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Abstract

This article presents some of the author’s neuropathological highlights in the field on neuro-oncology research
encountered in 2022. Major advances were made in the development of more precise, faster, easier, less invasive
and unbiased diagnostic tools ranging from immunohistochemical prediction of 1p/19q loss in diffuse glioma,
methylation analyses in CSF samples, molecular profiling for CNS lymphoma, proteomic analyses of recurrent
glioblastoma, integrated molecular diagnostics for better stratification in meningioma, intraoperative profiling
making use of Raman effect or methylation analysis, to finally, the assessment of histological slides by means of
machine learning for the prediction of molecular tumor features. In addition, as the discovery of a new tumor
entity may also be a highlight for the neuropathology community, the newly described high-grade glioma with
pleomorphic and pseudopapillary features (HPAP) has been selected for this article. Regarding new innovative
treatment approaches, a drug screening platform for brain metastasis is presented. Although diagnostic speed
and precision is steadily increasing, clinical prognosis for patients with malignant tumors affecting the nervous
system remains largely unchanged over the last decade, therefore future neuro-oncological research focus
should be put on how the amazing developments presented in this article can be more sustainably applied to
positively impact patient prognosis.
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Introduction

For this top ten series regarding the neuro-on-
cological highlights of the year 2022, the author
aimed at selecting pioneering work with a direct link
to neuropathology.

Apart from previously read papers, the author
was inspired by discussions with colleagues and fi-
nally screened hundreds of articles limited to the
year 2022 in PubMed. In addition, the author
“googled” by using the key words “neurooncology”
or “neuropathology” in combination with different
tumor entity names or laboratory techniques, as it
has been shown that for some questions in the bio-
medical field, Google Scholar search may help to re-
trieve up to twice more relevant articles than a clas-
sic PubMed search or information that is otherwise
almost unretrievable [1, 2]. Apart from a high num-
ber of pure clinical or neuroradiological papers or
case reports that did not directly touch the field of
neuropathology and were therefore excluded from
this highlight list, the year 2022 can (maybe once
again) be summarized under the motto “profiling,
profiling, profiling” frequently in combination with
machine learning approaches to increase diagnostic
velocity and precision. On the other hand, research
work with promising treatment approaches making
use of the new molecular data was relatively poor
being in line with an almost unchanged prognosis for
the majority of patients with malignant brain tu-
mors. Certainly, more time is needed to decipher
precisely which of these multitudes of new potential
therapeutic targets, that nowadays can be detected
almost in real-time, will make it into future clinical
application. For single topics, the author co-selected
two studies due to their similarity or complementa-
rity.

J

The author’s “charts of 2022” in neurooncology
reads as follows (not meant in a hierarchical manner
but rather in a progression from neuropathological
core work to early clinical application):

1. New brain tumor entity: high-grade glioma
with pleomorphic and pseudopapillary fea-
tures (HPAP) [3].

2. Prediction of 1p/19q status by immunohisto-
chemistry in IDH-mutant glioma [4].
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3. Prediction of molecular tumor features from
histology by machine learning [5].

4. Histomolecular grading for meningioma [6].
5. Molecular profiling of CNS lymphoma [7].

6. Proteomic landscape of primary and recurrent
glioblastoma [8].

7. Methylome-based brain tumor diagnostics in
CSF liquid biopsies [9].

8. Intraoperative diagnostics for brain tumors
based on Raman effect [10, 11].

9. Intraoperative molecular tumor profiling [12,
13].

10.Drug screening platform for brain metastasis
[14].

The author invites you on a joint journey across
some of the most recent neurooncological develop-
ments touching the field of neuropathology. Of
course, this selection is highly subjective, however,
the author aimed at selecting very diverse studies
from different neurooncological subfields so that
the majority of the readership of Free Neuropathol-
ogy may at least partly be able to share the author’s
enthusiasm about the presented studies.

1. New brain tumor entity: high-grade
glioma with pleomorphic and pseudo-
papillary features (HPAP) [3]

Even after the neuropathological community
has molecularly profiled a huge amount of brain tu-
mor cases worldwide, while also mainly using the
same brain tumor methylation classifier, we still
struggle from time to time with providing precise di-
agnoses for particular cerebral tumors. Pratt et al.
made use of the brain tumor methylation classifier
[https://www.molecularneuropathology.org/mnp
based on 15] combined with a next generation se-
guencing approach using both an amplicon-based
brain tumor specific panel [16], as well as the com-
mercial TruSight Oncology 500 panel (TSO 500, lllu-
mina, San Diego, USA) [3]. With this approach, the
authors were able to classify 31 previously non-clas-
sifiable brain tumors (median patient age was 46.5
years), mainly but not exclusively localized in cortical
areas, with highly diverse morphological features,
including those of pleomorphic xanthoastrocytoma
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(PXA), astroblastoma, ependymoma, polymorphous
neuroepithelial tumor of the young (PLNTY), as well
as IDH wildtype glioblastoma. One important mor-
phological feature was the mainly non-infiltrative
growth pattern observed in HPAP. In the brain meth-
ylation classifier, these brain tumors did not cluster
with any of the known methylation classes in v11.4,
however were closest to PXA, MN1-altered astro-
blastoma and PLNTY. Apart from several frequently
encountered mutations in these brain tumors, such
as TP53, RB1, NF1 or less frequently NF2 or BRAF-
V600E expression, a frequent chromosomal aneu-
ploidy was observed, with a very high rate of a mon-
osomy 13, detected in 28 of 31 cases analyzed. Of
note, MGMT promoter methylation was only de-
tected in 1 patient, and a CDKN2A/B deletion in 2
patients of this cohort. As a working entity name,
the authors suggested “high-grade glioma with ple-
omorphic and pseudopapillary features (HPAP)”.
The authors proposed 2 molecular subtypes (A and
B) without any specific associated genetic or mor-
phological features being associated with those sub-
classes, however significantly older patients in sub-

Michel Mittelbronn
page 3 of 17

type A as compared to B. Although some of the his-
tologically described morphological features rather
indicated a high-grade glioma, the overall survival
was not significantly different from pilocytic astrocy-
toma, PXA and high-grade astrocytoma with piloid
features, however, was significantly better than the
group of IDH wildtype glioblastomas, therefore, mo-
lecularly suggesting a biologically less malignant tu-
mor entity. As the histological picture is highly vari-
able and patient survival not impaired by morpho-
logical features of atypia or anaplasia, the authors
did not provide definite diagnostic criteria, however,
recommended to base diagnosis on the following
features: a) no match with a known brain tumor
methylation class in the v11.4 (or more recently also
v12.5) classifier, b) monosomy of chromosome 13
and c) lack of CDKN2A/B loss. Given the mutational
constellation (e.g. BRAF or RB1 mutations), some of
the HPAP patients might be eligible for targeted
treatment approaches (for comprehensive sum-
mary of the HPAP characteristics, please see Table
1).

Table 1: Histopathological and molecular features of high-grade glioma with pleomorphic and pseudopapillary

features (HPAP).

Histological features

Very heterogenous, mainly non-infiltrative comprising features of pleomorphic
xanthoastrocytoma (PXA), astroblastoma, anaplastic ependymoma, polymor-
phous neuroepithelial tumor of the young (PLNTY) and glioblastoma.

Methylation classifier No match

(vi1.4 and v12.5)*

Mutations TP53 (57%), RB1 (26%), NF1 (26%), NF2 (14%), BRAF-V600E (12%), CDKN2A/B
(6%)

MGMT promoter Mainly unmethylated (97%)

methylation

Chromosomal alterations | Frequent aneuploidy, loss of chromosome 13 (90%), otherwise losses of chr. 3,
6, 10-15, 17, 18, 22; gains of chr. 4q, 5, 7, 19

*v11.4 was indicated by the authors, however, also the most recent brain tumor methylation classifier version v12.5 does not yet recog-

nize this tumor entity.
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2. Prediction of 1p/19q status by im-
munohistochemistry in IDH-mutant

glioma [4]
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paraffin-embedded diffuse glioma samples with
known IDH and 1p/19q status [4]. Out of a larger set
of differentially regulated candidate proteins that
could have been used as targets for subsequent im-

munohistochemical (IHC) analyses, the authors se-
lected the ones for which best staining results were
obtained, namely vimentin for non-1p/19g-
codeleted astrocytomas and HIP1R (huntingtin in-
teracting protein 1 related) for 1p/19g-codeleted ol-
igodendrogliomas. With this simple immunohisto-
chemistry-based approach, the authors were able to
predict 1p/19q status in diffuse gliomas with high
accuracy (Figure 1). This approach could therefore
also be applied in laboratories without state-of-the
art molecular pathological pipelines or in less devel-
oped countries without broad accessibility to mod-
ern molecular testing methods.

Nowadays, comprehensive molecular profiling
is equal or (for some tumor types) ever superior to
histopathology, the previous gold standard. How-
ever, broader molecular testing is far from being
available in all health care systems across the world.
Therefore, it is not only important to promote cut-
ting-edge technology, but also to come up with sim-
ple, fast and cheap analytic tools that can be applied
in all types of socio-economic systems. Felix et al.
started with a mass spectrometric approach to eval-
uate the most differentially expressed proteins in a
series of more than 100 frozen and formalin-fixed,

1. step: 2. step: Prediction of 1p/19q status

IHC: IDH1-R132H IHC: HIP1R and vimentin

HIP1R stronger than vimentin  —  1p/19q codeleted oligodendroglioma
IDH1-R132H-mutant HIP1R weaker than vimentin — astrocytoma

HIP1R equal to vimentin — not determinable

IDH1-R132H-wildtype — not eligible for further prediction

Figure 1: Algorithm for a 2-step immunohistochemical prediction of the 1p/19q status in IDH-mutant gliomas (positivity of tumor cells is
evaluated). For each staining, four different expression levels were defined. HIP1R staining was considered positive if expression was
observed in the cytoplasm or at the cell membrane. Scores HO to H3 were defined as follows: HO: less than 10% of tumor cells are weakly
positive; H1: 10%-75% of tumor cells are positive, however, less than 30% are strongly positive; H2: more than 50% of the tumor cells are
positive, and more than 30% are strongly positive, however, still showing unstained spaces between the tumor cells. The score H2 is also
given if the tumor was only moderately positive, however, approximately 100% of the cells showed moderate immunoreactivity in a
densely packed manner; H3: approximately 100% of the tumor cells are strongly positive in a diffuse and densely packed manner, with
only blood vessels being spared. For the assessment of vimentin (scores VO to V3 were given), staining of blood vessels was excluded,
however, no distinction could be made between reactive and neoplastic glial cells. VO: less than 10% of tumor cells are positive (however,
blood vessels and reactive astrocytes could be positive); V1: 10%-20% of tumor cells or tumor cell processes are positive; V2: 20%-70% of
the tumor cells with many tumor cell processes are positively labeled, however still 30% or more of the tumor cells are negative; V3: more
than 70% of the tumor cells are strongly positive, thereby the tumors exhibit a strong diffuse staining pattern. After this individual assess-
ment, the comparison between HIP1R and vimentin staining was done as shown in Figure 1.
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3. Prediction of molecular tumor fea-
tures from histology by machine learn-

ing [5]

While molecular analyses in neuropathology
are rapidly progressing with regard to speed of anal-
ysis and precision of unbiased diagnosis, being al-
ways up to a perfect state-of-the-art level cannot
currently be guaranteed worldwide. Therefore, ma-
chine-learning-based analyses requiring a good mi-
croscopic detection system together with powerful
computers could be an alternative if prediction
would be highly precise. The search for good predic-
tion of molecular properties of tumors from histo-
logical images is currently a rapidly progressing re-
search field. Liechty et al. aimed for predicting IDH
mutation from histological slides [5]. The authors
compared the prediction of a machine learning (ML)
system with the prediction of expert neuropa-
thologists’ examination, however, also analyzed if a
synergistic approach of ML together with the neuro-
pathological assessment could further enhance the
predictive power. For this purpose, they used 801
IDH mutant and wildtype gliomas from the TCGA da-
tabase, which were split into a training and a valida-
tion set (TCGA Research Network: https://www.can-
cer.gov/tcga). Afterwards, an institutional cohort of
174 IDH mutant and wildtype gliomas was assessed.
The neuropathologists were allowed to provide a
semiquantitative score between 0 and 1 (with 0.5
for lowest certainty of tumor being either IDH mu-
tant or wildtype), while convolutional neural net-
work (CNN) analyses were applied in ML assess-
ments. No ML approach performed better than the
neuropathologists in this task, however, reached
similarly good results. Creating an average score of
the assessment of two neuropathologists was supe-
rior than the prediction of each individual neuropa-
thologist alone. The combination of the prediction
of one neuropathologist together with the ML as-
sessment further increased correct prediction as
compared to ML or a neuropathologist alone. Of
note, the hybrid model of ML and one neuropa-
thologist was similarly precise as compared to the
combined score derived from two neuropa-
thologists. Within this relatively restricted cohort of
gliomas, ML approaches were able to perform simi-
larly well as trained neuropathologists. Taking into
account that the training of a neuropathologist takes
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several years while ML-based analyses only took a
very short time to train; these findings reflect the
high potential of ML approaches in diagnostic pa-
thology including neuropathology. This is all the
more promising as initial ML training and validation
has been performed on an external image set in
which potential differences with regard to histology,
for example in slide thickness or staining intensities,
could have led to improper recognition of histomor-
phological features. Therefore, computer-assisted
diagnostic procedures could be a way to improve di-
agnostic precision, especially for smaller hospitals or
pathological institutes where review by two neuro-
pathologists may not be feasible. One should still
consider the current result with caution, however,
as still both ML and neuropathologists mixed up IDH
wildtype and mutant glioma to a similar extent,
clearly indicating limits of predicting molecular fea-
tures by means of histological analyses only. This
task may even be more challenging in small round
blue cell tumors or sarcomas, tumor types in which
morphological features often correlate even less
with the final integrated molecular diagnoses.

4. Histomolecular grading for meningi-
oma [6]

Besides the classic grading of brain tumors ac-
cording to the WHO classification of central nervous
system (CNS) tumors, several multicentric studies
aimed to more precisely stratify brain tumor pa-
tients with regard to their risk of recurrence. In a
previous study, it was shown that combining histo-
morphological assessment of meningioma with
methylation analyses led to inverted recurrence risk
in some cases, namely that some meningiomas clas-
sified as WHO grade | (now CNS WHO grade 1) dis-
played a higher recurrence risk when applying the
meningioma methylation classifier, as compared to
cases initially diagnosed as WHO grade 2 tumors ac-
cording to histomorphological criteria [17]. Along
this line, Driver et al. aimed at providing a model for
more precise prediction of the clinical behavior of
meningiomas going beyond the classic histological
grading system [6]. This paper has already been
briefly presented in the “Neurooncology: 2022 up-
date” series, however, given the importance of the
study and the urgent need for an alignment be-
tween different grading schemes, the author of this
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Step 1: Define mitotic
index (max. 2 points)

[ Mitotic index
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Molecularly integrated grade for recurrence risk prediction

Step 2: Define high-risk molecular
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>3

1
2
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Figure 2: Algorithm for integrated grading for recurrence risk prediction in meningioma (mitotic index defined as mitoses per 10 high-

power fields).

year’s edition would like to stress the study in more
detail again [18]. The authors analyzed a large vari-
ety of clinical (gross total or subtotal resection as-
sessed by MRI analyses, progression-free survival),
histomorphological (including WHO grade, features
of atypia, proliferation and mitotic index) and mo-
lecular features (copy number variation, as well as
partially targeted mutational profiling and methyla-
tion analyses). By correlating all those features with
progression-free survival of meningioma patients,
the authors finally proposed a new 3-tiered grading
scheme taking into account the mitotic count, loss
of distinct chromosomal arms or entire chromo-
somes, or loss of CDKN2A/B. A maximum of 11
points could be obtained (9 for high-molecular risk
alterations and 2 for mitotic count), leading to a)
grade 1 for 0-1 point, b) grade 2 for 2-3 points and c)
grade 3 if 4 or more points were obtained (Figure 2).
With this approach, more than 30% of tumors were
reclassified as compared to the previously applied
WHO grade. Of note, in meningiomas with an inte-
grated tumor score of 3, recurrences could not even
be significantly delayed by a gross total resection,
which is otherwise a positive factor for longer pro-
gression free survival intervals. To avoid confusion
between different institutional grading schemes in

the future [see also a competing approach here:
19], the WHO should bring different multicenter
study groups together and refine the current grad-
ing schemes, as the high discrepancies between his-
tomorphological assessment and different inte-
grated scores with regard to patient prognosis has
the potential to have a considerably negative impact
on patient care. This seems to be all the more im-
portant as — in contrast to other chapters in the cur-
rent WHO classification —the meningioma chapter is
still relatively defensive with regard to molecular
markers impacting patient prognosis.

5. Molecular profiling of CNS lym-
phoma [7]

Primary diffuse large B-cell lymphomas of the
CNS (CNS-DLBCL) are the most frequent primary CNS
tumors of haematolymphoid origin sharing multiple
morphological and molecular features with both its
systemic non-CNS and/or secondary CNS counter-
parts [20]. As the origin of CNS-DLBCL is still not en-
tirely clear and also some of the very recent, prom-
ising molecular tools such as DNA methylation-
based analyses could not fully distinguish CNS-
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DLBCL from its non-CNS counterpart, a deeper un-
derstanding of the molecular pedigree of CNS-DLBCL
is urgently needed. Radke et al. attended to this
challenge by studying 51 CNS-DLBCL using tran-
scriptomic and whole genomic analyses and com-
paring this data set to one derived from 75 lympho-
mas originating from outside the CNS, the latter in-
cluding both follicular and DLBC lymphomas [7]. The
study could confirm MYD88 (L265P) and CD79B mu-
tations, as well as frequently biallelic CDKN2A loss as
very early tumor drivers in CNS-DLBCL. Other fre-
qguently encountered alterations comprised activat-
ing mutations of BCR signaling and structural vari-
ants of IGH, IGL and IGK as well as losses of chromo-
some 6p. Notably the alteration of chromosome 6p
where the human leukocyte antigen (HLA) complex
is located may lead to an immune escape from cyto-
toxic T cells due to limited neoantigen presentation
[21]. In addition to their findings on DNA level,
Radke et al. could also provide a robust transcrip-
tional signature obtained by RNA sequencing that
was able to distinguish CNS-DLBCL from its non-CNS
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counterparts. They detected higher RNA expression
levels of loci associated with aberrant somatic hy-
permutation phenotypes, although it still remains to
be determined what is chicken and what is egg in
this association. The CNS-DLBCL group also dis-
played a higher TERT expression as compared to the
group of non-CNS lymphomas, however, without
being associated with increased telomere content.
Of note, EBV-positive CNS-DLBCL did not share many
of the classic mutational hotspots apart from IGH
and HLA-DRB locus. It remains to be determined
how this important data can be transferred into the
daily diagnostic routine for a fast and precise differ-
entiation between a primary CNS-DLBCL, a second-
ary DLBCL of the CNS, or primary non-CNS DLBCL.
This would be all the more important as depending
on the method — if immunohistochemical phenotyp-
ing or gene expressing profiling is applied — CNS-
DLBCL may either be classified as of non-germinal
center B-cell like (non-GCB) or late germinal-center
exit B-cell origin.

Table 2: Molecular differences between CNS diffuse large B-cell ymphoma (DLBCL) and its non-CNS counter-

part.

Molecular feature Non-CNS DLBCL Primary CNS DLBCL
MYD88 (L265P) mutation rare frequent

CD79B mutation rare frequent

Biallelic loss of CDKN2A rare frequent

Number of single nucleotide variants (SNV) lower higher

Number of insertions or deletions (indel) lower higher

Expression of IG constant genes higher lower

Expression of IGHM lower higher

TERT expression lower higher
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6. Proteomic landscape of primary and
recurrent glioblastoma [8]

While many current brain tumor studies ana-
lyze molecular changes at genomic, epigenomic or
transcriptomic levels, large-scale proteomic ap-
proaches are largely underrepresented. As malig-
nant primary and secondary brain tumors display a
detrimental prognosis despite maximum treatment,
detection of potential treatment targets at protein
level is key for innovative future treatment ap-
proaches. This is especially important for clinical sit-
uations in which patients suffer from recurrent tu-
mors with potentially new tumor-related pathways
that might be newly activated in the context of
treatment resistance. Buehler et al. address this
topic by performing proteomic profiling of primary
and recurrent glioblastomas deriving from 42 pa-
tients of two different clinical cohorts [8]. Of note,
the applied proteomic analysis is equally suitable for
frozen and formalin-fixed, paraffin-embedded
(FFPE) tissues, the latter facilitating its applicability
in diagnostic pathology [22]. In general, the proteo-
mes of the initial glioblastomas as compared to their
recurrent counterparts were highly similar, how-
ever, several proteins were significantly enriched in
recurrences, including, among others, brain en-
riched myelin associated protein 1 (BCAS1), inverted
formin 2 (INF2), calcium-calmodulin-dependent pro-
tein kinase 2 (CaMK2), phosphoribosyl pyrophos-
phate synthetase 2 (PRPS2) and F-Box only protein 2
(FBXO2). These results show that the method is able
to detect tumor progression-associated changes in
FFPE tissue. The authors proceeded in validating an
overexpression for BCAS2, INF2 and FBXO2 in recur-
rent glioblastoma by means of immunohistochemis-
try and RNA sequencing. Regarding the clinical im-
pact of those findings, significantly lower expression
levels for INF2 and FBXO2 were found in glioblas-
toma patients with longer survival rates, therefore
indicating that both factors might be implicated in
tumor progression or treatment-resistance mecha-
nisms. Using a murine approach, the authors could
validate the survival benefit in FBXO2 knockout con-
ditions, as well as showing a reduced tumor cell
growth and invasive behavior in organotypic brain
tumor slice cultures. While the authors focus more
on addressing the role of FBXO2 activation as a
driver for glioblastoma progression and recurrence
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at the end of their paper, | would rather stress the
potential of the method for personalized medicine
approaches in the future. Taking into account a) the
horrible clinical prognosis of glioblastoma patients,
b) the poor treatment options at the time of glio-
blastoma recurrence and c) that data derived from
large-scale DNA or RNA analyses do not unequivo-
cally predict the functional proteomic landscape, de-
ciphering active tumor-related pathways by proteo-
mic approaches in a close to routine pathological
setting could be a great asset especially for recur-
rent tumors as compared to their primary counter-
parts. It would be of interest to run proteomic anal-
yses much more frequently in parallel to large-scale
genetic screenings, which could help to support de-
cision making in molecular tumor boards.

7- Methylome-based brain tumor diag-
nostics in CSF liquid biopsies [9]

Since neurosurgical interventions are among
the most invasive medical procedures, the threshold
to perform a brain biopsy is high. Avoiding biopsies
for brain tumor types in which no subsequent resec-
tion would be performed (e.g. lymphomas) or that
would significantly benefit from maximum resection
would be highly desirable. With their approach to di-
agnose brain tumors by methylation analyses from
cerebrospinal fluid (CSF) samples, Zuccato et al.
pave the way for a less invasive, still highly reliable
liquid-based brain tumor classification [9]. In this pi-
oneering approach necessitating only very small
amounts of CSF, the authors analyzed 57 brain me-
tastases, glioblastomas and central nervous system
lymphomas. A largely similar amount of cell-free
DNA was obtained from CSF samples of all 3 tumor
classes. The methylation profile significantly corre-
lated between CSF and tumor samples in all 3 tumor
entities. Furthermore, the methylation analyses
could convincingly distinguish between brain metas-
tases, glioblastoma and CNS lymphoma. The meth-
ylation profiles of CNS lymphomas were highly dis-
criminatory. Therefore, perioperative morbidity and
mortality could be considerably reduced in the fu-
ture if such a CSF based methylation approach
would be implemented in the routine diagnostic set-
up before the final decision to perform gross resec-
tion is made. The prediction from methylation data
in the present study was superior as compared to
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previously published data using plasma samples,
which could be related to the closer proximity of
brain tumors to the sampled CSF and the distribu-
tion of cell-free DNA in less volume with less liquid
turnover as compared to plasma samples [23, 24]. In
addition to the very promising findings regarding in-
itial diagnostics of a primary tumor, this approach
has also a high potential to track treatment re-
sponses or detect recurrent tumor cell growth. The
strong correlation between primary tumors and CSF
samples might also be useful to differentiate a pri-
mary brain tumor from metastasis in patients suffer-
ing from different cancer entities at the same time.

8. Intraoperative diagnostics for brain
tumors based on Raman effect [10, 11]

Intraoperative brain tumor diagnostics necessi-
tate an availability of experienced neuropa-
thologists, however, multiple smaller centers have
only one or none of this rather rare “species”. Fur-
thermore, diagnostic quality and precision may be
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suboptimal and frequently show less than 70% com-
plete concordance with final neuropathological di-
agnoses [25]. Therefore, the central intraoperative
guestions are rather if the neurosurgeon correctly
hit the lesion or if enough material was obtained for
further microscopic and molecular diagnostics. Tak-
ing all those arguments into account, there is an ob-
vious need for faster, more unbiased, less work in-
tensive and, ideally, automated intraoperative diag-
nostic procedures. It was shown that label-free,
stimulated Raman based histology (SRH) assessed
by machine learning algorithms was able to provide
an intraoperative diagnosis almost in real-time with-
out showing less diagnostic precision as compared
to experienced pathologists [26]. This method is
based on the Raman scattering effect, namely, that
the energy level of light can be altered upon interac-
tion with molecular bonds, changes that can be vis-
ualized spectrophotometrically only [for compre-
hensive overview, please see 27]. When this
method iscombined with a microscopic device, a
spatial resolution between 0.5 and 1um is achieved.

In situ or freshly
resected tissue

Smear of fresh tissue

Label-free
Raman spectroscopy

Potential in-situ application by
(neuro-)surgeon if combined
with e.g. acoustic or visual signals

\ T

Prediction for tumor tissue/
entity by machine learning
algorithms

Fast intraoperative decision
making tool (potential

replacement of frozen section)

Label-free stimulated
Raman histology

\ & J

Figure 3: Potential intraoperative applications of Raman effect-based techniques combined with machine learning tools. Raman spectros-
copy is a label-free, non-disruptive method based on an inelastic scattering effect of photons allowing for the quantitative molecular
assessment of biological samples resulting in different spectra. Stimulated Raman histology (SRH) is a variant of Raman spectroscopy
allowing for the creation of hematoxylin and eosin (HE) slide mimics based on quantification of distinct molecules (mainly lipids, proteins
and nucleic acids).
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Reinecke et al. applied SRH on a larger series of in-
traoperative neuro-oncological cases and created an
automated diagnostic pipeline based on convolu-
tional neural network analyses, revealing a high di-
agnostic accuracy as compared to an independently
performed neuropathological assessment [11]. Fur-
thermore, a high consistency between randomly
chosen areas on tumor samples was observed. Tak-
ing into account that decision from this automated
diagnostic pipeline took less than 5 minutes in total,
this approach seems to be highly promising to re-
place intraoperative neuropathological intervention
in the medium term. As especially pediatric brain tu-
mors are nowadays much more specifically classified
according to molecular pathological markers, micro-
scopic diagnostics during surgery is frequently of
limited value if intraoperative statement is, for ex-
ample, “small round blue cell tumor” or “suspicion
of low-grade glioma”. If a fast unbiased intraopera-
tive method would be able to distinguish normal
from tumor tissue and high from lower grade brain
tumors in addition to a good estimation of the tumor
cell content, this would considerably decrease the
need for neuropathology expertise during the surgi-
cal procedure. In particular, the presence or absence
of tumoris strongly needed information during the
surgical procedure, as the extent of resection is one
the most important predictors for progression free
survival in pediatric brain tumors [28] Jabarkheel et
al. investigated the suitability of Raman spectros-
copy for pediatric brain tumor cases [10]. With their
approach, Jabarkheel et al. were able to correctly
distinguish tumor tissue from normal tissue in
89.9%; furthermore, the more complicated task of
differentiating low-grade tumors from normal brain
tissue was mastered in 86.2%. Although this devel-
opment may impact neuropathology as a gold
standard in intraoperative brain tumor diagnostics
(Figure 3), neuropathologists are still key for the fur-
ther development of these approaches as well-func-
tioning machine learning pipelines need an excellent
prior histological and molecular annotation.

9. Intraoperative molecular tumor pro-
filing [12, 13]

Molecular diagnostics becomes more and
more important not only for precise patient stratifi-
cation but also for targeted therapy strategies [29].
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Especially in the field of CNS neoplasms, some enti-
ties can nowadays only be unequivocally diagnosed
by methylation profiling [20]. Along this line, tech-
nical developments and applications related to mo-
lecular tumor testing need to take into account di-
agnostic precision, speed and costs. As the Method
of the Year 2022, Nature Methods has chosen long-
read sequencing, with Single Molecule Real-Time
(SMRT) from Pacific Biosciences and nanopore se-
quencing (NPS) from Oxford Nanopore Technologies
being the most frequently used commercially avail-
able applications [30]. While accuracy seems to be
only slightly superior in SMRT as compared to NPS,
the latter allows for longer average read lengths (ap-
proximately 100kb for ultra-long reads) as com-
pared to SMRT. It is therefore no surprise that those
techniques could also have an impact on diagnostic
strategies in neuropathological tumor diagnostics.
Using nanopore sequencing techniques, Patel et al.
introduce a diagnostic pipeline entitled Rapid-CNS?
allowing for testing copy-number, mutational and
methylation profiling in parallel [13]. With this ap-
proach, considerably simplified library preparations
at lower costs are possible with highly similar diag-
nostic precision as compared to standard methods
(Figure 4). Discrepancies in isolated cases were re-
lated to a low tumor cell content, therefore, a care-
ful standard microscopic neuropathological assess-
ment is mandatory during the workflow. A pure se-
guencing time of 24 hours was sufficient to conclude
cases with a comprehensive neuropathological diag-
nosis, however, this pipeline is currently restricted
in use for cryo-preserved tissue only. In a similar na-
nopore sequencing approach, however, focusing on
methylation profiling without having the full molec-
ular profile for important selected mutations,
Kuschel et al. performed a combined retro- and pro-
spective study arriving at a total turnaround time of
only 21 hours from sample reception to report of the
diagnoses [12]. Of note, as few as 1000 randomly an-
alyzed CpGs were sufficient for highly meaningful
methylation classification. Multiple initiatives are
ongoing, pushing even further towards direct in-
traoperative molecular tumor profiling [31]. As final
treatment decisions according to standard treat-
ment guidelines are often made only several days af-
ter the operation in multidisciplinary tumor boards,
one could question the necessity of speeding up in-
traoperative diagnostic assessments. However, as
multiple innovative, targeted anti-tumor treatment
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Figure 4: Scheme for fast, precise and unbiased molecular diagnostics using Nanopore sequencing, suitable for mutational, transcriptome

and methylome analyses.

approaches such as the application of T cells harbor-
ing chimeric antigen receptors (CAR-T cells) or onco-
lytic viruses would necessitate a follow-up neurosur-
gical intervention, e.g. for the placement of a cathe-
ter after the exact molecular definition of potential
targets, intraoperative tumor diagnostics could
overcome those obstacles.

10. Drug screening platform for brain
metastasis [14]

Brain metastases constitute the group of the
most frequent and malignant brain tumors that may
affect around 20-25% of all cancer patients and are
usually associated with a very poor prognosis [32,
33]. Although brain metastases comprise a very het-
erogenous group regarding their cellular origin, the
site of metastasis as well as the number of meta-
static spots, in many clinical conditions no entity- or

target-specific treatment is available. Furthermore,
even though both primary and secondary tumors
are more and more profiled by means of molecular
diagnostics, potential molecular targets might be no
longer successfully druggable as the development of
resistance mechanisms may negatively impact tar-
geted treatment. To overcome these drawbacks,
drug screening platforms are emerging that may al-
low for deciphering the best drugs specifically appli-
cable for individual brain metastasis in a preclinical
or clinical setting (Figure 5). Zhu et al. developed a
murine model giving rise to brain metastasis upon
tumor cell injection in the left heart ventricle [14].
From those animals, organotypic slice cultures of
brain metastases were performed and treated with
a drug-library consisting of 114 drugs, that were ei-
ther FDA-approved or are currently in use in clinical
trials. The use of slice culture has the advantage that
tumor cells can grow in their associated microenvi-
ronment which is key for both the metastasizing
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Figure 5: Potential implementation of personalized drug-screening approaches in the clinical setting.

process, but may also play an important role in
treatment resistance. With this so-called medium-
throughput drug-screening platform (METPlatform),
they were able to identify a blood-barrier permeable
HSP90 inhibitor as a promising drug for the treat-
ment of brain metastases. In a follow-up experi-
ment, the authors successfully treated patient-de-
rived organotypic cultures deriving from various dif-
ferent cancer types. While the paper was focusing
more on elucidating the underlying mechanisms of
HSP90 inhibition in brain metastasis treatment, tar-
geting HSP90 will certainly once again not be suita-
ble as a “one fits all” in future brain metastasis treat-
ment. What could be much more important in the
future, is to make use of METPlatform or other sim-
ilar drug-testing pipelines as a clinical “avatar”, as
the authors called their approach. With this, me-
dium or even high-throughput drug libraries could
be applied on either primary tumor slices or tumor-
derived organoids with the goal to individually deci-
pher the most promising treatment strategies for
this most detrimental clinical situation. Although

slice culture-based approaches seem to excellently
reflect the microenvironmental composition of the
tumor in situ, the high variability between slices as
well as the potentially limited availability of consec-
utive slices may negatively impact a homogenous
readout when using larger drug libraries. This poten-
tial drawback could be potentially overcome by cre-
ating ex-vivo spheroids as an alternative “avatar”,
that have already shown their clinical suitability in
single patients with metastatic tumors [34].

Discussion

This overview regarding key developments of
the year 2022 in the field of neuro-oncology (with a
link to neuropathology) clearly shows that scientific
findings are very closely linked to technical develop-
ments. Nanopore sequencing has been proposed as
one of the methods of the year 2022 [30] by Nature
Methods as it allows for faster, unbiased, precise di-
agnostics having the advantage of assessing muta-
tions, transcriptome and methylome by using only
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one device at relatively low costs. It is, therefore, no
wonder that multiple initiatives have started to ap-
ply such techniques seeing a potential to provide in-
traoperative molecular diagnostics [12, 13]. In some
clinical disciplines such as gynecological oncology
[35], more and more molecular tests are commer-
cialized in a highly protected manner, especially if it
comes to prognostic prediction for distinct treat-
ment regimens. In contrast, the neuropathology
community — at least until now — has managed to
keep complex diagnostic tests running within the
scientific community for a long time without com-
mercialization [15]. Those initiatives, mainly based
on excellent clinical data, neuropathological annota-
tions and research-driven modeling and machine
learning, were mostly financed by governmental
support or funding organizations and have fre-
quently proven their high value for the healthcare
system, e.g. by dramatically changing the most re-
cent WHO classification [20]. It remains to be deter-
mined how those approaches can sustainably be
kept running, for example by hosting joint platforms
openly accessible on university servers. Another po-
tential risk is the fact that several machine learning
approaches are based on data mainly deriving from
a specific platform (e.g. lllumina Infinium Methyla-
tionEPIC Array ®) and would need new validation
when new techniques for the same application are
coming on the market (e.g. changing from Array-
based methylome to Nanopore sequencing). This
could even affect the WHO classification as several
tumor entities are currently essentially defined by
their methylation profile, such as high-grade astro-
cytoma with piloid features, astroblastoma with
MN1 alteration, diffuse glioneuronal tumour with
oligodendroglioma-like features and nuclear clus-
ters (DGONC) or papillary glioneuronal tumor, while
for many others the methylation profile is included
as a desirable diagnostic criterion [20]. The use of
joint worldwide platforms also has the advantage to
discover much faster new, rare tumor entities as it
has been successfully shown in 2022 with high-grade
glioma with pleomorphic and pseudopapillary fea-
tures (HPAP), an entity that would otherwise have
been associated with a wrong prognostic prediction
if diagnosis would have been based on classic micro-
scopic assessment only [3]. Along this line, the WHO
has an important role in balancing between the clin-
ical needs in underdeveloped countries and the
amazing advances that especially come up in first
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world academic centers in the field of molecular tu-
mor profiling. It is therefore as important to con-
tinue with finding simple diagnostic tools for exact
prognostic or therapeutic prediction as presented
for the prediction of the 1p/19q status in IDH-mu-
tant glioma by an easy 2-step IHC-based approach
[4]. If machine learning algorithms for microscopic
(neuro-)pathological assessments would be as pow-
erful as shown for molecular pathology or radiology
[36], the latter now even aiming for quantitative
analyses, new histology-based classification algo-
rithms would then allow for a very cheap assess-
ment of HE slides in underdeveloped countries.
Therefore, the study of Liechty et al. has also been
selected as a highlight as it shows that machine
learning-based diagnostics may be similarly power-
ful as a (neuro-)pathologist [5]. Such an approach
could be helpful not only for countries where no
neuropathologists are available, but also for smaller
health care centers, in which a 4 (or more) eye prin-
ciple is not possible. The fact that “artificial intelli-
gence” never gets tired and is able to quickly capture
information from huge databases, a task for which
an experienced pathologist would need decades,
may be very worrying for classic “histomorpholo-
gists”. This might be even more the case when ma-
chine-learning pipelines will be more directly fed
with clinical, radiological and molecular data. Nowa-
days, it is already very clear that morphological clas-
sification alone is significantly inferior to approaches
that also take into account molecular pathological
data [6]. As previously shown for several joint initia-
tives in molecular profiling, it would be highly bene-
ficial if prognostic prediction algorithms would be
cross-validated with the goal to constantly improve,
instead of having several competing grading systems
[6, 17]. Similarly, joint efforts would of course be
necessary for other ongoing initiatives that have
been presented in this manuscript, such as
methylome-based brain tumor diagnostics in CSF
liquid biopsies [9], molecular profiling for entities
that are not yet broadly covered in openly accessible
classification pipelines, [7] or more recently upcom-
ing techniques such as close to real-time diagnostic
approaches based on the Raman effect [10, 11].
While most profiling studies published in 2022 ra-
ther focused on “faster, deeper, broader, more pre-
cise”, really new concepts were very infrequently
encountered. One very interesting approach is
based on a deciphering the proteomic landscape in
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recurrent glioblastoma as compared to its primary
counterpart [8]. This method would allow for a per-
sonalized treatment addressing potentially newly
activated tumor pathways emerging during treat-
ment resistance and recurrence. Focusing on the tu-
mor-associated proteome, one may get more real
functional information about the tumor cells as
compared to transcriptome, methylome or muta-
tional analyses. Finally, it is of high importance to
come up with new, more personalized treatment
approaches, especially for patients suffering from
recurrent malignant brain tumors with a detrimental
prognosis for which no really helpful established
treatment schemes are available. A promising ap-
proach is the use of drug screening libraries which
may be very useful to detect potential drugs that
cannot easily be predicted by deep sequencing anal-
yses [14]. As the author put the brain tumor cell(s)
in the center of this “top ten” series, several high im-
pact papers that focused on cells of or interaction
mechanisms within the tumor microenvironment
unfortunately did not make it on this list. An amazing
new concept about how glioblastoma cells are hi-
jacking neuronal activity for invasion has been pre-
sented, however, it remains to be determined to
which degree this is important in humans and if this
mechanism may serve as a potential future treat-
ment target [37]. Another fascinating study showed
in @ murine model that a loss of MHC-II on blood-
borne myeloid cells leads to dysfunctional CD8-pos-
itive cytotoxic T cells and therefore impaired tumor
control while functional MHC-ll-restricted antigen
presentation was associated with improved tumor
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