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ARTICLE INFO ABSTRACT

Keywords: Background: Cancer associated fibroblasts (CAF), an important cancer-promoting and immuno-
Adult diffuse highest-grade gliomas suppressive component of the tumor immune microenvironment (TIME), have recently been
CAF

found to infiltrate adult diffuse highest-grade gliomas (ADHGG) (gliomas of grade IV).

Methods: Gene expression and clinical data of ADHGG patients were obtained from the CGGA and
TCGA databases. Consensus clustering was used to identify CAF subtypes based on CAF key genes
acquired from single-cell omics and spatial transcriptomomics. CIBERSORT, ssGSEA,
MCPcounter, and ESTIMATE analyses were used to assess the TIME of GBM. Survival analysis,
drug sensitivity analysis, TCIA database, TIDE and cMap algorithms were used to compare the
prognosis and treatment response between patients with different CAF subtypes. An artificial
neural network (ANN) model based on random forest was constructed to exactly identify CAF
subtypes, which was validated in a real-world patient cohort of ADHGG.

Results: Consensus clustering classified ADHGG into two CAF subtypes. Compared with subtype B,
patients with ADHGG subtype A had a poorer prognosis, worse responsiveness to immunotherapy
and radiotherapy, higher CAF infiltration in TIME, but higher sensitivity to temozolomide.
Furthermore, patients with subtype A had a much lower proportion of IDH mutations. Finally, the
ANN model based on five genes (COL3A1, COL1A2, CD248, FN1, and COL1A1l) could exactly
discriminate CAF subtypes, and the validation of the real-world cohort indicated consistent re-
sults with the bioinformatics analyses.

Conclusion: This study revealed a novel CAF subtype to distinguish ADHGG patients with different
prognosis and treatment responsiveness, which may be helpful for accurate clinical decision-
making of ADHGG.

Artificial neural network
IDH mutation
Immunotherapy

1. Introduction

Glioblastoma(GBM) is the most common primary tumor of the central nervous system in adults [1]. The current treatment of GBM
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include surgery, chemotherapy and radiotherapy, but the efficacy is limited [2], with a survival time after active intervention of less
than 13.5 months [3]. Potential reasons for this poor outcome include tumor evolution, high recurrence rates, incomplete resection,
and resistance to radio- and chemotherapy [4,5]. Due to the obstruction of the blood-brain barrier, there is a lack of effective
chemotherapy drugs in GBM patients beyond temozolomide. However, the resistance of temozolomide is common [6,7]. In addition to
the limitation of treatment strategies, an optimization of the molecular classification of GBM also needs to be developed [8]. The most
important markers related to the treatment of GBM are IDH mutations, 1p19q co-deletion and MGMT promoter methylation. Based on
the combination of these molecular features and histological morphology, WHO reclassified grade IV GBM into several types of adult
diffuse highest-grade gliomas (ADHGG) in 2021, such as IDH-mutant astrocytoma, oligodendroglioma with IDH-mutant and 1p19q
co-deletion, and IDH-wild-type GBM. However, due to the high heterogeneity of ADHGG, more sophisticated molecular subtyping is
still needed to distinguish the people with different prognosis and treatment response.

Immunotherapeutic approach such as immune-checkpoint inhibitors can effectively control the progression of various tumors, but
has not achieved significant efficacy in ADHGG [9], which is likely caused by the unique immunosuppressive tumor microenvironment
characterized by M2-polarized macrophages, T cell exhaustion, and production of specific cytokines [10]. Moreover, the biological
causes of ADHGG invasion and treatment resistance are closely related to the immunosuppressive microenvironment [11]. Therefore,
the identification of different immunotherapy-responsive subtypes based on the tumor microenvironment can potentially improve
patient selection for treatment.

Cancer-associated fibroblast (CAF), as a vital component of the tumor immune microenvironment (TIME), plays an important role
in extracellular matrix remodeling, cancer cell proliferation, metastasis, tumor angiogenesis, tumor stemness, immunosuppression and
drug resistance [12-17]. Since there are no fibroblasts in the brain, it has not been clear whether fibroblasts exist in ADHGG for a long
time [18]. However, cells expressing CAF markers were identified in ADHGG [19]. Recent studies revealed the existence of CAF in
ADHGG through single-cell RNA sequencing and spatial transcriptomics, and found that they can promote tumor growth, and affect the
prognosis and treatment response of patients [20,21]. At present, the functional implication of the association and interaction between
ADHGG and CAF is poorly understood. Hence, CAFs provide a new perspective for the characterization and subtyping of ADHGG
tumor immunosuppressive microenvironment.

In this study, we aimed to construct a classifier that can identify ADHGG subtypes with different CAF infiltration characteristics to
predict patients’ prognosis and responsiveness to anti-tumor therapy. We combined single-cell RNA sequencing and spatial tran-
scriptomics data to characterize the CAF-infiltrating cellular landscape and identify CAF-associated signature markers in ADHGG.
Based on this, we identified ADHGG with differential CAF infiltration characteristics and explored the association between CAF
subtypes and the TIME, mutations, prognosis, clinical characteristics and treatment responss. Then, we constructed an artificial neural
network model to accurately predict CAF subtypes in ADHGG. Finally, we also collected tissue samples from 6 patients with IDH
mutation and 6 patients with IDH wildtype to verify that different CAF subtypes have distinct clinical characteristics and TIME. Taken
together, our study provides a reference for the individualized treatment of ADHGG patients and the delineation of the immuno-
suppressive microenvironment of ADHGG.

2. Materials and methods
2.1. Data processing and annotation of scRNA-seq and stRNA-seq

Single-cell sequencing (scRNA-seq) data of 6 samples with ADHGG (gliomas of grade IV) in GSE141383, including 10502 cells and
22913 genes, were downloaded from TISCH database (http://tisch.comp-genomics.org/) [22]. The TISCH database has performed
quality control and normalization of the data, and the “ScaleData” function was used to further standardize and scale the data. Based
on the top 2000 hypervariable genes, the top 15 principal components were extracted by “RunPCA” function. According to the
annotation results of TISCH database, all cells were divided into five clusters: Endothelial, Fibroblasts, Malignant, Mono/Macro, and
Oligodendrocyte. Spatial transcriptomics sequencing (stRNA-seq) data downloaded from 10 x database (https://www.10xgenomics.
com/cn/), which consists of 3468 cells, and 20950 genes. The “SCTransform” function was used to normalize the data. All regions were
segmented into ST points based on hematoxylin-eosin (H&E) staining sections, and similar ST points were unsupervised clustered by
the “FindNeighbors” and “FindClusters” functions, and fibroblast clusters were identified using COL1A1 and COL3A1 as markers. All
scRNA-seq and stRNA-seq data were first converted into Seurat objects by the “Seurat” R package [23] before further analysis. Uniform
manifold approximation and projection (UMAP) and t-distributed stochastic neighbor embedding (tSNE) were used to reduce the
dimensionality of cells to a two-dimensional image for clustering and visualization [24].

2.2. Data analysis of scRNA-seq and stRNA-seq

The “FindAllMarkers” function of “Seurat” R package was used to find the key differential genes (KDEGs) whose expression levels in
CAF cluster cells were significantly higher than that in other cluster cells in scRNA-seq data, and the p value was corrected by bon-
ferroni multiple test. The screening criteria were adj. p.val <0.05 and avg. logFC >0.5, and expression had to be detected in at least 25
% of the cells. Next, KDEGs were screened for different single clusters, and the gene expression profiles of each cluster in scRNA-seq
and stRNA-seq data were compared. Multimodal Intersection Analysis (MIA) was performed using the “phyper” function to calculate
significant overlap degree of the same gene between clusters, and regions and key genes with high overlap degree with fibroblast
cluster gene expression profiles were screened from stRNA-seq data [25]. The intersection of the key genes and KDEGs from scRNA-seq
was defined as CAF key genes in ADHGG.
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2.3. Pseudotime analysis

The “monocle2’ R package was used to perform pseudotime analysis of CAF cluster cells in the spatial transcriptome [26]. The
analysis included three parts: to find the position of different CAF clusters in the cell differentiation trajectory and the transition
relationship between them, to study the clustering of hypervariable genes in the pseudo-time series, and to study the expression
patterns of CAF key genes in different “states”. The screening criteria for hypervariable genes were mean expression >0.5 and dis-
persion_empirical>1* dispersion_fit. The “plot_pseudotime_heatmap” function was used to display their dynamic expression.

2.4. Collection and processing of bulk RNA-seq data of ADHGG (gliomas of grade IV)

The ADHGG (gliomas of grade IV) cohort in the CGGA database had complete data on IDH mutation, 1p19q co-deletion, and MGMT
promoter methylation status, including 139 stage ADHGG patients in the CGGA-325 cohort and 249 stage ADHGG patients in the
CGGA-693 cohort, with a total of 388 ADHGG samples and 23258 expression profiles (Table 1). Clinical data and gene expression data
in FPKM format were downloaded and converted to log2 (TPM+1) format. Expression profiles from CGGA-325 and CGGA-693 cohorts
were combined and debatch-subtracted using the “combat” function of the “sva” R package. According to PCA analysis, 30 samples
that still showed outliers after correcting the batch effect were deleted, and 358 samples were finally obtained as the test set. The
mRNA expression profiles of 183 Rembrandt cohort samples and clinical data were downloaded from the CGGA website (http://www.
cgga.org.cn/). The “TCGAbiolinks” R package was used to download TPM data and clinical data for 162 TCGA- ADHGG samples. The
simple nucleotide variant data from the TCGA- ADHGG cohort were

Downloaded in maf format from the GDC database (https://gdc.cancer.gov) and used to calculate TMB for each patient. The
formula was as follows: TMB (mut/mb) = total mutation amount/size of target coding area. Copy number variation (CNV) data were
downloaded from the UCSC Xena (http://xena.ucsc.edu/) database.

3. Identification of CAF subtypes

Univariate COX regression analysis was used to identify key CAF genes significantly associated with disease prognosis. Based on the
expression profiles of 16 CAF key genes, we used the “ConsensusClusterPlus” R package to perform unsupervised clustering of ADHGG
patients in the CGGA cohort to identify different CAF clusters/subtypes. PCA and t-SNE were used to demonstrate the discriminability
of CAF key gene expression profiles between different subtypes. Kaplan-Meier survival analysis was used to compare the overall
survival (OS) of different subtypes. The “clusterRepro” R package calculates the “in-group proportion” (IGP) of clusters, which is a
method to test the robustness of cluster classification [26], and IGP was calculated using the TCGA-ADHGG and Rembrandt cohorts as
validation cohorts to verify the robustness of CAF subtype clustering. IGP values closer to 1 indicate higher agreement and more
reliable clustering results.

3.1. Pathway analysis

The “clusterProfiler” R package was used to perform KEGG pathway enrichment analysis of KDEGs. The “AddModuleScore”
function of the “Seurat” R package was used to score fibroblasts on cells from the integrated scRNA-seq and stRNA-seq data, and the
“GSVA” R package was used to perform ssGSEA analysis based on HALLMARK gene set for each cell to explore the difference of
pathway enrichment between cells with high and low fibroblast scores. The “GSVA” R package was also used to perform gene set
variation analysis (GSVA) between CAF subtypes A and B with KEGG, GO, REACTOME and HALLMARK gene sets.

Table 1
Baseline Data Sheet for the Cohort of CGGA- ADHGG (gliomas of grade IV).
Characteristic levels N (%)
Age <65 years old 327 (91.3 %)
>65 years old 31 (8.7 %)
Gender Male 214 (59.8 %)
Female 144 (40.2 %)
IDH_mutation_status Mutant 85 (24.4 %)
Wildtype 263 (75.6 %)
1p19q_codeletion status Codel 20 (5.6 %)
Non-codel 334 (94.4 %)
MGMTp_methylation_status Methylated 162 (51.6 %)
Un-methylated 152 (48.4 %)
Therapy_status Non TMZ + Non Radiotherapy 28 (8.4 %)
Non TMZ + Radiotherapy 30 (9.1 %)
TMZ + Non Radiotherapy 34 (10.3 %)
TMZ + Radiotherapy 239 (72.2 %)
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3.2. Tumor immune microenvironment (TIME) analysis

CIBERSORT [27], ssGSEA, MCPcounter algorithm [28] was used to analyze the infiltration of immune cells in different CAF
subgroups of TIME. The “ESTIMATE” R package was used to calculate the StromalScore, ImmuneScore, and ESTIMATEScore between
two CAF subtybes. ESTIMATEScore is the sum of StromalScore and ImmuneScore, which approximately represents the non-tumor
component of TIME [29]. Furthermore, the differential expression of immune checkpoints and cytokines between the two CAF sub-
types was analyzed and visualized as a heatmap by the “pheatmap” R package.

3.3. Tumor mutation analysis

The “maftools” R package [30] visualized the gene mutation data in maf format in the form of waterfall plot to construct the tumor
mutation landscape of patients with different CAF subtypes. All patients were divided into high TMB group and low TMB group based
on the best cutoff value. The association between CAF subtypes and TMB was explored by differential analysis and combined survival
analysis. In addition, we depicted the gain and loss of CNV of CAF key genes by calculating their CNV frequencies. In addition, we
counted the proportion of three genetic variations (IDH mutation, 1p19q co-deletion, and MGMT promoter methylation) in CAF
subtypes. We used univariate and multivariate Cox regression to analyze the prognostic linkage between CAF subtypes and the three
genetic variants, and explored the combined prognostic significance of CAF subtype and the three genetic variants by subgroup
KaplanMeier survival analysis.

3.4. Analysis of treatment response

Taking “cgp2016” as the reference dataset, we used the “pRRophetic” R package to predict the semi-inhibitory concentration (IC50)
value of TMZ in ADHGG patients. In addition, based on the data in the cancer drug sensitivity genomics (GDSC2) (https://www.
cancerrxgene.org/), “oncoPredict” R package was used to construct a ridge regression model and to calculate the IC50 value and
the area under the curve (AUC) value of TMZ for each patient. The lower IC50 and AUC corresponded to a higher sensitivity to TMZ.
Subgroup survival analysis depending on chemoradiotherapy response data in the CGGA-ADHGG cohort further revealed differences
in the response of patients with different CAF subtypes to chemoradiotherapy. Then, we used cMAP algorithm to explore the potential
therapeutic drugs and the corresponding mechanism of action of subtype A. According to The Cancer Immunome Atlas (TCIA)
database (https://www.tcia.at/home), four immunophenoscores (IPS) revealed responsiveness to anti-PD-1 or anti-CTLA-4 therapy in
the TCGA-ADHGG cohort. Depending on the Tumor Immune Dysfunction and Exclusion (TIDE) database (http://tide.dfci.harvard.
edu/), we predicted the response to immunotherapy for patients in TCGA-ADHGG, CGGA-ADHGG, and Rembrandt cohorts, and
calculated the TIDE score, Microsatellite Instability (MSI) score, and CAF infiltration score.

3.5. Construction of artificial neural network model (ANN)

The |logFC|>1 and p < 0.05 as the screening criteria were used to obtain the differentially expressed genes between CAF subtypes A
and B. Then, we used the “randomForest” R package to perform random forest (RF) algorithm to screen the subtype characteristic
genes. The default number of iterations for RF is 100. The RF model was considered sufficiently robust when 500 trees were con-
structed. The genes were scored based on Gini coefficient, and scores greater than 4 were selected as modeling genes. Next, we
compared the expression level of the modeling genes for a certain single sample with the median expression level for all samples. In
subtype B up-regulated genes, the value was 1 if the expression level was above the median and 0 otherwise. In the subtype B down-
regulated genes in contrast. The gene expression profiles of patients were transformed into [0,1] standardized “gene signatures”.
Finally, we constructed the ANN model using the “neuralnet” R package and visualized it through the “NeuralNetTools” R package
[31]. Weight parameters between nodes in ANN model in Table S1. The number of hidden neuron layers was set to 4 (two-thirds of the
number of input layers plus two-thirds of the number of output layers). The “pROC” R package was used to construct the ROC curve of
the ANN, and the AUC of the ANN model was validated by the TCGA-ADHGG and Rembrandt cohorts. The distribution of five model
genes at the single-cell level was explored based on the TISCH database.

3.6. Immunohistochemistry and multiplex immunofluorescence

We collected formalin-fixed, paraffin-embedded tissue sections of 12 ADHGG (gliomas of grade IV) patients with complete clinical
and prognostic information after standardized surgery, radiotherapy and temozolomide (4-6 cycles) treatment in the Third Xiangya
Hospital of Central South University from January 2017 to January 2023 for immunohistochemistry and multiple immunofluorescence
detection (clinical information of the XY3_ADHGG cohort is detailed in Table S2). This work was approved by the Ethics Committee of
the Third Xiangya Hospital (Ethics No.23793). Microglia are unique and important immune-related cells in ADHGG. Therefore, we
speculated the infiltration level of M2 microglia is different between two CAF subtypes, and verified it by immunofluorescence. In
brief, we deparaffinized and rehydrated paraffin-embedded tissue sections and then blocked endogenous peroxidase activity with 3 %
hydrogen peroxide for 25 min at 25 °C. For immunohistochemistry, sections were first incubated at 4 °C with primary antibodies
CD248(1:200, BOSS, China), FN1(1:200, HUABIO, China), COL3A1(1:200, PTG, USA), COL1A2(1:200, PTG, USA), COL1A1(1:200,
CST, USA) overnight, followed by incubation with multimerized anti-rabbit IgG-HRP secondary antibody for 90 min at room tem-
perature. Then, images were acquired with an optical microscope at a magnification of 20 x , a brown staining observed under the
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microscope is considered positive, and the mean density (the ratio of the cumulative optical density and the area of the positive
expression site under the visual field) of the images were calculated. For immunofluorescence, we detected three marker molecules:
COL1A1(1:200, CST, USA), IBA1(1:300, Abcam, UK), CD206 (1:200, PTG, USA). We labeled the three antigens by cycling staining and
performed incubation with primary and secondary antibodies. For each cycle, antibody labeling was performed after epitope repair
and protein blocking. After cyclic staining, each slide was counterstained with DAPI for 10 min and viewed under a fluorescence
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Fig. 1. The workflow of this study.
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microscope, with images acquired at 20 x magnification. Post-imaging analysis and quantification were performed using Image-Pro-
Plus. The ethical review Committee of the Third Xiangya Hospital, Central South University approved the project.

3.7. Statistical analysis

All bioinformatics analyses in this study were performed using R (v4.2.1) and Perl. Unless otherwise stated, the “limma” R package
was used to perform the differential analyses, the Wilcoxon test was used to compare differences between two groups, and the Kruskal-
Wallis test was used to compare differences between three or more groups. Spearman’s correlation was used for correlation analyses.
The R packages “survival” and “surviminer” were used for survival analysis. The default methods were used forKAplan-Meier survival
and log-rank test. The student-t test was used to compare the two samples in the experimental part. Statistical data analysis was
performed using GraphPad Prism 9.0. All statistical tests were bilateral, and p-values <0.05 were considered statistically significant.
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Fig. 2. Identification of key CAF genes and pathway exploration. (A) Spatial distribution of 6, 7 and 12 clusters (CAF clusters). (B) The Manhattan
plot showed the KDEGs of 15 ST-clusters. (C) The Manhattan plot showed the KDEGs of five SC-clusters. (D) MIA established overlapping mapping of
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between the two clusters. (E) The Venn diagram identified 16 key CAF genes shared by scRNA-seq and stRNA-seq data. (F) KEGG analysis based on
505 KDEGs in the Fibroblasts cluster. (G) ssGSEA showed the enrichment pathways of cells with different CAF scores.
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4. Results
4.1. Identification of CAF key genes based on scRNA-seq and stRNA-seq data

The workflow of this study is shown in Fig. 1. According to the annotation results of TISCH database, we reduce dimension and
clustering by UMAP and t-SNE, and subdivided cells in the scRNA-seq data into five clusters: Endothelial, Fibroblasts, Malignant,
Mono/Macro, and Oligodendrocyte (Figs. S1A and B). Next, we used unsupervised clustering to cluster similar ST points in stRNA-seq
data, divided the H&E section image space into different 15 ST-clusters (Figs. S1C and D), and visualized the clustering of 15 ST-
clusters by UMAP (Fig. S1E). We used COL1A1 and COL3A1 as markers of fibroblasts and found that they had significantly higher
expression levels in clusters 6,7 and 12 (Fig. S1F), hence we annotated these as CAF clusters and identified the spatial distribution of
CAF clusters in ST data (Fig. 2A). Next, we identified KDEGs in each cluster of stRNA-seq data (Fig. 2B) and scRNA-seq data (Fig. 2C),
and evaluated the significance of the degree of overlap of gene expression in clusters of stRNA-seq data and scRNA-seq data by per-
forming hypergeometric distribution with MIA. The results showed that among the CAF clusters identified previously, clusters 6 and 12
had significant overlap with the Fibroblasts cluster, while cluster 7 showed an overlap with the malignant cluster (Fig. 2D). Based on
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Fig. 3. Prognostic analysis of CAF key genes based on the CGGA-ADHGG cohort. (A, B) Fusion of CGGA-325 and CGGA-693 cohort data and
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Fig. 4. TIME analysis based on CAFcluster. (A-C) The infiltration abundance of various immune cells in CGGA-ADHGG patients with different CAF
subtypes were evaluated by ssGSEA (A), CIBERSORT (B) and MCPcounter (C) algorithms, respectively. Red represents CAF, blue represents immune
suppressor cells associated with CAF, and green represents other immune cells associated with CAF. (D) Comparison of the stromal score, immune
score and ESTIMATE score between patients in the A and B subtypes. (E, F) Expression differences of immune checkpoint genes between the two
CAF subtypes. Six common immune checkpoint genes have higher levels in subtype A. (G) Expression differences of cytokine genes between the two
CAF subtypes. Red represents cytokine genes associated with CAF. ns, no significant difference; *p < 0.05; **p < 0.01; ***p < 0.001.



G. Zhang et al. Heliyon 10 (2024) e34526

MIA screening, we obtained 24 key genes from stRNA-seq data, and a total of 16 CAF key genes were obtained by intersection with 505
KDEGs screened from Fibroblasts cluster in scRNA-seq data, which were as follows: ACTA2, BCAN, BGN, COL18A1, COL1A1, COL3A1,
COL4A1, COL4A2, DCN, FN1, IGFBP4, ISLR, LAMC3, MGP, PRELP, THY1 (Fig. 2E). Furthermore, KEGG pathway enrichment analysis
was performed on 505 KDEGs in the Fibroblasts cluster, and the results showed that they were mainly enriched in ECM—receptor
interaction and PI3K—Akt signaling pathway (Fig. 2F). Comprehensive ssGSEA analysis of KDEGs in stRNA-seq and scRNA-seq data
showed that there were differences in enriched pathways between cells with high and low CAF scores, and the MYC_TARGETS_V1
pathway and OXIDATIVE_PHOSPHORYLATION pathway were enriched in cells with high CAF scores (Fig. 2G).

4.2. Pseudotime analysis of ST-CAF clusters

To explore the evolution of CAF clusters and associated hypervariable genes in the ADHGG tumor microenvironment in cell dif-
ferentiation trajectories, we performed pseudotime analysis based on ST-CAF clusters. First, we show the pseudotime distribution
landscape of ST-CAF clusters, in which the pseudotime value of cluster 6 was significantly lower than that of cluster 7 and 12
(Fig. S2A), representing the relatively early position of cluster 6 in cell development. We then deduced the cell differentiation tra-
jectories of ST-CAF clusters and found a transition relationship from clusters 6 to clusters 7 and 12 (Figs. S2B and C). Finally, we
screened the hypervariable genes within the ST-CAF cluster, and the heat map showed the presence of three dynamic expression
patterns during cell development (Fig. S2D), which may play a key role in the differentiation and evolution of CAF clusters.

4.3. Comprehensive analysis of CAF key genes

We integrated the gene expression profiles of ADHGG patients in CGGA325 and CGGA693 cohorts, and the results of PCA showed
that the batch effect of 358 sample gene expression profiles was reduced to an acceptable range (Fig. 3A and B). We performed
univariate COX regression analysis on 16 CAF key genes and identified 6 key genes with prognostic significance: COL1A1, COL3A1,
COL4A1, COL4A2, ACTA2 and FN1 (p < 0.001, Fig. 3C). Kaplan-Meier survival analysis showed that patients with higher expression of
these six genes had significantly lower OS (Fig. 3D-I). We further used the “monocle” algorithm to cluster the cells in the stRNA-seq
into five “states”, representing five different stages on the cell differentiation trajectory. We found that these six CAF key genes had
highly similar expression patterns during cell development (Fig. S3).

4.4. Identification of CAF subtypes

Unsupervised clustering of patients in the CGGA-ADHGG cohort based on the expression of 16 key CAF genes divided patients into
CAF subtypes A and B (Fig. S4A). In addition to PRELP and BCAN, the expression levels of the remaining CAF key genes in subtype A
were significantly higher than those in subtype B (p < 0.001, Fig. S4B). The results of t-SNE and PCA showed that the expression of CAF
key genes in patients with different CAF subtypes showed identifiable differences (Figs. S4C and D). Survival analysis displayed that
the prognosis of patients with subtype B was significantly better than that of subtype A (p < 0.05, Fig. S4E). We used GSVA to identify
differences in pathway activities in patients with two CAF subtypes from KEGG, GO, Reactome, and HALLMARK, and found that
patients with subtype B showed an enrichment of immune-related pathways, such as T CELL PROLIFERATION, B CELL RECEPTOR
SIGNALING PATHWAY and INFLAMMATORY RESPONSE (Fig. S5). In addition, we found that clustering in the TCGA-ADHGG cohort
and the Rembrandt cohort had a high IGP (IGP >0.8, Figs. S6A and B), suggesting a great robustness in the identification of CAF
subtypes. In the TCGA-ADHGG cohort (Figs. S6C-E) and Rembrandt cohort (Figs. S6F-H), the expression of key CAF genes was highly
similar to those in the CGGA cohort, and the infiltration level of fibroblasts was markedly higher in subtype A than in subtype B.

4.5. Evaluation of tumor immune microenvironment based on CAFcluster

TIME is closely related to tumor progression, recurrence and response to immunotherapy. Inmunotherapy is a promising treatment
strategy for aggressive brain tumors [32]. We evaluated the infiltration levels of immune cells in ADHGG patients by ssGSEA (Fig. 4A),
CIBERSORT (Fig. 4B), and MCPcounter (Fig. 4C). The results showed that patients with CAF subtype A had a significantly higher level
of fibroblast infiltration and closely related immune cell infiltration, including Tregs, MDSCs, macrophages, neutrophils and dendritic
cells enriched by cytokine regulation. ESTIMATE analysis showed that patients with subtype A had higher StromalScore, ImmuneScore
and ESTIMATEScore compared with subtype B (Fig. 4D). CAFs can promote the expression of programmed cell death protein 1(PD1)
and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) on activated T cells and PDL-1 on tumor cells, forming an immunosup-
pressive microenvironment. We analyzed the differences in the expression of immune checkpoint genes (ICGs) in different CAF
subtypes, and found that the expression level of ICGs in patients with subtype A was generally higher than that in subtype B (Fig. 4E),
including PD-1, PD-L1, CTLA-4, LAG3, TIM3, and TIGIT (Fig. 4F). Cytokines are important regulators of TIME. We also explored the
expression of cytokines in patients with different ADHGG CAF subtypes, and our results showed that subtype A had higher levels of
cytokine expression (Fig. 4G).

4.6. Tumor genetic variation analysis was based on CAFcluster

Tumor mutations affect the prognosis and treatment effect of ADHGG patients, especially IDH mutations. We compared the gene
mutation landscape of patients with different CAF subtypes and found that the frequency of IDH1 and IDH2 mutations in patients with
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subtype A was 0, which was significantly lower than that in patients with subtype B (Figs. S7A-B). We further explored the association
of CAF subtypes with TMB and found that subtype B had a significantly higher TMB (Fig. S7C). Survival analysis indicated that ADHGG
patients in lower TMB had lower OS (Fig. S7D), and patients with low TMB combined with subtype A had the worst prognosis
(Fig. S7E). Through CNV analysis, we concluded that CAF key genes all had different degrees of CNV gain and loss, among which
PRELP had the highest frequency of CNV gain, while ACTA2 had the highest CNV loss frequency (Fig. S7F). Fig. S3G shows the CNV
gain and loss landscape of CAF key genes and their location on the chromosome. Apart from IDH mutation, 1p19q co-deletion and
MGMT promoter methylation are also important genetic variants in ADHGG, which affect clinical decision making. We found that the
proportion of IDH mutation and 1p19q co-deletion was significantly lower in subtype A than in subtype B, while the proportion of
MGMT promoter methylation was not significantly different between the two subtypes (Figs. SSA-C). Meanwhile, patients grouped
according to IDH mutation and 1p19q codeletion status showed similar differences in CAF key gene expression profiles (Figs. S8D-E)
and fibroblast infiltration levels (Figs. S8F-G) with those grouped according to CAF subtypes. COX regression analysis showed that IDH
mutation, 1p19q codeletion, and CAF type B were all factors associated with improved prognosis in ADHGG patients (Fig. 5A), but
there may be a prognostic linkage between CAFcluster and the three genetic variants (Fig. 5B). More closely, stepwise subgroup
survival analysis revealed A significant prognostic difference between subtype A and subtype B only in the population without 1p19q
co-deletion or MGMT promoter methylation (Fig. 5C-E). In the case of known CAF classification of patients, only the detection of
1p19q co-deletion status in patients with subtype A has prognostic significance (Fig. SF-H). Combined with the previous results, we
hypothesized that there might be an intimate relation between CAFcluster and IDH mutations. Furthermore, we compared the
prognostic significance of CAFcluster and IDH mutations. The results suggested that the combination of 1p19q non-codel and MGMTp
unmethylated could identify the patients with worse prognosis regardless of subtype A or IDH wild-type (Figs. SOA-D). Moreover,
CAFcluster has greater significance in joint prediction of prognosis than IDH (Fig. S9E).

4.7. Analysis of therapeutic response based on CAFcluster

Radiotherapy and TMZ chemotherapy are the cornerstones of ADHGG treatment. Both “pRRophetic” and “oncoPredict” algorithms
showed that compared with subtype B, subtype A patients had lower IC50 and AUC values of TMZ (Fig. 6A-C), suggesting that subtype
A had better sensitivity to TMZ. Survival analysis based on the CGGA cohort suggested that patients receiving chemotherapy combined
with radiotherapy had a higher OS (Fig. 6D). To explore whether combined chemoradiotherapy had a significant survival benefit
compared with radiotherapy or chemotherapy alone, Cox regression was performed to calculate hazard ratios for risk quantification.
The results showed that for patients with subtype A, chemoradiotherapy had a significant benefit compared with radiotherapy alone,
but no survival benefit compared with TMZ alone. In patients with subtype B, there was no survival benefit of chemoradiotherapy
versus radiotherapy or chemotherapy alone (Fig. 6E). In addition, we used the cMAP algorithm to identify various HDAC inhibitors
that may be potential therapeutic agents for patients with subtype A (Fig. 6F). The TCIA database predicted that patients with subtype
A had lower IPS and IPS-CTLA4 blocker than those with subtype B (Fig. 6G). Consistent results were obtained in the CGGA-TIDE,
TCGA-TIDE, and Rembrandt-TIDE cohorts. Patients with subtype A had a significantly lower response to immunotherapy than
those with subtype B (Fig. 7A). Compared with subtype B patients, the CAF score and TIDE score were significantly higher, and the MSI
score was significantly lower (Fig. 7B-D).

4.8. Construction of ANN for distinguishing CAFcluster

In order to more easily and accurately identify CAF subtypes in a small number of samples or individual ADHGG patients, an ANN
model was constructed. Firstly, we obtained 5774 differentially expressed protein-coding genes between the two CAF subtypes by
differential analysis (Fig. 8A). Subsequently, we screened five subtype-related differential feature genes by random forest algorithm:
COL3A1, COL1A2, CD248, FN1 and COL1Al (Fig. 8B and C), and finally constructed an ANN model based on the characteristic genes
(Fig. 8D). In the CGGA-ADHGG, TCGA-ADHGG, and Rembrandt cohorts, the predicted AUCs of the ANN model were 0.984, 0.951, and
0.988, respectively (Fig. 8E). All five model genes were expressed predominantly on fibroblasts, with low levels of expression on the
remaining cells (Fig. S10).

4.9. Validation of CAF clustering in ADHGG clinical cohort

Formalin-fixed, paraffin-embedded tissue sections of 12 ADHGG patients from the Third Xiangya Hospital of Central South Uni-
versity from January 2017 to January 2023 were collected for immunohistochemistry and multiple immunofluorescence assays to
evaluate the stability of ANN classification and the infiltration level of M2 microglia in different subtypes. The expression levels of
CD248, COL1A1, COL1A2, COL3Al, and FN1 in 12 patients were detected by immunohistochemistry. According to the quantitative
results of immunohistochemistry of CAF key genes, the gene expression profile of patients was transformed into [0,1] standardized
“gene signature”, and the patients were classified by ANN model. Nine patients were classified as type A and three as type B. We found
that CAF subtype A had higher expression levels of CAF key genes (Fig. 9A) and lower rate of IDH1 mutation (Fig. 9B) than CAF subtype
B in our cohort. Compared with subtype B, subtype A had a worse treatment response, with 8 of 9 patients having disease progression
(PD: 89 %) (Fig. 9C). Next, we used multiple immunofluorescence staining to evaluated the level of infiltration of M2 microglia in
different CAF subtypes, and we observed that subtype A had a higher level of M2 microglia (Fig. 9D).
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Fig. 5. Prognostic analysis combined CAFcluster with important genetic variants in ADHGG. (A, B) Cox regression analysis related with CAFcluster,
IDH mutation, 1p19q co-deletion and MGMT promoter methylation: univariate (A) and multivariate (B). (C-E) Combined survival analysis by first
detecting genetic variants and then detecting CAFCluster: IDH mutation (C), 1p19q co-deletion (D) and MGMT promoter methylation (E). (F-H)
Combined survival analysis by first detecting CAFCluster and then detecting genetic variants: IDH mutation (F), 1p19q co-deletion (G) and MGMT
Eromoter methylation (H).
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Fig. 6. Treatment responsiveness analysis based on CAFcluster. (A-C) Temozolomide sensitivity analysis in patients with ADHGG by using different
algorithms and data: The pRRophetic algorithm was performed to predict IC50 based on the cgp2016 dataset (A), the oncoPredict algorithm was
performed to predict IC50 (B) and AUC (C) based on the GDSC2 dataset. (D) Survival analysis revealed the prognostic difference among different
treatment status with TMZ and radiotherapy in two CAF subtypes. (E) Univariate Cox regression analysis explored whether the combination of
radiotherapy and TMZ was more beneficial than treatment alone in two CAF subtypes. (F) Potential therapeutic drugs and mechanisms for patients
with CAF subtype A were explored based on the cmap algorithm. (G) Comparsion of four kinds of IPS between two CAF subtypes based on
TCIA database.
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Fig. 7. Predictive immunotherapy responsiveness of ADHGG patients based on TIDE algorithm. (A) The response ratio of patients with different
CAF subtypes to immunotherapy was predicted and compared based on three independent cohorts. (B-D) The CAF score (B), TIDE score (C) and MSI
score (D) of patients with different CAF subtypes were predicted and compared based on three independent cohorts. *p < 0.05; **p < 0.01; ***p <

0.001; ****p < 0.0001.

5. Discussion

As a pivotal component of the tumor microenvironment, CAFs are associated with metastasis and immunosuppression of many
solid tumors. Recent study have confirmed the presence of CAF in ADHGG [20], which may help us to further understand the

immunosuppressive tumor microenvironment of ADHGG and provide more accurate treatment decisions.
In this study, we first identified CAF and corresponding key genes in ADHGG based on scRNA-seq and stRNA-seq data, which share

similar spatiotemporal expression characteristics during ADHGG tumorigenesis and progression. Almost all of them are prognostic risk
factors for ADHGG patients. According to the CAF key genes, ADHGG patients were divided into subtypes A and B. Patients with
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Fig. 8. Construction and validation of ANN models for identification of CAF subtypes. (A) Difference analysis identified differential genes of subtype
B compared with subtype A. (B) The relationship between the number of trees and model error in random forest. The model has the smallest error
when the number of trees is 264. (C) The genes whose importance score was greater than 4 based on Gini coefficient method were selected as model
genes. (D) Schematic diagram of ANN model, where the number of hidden layers is 4. Five model gene expression profiles of patients were input in
the input layer, and CAF subtypes of patients were finally output according to the calculation of weight coefficients. (E) The ROC of ANN models in
three independent cohorts was used to verify the predictive efficacy.

different CAF subtypes have different CAF related biological characteristics and prognosis.

Further, we performed CIBERSORT, ssGSEA, MCP counter and ESTIMATE algorithms to compare the differences in the tumor
immune microenvironment of ADHGG patients with different CAF subtypes. Compared with the subtype B, subtype A showed higher
expression of CAF related genes and also higher levels of immune cell infiltration, including Tregs, MDSCs, macrophages, neutrophils
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Fig. 9. Validation of real-world cohort based on ANN model. (A) By inputting the immunohistochemical score of the five model genes into the ANN
model, the XY3-ADHGG cohort was identified as two CAF subtypes. Representative immunohistochemical image of CD248, COL1A1, COL1A2,
COL3A1, and FN1 in different CAF subtypes, the magnification was 20 x . (B) The IDH mutant proportion of patients with different CAF subtypes
was compared based on the XY3-ADHGG cohort. (C) The response ratio of patients with different CAF subtypes to systemic antitumor therapy was
compared based on the XY3-ADHGG cohort. (D) Immunofluorescence was used to investigate the differences of COL1A1(Green), IBA1(Red) and

CD206(Pink) signal enrichment in TIME of patients with different CAF subtypes, the magnification was 20 x , “_” represent 0.1 mm.

and dendritic cells, which are closely associated with CAF. In addition, subtype A showed an enrichment of cytokines and inflam-
matory factors, more matrix components deposition, and significantly upregulated expression of ICGs including PD-1,PD-L1 and CTLA-
4. The immune microenvironment of high CAF is usually in an inflammatory state, which will secrete a large number of inflammatory
factors and cytokines, attract macrophages, MDSC, neutrophils and other monocytic myeloid cells and Treg cells, promote tumor
growth and form immunosuppression [33]. CAFs can also inhibit immunity by hindering the infiltration activity of T cells through
matrix fibrosis. Moreover, CAF promote the expression of PD1 and CTLA4 on activated T cells and PDL1 on tumor cells, and promote
immune escape [34]. There is a substantial exhaustion of T cells in ADHGG [35]. Although the infiltration level of T cells is high in
patients with subtype A, they present a non-functional “exhaustion” state due to the inhibitory effect of immunosuppressive cells. We
further explored whether there were differences in the response to immunotherapy in ADHGG patients with different CAF subtypes.
Our analysis of the CGGA, TCGA and Rembrandt cohorts all showed that patients with subtype A had a higher CAF invasion level, a
lower immunotherapy response rate, a higher TIDE score and a lower MSI score than patients with subtype B. The results of TCIA
database showed that subtype A had lower IPS and was less responsive to ICIs, especially anti-CTLA4 inhibitors. The above results
suggest that CAF subtype A may regulate the formation of immunosuppressive tumor microenvironment to reduce the responsiveness
of immunotherapy.

Gene mutation is not only a crucial cause of ADHGG, but also a meaningful prognostic prediction and therapeutic biological
behavior. IDH mutation, 1p19q codeletion and MGMT promoter methylation are clinically important gene mutation detection in-
dicators in ADHGG. IDH mutation and 1p19q codeletion are associated with better prognosis and sensitivity to chemoradiotherapy.
MGMTp methylation status can be used to predict the sensitivity to TMZ treatment. Our analysis found that patients of CAF subtype B
with better prognosis have a higher frequency of IDH mutation and 1p19q codeletion, and patients with IDH mutations and 1p19q
codeletions have similar CAF related gene expression and CAF infiltration level as patients with B subtype. IDH1 mutant ADHGG stem
cells can secrete G-CSF to improve the efficacy of immunotherapy [36], which may partly explain the better immune response and
prognosis of subtype B. Cox regression analysis revealed the prognostic linkage between CAF subtype, IDH mutation and 1p19q
co-deletion. The subtypes prognostic analysis showed that CAF subtype could identify more combined prognostic risk populations than
IDH mutation. Furthermore, the higher frequency of IDH mutations in subtype B was validated in TCGA mutation data and real-world
cohort. We also explored the association between CAF subtype and TMB, subtype A patients with low TMB had the worst prognosis.

Radiotherapy is an important local treatment for ADHGG patients, and TMZ is the first-line therapy option for newly diagnosed
ADHGG patients. Compared with chemotherapy or radiotherapy alone, radiotherapy combined with TMZ chemotherapy show su-
perior outcome in ADHGG patients [1]. In subtype A, compared with radiotherapy alone, the combination of radiotherapy and
chemotherapy showed a significant benefit, but compared with TMZ chemotherapy alone, the benefit is not significant, which may be
related to CAF leading to radiotherapy resistance [37] and subtype A being more sensitive to TMZ chemotherapy. However, in subtype
B with low infiltration of CAF, chemoradiotherapy has no significant benefit compared with radiotherapy and chemotherapy alone,
suggesting that subtype B radiotherapy or chemotherapy alone may be sufficient. We utilized cMAP algorithm to identify various
HDAC inhibitors as potential therapeutic drugs for patients with subtype A. HDAC inhibitors can effectively inhibit the release of tissue
repair cells, such as macrophages, which are extremely critical to fibroblast proliferation and collagen synthesis and degradation [38,
39]. With the deepening of our understanding of the tumor-promoting role of CAF, the therapeutic idea of targeting CAF to inhibit
tumor progression and enhance anti-tumor immunity has also emerged [40]. These methods mainly include targeting key signaling
molecules related to CAFs, normalizing or reprogramming CAF to a resting state, and directly or indirectly depleting CAFs through
immunotherapy or transgenic methods [41]. Currently, there are some clinical or preclinical studies of potential drugs targeting CAFs,
such as multi-receptor somatostatin analogue pasireotide SOM230 in pancreatic cancer [42]. Blockade of PDGFR signaling in CAF by
kinase inhibitor imatinib can significantly reduce the production of FGF2 and FGF7, thereby inhibiting tumor angiogenesis and cancer
cell proliferation [43]. Vaccination against FAP antigen in CAF may be an effective way for cancer immunotherapy [44]. There have
been no drug reports about CAF in ADHGG, but targeting CAF may be a promising treatment for ADHGG and bring greater therapeutic
benefit to patients with CAF subtype A.

ConsensusClusterPlus clustering has two obvious disadvantages: the clustering results are unstable when the sample size is small;
More target genes need to be tested to identify subtypes, which limits its clinical application. To address this issue, we constructed an
ANN classifier based on five CAF genes, which showed high prediction performance in three independent cohorts. Finally, we applied
the ANN model using our own cohort, and we found that subtype A had higher CAF gene expression and more CAF and M2-type
microglia infiltration in its TIME. In addition, subtype A patients have lower IDH mutation rate and worse treatment response,
which is consistent with our previous results, proving that our ANN model has certain clinical application value and may provide help
for prognosis prediction and treatment decision-making of ADHGG patients. In summary, the establishment of CAF subtypes can help
us to judge the prognosis and treatment response of patients, and develop more accurate and scientific treatment strategies. CAF may
act as a bridge factor to link the crosstalk between IDH mutations and the immune microenvironment in ADHGG.
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6. Conclusion

This study reveals the role of CAF in ADHGG. The importance of prognosis, IDH mutations status, responsiveness to immuno-
therapy, radiotherapy and temozolomide in CAF and ADHGG patients was demonstrated. We further constructed an artificial neural
network model based on five CAF genes which could identify CAF subtypes of ADHGG patients and validated the classifier in a real-
world cohort, which may improve clinical decision-making of ADHGG.
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