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Abstract

Helicobacter pylori infection is highly associated with the incidence of gastric inflammatory

diseases. Previous studies have indicated H. pylori can survive in the macrophages with massive

induction of innate immune responses. These evidences suggested that H. pylori have a delicate

mechanism to orchestrate the host immune responses either to activate it or to evade killing.

Autophagy pathway has been reported to play critical roles in disease progression, immune defense,

and cancer development. However, the molecular interactions between H. pylori and macrophages,

as well as how this bacterium triggers autophagy pathway in such regulations have not been well

investigated. In this proposal, (i) a murine macrophage infection model system will be established

to investigate the molecular mechanism of H. pylori evade innate sensing. (ii) We will functionally

characterize the role of autophagy and cholesterol in H. pylori survived intracellularly in

macrophages. (iii) We will explore the detailed interactions between H. pylori virulence factors

hijacked cholesterol and the induction of autophagy. The results from this proposal will provide

insightful understanding of how H. pylori manipulate autophagy pathway for regulating innate

sensing and benefit the bacterial infectious strategy.

Keywords: autophagy; cholesterol; Helicobacter pylori; inflammation; macrophages
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A. Background introduction

Infection of H. pylori

H. pylori can evade host immune responses by utilizing its particular strategies to manipulate
immune cells in harsh environment of the stomach [1,2]. Additionally, H. pylori penetrate across
the mucosal layer and that may enable the bacteria to survive in the gastric epithelial cells [3].
Numerous reports have focused on identification of H. pylori virulence factors involved in its
pathogenesis and the underlying mechanisms that lead to different clinical sequelea in a specific
host niche [4-6]. It is interesting that mounting evidence suggested that H. pylori exploits
cholesterol-rich microdomains (also called lipid rafts) for their internalization of cells, as many
other pathogens.

Virulence factors of H. pylori

H. pylori contains a set of virulence factors that enable it to survive, multiply, escape from
immune surveillance, and eventually lead to persistent infection in a particular niche of host.
Although gastric mucosa is well protected against other bacterial infection, H. pylori is highly
adapted to its ecological niche. These fashions that support the colonization and persistence of H.
pylori in the gastric mucus including polar flagella, urease, adhesins, and two major virulence
factors: vacuolating cytotoxin A (VacA) and cytotoxin-associated gene A (CagA) [7]. In addition
to VacA and CagA, an important study by Wunder et al. who revealed that the H. pylori enzyme,
cholesterol-α-glucosyltransferase, which is responsible for cholesterol glucosylation in
macrophages and is thought to be modulated the innate immunity [1].

Formation of autophagy by H. pylori

Autophagy was known as a preserved cell process which functioned as recycle pathway to
degrade un-functioned and unnecessary components, and re-arrange these components to supports
cellular survival [8]. Upon bacterial infection, human immune system may have different
mechanisms for opposing to the infection. Recent studies have indicated autophagy may function
as an immune defense system to degrade invaded pathogens [9,10]. indicating the possibility of
preventing H. pylori pathogenesis by stimulate cellular autophagy formation [11].

Lipid raft-microdomains

The major composition of lipid rafts includes cholesterol, sphingolipids, and phospholipids
which interact tightly and create rigid microdomains in the cell membrane [12]. The structure of
lipid rafts is known to be stabilized in the cold in non-ionic detergents such as Triton X-100 [13].
After treatment of membrane with cold Triton X-100, insoluble components including lipids and
proteins remain in the composition of detergent-resistant membrane (DRM), that were considered
to be in the lipid rafts [13]. Several raft usurping or disruption agents including
methyl-β-cyclodextrin (MβCD), filipin, lovastatin, and nystatin have been extensively employed
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in the investigation of their particular functions and compositions [14]. After depletion of
membrane cholesterol by MβCD or filipin, the raft-associated proteins and lipids can be
dissociated and rendered the structure becoming nonfunctional [15].

Involvement of cholesterol in microbial infection

Lipid rafts are not only a dynamic structure on cell membrane, but also provide an amplified
signaling for the activation of the cells [16]. Several studies have demonstrated that lipid rafts
might serve as platforms for entry portals of pathogens, including bacteria [17-20] and viruses
[21-23]. There are two possible benefits for pathogens entry through rafts: one is prevention of
intracellular degradation, and the other is triggering of signaling that causes membrane fission and
cytoskeleton rearrangement, which are both required for infection of bacteria [24]. Therefore,
suggesting that pathogens might be favor to interact with lipid rafts where provide potential
gateways to enter host cells.

H. pylori hijacks cholesterol for their benefits

VacA was the first toxin that reported to utilize raft-microdomains for its assembly on the
cell membrane and intracellular delivery [25]. Several studies revealed that depletion of
membrane cholesterol significantly reduces the entry of VacA into target cells [25-27]. Our
previous study had been found that GPI-anchor protein, fasciclin I, was required for
internalization of VacA, but did not affect the binding of VacA to lipid rafts [27]. It has also
demonstrated that receptor-dependent translocation of VacA to lipid rafts is critical for signaling
pathways leading to p38 MAP kinase/ATF-2 activation and vacuolation [28]. We further showed
that depletion of cholesterol and mutation of VacA significantly reduced H. pylori internalization
in gastric epithelial cells [19]. Disruption of lipid rafts attenuates CagA translocation,
hummingbird phenotype, and IL-8 secretion, suggesting that the delivery of CagA into epithelial
cells is mediated through a cholesterol-dependent manner [19]. Moreover, the CagA C-terminal
domain-containing EPIYA regions directly targeted to lipid rafts of gastric epithelial cells was
further determined by our recent study [29]. Wunder et al. have been showed that H. pylori follow
a cholesterol gradient and extracts the lipid from cytoplasmic membranes of epithelial cells for
subsequent glucosylation [1]. These evidences suggested that H. pylori harbor a delicate
mechanism for the orchestration between activating macrophages and protecting the bacteria from
immune attack. However, the association of H. pylori exploits lipid rafts and triggers autophagy,
as well as how this bacterium inhibits innate immunity in such interactions have not yet been
studied extensively (Fig. 1).
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Fig. 1. Model depicting H. pylori manipulates host cholesterol as its infectious strategy. (A)
VacA secreted by H. pylori binds to receptors which are localized in the cholesterol-rich
microdomains and facilitated rafts coalescence into the sites of bacteria infection. (B) The
clustering rafts enhance type IV secretion system (TFSS) injects CagA and peptidoglycan
(PGN) into cytoplasm and induce downstream signaling events. (C) The raft-associated
membrane may extend to form autophagosomes where provide compartments for H. pylori
survives intracellularly.

B. Specific aims

Intracellular survive of H. pylori has been indicated association with severe clinical diseases
which were presumably inaccessible to immune cells of the host as well as antibiotics [3].
Although several studies have highlighted some critical issues of pathogen evade immune attack,
the molecular interactions of H. pylori orchestrate activation or suppression of immune responses
remain unclear. In this proposal, we propose to employ genetic, biochemical and animal studies to
unveil molecular mechanisms underlying the function of cellular cholesterol, which may serve as
a platform for H. pylori infection and evasion of innate immunity. The specific aims of this
proposal are listing as below:

Aim 1. To investigate the molecular mechanism of H. pylori evade innate sensing.

Aim 2. To functionally characterize the role of autophagy and cholesterol in H. pylori
survived intracellularly in macrophages.

Aim 3. To validate the interaction between H. pylori hijacked cholesterol and autophagy
formation.
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C. Preliminary results

H. pylori infection induces autophagy pathway

The results of our case-control study indicated that patients prescribed statins were associated
with significantly reduced incidence of PUD. We thus established an in vitro assay platform to
investigate the involved pathways. Following the induction of autophagy, microtubule-associated
protein light chain 3 (LC3) is converted from LC3-I to LC3-II, and the expression of LC3-II is
considered a marker of autophagy [30]. As shown in Fig. 2A, our results indicated that H.
pylori-induced LC3-I/II conversion was associated with increased MOI. We selected an MOI of
100 as our infection model condition and performed a time course analysis. As shown in Fig. 2B,
the increase in LC3-I/II conversion correlated with the duration of infection time. We then
examined the autophagy-related proteins beclin-1 and p62, which are known to participate in the
initiation of autophagy with LC3-II [31,32]. Our data indicated that after the infection of cells
with H. pylori, beclin-1 and p62 expression was upregulated in a time-dependent manner (Fig.
2C). These results indicated that H. pylori infection activates the autophagy pathway in
macrophages.

Fig. 2. H. pylori infection induces autophagy in macrophages. RAW264.7 cells
were incubated with H. pylori (A) at various MOIs (0–200) for 16 h or (B) at an MOI
of 100 for the indicated times. Western blot analysis was then performed to determine
LC3-I/II protein expression. Upregulation of LC3-II expression indicated
autophagosome formation. (C) The autophagy-related proteins p62 and beclin-1 were
analyzed. Results shown are representative of one of 3 independent experiments
performed.

Cholesterol depletion increases H. pylori-induced autophagy
We then investigated the effects of cellular cholesterol on autophagy. We treated the cells

with various cholesterol-depleting/usurping agents, includingMβCD (which removes cholesterol
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from the cell membrane) [19], U18666A (which inhibits the biosynthesis of cholesterol in cells)
[33], and simvastatin (which is an 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA)
reductase inhibitor) [34]. As shown in Figs. 3A and 3B, the upregulation of LC3-II expression
was greater in H. pylori-infected cells treated with cholesterol-depleting/usurping agents than in
untreated H. pylori-infected cells. We then analyzed the effects of simvastatin on cells by using
immunofluorescence, and observed autophagosome formation by using a Cyto-ID autophagy
green dye. Our result indicated that untreated cells and cells treated with simvastatin alone
exhibited low-intensity Cyto-ID fluorescence. In comparison with in untreated H. pylori-infected
cells, H. pylori-infected cells treated with simvastatin exhibited increased autophagy (Fig. 3C).
These results indicated that simvastatin reduces cellular cholesterol, leading to accelerated H.
pylori-induced autophagy.

Fig. 3. Reducing cellular cholesterol increases H. pylori-induced autophagy.
RAW264.7 cells were infected with H. pylori (MOI = 100) for 1 h, then treated with the
assigned cholesterol depleting/usurping agents (2.5 mM MβCD, 1μM U18666A, or 20
μM simvastatin). After 16 h of incubation, (A, B) western blot was performed to analyze
LC3-I/II expression. (C) The treated cells were probed with
4’,6-diamidino-2-phenylindole (DAPI, blue) to visualize nuclei or Cyto-ID (green) to
visualize autophagosomes. The stained cells were then analyzed using fluorescence
microscopy. Rapamycin (100 nM) was used as a positive control for autophagosome
formation. Results shown are representative of one of 3 independent experiments
performed. chol, cholesterol. Bar, 10μm.
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D. Materials and methods

Cell culture

AGS cells (human gastric epithelial cells) will culture in F12 (GibcoBRL, NY). Ten percent
of de-complement FBS (Hyclone UT, USA) was added in all cultures. Penicillin and streptomycin
(GibcoBRL) were used if needed. In bacteria internalization assay, cell culture medium were not
supplemented with antibiotic reagents.

Bacterial survival assay

To assess the intracellular survival, AGS cells will be infected with H. pylori wild type or
cagA mutant at an MOI of 100:1. One hour after infection, cells will be centrifuged at 350 g for
3 min and supernatant was discarded. Subsequently, cells will be washed twice with PBS,

re-suspended in medium containing 100g/ml gentamicin (Sigma) and seeded at 1 × 106 /ml.
Cells will be lysed 1, 4 or 8 hr after infection. Diluted cell lysates will be plated on Brucella blood
agar plates. Colonies will be counted after 4–5 days. Experiments will be performed at least three
times in duplicates.

Flow cytometry analysis

It remains unclear, however, as to whether ceramide acts as a TLR4 signaling agonist upon H.
pylori infection. Details of the connection between H. pylori-induced ceramide/TLR4 and
cholesterol require further research. To this end, the determination of ceramide and TLR4
expression will be analyzed using flow cytometry. AGS cells were pretreated with imipramine (10
μM) which is an inhibitor for acid sphingomyelinase, MβCD (2.5μM), or lovatatin (10μg/ml) for
1 h, followed by infection with H. pylori at an MOI of 100 for 6 h. The cells were fixed and
stained with anti-ceramide (Sigma-Aldrich) or anti-TLR4 (Santa Cruz), the fluorescence
intensities were then determined by flow cytometry.

Immunofluorescence labeling and confocal microscopy

The localization of cholesterol in H. pylori-infected AGS cells will be visualized by confocal
microscopy. AGS cells were infected with H. pylori (or not infected) at 37°C for 6 h. Cells were
fixed and stained CTX-B, or DAPI to visualize bacteria and the cell nucleus, and then analyzed by
confocal microscopy. The adhered H. pylori (stained with DAPI) co-localized with ceramide and
TLR4 images will obtain using confocal microscopy z-section analysis.

Transient transfection of NF-B reporter gene

To investigate the involvement of cholestrol and ceramide in H. pylori-induced IL-8
activation, the human IL-8 promoter-Luc construct, IL-8/wt containing both AP-1 and NF-κB 
sites, was transfected into AGS cells. Following transfection, the cells were infected with H.
pylori and then subjected to luciferase activity assays. Luciferase activity was normalized to
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transfection efficiency, which was determined by the β-galactosidase activity generated from a
co-transfected β-galactosidase expression vector (Promega).

Cytokine assay

Culture supernatants of H. pylori-infected cells were harvested for IL-8 secretion analysis.
The concentration of IL-8 was determined by enzyme-linked immunosorbent assay (ELISA).
AGS cells were pre-treated with simvastatin, lovastatin, anti-TLR4, or anti-ceramide and then
infected with H. pylori at a MOI of 100 for 24 h. The IL-8 concentration in AGS cell culture
supernatants was determined using a sandwich ELISA kit (R&D systems) according to the
manufacturer's instructions [19].

Small interference RNA

To examine whether recruitment of ceramide, TLR4 and cholesterol integrity were crucial for
H. pylori-induced IL-8 production, AGS cells were pretreated with simvastatin or lovastatin,
which can reduce the concentration of endogenous cholesterol and thereby disrupt the rafts [35],
prior to infection with H. pylori. AGS cells were transfected with TLR4 or control siRNA for 24 h
followed by infection of H. pylori, the IL-8 activity and IL-8 production were analyzed using
luciferase activity assay and ELISA, respectively. For transfection of siRNA, TLR4
(ON-TARGETplus siRNA 7099) and control siRNA (sc-37007) were purchased from Thermo
Fisher Scientific (Lafayette, CO) and Santa Cruz Biotechnology (Santa Cruz, CA), respectively.
AGS cells were transfected with siRNAs (100 nM) using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions.For investigation of ceramide and TLR4, AGS cells
were grown to 90% confluency in 12-well plates and transfected with IL-8/wt reporter construct
using Lipofectamine 2000 (Invitrogen). After 16 h, cells were infected with H. pylori in the

absence or presence of anti-TLR4 or anti-ceramide for 6 h. To prepare total cell lysates, 100 l of
reporter lysis buffer (Promega) was added to each well, and cells were scraped from dishes. An
equal volume of luciferase substrate (Promega) was added to all samples, and luminescence was
measured using a microplate luminometer (Biotek, Winooski, VT). Luciferase activity was
normalized to transfection efficiency, which was determined by the β-galactosidase activity
generated from a co-transfected β-galactosidase expression vector (Promega).

Bacterial colonization assay

To confirm the observation of ceramide and TLR4 are mobilized into membrane rafts in
response to H. pylori infection in gastric epithelial cells, a mice in vivo model system will be
established. Male wild-type C3H/HeN and TLR4-deficient C3H/HeJ mice at ages 6 to 8 weeks
were maintained in the animal center of China Medical University (Taichung, Taiwan). All
procedures were performed according to the “Guide for the Care and Use of Laboratory Animals” 
(NRC, USA) and were approved by the animal experiment committee of China Medical
University. C3H/HeN (n = 20) and C3H/HeJ (n = 20) mice were intragastrically inoculated with H.
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pylori. All mice were maintained under fasting for 24 h before inoculation. Each mouse was
administered 1 × 109 CFU/ml of H. pylori by intragastric gavage for 3 consecutive days. Six hours
after the final inoculation with H. pylori, the mice were fed with standard food and water and
housed for 1 week. On the 7th day after infection, 20 mice in each group were sacrificed, and the
number of H. pylori in their stomachs was determined by plating on Brucella blood agar plates
and expressed as CFU/g tissue.

Statistical analysis

For experimental data analysis, the results were expressed as mean ± SEM and student’s t-test
was used to calculate the statistical significance of the experimental results between two groups; a
p value of <0.05 was considered significant.

E. Anticipated results

The main focus of this grant proposal is to reveal molecular basis of host factors which
involvement in H. pylori-induced inflammatory responses. Using genetic and biochemical
approaches, we expect to gain a clear view of how H. pylori has delicate mechanisms in
regulation of immune responses. Worth mentioning, in this proposal, we will validate this
question by determining H. pylori and autophagy interactions as well as by
identification/characterization of signal molecules in a murine model system. Studies from this
proposal will enhance us to understand the mechanisms of H. pylori regulating innate immune
responses and bacterial pathogenesis in host stomachs.

We plan to sustain and develop a program of international quality sciences, integrating
experimental and theoretical means to cross-field science research. We will address pathogen-cell
interactions at the molecular level. In vivo experiments by these newly developed techniques will
be also performed for the application of studying in this proposal. The molecular mechanisms of
H. pylori manipulates immune responses will subsequently identify in a mouse model system.
Based on our previous results in H. pylori pathogenesis, as well as understanding of clinical
outcomes in H. pylori-related diseases, we are confident in the execution of this proposal.
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