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M2 macrophage-based
classi�cation identi�es DOK3
as a driver of pro-tumoral
polarization and migration
in glioblastoma
Chang-Yuan Ren1†, Ji Shi2,3†, Chang-Lin Yang1, Jin-Hao Zhang1,
Wen-Lu Tan1, Han-Xiao Zhou1, Pan-Yu Ren1, Josip Cvitković 1,
Wen-Hua Fan1,2*, Ying Zhang1* and Zheng Zhao1,4,5,6*

1Beijing Neurosurgical Institute, Capital Medical University, Beijing, China, 2Beijing Tiantan Hospital,
Capital Medical University, Beijing, China, 3Department of Neurosurgery, Liaoning Cancer Hospital &
Institute/Cancer Hospital of Dalian University of Technology/Cancer Hospital of China Medical
University, Shenyang, China, 4Chinese Glioma Genome Atlas (CGGA) Network, Beijing, China, 5Asian
Glioma Genome Atlas (AGGA) Network, Beijing, China, 6Chinese Neuro-Oncology Genome Atlas
(CGGA-CNS) Network, Beijing, China
Background: Glioblastoma (GBM) is the most aggressive primary brain tumor,
characterized by limited therapeutic options and dismal prognosis. Among the
components of the immunosuppressive tumor microenvironment (TME), M2-
polarized macrophages are pivotal mediators of tumor progression, yet the
molecular mechanisms underlying their polarization and pro-tumoral functions
remain inadequately understood.
Methods: We integrated bulk and single-cell RNA sequencing datasets from
CGGA, TCGA, and GSE131928. M2 macrophage in�ltration was quanti�ed using
the xCell algorithm, and unsupervised clustering of M2-associated genes was
�rst performed to de�ne macrophage-centered immune subtypes, further
re�ned by XGBoost and LASSO modeling. Based on the molecular features of
the most immunosuppressive subtype, a macrophage-associated risk score
based on CTSB, LITAF, and DOK3 was constructed and validated across
independent cohorts for prognostic and immune relevance. Functional
validation was performed by silencing DOK3 in THP-1–derived macrophages,
followed by co-culture with glioma cells to assess macrophage polarization and
tumor cell behavior.
Results: Elevated M2 macrophage in�ltration correlated with reduced tumor
purity, spatial heterogeneity, and worse survival. Three immune subtypes (C1–
C3) were identi�ed; notably, the C1 subtype exhibited the highest M2 in�ltration,
strongest immunosuppressive features, and poorest prognosis. The derived
macrophage-based risk score robustly strati�ed patient survival and correlated
with CD163 expression and immune checkpoint activation. Single-cell analysis
revealed predominant DOK3 expression in macrophages and microglia.
Functional assays demonstrated that DOK3 knockdown reduced CD163
expression and attenuated glioma cell invasiveness, supporting its role in
promoting M2 polarization and tumor aggressiveness.
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Conclusion: This integrative analysis identi�es DOK3 as a pivotal regulator of M2
macrophage polarization and a driver of glioblastoma progression. Together,
immune subtyping and the simpli�ed macrophage-based risk model represent
complementary strategies, with the latter providing a practical tool for prognostic
strati�cation. Targeting DOK3 offers a promising therapeutic strategy to
reprogram the TME and improve clinical outcomes in patients with GBM.
KEYWORDS

DOK3, glioblastoma, M2 macrophage, pro-tumoral polarization, tumor
microenvironment
Introduction

Glioma is the most common and highly aggressive primary
malignant brain tumor, accounting for approximately 80% of all
primary malignant brain tumors (1, 2). According to the 2021 World
Health Organization (WHO) classi�cation of tumors of the central
nervous system (CNS), adult-type diffuse gliomas are classi�ed into
three major categories: IDH-mutant oligodendroglioma, IDH-
mutant astrocytoma, and IDH-wildtype glioblastoma (GBM) (5).
Despite advances in multimodal treatment–including maximal
surgical resection, radiotherapy, and temozolomide-based
chemotherapy–the prognosis of GBM remains dismal, with a
median overall survival (OS) of only 14–18 months and a 5-year
survival rate below 10% (3). The highly in�ltrative nature of GBM
hampers completed surgical resection, contributing to inevitable
recurrence and resistance to conventional therapies (4).

Recent molecular and immunological pro�ling has revealed
that GBM harbors a profoundly immunosuppressive tumor
microenvironment (TME), enriched with regulatory immune cells
and inhibitory soluble factors that dampen the activity of cytotoxic
T cells and natural killer (NK) cells, thereby promoting immune
evasion and disease progression (6–8). This immunosuppressive
milieu not only accelerates tumor growth but also limits the ef�cacy
of emerging immunotherapeutic strategies, highlighting the urgent
need for precise prognostic strati�cation systems and robust
molecular target to guide personalized treatment strategies.

Tumor-associated macrophages (TAMs) are the dominant
immune cell component within the GBM microenvironment,
with the M2-polarized phenotype constituting the predominant
and functionally pro-tumoral subset (9). High densities of M2
macrophages have been strongly associated with higher WHO
grades, enhanced invasiveness, and poorer clinical outcomes (10).
Mechanistically, M2 macrophages exert potent immunosuppressive
effects by secreting IL10, TGF-b, Arg-1, and VEGF, upregulating
PD-L1 expression (11), promoting T-cell exhaustion, and
expanding regulatory T-cells (Treg) populations (12). Enrichment
of M2 macrophages in glioma tissues has been correlated with
reduced IFN-g expression, indicative of impaired T-cell activity in
vivo (13). Furthermore, M2 macrophages suppress NK cells
02
cytotoxicity through TGF-b–mediated downregulation of the
activating receptor NKG2D (14, 15), a key mechanism of tumor
immune escape (16). Notably, blocking TGF-b signaling in
preclinical glioma models restores NKG2D expression and
enhances NK cell-mediated tumor killing (17). These �ndings
collectively highlight the central role of M2 macrophages
as orchestrators of GBM immunosuppression and tumor
progression, positioning them as compelling targets for
therapeutic intervention. Preclinical studies using CSF1R
inhibitors, for example, have demonstrated the potential to
reprogram M2 macrophages toward a pro-in�ammatory M1
phenotype, thereby enhancing antitumor immunity (16).

In this study, we combined integrative multi-omics analyses
with functional experiments to investigate the molecular drivers of
M2 macrophage polarization in GBM. We identi�ed DOK3 as a key
regulator of pro-tumoral polarization and glioma cell migration,
providing mechanistic insights into macrophage-mediated
tumor progression and highlighting DOK3 as a promising
immunotherapeutic target for patients with IDH-wildtype GBM.
Materials and methods

Data acquisition

Multiple glioblastoma (GBM) datasets were obtained from
publicly available, authoritative databases. RNA sequencing data
and corresponding clinical information from 205 GBM patients
were retrieved from The Cancer Genome Atlas (TCGA, http://
cancergenome.nih.gov/) (18) and used as the training cohort for
feature selection and model construction. An additional 74 GBM
samples from the Chinese Glioma Genome Atlas (CGGA, http://
cgga.org.cn/) (19, 20) served as an independent external validation
cohort to evaluate the robustness and generalizability of the model.
Clinical variables included, but were not limited to, age, sex, IDH
mutation status, MGMT promoter methylation status,
chemoradiotherapy, and survival outcomes such as overall
survival (OS) and progression-free survival (PFS). Only IDH-
wildtype GBM patients were enrolled in this study.
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To investigate the spatial distribution of M2 macrophages in
different histological regions, we analyzed data from the Ivy
Glioblastoma Atlas Project (http://glioblastoma.alleninstitute.org/)
(21). This dataset comprises gene expression pro�les from �ve
anatomically de�ned regions: (1) cellular tumor (CT), (2)
in�ltrating tumor (IT), (3) leading edge (LE), (4) microvascular
proliferation (MP), and (5) pseudopalisading cells (PC).

To further exploring the immune microenvironment at single-
cell resolution, we incorporated single-cell RNA sequencing data
(scRNA-seq) data from both the CGGA database and the
GSE131928 dataset in the Gene Expression Omnibus (GEO)
(https://www.ncbi.nlm.nih.gov/geo/) (22). These datasets include
multiple primary and recurrent GBM samples, enabling high
resolution characterization of immune cell heterogeneity and
dynamics within the tumor microenvironment.

All datasets were accessed in accordance with their respective
usage policies and ethical guidelines. The study was conducted in
compliance with the principles of the Declaration of Helsinki.
Estimation of immune in�ltrates

Immune cell in�ltration was quanti�ed using the TIMER2.0
platform (http://timer.cistrome.org/) (23) and xCell algorithm (24)
based on bulk RNA-seq data from both the TCGA, CGGA, and IVY
cohorts. TIMER2.0 integrates multiple state-of-the-art deconvolution
algorithms, including TIMER, CIBERSORT, quanTIseq, and MCP-
counter, enabling robust and comprehensive estimates of immune cell
abundance across tumor samples. These estimates serve as the basis for
subsequent immunological analyses and correlation studies. To identify
genes associated with M2 macrophage activity, Pearson correlation
analysis was performed between gene expression levels and the M2
macrophages score in each dataset, with genes showing strong positive
correlation (r > 0.5) in both cohorts retained for downstream analyses.
Estimation of immune score, stromal
score, and tumor purity

Immune score, stromal score, and tumor purity were calculated
using the ESTIMATE algorithm based on transcriptomic data.
Immune and stromal scores represent the relative in�ltration levels
of immune and stromal cells, respectively, while tumor purity re�ects
the estimated proportion of malignant tumor cells within each
sample. These parameters were included in downstream analyses to
characterize the tumor microenvironment and its association with
immune subtypes and clinical outcomes.
Unsupervised clustering and subtype
identi�cation

Genes signi�cantly correlated with M2 macrophage in�ltration (R
> 0.5 and p < 0.05) in both the TCGA and CGGA datasets were
subjected to unsupervised clustering using the ConsensusClusterPlus R
package. To ensure the stability and predictive utility of the identi�ed
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subtypes, a random forest classi�er was trained using the TCGA
cohorts and subsequently applied to the CGGA cohort for external
validation. The robustness and separability of the resulting clusters
were further assessed using principal component analysis (PCA).
Risk model construction

To identify key genes predictive of the immunosuppressive
subtype, we applied Extreme Gradient Boosting (XGBoost) and
least absolute shrinkage and selection operator (LASSO) regression
to the TCGA cohort. Three candidate genes–CTSB, LITAF, and
DOK3–were selected to construct a macrophage-associated risk
score model. The prognostic value of this model was evaluated
using Kaplan-Meier survival analysis and univariate and
multivariate Cox regression. In addition, correlations between the
risk score and CD163 expression, immune checkpoint markers, and
immune in�ltration patterns were systematically analyzed to
elucidate the immunological and clinical relevance of the model.
Single-cell transcriptomic analysis

Single-cell RNA sequencing (scRNA-seq) data were processed
using the Seurat R package (version 5.0.0) (25). Low-quality cells
and lowly expressed genes were �ltered out based on standard
quality control metrics, followed by normalization and batch-effect
correlation. Dimensionality reduction and clustering were
performed using the Uniform Manifold Approximation and
Projection (UMAP) algorithm. The expression patterns of key
marker genes (CD68, TMEM119, CD163, and DOK3) was
analyzed across different immune and non-immune cell clusters
to characterize their cellular distribution and functional relevance.
Cell lines

LN229 and THP-1 cells were purchased from the American
Type Culture Collection (ATCC). LN229 is a well-established
human glioma cell line derived from a patient with IDH-wildtype
glioblastoma. LN229 cells were cultured in high-glucose Dulbecco’s
Modi�ed Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin–streptomycin, and
maintained at 37 °C in a humidi�ed incubator with 5% CO2.
THP-1 cells were maintained in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS), 1% penicillin–
streptomycin, and 0.1 mM b-mercaptoethanol, and cultured under
the same conditions (37 °C, 5% CO2, humidi�ed atmosphere).
Macrophage polarization and glioma cell
co-culture assays

To induce differentiation of THP-1 cells into M0 macrophages,
cells were treated with 185 ng/mL phorbol 12-myristate 13-acetate
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(PMA, dissolved in DMSO) for 12 h, resulting in an adherent
phenotype (26). For M2 polarization, adherent cells were co-
incubated with 20 ng/mL IL-4 and 20 ng/mL IL-13 in the
continued presence of PMA for 48 hours (27). For gene silencing
experiments, siRNA negative control (siRNA-NC) or siRNA
targeting DOK3 (siRNA-DOK3) was transfected into the
respective groups, followed by 48 hours of incubation. All LN229
cells used in the experiments were in the logarithmic growth phase
and were subjected to conditioned medium treatment or co-culture
with polarized THP-1–derived macrophages to evaluate the effects
of macrophage polarization on glioma cell migration and invasion.
For Transwell co-culture assays, 1 × 105 control or DOK3-silenced
M2 macrophages were seeded in the upper chamber, while 2 × 105

LN229 cells were placed in the lower chamber, followed by
incubation at 37 °C for 48 h prior to downstream analyses.
Western-blot assay

After polarization to the M2 phenotype, THP-1 cells were
transfected with siRNA targeting DOK3. Total protein was
extracted using RIPA buffer, and protein concentrations were
measured by BCA assay. Equal amounts of protein were
separated by SDS-PAGE and transferred onto PVDF membranes.
Membranes were blocked with 5% skim milk for 1 hour at room
temperature, followed by overnight incubation at 4 °C with primary
antibodies: DOK3 (Immunoway, YT1397, 1:1000), CD163 (Abcam,
ab156769, 1:1000), and GAPDH (Immunoway, YM3029, 1:20000).
After washing, membranes were incubated with HRP-conjugated
secondary antibodies for 1 hour at room temperature. Protein
bands were visualized using enhanced chemiluminescence (ECL)
and imaged with a Bio-Rad imaging system.
Immuno�uorescence

Cells were �xed with 4% paraformaldehyde, permeabilized with
Triton X-100, and blocked with goat serum. Cells were incubated
overnight with primary antibodies against DOK3 and CD163,
followed by incubation with Alexa Fluor-conjugated secondary
antibodies. Nuclei were counterstained with DAPI, and
�uorescence imaging was performed using a confocal microscope.
Transwell migration assay

Transwell assays were performed using 8-mm pore size
polycarbonate membrane inserts. LN229 glioma cells (4 × 104

cells in 200 mL serum-free medium) were seeded into the upper
chamber, while M2-polarized macrophages (1 × 105 cells in 200 mL
medium containing 5% FBS) were placed in the lower chamber.
After 12 hours of incubation, non-invading cells on the upper
surface of the membrane were carefully removed and invading cells
on the lower surface were �xed and stained with crystal violet.
Frontiers in Immunology 04
Statistical analysis

All statistical analyses were conducted using R software (version
4.2.3) and IBM SPSS Statistics (version 27.0.1). R packages included
ConsensusClusterPlus, simplifyEnrichment (28), ggplot2,
pheatmap, GSVA, ggpubr, survival, survminer, dplyr, Seurat,
patchwork, and pROC. Pearson correlation, Student’s t-test, and
one-way ANOVA were applied to assess group differences. Cox
regression analysis was performed for survival analysis. P < 0.05
were considered statistically signi�cant.
Results

M2 macrophages are spatially enriched and
associated with poor prognosis in GBM

To clarify the clinical and biological signi�cance of M2
macrophage in glioblastoma (GBM), we quanti�ed their
in�ltration using xCell-based deconvolution in two independent
transcriptomic cohorts: TCGA (n = 205) and CGGA (n = 74). In
both cohorts, higher M2 macrophage scores were strongly
correlated with reduced tumor purity (R = -0.72, p < 0.0001;
CGGA: R = -0.73, p < 0.0001; Figure 1A; Supplementary
Figure S1A), indicating preferential accumulation of these cells
within the non-neoplastic tumor microenvironment (TME) at the
expense of tumor cell proportion.

To explore their spatial context, we analyzed anatomically
annotated transcriptional pro�les from the Ivy Glioblastoma Atlas
Project (Ivy GAP, n = 270). M2 macrophage scores were markedly
elevated in microvascular proliferation (MVP) and pseudopalisading
cells around necrosis (PAN), two histological niches strongly linked
to angiogenesis, hypoxia and aggressive tumor behavior (Figure 1B).
Consistent with these �ndings, these regions were also exhibited in
anti-in�ammatory and pro-angiogenic pathways (Figure 1C;
Supplementary Figure S1B), suggesting that M2 macrophages may
be recruited to these specialized niches to promote vascular
remodeling and immune evasion.

Functionally, gene set enrichment analysis (GSEA) further
revealed that M2 macrophage in�ltration positively correlated with
pathways involved in complement activation (e.g., C1QA, C1QB,
C3AR1) and immune modulation, including in�ammatory response,
interferon gamma response, and TNFa signaling via NF-kB
(Figure 1D; Supplementary Figures S1C–E). These results indicate
that beyond supporting angiogenesis, M2 macrophages actively shape
an immunosuppressive microenvironment that suppresses anti-
tumor immunity and facilitating tumor immune evasion.

Survival analyses further underscored the clinical relevance of
these �ndings. Across both the TCGA and CGGA cohorts, patients
with high M2 macrophage in�ltration exhibited signi�cantly
shorter overall survival (OS) and progression-free survival (PFS)
compared with those with low in�ltration (TCGA: OS, P = 0.004;
PFS, P = 0.0087; CGGA: OS, P = 0.033; PFS, P = 0.039). Speci�cally,
in the TCGA cohort, the median OS was 367 days in the M2-high
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group versus 482 days in the M2-low group, with corresponding
median PFS of 199 days and 317 days, respectively. Consistent
results were observed in the CGGA cohort, where patients with high
M2 in�ltration had a median OS of 379 days compared with 591
days in the low-in�ltration group, and median PFS of 259 days
versus 550 days (Figure 1E; Supplementary Figure S1F).Collectively,
these �ndings demonstrate that M2 macrophages are spatially
enriched in aggressive tumor niches, where they drive an
immunosuppressive and pro-tumoral microenvironment,
ultimately contributing to poor clinical outcomes in patients
with GBM.
M2 macrophage–related gene signatures
de�ne three prognostically relevant
immune subtypes in GBM

To characterize the immune heterogeneity of GBM, we �rst
performed Pearson correlation analysis to identify genes strongly
correlated with the M2 macrophages in�ltration (R > 0.5 and p <
0.05) in both TCGA and CGGA cohorts. This analysis yielded 299
overlapping M2 macrophage-related genes (Figure 2A). Using these
Frontiers in Immunology 05
genes, unsupervised consensus clustering of the TCGA cohort
strati�ed patients into three robust immune subtypes (C1, C2,
and C3) (Figure 2B). A random forest classi�er trained on the
TCGA cohort was subsequently applied to the CGGA cohort,
con�rming the reproducibility of the three-subtype classi�cation
(TCGA: C1, n = 90; C2, n = 55; C3, n = 60; CGGA: C1, n = 32; C2, n
= 29; C3, n = 13) (Figure 2C).

Principal component analysis (PCA) demonstrated clear
separation among the three immune subtypes in both datasets
(Figures 2D, E), supporting the robustness of the clustering.
Survival analysis revealed that patients in the C1 subtype exhibited
signi�cantly short overall survival compared with those in the C2 and
C3 subtypes (TCGA: p = 0.042; CGGA: p = 0.021) (Figures 2F, G),
Speci�cally, in the TCGA cohort, patients classi�ed as the C1 subtype
had a median overall survival of 367 days, markedly shorter than the
575 days observed in the combined C2/C3 group. Consistent results
were obtained in the CGGA cohort, where the median overall
survival was 379 days for C1 patients compared with 681 days for
those in the C2/C3 group, indicating that the C1 immune subtype is
associated with the poorest prognosis.

Further molecular pro�ling revealed that mesenchymal
transcriptional subtype was enriched within the C1 immune
FIGURE 1

High M2 macrophage in�ltration is associated with reduced tumor purity, spatial regions, complement, and poor prognosis in GBM. (A), Scatter plot
showing negative correlations between M2 macrophage scores (xCell) and tumor purity estimated by ESTIMATE in the TCGA cohorts. (B), M2
macrophage scores in different GBM histological regions, including Cellular Tumor (CT), In�ltrating Tumor (IT), Leading Edge (LE), MicroVascular
Proliferation (MVP), and Pseu- dopalisading cells Around Necrosis (PAN). (C), Correlation analysis showing that M2 macrophage scores (xCell) are
positively associated with the complement hallmark pathway estimated by ssGSEA in the TCGA cohort. (D), Correlation analysis showing that M2
macrophage scores (xCell) are positively associated with the expression of key complement hallmark pathway genes, including C1QA, C1QB, and
C3AR1. (E), Kaplan–Meier survival curves comparing overall survival (left) and progression-free survival (right) between high and low M2 macrophage
score groups in TCGA cohorts. Survival differences assessed by log-rank test (p values indicated).
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subtype (Figures 2H, I), suggesting that the high M2 macrophage
activity is linked to mesenchymal transition and aggressive
tumor biology.

Collectively, these �ndings demonstrate that M2 macrophage-
related gene signature de�ne three biologically and clinically
distinct immune subtypes of GBM, providing a framework for
understanding immune heterogeneity and informing the
development of subtype-speci�c therapeutic strategies.
Frontiers in Immunology 06
C1 subtype exhibits an immune-in�ltrated
but immunosuppressive microenvironment

To better characterize the tumor microenvironment (TME)
across M2 macrophage-base subtype, we applied the ESTIMATE
algorithm to calculate immune score, stromal score, and tumor
purity in both the TCGA and CGGA cohorts. In the TCGA cohort,
the C1 subtype–which showed the poorest prognosis–exhibited the
FIGURE 2

Identi�cation and characterization of immune subtypes based on M2 macrophage–associated genes in GBM. (A), Venn diagram showing 299 genes
that were highly positively correlated with Macrophages_M2 scores (R > 0.5 & p < 0.05) in both TCGA and CGGA cohorts. (B), Unsupervised
consensus clustering based on the 299 M2-related genes identi�ed three immune subtypes (C1, C2, and C3) in the TCGA cohort. (C), A random
forest classi�er trained on TCGA data was applied to classify CGGA samples into the same three immune subtypes. (D, E), Principal component
analysis (PCA) of gene expression pro�les showing clear separation among the three immune subtypes in both TCGA and CGGA cohorts. (F, G),
Kaplan–Meier survival curves comparing overall survival (OS) among the immune subtypes in TCGA and CGGA cohorts. Patients in the C1 group
exhibited the worst prognosis. (H–I), Distribution of molecular subtypes (Classical, Mesenchymal, Proneural) across the immune subtypes, with the
mesenchymal subtype signi�cantly enriched in the C1 group.
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highest immune and stromal scores and markedly reduced tumor
purity. Conversely, the C2 subtype, linked to the most favorable
outcomes, displayed the lowest immune and stromal scores and the
highest tumor purity. These patterns were consistently reproduced
in the CGGA cohort (Figures 3A–C), con�rming the robustness of
subtype-speci�c microenvironmental features.

Importantly, the elevated immune and stromal scores in C1 did
not indicate effective antitumor immunity. Instead, this subtype
re�ected a profoundly immunosuppressive TME dominated by M2-
like tumor-associated macrophages (TAMs). Quantitative analysis
revealed that the C1 subtype harbored the highest levels of M2
macrophage in�ltration and elevated expression of canonical M2
markers, including CD163 and IL10 (Figures 3D–F).
Frontiers in Immunology 07
Immune cell composition pro�ling further highlighted the
tumor-supportive and dysfunctional nature of the C1 immune
landscape. This subtype was enriched with monocytes,
neutrophiles, resting NK cells, and a population of CD8+ T cells
with an exhausted phenotype (Figures 3G, H). In contrast, effector
cell populations with recognized antitumor activity–such as Th1-
polarized CD4+ T cells and activated NK cells–were depleted in C1
and relatively enriched in the C2 subtype.

Collectively, these �ndings indicate that the C1 subtype
represents an immune-in�ltrated but immunosuppressive TME,
where high immune cell content is driven by dysfunctional or
tumor-supportive subsets rather than effective antitumor effectors.
This immunological architecture, likely orchestrated by M2-
FIGURE 3

Immunological characterization of the C1–C3 subtypes in GBM. (A–C), ESTIMATE analysis showing ImmuneScore, StromalScore, and tumor purity
across the three immune subtypes in TCGA and CGGA cohorts. The C1 subtype exhibited the highest immune and stromal scores and the lowest
tumor purity, whereas C2 displayed the opposite trend. (D–F), Comparison of Macrophages_M2 scores and expression levels of canonical M2
markers (CD163 and IL10) among the three subtypes, showing highest M2 in�ltration and marker expression in the C1 subtype. (G, H), In�ltration of
selected immune cell types across subtypes, estimated by xCell and CIBERSORT. The C1 subtype was enriched in immunosuppressive cells
(monocytes, neutrophils, resting NK cells, exhausted CD8+ T cells) and depleted in antitumor effector cells (Th1 CD4+ T cells, activated NK cells).
*p<0.05, **p<0.01; ***p<0.001; ****p<0.0001.
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polarized macrophages, may underlie the aggressive clinical
behavior of C1 tumors and highlight the need for therapeutic
strategies targeting immunosuppressive myeloid populations.
Enrichment analysis reveals immune
response-associated but potentially
immunosuppressive signatures in the C1
subtype

To explore the molecular underpinnings of the distinct tumor
microenvironment observed in the C1 subtype, we performed
functional enrichment analysis on genes signi�cantly upregulated
in C1 compared to C2 and C3 (log2FC > 1, p < 0.05). This analysis
revealed signi�cant enrichment of immune-related biological
processes, such as in�ammatory response and immune response
(Figures 4A, B), indicating that the C1 subtype is characterized by a
strong immune response–associated signature.

Consistently, Gene Set Enrichment Analysis (GSEA) in both the
TCGA and CCGA cohorts demonstrated that C1-upregulated genes
were signi�cantly enriched in hallmark pathways, including
allograft rejection, IL6-JAK-STAT3 signaling, in�ammatory
response, and TNFa signaling via NF-kB (Figures 4C, D). These
pathways are well known to drive chronic in�ammation, cytokine
signaling, and immune cell recruitment–processes that often foster
immune dysregulation rather that effective antitumor immunity.

Taken together, these �ndings suggest that although the C1
subtype exhibits a transcriptomic signature heightened immune
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responses, this activity primarily re�ects an in�ammation-driven,
immunosuppressive microenvironment. This is consistent with the
high abundance of M2 macrophages and dysfunctional effector
immune subsets identi�ed in our cellular in�ltration analyses,
underscoring the immune-evasive nature of the C1 subtype.
XGBoost-LASSO–derived macrophage
signature identi�ed a high-risk,
immunosuppressive C1 subtype in glioma

To pinpoint genes most closely associated with the C1 subtype
and macrophage-driven immunosuppression, we leveraged the 299
macrophage-related genes previously identi�ed as strongly
correlated with M2 macrophage in�ltration. Using these
candidate features, we constructed a XGBoost-based classi�er in
both the TCGA and CGGA cohorts. The models identi�ed 200
genes with non-zero gain values in TCGA and 143 genes in CGGA
(Figure 5A). In the XGBoost framework, gain value represents the
average performance improvement contributed by a feature when
splitting decision nodes; thus, genes with non-zero gain values were
considered important contributors to identifying the C1 subtype
classi�cation. Notably, 102 overlapping genes were consistently
identi�ed across both datasets (Figure 5B), underscoring their
stable predictive utility in independent cohorts.

To further re�ne these candidates, we performed LASSO
regression analysis to the 102 overlapping genes (Figure 5C),
which yielded a concise three-gene macrophage signature
4FIGURE

Functional enrichment analysis of genes upregulated in the C1 subtype. (A, B), DAVID functional enrichment analysis of C1-upregulated genes
(log2FC > 1, p < 0.05), highlighting immune-related biological processes. (C, D), Gene set enrichment analysis (GSEA) based on CGGA and TCGA
datasets showing signi�cant enrichment of hallmark immune-related pathways in the C1 subtype, including Allograft Rejection, IL6_JAK_STAT3
Signaling, In�ammatory Response, and TNFA Signaling via NF-kB.
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