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An in vitro investigation of immunomodulatory
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cells and their extracellular polysaccharides
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Many probiotic lactobacilli and their extracellular polysaccharides (EPS) have beneficial immunological properties.
However, it is unclear how they elicit the host immune response. We thus investigated the immunological properties
of UV-killed Lactobacillus delbrueckii TU-1 and L. plantarum KM-9 cells as well as their extracellular polysaccharides
(EPSs). High-performance liquid chromatography and ion exchange chromatography analyses showed that their
EPSs differ in sugar composition and sugar fractionation. The immunological properties were evaluated in a semi-
intestinal model using a Transwell co-culture system that employed human intestinal epithelial (Caco-2) cells on the
apical side and murine macrophage (RAW264.7) cells on the basolateral side. The UV-killed cells and EPSs were
added to the apical side to allow direct contact with Caco-2 cells and incubated for 6 hr. After incubation, the amounts
of tumor necrosis factor-o and several cytokines released by RAW264.7 or Caco-2 cells were quantified by cytotoxic
activity on 1929 cells (murine fibrosarcoma cell line) and quantitative reverse-transcriptase PCR. We found that the
UV-killed cells and their EPSs had immunological effects on RAW264.7 cells via Caco-2 cells. The RAW264.7 cells
showed different cytokine production profiles when treated with UV-Kkilled cells and EPSs. The UV-killed cells and
EPSs promoted a Thl-type cellular response. Furthermore, we found that the UV-killed cells sent positive signals
through Toll-like receptor (TLR) 2. Meanwhile, neither EPS sent a positive signal through TLR4 and TLR2. This
evidence suggests that both UV-killed cells of the lactobacillus strains and their EPSs trigger a Thl-type immune
response in a human host, with the former triggering the response via the TLRs expressed on its epithelium and the
latter employing a mechanism yet to be determined, possibly involving a novel receptor that is designed to recognize
specific patterns of repeating sugar in the EPSs.
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INTRODUCTION

It is well known that many lactic acid bacteria have
beneficial effects on the immune system of their hosts
and are therefore used as probiotics [1]. These probiotic
effects have been attributed not only to the bacterial cells
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but also to their extracellular polysaccharides (EPSs)
[2]. For example, both in vitro and in vivo experiments
[3, 4] demonstrated that Lactobacillus plantarum
N14 (LP14) cells and their EPSs strongly induce the
expression of Thl-type cytokine genes. Meanwhile, we
previously showed through an in vitro study using the
Transwell co-culture system [5] that EPSs produced by
different strains of L. delbrueckii show different cytokine
production profiles. Among the EPSs, those produced
by L. delbrueckii TU-1 markedly increased tumor
necrosis factor-o. production and induced excessive
Thl-type cytokine (IL-12, IL-15, and IL-18) mRNA
expression in murine macrophage (RAW264.7) cells [5].
However, it has not been determined whether the cells of
L. delbrueckii TU-1 have the same immunomodulatory
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properties as their EPSs.

Pattern recognition receptors within the host intestine,
such as those of the membrane-bound Toll-like receptor
(TLR) family, recognize components of bacterial cells
and signal the presence of intestinal bacteria to the host
immune system [6]. Murofushi ef al. [7] reported that
heat-killed cells of LP14 and its EPS exerted marked
immunomodulatory activity through TLR2 and TLR4,
which recognize peptidoglycan and lipopolysaccharides,
respectively. Moreover, Balachandran et al. [8] reported
that human monocyte cells are capable of recognizing a
polysaccharide produced by Spirulina platensis through
TLR2 but not one produced through TLR4. Thus, we
hypothesized that the immune response caused by the
EPSs,aswellasthecellsof L. plantarumand L. delbrueckii
strains, are mediated by TLR2, TLR4, or both. This study
was designed to evaluate the immunological properties
of UV-killed cells of L. delbrueckii TU-1 and a wild-type
(WT) strain of L. plantarum and their EPSs in a semi-
intestinal model using a Transwell co-culture system. We
also aimed to gain insight into the mechanisms involved
in the immunological activities of the UV-Kkilled cells and
their EPSs by studying the roles of TLR4 and TLR2.

MATERIALS AND METHODS

Bacterial strains

The bacterial strains L. delbrueckii TU-1 and
L. plantarum subsp. plantarum KM-9 were used in this
study. These strains were isolated in our laboratory from
a commercial yogurt and a pickled turnip, respectively,
and their taxonomic identities were confirmed by species-
specific PCR assays, as described previously [9, 10].

Preparation of EPSs

L. delbrueckii TU-1 and L. plantarum  subsp.
plantarum KM-9 were cultured anaerobically at 37°C for
24 hr in whey medium containing 0.5% (wt/vol) yeast
extract (Becton, Dickinson and Company, Sparks, MD,
USA) and 10% (wt/vol) whey powder (Shizen Kenkou
Co., Ltd., Kyoto, Japan) that had been hydrolyzed with
proteinase K (Wako Pure Chemical Industries, Osaka,
Japan) for 7 hr at 55°C before use. Purified EPS was
prepared by following the methodology of Nagai et
al. [11]. Briefly, bacterial cells and precipitates were
removed by centrifugation (14,000 x g, 20 min, 4°C).
Crude EPS was precipitated from the supernatant by
the addition of 1.5 vol of cold ethanol and collected by
centrifugation (14,000 x g, 20 min, 4°C). The crude EPS
was dissolved in distilled water and insoluble material
was removed by centrifugation (14,000 x g, 20 min, 4°C).

The crude EPS was purified by additional precipitation
with 1.5 vol of cold ethanol. The precipitated EPSs were
treated with 10% (wt/vol) trichloroacetic acid at 4°C, and
the denatured proteins were removed by centrifugation
(14,000 x g, 20 min, 4°C). Partially purified EPS was
obtained by dialysis of the supernatant containing the
crude EPS against distilled water at 4°C for two days,
followed by lyophilization. The crude EPS was dissolved
in 50 mM Tris-HCI buffer (pH 8.0) containing 1 mM
MgCl and treated with 2 pg/ml DNase (Roche Applied
Science, Basel, Switzerland) and 2 pg/ml RNase (Wako)
at 37 \°C for 6 hr. The proteins in the crude EPS were
digested with 0.2 mg/ml of proteinase K for 16 hr at
37 ~°C. The reaction was stopped by heating at 80 *°C
for 10 min. The EPSs were then applied to centrifugal
concentrators (Amicon Ultra 0.5ml 10K, Merck
Millipore, Darmstadt, Germany) and centrifuged at
14,000 x g for 30 min. After centrifugation, sufficient
distilled water was added to the filter unit until the final
volume was 500 pul. The EPSs in the above solution
were subjected to an additional precipitation with 1.5
vol of cold ethanol to obtain purified EPS. The total
carbohydrate concentration of the purified EPS was
then determined using the phenol-H,SO, reaction with
glucose as a standard [12]. The whey medium used for
the EPS preparations might contain some sugar species
[13] that might have been carried over to our EPS
preparations, affecting the subsequent immunological
assays. Therefore, we subjected the whey medium to the
same EPSs purification procedure to prepare a ‘whey
sample’ for use as a control.

Preparation of UV-killed cells

L. delbrueckii  TU-1 and L. plantarum  subsp.
plantarum KM-9 were cultured anaerobically at 37°C
for 24 hr in MRS broth. After cultivation, the bacterial
cells were collected by centrifugation (5,000 x g, 10 min,
4°C), washed three times with sterile phosphate-buffered
saline (PBS; 0.8% NacCl, 0.02% KH,PO,, and 0.115%
Na,HPO,, pH 7.4), and resuspended in PBS. Bacterial
cells of each strain were then killed under ultraviolet
light (UV) for 10-12 hr. After the UV treatment, cell
death was confirmed using a conventional plate count
method. Bacterial cell suspensions of the strains were
then adjusted to a concentration of 1.0 x 103 cells/ml,
which was determined using direct microscopic counting.

Cell culture

Cells from the human intestinal epithelial cell line Caco-
2 were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, glutamine, high glucose; Wako) supplemented
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with 1% MEM non-essential amino acid solution
(NEAA; Gibco BRL, Grand Island, NY, USA), 100 U/
ml penicillin, 100 pg/ml streptomycin, and 10% heat-
inactivated fetal bovine serum (FBS; Daiichi Kagaku,
Tokyo, Japan). Cells from the murine macrophage cell
line RAW264.7 were cultured in DMEM (glutamine, low
glucose) supplemented with 100 U/ml penicillin, 100 ng/
ml streptomycin, and 10% heat-inactivated FBS. Human
intestinal epithelial (Caco-2) cells from passages 48—62,
and RAW264.7 cells from passages 10-20, were used.
Cells from the murine fibrosarcoma cell line L929 were
cultured in Eagle’s Minimum Essential Medium (MEM;
Nissui Pharmaceutical, Tokyo, Japan) supplemented with
10% heat-inactivated FBS, 2 mM L-glutamine, 100 U/
ml penicillin, and 100 pg/ml streptomycin. Cell cultures
were incubated in a humidified 5% CO, incubator at
37°C.

Transepithelial electrical resistance measurement

The integrity of the Caco-2 monolayer was determined
by measuring the transepithelial electrical resistance
(TER). Tight junctions serve as barriers to paracellular
diffusion, and TER reflects the tightness of the junctions
between the epithelial cells. To measure the TER value,
Caco-2 cells were grown in Transwelll inserts (1.12 cm,
0.4 pum pore size; Costar, Corning, Cambridge, MA,
USA) with polycarbonate membranes. Caco-2 cells were
seeded at a density of 3.0 x 103 cells/well. The medium
was changed every three days. The monolayer cells
were gently rinsed with Hank’s Balanced Salts Solution
(HBSS; 137 mM NacCl, 5.36 mM KClI, 1.67 mM CaCl,,
I mM MgCl,, 1.03mM MgSO,, 0.44 mM KH,PO,,
and 0.34 mM Na,HPO,, pH 7.4) and then equilibrated
in the same solution for 30 min in a humidified 5%
CO, incubator at 37°C (apical side, 200 pl; basolateral
side, 800 ul). The integrity of the cell monolayer was
evaluated by measuring the TER using Millicelln ERS
equipment (Merck Millipore). The cell monolayer was
used when the TER value was >400 Q ¢cm?.

Caco-2 / RAW264.7 co-culture system

A Caco-2 / RAW264.7 co-culture system was used as
described by Tanoue et al. [14]. In brief, Caco-2 cells
were seeded at 3.0 x 10° cells/well onto Transwell insert
plates (1.12 cm?, 0.4 um pore size; Costar, Corning).
The cells, which were fully differentiated (TER value >
400 Q cm?), were subjected to the following experiment:
RAW264.7 cells were seeded at 2.1 x 10° cells/well in
24-well tissue culture plates and incubated overnight to
fully adhere to the well. After all the medium had been
replaced with RPMI 1640 (Gibco BRL), the Transwell

insert plates with Caco-2 cells were added into multiple-
plate wells preloaded with RAW264.7 cells. Then, 1.0 x
108 UV-killed cells/ml, 100 ug/ml of EPSs, and the whey
sample were applied to the apical sides of individual
wells and incubated at 37°C for 6 hr. During incubation,
the TER value of the upper chamber filter was measured
using a Millicell ERS apparatus. Lipopolysaccharide
(LPS) samples (from Escherichia coli 0127, Wako) of
5 ng/ml and 10 ng/ml were added to the basolateral side
for only the positive control after 3 hr of incubation. A
negative control of the co-culture system was not exposed
to UV-killed cells or EPSs. After incubation, all culture
supernatants from the basolateral sides were collected for
tumor necrosis factor (TNF)-o measurement. The treated
Caco-2 cells and RAW264.7 cells were then harvested to
isolate total RNA for the real-time PCR assays described
below.

Tumor necrosis factor-o. measurement

Amounts of TNF-o in the culture medium were
quantified as described by Takada et al. [15] by measuring
cytotoxic activity on 1929 cells using murine TNF-a as
the standard. Briefly, L929 cells were plated in 96-well
microplates containing MEM supplemented with 10%
heat-inactivated FBS and cultured for 3 hr. The medium
was replaced with 50 pl of fresh RPMI 1640 Medium
(supplemented with 10% heat-inactivated FBS, 100 U/
ml penicillin, and 100 g/ml streptomycin) containing
400 pg/ml actinomycin D and 50 pl of each sample. The
cells were cultured for 20 hr at 37°C under an atmosphere
containing 5% CO,. After the medium was removed,
each cell lysate was stained with 0.1% crystal violet in
ethanol/formaldehyde for 15 min at room temperature.
Then, the cells were washed with water and dried.
Each cell lysate was dissolved in 100 ul of ethanol:PBS
(1:1, v/v). The absorbance of the stained solutions was
measured using a microplate reader. The concentration of
TNF-o was calculated using a standard curve.

RNA isolation and quantitative polymerase chain
reaction

Total RNA was isolated from Caco-2 cells and
RAW264.7 cells using Sepasol®-RNA I Super (Nacalai
Tesque, Kyoto, Japan), according to the manufacturer’s
protocols. Total RNA was transcribed into cDNA in a
20 pl reaction mixture containing 10 pl RNA solution,
4.2 ul diethyl pyrocarbonate-treated water, 2.0 ul 10 x
reverse transcription buffer, 0.8 pul 25 x dNTPs, 2.0 ul
oligo p(dT) primer, and 1.0 plreverse transcriptase (50 U)
using a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Warrington, UK). Real-time PCR
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Table 1. Sequences of the primers used in RT-PCR analysis

Cytokines Primer

Sequence

Mouse B-actin Sense primer

Antisense primer

Mouse IL-1a Sense primer
Antisense primer
Mouse IL-10 Sense primer
Antisense primer
Mouse IL-12 Sense primer
Antisense primer
Mouse IL-18 Sense primer
Antisense primer
Mouse [FN-y Sense primer
Antisense primer
Mouse IL-15 Sense primer
Antisense primer
Human PPIA Sense primer
Antisense primer
Human IL-12 Sense primer
Antisense primer
Human IL-8 Sense primer

Antisense primer
Sense primer
Antisense primer

Human TGF-$1

TGTGATGGTGGGAATGGGTCAG
TTTGATGTCACGCACGATTTCC
AAGTTTGTCATGAATGATTCCCTC
GTCTCACTACCTGTGATGAGT
GTGAAGACTTTCTTTCAAACAAAG
CTGCTCCACTGCCTTGCTCTTATT
CGTGCTCATGGCTGGTGCAAAG
CTTCATCTGCAAGTTCTTGGGC
ATGGTACAACCGCAGTAATACGG
AGTGAACATTACAGATTTATCCC
TACTGCCACGGCACAGTCATTGAA
GCAGCGACTCCTTTTCCGCTTCCT
TTCTCTTCTTCATCCTCCCCCT
ATGAAGAGGCAGTGCTTTGA
AATGCTGGACCCAACAC
TCCACAATATTCATGCCTT
TTGTGGCTACCCTGGTCCT
AGAGTTTGTCTGGCCTTCTGG
TGGCTCTCTTGGCAGCCTTC
TCTCCACAACCCTCTGCACC
GCTGCTGTGGCTACTGGTGC
CATAGATTTCGTTGTGGGTTTC

was performed using a Thermal Cycler d\Dice Real Time
System (Takara BIO Inc., Ohtsu, Japan) with Premix
Ex Taq™ (Takara) and a TagMan® Gene Expression
Assay (Applied Biosystems) for mouse and human
cytokines, according to the manufacturer’s protocol. The
sequences of the PCR primers [16—19] used in this study
are shown in Table 1. In this study, mouse B-actin and
human peptidylprolyl isomerase A (PPIA) were used
as endogenous control genes for the RAW264.7 cells
and Caco-2 cells, respectively. The gene expression
levels for each individual sample were normalized to
endogenous gene expression, as determined by the
relative quantification method (AACT) [20].

Sugar component analysis of EPSs

EPS samples were hydrolyzed in 1 N H,SO, at 90°C
for 4 hr. Each hydrolysate was neutralized with BaCOs;,
and the precipitate was removed by filtration using a 0.45-
pm filter unit (Merck Millipore). The sugar composition
of each EPS was determined using high-performance
liquid chromatography (HPLC) with a Rezex RCM-
Monosaccharide column (7.8 x 300 mm; Shimadzu,
Kyoto, Japan). Monosaccharides were detected using an
evaporative light-scattering detector (ELSD; Shimadzu).
Isocratic elution was conducted with distilled water at
a flow rate of 0.5 ml/min at 70°C. The molar ratio of

monosaccharides in the sample was estimated using a
standard curve. Partially purified EPSs were fractionated
using anion exchange chromatography with DEAE
Sepharose Fast Fow (GE Healthcare UK Ltd., Amersham
Place, UK). Elution was conducted with a linear gradient
from 0 to 0.3 M NaCl in Tris-HCI buffer (pH 8.8). The
eluate was photometrically monitored for protein at
280 nm using a microplate reader and at 490 nm for
neutral sugars using the phenol-H,SO, reaction [12].

Antibody treatment

For blocking experiments, cultured Caco-2 cells were
pretreated for 30 min with anti-TLR2 (Hycult Biotech,
the Netherlands) antibodies, anti-TLR4 (Hycult Biotech)
antibodies, or an isotype-matched control IgG1 (Santa
Cruz Biotechnology, Dallas, TX, USA) (anti-TLR2, 10
png/ml; anti-TLR4, 10 pg/ml; and IgGl, 10 pg/ml), and
then the Transwell inserts containing Caco-2 cells were
washed with PBS three times. EPSs (100 pg/ml) and the
UV-killed cells (1.0 x 108 cells/ml) were applied into the
apical side and incubated at 37°C for 6 hr. LPS (10 ng/
ml), a TLR4 agonist, and 50 pg/ml of the TLR2 agonist
Pam3CSK4 (Novus Biologicals, Littleton, CO, USA)
were added to the basolateral side only for the positive
control group after 3 hr of the incubation. For the negative
control, the co-culture system was not exposed to the
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EPSs or the UV-killed cells. After incubation, all culture
supernatants from the basolateral side were collected
for nitric oxide (NO) measurement by using the Griess
reaction [21]. In order to examine the inhibition of TLR2
and TLR4 expression, the treated Caco-2 cells were then
harvested to isolate total RNA for quantitative RT-PCR
(qPCR) of IL-8 mRNA expression [22, 23].

Statistical analysis

Statistical analysis was performed using one-way
analysis of variance (ANOVA) followed by Dunnett’s
test for co-culture data and the Tukey-Kramer test for
antibody data, respectively. Asterisks (*, **) are used to
indicate statistical differences, with significance levels of
p<0.05 and p<0.01, respectively.

RESULTS

TNF-a production by RAW264.7 cells in a co-culture
system

LPS (10 ng/ml) treatment from the basolateral
side showed approximately five times higher TNF-a
production than the control (Fig. 1). Caco-2 cells treated
with EPSs from L. delbrueckii TU-1 or L. plantarum
KM-9 showed approximately twice the TNF-a production
of the control. Meanwhile, Caco-2 cells treated with UV-
killed L. delbrueckii TU-1 and L. plantarum KM-9 cells
showed the same TNF-a production level as the control.
It should be noted that the TER value of the Caco-2 cells
showed no change compared with that of the control after
the addition of UV-killed cells or EPSs (data not shown).

Cytokine expression by RAW264.7 cells in the co-culture
system

The expression of cytokine mRNA in RAW264.7
cells was examined using a qPCR method. IL-12 mRNA
expression was enhanced approximately five-fold,
compared with the control after LPS treatment (10
ng/ml) from the basolateral side (Fig. 2a). Treatment
with L. delbrueckii TU-1 or L. plantarum KM-9 EPS
resulted in upregulated mRNA expression compared
with the control, whereas the treatment with UV-killed
L. delbrueckii TU-1 or L. plantarum KM-9 cells resulated
in no change. IL-18 mRNA expression was upregulated
after treatment with the EPS of L. delbrueckii TU-1
(Fig. 2c). IL-1la. mRNA expression was upregulated
after treatment with UV-killed L. delbrueckii TU-1
or L. plantarum KM-9 cells (Fig. 2¢). No significant
changes in IL-15, IL-10, or IFN-y mRNA expression
compared with the control were seen after treatment with
EPS or UV-killed cells (Fig. 2b, 2d, and 2f).
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Fig. 1. Effects of EPSs and UV-killed cells on the production of
TNF-a in the Caco-2/RAW264.7 co-culture model.

LPS-stimulated cultures were used as a positive control. Values
represent the means = standard error (SE; n=3). Significant
differences were observed between the sample-treated group and
the control group (**p<0.01; *p<0.05).

Cytokine expression by Caco-2 cells in the co-culture
system

The expression of cytokine mRNA in Caco-2 cells
was examined using the qPCR method. IL-12, IL-8, and
TGFB-1 mRNA levels showed no significant changes
compared with the control after treatment with UV-killed
cells or EPSs (Fig. 3a, 3b, and 3c¢).

Antibody treatment

We evaluated whether anti-TLR2 or anti-TLR4
antibodies modified the effect of the EPSs or UV-killed
cells in the co-culture system. No effect was observed on
the production of NO when the EPS of L. delbrueckii TU-1
(Fig. 4a) or L. plantarum KM-9 (Fig. 4b) was applied
to Caco-2 cells that had been treated with anti-TLR2
antibodies, anti-TLR4 antibodies, or both antibodies.
As shown in Fig. 4c and 4d, UV-killed L. delbrueckii
TU-1 or L.plantarum KM-9 cells increased NO
production in control cells normally expressing TLR2
and TLR4. Meanwhile, UV-killed L. delbrueckii TU-1
or L. plantarum KM-9 cells decreased NO production
in Caco-2 cells that had been treated with anti-TLR2
antibodies. Anti-TLR4 antibodies completely abolished
the capacity of LPS to reduce the levels of IL-8 mRNA;
similarly, anti-TLR2 antibodies completely abolished
the capacity of Pam;CSK, to reduce the levels of IL-8
mRNA (Fig. 4e).
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Sugar component analysis by HPLC

The monosaccharide composition of each EPS was
determined using HPLC. The EPSs of L. delbrueckii
TU-1 contained glucose (Glc) and galactose (Gal) at
a ratio of 1:2.76. The EPSs of L. plantarum KM-9
contained Glc and Gal at a ratio of 1:1.14.

EPS fractionation

As shown in Fig. 5a, the EPS of L. delbrueckii TU-1
was fractionated into one peak (fractions 21 to 23). As
shown in Fig. 5b, the EPS of L. plantarum KM-9 was
fractionated into three peaks (fractions 2 to 5, fractions
17 to 19, and fractions 22 to 25).

DISCUSSION

We have demonstrated that UV-killed L. delbrueckii

TU-1, UV-killed L. plantarum KM-9 cells, and their
EPSs have appreciable immunological effects on mouse
macrophages (RAW264.7 cells) via Caco-2 cells. Our
results also show that UV-killed L. delbrueckii TU-1 and
L. plantarum KM-9 cells and their EPSs upregulate the
expression of proinflammatory cytokine (TNF-a, IL-
12, IL-18, and IL-10) mRNAs. However, the UV-killed
cells and the EPSs induced different cytokine production
profiles in RAW264.7 cells, despite being derived from
the same strain. It was reported elsewhere [24] that naive
T cells need IL-12 to differentiate into Thl cells, which
then produce cytokines (IL-12, IL-18, and IFN-y), further
promoting differentiation of Thl cells. Meanwhile, IL-18
is well known to enhance Th1-type cellular responses [25],
where IL-18 produced by activated macrophage cells, for
example, may act synergistically with IFN-y and IL-12
from T cells and induce natural killer (NK) cell activity
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Fig. 4. Effects of Caco-2 cell pretreatment with anti-TLR antibodies on nitric oxide (NO) production in RAW264.7 cells.

Expression of the IL-8 mRNA in RAW264.7 cells was measured by quantitative RT-PCR as described in the materials and methods section.
Values represent the mean + SE (n = 3). Significant differences were observed between the sample-treated group and the control group
(**p<0.01; *p<0.05). NO production after treatment with (a) the EPS of L. delbrueckii TU-1, (b) the EPS of L. plantarum KM-9, (c) UV-
killed L. delbrueckii TU-1cells, (d) UV-killed L. plantarum KM-9 cells, (e) IL-8 mRNA expression after treatment with LPS and Pam3Csk4.
Different letters (a, b and c) indicate significant differences between groups (p<0.05).
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Fig. 5. Fractionation of extracellular polysaccharides (EPSs) by

anion-exchange chromatography.

(a) the EPS of L. delbrueckii TU-1 and (b) the EPS of L. plantarum
KM-9. The eluate was monitored for neutral sugars at 490 nm
and for proteins at 280 nm using the phenol-H,SO, method. The
dashed green line indicates the concentration of NaCl.

[26]. Meanwhile, IL-1a activates Thl cells to active NK
cells [27]. It was thus suggested that, in the present study,
UV-killed L. delbrueckii TU-1 and L. plantarum KM-9
cells and their EPSs caused a Thl-type cellular response.
In fact, LPS applied to the basolateral side not only
enhanced TNF-a production but also upregulated IL-8
mRNA expression in Caco-2 cells. Although IL-8 is known
to be secreted excessively by a variety of cells, such as
intestinal epithelial cells, at sites of inflammation [28], the
levels of IL-8 mRNA expression in Caco-2 cells triggered
by the UV-killed cells and EPSs remained comparable to
those of their controls. The evidence suggests that UV-
killed L. delbrueckii TU-1 and L. plantarum KM-9 cells
and their EPSs exert a Thl-type cellular response, which
is different from the corresponding proinflammatory
response exerted by LPS. The EPS-producing probiotic
bacterial strains or their purified EPSs are thus considered
to be potentially beneficial biologics against microbial

(i.e., influenza, norovirus) infections. IL-12, IL-8, and
TGF-f1 mRNA expression in Caco-2 cells was not
affected by the presence of EPSs or UV-killed cells. It is
thus suggested that some of the signals that are not tested
in this study were released from the Caco-2 cells to act
on the RAW?264.7 cells, which then upregulated cytokine
gene expression. Further studies are necessary to evaluate
this possibility and identify the unknown signal or signals.

In the present study, EPSs appeared to have stronger
immunological properties than UV-killed cells. The
TNF-a production was increased in a dose-dependent
manner, with the highest production observed at 100 pg/
ml LPS (data not shown). Our calculations suggest that
both strains produce only 2 ng/ml EPSs at a concentration
of 1.0 x 10® cells/ml, which was the same bacterial
quantity as that applied to the apical side of the insert
in this study. It should be pointed out that Caco-2 cells
were exposed to isolated EPSs at approximately 50 times
the amount of EPS that 1.0 x 10® cells of both strains
could actually produce. This, in turn, suggests that the
immunological properties of the isolated EPSs and the
UV-killed cells were overestimated and underestimated,
respectively, in the present experimental format.

Our studies revealed that the UV-killed L. delbrueckii
TU-1 and L. plantarum KM-9 cells enhance NO
production through the TLR2. TLR2 isknown to recognize
peptidoglycan and lipoteichoic acids, which are present
in the cell membrane of Gram-positive bacteria [29].
Several previous researchers have reported that TLR2
plays an important role in the recognition of probiotic
bacteria. For example, the strong Thl skewing effect of
L. acidophilus X37 was reduced by blocking TLR2 in
dendritic cells [30]. In addition, L. fermentum YIT0159
and lipoteichoic acids purified from L. fermentum
reduced levels of TNF-a in splenocytes from TLR2 ™/~
mice compared with WT mice [31]. These findings
suggest that lipoteichoic acids, at least that from some
Lactobacillus strains, isa potent TLR2 ligand and a key
molecule responsible for immunostimulation by these
bacteria. Similarly, we demonstrated here that TLR2
plays an important role in the immunological properties
of UV-killed L.delbrueckii TU-1 and L. plantarum
KM-9 cells because NO production was abolished when
anti-TLR2 antibodies were used. This suggests that the
surface components of UV-killed L. delbrueckii TU-1
and L. plantarum KM-9 cells are recognized by TLR2.

Neither the EPS of L. delbrueckii TU-1 nor the EPS
of L. plantarum KM-9 seemed to have an effect on
macrophages which have been investigated in this study
through TLR4 and TLR2. Makino et al. [32] reported
that EPS-dependent stimulation of NK cell activity was
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abrogated in myeloid differentiation factor 88 (MyD88)-
knockout (KO) mice. MyDS88 is an important adapter
molecule in TLR signal transduction pathways, and
MyD88-KO mice are unresponsive to ligands of TLR2,
TLR4, TLRS, TLR7, and TLR9 [33]. On the other
hand, Gorska ef al. [34] reported that polysaccharides
of L. rhamnosus LOCKO0900 were not recognized by
TLR2 or TLR4. These findings provide evidence that the
physical and chemical properties of the EPSs used in this
study strongly influence the way that host cells recognize
them. In this connection, our HPLC analysis and ion
exchange chromatography analyses revealed that the
EPS of L. delbrueckii TU-1 and the EPS of L. plantarum
KM-9 are composed of glucose and galactose, but that the
molar ratios of the two saccharides are quite different. The
evidence suggests that the EPS of L. delbrueckii TU-1 and
the EPS of L. plantarum KM-9 are composed of different
repeating sugar units with different chemical properties,
which in turn elicit different immunological responses
from the host cells. Nagai ef al. [11] found that the EPS
produced by L. delbrueckii OLL1073R-1 was fractionated
into neutral EPS (NPS) and acidic EPS (APS) by anion
exchange chromatography, and that oral administration of
APS, but not NPS, resulted in recovery of the survival
rate of influenza virus-infected mice. It should be noted
that we prepared our EPS samples thoroughly following
the methodology described by Nagai ef al. [11] and thus
assumed that their purities as EPSs were appropriate
enough for subsequent in vitro experiments, although
it is possible that they contained other concomitants.
If this was the case, the observed immune-modulating
properties of our EPS preparation might be ascribed
to the concomitants. Based on the findings and
speculation above, it will be necessary to conduct more
comprehensive immunochemical characterization (purity
of the EPSs, their sugar composition, molecular mass,
presence of charged substituents). We may then evaluate
a possible link between the configurations of EPSs and
their immune-regulating properties.

In conclusion, both UV-killed cells of the lactobacillus
strains and their EPSs may trigger a Thl-type immune
response in a host, with the former being via the TLRs
expressed on their epithelium and the latter employing a
mechanism yet to be determined, possibly with a novel
receptor that is designed to recognize specific patterns of
repeating sugar in the EPSs, which will be an interesting
topic for future research.
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