
Abstract. Commensal Escherichia coli form biofilms at 
body temperature by expressing the extracellular matrix 
components curli fimbriae and cellulose. The role of curli 
fimbriae and cellulose in the interaction of commensal 
E. coli with the intestinal epithelial cell line HT-29 was 
investigated. Expression of curli fimbriae by the typical 
commensal isolate E. coli TOB1 caused adherence and 
internalization of the bacteria and triggered IL-8 produc-
tion in HT-29 cells. In particular, induction of IL-8 pro-
duction was complex and involved curli-bound flagellin. 

While cellulose alone had no effect on the interaction of 
TOB1 with HT-29 cells, co-expression of cellulose with 
curli fimbriae decreased adherence to, internalization and 
IL-8 induction of HT-29 cells. Investigation of a panel of 
commensal isolates showed a partial correlation between 
expression of curli fimbriae and enhanced internalization 
and IL-8 production. In addition, a high immunostimula-
tory flagellin was identified. Thus, the consequences of 
expression of extracellular matrix components on com-
mensal bacterial-host interactions are complex.
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Introduction

The mucosal lining of the intestine provides the larg-
est surface area in the adult human. Covered by a single 
layer of epithelial cells, the intestinal mucosa plays an 
important role in host defense through the development 
of tolerance to commensal flora and immediate response 
to pathogens [1]. The epithelial cells recognize intestinal 
inhabitants and invaders by expressing specific receptors 
that have evolved to recognize structurally conserved 

microbial molecules, which have been termed patho-
gen-associated molecular patterns (PAMPs). The pattern 
recognition receptors (PRRs) such as Toll-like receptors 
(TLRs) recognize, for example, peptidoglycan, lipid A 
part of the lipopolysaccharide and flagellin [1, 2]. While 
differentiated gastrointestinal epithelial cell lines have 
been demonstrated to be insensitive to lipid A stimulation 
due to the lack of TLR4 expression [3–5], proinflamma-
tory response to flagellin, the structural subunit of the fla-
gellar filament produced by pathogenic and commensal 
Escherichia coli strains has been demonstrated [6–9]. In 
addition, flagellin is a major antigen in Crohn’s disease, 
an inflammatory bowel disease [10] and contributes to 
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the activation of systemic inflammation in LPS-resistant 
mice [11].
E. coli is one of the first colonizers of the intestinal mi-
croflora of most humans where it later accounts for 1% 
of the total bacterial biomass, with up to 108 cells/ml [12, 
13]. The fecal enterobacterial flora is variable and con-
sists of transient and persistent strains; potentially patho-
genic strains harboring virulence factors and harmless 
commensals. Persistence of E. coli in the gastrointestinal 
tract has been associated with the expression of adhesins 
[14, 15]. P-fimbriae enhance the colonization capacity of 
E. coli in the intestine [16]. Other adhesins like Type 1 
fimbriae do not affect gut colonization [17, 18], but play 
a role in adherence and invasion of intestinal epithelial 
cells by E. coli strains isolated from lesions of Crohn’s 
disease [19].
Expression of curli fimbriae has been demonstrated in 
pathogenic and commensal isolates of E. coli [20–24]. 
A variety of virulence properties have been assigned to 
curli fimbriae [25], for example, binding to extracellu-
lar matrix proteins of the host such as fibronectin and 
 laminin [22, 26]. Curli fimbriae also mediate invasion 
of epithelial cells [27, 28] via curli-bound fibronectin 
[29] and trigger an innate immune response in macro-
phages and vascular smooth muscle cells [20, 30]. In 
 addition, curli fimbriae produced by E. coli contribute 
to adherence, colonization and persistence in the avian 
gut [31, 32] and act as virulence factor of enterohemor-
rhagic E. coli in a model of streptomycin-treated mice 
[28].
The exopolysaccharide cellulose, which is a component 
of the extracellular matrix of biofilm-forming bacteria, is 
frequently co-expressed with curli fimbriae by commen-
sal E. coli strains [21, 33]. A typical commensal isolate 
expresses curli fimbriae and cellulose at 28° and 37 °C. 
However, since biofilm formation has been considered a 
virulence factor, the role of cellulose and curli fimbriae 
in the interaction with intestinal epithelial cells has never 
been investigated in commensal bacteria.
In the present study, the impact of expression of the ex-
tracellular matrix components in the representative com-
mensal isolate E. coli TOB1 on the interaction with the 
intestinal epithelial cell line HT-29 was investigated. Pro-
duction of curli fimbriae by E. coli TOB1 enhanced ad-
herence and internalization of the bacteria and IL-8 pro-
duction of HT-29 cells. IL-8 induction by E. coli TOB1 
expressing curli fimbriae was complex and involved ex-
pression of flagellin. In contrast, co-expression of cellu-
lose counteracted curli fimbriae-mediated interactions of 
E. coli TOB1 with HT-29 cells. To generalize the findings 
made with E. coli TOB1, internalization and IL-8 induc-
tion properties of a panel of commensal isolates was in-
vestigated. In general, expression of curli fimbriae leads 
to a higher level of internalization and IL-8 induction in 
combination with flagellin.

Materials and methods

Bacterial strains. E. coli TOB1 and derivatives and plas-
mids used are listed in Table 1. The fecal strains FEC6, 
FEC9, FEC10, FEC23, FEC32, FEC41, FEC51, FEC53, 
FEC55, FEC61, FEC65, FEC75, FEC81, FEC93, FEC101 
and FEC108 have been described recently [21]. Bacteria 
were grown in Luria-Bertani (LB) broth without salt or 
on LB without salt agar plates for 24 h at 37 °C.

Genetic manipulations. One step knockout of fliC, the 
gene encoding the subunit of the flagellar filament, was 
carried out according to the protocol of Datsenko and Wan-
ner [34], with the exception that 0.7–1.2 µg PCR product 
was electroporated into the target strain to achieve the 
gene knockout. Primers used were: EC_fliC_Start: AT-
GGCACAAGTCATTAATACCAACAGCCTCTCGCT-
GATCACTCAAAATAATATCAACAAGGTGTAG-
GCTGGAGCTGCTTC, EC_fliC_Stopp: CTGCGCT-
TTCGACATGTTGGACACTTCGGTCGCATAGTCGG 
CGTCCTGAATACGGG-ACTGCATATGAATATCC-
TCCTTAGT. Underlined the sequence required to am-
plify the chloramphenicol (Cm) cassette of pKD3. The 
gene knockout was verified by PCR using a primer in the 
Cm cassette (ATCACTGGATATACCACCGTT) and a 
primer flanking the fliC gene (TTACGACAGACGATA-
ACAGG).
Plasmid pQE60F was constructed by cloning Salmonella 
enterica serovar Typhimurium (S. Typhimurium) fliC 
into plasmid pQE60. Primer used to amplify fliC were: 
CCCCCATGGATGGCACAAGTCATTAATACAAA 
(NcoI restriction site underlined) and CCCGGATC-
CACGCAGTAAAGAGAGGAC (BamHI restriction site 
underlined). Subsequently, the PCR product was cut by 
restriction enzymes NcoI and BamHI and cloned into 
pQE60.

Sequencing of fliC. Sequencing of flagellin was performed 
with primers up- and down-stream of fliC (Ag-start1: 
ATTAGTGGGTGAAATGAGGG; Ag-stop1: ACAAGT-
CATTAATACCAACAGCC; Ag-stop2: GACTCCCAGC-
GATGAAATA). In addition, Start10101: GTCTGCG-
CAACAGAAATACC was used for sequencing of FEC10 
and FEC101 fliC and F10stop1520: GTAACGCGAAT-
GATGGTATT and F10stop1120: CCTTTACTATTGAT-
GCGACA were used for sequencing of FEC10. The fliC 
sequences of FEC10 and FEC32 were submitted to the 
database under the accession number AM231154 and 
AM231155, respectively.

Adhesion studies. HT-29 cells were grown to confluency 
on glass coverslips deposited into a 24-well plate. Prior 
to infection the bacteria were resuspended in 1 mg/ml 
fluorescein isothiocyanate (FITC) (FITC buffer: 0.05 M 
Na2CO3, 0.1 M NaCl) and kept on ice for 1 h. After ex-
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cessive washing of the FITC-labeled bacterial cells with 
PBS epithelial cells were infected with approximately 
108 bacteria [multiplicity of infection (MOI): 17]. After 
1.5 h of incubation, the glass cover slips were rinsed three 
times with 2 ml PBS and fixed with 4% formaldehyde for 
10–15 min. The number of bacteria that adhered to HT-
29 cells was determined by fluorescence microscopy. For 
each adhesion assay, at least 4000 epithelial cells were 
observed. Each experiment was done twice.

Scanning electron microscopy. After the adhesion assay, 
samples were prepared as described [35].

Internalization assay. Detection of internalization of 
E. coli intestinal epithelial cells by strains was essen-
tially performed as described [36]. HT-29 cells were 
seeded into 24-well tissue culture plates at 1.2 × 106 
cells/well and incubated until full confluency was 
reached. Prior to infection the medium was exchanged 
and each well was infected with the respective bacteria 
at an MOI of 17. After 3 or 6 h of incubation, the cells 
were washed three times with PBS and fresh medium 
containing 100 µg/ml gentamicin sulfate (Sigma) was 
added to kill extracellular bacteria. After incubation for 
an additional hour, monolayers were washed three times 
with PBS and 1 ml 1% Triton X-100 in deionized water 
was placed into each well for 5 min to lyse eukaryotic 
cells. Samples were removed and appropriate dilutions 

were plated on LB agar plates. The internalization level 
was defined as the percentage of the original inoculum 
that resisted treatment of gentamicin. S. Typhimurium 
UMR1 (ATCC14028 Nalr), grown in standing culture 
until OD 0.6, was used as a positive control for inva-
sion. E. coli MC4100 and MC4100 ∆csg-2 were grown 
on LB without salt agar plates at 28 °C for 48 h prior 
to infection. Every experiment was performed at least 
twice in duplicates.

Purification of flagellin. E. coli strains were precultured 
in 5 ml LB medium overnight at 37 °C. Of each culture, 
0.5 ml was inoculated into 500 ml fresh LB medium and 
incubated overnight with shaking at 37 °C. The bacterial 
suspension was pelleted by centrifugation, the bacterial 
pellet was resuspended in 30 ml 0.5 M Tris-HCl, pH 8, 
and flagella were sheared off by pressing the suspen-
sion through a syringe. After centrifugation for 20 min, 
8000 g, at 4 °C to remove the cells, the supernatant was 
filtered through a 0.22-µm filter and centrifuged again 
at 106 000 g at 4 °C for 1 h to recover the flagella. The 
pellet was resuspended in approximately 300 µl PBS, 
and analyzed by SDS-PAGE on 12% acrylamide gels. 
The identity of expressed flagellin proteins with the pro-
tein sequence encoded by the fliC locus was verified by 
MALDI-TOF and MS/MS analysis.
Flagellar filaments were depolymerized by adjusting the 
pH to 3.5 with 3 M HCl, and restoration to a neutral pH 

Table 1. Strain constructs and genes studied.

Stain Genotype Morphotype Relevant features Reference

TOB1 Wild type rdar28 ºC  /rdar37 ºC Cellulose+; curli fimbriae+; flagella+ [21]

TOB2 TOB1 ∆csgD::Cm saw28 ºC  /saw37 ºC Cellulose–; curli fimbriae-; flagella+ [21]

TOB2P TOB1 ∆csgD::Cm; CsgD+ pdar28 ºC  /pdar37 ºC Cellulose+; curli fimbriae-; flagella+ [21]

TOB3 TOB1 ∆bcsA::Cm bdar28 ºC  /bdar37 ºC Cellulose-; curli fimbriae+; flagella+ [21]

TOB5 TOB1 ∆  fliC::Cm rdar28 ºC  /rdar37 ºC Cellulose+; curli fimbriae+; flagella– This study

TOB6 TOB3 ∆  fliC::Cm bdar28  ºC  /bdar37 ºC Cellulose–; curli fimbriae+; flagella– This study

MC4100 Wild type bdar28 ºC  /saw37 ºC Curli fimbriae+ Laboratory 
 collection

MC4100 
∆csg-2

∆csgDEFG-csgBAC saw28 ºC  /saw37 ºC Curli fimbriae- H. Loferer

Plasmid Construct Antibiotic resistance Relevant features Reference

pUMR15 pBAD30::csgD Amp Arabinose dependent expression of csgD [64]

pQE60 pQE60 Amp High copy number expression vector This study

pQE60F pQE60::fliC Amp IPTG dependent expression of fliC This study

Gene Description Reference

bcsA Catalytic subunit of the cellulose synthase [21, 33] 

csgA Curli fimbriae subunit gene A [21]

csgD Transcriptional regulator of LuxR family, activates biosynthesis of cellulose and curli fimbriae [21]

fliC flagellin, structural subunit of flagella [68]
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by addition of 10 M NaOH after 5 min. Depolymeriza-
tion of flagella was analyzed by native gel electropho-
resis using 12% acrylamide gels, which were stained 
with colloidal Coomassie. Quantification of the protein 
amount of monomerized flagellin was performed using 
the Bradford Protein Determination Assay (Bio-Rad) and 
SDS-PAGE gels.

IL-8 activation by bacteria. HT-29 cells were prepared 
in 24-well tissue culture plates in the same way as for the 
internalization assay. Prior to infection the medium was 
changed and each well was infected with the respective 
bacterial strain at an MOI of 17. After 3 or 6 h of incu-
bation, bacteria-cell culture supernatants were collected 
by centrifugation and stored at –20 °C until used for the 
measurement of IL-8. Each experiment was performed at 
least twice in duplicates.
The ability of purified monomeric flagellin to induce an 
IL-8 response was assessed by co-incubation of HT-29 
cell with appropriate concentrations of flagellin for 5 h.

IL-8 measurement. IL-8 concentration of the cell culture 
supernatant was measured using the Human IL-8 Eli-pair 
kit exactly as recommended by the manufacturer (Nordic 
BioSite AB, Stockholm).

Swimming assay. The agar plate included LB medium 
and 0.3% agar and was freshly prepared for the swim-
ming assay. A bacterial suspension (10 µl) of an OD600 
4.0 was inoculated into the agar. The swimming zone was 
observed after 6 h of incubation at 37 °C. A final state-
ment about swimming motility was done after 24 h of 
incubation.

Results

Role of cellulose and curli fimbriae on adherence to 
HT-29 cells. Since E. coli has been found in close asso-
ciation with the mucosal epithelial cell surface [37], ad-
hesion to gastrointestinal cells has been considered to be 
an indicator of colonization of the gastrointestinal tract. 
Therefore, as a first assay, the adherence of the repre-
sentative fecal isolate E. coli TOB1 and its mutants with 
defects in the expression of the extracellular matrix com-
ponents (Table 1) to the colon carcinoma cell line HT-
29 was determined. The wild-type strain TOB1 showed 
intermediate adherence to the intestinal colon carcinoma 
cell line HT-29, while the mutant expressing only cellu-
lose and the mutant expressing neither cellulose nor curli 
fimbriae did not significantly adhere (Fig. 1). TOB3 that 
expressed only curli fimbriae adhered significantly to 
the HT-29 cell line. Those results showed that under the 
growth conditions used curli fimbriae, but not cellulose, 
mediated adherence. On the contrary, when cellulose was 

co-expressed with curli fimbriae, adhesion to epithelial 
cells was decreased.
To visualize how TOB1 and its derivatives adhere, the 
adherence pattern of TOB1 and its derivatives to the epi-
thelial cell line HT-29 was examined by fluorescence mi-
croscopy and scanning electron microscopy. When foci 
of adherence were found, TOB1 and mutants expressing 
one individual matrix component were usually found not 
as single cells, but in bigger cell clumps or chains con-
sistent with their multicellular phenotype. Only TOB2, 
which does not express matrix components, was found as 
single cells (Fig. 2).

Role of cellulose and curli fimbriae in the internal-
ization of TOB1 into HT-29 cells. The internalization 
capability of TOB1 and its respective mutants were tested 
after growth on agar plates for 24 h, conditions where the 
known invasion genes and type 1 fimbriae were repressed 
[38], but expression of cellulose and curli fimbriae was 
optimal [21]. The rate of internalization of the individual 
mutants basically correlated with amount of adherence 
(Fig. 3a). TOB1, which expressed curli fimbriae and cel-
lulose showed almost no internalization, while TOB3, 
which expressed only curli fimbriae, showed 100-fold 
higher internalization rate than TOB1, although still no 
high-level internalization was reached (0.013%). Internal-
ization by the cellulose-producing mutant and the mutant 
with no expression of extracellular matrix components 
was not significant. We concluded that cellulose expres-
sion alone did not influence the internalization process, 
but prevented effective internalization by curli fimbriae. 
Preliminary experiments with polarized and unpolarized 
T-84 intestinal cells gave similar results, although the dif-
ferences between mutants were not as dramatic. Internal-
ization was enhanced 7-fold by curli fimbriae expression 
as compared with TOB2 expressing no matrix compo-
nents and 3-fold when cellulose was co-expressed with 
curli fimbriae (data not shown). The role of curli fimbriae 
in internalization was confirmed by use of the commen-
sal isolate MC4100, a derivative of the laboratory strain 

Figure 1. Adherence of TOB1 and isogenic mutants to intestinal 
epithelial HT-29 cells: the mutant expressing curli fimbriae (TOB3) 
adhered significantly to HT-29 cells.
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E. coli K-12 and its isogenic deletion mutant of the csg 
operon (Fig. 3a).

Role of host factors on internalization. To gain entry 
into the host, microbial pathogens, among them patho-
genic E. coli, manipulate the actin cytoskeleton of non-

phagocytic cell [39, 40]. To test whether TOB1 and its 
mutants are internalized by HT-29 cell in an actin-depen-
dent process, HT-29 cells were treated with cytochala-
sin D (1 µg/ml) and subsequently infected with TOB1 
and its respective mutants. While the number of internal-
ized wild-type TOB1 and TOB2, which does not express 

Figure 2. Interaction of TOB1 and its isogenic mutants with HT-29 cells. (a, e) TOB1 (cellulose+/curli+), (b,  f ) TOB2 (cellulose–/curli–), 
(c, g) TOB3 (cellulose–/curli+) and (d, h) TOB2p (cellulose+/curli–) were observed by fluorescence microscopy (a–  d magnification × 1000) 
or scanning electron microscopy (e – h).

Figure 3. Internalization of TOB1 and isogenic mutants by HT-29 cells and the impact of host factors on the internalization. (a) Inter-
nalization of TOB1 and isogenic mutants by HT-29 cells. TOB3 (cellulose–/curli+) showed highest invasion rate. S. Typhimurium UMR1 
(ATCC14028 Nalr) served as a positive control and E. coli DH5α as a negative control for invasion. E. coli MC4100 and MC4100 ∆csg-2 
confirmed the role of curli fimbriae on invasion. (b) The actin cytoskeleton is required for internalization of E. coli TOB3. After preincuba-
tion with cytochalasin D (1 µg/ml) for 1 h, HT-29 cells were infected with TOB1 and its isogenic mutants. (c) The microfilament system is 
not required for internalization of E. coli TOB3. HT-29 cells were preincubated for 1 h with colchicine (1 µg/ml), and subsequently infected 
with TOB1 and its isogenic mutants. (d) The fibronectin-like peptide RGDS impairs internalization of HT-29 cells by TOB1 and TOB3. 
HT-29 cells were preincubated for 1 h with synthetic peptide RGDS (dark bars) or RGES (light bars), which served as a negative control, 
at a final concentration of 60 µg/ml, and then infected with TOB1 and its isogenic mutant TOB3. (b – d) Percent internalization relative to 
control without agents.

a b

c d
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extracellular matrix components, were too low to achieve 
statistically significant results, treatment of HT-29 cell 
with cytochalasin D blocked internalization of TOB3 ex-
pressing curli fimbriae by 86%, demonstrating that actin 
microfilaments are required for uptake of curli fimbriae 
producing bacteria (Fig. 3b).
The microtubule system plays a role in the entry of E. coli 
into epithelial cells [41]. To address whether the internal-
ization of E. coli TOB1 and its mutants required the micro-
tubule system, HT-29 cells were treated with colchicine 
(1 µg/ml) prior to infection. The number of internalized 
TOB2, which does not express extracellular matrix com-
ponents, was too low to achieve statistically significant 
results. Internalization of TOB1 and TOB3 expressing 
curli fimbriae was not affected by colchicines (Fig. 3c), 
indicating that microtubule function is not required for 
the internalization of commensal E. coli TOB1.
Curli fimbriae have been shown to bind fibronectin [22] 
and mediated internalization of pathogenic E. coli strain 
via the RGD domain of fibronectin with integrin recep-
tors on the cell surface [29]. Incubation of HT-29 cells 
with RGDS peptide for 1 h prior to infection largely pre-
vented internalization of the commensal curli-expressing 
mutant TOB3 in contrast to the control peptide RGES 
(Fig. 3d). A similar trend was seen with TOB1, although 
the low bacterial counts prevented statistically significant 
results.
Besides the capability to invade, the capability of TOB1 
and its matrix mutants to persist or multiply inside intes-
tinal epithelial cells was examined. Strains were able to 
persist or even to significantly multiply in HT-29 cells up 
to 72 h when the medium was changed every 6 or 24 h 
(data not show).

Internalization of fecal isolates by HT-29 cells. The pre-
vious experiments have shown that curli fimbriae trigger 
internalization of TOB1 into HT-29 cells, but presence 
of cellulose does prevent the internalization. To investi-
gate whether internalization of various commensal E. coli 
strains is correlated with the expression of extracellular 
matrix components, 11 fecal isolates of different genetic 
backgrounds that produced various combinations of ex-
tracellular matrix components were chosen from a strain 
collection [21]. Internalization of the fecal isolates by 
HT-29 cells showed that most strains had very low inter-
nalization rates from 0.00001% to 0.0003%. The excep-
tions were two strains with bdar morphotype (indicating 
strong expression of curli fimbriae [21], which were in-
ternalized at 10 and 1000-fold higher rate (0.003% and 
0.082%) than the other strains (Fig. 4).

Role of cellulose and curli fimbriae on stimulation 
of the proinflammatory cytokine IL-8. Commensal 
E. coli stains are able to trigger a proinflammatory re-
sponse in gastrointestinal epithelial cells [6]. Thus, we 

tested whether the interaction of TOB1 and its mutants 
with intestinal epithelial cells triggered the production of 
the proinflammatory cytokine IL-8 (Fig. 5a). After 3 h of 
co-incubation with bacteria, IL-8 production was highest 
in HT-29 cells co-incubated with TOB3 producing curli 
fimbriae only. TOB1 producing both matrix components, 
its mutant TOB2p producing only cellulose or TOB2 pro-
ducing no extracellular matrix induced a significantly 
lower IL-8 response. Similar results were gained after 6 h 
of coincubation. In conclusion, these results showed that 
curli fimbriae were able to trigger or enhance a proin-
flammatory response when expressed by the fecal isolate 
TOB3.
Components of adhesive fimbriae of E. coli have been 
shown to elicit an immune response [7]. Therefore, curli 
fimbriae were purified and co-incubated with cells. 
However, curli fimbriae alone showed a very low immu-
nostimulatory potential, which was 3–6-fold over basal 
level, when 0.1–10 µg were applied to HT-29 cells (data 
not shown). On the other hand, flagellin has been recog-
nized as a major determinant of IL-8 induction from gas-
trointestinal epithelial cells triggered by pathogenic and 
commensal E. coli [6, 9, 42, 43]. To elucidate whether 
flagellin was involved in IL-8 induction of HT-29 cells by 
TOB1 and its mutants, fliC encoding flagellin, the struc-
tural subunit of flagella, was knocked out in TOB1 and 
TOB3 to create TOB5 and TOB6, respectively. The IL-8 
activation of HT-29 cells by TOB5 and TOB6 was com-
pared with their respective wild-types. After 3 and 6 h of 
co-incubation with HT-29, TOB5 induced only insignifi-
cantly less IL-8 production than TOB1, suggesting that 
the presence of flagellin did not contribute to the immune 
response triggered by TOB1. In contrast, the IL-8 level 
induced by TOB6 was significantly decreased compared 
with its parent strain TOB3, suggesting that the presence 
of flagellin contributed substantially to the immune re-
sponse triggered by TOB3 (Fig. 5b and data not shown). 
Basically, the IL-8 induction was at the same low level 

Figure 4. Investigation of internalization in a panel of commensal 
E. coli isolates. Morphotype are indicated: saw, indicates no expres-
sion of cellulose and curli fimbriae; bas, indicates weak expression 
of curli fimbriae; bdar, indicates strong expression of curli fim-
briae; rdar, indicates expression of both matrix components, pdar, 
indicates cellulose expression; m, mucoid. The bacterial isolates 
were co-incubated with HT-29 cell for 3 h; n.d.: not determined.
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in TOB5 and TOB6. Consequently, neither flagellin nor 
curli fimbriae alone triggered a substantial IL-8 response 
in HT-29 cells. However, the significantly decreased IL-8 
induction in TOB6, but not TOB5 suggested that flagellin 
bound to curli fimbriae contributed to the high level of 
IL-8 production seen in TOB3.
Complementation of the fliC knockout in TOB5 and 
TOB6 with fliC of S. Typhimurium induced a high level 
of IL-8 production in HT-29 cells. This finding indicated 
that the flagellin derived from S. Typhimurium is able to 
cause an immune response in E. coli TOB1 and its mu-
tants independent of curli fimbriae.

Induction of a proinflammatory response by a panel 
of fecal isolates. To investigate the capability of com-
mensal E. coli to induce a proinflammatory response, 16 
fecal E. coli isolates were selected according to differ-
ent H serotypes in combination with various expression 
patterns of cellulose and curli fimbriae [21]. Expression 

of flagella was verified by the ability of the strains to 
swim (data not shown). Flagella-negative and most of the 
flagellin-positive commensal E. coli isolates induced a 
low level of IL-8 secretion, < 0.2 ng/ml, after 3 h of co-
incubation with HT-29 cells. However, 3 flagella-positive 
isolates elicited an IL-8 induction of > 0.4 ng/ml; there-
by, Fec101 (0.98 ng/ml) and Fec108 (0.47 ng/ml) showed 
strong expression of curli fimbriae, while Fec10 (0.91 ng/
ml) did not express any matrix components (Fig. 6). Con-
sequently, the ability of commensal E. coli to cause a high 
immune response can be, but is not necessarily, coupled 
to the co-expression of curli fimbriae and flagellin.

Induction of a proinflammatory response by flagellin. 
To directly address the role of flagellin in triggering the IL-
8 production in HT-29 cells, flagella were isolated from 7 
isolates, which had been shown to trigger a low, intermedi-
ate and high immune response, and co-incubated with HT-
29 cells. Since intact flagella show 100-fold lower immune 
response than monomeric flagellin [44], depolymerization 
of flagella by acid treatment was performed as described in 
Materials and methods. Most flagellin monomers, includ-
ing flagellin isolated from FEC101 and FEC108, induced 
an IL-8 production between 4- and 12-fold over basal level 
when 10 ng (approx. 0.2 nM) flagellin was added for 5 h 
(see FliC from TOB1 as an example in Fig. 7). This re-
sult indicated that the immune response to flagellin alone 
could not explain the high immune response observed by 
the application of whole cells of FEC101 and FEC108. 
Most likely the combined expression of curli fimbriae and 
flagellin is responsible for the high immune response of 
FEC101 and FEC108 whole cells. The flagellin produced 
by FEC10 showed an exceptionally high immune response 
since it induced IL-8 production approximately 30-fold 
over background level when 10 ng (approx. 0.2 nM) fla-
gellin was added (Fig. 7). Since FEC10 does not express 
curli fimbriae at 37 °C, a synergistic effect of curli fim-
briae and flagellin can be excluded. Most likely, the high 

Figure 5. IL-8 release of HT-29 cells over 3-h infection with TOB1 
and its isogenic mutants. (a) S. Typhimurium UMR1 grown under 
conditions that promote invasion served as a positive control. (b) 
Effects of flagellin expression on IL-8 induction from HT-29 cells 
by E. coli TOB1 and isogenic mutant TOB3. TOB5, the fliC knock-
out of TOB1, stimulated IL-8 release in the range of the wild-type 
strain after 3 h of infection. In contrast, TOB6, the fliC knockout 
of TOB3, led to a dramatically decreased IL-8 release after 3 h of 
infection compared with wild-type TOB3. Complementation of fliC 
mutants with flagellin from S. Typhimurium restored or enhanced 
IL-8 production of HT-29 cells. u: unstimulated control; VC: vector 
control pQE60; FliC+: pQE60F (b).

a

b

Figure 6. Investigation of IL-8 induction of HT-29 cells in a panel 
of commensal E. coli isolates. Morphotype and flagellin expres-
sion are indicated. For morphotype: saw, indicates no expression 
of cellulose and curli fimbriae; bas, indicates weak expression of 
curli fimbriae; bdar, indicates strong expression of curli fimbriae; 
rdar, indicates expression of both matrix components, pdar, indi-
cates cellulose expression; m, mucoid. The bacterial isolates were 
co-incubated with HT-29 cell for 3 h.
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IL-8 production induced by whole bacterial cells is solely 
caused by the flagellin variant, which is highly immuno-
genic (Fig. 7).

Sequence comparison of flagellin. To investigate the 
molecular basis of the differential immunity of the fla-

gellin proteins, fliC, the gene encoding flagellin, was 
sequenced from the strains investigated. Thereby, TOB3, 
FEC9, FEC101 and FEC108 had a FliC protein identi-
cal to the respective reference H serotype in the database 
(data not shown). FEC32 harbored a novel FliC protein 
sequence, while the FliC sequence of FEC10 deviated in 
three amino acids from the published serotype H27 se-
quence. Flagellin sequences of E. coli have been clas-
sified in two major groups according to their sequence 
homology [45]. While H27 belongs to Ec2, all other FliC 
sequences belong to group Ec1.
FliC of S. Typhimurium is highly immunostimulatory, 
whereby conserved sequences in the N- and C-terminal 
regions of FilC are required for TLR5-mediated IL-8 re-
sponse [44]. Comparison of the immunostimulatory re-
gions of FliC from S. Typhimurium with the sequences of 
FliC from TOB1 (representative for the Ec1 group) and 
FliC from FEC10 (Ec2 group) revealed a different de-
gree of conservation (Fig. 8). The N- and C-terminal im-
munostimulatory regions of FliC from FEC10 are more 
conserved (84% and 81% identity) than the respective 
regions from TOB1 (72% and 62% identity). In particu-

Figure 7. IL-8 induction of HT-29 cells by purified flagellin mono-
mers from TOB1 and FEC10. Flagellin from FEC10 had a higher 
immunostimulatory capacity than flagellin isolated from TOB1.

Figure 8. Alignment of FliC from E. coli TOB3 and FEC10 with FliC from S. Typhimurium. The immunostimulatory regions at the N and 
C terminus of the protein [44] are shown in bold. Underlined are the amino acids investigated by alanine scanning for TLR5 stimulated IL-8 
production. Dark gray background, significant reduction of TLR5-stimulated IL-8 production by 76–97%; yellow background, reduction 
by 50–75%; no background color, no effect.
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lar, amino acids 103N and 118Q, which were demonstrated 
to be required for immune stimulation of FliC from S. 
Typhimurium [44], were conserved in FliC from FEC10, 
but not in FliC from TOB1 (Fig. 8). Consequently, the 
high conservation between FEC10 FliC and FliC from S. 
Typhimurium can explain the high immune response of 
FEC10 FliC.

Discussion

In a previous study, it was reported that 44% of com-
mensal E. coli isolates expressed the extracellular matrix 
component curli fimbriae at 37 °C, while in 48% of those 
strains the exopolysaccharide cellulose was coexpressed 
with the curli fimbriae [21]. In this communication we 
demonstrate the impact of the expression of curli fim-
briae and cellulose on the interaction between commen-
sal isolates of E. coli and the colon carcinoma cell line 
HT-29. Using the representative commensal isolate E. 
coli TOB1 and its isogenic mutants we have shown that 
the extracellular matrix components curli fimbriae and 
cellulose affect adherence, internalization and IL-8 pro-
duction in HT-29 cells. In addition, we provide evidence 
that flagellin interacts with curli fimbriae to mediate IL-8 
production as recently demonstrated for S. Typhimurium 
[46].
Pathogenicity of E. coli is associated with the ability to 
adhere to gastrointestinal epithelial cells in the small in-
testine [47]. Most commensal E. coli isolates are not as-
sociated with disease and common virulence genes are 
mainly absent [16, 21]. However, the ability to adhere to 
intestinal epithelial cells via P-fimbriae [48] is one of the 
factors associated with the persistence in the gastrointes-
tinal tract [49, 50]. Here it is demonstrated that curli fim-
briae mediate adherence of E. coli commensal isolates to 
gastrointestinal epithelial cells. Based on previously car-
ried out epidemiological studies [21], the expression of 
curli fimbriae does not seem to be a prerequisite for colo-
nization of the gastrointestinal tract; however, it might be 
one factor contributing to intestinal persistence.
High level of invasion of the intestinal epithelia is per-
formed by enteric pathogens such as Yersinia, Shigella, 
Salmonella spp. and E. coli [51–53]. Previously, curli-
mediated invasion of pathogenic E. coli and S. enterica 
strains was observed with strains, which showed an (in 
their context) atypical expression of curli fimbriae or the 
rdar morphotype at 37 °C [27, 28, 54, 55]. The invasion 
rate (0.013% of inoculum number) of the commensal 
strain E. coli TOB1 mediated by curli fimbriae was ap-
proximately 10-fold lower than curli-mediated invasion 
of pathogenic E. coli [27, 28], but similar to other low 
level invasion rates [56]. Consistently, evaluation of the 
internalization rate of a panel of commensal E. coli with 
different genetic backgrounds demonstrate that strains 

with bdar morphotype (strong expression of curli fim-
briae) were internalized at a 10- and 1000-fold higher 
rate compared with the strains with other morphotypes 
(no expression of extracellular matrix, expression of 
both matrix components or only expression of cellulose) 
(Fig. 4).
Whether curli-mediated adherence and invasion of com-
mensal E. coli can be considered a virulence factor re-
mains to be shown. The intestinal flora, in particular 
members of the family of enterobacteriaceae, play an 
etiological role in triggering disease in the immunocom-
promised host such as inflammatory bowel disorders, 
cancer and sepsis caused by translocation over the epi-
thelial barrier [57, 58].
Translocating strains and E. coli strains from patients 
with Crohn’s disease tightly interacted with epithelial 
cells [59–61], and modulated epithelial barrier function 
by cytoskeleton rearrangement [59]. An involvement of 
the actin cytoskeleton in invasion of curli-expressing 
TOB1 was also found in this study.
A possible physiological role of intestinal epithelial cell 
invasion by commensal isolates might be translocation 
over the epithelial cell lining thereby stimulating the im-
mune system at a low level. The rate of invasion in such 
a system should certainly not exceed a certain threshold 
to keep a balance with the subsequent elimination of bac-
terial cells. In this context, it is interesting to note that 
TOB1 and its matrix mutants were able to persist or even 
to significantly multiply in HT-29 cells up to 72 h (data 
not shown).
Besides acting as a physical barrier, the intestinal epi-
thelial cells integrate host innate and adaptive immune 
responses [62]. Thereby, the intestinal commensal mi-
croflora plays a role in stimulating a background inflam-
matory infiltrate that maintains the host immune defense 
[6, 63]. It has been shown before that commensal E. coli 
strains are able to elicit a proinflammatory response [6, 
57, 59]. In this study, TOB1 and its isogenic mutants 
triggered a differential IL-8 response in HT-29 cells. 
This finding indicate that the differential interaction of 
the bacteria with host cells, such as adhesion and inva-
sion, modulate the immune response, since cellulose and 
curli fimbriae are not immunological themselves (see 
below).
Expression of cellulose alone did not seem to have an 
influence on interaction of bacteria with epithelial cells, 
since cellulose expressing TOB2p had the same low ad-
herence, invasion and IL-8 induction rate as TOB2, which 
did not express either of the two matrix components. 
However, the interaction of cellulose with curli fimbriae 
on the bacterial surface significantly prevented curli fim-
briae functioning as an adhesin, invasin or immunogen. 
This finding is in agreement with previous results in S. 
Typhimurium, where expression of cellulose did not in-
fluence the expression of curli fimbriae, but diminished 



Cell. Mol. Life Sci.  Vol. 63, 2006 Research Article       2361

fibronectin binding which is a characteristic of curli fim-
briae [64].
It has been demonstrated in numerous studies that flagel-
lin from pathogenic and commensal E. coli caused IL-8 
induction in a variety of intestinal epithelial cell lines and 
murine ileal biopsies [6, 9, 42, 43, 59, 65]. Investigation 
of the role of flagellin in the stimulation of HT-29 cells 
revealed a complex pattern of events. While flagellin con-
tributed only slightly to the induction of IL-8 production 
by TOB1, the IL-8 production was dramatically reduced 
in the flagellin knockout mutant of TOB3 expressing curli 
fimbriae. Similar low IL-8 induction was observed in the 
flagellin knockout mutant of TOB1 and TOB2 without 
matrix components, but expressing flagellin. In addi-
tion, purified curli fimbriae even at high concentrations 
caused only a very low enhancement of the basal immune 
response. Therefore, binding of flagellin to curli fimbriae 
is responsible for the elevated IL-8 response of TOB3. 
Synergistic effect of flagellin bound to curli fimbriae on 
IL-8 induction has been recently demonstrated for S. Ty-
phimurium [46].
Recently, it has also been shown that curli fimbriae is 
a PAMP recognized by TLR2 [66]. In the system used 
in this study, no evidence for a PAMP function of curli 
fimbriae could be detected. It is not known which TLR, 
if any, recognizes the flagellin/curli fimbriae complex. 
Although TLR5 is the primary receptor for flagellin rec-
ognition and signaling, TLR2, TLR4 and gangliosides 
cooperate with TLR5 as receptors for flagellin binding 
and signaling [67]. Comparison of the IL-8 induction in 
a panel of commensal isolates with the IL-8 induction of 
purified flagellin indicated that cooperativity in induc-
tion of IL-8 between flagellin and curli fimbriae occurred 
more frequently.
We also identified the flagellin sequence of serotype 
H27 (strain FEC10) as being particular immunostimu-
latory. Flagellin of H27 serotype belongs to Ec2 group 
of flagellin sequences, which is distinct from the major-
ity of flagellin sequences of E. coli since the protein is 
more closely related to flagellin from S. enterica [45]. 
The N- and C-terminal regions required for TLR5-
mediated IL-8 stimulation also show a high degree 
of conservation between FliC from strain FEC10 and 
S. Typhimurium, which can explain the high immunos-
timulatory effect.
In any case, almost nothing is known about the features 
of commensal E. coli strains. Investigation of this strain 
population will contribute to our understanding of the im-
portant role the commensal flora plays in human health 
and disease.
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