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Abstract

AIM: To determine if primary murine colonic epithelial
cells (CEC) respond to commensal bacteria and discriminate
between different types of bacteria.

METHODS: A novel CEC: bacteria co-culture system was
used to compare the ability of the colonic commensal
bacteria, Bacteroides ovatus, E. coli (SLF) and Lactobacillus
rhamnosus (LGG) to modulate production of different
cytokines (n = 15) by primary CEC. Antibody staining and
flow cytometry were used to investigate Toll-like receptor
(TLR) expression by CEC directly ex vivo and TLR
responsiveness was determined by examining the ability
of TLR ligands to influence CEC cytokine production.

RESULTS: Primary CEC constitutively expressed functional
TLR2 and TLR4. Cultured in complete medium alone, CEC
secreted IL-6, MCP-1 and IP-10 the levels of which were
significantly increased upon addition of the TLR ligands
peptidoglycan (PGN) and lipopolysaccharide (LPS).
Exposure to the commensal bacteria induced or up-
regulated different patterns of cytokine production and
secretion. E. coli induced production of MIP-1/ and 
defensin3 whereas B. ovatus and L. rhamnosus exclusively
induced MCP-1 and MIP-2 expression, respectively.
TNF, RANTES and MEC were induced or up-regulated
in response to some but not all of the bacteria whereas
ENA78 and IP-10 were up-regulated in response to all
bacteria. Evidence of bacterial interference and suppression
of cytokine production was obtained from mixed bacterial:
CEC co-cultures. Probiotic LGG suppressed E. coli- and

B. ovatus-induced cytokine mRNA accumulation and
protein secretion.

CONCLUSION: These observations demonstrate the
ability of primary CEC to respond to and discriminate
between different strains of commensal bacteria and
identify a mechanism by which probiotic bacteria (LGG)
may exert anti-inflammatory effects in vivo.

© 2005 The WJG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

Intestinal mucosal surfaces are in continuous contact with
heterogeneous populations of commensal microorganisms,
which collectively make up the intestinal microbiota.
Historically, the barrier function of intestinal epithelial cells
(IEC) has been considered to be important in preventing
the interaction of non-invasive microbes and protein antigens
from making contact with, and activating the mucosal
immune system and maintaining immune tolerance[1].
Indeed, breach of the epithelial barrier is a feature of chronic
inflammatory disorders such as inflammatory bowel disease
(IBD), and the virulence of enteric pathogens such as
enterohemorrhagic E. coli, is in large part attributable to their
ability to disrupt the epithelial barrier[2]. More recent studies
suggest that IEC play a more active role in preventing or
limiting host responses to harmless self-antigens. Studies
using immortalized lines have shown that IEC selectively
lack expression of pattern recognition receptors (PRRs) such
as Toll-like receptors (TLR), or PRR-associated signal
transduction complexes that mediate recognition of
signature molecules of microorganisms (microbe-associated
molecular patterns; MAMPs) including lipopolysaccharide
(LPS) and peptidoglycan (PGN)[3]. The results of studies
of TLR expression by IEC in vivo are however, ambiguous
with some providing no evidence of TLR 2 or TLR4
expression in the normal intestinal mucosa whereas others
have detected low levels of expression[4-6].
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The host response to commensal bacteria in vivo has
been investigated by profiling ileal tissue mRNA of  germfree
mice following conventionalization with commensal
bacteria[7]. Although this study did not include an analysis
of host immune response genes, it demonstrated that
commensal bacteria could modulate expression of genes in
ileal tissue and laser-capture microdissected epithelial cells
that are involved in mucosal barrier integrity, xenobiotic
metabolism, nutrient absorption, angiogenesis and postnatal
intestinal maturation. Evidence that the host can distinguish
between different commensal bacteria has been obtained
by comparing the levels of mRNA encoding proteins
involved in toxin metabolism (mdr1a), barrier function
(sprr2a) and lipid metabolism (colipase), which showed
quantitative differences in levels of ileal tissue mRNA in
mice colonized by three different commensal bacteria.  Since
the bulk of these studies were carried out on intact ileal
tissue samples, it was not possible to exclude non-epithelial
cell contributions to the mRNA profile, and any indirect
effects of other mucosal cells on epithelial cell responses to
bacterial challenge in vivo. One way in which the molecular
nature of IEC responses to commensal bacteria has been
addressed is through the use of defined intestinal epithelial
cell lines.

Studies using IEC lines have suggested that commensal
bacteria may “programme” IEC to prevent or down-
modulate pro-inflammatory responses to non-pathogenic
bacteria by interfering with TLR expression[8] or NF-B
activation[9]. The involvement or requirement of NF-B
activation in IEC inflammatory responses is however
questioned by in vivo studies, demonstrating that this
transcription factor is primarily involved in IEC homeostasis
and that NF-B activation is associated with suppression
of CEC proliferation[10]. Other studies using IEC lines have
implied that there may be qualitative and/or quantitative
differences in the response of  IEC to harmless versus
harmful microbes[9,11]. Thus, it is not clear if  or how IEC
normally respond to commensal bacteria. To address this
issue we have used a novel CEC:bacteria co-culture system
and three representative strains of commensal bacteria
including a probiotic bacterium, to determine what effect
non-pathogenic bacteria have on CEC cytokine production.
Our results provide evidence for the ability of primary CEC
to respond to and distinguish between different types of
commensal bacteria.

MATERIALS AND METHODS

Animals
Specific pathogen free (SPF) C57BL/6 mice (Harlan, UK)
were housed under SPF conditions at The University of
Leeds and used between four and six weeks of age.

CEC isolation
CEC isolation, culture and characterization were extensively
described previously[12,13]. CEC viability was routinely >95%
and comprised >98% cytokeratin+ cells as determined by
antibody staining and flow cytometry. CEC preparations
with <90% viability, or >10% cytokeratin– cells were
discarded. Cells were initially cultured for up to 72 h in

complete medium MEM (Sigma, Poole, Dorset, UK), 20%
heat-inactivated fetal bovine serum (Harlan, UK), 2% Luria
broth and 2 mmol/L L-glutamine to obtain a semi-confluent
monolayer of polarized CEC. The medium was changed
after 24 h to remove dead and non-adherent cells. These
culture conditions were not ideal for hematopoietic cell
growth and the absence of contaminating hematopoietic
(CD45+) cells was confirmed by antibody staining, flow
cytometry, and RT-PCR using primers specific for CD45.
Contamination by mesenchymal cells was evaluated by
assaying the presence of  vimentin mRNA by RT-PCR.

CEC:bacteria co-culture
CEC were cultured for 1-5 h at 37 ℃ in 50 mL/L CO2 in
complete media alone or in media containing three
representative members of the murine and human colonic
microbiota[14]. A human colonic isolate of Bacteroides ovatus
(V975) was provided by Dr. T Whitehead (Peoria, IL), a
murine intestinal isolate of  E. coli (slow lactose fermenting;
SLF) was provided by Dr. J Cebra (Philadelphia, PA), and
Lactobacillus rhamnosus (Lactobacillus GG; LGG) was originally
isolated from human feces (ATCC, catalog number 53103).
CEC and bacteria were cultured at a ratio of 10 bacteria: 1
CEC and the number of  bacteria and CEC were determined
at the beginning and end of the culture. In some experiments
viable or non-viable (heat killed) L. rhamnosus was added to
an equal number of E. coli or B. ovatus immediately prior to
culture with CEC such that the total number of bacteria
was the same as that in single bacteria:CEC co-culture. In
additional experiments, CEC were cultured with 10 g/mL
LPS (Sigma, Poole, UK) or 1 g/mL PGN (Sigma) for 8 h
prior to analysis of TLR expression and levels of the active
form of  ERK kinase. Conditioned media from CEC:
bacteria co-culture were harvested and stored at -80 ℃
until analyzed by ELISA and CEC were extensively washed
prior to processing for RNA isolation.

RT-PCR analysis
Total cellular RNA was isolated from cultured CEC by lysis
in 4 mol/L guanidinium isothiocyanate and CsCl density
gradient centrifugation followed by acidic phenol extraction
and ethanol precipitation. One to two micrograms of RNA
was reverse transcribed into cDNA and amplified by capillary
PCR (Idaho Technology, Idaho Falls, ID) using specific
oligonucleotide primers (Table 1). Wherever possible primer
pairs spanning an intron were used wherever possible.
Optimal amplification conditions for each primer pair were
determined empirically using cloned cDNAs or mRNA/
cDNAs obtained from primary or established cell lines that
expressed the gene of interest. Quantitative scanning
densitometry of EtBr-stained gels was used to compare
levels of PCR products obtained under different culture
conditions.

Flow cytometric analysis of TLR expression
Highly purified (>98% cytokeratin+) preparations of freshly
isolated CEC were stained with FITC-anti-TLR2 (clone
6C2, Hycult Biotechnology BV, Uden, The Netherlands)
or TLR4 (Biocarta, Oxford, UK) antibodies followed by
goat anti-rat-biotin (Caltag) and finally streptavidin-PE
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(Caltag). Samples were analyzed by flow cytometry. Appropriate
isotype matched control antibodies were also used.

Cytokine ELISAs
Commercial preparations of paired antibodies for measurement
of murine IL-1, IL-6, TNF, MCP-1, KC (Becton
Dickinson Biosciences, Oxford, UK), MIP-1, MIP-1,
and IP-10 (R&D Systems, Abingdon, UK) were used to
develop ELISA according to the manufacturer’s instructions.
Individual samples were tested in triplicate and the concentration
of  cytokines was determined using known amounts of
recombinant protein. The amounts of cytokine detected in
CEC:bacteria co-culture were normalized according to the
number of CEC in each culture.

Statistical analysis
Cytokine concentrations were expressed as mean±SD and
evaluated using the Student’s t test. P<0.05 was considered
statistically significant.

RESULTS

Primary CEC expressed functional TLRs
To ascertain whether CEC had the potential to respond to

commensal bacteria, we first examined CEC directly ex vivo
for expression of TLR2 and TLR4 by antibody staining
and flow cytometry. Examination of cellular levels of TLR2
and TLR4 protein showed that freshly isolated CEC
expressed detectable levels of both TLR2 and TLR4
(Figure 1B). TLR2 and TLR4 expression by CEC were
evaluated by determining the influence of  TLR2 and four
ligands PGN and LPS on cytokine production by CEC in
vitro. For these experiments cultured CEC comprising crypts,
enterocytes and goblet cells[12,13] were used. Contaminating
hematopoietic (CD45+) cells were not detected in any of
these cultures using a RT-PCR assay capable of  detecting
less than 2% contaminating CD45+ cells (Figure 1A).
Vimentin antibody staining (data not shown) and RT-PCR
analysis (Figure 1A) showed that vimentin+ cells including
fibroblasts, were also absent from these cultures. CEC were
cultured in vitro in the presence of PGN or LPS for 12 h,
then the conditioned medium was assayed in the presence
of the cytokines IL-6 and MCP-1, which are known to be
produced by CEC both in vivo and in vitro[15]. As seen in
Figure 1C, CEC constitutively secreted high levels of MCP-
1 (>1 000 pg/mL) and comparatively lower levels of IL-6
(<400 pg/mL). In response to LPS the levels of secretion
of both cytokines were significantly increased (P<0.002 for

Table 1  PCR primer sequences

Gene Forward 5’→3’    Reverse 5’→3’

Cytokines

IL-1 GAGATTGAGCTGTCTGCTCA    AAGGAGAACCAAGCAACGAC

IL-6 GATGCTACCAAACTGGATATAATC    GGTCCTTAGCCACTCCTTCTGTG

IL-18 ACTGTACAACCGCAGTAATACGG    AGTGAACATTACAGATTTATCCC

TNF TGGGAGTAGACAAGGTACAACCC    CATCTTCTCAAAATTCGAGTGACAA

ENA78 (CXCL5) CTTCCTCAGTCATAGCCGCAAC    ATCCGTGGGTGGAGAGAATCAG

IP-10 (CXCL10) TTTCTGCCTCATCCTGCTGG    GGAGCCCTTTTAGACCTTTTTTGG

MIP-1 (CCL3) GCCCTTGCTGTTCTTCTCTGT    GGCATTCAGTTCCAGGTCAGT

MIP-1 (CCL4) ACACCATGAAGCTCTGCGT    CGCTGGAGCTGCTCAGTTC

MIP-2 (CXCL2) CAAAGGCAAGGCTAACTG    TGTTCTACTCTCCTCGGT

MIP-3 (CCL-20) GCAGAAGCAGCAAGCAACTACG    GAGGTTCACAGCCCTTTTCACC

MCP-1 (CCL2) CTCACCTGCTGCTACTCATTC    GCTTGAGGTGGTTGTGGAAAA

MCP-3 (CCL7) TGTGCCTGAACAGAAACCAACC    AAAAATGGGGAAAGGGGGAG

KC (GRO) GTCCTTTGAACGTCTCTGTC    GCTGGCTTCTGACAACACTA

RANTES (CCL5) CAAGGAGTATTTCTACACCAGCAGC    ATGCCGATTTTCCCAGGACC

MEC (CCL-28) GCTGTGTGTGTGGCTTTTCAAAC    TTCTGTCCTTCCTGCTGGGTTG

TLR- signaling

MyD88 ACCCCACTCGCAGTTTGTTGGATG    TGGTGATGCCTCCCAGTTCCTTTG

TIRAP CAATCTACCTGGAATCGGCTGTC    GCATCTTCTTGGGCTTCTTCAAC

IRAK TGCCGCTTCTACAAAGTGATGGACG    AATGGGTCTGGGAGCCTGGAAAAG

Caspase-1 ATTACTGCTATGGACAAGGCACGG    CCCTCGGAGAAAGATGTTGAAACTC

TRAF-6 AATGGAAGCACAGCAGTGTAACGGG    AAGGCAAGCAGTTCTGGTTTGGCG

IKK TGGAGCCTGGGAAATGAAAGAACG    TCTAAGAGCCGATGCGATGTCACTC

IKK AGCCATTCCTCACTTACCAGTCCG    CAGCAGTCTCTTCCACAGAAAACCC

Others

CD45 CTTCAGAGCCTCGTACCAGC    TGTGTCCAGAAGGGCAAATC

-actin GCTTCTTTGCAGCTCCTTCGTTG    TTCTCCATGTCGTCCCAGTTGG

Vimentin CTGTGTCCTCGTCCTCCTACC    GCAGTTCTACCTTCTCGTTGG

-defensin3 GCATTTGAGGAAAGGAACTCCACAAC    GTCTCCACCTGCAGCTTTTAGCAA

Angiogenin4 CTCTGGCTCAGAATGTAAGGTACGA    GAAATCTTTAAAGGCTCGGTACCC

SAA-1 GTAATTGGGGTCTTTGCC    TTCTGCTCCCTGCTCCTG



MCP-1 and P<0.05 for IL-6). PGN also significantly
increased the level of MCP-1 (P<0.01) and IL-6 (P<0.01)
production when compared to cells cultured in medium
alone. TLR4 expression by CEC was also confirmed by
immunoblot analysis of  the active and phosphorylated form
of the MAP kinase, ERK 1/2, which showed that levels of
the phosphorylated form of  p42 and p44 isoforms of  ERK
were up-regulated in response to LPS and PGN (data not
shown). Collectively, these data demonstrated that primary
CEC could express functional TLR2 and TLR4.

Bacteria:CEC co-culture
CEC from 2-3 healthy adult C57BL/6 mice were pooled
and cultured in vitro for up to 72 h to establish a semi-
confluent monolayer of polarized epithelial cells prior to
the addition of either B. ovatus, E. coli or LGG that were in
logarithmic growth phase. The number of bacterial strains
used was limited to three in order to facilitate screening of
a large panel of genes (n = 18) encoding cytokines, acute
phase proteins and antimicrobial proteins (Table 1). The
choice of bacteria was based upon their prominence in the
mouse and human colon[16,17], expression of antigens known
to modulate immune (lymphocyte) cell activity[18-21], their
availability and ability to sustain their normal growth activity
under the conditions used to maintain CEC. L. rhamnosus
(LGG) was also chosen as it is a widely used probiotic
bacterium[22]. After co-culture supernatants were harvested
for cytokine and chemokine analysis by ELISA and CEC
were harvested for RNA isolation and RT-PCR analysis.

The duration of CEC:bacteria co-culture was restricted
as short as possible in order to detect a response yet
preventing bacterial overgrowth and any indirect effects on
CEC as a result of changes in the culture media (e.g., pH,
nutrient depletion).  A ratio of 10 bacteria:1 CEC was found
to be optimal for detecting changes in CEC gene expression
without adversely affecting the composition of the culture
medium and CEC viability (Lan and Carding, unpublished
data). Approximately 2×105 CEC were cultured with

different numbers of bacteria for 4-5 h, then the number
of  CEC and bacteria was determined. During a 4 h period
the number of E. coli and L. rhamnosus bacteria increased
approximately 4-fold (Figure 2A) whereas the number of
viable CEC did not significantly change (Figure 2A).
Although regarded as an anaerobe, B. ovatus is aerotolerant
and over a 4 h period the viability and growth rate of
B. ovatus were similar when cultured in CEC media under
aerobic conditions (MEM 10% FCS, 100 mL/L CO2) or
in bacterial culture media (RGM) under anaerobic
conditions (Figure 2A). By seeding CEC cultures with a
slightly higher density of B. ovatus, the total number of
bacteria after 4 h of culture was equivalent to the number
of E. coli and L. rhamnosus recovered from CEC co-culture
after 4 h (Figure 2A). The optimal time for detecting changes
in CEC gene expression was determined by co-culturing
bacteria with CEC and harvesting CEC at hourly intervals
for RT-PCR analysis of  expression of  representative
cytokine genes. For MIP-1 and TNF as well as the
majority of  genes analyzed (Table 1), the highest levels of
mRNA were detected after 4 h (Figure 2B). A ratio of 10
bacteria:1 CEC and a 4 h co-culture period were therefore
used for all subsequent experiments.

Different regulation of cytokine gene expression by CEC in
response to different bacteria
Activation of signal transduction pathways by TLRs led to
the induction of various genes including inflammatory
cytokines and chemokines that function in host defence.
The ability of primary CEC to respond differently to
different commensal bacteria at the level of cytokine mRNA
expression was therefore assessed using semi-quantitative
RT-PCR. Genes encoding 15 cytokines and three anti-
microbial proteins (Tables 1 and 2) were chosen for this
analysis on the basis of their constitutive or inducible
production by cultured human or rodent IEC lines, or by
IEC in healthy or inflamed colon of experimental animals
or IBD patients[15,23-25].

Figure 1  Evaluation of the purity and response of cultured murine CEC. A:
CEC from 4-6 wk old C57BL/6 mice were cultured for 72 h in medium alone (M)
or in medium containing Bacteroides ovatus (Bo), E. coli (Ec) or Lactobacillus
rhamnosus (Lr) after which CEC RNA was extracted, reverse transcribed and
cDNA amplified by RT-PCR using primers specific for CD45 or vimentin. PCR
products were separated by gel electrophoresis and EtBr-stained amplicons
visualized and digitally recorded under UV illumination. The sensitivity of CD45
detection was determined by adding spleen cells to highly purified CECs so that
they comprised 2% or 10% of the total cell population prior to RNA extraction and
RT-PCR analysis. Control samples (Ctrl) were spleen cells (+Ctrl) and no
cDNA (-Ctrl) for CD45 RT-PCR and fibroblasts for vimentin RT-PCR assay.

The results are representative of more than 10 independent experiments; B:
TLR2 and TLR4 expression by CEC. The dashed line on the histogram plots
represents staining with control antibody, the bold line represents staining profile
of anti-TLR4 and the filled in histogram plot represents anti-TLR2 antibody
staining; C: Responsiveness of TLR expressed by CEC. Supernatants from 4 h
cultures of CEC in medium alone (Med) or in medium containing LPS (10 g/mL)
or PGN (1 g/mL) were assayed for the presence of IL-6 and MCP-1 by ELISA.
The results shown were collated from three independent experiments. The error
bars represent SEM. aP<0.05 LPS vs medium values, bP<0.01 PGN vs medium
values, cP<0.002 LPS vs medium values.
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transcripts encoding the cytokines IL-18, IL-1, TNF
(Figure 2B), MIP-1, MIP-1, MIP-3and MEC, the
acute phase protein serum amyloid A (SAA-1), or the anti-
microbial proteins angiogenin 4 (Ang4) and -defensin 3
(Figure 3 and Table 2).

The addition of bacteria resulted in different profiles
of  cytokine gene expression by CEC (Figure 3 and Table 2).
The levels of expression of some cytokines (IL-18), acute
phase (SAA-1) and anti-microbial proteins (Ang4) remained
the same as that seen in CEC cultured in media alone.
Changes in cytokine mRNA levels were seen in response to
a single strain of bacteria. Induction of MIP-1, MIP-1
and -defensin 3 mRNA expression was only evident in
response to E. coli, whereas induction of MIP-2 was only
seen in response to L. rhamnosus. Some cytokine mRNAs
(IL-6, TNF RANTES and MEC) increased in response
to 2/3 of the bacteria. ENA78, KC, MCP-1, MCP-3 and
IP-10 mRNA levels were up-regulated to some extent in
response to the three strains of  bacteria. To substantiate
these findings we determined if  the changes seen in cytokine
mRNA reflected changes in the level of secreted proteins.

Changes in cytokine secretion by CEC in response to different

bacteria
A total of eight cytokines were used for this study, the
choice of which was based upon those that were analyzed
by RT-PCR, and necessarily restricted by the availability of
suitable reagents (paired antibodies). Six of the eight cytokines
(TNF, IL-1, IL-6, MCP-1, IP-10 and KC) analyzed were

Figure 2  Bacterial growth (A) and kinetics of CEC cytokine gene expression
(B) in CEC:bacteria co-cultures. A: Determination of bacterial (L. rhamnosus
and E. coli) CFU by harvesting cells from CEC:bacteria co-cultures at hourly
intervals up to 4 h by extensive washing of adherent CEC and plating serial
dilutions onto agar plates and counting bacterial colonies 24 h later (left-hand
panel). B. ovatus were cultured either alone under anaerobic conditions in RGM
media or with CEC in 50 mL/L CO2 and complete MEM (right-hand panel). CEC
numbers (solid circle on both graphs) were determined by counting the number

of cells recovered from co-cultures at the indicated times using a counting
chamber; B: CEC cultured in the presence of E. coli for up to 5 h. CECs were
processed for RNA isolation and RT-PCR analysis using primers specific for
the housekeeping gene -actin, and MIP-1 and TNFas described in Materials
and Methods. Quantitative densitometry was carried out on EtBr-stained gels
and the results from three independent experiments were compiled to produce
the data shown. Error bars indicate 95% confidence limits.

Cultured CEC constitutively expressed detectable levels
of mRNAs encoding IL-6, ENA78, MCP-1, MCP-3, IP-
10, KC and MIP-2 (Figure 3 and Table 2). By contrast, it
was not possible to detect constitutive expression of

Table 2  Semi-quantitative assessment of bacteria-induced CEC
gene expression

Gene            Medium  +B. ovatus           +E. coli            +L. rhamnosus

IL-1 -1            12 1            3

TNF -            0 2            1

IL-6 +            4 2            0

IL-18 -            0 0            0

ENA-78 (CXCL5) +            1 1            1

IP-10 (CXCL10) +            1 2            1

MIP-1 (CCL3) -            0 3            0

MIP-1 (CCL4) -            0 4            0

MIP-3 (CCL-20) -            1 3            1

MCP-1 (CCL2) +            2 4            4

MCP-3 (CCL5) +            1 2            2

KC (GRO) +            1 4            2

MIP-2 (CXCL2) +            0 0            2

RANTES (CCL5) -            0 2            1

MEC (CCL-28) -            0 2            1

-Defensin3 -            0 4            0

SAA-1 -            0 0            0

Angiogenin4 -            0 0            0

1Absence (–) or presence (+) of EtBr-stained PCR amplicons in CECs cultured in

media alone. 2Relative intensity of amplicons expressed by CEC cultured in presence

of bacteria compared to cultured in media alone as determined by scanning

densitometry. 0 = No change, 1 = <2-fold higher, 2 = 2- to 3-fold higher, 3 = 3- to 4-

fold higher, 4 = >4-fold higher.
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in good concordance with the profile of mRNA expression
(Figure 3 and Table 2) and protein secretion (Figures 4 and 5)
in CEC:bacteria co-culture. Consistent with the profile of
constitutive expression of MCP-1, IP-10 and IL-6 mRNA
by cultured CEC, it was also possible to demonstrate the
constitutive secretion of these cytokines by CEC.

Figure 3  Changes in expression of cytokine genes in CEC in response to
commensal bacteria. CECs were cultured for 4 h in complete medium alone (M)
or in medium containing Bacteroides ovatus (Bo), E. coli (Ec) or Lactobacillus
rhamnosus (Lr) after which RNA was extracted from CECs and processed for
RT-PCR analysis using primers for -actin and genes encoding cytokines and
the anti-microbial peptide, -defensin3 as described in the Materials and methods
section. The results shown are typical of those obtained from a total of six
independent experiments.

The selectivity of CEC cytokine responses to different
bacteria seen at the level of mRNA expression was also seen
in TNF, IL-1 and IP-10 secretion induced or up-regulated
by one and/or two but not all three strains of bacteria. The
differences in levels of individual cytokines secreted by CEC,
which could be seen by comparing levels of TNF- and
IL-1 with KC and IP-10 secretion, varied by almost two
orders of magnitude. Clearly, CEC produced some cytokines
(e.g., KC and IP-10) at much higher levels than others. In
general however, the amounts of cytokine produced by CEC
in response to commensal bacteria were lower than those
produced by hematopoietic cells. In cases where individual
commensal bacteria induced or up-regulated cytokine
production by CEC, the same bacteria induced higher levels
of production of the same cytokine by splenic macrophages.
For example, splenic macrophages produced 5-10-fold higher
levels of MIP-1 and IL-6 and 50-80-fold higher levels of
MIP-1, TNF- and IL-1. Whereas for other cytokines
such as IP-10 and MCP-1, splenic macrophages produced
only 2-3-fold higher levels of cytokine (data not shown).

Discrepancies in CEC cytokine mRNA and protein

profiles were evident between MIP-1 and MIP-1. Most
striking was MIP-1 for which a single yet different
bacterium was identified inducing mRNA accumulation
(E. coli) and protein secretion (L. rhamnosus). Interestingly,
MCP-1 protein analysis indicated that the probiotic
bacterium L. rhamnosus significantly (P<0.01) suppressed
constitutive cytokine secretion by CEC for which there was
no compelling case from the mRNA analysis (Table 2 and
Figure 3). Although there was some overlap in MIP-1
mRNA and protein expression by CEC with E. coli up-
regulating both, this was not the case for L. rhamnosus which
up-regulated protein secretion in the absence of any
influence on mRNA expression.

Probiotic bacterium, L. rhamnosus (LGG), interfered with
E. coli- and B. ovatus-induced cytokine production by CEC
Although probiotic therapy has been associated with anti-
inflammatory effects in specific groups of IBD patients, the
mechanism of action of probiotic bacteria is not clear[26].
Since the probiotic bacterium L. rhamnosus (LGG) had a less
potent effect on modulating cytokine production by CEC in
comparison to E. coli and B. ovatus (Figure 4 and Table 2), we
determined if  L. rhamnosus could modulate or interfere with
CEC cytokine production induced by other bacteria. CEC
were therefore cultured with individual bacteria alone or
with an equal number of two of the bacteria such that all
co-cultures had the same number of bacteria. Combining
two different bacteria species had no obvious effect on
bacterial viability or growth during the 4 h culture period
with the total number of viable bacteria recovered being
indistinguishable from co-cultures containing the individual
bacteria species alone (Lan and Carding, unpublished
data). KC and IL-6 were the cytokines of choice for these
experiments since they were produced at high levels by CEC
in response to either E. coli (KC) or B. ovatus (IL-6). These
cytokines are also major pro-inflammatory cytokines and
they or their human homologs (murine KC and human
IL-8) have been associated with inflammation[27,28].

The inclusion of LGG in E. coli:CEC cultures effectively
reduced the level of KC secreted by CEC by more than 6-
fold in response to E. coli to that seen in control cultures
containing media or LGG alone (Figure 6A). This suppressive
effect was dependent upon viable bacteria since non-viable
and heat killed L. rhamnosus had no effect on E. coli-induced
KC production (data not shown) and was mediated at the
level of KC mRNA transcription or accumulation since
the addition of LGG to E. coli:CEC co-cultures reduced
the amount of KC mRNA expression to levels seen in
cultures containing LGG alone (Figure 6A). This suppressive
effect was not seen using B. ovatus which had no (negative)
impact on the amount of KC produced by CEC, in
response to E. coli in mixed bacteria:CEC co-cultures (Figure
6A). Since B. ovatus had little effect on KC production by
CEC it was not possible to determine if  the suppressive
effect of LGG extended to B. ovatus. It was however possible
to investigate this by analyzing IL-6 production by CEC
since B. ovatus induced high levels of IL-6 production whereas
E. coli and LGG had little or no effect on IL-6 production
(Figure 4). The addition of LGG to B. ovatus:CEC co-cultures
effectively neutralized the ability of B. ovatus to increase
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the level of IL-6 produced by CEC (Figure 6B). As seen
for KC production, the effect of LGG on B. ovatus-induced
IL-6 production appeared to be at the level of gene

transcription and/or mRNA turnover. Whereas B. ovatus
alone dramatically increased the levels of IL-6 mRNA
expressed by CEC, in cultures containing both B. ovatus and

Figure 4  Prof ile of cytokines secreted by CEC in response to commensal
bacteria. CECs were cultured for 4 h in complete medium alone (M) or in
medium containing Bacteroides ovatus (Bo), E. coli (Ec) or Lactobacillus
rhamnosus (Lr) after which conditioned medium was assayed for the presence
of IL-6, TNF-, IL-1 and KC. The amount of cytokine present was determined

by reference to a standard curve generated using known amounts of recombinant
protein. The limit of detection of each assay was ~5 pg/mL. The results shown
were obtained by combining the data sets from a minimum of three independent
experiments. Error bars designate 95% confidence limits.

Figure 5  Chemokines secreted by CEC in response to commensal bacteria.
CECs were cultured for 4 h in complete medium alone (M) or in medium
containing Bacteroides ovatus (Bo), E. coli (Ec) or Lactobacillus rhamnosus
(Lr) after which conditioned medium was assayed for the presence of MIP-1,
MIP-1, IP-10 and MCP-1. The amount of chemokine present was determined

by reference to a standard curve generated using known amounts of recombinant
protein. The limit of detection of each assay was ~10 pg/mL. The results shown
were obtained by combining the data sets from at least three independent
experiments. Error bars designate 95% confidence limits.
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LGG it was not possible to detect any IL-6 mRNA, which
was also undetectable in cultures containing LGG alone
(Figure 6B). This suppressive effect on IL-6 production
was not seen with E. coli which was unable to exert a similar
effect on B. ovatus-induced IL-6 mRNA or protein production
(Figure 6B). These findings demonstrated that the probiotic
bacteria LGG could influence and interfere with the
interaction of other unrelated commensal bacteria with CEC.

DISCUSSION

This study represents one of the first attempts to investigate
the interaction between isolated primary CEC and individual
members of the commensal microbiota. A similar and
complimentary in vivo study using conventionalized germfree
mice has previously shown that commensal bacteria can
modulate the expression of various (non-immune) genes in
ileal IEC in vivo[7]. Our study although limited in the number
and types of investigated commensal bacteria has focused
on the ability of commensal bacteria to modulate expression
of immune response-related genes and their products in
isolated CEC. By studying CEC in isolation, any indirect
effects of other mucosal cells that might occur in vivo have
effectively been excluded. Our findings demonstrate that
CEC have the potential to respond to commensal bacteria
and that based upon differences in the cytokines they produce
can at least discriminate between the three different bacteria
used in this study. The ability of the probiotic bacterium
LGG to interfere with the ability of other bacteria to
modulate CEC cytokine production was unexpected and
may have some relevance to the action of these probiotic
bacteria in vivo.

Although the CEC:bacteria co-culture system described
here provides a controlled in vitro accessible system for
investigating host-microbe interactions, it is important
to acknowledge its limitations. Similar to studies using
immortalized IEC lines, our system cannot take into account
the possibility that the behavior and response of CEC may
normally be influenced directly or indirectly by other mucosal
cell populations in vivo that are absent or underrepresented
in our culture system. Our culture system by its design also

cannot account for the complexity of bacterial populations
that exist in the colon and as complex biofilms at mucosal
epithelial surfaces, the constituents of which remain to be
identified and may be uncultivable[14,16]. It should be noted
however, that the species of bacteria we have used are
major populations in the colon of laboratory rodents and
collectively number 3-11×1010 organisms per gram of
tissue[14,16]. Our culture system also cannot account for any
interactions that might occur between different bacteria in
vivo that might have an impact on the activity of individual
bacteria and most likely the host response to them. As we
have demonstrated here however, it is possible to compare
IEC interactions with individual bacteria alone and in
combination with other bacteria. While acknowledging these
limitations, we believe our culture system represents an
advance in the development of more physiologically relevant
in vitro systems for investigating the nature of bacteria-IEC
interactions. As complimenting existing methodologies
can be used its in vitro accessibility is an advantage over
more indirect and more expensive in vivo studies that use
conventionalized gnotobiotic animals[29].

The significance of different cytokine responses by CEC
to different commensal bacteria in vitro is not clear. In
considering the limitations and somewhat artificial nature
of our experimental system, the data should be interpreted
cautiously. Since none of the bacteria used in this study is
invasive, it is unlikely to be due to differences in the ability
of the bacteria to “infect” CEC. It is possible that the
cytokine-inducing activity of different bacteria may be
dependent upon them reaching certain and perhaps different
concentration thresholds. It may also be related to qualitative
or quantitative differences in the MAMPs expressed by the
different bacteria. For example, the E. coli strain used in
this study produced a LPS that has been shown to elicit
potent and persistent mucosal immune responses in
germfree mice[18]. By contrast the MAMPs expressed by
B. ovatus are poorly characterized, although the presence
of antibodies to B. ovatus in the serum of IBD patients[19]

suggests that they may not be entirely inert.
The biological significance of probiotic LGG-mediated

modulation of cytokine production by CEC is not yet clear,

Figure 6  L. rhamnosus (LGG) interferes with E. coli- and B. ovatus-induced
cytokine production by CEC. CEC were cultured for 4 h with individual bacteria
alone or with a mixture of equal numbers of two different bacteria (B. ovatus+
E. coli or E. coli+L. rhamnosus) such that the total number of bacteria in each

culture was the same. A: KC mRNA and protein expression by RT-PCE and
ELISA; B: IL-6 mRNA and protein expression by RT-PCR and ELISA. ELISA
data was obtained by combining the data sets from three independent experiments.
Error bars designate 95% confidence limits.
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although its ability to suppress MCP-1 production by CEC
could have beneficial effects on limiting or preventing the
recruitment to the colonic mucosa of inflammatory cells
including granulocytes and activated T cells capable of
responding to MCP-1. The ability of LGG to indirectly
affect CEC immune responses by interfering with the ability
of other commensal bacteria to induce or upregulate
cytokine production by CEC identifies CEC as a cellular
target for probiotoic bacteria in vivo. The ability of probiotic
bacteria to down-modulate proinflammatory cytokine (TNF-
and IL-6) production has been demonstrated previously in
vivo[30] and ex vivo in tissue explant:bacteria co-cultures[31].
However, the identity of cells affected by the bacteria and
the cellular source(s) of cytokines were not established in
these studies. Although the mechanisms of action of probiotics
remain unclear[32], their ability to alter the composition of
the colonic or fecal microbiota has been associated with
beneficial effects in certain groups of IBD patients and
infants[26]. In addition, Lactobacillus sp. can also prevent the
development of intestinal inflammation in animal models
of  IBD[21,33]. Our findings suggest a mechanism by which
non-pathogenic or probitoic bacteria might suppress or limit
the ability of other “pathogenic” bacteria to promote or
sustain inflammatory responses. How LGG interferes with
the ability of E. coli or B. ovatus to induce cytokine production
by CEC was not established in this study. It may include
the production of antimicrobial peptides (bacteriocins),
expression of MAMPs of higher density, affinity for LGG,
induction of TLR anatagonistic signaling pathways or
molecules such as phosphoinositide 3-kinase[34], suppressor
of cytokine signaling-1[35,36], single immunoglobulin interleukin-
1 receptor related molecule[37], or NOD2[38] by LGG in
CECs. The CEC:bacteria co-culture system described here
may be of value in investigating these potential mechanisms
in more detail.

In summary, the results presented in this study provide
evidence for the ability of primary CEC to respond to and
discriminate between three different strains of commensal
bacteria and new insights into the interaction of different
commensal bacteria with the host.
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