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Simple Summary

Gliomas are brain tumors that disrupt the normal relationship between brain cells, blood
vessels, and the surrounding tissue. It is not well understood whether these disruptions
occur alone or as part of a coordinated process across increasing tumor grades. We ex-
amined gene activity in publicly available glioma data from real patients to determine
how this system differs across tumor grades. We identified a consistent pattern in which
normal supportive functions were lower in higher-grade tumors, while inflammation,
tissue remodeling, and abnormal blood vessel growth became increasingly prominent. Our
findings provide a new framework for understanding how the environment surrounding
glioma cells is organized across glioma grades and guide future research on how disruption
of normal brain fluid transport and vascular function contributes to glioma biology.

Abstract

Background: The gliovascular unit forms the structural and functional basis of the glym-
phatic system, which facilitates cerebrospinal fluid—interstitial fluid exchange to maintain
brain homeostasis. Although disruption of individual astrocytic, vascular, and extracellu-
lar matrix (ECM) components has been described in diffuse glioma, it remains unknown
whether these alterations represent isolated pathological events or a coordinated remodeling
program across glioma grades. Methods: Bulk transcriptomic signatures representing eight
components of the gliovascular unit were quantified in The Cancer Genome Atlas (TCGA)
and independently validated in the Chinese Glioma Genome Atlas (CGGA). Pathway activ-
ity was compared across WHO grades and IDH status, followed by gene-level, network,
and grade-specific analyses to characterize the grade-associated patterns of gliovascular
remodeling. Laser-capture microdissected RNA sequencing data from the Ivy Glioblastoma
Atlas Project was subsequently used to define the anatomical distribution of representative
gliovascular markers within glioblastoma (GBM). Finally, multivariable Cox proportional
hazards regression was performed to evaluate associations between gliovascular pathway
activity and overall survival. Results: Diffuse glioma was characterized by coordinated
grade-associated remodeling of the gliovascular unit across independent patient cohorts.
Lower-grade tumors were characterized by greater expression of homeostatic astrocyte-
and endfoot-associated transcriptional programs, whereas higher-grade tumors showed in-
creasing inflammatory, ECM-remodeling, basement membrane-remodeling, and angiogenic
signatures. Regional analysis demonstrated corresponding anatomical compartmental-
ization of these transcriptional features within GBM. Despite closely reflecting glioma
grade, gliovascular remodeling was not independently associated with overall survival.
Conclusions: Coordinated grade-associated remodeling of the gliovascular unit provides
a unifying framework linking astrocyte-associated, inflammatory, and vascular remodeling
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transcriptional programs across glioma grades. This systems-level model establishes a
foundation for future mechanistic studies examining how disruption of gliovascular home-
ostasis contributes to glymphatic dysfunction, sleep disturbance, and disease progression.

Keywords: gliovascular unit; bioinformatics; glioma; glymphatics; astrocyte; AQP4

1. Introduction

The glymphatic system is a brain-wide fluid transport and waste-clearance pathway
in which cerebrospinal fluid (CSF) enters along perivascular spaces, exchanges with inter-
stitial fluid (ISF), and facilitates removal of metabolites from the brain parenchyma [1,2].
This process is supported by the close anatomical relationship between cerebral vessels
and perivascular astrocyte endfeet. Polarized aquaporin-4 (AQP4) channels located on
astrocyte endfeet have been implicated in CSF-ISF exchange, although the precise mecha-
nisms governing glymphatic transport remain debated [3]. These perivascular structures
exist within a broader neurovascular architecture in which astrocytes, endothelial cells,
pericytes, basement membrane (BM), and other cellular and extracellular components
interact to maintain vascular integrity and brain homeostasis [4,5]. Together, these inter-
connected elements form the gliovascular unit, an interface that provides the structural
foundation for perivascular fluid transport and links glymphatic function to the integrity
of the surrounding vascular and astrocytic microenvironment.

Glymphatic dysfunction is increasingly implicated in glioma biology, where impaired
perivascular transport may contribute to waste retention, altered ISF dynamics, and an
inflammatory and immunosuppressive tumor microenvironment (TME) [6]. Experimental
imaging studies have demonstrated reduced glymphatic influx and clearance in glioblas-
toma (GBM) models [7], while human imaging studies have associated increasing tumor
burden with impaired glymphatic clearance. This literature supports a relationship be-
tween malignant progression and disruption of perivascular fluid transport [8]. These
changes occur alongside characteristic features of the GBM microenvironment, includ-
ing hypoxia, immune-cell infiltration, blood-brain barrier (BBB) disruption, and altered
astrocyte—vascular interactions [9,10]. Disruption of astrocytic endfeet, AQP4 organiza-
tion, and the basal lamina may further compromise the structural relationship between
astrocytes and the cerebral vasculature [11]. Moreover, tumor-associated astrocytes can
transition toward reactive phenotypes through signaling pathways including JAK/STAT,
contributing to altered inflammatory signaling and tumor—immune interactions [12]. To-
gether, these observations suggest that impaired glymphatic transport in GBM occurs
within broader remodeling of the cellular and extracellular architecture that normally
supports gliovascular homeostasis.

Diffuse glioma provides a biological continuum for examining how disruption of the
gliovascular interface changes with increasing malignancy. WHO grade and isocitrate
dehydrogenase (IDH) status capture clinically and biologically distinct tumor phenotypes
and provide complementary measures for evaluating gliovascular alterations associated
with disease aggressiveness [13,14]. Emerging imaging evidence further suggests that glym-
phatic dysfunction varies with glioma molecular characteristics, including IDH mutation
status, indicating that impaired brain fluid transport may be linked to underlying tumor
biology rather than simply tumor presence [15]. Examining gliovascular pathways across
these disease states may therefore distinguish alterations that emerge early from those asso-
ciated with advanced malignant progression and reveal relationships that are not apparent
when individual components of the gliovascular interface are studied independently.
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Previous studies have characterized individual components of the glioma microenvi-
ronment, including tumor-associated reactive astrocytes [16], extracellular matrix (ECM)
remodeling [17,18], and tumor-associated macrophage and inflammatory programs [19,20].
Collectively, this work demonstrates extensive cellular and extracellular remodeling in
glioma, but these processes have largely been investigated as distinct features of tumor
biology. How these alterations relate to one another and become organized across diffuse
glioma progression therefore remains incompletely understood. A systems-level analysis
of the gliovascular unit may reveal whether they represent independent consequences of
malignancy or components of a coordinated remodeling process.

Here, we characterized transcriptional programs representing eight components of the
gliovascular unit across two independent diffuse glioma cohorts to determine whether their
disruption occurs independently or as part of a coordinated remodeling process. Pathway-
and gene-level analyses were integrated with network and transition-specific modeling to
define the organization of gliovascular remodeling across malignant progression, while
regional Ivy GAP analysis was used to examine how representative features of this remod-
eling are distributed within the GBM microenvironment. We further evaluated whether
gliovascular pathway activity was independently associated with overall survival beyond
established clinical variables. Together, these analyses establish a systems-level frame-
work for investigating how the molecular architecture supporting normal gliovascular
homeostasis is remodeled during diffuse glioma progression.

2. Materials and Methods
2.1. Patient Cohorts and Data Sources

Bulk RNA sequencing data and matched clinical annotations were obtained from
two independent glioma cohorts: The Cancer Genome Atlas (TCGA; n = 800) [21] and the
Chinese Glioma Genome Atlas (CGGA; n = 422) [22]. TCGA served as the discovery cohort,
while CGGA was used for independent replication. The TCGA expression dataset was
obtained using TCGAbiolinks R package from the TCGA low (LGG)- and high-grade glioma
(HGG) projects. RNA-sequencing expression data were obtained from the GDC STAR-
Counts workflow using upper-quartile normalized fragments per kilobase of transcript per
million mapped reads (FPKM-UQ). The combined TCGA-LGG/HGG expression dataset
initially contained 925 RNA-sequencing specimens. Analyses were restricted to primary
tumors with available WHO grade (grade II, n = 214; grade IlI, n = 241; grade IV, n = 345).
The CGGA expression dataset was derived from the mRNAseq_693 cohort and initially
contained 693 samples; analyses were restricted to primary tumors with available WHO
grade, yielding 422 tumors (WHO grade II, n = 138; grade IlI, n = 144; grade 1V, n = 140).

Clinical variables included WHO grade, IDH mutation status, and overall survival.
Samples missing information required for a particular analysis were excluded from that
analysis. Overall survival for TCGA was derived from the available clinical follow-up
fields (vital_status, days_to_death, and days_to_last_follow_up), yielding survival data for
798 specimens. Overall survival data were available for 366 CGGA tumors.

To evaluate the influence of tumor composition, tumor purity estimates generated
using the ABSOLUTE algorithm and immune/stromal infiltration estimates generated
using the ESTIMATE algorithm were obtained for subsets of the TCGA cohort (n = 683
and n = 670, respectively). These variables were used exclusively for sensitivity analyses.
Equivalent estimates were not available for CGGA. To further assess the cellular specificity
of the marker genes used to construct the pathway activity scores, expression of the
55 available marker genes was examined using the public core GBmap single-cell GBM
reference comprising 338,564 cells. For each gene, the percentage of cells expressing the
transcript and its relative scaled expression were evaluated across annotated malignant,
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glial, vascular, myeloid, lymphoid, and neuronal cell populations. Results are presented as
a dot plot in Figure S5, with dot size representing the percentage of cells expressing each
gene and color representing relative row-scaled expression across cell types.

Anatomically resolved regional analysis was performed using the Ivy Glioblastoma
Atlas Project (Ivy GAP), which provides laser-capture microdissected RNA-sequencing
data from anatomically distinct regions of human IDH wildtype GBM. Expression data
were analyzed from the leading edge (LE), infiltrating tumor (IT), cellular tumor (CT),
pseudopalisading cells surrounding necrosis (PAN), and microvascular proliferation (MVP).
Gene expression matrices, gene annotations, and regional metadata were downloaded from
the Ivy GAP portal and integrated for downstream regional analyses.

2.2. Gliovascular Unit Activity Scoring

Eight pathway activity scores representing major components of the glymphatic-
associated gliovascular unit were generated from curated marker gene panels describing
homeostatic astrocytes [23,24], reactive astrocytes [12,16], neuroinflammation [9,19], en-
dothelial angiogenesis [10,11], BM remodeling [3,5,11,25], extracellular matrix (ECM) re-
modeling [17,18], astrocyte endfoot organization [1-3,11], and BBB specialization [3,4,10,26]
(Table 1). For each cohort, marker genes present in the expression matrix (minimum of three
genes per pathway) were standardized (z-scores) after excluding genes with zero variance.
Pathway activity scores were calculated as the mean standardized expression of all available
marker genes within each pathway. Gene standardization and pathway scoring were per-
formed independently within each cohort. Fifty-six marker genes were available for scoring
TCGA and 55 in CGGA because PECAM1 was unavailable in the CGGA expression matrix.

Table 1. Biological functions of curated marker genes representing components of the gliovascu-

lar unit.
Pathway Genes Rationale/Shared Function in the Gliovascular Unit
AQP4 Principal astrocytic water channel mediating perivascular water
movement and CSF-interstitial fluid exchange.
Astrocyte endfoot - - -
organization SNTA1, DAGI, Compon.er}ts of the' dystrophin-associated protein comp}ex that anchor
DTNA. DMD and stabilize polarized AQP4 at astrocyte endfeet and link endfeet to
! the vascular basement membrane.
ALDHIL1, SOX9 Markers of mature, homeostatic astrocyte identity.
. SLC1A2, SLC1A3, Glutamate transport and recycling machinery supporting extracellular
Homeostatic .
GLUL glutamate clearance and neuronal homeostasis.
astrocytes
KCNJ10 Astrocytic potassium channel required for extracellular potassium
buffering and normal perivascular ionic-water balance.
GEAP. VIM Intermediate filament and cytoskeletal proteins upregulated with
! astrocyte activation and reactive gliosis.
Reactive astrocytes  GJA1, S100B Gap-junction and Calc1um-b1nd1ng proteins assoc.:lated Wlth faltered
astrocyte network coupling and activation-associated signaling.
SERPINA3, LCN?2 Secretgd acut.e—phase and inflammatory mediators associated with
chronic reactive astrocyte states.
Tight-junction complex components that restrict paracellular
CLDN5, OCLN, TJP1 permeability and maintain junctional organization at the BBB.
BBB specialization MFSD2A, SLC2A1 Specialized e'ndothehal transporters that suppress transcytosis and
support nutrient transport across brain endothelium.
ABCBI1 P-glycoprotein efflux transporter limiting entry and promoting

removal of xenobiotics across the BBB.
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Table 1. Cont.

Pathway Genes Rationale/Shared Function in the Gliovascular Unit
PECAM1, VWF, Endothelial adhesion and glycocalyx proteins marking vascular
EMCN endothelial abundance and identity.
Endothelial VEGF-pathway signaling mediators driving endothelial proliferation,
. _ KDR, ANGPT2 a1 E . . :
angiogenesis vessel destabilization, and angiogenic sprouting.
Endothelial permeability-associated protein marking fenestrated or
PLVAP .
pathologically permeable vasculature.
COL4A1, COL4A2 Type IV collagen chains providing structural support to the vascular
basement membrane.
Basement LAMA2, LAMB?2, Laminin chains required for laminin assembly, basement membrane
membrane LAMC1 organization, and astrocyte endfoot attachment.
Basement membrane proteoglycans that provide structural support
HSPG2, AGRN and maintain astrocyte endfoot attachment and perivascular AQP4
polarization.
VCAN, CSPG4 Chonc.1r01.t1n sulfate protepglycans cqntrlbutlng to ECM expansion,
organization, and the perivascular niche.
ECM deli MMP2, MMP9, Matrix metalloproteinases and their endogenous inhibitor regulating
remodeing TIMP1 ECM degradation and turnover.
FN1, COL1A1, Fibrillar matrix proteins associated with matrix deposition, fibrosis,
COL1A2 and increased ECM stiffness.
Pro-inflammatory cytokines that activate glial inflammatory responses
IL1B, TNF . . : . :
and can impair blood-brain barrier function.
Chemokines that recruit and activate monocytes, macrophages, and
CCL2,CXCL10 ) 1 . . .
immune cells within the tumor and perivascular microenvironment.
Neuroinflammation  TREM2, TYROBP, Innate immune receptors and adaptor signaling controlling microglial
CSFIR and macrophage survival, proliferation, and activation.
AIF1, CD68 Markers of activated, phagocytic microglia and macrophages.
C1QA, C10B, C1QC Complement components associated with activated microglia and

innate immune signaling.

2.3. Association of Pathway and Gene Expression with Clinicopathologic Variables

Associations between gliovascular unit pathway activity and WHO grade were eval-
uated separately in the TCGA and CGGA cohorts using one-way ANOVA, followed by
Tukey’s HSD post hoc test for pairwise comparisons between grades. Robustness of grade-
associated pathway effects to the scoring method was evaluated using an alternative
ssGSEA-based pathway scoring approach (Table S1). Individual marker genes (56 in TCGA;
55 in CGGA, where PECAM1 was unavailable) were evaluated by comparing standardized
expression between WHO grade II and grade IV tumors using Welch’s t-test. Standardized
expression of the gliovascular unit pathways was also compared by IDH mutation status
using two-sample t-tests. Group differences at both the pathway and gene levels were
visualized using violin plots. Robustness of pathway-level grade associations to individual
gene membership was evaluated using a leave-one-gene-out sensitivity analysis for all
eight pathways in both cohorts (Table S2).

2.4. Association with Neftel-Derived Transcriptional Programs

To assess whether gliovascular-associated transcriptional programs covaried with
expression patterns resembling the malignant-cell states described by Neftel et al., path-
way scores were correlated using Pearson correlation with bulk transcriptional scores
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corresponding to astrocyte-like (AC-like), oligodendrocyte progenitor-like (OPC-like),
neural progenitor-like (NPC-like), mesenchymal-like (MES-like), and cycling programs.
The AC-like and OPC-like scores were derived from the corresponding Neftel meta-
modules, whereas NPC-like and MES-like scores incorporated the paired NPC1/NPC2
and MES1/MES2 meta-modules, respectively. Cycling incorporated the G1/S and G2/M
programs [27]. Because the Neftel framework was originally defined in IDH-wildtype GBM,
these scores were interpreted as bulk transcriptional resemblance to the corresponding
programs rather than as direct measures of malignant-cell state abundance. Analyses were
performed independently in the TCGA and CGGA cohorts. To assess potential inflation
of pathway—program correlations by shared gene membership, gene overlap between
the eight gliovascular signatures and the Neftel meta-modules was quantified, and cor-
relations were repeated after removing overlapping genes from the affected gliovascular
signatures. p-values were adjusted using the Benjamini-Hochberg procedure within each
cohort. Results of the gene-overlap sensitivity analysis are provided in Table S3.

2.5. Grade-Specific Remodeling and Loss-Versus-Gain Analysis

To determine whether the magnitude of gliovascular pathway differences varied across
grade comparisons, Hedges’ g effect sizes (with small-sample correction) were calculated
separately for the WHO grade II—III and WHO grade III-IV grade comparisons at
both the pathway and individual gene levels. Differences between grade-specific effect
sizes (Ag = gllI=+1IV — gll—III) were used to quantify whether pathway remodeling
differed in magnitude between the WHO II—III and WHO III—=1V grade comparisons.
For the pathway-level analysis, uncertainty in Ag was estimated using 2000 bootstrap
iterations. Within each iteration, specimens were resampled with replacement separately
within WHO grades 11, III, and IV, with the same resampled grade III group used to
calculate both effect sizes. Percentile-based 95% confidence intervals were obtained from
the bootstrap distribution of Ag, and two-sided bootstrap p-values were calculated relative
to the null hypothesis Ag = 0. p-values were adjusted for multiple testing using the
Benjamini-Hochberg procedure across the eight pathways within each cohort.

Marker genes were classified a priori into Loss and Gain categories based on their
individual biological function within the gliovascular unit (Table 1) to assess whether
gene-level differences in grade-associated effect sizes reflected coordinated biological
processes. This classification aligned with whole-pathway membership for homeostatic
astrocyte, endfoot organization, endothelial angiogenesis, ECM remodeling, BM, and
neuroinflammation genes. Within the reactive astrocyte and BBB specialization pathways,
genes were classified individually according to biological role: structural and identity
markers (GFAP, GJA1, S100B; CLDN5, OCLN, TJP1) were assigned to the Loss category,
while reactive and inflammatory markers (VIM, SERPINA3, LCN2) were assigned to the
Gain category. Genes with context-dependent biological directionality (MFSD2A, SLC2A1,
and ABCB1) were excluded from the primary analysis. Grade-specific effect sizes were then
compared between Loss and Gain gene sets using Mann-Whitney U tests. A sensitivity
analysis excluding KCNJ10, the largest-magnitude Loss-category gene, confirmed that the
result was not driven by this single gene.

2.6. Regional Expression of Gliovascular Genes Across the GBM Microenvironment

Representative sentinel genes identified from the bulk transcriptomic analyses were
examined using Ivy GAP. Nine genes representing all eight biological components of the
gliovascular unit were selected as representative sentinel genes: KCNJ10 (homeostatic
astrocytes), SNTA1 and AQP4 (astrocyte endfoot organization and glymphatic support),
SERPINAS3 (reactive astrocytes), CCL2 (neuroinflammation), FN1 (ECM remodeling),
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COL4A1 (vascular BM), ANGPT2 (angiogenesis), and TJP1 (BBB specialization). Gene
expression was evaluated across anatomically annotated tumor regions and transformed
as logy(FPKM + 1) prior to analysis. Regional differences among the LE, IT, CT, PAN,
and MVP were evaluated using linear mixed-effects models with anatomical region as a
fixed effect and donor tumor as a random intercept to account for repeated sampling
within tumors. Overall regional effects were evaluated using Type III ANOVA with
Satterthwaite approximation of denominator degrees of freedom. Pairwise regional
comparisons were performed using Tukey-adjusted estimated marginal means. Com-
plete mixed-effects-model results and pairwise regional comparisons are provided in
Tables S4 and S5, respectively.

Ivy GAP analyses were restricted to the Anatomic Structures RNA-sequencing dataset
and to samples designated as reference histology, yielding 122 laser-capture microdissected
specimens from 10 unique GBM tumors. Samples represented five anatomically defined
regions: LE (n = 19 samples from 8 tumors), IT (n = 24 from 8 tumors), CT (n = 30 from
10 tumors), MVP (n = 25 from 9 tumors), and PAN (n = 24 from 8 tumors). Regional repre-
sentation was therefore not perfectly balanced across tumors. The mixed-effects modeling
framework accounted for this repeated and unequal regional sampling by including donor
tumor as a random intercept.

2.7. Grade-Adjusted Pathway Network and Integrative Remodeling Model

To identify coordinated relationships among glymphatic-associated pathways inde-
pendent of tumor grade, pathway scores were first residualized against WHO grade using
linear regression. Pairwise Pearson correlations were then calculated between residualized
pathway scores independently in the TCGA and CGGA cohorts, with p-values adjusted for
multiple testing using the Benjamini—-Hochberg procedure. Pairwise Spearman correlations
among the unadjusted pathway scores were additionally examined in each cohort to char-
acterize the overall concordance among pathway programs (Table S6). A cross-sectional
pathway model was subsequently constructed by retaining only pathway relationships that
demonstrated significant partial correlations with consistent directionality in both cohorts.
Relationships within the model were organized according to the grade comparison at which
each pathway exhibited its greatest relative change based on pathway-level Ag values,
providing a hypothesis-generating framework for coordinated gliovascular remodeling
across glioma grades.

The robustness of the pathway model was evaluated by accounting for potential
confounding from tumor purity and immune infiltration. Grade-adjusted network analyses
were repeated after additionally adjusting for ABSOLUTE tumor purity to evaluate the five
core pathway relationships (Table S7) and for ESTIMATE immune scores to evaluate the
three network edges involving neuroinflammation. Sensitivity analyses were restricted
to the TCGA cohort because equivalent purity and immune infiltration estimates were
unavailable for CGGA.

2.8. Survival Analysis

The prognostic significance of each glymphatic pathway was evaluated using Cox
proportional hazards regression. Separate models were fitted for each pathway while
adjusting for WHO grade and IDH mutation status in both cohorts. Age was addition-
ally included as a covariate where available. The proportional-hazards assumption was
evaluated using Schoenfeld residuals with the cox.zph function in the R survival package.
Independent prognostic value was assessed using likelihood-ratio tests comparing models
with and without the pathway score, and p-values were adjusted for multiple testing using
the Benjamini-Hochberg procedure within each cohort.
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2.9. Statistics

Statistical analyses were performed in R (version 4.5.3) and Python (version 3.12).
In R, linear regression, linear mixed-effects modeling, survival analysis, pathway-level
grade-specific Hedges’ g and bootstrap analyses, and the Ivy GAP spatial analysis were
performed using the stats, Ime4, ImerTest, emmeans, and survival packages. In Python,
pairwise group comparisons, correlation analyses, the grade-adjusted pathway network,
and the Loss-versus-Gain comparison were performed using SciPy, with data handling in
pandas and NumPy. Data visualization was performed using ggplot2 in R and Matplotlib
in Python. Unless otherwise specified, p-values were adjusted for multiple testing using
the Benjamini-Hochberg procedure.

3. Results
3.1. The Gliovascular Unit Demonstrates Coordinated Remodeling Across Glioma Grades

Pathway activity scores representing major components of the gliovascular unit were
compared across WHO grade II-1V gliomas (Figure 1). In the TCGA cohort, homeostatic
astrocyte pathway activity was significantly lower in grade III than grade II (Tukey-
adjusted p = 0.045), lower still in grade IV than grade III (p < 0.001), and the lowest overall
comparing grade IV to grade II (p < 0.001). BM remodeling showed the same pattern of
significant differences across all three pairwise comparisons (II vs. III, Il vs. IV, and II vs.
IV, all p < 0.001), as did endothelial angiogenesis. Reactive astrocytes, neuroinflammation,
and ECM remodeling were each significantly higher in grade IV than in both lower
grades (all p < 0.001). Astrocyte endfoot organization and BBB specialization did not
differ significantly across grades. In the CGGA validation cohort, no pathway differed
significantly between grade II and grade III (Figure S1). Significant differences were
observed only for comparisons involving grade IV, specifically for reactive astrocytes
(I vs. 1V, p = 0.011; I vs. 1V, p = 0.004), neuroinflammation (III vs. IV, p = 0.007; II vs.
IV, p < 0.001), endothelial angiogenesis, ECM remodeling, and BM remodeling (all III vs.
IV and Il vs. IV, p < 0.001), and homeostatic astrocytes (Il vs. IV only, p = 0.003). Grade
associations for all eight pathways were concordant in direction and significance when
recalculated using single-sample gene set enrichment analysis (ssGSEA) as an alternative
scoring method, with two exceptions detailed in Table S1. Leave-one-gene-out analysis
further demonstrated that the significant pathway-level grade associations were generally
robust to individual gene removal, with directionality preserved across the significant
pathways in both cohorts (Table S2).

To determine whether gliovascular pathway activity was also associated with molec-
ular subtype, pathway activity scores were compared between IDH-mutant and IDH-
wildtype tumors (Figure S2). In the TCGA cohort, reactive astrocyte (p < 0.001), neuroin-
flammation (p < 0.001), endothelial angiogenesis (p < 0.001), ECM remodeling (p < 0.001),
BM remodeling (p < 0.001), and astrocyte endfoot organization (p < 0.001) pathway
scores were significantly higher in IDH-wildtype tumors than in IDH-mutant tumors
(Figure S2A). In contrast, homeostatic astrocyte and BBB specialization pathway scores did
not differ significantly between IDH groups. Similar overall trends were observed in the
CGGA validation cohort (Figure S2B). However, homeostatic astrocyte pathway activity
was significantly reduced in IDH-wildtype tumors (p = 0.039), whereas astrocyte end-
foot organization no longer differed significantly between molecular subtypes (p = 0.068)
(Figure S2B).
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Figure 1. Pathway activity scores across WHO glioma grades, TCGA. Violin plots of eight pathway
activity scores ((A-H): homeostatic astrocytes, reactive astrocytes, neuroinflammation, endothelial
angiogenesis, ECM remodeling, BM remodeling, endfoot organization, BBB specialization) stratified
by WHO grade (II, I1I, IV) in TCGA (1 = 800). Box plots show median and interquartile range. Signifi-
cance from one-way ANOVA with Tukey’s HSD post hoc test (* p < 0.05, *** p < 0.001, **** p < 0.0001,
ns = no significance).

3.2. Gene-Level Analysis Confirms Coordinated Pathway Remodeling

To confirm that pathway-level associations were not driven disproportionately by
a small subset of marker genes, standardized mean differences (WHO grade II versus
WHO grade IV) were calculated for each of the 56 genes comprising the eight gliovas-
cular pathway scores (Figure 2). The majority of genes demonstrated consistent direc-
tionality and similar effect sizes across both cohorts, supporting the robustness of the
pathway-level analyses.

The BM remodeling pathway exhibited the greatest internal consistency, with all seven
constituent genes demonstrating higher expression in grade IV than grade II tumors in both
TCGA and CGGA (Figure 2D). The largest differences in mean standardized expression
were observed for COL4A1 (1.82 in TCGA and 1.36 in CGGA), COL4A2 (1.77 and 1.35,
respectively), and HSPG2 (1.62 and 1.20, respectively). Similarly, five of eight genes within
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the ECM remodeling pathway (FN1, MMP9, TIMP1, COL1A1, and COL1A2) exhibited
consistent higher expression in grade IV tumors across both cohorts (Figure 2G). Within the
homeostatic astrocyte pathway, KCNJ10 (—1.56 in TCGA and —0.76 in CGGA) and SLC1A2
(—0.77 and —0.81, respectively) demonstrated the largest reductions between grade II and
grade IV, while VIM (1.36 and 0.93) and SERPINAS3 (1.31 and 0.95) were the principal
contributors to the reactive astrocyte pathway (Figure 2A,B). ANGPT2 (1.68 and 1.10) and
CXCL10/CCL2 (1.36/0.99 in TCGA and 0.93/0.49 in CGGA, respectively) similarly repre-
sented the strongest contributors to the endothelial angiogenesis and neuroinflammation
pathways (Figure 2C,H).
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Figure 2. Gene-level validation of pathway activity scores, TCGA vs. CGGA. Standardized mean
difference (WHO grade Il vs. IV, z-scored expression) for each of 56 marker genes composing the eight
pathway scores, grouped by pathway (A-H). Cell values show the standardized mean difference and
p-value (Welch’s t-test) in TCGA (n = 800) and CGGA (n = 422). PECAMI1 was not detected in the
CGGA expression matrix (N/A).

Within the astrocyte endfoot organization pathway, SNTA1 exhibited a consistent,
significant reduction in grade IV compared with grade II tumors in both cohorts (dif-
ference in mean standardized expression = —0.47 in TCGA, p < 0.001; —0.39 in CGGA,
p = 0.001). AQP4, the principal water channel mediating astrocyte-dependent glymphatic
clearance, did not differ significantly between grade II and grade IV tumors in TCGA
(difference = 0.10, p = 0.248) and showed only a small decrease in grade IV tumors in CGGA
(difference = —0.27, p = 0.027) (Figure 2F).

3.3. Grade-Adjusted Pathway Interactions Identify a Conserved Gliovascular Remodeling Network

Comparison of grade-adjusted gliovascular pathway activity revealed a highly con-
served network architecture across both cohorts (Figure 3). Rather than forming a single
continuum of remodeling, the gliovascular unit segregated into two coordinated biolog-
ical programs. The Loss program comprised homeostatic astrocytes, astrocyte endfoot
organization, and BBB specialization, whereas the Gain program comprised reactive astro-
cytes, neuroinflammation, endothelial angiogenesis, ECM remodeling, and BM remodeling
(Figure 3A). Correlations were consistently stronger within each program than between
them (Figure 3B,C), supporting coordinated relationships among transcriptional programs
associated with loss of gliovascular homeostasis and gain of inflammatory and vascular
remodeling across glioma grades rather than uniform dysregulation of all pathways.
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Figure 3. Grade-adjusted partial correlation structure among pathway scores. (A) Network diagram of
pathway relationships that were BH-significant and replicated with the same sign in both TCGA and
CGGA. Pathways separate into two coordinated programs, Loss (astrocyte-perivascular architecture)
and Gain (reactive, inflammatory, and vascular remodeling), shown as shaded regions; edge width
reflects mean correlation strength across cohorts. (B,C) Full pairwise grade-adjusted partial correlation
matrices for all eight pathways in TCGA (B) and CGGA (C). Asterisks indicate BH-adjusted p < 0.05.

Within the Loss program, homeostatic astrocyte activity was strongly associated with
astrocyte endfoot organization (r = 0.65 TCGA, 0.81 CGGA) and BBB specialization (r = 0.27,
0.61; all BH-adjusted p < 0.001) (Figure 3B,C). Within the Gain program, the strongest and
most reproducible relationships were observed among ECM remodeling, BM remodeling,
and endothelial angiogenesis (r = 0.39-0.78 across cohorts), identifying a tightly coordinated
vascular remodeling core (Figure 3A—C). Neuroinflammation showed moderate positive
associations with both reactive astrocytes (r = 0.37 TCGA, 0.47 CGGA) and the vascular
remodeling pathways (r = 0.19-0.31), positioning it between astrocyte-associated and
vascular-remodeling programs within the grade-adjusted correlation structure.

Although the Loss and Gain programs remained largely distinct, they were connected
through two reproducible bridging relationships (Figure 3A). Reactive astrocytes demon-

https://doi.org/10.3390/ cancers18182908


https://doi.org/10.3390/cancers18182908

Cancers 2026, 18, 2908

12 of 23

strated positive associations with both homeostatic astrocytes (r = 0.28 TCGA, 0.45 CGGA)
and astrocyte endfoot organization (r = 0.48, 0.59), whereas BBB specialization remained
positively associated with endothelial angiogenesis (r = 0.41, 0.46) and BM remodeling
(r = 0.15, 0.26). These bridging relationships demonstrate that the Loss and Gain tran-
scriptional programs remain interconnected despite their broader separation within the
grade-adjusted network. Full pairwise Spearman correlations among all eight pathway
scores, without grade adjustment, are provided in Table S6 and show a concordant pattern.

3.4. Transition-Specific Analysis Identifies Differential Remodeling Across Glioma Grades

Comparison of grade-specific effect sizes demonstrated that the magnitude of glio-
vascular differences varied between the WHO grade II-1II and grade III-IV comparisons
(Figure 4). Across both cohorts, genes associated with the Gain program exhibited signifi-
cantly greater Ag values than genes associated with the Loss program (TCGA: p = 0.0001;
CGGA: p =0.002) (Figure 4A). These findings indicate that Gain-associated genes tended
to show larger differences between grades III and 1V relative to grades II and III than
Loss-associated genes.
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Figure 4. Grade-specific effect-size differences distinguish Loss and Gain gene programs. ((A) Per-
gene difference in grade-specific effect size (Ag = Hedges” gl WHO III-IV] — Hedges” g WHO II-III])
compared between genes classified a priori as reflecting loss of homeostatic architecture (n = 17) or
gain of a reactive, inflammatory, and vascular phenotype (1 = 36 TCGA, 35 CGGA). Mann-Whitney
U test, TCGA p = 0.0001, CGGA p = 0.002. (B) Pathway-level Ag with bootstrap 95% CI for each of
the eight pathways in TCGA and CGGA; asterisks indicate BH-adjusted p < 0.05.
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At the pathway level, BM remodeling, ECM remodeling, and endothelial angiogenesis
showed positive Ag values in both cohorts, indicating larger effect sizes for the grade
MI-IV comparison than for the grade II-1II comparison (Figure 4B). BM remodeling showed
the strongest and most statistically robust difference, remaining significant after multiple-
testing correction in both TCGA (Ag = 0.74, BH-adjusted p = 0.002) and CGGA (Ag = 0.74,
BH-adjusted p = 0.004). In TCGA, ECM remodeling (Ag = 0.55, BH-adjusted p = 0.002), en-
dothelial angiogenesis (Ag = 0.46, BH-adjusted p = 0.005), and reactive astrocytes (Ag = 0.44,
BH-adjusted p = 0.016) also remained significant after correction. In CGGA, ECM re-
modeling and endothelial angiogenesis showed similar positive Ag values but did not
remain significant after multiple-testing correction (both BH-adjusted p = 0.085). The re-
maining pathways did not demonstrate significant differences in effect size between the
two grade comparisons.

3.5. Gliovascular Signatures Covary with Neftel-Derived Transcriptional Programs

To examine whether gliovascular-associated transcriptional programs covaried with
expression patterns resembling the GBM cell states described by Neftel et al., pathway
scores were compared with bulk Neftel-derived transcriptional scores in TCGA and CGGA
(Figure S3). Homeostatic astrocyte and astrocyte endfoot-organization signatures showed
the strongest positive associations with the AC-like program, whereas ECM-remodeling
and several inflammatory or vascular-remodeling signatures were positively associated
with the MES-like program.

We next assessed whether these relationships were driven by shared gene membership.
Eleven genes overlapped between the gliovascular signatures and the full Neftel meta-
modules, affecting five of the eight gliovascular signatures. After removal of overlapping
genes, the homeostatic astrocyte signature remained strongly associated with the AC-like
program in TCGA (r = 0.72, BH-adjusted p < 0.001) and CGGA (r = 0.55, BH-adjusted
p < 0.001). The endfoot-organization signature likewise remained positively associated
with AC-like transcription in TCGA (r = 0.61, BH-adjusted p < 0.001) and CGGA (r = 0.39,
BH-adjusted p < 0.001). The ECM-remodeling signature remained strongly associated
with the MES-like program in both TCGA (r = 0.62, BH-adjusted p < 0.001) and CGGA
(r = 0.65, BH-adjusted p < 0.001). In contrast, removal of overlapping genes reduced the
reactive astrocyte-associated signature to a single non-overlapping gene, LCN2, and its
association with the MES-like program was substantially attenuated. Accordingly, the
reactive astrocyte-MES-like relationship was considered sensitive to shared gene content
and is interpreted cautiously. Together, these analyses support reproducible covariance
between selected gliovascular signatures and Neftel-derived transcriptional programs that
persists after accounting for shared gene membership (Table S3).

3.6. Representative Gliovascular Genes Demonstrate Distinct Spatial Organization Within
Human GBM

We next examined the regional organization of representative gliovascular genes across
anatomically defined GBM compartments (Figure 5). Genes associated with homeostatic
astrocyte function and astrocyte endfoot organization were preferentially enriched at the
tumor margin (Figure 5A—C). KCNJ10, a key regulator of astrocytic potassium buffering,
was most highly expressed at the LE and showed lower expression across CT, PAN, and
MVP, with significantly lower expression in PAN and MVP than in LE, IT, and CT (all
p < 0.001). Similarly, SNTA1 showed lower expression in more centrally located tumor
regions, with the lowest expression in MVP and significant differences across nearly all
regional comparisons. In contrast, AQP4 remained relatively preserved throughout LE, IT,
and CT and was lower within PAN and MVP, indicating a more heterogeneous regional
distribution than either KCNJ10 or SNTA1.
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Figure 5. Spatial distribution of representative gliovascular genes across anatomically defined GBM
regions. Regional expression of nine representative genes (A-I), one to two per pathway, evaluated
across the leading edge (LE), infiltrating tumor (IT), cellular tumor (CT), pseudopalisading cells
surrounding necrosis (PAN), and microvascular proliferation (MVP) using the Ivy Glioblastoma
Atlas Project. Expression values are logy(FPKM + 1). Regional differences were assessed using
linear mixed-effects models (region as fixed effect, tumor donor as random intercept) followed by
Tukey-adjusted pairwise comparisons; brackets denote a single selected, biologically informative
regional contrast per gene, not the full comparison matrix, **** = p < 0.0001 (full pairwise results in
Table S5).

Reactive astrocyte- and inflammatory-associated gene expression was enriched within
infiltrating and perinecrotic tumor regions (Figure 5D,E). SERPINA3 showed minimal
expression at the LE but increased markedly within IT, reaching maximal expression in IT,
whereas CCL2 exhibited peak expression within PAN adjacent to necrosis. Both markers
showed significantly greater expression in selected infiltrating and perinecrotic regions
than at the tumor margin, supporting regional enrichment of inflammatory-associated
transcription within the GBM microenvironment.

Genes associated with vascular remodeling exhibited the strongest regional differences
(Figure 5F-I). FN1 was most highly expressed within MVP, while COL4A1 and ANGPT2
demonstrated similar regional distributions, with both showing their highest expression in
MVP. In contrast, the BBB specialization marker TJP1 showed selective reduction within
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PAN while remaining relatively preserved in LE, IT, CT, and MVP. Complete mixed-
effects-model results and Tukey-adjusted pairwise regional comparisons are provided in
Tables S4 and S5, respectively.

3.7. Gliovascular Remodeling Pathways Do Not Provide Robust Independent Prognostic Information

The prognostic significance of each gliovascular unit pathway was also evaluated
(Figure 6). In the TCGA cohort, no pathway remained significantly associated with overall
survival after multiple-testing correction. Reactive astrocyte pathway activity (HR = 1.33,
95% CI1.07-1.66; BH-adjusted p = 0.052) and BBB specialization pathway activity (HR = 0.81,
95% CI 0.69-0.96; BH-adjusted p = 0.052) approached, but did not reach, the adjusted sig-
nificance threshold. ECM remodeling showed a nominal association with poorer survival
before multiple-testing correction (HR = 1.17, 95% CI 1.02-1.34; p = 0.036), but this as-
sociation was not significant after correction. Homeostatic astrocytes, astrocyte endfoot
organization, neuroinflammation, BM remodeling, and endothelial angiogenesis were not
independently associated with overall survival following multivariable adjustment.

Independent prognostic value of pathway scores, adjusted for grade + IDH (+age, CGGA only)
Orange = raw P<0.05 but not BH-significant | Red = BH-significant | Grey = not significant

TCGA (n=798) CGGA (n=366)
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Figure 6. Independent prognostic value of pathway scores. Forest plot of hazard ratios (95% CI)
for overall survival for each of the eight pathway scores, from Cox proportional hazards models
adjusted for WHO grade and IDH status (TCGA, n = 798; CGGA, n = 366, additionally adjusted for
age). Orange, nominal p < 0.05 but not BH-significant; grey, not significant. p-values BH-adjusted
within cohort across the eight pathways.

In the independent CGGA cohort, none of the eight gliovascular pathways demon-
strated a significant association with overall survival after adjustment for age, tumor grade,
and IDH mutation status. Proportional-hazards testing identified significant global non-
proportionality in both cohorts, driven predominantly by grade and IDH status. Pathway-
specific tests showed no evidence of non-proportionality for any pathway in CGGA and for
six of eight pathways in TCGA, with BM and ECM remodeling showing evidence of non-
proportionality in TCGA. Accordingly, the survival findings were interpreted cautiously.
Collectively, these findings indicate that gliovascular pathway activity did not provide
robust prognostic information beyond established clinical and molecular variables.

3.8. An Integrative Model Summarizes Coordinated Gliovascular Remodeling Across Glioma Grades

The principal findings of this study were integrated into a hypothesis-generating
model summarizing the grade-associated, regional, and pathway-level relationships ob-
served across the analyses (Figure 7). The proposed model organizes these findings from
homeostatic astrocyte-associated signatures through reactive, inflammatory, matrix, and
vascular-remodeling programs; this ordering represents an integrative interpretation of the
cross-sectional data rather than an observed temporal sequence. Homeostatic astrocyte ac-
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tivity was linked to reactive astrocyte activation (r = 0.28 TCGA, 0.45 CGGA), a relationship
that remained stable after adjustment for tumor purity, supporting an association between
these transcriptional programs that was not attributable solely to differences in estimated
tumor purity.
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Figure 7. Proposed integrated model of gliovascular remodeling across glioma grades. (A) Grade-
associated remodeling pattern across WHO grades, illustrating the six core pathways and their
representative marker genes. (B) Regional expression patterns of representative genes across Ivy GAP
anatomical regions (LE—IT—PAN—MVP). (C) Integrative remodeling model summarizing pathway
relationships, with edge labels indicating the strength of statistical support: strong (persists after
tumor-purity adjustment) and moderate (attenuated after immune-infiltration adjustment). Arrows in
Panel C represent proposed relationships and do not establish temporal ordering or causal direction.

Reactive astrocyte activation was linked to neuroinflammation (r = 0.37, 0.47), and
neuroinflammation was also associated with ECM remodeling (r = 0.25, 0.31); both rela-
tionships, however, were substantially attenuated (79-97%) after adjustment for general
immune infiltration, indicating that these connections are strongly influenced by shared
immune cell content and do not establish specific regulatory relationships among astrocyte
reactivity, neuroinflammation, and matrix remodeling. A negative association between
homeostatic astrocytes and neuroinflammation (r = —0.12 TCGA) did not replicate in
CGGA (r = 0.02) and was therefore not included in the model, though it persisted after
immune adjustment in TCGA (r = —0.19) and may warrant reconsideration in future work.

The vascular-remodeling component of the model was the most robustly supported.
ECM remodeling was strongly linked to BM remodeling (r = 0.56, 0.70), which was strongly
associated with endothelial angiogenesis (r = 0.63, 0.78); both relationships remained stable
after adjustment for tumor purity. Together, these observations support a proposed frame-
work in which homeostatic astrocyte-associated, inflammatory, and vascular-remodeling
transcriptional programs are interconnected across glioma grades, with the strength of
statistical support varying across components of the model. The cross-sectional design
does not establish the temporal ordering or causal direction of these relationships.
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4. Discussion

This study integrates curated gliovascular-associated transcriptional programs across
independent diffuse glioma cohorts and anatomically annotated GBM regions to charac-
terize coordinated gliovascular remodeling across disease grades. Although disruption of
astrocytes, BBB integrity, angiogenesis, ECM remodeling, and neuroinflammation have
each been independently described in glioma, our findings suggest that these alterations are
organized into a reproducible biological remodeling program rather than representing iso-
lated pathological processes [11,12,18-20,28]. Importantly, this model extends beyond the
traditional concept of BBB disruption. While BBB dysfunction primarily reflects increased
vascular permeability resulting from endothelial barrier breakdown [28], the gliovascular
unit encompasses the broader astrocytic, vascular, BM, and ECM architecture that sup-
ports neurovascular homeostasis and provides the structural framework for perivascular
glymphatic transport [1,3,4].

Gliovascular remodeling across glioma grades was coordinated across this broader
structural and functional unit rather than occurring as a series of independent alterations.
Genes reflecting loss of homeostatic astrocyte architecture and genes reflecting gain of a
reactive, inflammatory, and vascular remodeling phenotype showed significantly different
grade-specific effect-size patterns in both cohorts. At the pathway level, BM remodeling
showed the most robust evidence of a larger effect between grades III and IV than between
grades II and III, while ECM remodeling and endothelial angiogenesis showed similar
positive Ag patterns across both cohorts. Regional Ivy GAP analyses further demonstrated
that this remodeling program is anatomically compartmentalized within the GBM TME,
with homeostatic astrocyte markers concentrated at the tumor margin and vascular/matrix
remodeling genes concentrated within regions of MVP. Rather than representing indepen-
dent pathological events, these alterations appear to reflect coordinated reorganization of a
single biological system responsible for maintaining normal gliovascular homeostasis.

Among the pathways examined, homeostatic astrocyte identity showed a consistent,
grade-associated decline in both cohorts, and genes reflecting loss of homeostatic archi-
tecture showed smaller grade III-1V relative to grade II-1II effect-size differences than
genes reflecting gain of a reactive, inflammatory, and vascular phenotype. This pattern
indicates that loss of homeostatic astrocyte-associated transcription is evident across glioma
grades, whereas Gain-associated programs show comparatively larger differences at higher
grades. Among these genes, KCNJ10 and SNTA1 demonstrated the most reproducible
decline across independent cohorts, whereas AQP4 expression remained comparatively
stable. This distinction is biologically important because glymphatic function depends not
only on AQP4 abundance, but also on its polarized localization to perivascular astrocyte
endfeet through the dystrophin-associated protein complex, of which SNTA1 is a critical
component [29-31]. Experimental studies have demonstrated that loss of perivascular
AQP4 polarization can impair glymphatic exchange despite preservation of overall AQP4
expression [29,32]. These findings suggest that grade-associated disruption of gliovascu-
lar homeostasis may involve altered astrocyte organization rather than loss of astrocytic
identity alone.

Although glymphatic function was not directly measured in the present study, im-
paired glymphatic transport has previously been demonstrated in GBM and has been
associated with increasing edema, neuroinflammation, and disruption of perivascular
fluid movement [6,7]. The present findings provide a potential molecular framework for
these observations by linking disruption of astrocyte-associated transcriptional programs
with inflammatory and vascular remodeling across glioma grades. Future experimental
studies will be required to determine whether disruption of astrocyte endfoot organization
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contributes directly to impaired glymphatic clearance and whether preservation of this
architecture could mitigate remodeling of the TME.

In the present study, higher-grade gliomas showed a transcriptional landscape char-
acterized by reduced astrocyte-homeostatic signatures alongside increasingly prominent
vascular-remodeling signatures. The larger grade III-1V effect sizes observed for ECM
remodeling, BM remodeling, and angiogenic programs are consistent with the established
pathology of advanced GBM, in which hypoxia, necrosis, and metabolic stress promote
aberrant angiogenesis and profound remodeling of the TME [33,34]. Regional Ivy GAP
analyses provided complementary anatomical context, demonstrating that genes associated
with ECM remodeling (FN1), BM remodeling (COL4A1), and angiogenesis (ANGPT2) were
preferentially enriched within regions of MVP, whereas homeostatic astrocyte markers
predominated at the LE and IT. This regional organization parallels the grade-associated
pattern identified in the bulk transcriptomic analyses, with astrocyte-associated signa-
tures predominating at the tumor margin and vascular-remodeling signatures enriched
within MVP. Together, these findings are consistent with structural reorganization of the
gliovascular unit across glioma grades and anatomical regions. Consistent with the re-
producible association between the ECM-remodeling signature and the Neftel-derived
MES-like transcriptional program, these findings suggest that vascular and extracellular-
matrix remodeling covary with broader mesenchymal-associated transcription in advanced
glioma [35,36].

Several limitations should be considered when interpreting these findings. First, all
transcriptomic analyses were performed using bulk RNA sequencing and therefore cannot
distinguish transcriptional changes occurring within individual cell populations from alter-
ations in cellular composition during glioma grade. This limitation is particularly relevant
for genes such as AQP4, whose biological function depends on polarized localization within
astrocyte endfeet rather than transcript abundance alone [32]. Consequently, the relatively
stable AQP4 expression observed in this study should not be interpreted as preservation of
normal glymphatic function. Second, the TCGA and CGGA cohorts span different WHO
classification eras, and the molecular information required to retrospectively harmonize
all cases according to the 2021 WHO integrated classification was not uniformly available.
Tumors were therefore analyzed according to their original grade and available molec-
ular annotations, and some cases may be classified differently under current diagnostic
criteria. Finally, the proportional-hazards assumption was not satisfied globally in the
survival models in either cohort, driven predominantly by non-proportional effects of
grade and IDH status. Although most pathway terms did not individually show evidence
of non-proportionality, the survival findings should therefore be interpreted cautiously.

The Ivy GAP analyses and tumor-purity adjustments provided complementary sup-
port for the observed gliovascular associations; however, direct measurements of glym-
phatic transport, cerebrospinal fluid dynamics, and protein localization were beyond the
scope of the present study. These findings identify coordinated transcriptional associations
across glioma grades and anatomical regions but do not establish temporal ordering or
causal relationships among astrocyte dysfunction, inflammation, vascular remodeling, and
impaired glymphatic function. Experimental glioma models incorporating functional imag-
ing and mechanistic manipulation of the gliovascular unit will be necessary to determine
how these processes interact and whether they contribute directly to disease progression.
The Neftel-derived analyses carry an additional interpretive limitation. The Neftel frame-
work was developed primarily from GBM, whereas the TCGA and CGGA cohorts analyzed
here include diffuse gliomas across multiple grades and molecular backgrounds. Accord-
ingly, Neftel-derived scores were used as measures of bulk transcriptional resemblance
to AC-like, OPC-like, NPC-like, MES-like, and cycling programs rather than as direct
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estimates of malignant-cell state composition. Gene-set overlap also influenced selected
associations; although the major homeostatic astrocyte-AC-like, endfoot-AC-like, and
ECM-remodeling-MES-like relationships persisted after removal of overlapping genes, the
reactive astrocyte-MES-like relationship was substantially attenuated and should therefore
be interpreted cautiously.

An important implication of this molecular framework is the potential intersection
between gliovascular remodeling, glymphatic function, and sleep physiology. Although the
glymphatic system is increasingly recognized as a critical regulator of brain waste clearance
and neuroimmune homeostasis, relatively little is known about its relationship with glioma
biology. Glymphatic transport is most active during sleep, and the high prevalence of
sleep disturbance among patients with GBM raises the possibility of a bidirectional rela-
tionship between sleep disruption and tumor-associated gliovascular dysfunction [36—40].
Tumor-associated alterations in the vascular, inflammatory, and perivascular environment
may contribute to disruption of normal sleep physiology, while impaired sleep could in
turn influence glymphatic transport, neuroinflammatory signaling, and vascular homeosta-
sis. The current analyses cannot establish the direction or causality of these relationships
because sleep and glymphatic function were not directly measured. Nevertheless, the
grade-associated remodeling framework presented here provides a biological foundation
for investigating how sleep disruption, glymphatic dysfunction, and gliovascular remod-
eling may interact in glioma. By defining the molecular organization of the gliovascular
unit across glioma grades and anatomical regions, this work establishes a foundation
for connecting tumor biology with sleep physiology through the shared biology of the
glymphatic system.

5. Conclusions

Diffuse glioma is characterized by coordinated, grade-associated remodeling of the
gliovascular unit rather than isolated disruption of individual biological pathways. By
defining the grade-associated and regional organization of transcriptional signatures as-
sociated with astrocyte dysfunction, inflammatory activation, and vascular remodeling,
this study provides a systems-level framework for understanding glioma biology beyond
conventional models of BBB dysfunction. These findings are limited by the retrospec-
tive, transcriptomic nature of the study and should not be interpreted as demonstrating
longitudinal progression, temporal ordering, or causal changes in gliovascular function.
This framework establishes a foundation for future studies investigating how gliovascular
remodeling, glymphatic dysfunction, and sleep disturbance interact to influence GBM
progression and therapeutic response.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers18182908 /s1, Figure S1. Pathway activity scores across
WHO glioma grade, CGGA validation cohort. Violin plots of eight pathway activity scores (A-H:
homeostatic astrocytes, reactive astrocytes, neuroinflammation, endothelial angiogenesis, ECM re-
modeling, basement membrane, endfoot organization, BBB specialization) stratified by WHO grade
(I, III, IV) in the independent CGGA validation cohort (n = 422). Box plots show median and in-
terquartile range; individual points show single samples. Significance was assessed using one-way
ANOVA followed by Tukey’s honestly significant difference (HSD) post-hoc test for pairwise compar-
isons between grades; only statistically significant pairwise comparisons are displayed (* p < 0.05,
**p <0.01, ** p < 0.001, *** p < 0.0001); Figure S2. Validation of IDH-associated pathway scores,
TCGA and CGGA. (A) TCGA and (B) CGGA: violin plots of the eight pathway scores by IDH
mutation status (mutant vs. wildtype). Significance from Welch’s t-test (* p < 0.05, *** p < 0.001,
**** p < 0.0001; ns, not significant); Figure S3. Pathway associations with Neftel-derived transcrip-
tional programs. Bubble plot of Pearson correlations between the eight pathway scores and five
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malignant cell-state scores (AC-like, OPC-like, NPC-like, MES-like, cycling) described by Neftel et al.,
in TCGA and CGGA. Circle size indicates |r|; color indicates direction and magnitude; Figure S4.
Per-gene grade-specific effect-size differences by Loss/Gain category. (A) TCGA and (B) CGGA:
per-gene difference in grade-specific effect size (Ag = Hedges” g[WHO III-IV] — Hedges” g[ WHO
II-I11], bootstrap 95% CI) for all 53 core-category genes (Loss, teal; Gain, red), individually. Asterisks
indicate BH-adjusted p < 0.05 for that gene’s Ag; Figure S5. Cell-type expression specificity of the
55 gliovascular marker genes, single-cell GBM reference atlas (338,564 cells). Dot plot showing the
percentage of cells expressing each marker gene (dot size) and relative, row-scaled expression level
(color) across annotated cell types, including malignant cell states (AC-like, MES-like, NPC-like,
OPC-like), non-malignant glia (astrocyte, oligodendrocyte, oligodendrocyte precursor cell [OPC],
radial glia [RG]), vascular cells (endothelial, mural), myeloid populations (microglia-derived and
monocyte-derived tumor-associated macrophages [TAM-MG, TAM-BDM], monocytes [Mono], den-
dritic cells [DC]), lymphoid populations (CD4/CD8 T cells, natural killer [NK] cells, B cells, plasma
B cells, mast cells), and neurons. Genes are grouped by their assigned pathway (Table 1); Table S1.
Sensitivity of grade-associated gliovascular pathway effects to alternative ssGSEA scoring; Table S2.
Leave-one-gene-out sensitivity analysis of grade-associated gliovascular pathway scores; Table S3.
Sensitivity analysis of associations between gliovascular signatures and Neftel-derived transcriptional
programs after removal of overlapping genes; Table S4. Mixed-effects model results for regional
expression of representative gliovascular genes in Ivy GAP; Table S5. Pairwise regional comparisons
for representative gliovascular genes, Ivy GAP; Table S6. Pairwise Spearman correlations among
gliovascular pathway scores; Table S7. Robustness of core-chain partial correlations to tumor-purity
adjustment, TCGA.
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AC:-like Astrocyte-like

BBB Blood-brain barrier

BM Basement membrane
CGGA Chinese Glioma Genome Atlas
CT Cellular tumor

ECM Extracellular matrix

GBM Glioblastoma

HR Hazard ratio

IDH Isocitrate dehydrogenase
1T Infiltrating tumor

LE Leading edge

MES-like  Mesenchymal-like

MVP Microvascular proliferation

NPC-like Neural progenitor cell-like
OPC-like  Oligodendrocyte progenitor cell-like

PAN Pseudopalisading cells around necrosis
TCGA The Cancer Genome Atlas

TME Tumor microenvironment

WHO World Health Organization
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