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Toll-like receptors (TLRs) are key components of the innate immune system that trigger antimicrobial host
defense responses. The aim of the present study was to analyze the effects of probiotic Escherichia coli Nissle
strain 1917 in experimental colitis induced in TLR-2 and TLR-4 knockout mice. Colitis was induced in
wild-type (wt), TLR-2 knockout, and TLR-4 knockout mice via administration of 5% dextran sodium sulfate
(DSS). Mice were treated with either 0.9% NaCl or 107 E. coli Nissle 1917 twice daily, followed by the
determination of disease activity, mucosal damage, and cytokine secretion. wt and TLR-2 knockout mice
exposed to DSS developed acute colitis, whereas TLR-4 knockout mice developed significantly less inflamma-
tion. In wt mice, but not TLR-2 or TLR-4 knockout mice, E. coli Nissle 1917 ameliorated colitis and decreased
proinflammatory cytokine secretion. In TLR-2 knockout mice a selective reduction of gamma interferon
secretion was observed after E. coli Nissle 1917 treatment. In TLR-4 knockout mice, cytokine secretion was
almost undetectable and not modulated by E. coli Nissle 1917, indicating that TLR-4 knockout mice do not
develop colitis similar to the wt mice. Coculture of E. coli Nissle 1917 and human T cells increased TLR-2 and
TLR-4 protein expression in T cells and increased NF-kB activity via TLR-2 and TLR-4. In conclusion, our
data provide evidence that E. coli Nissle 1917 ameliorates experimental induced colitis in mice via TLR-2- and

TLR-4-dependent pathways.

Although the etiopathology of inflammatory bowel disease
(IBD) is not completely understood, it is evident that intestinal
inflammation is a result of an uncontrolled cell-mediated im-
mune response of the host to ubiquitous luminal antigens (12,
15, 55). This assumption is supported by several lines of evi-
dence. First, the incidence of inflammation is greatest in that
part of the intestine harboring the highest concentrations of
luminal bacteria (66). Second, surgical reduction of the bacte-
rial load ameliorates intestinal inflammation. Furthermore,
mucosal inflammation can be experimentally induced by instil-
lation of fecal contents from an inflamed gut into a nonin-
flamed gut of susceptible individuals (14). Third, oral tolerance
toward the commensal flora seems to be lost in IBD (30). In
different models of IBD using genetically manipulated animals,
such as T-cell receptor knockout mice, spontaneous colitis
does not develop if the animals are raised under germfree
conditions (23, 45). Furthermore, antibiotic as well as probiotic
therapy attenuates both experimental colitis and human IBD
(19, 22, 31, 54, 55, 58). Taken together, these results emphasize
the importance of the commensal microflora in the induction,
perpetuation, and maintenance of chronic intestinal inflamma-
tion and imply the existence of an imbalance between aggres-
sive (detrimental) and protective (beneficial) bacteria which
may play an essential role in the pathogenesis of IBD (55, 69).
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Probiotic bacteria are live nonpathogenic microorganisms,
which confer a health benefit to the host when administered in
adequate amounts (52). Probiotics limit the influence of ag-
gressive bacteria by several mechanisms. They suppress the
growth of pathogens through release of antimicrobial factors
(28, 29) and are thought to compete with microbial pathogens
for the limited number of receptors on the epithelial cells (51)
and thus may decrease the adherence of pathogens to the
mucosal surface. They modulate the function of the gut-asso-
ciated lymphoid tissue and enhance the mucosal barrier func-
tion (25, 35, 46, 54, 59). Further mechanisms of action may
include the reduction of bacterial endotoxin concentrations in
blood serum due to decreased translocation of bacterial cell
components from the gut into the systemic circulation, com-
petition with pathogenic bacteria for nutrients, and lowering of
intraluminal pH by the production of short-chain fatty acids,
which fosters the growth of nonpathogenic commensal bacteria
and at the same time hinders bacterial overgrowth by patho-
gens (31, 43, 54, 62). Hence, probiotics have been evaluated in
the last few years as an alternative and safe treatment modality
for IBD. Several randomized, placebo-controlled studies have
clearly demonstrated the beneficial effects of probiotics in the
treatment of ulcerative colitis and pouchitis (17, 18, 31-33, 35,
53), and a pilot study in patients with Crohn’s disease has
shown promising results (36). Despite the demonstrated clin-
ical benefit, the underlying modes of probiotic action in intes-
tinal inflammation have yet to be elucidated at the cellular and
molecular level.

Escherichia coli Nissle 1917 is a nonpathogenic E. coli strain
that has been characterized extensively at the phenotypic level
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as well as at the molecular genetic level (7, 8, 20, 21, 65).
Exploring the modes of action of this bacterium, we have
recently demonstrated that E. coli Nissle 1917 distinctively
inhibited the expansion of peripheral (but not mucosal) T cells
via Toll-like receptor 2 (TLR-2) signaling (64). This leads to
interference with the establishment of newly recruited T cells
in the gut and limit intestinal inflammation.

TLRs have been identified as signaling receptors of the
innate immune system recognizing a wide variety of molecular
patterns typical for microorganisms (37). TLRs have evolved as
essential elements of an alarm system suited for alerting the
host to the presence of microbes and for initiating anti-infec-
tive inflammatory responses (67). Different TLRs are selec-
tively activated by different microbial ligands (10). TLR-2 rec-
ognizes lipoteichoic acid and bacterial lipoproteins abundant
in the cell wall of gram-positive and gram-negative bacteria
(27), whereas TLR-4 is the major receptor for lipopolysaccha-
rides of gram-negative bacteria (5, 67). In addition, several
experimental studies with TLR knockout mice have demon-
strated that TLRs are involved in the production and release of
immunomodulatory cytokines (24, 37, 56, 71). With respect to
this, the cytokine pattern after TLR signaling differs depending
on the bacterial stimulus used and the cell type examined (24,
44). However, little is known about the role and interaction of
TLRs with the adaptive immune system during intestinal in-
flammation.

An array of different experimental models now exist for
studying the etiopathogenesis of ulcerative colitis and Crohn’s
disease and for testing new treatment options (13, 23). In the
present study, we mainly investigated the in vivo effects of the
probiotic E. coli strain Nissle 1917 in the well-established
model of dextran sodium sulfate (DSS)-induced experimental
colitis in mice. This animal model is characterized by a typical
Th1 as well as Th2 cytokine profile (13). Furthermore, since
TLRs are critically involved in intestinal inflammation, we ad-
ministered E. coli Nissle 1917 to TLR-2 knockout and TLR-4
knockout animals in order to explore the importance of TLRs
for the biological action of this probiotic.

MATERIALS AND METHODS

Reagents and antibodies. CD3 monoclonal antibody (MAb; clone OKT3;
Janssen-Cilag, Neuss, Germany) and CD28 (ANC28.1/5D10; Ancell Corp., Bay-
port, MN) were used for human T-cell activation. Anti-CD3 MAb (clone 145-
2Cl11; eBioscience, San Diego, CA), CD28, and phorbol myristate acetate and
ionomycin (both Sigma-Aldrich, Taufkirchen, Germany) were used for mouse
T-cell activation. For flow cytometry, fluorescein isothiocyanate (FITC)-labeled
anti-human TLR-2 (clone 6C2) and anti-human TLR-4 (clone HTA125) MAb
were purchased from eBioscience. FITC-labeled anti-mouse interleukin-1 (IL-4;
clone 11B11), anti-mouse gamma interferon (IFN-y; clone XMG1.2), anti-
mouse tumor necrosis factor alpha (TNF-«; clone MP6-XT22), and anti-mouse
phycoerythrin (PE)-labeled anti-CD3 (clone 145-2C11) MAb were bought from
BD Pharmingen (Heidelberg, Germany). FITC- and PE-labeled isotype controls
were from Dako (Hamburg, Germany). Brefeldin A and saponin were purchased
from Sigma-Aldrich, and paraformaldehyde was obtained from Roth (Karlsruhe,
Germany). The cytofluorometric bead array kit was purchased from BD Phar-
mingen. Triacylated lipopeptides [Pam3CSK4; lipopeptide (LP)3] and diacylated
lipopeptides (Pam2CSK4; LP2), first described by Miihlradt et al. (39), were
purchased from EMC microcollections (Tiibingen, Germany). Lipopolysaccha-
ride (LPS) from Salmonella enterica serovar Minnesota Re595 was purchased
from Sigma-Aldrich and found to be devoid of any lipoprotein contaminations in
previous studies. Plasmids encoding human TLR-4 (hTLR-4), human CD14
(hCD14), and human TLR-2 (hTLR-2), as well as B-galactosidase and the
ELAM NFk B reporter plasmid (luciferase), were kindly provided by C. J.
Kirschning (University of Munich, Munich, Germany). The plasmid encoding
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human MD2 (hMD2) was kindly provided by K. Miyake (University of Tokyo,
Tokyo, Japan) and O. Takeuchi (University of Osaka, Osaka, Japan).

E. coli culture and generation of conditioned media. E. coli Nissle 1917 con-
ditioned medium was generated as described by Yan and Polk (72). Briefly, E.
coli Nissle 1917-layered beads (provided by Ardeypharm, Herdecke, Germany)
were incubated for 16 h at 37°C in Luria-Bertani broth. The bacterial culture was
then harvested by centrifugation at 1,000 X g for 15 min. The supernatant was
discarded, and the bacterial pellet was washed twice in phosphate-buffered saline
and then resuspended in T-cell medium (RPMI, 10% fetal calf serum, 1.5%
HEPES) without antibiotics. After 2 h at 37°C and 5% CO,, the culture was
centrifuged at 1,000 X g, and the supernatant was recovered and sterile filtered
through a 0.22-pm-pore-size syringe-driven filter. As determined by using a
Limulus amebocyte lysate, the E. coli Nissle 1917-conditioned medium contained
1,300 X 10° endotoxin units/ml.

Transient transfection of HEK 293-cells and measurement of luciferase ac-
tivity. Transient transfection of human embryonic kidney cells (HEK) 293 cells
was performed by using FuGENE 6 Transfection Reagent (Roche Diagnostics,
Mannheim, Germany) as previously described (41, 57). Briefly, cells were plated
out in 12-well plates with 10° cells per well and then incubated overnight with
plasmids containing NF-kB reporter luciferase (120 ng). In previous experiments
we determined that TLR-4 is more sensitive in response to its ligand (LPS) than
TLR-2 in response to lipopeptides (41, 57). To correct differences in transfection
efficiency, cells were transfected with Rous sarcoma virus—f-galactosidase (40
ng) and cotransfected with either hTLR-4 (2 ng) or hTLR-2 (40 ng). Since the
LPS receptor complex consists of TLR-4 and the accessory molecule MD-2 (60),
hTLR-4 transfected cells were also cotransfected with hMD2. At 24 h after
transfection cells were stimulated with various potential ligands or controls in
Dulbecco modified Eagle medium. At 20 h after stimulation, cell extracts were
prepared for determination of the luciferase and B-galactosidase activity using
chemiluminescence assays (Luciferase and B-Gal Reporter Gene Assay; Roche
Diagnostics). The results are expressed as the ratio of luciferase to B-galactosi-
dase and are presented as mean values * the standard error of the mean (SEM)
of triplicate experiments.

Animals. C57BL/6 mice were bred under specific-pathogen-free conditions at
the Bundesinstitut fiir Risikobewertung (Berlin, Germany). Mice were housed in
filter-top cages and provided with sterile water and food ad libitum. After
transfer to our animal facility, mice maintained for 3 weeks under conventional
housing, ensuring similar colonization of the mucosa. TLR-2 knockout and
TLR-4 knockout mice were described previously (68, 71). The use of the animals
was approved by the animal care committee of the local government.

Treatment protocol. Wild-type (wt), TLR-2 knockout, and TLR-4 knockout
C57BL/6 mice (body weight, approximately 22 g) were each divided into four
groups. All groups received 5% DSS (ICN Biomedicals, Inc., Meckenheim,
Germany) to induce colitis. The DSS-treated control groups received either 100
wl of isotonic sterile saline by gastric gavage (n = 10) or by rectal installation
(n = 10) twice daily. The treatment groups received 100 wl of E. coli Nissle 1917
(10® CFU per ml) (DSM 6601, Mutaflor; Ardeypharm) twice daily either by
gastric gavage (n = 10) or by rectal installation (n = 10). Normal, non-DSS-
treated wt control C57BL/6 mice received either 100 pl of isotonic sterile saline
or 100 ul of 107 E. coli Nissle 1917 by gastric gavage. All treatments were
performed from day 0 until day 8 when the animals were evaluated after sacrifice.

Determination of disease activity. The well-established Rachmilewitz disease
activity index (DAI) was determined by an investigator blinded to the protocol
according to a standard scoring system (11, 48). The combined score of the extent
of body weight loss and detection of blood in the stool is defined as follows. Loss
in body weight was scored as: 0, no loss; 1, a 5 to 10% loss of body weight; 2, a
10 to 15% loss; 3, a 15 to 20% loss; and 4, a >20% loss. A fecal occult blood test
(hemoCARE; Care Diagnostica, Moellersdorf, Austria) was used to screen oc-
cult blood in the stool and was scored as follows: 0, no blood; 2, positive; and 3,
gross blood.

Histological grading of colitis. Colonic tissues were removed for histological
analysis and used to determine myeloperoxidase (MPO). For histological grad-
ing, the tissues were fixed in buffered 4% formalin, embedded in paraffin, cut into
5-um slices (colon and rectum), and stained with hematoxylin and eosin. The
sections were scored blindly by one investigator (A. Dankof) for histological
evidence of inflammation with a scoring system described in detail previously
(13). Briefly, the tissue samples were evaluated for the amount and depth of
inflammation with a range of 0 to 3 and the amount of crypt damage or regen-
eration with a rage of 0 to 4 as indicated in Table 1.

Determination of MPO activity. Colonic samples, including tissue from the
middle to distal colon, were obtained from all animals. Samples were rinsed with
cold phosphate-buffered saline, blotted dry, and immediately snap-frozen in
liquid nitrogen. The samples were stored at —80°C, thawed for analysis, and
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TABLE 1. Histological grading of colitis according
to Dieleman et al. (13)

1;?:3;? Grade Description
Inflammation 0 None
1 Slight
2 Moderate
3 Severe
Extent 0 None
1 Mucosa
2 Mucosa and submucosa
3 Transmural
Regeneration 4 No tissue repair
3 Surface epithelium not intact
2 Regeneration with crypt depletion
1 Almost complete regeneration
0 Complete regeneration or normal tissue
Crypt damage 0 None
1 Basal one-third damaged
2 Basal two-thirds damaged
3 Only surface epithelium intact
4 Entire crypt and epithelium lost
% Involvement 1 1-25
2 26-50
3 51-75
4 76-100

weighed, and 50 mg of tissue was suspended in 50 mM potassium phosphate
buffer (Kp; [pH 6.0], containing 0.5% hexadecyltrimethylammonium bromide
[0.1 g/20 ml Kp;]) (Sigma-Aldrich) and homogenized. A 1-ml sample of the
homogenate was sonicated by using a homogenizator (Sonoplus HD2070; Bande-
lin Electronic, Berlin, Germany) for 30 s, with continuous operation. The sample
was then centrifuged at 200 X g for 10 min at 4°C. The reaction was started by
mixing and incubating the supernatant (100 pl) at 20°C for 10 min with a solution
composed of 2,810 pl of 50 mM Kp;, 30 pl of 20 mg/ml O-dianisidine dihydro-
chloride (Sigma-Aldrich), and 30 wl of 20 mM hydrogen peroxide (Roth). After
10 min the reaction was terminated by the addition of 30 pl of 2% sodium azide,
and the absorbance was read at 460 nm in a spectrophotometer (ELx800 Uni-
versal Microplate Reader; Bio-Tek Instruments, Inc., Winooski, VT). The MPO
activity is expressed as the amount of enzyme necessary to produce a change in
absorbance of 1.0 per min per g of tissue (wet weight).

Flow cytometric analysis. For isolation of peripheral blood human or murine
T lymphocytes (PBT), peripheral blood mononuclear cells (PBMC) from healthy
volunteers or mice were isolated from heparinized venous blood by using Ficoll-
Hypaque density gradients. PBMC were then incubated for 30 min at 4°C with
magnetically labeled CD19, CD14, and CD16 antibodies directed against B
lymphocytes, monocytes, and neutrophils, respectively (Miltenyi Biotec, Inc.,
Bergisch-Gladbach, Germany). T cells were then collected by using a magnetic
cell sorting system (MACS; Miltenyi Biotec). For surface staining (TLR expres-
sion), human PBT were stimulated with anti-human CD3 (OKT3; 10 wg/ml) and
CD28 MAD (5 pg/ml) in the presence or absence of 40% (vol/vol) E. coli Nissle
1917-conditioned medium. After 48 h, the cells were collected, washed, and
stained with FITC-labeled TLR-2 and TLR-4 MAbs or with isotype-matched
nonspecific mouse MAb (Dako) for 30 min at 4°C. Cells were then washed twice
with flow buffer, fixed in 1% paraformaldehyde, and analyzed by using a single
laser flow cytometer (FACSCalibur; Becton Dickinson, California) using
CellQuest software (BD Pharmingen). Each analysis was performed on at least
10,000 events. To measure cytokine secretion, 10° murine T cells were isolated
and cultured in complete medium in the presence of stimulating anti-murine
CD3 (clone 145-2C11; 10 pg/ml) and CD28 (5 pg/ml) MAbs at 37°C and 5%
CO,. After 72 h, the supernatants were collected, and cytokine secretion was
determined by a cytometric bead array performed according to the manufactur-
er’s instructions (BD Pharmingen). Briefly, bead populations with distinct fluo-
rescence intensities, coated with capture antibody proteins, were mixed with
PE-conjugated detection antibodies, and recombinant standards or test samples
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were incubated to form sandwich complexes. After acquisition of sample data
using flow cytometry, the cytokine concentrations were calculated by using the
BD CBA analysis software.

Statistical analysis. Data are expressed as means * the SEM. Statistical
analysis for significant differences was performed by using analysis of variance,
the Student 7 test for parametric samples, and the Mann-Whitney rank sum test
for nonparametric samples (SigmaStat, version 2.03; Sigma, Chicago, IL).

RESULTS

E. coli Nissle 1917 increases TLR-2 and TLR-4 expression.
We have previously demonstrated that E. coli Nissle 1917 in-
creases the number of y/3- positive T cells (64). y/d T cells have
a protective role in various animal models of chronic inflam-
mation (34), and /8 T cells are known to express TLR-2
mRNA. Furthermore, TLR-2 knockout mice show an impaired
increase of y/8 T cells after exposure to native lipid A (38, 51).
We therefore assessed the expression of TLR-2 and TLR-4 in
PBT in response to E. coli Nissle 1917. As determined by flow
cytometric analysis, the mean fluorescence intensity of TLR-2
expression on PBT before coculture with E. coli Nissle 1917
was lower (52.6 = 6.3) than in the group treated with 40%
(volivol) E. coli Nissle 1917-conditioned medium (165.3 *
18.1) (P < 0.01). To a lesser extent, but also statistically sig-
nificant, the mean fluorescence intensity of TLR-4 expression
on PBT before coculture with E. coli Nissle 1917 was lower
(48.3 = 5.9) than in the group treated with 40% (vol/vol) E. coli
Nissle 1917-conditioned medium (91.1 = 8.6) (P < 0.05).

We next explored whether E. coli Nissle 1917-conditioned
medium utilizes the TLR pathway. We therefore transfected
TLR-2- and TLR-4-negative HEK 293 cells with plasmids en-
coding TLR-2 and TLR-4 and measured NF-kB activation
after exposure to E. coli Nissle 1917-conditioned medium. As
depicted in Fig. 1, E. coli Nissle 1917 supernatants induced a
significant dose-dependent increased in NF-kB activity in
TLR-2- and TLR-4-transfected cells, suggesting a TLR-2- and
TLR-4-dependent activation of NF-kB by E. coli Nissle 1917.
Lipoprotein (LP3), a known substrate for TLR-2 and LPS, a
well-known stimulator of TLR-4, were used as controls.
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FIG. 1. E. coli Nissle 1917-conditioned medium increases NF-xB
activity via TLR-2- and TLR-4-dependent pathways. After TLR-2 and
TLR-4 transfection, E. coli Nissle 1917-conditioned medium increases
NF-kB activity. HEK 293 cells were transiently transfected as de-
scribed in Materials and Methods. At 24 h after transfection cells were
stimulated with LP3 or LPS (concentration in ng/ml) or E. coli Nissle
1917 supernatants (EcN) (concentration in wl/ml) or controls in Dul-
becco modified Eagle medium. At 20 h after stimulation, cell extracts
were prepared for determination of luciferase activity by using a Lu-
ciferase Reporter Gene Assay. LP3 was used at 20 ng/ml only. Each
bar represents mean * the SEM value of three separate experiments.
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FIG. 2. Distinct effect of DSS application and E. coli Nissle 1917
treatment in wt mice and in TLR-2 and TLR-4 knockout mice. In
TLR-4 knockout mice, DSS application induced significantly fewer
symptoms of colitis compared to wt or TLR-2 knockout mice. wt mice,
but not TLR-2 knockout or TLR-4 knockout mice, treated with E. coli
Nissle 1917 showed a significant clinical improvement in disease activ-
ity, as evaluated with the DAI, compared to mice treated with 0.9%
NaCl. Colitis was induced by DSS application in wt mice, TLR-2
knockout mice, and TLR-4 knockout mice. Mice were subsequently
treated with an oral or rectal application of 107 E. coli Nissle 1917 (100
ul) or 0.9% NaCl (100 wl) twice daily for 8 days. After sacrifice, the
DAI was determined as described in Materials and Methods. Each bar
represents mean * the SEM value of 10 animals. *, P < 0.05 for
differences in E. coli Nissle 1917-treated groups versus saline-treated
animals.

E. coli Nissle 1917 ameliorates DSS-induced colitis only in
wt mice and not in TLR-2 and TLR-4 knockout mice. Acute
colitis was induced in wt, TLR-2 knockout, and TLR-4 knock-
out mice via administration of 5% DSS in the drinking water.
Orally treated animals received either sterile physiological sa-
line as DSS-treated control or 100 pl of 107 E. coli Nissle 1917
twice daily by gastric gavage from day 0 until they were sacri-
ficed on day 8. The rectally treated animals received either
sterile saline as DSS-treated control group or 100 wl of 107 E.
coli Nissle 1917 twice daily by rectal instillation from day 0 until
they were sacrificed by day 8. As evaluated with the well-known
Rachmilewitz DAI (11, 47, 49), wt and TLR-2 mice exposed to
5% DSS developed symptoms of acute colitis of comparable
degree, with diarrhea observed first, followed by rectal bleed-
ing and substantial weight loss (Fig. 2). In contrast, in TLR-4
knockout mice the DSS application induced significantly fewer
symptoms of colitis compared to wt and TLR-2 knockout mice
(P < 0.05) (Fig. 2). In wt mice both the oral and rectal admin-
istration of 107 E. coli Nissle 1917 clearly attenuated the se-
verity of DSS-induced colitis, as evaluated with the DAI, com-
pared to saline-treated control mice (Fig. 2). In contrast, when
colitis was induced by DSS in TLR-2 knockout or TLR-4
knockout mice, E. coli Nissle 1917 failed to improve the ex-
perimental colitis (Fig. 2). Accordingly, in wt mice, but not in
TLR-2 or TLR-4 knockout mice, E. coli Nissle 1917 treatment
resulted in a longer colon length compared to saline treatment
(data not shown).

Consistent with the results of body weight, DAI scores, and
colon length, histological assessment of colonic tissues using
the well-established Dieleman score (13), previously described
by Cooper et al. (11), revealed that the colons from DSS-
induced wt and TLR-2 knockout mice contained more severe
ulceration and inflammatory cell infiltrate than the colons from
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FIG. 3. Differential effect of E. coli Nissle 1917 treatment on in-
flammation and regeneration in wt mice but not in TLR-2 or TLR-4
knockout mice. In TLR-4 knockout mice DSS application induced
significantly less inflammation compared to wt or TLR-2 knockout
mice. wt mice, but not TLR-2 knockout or TLR-4 knockout mice,
treated with E. coli Nissle 1917 showed significantly less inflammation
or crypt damage and more regeneration, as evaluated with the Diele-
man index, compared to mice treated with 0.9% NaCl. Colitis was
induced by DSS application in wt mice, TLR-2 knockout mice, and
TLR-4 knockout mice. Mice were subsequently treated with an oral or
rectal application of 107 E. coli Nissle 1917 (100 1) or 0.9% NaCl (100
wl) twice daily for 8 days. After sacrifice, tissue samples were obtained
from the distal 5 cm of the colon and prepared for histological evalu-
ation as described in Materials and Methods. Each bar represents
mean * the SEM value of 10 animals. *, P < 0.05 for differences in E.
coli Nissle 1917-treated groups versus saline-treated animals.

wildtype

TLR-4 knockout mice (Fig. 3 and 4). In wt animals, oral or
rectal treatment with 107 E. coli Nissle 1917 significantly re-
duced mucosal damage and facilitated mucosal repair com-
pared to control treated wt mice (Fig. 3 and 4). Again, in
contrast to wt mice, the degree of extensive superficial ulcer-
ations and mucosal inflammatory reaction induced by DSS was
not reduced by E. coli Nissle 1917 treatment in TLR-2 or
TLR-4 knockout animals (Fig. 3 and 4). The distinct modula-
tion of the DAI and histological damage was confirmed by a
significant reduction in MPO activity in the colonic mucosa of
wt mice treated rectally with 107 E. coli Nissle 1917 compared
to DSS-treated control animals but not with TLR-2 knockout
or TLR-4 knockout mice (Fig. 5).

Modulation of cytokine secretion by E. coli Nissle 1917 in wt,
TLR-2 knockout, and TLR-4 knockout mice. Cytokines are
crucial for the proliferation and differentiation of T cells. Hav-
ing demonstrated that E. coli Nissle 1917 substantially amelio-
rated DSS-induced colitis in wt mice, we isolated T cells from
the peripheral blood of wt, TLR-2 knockout, and TLR-4
knockout animals treated with physiological saline or 107 E.
coli Nissle 1917 twice daily and stimulated the cells for 3 days
with anti-CD3 MAD. Then, the levels of TNF-a, IFN-v,
MCP-1, and IL-6 secretion were determined by cytometric
bead array analysis. In wt animals, E. coli Nissle 1917 treatment
significantly decreased the secretion of TNF-a, IFN-y, MCP-1,
and IL-10 (P < 0.01) (Fig. 6). In contrast, in TLR-2 knockout
mice, the secretion of TNF-o, MCP-1, and IL-10 was remark-
ably reduced compared to wt animals and was not modulated
by E. coli Nissle 1917 treatment. In these mice, only IFN-y
secretion was still elevated in saline-treated controls and could
be reduced by both oral and rectal administration of E. coli
Nissle 1917 (Fig. 6). In TLR-4 knockout mice, TNF-a, IFN-y,
IL-6, and IL-10 secretion was nearly completely abolished, and
MCP-1 secretion was dramatically reduced compared to wt
animals. In TLR-4 knockout mice, no differences in cytokine
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FIG. 4. Differential effect of E. coli Nissle 1917 treatment on mucosal damage in wt mice but not in TLR-2 or TLR-4 knockout mice. wt (A) and
TLR-2 knockout (C) mice exposed to 5% DSS developed symptoms of acute colitis to a comparable degree, with a patchy pattern of severe
mucosal damage characterized by a loss of crypts, necrosis, and the local influx of inflammatory cells into the lamina propria. (E) In contrast, in
TLR-4 knockout mice, DSS application induced significantly fewer symptoms of colitis compared to wt and TLR-2 knockout mice. E. coli Nissle
1917 treatment ameliorated the severity of DSS-induced colitis in wt mice (B) but not in TLR-2 knockout (D) or TLR-4 knockout (F) mice. DSS
colitis was induced as described in Materials and Methods, and mice were treated orally with 100 pl of 0.9% NaCl (A, C, and E) or 100 .l of 107
E. coli Nissle 1917 (B, D, and F). Control, non-DSS-treated wt C57BL/6 mice received, by gastric gavage, either 100 pl of isotonic sterile saline
(G) or 100 wl of 107 E. coli Nissle 1917 (H). After sacrifice at day 8, tissue samples were obtained from the distal 5 cm of the colon and prepared
for histological evaluation as described in Materials and Methods (hematoxylin and eosin stain; original magnifications, x100).

secretion between saline controls and E. coli Nissle 1917-
treated animals could be detected (Fig. 6).

DISCUSSION

The innate immune system has evolved to perform recogni-
tion of conserved molecular structures of microorganism re-
ferred to as pathogen-associated molecular patterns. Pathogen-
associated molecular patterns are recognized by corresponding
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FIG. 5. Distinct effect of DSS application and E. coli Nissle 1917
treatment on MPO activity in wt, TLR-2 knockout, and TLR-4 knock-
out mice. In TLR-4 knockout mice, DSS application induced signifi-
cantly less MPO activity in colonic tissue compared to wt or TLR-2
knockout mice. wt mice, but not TLR-2 knockout or TLR-4 knockout
mice, treated rectally with 107 E. coli Nissle 1917 showed a significant
decrease in MPO activity compared to mice treated with 0.9% NaCl.
Colitis was induced by DSS application in wt, TLR-2 knockout, and
TLR-4 knockout mice. Mice were subsequently treated with an oral or
rectal application of 107 E. coli Nissle 1917 (100 pl) or 0.9% NaClI (100
wl) for 8 days. After sacrifice, the MPO activity was determined as
described in Materials and Methods. Each bar represents mean =+ the
SEM value of 10 animals. *, P < 0.05 for differences in E. coli Nissle
1917-treated groups versus saline-treated animals.

receptors of the innate immune system, the so-called pattern
recognition receptors (2). TLRs are members of the pattern rec-
ognition receptor family and are characterized by an extracellular
domain with leucine-rich repeats and an intracellular domain
homologous to the Toll/IL-1R. TLR-2 is the principal receptor
for bacterial lipopeptides, and TLR-4 is the main receptor for
LPS (67). In the murine gut, TLR-2 and TLR-4 are expressed in
a compartmentalized manner and are upregulated during DSS-
induced colitis (42, 70). TLR-4 polymorphisms are associated
with Crohn’s disease and ulcerative colitis (40), which makes it
evident that alterations of the TLR expression and signaling are
critically involved in the pathogenesis of IBD.

In IBD, T cells expand in an uncontrolled fashion, causing
mucosal inflammation (63). We have previously demonstrated
that E. coli Nissle 1917 supernatants inhibit T-cell cycling and
expansion via the TLR-2 receptor pathway (64). Together with
the recent identification of TLRs on T-cell populations, it
became evident that TLRs not only recognize specific patterns
of microbial compounds but also regulate both the innate and
the adaptive immune systems (24).

In the present study, we demonstrated that the culture of
activated T cells with E. coli Nissle 1917 supernatants increases
TLR-2 and TLR-4 protein expression on the surface of PBMC,
demonstrating a bacterial control of TLR-2 and TLR-4 expres-
sion in PBMC to increase its influence on cell function. Oth-
erwise, E. coli Nissle 1917 would, by downregulating TLR
expression, limit its own effects, which seems to be counter-
productive. Recently, by demonstrating that mucosa-associ-
ated bacteria upregulate the expression of TLRs 1 to 4 in
epithelial cells, the ability of bacteria to increase TLR expres-
sion was confirmed by other groups (16).

Activation of signaling through TLRs results in recruitment
of the cytoplasmic adaptor molecule MyDS8S, activation of
serine/threonine kinases of the IRAK family, and ultimately
the degradation of IkB and translocation of NF-kB to the
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FIG. 6. Differential cytokine secretion in wt, TLR-2 knockout, and TLR-4 knockout mice. In wt animals, E. coli Nissle 1917 treatment
decreased the secretion of TNF-«, IFN-y, MCP-1, and IL-10. In TLR-2 knockout mice, only IFN-y secretion was still high in control animals and
reduced by E. coli Nissle 1917, whereas the secretion of TNF-a, MCP-1, and IL-10 was reduced compared to wt controls and not altered by E.
coli Nissle 1917 treatment. In TLR-4 knockout mice, TNF-a, IFN-vy, IL-6, and IL-10 secretion was nearly abolished, and MCP-1 secretion was
dramatically reduced compared to wt animals. A total of 10° freshly isolated PBT from wt, TLR-2 knockout, and TLR-4 knockout mice, treated
orally or rectally with 0.9% NaCl or 107 E. coli Nissle 1917, were cultured for 3 days in the presence of anti-CD3 and CD28 MAbs. Supernatants
were then collected, and cytokine secretion was analyzed by using a cytometric bead array assay. Each bar represents the mean *+ the SEM value
of 10 animals. *, P < 0.05 for differences in E. coli Nissle 1917-treated groups versus saline-treated animals.

nucleus (24, 56). After transfection of HEK 293 cells with
TLR-2 or with TLR-4 and MD2, we found that E. coli Nissle
1917 supernatants activated NF-«kB translocation, demonstrat-
ing that NF-«B is activated by E. coli Nissle 1917 via TLR-2-
and TLR-4-dependent pathways.

When acute colitis was induced by DSS application, wt and
TLR-2 knockout mice developed significantly more symptoms
of acute colitis than TLR-4 knockout mice, indicating that
TLR-4 expression is required to fully develop mucosal damage
in the DSS-induced model of acute colitis. Recently, it has
been demonstrated that MyD88 knockout, TLR-2 knockout,
and TLR-4 knockout mice exhibit increased susceptibility to
DSS-induced colitis, as reflected by significantly higher lethal-
ity and higher clinical and histological scores compared to wt
mice (1, 50). However, in contrast to our study design, no
macroscopic or microscopic signs of intestinal inflammation
were observed in their wt controls that were treated with low
concentrations of 1.2 or 2% DSS in the drinking water (1, 50).
Furthermore, the animals used in the study by Rakoff-Nahoum
et al. (50) differed in genetic background (these authors used
F, generations from 129/Sv] X CS57BL/6 crosses) and were
bred and maintained under specific-pathogen-free conditions
(1, 50). Since the presence of the intestinal microflora is re-
quired in most models of experimental colitis to obtain muco-
sal inflammation (6, 9), we maintained our mice in non-patho-
gen-free conventional housing conditions. Thus, although
confirming the important link between the innate immune
system and TLRs, the different study designs make it difficult
to compare the two studies.

E. coli Nissle 1917 is used as therapy for ulcerative colitis and
pouchitis; however, the underlying effects are still elusive.
Schultz and coworkers demonstrated that orally administered
E. coli Nissle 1917 reduces the secretion of IFN-y and IL-6 in
DSS-treated mice compared to DSS-treated controls but did
not ameliorate mucosal inflammation (59). In contrast, in the
CD4" CD62L™ transfer model of chronic colitis, E. coli Nissle
1917 was found to reduce the secretion of proinflammatory
cytokines and to ameliorate intestinal inflammation as well
(59). More recently, Kamada et al. (26) reported that the oral
application of E. coli Nissle 1917 to DSS-treated mice signifi-

cantly ameliorated body weight loss, DAI scores, and macro-
scopic and microscopic damage of the gut mucosa. Our data
are in accordance with those of Kamada et al., demonstrating
that orally administrated E. coli Nissle 1917 ameliorates mac-
roscopic and microscopic disease activity in C57BL/6 mice. In
addition, we expanded this observation by showing that the
rectal application of E. coli Nissle 1917 is even more efficient at
ameliorating DSS-induced colitis. Modulation of disease activ-
ity by E. coli Nissle 1917 is not necessarily a specific effect of
this bacterial strain. It may be speculated that other E. coli
strains exert comparable effects in this model; however, E. coli
Nissle 1917 is currently the only E. coli strain fulfilling safety
requirements needed to treat humans. Therefore, from a ther-
apeutic point of view, it does not seem relevant to evaluate the
effect of a nonprobiotic E. coli strain in a therapeutic model of
IBD. Interestingly, in contrast to wt mice, E. coli Nissle 1917
lost its protective function and did not ameliorate the macro-
scopic DAI score, the microscopic inflammation, or the re-
cruitment of neutrophils into the intestinal mucosa in TLR-2
knockout or TLR-4 knockout mice.

Mucosal inflammation is initiated and perpetuated by the
secretion of proinflammatory and chemotactic cytokines, and
potent anti-inflammatory drugs are able to inhibit their release
(3, 4). E. coli Nissle 1917 given orally or rectally to wt mice,
significantly reduced the secretion of the proinflammatory an-
tigen-specific T helper type 1 (Thl)-derived cytokines TNF-a
and IFN-vy, as well as the chemokine MCP-1. There was a
corresponding decrease in neutrophil infiltration and reduced
MPO activity in the intestinal mucosa that confirmed the bio-
logical relevance of this finding. MyD88 knockout mice have a
profound defect in the activation of the Th1 but not the Th2
immune response (56). However, the role of distinct TLRs is
not completely explored yet, since it has been demonstrated by
others that TLR-2 ligands are adjuvants for human Thl re-
sponses (61). Using TLR-2 knockout mice, we demonstrated
that, despite the lack of TLR-2, IFN-y secretion still takes
place and is modulated by E. coli Nissle 1917. In contrast,
MCP-1 secretion was abolished in these mice, and TNF-a and
IL-10 secretion was low and not modulated by E. coli Nissle
1917. Distinct from TLR-2 knockout mice, cytokine secretion
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was also altered in TLR-4 knockout mice in which TNF-q,
IFN-vy, and IL-10 secretion was not detectable, and MCP-1
secretion five times lower than in wt animals. Our data thus
confirm the important role of TLR signaling in the activation
of Thl immune response and support the notion that innate
immune recognition is generally required for the initiation of
adaptive immune responses. Furthermore, we provide evi-
dence that the defects in cytokine secretion and responsiveness
toward microbial patterns are distinct between TLR-2 and
TLR-4 knockout mice.

In conclusion, our data provide clear evidence that E. coli
Nissle 1917 ameliorates experimental colitis and that TLR-4
signaling is involved in the development of DSS-induced colitis
in mice. E. coli Nissle 1917 modulates T-cell expansion and
cytokine release by T cells through TLR-2 and TLR-4-depen-
dent pathways, providing strong evidence that innate and
adaptive immune responses are functionally linked.
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