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Prior stimulation of antigen-presenting cells
with Lactobacillus regulates excessive antigen-specific
cytokine responses in vitro when compared with Bacteroides
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Abstract The development of allergy is related to
differences in the intestinal microbiota. Therefore, it
is suggested that the immune responses induced by
different genera of bacteria might be regulated
through adaptive as well as innate immunity. In this
study, we examined whether antigen-specific immune
responses were affected by stimulation with the
different genera of intestinal bacteria in vitro.
Mesenteric lymph node (MLN) cells isolated from
germ-free ovalbumin (OVA)-specific T cell receptor
transgenic (OVA-Tg) mice were stimulated with
OVA and intestinal bacteria. Cecal contents from
conventional mice but not germ-free mice could
induce OVA-specific cytokine production. Among
the murine intestinal bacteria, Bacteroides acidofac-
iens (BA) enhanced OV A-specific IFN-y and IL-10
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production while Lactobacillus johnsonii (LA)
increased OV A-specific IL-10 production only. The
expression of cell surface molecules and cytokine
production by antigen-presenting cells (APCs) from
germ-free Balb/c mice were analyzed. BA increased
the expression of MHC II and co-stimulatory mole-
cules on APCs compared with LA. BA increased IL-6
and IL-10 production but induced less IL-12p40 than
LA. To examine the effects of prior stimulation of
APCs by intestinal bacteria on the induction of
antigen-specific immune responses, cytokine produc-
tion was determined following co-culture with OVA,
CD4* T cells from OVA-Tg mice, and APCs which
were pre-stimulated with the bacteria or not. APCs
pre-stimulated with LA did not enhance OV A-specific
cytokine production while BA stimulated OVA-
specific IL-10 production. These results suggest that
the prior stimulation of intestinal immunocytes by
Lactobacillus might regulate excessive antigen-
specific cytokine responses via APCs when compared
with prior stimulation by Bacteroides.

Keywords Lactobacillus - Bacteroides -
Germ-free mice - Antigen-specific immune response -
Antigen-presenting cells

Abbreviations

APCs Antigen-presenting cells
BA Bacteroides acidofaciens
DCs Dendritic cells
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LA Lactobacillus johnsonii
LPS Lipopolysaccharide

LTA Lipotechoic acid

Mgps Macrophages

MLN(s) Mesenteric lymph node(s)

OVA Ovalbumin

OVA-Tg OVA-specific T cell receptor transgenic
PAMPs  Pathogen associated molecular patterns
PGN Peptidegrycan

PRRs Pattern recognition receptors

TLRs Toll-like receptors

Introduction

The hygiene hypothesis suggests that the increase in
allergic disease is caused by a decreased exposure to
childhood infections. It is held that the maturation of
the intestinal tissues and the immune system in the
gut is enhanced by the microbial environment in the
intestine, particularly through stimulation by com-
mensal bacteria colonizing the intestine. Bjorksten
et al. (1999) have shown that Swedish and Estonian
children with allergy display Bifidobacterium and
Lactobacillus less often and have a higher count of
aerobic bacteria when compared with non-allergic
children. A study in Finland showed that allergic
sensitized children had more clostridia and fewer
bifidobacteria than non-allergic subjects (Kalliomaki
et al. 2001). These data suggested the differences in
the gut microbiota relate to the development of
allergy and have a crucial role in the normal
maturation of the immune system. However, it
remains unclear how intestinal bacteria modulate
adaptive immune responses.

As many as a hundred trillion bacteria of more
than 500 different species colonize the gut. In the
murine intestinal microbiota, Bacteroides colonize
early in the newborn period and are the most
prominent component (Kononen et al. 1992). Lacto-
bacillus are a major component of the commensals of
the small and large intestinal tracts of animals and are
frequently used as probiotics (Ahrne et al. 1998).
Bacteria can be divided into gram-positive and gram-
negative according to their cell wall structures and
constituents. Gram-positive bacteria have a cell wall
containing thick layers of peptidoglycan (PGN) with
chains of lipotechoic acid (LTA), while the cell wall
of gram-negative bacteria is composed of a thinner
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PGN Ilayer and an outer membrane containing
lipopolysaccharide (LPS). Hessle et al. (2000)
reported that gram-positive bacteria were, in general,
more potent IL-12 and less potent IL-10 inducers in
monocytes than gram-negative bacteria. Generally,
bacteria might be recognized by the innate immune
system with subsequent modulation of adaptive
immunity to specific-antigens including allergens.
The innate immune cells such as macrophages (M¢
s), dendritic cells (DCs) and others express pattern
recognition receptors (PRRs) that recognize pathogen
associated molecular patterns (PAMPs) including the
bacterial components. Toll-like receptors (TLRs),
which are one of the PRRs, are preferentially
expressed on antigen-presenting cells (APCs). TLR2
can recognize LTA and PGN from gram-positive
bacterial components and TLR4 can recognize LPS
from gram-negative bacteria. The interaction between
PAMPs and TLRs leads to the expression of co-
stimulatory molecules and cytokine production by
APCs (Raymond and Wilkie 2005), which leads to
adaptive immunity. APCs play an important role in
antigen presentation, T-cell activation, and cytokine
regulation. Antigen presentation to, and co-stimula-
tion of, T cells would be influenced by MHC and B7
(CD80 and CD86) expression, while T cell activation
and differentiation would be affected by the cyto-
kines produced by APCs. Therefore, APCs stimulated
by different bacteria might have the differential
ability to modulate antigen-specific T cell responses
dependent on the microbacteria.

We have previously established germ-free
OVA23-3 mice to examine the direct effect of
intestinal bacteria on antigen-specific immune
responses (Fujioka et al. 2004). OVA23-3 mice are
one of the ovalbumin (OVA)-specific T cell receptor
transgenic (OVA-Tg) mice and are transduced with T
cell receptors that specifically recognize the MHC
class I molecule I-A? bound to the peptide residue
323-339 of OVA (Shida et al. 2000; Nakajima-
Adachi et al. 2006). When we prepared intestinal
immune cells derived from germ-free or conventional
mice, we demonstrated that the immunocytes from
germ-free mice showed higher IFN-y and IL-10
production in response to OVA stimulation compared
with those from conventional mice. Therefore, con-
stant stimulation of intestinal immune cells by
intestinal bacteria may induce down-regulation of
OVA-specific cytokine responses.
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In this study, we used an ex vivo experimental
system with immune cells derived from germ-free
OVA23-3 mice to examine whether stimulation by
different genera of intestinal bacteria induced differ-
ent immunomodulatory effects on the antigen-
specific immune responses.

Materials and methods
Mice

Germ-free OVA23-3 mice; OVA specific T cell
receptor transgenic mice or Balb/c mice (8—13-weeks
old) were used in the experiments. These mice were
bred and maintained in a sterile vinyl isolator in the
animal facilities at the University of Tokyo until just
before sacrifice. Germ-free Balb/c mice were pur-
chased from Japan Clea Inc. (Tokyo, Japan). All
animal experiments were carried out in accordance
with the ‘Guidelines for the Care and Use of
Laboratory Animals’ by the College of Bioresource
Sciences, Nihon University, and similar guidelines
formulated by the University of Tokyo.

Bacteria preparation

Ceca were removed from conventional, germ-free
Balb/c, gnotobiotic segmented filamentous bacteria
(SFB)-associated or 46 strains of clostridia-associated
mice (Umesaki et al. 1999; Itoh and Mitsuoka 1985),
and opened to collect and suspend the cecal contents
in phosphate-buffered saline (PBS). The residual
tissue was removed by filtration through a cell
strainer (100-um Nylon, BD Falcon) and washed by
centrifugation. 3 strains of Lactobacillus (LA:
L. johnsonii 129, originally identified as L. acidoph-
ilus; LF: L. reuteri 106, originally identified as
L. fermentum; LM: L. murinus 91, originally identi-
fied as L. murinum) (Itoh et al. 1983; Park and Itoh
2005), 3 strains of Bacteroides (unidentified, defined
as 1,7, 11) derived from murine intestinal microbiota
were cultured in MRS broth, GAM broth and nutrient
broth, respectively. Cultured bacteria were harvested
by centrifugation and washed with PBS. To kill the
bacteria, the bacterial suspensions and cecum sus-
pensions were exposed to UV-light for 15 min. Death
of these bacteria was confirmed because the bacteria

in the preparation could not form colonies when these
suspensions were cultured on plates. The bacterial
suspensions were lyophilized and stored in the frozen
state until use for co-culture with immune cells.

Cell preparation

Mesenteric lymph nodes (MLNs) were removed from
germ-free Balb/c or OVA23-3 mice, cut into small
fragments and incubated for 50 min at 37 °C with
RPMI 1640 medium containing 10% FCS, 1 mg/ml
collagenase D (Roche Diagnostics, Indianapolis, IN,
USA) and 0.1 mg/ml Dnase I (Roche Diagnostics).
After centrifugation, the cell pellets were incubated
for 10 min at 37 °C with Hanks’ balanced salt
solution (HBSS; Ca, Mg free, Sigma) containing
5 mM EDTA and 5% FCS. Single-cell suspensions
were filtered through a cell strainer (70-um Nylon,
BD Falcon, Franklin Lakes, NJ, USA), washed and
re-suspended with FCS-RPMI medium. CD4" cells
were positively isolated by using anti-mouse CD4
mAb conjugated magnetic microbeads and magnetic
cell sorting (MACS; Miltenyi Biotec, Bergisch
Gladbach, Germany) according to the manufacture’s
protocol. Thyl.2 (CD90.2) ~ cells were negatively
isolated by using anti-mouse Thy1.2 mAb conjugated
magnetic microbeads and MACS. Purity of CD4*
cells and Thyl.2™ was > 90% by flow cytometry.

Cell culture

Whole MLN cells (2.5 x 10° cells) from OVA23-3
mice were added to 48-well flat-bottom plates and
cultured in the absence or the presence of OVA
(250 pg/ml) and intestinal bacteria (50 pg/ml) in
1 ml of RPMI 1640 medium containing 5% FCS final
concentration. Two groups of culture conditions,
representing different periods of bacterial stimula-
tion, were employed in our experiments. In pre-
stimulation, MLN cells and bacteria were co-cultured
for 24 h, the supernatants removed by centrifugation
(1,300 rpm, 5 min) and OVA subsequently added.
We confirmed that bacteria were left in the culture
after centrifugation. In simultaneous stimulation,
MLN cells were co-cultured with bacteria and
OVA. The supernatants were collected 48 h later
for cytokine analysis.
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MLN CD4" cells (5 x 10° cells) from OVA23-3
mice were similarly cultured in 48-well flat-bottom
plates in the absence or the presence of OVA and
intestinal bacteria with MLN Thyl.2™ cell (2 x
10° cells) from Balb/c mice as APCs. In the pre-
stimulation condition, Thyl.2™ cells and bacteria
were co-cultured for 24 h, and then the supernatants
were removed by centrifugation, and CD4" cells and
OVA were added. In the simultaneous stimulation
condition, CD4" cells, OVA and bacteria were added
into Thy1.2™ cells simultaneously.

Cytokine production

Cytokines in the cell-culture supernatants were
assayed by sandwich ELISA. For IFN-y and IL-6
measurement, purified rat anti-mouse IFN-y (R4-
6A2), IL-6 (MP5-20F3) monoclonal antibodies (BD
Pharmingen, San Diego, CA, USA), and biotinylated
rat anti-mouse IFN-y (XMGI1.2), and IL-6 (MP5-
32C11) monoclonal antibodies (BD Pharmingen)
were used. IL-10 and IL-12p40 were measured by
using BD OptEIA mouse ELISA set (BD Pharmingen)
following the manufacturer’s instructions. Transform-
ing growth factor (TGF)-f1 was measured by using
the TGFB1 Ex,. ImmunoAssay System (Promega,
Madison, WI, USA) following the manufacturer’s
instructions.

FACS analysis

For analyzing the expression of cell surface mole-
cules, MLN Thy1.2™ cells (2.5 x 10° cells) from GF
Balb/c mice were cultured in 48-well flat-bottom
plates and stimulated with 50 pg/ml of either bacte-
rial preparation for 24 h. The cultured cells were
collected and washed with FACS buffer (HBSS
containing 1% FCS and 0.02% NaH3). The cells were
pre-treated for 20 min on ice with anti-mouse CD16/
CD32 (2.4G2) (BD Pharmingen) to block Fc recep-
tors (Fcy II/II receptor). Following washing by
centrifugation, the cells were stained for 20 min on
ice with FITC-labeled anti-Thy1.2 (53-2.1) and PE-
conjugated anti-I-AY MHC class II (AMS-32.1),
CD80 (16-10A1), CD86 (GL1) (BD Pharmingen) or
PE-conjugated mouse 1gGy, k, with hamster I1gG,, x,
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or Rat IgG,,, x, as matched-isotype control antibod-
ies, respectively. Cells were then washed and
resuspended with FACS buffer. Flow cytometric
analysis of the immune cells was performed on a
FACS Canto using Flowjo software (Tree star, Inc.,
Ashland, OR, USA).

Statistics analysis

Data are represented as mean + SD. Differences
were examined by one-way analysis of variance
(ANOVA), and significant differences found between
cultures were further evaluated by Tukey’s test (SPSS
Ver. 13.0, SPSS, Chicago, IL, USA). Differences
were considered to be statistically significant for
values of p < 0.05.

Results

Intestinal bacteria from the cecum in conventional
mice can modulate OV A-specific cytokine
response

As the majority of the intestinal bacteria reside in the
cecum in mice, we first examined whether the bacteria
in the murine cecum had the ability to modulate
antigen-specific immune responses. MLN cells from
germ-free OVA23-3 mice were stimulated with OVA
and cecal contents from conventional or germ-free
mice. The cecal contents from conventional mice
induced OV A-specific IFN-y and IL-10 production by
MLN cells, although those from germ-free mice could
not induce these cytokines (Fig. 1). This suggests that
intestinal bacteria in the cecal contents from conven-
tional mice have the ability to modulate antigen-
specific cytokine responses. Conventional cecal con-
tents increased IL-6 and IL-12p40 production by
MLN cells stimulated both with and without OVA
(Fig. 1). Thus, this enhancement of IL-6 and IL-12p40
production by MLN cells was not affected by OVA
stimulation, indicating that it was independent of T
cell responses. In contrast, germ-free cecal contents
could not induce these cytokines. These data suggests
that bacteria in the cecum can activate the innate
immune response.
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Fig. 1 Cecal contents derived from conventional but not
germ-free mice can induce OVA-specific cytokine production.
MLN lymphocytes were isolated from germ-free OVA23-3
mice, and 2.5 x 10° cells were stimulated with or without
OVA (250 pg/ml) and cecal contents (50 pg/ml) from con-
ventional (CV) or germ-free (GF) mice for 48 h. Cytokines

Modulation of OV A-specific immune responses
by intestinal bacteria was affected by the different
genera of bacteria

To examine whether different genera of bacteria in
the murine microbiota have different modulatory
effects, MLN cells were stimulated with either
Lactobacillus, Bacteroides, SFB or clostridia
(Fig. 2). Three strains of the genus of Bacteroides,
which represent the most dominant gram-negative
bacteria in murine intestines, induced OV A-specific
IFN-y and IL-10 production by MLN cells. Three
strains of the genus of Lactobacillus, the dominant
gram-positive bacteria, induced OVA-specific IL-10
production but not IFN-y production. Specifically,
LA was the strongest IL-10 inducer among the
bacterial preparations tested in this study. SFB
weakly induced OVA-specific cytokine production,
and clostridia strongly induced OV A-specific cyto-
kine production as did Bacteroides. 1L-6 and
IL-12p40 production by MLN cells were also inde-
pendent on OVA stimulation. IL-6 production was
strongly stimulated by Bacteroides and clostridia, and
IL-12p40 production was strongly stimulated by
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(IFN-y, IL-6, IL-10 and IL-12p40) secreted in the supernatants
were assayed by ELISA. All data represent mean + S.D.
*Significant differences from non-stimulated cells (medium) to
cells stimulated with bacterial preparation (p < 0.05). Data
shown are representative of 2 independent experiments

Lactobacillus (Fig. 2-2). These results suggest that
different genera of bacteria have different modulatory
effects on the antigen-specific cytokine responses.
Therefore, we selected LA in the genus of Lactobacillus,
as the dominant gram-positive bacteria, and BA1 in the
genus of Bacteroides as the dominant gram-negative
bacteria, for use in subsequent experiments. Further-
more, BA1 was identified as Bacteroides acidofacience
(BA).

BA induces the expression of co-stimulatory
molecules on APCs more effectively than LA

Appropriate antigen presentation to T cells requires
co-stimulation by APCs, and this is influenced by
MHC II and B7 (CD80 and CD86) expression.
Furthermore, it has been shown that signaling
through TLRs increases MHC II and co-stimulatory
molecules such as CD86 (Raymond and Wilkie
2005). Therefore, we examined the effects of differ-
ent intestinal bacterial stimulation on the expression
of co-stimulatory molecules on APCs (Fig. 3). Both
BA and LA increased the expression of MHC II and
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Fig. 2 Different genera of intestinal bacteria modulate differ-
ent patterns of OVA-specific cytokine responses. Bacterial
stimulations are shown under the graphs. Abbreviations of the
bacterial contents: CV, conventional cecal contents; LA, L.
johnsonii; LF, L. reuteri; LM, L. murinus; BA1l, BA7, and
BA11 which are undefined Bacteroides strains; SFB which is
the cecal contents derived from SFB-monoassociated mice, CL
which is the cecal contents derived from clostridia-associated

CD86 on APCs, with BA being more effective than
LA. BA increased CD80 expression markedly. On the
other hand, LA induced expression of CD86 only and
not CD80. Thus, these results suggest that BA may
induce more effective antigen presentation than LA.
Furthermore, to elucidate the modulation of APCs by
different genera of intestinal bacteria, we examined
cytokine production profiles of APCs upon stimula-
tion with BA or LA. LA induced higher levels of IL-
12p40 production and lower levels of IL-6 and IL-10
production compared with BA (Fig. 4). The regula-
tory cytokine TGF-f1 production was not affected by
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BA 1 BA7 BA11 SFB

mice. MLN lymphocytes were isolated from germ-free
OVA23-3 mice, and the cells (2.5 x 10° cells) were stimulated
with or without OVA (250 pg/ml) and murine intestinal
bacterial preparation (50 pg/ml) for 48 h. Cytokines (IFN-y,
IL-10 (a), IL-6, IL-12p40 (b)) secreted in the supernatants were
assayed by ELISA. All data represent mean + S.D. Data
shown are representative of 3 independent experiments

the either bacterial stimulation. These results suggest
that LA and BA have different abilities to modulate
APCs.

Pre-stimulation of MLN cells with LA do not
markedly induce OVA-specific cytokine
production compared with BA

Intestinal bacteria colonize the intestinal tract and so
constantly stimulate intestinal immune systems.
Intestinal immune cells from germ-free OVA23-3
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Fig. 3 Bacteroides induces the expression of MHC and
co-stimulatory molecules by APCs more effectively than
Lactobacillus. Thyl.2™ cells were isolated from MLN cells
of germ-free Balb/c mice by using MACS. These cells

mice showed higher IFN-y and IL-10 production in
response to OVA stimulation than that of conven-
tional mice (our unpublished observation). Therefore,
constant stimulation of intestinal immune cells by
intestinal bacteria may induce down-regulation of
OV A-specific cytokine responses. We then examined
how prior stimulation with intestinal bacteria affected
the OV A-specific cytokine response. MLN cells were
pre-stimulated with intestinal bacteria for 24 h before
co-culture with OVA (Fig. 5). Pre-stimulation with
LA did not enhance OV A-specific IFN-y and IL-10
production, although simultaneous stimulation with
LA and OVA strongly increased OV A-specific IL-10
production. The pre-stimulation with BA also did not
enhance OVA-specific IFN-y production, but

(2.5 x 10° cells) were stimulated with LA or BA (50 pg/ml)
for 24 h. The surface phenotype (MHC II (I-A%), CD80, CD86)
of the cells was analyzed by flow cytometry. Data shown are
representative of 4 independent experiments

enhanced OVA-specific IL-10 production. The
level of IL-10 production was the same following
simultaneous stimulation or pre-stimulation with
BA. Thus, these results suggested that MLN
cells pre-stimulated with LA did not markedly
enhance OV A-specific cytokine responses compared
with BA.

APCs pre-stimulated with LA do not enhance
OV A-specific cytokine production by CD4* T
cells

We have shown that Lactobacillus and Bacteroides
differentially modulate the expression of co-stimulatory
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Fig. 4 Lactobacillus induces more 1L-12p40 and less IL-6 and
IL-10 production by APCs than Bacteroides. Thyl.2™ cells
were isolated from MLN cells of germ-free Balb/c mice by
using MACS. These cells (2.5 x 10° cells) were stimulated
with LA or BA (50 pg/ml) for 24 h. The supernatants were
assayed for cytokines (IL-6, IL-10, IL-12p40 and TGF-f) by
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ELISA. All data represent mean + S.D. *Significant differ-
ences between non-stimulated cells (medium) and cells
stimulated with bacteria (p < 0.05). *Significant differences
between cells stimulated with LA and the cells stimulated with
BA (p <0.05). Data represent the typical results of 3
independent experiments
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Fig. 5 Pre-stimulation of MLN cells with LA does not induce
OVA-specific cytokine production markedly compared with
pre-stimulation with BA. MLN cells were isolated from germ-
free OVA23-3 mice. In the pre-stimulation group, these cells
and intestinal bacteria were co-cultured for 24 h and then the
supernatants were removed by centrifugation. OVA was added
for a further stimulation of 48 h. In the simultaneous
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stimulation, MLN cells were co-cultured with intestinal
bacteria and OVA for 48 h. Final concentration of intestinal
bacteria (LA or BA) in the culture was 50 pg/ml, and OVA
was added at 250 pg/ml. The supernatants were assayed for
cytokines (IFN-y, IL-10) by ELISA. All data represent
mean + S.D. Data shown are representative of 3 independent
experiments
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molecules by APCs, which are needed for appropri-
ate antigen-presentation to T cells. Therefore, we
focused on the different abilities of Lactobacillus
and Bacteroides to modulate OVA-specific T cell
responses through APCs. When APCs were stimu-
lated  with intestinal  bacteria and OVA
simultaneously, both LA and BA induced OVA-
specific IL-10 and IFN-y production by CD4" T
cells. However, pre-stimulation of APCs with LA
did not enhance OVA-specific IFN-y and IL-10
production compared with non-bacterial stimulation
(Fig. 6). IFN-y levels following pre-stimulation with
BA were lower than those following simultaneous
stimulation with BA. However, IL-10 levels were
not different between pre-stimulation and simulta-
neous stimulation with BA. These data suggest that
pre-stimulation of APCs with LA did not enhance
OV A-specific cytokine responses by CD4" T cells
over that with BA, thus implying that the different
immunomodulatory effects of LA and BA on OVA-
specific T cell responses were modulated through
APCs.

Discussion

Many reports have shown that intestinal commensal
bacteria contribute to the development of the tissues
and functions of the intestinal immune systems.
However, it is unclear how intestinal bacterial
stimulation can modulate the antigen-specific
immune responses that cause allergy. In this study,
we used an ex vivo experimental system with
immune cells derived from germ-free OVA23-3 mice
to examine whether different genera of intestinal
bacteria have different immunomodulatory effects on
antigen-specific immune responses.

Most intestinal bacteria in mice reside in their
cecum. To examine the immunomodulatory effect of
intestinal bacteria on the antigen-specific immune
response, MLN cells were stimulated with cecal
contents from conventional or germ-free mice and
OVA. Cecal contents from conventional mice
enhanced OVA-specific IFN-y and IL-10 production,
suggesting that bacteria in the cecum had the ability
to modulate antigen-specific cytokine responses.
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Fig. 6 APCs pre-stimulated with LA do not enhance OVA-
specific cytokine production by CD4* T cells. MLN CD4* cells
(5 x 10° cells) from OVA23-3 mice were cultured in 48-well
flat-bottom plates in the absence or the presence of OVA and
intestinal bacteria with MLN Thyl.2™ cell (2 x 10° cells)
from Balb/c mice as APCs. In the pre-stimulation condition,
Thy1.2™ cells and intestinal bacteria were co-cultured for 24 h,
and then the supernatants were removed by centrifugation, and
CD4" cells and OVA were added. In the simultaneous
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stimulation, CD4% cells, OVA and intestinal bacteria were
added to the Thyl.2™ cell culture simultaneously. Final
concentration of intestinal bacteria (LA or BA) in the culture
was 50 pg/ml, and OVA was added at 250 pg/ml. The
supernatants were assayed for cytokines (IFN-y, IL-10) by
ELISA. All data represent mean + S.D. *Significant differ-
ences between non-stimulated cells (medium) and the cells
stimulated with bacteria (p < 0.05). Data shown are represen-
tative of 3 independent experiments
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These immunomodulatory effects may be due to the
various bacterial components and their bacterial
metabolites found in the cecum. When MLN cells
were co-cultured with intestinal bacteria and OVA
together, the cells enhanced IFN-y, IL-6, IL-10 and
IL-12p40 production compared to non-stimulation
(medium only). The pattern of cytokine production
could be divided into OVA-dependent (IFN-y, IL-10)
and independent (IL-6, IL-12p40) responses. This
suggests that IFN-y and IL-10 production were T cell-
dependent response and were modified by stimulation
with intestinal bacteria, on the other hand, IL-6 and
IL-12p40 production were T cell-independent
response in the culture. More than 500 species of
bacteria reside in the intestinal tract and it seems that
the balance of microbiota affects not only the innate
immune system but also the adaptive immune system
consisting of both humoral and cellular immunity.
Therefore, it seems that the different genera of
bacteria may differentially modulate the antigen-
specific immune responses. We examined the ability
of various intestinal bacteria derived from mice to
cause immunomodulation. We used bacteria or cecal
contents derived from gnotobiotic mice that are
reported to have immunologic activity among the
murine microbiota. The genus of Bacteroides is one
of the earlier-colonizing bacteria in the newborn and
is the most prominent component of the gut micro-
biota. Three strains of Bacteroides induced OVA-
specific IFN-y and IL-10 production by MLN cells.
Lactobacillus is a major component of the commen-
sal microbiota of the small and large intestinal tract of
mice and is frequently used as a probiotic. Three
strains of Lactobacillus induced OV A-specific IL-10
production but not IFN-y production. Interestingly,
LA was the strongest IL-10 inducer among the
bacterial preparations tested in this study. SFB
colonize the small intestine of a wide range of
animals and can promote an IgA response (Umesaki
et al. 1999). However, SFB have a weakly enhancing
effect on OVA-specific cytokine production. Consis-
tent with our findings, it was reported that the
association of germ-free mice with SFB did not
enhance OV A-specific IgA responses to those seen in
oral booster immunized OVA in vivo (Snel et al.
1997). Thus, SFB may not have modulatory effects
on the antigen-specific immune response while the
bacteria do contribute to the induction of an IgA
response. Clostridia are dominant in the large
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intestine and are able to normalize cecal size (Itoh
and Mitsuoka 1985) and to increase IgA producing
cells in the colon when associated with germ-free
mice (Umesaki et al. 1999). Clostridia induced OVA-
specific IFN-y and IL-10 production as effectively as
Bacteroides. However, we have to consider that the
preparation of clostridia was a mixture of 46 strains
from the bacterial cecal contents of gnotobiotic mice,
so it is difficult for us to identify the most effective
bacterial strain and component. At least these data
showed that the dominant gram-negative Bacteroides
species and gram-positive Lactobacillus species dif-
ferentially —modulated OVA-specific  cytokine
production by MLN cells. Differences in immuno-
modulation of the OV A-specific cytokine response by
different strains of bacteria invited two hypotheses,
first: modulation of T cells via interaction of APCs
with intestinal bacteria, the second: direct modulation
of T cells by intestinal bacteria. Cytokines produced
by APCs were modulated by stimulation with differ-
ent intestinal bacteria when immune cells derived
from OVA23-3 mice were stimulated with OVA and
intestinal bacteria. Consequently, we focused on
whether different genera of bacteria modulated APCs
to prime T cell responses differentially.

Stimulation of T cells by APCs plays an important
role in antigen presentation, T-cell activation, and
cytokine regulation. Antigen presentation to, and co-
stimulation of, T cells would be influenced by
expression of MHC and B7 (CD80 and CD86), while
activation and differentiation of T cells would be
affected by the cytokines produced by APCs. We
examined the expression of cell surface molecules
and cytokine production by APCs stimulated with
Lactobacillus or Bacteroides. Both Lactobacillus and
Bacteroides increased MHC 1II and co-stimulatory
molecules on APCs. It has been reported that
Lactobacillus (Christensen et al. 2002) or probiotic
mixture VSL#3 (Drakes et al. 2004) induce up-
regulation of MHC II and CD86 expression by
DCs. In the same way, a polysaccharide from
Bacteroides increased the expression of these mole-
cules by DCs (Wang et al. 2006). APCs used in this
study were a mixture of various cell types such as
DCs, M¢s and B cells. Bacteroides was a stronger
inducer of these molecules than Lactobacillus. These
results suggested that Bacteroides could activate
APCs and might induce more effective antigen-
presentation to T cells. Furthermore, Lactobacillus
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and Bacteroides induced a different cytokine profile
in APCs. Lactobacillus strongly induced IL-12p40
while Bacteroides induced IL-10 and IL-6 produc-
tion. Consistent with our study, Hessle et al. (2000)
found that gram-positive bacteria were, in general,
more potent IL-12 and less potent IL-10 inducers than
gram-negative bacteria. It has been reported that T
cell differentiation depends on the phenotype and the
pattern of cytokine production by DC which are one
type of APCs and the most effective at antigen-
priming of naive T cells. It has been postulated that
intestinal DC expressing a default level of CD86
produce little IL-12 (favoring induction of a regula-
tory response), whereas active immunity is induced
by stimulated DCs, which express high levels of
CD86 with either low production of IL-12 (favoring a
Th2 response) or high-level IL-12 production (favor-
ing a Thl response) (Kalinski et al. 1999; Chen et al.
2000). In our study, the expression of cell surface
molecules and cytokine production by APCs stimu-
lated with Lactobacillus were shown to be different to
those stimulated by Bacteroides, resulting in an
altered ability of APCs to prime T cells. We speculate
that Lactobacillus might not induce stronger presen-
tation and co-stimulation than Bacteroides,
contributing to induction of nonactive T cell
response, although Lactobacillus led to produce
higher level of IL-12p40 by APCs.

The difference in immunomodulation between
Lactobacillus and Bacteroides may attribute to rec-
ognition of their different bacterial components by
APCs. Lactobacillus is a gram-positive bacterium
which mainly contain LTA acid and PGN in its cell
wall components, which are recognized by TLR2,
while, Bacteroides are gram-negative bacteria which
mainly contain LPS, which is recognized by TLR4.
Therefore, the stimulation by Lactobacillus may
induce different intracellular signaling of APCs from
those of Bacteroides. Activation of both TLR2 and
TLR4 by each microbial component induces to
MyDS88 pathway to activate transcriptional factors.
LPS-mediated signaling but not TLR2 signaling also
mediates MyD88-independent pathways. It has been
reported that LPS-mediated TLR4 signaling via
MyD88-dependent pathway is essential for the pro-
duction of inflammatory cytokines. MyD88-
independent pathway has been shown to induce
maturation of DCs including the increased expression
of co-stimulatory molecules (Kaisho et al. 2001).

TLR4 signaling has been reported to be able to
induce MyD88 '~ DC to support Th2 cell differen-
tiation (Kaisho et al. 2002). Thus, the balance of
intracellular signaling between TLR2 and TLR4 or
other TLRs might affect the difference of immuno-
modulation between Lactobacillus and Bacteroides.
It would appear that intestinal bacteria can con-
stantly stimulate intestinal immune systems as the
bacteria colonize and reside in the gut of host animals.
Intestinal immune cells from germ-free OVA23-3
mice showed higher IFN-y and IL-10 production in
response to OVA stimulation than those of conven-
tional mice (our unpublished observation). Therefore,
constant stimulation of intestinal immune cells by
intestinal bacteria may induce down-regulation of the
OVA-specific cytokine response. We examined
whether prior stimulation of APCs with intestinal
bacteria could regulate T cell responses. Compared
with simultaneous stimulation, pre-stimulation of
APCs with Lactobacillus or Bacteroides did not
enhance OVA-specific cytokine production (IFN-y).
These data suggest that APCs can control T cell
responses following prior stimulation with intestinal
bacteria. This phenomenon may be partially explained
by LPS tolerance. LPS tolerance is seen when pre-
exposure to LPS causes a reduced response to
subsequent host responses. Thus, this tolerance is
considered a host response to prevent excessive
inflammation. In addition, it has been reported that
microbial components such as lipopeptides (TLR2
ligands) can induce LPS tolerance (Sato et al. 2002).
Both LPS- and lipopeptides-induced LPS tolerance
blocked MyD88-dependent pathway. Furthermore,
previous reports have shown that MyD88-knockout
mice are deficient in T cell activation (Pasare and
Medzhitov 2004). Compared with APCs stimulated by
intestinal bacteria simultaneously, APCs pre-stimu-
lated by intestinal bacteria might down-regulate
intracellular signaling such as MyD88-dependent
pathway, resulting in a lowered production of cyto-
kines in the culture. Thus, we speculate that the cells
pre-stimulated with intestinal bacteria might not
induce more excessive OVA-specific cytokine pro-
duction than those receiving simultaneous stimulation.
Specifically, APCs pre-stimulated with Lactobacillus
did not induce enhanced OV A-specific IL-10 and IFN-
7 production whereas Bacteroides enhanced OVA-
specific IL-10 production. These data suggested that
Lactobacillus induce a lesser antigen-specific cytokine
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response in vitro when compared with Bacteroides.
Differences in cell wall components between Lacto-
bacillus and Bacteroides may affect differential
modulation of intracellular signaling on APCs. How-
ever, it has recently been shown that T cells express
various types of TLRs, indicating the possibility that
the T cell response was modulated by intestinal
bacteria directly (Kabelitz 2007). Furthermore, we
used APCs which were mixture of various cell types
such as DCs, M¢s and B cells. It has reported that M¢s
expressed higher level of TLR2 transcripts and
produced more IL-10 and less IL-12 responding to
TLR ligands or bacteria than DCs (Werling et al.
2004). Thus, it remains possible that the target
immune cells for Lactobacillus were different from
those for Bacteroides, inducing different immuno-
modulatory effect on antigen-specific cytokine
response.

Considering our results using the ex vivo exper-
imental system with germ-free animals, we can
speculate the differential immunomodulatory effects
by Lactobacillus and Bacteroides in vivo. Lactoba-
cillus may contribute to induce the development of
‘regulated states’ of immune response like conven-
tional condition because constant stimulation of the
immune cells from germ-free mice did not induce
strongly antigen-specific cytokine production. On
the other hand, we expected Bacteroides induce the
development of ‘excessive states’ of immune
response because Bacteroides induced effective
expression of cell surface molecules on APCs and
more strongly antigen-specific cytokine production
than Lactobacillus, although Bacteorides is consid-
ered to have significant roles in the development of
immune systems since Bacteroides species have the
largest proportion of intestinal microflora and a report
(Mazmanian et al. 2005) has shown that B. fragilis
can enhance the proportion of CD4" cells and then,
improve the immune response of germ-free animals
into conventional type.

In conclusion we suggest here that the gram-
positive bacteria Lactobacillus and the gram-negative
bacteria Bacteroides can induce different patterns of
OVA-specific cytokine production via APCs. This
suggests that the different genera of intestinal bacte-
ria can modulate different patterns of antigen-specific
immune responses as seen in the adaptive immune
system, indicating that colonization by an appropriate
balance of intestinal bacteria in the gut might be
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important for the development or regulation of a
healthy immune system but not for excessive immune
responses like allergy.
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