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Helicobacter pylori is a gastric bacterial pathogen that evades host immune responses in vivo and is
associated with the development of gastritis, peptic ulcer disease, and gastric cancers. Induction of macrophage
apoptosis is a method employed by multiple pathogens to escape host immune responses. Therefore, we
hypothesized that H. pylori induces apoptosis of infected macrophages. RAW 264.7 cells were infected with H.
pylori strain 60190, and apoptosis was assessed. Transmission electron microscopy and fluorescence micros-
copy showed that infected macrophages displayed morphological features characteristic of apoptosis. Quan-
tification by acridine orange-ethidium bromide fluorescent-dye staining showed that apoptosis was dose and
time dependent, and apoptosis was further confirmed by increased binding of annexin V-fluorescein isothio-
cyanate (FITC) to externalized phosphatidylserine of infected but not of control macrophages. Macrophages
infected with isogenic mutants of H. pylori strain 60190 deficient in either cag4 or vacA induced significantly
less apoptosis than the parental strain, as assessed by increased binding of annexin V-FITC. Western blot
analysis of whole-cell protein lysates revealed that infection with strain 60190 induced a time-dependent
increase in cleavage of procaspase 8 and disappearance of full-length Bid compared with uninfected cells.
Furthermore, pharmacological inhibition of caspase 8 caused a decrease in levels of apoptosis. Finally,
infection caused a time-dependent increase in mitochondrial-membrane permeability and release of cyto-
chrome c into the cytosol. These results suggest that H. pylori induces apoptosis of macrophages in association
with alterations in the mitochondrial pathway. Elimination of this key immunomodulatory cell may represent

a mechanism employed by the bacterium to evade host immune responses.

Helicobacter pylori is a gram-negative microaerophilic bacte-
rium that causes a lifelong infection in over half of the world’s
human population (50). Without specific antimicrobial treat-
ment, all individuals infected with H. pylori exhibit chronic
gastric inflammation, and a small percentage will develop pep-
tic ulcers and gastric adenocarcinoma or mucosa-associated
lymphoid tissue lymphoma (14, 57). In response to infection,
the host launches a vigorous immune response, including the
mucosal infiltration of neutrophils, lymphocytes, and macro-
phages (18). However, this response is insufficient for clear-
ance of the bacterium, suggesting that H. pylori is capable of
evading host immune responses.

H. pylori strains are classified based on carriage of the cag
pathogenicity island (PAI) and expression of the vacuolating
cytotoxin (VacA) (9). Type I strains possess the cag PAI and
secrete VacA; in contrast, type II strains lack the cag PAI and
do not produce VacA. Controversy surrounds the role of cag4
and vacA as bacterial virulence factors in vivo. For example,
initial studies showed an increased risk of peptic-ulcer disease
and gastric cancers in association with strains expressing CagA
(4, 58); however, subsequent studies of both adults (24, 56) and
children (43) provided conflicting results. Furthermore, infec-
tion with type I, but not type II, strains in Western populations
is associated with increased risk for development of peptic-
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ulcer disease and gastric cancers (8, 9, 57), with contradictory
data found in both Asian and Australian populations (47, 56).

Apoptosis can be signaled through a number of pathways,
including the death receptor and mitochondrial pathways (2,
25). First, ligation of FasL to three Fas molecules activates the
death receptor pathway, recruiting the Fas-associated death
domain and the proenzyme form of caspase 8 to form the
death-inducing signaling complex (53). Formation of the
death-inducing signaling complex may result in cleavage of
procaspase 3, leading to activation of downstream effectors and
resulting in genomic fragmentation and other characteristic
features of apoptosis (12, 17). Alternatively, apoptosis may be
signaled through the mitochondrial pathway, where death sig-
nals increase mitochondrial-membrane permeability, allowing
the subsequent release of proapoptotic factors, such as cyto-
chrome c, into the cytosol (19), again leading to the induction
of apoptosis (41). In some instances, both pathways may work
synergistically when death receptor-dependent activation of
procaspase 8 leads to cleavage and activation of Bid to damage
mitochondrial-membrane permeability, release cytochrome c,
and induce apoptosis involving both the mitochondrial and
death receptor pathways.

Increasing evidence indicates that apoptosis of immune cells
plays an important role in modulating the pathogenesis of a
number of bacterially induced diseases (54). For example, the
host response can include induction of macrophage apoptosis
to purposefully eliminate intracellular bacteria, such as Myco-
bacterium tuberculosis and Mycobacterium bovis (49, 60), con-
firming the importance of this immune cell. Alternatively, Shi-
gella flexneri and Salmonella enterica serovar Typhimurium
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trigger macrophage apoptosis to induce inflammation and per-
sist within the host (54). Furthermore, macrophages play a
central role in the inflammatory response to infection with H.
pylori (20, 23). For example, increased numbers of macro-
phages are observed in the mucosa of gastric biopsy specimens
obtained from H. pylori-infected children and correlate with
the severity of gastritis (71). Although H. pylori is considered
an extracellular pathogen, clinical isolates have been shown to
invade epithelial monolayers (1, 66), and a recent study by
Jhala et al. (32) showed the bacterium residing in the lamina
propria in infected individuals, suggesting a possible point of
interaction between the bacterium and mucosal macrophages.
Alternatively, H. pylori secretes soluble bacterial products that
traverse the epithelial barrier and interact with macrophages in
the lamina propria. Indeed, H. pylori urease has been detected
in the lamina propria in patients with H. pylori-associated gas-
tritis but not in uninfected subjects (46). Moreover, H. pylori
could interact with mucosal macrophages following the loss of
surface epithelium during infection (1, 70), as H. pylori induces
apoptosis of epithelial cells both in vitro (51) and in vivo (35).

H. pylori modulates apoptotic signaling pathways in a num-
ber of cell types in vivo and in vitro, including epithelial cells
(33), polymorphonuclear leukocytes (28), and T lymphocytes
(69). Recently, the ability of H. pylori to induce apoptosis in
macrophages was demonstrated (23, 72). However, neither the
apoptotic signaling pathways nor the bacterial factors involved
have been fully delineated. Therefore, the aim of our study was
to demonstrate that H. pylori induces apoptosis of macro-
phages and to delineate both the bacterial factors and the
apoptotic signaling pathways involved.

MATERIALS AND METHODS

Bacterial growth conditions. Wild-type H. pylori strain 60190 isolated from an
adult with gastritis (ATCC 49503; cagA™ cagE™* VacA™) (36) and its isogenic
cagA~ and vacA~ mutants (kindly provided by Richard Peek, Jr., Nashville,
Tenn.) were grown under microaerophilic conditions (5% O,, 10% CO,, 85%
N,) on Columbia blood agar plates containing 5% sheep blood for 72 h at 37°C
or supplemented with 10% heat-inactivated fetal calf serum and 20 pg of kana-
mycin/ml (mutant strains) (36). The bacteria were then suspended in brucella
broth (Difco Laboratories, Detroit, Mich.) supplemented with 10% heat-inacti-
vated fetal bovine serum (Gibco BRL Life Technologies, Gaithersburg, Md.) and
20 wg of kanamycin/ml (mutant strains) (36) and shaken at 120 rpm overnight at
37°C under microaerophilic conditions (36). The cells were subsequently pelleted
and resuspended in sterile phosphate-buffered saline (PBS), and optical density
measurements were obtained by a spectrophotometric reading. Before the in-
fection of eukaryotic cells, a droplet of culture was assessed for bacterial motility
under bright-field microscopy, and after the infection of eukaryotic cells, the
medium was cultured on blood agar plates to exclude contamination.

Eukaryotic-cell culture and conditions of infection. The RAW 264.7 murine
macrophage cell line, used as a model cell line to define H. pylori-induced signal
transduction and its interaction with immune cells (23, 70, 72), was grown at 37°C
in 5% CO, in Dulbecco’s modified Eagle’s medium containing L-glutamine and
glucose (Gibco BRL Life Technologies) and further supplemented with 10%
heat-inactivated fetal bovine serum and 1% penicillin-streptomycin (Gibco BRL
Life Technologies). Following the removal of antibiotics by rinsing the macro-
phages with PBS, the macrophages were infected with H. pylori at different
multiplicities of infection (MOI) (from 10 bacteria to 1 macrophage to 100
bacteria to 1 macrophage) for 2 to 48 h. RAW 264.7 cells incubated with
staurosporine (1 wM; Sigma Aldrich, Oakville, Ontario, Canada) for 8 to 24 h
served as a positive control for the induction of apoptosis (6).

A t of apoptosis. (i) Tr: electron microscopy. Macrophages
were grown to 70% confluency and infected with H. pylori as described above,
with uninfected cells serving as controls. After 24 h of infection, the adherent
cells were scraped with a rubber policeman, pooled with cells in suspension, and
pelleted by centrifugation. The cells were then fixed with 2% glutaraldehyde in
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0.1 M phosphate buffer, postfixed in 2% osmium tetroxide, and dehydrated
through a series of graded acetone washes (16). Samples were embedded in
epoxy resin, sectioned, and placed onto 300-mesh copper grids. The grids were
stained with uranyl acetate and lead salts, as previously described (16), and
samples were examined for the presence of apoptotic cells using a Philips trans-
mission electron microscope at the Electron Microscopy Facility of the Hospital
for Sick Children.

(ii) Fluorescent-dye staining. Staining cells with an acridine orange-ethidium
bromide mixture allows the determination of apoptosis based on nuclear mor-
phology and membrane integrity (34). Acridine orange is a cell-permeable dye
that enters all cells and intercalates DNA to appear green (viable cells).
Ethidium bromide, however, enters only nonviable cells that exhibit disrupted
membrane integrity, overriding the acridine orange to fluoresce orange. Thus,
viable, necrotic, and early and late apoptotic cells can be distinguished by the
differential uptake and binding of these dyes (11): the nuclei in viable cells
fluoresce green, while the nuclei in necrotic cells fluoresce orange. Early apo-
ptotic cells are distinguished by the enhanced green fluorescence of their char-
acteristic condensed chromatin, while late apoptotic cells that have lost mem-
brane integrity display enhanced uniform orange fluorescence of their condensed
chromatin.

Following infection, the suspended and scraped cells were pooled, pelleted by
centrifugation, washed once in PBS, and resuspended in 1 ml of antibiotic-free
medium at room temperature. Acridine orange-ethidium bromide (1 wM; Sigma
Aldrich) in PBS was mixed with a 0.1-ml cell suspension, a drop was applied to
a microscope slide, and viability was assessed by counting 500 cells in five
randomly selected fields. The percentage of apoptotic cells was then calculated
(11).

In some experiments, the specific caspase 8 inhibitor Z-IETD-FMK (R&D
Systems, Minneapolis, Minn.) was resuspended in dimethyl sulfoxide and prein-
cubated with RAW 264.7 cells for 2 h at a concentration of 100 uM (11). The
cells were then infected with H. pylori for 24 h, and apoptosis was assessed by
fluorescent-dye staining using acridine orange-ethidium bromide. Dimethyl sul-
foxide alone served as a vehicle control.

(iii) Ann-V-PI flow cytometry. The binding of annexin V-fluorescein isothio-
cyanate (Ann-V) to externalized phosphatidylserine was used as a measurement
of apoptotic RAW 264.7 cells with an Ann-V-propidium iodide (PT) apoptosis
detection kit (BD Biosciences, Montreal, Quebec, Canada) according to the
manufacturer’s instructions. Briefly, in viable cells, phosphatidylserine is strictly
confined to the inner leaflet of the plasma membrane that faces the cytosol. The
surface expression of this phospholipid is an early feature of apoptosis and occurs
before the loss of membrane integrity (30). Thus, early apoptotic cells bind
annexin V, a Ca2*-dependent phospholipid-binding protein with high affinity for
externalized phosphatidylserine. Furthermore, living cells exclude PI, allowing
specific detection and quantification of apoptosis by fluorescence-activated cell
sorter (FACS) analysis (38).

Suspended and scraped cells were pooled, pelleted by centrifugation, washed
once with ice-cold PBS, and resuspended in binding buffer (10 mM HEPES-
NaOH [pH 7.4], 140 mM NaCl, 2.5 mM CaCl,) to a concentration of 10%/ml.
Next, 0.1 ml of this cell suspension was transferred to a 5-ml tube and incubated
with 0.005 ml of Ann-V and 0.005 ml of PI for 15 min at 25°C in the dark. Finally,
0.4 ml of binding buffer was added, and samples were analyzed by flow cytometry
within 1 h on a FACScan flow cytometer (BD Biosciences) at the Core Flow
Cytometry Facility of the Hospital for Sick Children. Samples were gated on the
basis of forward versus side scatter for size, and the results are presented as the
percentage of cells that were viable (Ann-V~ PI"), early apoptotic (Ann-V*
PI7), or nonviable (Ann-V* PI" or Ann-V~ PI™).

Western blotting. (i) Whole-cell protein extraction. Suspended and adherent
macrophages were pooled, pelleted, washed once with cold PBS, and pelleted by
centrifugation at 13,000 X g for 10 s. Subsequently, the cell pellet was resus-
pended in 150 pl of RIPA buffer (1% NP-40, 0.5% sodium deoxycholate, and
0.1% sodium dodecyl sulfate [SDS] in PBS) supplemented with 150 mM NaCl,
50 mM NaF, 1 mM Na;VO,, 20 pg of phenlymethylsulfonyl fluoride/ml, 10 pg
of aprotinin/ml, 2 pg of pepstatin A/ml, and 2 pg of leupeptin/ml (all obtained
from Sigma Aldrich) by being vortexed and was left at 4°C for 20 min. The lysates
were then centrifuged at 11,200 X g for 10 min at 4°C, and the supernatant
(whole-cell protein extract) was stored at —70°C until immunoblotting was per-
formed (10).

(ii) Cytosolic protein extraction. Cytosolic proteins were isolated as previously
described (21). Briefly, suspended and adherent macrophages were pooled, pel-
leted, washed twice in cold PBS, and incubated for 30 min on ice in lysis buffer
(68 mM sucrose, 200 mM mannitol, 50 mM KCl, 1 mM EDTA, 1 mM EGTA, 1
mM dithiothreitol, 10 pg of aprotinin/ml, 2 wg of pepstatin A/ml, 2 ug of
leupeptin/ml, and 0.5 mM phenylmethylsulfonyl fluoride [all obtained from
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Sigma Aldrich]). The cells were then passed 40 times through a 25-gauge 5/8-in.
needle and centrifuged at 1,500 X g for 10 min. The supernatant was transferred
to a fresh Eppendorf tube and was further cleared by centrifugation at 22,000 X
g for 15 min. The supernatant was stored at —70°C until the protein concentra-
tion was determined by the Bio-Rad assay for use in immunoblotting.

(iii) Immunoblotting. Equal volumes of whole-cell protein extracts were added
to 10 pl of 2X loading buffer, and samples were boiled for 3 min and then
subjected to electrophoresis through an SDS-5% polyacrylamide gel electro-
phoresis (PAGE) stacking gel and an SDS-15% PAGE separating gel at 111 V
for 1.25 h at room temperature (or 1.5 h for caspase 8 immunoblotting). For
cytochrome c¢ assays, 15 to 20 pg of cytosolic protein extract was loaded for
SDS-PAGE. The proteins were subsequently transferred onto a nitrocellulose
membrane (BioTrace NT; Pall Corp., Ann Arbor, Mich.) at 4°C and 85 V for 2 h,
rinsed in distilled H,O, and then blocked with Tris-buffered saline containing
0.05% Tween 20 (TBST) supplemented with 5% low-fat milk for 30 min at room
temperature. The membranes were probed overnight with shaking at 4°C with a
polyclonal goat anti-mouse Bid antibody (1:4,000; R&D Systems), polyclonal
rabbit anti-mouse caspase 8 antibody (1:1,000; Santa Cruz Biotechnology, Santa
Cruz, Calif.), monoclonal mouse anti-cytochrome ¢ antibody (1:250; BD Bio-
sciences-Pharmingen), polyclonal goat anti-mouse actin antibody (1:1,000; Santa
Cruz Biotechnology), or polyclonal rabbit anti-mouse actin antibody (1:1,000;
Santa Cruz Biotechnology) in TBST-milk. The membranes were washed twice
with distilled water and three times in TBST (10 min each time) and incubated
with horseradish peroxidase-conjugated donkey anti-goat immunoglobulin G
antibody (1:1,000; Santa Cruz Biotechnology) or horseradish peroxidase-conju-
gated donkey anti-rabbit immunoglobulin G antibody (1:1,000; Santa Cruz Bio-
technology) for 1 h at room temperature. The membranes were then washed
again with distilled water and TBST (three washes; 10 min each), and bands were
visualized by chemiluminescence detection (Santa Cruz Biotechnology) using
Kodak Biomax MR film.

Mitochondrial-membrane sensor flow cytometry. A cationic dye that fluo-
resces differently in apoptotic and nonapoptotic cells (ApoAlert Mitochodrial
Membrane Sensor Kit; BD Biosciences-Clontech) was utilized according to the
manufacturer’s instructions. Briefly, in living cells, the dye is taken up in the
mitochondria to form red fluorescent aggregates. However, in apoptotic cells,
increased mitochondrial-membrane permeability prevents the dye from accumu-
lating inside mitochondria, and it remains in monomeric form in the cytosol,
where it fluoresces green (13).

Uninfected and infected macrophages were pooled, pelleted by centrifugation,
resuspended in 1 ml of diluted Mitosensor reagent/sample, and incubated at
37°Cin 5% CO, for 20 min. One milliliter of incubation buffer was added to the
samples, followed by centrifugation and resuspension in incubation buffer ac-
cording to the manufacturer’s instructions. Samples were then analyzed by flow
cytometry within 1 h of preparation. The results are presented as percent in-
crease in membrane permeability over controls.

Statistical analysis. Results are expressed as means =+ standard errors. To test
statistical significance among multiple groups, a one-way analysis of variance
(ANOVA) was used, followed by post hoc comparisons with the Tukey-Kramer
or Bonferronni multiple-comparison test, as indicated in the text. Alternatively,
a two-tailed unpaired Student’s ¢ test was used where indicated.

RESULTS

H. pylori induces morphological features of apoptosis in
RAW 264.7 cells. In comparison with uninfected controls (Fig.
1A), RAW 264.7 cells infected with H. pylori strain 60190 (24
h; MOI, 50:1) exhibited morphological features of apoptosis as
assessed by transmission electron microscopy, including con-
densed and marginated nuclear chromatin, cellular blebbing,
and cytoplasmic vacuolation (Fig. 1B).

Induction of apoptosis was confirmed by utilizing a comple-
mentary, semiquantitative acridine orange-ethidium bromide
fluorescent-dye staining assay. As shown in Fig. 2A, the ma-
jority of uninfected macrophages were viable and displayed
normal cellular morphology and intact nuclear architecture,
with nuclei that fluoresced green. In comparison with unin-
fected controls, macrophages treated with staurosporine (pos-
itive control) displayed both early (green) and late (orange)
features of apoptosis, as determined by enhanced fluorescence

HELICOBACTER PYLORI AND MACROPHAGE APOPTOSIS 2891

FIG. 1. Induction of apoptosis of RAW 264.7 cells by H. pylori as
assessed by transmission electron microscopy. (A) Uninfected macro-
phages show normal cellular morphology, including intact plasma and
nuclear membranes (magnification, X20,000). (B) H. pylori-infected
macrophages (24 h; MOI, 50:1) display characteristic features of apo-
ptosis, including membrane blebbing (arrowhead), cytoplasmic vacuo-
lation, and condensed and marginated nuclear chromatin (arrows)
(magnification, approximately x12,000).

of condensed chromatin (Fig. 2B). Similar findings were de-
tected in H. pylori-infected RAW 264.7 cells, which displayed
both early and late features of apoptosis (Fig. 2C).
Quantification of the fluorescence microscopy data from five
separate experiments demonstrated that RAW 264.7 cells in-
fected with increasing MOI of H. pylori (24 h) displayed a
dose-dependent increase in apoptosis, with statistically signif-
icant levels of apoptosis at MOIs of 50 and 100 bacteria to 1
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FIG. 2. Induction of apoptosis in RAW 264.7 cells by H. pylori as
assessed by fluorescence microscopy using acridine orange and
ethidium bromide staining. (A) Untreated RAW 264.7 cells show
normal cellular morphology and display intact nuclear architecture, as
demonstrated by the green fluorescence of their nuclei (magnification,
X250). (B) RAW 264.7 cells treated with staurosporine for 24 h (pos-
itive control for apoptosis) show morphological features characteristic
of apoptosis, as demonstrated by the enhanced fluorescence of their
condensed chromatin. Early apoptotic cells fluoresce green (arrows),
and late apoptotic cells fluoresce orange (arrowheads) (magnification,
X250). (C) H. pylori-infected cells (MOI, 50:1; 24 h) show features of
apoptosis similar to those of staurosporine-treated cells (magnifica-
tion, X400).
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FIG. 3. Quantification of fluorescence microscopy data using acri-
dine orange and ethidium bromide staining. (A) Infection with H.
pylori at MOI of 10:1, 30:1, 50:1, and 100:1 for 24 h resulted in a
dose-dependent induction of apoptosis, with increased levels of apo-
ptosis observed at MOI of 50:1 and 100:1 compared with uninfected
controls (23.1% = 8.4% and 27.9% * 12.9%, respectively, versus 9.9%
* 5.8%; ANOVA-Bonferroni multiple-comparison test; *P < 0.004; n
= 5). (B) RAW 264.7 cells infected with H. pylori (solid bars) at an
MOI of 50:1 for 6, 24, or 48 h showed a time-dependent increase in
apoptosis at 24 h compared with time-matched uninfected controls
(open bars) (13.5% = 2.9% versus 4.0% * 1.0%; unpaired ¢ test; *, P
< 0.0004; n = 4). The results are expressed as mean percentages of
apoptotic cells per 500 cells enumerated, and the error bars represent
standard errors of the mean.

macrophage compared to uninfected cells (23.1% * 8.4% and
27.9% * 12.9%, respectively, versus 9.9% * 5.8%; ANOVA-
Bonferroni multiple-comparisons test; P < 0.004; n = 5) (Fig.
3A). Furthermore, H. pylori-induced apoptosis of RAW 264.7
cells occurred in a time-dependent manner, with maximal pro-
grammed cell death occurring 24 h postinfection compared
with uninfected controls (13.5% = 2.9% versus 4.0% * 1.0%;
unpaired ¢ test; P < 0.0004) (Fig. 3B).

H. pylori induces extracellular exposure of phosphatidylser-
ine. H. pylori-induced apoptosis of macrophages was further
confirmed by assessing the surface expression of phosphatidyl-
serine using Ann-V in conjunction with PI and FACS analysis.
A FACS analysis representative of three individual experi-
ments is depicted in Fig. 4. As shown in Fig. 4A, 80% of
uninfected RAW 264.7 cells were viable (Annexin-V~ PI"),
while only 5% were apoptotic (Annexin-V" PI7). In contrast,
only 51% of H. pylori-infected RAW 264.7 cells were viable
(Annexin-V~ PI™), while 16% were apoptotic (Fig. 4C). Fig-
ure 4D displays the mean percentage of H. pylori-infected
RAW 264.7 cells undergoing apoptosis (Annexin V* PI7)
from three separate experiments. In comparison with unin-
fected cells, H. pylori-infected macrophages displayed an
increase in apoptosis similar to that detected in staurosporine-
treated cells (16% = 3.8% versus 2.8% = 0.6%; ANOVA-
Tukey-Kramer test; P < 0.05; n = 3) (Fig. 4D).
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FIG. 4. H. pylori induces apoptosis, as measured by annexin-V binding to externalized phosphatidylserine. RAW 264.7 cells were infected with
H. pylori at an MOI of 50:1 for 24 h. Viable cells (annexin-V~ PI"); nonviable, including late apoptotic or necrotic cells (annexin-V*" PI"* or
annexin-V~ PI"); and apoptotic cells (annexin-V™* PI™) were detected by the binding of Ann-V to externalized phospatidylserine in conjunction
with PI, a dye excluded from viable cells. (A, B, and C) One FACS analysis representative of three individual experiments. (A) Eighty percent of
uninfected RAW 264.7 cells were viable (annexin-V~ PI7), while only 5% were apoptotic (annexin-V* PI7). (B) One percent of RAW 264.7 cells
treated with 1 wM staurosporine (positive control for apoptosis) were apoptotic (annexin-V* PI7), and 98% of RAW 264.7 cells were nonviable
(annexin-V* PI"). (C) Sixteen percent of RAW 264.7 cells infected with H. pylori (60190) at an MOI of 50:1 for 24 h were apoptotic (annexin-V*
PI"), and 31% of the cells were nonviable (annexin-V* PI"). FL1, flow cytometry channel 1 to detect PI stain; FL2, flow cytometry channel 2 to
detect annexin-V. (D) Combined results of three separate FACS analyses depicting the mean levels of apoptotic cells (annexin-V* PI7).
Staurosporine-treated cells showed an increase in apoptosis over uninfected controls. RAW 264.7 cells infected with H. pylori (60190) at an MOI
of 50:1 for 24 h showed an increase in apoptosis in comparison with uninfected controls (16.0% = 3.7% versus 2.8% * 0.6%; Tukey-Kramer test;
* P < 0.05).

cagA and vacA are involved in H. pylori-induced apoptosis of
RAW 264.7 cells. To delineate the bacterial virulence factors
involved in H. pylori-induced apoptosis of macrophages, RAW
264.7 cells were infected with the parental strain 60190 (cag4™
VacA™) (24 h; MOI, 100:1) or its isogenic mutant strains (cagA4
or vacA mutant) (24 h; MOI, 100:1) and were subsequently
analyzed by FACS for binding of annexin V to exteriorized
phosphatidylserine. RAW 264.7 cells infected with the parental
H. pylori strain 60190 displayed an ~3-fold increase in apopto-
sis over uninfected controls (13.8% = 1.8% versus 2.4% =+
1.1%; ANOV A-Tukey-Kramer test; P < 0.001; n = 3) (Fig. 5).
In contrast, cells infected with isogenic mutant strains deficient
in either cagA or vacA showed a reduction in apoptosis com-
pared with cells infected with the wild-type strain (7.6% =+
0.35% and 5.7% = 1.5%, respectively; ANOVA-Tukey-
Kramer test; P < 0.002; n = 3).

H. pylori induces cleavage of procaspase 8. RAW 264.7 cells
infected with H. pylori strain 60190 (MOI, 100:1; 2 to 8 h)
displayed a time-dependent increase in the appearance of the
p20 caspase 8 subunit, beginning as early as 2 h postinfection,
compared with uninfected controls (Fig. 6A).

In order to determine the importance of caspase 8 activa-
tion, RAW 264.7 cells were preincubated with the specific
caspase 8 inhibitor Z-IETD-FMK for 2 h and infected with the
bacterium (24 h; MOI, 100:1), and apoptosis was quantified by
utilizing the acridine orange-ethidium bromide fluorescent-dye

staining assay. As shown previously, H. pylori induced an in-
crease in apoptosis compared to uninfected controls (12.5% *
1.5% versus 1.4% = 0.2%; ANOVA-Tukey Kramer test; P <
0.001) (Fig. 6B). Dimethyl sulfoxide vehicle alone neither in-
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FIG. 5. vacA and cagA are involved in H. pylori-induced apoptosis of
RAW 264.7 cells. RAW 264.7 cells infected with H. pylori strain 60190 (24
h; MOI, 100:1) showed an increase in apoptosis (annexin-V*" PI7) in
comparison with uninfected controls (13.8% * 1.8% versus 2.4% * 1.1%;
ANOVA; **, P < (.001) as assessed by Ann-V-PI binding. However,
isogenic mutant strains deficient in either cag4 (24 h; MOI, 100:1) or
vacA (24 h; MOI, 100:1) showed a reduction in apoptosis (annexin-V*
PI") compared to RAW 264.7 cells infected with the wild-type strain
(7.6% = 0.35% and 5.7% = 1.5%, respectively, versus 13.8% =+ 1.8%;
ANOVA-Tukey-Kramer test; *, P < 0.002; n = 3).
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FIG. 6. H. pylori infection of RAW 264.7 cells induces a time-
dependent increase in cleavage of procaspase 8 (p20). (A) (Top) Im-
munoblot analysis of whole-cell protein lysates from H. pylori (60190)-
infected RAW 264.7 cells probed with caspase 8 antibody. Uninfected
RAW 264.7 cells (=) do not express the active caspase 8 fragment.
However, H. pylori-infected RAW 264.7 cells (+) (2 to 8 h; MOI,
100:1) exhibit cleavage of procaspase 8 and appearance of caspase 8
(p20) beginning 2 h postinfection compared to time-matched unin-
fected controls (lanes 1 and 2). (Bottom) Actin levels were assayed to
monitor protein-loading levels between samples (n = 3). (B) Preincu-
bation with the specific caspase 8 inhibitor Z-IETD-FMK leads to a
reduction in H. pylori-induced apoptosis of RAW 264.7 cells, as as-
sessed by acridine orange-ethidium bromide fluorescent-dye staining.
Similar to Fig. 2C, infection with H. pylori (24 h; MOI, 100:1) leads to
an increase in levels of apoptosis compared to uninfected controls
(12.5% = 1.5% versus 1.4% * 0.2%; ANOVA-Tukey-Kramer test; P
< 0.001). However, preincubation with the caspase 8 inhibitor, but not
the dimethyl sulfoxide vehicle control, caused a decrease in levels of
apoptosis induced by H. pylori (6.4% * 1.4% versus 12.5% * 1.5%;
ANOVA-Tukey-Kramer test; *, P < 0.05; n = 3). Error bars, standard
eITorS.

duced nor prevented bacterially induced apoptosis. In contrast,
preincubation with the specific caspase 8 inhibitor (Z-IETD-
FMK) caused a reduction in apoptosis of H. pylori-infected
RAW 264.7 cells (64% = 1.4% versus 12.5% * 1.5%;
ANOVA-Tukey Kramer test; P < 0.05; n = 3).

H. pylori infection decreases expression levels of uncleaved
Bid protein. Since caspase 8 is the cysteine protease most
commonly activated in association with the cleavage of Bid
(42), we assayed protein expression levels of uncleaved Bid by
immunoblotting. Truncated-Bid (tBid) levels were constant at
15 kDa among uninfected and H. pylori-infected cells. How-
ever, in comparison with uninfected controls, RAW 264.7 cells
infected with H. pylori strain 60190 (MOI, 100:1; 2 to 8 h)
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FIG. 7. Infection of RAW 264.7 cells with H. pylori leads to a
time-dependent decrease in the expression of uncleaved Bid protein.
(A) Whole-cell protein extracts from RAW 264.7 cells analyzed by
immunoblotting. (Top) Uninfected RAW 264.7 cells (—) expressed
both uncleaved (22-kDa) and cleaved (15-kDa) Bid protein. In con-
trast, uncleaved Bid protein expression decreased following infection
with H. pylori (MOI, 100:1) (+) beginning at 6 h. (Bottom) Actin levels
were assayed to monitor protein loading between samples (n = 3).
(B) Densitometry corresponding to immunoblots from three separate
experiments reflects decreased uncleaved Bid protein expression in H.
pylori-infected samples (solid bars) when normalized to actin levels to
control for protein loading (open bars) over time (*, P < 0.05; **, P <
0.001; ANOVA; n = 3). Error bars, standard errors.

showed a time-dependent decrease in expression levels of un-
cleaved Bid protein (22 kDa). The decrease in expression of
the uncleaved Bid protein was detectable 6 h postinfection
(Fig. 7A). Densitometry analysis of the immunoblotting results
from three separate experiments where uncleaved Bid expres-
sion was normalized to actin levels demonstrates that there was
a significant decrease in protein expression levels of uncleaved
Bid at 2, 6, and 8 h postinfection (ANOVA-Tukey-Kramer
test) (Fig. 7B).

H. pylori infection induces mitochondrial dysfunction and
cytochrome c release. Since activation of Bid and caspase 8 can
lead to increased mitochondrial-membrane permeability (67),
we evaluated mitochondrial-membrane permeability after in-
fection of RAW 264.7 cells. A time-dependent increase in
mitochondrial-membrane permeability was observed in cells
infected with H. pylori (60190) for 2 to 24 h (data not shown)
(n = 1). A representative FACS analysis of three individual
experiments is depicted in Fig. 8, showing uninfected (Fig. 8A),
staurosporine-treated (24 h; 1 M) (Fig. 8B), and H. pylori-
infected (24 h; MOI, 100:1) (Fig. 8C) RAW 264.7 cells. As
shown in Fig. 8A, 82.6% of uninfected RAW 264.7 cells dis-
played intact mitochondrial membranes, while only 4.3%
showed an increase in membrane permeability. In contrast,
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FIG. 8. H. pylori infection leads to increased mitochondrial-membrane permeability and increased cytosolic cytochrome ¢ in RAW 264.7 cells.
Macrophages were harvested after H. pylori (60190) infection (MOI, 100:1; 24 h), and mitochondrial-membrane permeability was assessed using
FACS analysis. (A, B, and C) One representative FACS analysis from three separate experiments is shown, where the x axis represents fluorescence
levels of monomeric dye remaining in the cytosol of cells with increased mitochondrial-membrane permeability (green emission). In contrast, the
y axis represents the fluorescence levels of the aggregated dye taken up and retained in the mitochondria of cells with intact mitochondrial
membranes (red emission). (A) A total of 4.3% of uninfected RAW 264.7 cells show increased mitochondrial-membrane permeability, while 82.6%
show intact mitochondrial-membrane permeability. (B) A total of 42.1% of staurosporine-treated macrophages have increased mitochondrial-
membrane permeability, while only 1.3% display intact mitochondrial-membrane permeability. (C) At 24 h postinfection, 12.6% of H. pylori-
infected RAW 264.7 cells display increased mitochondrial-membrane permeability. FL1, flow cytometry channel 1 to detect FITC; FL2, flow
cytometry channel 2 to detect PE. (D) Infection with H. pylori leads to an increase in cytosolic cytochrome ¢ protein levels, as assessed by Western
blot analysis. In comparison with cytosolic extracts from uninfected RAW 264.7 cells, H. pylori strain 60190-infected RAW 264.7 cells (H. pylori)
(MO, 100:1; 24 h) show increased protein levels of cytosolic cytochrome ¢, similar to staurosporine-treated cells (Staurosporine) (1 wM; 24 h;

positive control; n = 3).

1.3% of staurosporine-treated macrophages displayed intact
mitochondrial membranes, and 42.1% showed increased mito-
chondrial-membrane permeability (Fig. 8B). As depicted in
Fig. 8C, 63.1% of RAW 264.7 cells infected with H. pylori
strain 60190 (24 h; MOI, 100:1) displayed intact mitochondrial-
membrane permeability, while 12.6% of the cells displayed
increased mitochondrial-membrane permeability. Thus, an
~3-fold increase in disrupted membrane integrity was detected
in H. pylori-infected RAW 264.7 cells (Fig. 8C) versus unin-
fected controls (Fig. 8B) (n = 3).

When mitochondrial-membrane integrity is compromised,
cytochrome ¢ may be released into the cytosol (41). Thus, we
determined by Western blot analysis if there was an increase in
cytosolic cytochrome ¢ protein levels. As demonstrated in Fig.
8D, in comparison with cytosolic extracts obtained from unin-
fected RAW 264.7 cells, cells infected with H. pylori strain
60190 (MOI, 100:1; 24 h) showed increased levels of cytosolic
cytochrome c¢, similar to that induced by staurosporine (posi-
tive control) (n = 3).

DISCUSSION

By utilizing several complementary techniques, including
transmission electron microscopy, fluorescence microscopy,

FACS analysis, and immunoblotting, this study supported (23,
72) and extended recent evidence that H. pylori induces apo-
ptosis of murine macrophages in vitro. Mechanistically, we
have established that H. pylori-induced apoptosis of macro-
phages is mediated by virulence factors encoded by vacA and
cagA. Additionally, we showed that induction of macrophage
apoptosis by H. pylori involves caspase 8 activation, disappear-
ance of uncleaved Bid, increased mitochondrial-membrane
permeability, and release of cytochrome c into the cytosol.
Taken together, the results of this study indicate a role for the
mitochondrial pathway in the apoptotic signaling cascade trig-
gered by infection of macrophages by specific H. pylori factors.

Many investigators have focused on the ability of H. pylori to
induce epithelial-cell apoptosis. Accelerated epithelial-cell
apoptosis (33, 51) is hypothesized to result in peptic ulceration
(37), while resistance to apoptosis has been observed and may
lead to gastric malignancies (62). However, since infection
causes the accumulation of immune cells in the stomach, un-
derstanding the interaction of H. pylori with cells of the im-
mune system is also important in delineating the pathogenesis
of infection (65). Indeed, H. pylori induces apoptosis of mac-
rophages (23) and T lymphocytes (69), while H. pylori lipopoly-
saccharide impedes the apoptosis of polymorphonuclear leu-
kocytes (28). Recent evidence demonstrates that apoptosis of
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macrophages is a common event in the pathogenesis of a
number of microbial infections. Several bacterial pathogens,
including S. flexneri (73), Legionella pneumophila (22), and
Yersinia enterocolitica (15, 61), induce apoptosis in macro-
phages, in some cases decreasing the effectiveness of the im-
mune response (74) or contributing to the inflammatory state
by the release of preformed proinflammatory cytokines, such
as interleukin-1 (29). In contrast, other intracellular bacteria,
such as M. bovis (39), chlamydiae (19), and Brucella suis (26),
inhibit macrophage apoptosis to maintain persistent infection
within the host cell. Thus, both accelerating and inhibiting
apoptosis may enable the bacteria to shield itself from the host
immune response and protect its intracellular sanctuary (1).
Therefore, we speculate that H. pylori induces apoptosis of
macrophages to modulate host immune responses and estab-
lish chronic infection.

To delineate the bacterial factors involved in H. pylori-in-
duced apoptosis of macrophages, we employed isogenic mu-
tants deficient in CagA and VacA production. Since both mu-
tants induced a reduction in apoptosis in comparison with the
wild-type strain, our findings indicate roles for both the cag
PAI and the vacuolating cytotoxin. It is known that CagA is
injected into macrophages, undergoes tyrosine phosphoryla-
tion, and then binds and activates SRC homology 2 domain-
containing tyrosine phosphatase (SHP-2) (48, 55). In epithelial
cells, this leads to the induction of a growth factor-like mor-
phological change called the “hummingbird” phenotype (5,
63). However, the mechanism through which it may contribute
to the induction of apoptosis remains largely unclear. Recently,
Tsutsumi et al. have implicated a CagA-induced SHP-2 signal-
ing mechanism in the induction of epithelial-cell apoptosis
(68), but this possibility is undefined in macrophages. Both S.
flexneri and S. enterica serovar Typhimurium induce macro-
phage apoptosis by injecting invasion protein B (IpaB) and
Salmonella invasion protein B (SipB), respectively, into host
cells by a type III secretion system (27, 73). These bacterial
proteins specifically bind to and activate caspase 1 to induce
apoptosis (27, 73). As cag” H. pylori strains are generally as-
sociated with the ability to induce increased apoptosis in epi-
thelial cells (52), whether the type IV-secreted CagA protein
acts in a similar fashion in macrophages remains to be deter-
mined.

In addition to CagA, we found that VacA was also involved
in the induction of apoptosis. In epithelial cells, VacA has been
shown to target the mitochondria, cause cytochrome c release,
activate caspase 3, and lead to cleavage of downstream apo-
ptosis-inducing substrates, such as poly(ADP-ribose) polymer-
ase (21). Although H. pylori can induce distinct signal trans-
duction pathways in macrophages versus epithelial cells (44),
since we observed activation of the mitochondrial pathway, we
speculate that VacA may also target mitochondria in macro-
phages.

Here, we have demonstrated that induction of macrophage
apoptosis during H. pylori infection occurs in association with
caspase 8 activation, decreased levels of uncleaved Bid, in-
creased mitochondrial permeability, and cytochrome c release.
Furthermore, preincubation with a caspase 8 inhibitor partially
abrogated the apoptotic response to infection. Bid is a specific
substrate of caspase 8 and is strongly dependent upon cleavage
for its proapoptotic activity (42). Temporally, the disappear-

INFECT. IMMUN.

ance of uncleaved Bid coincided with the largest increase in the
cleaved caspase 8 fragment, and both occurred before apopto-
sis was observed. tBid is known to translocate from the cytosol
to the mitochondrial membrane and to interact with the pro-
apoptotic protein Bax to increase the mitochondrial-mem-
brane potential and allow cytochrome c release (40). We con-
sistently observed high levels of tBid in uninfected and infected
RAW 264.7 cells. Thus, since the N terminus of Bid has an
inhibitory effect on the proapoptotic activity of tBid (42), our
observation of the disappearance of uncleaved Bid may be
consistent with an apoptotic response. Finally, we observed an
increase in mitochondrial-membrane permeability at 24 h by
FACS analysis and cytochrome ¢ immunoblotting, consistent
with prior caspase 8 and Bid activation. Overall, this suggests a
temporal sequence of events, beginning with activation of
caspase 8 and Bid cleavage and followed by mitochondrial-
membrane dysfunction and cytochrome c release, implicating
Bid as a link between activated caspase 8 and the mitochon-
drial death pathway.

H. pylori induces epithelial-cell apoptosis through a type II
pathway in vitro through activation of caspases 8, 9, 6, and 3, as
well as a time-dependent activation of Bid and release of
cytochrome ¢ (3, 45, 59, 64). Furthermore, the cleavage of Bid
by activated caspase 8 can also link the death receptor pathway
to the mitochondrial pathway during infection of macrophages
with other bacteria, such as Mycobacterium avium (7). Indirect
evidence suggests that Bid also plays a role in the apoptosis of
macrophages during infection with Y. enterocolitica (15). In-
creased Fas receptor expression during infection of epithelial
cells in vitro (33) and the importance of the Fas death receptor
pathway in the modulation of disease pathophysiology follow-
ing infection with H. pylori in vivo have been demonstrated (31,
35). Whether the activation of caspase 8 that we observed is
directly stimulated by bacterial activation of the Fas receptor
remains to be elucidated.

In summary, this study showed that H. pylori infection in-
duces apoptosis in macrophages through a caspase 8-, Bid-,
and mitochondrion-dependent mechanism. This apoptotic sig-
naling cascade is mediated in part by VacA and the cag PAI
gene cagA. Thus, in addition to other strategies to evade host
immune responses, such as disruption of phagosome matura-
tion (72) and disruption of cytokine signaling (10), induction of
macrophage apoptosis may represent a mechanism by which H.
pylori usurps the host immune response to establish chronic
infection in humans.
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