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Bifidobacterium infantis suppresses proinflammatory
interleukin-17 production in murine splenocytes and
dextran sodium sulfate-induced intestinal inflammation
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Abstract. Interleukin (IL)-17 acts as a potent inflammatory
cytokine, and IL-17-producing cells (Th17 cells) have received
much attention. However, the involvement of commensal
and/or probiotic bacteria in IL-17 production has not been
evaluated. In this study, we examined the suppressive effects
of five bacteria species on IL-17 production in vitro and
ex vivo. Among the five species studied, Bifidobacterium
infantis inhibited IL-17 production but enhanced IL-27
production most potently in TGF- plus IL-6-stimulated
murine splenocytes. B. infantis also inhibited IL-17 and
eotaxin production from a dextran sodium sulfate-treated
colon organ culture. The induction of IL-10 by B. infantis was
observed both in the splenocytes and in the colon culture and
was assumed, to a certain extent, to be important for suppressing
IL-17 production. These findings suggest a novel immuno-
modulatory function of commensal bifidobacteria and further
imply that these bacteria may be useful in the treatment of
Th17-mediated diseases.

Introduction

Inflammatory bowel diseases (IBDs) such as Crohn's disease
and ulcerative colitis are characterized by recurrent
inflammation in the gastrointestinal tract (1). The histology
associated with IBD includes inflammation of the intestinal
mucosa with neutrophilic and other inflammatory cell
infiltration (2). Elevated levels of proinflammatory cytokines
such as tumor necrosis factor-oa (TNF-a) and interferon-y
(IFN-y) are critically involved in the pathogenesis of IBD.
This has been demonstrated in experimental colitis models as
well as in biopsies from patients with IBD (3).
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In addition, interleukin (IL)-17 has recently been found to
be elevated in the intestinal tissue and serum of patients with
IBD (4). IL-17 acts as a potent inflammatory cytokine in vitro
and in vivo (5) and is produced by the newly identified T cell
subset Th17 (6,7) and other non-T cells. Transcription factor
RORyt has been identified as being involved in the generation
of Th17 cells (8).

IL-17 has pleiotropic activities, one of which is to
coordinate tissue inflammation by inducing the expression of
proinflammatory cytokines such as IL-6 and TNF-a;
chemokines such as KC, MCP-1 and MIP-2; and matrix
metalloproteases which mediate tissue infiltration and tissue
destruction (5). IL-17 is also involved in the proliferation,
maturation and chemotaxis of neutrophils (9). It has been
shown that cytokines such as IL-2, IL-25 and IL-27 suppress
Th17 function (10-12). In particular, IL-27, which effectively
blocks IL-17 production and induces immunoregulatory
IL-10 activity, has recently attracted much attention (13-16).

There is growing evidence to suggest that probiotic
bacteria may have, in a species- or even strain-dependent
manner, potential use as anti-inflammatory agents in certain
chronic inflammatory diseases such as IBD (17,18). On the
basis of experimental data, the anti-inflammatory effects of
probiotics may be, in part, a consequence of the modulation
of the cytokine balance: down-regulation of proinflammatory
(e.g., IL-12 and TNF-a) cytokine production and/or
stimulation of anti-inflammatory (e.g., IL-10) cytokine
production (19). In addition, in Caco-2 cells, the deleterious
effects of TNF-a on epithelial function can be prevented by
certain lactobacilli (20-22). As commensal and probiotic
bacteria are recognized by transmembrane pattern recognition
receptors known as Toll-like receptors (TLRs) (23), the
involvement of TLRs in the anti-inflammatory effects of
these bacteria has been extensively studied. For example,
Cario et al (24) reported that TLR2 stimulation could
preserve tight junction-associated barrier assembly against
intestinal inflammation through PI3K/Akt-mediated cell
survival via MyD88. It has also been reported that apical
TLRY signaling in intestinal epithelial cells regulates
inflammation and maintains colonic homeostasis (25).
However, the effect of commensal and probiotic bacteria
such as bifidobacteria on IL-17-producing cells has not yet
been examined.
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The aim of the present study was to assess whether
commensal bifidobacteria and probiotic lactobacilli suppressed
IL-17 production in murine splenocytes and in dextran sodium
sulfate (DSS)-induced intestinal inflammation. Here, we
clearly show, for the first time, that Bifidobacterium infantis
(JCM 12227), one of the major commensal bacteria in the
intestine of infants, suppressed IL-17 production both in
splenocytes and colon organ culture.

Materials and methods

Reagents. RPMI-1640 medium, penicillin and streptomycin
were purchased from Invitrogen (Carlsbad, CA, USA). Fetal
bovine serum (FBS) was obtained from ICN Biomedicals
(Osaka, Japan). DSS was purchased from Wako Pure
Chemical Industries (Osaka, Japan). Both recombinant human
TGF-B and recombinant mouse IL-6 were obtained from
R&D Systems (Minneapolis, MN, USA). GAM broth was
purchased from Nissui Pharmaceutical (Tokyo, Japan), and
MRS broth was purchased from Merck (Darmstadt, Germany).
All other chemicals were of reagent grade.

Bacterial cultures. Three species of bifidobacteria (B. bifidum,
B. catenulatum and B. infantis) and two species of lactobacilli
(L. acidophilus and L. bulgaricus) were obtained from Riken
Bioresource Center (Japan Collection of Microorganisms,
Saitama, Japan). Bifidobacteria were cultured in GAM broth
and lactobacilli were cultured in MRS broth, and cultures were
incubated at 37°C for 18 h in an anaerobic bag (AnaeroPack,
Mitsubishi Gas Chemical, Tokyo, Japan). The cell suspensions
were washed with distilled water, incubated at 100°C for
50 min, and then lyophilized. Subsequently, the heat-killed
bacteria were added to the splenocyte culture or the colon
organ culture as described below.

Splenocyte culture. Six-week-old female Balb/c mice were
obtained from Charles River (Kanagawa, Japan) and sacrificed
by cervical dislocation. The spleens were removed from three
mice for each experiment, and the pooled splenocytes (107
cells) were incubated with TGF-6 (2 ng/ml) plus IL-6 (20 ng/
ml) at 37°C for 72 h in 1 ml of RPMI-1640 medium
supplemented with 10% FBS, 10 uM 2-mercaptoethanol,
10 mM HEPES, penicillin and streptomycin. The heat-killed
bacteria (107 cells) were added to the culture. A culture without
the addition of TGF- plus IL-6 or heat-killed bacteria was
included as a control. Culture supernatants were harvested
and assayed for cytokines as described below.

Colon organ culture. Segments of the distal colon (5 cm in
length) were removed from at least three Balb/c mice (six-
week-old females), cut open longitudinally, and washed in
phosphate-buffered saline. The colon was then further cut
into strips <0.3 cm?, and these were placed in a 24-well flat-
bottom culture plate containing the same RPMI-1640
medium as indicated above. Four strips each were incubated
with DSS (0.5, 1 and 2%) or TGF-B (2 ng/ml) plus IL-6
(20 ng/ml) at 37°C for 24 h in 0.5 or 1 ml of the medium.
The heat-killed bacteria (103 cells) were added to the culture.
A culture without the addition of DSS, TGF- plus IL-6 or
heat-killed bacteria was included as a control. Culture super-
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natants were harvested and assayed for cytokines and eotaxin
as described below.

Cytokine assays. IL-17, IL-27 and eotaxin concentrations of
the culture supernatants were measured by sandwich enzyme-
linked immunosorbent assay (ELISA) (R&D Systems)
according to the manufacturer's instructions (Figs. 1 and 2).
For the evaluation of the effect of B. infantis on the cytokine
profile of the culture supernatant, cytokine [IL-2, IL-4, IL-5,
IL-10 and IL-12 (p70)] concentrations were determined by
the microbead method using the Bio-Plex Suspension Array
System (BioRad Laboratories, Hercules, CA, USA) (Tables I
and II). Briefly, culture supernatants were incubated with
beads conjugated with anti-IL-2, -IL-4, -IL-5, -IL-10 and
-IL-12 (p70) antibody followed by a sandwich immuno-
assay using biotinylated secondary antibodies. The beads
were washed three times during each incubation. Phyco-
erythrin-streptavidin was used as a reporter. The relative
fluorescence units were detected by counting 100 beads
with the Bio-Plex apparatus. Data were evaluated with the
Bio-Plex Manager Software 3.0 (BioRad Laboratories) using
5PL curve fitting.

Statistical analysis. Statistical analysis was performed using
one-way ANOVA followed by Tukey's post-hoc test.

Results

Effects of heat-killed bifidobacteria on IL-17 and IL-27
production in murine splenocytes. Prior to the analyses of the
regulatory effects of bifidobacteria and lactobacilli on IL-17
production in the inflamed intestine, we first examined their
effects on murine splenocytes. The addition of TGF-8 plus
IL-6 drastically enhanced IL-17 production from the
splenocytes (Fig. 1A). Of the five bacteria strains tested,
B. infantis suppressed IL-17 production most potently. In
parallel, TGF- plus IL-6 decreased the production of IL-27,
which has been reported to suppress the generation of IL-17-
producing T cells, and B. infantis recovered IL-27 production
(Fig. 1B). In contrast to B. infantis, the other bifidobacteria,
B. bifidum and B. catenulatum, and the two tested lactobacilli
did not exert a suppressive effect on IL-17 production in this
study, although B. catenulatum increased IL-27 production.
As shown in Fig. 1C, the concentration of IL-17 was
negatively correlated with that of IL-27 (r=0.82) in TGF-
plus IL-6-stimulated cultures. Thus, the IL-17/IL-27 axis was
judged to be a reliable marker of Th17 status in the spleno-
cytes.

IL-10 is important for the suppression of Th17 function in the
splenocytes. To examine the mechanisms by which B. infantis
suppressed IL-17 production in murine splenocytes, the
effect of B. infantis on the cytokine profile [IL-2, IL-4, IL-5,
IL-10 and IL-12 (p70)] of the splenocytes was evaluated
using a cytokine array system, the Bio-Plex apparatus. As
shown in Table I, cytokine production of Thl (IL-12) and
Th2 (IL-4, IL-5) was greatly suppressed by TGF- plus IL-6.
B. infantis recovered IL-5 and IL-12 production to some
extent. Although the IL-10 concentration was not altered by
the addition of TGF-8 plus IL-6, B. infantis significantly
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Figure 1. Effects of bifidobacteria and lactobacilli on IL-17 and IL-27
production in murine splenocytes. Spleen were removed from three mice,

and the pooled splenocytes (107 cells) were incubated with TGE-8 plus IL-6.
B. bifidum (Bb), B. catenulatum (Bc), B. infantis (Bi), L. acidophilus (La),
or L. bulgaricus (Lb) (107 cells each) were added to the culture. The culture
alone (Cont) and the culture without the addition of bacteria (-) were
included as controls. Culture supernatants (n=3) were harvested, pooled and
assayed for IL-17 (A) and IL-27 (B) concentrations. The relationship
between IL-17 and IL-27 concentrations is shown in (C).

elevated the IL-10 concentration. Therefore, it was assumed
that the induction of immunoregulatory IL-10 by B. infantis
was, at least in part, important for suppressing the Th17
function in the splenocytes.

Effects of bifidobacteria on IL-17 and eotaxin production in
DSS-induced intestinal inflammation. Next, we examined
whether bifidobacteria suppressed IL-17 production in the
ex vivo colon organ culture. We first stimulated the intestinal
tract by the addition of TGF-8 plus IL-6 as in the experiment
using splenocytes. However, TGF-8 plus IL-6 failed to
enhance IL-17 production from the colon culture (Fig. 2A).
Thus, to generate IL-17-producing cells, we used DSS, which
is frequently used for the induction of acute colitis in vivo.
As shown in Fig. 2A, DSS successfully induced IL-17
production from the culture in a dose-dependent manner.
Because the IL-17 concentration in the 2% DSS-containing
medium of the colon culture almost tripled, this DSS
concentration was used for further analyses. In the colon
culture, all bifidobacteria tested effectively suppressed IL-17
production.
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Figure 2. Effects of bifidobacteria on IL-17 and chemokine production in
colon organ culture. Segments of the colon were removed from three mice,
cut into strips and pooled. The strips were placed in a culture plate and
incubated with TGF- plus IL-6 or the indicated concentrations of DSS.
B. bifidum (B.b.), B. catenulatum (B.c.), or B. infantis (B.i.) (10° cells) were
added to the culture under stimulation with 2% DSS. The culture alone
(Cont) was included as a control. Culture supernatants of four strips were
harvested and assayed for IL-17 (A) and eotaxin (B) concentrations. The
relationship between IL-17 and the eotaxin concentrations is shown in (C).
The results are representative of three independent experiments.

In contrast to the splenocytes, IL-27 production from the
colon culture was not greatly altered even by the addition of
2% DSS; 1L-27 concentrations of non-stimulated and 2%
DSS-containing culture media were 7.2 and 5.5 pg/ml,
respectively.

In addition, we evaluated the level of eotaxin, a chemokine
and an effector for tissue inflammation. As a result, little
eotaxin production was observed in non-inflamed and in
TGF-8 plus IL-6-stimulated intestines; however, DSS
enhanced its production in the culture in a dose-dependent
manner (Fig. 2B). All bifidobacteria tested effectively
suppressed eotaxin production. As shown in Fig. 2C, the
concentration of IL-17 was well correlated with that of
eotaxin (r=0.88) in DSS-treated cultures. Therefore, it was
confirmed that bifidobacteria ameliorated DSS-induced
inflammation in the colon culture.

B. infantis induced regulatory IL-10 in the inflamed intestine.
We next examined the cytokine profile of the inflamed
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Table I. Effects of B. infantis on cytokine profile released from
splenocytes.
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Table II. Effects of B. infantis on cytokine profile released
from colon organ culture.

TGF-a + IL-6 2% DSS
Control Control . -
) B. infantis ) B infantis
1L-2 141.9+3.0° 55.8+26.2° 19.6+1.9° IL-2 nd nd nd
IL-4 9.1+0.5° 0.86+0.31° 0.90+0.09° IL-4 0.45+0.08 nd nd
IL-5 9.2+1.32 0.34+0.11° 0.69+0.03> IL-5 14.1+£5.82 9.8+2.6* 7.0+1.0°
IL-10 15.5+0.72 15.7+2.52 31.3+1.3P IL-10 1.2+0.0# 0.45+0.122 1.0+0 .42
IL-12 (p70) 3.7+0.12 0.36+0.04° 1.1+0.1¢ IL-12 (p70) 0.29+0.122 0.17+0.032 0.08+0.042
IL-17 8.7+1.42 19.3+2.1° 10.9+0.82

Data represent the mean + SE (pg/ml) of three cultures. ***Different
letters indicate significantly difference between two groups (p<0.05).

intestine. For this experiment, we chose B. infantis, because it
suppressed IL-17 production both in the splenocytes and in the
colon culture effectively. We observed that the function of
the regulatory cells was hampered by DSS, since the IL-10
concentration was greatly decreased by the addition of DSS
(Table II). However, more noteworthy was that B. infantis
elevated the IL-10 concentration to the non-stimulated level.
Therefore, it was assumed that B. infantis suppressed IL-17
production in the inflamed intestine in response to IL-10 as
observed in the splenocytes (Table I). Unfortunately, the
concentration of IL-2, which is also a regulatory cytokine, was
below the detection limit. The cytokine production of Thl
(IL-12) and Th2 (IL-4 and IL-5) was also suppressed by DSS,
although the concentrations of IL-4 and IL-12 were very low.
Nevertheless, it was assumed that B. infantis did not affect
these cytokines in the colon culture.

Discussion

In this study, we clearly showed for the first time that
B. infantis suppressed IL-17 production both in splenocytes
and in colon organ culture. There were two reasons for
choosing commensal bifidobacteria and probiotic lactobacilli
for this study. First, these bacteria have been reported to have
anti-inflammatory activities in certain inflammatory conditions
(17,18,21), although the relationships between the bacteria and
IL-17 suppression have not been evaluated and discussed.
Second, it is highly likely that these bacteria maintain homeo-
stasis in our intestine as they actually live there. We used
heat-killed bacteria rather than live bacteria in our experiments
because we found that the vigorous growth of live bacteria in
the splenocytes and colon organ culture would make proper
evaluations difficult to carry out.

We clarified that one of the preventive effects of bifido-
bacteria on intestinal inflammation, which were clinically
observed, can be explained by the inhibition of IL-17
production. Of the five tested bacteria strains, B. infantis
exerted the most potent inhibitory activity on IL-17
production. A major role for IL-17 has now been described in
various models of immune-mediated tissue injury, including
organ-specific autoimmunity in the brain, heart, synovium,
and intestines, allergic disorders of the lung and skin, and
microbial infections of the intestines and the nervous system.

Data represent the mean + SE (pg/ml) of three cultures. nd, not
detected. *PDifferent letters indicate significantly difference between
two groups (p<0.05).

A pathway named Thl7 is now credited for causing and
sustaining tissue damage in these diverse situations (7). Th17
cells are generated from naive T cells, and Th17 cell
differentiation is driven by stimuli such as TGF-8 plus IL-6
(26). Indeed, TGF-B plus IL-6 remarkably induced IL-17
production from murine splenocytes in this study (Fig. 1).
However, the same concentrations of TGF- plus IL-6 failed
to stimulate IL-17 production from the colon culture; instead,
DSS induced IL-17 production in a dose-dependent manner
(Fig. 2). In response to DSS, dendritic cells might help naive
T cells to differentiate into Th17 cells in the colon culture (27).

In DSS-induced colitis, IL-6 plays a critical role, since the
development of colitis is reduced in IL-6-deficient mice
treated with DSS (28). IL-6 is one of the main cytokines
secreted by lamina propria cells, and overproduction of IL-6
has been found in many types of colitis. Thus, it is assumed
that the mechanism by which DSS induces IL-17 production
might also be involved with IL-6. In this study, B. infantis
was anticipated to inhibit the action of IL-6 in the colon
culture as well as in the splenocytes. If B. infantis could inhibit
IL-6 in the splenocytes, the Treg/Th17 balance would be shifted
toward Treg as a result of added TGF-8. Further analyses are
needed to clarify the IL-6-suppressing effect of B. infantis.

In the splenocytes, B. infantis induced IL-27 production
while suppressing IL-17 production. Awasthi et al (15)
showed that IL-27 potently enhanced IL-10 production
in vitro. Indeed, in our study, B. infantis elevated the IL-10
concentration both in TGF-B plus IL-6-stimulated
splenocytes and in DSS-treated colon culture. Therefore, we
concluded that B. infantis suppressed IL-17 production by
inducing immunoregulatory IL-10 and IL-27 production. The
anti-inflammatory effects of these types of bacteria have been
explained by down-regulation of proinflammatory (e.g., IL-12
and TNF-a) cytokine production and/or stimulation of anti-
inflammatory (e.g., IL-10) cytokine production (19). However,
to the best of our knowledge, this is the first finding that
B. infantis enhanced IL-27 production which subsequently
led to the induction of IL-10 and the suppression of IL-17
production. To date, studies on the immunomodulatory effects
of lactic acid bacteria have focused mainly on the effects on
Treg and the Th1/Th2 balance. For example, some probiotic
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bacteria have been reported to suppress perennial allergic
rhinitis (29), as one of the mechanisms involved in occurring
pollinosis is the imbalance of Th1/Th2 (30,31). We anticipate
that the Th17-inhibitory activity of probiotic and/or commensal
bacteria will be further examined.

It should be noted that even ‘heat-killed’ bacteria suppressed
IL-17 production in our study. The precise mechanism and the
bacterial component(s) responsible for this activity remain
unclear. It is generally accepted that bacterial components are
recognized by members of the pattern recognition receptor
(PRR) family such as TLRs (23) and Nod-like proteins
(32,33). In fact, some studies have shown that the TLR2
ligand PCSK ameliorated TNF-a-induced intestinal barrier
impairment in the human epithelial Caco-2 cells (20,24). It
would be beneficial to investigate whether the recognition of
bacterial components by the PRR family are involved in the
inhibition of IL-17 production by bifidobacteria. It is also
probable that bifidobacteria induce the apoptosis of Th17
cells or other IL-17-producing cells.

In conclusion, we established an ex vivo screening system
of IL-17 regulation in the intestinal tract and showed for the
first time that certain bifidobacteria suppress IL-17 production
in response to recovering Treg activity. Whether IL-17
suppression is involved in the in vivo preventive effects of
bifidobacteria in DSS-induced colitis remains to be examined.
The present results further imply that these bacteria would be
useful in the treatment of Thl7-mediated diseases, although
further evaluation is needed to confirm the effects of bifido-
bacteria on human cells or organs. We are also planning to
screen bacteria from a wide bacterial library to identify those
with more potent IL-17-inhibitory activity.
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