the gene set. In this exploratory analysis, we observed
a number of patterns associating each subtype with expression
patterns frompurified murineneuralcell types.The Proneural class
was highly enriched with the oligodendrocytic signature but not
the astrocytic signature, whereas the Classical group is strongly
associated with the murine astrocytic signature. The Neural class
shows association with oligodendrocytic and astrocytic differenti-
ation but also had a strong enrichment for genes differentially ex-
pressed by neurons. The Mesenchymal class was strongly associ-
ated with the cultured astroglial signature. Interestingly, the
majority of immortalized cell lines evaluated also demonstrated
expression patterns most similar to the Mesenchymal subtype
(data not shown). Additionally, well-described microglia markers,
such as CD68, PTPRC, and TNF, are highly expressed in the
Mesenchymal class and the set of murine astroglial samples.

LQ, lower quartile; UQ, upper quartile; and CI, confidence interval. Also see Figure S2 and Tables S5 and S7.
a Indicates statistically significant relationship between cluster category and phenotype at a 0.10 level (see text and Table S10 for details). For TCGA

samples, only the core samples were used for significance testing.
b Median survival and corresponding confidence intervals were estimated from Kaplan-Meier curve using the survival package in R.
c Indicates categories with large amounts of missing data. Only 101 patients (86 core patients) had a Karnofsky score, and only 193 patients (166 core

patients) had methylation data available.
d Five samples from Duke are not itemized here to protect patient confidentiality.
e Normal and recurrent patients were excluded from the analysis.

Table 2. Copy Number Alterations Correlate with GBM Subtype

Type of Event, ROI

Proneural

(n = 54)

Neural

(n = 24)

Classical

(n = 37)

Mesenchymal

(n = 55)

Total No. of

Samples Altered

Known Cancer

Gene in Region

Low- and High-Level Amplified Events

7p11.2 29 (54%)a 23 (96%) 37 (100%) 52 (95%) 141 EGFR

7q21.2 25 (46%)a 23 (96%) 34 (92%) 49 (89%) 131 CDK6

7q31.2 29 (54%)a 22 (92%) 32 (86%) 50 (91%) 133 MET

7q34 28 (52%)a 22 (92%) 32 (86%) 50 (91%) 132

High Level Amplification Events

7p11.2 9 (17%)a 16 (67%) 35 (95%)a 16 (29%) 76 EGFR

4q12 19 (35%)a 3 (13%) 2 (5%) 5 (9%) 29 PDGFRAb

Homozygous and Hemizygous Deletion Events

17q11.2 3 (6%) 4 (17%) 2 (5%) 21 (38%)a 30 NF1

10q23 37 (69%) 23 (96%) 37 (100%) 48 (87%) 145 PTEN

9p21.3 30 (56%) 17 (71%) 35 (95%) 37 (67%) 119 CDKN2A/CDKN2B

13q14 28 (52%) 11 (46%) 6 (16%) 29 (53%) 74 RB1

Homozygous Deletion Events

9p21.3 22 (41%) 13 (54%) 34 (92%)a 29 (53%) 98 CDKN2A/CDKN2B

ROI, region of interest. Significance of the difference in number of events between subtypes and remainder of the subtypes was tested using a two-

sided Fisher’s exact test, corrected for multiple testing using a Familywise Error Rate. Bold type indicates p values significant at 0.1 level. Also see

Figure S4 and Table S1.
a p value significant at 0.01 level.
b The peak of the amplification is adjacent to PDGFRA.

Cancer Cell

Genomic Alterations in Clinical GBM Subtypes
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Analysis	from	The	Cancer	Genome	Atlas	(≈	600	GBM	tumors)	



Glioma	–	Molecular	ClassificaGon	

MCBO	II	–	Neuro-oncology	 33	

16 PIK3CA/PIK3R1 mutations identified were found in the Pro-
neural subtype and were mostly observed in samples with
no PDGFRA abnormalities. The Proneural signature further con-
tained several proneural development genes, such as SOX
genes, as well as DCX, DLL3, ASCL1, and TCF4 (Phillips et al.,
2006). Gene ontology (GO) categories identified for the Proneural
subtype involved developmental processes and a previously
identified cell cycle/proliferation signature (Whitfield et al.,
2002) (Table S3C).
Neural
The Neural subtype was typified by the expression of neuron
markers, such as NEFL, GABRA1, SYT1, and SLC12A5. GO cate-
gories associated with the Neural subtype included neuron projec-
tion and axon and synaptic transmission (Table S3D). The two
normal brain tissue samples used in this data set were both clas-
sified as the Neural subtype. The majority (25 of 33) of the Neural
samples contained few normal cells on two pathology slides.
Pathology slides for three samples of each subtype were reviewed
again, and the diagnosis of GBM was confirmed (Figure S6).
Glioblastoma Subtypes Are Reminiscent
of Distinct Neural Cell Types
To gain insight into the biological meaning of the subtypes, we
used data from the brain transcriptome database presented by

Cahoy et al. (2008) to define gene sets associated with neurons,
oligodendrocytes, astrocytes, and cultured astroglial cells. These
mature cells may be of interest both for their primary associations
with tumor subtypes, as well as inherent signatures retained from
progenitor cells. Using these four gene sets, a single-sample
GSEA enrichment score was calculated for all samples (Figure 4)
(Barbie et al., 2009). The enrichment score indicates how closely
the expression in a sample reflects the expected expression
pattern of the gene set. In this exploratory analysis, we observed
a number of patterns associating each subtype with expression
patterns frompurified murineneuralcell types.The Proneural class
was highly enriched with the oligodendrocytic signature but not
the astrocytic signature, whereas the Classical group is strongly
associated with the murine astrocytic signature. The Neural class
shows association with oligodendrocytic and astrocytic differenti-
ation but also had a strong enrichment for genes differentially ex-
pressed by neurons. The Mesenchymal class was strongly associ-
ated with the cultured astroglial signature. Interestingly, the
majority of immortalized cell lines evaluated also demonstrated
expression patterns most similar to the Mesenchymal subtype
(data not shown). Additionally, well-described microglia markers,
such as CD68, PTPRC, and TNF, are highly expressed in the
Mesenchymal class and the set of murine astroglial samples.

LQ, lower quartile; UQ, upper quartile; and CI, confidence interval. Also see Figure S2 and Tables S5 and S7.
a Indicates statistically significant relationship between cluster category and phenotype at a 0.10 level (see text and Table S10 for details). For TCGA

samples, only the core samples were used for significance testing.
b Median survival and corresponding confidence intervals were estimated from Kaplan-Meier curve using the survival package in R.
c Indicates categories with large amounts of missing data. Only 101 patients (86 core patients) had a Karnofsky score, and only 193 patients (166 core

patients) had methylation data available.
d Five samples from Duke are not itemized here to protect patient confidentiality.
e Normal and recurrent patients were excluded from the analysis.

Table 2. Copy Number Alterations Correlate with GBM Subtype

Type of Event, ROI

Proneural

(n = 54)

Neural

(n = 24)

Classical

(n = 37)

Mesenchymal

(n = 55)

Total No. of

Samples Altered

Known Cancer

Gene in Region

Low- and High-Level Amplified Events

7p11.2 29 (54%)a 23 (96%) 37 (100%) 52 (95%) 141 EGFR

7q21.2 25 (46%)a 23 (96%) 34 (92%) 49 (89%) 131 CDK6

7q31.2 29 (54%)a 22 (92%) 32 (86%) 50 (91%) 133 MET

7q34 28 (52%)a 22 (92%) 32 (86%) 50 (91%) 132

High Level Amplification Events

7p11.2 9 (17%)a 16 (67%) 35 (95%)a 16 (29%) 76 EGFR

4q12 19 (35%)a 3 (13%) 2 (5%) 5 (9%) 29 PDGFRAb

Homozygous and Hemizygous Deletion Events

17q11.2 3 (6%) 4 (17%) 2 (5%) 21 (38%)a 30 NF1

10q23 37 (69%) 23 (96%) 37 (100%) 48 (87%) 145 PTEN

9p21.3 30 (56%) 17 (71%) 35 (95%) 37 (67%) 119 CDKN2A/CDKN2B

13q14 28 (52%) 11 (46%) 6 (16%) 29 (53%) 74 RB1

Homozygous Deletion Events

9p21.3 22 (41%) 13 (54%) 34 (92%)a 29 (53%) 98 CDKN2A/CDKN2B

ROI, region of interest. Significance of the difference in number of events between subtypes and remainder of the subtypes was tested using a two-

sided Fisher’s exact test, corrected for multiple testing using a Familywise Error Rate. Bold type indicates p values significant at 0.1 level. Also see

Figure S4 and Table S1.
a p value significant at 0.01 level.
b The peak of the amplification is adjacent to PDGFRA.
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Subtypes and Clinical Correlations
We analyzed the associations between the subtypes and clin-
ical and tumor characteristics for the core samples (Table 1
and Table S5). Median survival was 12 months for TCGA
patients and 15 months for the validation set, representative

of surgical case series. Karnofsky performance score (KPS)
was high in the TCGA data set with a median value of 90.
The median age at diagnosis for both the TCGA samples (57
years) and the validation samples (53 years) was lower than
for United States population (64 years; http://www.cbtrus.
org), likely reflecting bias of surgical resections. All four tumor
subtypes were found in each of the public data sets used in
the validation set and were distributed at similar proportion
(Figure S2).

Three of four tumors known to be secondary GBMs were
found in the Proneural group, a finding consistent with the overall
younger age of this subtype. Recurrent tumors were found in all
subtypes, and in three of four paired primary-recurrent pairs from
the Murat data set (Murat et al., 2008), suggesting that tumors
did not change class at recurrence (data not shown). The trend
between prior treatment and a hypermutator phenotype, as
reported elsewhere (TCGA, 2008; Hunter et al., 2006), is re-
flected in the observation that four of seven hypermutated
samples, three of which were secondary GBMs, were classified
as Proneural. There was no association of subtype with the
percentage of tumor nuclei. The finding of genes associated
with inflammation in the Mesenchymal subtype was consistent
with a higher overall fraction of necrosis evident in these tumors
(Table 1 and Figure S2).

The most consistent clinical association for tumor subtypes
was age, with younger patients overrepresented in the Proneural
subtype (Figure S2). We note that the age distribution of patients
differed across TCGA collection centers, with MD Anderson
having younger patients (median, 53 years) and greater

Table 3. Distribution of Frequently Mutated Genes across GBM
Subtypes

Gene

Proneural

(n = 37)

Neural

(n = 19)

Classical

(n = 22)

Mesenchymal

(n = 38)

Total No. of

Mutations

TP53 20 (54%) 4 (21%) 0 (0%) 12 (32%) 36

PTEN 6 (16%) 4 (21%) 5 (23%) 12 (32%) 27

NF1 2 (5%) 3 (16%) 1 (5%) 14 (37%) 20

EGFR 6 (16%) 5 (26%) 7 (32%) 2 (5%) 20

IDH1 11 (30%)a 1 (5%) 0 (0%) 0 (0%) 12

PIK3R1 7 (19%) 2 (11%) 1 (5%) 0 (0%) 10

RB1 1 (3%) 1 (5%) 0 (0%) 5 (13%) 7

ERBB2 2 (5%) 3 (16%) 1 (5%) 1 (3%) 7

EGFRvIII 1 (3%) 0 (0%) 5 (23%) 1 (3%) 7

PIK3CA 3 (8%) 1 (5%) 1 (5%) 1 (3%) 6

PDGFRA 4 (11%) 0 (0%) 0 (0%) 0 (0%) 4

Significance of the difference in number of events between subtypes and

remainder of the subtypes was determined using a two-sided Fisher’s

exact test, corrected for multiple testing using a Familywise Error Rate.

Bold type indicates p values significant at an 0.1 level. Also see

Figure S5 and Tables S2, S4, and S6.
a p value significant at 0.01 level.
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Figure 3. Integrated View of Gene Expression and Genomic Alterations across Glioblastoma Subtypes
Gene expression data (ge) were standardized (mean equal to zero, standard deviation equal to 1) across the 202 data set; data are shown for the 116 samples with

both mutation and copy number data. Mutations (mut) are indicated by a red cell, a white pipe indicates loss of heterozygosity, and a yellow cell indicates the

presence of an EGFRvIII mutation. Copy number events (cn) are illustrated by bright green for homozygous deletions, green for hemizygous deletions, black for

copy number neutral, red for low-level amplification, and bright red for high-level amplifications. A black cell indicates no detected alteration.
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representation in the Proneural subtype. Controlling for this con-
founding variable did not remove the link between age and
subtype in TCGA samples (Table S5). Furthermore, the trend
with age was confirmed in the validation samples, indicating
that the age-subtype relationship was not due to an artifact
introduced by the collection centers. Although not statistically
significant, there was a trend toward longer survival for patients
with a Proneural GBM in a combined analysis of TCGA and vali-
dation samples (HR > 1 for all subtypes relative to Proneural)
(Figure S7A). A significantly improved outcome for patients
with a Proneural classification was achieved when grade II
and III gliomas from two of the four validation data sets were
included in the analysis (Figure S7B) (Phillips et al., 2006; Sun
et al., 2006).
Treatment Efficacy Differs per Subtype
We examined the effect of more intensive treatment, defined as
concurrent chemo- and radiotherapy or more than three subse-
quent cycles of chemotherapy, on survival. Using the Murat
data (Murat et al., 2008) and TCGA data, intensively treated
patients were compared with patients undergoing nonconcur-
rent regimens or short chemotherapy regimens. Although
aggressive treatment significantly reduced mortality in Classical
(HR = 0.45; p = 0.02) and Mesenchymal (HR = 0.54; p = 0.02)
subtypes, and efficacy was suggested in Neural (HR = 0.56;
p = 0.1), it did not alter survival in the Proneural subtype (HR
= 0.8; p = 0.4; Figure 5). Dichotomous methylation status of
the DNA repair gene MGMT, which has been positively linked
to response to therapy (Hegi et al., 2005), was not associated
with subtype (Table 1).

DISCUSSION

Here, we show that genomic profiling defined four subtypes of
tumors with a common morphologic diagnosis of GBM. The
reproducibility of this classification was demonstrated in an
independent validation set, suggesting that it is highly unlikely
that these GBM tumor subtypes are a spurious finding due to
technical artifact, chance, or bias in TCGA sample qualification
criteria. The importance of detecting these subtypes lies in the
different therapeutic approaches that different subtypes may
require. Furthermore, it is possible that GBMs in specific
subtypes develop as the result of different causes or different
cells of origin. Studying GBMs in the light of subtypes therefore
may accelerate our understanding of GBM pathology. A larger
sample set might describe additional subtypes for which we
lack the power to detect. In addition, we provide the community
with the means to identify the tumor subtypes prospectively
(http://tcga-data.nci.nih.gov/docs/publications/gbm_exp/).

In addition to validating the subtype in other human GBM data
sets, we identified gene expression patterns of xenografts highly
comparable to Proneural, Classical, and Mesenchymal tumors.
However, identification of comparable cell line models was not
as easily achievable (data not shown). For example, there is
a relative lack of EGFR amplification and EGFRvIII mutants in
cell line models, potentially lost or selected against during the
culturing process. The identification of valid subtype counter-
parts in xenografts represents an important contribution toward
our ability to study GBM subtypes, in particular for modeling and
predicting therapeutic response.

One of the most important aspects of this work is the unprec-
edented ability to examine molecularly defined tumor subtypes
for correlations with both genomewide DNA copy number events
and sequence-based mutation detection for 601 genes.
Although a mechanistic explanation of subtype is beyond the
scope of this manuscript, our cross-platform analyses highlight
a number of important characteristics of each subtype and hint
at cell of origin. For example, the Proneural subtype was associ-
ated with younger age, PDGFRA abnormalities, and IDH1 and
TP53 mutations, all of which have previously been associated
with secondary GBM (Arjona et al., 2006; Furnari et al., 2007;
Kleihues and Ohgaki, 1999; Watanabe et al., 1996; Yan et al.,
2009). Most known secondary GBMs were classified as Proneu-
ral (Table 1). In a previous study, most grade III gliomas as well as
75% of lower grade gliomas from the validation sets were clas-
sified as Proneural or Neural (Phillips et al., 2006). Although it is
outside the scope of the current article to establish the etiology
of the classes, the Proneural TCGA class was enriched both
for secondary GBM established by prior lower-grade histology
and for IDH1 mutations, which are known to be prevalent in
secondary GBM. Other tumors in this class that appear to be
clinically de novo (primary) may share common pathogenesis
with secondary GBM and might arise from lower grade lesions
that are clinically silent. Alternatively, Proneural GBM tumors may
arise from a progenitor or neural stem cell that can also give
rise to oligodendrogliomas, thereby sharing similar characteris-
tics. High similarity with a purified oligodendrocytic signature
and previous work identifying high expression of PDGFRA in
cells of the SVZ give credence to this hypothesis (Jackson
et al., 2006).

Cultured Astroglia

Astrocytic

Neuronal

Oligodendrocytic

Enrichment Score

−4 4

Proneural Neural Classical Mesenchymal

Figure 4. Single Sample GSEA Scores of GBM Subtypes Show
a Relationship to Specific Cell Types
Gene expression signatures of oligodendrocytes, astrocytes, neurons, and

cultured astroglial cells were generated from murine brain cell types (Cahoy

et al., 2008). Single sample GSEA was used to project the four gene sets on

samples on the Proneural, Classical, Neural, and Mesenchymal subtypes.

A positive enrichment score indicates a positive correlation between genes

in the gene set and the tumor sample expression profile; a negative enrichment

score indicates the reverse. Also see Figure S6.
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16 PIK3CA/PIK3R1 mutations identified were found in the Pro-
neural subtype and were mostly observed in samples with
no PDGFRA abnormalities. The Proneural signature further con-
tained several proneural development genes, such as SOX
genes, as well as DCX, DLL3, ASCL1, and TCF4 (Phillips et al.,
2006). Gene ontology (GO) categories identified for the Proneural
subtype involved developmental processes and a previously
identified cell cycle/proliferation signature (Whitfield et al.,
2002) (Table S3C).
Neural
The Neural subtype was typified by the expression of neuron
markers, such as NEFL, GABRA1, SYT1, and SLC12A5. GO cate-
gories associated with the Neural subtype included neuron projec-
tion and axon and synaptic transmission (Table S3D). The two
normal brain tissue samples used in this data set were both clas-
sified as the Neural subtype. The majority (25 of 33) of the Neural
samples contained few normal cells on two pathology slides.
Pathology slides for three samples of each subtype were reviewed
again, and the diagnosis of GBM was confirmed (Figure S6).
Glioblastoma Subtypes Are Reminiscent
of Distinct Neural Cell Types
To gain insight into the biological meaning of the subtypes, we
used data from the brain transcriptome database presented by

Cahoy et al. (2008) to define gene sets associated with neurons,
oligodendrocytes, astrocytes, and cultured astroglial cells. These
mature cells may be of interest both for their primary associations
with tumor subtypes, as well as inherent signatures retained from
progenitor cells. Using these four gene sets, a single-sample
GSEA enrichment score was calculated for all samples (Figure 4)
(Barbie et al., 2009). The enrichment score indicates how closely
the expression in a sample reflects the expected expression
pattern of the gene set. In this exploratory analysis, we observed
a number of patterns associating each subtype with expression
patterns frompurified murineneuralcell types.The Proneural class
was highly enriched with the oligodendrocytic signature but not
the astrocytic signature, whereas the Classical group is strongly
associated with the murine astrocytic signature. The Neural class
shows association with oligodendrocytic and astrocytic differenti-
ation but also had a strong enrichment for genes differentially ex-
pressed by neurons. The Mesenchymal class was strongly associ-
ated with the cultured astroglial signature. Interestingly, the
majority of immortalized cell lines evaluated also demonstrated
expression patterns most similar to the Mesenchymal subtype
(data not shown). Additionally, well-described microglia markers,
such as CD68, PTPRC, and TNF, are highly expressed in the
Mesenchymal class and the set of murine astroglial samples.

LQ, lower quartile; UQ, upper quartile; and CI, confidence interval. Also see Figure S2 and Tables S5 and S7.
a Indicates statistically significant relationship between cluster category and phenotype at a 0.10 level (see text and Table S10 for details). For TCGA

samples, only the core samples were used for significance testing.
b Median survival and corresponding confidence intervals were estimated from Kaplan-Meier curve using the survival package in R.
c Indicates categories with large amounts of missing data. Only 101 patients (86 core patients) had a Karnofsky score, and only 193 patients (166 core

patients) had methylation data available.
d Five samples from Duke are not itemized here to protect patient confidentiality.
e Normal and recurrent patients were excluded from the analysis.

Table 2. Copy Number Alterations Correlate with GBM Subtype

Type of Event, ROI

Proneural

(n = 54)

Neural

(n = 24)

Classical

(n = 37)

Mesenchymal

(n = 55)

Total No. of

Samples Altered

Known Cancer

Gene in Region

Low- and High-Level Amplified Events

7p11.2 29 (54%)a 23 (96%) 37 (100%) 52 (95%) 141 EGFR

7q21.2 25 (46%)a 23 (96%) 34 (92%) 49 (89%) 131 CDK6

7q31.2 29 (54%)a 22 (92%) 32 (86%) 50 (91%) 133 MET

7q34 28 (52%)a 22 (92%) 32 (86%) 50 (91%) 132

High Level Amplification Events

7p11.2 9 (17%)a 16 (67%) 35 (95%)a 16 (29%) 76 EGFR

4q12 19 (35%)a 3 (13%) 2 (5%) 5 (9%) 29 PDGFRAb

Homozygous and Hemizygous Deletion Events

17q11.2 3 (6%) 4 (17%) 2 (5%) 21 (38%)a 30 NF1

10q23 37 (69%) 23 (96%) 37 (100%) 48 (87%) 145 PTEN

9p21.3 30 (56%) 17 (71%) 35 (95%) 37 (67%) 119 CDKN2A/CDKN2B

13q14 28 (52%) 11 (46%) 6 (16%) 29 (53%) 74 RB1

Homozygous Deletion Events

9p21.3 22 (41%) 13 (54%) 34 (92%)a 29 (53%) 98 CDKN2A/CDKN2B

ROI, region of interest. Significance of the difference in number of events between subtypes and remainder of the subtypes was tested using a two-

sided Fisher’s exact test, corrected for multiple testing using a Familywise Error Rate. Bold type indicates p values significant at 0.1 level. Also see

Figure S4 and Table S1.
a p value significant at 0.01 level.
b The peak of the amplification is adjacent to PDGFRA.
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The identity of the Classical subtype is defined by the constel-
lation of the most common genomic aberrations seen in GBM,
with 93% of samples harboring chromosome 7 amplifications
and 10 deletions, 95% showing EGFR amplification, and 95%
showing homozygous deletion spanning the Ink4a/ARF locus.
This class also shows a distinct lack of additional abnormalities
in TP53, NF1, PDGFRA, or IDH1.

In the present study, we also confirm the presence of a Mesen-
chymal subtype characterized by high expression of CHI3L1 and
MET (Phillips et al., 2006). A striking characteristic of this class
was the strong association with the recently reported high
frequency of NF1 mutation/deletion and low levels of NF1
mRNA expression overall. Inherited NF1 mutations are associ-
ated with a variety of tumors, including neurofibromas, which
reportedly have a Schwann cell–like origin (Zhu et al., 2002).
Although Schwann cells are not present in the central nervous
system, the Mesenchymal class expresses Schwann cell
markers, such as the family S100A, as well as microglial markers.
The higher percentage necrosis and associated inflammation
present in these samples is potentially linked to the mesen-
chymal phenotype through an expression signature including
genes from wound healing and NF-kB signaling.

Samples in the Neural subtype are unequivocally GBMs by
morphology, according to light microscopy, and contain mutation
and DNA copy number alterations. Their expression patterns are
recognizable as the most similar to samples derived from normal
brain tissue, and their signature is suggestive of a cell with a differ-
entiated phenotype. This is confirmed by the association with
neural, astrocytic, and oligodendrocytic gene signatures.
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Figure 5. Survival by Treatment Type and
Tumor Subtype
Patients from TCGA and Murat (Murat et al., 2008)

were classified by therapy regimen. Red denotes

more intensive therapy, which includes concurrent

chemotherapy and radiation or greater than four

cycles of chemotherapy. Black denotes less inten-

sive therapy, which includes nonconcurrent

chemotherapy and radiation or less than four

cycles of chemotherapy. Also see Figure S7 and

Table S7.

Cellular organization and differentiation in
the brain has been intensively investi-
gated, yet there is much to be discovered.
It is therefore striking to find the clear rela-
tionships between subtypes of GBM and
cellular lineages as demonstrated here
(Figure 4). It is possible that a common
cell of origin, such as the previously
proposed neural stem cell (Galli et al.,
2004), exists for all GBMs and that the
classes presented here result from
distinct differentiation paths. However,
the presence of precursor cells with self-
replicating ability in the brain, such as
cells expressing stem cell markers and
PDGFRA or EGFR (Jackson et al., 2006),

suggests that multiple stem cell-like populations exist. Although
there is a clear need for conclusive evidence supporting this
hypothesis, it is at least striking to find the same genes as
markers of two of the four classes lending support for a difference
in cell of origin. This finding is further supported by the specific
characteristics of the Mesenchymal and Neural classes. Estab-
lishing the cell of origin of GBM is critical for establishing effective
treatment regimens (Sanai et al., 2005).

Given the set of characteristic subtype abnormalities, we
deem it unlikely that patients transition between subtypes during
different stages of their disease. This is substantiated by several
samples in the Murat data set (Murat et al., 2008) that did not
switch between subtype after recurrence.

An association was observed between the Proneural subtype
and age and a trend toward longer survival. Furthermore, our
data suggest that Proneural samples do not have a survival
advantage from aggressive treatment protocols. Importantly, a
clear treatment effect was observed in the Classical and Mesen-
chymal subtypes. Profiling-based classification may therefore
have highest clinical relevance in suggesting different thera-
peutic strategies. It appears that the simple classification into
these four subtypes carries a rich set of associations for which
there is no existing diagnostic test. We envision that the next
generation of biomarker assays for GBM could include a molec-
ular test for subtype and linked molecular genetics for key
genetic events, including NF1 and PTEN loss, IDH1 and PI3K
mutation, PDGFRA and EGFR amplification (i.e., genetic events
that are best assayed on the DNA level), and MGMT methylation
status. In addition, early evidence suggests that subclasses
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⇒  The	“CLASSICAL”	subtype	responds	best,	the	“PRONEURAL”	subtype	worst	to	intensified	treatment.	
⇒  Later	studies	found	proneural	to	have	best	and	mesenchymal	subtype	to	have	worst	overall	prognosis	
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