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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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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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