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High-grade gliomas cannot be fully understood without considering the biology

of aging. In this study, we demonstrate that a set of genes previously established

as predictors of tumor subtype and patient survival in gliomas can also be

independently characterized as biomarkers associated with aging. Moreover,

their expression changes during aging parallel with those seen in malignant

transformation: genes which upregulation worsen prognosis are also upregulated

with age. These findings support the hypothesis that glioma progression and

aging share partially overlapping molecular mechanisms. We also demonstrate

that while accelerated epigenetic and mitotic senescence – gauged by mathe-

matical models (biological clocks) that track aging through specific changes in the

DNA methylation of a set of CpG sites – appears inherent to various molecular

variants of gliomas, its nature and prognostic significance vary depending on the

specific subtype and the epigenetic clock model employed. Moreover, acceler-

ated aging does not represent a universal hallmark of aggressiveness but rather a

phenomenon specific to individual glioma subtype. In this paper, we provide a

detailed discussion of the role of cellular senescence in glioma pathogenesis, with

a particular focus on its key contribution to tumor growth control and therapeutic

response. Additionally, we highlight the yet unresolved question of whether age-

associated inflammation (inflammaging) acts as an independent driver of glioma

progression or whether the tumor itself accelerates aging, and suggest the

potential of profiling patients cellular aging in developing personalized treatment

strategies.
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1 Introduction

High-grade gliomas are the most aggressive primary tumors of the central nervous

system. Gliomas are characterized by infiltrative growth, high proliferative activity, marked

heterogeneity, and near-inevitable recurrence despite aggressive therapy, including resec-

tion, radiation, and temozolomide chemotherapy (1, 2). According to the 2021 WHO
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classification, high-grade gliomas encompass glioblastoma (grade

4), astrocytoma (grades 3 and 4), and oligodendroglioma (grade 3)

(3). These tumor types differ markedly in their molecular profiles.

Oligodendrogliomas carry IDH1/2 mutations coupled with com-

plete 1p/19q codeletion, frequently accompanied by TERT promo-

ter mutations and CIC/FUBP1 alterations. Astrocytomas share

IDH1/2 mutations but lack 1p/19q codeletion and are defined by

TP53 mutations and ATRX loss. Glioblastomas, which are pre-

dominantly IDH-wildtype, exhibit the most aggressive molecular

phenotype, characterized by TERT promoter mutations, EGFR

amplification, PTEN loss, and chromosome 7/10 alterations. The

study (4) demonstrated that genes associated with epithelial-mes-

enchymal transition are more frequently altered in glioblastomas

(GBM) than in lower-grade gliomas (LGG), reflecting a shift toward

a more invasive phenotype. In terms of survival rate, for patients

with glioblastoma, the most aggressive glioma subtype, median

overall survival is approximately 12–15 months, and five-year

survival does not surpass 5–10% (5).

The cellular origin of gliomas – especially glioblastoma –

remains an open question, and the discussion in the literature

continues. According to one of the most substantiated hypotheses,

postnatal neural stem cells (NSCs) or their early progenitors,

located predominantly in the subventricular zone (SVZ) and the

dentate gyrus of the hippocampus, may serve as the cells of origin

for glioblastomas. Lee et al. demonstrated that cells with an NSC

phenotype harboring glioblastoma driver mutations are present in

the human SVZ, leading the authors to identify this population as a

likely tumor source (6). Subsequently, it has been established that

NSCs can give rise to glioblastoma stem cells (GSCs), which,

through complex interactions with the tumor microenvironment,

play a decisive role in tumor growth, recurrence, and therapeutic

resistance (7, 8). However, alongside this model, there is compelling

evidence that gliomas can also originate from oligodendrocyte

lineage progenitor cells, as well as through dedifferentiation of

more mature glial cells driven by oncogenic mutations and

microenvironmental signals (9). Under normal conditions, neural

stem cells and progenitors that give rise to neuronal and glial

lineages reside in the SVZ; however, in pathological states, muta-

tions can accumulate in diverse cell populations, and the final tumor

phenotype is shaped less by the cell of origin than by subsequent

clonal evolution and transcriptomic plasticity (10, 11). It is impor-

tant to note that during transformation and progression, GSCs can

transition from a proneural to a mesenchymal phenotype, and their

migratory capacity likely explains the emergence of malignant

gliomas in various anatomical locations (6). Different tumor cell

subpopulations mirror distinct developmental stages, forming –

alongside genetic and epigenetic factors – the basis for glioblastoma

heterogeneity (9). Consequently, despite extensive research, the

primary cell of origin of gliomas remains unresolved, and the

prevailing paradigm now regards the SVZ as a niche facilitating

the accumulation of mutant cells rather than the exclusive and

obligatory source of tumor initiation.

Aging significantly contributes to cancer development and

progression. This link is underpinned by shared biological hall-

marks, among them genomic instability, increased mutational

burden, aberrant telomeres, epigenetic alterations, inflammation,
Frontiers in Immunology 02
immune injury, metabolic reprogramming, and degradation system

impairment (12). Aging is accompanied by declining immune

function and chronic low-grade inflammation, which together

increase cancer susceptibility in older adults (13, 14). In particular,

the incidence of glioblastoma rises sharply with age, peaking at 60–

70 years, in contrast to lower-grade gliomas (15). Meanwhile,

patients of the same age with identical tumor histopathology may

exhibit markedly different treatment responses and survival out-

comes due to the molecular heterogeneity of gliomas. This hidden

variability underscores the need for in-depth transcriptomic and

epigenomic profiling of tumors, which enables the identification of

distinct molecular subtypes and provides more accurate personal-

ized prognostic information (16). Currently, MGMT promoter

methylation is among the most informative epigenetic markers of

therapeutic response. Yet, the analysis of individual locus often fails

to capture the complex systemic changes occurring in tumor tissue.

Consequently, integrative measures such as tumor epigenetic age –

a personalized estimate of tissue aging based on DNA methylation,

referred to as the epigenetic clock – are gaining increasing attention.

Prior studies have demonstrated that gliomas display accelerated

epigenetic aging relative to normal brain tissue (17). Whether

epigenetic age acceleration or deceleration is associated with patient

survival remains an open question, as existing data are contradic-

tory (18–21). It remains unclear whether the relationship between

epigenetic age acceleration and prognosis is universal across all

glioma types (glioblastoma, astrocytoma, and oligodendroglioma)

or varies by molecular subtype.

The internal molecular mechanisms linking cellular senescence to

tumor aggressiveness also remain poorly understood. Previous stud-

ies have shown that glioblastoma can suppress cellular senescence by

upregulating VEGFR2 expression, thereby maintaining its invasive-

ness (22). There are suggestions that cellular senescence drives the

deep invasion of residual glioblastoma cells into the brain paren-

chyma (23). The senescence-associated secretory phenotype (SASP)

plays a pivotal role in glioma pathogenesis. Although cellular senes-

cence is traditionally regarded as a tumor-suppressive mechanism, in

high-grade gliomas SASP functions as a key driver of tumor pro-

gression (24). Induced by chemotherapy and radiation therapy, SASP

paradoxically remodels the brain microenvironment, promoting

glioma cell stemness, angiogenesis, and immune evasion, thereby

emerging as a critical target for overcoming therapeutic resistance

and preventing relapse. In this regard, developing specialized meth-

ods to assess the rate of aging at the cellular level could offer a novel

approach for predicting treatment efficacy and patient survival.

Furthermore, age is recognized as one of the most important

clinical factors influencing treatment response in glioma patients

(25–27). Older patients consistently show worse response rates and

reduced survival, regardless of the treatment modality. Of particular

interest is the potential interplay between age and response to

immunotherapy – a treatment whose efficacy in gliomas remains

limited, partly owing to the “cold” tumor microenvironment with

scarce CD8+ T cell infiltration. A recent meta-analysis (28) has

shown that age may influence survival in glioblastoma immuno-

therapy; however, this remains an open question, largely due to the

bias toward recruiting younger and healthier patients into clini-

cal trials.
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This study aims to address the above-mentioned questions

regarding the interplay between aging – especially epigenetic

aging – and glioma prognosis, as well as to discuss the potential

relationship between the efficacy of immunotherapy in gliomas and

age-associated alterations in the tumor microenvironment.
2 Association of glioma subtype- and
survival-related genes with age

Aggressive gliomas show a pronounced age-associated rise in

incidence, with a peak between 60 and 70 years of age, yet the

molecular mechanisms linking the aging process to glioma malig-

nancy remain incompletely understood (15). In the study (29), the

authors used a syngeneic murine glioma model to demonstrate that

aging is associated with changes in the brain environment that

promote more aggressive glioma infiltration. These changes are also

characterized by increased glial reactivity and diminished functional

resilience to tumor burden. In the examined mouse model, older

animals exhibited worse survival than younger ones, despite iden-

tical tumor implantation and postoperative care. These findings

underscore the importance of considering aging as a critical factor

in glioma research.

A growing body of evidence indicates that genes governing the

aging process can serve powerful prognostic markers in glioma

patients (30–33). In these studies, the authors identified aging-

associated gene sets from the literature or public databases and then,

through bioinformatics analysis, showed that their expression can

serve as prognostic biomarkers for glioma. This raising recognition

of shared aging–cancer markers motivated us to re-examine the

gene signature that we previously developed for predicting histo-

logical glioma subtype and survival (34). Specifically, we reversed

the process and investigated whether the 13 genes (TERT, NOX4,

MMP9, TRIM67, ZDHHC18, HDAC1, TUBB6, ADM, NOG,

CHEK2, KCNJ11, KCNIP2, and VEGFA), originally selected for

their prognostic significance in gliomas, are also involved in the

aging process. As we previously demonstrated, the expression of

these genes is associated with survival outcomes in patients with

glioma (34). In particular, increased expression of TERT, NOX4,

MMP9, ZDHHC18, HDAC1, TUBB6, ADM, CHEK2, and VEGFA

was associated with decreased survival (hazard ratio (HR) > 1),

whereas increased expression of TRIM67, NOG, KCNJ11, and

KCNIP2 was associated with increased survival (HR < 1). Specific

HR values for gliomas from The Cancer Genome Atlas (TCGA) are

presented in Supplementary Table 1. Using the same RNA-seq data

here, we calculated Spearman correlation coefficients to assess age-

related expression changes and found comparable patterns

(Supplementary Table 1): expression was positively correlated

with age for TERT, NOX4, MMP9, ZDHHC18, HDAC1, TUBB6,

ADM, CHEK2, and VEGFA, and negatively correlated with age for

TRIM67, NOG, KCNJ11, and KCNIP2 (Benjamini−Hochberg (BH)

adjusted p-value (padj) < 0.05). Furthermore, age per se constitutes

an important variable for survival prediction (HR > 1).

We then analyzed the scientific literature and, while we found no

mention of these genes at the intersection of gliomas and aging, we
Frontiers in Immunology 03
did find compelling evidence for their involvement in the aging

process in general. This is consistent with the notion that glioma

carcinogenesis and aging may share common features. It emerged

that the telomerase reverse transcriptase (TERT) plays a key role in

aging by preserving telomere length, a critical biomarker of cellular

senescence. However, in all tissues, the TERT gene is epigenetically

repressed during aging. This silencing leads to telomere dysfunction,

which in turn drives the molecular and cellular damage underlying

both the aging process and age-related diseases (35). It has been

suggested that NADPH oxidases of the NOX family act as profes-

sional generators of reactive oxygen species and may play a signif-

icant role in the aging process and age-related diseases (36). For

example, NOX4 expression has been shown to be increased in the

vessels and mitochondria of old mice, contributing to the develop-

ment of cardiovascular disease with aging (37). The role of matrix

metalloproteinases (MMPs) in aging has been discussed in detail

(38). These enzymes are involved in extracellular matrix remodeling,

a process that undergoes numerous changes with age. Specifically,

another study showed that serumMMP9 levels increase significantly

with age (39). The histone deacetylase 1 (HDAC1) expression in the

periventricular white matter was found to be 31% higher in elderly

donors compared to young donors (40). This observation aligns with

subsequent work showing that HDAC1 become elevated with age in

microglia across both mouse and human tissues (41). Angiogenic

and vascular factors further illustrate the aging-associated shift. In a

hippocampal gene expression study, VEGFA levels were elevated in

aged adults compared to younger individuals (42). Moreover, at the

protein level, plasma VEGFA is a component of several inflamma-

tory aging clocks and has been shown to positively correlate with age

(43–46). A similar age-related increase has been observed for

adrenomedullin (ADM): protein extracts from the frontal cortex of

healthy older adults contained significantly higher ADM levels than

those from younger donors (47), and plasma ADM levels also

increased with age (48). In contrast, some genes with neuroprotective

roles appear to decline with age. For instance, aged patients with

traumatic brain injury (TBI) exhibited reduced blood-based expres-

sion of the noggin (NOG) gene, a factor linked to neurorecovery and

neuroregeneration, compared to younger patients, with these differ-

ences becoming even more pronounced one week after injury (49).

Older age is known to be an independent factor in poorer recovery

after TBI, an effect associated with age-related changes in

neuroinflammation (50). Thus, the concordant direction of age-

related NOG expression changes in TBI and glioma may suggest

shared molecular mechanisms of aging that modulate both responses

to brain injury and tumor progression. For the remaining markers,

associations with aging have either not yet been detected or are

limited to animal data. In mice, Zdhhc18 expression in the spinal

cord was found to increase with age (51). Similarly, Tubb6 expression

was elevated in aging mice and has been implicated in neurodegen-

erative disease processes (52). Finally, hippocampal Kcnip2 expres-

sion in rats was reduced in the “elderly without cognitive

impairment” group relative to both the “young” and “elderly with

cognitive impairment” groups, suggesting a potential role for this

gene in maintaining cognitive function during aging (53).

Collectively, the evidence reviewed here demonstrates the

existence of a subset of glioma prognostic biomarkers that also
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function as molecular indicators of aging. For the genes examined,

the direction of association is consistent: expression changes pre-

dictive of worse survival in glioma mirror aging. This observed

overlap, while based on reviewed studies, lends support to the

concept that glioma progression and aging engage partially shared

molecular mechanisms, and the identified biomarkers may serve as

potential targets for future therapeutic investigation.
3 Epigenetic aging in gliomas

Natural aging induces epigenetic shifts and gene expression

changes in the central nervous system. DNA methylation, a key

epigenetic mechanism of gene regulation, is constantly altered

during both normal aging and malignant transformation. With

age, normal tissues undergo global hypomethylation alongside focal

hypermethylation at CpG islands in promoters of genes linked to

aging and cell cycle control. In cancer, including gliomas, these age-

related changes are exacerbated and reprogrammed, producing

tumor-specific aberrant methylation patterns that affect DNA

repair genes (e.g., MGMT), tumor suppressors, and genomic

repeats. MGMT encodes a DNA repair enzyme that counteracts

alkylating agents such as temozolomide. Promoter methylation

silences MGMT, impairs its repair function, and thereby enhances

chemosensitivity. Accordingly, patients with IDH-mutant tumors

or methylated MGMT promoters generally manifest longer survival

(5, 54, 55), whereas recurrent glioblastoma exhibits a median

survival of only six months. Thus, DNA methylation represents a

shared mechanism between aging and carcinogenesis, and its

analysis enables the evaluation of both tissue biological age and

tumor prognostic features (56).

To date, numerous epigenetic clock models have been devel-

oped to predict biological age based on the methylation status of

CpG sites (57–60). It is well established that accelerated epigenetic

aging, whereby predicted biological age exceeds chronological age,

is associated with an elevated risk of developing various diseases,

including cancer, and also constitutes a biomarker of increased

mortality (61). In gliomas, it has been shown that tumors exhibit

accelerated epigenetic and mitotic aging compared to normal brain

tissue, as measured by the Horvath and epiTOC clocks (18). The

authors also reported a possible non−trivial association between

accelerated aging (measured by these clocks) and improved survival

in a mixed glioma sample not separated by subtype. Another study

also reported that accelerated epigenetic aging, as measured by the

Horvath clock, positively impacted overall survival in glioma

patients (19). However, after subdividing gliomas into subtypes,

the statistically significant association (unadjusted p-value (p) =

0.011) remained only for the Classic-like subtype. In paper (20), age

acceleration based on the Horvath clock, observed in IDH wild-type

glioblastoma, was also associated with better outcomes. To deter-

mine whether this result is attributable to the Horvath clock or to

the complex biology of glioblastomas, and whether the association

of accelerated aging with survival is consistent across glioma

subtypes, we analyzed multiple biological aging clocks in patients

from The Cancer Genome Atlas (TCGA) (6).
Frontiers in Immunology 04
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BeadChip DNA methylation data (beta values) for solid tumors,

sourced from the TCGA-LGG and TCGA-GBM datasets, and an

extended set of clinical annotations from the cBioPortal. Patients

were divided into three molecular glioma subtypes based on IDH

and 1p/19q co-deletion status: glioblastoma (IDH-wt, n = 210),

astrocytoma (IDH-mut-noncodel, n = 253), and oligodendroglioma

(IDH-mut-codel, n = 167). A control group of normal brain frontal

lobe samples (n = 29) was collected from the GSE41826 (62),

GSE40360 (63), GSE53162 (64), and GSE59457 (65) datasets. The

data preprocessing pipeline included all required steps: filtering,

imputation, normalization, and batch correction. To comprehen-

sively evaluate biological aging, 24 different epigenetic models were

employed. First, multi-tissue clocks Horvath (57), PCHorvath (59),

AltumAge (66), SkinAndBlood (67), and PCSkinAndBlood (59), as

well as the brain aging clock DNAmClockCortical (68), were

considered. Secondly, some blood-based clocks were used, such as

Hannum (58), PCHannum (59), GrimAge (69), PCGrimAge (59),

GrimAge2 (70), DNAmPhenoAge (71), PCPhenoAge (59), Lin

(72), YingCausAge (73), StocH, StocP, StocZ (74), and

EpInflammAge (46). Additionally, the mitotic clocks epiTOC

(75), stemTOC (76), and RepliTali (77), which reflect different

aspects of cellular proliferative activity, and the telomere clocks

DNAmTL (78) and PCDNAmTL (59) were examined. The

DNAmClockCortical and EpInflammAge clocks were obtained

from the repositories published by the authors of the corresponding

studies, while the remaining clocks were obtained from Python’s

pyaging package (79).

First, we assessed the correlation between predicted values and

chronological age using Pearson’s coefficient (Figure 1A). In both

healthy brain tissue and glioma subtypes, epigenetic and mitotic

clocks showed a positive correlation with chronological age. In

contrast, telomere length estimates were negatively correlated with

age. The magnitude of the correlation coefficient decreased from

normal brain tissue to gliomas, with glioblastoma showing the

weakest correlation among all subtypes. The GrimAge and

PCGrimAge clocks yielded the highest correlations across all four

sample groups (r > 0.80). The lowest coefficients were obtained for

EpInflammAge (r < 0.18), possibly rooted in the poor applicability

of the epigenome-inflammatory clock – trained on blood inflam-

mation markers – to brain tissue. It was concordant with the

documented difference of inflammatory signatures between blood

and brain (80). Therefore, it was excluded from further consider-

ation. Predictions of several clocks are presented in Figures 1B–D.

Notably, the multi-tissue clock achieves strong predictive accuracy

in the control sample (mean absolute error (MAE): 4–8 years). The

blood clock tends to underestimate predictions and shows greater

variability, although remaining highly correlated with age (MAE:

6.5–68 years).

Next, epigenetic age acceleration (for epigenetic clocks that

produce the output age in years), mitotic age acceleration (for

epiTOC, stemTOC, and RepliTali), and telomere length attrition

(for DNAmTL and PCDNAmTL) were each defined as the residual

from a linear regression of the respective clock output on chrono-

logical age, fitted in the normal reference cohort. For brevity, we

refer to all these residuals collectively as age acceleration (Acc)
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throughout the manuscript, with the understanding that for

DNAmTL and PCDNAmTL, negative values reflect telomere

shortening relative to the age-matched normal brain. Deviations

of age acceleration from zero – the expected mean of the normal

reference cohort – were assessed using the Wilcoxon signed-rank

test. The analysis revealed that each glioma subtype exhibits

accelerated epigenetic and mitotic aging across virtually all exam-

ined clocks (padj < 0.0001). DNAm-predicted telomere length was

reduced in gliomas compared to age-matched healthy brain (padj <

0.0001), with the most pronounced shortening observed in

glioblastomas.We assessed differences in accelerated aging among the

three glioma subtypes using the Kruskal−Wallis test with Dunn’s post

hoc test. Among the three subtypes, oligodendrogliomas showed the

greatest acceleration of epigenetic age as measured by the Horvath,

PCHorvath, AltumAge, DNAmClockCortical, SkinAndBlood, and

Hannum clocks. The mitotic clocks epiTOC, stemTOC, and
Frontiers in Immunology 05
RepliTali were also more accelerated in oligodendrogliomas. In con-

trast, the remaining 12 epigenetic clocks demonstrated the greatest age

acceleration in IDHwt glioblastomas. Additionally, telomere length

attrition, as assessed by the DNAmTL and PCDNAmTL clocks, was

most pronounced in glioblastomas. Figures 1E–G show examples of

Acc for several clocks.

For each clock, the association between age acceleration and

overall survival in glioma patients was assessed using a stratified

Cox proportional hazards model that included an interaction

between acceleration and glioma subtype. Model was adjusted for

sex and tumor grade. Stratification was performed by chronological

age groups (<40, 40–60, >60 years) and MGMT promoter status

because these variables violated the proportional hazards assump-

tion in glioblastomas (Schoenfeld test, p > 0.05). Hazard ratios for

each subtype were obtained by running the model three times, each

with the desired reference category. Figure 2 shows statistically
FIGURE 1

Relationship between chronological age and epigenetic measures of aging. (A) Pearson correlation of each aging biomarker (epigenetic age, mitotic
age, and telomere length) with chronological age. (B) DNAmClockCortical age, (C) PCPhenoAge, and (D) DNAmTL versus chronological age in
glioma IDH-mutation–1p/19q codeletion subtypes and normal brain. (E, F) Epigenetic age acceleration (residuals from the normal brain regression)
across glioma subtypes for (E) DNAmClockCortical and (F) PCPhenoAge clocks. (G) DNAmTL-based telomere length attrition in glioma subtypes
relative to normal brain.
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significant results. After BH correction, Acc measured by

PCHorvath clock was significantly associated with survival in

glioblastoma, with greater acceleration linked to longer survival

(HR < 1, padj < 0.05). Notably, prior to correction, five clocks –

Horvath, PCSkinAndBlood, YingCausAge, epiTOC, and RepliTali –

also showed an association in the same direction (p < 0.05). A

nominal association was observed in astrocytomas, where increased

acceleration across four clocks (SkinAndBlood, PCSkinAndBlood,

StocP, and StocZ) was linked to decreased survival (HR > 1);

however, this finding did not remain significant after correction.

In oligodendrogliomas, acceleration of epigenetic age was consis-

tently associated with decreased survival, as confirmed by nine

epigenetic clocks: Horvath, AltumAge, PCHannum, PCGrimAge,

DNAmPhenoAge, PCPhenoAge, PCSkinAndBlood, Lin, and

YingCausAge (padj < 0.05). Associations for the PCHorvath,

DNAmClockCortical, StocP, and RepliTali clocks did not withstand

BH correction. Furthermore, telomere shortening, quantified by the

DNAmTL and PCDNAmTL clocks, was also found to be associated

with decreased survival in oligodendrogliomas (HR < 1, padj

< 0.05).

We then conducted a similar analysis of the association between

age acceleration and survival, taking into account methylation

subtypes (16). The distribution of patients from TCGA by these

subtype was as follows: IDHwt/Mesenchymal-like (n = 99), IDHwt/

Classic-like (n = 73), IDHwt/PA-like (n = 26), IDHwt/LGm6-GBM

(n = 12), IDHmut-non-codel/G-CIMP-high (n = 238), IDHmut-

non-codel/G-CIMP-low (n = 11), IDHmut-non-codel/Codel (n =

4), and IDHmut-codel/Codel (n = 167). Subtypes containing fewer
Frontiers in Immunology 06
than 20 samples were excluded from further survival analysis to

avoid unstable coefficient estimates. After BH correction, statisti-

cally significant associations remained only for IDHmut-codel/

Codel subtype. Specifically, nine epigenetic clocks (where greater

acceleration was associated with shorter survival) and the

PCDNAmTL telomere length clock (where shorter telomeres

were associated with shorter survival) reached significance (padj <

0.05). In terms of nominal significance, only one result was obtained

for glioblastoma (p = 0.045): in IDHwt/PA-like tumors, which lack

canonical telomere maintenance mechanisms (TERT mutations

and ATRX loss), telomere shortening assessed by PCDNAmTL

clock was associated with reduced survival.

Thus, the previously reported protective effect of epigenetic age

acceleration in glioblastoma is likely a result of pooling methylation

data for subtypes that differ in both global DNA methylation levels

and clinical course. When IDHwt glioblastomas are stratified into

groups with homogeneous methylation patterns – Mesenchymal-

like, Classic-like, and PA-like – this paradoxical signal disappears

entirely. Still, validation in independent, larger cohorts remains due.
4 From firefighter to arsonist: the dual
role of SASP in cancer

The senescence-associated secretory phenotype (SASP) refers to

a paracrine signal released by senescent cells and constitutes a

characteristically proinflammatory secretome. However, emerging
FIGURE 2

Forest plot shows the association of age acceleration (Acc) with patient overall survival in each subtype. Only clocks with p < 0.05 are shown. † HR
values falling outside the axis limits [0.94, 1.06] were omitted from the forest plot. *padj < 0.05, BH-corrected.
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evidence suggests that this fundamental physiological mechanism

can be co-opted by cancer cells to promote their evolution and

immune evasion. Although senescent cells undergo proliferative

arrest, the SASP signals they secrete can actively support cancer

progression by reprogramming residual malignant cells and non-

cancerous components of the tumor microenvironment toward

pro-tumorigenic phenotypes (24, 81). Furthermore, paracrine sig-

nals and immunosuppressive cytokines released by senescent ma-

lignant and non-cancerous cells contribute to the establishment of

an immunosuppressive tumor microenvironment and represent a

potential mechanism of resistance to immunotherapy (82).

Senescent glioma cells secrete a broad array of proinflammatory

cytokines and chemokines, notably IL-6, IL-8, and CXCL1. These

cytokines activate the NF-kB and STAT3 signaling pathways in

recipient tumor and stromal cells, driving survival, proliferation,

and resistance to apoptosis. The chronic inflammation sustained by

SASP perpetuates a vicious cycle: it induces oxidative stress and

DNA damage in neighboring non-senescent cells, thereby increas-

ing genomic instability and accelerating their malignant transfor-

mation (83). Furthermore, SASP encompasses the secretion of

proangiogenic factors such as VEGF and PlGF. These factors

activate perivascular cells and the endothelium, driving

neoangiogenesis—the formation of a chaotic, tortuous, and

hyperpermeable vascular network. Angiogenesis is critical in glio-

blastoma: this aberrant hypervascularization supplies the rapidly

growing tumor with oxygen and nutrients, facilitates its escape from

hypoxic constraints, and contributes to the tumor’s aggressive

infiltration of the brain parenchyma. Moreover, hypoxia itself

amplifies the SASP secretory phenotype and stabilizes HIF-1a,
creating a positive feedback loop that further stimulates the secre-

tion of VEGF and proinflammatory cytokines, thereby progressively

worsening the prognosis.

A more pronounced senescent phenotype correlates with the

grade of glioma malignancy. For instance, Al Shboul et al. (84)

demonstrated that glioblastoma relapse is accompanied by a tran-

scriptional shift toward a senescence-associated state, without

concomitant changes in SOX2 or immune markers. In aging

gliomas, SOX2 functions as a critical transcription factor that

sustains the stemness, treatment resistance, and plasticity of

cancer stem cells. While baseline SOX2 expression naturally de-

clines with physiological aging in normal neural stem cells, its

aberrant overexpression in gliomas actively bypasses cellular senes-

cence to drive tumor growth. Additionally, a study by Tan et al. (81)

showed that cellular senescence-associated genes, such as PTTG1

and MYC, significantly influence glioma cell activity.

The current understanding of cellular senescence recognizes

this state not as a single, fixed phenotype but as a spectrum of

adaptive responses, the biological consequences of which depend on

the nature of the initiating insult. Five major subtypes are distin-

guished based on their molecular mechanisms of initiation. The first

group comprises endogenous, chronologically driven mechanisms:

replicative senescence (RS), caused by critical telomere shortening

and activation of the ATM–p53/p21 cascade, and mitochondrial

dysfunction-associated senescence (MiDAS), which arises from

redox imbalance and a decline in the NAD+ pool, triggering an
Frontiers in Immunology 07
AMPK-dependent response via the LKB1–p53 axis, typically with-

out a requirement for substantial nuclear DNA damage. The second

group consists of stress-induced subtypes driven primarily by

genotoxic or replication stress: oncogene-induced senescence

(OIS), which paradoxically results from hyperactivation of proto-

oncogenes such as RAS or BRAF and is largely mediated through

the p16/INK4a–Rb pathway, and therapy-induced senescence

(TIS), a consequence of chemo- or radiotherapy that causes

extensive DNA damage, often accompanied by the formation of

polyploid and giant cells. Finally, a distinct category is immuno-

logically induced senescence (IIS), which operates via a paracrine

mechanism: proinflammatory cytokines such as IFN-g and TNF-a
activate JAK/STAT signaling and, independently of telomere status,

induce p21/WAF1 expression, thereby converting an inflammatory

signal into a cell cycle arrest phenotype (85, 86).

A critical consequence of this heterogeneity lies in the distinct

secretory profiles that define both the physiological role and pathogenic

potential of each senescence subtype. RS is associated with a relatively

mild, chronic SASP that contributes to age-related tissue homeostasis,

whereas OIS and TIS exhibit an aggressive proinflammatory and

proangiogenic phenotype – characterized by hypersecretion of IL-6,

IL-8, VEGF, and matrix metalloproteinases – that, in an oncological

context, fosters a microenvironment conducive to relapse and metas-

tasis. MiDAS, by contrast, displays a qualitatively distinct SASP profile,

often marked by a predominance of IL-8 without concomitant

overexpression of IL-6, suggesting metabolically driven regulation of

the secretome. The IIS-associated SASP, in turn, is enriched in

interferon-induced chemokines such as CXCL10 and CCL2 and

functions less as a reflection of intrinsic cellular instability than as a

signaling mechanism that propagates senescence to neighboring cells

during chronic inflammation.

The connection between SASP and immune-inflammatory events

is mediated by the production of proinflammatory cytokines and the

activation of signaling cascades, including NF-kB (partly via the

cGAS-STING axis), which initiate a self-perpetuating inflammatory

cycle. This drives the development of chronic low-grade inflamma-

tion. In addition, SASP induces paracrine senescence in neighboring

cells and promotes senescence of immune cells, which further

amplifies the secretion of proinflammatory factors and attenuates

immune surveillance, thereby closing a vicious circle (87–89).

The paradoxical role of SASP in carcinogenesis is governed by

the temporal context. In an acute setting, SASP exerts tumor-

suppressive functions: secreted chemokines recruit effector

immune cells (macrophages, NK cells, and T lymphocytes) to

eliminate senescent and transformed cells. However, upon chronic

persistence of senescent cells-driven by age-related immune system

decline SASP acquires pro-oncogenic properties. Sustained secre-

tion of IL-6 and TNF-a perpetuates mutagenic inflammation, while

recruitment of myeloid-derived suppressor cells and regulatory T

cells (Tregs) suppresses antitumor immunity. Concurrently, matrix

metalloproteinases (MMPs) facilitate invasion, and VEGF promotes

angiogenesis, collectively establishing a microenvironment favora-

ble for tumor growth and metastasis. This functional switch from

elimination to tumor protection constitutes the core paradox

of SASP.
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5 The role of inflammaging in
modulating the response to glioma
immunotherapy

Therapy for gliomas presents a complex clinical challenge due

to the combination of several interrelated factors. These include

pronounced intratumoral heterogeneity, the restoration of tumor

potential via stem cell components (including neural stem cells),

difficulties in early diagnosis due to challenging tumor localization,

aggressive invasion into the brain parenchyma, and the formation

of an immunosuppressive “cold”microenvironment (90, 91). These

features significantly limit the efficacy of standard therapy.

However, modern immunotherapeutic strategies can overcome

some of these barriers.

Approaches such as immune checkpoint inhibitors, CAR-T cells,

and antitumor vaccines demonstrate limited and variable efficacy

against gliomas, largely due to the high heterogeneity of patient

responses (92, 93). In this context, the patient’s biological age-

specifically, the rate of organismal aging, which does not always

correlate with chronological age-emerges as an underevaluated factor.

With respect to glioma pathogenesis, it is essential to distinguish

between systemic aging of the entire organism and local aging of the

tumor microenvironment, as each of these processes independently

contributes to resistance to immunotherapy.

One of the most significant challenges limiting the efficacy of

glioma immunotherapy is the immunosuppressive tumor microen-

vironment. The brain is characterized by a substantially reduced T-

cell population compared to other organs, and the glioblastoma

microenvironment consists predominantly of macrophages, which

in proximity to tumor cells often perform protumorigenic func-

tions. Among the key components of the TME contributing to

immunosuppression are TGF-b2, PGE-2, IL-6, and IL-10 (94, 95).

Inflammaging refers to the chronic, low-grade inflammation

that naturally accompanies aging. In the context of high-grade

malignant gliomas, progressive immune dysfunction accelerates

tumor progression. Age-related inflammatory processes, including

elevated cytokine levels, create a favorable immunosuppressive

microenvironment that actively promotes rapid glioma cell prolif-

eration and increases tumor “coldness”. Under the influence of a

chronic cytokine profile (IL-6, TNF-a), resident microglia and

macrophages switch to a protumorigenic state (a phenotype resem-

bling M2). Instead of fighting the glioma, they begin to stimulate its

growth and angiogenesis (96).

The checkpoint protein PD-L1 is elevated in glioblastoma,

which is associated with poor prognosis due to tumor evasion of

the immune response. Inflammaging acts as a direct trigger for

hyperactivation of the PD-1/PD-L1 axis, ultimately “freezing” the

antitumor immune response. PD-L1 expression positively corre-

lates with the level of immunosuppressive cells in the tumor

microenvironment and negatively correlates with the level of

cytotoxic immune cells. High PD-L1 expression also significantly

correlates with the transition of tumor-associated macrophages to

an anti-inflammatory (M2) phase. Peripherally, PD-L1 expression

is associated with an increased proportion of regulatory T cells

in glioblastoma.
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Systemic immunosuppression can be pronounced in patients

with glioblastoma, representing a significant barrier to the success

of immunotherapy. The number of CD4+ T cells in patients with

glioblastoma can reach levels comparable to those in patients with

acquired immunodeficiency syndrome. Furthermore, glioma cells

express elevated levels of the ligand PD-L1 and indoleamine-2,3-

dioxygenase (IDO), thereby limiting antigen presentation (97).

Biomarkers have been reported that may overcome the limita-

tions of traditional indicators of therapeutic response in glioblas-

toma (98). For instance, ADAMTSL4, whose high expression level

is associated with an immunosuppressive microenvironment and

worse overall survival. ADAMTSL4 correlates with immune check-

points (PD-1, PD-L1, CTLA-4) and stromal infiltration. The

marker ACSS3 predicts resistance to immune checkpoint inhibitor

therapy. In vitro studies have demonstrated that CD81 promotes

proliferation, migration, and stemness properties of glioblastoma

cells while inhibiting apoptosis, confirming its potential as a novel

immune-dependent biomarker.

Meanwhile, a fundamental question remains unresolved:

whether age-associated inflammation (inflammaging) in patients

with glioma acts as an independent driver of disease progression, or

whether the tumor itself accelerates local and systemic aging,

thereby creating a vicious circle. Resolving this dilemma has

direct therapeutic implications. In the first scenario, the application

of gerontological interventions – senolytics or anti-inflammatory

strategies – is justified. In the second scenario, early aggressive

cytoreductive treatment takes on priority significance. Until this

question receives empirical resolution, any attempts to predict

response to immunotherapy based on biomarkers will remain

purely descriptive rather than causal in nature.
6 Discussion

Chronological age is one of the most robust prognostic factors

in glioma, yet the mechanisms underlying this association and the

role of biological aging remain poorly understood. Although glioma

can arise at any age, the clinical course of the disease changes with

advancing age, and the risk of developing glioblastoma – the most

aggressive form – rises sharply. Numerous studies have confirmed

that patient age at diagnosis serves as an independent prognostic

factor: even within the same histological group, prognosis can vary

substantially with age, and survival steadily declines as age at

diagnosis increases. However, it remains unclear whether acceler-

ated or decelerated biological aging influences survival and whether

deviations in biological age can be used as predictors of disease

progression. Gliomas and aging share several fundamental mech-

anisms, including genomic instability, telomere shortening, and

epigenetic alterations. Moreover, specific molecular and epigenetic

markers highlight the link between tumor progression and biolo-

gical aging, and may therefore serve as valuable prognostic tools.

Different molecular subtypes of glioma exhibit distinct patterns

of epigenetic aging. It has previously been shown that IDH-mutant,

1p/19q-codeleted gliomas, despite their more favorable prognosis,

paradoxically exhibit greater epigenetic aging as measured by the
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Horvath clock than IDH-wildtype glioblastomas (18). Here, having

evaluated 24 different DNA methylation-based epigenetic clock

models, we found that oligodendrogliomas (IDH-mut-codel) indeed

exhibited significant age acceleration according to multi-tissue clocks

(Horvath, PCHorvath, AltumAge, SkinAndBlood), the brain-specific

clock (DNAmClockCortical), the Hannum clock, and the mitotic

clocks. This phenomenon likely stems from IDH-induced global

hypermethylation (99), which probably extends to the age-associated

CpG sites within a given clock. In the Horvath model, for instance,

methylation levels increase with age atmore than half of the constituent

CpGs (57), a bias that may lead to the overestimation of epigenetic

age in IDH-mutant oligodendrogliomas. The greatest mitotic clock

acceleration likely reflects the long subclinical history of IDH-mutant

gliomas. Unlike de novo glioblastomas, these tumors can progress for

years before diagnosis, accumulating a far greater lifetime number of

cell divisions. However, establishing the causes of accelerated aging in

oligodendrogliomas will require detailed examination of the individual

clock CpG sites and their methylation patterns across glioma subtypes.

Glioblastomas showed significant age acceleration according to 12

clocks that capture mortality risk (GrimAge), phenotypic aging

(DNAmPhenoAge), and stochastic epigenetic variation (StocH,

StocP, StocZ), alongside the most pronounced telomere attrition

(DNAmTL, PCDNAmTL). The acceleration of clocks tracking genuine

physiological deterioration – inflammation, immune and tissue dys-

function, and replicative wear – suggests an aging pattern directly

aligned with the aggressiveness of glioblastomas.

Regarding the association between accelerated aging and sur-

vival, previous findings from predominantly IDH-wildtype cohorts

indicate that greater epigenetic age acceleration in tumors is

associated with improved survival (18–20). These observations

contrast the data obtained from normal tissues, where epigenetic

age acceleration consistently correlates with greater morbidity and

mortality. In our analysis of 24 clock models, we found that the

protective effect of age acceleration in IDH-wildtype glioblastoma

was reproduce by the PCHorvath clock only. However, stratification

of these tumors into molecularly homogeneous methylation

subtypes (Mesenchymal-like, Classic-like, and PA-like) removed

this signal, rendering all association statistically non-significant.

This suggests that the apparent non-trivial association of epigenetic

age acceleration with survival in glioblastoma likely reflects the

confounding influence of mixed methylation subtypes. It is worth

noting that, in a prior study (19), the authors reported a statistically

significant positive association between age acceleration and sur-

vival in the Classic-like subtype within the TCGA cohort; however,

this result was not replicated in an independent cohort. In our Cox

regression analysis, which applied more rigorous covariate adjust-

ment (age, sex, grade, and MGMT promoter status, with correct

handling of variables violating the proportional hazards assump-

tion), this finding was not confirmed. For example, using the same

Horvath clock, we obtained an HR (95% CI) of 0.992 (0.980–1.004),

p = 0.189. These discrepancies highlight the need for future studies

in larger, independent cohorts.

The only statistically significant association that remains after

dividing glioblastomas into subtypes is between telomere shorten-

ing and decreased survival in the PA-like subtype. Most cancer cells

bypass telomere shortening by activating telomerase, enabling
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unlimited proliferation (100). This is achieved by activating the

normally inactive human telomerase reverse transcriptase (hTERT)

gene or increasing its expression. As with other solid tumors,

gliomas exhibit telomerase activity or hTERT expression, which is

absent in normal brain tissue (101, 102). Although telomerase

activity and slower telomere shortening would be expected to

indicate more advanced malignancy, our analysis instead found

that accelerated telomere shortening was associated with decreased

survival. This may reflect telomere crisis, a phenomenon docu-

mented in lymphocytic leukemia, breast cancer, and colorectal

adenoma (103–105). During crisis, cell populations typically decline

as proliferative potential is suppressed by cell death, making crisis

an intrinsic barrier against cells that have lost p53- and pRb-

dependent checkpoints. Yet this protection comes at a cost: the

accompanying genomic instability increases the mutational burden

and generates extensive genetic diversity subject to Darwinian

selection, thereby fueling clonal evolution and malignant progres-

sion. Another explanation for the association between shorter

telomeres and lower survival is the influence of patient age. In

one study, age was significantly associated with telomerase status

(106). The survival advantage for patients with telomerase-negative

tumors was observed only in those younger than 60 years at

diagnosis. Thus, the better prognosis of telomerase-negative pa-

tients was age-dependent, arguing against an independent prog-

nostic value for telomerase-associated parameters in glioblastoma.

A similar result was obtained for oligodendrogliomas: telomere

shortening was associated with decreased survival. In this tumor

subtype, accelerated epigenetic aging was also consistently associated

with reduced survival, a finding confirmed across nine clocks. Thus,

accelerated epigenetic senescence in oligodendrogliomas can be re-

garded as an integral indicator of poor prognosis. This is supported by

evidence that specific epigenetic alterations accumulate during

oligodendroglioma progression. Studies on paired primary and recur-

rent tumor samples have shown that MGMT promoter methylation

increases with progression (107), suggesting that more aggressive forms

of these tumors are indeed characterized by dynamic methylome

changes. Our results demonstrate that aging mechanisms – replicative

senescence via telomere attrition and epigenetic drift – are significant

determinants of aggressiveness even within the prognostically favorable

group of oligodendrogliomas. This does not contradict their generally

favorable outcome but rather underscores the inherent heterogeneity

of this group, where epigenetic alterations can shape the prognosis

for an individual patient. In essence, epigenetic clocks and telomere

length can serve as integral biomarkers for risk stratification within

oligodendroglioma subtypes.

Summing up, the direction and prognostic significance of

epigenetic acceleration in gliomas depend fundamentally on the

tumor’s molecular subtype, and no universal “greater acceleration,

worse prognosis” pattern exists. This further underscores the

marked heterogeneity of these tumors. When discussing accelerated

epigenetic aging in glioma patients, it is important to emphasize

that different epigenetic clocks estimate biological age in distinct

ways. By employing multiple epigenetic clock models, our study

aims not merely to document accelerated aging, but to assess which

existing algorithms best correlate with clinical outcomes across

different glioma subtypes. This approach avoids oversimplification
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and, in the future, may enable a more personalized interpretation of

age-related changes in tumor tissue.

Several perspective lines of research arise. First, independent

validation in larger cohorts is essential. Second, mechanistic studies

employing epigenetic enzyme modulation in glioma models are

required to establish a causal relationship between accelerated

epigenetic aging and tumor progression. Third, longitudinal assess-

ment of epigenetic age dynamics during therapy may open new

avenues for disease monitoring. Finally, further biological

deconvolution of signals from different epigenetic clocks could

help determine which aspects of epigenetic dysregulation are

most clinically significant across distinct glioma subtypes.

Another important aspect of gliomas, besides epigenetic aging,

is inflammatory aging, since it may influence the efficacy of

immunotherapy. In gliomas, inflammaging switches microglia

and macrophages to a pro-tumorigenic phenotype, hyperactivates

the PD-1/PD-L1 axis, and induces systemic immunosuppression

(28, 108). However, a fundamental question remains: is

inflammaging an independent driver of glioma progression, or

does the tumor itself accelerate local and systemic aging? In

glioblastoma, age appears to influence immunotherapy response

in both primary and recurrent tumors, yet current clinical trial data

are insufficient to fully capture this complex variable. Existing

studies are extremely limited, and most share a serious flaw:

immunotherapy trials overwhelmingly enroll younger patients

and systematically exclude the elderly (28), significantly distorting

the true spectrum of therapeutic responses. This issue is further

compounded by the fact that biological age offers an additional,

clinically relevant perspective. An inflammatory aging clock applied

to glioblastoma showed that patients with a lower estimated

inflammatory age had significantly better overall survival than

those with high values (109). This finding reinforces that the biology

of aging, as captured by metrics like the inflammatory clock,

represents a distinct axis of the disease – independent of a patient’s

chronological age – and one that likely influences the tumor’s

susceptibility to immune-based interventions. Although age influ-

ences all anticancer therapies, immunotherapy may be especially

vulnerable to age-related changes due to the well-documented

decline of the immune system with age. Therefore, patient age –

both chronological and biological – must be considered a key

clinical characteristic when designing clinical trials for glioblastoma.
7 Conclusion

Our findings support the idea that glioma progression and aging

may interact through partially shared molecular mechanisms. The

biomarkers of malignancy and survival discussed in this paper also

appear to be markers of aging and may serve as potential targets for

future research. However, chronological aging alone cannot fully

capture the molecular pathogenesis or biological behavior of glio-

mas. A detailed analysis of epigenetic age in these tumors revealed

that its effect on survival varies by glioma subtype. This highlights

that epigenetic aging acts as a subtype-specific phenomenon rather
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than a universal marker of malignancy. Inflammatory aging repre-

sents another important aspect in the context of glioma treatment.

Assessing inflammatory age can help stratify patients for immuno-

therapeutic approaches by identifying those with the most pro-

nounced inflammatory background, who may therefore be more

resistant to treatment. Thus, integrating biological age data into

treatment plans could improve therapeutic efficacy in glioma

patients by accounting for individual patient variability. From the

current perspective, personalized profiling of aging appears prom-

ising both the fundamental understanding the development of

gliomas and their treatment, although the best is clearly yet to

be done.
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