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Toll-like receptor 4 regulates gastric pit cell responses to
Helicobacter pylori infection
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Takeshi Nikawa, Kyoichi Kishi, and Kazuhito Rokutan

Department of Nutritional Physiology, The University of Tokushima School of Medicine, Tokushima,
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Abstract: Gastric pit cells express mitogen oxidasel (Mox1) and essential components for
the phogocyte NADPH oxidase (p67-, p47-, p40-, and p22-phoxes). Helicobacter pylori (Hp)
lipopolysaccharide (LPS) is a potent up-regulator of the Mox 1 oxidase. In this study, we
examined the expression levels of several key members of the Toll-like receptor (TLR) family
in primary cultures of guinea pig gastric pit cells. These cells expressed the TLR4 mRNA.
Immunoblot analysis and immunofluorescence histochemistry with an anti-TLR4 antibody
showed that gastric pit cells possessed significant amounts of TLR4 protein preferentially
on the plasma membrane. In contrast, the cells did not express the TLR2 and TLR9 transcripts
and did not contain detectable amounts of TLR2 protein. Neither peptidoglycan from
Staphylococcus aureus nor Hp DNA with the CpG motif up-regulated Mox1 oxidase activity.
Hp LPS activated nuclear factor-xB in association with the expression of cyclooxygenase
Il and tumor necrosis factor a transcripts. These findings suggest that TLR 4 may play a
crucial role in the initiation of inflammatory responses of gastric pit cells against Hp
infection. J. Med. Invest. 48:190-197, 2001
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INTRODUCTION

Helicobacter pylori (Hp) is a Gram-negative, mi-
croaerophilic bacterial rod, associated with gastritis,
peptic ulcer, and gastric cancer. (1-3). Hp infection
elicits inflammatory and immunological responses
in the host, although the magnitude of the responses
varies from strain to strain and from host to host.
Both cellular immune and antibody responses contrib-
ute to Hp-associated gastritis. Once the host has been
infected, gastric epithelial cells secrete interleukin
(IL)-6, IL-8 and other mediators that recruit neu-
trophils to gastric mucosa (4). Surface mucous cells
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(pit cells) serve a primary protective role against
irritants by providing a mucous coat. Hp preferen-
tially colonizes in the mucous coat and selectively
attaches to pit cells. There is increasing evidence
that pit cells actively regulate the initiation of Hp-
associated inflammation in gastric mucosa. In ad-
dition to inflammatory cytokines, such as IL-6, IL-8,
and tumor necrosis factor (TNF-a), major histo-
compatibility complex Il antigen was shown to be
strongly expressed on these cells (5). Thus, to
understand the pathophysiology of Hp-associated
gastritis, it is particularly important to elucidate the
molecular basis of Hp-epithelial cell interactions.
Among the Hp genes, an insertion of approxi-
mately 40 kb of foreign DNA, named cag pathogenicity
island (PALI), is now known as a major determinant
of virulence (6). The cag PAI genes contains 31 genes,
and six of the genes code for the core subunits of
the type IV export machinery that can transfer the
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cytotoxin-associated protein A (CagA) into host
epithelial cells, and translocated CagA has been
shown to be tyrosine-phosphorylated by host cells
(6-9). This route has been implicated as one of the
major pathways to trigger gastric epithelial responses.
Recently, we reported that gastric pit cells expressed
a novel superoxide anion (O:)-producing NADPH
oxidase (10). This oxidase was then identified as a
mitogen oxidase 1 (Mox1) (11). Hp lipopolysac-
charide (LPS) up-regulated Mox1 oxidase activity,
and enhanced production of oxygen radicals from
Mox1 oxidase subsequently activated a crucial
transcription activator of many inflammatory response
genes, nuclear factor-kB (NF-xB) (10, 11). These
findings suggested that gastric pit cells may have
an ability to initiate an innate immune response
against Hp. Based on these findings, in the present
study, we examined the expression of several key
members of the Toll-like receptor (TLR) family in
primary cultures of guinea pig gastric pit cells. We
also tested whether bacterial components actually
stimulated distinct TLR signals.

MATERIALS AND METHODS

Preparation and culture of gastric mucosal cells
under LPS-free conditions

Male guinea pigs weighing approximately 250 g
were purchased from Shizuoka Laboratory Animal
Center Inc. (Shizuoka, Japan). Gastric mucosal cells
were isolated aseptically from guinea pig fundic
glands as described previously (10). In the present
experiments, all reagents used for culture were free
from detectable amounts of LPS by the Limulus
ameobocyte lysate assay (Endospecy ; Seikagaku
Kogyo Co. Tokyo, Japan). The isolated cells were
cultured for 2 days in RPMI 1640 (GIBCO, Grand
Island, NY), containing 50 ug/ml gentamicin, 100
U/ml penicillin G, and 10% (vol/vol) fetal bovine
serum (FBS ; ICN Biomedicals, Aurora, OH). This
complete medium contained less than 0.01 endotoxin
unit (EU)/ml of LPS. Cell populations were determined
by histochemical and immunohistochemical analyses,
as described previously (10). After culturing for 48 h,
growing cells consisted of pit cells (about 90%), pre-pit
cells (about 5%), parietal cells (4-5%), mucous neck
cells (less than 1%), and fibroblasts (less than 1%).

Measurement of O2" production

Mature pit cells were confirmed to be O,-producing

cells by the nitroblue tetrazolium staining (10). The
amount of O release was spectrophotometrically
measured by the superoxide dismutase (SOD)-inhibitable
reduction of cytochrome ¢ and expressed as nmol/
mg protein/h (10).

Preparation of Hp LPS and CpG DNA

LPS was prepared from NCTC 11637 by the hot-
phenol-water method (12) and subsequently treated
with DNase 1, RNase A, and proteinase K, as de-
scribed by Moran et al. (13). The treated LPS was
boiled for 1 h to inactivate the enzymes. The LPS
was dialyzed against LPS-free water (Otsuka Phar-
maceutical Co., Tokushima, Japan) and ultracen-
trifuged at 100,000g for 18 h. Precipitated LPS was
dissolved in LPS-free saline (Otsuka Pharmaceuti-
cal Co.). Phosphothioate-stabilized oligonucleo-
tides containing CpG motif (CpG DNA) in cagM (5-
TCCAATAACGTTTCTAATTTATTGAGCAGA-3) and
cagH (5 TTCAATAGCGCTAGGATTTTTAGGGGTGGT-
3) were purchased from Nisshinbo Co. (Tokyo,
Japan). These CpG DNAs were dissolved in LPS-
free saline.

Detection of TLR, cyclooxygenase Il (COX II), TNF-¢,
and actin transcripts

Total RNA was isolated from guinea pig gastric
mucosal cells (GMC), guinea pig or human peripheral
blood lymphocytes (PBL) with an acid guanidium
thiocyanate-phenol-chloroform mixture (14). Re-
verse transcriptase (RT)-PCR was done to detect the
TLR2, 4, 9, COX II, TNF-a and actin transcripts
using the following PCR primer sets :

TLR 2,5-GTCCAGGAGCTGGAGAACT-3’ and 5’
GGAACCTAGGACTTTATCGCA-3’ ; TLR 4, 5
TCACCTGATGCTTCTTGCTG-3’ and 5°-
AGTCGTCTCCAGAAGATGTG-3’, TLR9, 5*-
ATGCCCTGCGCTTCCTATTCATGGA-3’ and 5’
GAACTGTCCTTCAACACCAGGCCTT-3’, COX I,
5-CCAGTTTGTTGAATCATTCACC-3’ and 5’
AAAGTACTCGGCTTCCAGTAG-3’, TNF-a, 5’
AAAGTAGACCTGCCCGGACT-3’and 5’
GTACCTCATCTACTCCCAGG-3’, and B-actin, 5’
TCACCGAGGCCCCTCTGAACCCTA-3’ and 5°-
GGCAGTAATCTCCTTCTGCATCCT-3’. The result-
ant PCR products separated on an agarose gel
were purified, ligated into a pCR 2.1-TOPO vector
(Invitrogen, Carlsbad, CA.), and transformed into
JM109 cells. Transformed plasmids containing the
appropriate insert DNA were selected and sequenced
with a DNA sequencer (model ABI 377 ; PE Biosystems
Japan, Tokyo, Japan).
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Detection of TLR proteins

An anti-TLR 2 or anti-TLR 4 antibody was gener-
ated by immunization of a rabbit with synthetic peptide
of the amino acid residues 295-310 of human TLR2
or 183-199 of human TLR4 (15). The resultant serum
was further purified by affinity chromatography with
the synthetic peptide-conjugated agarose. A membrane
fraction was prepared as previously described (10).
Each sample of 20 ug protein per lane was separated
by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) using a 7.5% polyacrylamide
gel and transferred to a polyvinylidene difluoride
filter. After nonspecific binding sites were blocked
with 4% purified milk casein, the filter was incubated
for 1 h at room temperature with the anti-TLR2 or
anti-TLR4 antibody. Bound antibodies were detected
by an enhanced chemiluminescence system (Amersham
Pharmacia, Piscataway, NJ).

Immunofluorescence histochemistry

Cells growing on a LPS-free glass coverslip were
washed with phosphate-buffered saline (PBS) and
fixed with 4% paraformaldehyde in PBS for 20 min.
After washing with PBS, the cells were blocked
with 4% purified milk casein. They were incubated
with a 1: 100 dilution of rabbit anti-TLR4 antibody
for 1 h at room temperature and then treated with
a 1:500 dilution of Rhodamine-linked goat antibody
against rabbit IgG (Amersham Pharmacia) for 1 h
at room temperature. The samples were mounted
with Vectashield Mounting Medium (Vector, Burl-
ingame, CA). Subcellular localization of TLR4 was
viewed using a confocal laser scanning microscopy
(model TCSNT ; Leica, Heidelberg, Germany)

Gel mobility shift assay.

Nuclear proteins were prepared from cultured
guinea pig gastric mucosal cells, and the activation
of NF-xB was examined by gel mobility shift assay,
as described previously(10, 11).

Statistical analysis

ANOVA and Scheffé’s test were used to determine
statistically significant differences. Differences were
considered significant if P <0.05.

RESULTS

Effects of Hp components on O> production
Guinea pig gastric pit cells, cultured under the

Table 1. O: release from guinea pig gastric mucosal cells

Treatment® O release (nmol/ mg protein/h)®
none 11+ 2
culture supernatant 19+ 3*
boiled culture supernatant 19+ 4*

LPS 105+ 4*

DNase 1-treated LPS 102+ 5*
RNase A-treated LPS 103+ 4*
proteinase K-treated LPS 102+ 3*
peptidoglycan 12+ 3
CpG DNA (cagM) 13+ 3
CpG DNA (cagH) 10+ 3

#Culture supernatant and boiled supernatant of Hp were prepared
as previously described (10). LPS was prepared by the hot-
phenol-water method and treated with DNase 1, RNase A, or
proteinase K, as described in MATERIALS AND METHODS.
Cells were treated with the culture supernatants, these LPSs (1
EU/mI), S. aureus peptidoglycan (10 ug/ml), or CpG DNAs
(50 ug/ml) at 37°C for 24 h in RPMI 1640 containing 10% FBS.
O, release was measured as described in MATERIALS AND
METHODS. *Significantly increased vs untreated control cells
(p<0.05 by ANOVA and Scheffé’s test).

conditions used in our previous studies, spontane-
ously released about 50 nmol O;/mg protein/h
(10, 11). The basal rate of O, production decreased
to 11+ 2 nmol/mg protein/h (meant SD, n=12) in
the LPS-free system used in the present study
(Tablel). Using this system, we re-evaluated the
effects of bacterial components or products on Mox1
oxidase.

Culture supernatant was prepared after cultivation
of Hp alone (1= 10°cells/ml) in RPMI 1640 containing
10% FBS for 24 h was then and added to gastric
mucosal cells (1x 10°cells). After been cultured for
24 h, O, production increased 1.7-fold (Table 1). The
stimulatory effects of supernatants could not be
eliminated by boiling (Table 1). When LPS was ex-
tracted by the hot-phenol method and added to
the cells, it increased O production 10-fold. This
LPS possibly contained DNA, RNA, and denatured
protein, while treatment of Hp LPS with DNase 1,
RNase, or proteinase K did not eliminate the activity
(Table 1).

Three different bacterial components have been
identified as specific ligands for distinct TLRs; LPS
for TLR4, peptidoglycan for TLR2, and CpG DNA
for TLR9 (16, 17). We also tested whether stimula-
tion of TLR9 by bacterial DNA with CpG motif
resulted in the up-regulation of O, production. For
this purpose, CpG DNAs that were coded in the
cagM and cagH genes of Hp NCTC11638 (GenBank
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Fig. 1. Detection of TLR 2, 4, and 9 transcripts in gastric mucosal cells. Total RNA was isolated from cultured guinea
pig gastric mucosal cells (GMC), human or guinea pig peripheral blood lymphocytes (PBL), and RT-PCR was performed,
as described in MATERIALS AND METHODS. The RT-PCR products (5 ug) were subjected to electrophoresis in a
6% polyacrylamide gel. Lanes 1 in A-C show molecular weight standard markers (MWSTD). Similar results were

obtained in three separate experiments.
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accession number AE000511) were synthesized,
and gastric mucosal cells were stimulated by these
CpG DNAs. However, these CpG DNAs did not
increase O, production (Table 1). We also confirmed
that stimulation of TLR2 by Staphylococcus aureus
peptidoglycan (Fluka Chemie AG, Buchs, Switzerland)
did not affect the O.-producing activity (Table 1).
Thus, LPS was identified as a bioactive component
of Hp that stimulated Mox1 oxidase expressed in
gastric pit cells.

Cell viability was maintained throughout the ex-
periments. This was based on continued trypan blue

Fig. 2. Detection of TLR2 and 4 proteins in gastric
mucosal cells. Membrane proteins were prepared
from guinea pig GMC, human or guinea pig PBL,
as described in MATERIALS AND METHODS. Im-
munoblot analysis with an antibody against TLR4
(A) or 2 (B) was performed. Guinea pig GMC growing
on an LPS-free glass coverslip were stained with an
antibody against TLR4 as described in MATERIALS
AND METHODS (C). Cells were examined using a
confocal laser scanning microscopy. The scale bar
indicates 10 um.

exclusion, adherence to the culture plates, and
unchanged morphological features (data not shown).
The concentrations of LPS used in this study did
not cause apoptosis of the cells, which was confirmed
by DNA ladder formation and nuclear morphology
(data not shown). However, Hp LPS at 42 EU/ml
(71-560 ng/ml) or higher induced DNA fragmen-
tation and apoptotic chromosomal condensation under
low-serum conditions (submitted to JMI).

Expression of TLRs on gastric mucosal cells

Human and guinea pig peripheral blood lymphocytes
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(PBL) were isolated as described previously (10).
Total RNA was extracted from these cells and
used as positive controls to detect the transcripts
of TLRs 2, 4, and 9 in gastric mucosal cells. RT-
PCR analysis showed that gastric mucosal cells ex-
pressed neither the TLR2 (Fig. 1A) nor the TLR9
transcript (Fig. 1C). These findings also demonstrated
that our cultures did not contain significant numbers
of immune cells. RT-PCR amplified the TLR4 mRNA
in gastric mucosa cells (Fig. 1B). The nucleotide
sequence showed that the amplified product had
90% nucleotide sequence identity to the human TLR4
cDNA (GenBank accession number U88880).

Expression of TLR2 and 4proteins in gastric mucosal
cells

We also examined whether TLR2 and TLR4 proteins
were expressed in gastric mucosal cells, since TLR2
was reported to be another candidate for an LPS-
receptor (18). Immunoblot analysis with an anti-TLR4
antibody showed that guinea pig gastric mucosal
cells expressed TLR4 protein, as was detected in
human and guinea pig PBL (Fig. 2A). Immunocyto-
chemical analysis showed that TLR4 was preferentially
distributed on plasma membrane (Fig. 2C). In contrast,
human and guinea pig PBL contained significant
amounts of TLR2 protein, while gastric mucosal cells
did not possess detectable amounts of TLR2 protein
(Fig. 2B).

Fig. 3. Activation of NF-xB and ex-
pression of COX Il or TNF-o. After
been cultured for 48 h in RPMI 1640
containing10% FBS, cells were treated
with 1 EU/mIl Hp LPS in RPMI 1640
containing 10% FBS, 200 U/ml SOD,
and 350U/ml catalase for the indicated
times. Nuclear extracts were prepared
from the cells and analyzed by gel mobility
shift assay as described in MATERIALS
AND METHODS (A). Total RNA was
isolated and analyzed by RT-PCR as
described in MATERIALS AND METHODS
(B). Cells were treated with 1 EU/ml
Hp LPS in RPMI 1640 containing 10%
FBS for the indicated times (C). The
amounts of Oz release were measured
as described in MATERIALS AND
METHODS, and they are expressed
as means SD (n=12). *Significantly
increased vs untreated control cells
(p<0.05 by ANOVA and Scheffé’s test).

Hp LPS (h)

LPS-induced expression of COX Il and TNF-«
mRNAs

In previous studies (10, 11), we showed that Hp
LPS could activate NF-xB in cultured gastric mucosal
cells. After stimulation by Hp LPS, the activation
of NF-«xB occurred within 30 min and continued for
longer than 12 h (10). Enhanced production of oxygen
radicals by up-regulated Mox1 oxidase was suggested
to mainly participate in the activation (10). However,
the increase in O; production from the cells was
first detected at 8 h after the treatment with Hp
LPS (Fig. 3C). Furthermore, Hp LPS could activate
NF-xB with a peak at 4 h even in the presence of
SOD and catalase (Fig. 3A), showing that NF-xB
was activated directly by Hp LPS, in addition to
indirectly by Mox1-derived oxygen radicals up-regulated
by Hp-LPS. In association with this activation of
NF-xB, Hp LPS stimulated the expression of COX
Il (an upper panel in Fig. 3B) and TNF-a (a middle
panel in Fig. 3B) transcripts in the presence of SOD
plus catalase. These findings suggest that LPS directly
initiates NF-xB-dependent inflammatory and immune
responses.

DISCUSSION

Using an LPS-free culture system, we reconfirmed
that guinea pig gastric mucosal cells in culture
were sensitive to Hp LPS. Hp does not attach to
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guinea pig gastric mucosal cells ; therefore, our
system is an excellent model for studying the contact-
independent interactions between gastric epithelial
cells and the Gram-negative bacterium. Mox1 oxidase-
derived O and related oxygen intermediates were
suggested to play crucial roles in the initiation of
inflammatory and immune responses as well as in
the regulation of cell growth (10, 11). Hp LPS that
activates Mox1 oxidase appears to be one of the
important virulent factors of Hp.

Recently, it was been shown that bacterial com-
ponents, such as LPS, peptidoglycan, and DNA
stimulate innate immune response through distinct
TLR receptors. TLR2 has been suggested to be
another possible candidate for an LPS receptor (18).
We confirmed that gastric mucosal cells did not
express the TLR2 mRNA and detectable amounts
of TLR2 protein. In contrast, intestinal epithelial
cells express TLR2 and TLR4 (19). The sensitivity
to LPS is strikingly different between gastric mucosal
cells and intestinal epithelial cells. Intestinal epithelial
cells are insensitive to LPS, making them tolerant
to constant exposure of resident microflora. In contrast,
any bacteria, except for Hp, cannot colonize per-
sistently under acidic conditions in the stomach.
The high sensitivity to Hp LPS may be an important
feature characteristic of gastric mucosal cells, when
considering Hp infection. The TLR9 transcript was
not expressed in gastric mucosal cells (Fig.1C)
and intestinal epithelial cells (data not shown). DNA
molecules are usually stable in acidic conditions in
the stomach, and the intestine is persistently exposed
to bacterial flora. Therefore, the absence of TLR9
may make gastrointestinal epithelial cells quiescent
to an excessive response to bacterial DNA.

In phagocytes, activation of TLR4 signaling is
reported to induce expression of other TLRs (20).
However, Hp LPS did not induce expression of the
TLR2 and 9 transcripts in gastric mucosal cells (data
not shown). Thus, among the TLRs examined, TLR4
appeared to play a crucial role in the gastric mucosal
cell response to Hp infection. More recently, it was
reported that TLR5 is a receptor specific for bacterial
flagellin and mediated an innate immune response
to this bacterial component (21). Further studies
are necessary to elucidate the role of TLR family
in the innate immune response of gastric mucosa.

Recently, several novel isozymes of gp91-phox
expressed in non-phagocytic cells, including Mox1
(22), Renox (23), and Thoxes (24), were molecularly
identified. Among these non-phagocytic oxidases,
the pit cell Mox1 oxidase, whose O, producing capacity

is equivalent to that of macrophages (10, 11), is the
most potent. We previously studied the effects of
growth factors (epidermal growth factor and trans-
forming growth factor-), cytokines (interferon-y,
TNF-0, IL-1, IL-3, and IL-6), histamine, carbacol, and
phorbol 12-myristate13-acetate (PMA) on the oxidase
activity ; however, none were able to up-regulate the
O production (10 and data not shown). Finally, we
observed that LPS from Hp and E. coli similarly
up-regulate Mox1 oxidase activity (10). These findings
also support the important role of Hp LPS and TLR4
in the initiation of an inflammatory response against
Hp infection.

In phagocytes, LPS stimulates TLR4 signal-transmittable
molecules, such as myeloid differentiation factor 88
(MyD 88), IL-1R-associated kinase, TNF receptor-
associated factor 6, TAK1, and NIK, leading to ac-
tivation of NF-xB (25). Hp infection triggers the
activation of NF-xB to produce inflammatory re-
sponse genes, such as TNF-qa,, interleukin 6, and 8
(26, 27). In a previous study (10), it was suggested
that enhanced production of oxygen intermediates by
Mox1 oxidase might play a crucial role in the activation
of NF-xB, leading to expression of proinflammatory
mediators. Hp LPS stimulated distinct TLR4 sig-
naling, such as phosphorylation of TAK1 and TAB1
(submitted to JMI). In the present study, we dem-
onstrated that Hp LPS itself directly activated NF-
kB and stimulated the COX Il and TNF-oo mRNA
expression even when O, and hydrogen peroxide
were removed by SOD and catalase. Oxygen radicals
derived from Mox1 oxidase appeared to significantly
contribute to the activation of NF-xB particularly
later than 8 h after treatment with Hp LPS, since,
in this later phase, Hp LPS markedly enhanced
the production of O; from Mox1 oxidase, and SOD
and catalase significantly inhibited NF-xB activation
(10). Thus, NF-xB was rapidly activated directly by
Hp LPS, and Mox1-derived oxygen intermediates
prolonged this activation, leading to an enhanced
inflammatory response of gastric mucosal cells.

The findings of the present study suggested that
TLR4-mediated intracellular signals and Mox1 oxidase
may play an important role in the Hp-epithelial
interactions, leading to the initiation of an inflamma-
tory response of gastric mucosa against Hp infection.
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