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ABSTRACT
The vast majority (>90%) of glioblastoma (GBM) patients belong to the isocitrate dehydrogenase 1 wild 
type (IDH1WT) group which exhibits a poor prognosis with a median survival of less than 15 months. This 
study demonstrated numerous immunosuppressive genes as well as β-catenin gene, pivotal for Wnt/β- 
catenin signaling, were upregulated in 206 IDH1WT glioma patients using the Chinese Glioma Genome 
Atlas (CGGA) database. The increase in microglia with an immunosuppressive phenotype and the over-
expression of β-catenin protein were further verified in IDH1WT GBM patients and IDH1WT GL261 glioma 
allografts. Subsequently, we found that IDH1WT GL261 cell-derived conditioned medium activated Wnt/β- 
catenin signaling in primary microglia and triggered their transition to an immunosuppressive phenotype. 
Blocking Wnt/β-catenin signaling not only attenuated microglial polarization to the immunosuppressive 
subtype but also reactivated immune responses in IDH1WT GBM allografts by simultaneously enhancing 
cytotoxic CD8+ T cell infiltration and downregulating regulatory T cells. Positron emission tomography 
imaging demonstrated enhanced proinflammatory activities in IDH1WT GBM allografts after the blockade 
of Wnt signaling. Finally, gavage administration of a Wnt signaling inhibitor significantly restrained tumor 
proliferation and improved the survival of model mice bearing IDH1WT GBM allografts. Depletion of CD8+ 

T cells remarkably abrogated the therapeutic efficacy induced by the Wnt signaling inhibitor. Overall, the 
present work indicates that the crosstalk between IDH1WT glioma cells and immunosuppressive microglia 
is important in maintaining the immunosuppressive glioma microenvironment. Blocking Wnt/β-catenin 
signaling is a promising complement for IDH1WT GBM treatment by improving the hostile immunosup-
pressive microenvironment.
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1. Introduction

Glioblastoma (GBM) is the most common primary malignant 
glioma. As a molecular marker, isocitrate dehydrogenase 1 
(IDH1) plays a key role in predicting the prognosis of GBM 
which is the glioma with the highest malignancy (WHO Grade 
IV).1 The vast majority (>90%) of GBM patients belong to the 
IDH1 wild type (IDH1WT) group, and their median survival (< 
15 months) is significantly lower than that of IDH1 mutated 
(IDH1MUT) patients (31 months).2 According to the latest data 
of the Central Brain Tumor Registry of the United States,1 

~71% of newly diagnosed diffuse gliomas are classified as 
IDH1WT GBM.3 Therefore, it is urgent to develop new meth-
ods to improve the prognosis of IDH1WT GBM patients.

Although immunotherapeutic approaches have been pro-
ven to be effective in the treatment of multiple types of cancers, 
such as lymphoma and melanoma,4 these strategies, including 

immune checkpoint blockade and therapeutic vaccination, 
failed to achieve satisfactory therapeutic efficacy in glioma. 
For example, treatment with the programmed death receptor 
1 (PD-1) checkpoint blocker nivolumab (Opdivo) did not pro-
long overall survival in randomized phase III clinical trials of 
369 recurrent glioblastoma patients (NCT02017717).5 The 
compromised therapeutic responses may result from the 
immunosuppressive microenvironment of GBM.6 Compared 
with IDH1MUT GBM, IDH1WT GBM exhibits more pro-
nounced immunosuppressive characteristics,7,8 which may 
contribute to the different degrees of aggressiveness in 
IDH1WT GBM and IDH1MUT GBM.9,10 Thus, improving the 
immunotherapeutic response of IDH1WT GBM by modulating 
the immunosuppressive microenvironment is a promising 
strategy.

Microglia are resident macrophages and act as the first and 
foremost immune defense in the brain.11 Under normal 
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conditions, resting microglia continuously survey the surround-
ing environment. However, resting cells can rapidly polarize into 
either classic (immunostimulatory, tumor-restraining) or alter-
native (immunosuppressive, tumor-supportive) phenotypes in 
response to stimuli such as infection and damage.12 An increased 
immunostimulatory/immunosuppressive phenotype ratio of 
microglia usually indicates better glioma patient prognosis.13 

The interaction between glioma cells and microglia is important 
in maintaining the immunosuppressive microenvironment. 
Therefore, blocking the communication between tumor- 
supportive microglia and glioma cells and thereby suppressing 
the immunosuppressive microenvironment is a promising strat-
egy for the treatment of IDH1WT glioma.

The aberrantly activated Wnt/β-catenin signaling pathway 
is actively involved in carcinogenesis and the progression of 
multiple types of tumors.14–16 A growing number of studies 
indicate that the β-catenin level in IDH1WT glioma cells is 
markedly increased.17,18 Interestingly, the Wnt/β-catenin sig-
naling level is proportional to the immunosuppressive/immu-
nostimulatory phenotype ratio of microglia.19 Thus, we 
hypothesize that the Wnt pathway plays a pivotal role in 
establishing the immunosuppressive microenvironment in 
IDH1WT GBM by stimulating communication between cancer 
cells and immunosuppressive microglia.

In this study, we demonstrated that Wnt signaling was crucial 
in the development of an immunosuppressive microenviron-
ment in IDH1WT GBM by promoting the interaction between 
immunosuppressive microglia and cancer cells. Blocking the 
Wnt/β-catenin pathway shifted the microglial phenotype from 
an immunosuppressive phenotype to an immunostimulatory 
phenotype, increased the infiltration of CD8+ T cells, and 
decreased the number of infiltrating regulatory T cells (Treg 
cells), leading to increased therapeutic responses. In summary, 
this work presents a strategy for refractory IDH1WT GBM ther-
apy by abolishing the immunosuppressive microenvironment.

2. Materials and methods

2.1. Patient samples

Human specimens were obtained from patients who were 
newly diagnosed as IDH1WT GBM (n = 4) and IDH1MUT 

GBM (n = 4) at the Department of Neurosurgery, Huashan 
Hospital, from 2017 to 2019. Written informed consents were 
acquired from all participants, and the Institutional Review 
Board of Huashan Hospital approved the protocol.

2.2. Gene expression analysis

Kaplan-Meier survival analysis and gene expression array for 
IDH1WT and IDH1MUT glioma were performed in GBM using 
the Chinese Glioma Genome Atlas (CGGA; http://www.cgga. 
org.cn/). All searches were performed according to the online 
instructions of CGGA data portal.

2.3. Cell culture

Murine glioma GL261 cell line was kindly provided by 
Professor Zhou Liangfu (Department of Neurosurgery, 

Huashan Hospital in 2018). Murine glioma CT-2A cell line 
was purchased from Bluefbio (Shanghai) Biology Technology 
Development Co., Ltd. Human glioma IDH1WT U251 cell line 
was kindly provided by Professor Chen Liang (Department of 
Neurosurgery, Huashan Hospital in 2021). All cells were ver-
ified by negative mycoplasm tests and grown in DMEM 
(Meilunbio) with 10% FBS (Thermo-Fisher Scientific) at 37°C 
with 5% CO2.

2.4. Isolation of primary microglia

Murine primary microglia were obtained from ICR pups (<3 days 
old, raised in pathogen-free laboratory environment). Brains were 
excised and placed in 75% ethanol. The cerebellum was isolated 
before the brains were transferred into Hank’s Balanced Salt 
Solution (HBSS; Meilunbio). Cortices and meninges were 
removed. The remaining brains were washed by phosphate buffer 
saline (PBS; Meilunbio) and digested in 0.25% Trypsin/EDTA 
(Thermo Fisher Scientific) and 2.5 μg/mL DNase I (Beijing 
Dingguo Changsheng Biotechnology) for 5 min followed by gentle 
trituration. Tissue homogenates were passed through a sieve (75- 
µm mesh) and collected by horizontal centrifugation for 2 min at 
2,000 rpm, then resuspended in 12% FBS-F12DMEM medium 
(Thermo Fisher Scientific) for plating. On the second day after 
isolation, primary microglia cultures were centrifuged for 2 min at 
2,000 rpm. Half of the supernatant was transferred back to the 
plate, and an equal volume of fresh 12% FBS-F12DMEM was 
added. The medium for microglia culture was changed every 
3 − 4 days. After 14 days, microglia cells were gently shaken off, 
and were re-plated in 12% FBS-F12DMEM for 2 − 3 days prior to 
further immunoblotting, immunofluorescence staining or flow 
cytometry analysis.

2.5. Cell proliferation assay

For determining the cell viability of IDH1WT GL261 cells, 
IDH1WT CT-2A cells, IDH1WT U251 cells or primary micro-
glia cells after treated with Wnt-C59, the cells were seeded in 
96-well plates and then cultured for 1 day, subsequently, 
exposed into completed DMEM media containing different 
concentrations of Wnt-C59 (0, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 
6.4 µmol/L). Cancer cell viabilities were determined after cul-
turing with media isolated from primary microglia, immuno-
suppressive phenotype microglia or Wnt-C59 (3 or 6 µmol/L) 
treated immunosuppressive microglia (the cells were cultured 
with Wnt-C59 for 1 day, then washed twice. The cells were 
cultured for another day in fresh medium). CCK-8 assay solu-
tion (10 μL/well, Yeasen Biotechnology) was added and the 
optical density was obtained after 2 h.

2.6. Wound healing assay

GL261 cells were cultured on 12-well plates (2 ×106/well). 
80–90% confluence was usually achieved at 24 h post-seeding. 
The cells were scratched by a sterile 10 µL micropipette tip and 
the debris were carefully washed away by PBS. Then scratched 
cell monolayer was cultured with media isolated from immu-
nosuppressive phenotype microglia or Wnt-C59 (5.2 µmol/L) 
treated immunosuppressive microglia (the cells were cultured 
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with Wnt-C59 for 1 day, then incubated for another day in the 
fresh medium after washing twice) for 24 or 48 h.

2.7. Construction of IDH1R132H mutant lentivirus

The DNA plasmid and lentivirus were designed and con-
structed by Shanghai GeneChem. The vector was Ubi-MCS 
-3FLAG-CBh-gcGFP-IRES-puromycin, obtained by restric-
tion endonuclease digestion. The following primers were 
designed by Snapgene software and were used to amplify 
the sequence by polymerase chain reaction (PCR): F:5ʹ- 
AGGTCGACTCTAGAGGATCCCGCCACCATGTCCAGA-
AAAATCCAAGGAGG-3ʹ; R:5ʹ-TCCTTGTAGTCCAT 
ACCAAGTTTGGCCTGAGCTAATTTGG-3ʹ. The products 
were inserted into GV492 plasmid vector in accordance 
with the manufacturer’s instructions (ClonExpressTM II 
One Step Cloning Kit, Vazyme, #C122). Then 10 μL reac-
tion products were added to 100 μL competent cells, mixed 
under the number of elastic tube walls, and placed on the 
ice for 30 min. Heat shock at 42°C for 90 s, incubation in 
the ice water bath for 2 min. 500 μL Luria-Bertani (LB) 
medium was added and cultured in a shaking bed at 37°C 
for 1 h. The appropriate amount of bacterial solution was 
evenly coated on the plate containing the ampicillin anti-
biotics and cultured upside down for 16 h in a constant 
temperature incubator. The identified positive transfor-
mants by PCR were inoculated in LB medium containing 
ampicillin antibiotics, cultured at 37°C for 12 to 16 h, and 
sequenced. The correctly sequenced bacteria were trans-
ferred to 10 mL LB medium containing corresponding 
antibiotics and cultured overnight at 37°C. The plasmid 
was extracted with a small amount of internal toxin-free 
plasmid extraction kit. Blank GV492 plasmid vector was 
used as a negative control. IDH1 R132H plasmid, packaging 
plasmids Helper 1.0 and Helper 2.0 were transferred to 
293 T cells for 72 h to lentivirus packaging. The harvested 
lentivirus was concentrated, purified and stored at −80°C.

2.8. Development of murine models bearing orthotopic 
glioma with IDH1WT or IDH1MUT genotype

All animal studies were authorized by the Institutional Animal 
Care and Use Committee (IACUC) of Fudan University. Male 
C57BL/6 mice (20 − 22 g) were obtained from Shanghai 
Lingchang Biological Technology and kept in pathogen-free 
conditions. Animal experiments were conducted according to 
the guidelines approved by the Ethics Committee of Fudan 
University.

Mice were anesthetized and then fixed. A small hole was 
drilled into the skull of the mouse, relative to the bregma 
(2 mm lateral). Through the hole, the syringe was injected 
4.0 mm deep relative to the bregma. The syringe was with-
drawn 0.5 mm before implanting with 5 μL of IDH1WT or 
IDH1MUT GL261 cell suspension (2 ×104 cells). The syringe 
was withdrawn slowly from the mouse brain, with a pause at 
Z = −2.5 mm deep for 1 min. Mouse models were checked 
twice a week and their body-weight were measured every week 
post-injection of the cancer cells.

2.9. T cell depletion

Subsets of T cells in C57BL/6 mouse models were depleted by 
intraperitoneal injection (i.p.) of 100 μL corresponding anti-
body at one day prior to IDH1WT glioma cell inoculation as 
indicated: anti-CD8α antibody (9.5 mg/kg; clone 2.43, 
BioXCell) and anti-CD4 antibody (10 mg/kg; clone GK1.5, 
BioXCell) every four days.20,21 Depletions of CD8+ T cells 
and CD4+ T cells were confirmed by flow cytometry.

2.10. In vivo magnetic resonance imaging (MRI) studies

C57 mouse models bearing IDH1WT GL261 glioma allograft 
were randomly assigned to 6 groups (n = 4) that received oral 
administration of vehicle (100 µL ddH2O containing 0.5% 
methylcellulose and 0.1% Tween-80) or Wnt-C59 (7.5 or 
15 mg/kg) once daily for 7 or 14 days, respectively.22 

A detailed description of the MRI methods is provided in 
Supplementary Materials and Methods.

2.11. In vivo positron emission tomography (PET)/ 
computed tomography (CT) studies

PET/CT imaging was carried out with a microPET/CT scanner 
(Siemens Inveon). The detailed procedures to acquire images 
were described in Supplementary Materials and Methods.

2.12. Flow cytometry studies

Brains were minced with scissors before mechanical homoge-
nate and single cell suspensions were obtained through a 40- 
µm cell filter. The detailed procedures to flow cytometry stu-
dies were described in Supplementary Materials and Methods.

2.13. Immunoblotting assay, immunofluorescence and 
immunohistochemistry staining

The procedures for western blotting, immunofluorescence and 
immunohistochemistry staining were provided in 
Supplementary Materials and Methods.

2.14. RT- PCR studies

Total RNA was extracted with Trizol reagent (Life 
Technologies) from GBM patient tissues and mouse brain 
tumor tissues. Transcriptor First Strand cDNA Synthesis Kit 
(Roche) was used to reverse transcribe 1 μg RNA into cDNA. 
RT-PCR amplifications were accomplished in triplicates in 
a 25 µL reaction volume with the SYBR Premix Ex Taq Kit 
(Takara Bio). Primer sequences were provided in the Table. S1.

2.15. Statistical analysis

Results were presented as mean±SD or mean±SEM. The dif-
ference was evaluated with Mann-Whitney U-test (Student’s 
t-test), One-way ANOVA (GraphPad Prism 7.0). The correla-
tion of multiple groups was measured by Pearson’s or 
Spearman’s correlation. p <.05 was considered statistically 
significant.
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3. Results

3.1. The upregulation of immunosuppressive genes and 
β-catenin in IDH1WT glioma patients

CGGA data analysis demonstrated that the median survival of 
IDH1WT GBM was significantly shorter than that of the 
IDH1MUT subtype (Fig. S1) (p = .002). We hypothesize that 
this difference may be associated with the highly immunosup-
pressive microenvironment in IDH1WT GBM.22 To verify this 
hypothesis, we compared the expression of immunosuppres-
sive genes between IDH1WT GBM and IDH1MUT GBM. 
However, because only 5‒10% of primary GBM cases are 
IDH1MUT, we extended the cohort from the GBM (WHO- 
Grade IV) database to the high-grade glioma database contain-
ing WHO Grade III and IV cases, including 206 IDH1WT 

glioma cases and 183 IDH1MUT glioma cases. The workflow 
of the data filtering glioma case is shown in Figure 1a. The heat 
map of key genes involved in immune suppression is shown in 
Figure 1b. As expected, IDH1WT glioma showed significantly 
higher levels of immunosuppressive genes than IDH1MUT 

glioma (Table S2).23,24 Furthermore, the expression of 
CTNNB1, a pivotal gene in the Wnt/β-catenin pathway, was 

substantially higher in IDH1WT gliomas than in IDH1MUT 

gliomas (Figure 1c), suggesting that a correlation may exist 
between the β-catenin gene and immunosuppressive 
microenvironment.

3.2. The upregulation of immunosuppressive microglia 
and β-catenin protein levels in IDH1WT GBM

Since immune-suppressive microglia is the prominent cell in the 
GBM microenvironment,25,26 we then investigated the relation-
ship between microglia and β-catenin level in IDH1WT GBM. 
First, we confirmed that anti-inflammatory microglia were pre-
ferentially expressed in surgical specimens from IDH1WT GBM 
patients by determining the co-localization of transmembrane 
protein 119 (TMEM119, a specific biomarker for microglia) and 
CD163 (an anti-inflammatory microglia biomarker) (Figure 2a, 
Fig. S2a). Then, we found that β-catenin level in the above 
specimens was also significantly upregulated under immuno-
fluorescence microscopy (Figure 2b, Fig. S2b). Immunoblotting 
further confirmed that the expression of CD163 and β-catenin 
was significantly upregulated in IDH1WT GBM patients (Figure 
2c, Fig. S2c).

Figure 1. The upregulation of immunosuppressive genes and β-catenin in IDH1WT glioma patients. (a) The workflow for filtering glioma cases in CGGA. (b) 
Heatmap depicting the expression levels of immunosuppressive genes in high-grade IDH1WT or IDH1MUT gliomas from patients in the CGGA cohort. (c) β-catenin gene 
(CTNNB1) expression levels in high-grade IDH1WT and IDH1MUT gliomas from patients in the CGGA cohort. CGGA: Chinese Glioma Genome Atlas.
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Considering the heterogeneity among the patient 
specimens,23 we established an IDH1WT GBM allografts 
model and an IDH1MUT GBM allografts model as a control.27,28 

First, the population of immunosuppressive microglia in the 
above allografts was analyzed by flow cytometry. The experi-
mental results demonstrated that the immunosuppressive 
CD206+ CD16/32+ phenotype was the most dominant,29,30 

making up 88.0% of all microglia (gated on CD11b+ CD45+ 

Iba1+ CD49d−) in the IDH1WT group, which was significantly 
higher than that in the IDH1MUT group (63.2%) (Figure 2f). 
Consistently, immunoblotting and immunofluorescence stu-
dies showed significant upregulation of CD163 and β-catenin 
in IDH1WT GBM allografts (Figure 2d, Fig. S2d-h). 
Furthermore, the intratumoral infiltrations of T cells and den-
dritic cells (DCs) in IDH1WT GBM and IDH1MUT GBM 

allografts were analyzed by flow cytometry. As shown in 
Suppl. Fig. 2i-n, though the total T cell (CD3+) infiltration in 
IDH1WT GL261 GBM allografts was comparable to that of 
IDH1MUT group, the infiltration degrees of CD8+ T cells and 
DCs were significantly decreased but the infiltration of Treg 
cells was significantly increased in IDH1WT GBM. These 
results confirmed the results of CGGA cohort, namely the 
upregulation of immunosuppressive genes and β-catenin in 
IDH1WT glioma patients. In addition, we established an 
IDH1WT CT-2A glioma cell and an IDH1MUT CT-2A glioma 
cell as controls. Immunoblotting studies showed significant 
upregulation of β-catenin protein in IDH1WT CT-2A glioma 
cells, which is consistent with results from IDH1WT GBM 
specimens from patients and IDH1WT GBM allograft. (Fig. 
S2o). Together, these data demonstrated that a positive 

Figure 2. The upregulation of immunosuppressive microglia and β-catenin protein levels in IDH1WT GBM. (a) Representative immunofluorescence images of the 
microglial marker TMEM119 (green) and the anti-inflammatory microglia marker CD163 (red) in tissues from IDH1WT GBM patients (n = 4). Tissues from IDH1MUT GBM 
patients were used for control. (b) Representative immunofluorescence images of β-catenin (red) in the above tissues (n = 4). Immunoblots showing CD163, β-catenin 
and IDH1R132H protein expression in tissues isolated from the above GBM patients (n = 4) (c) and GL261 GBM allografts (n = 4) (d). (e) Strategy for discriminating 
microglia from tissue specimen with the gate of CD11b+ CD45+ Iba1+ CD49d−. (f) Flow cytometric analysis of the percentage of microglia with different phenotypes in 
IDH1WT GL261 GBM allografts. Tissues from IDH1MUT GL261 GBM allografts were used for control (n = 4, Student’s t-test). Scale bars: 50 μm at ×20 magnification. All 
values are shown as Mean±SD. ***p < .001.
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correlation may exist between immunosuppressive microglia 
and β-catenin levels in IDH1WT GBM.

3.3. IDH1WT GBM-derived culture medium triggers 
immunosuppressive phenotypic transition in microglia by 
activating Wnt/β-catenin signaling

To interrogate the potential link between tumor-associated 
microglia and β-catenin, we isolated primary microglia from 
the hippocampus of newborn mice and then treated the micro-
glia with normal medium (NM), IDH1WT GL261 GBM- 
derived conditioned media (CM-WT) or IDH1MUT GL261 
GBM-derived conditioned media (CM-MUT) (Figure 3a). 
Immunoblotting revealed that the expression of CD163 
increased 99.4% in the CM-WT group compared with the CM- 
MUT group (Figure 3b). Furthermore, the expression of 
Wnt3a and β-catenin increased 39.0% and 86.1%, respectively, 
in the CM-WT group compared with the CM-MUT group, 
whereas the expression of GSK-3β (a destruction complex 
leading to CTNNB1 proteasomal degradation) decreased 
47.6% in the CM-WT group compared to the CM-MUT 
group (Figure 3b). Flow cytometry showed that the number 
of immunosuppressive microglia in the CM-WT group mark-
edly increased 80.4% and 27.0-fold compared with that in the 
CM-MUT group and NM group, respectively (Figure 3c). 
Additionally, qRT-PCR analysis revealed that the mRNA level 
of signal transducer and activator of transcription 6 (STAT6) 
increased 1.4-fold in the CM-WT group compared with the 
CM-MUT group (Fig. S3a). Furthermore, confocal micro-
scopic imaging demonstrated that while the immunofluores-
cence of CD163 and β-catenin remained low in the isolated 
primary microglia in the NM group and CM-MUT group, 
marked increases in the immunofluorescence intensity were 
observed in the CM-WT group (p <.001) (Figure 3d, Fig. S3b). 
These data suggest that IDH1WT glioma cells facilitate the 
transformation of primary microglia to an immunosuppressive 
phenotype by activating the Wnt pathway.

3.4. Wnt/β-catenin signaling blockade inhibits IDH1WT 

GBM cell migration and proliferation by abolishing 
immunosuppressive microglia

Wnt-C59, a porcupine (PORCN) inhibitor that prevents Wnt 
palmitoylation, secretion, and biological activity, was added to 
IDH1WT GL261 glioma cells at the half-maximal inhibitory 
concentration (IC50) (6.4 μmol/L) for 24 h (Fig. S4a).31 After 
being washed and cultured in fresh medium for another 24 h, 
glioma-derived conditioned medium was added to the primary 
microglia (Figure 4a). Immunoblotting showed that the 
expression of Wnt3a and β-catenin in primary microglia trea-
ted with the CM (CM-WT-C59) was significantly lower than 
that in primary microglia treated with CM isolated from 
IDH1WT GL261 glioma cells without Wnt-C59 treatment 
(CM-WT) (Figure 4b, Fig. S4c). Interestingly, no difference in 
the degree of polarization was observed in primary microglia 
that were cultured with Wnt-59-treated IDH1MUT or Wnt-59- 
treated IDH1WT glioma-derived conditioned media (Fig. S4d). 
Furthermore, flow cytometry showed that the percentage of 
CD206+ immunosuppressive microglia and CD206+ CD16/32+ 

immunosuppressive microglia decreased 90.7% and 85.9%, 
respectively (Figure 4c), while the percentage of immunosti-
mulatory microglia (CD16/32+) substantially increased 
1.2-fold in the CM-WT-C59 group compared to the CM-WT 
group (Fig. S4e). These results suggested that inhibiting the 
Wnt pathway in IDH1WT glioma cells efficiently blocked the 
transition of microglia to a tumor-supportive phenotype. 
Similar experimental results were achieved when IDH1WT 

GL261 glioma cells were replaced by murine IDH1WT CT-2A 
glioma cells or human glioblastoma IDH1WT U251 cells (Fig. 
S4f-k).

To investigate the effect of immunosuppressive microglia 
on IDH1WT glioma cells, GL261 cancer cells were treated with 
conditioned medium isolated from immunosuppressive 
microglia (CM-IM) or immunosuppressive microglia pre-
treated with the inhibitor Wnt-C59 (CM-C59-IM) (Figure 4d, 
Fig. S4b). Wnt-C59 treatment decreased the β-catenin level in 
immunosuppressive microglia by 92.3% and increased the 
GSK-3β level by 3.9-fold, suggesting that Wnt signaling in 
immunosuppressive microglia (IM) was quenched by the inhi-
bitor Wnt-C59 (Figure 4e, Fig. S4i). Additionally, Wnt-C59 
reduced the level of CD163 in immunosuppressive microglia 
(Figure 4e, Fig. S4i). The wound-healing assay showed that 
CM-C59-IM treatment decreased the GL261 cell migration 
rate, with markedly reduced migration distances of 34.8% 
and 65.2% in comparison to GL261 cells treated with CM-IM 
for 24 h and 48 h, respectively (Figure 4f). Cytotoxicity studies 
showed that the viability of IDH1WT GL261 tumor cells treated 
with CM-IM supplemented with 6 μmol/L Wnt-C59 (CM-6 
C59-IM) for 24 h was markedly lower than those treated with 
MIM without Wnt-C59 treatment or pretreated with 3 μmol/L 
Wnt-C59 (CM-3 C59-IM) (Fig. S4m). These results suggest 
that blocking Wnt signaling in immunosuppressive microglia 
can inhibit the migration and proliferation of IDH1WT GBM 
cells.

3.5. Wnt/β-catenin signaling blockade reactivates the 
immune response in IDH1WT GBM allografts

Wnt signaling blockade rebalanced the tumor immunosup-
pressive microenvironment in IDH1WT GL261 GBM allografts. 
Translocator protein (TSPO), which is primarily expressed on 
immunostimulatory microglia,32 was used as a biomarker to 
evaluate intratumoural neuroinflammation.33 In vivo PET/CT 
imaging showed that the standardized uptake value (SUV) of 
[18F]DPA-714, a TSPO-targeted PET radiotracer, in IDH1WT 

gliomas at 14 days after Wnt-C59 treatment (15 mg/kg) was 
5.2-fold higher than that in the control group (Figure 5a). Flow 
cytometric analysis of the dissociated tumor cells showed 
8.7-fold increases in the immunostimulatory microglial popu-
lation (CD16/32+ in the CD11b+ CD45+ Iba1+ CD49d− popu-
lation) at 14 days after Wnt-C59 treatment (15 mg/kg) in 
comparison to that of control group. Moreover, the immuno-
suppressive microglial population (CD206+ CD16/32+ in the 
CD11b+ CD45+ Iba1+ CD49d− population) decreased by 63.8% 
(Figure 5b). Additionally, Wnt-C59 increased the number of 
tumor-infiltrating lymphocytes (TILs, CD3+) (Fig. S5a), espe-
cially cytotoxic T lymphocytes (CTLs, CD3+ CD8+) (Figure 
5c). The cytotoxic T cell number at 14 days after 15 mg/kg 
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Wnt-C59 treatment increased 18.7% and 193.7% in compar-
ison to the value after treatment with 7.5 mg/kg Wnt-C59 and 
vehicle, respectively. Moreover, Treg cells (CD4+ Foxp3+ CD8− 

CD25+) decreased by 82.1% and 92.1% (Figure 5d). 
Immunoblot analysis indicated that compared with that of 

the control group, the expression of GSK-3β at 14 days after 
Wnt-C59 (15 mg/kg) treatment increased by 1.4-fold. 
Furthermore, the levels of CD163 and β-catenin decreased by 
93.6% and 94.8%, respectively (Figure 5e, Fig. S5b). Moreover, 
compared with that of the control group, the mRNA 

Figure 3. IDH1WT GBM cell-derived conditioned medium transforms primary microglia to an immunosuppressive phenotype by activating Wnt/β-catenin 
signaling. (a) Schematic illustration of the treatment of primary microglia with IDH1WT or IDH1MUT GL261 glioma cell-derived conditioned medium (CM). Primary 
microglia were cultured with CM from IDH1WT cells (CM-WT) or IDH1MUT cells (CM-MUT) for 24 h, while the control group was cultured in normal F12/DMEM (NM). (b) 
Immunoblots showing CD163, Wnt3a, GSK-3β and β-catenin in primary microglia treated with IDH1WT or IDH1MUT GL261 glioma cell-derived conditioned medium (CM). 
Primary microglia were cultured with CM from IDH1WT cells (CM-WT) or IDH1MUT cells (CM-MUT) for 24 h, while the control group was cultured in normal F12/DMEM 
(NM) (n = 4). Mean±SD are shown. (c) Flow cytometric analysis of CD11b+CD45low cells in primary microglia treated with CM (n = 4). Mean±SD are shown. (d) 
Representative white light and immunofluorescence images of primary microglia cultured in NM, CM-WT and CM-MUT for 24 h. CD163 and β-catenin are displayed in 
green and red, respectively. The nuclei were stained with DAPI (blue) (n = 4). Student’s t-test. Scale bar: 50 μm. ***p < .001. exp.: expression. NM: normal F12/DMEM 
medium; CM: conditioned medium; CM-WT: conditioned medium from IDH1WT cells; CM-MUT: conditioned medium from IDH1MUT cells.
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expression of proinflammatory factors, including IFN-γ and 
iNOS, increased 2.1-fold and 21.3-fold, respectively, after 
15 mg/kg Wnt-C59 treatment for 14 days. Notably, the 
mRNA levels of anti-inflammatory factors, including TGF-β 
and IL-10, decreased 46.0% and 31.2%, respectively, at 7 days 
after 15 mg/kg Wnt-C59 treatment compared with those of the 
control group (Figure 5f). In summary, these data indicated 
that blocking Wnt signaling stimulates the immune microen-
vironment in IDH1WT GBM by promoting the phenotypic 
transition of microglia, upregulating proinflammatory factors, 
increasing intratumoural cytotoxic CD8+ T cell infiltration and 
downregulating regulatory T cells.

3.6. Wnt signaling blockade increases the survival of 
model mice bearing IDH1WT gliomas

The therapeutic efficacy of Wnt signaling blockade was evi-
dent in model mice bearing IDH1WT GBM tumor allografts. 
In vivo MRI analysis revealed that the tumor volume was 

reduced by 25.2% and 43.0% at day 7 after treatment with 
7.5 mg/kg and 15 mg/kg Wnt-C59, respectively, in compar-
ison with that of the control group. The corresponding values 
were 52.0% and 61.8%, respectively, at day 14 (Figure 6a, b). 
Moreover, 50% of the animals survived over 30 days after 
treatment with 15 mg/kg Wnt-C59 for 14 days, while none of 
the animals in the control group survived beyond 25 days 
(Figure 6c). Immunohistochemical analysis showed that Ki67 
staining in tumors was reduced by 29.3% and 31.7% at day 7 
post treatment with 7.5 mg/kg and 15 mg/kg Wnt-C59, 
respectively, in comparison with that of the control group. 
The corresponding values were 25.8% and 41.3%, respec-
tively, at day 14, suggesting the reduced glioma cell prolifera-
tion rate after treatment with the Wnt inhibitor (Figure 6d, 
Fig. S6). Moreover, no obvious differences in mouse body 
weight gain were observed between the control and treatment 
groups.22 Considering the increased cytotoxic CD8+ T cells 
and concomitant decreased Treg cells in glioma allograft after 
the treatment of Wnt-C59, we investigated whether depletion 

Figure 4. Wnt/β-catenin signaling blockade inhibits IDH1WT GBM migration and proliferation by abolishing immunosuppressive microglia. (a) Schematic 
illustration showing the treatment of primary microglia with conditioned medium from IDH1WT GL261 cells (CM-WT) or medium from IDH1WT GL261 cells pretreated 
with Wnt-C59 (CM-WT-C59) for 24 h. Immunoblots of primary microglia after the corresponding treatments are shown in panel (b). (c) Flow cytometric analysis of 
CD11b+CD45low cells after the corresponding treatments (n = 4). Mean±SD are shown. (d) Schematic illustration of the treatment of IDH1WT GL261 cells with 
conditioned medium from immunosuppressive microglia (CM-IM) or Wnt-C59-pretreated immunosuppressive microglia (CM-C59-IM). (e) Immunoblots of Wnt-C59- or 
F12/DMEM-treated immunosuppressive microglia. (f) Wound healing assay showing IDH1WT GL261 cell monolayers at 24 h after treatment with CM-IM or CM-C59-IM. 
Scale bar, 100 μm. All values are shown as Mean±SD. Student’s t-test. ***p < .001. CM-WT: conditioned medium from IDH1WT GL261 cells; CM-WT-C59: conditioned 
medium from Wnt-59-treated IDH1WT GL261 cells; IM: immunosuppressive microglia; C59-IM: Wnt-59-treated immunosuppressive microglia; CM-IM: conditioned 
medium isolated from immunosuppressive microglia; CM-C59-IM: conditioned medium from Wnt-59-treated immunosuppressive microglia.
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of CD4+ T cells or CD8+ T cells compromises the therapeutic 
efficacy of Wnt inhibitor. CD4+ T cells or CD8+ T cells 
depletion was conducted by intraperitoneal injection of anti- 
CD4 or anti-CD8α beginning at one day prior to IDH1WT 

glioma cell inoculation for every four days (Figure 6e). 
Successful eradication of CD4+ T cells and CD8+ T cells in 
glioma allografts were confirmed by flow cytometry (Fig. S7). 

As shown in Figure 6f, depletion of CD4+ T cells barely 
affected the survival benefit of Wnt/β-catenin inhibitor Wnt- 
C59 (15 mg/kg) in mouse models bearing IDH1WT GBM 
allografts, whereas CD8 antibody remarkably reduced the 
therapeutic response of Wnt inhibitor. These results indicted 
the CD8+ T cells played an important role in fulfilling the 
therapeutic efficacy of Wnt/β-catenin inhibitor.

Figure 5. Wnt inhibition reactivates immune responses in IDH1WT GBM allografts. (a) Representative [18F]DPA714-PET/CT images of mouse brains bearing IDH1WT 

GBM allografts at 7 and 14 days after treatment with the Wnt/β-catenin inhibitor Wnt-C59 (15 mg/kg). Right panel, intratumoral SUVmean at 30 min post [18F]DPA714 
injection at 14 days (n = 4). Flow cytometric analysis of immunostimulatory (CD16/32+) and immunosuppressive (CD206+ CD16/32+) subtypes among CD11b+ CD45+ 

Iba1+ CD49d− microglia (b), CD8+ T cells and CD4+ T cells among CD45+ CD3+ cells (c), and CD4+ FOXP3+ T cells among CD45+ CD25+ CD8− cells (d) in untreated and 
Wnt-C59 (7.5 or 15 mg/kg)-treated model mice (n = 4). (e) Immunoblots showing CD163, Wnt3a, GSK-3β and β-catenin protein expression in tumor tissues isolated from 
untreated and treated model mice. (f) mRNA expression of IFN-γ, iNOS, TGF-β and IL-10 in the above samples (n = 3). In panel a, values are shown as Mean±SEM. In 
panel b, c, d and f, values are shown as Mean±SD. Student’s t-test. *p < .05; **p < .01 and ***p < .001.
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4. Discussion

We demonstrated the upregulation of β-catenin and immu-
nosuppressive genes in IDH1WT GBMs from patients. 
Additionally, Wnt signaling activation was positively corre-
lated with the degree of immunosuppressive polarization of 
microglia. Specifically, inhibiting Wnt signaling promoted 
the transition of microglia to an immunostimulatory phe-
notype, enhanced cytotoxic CD8+ T cell infiltration and 

reduced Treg cell numbers. Furthermore, gavage adminis-
tration of a Wnt signaling inhibitor restrained glioma 
development and increased the survival of model mice 
bearing IDH1WT GBM allografts. Overall, the present 
work indicates that the crosstalk between IDH1WT cancer 
cells and immunosuppressive microglia plays an important 
role in maintaining the immunosuppressive microenviron-
ment (Figure 7).

Figure 6. Wnt/β-catenin signaling blockade shows therapeutic effects on IDH1WT glioma allografts. Representative T2-weighted MRI images (a) and the volumes 
(b) of IDH1WT GBM allografts after treatment with vehicle or Wnt-C59 (7.5 or 15 mg/kg) for 7 and 14 days (n = 4). Tumor margins are highlighted with yellow dashes. (c) 
Kaplan-Meier survival curves of IDH1WT model mice treated with 15 mg/kg Wnt-C59 (black line), 7.5 mg/kg Wnt-C59 (blue line) or control (purple line). Log-rank test 
p values for comparisons to controls are shown (n = 6, p = .003). (d) Ki67 staining in immunohistochemical images of IDH1WT gliomas after the above treatments. Scale 
bars, 50 μm; magnification 400 × . (e) Mouse models were treated with 100 μL CD4 antibody (Ab) (10 mg/kg) or CD8 Ab (9.5 mg/kg) at day −1, day 3 and day 7 post the 
IDH1WT glioma cells incubation. (f) Kaplan-Meier survival curves of IDH1WT glioma models treated with CD4 Ab plus 15 mg/kg Wnt-C59 (blue line), CD8 Ab plus 15 mg/kg 
Wnt-C59 (red line), 15 mg/kg Wnt-C59 (black line) or control (purple line). Log-rank test p values for comparisons to controls are shown (n = 6, CD4 Ab plus 15 mg/kg 
Wnt-C59 vs 15 mg/kg Wnt-C59 14 d, p = .782; CD4 Ab plus 15 mg/kg Wnt-C59 vs control, p < .001; CD8 Ab plus 15 mg/kg Wnt-C59 vs 15 mg/kg Wnt-C59 14 d, p = .007; 
CD8 Ab plus 15 mg/kg Wnt-C59 vs control; p = .04. In panel b, ***p < .001, control vs 7.5 mg/kg Wnt-C59 14 d or control vs 15 mg/kg Wnt-C59 14 d (one-way ANOVA).

Figure 7. Wnt/β-catenin signaling blockade activates the immunosuppressive microenvironment of IDH1WT GBM. (a) � Wnt3a secreted by IDH1WT GBM cells 
triggers immunosuppressive microglial polarization by activating the Wnt/β-catenin pathway. � Immunosuppressive microglia subsequently release Wnt3a stimulating 
tumor growth. � The positive feedback between IDH1WT GBM cells and immunosuppressive microglia exacerbates the immunosuppressive microenvironment. (b) Wnt- 
C59, an inhibitor of Wnt/β-catenin signaling, mitigates Wnt3a release, blocks immunosuppressive microglial polarization, and inhibits the co-stimulation of tumor- 
supportive microglia and cancer cells, consequently restraining glioma development.
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Microglia play a crucial role in regulating the glioma 
immune microenvironment. First, microglia initiate the 
immunosuppressive microenvironment in GBM. Glioma cells 
first secrete various cytokines, such as TGF-β and CCL2, to 
polarize microglia to the immunosuppressive phenotype.34,35 

Tumor-supportive microglia then activate the transformation 
of astrocytes to an anti-inflammatory A2 phenotype36 and 
promote the growth of cancer cells by releasing a plethora of 
cytokines. The interaction of microglia, astrocytes and cancer 
cells results in the development of a glioma immunosuppres-
sive environment. Second, microglia amplify the immunosup-
pressed microenvironment in GBM. Once stimulated by 
glioma cells, tumor-supportive microglia not only secrete 
a variety of cytokines, such as VEGF and IL-6, to stimulate 
GBM growth37 but also accelerate the intracerebral entry of 
peripheral immunosuppressive cells, such as MDSCs and Treg 
cells, driving glioma progression.38 Third, microglia modulate 
the immunosuppressive microenvironment. Xue et al demon-
strated that chlorogenic acid effectively reduced glioma growth 
by skewing microglial polarization from the immunosuppres-
sive to immunostimulatory phenotype by promoting STAT1 
signaling and inhibiting STAT6 signaling.39 Chen et al. 
reported that switching tumor-associated macrophages from 
an immunosuppressive to an immunostimulatory phenotype 
decreased the immunosuppressive infiltration of MDSCs and 
Treg cells.40 Considering the crucial role of microglia in initi-
ating, amplifying and modulating the immunosuppressive 
microenvironment in IDH1WT GBM,41 the downregulation 
of immunosuppressive microglia is a promising strategy to 
ameliorate the hostile immune microenvironment in 
IDH1WT tumors.

Several approaches have been tested to eliminate immuno-
suppressive microglia.42 For example, a colony stimulating 
factor 1 receptor inhibitor was used to ablate microglia.43 

However, no obvious therapeutic responses were reported in 
clinical trials.44 Additionally, completely exhausting microglia 
in the brain could lead to deadly consequences.45 A promising 
strategy for inhibiting glioma progression is rebalancing the 
ratio between immunostimulatory and immunosuppressive 
microglia. For example, Zhang et al. found that STAT3 inhibi-
tion resulted in the repolarization of microglia and abrogated 
glioma growth.46 Sarkar et al. indicated that amphotericin 
B shifted microglia toward an immunostimulatory phenotype 
and reduced the development of glioblastoma stem cells.47 

Moreover, Kees et al showed that mediating microglial pheno-
typic transition led to reduced glioma cell invasiveness.48 Thus, 
compared to microglial depletion, rebalancing the microglial 
phenotype is expected to be more effective in ameliorating the 
immunosuppressive microenvironment in glioma.

Wnt signaling actively regulates cell differentiation, prolif-
eration and tissue homeostasis.14 Abnormal activation of the 
Wnt/β-catenin pathway has been found in glioma, gastroin-
testinal cancer and lung cancer.14,49 Blocking Wnt/β-catenin 
signaling could lead to CD8+ T cell activation,50 trigger macro-
phage polarization51,52 and suppress cancer cell 
proliferation.16,53 The abovementioned observations prompted 
us to study the effect of Wnt signaling on the communication 
between IDH1WT cancer cells and immunosuppressive micro-
glia. Our study first demonstrated that Wnt/β-catenin 

signaling was dramatically activated in both tumor cells and 
immunosuppressive microglia in IDH1WT GBM patients. 
Cancer cells trigger the polarization of primary microglia into 
an immunosuppressive phenotype by overproducing Wnt 
ligand. Blocking Wnt/β-catenin signaling in immunosuppres-
sive microglia not only accelerated their conversion into an 
immunostimulatory phenotype but also markedly inhibited 
IDH1WT GBM cell growth. These findings showed that Wnt 
signaling in immunosuppressive microglia and IDH1WT can-
cer cells is crucial for maintaining the immunosuppressive 
microenvironment in IDH1WT GBM.54 Interestingly, we 
found the increased cytotoxic CD8+ T cells infiltration in 
glioma allograft after the treatment of Wnt-C59, while deple-
tion of CD8+ T cells remarkably reduced the therapeutic 
response of the Wnt inhibitor. The results suggested CD8+ 

T cells plays a key role in fulfilling the antitumor immunosti-
mulatory responses of the Wnt/β-catenin inhibitor. Notably, 
our experimental data consisted with previous study that inhi-
biting Wnt/β-catenin signaling led to CD8+ T cell activation 
and restrained colorectal tumor growth.55 Future studies will 
investigate the relationship between CD8+ T cell activation and 
microglia phenotype transition. Overall, above studies suggest 
that Wnt signaling is a promising target for IDH1WT glioma 
therapy.

In conclusion, this work demonstrated that the Wnt/β- 
catenin pathway was dramatically activated in both tumor 
cells and immunosuppressive microglia in IDH1WT glioma. 
Blocking Wnt signaling not only triggered the phenotypic 
transition of immunosuppressive microglia into an immunos-
timulatory phenotype but also markedly mitigated IDH1WT 

GBM cell growth. Importantly, Wnt signaling blockade is 
a promising strategy to modulate the glioma microenviron-
ment by decreasing the ratio of immunosuppressive/immunos-
timulatory microglia and increasing T cell-mediated immune 
responses. This strategy provides an encouraging idea for 
IDH1WT GBM therapy by stimulating the immune microen-
vironment, which may improve the efficacies of chemora-
diotherapy and immune treatments.
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