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Innate mechanisms for Bifidobacterium lactis to activate transient
pro-inflammatory host responses in intestinal epithelial cells after
the colonization of germ-free rats
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Summary

Bifidobacteria comprise a dominant microbial population group in the
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Introduction

human intestinal tract with purported beneficial health effects on the
host. In this study, we characterized the molecular mechanisms for
the initial interaction of probiotic Bifidobacterium lactis strain BB12 with
native and intestinal epithelial cell (IEC) lines. We showed that B. lactis-
monoassociated Fisher F344 rats transiently induce phosphorylation/
activation of the NF-kB transcriptionally active subunit RelA and the
mitogen-activated protein kinase (MAPK) p38 in native IEC at day 5 after
initial bacterial colonization. In addition, Interleukin 6 (IL-6) gene expres-
sion was significantly increased at day 5, demonstrating the physiological
relevance of transient transcription factor activation in IEC. In contrast,
Bacteroides vulgatus-monoassociated Fisher rats revealed RelA but not
p38 MAPK phosphorylation and failed to trigger significant IL-6 gene
expression in native IEC. Moreover, we demonstrated that B. lactis trig-
gers NF-xB RelA and p38 MAPK phosphorylation in IEC lines. Adeno-
viral delivery of mutant IKK-B (Ad5dnIKKp) and inhibition of the p38
MAPK pathway through the pharmacological inhibitor SB203580 signifi-
cantly blocked B. lactis-induced IL-6 gene expression in IEC, suggesting
that B. lactis triggers NF-xB and MAPK signaling to induce gene expres-
sion in the intestinal epithelium. Regarding the mechanisms of bacteria
epithelial cell cross-talk, B. lactis-induced IL-6 gene expression was com-
pletely inhibited in TLR2 deficient mouse embryogenic fibroblasts (MEF
TLR2™ 7) as well as TLR2ATIR transfected Mode-K cells. In conclusion,
we demonstrated that probiotic bacteria transiently trigger innate signal
transduction and pro-inflammatory gene expression in the intestinal
epithelium at early stages of bacterial colonization.

Keywords: intestinal epithelial cells; Toll-like receptor 2; probiotic bac-
teria; nuclear factor (NF)-kB; gnotobiology

ment of the host, including effects on epithelial cell
functions and the gut-associated lymphoid tissue.””’

The mucosal surfaces and cavities of the gastrointestinal
(GI) tract in humans and animals are populated by a
complex mixture of more than 400 microbial species
with spatial differences in population size and relative
species predominance."™ Studies in gnotobiotic animals
have shown that association of germ-free rodents with
single bacterial species has a profound impact on the
anatomical, physiological, and immunological develop-

The complex homeostasis between non-pathogenic intes-
tinal micro-organisms and the host is an intriguing
immunological paradox as the normal mucosal immune
system acquires tolerance (hyporesponsiveness) to the
enteric microbiota, while protective cell-mediated and
humoral immune responses to enteropathogens are
maintained. Although the pattern of bacterial coloniza-
tion in the premature neonatal or infant gut is different

Abbreviations: IEC, intestinal epithelial cells; NF-xB, nuclear factor kB; MAPK, mitogen-activated protein kinase;
IL-6, interleukin-6; TLR2, Toll-like receptor 2; MEF, mouse embryogenic fibroblasts.
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from the adult intestine, bifidobacteria are a dominant
microbial population group in the human intestine.*'°
Clinical and animal studies provide evidence that
certain strains of Bifidobacterium animalis  (lactis),
B. longum, B. infantis and B. breve may be effective in
the prevention and/or treatment of gastroenteritis, nec-
rotizing enterocolitis and chronic intestinal inflamma-
tion.''? The molecular mechanisms underlying these
protective effects of probiotic bifidobacteria in the gut
are completely unknown.

Intestinal epithelial cells (IEC), which make up the
actual barrier that separates the host from the gut luminal
environment, constitutively express or can be induced to
express Toll-like receptors (TLR), costimulatory mole-
cules, components of the human major histocompatibility
complex (MHC) and a wide range of inflammatory and
chemoattractant cytokines when activated by enteric
pathogens or inflammatory products.">™® Most of these
molecules are in part transcriptionally regulated by the
transcription factor nuclear factor (NF)-kB.'” Although
bacteria trigger host responses by multiple mechanisms,
the cornerstone of innate signalling is mediated by TLRs,
a set of 10 well conserved pattern recognition receptors
(PRR).!®2% TLRs are transmembrane proteins character-
ized by an extracellular domain containing leucine-rich
repeats and an intracellular domain homologous to the
interleukin (IL)-1R, or Toll/IL-1R (TIR). Ligand-specific
binding to TLR promotes interaction of the cytoplasmic
TIR domain with adaptor proteins followed by the
recruitment of multiple kinases and activation of down-
stream target effector systems, including the mitogen-
activated kinases (MAPK) as well as the IxB/NF-«xB
transcriptional system.”®*' We previously demonstrated
that non-pathogenic Gram negative Bacteroides vulgatus
induce RelA (NF-kB p65 subunit) phosphorylation and
NF-xB activation in IEC through a TLR4-dependent
manner.”>*> Monoassociation of germ-free Fisher rats
with Bacteroides vulgatus induced transient nuclear local-
ization of phosphorylated-RelA in the intestinal epithe-
lium, demonstrating the physiological relevance for
bacteria—epithelial cell interaction at the mucosal surface
of the gut.

In this study, we characterized the molecular mecha-
nisms for the cellular interaction of the probiotic bacterial
strain B. lactis BB12 with the intestinal epithelium in
native epithelium and cell lines. We showed that B. lactis
BB12 transiently triggered NF-kB RelA and p38 MAPK
phosphorylation as well as IL-6 gene expression in native
epithelium after the initial monoassociation of Fisher
F344 rats. Similarly, B. lactis BB12 induced RelA and p38
phosphorylation in the IEC line Mode-K. In contrast,
B. vulgatus-monoassociated Fisher rats revealed RelA but
not p38 MAPK phosphorylation and failed to trigger sig-
nificant IL-6 gene expression in IEC. The inhibition of
the NF-xB and p38 MAPK pathways using the adenoviral
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vector Ad5dnIKKB and the pharmacological inhibitor
SB203580 significantly inhibited IL-6 protein secretion in
B. lactis BB12-stimulated Mode-K cells. Interestingly, the
mRNA expression level of A20 which is a negative regula-
tor of the TLR-mediated NF-kB signal transduction cas-
cade was significantly up-regulated in primary and IEC
lines.**° In vitro, the induction of IL-6 gene expression
was completely blocked in TLR2 gene deficient mouse
embryogenic fibroblast cells (TLR27~ MEF) and in
TLR2ATIR transfected Mode-K cells, suggesting an
important role of this pattern recognition receptor to
mediate the initial interaction of B. lactis BB12 with the
intestinal epithelium.

Materials and methods

Animals and bacterial monoassociation

Germ-free Fisher F344 rats in the Gnotobiotic Animal
Facility at the German Institute of Human Nutrition
(DIFE Potsdam-Rehbriicke, Germany). They were obtain-
ed from the germ-free breeding colony of the depart-
ment. Twice a month the germ-free status of the animals
was monitored. The animals were maintained in positive-
pressure isolators (Metall & Plastik, Radolfzell, Germany)
and housed in polycarbonate cages on irradiated wood
chips at 22 £ 2°, 55 + 5% relative humidity on a 12 hr
light—dark cycle. They had free access to irradiated diet
(Altromin fortified type 1314; Altromin, Lage, Germany)
and autoclaved distilled water. Rats were monoassociated
at 12-16 weeks of age with B. lactis BB12 as well as
B. vulgatus (a generous gift from Dr R. Balfour Sartor,
University of North Carolina at Chapel Hill, NC) and
maintained under gnotobiotic conditions. This B. vulgatus
strain was used to induce chronic intestinal inflammation
in the HLA-B27 transgenic rat model of experimental
colitis.”” Bacterial monoassociation and absence of con-
tamination by other bacterial species were confirmed by
culturing samples from the small and large intestine at
necropsy and culturing serial faecal samples. The protocol
for the animal experiment was approved by the Ministry
of Nutrition, Agriculture and Forestry, Brandenburg,
Germany. Rats were killed 3, 5, and 7 days after initial
bacterial colonization. Germ-free rats were used as con-
trols. Histological analysis of paraffin embedded colonic
tissue sections assessed the degree of lamina propria
mononuclear cell infiltration, crypt hyperplasia, goblet cell
depletion and architectural distortion?” and revealed no
signs of inflammation in B. lactis BB12 monoassociated
rats.

Isolation of primary rat intestinal epithelial cells
Gnotobiotic and germ-free rats were killed, and the

cecum as well the as colon were removed and placed in
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Dulbecco’s modified Eagle’s minimal essential medium
(DMEM; Invitrogen Life Technologies, Karslruhe, Ger-
many) containing 5% fetal calf serum (FCS). Caecum
and colon were cut longitudinally, washed three times in
calcium/magnesium-free Hank’s balanced salt solution
(Gibco BRL, Invitrogen, Karlsruhe, Germany), cut into
pieces 0-5 cm long and incubated at 37° in 40 ml DMEM
containing 5% FCS and 1 mm dithiothreitol (DTT) for
30 min in an orbital shaker. The supernatant was filtered,
centrifuged for 5 min at 400 g and the cell pellet was re-
suspended in DMEM containing 5% FCS. The remaining
tissue was incubated in 30 ml phosphate-buffered saline
(PBS) (1x) containing 1-5 mm ethylenediaminetetra-acetic
acid for an additional 10 min. The supernatant was fil-
tered, centrifuged for 5 min at 400 g and the cell pellet
was resuspended in DMEM containing 5% FCS. Finally,
primary IEC were collected by centrifugation through a
25/40% discontinuous Percoll gradient at 600 g for
30 min. Primary rat IEC from caecum and colon were
combined and collected in sample buffer for subsequent
RNA isolation and Western blot analysis.

Cell culture and bacterial stimulation

The mouse IEC line Mode-K (passage 10-30; a generous
gift from Dr Ingo B. Autenrieth, University of Tibingen,
Germany) was grown in a humidified 5% CO, atmo-
sphere at 37° to confluency in six-well tissue culture
plates (Cell Star, Greiner bio-one, Frickenhausen, Ger-
many) as previously described.”> Mode-K cells that were
generated from C3H/He mice are lipopolysaccharide
unresponsive.”® Reconstitution of Mode-K cells with the
TLR4/MD2 complex conferred LPS responsiveness (data
not shown). We used Mode-K cells to selectively charac-
terize Gram-positive bacteria-induced activation of epithe-
lial cells. In addition, Mode-K cells were transfected with
PZERO vector (InvivoGen, San Diego, CA) for murine
TLR2ATIR lacking the cytoplasmic TIR domain. Stable
transfected TLR2ATIR Mode-K cells were established
through serial plating in Puromycin-containing medium.
Wild type (WT) and TLR2™~ MEF cells were a generous
gift from Dr Carsten J. Kirschning (Technical University
of Munich, Germany).

B. lactis BB12 was anaerobically grown at 37° in MRS
broth (Sigma Aldrich, Taufkirchen, Germany) containing
1% Tween-80. Bacteria were harvested by centrifugation
(3000 g, 15 min) at stationary growth phase, washed in
phosphate-buffered saline (1x PBS pH 7-4) and diluted in
DMEM (Invitrogen). Confluent epithelial cell monolayers
were infected with B. lactis BB12 at a bacterium-to-
epithelial cell ratio (multiplicity of infection (m.o.i.)) of
3-30 at various time points. Based on the average num-
ber of Mode-K cells per six-well (1-5 x 10°), we used
4.5 x 10° (m.o.i. 3) or 45 10’ (m.o.i. 30) total bacteria
per 2 ml of medium. Where indicated, Mode-K cells
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were pretreated with the p38 MAPK inhibitor SB203580
(Merck Bioscience, Schwalboch, Germany) and the
adenoviral vector Ad5dnIKKB (a generous gift from
Dr Christian Jobin, University of North Carolina at
Chapel Hill, NC) as previously described.

RNA isolation and real-time reverse transcription—
polymerase chain reaction (PCR)

RNA from IEC was extracted using Trizol Reagent (Invitro-
gen Life Technologies) according to the manufacturer’s
instructions. Extracted RNA was dissolved in 20 pl water
containing 0-1% diethyl-pyrocarbonate. For reverse tran-
scription, 1 pg total RNA was added to 30 pl of reaction
buffer containing 8 pl 5x first-strand buffer, 4 pl DTT
(100 mm), 6 pl desoxyribonucleoside triphosphate mix-
ture (300 um) (all reagents from Invitrogen Life Technol-
ogies) and incubated for 5 min at 65°. After adding 10 pl
of a solution containing 0-2 pg random hexamers, 40 U
RNase Out and 200 U murine Moloney leukaemia virus
reverse transcriptase (all reagents from Invitrogen Life
Technologies), the total mixture was incubated for an
additional 60 min at 37° followed by a final 1 min heat-
ing step at 99°.

Real time PCR was performed in glass capillaries using
a Light Cycler™ system (Roche Diagnostics, Mannheim,
Germany). Primer sequences and amplicon sizes were
as follows: rat IL-6-F 5'-ccactgccttcectac-3/, rat IL-6-R
5'-gtgcatcatcgetgtt-3’ (amplicon size 183 bp), rat A20-F
5'-catctgeecttectgg-3’, rat A20-R  5'-tcttcttggttcttagget-3/
(amplicon size 274 bp), rat glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)-F 5'-ccaaggagtaagaaaccc-3'; rat
GAPDH-R 5'-ggtgcagcgaactttatt-3' (amplicon size 209 bp),
mouse A20-F 5'-gaacaatgtcccgtge-3’, mouse A20-R-5'-
acctactegttggett-3' (amplicon size 277 bp). For real time
PCR, 1 pl reverse transcribed ¢cDNA was added to a
total volume of 10 pl PCR reaction buffer containing
Ix LC-FastStart DNA Master Mix (Roche), MgCl,
(4 pm), forward and reverse primers (20 pum). The PCR
programme was one cycle of denaturation at 95° for
10 min followed by 50 cycles of 95° for 15 s, annealing
at 60° for 10s and extension at 72° for 20s. The
amplified product was detected by the fluorescent dye
SYBR green. Melting curve analysis and gel electrophor-
esis were used to document the amplicon specificity.
Calibration curves were generated by measuring serial
dilutions of stock cDNA to calculate the amplification
efficiency (E). The crossing point (Cp) of the log-linear
portion of the amplification curve was determined. The
relative induction of gene mRNA expression was cal-
culated using the following equation EACp (control
samples — treated samples) and normalized for the
expression of GAPDH mRNA.? Triplicate samples were
measured in duplicates and blotted as fold increase
between treated and untreated control samples.
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Western blot analysis

Purified primary IEC or Mode-K cells were lysed in 1x
Laemmli buffer, and 20-50 ng of protein was subjected to
electrophoresis on 10% sodium dodecyl sulphate (SDS)-
polyacrylamide gel electrophoresis (PAGE) gels. Where
indicated IEC cells were pretreated for 1 hr with 20 pum of
the proteasome inhibitor MG132 (BioMol, Plymouth
Meeting, PA). Anti-phospho-RelA (Ser536), RelA, anti-
phospho-p38 (Thr180/Tyr182), p38, acetylated-phosphor-
ylated-histone 3 (Ac-P-H3), histone 3 (all antibodies from
Cell Signaling (Beverly, MA)), CD45 (Santa Cruz Biotech-
nology, Santa Cruz, CA) and P-actin (ICN, Costa Mesa,
CA) were used to detect immunoreactive phospho-RelA,
RelA, phospho-p38, p38, phospho-acetyl-histone 3, his-
tone 3, CD45 and B-actin, respectively, using an enhan-
ced chemiluminescence light-detecting kit (Amersham,
Arlington Heights, IL) as previously described.

Enzyme-linked immunosorbent assay (ELISA) analysis

Protein concentrations were determined in spent culture
supernatants of IEC cultures using an ELISA technique.
IL-6 protein production was determined by mouse speci-
fic ELISA assay kits according to the manufacturer’s
instructions (R & D Systems, Heidelberg, Germany).

Statistical analysis

Data are expressed as the means + S.D. of triplicates. Sta-
tistical analysis was performed by the two-tailed Student’s
t-test for paired data and considered significant if P-values
were <0-05 (*) or <0-01 (**).

Results

NF-kB RelA and p38 phosphorylation as well

as IL-6 gene expression in native IEC after bacterial
colonization of germ-free rats with B. lactis BB12
and B. vulgatus

To investigate molecular mechanisms for the interaction
of the Gram-positive probiotic bacterial strain B. lactis
BB12 with the host after the initial colonization of the
gut, we first associated germ-free Fisher F344 rats with
B. lactis BB12 for 1 week. In parallel, we monoassociated
germ-free rats with our reference strain B. vulgatus.”
Monoassociated rats were killed after 3, 5 and 7 days after
bacterial colonization. Primary IEC from the large intes-
tine (caecum + colon) were isolated and pooled samples
from two independent experiments were subjected to
Western blot analysis. As shown in Fig. 1 B. lactis BB12
induced RelA (Fig. 1a) and p38 (Fig. 1b) phosphorylation
in native IEC at day 5 but not at day 3 and day 7 after
the association of the rats. In contrast, B. vulgatus trig-
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Figure 1. (a—c) NF-xB RelA and p38 MAPK phosphorylation in
native IEC from B. vulgatus and B. lactis BB12-monoassociated
Fisher rats. Germ-free Fisher F344 rats were monoassociated with
B. vulgatus and B. lactis BB12 at 12-16 weeks of age. Rats (n = 2)
were killed at day 3, 5, and 7 after initial bacterial colonization and
native IEC from large intestine (caecum + colon) were isolated as
described in Materials and Methods. IEC from germ-free rats were
used as controls. Total protein was extracted and 50 pg of protein
was subjected to SDS-PAGE followed by (a) phospho-RelA and RelA
(b) phospho-p38 and p38 (c) actetylated-phosphorylated H3 and
total H3 as well as (d) CD45 and B-actin immunoblotting using the
ECL technique. Gels represent the combined protein samples from
each group.

gered RelA but not p38 phosphorylation after 5 days of
bacterial colonization. Total RelA and p38 protein expres-
sion was confirmed in IEC for germ-free control and
monoassociated rats. Of note, germ-free control rats
revealed no phospho-RelA and phospho-p38 expression
in native IEC, suggesting that B. lactis BB12 transiently
triggered activation of the NF-kB and p38 MAPK tran-
scription factor systems in native epithelium. Histone
acetylation and phosphorylation are post-transcriptional
mechanisms leading to chromatin unfolding in order to
provide access of transcrition factors to gene promoter
binding sites and to achieve coordinate gene expression.
As shown in Fig. 1(c) B. lactis BB12 induced histone 3
acetylation/phosphorylation in IEC on days 3, 5 and 7
after the initial bacterial colonization. The slightly eleva-
ted level of P-Histone 3 in germ-free IEC may reflect
basic activation of gene expression. In addition, the
absence of lymphocyte contaminations in the purified
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epithelial cell preparations was confirmed by determining
the lymphocyte marker CD45 using Western blot analysis.
As shown in Fig. 1(d), CD45 protein expression was
absent in isolated epithelial cells but was clearly detectable
in control samples from spleenocytes.

We next sought to investigate IL-6 gene expression in
native IEC from gnotobiotic Fisher rats compared to
germ-free controls using real-time quantitative Light
Cycler reverse transcription—PCR. As shown in Fig. 2(a),
the rats monoassociated with B. lactis triggered a signifi-
cantly higher IL-6 mRNA expression on day 5 (20-23-
fold increase) than on days 3 (three- to fivefold increase)
and 7 (four- to fivefold increase) in both gnotobiotic
experiments, confirming the transient activation of the
NF-xB and MAPK signalling cascades in IEC. Interest-
ingly, IL-6 gene expression in IEC was significantly lower
in B. vulgatus-monoassociated rats.

A20 is an inducible molecule implicated in the negative
regulation of NF-kB-dependent gene expression.”* Parallel
to the induction of RelA phosphorylation and IL-6 gene
expression at day 5 after bacterial colonization, A20
mRNA expression was significantly higher in B. lactis-
monoassociated rats (10- and eightfold increase) com-
pared with B. vulgatus-colonized rats (two- and twofold
increase) (Fig. 2b).

B. lactis BB12 triggers NF-kB RelA and p38
phosphorylation as well as IL-6 and A20 expression
in Mode-K cells

Because B. vulgatus triggers RelA phosphorylation and
IL-6 gene expression in IEC through the TLR4 signalling
cascade, we next asked the question whether B. lactis
BB12 can directly induce RelA and p38 phosphorylation
in IEC. We first stimulated Mode-K cells with B. lactis
BB12 at m.o.i. 30 for 0—4 hr. Interestingly, B. lactis BB12
transiently induced phospho-RelA (Fig. 3a) as well as
phospho-p38 (Fig. 3b), suggesting that B. lactis directly
triggers these signalling pathways in native epithelium
(Fig. 1). We next measured IL-6 protein secretion in the
culture supernatant of stimulated Mode-K cells using
ELISA technique. As shown in Fig. 4(a). B. lactis BB12
induced IL-6 protein secretion in Mode-K cells in a dose-
and time-dependent manner reaching maximal stimula-
tion at m.o.i. 30 after 6 hr of stimulation.

At the level of mRNA expression, IL-6 was strongly
induced after 3 hr of bacterial stimulation of Mode-K
cells followed by a complete down-regulation after 6 hr to
24 hr of bacterial stimulation (Fig. 4b). Interestingly and
in accordance with our in vivo data, the induction of A20
mRNA expression in Mode-K cells was associated with
the induction of IL-6 gene expression. These data may
suggest that A20 gene expression could be involved in the
negative regulation of NF-xB activity and NF-kB-depend-
ent gene expression in IEC.
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Figure 2. IL-6 gene and A20 gene expression in native IEC from
B. vulgatus and B. lactis BB12-monoassociated Fisher rats. Germ-free
Fisher F344 rats were monoassociated with B. lactis BB12 at
12-16 weeks of age. Rats (n = 2) were killed at day 3, 5, and 7 after
initial bacterial colonization and native IEC from large intestine (cae-
cum + colon) were isolated as described in Materials and methods.
IEC from germ-free rats were used as controls. Total RNA was
extracted, reverse transcribed and real-time PCR was performed
using the Light Cycler system with specific primers for IL-6, A20
and GAPDH. The induction of IL-6 (a) and A20 (b) mRNA was
calculated relative to germ-free controls (mean fold increase + SD)
using the crossing point of the log-linear portion of the amplification
curve after normalization with GAPDH.

B. lactis BB12 induce TLR2 signalling to trigger
IL-6 gene expression in IEC through the NF-xB
and p38 MAPK pathways

To further dissect the role of NF-kB and p38 MAPK sig-
nalling in B. lactis-induced IEC activation, we measured
IL-6 secretion in Mode-K cells in the absence or presence
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Figure 3. B. lactis BB12 triggers transient RelA and p38 phosphoryla-
tion in Mode-K epithelial cells. Mode-K cells were stimulated with
B. lactis BB12 for various times at m.o.i. 30. Total protein was
extracted and 20 pg of protein was subjected to SDS-PAGE followed
by immunoblotting using the ECL technique with antibodies for (a)
phospho-RelA and RelA as well as (b) phospho-p38 and p38phos-
pho-RelA. Representative gels from at least three different experi-
ments are shown.

of Ad5dnIKKp as well as the pharmacological p38 inhib-
itor SB203580. Figure 5 shows that B. lactis-induced IL-6
production was significantly inhibited in the presence of
dominant negative IKKB as well as SB203580, suggesting
an important role for both signalling pathways in medi-
ating B. lactis-induced IL-6 gene expression.

Gram-positive bacterial products have been shown to
trigger cell activation through the pattern recognition
receptor TLR2. We first used wild type and TLR2”~ MEF
cells to evaluate the role of TLR2 in triggering IL-6 pro-
duction. As shown in Fig. 6, B. lactis BB12 induced signi-
ficant IL-6 expression in wild type cells but completey
failed to trigger IL-6 secretion in TLR2”~ MEF. In con-
trast, IL-1B-induced IL-6 secretion was intact in both cell
types, demonstrating the specificity for the inhibition of
B. lactis BB12-mediated IL-6 production in TLR2”~ MEF.
To further confirm the capability of B. lactis to signal
through the pattern recognition receptor TLR2 in IEC, we
established stable transfected TLR2ATIR Mode-K cells as
described in Materials and methods. As shown in Fig. 7,
B. lactis BB12-induced IL-6 protein secretion in Mode-K
cells was completely blocked in TLR2ATIR stable trans-
fected cells. In contrast, IL-1B-induced IL-6 production
was intact confirming the responsiveness of these cells.

In conclusion, these results demonstrate that the Gram-
positive probiotic strain B. lactis BB12 signals through
the TLR2 cascade to induce IL-6 gene expression. Of
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Figure 4. B. lactis BB12 triggers IL-6 and A20 gene expression in
Mode-K epithelial cells. Mode-K cells were stimulated with B. lactis
BB12 for various times at m.o.i. 3 and 30. (a) IL-6 protein was meas-
ured in the spent culture supernatant from stimulated Mode-K cells
using ELISA. (b) IL-6 and A20 mRNA expression was measured in
B. lactis BB12 stimulation (m.o.. 30). Total RNA was extracted,
reverse transcribed and real-time PCR was performed using the Light
Cycler system with specific primers for IL-6, A20 and GAPDH. The
bars represent the combined mean value (+ SD) of three experiments.

note, B. lactis BB12-induced IL-6 gene expression in IEC

was mediated through the NF-kB and p38 MAPK path-
ways. In addition, we demonstrated that B. lactis BB12
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Figure 5. B. lactis BB12 triggers IL-6 secretion in Mode-K epithelial
cells through the induction of NF-kB and p38 MAPK signalling.
Mode-K cells were stimulated with B. lactis BB12 for 24 hr m.o.i. 30.
Where indicated Mode-K cells were infected with adenoviral domin-
ant negative (dn) IKKP (Ad5dnIKKp) and the pharmacological p38
MAPK inhibitor SB203580 (20 pm). IL-6 protein was measured in
the spent culture supernatant from stimulated Mode-K cells using
ELISA methods. The bars represent the combined mean value
(£ SD) of three experiments. *P < 0-05.
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Figure 6. B. lactis BB12 signals through the pattern recognition
receptor TLR2 cascade to induce IL-6 gene expression in MEF cells.
Wild type and TLR27™ MEF cells were stimulated with IL-1B
(20 ng/ml) and B. lactis BB12 at m.o.i. 30 for 12 hr. IL-6 protein
was measured in the spent culture supernatant from stimulated
Mode-K cells using ELISA methods. The bars represent the com-
bined mean value (+ SD) of three experiments. *P < 0-05.
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Figure 7. B. lactis BB12 signals through the pattern recognition

receptor TLR2 cascade to induce IL-6 gene expression in IEC.
Mode-K and stable transfected TLR2ATIR Mode-K cells were stimu-
lated with IL-1B (20 ng/ml) and B. lactis BB12 at m.o.i. 30 for 6 hr.
IL-6 protein was measured in the spent culture supernatant from sti-
mulated Mode-K cells using ELISA methods. The bars represent the
combined mean value (£ SD) of three experiments. **P < 0-01.

transiently triggered NF-kB and p38 MAPK signalling as
well as IL-6 gene expression in native IEC from monoas-
sociated rats, demonstrating the physiological relevance of
these mechanisms for bacteria—epithelial cell interaction
in vivo.

Discussion

The molecular mechanisms of activating epithelial cell sig-
nal transduction in intestinal epithelium cells by probiotic
bacteria may be relevant for initiating and maintaining
intestinal homeostasis. We showed that the probiotic bac-
terial strain B. lactis BB12 signals through the NF-kB and
p38 MAPK pathways to trigger IL-6 gene expression in
both native and IEC lines. Most importantly, the mono-
association of germ-free Fisher F344 rats with B. lactis
BBI12 induced NF-kB RelA and p38 MAPK phosphoryla-
tion as well as IL-6 gene expression in native IEC. In con-
trast, B. vulgatus-monoassociated Fisher rats revealed
RelA but not p38 MAPK phosphorylation and failed to
trigger significant IL-6 gene expression in IEC. Of note,
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B. vulgatus triggers chronic intestinal inflammation in
gnotobiotic HLA-B27 transgenic but not normal rats.””
Although B. lactis triggered pro-inflammatory signal
transduction and gene expression in IEC, histological
signs of inflammation were absent in B. lactis-monoasso-
ciated rats, suggesting that the normal host developed
feedback mechanisms to control the mucosal immune
responses to the constant challenge by commensal bac-
teria. We have previously shown that Gram-positive coli-
togenic Enterococcus faecalis initially triggered transient
NEF-kB signal transduction and pro-inflammatory gene
expression in IEC from bacteria-monoassociated wild type
and IL-107" mice. Interestingly and parallel to the develop-
ment of chronic intestinal inflammation, NF-xB activity
and pro-inflammatory gene expression was sustained in
IEC IL-107" mice.*® Considering these findings it seems
important to evaluate and compare the physiological con-
sequences of B. lactis and B. vulgatus signalling to the
epithelium on the development of chronic intestinal
inflammation in animal models for experimental colitis
including HLA-B27 transgenic rats and IL-107" mice.
Miettinen et al. showed that the probiotic Gram-posit-
ive strain Lactobacillus rhamnosus GG induces NF-xB acti-
vation and IL-6 gene expression in freshly isolated human
leucocyte cultures.’’ Here, we provide evidence that the
Gram-positive B. lactis strain BB12 triggers IL-6 gene
expression through TLR2-mediated activation of the
NF-xB and p38 MAPK signalling cascades. Adenoviral
delivery of dominant negative IKK-f3 and the addition of
p38 MAPK inhibitor SB203580 significantly inhibited
B. lactis-induced IL-6 gene expression in IEC, suggesting
that both NF-xB and p38 signalling pathways contribute
to the TLR2-meditaed activation of gene expression.
Although B. vulgatus triggers TLR4-mediated RelA phos-
phorylation and IL-6 gene expression in epithelial cell
lines*® but failed to trigger p38 phosphorylation in native
epithelium, the physiological consequences of p38 MAPK
signalling in the epithelium for bacteria-mediated host
responses remains to be elucidated. We previously char-
acterized molecular mechanisms for the inhibition of
B. vulgatus and E. faecalis-mediated NF-kB activity and
IL-6 gene expression in IEC, including effects that involve
pattern recognition receptor stability, chromatin remodel-
ling and modulation of phosphatase activity.”> It appears
from several studies that transforming growth factor-f§
(TGF-B) and 15-deoxy-Al2,14-prostaglandin ]2 are
important mediators in the negative regulation of acute
and chronic inflammatory in the gut. Indeed, we showed
that TGF-B-activated Smad signalling induced TLR2
degradation®® and inhibited C basic protein/p300-
mediated histone phosphorylation in IEC.** In addition,
15-deoxy-A12,14-prostaglandin J2-induced ERK signalling
triggered phosphoprotein phosphatase (PP2A) activity,
which directly dephosphorylated RelA and inhibited IL-6
gene expression in IEC.*> In addition, we currently
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characterize the protective role of IL-10-induced p38
signalling in the intestinal epithelium (Ruiz and Haller,
unpublished observation). Induction of the zinc finger
protein A20 is also involved in the negative regulation of
TLR-mediated activation of the NF-kB signal transduc-
tion cascade likely through the inhibition of IKK activity
by binding to the TRAF/RIP proteins.”>****?> We
showed that the induction of IL-6 mRNA expression by
B. lactis was associated with the up-regulation of A20
mRNA expression in native and IEC lines suggesting a
possible mechanism for the termination of NF-kB signal-
ling and IL-6 gene expression.

Clinical and animal studies with probiotic micro-organ-
isms provide some evidence that certain bifidobacterial
strains are effective in the modulation of mucosal
immune responses including the prevention and/or treat-
ment of acute and chronic inflammation. For example,
B. lactis BB12 antagonized Helicobacter pylori growth and/
or metabolism in vitro as well as in vivo.”® In addition,
B. lactis BB12 was effective at least partially to maintain
oral tolerance to B-lactoglobulin in mice.”” Moreover,
B. lactis HNO19 and B. longum BB46°® were shown to
increase resistence to experimental salmonellosis in mice.
B. lactis HNO19 also revealed immune stimulatory func-
tions in elderly people including effects on natural killer
cell and granulocyte activation.”® In addition, B. infantis
strain 35624 attenuated experimental chronic colitis in
IL-107" mice®® and dextran sodium sulphate-induced
acute colitis in Sprague—Dawley rats.*' Furthermore, the
probiotic mixture VSL#3 with eight different lactic acid
bacterial species including B. longum, B. infantis and
B. breve were effective in the treatment and/or treatment
of experimental colitis in IL-107" mice* as well as
inflammatory bowel disease patients with pouchitis.*>**
The underlying cellular and molecular mechanisms for
these beneficial health effects of bifidobacteria including
their capability to activate and/or inhibit immune func-
tions in the gut remain unclear.

Several studies now point to the fact that certain pro-
tective effects of probiotic bacteria may be mediated
through the improvement of the gut epithelial cell barrier
function. Indeed, ligand-specific activation of the TLR2
system greatly enhance transepithelial resistance in IEC
lines associated with apical tightening and sealing of tight
junction-associated ZO-1.* In addition, Yang and Polk
suggested that L. rhamnosus GG inhibits tumour necrosis
factor (TNF)-mediated pro-apoptotic mechanisms in IEC
YAMC cultures through the blockade of TNF-induced
p38 MAPK activation®. Interestingly and consistent with
our data, one mechanism to trigger antiapoptotic signal-
ling pathways includes the induction of the NF-xB signal-
ling cascade.”” Accordingly, the selective inhibition of
NF-kB activity in enterocytes of IKK gene deficient mice
sensitized these animals to ischaemia—reperfusion-induced
apoptosis in IEC, which was associated with a loss of

© 2005 Blackwell Publishing Ltd, Immunology, 115, 441-450



mucosal integrity.*® It appears from these results that
although the pro-inflammatory NF-kB transcription fac-
tor system plays an important role in perpetuating the
late/chronic state of certain inflammatory processes,
the maintenance of normal mucosal homeostasis and epi-
thelial cell integrity may require a fine-tuned balance
between anti- and proapoptotic signals mediated at least
in part by the presence of different bacterial species in the
luminal gut microbiota.

In conclusion, we identified innate mechanisms for the
probiotic B. lactis strain BB12 to activate transient pro-
inflammatory host responses in the intestinal epithelium.
We have shown that B. lactis BB12 triggers transient IL-6
gene expression in native epithelium and in cell lines. The
initial and transient induction of TLR-mediated activation
of pro-inflammatory transcription factor systems may
play an important role in initiating epithelial cell homeo-
stasis at early stages of bacterial colonization, while the
persistent induction of NF-xB signalling associated with
the lack of control mechanisms may lead to intestinal
pathology including the development of chronic intestinal
inflammation in the genetically susceptible host.
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