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ARTICLE INFO ABSTRACT

Keywords: Dendritic cells (DCs) play a primary role in antigen presentation to CD4 " and CD8 " T cells and induce acquired
Alpha-glucan immune response against cancer cells. Therefore, determining positive modulators of DC activation to improve
Maitake mushroom therapeutic approaches for cancer immunotherapy is greatly needed. In this study, we investigated the effect of
Grifola frondosa

maitake a-glucan YM-2A, isolated from Grifola frondosa, on the maturation and function of DCs and its adjuvant
effect on a tumor-associated antigen (TAA)-loaded DC vaccine against murine tumor. We showed that YM-2A
induced morphological changes and increased cell-surface maturation markers and cytokine production in DCs.
In a mixed lymphocyte reactions assay, YM-2A-treated DCs increased proliferation and production of IFN-y by
allogeneic CD4* and CD8™ T cells. These results indicate that YM-2A phenotypically and functionally activates
DCs. Furthermore, YM-2A-treated TAA-loaded DC vaccine significantly reduced tumor growth and improved
survival in two murine tumor models, CT-26 tumor-bearing BALB/c mice and B16 melanoma-bearing C57BL/6
mice. YM-2A-treated TAA-loaded DC vaccine increased splenic IFN-y producing CD4* and CD8™ T cells in CT-
26 tumor-bearing BALB/c mice. Antibody neutralization studies indicated that YM-2A-induced DC maturation is
mediated, in part, by the Dectin-1-dependent pathway. Overall, YM-2A-treatment with a TAA-loaded DC vaccine

Dendritic cell vaccination
Cancer immunotherapy

could be an excellent candidate for immunotherapy against cancer.

1. Introduction

Dendritic cells (DCs) are professional antigen-presenting cells
(APCs) that can capture, process and present tumor antigens to naive,
non-primed T cells to activate an antigen-specific immune response
[1,2]. DC subsets show functional heterogeneity and may be im-
munogenic or tolerogenic depending on their inflammatory cytokines
or pathogen-associated molecular patterns. Immunogenic DCs can in-
duce both proliferation and activation of tumor-specific T cells, such as
Type I helper T (Thl) cells and cytotoxic T lymphocytes (CTLs). In
contrast, immature or tolerogenic DCs induce immune tolerance and
are linked to cancer progression. Clinical trials of DC-based vaccines
carried out in tumor patients have proved their safety and capacity for
the induction of tumor antigen-specific immune responses [3]. Ad-
juvants can be used to enhance the immunogenicity of DC vaccines
through different mechanisms, such as induction of cytokines and
chemokines, increase of antigen uptake, improvement of DC matura-
tion, and antigen presentation [4]. However, due to the limited effect of

DC vaccines with adjuvants currently used in clinical trials, the devel-
opment of more effective adjuvants is urgently needed [5].

Many studies have reported on the immunomodulatory effects of
polysaccharides including glucans isolated from mushrooms, fungi,
yeast, algae, lichens, and plants. B-Glucan is crucial component of the
fungal cell wall, and recognized by [3-glucan receptor dectin-1 on APCs
[6]. Some natural medicines containing f(-glucan have im-
munomodulatory effects and are used clinically for tumor im-
munotherapy in several countries [7,8]. Some a-glucans isolated from
fungi also have potent immune stimulatory activity [9-12]. Although it
has been reported that these a-glucans are recognized by several re-
ceptors such as TLRs and DC-SIGN, correlation between structure and
activity has not been fully elucidated. The maitake mushroom (Grifola
frondosa) is a popular, edible mushroom in Japan, especially because its
fruiting body can be artificially produced. We have previously reported
that soluble -glucan MD-Fraction, derived from maitake mushrooms,
induces antitumor immunity via dectin-1 dependent pathway [13,14].
Recently, the novel bioactive a-glucan YM-2A was isolated from the
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maitake mushroom and characterized as a glycogen-like polysaccharide
consisting of linear 4-linked a-p-Glcp residues substituted at position 6
with -a-p-Glcp branches [15]. We demonstrated that orally admini-
strated YM-2A significantly inhibited tumor growth by enhancing the
immune system. We also found that YM-2A did not directly inhibit
tumor cell growth, but increased APC proliferation and inflammatory
cytokine production, such as IL-12 and TNF-a. As IL-12 mediates the
expression of other proinflammatory cytokines, TNF-a, IL-1f3, and IL-6
[16], IL-12 produced by APCs induces the production of IFN-y by T cells
and favor the Th1 response that bridges innate and adaptive immunity
[17,18]. This study suggests that YM-2A can directly activate DCs and
induce Th1/CTL immune responses to inhibit tumor cell growth. In this
study, we investigated whether YM-2A can enhance an antigen-pre-
sentation by DCs and induce antigen-specific immune response. We also
assessed the adjuvant effect of YM-2A on DC vaccines against tumors.

2. Materials and methods
2.1. Preparation of polysaccharides from maitake mushroom

YM-2A was prepared from maitake fruiting bodies (Yukiguni
Maitake, Niigata, Japan) as previously described [15]. In brief, the hot
water extract of maitake fruiting bodies was collected by centrifugation
and the macromolecules were precipitated by the addition of ethanol to
a concentration of 50%. The precipitate was dissolved in distilled water
and the supernatant was then collected by the addition of ethanol (25%
final concentration). The precipitate (YM-2A) was collected by the
addition of ethanol (42% final concentration), dissolved in distilled
water and freeze-dried. The weight-average molecular weight of YM-2A
was calculated to be 8.51 X 10° Da by high-performance size-exclusion
chromatography (HPSEC) analysis with a multi-angle laser light scat-
tering detector (MALS; DAWN HELEQOS, Wyatt Technology, Santa Bar-
bara, CA). 'H and '3C NMR and methylation analysis revealed that YM-
2A is a glycogen-like polysaccharide consisting of linear 4-linked a-p-
Glucp residues substituted at position 6 with -a-p-Glucp branches. The
peak associated with (3-glucan was not observed, suggesting that YM-2A
sample used in this study has almost no contamination of maitake [3-
glucan MD-Fraction [15]. Maitake 3-glucan was prepared from maitake
fruiting bodies as described previously [13,19]. Maitake -glucan was
eluted as a single peak with a molecular mass of 1.2-2.0 X 10°Da by
high-pressure liquid chromatography. We tested for endotoxin con-
tamination using the Endospecy ES-24S set (Seikagaku Biobusiness,
Tokyo, Japan) but did not detect any contamination in neither YM-2A
nor maitake 3-glucan. In addition, polymixin B treatment did not affect
YM-2A and maitake pB-glucan-induced cytokine production from peri-
toneal macrophages from DBA/2 mice, indicating that there was no
endotoxin contamination in YM-2A or maitake fB-glucan (data not
shown).

2.2. Mice

Female BALB/c, C57BL/6 and DBA/2 mice were purchased from
CLEA Japan (Higashiyama, Japan), and 5-8-week-old mice were used
in the study. The study was carried out according to the guidelines of
the Animal Care and Use Committee at the Kobe Pharmaceutical
University. The protocol was approved by the Committee on the Ethics
of Animal Experiments of the Kobe Pharmaceutical University (Permit
Number: 2017-051). At the end of the experiments, mice were sacri-
ficed by cervical dislocation under isoflurane anesthesia and all efforts
were made to minimize suffering.

2.3. Cell preparation and culturing
GM-CSF-induced bone marrow-derived DCs were produced by cul-

ture of bone marrow cells (1 x 10° cells/ml) in complete RPMI (RPMI-
1640 medium supplemented with 10% FBS, 0.03 mg/ml r-glutamine,
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100 units/ml penicillin, and 100 mg/ml streptomycin) supplemented
with murine GM-CSF (20 ng/ml) and IL-4 (10ng/ml), as described
previously [20]. FMS-like tyrosine kinase 3 ligand (FLT3L)-induced
bone marrow-derived DCs were produced by culture of bone marrow
cells (2 x 10°cells/ml) in complete RPMI supplemented with 100 ng/
ml recombinant murine FIt3L (Miltenyi Biotec, Auburn, CA, USA) in 6-
well plates. Half of the medium was removed and fresh cytokine-sup-
plemented medium was added at days 4-5. Bone marrow-derived DCs
were harvested and analyzed on days 7-8, and > 85% of the cells ex-
pressing CD11c were used. Spleen single-cell suspensions were pre-
pared by filtration through 70 um nylon strainers (BD Biosciences), and
CD11c* cells were separated by using CD11c MicroBeads (Miltenyi
Biotec, Bergisch Gladbach, Germany).

DCs (1 x 10°cells/ml) were stimulated with YM-2A at various
concentrations (0-500 pg/ml), TLR2 agonist Pam3CSK, (0.5 pg/ml;
InvivoGen, San Diego, CA, USA), TLR4 agonist lipopolysaccharide
(0.1 pg/ml; Escherichia coli serotype 0111:B4, Sigma-Aldrich, St. Louis,
MO, USA), maitake B-glucan MD-Fraction (100 pg/ml) for 24 h. After
incubation, cytokine levels in the supernatant were determined using
ELISA, according to the manufacturer's protocol (IL-12p40, TNF-a, IL-6,
and IL-10; PeproTech, Rocky Hill, NJ, USA, IL-12p70; Invitrogen,
Carlsbad, CA, USA). For the blocking antibody assays, DCs were pre-
incubated with 1 pg/ml anti-dectin-1 (2A11; AbD Serotec, Kidlington,
United Kingdom), anti-TLR2 (T2.5; HyCult Biotechnology, Uden, The
Netherlands), anti-TLR4/MD-2 (MTS510; HyCult Biotechnology), anti-
DC-SIGN/CD209 (MMD3; R&D Systems, Inc., Minneapolis, MN, USA),
anti-Dectin-2/CLEC6A (D2.11E4; Abcam, Cambridge, MA, USA) or anti-
Mincle (4A9; MBL Ltd., Nagoya, Japan) for 1 h, followed by stimulation
with YM-2A, TLR agonists, or maitake (3-glucan for 24 h.

2.4. Mixed lymphocyte reaction (MLR)

Responder T cells used for allogenic T cell reaction were isolated
with a MACS CD4" or CD8" T cell isolation kit (Miltenyi Biotech,
Auburn, CA, USA) from the whole spleen cells of C57BL/6 mice.
Unstimulated, YM-2A- or LPS-stimulated DCs of DBA/2 mice were
treated with 50 pg/ml mitomycin C (Kyowa Co. Ltd., Tokyo, Japan) for
1 h and cultured with allogenic T cells at a density of 1 x 10° cells/well
in U-bottom 96-well microtiter plates for 72h. Cell proliferation was
measured with WST-8 reagent using Cell Count Reagent SF (Nakarai
Tesque Inc., Kyoto, Japan) according to the manufacturer's instructions.
IFN-y levels in the supernatants were determined using ELISA, ac-
cording to the manufacturer's protocol (PeproTech, Rocky Hill, NJ,
USA).

2.5. In vivo tumor studies

Tumor cell lysates (tumor associated antigen; TAA) were prepared
by 4 freeze-thaw cycles of colon-26 (CT-26) cells or B16 melanoma
cells (1 x 107 cells/ml in PBS), as described previously [21]. DCs from
BALB/c or C57BL/6 mice were incubated with CT-26 cell lysate or B16
cell lysate, respectively, at a ratio of 3:1 tumor cell equivalents, that is,
DCs in the presence or absence of YM-2A (100 pg/ml) for 24 h. The DCs
were harvested and resuspended in PBS at specific vaccine concentra-
tions for use in further studies.

BALB/c or C57BL/6 mice were inoculated with CT-26 carcinoma
cells (1 x 10° cells/mouse) or B16 melanoma cells (2 x 10° cells/
mouse), respectively, by subcutaneous (sc) injection on day 0. For DC
vaccination, the mice were treated by peritumoral injections of DCs
(1 x 10° cells/mouse) stimulated with either YM-2A, TAA prepared
from tumor, or both on days 3, 8, and 14. The tumor volume was cal-
culated using the following formula: tumor volume (em®) = (longest
diameter x shortest diameter?) /2. For survival studies, mice were
monitored for survival and euthanized if they became moribund or if
tumor reached 2 cm in maximum diameter.
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2.6. Flow cytometry

DCs were incubated with mAb, including anti-CD11c, anti-I-A/I-E,
anti-CD86, and anti-CD80, for 20 min at 4 °C. Cells labeled were ana-
lyzed using FACSAria III (BD Biosciences, San Jose, CA, USA). Spleen
single-cell suspensions were prepared by filtration through 70 pum nylon
strainers (BD Biosciences), and were labeled with anti-CD4, anti-CDS8,
anti-CD86, and anti-CD11c for 20 min at 4 °C, washed, and analyzed
using FACSAria III. For intracellular staining of IFN-vy, cells were cul-
tured for 4h with PMA (25ng/ml) and ionomycin (1 pg/ml), and cy-
tokine release was prevented by treatment with Golgi-stop (BD
PharMingen). Following surface staining of CD4 or CD8, cells were
fixed using the Cytofix/Cytoperm kit (BD PharMingen) and stained with
mAb including IFN-y. All antibodies were purchased from BD
Bioscience.

2.7. Statistical analysis

Data were analyzed using Prism software (GraphPad Software, Inc.).
Data presented are expressed as the mean + standard error (SE). One-
way ANOVA with the Tukey's post hoc test was used for analysis of
multiple groups, and Student's t-test was used to compare two groups.
Tumor growth data were analyzed using a two-way ANOVA. Kaplan-
Meier survival curves of mice in the tumor studies were analyzed by the
log rank-survival test. Differences were considered statistically sig-
nificant at P < 0.05.

3. Results
3.1. YM-2A induces maturation of DCs in dose-dependent manner

DC is functionally divided into conventional DCs (cDCs) and plas-
macytoid DCs (pDCs). GM-CSF-induced bone marrow-derived DC be-
longs to ¢DCs, which originally shows a dendritic morphology where
the dendrites further extend after activation [22,23]. As shown in
Fig. 1A, treatment with YM-2A dose-dependently induced marked ex-
tension of dendrites of DCs indicative of cellular activation. The per-
centage of activated DCs to total cells, an index reflecting the extent of
cell extending, was dose dependently increased by YM-2A (Fig. 1A).
Similar morphological changes occurred by Pam3CSK4 and maitake p-
glucan, whereas LPS induced cellular atrophy probably due to excessive
activation. Consistent with our previous report [15], YM-2A increased
the relative values of the number of viable DCs measured by WST-8
assay, indicating that YM-2A increases cell proliferation of DCs (data
not shown). These results demonstrate that no cytotoxicity was ob-
served in DCs for YM-2A concentrations as high as 500 pg/ml, but that
cell proliferation was increased.

The process of DC maturation, in general, involves not only mor-
phological changes (e.g. formation of dendrites), but also a redistribu-
tion of MHC molecules from intracellular endocytic compartments to
the DC surface, an increase in the surface expression of costimulatory
molecules (e.g. CD80 and CD86), and the secretion of cytokines (e.g. IL-
12). To evaluate whether YM-2A influences DC phenotypic maturation,
YM-2A stimulated DCs were analyzed for the expression of DC ma-
turation markers. Fig. 1B and C shows that YM-2A upregulated the
expression of MHC class II molecules, CD80 and CD86, on DCs in dose-
dependent manner. In addition, YM-2A significantly increased IL-
12p40, TNF-a, and IL-6 production by DCs, but not IL-10 (Fig. 1D). IL-
12p70 is a heterodimer consisting of the p35 and p40 chains encoded
on separate chromosomes. A common p40 chain is shared by IL-12 and
IL-23, yet they comprise unique p35 and p19 chains, respectively [24].
As Fig. 1D, YM-2A significantly increased IL-12p70 production from
DCs. This made it clear that YM-2A enhances IL-12 production in DCs.

Culturing of bone marrow cells with GM-CSF is the model of mi-
gratory DCs and of monocyte-derived inflammatory DCs. We therefore
investigated whether YM-2A induces maturation of other DC subsets. As
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shown in Fig. 2A, YM-2A enhanced DC activation markers on primary
splenic DCs as well as GM-CSF-induced bone marrow-derived DCs.
FLT3L-induced bone marrow-derived DC is one such model for studying
the origin of pDCs [25]. Fig. 2B shows that YM-2A also increased DC
activation markers on CD11c¢*B220* pDC generated by Flt3L. These
results suggest that YM-2A can induce maturation of the various types
of DCs, such as primary DCs, bone marrow-derived GM-CSF-induced
¢DC and Flt3L-induced pDCs.

3.2. YM-2A-stimulated DCs induce allogenic T cell responses

YM-2A increased the expression of DC maturation markers involved
in the presentation of antigens to T cells (Fig. 1B and C). Therefore, we
investigated the ability of YM-2A-treated DC to stimulate T-cell pro-
liferation and cytokine production in an allogeneic mixed lymphocyte
reaction (MLR). Splenic CD4* or CD8" T cells were isolated from
C57BL/6 (H-2b) mice and cultured with YM-2A or LPS-treated or un-
treated DCs from DBA/2 (H-2d) mice for 72h. YM-2A-treated DCs
significantly induced the proliferation of allogeneic CD4* and CD8 " T
cells (Fig. 3, left). In addition, IFN-y levels produced by allogeneic
CD4™" and CD8™ T cells were more significantly increased by YM-2A-
treated DCs than by untreated DCs (Fig. 3, right). These results suggest
that YM-2A-treated DCs have the ability to prime and activate allo-
geneic T cells.

3.3. YM-2A significantly enhances the antitumor efficacy of tumor-
associated antigens (TAA) loading DC vaccines against CT-26 tumor and
B16 melanoma in vivo

Numerous studies have evaluated the effectiveness of ex vivo-gen-
erated DC vaccines in inducing T cell immunity and in preventing
tumor relapses. The most-common type of DCs used for clinical studies
were monocyte-derived DCs, cultured in GM-CSF and IL-4 [5]. They
were loaded with tumor-associated antigens (TAA) in a variety of ways
and used to promote tumor Ag-specific antitumor T cell immunity [5].
We examined whether YM-2A could enhance the therapeutic efficacy of
DC-based tumor immunotherapy using two murine tumor models, CT-
26 tumor-bearing BALB/c mice and B16 melanoma-bearing C57BL/6
mice. DC vaccines were injected to peritumoral areas on days 3, 8, and
14 after tumor inoculation. A control group received PBS, the DC group
received immature DCs without TAA and YM-2A, the YM-2A DC group
received YM-2A treated DCs, the TAA DC group received DCs pulsed
with TAA, and the YM-2A/TAA DC group received YM-2A treated DCs
pulsed with TAA. In both tumor models, the tumor growth was sig-
nificantly inhibited by therapeutic administration of YM-2A/TAA DCs,
compared with PBS, DC and TAA DC group (*P < 0.05 on day 27;
Fig. 4A, *P < 0.05 on day 24; Fig. 4B). Administration of YM-2A DCs
significantly inhibited tumor growth compared with PBS and DC group
(*P < 0.05 on day 27; Fig. 4A, *P < 0.05 on day 24; Fig. 4B), but not
significantly different from TAA DCs. YM-2A/TAA DCs significantly
inhibited tumor growth compared with YM-2A DCs in CT-26 model, but
not defferent in B16 model. YM-2A DCs and YM-2A/TAA DCs pro-
longed survival compared with PBS, DC and TAA DC group in both
tumor models. Survivals of YM-2A DC and YM-2A/TAA DC group were
not significantly different in both tumor-bearing mice (Fig. 4C and D).
These results indicate that YM-2A converts immature DCs into anti-
tumor immunostimulatory DCs, enhancing the therapeutic efficacy of
the DC vaccine against tumor.

3.4. YM-2A-treated TAA-loaded DC vaccine induces Thl immunity in CT-
26 tumor-bearing mice

YM-2A was demonstrated to induce DC maturation and facilitated T
cell priming in vitro (Figs. 1-3). To investigate whether the antitumor
effect is correlated with the T-cell responses induced by YM-2A/TAA DC
vaccines, spleens were collected from the CT-26 tumor-bearing BALB/c



Y. Masuda et al. International Immunopharmacology 67 (2019) 408-416

A YM-2A (ug/ml)

LPS

LPS
500
100
50 /\
Untreated | .= 4 -
(ors -8 P S |~ 0. SS—— N T—
P [T 10 10 10t 10° 10' 10° 10 10t 10° 10! 10 0 10 10*
C MHC Il CD80 CD86
60000 ¥ 15000 bk 6000 ok o
oo * **** ek o
40000 10000 - 4000 o+ ok ok
e ™ [
= = =
20000 5000 2000
(] 0 0
6@6 O G o"@b S S S P o@o IO \g%
{2 4 <
\5‘$ \)‘{é 0‘{6
D IL-12p40 IL-6 IL-10 IL-12p70
2.0 _ 15.0 = 204 %
15 1.5
€ *h® € = z =
S 1.0 = = < 1.0 =
2 2 2 2 2
0.5 R 0.5
0.0 0.0
@ OSSP S . @Q &
‘2 2
o““ 00\‘

Fig. 1. YM-2A induces GM-CSF-induced bone marrow-derived DC maturation and cytokine production.

GM-CSF-induced bone marrow-derived DCs (1 x 10° cells/ml) were stimulated with YM-2A (0-500 pg/ml), LPS (0.1 pg/ml), Pam3CSK, (0.5 ug/ml) or maitake (3-
glucan (100 pg/ml) for 24 h. (A) Morphology of DCs visualized by optical microscopy ( X 200) after stimulation. The activation index percentage was expressed as the
number of cells with activated morphology relative to the total number of cells. Expression levels of MHC II, CD80, and CD86 in CD11c™ cells as representative
histogram profiles (B), and summary of MFI (C). (D) IL-12p40, TNF-a, IL-6, IL-10 and IL-12p70 in the culture supernatants were measured by ELISA. The data shown
are representative (n = 3) of three experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with untreated control.

mice to detect the frequencies of CD4 " and CD8™* T cells. Although YM-
2A/TAA DC vaccines did not affect spleen weight (data not shown) or
the percentages of CD4% cells, they significantly increased the per-
centages of CD8™ cells in spleen cells compared with all other groups
(Fig. 5A, B and C).

Antitumor immunity is initiated by APCs, such as DCs, which

capture tumor antigens from tumor cells and induce the CD4* Th-1
cell/CD8" CTL response, producing the antitumor cytokine IFN-y
[3,26]. Next, we assessed whether YM-2A/TAA DC vaccines can induce
IFN-y expression by CD4" and CD8* T cells in tumor-bearing mice.
Intracellular cytokine staining showed that YM-2A/TAA DC vaccines
significantly increased the percentage of IFN-y-expressing cells in
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Fig. 2. YM-2A induces both primary splenic DC and FIt3L-induced bone marrow-derived pDC maturation.

(A) MACS-enriched splenic CD11c™cells were incubated with YM-2A (500 pg/ml) or LPS (0.1 pug/ml) for 24 h. (B) Flt3L-induced bone marrow-derived DCs
(1 x 10° cells/ml) were stimulated with YM-2A (500 pg/ml), LPS (0.1 pg/ml) for 24 h. Expression levels of MHC II, CD80, and CD86 gated in CD11c™ cells (primary
DC) and CD11c*B2207 cells (pDCs) as summary of MFIL. *P < 0.05, **P < 0.01, and ***P < 0.001, compared with untreated control.
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Fig. 3. Allostimulatory activity of YM-2A-treated DCs.

Unstimulated or YM-2A- or LPS-stimulated DCs were treated with 50 ug/ml mitomycin C for 1 h and cultured with allogeneic CD4* and CD8* T cells (1 x 10° cells/
well) at a ratio of stimulators to responders (1:5 to 1:20) for 72h. (A) Cell proliferation was measured with WST-8 reagent. (B) IFN-y levels in supernatants were

+

analyzed by ELISA. Data represent the mean
control.

splenic CD4* and CD8* T cells (Fig. 5D, E, F and G). We also found that
YM-2A/TAA DC vaccines enhanced CD86 expression of splenic DCs
compared with all other groups (Fig. 5H). These data indicate that the
YM-2A/TAA DC vaccine enhances Thl polarization and induces anti-
tumor CD8* T cell development.

3.5. YM-2A induces maturation of DCs via C-type lectin Dectin-1

Various polysaccharides were reported to activate APCs, such as
DCs and macrophages. A-Carrageenan, which contains $-1,4 and a-1,3
glycoside linkages, promotes DC maturation through the TLR4-medi-
ated signaling pathway [27]. B-Glucans, including maitake -glucan,
are recognized by Dectin-1 on macrophages and DCs [13,21,28]. On the
other hand, YM-2A is characterized as a glycogen-like polysaccharide
consisting of a-1,4 and a-1,6 glycoside linkages [15]. Some glycogens
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SE (n = 4-6) of two separate experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with untreated

have been reported to be recognized by TLR2 on macrophages [11,29].
To investigate which receptors are associated with DC maturation by
YM-2A, DCs were pretreated with either anti-TLR2, -TLR4, or Dectin-1
neutralizing antibodies. As shown in Fig. 6A-D, DC maturation induced
by TLR4 ligand LPS, TLR2 ligand Pam3CSK,, or maitake B-glucan was
significantly inhibited by anti-TLR4, -TLR2, or Dectin-1 antibodies,
respectively. Unexpectedly, YM-2A-induced DC maturation was not
inhibited by anti-TLR4 or -TLR2 antibodies, but almost completely
abolished by anti-Dectin-1 antibody (Fig. 6A-D). Dectin-1 is a member
of the C-type lectin-like receptors (CLRs) [30,31]. We therefore in-
vestigate the role of the representative CLRs, such as Dectin-2, Mincle
and DC-SIGN, on YM-2A-induced DC maturation. Neutralizing anti-
bodies against these receptors did not inhibit YM-2A-induced DC ma-
turation (Supplemental Fig. S1). These results suggest that YM-2A in-
duces DC maturation through the Dectin-1 pathway.
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Fig. 4. Adjuvant effect of YM-2A in DC-based tumor immunotherapy.

BALB/c and C57BL/6 mice were subcutaneously inoculated with colon-26 cells (1 x
day 0. For DC vaccination, the mice were treated by peritumoral injections of DCs (1
both on days 3, 8, and 14. (A and B) Tumor cell growth are shown. Data represent

Kaplan-Meier curves and Log-rank test for overall survival (*P < 0.005).

4. Discussion

In this study, we demonstrated that YM-2A induced morphological
changes and increased cell-surface maturation markers and cytokine
production in DCs. In MLR assays, YM-2A-treated DCs increased pro-
liferation and production of IFN-y by allogeneic CD4* and CD8* T
cells. These results indicate that YM-2A phenotypically and functionally
activates DCs. Furthermore, the YM-2A-treated TAA-loaded DC vaccine
increased splenic IFN-y producing CD4 " and CD8 ™" T cells, resulting in
reduced tumor growth.

Our previous studies demonstrated that YM-2A not only increased
cell proliferation, but also up-regulated mRNA expression of IL-12p40,
IL-12p35, IL-1B, IL-6 and TNF-a in DCs [15]. This study extends beyond
previous studies that have suggested that YM-2A treatment induces a
strong inflammatory phenotype in DCs. Here, we showed that YM-2A
increased the expression levels of maturation markers, such as CD8O0,
CD86, and MHC II (Fig. 1B and C). In addition, YM-2A increased the
production of various cytokines, such as IL-12 (p40 and p70), TNF-a,
and IL-6, but not IL-10 (Fig. 1D). IL-12 can promote Thl immune re-
sponses, which induce the production of large amounts of IFN-y from
activated T and NK cells [3,26]. On the other hand, DCs secrete IL-10,
which acts in an autocrine manner to suppress APC function [32]. Our
results showed that YM-2A induced DC to secrete high levels of IL-12,
and that YM-2A-treated DCs significantly strengthened the proliferation
of CD4* and CD8"* T cells and produced elevated levels of IFN-y
(Fig. 3), suggesting that YM-2A-treated DCs enhanced T cell activation
in the Th1/CTL immune response. These results suggest that YM-2A has
the potential to be used as adjuvant for a therapeutic cancer vaccine.

In recent decades, many researchers have attempted to identify
adjuvants to induce DC maturation for DC vaccine immunotherapy
[2,3,18,33]. In our study, TAA derived from dying tumor cells were
used to load DCs to generate tumor-specific CTLs in two murine tumor
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x 10° cells/mouse) stimulated with either YM-2A, TAA prepared from tumor, or
the mean = SE (n = 5). *P < 0.05 on day 29-32 (A) or day 24(B). (C and D)

models, CT-26 tumor-bearing BALB/c mice and B16 melanoma-bearing
C57BL/6 mice. Our data showed that administration of YM-2A-treated
TAA-loaded DCs resulted in a dramatic decrease in both tumor growth
(Fig. 4A and B) and improved survival rate (Fig. 4C and D). Adminis-
tration of YM-2A DCs also strongly inhibited tumor growth (Fig. 4 and
B) and improved survival (Fig. 4C and D). This is because that peritu-
moraly injected YM-2A DCs might be pulsed with antigen from tumor
tissue. The ability of YM-2A to induce antitumor efficacy of the DC
vaccine may be due its ability to enhance the proportion of IFN-y-se-
creting lymphocytes in tumor-bearing mice (Fig. 5). It is well known
that B-glucan is a potent activator of DC [34,35]. We previously showed
that maitake p-glucan-treated TAA-loaded DCs inhibited tumor growth
by 50% in CT-26-bearing BALB/c mice [21]. In this study, YM-2A-
treated TAA-loaded DCs inhibited tumor growth by up to 94% in CT-26-
bearing BALB/c mice (Fig. 4A). Even considering that injected DC
number and schedule were different between the experiment of YM-2A
(Fig. 4A) and maitake B-glucan [21], YM-2A enhanced the effect of DC
vaccine at least as much as maitake (3-glucan.

DCs express PRRs, such as TLRs, CLRs, NOD-like receptors (NLRs)
and RIG-I-like receptors (RLRs), all of which recognize various micro-
bial PAMPs [6,12,22,36]. Some glycogens (e.g. enzymatically synthe-
sized glycogen, a-glucan from Pseudallescheria boydii, a-glucan from
Lentinula edodes, and mycobacterial a-glucan) were reported to activate
macrophages through TLR 2, TLR 4, or DC-SIGN [9,11,12,29]. YM-2A
has been characterized as a glycogen-like polysaccharide consisting of
a-1,4 and a-1,6 glycoside linkages [15]. Antibody neutralization stu-
dies indicated that YM-2A-induced DC maturation is mediated, at least
in part, by the Dectin-1-dependent pathway, not by TLR2, TLR4,
Dectin-2, DC-SIGN, and Mincle. However, our results do not formally
exclude a possible role of other receptors in YM-2A recognition by DCs.
Future analyses are required to define the receptor involved in YM-2A
recognition.
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Fig. 5. YM-2A/TAA DC vaccine enhances antitumor immunity in the spleens of CT-26-tumor bearing mice.

On day 28 after colon-26 inoculation in BALB/c mice, splenocytes were stained with specific antibodies and analyzed by flow cytometry. Representative plots of
percentages of CD4* and CD8* T cells (A) in a whole spleen cell suspension, and the expression of IFN-y in gated CD4* or CD8* T cells in the spleen (D and E) are
shown. Summarized data is shown (B, C, F and G). (H) The expression of CD86 on splenic DCs; representative histograms (left) and summarized data (right). Data
represent the mean + SE (n = 4-5) of two separate experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the groups linked by the bracket.

Because of their low toxicity, natural products have recently
emerged as promising therapeutic reagents for cancer and infectious
diseases [3,37]. To our knowledge, this is the first study showing that a-
glucan induces DC maturation and enhances DC vaccine as an adjuvant.
In this study, we demonstrated that YM-2A-treated bone marrow-de-
rived DCs induced a Th1 immune response and inhibited tumor growth.
Since oral administration of YM-2A could inhibit tumor growth and
improve survival rate in mouse models [15], and YM-2A induces ma-
turation of the various types of DCs, such as primary DCs, bone marrow-
derived GM-CSF-induced cDC and Flt3L-induced pDCs, future studies
should focus on determining whether oral administration of YM-2A also
enhances a DC vaccine against tumor growth. Overall, YM-2A-treat-
ment of a TAA-loaded DC vaccine could be an excellent candidate for
immunotherapy against cancer.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2018.12.039.
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Fig. 6. YM-2A induces maturation and boosts secretion of IL-12 in DCs through Dectin-1.

DCs were pre-incubated with anti-TLR4, — TLR2 or Dectin-1 antibodies for 1 h, followed by stimulation with YM-2A (100 pg/ml), LPS (0.1 pg/ml), Pam3CSK, (0.5 ug/
ml), or maitake B-glucan (100 ug/ml) for 24 h. Expression of surface molecules (A-C) was analyzed by flow cytometry and IL-12p40 (D) level was determined by
ELISA. Data represent the mean = SE (n = 3) of two separate experiments.
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