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SUMMARY

Diffuse glioma is the most prevalent and malignant brain tumor. The function and
significance of CD37 in diffuse gliomas remain largely unknown. Here, we showed
CD37 was abnormally expressed in diverse cancers, especially glioma by pan-can-
cer differential expression analysis. In addition, we found CD37 was upregulated in
higher grade and IDH or IDH1-wildtype gliomas, which was further validated by
qPCR and IHC. Survival analysis revealed CD37 served as an independent indicator
for unfavorable prognosis of patients with diffuse gliomas. Functional enrichment
analysis revealed CD37 was associated with immunological processes. Moreover,
immune infiltration analyses suggested gliomas with high-expression CD37 had
greater infiltration of M2 macrophages and neutrophils, and lower NK cell abun-
dance. CD37 was closely correlated to immune checkpoint molecules, including
CD276, CD80, CD86, and PD-L2. Our results indicated CD37 is an independent
prognostic factor and plays an immunosuppressive role in diffuse gliomas. Target-
ing CD37 could be a promising immunotherapeutic strategy for diffuse gliomas.

INTRODUCTION

Diffuse glioma is the most common tumor of the central nervous system (CNS), accounting for more than
80% of brain malignancies (Schwartzbaum et al., 2006), and is characterized by extensive invasion toward
adjacent brain tissue (Louis et al., 2016). According to the 2016 World Health Organization Classification of
Tumors of the Central Nervous System, the WHO grade Il and grade lll astrocytic tumors, grade Il and Ill
oligodendrogliomas, the grade IV glioblastomas, and the related diffuse gliomas of childhood are all clas-
sified to diffuse gliomas (Louis et al., 2016). Diffuse gliomas exhibit a wide range of prognoses depending
on the grade, from 1 to 15 years of median overall survival (Martinez-Ricarte et al., 2018). Despite multi-
modal treatments, including surgical resection combined with radiotherapy and/or chemotherapy, pa-
tients with glioblastoma multiforme (GBM) have a median survival of only approximately 14 months (Stupp
et al., 2009; Perry et al., 2017). Although patients with grade II-1ll glioma have a relatively favorable prog-
nosis, with a median survival of more than 7 years (Suzuki et al., 2015), patients frequently relapse and prog-
ress to a higher grade of diffuse glioma, leading to treatment resistance and ultimately treatment failure
(Ostrom et al., 2016). Standard treatment alone has difficulty extending patient survival, therefore, new
therapeutic strategies for diffuse gliomas are urgently needed. In recent years, antitumor immunother-
apies, such as CAR-T cells and inhibitors of PD-1/PD-L1 (programmed death-1/programmed death
ligand-1), have shown satisfactory effects in diverse malignant tumors (Yi et al., 2018). In addition, the ge-
netic landscapes of diffuse gliomas have been extensively studied (Cancer Genome Atlas Research
Network et al., 2015), which provides a new perspective for identifying molecular targets for immuno-
therapy in diffuse gliomas.

Diffuse gliomas are characterized by a highly immunosuppressive and heterogeneous tumor microenviron-
ment that is considered to be a key regulator of malignant progression in primary tumors (Friebel et al.,
2020; Quail and Joyce, 2017). The microenvironment consists of stromal cells and immune cells, including
fibroblasts, endothelial cells, neutrophils, natural killer (NK) cells, and tumor-associated macrophages
(TAMs) (Quail and Joyce, 2017). Among immune cells, macrophages account for nearly 30% of tumor
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play an immunosuppressive role by blocking T-cell proliferation and inhibiting the cytotoxic T lymphocyte
response (Murray et al.,, 2014), contributing to the immunosuppressive microenvironment in diffuse
gliomas. Studies have shown that tumor-associated macrophages reduce proinflammatory cytokines
and key molecules involved in T cell co-stimulation, such as CD40, CD80, and CD86, suggesting that
they have a poor response to targeted T cells in gliomas (Hussain et al., 2006). Considering the immuno-
suppressive effect of M2 macrophages in promoting glioma progression, targeting M2 macrophages
may be an effective way to block tumor progression. In addition, neutrophils are enriched in high-grade
gliomas and serve as a robust indicator of an unfavorable prognosis (Zhang et al., 2017; Zhou et al.,
2020). Recent studies have suggested that neutrophils promote tumor progression by releasing factors
to enhance extracellular matrix remodeling, stimulate angiogenesis, and regulate other inflammatory cells.
The factors released by neutrophils can also directly promote the proliferation and invasion of tumor cells.
GBM with increased tumor-infiltrating neutrophils exhibits more aggressive tumor progression. Chemo-
therapy and anti-VEGF resistance are associated with increased infiltration of neutrophils (Liang et al.,
2014). These studies have shown that tumor-infiltrating lymphocytes, for example, tumor-infiltrating neu-
trophils (TINs) and TAMs, can affect the efficacy and prognosis of patients treated with chemotherapy
and immunotherapy, whereas many patients with glioma are refractory to current immunotherapy. This
has aroused great interest in identifying crucial immunotherapeutic molecular targets to enhance the effi-
cacy of immunotherapy for glioma (Reardon et al., 2014).

CD37 is a member of the tetraspanin superfamily, with a four-passage transmembrane structure, and is
specifically expressed in lymphoid tissues by macrophages, neutrophils, and B cells (Meyer-Wentrup
et al., 2007). Accumulating literatures indicate that the biological function of CD37 involves the migration
of lymphocytes (Wee et al., 2015) and T cell proliferation (van Spriel et al., 2004). Although CD37 is ex-
pressed at very low levels in T cells (Schwartz-Albiez et al., 1988), patients with high CD37 expression
have poor prognosis and are suitable for CAR T-cell approaches (Pereira et al., 2015; Cooper et al,,
2018). In addition, as reported in the literatures, CD37 promotes neutrophil adhesion and recruitment
via the promotion of cytoskeletal function downstream of integrin-mediated adhesion (Wee et al., 2015).
Clinically, CD37 represents a promising target for B- and T-cell lymphoma therapy and has recently
been validated as a druggable target, with anti-CD37 monoclonal antibodies and antibody-drug conju-
gates being used in clinical trials of both B- and T-cell ymphoma (Pagel et al., 2015). These findings indicate
that CD37 is involved in regulating tumor-infiltrating lymphocytes. However, the role of CD37 in affecting
lymphocyte immune infiltration in diffuse gliomas remains unclear.

In this work, to reveal the underlying role of CD37 across cancers, we first thoroughly explored the mRNA
expression of CD37 in normal tissues and tumor tissues. Then, we comprehensively analyzed the correla-
tion between the mRNA expression of CD37 and clinical features as well as prognosis in over 2000 glioma
samples. Highly expressed CD37 was frequently found in glioblastoma, high-grade glioma, and IDH or
IDH1 wild-type glioma and was accompanied by poor prognosis. Multiple immune infiltration analyses
showed that CD37 expression was positively correlated with immune scores and stromal scores. In addi-
tion, glioma patients with high expression of CD37 had a higher infiltrating abundance of M2 macrophages
and neutrophils and a lower NK cell abundance. Moreover, the expression of CD37 was closely related to
some immune checkpoint biomarkers, such as CD40, CD48, LGALS9, CD86, and PD-L2. These findings
elucidate the crucial relationship and an underlying mechanism between CD37 expression and tumor im-
mune infiltration, which provides a new immunotherapy strategy for patients with diffuse glioma.

RESULTS

CD37 is differentially expressed in normal tissues and pan-cancer tissues

We first extracted the mRNA expression data of CD37 in 31 types of normal tissues from the GTEx dataset.
A significant difference in the mRNA expression level of CD37 was observed, with relatively lower expres-
sion in muscle, pancreas, heart, skin, and brain tissues (p < 0.001, Figure 1A). Then, we further analyzed the
differential expression of CD37 in 20 types of tumor tissues and corresponding normal tissues from the
TCGA dataset. The findings revealed significant differences in 12 kinds of tumors compared to their corre-
sponding normal tissues, with higher CD37 expression in seven types of tumor tissues, including GBM, and
lower CD37 expression in five types of tumor tissues (p < 0.05, Figure 1B); there was no significant differ-
ence between ESCA, KICH, LGG, PAAD, PRAD, STAD, THCA or UCEC tissues and the corresponding
normal tissues. To compensate for the deficiency of limited normal tissue samples in the TCGA cohort,
we combined the GTEx and TCGA databases to collect gene expression data from normal tissues. We
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Figure 1. The expression level of CD37 in normal tissues and pan-cancer

(A) The expression level of CD37 in normal tissues.

(B) The difference of CD37 expression between tumor and normal tissues from the TCGA dataset.

(C) The difference of CD37 expression between tumor and normal tissues from an integrated dataset by combining the
GTEx database with the TCGA database. (“=" means no significance, *, **, *** mean p < 0.05, p < 0.01, p < 0.001,

respectively).

discovered that 21 out of 27 types of cancers had abnormally high expression of CD37, suggesting that
CD37 plays an important biological role in tumor progression (p < 0.05, Figure 1C). In particular, CD37
was significantly overexpressed in 12 types of tumor tissues, such as LGG and GBM, compared to the cor-
responding normal tissues (p < 0.05, Figure 1C). In short, our results showed that CD37 was heterogeneous-
ly expressed in normal tissues and abnormally and highly expressed in a variety of tumors.

CD37 is associated with the malignant phenotype of diffuse gliomas
To explore the underlying significance of CD37 in diffuse gliomas, we analyzed the relationships between
CD37 expression and three important clinicopathological parameters, including the WHO grade system,
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Figure 2. Correlations between CD37 expression and WHO grades, histology types, and IDH1 or IDH mutant status in the five cohorts
(A-C) Correlations between CD37 expression and WHO grade (A), histology types (B), and IDH mutant status (C) in the TCGA cohort.
(D-F) Correlations between CD37 expression and WHO grade (D), histology types (E), and IDH mutant status (F) in the CGGA cohort.
(G-I) Correlations between CD37 expression and WHO grade (G), histology types (H), and IDH1 mutant status (I) in GSE16011.

(J-K) Correlations between CD37 expression and WHO grade (J) and histology types (K) in the Rembrandt cohort.

(L-M) Correlations between CD37 expression and WHO grade (L) and IDH1 mutant status (M) in the Xiangya cohort. (“NS” means no significance,

*, ¥*, ***mean p < 0.05, p < 0.01, p < 0.001, respectively.)

histopathology, and IDH or IDH1 mutation status, in diffuse gliomas from the TCGA cohort. We found that
CD37 was highly expressed in gliomas with higher tumor grade (Figure 2A, p < 0.05) and GBM (Figure 2B,
p < 0.05) than in other gliomas. In addition, CD37 was highly expressed in wild-type IDH gliomas compared
with mutant IDH gliomas (Figure 2C, p < 0.05). Similar results were observed in the other three cohorts (p <
0.05, Figures 2D-2K), with higher CD37 expression in WHO IV glioma, wild-type IDH or IDH1 glioma, and
GBM in the CGGA (Figures 2D-2F, p < 0.05), GSE16011 (Figures 2G-2I, p < 0.05) and Rembrandt cohorts
(Figures 2J and 2K, p < 0.05). These results consistently demonstrated that the CD37 expression level was
high in the malignant phenotype of diffuse gliomas. We further validated the CD37 expression pattern from
our cohort containing 104 glioma samples and 27 normal brain tissues by gPCR. The results were highly
consistent with those from the databases (Figure 2L, p < 0.05; Figure 2M, p < 0.05). To confirm the expres-
sion pattern of CD37, we performed immunohistochemistry (IHC) to evaluate the protein expression level
of CD37 in the glioma tissue and found high-expression CD37 was enriched in higher grade and wild-type
IDH1 gliomas (Figure S1). The above results demonstrated that diffuse gliomas with higher CD37 expres-
sion frequently exhibit a more aggressive malignant phenotype.

The prognostic significance of CD37 in diffuse gliomas

To explore the relationship between CD37 expression and the clinical outcome of diffuse glioma, we first
performed univariate Cox regression analysis to examine the prognostic significance of CD37 across can-
cers. We observed that the expression of CD37 was significantly correlated with the OS of patients with
eight types of cancers (Glioma, CESC, HNSC, LAML, LUAD, UCEC, UVM, and SKCM) (p < 0.05, Figure 3A).
Specifically, Glioma, LAML, and UVM patients with high expression of CD37 had an unfavorable prognosis
(HR > 1.0, p < 0.05) (Figure 3A), and CESC, HNSC, LUAD, SKCM, or UCEC patients with high CD37
expression had a favorable prognosis (HR < 1.0, p < 0.05) (Figure 3A). To analyze the impact of single tu-
mor-related factors on the death of patients during the follow-up process, we further investigated the as-
sociation of CD37 expression with DSS (disease-specific survival) in pan-cancer. High CD37 expression
decreased DSS in Glioma and COAD patients (HR > 1.0, p < 0.05) and prolonged DSS in CESC, HNSC,
KIRP, LUAD, SKCM, and UCEC patients (HR < 1.0, p < 0.05) (Figure 3B). Subsequently, we evaluated the
relationship between CD37 expression and the progression-free interval (PFl) across cancers. Our findings
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Figure 3. Correlations between CD37 expression with patients’ clinical outcomes in pan-cancer.
(A-C) Forest plots showing the CD37 expression is related to patients’ OS (A), DSS (B), and PFI (C) in pan-cancer. P < 0.05 was statistically different.

suggested that high expression of CD37 is an adverse factor for PFl in patients with Glioma, PRAD, or STAD
(HR > 1.0, p < 0.05) and is a protective factor for PFl in BRCA, CESC, HNSC, LIHC, and UCEC patients (HR <
1.0, p < 0.05) (Figure 3C). The above results indicated that CD37 may be a vital underlying prognostic factor
for gliomas.

Then, we performed Kaplan-Meier analysis to verify the association between CD37 expression and pa-
tients’ survival time for diffuse gliomas in the TCGA, CGGA, GEO database: GSE16011, and Rembrandt
cohorts. The Kaplan-Meier survival curves indicated that diffuse gliomas with high-expression CD37 dis-
played relatively unfavorable prognoses in the TCGA cohort (low expression: n = 280, median survival
time = 79.9 months; high expression: n = 281, median survival time = 30.2 months, log-rank test p <
0.001, Figure 4A), which was validated in the other three cohorts (the CGGA cohort, low expression: n =
328, median survival time = 87.7 months; high expression: n = 328, median survival time = 20.1 months,
log rank test p < 0.001; GSE16011, low expression: n = 128, median survival time = 20.3 months; high
expression: n = 128, median survival time = 10.1 months, log rank test p < 0.001; the Rembrandt cohort,
low expression: n = 196, median survival time = 27.2 months; high expression: n = 195, median survival
time = 17.6 months, log rank test p < 0.001; Figures 4B-4D). The above results suggested that CD37 expres-
sion is associated with poor prognosis in diffuse gliomas.

Eventually, we estimated the independent predictive value of CD37 in glioma using univariate and multi-
variate Cox regression analyses. CD37 expression was associated with overall survival independent of other
prognostic factors, including age, sex, grade, and mutation status of IDH or IDH1, in the four cohorts. In the
CGGA cohort, we found that CD37 was an independent prognostic factor in the univariate Cox regression
analysis (95% Cl = 1.00-1.01, p < 0.05, Figure 4E) but not in the multivariate Cox regression analysis
(p > 0.05, Figure 4F). Interestingly, patients with high CD37 expression often had a poor prognosis in
the TCGA, Rembrandt, and GSE16011 cohorts (univariate Cox regression analysis: TCGA cohort, 95%
Cl = 1.05-1.10; GSE160121, 95% Cl| = 1.10-1.43; Rembrandt cohort, 95% C| = 1.05-1.47; multivariate
Cox regression analysis: TCGA cohort, 95% Cl = 1.02-1.07; GSE160121, 95% Cl = 1.08-1.44; Rembrandt
cohort, 95% Cl = 1.01-1.45), independent of age, sex, grade, and mutation status of IDH or IDH1 (Figures
5G-5L, p <0.05). Taken together, these results strongly confirmed that CD37 is an independent indicator of
poor prognosis in patients with gliomas.

CD37 is related to immunologic pathways in diffuse gliomas

To investigate the biological process and underlying mechanisms of diffuse gliomas with different CD37
expression, we first divided all tumor samples into high-expression and low-expression groups based on
the median value of CD37 expression inthe TCGA, CGGA, GSE16011, and Rembrandt cohorts. By perform-
ing gene set enrichment analysis (GSEA), the results showed that CD37 was involved in biological
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Figure 4. The prognostic value of CD37 expression for diffuse gliomas in the four cohorts

(A-D) Kaplan-Meier analysis of overall survival in the TCGA cohort (A), CGGA cohort (B), GSE16011 (C), and Rembrandt cohort (D) based on low- and high-
expression of CD37. The red line represents samples with high-expression of CD37, and the blue line represents the samples with low-expression of CD37. p

values were calculated by the log-rank test, and p < 0.05 was considered to be statistically different.
(E-F) Univariate (E) and multivariate (F) cox regression analysis in the CGGA cohort

(G and H) Univariate (G) and multivariate (H) cox regression analysis in the TCGA cohort

(I'and J) Univariate (I) and multivariate (J) cox regression analysis in GSE16011

(K'and L) Univariate (K) and multivariate (L) cox regression analysis in the Rembrandt cohort. Cl, confidence interval; HR, hazard ratio; P < 0.05 was considered

to be statistically different.

processes and underlying mechanisms, such as “IL6/STAT3 signaling”, “IL2/STAT5 signaling”, “inflamma-
tory response”, and “NF-kappaB signaling”. Similar findings were observed in the four cohorts (Figures 5A-
5D). To verify our results, we screened those genes that positively correlated with CD37 mRNA expression
(Pearson r > 0.6, p < 0.001) by Pearson correlation analysis in the four cohorts (Table S1). Gene ontology
(GO) enrichment analysis of CD37-associated genes indicated that CD37 plays an important role in regu-
lating the immune response, including ‘neutrophil activation’, ‘neutrophil degranulation, and ‘neutrophil
activation involved in immune response’, in the TCGA, CGGA, GSE16011, and Rembrandt cohorts (Figures
5E-5H). These results indicated that CD37-related genes are mainly involved in immunologic pathways.
Moreover, we also found that the pathways of CD37-associated genes were enriched in regulating the in-
flammatory response and STAT and NF-kappaB signaling pathways in the four cohorts (Table S2), which
supported the above discoveries. In summary, our results showed that CD37 may be directly or indirectly
correlated with immunologic biological processes in diffuse glioma.

The association between CD37 and immune infiltration in diffuse glioma

Considering that CD37 might be involved in immunologic biological processes in diffuse glioma, we as-
sessed the relationship between the mRNA expression of CD37 and the immune and stromal scores by
the ESTIMATE algorithm, which infers infiltrating stromal and immune cells. Pearson correlation analysis
showed that CD37 was positively associated with immune and stromal scores in the TCGA cohort (immune
score, r =0.81; stromal score, r = 0.67) (p < 0.05, Figure 6A). The relationship between CD37 expression and
immune and stromal scores was consistent with those in the CGGA (immune score, r = 0.74; stromal score,
r=0.57), GSE16011 (immune score, r = 0.83; stromal score, r = 0.63), and the Rembrandt cohorts (immune
score, r = 0.86; stromal score, r = 0.68) (p < 0.05, Figures 6B-6D). In addition, we explored the relationship
between CD37 expression and immune and stromal scores in 33 types of tumors, which suggested
that CD37 expression was tightly associated with immune and stromal scores in most types of tumors
(Figures S2 and S3). Thus, CD37 appears to be involved in modulating the constituents of the tumor
microenvironment.
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Figure 5. Functional enrichment analysis
(A-D) GSEA analysis of diffuse gliomas with low-expression and high-expression of CD37 in the TCGA cohort (A), CGGA cohort (B), GSE16011 (C), and
Rembrandt cohort (D). The thresholds with a nominal p < 0.05 and an FDR <25% were considered as determining the significance of the enrichment

score (ES)
(E-H) Gene ontology analysis for most associated-CD37 genes in the TCGA cohort (E), CGGA cohort (F), GSE16011 (G), and Rembrandt cohort (H).

We then used the CIBERSORT method to evaluate the relative abundance of 22 immune cell subtypes in
diffuse gliomas and analyzed the difference in infiltrating immune cells between the high-expression and
low-expression groups based on the median value of CD37 expression. A significant difference was
observed between the two groups, with higher M2 abundance and lower follicular helper T cell abun-
dances in the high-expression group than in the low-expression group in the TCGA cohort (Figure 6E,
p < 0.05), which was validated in the other three cohorts (Figures 6F-6H, p < 0.05). We also found that
diffuse gliomas with high CD37 expression exhibited a lower abundance of NK cells in the TCGA cohort
and GSE16011 but no difference between those with high CD37 expression in the CGGA and Rembrandt
cohorts compared with those with low CD37 expression (p < 0.05, Figures 6E-6H). Other immunosuppres-
sive cells, including regulatory T cells (Tregs), M2 macrophages, mast cells, neutrophils, and monocytes,
were enriched in diffuse gliomas with high CD37 expression in some of the four cohorts (p < 0.05, Figures
6E-6H). Therefore, we inferred that CD37 mediates immunosuppressive effects in the glioma microenvi-
ronment. However, contrary to our conclusion, a high abundance of neutrophils, a well-known immunosup-
pressive cell, was not enriched in diffuse gliomas with high CD37 expression in the TCGA cohort (p < 0.05,
Figure 6E). We also performed the MCP-counter method to assess the absolute abundance of eight im-
mune cell types. The results suggested diffuse gliomas with CD37 high expression had higher enriched
monocytic lineage compared to the low expression group in the four cohorts, and the same results were
observed for the abundance of neutrophils in other three cohorts except for the TCGA cohort (Figures
61-6L, p < 0.05), which supports the idea that diffuse gliomas with high CD37 expression are characterized
by immunosuppression. Anti-tumor CD8+ T cells were enriched in gliomas with high CD37 expression in
the TCGA cohort (Figure 4, p < 0.05), but no significant difference was observed in the other two cohorts
(p > 0.05, Figure 6K and 6L). For the B lineage, diffuse gliomas with high CD37 expression had higher cell
abundances as evaluated by the MCP-counter method in the TCGA, CGGA, and GSE16011 cohorts (Fig-
ures 61-6K, p < 0.05) but not in the Rembrandt cohort (Figure 6L, p < 0.05). However, based on the Cibersort
method, we did not find a significant difference between the two groups in the four cohorts (Figures 6E-6H,
p < 0.05).

To investigate in which cell types CD37 was expressed, the single-cell data sequencing analysis was used,

and the 18 cell clusters were identified in GEO database: GSE84465 (Darmanis et al., 2017) (Figures S4A and
S4B). We also analyzed the distribution of CD37 and 10 molecular markers of B cells, CD8+ T cell, CD4+
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Figure 6. Correlations of CD37 expression with immune and stromal infiltration level for diffuse gliomas
(A) The association between the mRNA expression of CD37 and immune and stromal scores in the TCGA cohort.
(B) The association between the mRNA expression of CD37 and immune and stromal scores in the CGGA cohort.

(C) The association between the mRNA expression of CD37 and immune and stromal scores in the GSE16011.

(D) The association between the mRNA expression of CD37 and immune and stromal scores in the Rembrandt cohort.
(E-H) The comparison of the cell abundance of 22 immune cells between gliomas with the low-expression and high-
expression CD37 in the TCGA cohort (E), CGGA cohort (F), GSE16011 (G), and Rembrandt cohort (H).

(I-L) The comparison of abundance of eight types of immune cells between gliomas with low-expression and high-
expression CD37 in the TCGA cohort (), CGGA cohort (J), GSE16011 (K), and Rembrandt cohort (L). (“-" means no

significance, *, **, *** mean p < 0.05, p < 0.01, p < 0.001, respectively.)
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T cell, M1 macrophages, M2 macrophages, neutrophil, and dendritic cells in cell clusters, such as CD163,
VSIG4, CD19, CD8A, CD8B, CD4, ITGAM, NRP1, ITGAX, NOS2, and the results uncovered CD37 and the
markers of M2 macrophages, such as CD163 and VSIG4, shared a similar expression pattern (Figure S4C). In
the glioma tissues, we also found gliomas with high-expression CD37 had up-regulated CD163 by IHC (Fig-
ure S4D). To further prove our observation, the expression of CD37 and CD163 in M2 macrophages
induced by THP-1 was detected via gPCR assay (Figure S5), and the co-localization of CD37 and CD163
in M2 macrophages was detected by immunofluorescence assay (Figure S6). We observed the expression
of CD37 in CD163-positive cells (M2), however, the expression of CD37 in CD163-negative cells (MO)
induced by THP-1 was not found. These results indicated CD37 was expressed in the M2 macrophage of
the glioma microenvironment. In a word, the results of immune infiltration analysis uncovered CD37 may
play an important immunosuppressive role in diffuse glioma.

Correlation between CD37 and immune checkpoints

Accumulating literatures have reported that immune checkpoint therapy has provided new prospects
against cancer (Postow et al., 2018; Zhao et al., 2019). To investigate whether CD37 can be used as a target
for immune checkpoint therapy of glioma, we analyzed the correlation between CD37 expression and 37
checkpoint molecules and their corresponding ligands, such as CD80/CD86 for CTLA4 and PD-L1/PD-L2
for PD1, in diffuse glioma. Those results showed that CD37 was highly positively correlated with several im-
mune checkpoint molecules, such as CD40 (TCGA, r = 0.504, CGGA, r = 0.616;, GSE16011, r = 0.248; and
Rembrandt, r = 0.552), CD48 (TCGA, r = 0.546, CGGA, r = 0.724; GSE16011, r = 0.490; and Rembrandt,
r = 0.574), CD86 (TCGA, r = 0.826; CGGA, r = 0.844; GSE16011, r = 0.829; and Rembrandt, r = 0.860),
HAVCR2(TCGA, r =0.861; CGGA, r =0.806; GSE16011, r = 0.869; and Rembrandt, r = 0.824), LAIR1(TCGA,
r=0.824; CGGA, r=0.723; GSE16011, r =0.876; and Rembrandt, r = 0.856), PD-L2 (TCGA, r = 0.503; CGGA,
r=0.477; GSE16011, r =0.331; and Rembrandt, r = 0.367), and LGALS? (TCGA, r =0.877; CGGA, r = 0.888;
GSE16011, r = 0.852; and Rembrandt, r = 0.879) (Pearson r > 0.3, p < 0.05, Table 1). In addition, CD37
expression had an intricate relationship with the mRNA expression of potentially targetable immune check-
point genes, such as PD-L1 and PD-1, which are in clinical trials or have been approved for specific cancer
types. We also found that CD37 expression had no significant correlation, or a weak correlation, with PD-L1
or PD-1 expression in the CGGA (PD-L1, r = 0.270, p < 0.05; PD-1,r = 0.127, p < 0.05), GSE16011 (PD-L1, r =
0.082, p > 0.05; PD-1, r = —0.228, p < 0.05), and Rembrandt cohorts (PD-L1, r = 0.126, p < 0.05; PD-1, r =
—0.032, p > 0.05) (Pearson test, Table 1), whereas CD37 expression was weakly or moderately positively
associated with PD-L1 or PD-1 expression, respectively, in the TCGA cohort (PD-L1, r = 0.231, p < 0.05;
PD-1,r=0.400, p < 0.05) (Pearson test, Table 1). These findings shed light on the crucial immunoregulatory
role of CD37 in diffuse glioma, which suggests that targeting CD37 may provide a new path for immuno-
therapy of diffuse glioma.

DISCUSSION

Diffuse glioma is the most frequent intracranial primary tumor, and although the treatment has been in-
proved, the mortality and recurrence rate of diffuse glioma remains high. Diffuse glioma is characterized
by multistep and multigene redundant signaling pathways and an immunosuppressive microenvironment
(Ma et al., 2018). In our study, we first analyzed the mRNA expression level of CD37 in normal tissues, indi-
cating that the expression of CD37 was heterogeneous in different normal tissues and low in brain tissues
(Figure 1A) (p < 0.05). In the pan-cancer analysis, CD37 was found to be abnormally expressed in most tu-
mors (12/20) (Figure 1B), which was verified by combining the GTEX database and TCGA database (Fig-
ure 1C). In univariate Cox regression analysis, we also found that CD37 expression was significantly asso-
ciated with patient OS, PFI, or DSS in multiple tumors, including glioma (Figure 3). These results showed
that CD37 plays a critical role in tumors. The roles of CD37 in promoting tumorigenesis were reported in
breast cancer (Kennedy and Harris, 2018) and B-cell malignancies (de Winde et al., 2016). Furthermore,
accumulating literatures have revealed its selection as a target for therapy or prognostic indicators in mul-
tiple tumors (Leshchenko et al., 2010; Scarfo et al., 2018). Numerous studies have reported that CD37 plays
a prominent role in the hematologic system (de Winde et al., 2016; Scarfo et al., 2018; Oostindie et al.,
2020), which suggests that CD37 might be involved in regulating immune cells. By analyzing the TCGA,
CGGA, GSE16011, and Rembrandt cohorts, we found that CD37 was highly expressed in high-grade
diffuse gliomas, such as WHO IV glioma, wild-type IDH or IDH1 glioma, and GBM (Figures 2A-2K, p <
0.05), which was validated by gPCR in the Xiangya cohort (Figures 2L-2M, p < 0.05). Importantly, diffuse
glioma patients with high CD37 expression exhibited poor clinical outcomes in the four cohorts (log-
rank test p < 0.001, Figures 4A-4D). In the univariate and multivariate Cox regression analyses, CD37
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Table 1. The correlations between CD37 expression and the mRNA expression of immune checkpoint genes in
diffuse gliomas

TCGA CCGA GSE16011 Rembra ndt

Gene r p Value r p Value r p Value r p Value
BTLA 0.390 <0.001 0.357 <0.001 0.099 0.117 0.165 <0.001
CD160 0.067 0.084 0.010 0.011 -0.118 0.060 —0.129 0.007
CD200 —0.302 <0.001 —0.158 <0.001 —0.251 <0.001 —0.175 <0.001
CD200R1 0.396 <0.001 0.330 <0.001 0.105 0.094 0.036 0.445
CD244 0.384 <0.001 0.437 <0.001 0.005 0.932 —0.011 0.812
CD27 0.369 <0.001 0.463 <0.001 0.086 0.170 0.295 <0.001
CD274 0.231 <0.001 0.270 <0.001 0.082 0.193 0.126 0.008
CD276 0.263 <0.001 0.330 <0.001 0.344 <0.001 0.212 <0.001
CD28 0.352 <0.001 0.281 <0.001 0.100 0.111 0.192 <0.001
CD40 0.504 <0.001 0.616 <0.001 0.428 <0.001 0.552 <0.001
CD44 0.383 <0.001 0.249 <0.001 0.513 <0.001 0.403 <0.001
CD48 0.546 <0.001 0.724 <0.001 0.490 <0.001 0.574 <0.001
CD70 0.123 0.001 0.081 0.003 —0.111 0.076 0.058 0.226
CD80 0.467 <0.001 0.365 <0.001 0.196 0.002 0.239 <0.001
CD86 0.826 <0.001 0.844 <0.001 0.829 <0.001 0.860 <0.001
CTLA4 0.082 0.034 0.282 <0.001 -0.079 0.207 —0.043 0.365
HAVCR2 0.861 <0.001 0.806 <0.001 0.869 <0.001 0.824 <0.001
HHLA2 —0.025 0.519 0.064 0.091 -0.157 0.012 -0.210 <0.001
ICOS 0.426 <0.001 0.375 <0.001 0.085 0.176 0.144 0.002
ICOSLG 0.310 <0.001 0.540 <0.001 0.248 <0.001 0.429 <0.001
LAG3 0.254 <0.001 0.353 <0.001 —-0.019 0.763 0.203 <0.001
LAIR1 0.824 <0.001 0.723 <0.001 0.876 <0.001 0.856 <0.001
LGALS9 0.877 <0.001 0.888 <0.001 0.852 <0.001 0.879 <0.001
NRP1 0.278 <0.001 0.138 <0.001 0.226 <0.001 0.183 <0.001
PDCD1 0.400 <0.001 0.127 <0.001 —0.228 <0.001 —0.032 0.495
PD-L2 0.503 <0.001 0.477 <0.001 0.331 <0.001 0.367 <0.001
TMIGD2 0.442 <0.001 0.363 <0.001 0.100 0.111 —0.111 0.020
TNFRSF18 0.140 <0.001 0.140 <0.001 -0.121 0.053 0.242 <0.001
TNFRSF25 0.195 <0.001 0.124 0.001 0.140 0.022 0.119 0.012
TNFRSF4 0.130 <0.001 0.197 <0.001 —-0.146 0.020 0.080 0.093
TNFRSF8 0.219 <0.001 0.109 0.004 —0.118 0.061 0165 <0.001
TNFRSF9 0.226 <0.001 0.132 <0.001 —0.096 0.128 0.004 0.929
TNFSF14 0.407 <0.001 0.308 <0.001 0.209 <0.001 0.417 <0.001
TNFSF15 0.313 <0.001 0.194 <0.001 0.025 0.689 0.077 0.104
TNFSF18 0.076 0.050 0.088 0.021 —0.027 0.671 0.081 0.089
TNFSF9 0.042 0.278 0.157 <0.001 —0.107 0.088 —0.010 0.828
VTCN1 —0.100 0.010 0.017 0.662 —0.178 0.004 —0.074 0.119

r: Pearson correlation coefficient r.

proved to be a significantly unfavorable predictor for diffuse glioma patients, independent of age, sex,
grade, and the mutation status of IDH or IDH1 (Figures 4E-4L, p < 0.05). However, the biological function
of CD37 has not been reported in diffuse glioma. GSEA functional enrichment analysis of CD37
demonstrated immunologic processes, such as “NF-kB signaling”, “IL6/STAT3 signaling”, “IL2/STAT5
signaling”, and “inflammatory response”, were enriched in diffuse gliomas with high CD37 expression
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(Figures 5A-5D). As an important addition, using GO enrichment analysis, we identified CD37-related
genes were enriched in the pathways modulating the immune response, including “neutrophil activation”,
"neutrophil degranulation”, and “neutrophil activation involved in immune response” (Figures 5E-5H). The
subsequent immune cell infiltration analysis showed that macrophages, especially M2 macrophages, and
neutrophils had a higher abundance in diffuse gliomas with high CD37 expression than in patients with low
CD37 expression, while NK cells infiltrated to the opposite degree (Figure 6). Recent studies have revealed
that diffuse gliomas with M2 macrophage and neutrophil infiltration have a poor prognosis (Zhang et al.,
2017; Wei et al., 2019), which is consistent with our findings, suggesting that CD37 may affect malignant
progression by regulating the infiltration of M2 macrophages and neutrophils in diffuse gliomas.

Previous research has shown that activated neutrophils and macrophages can produce tumor necrosis fac-
tor (TNF) and induce proinflammatory cytokines, such as IL-1, to promote tumorigenesis (Balkwill, 2009). It
has also been reported that IL-1 can activate the NF-kB pathway and promote the progression of colon
cancer (Voronov and Apte, 2015). In addition, the literature has reported that the differentiation of tu-
mor-associated macrophages into M2 macrophages and the lytic function of NK cells are mediated
through the NF-kB signaling pathway (Hagemann et al., 2008). These results support our findings that
CD37 remodels the immunosuppressive microenvironment of gliomas through the NF-kB signaling
pathway to evade immune surveillance and promote malignant progression in diffuse gliomas.

CD37 plays a vital immunosuppressive role in glioma, and its high expression indicates a poor prognosis,
which may also be attributable to the IL-6/STAT3 signaling pathway. IL-6 produced by macrophages is a
well-researched protumorigenic cytokine, and its expression level is often related to the poor prognosis of
tumors (Taniguchi and Karin, 2014). Therefore, we inferred that CD37 may activate the NF-kB pathway by re-
cruiting more neutrophils, thus inhibiting the cytolytic activity of NK cells and CD8" T cells, promoting the po-
larization of M2 macrophages, and promoting the malignant progression of gliomas. These results partly
explain how CD37 exerts its immunosuppressive effect to promote tumor progression in diffuse glioma.

The literature indicates that CD37 is widely located on the B-cell surface but not resting T cells, natural killer
cells, or macrophages (Schwartz-Albiez et al., 1988) and is involved in regulating immunity and suppressing
tumors (Xu-Monette et al., 2016). Some literatures have reported that the absence of CD37 drives tumor
development through activation of the IL-6 signaling pathway (de Winde et al., 2016), which contradicts
our results that CD37 serves as a tumor promoter. However, our research showed that the association be-
tween CD37 and the abundance of B lineage cells was not consistently validated in the four cohorts (Fig-
ure 6), which does not fully explain the results reported in the literature. Thus, we inferred that CD37 is also
expressed by other types of cells, including glioma cells, and its abnormal expression might recruit more
immunosuppressive cells, such as regulatory T cells (Tregs), M2 macrophages, mast cells, and neutrophils,
and impair the normal function of B cells. These hypotheses and contradictions need to be further verified
experimentally.

In recent years, checkpoint-targeted immunotherapy has achieved remarkable success in some tumors
(Hodi et al., 2018; Rizvi et al., 2015), including diffuse glioma (Lim et al., 2018). In our study, CD37 was tightly
associated with some of the checkpoint molecules, such as CD276, CD48, CD40, LGALS9, LAIR1, CD86,
PD-L2, and HAVCR2, in the four cohorts (Table 1, Pearson test, p < 0.05), indicating that blocking CD37
might enhance the efficacy of checkpoint inhibition.

Limitations of the study

This research mainly uncovered CD37 plays a role of immunosuppression in diffuse glioma microenvironment,
while how CD37 operates to induce immune cells suppression is unclear, which could be considered to extend
the present study in the future.
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ABBREVIATIONS

ACC adrenocortical carcinoma

BLCA bladder urothelial carcinoma

BRCA breast invasive carcinoma

CESC  cervical squamous cell carcinoma
CGGA Chinese Glioma Genome Atlas
CHOL cholangiocarcinoma

COAD colon adenocarcinoma

DLBC lymphoid neoplasm diffuse large B cell lymphoma
ESCA esophageal carcinoma

GBM glioblastoma multiforme

GO gene ontology

GSEA gene set enrichment analysis

GTEx the Genotype-Tissue Expression
HNSC head and neck squamous cell carcinoma
IDH1 isocitrate dehydrogenase 1

KICH kidney chromophobe

KIRC kidney renal clear cell carcinoma
KIRP  kidney renal papillary cell carcinoma
LAML acute myeloid leukemia

LGG brain lower grade glioma

LIHC liver hepatocellular carcinoma
LUAD lung adenocarcinoma

LUSC  lung squamous cell carcinoma

MESO mesothelioma
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OV ovarian serous cystadenocarcinoma

PAAD pancreatic adenocarcinoma
PRAD prostate adenocarcinoma

READ rectum adenocarcinoma

SARC sarcoma

SKCM  skin cutaneous melanoma

STAD stomach adenocarcinoma

TCGA The Cancer Genome Atlas

TGCT testicular germ cell tumors

THCA thyroid carcinoma

THYM  thymoma

TNF  tumor necrosis factor

UCEC uterine corpus endometrial carcinoma

UCS uterine carcinosarcoma

UVM uveal melanoma

PCPG pheochromocytoma and paraganglioma

gPCR quantitative real-time polymerase chain reaction
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti-CD37

Mouse monoclonal anti-CD163

Proteintech

AiFang biological

RRID:21044-1-AP
RRID:AF20010

Chemicals, peptides, and recombinant proteins

Phorbol 12-myristate 13-acetate (PMA)
Recombinant Human Interleukin-4

Recombinant Human Interleukin-13

MedChemExpress
Sangon Biotech

Sangon Biotech

Cat#HY-18739
Cat#C610006
Cat#C620012

Critical commercial assays

SYBR gPCR Master Mix

RNA with a reverse transcription kit

Vazyme

Thermo Fisher Scientific

Vazyme Code: Cat#Q711-02
Cat#K1622

Deposited data

The mRNA expression of CD37 for 33 types
of tumors and 30 types of normal tissues

The clinical data of glioma patients and their
corresponding gene expression profiles

GSE16011 database

The Rembrandt database

UCSC Xena platform

The Chinese Glioma Genome Atlas

Gene Expression Omnibus

Gene Expression Omnibus

https://xena.ucsc.edu/
http://www.cgga.org.cn
https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE16011

https://www.ncbi.nlm.nih.gov/geo

Experimental models: cell lines

THP-1 Laboratory of Yizhou Zou N/A
Oligonucleotides

CD37 forward primer: This paper N/A
5'- AGCTGGGACTATGTGCAGTTCC-3'

CD37 reverse primer: This paper N/A
5'- CCGACAAGTTGTAGCAGGAGCA-3'

ACTB forward primer: This paper N/A
5'-ACAGAGCCTCGCCTTTGCGGAT-3'

ACTB reverse primer: This paper N/A
5'- CTTGCACATGCCGGAGCCGTT -3

CD163 forward primer: This paper N/A
5'-CCAGAAGGAACTTGTAGCCACAG-3'

CD163 reverse primer: This paper N/A
5'-CAGGCACCAAGCGTTTTGAGCT-3"

NOS2 forward primer: This paper N/A
5'-GCTCTACACCTCCAATGTGACC-3'

NOS?2 reverse primer: This paper N/A

5-CTGCCGAGATTTGAGCCTCATG-3'

Software and algorithms

R (vision 4.0.5)

GSEA software (vision 3.0)

Downloaded from the R Project for

Statistical Computing

Downloaded from the Broad Institute

https://www.r-project.org/

http://www.broadinstitute.org/gsea
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RESOURCE AVAILABILITY
Lead contact

Further information could be directly consulted to the lead contact, Caiping Ren (rencaiping@csu.edu.cn).

Materials availability

This research did not generate new materials.

Data and code availability

This paper analyzes existing publicly available data and those datasets are listed in the key resources table.
This paper does not report original code. Any other additional information required to reanalyze the data
reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines

THP-1 cells were donated by Dr. Huiyun Peng of Lab Yizhou Zou which was incubated in RPMI 1640 supple-
mented with 10% FBS at 37°C with 5% CO,.

METHOD DETAILS

Data source and data processing

We downloaded data on the mRNA expression of CD37 for 33 types of tumors and 30 types of normal tis-
sues from the UCSC Xena platform (https://xena.ucsc.edu/), which assembled the Cancer Genome Atlas
(TCGA) database and the Genotype-Tissue Expression (GTEx) database. The mRNA expression data of
TCGA and GTEx were combined into one dataset after undergone the same normalization by using the
TCGAbiolinks package (Mounir et al., 2019). The clinical data of patients and their corresponding gene
expression profiles were downloaded from public datasets of the TCGA dataset, the Chinese Glioma
Genome Atlas (CGGA) dataset (n = 693) (http://www.cgga.org.cn) (n = 703), the GSE16011 database
(n = 276), and the Rembrandt database (n = 471) (https://www.ncbi.nlm.nih.gov/geo). Duplicate samples
in TCGA were removed, and 677 samples that met the criteria were screened.

Patients of the Xiangya cohort

This study was approved by the Ethics Committee of Xiangya Hospital, Central South University. The clin-
ical samples of gliomas (n = 104) were all collected from Xiangya Hospital, Central South University. Written
informed consent was obtained from all patients.

Quantitative real-time polymerase chain reaction (qPCR)

According to the protocol provided by the manufacturer, total RNA from fresh tissue was extracted using
TRIzol (Life Technologies). Complementary DNA was synthesized from total RNA with a reverse transcrip-
tion kit (Thermo Fisher Scientific). Real-time gPCR was executed with SYBR gPCR Master Mix (Vazyme).
ACTB was used as an internal reference gene, and 2722 was used to quantify the relative expression level
of CD37. The primer sequences were listed in the Key Resources Table.

Survival analysis

We first removed samples with overall survival of fewer than 30 days and missing clinical characteristic data.
The relationship between the expression level of CD37 mRNA and the overall survival (OS), disease-specific
survival (DSS), and progression-free interval (PFI) of tumor patients is displayed in forest plots. In addition,
the Kaplan-Meier method was used to estimate patient OS for diffuse glioma in the four cohorts. Finally,
univariate Cox and multivariate Cox regression models were used to assessing the independent predictive
value of clinical and pathological features, including age, sex, grade, CD37 expression, and IDH status or
IDH1. p < 0.05 indicates that the difference is statistically significant.

Functional enrichment analysis of CD37

The underlying signaling pathways of CD37 were explored via gene set enrichment analysis (GSEA) using
GSEA software (vision 3.0) that was downloaded from the Broad Institute (http://www.broadinstitute.org/
gsea) (Subramanian et al., 2005). According to the median value of CD37 expression, all samples were
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divided into high and low expression groups. The two sets of gene expression profiles in the four cohorts
and hallmark gene sets from the MSigDB dataset were imported into GSEA software, and the normalized
enrichment scores and p values of each biological pathway were obtained by GSEA. According to
Pearson correlation analysis, we selected the genes that were most related to CD37 with a correlation co-
efficient r > 0.6 (p < 0.001). The Gene Ontology categories of CD37-related genes were performed by a
cluster profile package (Yu et al., 2012). The threshold was defined as p < 0.05.

Estimation of immune and stromal infiltration

According to the gene expression profile, the ESTIMATE package was used to assess immune and stromal
scores, which can evaluate the abundance of immune cells and stromal cells (Yoshihara et al., 2013). In
addition, we performed the CIBERSORT method to assess the relative levels of 22 types of immune cells
(Newman et al., 2015). In addition, the absolute abundance of eight types of immune cells was assessed
by MCP-counter (Becht et al., 2016).

Immunohistochemistry and immunofluorescence

Immunohistochemical detection of CD37 and CD163 was performed according to a previously described
method (Liu et al., 2015). In brief, antibodies against CD37 and CD163 were incubated overnight at 4°C, and
a secondary antibody was then incubated at room temperature for 60 min. The primary antibodies used in
this study included anti-CD37 (21044-1-AP, 1:50) and anti-CD163 (AF20010, 1:50).

THP-1 cells were seeded into 6-well plates and cultured in RPMI 1640 supplemented with 10% FBS. Then,
THP-1 cells were differentiated into MO macrophages via phorbol 12-myristate 13-acetate (PMA)
(200 nmol/L) for 2 days, and the MO cells were further polarized into M2 macrophages under the stimulus
of IL-13 and IL-4 (20 ng/mL). MO and M2 macrophages were seeded into 6-well plates and cultured in RPMI
1640 supplemented with 10% FBS. The cells were washed with PBS three times and incubated with 4% para-
formaldehyde for 30 min at room temperature. Then, the cells were washed with PBS again and blocked for
30 min in bovine serum albumin, followed by incubation with anti-CD163/anti-CD37 (CD37 1:50, CD163
1:50) primary antibody overnight at 4°C. After that, the cells were incubated with the corresponding fluo-
rescently labeled secondary antibody for 60 min at room temperature. Finally, the cell nuclei were stained
with DAPI for 1 minute. Immunofluorescence microscopy was used to monitor cellular fluorescence.

QUANTIFICATION AND STATISTICAL ANALYSIS

The unpaired t test was used to evaluate the expression of CD37 in the normal group and tumor groups and
the IDH or IDH1 mutant group and wild-type groups. The Kruskal-Wallis test was used to compare
nonparametric differences between different histological subtypes. Pearson correlation analysis was
used to examine the correlation between CD37 expression and 38 immune checkpoint molecules,
immune scores, and stromal scores. All statistical data were analyzed using GraphPad Prism 7.0 or R soft-
ware (www.r-project.org). p < 0.05 was defined as statistically significant, and *, **, *** indicate p < 0.05,
p <0.01, and p < 0.001, respectively.
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