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Lentinan, a cell wall B-glucan from the fruiting bodies of
Lentinus edodes, is well known to be a biological defense modi-
fier, but the signal transduction pathway(s) induced by Lentinan
have not been elucidated. In this study, we extracted Lentinan
(LNT-S) by ultrasonication from Lentinus edodes and report
that, in murine RAW 264.7 macrophages, LNT-S glucan acti-
vated NF-kB p65 and triggered its nuclear translocation as
determined by Western blotting. Moreover, LNT-S enhanced
NF-kB-luciferase activity in the Dual-Luciferase gene system
assay. Its upstream signaling molecules, MAPKs such as ERK1/2
and JNK1/2, were shown to be activated by assessing the level of
phosphorylation in a time- and concentration-dependent man-
ner, but its downstream proinflammatory enzyme, inducible
NOS, was not observed. The data evaluated using a TNF-«
ELISA kit and Griess reagent further demonstrated that no pro-
inflammatory mediators such as TNF-a and NO were produced
by LNT-S stimulation in RAW 264.7 cells. In contrast, LPS sig-
nificantly induced inducible NOS expression and increased NO
and TNF-a production, which are associated with activation of
the NF-kB p65/p50 heterodimer complex. It is possible that
LNT-S did not activate NF-«B p65/p50, and the activation of
NEF-kB p65 was not sufficient to stimulate cytokine production.
These data demonstrate that LNT-S glucan carries out its
immunomodulating activity by activating MAPK signaling
pathways without secretion of TNF-a and NO.

B-Glucans are known to possess significant biological and
physiological activities, including antitumor activity (1, 2), anti-
viral activity (3, 4), antibacterial activity (5-7), antifungal activ-
ity (8), and immunomodulating activity (9-12). In addition,
B-glucans are effective in wound healing (3) and in lowering
blood cholesterol (13) and glucose (14) concentrations. There-
fore, B-glucan is a promising product in biochemical and med-
ical applications.

Among the numerous B-glucans derived from different
sources such as plants, animals, and microbials, Lentinan from
Lentinus edodes is especially remarkable for its anticancer and
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immunomodulating activities (15-17) and is a 8-(1,3)-glucan
with one (-(1,6)-glucose branch every five glucose residues.
Lentinan is currently used clinically as an antitumor agent (18,
19). It has been shown to stimulate natural killer cell activity
(20-22), macrophage/monocyte functions (secreting IL-1 and
superoxide anion), phagocytosis, and cytotoxicity (23-28).
Lentinan was found to elevate the cytotoxic activity and TNF
secretion of macrophages in vitro and in vivo (16, 29). Pretreat-
ment of bone marrow macrophages with Lentinan results in
increased production of NO in vitro (16). However, Masihi et al.
(30) demonstrated that pretreatment of Lentinan before LPS
administration induces a striking inhibition of up to 89% of
circulating TNF-« in bacillus Calmette-Guérin-primed mice. It
is possible that the different immunomodulatory reaction was
highly dependent on the genotype of the host. To our knowl-
edge, most of the research has focused on secretion of proin-
flammatory cytokines or mediators such as TNF-a, IL-12,
IEN-v, and NO and on inflammatory mRNA expression from
Lentinan-stimulated macrophages or monocytes (16, 29 -31),
and there have been few studies involved in the signal transduc-
tion for macrophage activation by Lentinan. In contrast, the
signal transduction of B-glucans, in particular water-insoluble
zymosan or yeast glucan from Saccharomyces cerevisiae as a
model of immunomodulatory glucans, has been partly eluci-
dated (32, 33). It has been reported that, after activation of
receptor dectin-1 by zymosan, spleen tyrosine kinase (Syk) is
recruited and induces the assembly of a scaffold consisting of
the Card9 (caspase recruitment domain 9) protein and the
adaptor proteins Bcl10 and Malt1; the Card9-Bcl10-Malt1 scaf-
fold then couples dectin-1 to the canonical NF-«B pathway by
activation of the IkB kinase complex, leading to nuclear trans-
location of NF-«B subunit p65 (32). Yan and co-workers have
demonstrated that yeast glucan particles amplify phagocyte
killing of iC3b-opsonized tumor cells via the complement
receptor 3-Syk-PI3K pathway (33) and activate murine resident
macrophages to secrete proinflammatory cytokines, including
TNEF-a, MCP-1 (monocyte chemotactic protein-1), and IL-6,
through MyD88- and Syk-dependent pathways (34). Therefore,
in this study, we explored activation of RAW 264.7 macro-
phages induced by Lentinan to clarify the signal transduction
pathways used by Lentinan.

EXPERIMENTAL PROCEDURES

Sample Preparation—The dried fruiting bodies of L. edodes,
a commercial product cultivated in the Fujian Province of
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China, were cut into small pieces and refluxed in ethyl acetate
and then acetone for 8 h. After refluxing, the dried residues
were dipped into 0.9% NaCl aqueous solution with continuous
stirring at 25 °C for 24 h and centrifuged. This process was
repeated three times, and the residues were extracted in hot
water (120 °C) three times again. After the hot water extraction,
the final residues were ultrasonicated (500 watts, 18 min, 25 °C)
in pure water. The collected supernatant was treated with 30%
H,0, to decolorize and subjected to the method of Sevag (35) to
remove free proteins, followed by dialysis against distilled water
(M, cutoff = 8000) for 10 days. The solution was then filtered,
concentrated by a rotary evaporator at reduced pressure below
45 °C, and precipitated into acetone. The precipitates were
redissolved in pure water and lyophilized to obtain white pure
flakes coded as Lentinan (LN'T-S)? with a yield of 0.4%. LNT-S
was identified as B-(1,3)-p-glucan with B-(1,6)-branches by
GC-MS and NMR. LNT-S dissolved in PBS was sterilized at
121 °C for 20 min and used in the following experiments.

Reagents and Antibodies—DMEM (glutamine, high glucose),
penicillin, streptomycin, and LPS from Escherichia coli 0111:B4
were purchased from Sigma. Antibodies were obtained from
the following sources: mouse monoclonal anti-inducible NOS
(iNOS), BD Transduction Laboratories; rabbit polyclonal anti-
NE-kB p65, rabbit polyclonal anti-phospho-ERK1/2, rabbit
polyclonal anti-phospho-JNK1/2, and rabbit polyclonal anti-
phospho-p38, Cell Signaling Technology (Beverly, MA); and
mouse monoclonal anti-B-actin, Santa Cruz Biotechnology
(Santa Cruz, CA).

Cell Culture—RAW 264.7 cells (a murine macrophage/
monocyte-like cell line; American Type Culture Collection)
were maintained in DMEM (glutamine, high glucose) supple-
mented with penicillin (100 units/ml), streptomycin (100
png/ml), and 10% heat-inactivated FBS (Sekisui Medical Co.,
Ltd., Tokyo, Japan) at 56 °C for 30 min. Subculturing was
done by dislodging the cells with trypsin (0.25%) and
EDTA-2Na-2H,0 (0.02%), followed by centrifugation and seed-
ing into the culture flask or dish, which was incubated at 37 °C
under a humidified atmosphere of 95% air and 5% CO.,,.

Western Blot Analysis—The cytoplasmic and nuclear pro-
teins were extracted following the procedure described previ-
ously (36) with slight modifications. Briefly, RAW 264.7 cells
were plated in a 60-mm culture dish at a density of 5 X 10°
cells/dish in DMEM with 10% FBS for 24 h. The cells were then
rinsed with sterilized PBS and exposed to LPS (100 ng/ml) and
LNT-S (0~200 pg/ml) in DMEM without FBS. At the end of
treatment, the cells were harvested by scrapping and treated
with 200 ul of lysis buffer (50 mm KCl, 0.5% Nonidet P-40, 25
mwm HEPES (pH 7.8), 1 mm PMSF, 10 ug/ml leupeptin, 20 ug/ml
aprotinin, and 100 mm dithiothreitol) on ice for 10 min. After a
5-min centrifugation at 14,000 rpm, the supernatant was saved
as the cytoplasmic extract. The remaining nuclear pellet was
washed once with the same volume of buffer without Nonidet
P-40. The nuclear pellet was then treated with 40 ul of extrac-
tion buffer (500 mm KCl and 10% glycerol with the same con-
centrations of HEPES, PMSF, leupeptin, aprotinin, and dithio-

2 The abbreviations used are: LNT-S, Lentinan; iNOS, inducible NOS.
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threitol as in lysis buffer) on ice for 40 min with pipetting every
10 min. After centrifugation at 14,000 rpm for 10 min, the
supernatant was harvested as the nuclear protein extract. Both
the cytoplasmic and nuclear protein extracts were preserved at
—70 °C for Western blot assay. The protein concentration was
determined using Bradford protein assay reagent (Bio-Rad) and
BSA (Nacalai Tesque, Kyoto, Japan) as the reference.

Both cytoplasmic and nuclear lysates were mixed with 4X
SDS sample buffer and denatured in boiling water for 5 min.
Aliquots of 10~15 ug of denatured cytoplasmic proteins and
15~25 ug of denatured nuclear proteins were separated by
SDS-PAGE on a 10% polyacrylamide gel and then electrically
transferred to a PVDF membrane (BioTrace, Pall Corp., Port
Washington, NY). After blocking with 5% (w/v) BSA in TBS (10
mMm Tris-HCI (pH 8.0) and 150 mm NaCl) containing 0.1%
Tween 20 at room temperature for 1 h, the membranes were
then incubated with an appropriate specific primary antibody
(anti-iNOS, 1:8000; anti-ERK1/2, 1:1000; anti-JNK1/2, 1:1000;
anti-p38, 1:1000; anti-NF-«B p65, 1:1000; or anti-B-actin,
1:20,000) overnight at 4 °C. The reactive bands were visualized
with an HRP-conjugated secondary antibody (1:20;000; Santa
Cruz Biotechnology) via ECL Western blot detection reagent
on a LightCapture II system (ATTO, Tokyo) according to the
manufacturer’s instructions.

NF-kB-Luciferase Assay—RAW 264.7 cells in 24-well plates
(3 X 10° cells/well) were preincubated for 12 h and then trans-
fected with 0.8 ul of NF-kB-driven luciferase reporter vectors
using 1.56 ul of Lipofectamine (Invitrogen) in 26 ul of Opti-
MEM (Invitrogen) per well. After a 6-h transfection, the cells
were rinsed with PBS and incubated for an additional 6 h in
DMEM with 10% FBS. The cells were then stimulated with LPS
(100 ng/ml) and LNT-S (200 ug/ml) in DMEM without FBS.
Following 12-h stimulations, cells were lysed with Passive Lysis
Buffer, and firefly and Renilla luciferase activities were assessed
using a Dual-Luciferase reporter assay (Promega, Madison, W1)
and a Wallac microplate luminometer (1420 ARVO Sx,
PerkinElmer Life Sciences) according to the manufacturers’
instructions. NF-kB activity was expressed as -fold induction
relative to the control cells without LPS treatment.

Nitrite Determination—NO production was determined
based on the amount of nitrite present in the conditioned
medium, a stable end product of NO, by the Griess reaction.
Briefly, RAW 264.7 cells were seeded (5 X 10° cells/well) in
24-well plates and incubated for 24 h. The cells were rinsed with
PBS and exposed to LPS (100 ng/ml) and LNT-S in DMEM
without FBS. After a 24-h stimulation, each supernatant (100
wl) was mixed with an equal volume of Griess reagent (50 ul of
1% sulfanilamide in 5% phosphoric acid and 50 ul of 0.1% N-(1-
naphthyl)ethylenediamine dihydrochloride in distilled water)
at room temperature. The absorbance was measured at 570 nm
using the Wallac microplate luminometer (1420 ARVO Sx),
and the concentration of NO was quantified with a standard
curve generated with sodium nitrite in the range of 0-100 um.

TNF-a Assays by ELISA—RAW 264.7 cells (5 X 10° cells/
well) were seeded in 24-well plates and incubated for 24 h
before stimulation. At the end of the preincubation period, cells
were rinsed with PBS, and the medium was exchanged to
DMEM without FBS. The cells were exposed to LPS (100
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FIGURE 1. LNT-S activates the phosphorylation of MAPKs and enhances
the nuclear translocation of NF-kB. RAW 264.7 macrophages were treated
with LNT-S for 24 h (A) and at different time point (B). Phospho-ERK1/2,
phospho-JNK1/2, NF-kB p65,iNOS, and B-actin were detected by Western
blot analysis using their specific antibodies. The concentrations of LNT-S
and LPS used are indicated. Data are representative of three independent
experiments.

ng/ml) and LNT-S (200 ug/ml), respectively. After a 24-h stim-
ulation, the conditioned medium was collected and centri-
fuged, and TNEF-« levels in the supernatant were assessed using
an ELISA kit (Thermo Scientific) according to the manufactur-
er’s instructions.

Statistical Analysis—All data are presented as the mean *
S.E. from at least three independent experiments unless speci-
fied otherwise. Student’s ¢ test was performed, and the differ-
ences were considered statistically significant at p < 0.05.

RESULTS

LNT-S Activates ERK1/2 and JNK1/2 in Murine RAW 264.7
Cells—Fig. 1 shows the concentration and time courses of
iNOS, ERK1/2, and JNK1/2 activation by LNT-S in murine
RAW 264.7 macrophage cells as measured by Western blotting.
LPS was also used in the stimulation of RAW 264.7 cells as a
positive control. Similar to the positive control, ERK1/2 was
phosphorylated by LNT-S, and activation became stronger
with an increase in LNT-S concentration (Fig. 1A) in 24-h stim-
ulated RAW 264.7 macrophages. In the positive control, LPS
induced not only ERK1/2 activation (evaluated by the level of
phosphorylation, labeled by phospho-ERK1/2) but also iNOS
production. However, LNT-S itself could not induce notable
iNOS production at the different concentrations used in this
experiment (Fig. 1A4). The phosphorylation of two other
MAPKs, phospho-JNK1/2 and phospho-p38, was not observed
(data not shown).

In the case of the time course, both phospho-JNK1/2 and
phospho-ERK1/2 protein bands were observed after a 15-min
stimulation by LNT-S (Fig. 1B). The density of the phospho-
JNK1/2 protein band peaked at 1 h and then gradually declined
thereafter (Fig. 1B), which can be explained as degradation of
the protein. The phosphorylation level of phospho-ERK1/2 also
reached the maximal value at 1 h of stimulation and almost
leveled off within 24 h. The activation of p38 MAPK was not
detectable in the time course experiments (data not shown).
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FIGURE 2. NF-kB-luciferase activity in LNT-S- and LPS-stimulated RAW
264.7 cells. RAW 264.7 macrophages were transfected with an NF-«B-lucif-
erase reporter vector using Lipofectamine. Transiently transfected cells were
stimulated LPS (100 ng/ml) and LNT-S (200 wg/ml) for 12 h. NF-kB-luciferase
activity was measured as described under “Experimental Procedures” and is
expressed relative to the respective controls. Each value represents the
mean * S.E. of three independent experiments. *, p < 0.05 versus the control
(PBS).

These data demonstrate that, in murine RAW 264.7 macro-
phage cells, LNT-S directly triggers a rapid and strong activa-
tion of JNK1/2 and ERK1/2, but not iNOS.

LNT-S Enhances the Nuclear Translocation of NF-kB p65
and NF-kB-Luciferase Activity—The transcription factor
NF-«B is largely involved in immune responses and expression
of proinflammation elicited by a variety of mediators, including
LPS. Fig. 1B shows that the amount of NF-«kB p65 observed
after a 15-min activation increased with stimulation time and
almost peaked at 1~2 h and then decreased due to protein
degradation. It has been reported that zymosan significantly
activates NF-kB at 2 h after stimulation (36).

To verify that NF-«B in the nucleus was transactivated, the
NE-«B activity was assessed by transfecting an NF-«B-lucifer-
ase reporter into RAW 264.7 cells using the Dual-Luciferase
reporter assay. Reporter activity in LNT-S-stimulated RAW
264.7 cells was elevated relative to that in unstimulated cells,
similar to the positive control (LPS-stimulated cells) (Fig. 2).
LNT-S directly triggers NF-«B activation in RAW 264.7 macro-
phage cells.

NO and TNF-a Production—Murine macrophages activated
by LPS in vitro express iNOS to synthesize NO (37), which is a
key molecule in the immunopharmacology of 3-glucans. ERK
and JNK are thought to regulate production of inflammatory
cytokines and mediators such as TNF-a and NO (38-41).
Moreover, activation of the classic NF-«kB transcription factor
is often associated with the production of inflammatory cyto-
kines (42—44). Because LNT-S triggers NF-«B activation and
MAPKs ERK1/2 and JNK1/2, proinflammatory mediators such
as NO and TNF-a were evaluated (Fig. 3). Surprisingly, LNT-S
itself could not induce NO (Fig. 34) or TNF-« (Fig. 3B) produc-
tion, in contrast to LPS, which stimulated RAW 264.7 cells to
produce a large amount of NO and TNF-« (Fig. 3). We can thus
conclude that LPS induces production of NO and TNF-q,
whereas LNT-S does not, indicating that LNT-S is not contam-
inated with significant levels of endotoxin.

DISCUSSION

In this work, B-glucan from L. edodes (LNT-S) was shown to
stimulate murine RAW 264.7 macrophage cells by activation of
MAPKs ERK1/2 and JNK1/2 and transcription factor NF-«B
(Fig. 1). Moreover, activation occurred in a time- and concen-
tration-dependent manner. Western blotting indicated that the

VOLUME 286+NUMBER 36-SEPTEMBER 9, 2011



o | e=m | /) | o

0 20 50 100 200 LPs
concentration (pg/ml)

-
(8]

-

o
(3]

1

o

PBS LNT-S LPS

FIGURE 3. Concentration dependence of NO production in 24-h stimu-
lated RAW 264. 7 macrophages by LNT-S (A) and TNF-« release in 24-h
stimulated RAW 264.7 cells by 200 pg/ml LNT-S (B). Each value represents
the mean = S.E. of three independent experiments. *, p < 0.01 versus the
control (PBS).
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nuclear titer of NF-«kB p65 increased in response to LPS and
LNT-S treatment of the RAW 264.7 cells (Fig. 1B), which was
probably due to its translocation from the cytoplasm. The
increase in NF-kB-luciferase activity further demonstrated that
the nuclear transcription factor was really activated by LNT-S.
LPS is known to induce MAPK-dependent phosphorylation,
thereby activating multiple transcription factors to translocate
to the nucleus, facilitating DNA-binding activity, and leading to
up-regulation of iINOS expression (41, 45). In particular, NF-«B
is a major activator for TNF-a production in macrophages and
a central target for activators or inhibitors of iNOS expression
(46, 47). For example, zymosan-induced TNF-« production in
RAW 264.7 macrophage cells is associated essentially with acti-
vation of NF-«B, similar to LPS (36). However, as shown in Figs.
1A and 3, LNT-S showed a major difference compared with LPS
and zymosan; LNT-S could not induce iNOS expression or pro-
duction of NO and TNF-a regardless of its activation of MAPKs
(ERK1/2 and JNK1/2) and NF-kB. This phenomenon is very
similar to that of water-soluble PGG-glucan, a -(1,3)-glucan
with B-(1,6)-branches that activates NF-kB p65 without induc-
ing inflammatory cytokines such as TNF-a and IL-6 (48). This
was attributed to the fact that PGG-glucan increased the titer of
only p65, but not other NF-«B subunits such as p50, p52, p68,
and p75, and that p65 formed a heterodimer complex (called
NF-«B-like transcription factor) with another unknown unit.
It is well known that the activated form of NF-«B is a het-
erodimer, which usually consists of two proteins, a p65 (also
called RelA) subunit and a p50 subunit. Other subunits, includ-
ing C-Rel, RelB, v-Rel, and p52, may also be part of activated
NF-«B (48, 49). Of these, the classic p65/p50 heterodimer com-
plex has been demonstrated to be involved in the transcrip-
tional regulation of the proinflammatory cytokines IL-183 and
TNE-a (42— 44) and the proinflammatory mediator NO. On the
basis of the fact discussed above and the study of PGG-glucan,
we can attribute this to the following: LNT-S increased the titer
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of p65, which could not form a heterodimer with p52 but maybe
a complex called NF-«B-like transcription factor with another
unknown unit and was not sufficient to stimulate inflammatory
cytokine mRNA transcription and cytokine production.
Whether this is true or not will be determined in future work.

As we know, the well studied zymosan particle activates
B-glucan receptor dectin-1, followed by recruiting Syk, leading
to activation of NF-«B and proinflammatory cytokine produc-
tion, whereas water-soluble PGG-glucan activates NF-«kB with-
out production of proinflammatory cytokines. LNT-S is more
similar to PGG-glucan. Water solubility likely plays an impor-
tant role in the regulation of immunomodulating activity. This
work is one of the first reports demonstrating that Lentinan
activates ERK1/2, JNK1/2, and NF-«B p65 without production
of proinflammatory cytokines. Study of the upstream signaling
pathway will be continued in our future work.

In summary, our results suggest that the 3-glucan extracted
from L. edodes by ultrasonication directly stimulated macro-
phages by inducing phosphorylation of MAPKs ERK1/2 and
JNK1/2, but not p38. Subunit p65 of nuclear transcription fac-
tor NF-kB was shown to translocate from the cytoplasm to the
nucleus, and NF-«B-luciferase activity was also enhanced com-
pared with the blank (PBS) and the positive control (LPS stim-
ulation). However, TNF-a and NO were not produced in the
supernatant of RAW 264.7 cells, which may be explained by the
lack of formation of the active NF-«B p65/p50 heterodimer
complex.
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