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The mushroom known as Reishi (Ganoderma lucidum) has been used as an herbal medicine for tumor
treatment and immune system activation. Because its effects on the differentiation of effector T helper
cells have not yet been fully understood, we investigated the effects of Reishi and those of its principal
ingredient, b-glucan, on the activation of dendritic cells and the differentiation of Th17 cells. Reishi
extracts as well as purified b-glucan (Curdran) activated DCs and caused them to produce large amounts
of IL-23. b-glucan also enhanced and sustained the transcription of IL-23p19. The MEK-ERK signaling
pathway positively regulates IL-23p19 transcription in b-glucan-stimulated DCs. In a mixed leukocyte
reaction, Reishi-stimulated DCs preferentially induced Th17 cells. Furthermore, orally-administrated Rei-
shi increased the percentages of Th17 cells and the transcription levels of antimicrobial peptides. Our
results show that Reishi and b-glucan activate DCs to produce large amounts of IL-23, which induces
Th17 differentiation both in vitro and in vivo.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Reishi (Ganoderma lucidum), a popular home remedy in Asia,
has been known for centuries to have beneficial effects on human
health. It has been reported to stimulate immune function, thereby
inhibiting tumor growth and ameliorating chronic hepatitis, hyper-
tension, and hyperglycemia [1]. It has proposed that this activation
of the immune system occurs through certain effects on antigen-
presenting cells (APC) and mononuclear phagocytes [2]. Despite
numerous studies on the subject, however, the precise mechanism
by which Reishi affects the differentiation of effector T helper cells
has remained unclear.

The differentiation of naïve CD4+ T cells into effector T helper
cells is initiated by the engagement of their T cell receptors (TCR)
and costimulatory molecules in the specific cytokines produced
by the innate immune system. IFNc and IL-12 initiate the differen-
tiation of Th1 cells, which promote immunity to viruses, intracellu-
lar bacteria and protozoan parasites. In contrast, IL-4 triggers the
differentiation of Th2 cells, which play a key role in organizing host
defense against metazoan parasites and in helping B cells to pro-
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duce antibodies. Recently, a third subset of effector Th cells was
discovered: Th17 cells, which produce IL-17 and also exhibit other
effector functions distinct from those of Th1 and Th2 cells [3,4]. IL-
17 and/or its receptor have been linked to resistance to infection by
extracellular bacteria such as Klebsiella pneumoniae as well as by
fungi such as Candida albicans [5,6]. Indeed, Th17 cells develop dur-
ing infection with C. albicans, and now believed to be important for
antifungal immunity [7].

IL-6 and TGF-b are essential for Th17 cell differentiation [3,4]. In
addition, the expansion and full differentiation of Th17 cells is
thought to require IL-23, a heterodimer composed of a p19 subunit
and the p40 subunit shared with IL-12 [8,9]. Recently, C-type lec-
tins, especially Dectin-1 and Dectin-2 on dendritic cells have been
implicated in the induction of anti-fungal infection by inducing IL-
23 and Th17 [10–12]. However, precise mechanism of IL-23
expression by C-type lectins remained to be investigated.

To date, little is known about the effects of Reishi on Th17 cell
differentiation. Here, we investigated the effects of Reishi on mur-
ine immune cells, especially DCs and T helper cells. We found that
Reishi can enhance Th17 differentiation both in vitro and in vivo
through enhancing the production of IL-23 by DCs. We also found
that the activation of the MEK-ERK pathway is important in the
induction of IL-23 by Reishi. Various immuno-modulatory effects
of Reishi reported previously could be partly accounted by induc-
tion of Th17 in the gut.

http://dx.doi.org/10.1016/j.bbrc.2012.04.135
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2. Materials and methods

2.1. Mice and reagents

C57BL/6 mice obtained from Charles River (Wilmington, MA,
USA) were used for the experiments. Mice were maintained under
specific pathogen-free conditions and offered food and water ad
libitum. All experiments were approved by the Animal Ethics Com-
mittee of Kyushu University. Reishi and water-soluble fraction of
Reishi were kindly provided by Nissan Chemical (Tokyo, Japan).
Curdlan was purchased from Wako (Osaka, Japan). PGN was pur-
chased from Fluka (Buchs, Switzerland). LPS was purchased from
Sigma–Aldrich (St. Louis, MO, USA). U0126 was purchased from
Calbiochem (San Diego, CA, USA).

2.2. BMDC preparation

BMDCs were prepared from bone marrow suspension obtained
from the femurs and tibias of C57BL/6 mice, as described else-
where [13]. Bone marrow cells were cultured in RPMI1640 med-
ium (Sigma–Aldrich) supplemented with 10% FCS (Biological
Industries, Beit Haemek, Israel), L-glutamine, b-mercaptoethanol,
Penicillin–Streptomycin and culture supernatant from J558L cells
transfected with the murine GM-CSF gene. After 8 days, cells were
harvested, counted, and then used as BMDCs.

2.3. Surface and intracellular cytokine staining

Surface markers of DCs were stained with anti-CD11c-APC, anti-
CD86-PE and anti-CD40-FITC (eBioscience, San Diego, CA, USA)
after Fc receptor blocking using anti-mouse CD16/32 MAb. Tissue
T cells were stained with anti-CD3e-FITC or APC (eBioscience),
anti-CD4-PerCP (BD Bioscience, Franklin Lakes, NJ, USA). Intracellu-
lar Cytokine Staining was performed as described elsewhere [14];
briefly, cultured cells were restimulated for 6 h with 50 nM PMA
(Sigma–Aldrich), 1 lg/ml ionomycin (Sigma–Aldrich), and 1 lM
brefeldin A (eBioscience). Surface staining was performed for
15 min with the corresponding mixture of fluorescently labeled
Abs. After surface staining, the cells were suspended in Fixation
Buffer (eBioscience), and intracellular cytokine staining was per-
formed as per the manufacturer’s protocol using anti-IFN-c-FITC,
anti-Foxp3-APC (eBioscience), and anti-IL-17-PE (BD Bioscience).

2.4. Western blotting analysis

Western blotting was performed as described elsewhere [13].
Briefly, BMDCs (5 � 105) were treated with LPS (100 ng/ml), Curd-
lan (1 mg/ml) or Reishi (1 mg/ml) for the lengths of time indicated,
and then collected and lysed with NP40 lysis buffer. Proteins were
separated by 8% SDS–PAGE, transferred onto nitrocellulose mem-
branes and incubated with antibodies reactive to anti-phospho-
ERK(P-p44/p42 MAPK), anti-phospho-IjB, anti-phospho-JNK (Cell
Signaling Technology, Danvers, MA, USA) or total-ERK2 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA).

2.5. Real time-PCR

Real time-PCR was performed as described elsewhere [16].
Briefly, total RNA was extracted using the RNA-iso (Takara Bio, Shi-
ga, Japan) according to the manufacturer’s protocol, and cDNA was
then synthesized with the High Capacity cDNA reverse transcrip-
tion kit (Applied BioSystems, Carlsbad, CA, USA). The cDNA was
used as a template for real time PCR using the SYBR Green system
(Applied BioSystems) according to the manufacturer’s protocol.
Gene-specific primer sequences are as follows: HPRT, 50-tgaagagc-
tactgtaatgatcagtc-30 and 50-agcaagcttgcaaccttaacca-30; IL-17a, 50-gc
tccagaaggccctcag-30 and 50-ctttccctcgcattgaca-30; IL-23p19, 50-ag
cgggacatatgaatctactaagaga-30 and 50-gtcctagtagggaggtgtgaagttg-
30; IL-17f, 50-cccatgggattacaacatcactc-30 and 50-cactgggcctcagcga
tc-30; b-defensin2, 50-aagtattggatacgaagcag-30 and 50-cactgggcctca
gcgatc-30 50-tggcagaaggaggacaaatg-30.
2.6. Preparation of CD4+ T cells and MLR

Spleen and lymph node (LN) cells of BALB/c mice were incu-
bated with anti-CD4-coated MACS magnetic beads (Miltenyi Bio-
tec, Bergisch Gladbach, Germany) and were positively selected.
The purity of CD4+ T cells was >95%, as determined by flow cytom-
etry. CD4+ T cells (2 � 105 cells) from BALB/c mice were co-cul-
tured with each type of stimulated DCs (1 � 104 cells) in
RPMI1640 medium. Cultures were performed at 37 �C (5% CO2)
for 60 h and pulsed with 3.7 � 104 Bq of [3H]thymidine (Amersham
Biosciences, GE Healthcare, Chalfont St. Giles, UK) during the final
12 h of incubation before harvesting. As a positive control, T cells
were stimulated with 3 lg/ml of plate-bound anti-CD3 mAb (clone
145-2C11) and 0.5 lg/ml of soluble anti-CD28 mAb (eBioscience).
[3H]thymidine incorporation was determined on a microplate scin-
tillation counter. For re-stimulation assay, expanded T cells
(1 � 106 cells) were re-stimulated with plate-bound anti-CD3 Ab,
and then cytokine production was assessed as described [15].
2.7. IL-23p19 luciferase reporter assay

The IL-23p19 promoter containing the genomic fragment
�2302 to +12 of the IL-23p19 gene was amplified by PCR from
C57BL/6 genomic DNA and cloned into the pGL4.26 vector (Prome-
ga, Madison, WI, USA). Luciferase assay was performed as de-
scribed [13].
2.8. Isolation of lamina propria lymphocytes

Mice were orally administered with a suspension of Reishi
(10 mg/body) or double distilled water using a sonde once every
2 days for 4 weeks. Mice were killed and intestines removed and
placed in ice-cold PBS. After the removal of residual mesenteric
fat tissue, Peyer’s patches were carefully isolated, and the intestine
was opened longitudinally. The intestine was then thoroughly
washed and cut into 1.5-cm pieces. These pieces were incubated
twice in 5 ml of 5 mM EDTA in HBSS for 15–20 min at 37 �C with
slow rotation. After the second EDTA incubation, the pieces were
washed in HBSS, cut into 1-mm2 pieces using razor blades, and
placed in 10 ml RPMI1640 medium digestion solution containing
4% fetal calf serum, 0.5 mg/ml Collagenase Type II (Invitrogen),
0.5 mg/ml DNase I (Sigma–Aldrich), and 1 mg/ml Dispase (Invitro-
gen). Digestion was performed by incubating the pieces at 37 �C for
20 min with slow rotation. After 20 min, the solution was vortexed
intensely and passed through a 40-lm cell strainer. The pieces
were collected and placed into fresh digestion solution, and the
procedure was repeated a total of three times. Supernatants from
all three digestions from each small intestine were combined,
washed once in cold FACS buffer, resuspended in 10 ml of the
40% fraction of a 40:80 Percoll gradient, and overlaid on 5 ml of
the 80% fraction. Percoll gradient separation was performed by
centrifugation for 20 min at 2500 rpm at room temperature. Lam-
ina propria lymphocytes (LPLs) were collected at the interphase of
the Percoll gradient, washed once, and resuspended in FACS buffer.
The cells were used immediately for experiments.



Fig. 1. Reishi induces pro-inflammatory cytokines in DCs. (A), (B) BMDCs were cultured for 12 h with LPS (100 ng/ml) or Reishi (0.01, 0.1, or 1 mg/ml) or without any
stimulation (untreated; UT). The amounts of TNF-a, IL-6, IL-12 and IL-23 in the culture supernatants were measured by ELISA. N.D.; non-detectable. (C) BMDCs were cultured
for 12 h with LPS (100 ng/ml), Curdlan (100 lg/ml), or Reishi (1 mg/ml), and flow cytometric analyses of the expression of CD40 and CD86 were performed. The results shown
are representative of at least three independent experiments. (D) BMDCs were cultured for 12 h with LPS (100 ng/ml), PGN (100 lg/ml) or Curdlan (100 lg/ml). Cytokine
levels in the culture supernatants were measured by ELISA.
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3. Results

3.1. Reishi induces DCs to secrete abundant IL-23 but little or no IL-12

Reishi (G. lucidum) contains a variety of components [17]. We
separated the components on the basis of their solubility in organic
solvents such as EtOH and DMSO, and assessed each fraction’s abil-
ity to produce inflammatory cytokines in mouse bone marrow-de-
rived DCs (BMDCs). The fraction soluble in organic solvents did not
induce any cytokine production in BMDCs (data not shown), while
the fraction soluble in water [18], which contained the residue
remaining after organic extraction, induced DC activation (Fig. 1).



Fig. 2. Reishi induces IL-23 in DCs via a mechanism dependent on MEK-ERK. (A) BMDCs were stimulated with LPS (100 ng/ml), Curdlan (100 lg/ml) or Reishi (1 mg/ml) and
then harvested at the indicated times, lysed and immunoblotted with the indicated antibodies. (B) BMDCs were stimulated with LPS (h) or Curdlan (j) and harvested at the
indicated times. Total RNA was extracted, and quantitative RT-PCR for IL-23p19 mRNA was performed. All data were normalized to HPRT expression and are expressed as fold
differences relative to those of unstimulated cells. (C) RAW264.7 cells were transfected with the IL-23p19 promoter plasmid with a control empty vector or an expression
vector encoding constitutively active MEK (CAMEK). After 24 h, cells transfected with control vector were stimulated with Curdlan (1 lg/ml) for 6 h. Promoter activity was
then measured and normalized to that of untreated cells (UT). (D) BMDCs were stimulated with Curdlan for 6 h in the presence or absence of U0126 (5 lM). Total RNA was
harvested, and quantitative RT-PCR for IL-23p19 was performed. Data were normalized to HPRT expression and are expressed as fold differences relative to those of untreated
cells (UT) (left). BMDCs were stimulated with Curdlan for 12 h in the presence or absence of U0126 (5 lM), and the amount of IL-23 in the culture supernatants was measured
by ELISA (left). The results shown are representative of at least two independent experiments.
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Thus we focused on the water soluble fraction thereafter, and re-
ferred to this fraction as Reishi.

In response to Reishi, DCs produced abundant TNF-a and IL-23,
while they produced lower levels of IL-6, and barely detectable lev-
els of IL-12 (Fig. 1A and B). In contrast, lipopolysaccharide (LPS)-
stimulated DCs produced higher levels of IL-12 but not of IL-23
(Fig. 1A and B).

The pathogen-associated molecular patterns (PAMPs) that
exist in the surfaces of the cell walls of fungi are reported to
be recognized by DCs through TLR2, 4 and Dectin-1 [19,20].
Since the major components of Reishi are b-glucans and
peptidoglycan (PGN), we compared the effects of b-glucan
(Curdlan; b-1,3 linked glucans), PGN and LPS on DC
activation (Fig. 1C and D). The costimulatory molecule CD86 as
well as the maturation marker CD40 were upregulated in BMDCs
cultured for 16 h with Curdan or Reishi, which response was
similar to that achieved with LPS (Fig. 1C). Cytokine profiles of
b-glucan-stimulated DCs were very similar to those of
Reishi-stimulated DCs: they produced more IL-23 than IL-12.
Curdlan also induced IL-10 from DCs. PGN showed an intermedi-
ate pattern between LPS and Curdlan. These data suggest that
the main active ingredients in Reishi which is responsible for
high IL-23 and low IL-12 production from DCs are the
b-glucans.



Fig. 3. Reishi-stimulated DCs induce Th17 cell development. (A) Allogenic CD4+ T
cells (2 � 105 cells) from BALB/c mice were co-cultured with LPS (100 ng/ml)- or
Reishi (0.1 mg/ml)-stimulated BMDCs for 60 h (LPS-DC and Reishi-DC). Alterna-
tively, T cells were stimulated with anti-CD3 and anti-CD28 mAbs (anti-CD3 + anti-
CD28). Proliferation was measured by [3H]thymidine incorporation. B) After 5 days,
co-cultured T cells (1 � 106 cells) were restimulated with plate-coated anti-CD3
mAb for 12 h, and the amounts of IL-2, IFNc, IL-4 and IL-17A in the culture
supernatants were measured by ELISA. The results shown are representative of at
least two independent experiments.
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3.2. MEK-ERK signaling is involved in the induction of IL-23 in DCs by
b-glucan stimulation

To clarify the molecular basis for the preferential induction of
IL-23 by Reishi and b-glucan, we examined intracellular signaling
pathways. As shown in Fig. 2A, Reishi and b-glucan induced a sus-
tained phosphorylation of ERK1/2 (p44/p42) compared with LPS.
Phosphorylation levels of JNK and IjBa induced by Reishi were
similar to those by LPS (Fig. 1A).

IL-23 is a heterodimeric cytokine composed of a unique p19
subunit and a common p40 subunit shared with IL-12 [20]; IL-
23p19 transcription levels were enhanced and sustained in b-glu-
can-stimulated DCs (Fig. 2B). Judged from the result of Fig. 2A, we
speculated that ERK signaling is important for IL-23p19 transcrip-
tion in response to b-glucan. To investigate this possibility, we
cloned a IL-23p19 promoter and constructed a reporter system.
After stimulation with b-glucan, IL-23p19 promoter activity was
increased approximately 4-fold in RAW264.7 cells. Transfection
of a constitutive active MEK, the upstream activator of ERK, into
RAW264.7 resulted in a 10-fold upregulation of reporter activity
(Fig. 2C). The MEK inhibitor U0126 profoundly reduced b-glucan-
mediated IL-23p19mRNA induction (Fig. 2D, left). This was also
confirmed by measuring the protein level using ELISA (Fig. 2D,
right). These data indicate that the MEK-ERK pathway plays an
essential role in the induction of IL-23 by b-glucan.

3.3. Reishi-treated DCs induce activation of T cells and differentiation
of Th17 in vitro

Next, we evaluated the type of helper T cells generated in re-
sponse to Reishi-stimulated DCs. We investigated the effects of
Reishi-stimulated DCs on T cell proliferation and differentiation
using an allogenic mixed lymphocyte reaction (MLR). LPS-stimu-
lated DCs or Reishi-stimulated DCs from C57BL/6 mice were co-
cultured with CD4+ T cells from Balb/c mice. As shown in Fig. 3A,
Reishi-stimulated DCs induced the proliferation of CD4+ T cells,
just as LPS-stimulated DCs did. To determine T cell differentiation,
cytokine profiles in expanded T cells stimulated DCs were deter-
mined by ELISA. T cells cultured with Reishi-stimulated DCs pro-
duced large amounts of IL-17 but not of IFNc than those cultured
with LPS-stimulated DCs (Fig. 3B). Intracellular cytokine staining
also confirmed an increase in Th17 cells in response to Reishi-stim-
ulated DCs (data not shown). We also noticed that IL-4 production
was enhanced in T cells after co-culture with Reishi-stimulated
DCs. This suggests that Reishi-stimulated DCs have a potential to
induce not only Th17 but also Th2 differentiation.

3.4. Reishi is a potent inducer of anti-microbial immunity via induction
of Th17 cells in intestines

To determine whether Reishi could also induce a T cell response
in vivo, we treated mice with Reishi by oral administration for
4 weeks and analyzed the population of Th17 cell populations in
various organs by FACS. Reishi-treated mice had higher percent-
ages of Th17 cells than water-treated mice in all types of gut-asso-
ciated lymphoid tissue (GALT), excepting the MLN, but including
the PP and LP (Fig. 4A). Interestingly, the population of CD4+

Foxp3+ (Treg) cells, which are specialized for immune suppression,
also increased throughout the GALT, while the population of
CD4�IFNc+ cells increased only in the LP. Next, we examined IL-
17-downstream molecules in the small intestines of Reishi-treated
mice. IL-17A and IL-17F were recently indicated to be critical in
inducing the expression of b-defensins, which are important for
host defense [18]. The mRNA levels of both IL-17A and IL-17F, as
well as b-defensins in the small intestines of Reishi-treated mice
were higher than those in water-treated mice (Fig. 4B). These re-
sults suggest that Reishi might induce antibacterial activity via
Th17 induction.
4. Discussion

In this study, we examined the effects of Reishi on activation of
DCs and development of helper T cells. The results revealed that
Reishi induces DCs to produce large amounts of IL-23 and thereby
to develop Th17 cells in vitro and in vivo. Our data suggest that the
main active ingredients in Reishi responsible for the activation of
DCs are the b-glucans. As it has been reported elsewhere that b-
glucans induce Th17 cell development [10], our results appear to
be consistent with those reports. Reishi-treated DCs may also in-
duce Th2 (Fig. 3B), however, precise mechanism remained to be
clarified.

The metabolites of Reishi consist mainly of polysaccharides and
terpenoids. After we separated the components of Reishi according
to their solubility in organic solvents, the terpenoids should have
been contained in the fraction that was soluble in organic solvents.



Fig. 4. Oral administration of Reishi increases Th17 cell population and antibacterial activity in vivo. (A) Mice were orally administered with a suspension of Reishi (10 mg/
body) or double distilled water once every 2 days for 4 weeks, then intracellular flow cytometric analyses of the expression of IL-17A, IFNc and Foxp3 were performed for
splenocytes, mesenteric lymph node (MLN) cells, Peyer’s Patch (PP) cells and Lamina Propria (LP) lymphocytes. The flow-cytometric plots are gated on CD3+ cells (upper and
middle-left). Numbers in the histograms are fractions of CD4+ Foxp3+ T cells (middle-right). Upper-right bar graph indicates the percentage of CD4+ IL-17A+ cells in three
independent experiments. (B) After 4 weeks, total RNA of the small intestine was extracted, and quantitative RT-PCR was performed using the indicated primers. All data
were normalized to HPRT expression and are expressed as fold differences relative to those from ddw-treated mice (ctrl).
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In this study, the fraction that was soluble in organic solvents did
not activate DCs; rather, it suppressed the production of TNF-a and
IL-12 induced by LPS (data not shown). It has been reported else-
where that triterpenoids and steroids from Reishi exhibited a po-
tent inhibitory effect on NO production in LPS/IFNc-stimulated
microglial cells [21]. Additionally, the fruiting body of Reishi con-
tains ergosterol, a precursor of vitamin D3 with known anti-
inflammatory effects on DCs [22]. Thus the suppression of cytokine
production by the fraction of Reishi that was soluble in organic sol-
vents might also be due to terpenoids.

We showed that MEK-ERK signaling positively regulated IL-
23p19 transcription in Reishi- and b-glucan-stimulated DCs.
Kakimoto et al. reported that the Cot/Tpl2-ERK pathway is involved
in the induction of IL-23p19 [23]. Recently, IL-23p19 expression
during the response to TLR3 pathway activation was shown by pro-
moter analysis to require the activation of ATF2 [24]. That study
demonstrated that ATF2 binds directly to the IL-23p19 promoter
region and activates its expression. The same mechanism may oc-
cur in Reishi-stimulated DCs. However, it is still unknown how the
balance between IL-12 and IL-23 is regulated.

We found that the population of Th17 cells in GALT was in-
creased in mice treated with orally-administered Reishi. Interest-
ingly, the populations of Foxp3+ Treg cells and CD3+ CD4� IFNc
producing cells were also increased. As noted above, the fruiting
body of Reishi contains ergosterol, which is a precursor of steroid
hormones such as estrogen and vitamin D3. Previously, it has been
shown that the priming of naïve CD4+CD25� T cells with estrogen
or vitamin D3 results in the generation of Treg cells [25,26]. Thus
the increase in Foxp3+ cells in the GALT of mice given Reishi orally
might be caused by terpenoids rather than b-glucans. Additionally,
Reishi-stimulated DCs produced IL-2, which may promote the pro-
liferation of Treg cells. The resulting increase in Treg cells might
prevent the excessive activation of immune cells that could other-
wise be caused by Reishi. Alternatively, as it has recently been
shown that Foxp3 + Tregs can be converted into Th17 cells in the
presence of high levels of inflammatory cytokines, the high levels
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of Treg cells may be related to the preferential Th17 development
induced by Reishi [27]. We propose that the ability of Reishi to in-
duce Th17 cells as well as Treg cells may contribute to the immu-
nomodulatory effects of Reishi with regard to its effectiveness
against tumors, allergies and atopic dermatitis.
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