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Background: In the course of inflammatory bowel diseases (IBD) and acute murine ileitis following peroral
Toxoplasma gondii infection, commensal Escherichia coli accumulate at inflamed mucosal sites and
aggravate small intestinal immunopathology.

Aim: To unravel the molecular mechanisms by which commensal E coli exacerbate ileitis.

Methods: lleitis was investigated in mice that lack Toll-like receptors (TLR) 2 or 4, specific for bacterial
lipoproteins (LP) or lipopolysaccharide (LPS), respectively. Gnotobiotic mice, in which any cultivable gut
bacteria were eradicated by antibiotic treatment, were used to study the role of LPS in ileitis.

Results: Microbiological analyses revealed that E coli increase in the inflamed ileum. TLR4™/~, but not TIR2 ™/~
mice displayed reduced mortality and small intestinal immunopathology. Decreased interferon (IFN)-y and nitric
oxide (NO) levels in the inflamed terminal ileum of TLR4™/~ mice indicated that TLR4 signalling aggravates ileitis
via local mediator release from immune cells. E coli strains isolated from the inflamed ileum activated cultured
mouse macrophages and induced TLR4-dependent nuclear factor kB activation and NO production in human
embryonic kidney 293 cells and in peritoneal macrophages, respectively. Most strikingly, in contrast with wild-
type mice, gnotobiofic TLR4 ™/~ mice were protected from induction of ileitis by treatment with purified E colilipid
A or colonisation with live E coli. Finally, prophylactic treatment with the LPS scavenger polymyxin B ameliorated
T gondii-induced ileitis.

Conclusion: These findings highlight the innate immune system as a key player in T gondii-induced ileal
immunopathology. Treatment with LPS or TLR4 antagonists may represent a novel strategy for prophylaxis

(CD) and ulcerative colitis are characterised by chronic

intestinal inflammation with acute episodes." Commensal
gut bacteria aggravate IBD, and the disturbance of mucosal
barrier functions results in increased immunoreactivity against
bacterial antigens.”™ In patients with active intestinal inflam-
mation, Gram-negative bacteria (such as Escherichia coli or
Bacteroides spp, etc) accumulate at the inflamed tissue sites and
potentiate immunopathology by translocation via microlesions
and ulcerations.”” These bacterial groups are also suspected to
trigger intestinal inflammation in the course of acute graft-
versus-host disease after bone marrow transplantation.®”’
Although the role of commensal gut bacteria in colitis has
been studied in a number of experimental models,'*"* our
knowledge on their contribution to ileitis is still limited.”
Recently, we have described that acute murine ileitis induced
by peroral infection with the parasite Toxoplasma gondii is
accompanied by a rigorous E coli overgrowth in the terminal
ileum." * Within 8 days after infection, commensal E coli
increase by 8-11 orders of magnitude reaching levels of up to
10" bacteria per gram ileum content.” " Most importantly,
the presence of commensal E coli in the ileum was found to be
essential for the induction and progression of T gondii-induced
ileal immunopathology. Worsening of ileal histopathology as
well as levels of interferon (IFN)-vy and nitric oxide (NO)' were
suppressed by antibiotic treatment.” Thus, T gondii-induced
ileitis resembles some important microbiological aspects of
human IBD, as it displays both ileal bacterial overgrowth and
bacteria-driven Th1-type inflammation.'* To date, mechanisms
by which bacteria aggravate T gondii-induced ileal inflammation

Inﬂammatory bowel diseases (IBD) such as Crohn’s disease

and/or therapy of small intestinal inflammation in IBD.

have not been investigated in detail. The high numbers of E coli
in the inflamed ileum point towards an important role of
bacterial lipoproteins (LP) or lipopolysaccharides (LPS) in the
exacerbation of ileal immunopathology.” LP and LPS are
specifically sensed by the innate immune system via Toll-like
receptors (TLRs) 2 and 4, respectively.'”” TLR4 has been shown
to be of primary importance for elicitation of cytokine responses
to whole Gram-negative bacteria, whereas TLR2 is the main
sensor of Gram-positive pathogens. Both receptors are
expressed in the murine intestinal mucosa and, similar to
human IBD, their expression is upregulated in the inflamed
colon.'®* In experimental colitis, TLR-mediated sensing of gut
bacteria has been suggested to play a role in intestinal
homeostasis and to limit bacterial translocation.”* It was
furthermore demonstrated that the TLR/IL-1-signalling adapter
protein MyD88 is essential for limiting T gondii dissemination
and that TLR9 plays an essential role in the development of
T gondii-induced ileitis.** Further results suggest that TLRs 2
and 4 could interfere with systemic parasite-related immune
responses.”* To unravel the mechanism by which Gram-
negative commensal gut bacteria trigger inflammation in the

Abbreviations: CD, Crohn’s disease; cfu, colony-forming units; DGGE,
denaturing gradient gel electrophoresis; HEK, human embryonic kidney
cells; IBD, inflammatory bowel disease; LP, lipoprotein; LPS,
lipopolysaccharide; IFN-v, interferon gamma; MLN, mesenteric lymph
nodes; NF«B, nuclear factor kB; NO, nitric oxide; pi, postinfection; RPMI,
Rosewell Park Memorial Institute; PBS, phosphate-buffered saline; PM,
eritoneal macrophage; SNP, single-nucleotide polymorphisms; TLR, Toll-
ike receptor
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small intestine and to determine contributions of gut bacterial
products to ileitis, we investigated small intestinal inflamma-
tion and gut microflora changes in mice lacking TLRs 2 and 4,
which did not show altered T gondii dissemination in mice.”” To
further elucidate sensing of bacterial agents via these TLRs, we
re-investigated the role of bacterial LPS and E coli in TLR-
mediated immunopathology by using gnotobiotic mice, lacking
any cultivable gut microflora due to quintuple antibiotic
treatment.” Finally, we examined whether ileitis could be
prevented or treated with polymyxin B, a known LPS
scavenger.”®

MATERIALS AND METHODS

Mice, parasites and ileitis induction

C57BL/10ScSn (wild type),=> TLR2 '~ (Tularic, San Francisco,
California, USA,* backcrossed six times to C57BL/10ScSn
mice’ *2), TLR4 '~ (C57BL/10ScN, carrying a deletion of the
TLR4 gene”*'), TLR2™/~/TLR4 /~ (TLR2 /" backcrossed six
times to TLR4 '~ C57BL/10ScN mice®), C57BL/6 and NMRI
mice were bred in the Forschungsinstitut fiir Experimentelle
Medizin (Berlin, Germany). Mice were infected perorally with
100 T gondii cysts (strain ME49) from homogenised brains of
intraperitoneally infected NMRI mice in a volume of 0.3 ml
phosphate-buffered saline (PBS, pH 7.4) by gavage, as
described previously."

Generation of gnotobiotic mice

The cultivable gut flora of 8-week-old mice was eradicated by
quintuple antibiotic treatment as described previously.”
Resulting animals were designated ““gnotobiotic” according to
the term “gnotos bios” ( = defined life) in the sense that live
bacteria are absent in the gut of these mice.

Defined colonisation and LPS treatment of gnotobiotic
mice

E coli strain M (an isolate from the ileum of a diseased mouse)
was given to gnotobiotic mice by gavage for three consecutive
days starting 6 days before T gondii infection as described
previously.” Gnotobiotic mice received 15 pg/ml of sterile
purified E coli serotype R515 lipid A (Axxora Life Sciences,
Griinberg, Germany) in autoclaved drinking water until day 9
postinfection (pi) starting 6 days before T gondii infection. This
highly purified lipid A preparation was tested by the supplier
for the absence of any contaminant interacting with innate
immunity receptors other than TLR4.

Prophylactic and therapeutic treatment of ileitis with
polymyxin B

Mice received 50 mg/kg/day polymyxin B sulphate (EURO OTC
Pharma, Kamen, Germany) in PBS perorally by gavage twice
daily. To avoid any interference of polymyxin B with T gondii,
the antibiotic was withheld 24 h before and after infection. In
prophylactic and therapeutic treatment regimens, the admin-
istration of antibiotic was started 5 days before and after
T gondii infection, respectively.

Sampling procedures, histological scoring, parasite
loads and intestinal length

Mice were killed with Halothan® (Eurim-Pharm, Miilheim,
Germany). Samples from liver, spleen, mesenteric lymph nodes
(MLN) and terminal ileum were removed under sterile
conditions. Bacterial translocation was determined by the
cultivation of tissue homogenates. Histological scores and
parasite loads were determined as described" in formalin-fixed
and paraffin-wax-embedded tissue sections taken from the
terminal ileum. The relative shortening of the small intestine
was calculated by dividing the difference in the mean length of
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small intestines in naive control mice and the respective length
of small intestine at day 8 pi multiplied by 100 with the mean
length of small intestines in naive control mice (relative
shortening in length = (mean day 0—day 8 pi) x100/mean day
0). Results were expressed as percentage shortage.

Cultural and molecular microflora analysis

Culture-based and growth-independent analyses of the gut
flora were performed as described.” For molecular analyses,
luminal content of the terminal ileum was suspended in PBS
and subjected to PCR amplification of bacterial 16S rRNA
genes. The amplicons were analysed by denaturing gradient gel
electrophoresis (DGGE) as described previously."”

Determination of IFN-y and NO concentrations

Ileum samples (~1 cm?, 50-100 pg each) were removed and
cultured in 24-well flat-bottom culture plates (Nunc,
Wiesbaden, Germany) containing 500 pl serum-free RPMI
(Rosewell Park Memorial Institute) medium containing peni-
cillin/streptomycin for 18 h at 37°C. IFN-y and NO concentra-
tions in supernatants were determined by ELISA (BD
Biosciences, Heidelberg, Germany) and by Griess reaction,
respectively, as described previously."”

Interaction of isolated E coli strains with TLR4 and TLR2
in vitro

The ability of E coli M to activate TLR4 or TLR2 signalling was
determined in transfected human embryonic kidney cells
(HEK293) transiently expressing human TLR4 or TLR2 from
plasmids.” In brief, transfection of cell layers displaying 50—
80% confluence with plasmids carrying human TLR4 or TLR2
c¢DNAs was performed with the FuGENE 6 Transfection
Reagent (Roche Diagnostics, Mannheim, Germany) following
the manufacturer’s instructions. Cells were co-transfected with
plasmids containing a luciferase reporter gene under the
control of a nuclear factor B (NFkB)-activated promoter
(120 ng) and the B-galactosidase gene under the control of the
respiratory syncytical virus promoter (40 ng), to correct for
differences in transfection efficiency. Transfected cells were
incubated with heat-inactivated bacteria (see below) or purified
TLR2 and TLR4 ligands, Pam,Cys (EMC Microcollections,
Tiibingen, Germany) and LPS (Sigma, Munich, Germany), at
concentrations of 100 ng/ml each, respectively. After 20 h, cell
extracts were prepared for determination of luciferase and B-
galactosidase activity using the Luciferase and p-Gal Reporter
Gene Assay (Roche, Mannheim, Germany). For heat inactiva-
tion, bacteria grown in appropriate liquid media were harvested
by centrifugation, washed with PBS and suspended in PBS to
an optical density of 1 at 600 nm (1x10° bacteria/ml). These
suspensions were incubated at 95°C for 30 min and 100 pl of
the suspension was added to transfected cells in 400 pl
Dulbecco’s modified Eagle’s medium culture (PAA
Laboratories, Colbe, Germany). E coli M isolated from inflamed
mouse ileum and the E coli reference strain ATCC 29522 were
used in experiments.

Interactions of intestinal bacteria with mouse
macrophages

E coli strain M, E coli reference strain ATCC29522 and reference
strains of Lactobacillus johnsonii (DSM10533) and L acidophilus
(DSM20079) were used for coculture experiments. Peritoneal
macrophages (PMs) were prepared and cultured in RPMI (PAA
Laboratories, Germany) medium with 5% fetal calf serum
(Biochrom, Berlin, Germany) as described previously.” For
stimulation assays, 10 pl of the suspensions with heat-
inactivated bacteria (see above) were added to cells in 90 pl
RPMI medium with 5% fetal calf serum. After 24 h the
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Figure 1 SurV|v<:1| rates and ileal immunopatholo y in TLR2~/~, TIR4™/~
or TIR2/4~/~ mice. (A) Mortality was monltored aily in T ondii-infected
wild- “type mice (WT, black squares, n=10) and in mlce |dci|ng TIR2
(TLR2 , dark grey squares, n= 11), TLR4 (TLR4~/~, light grey squares,
=11) or both (TLR2/4/~, white squares, n=8). Data are from at least
two independent experlments Survival was monitored until day 22
postinfection. Significance levels were determined by Kaplan-Meier
analysis. p Values for significant and non-significant lege)rences
(determined by log rank fest) are shown in black and light grey,
respecfively). (B) Histopathology of the terminal ileum in WT mice (n=5)
and in mlce lacking TLR2 (TLR2™/~, n=5), TLR4 (TLR4~/~, n=>5) or both

(TIR2/47/~, n=5) at day 9J)| SDs and significance levels (as compared
with WT cn|m0|s) determined by Student's t test are indicated (**p<<0.01;
***6<0.001).

supernatants were removed and analysed for NO concentration
by the Griess reaction (see above). RAW264.7 macrophages
were grown under standard conditions in RPMI (PAA
laboratories) with 2% fetal calf serum. Control cells were
incubated with Pam,Cys (EMC Microcollections) and LPS
(Sigma).

Statistical analysis
Levels of significance were determined using appropriate tests.
p Values of <0.05 were considered significant.

RESULTS

TLR4 signalling increases ileal immunopathology
Commensal E coli increase strongly during T gondii-induced
ileitis and aggravate small intestinal inflammation.” To
determine whether bacterial TLR2 or TLR4 ligands may be
involved in triggering ileitis, we investigated ileal inflammation
in C57BL/10 wild-type mice and in mice lacking TLR2, TLR4 or
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Figure 2 Promﬂammaiory mediator concentrchons in the ileum of wild-
type TLR2 ™/, TLIR4™/~ and TLR2/4~/~ mice. (A) Interferon gamma (IFN-
v) concentrations in supernatants of ileum cultures from heahhy (white burs)
and diseased (black l:)ars) wild- -type (WT n=>5), TIR2™/~ (n=5), TIR4~/~
(n=>5) and TLR2/4~/~ (n=3) mice. llea from mice with ileitis were
analysed at day 9 postinfection SD and significance levels (as compared
with WT) determined by Student's t test are indicated (*p<0.05). (B)
Nitric oxide (NO) concentrations in supernatants of ileum cu|tures from
heahhy (white bars) and dlseased (black bars) WT (n=5), TIR2~/~ (n=5),
TIR4™7~ (n=5) and TLR2/4~/~ (n=3). SD and levels of significance (as
compared with WT animals with ileitis) determined by Student's t test are
indicated (p<0.05; **p<0.01).

both (fig 1) at day 9 T gondii pi. Kinetics of mortality (fig 1A)
and histopathology (fig 1B) in C57BL/10 WT mice indicated
that the severity of ileitis at day 9 pi was comparable to that
observed in C57BL/6 animals at day 8 pi for which the model
was established originally." '> Most strikingly, the TLR4 "/~ and
TLR2/4~'~ animals displayed reduced mortality (fig 1A) and
ileal immunopathology (fig 1B) as compared with wild-type
and TLR2™/~ mice. Reduced immunopathology in TLR4-
deficient mice was associated with decreased levels of IFN-y
(fig 2A) and NO (fig 2B), both mediating tissue damage in the
ileum.'* Most importantly, parasite dissemination in the ileum
was affected by neither TLR2 nor TLR4 deficiency, since
tachyzoite numbers in small intestinal sections did not differ
between experimental groups (not shown).

Composition of ileum microflora in mice lacking TLR2
and/or TLR4

Having shown that E coli overgrowth in the terminal ileum
profoundly contributes to the severity of T gondii-induced
ileal inflammation,” we compared the composition of ileum
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Figure 3 Changes in the composition of gut flora in the course of ileal
inﬂqmmqﬁon. (A) Detection of predominant bacterial communities in the
healthy and inflamed ileum by molecular analysis. Genetic fingerprints of
the ileal flora were eneratecrby denaturing gradient gel electrophoresis
(DGGE) analysis oF%acterial 16S rRNA genes amplified by PCR from the
total DNA of ileal gut content taken from healthy mice (n = 3) and from mice
with ileitis (n=5) at day 9 postinfection (as indicated above the lanes).
Results are shown for wild-type (WT) mice and for mice lacking TLR2, TLR4
or both as indicated above the lanes. Sequence analysis revealed that DNA
bands disappearing (open arrow) and appearing (Z;lqck arrow) during
ileal inflammation refer to Lactobacillus spp and Enterobacteriaceae,
respectively. The DGGE profiles are representative for at least three mice
per group and experiment. Results were reproduced in two independent
experiments. (B) Composition of the gut flora in healthy and inflamed ileum.
Bacterial counts (cfu, colony-forming units) in ileal content from healthy
animals (n=6) and from mice with severe ileitis at day 9 pi (n=9). E coli,
lactic acid bacteria (LAB) (mainly lactobacilli) and Bacteroides/Prevotella
spp (B/P) were identified by biochemical analysis and by sequence
andlysis of the 16S rRNA genes. Results are sKown for WT and for mice
lacking TLR2, TLR4 or both (TLR2/47/~). SD and significance levels (as
compared to the healthy condition) determined by Student's t test are
indicated (*p<<0.05).

microflora in healthy and diseased wild-type mice and in mice
lacking TLR2, TLR4 or both. DGGE profiling showed that ileal
inflammation was accompanied by a profound shift in flora
towards enterobacteria, replacing lactobacilli, usually predomi-
nant in the healthy ileum (fig 3A). A detailed culture analysis
demonstrated that concentrations of the major gut bacterial
groups did not differ between wild-type and TLR-deficient
mice, irrespective of the degree of inflammation (fig 3B). Wild-
type mice and mice lacking TLR2, TLR4 or both developed a
profound E coli overgrowth during ileitis (fig 3B). Genetic
fingerprints generated by RAPD-PCR revealed that the E coli
strains accumulating in the inflamed mouse ileum originated

www.gutinl.com

Heimesaat, Fischer, Jahn, et al

from the normal gut flora of healthy mice (data not shown).
Gram-positive rods (including lactobacilli and clostridia) were
slightly reduced but did not change significantly during
inflammation (fig 3B). Levels of Enterococcus spp (E faecalis,
E faecium and E gallinarum) and Bacteroides/Prevotella spp
(B ovatus, B merdae, B uniformis, B vulgatus and B thetaiotaomicron,
P oralis and P buccae) tended to increase in the inflamed ileum
(not significant; fig 3B).

TLRs 2 and 4 are not required for limiting bacterial
translocation

The final stages of T gondii-induced ileitis are accompanied by
bacterial translocation, which is caused by bacterial colonisa-
tion of microlesions in the inflamed epithelium."” As TLR4 has
been suggested to be required for limiting bacterial transloca-
tion in experimental colitis,”” we determined the concentration
of live E coli in MLNSs, spleen, liver and cardiac blood taken from
wild-type mice and from TLR2™/~, TLR4 /~ and TLR2/4 '~
animals with ileitis (at day 9 pi). Commensal E coli were found
in MLNs, spleen and liver. However, neither TLR2 nor TLR4
were required for limiting bacterial translocation, as animals
carried comparable E coli concentrations in the respective
organs (10°-10° bacteria/g, not shown). Live bacteria were
never detected in cardiac blood.

Murine intestinal E coli strains initiate immune
responses via TLR4 in vitro

To further investigate whether commensal mouse E coli strains
initiate inflammatory responses via TLRs 2 or 4, we analysed
the capacity of E coli strain M, an isolate from the inflamed
mouse ileum, to activate NFkB in HEK293 cells expressing
human TLR2 or TLR4 in vitro. The analysis of TLR-dependent
NF«kB activation revealed that E coli M interacts with both TLRs
(fig 4). The TLR-mediated responses were similar to the
reference strain E coli ATCC29522. When compared with the
natural TLR4 and 2 ligands, LPS and Pam,Cys, respectively
(fig 4A and B), both E coli strains mediated strong TLR4-
(fig 4A) but weak TLR2-signalling (fig 4B). The inflammatory
potential of E coli strains was further examined in PMs isolated
from wild-type, TLR2™/~, TLR4™/~ and TLR2/4~'~ mice. E coli-
mediated NO production by PMs was strictly TLR4-dependent.
PMs isolated from TLR4 '~ and TLR2/4/~ mice did not
respond to E coli M (fig 4C). The fact that the reference strains
of lactobacilli (L acidophilus and L johnsonii) failed to induce NO
release in PMs (fig 4C) strongly suggests that E coli LPS could
be involved in triggering inflammation. As the Lactobacillus
species dominate the gut flora in healthy mice (fig 3B), we
studied the influence of E coi M and L johnsonii on the
activation of cultivated RAW264.7 macrophages, responding to
both TLR2 and TLR4 ligands (fig 4D). Although E coli M, LPS
and Pam,Cys induced strong NO production at similar levels,
the response to L johnsonii was at the detection limit (fig 4D).
Most interestingly, E coli M-induced NO release was reduced by
heat-inactivated L johnsonii lysate (fig 4D) in excess (10 times
more than E coli M lysate). These results suggest that the
composition of gut flora in the healthy ileum provides an
environment that downregulates immune responses induced by
Gram-negative bacteria.

E coli and purified LPS aggravate ileitis via TLR4 in
gnotobiotic mice

The role of E coli LPS in the exacerbation of ileal inflammation
was further investigated in gnotobiotic mice generated by
quintuple antibiotic treatment” as described in the Materials
and methods section. T gondii-infected gnotobiotic mice did not
develop ileitis. Most strikingly, mono-association with E coli M
aggravated ileitis in gnotobiotic wild-type mice and in mice
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Figure 4 In vitro initiation of inflammatory responses via Toll-like receptors (TLRs) by E coli isolates from the inflamed mouse ileum. (A) Mouse commensal
E coli increase nuclear factor kB (NF«B) activity via TLR4. Human embryonic kidney cells (HEK293) transiently transfected with human TLR4 were incubated
with purified liposaccharide (LPS), with heat-inactivated E coli M (EcM, isolated from inflamed mouse ileum) or the E coli reference strain ATCC29522
(Ec29522). Each bar represents mean values of two individual measurements. SD and significance levels (as compared with control cells without stimulation,
w/o) determined by Student's t test are indicated (**p<0.01). Similar results were obtained for repeated analyses of four additional E coli strains isolated
from the mouse ileum (not shown). (B) E coli-mediated NF«B activation via TLR2. HEK293 cells transientl trans(ected with human TLR2 were incubated with
the purified TLR2 ligand Pam,Cys (P2C) or with bacterial cell lysates from EcM (isolated from inflamed mouse ileum) or from the E coli reference strain
ATCC29522 (Ec29522). Each bar represents mean values of two separate measurements. SDs and significance levels (as compared with control cells
without bacterial lysates) determined ﬁy Student's t test are indicarecf *p<0.05; **p<0.01). Similar results were obtained for repeated analyses of four
additional E coli strains isolated from the mouse ileum (not shown). (C) TLR-dependent activation of mouse PMs by commensal bacteria. PMs isolated from
wild-type mice (WT) and from mice lacking TLR2 (TLR2~/), TLR4 (TLR4~/~) or both (TLR2/4~/~) (n=3 each group) were incubated with purified LPS or
heat-inactivated bacteria as indicated (EcM isolated from inflamed mouse ileum; E coli reference strain ATCC29522, Ec29522; L johnsonii, Lj; L acidophilus,
La). Cells without LPS treatment or bacterial stimulation served as controls (w/o). Each bar represents mean values of duplicate measurements. SDs and
significance levels (if compared to WT) determined by Student's t test are indicated (*p<0.05; **p<<0.01; **p<<0.001). Results are representative for two
independent experiments. (D) Nitric oxide (NO) release in cultivated RAW264.7 mouse macrophages. Cells were incubated with P2C, LPS or lysates from E
coli (Ec), Lj or both (EcM + Lj). Each bar represents mean values of duplicate measurements. SDs and significance levels (if compared with the non-stimulated

control (w/o)) determined by Student's t test are indicated (**p<<0.01).

lacking TLR2, whereas TLR4 /~ and TLR2/4/~ mice displayed
significantly less ileal inflammation, as indicated by lower
histopathological scores (fig 5A). E coli counts in the ileum
(10°-10'° per gram gut content) did not differ significantly
within animal groups irrespective of their TLR status. In the
ileum of wild-type mice without T gondii-infection mono-
association with E coli did not induce immunopathology (not
shown). As TLR4 is highly specific for the conserved lipid A
component of bacterial LPS, gnotobiotic wild-type mice and
mice lacking TLR4 were treated with purified E coli lipid A
(starting 6 days before T gondii infection until day 9 pi). The
comparison of histological scores displayed by LPS-treated
mice, gnotobiotic animals mono-associated with E coli and SPF
mice (fig 5B) revealed that in wild-type mice oral administra-
tion of purified lipid A aggravated immunopathology, as did
mono-colonisation of gnotobiotic mice with live E coli (fig 5A,
B). However, immunopathology displayed by gnotobiotic
LPS-treated or E coli-colonised TLR4 /™ mice was significantly
lower, indicating that TLR4 is essential for LPS-mediated small
intestinal immunopathology.

Amelioration of ileitis by peroral antibiotic treatment
with polymyxin B

To determine whether TLR4-mediated sensing of E coli LPS could
be used as target for the amelioration of ileitis, we treated T gondii-
infected C57BL/6 mice, displaying slightly increased mortality

due to ileitis than C57BL/10 mice, with the LPS antagonist
polymyxin B.** Survival was determined for animals treated with
placebo (n=15) or with polymyxin B starting 5 days before
(n=19) or after (n=25) T gondii infection. Both regimens
ameliorated ileitis, as treated animals displayed higher survival
rates than untreated mice. At day 8 pi, when all control mice had
died, 63.2% and 48% of the prophylactically and therapeutically
treated mice, respectively, were still alive. From the respective
treatment groups, 5.3% and 4% of animals survived until day 28
pi (not shown). At day 8 pi, significantly lower immunopathology
scores were observed in the ileum of prophylactically treated
animals (fig 6A) and this was paralleled by decreased concentra-
tions of NO in the ileum (fig 6B). As ileal inflammation is
accompanied by a significant shortening of the upper intestinal
tract,” we determined the lengths of the small intestine (fig 6C).
In mice with severe ileitis at day 8 after T gondii infection, the
lengths of the small intestines were reduced by 19.0% (4.8%)
compared to healthy controls (fig 6C). Animals treated prophy-
lactically with polymyxin B displayed significantly less shortening
of the upper intestinal tract. Microbiological analysis in poly-
myxin B-treated mice at day 8 pi confirmed that E coli was
selectively eradicated (table 1).

DISCUSSION
Murine small intestinal inflammation following peroral T gondii
infection is a suitable model for studying mechanisms by which
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Figure 5 Induction of ileitis in gnotobiotic mice (Gb) by mono-association
with E coli or treatment with purified lipid A. (A) Immunopathology of the
ileum in gnotobiotic mice Gb (white bars) and in Gb mice colonised with E
coli (grey bars) at day 9 postinfection. Results for wild-type (WT) mice
(n=3) and for mice lacking TLR2 (TLR2™/~, n=3), TLR4 (TLR4~/~, n=3) or
both TLRs (TLR2/4~/~, n=3) are presented as mean values. SDs and levels
of significance (as compared with WT animals and mice lacking TLR2) were
determined by Student's t test as indicated (*p<<0.05). (B) Influence of oral
lipid A administration on ileal immunopcthoﬁ)gy in Gb WT (black bars;
n=4) and in Gb mice lacking TLR4 (TLR4~/~, white bars, n=4). Gb mice
treated with PBS (WT, n=22; TLR4~/~, n=7), colonised with E coli (WT,
n=16; TIR4 /", n=7), or SPF animals (WT, n=22; TIR4/~, n=9)
served as controls. The severity of ileitis was determined at day 9
postinfection. Results from at least two experiments are presented as mean
values. SDs and levels of significance (as compared to WT animals) were
determined by Student's t test as indicated (***p<<0.001).

bacteria aggravate small intestinal inflammation. Similar to
human IBD, it displays ileal overgrowth, bacterial translocation
and Thl-type ileal inflammation. The fact that E coli, but not
lactobacilli, had a strong inflammatory potential in T gondii-
infected gnotobiotic mice provided strong evidence that LPS or
LPs from Gram-negative bacteria trigger ileitis.”” The finding
that TLR4-, but not TLR2-signalling potentiated ileitis in the
present study underlines the role of E coli LPS in the induction
and aggravation of small intestinal inflammation. This was
corroborated by treating gnotobiotic animals with purified lipid
A, which induced inflammation at levels comparable with E coli
colonisation. In addition, E coli strains isolated from the mouse
gut initiated strong TLR4-dependent immune responses in vitro.
The fact that at day 9 pi WT and TLR-deficient mice carried live
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E coli in MLN, spleen and liver at comparable concentrations
indicates that neither TLR2 nor TLR4 influences translocation
of bacteria from the small intestine, which results in the direct
contact of E coli compounds with immune cells. In the context
of decreased IFN-y and NO levels observed in the ileum of
TLR4-deficient mice, these results demonstrate that translocat-
ing E coli potentiate tissue destruction and intestinal inflam-
mation via the LPS-mediated stimulation of mediator release
from professional phagocytes required for second-line
responses by T-cells. As a result, specific modulation of the
intestinal flora and blockage of LPS-mediated signalling might
open new ways for the treatment or prevention of small
intestinal inflammation. Such strategies are strongly supported
by the successful treatment of ileitis with the narrow-spectrum
antibiotic polymyxin B (table 1).** In addition, we found that
C57BL/6 mice, impaired in production of the innate immunity
adapter protein MyD88, essential for TLR-signalling, displayed
significantly reduced mortality due to ileitis (MMH, SB and
UBG, unpublished observations). Furthermore, our results are
in line with similar observations in models of experimental
colitis. It has been reported earlier that colitis was associated
with increased bacterial counts of enterobacteria and that LPS-
hyporesponsive mice develop less colonic inflammation.*

In addition, colonic inflammation was effectively suppressed
by TLR4 antagonists.”” The potentiation of intestinal inflamma-
tion by innate immune receptors was further underlined by the
finding that bacterial DNA triggered colitis via TLR9.’* However,
in different models of colitis, the roles of bacterial compounds
and innate immunity in aggravating inflammation remain
controversial, as neither clinical parameters nor epithelial
damage differed between TLR4 '~ and WT mice.”” In addition,
components of innate immunity were recently suggested to be
required for regenerative functions. Mice lacking MyD88, TLR2
or TLR4 developed more severe colitis as a result of defective
tissue repair and healing.”' ** Moreover, the role of TLR4-
mediated LPS sensing in human IBD remains unclear. Our
results support the view that LPS hyporesponsiveness would
rather suppress than aggravate small intestinal inflammation.
By contrast, single-nucleotide polymorphisms (SNPs) within
the TLR family exist and may support an involvement of the
TLR system in IBD. According to our results, the frequency of
functionally relevant TLR4 SNPs should be decreased rather
than increased in patients with CD having IBD manifestations
in the small intestine. Results from several studies focusing on
TLR4 SNPs and IBD are inconsistent,”™*' as associations of
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Figure 6 Effect of Eo|ymyxin B (PB) treatment on ileitis. (A) Reduced histopathology in polymyxin B-treated C57BL/é wild-type mice. The severity of ileitis

was determined by histological examination in placebo-treated mice and in mice receiving polymyxin B either prophylactically or therapeutically (n=5, each
group). The results presented as mean values are representative of at least two independent experiments. SDs and levels of significance determined by
Student's t test are indicated (*p<0.05; **p<0.01). (B) Reduced nitric oxide (NO) levels in mice treated with polymyxin B. NO concentrations were
determined in supernatants of ileum cultures from animals treated with placebo (n=5) or prophylactically with polymyxin B (PB, n=4) as described in the
Materials and methods section. Results are presented as mean values. SDs and levels of significance (as compared with placebo-treated animals) determined
by Student's t test are indicated (*p<<0.05). (C) Less shortening of the small infestine in animals treated with polymyxin B. The length of the entire small
intestine was determined in mice treated with placebo or with polymyxin B either prophylactically or therapeutically (n=>5 each group), as described
earlier.”® SDs and levels of significance (as compared to the placebo-treated animals) determined by Student's t test are indicated (*p<0.05).
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E coli LPS aggravates ileitis via TLR4 947
Table 1 Bacterial counts (cfu) in the ilea of mice after antibiotic treatment with polymyxin B
Anaerobic Anaerobic
Treatment group  Aerobic gram-  Aerobic gram+  Aerobic gram+ gram- gram+
(PB) rods rods cocci rods rods
Without treatment
Naive* 0.7 (1.1) E® 57 (7.4) E® 5.9 (9.8) E¢ <1E° 1.1 (1.0) E°
lleitist 1.2 (1.0) E" 5.5 (4.6) E® 6.8 (7.3) E® 1.1 (2.0) E" <1E°
Prophylactic <1E® 1.1 (1.4) E® 2.9(1.9) E? 2.5(1.4) E° <1E°
treatment (PB) ileitis
Therapeutic treatment<1 E® 1.4(1.7) F 8.5(9.1) E® 2.0(1.7) E® <1E
(PB) ileitis
PB, polymyxin B.
*Naive mice (uninfected, untreated).
1At day 8 dfter T gondii infection.
1E2 (below the detection limit of 1 E3 cfu/g ileal content).
Values are mean (SD).
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EDITOR’S QUIZ: GI SNAPSHOT .....

Answer
From question on page 905

The patient had multiple lymphomatous polyposis (MLP)
due to the involvement of gastrointestinal tract in mantle cell
lymphoma.

Endoscopic ultrasonography with a catheter probe on the
gastric wall (fig 3) showed a prominently thickened subepithe-
lial layer. Microscopic examination showed that monotonous
small lymphoma cells infiltrated the lamina propria in the
endoscopic gastric biopsy specimen (see answer fig 1).
Immunohistochemical staining of both tonsilar biopsy and
endoscopic biopsy specimens confirmed mantle cell lymphoma.
The patient has been followed up and has received three
courses of chemotherapy during the 19 months since the initial
episode.

MLP describes the unique endoscopic finding of polyposis
throughout the gastrointestinal tract. It results from subepithe-
lial aggregations of lymphoma cells (see answer fig 1). MLP is
commonly associated with, but not restricted to, mantle cell
lymphoma, which is refractory to routine chemotherapy and
indicates poor prognosis (mean survival 20-36 months).
Differential diagnosis of MLP includes B cell lymphoma of
mucosa-associated lymphoid tissue type, follicular lymphoma
and angioimmunoblastic lymphoma. Identification of MLP is
crucial as it often necessitates an aggressive chemotherapy
regimen.
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Figure 1 Photomicrograph of the gastric biopsy specimen showing
numerous small lymphoma cells with bizarre nuclei infiltrating the lamina
propria (H&E stain, original magnification x40).
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