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Abstract

High-grade gliomas are known for their aggressive nature and resistance to therapy. One characteristic feature of these tumors is the lack of a clear
border between the tumor and normal brain tissue. Previous studies have shown that as gliomas dedifferentiate, the extracellular matrix (ECM) undergoes
changes in its composition and architecture. This is due to increased production and overexpression of ECM components such as hyaluronic acid, fibulin-3,
and collagen. However, it is not yet known what specific changes occur in the stroma of high-grade gliomas depending on the v in the IDH1 gene. In
our study, we examined tumor tissue samples from 31 patients, 10 of whom had verified IDH-mutant astrocytoma (grade 4) and 21 had IDH-wildtype
glioblastoma (grade 4). The presence or absence of mutations in the IDH1/2 genes was determined in all patients using immunohistochemistry (IHC)
and polymerase chain reaction (PCR). To assess stromal changes, we used histochemical staining with Alcian blue and Mallory trichrome. Our results
showed significant differences between the two groups according to Student’s ¢-test (p < 0.05) for all stainings. The presence of mucus formation, collagen
formation, and expression of vimentin by tumor cells in the stroma of /DH-wildtype grade 4 glioblastoma indicates an active epithelial-mesenchymal
transition and changes in the extracellular matrix. These findings may explain the more unfavorable prognosis in patients with glioblastomas and could
potentially serve as a therapeutic target in the complex treatment of malignant gliomas.
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Introduction

Malignant gliomas are aggressive tumors of the Central

with glioblastoma is 14 months, taking into account surgery,
radiation therapy, and chemotherapy [5]. However, radical
surgical treatment for tumor removal can increase the risk

Nervous System (CNS) that are known for their diffuse-
infiltrative growth and resistance to therapy [1]. One defining
characteristic of high-grade gliomas is the lack of a clear
boundary between the tumor and normal tissue, as tumor cells
can infiltrate the brain parenchyma at a significant distance
from the original tumor node. In Russia, the incidence of
malignant gliomas is estimated to be 5-8 cases per 100,000
population [2], with high-grade gliomas accounting for
approximately 70% of all malignant CNS tumors [3,4].

Currently, the average survival time for patients diagnosed
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of neurological disorders, negatively impacting the patient’s
quality oflife. In fact, patients who undergo exclusively surgical
treatment have a survival time of no more than 6 months [6,7],
while those who receive complex treatment have a survival
time of only 15 months [8]. Despite advancements in glioma
diagnosis, the prognosis for patients remains unfavorable.
Therefore, special approaches to diagnosis and treatment are
necessary for malignant gliomas.

While glioblastoma is not typically considered a metastatic
tumor in the traditional sense, with metastasis rates ranging
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from 0.2% to 2% [9], it can still spread locally and invade
surrounding brain tissue. Inhibiting cell migration and
invasion may be beneficial in limiting the tumor’s spread
and invasive behavior within the brain. It is well-known
that glioblastoma is characterized by the development of
an abundant pathological vascular network, which not only
promotes tumor growth but also contributes to its high rate of
invasion into adjacent brain tissue [10,11]. However, there is
a lack of comprehensive descriptions of changes in the tumor
stroma in the literature.

Since 2007, the World Health Organization (WHO) has
recognized the impact of mutations in the /IDH1 and 2 genes
on the prognosis of glial tumors in their classifications of CNS
tumors. However, it was not until the 2021 WHO classification
of CNS tumors that glial tumors were strictly divided into wild-
type (ICD-O code 9440/3) and mutant (ICD-O code 9445/3)
tumors based on gene status [12,13]. The IDH1 gene produces
the enzyme isocitrate dehydrogenase 1, which plays a role in
regulating cellular redox status by catalyzing the reversible
oxidative decarboxylation of isocitrate to form alpha-
ketoglutarate. Mutations in the IDH1 gene typically affect
amino acid residue 132, which is part of the active center. The
majority (>85%) ofthese mutations are heterozygous missense
mutations, with the most common being the replacement
of arginine with histidine (R132H) [14]. The mutated IDHI
protein converts alpha-ketoglutarate into 2-hydroxyglutarate,
which is considered an oncometabolite [15,16]. Therefore, it
is possible that changes in the tricarboxylic acid cycle in glial
tumor cells, caused by a mutation in the IDHI gene, may lead
to alterations in the stromal component of high-grade gliomas.

Purpose of the study

To investigate the histological characteristics of the stroma
in high-grade gliomas, with consideration of the IDHI gene
mutation status.

Material and methods

We conducted a retrospective study on biopsy samples
of tumor fragments. These samples were obtained
intraoperatively from 31 patients, 10 of whom were
diagnosed with IDH-mutant astrocytoma grade 4, and 21
with IDH-wildtype glioblastoma grade 4. The IDH-mutant
astrocytoma group (IDH-mut AC) consisted of 3 women
and 7 men, aged 23 to 65 years, with an average age of 38.5
years. The IDH-wildtype glioblastoma group (IDH-wildtype
GB) consisted of 10 women and 11 men, aged 38 to 82 years,
with an average age of 60 years. The samples were fixed in
10% buffered formalin, dehydrated, and embedded in paraffin
using standard procedures. Histological sections were stained
with hematoxylin and eosin, and immunohistochemical (IHC)
reactions were performed using antibodies to IDHIR132h
and vimentin (from Diagnostic Biosystems, USA) with the
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EnVision visualization system. Histochemical staining with
alcian blue and Mallory trichrome (BioVitrum, Russia)
was also conducted. To confirm the presence or absence of
mutations in the IDH1/2 genes, Polymerase Chain Reaction
(PCR) was performed on all patients using the TestGene
kit (Russia). Histological analysis and microphotography
were carried out using a Leica Aperio AT2 scanning
microscope and AperiolmageScope image manager (Leica
Microsystems, USA). The results of histochemical staining
and immunohistochemical reaction with antibodies to
vimentin were evaluated by quantifying the number of pixels
corresponding to a positive reaction in the tumor stroma
using the author’s software in 1 mm? of tissue in the Python
programming language. Statistical analysis was performed
using the NumPy, SciPy, Pandas, and Matplotlib libraries
in Python. The Shapiro-Wilk test was used to assess the
normality of the data distribution. Indicators with a normal
distribution were reported as the mean value and standard
deviation. Since the data followed a normal distribution,
parametric statistical methods, specifically Student’s t-test,
were used to compare indicators between groups. Spearman’s
correlation method was used to identify any correlations,
with the strength of the relationship interpreted according to
the Chaddock scale. Differences were considered statistically
significant if the p - value was less than 0.05. The study was
conducted in accordance with the Helsinki Declaration of
Human Rights. All patients (their representatives) signed
informed voluntary consent to participate in the study.
Preoperative examination and surgical treatment of patients
were carried out in accordance with the Clinical Guidelines of
the Association of Neurosurgeons of Russia 2015.

Results

The morphological picture of a malignant glial tumor
was verified in all patients when studying the histological
material. When conducting IHC reactions with an antibody to
IDH1R132h in patients with IDH-mutant grade 4 astrocytoma,
positive staining was detected, and the presence of mutations
in the IDH1 gene was confirmed by PCR. In patients with IDH-
wildtype grade 4 glioblastoma, when conducting IHC with an
antibody to IDH1R132h, staining was absent, and the absence
of mutations in the IDH1 and IDH2 genes was confirmed
by PCR. When conducting IHC reactions with vimentin, its
bright diffuse immunopositivity of the cytoplasm of tumor
cells in glioblastoma IDH-wildtype grade 4 (GB IDH-wt) was
revealed, while in astrocytoma IDH-mutant grade 4 (AC IDH-
mut) expression was detected in single cells and vessel walls
(Figure 1).

Histochemical staining with Alcian blue showed that most
AC IDH-mut did not have any staining in the tumor stroma
but did show a positive reaction in the vessels. In contrast,
the stroma of many GB IDH-wt samples exhibited significant
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“mucinization” and a bright blue staining (Figure 2A,C).
Histochemical staining with Mallory trichrome revealed that
the “fibrous” component of the stroma was largely absent in
AC IDH-mut, while IDH-wildtype GBs showed varying degrees
of collagen formation (Figure 2B,D). Additionally, Mallory
staining revealed fibrinoid necrosis in isolated large-caliber
tumor vessels.

The results from counting the number of pixels with
a positive reaction in the cell cytoplasm (measured in
conventional units, c.u.) in 1 mm? of tumor tissue, as well as the
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Figure 1: Vimentin expression in grade 4 astrocytoma IDH-mutant and IDH-wildtype
glioblastoma (description in text). Immunohistochemical reaction, x400

A - Astrocytoma IDH-mutant grade 4.

B - Glioblastoma IDH-wildtype grade 4.

statistical data analysis, are presented in Table 1. Our findings
indicate that the expression of vimentin in patients with grade
4 gliomas varies significantly depending on the presence
or absence of a mutation in the IDH gene, as determined by
Student’s t-test (p < 0.05) (Table 1). Additionally, there was a
significant difference between the groups in terms of staining
with Alcian blue and Mallory trichrome (p < 0.05) (Table 1).

The correlation analysis results for vimentin expression
and tumor stroma staining in grade 4 glioma patients
are presented in Table 2. In IDH-wt GB, a strong positive
correlation (Spearman correlation coefficient of 0.87) was
found between Mallory trichrome and Alcian blue staining.
Additionally, a moderate positive correlation (Spearman
correlation coefficient of 0.61) was observed between
vimentin expression and Alcian blue staining. However, the
remaining results showed a weak relationship and can be
disregarded.

Discussion

High-grade gliomas are known for their aggressive nature
and resistance to therapy [17]. The interaction of tumor cells
with each other and with other cells during carcinogenesis
contributes to the formation of a more metabolically efficient

Astrocytoma IDH-mutant grade 4

Stain
Alcian Blue Mallory trichrome
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Glioblastoma IDH-wildtype grade 4

Figure 2: Results of histochemical reactions in the studied tumors (description in the text), x400.

A, C - Alcian blue stain;
B, D - Mallory trichrome stain.
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Table 1: Results of statistical data processing for the studied stains in IDH-mutant grade
4 astrocytoma and IDH-wildtype glioblastoma grade 4, p-value result (Student's t-test).

Stain Tumour Minimum Maximum n ¢ | p-value

AC IDH-mutant 0,4 2,516 097 0,3

Alcian Blue (s.u.) ; 0,0001
GB IDH-wildtype 0,811 2,939 1,57 10,52
AC IDH-mutant 0,345 1,839 0,839 1 0,39

Mallory

. 0,003
trichrome (s.u.) | GB IDH-wildtype 0,6 3,28 1,4 0,57
IHC with AC IDH-mutant 0,334 1,717 0,89 0,32

anti-vimentin . 0,001
antibody (s.u) GB IDH-wildtype 0,558 2,237 1,32 04

Note: Minimum: Minimum value in the cohort; Maximum: Maximum value in the cohort;
p: Arithmetic mean value; o: Standard deviation; p - value: calculated significance level.

Table 2: Correlation analysis between vimentin expression level, alcian blue, Mallory
trichrome stains in astrocytoma IDH-mutant grade 4 (red)/glioblastoma IDH-wildtype
grade 4 (blue) (description in the text).

Stain Alcian Blue Mallory trichrome Vimentin IHC
Alcian Blue 1.0 0.34/0.87 0.1/0.61
Mallory trichrome 0.34 /0.87 1.0 0.4 /0.26
Vimentin IHC 0.1/0.61 0.4 /0.26 1.0

microenvironment, which is no exception for malignant
gliomas [18]. There are two signaling pathways of influence:
autocrine and paracrine [19]. Substances released during the
interaction of microenvironment cells with each other and
with tumor cells act as chemoattractants for various types of
cells, including fibroblasts, smooth muscle cells, endothelial
cells, neutrophilic and eosinophilic leukocytes, basophils,
mast cells, NK cells, T and B lymphocytes, macrophages, and
dendritic cells. These substances also play a role in changing
the intercellular substance and promoting neovascularization
processes [20,21]. Additionally, high levels of CD13 expression
havebeenlinked to poor survival and prognosis in glioblastoma
patients and are positively associated with clinical malignant
characteristics [22].

Recentstudieshaveshownthatgliomastem cells (GSCs) play
a significant role in therapy resistance and tumor recurrence
[23]. The Cancer Genome Atlas has identified four molecular
subtypes of IDH-wildtype GB (classical, mesenchymal (MES),
neural, and proneural), each with different disease prognosis
and response rates to chemotherapy [23-25]. The MES
subtype is particularly aggressive and resistant to radiation
[23,26]. Research has also shown that the acquisition of the
MES phenotype contributes to the malignant characteristics
and tumorigenicity of GSCs. In a study by Song, et al, increased
expression of Salmonella pathogenicity island 1 (SPI1) was
found to be positively correlated with the MES phenotype,
which in turn was associated with poor survival. In vitro
experiments demonstrated that SPI1 promotes MES GSC
differentiation, self-renewal, and radioresistance, while
also promoting tumorigenesis in vivo. Mechanistically, SPI1
increased the transcriptional activity of both transforming
growth factor-f1 (TGF-1) and FKBP12, activating the non-
canonical PI3K/Akt pathway. Notably, inhibition of TGF-$1/
PI3K/Akt sissgnaling partially attenuated SPI1-induced MES
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GSC differentiation and the associated malignant phenotype
[27].

Despite the use of a multimodal approach in treating
malignant gliomas, the main reason for therapeutic failure
is the intrinsic intratumoral heterogeneity, which is largely
influenced by the complexity of the Tumor Microenvironment
(TME) and its ability to evade the immune system [28].
The TME consists of various differentiated tumor -cell
populations, stem cells, neuronal cells, and both resident and
infiltrating immune cells, all of which are encapsulated by the
Extracellular Matrix (ECM). The ECM is a complex network
of glycosaminoglycans, glycoproteins, and proteoglycans that
exist in both healthy tissues and malignancies. As glioma
progresses to GBM, the composition and architecture of
the ECM undergo remodeling due to increased production
and overexpression of components such as hyaluronic acid
(HA), fibulin-3, and collagen [29]. In our study, we observed
increased collagen synthesis in IDH-wt GB when comparing
Mallory staining results, while collagen fibers were virtually
absent in IDH-mut ACs. Additionally, we found mucoid changes
in Alcian blue staining in IDH-wt GB, but minimal stromal
changes in IDH-mut AC. This overexpression of ECM creates
a protective barrier around the tumor, limiting the diffusion
of immune system components and drugs into the tumor
and ultimately reducing therapeutic efficacy. However, it also
presents potential targets for new therapeutic agents [30,31].

Epithelial-Mesenchymal Transition (EMT) is closely
associated with the malignant progression and clinical
outcome of gliomas [32]. During EMT, epithelial cells acquire a
mesenchymal phenotype and properties, including migration.
This process is crucial in the formation of metastatic foci,
as cancer cells gain the ability to migrate to distant sites
from the primary tumor. Additionally, EMT has been linked
to drug resistance in gliomas. Several mechanisms have
been identified as contributors to glioma EMT. However, the
induction of these processes in glioblastomas differs from
that observed in epithelial cancers due to the absence of a
basement membrane [33]. In typical cases, tumor cells must
detach from the basement membrane to migrate to other
parts of the body. However, in the case of gliomas, glial cells are
the most abundant cells in the brain and provide protective
and structural support [34]. Astrocytes play a crucial role
in the development and progression of brain tumors. They
are activated and surround the tumor stroma, providing a
protective barrier that keeps cancer cells and the cluster intact.
However, cancer cells can induce EMT processes in astrocytes,
leading to aberrant signaling pathways that promote migration
and metastasis [35]. On the other hand, astrocytes also have
a protective function, secreting molecules that maintain the
integrity of the blood-brain barrier and prevent cancer cell
invasion. It is worth noting that the existing literature mainly
covers EMT in IDH-wt astrocytes, while the processes in IDH-
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mut astrocytes have not been extensively studied. In our study,
we observed vimentin expression, a marker of EMT, only in a
small number of IDH-mut astrocytes, while it was consistently
strong in IDH-wt astrocytes. This finding is consistent with the
study by Shi, et al, which showed that TGF-$1 induces EMT in
U87 and U251 cells, resulting in a decrease in the epithelial
marker ZO-1 and an increase in the mesenchymal markers
N-cadherin and vimentin [36,37]. Furthermore, the study
by Xu, et al. examined the impact of tubulin polymerization
promoting protein 3 (TPPP3) on gliomas and revealed that
TPPP3 expression was significantly higher in glioma tissue
compared to normal brain tissue, with levels increasing as the
grade of glioma increased. The researchers also found that
upregulation of TPPP3 in glioblastoma cells led to increased
migration, invasion, and proliferation abilities, as well as
decreased apoptosis in vitro. Additionally, TPPP3 was found
to influence the process of epithelial-mesenchymal transition
(EMT) by regulating the expression of Snail 1 protein [38].

Several studies have demonstrated that glioma-associated
microglia/macrophages (GAM) play a significant role in
promoting glioma progression [39,40]. For instance, one
study proposed an axis involving CCL2/CCR2/interleukin-6
between glioma cells and GAM, which may contribute to
tumor invasiveness [41]. Previous research has also shown
that GAM can release factors such as epidermal growth factor
(EGF) and transforming growth factor-f (TGF-8) to enhance
glioma cell migration and growth [42]. In a study by He, et al,
it was found that GAM not only has a strong association with
gliomas and their malignancy but also has a close correlation
with the degree of epithelial-mesenchymal transition (EMT)
in gliomas. Furthermore, the researchers isolated GAMs
from glioma samples and used co-culture models (in vitro) to
demonstrate the role of GAMs in stimulating the EMT process
in glioma cells, providing evidence for the oncogenic effects of
GAMs in EMT in gliomas [43].

Conclusion

The stroma of IDH-wildtype grade 4 glioblastoma is
characterized by the pronounced formation of mucus,
collagen, and vimentin expression, unlike /DH-mutant grade
4 astrocytoma. These changes indicate an active epithelial-
mesenchymal transition and alterations in the extracellular
matrix. These factors may contribute to the more unfavorable
prognosis in patients with IDH-wildtype grade 4 GB and could
potentially serve as a therapeutic target in the comprehensive
treatment of malignant gliomas.
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