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Abstract

Purpose Sex influences the incidence, molecular characteristics and clinical outcomes of gliomas, but the biological path-
ways contributing to these differences are not fully understood. In lower grade glioma (LGG), immune activity and cell
cycle dysregulation are key components of tumor behavior. Because sex heavily influences baseline survival, it is critical to
determine if the prognostic relevance of these transcriptional programs differs between males and females, or if they offer
universal utility. This study evaluated the robustness of immune and cell cycle gene expression signatures as prognostic
markers across sex-stratified cohorts in LGG using data from The Cancer Genome Atlas (TCGA).

Methods Clinical and Ribonucleic acid (RNA) sequencing data from 510 patients with lower grade glioma in The Can-
cer Genome Atlas were analyzed. Only primary tumors with complete information on survival, age, sex, grade and pri-
mary diagnosis were included. Raw RNA counts were normalized to log-counts per million using the trimmed mean of M
values (TMM) method in edgeR. Two predefined transcriptional signatures were examined: an immune activation signa-
ture (CD3D, CD3E, CD8A, CXCL9, CXCL10, GZMB, PDCD1) and a cell cycle proliferation signature (MKI67, PCNA,
TOP2A, CCNBI1, CDKI1, BIRCS). Signature scores were calculated as the mean expression of component genes, standard-
ized to z-scores, and categorized into within-sex tertiles. Associations with overall survival were evaluated using Kaplan—
Meier curves and multivariable Cox proportional hazards models. Models adjusted for age and grade included interaction
terms to evaluate whether prognostic utility varied by sex.

Results Higher immune and cell cycle signature scores were each associated with shorter overall survival (immune: log-
rank p=0.0028; cell cycle: p<0.0001). In multivariable Cox models adjusted for age and grade, both signatures remained
independently associated with mortality (immune HR per SD=1.58, 95% CI 1.25-2.00; cell-cycle HR=1.47, 95% CI 1.15—
1.89). Crucially, interaction analyses indicated that the prognostic impact of these signatures did not significantly differ
between sexes, demonstrating consistent adverse associations across both male and female cohorts.

Conclusion Immune and cell cycle transcriptional programs show robust, independent associations with survival in lower
grade glioma that are consistent across sexes. Elevated activity in either pathway is universally linked to poorer outcomes.
These findings validate the broad prognostic utility of these transcriptional signatures in LGG, highlighting their potential
clinical relevance regardless of patient sex.

Keywords Lower grade glioma - Sex differences - Transcriptomics - Tumor microenvironment - Cell cycle - Prognostic
biomarker
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Introduction

Diffuse lower grade gliomas (LGGs), defined by the World
Health Organization (WHO) as adult-type diffuse gliomas of
grade II and grade 111, represent a biologically and clinically
heterogeneous group of primary brain tumors. Although out-
comes are generally more favorable than for glioblastoma,
survival varies widely, with median overall survival ranging
from approximately 6 to 15 years depending on molecular
subtype and clinical context [1, 2]. Epidemiologic studies
consistently demonstrate a male predominance, with men
accounting for nearly 60% of glioma cases [3, 4]. Beyond
this higher incidence, males often experience poorer clini-
cal outcomes, establishing sex as an important demographic
and biological variable in glioma behavior [5].

Historically, these sex-related disparities have been most
extensively described in glioblastoma. Several transcrip-
tomic and clinical analyses have reported a survival advan-
tage in females, independent of age, extent of resection,
or adjuvant therapy [6]. A landmark study by Yang et al.
applied sex-stratified transcriptomic profiling and found that
male survival correlated with lower expression of cell cycle
and proliferation genes, while female survival was associ-
ated with integrin and extracellular matrix pathways [7].
These results demonstrate that the molecular processes driv-
ing glioma progression can differ heavily between males
and females. However, comparable analyses in LGG remain
limited. Because patient sex dictates different baseline risks,
it is critical to determine whether emerging molecular bio-
markers are universally applicable or if their prognostic util-
ity is restricted by sex.

Two major molecular axes drive LGG prognosis: pro-
liferative signaling and immune regulation. Increased cell
cycle activity is a known marker of aggressive glioma
biology [8, 9]. This activity involves Early 2 factor (E2F),
cyclin-dependent kinase, and mitotic checkpoint pathways.
Concurrently, the immune microenvironment is a central
factor in glioma progression, actively impacting tumor
invasion, angiogenesis, and resistance to therapy [10]. Sig-
nificant sex differences in systemic immunity are also well
documented. Females typically demonstrate stronger adap-
tive immune responses and distinct microglial activation
patterns [11, 12]. Furthermore, the clinical impact of prolif-
erative activity can vary by sex in other types of gliomas [7,
13]. Because of these known biological differences, there is
a strong rationale to question whether these molecular path-
ways predict survival equally well for both men and women.

To our knowledge, while sex biased gene expression has
been described in glioma, previous TCGA-LGG analyses
have not systematically evaluated the formal statistical sex-
by-pathway interactions of these specific immune and cell
cycle transcriptional programs in relation to survival. This
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study analyzed ribonucleic acid (RNA) sequencing and
clinical data from The Cancer Genome Atlas (TCGA) to
quantify immune and cell cycle related transcriptional activ-
ity. Rather than treating sex as a simple adjustment variable,
the goal of this work was to evaluate whether the prognostic
relevance of immune and proliferative signatures remains
robust and independent across both male and female
cohorts. Validating the universal applicability of these sig-
natures is essential for the future development of reliable,
broadly effective prognostic frameworks in neuro-oncology.

Methods
Data source and cohort preparation

Clinical and RNA sequencing data for patients with LGG
were obtained from TCGA through the Genomic Data Com-
mons portal (https://portal.gdc.cancer.gov/). Only primary
tumor samples were included. Extracted clinical variables
were patient identifier, sex, age at diagnosis, histologic grade
(IT or III), primary diagnosis, vital status, days to death and
days to last follow up. Overall survival was defined as the
time from diagnosis to death or last known follow up and
was expressed in months for descriptive and visualization
purposes. An event indicator was coded as 1 for death and 0
for censoring. Sex was standardized as Male or Female and
cases with incomplete data for age, sex, grade, or survival
were excluded. After filtering, each patient had a unique
matched clinical and molecular record for analysis.

RNA-sequencing processing

RNA-sequencing count data were downloaded from the
TCGA-LGG Transcriptome Profiling dataset (workflow
type=STAR-Counts). Each patient was represented by one
primary tumor sample. Gene identifiers were mapped to
HUGO Gene Nomenclature Committee (HGNC) symbols
and duplicate entries were collapsed by summation. Library
size normalization was performed using the trimmed mean
of M values (TMM) method in edgeR and normalized
expression values were converted to log-counts per million
(logCPM) with a prior count of 1. No additional batch cor-
rection was applied.

Molecular signature scoring

Two highly targeted molecular signatures were utilized to
represent complementary biological pathways. Rather than
relying on broad, whole-transcriptome algorithms that are
difficult to translate to routine clinical assays, we intention-
ally selected restricted panels of canonical driver genes
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to maximize potential future utility via multiplex Reverse
Transcription Quantitative Polymerase Chain Reaction
(RT-gPCR) or targeted spatial profiling. The specific genes
were curated based on established literature detailing the
transcriptomic hallmarks of tumor biology. For the immune
panel, we utilized canonical gene expression markers of
tumor-infiltrating leukocytes [14]. The panel was selected
to capture a comprehensive, yet concise, cross-section
of the T-cell response, encompassing infiltration (CD3D,
CD3E, CD8A), recruitment (CXCL9, CXCL10) [15, 16],
and effector/exhaustion states (GZMB, PDCD1) consistent
with established glioma microenvironment landscapes [10,
17]. Similarly, the cell cycle panel was anchored by MKI167
(the transcriptomic equivalent of the standard clinical Ki-67
index) [18] and supplemented with essential, universal
regulators of mitotic progression (PCNA, TOP2A, CCNBI,
CDK1, BIRCS) that comprise the core cancer proliferation
metagene [19, 20]. For each patient, a signature score was
calculated as the mean logCPM value across the component
genes and then standardized to a z score. To assess sex-spe-
cific associations, each signature was divided into tertiles
within sex (low, middle and high), which provided balanced
subgroup sizes and reduced potential distributional differ-
ences between males and females.

Survival analysis and multivariable modeling

Kaplan-Meier survival curves were generated separately for
males and females, and differences among signature tertiles
were compared using the log-rank test. Median survival
with 95% confidence intervals was reported. Multivariable
Cox proportional hazards models were fit for each signature
and included age (continuous), histologic grade (III versus
1), sex, the standardized signature score and a sex by sig-
nature interaction term. Hazard ratios with 95% confidence
intervals were estimated, and statistical significance was
defined as a two sided p value less than 0.05. Because only
two prespecified pathways were evaluated, no adjustment
for multiple comparisons was applied. The proportional
hazards assumption was assessed using Schoenfeld residu-
als on both raw time and rank transformed event times, and
visual inspection indicated no meaningful violations.

Sensitivity analysis with molecular covariates

To assess whether the pathway associations were inde-
pendent of established molecular markers, additional Cox
models were adjusted for isocitrate dehydrogenase (IDH)
mutation and 1p/19q codeletion status. Molecular annota-
tions were obtained from the TCGA Pan Cancer Atlas and
merged with the clinical and transcriptomic dataset using
patient barcodes. Analyses were restricted to complete cases

with available IDH and 1p/19q information, representing
approximately 81% of the cohort. Covariates in these mod-
els included age, sex, histologic grade, IDH status, 1p/19q
status and the standardized pathway score, along with the
corresponding sex by signature interaction term. Hazard
ratios with 95% confidence intervals were reported.

Software and reproducibility

All analyses were performed in R (version 4.5.1). Data
retrieval, preprocessing, and statistical modeling were
conducted using the TCGAbiolinks, SummarizedExperi-
ment, edgeR, limma, tidyverse, survival, survminer, broom,
patchwork, and ggrepel packages. Graphs and graphics
were generated using R. To support full transparency and
computational reproducibility, the complete R analyti-
cal workflow, alongside the exported session information
detailing all specific package versions, is provided in the
Supplementary Material.

Results
Patient characteristics

After excluding recurrent tumors and cases with incomplete
survival, age, sex or grade information, a total of 510 pri-
mary lower grade glioma cases from TCGA were included
in the final cohort, representing more than 95% of the avail-
able TCGA LGG dataset. The median age was 41 years
(interquartile range 32.2 to 53.0). Males comprised 55.3% of
the cohort (n=282) and females comprised 44.7% (n=228).
Tumor grade was distributed as 48.2% grade I (n=246) and
51.8% grade III (n=264). The median overall survival for
the full cohort was 87.4 months (95% confidence interval
67.4 to 114.0). The median follow up time, estimated using
the reverse Kaplan-Meier method, was 27.8 months (95%
confidence interval 24.4 to 31.1). Histopathologic subtypes
included astrocytoma, oligodendroglioma and mixed glioma
in proportions consistent with prior TCGA LGG reports.

The immune signature had a median score of -1.61 (inter-
quartile range—2.58 to -0.53), and the cell cycle signature
had a median score of 3.50 (interquartile range 2.60 to
4.43). Both signatures were divided into tertiles within each
sex to create balanced low, middle and high groups, each
representing approximately one third of male and female
patients. These distributions are shown in Table 1.

Prior to survival modeling, we evaluated the baseline
distribution of both transcriptional signatures across clini-
cal and demographic variables. As expected, both immune
and cell cycle activities were significantly elevated in Grade
II tumors compared to Grade II (Fig. 1A-B; p=1.3x1078
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Table 1 Baseline clinical and molecular characteristics (TCGA-
LGG). Summary of 510 patients with LGG from TCGA included after
filtering for complete clinical and RNA-sequencing data. Continu-
ous variables are presented as median (interquartile range, IQR) and
categorical variables as n (%). Primary tumor diagnoses comprised
astrocytoma, oligodendroglioma and mixed glioma subtypes, reflect-
ing the histopathologic diversity of the TCGA-LGG cohort. Immune
and cell cycle signature scores were derived from predefined gene sets
and expressed as the mean logCPM per sample. Both signatures were
stratified into within-sex tertiles (Low, Mid, High) to ensure balanced
subgroup sizes and accurate assessment of sex-specific survival asso-
ciations

Primary tumors with matched clinical and RNA-seq data (N=510)

All Patients

Clinical characteristics
Age, years — median (IQR)
Sex — Male, n (%)

Sex — Female, n (%)
Grade — G2, n (%)

Grade — G3, n (%)
Primary diagnosis — n (%)

41 (IQR 32.2-53.0)
282 (55.3%)
228 (44.7%)
246 (48.2%)
264 (51.8%)
Astrocytoma — 193
(37.8%) | Oligoden-
droglioma — 187
(36.7%) | Mixed gli-
oma — 130 (25.5%)
Molecular signatures
Immune signature — median (IQR) -1.61
(IQR—-2.58--0.53)
3.50 (IQR 2.60-4.43)
Low: 170 (33.3%) |
Mid: 170 (33.3%) |
High: 170 (33.3%)
Cell-cycle tertiles — Low/Mid/High, n (%) Low: 170 (33.3%) |
Mid: 170 (33.3%) |
High: 170 (33.3%)
Immune and cell cycle tertiles were defined within sex to ensure bal-
anced subgroup sizes (=33% each); counts are equal by design

Cell cycle signature — median (IQR)
Immune tertiles — Low/Mid/High, n (%)

and p<2x107'¢, respectively). Notably, when stratified by
patient sex, the baseline distributions of both the immune
and cell cycle signatures were largely comparable between
males and females, with no statistically significant differ-
ences observed (Fig. 1C-D; p=0.2 and p=0.55, respec-
tively). This confirms that subsequent sex-stratified survival
analyses are not fundamentally confounded by massive
baseline expression skew between genders.

Immune signature and survival

When stratified by sex and immune activity tertiles, clear
survival gradients were observed. Among males, median
overall survival decreased across the low, middle, and high
immune tertiles, with estimates of 98.2, 79.9, and 62.9
months respectively (log-rank p=0.0028). Among females,
a similar pattern was present, with median survival esti-
mates of 93.1, 114.0, and 62.0 months for the low, middle,
and high tertiles (log-rank p=0.032) Fig. 2. Kaplan-Meier
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curves showed that higher levels of immune-related gene
expression were consistently associated with shorter sur-
vival in both sexes.

In multivariable Cox regression adjusted for age, grade,
and sex, the immune signature remained independently
associated with poorer survival (hazard ratio 1.58 per one
standard deviation increase, 95% confidence interval 1.25 to
2.00, p=1.35%10"*). The sex-by-immune interaction term
yielded a hazard ratio of 0.78 (95% confidence interval 0.56
to 1.09, p=0.143). Importantly, the lack of statistical sig-
nificance for this interaction demonstrates that the adverse
prognostic impact of the immune signature does not signifi-
cantly differ between males and females. Age and histologic
grade were also independently associated with survival (age
hazard ratio 1.05 per year, p=1.37%107'%; grade III versus
grade II hazard ratio 2.42, p=2.97x107). Sex alone did not
show a significant main effect (hazard ratio 1.00, p=0.983)
Fig. 3.

These results indicate that higher immune signature
activity is an independent predictor of shorter survival in
lower grade glioma. Furthermore, formal interaction testing
confirmed that this prognostic utility is robust and compa-
rable across both sexes.

Cell cycle signature and survival

Sex stratified tertiles of cell cycle activity showed clear and
consistent survival gradients. Among males, median overall
survival declined across the low, middle, and high tertiles
with estimates of 144.9, 105.1, and 41.1 months respec-
tively (log-rank p=1.28 x 107°). Among females, a parallel
pattern was observed, with median survival estimates of
95.5, 93.1, and 51.8 months for the low, middle, and high
tertiles (log-rank p=0.0026) Fig. 2. In both cohorts, higher
cell cycle related gene expression was consistently associ-
ated with significantly shorter survival.

In multivariable Cox proportional hazards models
adjusted for age, sex, and grade, the cell cycle signature
remained independently associated with poorer survival
(hazard ratio 1.47 per one standard deviation increase, 95%
confidence interval 1.15 to 1.89, p=2.39x107%). The sex
by cell cycle interaction term yielded a hazard ratio of 0.95
(95% confidence interval 0.65 to 1.38, p=0.778). This lack
of statistical significance confirms that the adverse prog-
nostic impact of the cell cycle signature is robust and com-
parable across both males and females. Age and histologic
grade again showed expected adverse effects (age hazard
ratio 1.05 per year, p=3.20 x 107'*; grade III versus grade II
hazard ratio 2.22, p=2.78 x 107#). Sex alone did not demon-
strate a significant main effect (hazard ratio 0.94, p=0.781)
Fig. 3.
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Fig. 1 Baseline distribution of molecular signatures by tumor grade
and patient sex. Boxplots depicting (A) immune signature and (B) cell
cycle signature z-scores stratified by WHO Grade (G2 vs. G3), demon-
strating significantly elevated transcriptional activity in higher-grade
tumors. Panels (C) and (D) display the distribution of the immune and

Taken together, these results show that higher cell cycle
signature activity is a strong independent predictor of shorter
survival in lower grade glioma, with comparable effect sizes
validating its utility in both males and females.

Prognostic consistency of signatures across sexes

Kaplan-Meier survival curves stratified by tertiles of
molecular activity showed significant and parallel separa-
tion across groups in both males and females (Fig. 2). For
the immune signature, higher pathway activity was con-
sistently associated with shorter overall survival in both

(B) Cell-Cycle Activity by Grade

p = <2e-16
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cell cycle signatures, respectively, stratified by patient sex (Male vs.
Female), illustrating comparable baseline activity between cohorts.
Boxes represent interquartile ranges, horizontal lines indicate medians,
and individual points denote patient-level values. Statistical compari-
sons were performed using the Wilcoxon rank-sum test

cohorts. Among males, median survival declined from 98.2
months in the low tertile to 62.9 months in the high ter-
tile (log-rank p=0.0028). Among females, median survival
similarly declined from 93.1 to 62.0 months across the same
tertiles (log-rank p=0.032). For the cell cycle signature, an
even steeper adverse gradient was observed. Among males,
median survival decreased from 144.9 to 41.1 months
across the low and high tertiles (log-rank p=1.3x107).
Among females, median survival declined from 95.5 to 51.8
months across these tertiles (log-rank p=0.0026). Crucially,
although absolute baseline survival times naturally differed
between males and females, both signatures demonstrated

@ Springer



8 Page 6 of 13

A.Singh et al.

Fig. 2 Overall survival by
immune and cell cycle transcrip-
tional activity. Kaplan—-Meier
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highly consistent trajectories. This confirms that elevated
immune or cell cycle transcriptional activity universally
predicts shorter survival, independent of patient sex.

Sensitivity analysis with molecular covariates

After merging molecular annotations, 414 cases had avail-
able IDH and 1p/19q status for analysis. Age and histologic
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Overall Survival (months)

grade remained strong predictors of outcome (age hazard
ratio 1.03 per year, 95% confidence interval 1.01 to 1.06,
p=0.001; grade III versus grade II hazard ratio 2.7, 95%
confidence interval 1.6 to 4.5, p<0.001). After adjustment
for molecular subtype, the immune signature (hazard ratio
0.88, 95% confidence interval 0.58 to 1.33, p=0.55) and
the cell cycle signature (hazard ratio 1.29, 95% confidence
interval 0.91 to 1.84, p=0.15) did not maintain independent
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Fig. 3 Multivariable Cox models
for immune and cell cycle
signatures. Forest plots depicting
hazard ratios (HR, log-scale) with
95% confidence intervals from
sex-interaction Cox regression
models for the (A) immune and
(B) cell cycle signatures. Both
signatures (per 1 SD increase)
were independently associated
with shorter overall survival

after adjustment for age, grade,
and sex. The non-significant
interaction terms confirm the
universal prognostic utility of

the signatures across sexes. The
dashed vertical lines represent the
null effect (HR=1)

Female x Immune (interaction) -

Immune signature (per 1 SD) 4

Female vs Male A

Grade G3 vs G2 1

Age (per year) 1

: (A)

..___________

HR = 1 (No effect)

Female x Cycle (interaction) -

Cell-cycle signature (per 1 SD) 4

Female vs Male 4

Grade G3 vs G2 4

Age (per year) 4

1.00 150  2.00 3.00
Hazard Ratio (log scale)

Hazard ratios (95% CI) from multivariable Cox model.
Age, Sex and Grade adjusted; immune signature scaled per 1 SD.

0.75

(B)

statistical significance. This attenuation highlights a strong
biological collinearity; the immune and proliferative tran-
scriptional states identified here are heavily intertwined
with IDH mutation and 1p/19q codeletion status, which act
as primary drivers of these tumor microenvironments. IDH
and 1p/19q covariates were not estimable in some models
because of the high prevalence of IDH mutation and 1p/19q

L : ||
1 . : 1
: L 1
: | ’ 1
5 HR =1 (No effect)
0.75 1.00 1.50 2.00 3.00

Hazard Ratio (log scale)

Hazard ratios (95% CI) from multivariable Cox model.
Age, Sex and Grade adjusted; cell-cycle signature scaled per 1 SD.

codeletion among complete cases. Even within these molec-
ularly adjusted models, the sex by signature interaction terms
remained non-significant (immune interaction p=0.49, with
no evidence of a sex interaction for the cell cycle), further
confirming that these biological relationships do not diverge
by sex. In combined models, the estimated directions of
association for both signatures were completely consistent
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Table 2 Multivariable Cox models adjusted for age, histologic grade, sex and molecular markers (complete-case analysis N=414). Results of mul-
tivariable Cox proportional hazards models adjusted for age, histologic grade, sex and molecular markers (IDH mutation and 1p/19q codeletion
status) in the complete case cohort. Age and histologic grade remained strong independent predictors of survival. As detailed in the text, adjustment
for molecular subtype attenuated the independent statistical significance of both transcriptional signatures, highlighting their strong biological col-
linearity with aggressive IDH-wildtype tumor biology. The sex by signature interaction terms remained non-significant across all adjusted models,
further confirming that these prognostic relationships are robust and do not diverge by patient sex. Dashes (—) indicate molecular covariates that
were unestimable in the models due to the high prevalence of IDH mutations and 1p/19q codeletions among complete cases

Covariate

Joint model
HR (95% CI) P

Immune model
HR (95% CI) P

Cell-cycle model
HR (95% CI) P

Sig Sig Sig

Age (per year) 1.03 (1.01-1.05) 0.00137 **  1.03 (1.01-1.06) 0.001313 **  1.03 (1.01-1.05) 0.00175 **
G3 vs. G2 2.27 (1.34-3.84) 0.00237 ** 270 (1.61-4.54) 0.000177 **  2.32(1.35-3.98) 0.00241 **
Female (vs. Male) 1.18 (0.72-1.94) 0.50369 1.29 (0.81-2.08) 0.286650 1.21 (0.73-2.00) 0.46818
IDHwt (vs. IDHmut) o o o o o o

1p/19q non-codel (vs. codel) - - o o - o

Immune signature (per 1 SD) o _ 0.88(0.58-1.33) 0.549346 0.90 (0.60-1.36) 0.61400
Female x Immune o o ~ 1.22(0.69-2.14) 0.489005 1.14 (0.64-2.01) 0.65813
Cell-cycle Signature (per 1 SD) 1.29 (0.91-1.84) 0.15098 o o ~ 1.29(0.91-1.84) 0.15385
Female x Cycle 1.17 (0.69-2.00)  0.55578 . 1.17 (0.68-2.00) 0.57710

HRHazard Ratio. Sig: ¥*P<0.05 | Estimates from multivariable Cox models adjusted for age, grade, sex and molecular markers (complete-case
analysis N=414). | Grade 3 (G3), Grade 2 (G2), IDHwt (IDH-wild type), IDHmut (IDH-mutant)

with the primary analyses. Results from these fully adjusted
molecular models are summarized in Table 2 (and visually
represented in Supplementary Fig. S1).

Model diagnostics

Proportional hazards assumptions were evaluated using
Schoenfeld residuals on both raw time and rank-transformed
time scales. Global tests indicated mild time-dependent
effects in both models (immune model p=0.0007, cell cycle
model p=0.0004), primarily driven by age and the molecu-
lar signature terms. However, visual inspection of residual
plots confirmed minimal deviation from proportionality,
with the observed trends being small in magnitude (Supple-
mentary Fig. S2a and S2b). These minor time-dependent
patterns do not compromise the overall stability or interpre-
tation of the model coefficients.

Correlation between immune and proliferative
pathways

Pearson correlation analysis demonstrated a modest but
statistically significant positive association between the
immune and cell cycle signature scores (r=0.23, 95% con-
fidence interval 0.14 to 0.31, p=1.8 x1077) Supplementary
Fig. S3. This biological relationship was highly consistent
across sexes (males: »=0.22; females: »=0.24) and remained
significant after adjustment for histologic grade. Addition-
ally, immune signature scores were significantly higher in
grade III tumors compared with grade II tumors (median
z score 0.41 versus minus 0.37, p=3.2x10%) Fig. 1A,
reflecting greater inflammatory signaling in more advanced
disease. These findings indicate that immune-related and
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proliferative transcriptional activities share a partial posi-
tive correlation that is fundamentally conserved across both
male and female patients.

Summary of key findings

Higher immune and cell cycle transcriptional activities were
consistently associated with poorer overall survival in lower
grade glioma. Formal interaction testing confirmed that
these adverse prognostic gradients are robust and parallel
across both male and female patients. Moreover, sensitivity
analyses revealed a strong biological collinearity between
these signatures and established molecular subtypes, indi-
cating that these transcriptional states successfully capture
the aggressive microenvironments driven by IDH-wildtype
biology. Ultimately, these results validate immune and pro-
liferative gene expression as reliable, universal indicators of
tumor severity in LGG that operate independently of patient
sex.

Discussion
Overview of principal findings

In this targeted gene expression analysis of 510 primary
lower grade gliomas, elevated immune and proliferative
gene expression consistently predicted shorter overall
survival across both male and female cohorts. These find-
ings align with established molecular paradigms identify-
ing inflammatory and proliferative hyperactivation as core
drivers of aggressive glioma biology, which also exhibited
partial biological overlap in our cohort [21, 22]. Formal
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interaction testing confirmed the absence of statistically
significant sex-specific modification, demonstrating that
the adverse prognostic impact of these transcriptional states
operates independently of patient sex. Furthermore, the
attenuation of their independent prognostic significance
upon adjustment for IDH mutation and 1p/19q codeletion
highlights strong biological collinearity. Rather than a sta-
tistical limitation, this indicates these signatures effectively
capture the inherently aggressive microenvironmental states
driven by advanced IDH-wildtype biology. Ultimately,
these results validate immune and cell cycle transcriptional
activities as robust, universal prognostic indicators of tumor
severity in lower grade glioma.

Biological mechanisms linking immune activation
to poor prognosis

Although increased immune-related transcriptional activ-
ity is sometimes interpreted as evidence of an antitumor
response, recent literature confirms that immune activation
in LGG frequently reflects a dysfunctional, exhausted state.
Gliomas establish heavily immunosuppressive microen-
vironments characterized by severe T-cell exhaustion and
myeloid-driven immunoregulation [10, 23]. This aligns
with our sensitivity analysis, where the immune signature’s
independent prognostic value was attenuated by molecu-
lar subtype adjustment, indicating it successfully captures
the dysfunctional inflammatory state driven by advanced
tumor biology. Given known sex-related differences, such
as females typically exhibiting stronger baseline adaptive
immune responses [ 12, 24], there is a strong biological ratio-
nale to question whether one sex might better resist these
tumor-induced subversions. However, our findings demon-
strate that once this exhausted immune transcriptional pro-
gram is established within the tumor microenvironment, it
is equally detrimental to survival in both sexes. The lack of
a significant sex-by-immune interaction suggests that local,
tumor-driven immunosuppression ultimately overrides
baseline systemic sex advantages, validating the signature
as a universally applicable marker of poor prognosis.

Biological mechanisms linking cell cycle activity to
glioma progression

The association between higher cell cycle transcriptional
activity and shorter survival is consistent with prior evi-
dence identifying proliferative signaling as a core hallmark
of malignant progression in glioma [18, 20]. The attenua-
tion of the signature’s independent prognostic value when
adjusted for IDH status confirms that this transcriptional
program successfully captures the proliferative burst char-
acteristic of advanced, high-risk molecular evolution. Our

findings add a critical layer to this paradigm by formally
evaluating its prognostic impact across patient sex. While
epidemiologic data consistently shows worse overall base-
line survival for males with glioma, our interaction analyses
revealed that elevated cell cycle activity is equally detri-
mental in both sexes. This suggests that once the fundamen-
tal machinery of mitotic proliferation is unleashed, it drives
tumor aggressiveness and mortality entirely independently
of a patient’s baseline demographic risk. This pattern con-
firms that proliferative activity is not just a key component
of the molecular landscape, but a universally reliable prog-
nostic marker across all lower grade glioma patients.

Sex-based transcriptomic and clinical differences in
glioma

Epidemiologic and molecular studies consistently demon-
strate sex-based disparities in glioma, with males exhibiting
higher incidence, shorter survival [25], and distinct base-
line transcriptomic landscapes [5]. However, our findings
add a critical nuance to this paradigm: while baseline risk
and overall molecular profiles differ by sex, the prognostic
penalties of these targeted T-cell inflammatory signatures
and core mitotic proliferation metrics do not. The lack of
a statistically significant sex by signature interaction con-
firms that these targeted inflammatory and mitotic programs
represent shared, convergent mechanisms of mortality that
operate independently of baseline demographic risk.

Known disparities in systemic immune biology, such as
stronger adaptive immune responses in females [26] and
distinct pro-inflammatory microglial phenotypes in males
[27], actually underscore the profound immunosuppressive
power of the developing glioma. Rather than confounding
our results, these inherent systemic differences highlight
that the local, tumor driven microenvironment ultimately
subverts and overrides baseline sex advantages, driving
equally poor outcomes once these malignant programs are
established. Overall, these findings support the continued
evaluation of sex as a biological variable in neuro-oncology,
while simultaneously validating these specific transcrip-
tional pathways as reliable, sex-independent biomarkers for
clinical risk stratification.

Comparison to prior studies

Our findings strongly align with prior studies linking
immune and proliferative hyperactivation to aggressive
LGG behavior. Consistent with our survival gradients, Lin et
al. [23] and Martinez et al. [28] demonstrated that immune-
inflamed LGGs paradoxically exhibit T-cell exhaustion,
checkpoint upregulation, and poorer prognoses. Similarly,
our cell cycle results corroborate Ceccarelli et al. [20], who
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identified proliferative activation as a hallmark of malignant
progression. These alignments confirm that our signatures
successfully capture fundamentally aggressive tumor states.

Building on prior work, this study specifically tests the sta-
tistical interaction between sex and the identified transcrip-
tional programs in LGG. While previous studies by Tewari
et al. [5] and Khan et al. [29] have extensively detailed sex-
specific transcriptomic and metabolic baseline differences
in glioma, our interaction analysis adds an important bio-
logical nuance. It demonstrates that once these hyperactive
immune and proliferative programs are established in the
tumor microenvironment, their detrimental impact on over-
all survival is remarkably consistent across both males and
females. Therefore, while foundational sex disparities exist
in glioma incidence and baseline biology, the clinical con-
sequences of these advanced transcriptional states represent
a convergent, shared driver of poor prognosis.

Clinical implications

The central question of this study was whether the estab-
lished prognostic impact of immune and proliferative path-
ways diverges between males and females. By critically
evaluating these transcriptional signatures across sex-strati-
fied cohorts, we demonstrated that their adverse impact rep-
resents a convergent mechanism of mortality that operates
independently of baseline demographic risk. Therefore, the
most immediate clinical implication of our findings is the
validation of immune and proliferative transcriptomic sig-
natures as universally applicable prognostic tools. Because
the adverse impact of these transcriptional states does not
diverge by sex, future clinical risk-stratification models can
safely utilize unified scoring thresholds for all patients, sim-
plifying pathway derived risk assessment [30]. Their strong
collinearity with high-risk molecular subtypes suggests
these signatures successfully capture the aggressive micro-
environments characteristic of advanced glioma, providing
robust prognostic context that complements standard histo-
pathologic grading.

Beyond prognostication, defining these hyperactive path-
ways provides critical context for therapeutic development.
The association between elevated immune activity and
shortened survival reinforces that LGG immune responses
are often profoundly exhausted or myeloid suppressed [31,
32]. Consequently, future immunotherapeutic strategies
must focus on reversing local microenvironmental immuno-
suppression rather than merely stimulating peripheral T-cell
proliferation. The robust prognostic penalty of cell cycle
activation highlights the potential utility of targeted cell
cycle regulators, such as Cyclin-dependent kinase inhibitors
(CDK-inhibitors), particularly for tumors exhibiting rapid
molecular evolution.
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Ultimately, while patient sex remains a critical baseline
biological variable in neuro-oncology, these specific tran-
scriptional signatures offer robust, sex-independent clini-
cal utility. Integrating these universally applicable pathway
measurements into standard workflows could refine patient
risk-stratification and better guide the selection of microen-
vironment targeted therapies.

Future directions

Several critical opportunities for future research emerge
from this work. First, integrating single-cell and spatial
transcriptomic platforms [33, 34] is essential to resolve the
specific cellular architectures driving these bulk tissue sig-
natures. Identifying the precise microenvironmental niches,
such as exhausted T-cell clusters or localized proliferative
hubs, will clarify how these aggressive states physically
manifest. Second, future multi-omic studies must investi-
gate the mechanistic basis of this prognostic convergence.
Understanding the specific epigenetic or metabolic mecha-
nisms the tumor microenvironment uses to override base-
line systemic sex differences could reveal novel therapeutic
vulnerabilities. Finally, prospective longitudinal profiling,
via serial tissue sampling or liquid biopsies, is necessary
to map the spatiotemporal evolution of these immune and
proliferative pathways. Tracking these signatures across
the disease course will determine their dynamic response
to standard therapies and their potential utility for real-time
clinical monitoring.

Limitations

This study presents several limitations. First, the analysis
relies on retrospective TCGA data lacking detailed clinical
variables, such as extent of resection and specific therapeu-
tic regimens, which are known survival modifiers. Second,
our use of bulk RNA sequencing and predefined gene signa-
tures provides a macro-level transcriptomic view but cannot
resolve the underlying spatial and cellular heterogeneity of
the tumor microenvironment. Third, while we successfully
adjusted our multivariable models for IDH mutation and
1p/19q codeletion status, missing molecular annotations in
the database restricted these specific sensitivity models to a
complete-case subset (81% of the cohort). Fourth, without
an independent external validation cohort, the broader gen-
eralizability of these findings remains to be prospectively
confirmed. Finally, while our analytical framework relied
on traditional Kaplan-Meier and Cox regression models
rather than complex machine learning algorithms, this was
an intentional choice to preserve clinical interpretability and
allow for formal statistical interaction testing, which is the
gold standard for evaluating specific biological hypotheses
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such as sex-based pathway divergence. However, despite
these constraints, our cohort was sufficiently powered to
demonstrate the robust, sex-independent prognostic value
of these immune and proliferative signatures, providing a
strong and reliable foundation for future clinical validation.

Conclusion

In this targeted gene expression analysis of primary lower
grade glioma, elevated immune and proliferative transcrip-
tional activities emerged as strong predictors of shorter
overall survival. Formal interaction testing confirmed
that the prognostic penalties of these aggressive biologi-
cal states are robust and universally applicable across both
male and female patients. Rather than diverging by demo-
graphic factors, these hyperactive transcriptional programs
represent convergent pathways of mortality that are deeply
intertwined with advanced, high-risk molecular subtypes.
Ultimately, these findings validate immune and cell cycle
signatures as reliable, sex-independent biomarkers. Inte-
grating these universal pathway measurements into future
prognostic frameworks could significantly refine clinical
risk stratification and help guide therapeutic development
for all patients with lower grade glioma.
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