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Potentiation of intestinal immunity by micellary mushroom extracts

Jiwei Suen"?, Hongwei ReN', Chikako TomryaMA-Mivair’, Yasuyo Suga®, Tetsuya Suca®, Yuh Kuwano',
Tsuneo Iiar’, Katsuyoshi Hatakeyama® and Toru ABo'
' Department of Immunology;  First Department of Surgery, Niigata University School of Medicine; * School of Health Sciences, Faculty
of Medicine, Niigata University, Niigata; and * Pharmaceutical Research Laboratories, Ajinomoto Co. Inc., Kawasaki, Japan

(Received 28 December 2006, and accepted 18 January 2007)

ABSTRACT

Mushroom (shiitake) extracts were dispersed with lecithin micelles to prepare superfine particles
(0.05 to 0.2 um in diameter) of B-1,3-glucan (micellary mushroom extracts). When mice were fed
with these micelles of B-glucan (0.75 mg/day/mouse, smaller amounts of B-glucan), the number of
lymphocytes yielded by the small intestine increased by up to 40%. More interestingly, the ratio
of CD8aB TCRap" cells/CD8aa TCRap" cells increased prominently. In parallel with this devia-
tion in the distribution of lymphocyte subsets, tumor cytotoxicity against P815 cells and cytokine
productions were also augmented. In other words, phylogenetically developed lymphocytes
(CD8uf", TCRoB") were much more effectively activated by the oral administration of micellary
B-glucan. These results suggest that smaller amounts of micellary p-glucan might be useful for the

potentiation of intestinal immunity.

It is empirically known that mushrooms, especially
components of B-glucan, are good for our health (2, 6,
10, 14, 17, 21) and sometimes show anti-tumor ef-
fects in animal models and humans (3, 4, 15). How-
ever, such anti-tumor effects of crude mushroom
extracts were limited in our preliminary experi-
ments. To overcome this, we prepared superfine par-
ticles of B-1,3-glucan (i.e., mushroom extracts)
dispersed with lecithin micelles using a high-pres-
sure emulsifier in this study. These mushroom (shii-
take) extracts were then used to examine whether
oral administration has the potential to induce the
augmentation of intestinal immunity in mice. Cumu-
lative evidence has revealed that the augmentation
of intestinal immunity is extremely important for
immunological tolerance, anti-tumor effects, innate
immunity against intracellular pathogens, etc. (1, 7, 8,
13, 18). The present results indicate that micellary
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mushroom extracts might have such potential via
the augmentation of intestinal immunity, especially
in the small intestine.

MATERIALS AND METHODS

Mice. C57BL/6 (B6) mice at the age of 8—10 weeks
were used in this study. The mice were maintained
in the animal facility of Niigata University (Niigata,
Japan). All mice were fed under specific pathogen-
free conditions. All experimental procedures were
approved by the Committee on Animal Research of
Niigata University.

Oral administration of shiitake extracts. Shiitake
mushrooms were broken down with a colloid mill
and boiled at 95°C for 3 h in hot water, and the re-
sulting extracts were filtered. These extracts were
then mixed with lecithin and dispersed at 1500 kgt/
cm’ with a high-pressure emulsifier (Ajinomoto Co.
Inc., Kawasaki, Japan). Particles of B-1,3-glucan in
the shiitake extracts (10 ~ 1000 pm) became smaller
up to particle size of 0.05 to 0.2 pm (Fig. 1). The
major component of the superfine particles was
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Fig. 1 Particle size distribution of the shiitake extract. A.
Crude shiitake extracts, B. Micellary shiitake extracts. Shii-
take extracts were mixed with lecithin and were dispersed
at 1500 kgf/cm® using a high-pressure emulsifier. Diameter
of particles was determined by a laser diffraction/scattering
particle size distribution meter.

B-glucan. The concentration of B-glucan was quanti-
tatively determined using Congo red solution by
measuring the absorbance at 535 nm with a spectro-
photometer. These micellary extracts were diluted
with drinking water, which mice drank from a bottle
for 2 weeks (0.75 mg/day/mouse).

Cell preparation. Mice anesthetized with ether were
sacrificed by total bleeding from the incised axillary
artery and vein. The organs to be used for the ex-
periments were removed and lymphocytes were
obtained as follows. Hepatic lymphocytes were iso-
lated by a previously described method (22). Briefly,
the liver was pressed through 200-gauge stainless
steel mesh and suspended in Eagle’s MEM medium
(Nissui Pharmaceutical, Tokyo, Japan) supplemented
with 5 mM Hepes and 2% heat-inactivated newborn
calf serum. After being washed once with the medi-
um, the cells were fractionated by centrifugation in
15 mL of 35% Percoll solution (Amersham Biosci-
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ences, Uppsala, Sweden) for 15 min at 440xg.
The resulting pellet was resuspended in erythrocyte
lysing solution (155 mM NH,Cl, 10 mM KHCO,,
1 mM EDTA-Na, and 17 mM Tris, pH 7.3). Spleno-
cytes were obtained by forcing the spleen through
200-gauge stainless steel mesh. Splenocytes were
treated with 0.2% NaCl solution to remove RBC.
Intraepithelial lymphocytes (IEL) were collected
from the small intestine according to a previously
described method (19). Briefly, the small intestine
was removed and flushed with PBS to eliminate lu-
minal contents. The mesentery and Peyer’s patches
were then resected. The intestine was opened longi-
tudinally and cut into 1-2 cm fragments. These frag-
ments were incubated for 15 min in 20 mL Ca®'-
and Mg’ '-free Dulbecco’s PBS containing 5 mM
EDTA, in a 37°C shaking-water bath. The super-
natant was then collected. The cell suspensions
were collected and centrifuged in a discontinuous
40%/80% Percoll gradient at 830xg for 25 min.
Cells from the 40%/80% interface were collected.

Immunofluorescence tests. Standard flow cytometric
analysis was performed as previously described (16).
FITC-conjugated anti-CD3 (145-2C11), anti-CD8a.
(53-6.7), PE-conjugated anti-NK1.1 (PK136), anti-
IL-2RB (TM-B1), anti-CD45R/B220 (RA3-6B2), an-
ti-CD4 (PM4-5), anti-CD8B (53-5.8), biotin-
conjugated anti-TCRaf (H57-597), anti-TCRyd
mAbs (GL3) and their isotype controls were pur-
chased from BD PharMingen (San Diego, CA). Bio-
tin-conjugated reagents were developed with Tri-
color conjugated streptavidin (Caltag Lab, San
Francisco, CA).

Cytotoxicity assay. Cytotoxicity assay was per-
formed as previously described (5). YAC-1 and
P815 target cells were labeled with sodium [*'Cr]
chromate (NEN Life Science Products, Boston, MA)
for 2 h and washed three times with RPMI-1640
medium supplemented with 10% fetal calf serum
(FCS). P815 target cells were preincubated with
anti-TCRaf (H57-597, 1 ug/mL), anti-TCRyd (GL3,
1 pg/mL), and anti-CD3g (145-2C11, 1 pg/mL), re-
spectively. Effector cells were serially diluted and
mixed with [*'Cr]-labeled target cells (1 x 10" cells)
in a 96-well U-bottomed microculture plate. The
plate was centrifuged and incubated for 4 h at 37°C.
At the end of the culture, 100 mL of supernatant
was counted in a gamma counter.

Quantification of cytokines. Sera obtained from each
mouse were used to detect the concentration of in-
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terleukin-2 (IL-2) and tumor necrosis factor a (TNFa)
using Cytometric Bead Array (CBA) kits (BD Bio-
sciences, San Jose, CA) according to the manufac-
turer’s instructions. The CBA technique is based on
microparticles matched with antibodies, in which
the particles are dyed to different fluorescence inten-
sities. Following acquisition of sample data using a
FACScan (BD Biosciences), the sample results were
generated in graphical and tabular formats using BD
CBA Analysis Software (BD Biosciences).

Statistical analysis. The difference between the val-
ues was determined by Student’s #-test.

RESULTS

Immunopotentiation in the small intestine by the ad-
ministration of f-glucan
Mice drank pure water or water with shiitake ex-
tracts (i.e., micellary B-glucan) for 2 weeks and the
numbers of lymphocytes yielded by the liver, spleen
and small intestine were enumerated (Fig.2). The
numbers of lymphocytes in the liver and spleen
were unchanged by the oral administration of
B-glucan, whereas that in the small intestine (in-
traepithelial lymphocytes, IEL) increased up to 40%
by the administration of B-glucan (n =4, p <0.05).

To determine the distribution of lymphocyte sub-
sets in various immune organs, two-color staining
for CD3 and IL-2RP and that for CD3 and NKI.1
were then conducted (Fig.3A). Mice fed with or
without B-glucan were examined on day 14. In the
liver, CD3 IL-2RB" were NK cells, CD3™IL-2Rp"
were extrathymic T cells and CD3"*"[L-2RB™ were
conventional T cells of thymic origin (20). NK cells
and extrathymic T cells were abundant in the liver,
but these subsets were few in the spleen. The distri-
bution patterns of these lymphocyte subsets were
unchanged in the liver and spleen, irrespective of
the administration of B-glucan. In the case of the
small intestine, CD3'IL-2RB™ (mainly ofT cells) and
CD3'IL-2RB" (mainly y8T cells) were present. This
pattern was also unchanged by the administration of
B-glucan. A similar staining pattern was also pro-
duced by two-color staining for CD3 and NKI.1
(Fig. 3A bottom). The patterns were also confirmed
to be unchanged by B-glucan in this staining. CD3"
NK1.1" were NK cells and CD3™NK1.1" were NKT
cells (approximately 50% of extrathymic T cells
were NKT cells).

To further characterize the phenotype of lympho-
cyte subsets, stainings with various combinations
were conducted, especially in the small intestine
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(Fig. 3B). Among IEL in the small intestine (s-IEL),
B220'T cells were present. Their level became low
by the administration of B-glucan (35.1% — 24.9%).
Two-color staining for CD4 and CD8 showed that
the proportion of CD8" cells became high by
B-glucan. This population was found to contain high
proportions of TCRof" cells and CD8a'CDSp ™ cells
(i.e., CD8 oo homodimer cells).

We then examined the distribution of TCRap" and
TCRy8" cells among CD8o'B" cells and CD8o'B~
cells in the small intestine (Fig.4). Three-color
staining for CD8a, CD8PB and TCRaf (or TCRyd)
was conducted. By gated analysis, the proportion of
TCRap" cells and TCRyS™ cells was estimated. In
normal mice, approximately 60% of the CDS8af
cells were TCRoB" and 40% of them were TCRyS'.
On the other hand, approximately 30% of the
CD8aa cells were TCRaB™ and 70% of them were
TCRy8". The administration of B-glucan changed
this distribution pattern, namely, the proportion of
TCRof" cells increased and that of TCRyS" cells de-
creased among both CD8af cells and CD8aa cells.

All these experiments were repeated (n=4) and
the absolute numbers of various lymphocyte subsets
were calculated (Fig. 5). The number of whole CD8"
cells increased prominently by the administration of
B-glucan (p < 0.05). Among CDS8" cells, the increase
in the number of CDS8aa cells was much more
prominent than that of CD8af cells. The number
of TCRaB" cells increased (p <0.05), but that of
TCRy3" cells increased only slightly.
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Fig.2 Number of total lymphocytes yielded by the liver,
spleen and small intestine in mice fed with or without
B-glucan. Four mice were used to produce the mean and
one SD.
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Fig. 3 Phenotypic characterization of lymphocytes by two-color immunofluorescence tests. A. Two-color staining for CD3
and IL-2R3 (or NK1.1), B. Two-color staining for various combinations. Numbers in the figure represent the percentages of
fluorescence-positive cells in corresponding areas. Representative results of three experiments are depicted.
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Fig. 4 Phenotypic characterization of lymphocyte subsets in the small intestine. IEL were isolated from the small intestine
in mice fed with or without (3-glucan. Three-color staining for CD8a, CD8f and TCRaf (or TCRy &) was conducted. By
gated analysis, the expression of TCRaf3 and TCRy $ was estimated in CD8af3 cells and CD8aa cells. Numbers in the
figure represent the percentage of fluorescence-positive cells in corresponding areas.
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Fig. 5 Comparisons of the absolute number of lymphocyte
subsets in the small intestine between mice fed without
B-glucan and with (3-glucan. Four mice were used to pro-
duce the mean and one SD.

Augmented cytotoxicity of IEL in the small intestine
by p-glucan

Cytotoxicity assays against YAC-1 cells (i.e., NK
cytotoxicity) and against P815 cells (i.e., tumor cy-
totoxicity) were conducted (Fig. 6). Primarily, lym-
phocytes isolated from the liver had high NK
cytotoxicity but those isolated from the spleen and
small intestine had low NK cytotoxicity (9). This
tendency was confirmed in mice fed with or without
B-glucan (Fig. 6A). In other words, the administra-
tion of B-glucan did not have a significant effect on
NK cytotoxicity.

It is known that IEL in the small intestine carry
tumor cytotoxicity against P815 myeloma cells and
this cytotoxicity is augmented by anti-CD3, anti-
TCRap and anti-TCRyd mAbs coated on assay
plates (5). These experiments were conducted in IEL
in the small intestine of mice fed with or without
B-glucan (Fig. 6B). Under all tested conditions ex-
cept of anti-CD3 mAb, IEL isolated from mice fed
with B-glucan showed augmented levels of tumor
cytotoxicity (p < 0.05).

Cytokine levels increased in sera by administration

of f-glucan
As is well-known, pro-inflammatory cytokines such
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Fig.6 Cytotoxic activity of lymphocytes. A. NK cytotoxicity
against YAC-1 cells, B. Tumor cytotoxicity against P815
cells. Lymphocytes were isolated from the liver, spleen and
small intestine in mice fed with or without [3-glucan. Cyto-
toxicity was examined at the indicated effector to target (E:T)
ratios. By three independent experiments, the mean and
one SD were produced.

as TNF-a are important for host defense. Further-
more, several investigators have reported that the
production of cytokines (e.g. TNFa and IL-1) in
mice was enhanced by administration of B-glucan (11,
12). To determine if cytokine levels increased by the
administration of P-glucan, in a final portion of
these experiments, the levels of TNFa and IL-2
were examined in sera of mice fed with or without
B-glucan (Fig. 7). In the sera of mice that underwent
the administration of B-glucan, CBA assay detected
prominently increased levels of TNFa (3.2 pg/mL —
5.4 pg/mL) and IL-2 (1.6 pg/mL — 3.6 pg/mL),
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Fig. 7 Cytokine production from sera. Lymphocytes were
isolated from mice fed with or without (3-glucan. By three
experiments, the mean and one SD were produced.

compared to levels in the mice without B-glucan
(n= 3, p<0.05). The levels of IFN-y, IL-4 and IL-5
were also examined, but were unchanged by the oral
administration of B-glucan (data not shown).

DISCUSSION

In the present study, we demonstrated that micellary
B-1,3-glucan prepared from shiitake extracts was
able to potentiate intestinal immunity. The number
of lymphocytes yielded by the small intestine in-
creased and the tumor cytotoxicity against P815
cells was augmented by the oral administration of
micellary B-glucan. Although there have been some
reports that crude-sized B-glucan potentiates intesti-
nal immunity (19), we herein used superfine parti-
cles of B-glucan dispersed with lecithin micelles.
The smaller amounts of micellary B-glucan seemed
to be more effective for the potentiation of immuni-
ty than crude-sized B-glucan. The earlier reports
showed that crude-sized B-glucan was required at
the level of 10-30 mg/day/mouse for immunopoten-
tiation (19). However, less than 1 mg/day/mouse of
micellary B-glucan was effective for the same level
of potentiation.

Primarily, B-1,3-glucan is the major component of
oats, mushrooms and yeasts (2, 6, 10, 14, 17, 21).
Since B-1,3-glucan is an indigestive sugar for hu-
mans, almost all of the large fragments of this sugar
might be unabsorbed from the small intestine. It is
speculated that this situation explains the limited
function of crude-sized B-1,3-glucan for the immu-
nopotentiation of intestinal immunity (3, 4, 15). To
overcome this situation, we prepared micellary
mushroom extracts containing superfine particles of
B-1,3-glucan, using lecithin micelles and a high-
pressure emulsifier. The crude-sized B-glucan ranged
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from 10 to 1000 um of diameter, whereas micellary
B-glucan ranged from 0.05 to 0.2 um in diameter. In
other words, findings of the present study suggest
that a small amount of micellary B-glucan is suffi-
cient to potentiate intestinal immunity. Some pa-
tients such as those with digestive tract malignancy
might have difficulty in taking a large amount of
B-glucan. In that case, micellary B-glucan might be
very useful.

Similar to other data on crude-sized B-glucan (19),
an increase in the number of lymphocytes in the
small intestine was prominent even by the oral ad-
ministration of micellary B-glucan. However, rela-
tive enrichment of CD8af TCRaop" cells was unique.
On the other hand, the proportion of CD8oo TCRyS"
cells slightly declined (see Fig.4). These results
suggest that phylogenetically developed T cells in
the intestine are efficiently activated by micellary
B-glucan. These results are also related to the aug-
mentation of tumor cytotoxicity and the increased
production of TNF-a and IL-2. Our preliminary ex-
periments revealed that CD8aB TCRof" cells had a
higher ability of the above-mentioned functions (data
not shown). In sharp contrast, CD8ao” (CDS8 ho-
modimer) cells and TCRy3™ cells are known to be
the most primitive form of lymphocyte subsets in
phylogeny. In any case, micellary B-glucan may be
expected to be effective for the potentiation of intes-
tinal immunity in other animals and humans.
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