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Abstract

TheWorldHealthOrganization’s2016and 2021 classificationsof central nervoussystem
(CNS) tumors emphasize the integration of histopathological and molecular profiling
for improved prognostic and therapeutic precision. Understanding the molecular
hallmarks of low-grade CNS tumors is essential for enabling precision therapies and
minimizing off-target effects while preventing malignant transformation. This study
investigated key oncogenic features in surgically resected low-grade CNS tumors
of varying cellular lineages and anatomical locations, alongside associated clinical
metadata. Tumors were histologically classified and analyzed for molecular markers
using immunohistochemistry, immunofluorescence microscopy, and flow cytometry.
Assessedhallmarksincluded proliferation (Ki-67, propidiumiodideindex),invasiveness
(matrix metalloproteinase [MMP]-2), neovascularization (vascular endothelial
growth factor receptor 2 [VEGFR2], epigenetic modulation (DNA methyltransferase
1 [DNMT1], and immune microenvironment (Cluster of Differentiation 11b [CD11b],
Iba1, silver-gold macrophage staining). Statistical analyses included t-tests, one-way
ANOVA, and Kruskal-Wallis tests (p<0.05). In diffuse astrocytoma and myxopapillary
ependymoma, a proliferation-invasion dichotomy was observed, with lower-
proliferative ependymomas exhibiting higher MMP-2 expression. Astrocytomas
exhibited elevated DNMT1 expression, indicative of increased epigenetic alterations.
Immune profiling revealed tumor-specific differences: CD11b* macrophages
were more prominent in meningiomas, while Iba1* microglia were enriched in
astrocytomas, reflecting distinct immune microenvironments. Despite their low-
grade classification, these tumors demonstrated hallmark cancer characteristics,
variably expressed across astrocytoma, ependymoma, and meningioma. The
combined assessment of Ki-67, MMP-2, VEGFR2, DNMT1, CD11b, and Iba1 provides
a prognostically informative and therapeutically exploitable profile. These findings
support the integration of molecular profiling into risk stratification and adjunctive
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treatment strategies to improve prognosis and reduce malignant progression in low-

grade CNS tumors.

Keywords: Low-grade tumor; Astrocytoma; Ependymoma; Meningioma; Proliferation;
Neo-vascularization; Invasion; Immune microenvironment

1. Introduction

Primary central nervous system (CNS) tumors represent
a broad category of malignancies with an incidence rate of
approximately 5 — 10 cases/100,000 individuals in India.
Although they account for only 2 - 2.5% of all malignancy
cases, they are associated with significant morbidity and
mortality.! A foundational cross-sectional study analyzing
39,509 cancer patient records from multiple hospitals and
institutions in Kolkata, India, reported that 2.4% of all CNS
malignancies were primary CNS tumors, among which 60%
were gliomas, followed by meningioma, medulloblastomas,
primitive neuroectodermal tumors, and others.> Another
prospective epidemiological study reported that 59.6% of
all astrocytic tumors were high-grade astrocytomas, which
account for 38.7% of all astrocytic neoplasms in the study
population.* More recently, a clinico-epidemiological study
from Gauhati Medical College, Assam, India, reported
that 30% of all diagnosed brain tumors were glioblastoma
multiforme, followed by 15% each for grade IT and grade III
astrocytomas.*

CNS tumors are found to be more common in males
and frequently occur in individuals aged 40 - 60 years.
Over two decades of surveillance have shown an increasing
trend in CNS tumor incidence in the Indian population,
with overall poor due to the relatively high prevalence
of gliomas despite recent therapeutic advancements.">’
Similarly, data from the Central Brain Tumor Registry of
the United States indicate that malignant brain tumors are
higher in males, with a modest increase in overall survival
in recent years; however, outcomes in elderly glioblastoma
multiforme patients have demonstrated only marginal
improvement.®

These findings suggest that the middle-aged Indian
population is more susceptible to glial-origin CNS
tumors than others, with prognosis heavily dependent
on early diagnosis and treatment modules. Since
radiological assessments are often limited by diagnostic
variability, and other non-invasive diagnostic methods
remain elusive,” molecular profiling has emerged as a
critical tool for identifying detailed tumor phenotypes -
essential for accurate prognostication and personalized
therapeutic interventions.® Accordingly, molecular
profiling is now prominently featured in the revised

editions of the World Health Organization (WHO)
Classification of Tumors of the CNS, particularly the
4™ and 5% editions. In 2016, the WHO introduced
integrated molecular and histological criteria for CNS
tumor classification, which were further expanded in
the 2021 edition with greater emphasis on molecular
characterization.”!® The importance of these changes is
increasingly evident as tumor samples reveal molecular
features that are either type- or grade-specific, or in
some cases, shared across subtypes.

The molecular characterization of CNS tumors
has advanced significantly with the identification
of key biomarkers. Ki-67 is a reliable marker of cell
proliferation, with expression levels markedly elevated in
high-grade tumors." Matrix metalloproteinase (MMP)-2
shows moderate expression in low-grade gliomas,
reflecting limited invasiveness and an intact blood-brain
barrier (BBB), but becomes significantly upregulated
in high-grade tumors, facilitating extracellular matrix
degradation and invasive growth."? Vascular endothelial
growth factor receptor 2 (VEGFR2) is minimally
expressed in low-grade tumors, indicating relatively
stable vascular architecture and limited angiogenesis,
but is highly expressed in advanced CNS neoplasms,
where it is related to pathological angiogenesis and
microvascular proliferation.”” Immune markers, such
as Cluster of Differentiation 11b (CD11b), a leukocyte/
macrophage marker, and Ibal, a CNS macrophage/
microglia marker, play important roles in shaping the
tumor immune microenvironment. In high-grade CNS
tumors, expression levels of CD11b and Ibal increase
substantially, reflecting an altered immune landscape with
greater invasion potential."* Moreover, tumor-associated
macrophages in high-grade tumors tend to polarize
toward the CD206* M2 phenotype, which promotes pro-
tumorigenic activity — a feature largely absent in low-
grade tumors.”” DNA methyltransferase 1 (DNMT]1) also
displays grade-specific expression, remaining relatively
low in low-grade tumors, consistent with stable DNA
methylation patterns. In contrast, DNMT1 is significantly
upregulated in high-grade tumors, contributing to
widespread CpG island hypermethylation and silencing
of tumor suppressor gene.' Given the strong associations
between these molecular markers, tumor phenotypes,
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and their prognostic and therapeutic relevance, the
present study incorporated Ki-67, MMP-2, VEGFR2,
CD11b, Ibal, and DNMT1 for characterization.

In the present work, we analyzed histopathology and
molecular hallmarks of three types of low-grade CNS
tumors: spinal myxopapillary ependymoma, fibroblastic
meningioma, and diffuse astrocytoma. Low-grade CNS
tumors pose considerable clinical challenges due to
their unpredictable progression and the lack of reliable
prognostic biomarkers. Present diagnostic modalities
often fail to predict which tumors will undergo malignant
transformation, when this transition might occur, and
how aggressively the disease may evolve. Consequently,
therapeutic strategies remain suboptimal, adversely
affecting patient outcomes.

Moreover, the tumor microenvironment and cellular
dynamics that drive progression from indolent to
aggressive phenotypes remain poorly characterized,
representing a critical knowledge gap in neuro-oncological
research. Accordingly, this study aimed to: (i) conduct a
comparative analysis of key molecular ontogenic profiles
between glial and non-glial low-grade CNS tumors to
reveal physiological differences; (ii) determine whether
these molecular hallmarks represent viable, subtype-
specific therapeutic targets; and (iii) explore whether these
molecular characterizations could inform the development
of targeted therapies with improved efficacy and reduced
off-target toxicity.

Although limited by a small sample size, this study
offers a unique contribution to understanding the
molecular landscape of low-grade CNS tumors. It may
aid in diagnosis, risk stratification, and therapeutic
decision-making. Ultimately, this approach seeks to bridge
fundamental tumor biology with clinical application,
offering potential pathways for early intervention strategies
that could prevent malignant transformation and enable
more effective targeted therapies.

2. Methodology
2.1. Tumor samples, histology, and metadata

Post-operative CNS tumor tissues were collected from
the Bangur Institute of Neurosciences, Institute of Post
Graduate Medical Education and Research (IPGME&R),
Kolkata, India. Samples were preserved in (i) 10%
buffered formalin (CDH, India) for histopathological and
immunohistochemical analysis, (ii) 4% paraformaldehyde
(MERCK, India) for immunofluorescence studies, and (iii)
serum-free Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco Invitrogen, United States of America [USA]) for
live cell isolation and flow cytometry.

Formalin-fixed  tissues were processed  with
embedding and sectioned at 10 um using a microtome
(WESWOX, India). Sections were mounted on glass slides,
deparaffinized through alcoholic dehydration, stained
with hematoxylin and eosin (Merck, India), and observed
under a bright field microscope (TS100F Eclipse, Nikon
Corp., Japan). Images were captured using a CCD camera
(DS-Fi2-U3, Nikon Corp., Japan).

Tumor type and grade were determined by a
collaborating pathologist based on histological features,
following the 2016 WHO classification of CNS tumors.
A total of 10 low-grade tumor samples were obtained: three
spinal myxopapillary ependymomas, four fibroblastic
meningiomas, and three diffuse astrocytomas. These
tumors are frequently underdiagnosed and are typically
identified only after progression to higher-grade lesions,
which limits the number of available samples. Additional
clinical data included magnetic resonance imaging (MRI)
scans with TI- and T2-weighted contrast-enhanced
imaging and magnetic resonance spectroscopy (MRS),
focusing on N-acetylaspartate (NAA) peaks and choline/
creatine ratios. The use of post-operative human tumor
tissues adhered to ethical guidelines approved by the
Institutional Ethical Committee, IPGME&R, Kolkata (vide
Memo No. Inst/IEC/553, dated January 15, 2014).

2.2, Silver/gold (SG) staining of paraffin-embedded
tissue

Silver staining and gold toning were performed on
10 um paraffin-embedded tissue sections. After fixation
and deparaffinization, sections were stained using freshly
prepared ammoniacal silver carbonate (CDH, India),
followed by rinsing in 10% formalin. Subsequently, the
sections were toned in gold chloride (Loba Chemie,
India) and then fixed in sodium thiosulfate (MERCK,
India). Microscopic analysis was carried out using the
same imaging system as described in Section 2.1. Images
were acquired using the NIS Element-BR software (Nikon
Corp., Japan) to identify electron-dense macrophages and
microglia.

2.3.Tissue preparation forimmunofluorescence
microscopy

Tissues were fixed in 4% paraformaldehyde (MERCK,
India), washed, and stored in phosphate-buffered saline
(PBS; CDH, India) at 4°C. Specimens were sectioned at
a thickness of 10 wm, and separate immunofluorescence
staining protocols were applied using the following
antibodies: glial fibrillary acidic protein (GFAP)-Alexa
Fluor 488-conjugated monoclonal antibody (mAb) (Cat.
No. 561449, BD Pharmingen, USA), CD11b-FITC mAb
(Cat. No. 101205, BioLegend, USA), and Ibal mAb
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(Cat. No. ab5076, Abcam, USA) with a PE-conjugated,
anti-mouse, human cross-reactive polyclonal secondary
antibody (Cat. No. ab98742, Abcam, USA). In addition,
VEGFR2 mAb (Cat. No. sc-6251, Santacruz, USA) was
used with a TRITC-conjugated secondary antibody (Cat
No. ab6786, Abcam, USA), and MMP-2 mAb (Cat. No.
NB200-114, Novus Biologicals, USA) was paired with a
FITC-conjugated secondary antibody (Cat. No. ab6785,
Abcam, USA).

Non-conjugated primary antibodies were used at a
1:500 dilution, while conjugated primary and secondary
antibodies were used at a 1:1000 dilution. All antibodies
were diluted in 5% fetal bovine serum (GIBCO, USA)
in PBS. Incubations were performed in a dark, humid
chamber. A blocking-permeabilizing buffer was prepared
using 5% FBS in PBS containing 0.25% Tween-20 (MERCK,
India). Fluorescence imaging was conducted using the
previously mentioned microscope equipped with EpiFL-
B2A and EpiFL-G2A filters (for Alexa Fluor 488/FITC and
PE/TRITC, respectively; Nikon Corp., Japan). Images were
captured and processed using the previously mentioned
CCD camera and imaging software. Mean fluorescence
intensity (MFI) was quantified, plotted, and subjected to
statistical analysis.

2.4. Immunohistochemistry with counterstaining

Tissue sections were incubated at 54°C overnight, then
hydrated and washed with PBS. Blocking was performed
using 3% bovine serum albumin (LOBA, India), followed
by overnight incubation with non-conjugated Ki-67 mAb
(Cat. No. sc-23900, Santacruz, USA) and DNMT1 mAb
(Cat.No. sc-271729, Santacruz, USA) ata 1:200 dilution. The
slides were then washed and incubated with a horseradish
peroxidase-conjugated secondary antibody (Cat. No.
ab97030; Abcam, USA) at 1:500 in x1 PBS. Development
was achieved using 3,3-diaminobenzidine (SRL, India) in
buffered H,0, (IM TRIS, pH 7.4) supplemented with 0.5%
cupric sulfate, in the dark for 20 minutes. Sections were
counterstained with hematoxylin (Merck, India), followed
by graded alcohol dehydration, air drying, and mounting.
Slides were examined using the same microscopic system.
For Ki-67 quantification, the number of Ki-67-positive cells
were counted and divided by the total number of cells within
each microscopical field to calculate the proliferative index.
Data were tabulated, graphed, and statistically analyzed.

2.5. Cell isolation, culture, and immunophenotyping

Freshly excised tumor samples were aseptically collected
in serum-free DMEM at 4 - 6°C and mechanically
minced. Samples were enzymatically dissociated using
0.25% trypsin-ethylenediaminetetraacetic acid (EDTA)
(Sigma Aldrich, USA). FBS (MP Biomedicals, USA)

was added to neutralize trypsin, and the suspension
was filtered through a 70 um nylon mesh (HiMedia,
India). The filtrate was centrifuged and resuspended in
DMEM. Cells were counted and seeded in 60 mm culture
dishes (Greiner, Germany) at a density of 2 x 10° cells in
DMEM supplemented with 10% FBS and 2% antibiotic-
antimycotic solution (HiMedia, India). Cultures were
maintained in a humidified incubator at 37°C with 5%
CO, (New Brunswick, Eppendorf, United Kingdom) for
2 days. Following incubation, cells were detached using
Accutase (Sigma-Aldrich, USA), washed, and fixed with
4% paraformaldehyde. Cell pellets were treated with
permeabilizing blocking buffer (5% FBS in PBS with
0.5% Tween-20) and then washed. Immunostaining was
performed using MMP-2 mAb (Cat. No. NB200-114, Novus
Biologicals, USA) at a 1:500 dilution and a PE-conjugated
secondary antibody (Cat. No. ab97024, Abcam, USA) at
a 1:700 dilution. After staining, pellets were washed and
analyzed using a BD-FACS Verse flow cytometer with
Verse-Suit 1.0 software (BD Biosciences, USA).

2.6. Cell cycle analysis from paraffin-fixed tissue

Cell cycle ploidy analysis was performed on paraffin-
embedded tumor tissues as previously described.'®!”
Briefly, 90 um ribbons were sectioned from paraffinized
tissue blocks and treated with xylene (MERCK, India).
The resulting pellet was collected through centrifugation,
subjected to descending alcohol gradation, and washed
repeatedly with PBS. Antigen retrieval was performed
using citrate buffer, followed by incubation. Samples
were then digested with 0.25% trypsin-EDTA, washed
in PBS, and filtered through a 70 um nylon mesh. The
filtrate was centrifuged and resuspended in PBS. RNaseA
(I mg/mL; Invitrogen, USA) was added and incubated at
37°C. Propidium iodide (PI; 0.5 mg/mL; Life Technologies,
USA) was then added, followed by incubation. Samples
were analyzed using the BD Accuri C5 flow cytometer (BD
Biosciences, USA). The cumulative percentage of cells in
the S+G2M phases was used as an indicator of proliferation
and was subsequently graphed and analyzed statistically.

2.7. Statistical analysis

All experiments were performed in triplicate for
each sample. Depending on the data distribution and
experimental design, non-parametric tests and/or t-tests
were applied. Statistical significance was assessed using
the Kruskal-Wallis test and nested one-way ANOVA,
performed with GraphPad Prism’ 10 for Windows 64-bit,
version 10.4.2 (633). A p<0.05 was considered statistically
significant. Additional statistical tests were employed where
appropriate. Full statistical details, including significance
levels, are provided in the figure legends.

Volume 2 Issue 3 (2025)

133

doi: 10.36922/MI1025190040


https://dx.doi.org/10.36922/MI025190040

Microbes & Immunity

Characterizing low-grade CNS tumors

3. Results

3.1. Histopathological findings, MRI metadata, and
evaluation of glial/non-glial nature

Histopathological analysis at x100 and X400 magnifications
revealed distinct architectural features for each tumor type.
Ependymoma exhibited lobulated, island-like patterns
with hyalinized fibrovascular cores and characteristic
perivascular pseudorosettes (Figures 1B and 1C).
Meningioma demonstrated classic “whorling” formations
resulting from interlacing fascicles of fibroblastic origin
(Figure 1F and 1G). In diffuse fibrillary astrocytoma, we
noted increased glial cell density and a prominent fibrillary
network (Figure 1] and 1K). Among the astrocytoma
specimens, nuclear atypia and pleomorphism - hallmarks
of malignancy - were most pronounced. Vascular
proliferation was most extensive in astrocytoma, followed
by lobular-specific vascular islands in ependymoma and
moderate, sprouting vasculature in meningioma.

Dystrophic microcalcifications were most abundant
within the lobules of ependymoma, moderately dispersed
in astrocytoma, and sparse in meningioma. Each tumor
type exhibited a distinct histoarchitectural profile. The
progressive increase in nuclear atypia and vascular
proliferation from meningioma to ependymoma to
astrocytoma suggests an escalating degree of biological
aggressiveness, even within low-grade classifications.

MRI of myxopapillary spinal ependymoma (Figure 1A)
revealed a heterogeneous lesion extending from LI to
L5, with a loss of normal lumbar curvature. The lesion
appeared iso- to hyperintense on T2-weighted images.
MRS demonstrated a markedly elevated choline peak
and a significantly reduced NAA peak. In meningioma
(Figure 1E), imaging revealed a large extra-axial mass in the
midline basifrontal region, showing intense post-contrast
enhancement. The mass appeared iso- to hypointense on T'1
and iso- to mildly hyperintense on T2-weighted sequences,

Figure 1. Radiological, histopathological, and immunofluorescence analysis of tumor samples. Low-grade spinal myxopapillary ependymoma: T1- and
T2-weighted magnetic resonance (MR) images of (A); Hematoxylin and eosin (H&E)-stained histopathological sections at x100 (scale bar: 100 pm) and
%400 (scale bar: 50 um) magnification (B and C); Glial fibrillary acidic protein (GFAP) immunofluorescence (D), with glial cells indicated by orange arrows;
Low-grade fibroblastic meningioma: MR images (E); H&E-stained sections at X100 (scale bar: 100 pm) and x400 (scale bar: 50 um) magnification (F and
G); GFAP immunofluorescence, with glial cells indicated by orange arrows (H); Low-grade diffuse astrocytoma: MR images (I); H&E-stained sections at
%100 (scale bar: 100 um) and x400 (scale bar: 50 um) magnification (J and K); GFAP immunofluorescence, with glial cells indicated by orange arrows (L).
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with mild midline shift and compression effects. MRS
indicated increased choline and predominantly reduced
NAA levels. Intracranial diffuse astrocytoma (Figure 1I)
demonstrated an ill-marginated region of altered signal
intensity in the left temporo-parietal region, appearing
hypointense on T1 and hyperintense on T2-weighted
images. The lesion was associated with a distinct mass
effect and midline shift. MRS showed highly elevated
choline levels and significantly reduced NAA peaks.
Across all tumor types, consistently increased choline and
reduced NAA levels reflected altered cellular metabolism
characteristic of neoplastic transformation. Among these,
astrocytoma displayed the most pronounced metabolic
disruption, consistent with its higher malignant potential.

GFAP immunofluorescence revealed extensive
astrocytic involvement in low-grade astrocytoma
(Figure 1L), with numerous GFAP-positive cells indicating
glial hypercellularity. Spinal ependymoma exhibited
significantly fewer GFAP-positive cells (Figure 1D), while
meningioma demonstrated minimal GFAP expression
(Figure 1H), consistent with its origin from GFAP-negative
meningio-epithelial cells.

3.2. Immunocytochemistry and immunofluorescence
assay corroborates cell-cycle, proliferation, and
neo-angiogenesis

Immunohistochemical analysis of Ki-67 expression
revealed distinct proliferative profiles among the three
tumor types. Astrocytoma demonstrated the highest Ki-67
expression (Figure 2C), whereas ependymoma (Figure 2A)
and meningioma (Figure 2B) exhibited comparatively
lower expression. Quantitative assessment of Ki-67-
positive cell indices yielded mean values of 0.62 + 0.09 for
ependymoma, 1.34 + 0.36 for meningioma, and 2.1 + 0.16
for astrocytoma. Statistical analysis confirmed significant
differences in proliferative indices across all tumor
types, with the most marked disparity observed between
ependymoma and astrocytoma (Figure 2D).

Flow cytometric analysis using PI staining corroborated
the Ki-67 findings. Cell cycle distribution analysis
demonstrated that astrocytoma exhibited the highest
percentage of cells in active proliferative phases (S+G2/M:
20.40 £ 2.06%) (Figure 21 and 2J), followed by meningioma
(S+G2/M: 12.60 = 0.70%) (Figure 2G and 2H) and
ependymoma (S+G2/M: 8.63 + 0.51%) (Figure 2E and 2F).
Comparative analysis revealed statistically significant
differences, confirming that astrocytoma displayed
markedly elevated proliferative activity relative to the other
two tumor types (Figure 2K).

Given that neoangiogenesis represents a fundamental
hallmark of malignancy, we further assessed the

angiogenic potential of these tumors through VEGFR2-
targeted immunofluorescence using TRITC-conjugated
antibodies. Qualitative examination revealed enhanced
neovascularization in  astrocytoma (Figure 2N)
compared to meningioma (Figure 2M) and spinal
ependymoma (Figure 2L). Quantitative analysis of MFI
values demonstrated statistically significant differences:
astrocytoma (59.66 * 2.55), ependymoma (30.10 + 2.38),
and meningioma (21.35 + 2.35) (Figure 20).

These findings collectively indicate a progressive
increase in angiogenic activity that correlates with the
observed proliferative indices. This suggests a coordinated
upregulation of both proliferative and angiogenic signaling
pathways in astrocytoma, distinguishing it from other low-
grade CNS tumor types.

3.3. MMP-2 expression and invasive potential in
low-grade tumor types

Flow cytometric analysis revealed that the MFI of
MMP-2-PE was highest in ependymoma (Figure 3A),
followed by astrocytoma (Figure 3C), and with the
lowest expression observed in meningioma (Figure 3B).
To further assess gelatinase-dependent invasiveness, we
conducted immunofluorescence using MMP-2-FITC.
Ependymoma (Figure 3D) exhibited intense, regionally
clustered MMP-2 expression, in contrast to the sparse and
scattered signal in meningioma (Figure 3E) and the diffuse
moderate expression pattern in astrocytoma (Figure 3F).
Quantitative analysis of MFI values showed statistically
significant differences in MMP-2 expression across tumor
types (Figure 3G). Notably, ependymoma, despite its lower
proliferative index, demonstrated the highest MMP-2
expression (62.03 * 9.50), followed by astrocytoma
(40.90 + 2.04) and meningioma (21.30 + 2.62).

These findings suggest an inverse relationship between
proliferative activity and MMP-2-mediated invasive
potential, with ependymomas demonstrating the highest
gelatinase-dependent  invasiveness  despite  limited
proliferation. This observation highlights ependymomas as
a potentially underexplored therapeutic target for MMP-2
inhibitors. Furthermore, profiling MMP-2 expression
may serve as a diagnostic tool for personalized treatment
strategies for low-grade CNS tumors.

3.4. Immune cell infiltration profiles in the studied
low-grade CNS tumors based on silver-gold staining,
CD11b, and Iba1 expression

SG histochemical staining was employed to visualize
electron-dense mononuclear immune cell populations
within the tumor microenvironment, leveraging the
differential affinity of metallic ions for cytoplasmic
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Figure 2. Evaluation of cellular proliferation and associated neoangiogenesis. Ki-67 immunohistochemistry showing proliferative activity (areas marked
with green arrows) in: (A) low-grade spinal myxopapillary ependymoma (scale bars: 50 wm; magnification: x400), (B) low-grade meningioma (scale
bars: 50 wm; magnification: x400), and (C) low-grade astrocytoma (scale bars: 50 um; magnification: x400). (D) Quantified Ki-67 proliferative indices
plotted and analyzed ***p<0.001 (p=0.0002; ependymoma versus astrocytoma, unpaired t-test); **p<0.01 (p=0.001; all tumors, Kruskal-Wallis test). Cell
cycle analysis using propidium iodide: (E and F) low-grade spinal myxopapillary ependymoma, (G and H) low-grade meningioma, (I and J) low-grade
astrocytoma. (K) Cumulative S+G2 phase percentages plotted, with **p<0.01 (p=0.001; Kruskal-Wallis test). VEGFR2-TRITC IF images (x100, scale bar:
100 wm) (areas marked with green arrows) showing angiogenesis: (L) low-grade spinal myxopapillary ependymoma, (M) low-grade meningioma, (N)
low-grade astrocytoma. (O) Box plot of VEGFR2 mean fluorescence intensity data: ***p<0.001 (p=0.0001; ependymoma vs. astrocytoma, ¢-test); **p<0.01
(p=0.001; all tumors, Kruskal-Wallis test).

Abbreviations: VEGFR2: Vascular endothelial growth factor receptor 2; TRITC: Tetramethylrhodamine; IF: Immunofluorescence.

components of immune cells. Atlow magnification (x100), representing a 1.9-fold increase over ependymomas (32 +
ependymomas (Figure 4A) and astrocytomas (Figure 4E) 3.60; Figure 4B) and a 3.4-fold increase over astrocytomas
exhibited comparable levels of immune cell density, (18 +2.5; Figure 4F). Post hoc analysis confirmed significant
whereas meningiomas showed substantially greater pairwise differences among all tumor groups (Figure 4G),
infiltration (Figure 4C). High-magnification imaging indicating distinct immune microenvironments among
(x400) revealed the characteristic dark punctate staining of CNS tumor subtypes.

activated macrophages and microglia. Quantitative analysis Immunofluorescence analysis using CD11b revealed
revealed statistically significant differences in SG-positive that meningiomas exhibited the highest MFI (27.57 +

cell density across tumor subtypes. Meningiomas exhibited 1.23; Figure 4I), followed by ependymomas (9.73 + 0.60;
the highest immune cell infiltration (62 + 3.40; Figure 4D), Figure 4H) and astrocytoma (4.8 + 0.55; Figure 4]). This
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Figure 3. Evaluation of gelatinase-dependent invasiveness. Flow cytometry with PE-conjugated MMP-2 for (A) low-grade spinal myxopapillary
ependymoma, (B) low-grade meningioma, (C) low-grade astrocytoma. MMP-2-FITC immunofluorescence images (x100, scale bar: 100 wm) (MMP-2
positive regions marked with orange arrows): (D) low-grade spinal myxopapillary ependymoma, (E) low-grade meningioma, (F) low-grade astrocytoma.
(G) Mean fluorescence intensity data plotted: *p<0.05 (p=0.019; ependymoma vs. astrocytoma, ¢-test); **p<0.01 (p=0.001; all tumors, Kruskal-Wallis test).
Abbreviations: MMP-2: Matrix metalloproteinase 2; FITC: Fluorescein isothiocyanate.
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Figure 4. Evaluation of tumor-associated immune cells. Silver-gold (SG)-stained tissue sections at x100 (scale bar: 100 um) and x400 (scale bar: 50 um)
magnification showing SG-positive immune cells (green arrows): (A and B) low-grade spinal myxopapillary ependymoma, (C and D) low-grade
meningioma, (E and F) low-grade astrocytoma. (G) Violin plot comparing SG-positive cells density: ***p<0.0001 (ependymoma vs. astrocytoma, t-test);
**p<0.001 (Kruskal-Wallis test); Immunofluorescence using CD11b-FITC (for detecting leukocytes, marked with orange arrows): (H) low-grade spinal
myxopapillary ependymoma, (I) low-grade meningioma, (J) low-grade astrocytoma. Immunofluorescence using Ibal-PE (for detecting macrophage,
marked with blue arrows): (K) ependymoma, (L) meningioma, (M) astrocytoma. (N) Clustered box plot for MFI values of CD11b-FITC and PE-Ibal: Not
statistically significant (Kruskal-Wallis test). (O) Comparison of mean MFI (cumulative) of both CD11b and Ibal across tumors analyzed through nested
one-way ANOVA: ***p<0.001.

Abbreviations: FITC: Fluorescein isothiocyanate; MFI: Mean fluorescence intensity.
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pattern was consistent with the SG staining results and
confirms a predominance of CD11b* myeloid cells in
meningioma microenvironments.

In contrast, Ibal immunofluorescence, which marks
both resting and activated microglia, revealed a different
pattern. Meningiomas exhibited the highest Ibal MFI
(27.72 £ 1.44; Figure 4L), followed by astrocytomas (19.23
+ 1.26; Figure 4M), and ependymomas (10.46 + 0.96;
Figure 4K). Although individual group comparisons for
Ibal did not reach statistical significance, these trends
provided insights into the relative contributions from
resident microglia and infiltrating macrophages (Figure
4N). Nested one-way ANOVA incorporating cumulative
MFI values for CD11b and Ibal revealed statistically
significant differences in total mononuclear immune cell
infiltration among all tumor subtypes (Figure 40). This
integrated analysis indicates that, despite variability in
individual marker expression, each CNS tumor subtype
exhibits a distinct immune microenvironment signature.

Astrocytomas  exhibited a  pronounced Ibal-
predominant profile (Ibal:CD11b = 4:1), indicating
preferential activation of resident microglial populations
rather than recruitment of peripheral macrophages.
This pattern aligns with the relative preservation of
BBB in lower-grade astrocytic tumors, which limits
peripheral immune cell infiltration while favoring
localized microglial activation. These findings suggest
that therapeutic strategies targeting microglial function,
such as colony-stimulating factor 1 receptor (CSF1R)
inhibitors or microglial repolarization agents, may be
particularly effective in preventing tumor progression in
astrocytomas. In addition, our observation of an inverse
correlation between immune cell density and tumor
aggressiveness challenges the conventional association
between inflammation and malignancy in CNS tumors.
The high immune cell infiltration in typically benign
meningiomas, compared to the sparse immune presence
in more aggressive astrocytomas, suggests that immune
cell abundance may be a defining component of the CNS
tumor microenvironment rather than a mere consequence
of malignancy.

3.5. DNMT1 expression and epigenetic regulation
patterns

Immunohistochemical analysis of DNMT1 expression in
fixed tumor sections revealed distinct epigenetic patterns
across CNS tumor subtypes. DNMT1-positive cells,
identified by dark brown nuclear staining, demonstrated
minimal expression in ependymomas (Figure 5A), a focal
patchy distribution in meningiomas (Figure 5B), and
markedly elevated expression in astrocytomas (Figure 5C).
These findings suggest that differential epigenetic
regulatory mechanisms may be operative across these
tumor types.

The observed gradient of DNMT1 expression
(ependymoma < meningioma < astrocytoma) implies
that epigenetic dysregulation may serve as a key driver
distinguishing indolent from more aggressive CNS tumors.
This finding supports the notion that epigenetic alterations
contribute significantly to malignant transformation. The
elevated DNMT1 expression observed in astrocytomas
identifies this tumor type as a potential candidate for
methyltransferase inhibitor therapy, which could reverse
the epigenetic silencing of tumor suppressor genes
and potentially prevent progression to higher-grade
malignancy.

4. Discussion

Comprehensive molecular characterization of low-
grade CNS neoplasms represents a significant gap in the
present neuro-oncological research, particularly when
compared to their high-grade counterparts — particularly
within the glioma spectrum.™'® This disparity may partly
result from the often-subtle clinical manifestation of
low-grade CNS tumors, resulting in delayed diagnosis or
underreporting. However, such tumors can occasionally
exhibit unexpected complications and poor prognostic
outcomes.'”?!

To address this gap, we conducted a study on selected
low-grade primary CNS tumors, including grade I
meningioma and ependymoma, and grade II diffused
astrocytoma (noting that grade I astrocytomas are extremely

Figure 5. Epigenetic marker analysis. DNMT1 immunochemical imaging (x400, scale bar: 50 um) showing methylation (brown patchy areas): (A) low-
grade spinal myxopapillary ependymoma, (B) low-grade meningioma, and (C) low-grade astrocytoma.

Abbreviation: DNMT1: DNA methyltransferase 1.
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rare and typically undiagnosed). Despite the limited sample
size, our investigation revealed distinct patterns of cellular
organization, proliferative potential, and tissue architecture.
These features were closely associated with biological
behavior and carry significant prognostic implications. Our
findings highlight the critical need for enhanced molecular
stratification strategies for low-grade CNS tumors. Such
approaches could improve prognostic accuracy and guide
therapeutic decisions. This preliminary investigation
suggests an emerging pattern that may support prognostic
assessment in low-grade CNS tumors.

Immunohistochemical ~ and  flow  cytometric
analyses revealed that neoplastic proliferation in WHO
grade II diffuse astrocytomas — as quantified by GFAP
immunoreactivity and Ki-67 index - demonstrated
strong correlations with tumor cell proliferative activity
and patient median overall survival.”? Complementary
demographic analyses conducted in South Indian
populations corroborate these findings, demonstrating
statistically ~significant associations between tumor
proliferative capacity and clinical outcomes.” Although
myxopapillary ependymomas comprise approximately
15% of all intramedullary spinal cord neoplasms and are
traditionally classified as benign lesions with low Ki-67
indices, our molecular profiling paradoxically revealed
elevated MMP-2 expression at both the cellular and tissue-
architectural levels. This observation indicates an inverse
correlation between proliferation and invasive potential,
revealing a critical paradigm in CNS tumor biology. MMPs
orchestrate extracellular matrix degradation, facilitate
basement membrane disruption, and promote tumor cell
invasion and potential metastasis. Previous investigations
have documented significant correlations between
elevated MMP-2 and MMP-14 expression levels across
WHO grade I-III ependymomas and enhanced invasive
behavior, which in turn correlate with poorer patient
survival outcomes.**

Our comparative analysis of VEGFR2 expression,
reflecting neoangiogenic activity, revealed heterogeneous
patterns in myxopapillary ependymomas. These patterns
suggest the presence of focal angiogenic switching in
areas of gross total resection, despite the typically low
proliferative indices observed. The angiogenic switch
is governed by complex regulatory networks involving
growth factor signaling pathways (e.g., epidermal growth
factor, platelet-derived growth factor, and transforming
growth factor) and tissue inhibitors of metalloproteinases
modulation, which are influenced by tumor cells, stromal
fibroblasts, infiltrating macrophages, and other immune
cells. These elements collectively regulate MMP expression
and VEGFR2-mediated signaling cascades.”>%

Taken together, our findings support a proliferation-
invasion dichotomy with associated angiogenic
implications among low-grade CNS tumors. Based
on the molecular profiles observed, we propose that
combination therapy targeting both MMP activity and
neo-vasculogenesis may enhance treatment efficacy
in low-grade spinal ependymoma. Similarly, dual
inhibition of cell proliferation and neo-vasculogenesis
may offer therapeutic benefits in low-grade astrocytic
tumors. These approaches hold promise for preventing
malignant progression while minimizing off-target
cytotoxic effects.

Our previous investigations demonstrated a progressive
accumulation of both brain-resident microglia and
infiltrating macrophages across the malignancy spectrum
from WHO grade IT to grade IV astrocytomas. These myeloid
cell populations play key roles in orchestrating extracellular
matrix remodeling, which correlates directly with patient
morbidity indices.” In the present study, quantitative analysis
revealed the highest density of SG-stained, electron-dense
microglia and macrophages in meningioma specimens,
compared to astrocytomas and ependymomas. These findings
were further corroborated through immunophenotyping
using CD11b and Ibal markers.

Previous reports have shown that the extradural
location and arachnoid-derived origin of meningiomas
- outside the constraints of the BBB - facilitate immune
cell infiltration. In particular, meningiomas overexpress
monocyte chemoattractant protein-1 (MCP-1), leading
to the accumulation of tumor-associated macrophages
of monocytic lineage and CD8* tumor-infiltrating
lymphocytes. These immune cell populations are
frequently associated with peri-tumoral edema,
reflecting the complex interplay between tumor-
secreted chemokines and vascular permeability factors.
Conversely, the relatively sparse CD11b* cell populations
observed in low-grade astrocytomas are consistent
with the preserved integrity of the BBB. Tight junction
proteins, such as claudin-5, occludin, and zonula
occludens-1 help maintain BBB selectivity, thereby
restricting the trans-endothelial migration of circulating
monocytes and other peripheral immune effector cells
at early stages of tumor development.?*® This barrier
function, coupled with the typically low expression
of MCP-1, limits peripheral monocyte recruitment.
Instead, these tumors demonstrate predominant
activation of brain-resident Ibal* microglia, which
contribute to tumor progression through the evolving
tumor-immune synapse.*"*

The differential abundance and spatial organization of
resident microglia versus infiltrating macrophages within
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Table 1. Comparative profiles of low-grade ependymoma, meningioma, and astrocytoma

Experimental Defining characteristics WHO grade I myxopapillary  'WHO grade I fibrous ~WHO grade II diffuse astrocytoma
parameters ependymoma meningioma
Site of occurrence  Sub-regional location (as seen Extradural, spinal, involving Extracranial, midline Intracranial, left temporo-parietal
in MRI) the spinal canal extending from basifrontal region region
L1-15
Magnetic T1 Hypointense Iso to hypointense Hypointense
E;/S[C];’:Il?nce imaging 1 Opverall iso- to hyperintense Iso to hyperintense Markedly hyperintense
Midline shift Mild to negligible Mild Vividly observed
Mass effect Mild to negligible Mild Vividly observed
Magnetic Choline peak High High High
resonance NAA peak Low Very low Low
spectroscopy
Histopathology Hematoxylin and eosin Lobulated islands, hyalinized “Whorling” intercrossing Fibrillary astrocytic processes,
under bright field ~ staining (observed both inx10 fibrovascular core, perivascular fascicles, vascular pleomorphic nucleus, conspicuous
microscopy [lower] andx40 [higher] pseudo-rosettes, lobulated sprouting, dystrophic neovascularization, dystrophic
magnification) blood islands, dystrophic micro-calcification micro-calcification

micro-calcification

Astrocytic glial IF with GFAP-Alexa Fluor Moderate Least Maximum
origin and 488 to measure expressional
proliferation intensity
Gross proliferation Proliferative index with IHC ~ Minimum Intermediate (index Maximum (index value 2.1+0.16 SD)
with Ki-67-HRP+hematoxylin (index value 0.62+0.09 SD) valuel.34+0.36 SD)
counterstaining
Tissue cell cycle analysis with ~ Total percentage of S+G2/M is  Total percentage of Total percentage of S+G2/M is
PI minimum (8.6310.51% SD) S+G2/M is intermediate maximum (20.40+2.06% SD)
(12.60+0.70% SD)
Angiogenic IF with VEGFR2-TRITCto  Clustered/Patchy Lowest (21.35+2.35 SD)  Highest (59.66+2.55 SD)
switching or measure levels of angiogenic ~ (30.1+2.38 SD)
neovascularization receptor expression (MFI)
Metastatic nature ~ Cellular FC with MMP-2-PE  Highest Intermediate Lowest
Or Invasiveness IF with MMP-2-FITC (MFI) ~ Regional intense expression Low scattered expression Diffused moderate expression
(62.03+9.50 SD) (21.3+2.62 SD) (40.9+2.04 SD)
Association of S/G staining on fixed tissue Moderate (32+3.60 SD) Highest (62+3.40 SD) Lowest (1942 SD)
mononuclear (positive cells)
;nOnOCY“C ﬁneage IF with CD11b-FITC (MFI) ~ Moderate (9.73+0.60 SD) Highest (27.57+1.23 SD) Lowest (4.8+0.55 SD)
mmune cells
IF with Ibal-PE (MFI) Lowest (10.46+0.96 SD) Highest Moderate (19.23+1.26 SD)
(18.927.72+1.44 SD)
Epigenetic Global methylation pattern Scarce Patchy and moderate Diffuse but intense
alteration detection by IHC with
DNMT1-HRP+hematoxylin
counterstaining

Abbreviations: CD11b: Cluster of Differentiation 11b; DNMT1: DNA methyl transferase 1; FC: Flow cytometry; FITC: Fluorescein isothiocyanate;
GFAP: Glial fibrillary acidic protein; HRP: Horse radish peroxidase; IHC: Immunohistochemistry; IF: Immunofluorescence; Ki-67: Kiel cell proliferating
antigen protein 67; L1 — L5: Lumber region 1 - 5; MFI: Mean fluorescence index; MMP-2: Matrix metalloproteinase 2; NAA: N-acetylaspartate; PE:
Phycoerythrin; PI: Propidium iodide; TRITC: Tetramethylrhodamine; SD: Standard deviation; S/G: Silver-gold staining; VEGFR2: Vascular endothelial
growth factor receptor 2.

CNS tumors represent a fundamental pathophysiological Our findings support the development of precision
determinant of tumor progression, therapeutic response, therapeutic strategies that target microglia to prevent
and clinical outcomes.” These immune microenvironmental malignant progression in low-grade astrocytomas. CSF1R
characteristics are emerging as critical prognostic factors antagonists may effectively disrupt the CSF1/CSF1R
that merit further investigation. signaling axis,* which is essential for microglial survival,
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proliferation, and pro-tumorigenic M2 polarization. In
addition, microglial repolarization strategies — employing
CD40 agonists and/or STAT6 pathway inhibitors - may
facilitate phenotypic switching from pro-tumorigenic M2 to
anti-tumorigenic M1 activation states, thereby restraining
transformation to higher-grade malignancies.?**

In another aspect of the present study, DNMTI
expression across low-grade CNS tumor subtypes
revealed the highest immunoreactivity in WHO grade II
astrocytoma specimens, followed by intermediate levels
in ependymomas. Non-glial meningiomas demonstrated
moderate DNMT1 expression, suggesting distinct
epigenetic regulatory mechanisms across tumor types.
In our previous research, we observed a general trend of
increasing epigenetic perturbation with higher glioma
grades. However, a comprehensive analysis of epigenetic
alterations in post-operative CNS tumor samples across
different subtypes remains largely unexplored and may
offer prognostic benefits.””** The present study highlights
the need for further rigorous investigations involving
epigenomic profiling of grade-specific CNS neoplasms.
Such studies could provide meaningful prognostic insights
and facilitate the identification of novel therapeutic targets,
including DNMT inhibitors, histone deacetylase (HDAC)

inhibitors, O6-methylguanine-DNA methyltransferase
(MGMT) inhibitors, and isocitrate dehydrogenase
inhibitors. These agents may block malignant

transformation through epigenetic reprogramming while
reducing therapeutic resistance and minimizing off-target
side effects.?**

In summary, histopathological evaluation alone is
insufficient for guiding anti-neoplastic treatment strategies.
Prognostic success lies in understanding the functional
potential of tumor cells and their microenvironmental
interactions. Therefore, molecular characterizations at the
cellular and tissue levels are indispensable for revealing
hallmark tumor features, including proliferation, invasion,
metastasis, neo-vasculogenic potency, and immune cell
infiltration.*

Integrating cellular and molecular data with
histopathological assessment is thus crucial for the rational
design of effective anti-cancer treatment regimens. These
findings underscore the importance of molecular and
genetic tumor characterization, as emphasized in several
recent studies.'®>*> Moreover, they highlight the need to
examine inter- and intra-tumoral cellular organization
within the CNS microenvironment - a highly influential
factor influencing tumor progression and dissemination,
even in low-grade lesions. To improve outcomes for
patients with CNS tumors, including prolonged survival
and enhanced quality of life, such diagnostic advancements

must be incorporated at the early stages of clinical decision-
making.

5. Conclusion

The study of low-grade CNS tumor samples from a
hospital-based population revealed a non-linear and
heterogeneous biological landscape (Table 1). The
pathophysiological dynamics observed in WHO grade II
diffuse astrocytomas and myxopapillary ependymomas —
particularly the inverse correlations between proliferative
capacity, invasive potential, and neoangiogenic activity
- highlight the necessity of multimodal therapeutic
approaches. These findings suggest that targeting
interdependent oncogenic pathways simultaneously may
be more effective than conventional single-agent strategies.
For low-grade ependymomas, the strategic combination
of MMP inhibitors with anti-angiogenic agents could
synergistically disrupt the invasion-angiogenesis axis
while minimizing the cytotoxic effects associated with anti-
proliferative therapies. In contrast, patients with low-grade
astrocytomas may benefit from the use of anti-proliferative
agents, such as temozolomide in combination with
therapies tailored to their unique molecular characteristics.
These could include CSF1/CSF1R pathway antagonists or
microglial repolarization agents targeting Ibal* microglial
activity, anti-angiogenic therapies, and/or epigenetic
reprogramming agents, such as DNMT inhibitors,
MGMT inhibitors, and HDAC inhibitors. In low-grade
meningiomas, where CDI11b* macrophage infiltration
is facilitated by their extradural location and absence of
BBB constraints, immunotherapeutic interventions may
hold particular promise, such as mTOR inhibitors (e.g.,
everolimus), CDK4/6 inhibitors, anti-invasive agents, and/
or epigenetic modifiers depending on the minute biological
properties of the tumor and physiological tolerance of the
patients. Overall, this preliminary investigation suggests
that several key hallmarks of cancer - proliferation,
invasion, angiogenesis, and immune cell infiltration — may
manifest distinctly even at early tumor grades, depending
on CNS tumor subtype. Recognizing and addressing
these subtype-specific patterns is essential for advancing
personalized therapeutic strategies and optimizing clinical
outcomes in patients with low-grade brain tumors.
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