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ABSTRACT

Helicobacter pylori infection is associated with several gastrointestinal diseases, including gastritis,
peptic ulcers, and gastric cancer. Infection of cells with H. pylori is dependent on lipid rafts, which
are cholesterol-rich microdomains located in the cell membrane. H. pylori cholesterol-a-
glucosyltransferase (CGT) catalyzes the conversion of membrane cholesterol to cholesteryl gluco-
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sides, which can be incorporated into the bacterial cell wall, facilitating evasion from immune z;ycxgzgrspylm
defense and colonization in the host. However, the detailed mechanisms underlying this process | jjesterol g|uc05'y|ati0n,.
remain to be explored. In this study, we discovered for the first time that H. pylori CGT could phosphatidylserine;
promote adherence to gastric epithelial cells in a cholesterol-dependent manner. Externalization inflammation

of cell membrane phosphatidylserine (PS) is crucial for enhancement of binding of H. pylori to cells
by CGT and for cytotoxin-associated gene A (CagA)-induced pathogenesis. Furthermore, exogen-
ous cholesterol interferes with the actions of H. pylori CGT to catalyze cellular cholesterol, which
impedes bacterial binding to cells and attenuates subsequent inflammation, indicating that the
initial attachment of H. pylori to cells is closely dependent on host cholesterol. These results
provide evidence that CGT contributes to H. pylori infectivity and it may serve as a key target for
the treatment of H. pylori-associated diseases.

Introduction (BabA) [5] and sialic acid-binding adhesin (SabA) [6],

Helicobacter pylori, a gram-negative microaerophilic bac-
terium, usually colonizes the human stomach. H. pylori
infection is associated with a high incidence of gastroin-
testinal diseases, including gastritis, peptic ulcers, and
gastric cancer [1]. Several important virulence factors
have been found to contribute to H. pylori pathogenesis,
including vacuolating cytotoxin A (VacA) and cytotoxin-
associated gene A (CagA) [2]. VacA is classified as a pore-
forming toxin that possesses the capacity to stimulate
intracellular acidic vacuole formation and disrupt cellular
homeostasis, leading to apoptosis [3]. CagA can be trans-
located by the H. pylori type IV secretion system (TFSS)
upon attachment to cells, causing chronic inflammation
and oncogenesis in gastric epithelial cells [4].

Other adhesion molecules have also been discovered in
H. pylori, such as Le® blood group antigen binding adhesin

which bind to Lewis antigens and gangliosides that are
expressed in human gastric epithelial cells [7,8]. In addition
to adhesion molecules, cholesterol-a-glucosyltransferase
(CGT) has been found to consolidate bacterial colonization
in mouse models [9]. CGT is mainly located on the bacterial
inner membrane and is encoded by hp0421 [10]. H. pylori
takes up host cholesterol, which is then converted into
cholesterol-a-D-glucopyranoside (aCG), which is further
modified to cholesteryl-6-O-tetradecanoyl-a-D-glucopyra
noside (aCAG) and cholesteryl-6-O-phosphatidyl-a-
D-glucopyranoside (a«CPG) [9-13]. The cholesteryl gluco-
sides can be recruited to the H. pylori cell wall, which is
closely associated with immune evasion [9,14].

Lipid rafts are membrane cholesterol-rich microdo-
mains that provide entry portals for many bacterial
pathogens or their virulence factors [15]. Both CagA
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translocation and VacA delivery into host cells follow-
ing H. pylori infection require lipid rafts [16-18].
H. pylori exploits host externalized phosphatidylserine
(PS) for CagA delivery via TFSS and it subsequently
induces pathogenesis [19]. These results are in accor-
dance with the finding that cgt-deficient H. pylori show
a reduced ability to introduce CagA by TFSS [20].
However, detailed information on the relationship
between CGT and membrane PS in response to
H. pylori colonization of host cells is required for
further studies. This study investigated how H. pylori
CGT manipulates cellular cholesterol and membrane
PS, which contribute to the bacterial pathogenesis of
the host. Furthermore, H. pylori CGT-enhanced bacter-
ial adherence could be dampened by the addition of
soluble cholesterol, which elucidated the different stra-
tegies for controlling H. pylori infection in the clinic.

Results
H. pylori CGT promotes bacterial adherence to cells

H. pylori CGT is involved in pathogenesis through
mechanisms such as host colonization [13] and CagA
translocation [20]. H. pylori adherence to cells is the initial
step in the infection of host cells and it is essential for
CagA translocation via TFSS. To investigate whether
H. pylori CGT affects H. pylori attachment to gastric
epithelial cells, we constructed H. pylori isogenic mutants,
including cgt knockout (Acgt), cgt knockin (Acgt-in), and
cgt dead-mutant (E285A) (Fig. S1). AGS cells (human
gastric adenocarcinoma cell line) were infected with
H. pylori WT or isogenic mutants for 6 h, followed by
adhesion and invasion assays. Figure 1a and 1b show that
the adhesion and invasion activities of WT and Acgt-in
cells were much higher than those of Acgt and cgt-dead
mutant strains. These results were also supported by the
results of competition experiment involving co-infection
with WT and Acgt H. pylori (1:1) (Figure 1c), indicating
that CGT-bearing H. pylori is superior in bacterial attach-
ment and internalization to gastric epithelial cells. We
further conducted a time-course analysis of the bacterial
adhesion assay (Figure 1d) and internalization assay
(Figure le). Our results showed that WT H. pylori pos-
sesses higher adherence and intracellular survival than
Acgt in a time-dependent manner. We then investigated
H. pylorilocalization in infected cells using immunofluor-
escence microscopy. As shown in Figure 2, WT H. pylori
adhering to AGS cells was much greater than that of Acgt.
These results demonstrate that CGT promotes H. pylori
adhesion to gastric epithelial cells, thereby contributing to
its internalization by cells.

Disruption of lipid rafts decreases H. pylori
infection of cells

Since lipid rafts play a pivotal role in H. pylori pathogen-
esis in gastric epithelial cells [17], we next explored
whether CGT is involved in this process. AGS cells were
pretreated with a cholesterol-depleting agent, methyl-f-
cyclodextrin (MBCD), prior to infection with WT or Acgt
H. pylori. MBCD pretreatment decreased bacterial adhe-
sion to cells in both the WT and Acgt strains (Figure 3a).
Similarly, the intracellular survival rate was also reduced
in MPCD-pretreated cells (Figure 3b). We then employed
immunofluorescence microscopy to investigate whether
disruption of lipid rafts by MBCD inhibits H. pylori infec-
tion in cells. As shown in Figure 4, raft clustering resulted
from WT H. pylori infection, but not from Acgt. Notably,
the number of WT H. pylori attached to the cell mem-
brane was markedly decreased in MPCD-pretreated cells.
These results demonstrate that both CGT and the integ-
rity of lipid rafts are essential for H. pylori infection.

PS externalization is the consequence of H. pylori
adhesion

H. pylori infection triggers non-apoptotic externalization of
PS, which interacts with CagA, resulting in CagA transloca-
tion [19]. In addition, CGT-bearing H. pylori has been
shown to enhance CagA translocation [20]. Using confocal
microscopy, we further analyzed whether H. pylori CGT
regulates translocation of CagA by altering cellular PS.
Figure 5 shows that Acgt adheres to cells much less than
the WT strain. Externalization of membrane PS during
H. pylori infection was assessed using flow cytometry. As
shown in Figure 6, WT H. pylori triggered more PS exter-
nalization (6.7%) than that resulting from Acgt infection
(1.5%). When cells were pretreated with MPCD followed by
infection with WT H. pylori, a decrease in PS externaliza-
tion occurred compared to that in untreated cells. Although
PS externalization was reduced in MPCD-treated AGS cells
infected with Acgt, there was no significant difference
between the MPCD treatment and the untreated control.
These results indicate that PS externalization is essential for
the CGT-promoted adhesion of H. pylori to cells.

Cholesterol coating of H. pylori inhibits its adhesion
to cells

As CGT-containing H. pylori coated with excessive choles-
terol influences inflammatory signaling [13], we further
tested whether exogenous cholesterol affects CGT-
mediated H. pylori adhesion to cells. Our results showed
that coating H. pylori with water-soluble cholesterol (5 mg/
mL) did not affect the bacterial viability (Fig. S2).
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Figure 1. H. pylori CGT is essential for bacterial adherence to cells. AGS cells were infected with WT, Acgt, Acgt-in, and cgt dead-
mutant H. pylori at a MOI of 50 for 6 h. H. pylori (a) adhesion to and (b) invasion of cells were analyzed and expressed as CFU. (c)
Competition assay involving co-infection with WT and Acgt H. pylori (1:1) was conducted. Cells where viable WT and Acgt H. pylori
both adhered to and invaded, or only invaded were enumerated, and plated onto chloramphenicol (34 ug/ml) supplemented blood
agar plates to select Acgt H. pylori. Cells were infected with H. pylori at a MOI of 100 for 3, 6, and 12 h, and (d) adhesion and (e)

invasion assays were performed. *, P< 0.05.

Treatment of bacteria with exogenous cholesterol markedly
decreased WT adherence to AGS cells compared to that of
non-cholesterol-coated H. pylori (Figure 7a). Similar results
were obtained for the Acgt strain but with less reduction.
When higher concentrations of cholesterol were added
(0.25 and 0.5 mg/mL), a significant decrease in WT
H. pylori adhesion to cells was observed compared with
that in cholesterol-untreated cells (Figure 7b). Additionally,
treatment with water-soluble cholesterol led to remarkable
inhibition of H. pylori CagA translocation/phosphorylation
(Figure 7c-e), NF-xB activation (Fig. S3A), and IL-8 pro-
duction (Fig. S3B). This trend was also observed in the Acgt
strain, but with only a slight effect. The results indicate that
the initial attachment of H. pylori to cells is dependent on

host cholesterol, while exogenous cholesterol competes
with H. pylori CGT actions to catalyze cellular cholesterol,
thereby dampening its binding to cells. Taken together, our
findings demonstrate that CGT contributes to the initial
binding of H. pylori to cells, which is crucial for promoting
subsequent pathogenesis.

Discussion

H. pylori infection exploits PS for CagA translocation
[19] and CGT is involved in this process in a raft-
dependent manner [20]. Although PS externalization
plays a pivotal role in H. pylori CagA translocation,
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Figure 2. Mutation of CGT reduces H. pylori binding to AGS cells. (a) AGS cells were uninfected or infected with WT or Acgt H. pylori
at a MOI of 20 for 6 h. Cells were probed with anti-H. pylori antlbody (red) and stained with DAPI (blue) to visualize cell nuclei. The
stained samples were analyzed using confocal microscopy. Scale bar, 5 um. (b) Total H. pylori were enumerated and divided by the
number of AGS cells in each field. The mean number of bacteria was calculated using three different fields. *, P< 0.05.
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Figure 3. Involvement of lipid rafts in H. pylori infection. (a) AGS cells were untreated or pretreated with 5 mM MBCD for 30 min

followed by infection with WT or Acgt H. pylori at a MOI of 100 for 6 h. H. pylori (A) adhesion to and (b) invasion of cells were
analyzed. *, P< 0.05.
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a) AGS cells were untreated or pretreated with 5 mM MBCD for

30 minutes, followed by H. pylori infection at a MOI of 20 for 6 h. CeIIs were probed with anti-H. pylori antibody (red) and FITC-CTX-B
to visualize GM1 (green), and DAPI (blue) to visualize cell nuclei. The stained samples were analyzed by confocal microscopy. Scale
bar, 5 um. (b) Total number of H. pylori were counted and divided by the number of AGS cells untreated or pretreated with MBCD in
each field. The mean number was calculated using three different fields. *, P< 0.05.
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Figure 5. H. pylori co-localizes with externalized PS. AGS cells were uninfected or infected with H. pylori at a MOI of 20 for 6 h. Cells
were probed with anti-H. pylori antibody (red) or stained with anti-PS antibody (green), and DAPI to visualize cell nuclei (blue). The
stained cells were analyzed by confocal microscopy. Arrows indicated H. pylori attachment to cell membrane and colocalization with

PS. Scale bar, 5 pm.

the effect of CGT on bacterial adherence and inflam-
matory responses remains to be explored. In this study,
we found that H. pylori CGT elicits membrane choles-
terol coalescence, which promotes bacterial adherence
to cells, leading to subsequent pathogenesis. Unveiling
the mechanism of bacterial virulence factors is

particularly crucial, as targeting of key molecules to
treat H. pylori-associated diseases has been proposed.
H. pylori CGT converts cholesterol into cholesterol-a-
D-glucopyranoside (aCG), cholesteryl-6'-a-O-tetradecano
yl-a-D-glucopyranoside («CAG), and cholesteryl-6-a-O-
phosphatidyl-a-D-glucopyranoside (aCPG), which are
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Figure 6. H. pylori CGT triggers membrane PS externalization. (a) AGS cells were untreated or pretreated with 5 mM MBCD for
30 min, followed by infection with WT or Acgt H. pylori at a MOI of 100 for 6 h. The cells were probed with anti-PS antibody, and
analyzed via flow cytometry. Cells were treated with H,O, (10 or 20 mM) for 4 h as a positive control. (b) The level of membrane PS

externalization was determined.

categorized as cholesteryl glucosides [10]. Glucoside deri-
vatives have been shown to generate anti-inflammatory
responses [21-24]. Notably, H. pylori utilizes cholesteryl
glucosides catalyzed by CGT to evade the host immune
system, which is beneficial for its survival in host cells
[9,25]. Furthermore, cholesterol glucosylation by H. pylori
is crucial for the manipulation of autophagy to delay the
macrophage clearance of bacteria [26]. A recent study
reported that cholesteryl a-D-glucopyranoside acyltrans-
ferase and CGT are packaged in outer membrane vesicles
and delivered to host cells, followed by gathering raft-
associated molecules, to enhance bacterial attachment to
cells [27]. The present study further showed that CGT in
H. pylori not only enhanced its adherence ability, but also
increased its intracellular survival in gastric epithelial cells.
In addition, H. pylori itself expresses flotillin-like protein
and Lewis antigens that serve as an immune mimicry to the
host, providing an alternative way to evade host immune
surveillance [14,28,29]. Together with previous findings,
our current study reveals that the mechanisms underlying
H. pylori infection involve action of CGT to orchestrate
immune defense via cholesterol glucosylation, resulting in
successful host survival.

H. pylori is much more likely to induce host patho-
genesis by utilizing CGT to sense cholesterol-rich
regions such as membrane lipid rafts, which mediate
many responses during H. pylori infection [9].

However, a recent study indicated that H. pylori coated
with excess cholesterol prior to infection failed to block
the IFNy-mediated inflammatory pathway [13]. In our
study, treatment of CGT-bearing H. pylori with water-
soluble cholesterol showed a decrease in its adherence
to AGS cells when compared to that of H. pylori not
coated with cholesterol. The binding of H. pylori to
cells is largely dependent on host cholesterol, while
exogenous cholesterol-coated H. pylori competes with
CGT to modify host cholesterol to generate cholesteryl
glucosides, resulting in decreased bacterial adhesion to
cells. These results indicate that the source of choles-
terol is important for H. pylori CGT functions, which
contributes to the initial binding of bacteria to cells and
subsequent pathogenesis.

Several molecules have been found in membrane
lipid rafts that are involved in the adhesion of
H. pylori to cells, including PAR1/MARK, Lewis anti-
gens, and integrin a5p1 [30,31]. Depletion of choles-
terol affects membrane composition, which has an
indirect effect on the ability of H. pylori to adhere to
cells. This phenomenon motivated us to further inves-
tigate whether a mutation of CGT in H. pylori could
exert a direct inhibitory effect on bacterial adhesion to
cells. CGT catalyzes the conversion of cholesterol to
cholesteryl glucosides, which are then incorporated
into the bacterial cell wall, and Acgt cannot catalyze
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Figure 7. Exogenous cholesterol coating of H. pylori decreases its adhesion to cells. (a) H. pylori were untreated or pretreated with
water-soluble cholesterol (5 mg/ml) for 1 h before infection. AGS cells pretreated with 5 mM MBCD for 30 min were then infected
with WT or Acgt H. pylori at a MOI of 100 for 6 h. Viable H. pylori that had either adhered to or invaded AGS cells were analyzed. (b)
AGS cells were infected with WT or Acgt H. pylori at MOl of 100 for 6 h that were untreated or pretreated with water-soluble
cholesterol (0.25 and 0.5 mg/ml) for 1 h prior to infection. Viable H. pylori that had either adhered to or invaded AGS cells were
analyzed. (c) AGS cells were infected with WT or Acgt H. pylori at MOI of 100 for 6 h. H. pylori were pretreated with water-soluble
cholesterol (5 mg/ml) for 1 h before infection. The levels of CagA translocation and phosphorylation were assessed using a western
blot assay. B-actin was an internal control and relative protein levels were normalized to those in the uninfected group. (d) CagA
phosphorylation and (e) translocation were compared between each condition and expressed as fold changes. *, P< 0.05.

this conversion [9]. Our results showed that without
MPBCD treatment, Acgt significantly decreased the bind-
ing of H. pylori to cells compared with that of the wild-
type strain. These results excluded the effects of MBCD
on membrane proteins and demonstrated that the
abrogation of cholesterol glucosylation reduces the abil-
ity of H. pylori to adhere to cells. Our findings are
supported by previous studies showing that the depen-
dence on cholesterol is quite important [32,33]. This is
because Acgt is unable to glucosylate cholesterol, lead-
ing to decreased colonization in murine models [13].
Bacterial virulence factors employing membrane
cholesterol microdomains to gain access to host cells
have been reported previously [34-36]. Cholesterol

usurping/depleting agents have been used to alleviate
infectious diseases by preventing microbial entry into
host cells [37]. For instance, cholesterol-lowering
agents (i.e., statins) potentially attenuate pathogen
infectivity [38-41]. Another cholesterol-depleting
agent, MBCD, is commonly employed to reduce micro-
bial adherence to the host cell membrane [36,42,43].
Our previous studies demonstrated that statin use sig-
nificantly reduced the incidence of H. pylori-related
diseases [41,44,45]. Moreover, hijacking cholesterol by
antagonists competed for VacA and CagA actions via
lipid rafts alleviated H. pylori-induced pathogenesis
[46]. Consistent with these findings, the present study
showed that depletion of cholesterol interferes with
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H. pylori adherence and internalization into cells,
which depends on CGT. These lines of evidence suggest
that pharmaceutical targeting of lipid rafts should be
developed to treat H. pylori infection.

Although the in vitro cell models have demonstrated
that CGT contributes to H. pylori adherence to gastric
epithelial cells, some limitations exist in the present
study. For example, only the AGS cell line was used
as a cell-based assay platform. Although AGS cells have
been well studied in the H. pylori infection models,
more gastric cell lines should be considered to validate
the findings. In addition, the direct linkage between
cholesterol, CGT, and H. pylori infectivity using long-
term animal or in vivo studies deserves further
investigations.

In summary, this study demonstrates that H. pylori
CGT drives cholesterol glucosylation, which is pivotal
for the exploitation of lipid rafts as a foothold in its
initial attachment to cells. Moreover, membrane PS
externalization is essential for CGT-promoting
H. pylori adhesion to cells, followed by CagA transloca-
tion and phosphorylation (Figure 8). The results further
show that exogenous cholesterol competes with CGT
actions in modifying cellular cholesterol, which
decreases bacterial adherence and inflammation of
cells. Exploring the mechanism of how CGT contri-
butes to H. pylori infectivity might provide an oppor-
tunity to develop new agents to alleviate its
pathogenesis.

Materials and methods
Cell culture

AGS cells (ATCC CRL-1739) were cultured in F12
medium (Thermo Fisher Scientific, Waltham, MA,
USA) containing 10% fetal bovine serum (Hyclone,
Logan, UT, USA). Antibiotics were not added to the
cell culture medium in the H. pylori-infected assay.
Cells were cultured at 37°C in a 5% CO, atmosphere.

Bacterial culture

H. pylori 26,695 (ATCC 700392) wild-type (WT), cgt
knockout (Acgt), cgt knockin (Acgt-in), and cgt dead-
mutant (E285A) strains were constructed (Fig. S1).
Each isogenic mutant H. pylori was generated by the
insertion of an antibiotic resistance cassette via allelic
replacement, as described previously [26]. H. pylori
wild-type and isogenic mutants were routinely cultured
on blood agar plates (Brucella agar with 10% defibri-
nated sheep blood) and incubated in a microaerophilic
environment (10% CO,, 5% O,, 85% N,) at 37°C.

Gentamycin protection assay

AGS cells (2 x 10°) were seeded in 12-well plates and
cultured for 16 h. The cells were treated with 5 mM
methyl-p-cyclodextrin (MBCD) (Sigma-Aldrich, St. Louis,
MO, USA) for 30 min, followed by infection with H. pylori

Gastric lumen

m Lipid rafts

R Phosphatidylserine (PS)

4

l Cholesterol

Cholesterol chemotaxis @

!
\ /

Gastric lumen

Gastric epithelial cells

Inflammation

CagA w—

Gastric epithelial cells P) Gastric epithelial cells

Figure 8. Hypothesized model depicts that CGT is crucial for H. pylori adhesion to gastric epithelial cells and subsequent
pathogenesis. (1) WT (cgt*) H. pylori utilizes cholesterol to adhere to cholesterol-rich microdomains in cell membrane. (2) H. pylori
coalesces lipid rafts, then (3) triggers non-apoptotic PS externalization to (4) enhance CagA translocation via TFSS, leading to

inflammation and pathogenesis of host cells.



strains (WT, Acgt, and E285A) at an MOI of 100 for 3, 6,
and 12 h. The infected cells were washed with PBS prior to
incubation with 100 pg/mL gentamycin (Sigma-Aldrich)
for 90 min. The cells were then lysed using sterile water.
The cell lysate was serially diluted onto blood agar plates
and incubated for 5 days. Viable H. pylori were counted
and indicated as colony-forming units (CFUs).

Immunofluorescence staining and confocal
microscopic analysis

AGS cells (2 x 10°) were seeded in 6-well plates and
cultured for 16 h. The cells were treated with 5 mM
MBCD for 30 min prior to H. pylori infection at an
MOI of 20 for 6 h. Then, the cells were fixed with 1%
paraformaldehyde (Alfa Aesar, Haverhill, MA, USA) for
1 h, permeabilized with 0.1% Triton X-100 for 30 min,
and blocked with 1% FBS for 1 h. The cells were probed
with an anti-H. pylori antibody (Bio-Techne,
Minneapolis, MN, USA) and anti-phosphatidylserine
antibodies (MERCK, Darmstadt, Germany), respectively.
The nuclei and membrane lipid rafts were stained with
4',6-diamidino-2-phenylindole (DAPI) and fluorescein
isothiocyanate-conjugated cholera toxin subunit B (FITC-
CTX-B) (Invitrogen, Carlsbad, CA, USA). The fluorescent
signals were analyzed using a confocal laser scanning
microscope (LSM780, Carl Zeiss, Oberkochen, Germany).

Flow cytometry

AGS cells (2 x 10°) were seeded in 6-cm plates and cultured
for 16 h. The cells were treated with 5 mM MBCD for
30 min, followed by WT or Acgt H. pylori infection at an
MOI of 100 for 6 h. The infected cells were washed with
PBS and probed with an anti-phosphatidylserine antibody
at room temperature for 1 h. The cells were incubated with
FITC-conjugated goat anti-mouse IgG1 antibody at room
temperature for 30 min. The stained cells were determined
using a FACSCalibur™ flow cytometer (Becton, Dickinson
and Company, Franklin Lakes, NJ, USA) and analyzed
using the Cell Quest software WinMDI (Verity Software
House, Topsham, ME, USA).

Western blot assay

H. pylori were pretreated with water-soluble cholesterol
(5 mg/mL) for 1 h prior to infection. AGS cells were
treated with 5 mM MPBCD for 30 min, followed by infec-
tion with WT or Acgt H. pylori at an MOI of 100 for 6 h.
H. pylori-infected cells were analyzed by 6% SDS-PAGE
followed by transfer onto polyvinylidene difluoride mem-
branes (Millipore, Burlington, MA, USA). The mem-
branes were blocked with 5% skim milk for 1 h prior to
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incubation with the primary antibody at 4°C overnight.
The membrane was then incubated with a horseradish
peroxidase-conjugated secondary antibody (Millipore).
Protein expression levels were analyzed using ECL
Western Blotting Detection Reagents (GE Healthcare,
Chicago, IL, USA) and analyzed using the Azure 400
system and AzureSpot Analysis Software (Azure
Biosystems, Dublin, CA, USA).

Statistical analysis

Experimental results are expressed as the mean + stan-
dard deviation of independent triplicate experiments.
Student’s t-test was used to calculate the statistical sig-
nificance of differences between the two groups.
Differences were considered significant at P< 0.05.
Statistical analysis was performed using Prism6
(Graph Pad, San Diego, CA, USA).

Acknowledgments

The authors would like to thank the editor and reviewers for
their editorial assistance and their valuable comments. The
authors sincerely thank the valuable suggestions from Professor
Wen-Ching Wang (National Tsing Hua University, Taiwan) and
the assistance of confocal microscopy analysis (Microscope
Center, Chang Gung University, Taoyuan, Taiwan).

Author contributions

Conception or design of this work: C-Y.H., C-H.C,, and C-H.
L.

Experimental study: C-Y.H., J-Y.Y., C-Y.C,, and H-Y.W.
Confocal microscopy: M-H.C., C-L.W.

Data analysis and interpretation: C-Y.H., J-Y.Y,, C-Y.C,, H-Y.
W., M-H.C,, C-LW.

Writing of the manuscript: C-Y.H., H-J.L., C-H.C., and C-H.
L.

Final approval: all authors.

Data availability statement

The authors confirm that the data supporting the findings of
this study are available within the article and its supplemen-
tary materials. https://doi.org/10.1080/21505594.2021.
1969171

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was funded by the Ministry of Science and
Technology  (109-2320-B-182-025-MY3 and 109-2320-
B-182-029-MY3), Chang Gung Memorial Hospital


https://doi.org/10.1080/21505594.2021.1969171
https://doi.org/10.1080/21505594.2021.1969171

2350

(&) C-Y.HSUETAL

(CMRPD110061-3, CMRPD1J0021-3, CMRPD1K0361, and
BMRPE90), Taichung Veterans General Hospital Chiayi

Branch

(RVHCY110004 and RVHCY110006), and

Tomorrow Medical Foundation; Chang Gung Memorial

Hospital,

Linkou [CMRPDI110061-3, CMRPD1J0021-3,

CMRPD1KO0361, and BMRPE90]; Ministry of Science and
Technology, Taiwan [109-2320-B-182-025-MY3 and 109-
2320-B-182-029-MY3].

References

(1]
(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

Crowe SE, Solomon CG. Helicobacter pylori Infection.
N Engl ] Med. 2019;380(12):1158-1165.

Backert S, Neddermann M, Maubach G, et al
Pathogenesis of  Helicobacter  pylori  infection.
Helicobacter. 2016;21(Suppl 1):19-25.

Foegeding NJ, Caston RR, McClain MS, et al. An
Overview of Helicobacter pylori VacA Toxin Biology.
Toxins (Basel). 2016;8(6):173.

Wen S, Moss SF. Helicobacter pylori virulence factors
in gastric carcinogenesis. Cancer Lett. 2009;282(1):1-8.
Gerhard M, Lehn N, Neumayer N, et al. Clinical rele-
vance of the Helicobacter pylori gene for blood-group
antigen-binding adhesin. Proc Natl Acad Sci U S A.
1999;96(22):12778-12783.

Mahdavi ], Sonden B, Hurtig M, et al. Helicobacter
pylori SabA adhesin in persistent infection and chronic
inflammation. Science. 2002;297(5581):573-578.
Benktander J, Barone A, Johansson MM, et al.
Helicobacter pylori SabA binding gangliosides of
human stomach. Virulence. 2018;9(1):738-751.
Quintana-Hayashi MP, Rocha R, Padra M, et al. BabA-
mediated adherence of pediatric ulcerogenic H. pylori
strains to gastric mucins at neutral and acidic pH.
Virulence. 2018;9(1):1699-1717.

Wunder C, Churin Y, Winau F, et al. Cholesterol gluco-
sylation promotes immune evasion by Helicobacter
pylori. Nature Med. 2006;12(9):1030-1038.

Lebrun AH, Wunder C, Hildebrand J, et al. Cloning of a
cholesterol-alpha-glucosyltransferase from Helicobacter
pylori. ] Biol Chem. 2006;281(38):27765-27772.

Hirai Y, Haque M, Yoshida T, et al. Unique cholesteryl
glucosides in Helicobacter pylori: composition and struc-
tural analysis. ] Bacteriol. 1995;177(18):5327-5333.
Hoshino H, Tsuchida A, Kametani K, et al. Membrane-
associated activation of cholesterol
alpha-glucosyltransferase, an enzyme responsible for
biosynthesis of cholesteryl-alpha-D-glucopyranoside
in Helicobacter pylori critical for its survival
J Histochem Cytochem. 2011;59(1):98-105.

Morey P, Pfannkuch L, Pang E, et al. Helicobacter
pylori depletes cholesterol in gastric glands to prevent
interferon gamma signaling and escape the inflamma-
tory response. Gastroenterology. 2018;154(5):1391-
1404 €1399.

Sit WY, Chen YA, Chen YL, et al. Cellular evasion
strategies of Helicobacter pylori in regulating its intra-
cellular fate. Semin Cell Dev Biol. 2020;101:59-67.
Chatterjee R, Chowdhury AR, Mukherjee D, et al
Lipid larceny: channelizing host lipids for establishing

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

successful pathogenesis by bacteria. Virulence. 2021;12
(1):195-216.

Nakayama M, Hisatsune ], Yamasaki E, et al
Clustering of Helicobacter pylori VacA in lipid rafts,
mediated by its receptor, receptor-like protein tyrosine
phosphatase beta, is required for intoxication in
AZ-521 Cells. Infect Immun. 2006;74(12):6571-6580.
Lai CH, Chang YC, Du SY, et al. Cholesterol depletion
reduces Helicobacter pylori CagA translocation and
CagA-induced responses in AGS cells. Infect Immun.
2008;76(7):3293-3303.

Lai CH, Wang HJ, Chang YC, et al. Helicobacter pylori
CagA-mediated IL-8 induction in gastric epithelial cells
is cholesterol-dependent and requires the C-terminal
tyrosine phosphorylation-containing domain. FEMS
Microbiol Lett. 2011;323(2):155-163.

Murata-Kamiya N, Kikuchi K, Hayashi T, et al
Helicobacter pylori exploits host membrane phosphati-
dylserine for delivery, localization, and pathophysiolo-
gical action of the CagA oncoprotein. Cell Host
Microbe. 2010;7(5):399—411.

Wang H]J, Cheng WC, Cheng HH, et al. Helicobacter
pylori cholesteryl glucosides interfere with host mem-
brane phase and affect type IV secretion system func-
tion during infection in AGS cells. Mol Microbiol.
2012;83(1):67-84.

Min SW, Ryu SN, Kim DH. Anti-inflammatory effects
of black rice, cyanidin-3-O-beta-D-glycoside, and its
metabolites, cyanidin and protocatechuic acid.
Int Immunopharmacol. 2010;10(8):959-966.

Choi JN, Choi YH, Lee JM, et al. Anti-inflammatory
effects of beta-sitosterol-beta-D-glucoside  from
Trachelospermum  jasminoides  (Apocynaceae) in
lipopolysaccharide-stimulated RAW 264.7 murine
macrophages. Nat Prod Res. 2012;26(24):2340-2343.
Cho YH, Kim NH, Khan I, et al. Anti-inflammatory
potential  of  Quercetin-3-O-beta-D-(“2”-galloyl)-
glucopyranoside and Quercetin  isolated from
Diospyros kaki calyx via suppression of MAP signaling
molecules in LPS-induced RAW 264.7 macrophages.
J Food Sci. 2016;81(10):C2447-C2456.

Amini AM, Muzs K, Spencer JP, et al. Pelargonidin-
3-O-glucoside and its metabolites have modest
anti-inflammatory effects in human whole blood
cultures. Nutr Res. 2017;46(1):88-95.

Du SY, Wang HJ, Cheng HH, et al. Cholesterol gluco-
sylation by Helicobacter pylori delays internalization
and arrests phagosome maturation in macrophages.
] Microbiol Immunol Infect. 2016;49(5):636-645.

Lai CH, Huang JC, Cheng HH, et al. Helicobacter pylori
cholesterol glucosylation modulates autophagy for
increasing intracellular survival in macrophages. Cell
Microbiol. 2018;20(12):e12947.

Jan HM, Chen YC, Yang TC, et al. Cholesteryl
alpha-D-glucoside 6-acyltransferase enhances the adhe-
sion of Helicobacter pylori to gastric epithelium.
Commun Biol. 2020;3(1):121.

Hildebrandt E, McGee D]. Helicobacter pylori lipopo-
lysaccharide modification, Lewis antigen expression,
and gastric colonization are cholesterol-dependent.
BMC Microbiol. 2009;9(1):258.


CHIH-HO LAI
螢光標示


(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

Hutton ML, D’Costa K, Rossiter AE, et al
A Helicobacter pylori Homolog of Eukaryotic Flotillin
Is Involved in Cholesterol Accumulation, Epithelial
Cell Responses and Host Colonization. Front Cell
Infect Microbiol. 2017;7(1):219.

Saadat I, Higashi H, Obuse C, et al. Helicobacter pylori
CagA targets PARI/MARK kinase to disrupt epithelial
cell polarity. Nature. 2007;447(7142):330-333.

Kwok T, Zabler D, Urman S, et al. Helicobacter exploits
integrin for type IV secretion and kinase activation.
Nature. 2007;449(7164):862-866.

McGee DJ, George AE, Trainor EA, et al. Cholesterol
enhances Helicobacter pylori resistance to antibiotics
and LL-37. Antimicrob Agents Chemother. 2011;55
(6):2897-2904.

Correia M, Casal S, Vinagre J, et al. Helicobacter
pylori’s cholesterol uptake impacts resistance to docosahex-
aenoic acid. Int ] Med Microbiol. 2014;304(3-4):314-320.
Wang M, Hajishengallis G. Lipid raft-dependent
uptake, signalling and intracellular fate of
Porphyromonas gingivalis in mouse macrophages. Cell
Microbiol. 2008;10(10):2029-2042.

Frisan T. Bacterial genotoxins: the long journey to the
nucleus of mammalian cells. Biochim Biophys Acta.
2016;1858(3):567-575.

Chen Y, Huang K, Chen LK, et al. Membrane choles-
terol is crucial for Clostridium difficile surface layer
protein binding and triggering inflaimmasome
activation. Front Immunol. 2020;11(1):1675.

Gagliardi MC, Iwabuchi K, Lai CH. Editorial: role of
lipid rafts in anti-microbial immune response. Front
Immunol. 2021;12(1):654776.

Boyd AR, Hinojosa CA, Rodriguez PJ, et al. Impact of
oral simvastatin therapy on acute lung injury in mice

(39]

(40]

(41]

(42]

(43]

(44]

(45]

(46]

VIRULENCE (&) 2351

during pneumococcal pneumonia. BMC Microbiol.
2012;12(1):73.

Motzkus-Feagans CA, Pakyz A, Polk R, et al. Statin use
and the risk of Clostridium difficile in academic med-
ical centres. Gut. 2012;61(11):1538-1542.

Skerry C, Pinn ML, Bruiners N, et al. Simvastatin
increases the in vivo activity of the first-line tubercu-
losis regimen. ] Antimicrob Chemother. 2014;69
(9):2453-2457.

Liao WC, Huang MZ, Wang ML, et al. Statin decreases
Helicobacter pylori burden in macrophages by promot-
ing autophagy. Front Cell Infect Microbiol. 2017;6
(1):203.

Guo H, Huang M, Yuan Q, et al. The important role
of lipid raft-mediated attachment in the infection of
cultured cells by coronavirus infectious bronchitis
virus beaudette strain. PLoS One. 2017;12(1):
e0170123.

Owczarek K, Szczepanski A, Milewska A, et al. Early
events during human coronavirus OC43 entry to the
cell. Sci Rep. 2018;8(1):1-12.

Lin CJ, Liao WC, Lin HJ, et al. Statins Attenuate
Helicobacter pylori CagA Translocation and Reduce
Incidence of Gastric Cancer: in Vitro and
Population-Based Case-Control Studies. PLoS One.
2016;11(1):e0146432.

Lin CJ, Liao WC, Chen YA, et al. Statin therapy is
associated with reduced risk of peptic ulcer disease in
the Taiwanese population. Front Pharmacol. 2017;8
(1):210.

Yeh JY, Lin HJ, Kuo CJ, et al. Campylobacter jejuni
cytolethal distending toxin C exploits lipid rafts to
mitigate Helicobacter pylori-induced pathogenesis.
Front Cell Dev Biol. 2021;8(1):617419.



	Abstract
	Introduction
	Results
	H.pylori CGT promotes bacterial adherence to cells
	Disruption of lipid rafts decreases H.pylori infection of cells
	PS externalization is the consequence of H.pylori adhesion
	Cholesterol coating of H.pylori inhibits its adhesion to cells

	Discussion
	Materials and methods
	Cell culture
	Bacterial culture
	Gentamycin protection assay
	Immunofluorescence staining and confocal microscopic analysis
	Flow cytometry
	Western blot assay
	Statistical analysis

	Acknowledgments
	Author contributions
	Data availability statement
	Disclosure statement
	Funding
	References



