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Poria cocos is an important Oriental medical fungus with multiple functionalities, yet its bioactive

substances and the mechanisms involved have not been fully characterized. A novel immuno-

modulatory protein (P. cocos immunomodulatory protein; PCP) was purified from the dried sclerotium

of P. cocos (Schw.) Wolf using DE-52 cellulose and gel filtration chromatography. Chromatography

and electrophoresis results indicated that the native PCP (35.6 kDa) is a disulfide-linked hetero-

dimeric glycoprotein consisting of 14.3 and 21.3 kDa subunits with N- and O-glycosylation. PCP was

capable of stimulating RAW 264.7 macrophages in vitro through the induction of tumor necrosis

factor-alpha (TNF-R) and interleukin-1 beta (IL-1β) as well as the regulation of nuclear factor-kappa

B (NF-κB)-related gene expression. In primary mouse macrophages, PCP directly activated

peritoneal cavity macrophages to induce Toll-like receptor 4 (TLR4)-mediated myeloid differentiation

factor 88 (MyD88)-dependent signaling. This study demonstrated the cell surface interactions of

PCP with TLR4 and the capacity of PCP for TLR4 tyrosine phosphorylation. Results obtained with

peritoneal macrophages from TLR4-deficient C57BL/10ScN mice revealed that PCP-induced

activation and PCP cell surface binding were significantly attenuated. Moreover, enzymatic degly-

cosylation decreased PCP-mediated responses, indicating that the glycosylated portion of PCP was

a key factor in PCP signaling through TLR4 in peritoneal macrophages. These findings suggest that

PCP is a new potential immune stimulator within P. cocos and that TLR4 is primarily responsible for

PCP signaling in murine macrophages.
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INTRODUCTION

Edible mushrooms have been well-characterized as valuable
foods that are good sources of various nutrients including all
essential amino acids, vitamins, minerals, and fibers (1). On the
basis of their high nutrition values, some mushroom subspecies
have a long history of use in medicinal purposes and display
profound health-promoting benefits. Numerousmushroomcom-
pounds have been classified as possessing potential effects on
the immune system, such as polysaccharides (mostly R- and
β-glucans), terpenoids, proteoglycans, proteins, and various
small molecular mass constituents (2). Among these bioactive
substances, various protein-derived compounds isolated from
mycelia and fruiting bodies of mushrooms enhance innate and
cell-mediated immune responses and exhibit antitumor activities
through host immune response activation (3, 4). The activities of
some mushroom polysaccharide-bound proteins are impaired by
a lack of glycosylation, which regulates their signal recogni-
tion (5). Therefore, the structural and physicochemical properties

are major factors affecting the biological activities of mushroom
immunomodulators (6).

The sclerotium of Poria cocos (Schw.) Wolf, which has long
been used as a sedative and diuretic, is a traditional Oriental herb
mainly composed of polysaccharides, proteins, and triterpenoids.
Recently, the biological activities of P. cocos derivatives have
attracted attention in the fields of biochemistry and pharmaco-
logy. The P. cocos-derived extract was found to have beneficial
effects on immune function (7, 8). Accumulating research has
indicated that certain compounds of P. cocos sclerotium are
involved in the medicinal properties of P. cocos, such as its
triterpene, lanostane, and polysaccharide derivatives (6,9). Never-
theless, the effective component of P. cocos and its molecular
mechanism involved in immunemodulation have not been clearly
defined.

Macrophages play important roles in host defense against
bacterial infections and tumor cells involved in tumor lysis and
growth inhibition (10). In response to activating agents such as
interferon (IFN)-γ, lipopolysaccharide (LPS), or some microbial
products, macrophages release TNF-R, IL-1, IL-6, and nitric
oxide to induce tumoricidal activity (11,12). In mammalian cells,
Toll-like receptors (TLRs) play essential roles in macrophages in
recognizing microbial components with subsequent immune
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responses (13). Of the 11 TLRs discovered so far, TLR4 is a
transmembrane receptor forLPS, a component ofGram-negative
bacteria (14), whereas TLR2 recognizes lipoteichoic acid, lipo-
peptides, and peptidoglycan from Gram-positive bacteria and
mycobacteria (15, 16). TLRs initiate serial kinase phosphoryla-
tion and subsequent NF-κB activation through interacting with
MyD88 in association with TNF receptor-associated factor 6
(TRAF6) (13). Several studies have demonstrated a crucial
involvement of TLRs in recognizing bioactive compounds de-
rived from fungi such as β-glucans that display various biological
activities via TLR-mediated signal pathways (17, 18).

P. cocos is a representative mushroom used for both medical
and food applications. However, the immune-stimulating com-
pounds of P. cocos have not yet been fully characterized and well
documented. In the present work, we isolated a novel immuno-
modulatory glycoprotein (P. cocos immunomodulatory protein;
PCP) from the dried sclerotium of P. cocos, which has the ability
to activate macrophages. We demonstrated that PCP-induced
signaling is mediated through TLR4 as a candidate receptor in
macrophage activation. Furthermore, the biochemical character-
istics of PCP, especially its glycosylation, were examined to verify
the involvement of glycosylated sites in PCP signaling, particu-
larly in relation to its interactions with macrophages.

MATERIALS AND METHODS

Animal Experiments. C57BL/6J mice between 6 and 8 weeks old as
wild-type (WT) controls were obtained from the Animal Center of
National Taiwan University, Taipei, Taiwan. TLR2-deficient (TLR2-/-,
strain B6.129-Tlr2tm1Kir/J) and TLR4-deficient (TLR4-/-, strain C57BL/
10ScN) mice from Jackson Laboratory (Bar Harbor, ME) were main-
tained in our animal facility under pathogen-free conditions. All animal
studies were carried out according to the Institutional Animal Care and
Use Committee ofNational TaiwanUniversity. LPS fromEscherichia coli
and Pam3CSK4 (respective TLR4 and TLR2 agonists) were purchased
from Sigma Chemical (St. Louis, MO). All other chemicals were commer-
cially available products of analytical grade.

In our experiments, an application of laboratory-producedmouse anti-
PCP monoclonal antibodies was an effective contribution to the study of
characteristics of PCP. Briefly, BALB/c mice were immunized bymonthly
intraperitoneal injections of 50 μg of purified PCP (immunogen), which
was mixed with an appropriate volume of aluminum potassium sulfate
(10% w/v). Splenocytes from immunized mice were fused 3 days after an
intraperitoneal injection of immunogenwithmouseX63Ag8.653myeloma
cells from the American Type Culture Collection (ATCC;Manassas, VA)
using 50% polyethylene glycol 1500 (Roche, Mannheim, Germany).
Hybridomas were selected in a hypoxanthine-aminopterin-thymidine
medium (Gibco/BRL Life Technologies, Eggenstein, Germany), and
supernatants were screened by conventional immunoenzymatic assays
using purified PCP as a tracer. Cells from positive wells were cloned twice
by limiting dilution. Monoclonal antibodies were purified from ascites
fluid fromhybridoma-injectedmice by proteinG affinity chromatography
(Amersham Biosciences, Uppsala, Sweden) according to the manufac-
turer’s instructions.

Cell Cultures. The murine macrophage cell line RAW 264.7 was
purchased from ATCC, routinely cultured in DMEM (Hyclone, Logan,
UT) supplemented with 10% (v/v) FBS (Gibco/BRL Life Technologies),
and maintained in a 37 �C incubator with 5% CO2 humidified air.

Thioglycollate-elicited peritoneal macrophages were obtained from
C57BL/6J, TLR2-/-, and TLR4-/- mice 4 days after an intraperitoneal
injection of 1.5 mL of 4% thioglycollate medium (Sigma). The cells were
harvested by lavageof the peritoneal cavitywith phosphate-buffered saline
(PBS). Peritoneal washings were centrifuged, and the cells were resus-
pended in DMEM supplemented with 10% (v/v) FBS. The cell suspen-
sions were plated onto 24-well flat-bottom plates (Costar, Cambridge,
MA) and incubated for 4 h for adherence in a humidified atmosphere of
5% CO2 at 37 �C. The nonadherent cells were removed by washing the
wells with PBS. The adherent monolayer cells considered to be macro-
phages were further cultured.

Purification of PCP. PCP was purified from the dried sclerotium of
P. cocos according to a previously described method (19) with minor
modifications. The dried sclerotium was soaked in a cold 5% (v/v) acetic
acid solution including 0.05 M 2-mercaptoethanol overnight and homo-
genized in a Waring blender following centrifugation at 8500g for 40 min.
The ammonium sulfate was added to the crude extract up to 95% of
saturation to precipitate soluble proteins in the supernatant. After the
centrifugation of the extract at 10000g for 60 min, the precipitates were
collected and then dialyzed against 10 mM Tris-HCl buffer (pH 8.2) for
72 h with at least six changes of dialysis solution. The dialysate was
fractionated on aDE-cellulose (Whatman,Maidstone,U.K.) column (2.5�
20 cm) previously equilibrated with 10 mMTris-HCl buffer (pH 8.2). The
column was eluted with a linear gradient of 0-0.5 M NaCl. The main
active fractions were further purified by a fast protein liquid chromato-
graphy (FPLC) systemwith a Superdex 75 10/300GLgel filtration column
(Amersham Biosciences) in 50 mM phosphate buffer containing 0.15 M
NaCl (pH 7.0). The resulting fraction containing PCP was dialyzed and
concentrated under optimal conditions suitable for further biochemical
analysis and cell culture experiments.Nevertheless, all in vitro experiments
were carried out at least once in the presence of 50 μg/mL of polymyxin B
(Sigma) to neutralize any undetected contamination with bacterial LPS. It
was also confirmed by the Limulus amoebocyte lysate (LAL) clot assay
(Charles River Endosafe, Charleston, MA) before use.

Molecular Weight Determination. The molecular weights of the
purified and pretreated PCP were estimated by gel filtration chromato-
graphy on anFPLC-Superdex 75 column calibratedwith standard proteins
(Amersham Biosciences). The column was equilibrated and eluted with
50mMphosphate buffer containing 0.15MNaCl (pH7.0) at a flow rate of
1 mL/min. PCP was pretreated by adding an appropriate volume of 5�
sodium dodecyl sulfate (SDS) sample buffer (100mMTris-HCl, 4% SDS,
20% glycerol, 10% 2-mercaptoethanol, and 100 mM DTT; pH 6.8) or in
the absence of reducing agents (2-mercaptoethanol and DTT). Samples
were boiled for 5min and then applied to a gel filtration column tomonitor
the change in molecular weight corresponding to the peak in the
chromatogram. Each protein sample was analyzed by native polyacryla-
mide gel electrophoresis (PAGE) and SDS-PAGE on a Bio-Rad mini
protein III gel apparatus (Bio-Rad Laboratories, Hercules, CA). The
apparentmolecularmasswas determined on the basis of relativemigration
of protein standards (Amersham Biosciences), consisting of ovalbumin
(45.0 kDa), carbonic anhydrase (30.0 kDa), trypsin inhibitor (20.1 kDa),
and lysozyme (14.3 kDa). Gels were visualized by stainingwithCoomassie
brilliant blueR250 or periodic acid-Schiff (PAS) reagent to determine the
carbohydrate content.

Enzymatic Protein Deglycosylation. PCP was subjected to degly-
cosylation with a mixture of N- and O-linked glycosidases including
PNGase F, O-glycosidase, R-2 (3,6,8,9) neuraminidase, β (1-4) galacto-
sidase, and β-N-acetylglucosaminidase under native or denaturing condi-
tions according to the protocols given in the enzymatic protein degly-
cosylation kit (Sigma). Under denaturing conditions, PCP was harvested
with a buffer mixture containing 5� reaction buffer, denaturation solu-
tion, and double-distilled water. The mixture was heated at 100 �C for
5 min. Triton X-100 was then added to a final concentration of 5%. The
reaction was simultaneously or individually digested with the foregoing
glycosidases at 37 �C for 4 h prior to electrophoresis. In addition, PCPwas
treated under native conditions, incubating with all five glycosidases at
37 �C for 96 h without denaturation and Triton X-100 solution through
heating.

To remove various glycosidases from the reaction mixture after
digestion, the deglycosylated PCP required further electroelution under
native conditions to increase its purity. Following 6% native PAGE, the
deglycosylated protein band was excised from the gel and then electro-
eluted under non-denaturing conditions (25 mM Tris base, pH 8.3; 192
mM glycine) using an electroelution module (model 422 Electro-Eluter,
Bio-Rad Laboratories) according to the manufacturer’s instructions. The
eluted protein was dialyzed against PBS at 4 �C and concentrated by using
an Amicon concentrator (Millipore, Billerica, MA) with a 10 kDa
molecular mass molecular cutoff.

Determination of TNF-r and IL-β Production. The cytokine levels
of TNF-R and IL-1β were measured in cell culture supernatants by a
sandwich enzyme-linked immunosorbent assay (ELISA), using OptEIA
murine TNF-R and IL-1β ELISA kits (eBioscience, San Diego, CA)
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according to themanufacturer’s instructions, respectively. The absorbance
was measured at 405 nm on a Bio-Rad 3550 microplate reader. The TNF-
R or IL-1β concentrations were calculated by comparing recombinant
mouse TNF-R or IL-1β as a standard.

Quantitative Real-Time Polymerase Chain Reaction (qPCR).
Total RNAwas extracted using the TRIzol reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. The concentrations of
RNAs were determined by using a NanoDrop ND-1000 spectrophoto-
meter (NanoDrop Technologies, Wilmington, DE). The first-strand
cDNA was synthesized from total RNA by using ThermoScript RT-
PCR system (Invitrogen) to be utilized as a template for evaluating gene
expression involved PCP immunomodulation in macrophages. Differen-
tial expression for individual genes was assessed by qPCR. Specific primer
sets were designed for SYBR Green probes with Roche Probe Design
Software (Roche) based on macrophage-related cytokine and immune
factors sequences on NCBI. β-Actin or GAPDH (endogenous gene) was
used to confirm the quality of reverse-transcripted cDNA. qPCR was
performed on an Applied Biosystems 7300 Real-Time PCR System
(Foster City, CA). The expression level of each target gene was quantified
by the relative levels of a given mRNA according to cycling threshold (Ct)
analysis.

Microarray Analysis. The Oligo GEArray Mouse NF-κB Signaling
PathwayMicroarray (SuperArray, Frederick,MD)was used following the

manufacturer’s instructions. RAW 264.7 macrophages were treated with-

out or with PCP (100 μg/mL) or with LPS (100 ng/mL) as a positive

control, and total RNA was extracted after 4 h of incubation using the

TRIzol reagent. Total RNA was reverse-transcribed into the biotin-16-

dUTP-labeled cRNA probe with biotin-16-uridine-50-triphosphate
(Roche) using the TrueLabeling-AMP linear RNA amplification kit

according to the manufacturer’s instructions. Hybridization of the bio-

tin-labeled cRNA probe (6 μg) to the SuperArraymembrane (OMM-025)

was performed according to a previously described method (20). Images

were obtained using a ChemiGenius chemiluminescence detection system

(Syngene, Cambridge, U.K.) and analyzed with the Web-based GEArray

Expression Analysis Suite software (SuperArray). The relative expression

level of each gene was estimated by comparing its signal intensity normal-

ized to internal control GAPDH.

Immunoprecipitation of TLR4 and Western Blotting. Immuno-
precipitation assays were performed according to a previously described
method (21) with minor modifications. Mouse peritoneal macrophages
were preincubated with 100 μg of PCP for 2.5, 5, and 10 min. PCP-
pretreated cells were washed in cold PBS to remove excess medium and
then homogenized in ice-cold RIPA buffer containing 10 mM Tris-HCl
(pH 7.4) 150 mM NaCl, 1% sodium deoxycholate, 1% Triton X-100,
0.1% SDS, 1 mM EDTA, 2 mM Na3VO4, 10 μg/mL leupeptin, 1 mM
PMSF, and 2 mM β-glycerophosphate. After centrifugation at 10000g for
10 min at 4 �C, the resulting supernatants were subjected to immunopre-
cipitation with anti-TLR4 antibodies (eBioscience). The immunoprecipi-
tated TLR4 proteins were subjected to Western blotting with anti-
phosphotyrosine antibodies (Calbiochem, San Diego, CA). For co-im-
munoprecipitation, the lysate was immunoprecipitated using anti-TLR4
or laboratory-produced mouse anti-PCP monoclonal antibodies and
subsequently subjected to Western blotting with either anti-PCP or anti-
TLR4 antibodies (eBioscience).

Electrophoretic Mobility Shift Assay (EMSA). Nuclear protein
extracts were prepared using NE-PER nuclear and cytoplasmic extraction
reagents (Pierce, Rockford, IL) according to the manufacturer’s instruc-
tions. A LightShift Chemiluminescent EMSA Kit (Pierce) was used to
detect DNA-protein interactions. The nuclear protein extracts were
incubated with double-stranded, 30-end-biotinylated oligonucleotides en-
compassing the consensus NF-κB binding sequence (sense, 50-AGTT-
GAGGGGACTTTCCCAGGC-30 biotin; antisense, 50-GCCTGGGAA-
AGTCCCCTCAACT-30 biotin). A transcription factor binding analysis
was performed according to a previously described method (21). The
specificity of the identified NF-κB DNA binding activity in the nuclear
extracts was confirmed by using a 200-foldmolar excess of unlabeledNF-κB.

Fluorescence-Activated Cell Sorting (FACS). For surface TLR4
detection, macrophages were treated with the indicated samples for 24 h.
The macrophages were stained with an unconjugated primary antibody
specific for TLR4 (eBioscience) in PBS containing 2% bovine serum

albumin and 0.1% sodium azide (FACS buffer) at 4 �C for 30 min.
Subsequently, cells were washed twice with FACS buffer and incubated
with a FITC-conjugated secondary antibody. Acquisition and analysis
were performedwith FACScan using CellQuest software (BDBiosciences,
San Jose, CA). The results are expressed as the total mean fluorescence
intensity (MFI) and percentage of positive fluorescent cells.

Macrophage Binding Study. Samples were labeled with fluorescein
isothiocyanate (FITC) using an FITC protein labeling kit (Pierce) accord-
ing to the manufacturer’s instructions. For evaluating the binding of PCP
to macrophages, cells were preincubated with 25 μg/mL of anti-TLR2,
anti-TLR4, isotype-matched control mouse IgG antibodies (eBioscience),
or unlabeled competitive PCP (100 μg/mL) for 30 min. After preincuba-
tion, 100 μg/mL ofFITC-labeled PCPwas incubated for an additional 1 h.
After washing with PBS, cells were fixed with 4% paraformaldehyde in
PBS and then stained with 1 μg/mL of DAPI (Sigma) before examination
by fluorescentmicroscopyusing aNikonEclipseE600microscope (Nikon,
Melville, NY). A macrophage-binding assay was also performed using
FITC-labeled PCP as a detection antibody by flow cytometry.

Statistical Analysis. All values are presented as the mean ( SD of
three independent experiments performed in triplicate. Statistical compar-
isons were performed by analysis of variance (ANOVA). Differences were
considered to be statistically significant at p values of <0.05 (p<0.05).

RESULTS

Purification and Biochemical Characteristics of PCP. To isolate
the novel bioactive protein from P. cocos for further identifica-
tion, the crude protein from dried sclerotium ofP. cocos obtained
by homogenization and ammonium sulfate precipitation was
fractionated byDE-52 cellulose anion exchange chromatography
with a linear gradient of NaCl (0-0.5 M in 10 mM Tris-HCl
buffer; pH 8.2). The elution profile obtained by measuring the
absorbance at 280 nm gave a prominent peak (Figure 1A).
Fractions of this peak were pooled to determine the stimulatory
activity toward RAW 264.7 macrophages. Remarkable activity
was observed in this peakdue to an increase inTNF-Rproduction
inRAW264.7macrophages. The active fraction purified using an
FPLCgel filtration column showed a single peak (Figure 1B, solid
line) with a native molecular mass of 35.6 kDa based on the
calibration curve generated from the standard proteins. This
active fraction was designated PCP. The yield was approximately
165 mg of the purified PCP obtained from 1 kg of the dried
sclerotium of P. cocos. Further analysis by SDS-PAGE revealed
that the fraction protein yielded two bandswithmolecularmasses
of 14.3 and 21.3 kDa (Figure 1C, lane 2). Therefore, we suggest
that the purified protein was a heterodimer protein consisting of
14.3 and 21.3 kDa subunits. To prove our suggestion, PCP was
pretreated with SDS sample buffer in the presence or absence of
reducing agents (DTT and 2-mercaptoethanol) and then sub-
jected to fractionation on an FPLC gel filtration column to verify
the molecular mass of the native and denatured forms of protein
under reducing and nonreducing conditions. As shown in
Figure 1B, the native PCP exhibited a single peak (solid line),
whereas two distinctive peaks were observed (dotted line) after
simultaneous treatments with reducing agents, detergents, and
boiling. In contrast, the pretreated PCP that was boiled in SDS-
containing buffer under nonreducing conditions resulted in a
single peak (dashed line) by gel filtration chromatography,
suggesting the presence of an intermolecular disulfide bond.

Various types of electrophoresis were further used to examine
the biochemical characteristics of purified PCP. After SDS-
PAGE under reducing conditions, the polyacrylamide gel stained
with PAS reagent revealed that the 21.3 kDa subunit showed a
positive result (Figure 1C, lane 3), indicating that PCP contained
carbohydrates. Additionally, PCP appeared as a single band in
the native PAGE (Figure 1C, lane 4), confirmed by gel filtration
chromatography under native conditions. Western blotting



6132 J. Agric. Food Chem., Vol. 57, No. 14, 2009 Chang et al.

showed that the 14.3 and 21.3 kDa subunits of PCP were both
recognized by anti-PCP monoclonal antibodies (Figure 1C, lane
5; see Supporting Information, Supplementary Figure S1). Iso-
electric focusing on polyacrylamide in the pH range of 3-9
revealed a single band of PCP with a pI of 5.2 (see Supporting
Information, Supplementary Figure S2). Furthermore, the N-
terminal amino acid sequences (VTVNVADAM) and amino acid
composition of the 21.3 kDa subunit were identical to those of the
14.3 kDa subunit (see Supporting Information, Supplementary
Table S1), except for the carbohydrate content (due to the
difference in their molecular weights). Taken together, these
results suggest that PCP is an interdisulfide-linked heterodimer
with a molecular mass of 35.6 kDa consisting of 14.3 and 21.3
kDa subunits.

To investigate structural aspects of the N-linked and O-linked
glycans, PCP was subjected to enzymatic deglycosylation by
sequential addition of each of enzyme containing PNGase F,
O-glycosidase, R-2 (3,6,8,9) neuraminidase, β (1-4) galacto-
sidase, and β-N-acetylglucosaminidase. Upon incubation of
PNGase F under denaturing conditions, the electrophoretic
mobility of the molecular mass of the 21.3 kDa subunit had a
significant decrease (Figure 1D, lane 3). This caused the removal
of all types of N-linked glycans, but still left the remains of an
approximate molecular mass of 18 kDa. PCP was deglycosylated
simultaneously by PNGaseF, O-glycosidase, and R-2 (3,6,8,9)
neuraminidase, leading to the abolishment of the 21.3 kDa band.
Only the 14.3 kDaband remained as the predominant component
(Figure 1D, lane 4). However, there was no effect in SDS-PAGE
by digestion of denaturing PCP with supplementary β (1-4)
galactosidase and β-N-acetylglucosaminidase (Figure 1D, lane 5).
For deglycosylation of PCP with all five enzymes under native

conditions, a clear band shift appeared (Figure 1D, lane 6). The
shift in mobility was similar to the shift observed when PCP was
deglycosylated under denaturing conditions. This indicates that
PCP is composed of both N- and O-linked glycans.

PCP Induces Activation of NF-KB Signaling Pathway in Mouse

Macrophage RAW 264.7 Cells. To determine the immunomodu-
latory activities and suitable concentrations of PCP for further
experiments, the dose effect of PCP on TNF-R and IL-1β
secretion of mouse macrophage RAW 264.7 cells was investi-
gated. In our preliminary experiments, we first excluded the
possibility of endotoxin contamination of PCP by the LAL gel-
clot and polymyxin B assay (see Supporting Information, Sup-
plementary Table S2 and Figure S3). This dose-response study
revealed that PCP possessed predominant activity of promoting
TNF-R and IL-1β production by RAW 264.7 macrophages at
concentrations ranging from 20 to 160 μg/mL (Figure 2A). In the
presence of PCP (80 μg/mL), the amounts of TNF-R and IL-1β
secreted were up to 16500 and 460 pg/mL, respectively. The
maximum TNF-R and IL-1β production was observed at 160 μg/
mL of PCP. Transcription factorNF-κB is widely recognized as a
critical mediator of immune responses such as enhancing the
expression of TNF-R (22). Accordingly, the stimulatory effect of
PCP onmacrophages was highly correlated with the activation of
NF-κB. To investigate the expression profile of NF-κB-related
genes in RAW 264.7 macrophages exposed to PCP alone, we
performed microarray experiments using the Oligo GEArray
Mouse NFκB Signaling Pathway Microarray. Of the 128 genes
covered by theOligoMicroarrayOMM-025, 20 genes were found
to be overexpressed in the PCP-stimulated cells compared to the
control cells incubated with culture medium only for the chosen
filter criteria (Figure 2B). In particular, the regulated genes

Figure 1. Purification chromatography and biochemical characteristics of PCP. (A) Elution profile of PCP from a DE-52 cellulose column. (B) Elution profile of
PCP and its derived samples from an FPLCgel filtration column. Native PCP (solid line), denatured PCP (dotted line), and nonreduced PCP (dashed line) were
subjected to gel filtration chromatography. The calibration curve was a plot of log molecular weight (logMw) of protein versus ratio of the elution volume to the
void volume (Ve/V0). (C) PCP was identified by SDS-PAGEwith Coomassie brilliant blue (lane 2) and periodic acid-Schiff (lane 3) staining: native PAGEwith
Coomassie brilliant blue staining (lane 4); Western blotting using monoclonal antibodies against PCP (lane 5); molecular weight markers (lane 1). (D) SDS-
PAGE of native and deglycosylated PCP: native PCP control (lane 2); PCP deglycosylated with PNGase F under denaturing conditions (lane 3); PCP
deglycosylated with PNGaseF, O-glycosidase, and R-2 (3,6,8,9) neuraminidase under denaturing conditions (lane 4; PCP deglycosylated with PNGaseF,
O-glycosidase,R-2 (3,6,8,9) neuraminidase, β (1-4) galactosidase, and β-N-acetylglucosaminidase under denaturing conditions (lane 5); deglycosylation of
PCP with all five enzymes under native conditions (lane 6); molecular weight markers (lane 1).
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(promoting cell proliferation, cell differentiation, growth factor
expression, and cytokine activity) were related to members of the
NF-κBpathway (Table 1), and similar effectswere observed in the
LPS-stimulated cells. These indicate that PCP is an effective
activator of murine macrophages, and its molecular mechanism
on macrophages is similar to LPS-mediated macrophage activa-
tion.

TLR4 Is Involved in PCP-Induced Mouse Peritoneal Macro-

phage Activation. Genes with relevance for the role of PCP in
cytokine induction were further analyzed by qPCR. Similarly,
PCP was able to enhance cytokine secretion, such as those of
TNF-R and IL-1β inmouse peritonealmacrophages.As shown in
Table 2, PCPmarkedly increased the gene expressions of TNF-R,
iNOS, IL-1β, IL-6, IL-12, and IL-18 in time-dependent manners.
The highest peak of TNF-R gene expression was observed at 2 h,
and those of other cytokines appeared between 4 and 8 h, with
the peak levels at 16 h after PCP treatment. In addition, gene

expressions of NF-κB, MyD88, TRAF6, and Toll-IL-1 receptor
domain-containing adapter protein (TIRAP) increased with PCP
stimulation, and the maximal response of those was obtained
within 2-4 h during the period of observation (Figure 3A). This
indicated their involvement in tandem in PCP-induced macro-
phage activation. TLR4 expression was up-regulated on perito-
neal macrophages by co-incubation with PCP, whereas the
expression of TLR2 and TLR6 remained unaffected
(Figure 3B). To determine the involvement of these receptors in
the interaction of macrophages with PCP, peritoneal macro-
phages obtained from TLR2-/-, TLR4-/-, and WT control
C57BL/6J mice were incubated with PCP, LPS as TLR4 agonist,
and Pam3CSK4 as TLR2 agonist in vitro. Further investigation
revealed that there was a significant elevation of TNF-R in both
WT and TLR2-/- macrophages in response to PCP stimulation,
whereas PCP-induced activities were almost absent in TLR4-/-

macrophages (Figure 3C). A similar elevation by PCP in IL-1β

Figure 2. Effect of PCP on cytokine release and NF-κB-related gene regulation in RAW264.7macrophages: (A) dose response of PCP stimulation on TNF-R
and IL-1β production by RAW 264.7 macrophages; (B) Mmicroarray analysis of NF-κB signaling pathway in PCP-mediated RAW 264.7 macrophage
activation. Microarray analysis was performed onmRNAs extracted fromRAW 264.7macrophages pretreated with medium alone (control, left panel), 100 μg/
mL of PCP (middle panel), and 100 ng/mL of LPS (right panel) as a positive control for 4 h, using cDNA array blots containing 128 genes related to NF-κB-
mediated signal transduction and housekeeping genes.
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production was observed in the cells of WT and TLR2-/- mice
but not TLR4-/-mice (see Supporting Information, Supplemen-
tary Figure S4). NF-κB activation plays a crucial role in cellular
responses to stimuli such as LPS (23). Therefore, we investigated
whether PCP employed a similar activation pathway bymonitor-
ing its ability to activate NF-κB translocation into the nucleus
using EMSA. As shown in Figure 3D, PCP at concentrations
ranging from 50 to 150 μg/mL was able to induce NF-κB DNA-
binding activities ofWTmacrophages (upper panel, lanes 2-4) as
well as LPS and Pam3CSK4 stimulation (lanes 5 and 6). Con-
versely, TLR4-/- macrophages displayed impaired NF-κB acti-
vation under PCP and LPS treatment but not with the
Pam3CSK4 control (lower panel, lanes 2-6). These results
indicate that PCP may induce activation of the NF-κB signaling
pathway, which is mediated through TLR4 in murine macro-
phages.

PCP Interacts with TLR4 in Mouse Peritoneal Macrophages.

To further study the interaction between TLRs and PCP, the
binding of PCP to the cell surface of peritoneal macrophages was
demonstrated by comparing the FACS analysis and fluorescence
microscopy results of TLR4-/- and WT control mice. Further-
more, we also examined the effects of anti-TLR2 and anti-TLR4

antibodies on PCP cell surface binding in mouse peritoneal
macrophage cultures in a fluorescence microscopy experiment.
The FACS analysis indicated that PCP bound to the cell surface
of WT macrophages as demonstrated by a clear shift in fluores-
cence intensity (Figure 4A, left panel). However, diminished levels
of PCP binding were observed with TLR4-/- cells (Figure 4A,
right panel). The similarity in fluorescence microscopic results
showed that cell surface binding of PCP was observed in WT
macrophages incubated with FITC-labeled PCP, which did not
bind to the surface of TLR4-/- macrophages (Figure 4B). Pre-
treatment with anti-TLR2 antibodies or control IgG had no
significant effect. Nevertheless, anti-TLR4 antibodies markedly
reduced PCP cell surface binding, confirming the physical inter-
action of PCP with TLR4 inmouse peritoneal macrophages. The
result also indicated that excess nonfluorescent unlabeled PCP
was shown to compete for cell surface PCPbinding sites, resulting
in a significant decrease in the green fluorescence (Figure 4B). We
further utilized immunoprecipitation and immunoblotting meth-
ods to investigate cell surface interactions of PCP with TLR4. As
shown in Figure 4C, mutual coprecipitation with both TLR4 and
PCP showed that there was an interaction between PCP
and TLR4, respectively. It has been reported that LPS-stimulated

Table 1. Selection and Category of Overexpressed NF-κB-Related Genes in RAW 264.7 Macrophages Investigated by Oligo GEArray Mouse NFκB Signaling
Pathway Microarray OMM-025a,b

category and gene name gene symbol GenBank accession no.

fold change

(PCP-induced)

fold change

(LPS-induced)

activation of the NF-κB pathway

EDAR (ectodysplasin-A receptor)-associated death domain Edaradd XM_147719 3.59 3.16

inhibitor of κB kinase epsilon IKK-l NM_019777 1.67 1.48

mucosa associated lymphoid tissue lymphoma translocation gene 1 Malt1 NM_172833 1.92 1.60

NF-κB responsive genes

colony-stimulating factor 2 (granulocyte-macrophage) GM-CSF NM_009969 4.11 3.35

colony-stimulating factor 3 (granulocyte) G-CSF NM_009971 4.89 4.29

interleukin 6 IL-6 NM_031168 2.14 1.61

interferon regulatory factor 1 IRF-1 NM_008390 2.77 2.48

tumor necrosis factor R TNFR NM_013693 2.86 2.56

other factors involved in the NF-κB pathway

B-cell leukemia/lymphoma 3 BCL-3 NM_033601 1.95 1.93

chemokine (C-C motif) ligand 2 Scya2 NM_011333 3.62 3.83

dual specificity phosphatase 1 Ptpn16 NM_013642 2.80 2.14

endothelial differentiation, lysophosphatidic acid G-protein-coupled receptor, 2 Gpcr26 NM_010336 2.92 3.19

interleukin 1 R IL-1R NM_010554 1.81 2.10

interleukin 1 β IL-1β NM_008361 3.23 3.63

Jun oncogene c-JUN NM_010591 3.32 2.76

LPS-induced TN factor Pig7 NM_019980 2.98 2.93

ubiquitin-conjugating enzyme E2D 3 (UBC4/5 homologue, yeast) NFκB1 NM_008689 1.60 1.45

nuclear factor of κ light polypeptide gene enhancer in B-cells 2, p49/p100 NFκB2 NM_019408 1.79 1.58

protein kinase, interferon-inducible double-stranded RNA dependent Eifak2 NM_011163 1.52 1.36

solute carrier family 20, member 1 Slc20a1 NM_015747 2.47 1.56

aDiscrepancy between the initial signals and repeated signal = 1. bMultiple genes are plotted in this array, and the representative one is listed.

Table 2. Gene Expression of TNF-R, iNOS, IL-1β, IL-6, IL-12, and IL-18 in Mouse Peritoneal Macrophages from C57BL/6J Mice Exposed to PCP for Various
Timesa,b

relative normalized mRNA expression after incubation for

gene 0 h 2 h 4 h 8 h 16 h 24 h

TNF-R 1.00( 0.13 9.58( 0.76* 8.11( 0.84* 3.63( 0.63* 3.68( 0.51* 1.31 ( 0.20

iNOS 1.00( 0.06 0.99( 0.15 1.78( 0.52 7.26( 0.37* 8.28( 0.63* 1.99( 0.58

IL-1β 1.00( 0.19 20.97( 1.43* 31.78 ( 1.78* 156.50( 1.63* 119.43 ( 2.98* 66.72( 1.03*

IL-6 1.00( 0.17 7.16( 0.66* 14.72( 1.22* 13.09( 0.82* 11.00( 1.64* 2.54( 0.33

IL-12 1.00( 0.22 8.00 ( 0.77* 8.88( 0.98* 44.32( 0.55* 16.91( 1.87* 2.28( 0.76

IL-18 1.00( 0.17 0.98( 0.23 1.55( 0.32 1.70 ( 0.43 4.38( 0.66* 1.01( 0.54

amRNA expression levels were normalized to β-actin mRNA levels. bData are expressed as fold change relative to the untreated control (0 h) and represent the means( SD
of three independent experiments (*, p < 0.05).
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tyrosine phosphorylation of TLR4 is involved in downstream
signaling events induced by LPS (23). In the present study, PCP
was demonstrated to stimulate TLR4 tyrosine phosphorylation
in a time-dependent manner (Figure 4D).

Glycosylation of PCP Is the Key Factor in PCP Signaling

through TLR4 within Murine Macrophages. To investigate
whether the polysaccharide moiety of PCP was critical for its
immunomodulatory activity, we compared the capability of
glycosylated and nonglycosylated fractions of PCP using enzy-
matic deglycosylation and electroelution under native conditions
on macrophage activation. Meanwhile, it was verified that the
ability of PCP in inducing macrophage activation did not
decrease after electroelution under native conditions as demon-
strated by the enhancement of TNF-R and IL-1β production by
mouse peritoneal macrophages (see Supporting Information,
Supplementary Figure S5). Flow cytometry analysis revealed
that PCP bound to the cell surface of peritoneal macrophages
obtained from WT and TLR2-/- mice, whereas there was a
significant reduction in PCP cell surface binding on TLR4-/-

macrophages (Figure 5A, left panel). Removal of oligosaccharide
side chains from PCP caused significant loss of cell-binding
activity on WT and TLR2-/- macrophages (Figure 5A, right
panel). Similarly, the ability of the glycosylated fraction to en-
hance macrophage cytokine secretion (TNF-R and IL-1β) was
superior to that of the nonglycosylated fraction (Figure 5B). Our
results also showed that the native PCP (glycosylated fraction)
was able to increase the cell surface expression of TLR4 in
peritoneal macrophages fromWT mice, but not that of deglyco-
sylatedPCPorLPS as the negative control (24) (Figure 5C). These
results indicated that PCP-induced macrophage activation was
directly correlated with the polysaccharide moiety of PCP.

DISCUSSION

This paper is the first study to reveal that PCP, a novel
immunomodulatory protein from P. cocos, is an effective acti-
vator of murine macrophages. Our characterization study indi-
cates that PCP is a disulfide-linked heterodimeric glycoprotein
with a molecular mass of 35.6 kDa consisting of two subunits (of

Figure 3. Involvement of TLR4 in PCP-induced activation of mouse peritoneal macrophages. Total RNA was extracted from the cells treated with 100 μg/mL
of PCP in a time-dependent manner and subjected to RT-PCR using the corresponding primers of NF-κB, MyD88, TIRAP, and TRAF6 (A) and TLR2, TLR4,
and TLR6 (B), through detection by quantitative real-time PCR. The mRNA levels are given as the mean( SD normalized to β-actin levels for each sample.
/, p < 0.05 compared to the culture medium control (0 h). (C) Effect of PCP on TNF-R induction by mouse peritoneal macrophages from C57BL/6J (WT) and
TLR-deficient (TLR2-/- and TLR4-/-) mice. The cells were incubated with medium alone (control), PCP (50, 100, 150 μg/mL), Pam3CSK4 (100 ng/mL), and
LPS (1 μg/mL) for 20 h, and then their TNF-R levels in culture supernatants were determined. /, p < 0.05 among the different groups. (D) WT and TLR4-/-

macrophageswere treated with medium alone (lane 1), PCP (50, 100, 150μg/mL, lanes 2-4), LPS (1μg/mL, lane 5), and Pam3CSK4 (100 ng/mL, lane 6) for
2 h. NF-κB activity was determined by EMSA after the binding of nuclear proteins to consensus oligonucleotide corresponds to the NF-κB binding site.
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14.3 and 21.3 kDa). Furthermore, PCP is an N- and O-glycosy-
lated protein that has approximately 7 kDa of its molecular mass

contributed by carbohydrates. Among the active ingredients
found in medicinal mushrooms, certain fungal glycoproteins

Figure 4. Characterization of PCP cell surface binding to TLR4. (A) Peritoneal macrophages obtained from WT and TLR4-/-mice were unstained (shaded
area) or stainedwith FITC-labeled PCP (solid line) for 30 min. The cells were then analyzed by flow cytometry for the cell surface binding ability of PCP. (B) WT
andTLR4-/-macrophageswere preincubatedwith neutralizing antibodies as indicated or unlabeled competitive PCP. Cells were incubatedwith FITC-labeled
PCP (100 μg/mL; green fluorescence) and subsequently stained with DAPI (1 μg/mL; blue fluorescence) for visualizing by fluorescence microscopy. Results
shown are representative of three independent experiments. Magnification,�400. (C) WT macrophages were incubated with PCP (100 μg/mL) or medium
alone for 30 min and then lysed. Cell lysates were precipitated with anti-PCP (upper panel) or anti-TLR4 (lower panel) antibodies. Blots were immunoprobed
with anti-TLR4 (upper panel) or anti-PCP (lower panel) antibodies. (D) Time course of TLR4protein phosphorylationmediated by PCP. Cell lysates from control
or PCP-treated macrophages at the indicated times were immunoprecipitated with anti-TLR4 antibodies and then resolved by SDS-PAGE. Blots were probed
with antiphosphotyrosine (upper panel) or anti-TLR4 (lower panel) antibodies.
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have been isolated to possess beneficial effects in modulating the
immune system and in inhibiting tumor growth (25, 26). Fungal
immunomodulatory protein classes (FIPs) were identified in
Ganoderma lucidium, Flammulina velutipes, Volvariella volvacea,
and Ganoderma tsugae and designated LZ-8, FIP-fve, FIP-vvo,
and FIP-gts, respectively (19, 27-29). FIPs have been shown to
share high homology in amino acid sequences and exhibit
hemagglutination activity (19). PCP was not classified as a lectin
or FIP family due to its incapacity to aggregate mouse red blood
cells (see Supporting Information, Supplementary Figure S6).
Lack of hemagglutination activity is helpful in the therapeutic

development of PCP. In addition, PCP is composed of significant
amounts of half-cysteine, histidine, and methionine (see Support-
ing Information, Supplementary Table S1). In contrast, these
amino acids were not detected inFIPs (19). Therefore, we found a
new immunomodulatory protein, PCP,whichwas not identical to
any known protein derived fromP. cocos or fromothermedicinal
mushrooms.

The immunomodulatory activity of PCP was initially explored
by examining the induction of TNF-R and IL-1β production
by stimulated RAW 264.7 macrophages. It is well-known that
NF-κB related cascades are themajor signaling pathway involved

Figure 5. Effect of glycosylation of PCP on PCP-induced macrophage activation. (A) Peritoneal macrophages from WT, TLR4-/-, and TLR2-/-mice were
unstained (shaded area) or stained with different FITC-labeled samples (solid line) for 30 min and then analyzed by flow cytometry. (B) WTmacrophages were
incubated with the indicated stimulants (100 μg/mL, respectively) for 20 h. The supernatants were collected to determine their TNF-R (upper panel) and IL-1β
(lower panel) levels. /, p < 0.05 compared to the control. (C) WT macrophages were incubated with 100 μg/mL of native or deglycosylated PCP, and LPS
(1 μg/mL) for 20 h, followed by flow cytometry analysis. The shaded area shows FITC-conjugated secondary antibody control staining. The solid line indicates
the cell surface expression of TLR4 on macrophages. The histograms were quantified and represented as mean fluorescence intensity (MFI).
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in macrophage activation (14). On the basis of the positive results
received from cytokine production, we further tested the effects of
PCP on RAW 264.7 macrophages measured by the NF-κB
related signaling pathway microarray. Herein, we demonstrated
that PCP-induced activation of macrophages was similar to that
observed with LPS stimulation. Generally, TLR4 is crucial for
macrophage responses to LPS and permits inferences related to
the mechanism of LPS signaling to be made (14). This prompted
us to investigate whether TLR4 is a candidate receptor for PCP.
Recent evidence indicated that TIR domain-containing adaptors
(such as MyD88 and TIRAP) are involved in early activation of
TLR signaling pathways (13). Upon stimulation, TLR recruits
the IL-1R-associated kinase (IRAK) family via adaptor MyD88
followed by sequential phosphorylation and then associates with
TRAF6, leading to the activation of NF-κB and mitogen-
activated protein (MAP) kinases (13). Our results demonstrated
that PCP up-regulated bothMyD88 and TIRAP mRNA expres-
sion, similar to the mRNA expression of TRAF6 and NF-κB.
These results indicated that MyD88-dependent NF-κB signaling
is necessary for macrophage activation in response to PCP. We
further demonstrated a significant increase in TLR4 mRNA
expression in PCP-induced peritoneal macrophages. To verify
the involvement of TLR4 on PCP-mediated macrophage activa-
tion, the PCP-induced activation of peritoneal macrophages
isolated fromWT, TLR2-/-, and TLR4-/-mice were examined.
Using in vitro binding and immunoprecipitation assays, we found
a direct association of PCP and TLR4with the induction of PCP-
mediated TLR4 tyrosine phosphorylation in peritoneal macro-
phages. On the basis of the in vitro data, we found a strong impact
of TLR4 on macrophage activation triggered by PCP, indicating
that TLR4 plays a major role in PCP signaling. Furthermore,
TLR4 is identified as a signaling receptor, which is physically
associated with other surface molecules such as CD14 and
MD2 (24), suggesting that these factors may contribute to the
recognition of PCP by TLR4.

Antigen recognition by TLRs is critical for eliciting activation
of the innate immune system and leads to the secretion of many
immune mediators such as TNF-R, IL-1β, and several chemo-
kines. Therefore, the involvement of TLRs is likely to play a
considerable role in the initiation and perpetuationof the immune
response. In this study, we demonstrated that PCP was able to
activate murine macrophages by cytokine production and NF-
κB-dependent regulation. Recently, an increasing number of
studies have indicated that TLR4 recognizes several other ligands
in addition to LPS, such as Taxol, host-derived molecules, and
oligosaccharide fragments of hyaluronic acid and heparan sul-
fate (30-32). Furthermore, the involvement of TLR4 in recogniz-
ing some fungal polysaccharide complexes induces the
phenotypic and functional maturation of dendritic cells and
macrophages (17, 33). The mannan fraction from Candida
albicans and Saccharomyces cerevisiae induces TNF-R produc-
tion in a manner dependent on CD14 and TLR4 (34). Among
these TLR4 agonists, a soluble branched β-(1,4)-glucan was
reported to be one of the main components recognized by
TLR4 (35). On the basis of these viewpoints, mushroom-derived
polysaccharides might have significant impacts on clinical appli-
cations by directly activating the innate immune response via
TLR-mediated signaling. For these reasons, we theorized that the
polysaccharide moiety of PCP might be a potent component in
the triggering of the TLR4-mediated macrophage response.

To identify the components within PCP that are crucial for
macrophage regulation, PCP was digested with various glyco-
sidases to specifically remove N- and O-linked glycans under
native conditions. The removal of carbohydrates from PCP
resulted in abolishing the increase in TLR4 cell surface expression

andTNF-R and IL-1β secretion.However, thedeglycosylatedPCP
still displayed a slight effect on the TNF-R and IL-1β production.
We inferred that the remaining activity resulted from its imper-
ceptible carbohydrate remains after deglycosylation treatment.
These findings strongly suggested that the polysaccharide moiety
at the base of PCP possessed the capacity to activate a TLR4-
dependent response. Protein glycosylation is the most abundant
and important post-translation modification that regulates pro-
tein structure and function in eukaryotes. Wide ranges of func-
tions were attributed to glycan structures covalently linked to
asparagine residues within the asparagine-X-serine/threonine
consensus sequence (Asn-Xaa-Ser/Thr) (36). As a 65 kDa
fungus glycoprotein from C. albicans (MP65), it has been re-
ported that MP65 was able to induce the cytokine response by
dendritic cells due to its mannosylatedmoiety through TLR2 and
TLR4 (37). Thus, the inability of MP65 devoid of the mannosy-
lated moiety to stimulate pro-inflammatory cytokines should be
greatly ascribable to its inability to bind to TLRs (38). This
evidence supports the polysaccharide moiety of PCP being
considered critical for interaction with a pattern recognition
receptor, TLR4, to drive macrophage activation.

In conclusion, PCP is an immunomodulatory glycoprotein
with unique features. The current study presents the first sys-
tematic investigation of PCP activatingmurinemacrophages by a
TLR4-dependent mechanism. Our results also provide valuable
information regarding the polysaccharide moiety of PCP. These
observations strongly support further studies of PCPandP. cocos
to explore their overall modulatory nature toward mammalian
cells and reveal their pharmaceutical potential and industrial
value.

ABBREVIATIONS USED

TLR, Toll-like receptor; TNF-R, tumor necrosis factor-alpha;
IL-1β, interleukin-1 beta; NF-κB, nuclear factor-kappa B;
MyD88, myeloid differentiation factor 88; LPS, lipopolysacchar-
ide; TRAF6, TNF receptor-associated factor 6; FPLC, fast
protein liquid chromatography; LAL, Limulus amoebocyte ly-
sate; qPCR, quantitative real-time polymerase chain reaction;
EMSA, electrophoretic mobility shift assay; TIRAP, Toll-IL-1
receptor domain-containing adapter protein; FIP, fungal immu-
nomodulatory protein.

Supporting Information Available: Two tables and five fig-

ures show the biochemical characteristics of PCP containing pI

value, amino acid composition, and hemagglutination activity,

and testing for endotoxin contamination, IL-1β induction by

PCP-incubated TLR2- and TLR4-deficient macrophages, and

the activity of PCP after electroelution under native conditions.

This material is available free of charge via the Internet at http://

pubs.acs.org.
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