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Adherence of bacteria to epithelial cells is an important step in colonization and immune modulation in the
large bowel. The aims of this study were to use a three-stage continuous-culture system (CCS) to investigate
how environmental factors affect bacterial attachment to Caco-2 cells and modulation of cytokine expression
by gut microorganisms, including a probiotic Bifidobacterium longum strain, DD2004. The CCS simulated
environmental conditions in the proximal large intestine (vessel 1 [V1]) and distal colon (V2 and V3) at two
different system retention times (R) within the range of normal colonic transits (20 and 60 h). The model was
inoculated with human fecal material, and fluorescence in situ hybridization (FISH) was used to characterize
microbial populations and to assess bacterial attachment to Caco-2 cells. Real-time quantitative PCR (qPCR)
was employed to measure cytokine gene expression following challenge with bacteria from different components
of the CCS in the presence and absence of B. longum. At an R of 60 h, bacterial adherence increased from V1
to V3, but this trend was reversed at an R of 20 h. Atopobia were the predominant adherent organisms detected
at both system retention times in each culture vessel. Modulation of transforming growth factor �1 (TGF-�1),
interleukin 6 (IL-6), and IL-18 gene expression by CCS bacteria was marked at an R of 60 h, while at an R of
20 h, IL-4, IL-10, TGF-�2, IL-1�, and tumor necrosis factor alpha (TNF-�) were significantly affected. The
addition of B. longum affected cytokine expression significantly at both retention times. This study demon-
strates that environmental determinants regulate the adherence properties of intestinal bacteria and their
abilities to regulate cytokine synthesis.

The human gastrointestinal tract is a complex bacterial eco-
system containing several hundred different species and strains
that constitute the normal microbiota (11, 39). This commensal
microbiota is predominantly anaerobic and plays a fundamen-
tal role in the health and well-being of the host (10, 35, 39, 41).

Marked interindividual variations in fecal bacterial commu-
nity profiles have been shown, as well as in different parts of
the gut; however, the dominant bacterial communities are gen-
erally host specific and remain stable over time (12, 45), with
the Bacteroides-Prevotella group, eubacteria, and clostridia usu-
ally predominating (19, 23). Because many intestinal anaer-
obes are not readily amenable to culture, a variety of molecular
techniques, largely based on analyses of the 16S RNA gene,
have been developed (1, 2, 44, 45). However, ethical consid-
erations have hindered study of the structure of the normal gut
microbiota and its metabolic activities in different parts of the
large bowel, and most investigations have been done on fecal
material. To overcome this, an in vitro three-stage continuous-
culture system (CCS) model was developed to investigate the
behavior of the microbiota under environmental conditions
simulating those in the proximal and distal gut (7, 24). This
system provides a controlled operator-defined environment

that can be maintained in a steady state and that simulates the
complexity and diversity of the microbiota (7, 29, 37).

Probiotics, such as bifidobacteria and lactobacilli, are normal
inhabitants of the intestinal tract (36, 38). Evidence suggests
that some of these organisms can modulate the composition of
the gut microbiota and affect gut immune regulation (15, 32,
43). Interactions between intestinal bacteria and the innate
immune system are often manifested through differential ex-
pression of chemical mediators, such as cytokines (27, 28, 33).
Direct contact with and adhesion to host cells or tissues may be
essential for some organisms to exert their effects on the host.
It is known that in human epithelial cell lines cytokine produc-
tion can be modulated by pathogenic bacteria; however, the
interactions of these bacteria with members of the normal
commensal microbiota in relation to changes in cytokine pro-
files have been less studied.

The aim of this investigation was to use a three-stage gut
model to investigate the adherence properties of bacteria
grown under different environmental conditions in different
culture vessels to Caco-2 cells at varying retention (transit)
times (R). The abilities of CCS-derived bacteria to modulate
cytokine production by colonic epithelial cells, with or without
the addition of a known probiotic Bifidobacterium longum
strain (13), were also assessed to investigate their immuno-
modulatory potentials.

MATERIALS AND METHODS

Three-stage continuous-culture system. The CCS model was operated as de-
scribed previously (24). The system comprised three continuous-culture vessels
(V1, V2, and V3) and was operated at a total system retention time of either 20
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or 60 h, which are in the range of normal human colonic transits (9). A headspace
of O2-free N2 gas was maintained in each vessel, and the culture pH was
maintained at 5.5 (V1), 6.2 (V2), and 6.8 (V3) to simulate environments in the
proximal, transverse, and distal colons, respectively. The sterile culture medium
was treated continuously with nitrogen and was introduced via a peristaltic pump
to V1, which sequentially supplied V2 and V3 through a series of weirs. Several
polymerized carbon sources were included in the growth medium to maximize
species diversity in the fermentation system. The culture medium consisted of the
following (g liter�1) in distilled water: Lintner’s starch (BDH Ltd., Lutterworth,
United Kingdom), 2.0; pectin (citrus), 0.5; Raftiline LS (Orafti, Tienen, Bel-
gium), 0.5; xylan (oat spelt), 0.5; arabinogalactan (larch wood), 0.5; guar gum,
0.5; mucin (porcine gastric type III), 0.5; tryptone, 3.0; peptone water, 3.0; yeast
extract, 4.5; bile salts no. 3, 0.4; cysteine, 0.8; hemin, 0.05; Tween 80, 1.0; NaCl,
4.5; KCl, 2.5; MgCl2 � 6H2O, 4.5; CaCl2 � 6H2O, 0.2; and KH2PO4, 0.4. Two
milliliters of a trace element solution containing (g liter�1) MgSO4 � 7H2O, 3.0;
MnCl2 � 4H2O, 0.32; FeSO4 � 7H2O, 0.1; CoSO4 � 7H2O, 0.18; CaCl2 � 2H2O,
0.1; ZnSO4 � 7H2O, 0.18; CuSO4 � 5H2O, 0.01; and NiCl2 � 6H2O, 0.092 was also
added. The final medium was adjusted to pH 5.5 by adding 1 M HCl prior to
autoclaving it. Fecal material from a healthy 30-year-old male volunteer who had
not taken antibiotics for at least 12 months prior to commencement of the study
was used to inoculate the CCS, using methods described previously (7, 24).
Short-chain fatty acid (SCFA) analysis was used to confirm that the model was
operating under steady-state growth conditions (7, 24).

Caco-2 cell assay preparation. The Caco-2 cells (34) were obtained from the
European Collection of Cell Cultures (ECACC) at the Public Health Laboratory
Service (Porton Down, Wiltshire, United Kingdom). The cells were grown and
maintained in high-glucose Dulbecco’s modified Eagle medium (DMEM)
(Sigma-Aldrich, Gillingham, United Kingdom) supplemented with 10% fetal calf
serum (FCS) (Gibco-BRL, Life Technologies, Paisley, United Kingdom), 1%
(vol/vol) HEPES (Gibco-BRL), 1% (vol/vol) penicillin-streptomycin (Gibco-
BRL), and 2 mM L-glutamine (Gibco-BRL). All cell cultures were done in 5%
CO2 in a humidified atmosphere at 37°C. Cells were seeded at high density in
24-multiwell tissue culture plates (Corning, Costar, High Wycombe, United
Kingdom) and grown to 95 to 100% confluence. The cells were challenged with
bacteria from the CCS, B. longum, or a combination of both. For adhesion assays,
Caco-2 cells were grown to confluence on glass slides cut into square shapes (18
mm by 18 mm) placed in petri dishes. Before each experiment, the culture
medium and dead cells were aspirated off, and the cells were washed three times
with antibiotic-free culture medium.

Analysis of bacterial communities in the CCS. Qualitative and quantitative
fluorescence in situ hybridization (FISH) was used to demonstrate that the CCS
supported a diverse range of bacteria. Planktonic samples from all three vessels
were prepared and processed as described by Harmsen et al. (16), using a range
of group- and species-specific 16S rRNA oligonucleotide probes to cover a large
range of intestinal bacteria, as detailed by Child et al. (7). To improve cell
attachment, the hybridization slides were immersed in a solution of 0.1% (wt/vol)
gelatin and 0.01% (wt/vol) chromium potassium sulfate at 60°C and allowed to
air dry for 3 h at room temperature. After hybridization, the samples were
covered with 10 �l of Citifluor (Citifluor Ltd., London, United Kingdom) to
prevent fading of fluorescence and were visualized using a Zeiss Axiophot epi-
fluorescence microscope (Carl Zeiss, Welwyn Garden City, United Kingdom)
connected to a Dell Optiplex GX110 PC, with C-Imaging System Simple PCI
imaging software (Compix Inc., PA). Between 10 and 25 microscope fields were
quantified, depending on the number of fluorescing bacteria (magnifica-
tion, �1,000). Results are given as percentages of the total DAPI (4�,6-di-
amidino-2-phenylindole) counts (7).

In vitro adhesion assays. Samples were removed from each vessel of the CCS
and centrifuged for 20 min at 3,000 � g. The supernatants were discarded, and
the bacterial pellets were resuspended in antibiotic-free culture medium to 1 �
1010 bacteria ml�1 (to simulate the number of planktonic cells in the CCS
system), as assessed by direct microscopic examination. One-milliliter aliquots of
the CCS samples were then added to Caco-2 cells and incubated for 3 h in a 5%
CO2 atmosphere at 37°C. The adhesion slides were subsequently washed twice
with antibiotic-free culture medium, air dried, and fixed in fresh 4% (vol/vol)
paraformaldehyde in phosphate-buffered saline (PBS) (pH 7.0) for 1 h at room
temperature, washed with PBS (10 min), and dried in a hybridization oven at
46°C for 15 min. FISH hybridization and bacterial attachment were quantified as
for planktonic samples, and the number of adhering bacteria per Caco-2 cell was
calculated.

Preparation of B. longum. The probiotic B. longum strain DD2004 was initially
isolated from the rectal mucosa of a healthy individual (26) and has been shown
to be of therapeutic value, when combined as a symbiotic, in reducing symptoms
in patients with active ulcerative colitis (13). The organism was maintained on

Wilkins Chalgren (WC) agar under anaerobic conditions. For cell culture assays,
20 ml of an overnight culture of B. longum grown in anaerobic WC broth was
transferred to a 50-ml centrifuge tube and centrifuged for 20 min at 3,000 � g.
The supernatant was gently discarded, and the bacterial pellet was resuspended
in 20 ml antibiotic-free tissue culture medium.

In vitro bacterial assays. The resuspended B. longum cultures from each vessel
of the CCS and combinations of equal numbers of B. longum and CCS bacteria
were added to Caco-2 cells in cell culture medium for 3 h, with untreated cells as
controls. One milliliter of a bacterial suspension containing 1 � 1010 bacteria
ml�1 was applied to each well in duplicate.

Measurements of cytokine gene expression. Expression profiles for nine cyto-
kine genes by Caco-2 cells after stimulation by bacteria from the CCS and B.
longum were determined relative to the hBD-1 housekeeping gene by extraction
of RNA, cDNA synthesis, and quantification by real-time PCR, as described
below.

RNA extraction and cDNA synthesis. Total mRNA was extracted using liquid
nitrogen snap-freezing and mechanical grinding (13). The RNA was purified
using the RNeasy Mini Kit (Qiagen, Crawley, United Kingdom) according to the
manufacturer’s protocol, with an initial cleanup step, using a Qiashredder col-
umn (Qiagen) and an additional 15-min on-column DNase I digestion step
(Qiagen), to ensure that there was no genomic-DNA contamination. RNA was
eluted in 40 �l RNase-free water and stored at �83°C before being reverse
transcribed using the Quick reverse transcription (RT) system (Promega Ltd.,
Southampton, United Kingdom), utilizing oligo(dT)15 primers. The reaction
mixtures were incubated for 90 min at 42°C, followed by 5 min at 95°C to
inactivate the reverse transcriptase enzyme. Negative controls included RT re-
actions without reverse transcriptase and/or template. The reaction mixtures
were cooled on ice for 5 min before the DNA products were dispensed in 2-�l
aliquots and stored at �83°C. The resulting cDNA was used as a template in
real-time quantitative PCRs (qPCRs) to quantitate cytokine gene expression.
Aliquots of the same cDNA sample were used with all primer sets.

Quantitative PCR. Quantitative real-time PCR (SYBR green) analysis was
done using an iCycler Real-Time PCR Detection System (Bio-Rad Laboratories,
Hercules, CA) with iCycler Optical System Interface software (version 3.0) as
described previously (13). The PCR primers (interleukin 4 [IL-4], IL-10, trans-
forming growth factor �1 [TGF-�1], TGF-�2, TGF-�3, IL-1�, IL-6, IL-18, and
tumor necrosis factor alpha [TNF-�]), methods of standard development, and
optimization used in these experiments were described in a previous report (3).
The real-time PCR was done in duplicate in 96-well plates in a final volume of
20 �l. The reaction mixture comprised 10 �l iQ SYBR green Supermix (con-
taining 3 mM MgCl2, 20 mM Tris-HCl [pH 8.4], 50 mM KCl, 200 mM each
deoxynucleoside triphosphate, SYBR green I, 10 nM fluorescein, and 0.625 U
iTaq DNA polymerase), 1 �l of each primer (0.5 �M), 6 �l PCR water, and 2 �l
of the respective standardized cDNA as a template. The 96-well plate format
included six 10-fold dilutions in duplicate of the plasmid DNA standards, starting
at a concentration of 106 to 101 molecules �l�1, except for the housekeeping
gene, which had 108 to 101 molecules �l�1. The standard amplification protocol
consisted of an initial denaturation step (95°C; 3 min), followed by 38 cycles of
denaturation (95°C; 30 s), annealing (30 s) at appropriate temperatures ranging
from 55°C to 70°C, and one final denaturation cycle (95°C; 30 s). Samples were
then renatured (50°C; 30 s), followed by consecutive data acquisition and melt-
ing-curve analysis consisting of 35 cycles in which the temperature was ramped
up from 65°C to 96°C in 1°C increments for 10 s. All PCRs were routinely run
with nontemplate control. Target gene copy numbers were subsequently extrap-
olated from appropriate standard curves and normalized against the housekeep-
ing gene (13).

Statistical analysis. Data analysis was done using GraphPad Prism, version 4
(GraphPad Software Inc., San Diego, CA). One-way analysis of variance (with
Tukey’s posttest) was used for comparison of different groups. P values of �0.05
were taken as statistically significant.

Chemicals. Unless otherwise stated, all chemicals were obtained from Sigma
(Poole, Dorset, United Kingdom) and biological culture media from Oxoid Ltd.
(Basingstoke, Hamps, United Kingdom).

RESULTS

Bacterial communities in the colon model. The CCS used in
this study was operated at system retention times of 20 and
60 h. The predominant planktonic populations detected by
FISH analysis in each of the culture vessels are shown in
Tables 1 and 2. Bacterial populations changed markedly in
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different fermentors, while the community structure was
strongly influenced by the system retention time. At both re-
tention times, total eubacterial FISH numbers declined as a
percentage of the DAPI (4�,6-diamidino-2-phenylindole)
counts from V1 to V3. Organisms belonging to the Atopobium
cluster and, to a lesser degree, segmented filamentous bacteria
(SFB) were unaffected by this phenomenon. The Eubacterium
rectale-Clostridium coccoides group always predominated in the
fermentation system, irrespective of culture vessel or retention
time. At an R of 60 h (Table 1), Bacteroides-Prevotella, Faecali-
bacterium prausnitzii, and bifidobacteria and lactic acid bacteria
were major groups in V1 and V2, but atopobia and SFB be-
came more significant in V3. At an R of 20 h, previously minor
components of the microbiota at an R of 60 h, such as SFB,
Eubacterium cylindroides, ruminococci, and Roseburia intestina-
lis, predominated, with the E. rectale-C. coccoides group,

largely replacing bacteroides and bifidobacteria, particularly in
V1 and V2 (Table 2).

Adherence assays. Adherence of CCS bacteria to Caco-2
cells is shown in Tables 3 and 4. In general terms, at an R of
60 h, bacterial attachment increased from V1 to V3, with the
Atopobium group being the predominant adhering organisms.
Bifidobacteria were also strongly adherent at an R of 60 h.
However, their attachment decreased from V1 to V3. At an R
of 20 h, the abilities of CCS bacteria to attach to Caco-2 cells
were considerably greater (Table 4). Again, atopobia were the
predominant attaching species, although R. intestinalis and the
E. rectale-C. coccoides group from V1 were also strongly ad-
herent.

Effects of CCS bacteria on anti-inflammatory cytokine gene
expression. Figures 1 and 2 show the physiological effects of
adding bacteria from different CCS vessels to Caco-2 cells, with
or without the probiotic B. longum. Figure 1A shows IL-4

TABLE 1. Compositions of major bacterial populations in the gut
model determined using FISH probes at a system retention

time of 60 h

Population
% of total DAPI counta

Vessel 1 Vessel 2 Vessel 3

Total eubacteria 95.6 � 1.0 87.8 � 0.6 77.8 � 1.5
Bifidobacteria 7.1 � 0.5 2.0 � 0.3 0.9 � 0.1
Bacteroides-Prevotella 10.7 � 0.3 5.8 � 0.2 3.9 � 0.2
F. prausnitzii 8.0 � 0.3 6.4 � 0.2 4.4 � 0.2
Ruminococcus spp. 0.7 � 0.3 0.6 � 0.1 NDb

E. cylindroides 0.1 � 0.0 0.2 � 0.4 —c

Lactic acid bacteria 6.4 � 0.4 5.1 � 0.3 1.7 � 0.1
Atopobium cluster 5.5 � 0.5 4.5 � 0.2 4.8 � 0.2
Enterobacteriaceae 0.4 � 0.1 0.2 � 0.0 0.2 � 0.0
Segmented filamentous

bacteria
2.2 � 0.6 4.6 � 0.1 4.9 � 0.2

E. rectale-C. coccoides
group

16.5 � 1.2 10.2 � 0.5 6.5 � 0.2

R. intestinalis 1.6 � 0.1 0.8 � 0.2 0.5 � 0.1

a The results are means of three separate measurements � standard errors of
the mean.

b ND, not detected.
c �, bacteria were detectable, but at levels of �0.01% of the total DAPI count.

TABLE 2. Compositions of major bacterial populations in the gut
model determined using FISH probes at a system retention

time of 20 h

Population
% of total DAPI counta

Vessel 1 Vessel 2 Vessel 3

Total eubacteria 92.4 � 0.7 83.9 � 1.7 81.3 � 2.1
Bifidobacteria 3.4 � 0.3 2.7 � 0.1 2.2 � 0.3
Bacteroides-Prevotella 5.7 � 0.2 5.1 � 0.2 3.2 � 0.2
F. prausnitzii 7.2 � 0.3 8.2 � 0.2 3.1 � 1.6
Ruminococcus spp. 7.8 � 0.3 2.6 � 0.4 1.7 � 0.3
E. cylindroides 10.0 � 0.5 7.8 � 0.1 6.1 � 0.3
Lactic acid bacteria 5.9 � 0.2 5.9 � 0.2 2.9 � 0.4
Atopobium cluster 3.2 � 0.3 3.6 � 0.4 3.8 � 0.3
Enterobacteria 0.6 � 0.1 0.3 � 0.2 0.2 � 0
Segmented filamentous

bacteria
15.6 � 0.5 14.4 � 1.5 7.7 � 0.6

E. rectale-C. coccoides
group

27.2 � 1.9 20.3 � 0.6 16.4 � 1.2

R. intestinalis 10.7 � 0.9 8.2 � 0.4 2.1 � 0.2

a The results are means of three separate measurements � standard errors of
the mean.

TABLE 3. Adhesion of bacteria taken from each fermentation
vessel to Caco-2 cells at a system retention time of 60 h

Population
No. of bacteria per Caco-2 cella

Vessel 1 Vessel 2 Vessel 3

Total eubacteria 5.5 � 0.4 5.7 � 0.5 7.2 � 0.9
Bifidobacteria 0.8 � 0.1 0.7 � 0.1 0.4 � 0.1
Bacteroides-Prevotella 0.3 � 0.0 0.4 � 0.0 0.3 � 0.1
F. prausnitzii NDb ND ND
Ruminococcus spp. ND ND ND
E. cylindroides ND ND ND
Lactic acid bacteria 0.1 � 0.0 0.1 � 0.0 0.1 � 0.0
Atopobium cluster 3.2 � 0.2 4.8 � 0.4 5.6 � 0.7
Enterobacteria ND ND ND
Segmented filamentous

bacteria
ND ND ND

E. rectale-C. coccoides
group

0.5 � 0.1 0.5 � 0.0 0.5 � 0.0

R. intestinalis 0.3 � 0.0 0.3 � 0.0 0.3 � 0.0

a The results are means � standard deviations. Bacteria were quantified in 10
to 25 microscope fields.

b ND, not detected.

TABLE 4. Adhesion of bacteria taken from each fermentation
vessel to Caco-2 cells at a system retention time of 20 h

Population
No. of bacteria per Caco-2 cella

Vessel 1 Vessel 2 Vessel 3

Total eubacteria 36.0 � 4.6 19.4 � 1.9 17.2 � 1.6
Bifidobacteria 3.0 � 0.4 2.5 � 0.3 1.0 � 0.1
Bacteroides-Prevotella 1.5 � 0.2 NDb ND
F. prausnitzii ND ND ND
Ruminococcus spp. ND ND ND
E. cylindroides ND ND ND
Lactic acid bacteria ND ND ND
Atopobium cluster 34.2 � 3.7 11.4 � 1.5 14.8 � 1.5
Enterobacteria ND ND ND
Segmented filamentous

bacteria
ND ND ND

E. rectale-C. coccoides
group

6.0 � 0.1 1.3 � 0 1.5 � 0.2

R. intestinalis 5.3 � 1.0 1.0 � 0.2 1.2 � 0.1

a The results are means � standard deviations. Bacteria were quantified in 10
to 25 microscope fields.

b ND, not detected.
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mRNA expression levels at the two retention times. The cyto-
kine was significantly increased at an R of 60 h after the
introduction of bacteria from V1 and V2 (P � 0.001 and P �
0.05, respectively). While at an R of 20 h the expression level
with V2 and V3 CCS bacteria was significantly increased (P �
0.01 and P � 0.001, respectively), retention time was found to
have a significant effect only with bacteria from V1 (P � 0.05).
The addition of B. longum (Fig. 2B) had a stimulatory effect on
the expression of IL-4 at an R of 60 h when added to bacteria
from V2 and V3 (P � 0.001). At an R of 20 h, there was no
significant increase, except with V3 (P � 0.05). The retention

time had a marked effect on expression of IL-4 by V2 and V3
CCS bacteria (P � 0.001).

IL-10 expression was greatly increased at both retention
times with the CCS microbiota from all culture vessels: at an R
of 60 h, V1, P � 0.001, and V2 and V3, P � 0.05; at an R of
20 h, V1 to V3, P � 0.001 (Fig. 1C). The effect of the retention
time on IL-10 expression was significant only with V3 bacteria
(P � 0.001). Addition of B. longum to V2 and V3 CCS bacteria
had a significant stimulatory effect on the expression of IL-10
(P � 0.001) at an R of 60 h (Fig. 1D). However, there was no
significant increase with the probiotic at an R of 20 h (Fig. 1D).

FIG. 1. Cytokine profiles induced by bacteria taken from each vessel of the CCS (with or without B. longum) after addition to Caco-2 cells at
retention times of 60 and 20 h. (A) IL-4 and CCS. (B) IL-4 and CCS with B. longum. (C) IL-10 and CCS. (D) IL-10 and CCS with B. longum.
(E) TGF-�1 and CCS. (F) CCS with B. longum. The results are mean values from three separate experiments plus standard deviations and are
normalized against hBD-1. The asterisks denote significant differences from the control (C). Significant differences between vessels and retention
times are indicated by arrows connecting bars. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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The retention time had a significant effect on expression of
IL-10 with B. longum and bacteria from V2 and V3 (P �
0.001).

TGF-�1 expression was greatly increased at an R of 60 h,
when samples from V1 and V2 (P � 0.001) and V3 (P � 0.01)
microbiotas were added to Caco-2 cells (Fig. 1E), while at an
R of 20 h, the level was significantly increased only by V3
bacteria (P � 0.05). The effect of the retention time on
TGF-�1 expression was found to be significant only with or-
ganisms from V1 (P � 0.001) and V3 (P � 0.05). Addition of

B. longum to CCS bacteria had a stimulatory effect on the
expression of TGF-�1 at an R of 60 in V1 to V3 (P � 0.001),
while there was no significant increase at an R of 20 h (Fig. 1F).
Retention time had a significant effect on the expression of
TGF-�1, when V1 (P � 0.01) and V2 and V3 (P � 0.001) CCS
bacteria were combined with B. longum.

TGF-�2 expression was initially stimulated at an R of 60 h
with bacteria from V1 (P � 0.05) and subsequently reduced
with bacteria from V2 and V3; however, only cytokine modu-
lation withV3 CCS bacteria was significant (P � 0.001) (Fig.

FIG. 2. Cytokine profiles induced by bacteria taken from each vessel of the CCS (with or without B. longum) after addition to Caco-2 cells at
retention times of 60 and 20 h. (A) TGF-�2 and CCS. (B) TGF-�2 and CCS with B. longum. (C) TGF-�3 and CCS. (D) TGF-�3 and CCS with
B. longum. (E) IL-1� and CCS. (F) IL-1� and CCS with B. longum. The results are mean values from three separate experiments plus standard
deviations. The values are normalized against hBD-1. The asterisks denote significant differences from the control (C). Significant differences
between vessels and retention times are indicated by arrows connecting bars. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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2A). TGF-�2 expression at an R of 20 h was initially down-
regulated with bacteria from V1 (P � 0.001) and then in-
creased withV2 CCS and subsequently reduced with V3 CCS
(P � 0.001). The effect of the retention time on TGF-�2
expression was found to be significant in cells from V1 (P �
0.001). In Fig. 2B, it can be seen that the addition of B. longum
at both retention times significantly reduced expression of
TGF-�2 (P � 0.001).

Figure 2C shows that no significant changes in TGF-�3 ex-
pression were observed at either retention time, except for V1
bacteria at an R of 20 h (P � 0.05). The effect of the system
retention time was significant with V3 bacteria (P � 0.001).
Addition of B. longum to V1 to V3 microbiotas at either an R
of 20 h or an R of 60 h elicited no significant changes in
TGF-�3 expression (Fig. 2D). IL-1� expression at an R of 60 h
increased marginally with CCS bacteria from V1 to V3 (Fig.
2E). In contrast, at an R of 20 h, IL-1� increased significantly
with bacteria from V1 to V3 (P � 0.05, P � 0.001, and P �
0.001, respectively) (Fig. 2F). B. longum had significant effects
on the expression of IL-1� at an R of 20 h when added to
bacteria from V1 and V3 (P � 0.001). The effect of retention
time was significant with bacteria from V1 (P � 0.001) and V3
(P � 0.05).

Effects of CCS bacteria on proinflammatory cytokine gene
expression in the presence and absence of B. longum. IL-6
expression at an R of 60 h was significantly increased after the
addition of bacteria from V2 and V3 to Caco-2 cells (P �
0.001) (Fig. 3A). At an R of 20 h, significant stimulation was
observed with V1 and V2 bacteria (P � 0.01). The addition of
B. longum (Fig. 3B) to CCS bacteria at both CCS retention
times significantly increased IL-6 expression, especially with
V2 and V3 bacteria at an R of 60 h (P � 0.001) and V1 to V3
bacteria at an R of 20 h (P � 0.001). The retention time
markedly affected gene expression with the probiotic and V1
and V2 bacteria (P � 0.01 and P � 0.001). As can be seen in
Fig. 3C, IL-18 gene expression increased after the addition of
bacterial samples from CCS vessels at both retention times but
was significant only at an R of 60 h for V1 (P � 0.001). The
retention time markedly affected gene expression with bacteria
from V1 (P � 0.01). B. longum (Fig. 3D) at an R of 60 h
significantly increased IL-18 with bacteria fromV1 and V2
(P � 0.01 and P � 0.001, respectively).

TNF-� expression increased at both retention times when
bacteria from V1 to V3 were added to Caco-2 cells, with
significant increases at an R of 60 h for V1 (P � 0.01) and at
an R of 20 h for all vessels (P � 0.001) (Fig. 3E). The intro-
duction of B. longum resulted in significant increases in TNF-�
expression levels at both retention times (P � 0.001), with the
retention time having a significant effect on gene expression:
V1, P � 0.01, and V2 and V3, P � 0.001.

DISCUSSION

The health effects of commensal microorganisms in the co-
lon are generally not mediated by the presence or absence of
individual bacterial species, but rather by the global composi-
tion of the microbiota and its metabolic properties. Due to the
fact that bacterial community structure and metabolism vary
throughout the large intestine (1, 23, 24), an artificial gut
simulator was used in this study to generate complex bacterial

communities growing under environmental conditions similar
to those found in different parts of the large bowel to assess
their effects on cytokine expression by Caco-2 cell lines. Be-
cause colonic transit time is important in regulating the micro-
biota and its activities, the significance of changing system
retention times was also investigated.

Bacterial adherence to intestinal epithelial cells and long
colonic transit times have been linked to intestinal putrefac-
tion, bowel cancer, ulcerative colitis (UC), and antibiotic-as-
sociated colitis, as well as constipation (1, 14, 20, 25, 26).
Furthermore, adherence and colonization are prerequisite at-
tributes for bacterial functionality, particularly with respect to
their interactions with intestinal enterocytes. In this investiga-
tion, the adherence abilities of colonic microorganisms in-
creased from V1 to V3 at an R of 60 h, but the reverse occurred
at an R of 20 h. These results demonstrate that bacterial at-
tachment to Caco-2 cells was strongly dependent on the envi-
ronmental conditions under which the organisms were grow-
ing. Interestingly, the greater adherence abilities of bacteria
during slow, nutrient-limited growth might indicate a possible
correlation between slow gut transit and colonic disease.

FISH studies showed that overall bacterial numbers in the
gut model were generally similar at both retention times. How-
ever, cell counts for individual groups of organisms as a per-
centage of the total detectable microbiota, such as Bifidobac-
terium spp., Bacteroides-Prevotella, and F. prausnitzii, were
higher at an R of 60 h. Thus, it might be expected that these
organisms would represent a higher proportion of the adherent
microbiota, but results showed that this was not the case and
that the principal adherent organisms belonged to the genus
Atopobium, together with R. intestinalis. This could be due to a
number of factors; for example, bacteria cultured in vitro often
differ from freshly isolated organisms in relation to their ad-
herence properties. Studies by Smith (40) showed that bacte-
rial cell adhesion in vitro is influenced by the composition of
the culture medium and the growth environment. Moreover, in
a previous investigation in this laboratory, it was observed that
a number of species underwent changes in cellular morphology
under different culture conditions in the CCS (7); these in-
cluded bacteria belonging to the segmented filamentous
group, whose morphology was transformed from large irreg-
ular filaments, which formed the dominant component in V1
but were supplemented and then replaced by smaller, reg-
ular filaments and rod-shaped organisms in V2 and V3. In
that study, a large number of adhering butyrate-producing
organisms, including E. rectale and R. intestinalis (both Clos-
tridium cluster XIVa) were able to attach to the Caco-2
cells. The fact that butyrate is the major fuel for the colonic
epithelium, particularly in the distal large bowel, may reflect
a closer symbiotic role for these bacteria with colonocytes
than was previously thought (9, 18, 19).

The absence of attachment of lactic acid bacteria (LAB) at
an R of 20 h may be explained by environmental regulation of
cell surface protein structures involved in adhesion processes
(8), differential expression of lipoteichoic acids (5), or carbo-
hydrate structures (4). LAB are heterotrophic but lack many
biosynthetic capabilities, and most species have multiple re-
quirements for complex nutrients, such as amino acids and
vitamins. These needs might not be met during rapid growth at
an R of 20 h, with the result that the organisms could not be
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sustained in the ecosystem. It should also be noted that the
LAB probe used in this study is a broad probe that targets
lactobacilli, enterococci, and similar species.

The effects of environmental and physiological determinants
on cytokine expression in human colonic epithelial cells has
not previously been studied. Thus, in this investigation, colonic
epithelial cells were exposed to bacteria from vessels simulat-

ing the proximal and distal colons. In a previous study, envi-
ronmental conditions, such as pH, were shown to be able to
affect NF-	B, which regulates the transcription of a large num-
ber of genes involved in inflammation and immune responses,
including those coding for gamma interferon (IFN-
), IL-1�,
IL-2, IL-6, IL-8, TNF-�, and granulocyte/macrophage or gran-
ulocyte/colony-stimulating factor (22). Thus, if the environ-

FIG. 3. Cytokine profiles induced by bacteria taken from each vessel of the CCS (with or without B. longum) after addition to Caco-2 cells at
retention times of 60 and 20 h. (A) IL-6 and CCS. (B) IL-6 and CCS with B. longum. (C) IL-18 and CCS. (D) IL-18 and CCS with B. longum.
(E) TNF-� and CCS. (F) TNF-� and CCS with B. longum. The results are mean values from three separate experiments plus standard deviations
and are normalized against hBD-1. The asterisks denote significant differences from the control (C). Significant differences between vessels and
retention times are indicated by arrows connecting bars. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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mental location was solely responsible for cytokine induction,
as indicated in studies with samples from the CCS at an R of
60 h, the same trends would be expected at an R of 20 h, but
at that retention time, the cytokine expression trend was re-
versed. In addition, it was seen that, although cytokine expres-
sion patterns could not be directly related to patterns of ad-
herence, at an R of 60 h, bacterial attachment increased from
V1 to V3, while at an R of 20 h, adherence was reduced.

Although there was an increase in expression of the proin-
flammatory cytokine TNF-� with B. longum combined with
CCS bacteria on Caco 2 cells, previous work with the HT29 cell
line indicated that there was no stimulation of TNF-� with the
probiotic (3). Other investigations have also pointed to the
induction of proinflammatory cytokines, such as IL-18, IFN-
,
and TNF-�, by putatively probiotic bacteria (6, 17, 30, 31), and
the results seem to be dependent on the type of cell line used.
In vivo measurements often give information different from
that obtained using cell line models, for example, the synbiotic
combination of B. longum and the prebiotic Synergy 1 was
shown to significantly reduce levels of mucosal TNF-� in hu-
man feeding studies with ulcerative colitis and Crohn’s disease
patients (13, 42).

The inability to observe clear induction/modulation of pro-
and anti-inflammatory cytokines by mixed communities of bac-
teria from the CCS and B. longum may be due to a number of
factors. First, these organisms form part of the commensal gut
microbiota, to which there is a high degree of immune toler-
ance, which contributes to immune homeostasis (21). Second,
heterogeneous microbial populations from the CCS expressing
a multitude of antigenic structures are likely to modify any
interactions between the probiotic and Caco-2 cells.

In conclusion, it has been demonstrated that the in vitro
model system is a useful tool for studying interactions that
occur between commensal organisms and probiotic bacteria in
relation to cytokine production in human epithelial cells. Cy-
tokine profiles were determined by direct addition of B.
longum and the chemostat microbiotas to Caco-2 cells, and if
added to the gut model, the probiotic could also act by out-
competing other microorganisms in the ecosystem, thereby
changing the microbiota community structure and its effects on
the immune response. Although the amount of the probiotic
added to the cell lines may be in excess of what could be
delivered in vivo, synbiotic feeding studies with this organism
show that it proliferates in the gut and can become a major
component of mucosal microbiotas in Crohn’s disease patients
(42). A limitation of this study is that fecal material was ob-
tained from one healthy individual, and other parameters, such
as disease and differences in individual microbiotas, are certain
to affect host immune responses. Further work is therefore
needed to investigate how probiotics, such as B. longum, and
commensal species interact to enable predictions to be made
regarding their effects on gut microecology and metabolic pro-
cesses within the microbiota.
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