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Prognosis prediction via
histological evaluation of cellular
heterogeneity in glioblastoma
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Glioblastomas (GBMs) are the most aggressive types of central nervous system tumors. Although
certain genomic alterations have been identified as prognostic biomarkers of GBMs, the
histomorphological features that predict their prognosis remain elusive. In this study, following an
integrative diagnosis of 227 GBMs based on the 2021 World Health Organization classification system,
the cases were histologically fractionated by cellular variations and abundance to evaluate the
relationship between cellular heterogeneity and prognosis in combination with O-6-methylguanine-
DNA methyltransferase gene promoter methylation (mMGMTp) status. GBMs comprised four

major cell types: astrocytic, pleomorphic, gemistocytic, and rhabdoid cells. t-distributed stochastic
neighbor embedding analysis using the histological abundance of heterogeneous cell types identified
two distinct groups with significantly different prognoses. In individual cell component analysis,

the abundance of gemistocytes showed a significantly favorable prognosis but confounding to
mMGMTp status. Conversely, the abundance of epithelioid cells was correlated with the unfavorable
prognosis. Linear model analysis showed the favorable prognostic utility of quantifying gemistocytic
and epithelioid cells, independent of mMGMTp. The evaluation of GBM cell histomorphological
heterogeneity is more effective for prognosis prediction in combination with mMGMTp analysis,
indicating that histomorphological analysis is a practical and useful prognostication tool in an
integrative diagnosis of GBMs.
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Glioblastomas (GBMs) are malignant glial tumors of the central nervous system (CNS), accounting for 15%
of all CNS gliomas and primarily affecting older individuals!. The current standard treatment for GB involves
surgical resection followed by radiotherapy and temozolomide (TMZ) chemotherapy. Despite these intensive
and multimodal therapies, the prognosis is poor, with a median survival of approximately 1.5 years post-
diagnosis and a five-year survival rate of less than 5%'>.

With the increased use of next-generation sequencing (NGS) for genomic profiling of gliomas, our
understanding of GBMs has advanced. Genomic alternations such as EGFR, PDGFRA, and CDKNZ2A, as well
as methylation of the O-6-methylguanine-DNA methyltransferase gene promoter (mMGMTp), have become
hallmarks of prognosis prediction *. GBM cells exhibit morphological diversity, including fibrillary, adenoid
(epithelioid), gemistocytic, granular, oligodendroglioma (ODG)-like, primitive neuronal differentiation (PND)-
like (formerly primitive neuroectodermal tumor-like), giant, and small cells '%!!. Among these variants of GBM,
those predominantly displaying epithelioid and rhabdoid features have been suggested to have an unfavorable
prognosis 2714, However, the prognosis of patients with variant GBMs exhibiting predominantly small, giant,
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PND-like, and ODG-like components remains controversial or comparable to GBM not otherwise specified (GB-
NOS) 131516 Additionally, the presence of intratumoral thrombi has been correlated with a poor prognosis 7.
However, the occurrence of thrombus in GBM cases showing specific cellular features has not been documented.

Despite the heterogeneous cellular composition of GBMs, few studies have assessed GBM prognosis based on
their cellular heterogeneity. Furthermore, since the introduction of the latest 2021 World Health Organization
(WHO) classification !°, some cases previously diagnosed as GBM based on the histological presence of
microvascular proliferation and palisading necrosis have been reclassified as astrocytoma grade 4 if they harbor
pathogenic IDH mutations ', Therefore, a comprehensive review of GBM histopathology is essential to
delineate the distinctive histomorphological features of GBM cells and re-evaluate the relationship between
cellular morphology and prognosis. Consequently, establishing simple, practical, and useful histomorphological
indicators for prognosis is crucial for refining therapeutic strategies and optimizing patient management.

In this study, we aimed to construct a prediction model for GBM prognosis based on the evaluation of the
histological abundance of heterogeneous GBM cellular constituents, regardless of the diagnosis of GBM variants
or GBM-NOS. We sought to identify GB cellular constituents predictive of prognosis, irrespective of mMGMTp
status, a well-established prognostic marker of GBM that regulates TMZ response via MGMT expression 2022,
We analyzed 227 cases of GBs confirmed by pathological and genomic integrative examinations using a glioma-
targeted NGS panel in accordance with the 2021 WHO classification '°. Additionally, the mMGMTp status was
analyzed using methylation-specific PCR (MSP). The association of the histological abundance of heterogeneous
GBM cellular constituents with mMGMTp status and prognosis was investigated using ¢-distributed stochastic
neighbor embedding (t-SNE).

Results

Clinical information and integrative diagnosis

The clinical information of the patients with GBM (n=227) is summarized in Supplementary Table S1. Of these
227 patients, 106 were treated by almost total surgical excision of tumors (> 90% excision of total tumor volume).
Additionally, 214 and 210 patients were treated with chemotherapy and radiotherapy, respectively. Histological
findings (presence or absence of necrosis/microvascular proliferation) and genomic alterations necessary for
integrative diagnosis based on the 2021 WHO classification are summarized in Fig. 1.

Representative histology of each cellular component

The representative morphologies of heterogeneous cellular constituents assessed using HE staining are shown
in Figs. 2A-2K. Histological observations revealed two major cellular components; pleomorphic and astrocytic
(Fig. 2L). Among the 227 patients, pleomorphic cells accounted for 33% of the tumor area, followed by 29.1%
and 10.4% for astrocytic and gemistocytic cells, respectively (Fig. 3A). Identification of cellular constituents with
over 10% area revealed that 15% of cases had only astrocytic cells (34/227), 11.5% had only pleomorphic cells
(26/227), and 52% harbored two cell components, with combinations of pleomorphic+ gemistocytic cells in
13.7% (31/227), astrocytic + gemistocytic cells in 9.7% (22/227), and other combinations (28.6%). Other minor
cellular components included epithelioid, small, giant, ODG-like, PND-like, and lipidized cells in different
combinations (Fig. 3B).

Methylation of MGMTp (MMGMTp) status

In the analyzable 224 cases, the hypomethylation value of MGMTp was 73 +31. Categorization of mMGMTp
status based on low methylation (hypomethylation values>84.63 as low-mMGMTp) and high methylation
(hypomethylation values < 84.63 as high-mMGMTp) revealed that high-mMGMTp cases (n=101, blue line)
had a significantly favorable prognosis compared with low-mMGMTp cases (n=123, red line) [Fig. 4; hazard
ratio (HR), 0.415; 95% confidence interval (CI), 0.287-0.601; p <0.001].

Gene alterations and prognosis

Analysis of the relationships between gene alterations and prognosis revealed that PDGFRA mutations (n=16)
and amplification (n=37) were associated with an unfavorable prognosis. In contrast, PTEN loss (n=92)
was associated with a favorable prognosis. BRAF, EGFR, PTEN, and TERTp promoter mutations and EGFR
amplification showed no prognostic significance (Supplementary Table S2).

Beta diversity analysis of cell morphology and prognosis

To evaluate the association between cellular heterogeneity and prognosis, beta diversity analysis was performed
using t-SNE (Fig. 5). The arrows on t-SNE plot indicate tendencies or directions of correlation, but they do not
imply definitive clustering or a direct link to individual patient outcomes based solely on cell type. When two
isolated areas (1 and 2) were set in -SNE, astrocytic, rhabdoid, small, and giant cell components were directed
toward area 1, whereas gemistocytic, spindle, and pleomorphic cells were directed towards area 2 (Fig. 5A). The
prognosis of area 2 patients (n=91) was found to be significantly better than that of area 1 patients (n=136)
[HR, 0.511; 95% CI, 0.350-0.747; p <0.001; Fig. 5B]. In t-SNE analysis, the consistency of the results across
various random seeds was confirmed, ensuring the reproducibility of our findings.

Predominant cell type and prognosis

Thresholds were set for the histological abundance of each cell type to evaluate the relationship between the
predominant cellular type and prognosis (Table 1). Among the four major cellular components, gemistocytic
cells were identified in 89 cases. Of these cases, 60 exceeded the threshold of 20% and were significantly
correlated with a favorable prognosis (HR, 0.65; 95% CI, 0.43-0.98; p=0.038). Nevertheless, the prognosis
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Fig. 1. Graphical presentation of gene alterations and histology in GBM cases. The map shows gene
alterations, including mutations, amplification, and loss, in the upper panel, necessary for the genomic
definition of the 2021 WHO classification. Histology (presence or absence of necrosis/MVP and intrahecal
dissemination), tissue sampling methods, and anatomic localization are presented in the lower panel. The
tissue sampling methods are classified as biopsy and resection (> or < 90% excision of total tumor volume).
The cases with presence of necrosis/MVP correspond to histological GBM, and those with absence of necrosis/
MVP correspond to molecular GBM. GBM, glioblastoma; MVP, microvascular proliferation
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was confounded by several factors, including age, Karnofsky performance status (KPS), chemo/radiotherapy,
medullary dissemination, mutations in five genes (BRAF, PDGFRA, EGFR, PTEN, and TERTp), and mMGMTp
status. Cases with three major cellular components, including astrocytic, pleomorphic, and rhabdoid cells
showed no significant association with prognosis. Conversely, the presence of minor-type epithelioid cells
exceeding a threshold of 30% (five of the six epithelioid cell-positive cases) was significantly correlated with
an unfavorable prognosis (HR, 6.944; 95% CI, 2.77-17.54; p <0.001), independent of factors such as age, KPS,
chemo/radiotherapy, medullary dissemination, mutations of five genes, and mMGMTp status.

Morphological linear indicator model for prognosis and MGMTp methylation

To construct a screening morphological index that could predict a favorable prognosis, we performed a category-
weighting analysis using the abundance of gemistocytic and epithelioid cellular components. A combined
morphologic index8*™#x¢Pith ca]culated using a simple and linear formula: [% area of gemistocytic cells minus
4X % area of epithelioid cells] was identified as the most significant and non-confounding prognostic marker.
Patients characterized by >20% of the index (high-indexse™-#%pith; n = 59) had a significantly more favorable
prognosis than those with a value < 20% (low-indexse™-#*¢pith; n = 168) (HR, 0.625; 95% CI, 0.413-0.946; p = 0.025;
Fig. 6A). However, no difference was observed between the low- and high-index8™#*¢ith groups concerning
the mMGMTp status (Wilcoxon test, p=0.361, delta=0.08 [-0.09-0.24]). Univariate and multivariate regression
analyses for prognosis revealed that the indexs*™-4*¢Pith remained non-confounding based on age, the presence
of medullary dissemination, chemotherapy, gene mutations, and mMGMTp status (Table 2).

Patients with a high-indexss™-4*¢Pith and high-mMGMTp (n=24) showed a more favorable prognosis than
all other patients (n=202) (HR, 0.312; 95% CI, 0.162-0.601; p <0.001; Fig. 6B), indicating that the combined
mMGMTp and morphological index8*™-#ith analysis showed a higher effect for favorable prognostication
than single mMGMTp analysis (Fig. 3) (HRs, 0.312 vs. 0.415, respectively). In contrast, those with a low-
indexgemi-4xepith and low-mMGMTp (n=90) had a less favorable prognosis than all others (n=135) (HR, 2.174;
95% CI; 1.515-3.125; p <0.001; Fig. 6C).
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Fig. 2. Representative morphology and populations of GBM cellular constituents. (A) to (K) The
representative features of different tumor cell types shown in HE-stained sections (x400). Astrocytic (A) and
pleomorphic (B) cells are prototypic for glioblastoma. The less frequently detected cell types are as follows:
gemistocytic (C), rhabdoid (D), epithelioid (I), and other cell types [(E) small; (F) ODG-like; (G) spindle;

(H) PND-like; (J) giant; (K) lipidized]. In panel D, a large rhabdoid cell is present within an aggregation of
gemistocytic cells. L) The vertical axis represents the percentage area of different cellular constituents, and the
horizontal axis represents sorted cases. Two major components, astrocytic and pleomorphic cells, are shown in
light and dark blue columns, respectively. PND, primitive neuronal differentiation; ODG, oligodendroglioma;
HE, hematoxylin and eosin.

Abundance ratio of pathological features (%)

Discussion

The principal achievement of the present study was the evaluation of integrative cellular morphology by
histological examination. First, we showed that GBM cases with predominantly gemistocytic components
exhibited better prognosis than others, although this was confounded by mMGMTp status. Second, the
integrated evaluation of the cellular abundance of gemistocytic and epithelioid cells using a linear model
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Fig. 3. Population and combination patterns of GBM cellular constituents. (A) Bar chart showing the
population of each cell types. Values are presented as means + standard deviations. (B) Pie chart showing the
combination patterns of each cell types. Values are numbers of cases, and percentages of cases are shown in the
parentheses.
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Fig. 4. mMGMTp status and prognosis. Patients with a high-mMGMT)p (blue line) showed a more favorable
prognosis than those with a low-mMGMT)p (red line). mMGMTp was analyzed in 224 of the 227 cases.
MGMT, o-6-methylguanine-DNA methyltransferase gene; mMGMTp,MGMT promoter methylation; HR,
hazards ratio; 95% CI, 95% confidence interval

predicted prognosis, independent of mMGMT)p status and exhibited a synergistic effect on prognostication
when combined with mMGMTp analysis. The combined analytical approach, which fractionated each GBM case
by cellular composition using a common histological examination and PCR-based mMGMTp analysis, could be
essential and practical for evaluating the relationship between histomorphology and prognosis, as GBMs usually
consist of heterogeneous tumor cells 1. Collectively, these findings indicate the successful establishment of an
independent histomorphological prognostication method and highlight the importance of histological profiling
of heterogeneous cellular constituents in predicting GBM prognosis.

Even though GBMs are characterized by the proliferation of divergent tumor cell constituents
studies have reported a relationship between GBM cellular components and prognosis. Moreover, the association
between the presence of gemistocytes and prognosis has been well studied, with several studies indicating that
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Fig. 5. Segmentation of cellular constituents analyzed using t-SNE and prognosis. (A) Regarding Dim2 on the
vertical axis, four arrows representing the astrocytic, rhabdoid, small, and giant cell components are directed
toward the positive side (area 1), whereas three arrows representing the gemistocytic, spindle, and pleomorphic
cells are directed toward the negative side (area 2). (B) Cases clustering in area 2 (green line) had a more
favorable prognosis than those clustering in area 1 (orange line). HR, hazards ratio; 95% CI, 95% confidence
interval
Number of Regression analysis
Morphology | Cases more than 10% area | Threshold | Cases > threshold | Cases < threshold | p value HR 95% IC | Univariate | Multivariate
Pleomorphic | 102/227 100 26 201 0.158 | 0.627 0.33-12 0.385 0.715
Astrocytic | 90/227 70 63 164 0288 | 1.239 0.83-1.84 | 0.764 0.483
Gemisticytic | 89/227 20 60 167 0.038 | 0.65 0.43-0.98 | 0.139 0.117
Rhabdoid | 38/227 90 7 220 0117 | 2.028 0.82-5 0.869 0.958
ODG-like | 28/227 100 1 226 <0.001 | 14.925 1'191611 0.605 0.839
Spindle 21/227 100 1 226 0.164 | NA NA 0.718 0.695
Small 18/227 60 11 216 0135 | 1.724 0.84-3.55 |  0.647 0.862
Giant 17/227 30 1 226 0.03 6.711 0.91-50 0.073 0.141
Epitheloid | 6/227 30 5 22 <0001 |e9sa |37 <0.001 0.002
PND-like 6/227 25 6 221 0286 | 1.56 0.69-3.55 |  0.602 0.414
Lipidized 2/227 10 2 225 0.005 | 6.024 1.45-25 0.009 <0.001

Table 1. Cell morphology and prognosis. Multivariate regression analysis was performed with clinical
information (age, KPS, presence or absence of medullary dissemination, chemotherapy, and radiotherapy),
gene mutation data (EGFR, PDGFRA, PTEN, BRAFE, TERT promoter), and MGMT methylation data. ODG,
oligodendroglioma; PND, primitive neuronal differentiation; NA, not available; HR, hazard ratio; 95% CI, 95%
confidence interval.

a high abundance of gemistocytic cells is related to poor prognosis in both low- and high-grade gliomas®®-*.

Gemistocytes, a type of neoplastic cell distinct from reactive astrocytes, are considered an adverse prognostic
factor!"?%%, and grade II astrocytomas containing over 5% gemistocytes are likely to progress rapidly to grade
I astrocytomas and grade IV GBM>. Additionally, grade II astrocytomas comprising > 20% gemistocytes have
been found to have a less favorable prognosis than those comprising <20% gemistocytes 2. These studies were
performed according to the 2016 WHO classification system and included IDH wild-type GBM or cases not
elsewhere classified based on the latest 2021 WHO classification. Furthermore, another study including non-
negligible cases of IDH-mutant astrocytoma showed that the prognosis of GBM cases with >20% gemistocytes
did not differ significantly from those with < 20% gemisotocytes?. In contrast, in the present study, we identified
the presence of gemistocytes, singly and in combination with other cell types, as histological markers of favorable
prognosis of GBMs. Nevertheless, the significance of gemistocytes and other cell types in astrocytomas should
be further investigated based on the 2021 WHO classification.

In previous studies, rhabdoid and epithelioid GBMs often harbored BRAF V600E mutations, suggesting a
close genomic, morphological, and poor prognostic correlation!?1*?%. Our findings also revealed that some
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Fig. 6. The indexg™-#pith m MGMTp status, and prognosis. (A) Overall survival curves of low- and high-
index8smi-4xepith groups, Compared with patients in the low-indexge™-#*¢pith group (orange line), those in

the high-indexgemi-4xpith group (green line) showed a favorable prognosis (B) Prognosis of patients with a
high-indexss™i-4x¢pith and high-mMGMTp and that of others. Patients with a high-indexss™-4xpith and high-
mMGMTp (purple line) showed a more favorable prognosis compared with other patients (orange line).
(C) Prognosis of patients with a low-indexs*™4*¢Pith and low-mMGMTp and that of others. Patients with a
low-indexge™i-4ePith and low-mMGMT)p (red line) had a less favorable prognosis than patients (orange line).
MGMT, O-6-methylguanine-DNA methyltransferase gene; mMGMTp, MGMT promoter methylation; HR,
hazards ratio; 95% CI, 95% confidence interval.

Univariate Multivariate

z P z P
Indexgemi-txepith | _4289 | <0.001 | —3.818 | <0.001
Age 2.900 0.004 3.051 0.002
KPS —1.345 0.179 | —0.739 0.460
Excision degree | 2.842 0.004 1.852 0.064
Dissemination 5797 | <0.001 4.791 | <0.001
Chemotherapy | —7.396 | <0.001 | —2.720 | 0.007
Radiotherapy | —6.211 | —0.001 | —1.702 0.089
EGFR 0.018 0.985 0.601 0.548
PDGFRA 2.277 0.023 1.998 0.046
PTEN -0.225 0.822 | —0.490 0.624
BRAF 0.076 0.940 1.071 0.284
TERTp 1.082 0.279 1.410 0.159
mMGMTp 4.985 | <0.001 4.846 | <0.001

Table 2. Regression analysis of indexg™#x¢th Number of event = 125. Multivariate regression analysis

was performed with clinical information (age, KPS, presence or absence of medullary dissemination,
chemotherapy, and radiotherapy), gene mutation data (EGFR, PDGFRA, PTEN, BRAE, TERT promoter),
and MGMT methylation data. KPS, Karnofsky performance status; EGFR, epidermal growth factor receptor;

PDGFRA, platelet derived growth factor receptor alpha; PTEN, phosphatase, tensin homolog deleted
on chromosomel0; BRAF, v-raf murine sarcoma viral oncogene homolog B; TERTp, telomerase reverse
transcriptase promoter; mMGMTp, methylation of 0-6-methylguanine-DNA methyltransferase gene promoter.

patients with predominantly rhabdoid cells (7/38, cases with over 90% rhabdoid cells) harbored a BRAF V600E
mutation but exhibited no significant prognostic differences compared to other patients. Moreover, we identified
some GBM cases with epithelioid cell components (5/6, cases with over 30% epithelioid cells) characterized by
the absence of BRAF alterations, but showed poor prognosis. This discrepancy may be attributed to the small
number of such cases in the present study, although the frequency of rhabdoid and epithelioid variants in GBMs
was comparable to that in a previous study'>. Another possibility is that clear differentiation of rhabdoid and
epithelioid cells is often challenging, as the criteria for histological variants of rhabdoid or epithelioid GBM
are not always well-defined?>-*. Some studies have reported immunohistochemical differentiation of these
two GBM cell types®*?>. However, other recent studies, including genetic molecular analyses, did not clearly
distinguish these two cellular variants, describing cases as epithelioid GBMs harbored both epithelioid and
rhabdoid cells with heterogeneous molecular features**2. In this study, the rhabdoid GBM cells were strictly
defined as larger rhabdomyoblast-like cells with a loosely cohesive proliferation to differentiate from smaller
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epithelioid cells arranged in an epithelial nest-like proliferation pattern. The differentiation of these two GBM
cell types remains controversial even after intensive immunohistochemical and molecular analyses. Therefore, it
must be emphasized that the present study did not aim to determine the prognosis of specific GBM variants but
to estimate the prognosis of GBMs based on the abundance of heterogeneous cellular constituents.

As GBM and pleomorphic xanthoastrocytoma (PXA) share common histological and genomic profiles, such
as the presence of pleomorphic cells, BRAF V600E mutations, and telomere reverse transcriptase promoter
mutations®*3¢, the histopathological differential diagnosis of GBM often includes PXA. These similarities
indicate that PXA may share certain characteristics with GBM or even transform into GBM?”*%. However,
differentiating pleomorphic cells in GBM from those in PXA based on morphological examinations alone is
often contentious. Moreover, BRAF V600E mutations account for only 1% of GBs****%, making such cases quite
rare. In this study, we detected a BRAF V600E mutation in seven of the 227 cases, all of which were in GBMs
predominantly comprising rhabdoid cells. Our diagnostic approach was integrative, incorporating genomic
profiling while excluding cases with typical clinical and diagnostic imaging features of PXA*.

Further important notices should be acknowledged in the present study. First, the study sample size is
not large enough for high generalizability, although the 227 cases examined might not considered so small
for evaluating the histology of GBM cellular constituents and its heterogeneity. Access to open resources of
public databases for gliomas would be useful for increasing sample size and obtaining genomic and prognostic
information®0-42, especially for the rare GBM variants, but these databases often lack detailed histological
information on each cell type necessary for our study. Another future approach for increasing the sample size
is employing a multi-center study design, which would further validate and strengthen the generalizability
of our findings. Second, the influence of specific genetic alterations on GBM cell morphology and prognosis
remains unclear. As astrocytic, gemistocytic, and rhabdoid cells may harbor different genomic backgrounds,
the diversity in cell morphology and genomic profiles reflects cancer cell plasticity, resulting in histological
transformation and divergent prognosis, which is regulated by the summation of complex genetic, epigenetic,
and microenvironmental mechanisms*>*4,

In conclusion, the present study demonstrated the utility of histomorphological analysis in predicting GBM
prognosis through the evaluation of cellular heterogeneity. This histological study for GBMs holds significant
promise for improving patient outcomes. Future research should continue to explore the potential benefits of
integrating histological and genomic approaches in the management of GBMs.

Methods

Sample collection

A total of 227 patients who had undergone biopsy or surgery at Kagoshima University Hospital (Kagoshima,
Japan) (n=163), Kyushu University Hospital (Fukuoka, Japan) (n =47), and University Hospital of Occupational
and Environmental Health (Kitakyushu, Japan) (n=17) between April 2018 and December 2023 were included
in this study. GBM tissue samples and patient information were collected from all patients.

Preparation of histological sections and genomic DNA

Tissues were fixed with phosphate-buffered neutral 10% formalin for 24 h and routinely processed for preparation
of formalin-fixed paraffin-embedded tissue (FFPE) sections, which were subsequently used for hematoxylin
and eosin (HE) staining, immunohistochemistry (IHC), fluorescent in situ hybridization (FISH), and genomic
analysis.

Genomic DNA was extracted from FFPE sections as previously reported and subjected to NGS panel analysis
designed for genomic profiling, including assessments of gene mutations, copy number variation, and 1p19q
co-deletion®. 1p19q co-deletion was also investigated using FISH analysis. MSP was performed on 224 samples
(three samples were insufficient for further study) using the extracted genomic DNA, as previously reported*®.
The MGMTp hypomethylation index was calculated as the percentage of the intensity of unmethylated bands
to the total band intensity using a microchip automated electrophoresis instrument (MCE-202 MultiNA,
Shimadzu, Kyoto, Japan) in conjunction with a DNA-1000 kit (Shimadzu).

Integrative diagnosis of GB based on WHO classification

Representative sections with the largest tumor areas were selected for IHC detection of IDH-1 R132H expression
and genomic analysis, as previously described, to determine an integrative diagnosis based on the 2021 WHO
classification!®4>4°, Integrative pathological and molecular diagnoses were confirmed by two board-certified
pathologists (MK and AT).

Morphological analysis

Two board-certified pathologists (MK and AT) performed the semi-quantitative morphological evaluation of
the representative HE-stained sections to determine the abundance of heterogeneous types of GBM cellular
components according to previously described cellular characteristics 11123254748 A representative tumor
area was scanned using a light microscope atx40 magnification, then cell morphology was determined
atx 400 magnification according to the definitions described in the section “Definition of cell morphology.”
Subsequently, the percentage area ratio of each cellular component to total tumor area was estimated in 10%
increments across the entire tumor scan as a histological cellular abundance atx 100 magnification. In cases
where tumor cells were observed in 20 fields of 100 X magnification, including 10 fields of 100% astrocytic cells,
seven fields of 50% astrocytic, 30% pleomorphic, and 20% gemistocytic cells, and three fields of 80% gemistocytic
and 20% spindle cells. The area of each cell type was calculated as follows: Astrocytic cell area=[10 (fields) X 100
(%)+7 (fields) x50 (%)]/20 (fields)=67.5%; Pleomorphic cell area=[7x30]/20=10.5%; Gemistocytic cell
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area=[7X20+3x80]/20=19%; Spindle cell area=[3 X 20]/20=3%. The calculated percentages were rounded
to the nearest 10% and the cell component occupying>10% are was considered significant. Finally, the cell
components were evaluated as follows: astrocytic cells (70%), gemistocytic cells (20%), and pleomorphic cells
(10%).

Definition of cell morphology

Astrocytic tumor cells have round nuclei with variable nuclear atypia and fibrillary cytoplasm, characteristic of
astrocytic differentiation. Pleomorphic cells are characterized by nuclear enlargement and pleomorphism with
an irregular nuclear membrane and prominent nucleoli. Gemistocytic cells have eccentric nuclei with clumped
chromatin and glassy non-fibrillary cytoplasm. Epithelioid cells are well-demarcated, loosely cohesive cells
with discrete cell borders arranged in a solid pattern or with epithelial cell-like features, resembling metastatic
carcinoma. Rhabdoid cells are loosely cohesive with large eccentric or centrally located round nuclei and
abundant eosinophilic cytoplasm, resembling rhabdomyoblasts. Spindle cells have elongated spindle nuclei and
cytoplasm and exhibit fibroblast-like differentiation. Giant cells are large multinucleated cells with large bizarre
lobulated nuclei and abundant cytoplasm. Small cells have small monomorphic round uniform nuclei with sparse
cytoplasm. Other minor components of lipidized cells show features of small cytoplasmic vacuoles resembling
histiocytic foam cells; PDN-like cells show features of primitive neuronal cells with high nuclear to cytoplasmic
ratios and sparse cytoplasm and ODG-like cells have round nuclei with a perinuclear halo, mimicking ODG.

Statistical analysis

Data were analyzed using R computing environment software version 4.3.0 *°. The normality of the data
distribution was evaluated using the Kolmogorov-Smirnov test. Differences between the two groups were
analyzed using the non-parametric Wilcoxon signed-rank test, and the effect size was calculated using Cliff’s
delta in the “effsize” package. Overall survival (OS) was estimated using the Kaplan-Meier method and
compared using log-rank tests. HRs were calculated using a Cox proportional hazards model, and univariate and
multivariate regression models for OS were performed using a Cox regression model in the survival package.
The analysis of beta diversity to evaluate cellular heterogeneity was performed by ¢-SNE using the “stats” and
“Rtsne” packages. The random seed was fixed using the set.seed function. All threshold values were calculated as
the most effective prognostic values. Statistical significance was set at p <0.05.

Data Availability
The datasets generated or analyzed during the current study are not publicly available due to privacy/ethical
restrictions but are available from the corresponding author on reasonable request.
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