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Abstract
Previous reports have confirmed the significance of CD93 in the progression of multiple tumors; however, there are few stud-
ies examining its immune properties for gliomas. Here, we methodically investigated the pathophysiological characteristics 
and clinical manifestations of gliomas. Six hundred ninety-nine glioma patients in TCGA along with 325 glioma patients in 
CGGA were correspondingly collected for training and validating. We analyzed and visualized total statistics using RStudio. 
One-way ANOVA and Student’s t-test were used to assess groups’ differences. All differences were considered statistically 
significant at the level of P < 0.05. CD93 markedly upregulated among HGG, MGMT promoter unmethylated subforms, 
IDH wild forms, 1p19q non-codeletion subforms, and mesenchyme type gliomas. ROC analysis illustrated the favorable 
applicability of CD93 in estimating mesenchyme subform. Kaplan–Meier curves together with multivariable Cox analyses 
upon survivance identified high-expression CD93 as a distinct prognostic variable for glioma patients. GO analysis of CD93 
documented its predominant part in glioma-related immunobiological processes and inflammation responses. We examined 
the associations of CD93 with immune-related meta-genes, and CD93 positively correlated with HCK, LCK, MHC I, MHC 
II, STAT1 and IFN, while adverse with IgG. Association analyses between CD93 and gliomas-infiltrating immunocytes 
indicated that the infiltrating degrees of most immunocytes exhibited positive correlations with CD93, particularly these 
immunosuppressive subsets such as TAM, Treg, and MDSCs. CD93 is markedly associated with adverse pathology types, 
unfavorable survival, and immunosuppressive immunocytes infiltration among gliomas, thus identifying CD93 as a practi-
cable marker and a promising target for glioma-based precise diagnosis and therapeutic strategies.
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Introduction

Gliomas are intractable idiopathic neoplasms that com-
prise the largest proportion of the central nervous system 
(CNS) (Louis et al. 2021; Ostrom et al. 2020). The latest 
research reported that the incidence of gliomas reached 
80.8% of the overall incidence of CNS essential malig-
nancy, while the death toll from gliomas was 88.1% of the 
total fatalities due to CNS neoplasms (Ostrom et al. 2020). 
For such complex neoplasms, the currently approved 
clinical therapeutic protocols include surgery remedies, 
chemotherapeutic drugs, radiotherapeutics, and also sev-
eral burgeoning adjunctive therapeutics such as molecule-
targeted therapeutics, immunological approaches, and 
tumor treating fields (TTFs) (Nabors et al. 2020; Xu et al. 
2020). Nonetheless, these therapeutics alone or in combi-
nation are still unsatisfactory after verification with clini-
cal practical application, notably ameliorating the overall 
prognosis for patients diagnosed with gliomas, particu-
larly for high-grade gliomas (HGG) (Ma et al. 2021; Tan 
et al. 2020; Xu et al. 2020). The most recent version of the 
World Health Organization classification of CNS tumors 
reaffirmed that molecular biomarkers are essential for 
providing practical evidence for glioma-based diagnosis 
and healing (Louis et al. 2021). Therapeutic strategies that 
integrate more precise glioma-related biomarkers possess 
the potential to surmount existing therapeutic woes (Tan 
et al. 2020). Hence, identifying more precise biomarkers 
that are inextricably linked to glioma clinicopathology and 
progression is imperative (Ma et al. 2022).

CD93, corresponding to complement component C1q 
receptor(C1qRp), acts as a type I transmembrane glycopro-
tein with a calcium-dependent carbohydrate-binding domain 
from the C-type superfamily of lectins (Borah et al. 2019; 
Steinberger et al. 2002). It is formed by one single span-
ing area, one endocellular domain, one C‐type lectin‐like 
domain, one mucin domain together with five epidermal 
growth factor (EGF)‐like domains (Greenlee et al. 2008; 
McGreal and Gasque 2002; Petrenko et al. 1999). CD93 has 
two types: cell-associated full-length CD93 and abridged 
soluble CD93 (sCD93) (Greenlee-Wacker et  al. 2011). 
sCD93 is the enzymolysis cleaved extracellular domain of 
transmembrane CD93 (Bohlson et al. 2005; Greenlee et al. 
2009), which predominantly riched in the extracellular space 
and circulation (Strawbridge et al. 2016; Turk et al. 2001). 
Under physiological conditions, CD93 is mainly riched in 
endothelial cells (ECs), maturing B cells, circulating mye-
loid cells, platelets and some hematopoietic subsets such as 
hematopoietic stem cells (Blackburn et al. 2019; Fonseca 
et al. 2001; Greenlee et al. 2009; Nepomuceno and Tenner 
1998). The major physiological function of CD93 is regulat-
ing angiogenesis (Galvagni et al. 2016; Langenkamp et al. 

2015; Lugano et al. 2018). It involves in several physiologi-
cal processes such as the migration and adhesion of ECs, 
the extravasation of leukocytes, cell apoptosis, innate immu-
nity, inflammation and the remodeling of extracellar matrix 
(ECM) (Greenlee et al. 2009; Harhausen et al. 2010; Lugano 
et al. 2020, 2018; Sigari et al. 2016).

Regarding pathological processes, CD93 is primarily 
located in ECs of new blood vessels in various neovascu-
larization pathologies (Galvagni et al. 2017; Langenkamp 
et al. 2015; Tosi et al. 2017). Previous explorations have 
shown that CD93 is significantly upregulated and plays an 
important role in tumor vasculatures of renal cell carcinomas 
(Masiero et al. 2013), pancreatic adenocarcinoma (Sun et al. 
2021b), nasopharyngeal carcinoma (Bao et al. 2016) and 
colon cancer (Olsen et al. 2015), which made it a probable 
antiangiogenic target for these cancers (Barbera et al. 2021; 
Orlandini et al. 2014; Sun et al. 2021b). Sustained vascu-
larization and immunomodulation are two interconnected 
hallmarks of cancer ascribed to glioma (Mosteiro et al. 2022; 
Torrisi et al. 2022). The abnormal structure of the tumor 
vasculature and restricted blood perfusion prevent immune 
cells from infiltrating tumors efficiently, which results in an 
unbalanced and immunosuppressive tumor microenviron-
ment (TME) (Jain 2014). Recent reports have confirmed 
that CD93 is overexpressed in glioblastoma (GBM) vascu-
lature both in mRNA (Xie et al. 2021) and protein level 
compared with low-grade gliomas (LGG) and normal brain 
tissue (Lugano et al. 2018). CD93 has been verified as a 
crucial regulator in modulating abnormal angiogenesis, vas-
cular function, cytoskeleton orchestrating, ECM organiza-
tion and glucometabolic regulation in GBM (Langenkamp 
et al. 2015; Lugano et al. 2018; Strawbridge et al. 2016). 
The expression level of CD93 was proved to be associated 
with the prognosis of patients with HGG (Langenkamp et al. 
2015). These findings identify CD93 as a possible therapy 
target for gliomas (Langenkamp et al. 2015; Lugano et al. 
2018). However, previous studies have primarily focused 
on GBM, and no large-scale clinical analysis of cases has 
revealed the comprehensive characteristics of CD93 in the 
context of gliomas. Moreover, there are few studies exam-
ining the immune properties of gliomas, particularly in the 
context of immunosuppressive processes, thus making it 
difficult for us to objectively recognize its role and deeply 
restricting the clinical translation of CD93-targeted therapies 
for glioma.

Here, we methodically investigated CD93 in the context of 
glioma from its expression patterns, pathobiological roles, and 
prognosis, particularly the characteristics of glioma-relevant 
immunosuppressive responses together with immunocyte 
infiltration degrees. A total of 699 patients diagnosed with 
gliomas from the Cancer Genome Atlas (TCGA) along with 
325 glioma patients from the Chinese glioma genome atlas 
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(CGGA) were correspondingly collected for the training 
set and validation set based on ribonucleic acid sequencing 
(RNA-seq) data. Our exploration provides strong practical 
evidence for the CD93-targeted tactics of glioma-based pre-
cise diagnosis and therapies.

Materials and Methods

Patients and Samples

A total of 1024 patients diagnosed with WHO grade II-IV 
gliomas were included in this study. Among them, 699 gli-
oma patients in the TCGA set were classified as the training 
set, while the other 325 glioma patients in the CGGA set 
were classified as the validation set. We downloaded the 
total RNA-seq data, molecular pathology information, and 
survival time of former training sets from the website http://​
cance​rgeno​me.​nih.​gov/, while the corresponding data for the 
latter validation set were obtained from http://​www.​cgga.​
org.​cn. Seventy-eight glioma patients who lacked intact data  
were removed after primary assessment, and these included 
63 patients in the training set and 15 patients in the vali-
dation set. We obtained approval (counterpart number: 
S2020018) from the Ethics Committees of Peking Univer-
sity Third Hospital.

Statistical Analysis

Statistical analyses together with figure visualization were 
performed using RStudio with corresponding applica-
tion packages such as “survival,” “survminer,” “ggplot2,” 
“pROC,” “pheatmap,” “devtools,” “corrplot,” “ggpubr”, 
and “corrgram” that were obtained from the website http://​
www.r-​proje​ct.​org. Logarithmic transformations were 
applied to the transcriptome sequencing data that were ana-
lyzed in this study prior to further analysis. Kaplan–Meier 
survivorship curvilinear analyses together with multivariable 
Cox analyses were performed to compare survival differ-
ences among the included patients. Spearman correlation 
analyses were used for sequencing and for sifting genes that 
were markedly related to CD93. Pearson’s association analy-
ses were similarly applied for correlational degree assess-
ments. Gene ontology function analysis of gene biological 
processes and molecular functions together with cellular 
components was conducted via the website of DAVID Bio-
informatical Resource (https://​david.​ncifc​rf.​gov/). AmiGO2 
version 2.5.17 was utilized for downloading analyzing 
immunogene subsets to investigate the functions of CD93 
among glioma-associated immunity responses (http://​amigo.​
geneo​ntolo​gy.​org/​amigo). Single factor variance analyses 
were applied for difference testing using no fewer than three 
statistical clusters, while the difference testing for each of  

the two statistical clusters was completed using Student’s 
t-test. A P value of less than 0.05 was considered to be sta-
tistically significant.

Results

CD93 is Indicated to be Markedly Upregulated 
Among High Grade, Isocitrate Dehydrogenases 
(IDH) Wild Form, Non‑codeleted 1p/19q 
Subform in Combination with Unmethylated 
O6‑Methylguanine‑Deoxyribonucleic Acid 
Methyltransferases (MGMT) Promoter Subform 
Gliomas

First, we studied the corresponding RNA-seq information 
from these glioma cases in both sets to investigate the CD93-
expression status. CD93 was remarkably overexpressed in 
gliomas classified as high WHO grades, particularly among 
patients with GBM in both cohorts (Fig. 1a, b). Moreover, 
the status of IDH mutation, 1p19q-codeletion, and MGMT 
methylation have already been verified to be essential in 
regard to defining glioma types and predicting the survival 
of patients (Louis et al. 2021). Thus, we compared the vari-
ance in the mRNA levels of CD93 among the molecular 
pathological types of gliomas. Our analysis results revealed 
notably higher levels of CD93 expression among IDH wild 
forms, non-codeleted 1p19q subforms, and unmethylated 
MGMT promoter subforms in comparison to levels in glio-
mas of the IDH mutation subtype (Fig. 1c, d for total WHO 
grades; e, f for low WHO grade; g, h for high WHO grades) 
and the codeleted 1p19q subform (Fig. 1i, j) in combina-
tion with methylated MGMT promoter subtype (Fig. 1k, l) 
according to the TCGA and CGGA databases. Therefore, the 
above results revealed that CD93 is overexpressed among 
these poor molecular pathological subtypes, and this expres-
sion status acts as an adverse biomarker for therapy reactiv-
ity and overall prognosis of glioma.

High Expression of CD93 Relates to a Worse 
Prognosis for Patients with Glioma

These findings demonstrated that CD93 may provide a pos-
sible biomarker for malignant gliomas. Subsequently, we 
explored the relationship between CD93 and the progno-
sis of glioma patients. First, we plotted the Kaplan–Meier 
models using the survival statistics from glioma samples 
from the TCGA and CGGA sets (Fig. 2a, b), and those 
patients with highly expressed CD93 exhibited significantly 
shorter overall survival (OS) time (P < 0.0001). Second, we 
separately analyzed the impact of CD93 on the OS rate for 
patients with low-grade gliomas (LGG) (Fig. 2c, d) as well 
as patients with HGG to avoid the effects of heterogeneous 

http://cancergenome.nih.gov/
http://cancergenome.nih.gov/
http://www.cgga.org.cn
http://www.cgga.org.cn
http://www.r-project.org
http://www.r-project.org
https://david.ncifcrf.gov/
http://amigo.geneontology.org/amigo
http://amigo.geneontology.org/amigo
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Fig. 1   CD93 expression patterns for gliomas among various WHO 
grades (a, b), isocitrate dehydrogenase forms (all grades (c, d), low 
grades (e, f), high grades (g, h)), and 1p/19q-codeletion statuses (i, j) 
and O6-methylguanine-methylguanine-deoxyribonucleic acid meth-
yltransferases promoter statuses (k, l). CD93 is markedly upregulated 

among high grades, isocitrate dehydrogenase wild form, and non-
codeleted 1p19q subform along with unmethylated O.6-methylguanine-
deoxyribonucleic acid methyltransferase promoters subform gliomas. * 
P value below 0.05, ** P value below 0.01, *** P value below 0.001, 
**** P value below 0.0001
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Fig. 2   Kaplan–Meier survival curvilinear analysis for CD93 among patients with overall grades (a, b), low grade (c, d), and high grade (e, f) 
gliomas. Highly-expressed CD93 is related to worse prognosis for patients with glioma, particularly for patients with high grades gliomas
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differences in various tumoral grades, and we determined 
that the impact of CD93 on OS was more apparent for HGG 
patients (Fig. 2e, f). Moreover, we further investigated the 
role of CD93 in the overall prognosis of glioma patients 
interconnected with certain major clinical variables such as 
sex, age, WHO grades, and MGMT promoter methylation 
status (Fig. 3a, b). The above survival analyses using mul-
tivariate COX statistics further confirmed that high expres-
sion of CD93 is a risk factor and also an adverse marker that  
is correlated with worse survival in glioma patients.

CD93 is Remarkably Upregulated in Mesenchymal 
Subtype Glioma and is Applicable for Estimating 
the Mesenchyme Subform

Throughout the years, the TCGA system has classified 
gliomas as mesenchymal subforms along with three other 
molecule-based subforms (Verhaak et al. 2010). This cat-
egorization was verified as consequential to patient survival 
duration, particularly the mesenchyme subform that repre-
sented adverse progression together with worse survival of 
tumors (Ma et al. 2021). Subsequently, we studied the rela-
tionship between CD93 expression and the four subtypes in  
the two datasets (Fig. 4). CD93 was markedly upregulated 
in the mesenchymal subtype in both sets (Fig. 4a, c). Next, 
receiver operating characteristics analysis was utilized to 
estimate the favorable applicability of CD93 in estimating 
mesenchyme subform gliomas. For the TCGA database 
(Fig. 4b), the area under the curve reached 0.892 when CD93 
predicted gliomas of the mesenchyme subform. Meanwhile, 
the corresponding specificity was 96.2%, and the sensitivity 
was 70.7% with an optimal cut-off value of 9.400. Similarly, 
the area under the curve reached 0.881 for the CGGA data-
base (Fig. 4d), and the corresponding specificity and the 
sensitivity were 80.9% and 84.8% with an optimal cutoff 
value of 3.865. The above statistics revealed the favorable 
applicability and accuracy of CD93 in estimating mesen-
chyme subform gliomas.

CD93 is Linked to Glioma‑associated Immunizing 
Responses

For the purpose of deeply exploring these characteristics 
along with the biological functions of CD93, we sequenced 
CD93-related genes according to Spearman correlation anal-
ysis (Supplementary Table S1). For the TCGA dataset, we 
finally filtered out 213 relevant genes for those with absolute 
correlation coefficient values of greater than 0.7 (P < 0.05), 
and among these, 196 exhibited a positive correlation with 
CD93, while 17 exhibited a negative correlation. Using 
the same criterion, 222 relevant genes were filtered out for 
the CGGA dataset, and among these, 211 exhibited a posi-
tive correlation with CD93, while 11 exhibited an opposite 

correlation. Subsequent gene ontology analyzation of these 
genes was conducted using the DAVID website (Fig. 5a, 
b). CD93-involved biological procedures primarily include 
angiogenesis, leukocyte migrations, integrin-mediated sign-
aling pathway, platelet degranulation, endodermal cell dif-
ferentiation, cell adhesions and migrations, cell-substrate 
adhesions, extracellular matrix organization, collagen cata-
bolic process and other biological processes. Regarding cel-
lular components, CD93 chiefly works on cell surface and 
basement membranes, or in extracellular exosomes, extra-
cellular region, ECM, focal adhesion and cell–cell adher-
ens junctions. Several major molecular functions of CD93 
include protein and calcium ion binding, receptor and ECM 
binding, integrin and protease binding, ECM structural con-
stituent, collagen and fibronectin binding, platelet-derived 
growth factor binding and protein disulfide isomerase activ-
ity. These findings were consistent for both the TCGA and 
CGGA cohorts. Furthermore, gene ontology analysis of 
these 106 correlated genes from both datasets was performed 
to provide an additional validation as presented in Fig. 5c 
and d as well as Supplementary Table S2. What is interest-
ing among these results is that CD93 involves in glioma-
associated immune responses such as leukocyte migration, 
which may play a role in the immune microenvironment of 
gliomas.

To investigate the functions of CD93 in the context of 
glioma-associated immune responses, these immunogene 
subsets were downloaded from the AmiGO2 website. Based 
on these subsets, 70 immunizing genes in the TCGA dataset 
and also 77 genes from the CGGA set that were notably 
related to CD93 (|R|> 0.7, P < 0.05) were selected to perform 
heatmap analysis (Figs. 6a, b; S1a, b). A list of these genes is 
provided in Supplementary Table S3. Finally, we concluded 
that the above immunizing genes exhibit a positive correla-
tion with CD93 in both datasets, thus further revealing the 
role of CD93 in glioma-associated immune responses.

CD93 is Strongly Relevant to the Inflammation 
Activities of Gliomas

As stated based on the above experiments, CD93 is associ-
ated with inflammatory responses in glioma. Therefore, to 
search for specific inflammation-related functions of CD93, 
we included 104 inflammation genes that could generally 
fall into seven metagenes (Ma et al. 2021). Supplementary 
Table S4 contains the specified lists of these metagenes. In 
the CGGA and TCGA databases, heatmap analysis (Figs. 7a, 
b; S3a, b) of those inflammatory metagenes demonstrated 
their correlations with CD93, and immunoglobulin G (IgG) 
metagenes exhibit an inverse connection with CD93, while 
the other six metagenes exhibited an opposite connection. 
For further confirmation, gene set variant analysis of CD93 
and also the metagenes described above was conducted to 
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with gliomas compared to gender, age, WHO grades and O6-methylguanine-deoxyribonucleic acid methyltransferases promoter statuses
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plot corresponding correlograms based on Pearson correla-
tion analysis (Fig. 7c, d). The above analyses among the 
TCGA and CGGA databases were highly coherent with the 
heatmaps. We verified that CD93 expression is significantly 
positively correlated with hematopoietic cell kinase (HCK), 
lymphocyte-specific protein tyrosine kinase (LCK), major 
histocompatibility complex (MHC) I, MHC II, signal trans-
ducer and activator of transcription 1 (STAT1), and also 
with interferon (IFN); however, the results for IgG were the 
opposite.

Associations’ Analyses Examining CD93 in Relation 
to Glioma‑infiltrating Immunocytes

The infiltration of immunocytes into tumors has been veri-
fied as a key component of the immunosuppressive micro-
environment and also the invasive processes of malignant 
gliomas (Kim et al. 2021). Thus, further analyses examin-
ing the association between CD93 and glioma-infiltrating 
immunocytes are indispensable. We selected six major 
tumor-infiltrating immunocyte subpopulations for analysis 
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Fig. 5   Gene ontology analysis 
of CD93 in gliomas among the 
TCGA set (a), the CGGA set 
(b), and the 106 overlapped 
genes of both sets (c, d). CD93 
is closely involved in glioma-
associated immune responses 
such as leukocyte migration, 
predominantly in extracellular 
space or on cell membranes 
as extracellular exosomes and 
membrane components
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(Supplementary Table S5). Later, corrgram analyses were 
performed to visualize associations of CD93 with the above 
immunocyte subpopulations among the TCGA and CGGA 
datasets (Fig. 8a, b), and our results indicated that the infil-
tration degrees for most immunocytes were positively cor-
related with CD93 expression. Moreover, Pearson associa-
tion analyses indicated that CD93 was positively correlated 
with immunosuppressive subsets such as tumor-associated 
macrophages (TAMs) (Fig. 8c, f), regulatory T lymphocytes 
(Tregs) (Fig. 8d, g), and myeloid-derived suppressor cells 
(MDSCs) (Fig. 8e, h) among those two datasets. For TAMs, 
the correlation coefficient values for the TCGA and CGGA 
sets were 0.73 and 0.69. For Tregs, the correlation coef-
ficient values for the TCGA and CGGA sets were 0.58 and 
0.59. For MDSCs, the correlation coefficient values for the 
TCGA and CGGA sets were 0.54 and 0.35.

Discussion

Although a number of clinical trials examining glioma thera-
pies have not led to any satisfying advances based on targeted 
therapies, novel therapeutic strategies integrating adequate 

practical biomarkers inextricably linked to glioma clinico-
pathology are encouraging in regard to surmounting existing 
treatment woes (Ma et al. 2021; Tan et al. 2020). This study 
demonstrates that CD93 is markedly associated with adverse 
pathology types, unfavorable survival, and immunosuppres-
sive immunocyte infiltration degrees among gliomas, and  
this suggests that CD93 may serve as a practicable marker 
and a promising target for glioma-based precise diagnosis 
and therapeutic strategies.

Earlier reports demonstrated that CD93 in the endothelio-
cytes of GBM was selectively and stably expressed compared 
to expression in normal brain tissue (Langenkamp et al. 
2015; Lugano et al. 2018; Xie et al. 2021). CD93 predomi-
nantly located in the core and the invading margins of GBM  
(Langenkamp et al. 2015), which has been verified as one of 
the top ten enrichment genes among ECs in the GBM core 
(Xie et al. 2021). Regarding the heterogeneity of glioma, 
we also analyzed the anatomic structures RNA-Seq data of 
122 RNA samples in Ivy Glioblastoma Atlas Project (IVY 
GAP (http://​gliob​lasto​ma.​allen​insti​tute.​org/)) (Puchalski 
et  al. 2018), and we found that CD93 was significantly 
upregulated in glioma core area compared with peripheral 
area (Fig. S3). We observed that CD93 expression levels are 
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markedly upregulated in glioma patients with high grade 
tumors. Similarly, analysis of molecular pathological sub-
forms displayed notably higher levels of CD93 expression 
among IDH wild-type, non-codeleted 1p19q, and unmeth-
ylated MGMT promoter subforms. Additionally, CD93 
has been demonstrated to exhibit favorable applicability in 
regard to estimating mesenchyme subform gliomas. Based 
on the recognized clinical significance of these molecular 
pathological subforms for glioma, glioma patients with  
elevated CD93 expression in tumor tissue may possess a 
high probability of neoplasm invasion, local recurrence, 
and treatment insensitivity. Subsequent analyses of survival 
identified high-expression CD93 as a distinct prognostic 
variable for patients with gliomas, while earlier reports 
have displayed similar findings in the context of HGG 
(Langenkamp et al. 2015), nasopharyngeal carcinoma (Bao 
et al. 2016) and colon cancer (Olsen et al. 2015) but not in 
overall gliomas. CD93 have been reported to be important 
for the growth and invasion of GBM (Langenkamp et al. 
2015; Lugano et al. 2018). CD93 was actively involved in 
the regulation of pathologic angiogenesis, vessel architecture 
and vascular function for gliomas (Langenkamp et al. 2015; 
Sun et al. 2021b; Xie et al. 2021). Highly expressed CD93 
contributed to angiogenesis through promoting tubular mor-
phogenesis, cytoskeletal reconstruction, cell junctions for-
mation, adhesion and migration of endothelial cells in HGG 
(Langenkamp et al. 2015). CD93 deficiency could signifi-
cantly induce defects in interendothelial junctions, increased 
permeability and decreased perfusion of the glioma vascula-
tures (Langenkamp et al. 2015). CD93 knockdown markedly 
reduced the angiogenesis and tumor growth of GBM in vivo 
and in vitro (Langenkamp et al. 2015). CD93 domains pro-
mote functional angiogenesis mainly through the PI3K/Akt/
eNOS and ERK1/2 pathways (Kao et al. 2012). Meanwhile, 
CD93 promoted the tumoral neovascularization of high per-
meability through its interaction with insulin-like growth 
factor binding protein 7(IGFBP7) in GBM (Pen et al. 2011; 
Sun et al. 2021b). Tumor angiogenesis can induce immu-
nosuppression in glioma with abnormal vasculatures (Jain 
2005; Pen et al. 2008), restricted perfusion (Jain et al. 2007), 
hypoxic and acidic TME (Huang et al. 2013). Above fac-
tors remarkably impair the lymphatic flow and compromise 

the cytotoxic functions of infiltrating immune effector cells 
(Huang et al. 2013; Jain 2005; Noman et al. 2015) through 
down-regulating adhesion molecules including intercellular 
adhesion molecule 1 and vascular cell adhesion molecule 
1 (Bouzin et al. 2007), up-regulating immune checkpoints 
(Noman et al. 2014, 2015) and activating multiple immune-
suppressive growth factors or cytokines (e.g., VEGF, 
TGF-β) (Huang et al. 2013), which can also promote the 
recruitment of Tregs and MDSCs and drive TAMs to their 
suppressive form (Chanmee et al. 2014; Domènech et al. 
2021; Huber et al. 2017). Also, the function of tumor ECs 
is largely immunosuppressive, maintained by tumor cells 
through paracrine mechanisms (Motz and Coukos 2013; 
Mulligan et al. 2009; Mulligan and Young 2010), which may 
hinder the maturity, and thus the efficacy, of antigen presen-
tation by dendritic cells (DCs) (Huang et al. 2013; Peterson 
et al. 2016). Immunosuppressive cells can in turn promote 
tumor angiogenesis (Rivera et al. 2015; Shojaei et al. 2007). 
The resident microglia and TAMs promote glioma vasculari-
zation by the overexpression of multiple pro-angiogenics; 
of special relevance is the CXCL2 pathway (Brandenburg 
et al. 2016; Grégoire et al. 2020). Tregs could directly pro-
mote tumor angiogenesis via secreting VEGF and recruiting 
endothelial cells (Facciabene et al. 2012, 2011), or indirectly 
through inhibiting Th1 cell activation and polarizing TAMs 
into the M2-like phenotype (Mantovani et al. 2013). MDSCs 
directly promote tumor angiogenesis by producing VEGF, 
FGF2, Bv8, and matrix metalloproteinase (Bruno et al. 
2019; Lee et al. 2020). Moreover, CD93 was also involved in 
the matrix organization for ECs in vascularization processes 
of gliomas (Lugano et al. 2018). CD93 activates β1 integrin  
signaling and organizing of fibronectin fibrillogenesis in 
HGG (Lugano et al. 2018). The interaction between CD93 
and multimerin-2 (MMRN2) delivers integrin-dependent 
signals to regulate Src activation, fibronectin deposition, 
endosialin loss and prevent the development of fibrosis in 
ECM during glioma angiogenesis (Liang et al. 2020; Lugano 
et al. 2020, 2018). CD93-mediated neovascularization and 
the remodeling of blood brain barrier (BBB) provided ideal 
nutritional support for tumor cells, which formed an invasive 
niche suitable for the progression of HGG (Langenkamp 
et al. 2015; Xie et al. 2021). CD93 also acts as an important 
component in glucometabolic regulation for tumor ECs of 
high glycolysis in GBM (Strawbridge et al. 2016; Xie et al. 
2021). The above researches further sustain our findings. 
These studies further support the findings of this study. Con-
sequently, CD93 could be regarded as a practical marker for 
glioma-based evaluation of molecular pathological subforms 
and also of long-term survival.

In regard to these roles and the biologic processes mediated 
by CD93 in the context of glioma, besides angiogenesis and 
ECM organization, we found that CD93 chiefly involved in 
leukocyte migrations, integrin-mediated signaling pathway, 

Fig. 8   Associations analyses of CD93 and gliomas-infiltrating immu-
nocytes. Corrgram analyses visualizing associations of CD93 with 
six major tumor-infiltrating immunocyte subpopulations (a, b). Blue 
indicates positive correlation, while red indicates negative correlation. 
Bicolor gradation together with the circle dimension are in proportion 
to correlation degree. The leading diagonal contains the minimum 
and maximum values of the variables. Pearson associations analyses 
of CD93 and tumor-associated macrophages (TAMs) (c, f), regulatory 
T lymphocytes (Tregs) (d, g) and myeloid-derived suppressor cells 
(MDSCs) (e, h) among the two datasets. Cases of glioma are displayed 
as dots, and regression analyzing lines are added into corresponding 
points in the diagram

◂
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platelet degranulation and others. Subsequent association 
analysis documented the predominant role of CD93 among 
glioma-relevant immunobiological processes and also inflam-
matory responses. Interestingly, we found that CD93 is nega-
tively correlated with IgG. CD93-induced abnormal leaky and 
tortuous tumor vasculatures (Caro-Maldonado et al. 2014), 
ineffective perfusion of glioma tissue (Caro-Maldonado 
et al. 2014), tumor necrosis and hypoxia (Guyon et al. 2021; 
Sattiraju and Mintz 2019), immunosuppressive molecules 
production (Munn and Jain 2019), down-regulated adhesion 
molecules (Fontana et al. 1992; Munn and Jain 2019; Sun 
et al. 2021b), up-regulated immune checkpoints (Noman 
et al. 2014, 2015; Okazaki et al. 2001; Thibult et al. 2013), 
and increased immunosuppressive cells (Wang et al. 2018; 
Zhao et al. 2006) may synergistically lead to reduced B-cell 
proliferation, impaired B-cell function, and decreased IgG 
production. Immunocytes infiltrating together with immuno-
suppressive events have been demonstrated to be important for 
invasion and also for therapeutic insensitivity in glioma (Ma 
et al. 2021; Xu et al. 2020); however, little is known regarding 
the specific role of CD93 in the above activities. Moreover, 
association analyses examining CD93 and glioma-infiltrating  
immunocytes indicated that the degree of infiltration of most 
immunocytes exhibited positive correlations with CD93 
expression, particularly in immunosuppressive subsets such 
as TAM, MDSCs, and Tregs. It was also reported that Tregs 
could suppress B-cell proliferation by inducing granzyme-
dependent cell death (Zhao et al. 2006) and MDSCs could 
impair B-cell function of antibody production through the 
secretion of IL-7 (Wang et al. 2018), which similarly explains 
the negative correlation between CD93 and IgG. We also pre-
liminarily explored CD93 expression among different cells in 
various single-cell RNA-seq glioma datasets via single-cell 
TIME (scTIME) portal (Hong et al. 2021), Tumor Immune 
Single-cell Hub (TISCH) (Sun et al. 2021a), Single Cell 
Portal (https://​singl​ecell.​broad​insti​tute.​org/​single_​cell) and 
Cancer Single-cell Expression Map (CancerSCEM) (Zeng 
et al. 2022). After analyzing GSE131928 (Fig. S4a) (Neftel 
et al. 2019), GSE84465 (Fig. S4b) (Darmanis et al. 2017), 
GSE138794 (Fig. S4c) (Wang et  al. 2019), GSE139448 
(Fig. S5a) (Wang et al. 2020), GSE103224 (Fig. S5b) (Yuan 
et al. 2018), GSE102130 (Fig. S5c) (Filbin et al. 2018), 
GSE70630 (Fig.  S5d) (Tirosh et  al. 2016), GSE148842 
(Fig. S5e) (Zhao et al. 2021), GSE131928 (Fig. S6a) (Neftel 
et al. 2019), GSE89567 (Fig. S6b) (Venteicher et al. 2017), 
GSE141946 (GBM-009–01-1C) (Fig. S6c) (Jacob et al. 2020), 
GSE141946 (GBM-009–04-1C) (Fig.  S6d) (Jacob et  al. 
2020), GSE139448 (GBM-010–02-1A) (Fig. S6e) (Wang 
et  al. 2020), GSE139448 (GBM-010–03-1A) (Fig.  S6f) 
(Wang et al. 2020), GSE84465 (GBM-011–03-1B) (Fig. S6g) 
(Darmanis et al. 2017) and GSE84465 (GBM-011–02-1B) 
(Fig. S6h) (Darmanis et al. 2017), we found that CD93 was 
highly expressed in TAMs of glioma for most single-cell 

RNA-seq datasets. These inspiring explorations reveal the 
potential involvement of CD93 in glioma-connected immuno-
suppression along with invasion. Previous studies confirmed 
that CD93 formed granular membranes and involved in NEUT 
degradating, activating, as well as immune responses in gli-
oma microenvironments (Li et al. 2020). CD93 was identi-
fied as a vital regulator of the CNS autoimmune activities 
and inflammations (Griffiths et al. 2018; Liu et al. 2014). 
The knock-out of CD93 induced obvious down-regulation  
of numerous immune and inflammatory genes in the brain 
(Liang et al. 2020). Recent researches have revealed the 
crucial part of CD93 in promoting inflammation responses 
(Nativel et al. 2019; Shehata et al. 2022). Moreover, it has 
been proved that CD93 was actively correlated with leuko-
cytes infiltration for several inflammation models (Greenlee-
Wacker et al. 2011; Harhausen et al. 2010). For experimental 
autoimmune encephalomyelitis mice, these infiltrating micro-
glial cells or monocytes with overexpressed CD93 tend to 
cause T cells apoptosis, which greatly immunosuppressed 
functional CD4+ and CD8+ T cells (Griffiths et al. 2018; Zhu 
et al. 2007). For mice models with peritonitis, CD93 was veri-
fied to adjust the recruiting, migrating and adhesion processes 
of leukocytes (Greenlee-Wacker et al. 2011). In addition, 
released sCD93 in serum could also respond to inflamma-
tion and immunity stressors as well as angiogenesis trans-
mitters (Strawbridge et al. 2016). Membrane-related CD93 
adjusts complement activating, leukocytes extravasating 
from postcapillary venules, macrophages phagocytosis and 
elimination of apoptosis cells (Greenlee et al. 2009; Greenlee- 
Wacker et al. 2011; Nativel et al. 2019; Norsworthy et al. 
2004). CD93 also engenders the differentiation of monocytes 
to macrophage‐like cells and involves in the maturation of 
B cells and the survival of CD4+ natural killer T cells (Jeon 
et al. 2010; Nativel et al. 2019; Zekavat et al. 2010). Thus, 
the involvement of CD93 in glioma-based immunological 
responses together with these immunosuppressive processes 
indicates that CD93-targeting precise therapies are within the 
bounds of probability, and this provides an available premise 
in regard to coordinating locally aberrant immunity activities, 
obstructing immunosuppressive invasion, and raising glioma 
sensitivity towards treatments (Burster et al. 2021).

Based on the expression status and survival characteristics 
along with the known biologic functions of CD93 among glio-
mas, we conceived CD93 as a practicable marker and a promis-
ing target for glioma-relevant precise diagnosis and therapeutic 
strategies. CD93-based diagnostic and treatment strategies have 
been applied to many diseases. CD93 blockade was proved to 
be effective in antiangiogenic therapy and vascular normaliza-
tion of cancers (Iwasaki et al. 2015; Orlandini et al. 2014). For 
gliomas, CD93 is currently considered as a possible therapeutic 
target since CD93-targeted therapy could significantly inhibit 
the growth and vascular perfusion of glioma in vivo by decreas-
ing tumoral angiogenesis and repairing integrity of endothelial 

https://singlecell.broadinstitute.org/single_cell
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tight junctions (Langenkamp et al. 2015). Monoclonal antibod-
ies (mAb) targeting CD93 ectodomain have been demonstrated 
to restrain new vessel formation both in vitro and in vivo by 
inhibiting the proliferation, migration, sprouting and genera-
tion of tubular structure for tumor ECs (Orlandini et al. 2014), 
while have no exact side effects for vessels of normal tissues 
(Sun et al. 2021b). Meanwhile, anti-CD93 mAb was reported 
to stabilize vasculatures in animal models of pancreatic cancer 
and malignant melanoma to facilitate therapy responses for 
immunotherapeutic as well as chemotherapy (2021; Sun et al. 
2021b). Vascular normalization of anti-CD93 can normalize 
the immunosuppressive TME and promote antitumor immu-
nity through improving perfusion and oxygenation in tumors 
(Stylianopoulos and Jain 2013; Sun et al. 2021b), upregulating 
the expression of adhesion molecules (Fukumura et al. 2018; 
Shigeta et al. 2020), promoting tumoricidal immune cells infil-
tration and improving their function (Fukumura et al. 2018; 
Huang et al. 2012), reducing immunosuppressive cell levels 
(Zhou et al. 2020), skewing TAM polarization toward the M1 
phenotype (Peterson et al. 2016), enhancing immune response 
by activating of DCs, cytotoxic T lymphocytes, and natural 
killer cells (Rolny et al. 2011). CD93 blocking was shown to 
increase the infiltrating levels of CD4+ T cells, CD8+ T cells, 
NK, NK T cells and decrease the infiltrating level of MDSCs 
in tumors (Sun et al. 2021b). Several studies certified the intra-
tumoral enhanced infiltration of immune cells as a result of 
the adhering molecules increasing and vasculature normaliza-
tion induced by CD93-blocking (2021; Hamzah et al. 2008; 
Huang et al. 2012; Schmittnaegel et al. 2017). Furthermore, 
CD93 blocking effectively elevated the proportion of effector T 
cells in melanoma, making tumors more sensitive to anti-PD-1/
PD-L immune checkpoints treatment (Sun et al. 2021b). The 
blockade of CD93 pathway could also decrease intratumorally 
hypoxemia and improve drugs delivery through vasculatures 
normalizing and leakage reducing, such as the interaction 
blocking between CD93 and IGFBP7 with mAb remarkably 
enhanced the antitumoral responses to gemcitabine or fluoro-
uracil in pancreatic carcinoma bearing mice (Sun et al. 2021b). 
CD93 signaling blocking with metoclopramide significantly 
impaired the stemness and proliferation of chronic myeloid 
leukemia stem cells (Riether et al. 2021). It was also verified 
that anti-CD93 treatments restrain glucolysis and lead to dys-
metabolism in tumors (Cantelmo et al. 2016; Strawbridge et al. 
2016). Noninvasive 125I-anti-CD93 mAb radioimmunoimaging 
may be used for the early diagnosis and therapy delamination 
of non-small cell lung cancer (Liu et al. 2019). In light of these 
reports and together with our observations, CD93-targeting 
therapy is likely to supplement the present therapeutic tac-
tics for glioma, whether administered singly or in combination 
with immunotherapies, and it could also be used in the context 
of anti-angiogenesis therapeutics. Nevertheless, further stud-
ies with single-cell RNA sequencing are currently in progress 

to optimize the limitations of multicellular level analysis for 
TCGA and CGGA datasets, which can also be used to deeply 
explore the expression pattern and potential mechanism of 
CD93 among various cell types in the immunosuppressive 
microenvironment of glioma. Elucidating the specific mecha-
nism underlying the function of CD93 in glioma-associated 
immunosuppression remains a challenge. In the future, CD93 
is expected to be applied for molecule-integrated diagnosis, 
comprehensive therapeutics, and fluorescence molecule imag-
ing during operations and in the construction of targeted drug 
carriers for glioma.

Conclusions

Briefly, our explorations primarily investigated CD93 
expression patterns, biological functions, and clinical value 
in the context of glioma. Here, we determined the correla-
tions of CD93 high expression levels with pernicious pathol-
ogy types, unsatisfactory survival, neoplasm-infiltrated 
immunocytes, and immunosuppressive processes among 
gliomas, thus identifying CD93 as an encouraging marker 
and likely target for glioma-based precise diagnosis, thera-
pies, and prognosis evaluations. We anticipate that CD93-
targeting treatments, either individual or in combination with 
comprehensive therapies, will become a consequential tactic 
for combined and individual precise therapies for glioma.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s12031-​022-​02060-4.

Acknowledgements  We would like to thank several anonymous 
reviewers for their valuable comments and suggestions for improving 
the quality of this paper.

Author contribution  All authors contributed to the study conception and 
design. [Kaiming Ma]: conceptualization, methodology, investigation, 
writing-original draft, formal analysis; [Suhua Chen]: investigation, data 
curation; [Xin Chen]: methodology, software, visualization, funding 
acquisition; [Xiaofang Zhao]: visualization, investigation, writing—
review & editing; [Jun Yang]: conceptualization, resources, writing—
review & editing, supervision, funding acquisition. All authors read and 
approved the final manuscript.

Funding  This work was supported by [National Natural Science Foun-
dation of China] (Grant numbers [82072774] and [81872051]); [Peking 
University Clinical Scientist Program] (Grant Number [BMU2019L-
CKXJ007]); [Key Clinical Projects of Peking University Third Hos-
pital] (Grant Number [BYSY2018060]); [China Postdoctoral Science 
Foundation] (Grant Number [2020M670064]); [Beijing Natural Sci-
ence Foundation] (Grant Number [7214271]).

Data availability  The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on 
reasonable request.

https://doi.org/10.1007/s12031-022-02060-4


2121Journal of Molecular Neuroscience (2022) 72:2106–2124	

1 3

Declarations 

Ethics Approval  This study was performed in line with the principles 
of the Declaration of Helsinki. Approval was granted by the Ethics 
Committee of Peking University Third Hospital(S2020018).

Competing Interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

American Association for Cancer Research (2021) CD93 blockade stabilizes 
tumor vasculature to improve therapy response. Cancer Discov 11:2368

Bao L, Tang M, Zhang Q, You B, Shan Y, Shi S, Li L, Hu S, You Y 
(2016) Elevated expression of CD93 promotes angiogenesis 
and tumor growth in nasopharyngeal carcinoma. Biochem Bio-
phys Res Commun 476:467–474

Barbera S, Lugano R, Pedalina A, Mongiat M, Santucci A, Tosi GM, 
Dimberg A, Galvagni F, Orlandini M (2021) The C-type lectin 
CD93 controls endothelial cell migration via activation of the 
Rho family of small GTPases. Matrix Biol 99:1–17

Blackburn JWD, Lau DHC, Liu EY, Ellins J, Vrieze AM, Pawlak EN, 
Dikeakos JD, Heit B (2019) Soluble CD93 is an apoptotic cell 
opsonin recognized by α(x) β(2). Eur J Immunol 49:600–610

Bohlson SS, Silva R, Fonseca MI, Tenner AJ (2005) CD93 is rapidly 
shed from the surface of human myeloid cells and the soluble 
form is detected in human plasma. J Immunol 175:1239–1247

Borah S, Vasudevan D, Swain RK (2019) C-type lectin family XIV 
members and angiogenesis. Oncol Lett 18:3954–3962

Bouzin C, Brouet A, De Vriese J, Dewever J, Feron O (2007) Effects 
of vascular endothelial growth factor on the lymphocyte-
endothelium interactions: identification of caveolin-1 and nitric 
oxide as control points of endothelial cell anergy. J Immunol 
178:1505–1511

Brandenburg S, Müller A, Turkowski K, Radev YT, Rot S, Schmidt 
C, Bungert AD, Acker G, Schorr A, Hippe A et al (2016) Resi-
dent microglia rather than peripheral macrophages promote 
vascularization in brain tumors and are source of alternative 
pro-angiogenic factors. Acta Neuropathol 131:365–378

Bruno A, Mortara L, Baci D, Noonan DM, Albini A (2019) Myeloid 
derived suppressor cells interactions with natural killer cells 
and pro-angiogenic activities: roles in tumor progression. Front 
Immunol 10:771

Burster T, Traut R, Yermekkyzy Z, Mayer K, Westhoff MA, Bischof 
J, Knippschild U (2021) Critical view of novel treatment strate-
gies for glioblastoma: failure and success of resistance mecha-
nisms by glioblastoma cells. Front Cell Dev Biol 9:695325

Cantelmo AR, Conradi LC, Brajic A, Goveia J, Kalucka J, Pircher 
A, Chaturvedi P, Hol J, Thienpont B, Teuwen LA et al (2016) 

Inhibition of the glycolytic activator PFKFB3 in endothelium 
induces tumor vessel normalization, impairs metastasis, and 
improves chemotherapy. Cancer Cell 30:968–985

Caro-Maldonado A, Wang R, Nichols AG, Kuraoka M, Milasta S, 
Sun LD, Gavin AL, Abel ED, Kelsoe G, Green DR et al (2014) 
Metabolic reprogramming is required for antibody production 
that is suppressed in anergic but exaggerated in chronically 
BAFF-exposed B cells. J Immunol 192:3626–3636

Chanmee T, Ontong P, Konno K, Itano N (2014) Tumor-associated 
macrophages as major players in the tumor microenvironment. 
Cancers (basel) 6:1670–1690

Darmanis S, Sloan SA, Croote D, Mignardi M, Chernikova S, 
Samghababi P, Zhang Y, Neff N, Kowarsky M, Caneda C et al 
(2017) Single-cell RNA-Seq analysis of infiltrating neoplastic 
cells at the migrating front of human glioblastoma. Cell Rep 
21:1399–1410

Domènech M, Hernández A, Plaja A, Martínez-Balibrea E, Balañà 
C (2021) Hypoxia: the cornerstone of glioblastoma. Int J Mol 
Sci 22

Facciabene A, Motz GT, Coukos G (2012) T-regulatory cells: key 
players in tumor immune escape and angiogenesis. Cancer Res 
72:2162–2171

Facciabene A, Peng X, Hagemann IS, Balint K, Barchetti A, Wang 
LP, Gimotty PA, Gilks CB, Lal P, Zhang L et al (2011) Tumour 
hypoxia promotes tolerance and angiogenesis via CCL28 and 
T(reg) cells. Nature 475:226–230

Filbin MG, Tirosh I, Hovestadt V, Shaw ML, Escalante LE, Mathewson 
ND, Neftel C, Frank N, Pelton K, Hebert CM et al (2018) Devel-
opmental and oncogenic programs in H3K27M gliomas dissected 
by single-cell RNA-seq. Science 360:331–335

Fonseca MI, Carpenter PM, Park M, Palmarini G, Nelson EL, Tenner 
AJ (2001) C1qR(P), a myeloid cell receptor in blood, is predomi-
nantly expressed on endothelial cells in human tissue. J Leukoc 
Biol 70:793–800

Fontana A, Constam DB, Frei K, Malipiero U, Pfister HW (1992) Mod-
ulation of the immune response by transforming growth factor 
beta. Int Arch Allergy Immunol 99:1–7

Fukumura D, Kloepper J, Amoozgar Z, Duda DG, Jain RK (2018) 
Enhancing cancer immunotherapy using antiangiogenics: oppor-
tunities and challenges. Nat Rev Clin Oncol 15:325–340

Galvagni F, Nardi F, Maida M, Bernardini G, Vannuccini S, Petraglia F, 
Santucci A, Orlandini M (2016) CD93 and dystroglycan coopera-
tion in human endothelial cell adhesion and migration adhesion 
and migration. Oncotarget 7:10090–10103

Galvagni F, Nardi F, Spiga O, Trezza A, Tarticchio G, Pellicani R, 
Andreuzzi E, Caldi E, Toti P, Tosi GM et al (2017) Dissecting 
the CD93-Multimerin 2 interaction involved in cell adhesion and 
migration of the activated endothelium. Matrix Biol 64:112–127

Greenlee MC, Sullivan SA, Bohlson SS (2008) CD93 and related fam-
ily members: their role in innate immunity. Curr Drug Targets 
9:130–138

Greenlee MC, Sullivan SA, Bohlson SS (2009) Detection and char-
acterization of soluble CD93 released during inflammation. 
Inflamm Res 58:909–919

Greenlee-Wacker MC, Briseño C, Galvan M, Moriel G, Velázquez 
P, Bohlson SS (2011) Membrane-associated CD93 regulates 
leukocyte migration and C1q-hemolytic activity during murine 
peritonitis. J Immunol 187:3353–3361

Grégoire H, Roncali L, Rousseau A, Chérel M, Delneste Y, Jeannin 
P, Hindré F, Garcion E (2020) Targeting tumor associated mac-
rophages to overcome conventional treatment resistance in glio-
blastoma. Front Pharmacol 11:368

Griffiths MR, Botto M, Morgan BP, Neal JW, Gasque P (2018) 
CD93 regulates central nervous system inflammation in two 
mouse models of autoimmune encephalomyelitis. Immunology 
155:346–355

http://creativecommons.org/licenses/by/4.0/


2122	 Journal of Molecular Neuroscience (2022) 72:2106–2124

1 3

Guyon J, Chapouly C, Andrique L, Bikfalvi A, Daubon T (2021) The 
normal and brain tumor vasculature: morphological and func-
tional characteristics and therapeutic targeting. Front Physiol 
12:622615

Hamzah J, Jugold M, Kiessling F, Rigby P, Manzur M, Marti HH, 
Rabie T, Kaden S, Gröne HJ, Hämmerling GJ et al (2008) Vas-
cular normalization in Rgs5-deficient tumours promotes immune 
destruction. Nature 453:410–414

Harhausen D, Prinz V, Ziegler G, Gertz K, Endres M, Lehrach H, 
Gasque P, Botto M, Stahel PF, Dirnagl U et al (2010) CD93/
AA4.1: a novel regulator of inflammation in murine focal cer-
ebral ischemia. J Immunol 184:6407–6417

Hong F, Meng Q, Zhang W, Zheng R, Li X, Cheng T, Hu D, Gao X 
(2021) Single-cell analysis of the pan-cancer immune microen-
vironment and scTIME portal. Cancer Immunol Res 9:939–951

Huang Y, Goel S, Duda DG, Fukumura D, Jain RK (2013) Vascu-
lar normalization as an emerging strategy to enhance cancer 
immunotherapy. Cancer Res 73:2943–2948

Huang Y, Yuan J, Righi E, Kamoun WS, Ancukiewicz M, Nezivar 
J, Santosuosso M, Martin JD, Martin MR, Vianello F et al 
(2012) Vascular normalizing doses of antiangiogenic treat-
ment reprogram the immunosuppressive tumor microenviron-
ment and enhance immunotherapy. Proc Natl Acad Sci USA 
109:17561–17566

Huber V, Camisaschi C, Berzi A, Ferro S, Lugini L, Triulzi T, Tuccitto 
A, Tagliabue E, Castelli C, Rivoltini L (2017) Cancer acidity: an 
ultimate frontier of tumor immune escape and a novel target of 
immunomodulation. Semin Cancer Biol 43:74–89

Iwasaki M, Liedtke M, Gentles AJ, Cleary ML (2015) CD93 marks 
a non-quiescent human leukemia stem cell population and is 
required for development of MLL-rearranged acute myeloid 
leukemia. Cell Stem Cell 17:412–421

Jacob F, Salinas RD, Zhang DY, Nguyen PTT, Schnoll JG, Wong 
SZH, Thokala R, Sheikh S, Saxena D, Prokop S et al (2020) A 
patient-derived glioblastoma organoid model and biobank reca-
pitulates inter- and intra-tumoral heterogeneity. Cell 180:188-
204.e122

Jain RK (2005) Normalization of tumor vasculature: an emerging con-
cept in antiangiogenic therapy. Science 307:58–62

Jain RK (2014) Antiangiogenesis strategies revisited: from starving 
tumors to alleviating hypoxia. Cancer Cell 26:605–622

Jain RK, di Tomaso E, Duda DG, Loeffler JS, Sorensen AG, Batchelor 
TT (2007) Angiogenesis in brain tumours. Nat Rev Neurosci 
8:610–622

Jeon JW, Jung JG, Shin EC, Choi HI, Kim HY, Cho ML, Kim SW, Jang 
YS, Sohn MH, Moon JH et al (2010) Soluble CD93 induces dif-
ferentiation of monocytes and enhances TLR responses. J Immu-
nol 185:4921–4927

Kao YC, Jiang SJ, Pan WA, Wang KC, Chen PK, Wei HJ, Chen WS, 
Chang BI, Shi GY, Wu HL (2012) The epidermal growth factor-
like domain of CD93 is a potent angiogenic factor. PLoS ONE 
7:e51647

Kim AR, Choi KS, Kim MS, Kim KM, Kang H, Kim S, Chowdhury 
T, Yu HJ, Lee CE, Lee JH et al (2021) Absolute quantification of 
tumor-infiltrating immune cells in high-grade glioma identifies 
prognostic and radiomics values. Cancer Immunol Immunother 
70:1995–2008

Langenkamp E, Zhang L, Lugano R, Huang H, Elhassan TE, Georganaki 
M, Bazzar W, Lööf J, Trendelenburg G, Essand M et al (2015) 
Elevated expression of the C-type lectin CD93 in the glioblastoma 
vasculature regulates cytoskeletal rearrangements that enhance ves-
sel function and reduce host survival. Cancer Res 75:4504–4516

Lee WS, Yang H, Chon HJ, Kim C (2020) Combination of anti-angiogenic 
therapy and immune checkpoint blockade normalizes vascular-
immune crosstalk to potentiate cancer immunity. Exp Mol Med 
52:1475–1485

Li Y, Deng G, Qi Y, Zhang H, Gao L, Jiang H, Ye Z, Liu B, Chen 
Q (2020) Bioinformatic profiling of prognosis-related genes in 
malignant glioma microenvironment. Med Sci Monit 26:e924054

Liang Q, Su L, Zhang D, Jiao J (2020) CD93 negatively regulates 
astrogenesis in response to MMRN2 through the transcriptional 
repressor ZFP503 in the developing brain. Proc Natl Acad Sci 
USA 117:9413–9422

Liu C, Cui Z, Wang S, Zhang D (2014) CD93 and GIPC expression and 
localization during central nervous system inflammation. Neural 
Regen Res 9:1995–2001

Liu W, Zhang C, Cao H, Shi D, Zhao S, Liang T, Hou G (2019) Radio-
immunoimaging of (125)I-labeled anti-CD93 monoclonal anti-
bodies in a xenograft model of non-small cell lung cancer. Oncol 
Lett 18:6413–6422

Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger 
D, Hawkins C, Ng HK, Pfister SM, Reifenberger G et al (2021) 
The 2021 WHO classification of tumors of the central nervous 
system: a summary. Neuro Oncol 23:1231–1251

Lugano R, Ramachandran M, Dimberg A (2020) Tumor angiogenesis: 
causes, consequences, challenges and opportunities. Cell Mol 
Life Sci 77:1745–1770

Lugano R, Vemuri K, Yu D, Bergqvist M, Smits A, Essand M, Johansson 
S, Dejana E, Dimberg A (2018) CD93 promotes β1 integrin activa-
tion and fibronectin fibrillogenesis during tumor angiogenesis. J 
Clin Invest 128:3280–3297

Ma K, Chen X, Liu W, Chen S, Yang C, Yang J (2022) CTSB is a nega-
tive prognostic biomarker and therapeutic target associated with 
immune cells infiltration and immunosuppression in gliomas. 
Sci Rep 12:4295

Ma K, Chen X, Liu W, Yang Y, Chen S, Sun J, Ma C, Wang T, Yang 
J (2021) ANXA2 is correlated with the molecular features and 
clinical prognosis of glioma, and acts as a potential marker of 
immunosuppression. Sci Rep 11:20839

Mantovani A, Biswas SK, Galdiero MR, Sica A, Locati M (2013) Mac-
rophage plasticity and polarization in tissue repair and remodel-
ling. J Pathol 229:176–185

Masiero M, Simões FC, Han HD, Snell C, Peterkin T, Bridges E, Mangala 
LS, Wu SY, Pradeep S, Li D et al (2013) A core human primary 
tumor angiogenesis signature identifies the endothelial orphan 
receptor ELTD1 as a key regulator of angiogenesis. Cancer Cell 
24:229–241

McGreal E, Gasque P (2002) Structure-function studies of the receptors 
for complement C1q. Biochem Soc Trans 30:1010–1014

Mosteiro A, Pedrosa L, Ferrés A, Diao D, Sierra À, González JJ (2022) 
The vascular microenvironment in glioblastoma: a comprehen-
sive review. Biomedicines 10

Motz GT, Coukos G (2013) Deciphering and reversing tumor immune 
suppression. Immunity 39:61–73

Mulligan JK, Day TA, Gillespie MB, Rosenzweig SA, Young MR 
(2009) Secretion of vascular endothelial growth factor by oral 
squamous cell carcinoma cells skews endothelial cells to sup-
press T-cell functions. Hum Immunol 70:375–382

Mulligan JK, Young MR (2010) Tumors induce the formation of sup-
pressor endothelial cells in vivo. Cancer Immunol Immunother 
59:267–277

Munn LL, Jain RK (2019) Vascular regulation of antitumor immunity. 
Science 365:544–545

Nabors LB, Portnow J, Ahluwalia M, Baehring J, Brem H, Brem S, 
Butowski N, Campian JL, Clark SW, Fabiano AJ et al (2020) 
Central nervous system cancers, Version 3.2020, NCCN clini-
cal practice guidelines in oncology. J Natl Compr Canc Netw 
18:1537–1570

Nativel B, Ramin-Mangata S, Mevizou R, Figuester A, Andries J, 
Iwema T, Ikewaki N, Gasque P, Viranaïcken W (2019) CD93 
is a cell surface lectin receptor involved in the control of the 



2123Journal of Molecular Neuroscience (2022) 72:2106–2124	

1 3

inflammatory response stimulated by exogenous DNA. Immu-
nology 158:85–93

Neftel C, Laffy J, Filbin MG, Hara T, Shore ME, Rahme GJ, Richman 
AR, Silverbush D, Shaw ML, Hebert CM et al (2019) An integra-
tive model of cellular states, plasticity, and genetics for glioblas-
toma. Cell 178:835-849.e821

Nepomuceno RR, Tenner AJ (1998) C1qRP, the C1q receptor that 
enhances phagocytosis, is detected specifically in human cells 
of myeloid lineage, endothelial cells, and platelets. J Immunol 
160:1929–1935

Noman MZ, Desantis G, Janji B, Hasmim M, Karray S, Dessen P, Bronte 
V, Chouaib S (2014) PD-L1 is a novel direct target of HIF-1α, 
and its blockade under hypoxia enhanced MDSC-mediated T cell 
activation. J Exp Med 211:781–790

Noman MZ, Hasmim M, Messai Y, Terry S, Kieda C, Janji B, Chouaib 
S (2015) Hypoxia: a key player in antitumor immune response. A 
review in the theme: cellular responses to hypoxia. Am J Physiol 
Cell Physiol 309:C569-579

Norsworthy PJ, Fossati-Jimack L, Cortes-Hernandez J, Taylor PR, 
Bygrave AE, Thompson RD, Nourshargh S, Walport MJ, Botto 
M (2004) Murine CD93 (C1qRp) contributes to the removal 
of apoptotic cells in vivo but is not required for C1q-mediated 
enhancement of phagocytosis. J Immunol 172:3406–3414

Okazaki T, Maeda A, Nishimura H, Kurosaki T, Honjo T (2001) 
PD-1 immunoreceptor inhibits B cell receptor-mediated signal-
ing by recruiting src homology 2-domain-containing tyrosine 
phosphatase 2 to phosphotyrosine. Proc Natl Acad Sci USA 
98:13866–13871

Olsen RS, Lindh M, Vorkapic E, Andersson RE, Zar N, Löfgren S, 
Dimberg J, Matussek A, Wågsäter D (2015) CD93 gene poly-
morphism is associated with disseminated colorectal cancer. Int 
J Colorectal Dis 30:883–890

Orlandini M, Galvagni F, Bardelli M, Rocchigiani M, Lentucci C, 
Anselmi F, Zippo A, Bini L, Oliviero S (2014) The characteri-
zation of a novel monoclonal antibody against CD93 unveils a 
new antiangiogenic target. Oncotarget 5:2750–2760

Ostrom QT, Patil N, Cioffi G, Waite K, Kruchko C, Barnholtz-Sloan 
JS (2020) CBTRUS statistical report: primary brain and other 
central nervous system tumors diagnosed in the United States in 
2013–2017. Neuro Oncol 22:iv1-iv96.

Pen A, Durocher Y, Slinn J, Rukhlova M, Charlebois C, Stanimirovic 
DB, Moreno MJ (2011) Insulin-like growth factor binding pro-
tein 7 exhibits tumor suppressive and vessel stabilization proper-
ties in U87MG and T98G glioblastoma cell lines. Cancer Biol 
Ther 12:634–646

Pen A, Moreno MJ, Durocher Y, Deb-Rinker P, Stanimirovic DB 
(2008) Glioblastoma-secreted factors induce IGFBP7 and angio-
genesis by modulating Smad-2-dependent TGF-beta signaling. 
Oncogene 27:6834–6844

Peterson TE, Kirkpatrick ND, Huang Y, Farrar CT, Marijt KA, Kloepper 
J, Datta M, Amoozgar Z, Seano G, Jung K et al (2016) Dual inhibi-
tion of Ang-2 and VEGF receptors normalizes tumor vasculature 
and prolongs survival in glioblastoma by altering macrophages. 
Proc Natl Acad Sci USA 113:4470–4475

Petrenko O, Beavis A, Klaine M, Kittappa R, Godin I, Lemischka 
IR (1999) The molecular characterization of the fetal stem cell 
marker AA4. Immunity 10:691–700

Puchalski RB, Shah N, Miller J, Dalley R, Nomura SR, Yoon JG, Smith 
KA, Lankerovich M, Bertagnolli D, Bickley K et al (2018) An 
anatomic transcriptional atlas of human glioblastoma. Science 
360:660–663

Riether C, Radpour R, Kallen NM, Bürgin DT, Bachmann C, Schürch 
CM, Lüthi U, Arambasic M, Hoppe S, Albers CE et al (2021) 
Metoclopramide treatment blocks CD93-signaling-mediated 
self-renewal of chronic myeloid leukemia stem cells. Cell Rep 
34:108663

Rivera LB, Meyronet D, Hervieu V, Frederick MJ, Bergsland E, Bergers 
G (2015) Intratumoral myeloid cells regulate responsiveness and 
resistance to antiangiogenic therapy. Cell Rep 11:577–591

Rolny C, Mazzone M, Tugues S, Laoui D, Johansson I, Coulon C, 
Squadrito ML, Segura I, Li X, Knevels E et al (2011) HRG 
inhibits tumor growth and metastasis by inducing macrophage 
polarization and vessel normalization through downregulation 
of PlGF. Cancer Cell 19:31–44

Sattiraju A, Mintz A (2019) Pericytes in glioblastomas: multifaceted 
role within tumor microenvironments and potential for therapeu-
tic interventions. Adv Exp Med Biol 1147:65–91

Schmittnaegel M, Rigamonti N, Kadioglu E, Cassará A, Wyser Rmili 
C, Kiialainen A, Kienast Y, Mueller HJ, Ooi CH, Laoui D et al 
(2017) Dual angiopoietin-2 and VEGFA inhibition elicits anti-
tumor immunity that is enhanced by PD-1 checkpoint blockade. 
Sci Transl Med 9

Shehata WA, Maraee AH, Tayel N, Mohamed AS, Abd El Gayed 
EM, Elsayed N, Mostafa MI, Bazid HAS (2022) CD93 has a 
crucial role in pathogenesis of psoriasis. J Cosmet Dermatol 
21:1616–1624

Shigeta K, Matsui A, Kikuchi H, Klein S, Mamessier E, Chen IX, 
Aoki S, Kitahara S, Inoue K, Shigeta A et al (2020) Regorafenib 
combined with PD1 blockade increases CD8 T-cell infiltration 
by inducing CXCL10 expression in hepatocellular carcinoma. J 
Immunother Cancer 8

Shojaei F, Wu X, Malik AK, Zhong C, Baldwin ME, Schanz S, Fuh 
G, Gerber HP, Ferrara N (2007) Tumor refractoriness to anti-
VEGF treatment is mediated by CD11b+Gr1+ myeloid cells. 
Nat Biotechnol 25:911–920

Sigari N, Jalili A, Mahdawi L, Ghaderi E, Shilan M (2016) Soluble 
CD93 as a novel biomarker in asthma exacerbation. Allergy 
Asthma Immunol Res 8:461–465

Steinberger P, Szekeres A, Wille S, Stöckl J, Selenko N, Prager E, 
Staffler G, Madic O, Stockinger H, Knapp W (2002) Identifica-
tion of human CD93 as the phagocytic C1q receptor (C1qRp) by 
expression cloning. J Leukoc Biol 71:133–140

Strawbridge RJ, Hilding A, Silveira A, Österholm C, Sennblad B, 
McLeod O, Tsikrika P, Foroogh F, Tremoli E, Baldassarre D 
et al (2016) Soluble CD93 is involved in metabolic dysregulation 
but does not influence carotid intima-media thickness. Diabetes 
65:2888–2899

Stylianopoulos T, Jain RK (2013) Combining two strategies to improve 
perfusion and drug delivery in solid tumors. Proc Natl Acad Sci 
USA 110:18632–18637

Sun D, Wang J, Han Y, Dong X, Ge J, Zheng R, Shi X, Wang B, Li 
Z, Ren P et al (2021a) TISCH: a comprehensive web resource 
enabling interactive single-cell transcriptome visualization of 
tumor microenvironment. Nucleic Acids Res 49:D1420-d1430

Sun Y, Chen W, Torphy RJ, Yao S, Zhu G, Lin R, Lugano R, Miller 
EN, Fujiwara Y, Bian L et al (2021b) Blockade of the CD93 
pathway normalizes tumor vasculature to facilitate drug delivery 
and immunotherapy. Sci Transl Med 13

Tan AC, Ashley DM, López GY, Malinzak M, Friedman HS, Khasraw 
M (2020) Management of glioblastoma: state of the art and future 
directions. CA Cancer J Clin 70:299–312

Thibult ML, Mamessier E, Gertner-Dardenne J, Pastor S, Just-Landi S, 
Xerri L, Chetaille B, Olive D (2013) PD-1 is a novel regulator of 
human B-cell activation. Int Immunol 25:129–137

Tirosh I, Venteicher AS, Hebert C, Escalante LE, Patel AP, Yizhak K, 
Fisher JM, Rodman C, Mount C, Filbin MG et al (2016) Single-
cell RNA-seq supports a developmental hierarchy in human oli-
godendroglioma. Nature 539:309–313

Torrisi F, Alberghina C, D'Aprile S, Pavone AM, Longhitano L, Giallongo 
S, Tibullo D, Di Rosa M, Zappalà A, Cammarata FP et al (2022) The 
hallmarks of glioblastoma: heterogeneity, intercellular crosstalk and 



2124	 Journal of Molecular Neuroscience (2022) 72:2106–2124

1 3

molecular signature of invasiveness and progression. Biomedicines 
10

Tosi GM, Caldi E, Parolini B, Toti P, Neri G, Nardi F, Traversi C, 
Cevenini G, Marigliani D, Nuti E et al (2017) CD93 as a poten-
tial target in neovascular age-related macular degeneration. J Cell 
Physiol 232:1767–1773

Turk BE, Huang LL, Piro ET, Cantley LC (2001) Determination of pro-
tease cleavage site motifs using mixture-based oriented peptide 
libraries. Nat Biotechnol 19:661–667

Venteicher AS, Tirosh I, Hebert C, Yizhak K, Neftel C, Filbin MG, 
Hovestadt V, Escalante LE, Shaw ML, Rodman C et al (2017) 
Decoupling genetics, lineages, and microenvironment in IDH-
mutant gliomas by single-cell RNA-seq. Science 355

Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD, 
Miller CR, Ding L, Golub T, Mesirov JP et al (2010) Integrated 
genomic analysis identifies clinically relevant subtypes of glio-
blastoma characterized by abnormalities in PDGFRA, IDH1, 
EGFR, and NF1. Cancer Cell 17:98–110

Wang L, Babikir H, Müller S, Yagnik G, Shamardani K, Catalan F, 
Kohanbash G, Alvarado B, Di Lullo E, Kriegstein A et al (2019) 
The phenotypes of proliferating glioblastoma cells reside on a 
single axis of variation. Cancer Discov 9:1708–1719

Wang R, Sharma R, Shen X, Laughney AM, Funato K, Clark PJ, Shpokayte 
M, Morgenstern P, Navare M, Xu Y et al (2020) Adult human glio-
blastomas harbor radial glia-like cells. Stem Cell Reports 14:338–350

Wang Y, Schafer CC, Hough KP, Tousif S, Duncan SR, Kearney JF, 
Ponnazhagan S, Hsu HC, Deshane JS (2018) Myeloid-derived 
suppressor cells impair B cell responses in lung cancer through 
IL-7 and STAT5. J Immunol 201:278–295

Xie Y, He L, Lugano R, Zhang Y, Cao H, He Q, Chao M, Liu B, Cao 
Q, Wang J et al (2021) Key molecular alterations in endothelial 
cells in human glioblastoma uncovered through single-cell RNA 
sequencing. JCI Insight 6

Xu S, Tang L, Li X, Fan F, Liu Z (2020) Immunotherapy for glioma: 
current management and future application. Cancer Lett 476:1–12

Yuan J, Levitin HM, Frattini V, Bush EC, Boyett DM, Samanamud J, 
Ceccarelli M, Dovas A, Zanazzi G, Canoll P et al (2018) Single-
cell transcriptome analysis of lineage diversity in high-grade 
glioma. Genome Med 10:57

Zekavat G, Mozaffari R, Arias VJ, Rostami SY, Badkerhanian A, 
Tenner AJ, Nichols KE, Naji A, Noorchashm H (2010) A novel 
CD93 polymorphism in non-obese diabetic (NOD) and NZB/W 
F1 mice is linked to a CD4+ iNKT cell deficient state. Immu-
nogenetics 62:397–407

Zeng J, Zhang Y, Shang Y, Mai J, Shi S, Lu M, Bu C, Zhang Z, Zhang 
Z, Li Y et al (2022) CancerSCEM: a database of single-cell 
expression map across various human cancers. Nucleic Acids 
Res 50:D1147-d1155

Zhao DM, Thornton AM, DiPaolo RJ, Shevach EM (2006) Activated 
CD4+CD25+ T cells selectively kill B lymphocytes. Blood 
107:3925–3932

Zhao W, Dovas A, Spinazzi EF, Levitin HM, Banu MA, Upadhyayula 
P, Sudhakar T, Marie T, Otten ML, Sisti MB et al (2021) Decon-
volution of cell type-specific drug responses in human tumor 
tissue with single-cell RNA-seq. Genome Med 13:82

Zhou X, Hou W, Gao L, Shui L, Yi C, Zhu H (2020) Synergies of 
antiangiogenic therapy and immune checkpoint blockade in renal 
cell carcinoma: from theoretical background to clinical reality. 
Front Oncol 10:1321

Zhu B, Bando Y, Xiao S, Yang K, Anderson AC, Kuchroo VK, 
Khoury SJ (2007) CD11b+Ly-6C(hi) suppressive monocytes 
in experimental autoimmune encephalomyelitis. J Immunol 
179:5228–5237

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	CD93 is Associated with Glioma-related Malignant Processes and Immunosuppressive Cell Infiltration as an Inspiring Biomarker of Survivance
	Abstract
	Introduction
	Materials and Methods
	Patients and Samples
	Statistical Analysis

	Results
	CD93 is Indicated to be Markedly Upregulated Among High Grade, Isocitrate Dehydrogenases (IDH) Wild Form, Non-codeleted 1p19q Subform in Combination with Unmethylated O6-Methylguanine-Deoxyribonucleic Acid Methyltransferases (MGMT) Promoter Subform Glioma
	High Expression of CD93 Relates to a Worse Prognosis for Patients with Glioma
	CD93 is Remarkably Upregulated in Mesenchymal Subtype Glioma and is Applicable for Estimating the Mesenchyme Subform
	CD93 is Linked to Glioma-associated Immunizing Responses
	CD93 is Strongly Relevant to the Inflammation Activities of Gliomas
	Associations’ Analyses Examining CD93 in Relation to Glioma-infiltrating Immunocytes

	Discussion
	Conclusions
	Acknowledgements 
	References


