
Toll-like receptors-2, -3 and -4 expression patterns on human colon
and their regulation by mucosal-associated bacteria

Introduction

The colonic epithelial surface is constantly exposed to

antigens from the normal microbiota, food antigens and

pathogenic micro-organisms. Resident bacteria that col-

onize colonic and rectal mucosae, often occur in micro-

colonies on the epithelial surface.1,2 The mechanisms for

molecular recognition and distinction of these commensal

organisms from similar pathogenic species are unclear.

Commensal species are known to display many of the

same surface components as pathogenic organisms, with-

out initiating an aggressive inflammatory immune

response. Only mature epithelial cells that exit the crypts,

and form the luminal surface of the mucosa, are in direct

contact with the live microbiota, the crypts themselves are

not colonized by the commensal flora.2

The abilities of epithelial cells to detect bacterial cellular

components requires the expression of pattern recognition

receptors (PRR) that recognize repetitive patterns present

on Gram-positive and Gram-negative bacteria, fungi, vir-

uses and parasites.3 Toll-like receptors (TLR) are a group

of 10 human PRR that are homologous to Drosophila Toll

protein.4 Specific ligands or pathogen-associated molecular

patterns (PAMPs) have been attributed to a number of

human TLR on different cell types.3,4 TLR2 is required for

recognition of Gram-positive and mycobacterial PAMPs,5,6
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Summary

The colonic epithelium provides an interface between the host and micro-

organisms colonising the gastrointestinal tract. Molecular recognition of

bacteria is facilitated through Toll-like receptors (TLR). The colonic

epithelium expresses relatively high levels of mRNA for TLR3 and less for

TLR2 and -4. Little is known of the expression patterns and mode of

induction of expression for these pattern recognition receptors in human

colon. The aim of this study was to investigate their localization in the gut

and induction of expression in epithelial cell lines by mucosal bacteria.

TLR2 and -4 were expressed only in crypt epithelial cells, expression was

lost as the cells matured and moved towards the gut lumen. In contrast,

TLR3 was only produced in mature epithelial cells. HT29 and CACO-2

had different levels of expression for TLR1–4. Co-culture of HT29 cells

with different mucosal isolates showed that they were highly responsive to

bacterial challenge, with up-regulation of mRNA for TLR1–4. In contrast,

CACO-2 cells were refractive to bacterial challenge, showing little differ-

ence in mRNA levels. TLR3 was induced in HT29 only by Gram-positive

commensals with up-regulation of both mRNA and protein and an

enhancement of the antiviral immune response. This pattern of expression

allows induction of responsiveness to bacteria only by the crypt epithelium

so that tolerance to commensal organisms can be maintained. In contrast,

mature columnar epithelium is able to respond to viral pathogens, which

are not part of the normal gut commensal microbiota.

Keywords: Toll-like receptors; colonic epithelium; mucosal bacteria; toler-

ance

Abbreviations: DAB, diaminobenzene; DC, dendritic cells; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TLR, toll-like
receptor; PAMPS, pathogen-specific molecular patterns; PGN, peptidoglycan; PRR, pattern recognition receptor.
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including bacterial lipopeptide,7 lipoteichoic acid (LTA)

and peptidoglycan (PGN).8 TLR3 recognizes double stran-

ded viral RNA,9 TLR4 recognizes LPS,10–12 TLR5 is the

PPR for flagella13 and TLR9 recognizes bacterial DNA.14

The recognition system is more complicated, however,

because certain combinations of TLR are required for the

detection of some PAMPs,15 TLR2 in combination with

TLR6 or TLR1 is required for recognition of PGN, yeast cell

wall zymosan,16 and phenol soluble modulin,17 whereas,

TLR2 in association with TLR1 allows recognition of triac-

ylated bacterial lipopeptides.18 This suggests that different

TLR expressed on the surface of a cell allows it to respond

to any PAMPs using varying PPR combinations. However,

not all TLRs are expressed by all cell types, rather they are

widely distributed in cells throughout the body, in both

immune and non-immune tissues, with varying levels of

expression.19 It has been previously reported that the

healthy colon has relatively high levels of mRNA for TLR3,

-4, -5, and -7 when compared to that of spleen, with TLR3

being the most abundant.19 These levels of expression may

change with disease within the colonic mucosa, as there are

reports of increased TLR2 and TLR4 during intestinal

inflammation.20,21 However, this increase is due expression

by the inflammatory infiltrate rather than expression by

epithelial cells.21 The exact localization of TLR in human

colon is unknown, but investigation of the expression pat-

terns may give an indication of the areas of bacterial recog-

nition in the epithelium, and yield information on how

recognition of commensal and pathogen is regulated.

The aim of this investigation was to determine the

expression patterns of TLR2, -3, and -4 in healthy colo-

nic epithelia by immunohistochemistry. Then devise a

model system to investigate the ability of different types

of mucosal bacteria to regulate expression of these

pattern recognition molecules in colonic epithelial cell

lines.

Materials and methods

Human tissue

Normal human colon and rectal tissue for immunohisto-

chemistry was obtained with ethical approval from the

Ninewells Hospital Tissue Bank. The patients gave

informed consent and the study was approved by

the Tayside Committee on Medical Research Ethics,

Dundee.

Immunohistochemistry

Tissue specimens were fixed in formalin and embedded

in paraffin. Four-micron thick sections were cut using a

microtome (Leica RM 2135) and mounted onto clean

glass slides, which had been coated with poly L-lysine to

improve tissue adherence. The slides were then dried for

1 hr at 60�, de-paraffined in Histoclear (National Diag-

nostics, Atlanta, GA) and rehydrated using a graded alco-

hol series. Endogenous peroxidase activity was blocked by

treatment with 1�5% hydrogen peroxide blocking solu-

tion. Antigen retrieval was done using 1�5 m citric acid

buffer, pH 6�0. Slides were boiled for 15 min, and left to

cool in the antigen retrieval buffer, before being trans-

ferred to phosphate-buffered saline (PBS), and immuno-

stained. Tissue sections were incubated in normal horse

serum 25% avidin blocking agent (Vector Laboratories,

Burlingame, CA) to reduce non-specific background

staining, and then with 10 lg/ml mouse anti-human

TLR3 (Imgenex, San Diego, CA), TLR2 or TLR4 (eBio-

scence, San Diego, CA) overnight at 4� in a humidified

chamber. Controls were incubated with an isotype con-

trol immunoglobulin G1 (IgG1) and IgG2a antibody

(eBioscience). A 25% (w/v) biotin solution (Vector

Laboratories) was included in the primary antibody solu-

tion, to reduce non-specific background staining. The

slides were washed in PBS and immunohistochemical

(IHC) analysis was conducted using a biotin–streptavin

immunoperoxidase method (ABC Elite, Vector Laborat-

ories), and diaminobenzidine (DAB), in 0�03% hydrogen

peroxide, as chromogenic agent (Dako, Ely, UK), as per

the manufacturer’s instructions. The slides were counter-

stained with Mayer’s haematoxylin, washed briefly in

water, dehydrated through several graded alcohol steps,

before being cleared in Histoclear, and finally mounted

using DPX mountant (Diachem International Ltd, Skel-

mersdale, UK). Sections known to stain positively were

included in each batch, and negative controls were also

prepared by replacing the primary antibody with PBS.

The slides were viewed on a Nikon Eclipse E400 binocu-

lar microscope.

Bacterial strains and culture conditions

Six different bacterial species (Enterococcus faecalis,

Escherichia coli, Peptostreptococcus anaerobius, Bifidobacte-

rium longum, Bifidobacterium bifidum, Bacteroides fragilis)

were selected from a pool of isolates obtained from rec-

tal mucosal biopsies for initial studies. A further two

E. coli, one Gemminger spp., two P. anaerobius, one

Peptostreptococcus prevotii and three E. faecalis were tes-

ted to confirm the TLR3 mRNA up-regulation. The

organisms were identified by chemotaxonomic meth-

ods2,22 and identity was verified by 16S rDNA gene

sequence analyses, using pan bacterial specific 16S rDNA

primers,23 and were maintained on Wilkins–Chalgren

agar plates, in an anaerobic chamber (atmosphere 10%

H2, 10% CO2, 80% N2), at 37�. For use in the present

study, the bacteria were inoculated into sealed Universal

bottles containing prereduced anaerobic cooked meat

broth supplemented with 2% fetal calf serum and incu-

bated overnight at 37�.
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Tissue culture

The human colon adenocarcinoma cell line HT-29

(ATCC HTB 38) and CACO-2 were cultured in Dul-

becco’s modified Eagle’s medium, supplemented with

10% heat-inactivated fetal calf serum and 2 mm l-gluta-

mine (Invitrogen, Paisley, UK). The cells were grown in

5% CO2 at 37� to confluent monolayers in 24 well plates

(Corning Inc., New York, NY). For immuno-fluorescence

studies, the cells were grown on sterile microscope slides

until they formed confluent monolayers.

Infection of cell monolayers

HT29 and CACO-2 monolayers were incubated with

5 · 106 bacterial cells ml)1 in the same culture medium

as described above without fetal calf serum, for three hrs,

in a 5% CO2 atmosphere. The bacteria were then aspir-

ated off, and the monolayer collected. After one wash

with sterile culture medium, the pellet was snap frozen in

liquid nitrogen and stored at )80� for subsequent purifi-

cation of RNA. Slides for immunohistochemistry were

incubated for 18 hr with 5 · 106 bacteria ml)1, washed

three times in PBS, air dried, and then stored frozen

at )20�.

Co-culture with purified Toll-like receptor ligands

HT29 monolayers were incubated with 10 lg/ml of

lipoteichoic acid (LTA) (from Streptococcus faecalis, Sigma,

Poole, UK), peptidoglycan (PGN; from Staphylococcus

aureus, Fluka, Deisenhofen, Germany) and poly I:C

(Sigma) or 50 ng/ml of lipid A (from E. coli, Sigma) for

3 hr as previously described. The cells were harvested as

before and snap-frozen for mRNA purification.

RNA and cDNA preparation

RNA was purified using the RNA easy kit (Qiagen,

Hilden, Germany) with an initial clean-up step using a

Qiashredder column (Qiagen), and an additional step of

DNA digestion to ensure no genomic DNA contamin-

ation. The samples were reverse transcribed using the

AMV reverse transcription kit (Promega, Madison, WI)

as per the manufacturer’s instructions, and were aliquoted

before storage at )80�.

Preparation of DNA standards for quantitation of DNA

Standard amounts of DNA corresponding to the target

sequences are needed to do real-time polymerase chain

reaction (PCR). This was done by purifying plasmid DNA

containing the target sequences. Briefly, cDNA from nor-

mal healthy colon, or mononuclear blood cells, was

amplified using each PCR primer pair (50)30, glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH) forward

GGAAGGTGAAGGTCGGAGTC, GAPDH reverse TCAG

CCTTGACGGTGCCATG, TLR1 forward GAAGATTTC

TTGCCACCCTAC, TLR1 reverse GAACACAATGTGCA

GACTCTC, TLR2 forward CTGGACAATGCCACATAC,

TLR2 reverse CTAATGTAGGTGATCCTG, TLR3 forward

CACTATGCTCGATCTTTCCTAC, TLR3 reverse CAAT

TCAGGTACCTCACATTG, TLR4 forward CAGAACTG

CAGGTGCTGG, TLR4 reverse GTTCTCTAGAGATGC

TAG, interferon-b forward CGCCGCATTGACCATCTA,

interferon-b reverse GACATTAGCCAGGAGGTTCTCA).

The product of correct size and sequence was purified

using the Qiaquick PCR purification kit (Qiagen) and

ligated into a vector using the pGEM-T easy vector sys-

tem I (Promega). JM109 competent E. coli (Promega)

were transformed with each ligated vector, and after over-

night incubation, positive colonies were chosen. From

each selected colony, the plasmid was purified using the

Wizard plus SV miniprep system (Promega). Concentra-

tion of the plasmid preparation was determined by

agarose gel electrophoresis, with known standards (New

England Biolabs, Beverly, MA). The samples were diluted

to 1010 molecules ll)1 aliquoted and stored ()80�).

Quantitative real-time PCR

The appropriate plasmid preparation was diluted to

give a standard curve of 106)101 molecules ll)1 for all

assays except GAPDH, which had a standard curve of

108)101 molecules ll)1. Real-time PCR was done using

an iCycler and iQ SYBR Green Supermix (Bio-Rad,

Hercules, CA). The annealing temperature was 56� for

each reaction. Test samples were added in triplicate at

2 ll per well in a 20 ll total reaction volume. The

results are expressed as the average for three separate

experiments.

Immunofluorescence

Slides were fixed using ice-cold 50% (v/v) acetone/meth-

anol (VWR International Ltd, Poole, UK) fixative at room

temperature for 15 min. The slides were then blocked for

20 min at room temperature in 5% (v/v) normal rabbit

serum in PBS. Ten lg ml)1 of the affinity purified goat

polyclonal anti-human TLR3 antibody (Santa Cruz Bio-

technology Inc., Santa Cruz, CA) was added in the block

buffer, and incubated overnight at 4�. The slides were

washed three times in PBS, and fluoroscein isothiocyanate

(FITC)-conjugated rabbit anti-goat immunoglobulins

(Dako) were added (1/50 dilution in block buffer) for 1 hr

at room temperature. The slides were then washed as

before, and visualized using a Nikon eclipse E800 upright

microscope, attached to a Nikon PCM 2000 confocal sys-

tem. A 60· Plan Apo immersion lens, with a numerical

aperture of 1�4 was used for all of the images. Images were
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captured and overlaid using C-imaging software (Compix

Inc, Cranberry Township, PA). Three-dimensional images

were created using ImarisSurpass 3D imaging software

(Bitplane AG, Zurich, Switzerland).

Induction of antiviral response

HT29 monolayers were incubated with or without 5 · 106

B. bifidum, as above, for 18 hr to induce TLR3 protein up-

regulation. The cells were washed and 10 lg/ml of poly I:C

was added and incubated for 3 hr. The cells were then har-

vested as before and levels of mRNA for interferon-b were

assessed by quantitative real-time PCR. The results were

expressed per 106 molecules of GAPDH as before.

Chemicals

Unless stated otherwise, all chemicals and serological

reagents were purchased from Sigma. Bacteriological cul-

ture media were obtained from Oxoid (Basingstoke, UK).

Statistics

All results are expressed as a mean plus standard devi-

ation. The statistical analyses are a standard unpaired

Student’s t-test with a 95% confidence interval.

Results

Expression and localization of TLR2, -3 and -4
in the normal human colon

Expression of TLR2 in human colonic tissue was

observed in both the epithelium and in the lamina pro-

pria. TLR2 expression was confined to crypt cells as

shown in (Fig. 1a, d). However, this expression decreased

as these cells matured and moved up towards the gut

lumen (Fig. 1b, d), so that there was no TLR2 expression

at the luminal surface (Fig. 1c). Expression of TLR2 in

the lamina propria was sporadic with more positive lym-

phoid cells close to the crypt rather than the luminal sur-

face of the epithelium. As shown in Fig. 2, expression of

TLR3 in normal healthy colonic tissue was localized in

the most mature columnar epithelial cells exiting the

crypts, and forming the luminal surface of the epithe-

lium. TLR3 was discretely localized just under the lumi-

nal surface of these cells, but not on the cell membrane.

When the luminal surface was stained (Fig. 2d) and

observed from above, TLR3 expression had a ‘crazy pav-

ing’ like appearance with the junctions between the cells

being negative for TLR3. Expression of TLR3 in the lam-

ina propria was confined to large mononuclear cells

(Fig. 2c). The expression pattern for rectal mucosa was

very similar, with only the most mature epithelial cells

expressing TLR3 protein. TLR4 expression (Fig. 3) was

very similar to that of TLR2, being confined to the crypt

epithelial cells (Fig. 3a, d) with very strong expression

occurring in large mononuclear cells of the lamina propria,

being particularly localized near the crypts (Fig. 3a, b).

Smaller lymphoid cells also expressed TLR4 throughout the

lamina propria (Fig. 3c, d). Figure 4 shows four negative

controls demonstrating no positive staining when non-

specific isotype control antibodies were used on the tissue

sections.

(a) (b)

(d)(c)

Figure 1. Immunohistochemical analysis of normal healthy human

colon stained with a monoclonal mouse anti-human TLR2 IgG2a

antibody, visualized using immunoperoxidase. (a) Transverse section

(·40) across the crypt region with staining in the epithelium and

lamina propria. (b and c) Respectively, a transverse and longitudinal

section of more mature epithelial cells that interface with the gut

lumen (·40). (d) A longitudinal section (·20) from crypt to lumen.

(a) (b)

(c) (d)

Figure 2. Immunohistochemical analysis of normal healthy human

colon stained with a monoclonal mouse antihuman TLR3 IgG1 anti-

body, visualized using immunoperoxidase. (a and b) Longitudinal

sections (·40) through the epithelium at the luminal surface. (c) A

longitudinal section (·20) from crypt to lumen, and (d) a longitud-

inal section with a transverse region (·40) showing staining seen

from the gut lumen.
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mRNA expression in HT29 and CACO-2 cells after
coculture with mucosal bacteria

No significant differences in mRNA expression for TLR1

were seen on coculture with any of the test bacteria

(Fig. 5a). TLR2 levels were significantly increased on

coculture of HT29 with all of the Gram positive species

(P < 0�0001 for all Gram positive bacteria tested), but not

the Gram negative bacteria (Fig. 5b). This pattern was

repeated for mRNA expression of TLR3 with the B. bifi-

dum (P ¼ 0�0004) consistently showing the greatest

increase in expression over control (Fig. 5c). The increase

in TLR3 by Gram-positive organisms was confirmed

using a further three peptostreptococci (P. anaerobius A,

652/106 GAPDH, P. anaerobius B 845/106 GAPDH and

P. prevotii 206/106 GAPDH), three enterococci (E. faecalis

A; 222/106 GAPDH, E. faecalis B; 284/106 GAPDH and

E. faecalis C; 309/106 GAPDH) compared to Gram-negat-

ive E. coli (A; 68/106 GAPDH, B; 42/106 GAPDH) and

one Gemminger sp. (18/106 GAPDH). The control (HT29

cells without bacteria) had 62 molecules of mRNA for

TLR3/106 GAPDH. An increase in TLR4 mRNA was only

found with the E. faecalis strains (P ¼ 0�1083, not signifi-
cant) with the E. coli coculture showing a significant

reduction in TLR4 mRNA levels (P ¼ 0�0319; Fig. 5d).

CACO-2 cells showed no significant increase in mRNA

for TLR1 (Fig. 6a), -2 (Fig. 6b), -3 (Fig. 6c) or -4

(Fig. 6d) in any of the coculture experiments. Moreover,

there was a general trend towards a reduction in mRNA

expression that was particularly evident for TLR2 and -4

(Fig. 6b, d, respectively).

mRNA expression levels in response to TLR ligands

The HT29 cell monolayers showed both positive and

negative TLR expression patterns in response to live

bacteria. In order to determine if particular determi-

nants were responsible for this effect, purified ligands

(lipid A, LTA, PGN and poly I:C) of TLR receptors

were cocultured with the HT29 cells (Fig. 7a–d). TLR1

was significantly up-regulated (P ¼ 0�0134) over control

by poly I:C but not by the three bacterial components

LTA, PGN and lipid A (Fig. 7a). There was no signifi-

(a) (b)

(c) (d)

Figure 3. Immunohistochemical analysis of normal healthy human

colon stained with a monoclonal mouse anti-human TLR4 IgG2a

antibody, visualized using immunoperoxidase. Expression patterns of

human TLR4. (a) A transverse section (·40) across the crypt region

with staining in the epithelium and lamina propria. (b) A longitud-

inal section through the crypt region (·40). (c) (·40) A longitudinal

section of more mature epithelial cells. (d) A longitudinal section

(·20) from crypt to lumen.

(a) (b)

(c) (d)

Figure 4. (a–d) Negative controls, both transverse and longitudinal,

of healthy human colon stained with IgG1 and IgG2a isotype

controls followed by appropriate secondary antibody plus immuno-

peroxidase visualization.
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Figure 5. Levels of gene expression for TLR1 (a), TLR2 (b), TLR3 (c)

and TLR4 (d) by HT29 cells in coculture with six different bacterial

isolates from the rectal mucosa for three hrs. Results are expressed as a

mean plus standard deviation of three different experiments.
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cant difference seen in the expression of TLR2 mRNA

in response to the four pathogen associated molecular

patterns tested (Fig. 7b). TLR 3 mRNA was not signifi-

cantly increased by any of the components tested

although poly I:C did demonstrate a non-significant

increase in TLR3 mRNA (Fig. 7c). Lipid A induced a

significant increase in TLR4 mRNA (P ¼ 0�005) with

the other three components showing no significant dif-

ference over control (Fig. 7d).

In order to check the activity of these ligands to induce

the expected response, peripheral blood mononuclear cells

(PBM) were used. A simple coculture experiment was

carried out. 5 · 106 PBM were cultured for 3 hr in RPMI

1640 (Invitrogen) with the same concentration of ligand

as above. TLR1 mRNA levels were significantly decreased

in the PGN treated cells (P ¼ 0�0318) there was no signi-

ficant difference between the other three ligands and the

control cells. TLR2 mRNA was decreased in the PGN

treated sample (P ¼ 0�0641). Only poly I:C showed a

significant increase in TLR3 mRNA levels (P ¼ 0�0366).
Both lipid A and poly I:C demonstrated a significant

increase in TLR4 mRNA levels (P ¼ 0�0008 and 0�0084,
respectively).

Up-regulation and localization of TLR3 expression
in HT29 cells

Immunofluorescence of HT29 monolayers cocultured

with B. fragilis showed little TLR3 expression (Fig. 8a).

When the orientation of the image was reversed, and the

monolayer was viewed from below, the bacteria could be

clearly identified, as small red bodies (Fig. 8b). There

were, however, very low levels of fluorescence, which did

not appear to correspond to localization of the bacteria

and which was indistinguishable from the isotype control

staining (not shown). HT29 cells cocultured with B. bifi-

dum are shown in Fig. 8(c), there was a marked increase

in TLR3 protein expression after 18 hr incubation with

B. bifidum, with strong staining in the cell cytoplasm.

From an oblique view, it is evident that this increased

TLR3 expression followed the morphology of the cell

(Fig. 8d).

Enhancement of antiviral response by B. bifidum

In order to determine if this observed up-regulation of

TLR3 by Gram-positive bacteria plays a role in the ability

of these cells to respond to viral challenge, a TLR3 stimuli

(poly I:C) was used to mimic viral RNA and the level of

interferon-b mRNA was measured (Fig. 9). Incubation

with B. bifidum alone for 18 hr did not significantly up

regulate mRNA for interferon-b. Poly I:C added for 3 hr

to control cells alone demonstrated a significant up-regu-

lation of mRNA for interferon-b (P ¼ 0�0393). Poly I:C

incubated for 3 hr with HT29 cells previously incubated

for 18 hr with B. bifidum showed a significant increase in

interferon-b mRNA over the control cells (P ¼ 0�0004)
and over the cells incubated with poly I:C alone (P ¼
0�0438). This demonstrates an enhanced antiviral res-

ponse in epithelial cells previously exposed to Gram-

positive bacteria.

Discussion

The colon and rectum play host to large numbers of

different micro-organisms, both resident commensals

and transient pathogens, each with their own unique

molecular footprint. The first line of contact between

the host and the normal microbiota are epithelial cells

lining the mucosal surface, which provide a connection

with the immune system, via cells in the lamina propria.
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Correct recognition and appropriate responses towards

these normal inhabitants of the gut is essential for its

healthy functioning, and maintenance of the mucosal

barrier.

Analysis of expression levels for different TLR by

colonic intestinal epithelial cells has been controversial.

mRNA expression levels (relative to levels in the spleen)

has been shown to be highest for TLR3, -4, -5, and -7.19

Expression of TLR2, which recognizes molecular patterns

in Gram-positive organisms, has been reported at the

level of mRNA, however, protein expression has not been

confirmed in colonic epithelial cells.20,24,25 One previous

study has shown TLR4 protein only in the crypts of

mouse colon with expression levels highest in the more

distal part of the colon.25 Both TLR2 and -4 are the main

recognition receptors of bacterial surface structures in

both Gram-negative and Gram-positive organisms.5–8,10–12

One study in mice with induced dextran sodium sulphate

(DSS) colitis demonstrated an increase in mRNA for both

TLR2 and -4 and a corresponding increase in TLR4 pro-

tein in epithelial cells at the epithelial surface; further-

more this expression would appear to move proximally

up the colon with inflammation and was correlated with

(a) (b)

(c) (d)

Figure 8. Confocal microscopy of an 18-hr coculture of HT29 cells with either Bacteroides fragilis (a, b) or Bifidobacterium bifidum (c, d). The

cells were stained with goat antihuman TLR3 antibody, followed by a secondary FITC-conjugated rabbit anti-goat immunoglobulin antibody

giving green staining where TLR3 is expressed. Cell nuclei have been counterstained in red with propidium iodide.

600
500
400
300
200
100

0

Con
tro

l

Poly
 I:

C

B. b
ifid

um

B. b
ifid

um
+Poly

 I:
C

In
te

rf
er

on
-b

/1
06  

G
A

P
D

H

Figure 9. Levels of mRNA for interferon beta in HT29 cells in

coculture with B. bifidum for 18 hr followed by a 3-hr stimulation

with poly I:C. The results are expressed as a mean plus standard

deviation of three different experiments.
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interleukin-1b expression.25 This change in expression of

TLR4 in DSS colitis would allow recognition of Gram-

negative bacteria at the luminal surface of the epithelium

and not just in the crypts providing a mechanism for

bacterial driven intestinal inflammation in this colitis

model.25 In our model system we find that a Gram-posit-

ive bacteria, E. faecalis, induces up-regulation of TLR4 in

HT29 cells. This organism has been implicated in ulcera-

tive colitis2 suggesting a possible mechanism whereby

E. faecalis colonization of colitic mucosa could up-regulate

TLR4 in the disrupted architecture of the colon and allow

recognition of Gram-negative bacteria at a site which

would normally be refractive to these organisms, i.e. the

luminal surface. Both TLR2 and -4 are only up-regulated

by bacteria in HT29 cells and not CACO-2; this has pre-

viously been reported by other groups.24–27 Furthermore

when we use the bacterial components lipid A, LTA and

PGN to induce TLR expression in HT29 cells we see no

change in TLR2 expression levels and only lipid A enhan-

cing TLR4 expression levels. This would suggest that

single purified components are not sufficient to induce

up-regulation of these molecules, either because of their

physical characteristics, which will be very different from

their characteristics when they are part of a live bacterial

surface, or that the observed up-regulation is caused by

bacteria interacting with different surface receptors, which

then either directly up regulate TLR or do so through

cytokine-mediated receptor up-regulation. Furthermore,

we need to consider that these cells are not primary cell

isolates but are cell lines which are transformed and may

have characteristics that are not identical to primary

cells.28–30 These cell lines do, however, confer one large

advantage over primary isolates as they have never

encountered bacterial antigens or live bacteria; therefore,

the responses we are measuring can be attributed to a pri-

mary response to bacteria. The only human situation

where the colon is truly sterile is before birth. Therefore,

we can use these cells to determine the effect of initial

exposure of colonic epithelial cells of different maturation

states to mucosal bacterial challenge. The HT29 cell line

can be used as a model for newly formed epithelial crypt

cells, as they can be maintained with the morphology and

physiology of nascent crypt cells under certain growth

conditions.28,31–33 In contrast, CACO-2 epithelial cells are

much more mature, like those that are moving towards

the luminal surface.33

TLR3 is the most abundant TLR mRNA expressed in

the colon,19 and is the PRR for double-stranded viral

RNA.9 This high expression in the colon is postulated to

provide a first line of defence against virus infection,

because all virus infections induce dsRNA at some point

in their replication cycle.34 Furthermore, common intesti-

nal viruses such as rotaviruses are themselves dsRNA

viruses, providing immediate ligands for TLR3 when they

come in contact with epithelial cells. The downstream

consequences of ligation of TLR3 are induction of a

typical reaction of viral infection, with the expression of

type 1 interferons.35–37 It has also been demonstrated that

some viruses target the TLR3 signalling cascade to dam-

pen the immune response.38 TLR3 expression is also

up-regulated by interferon-b alone.39 Intuitively, the cel-

lular expression pattern of TLR3 demonstrated in this

study would suggest that it is expressed to deal with an

intracellular pathogen that enters the mucosa from the

gut lumen, as its location was primarily in the cell cyto-

plasm, directly below the brush border. Expression of this

protein was restricted to the most mature epithelial cells

that had fully achieved their characteristic columnar mor-

phology, which appears as the cells arrive to form the

luminal barrier. Nascent cells in the crypt do not express

any protein for TLR3. This is in direct contrast to the

pattern seen with TLR2 and -4 where protein expression

in the epithelium is confined to the crypts, a region nor-

mally devoid of commensal microorganisms.2 In the

HT29 model, the cells require stimuli to up-regulate

TLR2 and TLR3 mRNA from very low levels of expres-

sion. After introduction of Gram-positive mucosal isolates

levels of mRNA expression significantly increase for both

these recognition molecules. This was not surprising for

TLR2 because components of Gram-positive bacteria are

the reported ligand for this receptor5–8 and ligation of

existing TLR2 would induce the observed up-regulation

of expression.24 However, in this model the purified

TLR2 ligands did not induce TLR2 up-regulation as pre-

viously discussed. This up-regulation was not expected

for TLR3. Expression of this molecule is essential for

maintenance of a functioning mucosa which is able to

respond to viral infection and minimize mucosal damage.

The normal mucosal microbiota comprises large numbers

of Gram-positive and Gram-negative organisms, that exist

in close contact with epithelial cells, at the luminal sur-

face. Among these species are a number of organisms with

probiotic properties particularly Gram-positive bifidobac-

teria and lactobacilli; these organisms have varying abilit-

ies to induce probiotic effects and it has been shown for

lactobacilli that the magnitude of these effects are greatly

dependent on the isolate and species chosen.40 These are

amongst the first organisms to colonize the colon after

birth41 that have been reported to aid the development of

a fully mature and correctly functioning epithelial bar-

rier.42–44 We would postulate that on initial exposure of

the newborn colon to bacterial colonization by Gram-

positive species up-regulation of TLR3 by the nascent epi-

thelium would allow the newborn colon to be immediately

able to respond to viral infections. We have demonstrated

in our HT29 cells that they can respond to viral challenge

as shown by their interferon-b induction in response to

poly I:C exposure; however, with an initial exposure to a

Gram-positive commensal organism we can demonstrate a

significantly enhanced interferon-b response.
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The reported unresponsiveness of the intestinal epithe-

lium contrasts with other barrier epithelia, that demon-

strate potent responsiveness to bacterial challenge directly

through TLR recognition.45–47 It has recently been pro-

posed that TLR may have a dual function in the intesti-

nal epithelium both in recognition of pathogenic

organisms and initiation of down stream antimicrobial

responses but also as a controller of intestinal homeostat-

sis.48 Signalling through TLR proceeds through MyD88

and finally results in nuclear factor (NF)-jB activation.3

In MyD88 knockout mice increased proliferation of colo-

nic epithelial cells is observed.48 This is also repeated in

a knockout of p50, component of NF-jB, where the

colon has extensive proliferative zones and elongated

crypts similar to that of MyD88 knockout mice.49 This

dysregulation of colonic cell turnover must be due in

part to the loss of signalling through TLR via MyD88

and NF-jB in the crypt epithelium. Physiologically these

elongated crypts confer a higher susceptibility to damage

of barrier function.50,51 This susceptibility to damage

could also be induced by expression of TLR2 and -4 at

an inappropriate site in the mucosa at the luminal sur-

face where they could interact with the commensal flora.

This could arise when perturbation of the mucosal archi-

tecture occurs because of chronic inflammatory bowel

disease.

In conclusion, we have demonstrated that the matur-

ation stage of epithelial cells greatly affects the way they

respond to bacterial stimuli. TLR2 and -4 are expressed

only in the crypts of colonic epithelium. These are sterile

environments where protection of the epithelial stem cells

from bacterial pathogens is required to maintain gut

homeostasis. Crypt cells, as modelled by undifferentiated

HT29 cells, are alone in their ability to respond to live

bacterial stimuli and up-regulate TLR2 and -4. In contrast

TLR3 is expressed at the luminal surface conferring pro-

tection of the epithelium from viruses which are not

members of the normal mucosal microbiota. The expres-

sion of TLR3 may be enhanced by interaction of new epi-

thelial cells with Gram-positive commensal organisms,

which in turn enhances the antiviral response in the

mature epithelium.
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