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Lentinus edodes is a well-known edible and medicinal
mushroom used in Oriental cultures. Recently, L. edodes
has attracted a lot of attention owing to its antifungal
activity, antibacterial activity, antiviral activity, hepatoprotective
effect, antitumor activities, and immunomodulatory and
cytotoxic effects. In this study, the water-soluble crude
polysaccharides, CPF and CPB, which were obtained from
the fruiting body and culture cell-free broth of L. edodes
by hot-water extraction and ethanol precipitation, were
fractionated by DEAE cellulose and Sepharose CL-6B
column chromatography, resulting in six pelysaccharide
fractions, CPFN-G-1, CPFN-G-I1, CPFN-G-111, CPFA-G,
CPBN-G, and CPBA-G. Among these fractions, CPFN-G-
I, CPBN-G, and CPBA-G were shown to stimulate the
functional activation of macrophages including NO
production, cytokine expression, and phagocytosis.

Keywords: Lentinus edodes, immunostimulating polysaccharide,
mushroom-derived -glucan, macrophage activation, phagocytosis

Most, if not all, Basidiomycetes mushrooms have biologically
active polysaccharides in the fruiting body, culture cell-
free broth, and cultured mycelium. Polysaccharides isolated
from mushrooms are the best known and most potent
antitumor macromolecules with immunomodulating properties.
These polysaccharides have a different chemical composition
than most other polysaccharides and primarily belong
to the B-glucan group [2,4, 34, 37, 43]. Calvacin was
isolated for the first time from Calvatia gigantean in a
study that examined the antitumor activities of extracts
from Basidiomycetes mushrooms [15, 36]. These findings
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subsequently led to the development of therapeutic drugs
that were derived from medicinal mushrooms. Several of
these drugs consisted of the following purified polysaccharides,
specifically B-glucans; schizophyllan from the liquid cultured
broth products of Schizophyllum commune, PS-K from the
cultured mycelia of Coriolus versicolor, and lentinan from
the fruiting body of Lentinus edodes [7,23,42]. Many
studies have demonstrated that the polysaccharides from
Basidiomycetes mushroom had highly beneficial therapeutic
effects including (1) preventing oncogenesis after administering
of peroral medications that were from these mushrooms or
their extracts, {2) direct antitumor activity against various
tumeors, (3) immunosynersim activity against tumors in
combination with chemotheraphy, and (4) preventive effects
on tumor metastasis [8, 10, 32, 45].

Over the past few decades, extensive studies have been
conducted to determine the mechanism by which macrophages
kill tumor cells. In a direct manner, the function of activated
macrophages is to recognize and kill tumor cells. However,
they also play an indirect role in antitumor activity by
secreting secondary compounds, such as tumor necrosis
factor (TNF) and nitric oxide (NO), that are harmful to
cancer cells and by regulating the immune system to
process and present antigens [28]. TNF, which is produced
by activated macrophages, is able to kill tumor cells by
binding to TNF-receptors. Recently, TNF-related apoptosis-
inducing ligand (TRAIL) and the Fas-ligand (FasL), another
member of the TNF family, were shown to be related to
tumor cell death [16, 21, 39]. NO is synthesized enzymatically
from L-arginine by NOS in activated macrophages. The
toxic effects of NO on tumor cells are due to the inactivation
of iron-sulfur cluster-containing enzymes, which inhibits
the DNA-binding activity of zinc finger-type transcription
factors and destroys the mitochondrial membrane potential
[24].



Several studies are currently being conducted on
polysaccharides purified from the fruiting body of Lentinus
edodes; however, most of these studies have primarily
focused on understanding the structure and efficacy of
these extracted polysaccharides. Therefore, the aim of this
study was to better understand and characterize the
immunostimulating activities of polysaccharides that have
been isolated and purified from the fruiting body and
culture cell-free broth of Lentinus edodes by gel filtration
chromatography and ion-exchange chromatography. This
was achieved by investigating phagocytic uptake, the release
of NO, and the production of TNF-a in macrophages,
which are in charge of the innate immune response, that
were activated by these polysaccharides.

MATERIALS AND METHODS

Materials
Lentinus edodes KCTC 6734 was grown in liquid containing 60 g/t
glucose, 10 g/l yeast extract, 1.0 g/t MgSO,-7TH,0, and 2.0 g/l KH,PO,
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in a 51 bioreactor at 24°C, 300 rpm, and 1.5 vvm. Exopolysaccharide
fractions (CPB) derived from the liquid cultures of L. edodes were
prepared using the ethanol precipitation and lyophilization methods.
The polysaccharide fraction (CPF) derived from the fruiting body of
L. edodes was prepared using ethanol precipitation and lyophilization
after hot-water extraction. Polysaccharides, CPB and CPB, were further
purified by fractional precipitation using ion-exchange chromatography
with DEAE cellulose and gel filtration chromatography with Sepharose
CL-6B; namely, CPFN, CPFN-G-1, CPFN-G-1I, CPFN-G-III, CPFA,
CPFA-G CPBN, CPBN-G CPBA, and CPBA-G These fractions
contained an endotoxin level that was below the detection limit
{0.0015 EU/ml) as assessed using an E-TOXATE kit (Sigma, St. Louis,
MO, US.A)). FITC-dextran and lipopolysaccharide (LPS; E. coli
0111:B4) were purchased from Sigma Chemical Co. (St. Louis, MO,
US.A). Fetal bovine serum and RPMI1640 were obtained from
Gibeo (Grand Island, NY, US.A). RAW264.7 cells were purchased
from the American Tissue Culture Center (Rockville, MD, U.S.A)).
All other chemicals were of Sigma grade.

Determination of Molecular Mass
The molecular mass of the polysaccharide fractions was determined
by gel filtration using the Sepharose CL-6B packed column. A
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Fig. 1. lon-exchange chromatograms of crude polysaccharides on a DEAE cellulose column (2.5 x 50 cm).
A. Chromatogram of the crude polysaccharide extracted from the fruiting body (CPF). B. Chromatogram of crude polysaccharide extracted from the

cultured cell-free broth.



568 Leeeral

standard curve was prepared based on the elution volume and the
molecular mass. Standard dextrans (MW: 670 kDa, 410 kDa, 150 kDa,
25 kDa; Sigma Chemical Co., St. Louis, MO, U.S.A.) were used for
calibration.

Chemical Properties Analysis

The total sugar content of each polysaccharide was measured using
the phenol-sulfuric acid method [6] and total protein concentration
was determined using the Bradford method [3].

Cell Culture

RAW264.7 cells were maintained in RPMI1640 that was supplemented
with 100 U/ml of penicillin, 100 pg/ml of streptomycin, and 10%
fetal bovine serum. Cells were grown at 37°C in a 5% CO, humidified
incubator.

Cell Viability

The effect of polysaccharides on the viability of the RAW264.7 cells was
determined using the [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay, which is based on the reduction of a
tetrazolium salt by mitochondrial dehydrogenase in viable cells [5].
After pre-incubating RAW264.7 cells (1x10° cells/ml) for 18h,
CPEN-G-I, CPBN-G, CPBA-G (100 pg/ml), or LPS (2.5 pg/ml) was
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added and incubated with the cells for an additional 24 h, as
reported previously [22]. Fifty pl of the MTT stock solution (2 mg/ml)
was then added to each well to attain a total reaction volume of
200 pl. After incubation for 4 h, the plate was centrifuged at 800 xg
for 5 min and the supernatants were aspirated. The formazan crystals
in each well were dissolved in 150 pl dimethylsulfoxide and the
Ay was read on a scanning multiwell spectrophotometer.

Determination of Phagocytotic Uptake

A previously described method, with slight modifications, was used to
measure the phagocytic activity of RAW264.7 cells [12]. RAW264.7
(2x10°%) cells were resuspended in 1 ml of PBS containing 1% human
AB serum and incubated with FITC-dextran (1 mg/ml) in the presence
or absence of LPS (2.5 pg/ml) or each polysaccharide (100 pg/ml) at
37°C for 30 min. Phagocytosis was then stopped by adding 2 ml of ice-
cold PBS containing 1% human serum and 0.02% sodium azide. The
cells were then washed three times with cold PBS-azide and analyzed on
a FACScan flow cytometer (Becton-Dickinson, San Jose, CA, U.S.A.).

Determination of NO Production

After pre-incubating the RAW264.7 cells (1x10° cells/ml) for 18 b,
CPFN-G-I, CPBN-G, CPBA-G (100 pg/ml), or LPS (2.5 pg/ml) was
added and incubated with the cells for an additional 24 h, as
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Fig. 2. Gel filtration chromatograms of each acidic and neutral polysaccharide fraction on a Sepharose CL-6B column (2.4 x 80 cm).

A. Chromatogram of the neutral polysaccharide fraction extracted from the fruiting body (fraction numbers of ion-exchange chromatography: 14—19). B.
Chromatogram of the acidic polysaccharide fraction extracted from the fruiting body (fraction numbers of ion-exchange chromatography: 45—53). C.
Chromatogram of the neutral polysaccharide fraction extracted from the cultured cell-free broth (fraction numbers of ion-exchange chromatography: 13—17).
D. Chromatogram of the acidic polysaccharide fraction extracted from the cultured cell-free broth (fraction numbers of ion-exchange chromatography: 47—55).



reported previously [9]. The nitrite in the culture supetnatants was
measured by adding 100 ul of Griess reagent (1% sulfanilamide and
0.1% N-[1-naphthyl]-ethylenediamine dihydrochloride in 5% phosphoric
acid) to 100-u! samples.

TNF-a Production

The induction effect of each polysaccharide purified from L. edodes,
which was solubilized in culture medium, on TNF-o. production
from LPS-treated RAW264.7 cells was determined as described
previously [9]. Supernatants were harvested and the concentration of
TNF-o. was determined using ELISA kits (Biosource International,
Camarillo, U.S.A.) according to the manufacturer’s instructions.

Statistical Analysis

A Student’s r-test and a one-way ANOVA were used to determine
the statistical significance of the differences between the values
determined for the various experimental and control groups. Data
are expressed as meanststandard errors (SEM) and the results are
taken from at least three independent experiments performed in
triplicate. P values of 0.05 or less were considered to be statistically
significant.

RESULTS AND DISCUSSION

Exopolysaccharides Production by Fermentation

In the shaken flask culture, the composition of the medium
used for polysaccharide production was as follows;
glucose 60 g/l, yeast extract 10 g/l, KH,PO4 2.0 g/l, and
MgSO,7H,0 1.0 g/l. In the bioreactor, the agitation and
aeration levels were varied in order to maximize polysaccharide
production. From these experiments, a maximum polysaccharide
production of 7.34 g/ at 7 days was achieved using 300 rpm
and 1.5 vvm in a previous work [26]. These optimized
conditions resulted in a higher polysaccharide production in
less days than what was previously reported [25, 35].

Purification, Fractionation, and Molecular Mass

The first stage of purification and fractionation, ion-
exchange chromatography through DEAE-cellulose columns
(2.5%50 cm), separated neutral polysaccharides from acidic
fractions (Fig. 1). The yields of CPFN and CPFA obtained
from CPF, which were the polysaccharides extracted using
ethanol precipitation and dialysis after hot-water extraction
of the fruiting body, were 32.1 mg/100 mg and 40.4 mg/
100 mg, respectively (Fig. 1A). The yield of CPBN obtained
from CPB, which was the polysaccharide extracted using
ethanol precipitation and dialysis of the culture cell-free
broth, was 28.7 mg/100 mg, and the yield of CPBA, which
constituted the acidic fraction was 47.3 mg/100 mg (Fig. 1B).
The crude polysaccharides from the fruiting body and
culture broth both formed a light-brown powder, and the
neutral and acidic polysaccharides formed a white powder.
This indicates that the colored parts were separated from
the black parts during ion-exchange chromatography,
which has a high NaCl density [44].
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The molecular mass distribution of each neutral and acidic
fraction was investigated using gel filtration chromatography
with a Sepharose CL-6B column (2.4x80 ¢cm). This technique
resulted in six polysaccharide fractions, namely CPFN-G-I,
CPFN-G-II, CPFN-G-III, CPFA-G, CPBN-G, and CPBA-G
(Fig. 2), all of which contained no protein. This most likely
occurred because all non-bound proteins were removed during
ion-exchange chromatography and dialysis. The molecular
masses of the six polysaccharide fractions ranged from 31
to 658 kDa, as determined by gel filtration chromatography
when dextran was used as the standard (Fig. 3). Lentinan,
which was the polysaccharide from the fruiting body, was
found to have a molecular mass ranging from 400 to 800 kDa.
It has been previously reported that polysaccharides extracted
from the fruiting body by hot-water extraction had a
molecular mass of 200 kDa [46]. In this study, the fraction
was obtained not only within the same range but also
within a smaller range than what was reported in the
fractions of the fruiting body and culture broth.

Macrophage Activation by Polysaccharides

The cytotoxicity of each polysaccharide fraction was
tested in the macrophage-like cell line, RAW264.7 cells.
From this analysis, treatment with each polysaccharide
was found not to appreciably affect cell viability (Fig. 4A).
Since macrophages act as regulatory and effector cells
in the immune system, understanding the activation of
macrophages is expected to aid in the development of
therapeutics to treat microbial pathogens and cancers [18, 31].
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Fig. 3. Average molecular mass of each purified polysaccharide
extracted from the cultured cell-free broth and the fruiting body
by Sepharose CL-6B gel filtration chromatography.

A. CPFN-G-I, 580 kDa. B. CPFN-G-II, 308 kDa. C. CPFN-G-II1, 25 kDa.
D. CPFA-G, 658 kDa. E. CPBN-G, 40 kDa. F. CPBA-G, 46 kDa.
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Fig. 4. Immunostimulating effects of purified polysaccharides extracted from the cultured cell-free broth and the fruiting body by

DEAE cellulose and Sepharose CL-6B.

A. The effects of polysaccharides from the cultured cell-free broth and the fruiting body on macrophage cell viability. B. The effects of purified
polysaccharides extracted from the cultured cell-free broth and the fruiting body on the macrophage phagocytosis. The mean fluorescence after drug
treatment was compared with the control and represents the phagocytosis index. C. The effects of isolated and purified polysaccharides from the cultured
cell-free broth and the fruiting body on NO synthesis in murine macrophage-like cell. D. The effects of purified polysaccharides from the cultured cell-free
broth and the fruiting body on TNF-a production in RAW264.7 cells. Each column represents the meantSEM of at least three independent experiments.

Phagocytosis is the first step in the macrophages’ response
to pathogens. In this process, macrophages will process
and present antigens to the lymphocytes by engulfing and
digesting the invading pathogens, which in turn elevates
the innate immune response [41]. To determine the effects
of each polysaccharide fraction on the phagocytic activity
of macrophages, the uptake of FITC-labeled dextran in
polysaccharide treated and untreated macrophages was
compared (Fig. 4B). From this analysis, we found that all
the polysaccharides increased the phagocytotic uptake of
the RAW264.7 cells. In addition, macrophages can defend
against pathogen invasion by secreting cytokines, such as
the tumor necrosis factor-o. (TNF-a), and inflammation
mediators such as NO [29]. The role of NO in the
anticancer effect of rodent macrophages has been well
established [11, 13, 20]. Macrophages were incubated with
100 pg/ml of each polysaccharide and the amount of NO
production was measured and compared with that produced
by the untreated control group (Fig. 4C). The amount of

NO production in all the polysaccharides-treated cells was
higher than the untreated control RAW264.7 cells, where
CPFN-G-III produced the most NO. These results are in
agreement with a previous study, where polysaccharides
from Basidiomycete mushrooms were shown to facilitate
the release of NO by activating macrophages [17, 19, 22,
27]. TNF-a,, which is also produced by macrophages, is
considered the most important mediator directly involved
in killing tumor cells [38]. After TNF binds to its receptor,
the complex becomes internalized by endocytosis and then
follows multiple diverse intracellular pathways. It has been
reported that TNF affects the production of reactive oxygen
species in the mitochondria, which results in plasma
membrane permeabilization, iNOS expression induction,
breaks in DNA strands, and induction of serine protease
activity [1, 14, 33, 40]. Ultimately, these processes are involved
in cell death [30]. The amounts of TNF-a produced in
RAW264.7 cells after treatment with 100 ug/ml of each
polysaccharide were higher than the amount produced in



untreated cells. Among all the polysaccharides, CPFN-G-I,
which was the polysaccharide from the fruiting body,
showed the highest productivity (Fig. 4D).
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