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Abstract

Purpose Cordyceps sinensis has been regarded as a pre-

cious tonic food and herbal medicine in China for thou-

sands of years. The exopolysaccharide (EPS) from an

anamorph of Cordyceps sinensis was found to have anti-

tumor immunomodulatory activity. Mature dendritic cells

play a role in initiating antitumor immunity, so we try to

investigate the effects of EPS on the murine dendritic cell

line DCS.

Methods Flow cytometry was used to assay the expres-

sion levels of cell surface molecules including major his-

tocompatibility complex (MHC)-II, CD40, CD80, and

CD86 of DCS cells and their ability to take up antigens.

The ability of DCS cells to activate the proliferation of

CTLL-2 T cells was measured by 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl tetrazolium bromide (MTT) method. IL-

12 and TNF-a levels were detected using ELISA. Western

blotting was performed to estimate the levels of phos-

phorylated Janus kinase 2 (p-JAK2), phosphorylated signal

transducer and activator of transcription 3 (p-STAT3),

nuclear factor-jB (NF-jB) p65 and p105.

Results EPS increased the expressions of MHC-II, CD40,

CD80, and CD86 of DCS cells and up-regulated their

ability to take up antigens. EPS also enhanced their ability

to activate the proliferation of CTLL-2 T cells. IL-12 and

TNF-a secreted from DCS cells were up-regulated after

EPS treatment. Furthermore, EPS significantly caused the

decline of p-JAK2 and p-STAT3, significantly increased

levels of NF-jB p65 in the nucleus and decreased levels of

NF-jB p105 in the cytoplasm.

Conclusions EPS may induce DCS cells to exhibit mature

characteristics, and the mechanism involved is probably

related to the inhibition of the JAK2/STAT3 signal path-

way and promotion of the NF-jB signal pathway.

Keywords Exopolysaccharide � Cordyceps sinensis �
Dendritic cell � JAK2/STAT3 � NF-jB

Introduction

Polysaccharides isolated from various medicinal plants

play important roles in the regulation of the human immune

system. Polysaccharides from Ganoderma lucidum affect

immune cells including B lymphocytes, T lymphocytes,

dendritic cells (DCs), macrophages, and natural killer cells.

Both in vitro and in vivo studies suggested that the anti-

tumor activities of the polysaccharides are mediated by

their immunomodulatory, anti-angiogenic, and cytotoxic

effects [1]; polysaccharides from the seed of P. asiatica L.

had significant immunity-enhancing activity by inducing

the maturation of murine bone marrow-derived dendritic

cells (BMDCs) from BALB/c mice [2]; polysaccharide-

rich root fraction of Echinacea pupurea may activate the

maturation of BMDCs from C57BL/6 [3]. The immunity-

regulating EPS is extracted from an anamorph of Cordy-

ceps sinensis, which has been regarded as a precious tonic

food and herbal medicine in China for thousands of years.

Our previous research has indicated that the crude

exopolysaccharide fraction (EPSF) can inhibit metastasis

of melanoma cells in the lungs and the liver of melanoma-

bearing mice [4]. The EPSF also significantly enhanced
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spleen lymphocyte proliferation in tumor-bearing mice and

stimulate mouse thymus lymphocytes proliferation both in

vivo and in vitro [4, 5]. Levels of Bcl-2, c-Myc, c-Fos, and

vascular endothelial growth factor (VEGF) expression in

the lungs and livers of melanoma-bearing mice were

decreased [4, 6]. These results were confirmed in another

kind of animal experiment: EPSF significantly inhibited the

H22 tumor growth in ICR mice and elevated the activity of

immunocytes. It also enhanced the proliferation and cyto-

toxicity of spleen lymphocytes and elevated their levels of

TNF-a and IFN-c mRNA expression [7]. These results

suggest that the polysaccharide has an immunomodulatory

function and antitumor activity, making it a possible

adjuvant in cancer therapy.

In order to determine the immunomodulatory mecha-

nism of this EPS, EPSF was further chromatographed by

DEAE-32 and Sephadex G-200 column. The components

of EPS were analyzed by gas chromatography, and the

molecular weight was analyzed by gel chromatography. It

consists of mannose, glucose, and galactose in a ratio of

23:1:2.6 and its molecular weight is about 1.04 9 105 [8].

Subsequently, our further investigation revealed that it

triggers activation and maturation in murine bone marrow-

derived DCs and human DC from peripheral blood [9, 10].

DCs, which are known sentinel component of the immune

system, play an important role in the initiation of antitumor

immune response [11]. Along with DCs maturation, they

increasingly express major MHC and co-stimulatory mol-

ecules (CD40, CD80, and CD86) on the surface. These

molecules assist DCs to submit co-stimulatory signals and

presenting antigens to naive T cells and then activate

immune reaction. Thus, high levels of MHC and co-stim-

ulatory molecules of DCs are related to their state of

maturation.

To verify our discovery and obtain consistent results,

DCS was chosen for further investigation. DCS is the first

established DC cell line. Researchers often choose it as a

model for DC studies because it has characteristics similar

to DCs, but it is easier to propagate and store, providing

more pure population of DCs that closely resemble DC

progenitors [12]. In this study, we attempted to evaluate the

effects of EPS on the phenotype and function of DCS. We

also explored parts of the mechanisms involved.

Materials and methods

Reagents

RPMI 1640 (Gibco) supplemented with 50 IU/ml penicil-

lin, 50 IU/ml streptomycin and 2 ml L-glutamine (Sigma),

25 lM Hepes (Amresco), and 10 % heat-inactivated fetal

bovine serum (Gibco) was used as a culture medium.

Fluorescein isothiocyanate (FITC)-labeled anti-MHC-II/

CD80 and phycoerythrin (PE)-labeled anti-CD86/CD40

antibodies were obtained from eBioscience.

Antibodies of phosphorylated signal transducer and

activator of transcription 3 (p-STAT3, Tyr705), phos-

phorylated Janus kinase 2 (p-JAK2) and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) were purchased from

Cell Signaling Technology (Beverly, MA, USA); anti-

bodies against STAT3, JAK2, NF-jBp65, and p105 and

horseradish peroxidase (HRP)-IgG were purchased from

Bioworld Technology (Atlanta, GA, USA). Protein inhib-

itor cocktails were obtained from Amresco. EPS was pre-

pared as previously described [8].

Cell culture and treatment

DCS cell line was obtained from the Cell Culture Center of

Peking Union Medical College, and CTLL-2 cell line was

purchased from American Type Culture Collection

(ATCC), and it is a clone of cytotoxic T cells derived from

a C57BL/6 mouse. They were cultured at 37 �C in a 5 %

CO2 atmosphere in RPMI 1640 complete culture medium

as previous described. EPS was diluted in the medium

before being applied to the cultures at a final concentration

of 12.5, 25, 50, 100 lg/ml. Lipopolysaccharide (LPS)

(Sigma) at 1 lg/ml was used as a positive control. After a

2-day treatment with different concentrations of EPS, cells

were collected to analyze their changes in phenotype and

detect the stimulatory function on T-cell proliferation.

Phenotype analysis

To confirm the effects of EPS on the phenotype of DCS

cells, the surface molecule expression was analyzed by

flow cytometry. Cells (1 9 105) were harvested and

washed with phosphate-buffered saline (PBS) containing

0.5 % fetal calf serum (FCS) and 0.05 % sodium azide

after 2 days of treatment with different concentrations

(12.5, 25, 50, and 100 lg/ml) of EPS. Then, they were

stained with FITC-labeled anti-MHC-II/CD80 and PE-

labeled anti-CD86/CD40 antibodies, respectively, at 4 �C

for 30 min. The fluorescence was measured using flow

cytometry (FACS Aria II, Becton–Dickinson, U.S.). For-

ward and side scatter parameters were used to gate live

cells. At least 10,000 cells were analyzed per sample.

Lymphoproliferation assay

T-cell proliferation after co-culture with the EPS-treated

DCS cells was evaluated to determine the stimulatory

capacity of DCS cells. They were collected after 2 days of

treatment in different concentrations of EPS (12.5, 25, 50,

and 100 lg/ml) and were treated with mitomycin C (50 lg/ml)
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at 37 �C for 60 min. Then, DCS and CTLL-2 T cells were

seeded in the U-bottom 96-well plate at the ratio of 1:10 or

1:1, simultaneously. The untreated cells were used as the

control group. Cells were cultured at 37 �C in a 5 % CO2

atmosphere for 3 days. T-cell proliferation was measured

by conventional 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide (MTT) assay.

Determination of antigen uptake ability

For the antigen uptake assay, DCS cells (5 9 105/well) were

incubated with FITC-dextran (1 mg/ml RPMI 1640) at

37 �C for 30 min after treatment with EPS for 48 h. They

were then washed three times with ice-cold PBS containing

0.5 % FCS and resuspended in PBS containing 1 % para-

formaldehyde. FITC-positive cells were detected using flow

cytometry. The background fluorescence of each sample was

subtracted from the mean value of fluorescence.

ELISA assay for IL-12 and TNF-a secretion

DCS cells were treated with different concentrations of EPS

(12.5, 25, 50, 100 lg/ml) or LPS. Supernatants were collected

24 h after treatment to assess cytokine secretion (IL-12 and

TNF-a) using ELISA according to the manufacturer’s rec-

ommendations (R&D Systems, Minneapolis, MN, USA).

Preparation of protein

For isolation of total cell extracts, DCS cells (2 9 105/well)

were cultured with EPS for 30 min or for 12 h. They were

then were collected and washed with PBS. The collected

cells were lysed with RIPA Reagent (Beyotime Biotech,

China) containing protease inhibitor (1 %) and phosphatase

inhibitor (1 %) on ice for 60 min. After centrifugation at

12,000 g/min for 20 min, supernatants were harvested and

served as total cell extracts.

To obtain nuclear extracts, DCS cells (2 9 105/well)

were cultured with EPS for 12 h, nuclear extracts were

isolated according to the protocol described as the previous

study [13]. Protein concentration was measured by BCA kit

(KeyGen Biotech, Nanjing, China).

Western blot analysis

Equal amounts of protein (50 lg) were boiled in loading

buffer (20 mM Tris–HCl with pH 6.8, 10 % glycerol, 4 %

sodium dodecyl sulfate (SDS), 100 mM DTT and 0.04 %

bromophenol blue) for 5 min and then fractionated with

10 % SDS–polyacrylamide gel electrophoresis (PAGE)

and transferred onto nitrocellulose membranes. These

membranes were blocked with 5 % bovine serum albumin

(BSA, Roche) (prepared in PBS containing 0.1 % Tween

20, PBST) at 37 �C for 1 h and then incubated with an

appropriate dilution of primary antibody (p-STAT3

(Tyr705), STAT3, p-JAK2, JAK2, NF-jB p65, NF-jB

p105, GAPDH) in 5 % BSA at 37 �C for 1 h. Then, these

membranes were washed three times with PBST. Mem-

branes were incubated with HRP-conjugated rat anti-mouse

IgG (1:3000) at room temperature for another 2 h. Specific

bands were visualized using an enhanced chemilumines-

cence (ECL) Western Blotting Kit (Beyotime Biotech. Co.

Ltd., China) and were quantitated with FluorChem FC2

ImageQuant. Results were analyzed with IPP 6.0 software.

p-STAT3 and p-JAK2 were normalized to total STAT3 and

JAK2; NF-jB p65 and p105 were normalized to GAPDH.

Statistical analysis

Data represent mean ± standard deviation (SD). Student’s

test was used to compare various experimental groups.

Significance was set at P-values \ 0.05.

Results

Effects of EPS on the phenotype of DCS cells

To determine whether EPS affects the phenotypes of DCS

cells, we treated them with EPS for 48 h. Flow cytometry

analysis indicated that the basal levels of CD40, CD80, and

CD86 expression in DCS cells were much lower. Treat-

ment with EPS greatly increases the levels of CD40, CD80,

and CD86 over those of untreated groups (Fig. 1a, b, c)

(P \ 0.05) with dose dependence (CD40: r = 0.9664,

P \ 0.01; CD80: r = 0.9490, P \ 0.05; CD86:

r = 0.9819, P \ 0.01). It also causes a significant increase

in MHC-II expression in a dose-dependent manner

(r = 0.9525, P \ 0.05). This was observed in almost every

EPS-treated group (Fig. 1d) (P \ 0.05).

Effects of EPS on the allostimulatory activity of DCS

cells

To examine the allostimulatory activity of DCS on T-cell

proliferation, DCS cells and CTLL2 T cells were co-cul-

tured. T-cell proliferation response to EPS-treated DCs is

presented in Fig. 2. After CTLL-2 T cells were co-cultured

for 3 days at a ratio of 1:1 with DCS cells that had been

pretreated with EPS, the number of T cells in the EPS-

treated group became higher than that of the control group

(P \ 0.05) in a dose-dependent manner (r = 0.9808,

P \ 0.01). This indicated that EPS-treated DCs had

developed enhanced allostimulatory activity. When DCS

cells and T cells were co-cultured at a ratio of 1:10, this

effect was not significant (P [ 0.05).
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Effects of EPS on antigen uptake ability

The ability of DCs to take up antigens was analyzed with

dextran-FITC by flow cytometry. After 48 h of treatment

with EPS, DCS cells presented dose dependently decreased

FITC-dextran uptake ability when compared with the

untreated group (25, 50 lg/ml, P \ 0.05; 100 lg/ml,

P \ 0.01; r = 0.9947, P \ 0.001). The percentage of

FITC-positive cells was reduced to 21.7 % from 53.9 %

when treated with 100 lg/ml of EPS (Fig. 3).

Secretion of IL-12 and TNF-a

DC may secrete cytokines and chemokines that, in turn,

attract different immune cells, which are intrinsic to mature

DCs. After 24-h treatment with EPS, levels of IL-12 and

TNF-a in the culture supernatants were measured with

ELISA. The secretion of IL-12 and TNF-a by DCS cells

was found to be dose dependently up-regulated in the EPS-

treated groups (IL-12, r = 0.9282, P \ 0.05; TNF-a,

r = 0.9349, P \ 0.05) (Fig. 4).

Effects of EPS on JAK2/STAT3 signal pathway in DCS

cells

The effect of EPS on phosphorylation of JAK2 and STAT3

in DCS cells was examined by Western blotting. The yields

of p-STAT3 and p-JAK2 in EPS-treated cells gradually

decreased in a dose-dependent manner (Fig. 5) (p-STAT3,

r = 0.9984, P \ 0.001; p-JAK2, r = 0.9788, P \ 0.01).

No significant difference in expression of STAT3 or JAK2

was detected in any group.

Fig. 1 Phenotypic changes in

DCS cells. Representative

histograms showing the

expression of a CD40, b CD80,

c CD86, d MHC-II. After

treatment with EPS in different

concentrations (12.5, 25, 50,

100 lg/ml) or LPS (1 lg/ml)

for 48 h, cells were stained with

PE-CD40, FITC-CD80, PE-

CD86, or FITC-MHC-II

antibodies, fluorescence-labeled

cells were gated by flow

cytometry. Data are mean of

percentage of fluorescence-

positive cells ± SD (n = 3).

*P \ 0.05, ***P \ 0.001

compared with the control

group

Fig. 2 Effects of DCS cells on proliferation of T cells. DCS were

treated with different concentrations of EPS for 48 h. The indicated

numbers of DCS cells were co-cultured with CTLL-2 T cells for

another 72 h. The proliferation of the responding T cells was

evaluated by MTT. OD value at 570 nm was used to represent the

proliferation of T cells. Data are means of OD value (570 nm) ± SD

(n = 6). *P \ 0.05, **P \ 0.01, ***P \ 0.001 relative to the group

of T cells co-cultured with untreated DCS
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Activation of NF-jB signal pathway in DCS cells

by EPS

The effect of EPS on the NF-jB signal pathway of DCs

was further examined. After 12 h of treatment with EPS,

levels of NF-jB p65 and p105 were also detected by

Western blotting. P65 translocation into the nucleus was

analyzed in the nuclear protein of DCS cells, while the

level of NF-jB p105 was analyzed with respect to total

cellular protein. Relative levels of NF-jB p65/GAPDH and

NF-jB p105/GAPDH were determined to confirm the

activation of NF-jB signal pathway. As shown in Fig. 6,

EPS treatment significantly and dose dependently

increased NF-jB p65 levels in the nucleus (r = 0.9634,

P \ 0.01) and decreased NF-jB p105 levels (r = 0.9453,

P \ 0.05) in the cytoplasm in all groups except the EPS12.5

group. This means that EPS markedly promoted both

translocation of NF-jB p65 into the nucleus and degrada-

tion of p105 in the cytoplasm.

Discussion

The maturation of DCs is a critical step in antitumor

immunity. These cells are characterized by their high

expression of co-stimulatory molecules and MHC-II, their

ability to induce lymph proliferation, and their high cyto-

kine production [14]. The DCs found in tumors usually

Fig. 3 Ability of DCS cells to take up antigens as determined by flow

cytometry after cells had been stimulated with EPS for 2 days. a Flow

cytometry analysis of dextran uptake by DCS. The first curve

represents nonspecific fluorescence and the second represents the

endocytosis of FITC-dextran. b Statistical results of uptake ability,

n = 3. *P \ 0.05, **P \ 0.01 versus control (0 lg/ml)
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represent immature and are defective in these respects.

This causes them to lose their ability to prime naı̈ve T cells

and so impairs antitumor activity [15–17].

EPS has several kinds of biological activity and per-

forms immunoregulatory functions, some of which have

been studied in our previous investigation. We here aimed

to investigate the effect of EPS on the phenotypes of DCS

cells and on their ability to take up antigens, secrete

cytokines, and stimulate T cells. The results showed that,

after EPS treatment, DCS cells expressed co-stimulatory

molecules and MHC-II at a higher rate, gained an enhanced

ability to activate T cells, attenuated DC endocytic ability,

and secreted cytokines (IL-12 and TNF-a), which are

characteristics of mature DCs. All of these results indicated

that EPS can stimulate the maturation of DCs.

These results raise questions regarding the mechanisms

underlying this process. Several studies have provided

evidence of hyperactivation of STAT3 in DCs in tumor-

filtered tissues [18, 19]. STAT3 hyperactivation is associ-

ated with defective DC maturation mediated by tumor cells

and tumor-derived factors [20, 21]. JAK2/STAT3 hyper-

activation has also been observed in myeloid cells and

tumor cells. Our previous studies have shown that EPS can

decrease STAT3 activation in murine and human DCs.

Here, we investigated the phosphorylation of STAT3 in

DCS and results demonstrated a reduced p-STAT3

expression in DCS that had been exposed to EPS. The

reduction of p-STAT3 does not conclusively indicate the

mechanism underlying this process. In our present study,

we detected the phosphorylation of JAK2, a Janus kinase

that in turn phosphorylates tyrosine residues on receptors

[22]. These receptors ultimately serve as docking sites for

STATs. Our findings indicated that the p-JAK2 in DCS

cells was also down-regulated by EPS. These results sug-

gest that EPS may decrease the tumor character of DCS

and promote maturation through blockage of the JAK2/

STAT3 pathway.

Nuclear factor-jB (NF-jB) plays a pivotal role in

developmental and immunological processes [23]. This

signal pathway had previously been studied in antigen

presentation cell (APC) activation. Its activation is usually

associated with a series of up-regulated expression of pro-

inflammatory mediators including cytokines, adhesion

molecules and co-stimulatory molecules, which is usually

also involved in the process of DC maturation [24, 25]. The

mammalian NF-jB family includes RelA (p65), RelB, and

c-Rel as well as p50 and p52 [26]. Knockouts of any of

these subunits can be embryonically lethal [27]. IjB family

Fig. 4 Increased cytokine secretion by EPS-treated DCS. After 24 h

of treatment with EPS, the concentrations of IL-12 and TNF-a in the

culture supernatants were determined by ELISA. These results are

presented as mean ± SD (n = 4). *P \ 0.05, **P \ 0.01 relative to

the group of untreated DCS

Fig. 5 Effects of EPS on JAK2/STAT3 activation in DCS cells. After treatment with EPS for 30 min, the expression of a p-STAT3 and

b p-JAK2 in DCS was shown. Data are expressed as mean ± SD (n = 3). *P \ 0.05 relative to the group of untreated DCS
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members usually exist in the cytoplasm and block the NF-

jB p65/p50 complex to translocate into nucleus. It can then

be phosphorylated by the activation of IjB kinase (IKK)

complex, leading to ubiquitination and subsequent degra-

dation, releasing NF-jB subunits into the nucleus to acti-

vate the expression of a number of target genes. p105 is

also considered as one of the members of the IjB family

members. Its degradation may be triggered by the activated

IKK complex [28–30]. In this study, we detected the levels

of NF-jB p65 in the nucleus and of p105 in the cytoplasm.

The results showed profoundly increased accumulation of

p65 in the nucleus and degradation of p105 in the cyto-

plasm of DCS cells after EPS treatment. In this way, we

primarily concluded that EPS could induce NF-jB acti-

vation in DCs.

In conclusion, our findings clearly show that EPS can

effectively cause DCs to express MHC-II, CD40, CD80,

and CD86; secrete IL-12 and TNF-a; and exhibit enhanced

stimulatory capacity for T cells, and weakened endocytic

ability. We also observed JAK2/STAT3 inhibition and NF-

jB activation in EPS-treated DCS cells. The immuno-

modulatory functions of EPS on DCS may be corporately

mediated through these two signal pathways. This may

partially account for the antitumor function of the EPS

from Cordyceps sinensis anamorph.
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