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Because of the heterogeneity of lower-grade gliomas (LGGs), patients show various survival outcomes
that are not reliably predicted by histological classification. The tumour microenvironment (TME) con-
tributes to the initiation and progression of brain LGGs. Identifying potential prognostic markers based
on the immune and stromal components in the TME will provide new insights into the dynamic modu-
lation of these two components of the TME in LGGs. We applied ESTIMATE to calculate the ratio of
immune and stromal components from The Cancer Genome Atlas database. After combined differential
gene expression analysis, protein-protein interaction network construction and survival analysis, CD44
was screened as an independent prognostic factor and subsequently validated utilizing data from the
Chinese Glioma Genome Atlas database. To decipher the association of glioma cell CD44 expression with
stromal cells in the TME and tumour progression, RT-qPCR, cell viability and wound healing assays were
employed to determine whether astrocytes enhance glioma cell viability and migration by upregulating
CD44 expression. Surprisingly, M1 macrophages were identified as positively correlated with CD44
expression by CIBERSORT analysis. CD44" glioma cells were further suggested to interact with
microglia-derived macrophages (M1 phenotype) via osteopontin signalling on the basis of single-cell
sequencing data. Overall, we found that astrocytes could elevate the CD44 expression level of glioma
cells, enhancing the recruitment of M1 macrophages that may promote glioma stemness via
osteopontin-CD44 signalling. Thus, glioma CD44 expression might coordinate with glial activities in
the TME and serve as a potential therapeutic target and prognostic marker for LGGs.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and

Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Diffuse gliomas are the most common malignant brain tumours
in adults, and they also have the highest mortality and recurrence
rate [1]. Based on histology and clinical criteria, gliomas are classi-
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fied as Grades I to IV [2]. Accordingly, WHO grade Il and III gliomas
are termed diffuse lower-grade gliomas (LGGs), which are intracra-
nial malignant tumours that originate from astrocytes or oligoden-
drocytes alone or oligo-astrocytomas (mixed astrocytes and
oligodendrocytes) [3,4]. They often arise in young patients and
have an indolent course, with longer survival than glioblastoma
(GBM, WHO grade 1V) [5]. The survival of LGG patients ranges from
1 to 15 years [1]. Therefore, unlike glioblastoma, LGG often affects
the health of patients in a chronic and long-term manner. Despite
recent efforts to improve the prognosis of patients with LGGs, half
of LGG patients present with highly aggressive, drug-resistant glio-
mas [4]. Because of this aggressive behavior, LGGs cannot be com-
pletely cured and always recur and progress to GBM [6]. Thus,
delaying tumour onset and reducing tumour progression are the
most challenging issues. Radiotherapy and chemotherapy, how-
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ever, fail to markedly prolong patient survival [7,8]. Therefore, we
sought to identify novel biomarkers to predict glioma prognosis
and guide treatment, improving the prognosis and quality of life
of LGG patients.

Therapeutic resistance inevitably develops despite effective tar-
geted treatment of tumours [9]. Research dissecting the mecha-
nisms of therapeutic resistance identified the importance of the
tumour microenvironment (TME) during tumour progression,
whereby the TME, composed of noncancerous cells, tumour vascu-
lature, and extracellular matrix, coevolves with neoplastic cells to
achieve malignancy development [10]. These extrinsic compart-
ments of tumour cells take part in dictating anomalous cellular
functions and exacerbating the development of tumour malignan-
cies [11]. Recent studies have implied that cancer stem cells (CSCs)
are associated with poor prognosis in tumour patients [12]. CSCs
are characterized as a subpopulation of tumour cells with proper-
ties such as the ability to self-renew, undergo unlimited growth,
high capacity of tumour initiation and maintain the stem of
tumour growth [13]. Efforts have been made to clarify whether
CSCs contribute to GBM tumour initiation, progression, relapse,
and resistance to treatment [14]. The TME stimulates CSC self-
renewal and tumorigenicity to aggravate the downstream effects
[15]. Molecular markers associated with glioma stem cells (GSCs)
include CD133, CD44, SOX2, and STAT3 [16]. CD44 is involved in
the mesenchymal characteristics of GBM cells, such as cell invasion
and therapeutic resistance [17]. Pietras and collaborators proposed
that astrocytes enhance glioma stem cell phenotypes via activation
of CD44 signalling [18]. In addition, CD44 expression is also found
in tumour microenvironmental cells. In the TME, the CD44 expres-
sion of GFAP positive astrocytes like cells was shown to be differ-
ent between LGGs and GBM [19]. As CD44 is also a panreactive
marker for reactive astrocytes, there may be a coordinated regula-
tion of CD44 expression between astrocytes and glioma cells dur-
ing glioma development [20].

Osteopontin (OPN), also known as secreted phosphoprotein 1
(SPP1), is one of the classical ligands of CD44 [21]. Numerous stud-
ies have suggested that SPP1 expression is negatively correlated
with glioma patient survival [22-24]. It has been suggested that
OPN-CD44 signalling in the glioma perivascular niche plays a role
in promoting cancer stem cell phenotypes and tumour growth
[18]. A wide variety of cells secrete OPN to promote tumour
growth, especially tumour-associated macrophages (TAMs) [25].
TAMs constitute up to 50 % of live cells in GBM tumours [26].
Instead of inhibiting tumour growth, TAMs secrete OPN to facili-
tate glioma invasion and the formation of an immunosuppressive
microenvironment, leading to aggressive tumour growth
[22,23,27]. Macrophage polarization has significant effects on
macrophage functions, which can be divided into the M1 (proin-
flammatory/tumour resistance) and M2 (anti-inflammatory/
tumour promotion) states [28]. These abundant stromal cells have
been an emerging target for glioma therapy [29]. The symbiotic
interplay between glioma and glial cells sustains the survival of
glioma cells and accelerates tumour progression. However, exist-
ing research on the TME of LGGs is still deficient, let alone the
interaction of glioma and glial dynamics in the TME. Thus, further
studies on the TME of LGGs are needed to predict prognosis and
provide solid evidence for novel therapeutic targets.

In this study, we applied the ESTIMATE [30] and CIBERSORT
[31] computational methods to calculate the ratio of immune
and stromal components and the tumour-infiltrating immune cell
(TIC) proportion in The Cancer Genome Atlas (TCGA) database.
Through PPI network construction and Cox regression analysis,
together with The Chinese Glioma Genome Atlas (CGGA) database,
CD44 was comprehensively identified as a predictive biomarker for
LGGs. In addition, survival analysis, clinal correlations and GO and
KEGG enrichment analyses were performed to collectively deter-
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mine the potential pathways and mechanisms related to CD44.
Our experiments implied that astrocytes may enhance migration
and cell viability in the glioma cell line U87 by upregulating glioma
CD44 expression. Surprisingly, further analysis indicated that CD44
expression was positively associated with M1 macrophage infiltra-
tion and that CD44" glioma cells might interact with M1 macro-
phages via OPN signalling. Together, these findings suggest an
association between glioma CD44 expression and glial cell dynam-
ics in the TME during glioma progression.

2. Materials and methods
2.1. Data acquisition

Transcriptome RNA sequencing data of 529 LGG cases from the
TCGA cohort and relevant clinical data were downloaded from
UCSC Xena Browser (version 07-19-2019) [33]. Transcriptome
RNA sequencing and clinical data of 1018 glioma cases from 2
cohorts, CGGA_325 (referred to as the CGGAseql cohort) and
CGGA_693 (referred to as the CGGAseq2 cohort), were downloaded
from the CGGA database (https://www.cgga.org.cn). Transcriptome
profiles of 20 normal tissue (nonglioma) samples were also down-
loaded from the CGGA database (referred to as the CGGAnormal
cohort).

2.2. Generation of the ImmuneScore, StromalScore, and
ESTIMATEScore

ESTIMATE was used to evaluate the proportions of immune and
stromal components in the TME of samples [30]. For each sample,
ImmuneScore, StromalScore and ESTIMATEScore were reported,
indicating the relative proportions of immune components and
stromal components and the sum of them, respectively. A higher
score suggests a larger proportion of the corresponding component
in the TME.

2.3. Survival analysis

Cases with detailed records of overall survival time longer than
30 days (1 month) were retained for analysis. A total of 477, 170,
and 420 cases were retained from the TCGA, CGGAseql and
CGGAseq?2 cohorts, respectively. The R package survival was used
to conduct survival analysis. The Kaplan-Meier method was
employed to plot the survival curve, and the log rank test was used
for statistical significance testing. Univariate Cox regression and
multivariate Cox regression were performed to assess the relation-
ship between survival and gene expression, along with clinico-
pathological characteristics. The hazard ratio and statistical
significance determined by the Wald test were reported for each
feature. The specificity and sensitivity of using CD44 expression
to predict survival for one-year, three-year and five-year spans
were determined using ROC curve analysis utilizing the R package
survivalROC [34].

2.4. Generation of Differentially expressed genes

The R package limma was employed for gene differential
expression analysis. Differentially expressed genes (DEGs) with
an absolute fold change larger than 1.5 and a false discovery rate
(FDR) < 0.05 were considered to be statistically significant [35].
When performing DEG analysis between tumour and normal tissue
samples, to increase the statistical power by increasing the sample
size, the transcriptome profiles of tumour samples from the two
CGGA cohorts were integrated by ComBat [36].
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2.5. Gene set enrichment analysis

Gene set enrichment analysis (GSEA) was performed utilizing
the GSEA function implemented in the R package clusterProfiler
[37] and using the reference gene sets of hallmark gene sets (H),
canonical pathways of curated gene sets (C2), and biological pro-
cesses and molecular functions of ontology gene sets (C5:GO) from
the MSigDB database [38]. An adjusted p value < 0.05 was consid-
ered to indicate significant enrichment.

2.6. Protein-Protein interaction network construction

A protein—-protein interaction (PPI) network was constructed
with Cytoscape [39] version 3.9.0, utilizing PPI information from
the STRING database [32]. Nodes with confidence of interactive
relationship greater than 0.95 were used to establish the network.
Only the largest subnetwork was retained to exclude unconnected
subnetworks. Utilizing the Cytoscape plugin CytoHubba [40], six
measurements based on the shortest paths, including closeness,
eccentricity, radiality, bottleneck, stress and betweenness, were
calculated for node ranking to determine the important nodes
(i.e., hub genes). The genes in the intersection set of the top 15
ranked nodes of each measurement were defined as hub genes.

2.7. Immunohistochemical staining

Immunohistochemical staining images of CD44 protein in nor-
mal, LGG and GBM tissues were obtained from the HPA (https://
www.proteinatlas.org/) to determine the differences in CD44
expression at the protein level. The antibody HPA005785 was used
for IHC.

2.8. Tumour-Infiltrating immune cell profile

To determine the tumour-infiltrating immune cell (TIC) abun-
dance profile for all tumour samples, CIBERSORT was used [31].
After quality filtering with p < 0.05, 125 tumour samples were
retained for further analysis.

2.9. Cell culture and preparation of conditioned medium

Trans serum-free primary astrocyte cultures were prepared as
described previously with modifications [41,42]. Briefly, cortices
from 1 to 3 postnatal C57BL/6 mice were dissected and rinsed in
cold Hank’s balanced salt solution (HBSS), and the meninges were
carefully removed. Tissue was mechanically dissociated and tritu-
rated to produce single cells. After centrifugation, the pellet was
resuspended in serum-containing medium (DMEM containing
10 % foetal bovine serum (FBS) and 0.5 % penicillin/streptomycin).
Cells were plated in T-75 flasks previously coated with poly-p-
lysine (PDL, Sigma) and incubated at 37C in a humidified 5 %
CO,, 95 % air chamber. After incubation for approximately 5-7 d
until confluence was reached, the cells were shaken for 9 h at
200 rotations per min (RPM) on an orbital shaker to remove
endothelial cells, microglia and oligodendrocyte precursor cells.
Purified astrocytes were plated onto PDL-coated 60 mm dishes
at 500,000 cells. Subsequently, trans serum-free astrocytes were
cultured with serum-free medium containing 50 % neurobasal,
50 % DMEM, 100 U/ml penicillin, 100 pg/ml streptomycin, 1 mM
sodium pyruvate, 292 pg/ml l-glutamine, 1 x SATO, 5 pg/ml N-
acetyl cysteine and 5 ng/ml HBEGF (Peprotech, 100-47). Then, half
of the medium was changed every day. Astrocytes cultured in
serum-containing medium were continuously cultured in the same
medium. U87 glioma cell lines were obtained from American Type
Culture Collection (ATCC). Cells were cultured in cell culture dishes
with DMEM containing 10 % FBS. To prepare the astrocyte-
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conditioned medium (ACM), when astrocytes were cultured in
serum-free medium for 3 days, the supernatants were collected
and centrifuged at 3000 x g for 3 min and stored at — 80 °C until
use.

2.10. Immunofluorescence

Cells were seeded at 6 x 10* cells/well in 12-well plates on PDL
coated coverslips in serum free or serum-containing medium.
Astrocytes were fixed in 4 % paraformaldehyde, blocked with 5 %
NDS in 0.3 % PBT and 0.1 % NaN3 for 20 min, and immunostained
with glial fibrillary acidic protein (GFAP, Abcam, ab53554), diluted
1:250, overnight at 4 °C. Donkey anti-goat IgG (H + L) cross-
adsorbed secondary antibody, Alexa Fluor 555 (A21432, Invitro-
gen), diluted 1:250 were applied for 30 min at room temperature.
Images were taken at 40X magnification on a Leica DM6
microscope.

2.11. Quantitative Real-Time PCR

An RNA-Quick Purification Kit (Yishan, Shanghai, China) was
used to extract the total RNA of cells. With PrimeScript 1st Strand
complementary DNA Synthesis kit (Takara, Dalian, China), 1 pg of
RNA was reverse transcribed into cDNA in a final volume of
20 pL. Real-time PCRs were conducted with a PrimeScript® miRNA
RT-PCR Kit (Takara, Dalian, China) and a Real-Time PCR System
(CFX Connect, BIORAD) in line with the manufacturer’s protocols.
Actin served as an internal reference. RT-qPCR was performed with
primer pairs for: CD44: forward (5-CTGCCGCTTTGCAGGTGTA-3')
and reverse (5-CATTGTGGGCAAGGTGCTATT-3') and for Actin as
a control: forward (5-TCAAGATCATTGCTCCTCCTGAG-3') and
reverse (5'-ACATCTGCTGGAAGGTGGACA-3').

2.12. Wound healing assays

U87 cells (5 x 10° cells) were plated onto a 12-well plate in
serum-containing medium. After incubation for 1-2 days until
U87 cells were confluent, cells were wounded with a plastic pip-
ette tip. Dead cells were removed by rinsing twice with
phosphate-buffered saline (PBS). U87 cell cultures were subjected
to two experimental groups: (1) Control: U87 cells cultured in
serum-free medium; (2) U87 + ACM: U87 cells cultured in astro-
cytes conditioned medium (ACM). Once serum-free medium or
ACM was added, and the cells were incubated in a chamber. At var-
ious timepoints (0 h, 12 h, 24 h, 48 h, and 72 h), images of the
lesion border were acquired using a Motic inverted microscope
(AE31 EF-INV). The wound healing ability was calculated based
on the captured images.

2.13. Cell viability assays

U87 cells (8,000 cells) were plated onto a 96-well plate in
serum-free medium or ACM. After incubation for 24 h, 10 pL of
CCK8 (Beyotime, C0037, China) was added to each well. The optical
density value was measured at 450 nm after 2 h.

2.14. Single-cell RNA sequencing data analysis

The processed per-cell read count matrices of 10 astrocytoma
samples were obtained from the GEO database (dataset accession
numbers GSE89567 and GSE138794, Supplemental Table 5). Anal-
ysis was performed using the Seurat pipeline [43]. For dataset
GSE138794, in which the gene expression was obtained by the
10X droplet-based platform, low-quality cells were filtered by
thresholding the number of detected genes<200 or more than
6000, detected molecules<1000 reads, or mitochondrial gene


https://www.proteinatlas.org/
https://www.proteinatlas.org/

Z. Du, Y. Wang, J. Liang et al.

expression higher than 15 % in the cells. For dataset GSE89567, in
which the gene expression was obtained by the SMART-seq2 plat-
form, TPM-normalized expression values were obtained and then
transformed to use the same scale factor. Batch effects between
two datasets and among samples were corrected by Harmony
[44] for integrated analysis. The significant DEGs of each cell clus-
ter were obtained by the Wilcoxon two-tailed test. To annotate the
cell type of each cell cluster, the DEGs of each cell cluster were
intersected with canonical markers of different cell types: oligo-
dendrocytes (MBP, MOBP, PLLP, CLDN11, PLP1), malignant-
astrocyte-like cells (GFAP, ALDOC, HEY1, ID3, ID4), macrophages
(CD14, IFNGR1, C1QB, CSF1R, HLA-DRA, AIF1), malignant-stem-
like cells (CCND2, PDGFRA, SOX4), fibroblasts (ACTA2, ADIRF,
VIM, TAGLN) and proliferating cells (HMGB2, GMNN, TYMS). To
further confirm the malignancy status of the two annotated malig-
nant cell clusters, single-cell copy number variation (CNV) analysis
was performed using CopyKAT [45]. To identify subclusters among
macrophages, macrophages were extracted, clustered and further
annotated according to their cell origins and inflammation-
related gene expression. Differentially expressed genes and corre-
sponding fold changes for GSEA were obtained for the two macro-
phage subclusters. The gene module expression scores were
calculated using the AddModuleScore function in Seurat to indicate
the cell origins and biological effects of macrophages. The cell
interactions between different cell types were inferred using Cell-
PhoneDB [46] (sample MGH103 was excluded from this analysis
because no macrophages were detected in the sample).

2.15. Statistical analysis

All statistical analyses in this study were conducted using R
software (version 4.0.3) and GraphPad Prism (version 8.0.2). The
Wilcoxon rank-sum test was used to evaluate statistical signifi-
cance when comparing two groups. Comparisons among three or
more groups were performed using Kruskal-Wallis tests. A two-
tailed p value of < 0.05 was considered statistically significant
unless otherwise indicated. Multiple testing correction was per-
formed using the Benjamini-Hochberg method when applicable.

3. Results

3.1. Correlation of scores with the survival and clinicopathological
stage of LGG patients

To determine the correlation of the ratio of immune and stro-
mal components with the survival of LGG patients, we employed
the ImmuneScore, StromalScore, and ESTIMATEScore to conduct
Kaplan-Meier survival analysis in the TCGA database. The higher
scores estimated for the ImmuneScore and StromalScore suggest
a larger extent of the immune and stromal components in the
TME, which could be represented by the higher score estimated
for the ESTIMATEScore. The respective proportions of immune
and stromal components were negatively correlated with the over-
all survival (OS) rate (Fig. 1A, B). Similarly, the ESTIMATEScore had
a significant negative correlation with the OS rate (Fig. 1C). Thus,
immune and stromal components in the TME are both valuable
for predicting the clinical outcomes of LGG patients. Subsequently,
to identify the association between the estimated proportion of
immune and stromal components and the clinicopathological
stage, the grade of LGG cases was analysed with the ImmuneScore
and StromalScore. Displayed in Fig. 1, the ImmuneScore and Stro-
malScore increased significantly with increasing tumour grade,
suggesting that the ImmuneScore and StromalScore had a positive
correlation with the grade of LGGs (Fig. 1D, E). In addition, the
ESTIMATEScore increased significantly with progression of the
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stage of LGGs (Fig. 1F). However, neither score was correlated with
age or sex (Fig. S1, Supplement Table 1). These results imply that
the proportions of immune and stromal components are associated
with the survival and progression of LGGs.

3.2. The differences in Inmune-related genes were underlined by DEGs
shared by ImmuneScore and StromalScore

As a high ratio of immune and stromal components in the TME
of LGG patients might lead to worse prognosis, the differences in
gene expression profiles between LGG patients with different
ratios of immune and stromal components in the TME were inves-
tigated to decipher the TME-related gene signature. High- and low-
score samples were analysed to obtain DEGs (Fig. 2A, B). On the
one hand, from ImmuneScore, 2598 DEGs were identified, and
among them, 1387 genes were upregulated in comparison with
the median (samples with high score vs low score, Supplement
Table 3). On the other hand, from StromalScore, we obtained
2528 DEGs, which included 1559 upregulated genes (Supplement
Table 4). As shown in the Venn diagram, a total of 2059 DEGs
shared by ImmuneScore and StromalScore were identified through
intersection analysis (Fig. 2C). These DEGs may have an important
impact on the status of the TME. Therefore, 1258 upregulated
genes shared by the high-ImmuneScore group and high-
StromalScore group were used in ClusterProfiler to determine their
functional significance. Gene ontology (GO) enrichment analysis
showed that these DEGs mapped to immune-related GO terms,
such as T-cell activation, regulation of mononuclear cell prolifera-
tion and macrophage activation (Fig. 2D). The results from Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
confirmed the enrichment of the Toll-like receptor signalling path-
way, NF-kappa B signalling pathway and B-cell receptor signalling
pathway (Fig. 2E). These data suggest that the upregulated DEGs
shared by ImmuneScore and StromalScore map to immune-
related activities. Higher scores implied enhanced immune activi-
ties in the TME. As a result, the ratio of immune and stromal com-
ponents is positively correlated with the immune activities in the
TME, indicating the significant alteration of immune activities in
the TME across LGG patients with different ratios of immune and
stromal components.

3.3. CD44 was identified as an important factor by analysing the TCGA
and CGGA databases

Given that the scores were associated with immune activities in
the TME, we next sought to determine the key indicators of TME
immune modulation from the perspectives of the ImmuneScore
and StromalScore. Using the data from the TCGA database, a PPI
network was constructed using the 1258 upregulated genes
detected in both the high-ImmuneScore group and the high-
StromalScore group (Figs. S2, S3). As there were still too many
genes, to increase the sensitivity and specificity, we utilized Cyto-
Hubba to discover important nodes and subsequently acquired 7
hub genes. The interactions between them are shown in Fig. 3A.
Univariate Cox regression analysis of the survival of LGG patients
was implemented to determine the significant factors among the
2059 DEGs. Among the 7 hub genes, the expression levels of
CD44, SYK, JUN and ITGB3 were found to be positively correlated
with patient prognosis (Fig. 3B).

To select a gene for further analyses, we conducted differential
gene expression analysis between LGG and normal tissue samples
in the CGGA database. A total of 3346 genes were identified as
upregulated genes in tumour samples, and 3859 genes were iden-
tified as downregulated genes (Fig. S4). Among the 7 hub genes,
CD44 was significantly upregulated in tumours, while SYK, IL1B,
TLR4 and TNF were significantly downregulated. We further per-
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Fig. 1. Scores were correlated with the survival and clinicopathological staging characteristics of LGG patients. Kaplan-Meier survival analysis of LGG patients labelled with
high or low scores for (A) ImmuneScore (p = 0.006), (B) StromalScore (p = 0.001) and (C) ESTIMATEScore (p = 0.009) compared with the median. The correlation between (D)
ImmuneScore (p = 0.00039), (E) StromalScore (p = 0.00037) and (F) ESTIMATScore (p = 0.00034) and stage.

formed univariate Cox regression for all detected DEGs in the two
CGGA cohorts separately. Only the expression levels of CD44 and
SYK were positively correlated with patient survival in the CGGA
database (Fig. 3C, D, E, F). The differential expression of CD44
and SYK between LGGs and normal tissue samples was validated
using the TCGA, CGGA and GTEx databases [47]. The expression
of CD44 in the tumour samples was significantly higher than that
in the normal samples (Fig. 3G, H). Although higher SYK expression
was associated with worse prognosis, SYK was contradictorily
downregulated in tumours in the CGGA database (Fig. 3F, H).
Therefore, we chose CD44 as the core factor for further study. All
LGG samples in the TCGA and CGGA databases were divided into
a CD44 high-expression group and a CD44 low-expression group,
compared with the CD44 median expression. As shown in the sur-
vival analysis, LGG patients with higher CD44 expression had
shorter survival than those with low CD44 expression in the TCGA
and CGGA databases (Fig. 3E, Fig. S5). These data indicate that
CD44 expression is negatively correlated with the prognosis of
LGG patients.

3.4. CD44 had independent prognostic value for LGG patients

To reveal the association between CD44 expression and the
clinicopathological characteristics of LGG patients, data from the
TCGA cohort were studied first (Supplement Table 1). The CD44
expression level of LGG patients was associated with grade and
IDH mutation (Fig. 4A). The TCGA database lacks more detailed
clinical information for different LGG patients. To holistically
reveal the relationship between CD44 mRNA expression levels
and various clinicopathological characteristics of gliomas, correla-
tions were explored in the CGGA cohorts. The clinicopathological
characteristic statistics of the patients are shown in Supplemental
Table 2. Under codeletion of 1p19q and IDH mutation, CD44
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expression was downregulated compared to noncodeletion and
wild-type status, respectively (Fig. S6A, D). In addition, the expres-
sion of CD44 was associated with age, chemotherapy, grade and
primary/recurrent/secondary-tumour (PRS) type (Fig. S6B, C, E, F).
Among various histopathological types of glioma, CD44 expression
varied, and CD44 expression reached the highest level in GBM,
recurrence of GBM and secondary GBM (Fig. S6G). The results
above demonstrate that CD44 expression is associated with the
survival and clinicopathological characteristics of LGG patients.

To verify the prognostic value of CD44 in the TCGA database, we
performed univariate and multivariate independent prognostic
analyses, and the results showed that high CD44 dexpression,
higher grade and advanced age were correlated with shorter sur-
vival time of LGG patients (Figure 4C, D). Then, ROC analysis was
performed, and the ROC curve is shown in Figure 4B. The area
under the curve (AUC) values at one year, three years and five years
were all greater than 0.6, which suggested that CD44 had moderate
accuracy in predicting the survival of LGG patients (Figure 4B). To
validate the detailed prognostic value of CD44 in LGG patients with
different clinicopathological characteristics, the correlation
between CD44 expression and the prognosis of G2, G3 grade and
IDH-mutant LGG patients was further analysed. As expected,
CD44 had prognostic value for G2 and G3 grade as well as IDH-
mutant LGG patients (Fig. S7A, B, C). Together, these data reveal
that CD44 may serve as an independent prognostic factor for
LGG patients.

Then, we validated the prognostic value of CD44 in the two val-
idation CGGA cohorts. We conducted a single-gene survival analy-
sis of CD44. We obtained a result similar to that obtained with the
TCGA database, and the survival of the CD44 low expression group
was longer than that of the high expression group (Fig. S8A, E). Cox
regression analysis of the two cohorts also identified CD44 as an
essential prognostic factor (Fig. S8C, D, G, H). ROC analysis further
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validated the reliable prognostic value of CD44. The AUCs of CD44
were 0.725, 0.734 and 0.756 in the CGGAseq1 cohort (Fig. S8B) and
0.549, 0.607 and 0.639 in the CGGAseq2 cohort (Fig. S8F). In addi-
tion, the representative protein expression of CD44 was explored
in the human protein profiles and is shown in Fig. 4E. Notably,
the protein expression level of CD44 in LGG tissue was higher than
that in normal brain tissue but lower than that in GBM tissue
(Fig. 4E). In summary, these findings strongly suggest that CD44
could be a robust prognostic biomarker for patients with LGGs.

3.5. Astrocytes upregulate U87 cell CD44 expression and facilitate
glioma cell viability and migration

The above analysis indicated that glioma CD44 expression was
negatively correlated with LGG patient prognosis. As the first ele-
ments to communicate with glioma cells, glial cells are identified
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to be substantially contributed to tumour growth [48]. Astrocytes
haven been described to be actively participated in enhancing
GBM cells invasion and proliferation [48,49]. Given that in the
glioma microenvironment, astrocytes may enhance the glioma cell
cancer stem cell phenotype via activation of CD44 signalling
[18,19], we exploited trans serum-free astrocytes to reveal the
effects of astrocytes on glioma cell CD44 expression and progres-
sion under serum-free condition. Compared to astrocytes cultured
in serum-containing medium, trans serum-free astrocytes had
more processes, better mimicking the morphology of astrocytes
in vivo (Fig. 5A, B). After being transferred into serum-free medium
for 3 d, the GFAP expression level in astrocytes was significantly
decreased, indicating a less reactive state (Fig. 5C). Next, we con-
ducted a wound healing assay and discovered that the migration
ability of U87 cells was increased in the U87 + ACM group at
24 h, 48 h and 72 h (Fig. 5D, E). Since the migration ability of
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Fig. 4. CD44 is an independent prognostic factor for LGG patients. (A) The correlation of CD44 expression and the clinicopathological characteristics of LGG patients in the
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U87 cells was already enhanced after culture in ACM for 24 h, we
further detected the U87 cell viability and CD44 expression level
under ACM stimulation for 24 h. The CD44 expression level and cell
viability of U87 cells were both elevated in comparison to those of
U87 cells cultured in serum-free medium (Fig. 5F, G). These results
indicate that during glioma cell progression, astrocytes may pro-
mote glioma cell migration and viability by upregulating CD44
expression.

5210

3.6. CD44 expression was correlated with the proportion of M1
Macrophages in the TME

To further decipher the relationship between CD44 expression
and the immune microenvironment, CIBERSORT analysis was per-
formed to investigate the ratios of tumour-infiltrating immune
subsets in LGG patients in the TCGA database. A total of 22 kinds
of immune cell profiles in LGG samples were constructed
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(Fig. 6A, Fig. S9). The contents of M1 macrophages, CD8" T cells and
plasma cells exhibited significant differences between the high and
low CD44 expression groups (Fig. 6B). The results from the lollipop
plot showed that M1 macrophages and CD8" T cells had a positive
correlation with CD44 expression, while plasma cells were nega-
tively correlated, suggesting that more M1 macrophages and
CD8" T cells may be recruited into the glioma microenvironment
along when the CD44 expression level is elevated in LGGs (Fig. 6C).
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3.7. M1 Macrophages interact with CD44-Positive glioma cells via OPN
signalling

To illustrate the potential interaction and downstream effects of
glioma cells and macrophages, previously published single-cell
RNA sequencing (scRNA-seq) datasets, including 2 LGG samples
from Wang et al. [50] and 8 LGG samples from Benteicher et al.
[51], were analysed (Supplemental Table 5). We identified 10,102
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Fig. 6. TIC profile of tumour samples and correlation of TIC proportions with CD44 expression. (A) Bar plot showing the ratios of 22 kinds of TICs in LGG tumour samples. (B)
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cells in total and termed them oligodendrocytes, malignant- expression of marker genes (Fig. S10B) and the inferred copy num-
astrocyte-like cells, malignant-stem-like cells, macrophages, ber variation status (Fig. 7B). The expression of CD44 was signifi-
fibroblasts and proliferating cells (Fig. 7A, S10A) according to the cantly higher in the malignant astrocyte-like cell cluster than in
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the other clusters (Fig. S10C, Supplemental Table 6). The biological
effects of the two clusters of malignant cells were indicated by
GSEA (Fig. S11A, B). Malignant-stem-like cells upregulated the
expression of genes related to the Hedgehog signalling pathway
and Myc targets, while downregulated genes were involved in
cholesterol homeostasis, astrocyte differentiation and develop-
ment, suggesting a low level of differentiation. Astrocyte-like
malignant cells upregulated genes related to glial cell differentia-
tion, which suggests their astrocyte-like phenotypes.
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To identify subclusters among macrophages, we extracted 1516
macrophages from 9 of 10 samples (as shown in Fig. S9A, MGH103
was excluded because no macrophages were detected in the sam-
ple) and reran the clustering process. The cells were clustered into
two groups, termed Mg_Inflammatory (M1 phenotype) and
Mo_Antiinflammatory (M2 phenotype) (Fig. 7C), based on their
inferred cell origins (Fig. 7D) and previously reported canonical
inflammation-related gene expression [50-52]| (Fig. 7E). The
Mg_Inflammatory cluster of cells highly expressed proinflamma-
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tory genes compared to the Mo_Antilnflammatory cluster, as indi-
cated by GSEA (Fig. 7F). Notably, the expression of selenoprotein P
(SEPP1) in Mo_anti-inflammatory cells was upregulated (Supple-
mental Table 7), which was consistent with the finding of a previ-
ous study that macrophages with higher SEPP1 expression had an
anti-inflammatory phenotype [53]. We analysed possible cell
interactions between glioma cells and macrophages. All significant
cell interaction pairs between malignant cells and macrophages in
9 samples as inferred by CellPhoneDB was shown in Fig. S11C. The
SPP1-CD44 interaction axis between Mg _Inflammatory and
malignant-astrocyte-like cells was determined to be significant in
6 out of 9 samples (Fig. 7G, p value < 0.05 and interaction
means > 0.5), indicating that such an interaction may be common
among LGG patients.

4. Discussion

The TME is essential for cancer growth, metastasis, and
response to treatment [54-55]. The TME in the brain differs
remarkably from that in other organs. The blood-brain barrier
(BBB) and blood-cerebrospinal fluid barrier, together with the scar-
city of avenues to transport antigen-presenting cells into the brain,
render the CNS immune privileged [57]. Due to this unique physi-
ological structure, the glioma microenvironment is composed of a
large amount of resident and recruited myeloid cells, as well as a
comparatively hyporesponsive and exhausted state of tumour-
infiltrating lymphocytes [58]. Hence, glioma is known as an
immunologically “cold” tumour, for which the microenvironment
is immune-suppressive and tumour-permissive [59]. As such, glial
cells inhabiting the glioma microenvironment with immunomodu-
latory functions may play major roles during glioma growth and
progression [48]. The TME influences the gene expression of
tumour cells and impacts clinical outcomes [60]. Immune and stro-
mal cells are recognized as two major types of nontumor structural
components in the TME and have been proposed to be valuable for
the diagnostic and prognostic assessment of tumours [55]. Based
on these two components, a wide variety of immune-related prog-
nostic markers have been identified and may contribute to progno-
sis prediction for LGG patients [24,61].

LGG patients suffer from inevitable recurrence or malignant
progression as well as poor prognostic tools and clinical outcomes.
Considering the highly heterogeneous nature of LGGs, tumorigen-
esis, molecular characteristics, therapeutic responses and clinical
outcomes vary significantly among LGG patients [62]. Therefore,
it is of great importance to seek effective prognostic and therapeu-
tic targets to overcome these challenges. In the current work, we
aimed to identify TME-related genes that contribute to the progno-
sis of LGG patients from the TCGA and CGGA databases. Combining
large samples from multiple cohorts with a series of comprehen-
sive bioinformatics analyses, CD44 was identified as a promising
prognostic marker for LGG patients. Further experiments indicate
that astrocytes may facilitate glioma cell viability and migration
by upregulating CD44 expression. CIBERSORT and single-cell RNA
sequencing data analysis suggested that M1 macrophages
(microglia-derived) may promote the glioma stem-like phenotype
by interacting with CD44" glioma cells via OPN signalling. These
findings suggest that during LGG progression, astrocytes enhance
CD44 expression in glioma cells, which promotes glioma cell
migration and M1 macrophage infiltration and eventually worsens
the prognosis of patients with LGGs.

Although the expression of the CD44 gene has been associated
with various types of solid tumours, such as non-small cell lung
cancer [63], breast cancer [64], and ovarian cancer [65], the prog-
nostic effect of high expression of CD44 for gliomas has been con-
troversial [66,67]. Some studies claimed that higher tumour
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expression of CD44 was associated with poor overall survival
(0S) in patients with glioma, while others demonstrated no nota-
ble association or even the opposite association between these fac-
tors [68-76]. Wu et al. determined that the predictive efficacy of
higher CD44 tumour expression for poor OS may be significant in
LGG patients but not for patients with glioblastoma [66,67].
Shortly afterwards, it was confirmed that CD44 was upregulated
and was an independent predictor for poor OS in patients with
LGGs [78]. CD44-related genes could be prognostic markers and
therapeutic targets for LGGs [78]. In the present study, we con-
firmed that the CD44 gene was one of the DEGs of LGGs and was
associated with the clinical outcome of LGG patients. Based on
the expression level of CD44, LGG patients could be separated into
a low-risk group and a high-risk group, with a significant differ-
ence in OS, suggesting the critical prognostic value of CD44 for
LGGs.

As a cell membrane glycoprotein, CD44 participates in a num-
ber of cellular processes, including cell motility, proliferation,
apoptosis and angiogenesis [79]. A previous study showed that
compared with that of normal brain tissue, the CD44 expression
of human glioma cells is elevated and downregulated CD44 expres-
sion ameliorates the migration and invasion of human glioma cells
[79]. Meanwhile, as a CSC marker, CD44 expression be used could
identify and characterize cancer cells with stemness and aid in
improving prognostic evaluation and cancer therapy [12]. Astro-
cytes have been suggested to actively participate in enhancing
GBM cell migration, invasion and proliferation [48,49]. Notably,
astrocytes are proposed to promote glioma stem-like phenotypes
via activation of CD44 signalling [18]. In addition, CD44 is not only
a panreactive marker for reactive astrocytes but also verified as the
distinguishable gene signature between LGGs and GBM in perivas-
cular astrocytes [19,20]. Coordinated regulation of CD44 expres-
sion between astrocytes and glioma cells may occur in different
grades of gliomas. Because of the BBB, astrocytes do not contact
serum components directly unless they are broken down [41].
Growing evidence indicates that primary astrocytes cultured in
serum containing medium exhibit reactive astrocytes phenotype
and their morphology are far different from astrocytes in vivo
[41,80]. Moreover, GBM cell line-derived spheres express different
levels of CSC markers when cultured in serum-containing medium
and serum-free medium [81]. Therefore, to elucidate the effects of
astrocytes on glioma CD44 expression under serum-free condi-
tions, we exploited trans serum-free cultured astrocytes. Trans
serum-free astrocytes have more processes than astrocytes cul-
tured in serum-containing medium. When astrocytes were trans-
ferred into serum-free medium, the reactive marker GFAP was
downregulated, indicating the less reactive state of trans serum-
free astrocytes. Our experiments confirmed that astrocytes
induced glioma U87 cells to express even higher levels of CD44.
With the stimulation of astrocytes, U87 cell viability and migration
ability increased. Taken together, these data suggested that during
glioma cell migration, astrocytes may strengthen their viability
and migration ability by upregulating the CD44 expression level
of glioma cells during glioma progression.

Aberrant immunomodulation of glial cells has been implicated
in gliomas [48]. Studies have shown that GBM-associated astro-
cytes may induce GBM cells to upregulate periostin and serglycin,
which are implicated in the recruitment of M2 GBM-associated
macrophages, eventually promoting tumour progression
[49,82,83]. Next, we wondered whether the astrocyte-induced
upregulation of glioma cell CD44 expression would exert effects
on the recruitment of macrophages/microglia. High expression of
CD44 in human glioma cells, which have been termed
mesenchymal-like cells, increases macrophage infiltration and cre-
ates an immunosuppressive microenvironment, leading to a poor
prognosis [24]. Consistent with this study, our data revealed that
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the TIC proportion of macrophages varied in LGG patients with dif-
ferent CD44 expression levels. Intriguingly, data on the proportion
of TIC in the TME indicated that M1 macrophages and CD8" T cells
were positively correlated with CD44 expression in LGG patients.
TAMs are known to produce TGF-B to suppress T cell-mediated
tumour clearance [84]. Complex interactions between TAMs and
CD8" T cells contribute to suppressive CD8" T-cell responses and
glioma development [29]. Of note, activated by neuron-derived
midkine, CD8* T cells themselves also induce microglia to secrete
Ccl5 to promote LGG cells survival through CD44 binding [85].
Herein, the CD44 receptor of glioma cells may be a crucial down-
stream factor for the pro-tumorigenic effects of CD8* T cells on
glioma development.

Long thought to be tumoricidal cells, M1 macrophages repre-
sent a potential therapeutic strategy for glioma [86,87]. However,
recent studies have highlighted the potential driving effects of
M1 macrophages on tumour progression [88,89]. It has been
reported that GSCs not only attract macrophages to tumours and
induce M2 polarization but also manage to transdifferentiate M1
macrophages into M2 macrophages, which support GSC mainte-
nance and facilitate tumour growth and progression [89,90]. After
being phagocytosed by M1-TAMs, GSC-derived glioma necrosis
products produce IL-12 to support GSCs, which is associated with
worse prognosis in recurrent GBMs [91]. Typically, Liu et al
showed that in GBM, pro-inflammatory microglia could secret IL-
1B that aids in the proliferation of glioma stem cells [92]. The inter-
action between the pro-inflammatory macrophages and lower-
grade glioma cells via IL-1p was also uncovered in our work in
Fig. S11C, revealing that M1 macrophages might be involved across
all stages of gliomas progression. To elucidate how M1 macro-
phages facilitate CD44-positive glioma cell malignancy, single-
cell RNA sequencing data were further analysed. It is suggested
that microglia-derived brain macrophages, which exhibit the M1
phenotype, may interact with CD44" glioma cells via OPN sig-
nalling. OPN, as a secretory protein, is overexpressed in glioma
and essential for GBM stemness and tumorigenicity [93,94]. An
increasing number of studies have identified the crucial roles of
OPN in GBM progression [22-24]. OPN in the normal brain pro-
motes malignant astrocytoma cell migration [95]. It has been
reported that glioma cells secrete OPN to recruit M1 and M2
macrophages [23]. Macrophages recruited by glioma cells secrete
OPN as well, further facilitating macrophage infiltration and pro-
moting immune suppression and glioma survival [22,23,27]. In
addition, OPN in the perivascular regions promotes the stem cell-
like phenotype of glioma cells via the CD44 intracellular domain,
contributing to aggressive glioma growth [18]. Due to the intricate
interplay between astrocytes, glioma and M1 macrophages, it
stands to reason that as astrocytes elicit the upregulation of glioma
CD44 expression, more M1 macrophages are recruited into the
tumour niche and promote a glioma stem-like phenotype via
OPN-CD44 signalling, ultimately resulting in progressive glioma
malignancies.

It is well known that therapeutic resistance is conferred largely
by alterations, not in tumour cells but in their environment [10]. A
better understanding of the CD44-related prognostic signatures
that are involved in shaping the tumour cell extrinsic compart-
ments may be an important step towards the development of more
accurate and individualized prognostic factors for LGG patients.
The identification of glioma CD44 expression as an orchestrator
of glial cell activities in the TME will provide new insights for pre-
dicting glioma prognosis, mounting defensive reactions and restor-
ing homeostasis. However, this study has some limitations. First,
the biological role of communication between CD44" glioma and
M1 macrophages mediated by the CD44/SPP1 pair should be vali-
dated in functional experiments in the near future. Second, we
focused only on the prognostic value of CD44 for LGG patients.
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The prognostic value of CD44 for GBM patients has been reported
elsewhere [96]. Whether CD44 is a prognostic marker for all glioma
patients has yet to be elucidated. Multicentre studies could be used
to further validate the prognostic value of CD44 for glioma patients
in future research.

5. Availability of data and materials

The datasets can be downloaded from the UCSC Xena Browser
(version 07-19-2019) and CGGA database (https://www.cgga.org.
cn). The codes used in the current study are available from the cor-
responding author.
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