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Glioblastoma (GBM) cells mediate immunosuppressive microenvironment, leading to poor response 
to programmed death-ligand 1(PD-L1) inhibitor therapy. How PD-L1 in GBM cells confers to GBM 
immunosuppressive microenvironment remains unclear. Here, we demonstrate that PD-L1 activated 
GP130/JAK2/STAT3/IRAK2/NFκB/IL6 pathway. We showed that PD-L1 was elevated in human primary 
GBM and promoted GBM cell viability, migration and invasion via activating janus kinase 2(JAK2) by 
interacting with glycoprotein 130(GP130) and PD-1 in GBM cells, leading to the activation of signal 
transducer and activator of transcription 3 (STAT3), a master that renders GBM immunosuppression. 
Overexpressing STAT3 reversed the effect of silencing PD-L1-mediated cell viability, proliferation, 
migration and invasion. STAT3 promoted interleukin-1 receptor-associated kinase 2(IRAK2) 
transcription. IRAK2 overexpression rescued the effect of silencing STAT3-mediated cell viability, 
proliferation, migration and invasion. Additionally, IRAK2 facilitated interleukin-6 (IL6) expression 
via activating nuclear factor kappa-B (NFκB). Our results indicate that PD-L1/GP130/JAK2/STAT3/
IRAK2/NFκB/IL6 axis promotes GBM cell viability, proliferation, migration and invasion via interacting 
with GP130 and PD-1 in GBM cells. Additionally, STAT3 transcriptionally promoted PD-L1 expression, 
thus forming loops to lead to PD-L1 autoregulation. IL6 positively correlated with GBM-associated 
macrophages, myeloid-derived suppressor cells and the inhibition of dendritic cells. Our study suggests 
that PD-L1 autoregulation may create immunosuppressive GBM via activating GP130/JAK2/STAT3/
IRAK2/IL-6 pathway.
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Glioblastoma multiforme (GBM) is the most aggressive brain cancer. Although advanced progress in cancer 
therapy has been made, patients with GBM have median survival times of approximately 14 months after the 
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histological diagnosis1,2. Immunotherapy provides an opportunity for GMB as a potential therapeutic option3. 
However, there are almost no effective programmed death-ligand 1(PD-L1) / programmed death-1(PD-1) 
blockade therapies for the patients with GBM in most clinical trials, which is mainly due to the fact that GBM 
exists in highly immunosuppressive microenvironment4–6. Therefore, it is urgent to investigate the factors 
contributing to intrinsic immunosuppressive GBM microenvironment.

GBM cells have been shown to promote immunosuppressive milieu via multiple immune checkpoints 
and immune-inhibitory cytokines7. GBM cells can induce local microenvironmental changes through signal 
transduction and genetic alterations8. PD-L1 /PD-1 signaling pathway is one of the most promising immune 
checkpoints that effectively mediate antitumor effect of T cells. PD-L1 is highly expressed in GBM tissues9. Highly 
expressed PD-L1 correlates with worse survival of patients with GBM10 and contributes to immunosuppression 
in primary GBM11. Targeting PD-L1 by ACT001 has been reported to inhibit PD-L1 expression via inhibiting 
STAT3 activity and enhance anti-tumor immune response in GBM-bearing mice12, indicating that inhibiting 
PD-L1 in GBM cells overcome immunosuppression. However, anti-PD-L1/PD1 monotherapy has shown 
limited efficacy for GBM in clinical trials such as NCT03750071,NCT03047473 and NCT03233152, etc5. This 
partly stems from the fact that cancer cells express some factors that inhibit PD-L1/PD-1 blockade therapy13. 
For instance, vascular endothelial growth factor (VEGF) signaling contributes to tumor suppression14, therefore 
anti-PD-1/VEGF-A antibody was developed for patients with advanced solid tumors15. Therefore, understanding 
intracellular PD-L1 signaling and the factors that mediates PD-L1 expression in GBM cells holds a promising 
opportunity for developing effective PD-L1/PD-1 blockade therapy.

In this study, we demonstrated a feedback pathway where PD-L1 can activate GP130/JAK2/STAT3/IRAK2/
IL6 via interacting GP130 and PD-1 in GBM cells, and STAT3 promotes PD-L1 expression. IL6 is positively 
correlated GBM-associated macrophages, myeloid-derived suppressor cells and inhibition of dendritic cells in 
GBM. Our study suggests that developing a bispecific antibody anti-IL6 × PD-L1 might be an option for effective 
targeting PD-L1 signaling in GBM.

Materials and methods
Dataset for bioinformatics analyses, GBM cell lines, primary GBM samples and antibodies
GEPIA II (http://gepia2.cancer-pku.cn/)16 was used to analyze PD-L1 expression and survival curve from 
TCGA database between normal and GBM. The correlation data were downloaded from TCGA-GBM dataset in 
cbioportal (https://www.cbioportal.org/). The correlation was plotted using Graphpadprism 10.0.

Human GBM cell lines T98 and U87 were purchased from the American Type Culture Collection (Rockville, 
MD, USA), and human normal glioblastoma cell line HA1800 cell line was purchased from ScienCell. The cells 
were cultured in dulbecco’s modified eagle medium (DMEM) containing 10% heat-inactivated fetal bovine 
serum (FBS), 100U/mL penicillin and 100 µg/mL streptomycin in a humidified atmosphere of 5% CO2 at 37 °C.

Eighty paraffin human GBM tissue samples and 20 Paraffin samples of adjacent tissues of GBM were 
obtained from Department of Pathology, Guizhou Provincial People’s Hospital. All patients were the first-time 
cases, and none of them had underlying diseases and received preoperative radiotherapy or chemotherapy. GBM 
was diagnosed by two senior pathologists in a double-blind manner. This study was approved by the medical 
Ethics Committee of the hospital. The specimens were conducted in accordance with the Declaration of Helsinki 
(IRB2024-131). The information for clinical samples was listed in supplementary Table 1. Antibodies were listed 
in supplementary Table 2.

Serum PD-L1 measurement
Human serum PD-L1 was determined using Human PD-L1 CatchPoint® SimpleStep ELISA® Kit (ab278124) 
following the manufacture’ s instructions. After clot formation, blood samples were centrifuged at 2,000 x g 
for 10 min. Sera was collected. Each well /48 plate was added with 50 µL standard or sample, 50 µL Antibody 
Cocktail, sealed and incubated at room temperature for 1 h on a plate shaker set to 400 rpm., aspirated, washed 
three times with 350 µL 1X Wash Buffer, added with 100 µL of prepared CatchPoint HRP Development Solution 
and incubated for 10 min in the dark on a plate shaker set to 400 rpm. The plate was read at Ex/Cutoff/Em 
530/570/590 nm under a microplate reader.

Western blot
Cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 
transferred to polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with 5% BSA for 
1 h, and incubated with specific antibodies at 4 °C overnight. After washing, the membranes were incubated 
with horseradish peroxidase-labeled anti-rabbit, or anti-mouse antibody for 1 h at room temperature, then the 
protein bands were detected by an enhanced chemiluminescence detection system (ECL kit; Minipore), and the 
signals were visualized using Licor Odyssey Scanner. Signal intensity was quantified using Image J.

Hematoxylin and eosin(H&E) staining and immunohistochemistry (IHC) staining
Paraffin-embedded GBM specimens were sectioned, deparaffinized and dewaxed. 

For H&E staining, the slides were dehydrated with gradient alcohol, rinsed with ddH2O, stained with 
hematoxylin solution (Solarbio, Cat. No. G1120), differentiated, stained with eosin solution, dehydrated, cleared 
and mounted with neutral resin. For IHC staining, the sections were dehydrated, immersed in Tris- Ethylene 
diamine tetraacetie acid (EDTA)-buffer (pH 9.0) and citrate buffer (pH 6.0) in a microwave at high power for 
8 min for antigen retrieval. After cooling to room temperature, the slides were incubated at 3% H2O2 at room 
temperature for 10 min for blocking endogenous peroxidase activity, incubated with primary antibody at 4℃ 
overnight, the secondary antibody for 1 h. The color was developed by diaminobenzidine (DAB) for 3 min. 
Images were captured and analyzed under a LEICA DM500 microscope (LEICA, Germany).
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SiRNA transfection and cell counting kit 8 (CCK8) assay
siRNAs sequences were listed in supplementary Table 3. siRNAs were synthesized by Shanghai Genepharma 
Co., Ltd. (Shanghai, China). Cells were seeded in 60  mm dishes with medium (without antibiotics and 
FBS) and transfected with 50 nM siRNA against gene of interest or 50 nM negative control (siNC) using 
EntransterTM-R4000 Transfection Reagent (Engreen Biosystem) for 8 h, then supplemented with FBS. Cells 
were collected after 48 h of transfection. Silencing efficacy was verified by Western blot.

Cell viability was assayed using the CCK8 assay kit (Shanghai Yeasen Biotechnology Co., Ltd., Shanghai, 
China) following the manufacturer’s instructions. Briefly, 2000 cells/well were seeded in a well in 96-per well 
plate, incubated for 24, 48 and 72  h, respectively, then 10 µL CCK-8 solution was added, mixed, incubated 
for 2 h. Then optical density (OD) values were measured at 450 nm in a multifunctional plate-reader (Tecan, 
Switzerland).

Colony formation
Cells were inoculated into a 6-well plate according to the density of 8 × 102 cells/well, cultured for 12–14 days, 
washed with PBS, fixed with 4% paraformaldehyde for 30 min, stained with 0.25% crystal violet for 30 min and 
washed with PBS.

EdU (5-Ethynyl-2′-deoxyuridine) incorporation
Edu incorporation into cells was assayed using BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 555 
(Beijing, China) following the instructions. Briefly, cells were seeded in a 96-well plate with a density of 1 × 104 
cells/well, incubated overnight. After EdU labeling, the cells were fixed, washed and permeabilized with 0.3% 
TritonX-100. Click reaction solution was added after cleaning, and 4’,6-diamidino-2-phenylindole (DAPI)dye 
was re-dyed after cleaning. The inverted fluorescence microscope Olympus IX51 (Olympus, Japan) was used to 
capture images. EDU positive rate (%) = number of positive cells/total cell number ×100%.

Cell migration, invasion and wound healing
Cell invasion was assayed in a 24-well transwell chamber system (Corning, Cambridge, USA; pore size 8 μm) 
precoated with Matrigel (BD Biotechnology, USA). The lower chamber was filled with 20% FBS. 2.5 × 104 cells 
were seeded in an upper chamber with a medium containing 5% FBS and cultured for 24 h. Cells on the lower 
surface were washed with PBS, fixed with 4% paraformaldehyde for 30  min, stained with crystal violet for 
30 min. Cell migration was assayed as described above but without Matrigel. For wound healing capacity, cells 
were seeded at a density of 1 × 106 cells/well in 6-well plates, incubated for overnight, wounded by scraping 
of the lines with a 200 µl pipette tip, washed with PBS and incubated in complete medium. The wounds were 
photographed under a microscope (Olympus, Japan).

PDL-1 ~ GP130 Docking
The crystal structure of the PD-L1 and GP130 proteins were downloaded from the Protein Data Bank (PDB) 
database. PD-L1 and GP130 structures were processed by AutoDock (version 1.5.6). Docking PD-L1 with GP130 
was performed using precise precision (XP) of the Ligand Docking module of the Schrödinger kit. Binding free 
energy between PD-L1 and GP130 was calculated using Molecular Mechanics/Generalized Born Surface Area 
(MM/GBSA) tool in Prime module of the Schrödinger kit. Protein-Ligand Interaction Profiler (PLIP) was used 
to analyze the binding interface of protein ligand complexes8. pyMOL 2.5 software was applied to supplement 
the interaction related details.

Cellular thermal shift assay (CESTA)
CESTA is a common technique to validate the protein-ligand binding17. GBM cells were incubated with 
recombinant human PD-L1 (rPD-L1, Novoprotein, Cat. No.C315) or vehicle as control at 25 °C for 30 min on a 
microplate incubator shaker, then suspended in 1× PBS, heated for 3 min at five different temperatures, ranging 
from 45 °C to 65 °C, and then frozen in dry ice for 5 min. After repeated freeze-thaw cycles for cell lysis, GBM 
cells were centrifuged at 20,000 g for 20 min at 4 °C. The GP130 protein was determined by Western blot.

Co-immunoprecipitation (Co-IP)
Protein A + G magnetic beads (MCE, Cat. No. HY-K0202) were used to hatch the indicated cell lysates for a 
whole night at 4 °C with specific primary antibodies. The proteins in the immunopreciptates were separated by 
Western blot.

Immunofluorescence (IF) staining
IF protocol was performed as previously described18.The cells were fixed with 4% formaldehyde, incubated in 
0.3% Triton X-100 (Sigma, USA) for 1 h at room temperature, blocked with 5% bovine serum albumin (BSA), 
incubated with anti-PD-L1, anti-GP130 diluted in PBS/1% BSA at 4  °C for overnight, stained with AF488-
conjugated Goat Anti-Rabbit IgG(H + L) and AF594-conjugated Goat Anti-Rabbit IgG(H + L) secondary 
antibodies diluted in PBS/1% BSA for 60 min at room temperature. Images were captured under an inverted 
Olympus SpinSR10 Super-resolution Laser Scanning Confocal Microscope (Olympus, Japan).

Dual-luciferase reporter assay activity assay
IRAK2 promoter and PD-L1 promoter were cloned into pGL4-luc to obtain pGL4-IRAK2-luc and pGL4-PD-
L1-luc, respectively. U87 cells were co-transfected with pGL4-Basic-luc or pGL4-IRAK2-luc, or pGL4-PD-
L1-luc, pcDNA3.1, pcDNA3.1-STAT3 or pRL-TK (control Renilla luciferase) using Lipofectamine 2000 (Life 
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Technologies), respectively. Luciferase activity was analyzed using the dual-luciferase reporter assay activity 
assay (Promega) following the manufacturer’s protocol.

Analysis of ChIP-seq peaks
ChIP-seq data of H3K4me3, K3K27ac and STAT3 were downloaded from Encyclopedia of DNA Elements 
(ENCODE, https://www.encodeproject.org) and Cistrome (http://www.cistrome.com/). Picard package was 
used to sort bam files and establish index for sorted bam files. MACS2 package was applied for peak calling. 
Integrative Genomics Viewer (IGV, version 2.19.2) was used to visualize ChIP peaks.

Statistical analyses
Data were analyzed using GraphPad Prism 10.0 (GraphPad Software.Inc., San Diego, CA, USA) and presented 
as mean ± SD as indicated. Student’s t test was used to compare the differences between two groups. One-way 
ANOVA was used to compare the differences between more than two groups. χ2 test was used for the difference 
analysis of counting data, P < 0.05 was considered statistically significant. P values were indicated in the figures 
with asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns: not significant.

Results
PD-L1 expression was elevated in GBM and correlated with overall survival and disease-free 
survival
Since PD-L1 has been reported to be highly expressed in GBM tissues and correlates with worse survival of 
patients with GBM9,10. We verified that PD-L1 RNA was significantly elevated in GBM when compared to 
normal corresponding tissues in TCGA-GBM dataset (Fig. 1A). Serum PD-L1 expression was greatly higher in 
GBM patients than that in healthy control (Fig. 1B). When compared to human astrocyte line HA1800, PD-L1 
protein expression was remarkably upregulated in GBM cell lines T98 and U87 (Fig. 1C). IHC staining revealed 
that PD-L1 expression was elevated in GBM tissues relative to adjacent tissues (Fig.  1D). Additionally, area 
under receiver operating characteristic (ROC) curve (AUC) of IHC immunoreactivity score (IRS) of PD-L1 
was 0.9234 (Fig.  1E, supplementary Fig.  1), indicating that PD-L1 RNA had high capacity in distinguishing 
healthy control and GBM. Moreover, GBM patients with high PD-L1 expression had worse overall survival and 
disease-free survival in TCGA-GBM dataset (Fig. 1F). Together, PD-L1 expression was upregulated in GBM and 
correlated with worse outcome of the patients with GBM.

PD-L1 expression facilitated GBM cell viability, proliferation, migration and invasion
To investigate the role of PD-L1 in GBM cell progression, PD-L1 was knockdown in GBM cells (Fig.  2A). 
Knockdown of PD-L1 expression decreased cell viability (Fig. 2B), cell proliferation (Fig. 2C, D). Since PD-L1 
signaling has been show to regulate cell migration19, we examined whether PD-L1 mediated GBM cell migration 
and invasion. When compared to shNC, knockdown of PD-L1 expression decreased cell migration, cell invasion 
(Fig. 2E) and wound healing (Fig. 2F). Collectively, our results indicate that PD-L1 expression facilitated GBM 
cell viability, proliferation, migration and invasion.

PD-L1 activated GP130/JAK2/STAT3 signaling pathway by interacting GP130
Correlation analysis revealed that PD-L1 was positively correlated with GP130, JAK2 and STAT3 in GBM 
(supplementary Fig.  2). Therefore, we performed molecular docking, revealing that PD-L1 interacted with 
GP130 with free energy of -45.21 (kcal/mol) (Fig. 3A). PD-L1 interacted with D2 and D3 domains of GP130 
(Supplementary Fig. 3A, B) and these two domains are cytokine-binding module for activating GP130, suggesting 
that PD-L1 might activate GP130. CETSA showed that GP130 degradation was delayed upon recombinant PD-
L1 (rPD-L1) treatment (Fig. 3B), indicating that PD-L1 did bind to GP130. To further determine whether PD-L1 
interacted with GP130, we performed Co-IP experiment, showing that PD-L1 interacted with GP130 and PD-1 
in GBM cells, and GP130 interacted with PD-L1 and PD-1 (Fig. 3C), indicating that PD-L1 interacted with both 
GP130 and its receptor PD-1. Immunofluorescent staining revealed that the partial colocalization between PD-
L1 and GP130 was around cellular membranes, and the most of their co-localization was in cytoplasm in GBM 
cells (Fig. 3D). Since GP130 is involved in activating JAK2/STAT3 signaling pathway, we examined the effect of 
silencing PD-L1 on the activation GP130/JAK2/STAT3 signaling. Silencing PD-L1 significantly downregulated 
the expressions of GP130, phosphorylated JAK2 (P-JAK2) and phosphorylated STAT3 (P-STAT3) (Fig. 3E). In 
addition, the supernatants from GBM cells activated GP130/JAK2/STAT3 in THP1 cells, while silencing PD-
L1 remarkably attenuated the activation of GP130/JAK2/STAT3 by the supernatants from GBM cells (Fig. 3F). 
These results indicate that PD-L1 activates GP130/JAK2/STAT3 pathway.

PD-L1 promoted GBM cell viability, proliferation, migration and invasion capacity dependent 
on STAT3
To determine whether PD-L1 mediated GBM cell proliferation, migration and invasion via STAT3, we first 
examined whether STAT3 was activated in GBM cells. As shown in Fig. 4A, STAT3 was highly activated in GBM 
cells when compared to HA1800 cells. Next, we performed rescue experiment. After overexpressing STAT3 in 
GBM cells with knockdown of PD-L1 (Fig. 4B), cell viability, proliferation, migration and invasion as well as 
wound healing were restored (Fig. 4C-G), respectively. Collectively, these results indicate that PD-L1 mediates 
GBM cell viability, proliferation, migration, invasion capacity dependent on STAT3.
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STAT3 mediated IRAK2/NFκB/IL6 signaling pathway to promote GBM cell proliferation, 
migration and invasion
STAT3 has multiple targets as a transcription factor. To screen STAT3 targets in GBM, we looked for the targets of 
STAT3 which were highly positively correlated with STAT3 in GBM through TCGA-GBM dataset in cbioportal. 
We found that IRAK2 was positively correlated with STAT3 (Fig. 5A, Pearson R = 0.74, P = 9.01e-26). STAT3 has 5 
potential binding sites in IRAK2 promoter (Fig. 5B). E5 box contains TTCN2 − 4GAA, which is gamma-activated 
sequence (GAS) element specific for STAT transcription factors20, indicating that IRAK2 is a potential target of 
STAT3. If IRAK2 is a target of STAT3, IRAK2 was supposed to be upregulated in GBM cells. Our result verified 

Fig. 1.  PD-L1 mRNA expression was elevated and positively associated with poor survival of patients with 
GBM. (A) Expression of PD-L1 RNA in human GBM tissues and normal brain tissue in TCGA-GBM dataset 
analyzed by using GEPIA online tool. (B) Serum PD-L1 expressions in healthy controls and GBM patients. 
(C) PD-L1 protein expressions in HA1800 and GBM cell lines. (D) Representative IHC staining images for 
PD-L1 in human primary GBM tissues and adjacent tissues. Scale bar: original images–200 µ m, enlarged 
images–50 µ m. (E) ROC curve of IHC immunoreactivity scores of PD-L1 in 80 paraffin primary GBM tissues 
and 20 adjacent paraffin tissues. (F) Kaplan Meier survival analysis of PD-L1 in TCGA-GBM dataset. Left: 
Overall survival rate; Right: Disease free survival rate. *P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001, ns: no 
significant.
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that IRAK2 was remarkably elevated in GBM cells relative to HA1800 cells (Supplementary Fig. 4). Dual luciferase 
reporter assay showed that STAT3 transcription activity was upregulated after U87 cells were co-transfected with 
IRAK2 promoter and STAT3 when compared to pGL4-basic (Fig. 5C). Therefore, we further examined whether 
STAT3 mediated IRAK2 expression. Silencing STAT3 downregulated IRAK2 expression (Fig. 5D). Since STAT3 

Fig. 2.  The effect of silencing PD-L1 on viability, proliferation, cell migration, invasion and scratch capacity of 
GBM cells. (A) Silencing PD-L1 in GBM cell lines. Western blot was used to detect PD-L1 protein expression. 
(B–F) Effect of silencing PD-L1 on GBM cell viability (B), colony formation (C), EdU incorporation (D), 
migration and invasion (E) and wound healing (F). * P < 0.05, ** P < 0.01, *** P < 0.001, ns: no significant.
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Fig. 3.  PD-L1 activated the GP130/JAK2/STAT3 signaling pathway by interacting with GP130. (A) Molecular 
docking analysis showing PD-L1 binding to GP130. (B) Effect of PD-L1 on GP130 protein stability. Cellular 
Thermal Shift Assay (CTSA) was used to determine GP130 - PD-L1 binding. (C) The interaction between PD-
L1 and GP130 determined by Co-IP. (D) Co- localization of PD-L1 and GP130. (E) Effect of silencing PD-L1 
on the protein expression levels of GP130, P-JAK2, P-STAT3 and STAT3 in GBM cells. (F) Effect of silencing 
PD-L1 in the supernatants derived GBM cell culture on the protein expression levels of GP130, P-JAK2, 
P-STAT3 and STAT3 in THP1 cells. * P < 0.05, ** P < 0.01, *** P < 0.001, ns: No statistically significant.
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Fig. 4.  PD-L1 regulated cell viability, proliferation, migration, invasion capacity of GBM cells dependent 
on STAT3. (A) Protein expression levels of P-STAT3 and STAT3 in brain tissue and GBM cell lines. (B) 
Overexpression of STAT3 in GBM cells after silencing PD-L1. (C–G) Effect of overexpressing STAT3 on GBM 
cell viability (C), colony formation (D), EdU incorporation (E), migration and invasion (F) and wound healing 
(G). *P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001, ns: No statistically significant.
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Fig. 5.  STAT3 regulated IRAK2/NFκB/IL6 signaling pathway. (A) Correlation of STAT3 expression and 
IRAK2 expression in TCGA-GBM dataset in cbioportal. (B) STAT3 binding of IRAK2 promoter. JASPAR was 
used to predict potential binding sites. (C) Dual luciferase reporter assay showing that STAT3 was bound to 
IRAK2 promoter. (D) Effect of silencing STAT3 on IRAK2 protein expression. Cells were transfected with siNC 
or siSTAT3. Protein expression levels of STAT3 and IRAK2 were detected by Western blot. (E) Dual luciferase 
reporter assay showing that STAT3 was bound to PD-L1 promoter. (F) Effect of silencing IRAK2 on P-P65, P65 
and IL6 expressions. (G–K) Effect of silencing IRAK2 on cell viability (G), colony formation (H), proliferation 
(I), migration and invasion (J) as well as wound healing capacity (K). *P < 0.05, ** P < 0.01, *** P < 0.001, **** 
P < 0.0001, ns: No statistically significant.
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was also shown to be an upstream of PD-L1 in lung cancer21, we examined whether STAT3 regulated PD-L1 
expression in GBM. As expected, PD-L1 expression was decreased upon silencing STAT3 (Fig. 5D). We further 
investigated whether STAT3 transcriptionally mediated PD-L1 expression. STAT3 is shown to have potential 
binding sites on PD-L1 promoter (Supplementary Fig. 5A). Additionally, the ChIP peaks of active histone marks 
(H3K4me3, H3K27Ac) were enriched on PD-L1 promoter in U87 cells (Supplementary 5B), indicating that PD-
L1 promoter is active for transcription. STAT3 ChIP peaks were also enriched on PD-L1 promoter in several cell 
lines (Supplementary Fig. 5B), suggesting that STAT3 is able to bind to PD-L1 promoter. To validate whether 
STAT3 bound to PD-L1 promoter, we conducted dual luciferase reporter assay. As illustrated in Fig. 5E, STAT3 
transcription activity was upregulated after U87 cells were co-transfected with PD-L1 promoter and STAT3 
when compared to pGL4-basic, indicating that STAT3 is able to bind PD-L1 promoter.

Since IRAK2 is known to activate NFκB transcription factor, which transcripts IL6 expression, we first 
examined whether IRAK2 expression was correlated with interleukin-6 receptor (IL6R) and IL6 in GBM. 
We found that IRAK2 was positively correlated with IL6R and IL6 (Supplementary Fig. 6). Silencing IRAK2 
inhibited NF-κB p65 (P65) activity and downregulated IL6 (Fig.  5F), GBM cell viability (Fig.  5G), colony 
formation (Fig. 5H), proliferation (Fig. 5I), cell migration and invasion (Fig. 5J) and wound healing capacity 
(Fig. 5K). These results indicate that STAT3 regulate IRAK2/NFκB/IL6 signaling pathway to facilitate GBM cell 
proliferation, migration and invasion.

STAT3 promoted GBM cell viability, proliferation, migration, invasion and wound healing 
capacity via IRAK2
To determine whether STAT3 depended on IRAK2 to mediate GBM cell viability, proliferation, migration, 
invasion and wound healing capacity, we performed rescue experiments. Overexpressing IRAK2 in GBM cells 
with STAT3 silencing restored IRAK2 expression (Fig.  6A), GBM cell viability (Fig.  6B), colony formation 
(Fig. 6C), proliferation (Fig. 6D), cell migration and invasion (Fig. 6E) and wound healing capacity (Fig. 6F). 
Collectively, these results indicate that STAT3 regulate facilitate GBM cell proliferation, migration and invasion 
dependent on IRAK2 expression.

PD-L1-regulated IL6 was associated with Myeloid-derived suppressor cell (MDSC), GBM-
associated macrophage and inhibition of dendritic cells
Since we showed that PD-L1 activated GP130/JAK2/STAT3 and STAT3 regulated IRAK2 expression, we 
examined whether PD-L1 may regulate IRAK2/NFκB/IL6. Silencing PD-L1 greatly downregulated IRAK2, 
phosphorylated NF-κB p65 (P-P65) and IL6 expression (Fig. 7A). To determine the clinical association of PD-
L1 expression with the expressions of P-JAK2, P-STAT3, IRAK2 and IL6, we performed H&E staining and IHC 
staining. H&E staining results demonstrated that the clinical samples were correct. IHC staining showed that 
PD-L1 was highly expressed in human GBM tissues, accompanied by elevated expressions of P-JAK2, P-STAT3, 
IRAK2 and IL6 (Fig. 7B), supporting by their IHC scores (Fig. 7C). The correlation analysis of IHC scores of 
these proteins revealed that these molecules were positively correlated with each other (Supplementary Fig. 7). 
Together, our results indicate that PD-L1 mediate JAK2/STAT3/IRAK2/NFκB/IL6 signaling pathway.

Our bioinformatic analysis showed that IL6 RNA expression was positively not only with the RNA expression 
levels of macrophage-associated genes CXCL1, CXCL2, CXCL12, CCL2, CCL20, TGFβ(supplementary Fig. 8A), 
which are known to promote MDSC expansion and function in GBM22, but also with the RNA expression levels 
of IL10, EGF, TGFβ, LOX and SPP1 as well as macrophage markers (supplementary Fig. 8B) which have been 
shown to promote macrophage infiltration in GBM22,23. Moreover, IL6 was positively with the RNA expression 
levels of S100A8, S100A9, CXCL1 and CXCL8 (supplementary Fig. 8C), which have been reported to inhibit 
dendritic cells in GBM22, suggesting that PD-L1 mediated IL6 is associated with immunosuppression in GBM 
via involving in MDSC, GBM-associated macrophage and inhibition of dendritic cells. Based on our results, we 
proposed a model (Fig. 7D), in which PD-L1 promotes GBM cell proliferation, migration and invasion via its 
autoregulation by activating GP130/JAK2/STAT3/NFκB/IRAK2/IL6 pathway.

Discussion
PD-L1 confers to GBM refractory to therapy. In this study, we demonstrate that PD-L1 facilitates in GBM cell 
proliferation, migration and invasion through activating GP130/JAK2/STAT3/IRAK2 /NFκB/IL6 pathway. 
We found that PD-L1 activate GP130 via interacting GP130/JAK2/STAT3 signaling. STAT3 transcriptionally 
promotes IRAK2 and PD-L1 expressions. IRAK2 promotes IL6 expression via activating NFκB signaling. This 
study demonstrates that PD-L1 and IL6 persistently mediate GBM progression via forming several feedback 
loops, highlighting that PD-L1 ~ IL6 loop blockade may be a promising strategy for GBM therapy.

Our finding showed that PD-L1 facilitates GBM cell proliferation, migration and invasion via interacting 
GP130/JAK2/STAT3.We first demonstrated that PD-L1 interacted with GP130 and PD-1. Our study supports 
that PD-L1 activates JAK2/STAT3 in non-small-cell lung cancer cells24, but the mechanism by which PD-L1 
activated JAK2/STAT3 is different. PD-L1 has shown to bind and inhibit protein tyrosine phosphatase 1B, and 
also bind to p-Stat3 in the nucleus, thus promoting the activity of p-STAT324, while our results showed that PD-
L1 interacted with D2 and D3 domains of GP130 and these domains are indispensable for GP130 activation25. 
CESTA also showed that GP130 degradation was reduced upon PD-L1 treatment, indicating that the interaction 
between PD-L1 and GP130 stabilizes GP130. Co-IP experiments demonstrated that PD-L1 interacted with 
GP130 and PD-1, and GP130 interacted with PD-L1 and PD-1. Additionally, we found that the partial of PD-
L1 ~ GP130 interaction was localized around cellular membrane, but the most of the interaction occurred 
in cytoplasm, consistent with the study showing that constitutively active GP130 variants exhibit a reduced 
expression level on cell surface25, leading to the abundant GP130 in cytoplasm25. It is plausible that the most of 
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PD-L1 ~ GP130 interaction existed in the cytoplasm. These results suggest that PD-L1 might activate GP130 via 
interacting with PD-1/GP30 complex, leading to activate JAK2/STAT3.

Our further results demonstrate that PD-L1 facilitates GBM cell proliferation, migration and invasion 
dependent on STAT3. Overexpressing STAT3 restored silencing PD-L1-mediated inhibition of GBM cell 

Fig. 6.  STAT3 promoted GBM cell viability, proliferation, migration, invasion and wound healing capacity 
via IRAK2. (A) Overexpression of IRAK2 in GBM cells after silencing STAT3. (B–F) Effect of overexpressing 
IRAK2 on GBM cell viability (B), colony formation (C), EdU incorporation (D), migration and invasion (E) 
and wound healing (F). *P < 0.05, ** P < 0.01, *** P < 0.001, ns: No statistically significant.
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Fig. 7.  Correlation between PD-L1 and P-JAK2, P-STAT3, IRAK2 and IL6. (A) Effect of silencing PD-L1 on 
the expression levels of indicated proteins in GBM cells. (B) Representative IHC images of P-JAK2, P-STAT3, 
IRAK2, and IL6 proteins in human GBM tissues. Scale bar: original images --200 μm and the enlarged 
images–50 μm. (C) IHC scores of P-JAK2, P-STAT3, IRAK2, and IL6. *P < 0.05, **P < 0.01, ****P < 0.0001. (D) 
Proposed model for PD-L1-mediated GBM cell proliferation, migration and invasion.
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proliferation, migration and invasion. We show that STAT3 promoted GBM cell proliferation, migration and 
invasion via STAT3, consistent with that STAT3 promotes GBM progression26,27. These results demonstrate that 
PD-L1 facilitates GBM cell proliferation, migration and invasion via STAT3.

Our finding revealed that STAT3 facilitates GBM cell proliferation, migration and invasion dependent on 
IRAK2 signaling. The link between IRAKs and STAT3 is barely reported. IRAK-M has been shown to stabilize 
STAT3 protein in colorectal cancer progression28. We showed that IRAK2 promoter has GAS element for STAT 
protein binding, and dual luciferase reporter assay confirmed that STAT3 is capable of binding IRAK2 promoter. 
Silencing STAT3 downregulated IRAK2 expression. Silencing IRAK2 reduced GBM cell proliferation, migration 
and invasion. Overexpressing IRAK2 reversed STAT3 inhibition-mediated effect on GBM cell proliferation, 
migration and invasion, supporting that STAT3 depends on IRAK2 to promote GBM cell proliferation, migration 
and invasion.

Our results support that PD-L1 and IL6 persistently induce immunosuppressive GBM. First, PD-L1 and IL-6 
are constitutively and highly expressed in GBM. PD-L1 expression has been promoted by multiple activation 
pathways such as Toll-like receptors (TLR), epidermal growth factor (EGFR), interferon alpha receptor 
(IFNAR) and interferon-gamma receptor (IFNGR)29. Our finding demonstrated that PD-L1 expression can be 
autoregulated. PD-L1 autoregulates its expression via two loops: (1) PD-L1/GP130/JAK2/STAT3/PD-L1 and 
(2) PD-L1/GP130/JAK2/STAT3/IRAK2/NFκB/IL-6/GP130/STAT3/PD-L1.Therefore, it is plausible that PD-L1 
and IL-6 are constitutively and highly expressed in GBM. Second, both PD-L1 and IL6 activate GP130/JAK2/
STAT3 pathway. STAT3 is reported to promote PD-L1 expression in GBM cells12, and our results showed that 
STAT3 transcriptionally promote PD-L1 expression. GBM-derived IL-6 have been shown to facilitate peripheral 
immunosuppressive myeloid cell PD-L1 expression in STAT3-dependent manner in GBM17. Additionally, STAT3 
is a master to promote GBM suppression. Therefore, these pathways confer to PD-L1 autoregulation. Third, our 
bioinformatic analysis reveals that PD-L1 mediated IL6 is positively associated with MDSC, GBM-associated 
macrophage and inhibition of dendritic cells, which are known to create immunosuppression in GBM, consistent 
with GBM-derived IL6 mediates immunosuppressive peripheral myeloid cells17. IL6 is a key immunomodulatory 
cytokine that promotes tumor survival, growth and induce immunosuppressive microenvironment through 
classic signaling, trans-signaling and cluster signaling30, and IL6 signaling in CD8+ T promotes resistance to 
anti-PD-L1 immunotherapy31. Additionally, IL6 is a target for GBM immunotherapy32. Given that both PD-
L1 and IL6 can trigger STAT3 activity which is a central hub in promoting immunosuppression in GBM12,33, 
our results suggest that bio-specific anti-IL6xPD-L1 is an option that targeting PD-L1/PD-1 signals for GBM 
therapy.

There are several limitations to this study. First, we did not clarify the role PD-L1-GP130 interaction in 
cytoplasm. Second, we did not examine immunosuppression-related markers in primary GBM samples. Third, 
we did not examine the effect of simultaneous targeting PD-L1 and IL6 on GBM immune microenvironment 
in vivo. In spite of these limitations, we demonstrate that PD-L1/GP130/JAK2/STAT3/IRAK2/IL6 is clinically 
relevant to GBM. Our study suggests that dual targeting PD-L1 and IL6 might be a promising target for GBM 
therapy.

Conclusions
Our results indicate that PD-L1 promotes GBM cell viability, proliferation, migration and invasion via interacting 
with GP130 & PD-1 and activating JAK2/STAT3/IRAK2/NFκB/IL6 axis in GBM cells. Additionally, STAT3 
transcriptionally promotes PD-L1 expression, thus our results demonstrate that PD-L1 may constitutively 
promote its expression, IL6 expression and STAT3 activation, which confers to GBM suppression.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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