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Abstract
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The 5t edition of World Health Organization (WHO) Central Nervous System (CNS) tumours classification has trans-
formed the pathological diagnosis of gliomas from purely histological to the multilayered integrated one with molecular
biomarkers necessary for proper classification, risk stratification, and prognostic-predictive clinical purposes. Because
of deep and important changes in taxonomy and diagnostic approach to gliomas, this manuscript is a review of WHO
CNS classification 5 edition with general testing guidance for pathologists and clinicians working in neuro-oncology.
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Introduction with historical background

Glial tumours constitute a substantial and com-
plex heterogeneous group of primary central nervous
system (CNS) neoplasms. Their consecutive classifica-
tions are strongly related to histological features and
clinical outcome, together with relatively recent incor-
poration of the molecular characteristics. The 5t edi-
tion of the World Health Organization (WHO) classifi-
cation of tumours of the CNS, published at the end of
2021 has introduced new taxonomy and nomencla-
ture of a great number of tumours including gliomas.

The story begins in 1926 when Bailey and Cushing
published the book “A Classification of the Tumours of

the Glioma Group on a Histogenetic Basis with a Cor-
related Study of Prognosis” [4,23]. The 1t WHO clas-
sification of CNS tumours was published in 1979 [87].
The intracranial tumours were graded according to
four-stage scale: grade | — the most benign neoplasms,
grade Il — semi-benign, grade Ill — relatively malignant,
and grade IV — highly malignant. The widest group con-
stituted the neuroepithelial tumours, but interestingly,
glioblastoma was not included into the astrocytic neo-
plasm [68,87]. In the 2" version of WHO CNS tumours
classification (1993), the major progress was made by
incorporation of immunohistochemistry. Glioblastoma
was then put into the astrocytomas group, and the
idea of glioma progression was posed [34]. In 2000,

Communicating author:

Ewa Izycka-Swieszewska, Department of Pathology and Neuropathology, Medical University of Gdansk,

e-mail: ewa.izycka-swieszewska@gumed.edu.pl

Folia Neuropathologica 2022; 60/2

137



Aleksandra Sejda, Wiestawa Grajkowska, Joanna Trubicka, Ewa Szutowicz, Tomasz Kazimierz Wojdacz, Wojciech Kloc, Ewa Izycka-Swieszewska

the 3 WHO edition has been improved by an exten-
sive patho-clinical and radiological descriptions togeth-
er with some genetic findings [18]. So-called primary
glioblastomas were characterized by EGFR alteration
and loss of chromosome 10, and 1p/19q loss in oligo-
dendroglioma was defined [69]. In 2007, WHO 4t edi-
tion provided modifications conceming grading criteria,
new entities and increasing role of molecular data [42].
Grading was presented as follows: | for low proliferation
potential with radical treatment with surgery alone, Il for

Table I. Gliomas according to WHO 2021 classi-
fication of CNS tumours

Adult-type diffuse gliomas

Astrocytoma, IDH-mutant

Oligodendroglioma, IDH-mutant and 1p/19qg-codeleted

Glioblastoma, IDH-wildtype

Paediatric-type diffuse low-grade gliomas
Diffuse astrocytoma, MYB- or MYBLI-altered

Angiocentric glioma

Polymorphous low-grade neuroepithelial tumour of the young

Diffuse low-grade glioma, MAPK pathway-altered

Paediatric-type diffuse high-grade gliomas

Diffuse midline glioma, H3 K27-altered

Diffuse hemispheric glioma, H3 G34-mutant

Diffuse paediatric-type high-grade glioma, H3-wildtype
and IDH-wildtype

Infant-type hemispheric glioma

Circumscribed astrocytic gliomas

Pilocytic astrocytoma

High-grade astrocytoma with piloid features

Pleomorphic xanthoastrocytoma

Subependymal giant cell astrocytoma

Chordoid glioma
Astroblastoma, MN1-altered

Ependymal tumours

Supratentorial ependymoma

Supratentorial ependymoma, ZFTA fusion-positive

Supratentorial ependymoma, YAP1 fusion-positive

Posterior fossa ependymoma

Posterior fossa group A (PFA) ependymoma

Posterior fossa group B (PFB) ependymoma

Spinal ependymoma

Spinal ependymoma, MYCN-amplified

Myxopapillary ependymoma

Subependymoma
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infiltrating lesions, prone for recurrent course, Il as his-
tological malignant neoplasms, with the need of adju-
vant therapy, finally IV for highly malignant tumours
with poor prognosis. Molecular alterations provided
prognostic and predictive data within diagnostic cate-
gories established by conventional histological methods.
In 2016, the revised/updated 4" WHO classifi-
cation of CNS tumours introduced the idea of multi-
layered approach composed of integrated diagnosis,
histological classification, WHO grade and molecular
data [43]. The classification of diffuse gliomas was
changed, a large subset was defined based on IDH
1/2 mutation and 1p/19q status. Thus, the oligoastro-
cytoma was expected to disappear, and gliomatosis
became a growth pattern [45]. Diffuse gliomas includ-
ed 15 entities, because different malignancy grades
were assigned to different entities (e.g. anaplastic oli-
godendroglioma as a different type from oligodendro-
glioma) and because not otherwise specified (NOS)
designations were assigned to distinct entities [46].
IDH-mutant and IDH-wildtype diffuse astrocytomas
were divided into three types (diffuse astrocytoma,
anaplastic astrocytoma and glioblastoma) depending
on histology. However, due to rapidly increasing know!-
edge from high output molecular neuro-oncological
and clinical studies, the need for the new improved
system occurred. Consequently, in years 2018-2020,
the international expert group Consortium to Inform
Molecular and Practical Approaches to CNS Tumour
Taxonomy (cIMPACT) was elaborating on new recom-
mendations [17]. The group published seven interim
updates which constitute the background of the last
5t WHO CNS classification [13,14,21,22,44,48,49].
The current 2021 WHO CNS 5t edition (WHO CNS5)
reflects the use of complex histological and molecular
approaches to establish a final pathological diagnosis
and grading for brain tumours [11,84]. The idea is to
meet the need for standards in diagnosis and to facili-
tate the translation of diagnostic research into practice
[45]. However, the access to molecular testing is limit-
ed for many centres as well as the ability to incorporate
all changes. Fortunately, there are many immunohisto-
chemical surrogates for molecular alterations which
might be successfully used to improve the diagnosis.
Currently, “glial, glioneuronal and neuronal tumours”
are grouped together into a separate family and divided
into six categories: 1) adult-type diffuse gliomas, 2) pae-
diatric-type diffuse low-grade gliomas, 3) paediatric-type
diffuse high-grade gliomas, 4) circumscribed astrocytic
gliomas, 5) glioneuronal and neuronal tumours, and
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6) ependymal tumours. The 2021 glial tumours WHO
classification is summarized in Table I.

General changes of 5t edition CNS WHO
concerning gliomas, placed into the group
of “Gliomas, glioneuronal and neuronal
tumours”

The major changes in the classification and grad-
ing of the diffuse gliomas comprise separation of
the paediatric-type diffuse gliomas from the adult-
type diffuse gliomas, being clinically and biologically
distinct groups; simplification of the adult-type dif-
fuse gliomas into three major types; and changes in
the nomenclature and grading.

Several new entities have been added such as:
diffuse astrocytoma MYB- or MYBLI-altered; poly-
morphous low-grade neuroepithelial tumour of the
young; diffuse low-grade glioma, MAPK pathway-al-
tered; diffuse hemispheric glioma, H3 G34-mutant;
diffuse paediatric-type high-grade glioma, H3-wild-
type and IDH-wildtype; infant-type hemispheric gli-
oma; high-grade astrocytoma with piloid features.

The ependymomas have been reclassified by ana-
tomical site and by the addition of genetic or epigen-
etic types. For some entities (diffuse paediatric-type
high-grade glioma, H3-wildtype and IDH-wildtype,
and for diffuse low-grade glioma, MAPK pathway-al-
tered), histological appearance and defined molecu-
lar features must be combined within the final inte-
grated diagnosis.

Grading is performed within (rather than across)
tumour types, but linking WHO grade with clinical
behaviour and prognosis is a base of criteria for most
tumours. Some molecular markers connected with
poorer prognosis are recommended to be added to
histological diagnosis in assigning the grade. The
example is homozygous deletion of CDKN2A/B as
an indicator of grade 4 in IDH-mutant astrocytoma.
Grading description has been changed from tradi-
tionally used Roman (I, I, lll, IV) into Arabic numbers
(grade (G) 1, 2, 3, 4) to avoid editorial errors [13,71].

The next change is the implementation of two
distinct suffixes for not fully classified tumours. The
designation Not Otherwise Specified (NOS) means
that diagnostic testing necessary to assign a specif-
ic WHO diagnosis cannot or will not be performed.
Not Elsewhere Classified (NEC) qualifier points out
that all necessary used assays still do not match
any entities from the classification [49]. Moreover,
methylome analysis became a powerful tool in the
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classification of brain tumours. Many new entities
together with WHO CNS grade stratification can be
identified based on the methylation profile. Howev-
er, it is mostly related or obligatory for the diagnosis
in rare lesions or when limited material is available
[15,71].

Other minor changes include conversion of mito-
tic count from a denominator of 10 HPF to a defined
area expressed in mm? to standardize the true area of
mitotic counting, standardization of current genom-
ic nomenclature by using Human Genome Variation
Society (HGVS) notation, and the term “variant”
for a specific kind of tumours has been exchanged
by “subtype” [37,47].

Adult-type diffuse gliomas

The category of diffuse gliomas is simplified
and distinguishes three tumour types: astrocytoma,
IDH-mutant; oligodendroglioma, IDH-mutant, 1p/19g-
codeleted; and glioblastoma, IDH-wildtype.

According to CNS WHO 2021 definition, “Astro-
cytoma, IDH-mutant, is a diffusely infiltrating IDH1-
or IDH2-mutant glioma with frequent ATRX and/or
TP53 mutation and absence of 1p/19q codeletion
(CNS WHO grade 2, 3, or 4)” [13].

IDH-mutant astrocytomas range from well-differ-
entiated, low cellular, slow-growing tumours (CNS
WHO grade 2) to highly anaplastic, hypercellular
and rapidly progressive one (grade 4) [71]. The aver-
age age of incidence for grade 2 and 3 IDH-mutant
astrocytomas is 38 years, since grade 4 ones are
typical for slightly older patients. They rarely occur
in teenagers above 14 years and are uncommon in
patients aged more than 55 years. There is evidence
that grade 4 tumours arise rather de novo than in
the train of progression from lower grade gliomas
and frequently harbour MGMT promoter methyla-
tion [11]. First reported in 2008, IDH1/2 mutations
are a defining feature of this group of gliomas. The
most frequent canonical (about 90% of cases) IDH1
p.R132H pathogenic variant with arginine to histi-
dine transition might be evaluated by immunohis-
tochemical surrogate [73,83]. Genetic assessment of
pathogenic variants in 132 and 172 codons in IDH1
and IDH?2 genes, respectively, is recommended in the
event of a negative or indeterminate result with the
IDH1 p.R132H immunohistochemical stain. How-
ever, in patients older than 55 years non-canonical
IDH1 mutations are very rare, so in this group it is
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not necessary to perform gene sequencing. Inacti-
vating ATRX mutations (70-80% of cases) commonly
co-occur with TP53 alterations in IDH-mutant astro-
cytomas [26,57,81]. These often result in a truncat-
ed protein and lead to loss of nuclear ATRX staining.
Moreover, p53 strong immunopositivity in more than
10% of tumour cell nuclei and loss of ATRX expres-
sion are both sufficient to diagnose IDH-mutant
astrocytoma without the necessity of 1p/19q test-
ing. Thus, fluorescence in situ hybridization (FISH)
should be done only in cases morphologically sus-
picious for oligodendroglioma with retention of
ATRX expression and detected /IDH1/2 mutation
[12,44,82].

In the subgroup of so-called lower grade gliomas
G2 and G3, the principal distinguishing feature is
increased mitotic activity and histological anaplasia.
Grade 3 tumours also often display increased cell
density and greater nuclear atypia, even multinu-
cleated tumour cells and abnormal mitoses may
be seen. One mitotic figure may be sufficient for
grade 3 within a very small biopsy, while more mito-
ses are required in a larger resection specimen.
The threshold mitotic count for a CNS WHO grade 3
designation has not been established yet. By defi-
nition, microvascular proliferation and necrosis are
absent. The growth fraction as determined by the
Ki-67 proliferation index is usually < 4% for grade 2
IDH-mutant astrocytomas. In grade 3 tumours, the
Ki-67 proliferation index is usually in the range of
4-10%, but it can overlap with values for grade 2
tumours at one end of the range and grade 4
tumours at the other side [11,13,16].

CNS WHO grade 4 tumours histologically man-
ifest necrosis and/or microvascular proliferation in
addition to the features of grade 3 lesions. Addition-
ally, the designation of CNS WHO grade 4 IDH-mu-
tant astrocytoma is warranted for the lower grade
astrocytoma with homozygous deletion of CDKN2A
and/or CDKN2B, even in the absence of G4 mor-
phology [13,71,82]. The pl6 antibody up to date
was not proved to be a sufficient immunohisto-
chemical alternative for CDKN2A deletion detection
[62,71]. Glioblastoma IDH-wildtype has considerable
histological overlap with that of CNS WHO grade 4
IDH-mutant astrocytoma, and testing for IDH1/2
mutations is required to distinguish those tumour
types. Nevertheless, some features can differentiate
these two entities. Areas of ischemic zonal and/or
palisading necrosis have been observed in 50% of
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grade 4 IDH-mutant astrocytomas, considerably less
frequently than in IDH-wildtype glioblastomas, where
they are found in as many as 90% of cases. Additional-
ly, focal oligodendroglioma-like components are more
common in CNS WHO grade 4 IDH-mutant astrocyto-
ma than in IDH-wildtype glioblastoma [11,36].

By CNS WHO 2021 definition, “Oligodendroglio-
ma, IDH-mutant and 1p/19q codeleted, is a diffusely
infiltrating glioma with /DHI- or IDH2-mutation
and codeletion of chromosome arms 1p and 19qg”.
Two grades (WHO CNS G2 or 3) are distinguished
according to histological features and to a minor
degree with molecular markers. Anaplastic oligoden-
droglioma as a separate entity is no longer listed.
The recommended criteria for grade 3 include mitot-
ic activity > 2.5 mitoses/mm?, presence of micro-
vascular proliferation and necrosis [11,24]. Other
features like degree of cellularity or nuclear atypia
might be also considered. An additional molecular
marker is CDKN2A/2B homozygous deletion which
was found in a subset of less than 10% oligodendro-
gliomas grade 3 [1,12].

The mean age of patients with oligodendroglio-
ma grade 2 is 41-43 years, and 47-50 for grade 3
and both occur rarely in teenagers and children [55].
“Fried-egg” rounded, monotonous cells with well-
defined cell membranes and perinuclear clearing,
chicken wire vasculature, microcalcifications are
compatible with the diagnosis of oligodendroglio-
ma. Since WHO 2016, IDH1/2 mutation and 1p/19q
codeletion are essential for the diagnosis of oligo-
dendroglioma, the latter examined by molecular
tests usually by FISH analysis [86]. IDH1 p.R132H
mutation appears in more than 90% of all oligoden-
drogliomas and can be detected by immunohisto-
chemical equivalent (Fig. 1). The remaining ones are
non-canonical mutations with /DH2 mutation pro-
portionally prevailing over astrocytomas [2]. Addi-
tionally, lack of p53 and retained nuclear immuno-
histochemical expression of ATRX are helpful for the
proper diagnosis. Pathogenic variants in TP53 gene
and 1p/19q codeletion are nearly, but not entirely
mutually exclusive in IDH-mutant gliomas. There is
an inverse relationship between ATRX loss and pres-
ence of 1p/19q codeletion, because oligodendrogli-
omas, differently from astrocytomas IDH-mutant,
acquire alternative lengthening of telomeres via
TERT promoter mutation which concerns about 98%
of cases [3,12]. Other genetic alterations observed
in around 70% and unique for oligodendrogliomas
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p/19g-codeleted (G3 WHO CNS5). A frontal lobe glial tumour with

necrosis and microvascular proliferation in a 43-year-old patient, diagnosed in 2015 as glioblastoma WHO
grade |V, treated with radiotherapy after partial resection. Relapse after 5 years shows diffusely infiltrating
glial tumour composed of moderately to highly anaplastic cells grouping in small clusters (A, 200x). IDH
R132H diffusely positive (B, 400x), ATRX nuclear staging preserved (C, 100x), p53 wild type — negative
in most cells (D, 100x). The fluorescence in situ hybridization showed 1p/19p codeletion, so the diagnosis

was revised.

are mutations of the CIC gene [10]. Some previous
studies found the reliability of immunohistochemical
surrogates without need of 1p/ 19q status testing,
but at present, molecular analysis is necessary [75].

Finally, rare tumours containing distinct regions
with oligodendroglioma morphology and 1p/19q
codeletion, while other regions with astrocytic mor-
phology, ATRX loss and TP53 pathogenic variants are
reported. Also few dual-genotype IDH-mutant glio-
mas with uniform tumour morphology, as well as
ATRX loss, TP53 mutations, and 1p/19q codeletion
throughout all tumour regions have been described.
For such rare cases of IDH-mutant glioma with
dual-genotype, the description NEC might be appro-
priate [11,49].

WHO CNS5 has changed again the definition and
understanding of glioblastoma which is the most
common high grade glioma in the adults. By defini-
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tion: “Glioblastoma, IDH-wildtype, is a diffuse astro-
cytic glioma that is IDH-wildtype and H3-wildtype
and has one or more of the following histological or
genetic features: microvascular proliferations, necro-
sis, TERT promoter mutation, EGFR amplification,
+7/-10 chromosome copy-number changes (CNS
WHO grade 4)” [11]. The above-mentioned molecu-
lar alterations are considered to be informative and
supportive of glioblastoma, IDH-wildtype diagnosis
even for diffuse astrocytoma cases with not fulfilling
histological criteria for grade 4 [14,54,76]. The mor-
phological hallmarks of glioblastoma sufficient for
diagnosis are invariably microvascular proliferations
and necrosis either palisading or not. Other typical
features are elevated mitotic index, Ki-67 range from
5% to even 50%, nuclear atypia, marked pleomor-
phism or high cellularity. Three morphological sub-
types are now distinguished: giant cell glioblastoma,
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epithelioid glioblastoma and gliosarcoma with a wide
spectrum of phenotypes. Moreover, there are numer-
ous histological patterns such as: PXA-like, small
cell, glioblastoma with primitive neural component,
metaplastic, lipidized, with prominent gemistocytic
features, granular cell, brain abscess-like or infarc-
tion-like [6,11]. Glioblastoma has also many faces in
neuroimaging [66].

IDH1/2 and histone H3 mutations are not present
in glioblastoma and lack of IDH1 p.R132H positivity
is sufficient for the diagnosis in patients aged more
than 55 years with typical histological features and

N W TR

Fig. 2. Glial tumours with basic immunohistochemical molecular surrogates profile. Astrocytoma IDH-mu-

without any history of low-grade gliomas. Positivity
for ATRX and negativity for p53 helps with glioblas-
toma diagnosis (Fig. 2) [72,82]. Molecular aberra-
tions found in glioblastoma are diverse and include
mainly point mutations, chromosomal structural
changes, gene fusions as well as epigenetic changes
like histone modifications or promoter methylations.
The most typical fusions contain EGFR, FGFR3, MET or
NTRK1/2/3 genes. pl4ARF-MDM2-MDM4-p53, PI3K-
AKT-mTOR and CDK4/6-CDKN2A/B-RB1 pathways
are highly deregulated [12,79,82]. Some experts pro-
pose that histologically lower grade IDH-wildtype

W I 3 - -
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tant, WHO CNS grade 3. Astrocytoma with gemistocytic differentiation composed of plump, eosinophil-
ic cells with anaplastic nuclei and mitoses assigns as grade 3 (A, 200x), positive stain for IDH1 R132H
(B, 100x), loss of ATRX nuclear staining with positive control in lymphocytes (C, 100x). Glioblastoma, IDH
wild type, WHO CNS grade 4. Highly cellular glial tumour with necrosis and microvascular proliferation
(D, 100x), IDH1 R132H negative stain (E, 100x), retained ATRX positivity (F, 100x). Oligodendroglioma,
IDH-mutant, 1p/19q-codeleted, WHO CNS grade 2. Glial tumour composed of cells with uniformly round
nuclei with well-defined cell membranes and clear cytoplasm (G, 200x), positive reactivity for IDH1 R132H

(H, 100x), ATRX nuclear positivity (I, 100x).

142

Folia Neuropathologica 2022; 60/2



astrocytomas with molecular features of glioblasto-
ma, such as TERT promoter mutation, EGFR amplifi-
cation, +7/-10 chromosome copy-number changes,
might be rather G3 due to its better prognosis and
lower molecular burden [9]. Finally, there is also
a small subgroup of “true” low-grade IDH-wildtype
astrocytomas without glioblastoma signature and
with better prognosis [64].

Paediatric-type gliomas

The new classification of paediatric gliomas has
been based on molecular findings and methyla-
tion signatures in these tumours. Two main groups
are now distinguished: low grade and high grade
tumours, but specific grades are not characterized
in all entities [11,35]. The WHO grading system of
adult gliomas is not enough for paediatric tumours.
Each paediatric tumour type has distinctive clinical,
histologic, and molecular features that are used to
establish their diagnosis. In some tumour types the
methylation profile is essential to establish the prop-
er diagnosis. Multiple studies showed that some
molecular aberrations are connected with the out-
come and might be used to optimize the treatment
and administer specific target therapies [61,67].

Paediatric-type diffuse low-grade gliomas are
uncommon. They present mainly in children and
sometimes in young adults and are often associated
with epilepsy. Microscopically, their architecture and
cytologic features are similar to other WHO grade 2
gliomas. In these tumours mitotic activity is absent
or low, and necrosis or microvascular proliferation
is absent. They display astrocytic, oligodendroglial
or a combination of astro- and oligodendroglial dif-
ferentiation. Molecularly, they present IDH-wildtype
(IDH1, IDH2) and H3-wildtype (H3-3A, HISTIH3B,
HIST1H3BC) genotype. This group includes: 1) diffuse
low-grade glioma, MAPK-altered, 2) diffuse astro-
cytoma, MYB- or MYBLI-altered, 3) polymorphous
low-grade neuroepithelial tumour of the young, and
4) angiocentric glioma.

Diffuse low-grade glioma, MAPK pathway-al-
tered, is a low grade glioma with diffuse astrocytic-
or oligodendroglial morphology, generally present-
ing in childhood. This tumour is characterized by
alterations in genes regulated MAPK signal pathway.
Typically, they have an internal tandem duplication
or other alterations in the tyrosine kinase domain
(TKD) of FGFR1 as well as BRAF p.V600E pathogenic
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variant [67,83]. Diffuse low grade (WHO G1) astro-
cytoma MYB/MYBL1-altered is a diffusely infiltrative
astroglial neoplasm composed of monomorphic cells
with MYB or MYBL1 fusion gene. Immunohistochem-
ical testing for the expression of MAP2 antibody or
FISH analysis may help with the diagnosis [12,22].
Polymorphous low-grade neuroepithelial tumour
of the young is a glial neoplasm associated with
a history of epilepsy, diffuse growth patterns, calci-
fication, presence of oligodendroglioma-like compo-
nents, CD34 positivity, and MAPK pathway-activat-
ing genetic abnormalities. Almost 80% of cases are
located in temporal lobes. Median age of diagnosis
is about 16, but the tumour may be found also in
older individuals [32,48]. The angiocentric glioma
is composed of bipolar, elongated, bland cells with
perivascular growth pattern, combining features of
infiltrating glioma, schwannoma- and ependymo-
ma-like areas (WHO G1). They are characterized
by presence of MYB alterations (mainly MYB-QKI
fusion) and co-expression of EMA and GFAP [11,27].

The paediatric-type diffuse high-grade gliomas
group contains entities with a generally aggressive
presentation: 1) diffuse midline glioma, H3 K27-al-
tered, 2) diffuse hemispheric glioma, H3 G34-mutant,
3) diffuse paediatric-type high-grade glioma, H3-
wildype and IDH-wildtype; and 4) infant-type hemi-
spheric glioma. Mutations on histone H3 were found
to correlate with aggressive behaviour, p.K28M
(p.K27M) and p.G35R/V (p.G34R/V) mutations are
the most common. Within each of these broad clin-
ical classes we can identify specific genetic or DNA
methylation profiles that seem to correlate with clin-
ical outcome [19,25].

Diffuse midline glioma, H3 K27-altered, is an infil-
trative midline glioma with loss of H3K27 me3 and
either a histone 3 c.83A>T p.Lys28Met (K27M) sub-
stitution in one of the genes coding histone H3 iso-
forms, aberrant overexpression of EZHIR or an EGFR
mutation (WHO CNS G4) [12,44]. These tumours are
located in the brain stem, thalamus, and spinal cord.
Tumour cells diffusely infiltrate adjacent and distant
brain structures. The histologic pattern may be differ-
ent from moderately to highly anaplastic [11]. Immu-
nohistochemical surrogates might help with the
diagnosis. Loss of K27me3 expression and positive
nuclear staining for H3 p.K28M (K27)-mutant pro-
tein corresponds well to this type of glioma (Fig. 3)
[12,48]. Diffuse hemispheric glioma, H3 G34-mutant
is a malignant, infiltrative glioma, typically of the
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Fig. 3. Diffuse midline glioma H3 K27-altered pontine glioma. Diffusely infiltrative tumour showing mono-
morphic appearance with sparse pleomorphic neoplastic cells and a focus of necrosis (A, 100x). The loss of
H3K27me3 immunostaining in tumour cells (B, 200x). Intense nuclear staining for H3K27-mutant protein

in neoplastic cells (C, 200x).

cerebral hemispheres and with a missense mutation
in the H3-3A gene that results in a p.G35R/V (G34)
substitution of histone H3. This tumour is recognized
mainly in children and young adults usually with glio-
blastoma-like or PNET-like histomorphology [60]. The
H3 G34-mutant diffuse paediatric-type high-grade
glioma presents with loss of ATRX immunoexpres-
sion, MAP2, FOXG1, p53 positivity and Olig2 nega-
tivity [41]. Mutation specific antibody against H3.3
p.G34R/V-mutant proteins is available, but not fully
specific [29,47]. Infant-type hemispheric gliomas
are uncommon, cerebral, hemispheric, high grade
cellular astrocytomas presenting in early childhood.
They present typically with receptor tyrosine kinase
(RTK) fusions, including NTRK family, ROS1, ALK or
MET [12]. Diffuse paediatric-type high-grade glioma,
H3-wildtype and IDH-wildtype is a diffuse glioma
with histological features of malignancy, typically
occurring in children, adolescents and young with
IDH-wildtype (IDH1, IDH2) and H3-wildtype (H3-34,
HISTIH3B, HISTIH3BC() status (WHO G4). Molecular
analysis distinguished three molecular subtypes of
these tumours: ped RTK1, ped RTK2, ped MYCN witch
might be diagnosed by methylome analysis [11,38].
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Circumscribed astrocytic gliomas

This group of well-demarcated typically solid
astrocytic tumours contains six entities: 1) pilocytic
astrocytoma, 2) high-grade astrocytoma with piloid
features, 3) pleomorphic xanthoastrocytoma, 4) sub-
ependymal giant cell astrocytoma, 5) chordoid glio-
ma, and 6) astroblastoma MN1-altered.

Classic pilocytic astrocytomas have well defined
variegate morphological forms and two subtypes
are now distinguished: pilomyxoid astrocytoma and
pilocytic astrocytoma with histological features of
anaplasia [43]. The majority of those cases present
KIAA1549:BRAF fusion, although pathogenic vari-
ants in BRAF (p.V600E), NF1, KRAS, FGFR1, PTPN11,
RAF1 as well as NTRK family genes fusion are also
reported. All these alterations can be used as a ther-
apeutic target in patients with inoperable tumours.
Pilomyxoid astrocytomas occur mainly in infants
and young children usually in hypothalamic/chias-
matic region and display more aggressive behaviour
with a tendency to cerebrospinal dissemination.
Histopathologically they are formed by highly iso-
morphous, small bipolar piloid cells with formation
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of perivascular pseudorosettes in a myxoid back-
ground. Molecular studies identify MAPK pathway
gene alterations similar to those in classic pilocyt-
ic astrocytoma [39,77]. Pilocytic astrocytomas with
histological features of anaplasia are tumours with
brisk mitotic count with or without necrosis typically
located in posterior fossa in the adults [65].

High-grade astrocytoma with piloid features is
a newly recognized entity defined by a specific DNA
methylation profile. These tumours display histo-
logical features of anaplasia alongside with a piloid
cytology, being moderately-cellular with microvascu-
lar proliferation, increased mitotic count, necrosis,
but also occasional Rosenthal fibres. They present
frequent MAPK pathway alterations, homozygous
deletion of CDKN2A/B, loss of ATRX expression, as
well as a distinct DNA methylation pattern with
MGMT promoter methylation [7,63].

Pleomorphic xanthoastrocytoma (PXA) is an astro-
cytic tumour that primarily affects children and young
adults. It involves mainly the temporal lobes, super-
ficially with often leptomeningeal involvement. PXA
is composed of pleomorphic mono or multinucleated
cells with frequent nuclear inclusion and occasion-
al cytoplasmic xanthomatous changes, usually with
scattered eosinophilic granular bodies [11]. PXA can
be CNS WHO G2 or 3 with a cut-off level assigned as
2.5 mitoses/mm?Z. In grade 3 tumours, Ki67 index is
approximately 15% and these tumours contain necro-
sis. The most frequent molecular alteration is BRAF
V600E mutation which may be detected by immuno-
histochemistry. Different MAPK pathway gene muta-
tion and homozygous deletion of CDKN2A/2B might
be also found in those tumours [20,59,70].

Astroblastoma MN1-altered is characterized by
structural rearrangement of the MNI gene or its
fusions and a distinct DNA methylation pattern [51].
Histologic criteria for its grading and CNS WHO grade
is not established. Chordoid gliomas are rare grade 2
tumours with the p.D463H PRKCA gene variant and
consistent positivity for TTF1. Finally, no particular
changes have been proposed to the classification of
subependymal giant cell astrocytoma (WHO G1) [11].

Ependymal tumours

In WHO CNS?5, the ependymal tumours are divided
into 1) supratentorial ependymoma with two molec-
ular subtypes 1a) supratentorial ependymoma, ZFTA
fusion-positive, 1b) supratentorial ependymoma,
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YAP1 fusion-positive, 2) posterior fossa ependymoma

with two subtypes 2a) posterior fossa group A (PFA)
2b) posterior fossa group B (PFB) ependymoma,
3) spinal ependymoma with one subtype 3a) spinal
ependymoma, MYCN-amplified, 4) myxopapillary
ependymoma, and 5) subependymoma.

Supratentorial ependymomas constitute a one
third of all ependymomas and occur in all age
groups, in large part in children. They are localized
in hemispheres, but not always with a connection
to the ventricular system. The fourth ventricle is
the most common localization of posterior fossa
ependymomas, being more common in children
with median age of 6 years. Spinal ependymomas
are usually located in the cervical and thoracic
region, most commonly in the age of 25-45 [40]. For
all ependymomas, morphological and immunohis-
tochemical features are still crucial for the diagno-
sis. Ependymoma is a tumour composed of uniform
cells embedded in a fibrillary matrix with presence
of pseudorosettes and/or ependymal rosettes with
a relatively low mitotic count. Despite the molecular
status and localization, two grades 2 or 3 are deter-
mined according to histological criteria such as brisk
mitotic count and microvascular proliferation. Unfor-
tunately the cut-off value of mitotic figures is unde-
fined. The term anaplastic ependymoma is no longer
recommended for grade 3 tumours [21]. In supra-
tentorial tumours ZFTA and YAPI fusions are pres-
ent, in posterior fossa methylation groups A and B
are distinguished (PFA and PFB), and for spinal
ependymomas, a subtype with MYCN-amplification
is the most common alteration [21,47]. Some immu-
nohistochemical surrogates might be used to distin-
guish molecular subgroups. Cytoplasmic expression
of LICAM and nuclear p65 positivity relates to ZFTA
fusions. For MYCN-amplified tumours, extensive
nuclear expression of MYCN might be detected by
immunohistochemistry. YAPI-fused tumours usu-
ally have strong dot-like EMA immunopositivity. In
most PFA ependymomas, immunoreactivity for H3
p.K28me3 (K27me3) is lost which is in contrast to
the PFB group. However, in some PFA, K27me3 might
be at least partially retained [48,56]. Those tumours,
where the mutation analysis is not performed,
should be diagnosed as ependymomas NOS.

There are no major changes to the diagnostic criteria
for subependymomas (WHO CNS grade 1) and myxo-
papillary ependymomas (now grade 2). The provision-
al term “anaplastic myxopapillary ependymomas”
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was introduced for cases with hypercellularity and
reduced mucin in association with an increased
mitotic count (> 2 mitoses/mm?2) and Ki-67 index
>10% [11,47].

Methylation analysis in WHO CNS
5t edition

Covalent addition of the methyl group to cyto-
sine within DNA strand is referred to as DNA methyl-
ation and methylation of cytosines within the gene
promoter in general interferes with the gene expres-
sion. Cancer unique methylome carries the informa-
tion of both somatically acquired DNA methylation
changes and the level of histogenesis and the cell of
origin. Locus specific changes of methylation as well
as loss of methylation at the genome level are one of
the hallmarks of neoplastic transformation including
gliomas. In gliomas, due to the recent technological
developments, the methylome analysis has become
a powerful tool in the diagnostics of brain tumours
that can even lead to changes of the initial histo-
pathological diagnosis [28,30,33]. In some tumour
types, the methylation profile analysis provides sig-
nificant prognostic and predictive information used
in clinical practice [58]. These allow to subclassify
CNS tumours that were previously considered homo-
geneous diseases or were difficult to be categorized
[33]. Moreover, the combination of artificial intelli-
gence in analysis and a growing amount of meth-
ylation profiling data available from the particular
cancer cases allowed already to establish a blueprint
for new brain tumour classifiers [31]. This has given
rise to new entities as well as improvement of WHO
CNS grade stratification [80]. The methylome profil-

ing appears to be especially important in classifica-
tion of rare cases. However, the technology used for
methylation profiling is still rather cost intensive and
requires high technological expertise what still lim-
its its practical implementation in most laboratories.
Nevertheless, DNA methylation profiling appears to
provide a significant improvement of CNS tumour
classification, but its routine application in general
practice is likely to take time [33,80].

Therapeutic consideration in gliomas

Classical treatment options for gliomas include
surgery, radiation therapy (RT), chemotherapy, active
surveillance and supportive care. Age and perfor-
mance status at the time of diagnosis are major prog-
nostic factors. The 2021 WHO Classification of CNS
tumours introduced a new diagnostic framework
relying on molecular characteristics. However, most
evidence on the adjuvant treatment of gliomas was
generated in the clinical trials conducted when tra-
ditional histologic criteria were the basis for enrol-
ment and cohort assessment. The results come from
molecularly heterogeneous gliomas in categories that
are often no longer consistent with the contemporary
classification. Applying available results in patients
with molecularly defined tumour types poses a signif-
icant challenge for a treating physician [52,82].

The primary goal of surgery in gliomas is to
establish a histological and molecular diagnosis and,
as the extent of the resection is a major prognostic
factor, to remove as much tumour tissue as feasible
without compromising neurological function [53].
Postoperative neurological deficits are a negative
prognostic factor and should be avoided, especially

Table II. Treatment options according to the tumour type in the adult type diffuse gliomas

Tumour type

Oligodendroglioma, IDH-mutant,
1p19q codeleted, CNS WHO grade 2

Treatment

RT in combination with PCV (or TMZ if toxicity is a concern)
Wait and see —in patients with positive prognostic factors
(complete resection, younger age)

Oligodendroglioma, IDH-mutant,
1p19q codeleted, CNS WHO grade 3

Radiation in combination with PCV (or TMZ if toxicity is a concern)

Astrocytoma, IDH-mutant, CNS WHO grade 2

RT with adjuvant chemotherapy (PCV or TM2)
Wait and see — in patients with favourable prognostic factors
(complete resection, younger age, no neurological deficits)

Astrocytoma, IDH-mutant, CNS WHO grade 3

Adjuvant RT followed by TMZ

Astrocytoma, IDH-mutant, CNS WHO grade 4

Adjuvant RT followed by TMZ
concurrent TMZ and RT with six months of adjuvant TMZ

Glioblastoma, IDH-wildtype, CNS WHO grade 4  Concurrent TMZ and RT with six months of adjuvant TMZ

CNS — central nervous system, WHO — World Health Organization, TMZ — temozolomide, PCV — procarbazine, lomustine, and vincristine, RT — radiotherapy,

IDH — isocitrate dehydrogenase
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Table lll. Molecular markers of glial tumours and immunohistochemical surrogates

Type of tumour

Molecular markers/characteristics of
molecular profile, detecting methods

Adult-type diffuse gliomas

Immunohistochemical surrogate

Astrocytoma, IDH-mutant

IDHI (mostly p.R132H), IDH2
ATRX, TP53
sequencing

IDH R132H positive
Loss of ATRX
p53 positive (mutation pattern)

Oligodendroglioma, IDH-mutant and 1p/19g-
codeleted

1p/19g-codeletion, FISH
IDH1 (mostly p.R132H), IDH2
TERT, CIC sequencing

IDH R132H positive
ATRX positive
p53 (no mutation pattern)

Glioblastoma, IDH-wildtype

IDH-wildtype (IDH1/2)
TERT, EGFR amplification, +7/-10
chromosome copy-number changes
sequencing, FISH

IDH R132H negative
ATRX positive
p53 (no mutation pattern)

Paediatric-type diffuse low-grade gliomas

Diffuse astrocytoma, MYB- or MYBL1-altered

MYB, MYBLI FISH
IDH-wildtype (IDH2, IDH2)
H3-wildtype (H3-3A, HISTIH3B, HISTH3BC)
sequencing

MAP2
IDH1 R132H negative

Angiocentric glioma

MYB (mostly MYB:QKI) FISH

altered

BRAF p.V600OE sequencing

Polymorphous low-grade neuroepithelial tumour  BRAF (mostly BRAF p.V600E) sequencing BRAF V600E
of the young FGFR fusions, FISH IDH1 R132H negative
Diffuse low-grade glioma, MAPK pathway- FGFRI BRAV V600E

IDH1 R132H negative

Paediatric-type diffuse high-grade gliomas

Diffuse midline glioma, H3 K27-altered

H3-3A, HISTIH3B, HISTIH3BC (p.K28M)
TP53, ACVRI, PDGFRA, EGFR, EZHIP
sequencing

Loss of H3 K27me3
H3 p.K28M positive
EZHIP positive
IDH R132H negative

Diffuse hemispheric glioma, H3 G34-mutant

H3-3A (p.G35R/V)
TP53, ATRX, MGMT sequencing

H3.3 p.G34R/V positive
Loss of ATRX
p53 positive (mutation pattern)
IDH R132H negative

Diffuse paediatric-type high-grade glioma
(pHGG), H3-wildtype and IDH-wildtype

IDH-wildtype (IDHI, IDH2)
H3-wildtype (H3-3A, HISTIH3B, HISTIH3BC)
PDGFRA, MYCN, EGFR
sequencing

IDH1 R132H negative
H3.3 p.G34R/V negative
H3 K27me3 positive
ATRX positive

Infant-type hemispheric glioma

NTRK 1/2/3, ALK, ROS, MET
FISH, sequencing

ALK, ROS positive

Circumscribed astrocytic gliomas

Pilocytic astrocytoma

KIAA1549:BRAF gene fusions, NTRKI, NTRK2
gene fusions FISH
BRAF, NF1, IDH1/2 wildtype sequencing

BRAF V60OE

High-grade astrocytoma with piloid features

ATRX, NF1, CDKN2A/B sequencing

Loss of ATRX
IDH R132H negative

Pleomorphic xanthoastrocytoma

BRAF p.V600E, CDKN2A/B
sequencing

BRAF V600E
IDH R132H negative ATRX positive

Astroblastoma, MN1-altered

MNI (mainly BEND2 fusion)
FISH

Ependymal tumour

Supratentorial ependymoma

Supratentorial ependymoma, ZFTA fusion-positive

ZFTA-RELA FISH

L1CAM positive p65 positive

Supratentorial ependymoma, YAPI fusion-positive

YAPI-MAMLDI FISH

Posterior fossa ependymoma

Posterior fossa group A (PFA) ependymoma

Reduction in H3 p.K28me3
EZHIP sequencing

Loss of H3 K27me3

Posterior fossa group B (PFB) ependymoma

Retained H3 p.K28me3

Spinal ependymoma

Spinal ependymoma, MYCN-amplified

NF2, MYCN sequencing, FISH

MYCN positive
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in younger patients. In order to achieve the maxi-
mal safe resection, multiple technical developments
were introduced including surgical navigation sys-
tems with multiparametric magnetic resonance
imaging (MRI), tumour tissue visualization with
5-aminolevulinic acid and intraoperative neuro-
monitoring. To assess the completeness of surgical
resection contrast enhanced MRI performed within
24-48 hours of surgery is recommended. Due to the
infiltrative growth pattern of many types of diffuse
gliomas despite the efforts to obtain radiologically
complete resection, most patients eventually expe-
rience recurrence. Adjuvant therapeutic approaches
are used to delay tumour progression and improve
survival. In order to help clinicians in decision mak-
ing and address problems with applicability of the
available clinical trial results in the recently defined
tumour types, EANO, ASCO and the Society for Neu-
ro-Oncology (SNO) issued updated guidelines for the
treatment of glial tumours in adults [52,82]. Table II
shows basic treatment options according to the
tumour type [5,58,74,78,85]. Decision making based
on MGMT promoter methylation status is limited
to people of older age or poor performance status
[58,85]. At recurrence, standards of care are not
defined. Surgery and radiotherapy might be consid-
ered, especially in patients with longer time to recur-
rence from the completion of the first-line treatment.
Nitrosourea regimens, temozolomide and, with con-
sideration of the country-specific label, bevacizum-
ab are options of pharmacotherapy with no proven
impact on overall survival. Multiple trials designed
for molecularly defined disease entities are ongoing
but currently only minority of the adults patients can
benefit from molecularly targeted therapies.

Currently overall 5-year survival rate in children
with brain tumours exceeds 70% but it strongly
depends on the tumour type. Majority of patients
experience long-term sequelae related to the pres-
ence of tumour and its treatment. Survival in many
tumour types is dependent on the use of radiother-
apy which has debilitating effects on growth and
neurologic development, induction of secondary
tumours has been observed in long-term survivors.
Different dedicated treatment protocols concern the
specific paediatric gliomas, where the re-stratifica-
tion and development of molecularly targeted ther-
apies can significantly affect overall survival, side
effects and quality of life [8,50].
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Conclusions

Every glioma patient needs the individual neuro-
oncological approach, since brain tumour diagnos-
tics and therapy have some immanent limitations
and difficulties on different levels. The final diagno-
sis of gliomas depends on a complex clinical, neuro-
imaging, pathological and molecular approach, as
well as experience and continuous cooperation. The
classification of central nervous system tumours in
2021 was updated with continuation of previously
established conceptions and is constantly evolving.
However, histopathological examination togeth-
er with immunohistochemistry remains the main
fundamentals of the diagnosis, especially for those
working in the centres without access to broad
molecular diagnostics tools. All specialists who han-
dle CNS tumours have to be aware of new trends,
actual diagnostic approaches and potential of new
molecular tests. Table Il shows the most common
molecular alterations found in tumours, as well as
available immunohistochemical surrogates which
should be implemented and available in neuroonco-
logical diagnostic centers. In pediatric tumours and
some unequivocal cases the methylation profiling
may be necessary. It is an open question how well
this new classification will stand the test of time and
permanent progress, become widely implemented in
everyday practice, and first of all — bring therapeutic
innovations for the patients.

Testing algorithms of molecular biomarkers and
workflows differ across pathologists, institutions
and countries, but crucial ancillary tests are needed
to classify gliomas and optimize clinical manage-
ment.
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