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Summary

Recurrence and diffuse infiltration challenge traditional therapeutic strate-
gies for malignant glioma. Immunotherapy appears to be a promising 
approach to obtain long-term survival. Dendritic cells (DCs), the most 
specialized and potent antigen-presenting cells (APCs), play an important 
part in initiating and amplifying both the innate and adaptive immune 
responses against cancer cells. However, cancer cells can escape from im-
mune surveillance by inhibiting maturation of DCs. Until the present, 
molecular mechanisms of maturation inhibition of DCs in the tumor 
microenvironment (TME) have not been fully revealed. Our study showed 
that pretreatment with tumor-conditioned medium (TCM) collected from 
supernatant of primary glioma cells significantly suppressed the matura-
tion of DCs. TCM pretreatment significantly changed the morphology of 
DCs, TCM decreased the expression levels of CD80, CD83, CD86 and 
interleukin (IL)-12p70, while it increased the expression levels of IL-10, 
transforming growth factor (TGF)-β and IL-6. RNA-Seq showed that TCM 
pretreatment significantly increased the gene expression level of suppressor 
of cytokine signaling 1 (SOCS1) in DCs. suppressor of cytokine signaling 
1 (SOCS1) knock-down significantly antagonized the maturation inhibition 
of DCs by TCM, which was demonstrated by the restoration of matura-
tion markers. TCM pretreatment also significantly suppressed T cell viability 
and T helper type 1 (Th1) response, and SOCS1 knock-down significantly 
antagonized this suppressive effect. Further, TCM pretreatment significantly 
suppressed p65 nuclear translocation and transcriptional activity in DCs, 
and SOCS1 knock-down significantly attenuated this suppressive effect. In 
conclusion, our research demonstrates that TCM up-regulate SOCS1 to 
suppress the maturation of DCs via the nuclear factor-kappa signaling 
pathway.
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Introduction

Glioma is the most common primary malignancy in 
the central nerve system. Despite clinical intervention, 
the prognosis of glioma patients remains dismal [1]. 
Median overall survival of the most malignant IDH1/2 
wild-type glioblastoma multiforme (GBM) patients is 
less than 15  months [2]. Studies concerning immuno-
therapies, including dendritic cell-based vaccines, chi-
meric T cell receptors and checkpoint inhibitors, are 

performed in glioma patients [3]. Many immunotherapies 
exert an immunological effect dependent upon the T 
cell-mediated immune response, which needs local anti-
gen-presenting cells (APCs) to initiate and maintain [4]. 
Dendritic cells (DCs), the most specialized and potent 
APCs, should take a pivotal part in anti-tumor immunity 
[5]. However, DCs are always functionally compromised 
in tumor microenvironment (TME) of glioma [6–8], and 
thus limits the effectiveness of T cell-dependent tumor 
eradication.
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Commonly, immature DCs (iDCs) and mature DCs 
(mDCs) are the two main forms of DCs. In non-lymphoid 
tissues, iDCs are the main DCs. After capturing antigens, 
iDCs travel to secondary lymphoid organs through blood 
or lymphs. iDCs then mature through a series of complex 
biological processes accompanied by the up-regulation of 
accessory molecules (e.g. CD80, CD83 and CD86) on their 
surfaces. Mature DCs can activate naive T cells and con-
sequently result in an immune response [9]. Research has 
demonstrated that DCs are involved in the anti-tumor 
immune response [10–12]. Frustratingly, tumor cells tend 
to create an immunosuppressive TME by secreting immune-
regulating factors, including migration inhibitory factor (MIF) 
[6] and fibrinogen-like protein 2 (FGL2) [8], to tame and 
inhibit the immune response of DCs to evade immune 
surveillance [13]. However, the effect of glioma TME on 
the DCs function and associated mechanisms remains unclear.

Suppressor of cytokine signaling 1 (SOCS1) is a key 
member of the SOCS family, and plays an important role 
in immune response [14]. Previous research has revealed 
that silencing SOCS1 in DCs with siRNAs enhanced anti-
tumor immunity against breast cancer [15]. Silencing 
SOCS1 in DCs promotes survival of mice with systemic 
Candida albicans infection [16]. Consistently, over-express-
ing SOCS1 in DCs prolongs islet allograft survival via 
suppressing T cell responsiveness [17]. This suggests that 
SOCS1 plays an important role in the immunological effect 
of DCs. Nevertheless, the effect of glioma TME on the 
expression of SOCS1 is unclear.

In this study, we collected supernatants of cultured 
primary glioma cells as tumor-conditioned medium (TCM) 
to mimic the glioma microenvironment in order to inves-
tigate the effect of the glioma microenvironment on DC 
maturation. The results showed that TCM pretreatment 
significantly suppressed DC maturation accompanied by 
the suppressed expression frequency of CD80, CD83 and 
CD86, inhibited secretion of interleukin (IL)-12p70 and 
increased secretion of IL-6, IL-10 and transforming growth 
factor (TGF)-β. RNA-seq analysis showed that TCM pre-
treatment significantly increased the gene expression level 
of SOCS1 in DCs. Silencing SOCS1 significantly restored 
TCM-suppressed DCs maturation, and resulted in an 
increased T cell viability and T helper type 1 (Th1) response. 
Further, the nuclear factor kappa B (NF-κB) signaling 
pathway may be involved in the modulation of DCs matu-
ration in the glioma microenvironment.

Materials and methods

Cell culture

Normal human primary astrocytes were obtained from 
the American Type Culture Collection (ATCC, Manassas, 

VA, USA) and maintained in astrocyte basal growth medium 
(Gibco, Grand Island, NY, USA) supplemented with 5% 
fetal bovine serum (FBS) (Gibco), 1% astrocyte growth 
supplement (Sigma, St Louis, MO, USA), 100  units/ml 
penicillin and 100 μg/ml streptomycin (Sigma) in a humidi-
fied atmosphere of 5% CO2 at 37°C.

Generation of DCs from human peripheral blood

DCs were isolated from peripheral blood mononuclear 
cells (PBMCs) of healthy donors who regularly donated 
blood at the blood center of our hospital. All volunteers 
gave informed consent and all procedures were in accord-
ance with the ethics committee of Sun Yat-Sen University. 
Human PBMCs were isolated using Ficoll-Paque density 
gradient centrifugation (GE Healthcare Bio-Sciences, Little 
Chalfont, UK) from the buffy coat fraction of anti-coag-
ulated blood. Monocytes were purified from PBMCs from 
the middle layer after centrifugation. Isolated cells were 
planted at a density of 1  ×  106 cells/ml in six-well plates 
in complete RPMI-1640 medium supplemented with 10% 
FBS (Gibco). After culture in a humidified atmosphere 
of 5% CO2 at 37°C for 24  h, floating cells were gently 
removed and kept for subsequent T cell isolation. The 
adherent cells were then cultured with fresh medium 
containing 10%  FBS, 10  ng/ml IL-4 and 50  ng/ml granu-
locyte–macrophage colony-stimulating factor (GM-CSF). 
Medium was half-changed every 2  days. On day  6 after 
cell plantation, the iDCs were collected. TCM-pretreated 
DCs were generated by culturing the harvested adherent 
cells in RPMI-1640 medium containing FBS, GM-CSF and 
IL-4 with TCM (20% v/v) for 5  days (20% referred to 
the volume percentage of TCM to the whole volume of 
cell culture). Normal human astrocyte (NHA)-pretreated 
DCs were generated in a similar manner to TCM-DCs 
by only replacing TCM with an equal volume of NHA 
culture medium. mDCs were then induced by 100  ng/ml 
lipopolysaccharide (LPS) for another 24  h. An inverted 
microscope (XDS-1B; COIC, Chongqing, China) was used 
to observe cells maintained in RPMI-1640 medium sup-
plemented with 10%  FBS.

Primary glioma cell culture

Glioma samples were obtained from recent surgical resec-
tions, in accordance with a Sun Yat-Sen University insti-
tutional review board-approved protocol concurrent with 
national regulatory standards and with the patients giving 
informed consent. Tumor samples were dissociated into 
single-cell suspensions using enzymatic and mechanical 
methods. Briefly, once resected, glioma tissues were col-
lected immediately. Hemorrhage or necrosis in the glioma 
tissue was removed, then glioma tissue was cut into 
pieces and digested with 0·125% trypsin. Dulbecco’s 
modified Eagle’s medium (DMEM) (Hyclone, Grand 
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Island, NY, USA) with 10%  FBS was used to stop diges-
tion. After filtering with a 50-mm mesh filter, glioma 
cells were plated in DMEM supplemented with 10% FBS, 
100  units/ml penicillin (Sigma) and 100  μg/ml strepto-
mycin (Sigma). All cells were maintained at 37°C in a 
humidified incubator (Thermo Fisher, Waltham, MA, 
USA) with 5%  CO2.

SOCS1 siRNA transfection

Interfering RNAs against SOCS1 (siR-SOCS1) and the 
corresponding control-scrambled siRNA were purchased 
from GenePharma (Shanghai, China). iDCs, 1·0  ×  106, 
were collected, washed and resuspended in 100  μl of 
serum-free medium, and were then transfected at a density 
of ~50% confluence with siR-SOCS1 (no. gp-37326) or 
siR-negative control (NC) (no. gp-61048) using lipo-
fectamine 3000 (Invitrogen, Carlsbad, CA, USA) at a final 
concentration of 20  nmol/l. The siRNA-transfected cells 
were incubated for 48  h at 37℃ followed by centrifuga-
tion and resuspension in culture medium for the following 
studies. The siRNA sequences used in this study are as 
follows: siR-SOCS1: 5′-GCCUCAAUCACUUUUAUtt-3′ 
and siR-NC: 5′-UUCUCCGAACGUGUCACGUtt-3′.

Quantitative reverse transcription–polymerase chain 
reaction (qRT–PCR)

MRNA expression levels of SOCS1, retinoic acid receptor 
responder (tazarotene induced) 3 (RARRES3) and cysteine 
rich protein 1 (CRIP1) in DCs pretreated with or without 
glioma conditioned medium were detected by qRT–PCR. 
Total RNA was extracted using TRIzol reagent and cDNA 
was collected using a One-Step RT kit (Takara 
Biotechnology, Dalian, China). PCR was performed using 
the SYBR Green PCR kit (Toyobo, Osaka, Japan; primer 
sequences are listed in Table 1). Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was used as reference. 
Fold change of mRNA expression was calculated using 
the 2−△△CT method.

RNA-seq and pathway enrichment analysis

The whole RNA was extracted from TCM-pretreated or 
NHA medium-pretreated DCs by TRIzol reagent (Takara 
Biotechnology). Samples were then sent to BGI (Shenzhen, 
China). RNA-seq was performed using the BGISEQ-500 
sequencer. Based on the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) database, signaling pathway enrichment 
for differentially expressed genes (DEGs) was conducted. 
Using the Dr Tom network platform of BGI (http://report.
bgi.com), the obtained data were processed further.

Western blot

After treatment, DCs were washed with ice-cold PBS and 
then harvested in lysis buffer (10  mM HEPES, pH  7.9, 
10  mM  potassium chloride (KCl), 0·1 mM ethylenediamine 
tetra-acetic acid (EDTA), 0·1 mM ethylene glycol tetra-acetic 
acid (EGTA), 1  mM  dithiothreitol (DTT), 0·5  mM phenyl-
methylsulfonyl fluoride (PMSF), 2·0  mg/ml leupeptin and 
2·0 mg/ml aprotinin). Cells suspended in lysis buffer were 
kept on ice for 15 min  and then 25  μl of 10% Nonidet 
P-40 was added. The samples were vortexed for 5  s on the 
highest setting and then centrifuged at 4℃ for 5  min at 
maximum speed in a microcentrifuge (~28 620 g) and the 
supernatant was immediately transferred (cytoplasmic 
extract) to a clean prechilled tube. This tube was placed 
on ice or stored at −80℃ until use. The insoluble (pellet) 
fraction containing nuclei was suspended in 50  μl ice-cold 
nuclear extraction buffer (20  mM HEPES, pH 7.9, 0·4  M 
NaCl, 1  mM EDTA, 1  mM EGTA, 1  mM DTT, 1  mM 
PMSF, 2·0  mg/ml leupeptin and 2·0  mg/ml aprotinin). The 
samples were vortexed for 15 s on the highest setting, placed 
on ice and vortexing was continued for 15  s every 10  min 
for a total of 40 min. The tube was centrifuged at maximum 
speed (~28 620 g) in a microcentrifuge for 10  min and 
the supernatant (nuclear extract) fraction was immediately 
transferred to a clean prechilled tube and placed on ice or 
stored at −80℃ until use. A bicinchoninic acid (BCA) 

Table 1. Primers used in quantitative polymerase chain reactions

Primer Sequence Length of products (bp)

SOCS1 Forward, 5′-CACTTCCGCACATTCCGTTC-3′ 202
Reverse, 5′-AGGCCATCTTCACGCTAAGG-3′

CRIP1 Forward, 5′-CCCTTGTTGCCCCTAATGCT-3′ 186
Reverse, 5′-GCCTATGAGACCCTGGAACG-3′

RARRES3 Forward, 5′-TCTGGCTCCTCCAAGTGAGT-3′ 201
Reverse, 5′-TGACCAACCATCTCCTTCGC-3′

GAPDH Forward, 5′-GTTGCAACCGGGAAGGAAATG-3′ 214
Reverse, 5′-AGTTAAAAGCAGCCCTGGTGA-3′

SOCS1 = suppressor of cytokine signaling 1; CRIP1 = cysteine rich protein 1; RARRES = retinoic acid receptor responder (tazarotene induced) 3; 
GAPDH = glyceraldehyde 3-phosphate dehydrogenase; bp = base pairs.

http://report.bgi.com
http://report.bgi.com
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protein assay kit was used to measure the protein concen-
tration (Thermo Fisher Pierce, Rockford, IL, USA). Equivalent 
quantities of protein were separated on sodium dodecyl 
sulfate polyacrylamide gel by electrophoresis and blotted 
onto diafiltration membranes. The membranes were then 
incubated overnight at 4°C with primary antibodies followed 
by incubation with secondary antibody for 2  h at room 
temperature (antibodies are listed in Table 2). A chemilu-
minescence reagent (ECL) kit (Pierce) was used to visualize 
the protein bands. Quantity-One software was used to analyze 
the bands. Lamin B and β-actin were used as reference. In 
order to assess contamination between nuclear and cyto-
plasmic extracts, we simultaneously tested the protein expres-
sion levels of lamin B and β-actin in the cytoplasmic extract 
or the nuclear extract, and no significant contamination was 
observed (see Supporting information, Fig. S5).

Enzyme-linked immunosorbent assay (ELISA)

ELISA kits (Biyotime, Shanghai, China) were used to detect 
the secretion levels of IL-12p70, IL-10, TGF-β and IL-6 
in the supernatant of DCs pretreated with TCM or NHA 
medium, according to the manufacturer’s instructions. An 
ELISA assay kit was also used to measure IFN-γ in the 
supernatant of T cells that were co-cultured with DCs.

Characterization of DCs by flow cytometry

For analysis of the surface marker immunophenotype, cells 
were preincubated in fluorescein isothiocyanate (FACS) 
buffer (incubated in FACS 2%  FBS, 0·3% (w/v) NaN3 and 
1  mmol/l EDTA for 30  min to block non-specific immu-
noglobulin (Ig) binding and incubated with specific mono-
clonal antibodies (mAb) for 30  min on ice, washed twice 
using FACS buffer and fixed with flow fixation buffer (×1 
PBS containing 1% paraformadehyde) for 30  min. Cell 
staining was performed using CD80–FITC-conjugated mAb, 

CD83–FITC-conjugated mAb and CD86–phycoerythrin 
(PE)-conjugated mAb (Table 2). Flow cytometry was per-
formed using the Beckman flow cytometer (Beckman, 
Heidelberg, Germany), and the data were analyzed using 
Flowing Software version 2 (Pertu Terho, Turku, Finland).

3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay

Cell viability was tested via MTT. Briefly, 10  μl of MTT 
(5  μg/μl) was added to each well, and then the mixture 
was incubated for approximately 2  h in the incubator. 
The supernatant was discarded and replaced with dimeth-
ylesulfoxide (DMSO) (100 μl/well) to dissolve the formazan. 
After shaking for 15 min at 37°C, absorbance was measured 
at 570  nm using a microplate reader (Bio-Tek, Winooski, 
VA, USA). The results are expressed as the percentage 
compared with the absorbance of control cells. All experi-
ments were performed in triplicate.

Mixed lymphocyte reaction

PBMCs were collected using Ficoll gradient centrifugation 
from healthy donors. The non-adherent cells were col-
lected. To detect the effect of glioma cell-tamed DCs on 
allogenic T cell viability, DCs served as the stimulator 
cells co-cultured with T cells at ratios of 1  :  20, 1  :  10, 
1  :  5 and 1  :  1 in 96-well plates for 3  days. MTT assay 
was used to measure T cell viability.

Dual-luciferase reporter assay

The dual-luciferase reporter assay system (Promega, 
Madison, WI, USA) was used to detect the NF-κB and 
anti-oxidant response element (ARE)-driven luciferase activ-
ity in transient transfected DCs. DCs were cultured at a 
density of 1·0 × 105 cells/ml in a 48-well plate. ARE-driven 
luciferase reporter plasmids including pCDNA3-NF-κB and 

Table 2. List of antibodies used in immunoblots and flow cytometry

Antibody Species Source Cat. no. Dilution

Primary antibodies
Anti-β-actin Rabbit, monoclonal Sigma-Aldrich, St Louis, MO, USA SAB5500001 1 : 1000
Anti-SOCS1 Rabbit, polyclonal Sigma-Aldrich, St Louis, MO, USA AV42147 1 : 1000
Anti-CRIP1 Rabbit, polyclonal Sigma-Aldrich, St Louis, MO, USA SAB2105783 1 : 1000
Anti-RARRES3 Mouse, polyclonal Sigma-Aldrich, St Louis, MO, USA SAB1406374 1 : 1000
Anti-NF-κB p65 Rabbit, polyclonal Sigma-Aldrich, St Louis, MO, USA SAB4502610 1 : 1000
Anti-lamin B Rabbit, polyclonal Sigma-Aldrich, St Louis, MO, USA SAB1306342 1 : 1000
Anti-CD80-FITC Mouse, monoclonal Abcam, Cambridge, MA, USA ab18279 1 : 100
Anti-CD83-FITC Mouse, monoclonal Abcam, Cambridge, MA, USA ab234233 1 : 100
Anti-CD86-PE Mouse, monoclonal Abcam, Cambridge, MA, USA ab234226 1 : 100
Secondary antibodies
Anti-rabbit (HRP) Goat Sigma-Aldrich, St Louis, MO, USA A0545 1 : 80000
Anti-mouse (HRP) Rabbit Sigma-Aldrich, St Louis, MO, USA A9044 1 : 80000

SOCS1 = suppressor of cytokine signaling 1; CRIP1 = cysteine rich protein 1; NF-kB = nuclear factor kappa B; RARRES3 = retinoic acid receptor re-
sponder (tazarotene-induced) 3; FITC = fluorescein isothiocyanate; PE = phycoerythrin; HRP = horseradish peroxidase.
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pGL6-ARE and Renilla luciferase vector pRL-TK were co-
transfected to DCs. Transfection was performed using 
lipofectamine 3000 (Invitrogen), according to the manu-
facturer’s instructions. The luciferase activities of firefly and 
Renilla were then detected using a luminometer according 
to the manufacturer’s instructions. Firefly luciferase activity 
was normalized to Renilla luciferase activity.

Statistical analysis

Statistical analyses were performed using spss version 19.0 
(Chicago, IL, USA). Data are presented as the mean ± stand-
ard error of the mean (s.e.m.). Statistical differences between 
groups were analyzed by Student’s t-test or one-way analysis 
of variance (ANOVA) with Tukey’s test. P < 0·05 was 
considered to be statistically significant.

Results

TCM pretreatment significantly inhibited DC 
maturation

The DC maturation process is accompanied by cellular mor-
phological change and increased expression frequency of 
maturation markers, including CD80, CD83, CD86, CD40 
and major histocompatibility complex (MHC)-II. In order 
to mimic the glioma microenvironment, we collected the 
supernatant of primary glioma cells and NHA as conditioned 
medium. Isolated iDCs were incubated with these two con-
ditioned media, respectively. After maturation induction, mDCs 
and DCs pretreated with NHA medium showed a typical 
cellular shape, characterized by many protrusions in different 
lengths (Fig. 1a). Flow cytometry assay revealed that mDCs 
expressed a significantly higher frequency of maturation 
markers, including CD80, CD83 and CD86 compared with 
iDCs. However, TCM pretreatment significantly decreased the 
expression frequency of CD83, CD80 and CD86 in DCs 
(Fig. 1b–d). RNA-Seq analysis indicated that TCM pretreat-
ment tended to decrease the gene expression levels of immu-
nocompetent MHC-II and CD40 (Supporting information, 
Table S1 and Supporting information, Fig. S1). We also tested 
the secretion levels of IL-12p70, IL-10, TGF-β and IL-6 by 
ELISA, and the results showed that TCM-pretreated DCs 
secreted less immunocompetent IL-12p70 than the NHA 
medium-pretreated secretion levels. Conversely, TCM-
pretreated DCs secreted much more immunosuppressive IL-10, 
TGF-β and IL-6 than the NHA medium-pretreated secretion 
levels (Fig. 1e and Supporting information, Fig. S1).

TCM pretreatment significantly increased the gene 
expression level of SOCS-1 in DCs

To explore the molecular mechanisms of DC maturation 
inhibition by TCM, RNA sequencing (RNA-Seq)-based tran-
scriptome analysis between the NHA medium-pretreated and 

TCM-pretreated DCs was performed. We obtained 21–22 
million reads of each sample after RNA-Seq. A total of 
12  082 unique genes were detected by removing the genes 
with fragments per kilobase million (FPKM) values < 0·5 
from the analysis. We calculated the difference of FPKM 
values and fold changes between TCM-pretreated DCs and 
matched DCs. The data indicated that there were 763 up-
regulated and 220 down-regulated genes (Fig. 2b). To inves-
tigate the pathways related to differentially expressed genes 
(DEGs), we performed enrichment analysis to identify related 
pathways. The data showed that these DEGs were significantly 
involved in signal transduction and immune system pathways 
(Fig. 2a). Twenty-three DEGs, involved in the two pathways, 
were regarded as candidate genes in the following study, 
and their expression levels were analyzed in a heat-map 
(Fig. 2c). Among these genes, three of the most up-regulated 
genes (RARRES3, CRIP1 and SOCS1) were selected to be 
validated (Fig. 2d). We then validated the mRNA and protein 
expression levels of the three DEGs using qRT–PCR (Fig. 
2e) and Western blot (Fig. 2f,g). Among the three selected 
genes, SOCS1 showed consistent expression differences with 
the RNA-Seq analysis. Thus, we focused upon SOCS1 in 
the following study.

Silencing SOCS1 significantly restored DC maturation 
suppressed by TCM

To determine whether SOCS1 was related to the maturation 
inhibition of DCs pretreated with TCM, we transfected iDCs 
with SOCS1 siRNA and matched NC siRNA followed by 
culture with TCM and maturation induction. Maturation 
markers including CD80, CD86 and CD83 were detected 
through flow cytometry assay. Results indicated that the 
SOCS1 expression level in DCs was significantly inhibited 
after transfection with SOCS1 siRNA (Fig. 3a). As shown 
in Fig. 3b,c, silencing SOCS1 significantly increased the 
percentage of CD80-positive cells from 41·50  ±  4·95% to 
88·50  ±  4·95% (P < 0·001). Consistently, silencing SOCS1 
significantly increased the percentage of CD83- or CD86-
positive cells from 50·12  ±  4·26% to 83·21  ±  5·23% and 
40·59  ±  4·78% to 80·89  ±  6·10%, respectively (P < 0·001). 
In addition, data from ELISA showed that silencing SOCS1 
in DCs significantly inhibited the secretion of immunosup-
pressive IL-10 and TGF-β from 1320  ±  95  pg/ml to 
650  ±  101  pg/ml and 1130  ±  90  pg/ml to 420  ±  110 pg/
ml, respectively (P < 0.001), and inversely significantly stimu-
lated the secretion of immunocompetent IL-12p70 from 
590  ±  85  pg/ml to 1550  ±  80  pg/ml (P  <  0·001) (Fig. 3d).

Silencing SOCS1 in DCs significantly restored T cell 
viability and Th1 response suppressed by TCM

DCs, the most potent APCs, functionally present antigens 
to T cells followed by induction of the T cell response 
[9]. To detect the effect of TCM on the immunological 
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function of DCs, iDCs were incubated with TCM or NHA 
medium followed by maturation induction and were co-
cultured with T cells at ratios of DC  :  T ranging from 
1  :  20 to 1  :  1 for 6  days. The MTT assay was used to 
determine T cell viability. Results showed that when ratios 
reached 1  :  5 or 1  :  1, T cell viability stimulated by DCs 
pretreated with NHA medium significantly increased com-
pared with T cell monoculture. A significant decrease of 

T cell viability was observed when T cells were co-cultured 
with TCM-pretreated DCs (Fig. 4a, b). The secretion level 
of IFN-γ, a hallmark of Th1 differentiated from T cells, 
was detected by ELISA. Results indicated that a large 
amount of IFN-γ was secreted by T cells co-cultured with 
NHA medium-pretreated DC (DC  :  T = 1  : 1). However, 
a significantly suppressive effect on the secretion of IFN-γ 
was detected when co-cultured with TCM-pretreated DCs 

Fig. 1. Glioma-conditioned medium inhibited the maturation of dendritic cells (DCs). (a) Peripheral blood mononuclear cell (PBMC)-derived 
immature dendritic cells (iDCs) were cultured with or without conditioned medium collected from the supernatant of primary glioma cells and 
normal human astrocytes (NHAs), followed by induction of maturation. On day 7, morphological change was observed by inverted microscope, 
bar = 20 μm. (b,c) The percentage of positive cells with DC maturation markers including CD80, CD86 and CD83 on their surface were analyzed by 
flow cytometry. (d) Flow cytometry profiles were shown as the percentage of positive cells. Results are showed as means ± standard error of the mean 
(s.e.m.); ***P < 0·001 versus the iDC group, ###P < 0·001 versus the NHA medium group. (e) Secretion levels of interleukin (IL)-12p70, IL-10, 
transforming growth factor (TGF)-β and IL-6 were detected by enzyme-linked immunosorbent assay (ELISA); #P < 0·05, ###P < 0·001 versus the NHA 
medium group.
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(Fig. 4c). To further determine whether SOCS1 was related 
to the immunological function inhibition of DCs pretreated 
with TCM, we transfected iDCs with SOCS1 siRNA and 
corresponding NC siRNA followed by culture with TCM, 
maturation induction and co-culture with T cells. Results 
showed that SOCS1 inhibition in TCM-pretreated DCs 
significantly restored the suppressed T cell viability (Fig. 
4a,b). Consistently, SOCS1 inhibition in TCM-pretreated 
DCs significantly restored the suppressed secretion of 
IFN-γ (Fig. 4c).

TCM pretreatment inhibited the NF-κB signaling 
pathway of DCs and SOCS1 inhibition significantly 
rescued it

It is reported that the NF-κB signaling pathway is a down-
stream pathway of SOCS1 [18]. In order to clarify whether 
TCM exerted an immunosuppressive role via SOCS1-mediated 

inhibition of the NF-κB signaling pathway, the effect of TCM 
pretreatment on the expression level of p65, a key protein 
of the NF-κB signaling pathway, was detected. Results showed 
that TCM pretreatment significantly suppressed the expres-
sion level of nuclear p65 in DCs. However, SOCS1 inhibition 
in TCM-pretreated DCs significantly restored the expression 
level of nuclear p65 (Fig. 5a,b). Further, results showed that 
TCM pretreatment significantly suppressed the luciferase 
activity of pCDNA3–NF-κB. However, SOCS1 inhibition in 
TCM-pretreated DCs significantly restored the luciferase 
activity of pCDNA3–NF-κB (Fig. 5c).

Increased expression level of SOCS1 in glioma samples 
related to poor prognosis of lower-grade glioma patients

Using the RNA-seq database platform in The Cancer 
Genome Atlas (Human Protein Atlas), we further analyzed 
511 glioma samples using Kaplan–Meier analysis, and the 

Fig. 2. Glioma-conditioned medium pretreatment significantly up-regulated the expression level of suppressor of cytokine signaling 1 (SOCS-1) in 
dendritic cells (DCs). (a) Based on the RNA-Seq results, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis for the normal human 
astrocyte (NHA) medium group versus the tumor-conditioned medium (TCM) group. The false discovery rate (FDR) was used to correct the P-value, 
and the false discovery rate (FDR) < 0·01 was accepted to be significant. (b) Representative scatter-plot describes 983 significantly different genes for 
the NHA medium versus the TCM group. A total of 220 down-regulated genes marked in blue and 763 up-regulated genes are marked in red. (c) 
Representative heat-map of gene expression levels of the NHA medium and TCM groups. (d) Fragments per kilobase million (FPKM) value of 
SOCS1, retinoic acid receptor responder (tazarotene-induced) 3 (RARRES3) and cysteine rich protein 1 (CRIP1) in the NHA medium and TCM 
groups is shown. (e) MRNA expression levels of RARRES3, CRIP1 and SOCS1 were measured using quantitative reverse transcription–polymerase 
chain reaction (qRT–PCR). (f) Representative Western blot results of RARRES3, CRIP1 and SOCS1. (g) Relative densities of RARRES3, CRIP1 and 
SOCS1 were determined by densitometry of the blots; ***P < 0·001 versus the NHA medium group.
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results showed that increased expression levels of SOCS1 
in lower-grade glioma patients might predict a poorer 
prognosis (Fig. 6).

Discussion

Accumulated research suggests that DC-related immuno-
therapies have shown inspiring outcomes against malignant 
glioma, and DC vaccination could ameliorate the prognosis 
of glioma patients [19,20]. However, the underlying mecha-
nisms concerning the glioma microenvironment modulat-
ing the function of infiltrated DCs have not been fully 

understood. In this study, results showed that TCM pre-
treatment significantly up-regulated the expression level 
of SOCS1 in DCs to inhibit its maturation process fol-
lowed by inhibition of T cell viability and secretion of 
IFN-γ, which may result in immune escape of glioma 
cells.

Immature DCs express a low frequency of maturation 
markers, including CD80, CD83 CD86, CD40 and 
MHC-II. When exposed to tumor antigens, iDCs could 
activate and mature quickly followed by T cell-related 
immune responses [11]. Research showed that mDCs 
substantially secrete immunocompetent IL-12p70, which 

Fig. 3. Suppressor of cytokine signaling 1 (SOCS-1) inhibition in dendritic cells (DCs) significantly restored their maturation suppressed by 
tumor-conditioned medium (TCM). (a) After TCM pretreatment and maturation induction, the expression level of SOCS-1 in DCs transfected with 
SOCS1 siRNA or NC siRNA was detected by Western blot. Relative density of SOCS1 was determined by densitometry of the blots; ***P < 0·001 versus 
the negative control (NC) siRNA group. (b) The influence of SOCS1 inhibition on the expression frequency of CD80, CD86 and CD83 was detected 
using flow cytometry. (c) Flow cytometry profiles were shown as the percentage of positive cells; ***P < 0·001 versus the NC siRNA group. (d) Secretion 
of interleukin (IL)-10, IL-12p70 and transforming growth factor (TGF)-β in the supernatant was detected by enzyme-linked immunosorbent assay 
(ELISA); ***P < 0·001 versus the NC siRNA group.
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promotes the Th1 response against cancer [21,22]. 
Frustratingly, accumulated evidence has suggested that 
tumor cells could suppress the immunological function 
of infiltrated DCs through the secretion of chemokines 
and cytokines, as well as inflammatory factors. Chang 
et al. reported that tumor-infiltrating DCs are always 
functionally deficient [23]. Consistently in this study, 
we found that TCM-pretreated DCs expressed a lower 

frequency of maturation markers, including CD80, CD83, 
CD86, CD40 and MHC-II, compared with NHA medium-
pretreated DCs (Fig. 1 and Supporting information, Fig. 
S1). However, TCM pretreatment did not significantly 
alter the gene expression levels of immunosuppressive 
factors [programmed cell death ligand 1 (PD-L1), 
indoleamine 2, 3-dioxygenase 1 (IDO1) and IDO2] 
(Supporting information, Table S2 and Supporting 

Fig. 4. Suppressor of cytokine signaling 1 (SOCS-1) inhibition in dendritic cells (DCs) significantly restored T cell viability and T helper type 1 (Th1) 
response suppressed by tumor-conditioned medium (TCM). (a) Pretreated DCs and T cells were co-cultured at different ratios for 7 days, and the T 
cell viability was detected by 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay; n = 3, *P < 0·05, **P < 0·01 versus the 
DC + T cell + TCM + negative control (NC) group. (b) T cell viability at a DC : T ratio of 1 : 1 was measured by MTT; n = 3, **P < 0·01 versus the 
DC + T cell + TCM + NC group. (c) Secretion level of interferon (IFN)-γ at a DC : T ratio of 1 : 1 after co-culture for 7 days was measured by 
enzyme-linked immunosorbent assay (ELISA); n = 3, **P < 0·01 versus the DC + T cell + TCM + NC group.

Fig. 5. Tumor-conditioned medium (TCM) pretreatment inhibited nuclear factor kappa B (NF-κB) signaling pathway of dendritic cells (DCs) and 
suppressor of cytokine signaling 1 (SOCS-1) inhibition significantly rescued it. (a) DCs transfected with or without SOCS1 siRNA were cultured in 
the presence or absence of tumor-conditioned medium (TCM). The expression of p65 in cytosol and nucleus were determined using Western blot. 
Lamin B was used as the internal references of nucleus, and β-actin was used as the internal references of cytosol. (b) Relative densities of SOCS1 and 
p65 were determined by densitometry of the blots; ***P < 0·001 versus the negative control (NC) siRNA group, ###P < 0·001 versus the mDC group.  
(c) The luciferase reporters driven by NF-κB response elements were transfected into DCs for 24 h, and then cells were transfected with or without 
SOCS1 siRNA and cultured in the presence or absence of TCM. Luciferase activity was analyzed by the dual-luciferase reporter assay system; 
**P < 0·001 versus the NC siRNA group; ###P < 0·001 versus the mDC group.
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information, Fig. S2). Moreover, the increased secretion 
of immunosuppressive IL-10, TGF-β and IL-6 and the 
decreased secretion of immunocompetent IL-12p70 in 
TCM-pretreated DCs further validated the important 
role of the glioma microenvironment on inhibiting the 
maturation of DCs. Regulatory T cells (Tregs), a subset 
of T cells, are known to accumulate in the glioma 
microenvironment, and they are able to promote glioma 
to evade the anti-tumor immune response [24]. 
Supporting information, Fig. S4 showed that CD25+ 
forkhead box protein 3 (FoxP3)+ positivity significantly 
increased from 4·45% in the mDC group to 7·85% in 
the TCM group (P < 0·01). However, no statistically 
significant difference in CD25+FoxP3+ positivity between 
the TCM group and siR-SOCS1+TCM group was 
observed. Further studies are needed to determine the 
exact mechanism(s).

SOCS1, a key member of SOCS family, is a molecule 
in cytoplasm that plays an important role in the immune 
response [14]. Researches have suggested that the silence 
of SOCS1 in DCs with siRNA could promote DCs 
maturation and anti-tumor immunity [25]. Shi et al. 
reported that SOCS1 gene silence promoted DCS matu-
ration and anti-fungal immunity [26]. Hildebrand et al. 
reported that Toll-like receptor (TLR)-4 adjuvant 
monophosphoryl lipid A (MPLA)-stimulated activation 
of APCs is strongly enhanced and prolonged by silenc-
ing SOCS1 via lipid nanoparticle-enclosed siRNA 
(L-siRNA) [27]. Cornish et al. reported that SOCS1 
deficiency in mice showed an excessively activated IFN-γ 
signal, which resulted in serious inflammatory disease 
[28]. Conversely, Fu et al. reported that SOCS1 

over-expression suppressed the immunological function 
of DCs, reduced the immune system rejection reaction 
and thus extended allograft survival time after heart 
transplantation in mice [29]. The above studies suggest 
that SOCS1 has an important effect on suppressing DCs 
maturation and the subsequent immune response [30–32]. 
However, the SOCS1 expression level of DCs in the 
microenvironment of glioma is not clear. In this research, 
RNA-Seq results indicated that SOCS1 was significantly 
up-regulated in TCM-pretreated DCs. It was also con-
firmed through Western blot and qRT–PCR. Also, results 
have indicated that genetic inhibition of SOCS1 induced 
by TCM significantly restored DCs maturation accom-
panied by up-regulated CD86, CD80, CD83 and immu-
nocompetent IL-12p70 and down-regulated 
immunosuppressive IL-10, as well as TGF-β. Nevertheless, 
knowledge concerning the SOCS1 mechanism modulat-
ing the expression of CD80, CD83, CD86, IL-6, IL-10, 
TGF-β and IL-12p70 remains unknown. Moreover, results 
indicate that SOCS1 inhibition in TCM-treated DCs 
contributes to significantly restored cell viability and 
function of T cells. However, more details concerning 
the molecular mechanism of SOCS1 modulating DC 
maturation in the glioma microenvironment remain to 
be investigated.

SOCS1 is a negative feedback inhibitor of the Janus 
kinase/signal transducer and activator of transcription 
(JAK/STAT-3) signaling pathway [33]. Previous researches 
have demonstrated that STAT-3 possesses tumor-pro-
moting property [34], and is over-expressed and/or 
hyperactivated in human colorectal adenocarcinoma [35], 
human breast cancer [36] and human glioma [37]. It 
is possible that SOCS1 regulates immunological function 
of DCs via STAT-3. Previous researches have shown 
that STAT-3 up-regulates the expression level of PD-L1 
and favors the development of tolerogenic APCs [38,39]. 
However, in our research no significant change of the 
expression level of p-STAT-3 between the NHA medium 
and TCM groups was observed (Supporting information, 
Fig. S3). SOCS1 might target other molecules to modulate 
the maturation of DCs.

NF-κB, an important transcription factor, plays a piv-
otal part in the immune response [40]. There are five 
NF-κB family members in homo sapiens, including c-Rel, 
RelA (p65), RelB, NF-κB1 (p105/p50) and NF-κB2 (p100/
p52) [41]. In most cells, the major form of NF-κB is 
the p65/p50 heterodimer, which modulates a series of 
genes involved in the inflammation and immune response 
[42,43]. In particular, Van et al. reported that the NF-κB 
signaling pathway was involved in DCs maturation and 
the immune response [44]. For instance, Escherichia coli 
incubated with myeloid DCs secrete a large amount of 
proinflammatory cytokines via the activating NF-κB 

Fig. 6. Increased expression level of suppressor of cytokine signaling 1 
(SOCS-1) in glioma samples related to poor prognosis of lower-grade 
glioma patients. Kaplan–Meier survival analysis about high/low SOCS1 
expression on 511 lower-grade glioma patients based on The Human 
Protein Atlas (original RNA-seq data from TCGA); P < 0·001 versus 
the low/medium SOCS1 expression group.
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signaling pathway [45]. Similarly, miR-181d promoted 
DC maturation via targeting cylindromatosis followed 
by activating the NF-κB signaling pathway [46]. 
Consistently, we found that glioma TCM significantly 
suppressed the NF-κB signaling pathway in DCs accom-
panied by the increased translocation of p65 from nucleus 
to cytosol and the decreased luciferase activity of 
pCDNA3-NF-κB. Furthermore, the suppressed NF-κB 
signaling pathway was significantly abolished by SOCS1 
inhibition in TCM-pretreated DCs. Accordingly, to some 
degree the immunosuppressive effect of glioma TCM 
on DCs involves the NF-κB signaling pathway.

In summary, this research showsd that a glioma-created 
microenvironment could inhibit the maturation of infil-
trated DC, up-regulate SOCS1 expression of infiltrated 
DCs and suppress the NF-κB signaling pathway. SOCS1 
genetic silence significantly restored TCM-suppressed 
DC maturation; corresponding cytokine profiles changed 
and suppressed the NF-κB signaling pathway, resulting 
in an elevated T cell viability and Th1 response. Moreover, 
the elevated expression level of SOCS1 in glioma tissue 
predicts a poorer prognosis of lower-grade glioma 
patients. This research could highlight a promising 
approach via targeting SOCS1 to suppress glioma 
progression.
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Supporting Information

Additional supporting information may be found in the on-
line version of this article at the publisher’s web site:
Fig. S1. TCM pretreatment tended to decrease the gene ex-
pression levels of immunocompetent MHC II and CD40, 
while significantly increased the gene expression level of 
immunosuppressive IL6. (a-g) The FPKM values were ob-
tained from the performed RNA-Seq. (h) Secretion levels 
of IL6 in the supernatant of NHA and TCM groups were 
determined using ELISA assay. *P < 0.05 vs. the NHA me-
dium group.

Fig. S2. TCM pretreatment did not significantly change the 
gene expression levels of PD-L1, IDO1 and IDO2. (a) FPKM 
values of PD-L1, IDO1 and IDO2 in NHA and TCM groups 
were obtained from the performed RNA-Seq. (b) RNA ex-
pression levels of PD-L1, IDO1 and IDO2 were measured 
by qRT-PCR.

Fig. S3. TCM pretreatment did not significantly change the 
protein expression levels of p-STAT3 and STAT3. (a) Protein 
expression levels of p-STAT3 and STAT3 in DCs treated with 
NHA or TCM were detected by western blot. (b) Relative 
density of STAT3 and p-STAT3 were determined by densi-
tometry of the blots. NS, No significance difference vs. the 
NHA medium group.

Fig. S4. TCM-pretreated DCs induced Tregs expansion not 
through SOCS1. (a) Representative dot plots of CD25+ and 
Foxp3+ cells after co-culture of designated DCs and T cells 
at ratio of 1:1. Tregs are defined by the Q2 percentile. (b) 
Flow cytometry profiles were shown as the percentage of 
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positive cells. N = 3; **P < 0.01 versus mDC group; NS, No 
significance.

Fig. S5. No significant contamination between nuclear and 
cytoplasmic extracts was observed. The protein expression 
levels of p65 in cytosol and nucleus were determined using 
western blot. Lamin B was used as the internal references of 

nucleus, and β-actin was used as the internal references of 
cytosol.

Table S1. FPKM values of designated genes in DCs after 
stimulation with NHA and TCM.

Table S2. FPKM values of designated genes in DCs after 
stimulation with NHA and TCM.


