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Abstract 
The mainstay of treatment for adult patients with gliomas, glioneuronal and neuronal tumors consists of combinations 
of surgery, radiotherapy, and chemotherapy. For many systemic cancers, targeted treatments are a part of the standard 
of care, however, the predictive significance of most of these targets in central nervous system (CNS) tumors remains 
less well-studied. Despite that, there is increasing use of advanced molecular diagnostics that identify potential targets, 
and tumor-agnostic regulatory approvals on targets also present in CNS tumors have been granted. This raises the 
question of when and for which targets it is meaningful to test in adult patients with CNS tumors. This evidence-based 
guideline reviews the evidence available for targeted treatment for alterations in the RAS/MAPK pathway (BRAF, NF1), 
in growth factor receptors (EGFR, ALK, fibroblast growth factor receptor (FGFR), neurotrophic tyrosine receptor kinase 
(NTRK), platelet-derived growth factor receptor alpha, and ROS1), in cell cycle signaling (CDK4/6, MDM2/4, and TSC1/2) 
and altered genomic stability (mismatch repair, POLE, high tumor mutational burden (TMB), homologous recombina-
tion deficiency) in adult patients with gliomas, glioneuronal and neuronal tumors. At present, targeted treatment for 
BRAF p.V600E alterations is to be considered part of the standard of care for patients with recurrent gliomas, pending 
regulatory approval. For approved tumor agnostic treatments for NTRK fusions and high TMB, the evidence for efficacy 
in adult patients with CNS tumors is very limited, and treatment should preferably be given within prospective clinical 
registries and trials. For targeted treatment of CNS tumors with FGFR fusions or mutations, clinical trials are ongoing 
to confirm modest activity so far observed in basket trials. For all other reviewed targets, evidence of benefit in CNS 
tumors is currently lacking, and testing/treatment should be in the context of available clinical trials.

Key Points

• Panel diagnostics are a more efficient way to identify rare genetic variants than target-
specific assays.

• At present, only the clinical benefit in patients with BRAF p.V600E mutant recurrent CNS 
tumors is sufficiently well established to consider this part of standard of care.

• Despite tumor agnostic regulatory approval for NTRK fusion inhibiting agents in patients 
with NTRK fusions and of pembrolizumab in ‘tumor mutational burden high’ tumors, the 
evidence of benefit of these targeted treatments in CNS tumors is limited and treatment 
should be given in prospective clinical registries/trials.

• In adult gliomas, glioneuronal and neuronal tumors, for the other targets covered in 
this guideline, clinical benefit of treatment for these targets in CNS tumors has not been 
established and testing for the target is only relevant if a clinical trial is available.

© The Author(s) 2023. Published by Oxford University Press on behalf of the Society for Neuro-Oncology.
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The therapeutic options for patients with primary brain tu-
mors remain limited, especially at the time of tumor pro-
gression after radiotherapy and/or chemotherapy. Precision 
oncology holds great promises for cancer patients, but tar-
geted treatments have not yet altered the standard of care 
for patients diagnosed with central nervous system (CNS) 
tumors. Increasingly, next-generation sequencing (NGS) 
panels are ordered to identify targeted treatment options 
in patients that have exhausted first-line or standard-of-
care options. With the increasing availability and coverage 
of multigene sequencing panels in routine diagnostics of 
these panels, the rate of detection of molecular alterations 
in CNS tumors with possible therapeutic implications 
is also increasing. However, the clinical evidence of the 
actionability of those alterations ranges from established 
therapeutic efficacy in CNS tumors or in other cancers to 
hypothetical targets with presumed clinical significance 
based on preclinical evidence from in vivo or in vitro re-
search only. In addition, not all alterations even within the 
same gene have the same predictive significance across 
cancer types: targeting a molecular alteration found action-
able in some cancers may result in a different magnitude of 
benefit in other cancer types. Precision oncology provides 
a formal framework to address these challenges through 
standardized variant interpretation, annotation, and joint 
clinical decision-making in molecular boards. To identify 
brain tumor patients that possibly benefit from precision 
oncology approaches, the present guideline aims to pro-
vide evidence-based recommendations for predictive mo-
lecular testing for patients with CNS tumors. It covers how 
to test for predictive genetic alterations, how to report find-
ings, how to attribute pathogenetic significance to findings, 
how to attribute clinical significance to findings, and when 
to test.

Thereafter the guideline reviews the spectrum of genetic 
alterations that may have potential therapeutic implica-
tions in CNS tumors, beyond routine diagnostics according 
to the WHO 2021 classification.1 The guideline does not 
cover all tumor types of the WHO 2021 CNS tumor classifi-
cation, but focuses on gliomas, glioneuronal and neuronal 
tumors diagnosed in adults. The specific targets included 
in this guideline are NF1 (outside neurofibromatosis type 
1), BRAF, Anaplastic lymphoma kinase (ALK), epidermal 
growth factor receptor (EGFR), FGFR1-3, MET, NTRK1-3, 
platelet-derived growth factor receptor alpha (PDGFRA), 
ROS1, MDM2/4, cyclin-dependent kinases 4 (CDK4)/6, 
TSC1/2, and MDM2/4. In addition, the significance of high 
tumor mutational burden (TMB), DNA mismatch repair 
(MMR), DNA polymerase, and homologous recombination 
deficiency (HRD) are reviewed. In the core text, the inte-
grated recommendations on testing and treatment for each 
alteration are presented, and the in-depth literature review 

that provides the basis for the recommendation on each 
target is presented in the accompanying supplement. The 
relevant literature until May 31, 2022, has been selected by 
the expert authors, according to EANO standard operating 
procedures.

Molecular Testing: How to Test

The molecular testing strategy depends on the tumor en-
tity, the patient's clinical status and stage of the disease, 
the available clinical studies, their entry requirements, 
and local resources. The individual situation defines the 
most suitable testing approach: confirmation of a very 
frequent alteration (eg, diagnosing a BRAF fusion in a 
pilocytic astrocytoma or proof of the presence of a BRAF 
p.V600E mutation in a tumor for study inclusion) may 
be conducted by a target-specific assay. In contrast, the 
identification of diverse targetable alterations (eg, in re-
current glioblastoma with no further treatment options 
or in a rare tumor type with no established standard pro-
tocol) may be best achieved through a broad sequencing 
approach. In most CNS tumor types in adult patients, the 
prevalence of individual targets of interest is low (<5% of 
cases) and many occur in a mutually exclusive manner. 
In tumors with low target prevalence, next-generation 
sequencing (NGS), which allows simultaneously as-
sessing multiple targets, is preferred over time-con-
suming, tissue-consuming, and expensive sequential 
testing by target-specific assays.

Immunohistochemistry

The usefulness of immunohistochemistry as a screening 
tool for therapeutically targetable molecular alterations in 
CNS tumors is restricted to a few exceptions. Companion 
diagnostic grade immunohistochemical assays for 
targets in primary CNS tumors do not exist. Certain 
immunohistochemical screening assays used in general 
pathology are of limited or no use in CNS tumors, eg, en-
dogenous neurotrophic tyrosine receptor kinase (NTRK) 
expression hinders immunohistochemical screening for 
NTRK fusions in the nervous system and is therefore not 
recommended.2 BRAF p.V600E mutations can be identified 
by a mutation-specific antibody.3 Immunohistochemical 
staining can be used as a screening method for ALK 
and ROS1 fusions, but positive results should be con-
firmed by additional molecular tests. FGFR3:TACC3 
fusions are associated with increased FGFR3 protein ex-
pression and IHC proved useful in prescreening diffuse 
gliomas.4 Different MET antibodies have been tested to 

Summary

This EANO (European Association of Neuro-Oncology) 
guideline provides a comprehensive overview of tar-
gets for targeted treatment in gliomas, glioneuronal and 
neuronal tumors. It allows a rational and cost-effective 

testing strategy by building the recommendations on 
the evidence of the clinical benefit of targeted treat-
ment of molecularly selected central nervous system 
tumors in adults.
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detect MET overexpression as an indicator of MET amp-
lifications in gliomas, but standardized cutoff criteria and 
protocols do not exist and overexpression in IHC cannot 
replace gene amplification testing.5 Loss or reduced ex-
pression of hamartin (TSC1) or tuberin (TSC2) has been 
described in SEGAs, but the sensitivity and specificity of 
such immunohistochemical analysis for the detection of 
TSC1 and TSC2 alterations need further elucidation, sim-
ilar to the loss of neurofibromin caused by deleterious NF1 
alterations.6,7 Immunohistochemistry can be used to di-
agnose MMR deficiency, which is detected by the loss of 
expression of MMR proteins in tumor cells (or in both non-
neoplastic and neoplastic cells in the case of constitutional 
mismatch repair deficiency (CMMRD).8

Detection of Amplification

High and low-level amplification (eg, EGFR, CDK4/6, 
MDM2/4, MET, PDGFRA) can be identified using a variety 
of techniques including single gene methods such as FISH, 
digital droplet polymerase chain reaction (ddPCR), qPCR, 
or high-throughput methods such as array comparative 
genome hybridization, (low pass) whole genome, exome 
sequencing and targeted NGS gene panels. Genome-wide 
DNA methylation arrays can also identify copy number 
gains, though the detection sensitivity in samples with 
low-level copy number gains and samples with a low tumor 
purity is unclear. An advantage of the array and whole ge-
nome sequencing or whole exome sequencing methods 
is their ability to distinguish focal high-level amplifica-
tion against low-level gains due to trisomy or polysomy. 
Moreover, additional genetic alterations (eg, extracellular 
or tyrosine kinase domain mutations, fusions, exon skip-
ping, or deletions) can be detected simultaneously.

Mutation Detection

For the detection of the hotspot, mutations targeted assays 
(eg, Sanger sequencing, pyrosequencing, ddPCR) may be 
used. For genes in which mutations are not confined to 
specific exons (eg, EGFR, MET, PDGFRA, NF1, and mTOR/
TSC1/2), the size of the coding sequence along with a large 
number of exons makes classical sequencing efforts to de-
tect mutations difficultly; these are preferably identified by 
DNA NGS. Depending on the size of the panel and the avail-
ability of matched normal (germline) control samples, the 
number of variants can be substantial. Alterations include 
known pathogenic driver mutations, splice or truncating 
mutations as well as missense variants, many of which are 
of unknown significance. Variant interpretation and target 
prioritization involve consideration of gene-specific (eg, 
proto-oncogene vs. tumor suppressor gene, +/− biallelic 
inactivation) and tumor type-specific aspects as well as 
clonality (ie, clonal vs. subclonal variant). Currently avail-
able public databases mainly comprise information on 
non-CNS tumor types and may be of limited use for variant 
interpretation in CNS tumors. For deleterious alterations, 
especially relevant for tumor suppressor genes (eg, NF1, 
TSC1/2, and MMR genes), potentially relevant aberrations 
may be missed by short-read NGS sequencing (eg, large 

deletions, complex gene rearrangements). Furthermore, 
some genomic regions are hard to sequence and align (eg, 
because of high guanine-cytosine content, and highly re-
petitive regions).

Fusion Detection

Therapeutically relevant gene fusions in BRAF, FGFR1-3, 
MET, NTRK1-3, and PDGFRA usually involve various fu-
sion partners and genomic breakpoints. Except for BRAF 
fusions in pilocytic astrocytoma, most fusions in adult CNS 
tumor patients are rare and mutually exclusive. Fusion and 
break-apart FISH probes are available for NTRK1-3, but 
FISH cannot determine if the fusion results in a productive 
in-frame chimeric transcript. While FISH assays allow for a 
fusion-partner agnostic detection of a specific fusion per 
probe, RT-PCR approaches are further limited as they re-
quire knowledge of the fusion partner. In most CNS tumor 
types, time- and resource-consuming sequential testing of 
several targets would be necessary, which renders both 
methods less attractive than NGS approaches, especially in 
entities with a low prevalence of fusions. Fusions may also 
be detected by amplicon-based or hybrid capture-based 
sequencing of DNA or RNA. Fusion breakpoints are often 
located in intronic regions, which makes it challenging to 
detect them from DNA sequencing and requires whole 
genome sequencing or custom NGS panels including in-
tronic regions of the genes of interest. Amplicon-based 
sequencing will only allow the detection of a known and 
limited number of fusion partners. Commercial non-hybrid 
capture-based NGS panels—including those designed for 
non-CNS tumors and regularly used in general pathology 
departments—often do not contain all fusion partners rel-
evant for CNS tumors. Anchored multiplex PCR or hybrid 
capture-based approaches instead allow for the detection 
of fusions in an agnostic manner and are most suitable for 
fusion detection in CNS tumors involving a plethora of fu-
sion partners.

Hints for certain types of gene fusions can be identified 
in DNA copy number variation plots calculated from DNA 
methylation arrays (ie, Illumina EPIC array) and should 
generally prompt further genetic testing, except for the fre-
quently detected KIAA1549::BRAF fusion on chromosome 
7q34 in pilocytic astrocytomas and high-grade astrocytoma 
with piloid features. Fusions may appear either as small 
focal gains (eg, RAF1 duplication in SRGAP3::RAF1 fu-
sion on chromosome 3p) or focal losses (eg, BRAF par-
tial deletion in FAM131B::BRAF fusion) usually partially 
encompassing the gene of interest.9 Several gene amplifi-
cations are associated with fusions of the same gene (eg, 
EGFR, PDFGRA, and MET), thus fusion testing may be con-
sidered for amplified cases.

TMB, POLE, and MMR Deficiency

TMB can be accurately inferred using panels covering at 
least 0.6 Mb.10–12 Harmonization efforts for TMB calculation, 
reporting and interpretation are ongoing. TMB reporting 
should include a brief description of the inclusion and ex-
clusion criteria of variants used for the TMB calculation 
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(eg, minimum read depth and allele frequency, +/− synon-
ymous variants).13 Most whole exome-based studies have 
used the cutoff of 10 mutations per Mb to define TMB-high 
(TMB-H); however, this cutoff cannot be extrapolated to all 
NGS panels as the discrimination of samples with TMB-H 
varies across different panels, with panel size, gene con-
tent, and bioinformatics pipelines contributing to vari-
ability.11 The advantage of DNA sequencing using large 
panels is that it can also provide the mutational status 
of the genes associated with DNA polymerase and MMR 
deficiency (ie, POLE, POLD1, MSH2, MSH6, MLH1, and 
PMS2) as well as “mutational signatures” (ie, specific mu-
tational patterns) occurring in the sample of interest (eg, 
polymerase or MMR deficiency, alkylating agent expo-
sure). Diagnosis of MMR deficiency using classical micro-
satellite instability (MSI) assays is unreliable in gliomas as 
MMR-deficient gliomas are often classified as microsatel-
lite stable using tests developed for colorectal and other 
cancer types.8,14,15

Germline Testing

Genetic counseling should be done prior to germline testing, 
in view of the implications for patients when being diag-
nosed with a germline mutation. Diagnostic criteria have 
been developed and can guide clinicians to select patients 
that are more likely to carry germline defects.16 If deleterious 
mutations in tumor suppressor genes relevant in the context 
of cancer predisposition syndromes (eg, NF1, TSC1/2) are 
detected in tumor-only sequencing at variant allele frequen-
cies suggestive of a potential germline alteration, genetic 
counseling may be considered as well, especially in young 
adults. Genetic counseling should further be considered for 
all patients diagnosed with pretreatment TMB-H glioma (es-
pecially in the presence of polymerase or MMR gene aberra-
tions consistent with a constitutional event).

How to Report Findings

Nucleotide sequence variants are reported as changes rela-
tive to reference sequences. The use of the term “variant” or 
“alteration” is preferred over “mutation,” as the latter term 
tends to imply that the detected DNA sequence change has 
a disease-related significance which may be true for some 
variants but not for others, and of many variants the sig-
nificance is unknown. In addition, defining a variant as a 
(somatic) mutation in cancer with certainty would require 
sequencing-matched constitutional DNA, while the use of 
“variant” is also used to describe sequences deviating from 
the reference genome. With modern sequencing panels, 
many alterations of unclear functional significance outside 
known (hotspot) driver variants are detected (“variants of un-
known significance”), even in genes with a well-established 
role in tumorigenesis/oncogenesis and with pathogenic vari-
ants described. For the description of sequence variants, 
standardized wording developed by the Human Genome 
Variation Society should be used as well as information on 
the reference genome build (currently mostly CRCh19/hg19 
or CRCh38/hg38), with changes in the coding DNA reference 

sequence (c.), the protein reference sequence (p.), and the 
transcript ID being provided.17 The molecular pathology re-
port should contain the list of genes/ regions of genes cov-
ered by the NGS panel and further information necessary to 
assess sequence quality and assay limitations. In addition, 
information relevant to the interpretation of tumor heteroge-
neity and actionability in molecular tumor boards should be 
added (ie, mean coverage, coverage at variant site, technical 
detection limits, tumor cell content, variant allele frequency, 
predicted copy number variation). The assessment of the 
relevance of a variant involves 2 levels: (1) A biological in-
terpretation (ie, effect on the translated protein, pathogenic/
oncogenic potential, diagnostic implication, prognostic sig-
nificance), and (2) A clinical interpretation (ie, actionable and 
predictive potential of a variant) usually assessed by an in-
terdisciplinary molecular tumor board.

Attributing Pathogenetic Significance 
to Findings

The pathogenic significance attributed to detected sequence 
variants is based on various sources such as databases 
where variants, their frequency, and significance are re-
ported, including germline frequency in the general popu-
lation, the similarity of the variant to known pathogenetic 
variants, localization of the abnormality (eg, known hotspot), 
predicted impact on the function of the protein and func-
tional assays.18,19 For the reporting of germline sequencing 
results, the American College of Medical Genetics updated 
a classification scheme and nomenclature for constitutional 
variants but so far no international consensus on the re-
porting and interpretation of somatic variants in cancer has 
been reached.18–20 A commonly used 5-tiered denomination 
scheme for somatic variants distinguishes between “path-
ogenic/relevant,” “likely pathogenic/likely relevant,” “uncer-
tain significance,” “likely benign,” and “benign.” Recently, a 
new recommendation for the classification of pathogenicity 
(oncogenicity) of somatic variants in cancer, adopted from 
the 2015 American College of Medical Genetics classifica-
tion for germline variants, has been proposed to harmonize 
standards in reporting (Table 1).19 For variant frequencies 
within specific tumor entities the databases require informa-
tion on precise tumor diagnoses. The majority of NGS data 
available in public databases provide information mainly 
on non-CNS tumor entities. The quality of data, granularity 
of annotation, and curation of datasets are highly variable. 
For most neuro-oncological entities covered in this review, 
we were not able to extract meaningful data from such data-
bases, mostly because the tumor diagnoses were outdated 
and did not cover the diverse spectrum of WHO 2021 CNS 
tumor classes.

Attributing Clinical Significance to 
Findings

Certain genetic alterations provide meaningful targets for 
medical treatment. To address the difference in the level of 
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evidence of the potential clinical benefit of genetic alter-
ations, various guidelines have provided scoring systems 
for targets identified as part of the diagnostic process.18,21,22 
Although they follow similar approaches, there is varia-
bility in these scales. Since the attribution is partly based 
on the regulatory approval of drugs, decisions of regu-
latory agencies may also affect the scoring and thus dif-
ferent attributions may exist in different countries (eg, tier 
I: Strong clinical significance, FDA-approved therapy; Table 
1).18 This guideline uses the widely accepted ESMO Scale of 
Clinical Actionability for molecular Targets (ESCAT), which 
assigns levels of evidence for the actionability of identified 
potential targets (Table 1, 2).21 The tiers of this scale (levels 
I–V) follow the levels of evidence commonly used to de-
velop guidelines from results of clinical trials, with tiers re-
lated to the quality of the available clinical evidence. This 
tier system goes from evidence obtained in randomized 
clinical trials within the disease of interest, via randomized 
trials in other cancers, uncontrolled studies, and experi-
mental agents in clinical trials to evidence obtained in the 
laboratory setting. These levels indicate the clinical benefit 
that may be expected from targeted treatments, This paper 
will only consider targets within levels I–III of the ESCAT 
evidence tier (“ready for routine use”, “investigational”, “hy-
pothetical target”). Also, drugs directed for some targets 
have been (conditionally) approved in a tumor-agnostic 
setting (eg, larotrectinib and entrectinib in NTRK fusion-
positive tumors; in the US dabrafenib and trametinib for 
BRAF p.V600E mutant tumors and pembrolizumab for 
tumors with high tumor mutational burden). However, 

for some of these approvals, such as the approval for 
pembrolizumab, the evidence of benefit in patients with 
glioma and other CNS tumors is weak, either in terms of 
the number of treated patients or of the activity observed. 
In the presence of such limited knowledge, the recommen-
dation of this guideline is to treat such patients only within 
clinical trials or prospective registries.

Historically, drugs that have shown clinical benefit in 
randomized clinical trials are considered for registration 
and reimbursement in that disease. Today, several new and 
often rare neuro-oncological tumor types have been delin-
eated for which randomized controlled trials are difficult to 
conduct or simply not feasible and the activity of new ther-
apeutic strategies is often evaluated in terms of objective 
response rate (ORR) in single-arm studies or basket trials 
on multiple tumor types characterized by the same action-
able mutation. This strategy may nowadays lead to regula-
tory approval.23,24 An alternative single-arm study design 
for very rare cancers, which is also considered by EMA, is a 
within-patient time-to-progression or progression-free sur-
vival (PFS) analysis (or the combination), requiring superi-
ority of time-to-progression and/or PFS of the experimental 
treatment over the time-to progression /PFS obtained with 
prior standard treatment.25–29

Regardless of the study design used, especially single-arm 
studies require tools that systematically evaluate the magni-
tude of benefit to the experimental treatment demonstrated 
in them. The ESMO ESMO–Magnitude of Clinical Benefit Scale 
is a tool that weighs the clinical evidence also when obtained 
in single-arm studies based on ORR, Duration of objective 

Table 1. Objective and Wording in the 2015 guideline of the American Society of Medical Genetics, the 2022 Joint Recommendations of 
Clinical Genome Resource (ClinGen), Cancer Genomics Consortium (CGC), and Variant Interpretation for Cancer Consortium (VICC); the 2017 
Recommendation of the Association for Molecular Pathology, American Society of Clinical Oncology, and College of American Pathologists; and the 
ESMO Scale for Clinical Actionability of molecular Targets

Guideline American College of 
Medical Genetics 201520 

ClinGen/CGC/VICC19 AMP/ASCO/CAP 201718 ESCAT21 

Objective Classification of 
germline variants

Classification of the 
pathogenicity of so-
matic variants in cancer 
(oncogenicity)

Classification of somatic 
variants in cancer based 
on the evidence available 
supporting their value as 
clinical targets

Classification of somatic vari-
ants in cancer based on the 
evidence available supporting 
their value as clinical targets

Used wording Pathogenic
Likely Pathogenic
Uncertain significance
Likely benign
Benign

Oncogenic
Likely oncogenic
Uncertain significance
Likely benign
Benign

Variants of strong clinical 
significance
-Level A: FDA-approved 
therapy
-Level B: well-powered 
studies with consensus in 
the field
Variants of potential clinical 
significance
-Level C: FDA-approved 
therapies for different 
tumor types or investiga-
tional therapies
-Level D preclinical trials or 
a few case reports
Variants of unknown clinical 
significance
Benign or Likely benign 
variants

Tier I: ready for routine use: 
Alteration-drug match is as-
sociated
with improved outcomes in 
clinical
trials
Tier II: Investigational: 
alteration-drug
the match is associated with 
antitumor activity, but the 
magnitude of the benefit is
unknown
Tier III: Hypothetical: 
alteration-drug match sus-
pected to improve outcome 
based on clinical trial data in 
other tumor type(s) or with 
similar molecular alteration

Role Diagnostic Diagnostic/prog-
nostic

Therapeutic/predictive Therapeutic/predictive
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Response (DoR; complete and partial response) and durable 
PFS.30 In this scale, for single-arm studies the highest grade of 
3 is awarded to studies demonstrating either median PFS >6 
months or an ORR >60%; or an ORR between 20% and 60% 
and DoR >9 months (Table 3). If the quality of life outcomes 
are reported, the score can be adapted, eg, the score is de-
creased in the presence of >30% grade 3-4 toxicities impacting 
daily well-being. This paper will use the ESMO-MCBS to score 
the activity of (combination of) drugs on targets; this score will 
only be attributed to results from prospective trials on targets 
with an ESCAT score of I or II (Table 1).

Molecular Testing: When to Test?

The large number of potential targets raises the issue when 
testing is warranted. This concerns both the timing (at the 
time of initial diagnosis or at recurrence), and the evidence 
required to make testing for a specific target clinically mean-
ingful. Many potential targets may indeed be present but are 
either rare or of no or unclear clinical significance, or both. 
Considerations that give guidance here are the relevance of 
the target (eg, as expressed in the ESCAT scale, level I as op-
posed to level II and III), the magnitude of the clinical benefit 
obtained in a responding patient population (ESMO-MCBS), 
the frequency with which the target occurs, the complexity 
and costs of the diagnostic assay, the routine institutional 
diagnostic approach (eg, single assays versus standard 
panel assays) and the availability of clinical trials.21,30 Here, 
health economics come into the equation, with the caveat 
that for most targets and accompanying drugs, no data 
exist for CNS tumor patients. If a target is “hypothetical” ac-
cording to the ESCAT scale (ESCAT III) and treatment should 
only be considered in the context of early clinical trials, it 
makes no sense to test separately for that target unless a 
clinical trial is readily available. However, if such a target 
is “routinely” assessed by the used panel assay, and the 
target is found to be present, more intensive searches for 
trials aiming at that specific alteration are possible. This ar-
gues against “named patient programs” for ESCAT scale III/
IV targets without systematic information on the outcome 
being collected within a prospective registry, but also warns 
against overinterpretation of case reports given the risk of 
bias from these reports and the potential exposure of sub-
sequent patients as a result of “promising” but unconfirmed 
case reports. For rare targets, with drugs of only limited 
effectiveness and more complex and costly diagnostic as-
says, testing may present an inappropriate use of resources. 
Testing at the time of first diagnosis is especially meaningful 
if no well-established standard of care exists for that entity 
and/or a potential meaningful treatment for a target in that 
entity is likely, in which case upfront treatment could be 
considered. Examples of this are frequently BRAF p.V600E 
mutated tumors like ganglioglioma and PXA. Overall, mo-
lecular testing of targets for non-approved and experi-
mental treatments should principally be considered when 
standard treatments have been exhausted for the respective 
tumor type. Whenever possible molecular testing should be 
done from the most recent tumor tissue sample, as molec-
ular alterations may change over time; but also over time 
the development of newer methodologies justifies waiting 

with analysis until clinically indicated.31 The risk and benefits 
of performing dedicated neurosurgical interventions for the 
sole purpose of tissue acquisition for molecular testing for 
ESCAT scale III or IV targets need to be carefully weighed 
given the absence of established benefit.

Targets of Potential Interest

Targets covered in this review were selected because of 
their potential actionability in gliomas, glioneuronal and 
neuronal tumors. Based on these considerations, the clin-
ical relevance of the following targets are described in de-
tail: BRAF; NTRK; fibroblast growth factor receptor (FGFR), 
mTOR/TSC1/TSC2; EGFR; MET, CDK4/6, ALK, NF1, PDGFRA, 
ROS1, and MDM2/4. In addition, high TMB, HDR, and POLE 
or MMR deficiency are discussed. IDH mutations were not 
part of the current effort, these are part of WHO diagnos-
tics and although trials on IDH as a target are ongoing IDH 
is not considered here. The full review of all targets sum-
marizing (1) its role in cancer, (2) type and frequency in 
gliomas, glioneuronal and neuronal tumors in adults, (3) 
testing methods, (4) the alteration as a therapeutic target 
gliomas, glioneuronal and neuronal tumors in adults, and 
(5) Integrated recommendations on testing and treatment) 
is presented in the supplemental files, for space restrictions 
the main text is limited to the integrated recommendations 
on testing and treatment for each alteration. However, the 
supplement is an integral and essential part of this guide-
line and should be consulted when considering a target for 
testing or treatment. Table 4 summarizes the ESCAT score 
per target and the ESMO-MCBS of treatments with an 
ESCAT score of I or II. Figure 1 presents an overview of fre-
quencies of the molecular alterations per WHO 2021 tumor 
type and the ESCAT score of the alteration.

Relevant Alterations for Gliomas, 
Glioneuronal and Neuronal Tumors in 
Adults: Integrated Recommendations 
for Testing and Treatment

RAS/Mitogen-Activated Protein Kinase Pathway

BRAF mutations.—
Ganglioglioma, pleomorphic xantroastrocytoma WHO 
grade 2 and 3, adolescent patients with diffuse midline 
astrocytomas (diencephalon, brainstem)32 should be tested 
for BRAF p.V600E mutations once treatment is required 
after surgery. Pilocytic astrocytoma should be tested for 
KIAA1549::BRAF fusions and if negative, once treatment 
is required after surgery for other BRAF alterations. The 
epithelioid subtype of glioblastoma, IDH-wildtype carries 
BRAF alterations in around 50% of cases and molecularly 
resembles PXA.33 Some tumors with morphological fea-
tures of glioblastoma and BRAF p.V600E mutations were 
upon further studies reclassified as PXA, these tumors 
were often located in the medial temporal lobe.
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Table 2. The ESMO Scale for Clinical Actionability of molecular Targets (ESCAT)21

 ESCAT Evidence Tier Required Level of Evidence Clinical Value Class Clinical Implication 

Ready 
for 
routine 
use

I: Alteration-drug
match is associated
with improved out-
come in clinical trials

IA: prospective, randomized clin-
ical trials show the alteration-drug 
match in a specific tumortype re-
sults in a clinically meaningful im-
provement of a survival endpoint

Drug administered to patients 
with the specific molecular
alteration has led to im-
proved clinical outcome in 
prospective clinical trial(s)

Access to the treatment

should be considered

standard of care

IB: prospective, non-randomized 
clinical trials show that the 
alteration-drug match in a specific 
tumor type, results in clinically 
meaningful benefit as defined by 
ESMO MCBS 1.1

IC: clinical trials across tumor 
types or basket
clinical trials show clinical bene-
fits associated with the alteration-
drug match, with similar benefits 
observed across tumor types

Inves-
tiga-
tional

II: alteration-drug 
match is associ-
ated with antitumor 
activity, but the mag-
nitude of benefit is 
unknown

IIA: retrospective studies show 
patients with the specific alteration 
in a specific tumor type experience 
clinically meaningful benefit with 
the matched drug compared with 
alteration-negative patients

Drug administered to a 
molecularly defined patient 
population is likely to result 
in clinical benefit in a given 
tumor type, but additional 
data are needed

Treatment to be 
considered “prefer-
able” in the context 
of evidence collection 
either as a prospective 
registry or as a pro-
spective clinical trialIIB: prospective clinical trial(s) 

show the alteration-drug match 
in a specific tumor type results in 
increased responsiveness when 
treated with a matched drug, 
however, no data currently avail-
able on survival endpoints

Hypo-
thetical 
target

III: alteration-drug 
match suspected to 
improve outcome 
based on clinical trial 
data in other tumor 
type(s) or with similar 
molecular alteration

IIIA: clinical benefit demonstrated 
in patients with the specific altera-
tion (as tiers I and II above) but in 
a different tumor type. Limited/ ab-
sence of clinical evidence available 
for the patient-specific cancer type 
or broadly across cancer types

Drug previously shown 
to benefit the molecularly 
defined subset in another 
tumor type (or with a dif-
ferent mutation in the same 
gene), efficacy, therefore, is 
anticipated for but not proved

Clinical trials to be dis-
cussed with patients

IIIB: an alteration that has a 
similar predicted functional im-
pact as an already studied tier I 
abnormality in the same gene or 
pathway, but does not have asso-
ciated supportive clinical data

IV: preclinical evi-
dence of actionability

IVA: evidence that the alteration 
or a functionally similar alteration 
influences drug sensitivity in pre-
clinical in vitro or in vivo models

Actionability is predicted 
based on preclinical studies, 
no conclusive clinical data 
are available

Treatment should 
“only be considered” 
in the context of early 
clinical trials. Lack of 
clinical data should be 
stressed to patients

IVB: actionability predicted in 
silico

Combi-
nation 
devel-
opment

V: alteration-drug 
match is associated 
with objective re-
sponse, but without 
clinically meaningful 
benefit

Prospective studies show that 
targeted therapy is associated with 
objective responses, but this does 
not lead to improved outcome

Drug is active but does not 
prolong PFS or OS, probably 
in part due to mechanisms of 
adaptation

Clinical trials as-
sessing drug com-
bination strategies 
could be considered

X: lack of evidence 
for actionability

No evidence that the genomic 
alteration is therapeutically ac-
tionable

There is no evidence, clinical 
or preclinical, that a genomic 
alteration is a potential thera-
peutic target

The finding should not 
be taken into account 
for clinical decision

Reprinted with permission from Ref 21. ESMO, European Society for Medical Oncology.
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Access to dabrafinib/trametinib treatment should be con-
sidered in patients with progressive BRAF p.V600E mutant 
glial tumors after standard of care. In the United States, 
dabrafenib and trametinib are approved in adult and pe-
diatric patients 6 years of age and older with unresectable 
or metastatic solid tumors with BRAF p.V600E mutation 
who have progressed following prior treatment and have 
no satisfactory alternative treatment option; registra-
tion in Europe and other countries is pending (ESCAT 1B; 
ESMO-MCBS grade 3). BRAF p.V600E mutant tumors of 
lower-grade histologies are likely to benefit more in terms 
of response rate and duration. In some of these very rare 
disease entities, the standard of care is actually ill-defined 
with prospective studies lacking and treatment recom-
mendations inferred from other glial tumors. Upfront tar-
geted treatment with BRAF or BRAF/MEK inhibition could 
be considered in these entities in specific situations (large 
tumors, no well-established standard of care) but prefer-
ably inside clinical trials or clinical registries. Patients with 
KIAA1549::BRAF fusion-positive pilocytic astrocytoma re-
current after standard of care should be considered for 
trials on MEK inhibitors or type II RAF inhibitors (ESCAT 
IIIA).

Somatic Neurofibromin 1 gene (NF1) mutations.—
Routine testing for somatic NF1 variants is currently not 
recommended for patients with sporadic adult-type dif-
fuse gliomas (ESCAT IIIA). Testing for somatic NF1 vari-
ants should be considered in patients with recurrent 
H3-K27-altered diffuse midline glioma, in glioblastoma 
IDH-wildtype, and in tumor types with a high preva-
lence of NF1 mutations (eg, high-grade astrocytoma 
with piloid features, high-grade glioma with pleomor-
phic and pseudopapillary features, and rosette-forming 
glioneuronal tumors), in whom standard treatment op-
tions are exhausted and with clinical trial options avail-
able (ESCAT IIIA). In patients with progressive pilocytic 
astrocyma in whom standard treatment options are ex-
hausted and with clinical trial options available, somatic 
NF1 testing is recommended unless a canonical BRAF 

alteration has already been identified or a diagnosis of 
neurofibromatosis type 1 is established. Genetic coun-
seling should be considered for patients in whom NF1 al-
terations were identified in tumors of the NF1 spectrum 
even if the clinical criteria of neurofibromatosis type 1 
are not fulfilled. This should be done prior to germline 
testing given the consequences of the NF1 diagnosis.34

Growth Factor Receptors

ALK alterations.—
The published data indicate that activating ALK fusions or 
mutations do not play a role in the pathogenesis of the vast 
majority of primary CNS tumors, except for the very rare 
cases of infant-type hemispheric gliomas in newborns. 
Because of the rare occurrence, general testing for ALK al-
terations is not recommended and targeted treatment with 
ALK inhibitors is of limited value in gliomas, glioneuronal 
and neuronal tumors in adults and the vast majority of 
pediatric-type CNS tumor patients (ESCAT IIIA): treatment 
should only be considered in the context of clinical trials or 
prospective registries once standard treatment options are 
exhausted.

EGFR gene alterations.—
Detection of EGFR gene amplification represents an impor-
tant diagnostic biomarker for IDH-wildtype glioblastoma 
that suffices for the diagnosis even in the absence of typical 
histological features.1 In addition, the detection of EGFR mu-
tation or, rarely, EGFR amplification serves as a diagnostic 
biomarker for the EGFR-mutant subtype of diffuse midline 
glioma, H3 K27-altered. However, despite the large number 
of clinical trials examining the efficacy of EGFR inhibitors, 
antibodies, antibody-drug conjugates, and vaccines in 
gliomas, none has demonstrated clinical activity (ESCAT X). 
We, therefore, recommend investigating EGFR inhibitors on 
entities that have thus far not/poorly been studied (including 
the rare cases with mutations affecting the tyrosine kinase 
domain, eg, in a subset of EGFR-mutant thalamic diffuse 

Table 3. ESMO Magnitude of Clinical Benefit Scale (MCBS) Form 3: Evaluation Scale for Benefit as Observed in Single Arm Studies in “Orphan 
Diseases” and for Diseases With “High Unmet Need” With Primary Outcome Progression-Free Survival or Objective Response Rate. Non-Curative 
Setting Grading 5 and 4 Indicates a Substantial Magnitude of Clinical Benefit31

Grade Criteria 

3 PFS ≥ 6 months 
ORR (PR + CR) ≥ 60% 
ORR (PR + CR) ≥ 20% - < 60% AND Duration of response ≥ 9 months

2 PFS ≥ 3 - < 6 months 
ORR (PR + CR) ≥ 40% - < 60% 
ORR (PR + CR) ≥ 20% - < 40% AND Duration of response ≥ 6 - < 9 months

1 PFS 2 - < 3 months 
ORR (PR + CR) ≥ 20%–< 40% AND Duration of response < 6 months 
ORR (PR + CR) ≥ 10% - < 20% AND Duration of response ≥ 6 months

Adjustments: Final adjusted magnitude of clinical benefit grade.
Downgrade 1 level if there are ≥30% grade 3–4 toxicities impacting daily well-being*.
Upgrade 1 level if improved Quality of Life.
Upgrade 1 level for confirmatory, adequately sized, phase 4 experience.
Abbreviations: PFS: Progression-Free Survival; ORR: Objective response rate. ESMO: European Society for Medical Oncology.
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Table 4. Target Genes, Most Frequent Gene Alterations and Their ESMO Scale of Clinical Actionability of Molecular Targets Score, Drugs With an 
Established or Investigational role in That Target, ESMO Magnitude of Clinical Benefit Score (MCBS), and the Clinical Setting in Which Treatment can 
be Considered. ESMO-MCBS are not Provided for Targets That are Considered ESCAT III (= hypothetical target), for Some ESCAT II Targets Data are 
Insufficient for ESMO-MCBS

Gene Type of Gene Abnormality ESCAT Drugs ESMO-
MCBS 

Setting 

RAS/MAPK pathway

BRAF

p.V600E mutation IB dabrafinib/trametinib 3 standard of 
care at PD

vemurafinib 3

dabrafinib

KIAA1549::BRAF fusion IIIA selumetinib No data trial

novel BRAF inhibitors trial

NF1 somatic alterations (non-
germline)

IIIA MEK inhibitors trial

Growth factor receptors

ALK fusions, mutations IIIA crizotinib, alectinib, ceritinib registry/
trial

EGFR amplifications, fusion, mutations IIIA novel agents trial

FGFR FGFR1,3 fusions, FGFR1 muta-
tions N546K, K656E

IIB erdafitinib 2 registry/
trial

pemigatinib No data trial

MET exon 14 skipping, fusions, ampli-
fications,

IIIA MET inhibitors trial

NTRK 
1-3

fusion, mutations IIB larotrectinib, entrectinib No data registry/
trial

PDGFRA amplifications, mutations, fusions IIIA PDGFRA inhibitors trial

ROS1 fusions IIIA crizotinb, entrectinib, etc trial

Cell 
cycle

CDK4/6 amplification IIIA CDK4/6 inhibitors trial

MDM2/4 amplification IV Various investigational 
agents

trial

TSC1/2

SEGA as part of TSC syndrome IA everolimus
sirolimus

2
No data

standard of 
care
trial

TSC1/TSC2 outside of TSC syn-
drome

IIIB mTOR inhibitors trial

Altered genomic stability/DNA repair

MMR deficiency

MMR deficiency, POLE alterations, 
TMB-high germline

IIIA nivolumab, pembrolizumab, 
ipilimumab

registry/
trial

MMR deficiency, POLE alterations, 
TMB-high treatment-induced

IIIB nivolumab, pembrolizumab, 
ipilimumab

trial

HR defi-
ciency

IDH, (BRCA1, BRCA2, and RAD51) NA PARP inhibitors trial

ESCAT short descriptions: ESCAT I: Access to the treatment should be considered standard of care; ESCAT II: Treatment to be considered preferable 
in the context of evidence collection either as a prospective registry or as a prospective clinical trial; ESCAT III: Clinical trials to be discussed with 
patients. Abbreviations: NA: not available; PD: a progressive disease. ESMO: European Society for Medical Oncology.
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midline glioma, H3 K27-altered) (ESCAT IIIA) or with agents 
with novel mechanisms of action (or novel combinations) 
that may be active against glioblastoma-associated EGFR 
variants or EGFR amplification. Outside the routine diag-
nostics for EGFR alterations required for appropriate WHO 
diagnosis, testing for EGFR alterations should be limited to 
patients who have exhausted standard therapy but who are 
still in a good enough clinical condition and with clinical trial 
options available.

FGFR gene alterations.—
FGFR represents an ESCAT IIB target in glioma and 
glioneuronal tumors, RGNT, pilocytic astrocytoma, 
DNET, and midline diffuse gliomas in adults should be 
tested for FGFR1 mutation If options for targeted ther-
apies are sought. FGFR1::TACC1 fusions are present in 
the majority of extraventricular neurocytomas where 
they can serve to support the diagnosis. In patients with 
IDH-wildtype glioblastoma, attention should be paid to 
histological features associated with FGFR3::TACC3 fu-
sion. Immunohistochemical staining for FGFR3 expres-
sion can be used as prescreening for glioblastoma, IDH 
wildtype. Positive cases (less than 10%) should then be 
molecularly tested for FGFR3::TACC3 fusion. Glioma and 
glioneuronal tumor patients with progressive disease 
who have exhausted standard therapy but who are still 
in a good enough clinical condition and with clinical trial 
options available are candidates for testing for FGFR al-
terations. If diagnosed with an FGFR variant, treatment 
is to be considered, preferably in a clinical study or as 
part of a prospective registry if registered drugs are 
available.

Mesenchymal-Epithelial Transition factor (MET)/
Hepatocyte Growth Factor Receptor alterations.—
In adult patients, MET testing is to be considered in pa-
tients with recurrent glioblastomas, IDH-wildtype (CNS 
WHO grade 4) and with recurrent astrocytoma, IDH-mutant 
(CNS WHO grade 3 or 4), in patients with tumors with a 
methylation profile of a diffuse pediatric-type high-grade 
glioma, H3-wildtype and IDH-wildtype, in patients with dif-
fuse midline glioma, H3 K27-altered, and in patients with 
diffuse hemispheric glioma, H3 G34-mutant; in whom 
standard treatment options are exhausted, that is still in a 
good enough clinical condition and with clinical trial op-
tions available (ESCAT IIIA). For patients with tumors with 
MET amplification, fusion, or exon skipping alteration 
meeting trial inclusion criteria, treatment in a clinical trial 
should be considered. No clinically relevant MET alter-
ations have so far been reported in oligodendroglioma.

NTRK-fusion

Adult patients with primary CNS tumors who would qualify 
for further treatment and who have exhausted standard 
therapy but are still in a good clinical condition are candi-
dates for NTRK fusion testing. A limitation of testing to cer-
tain histologies is at present not possible; NTRK fusions are 
diagnosed across many types of glioma but are more prev-
alent in hemispheric gliomas of infants. For glioma, despite 
the tumor agnostic approval by EMA and the FDA for the 
treatment of NTRK fusion-positive cancers, NTRK fusions 
are ESCAT IIB. An ESMO-MCBS is not possible until more 
clinical data become available. In patients with a recurrent 
NTRK-fusion-positive CNS tumor and with the standard 
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Oligodendroglioma, IDH-mutant, 1p/19q codeletion
Glioblastoma, IDH-wildtype

Diffuse midline glioma, H3 K27-altered
Diffuse hemispheric glioma, H3 G34-mutant

Diffuse pediatric-type high-grade glioma, H3-wildtype, IDH-wildtype
Pilocytic astrocytoma

High-grade astrocytoma with piloid features
Pleomorphic xanthoastrocytoma

Chordoid glioma
Subependymal giant cell astrocytoma

Astroblastoma, MN1 altered
Ganglioglioma and ganglion cell tumors

DNET
DGONC

Papillary glioneuronal tumor
Rosette forming glioneuronal tumor

Myxoid glioneuronal tumor
Diffuse leptomeningeal glioneuronal tumor

Central neurocytoma
Extraventricular neurocytoma

Ependymomas, all subtypes

Estimated prevalence:

0.1–1%

1–5%

5–20%

>20%

Target present but prevalence n.a.

Target present primarily at relapse

ESCAT score:

I

II

III

IV or n.a.

Figure 1. Overview of molecular targets found in gliomas, glioneuronal tumors, and neuronal tumors of adults and associated ESCAT score. 

Notes: - Numbers are rough estimates based on literature and public databases, data on rare or new subtypes for which only a few samples have 
been characterized may evolve. Whenever feasible, results have been translated into tumor types as they are defined according to the WHO 2021 
central nervous system tumor classification. This may be responsible for variations in biomarker prevalence compared to past studies. Definitions 
of variants may vary between different studies (eg, rare mutations outside known hotspots of which the somatic status is unknown and oncogenic 
potential has not been determined). Single cases or discordant reports are not included in the table.
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of care therapies exhausted treatment with an approved 
NTRK inhibitor is recommended, with a strong preference 
for treatment in a clinical study or as part of a registry. 
Whether glioma patients with NTRK fusions detected at di-
agnosis should receive such inhibitors early on and without 
or with standard therapy remains controversial.

PDGFRA gene alterations.—
Testing for PDGFRA p.K385L mutation is useful as a diag-
nostic marker for the rare cases of myxoid glioneuronal 
tumors. Various PDGFRA alterations (high-level gene amp-
lifications and sequence variants) are found at a significant 
frequency in IDH-wildtype glioblastomas, diffuse midline 
gliomas with H3 K27 alteration, pediatric-type diffuse high-
grade glioma, H3-wildtype and IDH-wildtype, and at lower 
frequency in IDH-mutant astrocytomas. Despite a signif-
icant number of clinical trials examining the efficacy of 
PDGFRA inhibitors in unselected glioma patients, none has 
demonstrated clinical activity, and reports on efficacy based 
on molecularly selected tumors are scarce (ESCAT IIIA). We, 
therefore, recommend testing for this target only in pa-
tients in whom standard treatment options are exhausted, 
that are still in a good enough clinical condition and with 
clinical trial options available. Trials on PDGFR inhibitors 
should focus on entities that have thus far not been or only 
poorly been investigated, or that are using novel agents in 
the context of early clinical trials and in trials with molec-
ular entry criteria aiming at specific PDGFR alterations.

Proto-oncogene tyrosine-protein kinase-1 (ROS1) 
fusions.—
In adult patients with glioma, glioneuronal or neuronal 
tumors ROS1 fusion is an ESCAT IIIA target, testing for 
the target should only be considered in patients in whom 
standard treatment options are exhausted, who are still in 
a good enough clinical condition and with clinical trial op-
tions available. If a ROS1 fusion is identified as part of a 
broader more general NGS screening, treatment should be 
considered within a clinical trial or a prospective registry.

Cell Cycle

CDK4 and cyclin-dependent kinases 6 amplification.—
Testing for CDK4 or CDK6 amplification is of limited signif-
icance for adult patients with gliomas, glioneuronal, and 
neuronal tumors. Early clinical trials on patients with recur-
rent IDH-wildtype glioblastoma selecting for RB positivity 
alone, or in combination with CDKN2A loss or CDK4 am-
plification have not shown efficacy of monotherapy with 
CDK4/6 inhibitors (ESCAT IIIA).35–38 Testing for CDK4/6 am-
plification might be considered in patients with gliomas 
or neuronal/glioneuronal tumors in whom standard treat-
ment options are exhausted, who are still in a good enough 
clinical condition and with clinical trial options available.

Mouse Double Minute 2, 4 (MDM2/MDM4) gene 
amplification.—
MDM2 or MDM4 alterations (amplifications) are found at 
a significant frequency in IDH-wild type glioblastomas. 

Clinical trials examining the efficacy of MDM2 or MDM4 
inhibitors in other solid tumors have shown limited signs 
of clinical activity, and a small cohort of MDM2 amplified 
glioblastoma patients failed to demonstrate clinical ac-
tivity (ESCAT IV). Testing for MDM2/MDM4 amplification is 
therefore only to be considered in the context of an avail-
able early clinical trial with molecular entry criteria aiming 
at MDM2/MDM4 amplification, in glioblastoma patients 
who have exhausted standard therapy but who are still in a 
good enough clinical condition.

TSC1/TSC2/mTOR alterations.—
In tumors that unequivocally qualify as SEGA, mTOR 
pathway inhibition is part of the standard of care if surgical 
removal is not possible (ESCAT IA, ESMO-MCBS 3); how-
ever, in patients that are not (yet) known for TS and with a 
histologically ambiguous tumor, demonstration of a TSC1 
or TSC2 mutation is advised before considering this treat-
ment. In TS patients, everolimus may improve seizure con-
trol. For other glial and glioneuronal tumors, assessing 
mutations in mTOR, TSC1/TSC2 and mTOR pathway ac-
tivation should only be considered in patients in whom 
standard treatment options are exhausted, that still in a 
good enough clinical condition and with clinical trial op-
tions available (ESCAT IIIB).

Altered Genomic Stability

High tumor mutational burden, DNA mismatch repair, 
and polymerase proofreading deficiency alterations.—
In patients with newly diagnosed adult-type diffuse glioma, 
testing for TMB-H, DNA polymerase, and MMR deficiency 
should be considered in young adults, tumors with unu-
sual histological or molecular features (eg, tumors with 
severe pleomorphism and/or giant cell features, tumors 
not falling into classic molecular subtypes, or associated 
with a DNA methylation pattern suggestive of MMR de-
ficiency in particular “diffuse pediatric-type high-grade 
glioma RTK1”), and patients with a personal or familial 
history suggestive of germline DNA polymerase or MMR 
deficiency.39 Prior to testing for this, genetic counseling is 
advised.

In patients with recurrence of the tumor after treatment 
with an alkylating agent, testing of the recurrent tumor for 
TMB/MMR deficiency is relevant only for patients with IDH-
mutant gliomas, MGMT promoter methylated IDH-wildtype 
glioblastoma, or patients who initially responded to alkylating 
agents and in the context of available clinical trials or access 
to anti-PD1 therapies (ESCAT III). Despite the registration or 
reimbursement of anti-PD1 therapies in some areas, in the 
absence of positive prospective trial data anti-PD1 treatment 
of post-treatment TMB-H glioma is best limited to clinical 
trials and prospective registries after standard of care are ex-
hausted in patients in a good enough clinical condition.40

HRD alterations.—
In the almost complete absence of mutations affecting 
genes directly involved in HR in gliomas there is no ra-
tionale to test for HRD alterations. If a HRD alteration 
is nonetheless identified, treatment should only be 
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considered in patients in whom standard treatment op-
tions are exhausted, who are still in a good enough clinical 
condition and within a prospective clinical trial. For other 
brain tumors including IDH mutated gliomas, clinical trials 
on PARP inhibitors should only be considered in patients in 
whom standard treatment options are exhausted, and who 
are still in a good enough clinical condition (ESCAT IIIA).

Conclusion

The wealth of diagnostic opportunities in modern oncology 
has led to the identification of alterations in genes that are 
targets for treatment. The number of clinically relevant 
targets predictive for benefit of targeted treatment in pri-
mary CNS tumors in adults remains limited, however, with 
only BRAF p.600V having solid evidence of clinical ben-
efit. Other targets that show efficacy in other tumor types 
leading to tumor agnostic regulatory approvals (in par-
ticular tumors with NTRK fusions and TMB-high tumors) 
lack sufficient evidence of benefit to targeted treatment in 
adult patients with primary CNS tumors. It is therefore of 
vital importance that patients eligible for these therapies 
are treated within prospective registries and clinical trials. 
Some initial data suggest limited activity of targeted treat-
ments in CNS tumors with FGFR alterations, confirmatory 
studies are needed for solid conclusions. For other targets, 
treatment remains investigational, and thus testing should 
be limited to the context of available clinical trials.
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