
Cancer Immunol Immunother (2009) 58:1781–1794

DOI 10.1007/s00262-009-0689-4

ORIGINAL ARTICLE

Oral administration of poly-gamma-glutamate induces 
TLR4- and dendritic cell-dependent antitumor eVect

Tae-Young Lee · Yang-Hyun Kim · Sun-Woo Yoon · 
Jai-Chul Choi · Jai-Myung Yang · Chul-Joong Kim · 
John T. Schiller · Moon-Hee Sung · Haryoung Poo 

Received: 18 August 2008 / Accepted: 19 February 2009 / Published online: 18 March 2009
©  Springer-Verlag 2009

Abstract Previously, we reported that the oral adminis-
tration of high molecular mass poly-�-glutamate (�-PGA)
induced antitumor immunity but the mechanism underlying
this antitumor activity was not understood. In the present
study, we found that application of high molecular mass �-
PGA induced secretion of tumor necrosis factor (TNF)-�
from the bone-marrow-derived macrophages of wild type
(C57BL/6 and C3H/HeN) and Toll-like receptor 2 knock-
out (TLR2¡/¡) mice, but not those of myeloid diVerentia-
tion factor 88 knockout (MyD88¡/¡) and TLR4-defective

mice (C3H/HeJ). Production of interferon (IFN)-�-induc-
ible protein 10 (IP-10) in response to treatment with �-PGA
was almost abolished in C3H/HeJ mice. In contrast to LPS,
�-PGA induced productions of TNF-� and IP-10 could not
be blocked by polymyxin B. Furthermore, �-PGA-induced
interleukin-12 production was also impaired in immature
dendritic cells (iDCs) from MyD88¡/¡ and C3H/HeJ mice.
Downregulation of MyD88 and TLR4 expression using
small interfering RNA (siRNA) signiWcantly inhibited
�-PGA-induced TNF-� secretion from the RAW264.7 cells.
�-PGA-mediated intracellular signaling was markedly
inhibited in C3H/HeJ cells. The antitumor eVect of �-PGA
was completely abrogated in C3H/HeJ mice compared with
control mice (C3H/HeN) but signiWcant antitumor eVect
was generated by the intratumoral administration of C3H/
HeN mice-derived iDCs followed by 2,000 kDa �-PGA in
C3H/HeJ. These Wndings strongly suggest that the antitu-
mor activity of �-PGA is mediated by TLR4.
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Abbreviations
�-PGA Poly-gamma-glutamate
MyD88 Myeloid diVerentiation factor 88
TLR4 Toll-like receptor 4
JNK c-Jun N-terminal kinase
IRF-3 Interferon regulatory factor-3

Introduction

Poly-�-glutamate (�-PGA) naturally secreted from various
strains of Bacillus is a safe and edible polymer in which
the �-amino and �-carboxy groups of D- or L-glutamic acid
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are linked by isopeptide bonds [29]. The treatment of
�-PGA (5 mg/ml) did not induce the cytotoxicity against
various tumor cells even at 5 days post-treatment [21] and
the toxicity was not observed in mice following the injec-
tion of 1 mg �-PGA [32]. Recently, we reported that oral
administration of high molecular mass (2,000 kDa) �-PGA
isolated from Bacillus subtilis sp. Chungkookjang, Korean
traditional food, confers marked antitumor eVects to a
higher degree than that induced by lower molecular mass
(10 kDa) �-PGA in C57BL/6 mice [21]. However, the
mechanism underlying the antitumor eVect of high molec-
ular mass (2,000 kDa) �-PGA has not been previously
investigated.

Because, many microbial products induce innate
immune responses via mammalian Toll-like receptors
(TLRs), and �-PGA is produced by Bacillus [8], we hypoth-
esized that this signaling may be mediated by TLRs. TLRs
are abundantly expressed on professional antigen present-
ing cells (APCs), such as macrophages and dendritic cells
(DCs), and the TLR-mediated activation of the innate
immune response in APCs has been reported to promote
antitumor immune responses via activation of natural killer
(NK) and Th1 cells [7]. Among the immunity-related cells,
DCs are potent APCs that play important roles in initiating
innate and adaptive immune responses [10] by presenting
antigens to naive T cells, leading to their activation.
EYcient T cell activation requires the maturation of imma-
ture DCs (iDCs), which involves the induction of costimu-
latory surface molecules and production of cytokines, such
as interleukin-12 (IL-12) and IL-18 [6]. IL-12 potently
induces Th1 responses by augmenting cytolytic activity and
inducing IFN-� production and proliferation in NK and T
cells, thereby bridging the gap between innate resistance
and adaptive immunity [12, 36]. IL-12 is a heterodimer
formed by a 35-kDa light chain and a 40-kDa heavy chain.
Both MyD88-dependent and -independent signals are
required for secretion of bioactive IL-12p70 following
TLR4-mediated DC activation [12, 14]. TLR ligands can
enhance the surface expression of costimulatory molecules
such as CD40, CD80 and CD86 [9, 22]. This phenotypic
modulation is a typical feature of DC maturation. Notably,
while studies showed that LPS-induced maturation was
completely abolished in TLR4-defective DCs, LPS-induced
surface expression of costimulatory molecules was signiW-
cantly upregulated in MyD88¡/¡ DCs [17, 19], suggesting
that LPS can induce phenotypic DC maturation via
MyD88-independent signaling.

The TLR-mediated signaling cascades are generally sep-
arated into two groups: the MyD88-dependent pathways
and the MyD88-independent pathways used by TLR3 and
TLR4 [35]. In APCs, MyD88 recruits IL-1 receptor-associ-
ated kinase and TNF receptor-associated factor 6 (TRAF6),
which then activates downstream mediators such as mito-

gen-activated protein kinases (MAPKs) and NF-�B [24,
25], triggering the subsequent activation of various inXam-
matory mediators and the production of cytokines, includ-
ing TNF-� and IL-12p40 [3, 5, 7]. In MyD88-independent
signaling, LPS or poly(I:C) can activate Toll/IL-1R
domain-containing adaptor inducing IFN-� (TRIF), an
adaptor molecule that functions independently of MyD88
[20]. TLR3 primarily activates this TRIF-mediated path-
way, whereas TLR4 activates both MyD88- and TRIF-
dependent pathways.

In the present study, we examined �-PGA-induced
innate immune responses in macrophages and DCs from
control, MyD88¡/¡ or TLR4-defective mice, in order to test
the possible role of these molecules in activation of innate
immune responses by �-PGA. The antitumor activity of �-
PGA was checked in vivo by oral administration in control
or TLR4-defective mice and the adaptive transfer of the
antitumor activity by intratumoral administration of �-PGA
stimulated iDC from control mice was also studied in
TLR4-defective mice.

Materials and methods

Reagents

�-PGA molecules derived from B. subtilis (Chungkookjang),
prepared as described previously [21], were kindly
provided by BioLeaders Corporation (Daejeon, Korea) and
dissolved in PBS. The number and weight-average molecu-
lar masses (Mn and Mw, respectively) along with the
polydispersity (Mw/Mn) of the �-PGA molecules were
measured by gel permeation chromatography using a GMP-
WXL column (Viscotek, Houston, TX, USA) and a LR125
Laser Refractometer (Viscotek). Polydispersity of 2,000
and 10 kDa �-PGA was measured as 4.3 and 1.5, respec-
tively. The compositional D/L ratio of �-PGA (2,000 and
10 kDa) was 60:40. D/L ratios were determined by HPLC
system after FDAA modiWcation for diVerentiation of D-glu
and L-glu in �-PGA hydrolysate. Polyacrylamide standards
(American Polymer Standard, Mentor, OH, USA) were
used to construct a calibration curve. The content of �-PGA
(10 or 2,000 kDa) was increased to > 99%, and polydisper-
sity was decreased after anion-exchange chromatography.
To get thoroughly solubilized gamma-PGA solution, we
adjusted pH to 6.8 » 7.0 by adding 5 N NaOH solution to
acid form PGA. LPS (Escherichia coli, O55:B5) and poly-
myxin B (PMB) sulfate were purchased from Sigma-
Aldrich (St Louis, MO, USA) and Calbiochem (San Diego,
CA, USA), respectively. The LPS concentration in �-PGA
was measured using an LPS-speciWc Limulus amoebocyte
lysate (LAL) test with an endotoxin QCL-1000 kit (Bio
Whittaker Inc., Walkersville, MD, USA).
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Mice and cell lines

Female C3H/HeN and C3H/HeJ mice were purchased from
Japan SLC (Hamamatsu, Japan). C57BL/6 mice were pur-
chased from KOATECH (Pyeongtaek, Korea). MyD88¡/¡

and TLR2¡/¡ mice were kindly provided by S. Akira
(Osaka University, Osaka, Japan) [2]. Mice were housed in
the speciWc pathogen-free animal facility at the Korea
Research Institute of Bioscience and Biotechnology. The
RAW264.7 (TIB-71) mouse macrophage cell line and
the K1735 mouse melanoma cell line were obtained from
the American Type Culture Collection and the Korea Cell
Line Bank (Seoul, Korea), respectively. The cell lines were
cultured as described previously [13, 30].

Isolation of macrophages and dendritic cells

Thioglycollate-elicited peritoneal macrophages were col-
lected 4 days after i.p. injection of 2 ml 4% thioglycollate
broth (Difco Laboratories, Detroit, MI, USA). Bone mar-
row cells were isolated and cultured as described by Lutz
et al. [23], with minor modiWcations. BrieXy, femora and
tibiae from two female mice, 8–12 weeks, were removed
and the marrow was Xushed with PBS using a 27-gauge
needle. The resulting cell suspension was centrifuged for
10 min at 300 £ g and washed once in PBS. To enrich for
macrophages, the bone marrow cells were plated in 10%
FBS-RPMI 1640 supplemented with 10 ng/ml murine
M-CSF (PeproTech, London, UK), as described previously
[34]. To enrich for DCs, cells were plated at 1 £ 106 cells/
ml in 12-well plates in 10% FBS-RPMI 1640 supplemented
with 20 ng/ml GM-CSF and 10 ng/ml IL-4 (PeproTech).
The purity of the obtained DCs populations was determined
by the expression of DC phenotypic markers by Xow cyto-
metric staining using Xuorochrome-conjugated mAbs to
CD11c. The purity was consistently about 95–97% CD11c-
positive cells. On day 7, the cultured cells were used to
evaluate eVects of �-PGA on expression of costimulatory
molecules and cytokine release. Intestinal DCs were iso-
lated from entire small intestine. Luminal contents were
Xushed with PBS, and the tissues were cut open longitudi-
nally, the cut into <5-mm pieces. The pieces were incu-
bated two times for 20 min at 37°C with continuous
agitation in Ca2+Mg2+-free HBSS (Gibco, Karlsruhe, Ger-
many) supplemented with 5 mM EDTA and 1 mM DTT to
remove epithelial cells and digested in PBS supplemented
with 0.5 mg/ml collagenase D (Roche, Mannheim, Ger-
many), 3 mg/ml dispase II (Roche), 0.5 mg/ml DNase I
(Roche) for 20 min at 37°C with continuous agitation. The
resulting cell suspension was passed through a 40 �m pore
size cell strainer (BD bioscience) and incubated with
CD11c microbeads (Miltenyi Biotec) according to the man-
ufacturer’s instructions. CD11c-positive cell puriWcation

was conducted over LS + columns on an OctoMACS sepa-
rator (Miltenyi Biotec).

Cytokine analysis

Supernatants were collected after stimulation and kept at
¡20°C until assayed. The concentrations of TNF-� and IL-
12p70 in the culture supernatants were determined with an
OptEIA™ kit (BD Biosciences, San Diego, CA, USA), and
IP-10 levels were determined with a DuoSet ELISA kit
(R&D Systems, Minneapolis, MN, USA).

RNA interference

For MyD88 and TLR4 knockdown studies, 1 £ 106

RAW264.7 cells were transiently transfected with 100 nM
of small interfering RNA (siRNA) against MyD88 (siM-
yD88), TLR4 (siTLR4), or control siRNA. siRNA targeting
the coding regions of MyD88 and TLR4, and the siCON-
TROL® were obtained from Dharmacon (Lafayette, IN,
USA). Cells were electroporated using a MicroPorator elec-
troporation system (Digital Bio Technology, Seoul, Korea),
according to the manufacturer’s protocol. The transfected
cells were cultured in complete medium for 24 h, and then
used as indicated in each experiment.

RT-PCR analysis

Total RNA was prepared using an RNeasy Mini kit
(QIAGEN, Hilden, Germany) according to the manufac-
turer’s instructions and reverse transcribed by using M-
MLV reverse transcriptase (Promega, Madison, WI, USA).
cDNAs were ampliWed with speciWc primers for targets.
Primer sequences were as follows: for MyD88, sense,
5�ATCCGAGAGCTGGAAACG, and antisense, 5�GCAA
GGGTTGGTATAGTC; for TLR4, sense, 5�GCATGGCT
TACACCACCTCT, and antisense, 5�GTGCTGAAA ATC
CAGGTGCT, for �-actin, sense, 5�GCTACAGCTTCACCA
CCACA, and antisense, 5�CATCGTACTCCTGCTTGCTG.

Flow cytometry and immunoXuorescence microscopy

For analysis of cell surface markers, cells were Wxed and
stained with anti-CD40-FITC, anti-CD80-PE, or anti-
CD86-PE (all mouse speciWc; BD Bioscience) at 4°C for
40 min and then washed twice. The stained cells were ana-
lyzed by using a BD FACSCalibur Xow cytometer (Becton
Dickinson, San Joes, CA, USA), and the data were pro-
cessed using the CELLQuest Pro software (Becton Dickin-
son). For checking the expression level of siRNA target
molecules, the transfected cells were washed, Wxed, and
permeabilized with 0.1% (v/v) Triton X-100 in PBS for
10 min. The cells were then incubated with anti-MyD88 or
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anti-TLR4 antibodies (Santa Cruz Biotechnology, CA,
USA) for 2 h at 4°C, washed twice and then incubated with
an FITC-conjugated secondary antibody (dilution of 1:200;
Sigma-Aldrich) or tetramethylrhodamine isothiocyanate
(TRITC)-conjugated secondary antibody (dilution of 1:200;
Sigma-Aldrich) for 1 h at 4°C. The samples were analyzed
by using a BD FACSCalibur Xow cytometer or the
mounted slides were examined on a Xuorescence micro-
scope (Carl Zeiss MicroImaging Inc., Thornwood, NY,
USA) and photographed with an Axiocam HRC (Carl Zeiss
MicroImaging Inc.).

Western blot analysis

Peritoneal macrophages and bone-marrow-derived den-
dritic cells (BMDCs) from C57BL/6, MyD88¡/¡, C3H/
HeN, or C3H/HeJ mice were treated with LPS (100 ng/
ml) and �-PGA (1 mg/ml) for 30 min and then lysed in a
buVer containing 1% NP-40, 0.5% sodium deoxycholate,
1% SDS, 1 mM EDTA, 1 mM EGTA, 1 mM sodium
orthovanadate, 1 mM leupeptin, and 1 mM PMSF in PBS.
Equivalent amounts of protein (30 �g) were size-fraction-
ated by 12% SDS-PAGE and transferred to a polyvinyli-
dene Xuoride (PVDF) membrane. The membrane was
blocked with 5% skim milk in TBS-T (TBS containing
0.05% Tween-20) and blotted with a polyclonal anti-
phospho JNK, p38, or ERK1/2 antibody (Cell Signaling
Technology, Beverly, MA, USA). The blots were devel-
oped using a horseradish peroxidase-conjugated second-
ary antibody and visualized by chemiluminescence using
an ECL kit (GE Healthcare, Uppsala, Sweden). After
stripping, the membranes were reprobed with a polyclonal
anti-JNK, p38, or ERK1/2 antibody (Cell Signaling) as
loading controls.

NF-�B and IRF-3 luciferase assay

Peritoneal macrophages from C57BL/6, MyD88¡/¡, C3H/
HeN, or C3H/HeJ mice were transiently transfected with
1 �g of pNF-�B-luc (Stratagene, La Jolla, CA, USA) or
interferon regulatory factor-3 (IRF-3)-luc (a kind gift
from Dr Kate Fizerald) [38] and a Renilla luciferase con-
trol vector (Promega), using a MicroPorator. The trans-
fected cells were cultured in complete medium for 1 h
with LPS or for 2 h with PBS or �-PGA, and luciferase
activity was determined with a luciferase reporter gene
assay kit (Promega). BrieXy, cell lysates were mixed with
the provided luciferase assay substrate, and WreXy lumi-
nescence was measured using a VICTOR3 1420 multila-
bel counter (Wallac, Perkin-Elmer, Boston, MA, USA).
Relative luciferase units (RLU) were calculated as the
ratio of WreXy luciferase activity versus Renilla luciferase
activity.

Tumor challenge assay

For checking the protective antitumor eVect, six mice per
group (C3H/HeN or C3H/HeJ) were orally treated with
PBS, 10 kDa �-PGA or 2,000 kDa �-PGA at the previously
reported dose (400 �g/day, 5 days/week). At 7 days after
the initial treatment, syngeneic K1735 melanoma cells
(2.5 £ 106/mouse) were injected s.c. into the left inguinal
region. For the treatment eVect of �-PGA, 3 days after the
inoculation of K1735 melanoma cells (2.5 £ 106/mouse),
mice were treated with daily oral treatment of 400 �g
�-PGA (10 or 2,000 kDa) or PBS. Tumor size was assessed
as the tumor area (mm2), which was determined by moni-
toring two perpendicular diameters of the tumors twice a
week using a caliper.

Intratumoral administration of �-PGA and DCs

Syngeneic K1735 cells (2.5 £ 106/mouse) were injected
s.c. into the left inguinal region of C3H/HeJ mice. Approxi-
mately, 7 days after the inoculation when tumors were
about 50 mm2 in size, the mice were randomly divided into
six groups consisting of Wve mice with equal mean tumor
sizes. The mice were administered with iDCs (1 £ 106),
derived from C3H/HeN or C3H/HeJ mice, intratumorally
on days 7, 14, 21, and 28 after tumor inoculation and fol-
lowed by PBS or 150 �g of 10 kDa �-PGA or 2,000 kDa
�-PGA intratumorally on days 8, 15, 22, and 29.

Cytotoxicity assay of natural killer cell

Natural killer cells were puriWed from spleens of C3H/HeN
mice by MACS-negative selection beads (Miltenyi Biotec).
The purity of the NK cell preparations was conWrmed by
Xow cytometry and a purity of more than 95% was
achieved routinely. BMDCs isolated from wild-type (C3H/
HeN) and TLR4-defective (C3H/HeJ) mice were stimu-
lated with 1 mg/ml �-PGA for 24 h and washed, and NK
cells were added to the cultures at a DC/NK cell ration of
1:2. After 24 h, NK cells were incubated with YAC-1 cells
for 6 h at the indicated eVector-to-target cell ration (E/T
ratio).

YAC-1 cells were sub-cultured in RPMI-1640 complete
cell culture medium supplemented with 10% FBS. The
cytotoxicity activity of NK cell was assessed by a lactate
dehydrogenase (LDH) release cytotoxicity assay (Promega).
NK cell was harvested as described earlier, and was
incubated with 1 £ 104 YAC-1 cells in increasing eVector-
to-target cell ratios (30:1, 15:1, 7.5:1) for 6 h at 37°C. LDH
was assayed in the supernatant by optical density (OD)
measurement at 490 nm. Target cell lysis was calculated as:
(OD of sample ¡OD with spontaneous release of LDH
from target cells ¡OD with spontaneous release of LDH
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from eVector cells) £ 100/(OD with maximal release of
LDH from target cell ¡ OD with spontaneous release of
LDH from target cell).

Cytolytic activity of cytotoxic T lymphocytes against 
K1735 tumor cells

Mice were orally administered with 400 �g of 10 kDa �-
PGA, 2,000 kDa �-PGA, or PBS (5 days/week) for
3 weeks. 7 days after the initial treatment, the mice were
subcutaneously challenged with 2.5 £ 106 K1735 mela-
noma cells. Twenty-eight days after tumor cell injection,
the splenocytes were cultured in a 96-well round bottom
plates and stimulated with lysate of K1735 melanoma cell
lines at a Wnal concentration of 100 �g/ml. After 24 h,
splenocytes were incubated with K1735 cells for 6 h at the
indicated eVector-to-target cell ration (100:1, 50:1, 25:1).
The cytotoxic activity of cytotoxic T lymphocytes (CTL)
was evaluated using LDH release assays described as in
NK assay above.

Statistical analysis

Statistical analyses were performed using Student’s t-tests
for data. A P-value of <0.05 was considered a statistically
signiWcant diVerence.

Results

�-PGA-induced activation of macrophages is mediated 
by MyD88-dependent and -independent pathways

MyD88 is a general adaptor protein that plays an import
role in TLR family signaling. To determine whether
MyD88 signaling might be involved in �-PGA-induced
immune cell activation, we examined cytokine production
following �-PGA (1 mg/ml) treatment of bone-marrow-
derived macrophages (BMDMs) from wild-type (C57BL/6)
and MyD88¡/¡ mice. Treatment with LPS or 2,000 kDa �-
PGA induced the production of TNF-� (LPS: 1663.1 §
298.6 pg/ml, 2,000 kDa �-PGA: 1730.8 § 228.6 pg/ml) in
macrophages from wild-type mice and the ability of
2,000 kDa �-PGA to induce TNF-� production was dose-
dependent (Supplementary Figure 1a), whereas TNF-� was
not produced in PBS- or 10 kDa �-PGA-treated macro-
phages from wild-type or MyD88¡/¡ mice (Fig. 1a).
Notably, TNF-� production was impaired in 2,000 kDa
�-PGA-treated macrophages prepared from MyD88¡/¡

mice (Fig. 1a).
Although a LAL assay showed that the level of endo-

toxin in our �-PGA stock solution was <0.01 EU, we fur-
ther examined whether LPS was involved in the production

of TNF-� and IP-10 in 2,000 kDa �-PGA-treated macro-
phages by administering 10 �g/ml PMB and testing its
eVect on �-PGA-treated macrophages from wild-type or
MyD88¡/¡ mice. No diVerence in the eVectiveness of �-
PGA treatment was observed in macrophages from wild-
type mice or MyD88¡/¡ mice treated with or without PMB
(Fig. 1a). By contrast, PMB completely blocked TNF-�
induction by LPS in wild-type mice. These results conWrm
that the eVect of �-PGA on macrophages was not due to
LPS contamination. We also investigated the production of
TNF-� in macrophages treated with low molecular mass
�-PGA (< 50 kDa) obtained by digestion of 2,000 kDa
�-PGA with �-PGA-degrading enzymes (�-glutamyltrans-
ferase and glutamyl amidohydrolase) secreted by B. subtilis
[1]. As expected, the ability of 2,000 kDa �-PGA to induce
TNF-� production was completely impaired in �-PGA-
treated macrophages from wild-type mice (data not shown).

Because IP-10 production normally occurs indepen-
dently of MyD88 [7, 16, 18], we next investigated the pro-
duction of IP-10 in �-PGA-treated macrophages. Similar
amounts of IP-10 were produced in macrophages from
both wild-type and MyD88¡/¡ mice treated with �-PGA
(2,000 kDa) and LPS (Fig. 1b), and the ability of 2,000 kDa
�-PGA to induce IP-10 production was also dose-dependent
(Supplementary Figure 1b). As expected, induction of IP-
10 by LPS, but not �-PGA, was blocked by PMB.

To conWrm the role of MyD88 in �-PGA-induced innate
immunity, we developed MyD88-targeting siRNA (siM-
yD88), and checked the eVect of MyD88 knockdown on the
production of TNF-� in �-PGA-stimulated RAW264.7 cells
(a murine macrophage cell line). RT-PCR analysis showed
reduced mRNA expression of MyD88, but not �-actin, in
RAW264.7 cells transfected with siMyD88, compared to
control siRNA-transfected cells (Fig. 1c). Similarly, the pro-
tein expression levels of MyD88, as checked by Xow cytom-
etry and immunoXuorescence microscopy, were signiWcantly
attenuated in the siMyD88-transfected cells (Fig. 1c),
conWrming successful siRNA knockdown of the target
molecules. In control siRNA-transfected RAW264.7 cells,
TNF-� production in response to LPS and �-PGA (2,000 kDa)
treatment was 3045 § 81 pg/ml and 2582 § 117 pg/ml,
respectively. In contrast, RAW264.7 cells transfected with
siMyD88 produced signiWcantly less TNF-� upon stimula-
tion of LPS or 2,000 kDa �-PGA (LPS: 1809 § 284 pg/ml,
2,000 kDa �-PGA: 1205 § 279 pg/ml; P < 0.05; Fig. 1d).
These results indicate that �-PGA activates macrophages via
both MyD88-dependent and -independent pathways.

�-PGA-induced macrophage activation is mediated 
by TLR4

Because �-PGA treatment was found to induce both
MyD88-dependent and -independent pathways in macro-
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phages, we next examined whether this innate immune
response is mediated by TLR4 using BMDMs isolated from
TLR4-defective mice (C3H/HeJ) and TLR2¡/¡ mice. C3H/
HeJ mice harbor a proline to histidine point mutation at res-
idue 712 of TLR4, making them unresponsive to LPS [18,
31]. �-PGA treatment dose-dependently induced production
of TNF-� (984.3 § 152.5 pg/ml) and IP-10 (865.4 §
106.9 pg/ml) in macrophages from C3H/HeN wild-type
mice. In contrast, the productions of TNF-� (LPS:
109.9 § 72.8 pg/ml, 2,000 kDa �-PGA: 52.2 § 49.4 pg/ml)
and IP-10 (LPS: 104.2 § 22.1 pg/ml, 2,000 kDa �-PGA:
124.9 § 25.2 pg/ml) were strongly suppressed in 2,000 kDa
�-PGA- or LPS-treated macrophages from C3H/HeJ mice
(Fig. 2a, b). Also, macrophages from wild-type (C57BL/6)
and TLR2¡/¡ mice produced similar amounts of TNF-� and
IP-10 in response to the 2,000 kDa �-PGA, which indicated
that the response to �-PGA was not mediated by TLR2.
Taken together, these Wndings display that TLR4 is essen-
tial receptor for the �-PGA-induced cytokine production of
macrophages.

To conWrm the role of TLR4 in �-PGA-induced innate
immunity, we also checked the eVect of TLR4 downregula-
tion on the production of TNF-� in �-PGA-stimulated
RAW264.7 cells. RT-PCR analysis showed reduced
mRNA expression of TLR4, but not �-actin, in RAW264.7
cells transfected with TLR4-speciWc siRNA (siTLR4),
compared to control siRNA-transfected cells (Fig. 2c).
Similarly, the protein expression levels of TLR4, as
checked by Xow cytometry and immunoXuorescence
microscopy, were signiWcantly attenuated in the siTLR4-
transfected cells (Fig. 2c), conWrming successful siRNA
knockdown of the target molecules. LPS- and 2,000 kDa �-
PGA-stimulated TNF-� production was also markedly
inhibited in siTLR4-transfected RAW264.7 cells compared
with control cells (P < 0.05; Fig. 2d). These observations,
which are consistent with our Wnding of decreased LPS-
and 2,000 kDa �-PGA-stimulated TNF-� production from
TLR4-defective (C3H/HeJ) mice macrophages (Fig. 2a),
further support the notion that TLR4 plays a major role in
the innate immunity of �-PGA.

Fig. 1 �-PGA induced the activation of macrophage by MyD88-
dependent and -independent pathways. BMDMs (1 £ 106 cells/ml)
isolated from wild-type or MyD88¡/¡ mice were stimulated with
100 ng/ml LPS or 1 mg/ml �-PGA in the presence or absence of 10 �g/
ml polymyxin B (PMB) for 24 h. Concentration of TNF-� (a) and IP-
10 (b) in the culture supernatants were measured by enzyme-linked
immunosorbent assay (ELISA). RAW264.7 cells, murine macrophage
cell line, were transiently transfected with siRNA targeting the coding
regions of MyD88 (siMyD88) and the control siRNA. The mRNA and

protein expression levels of MyD88 of siRNA transfected cells were
determined by RT-PCR, Xuorescence microscopy (£200) and Xow
cytometry analysis (c). The RAW264.7 cells transfected with siRNA
were treated with 100 ng/ml LPS and 1 mg/ml �-PGA. The concentra-
tions of TNF-� in the supernatants of siMyD88- or the control siRNA-
transfected cells were determined by ELISA (d). Asterisks represent
not detected. The results are expressed as mean § SE of three indepen-
dent experiments
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�-PGA induced intracellular signaling is TLR4-dependent

To study the direct impact of �-PGA on TLR4-mediated
signaling events, we examined TLR4-mediated intracellu-
lar signaling in peritoneal macrophages from wild-type
(C57BL/6, C3H/HeN), MyD88¡/¡, and C3H/HeJ mice.
Because ligation of TLR4 triggers the activation of MAP
kinase and NF-�B, leading to production of proinXamma-
tory cytokines through the MyD88-dependent pathway, we
investigated the activation of MAP kinase such as JNK,
p38, and ERK1/2 in macrophages treated with LPS or
2,000 kDa �-PGA. As shown in Fig. 3a, b, treatment with
LPS or 2,000 kDa �-PGA increased the phosphorylations of
JNK and p38 kinase in macrophages from wild-type mice.
However, the �-PGA-induced phosphorylation of JNK and
p38 was markedly decreased in peritoneal macrophages
from MyD88¡/¡ and C3H/HeJ mice. Interestingly, as
shown in Fig. 3c, LPS induced phosphorylation of ERK1/2
was decreased in macrophage from MyD88¡/¡ and C3H/
HeJ mice but the activation level of ERK1/2 induced by the
2,000 kDa �-PGA treatment was not signiWcantly diVerent

in macrophages from wild-type, MyD88¡/¡, and C3H/HeJ
mice.

We then examined whether �-PGA treatment induces
NF-�B activation in peritoneal macrophages, using an NF-
�B luciferase reporter assay. As expected, treatment with
LPS (100 ng/ml) or 2,000 kDa �-PGA (1 mg/ml) induced
signiWcant NF-�B activation in macrophages from wild-
type mice, but NF-�B activation in macrophages from
MyD88¡/¡ and C3H/HeJ mice was greatly reduced, to a
level similar to that seen in 10 kDa �-PGA-treated macro-
phages (Fig. 3d). Since treatment with 2,000 kDa �-PGA
induced MyD88-independent production of IP-10, we fur-
ther examined the activation of IRF-3, a signaling molecule
upstream of IP-10, in peritoneal macrophages, using an
IRF-3 luciferase reporter gene. Treatment with LPS or
2,000 kDa �-PGA induced IRF-3 activation in macro-
phages from MyD88¡/¡ and wild-type mice, but this eVect
was signiWcantly decreased in macrophages from C3H/HeJ
mice (Fig. 3e). In addition, we examined intracellular sig-
naling in BMDCs from wild-type, MyD88¡/¡, and C3H/
HeJ mice. Similar to the results of peritoneal macrophage

Fig. 2 �-PGA induced activation of macrophage was mediated by
TLR4. BMDMs (1 £ 106 cells/ml) isolated from TLR4-defective
(C3H/HeJ), TLR2-deWcient mice, or wild-type (C3H/HeN, C57BL/6)
mice were stimulated with 100 ng/ml LPS or 1 mg/ml �-PGA for 24 h.
Concentration of TNF-� (a) and IP-10 (b) in the culture supernatants
were measured by enzyme-linked immunosorbent assay (ELISA).
RAW264.7 cells, murine macrophage cell line, were transiently trans-
fected with siRNA targeting the coding regions of TLR4 (siTLR4) and
the control siRNA. The mRNA and protein expression levels of TLR4

of siRNA transfected cells were determined by RT-PCR, Xuorescence
microscopy (£200) and Xow cytometry analysis (c). The RAW264.7
cells transfected with siRNA were treated with 100 ng/ml LPS and
1 mg/ml �-PGA. The supernatants were collected 24 h later and con-
centrations of TNF-� of siTLR4- or the control siRNA-transfected
cells were determined by ELISA (d). Asterisks represent not detected.
The results are expressed as mean § SE of three independent experi-
ments
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(Fig. 3), 2,000 kDa �-PGA induced activations of JNK, p38
kinase, NF-�B, and IRF-3 were mediated by TLR4 in
BMDCs (Supplementary Figure 2). Taken together, these
results collectively indicate that �-PGA-induced intracellu-
lar signaling is mediated by TLR4.

DC maturation by �-PGA is TLR4 dependent

To determine whether DC maturation by �-PGA require
TLR4, we then examined �-PGA-induced cytokine produc-
tion and upregulation of maturation markers (CD40, CD80,
and CD86) in BMDCs from wild-type, MyD88¡/¡ and
TLR4 defective mice (Fig. 4). SigniWcant increases in the
expressions of CD40, CD80 and CD86 were observed in �-
PGA-treated BMDCs from wild-type and MyD88¡/¡ mice
similarly to LPS (Fig. 4a). However, while production of
IL-12p70 (1870.07 § 68.7 pg/ml) was observed in �-PGA-
treated BMDCs from wild-type mice, this response was
completely absent in iBMDCs from MyD88¡/¡ mice
(Fig. 4b). Hence, MyD88¡/¡ cells lose the ability to
produce cytokines but retain the ability to upregulate DC

maturation markers in response to �-PGA. This change was
also observed in LPS-treated BMDCs, which is consistent
with a reported Wnding [19].

We further compared the responses of BMDCs isolated
from C3H/HeN and C3H/HeJ mice to determine whether
TLR4 signaling might be involved in �-PGA-induced cyto-
kine production and BMDC maturation. Treatment with
high molecular mass �-PGA or LPS induced signiWcant up-
regulation of CD40, CD80, and CD86 expression in wild-
type DCs. In contrast, DCs from TLR4-defective mice did
not show enhanced expressions of CD40, CD80 and CD86
in response to 2,000 kDa �-PGA treatment (Fig. 4c). Fur-
thermore, the induction of IL-12p70 observed in wild-type
BMDCs in response to 2,000 kDa �-PGA treatment was
abrogated to the control level (PBS or 10 kDa �-PGA treat-
ment) in DCs derived from TLR4-defective mice (Fig. 4d).
Taken together, these Wndings indicate that TLR4 is essen-
tial for the �-PGA-induced innate immune responses of
DCs as well as macrophage and the �-PGA-induced activa-
tion of APCs is mediated by both MyD88-dependent and
-independent pathways.

Fig. 3 Intracellular signaling induced by �-PGA was MyD88 and
TLR4-dependent. Peritoneal macrophages from C57BL/6, MyD88¡/¡,
C3H/HeN, or C3H/HeJ mice were treated with 100 ng/ml LPS and
1 mg/ml �-PGA for 30 min. The expression level of phosphorylated
JNK (pJNK) (a), p38 kinase (pp38) (b), and ERK1/2 (pERK1/2) (c)
were determined by Western blot analysis. Peritoneal macrophages
from C57BL/6, MyD88¡/¡, C3H/HeN, or C3H/HeJ mice were tran-

siently transfected with pNF-�B-Luc and IRF-3-Luc reporter gene
plasmids and then cultured in complete medium for 24 h. At 24 h after
transfection, cells were treated with 100 ng/ml LPS for 1 h and 1 mg/
ml �-PGA for 2 h and then NF-�B activity (d), IRF-3 activity (e) were
determined by luciferase reporter assay. The data presented in this Wg-
ure are representative of triplicate experiments. All data are represen-
tative of at least three experiments
123



Cancer Immunol Immunother (2009) 58:1781–1794 1789
The antitumor eVect of �-PGA is TLR4-depedent 
and generated by adaptive transfer of C3H/HeN iDC 
followed by �-PGA in C3H/HeJ mice

Because the �-PGA-induced activation of APCs is TLR4-
dependent, we next investigated whether TLR4 also plays
an important role in �-PGA-induced antitumor eVects in
C3H/HeN and C3H/HeJ mice. Mice were orally adminis-
tered 400 �g of 10 kDa �-PGA, 2,000 kDa �-PGA, or PBS
(5 days/week). 7 days after the initial treatment, the mice
were subcutaneously challenged with 2.5 £ 106 K1735
melanoma cells. Twenty-eight days after tumor cell injec-
tion, the average tumor size in the 2,000 kDa �-PGA-
treated group (50.0 § 18.2 mm2) was signiWcantly smaller
(P < 0.005) than that in the PBS control group
(547.8 § 82.3 mm2) or the 10 kDa �-PGA-treated group
(309.5 § 95.1 mm2; Fig. 5a). However, there was no sig-
niWcant tumor size diVerence in C3H/HeJ mice treated with
2,000 kDa �-PGA (360.4 § 90.8 mm2), 10 kDa �-PGA
(316.6 § 80.5 mm2), or PBS (389.4 § 87.6 mm2; Fig. 5b).
100% of C3H/HeN mice receiving PBS or 10 kDa �-PGA,
as well as all experimental C3H/HeJ mice (i.e., regardless
of PBS or �-PGA treatment) developed tumors within

16 days after the tumor challenge. In contrast, 33% of C3H/
HeN mice treated with 2,000 kDa �-PGA remained tumor
free until 30 days after the K1735 tumor challenge
(Fig. 5c). Consistently, administration of PBS or 10 kDa �-
PGA failed to protect against K1735 challenge. All C3H/
HeJ and C3H/HeN mice, with the notable exception of
C3H/HeN mice treated with 2,000 kDa �-PGA, succumbed
to tumor within 60 days after tumor inoculation (Fig. 5d).
In contrast, C3H/HeN mice treated with 2,000 kDa �-PGA
exhibited 100% survival 75 days after tumor inoculation.
Importantly, the treatment of 2,000 kDa �-PGA did not
yield antitumor protection in TLR4-defective C3H/HeJ
mice. To check the therapeutic antitumor eVect of �-PGA,
the mice were subcutaneously challenged with 2.5 £ 106

K1735 melanoma cells 3 days prior to its treatment. The
average tumor size (185.0 § 102.2 mm2) in the 2,000 kDa
�-PGA-treated C3H/HeN mice was signiWcantly smaller
(P < 0.05) than that in the PBS control group
(620.1 § 83.9 mm2) or the 10 kDa �-PGA-treated group
(520.3 § 74.3 mm2; Fig. 6a). No signiWcant tumor size
diVerence was observed in C3H/HeJ mice treated with
2,000 kDa �-PGA, 10 kDa �-PGA or PBS (Fig. 6b). As
expected, C3H/HeN mice treated with 2,000 kDa �-PGA

Fig. 4 �-PGA induced maturation of DCs was TLR4-dependent. BM-
DCs isolated from wild-type (C57BL/6) and MyD88¡/¡ mice were
stimulated with 100 ng/ml LPS or 1 mg/ml �-PGA for 12 h, and then
the expression of surface molecules, CD40, CD80, and CD86 (a) was
analyzed by Xow cytometry and concentration of IL-12p70 (b) was
measured by ELISA. The results are expressed as mean § SE of three
independent experiments. BMDCs from wild-type (C3H/HeN) or

TLR4-defective (C3H/HeJ) mice were stimulated with LPS or �-PGA,
and then expression of surface molecules (c) was analyzed by Xow
cytometry and concentration of IL-12p70 (d) in culture supernatants
was measured by ELSIA. Filled histogram and dotted line indicated
�-PGA treated BMDCs and untreated control (media only), respec-
tively. Asterisks represent not detected. All data are representative of at
least three experiments
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exhibited enhanced tumor free mice and survival rates after
tumor inoculation (data not shown). Collectively, these
results indicate that TLR4 is essential for �-PGA-induced
antitumor eVects in vivo.

In order to check the role of �-PGA-activated DCs in in
vivo antitumor eVect, we investigated the antitumor eVect
after intratumoral administration of wild-type iDCs (C3H/
HeN-derived BMDCs) or TLR4-defective iDCs (C3H/HeJ-
derived BMDCs) followed by �-PGA into the tumor-bearing
TLR4-defective mice (C3H/HeJ). After tumor administra-
tion of C3H/HeN-derived iDCs, the size of tumor was sig-
niWcantly decreased (190.0 § 82.5 mm2; P < 0.005) in
2,000 kDa �-PGA-treated mice than that in the PBS-treated
mice (397.9 § 54.1 mm2) or the 10 kDa �-PGA-treated
mice (457.4 § 65.9 mm2; Fig. 6c). In contrast, the mice
administered with TLR4-defective iDCs, the antitumor
eVect was not observed by the administration of 2,000 kDa
�-PGA (520.1 § 80.4 mm2), PBS (499.3 § 81.3 mm2), or
10 kDa �-PGA (449.3 § 53.9 mm2; Fig. 6d). Intratumoral
administration of �-PGA alone did not induce the antitumor
eVect in TLR4-defective (C3H/HeJ) mice. In wild-type
(C3H/HeN) mice, the slight inhibition of tumor growth was
examined after intratumoral administration of 2,000 kDa
�-PGA, which may be induced by the activation of TLR4
expressing APCs near tumor (data not shown). Taken
together, these results reveal that �-PGA-stimulated DCs
may play a major role in the TLR4-dependent antitumor
eVect of �-PGA.

�-PGA induced TLR4-dependent activation of NK cells 
and CTLs

Previously, we reported that oral administration of high
molecular mass gamma-PGA generated NK cell-mediated
antitumor activity. In order to determine whether oral
administration of 2,000 kDa �-PGA induce activation of
DCs in vivo, we checked the expression of maturation
marker (CD40) in intestinal DCs by FACS analysis. Sig-
niWcant increase of CD40 expression was observed only in
intestinal DCs of 2,000 kDa �-PGA orally administered
mice but not in those of PBS or 10 kDa �-PGA-adminis-
tered mice (Supplementary Figure 3). To evaluate the rela-
tionship between �-PGA matured DCs via TLR4 signaling
and NK cell mediated antitumor activity, we performed in
vitro NK cell activity assay. Cytolytic activity of NK cells
incubated with 2,000 kDa �-PGA-treated wild-type DCs
(C3H/HeN) (69.5%) was signiWcantly higher than that with
2,000 kDa �-PGA-treated TLR4-defective DCs (C3H/HeJ)
(35.8%) which was similar with that with 10 kDa or PBS
treated DCs (Fig. 7b). Thus, these Wndings indicate that the
TLR4-dependent activation of NK cells is induced by
matured DCs in response to �-PGA stimulation.

In addition, we tested whether splenic T cells from mice
orally administered 2,000 kDa �-PGA showed cytolytic
activity against K1735 melanoma cells. Splenocytes were
isolated from mice orally administered (10 and 2,000 kDa)
�-PGA for 3 weeks and stimulated in vitro with K1735

Fig. 5 The protective antitumor 
eVect of �-PGA is mediated by 
TLR4-depedent. C3H/HeN and 
C3H/HeJ mice (six mice per 
group) were treated with daily 
oral treatment of 400 �g �-PGA 
(10 or 2,000 kDa), and were then 
injected s.c. with 2.5 £ 106 
K1735 tumor cells at 7 days 
after the initial treatment. The 
group of PBS-treated mice was 
used as a negative control. 
Tumor size of C3H/HeN (a) or 
C3H/HeJ (b) mice was mea-
sured twice a week and tumor 
free mice (c) were counted. 
Survival rate of K1735-bearing 
mice (d) was observed by 
75 days after tumor cell injec-
tion. The data presented in this 
Wgure are representative of 
duplicate experiments
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lysates. Stimulated splenocytes were then tested for recog-
nition and lysis of K1735 cells. CTL response in the
2,000 kDa �-PGA-treated C3H/HeN mice (64.0 § 5.0%)
was signiWcantly higher than that in the PBS control group
(17.6 § 2.6%) or the 10 kDa �-PGA-treated group
(22.0 § 2.1%; Fig. 7c). After oral administration of
2,000 kDa �-PGA, the TLR4-defective C3H/HeJ mice did
not show any increase of cytolytic activity (Fig. 7d). These
results display that splenic T cells from mice orally admin-
istered 2,000 kDa �-PGA show tumor-speciWc cytolytic
activity via TLR4 stimulation.

Discussion

Bacillus subtilis sp. Chungkookjang, isolated from chung-
kookjang, a traditional Korea fermented soybean food, was
reported to produce a higher molecular mass (>1,000 kDa)
�-PGA than the forms produced by B. subtilis (natto) [8].
Previously, we showed that oral administration of high
molecular mass �-PGA (average M.W. 2,000 kDa) elicited

NK cell-mediated antitumor immunity in mice [21]. Here,
we further showed that treatment with 2,000 kDa, but not
10 kDa �-PGA, induced the activation of macrophages and
the maturation of iDCs via TLR4 in a mouse system.
Recent reports have proposed that TLR4 ligands such as
OK-432, a Streptococcus-derived agent, the cell wall skele-
ton of Mycobacterium bovis bacillus Calmette-Guerin
(BCG-CWS), and a 55 kDa protein from Aeginetia indica,
all induce antitumor activity by activating innate and
acquired immunity through NK and T cell activation [4,
26–28]. These Wndings indicate that TLR4-mediated activa-
tion of both innate and adaptive immunity is important for
some antitumor eVects, further suggesting that TLR4 ago-
nists may prove useful for tumor therapy. Here, we demon-
strated that treatment with 2,000 kDa �-PGA induced
antitumor eVects in C3H/HeN but not in TLR4-defective
C3H/HeJ mice. These results strongly suggest that the anti-
tumor activity of high molecular mass �-PGA may be
induced by TLR4-dependent activation of innate immune
signals, such as the production of TNF-� and IP-10 in mac-
rophages, and the increased expression of costimulatory

Fig. 6 The therapeutic antitumor eVect of �-PGA is mediated by
TLR4-dependent and DCs play an important role in antitumor immu-
nity of �-PGA. C3H/HeN and C3H/HeJ mice were inoculated s.c. with
2.5 £ 106 K1735 tumor cells into the left inguinal region. Three days
after the inoculation, mice were randomly divided and treated with dai-
ly oral treatment of 400 �g �-PGA (10 or 2,000 kDa) or PBS. Tumor
size of C3H/HeN (a) or C3H/HeJ (b) mice was measured twice a week.
The data presented in this Wgure are representative of duplicate exper-
iments. 2.5 £ 106 K1735 cells were injected s.c. into the left inguinal

region of C3H/HeJ mice. Approximately 7 days after the inoculation
and when the size of tumors was about 50 mm2, the mice were ran-
domly divided into six groups consisting of Wve mice with almost equal
mean tumor sizes. iDCs (1 £ 106), derived from C3H/HeN (c) or C3H/
HeJ (d) mice, were intratumorally injected on days 7, 14, 21, and 28
after tumor inoculation and PBS, 150 �g of 10 kDa �-PGA, or 150 �g
of 2,000 kDa �-PGA were intratumorally injected on days 8, 11, 15, 18,
22, 25, 29, and 32
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molecules and IL-12 in DCs. Even though the treatment of
10 kDa �-PGA did not induce the signiWcant production of
cytokines (TNF-�, IP-10) and upregulation of CD40, CD80
or CD86, its treatment enhanced the signiWcant NF-�B acti-
vation compared with PBS treatment (Fig. 3), which may
induce the slight tumor growth suppression (Fig. 5). The
depletion of NK, CD8 T, and CD4 T cells using anti-asialo
GM1, -CD4, and -CD8 antibodies reduced the antitumor
eVects of 2,000 kDa �-PGA in C3H/HeN mice challenged
with K1735 tumor cells (unpublished result). Thus, our
Wndings strongly suggest that the antitumor eVects of
higher molecular mass �-PGA (2,000 kDa) are mediated by
TLR4-dependent activation of APCs, NK cells, and T cells.

To our knowledge, �-PGA is a Wrst polymer ligand of
TLR4 reported, which is distinctive from the known TLR4
ligands. DiVerent from other TLR4 ligands to induce the
antitumor activity by parenteral administration, the marked
antitumor immunity was generated by oral uptake of high
molecular mass �-PGA. Because high molecular mass
�-PGA was naturally produced by B. subtilis sp. Chung-
kookjang, isolated from Korea fermented soybean food, it
was thought to be safe for oral application. The viabilities

of �-PGA (1 mg/ml) treated cells (RAW264.7, BMDM,
BMDC, and peritoneal macrophages) were more than 95%
monitored by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay. The toxicity study of
2,000 mg/kg in 13-week oral repeated dose did not induce
any adverse eVect in SD rats (unpublished result).

Oral administration of higher molecular mass �-PGA
(2,000 kDa) induced TLR4-dependent antitumor immunity,
whereas treatment with lower molecular mass �-PGA
(10 kDa) did not. Only higher molecular mass �-PGA
induced TLR4 dependent innate immunity such as the
activation of macrophages and the maturation of iDCs.
Furthermore, the enhanced antitumor eVects after �-PGA
subcutaneously administered mice was observed in wild
type (C3H/HeN) but not in TLR4-defective (C3H/HeJ)
mice (unpublished data). We demonstrated that the activa-
tion of intestinal DCs (Supplementary Figure 3) and the
increase of CTL activity (Fig. 7c) were induced by oral
administration of �-PGA and only high molecular mass
�-PGA treated wild type DCs (C3H/HeN) enhanced the
cytolytic activity of NK cells (Fig. 7a). These results might
indicate that treatment of �-PGA induce the activation of

Fig. 7 Activations of NK cells and splenic cytolytic T cells were
TLR4-dependent. DCs prepared from C3H/HeN (a) and C3H/HeJ (b)
mice were incubated with �-PGA for 24 h, and NK cells were added to
the culture at an DCs/NK ratio of 1:2. After 24 h, NK cells were incu-
bated with YAC-1 cells for 6 h at the E:T ratios (30:1, 15:1, 7.5:1).
C3H/HeN (c) and C3H/HeJ (d) mice (Wve mice per group) were treated
with daily oral treatment of 400 �g �-PGA (10 or 2,000 kDa), and were
then injected s.c. with 2.5 £ 106 K1735 tumor cells at 7 days after the

initial treatment. The group of PBS-treated mice was used as a negative
control. Splenocytes were isolated from mice orally administered (10
and 2,000 kDa) and stimulated with lysate of K1735 cell for 24 h.
These splenocytes were used as eVector cells and K1735 tumor cells
served as target cells. The K1735 cells were mixed with splenocytes at
various E:T ratios (100:1, 50:1, 25:1). SpeciWc lysis was determined by
quantitative measurements of LDH
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DCs via TLR4, which migrate into the regional lymph
nodes, where they activate NK cells and T cells.

Our experimental results consistently indicated that
higher molecular mass �-PGA is a more potent inducer of
TLR4-mediated innate immunity. A recent report showed
that TLR binds with diverse exogenous and endogenous
ligands, and the hydrophobicity of TLR ligands may be
important for initiating TLR-mediated innate immunity
[33]. Because �-PGA is a polymer consisting of the hydro-
philic amino acid, glutamate, it was not understood why
high molecular mass �-PGA is a more potent agonist of
TLR4 compared to low molecular mass �-PGA. The larger
size, the polyanionic nature, and �-isopeptide linkage of
high molecular mass �-PGA may contribute to the initiation
of innate immunity. The further studies are required to
understand why high molecular mass �-PGA is better ago-
nist for TLR4.

TLR4-mediated intracellular signaling reportedly leads
to the activation of NF-�B, MAPKs, and IRF-3 [39]. The
activations of NF-�B and IRF-3 were observed in
2,000 kDa �-PGA-treated macrophages (Fig. 3). However,
treatment of 2,000 kDa �-PGA did not signiWcantly induce
the activation of ERK but JNK and p38 were activated in
2,000 kDa �-PGA treated peritoneal macrophages. Consis-
tent with our data, it has been reported that treatment with
nanoparticles (NPs) composed of �-PGA and L-phenylala-
nine ethylester induced TNF-� production by activating
DCs in an ERK-independent fashion, as shown by the lack
of response to an ERK inhibitor [37]. LPS treatment has
been reported to induce ERK, JNK, and p38 activation in
macrophages [15]. Thus, it is possible that the intracellular
signaling induced by 2,000 kDa �-PGA may diVer from
LPS-induced signaling, even though TLR4 is involved in
both responses. Even though it is clear that the innate
immunity and antitumor activity of �-PGA is TLR4 depen-
dent, it is still possible that �-PGA acts as a ligand for other
TLR(s) or innate immune receptor(s). Further studies will be
required for us to gain a clear understanding of the mecha-
nism(s) underlying �-PGA-mediated innate immunity.

In summary, our results demonstrated that treatment
with high molecular mass �-PGA (2,000 kDa) initiated
innate immune responses, such as iDC maturation, via
TLR4 signaling in mice. Furthermore, TLR4-dependent
antitumor eVects were induced by the oral administration of
�-PGA (2,000 kDa) in a mouse tumor model in vivo.
Because �-PGA is safe, edible, and inexpensive polymer
[11], these Wndings strongly suggest that �-PGA may be a
new immunomodulator targeting TLR4, and may warrant
consideration as a therapeutic agent for cancer and other
diseases.
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