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Abstract We previously isolated the novel heteropoly-
saccharide maitake Z-fraction (MZF) from the maitake
mushroom (Grifola frondosa), and demonstrated that MZF
significantly inhibited tumor growth by inducing cell-
mediated immunity. In this study, we demonstrated that
MZF upregulated the expression of CD80, CD86, CD83,
and MHC II on bone marrow-derived dendritic cells (DCs)
and significantly increased interleukin-12 (IL-12) and
tumor necrosis factor-alpha production by DCs in a dose-
dependent manner. MZF-treated DCs significantly stimu-
lated both allogeneic and antigen-specific syngenic T cell
responses and enhanced antigen-specific interferon-gamma
(IFN-y) production by syngenic CD4" T cells; however,
MZF-treated DCs did not affect IL-4 production. Further-
more, the enhancement of IFN-y production in CD4" T
cells, which was induced by MZF-treated DCs, was com-
pletely inhibited by the addition of an anti-IL-12 antibody.
These results indicate that MZF induced DC maturation
and antigen-specific Thl response by enhancing DC-pro-
duced IL-12. We also demonstrated that DCs pulsed with
colon-26 tumor lysate in the presence of MZF induced both
therapeutic and preventive effects on colon-26 tumor
development in BALB/c mice. These results suggest that
MZF could be a potential effective adjuvant to enhance
immunotherapy using DC-based vaccination.
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Introduction

Dendritic cells (DCs) are professional antigen-presenting
cells (APCs) that show an extraordinary capability to
stimulate naive T cells. Activated DCs are able to present
antigens to T-helper (Th) cells and cytotoxic T lympho-
cytes (CTLs) and activate natural killer (NK) cells. DCs
play important roles in both innate and adaptive immune
responses [1]. Numerous DC-based vaccination studies aim
to prevent tumor relapses and extend patient survival [2].
Immature DCs express low levels of costimulatory mole-
cules and the major histocompatibility complex (MHC)
class II antigen, and are functionally specialized in cap-
turing and processing exogenous antigens in peripheral
tissues. On encountering pathogens, pathogen-associated
molecular patterns (PAMPs) [e.g., toll-like receptor (TLR)
ligands] and inflammatory cytokines [e.g., tumor necrosis
factor-alpha (TNF-«) and interleukin (IL)-1f] induce DC
maturation [3, 4]. After maturation, the DCs begin to
migrate to the lymphoid organs; they also express elevated
levels of MHC II and costimulatory molecules, and show
high efficiency in stimulating T cells, accompanied by
downregulated antigen uptake and processing mechanisms
[5]. DC subsets show functional heterogeneity and may be
immunogenic or tolerogenic depending on their maturation
stage. In the presence of inflammatory cytokines or
PAMPs, DCs become mature and efficiently stimulate the
immune system; however, in the absence of such signals,
they retain an immature phenotype that induces immune
tolerance. Therefore, appropriate DC maturation is impor-
tant for the augmentation of cancer immunity [6, 7].
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Many studies have reported the immunomodulatory
effects of polysaccharides isolated from mushrooms, fungi,
yeast, algae, lichens, and plants. -Glucan and mannan—
components of the fungal cell wall—are recognized by
several pattern-recognition receptors (PRRs), including
TLRs, Dectin-1, complement receptor 3 (CR3), mannose
receptor, and scavenger receptors on the surfaces of APCs
such as macrophages and DCs, and function to activate
these cells [8, 9]. Dectin-1 is the major receptor for f-1,3-
glucans and induces the production of cytokines and che-
mokines, respiratory burst, and phagocytosis [10, 11].
Curdlan, a f-1,3-glucan, stimulates DCs via the Dectin-1/
Syk pathway, resulting in CTL response induction [12]. In
addition, some fungal polysaccharides have been reported
to significantly induce DC maturation in vitro [13-16].

The maitake mushroom (Grifola frondosa) has become
a very popular, edible mushroom in Japan since its fruiting
body can be artificially produced. The immunological
effects of a G. frondosa extract have already been dem-
onstrated in human clinical trials [17]. Maitake D-fraction
(MD-fraction), a f-(1,3)(1,6)-glucan extracted from
G. frondosa, induces anti-tumor activity by activating the
host immune system and enhancing hematopoiesis [18-20].
Recently, we isolated a novel polysaccharide, maitake
Z-fraction (MZF), from G. frondosa, and demonstrated that
MZF significantly inhibited tumor growth in BALB/c mice
inoculated with colon-26 cancer cells. MZF also induced a
Thl response by increasing the percentage of IFN-y-pro-
ducing cells in both splenic CD4" and CD8" T cells and
increasing the cytotoxic activity in NK cells and CTLs.
MZF significantly induced the proliferation of resident
peritoneal macrophages as did polysaccharides derived
from other natural products [21]. This fact suggests that
MZF initially acts on APCs such as macrophages and DCs.
However, the effect of MZF on DC maturation and func-
tion is unclear. In the present study, we investigated whe-
ther MZF enhances the maturation and T cell priming
ability of DCs in vitro. Furthermore, we examined the
preventive and therapeutic effect of the transfer of MZF-
stimulated DCs on the growth and survival rate of colon-26
tumors.

Materials and methods
Isolation of polysaccharide MZF from G. frondosa

The MZF was isolated from a boiling water extract of the
fruiting bodies of G. frondosa provided by Yukiguni
Maitake Co. (Minami-Uonuma City, Japan). A crude
polysaccharide fraction was obtained by precipitation with
ethanol from the aqueous extract and applied on a diethyl-
aminoethyl (DEAE)-cellulofine anion exchange column
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(Seikagaku Biobusiness Co., Ltd., Tokyo, Japan) pre-
equilibrated with 5 mM Tris—HCl (pH 8.0); the unabsorbed
fraction was eluted with 5 mM Tris—=HCl (pH 8.0). The
supernatant was collected by the addition of ethanol to a
concentration of 50%, and the precipitate was then collected
by the addition of ethanol to a concentration of 80%. The
precipitate was dissolved in sterilized water and loaded onto
a gel filtration column of Sepharose CL-6B (GE Healthcare,
Piscataway, NJ, USA). Two fractions were separated
completely by gel filtration, and the first fraction was col-
lected as MZF. Lipopolysaccharide (LPS) contamination was
tested using an Endospecy ES-24S set (Seikagaku Biobusi-
ness Co., Ltd.). The concentration of the LPS in MZF was
<0.05 EU/mg of sugar. The concentrations of carbohydrate
and protein were determined by the anthrone method and
a BCA protein assay kit (Pierce, Rockford, IL, USA),
respectively.

Mice

Female BALB/c mice (H-2%) and C3H/HeN mice (H-2%)
were purchased from CLEA Japan Inc. (Higashimaya,
Japan), and 6-week-old mice were used in the study.
Animal care and processing were performed in accordance
with the guidelines for proper conduct of animal experi-
ments by the Science Council of Japan and approved by the
animal care committee at this institution.

Generation of bone marrow-derived DCs

Bone marrow (BM)-derived DCs were generated as
described previously [22]. Briefly, BM cells were flushed
out from the femurs and tibias of BALB/c mice with
serum-free RPMI-1640 media through a 2.5-ml syringe.
Red blood cells were lysed using 0.83% NH4CI solution,
and the BM cells (1 x 10° cells/ml) were cultured in
RPMI-1640 medium containing 10% heat-inactivated FBS,
L-glutamine (0.03 mg/ml), penicillin (100 unit/ml), and
streptomycin (100 pg/ml) supplemented with 20 ng/ml
GM-CSF and 10 ng/ml IL-4 (Pepro Tech, Rocky Hill, NJ,
USA). The culture medium containing cytokine was
replaced at days 3 and 5. At day 6 of culture, nonadherent
cells and loosely adherent cells were harvested. More than
85% of the cells expressing CD11c were used in further
experiments.

Cytokine assay

Supernatants were collected for the determination of
cytokine production after 24 h of stimulation of DCs
(1 x 10° cells/ml) in 96-well plates with or without poly-
myxin B (30 pg/ml). TNF-o and IL-12 levels were deter-
mined by sandwich enzyme-linked immunosorbent assay
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(ELISA) as previously described [20]. The following
monoclonal antibodies were used for ELISA: monoclonal
anti-mouse IL-12 (clone C17.8) (Biolegend, CA, USA),
biotinylated anti-mouse IL-12 (Pepro Tech), monoclonal
anti-mouse TNF-o (clone TN3-19.12) (Santa Cruz Bio-
technology, Santa Cruz, CA, USA), biotinylated anti-
mouse TNF-o (R&D Systems, Minneapolis, MN, USA),
anti-mouse IFN-y (clone RMMG-1, PBL Biomedical
Laboratories, NJ, USA), biotinylated anti-mouse IFN-y
(Pepro Tech), anti-mouse IL-4 (clone 30340.11), and bio-
tinylated anti-mouse IL-4 (Genzyme-Techne, Minneapolis,
MN, USA). LPS (Escherichia coli serotype 0111: B4) was
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Flow cytometric analysis

The DCs were incubated with fluorescein isothiocyanate
(FITC) or R-phycoerythrin (PE)-conjugated anti-CD11c
(clone HL3) and FITC anti-I-A/I-E (clone 2G9), PE anti-
CDS86 (clone GL1), PE anti-CD80 (clone 16-10A1), and PE
anti-CD83 (clone Michel-19) for 20 min at 4°C. Appro-
priate isotype control was used for each antibody. All
antibodies were purchased from BD Biosciences (San Jose,
CA, USA). Stained cells were analyzed with a FACS
Calibur™ (BD Biosciences).

Generation of fluorescent MZF

The MZF was labeled with fluorescein using 5-[(4,6-di-
chlorotriazin-2-yl) amino]-fluorescein hydrochloride (DTAF,
Sigma-Aldrich). Briefly, 20 mg of MZF was diluted to
2 mg/ml with borate buffer (pH 10.8) and mixed with
20 mg of DTAF dissolved in DMSO and heated for 3 h at
70°C. The DTAF-labeled MZF (FI-MZF) was then pre-
cipitated with ethanol. The pellet was dissolved in 200 mM
NaOH, and the process of precipitation followed by solu-
bilization was repeated several times until a clear super-
natant free of unbound DTAF was obtained. After final
precipitation, FI-MZF was diluted in sterile water, and the
pH was adjusted to 7.2.

Fluorescent MZF-binding assay

Ice-cold PBS containing 3% FBS with or without inhibitors
[Laminarin: f-(1,6) (1,3)-glucan; Mannan: o-1,6-mannan;
Dextran: «-(1,3) (1,6)-glucan, 1 mg/ml] or antibodies [anti-
Dectin-1 Ab (2A11: Hycult Biotechnology B.V., Uden,
The Netherlands), isotype Ab (rat IgG2bx: Biolegend Inc.),
20 pg/ml] were added to DCs (2 x 10° cells/tube) and
incubated on ice for 1 h before the addition of FI-MZF
(400 pg/ml). Cells were incubated on ice for 1 h, washed,
and fixed with 1% paraformaldehyde. FI-MZF" DCs were
identified by flow cytometry.

Mixed lymphocyte reaction induced by DCs

Responder T cells used for allogeneic T cell reaction
were isolated with a MACS CD4" T cell isolation kit
(Miltenyi Biotec, Auburn, CA, USA) from whole spleen
cells of C3H/HeN mice. Unstimulated or MZF-stimulated
DCs were treated with 50 pg/ml mitomycin C (Kyowa
Co. Ltd., Tokyo, Japan) for 1h and cultured with
allogeneic T cells at a density of 1 x 10° cells/well in
U-bottom 96-well microtiter plates in 5% CO, at 37°C
for 72 h. Cell proliferation was measured with WST-8
reagent by using Cell Count Reagent SF (Nacalai Tesque
Inc.,, Kyoto, Japan) according to the manufacturer’s
instructions.

Antigen presentation assay

The keyhole limpet hemocyanin (KLH, CARBIOCHEM,
Cambridge, MA, USA) was absorbed to an aluminum
hydroxide adjuvant (LSL Co. Ltd., Tokyo, Japan), and
100 pg of KLH was injected into the footpads of BALB/c
mice as previously described [23]. Seven days after the
injection, draining axial, popliteal, and inguinal lymph
nodes were collected from the mice, and CD4™ T cells
were isolated by using a MACS CD4" T cell isolation kit
as responder T cells [24]. DCs were cultured for 24 h with
MZF (0-400 pg/ml) in the presence or absence of KLH
(100 pg/ml). DCs were washed and co-cultured with KLH-
primed or unprimed T cells at a density of 1 x 10° cells/
well in U-bottom 96-well microtiter plates in 5% CO, at
37°C for 72 h. Cell proliferation was measured with the
WST-8 reagent. Levels of IL-12, IFN-y, and IL-4 in the
culture supernatants were then measured by ELISA.

The KLH-pulsed, MZF-treated DCs were cultured with
KLH-primed CD4" T cells in the presence of anti-IL-12
Ab (C17.8) or isotype Ab (JES3-19F1) for 72 h. IFN-y
levels in the culture supernatants were then measured by
ELISA.

Tumor antigen pulsing of DCs

Tumor cell lysates were prepared by four freeze—thaw
cycles of colon-26 cells (1 x 107 cells/ml in PBS) as
previous described [25]. Cellular debris was removed by
centrifugation, and the lysate solution was passed
through a 0.2-um membrane filter and stored at —80°C.
DCs were incubated with tumor lysates at a ratio of 3:1
tumor cell equivalents: DCs in the presence or absence
of MZF (400 pg/ml) or LPS (100 ng/ml) overnight at
37°C in 5% CO,. The DCs were harvested by gentle
pipetting and washed twice in PBS. The DCs were
resuspended in PBS at specific vaccine concentrations for
use in further studies.
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Preventive tumor challenge experiments

The BALB/c mice were treated with three subcutaneous (s.c.)
injections (a week apart) of 2 x 10° DCs prepared as follows:
unpulsed DC, colon-26 cell lysate-pulsed DC, colon-26 cell
lysate and MZF-pulsed DC, or colon-26 cell lysate and
LPS-pulsed DC. A week after the final DC injection, colon-26
cells (1 x 10° cells/mouse) were s.c. inoculated. The tumor
volume was calculated using the formula: tumor volume
(cm3) = longest diameter x shortest diameter?/2.

Therapeutic implanted tumor experiments

Colon-26 carcinoma cells (1 x 10° cells/mouse) were s.c.
inoculated into BALB/c mice on day 0. On days 3, 10, and
17, the mice were treated by s.c. injections of 2 x 10°
DCs, which were prepared as follows: unpulsed DC, colon-
26 cell lysate-pulsed DC, colon-26 cell lysate and MZF-
pulsed DC, or colon-26 cell lysate and LPS-pulsed DC.

Statistical analysis

Values are presented as mean =+ standard error (SE). Stu-
dent’s ¢ test was used to analyze the significance. Tumor
volumes of different groups were analyzed using a non-
parametric two-tailed test (Mann—Whitney test) for unpaired
samples. Kaplan—-Meier survival curves were compared
using the log-rank test. p value of <0.05 was considered to
be significant.

Results
MZF induces DC maturation and function in vitro

We first examined whether MZF could induce IL-12 and
TNF-« production by BM-derived DCs in vitro. As shown
in Fig. la, b, MZF significantly increased IL-12 and TNF-«
production by DCs in a dose-dependent manner. MZF
contained less than 0.05 EU/mg LPS as assessed by the
Limulus test. To further exclude the possibility of endo-
toxin contamination in MZF-mediated production of IL-12
and TNF-o, we conducted additional experiments using
polymyxin B. As expected, LPS-induced cytokine pro-
duction was abrogated in the presence of polymyxin B, but
MZF-induced cytokine production was not affected by
polymyxin B (Fig. la, b). These results indicated that
MZF-induced IL-12 and TNF-« production was not due to
endotoxin contamination.

Mature DCs express high levels of maturation markers
such as MHC molecules, CD80, CD83, and CD86. To
evaluate whether MZF influences DC phenotypic maturation,
DCs were cultured with MZF or LPS (positive control) for
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24 h, and then analyzed for the expression of the DC
maturation markers. As shown in Fig. 1c and Table 1,
MZF upregulated the expression of CD80, CD83, CD86,
and MHC II on CD11c™ cells in a dose-dependent manner.
LPS, which induces DC activation and maturation, also
enhanced the expression of these markers as expected.

Recognition of MZF by DCs requires ff-glucan
and mannan recognition

We next investigated whether fluorescence-labeled MZF
directly binds to and is internalized by DCs. DCs were incu-
bated with FI-MZF at 37°C. Cells were collected at various
time periods and then washed, fixed, and observed by fluo-
rescence microscopy. As shown in Fig. 2a, fluorescence
microscopy demonstrated an association of FI-MZF with DCs
after 1-h incubation. FI-MZF was then internalized by DCs in
a time-dependent manner at 37°C. In addition, we performed
binding experiments with FI-MZF on DCs on ice. The
percentage of FI-MZF' DCs increased at higher FI-MZF
concentrations, and binding saturation was reached at
300 pg/ml (Fig. 2b). We already demonstrated that MZF is a
heteropolysaccharide consisting of — 6)-a-p-Galp-(1 —
(36.2%), — 3)-oa-L-Fucp-(1 — (14.5%), — 6)-a-D-Manp-
(1 - (9.4%),— 3)-p-p-Glep-(1 — (10.1%), a-D-Manp-(1 —
(23.2%),and — 3,6)-B-p-Glcp-(1 — (6.5%) [21]. Therefore,
we investigated whether DC recognition of FI-MZF
was competitively inhibited by laminarin (f1,6-branched
p1,3-glucan), mannan (o1,6-mannan), or dextran (ol,3-
branched «1,6-glucan). Although binding of FI-MZF to DCs
was significantly blocked by laminarin (49.3%) and mannan
(15.8%), it was not affected by dextran (Fig. 2c). Consistent
with this observation, binding was blocked by a Dectin-1-
neutralizing antibody (58.7%), suggesting that DCs recog-
nize the f-1,3- and 1,3,6-linked glucose contained in MZF
via cell surface Dectin-1, a f-glucan receptor (Fig. 2c¢).
These findings indicate that the recognition of f-glucan and
o-mannan is involved in the binding of FI-MZF to DCs.

MZF enhances DC allostimulatory activity

The MZF increased the expression of DC maturation
markers involved in the presentation of antigens to T cells.
Therefore, we investigated the ability of MZF-treated DC
to stimulate T cell proliferation and cytokine production in
an allogeneic mixed lymphocyte reaction (MLR). CD4" T
cells were collected from C3H/HeN mice (I-Ak) and cul-
tured with MZF-treated or untreated DCs from BALB/c
mice (I-AY) for 72 h. As shown in Fig. 3a, MZF-treated
DCs slightly but significantly induced proliferation of
allogeneic CD4" T cells. In addition, IL-12 and IFN-y
levels were more significantly increased by MZF-treated
DCs than by untreated DCs at 10* DCs/well (Fig. 3b, ¢).
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Fig. 1 MZF induces IL-12 and
TNF-o production and
expression of DC maturation m None
markers. a, b DCs (1 x 10° 1o PolyB
cells/ml) were cultured in 3 4
RPMI-1640 medium
containing 10% FBS and

MZF (0-400 pg/ml) or LPS
(100 ng/ml) with or without
polymyxin B (poly B) for 24 h.
TNF-o and IL-12 in the culture
supernatants were measured by
ELISA. The data shown are 04
representative of three 0
experiments. Values are

expressed as mean £+ SE

(n =15). *p < 0.05 versus

control without poly B.

p < 0.05 versus control

with poly B. *p < 0.05,

poly B-treated group versus

non-treated group. ¢ DCs
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These results suggest that MZF-treated DCs have the
ability to prime and activate allogeneic T cells.

MZF increases DC antigen-presenting function

We next investigated whether MZF enhances the antigen-
presenting function of DCs. KLH (100 pg in alum) was
injected into the footpads of BALB/c mice. Seven days
later, CD4™ T cells were isolated with the MACS system as
responder T cells from draining lymph node cells and
cultured with MZF + KLH-DCs from BALB/c mice for
72 h. As a control, KLH-DCs or DCs were cultured with
KLH-T cells. As shown in Fig. 4a, the proliferation of
KLH-T cells was more significantly induced by
MZF + KLH-DCs than by all the other groups. On the
other hand, there was no significant difference between the
MZF-DCs and DCs that were unpulsed with KLH
(Fig. 4a). The proliferation of KLH-T cells was increased

0 10 20 0 4 %0
0 10 20 0 0 %N

o Our e R e e e I N e e

in a MZF dose-dependent manner (Fig. 4b). The prolifer-
ation of KLH-unprimed T cells was slightly increased by
MZF + KLH-DCs (Fig. 4b). These results suggest that
MZF induces Ag-specific T cell proliferation.

To investigate whether the Thl or Th2 phenotype is
induced by MZF + KLH-DCs, cytokine levels in the culture
supernatants were determined by ELISA. IL-12 production
was more significantly induced by MZF + KLH-DCs (10*
cells/well) cultured with KLH-T cells (10° cells/well) than
by KLH-DCs (Fig. 4c). Enhancement of IL-12 production
might induce the Th1 phenotype. We therefore investigated
the level of IFN-7, a Th1 cytokine, in the culture supernatants.
As shown in Fig. 4c, MZF 4 KLH-DCs induced IFN-y pro-
duction from KLH-T cells. On the other hand, the production
of IL-4, a Th2 cytokine, from KLH-T cells was not signifi-
cantly induced by MZF (Fig. 4c).

IL-12 induces IFN-y production by T cells, drives the
development of Thl cells, and promotes cell-mediated
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Table 1 Effect of MZF on the expression of DC maturation markers

Maturation marker MZF concentration (pg/ml) LPS
0 100 200 400
CD80
Percentage of positive cells 31.96 £ 0.58 3491 £ 0.62* 36.34 £ 0.36* 44.35 £+ 0.38* 66.33 £ 0.39%*
MFI 74.68 £ 2.08 70.28 £+ 2.20 75.04 £ 1.91 102.88 £+ 2.97* 165.98 + 4.43%*
CD86
Percentage of positive cells 3520 £ 2.94 4249 £ 0.35 47.16 £+ 1.14* 61.29 £ 8.47* 72.97 £+ 0.78*
MFI 55.56 + 6.81 88.70 £ 4.04* 92.01 £ 2.03* 109.76 + 2.26* 186.50 £ 2.25*
CD83
Percentage of positive cells 10.13 £+ 0.38 13.06 £+ 1.13 17.94 £+ 0.43* 24.69 £ 0.59%* 24.83 £ 0.49%
MFI 4.98 + 0.08 5.99 £ 0.25* 6.43 £+ 0.20* 8.72 £ 0.54* 9.50 £+ 0.59*
MHC class II
Percentage of positive cells 28.25 +£ 043 29.06 £ 0.71 32.69 £ 0.69* 43.95 £+ 0.24* 40.17 + 0.22*
MFI 131.59 + 2.85 143.05 £ 2.90* 14475 + 3.17* 179.11 + 1.97* 182.85 &+ 3.97*

DCs (1 x 10° cells/ml) were stimulated with MZF (0-400 pg/ml) or LPS (100 ng/ml) for 24 h. The values are percentages of DCs (CD11c*

cells) expressing indicated markers and the mean fluorescence intensity (MFI). Values are expressed as mean &+ SE (n = 3)

* p < 0.05 versus control

A Oh 1h 6h 12h 24h
*

B
2 8
8 %7 ¢
o
S 0. =
Q 2
O -—
51 S
b o
L
g o : . . &
= 0 200 400 600
FI-MZF (pg/ml)

Fig. 2 Binding of MZF by DCs requires f-glucan and mannan
recognition. a Internalization of FI-MZF by DCs. DCs were cultured
in RPMI-1640 medium containing 10% FBS with FI-MZF (400 pg/
ml) at 37°C. Cells were collected at various time periods and then
washed, fixed, and observed by fluorescence microscopy. b Binding
of MZF by DCs. DCs (2 x 10° cells/tube) were incubated on ice for
1 hin PBS containing 3% FBS and FI-MZF at various concentrations.
After incubation, the cells were washed and fixed. FI-MZFt DCs
were identified by flow cytometry. ¢ Laminarin, mannan, and anti-

immunity. As shown in Fig. 4d, MZF + KLH-DC-
induced IFN-y production was strongly reduced in co-
culture with the IL-12 neutralizing antibody. In contrast,
the isotype antibody did not affect MZF + KLH-DC-
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Dectin-1 Ab inhibited the DC recognition of FI-MZF. Ice-cold PBS
containing 3% FBS with or without inhibitors (laminarin, mannan and
dextran; 1 mg/ml), anti-Dectin-1 Ab (2A11), or isotype Ab (rat
1gG2bxk) was added to the DCs (2 x 10° cells/tube) and incubated on
ice for 1 h before the addition of FI-MZF (400 pg/ml). Cells were
incubated on ice for 1h, washed, and fixed. FI-MZF" DCs were
identified by flow cytometry. The data shown have been normalized
to the percentages of FI-MZF* CD11c™ cells of uninhibited control.
Values are expressed as mean £+ SE, n = 3; *p < 0.05

induced IFN-y production (Fig. 4d). This indicates that
IL-12 production by MZF 4 KLH-DCs is a significant
factor in MZF 4 KLH-DC-induced IFN-y production by
T cells.
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Fig. 3 Allostimulatory activity of MZF-treated DCs stimulates
allogeneic T cells. Unstimulated or MZF-stimulated DCs were
treated with 50 pg/ml mitomycin C for 1 h and cultured with
allogeneic C3H/HeN CD4™" T cells at a density of 1 x 10> cells/well
in U-bottom 96-well microtiter plates in 5% CO, at 37°C for 72 h.
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a Cell proliferation was measured with WST-8 reagent. b, ¢ IL-12 and
IFN-y levels in supernatants were analyzed by ELISA. Data (n = 5)
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Fig. 4 MZF increases DC Ag-presenting activity. a DCs were
stimulated with MZF (400 pg/ml) for 24 h in the presence or absence
of KLH (100 pg/ml). DCs were washed and cultured with KLH-
primed T cells (1 x 10° cells/well) in U-bottom 96-well microtiter
plates for 72 h. Cell proliferation was measured with WST-8 reagent.
*p < 0.05 versus all other groups. b DCs were stimulated with MZF
at various concentrations for 24 h in the presence or absence of KLH.
DCs were washed and cultured with KLH-primed or unprimed T cells
(1 x 10% cells/well) for 72 h. %p < 0.05 versus KLH-DCs (MZF
0 pg/ml) co-cultured with KLH-T cells. *p < 0.05 versus KLH-DCs

Transfer of MZF-treated DCs could achieve preventive
effect on tumor challenge

In BALB/c mice inoculated with colon-26 cancer cells,
tumor growth was more significantly inhibited (47.6%) by
MZF (8 mg/kg/day) than by the control group [21]. In this
study, we demonstrated that MZF induced DC maturation

(MZF 0 pg/ml) co-cultured with unprimed T cells. ¢ Levels of IL-12,
IFN-v, and IL-4 in the culture supernatants (DCs/T cells ratio, 0.1:1)
were then measured by ELISA. d KLH + MZF-DCs were cultured
with KLH-T cells (DCs/T cells ratio, 0.1:1) in the presence of anti-IL-
12 Ab (C17.8) or isotype Ab (JES3-19F1) for 72 h. IFN-y levels in
the culture supernatants were then measured by ELISA. *p < 0.05
versus KLH-DCs co-cultured with KLH-T cells. Data (n = 4)
represent the mean = SE of two separate experiments. ND not
detected

and facilitated T cell priming. Therefore, we inoculated
mice s.c. with MZF-treated tumor cell lysate-pulsed DCs
to investigate the preventive effect on tumor challenge.
BALB/c mice were given three s.c. injections (a week
apart) of saline, unpulsed DCs, colon-26 lysate-pulsed DCs
(Lysate-DCs), LPS-treated colon-26 lysate pulsed DCs
(LPS + Lysate-DCs), or MZF-treated colon-26 lysate
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Fig. 5 Preventive and therapeutic effect of MZF in a subcutaneous
colon-26 tumor model. a, b Preventive effect of MZF. BALB/c mice
were treated with three s.c. injections (a week apart) of 2 x 10° DCs
prepared as follows: DC, Lysate-DC, LPS + Lysate-DC, or
MZF + Lysate-DC. A week after the final DC injection, colon-26
cells (1 x 10° cells/mouse) were s.c. inoculated. The tumor growth
(a) and survival rates (b) were monitored (control, n = 14; other
groups, n = 7). ¢, d Therapeutic effect of MZF. Colon-26 cells

pulsed DCs (MZF + Lysate-DCs) 1 week before tumor
inoculation. As shown in Fig. 5a, tumor growth was more
dramatically inhibited (94.0%) by the transfer of
MZF + Lysate-DCs than by all the other groups (vs.
control, p = 0.0003; vs. DCs, p = 0.0017; vs. Lysate-DCs,
p = 0.0350; vs. LPS + Lysate-DCs, p = 0.0181) on day
21 after tumor inoculation. The data also show that the
survival of mice was more significantly prolonged by the
transfer of MZF + Lysate-DCs than by all the other groups
(vs. control, p < 0.0001; vs. DCs, p = 0.0002; vs. Lysate-
DCs, p = 0.006; vs. LPS + Lysate-DCs, p = 0.0038;
Fig. 5b). These results show that the transfer of
MZF + Lysate-DCs before tumor inoculation could
achieve a preventive effect on tumor challenge. Interest-
ingly, LPS + Lysate-DCs were less capable of a preventive
effect on tumor challenge than MZF 4 Lysate-DCs
although LPS induced higher amounts of IL-12 and upreg-
ulated the expression of maturation markers on DCs.

@ Springer

(1 x 10° cells/mouse) were s.c. inoculated into BALB/c mice on day
0. On days 3, 10, and 17, mice were treated by s.c. injections of
2 x 10° DCs. The tumor growth (¢) and survival rates (d) were
monitored (control, n = 14; other groups, n = 7). a, ¢ The Mann—
Whitney U test was used to analyze the statistical significance of
tumor growth on day 21. *p < 0.05 versus all other groups; #p < 0.05
versus control. b, d Survival rates are represented using Kaplan—
Meier curves

Transfer of MZF-treated DCs could achieve
a therapeutic effect on tumor challenge

Since the preventive effect on colon-26 tumor challenge by
MZF + Lysate-DCs was observed, we further examined
whether MZF + Lysate-DCs inhibited tumor growth, even
though DCs were transferred after tumor inoculation.
Colon-26 cells were s.c. inoculated into BALB/c mice on
day 0. On days 3, 10, and 17, mice were treated by s.c.
injections of saline, DCs, Lysate-DCs, LPS + Lysate-DCs,
or MZF + Lysate-DCs. As shown in Fig. 5c, tumor growth
was more significantly inhibited by the transfer of
MZF + Lysate-DCs (59.6%) than by all the other groups
(vs. control, p = 0.0003; vs. DCs, p = 0.0253; vs. Lysate-
DCs, p = 0.0127; vs. LPS + Lysate-DCs, p = 0.0127).
However, there was no significant difference in survival
rates between the MZF + Lysate-DCs groups and the other
groups (vs. control, p = 0.0598; vs. DCs, p = 0.0897; vs.
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Lysate-DCs, p = 0.2081; vs.
0.0916; Fig. 5d).

LPS + Lysate-DCs, p =

Discussion

In this study, we demonstrated that the polysaccharide
MZF isolated from G. frondosa induces maturation of BM-
derived DCs in vitro. MZF upregulated the expression of
maturation markers such as CD80, CD86, CD83, and MHC
II on DC surfaces (Fig. 1c; Table 1). MZF significantly and
dose dependently increased IL-12 and TNF-o production
by DCs (Fig. la, b). Furthermore, MZF-treated DCs sig-
nificantly stimulated both allogeneic and antigen-specific
syngenic T cell responses (Figs. 3, 4). These results indi-
cate that MZF induces maturation of the DC phenotype and
stimulates T cell proliferation.

The interactions of DCs with T cells are important to
regulate the immune system. Immature DCs expressing
low levels of co-stimulatory molecules (CD80, CD86) and
MHC molecules do not have the capability to stimulate T
cells [1]. They capture and process exogenous antigens in
peripheral tissues, thereby triggering DC maturation in the
presence of PAMPs and inflammatory cytokines. Matured
DCs express high levels of co-stimulatory and MHC
molecules and migrate to the lymphoid organs where they
stimulate naive T cells. MHC molecules presenting antigen
peptides and co-stimulatory molecules provide several
signals that determine the fate of naive T cells [5]. Signal 1
is provided by the T cell receptor-recognizing antigen
peptides bound to MHC molecules. Signal 1 alone induces
T cell inactivation, T cell deletion, or inducible regulatory
T cell generation. Signal 2, a co-stimulatory signal, induces
T cell responses resulting in cell clonal expansion and
differentiation into effector/memory cells when combined
with Signal 1. Signal 2 promotes strong antigen-specific
immunity by binding CD80/86 on DCs to its receptor,
CD28, on T cells. However, Signal 2 can also induce tol-
erogenic signals through interaction between CD80/86 on
DCs and cytotoxic T-lymphocyte antigen 4 (CTLA4)
expressed on regulatory T cells. DCs also deliver Signal 3,
which determines the differentiation of Thl cells, Th2
cells, and CTLs. IL-12, a Signal 3 molecule, induces the
differentiation of Thl cells and CTLs [6, 26]. The Notch
ligand leads to the development of Th2 cells as Signal 3
[27]. Controlling these multiple interactions between DCs
and T cells helps induce efficient anti-tumor immunity.

Thl response-induced activation of Thl cells, CTLs,
and NK cells is significantly efficient for cancer immuno-
therapies with cancer vaccines. IL-12 plays a key role in
Thl cell differentiation by DC stimulation. Mature DCs
together with IL-12 they produce induce IFN-y-producing
Thl cells and tumor-specific CTLs and augment the

cytotoxic activity of tumor-specific CTLs and non-specific
NK cells [1, 28-30]. We demonstrated that MZF-treated
DCs enhanced antigen-specific IFN-y production by syn-
genic CD4™" T cells. In contrast, it did not affect IL-4
production by CD4*% T cells (Fig. 4c). Furthermore, the
enhancement of IFN-y production in CD4* T cells induced
by MZF-treated DCs was completely inhibited by the
addition of the anti IL-12 antibody (Fig. 4d). These results
indicate that MZF induces the maturation of Thl cell-
inducing DCs, and that IL-12 produced by MZF-treated
DCs is essential for the enhancement of IFN-y production
by CD4" T cells.

The DCs pulsed with synthetic tumor peptides elicit
antigen-specific immunity. Systemic or intradermal injec-
tion of DCs pulsed with specific tumor-associated antigens
(TAAs) has been clinically shown to elicit an immune
response [25, 31, 32]. In general, DCs generated ex vivo are
pulsed with TAAs and re-injected into patients to stimulate
Th1 cell- and CTL-mediated anti-tumor immunity [2, 7]. In
the present study, DCs generated from BM cells in the
presence of GM-CSF and IL-4 were co-stimulated with
freeze—thaw cell lysates of colon-26 cells and LPS or MZF,
and they were subsequently injected s.c. into syngenic
BALB/c mice. MZF + Lysate-DCs significantly inhibited
colon-26 tumor growth both preventively and therapeuti-
cally to a greater extent than unpulsed DCs, Lysate-DCs, and
LPS + Lysate-DCs (Fig. 5a, c¢). On the other hand,
LPS + Lysate-DCs had a minimal effect on tumor growth
although LPS induced high amounts of IL-12 and upregu-
lated the expression of maturation markers on DCs (Fig. 1).
This may be due to the fact that DCs become “exhausted” by
excessive stimulation with LPS and become incapable of
secreting IL-12 when they encounter T cells in the body [7,
29]. These results indicate the possibility that MZF-treated
DCs are more appropriate for cancer therapy than unpulsed
or LPS-treated DCs. MZF + Lysate-DCs induced survival
prolongation in the preventive model; however, it did not
significantly improve survival in the therapeutic model
(Fig. 5b, d). Although administration of MZF + Lysate-
DCs inhibited colon-26 tumor growth, it did not significantly
prolong survival owing to the very rapid growth rate of the
colon-26 tumor in the therapeutic model. Optimization of the
number of DCs, administration schedule, and administration
route are required to improve the effect of this DC vaccine
therapy. Some fungal polysaccharides have been reported to
induce DC maturation in vitro [13—-16]; however, there have
been few in vivo studies to confirm the antitumor effect of
mature DCs induced by fungal polysaccharides. Our study
has provided important findings about the pharmacological
effect of fungal polysaccharide-treated DC vaccination
in vivo.

This study also demonstrated the possible mechanism of
the effects of fungal polysaccharide on DC stimulation
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in vitro. Internalization of FI-MZF by DCs was observed
using a fluorescence microscope after incubation at 37°C in
a time-dependent manner (Fig. 2a). MZF is a heteropoly-
saccharide consisting of — 6)-o-p-Galp-(1 —, — 3)-o-L-
Fucp-(1 —, — 6)-a-pD-Manp-(1 —, — 3)--p-Glcp-(1 —,
o-D-Manp-(1 —, and — 3,6)--p-Glcp-(1 — [21]. DCs
express PRRs such as TLRs, mannose receptor, dendritic
cell-specific intercellular adhesion molecule 3-grabbing
non-integrin 2 (DC-SIGN), complement receptors, scav-
enger receptors, and Dectin-1, all of which recognize
various microbial PAMPs [10]. Zymosan extracted from
Saccharomyces cerevisiae is a stimulatory polysaccharide
that contains f-glucans and other components such as
mannans, mannoproteins, and chitin. Zymosan has been
reported to be recognized by DCs through TLR2 and
Dectin-1 [33]. As shown in Fig. 2c, the binding of FI-MZF
to DCs was significantly inhibited by laminarin (49.3%)
and mannan (15.8%), indicating that the recognition of
f-glucan and a-mannan is partially involved in the binding
FI-MZF to DCs. The binding of FI-MZF to DCs was also
inhibited by a Dectin-1-neutralizing antibody (58.7%).
These results suggest that f-glucan contained in MZF is
recognized by Dectin-1 on DCs, and that recognition by
Dectin-1 might contribute to MZF-induced DC stimulation.
Because Dectin-1 not only regulates gene expression but
can also function as a phagocytic receptor [34], the Dectin-
I-mediated endocytotic pathway may partially mediate
internalization of MZF. However, the detailed recognition
mechanism of MZF by DCs remains unclear because MZF
is a heteropolysaccharide. More studies at the molecular
level are needed to define the recognition mechanism of
MZF by DCs.

In conclusion, the polysaccharide MZF isolated from
G. frondosa induced DC maturation and antigen-specific
Th1 response through the enhancement of IL-12 production
by DCs. Furthermore, we demonstrated that the injection of
MZF + Lysate-DCs induced both therapeutic and pre-
ventive effects on tumor development. These results sug-
gest that MZF could be a possible effective adjuvant to
enhance immunotherapy using DC vaccination. The
immunological effects of a G. frondosa extract have
already been demonstrated in human clinical trials without
dose-limiting toxicity, and MZF contained in the extract
has been reported to induce an anti-tumor effect without
side effects in mice [17, 21]. The possibility that MZF
could enhance the effect of DC vaccination may provide
new insights for clinical studies.
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