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Introduction

Antrodia camphorata is a medicinal mushroom well
known in Taiwan as a folk medicine and commonly used
to treat abdominal pain, diarrhoea, drug intoxication,

Summary

Asthma is a chronic disease characterized by airway inflammation caused
by the dysregulated production of cytokines secreted by allergen-specific
type 2 T helper (Th2) cells. Antrodia camphorata is a commonly used
fungus in Asian folk medicine, and A. camphorata polysaccharides are
reported to possess anti-cancer activities. In this study, the immunomodu-
latory effects of purified fractionated polysaccharides (GF2) from A. cam-
phorata on dendritic cells (DCs) and their potential preventive effects
against ovalbumin (OVA) -induced asthma were investigated. In the pres-
ence of GF2, lipopolysaccharide (LPS) -activated DCs exhibited up-regu-
lated expression of major histocompatibility complex (MHC) class II and
co-stimulatory molecules, as well as enhanced interleukin-10 (IL-10) and
IL-12 production. GF2 treatment on LPS-activated DCs suppressed naive
CD4" T-cell proliferation and Th2 cell polarization with IL-10 production
in an allogeneic mixed lymphocyte reaction. In animal experiments, a
high dose of GF2 efficiently reduced expression levels of OVA-specific
immunoglobulin G1 (IgG1) and IgE. However, lower doses of GF2 signifi-
cantly enhanced OVA-specific IgG2a production. Our data also showed
that administration of GF2 dose-dependently inhibited the development
of airway hyperresponsiveness, airway eosinophilia and Th2 responses.
OVA-specific CD4" T cells from higher doses of GF2-treated mice had
significantly lower proliferative capacities compared with control mice.
Moreover, treatment with GF2 significantly increased the high levels of
IL-10 and low levels of interferon-y produced by T cells. Taken together,
these data indicate that administration of A. camphorata polysaccharides
(GF2) may have therapeutic potential when used as an adjuvant for the
immunomodulatory treatment of allergic asthma.
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hypertension, itchy skin and liver cancer. For both
in vitro and in vivo models, the partially purified polysac-
charide from A. camphorata was found to have anti-
tumour effects.’ In addition, polysaccharides extracted

from A. camphorata exhibited anti-hepatitis B virus

Abbreviations: AHR, airway hyperresponsiveness; BALF, bronchoalveolar lavage fluid; DC, dendritic cell; ELISA, enzyme-linked
immunosorbent assay; GM-CSF, granulocyte—-macrophage colony-stimulating factor; HBSS, Hanks’ balanced salt solution; IDO,
indoleamine 2,3 dioxygenase; IFN-y, interferon-y; IgG1/E, immunoglobulin G1/E; IL-10, interleukin-10; LPS, lipopolysaccharide;
MHC, major histocompatibility complex; OVA, ovalbumin; PBS, phosphate-buffered saline; PHA, phytohaemagglutinin; TGF-p,
transforming growth factor-f; Th2, type 2 T helper cell; TNF-o, tumour necrosis factor-o; Trl, T-regulatory type 1 cells; Treg,

regulatory T cell.
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activity.” They also inhibit lipopolysaccharide (LPS)-
induced inflammation in mouse macrophages.” However,
there is no report on the immunomodulatory effects of
A. camphorata polysaccharides in allergic diseases.

Asthma is a global health problem that results from a
complex interplay between genetic and environmental fac-
tors. It is recognized that CD4" T-helper type 2 (Th2)
cells and their cytokines [interleukin-4 (IL-4), IL-5 and
IL-13] are responsible for the initiation and maintenance
of allergic disorders.*® These Th2 cytokines induce, pro-
long and amplify the inflammatory response by enhancing
the production of allergic-specific immunoglobulin E
(IgE); enhancing recruitment, growth and differentiation
of eosinophils; and directly causing airway hyperrespon-
siveness (AHR).”®

It has become apparent that dendritic cells (DCs)
can function both as initiators of the immune response
and as inducers of T-cell tolerance.”'® Factors that
determine how a given DC functions depend on its
state of maturation and the local microenvironment. To
acquire naive T-cell stimulatory ability, DCs must
undergo maturation. This involves up-regulation of sur-
face major histocompatibility complex (MHC) class II
and co-stimulatory molecules during their migration
from the periphery to the T-cell areas of lymphoid
organs. In contrast, DCs, particularly those at an imma-
ture stage, can suppress peripheral T-cell responses to
foreign antigens and induce antigen-specific tolerance.

To date, the immunomodulatory effects of A. cam-
phorata polysaccharides on DC function and allergic
asthma have never been defined. In the current study,
we clarify whether treatment with purified polysaccha-
rides from A. camphorata can alter the function of DCs
and achieve protective effects to alleviate the develop-
ment of airway symptoms in a mouse model of allergic
asthma. Changes in serum ovalbumin (OVA) -specific
antibodies, AHR, airway eosinophilia, T-cell prolifera-
tion and cytokine production by these treated mice
were evaluated. Our findings provide more insights into
how these polysaccharides affect the Th2-biased
immune response and provide guidance on the use of
immunoregulatory polysaccharides in a DC-based vac-
cine for asthma.

Materials and methods

Animals

Female BALB/c and C57BL/6 mice at 6-8 weeks old were
obtained from the Animal Center of National Taiwan
University and maintained in the Animal Center of Taipei
Medical University. Animals were age-matched within
each experiment. Animal care and handling protocols
were approved by the Animal Committee of the College
of Medicine, Taipei Medical University.

Preparation and analysis of a polysaccharide-enriched
fraction from A. camphorata extracts

Antrodia camphorata (20 g) produced by a solid-state
culture was provided by Well Shine Biotechnology Devel-
opment (Taipei, Taiwan). Crude A. camphorata polysac-
charide (AC-PS) extracts were prepared via an alkaline
extraction of the solid-state culture with 1 N NaOH
(400 ml) by autoclaving for 20 min at 121°, followed by
neutralization and filtration to remove the residue. The
filtrate was precipitated with an equal volume of 95%
alcohol. Then, the precipitate (1-84 g) was collected and
dissolved in 11 of double-distilled water (ddH,O) during
stirring at 4° for 24 hr. The solution was centrifuged
(16 000 g) at 4° for 1 hr, and the supernatant was con-
centrated at 35° under a vacuum using a rotary evapora-
tor. The slurry product was then lyophilized to obtain a
water-soluble dark-brown AC-PS powder. This powder
was again dissolved in 100 ml ddH,O and fractioned
through a gel-filtration Fractogel TSK HW-60 (Merck,
San Diego, CA) column (300 x 16 mm) with 0-1 m Tris—
HCI buffer (pH 7-0) as the mobile phase. The flow rate
was set to 3-5 ml/min, and fractions were collected at
14 ml/tube. Six polysaccharide-enriched fractions were
collected, each dialysed to remove excess salts and lyophi-
lized to give fractions 1 to 6 (GF1-6).

These eluted fractions were polysaccharides that did
not include triterpenes, lipids, steroids, phenols or pro-
teins. Among all fractions, the purified polysaccharide
GF2 (with a 30-33% yield) was the major polysaccharide
fraction and possessed optimal immunomodulatory func-
tion, therefore; it was used in the following studies.

Gel permeation chromatography analysis showed that
the average molecular weight of GF2 was 2000 kDa. More-
over, GF2 contained 67% carbohydrate as determined by
the phenol-sulphuric acid method. The monosaccharide
composition of GF2 was further monitored by the gas
chromatograph method, with glucose identified as the
major monosaccharide. In addition, determination of the
peptide moiety in GF2 was accomplished using the Brad-
ford protein assay. A 33% protein content was observed in
GF2. In general, GF2 belonged to the category of protein-
bound polysaccharides and its ratio of carbohydrate : pro-
tein was 2 (weight/weight). GF2 preparations were tested
for Gram-negative bacterial endotoxin contamination by
the limulus amoebocyte lysate assay (Cambrex, Walkers-
ville, MD). We found no detectable levels of endotoxin
(< 0-10 endotoxin units/ml) in the GF2 samples.

Generation of bone-marrow-derived DCs (BMDCs)
in vitro

The BMDCs were prepared as described previously.'
Briefly, tibial and femoral bone marrow from 5- to
6-week-old BALB/c mice was isolated. Bone marrow cells
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were cultured in RPMI-1640 and 5% fetal bovine serum
complete medium with IL-4 (1000 U/ml) and granulo-
cyte-macrophage colony-stimulating factor (GM-CSF;
500 U/ml) on day 0. Every other day, the medium was
removed, and fresh medium containing GM-CSF and
IL-4 was added. On day 6 of the culture, non-adherent
cells were collected and washed for further assay.

Reverse transcription and quantitative polymerase chain
reaction

On day 6 of the culture, bone-marrow-derived non-
adherent cells were collected and 1 x 10° cells/ml were
treated with RPMI-1640 medium, various concentrations
of GF2 (1, 10 and 100 pg/ml), LPS (1 pg/ml) alone, or
LPS plus various concentrations of GF2 for 6 hr. After
incubation, the cells were collected and total RNA
(2 x 10° to 4 x 10° cells) was extracted according to the
TRIzol method (Invitrogen, Carlsbad, CA). Complemen-
tary DNA (cDNA) was generated from 2 pg of total RNA
by using a high-capacity ¢cDNA reverse transcription kit
(Applied Biosystems, Foster City, CA). Four microlitres of
cDNA was used with a polymerase chain reaction (PCR)
master mix and TagMan assays (Applied Biosystems).
Quantitative PCR detection of mouse glyceraldehyde
3-phosphate dehydrogenase (GAPDH), IL-10 and IL-12
were conducted in triplicate using an Applied Biosystems
7900 PCR system. Cycle thresholds obtained were nor-
malized to GAPDH. Relative fold changes were calculated
by the comparative threshold cycle (Cr) method, 2724,

Determination of cytokine levels

Levels of IL-5, IL-10, IL-12, transforming growth factor-f8
(TGF-f) and interferon-y (IFN-y) in the culture superna-
tant from DCs or T cells were assayed using enzyme-
linked immunosorbent assay (ELISA) kits (Duoset, R&D
Systems, Minneapolis, MN).

Quantities of IL-4, IL-5, IL-10, IL-13 and IFN-y in
bronchoalveolar lavage fluid (BALF) and culture super-
natants of splenocytes were also evaluated using com-
mercially available ELISA kits (Duoset, R&D Systems).

Flow cytometric analysis of DCs

A FACSCalibur (Becton Dickinson, San Jose, CA) was
used for analytical flow cytometry, and data were pro-
cessed with CrLLQuestPro software (BD Biosciences,
Mountain View, CA). The BMDCs were stained with rat
anti-mouse monoclonal antibodies to CD11c, 1A¢ (MHC
class II), CD80 (B7-1) and CD86 (B7-2) (eBioscience, San
Diego, CA). Staining with isotype control antibodies was
performed in all experiments. The DCs were gated
according to the standard forward-scatter and side-scatter
profiles for CD11c" large cells.
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Isolation of allogeneic naive CD4" T cells

Spleens were harvested from female C57BL/6 mice and
ground into single-cell suspensions. After depleting red
blood cells via an ACK lysis buffer, splenocytes were
washed with Hanks’ balanced salt solution (HBSS) three
times and resuspended with magnetic antibody cell sort-
ing (MACS) buffer [0-5% bovine serum albumin and
2 mm ethylenediaminetetraacetic acid in 1 X phosphate-
buffered saline (PBS) solution] at 107/90 pl cells. Subse-
quent staining with anti-CD4 magnetic beads (Miltenyi
Biotec, Auburn, CA) at 107/10 pl cells was performed for
10 min at 4°. According to the manufacturer’s instruc-
tions, cells were then washed and resuspended in MACS
buffer to purify allogeneic naive CD4" T cells. Positively
selected cells were collected for further analysis.

Allogeneic mixed lymphocyte reaction

Approximately 1 X 10° day-6 BMDCs were seeded in a 24-
well plate and treated with LPS (1 pg/ml), LPS plus GF2
(100 pg/ml) or medium only. After 24 hr of culture,
BMDCs were irradiated with 3000 rad (**’Cs source). After
washing twice with HBSS, different proportions of irradi-
ated BMDCs (3 x 10%, 7-5 x 10” and 1-87 x 10° cells/well)
and allogeneic naive CD4" T cells (3 X 10° cells/well) were
incubated at 37° in 96-well round-bottom plates. Addition-
ally, either anti-IL-10R monoclonal antibody (10 pg/ml;
R&D Systems) or an isotype-matched control monoclonal
antibody was added to the cultures in the presence of LPS
and GF2 stimulation. After 3 days of culture, tritiated thy-
midine (New England Nuclear, Boston, MA) was applied at
1 pCi/well and incubated at 37° for another 16-18 hr. Cells
were then harvested onto glass filters by an automated
multi-sample harvester and counted with a dry scintillation
counter (Packard Instrument, Meriden, CT).

Animal models and study design

For systemic immunization, mice were immunized twice
intraperitoneally with 50 pg OVA (grade V; Sigma Chem-
ical, St Louis, MO) plus 2 mg alum (Pierce Chemical,
Rockford, IL) on days 0 and 10. Subsequently, mice were
exposed to OVA aerosol challenge (5% OVA in a normal
saline solution) for 3 consecutive days (days 14-16). The
aerosols were generated in a chamber using an ultrasonic
nebulizer. To examine the effects of various dosages (1,
10 and 100 pg/mouse) of GF2, three groups of mice were
simultaneously intraperitoneally injected with different
doses of GF2 for 3 days each time (days — 1 to 1 and
days 9 to 11) with the indicated immunization protocol.
The positive control mice received PBS instead of GF2.
The negative control mice were neither sensitized with
OVA nor given GF2 treatment although they did receive
an OVA challenge.
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Serum antibody assay

Serum samples were collected from the retro-orbital
venous plexus after intraperitoneal immunization with
the OVA antigen. The OVA-specific IgE, IgG1 and IgG2a
serum antibody titres were determined by ELISA as previ-
ously described.'” Levels of antibodies were compared
with IgE, IgGl and IgG2a standards for predetermined
concentrations (immunoglobulin concentrations: IgE =
1 pg/ml, IgG2a = 15-5 pg/ml, IgGl = 25-6 pg/ml). The
concentration of standard serum was arbitrarily assigned
as 1 ELISA unit (1 EU).

Measurement of AHR

Twenty-four hours after the last aerosol exposure, the air-
way resistance of mice was measured by a single-chamber,
barometric whole-body plethysmography (Buxco Electron-
ics, Troy, NY) as previously described.'” Briefly, mice were
placed in the main chamber, and baseline readings were
taken and averaged for 3 min. Aerosolized normal saline or
methacholine (acetyl-f-methycholine chloride; Sigma) in
increasing concentrations (6-25-100 mg/ml) were nebu-
lized through an inlet of the main chamber for 3 min.
Recordings were taken and averaged for 3 min after each
nebulization. Airway reactivity was expressed as the mean
enhanced pause [Penh = pause X (peak expiratory box
flow/peak inspiratory box flow)], and data were expressed
as the ratio of Penhycy, values compared with Penhy, .

Analysis of the cellular composition of BALF

One day after measuring the pulmonary function parame-
ters, mice were killed, and their tracheas were immedi-
ately lavaged three times via a tracheal cannula with 1 ml
HBSS that was free of ionized calcium and magnesium.
The lavage fluid was cooled on ice and centrifuged
(400 g) at 4° for 10 min. After washing, the supernatants
were collected for the cytokine assay, and cell pellets were
resuspended in 1 ml HBSS. The total numbers of cells in
the BALF were counted with a standard haemocytometer.
Differential cell counts were performed by counting at
least 200 cells in the cytocentrifuged preparations, staining
with Liu’s stain solution (Chi I Pao, Taipei, Taiwan), and
differentiating by standard morphological criteria.

Antigen-specific proliferative assay

For the proliferation assay, 3 X 10> freshly isolated spleen
cells/well were cultured with OVA (10, 50 and 100 pg/ml)
and 10 pg/ml phytohaemagglutinin (PHA, Sigma), or med-
ium only in RPMI-1640 medium containing 2% TCM
(mouse serum replacement; Celox, Hopkins, MN) plus 2%
fetal bovine serum. After 3-5 days of culturing, cell prolif-
eration was estimated by methyl thiazolyl tetrazolium

(MTT; Sigma) colorimetric assay. The MTT was dissolved
at 5 g/l in PBS and filtered through a 0-22-pm filter. The
culture supernatant was removed (100 pl/well), and the
MTT solution (10 pl) was added to each well for further
incubation at 37° for 4 hr. Subsequently, 100 pl of 10%
sodium dodecylsulphate (SDS) in 0-01 N HCI was added to
each well, and the microplates were incubated at 25° over-
night, then measured with a spectrophotometer. Data were
expressed as absorbance values. The stimulation index
(S.I.) was calculated as the absorbance value for optical
density at 590 nm (ODsg) of stimulated wells divided by
the ODsg( absorbance value of untreated control wells.

Statistical analysis

Results are expressed as the mean £ SEM. Statistical anal-
ysis was performed using one-way analysis of variance fol-
lowed by Dunnett’s post hoc test. P < 0-05 was considered
statistically significant.

Results

GF2 enhances IL-10 and IL-12 production
in LPS-stimulated DCs

Before testing the effects of the purified GF2 fraction from
A. camphorata polysaccharides on BMDCs, we examined
the effects of GF2 on cell viability. After 48 hr of treatment
with GF2 alone or GF2 and LPS in BMDCs, cell numbers
were counted. The results showed that cell numbers were
not affected by GF2 even at 200 pg/ml (Yueh-Lun Lee and
Yi-Lien Chen, unpublished data). In determining whether
the GF2 fraction affected cytokine production by mouse
BMDCs, we compared IL-10 and IL-12 expression in LPS-
stimulated DCs cultured with different doses of GF2. In the
presence of GF2, increased transcription levels of IL-10 and
IL-12 genes were observed in LPS-treated DCs (Fig. la).
The protein levels of IL-10 and IL-12 also demonstrated
similarly significant increases in a dose-dependent manner
(Fig. 1b).

GF2 enhances maturation of LPS-stimulated DCs

To further determine whether the GF2 fraction modu-
lated the maturation of mouse BMDCs in vitro, we com-
pared the phenotype of mouse DCs treated with GF2
(100 pg/ml) and those untreated in the presence of LPS
stimulation. As shown in Fig. 2, the expression of the
CD80 molecules in DCs stimulated with LPS plus GF2
was significantly higher than in DCs treated with only
medium (Fig. 2). Although, the difference was not signifi-
cant, the data demonstrate that DCs activated with LPS,
GF2 or LPS plus GF2 expressed similarly increased levels
of MHC class II and CD86 molecules compared with
medium-treated DCs.

© 2009 Blackwell Publishing Ltd, Immunology
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Figure 1. GF2 up-regulated interleukin-10 (IL-10) and IL-12 expression in lipopolysaccharide (LPS) -stimulated dendritic cells (DCs). (a) IL-10
and IL-12 messenger RNA expression and (b) protein levels from different doses of GF2-treated DCs with or without LPS stimulation. On day 6

of the culture, bone marrow-derived non-adherent cells were collected and treated with RPMI-1640, various concentrations of GF2 (1, 10 and
100 pg/ml), LPS (1 pg/ml) alone, or LPS plus various concentrations of GF2 for 6 hr (or 48 hr). The transcripts and protein production for the

IL-10 and IL-12 were measured by quantitative real-time reverse transcription—polymerase chain reaction and enzyme-linked immunosorbent

assay, respectively. Results from triplicate experiments are shown and expressed as the mean = SEM. *P < 0-05; **P < 0-01; and ***P < 0-001
compared with the medium-treated DCs. #P < 0-05 and ###P < 0-001 compared with LPS-stimulated DCs. ND, not detectable.

GF2- and LPS-treated DCs suppress T-cell activation
and Th2 cell polarization

Mature DCs have the capacity to induce proliferation in
allogeneic T cells at much higher levels than immature
DCs.'* To determine the allogeneic mixed lymphocyte
reaction, DCs were co-cultured with allogeneic naive
CD4" T cells at different ratios (DC : T-cell ratios of
1:10,1:40 and 1 : 160). The results showed that IL-10,
not TGF-f, produced by T cells induced under GF2- and
LPS-treated DC stimulation was far higher than that
observed following LPS treatment of DCs (Fig. 3a).
Although GF2 did not have a suppressive effect on the
production of IFN-y, there was a significant decrease in
IL-5 secretion by T cells at high DC : T-cell ratios. Inter-
estingly, LPS-activated DCs cultured in the presence of
GF2 significantly suppressed T-cell proliferation and
blocked IL-10-mediated signalling, markedly affecting this
suppression mechanism (Fig. 3b).

High-dose GF2 treatment inhibits allergen-specific
immunoglobulin production

To investigate the in vivo impact of GF2 as a vaccine
adjuvant for modulating the immune response of allergic
diseases, groups of mice were intraperitoneally immu-
nized with OVA plus alum on days 0 and 10, and differ-

© 2009 Blackwell Publishing Ltd, Immunology

ent doses (1, 10 and 100 pg per mouse) of GF2 were also
intraperitoneally injected into the mice for 3 consecutive
days (days — 1 to + 1 and days 9 to 11) for each immu-
nization. Serum samples were collected on days 0, 7 and
14. In mice, Th2 cytokine IL-4 promotes IgG1l and IgE
production. However, Thl cytokine IFN-y induces the
production of IgG2a. Therefore, the OVA-specific IgE,
IgGl and IgG2a serum antibody titres were investigated
by ELISA. In the positive control mice, which received
PBS treatment instead of GF2 and were sensitized with
OVA, both strong IgE and IgGl production and low
IgG2a expression were induced (Fig. 4). Although the
administration of GF2 at doses of 1 and 10 pg/animal did
not down-regulate IgE or IgGl production, the IgG2a
synthesis was significantly up-regulated after two cycles of
GF2 treatment. Notably, a high dose (100 pg) of GF2 not
only efficiently inhibited OVA-specific IgE and IgG1 pro-
duction, but also slightly suppressed OVA-specific 1gG2a
secretion.

GF2 treatment ameliorates AHR and eosinophilic
inflammation

To assess the protective effects of GF2 against allergic
asthma, both the AHR and the accumulation of inflam-
matory cells in BALF were measured. On days 0 and 10,
all groups of mice were immunized intraperitoneally with
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Figure 2. GF2 enhanced maturation of lipopolysaccharide (LPS) -stimulated dendritic cells (DCs). On day 6 of the culture, bone marrow-derived
non-adherent cells were collected and treated with RPMI-1640, GF2 (100 pg/ml), LPS (1 pg/ml), or combined GF2 and LPS for 48 hr. After
incubation, cells were collected and the expressions of CD80, CD86 and major histocompatibility complex (MHC) class II by DCs were analysed
by flow cytometry. LPS was used as the positive control. DCs were gated on CD11c" large cells. (a) Values shown in the flow cytometric profiles

are the mean fluorescence intensity (MFI) by CELLQUESTPRO software. Values shown were from one representative experiment of four indepen-
dent experiments performed. (b) The MFI was calculated, and results are expressed as the mean + SEM from four experiments. *P < 0-05 com-

pared with medium-treated DCs.

OVA emulsified in alum. Then the mice were exposed to
OVA aerosols for 3 consecutive days (days 14-16). One
day after the last OVA challenge, the airway responsive-
ness to aerosolized methacholine of each mouse group
was measured. Positive control mice, treated with PBS
instead of GF2, developed markedly increased airway
responsiveness to methacholine inhalation compared with
the non-allergic negative control group (Fig. 5). However,
GF2 treatment dose-dependently alleviated the develop-
ment of AHR compared with the positive control group.
Furthermore, in positive control mice, exposure to aero-
solized OVA induced a marked increase in the cell num-
bers of eosinophils in the BALF (Fig. 6). In contrast, mice
treated with GF2 demonstrated significantly reduced
increases in eosinophils.

GF2 treatment reduces the allergen-specific T-cell
proliferative response

To determine the proliferation of CD4" T cells in
response to an allergen, we cultured spleen CD4" T cells
with OVA. Results showed that OVA-specific CD4" T
cells from mice treated with 10 and 100 pg GF2 had
significantly lower proliferation levels compared with
positive control mice (Fig. 7a). Additionally, we tested
PHA-induced CD4" T-cell proliferation and observed that
treatment with 100 pg GF2 slightly inhibited the prolifer-
ative capacity of CD4" T cells, although the difference
was not significant compared with positive control mice
(Fig. 7b). In contrast, the 1- and 10-pg doses did not
suppress the proliferative response of CD4" T cells.

© 2009 Blackwell Publishing Ltd, Immunology
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Figure 3. GF2 combined with lipopolysaccharide (LPS) -treated dendritic cells (DCs) reduced T helper type 2 (Th2) cell polarization and T-cell
proliferation in an allogeneic mixed lymphocyte reaction. (a) Modulatory effects of GF2 on T-cell cytokine secretion. Approximately
1 x 10° cells/ml day-6 DCs were pretreated with medium, LPS (1 pg/ml), or LPS plus GF2 (100 pg/ml) for 24 hr. Allogeneic naive CD4" T cells
(3 x 10 cells/well) were cultured with y-irradiated DCs in 96-well round-bottomed plates at different DC : T (1 : 10, 1 : 40, and 1 : 160) ratios.
Concentrations of interleukin-5 (IL-5), interferon-y (IFN-y), transforming growth factor-f (TGF-f) and IL-10 secreted by naive CD4" T cells,
which were co-cultured with y-irradiated DCs in 96-well plates for 3 days, were determined by enzyme-linked immunosorbent assay. (b) Modula-
tory effects of GF2 on T-cell proliferation. DCs were pretreated with medium, LPS (1 pg/ml), or LPS plus GF2 (100 pg/ml) for 24 hr. Allogeneic
naive CD4" T cells were pre-incubated with or without anti-IL-10 receptor and isotype control antibodies separately for 1 hr. T cells were then
cultured with y-irradiated DCs in 96-well round-bottomed plates. After 3 days of culture, cells were pulsed with 1 pCi/well of [*H]thymidine for
16-18 hr. Specific incorporation of [*H]thymidine was determined by a f-counter, and results are expressed as counts/min. Results for all panels
are expressed as the mean + SEM of three independent experiments. *P < 0-05; **P < 0-01; and ***P < 0-001 compared with the medium-treated
DCs. #P < 0-05 and ###P < 0-001 compared with LPS-stimulated DCs.

of the splenocyte culture also strongly decreased in
GF2-treated mice (Fig. 8b).
By studying IL-10 and IFN-y concentrations in the

GF2 treatment suppresses the production of Th2
cytokines in BALF and the spleen

Levels of the important Th2 cytokines, IL-4, IL-5 and
IL-13, in BALF and the spleen derived from each group
were measured by ELISA. As shown in Fig. 8(a), levels of
these Th2 cytokines in BALF significantly declined in
GF2-treated mice, compared with positive control mice.
Similarly, levels of Th2 cytokines in the supernatant

© 2009 Blackwell Publishing Ltd, Immunology

BALF and cell culture supernatant from the spleen, we
determined whether it was possible to affect the immune
response through inducing IL-10-producing or IFN-y-
producing T cells. Results showed that 1 and 10 nug GF2
treatment markedly up-regulated IL-10 production in
BALF and splenocytes (Fig. 8a,b). However, mice treated
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Figure 4. Serum anti-ovalbumin (OVA) immunoglobulin E (IgE),
IgGl, and IgG2a antibody responses in GF2-treated mice. BALB/c
mice were immunized twice with 50 pg/mouse OVA adsorbed on
2 mg alum on days 0 and 10. To examine the effects of GF2, three
groups of mice were additionally treated with different doses (1, 10
and 100 pg/mouse) of GF2 for 3 consecutive days (days — 1 to + 1
and days 9 to 11) simultaneously with each systemic immunization.
Positive control mice received phosphate-buffered saline (PBS)
instead of GF2. Subsequently, sensitized mice were given aerosolized
OVA three times on days 14, 15 and 16. The negative control mice
were neither sensitized with OVA nor given GF2 treatment. Blood
was collected on the days indicated and serum levels of anti-OVA
antibodies IgE, IgGl and IgG2a were measured by enzyme-linked
immunosorbent assay. Results are expressed as the mean + SEM of
five to eight mice per group. Experiments were repeated twice with
similar results. *P < 0-05; **P < 0-01; and ***P < 0-001 compared
with the control group (OVA/PBS). #P < 0-05; ##P < 0-01; and
###P < 0-001 compared with the OVA/GF2 (1 pg) group. 1P <
0-05; 1P < 0-01; and TffP < 0-001 compared with the OVA/GF2
(10 pg) group. fifP < 0-001 compared with the OVA/GF2 (100 ng)
group.
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Figure 5. Treatment with GF2 inhibited airway hyperresponsiveness
to aerosolized methacholine in ovalbumin (OVA) -sensitized and
OVA-challenged mice. On days 0 and 10, all groups of mice were
immunized intraperitoneally with 50 pg OVA emulsified in 2 mg
alum. Then mice were exposed to OVA inhalation challenge for 3
consecutive days (days 14-16). The negative control mice were not
sensitized with OVA but received OVA challenge. One day after the
last OVA challenge, airway hyperresponsiveness was measured in
response to increasing concentrations of methacholine (0-100 mg/
ml) in conscious mice placed in a whole-body plethysmograph. Data
are reported as the per cent increase in the mean enhanced pause
(Penh) over baseline values. Results are expressed as the mean *
SEM of five to seven mice in each group. Experiments were repeated
twice with similar results. *P < 0-05; **P < 0-01; and ***P < 0-001
compared with the control group (OVA/phosphate-buffered saline).

with 100 pg GF2 displayed significantly inhibited expres-
sion of IL-10 in the spleen compared with positive con-
trol mice. Furthermore, the data demonstrated that
treatment with all doses of GF2 enhanced a moderate

250 =
R OVA/PBS
CIOVA/GF2 (1 ug)
~ 2004 3 OVA/GF2 (10 pg)
2 ZA0OVA/GF2 (100 ug)
< 1504
Q
Qo
£
3 100+
3
50
0-

Mon Eos Neu Lym

Figure 6. Changes in the cellular composition of bronchoalveolar
lavage fluid (BALF) of mice exposed to an aerosolized allergen. One
day after measuring the pulmonary function parameters, each group
of mice was killed, and BALF was collected. Cells were counted and
classified as monocytes (Mon), eosinophils (Eos), neutrophils (Neu)
and lymphocytes (Lym). Results are expressed as the mean + SEM of
five to seven mice in each group. Experiments were repeated twice
with similar results. *P < 0-05; **P < 0-01; and ***P < 0-001 com-
pared with the control group (OVA/phosphate-buffered saline).
#P < 0-05 and ##P < 0-01 compared with the OVA/GF2 (1 pg)
group. TP < 0-05 compared with the OVA/GF2 (10 pg) group.
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Figure 7. Treatment with GF2 reduced the allergen-specific T-cell proliferative response in ovalbumin (OVA) -sensitized and OVA-challenged
mice. One day after measuring the pulmonary function parameters, each group of mice was killed, and 3 x 10> spleen cells/well were stimulated
with (a) OVA (10, 50 and 100 pug/ml) or (b) phytohaemagglutinin (PHA) (10 pg/ml) in vitro. After 3-5 days of culture, cell proliferation was
estimated by methyl thiazolyl tetrazolium assay. The stimulation index (S.I.) was calculated as the ODsy, absorbent value of the stimulated wells
divided by the ODsqq absorbent value of untreated control wells. Results are expressed as the mean = SEM of five to seven mice in each group.
Experiments were repeated twice with similar results. *P < 0-05; **P < 0-01; and ***P < 0-001 compared with the control group (OVA/phos-
phate-buffered saline). #P < 0-05 and ##P < 0-01 compared with the OVA/GF2 (1 pg) group.
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Figure 8. Cytokine levels in GF2-treated mice. (a) Forty-eight hours after the last aerosol exposure, bronchoalveolar lavage fluid (BALF) was col-
lected and analysed for interleukin-4 (IL-4), IL-5, IL-13, IL-10 and interferon-y (IFN-y) contents by enzyme-linked immunosorbent assay
(ELISA). (b) Splenocytes (3 x 10° cells/ml) from GF2-treated and control groups were stimulated with 100 pg/ml ovalbumin (OVA) in 24-well
plates, and culture supernatants were collected after 48 hr. Levels of cytokine production of IL-4, IL-5, IL-13, IL-10 and IFN-y were analysed by
ELISA. Results are expressed as the mean + SEM of five to seven mice per group. Experiments were repeated twice with similar results.
*P < 0-05; **P < 0-01; and ***P < 0-001 compared with the control group (OVA/phosphate-buffered saline). #P < 0-05; ##P < 0-01; and
###P < 0-001 compared with the OVA/GF2 (1 pg) group. TP < 0-05; 1P < 0-01; and 111P < 0-001 compared with the OVA/GF2 (10 pg) group.
}P < 0-05 and $P < 0-01 compared with the OVA/GF2 (100 pg) group.

level of IFN-y production. Taken together, these findings immunomodulatory and anti-tumour activity have been

suggest that GF2 treatment might induce protective
immunity against asthma through induction of IL-10 pro-
duction or Th2 skewing.

Discussion
At present, a variety of different mushroom species have

been investigated, and several major substances with

© 2009 Blackwell Publishing Ltd, Immunology

isolated from them. Previous reports indicated that most
polysaccharides isolated from mushrooms induced a
Thl-dominant state via induction of tumour necrosis
factor-o (TNF-o), IFN-y or IL-12."°7" For instance, a
recent study reported that A. camphorata polysaccharides
are potential inducers of Thl-type cytokines such as
TNF-o and IFN-y, but not of Th2 cytokines."® Also,
A. camphorata polysaccharides inhibit inflammation by
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modulating  pro-inflammatory  cytokines.'””  Current
research on the immune modulation exerted by mush-
rooms has gone beyond the mechanisms involved in
anti-tumour or anti-inflammatory activities and has
ventured into their potential application in other diseases
and clinical states in which modulation of certain
immune parameters may be beneficial.

In recent years some researchers have focused on study-
ing the effects of mushroom compounds on DCs.”® A
protein-bound polysaccharide K (PSK) isolated from the
cultured mycelium of Coriolus versicolor has been reported
to promote both phenotypic and functional maturation
of DCs derived from human CD14" mononuclear cells.”!
Chan et al®* reported that crude Ganoderma lucidum
spore polysaccharide (GL-S) -treated DCs suppressed
T-cell proliferation and it was associated with an
increased IL-10 production of the GL-S-treated
DC : T-cell co-culture supernatant. By administering GF2,
a protein-bound polysaccharide compound isolated from
A. camphorata, we demonstrated that the production of
IL-10 and IL-12 was increased in LPS-stimulated DCs
in vitro. Furthermore, GF2-treated DCs caused the inhibi-
tion of T-cell proliferation by inducing IL-10 production
in T cells. Therefore, we speculate that GF2 may be useful
in preventing allergen-induced asthmatic disease because
of its potential immunotolerant properties.

Regarding the current study, our results clearly demon-
strated that multiple intraperitoneal injections of GF2 in
allergen-sensitized and allergen-challenged mice strongly
alleviated the severity of AHR, reduced allergen-induced
eosinophilic airway inflammation, and decreased the
accumulation of pro-inflammatory Th2 cytokines in the
airway and spleen. How GF2 carries out its ‘regulatory’
role is not fully understood. Among the possible explana-
tions for its negative regulatory activities is that GF2
treatment might influence DC function. Although these
LPS-activated DCs with GF2 stimulation expressed high
levels of MHC class II and co-stimulatory molecules and
produced high levels of IL-10 and IL-12 cytokines, they
are impaired in their capacity to induce T-cell responses
of naive CD4" T cells in an allogeneic mixed lymphocyte
reaction. Tolerogenic DCs have been reported to induce
antigen-specific anergy in several studies.”>™*® As a result,
it is possible that GF2 converts OVA-pulsed DCs into tol-
erogenic antigen-presenting cells and might induce anergy
in these antigen-specific T cells.

When the capacity of DCs to activate T cells is
impaired, either as a result of incomplete maturation or
the influence of specific inhibitory cytokines (e.g. IL-10),
they can suppress T-cell immune reactivity. The imma-
ture developmental stages of DC differentiation are
believed to induce T-cell anergy, whereas mature DCs are
thought to induce strong primary T-cell responses. How-
ever, this bimodal concept of immature versus mature
DCs has been challenged by studies demonstrating that a

10

human monocyte-derived DC subset (CD123") expressing
the tryptophan-catabolizing enzyme, indoleamine 2,3 di-
oxygenase (IDO), inhibited T-cell proliferation in vitro.””
The IDO-mediated suppressor activity was present in
both immature and mature CD123" DCs. Some studies
indicated that mature but tolerogenic DCs can be defined
as being mature based on the high expression levels of
MHC class II and co-stimulatory molecules; however,
they produce low levels of pro-inflammatory cytokines
such as IL-6, TNF-o and IL-12, and are referred to as
‘semi-mature’ DCs.?®*® Hence, based on our limited data,
there are still more details requiring further clarification,
such as whether GF2-treated DCs develop into the
mature or semi-mature form in the presence of an anti-
gen, how they function, and what conditions allow for
the generation and use of GF2-treated DCs with defined
characteristics.

A second explanation for the inhibitory effects of GF2
might be through combined GF2-activated and OVA-acti-
vated DCs inducing the expression and functional activa-
tion of regulatory T cells (Tregs). The Tregs involved in
regulating allergy and asthma consist of a family of
related types of T cells, including naturally occurring
CD4" CD25" Foxp3" Tregs as well as an inducible form
of antigen-specific Tregs, such as T-regulatory 1 (Trl)
cells and Th3.’*7* These cells can suppress the prolifera-
tion of naive and memory CD4" and CD8" T cells
through direct cell-to-cell contact, as well as by secreting
IL-10 and TGF-f. Indeed, Yamazaki ef al. describe how
bone marrow-derived, antigen-bearing mature DCs can
expand CD4" CD25" Tregs both in vitro and in vivo.”
Further data from mouse experiments indicate that obvi-
ously ‘mature’ DCs induce CD4" IL-10" Tregs in vivo.***
For our study, both local (BALF) and systemic (spleen)
levels of IL-10 in mice treated with 1 and 10 pg GF2 were
significantly higher than in control mice. Therefore, it is
possible that IL-10 may be produced by inducible Trl
cells in these GF2-treated mice to suppress the immune
response of allergen-specific Th2-cell populations and
directly inhibit allergic airway inflammation.

Notably, we observed that mice treated with a high
(100 pg) dose of GF2 reduced OVA-specific antibody
secretion (IgGl, IgE and IgG2a) and cytokine production
(IL-4, IL-5, IL-10 and IL-13). Such treatment further led
to poor proliferative ability of CD4" T cells in response
to either OVA or PHA stimulation. These data indicate
that high-doses of GF2 treatment might strongly inhibit
both antigen-specific and non-antigen-specific T-cell
immune responses via the induction of Tregs, which are
known to exert suppressive activity in a non-antigen-
specific manner. This means an excessive amount of a
pan-immunosuppression may occur, yielding potentially
dangerous conditions for the generation of these cells
because an immune response against infectious pathogens
might contemporarily be hampered. In this regard, GF2

© 2009 Blackwell Publishing Ltd, Immunology



must be used with great care when treating allergic disor-
ders in the future.

We believe that controlling allergic inflammation and
asthma is complex, involving several different mechanisms
and several different cell types. In this study, we showed
that GF2 has inductive effects on Thl responses, includ-
ing anti-OVA IgG2a and IFN-y production in mice trea-
ted with 1 or 10 pg GF2. Recently, an inducible Th1-like
Treg, which produces both IL-10 and IFN-y, was reported
to block the development of allergen-induced AHR in a
murine model of asthma.*® Similarly, it was demonstrated
that sublingual immunotherapy with a Dermatophagoides
pteronyssinus  monomeric allergoid induced clinical
improvements and down-regulated allergen-specific IgE
production, which is associated with a significant increase
of T cells producing both IL-10 and IFN-}.>” The same
results were observed with oral probiotics, which seem to
be able to alleviate the clinical symptoms of atopic der-
matitis.’® Probiotics not only induce IL-10 production,
but also increase the production of IFN-y, hence support-
ing the concept that their preventive activities against the
development of allergic reactions are mediated by a com-
bined mechanism of immune suppression and immune
deviation.

In conclusion, our findings suggest that the GF2 poly-
saccharide fraction of A. camphorata can be used as an
adjuvant to prevent the development of allergic asthma
by inducing immune tolerance. Therefore, GF2 might be
a beneficial and potential partial treatment regimen to
regulate host immune responses. This study provides
information for the further designs of GF2-treated-DC-
based immunotherapies for many diseases.
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