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Mushroom-derived  polysaccharides  have  been  shown  to  stimulate  immune  responses.  Our  previous
report  showed  that  the  novel  polysaccharide  PLCM isolated  from  the  culture  broth  of  Cordyceps  mili-
taris  could  induce  nitric  oxide  production  in  the  murine  macrophage-like  cell  line  RAW264.7.  In this
study,  we  show  that  PLCM  enhances  immunostimulatory  activities  such  as  the release  of toxic  molecules
(nitric  oxide  and reactive  oxygen  species),  secretion  of  the  cytokine  tumor  necrosis  factor  (TNF)-�,  and
phagocytic  uptake  in  RAW264.7  macrophages.  In addition,  all  the  specific  inhibitors  against  the  mitogen-
activated  protein  kinase  (MAPK)  and  nuclear  factor  kappa  B (NF-�B)  (SN50,  BAY11-7082,  PD98059,
acrophage
APKs
F-�B
olysaccharide
RRs

SP600125  and  SB203580)  markedly  suppressed  the nitric  oxide  production  and  phagocytic  uptake
induced  by  PLCM.  Moreover,  antibodies  specific  to the  extracellular  domain  of Toll-like  receptor-2,  Toll-
like  receptor-4  or the  macrophage  receptor  Dectin-1  significantly  attenuated  PLCM-induced  secretion  of
TNF-�.  Our results  indicate  that the  C.  militaris  polysaccharide  activates  macrophages  through  the  MAPKs

ways
and NF-�B  signaling  path

. Introduction

Macrophages are cells produced by the differentiation of mono-
ytes in tissues in response to inflammatory stimuli or injury. They
re specialized cells that neutralize foreign substances, infectious
icrobes and cancer cells through phagocytosis (Dentan, Lesnik,

hapman & Ninio, 1996). They function in non-specific defense
innate immunity) as well as help initiate specific defense mecha-
isms (adaptive immunity). Macrophages defend against external
athogens by releasing cytotoxic and inflammatory molecules such
s nitric oxide (NO), reactive oxygen species (ROS) and secreting
ro-inflammatory cytokines including tumor necrosis factor (TNF)-

 and interleukin (IL)-1 (Grimes et al., 2005; Yoon, Kim, Oh, Lee
 Hyun, 2009). These defensive mechanisms are activated when
arious molecules that act as stimuli bind to pattern recognition
eceptors (PRRs) such as Toll-like receptors (TLRs), Dectin-1 and
omplement receptor type 3 (CR3 or CD11b/CD18) on the surface
f macrophages and trigger several different signaling pathways

ncluding tyrosine kinases, protein kinase C, phosphoinositide-3-
inase (PI3K)/Akt, mitogen-activated protein kinases (MAPKs), and

∗ Corresponding author Tel.: +82 33 250 6275; fax: +82 33 243 6350.
E-mail address: ekhong@kangwon.ac.kr (E.K. Hong).

ttp://dx.doi.org/10.1016/j.carbpol.2014.11.059
144-8617/© 2014 Elsevier Ltd. All rights reserved.
 via  Toll-like  receptor  2, Toll-like  receptor  4, and  Dectin-1.
©  2014  Elsevier  Ltd. All  rights  reserved.

nuclear factor kappa B (NF-�B) (Biswas & Sodhi, 2002; Kuan, Huang,
Li & Chang, 2012; Wu,  Chen & Chen, 2009).

Mushrooms have been shown to have several therapeutic effects
(Bobek et al., 1991; Joseph, Panicker & Janardhanan, 2012; Selegean,
Putz & Rugea, 2009). Most, if not all, mushrooms have biologi-
cally active polysaccharides in the fruiting body, culture broth, and
cultured mycelia. Many studies have demonstrated that polysac-
charides from mushrooms are able to boost the host immune
system by stimulating natural killer cells, T-cells, B-cells, and
macrophages (Hou et al., 2009; Kim et al., 2008). In a previous study,
we identified a novel exo-polysaccharide in the liquid culture broth
of Cordyceps militaris (PLCM) (Lee et al., 2010b). We  also showed
that PLCM could induce NO production in the murine macrophage-
like cell line RAW264.7.

In the present study, we  examined whether PLCM could induce
or enhance other immunostimulatory activities in macrophages
and attempted to identify the mechanisms underlying macrophage
activation by PLCM.

2. Materials and methods
2.1. Materials

Fetal bovine serum (FBS), penicillin G, streptomycin, and
RPMI 1640 were purchased from GIBCO (Grand Island, NY,

dx.doi.org/10.1016/j.carbpol.2014.11.059
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.11.059&domain=pdf
mailto:ekhong@kangwon.ac.kr
dx.doi.org/10.1016/j.carbpol.2014.11.059
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SA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
ide (MTT), isopropyl alcohol, lipopolysaccharide (LPS, Escherichia

oli 0111:B4), Polymyxin B(PMB), and fluorescein isothiocyanate
FITC)-labeled dextran were obtained from Sigma Chemical Co. (St.
ouis, MO,  USA). Dichlorodihydrofluorescein diacetate (H2DCFDA),
uorescein-labeled E. coli (FITC-E. coli) bioparticles and rhodamine
halloidin were purchased from Molecular Probes (Carlsbad,
A, USA). The cell-permeable inhibitor peptide NF-�B SN50,
AY11-7082, PD98059, SP600125, and SB203580 were purchased

rom Calbiochem (La Jolla, CA, USA). Anti-� actin, anti-ERK,
nti-phospho-ERK, anti-JNK, anti-phospho-JNK, anti-p38, anti-
hospho-p38, anti-NF-�B-p65 antibodies, Dectin-1-specific mAb
A11, TLR2-specific mAb  T2.5, TLR4-specific mAb  MTS510 and
D11b mAb  were obtained from Cell Signaling (Beverly, MA,  USA),
erotec (Kidlington, Oxford, UK), HyCult Biotechnology (Uden, The
etherlands), and BD Bioscience (San Diego, CA, USA), respectively.
ll other chemicals were analytical grade.

.2. Preparation of polysaccharide from the culture broth of C.
ilitaris

The exo-polysaccharide from C. militaris liquid culture was  iso-
ated using the methods described previously (Lee et al., 2010a).
riefly, C. militaris KCTC 6064 was cultivated for 11 days at 24 ◦C,
00 rpm, uncontrolled pH, and a 2% (v/v) inoculum size in a mod-

fied medium containing 80 g/l glucose, 10 g/l yeast extract, 0.5 g/l
gSO4·7H2O, and 0.5 g/l KH2PO4. After 11 days of cultivation, the

ulture broth was centrifuged at 5000 rpm for 20 min. Polysaccha-
ides were precipitated from the liquid culture broth using 75%
thanol, centrifuged at 5000 rpm for 25 min, resuspended, dialyzed
gainst distilled water for 5 days to remove low-molecular-weight
ompounds, and then freeze-dried. Polysaccharide fraction, termed
PLCM”, derived from the liquid culture broth of C. militaris, was

 1,6-branched-glucogalactomannan that had a molecular weight
f 36 kDa, the �-linkage configuration, and random coil conforma-
ion. Endotoxin levels in the polysaccharide fraction were below the
imit of detection (0.0015 EU/ml) as assessed with an E-TOXATE kit
Sigma, St. Louis, MO,  USA).

.3. Cell culture

RAW264.7 cells were purchased from the Korean Cell Line Bank
KCLB, Korea). The cells were maintained in RPMI 1640 medium
upplemented with 100 U/ml penicillin, 100 �g/ml streptomycin,
nd 10% heat-inactivated FBS at 37 ◦C in an incubator with a humid-
fied atmosphere and 5% CO2.

.4. Cell viability assay

The effect of PLCM on the viability of RAW264.7 cells
as analyzed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
iphenyltetrazolium bromide (MTT) assay, which is based on
he cleavage of the yellow tetrazolium salt to purple formazan
rystals by metabolically active cells. Cells were pre-incubated in
2-well plates for 24 h at 37 ◦C in a 5% CO2 incubator and then
ere incubated with PLCM (10–1000 �g/ml) or LPS (2.5 �g/ml) for

4 h. After incubation, cells were washed with phosphate-buffered
aline (PBS) to remove detached cells and then 50 �l of MTT
tock solution (2 mg/ml) was added to each well, and the cells
ere incubated for another 2 h. After incubation, the medium

as removed and isopropyl alcohol was added to solubilize the

ormazan salt. The amount of formazan salt was determined by
easuring absorbance at 595 nm using an ELISA microplate reader

Bio-Rad, model 550).
ymers 120 (2015) 29–37

2.5. Measurement of NO production

RAW264.7 cells (1 × 106 cells/well) were pre-incubated in 12-
well plates for 24 h at 37 ◦C in 5% CO2 incubator and then were
incubated with PLCM (10–1000 �g/ml) or LPS (2.5 �g/ml) for 24 h.
Next, the culture supernatants were mixed with an equal volume
of Griess reagent (1% sulfanilamide and 0.1% N-[1-naphthyl]-
ethylenediamine dihydrochloride in 5% phosphoric acid) and were
incubated at room temperature for 30 min. Sodium nitrite (NaNO2)
was used to generate a standard curve, and nitrite production was
determined by measuring absorbance at 540 nm.

2.6. Measurement of ROS generation

Changes in fluorescence resulting from the oxidation of the
fluorescent probe H2DCFDA were used to evaluate the level of
intracellular ROS. RAW264.7 cells (2 × 106 cells/well) were pre-
incubated in 6-well plates for 24 h in a 37 ◦C, 5% CO2 incubator.
And then, cells were incubated with PLCM (10–1000 �g/ml) or LPS
(2.5 �g/ml) for 24 h. Next, the cells were incubated with 50 mM
of the fluorescent probe H2DCF-DA for 2 h at 37 ◦C. The degree
of fluorescence was detected at 485 nm excitation and at 535 nm
emission using a microplate spectrofluorometer. For image analysis
of intracellular ROS production, RAW 264.7 cells (2 × 106 cells/well)
were seeded on coverslip-loaded 6-wells plate and stimulated with
PLCM (200 �g/ml) or LPS (2.5 �g/ml) for 24 h. A H2DCFDA solution
was then added to the cells and the plates were incubated for 2 h at
37 ◦C. Images of the stained cells were captured using a fluorescence
microscope (ECCIPSE 50, Nicon, Japan).

2.7. Determination of endotoxin contamination

RAW264.7 cells (1 × 106 cells/well) were pre-incubated in 12-
well plates for 24 h in humidified 37 ◦C, 5% CO2 incubator and
then were incubated with PLCM (200 �g/ml) or LPS (2.5 �g/ml) in
the presence or absence of PMB  (50 �g/ml) for 24 h. After treat-
ments, the amount of NO in the culture supernatants was measured
using the Griess reagent, as described above. Intracellular ROS pro-
duction was also measured using H2DCFDA solution, as described
above.

2.8. Determination of phagocytic uptake

The phagocytic activity of the macrophages was measured
according to a method described previously (Won  et al., 2011). Cells
(2 × 106 cells/well) were pre-incubated in 6-well plates for 42 h in
a humidified 37 ◦C, 5% CO2 incubator and then were incubated with
PLCM (10–1000 �g/ml) or LPS (2.5 �g/ml) for 6 h. Finally, cells were
resuspended in 1 ml  of PBS containing 1% human AB serum with
FITC-labeled dextran (1 mg/ml) and incubated at 37 ◦C for 30 min.
The cells were then washed three times with cold PBS contain-
ing 1% human serum and 0.02% sodium azide and analyzed by the
FACScan flow cytometry (Becton-Dickinson, San Jose, CA, USA). For
image analysis of PLCM-mediated phagocytosis, RAW 264.7 cells
(2 × 106 cells/well) were seeded on coverslip-loaded 6-well plates
and stimulated with PLCM (200 �g/ml) or LPS (2.5 �g/ml) for 6 h. A
solution of FITC-labeled E. coli was added to the cells, which were
then incubated at 37 ◦C in a humidified incubator containing 5%
CO2 for 30 min. After fixation with a 3.7% paraformaldehyde solu-

tion, adherent cells were stained with rhodamine phalloidin (1:250
dilution), mounted under glass coverslips with Vectashield (Brun-
schwig Chemie, Amsterdam, The Netherlands), and photographed
under a fluorescence microscope.
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.9. Determination of TNF-  ̨ secretion

RAW264.7 cells (1 × 106 cells/well) were pre-incubated in 12-
ell plates for 42 h at 37 ◦C in a humidified incubator at 5%
O2 and then were incubated with PLCM (10–1000 �g/ml) or LPS
2.5 �g/ml) for 6 h. Levels of TNF-� in the culture supernatants
ere then evaluated using an ELISA kit (Biosource International,
amarillo, CA, USA) according to the manufacturer’s instructions.

.10. Nuclear protein extraction

Nuclear extracts were prepared by lysing nuclei in a high-salt
uffer supplemented with protease and phosphatase inhibitors
sing a nuclear extraction kit (Panomics Inc., Fremont, CA, United
tates) according to the manufacturer’s protocol. Protein concen-
rations were quantified using the Bio-Rad protein assay (Bio-Rad
aboratories, Hercules, CA, United States).

.11. Western blot analysis

After various treatments, cells were washed with PBS and
ere lysed in a lysis buffer (10 mM Tris–HCl [pH 7.5], 10 mM
aH2PO4/NaHPO4 [pH 7.5], 130 mM NaCl, 1% Triton X-100, 10 mM
aPPi, 1 mM phenylmethylsulphonyl fluoride, and 2 �g/ml pep-

tatin A) for 30 min  on ice. Lysates were then centrifuged at
2,000 × g for 20 min  at 4 ◦C. The supernatant was collected and
he protein content of the supernatant was measured using a
io-Rad protein assay kit prior to analysis. The cytoplasmic or
uclear protein samples were loaded, separated by sodium dodecyl
ulfate–polyacrylamide gel electrophoresis (SDS–PAGE) on 10–15%
els and were transferred to polyvinylidene difluoride membranes
Immun-Blot PVDF membrane, 0.2 �m;  Bio-Rad). Membranes were
locked with 5% nonfat powdered milk in 1× Tris-buffered saline
TBS) containing 0.1% Tween-20 for 1 h and then incubated with
rimary antibodies at 4 ◦C overnight. Finally, the membranes were
reated with horseradish peroxidase-coupled secondary antibod-
es for 1 h at 4 ◦C. The membranes were washed with T-TBS after
ach antibody-binding reaction. Detection of each protein was  per-
ormed using an enhanced chemiluminescence (ECL) kit (Millipore
o., Billerica, MA,  USA).

.12. Inhibition of MAPKs and NF-�B using specific inhibitors

To identify the signal transduction pathways that mediate the
ffects of PLCM on RAW264.7 cell activation, RAW264.7 cells
ere pre-treated with the p38 MAPK inhibitor SB203580 (25 �M),

he ERK inhibitor PD98059 (25 �M),  the JNK inhibitor SP600125
25 �M),  and the NF-�B inhibitors BAY11-7082 (10 �M)  or SN50
50 �M)  for 2 h in RPMI 1640 medium supplemented with 0.5%
BS. This medium was then replaced with medium with or with-
ut LPS (2.5 �g/ml) or PLCM (200 �g/ml) for 6 h at 37 ◦C. Then, cells
ere harvested and analyzed for phagocytic uptake by FACScan
ow cytometry, as described above. TNF-� was  measured in the
ulture supernatants using an ELISA kit, as described above.

.13. Inhibition of cytokine production using anti-PRR antibodies

To investigate the role of TLR-2, TLR-4, Dectin-1, and CR3 in
ytokine production, RAW264.7 macrophages in 12-well plate
ere pre-incubated with medium containing the TLR-2-specific

Ab  T2.5, the TLR-4-specific mAb  MTS510, the Dectin-1-specific
Ab2A11 or a CD11b mAb  (10 �g/ml) for 1 h. Isotype control

ntibodies were used at 10 �g/ml for rat IgG2B and 35 �g/ml for
ouse IgG1. Next, cells were treated with LPS (2.5 �g/ml) or PLCM
ymers 120 (2015) 29–37 31

(200 �g/ml) for 6 h at 37 ◦C. Then, levels of TNF-� in the culture
supernatants were measured using an ELISA kit, as described above.

2.14. Statistical analysis

Data are expressed as means ± standard error (SE), and the
results were taken from at least three independent experiments
performed in triplicate. Student’s t-test was used to determine the
statistical significance of the differences between the values deter-
mined for the various experimental and control groups. A * p < 0.05
was considered statistically significant.

3. Results

3.1. PLCM induces the production of NO and ROS in macrophages

To investigate the effect of PLCM on the viability of RAW.264.7
macrophages, cells were treated with different concentrations
of PLCM (10–1000 �g/ml) for 24 h, and then cell viability was
determined using the MTT  assay. PLCM at concentrations of
10–200 �g/ml did not affect cell viability significantly (Fig. 1A).
To investigate whether PLCM was capable of inducing NO pro-
duction from macrophages, RAW264.7 cells were treated with
PLCM (10–1000 �g/ml) or LPS (2.5 �g/ml, positive control) for
24 h. PLCM induced NO production in RAW264.7 cells in a
dose-dependent manner. In particular, cells treated with PLCM
(200–1000 �g/ml) showed significantly higher (1.6-fold increase)
NO production than that in the control (Fig. 1B). To investi-
gate whether PLCM could induce intracellular ROS generation
in macrophages, RAW264.7 cells were incubated with PLCM
(10–1000 �g/ml) or LPS (2.5 �g/ml) for 24 h. Significantly higher
ROS generation was observed in cells treated with PLCM or LPS
than in untreated cells. The fluorescence intensity in cells treated
with PLCM was  significantly increased in a dose-dependent man-
ner (Fig. 1C), which was confirmed under fluorescence microscopy
(Fig. 1D). These data showed that PLCM-treated macrophages could
induce generation of NO and ROS which are known to be fatal for
invading pathogens. To ensure that the effects of PLCM were not
due to endotoxin contamination, NO production and ROS genera-
tion were evaluated in RAW264.7 macrophages treated with PLCM
with or without PMB. As shown in Fig. 2, generation of NO and
ROS in PLCM-treated macrophages was not affected by the pres-
ence of PMB, but LPS-induced NO production and ROS generation
were inhibited in the presence of PMB, indicating that macrophage
activation by PLCM was  not due to endotoxin contamination.

3.2. PLCM enhances phagocytic uptake capacity and TNF-˛
secretion in macrophages

To investigate whether PLCM was  capable of enhancing the
phagocytic uptake capacity of macrophages, RAW264.7 cells were
incubated with PLCM (10–1000 �g/ml) and LPS (2.5 �g/ml) for 6 h
and uptake of FITC-labeled dextran by PLCM-treated, LPS-treated
and untreated cells was  compared. As shown in Fig. 3A, the results
of flow cytometry demonstrate that the uptake of FITC-labeled
dextran was enhanced in cells treated with PLCM or LPS. In addi-
tion, fluorescence microscopy images showed greater phagocytic
uptake of FITC-labeled E. coli in cells treated with PLCM (200 �g/ml)
or LPS (2.5 �g/ml) than in untreated RAW264.7 cells (Fig. 3B).
TNF-� is a cytokine produced mainly by activated macrophages
that is exceedingly important for killing and degrading tumor
cells. To investigate whether PLCM could induce TNF-� secre-

tion in macrophages, RAW264.7 cells were incubated with PLCM
(10–1000 �g/ml) or LPS (2.5 �g/ml) for 6 h. As shown in Fig. 3C,
PLCM-treated cells secreted significantly TNF-� than untreated
cells did. These data indicate that PLCM-treated macrophages can
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ig. 1. Effect of PLCM on NO and ROS production in RAW264.7 macrophages. (A) E
ntracellular ROS generation. (D) Fluorescence microscopic images of cells stained f
ompared to the control by Student’s t-test (p < 0.05).

nhance phagocytic uptake capacity and TNF-� secretion, suggest-
ng that this might be the mechanism by which PLCM acts to
timulate the killing and degradation of invading pathogens and
umor cells.

.3. MAPK and NF-�B pathways participate in macrophage
ctivation induced by PLCM

To investigate whether MAPK signaling pathways were involved
n macrophage activation by PLCM, RAW264.7 cells were stim-

lated with PLCM (200 �g/ml) at the indicated times, and then
estern blot analysis was performed to detect the levels of phos-
horylated ERK, SAPK/JNK and p38 MAPK (Fig. 4A). Increased
hosphorylation of all three MAPKs was observed in cells treated

ig. 2. Endotoxin contamination tests using PMB  in PLCM-treated RAW264.7 macropha
nduced NO production. (B) Endotoxin contamination tests through PMB  treatment on PLC
ignificant difference compared to the control by Student’s t-test (p < 0.05).
f PLCM on cell viability. (B) Effect of PLCM on NO production. (C) Effect of PLCM on
. Data (A, B and C) are expressed as the means ± SE. * Indicate significant difference

with PLCM (200 �g/ml). To confirm that MAPK signaling pathways
were involved in macrophage activation by PLCM, specific MAPK
pathway inhibitors were used. As shown in Fig. 4B, phagocytic
uptake induced by PLCM was  suppressed by ERK (PD98059), JNK
(SP600125) and p38 MAPK (SB203580) inhibitors. In particular, the
p38 MAPK (SB 203580) inhibitor suppressed PLCM-induced phago-
cytic uptake by 40%. These results suggest that all three MAPKs
participate in macrophage activation by PLCM.

To investigate whether the NF-�B signaling pathway was
involved in macrophage activation by PLCM, RAW264.7 cells were

stimulated with PLCM at the indicated times, and then effect
of PLCM on the translocation of NF-�B from the cytosol to the
nucleus was  determined by western blot analysis using an anti-
NF-�B subunit p65 antibody. As shown in Fig. 5A, the expression

ges. (A) Endotoxin contamination tests through PMB  treatment on PLCM- or LPS-
M- or LPS-induced ROS generation. Data are expressed as the means ± SE. * Indicate
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ig. 3. Effect of PLCM on phagocytic uptake and TNF-� secretion in RAW264.7 mac
f  PLCM-induced phagocytosis. (C) Effect of PLCM on TNF-� secretion. Data are ex
tudent’s t-test (p < 0.05).

evel of nuclear p65, a key subunit of NF-�B, was  highly increased
fter treatment for 15–30 min  with PLCM. To confirm that the
F-�B pathway participated in macrophage activation by PLCM,
AW264.7 cells were treated with NF-�B inhibitors and then inhi-
ition of phagocytic uptake was evaluated. The NF-�B inhibitors
AY11-7082 and SN50 attenuated the PLCM-induced enhancement

n the phagocytic uptake by 40% and 18%, respectively (Fig. 5B).
hese results suggest that the translocation of NF-�B from the cyto-
ol to the nucleus is involved in macrophage stimulation by PLCM.

To provide further evidence that the MAPK and NF-�B path-
ays are involved in macrophage activation by PLCM, several

pecific NF-�B and MAPKs inhibitors were added to macrophages

reated with PLCM and the level of inhibition of TNF-� secre-
ion was determined. As shown in Fig. 6, RAW264.7 cells treated
ith PLCM secreted high level of TNF-�, however all the inhibitors

BAY11-7082 and SN50 [NF-�B], PD98059 [ERK], SP600125 [JNK],
ges. (A) Effect of PLCM on phagocytic uptake. (B) Fluorescence microscopic images
ed as the means ± SE. * Indicate significant difference compared to the control by

and SB203580 [p38 MAPK]) suppressed the induction of TNF-� by
PLCM. In particular, BAY11-7082, SP600125, and SB203580 signif-
icantly suppressed PLCM-induced TNF-� secretion.

3.4. Anti-PRR antibodies attenuated PLCM-induced TNF-˛
secretion

Although Dectin-1 is known to be a �-glucan specific recep-
tor involved in the binding of polysaccharides to macrophages
(Herre, Gordon & Brown, 2004), several PRRs such as TLR2/6 and
CR3 are also reported to participate in the regulation of �-glucan-
induced signaling, which leads to macrophage activation (Le Cabec,

Carreno, Moisand, Bordier & Maridonneau-Parini, 2002). There-
fore, we  determined whether these molecules also were capable of
acting as receptors for PLCM to modulate macrophage activation.
For these experiments, specific antibodies against the extracellular
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LCM on phosphorylation of MAPKs. (B) Effect of specific MAPK inhibitors on PLCM-
nduced or LPS-induced phagocytic uptake. Data are expressed as the means ± SE. *

ndicate significant difference compared to the control by Student’s t-test (p < 0.05).

omains of TLR-2, TLR-4, Dectin-1, or CR3 were used to block their
ctivities. We  found that these antibodies reduced PLCM-induced
NF-� production (Fig. 7). These data suggest that TLR-2, TLR-4,
nd Dectin-1 might be involved in PLCM-induced TNF-� secretion
n macrophages.

. Discussion

Immunostimulation is regarded as an important strategy for
mproving the body’s defense mechanism in elderly people as well
s in cancer patients (Rihova, Kovar, Kovar & Hovorka, 2009). Bio-

ogical response modifiers isolated from mushrooms are being used
ncreasingly to treat a wide variety of clinical conditions, albeit

ith relatively little knowledge of their modes of action (Yoshida
t al., 2012). In particular, some of the major active substances
ymers 120 (2015) 29–37

in mushrooms are polysaccharides. Polysaccharides isolated from
mushrooms can exert considerable effects on the innate and
adaptive immune response and can therefore be used as immunos-
timulators, with wide clinical and medicinal applications (Hsiao
et al., 2004). Many mushroom-derived polysaccharides are used as
therapeutic and preventive agents for cancer, immune disorders,
etc. (Fullerton et al., 2000). For example, polysaccharides isolated
from Lentinus edodes,  Tricholoma matsutake,  Hericium erinaceus and
C. militaris are well known to play important roles in immuno-
stimulation. Of these, C. militaris is commonly used both as a food
and as a treatment for various diseases. Studies have shown that
polysaccharides isolated from C. militaris have potent immunos-
timulating activity, anti-cancer and anti-inflammation effects both
in vivo and in vitro (Lee & Hong, 2011; Qian, Pan & Guo, 2012;
Smiderle, Sassaki, Van Griensven & Iacomini, 2013). In our previ-
ous study, PLCM, which was  a 1,6-branched-glucogalactomannan
that had a molecular weight of 36 kDa, could induce NO pro-
duction in the murine macrophage-like cell line RAW264.7 (Lee
et al., 2010b). However, the signaling pathway through polysac-
charides isolated from C. militaris activated immunocytes such as
macrophages remain to be elucidated. In this study, therefore,
the immunostimulatory effect of PLCM on macrophages and the
mechanisms involved in macrophage activation by PLCM were
investigated. Macrophage activation is accepted as one of the most
important events in the immune response (Hino et al., 2005).
During activation, macrophages initiate phagocytosis, the first
step in the macrophage response against invading pathogens and
microbes, and macrophage activation signifies the up-regulation of
the innate immune response (Henneke & Golenbock, 2004). During
this response, activated macrophages produce cytotoxic molecules
and inflammatory cytokines such as NO, ROS, and TNF-� (Hess
et al., 2009). In the present study, PLCM was shown to increase
NO production, ROS generation and TNF-� secretion in RAW264.7
macrophages. PLCM also enhanced the phagocytic uptake capacity
of RAW264.7 macrophages. Notably, PLCM-induced NO production
was not affected by treatment with PMB  and therefore was  not due
to the presence of endotoxins. LPS, a major macrophage activation
factor, induces NF-�B activation and the phosphorylation of MAPKs
such as ERK1/2, JNK, and p38 in macrophages. MAPKs are a fam-
ily of serine/threonine-specific protein kinases that participate in
the initiation of NF-�B activation following various extracellular
stimuli such as LPS, pro-inflammatory cytokines, and polysaccha-
rides (Ma  et al., 2011; Ruimi et al., 2010). Phosphorylation of MAPKs
can activate the transcription of several targets such as NF-�B and
AP-1 or other transcription factors. Recent studies have reported
that polysaccharides derived from L. edodes,  Ganoderma lucidum,
and C. militaris induce immunocyte activation through NF-kB acti-
vation and MAPK phosphorylation (Park, Kunieda & Kubo, 2003).
Therefore, we attempted to demonstrate the PLCM-mediated acti-
vation of NF-�B and all three MAPK pathways during macrophage
activation. All three MAPKs were found to be phosphorylated in
RAW264.7 macrophages in response to PLCM treatment. Moreover,
the blockade of their activities by specific inhibitors (PD98059, ERK
inhibitor; SP600125, JNK inhibitor; and SB20358, p38 inhibitor)
also suppressed both LPS- and PLCM-induced phagocytic uptake.
The transcription factor NF-�B belongs to a family of structurally
related eukaryotic transcription factors that play an essential role in
controlling a large number of normal cellular and whole-organism
responses such as the immune and inflammatory responses, cellu-
lar growth, and apoptosis. In resting cells, NF-�B exists in a latent
form in the cytosol, in inactivated complexes formed through non-
covalent interactions with I�B. In response to various stimuli, the

I�B in the cytosolic complexes is phosphorylated, which causes the
release of NF-�B and its translocation into the nucleus, where it
activates gene expression. In this study, the levels of cytosolic NF-
�B were decreased, whereas the levels of nuclear NF-�B increased
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n LPS- or PLCM-treated RAW264.7 macrophages. Moreover, treat-
ent with the NF-�B inhibitors SN50 and BAY11-7082 effectively

uppressed both LPS- and PLCM-induced phagocytic uptake and
NF-� secretion. Although the major receptor for polysaccharides
n fungal immunity is known to be Dectin-1, several PRRs such as
LR-2, TLR-4, and CR3 (CD11b) are also known to participate in the
esponse to plant-derived polysaccharides. Bacterial LPS, the major
tructural component of the outer wall of gram-negative bacte-
ia, is a potent activator of macrophages (Inagawa et al., 1992).
he role of TLR4 in LPS-mediated signaling has also been stud-
ed (Hsu et al., 2011; Ikebe et al., 2009). In this study, it was
hown that TLR-2, TLR-4, and Dectin-1 are all involved in PLCM-
nduced TNF-� secretion, which is analogous to the results of
ur previous study on PLCM. Even though many studies illustrate
he distinct biological properties associated with polysaccharide
mmunomodulators, the lack of defined structural and mechanistic
nformation has limited efforts to study their potential for clinical
se (Tzianabos, 2000). Polysaccharides, polymers of monosaccha-

ide residues joined to each other by glycosidic linkages, belong
o a structurally diverse class of macromolecules. Because they
ave the greatest potential for structural variability relative to
of PLCM on the translocation of NF-�B. (B) Effect of specific I�B and NF-�B inhibitors
s ± SE. * Indicate significant difference compared to the control by Student’s t-test

other biopolymers, polysaccharides have the highest capacity for
carrying biological information. As a result of this phenomenon,
it is highly important to determine the accurate structures of
polysaccharides. Polysaccharides differ greatly in their chemical
composition, molecular weight, conformation, glycosidic linkage,
degree of branching, etc. (Methacanon, Madla, Kirtikara, & Prasitsil,
2005; Yadomae & Ohno, 1996). Recent investigations have led to a
more detailed understanding of structural aspects of polysaccha-
rides that govern biological functions and regulation of cytokine
networks that influence host immune responses (Nergard et al.,
2005). �-glucans, the most abundant forms of polysaccharides, are
one of the active ingredients responsible for the immunomodula-
tion. It was reported that �-glucans of different sizes and branching
patterns may  have significantly variable immune potency (Chan,
Chan, & Sze, 2009). In this study, PLCM, with immunostimulant
properties, was a 1,6-branched-glucogalactomannan that had a
molecular weight of 36 kDa, the �-linkage configuration, and ran-
dom coil conformation (Lee et al., 2010b). There are some data

suggesting that polysaccharides with low-molecular weight and �-
type polymers with no triple-helical conformation were found to
exhibit biological activity (Yu et al., 2009, 2007; Kraus, Blaschek,
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Fig. 6. Effect of specific signaling pathway inhibitors on PLCM- or LPS-induced TNF-
�  secretion in RAW264.7 macrophages. Data are expressed as the means ± SE. *

Indicate significant difference compared to the control by Student’s t-test (p < 0.05).
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chutz, & Franz, 1992). However, to understand of structural
spects of PLCM that influence immunostimulating activity, partic-
lar structure-immunomodulating activity relationships of PLCM
eeded to be further investigated. In summary, our results present
vidence that PLCM has potent immunostimulatory activity in vitro
nd suggest that PLCM induces up-regulation of NO, ROS, TNF-

 production and enhanced phagocytic uptake of macrophages
hrough MAPK and NF-�B signaling pathways via several PRRs such
s TLR-2, TLR-4, and Detin-1.
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