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Escherichia coli strain Nissle 1917 has been widely used as a probiotic for the treatment of inflammatory bowel
disorders and shown to have immunomodulatory effects. Nissle 1917 expresses a K5 capsule, the expression of which
often is associated with extraintestinal and urinary tract isolates of E. coli. In this paper, we investigate the role of
the K5 capsule in mediating interactions between Nissle 1917 and intestinal epithelial cells. We show that the loss
of capsule significantly reduced the level of monocyte chemoattractant protein 1 (MCP-1), RANTES, macrophage
inflammatory protein 2� (MIP-2�), MIP-2�, interleukin-8, and gamma interferon-inducible protein 10 induction
by Nissle 1917 in both Caco-2 cells and MCP-1 induction in ex vivo mouse small intestine. The complementation
of the capsule-minus mutation confirmed that the effects on chemokine induction were capsule specific. The
addition of purified K5, but not K1, capsular polysaccharide to the capsule-minus Nissle 1917 at least in part
restored chemokine induction to wild-type levels. The purified K5 capsular polysaccharide alone was unable to
stimulate chemokine production, indicating that the K5 polysaccharide was acting to mediate interactions between
Nissle 1917 and intestinal epithelial cells. The induction of chemokine by Nissle 1917 was generated predominantly
by interaction with the basolateral surface of Caco-2 cells, suggesting that Nissle 1917 will be most effective in
inducing chemokine expression where the epithelial barrier is disrupted.

A probiotic has been defined as “live microorganisms which
when administered in adequate amounts confer a health ben-
efit on the host” (20). These benefits include the balancing and
restoration of the intestinal microflora, repair of intestinal
barrier functions (54), expression of bacteriocins (36), immu-
nomodulatory effects (18, 43, 47, 53), and antagonizing epithe-
lial colonization and invasion by pathogens (2). Escherichia coli
strain Nissle 1917 was isolated from the feces of a soldier who
did not develop diarrhea during a severe outbreak of shigello-
sis (38). Despite exhibiting a serotype (O6:K5:H1) that is char-
acteristic of E. coli strains associated with urinary tract infec-
tions, Nissle 1917 apparently is nonpathogenic (25, 53) and has
been used widely in preventing infectious diarrheal diseases (7,
14, 27, 37, 52, 53), the treatment of inflammatory bowel dis-
eases such as ulcerative colitis and Crohn’s disease (7, 23, 32,
33), and to prevent the colonization of the digestive tract of
neonates by pathogens (35). Recently, there has been a grow-
ing interest in investigating the immunomodulatory effect of
Nissle 1917. Previous studies showed that colonization by
Nissle 1917 may lead to an alteration of the hosts’ cytokine
repertoire (13, 49), increased immunoglobulin A secretion
(14), lymphocyte or macrophage activation (13), the modula-
tion of CD4� clonal expansion (47), the stimulation of antimi-
crobial peptide production by intestinal epithelial cells (39, 52,
54), and alterations of the pro- and anti-inflammatory balance

of local cytokines (49). Recently it has been shown that Nissle
1917 activates ��T cells, stimulating CXCL8 and interleukin-6
(IL-6) release but inhibiting tumor necrosis factor alpha
(TNF-�) secretion (26). Following activation, Nissle 1917 in-
duced apoptosis in activated ��T cells, indicating a key role for
Nissle 1917 in interacting with the subset of T cells that operate
at the interface between the adaptive and innate immune re-
sponses (26). Nissle 1917 also has been shown to express a
direct anti-inflammatory activity on epithelial cells by blocking
TNF-�-induced IL-8 secretion through a NF-�B-independent
mechanism (28). Although the immunomodulatory effects of
Nissle 1917 are well documented, the contribution of individ-
ual microbial components in mediating such effects is less well
understood. So far, only a role for flagellin in mediating the
induction of human �-defensin expression by Nissle 1917 has
been established (44). Nissle 1917 expresses a K5 capsule on its
cell surface, and a number of roles for polysaccharide capsules
in the virulence of E. coli have been proposed, including re-
sistance to phagocytosis and complement-mediated killing and
the increased colonization of the host (42). In contrast, in the
case of other encapsulated pathogens, it has been shown that
the expression of a polysaccharide capsule can affect the in-
duction of chemokines following attachment to host cells (6,
17, 22, 24, 40, 41, 45, 50). The aim of the present study was to
investigate the role of the K5 capsule in mediating the immu-
nomodulatory activity of Nissle 1917.

MATERIALS AND METHODS

Preparation of bacteria. For all experiments, bacteria were grown overnight in
Luria-Bertani (LB) broth at 37°C and with shaking at 200 rpm. The cultures then
were diluted 1:100 in fresh LB broth and reincubated in the same conditions until
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mid-log phase (optical density at 600 nm, 0.5). Where appropriate, the medium was
supplemented with ampicillin (100 �g/ml) or chloramphenicol (25 �g/ml). Esche-
richia coli strain Nissle 1917 was a generous gift of U. Dobrindt from the University
of Wurzburg, Germany. The kfiC knockout mutant lacking a K5 capsule first was
generated in strain MS101 (46) according to a method previously described (15) by
the replacement of the kfiC gene with a chloramphenicol resistance cassette ampli-
fied from pKD3 using the primers 5�-AATGCAGTTTTATTCTCATTTTATTTA
TCATTAAGTGAATGTATGGTGTAGGCTGGAGCTGCTTCG-3� and 5�-CC
AAAAATTTAATATATATAGAATAACAAACTATTGTTCAAATATTCCTG
ACATATGAATATCCTAATTAG-3�. The mutation then was moved into Nissle
1917 to generate EcNK5	 by P1 transduction, and the loss of K5 capsule expression
was confirmed by assaying sensitivity to K5-specific bacteriophage. Plasmid pBkfiCD
was generated by cloning a 2.7-kb PCR fragment encoding the kfiCD genes into
XhoI- and XbaI-digested pBluescript II SK(�) (Fermentas, York, United King-
dom). The kfiCD amplicon was generated using the primers KfiCDF (5�-ATATCT
AGATAACTGACTGACTAGGGAGTGATATACTGAACGCAGAATATATA
TATAAATTTAGTTGAACG-3�) and KfiCDR (5�-ATACTCGAGTTAGTCACA
TTTAACAAATCGCGAC-3�). The introduction of plasmid pBkfiCD into strain
EcNK5	 restored capsule expression, as measured by sensitivity to K5-specific bac-
teriophage.

Purification of K1 and K5 polysaccharide. The K1 polysaccharide was pre-
pared from strain LE392(pKT272) (8), and the K5 polysaccharide was prepared
from strain MS101 as described previously (12). Lipopolysaccharide (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 manufacturer’s instructions (AMS Biotechnology Ltd., Abingdon, United
Kingdom). Both the K1 and K5 polysaccharide preparations were free of de-
tectable contaminating LPS.

Purification and analysis of LPS. LPS samples were prepared and analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) fol-
lowed by silver staining, as described previously (31).

Cell culture conditions. The human colon adenocarcinoma cell line Caco-2
(19) was maintained in IMDM cell culture medium (Sigma Aldrich, Irvine,
Ayrshire, United Kingdom) containing 10% fetal bovine serum (FBS; Invitrogen,
Life Technologies, Paisley, United Kingdom) at 37°C in the presence of 5% CO2.
Caco-2 cells between passages 10 and 20 were used for experiments. Cells were
split twice a week at a ratio of 1:3. Nonpolarized Caco-2 cells were obtained by
culture in 6-well plates (Costar Corning) for 4 days until a confluent monolayer
was obtained. Polarized Caco-2 cell monolayers were obtained as described
previously (11). Briefly, the cells were seeded onto Transwell polycarbonate
filters (24 mm; 0.4-�m pore size; Costar Corning) at a concentration of 2 
 105

cells/cm2 in Dulbecco’s modified essential medium supplemented with 10% FBS
for 21 to 24 days at 37°C. Under these conditions, monolayers develop a trans-
epithelial electrical resistance (TEER) of �200 � � cm2, indicating the formation
of a polarized cell layer.

Assays of adherence to and invasion of cultured mammalian cells. Bacterial
adherence and invasion into Caco-2 cells were assessed as described previously
(1) and carried out as follows. Mid-log-phase bacteria were washed with phos-
phate-buffered saline (PBS) and resuspended in IMDM to the required final
count, corresponding to multiplicities of infection (MOIs) of 1 to 100. Mamma-
lian cells were grown to a confluent monolayer in 6-well tissue culture plates.
After the washing of the monolayer, an aliquot of 2 ml of the adjusted bacterial
suspension was added to each well, and the mammalian cells then were incubated
with bacteria for 2, 4, or 6 h at 37°C in 5% CO2 to allow bacterial adherence.
After the removal of nonadhered bacteria by repeated washing, the infected cells
were treated with 1% saponin (Sigma Aldrich Company, Irvine, Ayrshire, United

Kingdom) for 5 min and serially diluted, and the number of bacteria was assessed
by viable counting. This represents the total number of adherent and internalized
bacteria. Invasion assays were carried out using a similar protocol, except that the
infected monolayer was treated for 2 h with gentamicin (200 �g/ml) to kill
extracellular bacteria prior to the addition of saponin. Adherent viable bacteria
were quantified as the difference between the total number of cell-associated
bacteria (adherent plus internalized) and the number of internalized bacteria.
The results are expressed as the number of adhering bacteria per Caco-2 cell.

Stimulation of Caco-2 cells. Confluent Caco-2 cells in 6-well plates (about 1 

106 cells per well) were washed with PBS and incubated for 6 h at 37°C and 5%
CO2 with a bacterial suspension made in IMDM medium at an MOI of 1.
Polarized Caco-2 monolayers grown in Transwells were treated in the same way,
except that the bacteria were added to either the apical or basal reservoir.
Controls were carried out in a similar way, except that the bacterial suspension
was replaced by IMDM medium. In the case of polarized cells, monolayer
integrity was monitored throughout the experiment by measuring TEER. At the
end of the incubation, culture supernatants were collected and stored at 	80°C
for the analysis of cytokine secretion, and the cell layer was extracted for RNA
as described below.

Ex vivo challenging of mice intestinal epithelial cells. The ex vivo challenging
of mice intestinal epithelial cells was performed by following a modified protocol
described by Ukena et al. (49). Briefly, small intestine was dissected, washed, and
cut into 5-mm-long pieces. These pieces were opened longitudinally and washed
with PBS containing dithiothreitol (50 �M) for 15 min with shaking at 37°C to
remove the excess mucus. Tissue pieces then were washed with PBS, followed by
two washing steps with cold IMDM supplemented with 2% FBS. Five tissue
pieces per well were placed in a 6-well plate in IMDM. Bacteria then were
applied at 5 
 105 CFU/ml in IMDM and incubated with tissue for 6 h prior to
washing the tissue and extracting its RNA.

RNA extraction and quantification. RNA from cells and tissue was extracted
using an RNeasy minikit (Qiagen, Hilden, Germany) according to the manufac-
turer’s protocol. Total RNA from independent triplicate experiments was iso-
lated. The extracted RNA was exposed twice to DNA digestion using RNase-free
DNase (Qiagen, Hilden, Germany) to exclude any genomic DNA contamination.
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
then was reverse transcribed for 60 min at 42°C in 25-�l assays containing 25 pM
oligo(dT) primer, 12.5 mM deoxynucleoside triphosphates, 40 U avian myelo-
blastosis virus reverse transcriptase (Roche Diagnostics, Mannheim, Germany),
and 20 U of RNase inhibitor (Roche Diagnostics, Mannheim, Germany). For
quantitative real-time PCR, equivalent amounts of cDNAs (2 �l) and 300 nM
each of the corresponding forward and reverse primers were used with a SYBR
green PCR kit from Eurogentic. The specific primers listed in Table 1 were
designed to amplify 90- to 250-bp fragments from the cDNA under investigation.
The PCRs were carried out in the ABI PRISM 7000 cycler (Applied Biosystems,
CA). Cycling conditions for PCR amplification were 95°C for 10 min and then 40
cycles of denaturation at 95°C for 15 s, annealing, and extension at 58°C for 1
min. The housekeeping genes used were RPS9 (ribosomal protein S9) in the case
of Caco-2 cells and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) in the
case of ex vivo mouse tissues. The housekeeping genes from each sample were
assessed in parallel with each reaction as internal standards. A threshold was set
in the linear part of the amplification curve, and the number of cycles needed to
reach it was calculated for every gene. Relative mRNA levels were determined
by using included standard curves for each individual gene, and further normal-
ization to the housekeeping gene was carried out.

TABLE 1. Primers used for real-time qRT-PCR

Gene Forward primer (5�–3�) Reverse primer (5�–3�)

RPS-9 CGCAGGCGCAGACGGTGGAAGC CGAAGGGTCTCCGCGGGGTCACAT
MCP-1 CGCACTCTCGCCTCCAGCATGAAG CGCGAGCCTCTGCACTGAGATCTTC
IL-8 CCTACAACAGACCCACAACAATACATG CTGATGGAAGAGAGCTCTGTCTGGAC
MIP-2� TAGGTCAAACCCAAGTTAGTTCAATC GATTCCTCAGCCTCTATCACAG
MIP-2� AAGAAGCTTATCAGCGTATCATTGAC TTTCTTACGAGGGTTCTACTTATTTATG
RANTES CTCCCAAGCTAGGACAAGAGCAAG TCCAACCCAGCAGTCGTCTTTG
IP-10 GTTTTAAGGAGATCTTTTAGACATTTC CTCTAAGTGGGCATTCAAGGAGTAC
MCP-1a CCTGCTTGCTGGTGATTCCTCTTGATG CCATGCAGGTCCCTGTCATGC
GAPDHa TGCACCACCAACTGCTTAG GATGCAGGGATGATGTTC

a Mouse gene.
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Cytokine analysis by cytometric bead array. The levels of chemokines in the
Caco-2 culture supernatants were quantified using the BD Biosciences cytomet-
ric bead array human chemokine kit I with antibodies specific for IL-8,
RANTES, and monocyte chemoattractant protein 1 (MCP-1) (BD Biosciences,
Heidelberg, Germany). This was performed according to the manufacturer’s
instructions and as previously described (10) with a FACSCalibur flow cytometer
(BD Biosciences) using two-color detection. Data analysis was performed by BD
Biosciences cytometric bead array software.

Statistical analysis. The significance of differences between means were tested
using two-tailed Student t tests and analysis of variance. The differences between
means were considered statistically significant when P � 0.01. The SPSS statis-
tical package was used for analysis.

RESULTS

Effect of the K5 capsule on chemokine induction by Nissle
1917. To determine a role for the K5 capsule in mediating
interactions between Nissle 1917 and gut epithelial cells, we
compared the induction of cytokine gene expression in Caco-2
cells by Nissle 1917 to that of a knockout mutant lacking a K5
capsule (designated EcNK5	), as described previously (49).
The first stage was to establish that the loss of capsule had no
effect on the attachment of Nissle 1917 to Caco-2 cells. The
incubation of Caco-2 cells with either Nissle 1917 or EcNK5	

at an MOI of 1 showed no significant difference in the ability
of the two strains to attach to Caco-2 cells during a 6-h time
period (Fig. 1). The infection of Caco-2 cells with Nissle 1917
stimulated the expression of an array of chemokine genes,
including MCP-1, RANTES, macrophage inflammatory pro-
tein 2� (MIP-2�), MIP-2�, IL-8, and gamma interferon-induc-
ible protein 10 (IP-10), as measured by quantitative reverse
transcription-PCR (qRT-PCR) (Fig. 2). This was in keeping
with previous findings (49). In the case of Caco-2 cells infected
with EcNK5	, the same chemokine genes were induced, but
the level of induction was significantly reduced compared to
that of infection with Nissle 1917 (P � 0.01) (Fig. 2). For
example, IL-8 and MCP-1 secretion in response to EcNK5	

was 10- and 6-fold lower, respectively, than that observed with

Nissle 1917 (Fig. 2). However, EcNK5	 still induced significant
expression of these chemokine genes compared to that of un-
infected cells (P � 0.01) (Fig. 2).

To confirm that the differences in chemokine induction were
due to the lack of K5 capsule, the experiment was repeated
using strain EcNK5	(pBkfiCD), in which the kfiC mutation is
complemented by plasmid pBkfiCD. This restores K5 capsule
expression as detected by sensitivity to K5-specific bacterio-
phage (data not shown). The infection of Caco-2 cells with
strain EcNK5	(pBkfiCD) induced MCP-1 gene expression to
levels comparable to that seen with Nissle 1917 harboring the
empty vector plasmid pBluescript II SK(�) (Fig. 3). The res-
toration of K5 capsule expression to EcNK5	 also significantly
increased (P � 0.01) the induction of IL-8 gene expression
compared to that of EcNK5	 carrying the empty vector plas-
mid pBluescript II SK(�), although the effect was more mod-
est than that seen with MCP-1 (Fig. 3).

To confirm that the changes in gene expression reflect changes
in chemokine production, supernatants from uninfected Caco-2
cells and those infected with Nissle 1917 or EcNK5	 were col-
lected and analyzed for IL-8, MCP-1, and RANTES (Fig. 4).
Although both Nissle 1917 and EcNK5	 induced chemokine se-
cretion by Caco-2 cells, which was not seen with noninfected
controls, there was a significant difference between their levels of
induction (Fig. 4). Infection with Nissle 1917 led to a 14- to
17-fold increase in chemokine production, which was significantly
different (P � 0.01) from the 3- to 4-fold increase seen with
EcNK5	 (Fig. 4). The restoration of K5 capsule expression in
strain EcNK5	(pBkfiCD) was accompanied by a significant rise
(P � 0.01) in the secretion of all three chemokines compared to
that caused by EcNK5	 (Fig. 3). Taken together, these data
confirm that the expression of a K5 capsule is modulating the
induction of chemokine production.

FIG. 1. Adherence of Nissle 1917 (EcNK5) and EcNK5	 to
Caco-2 cells. Mid-log-phase bacteria were added to a confluent lawn
of Caco-2 cells at an MOI of 1, as described in Materials and
Methods. After 2, 4, or 6 h, the cells were washed extensively before
lysis, and the adherent bacteria enumerated by plating on L agar.
The results are expressed as the number of adherent bacteria per
100 Caco-2 cells. The white bars are EcNK5	, while the filled bars
are Nissle 1917. The figure is representative of three independent
experiments, each done at least in quadruple. Data are expressed as
means  standard deviations.

FIG. 2. Effect of Nissle 1917 and EcNK5	 on chemokine expres-
sion by Caco-2 cells. Caco-2 cells were infected with bacteria, RNA was
extracted, and qRT-PCR was performed as described in Materials and
Methods. Relative chemokine mRNA levels were expressed as the
change (n-fold) from the corresponding levels in the uninfected Caco-2
cells. The white bars are EcNK5	, while the filled bars are Nissle 1917.
The figure is representative of three independent experiments, each
done at least in quadruple. Data are expressed as means  standard
deviations. In all cases, there was a significant difference in chemokine
expression between Nissle 1917 and EcNK5	 (P � 0.01).
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Effect of purified K5 and K1 capsular polysaccharide on
chemokine expression by Caco-2 cells. To establish whether
the K5 polysaccharide alone was capable of inducing chemo-
kine gene expression, Caco-2 cells were incubated with increas-
ing concentrations of purified K5 polysaccharide, and the ex-
pression of chemokine genes was assessed by qRT-PCR. The
addition of purified K5 polysaccharide alone did not induce
the expression of IL-8, MCP-1, or RANTES (Fig. 4). However,
the addition of purified K5 polysaccharide to cells infected with
EcNK5	 resulted in a dose-dependent induction of chemokine
gene expression in Caco-2 cells (Fig. 5). To confirm that these
changes in mRNA corresponded to chemokine production, the
levels of IL-8, MCP-1, and RANTES were determined in
the culture supernatants of EcNK5	-infected Caco-2 cells in
the presence of 100 �g � ml	1 K5 polysaccharide. The pres-
ence of exogenous K5 polysaccharide together with EcNK5	

resulted in a significant (P � 0.01) fourfold increase in IL-8,
MCP-1, and RANTES secretion compared to that seen with
Caco-2 cells infected with EcNK5	 alone (Fig. 4). Purified K5
polysaccharide alone had no effect on stimulating IL-8,
MCP-1, or RANTES (Fig. 4). These data indicate that the
presence of exogenous K5 polysaccharide can substitute for

the expression of a K5 capsule and stimulate chemokine ex-
pression to levels induced by the encapsulated Nissle 1917. To
determine if this effect was K5 specific, the experiments were
repeated using increasing concentrations of purified K1 cap-
sular polysaccharide. The purified K1 polysaccharide was un-
able to stimulate chemokine gene expression and also was
unable to potentiate the induction of chemokine gene expres-
sion when coincubated with EcNK5	 (data not shown). These
data indicate that the ability of exogenous K5 polysaccharide
to potentiate the induction of chemokine expression by
EcNK5	 is K5 specific.

Induction of MCP-1 response in mouse small intestine after
challenge with Nissle 1917 strains. The effect of K5 capsule
expression on the ability of Nissle 1917 to induce chemokine
responses in mouse intestinal tissue was assayed by infecting
ex vivo pieces of small intestine from BALB/c mice with
either Nissle 1917 or EcNK5	. The incubation of mouse
intestine for 6 h with Nissle 1917 resulted in a significant (P
� 0.01) upregulation in MCP-1 mRNA expression, 35-fold
compared to that of the uninfected control (Fig. 6). Incu-
bation with EcNK5	 also induced MCP-1 expression, but
the increase was significantly smaller (sevenfold; P � 0.01)
than that seen with Nissle 1917, confirming the findings for
Caco-2 cells. The coincubation of 100 �g/ml K5 polysaccha-
ride together with EcNK5	 significantly increased (P �
0.01) MCP-1 expression compared to that of EcNK5	 alone
(Fig. 6). These data confirm and extend the tissue culture
data. They demonstrate that the ability of Nissle 1917 to

FIG. 3. Effect of restoring K5 capsule expression to strain EcNK5	

on the induction of IL-8 and MCP-1 by Caco-2 cells. Caco-2 cells were
infected with bacteria, RNA was extracted, and qRT-PCR was per-
formed as described in Materials and Methods. Relative chemokine
mRNA levels were expressed as the change (n-fold) in the correspond-
ing levels in the uninfected Caco-2 cells. The figure is representative of
three independent experiments, each done at least in quadruple. Data
are expressed as means  standard deviations. EcN, strain Nissle 1917;
pSK�, pBluescript II SK(�).

FIG. 4. Levels of chemokines in culture supernatants of Caco-2
cells infected with different Nissle 1917 strains. Caco-2 cells were
cocultured with Nissle 1917 (EcN), EcNK5	(pBkfiCD), EcNK5	 sup-
plemented with purified K5 polysaccharide (CPS; 100 ug � ml	1), or
just purified K5 polysaccharide (100 �g � ml	1) for 6 h. Culture super-
natants were analyzed for IL-8, RANTES, and MCP-1 using cytomet-
ric bead array kit I from BD Bioscience. The cytokine quantity is
expressed as picograms per milliliter. Data are presented as the means
from two independent experiments, each done in quadruple. Data are
expressed as means  standard deviations.
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induce MCP-1 and the role of the K5 capsule in this process
was not confined to tissue culture cells. However, because of
the possibility of tissue breakdown during the time course of
the experiment, one cannot draw any conclusions about the
site of interaction between the Nissle 1917 and epithelial
cells in this experiment.

Proinflammatory responses of polarized Caco-2 cells chal-
lenged either apically or basolaterally with Nissle 1917 or
EcNK5�. To determine if the site of interaction between Nissle
1917 and epithelial cells is important in mediating the epithe-
lial cell response, Caco-2 monolayers grown on Transwell sup-
ports were incubated with Nissle 1917 or EcNK5	 either on
the apical or the basolateral surface. After 6 h, the mRNA of
IL-8, MCP-1, and RANTES were quantified, and levels of each
chemokine in the growth medium were determined. Compared
to that of noninfected control monolayers, apical stimulation
with Nissle 1917 resulted in very modest increases in chemo-
kine mRNA expression, ranging from 1.5- to 2.4-fold, with
similar changes (1.6 to 2.9-fold) in the levels of secreted che-
mokine (Fig. 7A and C). Apical EcNK5	 produced a similar
effect with no significant difference in the induction of chemo-
kine expression compared to that of Nissle 1917, indicating
that the presence of a K5 capsule was not important in stim-
ulating Caco-2 cells on the apical surface. In contrast, Nissle
1917 exposure on the basolateral surface resulted in large
increases in both mRNA and secreted protein for all three
chemokines. For example, there was a 15-fold increase in se-
creted IL-8 and a �1,000-fold increase in IL-8 mRNA (Fig. 7B
and D). Likewise, there also were significant increases in both
the mRNA and chemokine levels for MCP-1 and RANTES
when Nissle 1917 was applied to the basolateral surface (Fig.
7B and D). Basolateral exposure to EcNK5	 also induced
chemokine expression, but it did so to a significantly (P � 0.01)
lesser extent than that seen with Nissle 1917 (Fig. 7B and D).
These data clearly demonstrate that Nissle 1917 activates che-
mokine induction predominantly by interacting with the baso-
lateral surface of Caco-2 cells, and that this effect is dependent
partly on the presence of a K5 capsule.

FIG. 5. Effect of the addition of soluble K5 capsular polysaccharide
on the expression of MCP-1, IL-8, and RANTES by Caco-2 cells in the
presence or absence of EcNK5	. Caco-2 cells either were infected with
EcNK5	 together with increasing concentrations of purified K5 poly-
saccharide (filled circles) or exposed to purified K5 polysaccharide
alone (open circles) prior to RNA extraction and qRT-PCR, as de-
scribed in Materials and Methods. Relative chemokine mRNA levels
were expressed as the change (n-fold) in the corresponding levels in
the uninfected Caco-2 cells. The results are expressed as the change
(n-fold) in mRNA level from that of the noninfected control. The
figure is representative of three independent experiments, each done
at least in quadruple. Data are expressed as means  standard devi-
ations.

FIG. 6. Ex vivo induction of MCP-1 gene expression in BALB/c
mouse small intestine by Nissle 1917 and EcNK5	. After the re-
moval of the mucus layer, five tissue pieces from small intestine
were cocultured with either Nissle 1917 (EcN), EcNK5	, or
EcNK5	 supplemented with purified K5 polysaccharide (CPS; 100
�g � ml	1) for 6 h. The results are expressed as the change (n-fold)
in mRNA level from that of the noninfected control. The gene
coding for GAPDH was used as the housekeeping gene, and MCP-1
expression was normalized with respect to its level. Relative mRNA
amounts were normalized with respect to expression levels. The
figure is representative of two independent experiments, each done
in quadruple. An asterisk indicates significant difference in chemo-
kine expression compared to that caused by noncapsulated mutant
EcNK5	 (P � 0.01).
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DISCUSSION

The data presented here show that a K5 capsule is crucially
important in mediating the immunomodulatory effects of the
probiotic Nissle 1917 on gut epithelial cells. Both wild-type
Nissle 1917 and the K5 capsule-minus mutant, EcNK5	, were
able to stimulate Caco-2 cells to express a broad array of
proinflammatory chemokines, including MCP-1, RANTES,
MIP-2�, MIP-2�, IL-8, and IP-10. However, the lack of a K5
capsule dramatically reduced the level of chemokine induction
following attachment, indicating a role for the capsule in me-
diating interactions between Nissle 1917 and Caco-2 cells. The
induction of MCP-1 together with MIP-2� and MIP-2� by
Nissle 1917 is consistent with previous reports (49). The ex-
pression of proinflammatory chemokines by a probiotic organ-
ism at first sight appears curious. However, IL-8, MCP-1, and
RANTES are all chemoattractant for cells of the innate im-
mune system such as neutrophils and monocytes (3) and are, as
such, an important signaling system for the initiation of an
inflammatory response when the host epithelial surface lining
is invaded by microbial pathogens. In the case of MCP-1, which
also is induced when macrophages are infected with the pro-
biotic strain Lactobacillus rhamnosus GG (51), it has been
proposed that release serves to generate a strong T-cell re-
sponse, thereby protecting the host from bacterial infection
(51). In the case of IL-8 and RANTES, it is possible that the
exposure of the host epithelia to Nissle 1917 triggers a limited
local response that offers protection against the invasion of
pathogenic bacteria. Indeed, it is known that Nissle 1917 is
capable of inhibiting the invasion of a number of intracellular
pathogens into epithelial cells (2). It is clear from the literature
that there are conflicting data on the effects of probiotic bac-

teria on the secretion of immunomodulatory factors by gut
epithelial cells (5, 12, 34), and that this probably reflects dif-
ferences in the target cells, the types of probiotic bacteria, and
the experimental protocol used in each case.

The impaired immunomodulatory effect of the EcNK5	

strain also was apparent in ex vivo mouse small intestine. As
with Caco-2 cells, both Nissle 1917 and EcNK5	 induced the
expression of MCP-1 in the mouse small intestine, but induc-
tion was more pronounced with Nissle 1917 than with
EcNK5	. This confirms that the effects observed here are not
limited to transformed cells in tissue culture, and that the effect
of the K5 capsule in maximizing the induction of chemokines
following the attachment of Nissle 1917 can be seen in epithe-
lial cells derived from both human and mouse intestine.

The mechanism by which Nissle 1917 stimulates epithelial
immune responses in vivo was studied in Caco-2 monolayers
grown on Transwell supports that mimic the polarized epithe-
lium. The apical application of Nissle 1917 to Caco-2 cells
simulates the normal environment in the intact gut in which
bacteria can access the luminal, but not the basal, surface of
the gut epithelium. Under these conditions, Nissle 1917 stim-
ulated only a modest activation of IL-8 secretion. In contrast,
the application of Nissle 1917 directly to the basolateral sur-
face, which would be expected to occur in vivo in situations
where the epithelial barrier had been damaged, stimulated a
dramatic increase in IL-8 gene and protein expression (Fig. 7).
A similar pattern was observed for RANTES and MCP-1. In
line with the data from nonpolarized Caco-2 cells, the ability of
EcNK5	 to stimulate chemokine secretion after apical or ba-
solateral exposure was limited. These data suggest that Nissle
1917 is more effective in stimulating mucosal immunity in sit-

FIG. 7. Induction of chemokine expression by apical or basal stimulation of polarized Caco-2 cells using Nissle 1917 and EcNK5	. Polarized
Caco-2 cells were challenged with Nissle 1917 (EcN) or EcNK5	 either from apical or basal sides. After 6 h of incubation, IL-8, MCP-1, and
RANTES expression were measured by real-time quantitative PCR on RNA extracted from the apically (a) and basally (b) stimulated cells. The
culture media of apically (c) and basally (d) stimulated cells were collected, and the levels of secreted chemokine were determined. Relative
chemokine messenger mRNA levels were expressed as the change (n-fold) from the corresponding levels in the uninfected Caco-2 cells, while the
secreted chemokine level is expressed as picograms per milliliter. Data are means  standard deviations of two independent experiments, each
done in duplicate. An asterisk indicates significant difference in chemokine expression or secretion in the case of Nissle 1917 and EcNK5	.
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uations where the epithelial barrier has been compromised
(e.g., as a result of disease) and the bacteria can gain access to
the basolateral surface, and that the expression of a K5 capsule
is important in potentiating these responses.

The mechanism by which Nissle 1917 stimulates chemokine
secretion in Caco-2 is unclear, although the activation of Toll-like
receptors (TLRs) that are involved in the innate response and
the recognition of microbial pathogens (4, 16, 48) are most likely.
The LPS (TLR4) and flagellin (TLR5) receptors are specific for
gram-negative pathogens and are localized primarily to the baso-
lateral surfaces in well-differentiated polarized cells (21, 29). As
such, Nissle 1917 will have relatively little access to these recep-
tors during health, when the epithelial barrier is intact. Con-
versely, when the epithelium is disrupted, Nissle 1917 may cross
the epithelial barrier and activate basolateral TLR. It is known
that flagellin produced by Nissle 1917 is important in stimulating
the secretion of the antimicrobial peptide Hbd-2 by Caco-2 cells
(44). Also, Nissle 1917 has been reported to ameliorate experi-
mental colitis by the activation of TLR4 and TLR2 signaling
pathways (23). It is likely, therefore, that the Nissle 1917 induction
of chemokines following the basolateral stimulation of Caco-2
cells is mediated by the activation of similar processes. It has been
shown that TLR signals by commensal bacteria are needed by the
host to maintain defense against pathogenic bacteria. Without
these signals, susceptibility to antibiotic-resistant strains of bacte-
ria develops (9). Specifically, these TLR signals enhance the pro-
duction of antimicrobial peptides such as Reg III and Hbd-2, both
of which are produced following Nissle 1917 treatment (52).

The observation that strain EcNK5	 had a reduced ability to
induce chemokines shows, for the first time, that a polysaccha-
ride capsule of E. coli has an important role in mediating the
host response following attachment to gut epithelial cells.

Since the complementation and restoration of K5 capsule ex-
pression leads to an increase in chemokine induction, it is clear
that the loss of the K5 capsule is responsible for the observed
reduction in chemokine induction with strain EcNK5	. Simi-
larly, the failure of purified E. coli K1 polysaccharide to en-
hance chemokine induction when coincubated with EcNK5	

indicates that the effect on amplifying chemokine expression is
K5 polysaccharide specific and not merely due to the presence
of a negatively charged E. coli capsular polysaccharide mole-
cule. The observations that there were no detectable differ-
ences between the protein profiles of the outer membranes of
strains Nissle 1917 and EcNK5	 (data not shown) and that
both strains had the same pattern of adhesion to Caco-2 cells
supports the notion that the effects on chemokine induction
are a consequence of a lack of K5 capsule. The observation
that both Nissle 1917 and EcNK5	 were equally motile (Fig. 8)
would indicate that the loss of capsule is not affecting flagellin
expression. This is important, considering the known role of
flagellin in activating TLR5 (21). In addition, there was no
detectable change in the migration of purified LPS on SDS-
PAGE when purified from either Nissle 1917 or EcNK5	 (Fig.
9), indicating no change in LPS structure as a consequence of
the loss of the K5 capsule. Overall, these results suggest that

FIG. 8. Motility of strains Nissle 1917 (EcN) and EcNK5	. Equal
numbers (5 
 108) of both strains were inoculated into an L agar plate
containing 0.5% (wt/vol) agar and incubated overnight at 37°C. There
was no detectable loss of motility in strain EcNK5	 as a consequence
of the loss of capsule.

FIG. 9. Silver-stained SDS-PAGE of LPS preparations from strains
Nissle 1917 (EcN) and EcNK5	. LPS was purified from strains Nissle
1917 and EcNK5	 and analyzed by SDS-PAGE, followed by silver
staining. The LPS profiles of strains Nissle 1917 and EcNK5	 are
identical, indicating that the kfiC mutation in strain EcNK5	 has no
detectable effect on the structure of the LPS.
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the phenotype of the EcNK5	 strain is a consequence of a loss
of capsule. There was no evidence that the K5 capsule per se
has immunomodulatory effects, since the addition of purified
K5 polysaccharide to Caco-2 cells in the absence of EcNK5	

produced no significant increase in chemokine secretion. This
is in contrast to the effects described when using the purified
capsular polysaccharide A of the human gut symbiont Bacte-
roides fragilis. In this case, polysaccharide A has been shown to
have anti-inflammatory properties and prevent inflammatory
disease in mice infected with Helicobacter hepaticus (36). In the
case of the K5 polysaccharide, it appears that it is acting to
mediate interactions between Nissle 1917 and gut epithelial
cells to elicit the maximum and appropriate chemokine re-
sponse. A number of functions have been assigned for poly-
saccharide capsules in the virulence of extraintestinal patho-
genic E. coli and uropathogenic E. coli, including resistance to
phagocytosis and complement-mediated killing (42) and sur-
vival during the transcytosis of endothelial cells in crossing the
blood-brain barrier (30). The data here describing a role for
the K5 capsule in mediating chemokine secretion following the
attachment of Nissle 1917 to epithelial cells is the first example
of an E. coli capsule acting in such a fashion to affect the
immunomodulatory properties of a nonpathogenic E. coli
strain recognized primarily for its probiotic properties.

With other encapsulated bacterial pathogens, capsular poly-
saccharides have been demonstrated to have immunomodula-
tory effects. In the case of Staphylococcus aureus, capsular
polysaccharide types 5 and 8 were able to bind to epithelial
cells and induce IL-8 expression, as well as inducing IL-8, IL-6,
IL-1�, and TNF-� from monocytes (43). It was proposed that
these capsular polysaccharides were acting as adhesins to pro-
mote attachment to epithelial cells while at the same express-
ing immunomodulatory effects (45). Likewise, the serotype K1
polysaccharide from the oral pathogen Porphyromonas gingi-
valis elicits MIP-2, RANTES, and MCP-1 secretion from mu-
rine macrophages (17). In the case of the type 2 capsule of
Streptococcus suis, the presence of a capsule disrupts interac-
tions between cell wall components and TLRs, probably
through steric effects, thereby reducing cytokine responses to
adherent S. suis (24). However, a capsule was required for
maximal MCP-1 production by monocytes through a TLR2/
MyD88-independent pathway, and purified type 2 polysaccha-
ride was able to stimulate MCP-1 release (24). The purified
polysaccharide also induced the late activation of CD14 and
TLR2, but this probably was a consequence of MCP-1 activa-
tion (24). The type II polysaccharide of Streptococcus pneu-
moniae is able to stimulate cytokine release from macrophages
in part through TLR2-CD14 pathways (5). In contrast, in Sal-
monella enterica serotype Typhi, the Vi capsular antigen re-
duces TLR-dependent IL-8 production from intestinal mucosa
(40) and IL-17 secretion (40). This indicates that in this case,
the Vi antigen is acting to reduce intestinal inflammation,
possibly playing a role in reducing the influx of neutrophils to
the site of infection (40, 41). Therefore, it is clear that capsular
polysaccharides have a number of immunomodulatory effects,
and these effects can be dependent on whether the polysac-
charide is cell associated as a capsule or free as a polysaccha-
ride. The fact that capsular polysaccharides are shed from the
surface of pathogens during infections (42) means that the

immunomodulatory effects of capsular polysaccharides may
not be localized merely to the immediate site of infection.

In summary, this paper demonstrates that the K5 capsule
plays a vital role in mediating the immunomodulatory effects of
Nissle 1917. While Nissle 1917 is a probiotic strain, E. coli K5
strains usually are associated with extraintestinal infections,
and it will be interesting to determine what role the K5 capsule
plays in modulating local inflammatory responses during the
course of an infection. Currently, experiments are in progress
to understand the mechanism by which the K5 polysaccharide
interacts with epithelial cells.
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