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The commensal microbiota of the human colon profoundly impacts host gene expression
and mucosal homeostasis. Secretory IgA antibodies, which influence the composition of
the intestinal microbiota and provide immunity against pathogens, are transported
across intestinal epithelial cells (IEC) by the polymeric immunoglobulin receptor (pIgR).
To compare the effects of different colonic bacteria on pIgR expression, the human IEC
line HT-29 was stimulated with various species representing the 4 major phyla of
colonic bacteria. Only bacteria from the family Enterobacteriaceae (phylum Proteobac-
teria) induced expression of pIgR and other target genes of bacterial pattern recogni-
tion receptors. HT-29 cells responded to purified ligands for Toll-like receptor (TLR)4
but not TLR2. Expression of pIgR and transport of IgA were significantly reduced in
colons of mice deficient in the TLR adaptor MyD88, consistent with a role for TLR sig-
naling in the regulation of pIgR by colonic bacteria. Induction of pIgR expression in
HT-29 cells required NF-xB signaling but not MAPK signaling, in contrast to the
requirement for both NF-xB and MAPK signaling for induction of pro-inflammatory
genes. These results suggest that commensal Enterobacteriaceae may promote intesti-
nal homeostasis by enhancing pIgR expression in IEC.
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INTRODUCTION

Secretory IgA (SIgA) antibodies play a critical role in shaping the composition
of the gut microbiota and in maintenance of intestinal homeostasis (Woof et al.,
2005, 2006; Brandtzaeg et al., 2007; Macpherson et al., 2008). The polymeric
immunoglobulin receptor (pIgR) transports polymeric IgA antibodies from the
basolateral to the apical surface of intestinal epithelial cells (IEC), where pro-
teolytic cleavage of the extracellular domain of pIgR (also known as secretory
component, SC) releases SIgA into the intestinal lumen (Norderhaug et al.,
1999; Kaetzel, 2005; Kaetzel et al., 2007). SC, either free or complexed to SIgA,
participates in a variety of innate defense mechanisms, including prevention
of bacterial adherence to the intestinal mucous layer and neutralization of
potential pro-inflammatory factors (Phalipon et al., 2003; Corthésy, 2007).
The significance of pIgR in intestinal homeostasis is highlighted by observa-
tions that Pigr”’" mice are more susceptible than are wild-type mice to infection
with Salmonella typhimurium (Wijburg et al., 2006) and to development of
chemically-induced colitis (Murthy et al., 2006).

Colonic bacteria promote intestinal homeostasis by enhancing the physi-
cal integrity of the epithelium and preventing bacteria from translocating into
the lamina propria and draining lymphoid tissues (Artis, 2008; Sartor, 2008).
The 100 trillion bacteria that comprise the microbiota of the human colon rep-
resent upwards of 40,000 species that encode millions of unique gene products
(Backhed et al., 2005; Frank et al., 2008). A recent analysis of combined data
from 3 independent metagenomic studies indicated that the majority of colonic
bacteria in healthy individuals belonged to one of 4 phyla: Firmicutes (about
65% of total species); Bacteroidetes (about 23%); Proteobacteria (about 8%);
and Actinobacteria (about 3%) (Frank et al., 2008). Alterations in the composi-
tion of the colonic microbiota, characterized by relative increases in Proteobac-
teria and Actinobacteria and relative decreases in Firmicutes and Bacteroidetes,
have been associated with increased risk for inflammatory bowel disease
(IBD) (Frank et al., 2007). Probiotic strains of colonic bacteria have shown
promise in the prevention and treatment of IBD, but further clinical and fun-
damental studies are needed to delineate the mechanisms by which different
probiotics exert their beneficial effects (Sartor, 2005; Damaskos et al., 2008;
Seksik et al., 2008).

Cross-talk between commensal bacteria and IEC is mediated by several
families of pattern recognition receptors (PRRs), including the Toll-like (TLR)
and NOD-like receptor families (Hargreaves et al., 2005; Strober et al., 2006;
Takeuchi et al., 2007). In previous studies, we demonstrated that signaling
through TLR3 and TLR4 up-regulates pIgR expression in the human IEC line
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HT-29 (Schneeman et al., 2005). We recently reported that pIgR expression
was significantly higher in the colon than in the small intestine of normal
human subjects, suggesting that colonic bacteria may regulate pIgR expres-
sion in IEC (Arsenescu et al., 2008). In that study we also found that expres-
sion of pIgR was lower in the colonic mucosa of patients with Crohn’s disease
(CD) than that of normal controls. It is not known whether changes in the
composition of the colonic microbiota affect pIgR expression in IEC, since the
effect of different species of colonic bacteria on pIgR regulation has not been
compared systematically. The aim of the present work was to determine
whether bacterial species representing the four major phyla of the colonic
microbiota differentially regulate the expression of pIgR and other epithelial
genes involved in intestinal immunity. We found that pIgR expression was
selectively up-regulated in HT-29 cells in response to bacteria of the family
Enterobacteriaceae of the phylum Proteobacteria, including the probiotic E. coli
strain Nissle 1917 (EcN). We also found that expression of pIgR and transport
of IgA was reduced in colonic mucosa from mice deficient in the TLR adaptor
protein MyD88 compared to wild-type mice. Our findings suggest that bacte-
ria of the family Enterobacteriaceae regulate transport of SIgA antibodies into
intestinal secretions by inducing pIgR expression in IEC, and propose a novel
mechanism through which EcN may exert its probiotic effects and ameliorate
the symptoms of IBD.

MATERIALS AND METHODS

Bacterial Cell Culture. The phylogeny of bacterial species used in this
study is described in Table 1. Escherichia coli Nissle 1917 was the generous
gift of Dr. Ulrich Sonnenborn, Ardeypharm GmbH, Herdecke, Germany. Sal-
monella typhimurium SL1344 was the generous gift of Dr. Sarah D’Orazio,
University of Kentucky. All other bacteria were obtained from the American
Type Culture Collection (Manassas, VA). Prior to incubation with eukaryotic
cells, bacteria were grown to mid-log phase in Schaedler broth (Oxoid, LTD,
Basingstoke, UK) under anaerobic conditions at 37°C. For quality control, the
identity of each bacterial species was confirmed by PCR amplification of the
16S rRNA gene with species-specific primers. Heat-killed bacteria were pre-
pared by diluting liquid cultures to approximately 10® colony-forming units
(CFU)/ml in eukaryotic tissue culture medium and heating at 65°C for 30 min.
Aliquots of bacterial cultures prior to heat treatment were plated on Schaedler
agar to quantify CFU. For experiments with live bacteria, aliquots of bacterial
suspensions before and after co-culture with eukaryotic cells were plated on
Schaedler agar to quantify CFU.

Eukaryotic Cell Culture. The HT-29v20 subclone of the human colon ade-
nocarcinoma cell-line HT-29 (Blanch et al., 1999) and the human acute myeloid
leukemia cell line THP-1 (Tsuchiya et al., 1980) (a generous gift of Dr. Sarah
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D’Orazio, University of Kentucky) were cultured in DMEM Ham’s F-12 (1:1)
media supplemented with 5% fetal bovine serum and antibiotics (100 U/ml
penicillin, 100 pg/ml streptomycin and 250 ng/ml fungizone) at 37°C and 5%
CO,. All cell culture reagents were from Lonza Walkersville (Walkersville, MD)
or Invitrogen Life Technologies (Carlsbad, CA). Preliminary dose-response
experiments (data not shown) demonstrated that maximal induction of pIgR
and IL-8 mRNA was achieved at a ratio of 10-20 bacteria to HT-29 cells, and
this ratio was used in all subsequent experiments. HT-29 cells were plated in
24-well dishes and grown for 24-48 h to a density of approximately 106 cells/
well prior to initiation of experiments.

THP-1 cells were maintained in suspension culture, and were diluted to a
density of 1 x 108 cells/well in 24-well dishes immediately before exposure to
bacteria. Heat-killed or live bacteria were diluted to a final concentration of
approximately 107 cells/well. Where indicated, HT-29 and THP-1 cells were
treated with the following TLR ligands at a final concentration of 1 pg/ml:
N-palmitoyl-S-[2,3-bis(palmitoyloxy)- propyll-Cys-Ser-Lys trihydrochloride
(Pam3CSK4) (InvivoGen, San Diego, CA), a synthetic tripalmitoylated
lipopeptide that acts as a ligand for TLR2; or highly purified lipopolysaccharide
(LPS) from E. coli 026:B6 (Sigma-Aldrich, St. Louis, MO), which acts as ligand
for TLR4. Where indicated, cells were treated 30 min prior to TLR stimulation
with the nuclear factor-kappa B (NF-x<B) inhibitor Bay11-7082 (Calbiochem,
San Diego, CA) at a final concentration of 10 uM, or with mitogen-activated
protein kinase (MAPK) inhibitors (PD98059, extracellular signal-related kinase
(ERK) inhibitor; SB20358, p38 inhibitor; SP600125, Jun N-terminal kinase
(JNK) inhibitor) (Sigma-Aldrich), individually or combined, at a final concen-
tration of 10 uM each.

Bacterial Invasion Assay. The ability of live E. coli Nissle or S. typhimu-
rium SL1344 to invade monolayers of HT-29 cells was analyzed as described
(Criss et al., 2001). Approximately 107 bacteria (see Fig. 3B for enumeration of
bacterial CFU) were added to 24-well dishes containing approximately 10°
HT-29 cells. After 1 h, triplicate cultures of HT-29 cells were washed exten-
sively with Hank’s Balanced Salt Solution (HBSS), lysed with 1% Triton X-
100, and plated on Schaedler agar to enumerate total cell-associated CFU.
Separate triplicate cultures of HT-29 cells were treated with gentamicin (480
ug/ml in HBSS) for 90 min at 37°C to kill bacteria bound to the external cell
surface, washed extensively, lysed, and plated on Schaedler agar to enumer-
ate internalized CFU. Membrane-associated bacteria were calculated by sub-
tracting internalized CFU from total cell-associated CFU.

Mice. Female C57BL/6 mice were purchased from The Jackson Laboratory
(Bar Harbor, ME). Myd88~'- mice were obtained from Dr. Douglas Golenbock
(Division of Infectious Diseases and Immunology, University of Massachusetts).
The Myd88~’- mice were originally engineered in the laboratory of Dr. Shizuo
Akira (Hyogo College of Medicine, Hyogo, Japan) and backcrossed onto the
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C56BL/6 genetic background for 6 generations (Adachi et al., 1998). Myd88 /-
mice were bred in the animal facility at the University of Kentucky College of
Medicine. All mice were kept in microisolator cages with sterile bedding and
were fed sterile food and water. Mice were maintained and used in accordance
with the policies and guidelines set forth by the University of Kentucky Insti-
tutional Animal Care and Use Committee.

mRNA Analysis. Total cellular RNA was extracted from HT-29 and THP-1
cells using the Qiagen RNeasy Mini Kit (Qiagen, Valencia, CA). For extraction
of tissue RNA, whole colons and small intestines were washed thoroughly in
cold PBS and stored in a stabilizing solution (RNA later™, Qiagen) at —20°C.
Total RNA was extracted using the Qiagen RNeasy Protect Midi kit. The quality
of purified RNA was analyzed by agarose gel electrophoresis and by measure-
ment of the ratio of absorbance at 260 and 280 nm. cDNA was synthesized
using 200-300 ng of total cellular RNA and the TagMan Gold RT-PCR kit
with random hexamers (Applied Biosystems, Foster City, CA). Specific mRNA
levels were quantified by real-time reverse transcriptase PCR (QRT-PCR), using
the ABI Prism® 7700 Sequence Detection System (Applied Biosystems). The
sequences of primers and fluorescent probes for the human genes pIgR, inter-
leukin (IL)-8, tumor necrosis factor (TNF) and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) have previously been reported (Bruno et al., 2005).
The proprietary software PrimerExpress™ (Applied Biosystems) was used to
design the primers and probe for mouse pIgR as follows (5’-3’): forward primer:
CTATTGGTGTCTTACCAATGGTGACT; reverse primer: CTGTTGCGTTCT-
GTGGCGT; TagMan probe: ACAATAGAACTCCAGGTTGCCGAAGCTACA-
AGG. Pre-designed primers and probes for A20, MAPK phosphatase (MKP)-1,
TLR2, TLR4, myeloid differentiation primary response gene (MyD)88, single
immunoglobulin and toll-interleukin 1 receptor (SIGIRR), Toll interacting
protein (TOLLIP) and $2-microglobulin (52-m) were purchased from Applied
Biosystems.

PCR was performed using 40 ng reverse-transcribed RNA and TagMan
Universal PCR Master Mix, no UNG (Applied Biosystems). Amplification of the
cDNA template was measured at every cycle by fluorescence resonance energy
transfer (ARn). The threshold cycle (Cr), which is inversely proportional to the
level of a given mRNA transcript, is defined as the cycle at which the ARn
exceeds the threshold of fluorescence detection. To determine the relative level
of target mRNA in individual samples, the C; values for each message were
normalized to the Cr for the control genes GAPDH (HT-29 and THP-1 cells) or
32-m (mouse tissues), by the formula (2-(Ctarget-C, controly 5 1009,

Measurement of Mucosal IgA Levels. Immediately following euthanasia,
colonic mucosal secretions were collected with Polywick filters (Polyfiltronics
Group, Inc., Rockland, MA) as described (Haneberg et al., 1994). Briefly, 2 mm
x 25 mm filters were introduced through a glass tube inserted into the rectum,
then pushed into the colon such that the wick was in direct contact with the
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mucosal surface of the distal 3 cm of colon. The section of the colon containing
the wick was excised, and the wick was removed by inverting the tissue. Cap-
tured mucus was extracted in PBS containing BSA (1% w/v), pepstatin A (1ug/
ml), leupeptin (1pug/ml), PMSF (1 mM), aprotinin (1 pg/ml) and benzamidine
(150 uM). Mucosal IgA levels were measured using the mouse IgA ELISA
quantitation kit (Bethyl Laboratories, Montgomery, TX) according to the manu-
facturer’s protocol.

Statistical Analyses. Statistical differences among treatment groups were
determined by ANOVA and Fisher’s protected least significant difference test.
Student’s paired ¢ test was used to compare levels of gene expression in paired
samples of small and large intestine from individual mice.

RESULTS

Regulation of Gene Expression in Human Intestinal Epithelial Cells by Com-
mensal Bacteria Representing the Four Major Phyla of the Colonic Microbiota
We used the human colon carcinoma cell-line HT-29 as an in vitro model to
examine the responses of IEC to colonic bacteria. HT-29 cells were utilized for
the first studies demonstrating that pIgR mediates epithelial transport of IgA
and IgM, thus illuminating the pathway through which secretory immunoglob-
ulins are formed in human mucosal epithelia (Crago et al., 1978; Brandtzaeg
et al., 1984). We and others have demonstrated that pIgR expression is regu-
lated in HT-29 cells by cytokines known to modulate intestinal immunity in
humans, including IFN-, TNF, IL-1 and IL-4 (Sollid et al., 1987; Kvale et al.,
1988a, 1988b, 1995b; Phillips et al., 1990; Krajci et al., 1993; Piskurich et al.,
1993; Youngman et al., 1994; Denning, 1996; Hayashi et al., 1997; Sarkar et al.,
1998; Ackermann et al., 1999; Blanch et al., 1999; Nilsen et al., 1999; Tak-
enouchi-Ohkubo et al., 2004; Bruno et al., 2005). The physiological relevance
of these findings was supported by our demonstration that stimulation of HT-
29 cells with supernatants from freshly isolated human intestinal lamina pro-
pria mononuclear cells dramatically up-regulated pIgR expression, and that
this effect was blocked by neutralizing IFN-v activity (Youngman et al., 1994).

The HT-29 cell-line has subsequently been used as a model system to
identify basal and cytokine-inducible regulatory elements in the human PIGR
gene (Piskurich et al., 1997; Johansen et al., 1998; Takenouchi-Ohkubo et al.,
2000; Schjerven et al., 2001, 2003, 2004; Solorzano-Vargas et al., 2002;
Ackermann et al., 2004; Bruno et al., 2004). A potential role for commensal
bacteria in pIgR regulation was first suggested by the finding that butyrate, a
by-product of bacterial fermentation, up-regulated pIgR expression in HT-29
cells (Kvale et al., 1995a). We subsequently demonstrated that bacterial LPS
up-regulated pIgR expression in HT-29 cells, suggesting that bacterial-epithelial
cross-talk via TLR signaling may regulate transport of secretory immunoglob-
ulins (Schneeman et al., 2005).
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To compare the ability of different species of colonic bacteria to regulate
pIgR expression, we analyzed pIgR mRNA levels in HT-29 cells stimulated
with heat-killed bacteria of representative species from the four major bacte-
rial phyla of the human colonic microbiota (Fig. 1A). Preliminary studies with
selected species demonstrated that induction of pIgR expression in response to
heat-killed or live bacteria were similar (data not shown). Table 1 describes
the phylogeny of the bacteria used in this study, all of which were environ-
mental strains originally isolated from human fecal material. Individual spe-
cies were chosen based on their relevance to the pathogenesis or prevention of
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Figure 1: Regulation of gene expression by commensal bacteria representing the four major
phyla of the human colonic microbiota. See Table 1 for a description of bacterial phylogeny.
Abbreviations: La, L. acidophilus, Cn, C. nexile; Bf, B. thetaiotaomicron, Ao, A. onderdonkii;
Pstr, P. stramineq; ECN, E. coliNissle; Bl, B. longum, Psim, P. simplex. A. HT-29 cells were cultured
for 3 or 24 h with heat-killed bacteria at a ratio of 10-20 bacterial cells per eukaryotic cell. pIgR
mMRNA levels were quantified by gRT-PCR and normalized to GAPDH mRNA. Data from 3 inde-
pendent experiments were combined and expressed as mean + SEM (n = 8). Asterisks indicate
that the mean is significantly different from the mean for untreated HT-29 cells at 3 h (p <
0.05). B,C. Analysis of mRNA for pro-inflammatory factors and negative regulators in HT-29 and
THP-1 cells treated as described for panel A. Data from 3 independent experiments were
combined and expressed as mean + SEM (HT-29, n = 8; THP-1, n = 9). Asterisks indicate that the
mean is significantly different from the mean for untreated cells from the same cell-line at 3 h
(p <0.05).
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IBD in humans. A recent study reported that relative numbers of Clostridium
nexile (Cn), Bacteroides thetaiotaomicron (Bt) and Alistipes onderdonkii (Ao)
were reduced in the colonic microbiota of patients with IBD, whereas relative
numbers of Pseudomonas straminea (Pstr) , Escherichia coli (Ec) and Pimelo-
bacter simplex (Psim) were increased (Frank et al., 2007).

In contrast to potentially pathogenic strains of E. coli isolated from IBD
patients (La Ferla et al., 2004), the avirulent E. coli strain Nissle 1917 (EcN)
has been shown to have probiotic properties and to ameliorate inflammation
in IBD patients (Schultz, 2008). The probiotic species Lactobacillus acidophilus
(La) and Bifidobacterium longum (Bl) were included in this experiment because
of their widespread use in fermented milk products and other probiotic formu-
lations (Damaskos et al., 2008; Douglas et al., 2008). Interestingly, EcN was
unique among these 8 commensal species in its ability to induce expression of
pIgR. Levels of pIgR mRNA increased slowly in response to EcN stimulation,
with a small but significant increase at 3 h and a much larger increase at 24 h.
In subsequent experiments, no significant change in pIgR expression was
observed at 3 h (see Figs. 3 and 4). The delayed increase in pIgR expression in
response to EcN is consistent with our previous observations with LPS and
other TLR ligands (Schneeman et al., 2005; Bruno et al., 2007).

We and others have observed delayed responses of pIgR to cytokine stimu-
lation, due to a requirement for de novo synthesis of one or more transcription
factors (Krajci et al., 1993; Piskurich et al., 1993, 1997; Schjerven et al., 2000,
2001, 2003, 2004; Schneeman et al., 2005). The delayed response of pIgR to
bacterial stimulation suggests that there may be a similar requirement for a
newly synthesized transcription factor. In our previous studies involving stim-
ulation of HT-29 cells with cytokines and TLR ligands, we found that levels of
membrane and secreted pIgR protein were directly correlated with levels of pIgR
mRNA (Piskurich et al., 1993; Schneeman et al., 2005). Although we did not
measure pIgR protein levels in the present study, it is reasonable to conclude
that increased production of pIlgR mRNA resulted in increased expression of
plgR protein.

In contrast to the slow increase in pIgR mRNA, we found that EcN caused
a rapid induction in mRNA for the pro-inflammatory factors IL-8 and TNF,
which declined significantly by 24 h (Fig. 1B). The observed down-regulation
of IL-8 and TNF could be attributed in part to the induction of A20, a ubiquitin-
editing enzyme that down-regulates NF-«xB signaling (Heyninck et al., 2005),
and mitogen-activated protein kinase phosphatase (MKP)-1, a negative regu-
lator of MAP kinase signaling (Chi et al., 2006) (Fig. 1B).

As a control to assess the potential activity of bacteria that did not induce
gene expression in HT-29 cells, the THP-1 human monocyte cell-line was
stimulated with heat-killed bacteria of the same species (Fig. 1C). Levels of
pIgR mRNA were negligible in THP-1 cells even after bacterial stimulation
(data not shown), consistent with the epithelial-specific expression of pIgR
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(Kaetzel, 2005; Kaetzel et al., 2007). Every commensal species induced expres-
sion of IL-8 and TNF in THP-1 cells to levels 100-fold higher than those seen
in HT-29 cells. Only selected species, including EcN, induced expression of the
negative regulators A20 and MKP-1 in THP-1 cells. These results suggest that
the potential to induce a pro-inflammatory response in innate immune cells is
widespread among commensal bacteria, but that IEC may respond only to a
subset of bacteria.

Regulation of pIgR Expression by TLR4 but not TLR2 Signaling. We pre-
viously reported that LPS from bacteria of the family Enterobacteriaceae
(E. coli or Salmonella typhimurium) induces expression of pIgR in HT-29 cells
via TLR4 signaling (Schneeman et al., 2005; Bruno et al., 2007). The hypo-
responsiveness of HT-29 cells to many commensal bacteria suggests that they
may not respond to those bacterial cell wall constituents, common to both Gram-
positive and Gram-negative bacteria, that act as ligands for TLR2. Consistent
with this notion, we found that pIgR expression was up-regulated in HT-29
cells following stimulation with highly purified LPS from E. coli 026:B6 (TLR4
ligand), but not Pam3CSK4 (TLR2 ligand) (Fig. 2A).

Expression of IL-8 was also induced by LPS but not Pam3CSK in HT-29
cells (Fig. 2B), indicating that the lack of response to TLR2 stimulation was
not gene-specific. By contrast, stimulation of THP-1 cells with either
Pam3CSK4 or LPS induced high levels of IL-8 mRNA. The steady-state level
of TLR2 mRNA in HT-29 cells was about 2000-fold lower than in THP-1
cells, which likely contributed to the lack of response to Pam3CSK4. Despite
the much higher IL-8 response to LPS in THP-1 cells than in HT-29 cells,
expression of TLR4 was only marginally higher. Expression of MyD88, a
cytoplasmic adaptor protein associated with both TLR2 and TLR4 signaling,
was also similar in HT-29 and THP-1 cells. To examine whether the hypore-
sponsiveness of HT-29 cells to LPS was due to inhibition of TLR4 signaling,
expression of two negative regulators of TLR signaling was analyzed. Single
Ig IL-1-related receptor (SIGIRR; also known as Toll-IL-1 receptor 8) is a
member of the TLR family that acts as a decoy to inhibit ligand binding and/
or intracellular signaling (Mantovani et al., 2004). Toll-interacting protein
(TOLLIP) is a cytoplasmic factor that binds to the intracellular domain of
TLRs and inhibits phosphorylation of the downstream kinase IRAK (Cario
et al., 2005).

Basal expression of SIGIRR was about 3-fold lower in THP-1 cells than in
HT-29 cells, and was down-regulated by TLR2 or TLR4 ligation in THP-1 but
not HT-29 cells. Basal expression of TOLLIP was lower in HT-29 cells than in
THP-1 cells, but was modestly up-regulated by TLR2 or TLR4 ligation. Neither
HT-29 nor THP-1 cells expressed NOD2, and did not respond to the NOD2
ligand muramyl dipeptide (MDP), either alone or in combination with the TLR2
ligand Pam3CSK4 (data not shown). In conclusion, these results suggest that
the relative hyporesponsiveness of HT-29 cells to most species of commensal
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Figure 2: Regulation of gene expression by purified ligands for TLR2 and TLR4. A. HT-29 cells
were cultured for 24 h in the absence or presence of Pam3CSK4 (TLR2 ligand) or highly puri-
fied LPS from E. coli O26:B6 (TLR4 ligand), each at a concentratfion of 1 pg/ml. mRNA levels
were quantified by gRT-PCR and normalized to GAPDH mRNA. Data from 2 independent
experiments were combined and expressed as mean + SEM (n = 8). Asterisks indicate that the
mean is significantly different from the corresponding mean for untreated HT-29 cells (p <
0.05). B. HT-29 and THP-1 cells were cultured for 3 h in the absence or presence of Pam3CSK4
or LPS, and mRNA levels were analyzed as described for panel A. Data from 2 independent
experiments were combined and expressed as mean + SEM (n = 8). Asterisks indicate that the
mean is significantly different from the corresponding mean for untreated cells from the same
cell-line (p < 0.05).
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bacteria may be due to a combination of low TLR expression (especially TLR2)
and high expression of the decoy receptor SIGIRR and other factors that may
dampen downstream signaling pathways.

Regulation of pIgR expression in HT-29 Cells by Commensal and Pathogenic
Bacteria of the Family Enterobacteriaceae. We found that EcN, a commensal
bacterium of the family Enterobacteriaceae (phylum Proteobacteria) was unique
in its ability to induce gene expression in HT-29 cells (Fig. 1). The failure of
other commensal species to induce gene expression could be due to a lack of
recognition of those species by cellular PRRs or active inhibition of PRR sig-
naling. If the latter mechanism were operative, the presence of “inhibitory”
bacteria might down-regulate the response to EcN. To test this hypothesis,
HT-29 cells were exposed to heat-killed EcN in the presence or absence of
equivalent doses of Lactobacillus acidophilus (La, phylum Firmicutes),
Bacteroides thetaiotaomicron (Bt, phylum Bacteroidetes) or Bifidobacterium lon-
gum (Bl, phylum Actinobacteria) (Fig. 3). As expected, EcN stimulation resulted
in early induction of IL.-8 mRNA and delayed induction of pIgR mRNA. None of
the bacteria from other phyla, alone or in combination with EcN, significantly
affected expression of pIgR or IL-8. These findings suggest that concurrent
exposure to other types of commensal bacteria does not significantly dampen
the response of intestinal epithelial cells to EcN. However, the possibility
remains that a complex mixture of commensal bacteria could modify the
response to EcN or other bacteria of the family Enterobacteriaceae.

To examine the ability of IEC to discriminate between closely related com-
mensal and pathogenic species of the family Enterobacteriaceae, HT-29 cells

— 0.6 4 Analysis of Variance
5 x
o D 044 P
S % oz pIgR -8
X 004 Time (3 vs. 24 h) <0.0001  <0.0001
<Z( o 2 : E. coli Nissle <0.0001  <0.0001
% 2 44 'ii_'_‘ L. acidophilus 0.4881 0.9214
] B. thetaiotaomicron 0.4914 0.0950
2
0 ] B. longum 06547  0.6895
E. coli Nissle TR S + o+ o+ o+
2nd Species - La Bt Bl - LaBtBl - LaBtBI - La Bt Bl

3h 24 h

Figure 3: Effect of addition of bacteria from different phyla on the response of HT-29 cells to
E. coli Nissle. HT-29 cells were cultured for 3 or 24 h with heat-killed E. coli Nissle, L. acidophilus
(La), B. thetaiotaomicron (Bf), or B. longum (BI), as indicated. Each bacterial species was
added at a ratfio of 10-20 bacterial cells per eukaryotic cell. mMRNA levels were quantified by
gRT-PCR and normalized to GAPDH mRNA. Data from 2 independent experiments were com-
bined and expressed as mean + SEM (n = 7). Statistical comparisons of the overall effects of
time and bacterial stimulation on pIgR and IL-8 mMRNA are noted in the analysis of variance
table.
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were co-cultured with EcN or Salmonella typhimurium (St) strain SL.1344.
Following 1 h of culture, relative numbers of EcN or St associated with the
plasma membrane of HT-29 cells were found to be similar, whereas only St was
capable of cellular invasion (Fig. 4A). This result is consistent with reports
demonstrating higher invasiveness of St in HT-29 cells compared to several
nonpathogenic E. coli strains, including EcN (Wells et al., 1999; La Ferla et al.,
2004). To compare the responses to living vs. dead bacteria, HT-29 cells were
exposed to live or heat-killed EcN or St for 3 h (Fig. 4B). Interestingly, early
induction of IL-8 expression was greater in response to live EcN than live St,
whereas no differences were observed in the responses to heat-killed EcN vs.
St. Expression of pIgR was not induced following 3 h of stimulation with
either live or dead bacteria.

Comparison of the responses at 24 h to EcN and St was complicated by the
fact that the viability of HT-29 cells declined after exposure to live bacteria for
more than 3 h (data not shown). To determine whether changes in gene expres-
sion persisted after removal of bacterial stimuli, HT-29 cells were treated for
3 h with live or heat-killed EcN or St, washed with antibiotic-containing cul-
ture medium, and cultured for an additional 21 h (24 h harvest). Under these
conditions, pIgR mRNA levels were not significantly different from those in
untreated HT-29 cells, suggesting that continuous exposure to bacterial com-
ponents is required to induce pIgR expression (compare Fig. 4B to Fig. 1A and
Fig. 3). The lack of significant IL-8 expression at 24 h was likely due to a
combination of withdrawal of bacterial stimulation and induction of negative
regulatory pathways.

Induction of pIgR by EcN is enhanced by NF-«B signaling but not MAPK
signaling. To examine the contribution of the NF-xB and MAPK signaling
pathways to induction of pIgR expression, HT-29 cells were stimulated
with EcN in the presence or absence of a chemical inhibitor of NF-«<B acti-
vation (Bay 11-7082) (Fig. 5A) or MAPK inhibitors (PD98059, ERK inhibitor;
SB20358, p38 inhibitor; SP600125, JNK inhibitor) (Fig. 5B). Inhibition of
NF-«xB signaling completely blocked the induction of both pIgR and IL-8,
consistent with a central role for this signaling pathway in the response to
EcN. Inhibition of p38, but not JNK or ERK, significantly reduced the
induction of IL-8 by EcN, but not to as great an extent as did inhibition of
NF-xB signaling. By contrast, none of the MAPK inhibitors affected the
induction of pIgR by EcN.

These findings suggest that activation of p38 by EcN may synergize with
NF-xB to promote the early pro-inflammatory response. Concurrent induction
of the NF-+xB regulator A20 and the MAPK regulator MKP-1 by EcN may con-
tribute to the down-regulation of early response genes such as IL-8 and TNF
(Fig. 1B). The delayed rise in pIgR mRNA in response to pro-inflammatory
stimuli has been attributed to a requirement for de novo synthesis of one or more
transcription factors (reviewed in Kaetzel, 2005). Our new results suggest

RIGHTS

ir



Immunol Invest Downloaded from informahealthcare.com by Y oung Library on 05/07/10
For personal use only.

Regulation of pIgR by Enterobacteriaceae 369

Species E. coli Nissle S. typhimurium
(CFU) (CFU)

Initial concentration 6.1x 10° 9.8 x 10°

Final concentration 6.3x 10" 1.6x10"

Membrane-associated” 1.6 +0.28 x 10* 2.8 + 0.32 x 10*

Internalized 0 3.2+0.31x 10°
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Figure 4: Induction of gene expression in HT-29 cells by live or heat-killed bacteria of the family
Enterobacteriaceae. A. Bacterial invasion assay. Six replicate cultures of HT-29 cells (approxi-
mately 10° cells/culture) were incubated for 1 h with the indicated concentration of E. coli
Nissle or S. typhimurium. After removal of culture supernatants to obtain final bacterial con-
centrations, triplicate cultures of HT-29 cells were analyzed for either membrane-associated or
internalized bacteria as described in Materials and Methods. Statfistical comparison: a, num-
bers of membrane-associated S. fyphimurium were significantly greater than numbers of
membrane-associated E. coli Nissle (p < 0.05). B. HT-29 cells were cultured for 3 h with live or
heat-killed bacteria of the commensal E. coli Nissle (EcN) or the pathogen Salmonella typh-
imurium (Sf) at a ratio of 10 bacterial cells per eukaryotic cell. HT-29 cells were either har-
vested immediately (3 h harvest), or washed and cultured in antibiotic-containing medium for
an additional 21 h (24 h harvest). mRNA levels were quantified by gRT-PCR and normalized to
GAPDH mRNA. Data from 3 independent experiments were combined and expressed as
mean + SEM (n = 10). Statistical comparisons: a, mean is significantly different from the corre-
sponding mean for unfreated HT-29 cells (p < 0.05); b, mean for HT-29 cells freated with St is
significantly different from the corresponding mean for cells treated with EcN (p < 0.05); c,
mean for HT-29 cells treated with heat-killed bacteria is significantly different from the corre-
sponding mean for cells treated with live bacteria (p < 0.05).
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Figure 5: Effect of NF-«B or MAPK inhibition on the response of HT-29 cells to E. coliNissle. A. HT-
29 cells were stimulated for 3 or 24 h with heat-killed EcN, at a ratio of 10 bacterial cells per
eukaryotic cell, in the presence or absence of an inhibitor of NF-xB (10 uM Bay 11 7082). mRNA
levels were quantified by gRT PCR and normalized to GAPDH mRNA. Data from 3 indepen-
dent experiments were combined and expressed as mean + SEM (n = 9): a, mean for cells
stimulated with EcN is significantly different from the corresponding mean for unstimulated
cells; b, mean for cells freated with Bay 11-7082 is significantly different from the correspond-
ing mean for untreated cells. B. HT-29 cells were stimulated with EcN for 3 or 24 h in the pres-
ence or absence of MAPK inhibitors (PD98059, ERK inhibitor; SB20358, p38 inhibitor; SP600125,
JNK inhibitor), individually or combined, each at a concentration of 10 uM. Gene expression
was analyzed as described for panel A. Data from 2 independent experiments were com-
bined and expressed as mean = SEM (n = 8): a, mean for cells stimulated with EcN is signifi-
cantly different from the corresponding mean for unstimulated cells; b, mean for cells freated
with MAPK inhibitors is significantly different from the corresponding mean for untreated cells.

that induction of these factor(s) may require NF-«xB but not MAPK signal-
ing. Another non-mutually exclusive possibility is that continued stimula-
tion by EcN may lead to a second wave of NF-xB activation and nuclear
translocation, which could enhance PIGR gene transcription by binding to
the NF-xB element in intron 1 of the PIGR gene. In this context it is signif-
icant that we found that induction of PIGR transcriptional activity by LPS
in HT-29 cells was blocked by mutation of the intron 1 NF-«B site (Schneeman
et al., 2005).

Colonic Bacteria Regulate Gene Expression in Vivo Through MyDS88-
dependent Signaling Our in vitro experiments suggested that colonic epithe-
lial cells have the inherent ability to regulate gene expression in response to
commensal bacteria through TLR signaling. Consistent with this conclusion,
we found that the steady-state level of pIgR mRNA was significantly higher
in colonic than small intestinal mucosa of wild-type C57BL/6 mice with a
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normal colonic microbiota (Fig. 6A). These results are similar to our previous
finding that the steady-state level of pIgR mRNA was significantly higher in
colonic than in small intestinal mucosa of healthy humans (Arsenescu et al.,
2008).

Steady-state levels of TNF, A20 and MKP-1 were also higher in the colon
than in the small intestine of wild-type mice, presumably due to stimulation
by greater numbers of bacteria in the large bowel. It should be noted that the
relative expression level of pIgR, an anti-inflammatory factor, was 1000-fold
higher than the relative expression of TNF, a pro-inflammatory factor, sug-
gesting that colonic bacteria may promote intestinal homeostasis by selectively
inducing or repressing individual target genes. The relatively high levels of
A20 and MKP-1 in the colon suggest that steady-state expression of these neg-
ative regulators may suppress inappropriate pro-inflammatory responses to
colonic bacteria.

The cytoplasmic adaptor protein MyD88 is utilized by multiple TLRs that
respond to bacterial products, including TLRs 1, 2, 4, 5, 6 and 9. We hypothe-
sized that pIgR expression would be compromised in Myd88-deficient mice due
to reduced responses of IEC to colonic bacteria. Consistent with this hypothesis,
we found that the steady-state level of pIgR mRNA was significantly reduced
in colonic mucosa of Myd88 '  mice as compared to wild-type mice (Fig. 6B).
Numbers of culturable fecal bacteria did not differ significantly between wild-
type and Myd88~'- mice (8.8 + 2.7 x 10° vs. 4.4 + 1.1 x 10° CFU/g feces), sug-
gesting that reduced signaling rather than differences in bacterial load was
responsible for the observed differences in pIgR expression. Importantly,
levels of IgA in colonic mucus were also significantly lower in Myd88 " mice
than in wild-type mice. The reduction in mucosal IgA could be due to reduced
production of IgA by mucosal plasma cells or decreased epithelial transport of
polymeric IgA, or both. The finding that steady-state levels of TNF, A20 and
MKP-1 mRNA were lower in colonic mucosa of Myd88~'- mice as compared to
wild-type mice (Fig. 6C) is consistent with the hypothesis that commensal bac-
teria maintain the balance of gene expression in the colonic mucosa through
TLR signaling.

DISCUSSION

The single layer of epithelial cells lining the intestinal tract provides both a
physical barrier and the first line of communication between the host and its
microbial community, setting the stage for a mutually beneficial relationship.
The polymeric immunoglobulin receptor promotes the homeostatic functions
of IEC by participating in innate defense and by transporting IgA antibodies
across the epithelial layer (Kaetzel, 2005;Kaetzel et al., 2005, 2007; Corthésy,
2007; Phalipon et al., 2007). It has been estimated that up to 3 g of SIgA are
transported daily into the intestinal secretions of the normal human adult
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Figure 6: Regulation of gene expression and mucosal IgA levels by colonic bacteria in vivo. A.
RNA was isolated from whole small intestines and colons of 12 to 15 week-old C57BL/6 mice.
MRNA levels were quantified by gRT-PCR and normalized to g2-microglobulin mRNA. Each
data point represents an individual mouse, and lines connect the value for small intfestine and
colon. Horizontal bars indicate the mean mRNA level for each tissue. Asterisks indicate that
the mean is significantly higher in the colon than in the small intestine (p < 0.002). B. RNA was
isolated from whole colons of 12 to 15 week-old C57BL/6 wild-type and Myd887 mice. pIgR
mMRNA levels were quantified by gRT-PCR and normalized to 2 microglobulin mRNA. Data are
expressed as mean + SEM (n = 20). Mucosal secretions were collected from the colons of 12
week-old wild-type (n = 16) and Myd887- (n = 11) mice using absorbent wicks, and IgA levels
were determined by ELISA. Data are expressed as mean + SEM. Asterisks indicate that the
mean for Myd887- mice s significantly less than the corresponding mean for wild-type mice
(p < 0.05). C. mRNA levels for TNF, A20 and MKP-1 were analyzed as described for panel B.
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(Mestecky et al., 1986; Conley et al., 1987), necessitating very high levels of
pIgR expression by IEC. At the mucosal surface, secretory IgA antibodies carry
out the dual functions of neutralizing potentially invasive pathogens and
shaping the composition of the commensal microbiota (Woof et al., 2005, 2006;
Brandtzaeg et al., 2007; Macpherson et al., 2008).

Alterations in the composition of the commensal microbiota, including
emergence of aggressive strains of typically avirulent bacteria, are thought to
contribute to the pathogenesis of IBD (Strober et al., 2007; Frank et al., 2007;
Sokol et al., 2008; Tannock, 2008a, 2008b; Sartor, 2008). Prominent among the
aggressive bacteria associated with the ileal and colonic mucosa of IBD patients
are adherent-invasive E. coli (AIEC) (Darfeuille-Michaud et al., 2004; Martin
et al., 2004; Kotlowski et al., 2007; Sasaki et al., 2007).

Probiotic treatments for intestinal inflammation are receiving increasing
attention, but questions remain regarding the choice of bacteria and their
mechanisms of action (Sartor, 2005; Damaskos et al., 2008; Seksik et al., 2008).
Therapy with probiotic E. coli strains may offer the potential to neutralize the
damaging effects of mucosa-associated AIEC that are a prominent feature of
IBD. The best characterized probiotic E. coli strain is Nissle 1917 (EcN), first
used by German physician and scientist Alfred Nissle during World War I as a
treatment for infectious colitis in soldiers (Nissle, 1918). EcN has been tested
as a treatment for IBD in several clinical trials, and has been shown to be as
effective as mesalazine in maintaining remission in ulcerative colitis (Schultz,
2008; Kruis, 2004).

Experiments in cultured IEC lines have revealed a number of mechanisms
through which EcN may exert beneficial effects on the intestinal epithelium,
including inhibition of invasion by aggressive bacteria such as AIEC and
Salmonella (Boudeau et al., 2003; Altenhoefer et al., 2004; Otte et al., 2004),
inhibition of signaling by the pro-inflammatory cytokine TNF (Kamada et al.,
2008), stimulation of tight junction formation and barrier function (Ukena
et al., 2007; Zyrek et al., 2007), induction of chemokine synthesis (Lammers
et al., 2002; Otte et al., 2004; Ukena et al., 2005; Zoumpopoulou et al., 2009),
and induction of antimicrobial s-defensins (Wehkamp et al., 2004; Schlee et al.,
2007; Mondel et al., 2009). A recent study demonstrated that treatment of
healthy volunteers with probiotic E. coli caused an increase in fecal excretion
of human p-defensin-2, suggesting that the observed in vitro mechanisms of
EcN may also be operative in vivo (Mondel et al., 2009).

We found EcN to be unique among representative species from the 4 major
phyla of human colonic bacteria in its ability to up-regulate expression of pIgR in
the human IEC line HT-29 (Fig. 1A). Enhanced expression of pIgR and trans-
port of SIgA could represent a novel mechanism through which EcN mediates
its probiotic effects. We previously reported that a subset of Crohn’s disease
patients with chronic symptoms and poor responses to therapy had decreased
expression of pIgR in the colonic mucosa (Arsenescu et al., 2008). It will be
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interesting to determine if probiotic therapy with EcN can restore normal
expression of pIgR and improve clinical outcomes in these patients.

We previously reported that signaling through TLR3 and TLR4 up-regulates
plgR expression in the HT-29 IEC line (Schneeman et al., 2005; Kaetzel, 2005;
Bruno et al., 2007; Kaetzel et al., 2007). Consistent with a role for TLR signal-
ing in maintenance of pIgR expression in vivo, we now report that expression
of pIgR and secretion of IgA were significantly reduced in the colonic mucosa
of MyD88'* mice compared to wild-type mice (Fig. 6B). We have recently
observed that siRNA-mediated knockdown of MyD88 expression in HT-29
cells inhibits the up-regulation of pIgR by EcN, consistent with a direct role
for MyD88 signaling in IEC (Frantz et al., manuscript in preparation).

Other investigators have reported that TLR signaling in IEC enhances B
cell recruitment and IgA class switching in the intestinal lamina propria by
inducing TECs to secrete the cytokine APRIL (He et al., 2007; Shang et al.,
2008). Thus EcN offers the potential to enhance both IgA production and IgA
transport by stimulating TLR signaling in IEC. Although we did not measure
serum IgA levels in MyD88” mice, it is possible that inhibition of IgA transport
in the intestine could result in increased levels of IgA in the circulation, as has
been reported for pIgR” mice (Johansen et al., 1999; Shimada et al., 1999). In
this regard it is significant that we observed a correlation between reduced
plgR expression in the colonic epithelium and increased serum IgA levels in
Crohn’s Disease patients (Arsenescu et al., 2008).

Here we found that the IEC line HT-29 was unresponsive to TLR2 stimu-
lation (Fig. 2), which may explain the lack of response to Gram-positive bacteria.
Although TLR2 has been detected at low levels in IEC in vivo and in some IEC
lines, functional studies have suggested that TLR2-mediated pro-inflammatory
responses by IEC are suppressed by a variety of mechanisms (Melmed et al.,
2003; Cario, 2008). TLR4 is normally expressed at low levels in adult IEC, but
unlike TLR2, its expression can be up-regulated by pro-inflammatory stimuli
(Fukata et al., 2007).

We found that HT-29 cells responded to purified E. coli LPS and to whole
EcN, although not as robustly as the THP-1 monocyte cell-line (Figs. 1 and 2).
Interestingly, HT-29 cells did not respond to other Gram-negative bacteria,
including Pseudomonas straminea, which like EcN is a member of the phylum
Proteobacteria, and two members of the phylum Bacteroidetes, Bacteroides
thetaiotaomicron and Alistipes onderdonkii. Analyses of the structural require-
ments for TLR4-mediated signaling have suggested that the ability to act as a
ligand for TLR4 is restricted to LPS molecules from a limited group of Gram-
negative bacteria, in particular those of the family Enterobacteriaceae (Backhed
et al., 2003; Munford et al., 2006). LPS molecules from many other Gram-
negative commensals, including Pseudomonas aeruginosa (phylum Proteobac-
teria) and Bacteroides fragilis (phylum Bacteroidetes), have been shown to sig-
nal through TLR2 rather than TLR4 (Erridge et al., 2004).
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Our data suggest that the capacity of EcN to stimulate TLR4 signaling in
IEC may contribute to its unique probiotic properties. EcN may also promote
intestinal homeostasis by signaling through other TLRs in addition to TLRA4.
For example, purified flagellin from EcN, a ligand for TLR5, has been shown
to induce expression of S-defensin 2 in the human IEC line Caco-2 (Schlee et al.,
2007). It remains to be determined whether TLR5 signaling enhances expres-
sion of pIgR and/or transport of IgA in IEC.

In order to maintain intestinal homeostasis in the face of continuous inter-
actions with gut bacteria, IEC face the unique challenge of promoting epithelial
barrier function and transport of IgA antibodies while preventing excess pro-
duction of pro-inflammatory factors. Significantly, we found that steady-state
levels of pIgR mRNA were 1000-fold higher than steady-state levels of TNF
mRNA in colonic mucosa from normal mice (Fig. 6A) and humans (Arsenescu
et al., 2008). One mechanism by which IEC may differentially regulate gene
expression in response to bacterial stimulation may be through gene-specific
effects of downstream signaling pathways.

We found that induction of the pro-inflammatory chemokine IL-8 by EcN
in HT-29 cells required both NF-xB and p38 MAPK signaling (Fig. 5). The
increase in IL-8 production was rapid and transient, returning to near baseline
levels following continuous stimulation with EcN. By contrast, the slow and
sustained induction of pIgR by EcN required NF-+<B signaling but not MAPK
signaling. In this context it is significant that TNF-induced MAPK signaling
has been reported to inhibit induction of pIgR in HT-29 cells (Takenouchi-
Ohkubo et al., 2008). Importantly, we found that EcN induced expression of
MKP-1, a negative regulator of MAPK signaling (Fig. 1B).

Consistent with a role for colonic bacteria in maintaining expression of
MKP-1 in IEC, we found that steady-state levels of MKP-1 mRNA were 16-fold
higher in the colon than in the small intestine of normal mice (Fig. 6A). Fur-
thermore, MKP-1 mRNA levels were reduced by more than 50% in colons of
MyD88” mice compared to wild-type mice (Fig. 6C). Taken together, these
results suggest that activation of TLR signaling by gut bacteria may be impor-
tant for maintaining expression of MKP-1 and preventing excess activation of
MAPK signaling pathways in IEC.

In conclusion, we have demonstrated several novel mechanisms by which
bacteria of the family Enterobacteriaceae may promote homeostasis through
direct interactions with the intestinal epithelium. These mechanisms may
explain some of the beneficial effects of EcN treatment that are unique from
those of probiotic bacteria from other phyla, such as Lactobacilli and Bifido-
bacteria. Stimulation of pIgR expression by EcN would enhance pIgR-mediated
transport of protective IgA antibodies as well as innate immune functions
mediated by SC. Transient induction of moderate levels of IL-8 would promote
influx of neutrophils in sufficient numbers to enhance innate immunity without
causing excess inflammation. Finally, induction of negative regulatory molecules
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such as A20 and MKP-1 by EcN would prevent excess activation of NF-xB and
MAPK signaling pathways.

ACKNOWLEDGMENTS

This work was supported by grants from the National Institutes of Health and
the Crohn’s & Colitis Foundation of America.

Declaration of interest: The authors report no conflicts of interest. The
authors alone are responsible for the content and writing of the paper.

REFERENCES

Ackermann, L. W., Denning, G. M. (2004). Nuclear factor-xB contributes to interleu-
kin-4- and interferon-dependent polymeric immunoglobulin receptor expression in
human intestinal epithelial cells. Immunology 111:75-85.

Ackermann, L. W., Wollenweber, L. A., Denning, G. M. (1999). IL-4 and IFN-y increase
steady state levels of polymeric Ig receptor mRNA in human airway and intestinal
epithelial cells. J. Immunol. 162:5112-5118.

Adachi, O., Kawai, T., Takeda, K., Matsumoto, M., Tsutsui, H., Sakagami, M.,
Nakanishi, K., Akira, S. (1998). Targeted disruption of the MyD88 gene results in
loss of IL-1- and IL-18-mediated function. Immunity. 9:143-150.

Altenhoefer, A., Oswald, S., Sonnenborn, U., Enders, C., Schulze, J., Hacker, J.,
Oelschlaeger, T. A. (2004). The probiotic Escherichia coli strain Nissle 1917 inter-
feres with invasion of human intestinal epithelial cells by different enteroinvasive
bacterial pathogens. FEMS Immunol Med. Microbiol. 40:223—229.

Arsenescu, R., Bruno, M. E. C,, Rogier, E. W, Stefka, A. T., McMahan, A. E., Wright, T. B,
Nasser, M. S., de Villiers, W. J. S., Kaetzel, C. S. (2008). Signature biomarkers in
Crohn’s disease: toward a molecular classification. Mucosal Immunol. 1:399—411.

Artis, D. (2008). Epithelial-cell recognition of commensal bacteria and maintenance of
immune homeostasis in the gut. Nat. Rev. Immunol 8:411-420.

Backhed, F., Ley, R. E., Sonnenburg, J. L., Peterson, D. A., Gordon, J. I. (2005). Host-
bacterial mutualism in the human intestine. Science 307:1915-1920.

Backhed, F., Normark, S., Schweda, E. K., Oscarson, S., Richter-Dahlfors, A. (2003).
Structural requirements for TLR4-mediated LPS signalling: a biological role for
LPS modifications. Microbes. Infect. 5:1057-1063.

Blanch, V. J., Piskurich, J. F., Kaetzel, C. S. (1999). Cutting edge: coordinate regula-
tion of IFN regulatory factor-1 and the polymeric Ig receptor by proinflammatory
cytokines. J. Immunol. 162:1232-1235.

Boudeau, J., Glasser, A. L., Julien, S., Colombel, J. F., Darfeuille-Michaud, A. (2003).
Inhibitory effect of probiotic Escherichia coli strain Nissle 1917 on adhesion to and
invasion of intestinal epithelial cells by adherent-invasive E. coli strains isolated
from patients with Crohn’s disease. Aliment. Pharmacol. Ther. 18:45-56.

Brandtzaeg, P., Johansen, F. E. (2007). IgA and intestinal homeostasis. In: Kaetzel, C. S.
ed. Mucosal Immune Defense: Imnmunoglobulin A. Springer, pp. 221-268.

RIGHTS

ir



Immunol Invest Downloaded from informahealthcare.com by Y oung Library on 05/07/10
For personal use only.

Regulation of pIgR by Enterobacteriaceae 377

Brandtzaeg, P., Prydz, H. (1984). Direct evidence for an integrated function of J chain
and secretory component in epithelial transport of immunoglobulins. Nature 311:
71-73.

Bruno, M. E. C., Kaetzel, C. S. (2005). Long-term exposure of the HT-29 human intesti-
nal epithelial cell-line to TNF causes sustained up-regulation of the polymeric Ig
receptor and pro-inflammatory genes through transcriptional and post-transcrip-
tional mechanisms. JJ. Immunol. 174:7278-7284.

Bruno, M. E. C., Stefka, A. T., McMahan, A., Thompson, S. N., Kaetzel, C. S. (2007).
Colonic bacteria regulate expression of the polymeric immunoglobulin receptor
through MyD88-dependent signaling. In: Kalil, J., et al. ed. Proceedings of the 13th
International Congress of Immunology, Rio de Janeiro (Brazil), August 21-25,
2007. Medimond International Proceedings, pp. 157-160.

Bruno, M. E. C., West, R. B., Schneeman, T. A., Bresnick, E. H., Kaetzel, C. S. (2004).
Upstream stimulatory factor but not c-Myc enhances transcription of the human
polymeric immunoglobulin receptor gene. Mol. Immunol. 40:695-708.

Cario, E. (2008). Barrier-protective function of intestinal epithelial Toll-like receptor 2.
Mucosal Immunol. 1 Suppl 1:S62—-S66.

Cario, E., Podolsky, D. K. (2005). Intestinal epithelial TOLLerance versus inTOLLer-
ance of commensals. Mol. Immunol. 42:887-893.

Chi, H., Barry, S. P., Roth, R. J., Wu, J. J., Jones, E. A., Bennett, A. M., Flavell, R. A.
(2006). Dynamic regulation of pro- and anti-inflammatory cytokines by MAPK
phosphatase 1 (MKP-1) in innate immune responses. Proc. Natl. Acad. Sci. USA
103:2274-2279.

Conley, M. E., Delacroix, D. L. (1987). Intravascular and mucosal immunoglobulin A:
two separate but related systems of immune defense? Ann. Intern. Med. 106:
892-899.

Corthésy, B. (2007). Roundtrip ticket for secretory IgA: role in mucosal homeostasis? <J.
Immunol. 178:27-32.

Crago, S. S., Kulhavy, R., Prince, S. J., Mestecky, J. (1978). Secretory component of epi-
thelial cells is a surface receptor for polymeric immunoglobulins. J Exp. Med.
147:1832-1837.

Criss, A. K., Ahlgren, D. M., Jou, T. S., McCormick, B. A., Casanova, J. E. (2001). The
GTPase Racl selectively regulates Salmonella invasion at the apical plasma mem-
brane of polarized epithelial cells. J. Cell Sci. 114:1331-1341.

Damaskos, D., Kolios, G. (2008). Probiotics and prebiotics in inflammatory bowel dis-
ease: microflora “on the scope”. Br. J. Clin. Pharmacol. 65:453—467.

Darfeuille-Michaud, A., Boudeau, J., Bulois, P., Neut, C., Glasser, A. L., Barnich, N.,
Bringer, M. A., Swidsinski, A., Beaugerie, L., Colombel, J. F. (2004). High preva-
lence of adherent-invasive Escherichia coli associated with ileal mucosa in Crohn’s
disease. Gastroenterology 127:412—421.

Denning, G. M. (1996). IL-4 and IFN-vy synergistically increase total polymeric IgA
receptor levels in human intestinal epithelial cells. Role of protein tyrosine
kinases. J. Immunol. 156:4807-4814.

Douglas, L. C., Sanders, M. E. (2008). Probiotics and prebiotics in dietetics practice.
J. Am. Diet. Assoc. 108:510-521.

Erridge, C., Pridmore, A., Eley, A., Stewart, J., Poxton, I. R. (2004). Lipopolysaccha-
rides of Bacteroides fragilis, Chlamydia trachomatis and Pseudomonas aeruginosa
signal via toll-like receptor 2. J. Med. Microbiol. 53:735-740.

RIGHTS

ir



Immunol Invest Downloaded from informahealthcare.com by Y oung Library on 05/07/10
For personal use only.

378 M. E. C. Bruno et al.

Frank, D. N., Pace, N. R. (2008). Gastrointestinal microbiology enters the metagenomics
era. Curr. Opin. Gastroenterol. 24:4-10.

Frank, D. N., St Amand, A. L., Feldman, R. A., Boedeker, E. C., Harpaz, N., Pace, N. R.
(2007). Molecular-phylogenetic characterization of microbial community imbal-
ances in human inflammatory bowel diseases. Proc. Natl. Acad. Sci. USA 104:
13780-13785.

Fukata, M., Abreu, M. T. (2007). TLR4 signalling in the intestine in health and dis-
ease. Biochem. Soc. Trans. 35:1473-1478.

Haneberg, B., Kendall, D., Amerongen, H. M., Apter, F. M., Kraehenbuhl, J.-P.,
Neutra, M. R. (1994). Induction of specific immunoglobulin A in the small intes-
tine, colon-rectum, and vagina measured by a new method for collection of secre-
tions from local mucosal surfaces. Infect. Immun. 62:15-23.

Hargreaves, D. C., Medzhitov, R. (2005). Innate sensors of microbial infection. JJ. Clin.
Immunol. 25:503-510.

Hayashi, M., Takenouchi, N., Asano, M., Kato, M., Tsurumachi, T., Saito, T., Moro, I.
(1997). The polymeric immunoglobulin receptor (secretory component) in a human
intestinal epithelial cell line is up-regulated by interleukin-1. Immunology 92:220-225.

He, B., Xu, W,, Santini, P. A., Polydorides, A. D., Chiu, A., Estrella, J., Shan, M., Chad-
burn, A., Villanacci, V., Plebani, A., Knowles, D. M., Rescigno, M., Cerutti, A. (2007).
Intestinal bacteria trigger T cell-independent immunoglobulin A(2) class switching
by inducing epithelial-cell secretion of the cytokine APRIL. Immunity 26:812—826.

Heyninck, K., Beyaert, R. (2005). A20 inhibits NF-xB activation by dual ubiquitin-edit-
ing functions. Trends Biochem. Sci. 30:1-4.

Johansen, F. E., Bosloven, B. A., Krajci, P., Brandtzaeg, P. (1998). A composite DNA
element in the promoter of the polymeric immunoglobulin receptor regulates its
constitutive expression. Eur. J. Immunol. 28:1161-1171.

Johansen, F. E., Pekna, M., Norderhaug, I. N., Haneberg, B., Hietala, M. A., Krajci, P.,
Betsholtz, C., Brandtzaeg, P. (1999). Absence of epithelial immunoglobulin A
transport, with increased mucosal leakiness, in polymeric immunoglobulin recep-
tor/secretory component-deficient mice. J. Exp. Med. 190:915-922.

Kaetzel, C. S. (2005). The polymeric immunoglobulin receptor: bridging innate and
adaptive immune responses at mucosal surfaces. Immunol. Rev. 206:83-99.

Kaetzel, C. S., Bruno, M. E. C. (2007). Epithelial transport of IgA by the polymeric
immunoglobulin receptor. In: Kaetzel, C. S. ed. Mucosal Immune Defense: Immu-
noglobulin A. Springer, pp. 43-89.

Kaetzel, C. S., Mostov, K. (2005). Immunoglobulin transport and the polymeric immu-
noglobulin receptor. In: Mestecky, J., et al. ed. Mucosal Immunology. Academic
Press, pp. 211-250.

Kamada, N., Maeda, K., Inoue, N., Hisamatsu, T., Okamoto, S., Hong, K. S., Yamada, T.,
Watanabe, N., Tsuchimoto, K., Ogata, H., Hibi, T. (2008). Nonpathogenic Escheri-
chia coli strain Nissle 1917 inhibits signal transduction in intestinal epithelial cells.
Infect. Immun. 76:214-220.

Kotlowski, R., Bernstein, C. N., Sepehri, S., Krause, D. O. (2007). High prevalence of
Escherichia coli belonging to the B2+D phylogenetic group in inflammatory bowel
disease. Gut 56:669-675.

Krajci, P., Tasken, K., Kvale, D., Brandtzaeg, P. (1993). Interferon-gamma stimulation
of messenger RNA for human secretory component (poly-Ig receptor) depends on
continuous intermediate protein synthesis. Scand. J Immunol 37:251-256.

RIGHTS

ir



Immunol Invest Downloaded from informahealthcare.com by Y oung Library on 05/07/10
For personal use only.

Regulation of pIgR by Enterobacteriaceae 379

Kruis, W. (2004). Review article: antibiotics and probiotics in inflammatory bowel dis-
ease. Aliment. Pharmacol. Ther. 20 Suppl 4:75-78.

Kvale, D., Brandtzaeg, P. (1995a). Butyrate differentially affects constitutive and
cytokine-induced expression of HLA molecules, secretory component (SC), and
ICAM-1 in a colonic epithelial cell line (HT-29, clone m3). Adv. Exp. Med. Biol.
371A:183-188.

Kvale, D., Brandtzaeg, P. (1995b). Constitutive and cytokine induced expression of
HLA molecules, secretory component, and intercellular adhesion molecule-1 is
modulated by butyrate in the colonic epithelial cell line HT-29. Gut 36:737-742.

Kvale, D., Brandtzaeg, P., Lovhaug, D. (1988a). Up-regulation of the expression of
secretory component and HLA molecules in a human colonic cell line by tumour
necrosis factor-a and y-interferon. Scand. J. Immunol. 28:351-357.

Kvale, D., Lovhaug, D., Sollid, L. M., Brandtzaeg, P. (1988b). Tumor necrosis factor-a
up-regulates expression of secretory component, the epithelial receptor for poly-
meric Ig. J. Immunol. 140:3086-3089.

La Ferla, K., Seegert, D., Schreiber, S. (2004). Activation of NF-xB in intestinal epithe-
lial cells by E. coli strains isolated from the colonic mucosa of IBD patients. Int. oJ.
Colorectal Dis. 19:334-342.

Lammers, K. M., Helwig, U., Swennen, E., Rizzello, F., Venturi, A., Caramelli, E., Kamm,
M. A,, Brigidi, P., Gionchetti, P., Campieri, M. (2002). Effect of probiotic strains on
interleukin 8 production by HT29/19A cells. Am. J. Gastroenterol. 97:1182-1186.

Macpherson, A. J., McCoy, K. D., Johansen, F. E., Brandtzaeg, P. (2008). The immune
geography of IgA induction and function. Mucosal Immunol. 1:11-22.

Mantovani, A., Locati, M., Polentarutti, N., Vecchi, A., Garlanda, C. (2004). Extracellu-
lar and intracellular decoys in the tuning of inflammatory cytokines and Toll-like
receptors: the new entry TIR8/SIGIRR. oJ. Leukocyte Biol. 75:738-742.

Martin, H. M., Campbell, B. J., Hart, C. A., Mpofu, C., Nayar, M., Singh, R., Englyst,
H., Williams, H. F., Rhodes, J. M. (2004). Enhanced Escherichia coli adherence
and invasion in Crohn’s disease and colon cancer. Gastroenterology 127:80-93.

Melmed, G., Thomas, L. S., Lee, N., Tesfay, S. Y., Lukasek, K., Michelsen, K. S., Zhou,
Y., Hu, B., Arditi, M., Abreu, M. T. (2003). Human intestinal epithelial cells are
broadly unresponsive to Toll-like receptor 2-dependent bacterial ligands: implica-
tions for host-microbial interactions in the gut. J. Immunol. 170:1406-1415.

Mestecky, J., Russell, M. W., Jackson, S., Brown, T. A. (1986). The human IgA system:
A reassessment. Clin. Immunol. Immunopath. 40:105-114.

Mondel, M., Schroeder, B. O., Zimmermann, K., Huber, H., Nuding, S., Beisner, J.,
Fellermann, K., Stange, E. F., Wehkamp, J. (2009). Probiotic E. coli treatment
mediates antimicrobial human s-defensin synthesis and fecal excretion in humans.
Mucosal Immunol 2:166-172.

Munford, R. S., Varley, A. W. (2006). Shield as signal: lipopolysaccharides and the evo-
lution of immunity to gram-negative bacteria. PLoS. Pathog. 2:e67.

Murthy, A. K., Dubose, C. N., Banas, J. A., Coalson, J. J., Arulanandam, B. P. (2006).
Contribution of polymeric immunoglobulin receptor to regulation of intestinal
inflammation in dextran sulfate sodium-induced colitis. JJ. Gastroenterol. Hepatol.
21:1372-1380.

Nilsen, E. M., Johansen, F. E., Kvale, D., Krajci, P., Brandtzaeg, P. (1999). Different
regulatory pathways employed in cytokine-enhanced expression of secretory com-
ponent and epithelial HLA class I genes. Eur. J. Immunol. 29:168-179.

RIGHTS

ir



Immunol Invest Downloaded from informahealthcare.com by Y oung Library on 05/07/10
For personal use only.

380 M. E. C. Bruno et al.

Nissle, A. (1918). Die antagonistische Behandlung chronischer Darmstoerungen mit
Colibakterien [The antagonistic treatment of chronic intestinal disturbances with
coliform bacterial. Med. Klinik. 29-30.

Norderhaug, I. N., Johansen, F. E., Schjerven, H., Brandtzaeg, P. (1999). Regulation of
the formation and external transport of secretory immunoglobulins. Crit. Rev.
Immunol. 19:481-508.

Otte, J. M., Podolsky, D. K. (2004). Functional modulation of enterocytes by gram-posi-
tive and gram-negative microorganisms. Am. J. Physiol Gastrointest. Liver Physiol
286:G613-G626.

Phalipon, A., Corthésy, B. (2003). Novel functions of the polymeric Ig receptor: well
beyond transport of immunoglobulins. Trends Immunol. 24:55-58.

Phalipon, A., Corthésy, B. (2007). Novel functions for mucosal SIgA. In: Kaetzel, C. S.
ed. Mucosal Immune Defense: Immunoglobulin A. Springer, pp. 183—-202.

Phillips, J. O., Everson, M. P., Moldoveanu, Z., Lue, C., Mestecky, J. (1990). Synergistic
effect of IL.-4 and IFN-v on the expression of polymeric Ig receptor (secretory com-
ponent) and IgA binding by human epithelial cells. J. Immunol. 145:1740-1744.

Piskurich, J. F., France, J. A., Tamer, C. M., Willmer, C. A., Kaetzel, C. S., Kaetzel, D. M.
(1993). Interferon-vy induces polymeric immunoglobulin receptor mRNA in human
intestinal epithelial cells by a protein synthesis dependent mechanism. Mol.
Immunol. 30:413-421.

Piskurich, J. F., Youngman, K. R., Phillips, K. M., Hempen, P. M., Blanchard, M. H.,
France, J. A., Kaetzel, C. S. (1997). Transcriptional regulation of the human poly-
meric immunoglobulin receptor gene by interferon-v. Mol. Immunol. 34:75-91.

Sarkar, J., Gangopadhyay, N. N., Moldoveanu, Z., Mestecky, J., Stephensen, C. B.
(1998). Vitamin A is required for regulation of polymeric immunoglobulin receptor
(pIgR) expression by interleukin-4 and interferon-y in a human intestinal epithelial
cell line. J. Nutr. 128:1063-1069.

Sartor, R. B. (2008). Microbial influences in inflammatory bowel diseases. Gastroenter-
ology 134:577-594.

Sartor, R. B. (2005). Probiotic therapy of intestinal inflammation and infections. Curr.
Opin. Gastroenterol. 21:44-50.

Sasaki, M., Sitaraman, S. V., Babbin, B. A., Gerner-Smidt, P., Ribot, E. M., Garrett,
N., Alpern, J. A., Akyildiz, A., Theiss, A. L., Nusrat, A., Klapproth, J. M.
(2007). Invasive Escherichia coli are a feature of Crohn’s disease. Lab Invest
87:1042-1054.

Schjerven, H., Brandtzaeg, P., Johansen, F. E. (2000). Mechanism of IL.-4-mediated up-
regulation of the polymeric Ig receptor: Role of STAT®6 in cell type-specific delayed
transcriptional response. J. Immunol. 165:3898-3906.

Schjerven, H., Brandtzaeg, P., Johansen, F. E. (2001). A novel NF-xB/Rel site in
intron 1 cooperates with proximal promoter elements to mediate TNF-a-
induced transcription of the human polymeric Ig receptor. J. Immunol. 167:
6412-6420.

Schjerven, H., Brandtzaeg, P., Johansen, F. E. (2003). Hepatocyte NF-1 and STAT6 coop-
erate with additional DNA-binding factors to activate transcription of the human
polymeric Ig receptor gene in response to IL-4. J. Immunol. 170:6048-6056.

Schjerven, H., Tran, T. N., Brandtzaeg, P., Johansen, F. E. (2004). De novo synthesized
RelB mediates TNF-induced up-regulation of the human polymeric Ig receptor. oJ.
Immunol. 173:1849-1857.

RIGHTS

ir



Immunol Invest Downloaded from informahealthcare.com by Y oung Library on 05/07/10
For personal use only.

Regulation of pIgR by Enterobacteriaceae 381

Schlee, M., Wehkamp, J., Altenhoefer, A., Oelschlaeger, T. A., Stange, E. F., Feller-
mann, K. (2007). Induction of human g-defensin 2 by the probiotic Escherichia coli
Nissle 1917 is mediated through flagellin. Infect. Immun. 75:2399-2407.

Schneeman, T. A., Bruno, M. E. C., Schjerven, H., Johansen, F. E., Chady, L., Kaetzel,
C. S. (2005). Regulation of the polymeric Ig receptor by signaling through Toll-like
receptors 3 and 4: linking innate and adaptive immune responses. J. Immunol.
175:376-384.

Schultz, M. (2008). Clinical use of E. coli Nissle 1917 in inflammatory bowel disease.
Inflamm. Bowel. Dis. 14:1012-1018.

Seksik, P., Dray, X., Sokol, H., Marteau, P. (2008). Is there any place for alimentary
probiotics, prebiotics or synbiotics, for patients with inflammatory bowel disease?
Mol. Nutr. Food Res. 52:906-912.

Shang, L., Fukata, M., Thirunarayanan, N., Martin, A. P., Arnaboldi, P., Maussang,
D., Berin, C., Unkeless, J. C., Mayer, L., Abreu, M. T., Lira, S. A. (2008). Toll-like
receptor signaling in small intestinal epithelium promotes B-cell recruitment and
IgA production in lamina propria. Gastroenterology 135:529-538.

Shimada, S., Kawaguchi-Miyashita, M., Kushiro, A., Sato, T., Nanno, M., Sako, T.,
Matsuoka, Y., Sudo, K., Tagawa, Y., Iwakura, Y., Ohwaki, M. (1999). Generation
of polymeric immunoglobulin receptor-deficient mouse with marked reduction of
secretory IgA. J. Immunol. 163:5367-5373.

Sokol, H., Lay, C., Seksik, P., Tannock, G. W. (2008). Analysis of bacterial bowel com-
munities of IBD patients: what has it revealed? Inflamm. Bowel. Dis. 14:858-867.

Sollid, L. M., Kvale, D., Brandtzaeg, P., Markussen, G., Thorsby, E. (1987). Interferon-y
enhances expression of secretory component, the epithelial receptor for polymeric
immunoglobulins. J. Immunol. 138:4303—4306.

Solorzano-Vargas, R. S., Wang, J., Jiang, L., Tsai, H. V., Ontiveros, L. O., Vazir, M. A.,
Aguilera, R. J., Martin, M. G. (2002). Multiple transcription factors in 5-flanking
region of human polymeric Ig receptor control its basal expression. Am J Physiol
Gastrointest Liver Physiol 283:G415-G425.

Strober, W., Fuss, 1., Mannon, P. (2007). The fundamental basis of inflammatory bowel
disease. J. Clin. Invest. 117:514-521.

Strober, W., Murray, P. J., Kitani, A., Watanabe, T. (2006). Signalling pathways and
molecular interactions of NOD1 and NOD2. Nat. Rev. Immunol. 6:9-20.

Takenouchi-Ohkubo, N., Asano, M., Chihaya, H., Chung-Hsuing, W. U., Ishikasa, K.,
Moro, I. (2004). Retinoic acid enhances the gene expression of human polymeric
immunoglobulin receptor (pIgR) by TNF-alpha. Clin. Exp. Immunol. 135:448-454.

Takenouchi-Ohkubo, N., Moro, I., Mukae, S., Kaneko, Y., Komiyama, K. (2008).
Tumour necrosis factor-a-mediated human polymeric immunoglobulin receptor
expression is regulated by both mitogen-activated protein kinase and phosphati-
dylinositol-3-kinase in HT-29 cell line. Immunology 123:500-507.

Takenouchi-Ohkubo, N., Takahashi, T., Tsuchiya, M., Mestecky, J., Moldoveanu, Z.,
Moro, I. (2000). Role of nuclear factor-xB in the expression by tumor necrosis
factor-a of the human polymeric immunoglobulin receptor (plgR) gene. Immunoge-
netics 51:289-295.

Takeuchi, O., Akira, S. (2007). Signaling pathways activated by microorganisms. Curr.
Opin. Cell Biol. 19:185-191.

Tannock, G. W. (2008a). Molecular analysis of the intestinal microflora in IBD.
Mucosal Immunol. 1 Suppl 1:S15-S18.

RIGHTS

ir



Immunol Invest Downloaded from informahealthcare.com by Y oung Library on 05/07/10
For personal use only.

382 M. E. C. Bruno et al.

Tannock, G. W. (2008b). The search for disease-associated compositional shifts in
bowel bacterial communities of humans. Trends Microbiol. 16:488-495.

Tsuchiya, S., Yamabe, M., Yamaguchi, Y., Kobayashi, Y., Konno, T., Tada, K. (1980).
Establishment and characterization of a human acute monocytic leukemia cell line
(THP-1). Int. J. Cancer 26:171-176.

Ukena, S. N., Singh, A., Dringenberg, U., Engelhardt, R., Seidler, U., Hansen, W.,
Bleich, A., Bruder, D., Franzke, A., Rogler, G., Suerbaum, S., Buer, J., Gunzer, F.,
Westendorf, A. M. (2007). Probiotic Escherichia coli Nissle 1917 inhibits leaky gut
by enhancing mucosal integrity. PLoS. One 2:¢1308.

Ukena, S. N., Westendorf, A. M., Hansen, W., Rohde, M., Geffers, R., Coldewey, S.,
Suerbaum, S., Buer, J., Gunzer, F. (2005). The host response to the probiotic
Escherichia coli strain Nissle 1917: specific up-regulation of the proinflammatory
chemokine MCP-1. BMC. Med. Genet. 6:43—66.

Wehkamp, J., Harder, J., Wehkamp, K., Wehkamp-von, M. B., Schlee, M., Enders, C.,
Sonnenborn, U., Nuding, S., Bengmark, S., Fellermann, K., Schroder, J. M.,
Stange, E. F. (2004). NF-xB- and AP-1-mediated induction of human 3 defensin-2
in intestinal epithelial cells by Escherichia coli Nissle 1917: a novel effect of a pro-
biotic bacterium. Infect. Immun. 72:5750-5758.

Wells, C. L., Jechorek, R. P., Kinneberg, K. M., Debol, S. M., Erlandsen, S. L. (1999).
The isoflavone genistein inhibits internalization of enteric bacteria by cultured
Caco-2 and HT-29 enterocytes. JJ. Nutr. 129:634—640.

Wijburg, O. L., Uren, T. K., Simpfendorfer, K., Johansen, F. E., Brandtzaeg, P.,
Strugnell, R. A. (2006). Innate secretory antibodies protect against natural Salmo-
nella typhimurium infection. J. Exp. Med. 203:21-26.

Woof, J. M., Kerr, M. A. (2006). The function of immunoglobulin A in immunity.
J. Pathol. 208:270-282.

Woof, J. M., Mestecky, J. (2005). Mucosal immunoglobulins. Immunol. Rev. 206:64—82.

Youngman, K. R., Fiocchi, C., Kaetzel, C. S. (1994). Inhibition of IFN-y activity in
supernatants from stimulated human intestinal mononuclear cells prevents
up-regulation of the polymeric Ig receptor in an intestinal epithelial cell-line.
J. Immunol. 153:675-681.

Zoumpopoulou, G., Tsakalidou, E., Dewulf, J., Pot, B., Grangette, C. (2009). Differen-
tial crosstalk between epithelial cells, dendritic cells and bacteria in a co-culture
model. Int. J. Food Microbiol. in press.

Zyrek, A. A., Cichon, C., Helms, S., Enders, C., Sonnenborn, U., Schmidt, M. A. (2007).
Molecular mechanisms underlying the probiotic effects of Escherichia coli Nissle
1917 involve ZO-2 and PKC(¢ redistribution resulting in tight junction and epithe-
lial barrier repair. Cell Microbiol. 9:804—-816.

RIGHTS

ir



