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Escherichia coli strain Nissle 1917, which has been widely used as a probiotic for the treatment of inflam-
matory bowel disorders, expresses a K5 capsule, the expression of which is often associated with extraintestinal
and urinary tract isolates of E. coli. Previously, it had been shown that the expression of a K5 capsule by Nissle
1917 was important in mediating interactions with epithelial cells and the extent of chemokine expression. In
this paper, we show that infection with Nissle 1917 induces expression of Toll-like receptor 4 (TLR4) and TLR5
in Caco-2 cells and that maximal induction of TLR5 required the K5 capsule. In addition, purified K5
polysaccharide was capable of inducing expression of TLR5 and mCD14 and potentiated the activity of both
TLR4 and TLR5 agonists to increase the proinflammatory response. Infection with Nissle 1917 also increased
the expression of the adaptor molecules MyD88 and TRIF, which was K5 capsule dependent. By Western blot
analysis, it was possible to show that induction of interleukin-8 by Nissle 1917 was predominantly through the
mitogen-activated protein (MAP) kinase pathway and that expression of the K5 capsule was important for
activation of the MAP kinase pathway. This paper provides new information on the function of the K5 capsule
in mediating interactions between Nissle 1917 and epithelial cells and the mechanisms that underlie the
probiotic properties of Nissle 1917.

Escherichia coli strain Nissle 1917 (serotype O6:K5:H1) is
apparently nonpathogenic (17, 57) and has been widely used in
preventing infectious diarrheal diseases (6, 11, 20, 34), treating
inflammatory bowel diseases (IBDs) such as ulcerative colitis
and Crohn’s disease (6, 14, 27, 28), and preventing colonization
of the digestive tract of neonates by pathogens (30). There has
been a growing interest in investigating the immunomodula-
tory effects of Nissle 1917 and the role of individual microbial
components in these processes. It is known that colonization by
Nissle 1917 may lead to an alteration of the hosts’ cytokine
repertoire, with increased levels of inteleukin-10 (IL-10), IL-
12, monocyte chemoattractant protein 1 (MCP-1), MIP2�, and
MIP2� (10, 52), together with increased immunoglobulin A
secretion (11), lymphocyte or macrophage activation (10),
modulation of CD4� clonal expansion (46), and stimulation of
antimicrobial peptide production by intestinal epithelial cells
and tight junction formation (39, 62). In addition, Nissle 1917
activates ��T cells, stimulating CXCL8 and IL-6 release but
inhibiting tumor necrosis factor alpha (TNF-�) secretion (18).
Following activation, Nissle 1917 induced apoptosis in acti-
vated ��T cells, suggesting that Nissle 1917 is able to interact
with the subset of T cells that operate at the interface between
the adaptive and innate immune responses (18).

The role of individual components of Nissle 1917 in medi-
ating the immunomodulatory responses is less clearly under-
stood. Previously, flagellin of Nissle 1917 had been shown to
induce human �-defensin expression (44), and recently, we
have shown that the K5 capsule of Nissle 1917 mediates the
interaction between Nissle 1917 and epithelial cells and the
extent of chemokine induction (19). Recognition of microbial
factors by the host will involve Toll-like receptors (TLRs) that
act as signaling receptors of the innate immune system, recog-
nizing a wide variety of molecular patterns typical for micro-
organisms and being able to initiate anti-infective inflamma-
tory responses (1, 16, 31, 37, 48, 53). TLRs are selectively
activated by different microbial ligands, including lipopolysac-
charide (LPS), flagellin, peptidoglycans, and oligonucleotides
with CpG sequences (48). In the case of intestinal epithelial
cells, it was previously reported that LPS and flagellin play
roles in induction of the proinflammatory response by both
pathogenic and commensal bacteria via interaction of TLR4
and TLR5, respectively (2, 13, 25). Although, TLRs differ from
one another by their ligand specificities, determined by the
extracellular portion of the receptor, in the cytoplasm there is
a common Toll–interleukin-1-related (TIR) domain (1, 48).
There are two TLR signaling pathways following ligand liga-
tion with the cell surface TLR. There is a MyD88-dependent
pathway that is common to all TLRs and a MyD88-indepen-
dent pathway involving TRIF that is peculiar to the TLR3 and
TLR4 signaling pathways (1, 3, 48). Signal transduction results
in downstream activation of transcription factors, like NF-�B
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and AP-1, which leads to an upregulation of proinflammatory
cytokines and chemokines, such as TNF-� and IL-8 (48). In the
case of the AP-1-mediated pathway, activation of AP-1 is pre-
ceded by the mitogen-activated protein kinase (MAPK) acti-
vation pathway (29, 58).

Recently, we showed that the K5 capsule plays a key part in
mediating the interaction between Nissle 1917 and epithelial
cells and the extent of the chemokine response (19). However,
the mechanisms by which the K5 capsule elicited this response
were unknown. In this paper, we show that Nissle 1917 induces
TLR2, -4, and -5 expression, with maximal TLR5 induction
being dependent on the K5 capsule, and that addition of pu-
rified K5 polysaccharide was able to induce TLR5 expression.
In addition, the K5 capsule was necessary for both maximal
induction of the adaptor proteins MyD88 and TRIF and in-
duction of CD-14 expression by Nissle 1917. Further, we show
that purified K5 polysaccharide could potentiate the activity of
both TLR4 and TLR5 agonists to maximize the proinflamma-
tory response. Analysis of the phosphorylation state of Jun
N-terminal protein kinase (JNK), extracellular signal-regu-
lated kinase (ERK), and p38 in the presence of the K5 capsule
demonstrated that the K5-mediated proinflammatory response
is predominantly mediated via these mitogen-activated protein
(MAP) kinase pathways. Overall, this paper provides the first
data on the likely mechanism by which the K5 capsule medi-
ates interactions between Nissle 1917 and host cells.

MATERIALS AND METHODS

Preparation of bacteria. The Escherichia coli strain Nissle 1917 strain, the kfiC
knockout mutant lacking a K5 capsule (EcNK5�), and plasmid pBkfiCD have
been described previously (19). For all experiments, the bacteria were grown
overnight in Luria-Bertani (LB) broth medium at 37°C on a shaker at 200 rpm.
The cultures were then diluted 1:100 in fresh LB broth and reincubated under
the same conditions until mid-log phase (optical density at 600 nm, 0.5). Where
appropriate, the medium was supplemented with ampicillin (100 �g ml�1) or
chloramphenicol (25 �g ml�1).

Purification of K5 polysaccharide. The K5 polysaccharide was prepared from
strain MS101 as described previously (9). Contaminating proteins were removed
by phenol treatment, and the final polysaccharide preparation was analyzed for
protein contamination by silver staining following SDS-PAGE. No detectable
proteins were present in any polysaccharide preparations. LPS was removed by
polymyxin B treatment, and the final polysaccharide preparation was assayed for
LPS contamination using a Limulus amoebocyte lysate according to the manu-
facturer’s instructions (AMS Biotechnology Ltd., Abingdon, United Kingdom).
The K5 polysaccharide preparation was free of detectable contaminating LPS.

Cell culture condition. The human colon adenocarcinoma cell line Caco-2 was
maintained in Iscove’s modified Dulbecco’s medium (IMDM) for cell culture
(Sigma Aldrich Company, Irvine, Ayrshire, United Kingdom) containing 10%
fetal bovine serum (Invitrogen, Life Technologies, Paisley, United Kingdom) at
37°C in the presence of 5% CO2. The Caco-2 cells used for the experiments were
at passages 10 to 20. The experiments were done using Caco-2 cell monolayers
which were obtained by seeding the cells into six-well plates (Costar Corning)
and growing them under the above-mentioned conditions for 4 days until they
reached confluence.

Stimulation of Caco-2 cells. Confluent Caco-2 cells in six-well plates (1 	 106

cells per well) were washed with phosphate-buffered saline (PBS) and incubated
for 6 h at 37°C in 5% CO2 with bacterial suspension made in IMDM at a
multiplicity of infection (MOI) of 1. Controls were carried out in similar way
except that the bacterial suspension was replaced with IMDM. At the end of the
stimulation period, RNA of the mammalian cells was extracted to be analyzed by
quantitative reverse transcription-PCR (qRT-PCR).

RNA extraction and quantification. RNA was extracted from cells by use of an
RNeasy minikit (Qiagen, Hilden, Germany) as previously described (19).
Genomic DNA contamination of the extracted RNA was removed by twice
treating the purified RNA sample with RNase-free DNase (Qiagen, Hilden,
Germany). The absence of DNA in isolated RNA was confirmed by performing

PCR in the absence of a reverse transcriptase step. Two micrograms of each
isolated RNA was then reverse transcribed for 60 min at 42°C in 25-�l assay
mixtures containing 25 pM oligo(dT) primer, 12.5 mM deoxynucleoside triphos-
phates (dNTPs), 40 units avian myeloblastosis virus (AMV) reverse transcriptase
(Roche Diagnostics, Mannheim, Germany) in addition to 20 units of RNase
inhibitor (Roche Diagnostics, Mannheim, Germany). All samples were reverse
transcribed under the same conditions and with a similar reverse transcription
master mix to minimize differences in reverse transcription efficiency. The qPCR
was performed with 50-�l reaction mixtures containing 2 �l cDNA and 300 nM
each sense and antisense primer and with a SYBR green PCR kit from Euro-
gentec. The specific primers designed to amplify 90- to 250-bp fragments from
the cDNA under investigation have previously been described (19). The PCRs
were carried out with a thermocycler (ABI PRISM 7000 cycler; Applied Biosys-
tems, Foster City, CA). The cycling conditions for PCR amplification were 95°C
for 10 min and then 40 cycles including denaturation at 95°C for 15 s, annealing,
and extension at 58°C for 1 min. The housekeeping gene used was the RPS9
(ribosomal protein S9) gene, which was assessed in parallel with each reaction as
an internal standard. Relative mRNA levels were determined by using included
standard curves for each individual gene, and further normalization to the levels
for the housekeeping gene was carried out.

Flow cytometry. Cell surface expression of TLR4 and -5 was determined by
flow cytometry (cyan; Beckman-Coulter, High Wycombe, United Kingdom) with
an excitation wavelength of 488 nm. The instrument was calibrated before each
measurement with standardized fluorescent particles (SpectrAlign; Dako, Cam-
bridgeshire, United Kingdom). Fluorescence signals of cells were measured
using a 575-nm/25-nm band-pass filter. The flow cytometry was performed using
monoclonal mouse anti-human antibodies (Imgenex, San Diego, CA) according
to the manufacturer’s instructions. Briefly, 5 	 105 Caco-2 cells were washed in
PBS containing bovine serum albumin (BSA) and then incubated with the cor-
responding TLR antibodies (1/100 dilution) for 30 min at 4°C. After a wash,
phycoerythrin (PE)-conjugated goat anti-mouse antibody was added and the
suspension was incubated at 4°C for 30 min. Cells were then washed in PBS
containing BSA. Negative controls were prepared by incubation with an isotype-
matched control antibody. Samples were prepared and analyzed in duplicate, and
a minimum of 5,000 cells were counted from each sample. Data are expressed as
mean numbers of fluorescence units and percentages of cells staining positively.

Blocking TLR4 and TLR5. To explore the role of TLR4 and TLR5 pathways
in K5-mediated induction of a proinflammatory response, Caco-2 cells were
treated with anti-human TLR4 or anti-human TLR5 blocking antibodies (Invi-
vogen, San Diego, CA) prior to the infections. The blocking was done according
to the protocol suggested by the manufacturer. Briefly, Caco-2 cells were incu-
bated with 6 �g ml�1 of the neutralizing antibodies for 1 h min prior to the
addition of bacteria. The blockade was confirmed by stimulation of the blocked
Caco-2 cells with ultrapure E. coli LPS (a TLR4 agonist) or endotoxin-free
Salmonella enterica serovar Typhimurium flagellin (a TLR5 agonist) at a con-
centration of 200 ng ml�1 or 20 ng ml�1, respectively. Both TLR agonists were
purchased from Invivogen, San Diego, CA. In all cases, expression of IL-8 was
used as a measure of TLR4 or TLR5 pathway activity.

Western blotting for MAP kinase pathways. Western blot analysis was per-
formed to measure MAP kinase (MAPK) protein activation within infected and
control Caco-2 cells. Briefly, Caco-2 cell lysates were obtained by exposing cells
to cold SDS loading buffer supplemented with NaF, Na3VO4, and �-glycero-
phosphate at 10 mM each. The samples were boiled for 10 min before gel
loading. Proteins resolved on SDS-PAGE gel were then transferred to Western
polyvinylidene difluoride (PVDF) membranes (Whatman) using an electro-
phoretic transfer system (Trans-blot semidry transfer cell; Bio-Rad) at 15 mA for
20 min. Membranes were then blocked overnight with T-PBS (PBS containing
0.1% [vol/vol] Tween) supplemented with 5% (vol/wt) BSA. After a wash with
T-PBS, membranes were incubated at 4°C overnight with one of the primary
antibodies (1:1,000 dilution). The primary antibodies used were p38 MAPK
antibody, phospho-p38 MAPK (Thr180/Tyr182) antibody, ERK antibody, phos-
pho-ERK (Thr202/Tyr204) antibody, JNK antibody, and phospho-JNK (Thr183/
Tyr185) antibody (Cell Signaling Technology, Beverly, MA). Membranes were
then washed with T-PBS and subsequently incubated with horseradish peroxi-
dase-conjugated goat anti-mouse IgG secondary antibody (1:2,000 dilution). The
membranes were washed and developed with Western lightening chemilumines-
cence reagents (Perkin Elmer, Boston, MA).

MAP kinase inhibitors. Confluent Caco-2 cells were incubated with SP600125
(JNK1, -2, and -3 inhibitor), SB203580 (p38 activity inhibitor), and U0126
(MEK1 and -2 inhibitor), which were prepared as stocks in dimethyl sulfoxide
(DMSO) and then diluted to a final concentration of 20 �M in Dulbecco’s
modified Eagle’s medium (DMEM). After incubation for 24 h at 37°C and 5%
CO2, the bacteria were added at an MOI of 1. The plate was further incubated
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for 6 h, after which the mammalian cell RNA was extracted and reverse tran-
scribed and the expression of IL-8 was assessed by qRT-PCR as mentioned
earlier. It should be emphasized that the MAP kinase pathway inhibition was
confirmed by the absence of phosphorylated JNK, p38, or ERK bands on the
Western blot after stimulation of the cells with TNF-� (40 ng ml�1) for 1 h.

Statistical analysis. Data are expressed as means 
 standard deviations (SD).
The significance of differences between means was tested using the two-tailed
Student t test and analysis of variance. The differences between means were
considered statistically significant when P was �0.01. The SPSS statistical pack-
age was used for analysis.

RESULTS

Effect of the K5 capsule on TLR expression of Caco-2 cells.
To determine the effect of the K5 capsular polysaccharide
(CPS) on expression of TLRs, Caco-2 cells were infected with

Nissle 1917 and the isogenic K5 minus mutant EcNK5� (19).
The infection with Nissle 1917 resulted in significant rises in
mRNA levels of TLR4 and -5, increasing 14- and 115-fold,
respectively, compared to the level for uninfected Caco-2 cells
(Fig. 1a). In contrast, infection with Nissle 1917 resulted in a
more modest (1.7-fold) increase in TLR2 (Fig. 1a). Infection
with EcNK5� resulted in levels of induction of TLR2 and -4
similar to those seen with Nissle 1917 but significantly (P �
0.01) less induction of TLR5 than that seen with Nissle 1917
(Fig. 1a). The addition of exogenous K5 polysaccharide with
EcNK5� during infection of Caco-2 cells was associated with a
significant (P � 0.01) (4-fold) rise in TLR5 mRNA levels
compared to the level seen with Caco-2 cells infected with
EcNK5� alone, with mRNA levels comparable to those in-
duced by Nissle 1917 (Fig. 1a). Complementation of strain
EcNK5� with plasmid pBkfiCD (19) resulted in a significant
(P � 0.01) increase in induction of TLR5 mRNA in infected
Caco-2 cells compared to that seen with cells infected with
EcNK5� (Fig. 1b).

When Caco-2 cells were incubated with increasing concen-
trations of purified K5 polysaccharide in the absence of bac-
teria, there was only a marginal increase in expression of TLR4
and the increase was not significant (data not shown). In con-
trast, under the same conditions, there was a significant (P �
0.01) dose-dependent increase in expression of TLR5 (Fig. 2).
To confirm that the changes in mRNA were reflected in in-
creased TLR protein expression on the cell surface, flow cyto-
metric analysis was used to determine TLR4 and -5 expression.
There were low levels of expression of both TLR4 and -5 in the
uninfected Caco-2 cells (Fig. 3). Infection with either Nissle
1917 or EcNK5� resulted in a significant increase in TLR4
expression (Fig. 3). While infection with EcNK5� increased
TLR5 expression, this increase was significantly less than that
seen with Nissle 1917-infected cells (Fig. 3). Purified K5 poly-
saccharide had a very modest effect on inducing TLR4 expres-
sion, in contrast to a significant increase in TLR5 expression
(Fig. 3). Overall, these data indicate that Nissle 1917 induces

FIG. 1. Effect of infection by Nissle 1917 and EcNK5� strains on
TLR expression of Caco-2 cells. Caco-2 cells were incubated with
Nissle 1917 (EcN), EcNK5�, and EcNK5� plus 100 �g ml�1 of puri-
fied K5 polysaccharide (a) or incubated with EcN (pBlue Script II
SK�), EcNK5� (pBlue Script II SK�), or EcNK5� (pBKfiCD) (b) for
6 h. After incubation, total RNA was extracted and reverse tran-
scribed, and relative TLR mRNA was quantified by real-time RT-PCR
and normalized to the level for the RPS-9 housekeeping gene. Relative
messenger mRNA levels were expressed as fold changes compared to
the level for untreated Caco-2 cells. The figure is representative of
three independent experiments, each done at least in quadruplicate.
Data are expressed as means � SD. In panel a, an asterisk indicates a
significant difference in mRNA compared to the level for EcNK5�-
infected cells (P � 0.01). In panel b, an asterisk indicates a significant
difference compared to the level for EcNK5� (pSK�)-infected Caco-2
cells (P � 0.01).

FIG. 2. Effect of purified K5 capsular polysaccharide on the expres-
sion of TLR5 by Caco-2 cells. Caco-2 cells were incubated with in-
creasing concentrations of purified K5 polysaccharide for 6 h, after
which total RNA was isolated and reverse transcribed and the relative
mRNA expression levels for the TLR5 gene and the RPS-9 house-
keeping gene (as an internal control) were analyzed by real-time RT-
PCR. Relative mRNA levels are expressed in fM. The figure is repre-
sentative of three independent experiments, each done at least in
quadruplicate. Data are expressed as means � SD.
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both TLR4 and TLR5 expression in Caco-2 cells and that
expression of a K5 capsule is required for maximal TLR5
expression. In addition, the data show that K5 polysaccharide
alone is able to also stimulate TLR5 expression.

Effect of the K5 capsule on CD-14 gene expression in Caco-2
cells. mCD-14 is a cell surface LPS binding protein that, fol-
lowing the binding of LPS, stimulates activation of downstream
targets by interacting with TLR4 (24). Following infection with
Nissle 1917, there was a significant (5-fold) increase in the level
of CD-14-specific mRNA compared to the level for uninfected
Caco-2 cells (Fig. 4). In contrast, there was no significant in-
crease in CD-14 mRNA (P � 0.01) following infection with

EcNK5� (Fig. 4). Addition of purified K5 polysaccharide alone
(100 �g ml�1) or in conjunction with EcNK5� induced a sig-
nificant (P � 0.01) increase in CD-14 mRNA expression (3- or
5-fold, respectively) compared to the level for uninfected
Caco-2 cells (Fig. 4). Collectively, these data demonstrate (i)
that infection with Nissle 1917 stimulates CD-14 expression,
(ii) that this induction requires the presence of the K5 capsule,
and (iii) that purified K5 CPS is able to induce CD-14 gene
expression.

Blocking of either TLR4 or TLR5 diminishes the K5-medi-
ated immunomodulatory effect. To demonstrate that the im-
munomodulatory effects of the K5 capsule are mediated via
TLR4 and -5, IL-8 induction in Caco-2 cells exposed to either
K5 polysaccharide, Nissle 1917, or EcNK5� in the presence of
TLR4 and TLR5 neutralizing polyclonal antibodies was as-
sayed. In the presence of TLR4 neutralizing antibodies, LPS, a
TLR4 agonist, was unable to stimulate a significant increase
IL-8 expression (Fig. 5a), confirming that the neutralizing an-
tibodies were blocking the TLR4 pathway. In contrast, flagel-
lin, a TRL5 agonist, was able to induce a significant (P � 0.01)
increase in IL-8 expression (Fig. 5a). The addition of purified
K5 polysaccharide to flagellin resulted in a significant (P �
0.01) further induction in IL-8 expression compared to that
seen with flagellin alone (Fig. 5a). As predicted from previous
studies (19), K5 polysaccharide alone had a negligible effect on
induction of IL-8 (Fig. 5a). These data confirm that K5 poly-
saccharide can act to potentiate the activity of a TLR5 agonist.

In the presence of TLR5 neutralizing antibodies, flagellin
was unable to induce a significant increase in IL-8 expression
(Fig. 5b), confirming that the neutralizing antibodies were
blocking the TLR5 pathway. In contrast, LPS, a TLR4 agonist,
induced a significant (P � 0.01) increase in IL-8 expression
that was increased 10-fold by the addition of K5 polysaccharide

FIG. 3. Flow cytometric analysis of the expression of TLR4 and
TLR5 on the surfaces of Caco-2 cells. Caco-2 cells were first infected
with either Nissle 1917 (EcN) or EcNK5� or treated with 100 �g ml�1

purified K5 polysaccharide. Subsequently, following treatment of the
cells with the appropriate antisera as described in the Materials and
Methods, fluorescence signals of cells were measured using a 575-nm/
25-nm band-pass filter. Shaded areas represent the background stain-
ing of the negative control, and the open areas show the fluorescence
staining with TLR4- and TLR5-specific antibodies. Samples were pre-
pared and analyzed in triplicate, and a minimum of 5,000 cells from
each sample were counted. Data are expressed as mean fluorescence
units (MFI) and percentages of cells staining positively.

FIG. 4. Effect of the K5 capsule on CD14 expression of Caco-2
cells. Caco-2 cells were infected with either Nissle 1917 (EcN),
EcNK5�, or EcNK5� plus purified K5 polysaccharide (100 �g ml�1) or
just treated with purified K5 polysaccharide (100 �g ml�1) for 6 h,
after which total RNA was isolated and reverse transcribed and rela-
tive mRNA expression levels for selected genes and the RPS-9 house-
keeping gene (as an internal control) were analyzed by real-time RT-
PCR. Relative CD14 messenger mRNA levels are expressed in fM.
The figure is representative of three independent experiments, each
done at least in quadruplicate. Data are expressed as means � SD. An
asterisk indicates a significant difference in mRNA compared to the
level for the uninfected control (P � 0.01).
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to the LPS (Fig. 5b). These data confirm that the K5 polysac-
charide can act to potentiate the activity of a TLR4 agonist to
increase the proinflammatory response.

To confirm the roles of both TLR4 and TLR5 in stimulation

of IL-8 expression by Nissle 1917, Caco-2 cells were infected
with either Nissle 1917 or EcNK5� in the presence of either
TLR4 or TLR5 neutralizing antibodies or with both antibodies
being present. In the absence of either antibody, there was a
13-fold greater induction of IL-8 in cells infected by Nissle
1917 than in those infected by EcNK5� (Fig. 5c). In the pres-
ence of either TLR4 or TLR5 neutralizing antibodies, the ratio
of IL-8 induction was significantly (P � 0.01) reduced (2.8- or
2.6-fold, respectively) (Fig. 5c). When both neutralizing anti-
bodies were present, the ratio of IL-8 induction dropped to
0.96 (Fig. 5c). These data confirm the essential role of the K5
capsule for maximal IL-8 induction and confirm that the effect
of the K5 capsule is mediated via both TLR4 and TLR5.

Effect of K5 on expression of TLR4 and TLR5 adaptor
molecules. Signal transduction from TLR4 and TLR5 involves
cytoplasmic adaptor proteins (1, 48). In the case of TLR4,
there are two pathways, one via MyD88 and one MyD88-
independent pathway via the adaptor proteins TRAM and
TRIF (3, 48). In contrast, TLR5 uses only the MyD88 pathway
(48). Infection with Nissle 1917 induced a 21-fold increase in
MyD88 gene expression (Fig. 6a), which was significantly
higher (P � 0.01) than the 12-fold induction seen with infec-
tion with EcNK5� (Fig. 6a). Infection of Caco-2 cells with
EcNK5� together with K5 polysaccharide (100 �g ml�1) dou-
bled MyD88 expression, increasing it to a level comparable to
that seen with cells infected with Nissle 1917 (Fig. 6a). In
contrast, exposure of cells to the K5 CPS alone showed no
significant upregulation of MyD88 expression (Fig. 6a).

In the case of TRIF expression, infection with Nissle 1917

FIG. 5. Effect of blocking TLR4 and TLR5 on the proinflammatory
effect of Nissle 1917 and purified K5 polysaccharide. Caco-2 cells were
treated with anti-human TLR4 neutralizing antibodies (a) or TLR5 neu-
tralizing antibodies (b) before challenge with TLR4 and -5 agonists or
were treated with TLR4 and/or TLR5 neutralizing antibodies before
infection with Nissle 1917 (EcN) and EcNK5� (c). The preincubation
with the antibodies was done for 1 h, after which bacteria or TLR agonists
were added and incubated with cells for 6 h in the presence of the
antibodies. After incubation, total RNA was isolated and reverse tran-
scribed, and relative IL-8 mRNA was quantified by real-time RT-PCR
and normalized to the level for the RPS-9 housekeeping gene. The figure
is representative of three independent experiments, each done at least in
quadruplicate. In panels a and b, an asterisk indicates a significant differ-
ence compared to the level for the uninfected control (P � 0.01). In panel
c, an asterisk indicates a significant difference compared to the level for
the sample lacking any neutralizing antibodies (P � 0.01).

FIG. 6. Effect of K5 capsule on MyD88 (a) and TRIF (b) expres-
sion of Caco-2 cells. Caco-2 cells were infected with either Nissle 1917
(EcN), EcNK5�, or EcNK5� plus purified K5 polysaccharide (100 �g
ml�1) or just treated with purified K5 polysaccharide (100 �g ml�1) for
6 h, after which total RNA was isolated, reverse transcribed, and
quantified using real-time RT-PCR. Relative messenger mRNA levels
are expressed as fold changes compared to the level for untreated
Caco-2 cells. The figure is representative of three independent exper-
iments, each done at least in quadruplicate. Data are expressed as
means � SD. An asterisk indicates a significant difference compared to
the level for uninfected cells (P � 0.01).

VOL. 78, 2010 K5 CAPSULE IN E. COLI Nissle 1917 2157



induced a 41-fold increase in expression compared to the level
for uninfected cells (Fig. 6b). In contrast, infection with
EcNK5� induced a modest (2-fold) increase in TRIF expres-
sion, similar to that seen when cells were exposed to purified
K5 polysaccharide (100 �g ml�1) (Fig. 6b). Infection of Caco-2
cells with EcNK5� together with K5 polysaccharide (100 �g
ml�1) induced a 28-fold increase in TRIF expression (Fig. 6b).
These data establish that infection with Nissle 1917 induces
expression of both MyD88 and TRIF, indicating that both
pathways are induced by Nissle 1917. Further, for maximum
induction of these two signaling pathways, expression of a K5
capsule is essential and that K5 polysaccharide can act in trans
in the presence of EcNK5� to restore levels of both MyD88
and TRIF expression to that seen with cells infected with
Nissle 1917.

K5-mediated activation of the MAP kinase pathway. The
transcription factor AP-1 is activated via the MAP kinase
(MAPK) pathway (8, 29, 58). To determine the involvement of
different components of the MAPK pathway in K5-mediated
proinflammatory gene expression, Caco-2 cells were infected
with either Nissle 1917 or EcNK5� in the presence or absence
of K5 polysaccharide and the levels of total and phosphory-
lated JNK, ERK, and p38 assessed by Western blotting using
specific antisera. The relative amount of the phosphorylated
protein was taken as an indicator of their level of enzymatic
activity. Infection of Caco-2 cells with Nissle 1917 resulted in
increased levels of phosphorylated JNK1 and -2 compared to
the level for noninfected cells or those infected with EcNK5�,
where phosphorylated JNK1 and -2 were undetectable (Fig. 7).
The addition of K5 polysaccharide during infection with
EcNK5� resulted in detectable levels of phosphorylated JNK1
and -2 (Fig. 7). Interestingly, a similar pattern was observed in
the cases of other MAPK pathways (ERK and p38), in which

the levels of phosphorylation were much greater in cells in-
fected with Nissle 1917 than in those infected with EcNK5�

(Fig. 7).
To establish the contribution of different MAPK pathways to

the K5-mediated proinflammatory response, the level of IL-8
expression induced by Nissle 1917 was compared to that in-
duced by EcNK5� in the presence of specific MAPK inhibi-
tors. The inhibitors used were SP600125 (JNK1, -2, and -3
pathway inhibitor), SB203580 (p38 pathway inhibitor), and
U0126 (ERK pathway inhibitor). In the absence of the inhib-
itors, Nissle 1917 induced a 16.7-fold greater induction in IL-8
expression than EcNK5� (Table 1). Upon inhibition of JNK,
ERK, and p38, the ratios were significantly (P � 0.01) reduced,
reaching 3.8, 6.6, and 6.9, respectively (Table 1). This obser-
vation clearly indicates that the K5-mediated proinflammatory
effect is predominantly mediated via these MAPK pathways.

DISCUSSION

Previously, it had been shown that the K5 capsule is crucially
important in mediating the immunomodulatory effects of
Nissle 1917 (19). The data presented in this paper build on
these earlier findings and add considerably to our understand-
ing of the mechanisms by which the probiotic E. coli strain
Nissle 1917 elicits a proinflammatory response and the role of
the K5 capsule in this process. Infection of Caco-2 cells with
Nissle 1917 induced cell surface expression of both TLR4 and
TLR5 (Fig. 3). In the case of TLR5, the expression of a K5
capsule was essential for maximal TLR5 expression, with
EcNK5� inducing significantly lower levels of TLR5 (Fig. 1
and 3). The observation that both the addition of exogenous
K5 to strain EcNK5� and the complementation of the kfiC
mutation increased TLR5 gene expression confirmed the role
of the K5 capsule in this process. The finding that the addition
of purified K5 polysaccharide also induced a dose-dependent
increase in TLR5 gene expression (Fig. 2) would indicate that
the K5 polysaccharide itself was able to induce TLR5 expres-
sion. This cannot be explained by contamination, since the K5
preparation was shown to be LPS free, with no detectable
protein (data not shown). TLRs are key components in the
innate immune response involved in the recognition of mi-
crobes, with particular TLRs recognizing different microbial
products. In the case of Gram-negative bacteria, TLR4 is a
receptor for LPS while TLR5 recognizes flagellin (1, 48). TLRs
also play a crucial role in linking the innate and adaptive
immune responses and instructing adaptive immune response
to a particular infection (33, 37). It is known that TLR signals

TABLE 1. Effects of specific MAP kinase pathway inhibitors on
induction of IL-8 expression by Nissle 1917 and EcNK5�

Inhibition group Ratioa of EcN/ECNK5�-induced
IL-8 expression levels

Control..............................................................................16.7
JNK1/2 inhibition (SP600125) ....................................... 3.8
p38 inhibition (SB203580).............................................. 6.6
ERK inhibition (UO126) ............................................... 6.9
JNK, ERK, and p38 inhibition...................................... 2.4

a Caco-2 cells were treated with specific inhibitors for 24 h prior to exposure
to either Nissle 1917 (EcN) or EcNK5� as described in Materials and Methods
and the ratios of IL-8 mRNA under the different conditions determined.

FIG. 7. K5-mediated activation of the MAP kinase pathway.
Caco-2 cells were incubated with Nissle 1917 (EcN) (lane 1), EcNK5�

(lane 3), or EcNK5� plus purified K5 polysaccharide (100 �g ml�1)
(lane 4) for 6 h, after which cells were lysed and the levels of total and
phosphorylated JNK, ERK, and p38 were assessed by Western blotting
using the specific antibodies to each kinase. Lane 2 represents a con-
trol lysate of uninfected Caco-2 cells.
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induced by commensal bacteria are needed to maintain gut
homeostasis and defense against pathogenic bacteria and that
intestinal flora upregulate TLRs (31). In addition, it has been
shown that probiotic lactobacilli upregulate TLR2 expression
(54, 55). The observation that Nissle 1917 increased TLR4 and
TLR5 expression may in part explain the ability of Nissle 1917
to induce a chemokine response following exposure to the
basolateral surfaces of polarized epithelial cells (19) and the
finding that Nissle 1917 ameliorates experimental colitis via
activation of the TLR4 and TLR2 signaling pathways (14, 47).
The increase in signaling will also lead to induction of antimi-
crobial peptides that are induced following treatment with
Nissle 1917 and will help to combat pathogenic bacteria (44).

Although there was no evidence for an effect of the K5
capsule on TLR4 expression, we were able to show that ex-
pression of CD14 was induced 5-fold by Nissle 1917 and that
this induction was dependent on the expression of a K5 capsule
(Fig. 4). In addition, purified K5 polysaccharide alone could
induce a 3-fold increase in CD14 expression (Fig. 4). CD14
acts as an opsonic receptor for LPS-dependent TLR4 signaling
(24), such that an increase in CD14 may sensitize cells to the
presence of LPS (24). The purified type 2 capsule of Strepto-
coccus suis has been shown to increase expression of both
CD14 and TLR2 (15). However, the effects on CD14 expres-
sion are much more modest than those seen here with the K5
capsule, with less-than-2-fold increases in both TLR2 and
CD14 expression (15). Collectively, these data indicate that
Nissle 1917 increases the expression of TLR4, TLR5, and
CD14, with the induction of TLR5 and CD14 expression being
dependent on the expression of a K5 capsule and with purified
polysaccharide alone being able to induce the expression of
these two molecules. To our knowledge, this is the first exam-
ple of a capsular polysaccharide inducing increased expression
of TLR5.

The purified K5 polysaccharide also potentiated the proin-
flammatory effects of flagellin (a TLR5 agonist) and LPS (a
TLR4 agonist), with no evidence of a direct proinflammatory
effect (Fig. 5). Such potentiation was completely abolished
upon blocking of TLR4 and -5, respectively. Taken together,
these results confirm the earlier reports indicating that the K5
polysaccharide has no direct proinflammatory effect (19) but
that, rather, it potentiates the effect of TLRs agonists. In part,
this potentiation might be explained by the observed upregu-
lation of both TLR5 and the TLR4-associated molecule,
CD14. The overall net effect is that the K5 polysaccharide on
the surface of Nissle 1917 potentiates the activity of both TLR4
and -5 agonists to promote a proinflammatory response.

The role of TLR4 and TLR5 in mediating the K5 polysac-
charide proinflammatory response of Nissle 1917 was demon-
strated by blocking either TLR4 or TLR5 (Fig. 5). In the
absence of neutralizing antibodies, Nissle 1917 was able to
induce 13-fold more IL-8 expression than EcNK5�, the mutant
lacking the K5 capsule, clearly demonstrating the role of the
K5 capsule in this process. However, when either TLR4 or
TLR5 was blocked, the ratio of IL-8 induction dropped to
approximately 2.5-fold, and when both TLR4 and TLR5 were
blocked at the same time, there was no difference in the abil-
ities of Nissle 1917 and EcNK5� to induce IL-8. This clearly
confirms that the ability of the K5 polysaccharide to potentiate

the proinflammatory effect of Nissle 1917 is predominantly
mediated via TLR4 and TLR5.

It is known that in mice, TLR4 plays an important role in the
host defense against DSS-induced colitis and that hyaluronic
acid (HA) can help preserve the epithelia through TLR4 ac-
tivation (61). The observation that dimethylsulfoxide (DSS)
increased endogenous HA synthesis is in keeping with a role
for endogenous HA synthesis in protection from colitis (61).
At this stage, we cannot state whether such a mechanism in-
volving HA and TLR4 could be important in the protective and
restorative effects of Nissle 1917 in treating colitis. However,
our data showing the induction of TLR4 by Nissle 1917 and its
ability to potentiate the TLR4 agonist LPS might suggest that
this could be a possible mechanism by which Nissle 1917 ame-
liorates colitis.

TLR5-expressing lamina propria dendritic cells (LPDCs)
have been identified as playing key roles in the regulation of
humoral and cellular gut immunity (50, 51). Stimulation of
LPDCs with flagellin induced differentiation of naïve B cells
into IgA-producing plasma cells, as well as stimulating the
differentiation of IL-17-producing T helper cells and type 1 T
helper cells (50). On the basis of these findings and the data
presented here, indicating that Nissle 1917 can stimulate ex-
pression of TLR5 on epithelial cells and potentiate the activity
of TLR5 agonists, it is possible that Nissle 1917 may interact
with LPDCs to stimulate TLR5 expression and potentiate
TLR5 activation, thereby limiting bacterial infections by induc-
ing a local IgA secretion. Likewise, the induction of TH-17 and
TH-1 cells following TLR stimulation may modulate the patho-
genesis of inflammatory bowel disease (49). Studies are cur-
rently under way in our laboratory to study possible interac-
tions between Nissle 1917 and dendritic cells (DCs).

Infection with either Nissle 1917 or EcNK5� resulted in a
significant induction of MyD88 gene expression, with a K5
capsule being required for maximal induction of MyD88 gene
expression (Fig. 6). In the case of TRIF expression, infection
with Nissle 1917 induced a large increase in expression and this
induction was K5 capsule dependent (Fig. 6), with only a mod-
est induction of TRIF gene expression detectable in cells in-
fected with EcNK5�. These data indicate that Nissle 1917
stimulates expression of genes encoding adaptor proteins in-
volved in the TLR4 and TLR5 signal transduction pathway and
that TRIF expression requires a K5 capsule.

The signal transduction events following the internalization
of the bound TLR complex lead to the activation of the I�B
kinase �/� (IKK�/�) and/or MAPK pathways, leading to the
activation of transcription factors NF-�� and AP-1, respec-
tively (8, 21, 48). It is well known that transcriptional factor
NF-�� plays a pivotal role in expression of LPS-induced in-
flammatory factors, leading to enhanced expression of proin-
flammatory cytokines, chemokines, and inflammatory enzymes
(38). In unstimulated cells, NF-�� is sequestered in the cyto-
plasm through interaction with the inhibitory protein I���.
Following IKK� kinase phosphorylation of I���, NF-�� is
released and translocates into the nuclei, where it initiates
gene transcription (38). It has previously been shown that
infection of Caco-2 cells by Nissle 1917 increased expression of
a number of inhibitors of NF-�� activation, such as PRDX4
and NF-��IA, suggesting that Nissle 1917 does not stimulate
chemokine expression via the NF-�� pathway (52). Indeed,
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preliminary results from our laboratories show that infection of
Caco-2 cells with Nissle 1917 leads to a 40-fold increase in the
expression of NF-��IA and a 1,000-fold increase in TNF-�IP3
(M. Hafez and I. S. Roberts, unpublished results), both of
which will inhibit activation of NF-�� (38). Overall, this would
confirm that infection of Caco-2 cells with Nissle 1917 and
chemokine induction are unlikely to proceed via the NF-��-
dependent pathway. This is in agreement with other published
data that show that other probiotic bacteria are capable of
attenuating the activation of the NF-�� pathway (23, 42, 59).
In addition, it has been suggested that commensal bacteria may
specifically prevent NF-�B activation by blocking ubiquitina-
tion of its inhibitor (I���) (36). However, induction of expres-
sion of the human �-defensin gene by Nissle 1917 has shown to
involve both JNK and NF-�� (56). It is possible that the in-
duction of the NF-�� pathway in these experiments reflects
differences in the experimental protocols used; in particular, in
these experiments Nissle 1917 was heat killed and left for 24 h
in contact with the Caco-2 cells (56). However, at this stage it
is reasonable to conclude that interaction between Nissle 1917
and epithelial cells may induce a complex pattern of signal
transduction.

As an alternative to the NF-�B pathway, chemokine induc-
tion may take place via MAPK-dependent pathways (29, 43,
58, 60). Three main families of MAPK exist in mammalian
species: the extracellular signal-regulated protein kinases
(ERKs), the p38 MAP kinases, and the c-Jun NH2-terminal
kinases (JNKs) (58). The present study showed that Nissle
1917 clearly activated the three MAPK pathways. These results
are in agreement with recent data showing that probiotic lac-
tobacilli activate the MAPK pathway (4, 23). The increased
MAPK activation by the capsulated Nissle 1917 strain com-
pared to the level for its noncapsulated mutant EcNK5�, cou-
pled with the observation that the addition of purified K5
polysaccharide to strain EcNK5� increased activation of all
three MAPKs, clearly establishes a pivotal role for the K5
polysaccharide in mediating the activation of the MAPKs by
Nissle 1917. The Y4 capsular polysaccharide of the dental
pathogen Actinobacillus actinomycetemcomitans has also been
shown to induce IL-1 expression via activation of the JNK
pathway in human gingival fibroblasts (22).

To establish whether K5-mediated MAPK activation is
linked to the proinflammatory effect of the capsule, chemokine
induction in Caco-2 cells infected with either Nissle 1917 or
EcNK5� after specific MAPK pathway inhibition was assessed
(Table 1). In the absence of MAPK inhibitors, the Nissle/
EcNK5�-mediated IL-8 induction ratio was 16.7. However,
this ratio was significantly reduced (to between 3.8- and 6.9-
fold) when specific MAPK inhibitors were included and re-
duced (to 2.4-fold) when all three MAPK pathways were in-
hibited simultaneously (Table 1). These results clearly indicate
that all the three MAPK pathways are effectively contributing
to the K5-mediated proinflammatory effect. It is noteworthy
that the complete inhibition of the three MAPK pathways still
allowed significantly higher levels of IL-8 expression with
Nissle 1917 than with EcNK5�, implying that other MAPK-
independent pathways may have minimal but significant con-
tribution to the capsule-mediated proinflammatory effect. One
possibility is that inhibition of the MAPK pathways results in
some activation of the NF-�� pathway. The activation of the

MAPK pathways by Nissle 1917 will contribute to its observed
probiotic properties. It is known that Nissle 1917 inhibits gut
leakage and promotes barrier function by enhancing tight junc-
tions through increased ZO-1 expression (52) and that ZO-1
expression is ERK dependent (26). Likewise, among probiotic
Lactobacillus species, MAPK-dependent signaling has been
shown to be important in stimulating epithelial cell tight junc-
tions and heat shock protein production (45, 49). As such,
activation of the MAPK pathways by Nissle 1917 will have a
pleiotropic effect on epithelial cell function.

The effects of the purified K5 polysaccharide on epithelial
cells described in this paper add to the growing literature
indicating that bacterial capsular polysaccharides are capable
of interacting directly with host cells and moderating host
inflammatory responses. Capsular polysaccharides have been
shown to induce responses from host cells at either end of the
inflammatory response. The Vi antigen of Salmonella enterica
serotype Typhi reduces TLR-dependent IL-8 production and
IL-17 secretion (40, 41), thereby reducing inflammation. Like-
wise, the PSA polysaccharide of Bacteroides fragilis has been
shown to have potent anti-inflammatory effects (32). In con-
trast, capsular polysaccharides from Streptococcus pneumoniae,
Staphylococcus aureus, and Porphyromonas gingivalis have all
been shown to elicit inflammatory cytokines. (5, 12, 46). The
observation that capsular polysaccharides can be released from
the surfaces of bacteria raises the possibility that capsular poly-
saccharides could interact with host cells at sites distal to the
site at which the encapsulated bacterium is in intimate contact
with the host cell. In the host gut, with its large microbiome, it
is possible that the capsular polysaccharide of one bacterium
could influence the response of a host cell to another bacte-
rium. It will be interesting to determine the effects that purified
K5 polysaccharide has in mediating interactions between host
cells and bacteria other than Nissle 1917.

In conclusion, in this paper we demonstrate that Nissle 1917
induces TLR4 and TLR5 expression in epithelial cells, with
induction of TLR5 being potentiated by the K5 capsule, which
alone was capable of increasing TLR5 expression. In addition,
we show that Nissle 1917 upregulates TLR adaptor proteins
and stimulates the three MAPK pathways in a K5-dependent
fashion. These data add considerably to our understanding of
the mechanism by which Nissle 1917 interacts with epithelial
cells and reinforce the pivotal role played by the K5 capsule in
mediating these interactions.
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2162 HAFEZ ET AL. INFECT. IMMUN.


