
Toll-like receptor 2-mediated modulation of
growth and functions of regulatory T cells by oral
streptococci
A. Saeki1,2, T. Segawa1,3,4, T. Abe1, M. Sugiyama1, T. Arimoto5, H. Hara1, A. Hasebe1, M. Ohtani1,
N. Tanizume1, M. Ohuchi1, H. Kataoka5, M. Kawanami3,4, A. Yokoyama2 and K. Shibata1

1 Division of Oral Molecular Microbiology, Hokkaido University Graduate School of Dental Medicine, Sapporo, Japan
2 Division of Oral Functional Prosthodontics, Department of Oral Pathobiological Science, Hokkaido University Graduate School of Dental
Medicine, Sapporo, Japan

3 Division of Periodontology and Endodontology, Department of Oral Functional Science, Hokkaido University Graduate School of Dental
Medicine, Sapporo, Japan
4 Department of Oral Health Science, Hokkaido University Graduate School of Dental Medicine, Sapporo, Japan

5 Department of Oral Microbiology, Showa University School of Dentistry, Tokyo, Japan

Correspondence: Ken-ichiro Shibata, Division of Oral Molecular Microbiology, Department of Oral Pathobiological Science, Hokkaido

University Graduate School of Dental Medicine, Kita 13, Nishi 7, Kita-ku, Sapporo 060-8586, Japan Tel.: +81 11 706 4240; fax:
+81 11 706 4901; E-mail: shibaken@den.hokudai.ac.jp

Keywords: lipoproteins; oral streptococci; regulatory T cells; Toll-like receptor 2

Accepted 1 January 2013
DOI: 10.1111/omi.12023

SUMMARY

This study was designed to determine whether oral
streptococci modulate the growth and functions of
regulatory T cells. Heat-killed cells of wild-type
strains of Streptococcus gordonii and Streptococ-
cus mutans induced the Toll-like receptor 2 (TLR2) -
mediated nuclear factor-jB (NF-jB) activation, but
their lipoprotein-deficient strains did not. Stimula-
tion with these streptococci resulted in a significant
increase in the frequency of CD4+ CD25+ Foxp3+

regulatory T cells in splenocytes derived from both
TLR2+/+ and TLR2�/� mice, but the level of increase
in TLR2+/+ splenocytes was stronger than that in
TLR2�/� splenocytes. Both strains of S. gordonii
enhanced the proliferation of CD4+ CD25+ Foxp3+

regulatory T cells isolated from TLR2+/+ mice at the
same level as those from TLR2�/� mice in an inter-
leukin-2-independent manner. However, wild-type
and lipoprotein-deficient strains of both strepto-
cocci did not enhance the suppressive activity of
the isolated regulatory T cells in vitro, but rather
inhibited it. TLR ligands also inhibited the suppres-
sive activity of the regulatory T cells. Inhibition of

the suppressive activity was recovered by the
addition of anti-IL-6 antibody. Pretreatment of
antigen-presenting cells with the NF-jB inhibitor
BAY11-7082 enhanced the suppressive activity of
the regulatory T cells. These results suggested that
interleukin-6 produced by antigen-presenting cells
inhibits the suppressive activity of the regulatory T
cells. Wild-type strain, but not lipoprotein-deficient
strain, of S. gordonii reduced the frequency of
CD4+ CD25+ Foxp3+ regulatory T cells in the acute
infectionmodel, whereas both strains of S. gordonii
increased it in the chronic infection model mice.
Hence, this study suggests that oral streptococci
are capable of modulating the growth and functions
of regulatory T cells in vitro and in vivo.

INTRODUCTION

In the human oral cavity, over 700 bacterial species
live in homeostasis with the host immune system
(Jenkinson & Lamont, 2005). Commensal oral
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bacteria can, in the case of immune dysregulation,
trigger the onset of harmful inflammatory diseases
such as gingivitis and periodontitis. Oral streptococci,
major members of the oral microflora, occasionally
cause bacteremia and infective endocarditis (Douglas
et al., 1993). Streptococcus mutans and Streptococ-
cus gordonii are gram-positive commensal bacteria
and components of the normal microbial flora of the
human oral cavity. The former is generally known to
be a major pathogen of dental caries (Loesche, 1986)
and the latter has been developed as a vaccine vec-
tor (Oggioni et al., 1999). Of the oral streptococci,
S. mutans and S. gordonii have been isolated from
the blood of patients with infective endocarditis
(Douglas et al., 1993; Gauduchon et al., 2001).
Recent studies have shown that many pathogens,

to extend their survival, exploit regulatory T (Treg)
cells that are normally associated with the termination
of effector immune responses of the host by sup-
pressing excess and unnecessary immune responses
(Mills, 2004; Belkaid, 2007). Certain gut bacteria can
promote the induction of Treg cells, which are key
players in gut homeostasis or oral tolerance, by
inducing the production of anti-inflammatory cyto-
kines, transforming growth factor-b (TGF-b) or inter-
leukin-10 (IL-10) (Faria & Weiner, 2005; Tsuji &
Kosaka, 2008; Round & Mazmanian, 2010;; Atarashi
et al., 2011; Weiner et al., 2011). There are multiple
subpopulations of Treg cells, including CD4+ CD25+

Foxp3+ T (nTreg) cells, IL-10-producing Tr1 cells,
TGF-b-producing T helper type 3 cells, CD8+ T sup-
pressor cells, natural killer T cells, CD4� CD8� T
cells and cd T cells (Tang & Bluestone, 2008). Some
of these Treg cells, such as CD4+ CD25+ Foxp3+

cells, originate in the thymus during ontogeny and are
referred to as natural Treg (nTreg) cells (Mills, 2004).
Treg cells can also be induced from naive T cells in
the periphery (Mills, 2004).
A large number of bacteria inhabit the oral cavity.

For example, 108–1010 colony-forming units (CFU)
ml�1of bacteria are present in whole saliva, approxi-
mately 1 l of which we swallow in a day. In other
words, we ingest 1011–13 CFU of bacteria in a day. It
has been reported that Treg cells specific for orally
administered proteins, such as collagen, bovine
serum albumin and bovine b-lactoglobulin, regulate
oral tolerance against these proteins (Tsuji et al.,
2001; Hauet-Broere et al., 2003; Park et al., 2008;
Tsuji & Kosaka, 2008). Therefore, we hypothesize

that oral tolerance against oral bacteria should be
established in the same way as that against foods
that we eat every day and that oral bacteria also use
Treg cells to inhabit in the oral cavity. In addition, it
has recently been reported that Treg cells exist in sal-
ivary glands and are involved in the maintenance of
peripheral tolerance for the protection of autoimmunity
(Ishimaru et al., 2010).
Recently, we have made mutants of S. mutans and

S. gordonii (Arimoto & Igarashi, 2008) that are not
able to synthesize lipoproteins (LP), which are well
known to be recognized by Toll-like receptor 2
(TLR2) and TLR1 (Akira & Takeda, 2004; Takeuchi &
Akira, 2010). In addition, it has been reported that
Treg cells express TLR2 and TLR2 ligands regulate
the functions of Treg cells (Sutmuller et al., 2006).
As a first step to clarify oral tolerance against oral

bacteria or use of Treg cells allowing them to inhabit
the oral cavity, therefore, this study was designed to
investigate whether wild-type and LP-deficient strains
of S. mutans and S. gordonii interact with Treg cells,
mainly nTreg cells, because most Treg cells (approxi-
mately 90%) in mice are thymus-derived nTreg cells
(Cheng et al., 2011).

METHODS

Reagents and antibodies

CD16/CD32 antibody (clone 93), allophycocyanin-
conjugated monoclonal antibody (mAb) against CD4
(clone RM4-5), phycoerythrin-conjugated mAb against
CD25 (clone PC61), Alexa Fluor 488-anti-Foxp3 mAb
(clone 150D), Fix/Perm Buffer Set, anti-CD3e mAb,
anti-IL6 antibody (blocking antibody) (clone MP5-
20F3) and its appropriate isotype control were pur-
chased from BioLegend (San Diego, CA). A CD4+

CD25+ Treg cell isolation kit was purchased from Milt-
enyi Biotec (GmbH, Bergisch Gladbach, Germany).
Anti-IL-2 antibody (blocking antibody) was purchased
from R&D Systems (Minneapolis, MN). Mitomycin C
and Escherichia coli lipopolysaccharide (LPS) were
purchased from Sigma (St Louis, MO). The TLR2
ligand FSL-1, a diacylated lipopeptide from Myco-
plasma salivarium, was synthesized according to the
method described previously (Shibata et al., 2000).
The TLR3 ligand Poly I:C was purchased from Invivo-
Gen (San Diego, CA). Phosphorothioate-stabilized
CpG-oligonucleotide 1826 (5′-TCCATGACGTTCCT-
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GACGTT-3′) (hereafter abbreviated as CpG) was pur-
chased from Hokkaido System Science (Sapporo,
Japan). The nuclear factor-jB (NF-jB) inhibitor
BAY11-7082 [E-3-(4-methylphenylsulfonyl)-2-propene-
nitrile; BAY11] was purchased from Calbiochem
(Darmstadt, Germany) and reconstituted in dimethyl
sulfoxide (DMSO).
All other reagents were purchased from commercial

sources and were of analytical or reagent grade.

Bacteria

Oral streptococci used were wild-type S. mutans
109c (Sm-wt) and S. gordonii Challis (Sg-wt) and
their LP-deficient mutants (Sm-dLP and Sg-dLP) lack-
ing prolipoprotein diacylglyceryl transferase, a key
enzyme for lipoprotein synthesis in bacteria. Sm-dLP
and Sg-dLP were generated by a double-crossover
recombination as described previously (Arimoto &
Igarashi, 2008). These streptococci were grown in
Trypton-based broth consisting of 2% (wt/vol) trypton,
0.5% (wt/vol) K2HPO4, 0.2% (wt/vol) glucose and
0.05% (vol/vol) Tween-80 until late logarithmic phase
was reached and the cultures were centrifuged at
8000 g for 10 min to collect the cells. A part of the
cultures was used to determine viable counts. The
cells collected were washed three times with PBS,
treated for 10 min in boiling water, and stored at
�20°C until used as heat-killed cells.

Mice

Sex-matched 8-week-old C57BL/6 mice (TLR2+/+)
were purchased from Japan Clea (Tokyo, Japan).
TLR2-deficient mice (TLR2�/�) on the same genetic
background were kindly provied by Dr. Shizuo Akira,
Osaka University. All mice were maintained in
specific pathogen-free conditions at our animal
facility at Hokkaido University, and all experiments
were carried out in accordance with the regulations
of the Hokkaido University Animal Care and Use
Committee.

Nuclear factor-jB reporter assay

Human embryonic kidney (HEK) 293 cells obtained
from the Americal Type Culture Collection (Manassas,
VA; CRL-1573) were maintained in Dulbecco’s modi-
fied Eagle’s medium (Sigma) containing 10% fetal

bovine serum (Invitrogen, Carlsbad, CA), penicillin G
(100 units ml�1) and streptomycin (100 lg ml�1)
(Sigma). Activation of NF-jB was measured as
described previously (Fujita et al., 2003). Briefly,
HEK293 cells were plated at 1 9 105 cells per well in
24-well plates on the day before transfection. The
cells were transiently transfected by Fugene 6 Trans-
fection Reagent (Roche Molecular Biochemicals, Indi-
anapolis, IN) with 50 ng of an NF-jB luciferase
reporter plasmid (Stratagene, Santa Clara, CA) and
2.5 ng of a construct directing expression of Renilla
luciferase under the control of the constitutively active
thymidine kinase promoter (Promega Co., Madison,
WI) together with 150 ng of TLR2 gene, which was
cloned into a pEF6/V5-His TOPO vector (Invitrogen)
from THP-1 cells. The HEK293 transfectant was
referred to as HEK293/TLR2 cells. Twenty-four hours
after transfection, the cells were stimulated for 6 h
with the mycoplasmal diacylated lipopeptide FSL-1
(0.1, 1, 10 nM), heat-killed cells of streptococci at mul-
tiplicity of infection (MOI) of 1, 10 or 100 (1 9 105,
1 9 106, 1 9 107 CFU 1�1 9 105 HEK293 cells) of
Sm-wt, Sg-wt, Sm-dLP and Sg-dLP. The luciferase
activity was measured using the Dual-Luciferase
reporter assay system (Promega, Madison, WI)
according to the manufacturer’s instructions.

Detection of nTreg cells in splenocytes by flow
cytometry

Splenocytes (1 9 106) from TLR2+/+ or TLR2�/�

mice were incubated at 37°C for 48 h in a 24-well
flat-bottomed plate (0.5 ml) with the mycoplasmal
diacylated lipopeptide FSL-1 (10 nM) synthesized as
described previously (Shibata et al., 2000) or heat-
killed bacterial cells at an MOI of 70
(7.0 9107 CFU 1�1 9 106 splenocytes) of Sm-wt,
Sg-wt, Sm-dLP or Sg-dLP. The cell suspensions
were washed three times with PBS containing 0.5%
BSA (PBS/BSA) and resuspended in 0.2 ml of PBS/
BSA. The resulting cell suspensions were incubated
for 10 min on ice with anti-mouse CD16/CD32 anti-
body to block the Fc receptor and then incubated
with an allophycocyanin-conjugated mAb against
CD4 (clone RM4-5) and PE-conjugated mAb against
CD25 (clone PC61). The cells were fixed and per-
meabilized using a Fix/Perm Buffer. After washing,
the cells were incubated with an Alexa Fluor 488-
anti-Foxp3 mAb (clone 150D) and an appropriate
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isotype control. Data for 50,000 cells falling within
appropriate forward and side scatter gates were col-
lected from each sample with a FACS Calibur. Data
were analysed using FLOW JO software (Tree Star
Inc., Ashland, OR). The culture medium used for
all culture conditions was RPMI-1640 complete
medium (Sigma-Aldrich, St Louis, MO) containing
10% fetal bovine serum (Invitrogen), penicillin G
(100 units ml�1), streptomycin (100 lg ml�1) (Sigma)
and 28.6 lM 2-mercaptoethamol (Sigma) (complete
medium) was used for all culture conditions.

Isolation of nTreg cells

Natural Treg cells were isolated from spleen cells of
C57BL/6 mice by a two-step procedure using a Treg
cell isolation kit (Miltenyi Biotec GmbH) according to
the manufacturer’s instructions. Briefly, for the isola-
tion of CD4+ T cells, non-CD4+ T cells were indirectly
magnetically labeled with a cocktail of biotin-conju-
gated antibodies against CD8a, CD11b, CD45R,
CD49b and Ter-119 and anti-biotin microbeads. In
parallel, the cells were labeled with phycoerythrin-con-
jugated antibody against CD25. The cell suspension
was loaded onto a column placed in the magnetic
field of a Magnetic Cell Separator (MACS) (Miltenyi
Biotec GmbH). The magnetically labeled non-CD4+ T
cells were retained in the column, whereas the CD4+

T cells passed through it. The retained non-CD4+ T
cells were eluted after removal of the column from
the magnetic field and used as antigen-presenting
cells (APCs) without further purification. For the isola-
tion of CD4+ CD25+ cells, CD25+ phycoerythrin-
labeled cells in the enriched CD4+ T-cell fraction were
magnetically labeled with anti-phycoerythrin microbe-
ads. The cell suspension was again loaded onto a
column placed in the magnetic field of a MACS Sepa-
rator. The magnetically labeled CD4+ CD25+ cells
were retained in the column, whereas the unlabeled
cells passed through it. After removal of the column
from the magnetic field, the retained CD4+ CD25+

cells were eluted and used as Treg cells. Most of the
Treg cells eluted are considered to be nTreg cells,
because most Treg cells (approximately 90%) in mice
are thymus-derived nTreg cells (Cheng et al., 2011).
The CD4+ CD25� cells that passed through the col-
umn were used as CD4+ helper T cells (Th cells).
The culture medium used was RPMI-1640 complete
medium.

Proliferation of nTreg cells or Th cells
in response to streptococci

Natural Treg cells (1 9 105 cells) or Th cells
(1 9 106 cells) isolated from splenocytes from TLR2+/+

or TLR2�/� mice by the method described above
were incubated for 48 h in a 96-well U-bottomed plate
(0.2 ml) with heat-killed cells at an MOI of 120 or 12
(1.2 9 107 CFU/1 9 105 nTreg or 1.2 9 107 CFU/
1 9 106 Th cells) of Sg-wt or Sg-dLP. In some exper-
iments, neutralizing anti-IL-2 antibody (10 lg ml�1)
was added to the cultures. Cultures were pulsed with
0.2 lCi per well of [3H]thymidine for the last 16 h of
culture. The cultures were harvested with a Labo
Mash cell harvester. The radioactivity of the cells
deposited on filters was measured in a liquid scintilla-
tion counter.

Assay for immunosuppressive activity of nTreg
cells

T helper cells (2 9 104 cells per 0.2 ml) were cul-
tured for 48 h in a 96-well flat-bottomed plate in the
presence of anti-CD3e mAb (1 lg ml�1) and APCs
(2.0 9 104 cells) that had been treated with
50 lg ml�1 mitomycin C in RPMI-1640 complete
medium. The nTreg cells (2.0 9 104 cells) were also
added to selected wells. In some experiments, the
cells were stimulated with heat-killed cells (1 9 106,
1 9 107 CFU) of Sm-wt, Sg-wt, Sm-dLP or Sg-dLP or
with various amounts (10, 100, 1000 ng ml�1) of the
TLR2 ligand FSL-1, the TLR3 ligand Poly I:C, the
TLR4 ligand Escherichia coli LPS and the TLR9
ligand CpG. Cultures were pulsed with 0.2 lCi per
well of [3H]thymidine for the last 16 h of culture. The
cultures were harvested with a Labo Mash cell har-
vester (Futaba Medical Inc., Tokyo, Japan). The
radioactivity of the cells deposited on filters was mea-
sured in a liquid scintillation counter. In some experi-
ments, neutralizing anti-IL-6 antibody (10 lg ml�1)
(clone MP5-20F3) and IgG1 isotype control (clone
RTK2071) were added to the cultures. In some exper-
iments to investigate the effects of the NF-jB inhibitor
on immunosuppressive activity of nTreg cells, nTreg
cells, Th cells or APCs were preincubated for 1 h with
BAY11-7082 (10 lM) or DMSO (control) and used for
Treg cell suppression assays after washing.
Average suppression (%) were calculated using the

formula (S � C)/S 9 100%, where S or C is
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[3H]thymidine uptake (counts per minute) obtained by
culture of Th cells and APCs in the absence or
presence of nTreg cells, respectively.

Mouse infection model with streptococci

Acute phase infection model
Sg-wt and Sg-LP cells (2.6 9 108 CFU per mouse)
were injected intravenously six times at a 3-day inter-
val into C57BL/6 female mice (8–10 weeks old) from
their tails. Splenocytes were prepared from spleens
that were taken out 3 days after final injection and
examined for the frequency of nTreg cells.

Chronic infection model
We used a modified subcutaneous chamber model
described previously (Genco & Arko, 1994). A cham-
ber (length 10 mm, diameter 5 mm), which was con-
structed from coils of stainless-steel wire, was
implanted subcutaneously into the back of each
mouse. After the healing period, the chamber was
used as a biological compartment for inducing
inflammation. Sg-wt cells (1.5 9 108 CFU per
mouse) were injected into the chamber four times at
1-week intervals. Single cell suspensions were pre-
pared from the inguinal lymph node, axillary lymph
node and spleen, which were taken out 7 days after
the final injection and examined for the frequency of
nTreg cells.

RESULTS

Recognition of heat-killed cells of oral
streptococci by HEK293/TLR2 transfectant

Triacylated and diacylated LP are recognized by
TLR2 in cooperation with TLR1 and TLR6, respec-
tively (Akira & Takeda, 2004). To confirm the
differences in the recognition of the wild-type and
LP-deficient strains of these streptococci by TLR2,
first, we examined whether heat-killed cells of Sm-wt,
Sm-dLP, Sg-wt and Sg-dLP induce activation of
NF-jB in HEK293/TLR2 cells by using the TLR2
ligand FSL-1 as a positive control. Heat-killed cells of
wild-type, but not LP-deficient, strains of these strep-
tococci induced NF-jB activation in a dose-depen-
dent manner (Fig. 1), suggesting that LP released
from whole cells or cell debris containing LP are
included in heat-killed cell fractions.

These results strongly suggest that something con-
taining LP released from whole cells of these strepto-
cocci is recognized by TLR2 and that a key ligand for
TLR2 in these streptococcal cells is LP.

Increase in the frequency of nTreg cells

We investigated whether whole cells of Sm-wt, Sm-
dLP, Sg-wt and Sg-dLP affected the frequency of Treg
cells in mouse splenocytes. Splenocytes from TLR2+/+

and TLR2�/� mice were incubated with heat-killed
cells of these streptococci or with the TLR2 ligand
FSL-1 in vitro. The frequency of nTreg cells was anal-
ysed by flow cytometry after staining with anti-CD4,
anti-CD25 and anti-Foxp3 antibodies. That is, cells
falling within the CD4+ gate were analysed with the
expression of Foxp3 and/or CD25 (Fig. 2A,B). CD4+

CD25+ Foxp3+ cells were referred to as nTreg cells.
Stimulation with all of these streptococcal cells
resulted in significant increases in the frequencies of
nTreg cells in both TLR2+/+ and TLR2�/� splenocytes,
and the magnitudes of increases (approximately

Figure 1 Recognition of heat-killed cells of wild-type and lipoprotein
(LP) -deficient streptococci by HEK293/TLR2 cells. HEK293 cells

were plated at 1 9 105 cells per well in 24-well plates on the day
before transfection. The cells were transiently transfected with
genes of Toll-like receptor 2 and nuclear factor-jB (NF-jB) reporter.

After a 24-h incubation, the cells were stimulated for 6 h with heat-
killed cells of wild-type Streptococcus mutans 109c (Sm-wt) and
Streptococcus gordonii Challis (Sg-wt) and their LP-deficient

mutants (Sm-dLP and Sg-dLP) at different multiplicities of infection
(1, 10 and 100) or FSL-1 (0.1, 1, 10 nM) in a serum-free condition.
The NF-jB reporter activity was measured using the Dual-Lucifer-
ase reporter assay system. The mean values and SD of triplicate

wells of a representative experiment obtained by three separate
experiments are shown. See text for details. Statistically significant
difference from control was assessed by Student’s t-test; *P < 0.05,

**P < 0.01.
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2.6-fold to 4.6-fold) in TLR2+/+ splenocytes (Fig. 2A,C)
was higher than those (1.4-fold to 1.7-fold) in TLR2�/�

splenocytes (Fig. 2B,C). In TLR2+/+ splenocytes,
Sg-wt and Sg-dLP increased the frequency of Treg
cells more than did Sm-wt and Sm-dLP, but no differ-
ence as such in the magnitudes of increase were
observed in TLR2�/� mice (Fig. 2A–C). Expectedly,
however, the TLR2 ligand FSL-1 increased the fre-
quency of nTreg cells in TLR2+/+ mice but not in
TLR2�/� mice (Fig. 2A–C). No big difference in the
activity to increase the frequency of nTreg cells was
observed between wild-type and LP-deficient strains
of both species in TLR2+/+ as well as TLR2�/� mice.

These results suggest that whole cells of these
streptococci upregulate the growth of murine nTreg
cells in a TLR2-dependent manner, although the fre-
quencies of nTreg cells in TLR2�/� splenocytes were
slightly upregulated.

Enhancement of the proliferation of nTreg cells
by heat-killed cells of Sg-wt and Sg-dLP

We have previously shown that the TLR2 ligand FSL-
1, but not the TLR9 ligand CpG-DNA, enhanced the
growth of nTreg cells isolated from murine spleens
(Kiura et al., 2011). Therefore, an experiment was

A

B

C

Figure 2 Upregulation of the frequency of natural regulatory T (nTreg) cells in splenocytes by stimulation with streptococci. Splenocytes from
TLR2+/+ or TLR2�/� mice were incubated at 37°C for 48 h with the mycoplasmal diacylated lipopeptide FSL-1 (10 nM) or heat-killed bacterial
cells at a multiplicity of infection of 70 of wild-type Streptococcus mutans 109c (Sm-wt) and Streptococcus gordonii Challis (Sg-wt) and their

LP-deficient mutants (Sm-dLP and Sg-dLP). The cell suspensions were incubated with anti-mouse CD16/CD32 antibody to block the Fc
receptor and then incubated with an allophycocyanin-conjugated monoclonal antibody (mAb) against CD4 and a phycoerythrin-conjugated
mAb against CD25. The cells were fixed and permeabilized using Fix/Perm Buffer. After washing, the cells were incubated with an Alexa
Fluor 488-conjugated anti-Foxp3 mAb and an appropriate isotype control. Data for 50,000 cells falling within appropriate forward and side light

scatter gates were collected from each sample with a FACSCalibur. Data were analysed using FLOWJO software. The cells falling within the
CD4+ gate were analysed with the expression of Foxp3 and/or CD25. See text for details. Statistically significant difference from control was
assessed by 2 9 2 chi-squared test; **P < 0.01.
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carried out to investigate whether heat-killed cells of
Sg-wt and Sg-dLP enhanced the proliferation of
nTreg cells isolated from splenocytes of TLR2+/+ or
TLR2�/� mice and the proliferation of CD4+ CD25� T
cells (Th cells) prepared during the isolation process
of nTreg cells. Approximately 91% of the nTreg cells
isolated were CD4+ CD25+ cells (data not shown).
Sg-dLP as well as Sg-wt enhanced the proliferation
of nTreg cells from both TLR2+/+ and TLR2�/� mice,
but no significant differences in the upregulation were
observed between TLR2+/+ and TLR2�/� nTreg cells
and also between Sg-wt and Sg-dLP (Fig. 3A). The
proliferation of Th cells was also enhanced by these
bacterial cells in the same way as nTreg cells
(Fig. 3B).
The IL-2 receptor a-chain CD25 is expressed in

activated T cells as well as nTreg cells. The nTreg
cells contained approximately 20% CD4+ CD25+

Foxp3� cells, which are presumed to be activated T
cells. This indicated the possibility that the enhance-
ment of proliferation of nTreg cells by bacterial cells
is a result of IL-2, a T-cell growth factor, produced by
the activated T cells contaminated in nTreg cell prep-
aration. To investigate this possibility, the proliferation
of nTreg cells induced by bacterial cells was mea-
sured in the presence of anti-IL-2 antibody, which is
known to block the IL-2 function (Fig. 3A). It was
found that the proliferation of nTreg cells was not
affected by the addition of anti-IL-2 antibody (Fig. 3A),
suggesting that IL-2 produced by activated T cells did
not contribute to nTreg cell proliferation. However, the
proliferation of Th cells induced by bacterial cells was
downregulated in the presence of anti-IL-2 antibody
(Fig. 3B), suggesting that IL-2 secreted in response
to bacterial stimulation is partially involved in the
enhancement of Th cell proliferation.

Inhibition of the immunosuppressive activity
of nTreg cells

We have previously demonstrated that the TLR2
ligand FSL-1 reduced the activity of nTreg cells to
suppress the proliferation of Th cells triggered by
anti-CD3e (Kiura et al., 2011). Therefore, an experi-
ment was carried out to determine whether Sm-wt,
Sm-dLP, Sg-wt and Sg-dLP affect the suppressive
activity of nTreg cells. When nTreg cells, Th cells and
APCs prepared from TLR2+/+ mice were used, nTreg
cells suppressed the proliferation of Th cells by

approximately 50% in the absence of bacterial stimuli
(Fig. 4A,A’). However, the suppressive level was sig-
nificantly reduced in the presence of bacterial stimuli
(Fig. 4A,A’). Reduction of the suppressive activity as
such was also observed when these cell populations
prepared from TLR2�/� mice were used (Fig. 4B,B’).
However, these bacterial cells stimulated the growth
of Th cells from TLR2+/+ mice, but not from TLR2�/�

mice, in the absence of Treg cells (Fig. 4A,B). This

A

B

Figure 3 Proliferation of natural regulatory T (nTreg) cells or T

helper (Th) cells in response to Streptococcus gordonii. The nTreg
cells (1 9 105 cells) (A) isolated from splenocytes from TLR2+/+ or
TLR2�/� mice were incubated for 48 h with heat-killed bacterial

cells at a multiplicity of infection (MOI) of 120 of wild-type S. gordo-
nii Challis (Sg-wt) and its LP-deficient mutant (Sg-dLP). Th cells
(1 9 106 cells) (B) isolated from splenocytes from TLR2+/+ or

TLR2�/� mice were incubated for 48 h with heat-killed bacterial
cells at an MOI of 12 of Sg-wt or Sg-dLP. In some experiments,
neutralizing a-interleukin-2 antibody (10 lg ml�1) was added to the

cultures. Cultures were pulsed with 0.2 lCi per well of [3H]thymidine
for the last 16 h of culture. The radioactivity of the cells deposited
on filters was measured in a liquid scintillation counter. Results are
expressed as mean � SD of three separate experiments. Statisti-

cally significant difference was assessed by Student’s t-test;
*P < 0.05.
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difference may be explained by TLR2 expression in
Th cells or APCs.
Hence, bacterial cells inhibited the suppressive

activity of nTreg cells. These results are contradictory
to our expectation that the suppressive activity of
nTreg cells should be enhanced because of the find-
ing that these bacterial cells enhanced the growth of

nTreg cells (Fig. 3A). Therefore, we investigated
whether various TLR ligands also have the activity to
inhibit the suppressive activity of nTreg cells. As a
result, it was found that FSL-1 (TLR2/6 ligand), CpG-
DNA (TLR9 ligand) and LPS (TLR4 ligand), but not
Poly I:C (TLR3 ligand), inhibited the suppressive
activity (Fig. 4C). These results suggest that TLR

A A′

B

C

B′

Figure 4 Effects of streptococcal cells or Toll-like receptor (TLR) ligands on the immunosuppressive activity of natural regulatory T (nTreg)
cells. Helper T (Th) cells (2 9 104 cells/0.2 ml) were cultured for 48 h in a 96-well flat-bottomed plate in the presence of anti-CD3e monoclo-

nal antibody (1 lg ml�1) and antigen-presenting cells (APCs; 2 9 104 cells) that had been treated with 50 lg ml�1 of mitomycin C in RPMI-
1640 complete medium. The nTreg cells (2 9 104 cells) were also added to selected wells. The cells were stimulated with heat-killed cells
(1 9 106, 1 9 107 colony-forming units) of wild-type Streptococcus mutans 109c (Sm-wt) and Streptococcus gordonii Challis (Sg-wt) and their
LP-deficient mutants (Sm-dLP and Sg-dLP) (A, A’, B, B’) or various amounts (10, 100, 1000 ng ml�1) of the TLR2 ligand FSL-1, the TLR3

ligand Poly I:C, the TLR4 ligand Escherichia coli lipopolysaccharide and the TLR9 ligand CpG (C). Cultures were pulsed with 0.2 lCi per well
of [3H]thymidine for the last 16 h of culture. The radioactivity of the cells deposited on filters was measured in a liquid scintillation counter.
Results are expressed as mean � SD of three separate experiments. Results are expressed as mean � SD of three separate experiments.

Statistically significant difference was assessed by Student’s t-test; *P < 0.05, **P < 0.01. Average suppression (A’, B’ and C) was calculated
using the following formula: (S � C) / S 9 100 (%), where S or C is the average of triplicate samples of [3H]thymidine uptake (counts per
minute; cpm) obtained by culture of T h cells and APCs in the absence or presence of nTreg cells, respectively.
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signals lead to inhibition of the suppressive activity of
Treg cells.
We next tried to clarify the mechanism by which

oral streptococci inhibited the suppressive activity of
nTreg cells. It has been reported that IL-6 inhibits
the suppressive activity of nTreg cells (Pasare &
Medzhitov, 2003). Interleukin-6 is a multi-faceted
cytokine with important functions in the immune
system and is produced by a variety of cells includ-
ing macrophages, dendritic cells, endothelial cells, B

cells and T-cell subsets. To investigate the role of
IL-6 induced by these bacterial stimuli in the sup-
pressive activity of nTreg cells, anti-IL-6 antibody
was added to the assay medium. The inhibition of
suppressive activity of nTreg cells by Sg-wt, Sg-dLP
and FSL-1 recovered by the addition of anti-IL-6
antibody (Fig. 5A,A’), suggesting that IL-6 is pro-
duced in the assay medium and plays some role in
the inhibition of suppressive activity of nTreg cells
by bacterial cells.

A

A′

Figure 5 Inhibition of the suppressive activity of natural regulatory T (nTreg) cells by interleukin-6 (IL-6). T helper (Th) cells (2 9 104 cells per

0.2 ml) were cultured for 48 h in a 96-well flat-bottomed plate in the presence of anti-CD3e monoclonal antibody (1 lg ml�1) and antigen-
presenting cells (2 9 104 cells) that had been treated with 50 lg ml�1 of mitomycin C in RPMI-1640 complete medium. The nTreg cells
(2 9 104 cells) were also added to selected wells. The cells were stimulated with heat-killed cells (1 9 107 cells) of wild-type Streptococcus

gordonii Challis (Sg-wt) and its LP-deficient mutant (Sg-dLP) or FSL-1 (10 nM) in the absence or presence of anti-IL-6 antibody (a blocking
antibody, a-IL-6) (10 lg ml�1) or IgG1 isotype control. Results (A) are expressed as mean � SD of three separate experiments. Statistically
significant difference was assessed by Student’s t-test; **P < 0.01. Average suppression (A’) was calculated using the following formula:

(S – C) / S 9 100 (%), where S or C is the average of triplicate samples of [3H]thymidine uptake (counts per minute; cpm) obtained by
culture of Th cells and antigen-presenting cells in the absence or presence of Treg cells, respectively.
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Involvement of NF-jB in inhibition of the
suppressive activity of nTreg cells

NF-jB is a transcription factor that regulates the pro-
duction of various inflammatory cytokines (Vallabhapu-
rapu & Karin, 2009). As most TLR-mediated signals
result in activation of NF-jB (Takeda et al., 2003), we
further investigated to what extent the NF-jB-mediated
signal is involved in inhibition of the suppressive
activity of nTreg cells by Sg-wt. The nTreg cells, Th
cells or APCs were treated with the NF-jB inhibitor
BAY11-7082 and examined for suppressive activity.
nTreg cells pretreated with the inhibitor completely lost
suppressive activity regardless of the presence of
Sg-wt (Fig. 6A,A’). Pretreatment of APCs with the
inhibitor reduced the proliferation of Th cells but
enhanced the suppressive activity of nTreg cells
(Fig. 6B,B’). In addition, Th cells treated with the
inhibitor could not respond to anti-CD3e stimulation,
regardless of stimulation with Sg-wt (Fig. 6C,C’).

In vivo effects of streptococci on the frequency
of nTreg cells

Splenocytes prepared from the spleens of mice from
an acute infection model, the size of which was more
than twice that of control mice (Fig. 7A), were stained
as described above to detect the frequency of nTreg
cells. It was found that injection of live cells of Sg-wt
but not Sg-dLP reduced the frequency of nTreg cells
in TLR2+/+ mice (Fig. 7B,C). In contrast, in the mice
from the chronic infection model, with a subcutane-
ously buried chamber, the frequency of nTreg cells in
the axillary nodes and spleen but not inguinal lymph
nodes was increased (Fig. 8A,B). In addition, the size
of spleens in the chronic infection model mice was
similar to that in control mice (data not shown).

DISCUSSION

Considering that there is a large number of bacteria
that inhabit the oral cavity and that we swallow 1011–
1013 CFU bacteria per day, we speculate that oral tol-
erance against oral bacteria is established in the
same way as that against the foods that we eat every
day. In addition, it has recently been reported that
Treg cells play important roles in the establishment of
oral tolerance (Weiner et al., 2011). Treg cells consist
of two populations, nTreg cells that originate in the

thymus and inducible Treg cells induced in the
periphery (Tang & Bluestone, 2008).
In this study, we tried to determine how oral strep-

tococci interact with Treg cells as a first step to verify
the establishment of oral tolerance against oral
bacteria.
First, we investigated whether whole cells of wild-

type and LP-deficient strains of S. mutans and
S. gordonii are recognized by HEK293/TLR2 cells
and found that wild-type strains of both species acti-
vated NF-jB, whereas LP-deficient strains did not
(Fig. 1). It appeared that whole cells of these strepto-
cocci are recognized by TLR2. However, it is impossi-
ble for whole cells of these streptococci to have direct
contact with the TLR2 molecule. Therefore, we con-
sider three possibilities: (i) the whole cells used
contain LP released from dead or destructive cells;
(ii) LP are released from whole cells by heating; and
(iii) whole cells are incorporated into HEK293 cells by
endocytosis and LP are released in the endosome
after degradation. HEK293 cell is not a phagocyte,
we think it is more likely that whole cells of these
streptococci that we used contain LP released from
dead or destructive cells.
Then, we investigated whether whole cells of these

streptococci affected the frequency of nTreg cells in
mouse splenocytes. Stimulation with these bacterial
cells resulted in increases in the frequency of nTreg
cells in both TLR2+/+ and TLR2�/� splenocytes, and
the magnitudes of increase in TLR2+/+ splenocytes
were higher than those in TLR2�/� splenocytes
(Fig. 2). No difference in the activity to increase the
frequency of nTreg cells was observed between wild-
type and LP-deficient strains of both species in
TLR2+/+ as well as TLR2�/� splenocytes (Fig. 2).
Hence, whole cells of these streptococci upregulate
the growth of nTreg cells in a TLR2-dependent man-
ner. Streptococci possess some cell wall components
such as peptidoglycan and lipoteichoic acid other
than LP that are recognized by TLR2. nTreg cells are
known to express TLR2 (Sutmuller et al., 2006).
Therefore, these results indicate the possibility that
upregulation of the proliferation of nTreg cells is medi-
ated mainly through the recognition of peptidoglycan
or lipoteichoic acid other than LP by TLR2. The find-
ing that these bacterial cells slightly upregulated the
frequency of nTreg cells in TLR2�/� splenocytes
(Fig. 2) suggests that they possess some compo-
nents that upregulate the growth of nTreg cells
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through signals triggered by pattern recognition
receptors other than TLR2. This is supported by our
recent finding that IL-2, a T-cell growth factor, was

not produced in the reaction mixtures of these bacte-
rial cells and splenocytes even after 24 and 48 h of
incubation (data not shown).

A A′

B B′

C C′

Figure 6 Effects of the nuclear factor-jB inhibitor BAY11-7082 on the suppressive activity of natural regulatory T (nTreg) cells. The nTreg
cells (A), antigen-presenting cells (APCs; B) or T helper (Th) cells (C) were preincubated for 1 h with BAY11-7082 (10 lM) or dimethylsulfox-
ide (control), respectively, and used for Treg suppression assays after washing. Th cells (2 9 104 cells/0.2 ml) were cultured for 48 h in

a 96-well flat-bottomed plate in the presence of anti-CD3e monoclonal antibody (1 lg ml�1) and APCs (2 9 104 cells) that had been treated
with 50 lg ml�1 of mitomycin C in RPMI-1640 complete medium. nTreg cells (2 9 104 cells) were also added to selected wells. The cells
were stimulated with heat-killed cells (1 9 107 cells) of wild-type Streptococcus gordonii (Sg-wt). Results are expressed as mean � SD of

three separate experiments. Statistically significant difference was assessed by Student’s t-test; *P < 0.05, **P < 0.01. Average suppression
(A’, B’, C’) was calculated using the following formula: (S – C)/S 9 100 (%), where S or C is the average of triplicate samples of [3H]thymi-
dine uptake (counts per minute; cpm) obtained by culture of Th cells and APCs in the absence or presence of Treg cells, respectively.
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Although streptococcal cells stimulate the growth of
nTreg cells in splenocytes in LP-independent and
TLR2-dependent manners as described above, they
stimulated the growth of nTreg cells isolated from
splenocytes in LP-independent and TLR2-indepen-
dent manners (Fig. 3A). Splenocytes include several
types of cells such as monocytes and dendritic cells
that express TLR2 on the cell surface. The nTreg
cells that we isolated contained approximately 9%
other types of cell. Judging from the isolation protocol
(Miltenyi Biotec GmbH), it is considered that other
types of cell do not contain APCs such as mono-
cytes, dendritic cells and B cells and natural killer
cells, which are well known to express TLR2. This
may explain the finding that these streptococcal cells
stimulated the growth of isolated nTreg cells in a
TLR2-independent manner. However, it remains

unknown what types of substances in these bacterial
cells stimulated the proliferation of nTreg cells. In
addition, anti-IL-2 blocking antibody had no effects on
the proliferation of nTreg cells, suggesting that the
proliferation was not mediated by IL-2. On the con-
trary, proliferation of Th cells prepared in the process
of nTreg cell isolation was upregulated by bacterial
cells and the upregulation was significantly inhibited
by anti-IL-2 antibody (Fig. 3B). Judging from the fact
that T cells are not activated by a free antigen, the
Th cell fraction is considered to contain a small num-
ber of APCs such as dendritic cells or macrophages.
The upregulation of proliferation of nTreg cells iso-
lated was not inhibited by anti-IL-2 antibody (Fig. 3A),
indicating that it is unlikely that cell populations con-
taminating nTreg cells produce IL-2 as a T-cell growth
factor.
We expected that these streptococcal cells would

stimulate the suppressive activity of nTreg cells
because they upregulated the proliferation of nTreg
cells as described above. However, they reduced
the suppressive activity of nTreg cells from TLR2+/+

and TLR2�/� mice (Fig. 4). Previous reports have
shown temporary loss of suppressive function of
Treg cells during acute infection (Liu et al., 2006;
Sutmuller et al., 2006), which may explain our obser-
vations. That is, they have reported that in the early
phase of infection, IL-2 and IL-6 are produced: IL-2
accelerates the growth of Treg cells, but IL-6 inhibits
the suppressive activity of Treg cells. Therefore in
the early phase of infection, the number of Treg
cells increases, but the suppressive function is not
enhanced. Once the pathogen is cleared by the
immune system, TLR ligands are no longer present,
and Treg cells will regain their suppressive capacity,
so contributing to the balance between tolerance
and immunity. Indeed, we also observed that the
addition of anti-IL-6 antibody to the assay medium
resulted in recovery of the suppressive activity of
nTreg cells (Fig. 5). Therefore, an experiment
was carried out to investigate to what extent the
NF-jB-mediated signal is involved in inhibition of the
suppressive activity of nTreg cells by these strepto-
coccal cells. We found that nTreg cells pretreated
with the NF-jB inhibitor BAY11-7082 completely lost
suppressive activity regardless of the presence of
Sg-wt (Fig. 6A,A’), suggesting that the NF-jB signal
in nTreg cells is essential for expression of the sup-
pressive activity. Pretreatment of APCs with the

A

B

C

Figure 7 The frequency of regulatory T (Treg) cells in spleens of

the acute infection model mice. Wild-type Streptococcus gordonii
Challis (Sg-wt) and its LP-deficient mutants (Sg-dLP) cells
(2.6 9 108 colony-forming units/mouse) were injected intravenously

six times at 3-day intervals into three C57BL/6 female mice
(8–10 weeks old) into their tails. Splenocytes were prepared from
spleens (A), which were removed 3 days after the final injection and
examined for the frequency of CD4+ Foxp3+ Treg cells in CD4+

cells by being stained with anti-Foxp3 and anti-CD4 antibodies
(B, C). The cells falling within the CD4+ gate were analysed with the
expression of Foxp3 and/or CD25. See text for details. Statistically

significant difference from control was assessed by 2 9 2
chi-squared test; **P < 0.01.
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inhibitor reduced the proliferation of Th cells but
enhanced the suppressive activity of Treg cells
(Fig. 6B,B’), suggesting that APCs produce some-
thing, possibly IL-6, that is regulated by NF-jB and
involved in expression of the suppressive activity of
nTreg cells toward proliferation of Th cells triggered
by anti-CD3e. The Th cells pretreated with the inhibi-
tor completely lost suppressive activity regardless of
the presence of Sg-wt (Fig. 6C,C’), suggesting that
the proliferation signal triggered by anti-CD3e is
mediated by NF-jB. Indeed, it has been reported
that T-cell receptor ligation leads to the activation of
NF-jB (Kingeter et al., 2010).
To confirm whether the frequency of nTreg

increases in the early phase of infection, we also
designed the acute and chronic infection models and
examined the frequency of nTreg cells in spleen.
Unexpectedly, in contrast to the report by Sutmuller
et al. (2006), our data showed that the frequency
decreased in the acute phase of infection (Fig. 7) and
increased in the chronic infection model (Fig. 8). It
remains unknown whether this discrepancy occurs.
However, our data seem to be reasonable, because

decrease in the frequency of nTreg cells means the
acceleration of effector functions to protect the host
from bacterial invasion.
Hence, this study suggests that oral streptococci

may be able to modulate growth and functions of
Treg cells through the TLR2-mediated signal, which
plays important roles in oral tolerance (Weiner et al.,
2011), if they encounter Treg cells somewhere, for
example in the gut.
Further studies are in progress in our laboratory to

determine whether Treg cells specific for oral strepto-
coccal antigens exist in gut-associated lymphoid
tissue.
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A

B

Figure 8 The frequency of regulatory T (Treg) cells in spleens of the chronic infection model mice. We used a modified subcutaneous cham-
ber model described previously. The chamber, which was constructed from coils of stainless-steel wire, was implanted subcutaneously into

the back of each of three C57BL/6 female mice (8–10 weeks old). After the healing period, the chamber was used as a biological compart-
ment for inducing inflammation. Wild-type Streptococcus gordonii (Sg-wt) cells (1.5 9 108 colony-forming units/mouse) were injected into the
chamber four times at 1-week intervals. Single cell suspensions were prepared from spleens, axillary lymph nodes and the inguinal lymph

nodes taken out 7 days after the final injection and examined for the frequency of CD4+ Foxp3+ Treg cells in CD4+ cells. The cells falling
within the CD4+ gate were analysed with the expression of Foxp3 and/or CD25. Statistically significant difference from control was assessed
by 2 9 2 chi-squared test; **P < 0.01.
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