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Helicobacter pylori neutrophil-activating protein (HP-NAP) activates several innate leukocytes including neutrophils,
monocytes, and mast cells. It has been reported that HP-NAP induces degranulation and interleukin-6 (IL-6) secretion of
rat peritoneal mast cells. However, the molecular mechanism is not very clear. Here, we show that HP-NAP activates
human mast cell line-1 (HMC-1) cells to secrete histamine and IL-6. The secretion depends on pertussis toxin (PTX)-
sensitive heterotrimeric G proteins but not on Toll-like receptor 2. Moreover, HP-NAP induces PTX-sensitive G protein-
mediated activation of extracellular signal-regulated kinase 1/2 (ERK1/2), p38-mitogen-activated protein kinase (p38
MAPK), and Akt in HMC-1 cells. Inhibition of ERK1/2, p38 MAPK, or phosphatidylinositol 3-kinase (PI3K) suppresses HP-
NAP-induced release of histamine and IL-6 from HMC-1 cells. Thus, the activation of HMC-1 cells by HP-NAP is through
Gi-linked G protein-coupled receptor-mediated MAPKs and PI3K/Akt pathways.

Introduction

Helicobacter pylori (H. pylori) is well recognized as a causative
agent of acute and chronic gastric inflammation. Infection with
H. pylori is associated with chronic gastritis, peptic ulcer disease,
and gastric cancer.1 H. pylori neutrophil-activating protein (HP-
NAP), a virulence factor of H. pylori, may play a crucial role in H.
pylori-induced gastric inflammation due to its ability to attract and
activate neutrophils.2 HP-NAP stimulates neutrophils to produce
reactive oxygen species (ROS) and secrete myeloperoxidase, chemo-
kines, and pro-inflammatory cytokines.3-5 It also induces neutro-
phil chemotaxis and neutrophil-endothelial adhesion.3,6 Moreover,

HP-NAP is capable of activating monocytes and mast cells.6,7 The
inflammatory mediators produced by these innate immune cells
upon HP-NAP stimulation could contribute to the gastric mucosal
damage induced byH. pylori infection.

The molecular mechanism by which HP-NAP stimulates neu-
trophils to produce ROS has been well characterized. The signaling
is initiated by the activation of a pertussis toxin (PTX)-sensitive G
protein-coupled receptor (GPCR).6 Subsequent signaling events
include the activation of phosphatidylinositol 3-kinase (PI3K), Src
family tyrosine kinase, extracellular signal-regulated kinase 1/2
(ERK1/2) and p38-mitogen-activated protein kinase (p38MAPK),
and an elevation of cytosolic calcium level.6,8 ROS is produced by
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the final step of nicotinamide adenine dinucleotide phosphate
(NADPH)-oxidase activation on the plasma membrane of neutro-
phils.6 Among these signaling molecules, ERK1/2 and p38 MAPK
are also involved in theHP-NAP-induced chemotaxis and adhesion
of neutrophils.8 In human blood mononuclear cells, production of
tissue factor and plasminogen activator inhibitor-2 induced by HP-
NAP requires protein tyrosine kinase, protein kinase C (PKC), and
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
kB), but not NADPH-oxidase.9 It is not clear if the PTX-sensitive
GPCR is also involved in this event. HP-NAP is not only an agonist
of GPCR but also a ligand of Toll-like receptor 2 (TLR2).10 TLR2
has been shown to be involved in HP-NAP-stimulated release of
interleukin-6 (IL-6) in splenocytes.11 However, the signaling events
downstream of TLR2 induced byHP-NAP are not clear. In human
leukocytes, such as neutrophils and monocytes, it is possible that
HP-NAP induces cytokine release through TLR2 activation and
ROS production throughGPCR signaling pathways.

Mast cells have been reported to participate in the pathogene-
sis of H. pylori-infected gastritis.12 The mast cell density in the
gastric antrum was shown to be higher in H. pylori-infected pep-
tic ulcer patients than that in patients with other types of gastri-
tis.13 Additional studies have shown that the mast cell density in
the epithelium of the antral mucosa in H. pylori-infected patients
with chronic active gastritis was higher than that in those with
chronic nonactive gastritis or in patients with nonsteroidal anti-
inflammatory drugs (NSAID)-induced gastritis.14,15 In these H.
pylori-infected patients with either peptic ulcer or chronic active
gastritis, mast cell degranulation in gastric mucosa was promi-
nent.13,15 Thus, H. pylori should be involved in mucosal mast
cell activation and its subsequent secretion of chemical mediators.

The water extract ofH. pylori has been reported to induce perive-
nular mast cell degranulation in rats16 and to stimulate histamine
release from canine gastric mucosal mast cells.17 These findings
indicate that factors fromH. pylori could activate mast cells. Indeed,
HP-NAP, identified from water extracts of H. pylori, is able to
induce b-hexosaminidase release and IL-6 production in rat perito-
neal mast cells.7 However, the molecular mechanism by which
HP-NAP activates human mast cells is not fully understood. In
addition, there is no report using established cell lines to study the
function of HP-NAP. In the present study, whether HP-NAP
could activate human mast cell line-1 (HMC-1) cells was examined
for its ability to stimulate the release of histamine and IL-6. The sig-
naling pathways involved in HP-NAP-induced release of these
mediators were also investigated. We herein report the molecular
mechanism by which HP-NAP induces release of histamine and
IL-6 through PTX-sensitive heterotrimeric G protein-mediated
MAPKs and PI3K/Akt pathways in HMC-1 cells.

Results

HP-NAP-induced release of histamine and IL-6 from
HMC-1 cells

The HMC-1 is a well-established and widely used cell line for
studying the function of mast cells.18 To investigate whether
HMC-1 cells can be activated by HP-NAP, we measured histamine

release from cells stimulated with increasing concentration of
HP-NAP ranging from 0.25 to 1 mM. As shown in Figure 1, HP-
NAP induced histamine release in a dose-dependent manner and
up to 2.2-fold at the concentration of 1 mM. Another human mast
cell line, LAD2 cells, also releases histamine in response to HP-
NAP stimulation (Fig. S1). A time course study was performed to
determine whether HP-NAP is able to induce IL-6 release from
HMC-1 cells. We found that HP-NAP induced IL-6 release in a
time-dependent manner (Fig. 2A). The amount of IL-6 released
from HMC-1 cells was increased to a maximum of 4.5-fold over
basal level at 4 h of HP-NAP stimulation but eventually declined
to 1.8-fold at 16 h of stimulation due to an elevated basal IL-6
release (Fig. 2A). Heat-inactivatedHP-NAP was not able to induce
IL-6 release fromHMC-1 cells (Fig. 2B), indicating that induction
of IL-6 release byHP-NAPwas not due to the presence of lipopoly-
saccharide (LPS) contamination in the purified HP-NAP. Thus,
HP-NAP is able to activate HMC-1 cells by inducing the release of
histamine and IL-6. To further determine whether HP-NAP is
involved inH. pylori-induced mast cell activation, we examined the
release of histamine and IL-6 from HMC-1 cells infected with
H. pylori wild-type strain NCTC 11637 and its isogenic mutant
strain lacking HP-NAP. As shown in Figure 3, the release of hista-
mine and IL-6 induced by H. pylori infection was significantly
inhibited by 80% and 57%, respectively, in cells infected by the iso-
genic napA H. pylorimutant strain as compared with the wild type
H. pylori strain. These results indicate that HP-NAP plays a major
role in H. pylori-induced release histamine and IL-6 from HMC-1
cells. Even though the H. pylori strain NCTC 11637 used for this
infection experiment is different from the H. pylori strain 26695,
whose napA gene was used as the source for production of recombi-
nant HP-NAP, the highly conserved amino acid sequences of HP-
NAP between these 2 strains (Fig. S2) suggested that the effect of
HP-NAP on H. pylori-induced release histamine and IL-6 from
HMC-1 cells for these 2 strains could be similar.

Figure 1. Induction of histamine release from HMC-1 cells by HP-NAP.
HMC-1 cells were left unstimulated or stimulated with indicated concen-
trations of HP-NAP or 10 mM Ca2C ionophore A23187 as a positive con-
trol at 37�C for 30 min. Histamine release from HMC-1 cells was
determined by measuring the concentration of histamine in the cell-free
supernatants as described in Materials and Methods. Data were repre-
sented as the mean § SD of 4 independent experiments. *P < 0.05 as
compared with unstimulated cells.
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Involvement of PTX-sensitive heterotrimeric G protein but
not TLR2 in HP-NAP-induced release of histamine and IL-6 in
HMC-1 cells

To investigate whether GPCR and TLR2 contribute to HP-
NAP-induced activation of HMC-1 cells, we first used PTX, an
inhibitor of Gi, to examine the involvement of GPCR in HP-
NAP-induced release of histamine and IL-6 from HMC-1 cells.
As shown in Figure 4, the release of both histamine and IL-6
induced by HP-NAP was significantly inhibited in cells pre-
treated with PTX. We next examined whether TLR2 is involved
in HP-NAP-induced release of histamine and IL-6 from HMC-1
cells by pretreatment of TLR2-neutralizing antibody or by
knockdown of TLR2. In these experiments, pretreatment of

Toll-like receptor 4 (TLR4)-neutralizing antibody or knockdown
of TLR4 were used to further rule out a possible role of contami-
nating LPS in the purified HP-NAP. Flow cytometry analysis
showed that both TLR2 and TLR4 were expressed in HMC-1
cells (Fig. 5). When cells were pretreated with TLR2-neutralizing
antibody, HP-NAP-induced histamine release was not inhibited
(Fig. 6A). As expected, pretreatment of cells with TLR4-neutral-
izing antibody did not affect HP-NAP-induced histamine release
(Fig. 6A). Also, pretreatment of HMC-1 cells with either TLR2-
or TLR4-neutralizing antibodies did not inhibit HP-NAP-
induced IL-6 release (Fig. 6B). However, IL-6 release induced by
Pam3Csk4, a TLR2 agonist, and LPS, a TLR4 agonist, from
HMC-1 cells was significantly inhibited by the pretreatment of
TLR2- and TLR4-neutralizing antibodies, respectively, as com-
pared with those in untreated cells or cells pretreated with the iso-
type control antibody (Fig. 6C). These results indicate that
TLR2 is not involved in HP-NAP-induced release of histamine
and IL-6 from HMC-1 cells. In the experiment to knock down
the expression of TLR2 and TLR4 in HMC-1 cells,

Figure 2. Induction of IL-6 release from HMC-1 cells by HP-NAP. (A) HMC-
1 cells were left unstimulated or stimulated with 1 mM HP-NAP or 10 mg/
mL E. coli LPS as a positive control at 37�C for the indicated time. IL-6
release from HMC-1 cells was determined by measuring the concentra-
tion of IL-6 in the cell-free supernatants as described in Materials and
Methods. Data were represented as the mean § SD of 3 independent
experiments. *P < 0.05 as compared with unstimulated control cells at
the same time point. (B) HMC-1 cells were left unstimulated or stimu-
lated with 1 mM HP-NAP, 1 mM heat-inactivated (HI) HP-NAP, or 10 mg/
mL E. coli LPS at 37�C for 16 h for measurement of IL-6 release as
described in (A). Data were represented as the mean § SD of 4 indepen-
dent experiments. *P < 0.05 as compared with unstimulated control
cells; #P < 0.05 as compared with HP-NAP-stimulated cells.

Figure 3. Induction of histamine and IL-6 release from HMC-1 cells
infected with the wild-type H. pylori and isogenic napA knockout H. pylori
mutant strains. HMC-1 cells were left uninfected (mock) or infected with
wild-type (WT) H. pylori NCTC 11637 strain and its isogenic napA knock-
out mutant strain (DnapA) at 37�C for 30 min or 4 h for measurement of
the release of histamine or IL-6, respectively. Release of histamine and IL-
6 from HMC-1 cells was determined as described in Figures 1 and 2,
respectively. Data were represented as the mean § SD of 3 independent
experiments *P < 0.05 as compared with uninfected mock cells;
#P < 0.05 as compared with wild-type H. pylori-infected cells.

www.tandfonline.com 757Virulence



lentiviral-transduced shRNA targeting these 2 TLRs was
employed. The levels of mRNA expression of TLR2 and TLR4
were suppressed in cells transduced with shRNA targeting TLR2
and TLR4, respectively, as compared with those in cells trans-
duced with scramble control shRNA. (Fig. 7A). The reduced
expression of either TLR2 or TLR4 in HMC-1 cells did not
affect HP-NAP-induced release of histamine and IL-6 (Fig. 7B
& C). However, knockdown of the expression of TLR2 and
TLR4 in HMC-1 cells significantly inhibited IL-6 release
induced by Pam3Csk4 and LPS, respectively (Fig. 7C). These
results further support the finding that TLR2 is not involved in
HP-NAP-induced release of histamine and IL-6 from HMC-1
cells. Thus, HP-NAP-induced release of histamine and IL-6
from HMC-1 cells depends on PTX-sensitive heterotrimeric G
proteins but not on TLR2.

PTX-sensitive heterotrimeric G protein-dependent
activation of ERK1/2, p38 MAPK, and Akt in HMC-1 cells
induced by HP-NAP

Both ERK1/2 and p38 MAPK are involved in HP-NAP-
induced activation of neutrophils.8 Also, our finding that PTX-

sensitive G protein participates in HP-NAP-induced activation
of HMC-1 cells indicates that Gbg-mediated activation of
PI3Kg may be involved. A time course experiment was per-
formed to determine whether HP-NAP activates ERK1/2, p38
MAPK, and Akt, a downstream effector of PI3K, in HMC-1
cells. The phosphorylation of ERK1/2 and p38 MAPK was sig-
nificantly increased at 10 and 20 min of HP-NAP stimulation,
respectively, while the phosphorylation of Akt increased at
1.5 min of stimulation (Fig. 8). The phosphorylation of all 3
molcules continued to increase up to 30 min (Fig. 8). HP-NAP
also induced the phosphorylation of these 3 molcules in human
LAD2 mast cells (Fig. S3). We next examined whether G pro-
teins act upstream of ERK1/2, p38 MAPK, and Akt in HMC-1
cells in response to HP-NAP stimulation by pretreating cells
with PTX. HP-NAP-induced phosphorylation of ERK1/2, p38
MAPK, and Akt was significantly inhibited in cells pretreated
with PTX (Fig. 9). Thus, HP-NAP activates ERK1/2, p38
MAPK, and Akt in HMC-1 cells through a PTX-sensitive heter-
otrimeric G protein-dependent signaling pathway.

Involvement of ERK1/2, p38 MAPK, and PI3K/Akt in HP-
NAP-induced histamine and IL-6 release from HMC-1 cells

To further determine whether MAPKs and PI3K/Akt are
involved in HP-NAP-induced release of histamine and IL-6 from
HMC-1 cells, we performed experiments with cells pretreated
with U0126, a MAPK/ERK kinase 1/2 (MEK1/2) inhibitor to
block ERK1/2 activation; SB203580, a p38 MAPK inhibitor; or
LY294002, a PI3K-specific inhibitor. Pretreatment of HMC-1
cells with U0126, SB203580, and LY294002 suppressed HP-
NAP-induced phosphorylation of ERK1/2, p38 MAPK, and
Akt, respectively (Fig. 10). Unexpectedly, the phosphorylation
of Akt induced by HP-NAP was also slightly inhibited in cells
pretreated with U0126 (Fig. S4), suggesting that HP-NAP-
induced AKT phosphorylation in HMC-1 cells partially relies on
MEK1/2. This same pathway has also been shown to mediate the
transforming growth factor-b1 (TGF-b1) signaling in primary
human monocytes.19 Nevertheless, the release of histamine and
IL-6 from HMC-1 induced by HP-NAP was blocked by any one
of these 3 inhibitors (Fig. 11). These results indicate that con-
comitant activation of ERK1/2, p38 MAPK, and PI3K is
required for HP-NAP-induced release of histamine and IL-6 in
HMC-1 cells. Thus, HP-NAP-induced activation of HMC-1
cells is through PTX-sensitive heterotrimeric G protein-depen-
dent ERK1/2, p38 MAPK, and PI3K/Akt signaling pathways.

Discussion

In this study, we show that HP-NAP can activate HMC-1
cells by stimulating the release of histamine and IL-6 though the
concomitant activation of ERK1/2, p38 MAPK, and PI3K/Akt
signaling pathways. Upon HP-NAP stimulation, initiation of the
signaling to these protein kinase cascades in HMC-1 cells
requires PTX-sensitive heterotrimeric G proteins but not TLR2.
These results indicate that GPCRs may play a critical role in HP-
NAP-induced degranulation and cytokine release in human mast

Figure 4. Inhibition of HP-NAP-induced release of histamine and IL-6
from HMC-1 cells by the treatment with PTX. HMC-1 cells were pre-
treated with 100 ng/mL PTX at 37�C for 16 h and then stimulated with
1 mM HP-NAP at 37�C for 30 min or 16 h for measurement of the release
of histamine or IL-6, respectively. Release of histamine and IL-6 from
HMC-1 cells was determined as described in Figure 3. Data were repre-
sented as the mean § SD of 6 independent experiments for histamine
release and 5 independent experiments for IL-6 release. *P < 0.05 as
compared with unstimulated cells in each group; #P < 0.05 as compared
with HP-NAP-stimulated cells in the control group.
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cells. Most importantly, the HMC-1 is
the first cell line model being used to
study the function of HP-NAP.

The finding that HP-NAP-induced
release of histamine and IL-6 in HMC-1
cells is PTX-sensitive (Fig. 4) indicates
that the GPCR activated by HP-NAP is
Gi-linked. However, the partial inhibi-
tion of HP-NAP-induced release of hista-
mine and IL-6 by PTX points to the
involvement of both PTX-sensitive and
PTX-insensitive pathways. Since TLR2, a
receptor of HP-NAP, is not involved in
HP-NAP-induced release of histamine
and IL-6 from HMC-1 cells (Figs. 6 and
7), a PTX-insensitive heterotrimeric Gq
pathway leading to activation of phos-
pholipase Cb20,21 may contribute to HP-
NAP-induced activation of HMC-1 cells.
In the other study, TLR2 has been
reported to mediate the release of hista-
mine from HMC-1 cells induced by bac-
terial peptidoglycan,22 which is in
contrast to our finding with HP-NAP.
Since TLR2 is a receptor of HP-NAP
and is expressed on HMC-1 cells
(Fig. 5), the finding that the release of
histamine and IL-6 from HMC-1 cells
induced by HP-NAP did not depend on
TLR2 suggested that TLR2 may mediate
other mast cell responses induced by
HP-NAP.

Histamine not only stimulates gastric
acid secretion but may also be involved in
the pathogenesis of H. pylori-associated
gastroduodenal disease. It has been
reported that H. pylori-positive patients
have lower histamine concentration in gastric mucosa than
H. pylori-negative subjects.23,24 This finding might be due to an
increased release and subsequent depletion of histamine from
mast cells in human gastric mucosa of H. pylori-positive patients.
Histamine released from mast cells has been reported to regulate
gastric mucosal injury-repair in humans.25 In a study investigat-
ing the effect of H. pylori on rat gastric mucosal microcirculation,
macromolecular leakage induced by H. pylori was found to
depend on the release of histamine from mast cells.26 Moreover,
in histamine-deficient mice, H. pylori induced lower secretion of
tumor necrosis factor-a (TNF-a) and IL-6 in their gastric
mucosa than in wild-type mice.27 In our study, we have shown
that recombinant HP-NAP stimulates histamine release from
HMC-1 cells. Also, a marked decrease in histamine release was
found in cells infected with H. pylori isogenic mutant strain lack-
ing HP-NAP as compared with the wild-type strain (Fig. 3).
These results, together with the previous findings just mentioned,
support the idea that HP-NAP plays a role in H. pylori-induced
gastric mucosal injury through activating human mast cells.

In summary, HP-NAP induces release of histamine and IL-6
from HMC-1 through PTX-sensitive heterotrimeric G protein-
mediated activation of ERK1/2, p38 MAPK, and PI3K/Akt. The
secretion of granule-associated histamine and pleiotropic cyto-
kine IL-6 in human mast cells induced by HP-NAP might be
essential in the initiation and modulation of gastric inflammatory
responses during H. pylori infection. Also, the HP-NAP-induced
signal pathways identified in HMC-1 cells should provide an
understanding of how HP-NAP activates human mast cells.

Materials and Methods

Cell culture
The human mast cell line HMC-1.218 was maintained in

Iscove’s modified Dulbecco’s medium (IMDM) (Invitrogen,
Carlsbad, CA, USA) supplemented with 1.2 mM monothiogly-
cerol (Sigma, St. Louis, MO, USA), 10% heat-inactivated fetal
bovine serum (FBS) (Biological Industries, Kibbutz Beit

Figure 5. Surface expression of TLR2 and TLR4 on HMC-1 cells. The surface expression of TLR2 or
TLR4 on HMC-1 cells was determined by flow cytometry using anti-TLR2, anti-TLR4, or mouse IgG2a
isotype control antibodies. Data in the left panel show the representative histograms. Filled histo-
grams represent isotype control and open histograms represent TLR expression. Data in the right
panel show the fold differences of mean fluorescent intensity (MFI) with respect to that of the iso-
type control and are represented as the mean § SD of 3 independent experiments. *P < 0.05 as
compared with the isotype control.
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Haemek, Israel), 100 units/mL penicillin, and 50 mg/mL strep-
tomycin at 37�C under 5% CO2 and saturated humidity. The
human mast cell line LAD228 was cultured in the Stem-Pro-34
serum-free medium (Invitrogen) in the presence of 2 mM gluta-
mine, 100 ng/mL recombinant human stem cell factor, pur-
chased from Peprotech (Rocky Hill, NJ, USA), 100 units/mL
penicillin, and 50 mg/mL streptomycin at 37�C under 5% CO2

and saturated humidity. The human embryonic kidney cell line
HEK293T (ATCC CRL-3216) was maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Invitrogen) supplemented
with 10% FBS, 100 units/mL penicillin, and 50 mg/mL strepto-
mycin at 37�C under 5% CO2 and saturated humidity.

H. pylori strains and culture conditions
H. pylori strain NCTC 11637 (ATCC 43504) was

obtained from the Bioresource Collection and Research Cen-
ter (BCRC, Taiwan) and its isogenic napA knockout mutant

strain was a generous gift from Dr. Jin-Town Wang at the
College of Medicine at National Taiwan University,
Taiwan.29 Both strains were grown for 3 d under microaero-
philic condition using GasPak EZ Container System Sachets
(BD BBL; Sparks, MD, USA) and 100% humidity at 37�C
on trypticase soy agar (TSA) with 5% sheep blood (BD
BBL). For expanding the culture, the H. pylori colonies from
TSA plate were transferred into Brucella broth (BD BBL)
with 10% horse serum (JRH Biosciences, Lenexa, KS, USA)
and then grown for 2 d. For the culture suspension, 1 OD
unit at 600 nm is roughly equivalent to 3.78£108 colony-
forming units (CFU)/mL. Before infecting HMC-1 cells with
H. pylori, the bacteria were harvested and then resuspended
in IMDM supplemented with 10% or 1% heat-inactivated
FBS for the experiments measuring the release of histamine
or IL-6, respectively. HMC-1 cells were infected with
H. pylori at a multiplicity of infection (MOI) of 200.

Figure 7. Effect of knockdown of TLR2 and TLR4 on HP-NAP-induced histamine and IL-6 release from HMC-1. HMC-1 cells were left untransduced (mock)
or transduced with lentiviral particles bearing either scramble control shRNA or shRNA specific to TLR2 (shTLR2) or TLR4 (shTLR4) for 2 d. Lentivirally
transduced HMC-1 cells were then under puromycin selection for 2 d The mRNA expressions of TLR2, TLR4, and GAPDH, as a loading control, in these
cells were analyzed by using RT-PCR (A) as described in Materials and Methods. Untransduced or TLR-specific lentivirally transduced HMC-1 cells were
stimulated with 1 mM HP-NAP at 37�C for 30 min for measurement of histamine release (B) or stimulated with 1 mM HP-NAP, 10 mg/mL Pam3CSK4, or
10 mg/mL E. coli LPS at 37�C for 16 h for measurement of IL-6 release (C). Release of histamine and IL-6 from HMC-1 cells were determined as described
in Figure 3. Data were represented as the mean § SD of 3 independent experiments. *P < 0.05 as compared with unstimulated cells in each group;
#P < 0.05 as compared with Pam3CSK4-stimulated cells in the scramble control group; yP < 0.05 as compared with LPS-stimulated cells in the scramble
control group; n.s., non-significant.

Figure 6. Effect of TLR2 and TLR4 neutralizing antibodies on HP-NAP-induced histamine and IL-6 release from HMC-1. HMC-1 cells were pretreated with
10 mg/mL of either anti-TLR2, anti-TLR4, or mouse IgG2a isotype antibodies at 37�C for 1 h. Then, the cells were stimulated with 1 mM HP-NAP at 37�C
for 30 min or 16 h for measurement of histamine release (A) or IL-6 release (B), respectively, or stimulated with 10 mg/mL Pam3CSK4 or 10 mg/mL E. coli
LPS at 37�C for 16 h for measurement of IL-6 release (C). Release of histamine and IL-6 from HMC-1 cells was determined as described in Figure 3. Data
were represented as the mean§ SD of 3 independent experiments. *P< 0.05 as compared with unstimulated cells in each group; #P< 0.05 as compared
with Pam3CSK4-stimulated cells in the isotype control group; yP < 0.05 as compared with LPS-stimulated cells in the isotype control group; n.s., non-
significant.
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Lentivirus generation and short hairpin RNA transduction
HEK293T cells were seeded at a density of 2.5 £ 106 cells per

100-mm culture dish 24 h before transfection. Cells were
cotransfected with 10 mg of the pLKO.1-based lentiviral vectors
expressing short hairpin RNA (shRNA) targeting TLR2 (Clone
ID: TRCN0000057019) or TLR4 (Clone ID:
TRCN0000056894) or scrambled control shRNA, obtained
from the National RNAi Core Facility, Academia Sinica, Tai-
wan, together with 9 mg of the D8.9 plasmid and 2.5 mg of the

vesicular stomatitis virus G protein (VSV-G) envelope vector, by
using calcium phosphate precipitation. After 12 h of transfec-
tion, HEK293T cells were washed with Dulbecco’s phosphate-
buffered saline (D-PBS), pH 7.2, and then cultured in fresh
DMEM complete medium. After 24 h of transfection, the
medium was replaced with 6 ml of IMDM complete medium.
After 48 h post-transfection, the cell supernatants containing len-
tiviral particles were collected by centrifugation at 800 £ g for
5min at room temperature and then filtered through a 0.45-mm
filter (Pall, Ann Arbor, MI, USA). Lentivirus-mediated shRNA
transduction of HMC-1 cells was then conducted by the addition
of 1 mL of the filtered cell supernatant to a T75 culture flask
containing 6£106 HMC-1 cells in 19 mL of IMDM complete
medium containing 8 mg/mL polybrene (Sigma, St Louis, MO).
After 2 d of transduction, the virus-containing medium was
removed and fresh IMDM complete medium containing 2 mg/
mL puromycin (invitrogen) was added. Two days after puromy-
cin selection, the survival cells were subjected to the subsequent
analysis.

Production of HP-NAP
HP-NAP, encoded by the napA gene from genomic DNA of

H. pylori strain 26695 (accession no. AE000543, ATCC), was
expressed in Escherichia coli (E. coli) and purified by 2 consecutive
gel filtration steps using a XK 16/100 column packed with
Sephacryl S-300 high resolution resin (Sephacryl S-300 HR)
(GE Healthcare Bio-Sciences) and a HiLoad 16/60 Superdex
200 prep grade (Superdex 200 pg) gel filtration column (GE
Healthcare Bio-Sciences) as previously described,4 except that
1,4-piperazinediethanesulfonic acid (PIPES)-glucose-calcium-
magnesium (PGCM) buffer was used in the second gel filtration
step. PGCM buffer was 25 mM PIPES, pH 7.4, containing
110 mM NaCl, 5 mM KCl, 0.1% glucose, 1 mM CaCl2, and
1 mM MgCl2. Recombinant HP-NAP was eluted as a single
peak, and the peak fractions containing HP-NAP were pooled.
The pooled fraction of HP-NAP was added with bovine serum
albumin (BSA) at a final concentration of 0.1% and then sub-
jected to syringe filtration for endotoxin removal as described
previously.4 The amount of endotoxin present in the purified
HP-NAP was less than 8.13 endotoxin units (EU)/mg of HP-
NAP as examined by SUPER LABORATORY (Taipei, Taiwan).
The purity of HP-NAP was higher than 95% as confirmed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) stained with PhastGel Blue R (Fig. S5). Heat inactivated
HP-NAP was prepared by incubating the purified HP-NAP at
95�C for 5 min.

Treatment with inhibitors and antibodies
Pretreatment of HMC-1 cells with inhibitors and antibodies

was performed at 37�C after resuspending cells in the PGCM
buffer supplemented with 0.1% BSA (PAGCM buffer). PTX
(Calbiochem, San Diego, CA, USA) at a concentration of
100 ng/mL was used for pretreating cells for 16 h to block the
activation of Gi. U0126, a MEK1/2 inhibitor to block ERK1/2
activation, SB203580, a p38 MAPK inhibitor, and LY294002, a
PI3K inhibitor, were purchased from Calbiochem and used for

Figure 8. Activation of ERK1/2, p38 MAPK, and Akt in HMC-1 cells
induced by HP-NAP. Serum-starved HMC-1 cells were left unstimulated
or stimulated with 1 mM HP-NAP at 37�C for the indicated time and then
lysed. Whole cell lysates were subjected to immunoblotting for phos-
pho-ERK1/2, ERK, phospho-p38, p38, phospho-Akt, and Akt. The quanti-
tative results were expressed in fold increase by defining the amounts of
the phosphorylated proteins in unstimulated cells as 1 and represented
as the mean § SD of at least 4 independent experiments. *P < 0.05 as
compared with unstimulated cells.
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pretreating cells for 1 h at 5, 10, and 10 mM, respectively. Func-
tional graded monoclonal mouse anti-human TLR2 (clone
TL2.1), functional graded monoclonal mouse anti-human TLR4
(clone HTA125), and functional graded mouse IgG2a isotype
control antibodies, purchased from eBioscience (San Diego, CA,
USA), at a concentration of 10 mg/mL were used for pretreating
cells for 1 h.

Histamine release assay
HMC-1 cells at a density of 5£105 were infected with

H. pylori at 37�C for 30 min or resuspended in PAGCM buffer
to a density of 5£105 cells/mL, followed by the treatment with
indicated stimuli at 37�C for 30 min. LAD2 cells were resus-
pended in PAGCM buffer to a density of 1.65 £ 105 cells/mL
and then treated with indicated stimuli at 37�C for 30 min. Cal-
cium ionophore A23187 (Sigma, St. Louis, MO) was used as a

positive control for histamine release
of HMC-1 cells. The cell suspension
was centrifuged at 100 £ g for 5 min,
and the supernatant was collected.
The amount of histamine in the
supernatant was determined by using
a histamine EIA kit (Cayman Chemi-
cal, Ann Arbor, MI, USA), according
to the manufacturer’s instructions.

IL-6 release assay
HMC-1 cells were serum starved

with 1% heat-inactivated FBS for 6 h.
The cells at a density of 1£106 cells/
mL were infected with H. pylori at
37�C for 4 h. Alternatively, the cells
were resuspended in PAGCM buffer
to a density of 1£106 cells/mL and
then treated with various stimuli at
37�C for 16 h unless specified. E. coli
LPS-EB ultrapure (Invivogen, San
Diego, CA, USA), a TLR4 agonist,
was used as a positive control for IL-6
release of HMC-1 cells. Pam3CSK4

(Invivogen), a TLR2 agonist, was used
as a positive control to induce IL-6
release through TLR2 activation. The
cell suspension was centrifuged at
100 £ g for 5 min, and the superna-
tant was collected. The amount of IL-
6 in the supernatant was determined
by using IL-6 ELISA kits (Bender
MedSystems, Vienna, Austria and
e-Biosence, San Diego, CA, USA),
according to the manufacturers’
instructions.

Flow cytometry
HMC-1 cells were centrifuged at

400 £ g for 5 min, and the cell pellet
was resuspended in FACS buffer containing D-PBS, pH 7.2,
supplemented with 2.5% BSA. Cells were stained with 1 mg of
anti-TLR2 (TL2.1), anti-TLR4 (HTA125), and mouse IgG2a
isotype control antibodies per 5£105 cells at 25�C for 1 h, and
then washed twice with FACS buffer. Subsequently, the cells
were stained with 0.5 mg Alexa 488-conjugated goat anti-mouse
secondary antibody (Invitrogen, Carlsbad, CA, USA) at 25�C for
1 h, and then washed twice with FACS buffer to remove
unbound antibodies. At least 10000 cells were analyzed by flow
cytometry on a FACScalibur equipped with CellQuest software
(BD Bioscience; San Jose, CA, USA).

RNA extraction and Reverse transcription–polymerase
chain reaction

Total RNA was extracted from the HMC-1 cells by using
TriPure isolation reagent (Roche Basel, Swiss) according to the

Figure 9. Inhibition of HP-NAP-induced activation of ERK1/2, p38 MAPK, and Akt in HMC-1 cells by the
treatment with PTX. Serum-starved HMC-1 cells were not pretreated (control) or pretreated with
100 ng/mL PTX at 37�C for 16 h and then left unstimulated or stimulated with 1 mM HP-NAP at 37�C
for 30 min. Cells were lysed and whole cell lysates were subjected to immunoblotting for phospho-
ERK1/2, ERK, phospho-p38, p38, phospho-Akt, and Akt. The quantitative results were expressed in fold
increase by defining the amounts of the phosphorylated proteins in cells without any treatment as 1
and represented as the mean § SD of at least 5 independent experiments. *P < 0.05 as compared with
unstimulated cells in each group; #P < 0.05 as compared with HP-NAP-stimulated control cells.
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manufacturer’s instructions. To
exclude genomic DNA contamina-
tion, 6 mg of the extracted RNA was
treated with RQ1 RNase-free DNase
I (Promega) at 37�C for 30 min. In
the reverse-transcription (RT) reac-
tion, 2 mg of DNA-free RNA from
each sample was incubated with 1 mg
of the random hexamer primer at
70�C for 5 min to open the secondary
structure, and then incubated with
10 mM dNTPs, 20 U RNase inhibi-
tor, and 200 U Moloney murine leu-
kemia virus (MMLV) reverse
transcriptase (Promega) at 37�C for
1 h to transcribe cDNA, followed by
heat inactivation at 92�C for 10 min.
The polymerase chain reaction (PCR)
was carried out with 1/20 of the
cDNA product, the primer pairs for
the gene of interest, and AmpFlSTR
PCR Amplification Kit (ABI, Vernon,
CA, USA) in a Mastercycler Gradient
5331 (Eppendorf, Germany). An ini-
tial denaturing phase of 94�C for
5 min was followed by 35 cycles of
94�C for 45 sec, 60�C for 30 sec, and
72 �C for 45 sec. The primer pairs
used in PCR were: human TLR2
(NM_003264): sense 50-TGCTGC
CATTCTCATTCTTCTG-30 and
antisense 50- AGGTCTTGGTGTT-
CATTATCTTCC-30; human TLR4
(NM_003266): sense 50- CTTCCT
CTCACCCTTTAGC-30 and anti-
sense 50- CATCATCCTGGCAT-
CATCC-30; human glyceraldehyde 3-
phosphate dehydrogenase (GAPDH)
(NM_002046): sense 50- ACACC-
CACTCCTCCACCTTT-30 and
antisense 50- TACTCCTTGGAGGC
CATGTG-30. The PCR products
were separated on a 2% agarose gel
with FluoroDye DNA fluorescent
loading dye (SMOBIO, Hsinchu, Taiwan) and the bands were
imaged by LAS-3000 imaging system (Fujifilm).

Immunoblotting
HMC-1 and LAD2 cells were serum starved with heat-inac-

tivated 1% FBS for 24 h or 8 h (for cells with PTX-pretreat-
ment) and then resuspended in PAGCM buffer to a density of
3£106 and 8£105 cells/mL, respectively. After treatment with
stimuli, cells were harvested in the lysis buffer containing
50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40,
1 mM EDTA, with the addition of 1 mM phenylmethanesul-
fonyl fluoride (PMSF) (Roche), 2 mg/mL aprotinin, 2 mg/mL

leupeptin, 1 mM Na3VO4, and 1 mM NaF, and then lysed
by passaging through a 27.5G needle 10 times. The insoluble
material was removed by centrifugation at 13200 £ g at 4�C
for 30 min. Protein concentrations were determined by using
BCA Assay kit (Pierce, Carlsbad, CA, USA). Equal amounts
of 120 mg of cell lysates were subjected to SDS-PAGE and
immunoblotting as previously described,30 except that the
membranes were probed with monoclonal mouse anti-human
phospho-ERK1/2 (clone E10), polyclonal rabbit anti-human
phospho-p38 MAPK, monoclonal mouse anti-human phos-
pho-Akt (Ser473) (clone 587F11), polyclonal rabbit anti-
human p38 MAPK, and polyclonal rabbit anti-Akt antibodies,

Figure 10. Inhibition of HP-NAP-induced activation of ERK1/2, p38 MAPK, and Akt in HMC-1 cells by the
treatment with U0126, SB203580, and LY294002. Serum-starved HMC-1 cells were not pretreated (con-
trol) or pretreated with 5 mM U0126, a MEK1/2 inhibitor, 10 mM SB203580, a p38 MAPK inhibitor, or
10 mM LY294002, a PI3K inhibitor, at 37�C for 1 h and then left unstimulated or stimulated with 1 mM
HP-NAP at 37�C for 30 min. Cells were lysed and whole cell lysates were subjected to immunoblotting
for phospho-ERK1/2, ERK, phospho-p38, p38, phospho-Akt, and Akt. The quantitative results were
expressed in fold increase by defining the amounts of the phosphorylated proteins in cells without any
treatment as 1 and represented as the mean § SD of 3 independent experiments. *P < 0.05 as com-
pared with unstimulated cells in each group; #P < 0.05 as compared with HP-NAP-stimulated control
cells.
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purchased from Cell Signaling (Beverly, MA, USA); and anti-
human p44/42 MAPK (ERK1/2) rabbit antiserum, purchased
from Sigma. Chemiluminescent detection was performed
using ECL (Amersham, Piscataway, NJ, USA). The bands
were imaged by LAS-3000 imaging system (Fujifilm, Japan)
and quantified using densitometry by UN-SCAN-IT gel 6.1
software.

Statistical analysis
All analysis was performed using Excel 2007 software. Data

are presented as mean § standard deviation (SD). Statistical dif-
ference was determined by a paired 2-tailed Student’s t-test,
except that analysis of paired data in flow cytometry and
immunoblotting was determined by a 1-tailed Student’s t-test.
p < 0.05 is considered statistically significant.
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