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Helicobacter pylori colonizes the gastric epithelium of at least 50% of the world’s human population, playing
a causative role in the development of chronic gastritis, peptic ulcers, and gastric adenocarcinoma. Current
evidence indicates that H. pylori can invade epithelial cells in the gastric mucosa. However, relatively little is
known about the biology of H. pylori invasion and survival in host cells. Here, we analyze both the nature of and
the mechanisms responsible for the formation of H. pylori’s intracellular niche. We show that in AGS cells
infected with H. pylori, bacterium-containing vacuoles originate through the fusion of late endocytic organelles.
This process is mediated by the VacA-dependent retention of the small GTPase Rab7. In addition, functional
interactions between Rab7 and its downstream effector, Rab-interacting lysosomal protein (RILP), are neces-
sary for the formation of the bacterial compartment since expression of mutant forms of RILP or Rab7 that
fail to bind each other impaired the formation of this unique bacterial niche. Moreover, the VacA-mediated
sequestration of active Rab7 disrupts the full maturation of vacuoles as assessed by the lack of both colocal-
ization with cathepsin D and degradation of internalized cargo in the H. pylori-containing vacuole. Based on
these findings, we propose that the VacA-dependent isolation of the H. pylori-containing vacuole from bacte-
ricidal components of the lysosomal pathway promotes bacterial survival and contributes to the persistence of
infection.

The gram-negative spirillum Helicobacter pylori efficiently
infects human stomachs and colonizes the gastric mucosa in
over half of the world’s human population (41). Once estab-
lished, H. pylori infection provokes a strong immune reaction,
which instead of causing clearance of the pathogen, leads to a
chronic inflammatory process that results in epithelial damage
(31). Eventually, depending on specific host-pathogen interac-
tions, a proportion of infected individuals will develop more
severe sequelae, including peptic ulcer disease, gastric cancer,
or mucosa-associated lymphoid tissue lymphoma (31).

Although generally considered an extracellular pathogen,
expanding evidence indicates that H. pylori also invades gastric
epithelial cells (34). One possible explanation for the persis-
tence of H. pylori infection despite vigorous host immuno-
logical defenses and antibiotic therapy is the existence of an
intracellular bacterial reservoir. H. pylori infection predomi-
nantly triggers a T helper type 1 immune response character-
istic of intracellular pathogens (37). In addition, electron mi-
croscopy studies of gastric biopsy samples obtained from
infected humans demonstrate the presence of H. pylori within
epithelial cells (14, 54). Recently, intracellular bacteria were
identified in gastric epithelial progenitor cells in a murine

model of infection (27). Furthermore, the ability of H. pylori to
invade mammalian epithelial cells has been documented in
gastric adenocarcinoma-derived epithelial cell lines (3, 33, 35,
39). A study on bacterial entry demonstrated that H. pylori
enters into gastric cells through a zipper-like phagocytic mech-
anism that requires protein kinase C and phosphatidylinositol
3-kinase (23). Amieva and colleagues (3) reported that follow-
ing H. pylori invasion of AGS cells, large vacuolar compart-
ments are formed in which the bacteria can persist for long
periods. In addition, the authors demonstrated that H. pylori
can egress from this compartment and infect other gastric cells.
These observations could be of fundamental importance in
understanding how the bacterium escapes from the host im-
mune response and persists in the gastric epithelium. However,
significant controversy still remains regarding the ability of the
bacteria to invade epithelial cells and the bacterial factors
involved. Furthermore, the mechanisms promoting intracellu-
lar survival of H. pylori remain uncharacterized.

The vacuolating toxin VacA is an important pathogenic fac-
tor for H. pylori (reviewed in reference 10). VacA contributes
to bacterial colonization by unknown mechanisms. In addition,
the presence of VacA impacts the development of peptic ulcer
disease and gastric cancer. The vacA gene encodes a precursor
protein which is processed to yield a secreted mature 88-kDa
toxin (47). The mature toxin is organized into two domains,
p33 and p55, which are required for activity of the toxin (26, 48,
52, 55). The most-well-studied effect of VacA intoxication of
mammalian cells is the induction of vacuolation (10). The
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vacuolation of late endosomal compartments is thought to be
mediated by several factors, including the vacuolar ATPase
(12), the small GTPase Rab7 (10, 24), dynamin (44), and
syntaxin 7 (43). In addition to vacuolation, VacA has pleiotro-
pic effects on mammalian cells, including induction of apopto-
sis (11, 16, 51), inhibition of T-cell proliferation (4, 17, 42),
altered antigen processing (25), and disruption in permeability
of monolayers (29). We and others have also shown that VacA
plays a fundamental role in arresting phagosome maturation
following H. pylori infection of macrophages (10, 15, 57). How-
ever, the role of this toxin in the formation of the bacterial
intracellular niche and bacterial survival inside gastric epithe-
lial cells remains unclear (3, 15, 34, 35). Thus, we characterized
the role of VacA in establishing H. pylori’s compartment within
gastric epithelial cells.

MATERIALS AND METHODS

Reagents and antibodies. Ham’s F-12, Dulbecco’s modified Eagle’s medium,
and fetal calf serum were from Wisent (St. Bruno, Quebec, Canada). FuGENE-6
was purchased from Roche Diagnostics (Indianapolis, IN). Fluorescein isothio-
cyanate (FITC)-, Cy5-, and Cy3-conjugated antibodies were from Jackson Im-
munoResearch Laboratories (West Grove, PA). Mouse monoclonal anti-
LAMP-1 antibodies were from the Developmental Studies Hybridoma Bank
(Iowa City, IA). Rabbit anti-H. pylori antibodies were from DAKO (Denmark).
Anti-c-Myc antibody was from Santa Cruz Biotechnology (Santa Cruz, CA).
Cathepsin D antibodies were from Upstate Biotechnology (Lake Placid, NY).
FM4-64, DQ red-bovine serum albumin (BSA), and the fluorescent probes utilized
for labeling of the intracellular compartment were from Molecular Probes (Eugene,
OR). All other reagents were obtained from Sigma-Aldrich (St. Louis, MO). Latex
beads were supplied by Bangs Laboratories, Inc. (Fishers, IN).

Cells and bacterial growth conditions. Culture conditions for human gastric
epithelial cells (AGS) (3) and Chinese hamster ovary cells stably transfected with
Fc�IIa receptors (CHO-IIa) (49) have been previously described. Growing con-
ditions for wild-type H. pylori strain 60190 (ATCC 49503; cagA� cagE� VacA�)
and its isogenic vacA mutant strain (kindly provided by Richard Peek, Jr.,
Nashville, TN) were as described previously (57).

Plasmid and transfection reagents. The generation of plasmids used for ex-
pression of RILP and RILP-C33 (8) and green fluorescent protein (GFP)-
conjugated Rab7 and Rab5 (49), GFP-conjugated Rab34 and Rab7 mutants
F45A and V180A (53) and myc-tagged RILP mutant I251A (53), GFP-CD63 (2),
myc-tagged Fc�IIa receptor (FcIIa) (13), and GFP-PX (22) have all been de-
scribed previously. The RILP-C33 plasmid was a kind gift from Cecilia Bucci
(Lecce, Italy). In all cases, the cells were transiently transfected using FuGENE-6
(Roche Molecular Biochemicals) as suggested by the manufacturer.

Cell invasion and intoxication assays. H. pylori strains were grown at 37°C in
brucella broth (Difco Laboratories, Detroit, Mich.) supplemented with 10%
heat-inactivated fetal bovine serum (Gibco BRL Life Technologies, Gaithers-
burg, Md.) under microareophilic conditions. After overnight incubation, the
bacteria were pelleted and resuspended to an optical density of 0.4 to 0.5 (620
nm) in cell culture media. Cell invasion was performed on 70 to 80% confluent
cell cultures in six-well culture plates. After a 3-h incubation, unattached bacteria

were removed by washing the cells four times with phosphate-buffered saline
(PBS) and cell-adherent H. pylori cells were allowed to internalize for an addi-
tional 4 h. In order to prevent any extracellular bacterial growth, the culture
medium was supplemented with gentamicin (100 �g/ml). After 12 h of invasion,
the amount of gentamicin in the medium was reduced to 10 to 20 �g/ml.
Intracellular bacteria were retrieved from invaded cells utilizing 1% saponin in
PBS buffer, as described previously (3). Serial dilutions of bacterial suspensions
were plated in brucella agar supplemented with 10% fetal calf serum and incu-
bated for 96 h in microaerophilic conditions for CFU determinations.

Phagocytosis of latex beads (3 �m) by CHOIIa cells and FcIIa transiently
transfected AGS cells was performed as described elsewhere (49). After phago-
cytosis, cells were incubated with H. pylori for a 4-h period and treated with
gentamicin (100 �g/ml) overnight. Extracellular latex beads were detected by
immunolabeling with FITC-conjugated goat anti-human immunoglobulin G
(IgG) or FM 4-64 labeling. Expression of myc-tagged FcIIa receptor in AGS cells
was monitored by immunolabeling with anti-myc antiserum (data not shown).

For cell intoxication with VacA toxin, wild-type H. pylori culture supernatants
(optical density [OD] � 1.0 at 620 nm) were filtered through a 0.22-�m-cutoff
membrane filter and concentrated 10 times using a 50-kDa-cutoff Amicon Ultra
centrifugal filter (Millipore). In experiments, concentrated culture medium
(CCM) was utilized at 1.5 times final concentration.

VacA toxin was purified from H. pylori 60190 (ATCC 49503; cagA� cagE�

s1m1 VacA�) culture supernatants utilizing ammonium sulfate (50%) precipi-
tation and fast protein liquid chromatography as was previously described by
Patel et al. (30). Purified VacA toxin (PVT) was activated by incubation in
acidified Ham’s F-12 culture medium, pH 2, for 30 min at 37°C. For cell intox-
ication, 106 AGS cells were incubated in the presence of activated purified VacA
toxin (26.5 � 10�3 �M) for the time periods indicated in each experiment (30).

The unpaired t test and other statistical analyses of the results were performed
utilizing GraphPad Prism 4 for Macintosh V 4.0b.

Immunofluorescence and confocal microscopy. Prior to immunostaining, cells
were fixed for 20 min in 4% formaldehyde in PBS, permeabilized by incubation
in 0.1% (vol/vol) Triton X-100 in PBS for 20 min, and blocked for 30 min with
5% milk in PBS (vol/vol). All steps were carried out at room temperature.

For immunofluorescence, permeabilized cells were incubated with primary
antibody for 1 h at room temperature, washed extensively, and then incubated
with secondary antibodies for 1 h at room temperature. The following primary
antibodies were used at the indicated dilutions: cathepsin D, 1:100; LAMP-1,
1:1,000; Myc, 1:200; and H. pylori, 1:20.

Fluorescence microscopy, photobleaching, and image analysis. Fluorescence
and differential interference contrast (DIC) micrographs were obtained using a
fluorescent Leica DM-IRE2 microscope. Confocal image acquisition was per-
formed using either a Zeiss LSM 510 microscope or a spinning disc system
consisting of a Leica DM-IRE2 microscope equipped with a Visitech Int.
QLC100 microlens head, a Hamamatsu Orca AG Deep cooled digital camera, a
Melles Griot argon ion laser 643 system, and the appropriate set of excitation
and emission filters placed in wheels driven by a Ludt controller. Openlab
(Improvision) was used for image acquisition. Images were acquired with a �100
oil immersion objective. A heated microscope stage was used to maintain the
temperature at 37°C during image acquisition when using live cells. For quanti-
tation, images were imported into Image J (http://rsb.info.niH.gov/ij/), and the
mean fluorescence per pixel was measured using the measurement tool. Quan-
tification of the degree of colocalization between two markers was performed
using the colocalization module of Openlab 4.0.1 on defined regions of interest.

Fluorescence recovery after photobleaching (FRAP) was estimated as previ-

FIG. 1. VacA toxin is involved in the formation of the H. pylori intracellular niche and promotes bacterial survival. A DIC micrograph of
uninfected control AGS cells is shown in panel A. AGS cells after 24 h of invasion with wild-type H. pylori is shown in panel B. The inset in panel
B shows details of the H. pylori-containing vacuoles. Arrows point to intracellular bacteria inside the vacuolar compartment. Panel C shows AGS
cells after 24 h of invasion with H. pylori vacA mutant strain. After 10 h of infection with the H. pylori vacA mutant strain, AGS cells were treated
with wild-type H. pylori conditioned culture medium for 24 h (D). The inset in panel D shows details of the H. pylori-containing vacuoles, and the
arrows point to intracellular bacteria inside the vacuolar compartment. AGS cells were infected with wild-type or vacA mutant H. pylori strains
under gentamicin assay conditions (see Materials and Methods). At the indicated invasion times, intracellular H. pylori cells were retrieved from
AGS cells utilizing 1% saponin in PBS buffer and plated on brucella agar. Intracellular survival (CFU) of wild-type (triangles) and vacA mutant
(squares) H. pylori strains is shown in panel E. (CFU values corresponded to means � standard error from a single representative experiment
performed in triplicate. These results were reproduced on four separate occasions). AGS cells were infected with wild-type [VacA (�)] or
VacA-negative mutant [VacA (�)] H. pylori. Three hours after infection with the vacA mutant strains, AGS cells were treated with wild-type H.
pylori CCM or PVT, and intracellular survival (CFU) of the bacteria was determined using the gentamicin protection assay at the 36-h invasion
time point (F). (CFU values corresponded to means � standard error from a single representative experiment performed in triplicate. These
results were reproduced on four separate occasions.) �, P � 0.0001; ��, P � 0.0003.
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FIG. 2. Helicobacter pylori’s intracellular compartment acquires late endosomal and lysosomal markers. Panels A and B show the distribution of
GFP-Rab7 (green) and Lamp-1 (blue) protein for control (A) and wild-type H. pylori-invaded cells (B). Details of the vacuolar compartment showing
Lamp1 and Rab7 recruitment are presented in panels C and D, respectively. Panel E shows the distribution of GFP-Rab7 (green) and Lamp-1 (blue)
for AGS cells invaded by an H. pylori vacA mutant strain. The inset in panel E shows in detail the morphology of the intracellular compartment of the
vacA mutant bacteria. The recruitment of Lamp1 and Rab7 to the bacterial compartment is shown in detail in panels F and G, respectively. Panels H to J show
the distribution of GFP-CD63 (green) for uninfected AGS cells (H) and AGS cells infected with wild-type (I) or VacA mutant (J) H. pylori, respectively. The
insets in panels I and J show details of the bacterial niches. All of the microphotographs were taken with a spinning disk confocal microscope with a �100 oil
objective. The scale bar in panel I is equivalent to 3 �m. Immunolabeled bacteria are shown in red. For all experiments, the invasion time was 24 h.
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ously described by Vieira et al. (49). Briefly, AGS cells were transfected with
GFP-Rab7 and invaded with H. pylori as described above. H. pylori-containing
vacuoles were photobleached using the 488-nm laser line of the Zeiss LSM 510
confocal microscope at full power. The recovery of fluorescence was then mon-
itored over time by scanning the bleached area, minimizing photobleaching
during sampling. To analyze the rate of recovery, we compared the fluorescence
of the bleached area to that of an adjacent unbleached area of the same cell with
a similar fluorescence intensity. For each time point, the fluorescence of the
bleached area was normalized to that of the corresponding control (unbleached)
area. Nonlinear regression fitting of FRAP data was performed utilizing Graph
Pad Prism 4 software.

Ratiometric fluorescence microscopy. For the measurement of lysosomal and
vacuolar pH, AGS cells were incubated in the presence of 1 mg/ml of Oregon
green-dextran, Mr 10,000, for 2 h before and 2 h after the onset of invasion. After
this, cells were washed and incubated overnight utilizing the conditions for

invasion indicated above. Ratiometric measurements were performed as previ-
ously indicated (6). Briefly, resting pH values were obtained in cells bathed in
sodium-rich medium (140 mM NaCl, 5 mM glucose, 15 mM HEPES, pH 7.4) at
37°C. Calibration of fluorescence versus pH was obtained by replacing the sodi-
um-rich buffer with potassium-rich medium (140 mM KCl, 5 mM glucose, 15 mM
HEPES), adjusted to the desired pH with KOH, followed by addition of nigericin
(5 �M). The microscope and software setup used for ratio imaging have been
described in detail elsewhere (6).

RESULTS

VacA contributes to the formation of the bacterial niche in
AGS cells. In order to characterize H. pylori’s intracellular
niche, AGS cells were infected with H. pylori and monitored

FIG. 3. Assessing the pH of H. pylori’s intracellular compartment. H. pylori-containing vacuoles loaded with the pH-sensitive fluorescent dye Oregon
green 514 are shown in panels A (DIC of invaded cells) and B. The result of a typical pH determination assay representative of three independent
experiments is shown in panel C. Oregon green fluorescent ratio (excitation at 510/450 nm detected at 530) were measured in 10 different bacterial
compartments distributed in different cells along the microscope optical field (black lines) and plotted as a function of the pH equilibration time. An
average of the ratio for the fluorescent background of the field was obtained in a cell-free area (dashed line). The section of the curve between two
arrowheads indicates the fluorescent ratio for H. pylori vacuoles at the resting state in isosmotic Na solution. The arrow indicates the time when nigericin
isosmotic K� solution was added and the onset for the pH calibration of the bacterial compartments. The pH corresponding to each equilibration time
is indicated above the curves. The fluorescence ratio/pH titration curve is shown in figures in the supplemental material.
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for 48 h postinfection. As previously reported by Amieva et al.
(3), 6 h after infection, viable and highly motile spiral H. pylori
cells were detected inside large vacuoles by DIC live micros-
copy. A representative DIC micrograph of AGS cells after 24 h
of infection with H. pylori is shown in Fig. 1A and B (see movie
S1 in the supplemental material, which demonstrates viable
motile bacteria within the majority of the vacuoles). Previous
studies indicate that VacA enhances bacterial survival in pro-
fessional phagocytic cells, but the role of the toxin during
invasion of gastric cells is controversial (15, 34, 57). Further-
more, the contribution of VacA to the formation of the large
intracellular niche has not been evaluated yet. Therefore, we
utilized an isogenic vacA mutant strain to define the role of
VacA. Infection of AGS cells with vacA mutant H. pylori did
not produce any discernible vacuolar compartment as assessed
by DIC microscopy (Fig. 1C). However, fluorescence immu-
nolabeling of infected cells utilizing H. pylori antibodies dem-
onstrated that the vacA mutant strain maintained the ability to
invade AGS cells (see Fig. S1A and B in the supplemental
material). When host cells infected with vacA mutant strain
were subsequently incubated with PVT or CCM obtained from
wild-type but not vacA mutant H. pylori, motile vacA mutant H.
pylori cells were found in large intracellular compartments
(Fig. 1D and see movie S2 in the supplemental material).
Taken together, these results indicate that the generation of
the large H. pylori compartment, but not the capacity to invade
AGS cells, was dependent on the vacuolating cytotoxin.

Next, we determined the effect of VacA toxin on the intra-
cellular survival of H. pylori. AGS cells were infected with
wild-type or vacA mutant H. pylori and subsequently incubated
with the cell-impermeant antibiotic gentamicin to kill extracel-
lular bacteria. At less than 24 h of infection, both the wild-type
and vacA mutant bacteria displayed similar levels of intracel-
lular survival. However, wild-type H. pylori displayed enhanced
intracellular survival compared with the isogenic vacA mutant
at both 36 and 48 h (Fig. 1E and F). Importantly, the intracel-
lular survival of the vacA mutant strain could be restored to the
level of wild-type bacteria by incubating invaded cells with
either purified VacA toxin or CCM from VacA-positive H.
pylori (Fig. 1F). In support of these findings, a previous report
by Petersen et al. (35) demonstrated that 24 h after the infec-
tion of AGS cells, the intracellular survival of two different
strains of H. pylori depended on their ability to produce VacA
toxin. Furthermore, we determined that the incubation of
CCM from wild-type bacteria with cells infected with vacA

mutant H. pylori resulted in an alteration of the intracellular
compartment of the mutant bacteria as assessed by live-cell
imaging (see movie S2 in the supplemental material). Taken
together, these results suggest that H. pylori intracellular sur-
vival is a process that depends on several factors. However,
VacA preferentially improves long-term intracellular survival
of H. pylori, likely by securing a specific intracellular niche for
the bacteria.

H. pylori-containing vacuoles are derived from late endocytic
compartments. To generate an intracellular niche, invasive
bacterial species subvert host cell membrane trafficking path-
ways through the action of protein effectors. These effectors
promote the progressive and coordinated fusion of the patho-
gen-containing vacuole with specific host cell compartments,
thereby avoiding intracellular antimicrobial defenses (1, 7). To
further characterize the H. pylori-containing vacuole, we inves-
tigated the presence of well-established markers for the cellular
endocytic pathway by using confocal microscopy.

After 24 h of infection, markers of the early endocytic path-
way including the membrane lipid phosphoinositide 3-phos-
phate and the small GTPase Rab5 were not detected on H.
pylori-containing vacuoles (see Fig. S2A to D in the supple-
mental material). However, at this time point, the late endo-
cytic marker Rab7 was present on both the large vacuoles
containing wild-type H. pylori and the small vacuoles that
tightly enclosed vacA mutant bacteria (Fig. 2A to H). The late
endosomal markers, Lamp1 (Fig. 2A to H) and Limp1 (CD63)
(Fig. 2I and J) were also recruited to H. pylori-containing
vacuoles in a similar distribution to Rab7. Thus, the intracel-
lular niche generated by both vacA mutant and wild-type H.
pylori displayed characteristics of late endocytic compartments.

Late endosomes interact and fuse with lysosomes, which are
rich in hydrolytic enzymes and antimicrobial agents. The find-
ing that H. pylori survives within these late endosome-like
compartments suggests that the bacterium actively avoids fu-
sion with lysosomes and/or deactivates the microbicidal com-
ponents of this organelle. Since an acidic pH is required for the
proper functioning of these organelles, we next determined if
the survival advantage observed for VacA-positive H. pylori
was related to a higher pH in the vacuolar environment. Pre-
vious studies (3) using the acidotrophic dye LysoSensor indi-
cated that the H. pylori-containing vacuole was slightly acidic.
In order to precisely measure this parameter, we utilized the
pH-sensitive fluorescent probe Oregon green 514-dextran
(pKa � 4.7) in a ratiometric fluorescence microscopy assay.

FIG. 4. VacA toxin prevents the sorting of cathepsin D to H. pylori-containing vacuoles in invaded AGS cells. Panel A shows GFP-Rab7
(green)-transfected AGS cells invaded with VacA mutant H. pylori bacteria. Thirty-two hours after infection, cells were fixed, permeabilized, and
immunolabeled for cathepsin D (red). H. pylori cells were labeled with DAPI (4�,6�-diamidino-2-phenylindole) (blue). Panels B and C show in
detail the bacterial intracellular niche from the area enclosed in panel A. Panel D shows GFP-Rab7 (green)-transfected AGS cells invaded with
wild-type H. pylori. Cells were fixed, permeabilized, and immunolabeled for cathepsin D (red). H. pylori was labeled with DAPI (blue). Panels E
and F show in detail the bacterial intracellular niche from the area enclosed in panel D. Ten hours after infection with vacA mutant H. pylori,
GFP-Rab7-expressing AGS cells (green) were incubated for 20 h with wild-type conditioned growth medium (CCM) (G). Cells were fixed,
permeabilized, and immunolabeled for cathepsin D (red). H. pylori was labeled with DAPI (blue). An uninfected AGS cell expressing GFP-Rab7
(green) and immunolabeled for cathepsin D (red) is shown in panel J. The average number of cathepsin D-positive bacteria in either large or small
compartments per cell is shown in panel K. Intracellular wild-type H. pylori cells were scored according to their association with cathepsin D and
the size of the vacuolar compartment. Small compartments were arbitrarily defined as vacuoles that closely surround the bacteria (arrowheads),
while large compartments clearly surpassed the bacterial volume (arrows). The number of bacteria was assessed from 15 infected cells utilizing
z-stack micrograph slices obtained each 0.25 �m by confocal microscopy. �, P � 0.03. The white bars in the micrographs indicate 10-�m scale.
Original magnification, �1,000.
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The dye was loaded by endocytosis into AGS cells before H.
pylori infection and subsequently chased for 2 h to allow accu-
mulation in late endocytic compartments. Following H. pylori
infection, the fluorescent probe was detected in the bacterium-
containing compartments, indicating that the bacterial vacuole
merged with late endocytic organelles (Fig. 3A and B). In
agreement with previous reports (6, 13, 32), we measured a pH
of 4.97 � 0.15 for lysosomal organelles in control cells (data
not shown). In three independent experiments, 71% of the
vacuoles showed a pH that fell below the lower level of detec-
tion of the assay, a pH of 4 (Fig. 3C; also see the titration curve
in Fig. S3 in the supplemental material). By considering the
remaining values obtained within the level of detection of the
assay, we estimated the pH of the bacterium-containing com-
partment was 4.38 � 0.07. These results indicate that VacA-
mediated enhanced survival of intracellular H. pylori was not
due to elevated vacuolar pH.

We next examined the presence of the lysosomal protease
cathepsin D during infection. Cathepsin D was clearly present
in the tight compartments containing vacA mutant bacteria
(Fig. 4A to C). In contrast, there was significantly less cathep-
sin D colocalization with intracellular wild-type bacteria in
large vacuoles (Fig. 4D to F and K). Similarly, when vacA
mutant bacterium-infected cells were incubated with wild-type
concentrated supernatants, there was significantly less cathep-
sin D colocalization at the large intracellular niche containing
vacA mutant bacteria (Fig. 4G to I). Under these conditions,
the protease was mainly associated with the smaller vacuoles
containing bacteria (Fig. 4D to I). These results suggest that
VacA-positive bacteria generate a compartment in which ex-
posure to degradative lysosomal components such as cathepsin
D may be reduced. In support of these findings, we evaluated
the capacity of infected cells to degrade a chromogenic sub-
strate (DQ-BSA) loaded by endocytosis. As in shown in Fig. 5,
cells infected with the vacA mutant strain efficiently hydrolyzed
the substrate, resulting in detection of the fluorescence signal
both in bacterium-containing compartments and lysosomes
(see inset in Fig. 5B). In marked contrast, although wild-type
H. pylori-infected cells maintained the ability to take up fluid-
phase markers (Fig. 5E), minimal to no fluorescence of DQ-
BSA was detected in these vacuolated cells, indicating that
lysosomal degradation was not occurring (Fig. 5C and D).
Taken together, these results suggest that while vacA mutant
H. pylori cells can survive within their intracellular compart-
ment for a limited period of time, the presence of VacA en-
hances survival of H. pylori in a manner that correlates with
development of an intracellular late endosomal/lysosomal
niche deficient in degradative microbicidal activities.

VacA-mediated fusion of late endosomal-lysosomal com-
partments promotes formation of H. pylori’s large intracellular
niche. We next investigated the morphogenesis of H. pylori’s in-

tracellular niche. The current proposed mechanism for VacA-
mediated vacuolation suggests that VacA creates an anion-selec-
tive pore in acidic organelles (10, 46). As a consequence,
osmotically active species accumulate, particularly protonated
weak bases, prompting swelling of these compartments and cell
vacuolation. However, several lines of evidence suggest that en-
dosomal homotypic fusion events could also be involved (15).
Due to the considerable size of H. pylori-containing vacuoles (up
to 20 �m in diameter, or more), we hypothesized that swelling
alone would not be sufficient and that fusion events could also be
involved. To investigate this possibility, we designed an experi-
ment taking advantage of the properties of CHO cells expressing
IgG FcIIa receptors (CHOIIa), which are a valid working model
to study membrane trafficking and maturation of phagosomes
(49). These cells phagocytose IgG-opsonized latex beads, gener-
ating phagosomes, which subsequently mature into late endoso-
mal compartments termed engineered phagolysosomes (49). Op-
sonized 3-�m latex beads were utilized to monitor the fate of late
endosomal organelles in CHOIIa cells during infection with H.
pylori. Following uptake of latex beads, phagolysosomes in unin-
fected CHOIIa cells contain a single bead. In marked contrast, 2 h
after the phagocytosis of latex beads, subsequent H. pylori infec-
tion resulted in the formation of large Rab7-labeled phagolyso-
somes clearly loaded with multiple beads indicative of compart-
ment fusion (Fig. 6A and B). The fusion event occurred only in
the presence of wild-type bacteria, but failed to occur when cells
were infected with the isogenic vacA mutant strain (Fig. 6C). We
next validated this result in human gastric cells. Like CHOIIa
cells, AGS cells expressing FcIIa receptor were able to internalize
opsonized latex beads and formed engineered phagosomes la-
beled with GFP-Rab7 (Fig. 7A and B). Each latex bead internal-
ized by AGS cells developed into a phagosome that contained a
unique single bead (Fig. 7B). Following the phagocytosis of latex
beads, infection of AGS cells expressing FcIIa receptor with
VacA-positive H. pylori produced large Rab7-labeled vacuoles
loaded with multiple beads (Fig. 7C and D). Live-cell imaging of
wild-type H. pylori-infected AGS cells demonstrated that viable
motile bacteria and latex beads coexisted in these large vacuoles
(Fig. 7G and H and see movie S3 in the supplemental material).
This phenotype was completely dependent on the VacA toxin,
since engineered phagolysosomes in cells exposed to vacA mutant
H. pylori were undistinguishable from those observed in unin-
fected cells (Fig. 7E and F). Thus, VacA can promote the homo-
typic fusion of late endosomal compartments, including individual
bacterium-containing vacuoles, resulting in the formation of a
unique intracellular niche for H. pylori.

The role of the Rab7-RILP complex in the morphogenesis of
the H. pylori-containing vacuole. We next investigated the
mechanisms responsible for the morphogenesis of the VacA-
mediated bacterial niche. The small GTPase Rab7 is a key
component of the membrane trafficking machinery involved in

FIG. 5. H. pylori invasion of AGS cells inhibits lysosomal protease activity in a VacA-dependent manner. GFP-Rab7 (green)-expressing cells
were infected with vacA mutant bacteria (A and B) or wild-type (C and D) H. pylori. Following 24 h of infection, the cells were incubated with
the chromogenic protease substrate DQ red-BSA (red) for a 3- to 4-h period. After this time, the cells were fixed and the bacteria were labeled
with DAPI (4�,6�-diamidino-2-phenylindole). Panel E shows GFP-Rab7 (green)-expressing cells infected with wild-type H. pylori. Twenty-four
hours later, the cells were incubated with a fluid-phase fluorescence marker, rhodamine dextran (0.5 mg/ml) (red), for a 3- to 4-h period, extensively
washed, and then examined by confocal microscopy.
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the transport and fusion of late endosomal and lysosomal com-
partments (36). Similar to other small GTPases, Rab7 cycles
between an inactive cytoplasmic GDP-bound conformation
and an active GTP-bound membrane conformation (36). Pre-
vious studies assessing the effect of purified toxin in mamma-
lian cells have shown that toxin-induced vacuolation can be
prevented by expression of a dominant-negative GDP-re-
stricted Rab7 isoform (21, 28). Therefore, we next studied how
Rab7 participates in the development of the bacterial intracel-
lular niche. The switch and interswitch regions are conserved
domains in Rab proteins that play a fundamental role in the
interaction of these small GTPases with their effectors or reg-
ulators (53). We utilized transient expression of GFP-Rab7
F45A, a lack-of-function Rab7 isoform mutated in the inters-
witch region that does not associate with endocytic compart-
ments but remains soluble in the cytoplasm (53). GFP-Rab7
F45A was not recruited to the vacuolar membrane and did not
interfere with the formation of the bacterial intracellular niche,
indicating that Rab7 VacA-mediated recruitment requires a
functional Rab7 molecule (Fig. 8A and B). To characterize the
state of activation of Rab7 localized to the vacuolar mem-
brane, we utilized RILP. Rab7-RILP interactions are required
for the microtubule-mediated transport and fusion of late en-
dosomal and lysosomal compartments (20). RILP binds only to
Rab7 in its active GTP-bound state, facilitating the interaction
of dynein-dynactin motor complexes with late endosomes and
lysosomes (8). When AGS cells expressing a GFP-RILP fusion
protein were infected with H. pylori, RILP was strongly re-
cruited to the VacA-mediated bacterial vacuoles (Fig. 8C and
see Fig. S4A in the supplemental material) indicating that
Rab7 in the vacuolar membrane is in its active conformation.
To confirm the state of activation of Rab7 recruited to the H.
pylori vacuole, we utilized FRAP of GFP-Rab7 in AGS cells.
Photobleaching recovery of membrane-bound Rab7 occurs
when the small GTPase dissociates from the membrane and is

replaced by cytoplasmic GFP-Rab7 (49). This technique has
been successfully applied to identify alterations in the cycling
of active Rab7 in vivo (49). A representative result from one
FRAP experiment is illustrated in Fig. 9A. A comparison of
fluorescence recovery kinetics obtained for bleached H. pylori-
containing vacuoles and late endosomes in AGS cells showed
a marked reduction of GFP-Rab7 fluorescence recovery (mo-
bile fraction) from the bacterial compartment (96.4% � 7.8%
in control endosomes to 26.0% � 3.7% in vacuoles from in-
fected cells) (Fig. 9A and B). The poor recovery of GFP-Rab7
fluorescence indicates an interruption of its normal turnover
and, hence, retention of the active small GTPase at the vacu-
olar compartment.

We next characterized the role of the Rab7-RILP interac-
tion in the formation of the bacterial niche by utilizing mutated
forms of Rab7 or RILP. RILP interacts with two different
regions of GTP-bound Rab7, the switch and interswitch re-
gions, as well as the hypervariable RabSF motifs, RabSF1 and
RabSF4 (53). Replacement of Val180 with Ala in RabSF4
region of Rab7 (Rab7 V180A) dramatically reduces its inter-
action with RILP (53) without affecting its capacity to bind
endosomal compartments (data not shown). As shown in Fig.
8, Rab7 V180A was recruited to small bacterium-containing
compartments. However, Rab7 V180A expression in AGS
cells efficiently abrogated the formation of the large VacA-
mediated bacterial niche (Fig. 8D and H); indicating that the
interaction between Rab7 and RILP is essential for the mor-
phogenesis of this compartment.

The participation of RILP in the formation of the VacA-
mediated bacterial compartment was further investigated uti-
lizing mutated isoforms of this molecule. The binding of RILP
to Rab7 occurs through a protein domain that forms a coiled-
coil homodimer that interacts with two GTP Rab7 molecules
forming a Rab7-(RILP)2-Rab7 complex (9, 53). The replace-
ment of Ile 251 with Ala in RILP disrupts its Rab7 interacting

FIG. 6. H. pylori causes fusion of phagolysosome compartments in CHOIIa cells. Panel A shows a DIC micrograph of 3-�m latex bead-
containing phagolysosomes in CHOIIa cells. The exposure of CHOIIa cells to wild-type but not vacA mutant H. pylori caused the fusion of latex
bead-containing phagolysosomes. (B and C) DIC images of latex bead-containing phagolysosomes in CHOIIa cells expressing GFP-Rab7 (green
label in left corner of the panels) invaded with wild-type (B) or vacA mutant (C) H. pylori strains.
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FIG. 7. H. pylori invasion causes fusion of phagolysosome and bacterial compartments in FcIIa-expressing AGS cells. Panel A shows a fluorescent confocal
micrograph of GFP-Rab7-positive phagosomes in FcIIa-expressing AGS cells, and panel B shows the merged image with the bright-field micrograph showing
single 3-�m latex beads contained in each of the compartments. The exposure of AGS cells to wild-type H. pylori for a 12-h period caused the fusion of latex
bead-containing phagolysosomes to form large GFP-Rab7-positive vacuoles (C), which contain multiple latex beads as shown in panel D. The exposure of AGS
cells to vacA mutant H. pylori for a 12-h period did not alter the morphology of Rab7-positive engineered phagolysosomes (E and F). A DIC micrograph of an
AGS cell infected with H. pylori containing multiple 3-�m latex beads in single large vacuoles is shown in panel G. Panel H shows details of the vacuole indicated
in panel G. The arrows in panel H show motile intracellular H. pylori cells sharing the same vacuolar compartment with latex beads.
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domain so that the RILP I251A mutant does not bind to Rab7
(9, 53). Expression of RILP I251A in AGS cells caused a
polarized distribution of Rab7 to areas adjacent to the nucleus
(see Fig. S4 in the supplemental material) and disrupted the
formation of the large VacA-mediated bacterial compartment
in infected cells (Fig. 8E and H). RILPC33 is a truncated form
of the protein lacking the N-terminal half, which cannot inter-
act with microtubule motors but still binds to active Rab7,
thereby blocking its interaction with the microtubule network
and preventing fusion of late endosomes and/or lysosomes (8,
20). RILPC33-GFP efficiently abrogated the formation of large
H. pylori-containing vacuoles, but not the recruitment of Rab7
to the bacterial compartment. (Fig. 8F to H and Fig. S4 in the
supplemental material). In contrast, the small GTPase Rab34,
which also participates in lysosome biogenesis and binds RILP
in its active conformation (9, 50), did not localize to the large
intracellular H. pylori compartment (Fig. 8G).

Taken together, the findings from (i) FRAP, (ii) RILP co-
localization, and (iii) the use of RILP and Rab7 mutant iso-
forms suggest that VacA-positive H. pylori recruits and retains
active Rab7 at the vacuolar membrane. In addition, a func-
tional Rab7-RILP complex and interaction with the microtu-
bule network are necessary for the formation of the bacterial
compartment in AGS cells.

DISCUSSION

Many invasive pathogens have evolved strategies to protect
their membrane-bound compartment by disrupting normal en-
dosomal maturation and fusion with lysosomes, thereby pro-
moting intracellular survival (45). The results presented here
indicate that H. pylori utilizes a novel mechanism to evade
lysosomal destruction in host cells.

Consistent with previous reports (3, 34), we found that H.
pylori can invade and survive in AGS cells. These findings
contrast with a previous report by Rittig and colleagues (39),
who only rarely observed large vacuoles containing bacteria in
AGS cells. A difference in experimental design likely explains
the apparent discrepancy between our results and those of
Rittig et al. (39). Similar to the findings of Ameiva et al. (3), we
confirmed that the ability of H. pylori to invade AGS cells was
independent of the vacuolating toxin VacA. In previous stud-
ies, Petersen et al. (35) demonstrated that VacA-positive bac-
teria had improved survival in epithelial cells up to 24 h but the
mechanism responsible for the effect was not determined. In
contrast, Amieva and colleagues (3) reported in their discus-
sion that VacA did not alter intracellular survival in the time

FIG. 8. Rab7 and its effector RILP are necessary for the morphogenesis of H. pylori-containing vacuoles. Wild-type GFP-Rab7 (green) (A), but
not GFP-Rab7 mutant F45A (green) (B), was recruited to H. pylori (blue)-containing vacuoles in AGS cells following 24 h of invasion (A and B,
respectively). The Rab7 effector protein GFP-RILP (red) was recruited to H. pylori (blue)-containing vacuoles in AGS cells after 24 h of infection
(C). Panel D shows that the expression of the GFP-Rab7 mutant, V180A (green), in AGS cells inhibited the formation of the large intracellular
bacterial compartment after 24 h of infection. Panel E depicts inhibition of the large bacterium-containing compartment when the myc-tagged
RILP mutant I251A is coexpressed with GFP-Rab7 (green) in AGS cells. Coexpression of myc-tagged Rab7 and mutant RILP C33 GFP (red)
inhibits the morphogenesis of H. pylori’s (blue) large compartment (F) at 24 h of infection. Panel G shows the distribution of Rab34 GFP (green)
in AGS cells after 24 h of infection with H. pylori (blue). Panel H shows quantitation of bacterium-mediated vacuolation in H. pylori-infected cells
transfected with various mutant forms of Rab7 or RILP. One hundred cells in three independent experiments were scored for vacuole formation
24 h after bacterial invasion. Data are mean � standard error. H. pylori cells were stained with the nucleic acid dye DAPI (4�,6�-diamidino-2-
phenylindole) (blue).

FIG. 9. VacA-positive H. pylori cells recruit and retain active Rab7
to their intracellular compartment. AGS cells were transfected with
GFP-Rab7 and then infected with H. pylori for 24 h. GFP-Rab7 mo-
bility was then estimated by FRAP. Panel A shows a representative
quantitation and nonlinear regression fitted curve of the fluorescent
recovery of Rab7 in endosomes from uninfected cells (blue line and
triangles) and the H. pylori compartment (red line and squares). The
summary of the fractional recovery of Rab7 in endosomes (light gray
bar) and bacterial vacuoles (dark gray bar) from invaded cells is shown
in panel B. Data are mean � standard error of 10 cells.
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frame assessed in their specific studies. However, the authors
did suggest that further studies may identify an effect mediated
by the toxin. Indeed, our findings clearly show a unique role for
VacA as the main architect of the large bacterial intracellular
niche, which mediates enhanced long-term survival of the bac-
teria.

Our studies indicate that the wild-type bacterial compart-
ment originates from fusion of late endosomal and lysosomal
compartments since characteristic markers of these compart-
ments were present on bacterium-containing vacuoles. In ad-
dition, the pH of the bacterium-containing vacuoles was com-
parable to that of late endosomes. However, unlike the tight
compartments containing VacA-negative bacteria, the large
VacA-dependent bacterial vacuoles were devoid of the lysoso-
mal protease cathepsin D. Furthermore, these compartments
were unable to degrade endocytosed cargo. Taken together,
our findings indicate that wild-type bacteria disrupt vacuole
maturation at a late stage, preventing destruction by lysosomal
proteases.

Small Rab GTPases associate with specific organelles, where
they play a central role in targeting and recruiting a variety of
effector proteins involved in directing membrane traffic. Since
small GTPases play a fundamental role in the modulation of
many cellular pathways, they are the preferential targets of
several pathogens (5). Indeed, Salmonella recruits Rab7 to
generate its intracellular compartment (19). Previous studies
assessing the effect of purified VacA toxin alone in mammalian
cells have shown that toxin-induced vacuolation can be pre-
vented by GDP-restricted Rab7 isoform and, more recently, by
the Rab7 binding protein oxysterol-binding protein, ORP1L
(21, 28). However, since VacA has numerous effects on the
host cell, whether or not the VacA-mediated enhanced intra-
cellular survival was related to effects on Rab7 were unknown.
Results from both FRAP experiments and transient expression
of the downstream effector RILP indicate that VacA-positive
bacteria efficiently hijack active Rab7 to the vacuolar compart-
ment. In addition, retention of active Rab7 promoted fusion of
late endosomal compartments, as demonstrated by fusion of
vacuoles containing latex beads in engineered phagocytes. To
our knowledge, the alteration of Rab7 function identified in
the present study is a unique strategy exclusively employed by
H. pylori. In contrast with Salmonella, which prevents the as-
sociation of Rab7 with the downstream effector RILP (19), our
studies clearly show that the interaction of Rab7, RILP, and
the microtubule network was critical for the formation of the
protected bacterial niche of VacA-positive H. pylori.

The mechanism(s) by which VacA-positive H. pylori hijacks
Rab7 remains unknown. Current knowledge indicates that re-
cruitment of Rab GTPases is mediated by proteins which reg-
ulate their GTP/GDP-bound state (reviewed in reference 36).
Inactive GDP-bound Rabs are maintained in the cytoplasm in
a complex with GDP displacement inhibitors (GDIs). Guanosine
displacement factors displace Rabs from their complex with
GDIs in the cytoplasm, allowing targeting to the membrane.
Guanosine exchange factors then replace GDP by GTP, re-
sulting in activation. GTPase-activating proteins can then hy-
drolyze GTP, allowing GDIs to remove the inactive Rab from
the membrane. Currently, limited information exists with re-
spect to the mammalian proteins which may regulate the GDP/
GTP-bound state of Rab7 (38, 56). Based on the results of the

FRAP experiments, which show a delay of Rab7 recovery dur-
ing H. pylori infection, we hypothesize that interference with a
GTPase-activating protein could provide an explanation for
the VacA-mediated stabilization of the protein in its active
conformation. Studies utilizing VacA-positive H. pylori should
help to identify the factors which regulate Rab7 and delineate
the mechanism responsible for Rab7 recruitment during
infection.

A previous study indicates that treatment of mammalian
cells with purified VacA toxin impairs the activation and sort-
ing of cathepsin D, as well as the lysosomal degradation of
epidermal growth factor (40). However, in the study by Satin
and colleagues (40), an alteration in the pH of the lumen of
endosomes and lysosomes of VacA-treated cells was detected
and considered by the authors to account for the mistargeting.
In our study, we demonstrated that the large bacterium-con-
taining vacuoles lacked detectable cathepsin D and were im-
paired in their ability to degrade cargo. However, the pH of the
large bacterium-containing vacuole was acidic; thus, an alter-
ation in lysosomal pH would not explain the disruption of the
endocytic pathway. Instead, we propose that the retention of
active Rab7 by the VacA-positive bacterium-containing com-
partment alters endocytic trafficking, preventing endosomal
maturation (18). Therefore, bacterial compartments in which
active Rab7 is retained would utilize harmless late endosomal-
lysosomal compartments as a source of membrane to sustain
its growth and generate a protective intracellular niche for H.
pylori. Further studies will be required to define the exact
mechanisms involved in this process. Disruption of the endo-
cytic pathway could have several additional effects on host
cells. For example, the previously described impairment of
antigen degradation and presentation in VacA-intoxicated B
lymphocytes could be due to disruption of the endocytic path-
way (25).

In summary, we provide new evidence that supports a
preponderant role for the VacA toxin in the generation and
maintenance of an intracellular reservoir for the pathogen. In
addition, we identify a unique mechanism by which H. pylori
generates this niche which may contribute to the persistence of
infection.
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