ORIGINAL ARTICLE

Experimental & Molecular Medicine (2013) 45, e8; doi:10.1038/emm.2013.14
© 2013 KSBMB. All rights reserved 2092-6413/13

g

www.hature.com/emm

Rhamnogalacturonan Il is a Toll-like receptor 4 agonist
that inhibits tumor growth by activating dendritic
cell-mediated CD8 © T cells

Sung Nam Park!”’, Kyung Tae Noh!’, Young-Il Jeong®’, In Duk Jung!, Hyun Kyu Kang', Gil Sun Chal,
Su Jung Lee!, Jong Keun Seo!, Dae Hwan Kang?®, Tae-Ho Hwang’, Eun Kyung Lee*, Byungsuk Kwon’

and Yeong-Min Park!$

We evaluated the effectiveness of rhamnogalacturonan Il (RG-Il)-stimulated bone marrow-derived dendritic cells (BMDCs)
vaccination on the induction of antitumor immunity in a mouse lymphoma model using EG7-lymphoma cells expressing
ovalbumin (OVA). BMDCs treated with RG-II had an activated phenotype. RG-1l induced interleukin (IL)-12, IL-1p, tumor
necrosis factor-o (TNF-o) and interferon-y (IFN-y) production during dendritic cell (DC) maturation. BMDCs stimulated with
RG-II facilitate the proliferation of CD8 © T cells. Using BMDCs from the mice deficient in Toll-like receptors (TLRs), we
revealed that RG-Il activity is dependent on TLR4. RG-Il showed a preventive effect of immunization with OVA-pulsed BMDCs
against EG7 lymphoma. These results suggested that RG-1l expedites the DC-based immune response through the TLR4

signaling pathway.
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INTRODUCTION

Previous research has shown that various compounds
extracted from ginseng or grapes, including ginsenosides and
resveratrol, have prominent effects on suppressing tumor
progression and enhancing immune response.”> Resveratrol
has been defined as an outstanding compound for tumor
therapy via various mechanisms.> Rhamnogalacturonan II
(RG-II), another component of ginseng and grapes, has
unusual activity on antitumor responses via immune
enhancement in a different manner than resveratrol. RG-II, a
low-molecular-mass polysaccharide (5-10KDa), was first
identified in 1978 as a polysaccharide complex that is
solubilized by  endopolygalacturonase  treatment  of
suspension-cultured sycamore cell walls.* RG-II is a pectic
polysaccharide, referred to as a substituted galacturonan, and
has a backbone composed of linear 1,4-linked o-pD-GalpA
residues.’ The generation of a strong cellular immune response

is important for successful immunotherapeutic cancer
treatment. Immune systems can recognize tumor antigens
and elicit CD8% T-cell responses against tumor antigens
through the process of cross-presentation, and optimal cross-
presentation of tumor antigens by antigen-presenting cells is
required for sufficient priming of CD8" T-cell responses
capable of resolving tumors.® Dendritic cells (DCs) play a
critical role in antigen presentation for the initiation and
maintenance of immune responses.” Thus, recent research
trends have concentrated on the development of a DC-based
vaccination protocol for cancer immunotherapy because of the
ability of DCs to process and present antigens to elicit a strong
T-cell response.® Animal experiments as well as clinical
experience indicate that DC-based cancer vaccination
mediates potent antitumor immune responses.”%!0

For improved efficacy of DC-based vaccines in cancer
immunotherapy, upregulation of adhesive and co-stimulatory

IDepartment of Microbiology and Immunology, School of Medicine, Pusan National University, Yangsan, South Korea; 2Division of Malaria and Parasitic
Diseases, National Institute of Health, Korea Centers for Disease Control and Prevention, Cheongwon-gun, South Korea; 3Research Center for Hepatic and
Biliary Cancer Center, Pusan National University Yangsan Hospital, Yangsan, South Korea; 4Yongsan Hospital College of Medicine, Chung-Ang University,
Seoul, South Korea; °School of Biological Science, University of Ulsan, Ulsan, South Korea and ®Research Institute of Convergence of Biomedical Science
and Technology, Pusan National University Yangsan Hospital, Yangsan, South Korea

Correspondence: Dr Y-M Park, Department of Microbiology and Immunology, School of Medicine, Pusan National University, Beomeo-ri, Mulgeum-eup,

Yangsan, Gyeongsangnam-do 626-870, South Korea.
E-mail: immunpym@pusan.ac.kr

"These authors contributed equally to this work.
Received 13 July 2012; accepted 22 November 2012


http://dx.doi.org/10.1038/emm.2013.14
mailto:immunpym@pusan.ac.kr
http://www.nature.com/emm

DC vaccination using RG-Il retards the tumor growth
SN Park et al

"

molecules on DCs is required. The B7 superfamily (CD80 and
CD86) plays a key role in activating T cells, producing
cytokines and generating cytotoxic T lymphocytes (CTLs).!!
At the same time, CD40 signaling leads to the upregulation of
co-stimulatory molecules and, in particular, promotes the
generation of long-lasting memory CTLs.!>!3 Several studies
have reported that CD40 stimulation of DCs is essential in the
priming phase, because the ability of DCs to migrate to
secondary lymphoid organs is important in the induction of
tumor-specific T cells, including CTLs.'>!*> Experimental
mouse studies have shown that mice lacking the CD40
ligand have defective priming ability accompanied by
disrupted DC migration toward regional lymph nodes.!*
Toll-like receptor (TLR) agonists are a class of vaccine
adjuvants that have been the topic of intense study in recent
years. Various bacterial- or viral-derived molecular structures
are agonists for 1 of 10 known human TLRs and are thus
potent activators of innate immunity.!> Stimulation of DCs
through TLRs is important to elicit a switch in the activation
state from an immature phenotype to a mature state to
produce an effective systemic antitumor response. Several
studies have reported that TLR agonist stimulation serves an
adjuvant function in DC-tumor fusion vaccination.!®!”
Among the aforementioned TLR agonists, TLR4 agonists are
more suitable for immunostimulatory adjuvants because of
DC-based immune boosting potency via the TLR4 signaling
cascade.!® In a previous report, we also revealed that
Mycobacterium avium subspecies paratuberculosis fibronectin
attachment protein, a TLR4 agonist, enhances DC-based
cancer vaccine potency.!” Attenuated vaccines typically
generate some degree of cellular immunity, but clinical use
often provokes numerous public health problems, including
adverse reactions or reversion to virulence in some portion of
the population.?’ Therefore, a primary goal of vaccine
development is to create a noninfectious vaccine that mimics
the ability of a natural infection to stimulate a strong cellular
immune response. As such, significant effort has concentrated
on the development of a novel and potent vaccine adjuvant.
The majority of vaccine adjuvants developed thus far have not
generated clinically significant cell-mediated immunity.
Previously, we reported that RG-II is an ameliorator in
asthmatic inflammation.?! Here, we determined the anticancer
effect of RG-II as a potential cancer preventive compound and
the mechanism of action of RG-II. We showed that RG-1I is a
potent adjuvant that can enhance the stimulatory capacity of
DCs in vitro. By using an ovalbumin (OVA)-expressing EL-4
(EG7) tumor model, we also determined DC-based vaccines
(a combination of OVA and RG-II) elicit strong induction of
antigen-specific CTL responses and tumor regression in vivo.

MATERIALS AND METHODS

Mice

C57BL6 mice (Orient Bio, Seoul, Korea) were used at 6 to 8 weeks of
age. C57BL/6 OT-1 T-cell receptor (TCR) transgenic mice, C57BL/6]
TLR2 knockout mice (TLR2~/~; B6.129-Tlr2!™Kir/1) and C57BL/10
TLR4 knockout mice (TLR4~/~; C57BL/10ScNJ) were purchased
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from the Jackson Laboratory (Bar Harbor, ME, USA). MyD88 /=
mice were generously provided by Dr Byungsuk Kwon (University of
Ulsan, Ulsan, South Korea), and TRIF ~/~ mice were generously
provided by Dr Sung Jae Shin (Yonsei University, Seoul, South
Korea). The animals were housed in a specific pathogen-free
environment within our animal facility and used in accordance with
the institutional guidelines for animal care.

Reagents and antibodies

RG-II isolated from the leaves of Panax ginseng was provided by
Mazence (Gjyeonggido, Korea). Recombinant mouse (rm) granulo-
cyte macrophage colony-stimulating factor, rm interleukin-4 (IL-4)
and rm interferon-y (rmIFN-y) were purchased from R&D Systems
(Minneapolis, MN, USA). Anti-mouse CD11c FITC (clone N4138),
CD40 PE (clone 1C10), CD80 (B7-1) PE (clone 16-10A1), CD86
(B7-2) PE (clone GL1), major histocompatibility complex (MHC)
class T (H-2DDb) PE (clone 28-14-8), MHC class II (I-A/I-E) PE (clone
MS5/114.15.2), and isotype-matched control mAbs were purchased
from eBioscience (San Diego, CA, USA).

Purification of RG-II

A crude polysaccharide fraction (GL-2) was prepared from the
leaves of P. ginseng by hot water extraction, ethanol precipitation
and dialysis.??> GL-2 was fractionated by Cetavlon (cetyltrimethy-
lammonium  bromide) precipitation, and a weakly acidic
polysaccharide fraction (GL-4) was obtained. The Fc receptor
expression-enhancing polysaccharide (RG-II) was purified from
GL-4 by anion-exchange chromatography on diethylaminoethyl
Sepharose CL-6B (Sigma, St Louis, MO, USA), as described
previously.?> In order to remove the colored materials in the
polysaccharide, RG-II was further purified on a QSepharose column
(C1 form) (Sigma). The column was washed with water and eluted
sequentially with 0.1, 0.2, 0.3, 0.4, 0.5 and 1.0m NaCl. The major
fraction, which was eluted with 0.3 M NaCl, was further fractionated
by gel filtration on a Bio-Gel P-30 column to obtain the purified RG-
II (yield: 5.8 mgkg ! dry leaves).

Confocal laser scanning microscopy

Bone marrow-derived dendritic cells (BMDCs) were treated with
fluorescein isothiocyanate (FITC)-conjugated RG-11 (0.5 mgml ') for
30min, fixed and stained with anti-TLR4-PE-conjugated antibody
overnight at 4 °C and then stained with Alexa568-conjugated anti-rat
and Alexa488-conjugated anti-rabbit antibodies (Invitrogen, Grand
Island, NY, USA) for 1h at room temperature. Cell morphology and
fluorescence intensity were analyzed using the Zeiss LSM510 Meta
confocal laser scanning microscope (Zeiss, Jena, Germany). Images
were acquired using the LSM510 Meta software and processed using
the LSM image examiner.

Generation and culture of BMDCs

BMDCs were isolated and cultured as previously described.?* Briefly,
bone marrow was flushed from the tibiae and femurs of C57BL/6
mice, and red blood cells were depleted with ammonium chloride.
The cells were plated in six-well culture plates (10° cells per ml, 3 ml
per well) and cultured at 37°C in the presence of 5% CO, using
OptiMEM  (Invitrogen Life Technologies, Carlsbad, CA, USA)
supplemented with 10% heat-inactivated fetal bovine serum, 2 mm
L-glutamine, 100Uml~!' penicillin, 100 pg/ml~! streptomycin,
5% 10~>M B-mercaptoethanol, 10 mm HEPES (pH 7.4), 20ngml !
recombinant mouse granulocyte macrophage colony-stimulating



factor and 20 ngml~! rmIL-4. On day 3 of culture, floating cells were
gently removed, and fresh medium was added. On day 6 of culture,
nonadherent cells and loosely adherent proliferating DC aggregates
were harvested and re-plated in 60-mm dishes (1 x 10° cells per ml;
5ml per dish) for stimulation and analysis. On day 7, >80% of the
nonadherent cells expressed CDllc. To obtain highly purified
populations for subsequent analyses, the DCs were labeled with
bead-conjugated anti-CD11c monoclonal antibody (Miltenyi Biotec,
Bergisch Gladbach, Germany), followed by positive selection on
paramagnetic columns (LS columns; Miltenyi Biotec) according to
the manufacturer’s instructions. The purity of the cell fraction selected
was >95%.

Cytokine measurements

Cell culture supernatants were analyzed for IL-1f, tumor necrosis
factor-o. (TNF-a), IL-12p70, IL-10 and IFN-y content in triplicate
using an enzyme-linked immunosorbent assay (ELISA) kit, as
described by the manufacturer (R&D Systems).

Quantitative real-time PCR

Total RNA from 5 x 10° cells was rapidly isolated using TRIzol
(Invitrogen, Foster City, CA, USA) following the manufacturer’s
instructions. Total RNA (5pg) was used for the synthesis of the first
strand of complementary DNA. Quantitative real-time PCR was
performed as previously described.”” The oligonucleotides used for
amplification of CCR7 (C-C motif chemokine receptor 7) and
CCR1 (C-C motif chemokine receptor 1) were as follows: CCR7
primer, forward 5-GTGTGCTTCTGCCAAGATGA-3' and reverse
5'-CCACGAAGCAGATGACAGAA-3'. The CCR1 PCR primers
were forward 5-AGGGCCCGAACTGTTACTTT-3' and reverse
5'-TTCCACTGCTTCAGGCTCTT-3'. Quantitative amounts of each
gene were standardized against the glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) housekeeping gene. Real-time PCR was
performed wusing a Bio-Rad MiniOpticon System (Bio-Rad
Laboratories, Hercules, CA, USA) with SYBR green fluorophore.
Reactions were performed in a total volume of 20 pl, which included
10pl 2 x SYBR Green PCR Master Mix (Applied Biosystems, Foster
City, CA, USA), 1 pl of each primer at a 10-um concentration and 1 pl
of the previously reverse-transcribed complementary DNA template.
The reaction protocols used were as follows: denaturation (95 °C for
10 min), amplification repeated 40 times (95°C for 30s, 52°C for
30s, 72°C for 30s and acquisition temperature for 15s). For each
sample, AA threshold cycle (AACT) (crossing point) values were
calculated as the Ct of the target gene minus the Ct of the GAPDH
gene. Gene expression was derived according to the equation 2-AACt;
changes in gene expression were expressed as relative to basal levels.

In vitro T-cell proliferation

Transgenic OVA-specific CD8 T T-cells were purified from bulk
splenocytes via negative selection by using a mouse CD8" T-cell
kit (Miltenyi Biotec). The purity of the obtained cell population was
assessed to be >93% by flow cytometry after staining with a Cy5-
conjugated anti-CD8 antibody. Briefly, the cells were resuspended
in 5um carboxyfluorscein diacetate succinimidyl ester (CFSE) in
phosphate-buffered saline and shaken for 10 min at room tempera-
ture. Next, the cells were washed once in pure fetal bovine serum and
twice in phosphate-buffered saline with 10% fetal bovine
serum. Unpulsed, OVA-pulsed or OVA (1ugml~—!)-pulsed RG-II
(0.5-1 mgml ~1)-treated BMDCs (1 x 10° cells) were cultured with
CFSE-labeled splenocytes of OT-1 TCR transgenic mice (1 x 10° cells
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per well) for 96 h. After 4 days, the cells were harvested and stained
with Cy5-labeled anti-CD8 monoclonal antibody (to gate OT-1
T-cells) and analyzed by flow cytometry.

CTL assay

Cytolytic T-cell assays were performed as described by Chan et al %2¢
Briefly, lymph nodes and spleen cells were collected and pooled from
mice that had been immunized 21 days earlier by intraperitoneal
injection (three times at 1l-week intervals) with unpulsed, OVA
(1pgml—1)-pulsed or OVA-pulsed RG-II (0.5 mgml~!)-treated
BMDCs (1 x 10° cells). The cells were restimulated in culture with
peptide and rmIL-2 (2ngml ') for 5 days and tested for the ability to
lyse EG7 (OVA-expressing EL4) or EL4. Lysis was detected using the
CytoTox 96 assay kit (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. After background subtraction, lysis was
calculated as follows: 100 x ((test release —spontaneous release)/
(maximum —spontaneous release)).

Preventive tumor challenge experiments

Mice were injected intraperitoneally (three times at 1-week intervals)
with unpulsed, OVA (1pgml~')-pulsed or OVA-pulsed RG-II
(0.5mgml —1)-treated BMDCs (5 x 10° cells), followed by subcuta-
neous injection of EG7 lymphoma cells (4 x 10> cells) into the right
lower back. The tumor growth was monitored at regular intervals,
and the tumor mass was calculated as follows: V= (24 x B)/2, where
A is the length of the short axis, and B is the length of the long axis.

Statistical analysis

All experiments were repeated at least three times with consistent
results. Unless otherwise stated, data are expressed as s.e.m. Analysis
of variance was used to compare experimental groups with control
values, whereas comparisons between multiple groups were made
using Tukey’s multiple comparison tests. A P-value of <0.05 was
considered to indicate statistical significance.

RESULTS

BMDC s treated with RG-II have a highly activated
phenotype

The immunostimulatory capacity of DCs depends on the
extent to which MHC class and co-stimulatory molecules,
including MHC class I, MHC class II, CD80, CD86, and
CD40, are expressed. Highly increased expression of these
surface molecules during maturation may enhance the ability
of DCs to potently induce T-cell responses. Because of the fact
that induction of protective tumor immunity by a DC vaccine
is required to generate large numbers of fully mature and
stable DCs, we evaluated whether or not RG-II promotes
enhanced maturation of DCs. To assess the cytotoxicity of RG-
II, we performed a cell death assay. Flow cytometric analysis
using Annexin V and propidium iodide staining showed no
marked change in the percentage of dead cells until a
concentration of 1mgml~! RG-II was reached
(Supplementary Figure S1). Thus, we demonstrated that cell
death is not influenced by the above-mentioned concentration
of RG-II. BMDCs were cultured in the presence of lipopoly-
saccharide (LPS) as a positive control or RG-IT (0.5 mgml 1)
for 24 h. Figure 1 depicts the effect of RG-II on DC matura-
tion. Flow cytometric analysis of MHC class and co-

)

Experimental & Molecular Medicine



DC vaccination using RG-Il retards the tumor growth
SN Park et al

L

Medium LPS (200 ng/ml) RG-Il (0.5 mg/ml)
100 1 0 o 1007 1 Medium
o 80 7% | o & 78.0% | o 28 59.5% 8 751 ., mEELps
S 60 S 60 g o B RG-II
CD86 é! 40 é 40 § 40 Z 504
[72]
28 20 28 2 251
R
10° 10" 10% 10° 10* 10° 10" 10% 10° 10* 10° 10" 10% 10° 10* 0-
100 100 100
100
g 80 s67% | 2 &0 798% | 2 &0 725% | 3 , [ Medium
MHC £ go € 60 “P ] £ 60 e & 751 E=Lps
class1 3 49 § 40 g 40 EE B RG-I
20 20 20 'g
0 0 8 254
10° 10" 10% 10° 10* 10° 10" 10% 10° 10* 10° 10" 10? 10° 10* & LI |
100 100 100 ,» 100
E = [ Medium
e 2 2 50.9% | o o0 844% | o & 77.8% 8 75 = m=es
C T 60 S 60 € 60 ° _ = ron
class |l 8 40 8 40 3 8 40 = 50
[}
7 a7 : L
R
10° 10" 10% 10° 10* 10° 10" 10% 10° 10* 10° 10" 10 10° 10* 0=
80 80 w 75
"23.7% 55.2% 3. T 60 3 Medium
2 j2] 2 S [ LPS
CD40 E = € o 45 .
§ é é % % B RG-II
o
0 0 og- 15
10° 10" 10 10° 10* 10° 10" 10° 10% 10* 10° 10" 10% 10° 10* 0

>

Fluorescence Intensity

Figure 1 Rhamnogalacturonan Il (RG-Il) activates dendritic cell (DC) phenotypes. Bone marrow-derived dendritic cells (BMDCs) were
incubated with 200 ngml~1 lipopolysaccharide (LPS; positive control) or 0.5mgml~—1 RG-1| for 24 h. Co-stimulatory molecules were then
analyzed by two-color flow cytometry. Cells were gated on a CD11c-positive population. DCs were stained with phycoerythrin (PE)-
conjugated anti-CD86, anti-CD40 anti-MHC class |, or anti-MHC class Il antibodies. Bar charts represent the mean (s.e.m.) of the
percentages of positive DCs expressing CD86, major histocompatibility complex (MHC) class |, MHC class Il or CD40. * And ** indicate
significant differences at P<0.05 and P<0.01, respectively, compared with unstimulated cells. Results are representative of three

independent experiments.

stimulatory molecule expression showed that a strong increase
in the expression of CD86, MHC class I and MHC class II was
induced by RG-II. RG-II also significantly enhanced CD40
expression. However, co-stimulation of BMDCs with LPS
(200ngml 1) and RG-II did not induce further increase in
the expression of CD86, CD80, MHC class I and MHC class II
(data not shown), indicating that stimulation of RG-II
(0.5mgml ') was sufficient to induce the expression of these
surface molecules in BMDCs to an equivalent level as LPS
stimulation.

RG-II activates MAPKSs and nuclear translocation of NF-xB
and induces cytokine production (IL-12, IL-1B, TNF-o. and
IFN-y) during DC maturation

Activation of mitogen-induced protein kinases (MAPKs),
including extracellular signal-regulated kinases (ERKs), p38
MAPK and nuclear factor (NF)-kB, is important in DC
maturation. Recent studies suggest that these MAPK signaling
pathways differentially regulate all aspects of phenotypic
maturation, cytokine production and functional maturation
of DCs?” A crucial pathway for DC maturation by
inflammatory stimuli involves the transcription factor
NF-kB.?® Particularly, NF-xB activation is crucial for the
expression of CD40, CD86 and MHC class II during DC
maturation. To characterize the effects of RG-II on the MAPK
and NF-xB signaling pathways, BMDCs were treated with
0.5mgml ! RG-II and harvested at the indicated times.
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The results showed that the phosphorylation of ERKI1/2
and p38 MAPK was significantly induced by RG-II
stimulation (Figure 2a). In addition, nuclear translocation of
the p65 subunit was observed in the RG-II-treated BMDCs
(Figure 2b).

Next, to demonstrate the effect of RG-II on cytokine
production by DCs, secretion of IL-12p70, IL-18, TNF-o
and IL-10 by DCs was assessed by measuring the concentra-
tions of cytokines in supernatants conditioned by BMDCs in
the presence or absence of RG-1I. RG-II enhanced the secretion
of IL-12p70, IL-1B and TNF-a in BMDCs in a dose-dependent
fashion, whereas RG-II had little effect on IL-10 production
(Figure 2c¢). The data indicate that RG-II functions as a
stimulus of MAPK and NF-xB signaling cascades and is
crucial for the maturation of DCs and the production of
pro-inflammatory cytokines, including IL-12, IL-1f and
TNF-0, rather than the anti-inflammatory cytokine, IL-10.

RG-II leads to TLR4-mediated DC maturation

Stimulation of DCs via TLR4 can lead to the activation of
MAPKs and NF-«xB and expression of various inflammatory
mediators, including IL-6, TNF-a and IL-12 (p40/p70). We
next determined whether or not a specific TLR was involved in
DC maturation and cytokine production induced by RG-IL
We observed that RG-II was able to induce upregulation of the
maturation markers, CD86 and MHC class II, in BMDCs from
wild-type (WT) and TLR2 knockout (KO) mice, but not in
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Figure 2 Rhamnogalacturonan Il (RG-1l) activates both mitogen-induced protein kinases and nuclear translocation of nuclear factor-xB
and induces cytokine production (interleukin (IL)-12, IL-1B, tumor necrosis factor-o. (TNF-a) and interferon-y IFN-y)) during DC
maturation. Bone marrow-derived dendritic cells (BMDCs) were treated with 0.5 mg ml—1 RG-II for 5, 15, 30 or 60min. (a) Cell lysates
were prepared and blotted with anti-phospho-ERK1/2, anti-ERK1/2, anti-phosopho-p38 and anti-p38 antibodies. (b) Nuclear extracts
(NEs) were blotted with anti-phospho-p65 (Thr 254) antibody and cytosolic extracts (CEs) were also blotted with anti-I-xB antibody.
BMDCs incubated with lipopolysaccharide (LPS; 200ngml~!) were used as a positive control. (¢) BMDCs were stimulated with LPS
(200ngml—1), RG-Il (0.25-1mgml~1) or RG-1l (0.5mgml~1) in the presence of LPS for 24 h. Cytokine concentrations in culture
supernatants were measured in triplicate by enzyme-linked immunosorbent assay (ELISA). The mean (s.e.m.) values shown represent

three independent experiments.
compared with unstimulated cultures (NS, not significant).

TLR4 KO mice (Figures 3a and b). To prove that RG-II is an
agonist of TLR4, BMDCs from WT and TLR4 KO mice were
stimulated with RG-1I (0.5mgml~!) for 30 min, and whole-
cell lysates were probed for MAPKs. RG-II triggered the
phosphorylation of JNK, ERK and p38 MAPK in a TLR4-
dependent manner (Figure 3c). Because of the similarity of
RG-II to LPS, to examine the possibility of LPS contamination,
we performed IL-12 ELISA using polymyxin B (a LPS
contamination inhibitor) and showed that RG-II still stimu-
lates IL-12 expression in the presence of polymyxin B
(Supplementary Figure S2). Therefore, we confirmed that
LPS contamination does not occur in a RG-II sample. Taken
together, these results suggest that DC maturation is mediated
by RG-II, a novel agonist of TLR4, rather than TLR2.

RG-II colocalizes with TLR4, and CD14 and LBP are crucial
for the interaction between RG-II and TLR4

Because of TLR4 dependency on RG-II, we investigated the
localization of RG-II on TLR4 using confocal microscopy to
confirm the influence of RG-II on TLR4, and showed that RG-
II colocalizes with TLR4 (Figure 4a). In addition, to define the
interaction between RG-II on TLR4, we examined the

* ** And *** indicate significant differences at P<0.05, P<0.01 and P<0.001,

respectively,

relevance of accessory proteins, CD14 and LPS-binding
protein (LBP), which are crucial for the interaction between
TLR4 and LPS (a representative TLR4 agonist). We performed
IL-12 ELISA in neutralization conditions using the above-
mentioned antibodies. In CD14- or LBP-depleted conditions,
RG-II-induced secretion of IL-12 was significantly attenuated
compared with control antibody-depleted conditions
(Figure 4b). The data indicated that RG-II colocalizes with
TLR4, and accessory proteins (CD14 and LBP) are essential for
the interaction between RG-II and TLR4.

RG-II-mediated activation of TLR4 stimulates the MyD88
and TRIF signaling pathways

To define the detailed downstream signaling of TLR4 by RG-1I,
we performed IL-12 ELISAs using myeloid differentiation
primary response gene 88 (MyD88) or TIR-domain-contain-
ing adapter-inducing interferon-p (TRIF) knockout BMDCs.
In these experiments, we found that RG-II-mediated IL-12
secretion is partially impaired in MyD88 or TRIF knockout
BMDCs compared with normal BMDCs (Figure 5). Thus, we
concluded that RG-II is via MyD88- and TRIF-dependent
pathways, similar to existing LPS.
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Figure 3 Rhamnogalacturonan Il (RG-I1) signals through Toll-like receptor 4 (TLR4). Bone marrow-derived dendritic cells (BMDCs),
derived from wild-type (WT, TLR2 and TLR4 knockout (KO mice), were unstimulated or stimulated with lipopolysaccharide (LPS;
200ngml—1) or RG-1l (0.5 or 1 mgml~1) for 24 h. (a) Flow cytometric analysis of CD86 and major histocompatibility complex (MHC)
class Il surface expression. (b) Bar charts represent the mean*s.e.m. of the percentages of positive DCs expressing CD86 or MHC
class Il. *P<0.05; **P<0.01. (c) BMDCs (3 x 106 cells) derived from WT and TLR4 KO mice were stimulated with RG-1I (0.5 mgml—1)
for 30 min. Whole-cell lysates were probed for the phosphorylated forms of c-Jun N-terminal kinase (JNK), extracellular signal-regulated
kinase (ERK) and p38 mitogen-induced protein kinase (MAPK) by western blotting. o-Tubulin served as a protein-loading control. Results

are representative of two independent experiments.

RG-II regulates chemokine receptor expression

CCL19 (C-C motif chemokine ligand 19), which induces LPS-
treated DC migration, is a specific ligand for CCR7 .2 During
DC maturation, the differential regulation of chemokine
receptors is crucial for trafficking of DCs. Whereas mature
DCs induce migration to the draining lymph node by
upregulating CCR7, CCR1 expressed with a high level in
immature DCs is downregulated in the maturation process.’
We hypothesized that RG-II treatment alters chemokine
receptor (CKR) expression, which in turn enhances DC
migration to the draining lymph node. To test this
hypothesis, we measured the level of protein expression of
CCR7 after stimulation with LPS or RG-II using flow
cytometry and quantitative PCR. Similar to the increased
CCR7 expression observed in LPS-treated BMDCs, RG-II
induced the upregulation of CCR7 expression in BMDCs
(Figures 6a and b). Conversely, the expression of CCR1, which
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is reduced during DC maturation, was downregulated by
RG-II treatment or LPS stimulation (Figure 6b). Consistent
with this finding, based on the mouse-injected CFSE-labeled
DC migration assay, we found an increment in the number of
CESE-positive RG-II-treated BMDCs in the draining lymph
node compared with CFSE-positive RG-II-untreated BMDCs
in vivo (data not shown). These results suggest that RG-II-
mediated differential regulation of CCR7 and CCR1 is crucial
for DC migration.

RG-II-stimulated BMDCs enhance CD8 " T-cell
proliferation

An important feature of vaccines is the ability to induce T-cell
proliferation. To precisely characterize the effect of RG-II on
CD8 ™ T-cell proliferation, we established a mixed lymphocyte
reaction system using the OT-1 TCR in transgenic CD8™
T cells, which expresses a TCR specific for the MHC
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Figure 4 Rhamnogalacturonan Il (RG-11) interacts with Toll-like receptor 4 (TLR4). (a) Colocalization of RG-II and TLR4 on bone marrow-
derived dendritic cells (BMDCs). BMDCs were treated with fluorescein isothiocyanate (FITC)-conjugated RG-Il (0.5 mgml—!) for 30 min,
and fixed and stained with anti-TLR4-PE-conjugated antibody overnight at 4 °C. Cell morphology and fluorescence intensity were analyzed
using the Zeiss LSM510 Meta confocal laser scanning microscope. (b) CD14 and lipopolysaccharide-binding protein (LBP) are crucial for
RG-1I-mediated interleukin-12 (IL-12) production. BMDCs were pretreated with anti-CD14, anti-LBP and anti-IgG (1 pgml—1) for 30 min
and then stimulated with RG-1l (1 mgml~1) for 24 h. Cytokine concentrations in culture supernatants were measured in triplicate by
enzyme-linked immunosorbent assay (ELISA). **Significant difference at P<0.01 compared with unstimulated cells. The results are
representative of the three experiments performed.
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Figure 5 Rhamnogalacturonan Il (RG-I1)-mediated activation of Toll-like receptor 4 (TLR4) stimulates the MyD88 (myeloid differentiation
primary response gene 88) and TRIF (TIR-domain-containing adapter-inducing interferon-p) signaling pathways. Bone marrow-derived
dendritic cells (BMDCs; 3 x 108 cells), derived from wild-type (WT), MyD88 and TRIF knockout mice (KO mice), were stimulated with
RG-II (1 mgml—1) for 24 h. Cytokine concentrations in culture supernatants were measured in triplicate by enzyme-linked immunosorbent
assay (ELISA). ** And *** indicate significant differences at P<0.01 and P<0.001, respectively, compared with unstimulated cultures.

I-restricted OVA peptide antigen in DCs. Proliferation of
transgenic OVA-specific CD8" T cells co-cultured with
OVA/RG-II-stimulated BMDCs was significantly increased
compared with OVA-specific CD81 T cells treated with
OVA alone, as revealed by CFSE dilution (Figure 7a). These
results were supported by ELISA experiments showing that the
combination OVA/RG-II-stimulated CTLs produced twofold
higher IFN-y than OVA-stimulated OT-1 T cells (Figure 7b).

RG-II provokes the CTL response against EG7 cells, and
immunization with OVA and RG-II-pulsed BMDCs
significantly inhibits tumor growth and enhances the rate of
survival

To evaluate RG-II as a potent immune adjuvant on antigen-
specific CTL induction, we established the ex vivo CTL assay.
When a CTL assay was conducted using purified CD8 ' T cells
from the OVA or RG-II-loaded BMDC-injected mouse groups,

Experimental & Molecular Medicine
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Figure 6 Chemokine receptor expression is regulated by rhamnogalacturonan Il (RG-I1) in bone marrow-derived dendritic cells (BMDCs).
(a) Effect of RG-1l on CCR7 (C-C motif chemokine receptor 7) expression. On day 6, BMDCs were incubated with RG-Il (0.5 mgml|~1) or
lipopolysaccharide (LPS; 200ngml—1) for 24h. On day 7, phycoerythrin (PE)-conjugated CCR7 cells were analyzed by flow cytometry.
Cells were gated on CD11c*. (b) Effect of RG-1l on CCR1 and CCR7 mRNA expression. On day 6, BMDCs were incubated with RG-I1
(0.5 or 1mgml—1) or were incubated with or without LPS (200ngml!—1) for 24 h. Quantitative mRNA expression was measured as
described in the Materials and Methods section. * And ** indicate significant differences at P<0.05 and P<0.01, respectively,
compared with unstimulated cells. The results shown are representative of three independent experiments.
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Figure 7 Bone marrow-derived dendritic cell (BMDC) stimulation with rhamnogalacturonan Il (RG-I1) increases the expansion of CD8 "
T cells in vitro. (@) CD8* OT-1 T cells were labeled with carboxyfluorscein diacetate succinimidyl ester (CFSE) and activated
using ovalbumin (OVA) peptide-pulsed BMDCs in the presence or absence of RG-Il. As a control, unpulsed BMDC was co-cultured with
CD8* OT-1 T cells. Proliferation rates after 3 days were measured by flow cytometry. The percentage of proliferating cells of each
genotype is indicated. (b) In the same set of experiments, interferon-y (IFN-y) production levels by CD8* T cells were measured by
enzyme-linked immunosorbent assay (ELISA) in each culture supernatant 72 h after culture initiation. **Significant difference at P<0.01
compared with OVA alone-treated cultures. Results are expressed as the mean (s.e.m.) of triplicate cultures from one of three
representative experiments.
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Figure 8 Effect of rhamnogalacturonan Il (RG-11) on the induction of ovalbumin (OVA)-specific cytotoxic T lymphocyte (CTL) activity, and
dendritic cell (DC) vaccination using RG-II as an adjuvant against EG7 cells slows tumor progression. (a) Mice were intraperitoneally (i.p.)
injected 3 times (1 week apart) with bone marrow-derived dendritic cells (BMDCs; 1 x 10° cells) pulsed with phosphate-buffered saline
(PBS), OVA alone or OVA plus RG-II. CD8* cells were isolated with antibody-coated magnetic beads from the pooled splenocytes and
lymphocytes of each group. Purified CD8* cells were restimulated in vitro with OVA peptide, and its cytotoxicity against EG7 or EL4 cells
was measured using a CTL assay kit after 5 days of culture. Data are representative of two separate experiments. (b) Mice were
vaccinated i.p. with unpulsed, OVA (1 ugml—1)-pulsed or OVA-pulsed RG-1I (0.5 or 1 mgml—1)-treated BMDCs (5 x 10° cells), followed
by subcutaneous (s.c.) injection of EG7 lymphoma cells (4 x 105 cells) into the right lower back. Growth curve data shown are the mean
(s.e.m.; n=5 mice) of two separate experiments. (c) Survival response after transfer of BMDCs pulsed with PBS, OVA alone or OVA plus
RG-1l (0.5 or 1mgml-1). Data shown are pooled from two separate experiments. *P<0.05; OVA+RG-Il-pulsed BMDC group was

compared with OVA-pulsed BMDC group.

CD8™* T cells elicited different CTL activity levels against EG7,
an OVA-expressing EL4 variant target cell (Figure 8a). Immu-
nization of mice with OVA and RG-II-loaded BMDCs induced
a strong CTL response against EG7 cells compared with mice
immunized with OVA-pulsed BMDCs but not against the
parental EL4 cells, as expected.

We next assessed the antitumor activity of RG-II using an
EG7 lymphoma model. We showed that immunization with
BMDCs pulsed with OVA peptide in combination with RG-II
cures or delays tumor occurrence in the majority of mice
subcutaneously challenged with EG7-OVA lymphoma cells.
Average tumor sizes varied between the groups of immunized
mice. Nonimmunized mice had the largest, fastest growing
tumors. Figure 8b shows that immunized group with OVA/
RG-II-pulsed BMDCs had significantly slowed tumor growth
at day 42 (P<0.01) compared with the tumor growth pattern
of others. All control mice and mice injected with nonpulsed
BMDC:s were culled by day 62. Three of the five mice injected
with BMDCs pulsed with OVA alone without RG-II stimula-
tion were culled by day 52. All mice vaccinated with BMDCs
pulsed with OVA + RG-II (0.5mgml~!) and four of the five
mice vaccinated with BMDCs pulsed with OVA + RG-II
(1mgml~!) survived until day 65 (Figure 8c). These results
suggested that RG-II is not only a strong elicitor of CTL
responses to kill target cells in an OVA-specific manner, but is
also an effective agent for DC-based tumor vaccination.

DISCUSSION

In cancer immunotherapy, various DC-based vaccines against
cancer have been designed and extensively studied. The
potential ability of DCs for use as immune therapeutic
strategies are now being investigated.” Recent studies indicate
that DC vaccination can induce immunologic and clinical
responses in cancer patients.’! The mechanism of antigen
presentation by DCs and the ability to stimulate antitumor
T-cell responses are probably influenced by stimulation with
strong adjuvants. In DC-based cancer vaccination strategies,
various adjuvants for antigen priming of DCs have been
reported.”?> However, the development of tumor vaccines
using these adjuvants has met with only limited success;
adjuvants have often proved ineffective and highly toxic for
therapeutic tests. Moreover, it remains unclear as to which of
the adjuvants can polarize T cells for the most efficacious
antitumor immunity. In the current study, we showed that
RG-II has the ability to act as an effective adjuvant to promote
tumor-specific cell-mediated immune responses in mice. DCs
engulf and process OVA, and then convey antigen information
to CD8 T T cells. Therefore, OVA-pulsed DCs are cytotoxic.
Moreover, DCs pulsed with the H-2Kb binding OVA-peptide,
SIINFEKL, in combination with RG-II treatment showed more
effective cytotoxicity against EG7-OVA lymphoma cells and
cures or delays in tumor occurrence in nearly all mice
challenged subcutaneously with EG7-OVA lymphoma cells.

Experimental & Molecular Medicine
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As nearly all T-cell responses are dependent on initial CD28
stimulation, expression of CD80/86 is necessary for mediating
the potent expansion of antigen-specific CD8 T T cells.'!
Crosslinking of CD40 onto DCs is also critical for long-term
cellular immunity induction through the activation of many
DC functions.?>3* Thus, CD40/CD154 interactions resulted in
the induction of IFN-y-producing T helper type 1 (Thl)
CD47" T-cell clones. Moreover, CD40-activated DCs are
capable of expanding CD8 ™ CTL clones.?>3°

Our data showed that DC stimulation with RG-II alone
increased the expression of classical DC activation markers,
such as CD80, CD86 and CD40 (Figure 1). We also found that
RG-II is highly effective in inducing CD8 ™ T-cell proliferation,
suggesting that RG-II can be used as a potent adjuvant. In
correlation with the enhancement of surface expression of
CD80, CD86 and MHC class II, we observed that BMDCs
stimulated with RG-II produced the highest amount of
IL-12p70, IL-1B and TNF-a (Figure 2). IL-12 is the key factor
that shifts the immune balance toward a Thl response, and it
induces IFN-y production and facilitates the switch from an
established Th2 to a Th1 response.’” The Thl-based cytokine
balance is desirable for sensitization of CTLs specific for
tumor-associated antigens by antigen-presenting cells.
Recently, synergy between DC-based vaccination and IL-12
was shown in an animal model.*®3 In fact, potent antitumor
effects of DCs genetically engineered with IL-12 have been
shown in several murine models by vaccination using DCs
pulsed with a tumor-associated antigen-derived peptide.*
Moreover, TNF-o. and IL-1B are known to mediate innate
immune responses. These cytokines are required for efficient
DC maturation and mobilization to tumor-draining lymph
nodes. These inflammatory mediators are critical for activating
the adaptive immune response by helping IL-12 secretion.*42
On the basis of the important roles of these cytokines in
eliciting immune responses, the increase in the production of
IL-12p70, IL-1B, TNF-o and IFN-y by BMDCs stimulated with
RG-II suggests that RG-II is an effective adjuvant of cell-
mediated vaccines. Whereas RG-II increases the production of
pro-inflammatory cytokines, RG-II had little effect on IL-10
production (Figure 2¢). With respect to IL-10 induction, p38
activity has been shown to be crucial for IL-10 expression in
previous reports.*»** Therefore, we examined LPS- or RG-II-
mediated p38 activity in WT or MyD88 knockout BMDCs and
found that RG-II-induced p38 activation is weaker compared
with LPS-induced p38 activation, and LPS- or RG-II-mediated
p38 activity in MyD88 knockout BMDC:s is partially blocked
compared with WT cells (Supplementary Figure S3). Thus, the
lack of IL-10 induction by RG-II, in contrast to the robust
induction by LPS, is due to p38 activity.

We further characterized the mechanisms underlying the
recognition of RG-II and immune responses induced by RG-II.
Using KO mice, we provided evidence that RG-II activates DCs
through TLR4, leading to phenotypic DC maturation and
MAPK signal pathway activation (Figure 3). These are
characteristics that are important for the potential use of
RG-II as a vaccine adjuvant, because such characteristics

Experimental & Molecular Medicine

constitute some of the prerequisites for the development of
tumor antigen-specific T cells. However, we did not observe a
synergistic effect of LPS and RG-II under co-treated conditions
(Figure 2a and Supplementary Figure S4). Thus, we thought
that this phenomenon is probably because RG-II and LPS
share the same receptor (TLR4). Namely, RG-II and LPS have
competitive actions against TLR4. In addition, our findings
show that strong activation of murine DC by RG-II renders
these cells competent to strongly stimulate T-cell proliferation
and differentiation.

Herein, we used RG-II as an adjuvant to develop a DC-
based cancer vaccine. As RG-II is a natural compound derived
from the Korean traditional herbal medicine ‘ginseng’ and red
grape skin, this agent is safe and does not have or induce
systemic toxic effects. RG-II elicits strong tumor antigen-
specific CTL activity and inhibits tumor growth. In addition,
when DCs were stimulated with RG-II in the current study,
there was a significant increase in the production of IL-12 and
IFN-y by the DCs. These are important properties for an
adjuvant that can be used in a tumor model, because these
properties may be important in promoting a Thl immune
response. Overall, our results suggest that RG-II has significant
potential for cancer treatment because of enhanced anticancer
activity. The potency of RG-II to stimulate protective immu-
nity in relevant animal models suggests that it could be a very
attractive candidate.
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