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Helicobacter pylori is a Gram-negative, spiral-shaped bacterium that infects more than 50% of the human
population and can cause gastritis, peptic ulcer, or gastric malignancies. It is generally viewed as an extra-
cellular microorganism. In a gentamicin protection assay on AGS or MKN4S5 cells, H. pylori could invade the
epithelial cells and multiply within double-layer vesicles either on the plasma membrane or in the cytoplasm.
A 5-fold increase in the number of bacteria was recultured from the infected cells at 12 h, compared with the
number of invading cells at 2.5 h postinfection. The autophagic vesicles induced by H. pylori are the sites of
replication and also of the degradation of the replicating bacteria after fusion with lysosomes. Many H. pylori
bacteria in coccoid form associated with the plasma membrane can be released into culture. Only cell-
penetrating antibiotics can enhance the intracellular killing of the replicating bacteria. The multiplication of
H. pylori within cells provides a niche for its resistance to antibacterial therapy and has a significant impact

on its biological life cycle.

Helicobacter pylori is a Gram-negative, flagellated, mi-
croaerophilic bacterium that selectively colonizes the gastric
mucosa. It infects people worldwide and is correlated with
socioeconomic conditions (24). The prevalence among middle-
aged adults is over 80% in many developing countries. Overt
disease, however, occurs in only 10 to 20% of infected individ-
uals. The most common pathology associated with H. pylori
infection is chronic active gastritis and peptic ulceration. A
long-term chronic infection will increase the risk of gastric
adenocarcinoma and mucosa-associated lymphoid-tissue lym-
phoma (19). Gastric mucosa is well protected against bacterial
infections. However, H. pylori adapts and resides in the mucus
and achieves attachment to epithelial cells, evasion of the im-
mune responses, and persistent colonization in the stomach. It
is not well understood why the immune system fails to clear H.
pylori infection. Furthermore, the mechanisms controlling the
induction and maintenance of the H. pylori-induced chronic
inflammation are only partly understood.

Although H. pylori is generally viewed as a noninvasive
pathogen, a number of in vivo and in vitro studies have shown
that H. pylori is invasive, and it can reside in the vacuole in the
cytoplasm or even replicate on the cell membrane to form a
microcolony (2, 11, 25). This suggests that H. pylori can be
considered a facultative intracellular organism (6, 20). We
have reported that H. pylori can multiply in macrophages and
bone marrow-derived dendritic cells with autophagy induction
(27, 28). In this study, we further extended this line of research
to epithelial cells and found that H. pylori could invade and
replicate in epithelial cells. Thus, H. pylori can be considered
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an intracellular microorganism, and this has an impact on its
own biological life cycle and its resistance to antibiotics.

MATERIALS AND METHODS

Bacterial strains and culture. The H. pylori clinical isolates (HP238, HP917,
HP1076, and HP1024) were obtained from the Department of Pathology, Na-
tional Cheng Kung University Hospital. The babA, cagA, and vacA mutant
strains derived from HP238 were used as previously described (26). ATCC 43504
and J99 were obtained from the American Type Culture Collection (ATCC). H.
pylori bacteria were grown on CDC anaerobe 5% sheep blood agar plates (BBL,
Becton-Dickinson) under microaerophilic conditions (5% O,, 10% CO,, 85%
N,) in 85% humidity in a NuAire incubator (Plymouth, MN) at 37°C. Fresh
plates were started from glycerol stocks and subcultured every 48 h.

Gentamicin protection assay. AGS cells (human gastric adenocarcinoma ep-
ithelial cell line) were seeded to give 7 X 10* cells in F12 medium supplemented
with 10% fetal bovine serum (FBS) per well in 12-well tissue culture plates.
MKN45 cells were cultured in RPMI 1640 medium with 10% FBS. The plates
were incubated at 37°C in 5% CO, for 15 h. AGS cells were pulsed with the
bacterial strains at a multiplicity of infection (MOT) of 50 at 37°C for 1 h and then
washed two times and treated with 150 pg/ml gentamicin for 1.5 h to kill
extracellular bacteria. The infected cells were washed two times and then incu-
bated with gentamicin-containing (25 wg/ml) medium before the samples were
harvested. After AGS cells were coincubated with H. pylori for 2.5, 6, 12, and 24 h
postinfection (p.i.), the cells were lysed with 1 ml of 0.01% saponin in Dulbecco’s
phosphate-buffered saline (DPBS) and then plated on CDC plates with serial
dilutions to determine the number of viable bacteria. Colonies were grown and
counted after 6 days of culture.

Intracellular susceptibility to antibiotics. Confluent AGS cell monolayers in
12-well tissue culture plates (7 X 10* cells/well) were pulsed with the bacterial
strains at an MOI of 50 at 37°C for 1 h. After extracellular bacteria were killed
by gentamicin, each antibiotic (clarithromycin, metronidazole, and amoxicillin)
was added at a concentration corresponding to different multiples of the MIC.
AGS cells were lysed with 1 ml of 0.01% saponin (in DPBS) at different times
(2.5, 6, 12, or 24 h) p.i. and then plated on CDC plates with serial dilutions to
determine the number of viable bacteria. Colonies were grown and counted after
6 days of culture. A clarithromycin MIC of >1 wg/ml and a metronidazole MIC
of >8 pg/ml are considered to indicate antibiotic resistance.

Flow assay. AGS cells were infected with the H. pylori at an MOI of 25 at 37°C
for 1 h. After extracellular bacteria were killed by gentamicin, the infected cells
were cultured in gentamicin-containing (25 pg/ml) or gentamicin-free medium
beginning at 5.5 h. The infected cells were harvested at different times postin-
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fection, and plasma membrane-associated H. pylori bacteria were stained with
rabbit anti-H. pylori antibody (Dako) on ice for 30 min and then washed with
washing buffer. The secondary antibodies used were fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit antibody on ice for 30 min. The percentage
of H. pylori bacteria on the plasma membrane was analyzed by a FACSCalibur
flow cytometry system.

Immunofluorescence confocal microscopy. AGS cells (3 X 10° cells) were
seeded on coverslips in 24-well plates and incubated for 20 h. AGS cells were
infected with H. pylori at an MOI of 50 at 37°C for 1 h. The infected cells
were harvested at different times postinfection and fixed with 3% paraformal-
dehyde, pH 7.4, at room temperature for 10 min and then washed with phos-
phate-buffered saline three times. The primary antibodies used were rabbit
anti-H. pylori antibody (ABR), mouse anti-H. pylori lipopolysaccharide ([LPS]
Santa Cruz), rabbit anti-light chain 3 (LC3)-II antibody (Abgent), mouse anti-
lysosome-associated membrane glycoprotein 1 ([LAMP1] (BD Pharmingen),
and goat anti-human early endosome antigen 1 (EEAT1) antibody (Santa Cruz).
The secondary antibodies used were FITC-conjugated goat anti-rabbit, tetra-
methyl rhodamine isothiocyanate (TRITC)-conjugated goat anti-rabbit, Alexa
Fluor 488-conjugated goat anti-mouse, and Alexa Fluor 488-conjugated donkey
anti-goat antibody. Samples were observed on an Olympus FV1000 confocal
microscope for image acquisition.

Western blot analysis. The cells were harvested at different times postinfection
and lysed in lysis buffer (25 mM Tris, 137 mM NaCl, 10% [vol/vol] glycerol, 0.5%
[wt/vol] sodium deoxycholate, 2 mM EDTA) containing protease inhibitors (1
mM phenylmethylsulfonyl fluoride, 30 wg/ml aprotinin, 1 mM sodium orthovana-
date). Lysates were clarified by pipetting and vortexing at 4°C for 30 min.
Insoluble material was removed by centrifugation at 12,000 rpm. Protein con-
centrations were determined by a Bio-Rad protein detection kit. Equal amounts
of protein were loaded on a 12% SDS-PAGE gel and transferred to nitrocellu-
lose membrane. Anti-Beclin 1 (Santa Cruz, CA), BNIP3 (BD Pharmingen), p62
(Abgent), and LC3-II (Abgent) antibodies were used to detect protein expres-
sion patterns. After incubation with peroxidase-conjugated secondary antibodies,
the blots were visualized by enhancing chemiluminescence reagents (Perkin
Elmer Life Sciences, Boston, MA).

Transmission electron microscopic examination. For ultrastructural analysis,
H. pylori-infected cells at different time points were fixed with 4% glutaraldehyde
and postfixed in 1% OsO,. The cells were observed with transmission electron
microscopy (Hitachi 7000; Japan).

RESULTS

The replication of H. pylori in epithelial cells. The epithelial
cell line AGS was infected with H. pylori HP238 in a gentami-
cin protection assay. At various times postinfection (p.i.), AGS
cells were collected and lysed, and viable H. pylori bacteria
were recultured and plate counted on a CDC plate. The num-
ber of CFU of H. pylori represents the viable number of bac-
teria in the cells. As shown in Fig. 1a, the number of CFU at
2.5 h p.. represents the amount of H. pylori that invades the
AGS cells. This number increased gradually from 6 h to 12 h
p.i., with a 5-fold increase in the number of CFU recultured
from the infected cells at 12 h p.i. This indicates that the
invading H. pylori can replicate in cells. The amount of viable
H. pylori bacteria then decreased at 24 h p.i., and no viable H.
pylori bacteria could be recovered at 36 h p.i., suggesting that
they were gradually cleared in the infected AGS cells. Genta-
micin is present throughout the culture period, so the viable H.
pylori we detected can come only from the pelleted AGS cells,
not from the culture supernatant. The increase in viable bac-
terial numbers between 2.5 h and 12 h p.i. therefore indicates
that H. pylori can replicate in cells.

We used another epithelial cell line, MKN45, to verify that
the intracellular replication of H. pylori is a common phenom-
enon. HP238 can also replicate in MKN cells (Fig. 1a). The
capability of H. pylori to multiply in epithelial cells is not
restricted to the HP238 Taiwanese isolate because other clin-
ical isolates such as HP917 or even standard strains of ATCC
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43504 or J99 can also replicate in AGS cells. On the other
hand, HP1076 or HP1024 was not found to replicate (Fig. 1b).
Furthermore, the ability to replicate within epithelial cells is
not affected by the mutation of cag4 because the cag4 mutant
is still found to multiply in epithelial cells (Fig. 1c). However,
in comparison with the wild type, the cag4 and babA mutants
are cleared more quickly at 12 or 24 h p.i., suggesting that cag4
and babA might participate in the survival within the cells. The
vacA mutant invades cells more efficiently than the wild type.

Localization of H. pylori in infected AGS cells. The replicat-
ing site of H. pylori was further determined. As shown in Fig.
2a, the invading H. pylori bacteria not killed by gentamicin
were first localized on the periplasmic membrane at 2.5 h p.i.
and then gradually moved into the cytoplasm as the infection
proceeded. The numbers of bacteria increased, as revealed by
anti-H. pylori antibody staining or tiny DAPI (4',6’-diamidino-
2-phenylindole)-staining bacterial dots, indicating that the bac-
teria are multiplying as well as moving from the membrane into
the cytoplasm between 6 and 12 h p.i. Phase-contrast micros-
copy was used to define the boundary of the cell membrane. At
2.5 h to 12 h p.i. many H. pylori bacteria were plasma mem-
brane-associated. But at 12 h p.i., more H. pylori bacteria were
found to locate in the cytoplasm. The internalization of H.
pylori in AGS cells was further characterized by the early en-
dosomal marker EEA1 and lysosome marker LAMP1 colocal-
ization under confocal microscopy. Some H. pylori bacteria
resided first in the EEATl-positive (EEA1") early endosome
and then late in the LAMPI1-positive (LAMP1™) lysosome.
However, not all the H. pylori bacteria colocalized with the
early endosome or lysosome (Fig. 2b and c). Flow cytometry
was used to detect H. pylori on the cell surface without fixation
and permeabilization of the infected AGS cells. At 2.5 h p.i,,
many H. pylori bacteria had adhered to the plasma membrane,
as detected by the anti-H. pylori antibody on the infected AGS
cells (Fig. 2d). There was a slight increase in H. pylori-positive
AGS cells, from 22.6% at 6 h to 27.2%, at 8 h and a stable level
of around 23% was maintained thereafter. However, if the
infection was cultured in the absence of gentamicin, the H.
pylori-positive AGS cells increased from 26.3% at 6 h to 35.2%
at 8 h p.i., and the mean fluorescence intensity of the positive
cells subtracted from that of mock-infected cells was also ele-
vated from 3 at 6 h p.i. to 4.8 at 8 h p.i., suggesting that the
number of H. pylori bacteria on the plasma membrane as rec-
ognized by anti-H. pylori antibody staining increased. Without
gentamicin, the H. pylori-positive AGS cells gradually de-
creased to 16.5% at 12 h p.i. We suspected that some of the
plasma membrane-associated H. pylori bacteria were released
into the culture supernatant from the infected AGS cells. In-
deed, we can recover the H. pylori from the supernatant of the
AGS cell-free culture in the absence of gentamicin. In the
gentamicin protection assay, a low dose of gentamicin (25
pg/ml) was included to kill the extracellular bacteria during the
period of infection so that no H. pylori bacteria could be re-
covered from this culture supernatant (Fig. 2e).

When transmission electron microscopy was used to exam-
ine the location of the invading H. pylori, many bacteria were
found to be attached to the plasma membrane at an early time
(Fig. 3a), a finding which is consistent with the anti-H. pylori
antibody surface staining in flow cytometry. After invasion of
the plasma membrane, all the H. pylori bacteria were enclosed
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FIG. 1. Multiplication of H. pylori in epithelial cells. (a) H. pylori infection of AGS or MKN45 cells. (b) Infection of AGS cells by various
strains of H. pylori. (c) Infection of AGS cells by cagA, babA, and vacA mutants of H. pylori. Epithelial cell lines AGS or MKN45 were infected
with HP238 or various strains or mutants at an MOI of 50 for 1 h. Gentamicin was present throughout the culture period. Recovery of viable
cell-associated H. pylori (CFU) was determined by a gentamicin protection assay at various times postinfection. *, P < 0.05. Each experiment
was repeated at least three times with the same results. Values are the means * standard deviations from one representative experiment.
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FIG. 2. Localization of replicating H. pylori in infected AGS cells. (a) Immunofluorescent staining of H. pylori in AGS cells. AGS cells were
infected with HP238 at an MOI of 50 for 1 h. The infected cells were collected, fixed, and stained with anti-H. pylori antibody (red) and DAPI (blue)
at various time points postinfection. The samples were observed with confocal or phase-contrast microscopy. The cell boundary is shown by dashed
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FIG. 3. Autophagy induction by H. pylori in AGS cells. (a) H. pylori resides and replicates in double-layer vesicles. AGS cells were infected with HP238
at an MOI of 50 for 1 h. The infected cells were collected, fixed, and observed with electron microscopy at various time points postinfection. The fate
of H. pylori postinfection is shown in a time sequence, as indicated on the figure. N, nucleus; MV, multiple-layered vesicle. Black arrows indicate
double-layer membranes, whereas white arrows indicate the replicating H. pylori bacteria. White arrowheads indicate the multiple vacuoles, whereas black
arrowheads indicate the coccoid forms of H. pylori. (b) The ratio of spiral to coccoid forms on the infected cells at various time points postinfection is
shown. (c¢) LC3 punctate formation colocalized with H. pylori. The arrows indicate the colocalization of LC3 and H. pylori-containing vesicles. (d)
Autophagic flux was induced post-H. pylori infection. LC3-II conversion, BNIP3, and p62 were induced postinfection. Each experiment was repeated at
least two times with the same result.

by double-layer membrane vesicles. The dividing H. pylori bac- autophagosome in the cytoplasm (12 h p.i.). Occasionally, on-

teria were found in some double-layer vesicles on the plasma ion-like vesicles were formed around the H. pylori. At a later
membrane (6 h p.i.). Increasing numbers of H. pylori bacteria time, multiple vacuoles were abundant, and the H. pylori-con-
were found in the cytoplasm as the time postinfection in- taining vesicles fused with lysosomes to digest the bacteria (18

creased. The dividing H. pylori bacteria were also found in the h and 24 h p.i.). Moreover, some coccoid forms of H. pylori

line. The plasma membrane-associated H. pylori bacteria are indicated by arrows. (b) Internalization of H. pylori on EEA1" endosomes. AGS cells
were infected with HP238 at an MOI of 20 for 1 h. The infected cells were collected, fixed, and stained with anti-H. pylori antibody (red) and
anti-EEA1 antibody (green). The samples were observed with confocal microscopy. Arrows indicate the colocalization of H. pylori with the EEA1
early endosome marker. Arrowheads indicate no colocalization. (c¢) H. pylori on LAMP1™" lysosomes. As stated for panel b, the infected cells were
stained with anti-H. pylori antibody (red) and anti-LAMP1 antibody (green). Arrows indicate the colocalization of H. pylori with the LAMP1
lysosome marker. Arrowheads indicate no colocalization. (d) Flow cytometric staining of H. pylori in AGS cells. AGS cells were infected with
HP238 at an MOI of 25 for 1 h. Gentamicin (Gm; 150 pg/ml) was added to kill the extracellular bacteria. The infected cells were then cultured
in gentamicin-containing medium (25 pg/ml) or gentamicin-free medium beginning at 5.5 h. At various time points, the infected cells were collected
and stained with anti-H. pylori antibody without fixation. The mean fluorescence intensity of plasma membrane-associated-H. pylori in an arbitrary
unit is shown to indicate the increased amount of anti-H. pylori staining. CV, coefficient of variance. (e) Release of H. pylori into the culture
supernatant. As stated for panel d, the supernatant from the infected AGS cells was collected for the recovery of the viable H. pylori (CFU). *, P < 0.05.
Each experiment was repeated at least three times with the same results. Values are the means = standard deviations from one representative experiment.
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were present on the plasma membrane and were abundant at
18 h p.i. The coccoid form of H. pylori represents a transfor-
mation from the spiral one under the stress of the host cells.
The ratio of the coccoid form of membrane-associated H.
pylori increased as infection proceeded. H. pylori bacteria were
attached to the plasma membrane, suggesting that they can
freely exit the cell membrane or detach from the membrane
and release into the culture supernatant, as shown in Fig. 2e.

The induction of H. pylori-associated autophagosomes in
infected epithelial cells. The intracellular H. pylori bacteria
were surrounded by a double-layer membrane which is the
characteristic of autophagosome formation. H. pylori infection
can induce autophagy. The autophagic marker LC3 punctate
formations were colocalized with the H. pylori in the infected
AGS cells. At an early time period (2.5 h or 6 h p.i.), most of
the bacteria are plasma membrane associated, but their num-
bers increase in the cytoplasm at 12 h p.i. (Fig. 3b). Western
blot analysis demonstrated the LC3-II conversion in H. pylori-
infected AGS cells and BNIP3 and p62 were also induced (Fig.
3c). As shown above, that multiple vacuoles contain some
degraded H. pylori bacteria within a single membrane, as
shown by transmission electron microscopic observation at
18 h or 24 h p.i., suggests that autophagy is used by AGS cells
to clear the invaded bacteria. We conclude that H. pylori in-
fection induces the autophagic flux and that the double-layer
autophagosome vesicles are the replicating sites; when they
fuse with lysosomes, they become the digestion sites for the
replicating H. pylori.

Antibiotic resistance of H. pylori-infected epithelial cells.
The effect of antibiotics on the intracellular multiplication of
H. pylori was evaluated. For the gentamicin protection assay,
gentamicin at 25 pg/ml was included in the culture. Various
concentrations of clarithromycin, metronidazole, or amoxicil-
lin were then used to replace the gentamicin at this stage. For
HP238, the MIC of clarithromycin is 0.06 pg/ml. Higher doses
(10 to 20 pg/ml, or 166 to 333 times the MIC) of clarithromycin
are needed to inhibit the multiplication of H. pylori in AGS
cells. Lower doses (1.2 to 2 pg/ml, or 20 to 33 times the MIC)
are not effective (Fig. 4). This also applied to another clar-
ithromycin-sensitive strain, ATCC 43504 (MIC of 0.03 pg/ml),
where a higher dose of clarithromycin (at least 333 times the
MIC) enhanced the intracellular killing of the bacteria. For
metronidazole-resistant HP238 (MIC of 32 pg/ml) or metro-
nidazole-sensitive HP917 (MIC of 4 pg/ml), a higher dose of
metronidazole (10 to 20 times the MIC) enhanced the clear-
ance of the invading H. pylori. On the other hand, amoxicillin,
which like gentamicin is unable to penetrate into cells, even at
20 to 40 times the MIC (HP238; MIC of 0.06 pg/ml) did not
have any effect. This suggests that the intracellular growth of
H. pylori provides a niche to escape being killed by extracellular
antibiotics. However, if the antibiotic can diffuse into the cells,
such as with clarithromycin or metronidazole, there is still an
inhibitory effect on the intracellular growth of H. pylori, but a
higher dose of antibiotic is required.

DISCUSSION

Using the gentamicin protection assay on AGS cells, we
demonstrated that H. pylori can invade the epithelial cells and
multiply either on the plasma membrane or in double-layer
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vesicles. The invasion rate is around 0.01 to 0.1% of the bac-
teria inoculated. The 5-fold CFU increment between 2.5 h and
12 h p.i. indicates that the bacteria can replicate in the cells.
The doubling time of the cell-associated H. pylori is calculated
to be 5 to 6 h. The autophagic vesicles induced by H. pylori
provide the site for its replication. The multiple vacuoles that
fused from the H. pylori-containing autophagic vesicles with
lysosomes will degrade the bacteria. Many H. pylori bacteria in
coccoid form associated with the plasma membrane. This study
is consistent with the report of Tan et al. that H. pylori can form
microcolonies on the plasma membrane and use it as the rep-
licative niche, with a doubling time of 4 to 6 h (25). However,
we further showed that these autophagic vesicles are the site
not only of replication but also of degradation when they are
fused into autolysosomes.

Although H. pylori is generally viewed as a noninvasive
pathogen present only in the lumen of the stomach and at-
tached to gastric epithelial cells, many studies have shown that
H. pylori is invasive and can be considered a facultative intra-
cellular organism (6, 20). However, no direct demonstration of
its replication in cells has been provided by the conventional
gentamicin protection assay. We have found that H. pylori can
multiply not only in macrophages and bone marrow-derived
dendritic cells (27, 28) but also in epithelial cells as shown in
this study. The key to this finding is that the increase in the
CFU count is transient, observed only from 6 to 12 h p.i., while
most of the other studies have determined the bacterial num-
ber at 1 to 3 days p.i. Another difference is the strain of H.
pylori used. This new finding has several implications for the
biological life cycle of H. pylori in the host. H. pylori can be
considered a kind of intracellular microorganism because it
can invade cells, undergo replication within cells, and leave the
infected cells for further spread. Kwok et al. reported the entry
of H. pylori into the AGS cells via a zipper-like mechanism,
involving intimate contact with AGS cell microvilli and surface
membrane pseudopod structures (11). The internalized H. py-
lori bacteria are found in LAMPI1-containing vacuoles. The
CagA protein can be translocated to the plasma membrane
and form rafts with the invading H. pylori (12).

Autophagy is a component of the innate cellular immune
responses against not only intracellular but also extracellular
microorganisms (4, 5, 8, 14, 18). After internalization of the
microorganism, the autophagosomes are formed to degrade
the ingested bacterium by the lysosomal killing mechanism.
Several intracellular bacteria have developed different mecha-
nisms to evade the autophagic surveillance in macrophages.
The autophagic vesicles are induced, but their maturation into
autophagolysosomes is arrested or delayed (1, 22). The auto-
phagy is induced by H. pylori in either phagocytic THP-1 cells
or dendritic cells (27, 28) or nonphagocytic AGS epithelial
cells. All H. pylori bacteria reside within the autophagosome,
with no escape from the autophagic vesicle. On invasion of
epithelial cells, some of the H. pylori bacteria were internalized
by EEA1" early endosome followed by the LAMP1" late
endosome/lysosomes. Multiple-vesicle vacuoles formed at 18
or 24 h p.i. that resulted in the destruction of the bacteria by
fusion with lysosomes. Amieva et al. have reported viable H.
pylori bacteria in large cytoplasmic vacuoles (2). They reasoned
that bacteria can repopulate the extracellular environment in
parallel with the disappearance of intravacuolar bacteria in the
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FIG. 4. The effect of antibiotic on the multiplication of H. pylori in AGS cells. AGS cells were infected with HP238 at an MOI of 50 for 1 h.
Gentamicin (150 wg/ml) was added to kill the extracellular bacteria. The infected cells were then cultured in gentamicin-containing medium (25
pg/ml) or another antibiotic-containing medium beginning at 5.5 h. At various time points, the infected cells were collected and lysed for recovery
of the viable cell-associated H. pylori (CFU). For HP238, the MICs of clarithromycin, metronidazole, and amoxicillin are 0.06 pg/ml, 32 wg/ml, and
0.06 pg/ml, respectively. For ATCC 43504, the MIC of clarithromycin is 0.03 wg/ml. For HP917, the MIC of metronidazole is 4 pg/ml. A
clarithromycin MIC of >1 pg/ml and a metronidazole MIC of >8 pg/ml indicate resistance. Each experiment was repeated at least three times
with the same results. Values are the means * standard deviations from one representative experiment.
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absence of gentamicin, and the intravacuolar niche is a place
for the release of the bacteria and the place for evasion of the
hostile microenvironment of the host. Recently, they have also
reported that the plasma membranes are the site for H. pylori
to replicate (25). We found many degrading bacteria in the
multiple vacuoles, especially at 24 h p.i. The autophagy inducer
rapamycin enhanced the clearance of the H. pylori (data not
shown). We reasoned that the autophagic flux will clear the H.
pylori in the autophagosome after fusion with the lysosomes.
The multiple vacuoles are the place for the destruction of the
invading and replicating bacteria. With regard to the release of
H. pylori into the culture supernatant from the infected AGS
cells, as shown in Fig. 2e, it is the plasma membrane-associated
H. pylori bacteria that are released and which can be recovered
as viable bacteria in the absence of gentamicin. H. pylori is
spiral in nature, but it transforms into a coccoid form under
stress conditions (3). It is generally accepted that coccoid
forms of H. pylori are viable but are not culturable. Many
coccoid forms of H. pylori were found on the membrane of the
infected AGS cells, and the ratio of coccoid to bacillary forms
increased as infection proceeded (Fig. 3a).

Intracellular H. pylori collections have been demonstrated in
a small subset of gastric epithelial progenitors after infection of
acid-producing parietal cell-deficient mice (16, 17) or in pre-
neoplastic or cancer tissue (15, 23). H. pylori bacteria were
detectable in endosome, cytoplasm vacuole, or plasma mem-
brane or in membrane-associated coccoid form, which is con-
sistent with our observation that H. pylori is replicating in the
autophagosome or plasma membrane.

A triple-therapy regimen for 7 to 14 days is used as the
first-line treatment for H. pylori-infected patients, but the fail-
ure rate is around 20 to 30% (7, 9). The failure of antibiotic
treatment has been assumed to be due to the selection of an
antibiotic-resistant mutant. The second-line treatment with
quadruple therapy or even a third-line levofloxacin-based em-
pirical regimen can be used to retreat the failed patients, and
high cumulative eradication rates can be achieved (9, 10, 13,
21, 26). Our finding that H. pylori is capable of multiplication
within infected epithelial cells provides an explanation of why
the treatment failure may not be exclusively caused by the
recurrence of antibiotic-resistant mutants. More likely, it may
be due to the existence of an ecological niche for the organism
to survive both the hostile gastric environment and the anti-
bacterial therapy. The dormant coccoid form on the plasma
membrane is resistant to antibiotic and can spread to infect
other cells in the absence of an effective concentration of
antibiotic. Thus, the antibiotic concentration needs to be high
and sustained longer as it not only is needed to kill the extra-
cellular H. pylori but also must be capable of penetrating the
epithelial cells to kill the intracellular H. pylori. Cell mem-
brane-penetrating antibiotics such as clarithromycin or metro-
nidazole are effective, whereas non-cell membrane-penetrating
amoxicillin or gentamicin is not effective. Interestingly, when
the H. pylori bacteria derived from the clarithromycin-treated
AGS cells were recultured on the plate, the colony size was
much smaller than colonies from metronidazole- or gentami-
cin-treated cells (data now shown). In summary, H. pylori
usurps the autophagic vesicles as the site for replication, and
the autolysosomes after fusion will also degrade the replicating
bacteria. This raises a distinct potential for new anti-H. pylori
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drugs that target the autophagy to enhance the clearance of
intracellular bacteria in addition to the conventional use of
antibiotics.
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