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List of widely accepted abbreviations not defined in the text:

cDNA=complementary DNA
CGH-array=Comparative Genomic Hybridization - array
CNS=Central Nervous System
CNV=copy number variation
CSF=cerebrospinal fluid
DNA=deoxyribonucleic acid
FFPE=formalin-fixed paraffin-embedded
G-CIMP=Glioma-CpG Island Methylator Phenotype
GBM=glioblastoma

HLA=human leukocyte antigen
KPS=Karnofsky Performance Status
LGG=lower grade gliomas
MRI=magnetic resonance imaging
mRNA=messenger RNA

NGS=next generation sequencing
OS=overall survival

PCR=polymerase chain reaction
PCV=procarbazine, CCNU, vincristine
PET=positron emission tomography
PFS=progression-free survival
RNA=ribonucleic acid

SNP=single nucleotide polymorphism
SNV=single nucleotide variant
WES=whole exome sequencing
WGS=whole genome sequencing

WHO=world health organization



Introduction: molecular markers in diffuse gliomas

Diagnosis and classification

Histology and its limitations. Gliomas form a heterogeneous group of tumors that have been traditionally
classified based on histological class and grade. Histological class reflects the similarities between tumor cells
and the putative cell of origin, and it is assessed based on morphologic features on hematoxylin-eosin sections
and on the expression of lineage-associated proteins on immunohistochemistry. Grade is attributed based on
mitotic activity, the presence of anaplasia, necrosis and endothelial proliferation, whicht reflect an increasing

degree of malignancy (Figure 1) (Perry and Wesseling, 2016) (Gladson, Prayson and Liu, 2010).

HISTOLOGICAL CLASS

Astrocytic Oligodendrocytic

Figure 1. Histological features in diffuse gliomas. Panel
A: diffuse astrocytoma with hypercromatic nuclei
(WHO grade II). Panel B: oligodendroglioma with
uniform rounded nuclei, branched -capillaries and
characteristic clear perinuclear haloes (WHO grade II).
Panel C: anaplastic astrocytoma with mitotic activity
(arrow) (WHO grade III). Panel D: anaplastic
oligodendroglioma displaying increased mitotic activity
(arrows) (WHO grade III). Panel E: glioblastoma
showing endothelial cell proliferation (WHO grade IV).
Panel A-D: modified from Perry and Wesseling, 2016.
Panel E: from Gladson et al., 2010.
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The 2007 WHO classification of the Tumors of the Nervous System (Louis et al., 2007) relied entirely on these
cardinal principles, dividing gliomas based on presumptive cell lineage (astrocytic, oligoastrocytic or
oligodendroglial) and grade (I-IV). Grade I was reserved to circumscribed astrocytomas with benign behavior
(e.g., pilocytic astrocytoma), grade II was attributed to astrocytic or oligodendrocytic tumors with cytological
atypia, grade III was assigned to those showing anaplasia and mitotic figures, and grade IV was assigned to

those showing microvascular proliferation and/or necrosis (Table 1).

Table 1. Main glioma diagnostic entities in the 2007 WHO classification of Tumors of the Central Nervous System (Louis et al., 2007).

Histological class Histological subtype Grade
Astrocytic tumors Pilocytic astrocytoma I
Subependymal giant cell astrocytoma I
Diffuse astrocytoma II
Pleomorphic xanthoastrocytoma 11
Anaplastic astrocytoma I
Glioblastoma v
Oligoastrocytic tumors Oligoastrocytoma II
Anaplastic oligoastrocytoma I
Oligodendroglial tumors Oligodendroglioma II
Anaplastic oligodendroglioma I

However, it progressively became evident that histology was affected by a high degree of inter-observer
variability and that grade was not always sufficient to separate entities characterized by different malignant

behavior, especially in the case of lower grade gliomas (Perry and Wesseling, 2016).

The road towards an “integrated” diagnosis. The discovery that lower grade gliomas, as well as glioblastomas
arising from the former, frequently harbored hotspot mutations in the /DH (codon 132) and /DH?2 (codon 172)
genes (Parsons et al., 2008) (Yan et al., 2009) represented a real breakthrough in the understanding of
gliomagenesis. IDHI and /DH2 mutations, thereafter referred to as /DH mutations, were found to characterize
astrocytomas and oligodendrogliomas with diffusely infiltrative behavior and to be absent in other cerebral and
extracerebral tumors (Yan et al., 2009). IDH-mutant gliomas displayed indeed different clinical and molecular
features compared to /DH-wildtype tumors. Differently from /DH-wildtype gliomas, which associated with
EGFR amplification and chromosome 10 loss, /DH-mutant gliomas associated with chromosome 1p/19q
codeletion and MGMT promoter methylation (Yan et al., 2009) (Sanson ef al., 2009). The chromosome 1p/19q
codeletion is a genetic alteration consisting in the allelic loss of the entire short arm of chromosome 1 and the
entire long arm of chromosome 19, with a centromeric breakpoint. This chromosomal alteration had been

reported since the 1990s as a distinguishing feature of oligodendroglial tumors (Reifenberger et al., 1994),



making intriguing its association with /DH mutations. This association was confirmed by a large genomic study
that disclosed that all 1p/19q codeleted gliomas harbored /DH1 or IDH?2 mutations, while instead not all /DH-
mutant gliomas harbored the 1p/19q codeletion (Labussiére ef al., 2010).

As confirmed by unsupervised clustering analyses, the /DH mutation and the chromosome 1p/19q codeletion
allowed to identify three robust non-overlapping glioma groups characterized by different sets of genetic

alterations (Figure 2) (Cancer Genome Atlas Research Network et al., 2015) (Suzuki et al., 2015):

1) IDH-mutant, 1p/19q codeleted gliomas, commonly appearing as oligodendrogliomas and showing TERT
promoter (96-98%), CIC (58-62%), NOTCH1 (31%), FUBPI (29-31%), and PIK3CA (20%) mutations;

2) IDH-mutant, 1p/19q non-codeleted gliomas, commonly appearing as astrocytomas and showing TP53
mutations (94-99%) and ATRX alterations (77-86%);

3) IDH-wildtype gliomas, characterized by molecular alterations commonly found in primary glioblastomas,
including EGFR amplifications (38%), CDKN2A deletions (63%), chromosome 7 gain (56%), chromosome 10
loss (63%), and TERT promoter mutations (64%).

The observation that the three molecular groups identified by unsupervised clustering analysis were more
concordant with the /DH and the 1p/19q codeletion status than with histological class (Cancer Genome Atlas
Research Network et al., 2015) provided a strong rationale for using the /DH and the 1p/19q codeletion status

for the classification of lower grade gliomas.

The 2016 WHO classification of Tumors of the Central Nervous System. Based on this evidence, in 2016, it was
released an update to the WHO classification, incorporating the /DH mutation and the chromosome 1p/19q
codeletion into the definition of different nosological entities (Louis et al., 2016) (Table 2): oligodendrogliomas
were defined by the presence of the /DH mutation and the chromosome 1p/19q codeletion, while astrocytomas
were defined as either /DH-mutant or /DH-wildtype tumors lacking the 1p/19q codeletion. The diagnosis of
“oligoastrocytoma” was highly discouraged, as genetic testing was supposed to allow assigning tumors with
mixed histological features either to the group of /DH-mutant 1p/19q codeleted oligodendrogliomas (TERT
promoter, C/C and/or FUBPI-mutant) or to the group of /DH-mutant astrocytomas (7P53-mutant and/or A TRX-
inactivated). Integrating genetic features to histology represented a real paradigm shift in a classification scheme

that had until then relied entirely on histology, adding a level of objectivity that had until then been missing.



Figure 2. Main genetic alterations in the three glioma subgroups identified by the /DH mutation and the chromosome 1p/19q codeletion status. Modified from Suzuki et al., 2015.
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The observation that /DH mutations were found in oligodendrogliomas and astrocytomas with diffusely
infiltrating appearance but not in gliomas with circumscribed growth (e.g., pilocytic astrocytomas, pleomorphic
xanthoastrocytomas) ultimately led to separate circumscribed from diffuse gliomas, based on the observation
that these two groups of tumors that do not share the same genetic drivers (Louis ef al., 2016). This represented
a great conceptual advance considering that, until then, entities like pilocytic astrocytomas had been grouped

together with diffuse astrocytomas based on their morphological features (Table 1 and Table 2).

Table 2. Main diagnostic entities for the group of diffuse gliomas according to the 2016 WHO classification (Louis ef al., 2016).

Molecular group Integrated diagnosis Grade

Oligodendroglioma, /DH-mutant 1p/19q codeleted II
IDH-mutant, 1p/19q codeleted o )
Anaplastic oligodendroglioma, /DH-mutant 1p/19q codeleted I

Diffuse astrocytoma, /DH-mutant I
IDH-mutant, 1p/19q non-codeleted Anaplastic astrocytoma, /DH-mutant I
Glioblastoma, /DH-mutant v
Diffuse astrocytoma, IDH-wildtype I
) Anaplastic astrocytoma, IDH-wildtype I
IDH-wildtype : .
Glioblastoma, IDH-wildtype v
Diffuse midline gliomas, H3K27M-mutant v

The 2016 WHO classification also introduced a novel tumor entity, named “diffuse midline glioma, H3 K27M-
mutant”. This entity designates gliomas with a diffuse pattern of growth, located along the midline (e.g.,
thalamus, brainstem, spinal cord) and harboring K27M mutations in the H3F3A4 gene (Louis et al., 2016).
Diffuse midline H3 K27M-mutant gliomas are invariably /DH-wildtype and, based on their reported outcome
in the pediatric population, they are supposed to be associated with poor prognosis. For this reason, in the 2016
WHO classification, diffuse midline H3 K27M-mutant gliomas are invariably considered as grade IV
malignancies regardless of the presence of anaplasia, necrosis, and/or endothelial proliferation (Louis et al.,

2016).



Prognosis and response to cytotoxic treatments

Predictors of overall survival. Besides their value for purposes of diagnostic classification, the /DH mutation
and the chromosome 1p/19q codeletion represent important prognostic and predictive markers. Patients with
IDH-mutant tumors have longer OS compared to patients with /DH-wildtype tumors. This observation is valid
across tumor grades (Yan et al., 2009) (Sanson et al., 2009) and remains true after adjusting for age, grade,
genetic profile and treatment, suggesting that the /DH mutation represents an independent predictor of OS
(Sanson et al., 2009).

The chromosome 1p/19q codeletion, which is invariably associated with /[DHI or /[DH2 mutations, seems to
confer an additional survival benefit (Cairncross et al., 1998), IDH-mutant 1p/19q codeleted tumors having
longer OS compared to /DH-mutant 1p/19q non-codeleted gliomas and, especially, IDH-wildtype gliomas
(Labussiére et al., 2010). The prognostic stratification based on molecular subgroups ultimately provides more
accurate prognostic estimates than histology (Figure 3) (Cancer Genome Atlas Research Network et al., 2015)
(Tabouret ef al., 2016), emphasizing the robustness of the classification scheme relying on molecular markers.
As shown in Figure 3, IDH-wildtype gliomas are associated with the poorest prognosis (Labussiere et al., 2010)
(Cancer Genome Atlas Research Network et al., 2015) (Tabouret et al., 2016). The main prognostic indicators
in this group, epidemiologically enriched with grade IV malignancies, are TERT promoter mutation and EGFR
amplification, which allow an accurate prognostic separation of glioblastomas (Labussiere et al., 2014a).
Evidence suggests that these two molecular alterations might have a prognostic role also in /DH-wildtype grade
II and III gliomas, so that, together with whole chromosome 7 gain and whole chromosome 10 loss, they have
been proposed by the cIMPACT consortium as biomarkers of aggressive clinical behavior in /DH-wildtype

lower grade gliomas (Brat et al., 2018) (Tesileanu et al., 2020).

Predictors of response to alkylating agents. Besides having an inherent prognostic value, some molecular
markers are also predictive of the response to cytotoxic treatments, so that they are currently used for treatment
decisions. /DH mutations have been consistently associated with improved responses to alkylating agents
including temozolomide and PCV (Houillier et al., 2010). As demonstrated by clinical trials conducted in this
population, patients with /DH-mutant grade II (Buckner ef al., 2016) and grade III (Cairncross et al. 2014)
gliomas show longer PFS and OS if treated with radiation plus PCV compared to radiation alone. Gliomas that,
besides the /DH mutation, also harbor the chromosome 1p/19q codeletion, show even better responses to
alkylating agents (Houillier ef al., 2010), in line with the sharp chemosensitivity reported for 1p/19q codeleted
oligodendrogliomas in early studies (Cairncross et al., 1998) (van den Bent et al., 2003). Clinical trials
conducted in patients with /[DH-mutant 1p/19q codeleted gliomas confirmed that they experience a substantial
benefit in terms of both PFS and OS with the addition of PCV to radiation (Cairncross et al., 2013) (van den
Bent et al., 2013).



Figure 3. Prognostic stratification of grade II and III diffuse gliomas based on molecular subgroup (panel A,C) or histology (panel B,D). Panel A:
prognostic stratification of WHO grade II gliomas based on molecular subgroups; blue line = /DH-mutant, 1p/19q codeleted, green line = /DH-mutant,
1p/19q non-codeleted; red line = IDH-wildtype (median OS: 176 vs. 99 vs. 57 months, p < 0.0001). Panel B: prognostic stratification of WHO grade II
gliomas based on histological class; orange line = oligodendrogliomas; purple line = oligoastrocytomas; grey line = astrocytomas (median OS: 123 vs.
118 vs. 101 months, p=0.45). Panel C: prognostic stratification of WHO grade III gliomas based on molecular subgroups; blue line = /DH-mutant,
1p/19q codeleted, green line = /DH-mutant, 1p/19q non-codeleted; red line = IDH-wildtype (median OS: 120 vs. 47 vs. 20 months, p <0.0001). Panel
D: prognostic stratification of WHO grade III gliomas based on histological class; orange line = oligodendrogliomas; purple line = oligoastrocytomas;
grey line = astrocytomas (median OS: 62 vs. 38 vs. 29 months, p=0.0012). Unpublished data from the OncoNeuroTek database, Hopitaux Universitaires
Pitié-Salpetriere- Charles Foix, Paris, France.
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The biological mechanisms underlying the increased chemosensitivity associated with the /DH mutation and
the chromosome 1p/19q codeletion have not been completely unraveled. /DH-mutant tumors are associated
with a status of DNA hypermethylation that has been referred to as “glioma-CpG island methylator phenotype
(G-CIMP)” (Noushmebhr ef al., 2010) (Turcan et al., 2012). This status of DNA hypermethylation is related to
the intracellular accumulation of 2-hydroxyglurate (2HG), an oncometabolite that results from the neomorphic
activity of IDH-mutant enzymes. The intracellular accumulation of 2HG inhibits a number of a-ketoglutarate-
dependent dioxygenases, including histone and DNA demethylases, causing a state of DNA hypermethylation
(Turcan et al., 2012) (Xu et al., 2011) (Chowdhury ef al., 2011). Among the genetic loci hypermethylated in G-
CIMP gliomas, there is the promoter of the gene MGMT, encoding for a DNA-repair protein whose physiologic
function is to reverse the cross-linking between the double strands of DNA, such as the one caused by alkylating
agents. MGMT promoter methylation results in the silencing of this gene and thus in an increased sensitivity to
alkylating agents, as their activity is no longer counteracted by physiological DNA repair. MGMT promoter
methylated gliomas are associated with better responses to alkylating agents (Esteller e al., 2000) (Hegi et al.,
2005), whether IDH-mutant or not (Wick et al., 2016) (Wick et al., 2012).

The evidence that some molecular markers provide solid prognostic and predictive information has led the

scientific community to revise treatment recommendations accordingly. The latest guidelines of the European

Association of Neuro-Oncology (EANO) for astrocytic and oligodendrocytic tumors integrated molecular

markers with known prognostic significance (/DH mutation, 1p/19q codeletion, MGMT promoter methylation

status) to classical prognostic factors (age, performance status, extent of resection, grade) to provide updated

recommendations for patient management (Weller ef al., 2017):

e /DH-mutant 1p/19q codeleted oligodendrogliomas (grade II) can be managed by observation after complete
resection or if the patient is younger than 40 years-old and has no neurological deficits;

e [DH-mutant 1p/19q codeleted anaplastic oligodendrogliomas (grade I1I) should be treated with radiotherapy
followed by PCV;

e [DH-mutant astrocytomas (grade II) can be managed by observation after gross total resection or if the
patient is younger than 40 years-old and has no neurological deficits;

e [DH-mutant anaplastic astrocytomas (grade III) should be treated with concomitant or sequential
radiochemotherapy with PCV or temozolomide;

o [DH-wildtype astrocytomas (grade II) have not yet been attributed a standard of treatment and several options
ranging from radiotherapy alone to concomitant radiochemotherapy are considered acceptable based on age,
performance status, and MGMT promoter methylation status;

e [DH-wildtype anaplastic astrocytomas (grade III) should receive concomitant radiochemotherapy with
temozolomide followed by adjuvant temozolomide, similarly to glioblastomas (Stupp et al., 2005);

e [/DH-wildtype glioblastomas (grade IV) should receive concomitant radiochemotherapy with temozolomide

followed by adjuvant temozolomide (Stupp et al., 2005) if < 70 years-old and with good performance status.



Targeted therapies

As emphasized in previous chapters, molecular markers have capital importance for the classification,
prognostic stratification, and management of patients with diffuse gliomas. Besides these important functions,
some molecular alterations can also represent therapeutic targets, being available specific inhibitors. Though
the use of targeted therapies for diffuse gliomas is still in its infancy, there is great hope they will ultimately
enter clinical practice, providing novel options especially for disseminated and recurrent tumors. Hereafter, we
will briefly describe some of the targeted therapies that are being experimented in gliomas in the context of

clinical trials or as part of expanded access programs.

IDH inhibitors

Besides diffuse gliomas, /DH mutations are detected in acute myeloid leukemias, cholangiocarcinomas,
enchondromas, chondrosarcomas, and other uncommon malignancies (Dang, Yen and Attar, 2016). IDHI and
IDH? encode for homonymous intracellular enzymes that normally convert isocitrate to a-ketoglutarate (aKG)
via oxidative decarboxylation. Altering key residues within the active site of the enzyme, hotspot mutations in
IDHI (codon 132) and IDH?2 (codon 172) confer a neomorphic enzymatic activity that results in the conversion
of aKG to 2-hydroxyglutarate (2HG), which accumulates intracellularly (Dang et al., 2009) (Figure 4).
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Glutamine Dang et al. 2016.

The mutant isoforms of the enzymes IDH1 and IDH2 can be effectively targeted by IDH inhibitors, small
molecules that bind to the catalytic site of the mutant enzyme, blocking the conformational change required for

the enzyme to convert aKG to 2HG (Kaminska et al., 2019). By preventing the conversion of aKG to 2HG,



IDH inhibitors prevent the intracellular accumulation of 2HG and, thus, its oncogenic effects. Several
molecules, inhibiting either the mutant isoform of IDH1 (AG-120, IDH305), the mutant form of IDH2 (AG-
221), or both (AG-881) are currently being experimented in the context of basket trials for /DH-mutant
malignancies (Table 3) (Kaminska ef al., 2019). While these agents have already demonstrated a good safety
profile and promising results in patients with hematological malignancies (Kaminska ef al., 2019), their efficacy

in patients with diffuse gliomas is still pending the results of early trials.

Table 3. IDH inhibitors that are currently being experimented in patients with diffuse gliomas. Modified from Dang et al. 2016.

Molecule Target Phase of ongoing trials | Clinical trial identifier (clinicaltrials.gov)
AG-120 IDH1 R132H I NCT02073994
IDH305 IDH1 R132H I NCT02977689; NCT02987010
AG-221 IDH2 /11 NCT02273739
AG-881 pan-IDH1/2 I NCT02481154
EGFR inhibitors

EGFR amplifications are detected in about 60% of IDH-wildtype glioblastomas, resulting in an increased
oncogenic signal by the tyrosine kinase receptor EGFR (An ef al., 2018). First-generation EGFR inhibitors
(gefinitib, erlotinib, lapatinib) act by orthosterically blocking the binding pocket of its tyrosine kinase domain.
While these agents showed substantial activity in patients with £EGFR-mutant non-small cell lung cancer, they
were associated with deceiving results in GBM patients (Lee ef al., 2020). Second-generation EGFR inhibitors
(afatinib, dacomitinib), designed to irreversibly bind to the tyrosine kinase domain of EGFR, have recently been
experimented in the context of phase II clinical trials (Reardon et al., 2015) (Sepulveda-Sanchez et al., 2017),
with limited clinical efficacy. These disappointing results have prompted to design a third generation of EGFR
inhibitors (rociletinib, AZD9291) that have shown encouraging efficacy in preclinical models. Anti-EGFR
monoclonal antibodies (cetuximab, panitumumab, nimotuzumab) have shown little promise for the treatment
of GBM because of limited blood-brain barrier penetration (An et al., 2018), while the antibody-drug conjugate
ABT-414 (depatuxizumab mafodotin) showed some activity in recurrent glioblastoma (van den Bent et al.,
2017) (Van Den Bent et al., 2020) warranting further exploration despite frequent corneal toxicity.

Besides EGFR amplification, glioblastomas might present intragenic deletions resulting in the rearrangement
of the EGFR. The most common rearrangement detected in patients with GBM is referred to as EGFRVIIL
Being constitutively active, EGFRVIII promotes several tumorigenic functions including cell proliferation,
invasion, and angiogenesis (An et al., 2018). As most EGFR inhibitors display little or no inhibitory effect over
EGFRVIII, specific strategies are being experimented to counteract its detrimental effects, including vaccination

(rindopepimut). However, despite initial hopes, vaccination with EGFRVIII ultimately failed to demonstrate its
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efficacy in a randomized trial conducted in a large cohort of glioblastoma patients (Weller, Butowski, ef al.,
2017).

RAF and MEK inhibitors

BRAF V600E is an activating mutation that leads to the constitutive activation of BRAF, a serine/threonine
protein kinase of the RAF family that promotes cell proliferation and survival (Figure 5, panel A and B). Though
more common in melanoma, non-small cell lung cancer, and colorectal cancers, BRAF V600E mutations are
detected in a proportion of diffuse and circumscribed gliomas, including pleomorphic xanthoastrocytomas (60-
80%), gangliogliomas (20-70%), pilocytic astrocytomas (10%), IDH-wildtype glioblastomas and anaplastic
astrocytomas (3%) (Schreck, Grossman and Pratilas, 2019). The constitutive activation of BRAF that is
associated with V60OE mutations can be effectively inhibited by RAF inhibitors, small molecules that
selectively inhibit the kinases of the RAF family (Figure 5, panel C) (Schreck, Grossman and Pratilas, 2019)
(Hagen and Trinh, 2014). RAF inhibitors (vemurafenib, dabrafenib, encorafenib) are commonly used in
association with MEK inhibitors (cobimetinib, trametinib, binimetinib) (Figure 5, panel C), small molecules
that prevent the activation of ERK, a downstream signaling molecule that is often responsible for the acquired

resistance to RAF inhibitors (Schreck, Grossman and Pratilas, 2019).

Figure 5. Functional consequences of BRAF V600E mutations and mechanism of action of RAF and MEK inhibitors. Panel A: Physiological condition
in which, following the binding of extracellular growth factors to the corresponding tyrosine kinase membrane receptor, MAPK signaling pathway is
activated to promote cell proliferation and survival. Panel B: In presence of BRAF V600E mutations, BRAF is constitutively activated, regardless of
the binding of growth factors, resulting in a sustained promotion of cell proliferation and survival. Panel C: The administration of RAF (vemurafenib,
dabrafenib, encorafenib) and MEK (cobimetinib, trametinib, binimetinib) inhibitors can stop the constitutive stimulation associated with BRAF V600

mutations. Modified from Hagen and Trinh, 2014.
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RAF and MEK inhibitors have to date been approved by the European Medicine Agency only for the treatment
of BRAF V600-mutant melanoma. As a result, data on the efficacy of these agents in adult and pediatric patients
with diffuse and circumscribed gliomas is limited to isolated cases or small cohorts of patients treated within
basket trials (Kaley et al., 2018) (Wen, Alexander, ef al., 2018) (Wen, De Greve, ef al., 2018). With these
limitations, preliminary results suggest that RAF and MEK inhibitors are associated with favorable and

prolonged responses in a substantial proportion of patients, encouraging further studies.

FGFR inhibitors

Hotspot FGFRI mutations (N546 and K656) have been detected in a number of human cancers, including
diffuse and circumscribed gliomas, dysembryoplastic neuroepithelial tumors, and glioneuronal tumors (Picca et
al., 2018) (Dyson et al., 2016) (Rivera et al., 2016) (Ryall et al., 2016) (Gessi et al., 2014) (Schwartzentruber
et al., 2012). FGFRI N546 and K656 mutations result in the constitutive activation of the FGFR1 (Bennett et
al., 2016), promoting cell proliferation, differentiation, and survival. Though overall uncommon in gliomas,
activating FGFRI mutations can be effectively targeted by FGFR tyrosine kinase inhibitors including JNJ-
42756493, BGJ398, TAS-120 and AZD4547, small molecules that inhibit FGFR-mediated signaling by
occupying the ATP binding pockets of their tyrosine kinase domains (Table 4) (Facchinetti et al., 2020) (Touat
etal.,2015).

Table 4. FGFR inhibitors in clinical development for gliomas and other solid tumors. Modified from Facchinetti ez al., 2020.

Molecule Targets Inhibition type Phas? of ‘ Cli.ni'cal tr.ial identifier
ongoing trials (clinicaltrials.gov)
Erdafitinib (JNJ-42756493) | FGFR1-4 reversible /1 NCT02465060
Infigratinib (BGJ398) FGFR1-3 reversible II/1I1 NCTO01975701
Pemigatinib (INCB054828) | FGFR1-3 reversible /1 NCT03822117
Rogaratinib (BAY1163877) | FGFR1-3 reversible /11 NCT04125693
Derazatinib (ARQ087) FGFR1-4 reversible I NCT01752920
TAS-120 FGFR1-4 covalent I NCT02052778
AZDA4547 FGFR1-3 reversible II NCT04439240
Debio 1347 (CH5183284) FGFR1-3 reversible I NCT03834220
LY2874455 FGFR1-4 reversible I NCT01212107

Besides FGFRI-mutant tumors, FGFR inhibitors can be used to treat gliomas harboring FGFR3-TACC3 fusions.
FGFR3-TACC3 are oncogenic gene fusions, detected in about 3% of /DH-wildtype glioblastomas and lower
grade gliomas, that commonly result from the in-frame fusion of the exon 17 of FGFR3 and of the exon 11 of

TACC3 (Figure 6) (Di Stefano et al., 2015) (Lasorella, Sanson and lavarone, 2017).
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Figure 6. FGFR3-TACC3 rearrangements in /DH-wildtype glioblastomas and lower grade gliomas. Genomic localization of the FGFR3 and TACC3 loci
(upper row). In the FGFR3-TACC3 variant reported in gliomas, the genomic rearrangement causes the juxtaposition of exon 17 (and a small portion of
intron 17) of the FGFR3 gene with intron 10 of the TACC3 gene, leading to in-frame fusion of exon 17 of FGFR3 and exon 11 of TACC3 (intermediate
row). This fusion structure is one of the most frequent variants identified in gliomas. The structure of the FGFR3-TACC3 fusion protein is shown in the
bottom row and invariably includes the tyrosine kinase (TK) domain of FGFR3 and the coiled-coil domain of TACC3. Modified from Lasorella et al.,
2017.
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Though the signaling events operating downstream of FGFR-TACC and executing its oncogenic functions are
not completely understood, evidence suggests that FGFR3-TACC3 fusions might be tumor-initiating events,
conferring to the tumor a distinctive metabolic profile (Frattini er al., 2018). Resulting in the constitutive
activation of FGFR3, FGFR3-TACC3 fusions confer a strong sensitivity to FGFR inhibitors, observation that is
consistent with data from preclinical models and early clinical trials (Lasorella, Sanson and lavarone, 2017) (Di
Stefano et al., 2015). The strong and protracted responses observed following targeted therapy in patients with
gliomas with FGFR3-TACC3 fusions highlight the importance of screening for this rare but actionable genetic
alteration that is typical of /DH-wildtype gliomas.

Multikinase inhibitors

Some kinase inhibitors do not specifically target a single receptor (or family of receptors) but show a broad
effect on multiple kinases. This is the case of regorafenib, an oral inhibitor that targets multiple kinases involved
in angiogenesis (VEGFR1-3, TIE2), cell proliferation (KIT, RET, RAF1, BRAF), microenvironment regulation
(PDGFR, FGFR), and tumor immunity (CSF1R). Regorafenib has been recently experimented in patients with
recurrent GBM in a multicenter, randomized, controlled phase II clinical trial, showing a significant
improvement of overall survival compared to standard treatment (Lombardi et al., 2019). Based on these
encouraging results, regorafenib is currently being experimented in newly diagnosed glioblastoma

(NCT03970447) and in recurrent glioblastoma after failure of antiangiogenics (NCT04051606).
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Single nucleotide polymorphisms associated with glioma risk:

correlations with tumor genotype

Background

Diffuse gliomas are the most common malignant primary brain tumors in adults. Despite being devastating
tumors, little is known about their etiology and, aside from the exposure to ionizing radiation, which accounts
for very few cases, no environmental or lifestyle factors have been unambiguously linked to glioma risk (Bondy
et al., 2008). Recent genome-wide association studies (GWAS) have, however, enlightened our understanding
of gliomagenesis by identifying SNPs at multiple independent loci influencing glioma risk (Shete et al., 2009)
(Wrensch et al., 2009) (Sanson et al., 2011) (Stacey et al., 2011) (Jenkins ef al., 2012) (Kinnersley et al., 2015)
(Melin et al., 2017). While understanding the functional bases of these risk loci offers the prospect of gaining
insights into glioma development, few have been deciphered. Notable exceptions are the 17p13.1 locus, where
the risk SNP rs78378222 disrupts 7P53 polyadenylation (Stacey ef al., 2011) and the 5p15.33 locus, where the
risk SNP rs10069690 creates a splice-donor site leading to an alternate splicing isoform of TERT lacking
telomerase activity (Killedar et al., 2015). Since the etiological basis of glioma subtypes is likely to reflect
different developmental pathways it is not surprising that subtype-specific associations have been shown for
GBM (5p15.33, 7pl11.2, 9p21.3, 11ql4.1, 16p13.33, 16q12.1, 20q13.33 and 22q13.1) and non-GBM (1q44,
2q33.3, 3pl4.1, 8q24.21, 10925.2, 11921, 11q23.2, 11q23.3, 12q21.2, 14q12 and 15q24.2) (Melin et al., 2017).
Recent large-scale sequencing projects have identified the /DH mutation, TERT promoter mutation, and the
chromosome 1p/19q codeletion as cancer drivers in glioma. These findings have improved the subtyping of
diffuse gliomas (Cancer Genome Atlas Research Network et al., 2015) (Eckel-Passow ef al., 2015) so that this
information has been incorporated into the 2016 WHO classification of glial tumors (Louis et al., 2016). Since
these genetic alterations are early events in glioma development, any relationship between the SNPs associated
with glioma risk and molecular profile should provide insights into gliomagenesis. Evidence for the existence
of such subtype specificity is already provided by the association of the 8q24.21 (rs55705857) risk variant with
IDH-mutant 1p/19q codeleted gliomas (Enciso-Mora et al., 2013). Additionally, it has been proposed that
associations may exist between the SNPs at 5p15.33, at 9p21.3, and at 20q13.33 and IDH-wildtype gliomas (D1
Stefano et al., 2013), as well as between the SNP at 17p13.1 and gliomas harboring the /DH and the TERT
promoter mutation but without 1p/19q codeletion (Eckel-Passow et al., 2015).

To gain a more comprehensive understanding of the relationship existing between the 25 glioma risk loci
recently reported to have a strong association with glioma risk (Melin et al., 2017) and tumor subtype, we

analyzed three patient series, totaling 2648 cases. Since, generally, the functional bases of GWAS cancer risk
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loci appear to be through regulatory effects (Sud, Kinnersley and Houlston, 2017), we analyzed Hi-C and gene
expression data to gain insight into the likely target gene(s) of glioma risk SNPs.

Patients and methods

Data sources. We analyzed data from three non-overlapping datasets: 1) the TCGA dataset, 2) the French
GWAS dataset, and 3) the French sequencing dataset, described thereafter.

1) TCGA dataset: Raw genotyping files (.CEL) for the Affymetrix Genomewide version 6 array were
downloaded for germline (i.e., whole blood) DNA of glioma patients from The Cancer Genome Atlas (TCGA,
dbGaP study accession: phs000178.v1.p1). Controls were collected among publicly accessible genotype data
generated by the Wellcome Trust Case—Control Consortium 2 analysis of 2699 individuals from the 1958 British
birth cohort (1958-BC) (Power and Elliott, 2006). Genotypes were generated using the Affymetrix Power Tools
Release 1.20.5 using the Birdseed (v2) calling algorithm and PennCNV (Wang et al., 2007). After quality
control, there were 521 TCGA glioma cases and 2648 controls. Tumor molecular data (/DH mutation, 1p/19q
codeletion, TERT promoter mutation) were obtained from Ceccarelli et al. (Ceccarelli et al., 2016). Further data
(EGFR amplifications and/or activating mutations, CDKN2A deletions) were obtained from the cBioportal for

cancer genomics (Gao et al., 2013).

2) French GWAS dataset: The French GWAS dataset (Sanson ef al., 2011) (Kinnersley et al., 2015) comprised
1423 patients with newly diagnosed grade II-1V diffuse glioma attending the Service de Neurologie Mazarin,
Groupe Hospitalier Pitié-Salpétriére, Paris, France. Controls (» = 1190) were ascertained from the SU.VL.MAX
(SUpplementation en VItamines et MinerauxAntioXydants) study of 12,735 healthy subjects (women aged 35—
60 years; men aged 45-60 years) (Hercberg et al., 2004). Tumors from patients were snap-frozen in liquid
nitrogen and DNA was extracted using the QIAmp DNA minikit, according to the manufacturer’s instructions
(Qiagen, Venlo, LN, USA). DNA was analyzed for large-scale CNVs by CGH-array. For tumors not analyzed
by CGH-array, the 1p/19q codeletion status was assessed using PCR microsatellites, while EGFR-amplification
and CDKN2A4-p16-INK4a homozygous deletion were assessed by quantitative PCR. The IDHI1, IDH2 and TERT

promoter mutation status was assigned by Sanger sequencing.

3) French sequencing dataset: Eight hundred and fifteen patients newly diagnosed grade II-IV diffuse glioma
were ascertained through the Service de Neurologie Mazarin, Groupe Hospitalier Pitié-Salpétricre, Paris, France.
Genotypes for the 25 risk SNPs were obtained by universal-tailed amplicon sequencing in conjunction with
Miseq technology (Illumina Inc.). Genotypes were called using the GATK (Genome Analysis ToolKit, version
3.6-0-g89b7209) software. Duplicated samples and individuals with low call rate (< 90%) were excluded from
subsequent analyses (n = 111). Molecular profiling of tumor samples was carried out as per the French GWAS
cohort. Unrelated French controls were obtained from the 3C Study Group (3C Study Group, 2003), a

population-based prospective study of the relationship between vascular factors and dementia carried out in
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Bordeaux, Montpellier, and Dijon (France). Genotyping of controls was performed using Illumina Human 610-
Quad BeadChips. To recover untyped genotypes, imputation using the IMPUTE2 software was performed using
1000 genomes multi-ethnic data (1000 G phase 1 integrated variant set release v3) as reference. SNPs genotypes
were retained if call rates were > 98%, the Hardy—Weinberg equilibrium P value was > 1 x 107, and minor

allele frequency was > 1%. After quality control, 704 cases and 5527 controls were available for analysis.

Statistical analysis. Test of association between SNP and glioma molecular subgroup was performed using
SNPTESTv2.5 under an additive frequentist model. Where appropriate, principal components, generated using
common SNPs, were included in the analysis to limit the effects of cryptic population stratification that
otherwise might cause inflation of test statistics. Eigenvectors for the TCGA study were inferred using smartpca
(part of EIGENSOFTv2.4) by merging cases and controls with phase 11 HapMap samples. To ensure reliability
when restricting cases to per-group low sample counts, imputed genotypes were thresholded at a probability >
0.9 (e.g. -method threshold in SNPtest) for the TCGA and French-GWAS studies. For the French sequencing
study, we used —method expected, as we were comparing genotypes from directly sequenced cases against
imputed controls. We compared control frequencies to those from European 1000 genomes project to ensure
the validity of this approach. Meta-analyses were performed using the fixed-effects inverse-variance method
based on the B estimates and the standard errors from each study using META v1.6. Cochran’s Q statistic was

used to test for heterogeneity.

Risk allele number and age at diagnosis. For imputed SNPs, a genotype probability threshold > 0.9 was used.
The age and survival distribution of cases carrying additive combinations of risk alleles were assessed for the
25 SNPs across the molecular subgroups. Trend lines were estimated using linear regression in R and plotted
using the ggplot2 package. Association between risk allele number and age was assessed using the Pearson

correlation test.

Survival analysis. Survival plots were generated using the survfit package in R which computes an estimate of
a survival curve for censored data using the Kaplan—Meier method. Log-rank tests were used to compare curves
between groups. Overall survival was estimated using sample size formulae for comparative binomial trials.
The Cox proportional-hazards regression model was used to investigate the association between survival and
age, grade, molecular group, and number of risk alleles. Individuals were excluded if they died within a month

from surgery. The date of surgery was used as a proxy for the date of diagnosis.

Expression quantitative trait locus analysis. We searched for expression quantitative trait loci in 10 brain
regions using the V6p GTEx portal (https://gtexp ortal .org/home/) and in whole blood using the blood eQTL
browser (https ://molge nis58 .targe t.rug.nl/blood eqtlb rowse /).

Hi-C analysis. We examined for significant contacts between glioma risk SNPs and nearby genes using the

HUGIn browser, which is based on the analysis by Schmitt et al. (Schmitt ez a/., 2016). We restricted the analysis
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to Hi-C data generated on H1 Embryonic Stem Cell and Neuronal Progenitor cell lines, as originally described
by Dixon et al. (Dixon ef al., 2015). Plotted topologically associating domain boundaries were obtained from
the insulating score method (Crane et al., 2015) at 40-kb bin resolution. We searched for significant interactions

between bins overlapping the glioma risk SNP and all other bins within 1 Mb at each locus (i.e., “virtual 4C”).

Gene set enrichment analysis. Gene set enrichment analysis was carried out using gene sets from the Molecular
Signatures Database v6.0 restricted to the C2 canonical pathways sets (#=1329). Analysis was carried out using
default settings except for removing restrictions on gene set size. RSEM normalised mRNASeq expression data
for 20,501 genes in the 676 glioma cases from TCGA were downloaded from the Broad Institute TCGA GDAC
(http://gdac.broadinstitute.org/). These were assigned molecular group using sample information from

Ceccarelli et al. (Ceccarelli et al., 2016).

Results

Descriptive characteristics of the three datasets. We studied three non-overlapping patient cohorts of
Northern European ancestry, totaling 2648 cases and 9365 controls. For 1689 out of the 2648 cases, information
on somatic /DH mutation, TERT promoter, and chromosome 1p/19q codeletion status was available. These data

allowed to define five molecular subgroups of glioma (Figure 7):

a) triple-positive: /DH-mutant, TERT promoter mutant, 1p/19q codeleted (n=349)

b) TERT-IDH: IDH-mutant, TERT promoter mutant, 1p/19q non-codeleted (n=78)

¢) IDH-only: IDH-mutant, TERT promoter wildtype, 1p/19q non-codeleted (n=450)

d) TERT-only: IDH-wildtype, TERT promoter mutant, 1p/19q non-codeleted (n=540)

e) triple-negative: /IDH-wildtype, TERT promoter wildtype, 1p/19q non-codeleted (n=243).

As only 29 cases were classified as /[DH mutant, TERT promoter wildtype, and 1p/19q codeleted, we restricted
subsequent analyses to the five groups described above. Table 5 recapitulates sample distribution in each of the
three dataset based on molecular subgroup (triple-positive, TERT-IDH, IDH-only, TERT-only, triple negative)
and integrated diagnosis according to the 2016 WHO classification (i.e., /[DH-mutant astrocytoma, [DH-
wildtype astrocytoma, /DH-mutant 1p/19q codeleted oligodendroglioma, /DH-mutant glioblastoma, and /DH-
wildtype glioblastoma).
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Figure 7. Scheme recapitulating the molecular classification of tumor samples performed in the present study, based on the IDH, TERT promoter, and chromosome 1p/19q codeletion status.
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Table 5. Overview of the distribution of tumors in the TCGA, French GWAS, and French sequencing datasets, based on molecular group and integrate diagnosis.

Dataset  Con- Cases (GBM/ Case groupings
trols non-GBM) y .
IDH status EGFR CDKN2A  Molecular subgroup WHO 2016 classification
mut wt amp wt del wt IDH- TERT- TERT- Triple Triple Total AstrolDH- Astro Oligo GBM GBM  Total
only IDH only —ve +ve mut IDH-wt 1pl9q IDH- IDH-wt
mut
TCGA 2648 521 293 228 246 270 254 262 100 4 45 10 65 224 166 51 116 10 171 514
(183/338)
French 1190 1423 366 498 118 628 173 573 169 46 309 141 85 750 188 214 95 27 233 757
GWAS (430/993)
French 5527 704 427 277 101 592 144 549 181 28 185 92 199 685 178 114 218 31 148 689
seq (181/523)
Total 9365 2648 1086 1003 465 1490 571 1384 450 78 539 243 349 1659 532 379 429 68 552 1960
(795/1854)
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SNP selection. The 25 SNPs analyzed in the present study are reported in Table 6 (Melin et al., 2017). All of

them exhibited a consistent direction of effect with that previously reported, albeit some weakly (Figure 8).

Table 6. Overview of the 25 glioma risk SNPs analyzed in the study.

Locus SNP identifier | Alleles Glioma association
1p31.3 rs12752552 T/C GBM
1q32.1 rs4252707 G/A Non-GBM
1q44 rs12076373 G/C Non-GBM
2q33.3 157572263 A/G Non-GBM
3pl4.1 rs11706832 A/C Non-GBM
5p15.33 rs10069690 C/T GBM
Tpll.2 rs75061358 T/G GBM
Tpll.2 rs11979158 A/G GBM
8q24.21 1s55705857 A/G Non-GBM
9p21.3 15634537 T/G GBM
10q24.33 | rs11598018 C/A Non-GBM
10g25.2 rs11196067 A/T Non-GBM
11q14.1 rs11233250 C/T GBM
11921 rs7107785 T/C Non-GBM
11q23.2 rs648044 A/G Non-GBM
11923.3 rs12803321 G/C Non-GBM
12g21.2 rs1275600 T/A Non-GBM
14q12 rs10131032 G/A Non-GBM
15q24.2 rs77633900 G/C Non-GBM
16p13.3 rs2562152 A/T GBM
16p13.3 rs3751667 C/T Non-GBM
16q12.1 rs10852606 T/C GBM
17p13.1 rs78378222 T/G All
20q13.33 | rs2297440 T/C GBM
22q13.1 152235573 G/A GBM

Relationship between risk SNP and molecular subgroup. In the first instance, we examined whether the
associations at the 25 risk loci were broadly defined by IDH status. We observed significant association for
IDH-mutant gliomas with 1q44 (rs12076373), 2q33.3 (1s7572263), 3p14.1 (rs11706832), 8q24.21 (rs55705857),
1121 (rs7107785), 11q23.3 (rs12803321), 14ql2 (rs10131032), 15q24.2 (rs77633900) and 17p13.1
(rs78378222) risk SNPs. In addition, we found a strong association between the risk SNPs at 5p15.33
(rs10069690), 7p11.2 (rs75061358), 9p21.3 (rs634537), and 20q13.33 (rs2297440) and IDH-wildtype gliomas.
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Of particular note was the finding that many of the risk loci recently discovered which were reported to be
associated with non-GBM (1q44, 2q33.3, 3p14.1, 11921, 14q12, 15924.2) (Melin ef al., 2017) showed a strong

association with /[DH-mutant gliomas.

Figure 8. Association between the 25 loci and the GBM (pink)/ non-GBM (purple) subgroup. Horizontal red lines correspond to an odds ratio of 1.0.
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Following on from this, we performed a more detailed analysis stratifying gliomas based on molecular
subgroups (Figure 9). We found a strong association with /DH-mutant tumors at 8q24.21 (rs55705857) that was
especially string for triple-positive gliomas [P = 1.27 x 10737, OR = 9.30 (6.61-13.08)], which correspond to
oligodendrogliomas according to the 2016 WHO classification. Furthermore, we confirmed the previously
reported associations at 5p15.33 (rs10069690), 9p21.3 (rs634537), 17p13.1 (rs78378222) and 20q13.33
(rs2297440) with TERT-only glioma (Eckel-Passow et al., 2015). Finally, we found suggestive evidence for an
association between 22q13.1 (rs2235573) and TERT-only gliomas, as well as between 11g21 (rs7107785),
11g23.2 (rs648044), and 12g21.2 (rs1275600) and triple-positive gliomas.

In addition to the data on the /DH, TERT promoter, and 1p/19q codeletion status, for 1955 tumors we had
information on EGFR amplification and CDKN2A deletion (Table 5). Using these data, we searched for
associations between the 25 risk SNPs and EGFR amplification and CDKN24 deletion. In particular, we focused
on the 7p11.2 (rs75061358 and rs11979158) and the 9p21.3 (rs634537) risk loci, since they respectively map
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in (or near) EGFR and CDKNZ2A. Indeed, at 7p11.2, the intergenic variant rs75061358, which is located in the
genomic vicinity of EGFR, was associated with EGFR-amplified tumors. The association with EGFR
amplification was instead less strong for the SNP rs11979158, which is intronic within EGFR itself. At 9p21.3,
the SNP rs634537, which is intronic within CDKN2B-AS1 and in the vicinity of CDKN2A4 and CDKN2B, was
not associated with CDKN2A deletion. Since low grade gliomas are more commonly EGFR-wildtype and p/6-
wildtype, many non-GBM risk SNPs were strongly associated with these tumors and, notably, 2q33.3
(rs7572263), 3pl4.1 (rs11706832), 8q24.21 (rs55705857), 10925.2 (rs11196067), and 11q23.3 (rs12803321).

Figure 9. Association between the 25 risk loci and glioma subgroup (orange=TERT-only group; yellow=IDH-only group; green=TERT-IDH group;
dark red=triple-positive group; blue=triple-negative group). Faint horizontal red lines correspond to an odds ratio of 1.0.
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Polygenic contribution to age at diagnosis and patient survival. Consistently with previous reports (Cancer
Genome Atlas Research Network et al., 2015) (Eckel-Passow et al., 2015), patient survival depended on
molecular subgroup, patients with triple-positive tumors having the best prognosis and patients with TERT-only
tumors having the worst outcome. We investigated whether a higher burden of glioma risk alleles was associated
with earlier age at diagnosis (which would suggest an influence on glioma initiation) or with OS (which would
suggest an influence on glioma progression). We found no significant association between age and risk allele
number, nor in the whole cohort or in the individual molecular groups. Examining each SNP individually, only

rs55705857 at 8q24.21 was nominally associated with age. Then, we used the Cox Proportional-Hazards
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Regression to investigate whether the number of risk alleles was associated with OS. Intriguingly, we found
that a higher number of glioma risk alleles was associated with increased survival (P < 10™*). This observation
remained true in the triple-positive, triple-negative, and 7ERT-only but not in the /DH-only and the TERT-IDH
subgroup. The risk loci at 1q32.1 (rs4252707) (P = 0.012), 11921 (rs7107785) (P = 0.017), and 11g23.3
(rs12803321) (P =0.016) and were nominally associated with OS, independently of age and molecular subgroup.
Age, grade, and molecular group impacted OS, as expected (P < 1071%).

Biological inference of risk loci. Since spatial proximity and chromatin looping interactions are fundamental
factors for the regulation of gene expression (Rao et al., 2014), we interrogated physical interactions at risk loci
using Hi-C data. We also performed expression quantitative trait locus (eQTL) analysis using mRNA expression
data for ten brain regions using the GTEx portal. We identified significant Hi-C contacts from the genomic
regions that encompass 14 out of the 25 risk loci, implicating a number of presumptive candidate genes. For
two of those, candidacy was supported by eQTL data (Table 7). Notably, there was a significant looping
interaction between the risk SNP at 2q33.3 and IDHI/IDH1-AS1, as well as between with the risk SNP at 7p11.2
and EGFR/EGFR-AS1, the risk SNP at 9p21.3 and CDKN2A/CDKN2B, the risk SNP at 1q32.1 and NFASC,
and the risk SNP at 3p14.1 and LRIGI. At the 8q24.21 locus, Hi-C data revealed a significant interaction
between the risk SNP rs55705857 and MYC. Additionally, the risk SNP rs12803321 at 11q23.3 was significantly
associated with PHLDB1 expression.

Pathway analysis. To potentially gain further insight into the biological basis of subtype associations, we
performed gene set enrichment analysis analyzing gene expression data from TCGA. While we did not identify
any significantly altered gene sets (at FDR ¢ value < 0.1), we identified an upregulation of the PI3K signaling

pathway in the group of triple positive gliomas.

Discussion

Our findings provide further support for subtype-specific associations for glioma risk loci. Specifically, we
confirmed the strong relationship between the variant at 8q24.21 (rs55705857) and triple-positive glioma, and
we substantiated the proposed associations between the variant at 5p15.33 (rs10069690) and the variant at
20q13.33 (rs2297440) and TERT-mutant glioma, between the variant at 9p21.3 (rs634537) and TERT-only
glioma, and between the variant at 17p13.1 (rs78378222) and TERT-IDH glioma. Although preliminary, and in
part speculative, our analysis delineates potential disease mechanisms across the 25 glioma risk loci by
identifying associations with genes involved in telomere maintenance, in the EGFR-AKT, the NAD, and the

p53 pathway, and genes involved in neural development (Table 7) (Figure 10).
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Table 7. Biological interference of risk loci with candidate genes. TN=triple negative; TP=triple positive; *P < 0.05, **significant after adjustment for

multiple comparisons.
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Telomere maintenance is central to cell immortalization (Walsh, Wiencke, et al., 2015) and is generally

considered to require mutually exclusive mutations in either the 7ERT promoter or the ATRX gene. The risk

alleles at 5p15.33 (TERT) and 10q24.33 (OBFCI) are associated with increased leukocyte telomere length,

thereby supporting a relationship between SNP genotype and biology (Walsh, Codd, ef al., 2015) (Walsh,
Wiencke, et al., 2015) (C. Zhang et al., 2015). While dysregulation of the telomere gene RTELI has traditionally

been assumed to represent the functional basis of the 20q13.33 locus, the glioma risk SNP does not map to the
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locus associated with telomere length (Codd ef al., 2013) (Melin et al., 2017). Intriguingly, our analysis instead
implicates STMN3, at 20q13.33, whose over-expression promotes growth in GBM cells (Y. Zhang et al., 2015),
suggesting an alternative mechanism by which this SNP could influence glioma development. With respect to
the 5p15.33 (TERT) and the 10q24.33 (OBFCI) loci, it is unclear whether the effect on glioma risk is solely
related to telomere length or is pleiotropic and involves multiple factors. For example, the rs10069690 at
5p15.33 is strongly associated with TERT-only glioma, yet the TERT promoter mutation increases telomerase
activity without necessarily affecting telomere length (Ceccarelli et al., 2016). An intriguing hypothesis to test
would be to examine the impact of allele-specific effects of rs10069690 on telomere length in the context of

gliomas carrying the TERT promoter mutation.

The EGFR-AKT pathway involves EGFR at 7p11.2, LRIG1 at 3pl4.1, PHLDBI at 11q23.3, and AKT3 at 1q44.
We showed a significant interaction between the risk SNP rs11979158 at 7p11.2 and EGFR, consistent with a
cis-regulatory effect on gene expression. Although the mechanistic bases of the 7p11.2 locus have long been
suspected to involve EGFR and is strongly associated with classical GBM, emerging evidence suggests that
additional components of the EGFR-AKT signaling pathway are implicated by non-GBM SNPs. At the IDH-
only associated locus 3pl14.1, LRIGI is highly expressed in the brain and negatively regulates the epidermal
growth factor receptor (EGFR) signaling pathway (Gur ef al., 2004). Reduced LRIG! expression is linked to
tumor aggressiveness, temozolomide resistance, and radioresistance (Wei et al., 2015) (Yang et al., 2015).
Downstream components of EGFR-AKT signaling are implicated at 11q23.3 via PHLDBI, as well as at 1p31.3
viaJAKI and at 1g44 via AKT3. The risk allele rs12803321 is associated with increased expression of PHLDBI,
an insulin-responsive protein that enhances Akt activation (Zhou et al., 2010). AKT3 at 1q44 is highly expressed
in the brain and appears to respond to EGF in a PI3K-dependent manner (Okano et al., 2000), GBM cells
containing amplified AKT3 having enhanced abilities of DNA repair that result in an increased resistance to
radiation and alkylating agents (Turner et al., 2015). The risk allele rs12752552 at 1p31.3 is associated with
increased JAK expression in the brain tissue. Since JAK! can be activated by EGF phosphorylation, it might
be involved in astrocyte formation (Shuai et al., 1993). The 3p14.1 and 11g23.3 loci are strongly associated
with EGFR amplification negative gliomas, with a consistent albeit non-significant trend at 1p31.3 and at 1q44,

consistent with elevated upstream EGFR activation masking their functional effects.

The NAD pathway involves IDHI at 2q33.3 and NNMT at 11q23.2. At 2q33.3, we detected a significant Hi-C
interaction between the glioma risk SNP rs7572263 and IDHI/IDHI-AS1. Overexpression of IDH[-mutant
proteins has been reported to sensitize glioma cells to radiation (Li et al., 2013), providing an interesting
mechanism to test the allele-specific effects of this SNP. The /DH mutation causes a deregulation of NAD
signaling (Yan et al., 2009). Therefore, at 11q23.2, which is strongly associated with /DH-mutant gliomas, the
most convincing molecular mechanism is via NNMT, which encodes the nicotinamide N-methyltransferase and
is highly expressed in GBM relative to normal brain, causing methionine depletion-mediated DNA

hypomethylation and accelerated tumor growth (Jung ef al., 2017).
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The p53 pathway is involved at 17p13.1, where the risk SNP rs78378222 affects TP53 3’-UTR poly-adenylation
processing. In addition, the p53 target GLIPR1 (Ren ef al., 2006) is implicated at 12q21.2. Moreover, 12q21.2
is most strongly associated with triple-positive glioma, which does not feature 7P53 mutation, consistent with

wild-type p53 protein being required for the SNP to exert a functional effect.

Lastly, evidence suggests that genes with established roles in neural development may also be involved. While
the risk SNP rs4252707 at 1q32.1 is within the intron of MDAM4, the strongest evidence for a mechanistic effect
was observed with NFASC. Neurofascin is involved in synapse formation during neural development (Ango et
al., 2004) and, therefore, represents an attractive functional candidate for the association with glioma.
Additionally, at 16p13.3 and 20q13.33, implicated genes SOX§ and STMN3 are strongly expressed in the brain
and thought to play a role in neural development (Schepers et al., 2000) (Y. Zhang et al., 2015). At 10g25.2,
implicated gene TCF7L2 modifies beta-catenin signaling and controls oligodendrocyte differentiation (Zhao et
al., 2016). Intriguingly, 10g25.2 has previously been reported to be a risk locus for colorectal cancer (Wang et
al., 2014), a tumor driven by WNT signaling. However, the risk SNP is not correlated with rs11196067, raising

the possibility of tissue-specific regulation across a wider region.

Figure 10. Illustrative scheme of the relationship between glioma risk loci, corresponding molecular alterations, and associated biological pathways.
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As with many cancers, the exact point at which each risk SNPs exerts its functional impact on glioma
oncogenesis remains to be elucidated, and we did not demonstrate a relationship between higher risk allele

number and younger age at diagnosis. Surprisingly, we found a significant association between a higher number
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of risk alleles and improved outcome. This result was consistent across the prognostic molecular groups,
suggesting that our observations not due to an over-representation of the more favorable prognostic groups
among patients with a higher burden of risk alleles. In addition, the distribution of risk allele numbers did not
differ across the four groups (P = 0.3, ANOVA test). Collectively our findings suggest that, independent of

other prognostic factors, the greater the number of risk alleles carried, the better the outcome.

In conclusion, we performed the most comprehensive association study between molecular subgroup and the
25 recently identified glioma risk loci to date. While confirming previous observations, we showed that most
risk loci are associated with the /DH mutation. Through the integration of Hi-C and eQTL data, we have
additionally sought to define candidate target genes underlying the associations. Our observations highlight
pathways critical to glioma susceptibility, notably neural development and NAD metabolism, as well as EGFR-
AKT signaling. Intriguingly, we showed here that the number of risk alleles is consistently associated with
better outcome. Functional investigation in tumor and neural progenitor-based systems will be required to fully
elucidate these molecular mechanisms. In addition, as /DH-mutant tumors have been shown to reshape their
tridimensional chromatin organization, future analyses might reveal new regulatory interactions (Flavahan et
al., 2016). Indeed, our current analysis is based on defining glioma subgroups using only three molecular
markers. Given the extent of the missing heritability for glioma, further expansion of GWAS by international
consortia is likely to result in the identification of additional risk variants. A more precise molecular subgrouping
using data from ongoing large-scale tumor sequencing projects is likely to provide further insights into glial

oncogenesis and suggest targets for novel therapeutic strategies.

Published in Acta Neuropathol. 2018 May;135(5):743-7535.
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Noninvasive techniques for the detection of /DH mutations
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Liquid biopsies: detecting /DH1 mutations from extracellular vesicles

circulating in plasma

Background

Gliomas have been traditionally classified based on histological class and grade (Louis ef al., 2007). However,
recent discoveries have highlighted that some molecular markers provide powerful diagnostic and prognostic
information (Cancer Genome Atlas Research Network et al.,, 2015). On these bases, the 2016 WHO
classification of Tumors of the Central Nervous System has integrated molecular features to histology to allow
a proper classification and prognostic stratification of diffuse gliomas (Louis ez al., 2016).

Histological analysis and molecular profiling are routinely performed on tumor specimens from surgical
resection or biopsy. It follows that patients who cannot undergo surgery because of tumor location or severe
comorbidities cannot receive a formal diagnosis of glioma and access adequate treatment. During the last few
years, the efforts of the scientific community have thus been directed at developing techniques to acquire the
molecular profile of a tumor from the analysis of tumor-derived material circulating in easily accessible bodily
fluids such as plasma, a procedure commonly referred to as “liquid biopsy” (Best et al., 2015). The routine use
of liquid biopsies would have tremendous clinical implications for glioma patients, allowing to establish a
molecular diagnosis of glioma and identify actionable molecular alterations in patients not amenable to surgery,
but also to noninvasively monitor the molecular profile of the tumor during follow-up.

Liquid biopsies rely on the study of circulating tumor cells, on the amplification and sequencing of cell-free
tumor DNA, or on the reverse transcription and sequencing of tumor-derived messenger RNA (mRNA)
transported within extracellular vesicles (EV). EV are small particles surrounded by a lipid bilayer containing
nucleic acids, proteins, and lipids, that are physiologically secreted in extracellular fluids, where they exert
functions of intercellular communication. Based on their diameter and site of origin, two types of EV can be
distinguished: microvesicles (MV), having a diameter up to 1300 nm and shedding from the plasma membrane,
and exosomes (EXO), having a diameter of 30-150 nm and shedding from the endosomal reticulum. Being
released in great amounts by neoplastic cells (Xu et al., 2018), EV are emerging as an interesting substrate for
liquid biopsies, as their cargo of nucleic acids is protected by the lipidic membrane from the degradation that
normally occurs in plasma by circulating DNases.

While liquid biopsies were fruitful in patients with systemic tumors, especially when metastatic, transferring
this approach to patients with brain tumors has proven challenging due to the limited amount of tumor material
present in the systemic circulation, reason that led some groups to prefer the use of CSF over plasma
(Bettegowda et al., 2014) (Pentsova et al., 2016) (De Mattos-Arruda et al., 2015). Despite the intrinsic

challenges related to the infiltrative nature of diffuse gliomas and the presence of the blood-brain barrier, some

28



research groups have succeeded in the detection of genetic alterations, including EGFR amplifications and
rearrangements (Skog et al., 2008) (Salkeni et al., 2013) (Manda et al., 2018) (Figueroa ef al., 2017), IDHI
mutations (Boisselier et al., 2012) (Chen et al., 2013) (Garcia-Romero ef al., 2017) and H3K27M mutations
(Huang et al., 2017) from the analysis of plasma or CSF. Nonetheless, the sensitivity and specificity of these
approaches remain far from allowing their use in daily practice.

The aim of this study was to develop a technique to acquire the mutational status of /DH/ from the analysis of
tumor-derived EV circulating in plasma. The /DH] mutation was chosen due to its capital implications for the
diagnosis and management of diffuse gliomas (Louis et al., 2016) (Sanson et al., 2009) (Weller et al., 2017)
(Dang, Yen and Attar, 2016).

Patients and methods

Patient enrolment. Patients were enrolled at the Neurosurgery Units of the Parma and Cremona hospitals
between January 2018 and December 2018. Inclusion criteria were: 1) age > 18 years-old; 2) radiological
evidence of a brain lesion compatible with diffuse glioma, detected following the onset of neurological
symptoms; 3) reasonable exclusion of alternative etiologies (vascular, inflammatory, infectious, traumatic, etc..)
by noninvasive means; 4) clinical indication to perform surgical resection or biopsy. Demographic and clinical
data from the patients included in the study were collected and stored in a dedicated database in anonymized
form. The study was approved by the Ethics Committee of the IRCCS Mondino Foundation. All patients signed

written informed consent for study participation.

Tumor volume assessment. Whenever available, preoperative MRI scans were collected and analyzed with
the OleaSphere 3.0.16 software. Total tumor volume and contrast-enhancing tumor volume were obtained by
semi-automatic segmentation of FLAIR and T1-weighted sequences after gadolinium injection, respectively.

An illustrative example of tumor segmentation is reported in Figure 11.

Figure 11. Example of semi-automatic tumor segmentation using the OleaSphere 3.0.16 software in a patient with a left parieto-callosal glioblastoma.
Panel A and B: axial FLAIR sequences. Panel C and D: axial T1-weigthed images after gadolinium injection.
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Biological sample collection. For each patient, we collected a sample of venous blood during the 48 hours
preceding surgery (two sodium citrate tubes) and a fragment of tumor tissue during surgery. This approach was
chosen to compare the mutational status of /DH1 obtained by the analysis of EV with the mutational status
obtained by the analysis of tumor tissue, and thus infer the sensitivity and specificity of the technique. Whole
blood was centrifuged at 1,000 g for 15 minutes within one hour from collection to separate plasma, and then
additionally centrifuged at 1,600 g for 20 minutes to remove platelets. Platelet-free plasma (2 to 3 ml) was then
transferred to a new Eppendorf tube and stored at -80° C. The sample of tumor tissue collected during surgery
was snap frozen at -80°C. Frozen plasma and tumor samples were then transferred to the Genomic and post-
Genomic Center of the IRCCS Mondino Foundation for analysis. The histological analysis of surgical
specimens was carried out in the Parma and Cremona hospitals as per common clinical practice, according to

the dictates of the 2016 WHO classification (Louis ef al., 2016).

Tumor DNA extraction and IDH1 sequencing. Tumor DNA was extracted from frozen tissue by automated
extraction (Maxwell, Promega) using a LEV Blood DNA Kit as per manufacturer’s instructions. Briefly, tumor
samples were thawed on ice and then processed at room temperature. Each sample was added 300 ul of lysis
buffer and 30 pl of proteinase K. Samples were vortexed and incubated at 56°C for at least 1 hour with mild
agitation. Lysed tumor samples were then transferred into the cartridges. After adding 50 pl of elution buffer
into the elution tubes and having positioned the plungers, automated DNA extraction was started. The
concentration of tumor DNA obtained following extraction was assessed using a Nanodrop instrument. The
IDHI] status was obtained by standard PCR amplification followed by Sanger sequencing, using the following
primers: F-GCGTCAAATGTGCCACTATC, R-cacatacaagttggaaatttctgg. Primers were centered on codon 132
that is where hotspot /DHI mutations recur in diffuse gliomas. Figure 12 reports, as an example, the
electropherogram of an /DH [-wildtype and an /DH-mutant sample. The /DHI mutation there illustrated is the
R132H mutation, a missense mutation (G>A) that results in the substitution of an arginine with an histidine,

which is far the most common /DH mutation in diffuse gliomas (Yan et al., 2009) (Sanson et al., 2009).

Figure 12. Electropherogram of an IDH1-wildtype (left) and of an /DHI R2132H-mutant (right) sample obtained by standard PCR amplification and
Sanger sequencing.
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RNA extraction from tumor tissue and reverse transcription to cDNA. Tumor samples were thawed on ice,
added 500 pl of Trizol, and incubated for 5 minutes at room temperature. Each sample was added 100 pl of
chloroform and incubated 5 minutes at room temperature. Samples were vortexed and centrifuged at 12,000 g
for 10 minutes at 4°C. Centrifugation allowed to separate three distinct phases, the upper of which was
transferred into a novel tube. Samples were then added 500 pl of isopropyl acid and incubated 10 minutes at
room temperature. After vigorous agitation, samples were centrifuged at 12,000 g for 10 minutes at 4°C. The
supernatant was discarded and 1 ml of ethanol 75% was added to the pellet. Samples were then centrifuged at
7,600 g for 5 minutes at 4°C. The supernatant was discarded, and the RNA pellet was left to dry a few minutes
at room temperature. The RNA pellet was then suspended in 11 pl of H2O-diethilproprionate. RNA
concentration was measured using a Nanodrop instrument. Tumor-extracted RNA was then reverse transcribed

to cDNA using an iScript cDNA Synthesis Kit (BioRad) according to manufacturer’s instructions.

EV isolation. MV and EXO were isolated from plasma using a technique of differential centrifugation followed
by ultracentrifugation (Sproviero et al., 2018). Briefly, platelet-free plasma was thawed on ice and centrifuged
at 20,000 g for 1 hour using a Centrifuge 5427-R (Eppendorf). The pellet was washed with filtered PBS and
centrifuged for 1 hour at 20,000 g. The pellet was processed for MV analysis, while the supernatant was filtered
through a 0.2 um filter, transferred into a novel tube, and spun in an Optima MAX-TL Ultracentrifuge (Beckman
Coulter) at 100,000 g for 1 hour at 4°C. After ultracentrifugation, the supernatant was discarded, and the EXO
pellet was washed with 1 mL of filtered PBS at 100,000 g for 1 h at 4°C. The EXO pellet was then processed
for EXO analysis.

The size and the concentration of MV and EXO was evaluated by Nanoparticle Tracking Analysis (NTA) using
a NS300 instrument (NanoSight). To allow a more accurate analysis, MV and EXO samples were diluted with
PBS to achieve an optimal concentration of 10-10° particles/mL. One mL of diluted sample was loaded into
the machine and read at a rate of 30 frames per second. Three videos, lasting 60 seconds each, were recorded.
Nanoparticle size and concentration were the extrapolated form the three videos using the NTA software version
2.2 (NanoSight). For subsequent analyses, the mean values of the three recordings were considered. Figure 13
reports, as an example, the diagrams depicting particle concentration in function of their size obtained using the

NTA software.

Extraction, reverse transcription, and IDH1 sequencing of cargo RNAs. Cargo RNAs were separately
extracted from MV and EXO pellets using a miRNAeasy Mini Kit (Qiagen), according to the manufacturer’s
instructions. The quality and the concentration of the total RNA extracted from MV and EXO pellets were
measured with a Bioanalyzer 2100 (Agilent) using an RNA 6000 Pico Kit.

Total RNA was reverse transcribed into cDNA using an iScript cDNA Synthesis Kit (BioRad) according to
manufacturer’s instructions. cDNA was then amplified and analyzed for /DHI R132H mutations by digital
droplet PCR (ddPCR) using a SNP genotyping assay custom designed for the detection of this mutation
(rs121913500) (Thermo Fisher). The probe for the detection of the IDH-wildtype sequence was marked with
VIC and the probe for the detection of the /DHI R132H-mutant sequence was marked with FAM. The PCR
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mix was composed as follows: 10 ul of ddPCR Supermix for Probes 1x, 0.5 ul of mix SNP genotyping assay
custom that included both probes (VIC/FAM) and primers, and 1 to 7.5 pl of DNase free water. The PCR mix
was added 2 to 8.5 pl of cDNA, for a total volume of 20 pl. The cycling protocol was as follows: 95°C for 10
minutes followed by 94°C for 30 seconds, followed by 60°C for 1 minute, for a total of 40 cycles, after which

there was an incubation at 98°C for 10 minutes, followed by indefinite conservation at 4°C.

Figure 13. Example of the diagrams reporting MV (left) and EXO (right) concentration (y-axis, particles/ml) depending on their size (x-axis, nm)
obtained by Nanoparticle Tracking Analysis (NTA) using a NS300 instrument, NTA software version 2.2 (NanoSight).
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Statistical analyses. All statistical analyses were performed using “R” software packages. Descriptive statistics
were used to summarize data. Quantitative variables were compared using the Mann-Whitney (Wilcoxon) test.
The Spearman correlation test was used to assess correlations between variables. The threshold for statistical

significance was p = 0.05.

Results

Patient characteristics. Out of the 24 patients enrolled, four were excluded from subsequent analyses as they
received a histological diagnosis different from diffuse glioma (meningioma (1), glioneuronal tumor (1), brain
metastasis (2)). Fourteen out of the 20 patients were male (14/20, 70%). Median age at the time of tumor
diagnosis was 65.4 years-old (range: 31.3 — 80.5).

IDH] status from tumor DNA and integrated diagnosis. /DHI mutations were detected by Sanger
sequencing in 4 out of the 20 tumor samples (4/20, 20%). All four IDHI mutations were R132H. Final diagnosis
according to the 2016 WHO classification was of /DH-mutant 1p/19q codeleted oligodendroglioma (grade II)
in three cases (3/20, 15%), IDH-mutant anaplastic astrocytoma (grade III) in one case (1/20, 5%), IDH-wildtype

anaplastic astrocytoma (grade I1I) in one case (1/20, 5%), and IDH-wildtype glioblastoma (grade V) in 15 cases
(15/20, 75%).
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EV diameter and concentration. MV tended to have larger diameter (median: 103.5 vs. 93.9 nm, p=0.04) but
lower concentrations (median: 1.4 vs. 2.2 x 10'! particles/ml, p=0.13) compared to EXO. The concentrations of
MYV and EXO were compared with a cohort of healthy controls previously analyzed at our laboratory using the
same methods (Sproviero et al., 2018). We found that glioma patients had significantly higher concentrations
of both MV and EXO (mean MV concentration: 2.1 vs 0.4 x 10" particles/ml, p=0.001; mean EXO

concentration: 3.4 vs 0.3 x 10'! particles/ml, p=0.002) in plasma compared to healthy subjects.

Clinical-biological correlations. We then assessed whether total tumor volume or enhancing tumor volume
could influence the concentration of EV detected in plasma, as suggested by other reports (Boisselier ef al.,
2012). We did not find any significant correlation between total or enhancing tumor volume and MV or EXO
concentration. We found instead a correlation between MV and EXO concentration and histological grade:
patients with grade IV gliomas tended to have higher MV and EXO concentrations compared to patients with
grade 11 and III gliomas (median MV concentration: 1.55 vs. 1.11 x 10! particles/ml, p=0.066; median EXO
concentration: 2.34 vs. 1.32 x 10'! particles/ml, p=0.081).

Concentration and integrity of cargo RNAs extracted from EV. The median concentration of total RNAs
extracted from MV was 419 pg/ul (range: 209 — 958) and the median concentration of total RNAs extracted
from EXO was 371 pg/ul (range: 74 — 1901) (p=0.52). As evident in Figure 14, the RNA fragments extracted
from MV and EXO were mostly < 300 nucleotides in length. RNA Integrity Numbers ranged from 2 to 6.8,

reflecting a mild to moderate RNA degradation.

Figure 14. Example of the RNA profiles from a sample of MV (left panel) and a sample of EXO (right panel) obtained using a Bioanalyzer 2100 (Agilent)
with the RNA 6000 Pico Kit. The y-axis indicates fluorescence intensity (fluorescence units, FU) and the x-axis indicates nucleotide length (nt).

Fay MICROVESICLES ] ‘ EXOSOMES —

[ | "

\ |
| v it gl LV P P STEU |
0.0—--‘»%"‘_—1‘; AN A S g et ey, A (TN

)\ I f
P oo pn | MY A . f .
1 R e i — A | I g 4,-,_;,4.,«1,\”,‘,‘”\, AT ot it 2 Pt f D o rem ol Wl

T T T T T T !
25 200 500 1000 2000 4000 I 7 T T T T 7 .
25 200 500 1000 2000 4000 [nt]

IDH] status from EV. The cDNA reverse transcribed from cargo RNAs was analyzed for /DHI mutations by
ddPCR. Because of the low quality and concentration of the RNA extracted from MV and EXO, we first tested
our PCR conditions using samples of cDNAs reverse transcribed from RNA obtained from tumor tissue. To this
purpose, we reverse transcribed the cDNA from an /DH-wildtype tumor and one /DHI R132H-mutant tumor
in order to verify the signal from both probes. Figure 15 reports the result of the analysis in ddPCR for the

IDHI-mutant sample, showing, as expected, an /DH-mutant curve, as well as an /DHI-wildtype curve that
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Armplitude

Armplitude

corresponds to non-tumoral cells included in the sample. This test confirmed that established PCR conditions

allowed an adequate cDNA amplification and an accurate detection of both the /[DH/-mutant and the /DH -

wildtype signal. The /DH-wildtype sample showed instead, as expected, only the signal for the /DH-wildtype

probe (not shown).

Figure 15. Results of the experiment of ddPCR using a sample of cDNA from an /DHI R132H-mutant tumor tissue.
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Verified that our PCR conditions were suitable, we repeated the same experiment using samples of cDNA

reverse transcribed from the cargo RNAs extracted from MV and EXO. Regrettably, even using different

samples and increasing cDNA volumes, we could not obtain a sufficient number of droplets for analysis (around

4,000 vs. over 10,000 using cDNA from tumor tissue) neither with MV or EXO pellets. Therefore, the present

assay, which provided accurate results on cDNA from tumor tissue, did not allow an accurate detection of the

IDHI mutation using cDNA from EV. This observation suggests that the quantity and quality of cargo RNAs

represents a limiting factor for the detection of /DH1 mutations using this approach.

Discussion

In the present study, we collected plasma samples from 20 patients with diffuse gliomas, we isolated EV,

extracted cargo RNAs, and analyzed the cDNAs obtained from their reverse transcription for the presence of
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IDHI mutations. In parallel, we tested for /DH mutations tumor samples from the same patients to evaluate
whether the mutational status obtained from plasmatic EV corresponded to the mutational status obtained from
tumor tissue.

Our isolation method allowed to separate two different populations of EV, corresponding to MV and EXO, each
with a plasmatic concentration in the order of magnitude of 10'! particles per ml. The median concentrations of
EV reported in literature for glioma patients widely range across studies from 4 x 10'° (Osti et al., 2019) to 4 x
102 (Chen et al., 2013) particles/ml, highlighting how isolation methods, initial plasma volume, and
measurement conditions strongly affect this measure. Nonetheless, when the same conditions of isolation and
measurement were used, glioma patients consistently had plasmatic concentrations of MV and EXO 5 to 10
times higher than healthy subjects (Osti et al., 2019) (Noerholm et al., 2012). As only a minor proportion of the
EV detected in plasma is expected to be of tumor origin (Fraser ef al., 2019), the substantial difference between
glioma patients and healthy subjects is probably attributable not only to the presence of tumor-derived EV but
also to a reactive secretion of EV from normal cells.

The concentration of EV in plasma did not correlate with total tumor volume nor with enhancing tumor volume,
though volumetric analysis could be performed only in a subset of patients. EV concentration correlated instead
with histological grade: patients with glioblastomas (grade IV) had higher median EV concentrations compared
to patients with lower grade (grade II-III) tumors. This difference cannot be merely explained by blood brain
barrier damage (as no correlation between enhancing tumor volume and EV concentration was found),
additional biological features (e.g., increased cell turnover, angiogenesis, tumor microenvironment) probably
contributing to the increased EV concentration observed in patients with high-grade tumors.

The concentration of cargo RNAs extracted from plasmatic EV was similar for MV and EXO. BioAnalyzer
profiles highlighted that most of the cargo of MV and EXO was represented by small RNAs of less than 300
nucleotides in length. As highlighted by other reports, these fragments probably include small non-coding RNAs
(e.g., miRNAs and repetitive elements) (Noerholm ef al., 2012), as well as degraded RNAs of longer size, such
as mRNAs and tRNAs (Gonda et al., 2013). This observation suggest that one of the reasons for the failure of
our experiment was that the length of the mRNA fragments we are able to retrieve from EV was insufficient to
allow an effective reverse transcription and amplification of the region of interest. We are currently planning to
repeat the experiments using a more sensitive method for RNA extraction in the attempt to overcome this issue.
Other research groups have previously used EV as a substrate for the noninvasive detection of /DHI mutations
(Chen et al., 2013) (Garcia-Romero et al., 2017). One group used a combination of BEAMing and ddPCR for
the analysis of cDNAs reverse transcribed from mRNAs extracted from EV circulating in plasma or CSF (Chen
et al., 2013). While the analysis of the EV isolated from CSF correctly identified 5 out of 8 /DHI-mutant
patients, the analysis of the EV isolated from plasma failed to correctly identify /DHI mutations, probably due
to the limited volume of plasma used in the experiments (1 ml per sample). As tumor-derived EV represent only
a minority of the EV detected in the systemic circulation, larger volumes of plasma are probably needed to

dispose of sufficient amounts of tumor material.
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As, besides RNA, the cargo of EV also includes DNA fragments, another group has tried to obtain the mutational
status of /DH]I through the analysis of DNA extracted from plasmatic EV using a technique of DNA pre-
amplification followed by Fast Cold PCR (Garcia-Romero et al., 2017). While, indeed, all four /DHI-mutant
patients were correctly identified by the analysis of plasmatic EV, 6 out of 17 IDH-wildtype patients were falsely
labelled as IDH-mutant, highlighting the very low specificity of the assay. As evidenced by our and previous
observations, further research is needed to improve the sensitivity and specificity of these approaches and obtain

a reliable technique of liquid biopsy to use in daily practice.

Unpublished data
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Magnetic resonance spectroscopy for 2-hydroxyglutarate detection and

monitoring

Background

IDHI and IDH2 mutations have important diagnostic, prognostic, and therapeutic implications for the
management of patients with diffuse gliomas (Louis et al., 2016) (Sanson et al., 2009) (Weller et al., 2017).
These two genes encode for intracellular enzymes that normally convert isocitrate to a-ketoglutarate via
oxidative decarboxylation. By altering key residues within the active site of the enzyme, hotspot mutations in
IDH1 (codon 132) and /DH?2 (codon 172) (Yan et al., 2009) result in a neomorphic enzymatic activity, with the
conversion of a-ketoglutarate to 2-hydroxyglutarate (2HG) that accumulates intracellularly (Dang et al., 2009).
This metabolite can be detected in vivo by magnetic resonance spectroscopy (MRS) (Andronesi ef al., 2012)
(Kalinina et al., 2012), thus providing information on /DH mutational status.

Novel methods for imaging acquisition and processing have progressively allowed to resolve the spectral
overlap between 2HG and other metabolites (Andronesi et al., 2012) (Choi et al., 2013) (Kalinina et al., 2012),
improving the sensitivity and specificity of MRS for 2HG detection. Among those, we recently reported on the
high accuracy of Mescher—Garwood point-resolved spectroscopy (MEGA-PRESS) in preoperative patients
(Branzoli et al., 2018). While the preoperative prediction of the /DH status remains indeed an important
application of MRS, the encouraging results achieved in recent years have prompted to explore other potential
uses, including treatment planning (Jafari-Khouzani et al., 2016) and response assessment following cytotoxic
or targeted therapies (Andronesi et al., 2016) (Andronesi ef al., 2018). However, the sensitivity and specificity
of this technique in patients who have undergone surgery and chemoradiation have not yet been evaluated in
large cohorts of patients in a “real-world” setting.

In the present study, we investigated the clinical, radiological, and molecular factors influencing 2HG detection
by MEGA-PRESS in untreated and pretreated glioma patients and assessed the ability of MRS to capture tumor
response and progression in a subgroup of patients with /DH-mutant gliomas followed longitudinally by MRS

while receiving cytotoxic or targeted therapies.

Patients and methods

Patient enrollment. Patients were prospectively enrolled at the Pitié-Salpétriere Hospital (Paris, France)
between October 2014 and July 2018. Inclusion criteria comprised: (1) age > 18 years-old, (2) suspected or
histologically-confirmed diffuse glioma with tumor volume > 6 ml on T2/FLAIR images, (3) KPS > 60, and (4)
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ability to provide written informed consent. Enrolled patients were divided into two cohorts based on whether

they had (or not) previously received surgery and antitumoral treatments:

e cohort 1: treatment-naive patients with suspected diffuse glioma on imaging, candidate to receive surgery

(biopsy or resection) (Branzoli et al., 2018)

e cohort 2: patients with histologically confirmed /DH-mutant diffuse glioma diagnosed upon biopsy or
resection. Patients in this group had also possibly received (or were actively receiving at the time of MRS)
cytotoxic treatments, including radiotherapy and/or chemotherapy. A subgroup of patients who had a
measurable peak of 2HG on MRS and were about to start a novel line of treatment (either cytotoxic or
targeted) underwent longitudinal MRS assessments to assess whether 2HG variations on MRS paralleled

tumor response.

All patients enrolled in the study underwent the collection of plasma and urine samples at the time of their
baseline MRS. Plasma and urines were collected in the hour preceding MRS and were stored at -80°C until the
analysis. For patients in cohort 1, we also collected a sample of tumor during surgery, which was snap-frozen

at -80°C.

The study was approved by the local Ethics Committee (CPP-Paris VI). All biological samples and clinico-
pathological data were collected upon written informed consent in accordance with the tenets of the Declaration

of Helsinki. All subjects provided written informed consent for study participation.

MRI/MRS acquisition protocol. MRI/MRS scans were acquired using a 3T whole-body system
(MAGNETOM Verio, Siemens, Erlangen, Germany) equipped with a 32-channel receive-only head coil. The
protocol included T2-weighted FLAIR and basal T1-weighted sequences for voxel placement and tissue
segmentation. MRS was acquired using a single-voxel MEGA-PRESS sequence as previously described
(TR=2s, TE=68ms, 128 averages, scan time = 9 min), with editing pulses applied at 1.9 and 7.5 ppm (Branzoli
et al., 2018). Water suppression was performed using VAPOR and outer volume suppression techniques (Tkac
et al, 1999). A non-water suppressed scan was acquired for the quantification of absolute metabolite
concentrations. The established size of the spectroscopic volume of interest (VOI) was 8 cm?, though, in case

of need, it was decreased down to 6 cm?® to minimize partial volume effects.

MRS post-processing. Frequency and phase corrections were performed on single spectra based on the total
choline signal at 3.2 ppm, using in-house written Matlab routines. The final edited spectra were obtained by
subtracting the spectra acquired at the edit-on and edit-off conditions, allowing for the detection of the 2HG
signal at 4.05 ppm (Figure 16). Spectral quantification was performed using the LCModel method (Provencher,
2001) based on the water reference scan, assuming a bulk water concentration in tumors of 55.5 mM and
correcting for water transverse T2 relaxation time (150 ms) (Madan ef al., 2015). The basic set of metabolites

included 2HG, y-aminobutyric acid (GABA), glutamate (Glu), glutamine (Gln), glutathione, N-acetylaspartate
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(NAA), N-acetylaspartylglutamate (NAAG), and experimentally measured macromolecular spectrum.
Additional metabolites, including creatine + phosphocreatine (tCr), choline (tCho), Glu+Gln (Glx), lactate (Lac),
myo-inositol (Ins), and NAA + NAAG (tNAA) were quantified from edit-off data. Based our previous findings
(Branzoli et al., 2018), the Cramer Rao lower bounds (CRLB) threshold for 2HG detection was set to 50%.

Figure 16. Example of the volumes of interest (FLAIR images, panel A-C) and resulting spectra (panel D-F) in one /DH-mutant glioma (panel A,D),
one /DH1/2-wildtype glioma (panel B,E), and one healthy tissue (panel C,F). In the spectra from the /DH/-mutant glioma (panel D), a peak of 2HG can
be observed at 4.02 ppm. The 2HG peak is instead absent in the spectra from the /DH-wildtype glioma (panel E) and from the healthy tissue (panel F).
In vivo MEGA-PRESS (black line), LCModel fits (red line), 2HG contribution (green line), and residuals (blue line). GABA+ = GABA +
macromolecules, Glx = glutamate + glutamine, NAA = N-acetylaspartate. Modified from Branzoli ez al., 2018.
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Morphological imaging features. Total tumor volume and the volume of intratumoral cystic/necrotic areas
were estimated from the segmentation of FLAIR images using the ITK-SNAP software (www.itksnap.org). The
fraction of the VOI filled with tumor tissue was estimated by overlaying tumor masks obtained from ITK-SNAP
with the corresponding VOI. Neuroradiological presentation was defined as either “expansive” [if the size of
T1 abnormality was almost equal to the size of FLAIR abnormality] or “infiltrative” [if the size of T1
abnormality was much smaller than the size of FLAIR abnormality], according to the VASARI feature set v1.1.
For all patients who had an available contrast MRI acquired for clinical purposes during the four weeks
preceding or following MRS, we examined T1-weigthed sequences after gadolinium injection to determine

whether any areas of contrast-enhancement were included in the VOL.
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Control MRIs performed for clinical purposes by patients in cohort 2 who underwent longitudinal MRS
assessments were systematically reviewed by a neuroradiologist who assessed tumor response using the
Response Assessment in Neuro-Oncology (RANO) criteria for high- and low-grade gliomas (van den Bent et

al., 2011) (Wen et al., 2010).

Immunohistochemical and molecular studies on tumor specimens. Integrated diagnoses were established
by board-certified neuropathologists according to the 2016 WHO classification of Tumors of the CNS (Louis
et al., 2016). Immunohistochemistry was performed on 4-um-thick FFPE sections using an automated system
(Benchmark XT, Ventana Medical System Inc, Tucson AZ, USA) for the assessment of IDH1 R132H (Dianova,
HO09), p53 (DAKO, DO.7) and ATRX (SIGMA, polyclonal) expression. All tumors negative for IDH1 R132H
on immunohistochemistry were evaluated for /[DH and /DH?2 mutations by DNA sequencing. Briefly, tumor
DNA was extracted from snap-frozen tissue (QIAamp DNA Mini Kit, Qiagen) or FFPE sections (GeneJET
FFPE DNA purification kit, Thermo Scientific) as per manufacturers’ instructions. The mutational status of
IDH]I and IDH?2 was determined by NGS or by the Sanger method after standard PCR amplification, using
previously reported primers (Labussiére et al., 2010). CNVs were assessed by CGH-array (Labussiére et al.,
2016) or inferred from NGS data. For patients in cohort 1, we estimated the proportion of /DH-mutant cells in
the tumor sample either from NGS data (i.e., number of mutant reads over total number of reads) or from the

visual assessment of the chromatograms obtained from Sanger sequencing.

2HG concentrations in tumor tissue, plasma, and urine. Snap-frozen tumor samples from patients in cohort
1 and from an independent group of glioma patients identified in the OncoNeuroTek database (Pitié-Salpétriére,
Paris) were analyzed by gas chromatography-mass spectrometry (GC-MS/MS) to assess 2HG concentrations,
as previously described (Branzoli et al., 2018). Plasma and urine samples from all patients included in the study

were analyzed for 2HG concentrations using the same method.

Statistical analyses. Differences in the distribution of categorical variables between groups were assessed using
Fisher’s exact test. P-values were adjusted for multiple testing according to the Benjamini and Hochberg false
discovery rate. A g-value of 0.05 (2-sided) was considered as statistically significant. Differences between mean
values of quantitative variables were tested with a two-sided Student’s t test. Multidimensional association
tables were used to explore associations between variables. Statistically significant correlations between
variables were assessed using the Spearman correlation test. OS was defined as the time between diagnosis and
death (or last follow-up in censored patients). Survival curves were calculated using the Kaplan-Meier method.
Statistically significant differences between survival curves were assessed using the Log-Rank test. A Log-Rank
test p-value <0.05 (two-sided) was considered as statistically significant. The Cox model was used to evaluate
the effect of quantitative variables on survival and for multivariate survival analyses. Statistical analyses were

performed using SPSS and R software packages.
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Results

Cohort description. We prospectively enrolled and studied 70 consecutive patients, including 24 patients with
suspected diffuse glioma enrolled before surgery and naive of any anti-cancer therapy (cohort 1) (Branzoli et
al., 2018) and 46 patients with histologically confirmed /DH-mutant glioma (cohort 2). Among the latter, 22
patients were studied at first tumor progression after surgery and had not yet received any cytotoxic or targeted
treatment, while 24 patients were analyzed after having received (or while actively receiving) antitumoral
treatments. Eighteen patients who had a detectable peak of 2HG on MRS and were about to start a line of

cytotoxic (n=12) or targeted (n=6) therapy underwent longitudinal MRS assessments for 2HG monitoring.

Clinical, radiological, and molecular factors affecting 2HG detection by MRS. MEGA-PRESS correctly
identified a peak of 2HG at 4.05 ppm in 52 out of 67 patients with /DH-mutant tumors and in none of the patients
with IDH-wildtype tumors, corresponding to a sensitivity of 79% and a specificity of 100%.

2HG detection is affected by previous surgical resection and antitumoral treatments. 2HG detection was
affected by a history of surgery (consisting of either biopsy or resection) (p=0.03) and cytotoxic treatments
(radiotherapy and/or chemotherapy) (p=0.01). Consistently, MRS sensitivity decreased from 95% in untreated
patients (Branzoli ef al., 2018) to 83% in patients who had only received surgery to 62% in patients who had
received both surgery and cytotoxic treatments. 2HG levels estimated by MRS were lower in patients who had
undergone surgery compared to patients who had not (median: 1.5 vs. 2.7 mM, p=0.011) (Figure 17, panel A),
and were lower in patients who had received cytotoxic treatments compared to patients who had not (median:
0.8 vs. 2.3 mM, p=0.0079) (Figure 17, panel B). Patients who were actively receiving chemotherapy at the time
of MRS had lower 2HG levels compared to patients who were not actively receiving treatment (median: 0.2 vs.

2.25 mM, p=0.0011) (Figure 17, panel C).

Figure 17. Dot plots comparing 2HG levels estimated by MRS (y axis, mM) in different patient groups (x-axis).
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2HG detection is affected by tumor volume and cellular density. We tried to assess whether the decreased

ability to detect the peak of 2HG in patients who had received surgery and antitumoral treatments could be
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attributed to the reduction of viable tumor cells that is associated with these interventions. We found that 2HG
detection was facilitated by higher tumor volumes (p=0.02), better voxel coverage (p=0.04), and “expansive”
presentation (p=0.06), while it was hampered by the presence of intratumoral cysts/necrosis (p=0.04). Nor the
presence or the extent of contrast enhancement within the voxel (p=1) impacted 2HG detection. Consistently,
MRS sensitivity was substantially affected by tumor volume (83% for tumor volumes > 27 cm? and 94% for
tumor volumes > 54 ¢cm?) and voxel coverage (84% for voxel coverage > 72% and 94% for voxel coverage >
90%). 2HG levels estimated by MRS directly correlated with tCho levels (p<0.0001) (Figure 18, panel A),
reflecting cell turnover, and inversely correlated with Ins levels (p=0.0025) (Figure 18, panel B), reflecting
gliosis. These findings consistently point to the density of tumor cells within the voxel as a determining factor

for 2HG detection.

Figure 18. Scatter plots illustrating the correlation between 2HG levels estimated by MRS (y-axis, mM) and tCho levels (panel A), Ins levels (panel B),
and the percentage of /DH-mutant reads (panel C).
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2HG levels on MRS correlate with the proportion of IDH-mutant reads. As our findings suggested that the
proportion of tumor cells in the voxel might affect 2HG detection, for patients in cohort 1, we assessed whether
2HG levels measured by MRS correlated with the proportion of /DH-mutant reads in the surgical sample. We
found that the proportion of /DH-mutant reads in the surgical sample correlated with 2HG levels estimated by
MRS (p=0.033) (Figure 18, panel C).

2HG levels depend on the type of IDH mutation. We then assessed whether, besides the number of IDH-
mutant reads, the type of /DH mutation and the presence of the chromosome 1p/19q codeletion could affect
2HG levels estimated by MRS. Patients with /DH2 mutations had higher 2HG levels than patients with /DH1
mutations (median: 5.68 vs. 1.97 mM, p=0.014). Patients with minoritarian /DHI mutations had lower 2HG
levels than patients with /DH1 R132H mutations and patients with /DH2 R172K mutations (median: 1.12 vs.
2.06 vs. 5.68 mM, p=0.0025). The chromosome 1p/19q codeletion did not seem to impact 2HG levels, nor in
IDH[-mutant (p=0.97) or in /DH2-mutant (p=1) patients.
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2HG concentrations measured by GC-MS/MS in tumor tissue showed similar trends, with higher 2HG levels in
IDH2-mutant compared to /DH[-mutant and /DH-wildtype tumors (median: 129.93 vs. 70.86 vs. 0.96 nmol/mg,
p<0.001), lower 2HG levels in patents with minoritarian /DHI mutations compared to /DHI R132H mutations
(50.19 vs. 115.00 nmol/mg, p=0.18) and no statistically significant effect of the chromosome 1p/19q codeletion.

2HG levels at progression and their prognostic value. As, among patients with /DH-mutant gliomas,
pretreated subjects more frequently showed low or undetectable 2HG compared to untreated individuals, we
sought to determine whether this observation merely reflected a more advanced stage of disease. We found that
patients studied at progression did not always show elevated 2HG levels and, especially, 1p/19q non-codeleted
patients who, more commonly than 1p/19q codeleted patients, displayed low or undetectable 2HG levels at
progression (Figure 19, panel A and B). Median 2HG levels estimated by MRS at progression were lower in
patients with 1p/19q non-codeleted gliomas compared to patients with 1p/19q codeleted gliomas studied in the
same setting (median: 0.6. vs. 3.7 mM, p=0.015), consistently with the observation that, differently from 1p/19q
codeleted gliomas, 1p/19q non-codeleted tumors display lower and lower 2HG levels the more time elapses

from surgery (Figure 19, panel C and D).

Figure 19. Dot plots illustrating 2HG levels estimated by MRS (y axis, mM) in patients with /DH-mutant, 1p/19q codeleted gliomas (panel A,C) and in
patients with IDH-mutant, 1p/19q non-codeleted gliomas (panel B,D) depending on the timing of MRS (x-axis) (panel A,B) and on the time elapsed from
surgery (x-axis, days) (panel C,D). After Su before TTT=after surgery but before the administration of antitumoral treatments, TTini or FU=after initial
treatment, P1=first progression, P2=second progression, P3 P4= third or fourth progression.
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As not all patients displayed detectable 2HG at progression, we sought to determine whether this could have
some prognostic significance. While, indeed, 2HG detection (p=0.006) was associated with prolonged OS on
univariate analyses, together with disease stage (p=0.001), histological grade (p=0.033) and 1p/19q codeletion
(p=0.049), only disease stage remained a significant predictor of OS on multivariate analyses (p=0.003, HR
3.61, 95% CI: 1.53-8.50). This observation suggests that the lack of detectable 2HG at progression simply

reflects disease evolution and is not an independent predictor of OS.

2HG rapidly decreases following treatment with IDH inhibitors. Six patients underwent longitudinal MRS
assessments during treatment with IDH inhibitors [AG-120 (n=4), AG-221 (n=2)]. In all patients, MRS showed
a rapid and dramatic decrease of 2HG levels within days of starting treatment (Figure 20). However, this
decrease was not always accompanied by a parallel reduction in tumor volume, suggesting that it more likely
reflected a pharmacodynamic effect rather than an actual tumor response. Four patients eventually experienced
tumor progression during follow-up, which was accompanied by a parallel increase of 2HG levels in three.
Interestingly, in one 1p/19q non-codeleted patient, tumor progression occurred in absence of a detectable peak

of 2HG on MRS (patient n°4 in Figure 20).

Figure 20. Diagrams illustrating the changes in 2HG levels (upper row) and tumor volume (bottom row) following treatment with /DH inhibitors in five
out of the six patients who underwent longitudinal monitoring by MRS. The blue background corresponds to treatment period.
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MRS for 2HG monitoring captures tumor response after cytotoxic treatments. Twelve patients in cohort 2
underwent longitudinal assessments by MRS while receiving cytotoxic treatments (temozolomide (n=2), PCV
(n=2), PCV-radiotherapy (n=3), radiotherapy-PCV (n=5)). In all cases, MRS showed a decrease in 2HG levels

during treatment (Figure 21, panel A), which was consensual with clinical and radiological evolution.
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Figure 21. Diagrams illustrating the variations in mean 2HG levels estimated by MRS (y axis, mM) during follow-up in patients receiving cytotoxic
treatments. Panel A: whole cohort; panel B: 1p/19q codeleted gliomas; panel C: 1p/19q non-codeleted gliomas. In both 1p/19q codeleted and 1p/19q
non-codeleted patients, a substantial decrease of 2HG levels is evident since first follow-up MRS. F1=first follow-up MRS, F2=second follow-up MRS,
F3=third follow-up MRS.
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2HG decrease occurred and continued over weeks following the start of cytotoxic treatment, a substantial
reduction being evident since first follow-up MRI. 2HG decrease on MRS often preceded tumor response on
conventional imaging, suggesting that it could be used as an early marker of treatment response in /DH-mutant
patients receiving cytotoxic treatments. 2HG decrease was similar in 1p/19q codeleted (Figure 21, panel B) and
in 1p/19q non-codeleted patients (Figure 21, panel C) and seemed more rapid following the sequence
radiotherapy-PCV than following the sequence PCV-radiotherapy (not shown). Three patients eventually
experienced tumor progression during follow-up, but only a single patient, with a 1p/19q codeleted glioma, had

a detectable peak of 2HG at progression.

2HG levels estimated by MRS correlate with 2HG concentration in tumor tissue and plasma. Finally, we
evaluated whether, besides with MRS, 2HG levels could be reliably monitored by measuring 2HG
concentrations in easily accessible bodily fluids, such as plasma or urine. 2HG concentrations in plasma seemed
to correlate both with 2HG levels estimated by MRS (p=0.028) and with 2HG concentrations in tumor tissue by
GC-MS/MS (p=0.13). 2HG concentrations in urine instead did not correlate neither with 2HG levels estimated
by MRS (p=0.63) nor with 2HG concentrations in tumor tissue (p=0.72), suggesting that they do not accurately

reflect 2HG accumulation in tumor tissue.

Discussion

Using MEGAPRESS, we had developed a highly sensitive and specific method for the preoperative prediction
of the IDH status in patients with diffuse gliomas (Branzoli ef al., 2018). While showing a sensitivity of 95% in
untreated patients, the sensitivity of our technique was 62% in pretreated patients. As suggested by our analysis,
this drop in sensitivity is probably attributable to the reduction of tumor volume and viable tumor cells that

follows surgical resection and cytotoxic treatments, which affect the ability of MRS to detect the 2HG peak.
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Interestingly, we observed that 2HG levels estimated by MRS correlated with the type of /DH mutation, being
the highest in patients with /DH2 mutations and the lowest in patients with minoritarian /DH1 mutations. This
observation was consistent with previous reports showing that 2HG levels are higher in /DH2- compared to
IDH[-mutant gliomas (Emir et al., 2016) (Ward et al., 2013). Notably, the different /DH mutations are
associated with different glioma types, IDH2 mutations being more frequent in 1p/19q codeleted
oligodendrogliomas, and minoritarian /DHI mutations being commonly associated with astrocytomas and in
brainstem gliomas (Picca et al., 2018), suggesting a possible influence of additional factors, such as tumor

microenvironment, on 2HG levels.

Subgroup analysis allowed to disclose a significant difference in 2HG levels at progression between 1p/19q
codeleted and 1p/19q non-codeleted gliomas. While 1p/19q codeleted gliomas maintained high levels of 2HG
during tumor evolution, non-codeleted gliomas more commonly showed low or undetectable 2HG levels,
suggesting that, for 1p/19q non-codeleted gliomas, 2HG might no longer be required for tumor progression.
Indeed, /DH mutations are frequently lost at recurrence as additional “tertiary” oncogenic alterations appear,
while the epigenetic changes induced by 2HG do not regress after the loss of the /DH mutation or 2HG removal
(Turcan ef al., 2012). The loss of DNA methylation in recurrent /DH-mutant gliomas has been associated with
a more aggressive phenotype (de Souza et al., 2018), the majority of these G-CIMP-low tumors having
alterations affecting the RB pathway (e.g., CDKN2A/B homozygous deletion and/or CDK4 amplification).

Longitudinal MRS monitoring allowed to capture 2HG decrease in patients receiving IDH inhibitors, reduction
that occurred within days of starting treatment but that reflected a pharmacodynamic effect and not a
corresponding tumor response. Patients receiving cytotoxic treatments showed instead a slower reduction in
2HG levels, occurring over weeks, that, however, was always consensual with tumor volume variations. The
decrease in 2HG levels seemed more rapid in patients receiving the combination radiotherapy-PCV compared
to patients receiving radiotherapy-PCV, observation that is consistent with the clinical and radiological
responses observed in daily practice. At progression, not all patients showed a consensual rise of 2HG levels,

suggesting that MRS might not be an accurate tool for the early detection of tumor progression.

The attempt to use 2HG concentrations in urine as a surrogate biomarker were disappointing because of the lack
of correlation with 2HG concentrations in tumor tissue. 2HG concentrations in plasma correlated instead with
both 2HG levels on MRS and with 2HG concentrations in tumor tissue, encouraging further explorations on

plasmatic 2HG concentrations as biomarker for the longitudinal assessment of tumor response and progression.

Manuscript in preparation
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Clinical-molecular characterization of rare subgroups of /DH-wildtype

gliomas
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Gliomas in patients with neurofibromatosis type 1

Background

Neurofibromatosis type 1 (NF1) is an autosomal dominant disorder resulting in a tumor predisposition syndrome
affecting about 100,000 people in the United States (1 in 3,000 individuals) (Uusitalo ef a/., 2015). Individuals
with NF1 suffer from a wide range of clinical manifestations related to an increased risk of malignant and non-
malignant conditions (Gutmann et al., 2017). NF1 is caused by germline mutations in the NF'1 tumor suppressor
gene, which encodes for a GTPase-activating protein called neurofibromin that functions as a negative regulator
of the RAS oncoprotein. Neurofibromin regulates cell growth and survival by accelerating the conversion of
active GTP-bound RAS to its inactive GDP-bound form. Thus, loss of neurofibromin expression, as seen in
tumors associated with NF1, is predicted to lead to increased cell growth and survival through hyperactivation
of RAS (Brems et al., 2009).

Recent genome-wide studies have revealed that sporadic malignancies including gliomas (both lower grade
gliomas and glioblastomas) have haploinsufficient or nullizygous loss of NF'/, indicating that NF'/ functions as
a somatic tumor suppressor gene in the general population (Philpott ez al., 2017). NF1 patients are predisposed
to develop brain tumors, with gliomas occurring in 15-20% of individuals with NF1 (Uusitalo et al., 2016)
(Seminog and Goldacre, 2013). Besides low-grade gliomas of the optic pathway (Blanchard et al., 2016) that
occur in about 15% of affected children, NF1 patients are also prone to develop non-optic gliomas, more
frequently later in life, which manifest with a spectrum of histological subtypes including high-grade gliomas
(Sellmer et al., 2017). Although the predisposition to develop CNS tumors in patients with NF1 is well
recognized, the molecular features of gliomas occurring in patients with NF1 have remained obscure, preventing
the development and the application of novel therapeutic approaches. It is also unclear whether the molecular
profiles of NF1-gliomas recapitulate the subtypes recently identified in sporadic gliomas (Ceccarelli et al.,
2016). Here we report a comprehensive analysis of NF1-gliomas. We defined distinct features in low- and high-

grade tumors, and comparatively evaluated the genomic features of syndromic NF1 and sporadic gliomas.

Patients and Methods

Sample cohort. Glioma frozen samples and matched peripheral blood samples were available from NF1
patients who underwent surgical treatment. Samples were obtained from the Onconeurotek Tumorbank of the
Pitié-Salpétriere Hospital (Paris, France), the Istituto Neurologico Besta (Milano, Italy), the MD Anderson
Cancer Center (Houston, Texas, USA), and from collaborators in the United States, France, Spain, South Korea,

Germany, and United Kingdom. All samples were obtained after informed consent and approval of the
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institutional review boards of the hospitals where patients were treated. All samples belonged to patients
diagnosed with NF1 syndrome according to the National Institutes of Health Consensus Development
Conference (1988). Samples were collected from 56 NF1 patients. From 1 patient 4 spatially distinct samples
were obtained, for a total of 59 samples. Blood DNA was available for 43 out of the 56 patients and was used
for WES and NFI germline mutation calling to confirm the clinical diagnosis and to identify SNVs from
matched tumor-normal pairs. The cohort included 35 low-grade gliomas (23 pilocytic astrocytomas, 5
gangliogliomas, 3 xanthoastrocytomas, 2 optic pathway gliomas, 1 diffuse glioma, and 1 low-grade calcifying
astrocytoma) and 24 high-grade gliomas (13 GBM, 6 anaplastic astrocytomas, 1 anaplastic diffuse glioma, 1
anaplastic ganglioglioma, 1 anaplastic xanthoastrocytoma, 1 gliosarcoma, and 1 anaplastic astrocytoma). The
median age of patients at time of surgery was 20 years, with 22 pediatric (< 16 years) and 33 adult (> 16 years)

patients (for one patient age was unknown).

WES. Sequencing libraries were generated from 1 pg of genomic DNA using Agilent SureSelect Human All
Exon kit (Agilent Technologies, California, USA) following the manufacturer’s recommendations. Libraries
were sequenced using the [llumina HiSeq platform (150-bp paired end). We performed quality control according
to the following procedure, discarding: (1) a read pair if either 1 read contained adapter contamination, (2) a
read pair if more than 10% of bases were uncertain in either 1 read, and (3) a read pair if the proportion of low-
quality bases was over 50% in either 1 read. Cleaned sequencing reads had an average error rate <1% and a
Phred quality score of Q30. Burrows—Wheeler Aligner was used to map the paired-end clean reads to the human
reference genome (GRCh37/hg19). After sorting with SAMtools and marking duplicates with Broad Picard, we
computed coverage and depth based on BAM files. Sequencing depth had a mean of 103% and a median of 91,
with a mean of 99.78% coverage in the target region. Aligned reads were further processed using GATK to
remove low mapping quality reads (mapping quality score > 20) and re-aligned in the genomic regions around
potential indels. The quality scores were then recalculated for the cleaned BAM files. To eliminate additional
potential mapping artifacts, we excluded variants within 50-bp intervals, whose sequences aligned more than 3
times in the whole genome. To confirm that tumor and blood samples from the same patient were properly
paired, we performed a ‘fingerprint’ analysis using NGS CheckMate, a model-based method evaluating the
correlation between variant allele fractions, defined as the ratio of the number of reads supporting a non-

reference allele to the total number of reads, estimated from two samples at known SNP sites.

Mutation calling and pathogenicity prediction. Somatic SNVs and indels were identified in tumors with
matched normal samples by integrating the results from five algorithms for variant calling: VarScan2,
Freebayes, Strelka, MuTect, and VarDict. In tumor samples for which blood DNA was unavailable, nucleotide
variants were identified using GATK HaplotypeCaller followed by the correction with a virtual normal as a
substitute for the missing matched normal to filter out germline variants. The virtual normal was built from a
set of 433 public samples from healthy, unrelated individuals sequenced to high depth in the context of the 1000

Genomes Project. To reduce false positive events, all somatic variants detected by matched normal and virtual
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normal methods were further filtered according to the following criteria: (i) variant-supporting read count > 2;
(i1) variant allele frequency > 0.05; (iii) average variant position in variant-supporting reads (relative to read
length) > 0.1 and < 0.9; (iv) average distance to effective 3' end of variant position in variant-supporting reads
(relative to read length) > 0.2; (v) fraction of variant-supporting reads from each strand > 0.01; (vi) average
mismatch quality difference (variant - reference) < 50; (vii) average mapping quality difference (reference -
variant) < 50.

Somatic variants were annotated using the AnnoVar algorithm, which aggregates information from genomic
and protein resources (GENECODE, UniProt, dbNSFP) with cancer (COSMIC, ClinVar) and non-cancer
(dbSNP, 1000 Genomes, Kaviar, Haplotype Reference Consortium, Exome Aggregation Consortium, NHLBI
Exome Variant Server) variant databases. Among the annotated variants, we selected only those producing a
direct effect on the protein sequence (missense, truncating, stoploss, splicing variants, frameshift, and in-frame
indels). Variants reported in the non-cancer databases with a minor allele frequency > 0.05 were classified as
germline polymorphisms and excluded. Additionally, variants occurring in very large genes and in highly
paralogous genes were filtered out as common sequencing artifacts.

GATK HaplotypeCaller was used to call germline variants occurring in NF'/ and in genes previously implicated
in NF1-like syndromes. Identified variants were processed to remove false positives as described above. The
functional effect of missense SNVs and in-frame indels was determined using multiple prediction algorithms.
MutationTaster2, Polyphen2, Provean, and SIFT were applied to predict the pathogenicity of missense SNVs.
The pathogenic effect of in-frame indels was determined using FATHMM-Indel, Provean, SIFT-Indel, and
VEST-Indel. Variants predicted as damaging by two or more algorithms were classified as pathogenic
mutations. To distinguish between germline and somatic events of the NF/ gene detected in tumor without a

matching normal, we used the algorithm implemented by Chapuy et al. (Chapuy et al., 2018).

DNA copy number analysis. Somatic copy number was estimated from WES reads using the GATK copy
number protocol. The coverage depth of aligned reads was analyzed to detect CNVs using a hidden Markov
model for change-point detection. A normal DNA reference was created by integrating copy number from NF1
patient blood samples and used for the comparison with CNVs detected in tumor samples to encapsulate
sequencing noise and identify somatic events. GISTIC2 was used to integrate results from individual patients
and identify genomic regions recurrently amplified or deleted in NF1-gliomas. Chromosomes X and Y copy
numbers in normal and tumor samples were estimated from WES data using CNVKkit to confirm patient gender

and to compute chromosome X tumor ploidy.

mRNA sequencing and unsupervised cluster analysis. mRNA was purified from total RNA using poly-T
oligo-attached magnetic beads. The mRNA was first fragmented randomly by the addition of a fragmentation
buffer. First-strand cDNA was synthesized using random hexamer primers and M-MuLV reverse transcriptase
(RNase H-). Second-strand cDNA synthesis was subsequently performed using DNA polymerase I and RNase
H. Double-stranded cDNA was purified using AMPure XP beads. Remaining overhangs of the purified double-
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stranded cDNA were converted into blunt ends via exonuclease/polymerase activities. After adenylation of the
3" ends of DNA fragments, a NEBNext Adaptor with hairpin loop structure was ligated to prepare for
hybridization (NEB Next Ultra RNA Library Prep Kit). Libraries were sequenced on an [llumina HiSeq platform
(150-bp paired end). Sequencing quality was assessed through error rate and base quality distributions of reads
for each sample. We filtered the raw data, removing reads containing adaptors and reads containing more than
10% of bases that could not be determined, and reads including over 50% bases with a Phred quality score < 5.
Cleaned reads had error rate mean < 2% and Q30 > 90% for all samples.

The reads were aligned to the human reference genome (GRCh37/hgl19) using STAR and the expression was
quantitated at gene level using featureCounts, a count-based estimation algorithm. Downstream analysis of gene
expression was performed in the R statistical environment. We applied GC-correction for the within
normalization step and upper-quantile for the between phase, according to a described pipeline (Risso et al.,
2011). Most variable genes (1,330) among 29 NF1-glioma samples were used for consensus clustering on the
Euclidean distance matrix (10,000 random samplings using 70% of the 29 samples). Best sample clustering
(Calinski and Harabasz criterion) was obtained with & = 2 groups. Differential expression analysis was then
performed between the two groups of samples, and the list of the 100 most differentially expressed genes (two-
sided Mann—Whitney—Wilcoxon (MW W) test) was used to construct a heat map comprising the whole data set.
Samples were clustered using the hierarchical clustering algorithm based on the Ward linkage method and the

Euclidean distance as implemented in R.

Gene ontology networks. Gene ontology enrichment was computed using either: (1) MWW-Gene Set Test
(GST), when a full ranked list of genes was available; or (2) Fisher’s exact test, when only a list of significant
genes was available. The significant gene ontology terms from MWW-GST (g < 0.001, absolute NES > 0.6) or
Fisher's exact test (¢ <0.01) analysis were further analyzed using the Enrichment Map application of Cytoscape.
In the network, nodes represent the terms and edges represent known term interactions and are defined by the
number of shared genes between the pair of terms. The size of the nodes is proportional to the number of genes

in the category. A cut-off was set to the overlapping coefficient (> 0.5) to select overlapping gene sets.

Assembly of the transcriptional interactomes and master regulator analysis. To identify master regulators
of the gene expression signature activated in the high-grade LGm6 IDH wildtype pan-glioma A TRX mutant (8
samples) versus ATRX wild-type (40 samples) subgroup, we used the transcriptional network assembled from
gene expression profiles of the IDH-wildtype pan-glioma dataset using the RGBM algorithm from our previous
works (Mall et al., 2018) (Frattini et al., 2018). The transcriptional interactome comprised 300,969 interactions
between a predefined set of 2,137 transcriptional regulators and 12,656 target genes. We used the same
workflow for master regulator analysis and activity described in the same papers. As a result, we obtained 89
master regulators, 41 of which were enriched in 47TRX mutant samples (two-sided MWW-GST adjusted P <
0.01, absolute NES> 0.6, and two-sided MWW test for differential activity adjusted P < 0.01).
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DNA methylation analysis and integrative analysis with the TCGA IDH-wildtype cohort. Methylation
analysis of NF1-glioma genomic DNA was performed using the Illumina Human 850K EPIC Infinium
Methylation BeadChip. Array data were imported in the R statistical framework using the Minfi package and
normalized using functional normalization. NF1-glioma DNA methylation profiles were classified in one of the
pan-glioma methylation clusters by a nearest neighbor classifier using the 1,233 cancer-specific DNA
methylation probes obtained by intersecting the 1,300 probes used by Ceccarelli et al. (Ceccarelli et al., 2016)
and those available on the 850K EPIC Infinium Methylation platform. For the joint unsupervised analysis of
the TCGA cohort and the NF1 tumors, we first dichotomized the data using a § value > 0.25 as a threshold for
positive DNA methylation. This binarization tends to mitigate the effects of variable tumor purity between the
TCGA cohort and the NF1 cohort. Unsupervised hierarchical clustering on the 1,233 CpG sites was then applied
using a binary distance metric for clustering and Ward’s method for linkage. The dendrogram has two main
branches, one corresponding to /DH-mutant tumors and one corresponding to /DH-wildtype tumors. The
Calinski and Harabasz curve had two local maxima at k=2 and k= 5. Cutting the tree with 5 groups resulted in
cluster 3 containing 100% of the NF1 tumors (31 of 31 samples with DNA methylation assay) and 95% (62 of
65) sporadic LGm6 tumors.

Integrative expression and DNA methylation analysis. We analyzed differences in DNA methylation level
between the subgroups of low-grade NF1-gliomas characterized by differential activation of immune cells. After
removing probes targeting X and Y chromosomes and probes not associated with promoters, the final
methylation data matrix comprised 11 low-grade gliomas (5 low-immune and 6 high-immune) and 105,956
probes. Differential methylation analysis was then performed between low- and high-immune samples of the
low-grade cohort using a two-sided MWW test (P < 0.01 and absolute methylation fold-change > 0.3), and the
list of the 259 most differentially methylated probes (229 hyper- and 30 hypo-methylated) was used to construct
a heatmap comprising the whole dataset. Samples were clustered using the hierarchical clustering algorithm
based on the Ward linkage method and the Euclidean distance, as implemented in R. Furthermore, differential
expression analysis was also performed on the two groups of samples (9 low-immune and 10 high-immune)
using the two-sided MWW test (P < 0.01 and absolute expression fold-change > 1; 15 up- and 109 down-
regulated) for integrative analysis. The primary probe for each gene was chosen as the one located closest to the
—100-bp position in the promoter relative to the transcription start site; this location should be in a key region
of the promoter to correlate with expression changes. Integration of the normalized gene expression and DNA
methylation gene lists identified a total of 115 of 11,979 unique genes with both significant DNA methylation
and RNAseq gene expression changes between low- and high-immune lower-grade samples. In particular, 68
of the 115 genes were significantly hyper-methylated and down-regulated in low-grade/low-immune compared
to low-grade/high-immune samples. Finally, a starburst plot for comparison of DNA methylation and RNAseq
gene expression data was constructed using log10 (P value) for DNA methylation (x axis) and gene expression

(y axis) for each gene.
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Pairwise mutual exclusivity and co-occurrence of somatic alterations. Pairwise mutually exclusive somatic
alterations were identified using CoMEt with the ‘exhaustive’ option. Pairwise co-occurrence was tested by
Fisher’s exact test. Statistically significant exclusion and co-occurrence patterns were visualized using

Cytoscape with edge thickness representing —log10 (P value).

Mutational signatures. The R package DeConstructSigs was used to determine the proportion of COSMIC

signatures as defined by Alexandrov et al. (Alexandrov ef al., 2013).

Dirichlet-multinomial regression for mutational spectra. The correlation between mutational spectrum as a
response variable (C>T, C>A, C>G, T>C, T>A, and T>G) and age, grade, and ATRX mutational status as

predictor variables was determined by a Dirichlet-multinomial model.

Clonality estimation. Allele mutations and copy number calls for each sample were loaded into maftools to

obtain mutational clones using the inferHeterogeneity function.

Neoantigen prediction. For all samples analyzed with both Exome-seq and RNAseq available, the four-digit
HLA type was predicted using Polysolver, Optitype, Phlat, and Seq2hla, respectively. HLA type was determined
if predictions were consistent in any one of the following conditions: (1) Polysolver and Optitype, (2) Polysolver
and Phlat, (3) Polysolver and Seq2hla, (4) Optitype and Phlat, or (5) Optitype and Seq2hla. Missense mutations
were then used to generate a list of all possible 9-mers. The binding affinity of the mutant and the wildtype
peptide to patient’s germline HLA alleles was predicted using netMHCpan-4.0. High-affinity binders were
defined as those with a half-maximum inhibitory concentration (ICso) equal to or below 500 nM. Low-affinity
wildtype allele binders were defined as having an ICso greater than 500 nM. Accordingly, a mutant-specific
binder was referred to as a neoantigen when the mutant ICso was below 500 nM and the wildtype ICso was above

500 nM.

In vitro peptide-HLA I binding assay. Peptide-HLA class I in vitro binding affinities were determined as
described previously (Harndahl et al., 2009). Purified recombinant HLA class I heavy chains were diluted into
a refolding buffer (tris-maleate buffer, pH 6.6) containing  2-microglobulin and serial 10-fold dilutions (0.01
nM to 200 uM) of the test peptide, and incubated for 48 hours at 18°C to allow for equilibrium to be reached in
PBS. The HLA concentration was 1.25 nM, and PB2-microglobulin concentration was 10 nM. Complex
formation was detected using a proximity based luminescent oxygen channeling immunoassay. Donor beads
were obtained preconjugated with streptavidin from Perkin Elmer; acceptor beads were conjugated in house
with W6/32, a pan-specific anti-HLA class I mouse monoclonal antibody (Sigma-Aldrich, MABN1783, 1 mg
ml-1) using standard procedures as described by the manufacturer. Binding affinity (Kd) was determined as

previously described (Harndahl et al., 2009) using the GraphPad Prism software 6.0.

C-circle assay. The C-circle assay was done as previously described (Henson et al., 2009). Data are presented

as the average of three technical replicates for each DNA sample.
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RT-gPCR. Total RNA was prepared using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen) according to the
manufacturer’s instructions, and cDNA was synthesized using SuperScript II Reverse Transcriptase
(Invitrogen). Reverse transcription quantitative PCR (RT—qPCR) was performed with a 7500 Real Time PCR
thermal cycler system (Applied Biosystems), using SYBR Green PCR Master Mix (Applied Biosystems). Data
are presented as -A Cr (Cr18S - Cr selected gene) of triplicate samples (Cr, threshold cycle). Experiments were

repeated three times with similar results.

Genomic qPCR. Genomic DNA from blood and tumor samples was assayed by quantitative PCR (qPCR) using
SYBR Green PCR Master Mix (Applied Biosystems). Dimethyl sulfoxide was added at a final concentration of
5% for amplification of the INK4A4 gene. Fluorescence intensities were detected using 7500 Real Time PCR
thermal cycler (Applied Biosystems), and Cr values were calculated using High-Resolution Melt Software v2.0
(Applied Biosystems). Standard curves for test and reference primers were generated using dilution series of
genomic DNA. Each dilution was tested in triplicate. The Cr values (the cycle at which the change in
fluorescence for the SYBR dye passes a significance threshold) were used for data normalization. ACr values
(Cr18S - Cr selected gene) of triplicate samples were used to calculate copy number changes relative to control

DNA. Experiments were repeated three times with similar results.

Bi-allelic mutation analysis of NFI1. To determine whether the two different mutations detected in an
individual tumor were on the same or on separate alleles, the genomic DNA or cDNA (obtained from reverse
transcription using Superscript Il reverse transcriptase, Invitrogen) fragments that included the two mutations
were amplified using AccuPrime taq DNA polymerase high fidelity. PCR products of the corrected size were
purified using QIAquick PCR Purification Kit (Qiagen), subcloned into plasmid pCR Blunt II TOPO, and used
to transform Escherichia coli. DNA was isolated from individual colonies resistant to kanamycin and subjected
to Sanger sequencing reaction using sense or anti-sense primers to detect one of the two mutations in the sense
or the anti-sense sequence, respectively. Results were analyzed using Sequencer 5.4.6 (Gene Codes
Corporation). The sequence of each identified mutation was confirmed in at least two independent plasmid

clones.

Immunohistochemistry. Immunostaining was performed as previously described (Frattini et al., 2018). For
ATRX immunohistochemistry, deparaffinization and immunolabeling of sections were performed by a fully
automatic immunohistochemistry system, Ventana BenchMark XT (Roche), using a streptavidin—peroxidase
complex with diaminobenzidine as chromogen and hematoxylin counterstaining of nuclei. Primary ATRX
antibody was from Sigma-Aldrich (HPA001906) and was used at 1:200 dilution. Images were acquired under
20x magnification using an Olympus IX70 microscope equipped with a digital camera. For immune cell marker
analysis, tumor sections were deparaffinized in xylene and rehydrated in a graded series of ethyl alcohol.
Antigen retrieval was performed in citrate solution pH 6.0 (CD20 and CD68) or Tris-EDTA solution pH 9.0
using a decloaking chamber (7 min for CD3 and CD8 and 15 min for GZMB). After peroxidase blocking in 3%
H202 for 15 min, slides were blocked for 1 hour in 10% horse or goat serum, 0.25% Triton X-100, and 1x PBS.
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Primary antibodies were incubated at 4°C overnight: CD3 (Dako, A0452, 1:200), CD8 (Leica NCLL-CD8-
4B11, 1:200), GZMB (Leica, PA0291, ready to use), CD20 (Leica, NCLL-CD20-L26, 1:200), and CD68
(Sigma, HPA048982, 1:2,000). Sections were incubated in horseradish peroxidase-conjugated secondary
antibody (Dako Envision+ System HRP Labelled Polymer ready to use anti-mouse and anti-rabbit, K4000 and
K4003, respectively) for 30 minutes and 3,3-di-amino-benzidine (Vector) was used as substrate. Nuclei were
counterstained with hematoxylin (Sigma). Slides were dehydrated and mounted. Five to 11 images for each
section were acquired under 20x magnification using an Olympus IX70 microscope equipped with a digital
camera. Positive cells were counted in an area of 0.15 mm?. Results are shown as average number of positive
cells per 0.15 mm?. Comparisons between two groups were analyzed by -test with Welch correction (two-sided,

unequal variance).

Statistical analysis. Comparisons between groups were analyzed by #-test with Welch correction (two-sided,
unequal variance) and/or the MWW non-parametric test. Results in bar graphs are expressed as mean + standard
deviation for the indicated number of observations. Box plots and scatter plots show the median value and the
first to the third quartile, and whiskers indicate the smallest and largest values. All statistical analyses were

performed using the GraphPad Prism software 6.0 or the R software.

Results

Cohort characteristics. The tumor cohort analyzed in this study was composed of 59 glioma samples from 56
patients (33 females and 23 males) meeting the clinical criteria for NF1. Tumor samples were from 22 children
(age range: 2—15 years) and 33 adults (age range: 18—63 years) (one patient lacked age information), and were
classified as low grade (grades I and II, n=35) and high grade (grades III and IV, n=24) gliomas. Children
developed mostly low-grade tumors (77% of pediatric gliomas were low grade), while high grade gliomas
occurred primarily in adults (78% of high-grade tumors were observed in adults) (Figure 22, panel a). Age and
grade distribution in our cohort is consistent with the notion that NF1-gliomas are primarily benign during
childhood, whereas malignant gliomagenesis occurs later in life (Gutmann et al., 2002) (Helfferich et al., 2016).
WES was performed in the 59 NF1-glioma samples and in matched blood DNA (available for 43 patients) and
was used to call germline and somatic SNVs, small insertions and deletions (indels), and CNVs. We validated
each class of germline and somatic DNA sequence alterations discovered by WES through secondary assays.
Germline and somatic SNVs were confirmed by Sanger sequencing of matched blood and tumor DNA. Across
variant types, we validated 93% of SNVs, which were therefore referred to as verified variants. We determined
the functional effects of each missense mutation and in-frame indel by applying a pathogenicity prediction
platform including eight independent algorithms. Recurrent WES-detected somatic CNVs were estimated by
GISTIC2.0 and confirmed by qPCR of genomic DNA (CNV validation rate: 96%). We also carried out mRNA

expression analysis from RNA sequencing of 29 tumors and DNA methylation of 31 tumors.
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The landscape of germline NF1 gene mutations in glioma patients. To determine the pattern and frequency
of predisposing NF'/ gene mutations in patients who developed glioma, we analyzed blood DNA by WES. We
also inferred the germline status of NF1 mutations from the analysis of tumor-only samples using a recently
described computational approach (Chapuy et al., 2018). We found germline mutations inactivating the NF/
gene (typically truncating and frameshift) in 51 of the 56 (91%) patients analyzed. The 91% NFI germline
mutation rate is within the highest frequencies previously reported in NF1 patients. Among the identified NF'/
germline mutations, 32 variants had previously been reported in NF1 patients (http://www.hgmd.cf.ac.uk),
whereas 19 were new pathogenic variants. We did not find pathogenic germline variants in genes previously
implicated in NF1-like syndromes (SPREDI, BRAF, CBL, GNAS, HRAS, KRAS, MAP2K1, MAP2K2, MLH]I,
MSH?2, MSH6, NF2, NRAS, PMS2, PTPNI11, RAF1, RASA2, RIT1, SHOC2, SOS1, SOS2) (Messiaen et al.,
2009). The comparative analysis of blood and tumor DNA revealed that variant allele frequency of constitutive
NFI mutations increased, resulting in loss of heterozygosity in the majority of tumors. The spectrum of NF'1
mutations in patients who developed gliomas did not cluster into specific domains of the NF1 protein, and the
distribution of mutations was not related to patient age or tumor grade (Figure 22, panel b). These findings are
in agreement with the broad distribution of germline mutations of the NFI gene previously reported in
unselected NF1 patients (Gutmann et al., 2017). They also indicate that the probability of developing a brain
tumor is not dependent on particular patterns of NF'/ gene mutations in the patient’s germline. We found that,
in addition to the pathogenic NF/ germline variant, seven tumors harbored a second NF/ somatic mutation.
This finding is consistent with previous studies that reported frequent somatic NF'/ mutations in neurofibromas
from NF1 patients (Laycock-van Spyk ef al., 2011). We used four of seven tumor samples for which DNA or
RNA was available to amplify a single fragment that included both germline and somatic mutations, cloned the
amplified genomic or complementary DNA, and sequenced individual clones. As expected, we found that
multiple clones for each tumor contained only the germline or somatic mutation, indicating that the two

mutations reside on different alleles.

The landscape of somatic genomic alterations cooperating with NF1 for glioma development. The
application of a stringent somatic mutation-calling algorithm to the cohort of NF1-gliomas resulted in 1,007
high-confidence somatic mutations across 59 tumors, including 838 SNVs and 169 indels, 767 of which were
predicted to carry pathogenic effects. Mutation burden increased with grade and age, adult high-grade gliomas
having a six-fold higher mutation load than low-grade tumors in children (Figure 22, panel c—¢). Statistically
significant CNVs comprised gains at 5q31.3 (FGF'I), 5p15.33 (TERT), 4q31.21 (IL15), and 17p13.2 (KIF1C),
and losses at 9p21.3 (CDKN2A/CDKN2B). The IDHI gene, which is frequently mutated in sporadic low-grade
gliomas and in the G-CIMP group of glioblastomas (Yan et al., 2009), was wildtype in all 59 NF1-gliomas,
regardless of grade and age. Similarly, mutations of H3.3 histone genes, genetic lesions frequently found in

sporadic pediatric gliomas (Schwartzentruber et al., 2012), were absent in pediatric or adult NF1-gliomas.
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Figure 22. Analysis of germline and somatic mutations in NF1-glioma patients. Panel a: The relative frequency distribution of age at diagnosis is represented by density plot: the overall distribution of NF1-glioma patients
(dashed black line, n = 55) by age identifies two peaks, 13.5 and 38.8 years. Low-grade gliomas (blue line, #n = 32) occur more frequently in children, while high-grade gliomas (red line, n = 23) are diagnosed more frequently
in adults. Panel b; Germline mutations in the NF'/ gene identified in NF1-glioma patients by WES. The spectrum of NF/ germline variants (SNVs and indels) is represented with each mutation shown only once per patient.
We identified NF/ germline pathogenic mutation in 51 of 56 (91%) patients. Patients no. 47 and no. 52 had one additional pathogenic germline mutation. Panel c: Scatter plot showing the number of somatic mutations (SNVs
and indels) occurring in low-grade and high-grade NF1-glioma (P = 7.4 x 107). Panel d: Scatter plot showing the number of somatic mutations occurring in pediatric and adult patients (P = 9.8 x 10~%). Panel e: Scatter plot
showing the number of mutations according to grade and age (P = 3.8 x 1073, high-grade versus low-grade adult gliomas; P = 0.025, adult versus pediatric low-grade gliomas; P = 0.06, low-grade versus high-grade pediatric
gliomas; P = 0.07, pediatric versus adult high-grade gliomas. Scatter plots show median and interquartile range. Median and range of mutations are reported below each plot.
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Additionally, the landscape of SNVs in low-grade NF1-gliomas was markedly different from that of high-grade
tumors. Sporadic gliomas frequently harbor genetic alterations that cause telomere elongation. This process is
typically carried out through mutations in the 7ERT gene promoter in /DH-wildtype tumors (Ceccarelli ef al.,
2016). Conversely, in sporadic lower grade gliomas of the adult harboring co-occurring mutations of /DH/ and
TP53, the telomerase-independent alternative lengthening of telomeres (ALT) is sustained by inactivating
mutations of ATRX, a gene encoding a chromatin remodeler and epigenetic modifier protein (Ceccarelli ef al.,
2016). In NF1-glioma, we failed to detect mutations in the TERT promoter by targeted sequencing but we found
copy number gain of the TERT gene more frequently in low-grade than in high-grade tumors (47% vs. 12%, P
=9 x 107) (Figure 23). Despite the absence of /DHI mutations, high-grade NF1-glioma frequently harbored
inactivating mutations of ATRX (9/24, 38%), while this alteration was very rare in low-grade tumors (1/32, 3%)
(Figure 23).

Figure 23. Landscape of somatic genomic alterations in NF1-glioma. Integrated matrix of 59 glioma samples from 56 patients and gene variants (SNVs,
indels, and CNVs) observed in NF1-glioma (left panel, high-grade glioma; right panels, low-grade glioma). Rows and columns represent genes and
tumor samples, respectively. Genomic alterations, age, histology, and NF/ germline mutations are indicated. NF1-glioma samples are sorted by their
mutation profiles, except for patient no. 5, hypermutated high-grade glioma, and patient no. 39, including four spatially distinct glioma samples, which
are shown at the last columns of left and right panel, respectively. Recurrently mutated genes are selected for their previously established association
with glioma (4TRX, CDKN2A, TP53, PIK3CA/B, PTEN, BRAF, FGFRI and FGF1, PRKCA, TERT), cancer biology (DOCK2/3/6, FDZ3/8, BCL9/9L,
TOP2/3B), and immune functions (/L15, DGKQ). Genes are sorted according to higher frequency (percentage of patients) in high-grade (top, red) or
low-grade gliomas (bottom, blue), respectively. Validations by Sanger sequencing (SNVs) and quantitative-genomic PCR (gains and losses) are indicated
by yellow and green triangles, respectively. LOH, loss of heterozygosity.
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ATRX mutations were mutually exclusive with TERT gene copy number gain and co-occurred with copy number
loss of CDKN2A/CDKN2B, which was also more frequent in high-grade (58%) in comparison to low-grade
tumors (19%), and with 7P53 mutations, which were absent in low-grade NF1-glioma (Figure 23). The ATRX
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mutation emerged from a multinomial regression model including age and grade as the only independent
predictor of somatic mutational spectrum in protein-coding regions (P = 1.1 x 107). In conclusion, together
with 7P53 mutations and CDKN2A copy number losses, ATRX mutations characterize high- but not low-grade
gliomas from NF1 patients.

Gene pathway analysis performed on CNVs and SNVs that had been selected for pathogenic features indicated
that five biological pathways were commonly targeted, often in a mutually exclusive manner. In total, 22 of 24
(92%) high-grade and 24 of 32 (75%) low-grade NF1-gliomas harbored genetic alterations in one or more of
five key biological processes. These included the PI3-kinase pathway, which was more frequently targeted in
high-grade (50%) compared with low-grade (3%) NF1-gliomas (P = 4.7 x 10°), the transcription / chromatin
regulation pathway, which was disrupted in high-grade at higher frequency than low-grade NF1-gliomas (83%
and 38%, respectively, P = 9.1 x 10%), and RNA splicing, affecting 42% of high grade and 12% of low grade
(P =0.03). Conversely, the MAP kinase pathway was more frequently targeted in low-grade than high-grade
tumors (59% and 29%, respectively, P =0.03). Genetic alterations of cilium/centrosome occurred in a significant

fraction of NF1-gliomas but were similarly distributed in high- and low-grade NF1-gliomas.

Validation and functional characterization of ATRX inactivation in high-grade NF1-gliomas. Functional
annotation revealed that ATRX mutations were damaging events, predicted to generate truncated or inactive
ATRX proteins (Figure 24, panel a). In accordance with the increased frequency of high-grade tumors in older
patients, we also found that 4TRX mutations in NF1-gliomas primarily occurred in adults. Conversely, ATRX
mutations were rare in children as only 1 of the 22 pediatric NF1-gliomas harbored an 47TRX mutation (Figure
24, panel b). As ATRX mutations occurring in NF1-gliomas are predicted to severely impact ATRX protein
expression, we sought to validate our sequencing findings in an independent dataset of 23 NF1-gliomas (16
high-grade and 7 low-grade) using FFPE samples and ATRX immunohistochemistry. Whereas ATRX protein
expression was detected in 7 of 7 (100%) low-grade tumors, it was undetectable in 8 of 16 (50%) high-grade
NF1-glioma samples (P = 0.05) (Figure 24, panel c¢ and d). Thus, immunohistochemistry data converged with
sequencing results and confirmed that approximately half of high-grade gliomas from NF1 patients lose ATRX
expression, which is instead retained in low-grade tumors. Next, we asked whether the loss of ATRX is
associated with the ALT phenotype in the context of NF1-gliomas. In primary tumors, ALT can be determined
by measuring a specific type of circular and mostly single-stranded C-rich extrachromosomal telomeric repeat
(C-circles) (Henson et al., 2009). The C-circle assay of 21 NFI-gliomas from which genomic DNA was
available showed that 10 of 10 gliomas harboring ATRX mutations scored positive for the presence of ALT-
specific C-circles but only 1 of 11 (9%) tumors that retained a wild-type 4ATRX was positive for C-circles (P =
2.3 x 107%) (Figure 24, panel e).
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Figure 24. Analysis of ATRX somatic mutations in NF1-glioma patients. Panel a: 47RX mutations were identified by WES. The spectrum of 47RX somatic
variants (SNVs and indels) is represented with each mutation shown only once per patient. We identified and validated by Sanger sequencing ATRX
pathogenic mutations in 10 patients (1 low-grade glioma and 9 high-grade gliomas). Panel b: The relative frequency of age distribution is represented for
all patients (dashed black line, n = 55), ATRX wild-type (green line, n = 46), and ATRX mutant gliomas (red line, n = 9). Panel c: Microphotographs of
ATRX immunohistochemistry in gliomas from NF1 patients. Representative images are from a low-grade glioma (left) and a high-grade glioma (right).
High-grade glioma samples were negative for ATRX expression whereas low-grade gliomas retained ATRX protein expression. Panel d: Contingency
table shows loss of ATRX protein expression in 8 of 16 high-grade and in none of 7 low-grade NF1-gliomas (P = 0.05). Panel e: C-circle (CC) assay was
performed to measure ALT activity in NF1-glioma samples. The scatter plot reports the normalized CC content for each glioma according to ATRX
mutational status: 4TRX wild-type (blue) and A7RX mutant gliomas (red). For each group the median with interquartile range is indicated. All ATRX
mutant gliomas but only one ATRX wild-type glioma showed increased ALT activity (i.e., normalized CC content greater than 1; P =2.3 x 107).
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A subgroup of low-grade NF1-gliomas exhibits an enriched immune transcriptome and contains
abundant cytolytic T lymphocyte infiltrates and tumor neoantigens. To segregate the RNA expression
subtypes across the NF1-glioma dataset, we analyzed 29 RNA-sequencing (RNAseq) profiles from 10 high-
grade and 19 low-grade NF1-gliomas through unsupervised consensus clustering based on the 1,330 most
variable genes, which resulted in 2 main clusters. Cluster 1 (red) was specific for high-grade and cluster 2 (blue)
for low-grade NF1-gliomas (Figure 25, panel a), indicating that tumor grading was the primary driver of
transcriptome clustering. Next, we sought to identify the functional categories that characterize each cluster. A
hierarchical clustering based on the 100 most differentially expressed genes between the 2 groups was
constructed, from which we extracted the top and bottom 50 genes of the test statistics (Figure 25, panel b). We
performed a functional analysis of gene expression categories differentially enriched in high-grade versus low-
grade NF1-glioma samples using a recently described robust, two-sided, single-sample MWW-GST to inform
the construction of a gene ontology enrichment map network (q<0.001, absolute normalized enrichment score
>(.6) (Frattini et al., 2018). The network revealed that the genes enriched in high-grade NF1-gliomas belonged

to categories involved in cell cycle and mitosis, chromosome organization, RNA metabolism, and neurogenesis,
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whereas the biological functions activated in low-grade NF1-gliomas composed an interconnected network of

immune response categories notably enriched for T lymphocyte effector functions (Figure 25, panel ¢ and d).

Figure 25. Transcriptomic analysis of NF1-gliomas. Panel a: Consensus clustering on the Euclidean distance matrix based on the most variable genes
among 29 NF1-glioma samples. The 10 high-grade samples fall in 1 cluster (red) and all low-grade samples (n = 19) fall in a different cluster (blue). Panel
b: Hierarchical clustering of 29 NF1-gliomas by Euclidean distance with the Ward linkage method based on the 100 most differentially expressed genes.
Panel ¢ and d: Enrichment map network of statistically significant gene ontology categories in (c) ten high-grade and (d) 19 low-grade NF1-gliomas.
Nodes represent gene ontology terms and lines their connectivity. Node size is proportional to number of genes in thegene ontology category and line
thickness indicates the fraction of genes shared between groups. Gene network categories in NF1 high-grade gliomas are linked to mitotic progression,
chromosome organization, and RNA biogenesis/regulation. Gene network categories in NF1 low-grade gliomas converge on proinflammatory immune
response enriched for T lymphocyte effector functions. Panel e: Unsupervised clustering of single-sample enrichments of the categories in d. Low-grade
NF1-gliomas are divided into two clusters (red and green), characterized by high- and low-immune gene set enrichments, respectively. Panel f: Tumor
purity scores of low-grade/high-immune, low-grade/low-immune, and high-grade tumors computed by ESTIMATE. The low-grade/high-immune group
has significantly lower tumor purity when compared with either the low-grade/low-immune or the high-grade glioma groups. Panel g: Immune scores of
low-grade/high-immune, low-grade/low-immune, and high-grade tumors computed by ESTIMATE. Panel h-1: Enrichments of CD8+ T cell functions in
low-grade/highimmune compared with low-grade/low-immune and high-grade gliomas. Boxplots report the z-scores and P values for published CD8+ T
cell signatures. Scatter plots show median, interquartile, and minimum to maximum range.
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To recognize the individual low-grade tumors that exhibit immune cell activation, we applied single-sample
MWW-GST using the enriched immune gene sets. The analysis showed that low-grade NF1-gliomas divided
into two clusters, characterized by high- and low-immune gene expression, respectively (Figure 25, panel e).
The application of ESTIMATE (Yoshihara et al., 2013), a validated computational approach for the inference
of the fraction of stromal/immune cells and consequently the tumor cell purity within tumor samples, showed
that the low-grade/high-immune group had significantly lower tumor purity and higher immune score when
compared with either the low-grade/low-immune or the high-grade groups (Figure 25, panel f and g). A
transcriptomic-based analysis with five different CD8+ T cell specific gene expression signatures showed that
low-grade/high-immune NF1-gliomas contain higher numbers of effector CD8+ T cells (Figure 25, panel h-1).
This finding was confirmed by quantitative immunostaining for the T lymphocyte markers CD3 and CDS.
Interestingly, the T cell infiltrates in high-immune NF1-gliomas included cells positive for granzyme B, the key
cytolytic effector that is upregulated on CD8+ T cell activation, and productive responses to immunotherapies.
Conversely, immunostaining for specific markers of B lymphocytes (CD20) and macrophages (CD68) indicated
that these cell types are very rare in both high- and low-immune groups.

Recent data showed that aberrant DNA methylation of genes expressed by immune cells regulates the extent of
immune infiltration in solid tumors (Jeschke et al., 2017). Therefore, we asked whether the activation of an
immune signature in NF1-gliomas might be driven by differential DNA methylation. Towards this aim, we
profiled 11 of the low-grade NF1-gliomas previously analyzed by RNAseq with the 850K Epic Methylation
platform. Clustering based on the probes differentially methylated between high- and low-immune tumors
revealed that the low-immune group exhibited a larger number of hyper-methylated probes than the high-
immune cluster (229 versus 30, P < 0.01). Functional gene ontology analysis of the genes corresponding to the
hypermethylated probes in the low-immune group of NFI1-gliomas identified enriched immune system
categories. We further confirmed this finding by an integrated analysis of gene expression and DNA
methylation, from which a total of 68 genes enriched for immune categories emerged as significantly hyper-
methylated and down-regulated in low- versus high-immune NF1-gliomas. At least eight of these genes are
involved in important T lymphocyte functions.

The execution of an effective anti-tumor immune response by effector T cells is typically driven by neoantigens
generated by somatic mutations of cancer cells (Schumacher and Schreiber, 2015). To assess whether high- and
low-immune NF1-glioma subtypes contain a different number of tumor-specific neoantigens, we evaluated
NF1-gliomas profiled with matched germline/tumor WES and tumor RNAseq for HLA typing and tumor
neoantigen identification. The analysis revealed that the high- but not the low-immune group of NF1-gliomas
expressed neoantigens (P = 0.0337). To characterize the neoantigens identified in high-immune NF1-gliomas,
we performed a homogenous, proximity-based assay that measures the affinity kinetics of mutant neoantigens
and corresponding wild-type peptides for binding to their restricted HLA class I allele (Harndahl et al., 2009).
The mutant peptides bound with markedly higher affinity to HLA than their wildtype peptide counterpart,

consistent with the mutations conferring enhanced HLA binding.
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NF1-gliomas resemble the LGm6 subgroup of sporadic gliomas. Having identified the landscape of genetic
and epigenetic features of NF1-gliomas, we sought to relate them to those of the different subgroups of sporadic
gliomas that we have recently reported in a pan-glioma cohort from The Cancer Genome Atlas (TCGA) project
(Ceccarelli et al., 2016). We first compared the epigenetic features through an integrative analysis of DNA
methylation profiles of NF1-gliomas and the TCGA pan-glioma dataset. We integrated NF1-gliomas with the
TCGA pan-glioma cohort (n = 819) on 1,233 glioma specific methylation probes and performed a supervised
classification of NF1-gliomas using a nearest neighbor classifier trained on sporadic gliomas. We also
performed an unsupervised clustering merging sporadic TCGA gliomas and NF1-gliomas. Both supervised and
unsupervised analyses showed that all of the NF1-glioma samples belonged to the LGm6 group of gliomas,
which is characterized by the divergent survival between grade II and III tumors (pilocytic astrocytoma-like)
and grade IV tumors (LGm6-GBM) (Figure 26, panel a).

Next, we used mathematical methods based on a multiple linear regression model to deconvolute mutation
signatures that in other cancer types have been associated with distinct underlying mutational processes
(Alexandrov et al., 2013). The clustering of the TCGA pan-glioma cohort of /DH-wildtype tumors based on
mutational signatures revealed that the large majority (86%) of sporadic gliomas belonged to a group (cluster
2) that displays a single mutational signature (signature 1). Conversely, a smaller group of tumors (cluster 1)
was richer in mutational signatures, including signature 3, which has been associated with failure of DNA
double-strand break-repair by homologous recombination (Alexandrov et al., 2013). Although cluster 1
contained only 14% of /DH-wildtype gliomas, it included 20 of 48 (42%) LGm6 tumors, therefore manifesting
a marked enrichment for this methylation group (P = 8.1 x 10°®). Interestingly, 100% of NF1-gliomas fell within
cluster 1. The subset of sporadic LGm6 gliomas in cluster 1 exhibited significant enrichment for low-grade
histology (P = 0.02) and, albeit not reaching statistical significance, there was a trend for increased frequency
of NF1 mutations in this group.

Next, we explored in more detail the pattern of driver mutations and CNVs of the LGm6 group of sporadic
gliomas to ask whether it was related to the landscape of somatic alterations of NF1-gliomas. We found that
somatic mutations of the NF'/ gene are frequent in LGm6 tumors (25%). We also found that the key alterations
identified in high-grade NF1-gliomas (ATRX and TP53 mutations and CDKN2A deletions) were also highly
recurrent in LGm6 grade I1I and IV tumors in the LGmo6 subgroup (Figure 26, panel b).

Re-evaluation of the ATRX status revealed that the mutation of this gene is more frequent in this group than the
other subtypes of sporadic /DH-wildtype gliomas (Figure 26, panel ¢). This was in contrast with grade II tumors
that lacked 4TRX mutations and displayed a greatly reduced frequency of mutations (Figure 26 panel b and c).
Furthermore, we found that, whereas the clinical outcome of LGm6-GBM was poor regardless of the ATRX
status, 4ATRX mutations conferred a significantly worse prognosis to the grade III LGm6 patients (P = 0.03),
with a survival that was comparable to that of LGm6-GBM. In contrast, survival of patients with ATRX wild-
type grade III LGm6 glioma was similar to patients with grade II LGm6 glioma (Figure 26, panel d).
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Figure 26. NF1-gliomas resemble LGm6 subgroup of sporadic gliomas. Panel a: Heat map of DNA methylation data for the TCGA pan-glioma cohort
and 31 NF1-gliomas according to the methylation clusters of sporadic gliomas (Ceccarelli ef al., 2016). Thirty-one of 31 NF1-glioma samples were
assigned to the LGm6 methylation cluster, one of the methylation clusters that includes both low-grade and high-grade gliomas. Panel b: Oncoprint of
selected somatic genomic alterations in the LGm6 group of gliomas from the TCGA dataset. Rows and columns represent genes and samples,
respectively. Glioma grade was significantly associated with alterations of ATRX, TP53, CDKN24, PTEN. P = 0.01, P = 0.02, P = 0.04, P = 0.002,
respectively. Panel c: Barplot of ATRX non-synonymous somatic mutations occurring in phenotypic subtypes of /DH-wildtype gliomas (classic-like,
mesenchymal-like, and LGm6) and LGm6 gliomas grouped by tumor grade. 47RX mutations were significantly enriched in grade III LGm6 (P =0.01).
Panel d: Kaplan—Meier survival analysis of LGm6 gliomas stratified according to histological grade and ATRX status for grade III gliomas: grade II
(green curve), grade III 4A7RX mutant (blue curve), grade III ATRX wild-type (cyan curve), grade IV (red curve). The ATRX mutant grade III subgroup
showed a significantly worse survival when compared with ATRX wild-type grade III patients (P = 0.03). Panel e: Master regulators (MR) in ATRX-
mutant glioma. Gray curves represent the activity of each of the 10 MR with the highest (red) or lowest (blue) activity. Red or blue lines indicate
individual 4 TRX-mutant samples displaying high or low activity, respectively, of the MR in 4ATRX-mutant compared with A TRX-wildtype (P value (left)
and mean (right)). Panel f: Hierarchical clustering of MR activity in 48 high-grade LGm6 /DH-wildtype gliomas. Data were obtained using the Euclidean
distance and Ward linkage method built on differential activity of MRs in ATRX mutant (red) versus 47RX-wildtype (black) tumors (P < 0.01). The
activity of 41 of 89 MRs was increased in A TRX mutant samples. Panel g: Enrichment map network of statistically significant gene ontology categories
for genes included in the regulons of the 10 MRs with the highest activity in ATRX mutant gliomas. Nodes represent gene ontology terms and lines their
connectivity. Node size is proportional to number of genes in the gene ontology category and line thickness indicates the fraction of genes shared
between groups.
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Finally, to identify the transcription factors that are causally involved as master regulators of the transcriptomic
changes associated with loss of ATRX in the LGm6 group of /DH-wildtype gliomas, we used the transcriptional
network assembled from a TCGA-derived pan-glioma cohort and applied the RGBM approach, a recently

developed algorithm that involves gradient-boosting machines for the inference of gene regulatory networks.
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We inferred the activity of master regulators enriched in A TRX mutant samples within the LGm6 cluster of IDH-
wildtype gliomas by computing a score that integrates the ability of transcription factors to activate their targets
in each individual tumor sample. The analysis resulted in 41 activated master regulators and 48 inhibited master
regulators in the 8 ATRX mutant high-grade LGm6 samples compared with 40 ATRX-wildtype gliomas (Figure
26, panel e). Unsupervised consensus clustering based on the activity of master regulators resulted in two main
clusters defined by the divergent activity of the two groups of master regulators. The first cluster included all
ATRX mutant samples, whereas the second cluster was exclusively composed of ATRX wildtype samples (Figure
15, panel f). This finding independently validates the 41 activated master regulators as key drivers of the
hallmark features of ATRX-mutant gliomas within the LGm6 group. The enrichment map network built from
gene ontology categories and informed by the inferred targets of the 10 most active master regulators in ATRX
mutant tumors indicated that chromatin and transcription regulation are among the most enriched functions
(Figure 26, panel g). This is consistent with the role of the most active master regulators in A 7TRX-mutant gliomas
(MYST3, CHD2, ZMIZ1, NCORI1, NSD1) as chromatin and epigenetic modifiers. The activation of a unique
set of master regulators with important functions in chromatin remodeling and transcriptional coregulation as
drivers of the ATRX-mutant transcriptome within the /DH-wildtype LGm6 cluster provides a clue to the
molecular events that become deregulated and trigger global epigenomic remodeling and transcriptional

changes following loss of ATRX function in brain tumors.

Discussion

Here we reported the landscape of genetic and epigenetic alterations of gliomas occurring in NF1 patients. It is
important to consider that the inaccessible brain tumor location, the relatively benign behavior of brain lesions,
the comorbidities, and the neurological deterioration associated with surgical intervention most frequently argue
against surgery as choice of treatment for glioma patients with NF1 (Helfferich et al., 2016). Therefore, the
collection of glioma samples analyzed in this study represents the selected subset of tumor lesions that undergo
surgical resection. Nonetheless, a comprehensive analysis of the complete spectrum of glioma grades throughout
the lifespan of NF1 patients has allowed us to follow NF1 gliomagenesis and identify the genetic modules and
the expression signatures that distinguish low- from high-grade tumors. We found that abundant infiltrates of
activated T lymphocytes and mutation-derived neoantigens characterize a subset of low-grade gliomas, whereas
high-grade tumors exhibit frequent mutations of ATRX typically co-occurring with alterations of 7P53 and
CDKN24. We also classified gliomas occurring in the context of the NFI syndrome within a particular
methylation subgroup of sporadic gliomas, the LGm®6, that recapitulates mutational and epigenetic profiles of
NF1-glioma. The discovery that 4A7RX mutations drive aggressiveness in NF1-glioma prompted re-evaluation
of the mutational and clinical features of the sporadic glioma counterpart (LGm6), leading to a more accurate
classification of the sporadic tumors that cluster into this group.

NF1 is associated with a heterogeneous glioma pattern in children and adults (Rodriguez et al., 2008). Therefore,

the dissection of the molecular landscape of glioma in NF1 patients required a comprehensive molecular study
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of brain tumors that could not be limited to a particular age and/or glioma grade. We observed several features
that differentiate low-grade gliomas — which are relatively more common in children — from the high-grade
tumors that instead predominate in adults with NF1. Pediatric low-grade NF1-gliomas exhibit a very low
mutation rate compared to high-grade tumors, with few recurrent somatic mutations. The only set of recurrently
mutated genes in low-grade NF1-glioma are genes involved in the MAPK pathway, thus recapitulating the
genetic features of sporadic pilocytic astrocytoma. Conversely, the mutation burden of high-grade glioma in
NF1 patients was higher and was characterized by recurrent alterations composing a genetic module that
includes loss-of-function events targeting ATRX, TP53, and CDKN2A. Loss of ATRX in high-grade NF1-glioma
is unique when considered within the genetic contexts associated with 4 TRX mutations in sporadic gliomas, in
which they are typically associated with mutations of H3.3 in children or /DHI in adults. The inactivating
mutations of the ATRX gene result in loss of a functional ATRX protein with at least two important mechanistic
consequences: the development of the ALT phenotype and the activation of a transcriptional/chromatin
remodeling gene expression signature in A TRX-mutant NF1-glioma.

Previous work reported that mouse models of low-grade glioma sustained by loss of NF1 manifest specific
alterations of the immune microenvironment (Solga et al., 2015). The analysis of human NF1-glioma confirms
and extends this notion. We found that, compared to high-grade tumors, the gene expression signature more
strongly enriched in low-grade NF1-gliomas is an immune signature including several effector lymphocyte
categories. This has been confirmed by the finding that the high-immune group of low-grade NF1-glioma
contains both rich infiltrates of T lymphocytes, some of which are endowed with cytolytic activity, and
mutation-derived neoantigens that exhibited enhanced HLA binding. The reduced DNA methylation of immune
genes expressed in low-grade/high-immune NF1-glioma is consistent with previous studies in which reduced
methylation and increased expression of immune genes in human tumors was linked to tumor infiltration by
lymphocytes characterized by demethylated and transcriptionally active genes involved in T lymphocyte
functions that, on the contrary, were highly methylated and transcriptionally repressed in cancer cells (Jeschke
et al., 2017). Taken together, our findings suggest that the long indolent course of low grade NF1-gliomas that
rarely progress to high-grade disease (Sellmer et al., 2017) (Helfferich et al., 2016) (Rodriguez et al., 2008)
may be preserved by the checks imposed by adaptive immunity. Further studies are ongoing to better define the
characteristics of tumor infiltrating lymphocytes, as well as PDL-1 expression on tumor cells, in order to assess
whether it exists a subgroup of patients that might benefit from treatment with immune checkpoint inhibitors.
While data on NFI-gliomas are lacking, the dermal and plexiform neurofibromas of NF1 patients show
increased PDL-1 expression (Wang et al., 2018), supporting further investigations.

DNA methylation profiling classified NF1-gliomas within the LGm6 IDH-wildtype cluster of sporadic gliomas
from our recent pan-glioma TCGA study (Ceccarelli et al., 2016). Prompted by the discovery that high-grade
IDH-wildtype gliomas in NF1 patients harbor frequent mutations of ATRX, we re-analyzed the LGm6 subgroup
of sporadic tumors. We found that the original definition of pilocytic astrocytoma-like, which combined
histological grade II and grade III tumors in the LGm6 cluster, is not an accurate representation of the biology

of these tumors. Indeed, mutation pattern and clinical outcome of grade II-LGm6 gliomas diverge markedly
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from those of grade III-LGm6 tumors harboring A TRX mutations, which are more similar to LGm6-GBM. This
finding calls for a re-evaluation of the guidelines for the classification of IDH-wildtype gliomas, given that the
LGm6 group exhibits a larger heterogeneity than previously described and requires analysis of the ATRX status
for an accurate qualification. As previous studies have shown that ATRX loss increases sensitivity to DNA-
damaging agents (Koschmann et al., 2016), ATRX mutations may represent a point of therapeutic intervention
for high-grade NF1-gliomas and LGm6 sporadic gliomas. Our study also suggests that, similarly to NF1-glioma,
the comparative genomic analysis of other NF1-associated neoplasms with their sporadic counterpart may reveal

distinct pathogenic mechanisms that could have therapeutic implications.

Published in Nat Med. 2019 Jan;25(1):176-187.
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Diffuse midline gliomas

Background

Diffuse midline gliomas (MLG) are rare tumors occurring predominantly in children and young adults (Ostrom
et al., 2015). Genomic studies in pediatric MLG showed that these tumors frequently harbor K27M missense
mutations in the H3F34 and the HISTIH3B genes, which encode variants of the histone H3 protein
(Schwartzentruber et al., 2012) (Wu et al., 2012) (Buczkowicz et al., 2014). While HIST1H3B mutations are
anatomically restricted to the brainstem (Wu et al., 2012) (Castel et al., 2015), H3F3A4 mutations have been
reported in MLG of various locations (Khuong-Quang et al., 2012) (Buczkowicz et al., 2014) (Castel et al.,
2015) (Solomon et al., 2016). In pediatric MLG, these mutations associate with a more aggressive clinical
phenotype and with poorer prognosis (Khuong-Quang et al., 2012) (Sturm et al., 2012). Based on these
observations, the 2016 WHO classification introduced the category of “diffuse midline glioma, H3K27M-
mutant” as a novel entity, which is invariably assigned grade IV even in absence of signs of anaplasia (Louis et
al.,2016).

In adults, less than 10% of diffuse gliomas arise from midline structures (Larjavaara et al., 2007) (Ostrom et al.,
2015). Recent studies suggested that adult MLG may differ from both pediatric MLG and from adult
supratentorial gliomas. H3F34 mutations have been reported in adult MLG but their prognostic significance in
adults remains unclear (Aihara et al., 2014) (Feng et al., 2015). Actionable IDHI and FGFR1 hotspot mutations
have also been described in this population (Ryall et al., 2016) (Zhang et al., 2014), though their frequency and
genotype associations remain unclear. Overall, the genomic landscape of adult MLG is poorly understood.
Indeed, the availability of surgical specimens is limited in this population, as the surgical risks related to
anatomical location, and the assumption of a limited survival benefit, often argue against surgery (Reyes-Botero
etal.,2012).

We assumed that unravelling the genomic landscape of these tumors will enable to better define the prognostic
value of molecular biomarkers in this disease and to identify new therapeutic targets. In this study, we report
the clinical, histological, and molecular characteristics of 116 adult patients with MLG and assess the prevalence

and the prognostic significance of the major driver molecular alterations in this population.

Patients and methods

Patients and tumor samples. Patients (> 15 years-old) with a histological diagnosis of MLG were
retrospectively identified in our database (OncoNeuroTek, Pitié-Salpétriére Hospital, Paris; 1996-2017)

according to the following criteria: 1) tumor arising from a midline location (i.e., thalamus, hypothalamus,
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pineal region, brainstem, cerebellum or spinal cord) verified on neuroimaging at diagnosis; 2) histological
diagnosis of diffuse glioma according to the 2016 WHO classification (Louis et al., 2016); and 3) available
follow-up data. All tumor samples underwent histological review and, if required, additional
immunohistochemical studies to ensure an accurate diagnostic classification. Radiological analysis was
performed by two investigators, who independently scored contrast enhancement (absent, mild/moderate,
marked/avid) and necrosis (none, <5%, 6%-33%, 34%—-67%, >67%) according to the Visually Accessible
Rembrandt Images (VASARI) criteria. As controls, we used a set of supratentorial hemispheric diffuse gliomas
with available tumor DNA from the OncoNeuroTek database. All tumor samples and clinical data were

collected after acquiring written informed consent in accordance with the tenets of the Declaration of Helsinki.

DNA extraction and genotyping. DNA was extracted from FFPE or snap-frozen samples, as previously
reported (Reyes-Botero et al., 2014). Hotspot mutations in the /DHI (codon 132), IDH2 (codon 172), H3F3A4
(codon 27 and 34), HISTIH3B (codon 27), FGFRI (codon 546 and 656), BRAF (codon 600), and TERT
promoter (at =250 and —228) genes were assessed using the Sanger method after standard PCR amplification,
as previously described (Reyes-Botero ef al., 2014) (Labussiére et al., 2014a). Whenever enough material was
available, CGH-array was performed to determine EGFR amplification, pl6/CDKN2A deletion, and
chromosome 1p, 19q, 9p, 10p, and 10q losses, as previously described (Labussiére et al., 2016). MGMT
promoter methylation status was determined by bisulfite conversion and subsequent nested methylation-specific

PCR.

Immunohistochemical analyses. Immunohistochemistry for Ki67, IDH1 R132H and ATRX expression were
performed as previously described (Reuss et al., 2015). In particular, the loss of nuclear ATRX expression was
considered specific when tumor cell nuclei were unstained while the nuclei of non-neoplastic cells were ATRX-
positive. The anti-histone H3K27M-mutant antibody (ABE419; Millipore, Burlington, MA) was used at dilution
1/1000. Samples were considered H3K27M- or IDH1 R132H-mutant when immunohistochemistry was positive

for the presence of the altered protein.

Statistical analysis. OS was defined as the time between tumor diagnosis and death. Patients who were still
alive at last follow-up were censored. Survival curves were calculated using the Kaplan-Meier method.
Statistically significant differences between survival curves were assessed using the log-rank test. A log-rank
test p-value < 0.05 (2-sided) was considered statistically significant. The Cox model was used to evaluate the
effect of quantitative variables on survival and for multivariate survival analysis. The y* and the Fisher’s exact
test were used to compare categorical variables, considering as significant p-values < 0.05. Hierarchical
clustering and multidimensional representations were used to explore associations between variables. The
Spearman correlation test was used to assess statistically significant associations. All statistical analyses were

performed using R software packages.
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Results

Clinical and histologic features of adult MLG. Out of 2649 patients with diffuse glioma of any location
present in our database, we identified 116 patients (4.4%) fulfilling inclusion criteria (M/F 71/45; median age
46.5 years, range: 15-75) because of cerebellar (17), spinal (8), brainstem (30), thalamic (57) and diencephalic
nonthalamic (4) gliomas (Figure 27). All the cases were reviewed by a neuropathologist and assigned an
integrated diagnosis according to the 2016 WHO classification. The predominant histological aspect was of
diffuse astrocytic gliomas, but other patterns were also observed, including the oligodendroglial, piloid, pseudo-
ependymal, pleomorphic xanthoastrocytoma-like, and the embryonal tumor-like pattern. Eighty-four patients
(84/109, 77%) underwent biopsy and 25 (25/109, 23%) a partial or subtotal resection. Sixty-eight patients
(68/101, 67%) received combined chemoradiation with temozolomide as first-line therapy, 16 (16/101, 17%)
received chemotherapy, and twelve (12/101, 12%) received radiation therapy alone. Four patients (4/101, 4%)

did not receive any adjuvant treatment after initial diagnosis.

Figure 27. Illustrative examples of the location of tumors included in the study, and number of cases for each location.

Molecular characterization of adult MLG revealed the presence of recurrent hotspot mutations in
FGFRI. As diagnosis was based on tumor biopsy in most patients and tissue availability was limited, molecular

analyses were focused on the alterations hypothesized to be the most relevant to the disease. Histone H3K27M
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mutations were found in 38/110 patients (34%) and were associated with younger age at diagnosis (median: 33
vs. 53 years-old, p = 6 x 107°). Histone H3 mutations were mutually exclusive with /DHI and inversely
associated with TERT promoter mutation, p/6/CDKN2A loss, and EGFR amplification (Table §). Though found
in all the locations, the H3K27M mutation was associated with the thalamic and spinal location (Figure 28)
(Table 8). IDHI mutations were found in 6 patients (1 grade II, 4 grade III, 1 grade V) out of 102 (6/102, 6%)
and, strikingly, all 6 IDHI-mutant tumors were located in the brainstem (Figure 28) (6/24 vs. 0/78 for MLG
not involving the brainstem, p = 7.5.107%). Only 1 out of the 5 /DHI mutations identified by sequencing was
IDHI R132H, the remaining being p.Arg132Gly (R132G) (2 patients), p.Argl32Cys (R132C) (1 patient), and
p-Argl32Leu (R132L) (1 patient). This observation contrasted with what observed in an independent group of
non-midline /DHI-mutant gliomas drawn from our database (OncoNeuroTek): out of 2234 IDHI-mutant
supratentorial gliomas, 2083 (93.2%) were R132H, 55 (2.5%) were R132G, 54 (2.4%) were R132C, 27 (1.2%)
were R132S, and 15 (0.7%) were R132L (p=0.0001). These data indicate that /DH-mutant brainstem gliomas
differ from supratentorial /DH-mutant gliomas with regard to the pattern of recurrent /DHI mutations and
suggest that immunohistochemistry using the anti-IDH1 R132H antibody might not be a valid method for IDH

screening in MLG.

Figure 28. Age, tumor location, tumor grade, and molecular alterations in our 116 patients with diffuse midline gliomas.
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260 Brainstem K27 mutated diffuse glioma

Spinal cord

Fifty-nine patients were found to be IDH-wildtype and K27M-wildtype: this group of MLG — IDHwt-K27wt
— had more frequent TERT promoter mutations (24/48, p < 1 x 107%), CDKN24 deletions (7/24, p = 0.028),
and EGFR amplifications (5/24, p = 0.016). No patient had BRAF V600 mutations (0/69).

71



Table 8. Clinical, histological, and molecular features in patients with H3 K27M-mutant (n=38) vs. H3 K27M-wildtype (n=73) MLG.

KZ7M K2Z7M
wild-type mutated pValue
N 73 38 Py
Sex ratio (M/F) 1.52 (44/29) 1.53(23/15) 0.93
Age at surgery, y, 53 (23-75) 33 {15-65) <0.0001
median {range)
Location, % (n} 0.04
MNaonthalamic 40373 3 (1/38)
diencephalic
Thalamic 45 (33/73) 58 (22/38)
Brainstem 27 (20473) 21 18/38)
Cerebellar 21 (15F73) 5 258)
Spinal cord 3 (207H) 13 15/58)
Median O5, 15.0 manths 18.5 months .65
me (95% Cl} (10.4-19.7 (14.7-33%
manths) moanths)
IDH mutation, 17 (5/30) G 0a14) 0.1a
% (n})
ATRX |oss, % (n) 15 (B/54) 26(8/31) 0.23
pTERT mutation, 53 (27/52) 15 {5/27) 0.007
% (n}
C228T z0 4
£2507 7 1
MGMT rethylation, 38 (3/8) T5) 0.23
% (n}
FGFR1 mutation, 13 (8/48) 28 {A/23) 019
% (n)
EGFR amplification, 23 (7/31) 0 {0V22) 0.03
% (n}
P16 loss, % (n) F2(10/31) 5{17233) 0.02

Recurrent FGFRI mutations affecting 2 hotspots were identified in 18% of patients (13/73): p.Asn546Lys (9
patients), p.Asn546Asp (2 patients), and p.Lys656Glu (2 patients). FGFRI-mutant tumors had various locations
(Figure 28), including thalamus (7/37, 19%), brainstem (2/12, 17%), cerebellum (2/13, 15%), and spinal cord
(173, 33%) (p = 0.9), and were found both in the K27M-mutant and in the K27M-wildtype group (Table 8). In
order to investigate whether FGFRI mutations were specific to diffuse gliomas located along the midline, we
sequenced 479 DNA samples from hemispheric gliomas drawn from our tumor bank (170 GBM, 151 grade III,
and 157 grade I, of which 197 were /DH-mutant, 212 IDH-wildtype, and 70 undetermined) searching for
FGFRI mutations. We found only one mutation in a patient with an /DH-wildtype GBM involving the corpus
callosum, suggesting that FGFRI mutations are restricted to midline diffuse gliomas (13/73 vs. 1/479; p =
1.2.107'%). Our data were further confirmed by public data (cbioportal.org): out of 1722 patients with diffuse
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gliomas, only 2 patients had activating FGFRI mutations (13/73 vs 2/1722; p = 107'%): one GBM with a K656E
mutation but no clinical information on location and one 1p/19g-codeleted IDHI-mutant frontal
oligodendroglioma with a N546K mutation.

Then, we used hierarchical clustering to explore the associations between variables. This analysis showed that
IDH1 mutation clustered with brainstem location, FGFRI mutation clustered with loss of ATRX expression (p
= 0.02), and CDKN2A deletion clustered with EGFR amplification (p = 0.0004) and with TERT promoter
mutation (p = 0.01). Tumor grade, necrosis and contrast enhancement on imaging grouped together in a cluster.
FGFRI mutations (p = 0.06) and ATRX loss (p = 0.05) tended to associate with younger age, while TERT
promoter mutations (p = 0.1) and EGFR amplification (p = 0.05) tended to associate with older age at diagnosis.

Survival analyses. Median OS for the whole cohort was 17.3 months, with 17.3 months for thalamic, 16.3
months for brainstem, 19.7 months for cerebellar, and 23.0 months for spinal gliomas. Among the classical
prognostic factors validated in diffuse gliomas, only poor KPS (p = 0.0007), high grade (p = 0.01), elevated
proliferation index (expressed as Ki67%) (p = 0.003), and contrast enhancement (p = 0.007) were associated
with poorer OS.

Although, according to the 2016 WHO classification, all K27M-mutant diffuse MLG are considered as grade
IV tumors (Louis et al., 2016), the presence of H3K27M mutations did not correlate with poorer prognosis in

our series (median OS: 23 vs. 15 months, p =0.7) (Table 9) (Figure 29, panel A).

Table 9. Median OS based on the presence vs. absence of definite genetic alterations.

Median 0S Median 05

{95% ClI), (95% CI),

mo, alteration mo, alteration P
Genetic alteration present absent Value
H3K27M mutation 23 (16.4-45.0) 15(11.3-213) 0.7
FGFR1 mutation 45 (14.5-NA) 13.8(3.3-18.6) 0.01
TERTp mutation 9.1(5.7-14.8) 24,2 (18.6-45.0) <0.0001
p16/CDKN2A 9.9 (4.3-NA) 23.8(16.9-46.1) 0.0001
deletion
EGFR amplification 4.3 (1.3-NA) 23.8(16.2-40.4) <0.0001
IDH1 mutation 54.1 (51.3-NA) 15.9(12.2-19.3) 0.05
ATRX loss 19.7 (14.5-NA) 15.0(11.6-18.5) 0.05
Loss of 9.15(2.0-NA) 32.0(18.6-54.1) 0.016
chromosome 10p
Loss of 9.8 (3.8-NA) 29.2(18.0-52.2) <0.0001
chromosome 10q
Loss of 14.8 (9.1-NA) 32.0(18.5-53.5) 0.03

chromosome 9p
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We therefore investigated whether grading according to the WHO 2007 classification had a prognostic relevance
in H3K27M-mutant gliomas and we found no difference in OS between WHO 2007 grade II to IV tumors,
suggesting that H3K27M-mutant MLG represent a separated entity in adult patients. We hypothesized that
prognostic effect of histone H3K27M could have been masked by the association with younger age, which is a
favorable prognostic factor. We entered the two variables in a Cox model: however, neither K27M (p = 0.2) nor
age (p = 0.07) were associated with poorer survival. Finally, by stratifying for single locations, we found that
H3K27M mutations were associated with longer OS in thalamic MLG compared to wildtype tumors (29.2 vs
14.4 months, p = 0.04). In brainstem tumors, after excluding /DHI-mutant cases, we observed a similar trend
(16.4 vs. 9.1 months, p = 0.24). Altogether, these data suggest that, in adults, the H3K27M mutation is not
associated with poorer outcome, showing a different effect on survival compared to the pediatric population.
IDH] mutation, ATRX loss, and FGFRI mutations were associated with longer survival (Table 9) (Figure 29,
panel B and D).

Figure 29. Kaplan-Meier survival curves based on molecular profile. Panel A: survival curves for H3K27M-wildtype (pink line) vs. H3K27M-mutant
(blue line) MLG (median OS: 15 vs. 23 months, p = 0.7). Panel B: survival curves for /DH-wildtype (pink line) vs. IDH-mutant (blue line) MLG (median
OS: 15.9 vs. 54.1 months, p = 0.05). Panel C: survival curves based on H3K27M and /DH status (blue line = /[DH-wildtype and H3K27M-wildtype,
green line = H3K27M-mutant, pink line = /DH-mutant; median OS: 11.6 vs. 23.0 vs 54.1 months, p = 0.05). Panel D: survival curves for FGFRI-
wildtype (pink line) vs. FGFRI-mutant (blue line) MLG (median OS: 13.8 vs. 45 months, p =0.01).
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As IDHI mutations were present only in brainstem gliomas, we performed a subgroup analysis on this subset
and found that it was associated with longer OS (54.1 vs. 11.9 months, p = 0.03). None of the /DH/-mutant
brainstem MLG showed contrast enhancement (0/5 vs 6/10 in /DH1-wildtype brainstem gliomas, p < 0.05).
IDH wild-type—K27 wild-type patients showed the worst outcome (Figure 29, panel C). This group had frequent
TERT promoter mutations, CDKN2A deletions, and EGFR amplifications, genetic alterations that are all
associated with poorer OS. Loss of chromosomes 10q and 9p were also associated with poorer outcome (Table
9).

Finally, to identify independent prognostic factors, we performed multivariate survival analysis. Due to missing
data, we limited the Cox model analysis to the most relevant (based on our data and current knowledge) and
most documented variables: age, grade, H3K27M, TERT promoter, IDH and FGFRI status. On multivariate
analysis, only TERT promoter (p<0.0001), IDH (p=0.007), and FGFRI (p=0.008) status were independent

predictors of overall survival.

Discussion

This retrospective study shows that adult MLG constitute a heterogeneous group with mostly high-grade
neoplasms and different clinical and histo-molecular characteristics compared to pediatric MLG and adult
supratentorial high-grade gliomas. We identified two main subgroups based on the presence of H3K27M or
IDH mutations and found hotspot FGFRI mutations as a potential therapeutic target in this population.

The most prominent molecular subgroup consisted of H3K27M-mutant MLG, in line with previous studies
showing a strong association between histone H3 mutations and the gliomagenesis of midline tumors
(Buczkowicz et al., 2014) (Schwartzentruber et al., 2012) (Wu et al., 2012) (Castel et al., 2015) (Khuong-Quang
et al., 2012) (Sturm et al., 2012) (Aihara et al., 2014) (Feng et al., 2015) (Reyes-Botero et al., 2014) (Ryall et
al.,2016) (Meyronet et al.,2017). However, we observed a lower prevalence of histone H3 mutations compared
to pediatric high-grade thalamic and brainstem gliomas (70%—80%) (Buczkowicz et al., 2014) (Wu et al., 2012)
(Castel et al., 2015) (Khuong-Quang et al., 2012). In addition, clinical and molecular features of patients from
patients with histone H3 mutant MLG in our cohort differed from pediatric patients harboring the same
molecular alteration (Buczkowicz et al., 2014) (Wu et al., 2012) (Khuong-Quang et al., 2012). First, although
histone H3 mutations were associated with younger age at diagnosis (median 33 vs. 53 years, p =6 x 107°), we
found H3K27M mutations in patients over 60 years, indicating that screening for histone H3K27M mutations
should always be performed, regardless of age, in adult patients with MLG. Moreover, in contrast to pediatric
gliomas, we found that histone H3 mutations were not associated with a worse prognosis compared to other
IDH-wildtype gliomas (Aihara et al., 2014) (Meyronet et al., 2017): in the largest group, i.e., thalamic MLG,
H3 mutations were even associated with better outcome. While H3G34 and, to a lesser extent, H3K27 mutations
have been associated with alternative telomere lengthening pathways in pediatric tumors, as reflected by

frequent ATRX inactivation (Schwartzentruber et al., 2012) (Khuong-Quang ef al., 2012) (Sturm et al., 2012)
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(Aihara et al., 2014), we also found H3 mutations in association with TERT promoter mutations in 5 patients.
Interestingly, in the subset of H3K27M-mutant gliomas, both ATRX loss and TERT promoter mutation tended
to be associated with poorer outcome (median OS: 9.8 vs 24.2 months; p = 0.08; data not shown).

Another important driver in MLG was represented by /DH mutations, which specifically recurred in brainstem
gliomas (6/24 vs 0/78 in other midline locations). The majority of /DHI mutations in this cohort were non-
R132H, indicating that the widely used anti-R132H immunohistochemistry is not appropriate in brainstem
gliomas and has probably led to underestimate the proportion of /DH-mutant brainstem tumors (Theeler ef al.,
2015). Systematic /IDH1 sequencing should be performed whenever feasible in brainstem gliomas. Indeed, as
observed in hemispheric gliomas, the /[DH] mutation is associated with improved outcome and may in part
explain why adults with brainstem gliomas have better survival than children (Zhang et al., 2014) (Theeler et
al., 2015). Besides their intrinsic prognostic implications, /DHI mutations may now be targeted by specific
inhibitors (Dang, Yen and Attar, 2016), emphasizing how their identification by sequencing could open novel
therapeutic options for patients affected by these tumors.

Besides the /DHI mutation, we identified other targetable hotspot mutations affecting the N546 and K656
residues of FGFRI in 18% of our patients. Differently from /DHI, FGFRI mutations were not associated with
any specific location or any molecular subgroup. Somatic FGFRI N546 and K656 mutations were previously
reported in several other cancer types, including a wide range of CNS tumors: rosette-forming glioneuronal
tumors (Gessi et al., 2014), dysembryoplastic neuroepithelial tumors (Rivera et al., 2016), pilocytic
astrocytomas (Jones et al., 2013), diffuse leptomeningeal tumors with glial and neuronal markers (Dyson et al.,
2016), and pediatric thalamic gliomas (Schwartzentruber et al., 2012) (Ryall et al., 2016). Previous studies
analyzed isolated cases or small cohorts, which make difficult the assessment of the incidence of FGFRI
mutations in this population. FGFRI N546 and K656 mutants lead to the constitutive activation of FGFR1 and
its downstream signaling and can be targeted by a number of oral FGFR inhibitors, currently under clinical
evaluation in the context of clinical trials (Touat et al., 2015), opening new therapeutic opportunities in this
population.

Our study was limited by the scarcity of available tumor material, which led to narrow histological and
molecular analyses. Therefore, genetic analyses were, whenever possible, restricted to a panel of selected
molecular alterations, while several other samples were exhausted at the time of the analysis. However, the
majority of the patients could be assessed for TERT promoter status, which was not covered by previous WES
studies or was technically limited in WGS studies by the very low coverage of the TERT promoter region
because of its high GC content (Wu et al., 2012) (Zhang et al., 2014). As observed in adult supratentorial GBM,
TERT promoter mutation, which was detected in 37% of our patients, was associated with older age, grade 1V,
EGFR amplifications, loss of chromosome 10, CDKN2A deletion, and poor OS. The overall survival of these
patients was particularly poor (9.1 vs. 24.2 months for patients without 7ERT promoter mutations), even
compared to adult patients with hemispheric GBM followed at our institution (i.e., 13.5 months) (Nencha et al.,

2016), observation that might be related to the inability to resect these tumors.
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Given the significant heterogeneity evidenced among adult MLG and the recurrence of potentially targetable
molecular alterations, our findings reinforce the need for histologic confirmation and molecular analysis in adult
patients with MLG. While IDHI and TERT promoter mutations might be of help for purposes of therapeutic
stratification, we show here that histone H3 mutations do not confer worse prognosis in adult patients with
MLG. The finding that MLG frequently harbor actionable FGFRI mutations has important clinical implications
considering ongoing anti-FGFR clinical trials and reinforces the need for molecular analyses in this population.
In these patients where surgery is high-risk, the development of liquid biopsies allowing the noninvasive

assessment of these few hotspot mutations would be particularly relevant.

Published in Neurology. 2018 Jun 5,90(23):e2086-¢2094.
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IDH-wildtype low-grade gliomas

Background

Lower grade (i.e., WHO grade II and III) diffuse gliomas form a heterogeneous group of tumors including
entities characterized by different malignant behavior. The /DH mutation and the chromosome 1p/19q
codeletion represent the main diagnostic and prognostic markers in this group (Louis et al., 2016) (Sanson et
al., 2009). The /DH mutation is an independent predictor of prolonged survival and its prevalence is inversely
correlated with tumor grade (Sanson et al., 2009).

IDH wildtype (IDHwt) grade II diffuse gliomas correspond to a rare subgroup of low-grade tumors associated
with dismal prognosis and poor response to treatments (Metellus et al., 2010). The relative rarity of /IDHwt
grade II diffuse gliomas hampers to perform large prospective studies in this tumor set. As a result, there is still
conflicting evidence regarding the clinical and molecular profile associated with these tumors, and survival
estimates widely range from 4.7 to 8.4 years across studies (Metellus et al., 2010) (Suzuki ef al., 2015) (Chan
et al., 2015) (Aibaidula et al., 2017), hampering to establish a standard of treatment.

Given the rarity of IDHwt grade Il diffuse gliomas, most of the studies analyzed grade II and III gliomas
altogether (Cancer Genome Atlas Research Network et al., 2015) (Wijnenga et al., 2017) to generate more solid
data. However, evidence suggests that /DHwt grade Il and grade III tumors significantly differ in terms of
prognosis and biological behavior. While /DHwt grade III gliomas strikingly resemble primary glioblastomas
(Cancer Genome Atlas Research Network et al., 2015) (Tabouret et al., 2016), IDHwt grade Il neoplasms
display less malignant features (Suzuki et al., 2015) (Aibaidula ef al., 2017).

A recent consensus from the cIMPACT-NOW consortium has proposed that grade II and III /DHwt
astrocytomas harboring EGFR amplification, and/or combined whole chromosome 7 gain and whole
chromosome 10 loss (+7/-10), and/or TERT promoter mutation should be considered as bona fide glioblastomas,
given their poor outcome (Brat et al., 2018) (Tesileanu et al., 2020), though these recommendations are not yet
part of the WHO classification.

The aim of this study was to better define the outcome of /DHwt grade II diffuse gliomas compared to /DH-
mutant (/DHmut) grade II and to /DHwt grade I1I diffuse gliomas, highlighting the main prognostic factors in

this cohort.
Patients and methods
We performed a retrospective research in the OncoNeuroTek database (AP-HP, Groupe Hospitalier Pitié-

Salpétriere, Paris, France) for all patients diagnosed with WHO grade II and III diffuse gliomas between January
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1989 and February 2020. After dividing WHO grade II and III gliomas in molecular subgroups based on their
IDH and chromosome 1p/19q codeletion status (Labussiere et al., 2010) (Cancer Genome Atlas Research
Network et al., 2015), we focused on the subgroup of patients with /DHwt grade II gliomas. The clinical,
radiological, histological, and molecular features of the patients in this subgroup were thoroughly reviewed to
ensure an accurate patient selection. All available histological specimens were independently reviewed by two
expert neuropathologists who assigned an integrated diagnosis according to the 2016 WHO classification (Louis
et al, 2016). Discordant assessments were resolved after collective discussion and additional
immunohistochemical and molecular studies. Immunohistochemical staining for /DHI R132H, which was
systematically performed in all cases, allowed to identify and exclude /DH-mutant patients who were falsely
negative on Sanger sequencing because of massive contamination of the tumor specimen with normal tissue.
Immunostainings for ATRX, p53, H3K27M, FGFR3, EGFR, CD34, and neurofilaments allowed to better
characterize and classify the tumor and to exclude circumscribed gliomas. Grading was assigned using widely
accepted criteria that have recently been embraced by the cIMPACT consortium for lower grade /DHmut diffuse
astrocytomas (Brat et al., 2020): tumors with high cellularity, marked nuclear atypia and > 2 mitoses (per 10
high power fields for biopsy specimens and per 30 high power fields Ki67 hotspots for resection specimens)
were attributed grade I1I-1V histology (Louis et al., 2016) (Brat ef al., 2020). Patients with midline tumors were
excluded from the study if positive for the H3K27M mutation on immmunohistochemistry and/or DNA
sequencing, as they are assigned grade IV according to the 2016 WHO classification. MRI scans acquired at
diagnosis were systematically reviewed to verify that imaging features were compatible with diffuse glioma and
to exclude the presence of gross nodules of contrast enhancement that would suggest that it was sampled the
periphery of a higher grade neoplasm. Patients who, upon the revision of histological, molecular and MRI
features, had a confirmed diagnosis of “diffuse astrocytoma, IDH-wildtype (grade II)” were included in
subsequent analyses.

The clinical and paraclinical characteristics in patients with /DHwt grade II gliomas were analyzed and
compared to patients with I[DHwt grade I1I gliomas. We separately assessed how many patients in the group of
IDHwt grade II and IDHwt 111 gliomas met the definition of “diffuse astrocytic glioma, IDH-wildtype, with
molecular features of glioblastoma, grade IV” according to cIMPACT-NOW update 3 (Brat et al., 2018) and
compared their clinico-molecular features to patients with /DHwt tumors of the same grade not meeting this
definition.

All tumor samples and clinical data were collected upon written informed consent in accordance with the tenets

of the Declaration of Helsinki. The study was approved by the ethical committee CPP "Ile-de-France VI".

Molecular analyses. Tumor DNA was extracted from FFPE sections and/or from snap frozen tumor samples.
DNA was extracted using commercial kits (GeneJET FFPE DNA purification kit, Thermo Scientific for FFPE
sections; QIAamp DNA mini kit, Qiagen, for frozen tissue) or by automated DNA extraction (Maxwell®,
Promega). The mutational status of /DH1 (codon 132), IDH2 (codon 172), H3F3A4 (codon 27 and 34), FGFRI
(codons 546 and 656), BRAF (codon 600) and TERT promoter (-250 and -228) was obtained by Sanger
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sequencing following standard PCR amplification, using previously reported primers (Labussiére et al., 2014a)
(Reyes-Botero et al., 2014) (Picca et al., 2018) or by NGS. Information on copy number was acquired by CGH-
array (Labussiere et al., 2016) or inferred from NGS data. FGFR3-TACC3 fusions were assessed by RT-PCR
amplification from RNA extracted from snap-frozen tumor tissue followed by Sanger sequencing (Di Stefano
et al.,2015). A subset of patients who tested negative for FGFR3-TACC3 fusions on RT-PCR but had suggestive
tumor cell morphology underwent a wider research for fusion genes using Illumina NGS panels: the Archer
Comprehensive Thyroid Lung Fusion Plex (MiniSeq), which identifies rearrangements in ALK, AKTI, BRAF,
CALCA, CCNDI, CTNNBI1, DDR2, EGFR, ERBB2, FGFRI, FGFR2, FGFR3, FOXL4, GNAS, HRAS, IDH],
IDH2, KRAS, KRT20, KRT7, MAP2K1, MET, NRAS, NRG1, NTRKI, NTKR2, NTRK?2, PIK3CA, PPARG, PTH,
RAF1, RET, ROS1, SLC545, THADA, TTF, or the AmpliSeq FOCUS (Miseq), which identifies rearrangements
in ABLI, ALK, AKT3, AXL, BRAF EGFR, ERBB2, ERG, ETV1, ETV4, ETV5, FGFRI, FGFR2, FGFR3, MET,
NTRKI1, NTRK2, NTRK3, PDGFRA, PPARG, RAF'1, RET and ROSI.

Statistical analyses. Categorical variables were compared using the Chi-square or the Fisher’s exact test.
Quantitative variables were compared using the Student t test or the Mann-Whitney test. OS was estimated by
the Kaplan-Meier method and survival curves were compared using the log-rank test. The Cox model was used
for continuous variables survival analyses. Hierarchical clustering and multidimensional association tables were
used to explore associations between variables. The Pearson or the Spearman correlation test were used to assess
statistically significant correlations between variables. For all analyses, the established threshold for statistical

significance was p = 0.05. All statistical analyses were performed using “R” software packages.

Results

IDHwt grade II gliomas. The clinical and molecular characteristics of the 47 patients who were assigned a
diagnosis of “diffuse astrocytoma, IDH-wildtype (grade II)” upon centralized histological review are
summarized in Table 10. The median age at diagnosis was 55.0 years-old (range: 19.6-82.1). Thirty-six patients
were male (36/47, 77%). Median preoperative KPS was 90 (range: 70-100). Tumors commonly had their
epicenter in the temporal lobe, extending to the fronto-basal lobe and the insula (28/47, 60%). Infiltration was
commonly extensive, involving the ipsilateral deep grey matter (10/32, 57%), the cortex of adjacent lobes (5/32,
16%), the brainstem (3/32, 9%), and the contralateral hemisphere (5/32, 16%). As a consequence of tumor
location, size, and highly infiltrative behavior, surgery commonly consisted of biopsy (27/44, 61%).

Strikingly, in this population of /DHwt, H3 K27- and G34-wildtype gliomas, immunohistochemical studies
showed loss of ATRX nuclear expression in six cases (6/38, 16%). Seventeen patients were studied by NGS
and 30 by Sanger sequencing plus CGH-array. The most common molecular alterations included TERT

promoter mutations (23/45, 51%), whole chromosome 7 gain (10/37, 27%), and whole chromosome 10 loss
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(10/41, 24%). CDKN2A deletions (5/43, 12%), EGFR amplifications (4/43, 9%), and chromosome 9p loss (3/42,

7%) were less common.

Table 10. Clinical and molecular features in the whole cohort of /DHwt grade II gliomas (n=47), in the subgroup of patients meeting the definition of
“diffuse astrocytic glioma, /DH-wildtype, with molecular features of glioblastoma (grade IV)” (molecular GBM) (n=29) and in the subgroup of patients
not meeting this definition (n=14). +7 = whole chromosome 7 gain; -10 = whole chromosome 10 loss.

IDHwt grade 11 IDHwt grade 11 IDHwt grade II gliomas

gliomas, whole gliomas meeting the NOT meeting the value*

cohort (n=47) definition of molecular definition of molecular P

GBM (n=29) GBM (n=14)

Age, median (range) 55.0 (19.6-82.1) 58.6 (20.8-82.1) 34.5 (19.6-65.4) 0.00057
Male gender 36/47 (77%) 24/29 (83%) 10/14 (71%) 0.44
Preoperative KPS, median (range) 90 (70-100) 90 (70-100) 90 (70-100) 0.83
Tumor location:
Fronto-temporo-insular 28/47 (60%) 19/29 (66%) 5/14 (36%)
Fronto- callosal or parieto-callosal 4/47 (9%) 4/29 (14%) 0/14 (0%) 0.0055
Other 11/47 (23%) 6/29 (21%) 5/14 (36%)
Thalamo-mesencephalic 4/47 (9%) 0/29 (0%) 4/14 (29%)
Extent of resection:
Biopsy 27/44 (61%) 19/28 (68%) 7/12 (58%) 0.88
Partial resection 9/44 (20%) 5/28 (18%) 2/12 (17%) ’
Gross total resection 8/44 (18%) 4/28 (14%) 3/12 (25%)
Initial treatment:
Chemotherapy alone 13/38 (34%) 10/25 (40%) 3/9 (33%)
Sequential radiochemotherapy 7/38 (18%) 5/25 (20%) 1/9 (11%) 074
Stupp protocol 12/38 (32%) 7/25 (28%) 3/9 (33%) ’
Radiotherapy alone 1/38 (3%) 0/25 (0%) 0/9 (0%)
Surveillance 5/38 (13%) 3/25 (12%) 2/9 (22%)
Radiological progression:
Infiltrative 13/18 (72%) 11/15 (73%) 2/3 (67%) 0.45
Nodular enhancing 5/18 (28%) 4/15 (27%) 1/3 (33%)
Molecular profile:
TERT promoter mutation 23/45 (51%) 23/28 (82%) 0/14 (0%) <0.0001
EGFR amplification 4/43 (9%) 4/26 (15%) 0/14 (0%) 0.28
+7 10/37 (27%) 10/26 (38%) 0/10 (0%) 0.016
-10 10/41 (24%) 10/26 (38%) 0/14 (0%) 0.011
combined +7/-10 7/41 (17%) 7/26 (27%) 0/14 (0%) 0.075
9p loss 3/42 (7%) 3/26 (12%) 0/14 (0%) 0.54
CDKN24 deletion 5/43 (12%) 3/26 (12%) 1/14 (7%) 1
Median OS, months 59.1 42.2 56.7 0.2
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One patient with a temporal tumor harbored an activating FGFR1 mutation (1/26, 4%), and one patient with a
bithalamic tumor harbored a BRAF V600G mutation (1/35, 3%). None of the tumors harbored 7P53 mutations
(0/22), PTEN deletions (0/18), PDGFRa amplifications (0/17), or the chromosome 1p/19q codeletion (0/42).
Twenty-nine patients underwent the research for fusion genes, with the detection of gene fusions in five (5/29,
17%), including four fusions FGFR3 (exon 17 or 18) - TACC3 (exon 5, 8, 11 or 23) and one fusion FGFR3
(exonl7) - MYH14 (exon 23).

Initial treatment included concomitant radiochemotherapy with temozolomide followed by adjuvant
temozolomide according to the Stupp protocol (12/38, 32%), sequential radio-chemotherapy with temozolomide
or PCV (7/38, 18%), chemotherapy alone (13/38, 34%), or radiotherapy alone (1/38, 3%).

Tumor progression occurred either through an infiltrative pattern (Figure 30, panel A-D) or through the
appearance of gross nodules of contrast enhancement (Figure 30, panel E-H). Patients with nodular progression
showed poorer outcomes compared to patients evolving through an infiltrative pattern (median OS: 22 vs. 88

months, p=0.03).

Figure 30. Radiological patterns of progression. Panel A-D: example of an infiltrative pattern; MRI at progression (panel C,D) showed a marked extension
of tumor infiltration along the right temporal lobe, the insula and the ipsilateral thalamus compared to baseline (panel A,B) without the appearance of
enhancing abnormalities. Panel E-H: example of a nodular pattern; MRI at progression (panel G, H) showed the appearance of a gross nodule of contrast
enhancement in the right insula surrounded by extensive perilesional edema that was not present at baseline (panel E,F).

Axial FLAIR Axial T1 gad Axial FLAIR Axial T1 gad

The median OS for /IDHwt grade II gliomas was 59 months (vs. 101 months for /DAmut 1p/19q non-codeleted
and 176 months for /DHmut 1p/19q codeleted gliomas, p<0.0001) (Figure 31, panel A). Higher preoperative
KPS (p=0.04) was associated with improved OS. Whole chromosome 10 loss (median OS: 88 vs 33 months,
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p=0.03), the +7/-10 signature (median OS: 88 vs 33 months, p=0.02), and chromosome 9p loss (median OS: 88
vs 19 months, p<0.0001) were associated with poorer OS. A similar trend was observed for whole chromosome
7 gain (median OS: 88 vs 41 months, p=0.2), TERT promoter mutations (median OS: 88 vs 41 months, p=0.2),
and CDKN2A deletions (median OS: 59 vs. 42 months, p=0.3). Association matrix showed that whole
chromosome 10 loss associated with whole chromosome 7 gain (p<0.001), EGFR amplifications (p<0.01),

chromosome 9p loss (p<0.01), and CDKN2A deletions (p<0.01).

IDHwt grade III gliomas. Table 11 compares the clinical and molecular features of /DHwt grade Il (n=47) and
grade III (n=255) gliomas. The median age at diagnosis for /DHwt grade III gliomas was 56.1 years-old (vs.
55.0 years-old, p=0.26). One-hundred-fifty-four patients (154/255, 60%) were male (vs. 36/47 (77%), p=0.048).

Table 11. Clinical and molecular features in /DHwt grade Il (n=47) and IDHwt grade Il (n=255) gliomas. +7 = whole chromosome 7 gain; -10 = whole

chromosome 10 loss; RT-CHT = radiochemotherapy.

IDHwtgradelland | ) poce o aqe 11 | IDHwWE grade NI
1T gliomas, whole liomas (n=47) liomas (n=255) p-value®
cohort (n=302) g g

Age, median (range) 56.1 (8.5-84.1) 55.0 (19.6-82.1) 56.1 (8.5-84.1) 0.26
Male gender 190/302 (63%) 36/47 (77%) 154/255 (60%) 0.048
Preoperative KPS, median (range) 90 (20-100) 90 (70-100) 80 (20-100) 0.0025
Extent of resection
Biopsy 142/270 (53%) 27/44 (61%) 115/237 (49%) 03]
Partial resection 60/270 (22%) 9/44 (20%) 51/237 (22%) '
Gross total resection 68/270 (25%) 8/44 (18%) 60/237 (25%)
Initial treatment:
Chemotherapy alone 67/258 (26%) 14/38 (37%) 53/220 (24%)
Concomitant or sequential RT-CHT 147/258 (57%) 18/38 (47%) 129/220 (59%) <0.001
Radiotherapy alone 39/258 (15%) 1/38 (3%) 38/220 (17%)
Surveillance 5/258 (2%) 5/38 (13%) 0/220 (0%)
Molecular profile
TERT promoter mutation 176/274 (64%) 23/45 (51%) 151/230 (66%) 0.0092
EGFR amplification 771275 (28%) 4/43 (9%) 73/235 (31%) 0.00088
+7 102/206 (50%) 10/37 (27%) 91/173 (53%) 0.0062
-10 119/259 (46%) 10/41 (24%) 111/222 (50%) 0.0010
combined +7/-10 85/236 (36%) 7/41 (17%) 77/199 (39%) 0.018
9p loss 59/260 (23%) 3/42 (7%) 57/222 (26%) 0.0082
CDKN24 deletion 76/274 (27%) 5/43 (12%) 72/235 (31%) 0.0033
TP53 mutation 22/123 (18%) 0/22 (0%) 22/104 (21%) <0.0001
Median OS, months 21.9 59.1 19.1 <0.0001
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Median preoperative KPS was 80 (vs. 90, p=0.0025). Surgery commonly consisted of biopsy (115/237, 49%)
(p=0.31). Initial treatment was represented by concomitant or sequential radio-chemotherapy (129/220, 59%)
or, less frequently, by chemotherapy (53/220, 24%) or radiotherapy (38/220, 17%) alone (p<0.001). Compared
to IDHwt grade I, IDHwt grade III gliomas had a higher prevalence of TERT promoter mutations (151/230
(66%) vs. 23/45 (51%), p=0.0092), EGFR amplifications (73/235 (31%) vs. 4/43 (9%), p=0.00088), whole
chromosome 7 gain (91/173 (53%) vs. 10/37 (27%), p=0.0062), whole chromosome 10 loss (111/222 (50%) vs.
10/41 (24%), p=0.0010), chromosome 9p loss (57/222 (26%) vs. 3/42 (7%), p=0.0082), CDKN2A4 deletions
(72/235 (31%) vs. 5/43 (12%), p=0.0033), and TP53 mutations (22/104 (21%) vs. 0/22 (0%), p<0.0001).

The median OS for IDHwt grade III gliomas was 19 months (vs. 59 months for IDHwt grade Il gliomas,
p<0.0001) (Figure 31, panel B). Younger age at diagnosis (p=0.0019) and higher preoperative KPS (p=0.0030)
were associated with prolonged OS. EGFR amplification (median OS: 22 vs. 16 months, p=0.04) and whole
chromosome 10 loss (median OS: 23 vs. 18 months, p=0.03) were associated with poorer OS, and a similar
trend was observed for TERT promoter mutation (median OS: 22 vs. 17 months, p=0.05) and CDKN2A deletion
(median OS: 20 vs. 16 months, p=0.05). Association matrix showed that whole chromosome 10 loss associated
with whole chromosome 7 gain (p<0.001), EGFR amplifications (p<0.01), chromosome 9p loss (p<0.001) and
CDKN2A deletions (p<0.01). TERT promoter mutations associated with whole chromosome 7 gain (p<0.001),
EGFR amplifications (p=0.04), and older age at diagnosis (p=0.02).

IDHwt grade II and III gliomas meeting cIMPACT-NOW criteria for “Diffuse astrocytic glioma, IDH-
wildtype, with molecular features of glioblastoma (grade IV)”. Twenty-nine patients in the group of /IDHwt
grade II gliomas (29/43, 67%) and 166 patients in the group of /DHwt grade III gliomas (166/224, 74%) met
cIMPACT-NOW criteria for the definition of “diffuse astrocytic glioma, /DH-wildtype, with molecular features
of glioblastoma (WHO grade IV)” (Brat et al., 2018).

Patients with /DHwt grade Il gliomas and molecular features of GBM were older (median age at diagnosis: 58.6
vs. 34.5, p=0.00057) and more frequently had fronto-temporo-insular tumors (19/29 (66%) vs. 5/14 (36%),
p=0.0055) compared to patients with I[DHwt grade II gliomas lacking defining molecular alterations (Table 10).
Extent of resection (p=0.88) and treatment schemes (p=0.74) did not substantially differ between the two groups,
as most patients had been treated before the publication of cIMPACT criteria. The median OS in patients with
IDHwt grade II gliomas and molecular features of glioblastoma was 42 months (vs. 57 months in patients with
IDHwt grade Il gliomas lacking defining features, p=0.2). Neither age (p=0.31) nor molecular features of GBM
(p=0.17) were associated with survival on Cox model.

Patients with /DHwt grade III gliomas and molecular features of GBM were older (median age at diagnosis:
58.8 vs. 43.9 years-old, p<0.0001) and more frequently received biopsy (80/149 (54%) vs. 19/47 (40%),
p=0.063) compared to patients with I[DHwt grade III gliomas lacking defining molecular alterations. The median
OS patients with IDHwt grade III gliomas and molecular features of glioblastoma was 17 months (vs. 23 months
for IDHwt grade III gliomas lacking defining features, p=0.07) (Figure 31, panel C). Age (p=0.0019), but not

molecular features of GBM (p=0.058), was associated with survival on Cox model.
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Figure 31. Survival curves. Panel A: survival curves for /DHmut 1p/19q codeleted (black line) vs. IDHmut 1p/19q non-codeleted (dark grey line) vs.
IDHwt (light grey line) grade II gliomas (median OS: 176 vs. 101 vs. 59 months, p<0.0001). Panel B: survival curves for IDHwt grade II (grey line) vs.
IDHwt grade III (black line) gliomas (median OS: 59 vs. 19 months, p<0.0001). Panel C: survival curves for patients with /DHwt grade III gliomas meeting
(black line) and not meeting (grey line) the cIMPACT definition for molecular glioblastoma (median OS: 17 vs. 23 months, p=0.07). Panel D: survival
curves for patients with /DHwt grade II (grey line) and IDHwt grade III (black line) gliomas meeting the cIMPACT definition of molecular glioblastoma
(median OS: 42 vs. 17 months, p<0.0001). Panel E: survival curves for patients with /DHwt grade II (grey line) and grade III (black line) gliomas meeting
the cIMPACT definition for molecular glioblastoma because of isolated 7ERT promoter mutations (median OS: 88 vs. 22 months, p=0.002). Panel F:
survival curves for patients with /DHwt grade II (grey line) and grade III (black line) meeting the cIMPACT definition for molecular glioblastoma because
of EGFR amplifications and/or the +7/-10 signature (median OS: 37 vs. 18 months, p=0.02).
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Therefore, despite meeting the same definition, /DHwt grade 11 and /DHwt grade III gliomas meeting the criteria
for molecular GBM clearly had different OS (42 vs. 17 months, p<0.0001) (Figure 31, panel D). Table 12

compares clinical and molecular features in the two groups.

Table 12. Comparison between IDHwt grade II (n=29) and /DHwt grade III (n=166) gliomas meeting the cIMPACT-NOW criteria for molecular GBM.
+7 = whole chromosome 7 gain; -10 = whole chromosome 10 loss; RT-CHT = radiochemotherapy.

IDHwt grade 11 IDHwt grade 111
IDHwt grade Il and Il | gliomas meeting gliomas meeting
gliomas meeting the the definition of the definition of p-value*
definition of molecular | polecular GBM molecular GBM
GBM (n=195) (n=29) (n=166)
Age, median (range) 58.7 (20.8-83.0) 58.6 (20.8-82.1) 58.8 (22.2-83.0) 0.86
Male gender 124/195 (64%) 24/29 (83%) 100/166 (60%) 0.022
Preoperative KPS, median (range) 90 (60-100) 90 (70-100) 80 (60-100) 0.026
Extent of resection:
Biopsy 99/177 (56%) 19/28 (68%) 80/149 (54%) 033
Partial resection 31/177 (18%) 5/28 (18%) 26/149 (17%) '
Gross total resection 47/177 (27%) 4/28 (14%) 43/149 (29%)
Treatment:
Chemotherapy alone 41/169 (24%) 10/25 (40%) 30/144 (21%)
Concomitant or sequential RT-CHT 98/169 (58%) 12/25 (48%) 87/144 (60%) <0.0001
Radiotherapy alone 27/169 (16%) 0/25 (0%) 27/144 (19%)
Surveillance 3/169 (2%) 3/25 (12%) 0/144 (0%)
Molecular profile:
TERT promoter mutation 171/187 (91%) 23/28 (82%) 148/159 (93%) 0.12
EGFR amplification 77/180 (43%) 4/26 (15%) 73/155 (47%) 0.0037
+7 96/141 (68%) 10/26 (38%) 86/116 (74%) 0.00089
-10 114/170 (67%) 10/26 (36%) 105/145 (72%) 0.00045
combined +7/-10 83/151 (55%) 7/26 (27%) 76/126 (60%) 0.00194
9p loss 47/170 (28%) 3/26 (12%) 44/145 (30%) 0.057
Number of ¢c-IMPACT criteria met:
one 52/154 (34%) 20/26 (77%) 33/129 (26%) <0.0001
two or three 102/154 (66%) 6/26 (23%) 96/129 (74%)
Reason for meeting c-IMPACT criteria:
TERT promoter mutation without EGFR 43/156 (28%) 16/26 (62%) 28/131 (21%)
amplification or +7/-10
EGFR amplification and/or +7/-10 without 15/156 (10%) 5/26 (19%) 10/131 (8%) <0.0001
TERT promoter mutation
TERT promoter mutation plus EGFR 98/156 (63%) 526 (19%) 93/131 (71%)
amplification and/or +7/-10
Median OS, months 19.2 42.2 17.2 <0.0001
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Most patients in the group of IDHwt grade II gliomas met the definition of molecular GBM because of a single
criterion, which was often represented by isolated 7TERT promoter mutations (16/26, 62%). Conversely, patients
with IDHwt grade III gliomas generally met the definition of molecular GBM because of multiple criteria as,
besides TERT promoter mutations, most of them had additional defining alterations such as EGFR
amplifications or the +7/-10 signature (93/131, 71%).

We then evaluated the ability of the different cIMPACT criteria to capture tumor malignant behavior. Isolated
TERT promoter mutations, without EGFR amplifications or the +7/-10 signature, were associated with a median
OS of 88 months in /DHwt grade II and 22 months in /DHwt grade III gliomas (p=0.002) (Figure 31, panel E).
Conversely, the presence of EGFR amplifications and/or of the +7/-10 signature, regardless of the presence of
TERT promoter mutations, was associated with a median OS of 37 months in /DHwt grade Il and of 18 months

in IDHwt grade I1I gliomas (p=0.02) (Figure 31, panel F).

Discussion

From a large cohort of 1360 “lower grade” (i.e., grade II and III) gliomas, we extracted 101 IDHwt grade 11
gliomas, whose radiological, molecular, and histological features we thoroughly revised to guarantee a rigorous
patient selection. We ensured to exclude /DHI-mutant gliomas falsely negative on Sanger sequencing because
of contamination with normal tissue, peripheral samples of high grade /DHwt gliomas, and H3K27M-mutant
midline gliomas. The analyses were then restricted to 47 patients who had a confirmed diagnosis of “diffuse
astrocytoma, IDH-wildtype (grade II)” following centralized histological review, which was independently
conducted by two expert neuropathologists through comprehensive morphological and immunohistochemical
studies.

Representing less than 15% of low grade diffuse gliomas (Suzuki et al., 2015) (Wijnenga et al., 2017)
(Hasselblatt et al., 2018), IDHwt grade II gliomas are uncommon, especially in women, and are associated with
older age at diagnosis, fronto-temporo-insular location and a highly invasive behavior (Metellus et al., 2010),
with frequent infiltration of adjacent cortex and deep grey matter (Izquierdo et al., 2019). This highly infiltrative
pattern accounts for the prevalence of biopsy over resection and the scarce tissue availability for translational
studies. With no 7P53 mutations, and, as expected (Labussiére et al., 2010), no 1p19q codeletions, our /DHwt
grade II gliomas correspond to the previously defined “triple negative” grade II gliomas (Metellus ef al., 2010):
usually large and highly infiltrative fronto-temporal-insular tumors, which could be merely defined as /DHwt
grade II diffuse gliomas.

Compared to /IDHwt grade Il gliomas, /IDHwt grade II gliomas had a lower burden of molecular alterations,
including TERT promoter mutations (51% vs 66%), EGFR amplifications (9% vs 31%), whole chromosome 7
gain (27% vs 53%), whole chromosome 10 loss (24% vs. 50%), chromosome 9p loss (7% vs 26%), and
CDKN2A deletions (12% vs 31%). Their median OS was 59 months that, while much shorter than /DHmut
grade II gliomas, was three times the median OS of /DHwt grade III tumors (19 months, p<0.0001). These
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findings are in line with previous reports showing that, in lower grade gliomas, mitotic index has a heavier
prognostic impact in /DHwt than in /DHmut gliomas (Suzuki et al., 2015) (Olar et al., 2015). Proliferative
activity represents the main criterion to distinguish grade II and III gliomas, albeit the 2016 WHO classification
does not provide clear thresholds for the evaluation of mitotic count. The use of different thresholds for grading
assessment margin could explain the inconsistent results obtained in different studies on prognosis and
molecular profile of /IDHwt grade Il and III gliomas and, in our view, represents an urgent issue to address in
the forthcoming WHO classification. The grading criteria used here have been widely used in the past and have
been adopted by the cIMPACT to separate grade II and Il /DHmut diffuse astrocytomas (Brat et al., 2020): in
the same way, they allow here a prognostic stratification of /DHwt gliomas, suggesting that the same mitotic
threshold is associated with different outcome in both /DHmut and /DHwt gliomas.

Out of the tumors meeting the cIMPACT-NOW definition of “Diffuse astrocytic glioma, /DH-wildtype, with
molecular features of glioblastoma, WHO grade [V” (Brat et al., 2018), only grade III had a survival similar to
IDHwt glioblastomas, while grade II had a survival almost three times longer. In fact, more than half of the
patients with /DHwt grade II gliomas in our series met cIMPACT-NOW criteria because of isolated TERT
promoter mutations and this was not predictive of poor outcome. Indeed, TERT promoter mutations are detected
in IDHmut 1p/19q codeleted diffuse gliomas a well as in several other primary brain tumors and are associated
with different prognostic significance depending on the /DH status and tumor histology (Labussiére et al.,
2014b) (Stichel et al., 2018). These considerations suggest some caution when assimilating /DHwt grade 11
gliomas to molecular glioblastomas, especially if the sole criterion met is that of an isolated 7ERT promoter
mutation.

The uncertainties on the malignant behavior of /DHwt grade Il gliomas and their rarity have hampered to
establish a standard of treatment for these tumors. As clinical trials conducted in low grade gliomas failed to
indicate a clear treatment strategy for this population (Buckner et al., 2016) (Baumert et al., 2016) (Bell ef al.,
2020), the guidelines of the European Association of Neuro-Oncology leave an ample margin of discretion on
the choice of individual treatment schemes, suggesting that it should rely on age, KPS, and MGMT promoter
methylation status (Weller et al., 2017) that are recognized prognostic indicators in /DHwt diffuse gliomas. The
absence of clinical standard advocates a careful multidisciplinary approach based on close clinical surveillance
and case-by-case decisions.

Importantly, we found an actionable target in seven patients (24%), including one BRAF V600 mutation, one
activating FGFRI mutation, and five FGFR3 fusions. FGFR3-TACC3 fusions have been reported in only 3%
of IDHwt grade II-IV gliomas but they are of high interest for clinicians as they can be targeted by specific
inhibitors (Di Stefano et al., 2015). Moreover, FGFR3-TACC3 fusions characterize a subgroup of /DHwt
gliomas with a specific molecular and metabolic profile (Di Stefano et al., 2020) (Frattini et al., 2018). While
grade II IDHwt represent less than 10% of /IDHwt gliomas, we found here an over-representation of FGFR3
fusions compared to what is expected for the whole population of IDHwt gliomas, with four FGFR3-TACC
fusions and one FGFR3-MYH14 fusion out of 29 patients tested (17%; p<0.01). The systematic screening for

fusion genes is therefore of special interest to better classify this population and provide therapeutic targets.
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In conclusion, our results highlight the importance of grading for the whole group of IDHwt gliomas, and the
subgroup with molecular features of glioblastoma, and warns on the importance of integrating molecular

features and histology for diagnostic, prognostic, and theranostic purposes.

Published in Neuro Oncol. 2020 Nov 11:noaa258 (Epub ahead of print)
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Predictors of response to targeted therapy in BRAF V600-mutant gliomas

Background

BRAF, an oncogene encoding for a member of the RAF serine/threonine protein kinase family, has been reported
in several human cancers. BRAF V600E mutations are especially frequent in melanoma and non-small cell lung
cancer and can be effectively targeted by RAF inhibitors (RAFi) (Chapman et al., 2011) (Hyman et al., 2015).
MEK inhibitors (MEKi), agents that inhibit the downstream signal associated with BRAF activation, are often
used in association to RAFi to impede, or at least delay, the development of resistance and prolong the efficacy
of RAFi (Johnson et al., 2015). To date, there are three combinations of RAFi and MEKi approved by the
European Medicines Agency for the treatment of patients with advanced BRAF V600-mutant melanoma:
vemurafenib-cobimetinib, dabrafenib-trametinib, and encorafenib-binimetinib, all of which have shown to
provide substantial benefits in terms of overall survival compared to conventional treatments.

The BRAF V600E mutation is uncommon in primary brain tumors, being primarily detected in gangliogliomas,
pleomorphic astrocytomas, and pilocytic astrocytomas, and only rarely in high-grade diffuse gliomas (Schreck,
Grossman and Pratilas, 2019). Despite its rarity, the accurate detection of BRAF V600 mutations is of capital
importance, as it can provide a viable treatment option for these rare tumors that mostly affect children and
young adults and show limited response to cytotoxic treatments. As RAFi/MEKIi are not yet approved for this
indication, current evidence on their efficacy in glioma patients is limited to individual cases or small cohorts
of patients treated within basket trials (Hyman et al., 2015) (Kaley et al., 2018) (Wen, Alexander, et al., 2018)
(Wen, De Greve, ef al., 2018). As a result, several issues remain unsolved with regard to patient selection, the
need to associate MEKi, and the efficacy of rechallenge at recurrence. The aim of this study was to analyze a
large cohort of adult patients treated with RAFi/MEKi because of BRAF V600-mutant recurrent or disseminated

gliomas, in order to assess response rates in a real-life setting and identify predictors of response.

Patients and methods

We performed a retrospective research in the institutional databases of six neuro-oncology departments in
France (Foch Hospital, Suresnes; Pitié-Salpetriere Hospital, Paris; Insitut Gustave Roussy, Villejuif; Hopital
Neurologique Pierre Wertheimer, Bron) and Italy (Istituto Neurologico Besta, Milano; Ospedale Universitario,
Pisa) for adult patients with recurrent or disseminated BRAF V600-mutant gliomas treated with RAFi/MEKi
(February 2012 - January 2020), including two patients whose cases had been previously published as case
reports (Touat et al., 2018) (Pasqualetti et al., 2019).
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Histological diagnoses were locally reviewed by expert neuropathologists. The BRAF V600 status was obtained
by standard PCR amplification followed by Sanger sequencing or by NGS. Clinical data and MRI scans were
collected from referring centers and centrally reviewed. As all tumors displayed contrast enhancement at the
time of treatment with RAFi/MEKIi, tumor response was assessed using the criteria of the Response Assessment
in Neuro-Oncology (RANO) working group for high grade gliomas (Wen ef al., 2010). Percentage variations
in tumor burden in individual patients were calculated comparing the sum of the products of maximal cross-
sectional diameters of enhancing lesions at baseline and at best RANO response. Treatment schemes followed
in all cases the recommendations of the European Medicines Agency for BRAF V600-mutant melanoma (Table

13).

Table 13. Posology and route of administration of vemurafenib, dabrafenib, cobimetinib and trametinib, as approved by the European Medicines Agency
for the treatment of metastatic or unresectable BRAF V600-mutant melanoma.

Drug Posology Route of administration
Vemurafenib (Zelboraf®) 960 mg twice daily oral
Dabrafenib (Tafinlar®) 150 mg twice daily oral
Cobimetinib (Cotellic®) 60 mg once daily for 21 consecutive days oral

followed by a 7-day break

Trametinib (Mekinst®) 2 mg once daily oral

Treatment was continued until progression or unacceptable toxicity. Treatment-related adverse events were
recorded using the Common Terminology Criteria for Adverse Events, version 5.0.

Statistical analyses were performed using the “R” software and related packages. Categorical variables were
compared using the Fisher’s exact test. Quantitative variables were compared using the Mann-Whitney (two
groups) or the Kruskal-Wallis (three groups) tests. PFS was defined as the time interval between the start of
RAFi/MEKIi and tumor progression (or last follow-up in censored patients). OS was defined as the time interval
between the start of RAFi/MEKi and death (or last-follow-up in censored patients). PFS and OS were estimated
using the Kaplan-Meier method, and survival curves were compared using the log-rank test. The established
threshold for statistical significance was p=0.05. The Cox model was used for continuous variables survival
analyses. Ethical approval was obtained from the institutional review board of the leading center (Foch Hospital,

Suresnes, France).

Results

Twenty-eight adults with supratentorial BRAF-mutant gliomas were included in the study [gangliogliomas
(9/28, 32%) (1 low-grade, 8 high-grade), pleomorphic xanthoastrocytomas (PXA) (9/28, 28%) (3 low-grade, 6
high-grade), diffuse gliomas (10/28, 36%) (8 IDH-wildtype glioblastomas, 1 /DH-mutant glioblastoma, 1 /DH-
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wildtype anaplastic astrocytoma)]. RAFi/MEKi were administered as first-line treatment in two patients with
disseminated tumors and in the setting of recurrence in the remaining 26 patients. Nine patients were treated
within clinical trials (NCT01524978 and NCT02034110), and 19 were treated off-label as part of expanded
access programs. Thirteen patients received RAFi as single agents (13/28, 46%) (vemurafenib, n=11;
dabrafenib, n=2) and 15 a combination of RAFi and MEKi (15/28, 54%) (vemurafenib+cobimetinib, n=5;
dabrafenib+trametinib, n=10). Eleven patients experienced treatment-related adverse events (11/28, 39%), of
grade 1-2 (10/28, 36%) (rash, arthralgia, nausea/diarrhea, increased lymphocyte count, thrombocytopenia) or
grade 3 (1/28, 4%) (increased aminotransferases) maximum severity. The incidence of adverse events did not
significantly differ among treatment groups (6/13 (46%) patients receiving RAFi alone vs. 5/15 (33%) patients
receiving RAFi plus MEKi, p=0.60). Individual changes in tumor burden, depending on histology and timeliness
of RAFi/MEKi administration, are reported in Figure 32 (panel A and B).

Figure 32. Individual changes in tumor burden at best RANO response (panel A, B); PFS (panel C) and OS (panel D) based on best RANO response.
Panel A: waterfall plot illustrating individual changes in tumor burden based on histology; gangliogliomas (light blue), pleomorphic xanthoastrocytomas
(PXA) (yellow), diffuse gliomas (grey). Panel B: waterfall plot illustrating individual changes in tumor burden based on the timing of RAF/MEK
administration: first/second line of treatment (dark orange), third/fourth line of treatment (pink). Panel C: PFS in patients achieving CR/PR (red line) vs.
patients achieving SD (blue line) vs. patients experiencing PD (green line) (18 vs. 9 vs. 2 months, p<0.0001). Panel D: OS in patients achieving CR/PR
(red line) vs. patients achieving SD (blue line) vs. patients experiencing PD (green line) (not reached vs. 24 vs. 5 months, p<0.0001).
CR/PR=complete/partial response; SD=stable disease; PD=progressive disease; PXA=pleomorphic xanthoastrocytomas.
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Eleven patients showed a partial (PR) or complete (CR) response (11/28, 39%), ten patients achieved a condition
of stable disease (SD) (10/28, 36%), and seven experienced progressive disease (PD) (7/28, 25%) (Table 14).

Table 14. Clinical features in the whole cohort and in the three subgroups identified by best RANO response. CR/PR=complete/partial response, NR=not
reached, PD=progressive disease, PXA=pleomorphic xanthoastrocytoma, RAFi/MEKi= RAF/MEK inhibitors, SD=stable disease.

whole cohort CR/PR (n=11) SD (n=10) PD (n=7) p
(n=28)
Age at treatment, median (range) 36 (18-67) 32 (18-56) 40 (21-67) 37 (29-63) 0.16
Male gender 10/28 (36%) 4/11 (36%) 3/10 (30%) 3/7 (43%) 0.89
Multifocal/disseminated: 9/28 (32%) 3/11 (27%) 3/10 (30%) 3/7 (43%)
e at diagnosis:
- PXA, grade I 1/28 (4%) 1/11 (9%) 0/10 (0%) 0/7 (0%)
- Ganglioglioma, grade III 1/28 (4%) 0/11 (0%) 1/10 (10%) 0/7 (0%)
e at recurrence:
- Glioblastoma, grade IV 4/28 (14%) 2/11 (18%) 0/10 (0%) 2/7 (29%)
- Anaplastic astrocytoma, grade III 1/28 (4%) 0/11 (0%) 0/10 (0%) 1/7 (14%)
- PXA, grade I 2/28 (7%) 0/11 (0%) 2/10 (20%) 0/7 (0%)
Locally recurrent: 19/28 (68%) 8/11 (73%) 7/10 (70%) 4/7 (57%)
- Glioblastoma, grade IV 5/28 (18%) 1/11 (9%) 2/10 (20%) 2/7 (29%)
- PXA, grade III 6/28 (21%) 2/11 (18%) 3/10 (30%) 1/7 (14%)
- Ganglioglioma, grade III 7/28 (25%) 5/11 (45%) 1/10 (10%) 1/7 (14%)
- Ganglioglioma, grade I 1/28 (4%) 0/11 (0%) 1/10 (10%) 0/7 (0%)
Extent of resection:
- biopsy 4/28 (14%) 0/11 (0%) 2/10 (20%) 2/7 (29%) 0.25
- partial resection 13/28 (46%) 6/11 (55%) 3/10 (30%) 4/7 (57%)
- complete resection 11/28 (39%) 5/11 (45%) 5/10 (50%) 1/7 (14%)
Previous radiotherapy 26/28 (93%) 10/11 (91%) 9/10 (90%) 7/7 (100%) 1
Previous chemotherapy 17/28 (61%) 7/11 (64%) 5/10 (50%) 5/7 (71%) 0.70
Timing of administration of RAFi/MEKi:
- first-line treatment 2/28 (7%) 1/11 (9%) 1/10 (10%) 0/7 (0%)
- second-line treatment 18/28 (64%) 9/11 (82%) 5/10 (50%) 4/7 (57%) 0.35
- third- or fourth-line treatment 8/28 (29%) 1/11 (9%) 4/10 (40%) 3/7 (43%)
RAFi/MEKIi administered:
- vemurafenib alone 11/28 (39%) 6/11 (55%) 3/10 (30%) 2/7 (29%)
- vemurafenib+cobimetinib 5/28 (18%) 1/11 (9%) 2/10 (20%) 2/7 (29%) 0.68
- dabrafenib alone 2/28 (7%) 1/11 (9%) 0/10 (0%) 1/7 (14%)
- dabrafenib-+trametinib 10/28 (54%) 3/11 (27%) 5/10 (50%) 2/7 (29%)
KPS at RAFi/MEKi initiation, median (range) 80 (60-100) 80 (60-100) 70 (60-80) 80 (60-90) 0.037
KPS at best RANO response, median (range) 80 (40-100) 90 (60-100) 80 (60-90) 60 (40-80) <0.01
Percentage variation in tumor burden, median  -53% -78% -25% +55% <0.001
Median PFS, months (95% CI) 7 (5-26) 18 (6-NR) 9 (5-NR) 2 (1-NR) <0.0001
Survival proportion at 24 months 39% 80% 18% 0% <0.0001

93



Patients with PR/CR experienced a median reduction of -78% in their tumor burden (e.g., Figure 33, panel A-
D) and an increase of +10 points in their median KPS. Patients achieving a condition of SD experienced a
median decrease of -25% in their tumor burden (e.g., Figure 33, panel E-H) and an increase of +10 points in
their median KPS. Patients experiencing PD rapidly deteriorated under treatment (+55% in tumor burden and -

20 points in median KPS).

Figure 33. Imaging findings before and after treatment with RAFi/MEKi. Panel A-D: Axial T1-weighted MRI after gadolinium injection (panel A,C)
and ""F-DOPA PET images (panel B,D), acquired before (panel A, B) and after (panel C, D) treatment show a remarkable reduction of the nodule of
contrast enhancement compared to baseline, accompanied by a parallel reduction of tumor hypermetabolism (SUV max 1.7 vs. 3.8) in a patient with a
left temporal anaplastic ganglioglioma displaying a PR to vemurafenib. Panel E-H: T1-weighted images after gadolinium injection of cervical (panel
E,F) and lumbar (panel G,H) spine acquired before (panel E,G) and after (panel F,H) treatment with vemurafenib+cobimetinib show a dramatic reduction
of the enhancement of meninges and cauda equina nerve roots in a patient with extensive meningeal dissemination from a supratentorial anaplastic
ganglioglioma meeting RANO criteria for SD. Panel I-N: Axial T1-weighted MRI after gadolinium injection illustrating the response to the first (panel
LJ), second (panel K,L) and third (panel M,N) line of RAFi/MEKi in a patient with right parietal anaplastic ganglioglioma. Panel I-J: MRI before (panel
I) and after (panel J) initial treatment vemurafenib, resulting in a prolonged PR (13 months). Panel K,L: MRI before (panel K) and after (panel L)
rechallenge with vemurafenib+cobimetinib, resulting in a sustained CR (17 months). Panel M,N: MRI before (panel M) and after (panel N) a novel
rechallenge with dabrafenib+trametinib, resulting in a sustained PR (24 months). The images referring to the first two lines of RAFi/MEKi have been
previously published (Touat et al., 2018).
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The median PFS in “responders” (PR/CR) was 18 months (vs. 9 months in patients with SD and 2 months in
patients with PD, p<0.0001) (Figure 32, panel C). Responders had higher KPS (median: 80 vs. 70 points,
p=0.018), tended to be younger (median age: 32 vs. 38 years-old, p=0.061) and to be treated at an earlier disease
stage (administration as first or second-line treatment: 10/11 (91%) vs. 10/17 (59%), p=0.099) compared to
“non-responders” (SD/PD). Responders experienced a substantially longer median PFS on RAF/MEKi than
achieved with previous standard treatments (i.e., radiotherapy + concomitant chemotherapy) (18 vs. 7 months,
p=0.013) (Figure 34, panel A). We observed no statistically significant differences in response rates based on
histology (3/10 (30%) for diffuse gliomas vs. 3/9 (33%) for PXA vs. 5/9 (56%) for gangliogliomas, p=0.62) or
based on receiving a combination of RAFi and MEKi compared to RAFi alone (4/15 (27%) vs. 7/13 (54%),
p=0.25).

Figure 34. PFS on RAFI/MEKi compared to the PFS previously achieved with standard treatment. Panel A: PFS in patients achieving CR/PR: PFS on
RAF/MEKi (PFS2, blue line) vs. PFS on the previous line of treatment (PFS1, red line) (18 vs. 7 months, p=0.013). Panel B: PFS in patients achieving
SD: PFS on RAF/MEKIi (PFS2, blue line) vs. PFS on the previous line of treatment (PFS1, red line) (11 vs. 10 months, p=0.73). Panel C: PFS in patients
experiencing PD: PFS on RAF/MEKi (PFS2, blue line) vs. PFS on the previous line of treatment (PFS1, red line) (2 vs. 7 months, p=0.0013).
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Five patients with tumors recurring after PR (n=4) or SD (n=1) were rechallenged with RAFi/MEKi, with a
long-lasting CR/PR in two, a condition of SD in one, and of PD in two. One of the patients who had responded
to vemurafenib+cobimetinib at rechallenge (Touat er al., 2018) was further rechallenged with

dabrafenib+trametinib at progression, with a novel long-lasting PR (Figure 33, panel I-N).

Responders experienced longer OS compared to patients with SD or PD (survival proportion at 24 months: 80%
vs. 18% vs. 0%), the curve reaching a stable plateau at 80% survival rate (Figure 32, panel D). In univariate and
multivariate analysis, only response to RAFi/MEKi was an independent predictor of OS (hazard ratio=0.15;

95% confidence interval=0.03-0.67, p=0.013).

95



Discussion

Here we analyzed a large series of adult patients receiving RAFi/MEKI for the treatment of recurrent or
disseminated BRAF V600-mutant gliomas. Thirty-nine percent of patients were responders, consistently with
other reports on high- and low-grade gliomas in adults (Kaley et al., 2018) (Wen, Alexander, et al., 2018) (Wen,
De Greve, et al., 2018). Tumor responses were associated with a substantial reduction in tumor burden,
significant functional improvement, and prolonged PFS. Response to RAFi/MEKi emerged as an independent
predictor of overall survival, suggesting that targeted treatment might help responders to achieve long-term
survival. Predictors of response to RAFi/MEKI included better KPS, younger age, and earlier treatment
administration. Responders exhibited longer PFS on RAFi/MEKi than achieved with standard cytotoxic
therapies, suggesting that, in selected patients, it might be legit to discuss targeted therapy as upfront treatment.
Besides gangliogliomas and PXA, responses were observed in 3 out of 9 (33%) patients with GBM. The overall
response rate observed in BRAF-mutant GBM in our series was remarkable compared to what reported with
other second-line agents or targeted approaches (Liu et al., 2020). Although the estimated prevalence of BRAF'
V600 mutations in GBM is low (around 2%) (www.cbioportal.org), given its therapeutic implications, the
systematic screening for BRAF mutations should be highly encouraged.

Based on the substantial benefit obtained with the first course of treatment, some patients were rechallenged
with RAFi/MEKi at progression. Rechallenge was associated with novel prolonged tumor responses in over one
third of cases, suggesting that a substantial proportion of patients retain a long-lasting sensitivity to targeted
therapy and could be successfully re-treated.

The prolonged tumor responses observed in responders during initial treatment and at rechallenge, together with
the remarkable survival rates observed in this population, suggest that targeted therapy might have a “disease-
modifying” effect in these patients, slowing down glioma lethal course.

In conclusion, our study confirms the interest of targeted therapy for the management of BRAF-mutant adult
gliomas in a real-world setting and highlights the importance of systematically screening for this rare but
actionable molecular alteration. Deep histo-molecular studies should be encouraged to improve our ability to

identify patients who would possibly benefit from the front-line administration of RAFi/MEKi.

Manuscript submitted
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s N
Keywords: Background and purpose: Patients with a history of brain radiotherapy can
ALERT syndrome, brain  experience acute stroke-like syndromes related to the delayed effects of brain
tumor, focal deficit, radiation, including stroke-like migraine attacks after radiation therapy syn-
neurotoxicity, peri-ictal drome, peri-ictal pseudoprogression and acute late-onset encephalopathy after
pseudoprogression, radiation therapy syndrome. The aim of this study was Lo collect evidence on
radiotherapy, SMART the long-term outcome and treatment of these conditions, whose knowledge is
syndrome, stroke undermined by their rarity and fragmented description.

Methods: Cases were collected, both prospectively and retrospectively.
Received 20 June 2018 amongst six neuro-oncology departments. Inclusion criteria were as follows: (i)
Accepted 7 November 2018 history of brain radiotherapy (completed at least 6 months before the acute

episode); (ii) new onset of acute/subacute neurological symptoms; (iii) exclu-
sion of all etiologies unrelated to brain irradiation. A review of current litera-
ture on stroke-like syndromes was performed to corroborate our findings.
doi:10.1111fene. 13870 Results: Thirty-two patients with acute neurological conditions attributed to the
delayed effects of radiation were identified, including 26 patients with stroke-like
syndromes. Patients with stroke-like syndromes commmonly presented with a
mosaic of symptoms, including focal deficits (77%), encephalopathy (50%), sei-
zures (35%) and headache (35%). Seventy-three percent of them had acute con-
sistent magnetic resonance imaging alterations. Treatment included high-dose
steroids in 65% of cases. Twenty-two patients recovered completely (85%). Six-
teen patients (62%) experienced relapses (median follow-up 3.5 vears). A litera-
ture review identified 87 additional stroke-like cases with similar characteristics.
Conclusions: Stroke-like events related to brain irradiation may be associated
with permanent sequelae. Steroids are often administered on empirical
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grounds, as they are thought to accelerate recovery. Relapses are common,
highlighting the need to claborate adequate prevention strategies.
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*These authors contributed equally to the paper. experience acute stroke-like events related to the
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delayed effects of brain irradiation. The description of
these disorders is currently divided into three distinct
entities: stroke-like migraine attacks after radiation
therapy (SMART) syndrome [1,2]. peri-ictal pseudo-
progression (PIPG) [3] and acute late-onset
encephalopathy after radiation therapy (ALERT) syn-
drome [4]. Despite being described separately, these
syndromes actually share a number of common fea-
tures, including the long interval from brain irradia-
tion, the acute onset, the association with transient
enhancing magnetic resonance imaging (MRI) abnor-
malities, reversibility and recurrence. All these ele-
ments suggest that SMART, PIPG and ALERT may
be different entities within the same spectrum of disor-
ders. Although stroke-like syndromes have been
described for over a decade, the rarity of these condi-
tions, together with their delayed occurrence, hampers
the realization of prospective studies, and current evi-
dence is limited to isolated case reports or small case
series. As a result, knowledge on these syndromes
remains fragmented and dispersed. To complicate this
scenario, patients with a history of brain radiotherapy
may also experience actual strokes [5,6], and the
potential relationship between stroke and stroke-like
events related to brain irradiation is still unclear.

In the present study, a large series of patients with
stroke-like events and an extensive review of the liter-
ature on this subject are reported, with the aim of col-
lecting evidence on the long-term outcome and
treatment of these conditions.

Patients and methods

Present series

A multicentric study group on this topic, including six
institutions in Italy and France, was created in 2012,
Patients were observed prospectively after the creation
of the study group (2012-2017) or identified by retro-
spective review of institutional databases (1995-2011),
using combinations of the following keywords: ‘brain
tumor’, ‘radiotherapy’, ‘encephalopathy’, ‘coma’, ‘sei-
zures’, ‘headache’, ‘focal deficit’, ‘transient ischemic
attack” and ‘stroke’. Inclusion criteria were as follows:
(i) a history of brain radiotherapy completed at least
6 months before the acute episode; (ii) new onset of
acute/subacute neurological symptoms; (iii) exclusion
of all etiologies unrelated to the effects of radiation.
Minimal diagnostic work-up included routine blood
tests, brain MRI with contrast injection and electroen-
cephalography (EEG). In patients with encephalopa-
thy, cerebrospinal fluid analysis with culture and
search for herpesviruses was also required. Additional
biological and instrumental assessments were taken

into account case by case. After collective revision,
only well-documented cases for which all alternative
etiologies could be safely excluded were retained in
the study. Two neuroradiologists (A.P., L.F.), inde-
pendent from those who initially evaluated patient
cases, reviewed MRI scans and identified recurrent
imaging patterns. The study was approved by institu-
tional ethics committees.

Literature review

In order to substantiate our findings, a review of the
literature on stroke-like syndromes was performed. A
keyword search of MEDLINE was performed and
complemented by cross-checking citations. The key-
word search of MEDLINE was restricted to papers in
English and French published between January 1995
and February 2018, and was performed using combina-
tions of the following keywords: ‘radiotherapy’, ‘neuro-
toxicity’, ‘headache’, ‘stroke-like’, ‘SMART syndrome’,
‘status  epilepticus’,  ‘peri-ictal  pseudoprogression’,
‘coma’ and "ALERT syndrome’. Figure S1 reports the
algorithm for paper selection.

Results

Present series

Thirty-two patients were identified (15 prospective
and 17 retrospective cases), including seven cases that
had been previously published (patients 1-5 in [4] and
patients 10 and 11 in [3]). All 32 patients had acute
neurological conditions attributed to the delayed
effects of radiation: six patients had small vessel
infarcts and 26 patients had stroke-like events.

Stroke-like events

Table | reports previous tumor history, clinical-para-
clinical features at the time of the acute episode, treat-
ment and outcome in the 26 patients with stroke-like
events (patients 1-26).

Previous tumor history. All patients had received brain
irradiation. The indications to brain radiotherapy
included primary brain tumors (62%), systemic malig-
nancies (27%), intracranial extradural tumors (8%)
and vascular malformations (4%). The median age at
the time of radiotherapy was 37 years (range 4-69).
Twelve patients had received focal radiotherapy
(46%) and 13 patients whole-brain or craniospinal
radiotherapy (50%); the remaining patient (patient 8)
had received both radiotherapy types. Fifteen patients
had received systemic chemotherapy (58%). Three
patients had a history of intrathecal chemotherapy
(12%).
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Table 1 (Continued)

A. L. DI STEFANO ET AL.

Treatment and oulcome

Clinical and paraclinical leatures at the time of the acule episode

Tumor history

FU since

;
%)

Time to

Recovery

Final

DWI B1000,

ADC

(years)

oulcome

Treatment

diagnosis

T gad

o
-

=
)
o
=

g
2
5
2

3
E
=
-4

I

o
]
B
z

Type,

Age

(years) prese

Treatment

Yes

<4 h

Complete

=
=]
Fa

No ¢
No

No

o1

23

ting  Antiplatelets

CNS involvement WBRT;

abnormalities

of NHL

and

contral.)

abnory

:

J

AED, antiepileptic drugs: ALERT, acute late-onset encephalopathy after radiation therapy; Ara-C, cytarabine; astro, astrocytoma: Cerebell, cerebellum; Ch, chemotherapy: CNS, central nervous

contralateral; CS, craniospinal; CT, computed tomography: DWI/ADC, DifTusion-Weighted Imaging/Apparent DifTusion Coeflicient; DXM, dexamethasone; EEG, electroen-

cephalography; Enh, enhancement; F, frontal; FLAIR, fluid-attenuated inversion recovery; FU, follow-up; GBM, glioblastoma; GCS, Glasgow Coma Scale; Gr, grade; HS, hypersignal; I, insular;

system; contral.,

ipsilateral; 1V, intravenous; L, left; lepto, leptomeningeal; LHH, lateral homonymous hemianopia; Medullo, medulloblastoma; MP, methylprednisolone; MRI, magnetic

resonance imaging; Mtx, methotrexate; n.a., not available; neuropsy., neuropsychiatric; NHL, non-Hodgkin lymphoma; NSAID, non-steroidal anti-inflammatory drugs; O, occipital; oligo, oligoden-
droglioma; P, parietal; PCNSL, primary central nervous system lymphoma; periven., periventricular; PIPG. peri-ictal pseudoprogression; R, right; RT, radiotherapy; SMART, stroke-like migraine

attacks after radiation therapy; Su, surgery; T, temporal; T1 gad, Tl-weighted gadolinium enhanced; WBRT, whole-brain radiotherapy; WM, white matter.

IM, intramuscular; ipsil.,

Clinical and paraclinical features at the time of the

acute episode. The acute episode occurred after a med-

ian delay of 10 years from brain radiotherapy (range

0.75-43). Acute neurological symptoms were preceded

(or accompanied) by fever in seven cases (27%) and

by elevated blood pressure in one (4%). Clinical pre-

sentation was generally characterized by a mosaic of

symptoms, including focal  deficits (77%),

encephalopathy (50%), headache (35%) and seizures

(35%). Brain MRI ruled out tumor recurrence and

showed mild to severe chronic post-actinic changes in

all patients (including progressive leukoencephalopa-
thy, microbleeds and cortical atrophy). Over this
chronic ground, 19 out of the 26 patients (73%) had
the appearance of acute enhancing MRI alterations.

Acute MRI abnormalities were in all cases consistent

with acute neurological symptoms and located within

brain areas that received irradiation. Based on clinical
and MRI features at the time of the acute episode,
three clinical-radiological groups were identified.

e ALERT syndrome (patients 1-7): Patients in this
group had encephalopathy and/or seizures, associ-
ated with stroke-like deficits and/or headache.
Encephalopathy ranged from mild psychomotor
slowing to severe vigilance impairment and was the
dominant clinical feature in most patients. In four
of the seven patients (57%), MRI showed acute
multifocal abnormalities in the subcortical and/or
periventricular white matter characterized by punc-
tuate or ring contrast enhancement (Fig. 1). The
remaining three patients had normal MRI findings.
All seven patients had received whole-brain radio-
therapy, explaining the diffuse/multifocal involve-
ment observed on clinical and radiological grounds.

¢ SMART syndrome and PIPG (patients 8-22):
Patients in this group had focal stroke-like deficits
and/or mild encephalopathy, associated with head-
ache and/or seizures. In all 15 patients, MRI
showed a wunilateral cortical-subcortical area of
hyperintensity and swelling on T2/fluid-attenuated
inversion recovery (FLAIR) images, with prominent
cortical enhancement on Tl-weighted images after
gadolinium injection (T1 gad) (Fig. 2). The pattern
of contrast enhancement was either multilobar and
gyriform, as reported in classical SMART cases
[2,3], or nodular and peritumoral, as reported in
PIPG [4]. The clinical and radiological features of
patients in this group corresponded to a strictly uni-
lateral hemispheric dysfunction and, consistently, 12
out of the 15 patients (80%) had received focal
radiotherapy over the affected hemisphere.

e Short-lasting focal deficits (patients 23-26): Patients
in this group had recurrent episodes characterized
by short-lasting (1-12 h) focal deficits without
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Patient 4

Headache

Stupor

Aphasia

Right hemiparesis

Patient 6

Psychomotor decline
Global motor
impairment

Patient 7

Right partial
motor seizures

[ STROKE-LIKE EVENTS AFTER BRAIN RADIOTHERAPY 7

Figure 1 MRI findings in patients with ALERT syndrome. Patient 4: Two focal hyperintensities in the left rolandic subcortical region
in the context of multiple confluent white matter lesions on FLAIR images, with patchy enhancement on T1 gad. Patient 6: Multiple
bilateral focal subcortical and periventricular hyperintensities on FLAIR images, with patchy enhancement on T1 gad. Patient 7: Mul-
tiple focal areas of hyperintensity in left periventricular white matter and corpus callosum on FLAIR images, some of which show
mild contrast enhancement on T1 gad; focal hyperintensity with mild mass effect in the left anterior periventricular region with ring

contrast enhancement.

headache or other accompanying symptoms. None of

them had acute abnormalities on MRI. All four
patients underwent a thorough cerebrovascular assess-
ment (carotid ultrasound, intracranial angio-computed
tomography (CT) or MR angiogram, thrombophilic
panel, electrocardiogram and transthoracic echocar-
diogram) but no arguments for an atherothromboem-
bolic etiology were found. Clinical characteristics and
repeated EEG testing ruled out an epileptic mecha-
nism. Three patients out of the four had received
whole-brain or craniospinal radiotherapy (75%); two
of the latter had also received intrathecal chemother-
apy (50%).

Treatment and outcome. Seventeen of the 26 patients
with stroke-like events received high-dose steroids on
empirical grounds (65%). Twenty-two patients recov-
ered completely (85%), with a median time to recov-
ery of 14 days (range 1-90). Four patients were left
with permanent sequelae (15%). Three patients
amongst the latter ultimately developed a steroid-
dependent course (i.e. worsening of neurological
symptoms at steroid tapering) and died because of
steroid-related complications. Acute enhancing MRI
alterations (whenever present) resolved in 3-8 months.
Sixteen patients experienced subsequent episodes of
stroke-like events during follow-up (62%), involving
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Patient 9

Psychomotor
slowing

Left partial motor
seizures

Patient 12

Psychomotor
slowing

Aphasia

Left hemiparesis
Left homonymous
hemianopia

Patient 13

Confusion
Headache

Left homonymous
hemianopia

Patient 22

Left arm paresis

Figure 2 MRI findings in patients with SMART syndrome and PIPG. Patient 9: Right cortical parietal hyperintensity on FLAIR
images with focal diffusion restriction on Diffusion-Weighted Imaging/Apparent Diffusion Coeflicient (DWI/ADC) and gyriform
enhancement on T1 gad. Patient 12: Right temporo-parieto-occipital cortico-subcortical hyperintensity and swelling on FLAIR images.
with partial diffusion restriction on DWI/ADC and marked cortical enhancement on T1 gad. Patient 13: Right temporo-occipital corti-

cal-subcortical hypersignal and swelling on FLAIR images, with diffusion restriction on DWI/ADC and cortical-subcortical enhance-
ment on T1 gad. Patient 22: Right cortical peritumoral gyriform hyperintensity on DWI B1000, associated with partial ADC

hyposignal and neat cortical enhancement on T1 gad.

the same and/or the contralateral hemisphere (if the
latter had received irradiation). Median follow-up
duration in the cohort of stroke-like patients was
3.5 years (range 0.5-20).

Small vessel infarcts

Table 2 reports previous tumor history, clinical-para-
clinical features, treatment and outcome in the six
patients experiencing small vessel infarcts (patients

27-32). Five patients had received focal radiotherapy
and one patient whole-brain radiotherapy. The med-
ian age at the time of radiotherapy was 34.5 years
(range 17-70). Stroke occurred after a median delay
of 12 years after brain irradiation (range 1-32). The
ischaemic area was located in the periventricular white
matter in four cases and in the thalamocapsular
region in two (Fig. 3). In all cases, the ischaemic

lesion was congruous with acute neurological
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T2/FLAIR

Patient 28

Aphasia
Right hemiparesis

Patient 29

Left hemiparesis
Left sensory deficit

Patient 31

Right hemiparesis
Right sensory deficit

Patient 32

Left hemiparesis
Left sensory deficit

Figure 3 MRI findings in patients with small vessel infarcts. Patient 28: Left capsulo-putaminal nodular hyperintensity on FLAIR and
DWI B1000, without diffusion restriction on ADC (MRI performed 13 days after acute onset). Patient 29: Multiple foci of restricted
diffusion on DWI/ADC in posterior deep white matter; note the multiple bilateral susceptibility foci on T2%, mainly in the right hemi-
sphere. Patient 31: Focal area of hypersignal in left periventricular white matter on FLAIR and DWI B1000; note the T2* diffuse

bilateral focal susceptibility foci in the bihemispheric white matter. Patient 32: Focal area of hypersignal in right thalamus on FLAIR

images, with corresponding diffusion restriction in DWI/ADC.

symptoms and located within the radiation port. No
source of cardiac or carotid thromboembolism was
found. Intracranial vessel evaluation (by MR angiog-
raphy, CT angiography or ultrasound) disclosed mul-
tiple non-critical stenoses in the vessels included in the
radiation port in absence of acute vessel occlusions.
Five patients out of the six were given antiplatelets.
Five patients recovered completely (83%) in 7—
15 days. Four patients had subsequent small vessel
infarcts (67%) in the same or in other vascular terri-
tory involved by radiation.

Literature review

Literature review identified 87 cases of stroke-like syn-
dromes after brain irradiation (Table S1). The indications
for brain radiotherapy included primary brain tumors
(71%), systemic malignancies (26%) and intracranial
extradural tumors (2%). The median age at the time of
radiotherapy was 31 years (range 5-71). The acute epi-
sode occurred after a median delay of 13 years (range 1-
35) from brain radiotherapy. Clinical presentation
included stroke-like deficits (87%), headache (72%),
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Table 3 Stroke-like events: summary of main clinical-paraclinical
features, treatment and outcome in patients in the present series
(n = 26) and in the literature (n = 87)

Present Literature
series review
(n =26) (n = 87)
Previous tumor history
Tumor type
Primary brain tumor 16 (62%) 62 (71%)
CNS localizations or 7 (27%) 23 (26%)
prophylaxis in patients
with systemic cancer
Intracranial 2 (8%) 2 (2%)
extradural tumor
Other 1 (4%) 0
RT type
Focal RT 13 (48%)° 36 (53%)°
WBRT/CS RT 14 (52%)° 32 (47%)°
Median age at the time 37 (4-69) 31 (5-71)
of RT, years (range)
Intrathecal Ch 3(12%) 1 (1%)°
Systemic Ch 15 (58%) 28 (41%)°

Clinical-radiological features during the acute episode

Median delay after 10 (0.75-43) 13 (1-35)
RT, years (range)

Neurological presentation
Encephalopathy 13 (50%) 36 (41%)
Stroke-like deficits 20 (77%) 76 (87%)
Seizures 9 (35%) 55 (63%)
Headache 9 (35%) 63 (72%)

Acute MRI abnormalities 19 (73%) 75 (86%)

Treatment and outcome

Steroid administration 17 (65%) 24 (28%)

Steroid dependence® 3(12%) n.a.

Full recovery 22 (85%) 69 (79%)

Recurrent episodes 16 (62%) 49 (56%)

Median FU, years
(range)

3.5 (0.5-20)

1.5 (0.25-14)

Ch, chemotherapy; CNS, central nervous system; CS, craniospinal;
FU. follow-up; MRI, magnetic resonance imaging; n.a., not avail-
able; RT, radiotherapy; WBRT, whole-brain radiotherapy. “Steroid
dependence is defined by neurological deterioration at steroid taper-
ing; Ppercentages are calculated over a total of n + | irradiations
(patient 8 was irradiated twice); “percentages are calculated over a
total of 68 patients, as previous tumor treatments including radio-
therapy type are unavailable in 19 cases.

seizures (63%) and encephalopathy (41%). Eighty-six
percent of patients had acute consistent MRI alterations.
Twenty-eight percent of patients received high-dose ster-
oids. Seventy-nine percent of patients recovered com-
pletely. Follow-up information is reported in only 40%
of cases. Fifty-six percent of patients experienced relapses
of stroke-like events during follow-up (median duration
1.5 years; range 0.25-14).

Discussion

This study reports a large original series of patients with
stroke-like events related to the delayed effects of brain

{ STROKE-LIKE EVENTS AFTER BRAIN RADIOTHERAPY 11

irradiation (n = 26) together with a comprehensive
review of the literature on this topic (7 = 87). The strong
point of the study is the magnitude of the resulting
cohort (n = 113), which allows solid considerations to
be drawn on the clinical-radiological profile and the
long-term outcome associated with these conditions.
The main limitations of the study concern the lack of
details on the total dose and fractionation of radiother-
apy, as radiation was administered decades before the
acute episode or was performed in other centers, and the
fact that steroid administration was not carried out
according to standardized protocols, limiting our capac-
ity to conclude on its efficacy.

Table 3 summarizes the clinical-radiological features
of stroke-like syndromes in our series and in the litera-
ture. Despite the different indications, all patients had
received brain radiotherapy. Central nervous system
localizations of systemic malignancies represented the
indication to brain irradiation in one quarter of cases
(27% of patients in our series versus 26% in the litera-
ture). Radiotherapy was whole-brain or craniospinal in
half the cases (52% of patients in our series versus 47%
in the literature), which is remarkable considering the
rarity of this treatment modality. The stroke-like epi-
sode occurred a decade after brain irradiation (median
delay 10 years in our series versus 13 years in the litera-
ture), although delays as short as 9 months were also
observed. Neurologists should keep in mind that
stroke-like events are not exclusive to patients with pri-
mary brain tumors or to long-term survivors.

Neurological presentation was characterized by a
mosaic of symptoms, of variable severity and duration.
Stroke-like deficits were present in the vast majority of
patients (77% of patients in our series versus 87% in the
literature). Whenever present (35% of patients in our
series versus 63% in the literature), seizures had a focal
onset and arose from the same hemisphere responsible
for stroke-like deficits. Encephalopathy, ranging from
mild psychomotor slowing to severe vigilance impair-
ment, was a frequent accompanying feature (50% of
patients in our series versus 41% in the literature).

Acute enhancing MRI alterations, located multifo-
cally in the white matter (ALERT, Fig. 1) or unilaterally
in the cortical-subcortical region (SMART/PIPG,
Fig. 2), were detected in the majority of patients (73%
of patients in our series versus 86% in the literature).
The remaining patients, including some with severe vigi-
lance impairment (patients 2, 3, 5), had normal findings
on MRI, highlighting that neither the presence nor the
extent of acute MRI alterations correlates with clinical
severity. Despite being reported as separate entities, in
the present series SMART syndrome and PIPG were
grouped in a common clinical-radiological category,
based on the observation that they shared a common
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pattern of unilateral cortical dysfunction, in contrast to
ALERT patients who displayed a bilateral multifocal
impairment.

Steroids are thought to accelerate recovery and thus
are often administered in these conditions on empirical
grounds. Sixty-five percent of stroke-like patients in our
series (versus 28% in the literature) received high-dose
steroid treatment. Steroid efficacy was evident in
ALERT patients, who experienced rapid vigilance
restoration within a few days from steroid introduction,
whilst in patients with SMART syndrome or PIPG a
neat temporal correlation between steroid introduction
and clinical improvement could not be established.
Brain irradiation has been associated with vasculitic
changes within the wall of small and medium-sized ves-
sels [7], and this might account for the efficacy of ster-
oid treatment observed in ALERT cases. Antiplatelets
were administered to three of the four patients with
short-lasting focal deficits in our series under the
assumption of an atherothrombotic mechanism, but
this therapy did not prevent them from experiencing
subsequent similar episodes. Their clinical characteris-
tics, together with the lack of alternative causes, suggest
that these episodes might correspond to amputated epi-
sodes of SMART lacking a radiological correlate.

Complete recovery was observed in 85% of patients
in our series (versus 79% in the literature), although in
some cases it took weeks to months to fully occur. Per-
manent neurological deficits concerned a non-negligible
proportion of patients (15% in our series versus 21% in
the literature), confirming that stroke-like syndromes
are not always reversible as initially thought [2.4]. The
occurrence of cortical infarcts is one, but not the sole,
mechanism that can be responsible for permanent
sequelae during SMART episodes (Fig. S2) [2]. Relapses
were very common (62% in our series versus 56% in the
literature), highlighting the need to elaborate adequate
prevention strategies.

Patients with a history of brain irradiation seem prone
not only to stroke-like events but also to actual strokes,
and whether these two groups of conditions are related is
still unclear. In our series, major strokes due to large vessel
thrombosis were not observed. This probably reflects a
selection bias, as all recruiting centers were neuro-oncol-
ogy departments and therefore did not admit patients with
large vessel strokes. All stroke cases in our series corre-
sponded to small vessel infarcts attributed to previous
brain radiation. Patients experiencing small vessel infarcts
shared some common features with patients experiencing
stroke-like events, including previous treatment modali-
ties, acute clinical presentation and relapse rate. These sim-
ilarities, together with the observation that some patients
with stroke-like syndromes (patients 20, 26) also had ante-
cedents of small vessel strokes, suggest that these two

groups of conditions might share a common pathological
substrate. This substrate could reside in the permanent
endothelial dysfunction induced by radiation [8], leading
alternatively to transient blood-brain barrier disruption
(SMART syndrome) or to thrombosis and infarct (small
vessel strokes). However, further evidence is needed to
clarify the etiology of the syndromes and elaborate ade-
quate prevention strategies.
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