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Basic nutritional investigation

Maitake D-Fraction enhances antitumor effects and reduces
immunosuppression by mitomycin-C in tumor-bearing mice
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bstract Objective: D-Fraction, a polysaccharide extracted from maitake mushrooms (Grifola frondosa),
has been reported to exhibit an antitumor effect through activation of immunocompetent cells,
including macrophages and T cells, with modulation of the balance between T-helper 1 and 2 cells.
We examined whether D-Fraction could decrease the effective dosage of the chemotherapeutic
agent, mitomycin-C (MMC), necessary to control carcinoma in mice.
Methods and results: We determined that 0.25 mg · kg�1 · d�1 was the optimal dosage of MMC
because consecutive administration for 17 d resulted in antitumor effects and a survival ratio of
100% in mice bearing mammary cancer cells (MM-46). Although the dosage of MMC was lower
than the effective level, spleen weight and total number of nuclear cells in the mouse spleen
decreased, indicating that MMC showed immunosuppressive activity. In contrast, the combination
of D-Fraction and MMC recovered the decreases in the dose response induced by MMC and
inhibited tumor cell growth more than MMC alone. These effects were achieved through increased
immunocompetent cell proliferation. We evaluated the expression of CD28 on splenic CD8� T cells
and the amount of interleukin-12 produced by whole spleen cells including macrophages after
administering D-Fraction. The results showed enhancement of the T-helper 1 dominant response.
Conclusion: These results suggest that D-Fraction can decrease the effective dosage in tumor-
bearing mice by increasing the proliferation, differentiation, and activation of immunocompetent
cells and thus provide a potential clinical benefit for patients with cancer. © 2005 Elsevier Inc. All
rights reserved.
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None of the currently available anticancer drugs act
olely on carcinoma cells. Anticancer drugs are usually
xtremely toxic and kill malignant and normal cells. The
dverse effects of such drugs are greatest on hematopoietic
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issue, gastrointestinal mucosa, gonads, and skin. Injury to
ematopoietic tissue causes severe immunosuppression and
egatively affects therapy by leaving the host susceptible to
nfection by opportunistic and pathogenic microorganisms.
hese limits on the use of chemotherapeutic agents thus
onstrain their use in effective therapy.

The present study attempts to develop a more potent
herapy for carcinoma by combining immunotherapy with
hemotherapy. The �-glucans extracted from edible mush-

ooms have been found to act as biological response mod-
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fiers that enhance host immune systems. In response to
hese discoveries, investigators have extracted similar can-
idate compounds from the fruiting bodies of various ba-
idiomycetes with a view to application in cancer therapy.
entinan from Lentinus edodes [1] and protein-bound poly-
accharide K (PSK) (krestin) from Coriolus versicolor [2]
re typical �-glucans that possess a straight �-1,3 chain and
�-1,6 side chain. A �-glucan (D-Fraction) that we previ-

usly extracted from the fruiting bodies of maitake mush-
ooms (Grifola frondosa) with a straight �-1,6 chain and a
-1,3 side chain was found to activate immunocompetent T
ells, macrophages, and natural killer cells to a greater
xtent than lentinan or krestin [3]. The safety of D-Fraction
as been confirmed by the Consumer Product Testing Co.
Fairfield, NJ, USA).

The present study investigated the benefits of D-Fraction
nd mitomycin-C (MMC), an anticancer agent with delete-
ious side effects, in tumor-bearing mice.

aterials and methods

aterials

D-Fraction was prepared as described previously [4]
rom powdered fruiting bodies of the maitake mushroom
G. frondosa; Yukiguni Maitake Co., Ltd., Niigata, Japan).

The ratio (percentage) of contaminating lipopolysaccha-
ide in D-Fraction determined with an Endospecy ES-20S
et (Seikagaku Industry Co., Ltd., Tokyo, Japan) was below
.0000006%.

nimals

C3H/HeJ mice (4 wk old, male) that were non-respon-
ive to lipopolysaccharide were provided by Japan Clea Co.,
td. (Osaka, Japan) and acclimated for 1 wk before exper-

mental use.

ells

Mammary cancer cells (MM-46), kindly donated by Dr.
anki Komiyama of Kitasato Institute for Life Sciences,
itasato University (Tokyo, Japan) were maintained in the
ouse peritoneal cavity before experimental use.

dministration of MMC and D-Fraction to MM-46
arcinoma-bearing mice

MM-46 carcinoma cells (1 � 106 cells) were implanted
nto the right axillary region of 5-wk-old male C3H/HeJ
ice. Twenty-four hours later, 0.1, 0.25, or 0.5 mg/kg of
MC was administered once a day intraperitoneally for 17

onsecutive days (n � 3–4). Further, to investigate the
ffect of D-Fraction on MM-46 carcinoma-bearing mice

reated with MMC, we administered the combination ther- z
py of 0.25 mg/kg of MMC and 1.0 mg/kg of D-Fraction for
7 consecutive days and then weighed the spleen and the
umor to determine the tumor inhibition ratio (n � 4–19).
fter 10 d of the 17-d administration period, we examined

he activation of splenic macrophages and CD8� T cells (n
15) and the production of cytokines such as interleukin-2

IL-2) and IL-12 by whole spleen cells (n � 3–4).

reparation of whole spleen cells

Spleens were extirpated after 10 d of MMC (0.25 mg/
g), D-Fraction (1.0 mg/kg), MMC plus D-Fraction (0.25
nd 1.0 mg/kg, respectively), or saline administration.
rythrocytes, dead cells, and debris were removed from
pleen cell suspensions using a Lympholyte-M Reagent
COSMO Bio Co., Ltd., Tokyo, Japan), and all spleen cells
ere suspended in RPMI-1640 medium containing 5% fetal
ovine serum.

low cytometry

On day 10 after tumor challenge, the ratios of positive
ajor histocompatibility class II (MHC II�) cells, CD4� T

ells, or CD8� T cells to whole spleen cells were deter-
ined by flow cytometry as described in a previous report

5]. CD19� cells were depleted from the whole spleen cells,
nd then CD19�MHC II� cells were prepared to detect the
ctivated macrophages using the MACS positive selection
ystem (Miltenyi Biotec GmbH, Bergisch Gladbach, Ger-
any). To detect the activated CD8� T cells, CD19� cells

nd MHC II� cells were separated from whole spleen cells,
nd the remaining cells were analyzed by flow cytometry.
he following mouse monoclonal antibodies were pur-
hased from BD Bioscience Pharmingen (San Diego, CA,
SA): CD16/CD32 (0.5 mg/mL), fluorescein isothiocya-
ate–conjugated I-A/I-E (MHC II; 0.5 mg/mL), fluorescein
sothiocyanate–conjugated CD86 (B7-2; 0.5 mg/mL), fluo-
escein isothiocyanate–conjugated CD3� (0.5 mg/mL), BD
y-Chrom–conjugated CD8a (Ly-2; 0.2 mg/mL), Cy-
hrom–conjugated CD4 (L3T4; 0.2 mg/mL), R-phyco-
rythirin (R-PE)–conjugated CD28 (0.2 mg/mL), and phy-
oerythrin- and indodicarbocyanin-conjugated CD45R/
220 (0.2 mg/mL). R-PE–conjugated F4/80 antigen was
urchased from Serotec Inc. (Raleigh, NC, USA).

etermination of IL-2 and IL-12

Whole spleen cells (1 � 106 /well) were cultured in
PMI-1640 medium containing 5% fetal bovine serum at
7°C for 24 h in 5% CO2. Levels of IL-2 and IL-12 in the
ulture supernatant were then determined using mouse IL-2
nd IL-12 enzyme-linked immunosorbent assay kits (Gen-

yme Co., Cambridge, MA, USA).
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everse transcriptase polymerase chain reaction

Total cellular RNA was extracted from whole spleen
ells by using Cepasol RNA II Super (Nacalai Tesque, Inc.,
yoto, Japan) according to the manufacturer’s protocol.
NA (1 �g) was reverse transcribed to cDNA using oli-
o(dT) primers and then amplified with a reverse transcrip-
ase polymerase chain reaction kit (Toyobo Co., Ltd.,
saka, Japan) according to the manufacturer’s protocol.
he synthetic oligonucleotides were 5=-AGCGGCTG-
CTGAACTCAGATTGTAG-3= and 5=-GTCACAGTTT-
CAGCTGTATAGGG-3= for interferon-� (IFN-�) and
=-TCCACGGATGCGACAAAAAT-3= and 5=-TGAATC-
AGGCATCGAAAAG-3= for IL-4. The G3PDH gene
ith 5=-ACCACAGTCCATGCCATCAC-3= and 5=-TC-
ACCACCCTGTTGCTGTA-3= primers served as the con-

rol. The expression of IFN-�, IL-4, or G3PDH mRNA was
stimated by analyzing the density of bands of electro-
horetically separated polymerase chain reaction products.

tatistical analysis

Values are expressed as means � standard error, and
ignificant differences across the four groups were analyzed
ith Scheffe’s test.

esults

ntitumor effects of MMC and survival rate in tumor-
earing mice

Chemotherapeutic agents including MMC, which are cy-
otoxic to rapidly dividing cells, are associated with sup-
ressed host immune function. Therefore, to decrease the
ffective dosage, we investigated the survival ratio after 17

ig. 1. Antitumor effect of MMC combined with D-Fraction. After tumor
umor diameters with calipers. (A) Tumor volumes were calculated accor
iameter2/2) cm3. On days 10 and 18, tumors were weighed to obtain tum
tandard errors from three to six mice (A) and of two experiments using 4 to
lack bars, MMC plus D-Fraction. Significant differences across the four
onsecutive days of MMC administration. On day 18, a t
urvival rate of 65% was achieved with an MMC dosage of
.5 mg · kg�1 · d�1 when the tumor inhibition ratio was
2.2%. At an MMC dosage of 0.1 or 0.25 mg · kg�1 · d�1,
he survival rate remained at 100% compared with the
bsence of MMC. However, 0.1 mg/kg of MMC had no
ntitumor effects, unlike the 18.5% of tumor inhibition ratio
t 0.25 mg · kg�1 · d�1. These results showed that MMC at
dose of 0.25 mg · kg�1 · d�1 was not toxic to the mice but

ffective against the tumors. Therefore, we used 0.25
g · kg�1 · d�1 of MMC in subsequent experiments.

ffect of D-Fraction on the growth of MM-46 carcinoma
ells in MMC-treated mice

To determine the optimal dosage required in the combi-
ation study, we administered 1.0 or 4.0 mg · kg�1 · d�1 of
-Fraction to MM-46 carcinoma-bearing mice. At these
osages, the tumor inhibition ratio values of D-Fraction
ere 32.9% and above 90%, respectively, on day 18 of

umor challenge. We therefore applied D-Fraction at a dos-
ge of 1.0 mg · kg�1 · d�1. To understand whether D-Frac-
ion enhances the antitumor effect of MMC in mice, we
etermined the effect of 0.25 mg/kg of MMC plus 1.0
g/kg of D-Fraction on MM-46 carcinoma cell growth for

7 d after tumor challenge (Figure 1A). After 5 d, the tumor
olume differed between groups treated with MMC and
ith the combination. By day 10, D-Fraction recovered the
ecrease in spleen weight induced by MMC to the control
evel and the 46.6% tumor inhibition ratio of the tumor
eight in the MMC group increased to 54.4% in the D-
raction group (Figure 1B,C). On day 18, MMC decreased

he weight of spleen and D-Fraction could not recover this
o the control level, indicating that the cumulative dosage of

MC had serious side effects, although the tumor inhibi-
ion ratio increased from 18.5% to 68.9%. These results
uggest that the antitumor effect of D-Fraction is greater

e, tumor growth was monitored for 17 d by measuring two perpendicular
the following formula: (tumor volume) � (longest diameter � shortest
ition ratio (B) and spleens were weighed (C). Values represent means �

ce (B, C). White bars, saline; dotted bars, D-Fraction; hatched bars, MMC;
were analyzed by Scheffe’s test (*P � 0.05). MMC, mitomycin-C.
challeng
ding to
or inhib

19 mi
han that of MMC.
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ffects of D-Fraction on numbers of whole spleen cells,
HC II�, CD4� T cells, and CD8� T cells in MMC-

reated mice

MMC functions as an anticancer agent by blocking DNA
eplication. To investigate the effect of MMC on the growth
f immunocompetent cells, we counted the total number of
ells in whole mouse spleens on day 10 (Table 1). The
ecrease in cell number elicited by MMC corresponded to
he decrease in spleen weight. D-Fraction recovered the
ecrease caused by MMC. In contrast, the ratios of MHC
I�, CD4� T cells, or CD8� T cells to the total number of
pleen cells increased in mice treated with MMC alone or in
ombination with D-Fraction, with no synergism.

ffect of D-Fraction on CD8� T-cell activation in MMC-
reated mice

D-Fraction induces the T-helper 1 (Th1) response and
nhances cellular immunity [5,6]. We previously reported
hat D-Fraction increases CD28 expression on CD8� T cells
6]. In this study, we investigated the activation of CD8� T
ells by analyzing the levels of CD 28 as an active marker
Figure 2). The expression of CD28 on CD8� T cells
ncreased slightly more in the MMC-treated group than in
he control group. Further, D-Fraction increased CD28 ex-
ression in MMC-treated mice to the highest level, indicat-
ng that cell-mediated immunity was enhanced by the com-
ination therapy.

ffect of D-Fraction on the Th1-dominant response in
MC-treated mice

We measured the production of IL-12, an inducer of the
h1-dominant response, in mice administered MMC and
-Fraction (Figure 3). MMC had no effect on IL-12 pro-
uctivity or CD86 expression of splenic macrophages com-
ared with control. In contrast, D-Fraction increased IL-12
roduction and CD86 expression on activated macrophages.
hese results suggested that D-Fraction enhances the Th1-
ependent response in MMC-treated mice through IL-12

able 1
ffects of combination treatment with MMC and D-Fraction on whole spleen

reatments Whole spleen cells
(�106 cells/mouse)

MHC II� cells
(%)

Mean � SE % Mean � SE

aline 100.5 � 23.7 100 29.4 � 0.9
-Fraction 116.2 � 27.4 116 34.6 � 0.3
MC 58.3 � 18.1 58 32.3 � 3.0
MC � D-Fraction 92.0 � 26.3 92 32.7 � 0.5

MHC II, major histocompatibility class II; MMC, mitomycin-C; SE, st
* P � 0.05, significant with Scheffe’s test.
† Values are the result of three experiments using 4 to 15 mice.
roduced by activated macrophages. m
Activated Th1-type CD4� cells produce IL-2 [7,8]. We
herefore examined the amount of IL-2 produced by whole
pleen cells using an enzyme-linked immunosorbent assay.
igure 4 shows that MMC decreased production of IL-2,
hereas MMC increased CD8� T-cell activation compared
ith control, as shown in Figure 2. The mechanism of
ecreased IL-2 productivity by Th1-type CD4� cell is un-
nown. In contrast, the combination of MMC and D-Frac-
ion produced more of IL-2 than D-Fraction alone, due to
he increased ratio of CD4� T cells to whole spleen cells
Table 1).

Th1-type CD4� cells primarily produce type 1 cytokines
uch as IL-2 and IFN-�, whereas Th2-type CD4� cells
roduce those of type 2 such as IL-4, IL-5, and IL-10 [7,8].
o determine the ratio of IFN-� to IL-4 produced by CD4�

cells in mice treated with MMC and D-Fraction, we
xamined the expression of IFN-� mRNA and IL-4 mRNA
n whole spleen cells (Table 2). D-Fraction in addition to

MC increased the ratio of IFN-� mRNA to IL-4 mRNA
ompared with that of the control in contrast to MMC,
hich decreased the ratio. These results suggested that D-
raction enhances the Th1-dependent response through

mber and ratios of MHC II� cells, CD4� T cells, and CD8� T cells†

CD4� T cells
(%)

CD8� T cells
(%)

Mean � SE % Mean � SE %

13.3 � 0.2 100 6.7 � 0.1 100
14.9 � 0.4 112 7.1 � 0.2 106
19.3 � 0.1 145 8.7 � 0.4 130
18.3 � 0.2 138 8.8 � 0.2 131

error

ig. 2. Effect of MMC plus D-Fraction on CD8� T-cell activation. On day
0 after tumor challenge, splenic CD19� negative major histocompatibility
lass II cells were prepared from whole spleen cells and expression ratios
percentage) of CD28 on CD8� T cells (CD3�CD8� cells in lymphocyte
ate) were investigated by flow cytometry. Values represent means �
tandard errors of three experiments using 15 mice. Significant differences
cross the four groups were analyzed by Scheffe’s test (*P � 0.05). MMC,
cell nu

%

100
118
110
111

andard
itomycin-C.



I
p
c

D

o
l
T
n
c
w
r
s
a
d

s
s
e
r
c
m
[
e
a
u
i
s
p
e
i
c
n
i
o
f
i
M
c

t
t
m
e
t
M
e
(
T
I
2

F
c
f
b
u
l

F
1
S
m
e
S

628 N. Kodama et al. / Nutrition 21 (2005) 624–629
L-12 produced by activated macrophages and increases the
roduction of IL-2 by Th1-type CD4� cells that is de-
reased by MMC.

iscussion

MMC damages DNA synthesis and suppresses the number
f spleen cells, plaque-forming cell production, and the de-
ayed-type hypersensitivity reaction to sheep red blood cells.
he present study confirmed that MMC decreases the total
umber of cells in the spleen (Table 1), the white blood cell
ount (data not shown), and the amount of IL-2 produced by
hole spleen cells (Figure 4). In contrast, MMC increased the

atio of MHC II�, CD4� T cells, or CD8� T cells to the whole
pleen cells compared with control (Table 1) and slightly
ctivated CD8� T cells (Figure 2). The effects of anticancer
rugs on the immune system have generally been thought of as

ig. 4. Effect of MMC plus D-Fraction on IL-2 production by whole spleen
ells. On day 10 after tumor challenge, level of IL-2 in culture supernatant
rom whole spleen cells was investigated by enzyme-linked immunosor-
ent assay. Values represent means � standard errors of three experiments
sing 3-4 mice. Significant differences across the four groups were ana-

ig. 3. Effects of MMC combined with D-Fraction on IL-12 production b
0 after tumor challenge, levels of IL-12 in culture supernatant from wh
plenic CD19� positive major histocompatibility class II cells were pre
acrophages (CD45R/B220�F4/80� cells in monocyte gate) were inves

xperiments using three to four mice (A) and of three experiments using
cheffe’s test (*P � 0.05). IL, interleukin; MMC, mitomycin-C.
Tyzed by Scheffe’s test (*P � 0.05). IL, interleukin; MMC, mitomycin-C.
uppressive, which is mediated through bone marrow depres-
ion with decreased immunocyte production. However, recent
valuations of the effects of chemotherapeutic agents have
eported other functional alterations of specific facets of the
ellular immune defense system [9–11]. For example, Adria-
ycin enhances the tumor cell cytotoxicity of macrophages

12] and lymphocytes [13]. In addition, intraperitoneal MMC
nhances tumor cell cytotoxicity of peritoneal exudate cells,
lthough the mechanism of the altered macrophage function is
nknown [14]. Our results support the notion that MMC mod-
fies the immune system in diverse ways including immuno-
uppressive and immunostimulatory pathways. D-Fraction
roduced immunostimulation but no apparent direct antitumor
ffects as observed in cancer cell lines (unpublished data). It
ncreased the ability of MMC to inhibit the growth of MM-46
arcinoma cells through recovery from MMC-induced immu-
osuppression resulting from a decrease in the number of
mmunocompetent cells. In addition, the tumor inhibition ratio
f MMC and D-Fraction was higher than that induced by either
actor alone. This action was brought about through MMC-
nduced immunostimulation such as an increase in the ratios of

HC II�, CD4� T cells, and CD8� T cells to whole spleen
ells (Table 1) and CD8� T-cell activation (Figure 2).

To investigate how the combination of MMC and D-Frac-
ion increased the antitumor effect, we examined the produc-
ion of IL-12, which induces a Th1-dominant response with
acrophage activation. The results indicated that D-Fraction

nhanced the Th1-dominant response induced by MMC
hrough IL-12 produced by activated macrophages because

MC alone did not stimulate macrophages (Figure 3). How-
ver, MMC decreased the amount of the Th1 cytokine, IL-2
Figure 4), without decreasing the numbers of activated CD4�

cells (data not shown). Further, the ratio of IFN-� mRNA to
L-4 mRNA was decreased compared with the control (Table
), indicating that MMC shifts the Th1 cytokine response to

spleen cells (A) and activation of splenic macrophages (B). (A) On day
en cells were investigated by enzyme-linked immunosorbent assay. (B)
rom whole spleen cells and expression ratios (percentage) of CD86 on
by flow cytometry. Values represent means � standard errors of four
ce (B). Significant differences across the four groups were analyzed by
y whole
ole sple
pared f
tigated
15 mi
h2. However, the Th2-dominant response induces immunity
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elated to antibody production by activated B cells but not the
ell-mediated immune response related to cytotoxic T cells.
herefore, the shift of Th1 to Th2 induced by MMC in acti-
ated CD8� T cells could not be explained (Figure 2). Naive
D8� T cells, which are similar to CD4� T cells, can differ-
ntiate into at least two subsets of cytolytic effector cells with
istinct cytokine profiles: cytotoxic-1 (Tc1) cells produce Th1-
ike cytokines including IL-2 and IFN-�, whereas type 2 CD8�

cells (Tc2) produce Th2 cytokines, including IL-4, IL-5, and
L-10 [15,16]. Therefore, the decreased level of IL-2 and the
ecreased ratio of IFN-� to IL-4 mRNA might be due to the
ollowing mechanism. D-Fraction shifts the Th1-Tc2–domi-
ant response induced by MMC to a Th1-Tc1–dominant re-
ponse, and the increased IL-2 induced in response to D-
raction is due to the increased ratios of CD4� T cells and
D8� T cells induced by MMC.

In conclusion, we have demonstrated that D-Fraction can
ecrease the amount of MMC required to manage a cancer
odel through enhancement of the Th1-dominant response.
lthough further studies are required to clarify whether

ombined therapy using D-Fraction is effective, the present
tudy has indicated a potential benefit when applied with
MC in the therapy of patients with cancer. Our findings

aise the possibility that D-Fraction combined with other
ypes of chemotherapy will enhance the outcome and qual-
ty of life for patients with cancer.
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