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MS4A4A promotes macrophages M2 polarization via NF-κB
/JAK-STAT6 axis, resulting GBM malignant progression
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The immunosuppressive tumor microenvironment (TME) is a major issue in the malignant progression of glioma patients. The
membrane spanning four domains A4A (MS4A4A) has a relationship with M2 polarization of macrophages, and participates in the
malignant progression of various cancers. Therefore, exploration of the key role of MS4A4A contributing to glioma biological
processes is urgently needed. We performed the bioinformatics analysis of M2 gene expression and built a model predicting the
prognosis of glioma patients. Knocking down or overexpressing MS4A4A was achieved in macrophages, and we identified the
polarization of macrophages with different MS4A4A expression levels. In vitro and in vivo experiments were used to investigate the
role of MS4A4A in regulating M2 polarization and contributing to malignant behaviour in glioma. We found that MS4A4A was
associated with the macrophages' M2 scores and the prognosis of GBM patients. MS4A4A had a higher expression level in M2
polarization macrophages. MS4A4A regulates macrophage M2 polarisation through NF-κB and JAK-STAT6 signalling pathways.
Macrophages with MS4A4A overexpression promoted the proliferation, invasion, and TMZ-resistance of glioma cells in vitro and
in vivo experiments. The treatment targeting the MS4A4A/ NF-κB/STAT6 axis could improve the prognosis and TMZ-resistance in
the glioma mouse model. The present study revealed the novel mechanism of the MS4A4A regulating macrophages M2
polarization, contributing to the formation of immunosuppressive tumor microenvironment in glioma through NF-κB/
STAT6 signaling pathways, which promotes the malignant biological process of glioma cells. Our results provided new evidence
that NF-κB and STAT6 inhibitors might be a potential adjuvant agent in overcoming MS4A4A-mediated chemotherapy resistance in
glioma.

Oncogene; https://doi.org/10.1038/s41388-026-03773-1

INTRODUCTION
Glioma is the most common malignant brain tumor of the central
nervous system in adults [1]. Although taking the aggressive
comprehensive treatment, the median overall survival of glio-
blastoma (GBM) patients only remains to be approximately 12 to
14 months [2]. The formation of an immunosuppressive tumor
microenvironment plays an important role in malignant biological
behavior of GBM [3]. Similar to other tumors, macrophages are
one of the major components of GBM microenvironment [4], and
the polarization regulates the extracellular matrix remodeling,
cancer cell proliferation, metastasis and immunosuppression, as
well as resistance to chemotherapeutic agents [5]. Our previous
study illustrated that the cross-talk between GBM cells and
microglia could remodel the microenvironment and reduce tumor
sensitivity to TMZ chemotherapy [6]. Therefore, deepening the
underlying mechanism regulating immunosuppressive microen-
vironment may improve the therapy strategy of GBM patients.

The membrane spanning four domains A4A (MS4A4A) is one
member of the membrane-spanning 4A family, including 18
members with a tetraspan structure in humans [7]. MS4A4A has
selective expression in macrophages and is co-expressed with M2/
M2-like molecules in subsets of normal tissue-resident macro-
phages, infiltrating macrophages from inflamed synovium and
tumor-associated macrophages [8]. In colorectal cancer, the
blockade of MS4A4A could reshape the tumor immune micro-
environment, increasing the infiltration of effector CD8 T cells, and
enhancing the efficacy of immune checkpoint inhibitors [9].
However, the underlying mechanism of MS4A4A regulating the
GBM immune microenvironment needs to be further investigated.
The nuclear factor-κB (NF-κB) could be activated by canonical

and non-canonical pathways, differing in both signaling compo-
nents and biological functions [10]. It has been shown that NF-κB
serves as a molecular lynchpin, linking persistent infections and
chronic inflammation to increased cancer risk [11]. In our previous
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study, we found that NF-κB-related LINC001127, regulated by the
histone lactylation induced by the Warburg effect, could promote
the renewal of GBM cells [12]. Recent studies have revealed that
the NF-κB pathway plays an important role in regulating different
aspects of immune function during the progression of various
cancers, which may provide new opportunities for therapeutic
strategies [13, 14]. The specific silencing of NF-κB signaling could
inhibit the tumor-associated macrophages (TAMs)-driven cancer
progression [15]. In this study, we deepened the role of NF-κB in
remodeling the GBM immune microenvironment regulated by
MS4A4A and tried to find a novel combined therapeutic strategy
to improve the TMZ treatment efficacy.
JAK-STAT6 signaling pathway has crucial functions in regulating

biological processess in many cell types of organisms, used to be
considered the key dysregulating pathway in chronic inflamma-
tory disease, antiatherosclerosis, and blood system diseases
[16–18]. Recently, many studies demonstrated that the JAK-
STAT6 pathway and its target genes participated in the progres-
sion of lung cancer and lymphoma [19, 20]. In gliomas, the activity
of the JAK-STAT6 pathway may regulate the proliferation,
metabolic reprogramming, DNA repair, and epithelial-
mesenchymal transition (EMT) [21]. The researchers have newly
focused on the effect of the JAK-STAT6 pathway regulating
macrophage differentiation and remodelling the tumour micro-
environment [22, 23]. Thus, we proposed that the JAK-STAT6
pathway might be implicated in the M2 polarization of macro-
phages, regulating the GBM microenvironment remodeling.
In the present study, we investigated the role of MS4A4A in

regulating TAMs M2 polarization and the malignant biological
progression of GBM cells. Our results indicated that MS4A4A was
associated with higher M2 scores and poorer prognosis of GBM
patients. MS4A4A regulated M2 polarization of macrophages via
NF-κB/STAT6 signaling pathways, and the GBM immunosuppres-
sive microenvironment remodeling promoted the proliferation,
invasion, and TMZ-resistance of GBM cells. The combined
inhibitors together enhanced TMZ treatment efficiency in GBM
organoid and xenograft models, indicating that NF-κB/STAT6
inhibitors might be a potential adjuvant agent in overcoming
MS4A4A-mediating malignant behavior in GBM.

METHODS
Data collection
The RNA sequencing (RNA-seq) data of normal tissues were obtained from
the Genotype-Tissue Expression Project (GTEx) database (https://
www.gtexportal.org). The glioma RNA-seq data (TCGA_mRNAseq_709, a
total of 704 cases, including GBM and LGG) and clinical information were
obtained from the TCGA website (http://portal.gdc.cancer.gov). The TCGA
database includes clinical data such as gender, age, WHO malignancy
grades, survival time, and survival status. The mRNAseq [24, 25] was
downloaded from the China Glioma Genome Atlas database (CGGA,
mRNAseq_693). CGGA database (http://www.cgga.org.cn/download.jsp)
contains detailed clinical data, such as gender, age, IDH status, 1p19q
co-deletion status, MGMT status, radiotherapy and chemotherapy,
complete follow-up data, WHO malignancy grades, and primary-
recurrence status [26].

Macrophages M2-related genes analysis
The CIBERSORT algorithm in R 4.3.0 was used to obtain the relative
immune infiltration levels of 22 immune cell types for each sample in the
TCGA database. The genes in GBM samples co-expressing with M2
macrophages were identified and defined as M2-related genes (Spearman
≥ 0.6, P < 0.001) by co-expression analysis. The igraph package was used to
visualize the network diagram of M2-related genes.

Model building and validation
The cross of M2-related genes was selected in the TCGA and CGGA
databases, and the expression level of M2-related genes was calculated for
each database. The expression data of M2-related genes were further

combined with survival information (survival time and survival status) of
GBM samples. The M2-related genes associated with prognosis were
analyzed in the TCGA database (P < 0.05) using survival and survminer R
packages. The least absolute shrinkage and selection operator (LASSO)
regression model was constructed using the TCGA database as the training
set, utilizing the lambda and survival packages. The x-axis represented
gene expression, and the y-axis represented survival time. Cross-validation
was used to find the point with the minimum cross-validation error,
resulting in the model formula. Based on the formula, the risk score for
each sample was calculated. Using the median risk score, GBM samples
from both the TCGA and CGGA databases were divided into high- and low-
risk groups.
To validate the accuracy of the prognostic model, the CGGA database

was used as a test group, and the difference in survival time between high-
risk and low-risk groups of GBM patients was identified by the survival and
survminer R packages. The timeROC package was used to construct
receiver-operating characteristic (ROC) curves and calculate the area under
the curve (AUC) values at 1, 3, and 5 years to assess the predictive value of
prognostic survival models.

Cell culture
The human glioma cell line LN229, mouse glioma cell line Gl261, human
macrophage cell line THP-1, and mouse macrophage cell line Raw264.7
were purchased from the Chinese Academy of Sciences Cell Bank. The STR
assay was used to authenticate these cells. All the cell lines used in this
study were cultured in RPMI-1640, Dulbecco’s modified Eagle’s medium
(DMEM), DMEM/F12 (Corning, USA) supplemented with 10% fetal bovine
serum (FBS; BD Biosciences, USA) and 1% antibiotic solution (Sigma,
Germany) at 37 °C in a humidified atmosphere with 5% CO2 and 95% air.
All cells were starved in 2% serum medium for 12 h before being treated
with conditioned medium or different drugs.

Western blot assay
Prechilled RIPA buffer (Solarbio, China) combined with 1% proteinase
and phosphatase inhibitor cocktails (Selleck, USA) was used to extract the
total protein from different treating cells. Subsequently, the protein
samples were subjected to 7.5%/10%/12.5% sodium dodecyl sulfate
polyacrylamide gel (EpiZyme Scientific) electrophoresis in a volume of 10
to 20 μL. The 5% BSA-TBST solution was used to block PVDF membranes.
The PVDF membranes were then incubated overnight at 4 °C with
primary antibodies (Supplementary Table S1). HRP-labeled mouse IgG
secondary antibodies (Zsbio Store-bio, China) and HRP-labeled rabbit IgG
secondary antibodies (Zsbio Store-bio, China) were used to incubate the
membranes. The chemiluminescence reagent (ECL) kit (Boster, USA) was
used to visualize the protein bands. Protein quantification was analyzed
by Image Lab.

Single-cell sequencing
The GBM sample single-cell RNA libraries were established following the
STRT-seq protocol in our previous studies [27, 28]. The Illumina platform
(HiSeq 4000) was used to sequence the libraries according to the
manufacturer’s instructions by Novogene (Beijing, China).

Cell transfection
The MS4A4A and Ms4a4a small-interference RNA (siRNA) and negative
control were purchased from RiboBio Co., Ltd (Guangzhou, China). The
transfection reagent (Polyplus-transfection Co., Ltd., France) was used to
transfect the macrophages with siRNA or negative control 50 nM at 37 °C.
After 48 h of incubation, the cells were cultured with fresh medium without
siRNA. The sequences of siRNA and negative control used in this study are
shown in Supplementary Table S2.
MS4A4A/Ms4a4a overexpressing lentivirus and the scramble control

were synthesized by and purchased from Syngenbio Company (Shanghai,
China). THP-1 and Raw264.7 cells were infected with MS4A4A/Ms4a4a
overexpressing lentivirus according to the manufacturer’s instructions. The
vectors in this study were pLV-hef1a-Puro-WPRE-CMV-MCS-3flag.

Hematoxylin-eosin staining and immunohistochemical
For H&E staining, the mouse GBM slides under deparaffinization and
rehydration were stained in hematoxylin solution (Zsbio Store-bio, China)
for 8 min and in eosin–phloxine solution (Zsbio Store-bio, China) for
30 seconds to 1 min, then mounted with xylene.
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For IHC staining, briefly, paraffin-embedded GBM tissue sections were
incubated at 80 °C for 15min, dewaxed in xylene, washed in gradient
ethanol solutions, and rehydrated in double-distilled water. Then, the
slides were pretreated by steaming them in sodium citrate buffer for
15min at 95 °C to restoring antigen. After washing 3 times for 5 min, the
slides were incubated with the indicated primary antibodies (Supplemen-
tary Table S1) at 4 °C overnight. The HRP-labeled either anti-mouse IgG or
anti-rabbit IgG (Zsbio Store-bio, China) secondary were used to incubate
the slides for 30min. DAB staining kit (Zsbio Store-bio, China) was used to
dye the GBM tissue slides for 2 min. Quantitative evaluation was performed
by examining each section using at least 10 different high-power fields
with the most abundant stained cells. The intensity was graded depending
on the number of positive cells seen: “-” no staining, “+” weak staining, “+
+” moderate staining, and “+++” intense staining.

Immunofluorescence
Cells were placed on the cell coverslips (WHB-24-CS, China) in 24-well
tissue culture plates overnight. After incubation in 4% formaldehyde for
15min at room temperature, the cells were rinsed three times in PBS for
5min. Then we treated the cells with 0.3% Triton-X100 (Thermo Fisher,
USA) and blocked them in 5% BSA-PBS blocking buffer (BioFroxx,
Germany) for 60min in room temperature. The diluted primary antibodies
(Supplementary Table S1) were added and incubated at 4 °C overnight.
After washing 3 times with PBS, the cells were incubated with FITC-labeled
anti-IgG antibodies (Alexa Fluor 488 and 594, Thermo Fisher, USA) for
1 hour at room temperature. DAPI (Sigma, USA) was applied to dye the
DNA. The subcellular location of the indicated proteins was visualised with
a fluorescence microscope (Nikon C2).

RNA isolation, polymerase chain reaction, and quantitative
real-time polymerase chain reaction
TRIzol reagent (Invitrogen, USA) was used to extract the total RNA
according to the manufacturer’s instructions. cDNAs were synthesized with
the PrimeScript RT reagent Kit (TaKaRa, Japan). In the final reaction volume
of 20 μL, 2 μL cDNA was used at a concentration of 100 ng/mL. Triplicate
samples in a reaction mix (TaKaRa, Japan) were subjected to real-time
quantitative polymerase chain reaction (PCR). CFX96 Touch Real-Time PCR
Detection System (Bio-Rad) was applied to conduct the PCR and qRT-PCR
assays, and the indicated genes were normalized to β-actin. The qRT-PCR
data were analyzed using the 2–△△Ct method. The primer design tool
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to design and
synthesized the PCR primers. The primer sequences used in this study are
listed in Supplementary Table S3.

Flow cytometry
For flow cytometry assays, FITC anti-Human/Mouse Arg-1 (Bio-Techne,
USA) were used for the M2 polarization macrophage surface marker
determination. The cells were washed in PBS containing 2% BSA (BioFroxx,
Germany) for 1 hour with the indicated antibodies. The expression of
macrophages surface markers was determined by flow cytometry using BD
Accuri C6 and analyzed by FlowJo.
To detect the rates of different treated GBM apoptosis, Annexin V-FITC

Apoptosis Detection Kit (BD Biosciences, USA) was applied according to the
manufacturer’s instructions. Then, the rates of apoptosis were measured by
flow cytometry through BD Accuri C6 and analyzed by FlowJo.

CCK-8 assay, transwell assay and cell scratch assay
For the CCK-8 assay, the Cell Counting Kit 8 (CCK-8, Dojindo, Japan) was
applied based on the manufacturer’s instructions to evaluate the viability
of different cells. The BioTek Gen5 system (BioTek) was used to measure
the OD 450 nm of cell viability.
In Transwell assays, different treated GBM cells were seeded into upper

chambers of the 24-well Transwell chambers (Corning, USA) in a 200 μL
serum-free culture system, while 600 μL medium containing 10% FBS was
added into the lower chamber. After the incubation at 37 °C for 2 to 4 h, the
cells on the upper surface of the filters were removed with cotton swabs and
the cells at the bottom surface were fixed and dyed by 0.5% crystal violet.
For cell scratch assays, GBM cells with different treatments were placed

in 6-well plates with 1 × 105 cells per well and cultured at 37 °C for
adherence. Then, a sterile 200-μL pipette tip was used to scrape the cell
monolayer in every well. The culture medium was replaced with the
medium without serum, and the “zero point” of migration in each well was
obtained under computer-assisted microscopy (ZEISS, Germany). At the

endpoint of 48 h incubation, the corresponding scratch area of each well
was photographed again.

Comet assay
The cells with different treatments were seeded, resuspended in 100μL of
10% low-melting-point agarose (Promega, USA), and placed on a
microscope slide and gelled at 4 °C for 20min. Subsequently, the cells
were immersed in the cell lysis solution (Trevigen, USA) and lysed at 4 °C
for 1 to 2 h according to the manufacturer’s instructions. Then the slides
were washed in distilled water and electrophoresed in electrophoresis
solution (Y-J Biological, China) with an electric field (25 V, 300mA) for
30min. After neutralized, the SYBR Green (Sangon, China) was used to
stain the slides. Tail length and percentage of DNA in tail, indicating the
level of DNA damage, were analyzed by ImageJ.

Establishment of GBM organoid
NanoShuttleTM-PL (Greiner Bio-One) with the concentration of 1 μL
NanoShuttles/10000 cells was used to incubate the GBM patients-
derived single cell suspensions. Then, the cells were placed in a 96-well
plate (WHB-24-CS, China) at a density of 50000 cells per well in 150-200 μL
culture medium. To aggregate the cells to the well bottom, we placed the
96-well plate on the top of a spheroid drive for 15min at 37 °C. DMEM/F-12
medium with BIT supplement (Thermo Fisher, USA), bFGF (Thermo Fisher,
USA) and EGF (Thermo Fisher, USA) was applied to culture GBM organoid
for 5 days. The cell viability of GBM organoids was detected by LIVE/DEAD
Cell Imaging Kit (Invitrogen) according to the manufacturer’s instructions.

Drug treatment
DMSO (Selleck, USA) was used to dissolve the temozolomide (TMZ, Selleck,
USA), and the TMZ stock solution was stored at –80 °C for further
experiments. Phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, USA)
with 100 ng/mL was used to incubate the macrophages for 24 h to induce
their differentiation in vitro. IL-4 and IL-13 were purchased from Merck
KGaA (Darmstadt, Germany) and used to induce macrophages M2
polarization with 20 ng/mL for 48 h. TMZ (Selleck, USA) was injected
in vivo via intraperitoneal injection with 60mg/kg. BAY 11-7082
(MedChemExpress, USA) and AS1517499 (MedChemExpress, USA) were
used in the xenograft model in vivo at the doses of 15mg/kg and 10mg/
kg via intraperitoneal injection.

Xenograft model in vivo
GBM xenografts were established with 4 to 6-week-old male C57BL/6 mice
purchased from Beijing Vitalstar Biotechnology Co., Ltd (Beijing, China).
Then, the GL261 cells transfected with luciferase lentivirus (0.5-1 × 106 cells
per mouse) mixed with macrophages with different Ms4a4a expression
levels (0.2 × 106 cells per mouse) were stereotactically injected into the
brain. After the implant of the GBM model for 7 days, mice were randomly
separated into four groups, which were treated with DMSO, TMZ alone, or
TMZ combined with the inhibitors every 2 days at the indicated doses. At
days 7th, 14th, and 21st, the intracranial tumours were measured with
bioluminescence imaging via intraperitoneal injection of D-Luciferin,
Potassium Salt (Yeason, China) at a concentration of 150mg/kg using an
IVIS Lumina Imaging System (Xenogen). At the endpoint of in vivo
experiments, the tissues of different groups of mice were extracted and
fixed in 10% formalin for H&E and IHC staining.

Statistical analysis
The significant differences between different groups were assessed by the
Student t test. The tumor growth curves were analyzed using two-way
ANOVA, followed by Tukey’s multiple comparison test via GraphPad
software version 7.0. The survival distributions of different groups were
described by overall survival curves, and the log-rank test was applied to
assess statistical significance. Univariate and multivariate Cox regression
analyses were performed to further process the survival data. Pearson’s
correlation coefficient was used to analyze the correlations between
variables. Chi-squared test was used to estimate the comparisons between
the quantitative evaluation of IHC assays. KEGG analysis was used with
DAVID Bioinformatics (https://david.ncifcrf.gov), and differential expression
analysis was performed by the GEPIA database (http://gepia.cancer-
PKu.cn/). All results are expressed as the mean ± SD. All statistical analyses
were performed using GraphPad software version 7.0 (GraphPad Software).
P < 0.05 was considered statistically significant.
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RESULTS
The M2-related genes model predicts the prognosis of GBM
patients
To investigate the influence of macrophages on GBM, we first
screened the GBM samples for genes associated with macrophage
M2 scores by calculating the relative content of 22 immune cells in
the TCGA database and found 47 associated genes. All of 47

indicated genes were positive correlated with macrophages
M2 scores shown in a network diagram (Supplementary Fig. 1A).
Univariate Cox regression analysis was performed to identify 42
genes that were highly correlated and critical for poorer survival
(Fig. 1A). Then we further optimized the prognostic genes by the
LASSO regression model, and constructed prognostic models for
15 genes from the 42 survival-related M2 genes, obtained the
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optimal cut-off values for TCGA database (Fig. 1B). For LASSO
model validation, we categorized the GBM samples in TCGA and
CGGA database into high- and low-risk group. The model genes
had different expression between the high-risk and low-risk
groups in the TCGA and CGGA database, and all the 15 model
genes were elevated in the high-risk group (Fig. 1C and
Supplementary Fig. 1B). The GBM samples in the TCGA and CGGA
database were sorted according to the risk score, which increased
from left to right. We found that longer survival time mainly
consisted of low-risk patients, and poorer survival mainly
consisted of high-risk patients (Fig. 1D, E and Supplementary
Fig. 1C, D). Moreover, we performed KM analysis to evaluate the
high-risk and low-risk groups in the TCGA database, the CGGA
database as the test group. The results showed that the difference
in survival time between patients in high-risk and low-risk groups
was consistent in the TCGA and CGGA databases. The risk scores
could predict the survival of GBM patients in TCGA and CGGA
databases (Fig. 1F, G). Then, we performed univariate and
multivariate Cox analyses in TCGA and CGGA databases (Supple-
mentary Fig. 1E–H) and found that the prognostic models are an
independent validation of GBM prognostic significance. To assess
the accuracy of the LASSO model in predicting the GBM patient’s
survival, we performed ROC curve analyses on the 1-, 3-, and
5-year survival rates of the TCGA database samples and the CGGA
database samples, and found that AUC values were 0.874, 0.912,
and 0.868 for the TCGA database, and AUC values of 0.722, 0.753,
and 0.755 for the CCGA database. The areas under the ROC curves
were all greater than 0.7, indicating that the prognostic model can
predict the survival of patients well (Supplementary Fig. 2A-B).
Based on the results of the multivariate Cox proportional hazards
model, we performed a nomogram to predict the 1-year, 3-year
and 5-year overall survival time of GBM patients (Supplementary
Fig. 2C–F). Notably, we noticed that MS4A4A was involved in the
15 genes of prognostic models, which were important in
regulating macrophage M2 polarization in colon cancer [9].
However, the mechanism of MS4A4A in remodeling GBM
microenvironment remains unclear.

MS4A4A is associated with poor prognosis and M2
polarization in GBM
For further illustrate the roles of MS4A4A in GBM, we performed a
comparative analysis to detect the relationship between the
MS4A4A expression and the distinct patterns of clinical and
pathological characteristics in GTEx and TCGA datasets. MS4A4A
was highly enriched in GBM samples compared to normal tissues
(Fig. 2A). Moreover, higher-grade GBM had an elevated expression
level of MS4A4A (Fig. 2B). We collected the GBM samples and
normal tissues, and found that MS4A4A had a significantly higher
expression level in GBM samples (Fig. 2C, D). Then, we
demonstrated that IDH-wildtype and GBM without 1p/19q
codeletion had a higher MS4A4A expression level (Supplementary
Fig. 3A, B). The GBM without MGMT promoter methylation had
high MS4A4A expression in the TCGA dataset; however, this
difference was not statistically significant in the CGGA dataset
(Supplementary Fig. 3C).
In addition, we explored the expression level of MS4A4A in the

four transcriptional subtyping defined by the TCGA datasets [29]
and found that MS4A4A was significantly enriched in the
mesenchymal subtype in both TCGA and CGGA datasets
(Supplementary Fig. 3D). The ROC curves were used to evaluate
the expression specificity of MS4A4A in the mesenchymal
subtype, and the AUC was up to 92.5% in TCGA dataset, while
the AUC was 91.9% in CGGA dataset (Supplementary Fig. 3E),
indicating that MS4A4A may function as a potential mesenchymal
biomarker of gliomas. The expression of MS4A4A might predict
the survival of GBM patients in TCGA and CGGA database
(Supplementary Fig. 3F, G). Single-cell sequencing was performed
to verify the enrichment of MS4A4A in different cell clusters, and

we found that MS4A4A was highly expressed in macrophages,
consistent with the M2 polarization markers (Fig. 2E). The IF results
showed that MS4A4A had a similar location to M2 polarization
marker CD163, and the expression level of MS4A4A and CD163
was associated with GBM grades (Fig. 2F). GBM organoids were a
manipulatable and high-throughput model, especially for explor-
ing the GBM microenvironment and screening drugs for GBM [30,
31]. Moreover, the GBM organoids showed consistent results that
MS4A4A had co-location with M2 polarization marker (CD163) (Fig.
2G). Taken together, these results revealed that MS4A4A was
associated with macrophage M2 polarization in GBM immune
microenvironment.

MS4A4A regulates macrophages M2 polarization
To verify the association between MS4A4A expression and
macrophage M2 polarization, we knocked down MS4A4A/Ms4a4a
in THP-1 and Raw264.7 cells (Supplementary Fig. 4A–C) and
subsequently polarized the macrophages with different MS4A4A
expression levels to M2-phenotype by IL-4 and IL-13 treatment.
According to the qRT-PCR and WB results, we chose siMS4A4A#2
THP-1 and siMS4A4A #3 Raw264.7 cells for further experiments.
Compared to the control group, the siMS4A4A/siMs4a4a macro-
phages had significantly decreased M2 markers, such as Arg-1,
TGF-β and CD206 (Fig. 3A, B and Supplementary Fig. 4D, E). The
immunofluorescence assays showed that the expression level of
Arg-1 was decreased in THP-1 and Raw264.7, knocking down
MS4A4A/Ms4a4a (Fig. 3C, D). Moreover, we performed flow
cytometry analysis and found that knocking down MS4A4A/
Ms4a4a could inhibit the cell count of positive Arg-1 in
macrophages (Fig. 3E, F). In addition, we established MS4A4A/
Ms4a4a overexpressing THP-1 and Raw264.7 cells by the lentivirus
system and proved MS4A4A/Ms4a4a expression via qRT-PCR and
western blot assays (Supplementary Fig. 5A, B). The overexpres-
sion of MS4A4A/Ms4a4a in THP-1 and Raw264.7 cells elevated the
M2 markers Arg-1, TGF-β and CD206 in mRNA and protein levels
(Supplementary Fig. 5C–E). The IF and FACS assay results
illustrated that MS4A4A/Ms4a4a overexpression could increase
the Arg-1 expression and Arg-1 positive cell rate in THP-1 and
Raw264.7 cells (Supplementary Fig. 5F–I), suggesting that MS4A4A
plays a key role in M2 polarization in macrophages.

MS4A4A promotes macrophages M2 polarization via NF-κB/
STAT6 axis
To investigate the molecular mechanism by which MS4A4A
regulates macrophage M2 polarization, we performed KEGG
analysis and observed that MS4A4A was significantly positive
correlated with the NF-κB and JAK-STAT signaling pathways
(Supplementary Fig. 6A). In addition, we investigated the
association between MS4A4A and the polarization markers of
macrophages in glioma. Based on the TCGA and CGGA datasets,
we found that the M2 markers (CD163 and CD204) were positively
correlated with MS4A4A expression (Fig. 4A, B). On the contrary,
the M1 polarization markers of macrophage NOS2 had no
significant positively correlated with MS4A4A expression in GBM
(Supplementary Fig. 6B). Therefore, we speculated that MS4A4A
regulated the macrophages M2 polarization via NF-κB and JAK-
STAT signaling pathways. To test the above hypothesis and mimic
the effect of tumor cells on macrophages, we collected the
conditional medium derived from GBM cells and treated macro-
phages with different MS4A4A expression levels. MS4A4A /Ms4a4a
knocking down could decrease the phosphorylation of AKT,
STAT6, IκB and P65 in THP-1 and Raw264.7 cells (Fig. 4C–F). Then,
we found that the overexpression of MS4A4A/Ms4a4a in macro-
phages could elevate the p-AKT, p-STAT6, p- IκB and p-P65
expression level (Supplementary Fig. 6C, D). Furthermore, we
detected the minimum inhibitory dose of the NF-κB inhibitor (BAY
11-7082) and the STAT6 inhibitor (AS1517499) on THP-1 and
Raw264.7 cell lines for further experiments (Supplementary Fig. 6E,
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F). We found that the inhibition of NF-κB and JAK-STAT signaling
pathways restrained the effect of MS4A4A in upregulating M2
polarization markers in macrophages (Fig. 4G, H). Taken together,
these results illustrated that MS4A4A regulated macrophages M2
polarization through NF-κB and JAK-STAT signaling pathways.

M2 macrophages mediated by MS4A4A accelerate the
malignant behavior and TMZ resistance of GBM cells
The formation of immunosuppressive GBM microenvironment
induced by M2 macrophages regulates the malignant biological
progression and TMZ resistance [32, 33]. Based on the previous
studies, we collected the conditional medium (CM) derived from
PMA combined IL-4/IL-13 treated macrophages with different
MS4A4A expression level and subsequently treated LN229/
GL261 cells to mimic the effect of TAMs in TME on GBM cells

(Fig. 5A). Compared to the control group, MS4A4A/Ms4a4a
knocking down M2 macrophages treated GBM cells had
decreased proliferation capability (Fig. 5B). Additionally, the results
of Transwell and cell scratch assays showed that low MS4A4A/
Ms4a4a expressing M2 macrophages partly depressed the
migration capability of GBM cells (Fig. 5C–E). Then, the rates of
apoptotic cells in MS4A4A/Ms4a4a knockdown CM group were
increased compared with those in the control group under TMZ
treatment (Fig. 5F, G). Similarly, comet assays illustrated that
MS4A4A/Ms4a4a knocking down macrophages caused more TMZ-
induced DNA damage than the control group (Fig. 5H, I). To verify
what secretory factors are regulated by different MS4A4A-
expressing macrophage CM, we performed a protein chip and
found that IL-10 significantly decreased in the CM of macrophages
knocking down MS4A4A (Supplementary Fig. 7A, B). ELISA assays
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revealed that macrophages knocking down MS4A4A had lower IL-
10 secretion levels (Supplementary Fig. 7C, D). The previous study
revealed that IL-10 was essential for GBM cell proliferation [34] and
could suppress T cell activity [35], promoting GBM progression.
Our above results revealed that the M2 polarization mediated

by MS4A4A had an association with the activation of NF-kB/STAT6
signaling. To further verify that the inhibition of NF-κB/
STAT6 signaling pathway in macrophages could improve the
proliferation, migration and TMZ resistance in GBM cells,
macrophages overexpressing MS4A4A/Ms4a4a were first treated
with Bay 11-7082 and AS1517499. We collected CM derived from
different macrophages and treated GBM cells, found that
MS4A4A/Ms4a4a overexpression M2 macrophages elevated the
proliferation and invasion capability in GBM cells. Conversely, the
administration of NF-κB combined with STAT6 signaling pathway
inhibitors could decrease the increasing proliferation and migra-
tion capability mediated by MS4A4A/Ms4a4a overexpressing M2
macrophages in GBM cells (Supplementary Fig. 8A–F). The results
of FSCS and comet assays showed that MS4A4A/Ms4a4a over-
expressing M2 macrophages could reduce the apoptotic rate of

GBM cells and the DNA damage induced by TMZ. However, the
inhibitor of NF-κB/STAT6 signaling pathway in M2 macrophages
enhanced the apoptosis and DNA damage in GBM cells mediated
by MS4A4A/Ms4a4a overexpressing M2 macrophages under TMZ
treatment (Supplementary Fig. 9A–D). Overall, these results
demonstrated that the M2 polarization induced by MS4A4A/ NF-
κB/STAT6 axis dysregulation in macrophages could accelerate the
malignant behavior and TMZ resistance of GBM cells.

The inhibition of the MS4A4A/ NF-κB/STAT6 pathway
enhances TMZ sensitivity and prolongs survival time in vivo
To verify the effect of the MS4A4A/NF-κB/STAT6 pathway-induced
immune-suppressive GBM microenvironment regulating TMZ
resistance in vivo, we established an orthotopic mouse model of
GBM by GL261 cells combined with Raw264.7 cells overexpressing
Ms4a4a or the scramble cells and treated the mice with TMZ and/
or BAY 11-7082 and AS1517499 (Fig. 6A). The bioluminescence
imaging results illustrated that GBM derived from GL261 cells
combined with Raw264.7 cells overexpressing Ms4a4a exhibited
increased tumor growth and decreased mice survival compared to
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the OE_ctrl group. Moreover, the OE_Ms4a4a group mice had
limited TMZ treatment response, but the inhibitors (BAY 11-7082
and AS1517499) significantly enhanced the inhibition of tumor
growth induced by TMZ and prolonged the mice survival (Fig.
6B–D). To verify the synergistic effect of TMZ and inhibitor on GBM
model without Ms4a4a overexpression, we established the
orthotopic mouse model of GBM by GL261 cells combined with
the control Raw264.7 cells and treated the mice with TMZ and/or
BAY 11-7082 and AS1517499. The bioluminescence imaging

results showed that TMZ could inhibit the tumor growth, however,
the combined treatment did not show significant improvement in
tumor growth compared with the TMZ treatment alone. These
results showed that the synergistic effect of the inhibitors on TMZ
depended on the Ms4a4a expression of macrophages (Supple-
mentary Fig. 10). Additionally, the H&E assays revealed that the
inhibitors enhanced the TMZ response and decrease tumor
growth in mice GBM model (Fig. 6E). IHC staining of xenograft
samples demonstrated that Arg-1 expression was elevated in the
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OE_Ms4a4a+DMSO/TMZ group compared to the OE_ctrl group
accompanied by the increase with Ms4a4a expression. In addition,
the inhibitors could reverse the elevation of Arg-1 induced by
Ms4a4a through the NF-κB/STAT6 axis. The combined treatment
group had increased γH2AX expression in mice bearing GBM

derived from GL261 cells combined with Raw264.7 cells over-
expressing Ms4a4a compared with the TMZ treatment alone
group (Fig. 6F, G and Supplementary Fig. 11A). Consistently, the
combined treatment could significantly decrease the expression
levels of Arg-1 and increase γH2AX expression in GBM organoids
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(Supplementary Fig. 11B). The safety of the combined treatment
was confirmed, as no pathologic changes in the visceral organs,
hematologic toxicity, and significant impacts on hepatic and renal
functions were observed (Supplementary Fig. 11C; Supplementary
Tables S4 and S5). Taken together, these results illustrated that the
inhibition of the NF-κB/STAT6 axis could prevent the malignant
progression and TMZ resistance of GBM induced by MS4A4A-
mediated macrophage M2 polarization (Fig. 7).

DISCUSSION
Glioma is a great challenge in neurosurgery in spite of the advanced
therapeutic strategy, including surgery, radiotherapy, TMZ che-
motherapy and immunotherapy [36, 37]. Since the remodeling of
immunosuppressive GBM microenvironment, the immunotherapy
efficacy is limited in GBM patients [38]. There are complex cell
components of the GBM microenvironment, including endothelial
cells, pericytes, fibroblasts, and immune cells [39]. TAMs are the main
constituents in the TME, taking part in matrix components, immune
invasion, and angiogenesis, thereby regulating tumour growth,
proliferation, and chemotherapy resistance [40]. Our previous study
revealed that the cross-talk between GBM cells and immune cells in
glioma microenvironment, provides the theoretical evidence for the
remodeling of GBM immune microenvironment and identify novel
therapeutic targets [41, 42]. Nowadays, many studies have illustrated
that targeting the specific immunological signature of TAMs in GBM
microenvironment facilitated the rational design of immunotherapy
strategies [43, 44]. Therefore, a deeper understanding of the
mechanism by which GBM immune microenvironment regulating
the malignant biological behavior has the potential to overcome the
barrier of the diagnosis and prognosis in GBM patients.
Due to the key role of TAMs in the progression of GBM, we built a

model according to the TAMs M2 polarization genes, which could
predict the prognosis of GBM patients. Then, we found that MS4A4A,
a M2 macrophage marker [45], had a relationship with the grade,
survival time, and molecular signature of GBM. MS4A4A is selectively
expressed by macrophage-lineage cells, associated with Alzheimer’s
disease and different types of tumors [9, 46]. However, the functions
of MS4A4A in GBM and the mechanism by which MS4A4A
remodeling TAMs in GBM microenvironment are still unclear. In
the present study, we used GBM tissue and organoids to verify that
MS4A4A were associated with the M2 macrophage markers. Herein,
we established the macrophages with different MS4A4A expression
levels, and observed that the overexpression of MS4A4A could
promote macrophage M2 polarization. Oppositely, knockdown of
MS4A4A reversed the M2 polarization of macrophages, indicating the
key role of MS4A4A in regulating GBM immune microenvironment.
To further explore the mechanism of MS4A4A regulating M2

polarization in macrophages, we performed GSEA analysis and found
that MS4A4A was correlated with NF-κB and JAK-STAT6 signaling
pathways. NF-κB signaling is a pivotal pathway in mediating a variety
of signaling mechanisms, biological processes, human diseases and
treatment options [47]. With extensive and in-depth investigations,
NF-κB pathway is identified as a key role in development in various
cancers, contributing to chemotherapy resistance, transcription
factors dysregulation and microenvironment remodeling [48, 49].

Histamine secreted by glioblastoma stem cells (GSCs) could activate
endothelial cells by triggering the histamine H1 receptor-Ca-NF-κB
axis, promoting angiogenesis and GBM progression [50]. Pharmaco-
logical inhibition of NF-κB mediated immune suppression in
macrophages could partly reverse the pro-tumorigenic effect
induced by immunosuppressive microenvironment in breast and
ovarian cancer [51, 52]. JAK-STAT signaling is an important pathway
which interacts with NF-κB, promoting the progression of cancers,
inflammatory and autoimmune diseases, cardiovascular diseases,
metabolic diseases, neurological diseases, and COVID-19 [47]. The
inhibition of JAK-STAT signaling via shRNA or cucurbitacin-1/WP1066
administration could reduce the survival of GBM-derived brain tumor
stem cells (BTSCs) regardless of endogenous MGMT promoter
methylation or EGFR, PTEN, and TP53 mutational status [53].
Nowadays, the role of JAK-STAT signaling in macrophages has been
widely investigated in tumor microenvironment, upregulated JAK-
STAT pathway was associated with a predominant PD-1-positive and
M2-like TAMs, resulting in the immune escape of tumor cells and
limited immune checkpoint blockade efficacy [54, 55]. Moreover, the
blocking of the JAK-STAT signaling pathway could partly rescue
T-cells functionality and impair GSCs self-renewal and stemness in
glioma [56, 57]. Based on the above studies and our results, we
speculated that MS4A4A might regulate M2 polarization of TAMs in
GBM microenvironment via NF-κB and JAK-STAT6 signaling path-
ways. The macrophages with MS4A4A overexpression had a high
level of p-AKT, p-STAT6, p-IKB, p-P65 and M2 markers under the
treatment of GBM culture medium. In contrary, knockdown of
MS4A4A could downregulate the activation of NF-κB and JAK-STAT
signaling pathways and M2 makers in macrophages. Similarly, the
inhibitor of NF-κB and JAK-STAT signaling pathways reverse the M2
polarization in macrophages, further indicating MS4A4A remodeling
GBM microenvironment via NF-κB and JAK-STAT signaling pathways.
The immunogenomics of cancers is an emerging field bridging

genomics and immunology, thus, exploring the microenvironment
facilitates to select appropriate tool to address various clinical
questions and improve cancer patients’ outcomes [58]. TAMs, as the
majority of immune cells in TME, had a key effect of cancer
progression via their M2 polarization, including proliferation,
metastasis, and chemotherapy resistance [59]. TAMs have a
relationship with the progression of GBM multiform and its
development of therapeutic resistance to conventional chemother-
apy [60]. In the present study, we found that MS4A4A mediated M2
polarization promoted the proliferation, invasion and TMZ resis-
tance of GBM cells. Based on our previous study and other groups'
research, many targeted GBM immune microenvironment therapy
options are emerging, facilitating the development of effective
personalised treatment strategies [6, 61]. In this study, we used the
inhibitor of NF-κB and JAK-STAT signaling pathways and found that
the malignant biological behavior induced by MS4A4A-mediated
M2 polarization could be partly reversed in GBM cells. The apoptosis
and DNA damage induced by TMZ in GBM cells were increased
under the administration of NF-κB and JAK-STAT signaling pathways
inhibitors. In addition, the results of the GBM xenograft mice model
verified that the NF-κB and JAK-STAT signaling pathways inhibitors
elevated the survival time and decrease the tumor volume. Similar
results that the inhibition of NF-κB and JAK-STAT signaling

Fig. 5 M2 macrophages mediated by MS4A4A regulate malignant behavior and TMZ resistance of GBM cells. A The scheme of the CM
derived from macrophages with different MS4A4A/Ms4a4a expression levels used to further treat GBM cells. B CCK-8 assays showing the
proliferation of GBM cells treated with the CM from different macrophages (n= 3). C Transwell assays showing the migration of GBM cells
treated with the CM from different macrophages (n= 3). The histogram displays the statistical results of the migration analysis. D, E. Cell
scratch assay of GBM cells treated with the CM from different macrophages (n= 3). The histogram displays the statistical results of the
migration analysis. F, G Apoptosis of GBM cells treated with the CM from different macrophages under TMZ treatment. The histogram displays
the statistical results of the apoptosis analysis. H, I Comet assay performed with GBM cells treated with the CM from different macrophages
under TMZ treatment. The boxplots show the statistical results of comet assays performed with GBM cells treated with the CM from different
macrophages under TMZ treatment (n= 50). Data, mean ± SD. P values were determined by Student t test or two-way ANOVA followed by
Tukey’s multiple comparison test. Significant results are presented as **, P < 0.01 or ***, P < 0.001.
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pathways could attenuate the proliferation appeared in GBM
organoids, suggesting that NF-κB and JAK-STAT signaling pathways
inhibitors might be a potential adjuvant agent to promote the
prognosis of GBM patients.

In summary, we established that the M2-related gene LASSO
model could predict the prognosis of GBM patients. And our
results demonstrated that MS4A4A, an important independent
prognostic factor, could regulate macrophage M2 polarization via
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the activation of NF-κB and JAK-STAT signaling pathways in
glioma microenvironment. Moreover, the formation of immuno-
suppressive GBM microenvironment induced by MS4A4A/ NF-κB/
STAT axis promoted the proliferation, invasion and TMZ resistance.
The inhibitor administration of NF-κB and JAK-STAT signaling
pathways could significantly attenuate MS4A4A-mediated malig-
nant biological progression in GBM xenograft mice model and
organoids. Therefore, our present work deepens the under-
standing of the cross-talk between microenvironment and GBM
cells, suggesting that blockade of NF-κB and JAK-STAT signaling
pathways might be a novel therapeutic strategy.

DATA AVAILABILITY
All relevant data supporting the findings of this study were available in the article or
from the corresponding author upon request.
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