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Abstract: Cordyceps sinensis (CS), a Chinese toni-
fying herb, has been widely used for centuries in
Asian countries as a medicine and a health supple-
ment. Although ample evidence indicates that CS
can modulate immune responses, the functional
effect of CS on dendritic cells (DCs) is still unclear.
This study examines how CS affects human mono-
cyte-derived DCs in two physiological states: naı̈ve
and LPS-induced inflammatory. Our experimental
results demonstrate that CS acts as an activator and
maturation inducer of immature DCs by stimulat-
ing the expression of costimulatory molecules and
proinflammatory cytokines by DCs, enhancing the
DC-induced, allogeneic T cell proliferation, and
reducing the endocytic ability of DCs. In contrast,
CS suppresses the LPS-induced, inflammatory re-
sponse by decreasing the LPS-induced expression
of costimulatory molecules and proinflammatory
cytokines by DCs. CS also suppresses the LPS-
induced, DC-elicited, allogeneic T cell prolifera-
tion and shifts the LPS-activated, DC-driven Th1
response toward a Th2 response. These results
demonstrate that CS differentially regulates the DC
activities according to the presence or absence of
the inflammatory signs. Restated, with the lack of
an ongoing inflammatory environment, CS primes
DCs toward a Th1-type immunity, whereas in a
potential inflammatory reaction, CS balances the
over-reactivity of elicited Th1 immunity. This in-
vestigation illustrates the Yin-Yang balancing ef-
fects of CS as a medicine and a health supplement.
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INTRODUCTION

Cordyceps sinensis (CS), a complex of a parasitic fungus and its
caterpillar host, is a renowned Chinese tonifying herb and has
been documented in one of the most prestigious ancient Chi-
nese pharmacopoeias [1, 2]. CS has been commonly used as an

herbal medicine as well as a health supplement in China for
over 2000 years [1–3]. A variety of pharmacological effects,
such as anti-tumor [4, 5], immunomodulatory [6–8], anti-
inflammatory [9–11], and anti-oxidant properties [12, 13], of
CS has been reported. Furthermore, the extracts of wild CS and
fermented mycelia of CS have been accepted recently as pop-
ular nutraceuticals in many Asian countries, such as China and
Japan [14]. Studies have shown that CS contains various bio-
active compounds, including cordycepin, adenosine, adenine,
guanosine, ergosterol, uridine, uracil, hypoxanthine, mannitol,
and polysaccharides [2, 15]. Multiple compound-based drugs
may provide important combination therapies that simulta-
neously affect multiple pharmacological targets and provide
clinical efficacy beyond the reach of single compound-based
drugs [16].

Dendritic cells (DCs) are potent APCs that play a prominent
role in the development of T cell immune responses [17, 18].
The development of DCs comprises two functional stages. In
the immature stage, DCs are localized primarily in the periph-
eral tissues and participate in phagocytosis and antigen pro-
cessing. Following the uptake of antigens, they migrate from
the peripheral tissues to the lymphoid organs. During migra-
tion, DCs lose the capacity to capture antigens and mature to
become potent antigen presenters to activate T cells [19]. The
maturation of DCs is critical to induce antigen-specific T
lymphocyte responses and to control the differentiation of T
cells toward Th1 or Th2 immunity [20, 21]. Fully mature DCs
exhibit high surface expression of MHC-II and costimulatory
molecules, such as CD40, CD80, and CD86 [22, 23], but
decrease the capacity to internalize antigens [24, 25]. Addi-
tionally, the up-regulation of CD83, a specific marker of DC
maturation, occurs [26]. Among the various stimuli causing
DCs to mature include proinflammatory cytokines, CD40 li-
gand (CD40L), and pathogens such as LPS, bacteria DNA, and
an unmethylated DNA CpG motif [18].
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CS has been demonstrated to have immunomodulatory ac-
tivity [6–8]. However, how CS affects APCs, especially DCs,
has not been investigated. To examine the immunomodulatory
activity of CS, human monocyte-derived immature DCs were
used as a model for naı̈ve-stage DCs, and LPS-activated DCs
were used as a model for the inflammatory stage to investigate
how CS affects DCs under different physiological conditions.
Experimental results indicated that CS activates immature DCs
and promotes the maturation of immature DCs by enhancing
the expression of CD205, MHC-II, CD83, and costimulatory
molecules (CD40, CD80, and CD86) by DCs and reducing the
endocytic activity of DCs. CS promotes the production of
cytokines by immature DCs and thereby drives the differenti-
ation of T cells toward the Th1 type. On the other hand, CS
suppresses the LPS-induced inflammatory response by de-
creasing the LPS-induced expression of CD205, MHC-II,
CD83, and costimulatory molecules, inhibiting proinflamma-
tory cytokine secretion by DCs, and reducing the LPS-acti-
vated DC-elicited allogeneic T cell proliferation. Moreover, CS
shifts the LPS-activated DC-driven Th1 response toward a Th2
response. In summary, this investigation demonstrates that CS
can exert differential immunomodulatory effects on DCs upon
different physiological states. Results of this study support the
role of the Yin-Yang nature of CS as a health supplement and
a medicine.

MATERIALS AND METHODS

Reagents

The culture medium was RPMI 1640 (Gibco-BRL, Life Technologies, Paisley,
UK), supplemented with 2 mM L-glutamine, 25 mM HEPES, 100 U/ml
penicillin, 0.1 mg/ml streptomycin (Gibco-BRL, Life Technologies), and 10%
heat-inactivated FCS (Hyclone, Logan, UT, USA). Recombinant human
(rh)GM-CSF, rhIL-4, and soluble (s)rhCD40L were purchased from PeproTech
(Rocky Hill, NJ, USA). LPS (Escherichia coli serotype O55:B5), MTT, BSA,
FITC-LPS, and FITC-dextran (40,000 Da) were purchased from Sigma Chem-
ical Co. (St. Louis, MO, USA). A Limulus amoebocyte lysate (LAL) pyrochrome
kit, purchased from Associates of Cape Cod (Falmouth, MA, USA), was used
to determine the LPS content of CS extracts. FITC- or PE-conjugated anti-
human mAb were used to detect CD11c (IgG1-12-0116), CD14 (IgG1-12-
0149), CD40 (IgG1-11-0409), CD80 (IgG1-12-0809), CD83 (IgG1-11-0839),
CD86 (IgG2b-12-0869), CD205 (IgG2b-11-2059), and HLA-DR (IgG2b-12-
9956). All mAb and isotype control antibodies were purchased from eBio-
science (San Diego, CA, USA). ELISA kits for detection of human TNF-�,
IFN-�, IL-1�, IL-4, IL-6, IL-10, and IL-12p70 were purchased from eBio-
science (San Diego, CA, USA). The NF-�B inhibitor 6-amino-4-(4-phenoxy-
phenylethylamino) quinazoline was purchased from Calbiochem (San Diego,
CA, USA). Quantitative measurement of cell proliferation was made by using
the BrdU ELISA kit, which was purchased from Roche Molecular Biochemi-
cals (Mannheim, Germany). For HPLC fingerprint assay, adenine, adenosine,
cordycepin, guanine, hypoxanthine, uracil, and uridine were purchased from
Sigma Chemical Co.

Preparation of hot-water extracts of CS

To guarantee the quality of CS, the genetic variation was analyzed by DNA
sequencing, which was performed as described in our previous studies [27,
28]. The hot-water extracts of CS were obtained as described in our previous
study [29]. Briefly, CS samples were dried at 45°C in the dark to a constant
weight and pulverized. The CS sample (2 g) was dissolved in 40 ml water (1:20,
wt/vol), and hot-water extraction was performed at 90°C for 2 h. After centrif-
ugation at 3000 g for 20 min, the supernatant was harvested and then sterilized
by filtration through a 0.22-�m filter and stored at –20°C until used. To

examine potential endotoxin contamination, CS extracts were measured by the
LAL assay. Results indicated that the two batches of CS have undetectable
levels (�0.05 endotoxin units/ml) of LPS (data not shown).

HPLC fingerprint analysis

The HPLC system consisted of a chromatography system (Waters Chromatog-
raphy Division, Milford, MA, USA), including a series 600 controller, a series
717plus autosampler, and a series 996 photodiode-array detector, connected to
an Inertsil ODS-3V column (5 �m, 4.6�250 mm), preceded by a 5-�m
cartridge column (GL Sciences, Tokyo, Japan). Solvents that constituted the
mobile phase were buffer A (20 mM Na2HPO4) and buffer B (methanol). The
elution conditions applied were: 0–5 min, isocratic 5% buffer B; 5–35 min,
linear gradient 5–40% buffer B; 35–40 min, isocratic 40% buffer B. The
column was then reconditioned with 5% buffer B isocratic for 20 min. The flow
rate was 0.6 ml/min, and the injection volume was 20 �l. The system was kept
at 25°C, and the detection wavelength was set at 260 nm.

Generation of human monocyte-derived DCs

Fresh whole blood from normal volunteers was obtained from the Taiwan Blood
Center. Human PBMCs were isolated by Ficoll-Hypaque density gradient
centrifugation. Monocytes were purified by the plastic adherence method [30].
A total of 107 cells/well in six-well flat-bottom plates was incubated in
RPMI-1640 culture medium. After 2 h incubation at 37°C in humidified air
that contained 5% CO2, nonadherent cells were removed by gentle washing,
and plastic-adherent cells were used as monocytes. This monocyte population
exhibited 	90% CD14 positive staining, as revealed by flow cytometric
analysis (data not shown). DCs were generated from monocytes that were
cultured at 37°C in an incubator with 5% humidified CO2 in RPMI-1640
culture medium that was supplemented with rhGM-CSF 500 U/ml and rhIL-4
1000 U/ml for 6 days. On Days 2 and 4, half of the medium was replaced with
fresh medium that contained rhGM-CSF and rhIL-4. On Day 6, immature DCs
were reseeded into a six-well culture plate at a total of 106 cells/well and
treated with various concentrations of CS extracts (0, 0.25, 0.50, 0.75, and 1
�g/ml) in a culture for 2 days. LPS-activated DCs were generated from
immature DCs by culturing for 2 days in the presence of 1 �g/ml LPS that
contained various concentrations of CS extracts (0, 0.25, 0.50, 0.75, and 1
�g/ml). The viability of the cells under these treatments exceeded 90%, based
on MTT assay (Supplemental Fig. 1), which were performed following the
manufacturer’s instructions (Sigma, St. Louis, MO, USA).

Phenotypic and functional characterization
of DCs

In phenotypic analysis, DCs were washed using PBS that contained 2% FCS
and then incubated with FITC- or PE-labeled mAb against human CD11c,
CD14, CD40, CD80, CD83, CD86, CD205, HLA-DR, or isotype control
antibodies for 40 min at 4°C. Cells were then washed twice using cold PBS that
contained 2% FCS and analyzed by flow cytometry (Partec, Munster, Ger-
many). A total of 2 � 104 cells was acquired in each analysis. Data were
analyzed using WinMDI software (Scripps, La Jolla, CA, USA). CD14 is a
representative monocyte marker and was not present on the DC surface (data
not shown). All measurements were performed in triplicate.

Analysis of endocytotic activity

A method described previously [31] was used with slight modifications to
measure the phagocytic activity of DCs. Briefly, DCs (5�105 cells) were
resuspended in 100 �l PBS that contained 2% FCS and then incubated with
FITC-dextran (0.1 mg/ml) at 37°C for 30 min. Following incubation, cells were
washed four times in cold PBS that contained 2% FCS and analyzed by flow
cytometry. As a control, cells cultured under each condition were maintained
in the same solution for 30 min at 4°C. All measurements were performed in
triplicate.

Allogeneic MLR assay

Responder cells (T cells) were obtained from allogeneic PBMCs by nylon wool
column purification (Polysciences, Warrington, PA, USA). The purity of CD3-
positive T cells was 	85%, as determined by flow cytometry (data not shown).
Immature DCs treated with CS, LPS, or the combination of LPS and CS for 2
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days were used as stimulator cells. A total of 2 � 103 stimulator cells was
cocultured with a graded ratio of responder cells (1:25, 1:50, 1:75, and 1:100)
in 96-well flat-bottomed plates that contained 0.2 ml medium per well for 3
days. Allostimulatory activity was measured following the addition of 10 �M
BrdU during the last 14 h of the 3-day culture period. The proliferative
response was determined by measuring the incorporation of BrdU using a cell
proliferation ELISA kit as described by the manufacturer’s instructions (Roche
Molecular Biochemicals). All measurements were performed in triplicate.

Measurement of cytokine secretion

Supernatants of DC cultures were harvested after 2 days of incubation with
medium alone, CS, LPS, or the combination of LPS and CS. Human TNF-�,
IL-1�, IL-6, and IL-12p70 levels in culture supernatants were measured using
ELISA according to the manufacturer’s instructions (eBioscience). T cells were
cocultured with untreated, CS-treated, LPS-treated, or the combination of LPS
and CS-treated DCs for 3 days. T cell differentiation was assessed by mea-
suring the production of IFN-� and IL-4 in the supernatant using ELISA. The
levels of IFN-� and IL-4 in medium were normalized to cell numbers at the end
of the incubation period. Cell viability was measured by the MTT assay. All
measurements were performed in triplicate.

Statistical analysis

All experiments were performed at least three times. The data are presented as
the mean 
 SD of the repeated experiments and analyzed using SPSS software
(SPSS Inc., Chicago, IL, USA). Comparisons between control and treatment
groups were made using Student’s t-test. Differences were regarded as statis-
tically significant for P values under 5% (P�0.05) and 1% (P�0.01).

RESULTS

Genetic authentication of CS and
chromatographic fingerprint

Quality control of traditional Chinese medicine (TCM) has
been regarded as a key issue in ensuring safety and efficacy
[15]. Therefore, selective and efficient analytical methods for
quality assurance and authentication of the herbal material are
required. Several recent phylogenetic studies have reported
that the nucleotide sequences in the 18S ribosomal RNA
(rRNA) gene can distinguish CS from other related Cordyceps
species [27, 28]. To ensure the identity of the herbal materials
used in this study, we examined the 18S rRNA gene of five
different batches of CS samples by a DNA sequencing assay.
Experimental results confirmed that CS samples used in this
study are genuine CS, and the results were submitted to the
European Molecular Biology Laboratory database. The acces-
sion numbers of five CS samples are FM164741, FM164742,
FM164743, FM164744, and FM164745. Additionally, chro-
matographic fingerprinting can display the entire profiling pat-
tern of an extracted sample and has been applied to evaluate
the quality of traditional herb medicines. The U.S. Food and
Drug Administration and the European Medicines Agency
have stated that the appropriate chromatographic fingerprint
should be applied to assess the consistency of botanical drugs
[32]. Therefore, CS extracts were chemically fingerprinted by
HPLC, demonstrating that the major components of CS are
extracted (Supplemental Fig. 2).

CS promotes the phenotypic maturation of
immature DCs

To investigate the effect of CS on DC maturation, human
monocytes were cultured with GM-CSF and IL-4 for 6 days,

followed by another 2 days in the presence of various concen-
trations (0, 0.5, and 1 �g/ml) of CS extracts or LPS (1 �g/ml),
which is a known activator of DCs, as a positive control. The
expression of surface molecules (CD11c, CD205, CD40, CD80,
CD83, CD86, and MHC-II) and endocytic activity were exam-
ined by flow cytometry. Experimental results indicated that CS
increases the expression of CD11c, CD205, CD40, CD80,
CD83, CD86, and MHC-II molecules by immature DCs in a
dose-dependent manner (Fig. 1A). This effect closely resem-
bles that of LPS. To gain further insight into the effect of CS on
DC maturation, we examined whether CS affects the endocytic
activity of immature DCs. Our results demonstrated that CS,
like LPS, decreases the endocytic capacity of DCs (Fig. 1A).
This indicates that immature DCs can be activated and ma-
tured by CS.

CS induces the production of TNF-�, IL-1�, IL-6,
and IL-12p70 by immature DCs

DC-secreted cytokines play a pivotal role in the immune re-
sponse and the interaction between DCs and T cells [18, 33].
The release of IL-12 by DCs drives the differentiation of naı̈ve
T cells toward the IFN-�-producing Th1 phenotype [34]. Proin-
flammatory cytokines, such as TNF-�, IL-1�, and IL-6, play a
key role in inducing innate and acquired immune responses
[35]. In this study, cytokine levels in the supernatant of DCs
following the addition of various doses of CS were measured by
ELISA. According to Figure 1B, CS enhances the production of
TNF-�, IL-1�, IL-6, and IL-12p70 by immature DCs in a CS
dose-dependent manner.

CS enhances the allogeneic T cell proliferation
and promotes Th1 response by immature DCs

Mature DCs have a greater capacity to induce the proliferation
of allogeneic T cells than immature DCs do [19]. The above
results demonstrate that CS not only induces the expression of
cell surface molecules such as MHC-II and the costimulatory
molecules (CD40, CD80, and CD86) of immature DCs but also
enhances the secretion of IL-12 and proinflammatory cytokines
by immature DCs. To determine whether changes in surface
molecule expression and cytokine secretion by DCs sufficiently
alter their ability to activate naı̈ve T cells, immature DCs were
treated with CS or LPS for 2 days and then cocultured with
allogeneic T cells. The MLR assay revealed that CS enhances
the proliferation of allogeneic T cells by immature DCs (Fig. 2A).

To further examine how CS-treated DCs affect the differen-
tiation of T cells, we analyzed cultured supernatants from
allogeneic MLR experiments by ELISA. As shown in Figure
2B, the CS-treated DCs increase the production of IFN-� by T
cells, but the treatment does not increase the secretion of IL-4
by T cells significantly (Fig. 2B). The results indicate that CS
induces the proliferation of T cells and promotes a Th1 re-
sponse.

CS inhibits the maturation of LPS-activated DCs

The above experiments demonstrate that CS can promote DC
maturation, enhance the production of cytokines by DCs, in-
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duce the proliferation of allogeneic T cells, and drive Th1
polarization. These results indicate that CS can potentially
activate Th1 immunity through the activation of DCs. However,
several studies also reported that CS has anti-inflammatory
activity [9–11]. Whether CS has an anti-inflammatory effect on
DCs was examined further. As is well known, LPS is an inducer
of inflammation and can promote the maturation of DCs [36–
38]. The immature DCs generated from human monocytes were
treated with LPS (1 �g/ml) and various concentrations of CS
extracts (0, 0.5, and 1 �g/ml) for 2 days. The expression of the
surface molecules (CD11c, CD205, CD40, CD80, CD83,
CD86, and MHC-II) and their endocytic activity were assayed
by flow cytometry. Figure 3A shows that CS suppresses the
expression of CD11c, CD205, CD40, CD80, CD83, CD86, and
MHC-II by LPS-activated DCs, but it does not affect the
endocytic activity of LPS-activated DCs (Fig. 3A). Similar
effects on CD86 expression were also found when CS was
added 1 day after LPS stimulation (Supplemental Fig. 3A).

These results indicate that CS interferes with LPS-activated
DC maturation.

CS reduces the secretion of TNF-�, IL-1�, IL-6,
and IL-12p70 by LPS-activated DCs

Whether CS affects the production of cytokines by LPS-acti-
vated DCs was examined further by determining the concen-
tration of cytokines in the supernatant of DCs treated with LPS
(1 �g/ml) and various concentrations of CS extracts (0, 0.5, and
1 �g/ml) for 2 days. Figure 3B shows that CS inhibits the
production of TNF-�, IL-1�, IL-6, and IL-12p70 by LPS-
activated DCs in a CS dose-dependent manner. The effects on
TNF-� and IL-6 production were also found when CS was
added 1 day after LPS stimulation (Supplemental Fig. 3B).
These findings suggest that CS can act as an anti-inflammatory
agent by decreasing the production of proinflammatory cyto-
kines by LPS-activated DCs.

Fig. 1. CS-induced DC maturation and the
production of cytokines by immature DCs.
(A) Phenotypic characteristics and endo-
cytic capacity of immature DCs treated with
CS. Cell surface expression was analyzed by
flow cytometry on DCs treated with various
concentrations of CS (0 �g/ml, black line;
0.5 �g/ml, green line; or 1 �g/ml, blue line)
or LPS 1 �g/ml (purple line) as a positive
control. The red histograms represent stain-
ing with corresponding isotype control mAb.
Endocytic capacity was determined by the
endocytosis of FITC-dextran followed by
flow cytometry. Immature DCs were treated
with various concentrations of CS (0 �g/ml,
black line; 0.5 �g/ml, green line; or 1 �g/
ml, blue line) or LPS 1 �g/ml (purple line)
as a positive control for 2 days. Cells were
collected and then incubated with FITC-
dextran at 37°C for 30 min or at 4°C as a
control (red histogram). The results are rep-
resentative of three independent experi-
ments. (B) The effects of CS on cytokine
productions of immature DCs. Immature
DCs were treated with various concentra-
tions of CS (0, 0.25, 0.50, 0.75, or 1 �g/ml)
or LPS 1 �g/ml as a positive control for 2
days. Culture supernatants were collected
and the amounts of IL-12p70, TNF-�, IL-
1�, and IL-6 were measured by ELISA.
Data are presented as mean 
 SD from three
independent experiments. Statistical signif-
icance for the difference between two exper-
imental measurements was assessed by Stu-
dent’s t-test and represented as follows: *, P
� 0.05; **, P � 0.01.
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CS suppresses the LPS-induced, allogeneic T
cell proliferation and shifts the LPS-induced Th1
response toward the Th2 response

The above results indicate that CS inhibits the maturation and
cytokine productions of LPS-activated DCs. This study exam-
ined further whether CS affects the T cell activation by LPS-
activated DCs. The immature DCs generated from human
monocytes were treated with LPS (1 �g/ml) and various con-
centrations of CS extracts (0, 0.5, and 1 �g/ml) for 2 days. The
DCs were then collected to be cocultured with allogeneic T
cells for MLR assay. Figure 4A shows that CS suppresses the
LPS-induced DC-elicited allogeneic T cell proliferation. More-
over, how CS affects the differentiation of T cells by LPS-
activated DCs was examined further. Cultured supernatants
from allogeneic MLR experiments were analyzed by ELISA.
Experimental results indicate that the IFN-� production by T
cells is lower when treatment involves LPS and CS than the
treatment with LPS alone (Fig. 4B). However, treatment with
LPS and CS yields a greater production of IL-4 than treatment
with LPS alone does (Fig. 4B). From these results, we infer that
CS suppresses the proliferation of LPS-activated DC-elicited
allogeneic T cells and shifts the LPS-activated DC-promoted
Th1 response toward a Th2 response.

DISCUSSION

Chinese herbal medicine has become increasingly popular
worldwide in health promotion and adjuvant therapy [6, 29,

39]. The advantage of natural products with multiple phar-
macological ingredients may provide more clinical effec-
tiveness with fewer side-effects than a single compound-
based drug [16]. This study elucidates the immunomodula-
tory effects of CS on DCs in two different physiological
stages: naı̈ve and LPS-induced inflammatory. When imma-
ture DCs were used, CS effects were similar to that of LPS
on immature DCs. CS and LPS increase the surface expres-
sion of CD11c, CD205, CD40, CD80, CD83, CD86, and
MHC-II by DCs and reduce the endocytic activity of imma-
ture DCs. These changes point toward the role of CS in
promoting DC maturation. Functionally, CS enhances the
production of cytokines by DCs, including the Th1-related
IL-12p70 and proinflammatory cytokines, such as TNF-�,
IL-1�, and IL-6. Although CS has similar effects as LPS on
immature DCs, CS-induced maturation appeared much less
complete than that observed after the stimulation of LPS.
This reflects the nature that CS, unlike LPS as a pathogen,
is a modulating agent. This finding is in part consistent with
some known CS functions in other immune cells, such as the
enhanced production of IFN, IL-1, and TNF by rat Kupffer
cells [40] and increased production of IL-6 by human or
murine macrophages [8, 41]. Moreover, CS can increase the
numbers of Th cells in peripheral blood and spleen [42]. In
addition, we demonstrated that CS-primed DCs induce the
proliferation of allogeneic T cells and promote the Th1
polarization. Those results indicate that CS can potentially
modulate DCs toward cell-mediated immunity via the pro-
duction of cytokines and the promotion of the Th1 response.

Fig. 2. Stimulation of proliferation and differentiation of allogeneic T cells by CS-treated
immature DCs. Immature DCs were treated with various concentrations of CS (0, 0.25, 0.50, 0.75,
or 1 �g/ml) or LPS 1 �g/ml as a positive control for 2 days. Allogeneic T cell proliferation was
measured by BrdU ELISA. (A) The results of allogeneic T cell proliferation were yielded with
different DC:T ratios and various dose responses. (B) The amounts of IFN-� and IL-4 production
were measured by ELISA. The levels of IFN-� and IL-4 were normalized to cell numbers at the
end of the incubation period. Data are presented as the mean 
 SD from three independent experiments. Statistical significance for the difference between two
experimental measurements was assessed by Student’s t-test and represented as follows: *, P � 0.05; **, P � 0.01.
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On the other hand, when DCs were stimulated by LPS
toward an inflammatory stage, the effect of CS on LPS-activated
DCs differs from that on immature DCs. Our results demon-
strate that CS reduces the expression of CD11c, CD205, CD40,
CD80, CD83, CD86, and MHC-II by LPS-activated DCs. Fur-
thermore, CS suppresses the production of Th1-related IL-
12p70 and proinflammatory cytokines TNF-�, IL-1�, and IL-6
by LPS-activated DCs. The functional assays also demonstrate
that CS reduces the capacity of LPS-activated DCs on stimu-
lating allogeneic T cell proliferation and skews the Th1 reac-
tion toward a Th2 response by decreasing IFN-� production
and increasing IL-4 production. The fact that CS retards LPS-
activated DC activation indicates that CS has anti-LPS-elicited
inflammatory activity. A similar immunomodulatory effect of
CS has been reported in that CS recovers the balance on the
Th1:Th2 ratio in patients with Condyloma acuminatum [43]
and down-regulates the expression of inflammation-related
genes in the rat kidney following ischemia/reperfusion [9].

Among the several compounds in the CS extracts include
cordycepin, adenosine, guanosine, ergosterol, uridine, manni-
tol, and polysaccharides [15]. According to a recent study,
polysaccharide purified from a Chinese herb Ganoderma luci-
dum induces the activation and maturation of human mono-
cyte-derived DCs via the NF-�B and p38 MAPK pathway by
TLR-4 [25], which resembles the effects of LPS on DC matu-
ration [44]. The NF-�B pathway has been considered as a
common pathway for many activators leading to DC maturation
[45]; our data (Supplemental Fig. 4) add that the NF-�B
pathway is also involved in CS action on DC maturation.
Furthermore, Jordan et al. [41] demonstrate that CS activates
murine macrophages to produce inflammatory cytokines via the
MAPK pathway by TLR-2 and TLR-4 using TLR-2-, MYD88-,
and TLR-4-deficient mice. These observations suggest that
although CS was used as a sole stimulating agent, its acting
mechanism resembles LPS action by affecting NF-�B, p38
MAPK, and the JNK signaling pathway via TLR. Although the

Fig. 3. CS suppressed the expression of
phenotypic characteristics and the produc-
tion of cytokines by LPS-activated DCs. (A)
Phenotypic characteristics and endocytic
capacity of LPS-activated DCs treated with
CS. Cell surface expression was analyzed by
flow cytometry on DCs treated with LPS 1
�g/ml and various concentrations of CS (0
�g/ml, purple line; 0.5 �g/ml, green line; or
1 �g/ml, blue line) for 2 days. The red
histograms represent staining with corre-
sponding isotype control mAb. Endocytic
capacity was determined by the endocytosis
of FITC-dextran followed by flow cytometry.
Immature DCs were treated with LPS 1
�g/ml and various concentrations of CS (0
�g/ml, purple line; 0.5 �g/ml, green line; or
1 �g/ml, blue line) for 2 days. Cells were
collected and then incubated with FITC-
dextran at 37°C for 30 min or at 4°C as a
control (red histogram). The results are rep-
resentative of three independent experi-
ments. (B) The effects of CS on cytokine
productions of LPS-activated DCs. Imma-
ture DCs were treated with LPS 1 �g/ml and
various concentrations of CS (0, 0.25, 0.50,
0.75, or 1 �g/ml) for 2 days. Culture super-
natants were collected and the amounts of
IL-12p70, TNF-�, IL-1�, and IL-6 were
measured by ELISA. Data are presented as
mean 
 SD from three independent experi-
ments. Statistical significance for the differ-
ence between two experimental measure-
ments was assessed by Student’s t-test and
represented as follows: *, P � 0.05; **, P
� 0.01.
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CS sample used in this study ruled out bacterial endotoxin
contamination, we can’t exclude the possibility that the CS
samples used in this study contain other minor TLR ligands.
On the other hand, we found that CS suppresses LPS-induced
DCs maturation and inflammatory response but does not inhibit
sCD40L-induced DCs maturation (Supplemental Fig. 5). This
indicates that CS has specific effects on the LPS-involved
signaling pathway. A question derived appears that CS may
compete the binding of LPS on the TLR-4 receptor or neutral-
ize LPS in culture medium. We can exclude the possibility, as
we found that CS does not affect FITC-conjugated LPS binding
to DCs (Supplemental Fig. 6), and CS has similar effects when
CS was added 1 day after LPS stimulation (Supplemental Fig.
3). Suppressive effects of CS on LPS-activated DCs still remain
unclear. However, according to a previous study, cordycepin, a
component of CS, inhibits LPS-induced NO production and the
expression of inducible NO synthesis and cycloxygenase-2
genes by Raw 264.7 macrophages via the suppression of
NF-�B activation, Akt, and p38 phosphorylation [10]. We
speculate that the multiple components of CS extracts account
largely for the differential effects of CS on immature DCs and
LPS-activated DCs. Moreover, recent studies have demon-
strated that the differential binding to the DC-specific inter-
cellular adhesion molecule-grabbing nonintegrin (SIGN) and
TLR results in immune activation or suppression [46, 47].
More than a pathogen receptor, DC-SIGN also controls immu-
noregulation that shifts the Th1 to the Th2 response by altering
the TLR-mediated activation of DCs [48]. Thus, the differential
effects of CS on DCs in the absence or presence of LPS are

likely owing to the alteration of DC-SIGN-dominant versus
TLR-dominant pathways.

TCM, in contrast to Western medicine, uses decoctions of
herb mixtures that are typically customized for patients. The
healing philosophy of TCM relies on the concept of restoring
and maintaining the internal balance of Yin and Yang. As a
result, TCM is recognized as more suitable for disease preven-
tion and health promotion [49]. The Chinese Yin and Yang
concept represents the dialectic elements in nature, such as
light versus dark, hot versus cold, or weak versus strong. This
concept is used extensively to describe the balance of immu-
noregulation [50–52]. According to the Yin-Yang theory in
Chinese medicine, all herbs can be classified as Yin or Yang
in nature. CS is a unique, tonifying herb in Chinese medicine
that possesses “Yin-nourishing” and “Yang-invigorating”. Re-
cent studies have demonstrated that the pharmacological bases
of the Yin-nourishing and Yang-invigorating characteristics of
CS are anti-oxidation and oxidation activities, respectively [53,
54]. Although the Yin-Yang theory is the basic concept of
TCM, the pharmacological foundation of the Yin-nourishing
and Yang-invigorating of the immune function by CS still
remains unclear. This study demonstrates that CS can poten-
tially enhance the immunity of DCs by generating proinflam-
matory cytokines, enhancing the reactivity of allogeneic T
cells, and promoting Th1 polarization. On the other hand, CS
retards the overactive immunity of LPS on DCs by suppressing
LPS-induced proinflammatory cytokine productions, reducing
LPS-induced DC reactivity on allogeneic T cells, and shifting
a LPS-elicited DC-driven Th1 response toward a Th2 response.

Fig. 4. Stimulation of proliferation and differentiation of allogeneic T cells by LPS-activated
DCs that were treated with CS. Immature DCs were treated with LPS 1 �g/ml and various
concentrations of CS (0, 0.25, 0.50, 0.75, or 1 �g/ml) for 2 days. Allogeneic T cells were
measured by BrdU ELISA. (A) The results of allogeneic T cell proliferation were yielded with
different DC:T ratios and various dose responses. (B) The amounts of IFN-� and IL-4
production were measured by ELISA. The levels of IFN-� and IL-4 were normalized to cell
numbers at the end of the incubation period. Data are presented as the mean 
 SD from three
independent experiments. Statistical significance for the difference between two experimental measurements was assessed by Student’s t-test and
represented as follows: *, P � 0.05; **, P � 0.01.
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In summary, to our knowledge, this investigation is the first
to demonstrate the ability of CS to differentially modulate the
activities of different stages of DCs, which is potentially critical
in balancing the control of the homeostatic steady-state of host
immunity. Our results demonstrate that CS poses seesaw-like
balance, by which it boosts a weak immune system under
normal circumstances and suppresses overactive immune re-
sponses. These suggest that CS, as a health supplement and
medicine, has a Yin-Yang balancing act in immunomodulation
through enhancing host immunity and suppressing overactive
immune reactions.
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