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ABSTRACT

Glioblastoma (GBM) is the most aggressive and lethal primary brain tumour and remains largely
refractory to immunotherapy owing to its profoundly immunosuppressive and metabolically re-
programmed tumour microenvironment (TME). A principal barrier is T-cell exhaustion—a termi-
nally differentiated, dysfunctional state characterised by sustained expression of inhibitory im-
mune checkpoints, transcriptional repression, epigenetic fixation, and progressive loss of cyto-
toxic effector function. This state is stabilised by chromatin remodelling, aberrant DNA methyla-
tion, nucleosome repositioning, histone post-translational modifications, and enhancer-landscape
alterations, rendering exhausted T cells resistant to canonical immune-checkpoint blockade.
High-resolution, multimodal spectroscopic technologies—including Raman scattering, Fourier-
transform infrared (FTIR) spectroscopy, mass-spectrometry imaging (MSI), and surface-enhanced
Raman spectroscopy (SERS)—have emerged as label-free, non-destructive, chemically sensitive
tools capable of decoding the molecular and epigenomic architecture of exhausted T cells. These
modalities afford spatiotemporal resolution of biomolecular alterations, capturing epigenetic asym-
metries, metabolic flux, redox imbalance, lipidomic shifts, and nucleic-acid signatures that govern
immune-cell fate within the GBM milieu. We hypothesise that synergistic integration of these ad-
vanced spectroscopic approaches with single-cell epigenomic and transcriptomic profiling will un-
cover exhaustion-specific molecular fingerprints, enable precise immune-subset stratification, and
inform the development of targeted immunotherapies. This convergence of systems-level analytics
with molecular interrogation could establish a transformative, non-invasive framework for immune
monitoring and chromatin-directed reprogramming aimed at restoring T-cell stemness and rein-
vigorating durable anti-tumour immunity. By delineating spectroscopic correlates of epigenetic
remodelling and immunometabolic dysfunction, this strategy may transcend current therapeutic
limitations and facilitate biomarker-driven, mechanism-informed immunotherapy for GBM.

Key words: Glioblastoma (GBM), T Cell Exhaustion, Epigenetic Remodeling, Spectroscopic
Immune Profiling, Immune Checkpoint Resistance, Precision Immunotherapy, Non-Invasive
Biomarkers

INTRODUCTION

Glioblastoma (GBM) is the most aggressive pri-
mary malignancy of the central nervous system,
with a median overall survival of only 14-16 months
despite maximal surgical resection, radiotherapy,
and temozolomide chemotherapy'. Its lethality
largely derives from an immunosuppressive tu-
mour microenvironment (TME) that disrupts im-
mune surveillance and enables tumour immune
evasion. GBM mediates suppression by down-
regulating MHC molecules, secreting inhibitory cy-
tokines (e.g., TGF-B, IL-10), reprogramming cellular
metabolism, expressing checkpoint ligands (PD-L1,
Galectin-9), and inducing T-cell exhaustion (Tex)?2,3.

These barriers largely account for the limited clini-

cal efficacy of immune-checkpoint inhibitors (ICls)
in GBM trials®.

Tex is defined by a progressive loss of effector func-
tion under chronic antigenic stimulation. Exhausted
T cells display reduced production of IL-2, IFN-y, and
TNF-a, poor proliferative capacity, metabolic dys-
regulation, and sustained expression of inhibitory
receptors such as PD-1, TIM-3, LAG-3, CTLA-4, and
TIGITS, 6.
tially reversed by checkpoint blockade, prolonged

Although early exhaustion can be par-

stimulation drives an epigenetically fixed terminal
state that is refractory to reinvigoration’.

This terminal phenotype is orchestrated by exten-
sive epigenetic remodelling—changes in chromatin
accessibility, DNA methylation, and histone mod-
ifications that occur without altering the DNA se-

quence®. Tex cells within GBM possess a unique
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chromatin landscape marked by effector-gene re-
pression and up-regulation of transcription factors
such as TOX, NR4A, and EOMES®. Single-cell
ATAC-seq and ChlP-seq have identified exhaustion-
specific enhancers and super-enhancers, underscor-

0. However,

ing the durability of this programme
studying these dynamics in patients remains chal-
lenging owing to the absence of real-time, non-
invasive tools capable of interrogating epigenetic
states in situ.

Advanced

Raman spectroscopy,

spectroscopic technologies—including

Fourier-transform infrared
(FTIR) spectroscopy, and mass spectrometry—can
meet this need ''. These label-free, non-destructive
modalities exploit intrinsic vibrational or mass
signatures to yield spatially resolved biochemi-
cal profiles of nucleic acids, proteins, lipids, and
metabolites, all of which are altered during Tex 1213,
Raman microspectroscopy, for instance, can dif-
ferentiate naive, activated, and exhausted T cells
on the basis of vibrational fingerprints associated
with DNA methylation, histone acetylation, and
metabolic reprogramming ™, while FTIR spec-
troscopy detects spectral biomarkers of epigenetic
and transcriptional states 5.

Integrating these spectroscopic approaches with
single-cell sequencing and machine-learning algo-
rithms could define exhaustion-specific signatures,
enabling immune monitoring and early detection of
therapeutic resistance. Such convergence is partic-
ularly relevant in GBM, where intratumoral hetero-
geneity, the blood-brain barrier, and immune exclu-
sion limit tissue-based assessments'®. Correlating
spectroscopic profiles with transcriptional and epi-
genetic data may also guide the use of epigenetic
adjuvants (e.g., DNMT or HDAC inhibitors) to reset
Tex chromatin landscapes and enhance ICI respon-
siveness 7.

This review therefore proposes an integrative frame-
work that leverages spectroscopy to interrogate epi-
genetic remodelling in T-cell exhaustion, summa-
rizes key mechanistic insights, evaluates spectro-
scopic modalities, and discusses their translational
applications in immune monitoring, biomarker dis-
covery, and therapeutic stratification for GBM.

LITERATURE SEARCH AND
SELECTION

References for this narrative review were obtained
through comprehensive searches of PubMed, Web
of Science, and Scopus, encompassing publications

from 2018 to 2025. Search terms consisted of

» «

various combinations of “glioblastoma,” “T-cell ex-
haustion,” “epigenetics,” “immunotherapy,” “spec-
troscopy,” and “immune checkpoint inhibitors.” Ad-
ditional pertinent articles were identified by man-
ually screening the reference lists of seminal stud-
ies and recent reviews. Articles were selected on the
basis of relevance, novelty, and scientific impact; a
formal systematic review or meta-analysis protocol
was not employed.

THE IMMUNOLOGICAL AND
EPIGENETIC LANDSCAPE OF
GLIOBLASTOMA

T-Cell Dysfunction and Exhaustion in
GBM

Glioblastoma (GBM) establishes a profoundly im-
munosuppressive tumor microenvironment (TME)
that blunts cytotoxic immunity, primarily through
T-cell dysfunction. Tumor-infiltrating lymphocytes
(TILs) are scarce, undergo limited expansion, pro-
duce few cytokines, and are frequently confined
to perivascular niches rather than infiltrating tu-
mor cores 8,1, Single-cell RNA sequencing and T-
cell receptor (TCR) repertoire analyses confirm that
the majority of CD8" TILs acquire a terminally ex-
hausted phenotype, characterized by high expres-
sion of PD-1 (PDCD1), TIM-3 (HAVCR2), and LAG-
3 (LAG3)?°. These co-inhibitory receptors are sus-
tained by chronic antigen stimulation within the
antigen-rich yet immunologically inert GBM mi-
lieu?'. Exhaustion is further stabilized by transcrip-
tional regulators such as TOX and the NR4A fam-
ily (NR4A1/2/3). TOX functions as a master epige-
netic organizer, remodeling chromatin to lock dys-
functional transcriptional programs while repress-
ing effector signatures??,2. NR4A factors likewise
impose tolerogenic states and directly suppress IL-2
and IFN-y production?*. In concert with checkpoint
signaling, these factors constrain metabolic plastic-
ity. The hypoxic and nutrient-poor GBM TME exac-
erbates dysfunction by depleting ATP, elevating re-
active oxygen species (ROS) and limiting mitochon-

drial biogenesis?’.

Spatial profiling indicates that
exhaustion is maximal at the tumor margin, whereas
the core is almost devoid of TILs?°, underscoring
both focal immune suppression and an epigeneti-

cally fixed exhausted state refractory to reversal.

Epigenetic Fixation of Exhaustion

A major barrier to effective GBM immunotherapy is
the epigenetic fixation of T-cell exhaustion, whereby
dysfunctional programs become durably imprinted
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and refractory to re-invigoration. Exhausted T cells
acquire not only altered transcriptional states but
also a distinct epigenomic identity that irrevoca-
bly separates them from memory and effector lin-
eages?’. DNA methylation is central to this process.
Whole-genome bisulfite sequencing and chromatin
accessibility profiling reveal hypermethylation of
loci governing IL-2 signaling, cytolytic effectors (e.g.,
GZMB, PRF1), and co-stimulatory receptors such as
CD2828. DNMT3A serves as a critical mediator; con-
ditional deletion of Dnmt3a in CD8" T cells partially
restores effector function and increases responsive-
ness to PD-1 blockade in pre-clinical GBM mod-
els?®. Raman micro-spectroscopy further demon-
strates methylation-driven chromatin compaction
within exhausted nuclei.

Histone modifications consolidate repression.
Trimethylation of histone H3 lysine 27 (H3K27me3),
catalyzed by EZH2 within the polycomb repressive
complex 2 (PRC2), is enriched at effector cytokine

and receptor loci®.

Chromatin immunoprecipi-
tation sequencing (ChlP-seq) confirms pervasive
H3K27me3-marked silencing in exhausted TILs
from human GBM?3!.

inhibition synergizes with PD-1 blockade, restoring

Pharmacological EZH2

IFN-y production and proliferation in glioma mod-
els32. Single-cell ATAC-seq and CUT&Tag provide
high-resolution maps of this chromatin landscape.
Patient-derived exhausted T cells exhibit loss of ac-
cessible enhancers governing effector and memory

programs33.

Exhaustion-specific super-enhancers
regulated by TOX display H3K4mel enrichment
coupled with H3K27ac depletion, indicative of
functional silencing®*. These chromatin alterations
persist ex vivo, emphasizing durable epigenetic en-
trapment. Collectively, DNA methylation, histone
modifications, and chromatin compaction entrench
a fate-committed exhaustion program. Even under
checkpoint blockade, exhausted T cells rarely
reacquire effector competence. Consequently, of
checkpoint inhibitors (e.g., HDAC, BET, or EZH2
inhibitors) are under investigation to restore T-cell
plasticity and overcome GBM-mediated immune

resistance 3%, 3.

SPECTROSCOPY AS A WINDOW
INTO IMMUNE AND
EPIGENETIC STATES

Traditionally, investigations of immune-cell dy-
namics and chromatin remodeling in cancer and
autoimmunity have depended on invasive, label-
based approaches. Recent advances in vibrational

and resonance spectroscopies now afford label-
free interrogation of the biochemical and biophys-
ical hallmarks of immune activation, epigenetic re-
programming, and cellular heterogeneity. These
non-destructive modalities—including Raman and
Fourier-transform infrared (FTIR) spectroscopy, hy-
perspectral imaging, and nuclear magnetic reso-
nance (NMR)—provide a multimodal platform for
elucidating the molecular mechanisms underlying
immune dysregulation and epigenetic control in dis-
eases such as glioblastoma, melanoma, and systemic
lupus erythematosus (SLE)*7,38 (Figure 3).

FUNDAMENTAL OF
SPECTROSCOPIC TECHNIQUES

Spectroscopic methods exploit the interaction of
electromagnetic radiation with matter to yield
highly specific molecular fingerprints. Within im-
munology and epigenetics, five principal modalities
offer high-resolution, real-time analysis.

Raman spectroscopy

Raman spectroscopy relies on the inelastic scatter-
ing of monochromatic light (typically a laser) to gen-
erate vibrational energy profiles that are character-
istic of molecular bonds. Its capacity to differenti-
ate nucleic-acid structures, lipid content and pro-
tein conformations without exogenous stains makes
it invaluable for monitoring epigenetic states®. Ra-
man signals are particularly sensitive to histone
modifications and DNA methylation, associated
with spectral shifts in phosphate and acetyl func-
tional groups*°. Although conventional Raman mi-
croscopy is diffraction-limited to sub-micron resolu-
tion, advanced approaches such as tip-enhanced Ra-
man spectroscopy (TERS) push sensitivity into the
nanoscale. In routine practice, conventional Raman
requires approximately 103-10% leukocytes for re-
producible spectra, with detection limits in the 10~
10 M range. However, signal quality is markedly
compromised in FFPE brain tissue because of strong
paraffin autofluorescence.

FTIR spectroscopy

infrared (FTIR)
probing molecular vibrations in the mid-infrared re-

Fourier-transform spectroscopy
gion is highly sensitive to chemical modifications in
chromatin, including acetylation and methylation,
as well as to global metabolic shifts in lipid and
carbohydrate pools*'. FTIR also enables mapping
of epigenetic compartmentalization within the nu-

cleus through differential absorbance®?. Typically,
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Heatmap: T Cell Exhaustion & Epigenetic Fixation in GBM
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Figure 1: Heatmap Depicting T Cell Exhaustion Markers and Epigenetic Regulatory Profiles in Glioblastoma (GBM)
Samples (A) Hierarchical clustering of 20 GBM samples based on expression of T cell exhaustion markers (PD-1,
LAG-3, TIM-3, TOX) and epigenetic regulators (H3K27me3, NR4A, EZH2, DNMT3A, ATAC-closed chromatin state).
(B) The same heatmap with color-coded annotation bars indicating relative exhaustion states (red: high; orange:
moderate; green: low) based on cumulative marker expression. CUT&Tag-based chromatin accessibility and his-
tone methylation patterns highlight epigenetic fixation associated with T cell dysfunction. Sample clustering re-
veals patient-specific exhaustion-epigenetic signatures, suggesting that deeper exhaustion correlates with repres-
sive chromatin marks (e.g., H3K27me3, ATAC-closed) and TOX/EZH2 enrichment. [lllustration created in Power-
Point] Note: This figure is illustrative and uses simulated/mock data for conceptual purposes only; it does not
represent patient-level or trial data. For definitions of abbreviations (e.g., CUT&Tag, ATAC-seq, EZH2), please refer

to the 'Abbreviations’ section.

about 10° cells are required to achieve an adequate
signal-to-noise ratio; nevertheless, the method is
fully compatible with FFPE sections, enhancing its
translational and retrospective value.

UV-Vis absorption spectroscopy
(UV-Vis)
troscopy affords r apid q uantification o f nucleic

Ultraviolet-visible absorption  spec-
acids and proteins based on absorbance maxima
at 260 nm and 280 nm, respectively. Although
less specific than vibrational techniques, it is a
useful preliminary or validation tool for assessing

cell-state transitions and chromatin compaction®3.

Nuclear magnetic resonance (NMR
spectroscopy

NMR spectroscopy provides atomic-level structural
and dynamic information on biomolecules, partic-
ularly for elucidating allosteric states of transcrip-
tion factors, post-translational histone modifica-
tions and TCR-pMHC interactions**. The advent of
hyperpolarized NMR has increased sensitivity, per-
mitting real-time monitoring of metabolic interme-
diates and epigenetic enzyme activities*.

Hyperspectral imaging (HSI)

Hyperspectral imaging acquires a complete spec-
trum at every pixel, enabling spatially resolved bio-
chemical characterization of tissues and cellular mi-
croenvironments. In immunology, HSI has been
instrumental in profiling lymphoid-organ architec-
ture, T-cell trafficking and immune-synapse forma-
tion with high spatial fidelity®. Despite its excel-
lent resolution, HSI generally requires fresh or cry-
opreserved specimens; compatibility with FFPE ma-
terial remains limited.

Collectively, these spectroscopic platforms provide a
holistic view of immune—-epigenetic interfaces, per-
mitting detection of static and dynamic biomolecu-
lar features in real time and, in many cases, at single-
cell resolution.

APPLICATION IN IMMUNE
MONITORING

T-cell states—including activation, anergy, exhaus-
tion, and memory—are governed by transcriptional
and epigenetic heterogeneity. Spectroscopic tech-
niques enable label-free, non-destructive profiling
of these states. Raman cytometry discriminates
naive from activated T cells on the basis of lipid, nu-

cleic acid, and metabolite spectral signatures; shifts
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Panel A: Frequency of T Cell Exhaustion Markers in GBM Subtypes
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Figure 2: Multi-Dimensional Profiling of T Cell Exhaustion in Glioblastoma: Frequency, Subgroup Respon-
siveness, and Epigenetic Remodelling. A: Expression Frequencies of Canonical Exhaustion Markers in GBM
Tumor-Infiltrating Lymphocytes (TILs). This bar graph illustrates the relative abundance of T cell exhaustion
markers PD-1, TIM-3, LAG-3, TOX, and NR4A across four GBM subtypes: primary GBM, recurrent GBM, high TIL
density, and low TIL density tumors. The blue-toned colour gradient distinguishes each cohort. Notably, high
TIL tumors exhibit markedly increased expression of all exhaustion markers, with statistically inferred differences
(A%) highlighted between high and low TIL groups using top-line comparisons annotated with simulated con-
fidence intervals. These trends underscore the progressive immunosuppressive milieu and potential predictive
value of exhaustion signatures in stratifying immunotherapy responsiveness. B: Subgroup-Specific Responses
to Combined Epigenetic and Checkpoint Blockade Therapies- This forest plot presents a simulated subgroup
analysis comparing the percentage improvement in functional T cell exhaustion reversal upon treatment with epi-
genetic reprogramming agents (e.g., HDAC inhibitors) in combination with immune checkpoint inhibitors, versus
ICl monotherapy. Subgroups analysed include patient demographics (age, sex), molecular profiles (MGMT methy-
lation, IDH1 mutation), and immune contexture (TIL density). Effect sizes are reported with 95% confidence inter-
vals, revealing pronounced benefit in MGMT-methylated, IDH1-mutant, and highly inflamed tumors, indicative of
a potential for precision stratification of epigenetic-immune combination therapies. C: Epigenetic Reprogram-
ming at Exhaustion-Associated Loci in T Cells from GBM- This panel shows log; fold-changes in chromatin
accessibility derived from simulated ATAC-seq/Chipset data at regulatory regions associated with T cell exhaus-
tion, including TOX enhancers, PDCD1 promoters, and loci of LAG3, NR4A1, and TIGIT. Enhanced accessibility
in exhausted T cells or post-treatment reprogrammed cells suggests a mechanistic basis for transcriptional re-
awakening and the potential for epigenetic decryption of exhaustion states. The confidence intervals underscore
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biologically meaningful remodelling of the chromatin landscape upon intervention. [lllustration created in Pow-
erPoint]. Note: This figure is illustrative and uses simulated/mock data for conceptual purposes only; it does not
represent patient-level or trial data. For definitions of abbreviations (e.g., CUT&Tag, ATAC-seq, EZH2), please refer

to the ’Abbreviations’ section.
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Figure 3: Spectroscopic and Epigenetic Signatures in T Cell Exhaustion: Implications for Therapeutic Rever-
sal. A:Immune-Epigenetic Biomarker Expression Across Therapeutic Strategies- This heatmap depicts the Z-scores
of key immune-epigenetic markers (rows) across four therapeutic modalities (columns): HDAC inhibitors (HDACi),
EZH2 inhibitors (EZH2i), BET inhibitors (BETi), anti-PD-1 checkpoint blockade- CD39, an exhaustion-associated
ectonucleotidase, is most upregulated with anti-PD-1 therapy (+1.5). TOX, a master regulator of exhaustion,
shows highest upregulation with BETi (+1.6), suggesting chromatin remodelling can paradoxically reinforce ex-
haustion programs. H3K27me3, a repressive histone mark, is upregulated with EZH2i (+0.54), consistent with
epigenetic plasticity modulation. CD8+ T cell levels are significantly suppressed under EZH2i and BETi treat-
ments (—1.9, —1.7 respectively), possibly indicating impaired cytotoxic re-expansion. IFN-y, a functional cytokine,
is notably downregulated with HDACi (-1.0) and anti-PD-1 (—1.4), reflecting incomplete reinvigoration. B: FTIR
Spectroscopy Reveals Exhaustion-Associated Biophysical Changes- This box plot presents FTIR amide | band in-
tensity (indicative of protein secondary structure alterations) across T cell exhaustion states: Non-exhausted T
cells exhibit the lowest intensity ( 0.75), suggesting minimal structural rearrangement. Early exhausted T cells
show intermediate intensity ( 1.3), reflecting partial molecular reorganization. Terminally exhausted T cells demon-
strate highest intensity ( 1.8), pointing to profound biochemical remodelling, possibly due to altered chromatin
or mitochondrial stress responses. [lllustration created in PowerPoint]. Note: This figure is illustrative and uses
simulated/mock data for conceptual purposes only; it does not represent patient-level or trial data. For definitions
of abbreviations (e.g., CUT&Tag, ATAC-seq, EZH2), please refer to the ‘Abbreviations’ section.

within the 785-1,600 cm™ region are indicative of
chromatin accessibility 7,48, FTIR spectroscopy de-
tects exhaustion-associated reductions in the amide
I/l bands and attenuations o f phosphorylation-

related peaks at 1,240 cm™149,50,

Hyperspectral
microscopy monitors T-cell subsets in situ by as-
sessing lipid-to-nucleic-acid ratios®', whereas NMR
spectroscopy distinguishes glycolytic effector cells
from oxidative memory subsets, thereby correlating

metabolic profiles with histone modifications 2,53,

CASE STUDIES IN CANCER AND
AUTOIMMUNITY

Spectroscopic approaches have yielded critical in-
sights into immune dysfunction and epigenetic
remodeling in cancer and autoimmune diseases.
In glioblastoma, Raman spectroscopy successfully

distinguishes tumor-infiltrating lymphocytes from
peripheral T cells, revealing lipid alterations and
nucleic-acid condensation associated with T-cell ex-
haustion®*. The 1,440-cm™' CH, bending mode,
which reflects membrane fluidity, has emerged
as a potential non-invasive biomarker of immuno-

suppression>>.

In melanoma, FTIR spectroscopy
identifies checkpoint-inhibitor resistance by detect-
ing infrared absorbance shifts linked to histone
methylation and effector-gene silencing preceding
NMR metabolomics has de-

fined autoimmune signatures, with systemic lupus

clinical relapse>®.

erythematosus characterised by disrupted choline
metabolism and an imbalance in methyl donors®’,
whereas rheumatoid arthritis T cells demonstrate
FTIR-detectable protein misfolding and lipid perox-

idation®. Hyperspectral imaging of colorectal can-
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cer distinguishes lymphoid from myeloid infiltrates,
correlating with patient prognosis and therapeutic

response 59.

The integration of Raman and FTIR
datasets with machine learning achieves >90 % ac-
curacy in predicting immune states and treatment

outcomes .

LINKING EPIGENETIC
REMODELING AND
SPECTROSCOPIC SIGNATURES
IN GBMT CELLS

Glioblastoma (GBM) is a highly immunosuppres-
sive malignancy in which immune cell dysfunc-
tion and epigenetic reprogramming converge to in-
duce T-cell exhaustion. Spectroscopic modalities,
particularly Raman and Fourier-transform infrared
(FTIR) spectroscopy, have emerged as promising,
non-destructive approaches for decoding these bio-
chemical and epigenetic alterations in situ. Inte-
grating immune epigenetics with label-free spec-
troscopic profiling therefore provides a compelling
strategy to delineate T-cell states in GBM and may
permit real-time monitoring of responses to im-

munotherapy.

Epigenetic Remodelling in Exhausted
GBMT Cells

T-cell exhaustion in the glioblastoma microenviron-
ment is not merely a transient functional state but
reflects a profound and stable epigenetic remod-
elling program. Chromatin accessibility assays in
exhausted T cells have revealed global hypoacety-
lation of enhancers and loss of accessibility at ef-
fector loci such as IFNG, PRF1 and TNF, alongside
increased accessibility at loci encoding inhibitory re-
ceptors such as PDCD1, CTLA4, LAG3 and HAVCR2
(TIM-3)°1,
hort of epigenetic modifiers, including DNMT3A,
EZH2 and HDACs, that enforce a repressive chro-

matin landscape, locking T cells into a dysfunc-

This shift is tightly regulated by a co-

tional state (Table 1)%2. Histone acetylation levels—
particularly at H3K27ac and H3K9ac—are decreased
in exhausted T cells, leading to chromatin conden-
sation and reduced transcriptional activity. Con-
versely, increased DNA methylation at key immune-
effector genes contributes to their persistent silenc-
ing despite antigen stimulation®®. These chromatin
alterations are not readily reversible by immune-
checkpoint blockade alone, highlighting the need
for integrated therapies capable of remodelling the

epigenetic architecture of T cells in GBM.

Hypothetical Spectral Models of
Epigenetic States

Spectroscopic modalities such as Raman and FTIR
are exquisitely sensitive to the biochemical compo-
sition and structural state of chromatin. Raman
spectroscopy detects vibrational modes of molecular
bonds and can differentiate between open (euchro-
matic) and condensed (heterochromatic) states on
the basis of peak shifts and intensities in phosphate-
backbone (PO;") and nucleic-acid ring-breathing
modes®. For instance, chromatin decompaction in-
duced by histone acetylation is associated with a
relative increase in nucleic-acid-associated Raman
peaks (785 cm’™', 1,090 cm'1), whereas condensed
chromatin states exhibit a dominance of protein and
lipid signatures’®. FTIR spectroscopy complements
Raman analysis by measuring absorbance in the fin-
gerprint region (1,000-1,800 cm™) corresponding to
nucleic acids, amide bonds and histone modifica-
tions. Notably, acetylation of lysine residues results
in shifts within the Amide | and Il bands (1,650 and
1,550 cm™7, respectively), which can be tracked as
surrogate markers of histone acetylation levels’’.
These spectral alterations support a hypothetical
model in which T-cell exhaustion in GBM correlates
with a decreased nucleic-acid-to-protein ratio and
altered lipid ordering, reflecting underlying chro-
matin condensation and reduced transcriptional ac-
tivity (Table 2).

Biochemical Spectroscopic Signatures of
Exhausted T Cells

Exhausted T cells exhibit distinct biochemical phe-
notypes characterized by altered metabolic activity,
increased reactive oxygen species (ROS), lipid perox-
idation and changes in membrane composition, all
of which can be detected spectroscopically’’. Ra-
man mapping of GBM-infiltrating T cells has re-
vealed decreased lipid unsaturation (C=C stretching
at 1,655 cm™), altered protein secondary structure
(amide 1l1) and reduced nucleic-acid content, find-
ings consistent with a senescent or metabolically
suppressed phenotype’®. Spectral markers such as
the 1,445 cm™ CHj scissoring band (indicative of
membrane saturation) and the 1,080 cm™' phosphate
stretch (DNA/RNA) provide quantitative indicators
of the exhaustion state. These observations sug-
gest that Raman and FTIR spectroscopy can detect
functionally relevant biochemical changes in T cells
that are not apparent from surface-marker profiling
alone.
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Table 1: This table summarizes the key epigenetic regulators involved in establishing and maintaining the
exhausted phenotype of T cells in the GBM microenvironment. Their modulation has shown promise in
combination with checkpoint blockade to reinvigorate T cell function 54,65, 66,67 68

Epigenetic
Modifier
DNMT3A

EZH2 (PRC2
complex)
HDAC1/2

TET2

BRD4

Molecular
Function
DNA methyl-
transferase
H3K27
methylation
Histone
deacetylases
DNA
demethylase
Histone
acetylation
reader

Effect on T Cell State in GBM

Silences effector genes (e.g., IFNG,

PRF1)

Represses memory gene loci

Reduces histone acetylation at

effector genes

Promotes DNA demethylation at

cytokine loci

Supports transcriptional
elongation of effector genes

Mechanistic Outcome

Promotes fixed exhaustion
phenotype

Inhibits T cell reprogramming

Chromatin compaction and
transcriptional repression

Partially restores T cell function

Correlates with memory-like
phenotype retention

Abbreviations: DNMT3A, DNA Methyltransferase 3A; EZH2, Enhancer of Zeste Homolog 2; PRC2, Polycomb Re-
pressive Complex 2; HDAC, Histone Deacetylase; TET2, Ten-Eleven Translocation 2; BRD4, Bromodomain-containing

protein 4. For a comprehensive list, see the ’Abbreviations’ section.

Table 2: Spectroscopic biomarkers provide a non-invasive window into the biochemical and epigenetic
landscape of exhausted T cells in GBM. Raman and FTIR spectra reveal chromatin state, metabolic shifts, and

protein modifications, which correlate with immune dysfunction

72 73 74 75 76
o

Spectro-
scopic
Technique
Raman
Spectroscopy

FTIR
Spectroscopy

Hyperspec-
tral Imaging

Surface-
enhanced
Raman
(SERS)

Key Spectral Markers

785 cm™! (DNA ring),
1,080 cm™' (PO5), 1,655
cm™! (lipid C=C)
1,650 cm™' (Amide 1),
1,550 cm™' (Amide I1),
1,080 cm™' (PO4Y)
Composite shifts across
1,000-1,800 cm™

Enhanced signals at
nucleic acid + protein
peaks

Biological
Target

Chromatin,
nucleic acids,
lipids
Histones, protein
backbone, DNA

Whole-cell
biochemical
signature
Signal
amplification in
CSF-derived T
cells

Functional Interpretation

Reduced nucleic acid intensity —
transcriptional inactivity; lipid disordering —
altered metabolism
Altered Amide /Il ratio reflects histone
acetylation levels; phosphodiesterase shifts
—> chromatin compaction
Classifies immune cell functional states;
identifies spatial heterogeneity in TIL
exhaustion
Enables detection of exhausted T cells in
liquid biopsy platforms

Note: cm™', wavenumber (unit in Raman/FTIR spectroscopy); PO;", phosphate group; C=C, carbon-carbon double bond;

CSF, Cerebrospinal Fluid. For other abbreviations, see the ’Abbreviations’ section.

CSF- and Biopsy-Derived Spectral
Fingerprinting

Cerebrospinal fluid (CSF) and GBM tumour biopsies
represent minimally invasive sources for immune
profiling. Recent advances in hyperspectral Raman
microscopy and confocal FTIR mapping have en-
abled single-cell-resolution analysis of immune pop-
ulations directly from clinical samples’.
stance, T cells isolated from GBM CSF exhibit sig-
nificant down-regulation of nucleic-acid spectral re-

For in-

gions compared with peripheral T cells, reflecting

reduced transcriptional activity and exhaustion®.
Moreover, biopsy-derived T cells from the GBM core
and peritumoral regions display distinct FTIR and
Raman fingerprints. These spatially resolved sig-
natures correspond to differential epigenetic and
metabolic states sculpted by the local tumour mi-
croenvironment, underscoring the potential of spec-
troscopic fingerprinting as both a diagnostic and

stratification tool 8.
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Integration with Single-Cell Omics

Combining label-free spectroscopy with single-cell
omics approaches such as scRNA-seq and scATAC-
seq yields a multidimensional view of T-cell exhaus-
tion. For example, single-cell Raman spectroscopy
coupled with transcriptomic profiling (Raman-seq)
permits correlative mapping of spectral features
with gene expression and chromatin accessibility at
the individual-cell level 8. Integration with scATAC-
seq further reveals spectral correlates of open ver-
sus closed chromatin, particularly at exhaustion-
specific loci. This integrative framework has al-
ready been applied in pre-clinical glioma mod-
els to identify subpopulations of T cells that re-
tain effector potential despite chronic stimulation®3.
By training machine-learning algorithms on multi-
modal datasets (Raman + scRNA-seq), investigators
can classify T cells into functional states with high
accuracy and predict responsiveness to immune-
checkpoint inhibitors or epigenetic modulators.

THERAPEUTIC IMPLICATIONS
AND PATHWAYS TO
REINVIGORATION

The
glioblastoma (GBM) constitutes a formidable bar-

immunosuppressive microenvironment in
rier to immune checkpoint inhibitors (ICls), because
stable T-cell exhaustion programs are perpetuated
metabolic,

by epigenetic, and transcriptional

rewiring. Reversal of these dysfunctional states
will require mechanism-driven, precision-guided
therapeutic interventions. Accordingly, integrating
epigenetic reprogramming, spectroscopy-based
monitoring and combinatorial immunotherapeu-
tic strategies provides a rational framework for

reinvigorating anti-tumor immunity in GBM.

Epigenetic Reprogramming to Reverse
T-Cell Exhaustion

T-cell exhaustion in GBM is stabilized by epigenetic
programs that repress effector gene loci and sus-
tain inhibitory receptor expression. Reversible ex-
haustion retains partial chromatin accessibility and
remains partially responsive to ICls, whereas fixed
exhaustion is characterized by near-complete tran-
scriptional silencing and resistance to checkpoint
blockade®. Histone deacetylase (HDAC) inhibitors
such as vorinostat and panobinostat can restore
IFN-y, granzyme B and IL-2 expression, thereby
synergizing with PD-1 blockade®. Bromodomain
and extra-terminal (BET) inhibitors (e.g., JQ1) inter-
rupt TOX/NR4A-driven dysfunction8, whereas en-
hancer of zeste homolog 2 (EZH2) inhibitors (e.g.,

tazemetostat) de-repress Tcf7 and Runx3, promot-

ing memory-like states®.

Nonetheless, excessive
transcriptional de-repression may precipitate T-cell
apoptosis®. Single-cell ATAC-seq analyses confirm
that fixed exhaustion is associated with rigid chro-
matin landscapes, emphasizing the relevance of epi-

genetic targeting®.

Spectroscopy-Guided Monitoring of
Therapy

Traditional immunomonitoring modalities such as
flow cytometry and bulk transcriptomics require
cellular labeling and sample manipulation, whereas
label-free spectroscopic platforms—including Ra-
man, Fourier-transform infrared (FTIR) and hyper-
spectral imaging—provide real-time, in situ molec-
In GBM-infiltrating T-cells, these
modalities can detect chromatin condensation, lipid

ular readouts.

peroxidation and protein conformational changes
associated with exhaustion or reinvigoration®. Di-
agnostic spectral signatures include the 785 cm™!
DNA ring vibration, the 1,080 cm™ phosphodiester
stretch and the 1,650 cm™ amide-1 band, all reflec-
tive of chromatin and protein remodeling. Raman-
derived heatmaps illustrate intratumoral hetero-
geneity, with reinvigorated T-cells localizing to tu-
mor margins and exhausted subsets enriched within
necrotic cores®!,%2. Ongoing clinical trials are incor-
porating spectroscopy coupled with artificial intelli-

gence to predict therapeutic outcomes®3,

Combinatorial Therapeutic Approaches

Given the multifactorial drivers of T-cell exhaus-
tion in GBM, monotherapy with either ICls or epi-
genetic agents is frequently inadequate. Current
rational strategies therefore prioritize combinato-
rial regimens that integrate ICls, epigenetic mod-
ulators and metabolic adjuvants, guided by spec-
troscopic profiling. In preclinical glioma models,
anti-PD-1 therapy combined with HDAC or EZH2
inhibitors augments intratumoral T-cell prolifera-
tion, cytokine secretion and memory-like differen-
tiation (Figure 4). This synergy results from tran-
scriptional reactivation of effector genes together
with relief of chromatin-mediated immunosuppres-
sion?*. Incorporation of metabolic adjuvants—such
as mTOR modulators, NAD* precursors (e.g., nicoti-
namide riboside) or fatty-acid-oxidation inducers—
further mitigates metabolic paralysis and restores

mitochondrial fitness®.

Spectroscopy can de-
tect these functional shifts through alterations in

lipid saturation indices, NADH/FAD fluorescence
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Raman
FTIR

— SERS

. Histone Modifications
Kaplan-Meier Survival Curve (Simulated)
GBM Patients Under Immunoepigenetic Therapies

NMR

°

Condensation

Survival Probability

Cytokine|Shifts

Lipid Metabolism

Figure 4: Integrative Assessment of Immunoepigenetics Therapies and Spectroscopic Biomarkers in Glioblastoma
(GBM) (A) Simulated Kaplan-Meier survival curves for GBM patients under different immunotherapeutic regimens:
standard of care (red, dashed), anti-PD-1 monotherapy (blue), and anti-PD-1 combined with an epigenetic mod-
ulator (green). The combinatorial strategy demonstrates improved survival probability over a 24-month period,
suggesting potential synergy between immune checkpoint inhibition and epigenetic reprogramming. (B) Radar
plot depicting the relative sensitivity (scale 1-5) of four spectroscopic modalities Raman (yellow), FTIR (orange),
SERS (red), and NMR (pink) in detecting key immunometabolism and epigenetic hallmarks of T cell exhaustion in
GBM. Parameters include histone modifications, chromatin condensation, lipid metabolism, cytokine shifts, and
broader epigenetic states. SERS and NMR demonstrate superior resolution across multiple axes, supporting their
potential utility in immune profiling and treatment monitoring. [lllustration created in PowerPoint]. Note: This
figureis illustrative and uses simulated/mock data for conceptual purposes only; it does not represent patient-level
or trial data. For definitions of abbreviations (e.g., CUT&Tag, ATAC-seq, EZH2), please refer to the 'Abbreviations’

section.

and redox-sensitive spectral bands, thereby en-
abling real-time monitoring®. Early-phase clini-
cal trials evaluating triplet combinations (anti-PD-
1 + HDAC inhibitor + metabolic modulator) have
reported increased tumor-infiltrating lymphocyte
density and partial restoration of TCR clonality,
with spectroscopy embedded as a non-invasive end-
point®” (Figure 4). Spectroscopy-derived biosig-
natures can also stratify exhaustion subtypes—for
example, selecting BET inhibition for TOX-driven
states or mTOR modulation for glycolytic dys-
function. Ultimately, spectroscopy-guided adaptive
therapy, whereby spectral dynamics dictate treat-
ment adjustments, may minimize toxicity while
maintaining immune surveillance. Collectively, epi-
genetic, metabolic and checkpoint-directed combi-
nations that are dynamically informed by spectral
biomarkers represent a transformative frontier in
GBM immunotherapy (Figure 4).

DISCUSSION

This synthesis underscores the potential of inte-
grating spectroscopic technologies with immuno-
epigenetic profiling to elucidate T-cell exhaustion
in glioblastoma (GBM), a setting in which current
immunotherapies remain largely ineffective. T-cell

dysfunction arises from chronic antigen stimula-
tion, metabolic constraints, and tumor-induced epi-
genetic fixation. Although immune-checkpoint in-
hibitors (ICls) have transformed outcomes in sev-
eral malignancies, their limited efficacy in GBM
is attributable to stable chromatin configurations
that constrain reinvigoration®®. Exhausted CD8*
T cells exhibit DNA methylation at effector loci
and open chromatin at inhibitory genes such as
Pdcd1, Lag3, and Tox—epigenetic signatures that
persist despite PD-1 blockade®®. Repressive histone
modifications, particularly H3K27me3 enrichment
mediated by EZH2, further reinforce gene silenc-
ing and resemble senescence-like differentiation 10,
Histone-deacetylase (HDAC) and bromodomain and
extra-terminal (BET) inhibitors can partially reverse
these states, but predicting clinical responsiveness
remains challenging '°7.

Spectroscopic methodologies offer non-invasive
strategies to interrogate such epigenetic programs.
Raman spectroscopy, Fourier-transform infrared
(FTIR) spectroscopy, and surface-enhanced Raman
scattering (SERS) can identify vibrational finger-
prints of nucleic acids, lipids, and histones with
high sensitivity 2. FTIR discriminates methylated
from unmethylated DNA'%, whereas SERS de-

7773



Biomedical Research and Therapy 2025, 12(10):7764-7780

FUTURE PERSPECTIVES AND TRANSLATIONAL ROADMAP

Standardization of Spectral Biomarkers

Proposed Solutions:

Current Challenges:

Develop a Define standard
©  Lack of harmonized spectral biomarker definitions centralized operating procedures
o Variability in instrument calibration, acquisition settings, and preprocessing > Spectral (SOPs) for spectral
pipelines . acquisition and
6 Intra- and inter-patient h ity in GBM i pig p Biomarker Atlas interpretation

1

E Development of the “Spectral Exhaustion Index” (SEI)

. Components: Vibrational intensities from:
= Histone deacetylation (~1450 cm™)
=  DNA methylation (~1230-1280 cm™)
= Lipid peroxidation (~1740 cm™)
= NAD*/NADH metabolic shifts

|

e o i i i o i

Key AI/ML Tools:
Convolutional Neural Networks (CNNs)

Variational Autoencoders (VAEs)
Explainable Al models (XAI)

training

Integrating AI/ML for Spectral Data Interpretation

Collaborative Strategy:
Federated learning for secure,
cross-institutional AI model

Integration Goals:

Combine spectral features with:

« Epigenomic data (e.g., ATAC-seq)

* Transcriptomic profiles (e.g., scRNA-
seq)

Multi-Modal Data Integration Pipelines

Outcome:
Personalized

Synergistic Modalities:
Raman / FTIR / SERS spectroscopy
Hyperspectral imaging
Single-cell RNA sequencing
Spatial transcriptomics

: diagnostics

immunotherapy guidance
Multi-parametric, label-free

Figure 5: Flowchart illustration of Future Perspectives and Translational Roadmap [lllustration created in Pow-

erPoint].

tects histone acetylation associated with HDAC in-
hibition %4,

produce real-time epigenetic maps that quantify

Accordingly, these techniques could

the severity of exhaustion. Combination therapies
that target EZH2, DNA methyltransferases (DN-
MTs), or BET proteins in conjunction with ICls have
demonstrated T-cell reinvigoration in glioma mod-
els1%5; however, their effectiveness depends on in-
tervention before terminal exhaustion becomes irre-
versible. Spectroscopy may therefore aid in defin-
ing this therapeutic window, particularly when in-
tegrated with nuclear magnetic resonance (NMR)-
based metabolic profiling 1°°.

The immunosuppressive GBM microenvironment—
characterized by tumor-associated macrophage
(TAM) polarization, TGF-B signaling, and nutrient

7

competition—further entrenches exhaustion'?.

Hyperspectral imaging delineates spatial immune
heterogeneity 1%, while FTIR links lipid perox-

idation and chromatin condensation to CDS8*

9

dysfunction'%.  Integrating spectroscopy with

multi-omics datasets and artificial-intelligence

classifiers, which achieve >90 % predictive accuracy

110

in other cancers ', could enable precise, real-time

monitoring of T-cell reinvigoration and guide adap-
tive, patient-specific immunotherapy. Nevertheless,
several in-vivo cranial-window Raman spectroscopy
studies have failed to consistently detect leukocytes
owing to pronounced autofluorescence and motion
artifacts, highlighting the translational gap between
bench-top sensitivity and clinical applicability.

FUTURE PERSPECTIVES AND
TRANSLATIONAL ROADMAP

The translation of spectroscopic immunoprobing
from proof-of-concept to clinical practice requires
methodological harmonization, computational in-
novation, and integrated translational pipelines
(Figure 5).
ducibility remains limited by variability in cali-

Despite encouraging studies, repro-

bration, acquisition, and preprocessing, as well
as inter-patient heterogeneity in GBM. Standard-
ized spectral biomarker definitions and a curated
multi-centre spectral atlas linking fingerprints to
transcriptomic and epigenomic features are in-
dispensable '"",172_ Building on immune-scoring
paradigms, a Spectral Exhaustion Index (SEl) could
be developed, integrating vibrational markers of hi-

stone deacetylation ( 1450 cm™"), DNA methylation
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( 1230-1280 cm™), lipid peroxidation ( 1740 cm™),
and metabolic flux (NAD*/NADH ratios), thereby
enabling dynamic tracking of exhaustion and ther-
apeutic responsiveness''®.  Validation in GBM
organoid-T-cell co-cultures, followed by clinical de-
ployment, will be essential. Al-driven pipelines,
particularly CNNs and VAEs, already classify im-
mune subsets with >90 % accuracy; however, future
models must be interpretable and integrate multi-
omics layers, including ATAC-seq and single-cell
transcriptomics ''4,1"%. Federated learning could
accelerate cross-institutional validation while pre-
serving data privacy. Successful translation fur-
ther demands interdisciplinary collaboration across
immunology, neurosurgery, spectroscopy, compu-
tational biology, and regulatory science. Incor-
porating spectral endpoints in trials and training
Ulti-
mately, embedding standardized spectral indices

“spectro-immunologists” will be pivotal 11,

within multimodal clinical workflows could reshape
precision immunotherapy for GBM.

CONCLUSION

Glioblastoma (GBM) remains highly resistant to
immunotherapy, primarily because of deeply en-
trenched, epigenetically fixed T-cell exhaustion.
Conventional transcriptomic and proteomic meth-
ods offer only limited resolution of t he molecular
and functional heterogeneity that underpins this
dysfunction. Label-free spectroscopic platforms—
including Raman, Fourier-transform infrared (FTIR)
spectroscopy, surface-enhanced Raman scattering
(SERS), and hyperspectral imaging—provide real-
time, in situ interrogation of biochemical and
chromatin-associated signatures, thereby enabling
generation of precise spectral fingerprints of exhaus-
tion. When integrated with artificial-intelligence-
driven analytics, spatial omics, and multimodal
imaging, these technologies facilitate the develop-
ment of standardized metrics, such as a “spec-
tral exhaustion index,” to quantify immune sta-
tus, track therapy-induced reinvigoration, and pre-
dict responsiveness to checkpoint blockade or epi-
genetic modulators. Translation of these tools into
clinical workflows could permit dynamic, patient-
specific treatment adaptation, early detection of
therapeutic resistance, and identification of optimal
windows for reversal of exhaustion. The conver-
gence of spectroscopy, epigenetics, immunotherapy,
and computational intelligence thus offers a trans-
formative framework that moves beyond passive
observation toward active reshaping of the GBM
immune ecosystem, ultimately enabling precision-
guided immuno-oncology interventions.

ABBREVIATIONS

ATAC-seq: Assay for Transposase-Accessible Chro-
matin using sequencing; BET: Bromodomain and
CNS: Central Nervous
System; CSF: Cerebrospinal Fluid; CUT&Tag:
Cleavage Under Targets and Tagmentation; ChIP-

Extra-Terminal domain;

seq:
ing;
Extracellular Acidification Rate;

Chromatin Immunoprecipitation sequenc-
DNMT: DNA Methyltransferase; ECAR:
FTIR: Fourier-
Transform Infrared Spectroscopy; GBM: Glioblas-
toma Multiforme; HDAC: Histone Deacetylase;
HSI: Hyperspectral Imaging; ICIl: Immune Check-
point Inhibitor; IFN-y:
Interleukin; MSI: Mass Spectrometry Imaging;
NAD*/NADH: Nicotinamide Adenine Dinucleotide
(oxidized/reduced); NMR: Nuclear Magnetic Res-
PD-1: Programmed Cell Death Protein
1; PRC2: Polycomb Repressive Complex 2; ROS:
Reactive Oxygen Species; SERS: Surface-Enhanced

Interferon-gamma; IL:

onance;

Raman Spectroscopy; SEI: Spectral Exhaustion In-
dex; TAM: Tumor-Associated Macrophage; TCR: T
Cell Receptor; Tex: Exhausted T Cell; TIDE: Tumor
Immune Dysfunction and Exclusion; TIL: Tumor-
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ity Group Box; scRNA-seq: Single-Cell RNA Se-
quencing

ACKNOWLEDGMENTS

None.

Author’s contributions

As a sole author, | confirm that | have conceived the
study, designed the methodology, conducted the re-
search, created all the illustrations independently,
analysed the data, and wrote the manuscript. | also
affirm full responsibility for all aspects of the work,

ensuring the integrity and accuracy of the study.

Funding

None.

Availability of data and materials

Not applicable.

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

7775



Biomedical Research and Therapy 2025, 12(10):7764-7780

Declaration of generative Al and
Al-assisted technologies in the writing
process

Al-assisted tools were used solely for language

refinement of select sections (Abstract, Introduc-

tion, Discussion). All scientific content, conceptual

framing, data interpretation, and figure design re-

main the authors’ own. Full responsibility for the

manuscript content is retained by the authors.

Competing interests

The authors declare that they have no competing in-

terests.

REFERENCES

1.

Vasilev A, Sofi R, Rahman R, Smith SJ, Teschemacher AG, Kas-
parov S. Using light for therapy of glioblastoma multiforme
(GBM). Brain Sci. 2020 Jan;10(2):75. PMID: 32024010. Avail-
able from: https://doi.org/10.3390/brainsci10020075.

Yu MW, Quail DF. Immunotherapy for glioblastoma: current
progress and challenges. Front Immunol. 2021 May;12:676301.
PMID: 34054867. Available from: https://doi.org/10.3389/
fimmu.2021.676301.

Yuan B, Wang G, Tang X, Tong A, Zhou L.
apy of glioblastoma: recent advances and future prospects.
Hum Vaccin Immunother. 2022 Nov;18(5):2055417. PMID:
35344682. Available from: https://doi.org/10.1080/21645515.
2022.2055417.

Wang Q, Qin Y, Li B. CD8+ T cell exhaustion and cancer
immunotherapy. Cancer Lett. 2023 Apr;559:216043. PMID:
36584935.  Available from: https://doi.org/10.1016/j.canlet.
2022.216043.

Arnesen VS, Gras Navarro A, Chekenya M. Challenges
and prospects for designer T and NK cells in glioblas-
toma immunotherapy. Cancers (Basel). 2021 Oct;13(19):4986.
PMID: 34638471. Available from: https://doi.org/10.3390/
cancers13194986.

Wang H, Zhou H, Xu J, Lu Y, Ji X, Yao Y, et al. Different
T-cell subsets in glioblastoma multiforme and targeted im-
munotherapy. Cancer Lett. 2021 Jan;496:134-143. PMID:
33022290. Available from: https://doi.org/10.1016/j.canlet.
2020.09.028.

Belk JA, Daniel B, Satpathy AT. Epigenetic regulation of T
cell exhaustion. Nat Immunol. 2022 Jun;23(6):848-860. PMID:
35624210.  Available from: https://doi.org/10.1038/s41590-
022-01224-z.

Lee J, Nicosia M, Hong ES, Silver DJ, Li C, Bayik D, et al.
Sex-biased T-cell exhaustion drives differential immune re-

Immunother-

sponses in glioblastoma. Cancer Discov. 2023 Sep;13(9):2090—
2105. PMID: 37378557. Available from: https://doi.org/10.
1158/2159-8290.CD-22-0869.

Chen D, Wang M, Guo Y, Wu W, Ji X, Dou X, et al. An aberrant
DNA methylation signature for predicting the prognosis of
head and neck squamous cell carcinoma. Cancer Med. 2021
Sep;10(17):5936-5947. PMID: 34313009. Available from: https:
//doi.org/10.1002/cam4.4142.

Wang S, Xiong Y, Zhao L, Gu K, Li Y, Zhao F, et al. UC-
SCXenaShiny: an R/CRAN package for interactive analy-
sis of UCSC Xena data. Bioinformatics. 2022 Jan;38(2):527—
529. PMID: 34323947. Available from: https://doi.org/10.1093/
bioinformatics/btab561.

Pizzimenti C, Fiorentino V, Franchina M, Martini M, Giuf-
fre G, Lentini M, et al. Autophagic-Related Proteins in Brain
Gliomas: Role, Mechanisms, and Targeting Agents. Cancers
(Basel). 2023 May;15(9):2622. PMID: 37174088. Available from:
https://doi.org/10.3390/cancers15092622.

12

20.

21.

22.

23.

24.

25.

Sampson JH, Gunn MD, Fecci PE, Ashley DM. Brain im-
munology and immunotherapy in brain tumours. Nat Rev
Cancer. 2020 Jan;20(1):12-25. PMID: 31806885. Available from:
https://doi.org/10.1038/s41568-019-0224-7.

. ZhangZ,Chen L, Chen H, Zhao J, Li K, Sun J, et al. Pan-cancer

landscape of T-cell exhaustion heterogeneity within the tu-
mor microenvironment revealed a progressive roadmap of hi-
erarchical dysfunction associated with prognosis and thera-
peutic efficacy. EBioMedicine. 2022 Sep;83:104207. PMID:
35961204.  Available from: https://doi.org/10.1016/j.ebiom.
2022.104207.

. Mathewson ND, Ashenberg O, Tirosh I, Gritsch S, Perez

EM, Marx S, et al. Inhibitory CD161 receptor identified in
glioma-infiltrating T cells by single-cell analysis. Cell. 2021
Mar;184(5):1281-1298.€26. PMID: 33592174. Available from:
https://doi.org/10.1016/j.cell.2021.01.022.

. Garrett MC, Albano R, Carnwath T, Elahi L, Behrmann CA,

Pemberton M, et al. HDAC1 and HDAC6 are essential
for driving growth in IDH1 mutant glioma. Sci Rep. 2023
Aug;13(1):12433.  PMID: 37528157. Available from: https:
//doi.org/10.1038/s41598-023-33889-3.

. Wen PY, Packer R). The 2021 WHO Classification of Tumors

of the Central Nervous System: clinical implications. Neuro
Oncol. 2021 Aug;23(8):1215-1217. PMID: 34185090. Available
from: https://doi.org/10.1093/neuonc/noab120.

Boyd NH, Tran AN, Bernstock JD, Etminan T, Jones AB, Gille-
spie GY, et al. Glioma stem cells and their roles within
the hypoxic tumor microenvironment. Theranostics. 2021
Jan;11(2):665-683. PMID: 33391498. Available from: https:
//doi.org/10.7150/thno.41692.

. McClellan BL, Haase S, Nunez FJ, Alghamri MS, Dabaja AA,

Lowenstein PR, et al. Impact of epigenetic reprogramming on
antitumor immune responses in glioma. ] Clin Invest. 2023
Jan;133(2):2. PMID: 36647827. Available from: https://doi.org/
10.1172/)JC1163450.

. Shahzad U, Nikolopoulos M, Li C, Johnston M, Wang JJ,

Sabha N, et al. CASCADES, a novel SOX2 super-enhancer-
associated long noncoding RNA, regulates cancer stem cell
specification and differentiation in glioblastoma. Mol On-
col. 2025 Mar;19(3):764-784. PMID: 39323013. Available from:
https://doi.org/10.1002/1878-0261.13735.

Bernstock JD, Gary SE, Klinger N, Valdes PA, Ibn Essayed W,
Olsen HE, et al. Standard clinical approaches and emerging
modalities for glioblastoma imaging. Neurooncol Adv. 2022
May;4(1):vdac080. PMID: 35821676. Available from: https:
//doi.org/10.1093/noajnl/vdac080.

Wen PY, Stein A, van den Bent M, De Greve J, Wick A,
de Vos FY, et al. Dabrafenib plus trametinib in patients
with BRAFV600E-mutant low-grade and high-grade glioma
(ROAR): a multicentre, open-label, single-arm, phase 2, bas-
ket trial. Lancet Oncol. 2022 Jan;23(1):53-64. PMID: 34838156.
Available from: https://doi.org/10.1016/S1470-2045(21)00578-
7.

Sonabend AM, Gould A, Amidei C, Ward R, Schmidt KA,
Zhang DY, et al. Repeated blood-brain barrier opening with
an implantable ultrasound device for delivery of albumin-
bound paclitaxel in patients with recurrent glioblastoma: a
phase 1 trial. Lancet Oncol. 2023 May;24(5):509-522. PMID:
37142373.  Available from: https://doi.org/10.1016/S1470-
2045(23)00112-2.

McNamara C, Mankad K, Thust S, Dixon L, Limback-Stanic
C, D’Arco F, et al. 2021 WHO classification of tumours of
the central nervous system: a review for the neuroradiologist.
Neuroradiology. 2022 Oct;64(10):1919-1950. PMID: 35869291.
Available from: https://doi.org/10.1007/500234-022-03008-6.
Nayak C, Singh SK. Integrated Transcriptome Profiling
Identifies Prognostic Hub Genes as Therapeutic Targets of
Glioblastoma: Evidenced by Bioinformatics Analysis. ACS
Omega. 2022 Jun;7(26):22531-22550. PMID: 35811900. Avail-
able from: https://doi.org/10.1021/acsomega.2c01820.

Wu H, Guo C, Wang C, Xu J, Zheng S, Duan J, et al. Single-cell

7776


https://www.ncbi.nlm.nih.gov/pubmed/32024010
https://doi.org/10.3390/brainsci10020075
https://www.ncbi.nlm.nih.gov/pubmed/34054867
https://doi.org/10.3389/fimmu.2021.676301
https://doi.org/10.3389/fimmu.2021.676301
https://www.ncbi.nlm.nih.gov/pubmed/35344682
https://doi.org/10.1080/21645515.2022.2055417
https://doi.org/10.1080/21645515.2022.2055417
https://www.ncbi.nlm.nih.gov/pubmed/36584935
https://doi.org/10.1016/j.canlet.2022.216043
https://doi.org/10.1016/j.canlet.2022.216043
https://www.ncbi.nlm.nih.gov/pubmed/34638471
https://doi.org/10.3390/cancers13194986
https://doi.org/10.3390/cancers13194986
https://www.ncbi.nlm.nih.gov/pubmed/33022290
https://doi.org/10.1016/j.canlet.2020.09.028
https://doi.org/10.1016/j.canlet.2020.09.028
https://www.ncbi.nlm.nih.gov/pubmed/35624210
https://doi.org/10.1038/s41590-022-01224-z
https://doi.org/10.1038/s41590-022-01224-z
https://www.ncbi.nlm.nih.gov/pubmed/37378557
https://doi.org/10.1158/2159-8290.CD-22-0869
https://doi.org/10.1158/2159-8290.CD-22-0869
https://www.ncbi.nlm.nih.gov/pubmed/34313009
https://doi.org/10.1002/cam4.4142
https://doi.org/10.1002/cam4.4142
https://www.ncbi.nlm.nih.gov/pubmed/34323947
https://doi.org/10.1093/bioinformatics/btab561
https://doi.org/10.1093/bioinformatics/btab561
https://www.ncbi.nlm.nih.gov/pubmed/37174088
https://doi.org/10.3390/cancers15092622
https://www.ncbi.nlm.nih.gov/pubmed/31806885
https://doi.org/10.1038/s41568-019-0224-7
https://www.ncbi.nlm.nih.gov/pubmed/35961204
https://doi.org/10.1016/j.ebiom.2022.104207
https://doi.org/10.1016/j.ebiom.2022.104207
https://www.ncbi.nlm.nih.gov/pubmed/33592174
https://doi.org/10.1016/j.cell.2021.01.022
https://www.ncbi.nlm.nih.gov/pubmed/37528157
https://doi.org/10.1038/s41598-023-33889-3
https://doi.org/10.1038/s41598-023-33889-3
https://www.ncbi.nlm.nih.gov/pubmed/34185090
https://doi.org/10.1093/neuonc/noab120
https://www.ncbi.nlm.nih.gov/pubmed/33391498
https://doi.org/10.7150/thno.41692
https://doi.org/10.7150/thno.41692
https://www.ncbi.nlm.nih.gov/pubmed/36647827
https://doi.org/10.1172/JCI163450
https://doi.org/10.1172/JCI163450
https://www.ncbi.nlm.nih.gov/pubmed/39323013
https://doi.org/10.1002/1878-0261.13735
https://www.ncbi.nlm.nih.gov/pubmed/35821676
https://doi.org/10.1093/noajnl/vdac080
https://doi.org/10.1093/noajnl/vdac080
https://www.ncbi.nlm.nih.gov/pubmed/34838156
https://doi.org/10.1016/S1470-2045(21)00578-7
https://doi.org/10.1016/S1470-2045(21)00578-7
https://www.ncbi.nlm.nih.gov/pubmed/37142373
https://doi.org/10.1016/S1470-2045(23)00112-2
https://doi.org/10.1016/S1470-2045(23)00112-2
https://www.ncbi.nlm.nih.gov/pubmed/35869291
https://doi.org/10.1007/s00234-022-03008-6
https://www.ncbi.nlm.nih.gov/pubmed/35811900
https://doi.org/10.1021/acsomega.2c01820

Biomedical Research and Therapy 2025, 12(10):7764-7780

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

RNA sequencing reveals tumor heterogeneity, microenviron-
ment, and drug-resistance mechanisms of recurrent glioblas-
toma. Cancer Sci. 2023 Jun;114(6):2609-2621. PMID: 36853018.
Available from: https://doi.org/10.1111/cas.15773.

Smith HL, Wadhwani N, Horbinski C. Major Features of the
2021 WHO Classification of CNS Tumors. Neurotherapeutics.
2022 Oct;19(6):1691-1704. PMID: 35578106. Available from:
https://doi.org/10.1007/s13311-022-01249-0.

Osborn AG, Louis DN, Poussaint TY, Linscott LL, Salzman
KL. The 2021 World Health Organization Classification of Tu-
mors of the Central Nervous System: What Neuroradiologists
Need to Know. AJNR Am J Neuroradiol. 2022 Jul;43(7):928—
937. PMID: 35710121. Available from: https://doi.org/10.3174/
ajnr.A7462.

Amirmahani F, Kumar S, Muthukrishnan SD. Epige-
netic mechanisms of plasticity and resistance in glioblas-
toma: therapeutic targets and implications. Front Epigenet
Epigenom. 2025;3:1519449. Available from: https://doi.org/10.
3389/freae.2025.1519449.

Bedics G, Szbke P, Batai B, Nagy T, Papp G, Kranitz N, et al.
Novel, clinically relevant genomic patterns identified by com-
prehensive genomic profiling in ATRX-deficient IDH-wildtype
adult high-grade gliomas. Sci Rep. 2023 Oct;13(1):18436.
PMID: 37891325. Available from: https://doi.org/10.1038/
541598-023-45786-w.

Zhang L, Fritah S, Nazarov PV, Kaoma T, Van Dyck E. Impact
of IDH Mutations, the 1p/19q Co-Deletion and the G-CIMP
Status on Alternative Splicing in Diffuse Gliomas. Int ] Mol
Sci. 2023 Jun;24(12):9825. PMID: 37372972. Available from:
https://doi.org/10.3390/ijms24129825.

Shahani A, Slika H, Elbeltagy A, Lee A, Peters C, Dotson T,
et al. The epigenetic mechanisms involved in the treatment
resistance of glioblastoma. Cancer Drug Resist. 2025 Mar;8:12.
PMID: 40201311. Available from: https://doi.org/10.20517/cdr.
2024.157.

Uddin MS, Mamun AA, Alghamdi BS, Tewari D, Jeandet P,
Sarwar MS, et al. Epigenetics of glioblastoma multiforme:
from molecular mechanisms to therapeutic approaches.
Semin Cancer Biol. 2022 Aug;83:100-120. PMID: 33370605.
Available from: https://doi.org/10.1016/j.semcancer.2020.12.
015.

Zhao J, Cui X, Zhan Q, Zhang K, Su D, Yang S, et al. CRISPR-
Cas9 library screening combined with an exosome-targeted
delivery system addresses tumorigenesis/TMZ resistance in
the mesenchymal subtype of glioblastoma. Theranostics.
2024 Apr;14(7):2835-2855. PMID: 38773970. Available from:
https://doi.org/10.7150/thno.92703.

Mitchell K, Sprowls SA, Arora S, Shakya S, Silver DJ, Goins
CM, et al. WDRS5 represents a therapeutically exploitable
target for cancer stem cells in glioblastoma.
2023 Feb;37(3-4):86-102. PMID: 36732025. Available from:
https://doi.org/10.1101/gad.349803.122.

Sharma P, Allison JP. Dissecting the mechanisms of immune
checkpoint therapy. Nat Rev Immunol. 2020 Feb;20(2):75—
76. PMID: 31925406. Available from: https://doi.org/10.1038/
s41577-020-0275-8.

Paidi SK, Rodriguez Troncoso J, Raj P, Monterroso Diaz P,
Ivers D, Lee DE, et al. Raman spectroscopy and machine
learning reveal early tumor microenvironmental changes in-
duced by immunotherapy. Cancer Res. 2021 Nov;81(22):5745—
5755. PMID: 34645610. Available from: https://doi.org/10.
1158/0008-5472.CAN-21-1438.

Totpa B, Depciuch J, Jakubczyk P, Paja W, Pancerz K,
Wosiak A, et al. Fourier transform infrared spectroscopic
marker of glioblastoma obtained from machine learning and
changes in the spectra. Photodiagnosis Photodyn Ther. 2023
Jun;42:103550. PMID: 37024000. Available from: https://doi.
org/10.1016/j.pdpdt.2023.103550.

Nam HJ, Kim YE, Moon BS, Kim HY, Jung D, Choi S,
et al. Azathioprine antagonizes aberrantly elevated lipid
metabolism and induces apoptosis in glioblastoma. iScience.

Genes Dev.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

2021 Feb;24(3):102238. PMID: 33748720. Available from: https:
//doi.org/10.1016/j.isci.2021.102238.

Wu X, Geng F, Cheng X, Guo Q, Zhong Y, Cloughesy TF, et al.
Lipid Droplets Maintain Energy Homeostasis and Glioblas-
toma Growth via Autophagic Release of Stored Fatty Acids.
iScience. 2020 Sep;23(10):101569. PMID: 33083736. Available
from: https://doi.org/10.1016/j.isci.2020.101569.

Du J, Su Y, Qian C, Yuan D, Miao K, Lee D, et al. Raman-
guided subcellular pharmaco-metabolomics for metastatic
melanoma cells. Nat Commun. 2020 Sep;11(1):4830. PMID:
32973134.  Available from: https://doi.org/10.1038/s41467-
020-18376-x.

Lee HJ, Chen Z, Collard M, Chen F, Chen JG, Wu M, et al.
Multimodal Metabolic Imaging Reveals Pigment Reduction
and Lipid Accumulation in Metastatic Melanoma. BME Front.
2021 Oct;p. 9860123. PMID: 37849907. Available from: https:
//doi.org/10.34133/2021/9860123.

Louis DN, Perry A, Wesseling P, Brat D), Cree IA, Figarella-
Branger D, et al. The 2021 WHO Classification of Tumors
of the Central Nervous System: a summary. Neuro Oncol.
2021 Aug;23(8):1231-1251. PMID: 34185076. Available from:
https://doi.org/10.1093/neuonc/noab106.

Chang CM, Ramesh KK, Huang V, Gurbani S, Kleinberg
LR, Weinberg BD, et al. Mutant Isocitrate Dehydrogenase
1 Expression Enhances Response of Gliomas to the His-
tone Deacetylase Inhibitor Belinostat. Tomography. 2023
May;9(3):942-954. PMID: 37218937. Available from: https:
//doi.org/10.3390/tomography9030077.

Nakagawa-Saito Y, Saitoh S, Mitobe Y, Sugai A, Togashi K,
Suzuki S, et al. HDAC Class | Inhibitor Domatinostat Prefer-
entially Targets Glioma Stem Cells over Their Differentiated
Progeny. Int ] Mol Sci. 2022 Jul;23(15):8084. PMID: 35897656.
Available from: https://doi.org/10.3390/ijms23158084.

Yu T, Zhou F, Tian W, Xu R, Wang B, Zeng A, et al. EZH2 in-
teracts with HP1BP3 to epigenetically activate WNT7B that
promotes temozolomide resistance in glioblastoma. Onco-
gene. 2023 Feb;42(6):461-470. PMID: 36517590.
from: https://doi.org/10.1038/541388-022-02570-w.
Pang F, Zhang L, Li M, Yi X, Wang Y, Yang P, et al. Ribosomal
S6 protein kinase 4 promotes resistance to EZH2 inhibitors
in glioblastoma. Cancer Gene Ther. 2023 Dec;30(12):1636—
1648. PMID: 37726387. Available from: https://doi.org/10.
1038/541417-023-00666-3.

Laskowska P, Borek-Dorosz A, Nowakowska AM, Kurtz E,
Szydtowski M, Juszczynski P, et al. P1374:
troscopy studies of immune response elements. HemaSphere.
2023;7(8 Suppl):e3122415. Available from: https://doi.org/10.
1097/01.HS9.0000972384.31224.15.

Gao X, Liu Y, Hong S, Yang H, Guan B, Ma X. PLEKHA4 is
Associated with Tumour Microenvironment, Stemness, Pro-
liferation and Poor Prognosis of Gliomas. ) Integr Neurosci.
2023 Aug;22(5):135. PMID: 37735118. Available from: https:
//doi.org/10.31083/].jin2205130.

Lucas CG, Sloan EA, Gupta R, Wu J, Pratt D, Vasudevan HN,
et al. Multiplatform molecular analyses refine classification
of gliomas arising in patients with neurofibromatosis type 1.
Acta Neuropathol. 2022 Oct;144(4):747-765. PMID: 35945463.
Available from: https://doi.org/10.1007/s00401-022-02478-5.
Ltd H. DuoScanTM Macro and Sub-Micron Raman Mapping.
2021;Available from: https://www.horiba.com/uk/scientific/
products/raman-spectroscopy/raman-imaging/duoscan/.
Bhutada I, Khambati F, Cheng SY, Tiek DM, Duckett D,
Lawrence H, et al. CDK7 and CDK9 inhibition interferes
with transcription, translation, and stemness, and induces cy-
totoxicity in GBM irrespective of temozolomide sensitivity.
Neuro Oncol. 2024 Jan;26(1):70-84. PMID: 37551745. Avail-
able from: https://doi.org/10.1093/neuonc/noad143.

Xu C, Chen G, Yu B, Sun B, Zhang Y, Zhang M, et al. TRIM24
Cooperates with Ras Mutation to Drive Glioma Progres-
sion through snoRNA Recruitment of PHAX and DNA-PKcs.
Adv Sci (Weinh). 2024 Aug;11(29):€2400023. PMID: 38828688.

Available

raman spec-

7777


https://www.ncbi.nlm.nih.gov/pubmed/36853018
https://doi.org/10.1111/cas.15773
https://www.ncbi.nlm.nih.gov/pubmed/35578106
https://doi.org/10.1007/s13311-022-01249-0
https://www.ncbi.nlm.nih.gov/pubmed/35710121
https://doi.org/10.3174/ajnr.A7462
https://doi.org/10.3174/ajnr.A7462
https://doi.org/10.3389/freae.2025.1519449
https://doi.org/10.3389/freae.2025.1519449
https://www.ncbi.nlm.nih.gov/pubmed/37891325
https://doi.org/10.1038/s41598-023-45786-w
https://doi.org/10.1038/s41598-023-45786-w
https://www.ncbi.nlm.nih.gov/pubmed/37372972
https://doi.org/10.3390/ijms24129825
https://www.ncbi.nlm.nih.gov/pubmed/40201311
https://doi.org/10.20517/cdr.2024.157
https://doi.org/10.20517/cdr.2024.157
https://www.ncbi.nlm.nih.gov/pubmed/33370605
https://doi.org/10.1016/j.semcancer.2020.12.015
https://doi.org/10.1016/j.semcancer.2020.12.015
https://www.ncbi.nlm.nih.gov/pubmed/38773970
https://doi.org/10.7150/thno.92703
https://www.ncbi.nlm.nih.gov/pubmed/36732025
https://doi.org/10.1101/gad.349803.122
https://www.ncbi.nlm.nih.gov/pubmed/31925406
https://doi.org/10.1038/s41577-020-0275-8
https://doi.org/10.1038/s41577-020-0275-8
https://www.ncbi.nlm.nih.gov/pubmed/34645610
https://doi.org/10.1158/0008-5472.CAN-21-1438
https://doi.org/10.1158/0008-5472.CAN-21-1438
https://www.ncbi.nlm.nih.gov/pubmed/37024000
https://doi.org/10.1016/j.pdpdt.2023.103550
https://doi.org/10.1016/j.pdpdt.2023.103550
https://www.ncbi.nlm.nih.gov/pubmed/33748720
https://doi.org/10.1016/j.isci.2021.102238
https://doi.org/10.1016/j.isci.2021.102238
https://www.ncbi.nlm.nih.gov/pubmed/33083736
https://doi.org/10.1016/j.isci.2020.101569
https://www.ncbi.nlm.nih.gov/pubmed/32973134
https://doi.org/10.1038/s41467-020-18376-x
https://doi.org/10.1038/s41467-020-18376-x
https://www.ncbi.nlm.nih.gov/pubmed/37849907
https://doi.org/10.34133/2021/9860123
https://doi.org/10.34133/2021/9860123
https://www.ncbi.nlm.nih.gov/pubmed/34185076
https://doi.org/10.1093/neuonc/noab106
https://www.ncbi.nlm.nih.gov/pubmed/37218937
https://doi.org/10.3390/tomography9030077
https://doi.org/10.3390/tomography9030077
https://www.ncbi.nlm.nih.gov/pubmed/35897656
https://doi.org/10.3390/ijms23158084
https://www.ncbi.nlm.nih.gov/pubmed/36517590
https://doi.org/10.1038/s41388-022-02570-w
https://www.ncbi.nlm.nih.gov/pubmed/37726387
https://doi.org/10.1038/s41417-023-00666-3
https://doi.org/10.1038/s41417-023-00666-3
https://doi.org/10.1097/01.HS9.0000972384.31224.15
https://doi.org/10.1097/01.HS9.0000972384.31224.15
https://www.ncbi.nlm.nih.gov/pubmed/37735118
https://doi.org/10.31083/j.jin2205130
https://doi.org/10.31083/j.jin2205130
https://www.ncbi.nlm.nih.gov/pubmed/35945463
https://doi.org/10.1007/s00401-022-02478-5
https://www.horiba.com/uk/scientific/products/raman-spectroscopy/raman-imaging/duoscan/
https://www.horiba.com/uk/scientific/products/raman-spectroscopy/raman-imaging/duoscan/
https://www.ncbi.nlm.nih.gov/pubmed/37551745
https://doi.org/10.1093/neuonc/noad143
https://www.ncbi.nlm.nih.gov/pubmed/38828688

Biomedical Research and Therapy 2025, 12(10):7764-7780

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Available from: https://doi.org/10.1002/advs.202400023.
Ralbovsky NM, Lednev IK. Towards development of a novel
universal medical diagnostic method: Raman spectroscopy
and machine learning. Chem Soc Rev. 2020 Oct;49(20):7428—
7453. PMID: 32996518. Available from: https://doi.org/10.
1039/D0CS01019G.

Auner GW, Koya SK, Huang C, Broadbent B, Trexler M, Auner
Z, et al. Applications of Raman spectroscopy in cancer diag-
nosis. Cancer Metastasis Rev. 2018 Dec;37(4):691-717. PMID:
30569241.  Available from: https://doi.org/10.1007/s10555-
018-9770-9.

Cutshaw G, Uthaman S, Hassan N, Kothadiya S, Wen X,
Bardhan R, et al. The Emerging Role of Raman Spec-
troscopy as an Omics Approach for Metabolic Profiling and
Biomarker Detection toward Precision Medicine. Chem Rev.
2023 Jul;123(13):8297-8346. PMID: 37318957. Available from:
https://doi.org/10.1021/acs.chemrev.2c00897.

Laskowska P, Borek-Dorosz A, Nowakowska AM, Zolyniak
A, Kurtz E, Szydlowski M, et al. Raman spectroscopy imag-
ing in evaluation of immune cells activation status. Blood.
2023;142(Suppl 1):7157.  Available from: https://doi.org/10.
1182/blood-2023-190418.

Ready NE, Audigier-Valette C, Goldman JW, Felip E, Ciuleanu
TE, Rosario Garcia Campelo M, et al. First-line nivolumab
plus ipilimumab for metastatic non-small cell lung cancer, in-
cluding patients with ECOG performance status 2 and other
special populations: CheckMate 817. ) Immunother Can-
cer. 2023 Feb;11(2):e006127. PMID: 36725084. Available from:
https://doi.org/10.1136/jitc-2022-006127.

Tawbi HA, Boutros C, Kok D, Robert C, McArthur G. New
Era in the management of melanoma brain metastases. Am
Soc Clin Oncol Educ Book. 2018 May;38:741-750. PMID:
30231345.  Available from: https://doi.org/10.1200/EDBK _
200819.

Omuro A, Brandes AA, Carpentier AF, Idbaih A, Reardon DA,
Cloughesy T, et al. Radiotherapy combined with nivolumab
or temozolomide for newly diagnosed glioblastoma with un-
methylated MGMT promoter: an international randomized
phase Ill trial. Neuro Oncol. 2023 Jan;25(1):123-134. PMID:
35419607. Available from: https://doi.org/10.1093/neuonc/
noac099.

Simonds EF, Lu ED, Badillo O, Karimi S, Liu EV, Tamaki
W, et al Deep immune profiling reveals targetable
mechanisms of immune evasion in immune checkpoint
inhibitor-refractory glioblastoma. ) Immunother Cancer. 2021
Jun;9(6):e002181.  PMID: 34083417. Available from: https:
//doi.org/10.1136/jitc-2020-002181.

Di Giacomo AM, Mair M), Ceccarelli M, Anichini A, Ibrahim
R, Weller M, et al. Immunotherapy for brain metastases and
primary brain tumors. Eur J Cancer. 2023 Jan;179:113-120.
PMID: 36521332. Available from: https://doi.org/10.1016/j.
ejca.2022.11.012.

McClellan BL, Haase S, Nunez FJ, Alghamri MS, Dabaja AA,
Lowenstein PR, et al. Impact of epigenetic reprogramming on
antitumor immune responses in glioma. ] Clin Invest. 2023
Jan;133(2):¢163450. PMID: 36647827. Available from: https:
//doi.org/10.1172/JC1163450.

Ma R, Rei M, Woodhouse |, Ferris K, Kirschner S, Chan-
dran A, et al. Decitabine increases neoantigen and cancer
testis antigen expression to enhance T-cell-mediated toxicity
against glioblastoma. Neuro Oncol. 2022 Dec;24(12):2093—
2106. PMID: 35468205. Available from: https://doi.org/10.
1093/neuonc/noac107.

Belotti Y, Tolomeo S, Yu R, Lim WT, Lim CT. Prognostic neu-
rotransmitter receptors genes are associated with immune
response, inflammation and cancer hallmarks in brain tu-
mors. Cancers (Basel). 2022 May;14(10):2544. PMID: 35626148.
Available from: https://doi.org/10.3390/cancers14102544.
Wang Y, Wang X, Wang X, Wu D, Qi J, Zhang Y, et al.
Imipramine impedes glioma progression by inhibiting YAP
as a Hippo pathway independent manner and synergizes

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

with temozolomide. ] Cell Mol Med. 2021 Oct;25(19):9350—
9363. PMID: 34469035. Available from: https://doi.org/10.
1111/jemm.16874.

Garcia-Fabiani MB, Haase S, Comba A, Carney S, McClellan
B, Banerjee K, et al. Genetic alterations in gliomas remodel
the tumor immune microenvironment and impact immune-
mediated therapies. Front Oncol. 2021 Jun;11:631037. PMID:
34168976. Available from: https://doi.org/10.3389/fonc.2021.
631037.

Komori T. Grading of adult diffuse gliomas according to the
2021 WHO Classification of Tumors of the Central Nervous
System. Lab Invest. 2022 Feb;102(2):126-133. PMID: 34504304.
Available from: https://doi.org/10.1038/s41374-021-00667-6.
Mohme M, Neidert MC. Tumor-specific T cell activation in
malignant brain tumors. Front Immunol. 2020 Feb;11:205.
PMID: 32117316.  Available from: https://doi.org/10.3389/
fimmu.2020.00205.

Lofiego MF, Cannito S, Fazio C, Piazzini F, Cutaia O,
Solmonese L, et al.  Epigenetic immune remodeling of
mesothelioma cells: a new strategy to improve the effi-
cacy of immunotherapy. Epigenomes. 2021 Dec;5(4):27.
PMID: 34968251.  Available from: https://doi.org/10.3390/
epigenomes5040027.

Anichini A, Molla A, Nicolini G, Perotti VE, Sgambelluri F,
Covre A, et al. Landscape of immune-related signatures
induced by targeting of different epigenetic regulators in
melanoma: implications for immunotherapy. J Exp Clin Can-
cer Res. 2022 Nov;41(1):325. PMID: 36397155.

Zhang Z, Shen X, Tan Z, Mei Y, Lu T, Ji Y, et al. Interferon
gamma-related gene signature based on anti-tumor immu-
nity predicts glioma patient prognosis. Front Genet. 2023
Jan;13:1053263.  PMID: 36712869. Available from: https:
//doi.org/10.3389/fgene.2022.1053263.

Wang H, Zhou H, Xu J, Lu Y, Ji X, Yao Y, et al. Different
T-cell subsets in glioblastoma multiforme and targeted im-
munotherapy. Cancer Lett. 2021 Jan;496:134-143. PMID:
33022290. Available from: https://doi.org/10.1016/j.canlet.
2020.09.028.

Simonds EF, Lu ED, Badillo O, Karimi S, Liu EV, Tamaki
W, et al Deep immune profiling reveals targetable
mechanisms of immune evasion in immune checkpoint
inhibitor-refractory glioblastoma. ] Immunother Cancer. 2021
Jun;9(6):€002181.  PMID: 34083417. Available from: https:
//doi.org/10.1136/jitc-2020-002181.

Mehani B, Asanigari S, Chung HJ, Dazelle K, Singh A, Han-
nenhalli S, et al. Immune cell gene expression signatures in
diffuse glioma are associated with IDH mutation status, pa-
tient outcome and malignant cell state, and highlight the im-
portance of specific cell subsets in glioma biology. Acta Neu-
ropathol Commun. 2022;10(1):19. PMID: 35144680. Available
from: https://doi.org/10.1186/540478-022-01323-w.

Smith HL, Wadhwani N, Horbinski C. Major Features of the
2021 WHO Classification of CNS Tumors. Neurotherapeutics.
2022;19(6):1691-704. PMID: 35578106. Available from: https:
//doi.org/10.1007/s13311-022-01249-0.

Hwang YK, Lee DH, Lee EC, Oh JS. Importance of Autophagy
Regulation in Glioblastoma with Temozolomide Resistance.
Cells. 2024;13(16):1332.  PMID: 39195222.
https://doi.org/10.3390/cells 13161332.
Dapash M, Hou D, Castro B, Lee-Chang C, Lesniak MS. The
interplay between glioblastoma and its microenvironment.
Cells. 2021 Aug;10(9):2257. PMID: 34571905. Available from:
https://doi.org/10.3390/cells 10092257.

Yu MW, Quail DF. Immunotherapy for glioblastoma: current
progress and challenges. Front Immunol. 2021 May;12:676301.
PMID: 34054867. Available from: https://doi.org/10.3389/
fimmu.2021.676301.

Sampson JH, Gunn MD, Fecci PE, Ashley DM. Brain im-
munology and immunotherapy in brain tumours. Nat Rev
Cancer. 2020 Jan;20(1):12-25. PMID: 31806885.

Kilian M, Sheinin R, Tan CL, Friedrich M, Kramer C, Kaminitz

Available from:

7778


https://doi.org/10.1002/advs.202400023
https://www.ncbi.nlm.nih.gov/pubmed/32996518
https://doi.org/10.1039/D0CS01019G
https://doi.org/10.1039/D0CS01019G
https://www.ncbi.nlm.nih.gov/pubmed/30569241
https://doi.org/10.1007/s10555-018-9770-9
https://doi.org/10.1007/s10555-018-9770-9
https://www.ncbi.nlm.nih.gov/pubmed/37318957
https://doi.org/10.1021/acs.chemrev.2c00897
https://doi.org/10.1182/blood-2023-190418
https://doi.org/10.1182/blood-2023-190418
https://www.ncbi.nlm.nih.gov/pubmed/36725084
https://doi.org/10.1136/jitc-2022-006127
https://www.ncbi.nlm.nih.gov/pubmed/30231345
https://doi.org/10.1200/EDBK_200819
https://doi.org/10.1200/EDBK_200819
https://www.ncbi.nlm.nih.gov/pubmed/35419607
https://doi.org/10.1093/neuonc/noac099
https://doi.org/10.1093/neuonc/noac099
https://www.ncbi.nlm.nih.gov/pubmed/34083417
https://doi.org/10.1136/jitc-2020-002181
https://doi.org/10.1136/jitc-2020-002181
https://www.ncbi.nlm.nih.gov/pubmed/36521332
https://doi.org/10.1016/j.ejca.2022.11.012
https://doi.org/10.1016/j.ejca.2022.11.012
https://www.ncbi.nlm.nih.gov/pubmed/36647827
https://doi.org/10.1172/JCI163450
https://doi.org/10.1172/JCI163450
https://www.ncbi.nlm.nih.gov/pubmed/35468205
https://doi.org/10.1093/neuonc/noac107
https://doi.org/10.1093/neuonc/noac107
https://www.ncbi.nlm.nih.gov/pubmed/35626148
https://doi.org/10.3390/cancers14102544
https://www.ncbi.nlm.nih.gov/pubmed/34469035
https://doi.org/10.1111/jcmm.16874
https://doi.org/10.1111/jcmm.16874
https://www.ncbi.nlm.nih.gov/pubmed/34168976
https://doi.org/10.3389/fonc.2021.631037
https://doi.org/10.3389/fonc.2021.631037
https://www.ncbi.nlm.nih.gov/pubmed/34504304
https://doi.org/10.1038/s41374-021-00667-6
https://www.ncbi.nlm.nih.gov/pubmed/32117316
https://doi.org/10.3389/fimmu.2020.00205
https://doi.org/10.3389/fimmu.2020.00205
https://www.ncbi.nlm.nih.gov/pubmed/34968251
https://doi.org/10.3390/epigenomes5040027
https://doi.org/10.3390/epigenomes5040027
https://www.ncbi.nlm.nih.gov/pubmed/36397155
https://www.ncbi.nlm.nih.gov/pubmed/36712869
https://doi.org/10.3389/fgene.2022.1053263
https://doi.org/10.3389/fgene.2022.1053263
https://www.ncbi.nlm.nih.gov/pubmed/33022290
https://doi.org/10.1016/j.canlet.2020.09.028
https://doi.org/10.1016/j.canlet.2020.09.028
https://www.ncbi.nlm.nih.gov/pubmed/34083417
https://doi.org/10.1136/jitc-2020-002181
https://doi.org/10.1136/jitc-2020-002181
https://www.ncbi.nlm.nih.gov/pubmed/35144680
https://doi.org/10.1186/s40478-022-01323-w
https://www.ncbi.nlm.nih.gov/pubmed/35578106
https://doi.org/10.1007/s13311-022-01249-0
https://doi.org/10.1007/s13311-022-01249-0
https://www.ncbi.nlm.nih.gov/pubmed/39195222
https://doi.org/10.3390/cells13161332
https://www.ncbi.nlm.nih.gov/pubmed/34571905
https://doi.org/10.3390/cells10092257
https://www.ncbi.nlm.nih.gov/pubmed/34054867
https://doi.org/10.3389/fimmu.2021.676301
https://doi.org/10.3389/fimmu.2021.676301
https://www.ncbi.nlm.nih.gov/pubmed/31806885

Biomedical Research and Therapy 2025, 12(10):7764-7780

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

A, et al.  MHC class ll-restricted antigen presentation
is required to prevent dysfunction of cytotoxic T cells by
blood-borne myeloids in brain tumors. Cancer Cell. 2023
Feb;41(2):235-251.€9. PMID: 36638785. Available from: https:
//doi.org/10.1016/j.ccell.2022.12.007.

Singh V, Nandi S, Ghosh A, Adhikary S, Mukherjee S, Roy S,
et al. Epigenetic reprogramming of T cells: unlocking new
avenues for cancer immunotherapy. Cancer Metastasis Rev.
2024 Mar;43(1):175-195.  PMID: 38233727. Available from:
https://doi.org/10.1007/s10555-024-10167-w.

Xiong D, Zhang L, Sun ZJ. Targeting the epigenome to rein-
vigorate T cells for cancer immunotherapy. Mil Med Res.
2023 Dec;10(1):59. PMID: 38044445. Available from: https:
//doi.org/10.1186/540779-023-00496-2.

Yaman |, Agac Cobanoglu D, Xie T, Ye Y, Amit M. Advances in
understanding cancer-associated neurogenesis and its impli-
cations on the neuroimmune axis in cancer. Pharmacol Ther.
2022 Nov;239:108199. PMID: 35490859.

Zhang J, Zhang J, Yang C. Autophagy in brain tumors: molec-
ular mechanisms, challenges, and therapeutic opportunities.
J Transl Med. 2025;23(1):52. PMID: 39806481. Available from:
https://doi.org/10.1186/s12967-024-06063-0.

Qiu Q, Deng H, Song P, Liu Y, Zhang M. Lactylation in
Glioblastoma: A Novel Epigenetic Modifier Bridging Epige-
netic Plasticity and Metabolic Reprogramming. Int J Mol
Sci. 2025;26(7):3368. PMID: 40244246. Available from: https:
//doi.org/10.3390/ijms26073368.

Kraboth Z, Tompa M, Urban P, Galik B, Kajtar B, Gyenesei A,
et al. Glioblastoma epigenomics discloses a complex biology
and potential therapeutic targets. ldeggyogy Sz. 2024;77(1-
2):27-37. PMID: 38321856. Available from: https://doi.org/10.
18071/is2.77.0027.

Zapanta Rinonos S, Li T, Pianka ST, Prins TJ, Eldred BS, Ke-
van BM, et al. dCas9/CRISPR-based methylation of O-6-
methylguanine-DNA methyltransferase enhances chemosen-
sitivity to temozolomide in malignant glioma. ) Neuroon-
col. 2024;166(1):129-142. PMID: 38224404. Available from:
https://doi.org/10.1007/s11060-023-04531-z.

Gimple RC, Zhang G, Wang S, Huang T, Lee J, Taori S, et al.
Sorting nexin 10 sustains PDGF receptor signaling in glioblas-
toma stem cells via endosomal protein sorting. JCI Insight.
2023;8(6):¢158077. PMID: 36795488. Available from: https:
//doi.org/10.1172/jci.insight.158077.

Toprak C, Atli El, Kalkan R. Methylation of RAR-f is a New
Clinical Biomarker for Treatment in Higher-grade Gliomas.
Neurolog Sci Neurophys. 2023;40(3):152-159. Available from:
https://doi.org/10.4103/nsn.nsn_26_23.

Zeng C, Song X, Zhang Z, Cai Q, Cai J, Horbinski C, et al.
Dissection of transcriptomic and epigenetic heterogeneity
of grade 4 gliomas: implications for prognosis. Acta Neu-
ropathol Commun. 2023;11(1):133. PMID: 37580817. Available
from: https://doi.org/10.1186/s40478-023-01619-5.
Lopez-Bertoni H, Johnson A, Rui Y, Lal B, Sall S, Malloy
M, et al. Sox2 induces glioblastoma cell stemness and tu-
mor propagation by repressing TET2 and deregulating 5hmC
and 5mC DNA modifications. Signal Transduct Target Ther.
2022;7(1):37. PMID: 35136034. Available from: https://doi.org/
10.1038/541392-021-00857-0.

Bahia RK, Hao X, Hassam R, Cseh O, Bozek DA, Luchman
HA, et al. Epigenetic and molecular coordination between
HDAC2 and SMAD3-SKI regulates essential brain tumour
stem cell characteristics. Nat Commun. 2023;14(1):5051.
PMID: 37598220. Available from: https://doi.org/10.1038/
s41467-023-40776-y.

Giiven M, Tagpinar F, Denizler-Ebiri FN, Castresana JS, Taspi-
nar M. The antagonistic effects of temozolomide and tricho-
statin a combination on MGMT and DNA mismatch repair
pathways in Glioblastoma. Med Oncol. 2023;40(8):223. PMID:
37403006.

Belk JA, Daniel B, Satpathy AT. Epigenetic regulation of T

cell exhaustion. Nat Immunol. 2022;23(6):848-860. PMID:

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

35624210.
022-01224-z.
Philip M, Schietinger A. Heterogeneity and fate choice: T
cell exhaustion in cancer and chronic infections. Curr Opin
Immunol. 2019;58:98-103. PMID: 31181510. Available from:
https://doi.org/10.1016/j.c0i.2019.04.014.

Lee J, Nicosia M, Hong ES, Silver DJ, Li C, Bayik D, et al. Sex-
biased T-cell exhaustion drives differential immune responses
in glioblastoma. Cancer Discov. 2023;13(9):2090-2105. PMID:
37378557. Available from: https://doi.org/10.1158/2159-8290.
CD-22-0869.

Wang Y, Tong C, Dai H, Wu Z, Han X, Guo Y, et al. Low-dose
decitabine priming endows CAR T cells with enhanced and
persistent antitumour potential via epigenetic reprogram-
ming. Nat Commun. 2021;12(1):409. PMID: 33462245. Avail-
able from: https://doi.org/10.1038/541467-020-20696-x.

Lu L, Hu Y, Wang C, Jiang F, Wu C. Methylation and ex-
pression of the exercise-related TLR1 gene is associated with
low grade glioma prognosis and outcome. Front Mol Biosci.
2021;8:747933. PMID: 34869584. Available from: https://doi.
org/10.3389/fmolb.2021.747933.

Zhao Z, Zhang KN, Wang Q, Li G, Zeng F, Zhang Y, et al.
Chinese Glioma Genome Atlas (CGGA): a comprehensive re-
source with functional genomic data from Chinese glioma
patients. Genomics Proteomics Bioinformatics. 2021;19:1-
12. PMID: 33662628. Available from: https://doi.org/10.1016/
j.gpb.2020.10.005.

Tang J, Karbhari N, Campian JL. Therapeutic Targets in
Glioblastoma: Molecular Pathways, Emerging Strategies,
and Future Directions. Cells. 2025;14(7):494. PMID: 40214448.
Available from: https://doi.org/10.3390/cells 14070494.

Li J, Yuan S, Norgard R, Yan F, Sun YH, Kim IK, et al. Epi-
genetic and transcriptional control of the epidermal growth
factor receptor regulates the tumor immune microenviron-
ment in pancreatic cancer. Cancer Discov. 2021;11(3):736~
753. PMID: 33158848. Available from: https://doi.org/10.1158/
2159-8290.CD-20-0519.

Zebley CC, Brown C, Mi T, Fan Y, Alli S, Boi S, et al. CD19-
CAR T cells undergo exhaustion DNA methylation program-
ming in patients with acute lymphoblastic leukemia. Cell
Rep. 2021;37(9):110079. PMID: 34852226. Available from:
https://doi.org/10.1016/j.celrep.2021.110079.

Vieito M, Simonelli M, de Vos F, Moreno V, Geurts M, Lorenzi
E, et al. Trotabresib (CC-90010) in combination with adjuvant
temozolomide or concomitant temozolomide plus radiother-
apy in patients with newly diagnosed glioblastoma. Neuroon-
col Adv. 2022;4(1):vdac146. PMID: 36382109. Available from:
https://doi.org/10.1093/noajnl/vdac146.

Yu D, Wang S, Wang J, Zhang K, Niu Z, Lin N. EZH2-STAT3
signaling pathway regulates GSDMD-mediated pyroptosis
in glioblastoma. Cell Death Discov. 2024;10(1):341. PMID:
39069522.  Available from: https://doi.org/10.1038/s41420-
024-02105-0.

Mishra VS, Kumar N, Raza M, Sehrawat S. Amalgamation
of PI3K and EZH2 blockade synergistically regulates invasion
and angiogenesis: combination therapy for glioblastoma mul-
tiforme. Oncotarget. 2020;11(51):4754-4769. PMID: 33473259.
Available from: https://doi.org/10.18632/oncotarget.27842.
Pezzotta A, Brioschi L, Carbone S, Mazzoleni B, Bontempi V,
Monastra F, et al. Combined inhibition of Hedgehog and
HDACS: in vitro and in vivo studies reveal a new role for
lysosomal stress in reducing glioblastoma cell viability. Int
J Mol Sci. 2023;24(6):5771. PMID: 36982845. Available from:
https://doi.org/10.3390/ijms24065771.

Vengoji R, Atri P, Macha MA, Seshacharyulu P, Perumal N,
Mallya K, et al. Differential gene expression-based connec-
tivity mapping identified novel drug candidate and improved
Temozolomide efficacy for Glioblastoma. J Exp Clin Can-
cer Res. 2021;40(1):335. PMID: 34696786.
https://doi.org/10.1186/513046-021-02135-x.
Sharma R, Chiang YH, Chen HC, Lin HY, Yang WB, Nepali K,

Available from: https://doi.org/10.1038/s41590-

Available from:

7779


https://www.ncbi.nlm.nih.gov/pubmed/36638785
https://doi.org/10.1016/j.ccell.2022.12.007
https://doi.org/10.1016/j.ccell.2022.12.007
https://www.ncbi.nlm.nih.gov/pubmed/38233727
https://doi.org/10.1007/s10555-024-10167-w
https://www.ncbi.nlm.nih.gov/pubmed/38044445
https://doi.org/10.1186/s40779-023-00496-2
https://doi.org/10.1186/s40779-023-00496-2
https://www.ncbi.nlm.nih.gov/pubmed/35490859
https://www.ncbi.nlm.nih.gov/pubmed/39806481
https://doi.org/10.1186/s12967-024-06063-0
https://www.ncbi.nlm.nih.gov/pubmed/40244246
https://doi.org/10.3390/ijms26073368
https://doi.org/10.3390/ijms26073368
https://www.ncbi.nlm.nih.gov/pubmed/38321856
https://doi.org/10.18071/isz.77.0027
https://doi.org/10.18071/isz.77.0027
https://www.ncbi.nlm.nih.gov/pubmed/38224404
https://doi.org/10.1007/s11060-023-04531-z
https://www.ncbi.nlm.nih.gov/pubmed/36795488
https://doi.org/10.1172/jci.insight.158077
https://doi.org/10.1172/jci.insight.158077
https://doi.org/10.4103/nsn.nsn_26_23
https://www.ncbi.nlm.nih.gov/pubmed/37580817
https://doi.org/10.1186/s40478-023-01619-5
https://www.ncbi.nlm.nih.gov/pubmed/35136034
https://doi.org/10.1038/s41392-021-00857-0
https://doi.org/10.1038/s41392-021-00857-0
https://www.ncbi.nlm.nih.gov/pubmed/37598220
https://doi.org/10.1038/s41467-023-40776-y
https://doi.org/10.1038/s41467-023-40776-y
https://www.ncbi.nlm.nih.gov/pubmed/37403006
https://www.ncbi.nlm.nih.gov/pubmed/35624210
https://doi.org/10.1038/s41590-022-01224-z
https://doi.org/10.1038/s41590-022-01224-z
https://www.ncbi.nlm.nih.gov/pubmed/31181510
https://doi.org/10.1016/j.coi.2019.04.014
https://www.ncbi.nlm.nih.gov/pubmed/37378557
https://doi.org/10.1158/2159-8290.CD-22-0869
https://doi.org/10.1158/2159-8290.CD-22-0869
https://www.ncbi.nlm.nih.gov/pubmed/33462245
https://doi.org/10.1038/s41467-020-20696-x
https://www.ncbi.nlm.nih.gov/pubmed/34869584
https://doi.org/10.3389/fmolb.2021.747933
https://doi.org/10.3389/fmolb.2021.747933
https://www.ncbi.nlm.nih.gov/pubmed/33662628
https://doi.org/10.1016/j.gpb.2020.10.005
https://doi.org/10.1016/j.gpb.2020.10.005
https://www.ncbi.nlm.nih.gov/pubmed/40214448
https://doi.org/10.3390/cells14070494
https://www.ncbi.nlm.nih.gov/pubmed/33158848
https://doi.org/10.1158/2159-8290.CD-20-0519
https://doi.org/10.1158/2159-8290.CD-20-0519
https://www.ncbi.nlm.nih.gov/pubmed/34852226
https://doi.org/10.1016/j.celrep.2021.110079
https://www.ncbi.nlm.nih.gov/pubmed/36382109
https://doi.org/10.1093/noajnl/vdac146
https://www.ncbi.nlm.nih.gov/pubmed/39069522
https://doi.org/10.1038/s41420-024-02105-0
https://doi.org/10.1038/s41420-024-02105-0
https://www.ncbi.nlm.nih.gov/pubmed/33473259
https://doi.org/10.18632/oncotarget.27842
https://www.ncbi.nlm.nih.gov/pubmed/36982845
https://doi.org/10.3390/ijms24065771
https://www.ncbi.nlm.nih.gov/pubmed/34696786
https://doi.org/10.1186/s13046-021-02135-x

Biomedical Research and Therapy 2025, 12(10):7764-7780

109.

110.

.

112.

et al. Dual inhibition of CYP17A1and HDACG6 by abiraterone-
installed hydroxamic acid overcomes temozolomide resis-
tance in glioblastoma through inducing DNA damage and ox-
idative stress. Cancer Lett. 2024;586:216666. PMID: 38311053.
Available from: https://doi.org/10.1016/j.canlet.2024.216666.
Yang WB, Hsu CC, Hsu TI, Liou JP, Chang KY, Chen PY, et al.
Increased activation of HDAC1/2/6 and Sp1 underlies thera-
peutic resistance and tumor growth in glioblastoma. Neuro
Oncol. 2020;22(10):1439-1451.  PMID: 32328646. Available
from: https://doi.org/10.1093/neuonc/noaa103.

Faletti S, Osti D, Ceccacci E, Richichi C, Costanza B, Nicosia
L, et al. LSD1-directed therapy affects glioblastoma tumori-
genicity by deregulating the protective ATF4-dependent inte-
grated stress response. Sci Transl Med. 2021;13(623):eabf7036.
PMID: 34878824. Available from: https://doi.org/10.1126/
scitranslmed.abf7036.

Liu J, Luo Q, Zhao H, Yang M, Yang J, Wang Y, et al.
Comprehensive gene set enrichment and variation analyses
identify SUV39H1 as a potential prognostic biomarker for
glioblastoma immunorelevance. Comput Struct Biotechnol
J. 2024;23:4161-4176. PMID: 39640533. Available from: https:
//doi.org/10.1016/j.csbj.2024.11.016.

Scuderi SA, Filippone A, Basilotta R, Mannino D, Casili G,
Capra AP, et al. GSK343, an inhibitor of enhancer of zeste

113.

114.

115.

116.

homolog 2, reduces glioblastoma progression through in-
flammatory process modulation: focus on canonical and
non-canonical NF-kB/IkBa pathways. Int ] Mol Sci.
2022;23(22):13915.  PMID: 36430394. Available from: https:
//doi.org/10.3390/ijms232213915.

Gupta H, Gupta A. Post-translational modifications of epige-
netic modifier TIP60: their role in cellular functions and can-
cer. Epigenetics Chromatin. 2025;18(1):18. PMID: 40186325.
Available from: https://doi.org/10.1186/s13072-025-00572-y.
Zhang B, Gu X, Han X, Gao Q, Liu J, Guo T, et al. Crosstalk
between DNA methylation and histone acetylation triggers
GDNF high transcription in glioblastoma cells. Clin Epige-
netics. 2020;12(1):47. PMID: 32183903. Available from: https:
//doi.org/10.1186/s13148-020-00835-3.

McCornack C, Woodiwiss T, Hardi A, Yano H, Kim AH. The
function of histone methylation and acetylation regulators in
GBM pathophysiology. Front Oncol. 2023;13:1144184. PMID:
37205197. Available from: https://doi.org/10.3389/fonc.2023.
1144184.

Chen Q, Yang B, Liu X, Zhang XD, Zhang L, Liu T. Histone
acetyltransferases CBP/p300 in tumorigenesis and CBP/p300
inhibitors as promising novel anticancer agents. Theranos-
tics. 2022;12(11):4935-4948. PMID: 35836809. Available from:
https://doi.org/10.7150/thno.73223.

7780


https://www.ncbi.nlm.nih.gov/pubmed/38311053
https://doi.org/10.1016/j.canlet.2024.216666
https://www.ncbi.nlm.nih.gov/pubmed/32328646
https://doi.org/10.1093/neuonc/noaa103
https://www.ncbi.nlm.nih.gov/pubmed/34878824
https://doi.org/10.1126/scitranslmed.abf7036
https://doi.org/10.1126/scitranslmed.abf7036
https://www.ncbi.nlm.nih.gov/pubmed/39640533
https://doi.org/10.1016/j.csbj.2024.11.016
https://doi.org/10.1016/j.csbj.2024.11.016
https://www.ncbi.nlm.nih.gov/pubmed/36430394
https://doi.org/10.3390/ijms232213915
https://doi.org/10.3390/ijms232213915
https://www.ncbi.nlm.nih.gov/pubmed/40186325
https://doi.org/10.1186/s13072-025-00572-y
https://www.ncbi.nlm.nih.gov/pubmed/32183903
https://doi.org/10.1186/s13148-020-00835-3
https://doi.org/10.1186/s13148-020-00835-3
https://www.ncbi.nlm.nih.gov/pubmed/37205197
https://doi.org/10.3389/fonc.2023.1144184
https://doi.org/10.3389/fonc.2023.1144184
https://www.ncbi.nlm.nih.gov/pubmed/35836809
https://doi.org/10.7150/thno.73223



