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INTRODUCTION 
 

As the most frequent malignant primary intracranial 

tumor, gliomas account for approximately 80% of brain 

tumors and can be further divided into glioblastoma 

(GBM) and low-grade gliomas (LGG) based on 

histology and molecular features [1]. Although many 

advancements in surgery-related technologies and 

neoadjuvant chemotherapy have been developed in 

recent years, the prognosis of glioma patients has not 

been significantly improved [2]. This is especially true 

for GBM patients, who have a median survival time of 

15 months [3]. Hence, the need to find more effective 

treatment methods to improve the prognosis of glioma 

patients is great. 

 

The pathophysiologic mechanisms underlying 

angiogenesis have attracted much attention in research 

due to its vital role in wound repair and cancer 

pathogenesis. In cancer, the outgrowth of capillary 

sprouts is more prominent and continuous than that in 

inflammation or in fresh wounds, which indicates that 

tumor progression partially relies on angiogenesis [4]. 
Compared to tissue blood vessels, tumor vasculature  

is less mature, much more tortuous, dilated, and 

disorganized, and demonstrates a lack of mural cell 
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ABSTRACT 
 

Gliomas are the most common malignant tumor in the brain. As with other tumors, the progression of glioma 
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angiogenesis pathway score not only accurately predicted the prognosis of glioma patients, but also accurately 
distinguished the malignant phenotype and immune characteristics of gliomas. In addition, as an independent 
prognostic factor, the score could predict glioma sensitivity to radiotherapy and chemotherapy. In summary, 
we used the angiogenesis pathway score to reveal the relationship between glioma angiogenesis and the 
malignant phenotype, immune characteristics, and prognosis of glioma. 
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association. Moreover, vascular heterogeneity, with 

both hyper- and hypo-vascular regions seen within the 

same tumor, is also a typical feature of tumoral blood 

vessels [5]. 

 

Tumor angiogenesis is regulated by many factors 

including vascular endothelial growth factors (VEGFs) 

and their receptors (VEGFRs), fibroblast growth factors 

(FGFs) and their receptors, angiopoietin (ANGPT), 

tyrosine kinase with immunoglobulin-like and EGF-like 

domains (TIE) signaling, and also transforming growth 

factor-betas (TGF-βs). They play a vital role in 

angiogenesis in various types of tumors [6]. In addition, 

various tumor-associated stromal cells and the 

extracellular matrix in which they are embedded also 

play an important role in the maintenance of angio-

genesis during tumor progression [7]. Tumor-associated 

macrophages are a prime example. They secrete 

inflammatory cytokines and growth factors to support 

angiogenesis by promoting endothelial cell survival, 

activation, and proliferation [8–10]. Although research 

exploring the mechanism of tumor angiogenesis has 

been performed, its pathogenesis has yet to be fully 

elucidated. Thus, further investigation is necessary to 

advance our understanding of this process. 

 

Angiogenesis affects tumor cells and their 

microenvironment. Blood vessels provide tumor cells 

with oxygen and nutrients. They also supply a route for 

tumor cells to metastasize which promotes the 

malignant phenotype of tumors [11]. In breast [12], 

prostate [13], lung [14], and ovarian cancers [15], high 

microvessel density has been identified as an 

independent unfavorable prognostic factor. In addition, 

tumor endothelial cells can promote tumor progression 

by down-regulating the expression of tumor suppressor 

factors, such as Slit2 [16]. Furthermore, tumor 

angiogenesis can also affect anti-tumor immunity. In 

vivo and in vitro experiments indicate that adhesion of 

leukocytes to tumor vascular endothelial cells is 

significantly reduced, which in turn leads to changes in 

the immune cell composition within the tumor 

microenvironment [17, 18]. 

 

Angiogenesis also has an important influence on glioma 

malignant phenotype, including cancer cell invasion, 

stem cell phenotype, genetic instability, altered 

metabolism, epithelial to mesenchymal transition 

(EMT), and anti-tumor immunosuppression [19–21].  

It is precisely because of the important role of 

angiogenesis in tumor progression that anti-

angiogenesis has become an important method for the 

treatment of tumors, including glioma [22]. However, 
the interaction between tumors and angiogenesis 

appears far more complicated than initially supposed 

[23]. For instance, there is increasing evidence that 

cancer cells can circumvent anti-angiogenic therapies 

and develop resistance to targeted monotherapy [24, 

25], which is also common in gliomas [26]. Therefore, a 

comprehensive understanding of the underlying specific 

mechanisms of angiogenesis will help us discover novel 

and effective therapeutic targets in the anti-angiogenesis 

treatment of gliomas. 

 

In this study, we used Gene Set Variation Analysis 

(GSVA) score to define the “HALLMARKER_ 

ANGIOGENESIS” gene set score. The angiogenesis 

pathway score was associated with the state of 

angiogenesis in gliomas and also accurately 

distinguished the malignant phenotypes and immune 

characteristics of gliomas. In addition, the angiogenesis 

pathway score independently predicted prognosis and 

glioma sensitivity to treatment. 

 

RESULTS 
 

High angiogenesis pathway score is associated with 

high expression of angiogenesis- and hypoxia-related 

markers 

 

The GSVA score of the “HALLMARK_ 

ANGIOGENESIS” gene set retrieved from MSigDb 

was determined by using the global glioma gene 

expression data and used as angiogenesis pathway 

score. The median value of the angiogenesis pathway 

score divided a given cohort into high- and low-score 

groups. To explore whether the angiogenesis pathway 

score could reflect the level of intra-tumoral angio-

genesis, we compared the expression of angiogenesis-

related genes in the high- and low-score groups in the 

TCGA, CGGA, and CGGA (array) datasets. As shown 

in Figure 1A and Supplementary Figure 1A, VEGFs, 

including VEGFA, VEGFB, VEGFC, VEGFR1, 

VEGFR2, and VEGFR3, were significantly upregulated 

in the high-score group. This indicates that the 

angiogenesis pathway score can adequately reflect intra-

tumoral angiogenesis. To further confirm this 

conclusion, we compared the expression levels of 

endothelial cell surface markers (CD31 and VWF) in 

the high- and low-score groups in the TCGA, CGGA, 

CGGA (array), and GSE16011 datasets (there is no 

expression information of CD31 in the CGGA 

database). Expression levels of CD31 and VWF were 

notably higher in the high-score group than in the low-

score group (Figure 1B, Supplementary Figure 1B and 

1E). This further supports the notion that a high 

angiogenesis pathway score is associated with a higher 

concentration of blood vessels within the glioma 

microenvironment. 

 

In contrast to vessels in nonneoplastic tissue, tumor 

vasculature is highly chaotic often showing dilation and 
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tortuous growth patterns [27]. This may be attributable 

to tumor vessels staying in a continuous dynamic state 

of growth, regression, and remodeling [28]. In addition, 

there is often heterogeneity in the distribution of blood 

vessels within the tumor microenvironment [5]. Based 

on these features, we infer that there is a contradiction 

between angiogenesis and anti-angiogenesis in the 

tumor. Vascular stability refers to the properties of 

blood vessels in a stable state. The current view is that 

stable blood vessels should at least have complete 

peritubular extracellular matrix (especially vascular 

basement membrane) and perivascular cell aggregation 

[28]. The stable state of blood vessels is antithetical to 

vascular remodeling and angiogenesis. In order to 

explore whether this contradiction exists in gliomas, we 

compared the expression levels of vascular stability-

related markers (ANGPT1, ANGPT2, JAM2, MCAM, 

PDGFRB, and VE-Cadherin) in the high- and low-score 

glioma groups in the TCGA, CGGA, and CGGA (array) 

datasets. Expression levels of all the markers in  

the high-score group were significantly higher than 

those in the low-score group (Figure 1C, Supplementary 

Figure 1C). This indicates that angiogenesis and  

the maintenance of blood vessel stability exist 

simultaneously in gliomas, which highlights the 

heterogeneity of blood vessels within the glioma 

microenvironment. 

 

In addition to being regulated by glioma cells, 

angiogenesis is also regulated by the environment. 

 

 
 

Figure 1. The relationship between angiogenesis pathway score and angiogenesis regulatory factors in the TCGA and CGGA 
datasets. (A) Expression of VEGF-related genes (VEGFA, VEGFB, VEGFC, VEGFR1, VEGFR2, VEGFR3) in high- and low-score groups. (B) VWF 
(endothelial cell marker) expression in different groups. (C) Expression levels of ANGPT1, ANGPT2, JAM2, MCAM, PDGFRB, and VE-Cadherin 
in different groups. (D) Gene expression levels of hypoxia-related genes (HIF1A and HIF1B). 
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Hypoxia is an important environmental factor that 

regulates angiogenesis [29]. Thus, we compared the 

expression level of hypoxia-inducible factors in the 

high- and low-score groups and found that the 

expression level of HIF1A in the high-score group was 

also significantly higher than that in the low-score 

group in the TCGA, CGGA, and CGGA (array) datasets 

(Figure 1D, Supplementary Figure 1D). HIF1B was 

upregulated in high-score glioma group in the CGGA 

dataset, but not in the TCGA cohort (Figure 1D). This 

confirms that angiogenesis in gliomas is regulated, at 

least partially, by hypoxia. 

 

The angiogenesis pathway score demonstrated a 

strong ability to predict prognosis in glioma patients 

 

In TCGA dataset, KM analysis showed that glioma 

patients in the low-score group displayed significantly 

longer OS than that seen in the high-score group (Figure 

2A). In addition, following stratification by World 

Health Organization (WHO) grade, the prognostic value 

of the angiogenesis pathway score was consistent with 

that seen overall in the TCGA cohort (Figure 2B, 2C). 

Furthermore, KM analyses conducted in the CGGA, 

CGGA (array) and GSE16011 datasets evaluating the 

prognostic value of the angiogenesis pathway score 

obtained consensus results (Figure 2D–2F, 

Supplementary Figure 2A–2F). These results 

demonstrated the powerful potential of the angiogenesis 

pathway score in predicting prognosis in glioma patients. 

 

High angiogenesis pathway score exhibited a 

predilection for malignant subtypes of glioma 

 

In order to explore the relationship between the 

angiogenesis pathway score and the clinicopathological 

subtypes of glioma, we examined angiogenesis pathway 

score with respect to WHO grade classification of 

glioma. In TCGA, CGGA, and CGGA (array) datasets, 

as the grade of glioma increased, the angiogenesis 

pathway score increased significantly (Figure 3A and 3E, 

Supplementary Figure 3A). In addition to WHO grade, 

it is acknowledged that IDH mutation, chromosome 

1p19q codeletion, MGMT promoter methylation status,  

 

 
 

Figure 2. Angiogenesis score accurately predicted the prognosis of glioma patients. (A–C) The OS of high-score glioma (A), low 

grade glioma (LGG) (B) and glioblastoma (GBM) (C) patients was significantly shorter than that of the low-score group in the TCGA cohorts. 
(D–F) The OS of high-score glioma (D), low grade glioma (LGG) (E) and glioblastoma (GBM) (F) patients was significantly shorter than that of 
the low-score group in the CGGA cohorts. 
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and transcriptome subtypes play a vital role in glioma 

progression [30, 31]. In the TCGA, CGGA, and CGGA 

(array) datasets, high angiogenesis pathway scores were 

enriched in the IDH wildtype, 1p19q non-codeleted, and 

MGMT promoter unmethylated gliomas (Figure 3B–3D, 

and 3F–3H; Supplementary Figure 3B–3D). Moreover, 

the mesenchymal subtype of glioma had a higher 

angiogenesis score than other subtypes in the TCGA and 

CGGA (array) datasets (Supplementary Figure 3E–3F). 

We collected eight samples of glioma, including cases of 

WHO grade II-IV, and analyzed them by bulk RNA 

sequencing. To further characterize the relationship 

between angiogenesis pathway score and clinico-

pathological subtypes of glioma, we scored the 

sequencing result by GSVA algorithm and evaluated the 

association of the angiogenesis pathway score with the 

WHO grade classification. The results showed that the 

WHO grade IV patients had significantly higher 

angiogenesis pathway scores than the WHO grade II and 

III patients (Supplementary Figure 3G). We also found 

that patients with wild type IDH had a significantly 

higher angiogenesis pathway score than those with 

mutant IDH (Supplementary Figure 3H). These are 

consistent with the results of previous analyses. These 

results indicate a close correlation between angiogenesis 

and aggressive pathologic features in glioma. 

 

 
 

Figure 3. Angiogenesis score distinguished the malignant subtypes of glioma. (A) The angiogenesis score was significantly 

correlated with WHO grade of glioma in the TCGA cohorts. (B) Higher angiogenesis score enriched in IDH-wildtype gliomas than in IDH-
mutant gliomas in the TCGA cohorts. (C) Higher angiogenesis score in 1p19q non-codeleted gliomas than in 1p19q codeleted gliomas in the 
TCGA cohorts. (D) MGMT promoter unmethylated gliomas had a significantly higher angiogenesis score than MGMT promoter methylated 
gliomas in the TCGA cohorts. (E) The angiogenesis score was significantly correlated with WHO grade of glioma in the CGGA cohorts. (F) 
Higher angiogenesis score enriched in IDH-wildtype gliomas than in IDH-mutant gliomas in the CGGA cohorts. (G) Higher angiogenesis score 
in 1p19q non-codeleted gliomas than in 1p19q codeleted gliomas in the CGGA cohorts. (H) MGMT promoter unmethylated gliomas had a 
significantly higher angiogenesis score than MGMT promoter methylated gliomas in the CGGA cohorts. 
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The angiogenesis pathway score reflected the 

characteristics of glioma immune microenvironment 

 

Microvessels are an important component of the glioma 

microenvironment and increased angiogenesis in 

gliomas improves microcirculation. Bearing this in 

mind, we speculated the angiogenesis pathway score 

might be associated with the purity of glioma and the 

enrichment degree of immune cells within the glioma 

microenvironment. To examine this, we first checked 

correlation between the angiogenesis pathway score and 

glioma purity. In the TCGA, CGGA, and CGGA (array) 

datasets, the stromal, immune, and ESTIMATE scores 

were significantly positively correlated with the 

angiogenesis pathway score. However, the correlation 

between tumor purity and the angiogenesis pathway 

score was just the opposite (Figure 4A, 4B, 

Supplementary Figure 4A). Additionally, we also found 

 

 
 

Figure 4. The angiogenesis score reflected the immune characteristics of glioma. (A, B) In the TCGA (A) and CGGA (B) datasets, 
with the increase of the angiogenesis pathway score, the purity of glioma was significantly reduced, the immune score was significantly 
increased, and the enrichment degree of most immune cells was also significantly increased. (C, D) The expression level of most immune 
checkpoints increased significantly as the angiogenesis score increased in the TCGA (C) and CGGA (D) cohorts. 
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that the enrichment levels of most immune cells in the 

high-score group were significantly higher than those in 

the low-score group (Figure 4A, 4B, Supplementary 

Figure 4A). These findings indicate that in addition to 

angiogenesis itself reducing the purity of gliomas, 

angiogenesis can also reduce glioma purity by 

increasing the enrichment of immune cells within the 

glioma microenvironment. Previous study confirmed 

that low glioma purity is associated with unfavorable 

prognosis [32]. This further conforms the accuracy of 

the angiogenesis pathway score in predicting the 

prognosis of glioma. 

 

Many immune cells, such as CD8+ T cells, play an 

important role in the immune clearance of tumor cells, 

however according to our data, the high enrichment of 

immune cells was related to a poorer prognosis. We 

speculated that angiogenesis may be related to immune 

tolerance of gliomas. Immune checkpoints play a vital 

role in the maintenance of self-tolerance under normal 

physiological conditions and is dysregulated by tumors as 

a crucial factor in immune resistance [33]. Thus, we 

further compared the expression levels of immune 

checkpoints in the high- and low-score glioma groups. In 

the TCGA, CGGA, and CGGA (array) datasets, the 

expression levels of most immune checkpoints in high-

score gliomas were significantly higher than those in low-

score groups (Figure 4C, 4D, Supplementary Figure 4B). 

Our sequencing results further supported such a 

conclusion (Supplementary Figure 4I). Based on this, we 

concluded that the angiogenesis pathway score can 

accurately predict the status of anti-glioma immune 

response. PD-1 (PDCD1) and PD-L1 (CD274) are typical 

immune checkpoints that monoclonal antibodies (mAbs) 

blocking these pathways have shown significant effects in 

the treatment of some tumors [34–36]. The expression of 

PD-1 and PD-L1 were significantly positively correlated 

with the angiogenesis pathway score in the TCGA, 

CGGA, and CGGA (array) datasets (Supplementary 

Figure 4C–4H). All these results indicate that the higher 

the angiogenesis pathway score, the lower the purity of 

glioma and activity of the anti-glioma immune response. 

 

The angiogenesis pathway score correlated with 

regulation of inflammation in glioma and glioma 

metastasis 

 

To further explore the significance of the angiogenesis 

pathway score in glioma, we conducted a GSEA 

analysis of the Hallmark gene sets in the high- and low-

score groups. Immune response-related gene sets, such 

as IL2-STAT5 signaling, interferon (IFN)-α and IFN-γ 

responses, were significantly enriched in the high-score 
glioma group in TCGA, CGGA, and CGGA (array) 

datasets (Figure 5A, 5B, Supplementary Figure 5A), 

which confirmed that the angiogenesis pathway score 

was closely associated with the anti-glioma immune 

response. In addition, unfavorable gene sets including 

hypoxia, IL6-JAK-STAT3 signaling, inflammatory 

response, TGF-β signaling, and TNF-signaling via 

NFkB gene sets were also highly enriched in the high-

score groups in the three datasets (Figure 5C–5D, 

Supplementary Figure 5B), which explained the poor 

prognosis of the high-score glioma group from the 

perspective of signaling pathways. 

 

Furthermore, we also found that the enrichment levels 

of epithelial mesenchymal transition (EMT) and 

NOTCH signaling in the high-score group were 

significantly higher than those in the low-score group in 

the TCGA, CGGA, and CGGA (array) datasets (Figure 

5E, 5F, Supplementary Figure 5C). Furthermore, in our 

sequencing results, the angiogenesis score had a strong 

positive correlation with the EMT score, suggesting that 

the tumors in the high-scoring group had a stronger 

predisposition to EMT (Supplementary Figure 5D). 

Considering the vital role of EMT and NOTCH 

signaling in glioma metastasis [37, 38], we believe that 

the angiogenesis pathway score indicated the malignant 

phenotype of glioma from the perspective of glioma 

metastasis. These findings indicate that high intra-

glioma angiogenesis is correlated with hypoxia, 

unfavorable inflammation, and glioma metastasis. 

 

Glioma angiogenesis score was associated with 

chemotherapy 

 

Despite compelling effects in other cancers, the outcomes 

of anti-angiogenic therapies, such as bevacizumab, and 

cilengitide, were disappointing in gliomas [26]. Gliomas 

are easily resistant to those agents. In addition, gliomas 

tend to be resistant to radiotherapy and chemotherapy. 

Considering the relationship between the angiogenesis 

pathway score and the malignant phenotype of glioma, 

we speculated that the score might be related to the 

treatment tolerance of glioma. Thus, we further explored 

the prognosis of glioma patients who received different 

treatments in CGGA and CGGA (array) cohorts. 

Interestingly, in glioma patients who received 

radiotherapy or chemotherapy, the OS of the high-score 

group was significantly shorter than that of the low-score 

group (Figure 6A–6D). We analyzed LGG and GBM 

separately and found that the score can distinguish the 

prognosis of patients receiving different treatments 

(Supplementary Figure 6A–6H). Univariate and 

multivariate COX regression analysis also found that the 

score is an independent prognostic factor for glioma 

patients receiving chemotherapy or radiotherapy 

(Supplementary Figure 7A–7H). To develop a therapy 
target, it is important to analyse the correlation between 

angiogenesis score and existing drugs. In our study, drug-

sensitivity analysis revealed that angiogenesis score was 
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positively correlated with Axitinib, Imatinib, Vorinostat 

and negatively correlated with Cetuximab, Cisplatin and 

Docetaxel in the cancer therapeutic response portal 

database (Supplementary Figure 8). These results show 

that the angiogenesis score can not only accurately 

predict the prognosis of glioma patients, but also show 

the potential of guiding chemotherapy dosing. 

 

Since the angiogenesis pathway score has such a 

powerful potential in predicting the prognosis of 

glioma, we believed it may be an independent 

prognostic factor for glioma. To confirm this 

conjecture, univariate and multivariate Cox regression 

analyses were conducted in the TCGA, CGGA, and 

CGGA (array) databases to analyze the independence of 

angiogenesis pathway score in the prognosis of glioma. 

As shown in Figure 6E–6H and Supplementary Figure 

7I, 7J, the angiogenesis pathway score was independent 

of other clinicopathological features and acted as a risk 

factor for the prognosis of glioma. 

DISCUSSION 
 

In this study, we explored the angiogenesis pathway 

score, which was measured by GSVA score based on 

the “HALLMARK_ ANGIOGENESIS” gene set 

retrieved from MSigDb, in TCGA, CGGA, CGGA 

(array), and GSE16011 datasets. This was done to 

reveal the relationship between intra-tumoral 

angiogenesis in glioma and features such as cancer 

aggressiveness, immune microenvironment, metastasis, 

and treatment response. To the best of our knowledge, 

utilizing GSAV score to explore the clinical relevance 

of intra-tumoral angiogenesis in glioma has not been 

previously reported. 

 

The angiogenesis pathway score correlated with 

significantly enriched expression for VEGF-related 

genes, vascular endothelial cell markers, vascular 

stability related- genes and hypoxia-related genes. This 

indicates the score can accurately assess the status of 

 

 
 

Figure 5. Hallmark gene sets enriched in the high angiogenesis score group. (A, B) Immune response related gene sets, including 

IL2-STAT5 signaling, interferon (IFN)-α and IFN-γ response, were enriched in the high-score gliomas in the TCGA (A) and CGGA (B) datasets. 
(C, D) Hypoxia, IL6-JAK-STAT3 signaling, inflammatory response, TGF-β signaling, and TNF-α signaling via NFkB gene sets were enriched in 
the high-score gliomas in the TCGA (C) and CGGA (D) datasets. (E, F) Epithelial mesenchymal transition (EMT) and NOTCH signaling gene 
sets were highly associated with high angiogenesis score in the TCGA (E) and CGGA (F) cohorts. 
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intra-tumoral angiogenesis in glioma. The prognosis of 

glioma patients with high angiogenesis pathway score 

was significantly worse than that of low-score patients. 

High angiogenesis pathway score gliomas demonstrated 

a predilection for aggressive clinicopathological 

characteristics, such as higher grade, IDH wildtype 

genotype, 1p19q non-codeletion, MGMT promoter 

unmethylated status, and mesenchymal subtype. In 

addition, high score correlated with lower tumor purity 

and greater immune cell infiltration, regardless of  

pro- or anti-cancerous immune cells, and also higher 

expression of most immune checkpoints. The 

angiogenesis pathway score decreased as glioma 

sensitivity to radiotherapy and chemotherapy increased. 

Furthermore, the angiogenesis pathway score acted as 

an independent prognostic factor to accurately predict 

the outcome of glioma patients. 

The structure of vessels in tumor is dissimilar from that 

in normal tissue. Blood vessels in tumor branch 

irregularly, follow a crisscross pattern, are highly 

permeable, and are often larger with irregular luminal 

diameter [5]. It is precisely because of these 

characteristics, that the conclusions in our study can, at 

least, partially be explained. Regulation of angiogenesis 

involves multi-level signal transduction. A typical 

example of this is the hypermetabolic state of the tumor 

cells leading to local hypoxia, which in turn activates 

HIF-1. HIF1 then promotes angiogenesis through 

VEGF signaling [39, 40]. This coincides with the 

difference in expression of related genes in the high- 

and low-score groups and confirms that the 

angiogenesis pathway score can predict intra-tumoral 

angiogenesis status. In addition, hemodynamic changes 

caused by changes in vascular structure affect blood 

 

 
 

Figure 6. Angiogenesis score, as an independent prognostic factor, reflected glioma sensitivity to therapy. (A–D) Among 

glioma patients receiving chemotherapy (A, B) or radiotherapy (C, D), the prognosis of glioma patients in the high-score group was 
significantly worse than that in the low-score group in the CGGA and CGGA (array) datasets. (E–H) Univariate (E, G) and multivariate (F, H) 
Cox regression analysis in the TCGA (E, F) and CGGA (G, H) datasets revealed that angiogenesis score was an independent prognostic factor 
for glioma patients. 
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flow and flux of leukocytes within the tumor [41]. This 

is also consistent with the relationship between the 

angiogenesis score and immune cell infiltration within 

the glioma microenvironment. Moreover, the 

incompleteness of tumor vasculature, with defective 

basement membrane being one example of this, 

provides a path for tumor cell metastasis [42]. Perhaps 

this is one of the reasons why the EMT and NOTCH 

signaling pathways are enriched in the high-score 

glioma group. 

 

Tumor angiogenesis is not only affected by tumor cells. 

Other cells in the tumor microenvironment also have a 

regulatory effect. For instance, tumor-associated 

macrophages participate in all stages of angiogenesis in 

gliomas by releasing paracrine factors such as WNT7b 

and M-CSF [43]. This underscores the idea that 

regulation of tumor angiogenesis and the influence of 

tumor blood vessels on tumors is highly complicated. 

Given this, the obvious shortcoming of our study is that 

although we have found the angiogenesis pathway score 

can be used as an independent prognostic factor to 

reflect the malignant phenotype and immune 

characteristics of glioma, the specific underlying 

mechanisms are unclear and further investigation is 

warranted to explore them. 

 

In conclusion, our study revealed that the angiogenesis 

pathway score, as an independent prognostic factor, can 

distinguish the malignant phenotype of glioma and 

accurately predict the immune characteristics and 

prognosis of glioma. 

 

MATERIALS AND METHODS 
 

Human specimens 
 

The present study has been reviewed and approved by 

the Institutional Review Board (IRB) of the Sheng Jing 

hospital of China Medical University, and all patients 

have provided their written informed consent. A total of 

8 samples were collected and sent for bulk RNA 

sequencing. RNA sequencing was performed by the 

Illumina Next Generation Sequencing Service at the 

Beijing Genomics Institution in Shen Zhen. The 

diagnosis of glioma in each patient was rendered by 

integrated evaluation of preoperative imaging and 

postoperative pathology. 

 

Study cohort 
 

The Cancer Genome Atlas (TCGA) glioma gene 

expression profile and corresponding clinical 
information were retrieved from TCGA database 

(http://cancergenome.nih.gov/). The Chinese Glioma 

Genome Atlas (CGGA) mRNA expression data 

(mRNAseq_325 and mRNA-array) and relevant 

clinicopathological information were obtained from the 

CGGA database (http://www.cgga.org.cn) (CGGA will 

be used to refer to the CGGA mRNAseq_325 dataset 

unless otherwise specified). The GSE16011 dataset was 

retrieved from the Gene Expression Omnibus (GEO) 

database (http://www.ncbi.nlm.nih.gov/geo). The 

background correction and normalization of the 

GSE16011 raw data was conducted using the robust 

multi-array analysis (RMA) method of the affy R 

package. Sample characteristics, including detailed data 

for each research object, are shown in Supplementary 

Table 1. 

 

Gene set expression analyses (GSEA) 

 

The HALLMARK_ANGIOGENESIS gene set, which 

was acquired from hallmark gene sets of molecular 

signatures database (MSigDb) (v7.2), was employed to 

calculate the angiogenesis pathway score using the 

GSVA package in R. Gene Set Enrichment Analysis 

(GSEA) was conducted using GSEA software (v4.1.0) 

and the GSEA results with false discovery rate (FDR) 

<0.25 were considered as statistically significant [44, 

45]. 

 

Estimation of stromal and immune cells content in 

tumor tissues 

 

The ESTIMATE R package is designed to infer tumor 

purity and the presence of infiltrating stromal/immune 

cells within tumor tissues using gene expression data 

[46]. We used the ESTIMATE R package to measure 

the stromal score, immune score, and tumor purity of 

glioma. 

 

Immune cell enrichment analysis 

 

The single-sample GSEA (ssGSEA) method of GSVA 

package in R can identify the enrichment of immune 

cells within tumor microenvironment using the gene 

expression signatures [47]. We used this method to 

measure the enrichment level of immune cells in glioma 

samples. 

 

Prognosis analyses 

 

Glioma samples were divided into high- and low-score 

groups according to the median angiogenesis pathway 

score. The overall survival (OS) difference between the 

high- and low-score groups was determined using the 

Kaplan-Meier (KM) method of the survival R package. 

Univariate and multivariate Cox regression analyses 
were conducted using the survival package to assess the 

independence of the angiogenesis pathway score in 

predicting the OS of glioma patients. 

http://cancergenome.nih.gov/
http://www.cgga.org.cn/
http://www.ncbi.nlm.nih.gov/geo
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Drug susceptibility analysis 
 

We calculated the semi-inhibitory concentration (IC50) 

values of chemotherapeutic drugs using the 

“pRRophetic” package. 

 

Statistical analysis 
 

The R software (version 4.0.2) and GraphPad Prism 

(version 7.0.0) were used for most statistical analyses 

and graphing in this study. The R package “limma” was 

used to identify the difference of immune cells 

enrichment scores and the expression of immune check 

points between high- and low-score groups. Wilcoxon 

signed-rank test was used to compare gene expression 

between two groups while Mann-Whitney U test was 

applied for multiple groups. The correlation of two 

variables was accessed by Pearson’s correlation test. P 

value < 0.05 was considered statistically significant. *p 

< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Figures 
 

 

 
 

Supplementary Figure 1. The relationship between angiogenesis pathway score and angiogenesis regulatory factors in the 
CGGA (array) dataset. (A) Expression of VEGF-related genes (VEGFA, VEGFB, VEGFC, VEGFR1, VEGFR2, VEGFR3) in high- and low-score 

groups. (B) VWF (endothelial cell marker) expression in different groups. (C) Expression levels of ANGPT1, ANGPT2, JAM2, MCAM, PDGFRB, 
and VE-Cadherin in different groups. (D) Gene expression levels of hypoxia-related genes (HIF1A). (E) Expression of CD31 was significantly 
up-regulated in the high-score group in the TCGA, CGGA (array), and GSE16011 datasets. 
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Supplementary Figure 2. Angiogenesis score accurately predicted the prognosis of glioma patients in the CGGA (array) and 
GSE16011 datasets. (A–C) The OS of high-score glioma (A), low grade glioma (LGG) (B) and glioblastoma (GBM) (C) patients was 

significantly shorter than that of the low-score group in the CGGA (array) cohorts. (D–F) The OS of high-score glioma (D), low grade glioma 
(LGG) (E) and glioblastoma (GBM) (F) patients was significantly shorter than that of the low-score group in GSE16011 cohorts. 
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Supplementary Figure 3. Angiogenesis score distinguished the malignant subtypes of glioma in the CGGA (array) cohort. (A) 
The angiogenesis score was significantly correlated with WHO grade of glioma in the CGGA (array) (A) cohort. (B) Higher angiogenesis score 
in IDH-wildtype gliomas than in IDH-mutant gliomas. (C) Higher angiogenesis score in 1p19q non-codeleted gliomas than in 1p19q 
codeleted gliomas. (D) MGMT promoter unmethylated gliomas had a significantly higher angiogenesis score than MGMT promoter 
methylated gliomas. (E, F) The mesenchymal (ME) subtype had a significantly higher angiogenesis score than other transcriptome subtypes 
in the CGGA (array) (E) and TCGA (F) datasets. (G) GSVA analysis based on 8 patients’ sequencing result. (H) Relationship between 
angiogenesis pathway score and IDH mutation. 
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Supplementary Figure 4. The angiogenesis score reflected the immune characteristics of glioma in the CGGA (array) cohort. 
(A) With the increase of the angiogenesis pathway score, the purity of glioma was significantly reduced, the immune score was significantly 
increased, and the enrichment degree of most immune cells was also significantly increased. (B) The expression level of most immune 
checkpoints increased significantly as the angiogenesis score increased. (C–E) The correlation between PD-1 and angiogenesis score in 
TCGA, CGGA, and CGGA (array) datasets. (F–H) The correlation between PD-L1 and angiogenesis score in TCGA, CGGA, and CGGA (array) 
datasets. (I) Correlation between angiogenesis score and immune checkpoint gene expression in bulk RNA-seq. 
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Supplementary Figure 5. Hallmark gene sets enriched in the high angiogenesis score group in the CGGA (array) cohort. (A) 

Immune response related gene sets, including IL2-STAT5 signaling, interferon (IFN)-α and IFN-γ response, were enriched in the high-score 
gliomas. (B) Hypoxia, IL6-JAK-STAT3 signaling, inflammatory response, TGF-β signaling, and TNF-α signaling via NFkB gene sets were 
enriched in the high-score gliomas. (C) Epithelial mesenchymal transition (EMT) and NOTCH signaling gene sets were highly associated with 
high angiogenesis score. (D) Correlation between angiogenesis score and EMT score. 
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Supplementary Figure 6. Angiogenesis pathway score distinguished the prognosis of LGG and GBM patients receiving 
different treatment modalities. (A–D) In the CGGA cohort, the prognosis of LGG (A, B) and GBM (C, D) patients who received 

chemotherapy (A, C) and radiotherapy (B, D), respectively, in the high-scoring group was significantly worse than that in the low-scoring 
group. (E–H) In the CGGA_array cohorts, the prognosis of LGG (E, F) and GBM (G, H) patients who received chemotherapy (E, G) and 
radiotherapy (F, H), respectively, in the high-scoring group was significantly worse than that in the low-scoring group. 
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Supplementary Figure 7. COX regression analysis under different conditions. (A–H) Univariate and multivariate Cox regression 

analysis of glioma patients receiving different treatment strategies. Univariate (I) and multivariate (J) Cox regression analysis revealed that 
angiogenesis score was an independent prognostic factor for glioma patients of CGGA_array dataset. 
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Supplementary Figure 8. Relationships between angiogenesis score and chemotherapeutic sensitivity. 
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Supplementary Table 
 

Supplementary Table 1. Clinical and molecular characteristics of patients included in this study. 

Cohort 
TCGA  

(n = 616) 
CGGA (mRNAseq_325) 

(n = 309) 
CGGA (array)  

(n = 282) 
GSE16011  
(n = 264) 

Database TCGA CGGA CGGA GEO 

Platform 
Illumina Hiseq 
2000 RNAseq 

Illumina Hiseq 2000 
RNAseq 

AgilentWholeHuman 
Genome (Array) 

Affymetrix GeneChip 
Human Genome U133 

Plus 2.0 Array 

Age(year) 

Mean (range) 47.4 (14–89) 43.2 (8–79) 42.5 (12–70) 50.87 (14.38–81.18) 

Gender 

Female 259 116 117 87 

Male 357 193 165 177 

WHO grade 

II 224 98 106 24 

III 243 74 53 85 

IV 149 137 123 155 

TCGA subtype 

Classical 83 – 23 – 

Mesenchymal 89 – 105 – 

Neural 99 – 74 – 

Proneural 218 – 80 – 

Unavailable 127 309 0 264 

IDH status 

Mutant 391 166 127 80 

Wild-type 220 142 154 132 

Unavailable 5 1 1 52 

1p/19q status 

Codel 156 62 16 – 

Non-codel 455 242 73 – 

Unavailable 5 5 193 264 

MGMT promoter methylation status 

Methylated 441 150 95 – 

Unmethylated 144 141 177 – 

Unavailable 31 18 10 264 

Abbreviations: CGGA: Chinese Glioma Genome Atlas; TCGA: The Cancer Genome Atlas; WHO: World Health Organization; 
1p19q Codel: 1p19q codeleted; 1p19qNon-codel: 1p19q non-codeleted. 

 


