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Background: Glioma is the most common primary brain tumor with a poor prognosis.

Key genes that are negatively related to prognosis may provide the therapy targets

to cure glioma. To clarify the role of CD44 in glioma, we explored its function at

bulk-transcriptome, spatial and single-cell transcriptome levels.

Methods: In total, expression profiles with survival data of whole-grade glioma from The

Cancer Genome Atlas (TCGA) and the Chinese Glioma Genome Atlas (CGGA), RNA-seq

data with anatomic information of glioblastoma (GBM) from the Ivy Glioblastoma Atlas

Project, RNA-sequencing (RNA-seq) data from recurrent GBM receiving adjuvant anti-

PD-1 immunotherapy accessed through GSE121810, and single-cell RNA-seq data of

GBM under accession GSE103224 were enrolled in this study. CD44-specific findings

were further analyzed by R language.

Results: CD44 is positively correlated with WHO grade of malignancy and is negatively

related to prognosis in glioma. Meanwhile, CD44 predominantly expresses in GBM

mesenchymal subtype, and gene ontology (GO) and Kyoto Encyclopedia of Genes and

Genomes (KEGG) analyses reveal that CD44 positively coexpressed genes are closely

related to glioma immunity. Moreover,CD44+ cells mainly distribute in perinecrotic region

with high expression of immune factors. At single-cell resolution, only malignant tumor

cells, tumor-associatedmacrophages (TAMs), and T cells expressCD44 in GBM.CD44+

malignant tumor cells are in mesenchymal-1-like (MES1-like) cellular state, and CD44+

TAMs are in M2 phenotype. CD44+ T cells have high expression of both PD-1 and

PD-L1. CD44 and its directly interacted inhibitory immunomodulators are upregulated

in patients with nonresponder recurrent GBM treated with PD-1 blockade therapy.
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Conclusion: Our work demonstrates that CD44, a new M2 TAM biomarker, is involved

in immune suppressor and promote glioma progression in glioma microenvironment.

These results expand our understanding of CD44-specific clinical and immune features

in glioma.

Keywords: CD44, glioma, M2, tumor-associated macrophage, spatial, single cell, immunosuppression

INTRODUCTION

The most common primary brain tumor in adults is glioma.
Most of the patients with glioma confront recurrence and death
even though undergoing current standard therapy. The 5-year
survival rate varies from 50 to 81% in WHO II glioma and
ranges from 30 to 57% in WHO III glioma, but is only 5.5%
in glioblastoma (GBM, WHO IV) (1). Despite improvements in
standard therapy, patients with the most aggressive type, GBM,
have a median survival time of only 15 months (2). In the past
decades, many new antineoplastic treatments have achieved good
results in various tumors except for glioma. Bevacizumab, the
only approved small molecule drug for glioma, also failed to
prolong the overall survival (OS) of newly diagnosed patients
with GBM (3). Although the chimeric antigen receptor (CAR)-
T cell therapy succeeds in some malignancies, it does not work
well in patients with glioma to improve OS and is still at an early
clinical investigation stage (4). Given these clinical challenges of
glioma, there is a considerable interest in exploring the molecular
mechanisms related to the short survival of patients with glioma,
which may be the new therapy targets for glioma.

CD44 molecule is a complex transmembrane adhesion
glycoprotein and participates in a wide variety of cellular
functions including cell adhesion, migration, proliferation,
apoptosis, and angiogenesis, which, when pathologic, are
the characteristics of malignancy (5). Unsurprisingly, CD44
is aberrantly upregulated among diverse tumors, including
pancreatic cancer, breast cancer, prostate cancer, head and neck
squamous cell carcinoma, and gastrointestinal cancer (6). CD44
is a well-known marker of glioma cancer stem cells (CSCs) and
plays important roles in tumor initiation and progression (7).
In addition, WHO grades II and III patients with glioma with
high CD44 mRNA expression faced poor survival compared to
low CD44 mRNA level in an independent manner (8). CD44
expression level was elevated after irradiation or temozolomide
treatment in mouse glioma model (9), which indicated CD44 is
involved in resistance to chemoradiation in glioma. Therefore,
CD44 could be the candidate for glioma therapy.

However, the precise mechanisms underlying CD44-
mediated glioma initiation and progression have not been
completely elucidated. CD44 also plays important roles in
diverse physiological processes, such as organ development,

Abbreviations: CGGA, the Chinese Glioma Genome Atlas; CI, confidence

interval; CSCs, cancer stem cells; DEGs, differentially expressed genes; GBM,

glioblastoma; GO, gene ontology; HR, hazard ratio; IGAP, the Ivy Glioblastoma

Atlas Project; KEGG, Kyoto Encyclopedia of Genes and Genomes; LGG, low-grade

glioma; OS, overall survival; TAMs, tumor-associated macrophages; TCGA, the

Cancer Genome Atlas; WGCNA, weighted gene coexpression network analysis.

hematopoiesis, and diverse immune functions including T
cell and lymphocyte activation (10). But we know few about
the immune functions of CD44 in tumor until now. A deeper
understanding of the role of CD44 in glioma will guide
promising research in novel glioma therapeutic strategy. Herein,
we integrated bulk RNA-sequencing data (RNA-seq) and single-
cell RNA-seq data to investigate the immunosuppressive role of
CD44 in glioma. Additionally, we further validated our findings
with immunohistochemistry (IHC) and immunofluorescence
(IF) staining data.

METHODS

Bulk RNA-Seq Data
RNA expression data for human gliomas were downloaded from
The Cancer Genome Atlas (TCGA) (11) and the Chinese Glioma
Genome Atlas (CGGA) (12). These datasets contain bulk mRNA
expression profiles and corresponding clinical information of
patients with glioma. A total of 702 glioma samples from TCGA
and 693 glioma samples from CGGA were used in our study. At
present, the WHO’s classification on glioma utilized by TCGA
and CGGA is the fourth WHO’s classification of tumors of the
central nervous system (13). RNA-seq data of 122 GBM samples
with anatomic information from the Ivy Glioblastoma Atlas
Project (IGAP) (14) were used in this study. RNA-seq data from
15 patients with recurrent GBM treated with adjuvant anti-PD-1
immunotherapy were accessed through GSE121810.

Survival Analysis
Survival curves were performed by Kaplan–Meier analysis
between CD44 higher and lower group and were tested
for significance using the Mantel–Cox log-rank test. Hazard
ratio (HR) and confidence interval (CI) were also computed
to confirm the prognostic value of CD44 in patients with
glioma. Furthermore, Cox proportional hazardsmodel, including
patients’ age and gender, was used to evaluate the predictor
effect of CD44. A value of p < 0.05 was considered
statistically significant.

Immune Infiltration Analysis
Estimation of infiltrating stromal cells and immune cells in
glioma samples was accomplished by the method ESTIMATE
(15). Then, the xCell pipeline (16) was adopted to explore
the relationship between CD44 expression level and glioma-
infiltrating cell types. Because some cell types from xCell
reference database do not distribute in the brain and glioma, we
only used 41 cell states listed in Supplementary Figure 4 in this
part analysis. Furthermore, we utilized CIBERSORTx portal (17)
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to infer immune cell compositions among TCGA and CGGA
glioma using a set of 22 human immune cell reference profiles
and predicting their absolute composition ratio within individual
glioma sample.

Weighted Gene Coexpression Network
Analysis
Weighted gene coexpression network analysis (WGCNA), a
bioinformatics algorithm (18), was used to generate unsigned
coexpression networks in TCGA and CGGA glioma. WGCNA
applies topological overlapmeasure, a robust measure of network
interconnectedness and measures the connection strength
between two adjacent transcripts and all other transcripts in a
network, to cluster genes into network modules. The minimum
size of modules was 30 transcripts and were randomly color
labeled. Next, we related the gene modules to clinical traits and
selected the module of interest which contained the CD44 and
had the highest correlation coefficient with CD44 expression
level. Intramodular connectivity of transcripts was used to
identify hub genes in the module of interest.

Gene Set Enrichment Analysis
Gene ontology (GO) (19) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) (20) analyses were used to explore the
biological function of gene sets of interest. Pearson’s correlation
coefficients between CD44 and all other genes were calculated,
and CD44-associated genes were defined as genes with |r|
>0.5 in TCGA glioma dataset, |r| > 0.25 in CGGA glioma
dataset, and |r| > 0.5 in IGAP GBM dataset. Additionally,
GSEA (Linux_4.1.0) software was used to determine whether
the gene set of PD-1 signaling (http://www.gsea-msigdb.org/
gsea/msigdb/cards/REACTOME_PD_1_SIGNALING.html)
shows statistically significant difference between anti-PD-1
immunotherapy responder and nonresponder subgroups.

Protein–Protein Interaction Network
The immunomodulator genes were downloaded from the study
introduced by Thorsson (21). These immunomodulators with
CD44were imported into the STRINGwebsite (https://string-db.
org/) to construct protein–protein interaction network. All the
parameters were default.

Differentially Expressed Gene Analysis
Raw count matrices of 15 patients with recurrent GBM treated
with adjuvant anti-PD-1 immunotherapy were utilized in this
part analysis. These 15 patients were divided into responder
and nonresponder subgroups based on OS cutoff for 300 days.
The patient with OS greater than 300 days was labeled as
therapy responder, but the one with OS lower than 300 days was
regarded as nonresponder. In addition, differentially expressed
genes (DEGs) between nonresponder and responder groups were
identified by the package DESeq2 (1.32.0) (22).

Data Processing in Single Cell
The human GBM signal cell RNA-seq data were downloaded
from The Gene Expression Omnibus (GEO) (23) under accession
number GSE103224. The expression matrices were analyzed

using the R package Seurat (24). We removed all cells from
the downstream analysis where >10% transcripts aligned to the
mitochondrial genome, or which had either fewer than 400 or
more than 2,500 RNA counts. Besides, gene was filtered out when
it expressed in less than 10 cells among all the 7 GBM samples.
The remaining 28,825 genes in 17,357 cells passed quality control
and were used into further analysis. Malignant tumor cells
were distinguished from stromal cells by copy number variants
(CNVs), and nontumor cells were identified using known cell-
type marker genes. FindMarkers in Seurat package was used
to identify the DEGs between CD44+ and CD44- cell cluster.
Additionally, the top 100 DEGs according to the avg_logFC
were underwent the gene set enrichment analysis. Pairwise
Pearson’s correlation with CD44 was established in CD44+ cell
cluster, and the top 100 correlated genes according to correlation
coefficient were used in subsequent enrichment analysis.We took
the standard workflow of pySCENIC (0.11.2) (25) to build the
regulon network of different cell types. Regulons were ranked by
the regulon specificity score from high to low, and the top 20
regulons of each cell type were used to plot the heatmap among
different cell types. The regulon specificity scores were scaled
by cell types. The Monocle 2 package (2.14.0) (26) was applied
to construct single-cell pseudotime trajectories. Considering the
small number of oligodendrocytes, endothelial cells, pericytes,
and T cells, only malignant tumor cells and TAMs were used
in trajectory analysis, respectively. The DEGs were identified by
Monocle 2, and these genes filtered by qval<0.05 were further
used in pseudotime order analysis.

Immunohistochemistry Staining
The IHC data of unique GBM subtype samples from the IGAP
and of normal brain tissues and glioma samples from the Human
Protein Atlas (https://www.proteinatlas.org/) were downloaded
and used in this study.

Immunofluorescence Staining
Formalin-fixed paraffin-embedded sections of glioma were
collected and their pathological results were confirmed as glioma
according to the 2016 WHO’s classification of central nervous
system tumors (13). Tumor sample use was approved by
the Institutional Review Board at the Nanjing Brain Hospital
Affiliated to Nanjing Medical University. Tumor sample was
incubated with the first primary antibody against CD44 (1:5000
for IF, Servicebio) overnight at 4◦C and then with the first
matching secondary antibody at room temperature for 50min in
dark condition. Then, it was incubated with the second antibody
CD163 (1:5000 for IF, Servicebio) overnight at 4◦C and later with
the second matching secondary antibody at room temperature
for 50min in dark condition. Slide was counterstained with
DAPI for nuclei visualization. Finally, sample slide was imaged
by Imaging System from Nikon. The CaseViewer software
(3DHISTECH) can unmix and remove autofluorescence and
analyze the multispectral images.
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FIGURE 1 | CD44 is highly expressed in WHO grade IV, wild-type IDH, 1p19q non-codeletion and recurrent glioma. (A) The mRNA level of CD44 is higher in GBM

and LGG than normal brain. GBM and LGG are colored in red and pointed out by red arrows. CD44 significantly increases in WHO grade IV form TCGA (B) and

CGGA (C). CD44 significantly increases in wild-type IDH glioma form TCGA (D) and CGGA (E). CD44 significantly increases in 1p19q non-codeletion glioma form

TCGA (F) and CGGA (G). CD44 significantly increases in recurrent glioma (H–J). Tested by t-test: ***p < 0.001; **p < 0.01; ns, p ≥ 0.05.
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RESULTS

CD44 Expression Level Is Correlated With
Glioma Grade, IDH Type, 1p19q State, and
Recurrent Status
To answer the question whether CD44 is involved in malignant
progress of glioma, we compared its expression level in different
WHO grades, IDH types, 1p19q states, and recurrent status
in TCGA and CGGA glioma mRNA-seq datasets. First, CD44
expression in both low-grade glioma (LGG) and glioblastoma
(GBM) is higher than normal brain tissues, which means CD44
plays a role in glioma tumorigenesis (Figure 1A). It turns out
that CD44 is significantly upregulated in GBM (WHO IV)
than that in WHO grades II and III gliomas in TCGA glioma
dataset (Figure 1B). Additionally, CGGA RNA-seq data validate
well to this result (Figure 1C). Additionally, the IHC data of
normal brain tissues and glioma samples reveal that high-
grade glioma has the highest CD44 protein expression level, but
that the normal brain tissue has the lowest CD44 expression
(Supplementary Figure 2). These shows that a higher CD44
expression is associated with a higher malignancy in glioma.

Because IDH1 mutation frequency is >68% in LGG,
but only 12% in GBM (27), and 1p19q codeletion is more
common in LGG than GBM (28), we studied CD44 expression
level in different IDH types and 1p19q states. In both the
TCGA glioma and CGGA glioma, samples with strong
CD44 transcription are primarily having wild-type IDH,
but the ones with low CD44 expression have IDH mutation
(Figures 1D,E), which can also be discovered among GBM
groups (Supplementary Figures 3A,C). We also found a
significant correlation between low CD44 transcription level
and 1p19q codeletion status in both TCGA and CGGA
glioma (Figures 1F,G, Supplementary Figures 3B,D). Glioma
patients with IDH1 mutation have median OS three times
longer than those without (27), codeletion of 1p and 19q is
associated with better survival rates in glioma (29), and thus,
low CD44 expression patients with glioma may have better
clinical outcomes.

Furthermore, we uncovered up expression of CD44 after
glioma recurrence in GBM, wild-type IDH, IDH mutation,
and 1p19q non-codeletion state in CGGA glioma dataset
(Figures 1H–J). Although multimodal treatments can prolong
life, recurrence is inevitable in glioma, especially GBM, and it can
obtain more malignant phenotype after recurrence (30). Herein,
malignant glioma has relative higher CD44 expression level, and
CD44 is involved in malignant progress of glioma.

Transcriptional Level of CD44 Effectively
Predicts Survival of Patients With Glioma
CD44 transcription level is sufficient to predict OS of patients
with glioma in TCGA and CGGA datasets (Figure 2). Compared
with the lower expression of CD44 group in whole-grade glioma,
patients with higher CD44 expression have significantly shorter
survival. Given the obvious heterogeneity in glioma (31, 32),
we further investigated the prognostic value of CD44 among
different WHO grades, IDH types, 1p19q states, and recurrent

status. Interestingly, we observed the same prognostic tendency
of CD44 in these different compared groups (Figure 2). In
addition, we did Cox-regression analysis of CD44 with patients’
age and gender, namely multivariate Cox-regression analysis,
in different glioma groups to evaluate their predictor values
in glioma. In the Cox proportional hazards model, patients
with higher CD44 expression level have higher mortality than
those with lower CD44 expression in different compared groups
(HR>1, p < 0.05), except in 1p19q codeletion status (p > 0.05)
(Table 1). These findings suggest that CD44 could be a negative
prognosticator in glioma.

CD44 Expression in Different Glioma
Subtypes
First, we analyzed the distribution of CD44 in different
GBM transcription subtypes to obtain an overview of the
molecular expression pattern of CD44. The CD44 mRNA
expression is quite different in the three different GBM
characteristic subtypes (Figure 3A). Samples with high CD44
expression are mainly concentrated in the mesenchymal subtype,
which is verified by IHC results (Figure 3B). Considering the
mesenchymal GBM subtype is featured with more infiltrating
tumor-associatedmacrophages (TAMs) and immunosuppression
(33), we speculated that CD44 may play an important role in
glioma immune environment. Next, we adopted the other glioma
subtype model that portrays adult diffuse grades II, III, and IV
gliomas comprehensively (34). They reveal that a subtype of
IDH mutant glioma is associated with DNA hypermethylation
and better outcome, and that a group of wild-type IDH diffuse
glioma shows molecular similarity to pilocytic astrocytoma
and relatively favorable survival. We explored the expression
difference of CD44 among pan-glioma transcriptome subtype
(Figure 4A), pan-glioma DNAmethylation subtype (Figure 4C),
and supervised pan-glioma subtype (Figure 4E). Through
comparing the survival in different subtypes (Figures 4B,D,F),
we discovered that the subtypes with high CD44 expression are
related to bad clinical outcomes as well.

CD44 Correlates With Immune-Related
Biological Response in Glioma
Because immune cells are the main participants in immune
response, we characterized the relationship between CD44 and
the infiltrated immune cells in glioma. The results indicate that
CD44 is positively associated with the immune score and stromal
score in TCGA and CGGA glioma databases (Figure 5A), which
suggests that CD44 does work in glioma immunity. Additionally,
the standard CIBERSORTx pipeline was applied to further
evaluate the relationship between CD44 and infiltration of 22
immune cells in glioma microenvironment (17). In addition,
the results show that CD44 has the most significantly positive
correlation with M2-type macrophages (Figure 5B). The analysis
results generated by xCell workflow also confirmed the positive
correlation between CD44 expression level and macrophages M2
score (Supplementary Figure 4). It is well known that M2 TAMs
accelerate tumor cell invasion and angiogenesis and suppress
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FIGURE 2 | Survival analysis of CD44 in patients with glioma. Survival analysis of CD44 mRNA expression in glioma form TCGA (A) and CGGA (B).
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TABLE 1 | Multi-variate Cox-regression analysis of CD44 expression with Age and Gender.

Dataset Group HR 95%CI p

TCGA All 1.5361 1.3669–1.726 5.68e-13 ***

WHO II 1.515 1.0482–2.189 0.0271 *

WHO III 1.3258 1.0868–1.617 0.00543 **

WHO IV 1.1447 0.9519–1.377 0.151

IDH mutant 1.2393 0.9928–1.547 0.057922

IDH wildtype 1.2441 1.0719–1.444 0.00406 **

1p19q codeletion 1.487 0.9152–2.416 0.109

1p19q Non-codeletion 1.3618 1.1942–1.553 4.03e-06 ***

CGGA All 1.2832 1.2107–1.360 0 ***

WHO II 1.191 1.0026–1.415 0.0467 *

WHO III 1.2822 1.1580–1.420 1.73e-06 ***

WHO IV 1.1233 1.0368–1.217 0.00448 **

IDH mutant 1.3049 1.1815–1.441 1.52e-07 ***

IDH wildtype 1.1274 1.0453–1.216 0.00188 **

1p19q codeletion 1.26 0.9945–1.596 0.0556

1p19q Non-codeletion 1.2018 1.1230–1.286 1.07e-07 ***

MGMT methylation 1.236 1.1297–1.352 3.78e-06 ***

MGMT Un-methylation 1.374 1.2460–1.514 1.79e-10 ***

Primary tumor 1.329 1.2164–1.451 2.69e-10 ***

Recurrent tumor 1.1573 1.0720–1.249 0.000184 ***

HR, hazard ratio; CI, confidence interval; ***p < 0.001, **p < 0.01, *p < 0.05.

antitumor immunity (35), which explains why CD44 can be
prognostic biomarker and confirms immunity function of CD44.

Then, to gain insight into the particular contribution of CD44
to glioma immunity, GO and KEGG analyses were used to screen
relevant genes in TCGA and CGGA glioma databases. We adopt
two different strategies, namely the WGCNA method and the
Pearson’s correlation method, to obtain the CD44 relevant genes.
First, the general WGCNA analysis flow was taken to divide
the genes in different modules and to correlate these module
eigengenes with clinical traits including CD44 expression level.
The modules were chosen as they had the highest correlation
coefficient with CD44 transcription level and contained the CD44
as well. The brown, turquoise, and brown and blue module
emerges as the most significant module for TCGA glioma,
TCGA GBM, CGGA glioma, and CGGA GBM, respectively
(Figures 6A,C,E,G, Supplementary Figure 5). Then, we picked
out hub genes in these most significant modules and used
them in subsequent enrichment analysis. These hub genes
correlated with CD44 are involved in immune response (e.g.,
macrophage activation, cytokine production, microglial cell
activation, and T cell activation) in both TCGA and CGGA
glioma datasets (Figures 6B,D,F,H, Supplementary Table 1).
Apart from the positively relevant genes, negatively relevant
ones can also help us to understand the function of CD44.
To acquire CD44 coexpressed genes in the second Pearson’s
correlation analysis part, we set different Pearson’s |R| value
cutoff in TCGA and CGGA glioma datasets as mentioned in
the Methods section. Although the enrichment analysis results
of these positively correlated genes are also most involved

in immunity (Figure 7), we found that some of them are
related to angiogenesis, cell adhesion, ECM-receptor interaction,
and so on. (Supplementary Tables 2, 3), which is consistent
with the former studies (36, 37). On the other hand, the
negatively relevant genes of CD44 take parts in synaptic function
(Supplementary Figure 6, Supplementary Tables 2, 3). To sum
up, CD44 plays an important role in glioma immunity.

Spatial Distribution Preference of CD44 in
GBM
Glioblastoma is one of the most heterogeneous tumors, and
multiple TCGA transcription subtypes can coexist in the close
tumor regions (33). Spatial heterogeneity of glioma is the barrier
for treatment. Thus, we compared the CD44 expression level
in different GBM tumor regions, and genes were clustered
according to their tumor region features to obtain the expression
patterns whose spatial states are highly desirable as CD44.
The result demonstrates that CD44 mainly distributes in the
perinecrotic region within tumor (Figure 8A). Some of the top
correlated genes are immune genes (e.g., TNC, CCL2, SOCS3,
TNFRSF12A, PTX3, and VAT1) (38, 39), invasive genes (e.g.,
GBP2, EMP1, VIM, ANO6, RBM47, CHI3L1, HMOX1, and
ICAM1) (40–42), proliferative genes (e.g.,ANXA2, ZFP36L2, and
CHI3L2) (43, 44), and apoptotic genes (e.g., SOD2) (45). From
the spatial-based correlated gene pattern, CD44 may take part in
GBM immunity, invasion, and proliferation process. Thus, we
further did enrichment analysis of this spatial-based correlated
gene pattern to explore underlying biological function of CD44.
The results confirmed that CD44 is related to immunity, and
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FIGURE 3 | CD44 expression in GBM subtypes. (A) CD44 is highly upregulated in mesenchymal subtype in TCGA and CGGA GBM samples. (B) CD44 protein

expression is detected in three GBM subtypes, and mesenchymal subtype glioma has the highest CD44 protein expression level. Scale, 198µm. Tested by t-test: ***p

< 0.001; *p < 0.05.

invasion (Figures 8B,C, Supplementary Table 4). We also found
that CD44 takes part in response to decreased oxygen levels, HIF-
1 signaling pathway, and angiogenesis process (Figures 8B,C,
Supplementary Table 4), which is consistent with the spatial
distribution preference of perinecrotic zone (Figure 8A). Because
HIF1A is a regulator of CD44 and increases CD44 expression,
hypoxic region in breast cancer has also been reported to contain
cells with a higher concentration of CD44 expression (46). In
GBM, we uncovered that CD44+ cells mainly distribute in
hypoxic region with high expression of immune genes.

Single-Cell Landscape of CD44 in GBM
Whereas, tumor is constituted by malignant cells and
surrounding stromal cells, we know few about the heterogeneity
of CD44 transcription in glioma at single-cell resolution until
now. Global gene expression however is readily measurable,
and the advent of single-cell RNA-seq technology enables us
profile individual cell expression within tumors. Therefore, we
applied single-cell RNA-seq dataset for GBM (47) to further
explore CD44 expression at single-cell resolution. First, we
annotated GBM cells into specific cell types according to CNVs

and known cell markers (Supplementary Figures 7B,C). GBM
contains malignant tumor cells and TAMs together with a small
number of oligodendrocytes, endothelial cells, pericytes, and T
cells (Figure 9A). Then, we compared the CD44 expression level
among different cell types and found that only malignant tumor
cells, TAMs, and T cells express CD44 (Figure 9B). TAMs are the
major immune cells in GBM, which is in accord with our finding
that CD44 acts in glioma immunity. Because only a part of TAMs
express CD44 (Figure 9C), DEGs between CD44+ TAMs and
CD44- TAMs were calculated and underwent further enrichment
analysis. The functional analysis showed that CD44+ TAMs
are enriched in leukocyte migration, leukocyte chemotaxis,
positive regulation of cell-substrate adhesion, extracellular
matrix organization, positive regulation of angiogenesis, and so
on (Figure 9D, Supplementary Table 5). In addition, CD44+
TAMs are in M2-type polarization state presenting with high
expression of CD163, CD206, and STAT3, and they can also
activate angiogenesis by secreting VEGFA and promote cell
invasion through secreting matrix metallopeptidase (e.g.,
MMP14, MMP19) (Figure 9E). Because CD44 expression level
is positively correlated with M2-type macrophage infiltration
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FIGURE 4 | CD44 expression in pan-glioma subtypes. Expression of CD44 is elevated in LGr4 among pan-glioma transcriptome subtypes (A), in LGm4 and LGm5

among pan-glioma DNA methylation subtypes (C) and in classic–like, mesenchymal–like, and LGm6–GBM among supervised pan-glioma subtypes (E). These distinct

glioma subtypes with high CD44 expression are in bad clinical outcomes (B,D,F). Tested by t-test: ***p < 0.001; **p < 0.01; ns, p ≥ 0.05.
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FIGURE 5 | CD44 is closely correlated with immune microenvironment in glioma. (A) Heatmap of immune score and stromal score in TCGA and CGGA gliomas. The

higher CD44 expression level the glioma has, the higher immune score and stromal score it is, which reflects glioma with elevated CD44 expression has more

infiltrating immune cells. (B) Component types of 22 human immune cells infiltrated into glioma were analyzed by CIBERSORTx in TCGA and CGGA glioma datasets.

Glioma with high CD44 expression has more infiltrating M2-type macrophages.
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FIGURE 6 | WGCNA analysis and enrichment analysis of significant modules. Module–trait relationship heatmap in TCGA-glioma (A), TCGA-GBM (C), CGGA-glioma

(E), and CGGA-GBM (G). The row represents the module, and the column represents the trait. The values in the box indicate the correlation and p-value. Top 20

enrichment analysis results of the genes in the modules of interest were shown in TCGA-glioma (B), TCGA-GBM (D), CGGA-glioma (F), and CGGA-GBM (H). Most of

the enrichment functions are related to immunity.
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FIGURE 7 | Enrichment analysis of CD44-positive related genes. Top 20 enrichment analysis results of CD44-positive related genes were showed in TCGA-glioma

(A), TCGA-GBM (B), CGGA-glioma (C), and CGGA-GBM (D). Most of the enrichment results are related to immunity.
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FIGURE 8 | CD44 spatial expression pattern. (A) Heatmap of the top 50 correlated genes based on distribution similarity with CD44. The genes were ordered by

correlated R index from high to low. Top 20 biological processes (B) and top 20 pathways (C) of CD44 spatial expression related genes were shown. The major of

enrichment results is about immunity.
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FIGURE 9 | Landscape of CD44+ cells in GBM. (A) All GBM cell types are projected on UMAP reduction. GBM is composed of malignant tumor cells,

oligodendrocytes, TAMs, T cells, endothelial cells, and pericytes. (B) Expression level of CD44 among different GBM cell types. Only malignant cells, TAMs and T cells

express CD44 in GBM. (C) Expression of CD44 in TAMs is projected on UMAP reduction. (D) Top 20 biological processes of DEGs in CD44+ TAMs compared to

(Continued)
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FIGURE 9 | CD44- TAMs. (E) CD44+ TAMs express M2-type TAM markers CD163 and CD206. (F) UMAP reduction of all six GBM tumor cellular state cells and

stem-like cells. (G) Expression level of CD44 among the six GBM tumor cellular state cells and stem-like cells. Only MES1-like tumor cells express CD44 among

different cellular states. (H) Expression of CD44 in tumor cells is projected on UMAP reduction. (I) Top 20 biological processes of DEGs in CD44+ tumor cells

compared to CD44- tumor cells. (J) CD44-correlated genes in CD44+ malignant cells. Genes labeled in red are immunosuppressive genes, whose expression level

positively correlates with CD44; blue colored genes are immune stimulator genes and their expression negatively relates to CD44. (K) Top 20 biological processes of

CD44 positive-related genes in CD44+ malignant cells.

(Figure 5B), we verified the infiltrating M2 TAMs among
different CD44+ cell infiltration levels by IHC (Figure 10A)
and found that the more CD44+ cells are detected, the more
M2 TAMs infiltrate, which is consistent with the correlation of
CD44 with CD163 in the TCGA and CGGA glioma datasets
(Figure 10B). By checking expression of CD44 and CD163
in glioma samples through IF, CD44+CD163+ cells were
uncovered (Supplementary Figure 8), which confirmed that the
CD44+ TAMs are in M2 phenotype. We also uncovered that not
all T cells express CD44 (Supplementary Figure 7D), and the
enrichment analysis results of CD44-related genes in T cells are
listed in Supplementary Table 6.

Neftel et al. declare that GBM malignant tumor cells can be
grouped into a limited set of cellular states, namely astrocyte-
like (AC-like), mesenchymal-1-like (MES1-like), mesenchymal-
2-like (MES2-like), oligodendrocyte-progenitor-like (OPC-like),
neural-progenitor-1-like (NPC1-like), and neural-progenitor-
2-like (NPC2-like) states (32). Because CD44 was described
as a marker of GBM CSCs, also known as glioma stem–
progenitor cells or glioma-initiating cells (7), we also annotated
the stem-like cells besides the six GBM tumor cellular states in
malignant cells (Figure 9F). Furthermore, we revealed MES1-
like state preference of CD44 (Figure 9G), which is similar to
TCGA-mesenchymal subtype preference of CD44 (Figure 3).
Surprisingly, no GBM stem-like cells express CD44, suggesting
that it is not a suitable CSC marker (Figure 9G). Next,
we compared the DEGs between CD44+ tumor cells and
CD44- tumor cells (Figure 9H), and the enrichment analysis
results verified the immunity function of CD44 (Figure 9I,
Supplementary Table 7). In addition, we calculated the Pearson’s
correlated genes withCD44 inCD44+ tumor cells and uncovered
that some positive related genes are immunosuppressive genes
(e.g., C10orf54, TGFB1, VEGFA, HAVCR2, and IDO1) and
that some negative related genes are immune stimulator
genes (e.g., BTN3A2, BTN3A1, TNFSF9, TNF, TNFSF4, IL1A,
IL12A, TNFRSF4, CD27, TNFRSF9, CD40, TLR4, HMGB1, and
ENTPD1) (Figure 9J, Supplementary Table 8). The enrichment
analysis results of CD44-positive related genes in CD44+
malignant cell showed that CD44 correlates with immune
activities as well (Figure 9K, Supplementary Table 7).

Correlation of CD44 and GBM
Immunosuppression
CD44 is related to immunity in glioma, CD44+ malignant
tumor cells are in MES-1-like state, and CD44+ TAMs are in
M2 phenotype. Therefore, we hypothesized that glioma CD44+
cells take part in tumor immunosuppression. First, we used the
immunomodulators (21) with CD44 to construct the protein–
protein interaction network, and the immunomodulators

with direct interaction to CD44 were identified (Figure 11A).
Then, we found that some of the CD44-correlated genes
in CD44+ cells are immunomodulators (Figure 9J,
Supplementary Figures 7E,F). For example, in CD44+ T
cells, some positive related genes are immunosuppressive genes
(e.g., CD274, VEGFA, PDCD1, and CTLA4) and that some
negative related genes are immune stimulator genes (e.g.,
CCL5, ITGB2, ICAM1, and PRF1). Thus, CD44+ malignant
tumor cells, CD44+ TAMs, and CD44+ T cells may induce
immunosuppression in glioma. Next, we explored the expression
of the immunomodulators with direct interaction to CD44
among the glioma CD44+ cells (Figures 11B–D). Each CD44+
cell-type functions immunosuppression through different ways:
CD44+ tumor cells express CD276, IL13, VEGFA, and IDO1;
CD44+ TAMs express IL10, TGFB1, VEGFA, and HAVCR2;
CD44+ T cells express CD274, TGFB1, CTLA4, LAG3, and
PDCD1 (Figure 11C). To our surprise, we found that CD44+ T
cells express both CD274 (namely PD-L1) and PDCD1 (namely
PD-1) in glioma. In addition, we built the regulon network of
glioma cells, and the regulon network of CD44+ cells is different
from CD44- cells (Figure 12). DDIT3 regulon is upregulated in
CD44+ tumor cells, which can inhibit type I interferon (IFN-I)
and IFN-stimulated gene production (48). RUNX3 is upregulated
in CD44+ T cells, which serves as immunosuppressive role
in tumor (49). Therefore, CD44+ glioma cells participate in
glioma immunosuppression.

It is an ongoing endeavor to conduct researches on the
development of new drugs, and new strategies eradicating
cancer target the immune cells with immune checkpoints
(50). PD-1 blockade yielded promising results in many
cancers, and the Ivy Consortium initiated a multiinstitution,
randomized, open-label pilot study of pembrolizumab,
an anti-PD-1 monoclonal antibody, in patients with
recurrent GBM (51). To uncover the correlation between
immunotherapy and CD44 in glioma, we extracted bulk
RNA-seq data of patients with recurrent GBM receiving
adjuvant, postsurgical PD-1 blockade therapy from this study.
The responder and nonresponder patients are different in
mRNA expression pattern based on principal component
analysis (Figure 13A). Furthermore, the patients with
nonresponder recurrent GBM are enriched in PD-1 signaling
pathway, suggesting that they have immunosuppression
microenvironment and would display therapy resistance
(Figure 13B). CD44 and most of its directly interacted inhibitory
immunomodulators express relatively higher in immunotherapy
nonresponder subgroup than responder subgroup, although
some genes are not statistically significant (Figure 13C).
These results confirm immunosuppression role of CD44
in glioma.
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FIGURE 10 | Verification of infiltrating M2 TAMs in different groups. (A) Comparison of the infiltration of M2 TAMs (CD163+) among the high, intermediate and low

intratumoral CD44+ cell groups in the IGAP IHC database. Scale, 895µm. (B) Correlation of CD44 with CD163 in the TCGA and CGGA glioma datasets.
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FIGURE 11 | Expression of immunomodulators in CD44+ glioma cells. (A) Protein–protein interaction network of CD44 and immunomodulators. The direct interaction

between CD44 and immunomodulators was colored in red. Expression dot plot of stimulatory immunomodulators with direct interaction to CD44 (B), inhibitory

immunomodulators with direct interaction to CD44 (C) and other immunomodulators with direct interaction to CD44 (D) among tumor cells, TAMs, and T cells.
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FIGURE 12 | Heatmap of regulon activity among tumor cells, TAMs and T cells. The cell types and activated regulons were clustered respectively.
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FIGURE 13 | Correlation between CD44 and anti-PD-1 immunotherapy in recurrent GBM. (A) Principal component analysis of responder (R) and nonresponder (NR)

recurrent GBM treated with anti-PD-1 immunotherapy based on RNA-seq data. (B) NR subgroup is enriched in REACTOME PD-1 signaling pathway compared to R

subgroup. (C) Heatmap of CD44 and its directly interacted inhibitory immunomodulators expression between R and NR recurrent GBM subgroups. NR group was

compared to R group, and the matching log2FC and p-value of each gene were shown in the right column.

DISCUSSION

In this study, the function of CD44 was explored in glioma at
bulk, spatial, and single-cell level, respectively. We discovered the
immune characteristic of CD44 in glioma, which plays a critical
role in clinical outcomes.

One meta-analysis claims higher expression of CD44 that
predicts poor survival in glioma particularly in those with WHO
grades II and III glioma (52), and another clinical research
discovers that higher tumor expression of CD44 acts as a
negative prognosis indicator in patients with GBM (53). Our
work also found that CD44 can be a prognostic biomarker,

whose transcription level is related to malignancy glioma and
poor prognosis in two notable glioma cohorts (11, 12). CD44
is a cell membrane glycoprotein which involved in diverse
tumor aggressive processes including invasion, proliferation,
apoptosis, and angiogenesis (37), but there are no studies
reporting its activity in glioma immunity. To gain the overview
of CD44 function, we adopted multiple methods to obtain CD44-
related genes, including WGCNA, the Pearson’s correlation,
and DEGs. Later, we did the enrichment analysis of these
gene sets of interest to get further understanding of them.
It is very interesting to notice that immunity function is
more significant than CD44 other functions (Figures 6, 7,
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Supplementary Tables 1–3), such as invasion, proliferation,
and angiogenesis reported as before. Furthermore, CD44
transcription level is related to M2 macrophage infiltration at
bulk-seq resolution (Figure 5B), and this finding is verified
by single-cell RNA-seq data that CD44+ TAMs are in M2-
type state (Figure 9E) and by IHC that glioma with higher
CD44+ cells infiltration has more infiltrating M2 macrophages
(Figure 10A). In addition, CD44+CD163+ cells were verified
by IF on human glioma samples (Supplementary Figure 8). M2
TAM accelerating tumorigenicity (54) is one of the underlying
reasons why CD44 can be the convincing prognostic biomarker
for glioma. These results support that CD44 is a new biomarker
for M2 TAMs.

In glioma mouse model, CD44 was restricted to hypoxic and
perivascular tumor regions, andHIF-2α, a hypoxia signature, was
correlated with CD44 in human glioma (55). We also checked
the spatial preference of CD44 in glioma and found that CD44
distributes in the perinecrotic zone within tumor (Figure 8A).
The correlated gene patterns based on CD44 distribution
preference are involved in hypoxia response and angiogenesis
which coincides with the former research, but we found that
the major of enrichment analysis results are immune-related
activities that highlight its immune function (Figures 8B,C).
Apart from CD44 spatial preference, transcription subtype
preference, namely mesenchymal subtype, in bulk-seq level
(Figure 3) and cellular state preference, namely MES1-like
state, at single-cell resolution (Figure 9G) are also revealed
by our study. Whereas, TCGA mesenchymal subtype GBM is
characterized as immunosuppressive and therapy resistant tumor
(33), the significance of CD44 expression preference in specific
GBM molecular subtype and tumor cell cellular state is unclear.
Therefore, we calculated the DEGs between CD44+ tumor cells
and CD44- tumor cells and identified the Pearson’s correlated
genes in CD44+ tumor cells (Figures 9H–K). These results
support our new finding that CD44 acts in glioma immunity.
The major of glioma-infiltrating immune cells are TAMs, and an
increased infiltering TAM correlates with shorter survival time
(35). Thus, the surface markers of TAMs may be the potential
therapeutic targets. TAMs in glioma are commonly identified
by the expression of CD11b, CD14, CD68, CD163, and CD206.
Additionally, we demonstrated that CD44 expression has high
concordance with CD11b, CD14, CD68, CD163, and CD206,
which indicates a synergistic relationship between CD44 and
macrophage markers in glioma (Supplementary Figure 9). This
reminds us that for patients who acquired resistance to standard
therapy based on the expression of CD44 (36), we should pay
attention to the increasing of TAMmakers and arising ofM2-type
TAMs infiltrating.

To go a step further, we explored the immunosuppressive
role of CD44 in glioma. As reported, CD44 expression level
is positively correlated with PD-L1, PD-1, IL10, and TGFB1
expression in some cancers (56, 57). Thus, coexpression of CD44
and checkpoint family members were checked in glioma, and
we found that CD44 expression positively correlates with the
expression level of PD-L1 and PD-1 and correlates with the
expression level of PDCD1LG2 (namely PD-L2) as well in the
TCGA and CGGA glioma datasets (Supplementary Figure 10).

HAVCR2 plays almost the same immunosuppressive functions
as PD-1 in glioma (58), and we also found that CD44 shows
a consistent correlation with HAVCR2 and PD-1 in glioma
(Supplementary Figure 10). It has been reported that CD40,
TNFSF14, LGALS9, and SIGLEC10 high expression levels are
associated with glioma malignancy grade and negative prognosis
(59–61). Therefore, there are some positive relationships
between CD44 and these immune checkpoints in glioma
(Supplementary Figure 10). However, further analysis found
that NCR3LG1 shows negative relationship with CD44 in glioma
(Supplementary Figure 10), which may be partially explained
by the low expression in malignant glioma and positive glioma
survival biomarker of NCR3LG1 (Supplementary Figure 11).
CD44 can positively regulate the expression of PD-L1 by
activating PD-L1 transcription partly via the association between
its intracytoplasmic domain and a regulatory region in PD-
L1 (62), and CD44+ tumor-initiating cells in head and neck
squamous cell carcinoma suppress antitumor immunity through
inducible expression of PD-L1 (63). PD-L1 represses antitumor
immunity through its interaction with the PD-1 receptor on T
cells (64). Furthermore, PD-1 is obviously elevated in CD44+ T
cell than CD44- T cell (65). CD44 takes part in formation and
persistence of regulatory T cells which play a vital role in tumor
immunosuppression: LGALS9 interacts with CD44 in association
with TGF-β receptors to drive FOXP3 expression in regulatory T
cells (66); CD44maintains FOXP3+ regulatory T cell persistence
via inducing production of IL10 and TGFB1 (67). Conversely,
other immunomodulators can also regulate CD44 expression
levels. IL4 and IL13 can upregulate CD44 expression in human
cervical adenocarcinoma cell lines and colonic epithelial cell
lines (68, 69). Our results revealed that distinct CD44+ cell
type plays the immunosuppressive role through expressing
different immunomodulators in GBM, and it is interesting to
uncover that CD44+ T cells express both PD-L1 and PD-
1 (Figure 11C). Thus, glioma-infiltrating CD44+ T cells can
inhibit antitumor immunity by inducible expression of PD-L1.
Finally, the correlation of CD44 mRNA expression and glioma
immunotherapy was studied. CD44 and its directly interacted
inhibitory immunomodulators are upregulated in patients with
nonresponder recurrent GBM receiving PD-1 blockade therapy.
However, it still needs more clinical studies to confirm the
relationship between CD44 and glioma immunotherapy for the
small number of glioma samples treated with immunotherapy.

CONCLUSION

Our research limitations include analysis from publicly available
data cohorts and limited data interpretation by the lack of
mechanistic approaches and causality association because this
study does not implement experiments in vivo. The finding
of a new candidate biomarker CD44 for M2 TAMs and its
immunosuppressive function in glioma is hypothesis-generating
and needs more wet experiment validation. Future works needed
to advance that this field further should focus on exploring
downstream pathways through which CD44 acts its immunity
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role in different glioma cell types, such as tumor cells, TAMs, and
T cells.
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