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Abstract The protein-bound polysaccharide isolated
from basidiomycetes (PSK), a biological response modifier,
has been used as immunotherapeutic agent for the treatment
of cancers. It has been demonstrated previously that PSK
activates various types of immune cells in vitro, and orally
administrated PSK activates anti-tumor CD4+ T cell
response in mesenteric lymph nodes (MLNSs). The detailed
mechanism of action of PSK, however, has not been eluci-
dated yet. The objective of the present study was to clarify
the molecular mechanism of immunopotentiating effects of
PSK using primary culture of the MLN CD4+ T cells. T
cell receptor (TCR) stimulation-induced interleukin-2 pro-
duction from MLN CD4+ T cells was significantly aug-
mented by PSK in a concentration-dependent manner, and
the augmentation was reflected at mRNA level. Further-
more, PSK augmented transcriptional activities of nuclear
factor of activated T cells and activator protein 1, and phos-
phorylation of extracellular signal-regulated kinase 1/2 and
linker for activation of T cells induced by TCR stimulation,
whereas PSK had no influences without TCR stimulation.
Collectively, the results indicate that PSK augments activa-
tion of MLN CD4+ T cells, probably by modulating the
TCR signaling, and provide important knowledge for the
elucidation of the true target molecule(s) of PSK.
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Abbreviations
ANOVA Analysis of variance

AP1 Activator protein 1

CRE cAMP-response element

ERK Extracellular signal-regulated kinase

GALT Gut-associated lymphoid tissue

GAPDH Glyseraldehyde-3-phosphate dehydrogenase

IFN-g Interferon-gamma

IL Interleukin

LAT Linker for activation of T cells

LPS Lipopolysaccharide

MLN Mesenteric lymph node

NF-AT Nuclear factor of activated T cells

Pam3CSK4 Pam;Cys-Ser-(Lys),

PMA Phorbol 12-myristate 13-acetate

RT-PCR Reverse transcriptase-polymerase chain
reaction

TCR T cell receptor

TLR Toll-like receptor

Introduction

The anti-cancer agent Krestin (Protein-bound Polysaccha-
ride K; PSK), a biological response modifier isolated from
Coriolus versicolor, has been reported to prolong the over-
all survival or the disease-free survival or the duration of
response in patients with gastric cancer, colorectal cancer
and small cell lung cancer [4, 17, 19]. Various mechanisms
of the anti-cancer effect of PSK have been reported,
including reduction of immunosuppressive substances [15],
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induction of various cytokines [9], stimulation of various
immune cells such as activation of cytotoxic T cells [24]
and maturation of dendritic cells [11], and direct action on
cancer cells [27, 28]. Therefore, it is suggested that anti-
cancer effects of PSK are mainly by acting on the host
immune system.

Since oral administration of PSK has been reported to
augment the intestinal immunity [16], the immune tissue,
that the orally administrated PSK first encounters is presum-
ably the gut-associated lymphoid tissue (GALT). In addi-
tion, previous report has shown that PSK significantly
suppresses proliferation of cancer cells implanted into the
cecal wall of mice as a model of colon cancer and augments
tumor-specific proliferation of mesenteric lymph node
(MLN) cells ex vivo, suggesting an involvement of MLN
CD4+ T cells in the anti-tumor effect of PSK [7]. Further-
more, in vitro studies have demonstrated that PSK augments
the proliferation and cytotoxic activity of murine T cells [8],
human peripheral blood lymphocytes and tumor-infiltrating
lymphocytes [18], suggesting that PSK acts directly on T
cells. However, the detailed mechanisms of the effects of
PSK on T cells in the GALT remain largely unknown.

In the present study, we intended to clarify the effect of
PSK on the GALT-derived CD4+ T cell function using pri-
mary culture of immunomagnetically separated CD4+ T
cells isolated from MLNs of naive mice. We found that
PSK significantly augmented T cell receptor (TCR) stimu-
lation-induced interleukin (IL)-2 production and intracellu-
lar signaling activation. These results show that PSK
augments activation of MLN CD4+ T cells, probably by
modulating the TCR signaling.

Materials and methods
Animals

Eight to fourteen week-old female BALB/c mice were pur-
chased from Japan Charles River (Kanagawa, Japan). Mice
were housed under temperature- and humidity-controlled
(24 £ 2°C, 55 + 10%), specific pathogen free conditions
with lighting cycle from 7:00 a.m. to 7:00 p.m., and had
free access to autoclaved food and sterilized tap water. All
experimental procedures were approved by the Committee
of Ethics on Animal Experiments of the Biomedical
Research Laboratories, Kureha Corporation (Tokyo,
Japan), and conducted in accordance with the guidelines of
the institute.

Primary CD4+ T cell isolation and culture

CD4+ T cells were prepared from MLNs of naive BALB/c
mice in all experiments. Pooled MLNs from at least two
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mice matched for age were minced over a 100 pm cell
strainer (BD Falcon, Tokyo, Japan), and washed. MLN
CD4+ T cells were then prepared using a mouse CD4+ T
cell isolation kit and an AutoMACS separator (both from
Miltenyi Biotec, Tokyo, Japan). Following these proce-
dures, cell yields of over 99% viable cells that expressed
CD3 were routinely obtained as determined by flow cytom-
etry (FACSCalibur; Becton Dickinson, Tokyo, Japan)
staining with APC-labeled anti-CD3e monoclonal antibody
(clone 145-2C11; Fig. 1a). The purity of CD4+ or CD8+
cells in separated CD3+ cells was also assessed by flow
cytometry staining with FITC-labeled anti-CD4 monoclo-
nal antibody (clone RM4-5), PE-labeled anti-CD8a mono-
clonal antibody (clone 53-6.7), and approximately 96% of
cells were CD4 positive (Fig. 1b). In these flow cytometric
analyses, dead cells were excluded by staining with 7AAD
dye, and all antibodies and reagents were purchased from
BD Pharmingen (Tokyo, Japan). The primary CD4+ T cells
were cultured in RPMI 1640 medium (Sigma, St Louis,
MO) supplemented with 10% heat-inactivated fetal calf
serum (MP Biomedicals, Aurora, OH), 50 pg/mL gentami-
cin (Sigma). In all cases, cells were cultured at 37°C in a
5% CO, humidified incubator.
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Fig. 1 The purity of freshly isolated MLN CD4+ T cells assessed by
flow cytometry. a Separated cells were stained with APC-labeled anti-
CD3e (solid line) or isotype-matched control antibody (broken line).
b The CD3+ cells were also stained with FITC-labeled anti-CD4 and
PE-labeled anti-CD8a antibody
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Stimulation of T cells

The MLN CD4+ T cells were TCR stimulated with anti-
CD3e monoclonal antibody (10 pg/mL, clone 145-2C11,
sodium azide-free and low endotoxin grade; BD Pharmin-
gen) immobilized to culture vessels, which could induce
IL-2 production and intracellular signaling activation in the
absence of antigen-presenting cells [21]. PSK (Kureha
Corp., Tokyo, Japan) at various concentrations was added
at the same time of TCR stimulation unless otherwise indi-
cated. In some experiments, cells were stimulated with
phorbol 12-myristate 13-acetate (PMA) plus ionomycin
(both from Sigma).

Cytokine ELISA

Cells (1 x 10° mL™") were cultured with PSK in the pres-
ence or absence of TCR stimulation as described above for
8, 24 or 48 h at 37°C in 96-well culture plates. IL-2, inter-
feron-gamma (IFN-g) and IL-4 concentrations in the cul-
ture supernatants were determined using commercially
available ELISA kits (R&D Systems, Minneapolis, MN)
according to the manufacturer’s instructions. The detection
thresholds of IL-2, IFN-g and IL-4 are 15.6, 9.4 and 7.8 pg/
mL, respectively. In some experiments, anti-mouse IL-2
monoclonal antibody (clone JES6-1A12, 20 pg/mL) or
control rat IgG2a monoclonal antibody (clone 54447; both
from R&D Systems) was added at the start of cultures to
neutralize the bioactivity of IL-2 in culture medium. To
compare the effect of PSK with Toll-like receptor (TLR)
ligands, TLR2 ligand Pam3Cys-Ser-(Lys)4 hydrochloride
(Pam3CSK4; Calbiochem, San Diego, CA) or TLR4 ligand
ultra-pure lipopolysaccharide (LPS, lipoprotein-free grade,
from E. coli 0111:B4; InvivoGen, San Diego, CA) was
added to cultures instead of PSK. In addition, anti-mouse
TLR2 monoclonal antibody (clone T2.5, 10 pg/mL; Hycult
Biotechnology, Uden, Netherlands) or control mouse IgG1
monoclonal antibody (clone 107.3; BD Pharmingen) was
added at the start of cultures.

Quantitative real-time reverse transcriptase-polymerase
chain reaction (RT-PCR)

TCR stimulated cells were cultured with PSK (100 pg/mL)
for 2, 5 or 8 h at 37°C. Total RNA was extracted using a
RNeasy mini kit (Qiagen, Tokyo, Japan) according to the
manufacturer’s instructions. Hundred nanograms of total
RNA in a 20 pL reaction volume was reverse transcribed
with oligo dT and random hexamer primers using a Prime-
Script RT reagent kit (Takara Bio, Shiga, Japan). Real-time
RT-PCR was then performed with twofold-diluted cDNA
using a QuantiTect SYBR Green PCR kit (Qiagen) and
primer pairs for mouse IL-2 and GAPDH (QuantiTect

Primer Assay; Qiagen). Serial dilutions of known amounts
of cDNA from anti-CD3e-stimulated MLN CD4+ T cells
were used to generate a standard curve to determine the rel-
ative quantity of mRNA expression in each sample at a
given fluorescence intensity after product amplification.
Values for IL-2 mRNA were normalized to GAPDH
mRNA expression. Analyses were conducted with a Light-
Cycler Instrument (Roche Diagnostics, Tokyo, Japan) and
performed in duplicate.

Transient transfection and luciferase assay

The luciferase reporter plasmids for nuclear factor of acti-
vated T cells (NF-AT), activator protein 1 (AP1) and
cAMP-response element (CRE) were purchased from Clon-
tech (Mountain View, CA). Primary MLN cells were
treated with PMA (2 ng/mL) and ionomycin (1 pg/mL) for
2 days, and then washed and treated with recombinant
mouse IL-2 (20 ng/mL, R&D systems) for an additional
1day. T cell blasts (5 x 10° cells) were harvested and
resuspended in serum-free RPMI 1640 medium and co-
transfected with both luciferase reporter gene plasmid and
control plasmid (phRL-TK; Promega, Madison, WI) by
electroporation (800 puF, 250 V) using a Cell Porator
(Biometra, Goettingen, Germany). The electroporated cells
were resuspended in complete medium containing serum
and cultured for 3 h. The cells were then stimulated with
immobilized anti-CD3e monoclonal antibody as described
above in the presence or absence of PSK (100 pg/mL).
After 6 h of culture, cells were washed with ice-cold phos-
phate-buffered saline and cellular luciferase activity was
measured using a dual luciferase reporter assay system
(Promega) with a Lumat LB9501 luminometer (Berthold
Technologies, Bad Wildbad, Germany). Data are presented
as the ratio of Photinus pyralis luciferase activity/Renilla
reniformis luciferase activity.

Immunoblot analysis

Cells were treated with PSK (100 pg/mL) for 1 h prior to
TCR stimulation, and were then stimulated with immobi-
lized anti-CD3e monoclonal antibody without removal of
PSK. Cells were lysed in RIPA lysis buffer containing
50 mM Tris—HCI (pH 7.4), 150 mM NacCl, 0.25% deoxy-
cholic acid, 1% NP-40, 0.1% SDS, 1 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, 1 pg/mL aprotinin, 1 pg/
mL leupeptin, 1 mM sodium orthovanadate and 1 mM
sodium fluoride, at various time points as indicated in the
figures. After incubation for 30 min on ice, the lysates were
centrifuged for 10 min at 15,000 g and the supernatants
were collected. Protein concentrations were determined
using a Dc protein assay kit (Bio-Rad, Tokyo, Japan) based
on Lowry’s method [14] with bovine serum albumin as
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standard. Lysates (2-5 pg) were mixed with 4x reducing
sample buffer (200 mM Tris—HCI, pH 6.8, 8% SDS, 40%
glycerol, 0.4% bromophenol blue, 4% 2-mercaptoethanol),
heated for 5 min at 95°C and separated by SDS-PAGE.
After transferring the samples onto a polyvinylidene difluo-
ride membrane (GE Healthcare Bioscience, Tokyo, Japan),
the membranes were blocked and treated with one of
following primary antibodies: rabbit anti-phosphorylated
(Thr202/Tyr204) extracellular signal-regulated kinase
(ERK) 1/2 monoclonal antibody, rabbit anti-ERK 1/2
monoclonal antibody, rabbit anti-phosphorylated (Tyr191)
linker for activation of T cells (LAT) polyclonal antibody
or rabbit anti-LAT polyclonal antibody (all from Cell Sig-
naling Technology, Danvers, MA). After treatment with
horseradish peroxidase-conjugated secondary antibody (GE
Healthcare Bioscience), signals were visualized using an
ECL plus detection kit and Hyperfilm ECL (GE Healthcare
Bioscience).

Statistical analysis

For comparisons of the means between two groups, statisti-
cal analysis was performed by two-tailed unpaired ¢ test
after confirming equality between the variances of the
groups. If the variances were unequal, Mann—Whitney U
tests were performed. Comparisons of the means among
more than three groups were done by one-way factorial
analysis of variance (ANOVA) followed by Bonfferoni/
Dunn post hoc test. In the time course experiments, statisti-
cal analysis was performed by two-way ANOVA with
repeated measures to evaluate overall treatment effect and
treatment—time interaction. P values of less than 0.05 were

considered to be significant. Statistical analysis was per-
formed using Statview 4.11 software (Abacus concepts).

Results

PSK enhanced cytokine production from MLN CD4+
T cells stimulated with anti-CD3e antibody
but not PMA/ionomycin

In unstimulated MLN CD4+ T cells cultured in the absence
and presence of PSK (100 pg/mL), IL-2, IFN-g and IL.-4 were
not detected at least 48 h of culture (data not shown). Contrary
to this, in the presence of TCR stimulation with immobilized
anti-CD3e antibody, two-way repeated measures ANOVA
indicated PSK significantly augmented IL-2 production in
treatment—time interaction at 30 pg/mL (P <0.0001) and
100 pg/mL (P <0.0001) and in overall treatment effect at
30 pg/mL (P =0.0005) and 100 pg/mL (P < 0.0001); further-
more, significant treatment—time interaction (P = 0.0009) and
overall treatment effect (P = 0.0022) were observed between
30 and 100 pg/mL (Fig. 2a). In addition, two-way repeated
measures ANOVA indicated PSK also augmented IFN-g and
IL-4 production in treatment—time interaction at 30 pg/mL
(IFN-g, P=0.0052) and 100 pg/mL. (IFN-g, P =0.0005;
IL-4, P =0.0355) and in overall treatment effect at 30 pg/mL
(IFN-g, P =0.0014; IL-4, P = 0.0034) and 100 pg/mL (IFN-g,
P =0.0071; IL-4, P = 0.0026); however, significant effect
was not observed between 30 and 100 pg/mL (Fig. 2b, c).
Furthermore, the TCR stimulation-induced IFN-g and IL-4
production was almost completely inhibited by anti-IL-2
neutralizing antibody (Fig. 3).
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Fig. 2 Effect of PSK on the cytokine production from MLN CD4+ T
cells under TCR stimulation. Cells were stimulated with immobilized

anti-CD3e antibody (10 pg/mL) in the presence or absence of PSK (30
or 100 pg/mL) for 8, 24 or 48 h. IL-2 (a), IFN-g (b) and IL-4 (c) con-
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centration in culture supernatants was measured by ELISA. Data are

expressed as mean = SD of triplicate cultures. Results are representa-
tive of three independent experiments
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Fig. 3 Effect of IL-2 neutralization on the TCR stimulation-induced
IFN-g and IL-4 production. TCR-stimulated cells were treated with
medium alone or PSK (30 or 100 pg/mL) and cultured in the presence
of either isotype-matched control rat IgG2a (open column) or anti-1L-
2 neutralizing antibody (closed column) for 48 h. IFN-g (a) and IL-4
(b) concentration in culture supernatants was measured by ELISA.
Data are expressed as mean & SD of triplicate cultures. nd, not detected.
Results are representative of three independent experiments

On the other hand, when the cells were stimulated with
PMA plus ionomycin commonly used for pharmacological
stimulation of T cells, PSK showed no effect on IL-2 pro-
duction (Fig. 4).
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Fig. 4 Effect of PSK on the PMA/ionomycin-induced IL-2 produc-
tion. Cells were stimulated with PMA/ionomycin in the presence or
absence of PSK (100 pg/mL) for 24 h. IL-2 concentration in culture
supernatants was measured by ELISA. Data are expressed as
mean % SD of triplicate cultures. ns, not significant (unpaired 7 test).
Results are representative of three independent experiments

PSK enhanced TCR stimulation-induced IL-2 production
via TLR2/4-independent mechanism

The TLR2 ligand Pam3CSK4 significantly augmented TCR
stimulation-induced IL-2 production from MLN CD4+ T
cells similarly to PSK, whereas the TLR4 ligand ultra-pure
LPS had no effect on IL-2 production (Fig. 5a). Further-
more, Pam3CSK4-induced augmented IL-2 production was
completely inhibited by anti-TLR2 antibody; however, this
antibody had no influence on the effect of PSK (Fig. 5b).

PSK-induced augmentation of IL-2 production
was reflected at mRNA level

As shown in Fig. 6, IL-2 mRNA expression was induced at
least 2 h after TCR stimulation in MLN CD4+ T cells, and
this increase reached maximum level at 5 h. In the presence
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Fig. 5 Comparison of the effect of PSK with TLR2 and TLR4 ligands
on TCR stimulation-induced IL-2 production. a Cells were stimulated
with immobilized anti-CD3e antibody (10 pg/mL) in the presence of
PSK (100 pg/mL) or Pam3CSK4 (2 pg/mL) or ultra-pure LPS (1 pg/
mL) for 24 h. IL-2 concentration in culture supernatants was measured
by ELISA. Data are expressed as mean £ SD of triplicate cultures. ns,
not significant; ***P < 0.0001 compared with anti-CD3e alone (one-
way ANOVA followed by Bonferroni/Dunn post hoc test). b Isotype-
matched control mouse IgG1 (open column) or anti-TLR2 antibody
(closed column) was added at the start of cultures. Data are expressed
as mean £ SD of triplicate cultures. ns, not significant (unpaired  test);
TP < 0.05 (Mann—Whitney U test). Results are representative of three
independent experiments
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Fig. 6 Effect of PSK on the TCR stimulation-induced IL-2 mRNA
expression in MLN CD4+ T cells. Total RNA was prepared from the
cells stimulated with immobilized anti-CD3e antibody (10 pg/mL) in
the absence (open square) or presence (closed square) of PSK (100 pg/
mL) for 2, 5 or 8 h. Relative IL-2 mRNA expression was determined
by quantitative real-time RT-PCR as described in “Materials and meth-
ods”. GAPDH was used as internal standard. Data are expressed as
mean =+ SD of three independent experiments

of PSK, IL-2 mRNA induction was significantly enhanced
approximately 2.0, 1.6 and 1.7 fold at 2, 5, 8 h after TCR
stimulation, respectively (P =0.0323 in overall treatment
effect, two-way repeated measures ANOVA).

PSK enhanced TCR stimulation-induced NF-AT
and AP1 transcriptional activation

As shown in left columns of Fig. 7a, b, treatment with
PSK alone had no effect on NF-AT and AP1 transcrip-
tional activity similarly to the cytokine production. In
contrast, transcriptional activation of NF-AT was strongly
induced by TCR stimulation, and this increase was sig-
nificantly augmented by PSK (Fig. 7a). Similarly, TCR
stimulation-induced AP1 transcriptional activation was
significantly augmented by PSK (Fig. 7b). By contrast,
PSK had no effect on CRE transcriptional activity under
both non-stimulated and TCR-stimulated conditions (data
not shown).

PSK enhanced activation of signaling cascade induced
by TCR engagement

The phosphorylation of ERKI1/2 (Fig.8a) and LAT
(Fig. 8b) was detected at least 15 min after TCR stimula-
tion. Furthermore, PSK pretreatment augmented the phos-
phorylation from the early phase of TCR stimulation, and
the augmentation continued even after 1 h of stimulation.
In contrast, PSK exerted no effect in the absence of TCR
stimulation.
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Fig. 7 Effect of PSK on the NF-AT and API transcriptional activation
induced by TCR stimulation. MLN T cell blasts were transiently co-
transfected with pNFAT-Luc (a) or pAP1-Luc (b) reporter gene plas-
mid together with control phRL-TK plasmid as described in “Materials
and methods”. The transfected cells were stimulated with immobilized
anti-CD3e antibody (10 pg/mL) in the presence or absence of PSK
(100 pg/mL) for 6 h. The cellular luciferase activity was measured by
chemiluminescent assay, and expressed as the ratio of Photinus pyralis
luciferase activity/Renilla reniformis luciferase activity. Data are
expressed as mean &+ SD of triplicate cultures. ns, not significant;
*P < 0.05 (unpaired ¢ test); TP < 0.05 (Mann—Whitney U test). Results
are representative of three independent experiments

Discussion

From the characteristic of PSK being an oral agent, it may
be speculated that its mechanism of action is associated
with the intestinal immune system. Our laboratory has pre-
viously demonstrated that orally administrated PSK sup-
presses tumor growth in a murine colorectal cancer model
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Fig. 8 Effect of PSK on the phosphorylation of ERK1/2 and LAT in-
duced by TCR stimulation. Cells were preincubated for 1 h at 37°C in
medium alone (lanes 1, 3, 5, 7) or in presence of 100 pg/mL PSK (lanes
2,4, 6, 8). The cells were then stimulated with immobilized anti-CD3e
antibody and incubated for the indicated periods at 37°C without re-
moval of PSK. The total cell lysates were separated by SDS-PAGE,
transferred to polyvinylidene difluoride membranes. a Immunoblot
analysis was performed with anti-phosphorylated ERK 1/2 antibody
(upper panel). The same membrane was stripped and reprobed with
anti-ERK 1/2 antibody (lower panel) to confirm the total protein
amount. b Immunoblot analysis was performed with anti-phosphory-
lated LAT antibody (upper panel). The same membrane was stripped
and reprobed with anti-LAT antibody (lower panel). Results are repre-
sentative of three independent experiments

by inoculating syngeneic Colon 26 tumor into the subsero-
sal space of the cecum, and concluded that PSK acts by
augmenting anti-tumor CD4+ T cell response in MLNs [7].
Furthermore, in vitro studies have shown that PSK
enhances the proliferation and cytotoxic activity of mouse
T cells [8] and human lymphocytes [18]. These former
studies suggest that the effect of PSK is associated with a
direct action on CD4+ T cells in the GALT. In the present
study, we examined the detailed mechanism of immunopot-
entiating effect of PSK using CD4+ T cells isolated from
the MLNs of naive BALB/c mice.

First, we investigated the effect of PSK on the secretion
of cytokines which produced by the activated CD4+ T
cells. In non-stimulated MLN CD4+ T cells, PSK had no
effect on IL-2, IFN-g and IL-4 production. However, when
the cells were TCR stimulated with immobilized anti-CD3e
antibody, PSK augmented IL-2 production in a concentra-
tion-dependent manner, in parallel with upregulation of
IL-2 mRNA expression. These results indicate that PSK
augments TCR stimulation-induced IL-2 synthesis of MLN
CD4+ T cells. In addition, PSK also augmented TCR stim-
ulation-induced IFN-g and IL-4 production, and besides,
IL-2 neutralization almost completely inhibited these cyto-
kines production. These results suggest that PSK augments
TCR stimulation-induced IFN-g and IL-4 production
mainly via augmentation of IL-2 production. On the other
hand, PSK slightly augmented of IFN-g and IL-4 produc-

tion even under IL-2-neutralized condition. In this study,
the separated MLN CD4+ T cells were consisted with
mainly naive phenotype (~80% as determined by CD62L
expression, data not shown) but contained a considerable
number of memory cells. Besides, it has been reported that
naive CD4+ T cells scarcely produce IFN-g and are not
induce IL-4 mRNA at least 24 h after TCR stimulation,
whereas a large amount of IL-2 is produced by naive CD4+
T cells [2, 3, 23]. Therefore, although further investigations
using in vitro-generated or cloned Thl and Th2 are
required, these results indicate that PSK may augment TCR
stimulation-induced IFN-g and IL-4 expression of memory
CD4+ T cells as well as IL-2 production from naive CD4+
T cells.

We next examined the possibility of contribution of
TLR, which has been reported to be expressed in T cells
and function as a co-stimulatory receptor [12], and endo-
toxin contamination on the PSK-induced augmented IL-2
production. We found that lipoprotein-free LPS, which acts
TLR4 but not TLR2, had no effect on TCR stimulation-
induced IL-2 production, whereas Pam3CSK4, which acts
TLR2, augmented IL-2 production and this effect was com-
pletely inhibited by anti-TLR2 antibody. However, this
antibody had no influence on the PSK-induced augmented
IL-2 production. These results indicate that TLR2 and
TLR4 are not concerned in the effect of PSK, and the possi-
bility of endotoxin contamination is excluded in this condi-
tion. In addition, since PSK has been reported to neutralize
transforming growth factor-beta by direct binding [15], it is
possible that the augmented IL-2 production may be associ-
ated with the neutralizing effect of PSK. We therefore
examined the effect of anti-transforming growth factor-beta
1, 2, 3 neutralizing monoclonal antibody on IL-2 produc-
tion by TCR stimulation, but no effect was observed (data
not shown).

IL-2 mRNA expression is strictly controlled by various
trans-acting factors including NF-AT and AP1 [10]. There-
fore, based on our finding that PSK augmented IL-2 expres-
sion at mRNA level, we investigated the effect of PSK on
the transcription factors associated with transcription of the
IL-2 gene. Because of the difficulty to transfect primary T
cells, primary T cell blasts were used in this assay. We
found that TCR stimulation-induced transcriptional activa-
tion of NF-AT and AP-1 was significantly augmented in the
presence of PSK. Again, PSK demonstrated no such effect
in non-stimulated cells. These findings thus suggest that
PSK does not directly activate non-stimulated T cells, but
when the T cells are in an activated state by TCR stimula-
tion, PSK augments the transcriptional activation of NF-AT
and AP1. With regard to the effect of PSK on transcrip-
tional factors, it has been reported that PSK directly acted
on NKL human NK cell line and increased the binding
activity of CRE and AP1 nuclear transcription factor [6].

@ Springer



1654

Cancer Immunol Immunother (2008) 57:1647-1655

Therefore, we further investigated the effect of PSK on
the transcriptional activation of CRE, but no effect was
observed. These results indicate that the involvement of
CRE nuclear transcription factor is little in the PSK-
induced augmentation of IL-2 mRNA expression in MLN T
cells.

Following TCR engagement, intracellular multiple
immunoreceptor tyrosine-based activation motifs (ITAM)
are tyrosine phosphorylated by Src family kinases, and
ZAP-70 tyrosine kinase associates with the phosphorylated
ITAM and become activated [1, 25]. Activated ZAP-70
induces tyrosine phosphorylation of Linker protein LAT,
causing membrane localization of guanine nucleotide
exchange factors that has affinity with phosphorylated LAT
[30]. Subsequently, the transcription factor AP1 is activated
via the Ras—Raf-MEK-ERK cascade [5]. At the same time,
phosphorylation of LAT activates phospholipase C-gamma
1, and leads to the production of DAG and inositol 1,4,5-
trisphosphate (IP;) through the hydrolysis of phosphatidyl-
inositol 4,5-bisphosphate (PIP,). DAG activates the Ras
pathway via PKC, and IP; acts on the calcium channel on
the rough endoplasmic reticulum membrane to increase the
intracellular calcium level, inducing calmodulin activation
followed by calcineulin activation, causing migration of the
transcription factor NF-AT into nuclear [13]. Therefore, we
investigated the effect of PSK on the intracellular signaling
cascade mediated by the CD3/TCR complex. As a result,
addition of PSK augmented the TCR stimulation-induced
phosphorylation of ERK, which is located downstream
of the Ras cascade and is essential for IL-2 production.
Furthermore, PSK also augmented the phosphorylation of
linker protein LAT, which is located upstream of the Ras
cascade and IP3—Ca2+ signaling. These results indicate that
PSK acts on LAT or its upstream region during activation
signaling mediated by the CD3/TCR complex. In addition,
our finding that PSK had no effect on stimulation with PMA
(a PKC activator) plus ionomycin (a Ca’>* ionophore) also
supports the hypothesis that PSK acts upstream of the PKC
and calcium signaling or via other pathways.

Many negative regulatory molecules are presented in
TCR signaling [20], especially in upstream region of LAT
phosphorylation. For example, Grb-associated binder 2
(Gab2) phosphorylated by ZAP-70 under TCR stimulation
associates with Src homology domain 2 (SH2)-containing
protein tyrosine phosphatase (SHP)-2. This association
promotes recruitment of SHP-2 to the TCR signaling
complex, and negatively regulating TCR signaling [26]. In
addition, SHP-1 has been shown to function as a negative
regulator of the TCR signaling threshold [29], and its
functional ligand has been suggested to be CD22 [22]. The
present study did not provide definitive evidence of an
association between PSK and these regulatory molecules.
However, based on the findings that PSK augmented TCR
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stimulation-induced intracellular signaling at early stage
but had no effect under unstimulated and PMA/ionomycin-
stimulated conditions, we speculate that PSK may augment
TCR-stimulated signal activation via acting on these
negative regulatory molecules.

Collectively, the results of this study demonstrate that
PSK augments TCR signaling in MLN CD4+ T cells. This
study is the first to elucidate the detailed mechanism of
action of PSK using primary cultured immune cells isolated
from GALT, which is assumed to be the primary target
organ of PSK, and provides important knowledge for the
elucidation of the true target molecule(s) of PSK.
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