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Strategic Compartmentalization of Toll-Like Receptor 4 in the

Mouse Gut1

Cesar F. Ortega-Cava,2* Shunji Ishihara,* Mohammad A. K. Rumi,* Kousaku Kawashima,*

Norihisa Ishimura,* Hideaki Kazumori,* Jun Udagawa,† Yasunori Kadowaki,* and

Yoshikazu Kinoshita*

Pattern recognition receptors (PRRs), which include the Toll-like receptors (TLRs), are involved in the innate immune response

to infection. TLR4 is a model for the TLR family and is the main LPS receptor. We wanted to determine the expression of TLR4

and compare it with that of TLR2 and CD14 along the gastrointestinal mucosa of normal and colitic BALB/c mice. Colitis was

induced with 2.5% dextran sodium sulfate (DSS). Mucosa from seven segments of the digestive tract (stomach, small intestine in

three parts, and colon in three parts) was isolated by two different methods. Mucosal TLR4, CD14, TLR2, MyD88, and IL-1�

mRNA were semiquantified by Northern blotting. TLR4 protein was determined by Western blotting. TLR4/MD-2 complex and

CD14 were evaluated by immunohistochemistry. PRR genes were constitutively expressed and were especially stronger in colon.

TLR4 and CD14 mRNA were increased in the distal colon, but TLR2 mRNA was expressed more strongly in the proximal colon,

and MyD88 had a uniform expression throughout the gut. Accordingly, TLR4 and CD14 protein levels were higher in the distal

colon. TLR4/MD-2 and CD14 were localized at crypt bottom epithelial cells. TLR4/MD2, but not CD14, was found in mucosal

mononuclear cells. Finally, DSS-induced inflammation was localized in the distal colon. All genes studied were up-regulated during

DSS-induced inflammation, but the normal colon-stressed gut distribution was preserved. Our findings demonstrate that TLR4,

CD14, and TLR2 are expressed in a compartmentalized manner in the mouse gut and provide novel information about the in vivo

localization of PRRs. The Journal of Immunology, 2003, 170: 3977–3985.

T
he first line that is exposed to the gut luminal environment

is the monolayer of epithelial cells. Gut epithelial cells are

known to function as a living barrier against pathogenic

agents present within the external environment of the gut lumen;

additionally they must permit the passage of necessary nutrients.

Epithelial cells work in close relation with other cell populations

present in the lamina propria, such as the macrophages, dendritic

cells, and lymphocytes that form the intestinal mucosal immune

system (1–3). The innate immune system has evolved to perform

nonclonal cell recognition of conserved products of microbial

metabolism present on broad classes of organisms (4). These micro-

bial products are referred to as pathogen-associated molecular

patterns (PAMPs),3 and the best examples include LPS of Gram-

negative bacteria and peptidoglycan of Gram-positive bacteria.

PAMPs are recognized by receptors of the innate immune system

called pattern recognition receptors (PRRs) (5).

The group of PRRs includes the mammalian homologues of

Drosophila Toll receptors, Toll-like receptors (TLRs). TLRs are

transmembrane proteins characterized by an extracellular domain

with leucine-rich repeats and an intracellular domain homologous

to the IL-1R, or Toll/IL-1R (TIR). Activated TIR binds to a ho-

mologous domain in the adaptor protein MyD88 and starts a cas-

cade that finally leads to activation of NF-�B and production of its

related proinflammatory cytokines (6). TLR4 is the prototype of

the TLR family and the main receptor for Gram-negative bacterial

LPS. For efficient LPS-induced signaling, TLR4 requires associa-

tion with MD-2, a secreted glycoprotein, and CD14 (4, 7). Another

member of the TLR family is TLR2. Several molecules have been

reported to activate innate immune responses through TLR2, in-

cluding peptidoglycan, zymosan, and bacterial lipopeptides (4).

It has previously been reported that mouse intestinal epithelial

cell lines express some PRRs (8), but nothing is known about the

in vivo expression of these receptors. Since the intestinal bacterial

content varies throughout the gut (9), it is probable that the ex-

pression of these receptors will also be different. Furthermore,

since PRRs do not distinguish between PAMPs from commensal

bacteria and pathogenic bacteria (10), mechanisms should exist to

regulate the exposure of these receptors to gut luminal content. In

the present study we wanted to determine the localization of TLR4

in the mouse gut mucosa and compare it with that of TLR2 and CD14

in normal mice and in mice with dextran sodium sulfate (DSS)-in-

duced colitis. DSS-induced colitis is a model of epithelial barrier dys-

function; its possible pathogenesis includes direct cytotoxicity by DSS

or interference with the normal interaction among epithelial cells, in-

testinal lymphocytes, and the extracellular matrix (11–13).

Materials and Methods
Animal model

Six-week-old male specific pathogen-free BALB/c mice (Nihon Clea, To-
kyo, Japan) were used in the study. Mice were placed in appropriate fa-
cilities of the Animal Institute of Shimane Medical University and were
handled according to the institute guidelines for animal experimentation
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with the approval of the ethics committee for animal experimentation of the
university. Animals were housed under constant environmental conditions
with circadian light-dark cycles and were permitted an initial adaptation
period of 1 wk.

Experimental design

Initially a single group of normal mice was used to screen TLR4, MD-2,
and TLR2 expression and distribution in normal mouse gut mucosa using
RT-PCR (n � 5). Then these results were confirmed by Northern blotting
and extended to the MD-2, TLR2, CD14, and MyD88 genes; for this pur-
pose, five normal animals were sacrificed per group, and the experiment
was performed twice (n � 10). Another group of normal mice was used for
Western blot studies (n � 5). Two additional groups of mice were used to
study the localization of the TLR4/MD-2 complex and CD14 by immuno-
histochemistry (n � 11). Thereafter, to determine whether the distribution
of TLR4, TLR2, CD14, MyD88, and IL-1� in mouse gut mucosa varies
during acute colonic inflammation, we induced DSS colitis in a group of
mice. These animals received 2.5% (w/v) DSS (5 kDa; Wako Pure Chem-
ical Industries, Osaka, Japan) solution as drinking water for 7 days. In a
previous pilot study we determined that 2.5% DSS is the appropriate con-
centration to cause colitis with a clinical disease activity index (14) be-
tween 1.7 and 3 without extensive erosive epithelial loss, a necessary con-
dition for the study. All mice were assessed using the disease activity index
in a blinded fashion. Mice were sacrificed 1 day after the end of the DSS
administration week. The experiment was performed three times, and each
group included five animals (n � 15). The first two groups were used for
Northern blotting, and the last group was used for Western blotting and
immunohistochemistry. Subsequently, to investigate the expression of the
target genes with time during DSS colitis, a comparative placebo and DSS
group design was performed. In this experiment control and DSS mice
were sacrificed at 8 h and 1, 4, 9, and 14 days after the end of the DSS
period. The experiment was performed twice with five animals per group
(n � 20), and in both cases samples were used for Northern blot analysis.
Furthermore, we determined the expression of TLR4, TLR2, CD14, and
MyD88 in isolated gut epithelium. For this purpose the standard DSS pro-
tocol was performed with a group of mice. An appropriate time control
group was used. Animals were sacrificed 24 h after the end of DSS ad-
ministration, and gut epithelial cells were isolated by the EDTA-vibration
method (15). This experiment was performed once, and samples were used
for Northern blotting (n � 6). The purity of epithelial cells isolates was
evaluated in a group of normal mice (n � 5). A total of 77 mice were used.

Sample collection

The animals were sacrificed by an overdose of diethyl ether anesthesia. The
intestine was dissected and placed on an ice-cold surface, opened from the
anus to the stomach, and rinsed with ice-cold normal saline. The distal 0.5
cm, including the anus, was discarded. The digestive tract was divided into
seven segments: glandular stomach, three segments of small intestine
(proximal, medial and distal), and three segments of colon (proximal, me-
dial, and distal; Fig. 1). For mRNA or protein studies the mucosa was

segmentally scraped with a sharpened spatula; the mucosal scrapings and
the remaining tissue (submucosa, muscular, and serosa) were separately
frozen in liquid nitrogen and stored at �70°C until further processing. The
same investigator always performed the scraping. For immunostaining
studies the gut was rinsed immediately after being opened, segmentally
divided, immersed in embedding medium (Tissue-Tek OCT compound;
Sakura Finetechnical, Tokyo, Japan), frozen on dry ice, and stored at
�70°C. In other animals colonic epithelial cells were isolated using an
EDTA-vibration method that results in �5% contaminating nonepithelial
cells (15). Briefly, the unopened proximal and distal segments of the colon
were placed on an ice-cold surface and flushed with chilled (4°C) calcium-
and magnesium-free PBS. The colon segments were everted, their ends
were closed with silk, and they were filled with PBS at 4°C. These colon
bags were incubated in 3 mM EDTA in PBS, pH 7.4, at 37°C and gently
shaken every 5 min. After 20 min the separated cells were centrifuged at
4°C and washed twice with PBS. Cells were frozen at �70°C until being
processed for mRNA extraction.

Histology and immunohistochemistry

As MD-2 is an important protein required for TLR4 function, a rat mAb
against mouse TLR4/MD2 complex (MTS510; eBioscience, San Diego,
CA) was used to perform immunohistochemistry. CD14 was marked by a
polyclonal goat anti-mouse CD14 Ab (sc-6999; Santa Cruz Biotechnology,
Santa Cruz, CA). Frozen samples from each segment of the gut were taken
as previously described, and 6-�m-thick sections were prepared. Sections
were fixed in cold acetone for 20 min. Endogenous peroxidase activity was
blocked with 0.3% hydrogen peroxidase in methanol for 30 min at room
temperature, followed by incubation with blocking normal serum for 30
min. Subsequently, sections were incubated for 2 h at room temperature
with primary Ab at 1/100 dilution and then processed with the correspond-
ing commercial immunoperoxidase staining kit (Vectastain Elite ABC Kit;
Vector Laboratories, Burlingame, CA) following the manufacturer’s in-
structions. Sections were counterstained with hematoxylin. Negative con-
trols were performed by omitting the primary Ab. The efficiency of one of
the investigators (C.F.O.) in scraping the mucosa without going beyond the
muscularis mucosa was determined to be 97 � 2.33% (mean � SD) by two
different observers. Briefly, formalin-fixed scraped gastrointestinal speci-
mens were embedded in paraffin, sectioned, and stained with H&E for
microscopic examination in a blinded fashion. The purity of epithelial iso-
lation by scrapping was evaluated on cytocentrifuge cell preparations.
Scrapped mucosa was digested with 1 mg/ml collagenase, followed by
washes with 3 mM EDTA in PBS. Cells from different gut segments were
pooled, and a suspension of 106 cells/ml was prepared. Aliquots of 50 �l
were cytocentrifuged (DC8 cell settling chamber; Neuroprobe, Cabin John,
MD) on coated slides and immunostained with the same method as that
used for frozen tissue sections. Epithelial cells, dendritic cells, B lympho-
cytes, and macrophages were labeled with wide spectrum rabbit anti-
cytokeratin (DAKO, Carpinteria, CA), hamster anti-CD11c (HL3; BD
PharMingen, San Diego, CA), rat anti-CD45R (RA3-6B2; BD PharMin-
gen), and rat anti-F4/80 (CI:A3-1; Caltag, Burlingame, CA) anti-mouse
Abs, respectively. A total of 24 digital images from the samples of each
animal were evaluated at a magnification of �400. Cells were counted by
a trained observer, and positive cells were expressed as a percentage. Cy-
tocentrifuge preparations showed that 94.2 � 2.1% were epithelial cells,
0.56 � 0.1% were CD11c� cells, 1.21 � 0.1% were CD45R� cells, and
2.48 � 0.4% were F4/80� cells (mean � SD; Fig. 2).

RT-PCR

The first screening of TLR expression was performed by RT-PCR. Gut
mucosa was scraped as previously described. The chain of lymph nodes
located in the mesentery of the ileocecal junction was dissected and taken
as a positive control (16). The tissue was homogenized in liquid nitrogen,
and total RNA was isolated by the guanidine thiocyanate-phenol-chloro-
form method (Isogen; Nippon Gene Co., Tokyo, Japan). Ten micrograms
of RNA from glandular stomach mucosa and from proximal and distal
segments of small intestine and colon was reverse transcribed with oli-
go(dT) primer in a 50-�l reaction (ProSTAR First Strand RT-PCR Kit;
Stratagene, Cedar Creek, TX). Two microliters of cDNA was amplified
with the GeneAmp PCR system 9600 (PE Applied Biosystems, Foster
City, CA). Amplification was performed in a 25-�l reaction with 10 pmol
of each primer with 200 �M of each dNTP, 1.5 mM MgCl2, and 0.75 U of
DNA polymerase (AmpliTaq Gold; PE Applied Biosystems) for 30 stan-
dard PCR cycles. Sense and antisense primers and the corresponding an-
nealing temperatures (Ta) were: TLR4, 5�-TCC TGG CTA GGA CTC
TGA TCA T-3� and 5�-CAT GGC ATG GCT TAC ACC ACC T-3� (Ta �

60°C); MD-2, 5�-AAC AGT GGT TCT GCA ACT CCT C-3� and 5�-CAA
TAC CAT TCT CTT TCG AGG G-3� (Ta � 54°C); and TLR2, 5�-GAC

FIGURE 1. Segmentation of the mouse gut. The digestive tract was

dissected, fixed with pins on an ice-cold surface, and photographed. Seg-

ments in an oral to anal direction are: glandular stomach (from the line of

epithelial transition to the pylorus); proximal, medial, and distal small in-

testine (with equal length); and proximal, medial, and distal colon (the

proximal colon is the cecum and the rest of the colon was divided into two

segments of equal length). SI, small intestine. The lines indicate points of

division.
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AGC TAC CTG TGT GAC TCT CC-3� and 5�-ACA AGT AAT AGA
ACG CGT CAA A-3� (Ta � 50°C). Five microliters of PCR product was
electrophoresed on a 1.5% agarose gel with 0.5% ethidium bromide and
photographed under UV light. As an internal control, a �-actin cDNA
sequence was amplified with the primers 5�-TGG AAT CCT GTG GCA
TCC ATG AAA C-3� and 5�-CGG ACT GTT ACT GAG CTG CGT TTT
A-3� (Ta � 56°C). In all cases amplification included a nontemplate control
reaction to check carryover contamination.

Northern blotting

RNA was extracted as previously described, and 20 �g was electropho-
resed in 1% agarose gel containing 0.66 mmol/liter formaldehyde, trans-
ferred to a supported nitrocellulose membrane (Hybond-c Extra; Amer-
sham International, Little Chalfont, U.K.), and UV linked. To evaluate gut
mucosal distribution of target genes, the samples were arranged in a single-
mouse gut display. Alternatively, the samples from normal and DSS mice
from the comparative experiments were displayed in the same membrane
to permit comparison. Twin membranes containing the fixed RNA from
each mouse were elaborated; one membrane was used to sequentially eval-
uate TLR4 and MyD88, and the other was used to measure TLR2 and
CD14. To assess whether the presence of minimal leukocyte contaminants
in the scrapped mucosal epithelium could be detected or was negligible by
Northern blot, we compared the scrapped mucosa and the remnant tissue
(submucosa, muscular, and serosa) contents of CD45 mRNA. For this pur-
pose RNA from mucosa and remnants were blotted onto the same mem-
brane and hybridized with a CD45 probe. cDNAs corresponding to TLR4
(292 b), TLR2 (595 b), CD14 (413 b) (15), MyD88 (660 b) (17), IL-1�

(418 b), CD45 (184 b) (15), and �-actin (349 b) were used as probes. To
elaborate probes, PCR amplification was conducted using normal mouse
first-strand cDNA as a template. Primers for amplification of TLR4, TLR2,
and �-actin were the same as those for RT-PCR. Other sense and antisense
primers were: CD14, 5�-GGA AGC CAG AGA ACA CCA TCG-3� and
5�-GGA TTC TAT TCG GAG CCC TGC-3�; MyD88, 5�-ATC CGA GAG
CTG GAA ACG-3� and 5�-GAT TAT ACC AAC CCT TGC-3�; IL-1�,
5�-AGC ACA TCA ACA AGA GCT TCA G-3� and 5�-TGT CCT GTG
TAA TGA AAG ACG G-3�; and CD45, 5�-CTT CAG AGC CTC GTA
CCA GC-3� and 5�-GAT TTG CCC TTC TGG ACA CA-3�. The amplified
cDNA was cloned by ligation into a plasmid vector (TA Cloning Kit Dual

Promoter; Invitrogen, Carlsbad, CA), subsequently transformed into com-
petent cells, and cultured (One Shot Competent cells; Invitrogen). The
plasmid was extracted (Qiagen Plasmid Midi Kit; Qiagen, Valencia, CA),
restricted with EcoRI (Takara, Shiga, Japan), and purified (Qiaex II Gel
Extraction Kit; Qiagen). The probe sequence was confirmed by sequencing
on an ABI PRISM 310 genetic analyzer (PE Applied Biosystems). 32P-
labeled probes (Megaprime DNA labeling systems; Amersham Interna-
tional) were hybridized with mRNA at 42°C. Membranes were washed
twice at room temperature in 2� SSC containing 0.2% SDS for 5 min and
once at 50°C in 0.1� SSC containing 0.2% SDS for 10 min. Signals were
detected and measured with a bioimage analyzer system (BAS 2000 II;
Fujix, Tokyo, Japan). All signals were standardized to the intensity of
�-actin.

Western blotting

Mucosal scrapings were completely lysed by syringing in 20 mM Tris, pH
7.6, containing 0.1% SDS, 1% Triton-X, 1% deoxycholate, 100 �g/ml of
the protease inhibitor PMSF, and protease inhibitor cocktail (Sigma-Al-
drich, St. Louis, MO). Lysates were centrifuged at 20,000 � g for 20 min
at 4°C. The protein concentration was estimated by the Bradford method
(Bio-Rad, Hercules, CA). One hundred micrograms of protein per lane was
loaded and processed for SDS-PAGE fractionation (10% Multigel; Daiichi
Pure Chemicals, Tokyo, Japan) and transferred to a polyvinylidene diflu-
oride membrane (Hybond-P; Amersham International). After blocking the
membrane for 2 h in 5% skim milk (Difco, Detroit, MI) in TBS (20 mM
Tris and 150 mM NaCl, pH 7.4), it was incubated for 24 h with goat
anti-mouse TLR4 polyclonal Ab (M-16; Santa Cruz Biotechnology) at a
1/500 dilution at 4°C, reacted with peroxidase-conjugated rabbit anti-goat
Ig (DAKO) at a 1/1500 dilution at room temperature for 2 h, and washed
three times in TBST. The resulting signals were imaged by ECL (Amer-
sham Pharmacia Biotech, Arlington Heights, IL). The immunoblot was
washed and reprobed with goat anti-�-actin Ab (Santa Cruz Biotechnol-
ogy) as an internal control.

Statistical analysis

Data were expressed as the mean � SE. Differences between the control
group and the experimental group were tested by the Mann-Whitney U test

FIGURE 2. Immunocytochemical evaluation of the purity of epithelial isolates. Scrapped gut epithelia from five mice were digested with collagenase

and washed with EDTA-PBS. Cells were randomly fixed on glass slides by centrifugation and immunostained as specified in Materials and Methods. Cells

were imaged, and positive cells were counted and expressed as percentage (mean � SD). A, Epithelial cells stained with wide spectrum rabbit anti-

cytokeratin (94.2 � 2.1%). B, Hamster anti-CD11c was used to label dendritic cells in isolated cells (0.56 � 0.1%). C, Cytocentrifuge cell preparations

stained with rat anti-CD45R as pan B cell marker (1.21 � 0.1%). D, Macrophage localization using rat anti-F4/80 (2.48 � 0.4%). Representative images

are shown (magnification, �400).
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( p � 0.05 was considered the level of significance). Analysis was per-
formed with statistical software (SPSS for Windows, release 10.0.1; SPSS,
Chicago, IL).

Results
RT-PCR of TLR2, TLR4, and MD-2

The first approach was to screen TLR expression by RT-PCR.

Interestingly, TLR expression appeared different throughout the

various segments of the gastrointestinal tract. TLR4 and TLR2

showed different distributions in the normal mouse digestive tract.

TLR4 was mostly expressed in the stomach and in the distal seg-

ment of the colon, whereas TLR2 was strongly expressed in the

proximal segment of the colon. MD-2, on the other hand, was

uniformly expressed throughout the gastrointestinal tract (data not

shown).

Northern blotting: TLR4 is preferentially expressed in

the distal colon

Hybridization of RNA from scrapped mucosal epithelium and

remnant submucosal tissue with a CD45 probe determined that

CD45 transcripts were detectable in the submucosal fraction, but

not in the scrapings (Fig. 3A). Northern blotting confirmed that

TLR4 was constitutively and strongly expressed in the normal

distal colon compared with the other gastrointestinal segments.

Quantification showed that TLR4 was expressed three times

more strongly in the distal colon than in the rest of the colon,

small intestine, and stomach (Fig. 3B).

TLR4 protein is increased in the distal colon mucosa, and

TLR4/MD-2 complex is expressed in strategically located

mucosal cells in normal mice

Western blotting with an Ab against TLR4 showed reactive protein

bands at the size of TLR4 (93.5 kDa) (18) in stomach, distal small

intestine, and proximal, medial, and distal colon of normal mice,

with the strongest signal in the distal colon. Protein levels in stom-

ach and distal small intestine were weaker compared with that in

proximal colon, differing from the mRNA pattern (Fig. 3C). Thus,

both protein and mRNA of TLR4 were most abundant in the distal

colon. The next step was to determine which cells in the gut mu-

cosa express TLR4. The task was performed using a specific Ab

against the TLR4/MD-2 complex. Immunohistochemical analysis

with this Ab showed in all animals that TLR4/MD-2 was ex-

pressed by selected cell populations along the mouse gut mucosa.

TLR4/MD-2 complex was mainly found in two different mucosal

cell types: epithelial cells from the intestinal crypts and mesen-

chymal cells within the lamina propria. The epithelial cells located

in the bottom of the crypts in distal small intestine and colon seg-

ments strongly expressed TLR4/MD-2 in their apical surface. A

stronger expression was noted in the colon segments. The mesen-

chymal cells were mononuclear cells that had cytoplasmic granular

structures stained by the mAb (Fig. 4, A–D).

Distribution of CD14 correlates with that of TLR4

Since a tight functional relationship between TLR4 and CD14 is

necessary for cells to respond to LPS, we decided to determine

whether there are similarities in the segmental gastrointestinal ex-

pression of these receptors. As expected, Northern blotting showed

that CD14 gene expression was higher in the colon than in the

small intestine and stomach. CD14 expression was especially

strong in the distal colon. Thus, TLR4 and CD14 have a similar

expression pattern in the gut (Fig. 5A). In addition to mRNA stud-

ies, CD14 protein was localized by immunohistochemistry in the

gut of normal animals. Epithelial cells located in the bottom of

stomach pits and in the crypts of distal small intestine and colon

segments were positively stained. It was noted that CD14 staining

of colonic epithelial cells was stronger than that in the epithelium

of small intestine and stomach. CD14� mononuclear cells were

not observed in the gut lamina propria (Fig. 6, A and B).

TLR2 gene is localized in the proximal colon

Interestingly, the distribution of TLR2 was different from that of

TLR4 as determined by Northern blotting. The TLR2 gene was pre-

dominantly expressed in the proximal colonic segments (Fig. 5B).

MyD88 is uniformly expressed throughout the

gastrointestinal tract

As MyD88 is an important adaptor molecule that participates in

the intracellular signaling of multiple PRRs, we decided to deter-

mine its expression and distribution in the gut mucosa of normal

BALB/c mice. Semiquantitative Northern blotting showed that the

FIGURE 3. TLR4 determination in normal mice gut. A, Northern blot-

ting evaluation of leukocyte contaminants in scrapped mucosa. RNA was

extracted from scrapped mucosa and submucosal remnants (submucosa,

muscular, and serosa) of proximal (P) and distal (D) small intestine (SI)

and colon (C). RNA from normal (n � 3) and DSS animals (n � 3) was

blotted, probed with CD45 cDNA, and imaged. CD45 mRNA was detected

in the submucosal remnants, but not in the scraped mucosa. B, TLR4 gene

expression in the normal gut mucosa of BALB/c mouse. Mucosa from

glandular stomach (S) and proximal (P), medial (M), and distal (D) seg-

ments of small intestine and colon was scraped, and mRNA was extracted.

A Northern blot demonstrating the stronger expression of TLR4 in the

distal segment of the colon is shown. The graph includes data from two

independent experiments (n � 10). Bars represent the mean � SE. �, p �

0.05; ��, p � 0.01. C, TLR4 protein in the normal gut scrapped mucosa

(n � 5) also has a restricted pattern, as shown by Western blotting. A goat

polyclonal anti-mouse TLR4 Ab was used as a probe. Distal colon had the

strongest signal. All blots were performed as specified in Materials and

Methods. Typical results are presented. �-Actin was used as an internal

control.
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expression of MyD88 does not vary greatly throughout the mouse

gastrointestinal tract (Fig. 5C).

DSS-induced inflammation is focalized in the distal colon

Next, we addressed the question of whether the expression inten-

sity or gut distribution of the genes studied is modulated during

inflammation induced by DSS. Disease activity index scores

showed that colitis developed uniformly in all mice. The localiza-

tion of inflammation in the DSS colitis model was determined by

measuring IL-1� expression in the different gastrointestinal seg-

ments. Northern blotting showed that inflammation-related IL-1�

gene expression was localized in the distal colon segment (Fig.

7A). Additional time-correlation studies showed that peak expres-

sion of IL-1� occurred in the distal colon during the first day after

the end of DSS administration and decreased progressively. Four

days after the end of DSS administration, IL-1� expression was

weak, but still detectable by Northern blotting (Fig. 7B).

Pattern recognition receptors are up-regulated during DSS

colitis

First, the expression and gut mucosal distribution of TLR4, CD14,

TLR2, and MyD88 were assessed in one group of animals 1 day

after stopping DSS administration. We found that the normal seg-

mental expression patterns of all investigated molecules were pre-

served during inflammation. TLR4 and CD14 had stronger signals

in the distal colon segment, whereas TLR2 was strongly expressed

in the proximal segments even in animals with colonic inflamma-

tion (Fig. 7A). Next, the intensity of expression during DSS colitis

of all molecules studied was compared with that in normal mice.

Northern blotting showed that all genes were up-regulated during

inflammation. Interestingly, CD14 had very strong signals in in-

flamed gut. The up-regulation of all genes was evident until day 4

after stopping DSS administration (Fig. 7B). Moreover, mucosal

epithelium from the proximal and distal segments of the colon was

isolated by the EDTA-vibration method, and gene expression of

TLR4, CD14, TLR2, and MyD88 was determined by Northern

blotting. The expression of the studied genes was similar to that

found in scraped mucosa (Fig. 7C). Western blot showed that

TLR4 protein during DSS colitis was expressed in the stomach

mucosa and in the gut as an increscent signal starting in the small

intestine medial segment and progressing to its strongest signal in

the distal colon. TLR4 protein was not detected in proximal small

intestine. In general, protein expression extended more proximally

in the small intestine during DSS colitis compared with that under

normal conditions (Fig. 7D). TLR4/MD2 and CD14 immunohis-

tochemistry of the inflamed gut showed basically similar segmen-

tal distributions as in normal tissue, but stronger staining compared

with normal samples was observed. An increased area of epithe-

lium lining the crypt and on the luminal surface was noted positive

to TLR4/MD2 (Fig. 4, E and F). In addition, an increased intensity

of CD14 staining was noted during DSS inflammation (Fig. 6, C

and D).

Discussion
In the present in vivo study segmentation of the gut permitted us

to demonstrate for the first time that PRRs are differentially ex-

pressed along the mouse gastrointestinal tract. A few studies have

addressed the compartmentalization of the immune response in the

mouse gut, but none of them measured PRRs (19, 20). We have

now shown that TLR4, CD14, and TLR2 are constitutively ex-

pressed in the mouse gut mucosa and that this expression varies

along the gut. Interestingly, differences were found not only be-

tween small intestine and colon, but also between different seg-

ments of the colon. Our tentative explanation is that the focalized

expression of PRRs in the mouse colon mucosa reflects its adap-

tation to the flora normally present at the luminal side of the ep-

ithelium. In concordance with this, it has previously been shown

that various bacterial species, especially those of the autochthonous

FIGURE 4. TLR4/MD-2 protein complex is present in gut mucosal epithelial cells and lamina propria mononuclear cells in normal (n � 6) and DSS

animals (n � 5). Gut frozen sections were reacted with anti-TLR4/MD-2 Ab as described in Materials and Methods. A, Panoramic view of distal colon

(magnification, �200). The marked area is amplified in B. B, Crypt amplification showing apical staining of the epithelial cells (magnification, �400). C,

Small intestine villi with negative epithelial cells but positive disperse mononuclear cells, and crypts bearing positive epithelial cells (magnification, �400).

D, Longitudinal section of normal colon crypts showing that only bottom epithelial cells bear TLR4/MD2 (magnification, �400). E, Small intestine during

DSS inflammation showing positive luminal surface epithelium (magnification, �400). F, The colonic surface epithelium is also positive during DSS colitis,

but stronger signals compared with small intestine can be noted (magnification, �200). Microscopy original magnifications are noted.
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flora, do not occur randomly in the gut, but, rather, exhibit marked

selectivity in their anatomic localization (21). Moreover, although it is

clear that the large intestine is the most heavily colonized region of the

mouse gut, factors such as local immunity that control distribution of

the flora are not completely understood (9).

We found that the mRNA expression of TLR4 and CD14, both

important receptors for Gram-negative LPS, is constitutively stron-

ger in the distal segment of the colon. TLR4 and CD14 were also

effectively translated into protein, as determined by Western blot

and/or immunohistochemistry. It seems logical that genes encod-

ing proteins with similar bacteria-detecting functions would have

similar expression patterns along the gut. The functional interac-

tion of TLR4 and CD14 is well known, and CD14 represents the

major binding site for LPS on the cell surface. Binding of LPS to

CD14 is essential for subsequent interaction with the TLR4/MD-2

complex. This is supported by the inability of TLR4/MD-2 to in-

teract with LPS when CD14 is blocked by anti-CD14 Abs (22).

Moreover, our data show that TLR4 protein in the normal mouse

gut mucosa was expressed in a pattern similar to that of mRNA,

with increased protein levels in the colonic segments, especially in

the distal colon. Minor variations in the expression levels observed

in normal small intestinal segments can be explained by mecha-

nisms of translation control present in epithelial cells (23, 24).

TLR2 was also highly expressed in the colon compared with the

rest of the gut. In contrast to TLR4, TLR2 was strongly expressed

in the medial and proximal segments of the colon. TLR2 has been

shown to react with an extraordinary array of other molecules,

including peptidoglycan, zymosan, lipoproteins, modulin, and LPS

from Leptospira interrogans and Porphyromonas gingivalis. Some

of this broad ligand specificity of TLR2 is explained by its dimer-

ization with TLR6 or TLR1 (4, 25). Inhibition of either TLR2 or

TLR6 blocks the responses of mouse macrophages to zymosan,

peptidoglycan, and phenol-soluble modulin (25, 26). These data

support the idea that the contrasting gut localizations of TLR2 and

TLR4 that we found may be related to their different roles in

the gut.

MyD88 is the intracellular adaptor molecule for the TIR family

and is critical for TLR signaling and activation of NF-�B and

mitogen-activated protein kinase (27, 28). Although the presence

of a MyD88-independent pathway for TLR4 signaling and activa-

tion of NF-�B has been reported, it would not be capable of in-

ducing TNF-� production, which is completely impaired in

MyD88 knockout mice (29, 30). Our results show that MyD88 is

widely and uniformly distributed along the gut mucosa, in agree-

ment with its function as an intracellular adaptor for multiple and

varied receptors.

We determined the mRNA expression of TLR4 and other PRRs

in mucosal homogenates from each gut segment. Complementing

this approach, the mucosal cells that bear the functional complex

TLR4/MD-2 were localized by immunohistochemistry with an Ab

that selectively recognizes TLR4 associated with MD-2 (31, 32).

The TLR4/MD-2 complex was mainly found in two different cell

populations of the mucosa, crypt epithelial cells and lamina propria

mononuclear cells. On the other hand, CD14 was detected only in

mucosal epithelial cells. TLR4/MD-2 and CD14 were mainly po-

sitioned in the apical side of epithelial cells located in the bottom

of the crypts. We speculate that these findings may reflect a strat-

egy of the mucosal innate immune system to simplify the task of

sensing the gut bacterial content. Changes in crypt microflora at

different depths have previously been described (33). In addition,

it has been reported that villous tip epithelium can accumulate

more LPS than crypt epithelium (34). As a consequence of expo-

sure to LPS, down-regulation of TLR4/MD-2 and CD14 may oc-

cur, resulting in tolerance to LPS in the villous epithelium (35, 36).

This theory is compatible with epithelial cell maturation along the

maturing crypt-villous axis, since the expression of some genes has

been shown to be altered during epithelial differentiation (37).

TLR4/MD-2 Ab also reacted with mononuclear cells present in

the gut mucosa lamina propria, staining some granular organelles.

FIGURE 5. A, CD14 mRNA distribution in the normal mouse gut mu-

cosa as shown by Northern blotting. CD14 is more strongly expressed in

the distal colon segment, similarly to TLR4. B, Localization of TLR2 in the

normal gut mucosa is different from that of TLR4. The intensity of TLR2

expression in the medial and proximal segments of the colon was stronger

than that in the rest of the gut. C, Expression of MyD88 in the normal gut

mucosa is uniformly distributed. MyD88 expression did not vary markedly

throughout the gut. In all experiments mouse gut mucosa was segmentally

scraped, and RNA was extracted, electrophoresed, and transferred to a

nitrocellulose membrane. mRNA was hybridized with a 32P-labeled cDNA

probe. Signals were standardized to the intensity of �-actin. Typical results

are shown. S, glandular stomach; P, proximal; M, medial; D, distal. The bar

graph shows results from 10 mice as the mean � SE. ��, p � 0.01.
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These cells were heterogeneously dispersed, and most of them are

probably lamina propria macrophages containing positively

stained phagosomes. Several TLRs, including TLR1, TLR2, and

TLR6, have been shown to be recruited to mouse macrophage

phagosomes, where they sample the contents independently of

their nature (26, 38). Although TLR4 is expressed in mouse mac-

rophages (35, 39) and is probably also recruited to phagosomes,

there is no previous report of the TLR4/MD-2 complex in this

location.

The expression of PRRs during DSS-induced colitis was also

determined. It was found that in scraped gut mucosa the segmental

distribution of TLR4, CD14, TLR2, and MyD88 was the same as

that in normal mice, but the expression of these genes was higher

in colon with DSS-induced inflammation. When the epithelium

was isolated by EDTA-vibration and used as a material for study,

similar results were obtained. Thus, DSS-induced inflammation

occurs in the gut segment showing high expression of TLR4 and

CD14; no such correlation was observed for TLR2. Therefore,

TLR4 and CD14, but not TLR2, may have a role in the develop-

ment of DSS-induced colitis. Indeed, the evidence that suppression

of intestinal flora and LPS production in the gut with antibiotics

prevents DSS colitis in mice supports the involvement of TLR4 in

the induction of DSS colitis (40, 41).

Similar to normal conditions, during DSS colitis TLR4 and

CD14 proteins were strongly localized in the epithelium of distal

colon, and protein levels of both PRRs were increased compared

with normal levels. These results are in agreement with previous in

vivo studies. CD14 transcripts and protein were present in normal

colonic epithelial cells, and CD14 levels were up-regulated pre-

ceding the development of colitis in IL-2-deficient mice (15). In

addition, mouse renal tubular epithelial cells express CD14 (42,

43) as well as TLR4, TLR2, and MD-2 (18, 43), and in a mouse

model of renal ischemia TLR4 and TLR2 were found to be up-

regulated in the renal tubular epithelium during inflammation (18).

Collectively, the data strongly support the idea that TLR4 and

CD14 are down-regulated and similarly distributed in the gut ep-

ithelium as a strategy properly tuned to sense their ligands in nor-

mal tolerant condition and that both receptors are up-regulated as

part of the inflammatory response.

In mouse epithelial cell lines, CD14 and TLR4 were positive in

the small intestine cell line m-ICcl2 (8), while the rectum carci-

noma cell line CMT93 was CD14 negative (44). In humans, the

colon cancer cell lines Caco-2, HT-29, T84, and SW620 as well as

the gastric cancer cell line MKN45 were reported to express TLR4

and TLR2, but not CD14 (44–47). On the contrary, other research

groups (48, 49) reported that CD14 was positive in Caco-2, HT29,

and SW-480. Thus, publications about the expression of PRRs in

immortalized neoplastic epithelial cells are contradictory, probably

reflecting the difference from normal in vivo conditions and/or the

different sensitivities of the detection methods in relation to the

number of CD14 transcripts per cell (36).

By restriction of PRRs to the crypt bottom in normal conditions,

crypts may function as a microanatomical niche where the exposure

of cells with high expression of PRRs to commensal bacterial ligands

from the lumen could be controlled. This system seems to be over-

whelmed during DSS inflammation according to our observations,

and increased expression of PRRs occurs on most gut epithelial cells.

Other studies in animals have also shown increased expression of

TLR4 and CD14 in epithelial cells under acute inflammatory condi-

tions (15, 18), and in humans it has been reported that TLR4 expres-

sion is increased in the intestinal epithelium during inflammatory

bowel disease (44). Collectively, the data support the importance of

FIGURE 6. CD14 immunohistochemistry in normal and DSS-inflamed gut. Tissue sections from gut segments were immunostained with goat anti-CD14

Ab as described in Materials and Methods. A and B, Normal small intestine and normal colon, respectively. C and D, DSS-inflamed small intestine and

colon, respectively. In all cases CD14 was detected only in epithelial cells. Increased expression of CD14 protein in epithelial cells during DSS inflammation

can be noted. Representative images are shown (magnification, �200; n � 10).
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PRR restriction in epithelial cells as a mechanism of tolerance

under normal conditions.

In conclusion, we have demonstrated that the PRRs TLR4,

CD14, and TLR2, are constitutively expressed in mouse intestinal

mucosa. These receptors show different expression patterns along

the gut segments, but all are focalized in the colon. TLR4 and

CD14 gene and protein gut expression patterns showed important

similarities. This study also provides evidence that the gene ex-

pression of these receptors and the protein levels of TLR4 and

CD14 are up-regulated during DSS-induced inflammation. Addi-

tionally, highly important restrictions on epithelial TLR4/MD-2

complex and CD14 expression are evidenced along the crypt axis.

We also show that TLR4/MD-2, but not CD14, is expressed in

mucosal mononuclear cells. Collectively, our findings provide

novel information about the in vivo strategic localization of PRRs

in the mouse gut.

References
1. Monteleone, I., P. Vavassori, L. Biancone, G. Monteleone, and F. Pallone. 2002.

Immunoregulation in the gut: success and failures in human disease. Gut

50(Suppl. 3):60.

2. Wagner, H. 2002. Interactions between bacterial CpG-DNA and TLR9 bridge
innate and adaptive immunity. Curr. Opin. Microbiol. 5:62.

3. Mayer, L. 1998. Current concepts in mucosal immunity. I. Antigen presentation
in the intestine: new rules and regulations. Am. J. Physiol. 274:G7.

4. Underhill, D. M., and A. Ozinsky. 2002. Toll-like receptors: key mediators of
microbe detection. Curr. Opin. Immunol. 14:103.

5. Medzhitov, R., and C. A. Janeway. 2002. Decoding the patterns of self and
nonself by the innate immune system. Science 296:298.

6. Aderem, A., and R. J. Ulevitch. 2000. Toll-like receptors in the induction of the
innate immune response. Nature 406:782.

7. Lien, E., and R. R. Ingalls. 2002. Toll-like receptors. Crit. Care Med. 30(Suppl.

1):S1.

8. Hornef, M. W., T. Frisan, A. Vandewalle, S. Normark, and A. Richter-Dahlfors.
2002. Toll-like receptor 4 resides in the Golgi apparatus and colocalizes with
internalized lipopolysaccharide in intestinal epithelial cells. J. Exp. Med. 195:

559.

9. Drasar, B. S. 1988. The bacterial flora of the intestine. In Role of the Gut Flora

in Toxicity and Cancer. I. R. Rowland, ed. Academic Press, London, p. 23.

10. Medzhitov, R. 2001. Toll-like receptors and innate immunity. Nat. Rev. Immunol.

1:135.

11. Ni, J., S. F Chen, and D. Hollander. 1996. Effects of dextran sulphate sodium on
intestinal epithelial cells and intestinal lymphocytes. Gut 39:234.

12. Mahler, M., I. J. Bristol, E. H. Leiter, A. E. Workman, E. H. Birkenmeier,
C. O. Elson, and J. P. Sundberg. 1998. Differential susceptibility of inbred mouse
strains to dextran sulfate sodium-induced colitis. Am. J. Physiol. 274:G544.

13. Egger, B., M. Bajaj-Elliott, T. T. MacDonald, R. Inglin, V. E. Eysselein, and
M. W. Buchler. 2000. Characterisation of acute murine dextran sodium sulphate
colitis: cytokine profile and dose dependency. Digestion 62:240.

14. Cooper, H. S., S. N. Murthy, R. S. Shah, and D. J. Sedergran. 1993. Clinico-
pathologic study of dextran sulfate sodium experimental murine colitis. Lab.

Invest. 69:238.

15. Meijssen, M. A., S. L. Brandwein, H. C. Reinecker, A. K. Bhan, and
D. K. Podolsky. 1998. Alteration of gene expression by intestinal epithelial cells
precedes colitis in interleukin-2-deficient mice. Am. J. Physiol. 274:G472.

16. Huang, F. P., N. Platt, M. Wykes, J. R. Major T. J. Powell, C. D. Jenkins, and
G. G. MacPherson. 2000. A discrete subpopulation of dendritic cells transports
apoptotic intestinal epithelial cells to T cell areas of mesenteric lymph nodes.
J. Exp. Med. 191:435.

17. Hardiman, G., N. A. Jenkins, N. G. Copeland, D. J. Gilbert, D. K. Garcia,
S. L. Naylor, R. A. Kastelein, and J. F. Bazan. 1997. Genetic structure and
chromosomal mapping of MyD88. Genomics 45:332.

18. Wolfs, T. G., W. A. Buurman, A. van Schadewijk, B. de Vries, M. A. Daemen,
P. S. Hiemstra, and C. van’t Veer. 2002. In vivo expression of Toll-like receptor
2 and 4 by renal epithelial cells: IFN-� and TNF-� mediated up-regulation during
inflammation. J. Immunol. 168:1286.

19. Moreno-Fierros, L., R. Lopez-Revilla, and A. A. Resendiz-Albor. 2002. Differ-
ences between the large and small intestine in the immunodominant amoebic
proteins recognized by IgG and IgA antibodies in BALB/c mice. Scand. J. Im-

munol. 55:458.

20. Umesaki, Y., H. Setoyama, S. Matsumoto, A. Imaoka, and K. Itoh. 1999. Dif-
ferential roles of segmented filamentous bacteria and clostridia in development of
the intestinal immune system. Infect. Immun. 67:3504.

21. Savage, D. C., R. Dubos, and R. W. Schaedler. 1968. The gastrointestinal epi-
thelium and its autochthonous bacterial flora. J. Exp. Med. 127:67.

22. da Silva Correia, J., K. Soldau, U. Christen, P. S. Tobias, and R. J. Ulevitch.
2001. Lipopolysaccharide is in close proximity to each of the proteins in its
membrane receptor complex: transfer from CD14 to TLR4 and MD-2. J. Biol.

Chem. 276:21129.

23. Holtzman, M. J., J. D. Morton, L. P. Shornick, J. W. Tyner, M. P. O’Sullivan,
A. Antao, M. Lo, M. Castro, and M. J. Walter. 2002. Immunity, inflammation,
and remodeling in the airway epithelial barrier: epithelial-viral-allergic paradigm.
Physiol. Rev. 82:19.

24. Abreu, M. T., P. Vora, E. Faure, L. S. Thomas, E. T. Arnold, and M. Arditi. 2002.
Decreased expression of Toll-like receptor-4 and MD-2 correlates with intestinal
epithelial cell protection against dysregulated proinflammatory gene expression
in response to bacterial lipopolysaccharide. J. Immunol. 167:1609.

25. Hajjar, A. M., D. S. O’Mahony, A. Ozinsky, D. M. Underhill, A. Aderem,
S. J. Klebanoff, and C. B. Wilson. 2001. Cutting edge: functional interactions

FIGURE 7. Evaluation of PRRs during DSS colitis. A, Gut segmental

distribution of TLR4, CD14, TLR2, and MyD88 during DSS colitis is

similar to normal distribution, as shown by Northern blotting. IL-1� ex-

pression demonstrates that inflammation is localized in the distal colon.

Colitis was induced by DSS given for 7 days. Mice were sacrificed 1 day

after stopping DSS. The experiment was performed twice with the same

results (n � 10). B, Distal colon mucosa expression of TLR4, CD14,

TLR2, and MyD88 in DSS mice compared with normal mice. All genes

were up-regulated during DSS colitis. Mice (n � 20) were sacrificed at 8 h

(�) and on the indicated days after the DSS week. C, TLR4, TLR2, CD14,

and MyD88 expression in proximal and distal colon epithelia of normal

and DSS mice. The DSS group (n � 3) and the control group (n � 3) were

sacrificed 1 day after the DSS week. The epithelium was isolated by the

EDTA-vibration method applied to everted gut bags. Results were the same

as those obtained by scraping. D, Western blot showing TLR4 protein

expression in DSS mice (n � 5). Similar to normal conditions, the protein

level was higher in the distal colon. TLR4 expression was extended more

proximally in the small intestine during colitis compared with normal. A

goat polyclonal anti-mouse TLR4 Ab was used. Blots and epithelium iso-

lation were performed as specified in Materials and Methods. �-Actin was

used as an internal control. Representative autoradiograms are shown. S,

glandular stomach; P, proximal; M, medial; D, distal.

3984 TLR4 COMPARTMENTALIZATION IN MOUSE GUT

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


between toll-like receptor (TLR) 2 and TLR1 or TLR6 in response to phenol-
soluble modulin. J. Immunol. 166:15.

26. Ozinsky, A., D. M. Underhill, J. D. Fontenot, A. M. Hajjar, K. D. Smith,
C. B. Wilson, L. Schroeder, and A. Aderem. 2000. The repertoire for pattern
recognition of pathogens by the innate immune system is defined by cooperation
between toll-like receptors. Proc. Natl. Acad. Sci. USA 97:13766.

27. Takeuchi, O., K. Takeda, K. Hoshino, O. Adachi, T. Ogawa, and S. Akira. 2000.
Cellular responses to bacterial cell wall components are mediated through
MyD88-dependent signaling cascades. Int. Immunol. 12:113.

28. Kaisho, T., and S. Akira. 2002. Toll-like receptors as adjuvant receptors. Bio-

chim. Biophys. Acta 1589:1.

29. O’Neill, L. A. 2002. Toll-like receptor signal transduction and the tailoring of
innate immunity: a role for Mal? Trends Immunol. 23:296.

30. Kawai, T., O. Adachi, T. Ogawa, K. Takeda, and S. Akira. 1999. Unresponsive-
ness of MyD88-deficient mice to endotoxin. Immunity 11:115.

31. Akashi, S., R. Shimazu, H. Ogata, Y. Nagai, K. Takeda, M. Kimoto, and
K. Miyake. 2000. Cutting edge: cell surface expression and lipopolysaccharide
signaling via the toll-like receptor 4-MD-2 complex on mouse peritoneal mac-
rophages. J. Immunol. 164:3471.

32. Shimazu, R., S. Akashi, H. Ogata, Y. Nagai, K. Fukudome, K. Miyake, and
M. Kimoto. 1999. MD-2, a molecule that confers lipopolysaccharide responsive-
ness on Toll-like receptor 4. J. Exp. Med. 189:1777.

33. Gustaffson, B. E., B. Carlstedt-Duke, and C.-E. Nord. 1981. Mucosa related in-
testinal bacteria and host metabolism. In Recent Advances in Germfree Research.
S. Sasaki, A. Ozawa, and H. Hashimoto, eds. Tokay University Press, Tokyo,
p. 249.

34. Ge, Y., R. M. Ezzell, and H. S. Warren. 2000. Localization of endotoxin in the
rat intestinal epithelium. J. Infect. Dis. 182:873.

35. Sato, S., F. Nomura, T. Kawai, O. Takeuchi, P. F. Muhlradt, K. Takeda, and
S. Akira. 2000. Synergy and cross-tolerance between Toll-like receptor (TLR)2-
and TLR4-mediated signaling pathways. J. Immunol. 165:7096.

36. Antal-Szalmas, P. 2000. Evaluation of CD14 in host defence. Eur. J. Clin. Invest.

30:167.

37. Bocker, U., A. Schottelius, J. M. Watson, L. Holt, L. L. Licato, D. A. Brenner,
R. B. Sartor, and C. Jobin. 2000. Cellular differentiation causes a selective down-
regulation of interleukin (IL)-1�-mediated NF-�B activation and IL-8 gene ex-
pression in intestinal epithelial cells. J. Biol. Chem. 275:12207.

38. Underhill, D. M., A. Ozinsky, A. M. Hajjar, A. Stevens, C. B. Wilson,
M. Bassetti, and A. Aderem. 1999. The Toll-like receptor 2 is recruited to mac-
rophage phagosomes and discriminates between pathogens. Nature 401:811.

39. Sieling, P. A., and R. L. Modlin. 2002. Toll-like receptors: mammalian “taste
receptors” for a smorgasbord of microbial invaders. Curr. Opin. Microbiol. 5:70.

40. Rath, H. C., M. Schultz, R. Freitag, L. A. Dieleman, F. Li, H. J. Linde,
J. Scholmerich, and R. B. Sartor. 2001. Different subsets of enteric bacteria in-
duce and perpetuate experimental colitis in rats and mice. Infect. Immun. 69:

2277.

41. Hans, W., J. Scholmerich, V. Gross, and W. Falk. 2000. The role of the resident
intestinal flora in acute and chronic dextran sulfate sodium-induced colitis in
mice. Eur. J. Gastroenterol. Hepatol. 12:267.

42. Morrissey, J., G. Guo, R. McCracken, T. Tolley, and S. Klahr. 2000. Induction
of CD14 in tubular epithelial cells during kidney disease. J. Am. Soc. Nephrol.

11:1681.

43. Tsuboi, N., Y. Yoshikai, S. Matsuo, T. Kikuchi, K. Iwami, Y. Nagai,
O. Takeuchi, S. Akira, and T. Matsuguchi. 2002. Roles of toll-like receptors in
C-C chemokine production by renal tubular epithelial cells. J. Immunol. 169:

2026.

44. Cario, E., I. M. Rosenberg, S. L. Brandwein, P. L. Beck, H. C. Reinecker, and
D. K. Podolsky. 2000. Lipopolysaccharide activates distinct signaling pathways
in intestinal epithelial cell lines expressing Toll-like receptors. J. Immunol. 164:

966.

45. Abreu, M. T., E. T. Arnold, L. S. Thomas, R. Gonsky, Y. Zhou, B. Hu, and
M. Arditi. 2002. TLR4 and MD-2 expression is regulated by immune-mediated
signals in human intestinal epithelial cells. J. Biol. Chem. 277:20431.

46. Uehara, A., S. Sugawara, and H. Takada. 2002. Priming of human oral epithelial
cells by interferon-� to secrete cytokines in response to lipopolysaccharides, li-
poteichoic acids and peptidoglycans. J. Med. Microbiol. 51:626.

47. Maeda, S., M. Akanuma, Y. Mitsuno, Y. Hirata, K. Ogura, H. Yoshida,
Y. Shiratori, and M. Omata. 2001. Distinct mechanism of Helicobacter pylori-
mediated NF-�B activation between gastric cancer cells and monocytic cells.
J. Biol. Chem. 276:44856.

48. Funda, D. P., L. Tuckova, M. A. Farre, T. Iwase, I. Moro, and H. Tlaskalova-
Hogenova. 2001. CD14 is expressed and released as soluble CD14 by human
intestinal epithelial cells in vitro: lipopolysaccharide activation of epithelial cells
revisited. Infect. Immun. 69:3772.

49. McCracken, V. J., T. Chun, M. E. Baldeon, S. Ahrne, G. Molin, R. I. Mackie, and
H. R. Gaskins. 2002. TNF-� sensitizes HT-29 colonic epithelial cells to intestinal
lactobacilli. Exp. Biol. Med. 227:665.

3985The Journal of Immunology

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/

