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Although Helicobacter pylori infections of the gastric mucosa are characterized by the

infiltration of inflammatory cells such as eosinophils, the responses of eosinophils to

H. pylori vacuolating cytotoxin (VacA) have not been fully elucidated. This study investi-

gates the role of VacA in the apoptosis of human eosinophils. We treated human eos-

inophils with purified H. pylori VacA and observed that induction of apoptosis is a rela-

tively late event. Expression of cellular inhibitor of apoptosis protein (c-IAP)-2 was upre-

gulated during the early period of VacA stimulation, and transfection with c-IAP2 siRNA

augmented apoptotic cell death. VacA caused the translocation of cytoplasmic Bax to the

mitochondria and increased cytochrome c release from mitochondria in eosinophils.

Transfection of an EoL-1 eosinophil cell line with Bax siRNA decreased the release of

cytochrome c and DNA fragmentation. Furthermore, apoptosis facilitated by Bax and

cytochrome c was primarily regulated by p38 MAPK in VacA-treated eosinophils. These

results suggest that the exposure of human eosinophils to H. pylori VacA induces the early

upregulation of c-IAP2 and a relatively late apoptotic response, with the apoptosis

progressing through a sequential pathway that includes p38 MAPK activation, Bax

translocation, and cytochrome c release.
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Introduction

Active chronic gastritis due to Helicobacter pylori infection is

characterized by the infiltration of inflammatory cells such as

neutrophils, lymphocytes, and eosinophils into the gastric

mucosa [1–3]. Levels of infiltrating eosinophils decrease slowly

and remain elevated even 1 year after H. pylori is eradicated [2].

One follow-up study showed that neutrophil infiltration disap-

pears within 2 months after H. pylori eradication, while mono-

nuclear cell infiltration persists into the second year [4]. Although

these studies suggest that eosinophils play a role in the

prolongation of gastric inflammation after infection with

H. pylori, the specific pathogenic roles have not been fully

investigated.
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Eosinophils are bone marrow-derived granulocytes that have

specific granules containing large amounts of toxic proteins such

as major basic protein, eosinophil-derived neurotoxin, eosinophil

cationic protein, and eosinophil peroxidases. Eosinophil degra-

nulation in mucosal tissues plays pathogenic roles in

several diseases [5–7]. Considering that H. pylori-induced

chronic gastritis results in increased infiltration of eosinophils

and that infiltrated eosinophils may mediate pathogenic effects in

H. pylori-infected chronic gastric patients [8], it is possible that

the infiltrated eosinophils cause tissue damage. However, the

status of eosinophils induced by H. pylori infection remains

unclear.

H. pylori vacuolating cytotoxin (VacA) is a major virulence

factor in the pathogenicity of H. pylori [9, 10]. Higher VacA

activity during H. pylori infections is significantly associated with

severe chronic gastritis [11–13]. Since human eosinophils induce

proinflammatory cytokines such as IL-8 in response to the

H. pylori VacA [14], VacA may affect eosinophils by inflammatory

signals.

Programmed cell death or apoptosis can be induced

in granulocytes by intrinsic or mitochondrial pathways.

Stress conditions influence the expression and location of Bcl-2

family proteins such as the pro-apoptotic Bax protein [15]. In

certain situations, anti-apoptotic members of the Bcl-2 family

such as inhibitor of apoptosis protein (IAP) may be involved in

delaying apoptosis [16]. Although normal eosinophils are

sensitive to apoptosis, Trichinella spiralis-infected eosinophils

show resistance to apoptotic cell death [17]. Therefore,

apoptosis may regulate pathogenesis of several infectious disea-

ses [18–21]. Considering that H. pylori VacA induces apoptosis

in gastric epithelial cells via a mitochondria-dependent

pathway [22], VacA may influence the apoptotic processes of

eosinophils.

In this study, we investigated the role of VacA in human

eosinophil apoptosis, and observed early induction of the anti-

apoptotic cellular inhibitor of apoptosis protein (c-IAP)-2, along

with relatively late induction of apoptosis through a signaling

pathway including activation of p38 MAPK, Bax translocation,

cytochrome c release from mitochondria, and DNA fragmentation

in VacA-stimulated human eosinophils.

Results

H. pylori VacA induces apoptosis of human eosinophils

Freshly isolated human eosinophils were treated with purified

VacA and apoptosis was evaluated. As shown in Fig. 1A, nuclear

fragmentation was observed in VacA-stimulated eosinophils.

Under transmission electron microscopy (TEM), VacA treatment

resulted in characteristic features of apoptosis such as condensa-

tion of chromatin and apoptotic body formation (Fig. 1B).

VacA-treated mitochondria were stained using a fluorescent

dye, JC-1 (5,50,6,60-tetrachloro-1,103,30-tetraethyl benzimidazl-

carbocyanine iodide). In normal cells, JC-1 dye was concentrated

in the mitochondrial matrix, where it formed JC-aggregates

(Fig. 1C). In VacA-induced apoptotic cells, the mitochondrial

membrane dissipated and the dye dispersed throughout the

entire cell, leading to a shift from JC-aggregates to JC-1

monomers.

Biochemical assessments of apoptosis following VacA stimu-

lation were performed by several methods, including staining

eosinophils with annexin V to detect the externalization of

phosphatidylserine to the outer leaflet of the cell membrane or

staining with tetramethylrhodamine ethyl ester (TMRE, Mole-

cular Probes) to detect reduced mitochondrial transmembrane

potential. We observed increasing numbers of apoptotic cells in

VacA treatment (Fig. 2A and B). Peripheral blood eosinophils

(PBE) are programmed to die in�3 days, unless they encounter

prosurvival cytokines such as IL-5 and GM-CSF [23, 24]. Tissue

eosinophils, in contrast, are exposed to prosurvival cytokines

in vivo, which prolongs their viability. Since observations

regarding the effects of VacA on prosurvival cytokine-treated

eosinophils is much more relevant to in vivo situation, isolated

eosinophils were treated with GM-CSF and VacA, and apoptosis

was then measured. As shown in Fig. 2A and B, prosurvival

cytokine GM-CSF decreased the numbers of apoptotic cells

compared with untreated controls. In this experimental condi-

tion, the addition of VacA to GM-CSF-treated PBE significantly

increased apoptotic cell populations. Although the absolute

numbers of apoptotic cells observed differed according to each

method, the ratios of apoptotic cells in VacA-stimulated and

control cultures were similar (Fig. 2C–E). These results indicate

that VacA enhances apoptosis in both PBE and prosurvival cyto-

kine-treated eosinophils.

We next asked whether VacA could induce cytochrome c

release from mitochondria. As shown in Fig. 3A and B, treatment

A VacAControl B
VacAControl

MergedFITCCy3

Unstimulated

C

control

VacA-
stimulated

Figure 1. Apoptosis in VacA-stimulated human eosinophils. Freshly
isolated human eosinophils were stimulated with VacA (10 mg/mL) for
24 h. (A) Cells were fixed with 2% paraformaldehyde and stained with
Hoechst dye 33258 (� 400). Apoptotic bodies are shown in VacA-treated
cells (arrowhead). (B) Cells were analyzed by TEM (� 10 000). VacA-
treated cells demonstrated the characteristic features of apoptosis
such as condensation of chromatin (arrowhead). (C) Cells were stained
with JC-1 dye and visualized under a fluorescent microscope (� 400).
Normal cells show granular mitochondrial staining and apoptotic cells
show diffuse cytoplasmic staining.
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with H. pylori VacA resulted in increased levels of cytochrome c in

the cytosolic fraction, but decreased levels in the mitochondrial

fraction. To confirm this result, immunohistochemistry and

confocal microscopic analysis were performed. As shown in

Fig. 3C, cytochrome c shows a diffuse distribution pattern

in the cytoplasm of VacA-treated eosinophils. In contrast, cyto-

chrome c was localized within the mitochondria of untreated

cells. Eosinophils with diffuse cytoplasmic distribution

pattern were observed in�25% of the VacA-treated group, but in

less than 5% of the untreated group. These results indicate

that VacA promotes the release of cytochrome c from the

mitochondria.

Time course of apoptosis in eosinophils stimulated
with H. pylori VacA

An increase in eosinophil apoptosis was observed during

the first 24 h after VacA stimulation, and eosinophil apoptosis

continued to increase over the 48 h post-stimulation,

as assessed by quantitative analysis of DNA fragmentation

(Fig. 4A). Since we already demonstrated that VacA increases

chemokine IL-8 expression in eosinophils [14], we next

assessed the relationship between apoptosis and IL-8

expression in response to VacA stimulation. As shown

in Fig. 4B, the numbers of IL-8 mRNA transcripts were
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Figure 2. Flow cytometry analysis of human eosinophils stimulated with VacA and quantification of apoptotic cells. (A) Freshly isolated human
eosinophils were left unstimulated as controls or stimulated with VacA (10 mg/mL), GM-CSF (1 ng/mL), or VacA1GM-CSF for 24 h. Cells were then
incubated with FITC-conjugated annexin V and PI and analyzed by flow cytometry. Apoptotic cells have high FITC-annexin V and low PI staining
(right lower quadrant, R1). Data are representative of three experiments. (B) Cells were incubated with 75 nM TMRE for 30 min at 371C and analyzed
by flow cytometry. The area marked as M1 contains the apoptotic cell population. Data are representative of three experiments. (C and D)
Quantitative data for R1 and M1. Values are means1SEM (n 5 3). (E) The cell death detection ELISA was measured as a fold increase in stimulated
cells compared with each control (mean1SEM, n 5 3). �po0.05 versus untreated control; ��po0.05 versus GM-CSF alone.
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upregulated during the early period of stimulation relative

to the rates of DNA fragmentation. Similar results were

observed in VacA-stimulated cells, as assessed by flow

cytometric analysis using annexin V and PI or TMRE

(Fig. 4C and D).

Induction of c-IAP2 in human eosinophils is an early
response to H. pylori VacA

We next assessed whether upregulation of c-IAP is an early

response to VacA stimulation. To explore this hypothesis, we
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Figure 3. Cytochrome c release from VacA-stimulated human eosinophils. (A) Immunoblot analysis for freshly isolated human eosinophils
stimulated with VacA (10 mg/mL). Data are representative of three or more independent experiments. (B) Densitometric analysis for the expressed
proteins. The values represent percent relative densities of each protein compared with actin (cytoplasmic fraction) or COX IV (mitochondrial
fraction) (mean7SD, n 5 3). �po0.05 versus untreated control (0 h). (C) Freshly isolated human eosinophils were incubated with or without VacA
(10 mg/mL) for 24 h, and immunocytochemistry and confocal analysis were performed. The cells were stained with anti-cytochrome c antibody
(green), Mitotracker RED (red, mitochondria), and DAPI (blue, nucleus). The data are representative of at least five experiments.
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analyzed the expression of c-IAP using quantitative RT-PCR and

immunoblot analysis. Stimulation with VacA increased the

expression of c-IAP2 mRNA within 3 h (Fig. 5A). However,

expression of mRNA for c-IAP1 and XIAP was constitutive and

was not affected by VacA (Fig. 5B and C). b-actin mRNA levels in

VacA-stimulated cells remained relatively constant (Fig. 5D).

Real-time PCR confirmed that stimulation with VacA for 3 h

increased c-IAP2 mRNA levels by 9.672.5-fold as compared to

unstimulated cells (mean7SEM, n 5 3), whereas mRNA expres-

sion of c-IAP1 remained unchanged (c-IAP1, 1.370.7; mean7

SEM, n 5 3). Consistent with this finding, VacA increased

c-IAP2 protein expression as determined by immunoblot

analysis. Transfection with c-IAP2 siRNA resulted in a significant

decrease in c-IAP2 expression (Fig. 6A). We next explored

whether c-IAP2 induced by VacA might be associated with

eosinophil apoptosis. As shown in Fig. 6B and C, transfection

with c-IAP2 siRNA significantly augmented the caspase-3

activity and DNA fragmentation in EoL-1 cells stimulated with

VacA. These results suggest that c-IAP2 is responsible for the

suppression of apoptosis in the early period of VacA-treated

eosinophils.

H. pylori VacA induces mitochondrial trafficking of
activated Bax

Bax activation results in initiation of the intrinsic apoptotic pathway

by increasing mitochondrial permeability and release of cyto-

chrome [25]. We had previously observed increases in cytosolic

cytochrome c as well as increased release of cytochrome c from the

mitochondria (Fig. 3). Consistent with this, Bax signals became

concentrated within the mitochondrial fraction and were reduced in

the cytosolic fraction after stimulation of human eosinophils with
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Figure 4. Time course of apoptosis and IL-8 mRNA expression in
human eosinophils cells treated with VacA. Freshly isolated human
eosinophils were stimulated with VacA (10 mg/mL) for the indicated
time period. (A) Apoptosis was assessed using a cell death detection
ELISA. Data represent absorbance values measured by ELISA reader
(mean7SEM, n 5 5). (B) Levels of IL-8 mRNA were quantified by RT-PCR
using a standard RNA. The values are expressed as mean 7 SD (n 5 5).
The b-actin mRNA levels in stimulated and unstimulated eosinophils
remained relatively constant throughout the same period (�5� 106

transcripts/mg of total RNA). (C) Apoptosis was assessed by flow
cytometry using annexin V and PI, in which numbers of apoptotic
cells were measured in the area of high FITC-annexin V and low PI
staining (R1 area, mean 7 SEM, n 5 3). (D) Apoptosis was assessed by
flow cytometry using TMRE. Numbers of apoptotic cells were calcu-
lated in M1 area (mean7SEM, n 5 3). Open circles represent unstimu-
lated controls and closed circles represent VacA-treated groups.
�po0.05 versus untreated controls.
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VacA (Fig. 7A and B). In addition, immunohistochemistry and

confocal assay results that the distribution of Bax signals in response

to VacA was limited to the mitochondria of VacA-stimulated human

eosinophils (Fig. 7C and D). To confirm this finding, immunohisto-

chemical analyses were performed using the active form of anti-Bax-

NT antibody. The mitochondrial trafficking of activated Bax was

confirmed in VacA-treated cells (Fig. 7E and F).

We next evaluated whether inhibition of Bax activity influ-

ences cytochrome c release and DNA fragmentation in VacA-

treated eosinophils. In this experiment, Bax expression was

suppressed in a human eosinophil cell line, EoL-1, by transfection

with siRNA. As shown in Fig. 8A, cells transfected with siRNA

against Bax showed significant decreases in cytochrome c release

and DNA fragmentation compared to control cells. In this system,

transfection with Bax siRNA significantly reduced the mitochon-

drial levels of phospho-Bax in VacA-treated cells (Fig. 8B).

p38 MAPK regulates Bax signals and apoptosis in
eosinophils stimulated with H. pylori VacA

Purified H. pylori VacA strongly activated the phosphorylation of

ERK1/2, p38, and JNK in eosinophils; the activation of ERK1/2

and p38 was sustained for a relatively long period of time

compared to JNK (Fig. 9A). To explore the potential link between

phosphorylation of MAPK and mitochondrial Bax trafficking in

VacA-stimulated eosinophils, cells were pretreated with the
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following kinase inhibitors: PD98059 (an inhibitor of MEK1/2),

SB203580 (an inhibitor of p38), and SP600125 (an inhibitor of

JNK) [26, 27]. The results indicated that pretreatment with

SB203580 significantly attenuated Bax expression in mitochon-

drial fractions from VacA-stimulated eosinophils. However,

pretreatment with PD98059 or SP600125 did not change Bax

expression levels (Fig. 9B and C). These results suggest that early

signals such as p38 MAPK affect the late apoptosis of eosinophils.

To confirm these results, transfection with recombinant adeno-

viruses containing dominant-negative mutants of p38 was

performed. In this experiment, suppression of the p38 signal

significantly decreased cytochrome c release and DNA fragmen-

tation induced by VacA (Fig. 10A and B). The intracellular

redistribution of Bax proteins was evaluated by immunoblot

analysis of mitochondrial fractions using the active form of anti-

Bax-NT antibody. VacA treatment showed a significant increase

in Bax protein in normal cells. However, suppression of p38

signal by a dominant-negative mutant definitely attenuated the

VacA-induced expression of active Bax in mitochondrial fractions

(Fig. 10C). Phosphorylated activity of p38 were increased in

eosinophils stimulated with VacA, as assessed by phospho-p38

ELISA kit (Active Motif, Carlsbad, CA, USA) (Fig. 10D).

Discussion

The apoptotic process is a natural physiological phenomenon.

However, excessive apoptosis results in tissue damage. Since

H. pylori infection induces apoptosis in gastric epithelial cells and
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immune cells such as T lymphocytes and macrophages [28], the

apoptotic process may play an important role in the pathogenesis

of H. pylori infection. In the present study, VacA-exposed human

eosinophils induced upregulation of c-IAP2 molecules as an early

response to treatment with H. pylori VacA, and apoptosis as a

relatively late response, with apoptosis involving activation of

p38 MAPK, Bax translocation, and release of cytochrome c.

At the molecular level, classical apoptosis is caused by the

activation of a family of cysteine proteases known as caspases

that cleave their target proteins at specific aspartic acids [29].

Two major apoptotic pathways have been defined: (i) the

extrinsic pathway, in which activation of a death receptor (e.g.

Fas/CD95 and TNFRI/CD120a) by a ligand, such as TNF-a or Fas

ligand, leads to the activation of initiator caspase-8; and (ii) the

intrinsic pathway, which is a consequence of cellular stress and

cytochrome c release from mitochondria, and which leads to

caspase-9 activation. There is crosstalk between the mitochon-

drial-mediated and receptor-mediated pathways. Both pathways

culminate in the activation of downstream executioner caspase-3.

The activation of caspase-3 results in a series of events, such as

cleavage of cytoskeleton proteins, activation of nucleases, and

subsequent DNA fragmentation [30]. The results of the present

study demonstrate that VacA induces cytochrome c release from

the mitochondria into the cytoplasm in eosinophils. Of note,

immunohistochemistry and confocal microscopy revealed diffuse

cytoplasmic distribution of cytochrome c in VacA-treated eosi-

nophils and a localized mitochondrial distribution in untreated

cells. Interestingly, apparent apoptotic phenomena were

observed as relatively late responses to VacA stimulation in

eosinophils compared to proinflammatory responses such as IL-8

expression. Therefore, it is possible that the ability of VacA to

inhibit apoptosis may result from the induction of anti-apoptotic

pathways during early response. The present study used phar-

macologic doses of VacA to induce eosinophil apoptosis. Since the

in vitro pharmacologic dose appears to be higher than physiologic

concentrations in toxigenic H. pylori-infected stomachs, further

study is needed to investigate the relationship between in vitro

pharmacologic doses and in vivo physiologic concentration of

VacA.

IAP are ubiquitous intracellular proteins that may function as

inhibitory signals of apoptosis. Thus, IAP induction may inhibit

apoptosis in several cells [21, 31, 32]. Because of its ubiquitous

distribution and inducible properties, the IAP family serves as

cytoprotective machinery under bacterial toxin-stimulated

pathophysiological situations [21]. In the present study, stimu-

lation of eosinophils with VacA induced the over-expression of

c-IAP2. In addition, the inhibition of c-IAP2 directly augmented

caspase-3 activity and DNA fragmentation in VacA-treated cells.

These observations suggest that the ability of VacA to suppress

apoptosis in the early period of stimulation may have a molecular

basis. However, c-IAP2 expression decreased to baseline between

24 and 48 h after stimulation, indicating that prosurvival signal-

ing c-IAP2 was antagonized by VacA during the late period.

Therefore, upregulated c-IAP2 is probably unable to reduce

eosinophil persistence in stomachs infected with VacA-producing

H. pylori.

The apoptotic processes that occur before cytochrome c

release require a variety of effector molecules, including Bcl-2

family proteins, which are important regulatory molecules

[33–36]. The Bcl-2 family is composed of two subfamilies: one

consisting of anti-apoptotic proteins (e.g. Bcl-2, Bcl-XL, Bcl-w,

Bfl-1, Brag-1, and Mcl-1) and the other of pro-apoptotic proteins
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(e.g. Bax, Bak, Bcl-XS, Bad, Bid, Bik, and Hrk) [37]. Some pro-

apoptotic Bcl-2 family proteins are localized in the cytoplasm in

the normal state; however, during the apoptotic process, they

translocate into the mitochondria, forming homo- and hetero-

oligomers to regulate efflux of apoptosis-executioner proteins,

including cytochrome c and Smac/DIABLO. Bax is known to be

an important regulator of mitochondrial membrane permeabili-

zation [33–35]. In normal cells, Bax is largely located in the

cytoplasm as a monomeric protein. During apoptosis, it under-

goes conformational changes near the amino and carboxyl

termini to expose a functionally crucial Bcl-2 homology domain 3

and translocates to the mitochondrial outer membrane. Activated

Bax undergoes homo-oligomerization and may participate in the

formation of a large mitochondrial transition pore complex that

facilitates cytochrome c release [36]. Recently, a paper demon-

strated that Bax was activated and localized to mitochondria in

gastric epithelial cells exposed to H. pylori VacA [22]. Consistent

with this observation, our results demonstrated the translocation

of Bax protein to mitochondria in VacA-exposed eosinophils. This

finding was confirmed by confocal microscopy using a confor-

mation-specific anti-Bax-NT antibody. In addition, transfection

with siRNA against Bax significantly reduced the levels of

caspase-3 activity, cytochrome c release, and DNA fragmentation,

suggesting that H. pylori VacA may utilize an activated Bax signal

to induce apoptosis in eosinophils. Since quantification of

confocal analysis regarding Bax activation and cytochrome c

distribution is very subjective, immunoblot data may be useful to

address these questions. The results of immunoblot analyses

showed that VacA increased levels of activated Bax in the mito-

chondrial fraction, increased levels of cytochrome c in the cyto-

solic fraction, and decreased levels of cytochrome c in the

mitochondrial fraction. Therefore, the results of confocal analyses

are congruent with observations of Bax activation and cyto-

chrome c distribution in response to VacA stimulation. Eosino-

phils are terminally differentiated, non-dividing cells. In contrast,

EoL-1 cells are immortal. Therefore, extrapolations based on data

from EoL-1 cells in the present study may not be relevant to

in vivo situation. Careful in vitro models must be developed to

address this problem.

In eosinophil apoptosis, GM-CSF induces activation of kinase

Erk1/2 and phosphorylated Bax molecule, and then this facil-

itates new interactions between Bax and prolyl isomerase Pin1,

suggesting that Pin1 is a mediator of prosurvival signaling and is

a regulator of Bax function [24]. In the present study, VacA

significantly increased apoptotic cell population and DNA frag-

mentation in GM-CSF-treated eosinophils, suggesting that VacA

may affect this signaling pathway. However, further study is

needed to clarify this hypothesis.

In the present study, H. pylori VacA activated MAPK signals

and inhibition of p38 MAPK resulted in a significant reduction of

Bax activity and apoptosis in eosinophils. In contrast, Nakayama

et al. reported that p38 did not participate in VacA-induced

cytochrome c release and Bax activation in gastric epithelial cells

[38]. However, several studies have demonstrated that p38

MAPK activates Bax to induce mitochondrial cytochrome c

release and apoptosis in neuroblastoma cells [39], keratinocytes

[40], and lens epithelial cells [41]. Therefore, the mechanisms for

p38-associated cytochrome c release and Bax activation in eosi-

nophils appear to be cell-specific and different from those in

gastric epithelial cells.

In summary, this study demonstrates that the exposure of

eosinophils to VacA results in the activation of intrinsic apoptotic

signaling events, including p38 activation, Bax translocation,

cytochrome c release, and DNA fragmentation. Apoptotic events

are apparent during late periods after stimulation because the

suppressor gene c-IAP2 is induced during early periods. Based on

these findings, we propose that the survival advantage observed

during the early period allows VacA-exposed eosinophils to

accumulate proinflammatory signals, leading to an inflammatory

response in gastric mucosal layers infected with VacA-producing

toxigenic H. pylori.

Materials and methods

Reagents

Histopaque solution (density, 1.083 g/mL) and RBC lysis buffer

were obtained from Sigma Chemical (St. Louis, MO, USA). Anti-

CD16 antibody-conjugated with magnetic particles was obtained

from Miltenyi Biotech (Bergisch Gladbach, Germany). LPS-free

FBS, antibiotics, L-glutamin, Trizol, and RPMI 1640 were

obtained from GIBCO BRL (Gaithersburg, MD, USA). Perox-

idase-conjugated anti-rabbit and anti-mouse IgG were obtained

from BD Pharmingen (San Diego, CA, USA). Antibodies against

cytochrome c, pan-ERK1/2 (p44/p42), phospho-ERK1/2, pan-

JNK (p54/p46), phospho-JNK, pan-p38, phospho-p38, cyto-

chrome c oxidase subunit IV (COX IV), and actin were obtained

from Cell Signaling Technology (Beverley, MA, USA). PD98059,

SB203580, SP600125, and Hoechst 33258 were acquired from

Calbiochem (La Jolla, CA, USA). Mitotracker RED CMXRos and

Alexa fluor 488-conjugated secondary antibody against rabbit IgG

were purchased from Invitrogen-Molecular Probes (Eugene, OR,

USA). Anti-human Bax antibody was obtained from Santa Cruz

Biotechnology (Santa Cruz, CA, USA). The active form of specific

anti-Bax-NT was from Upstate Biotech (Temecala, CA, USA) and

Vectashield mounting medium with DAPI was obtained from

Vector Laboratories (Burlingame, CA, USA).

Purification of H. pylori VacA

A VacA-producing H. pylori strain 60190 (ATCC 49503) was

grown in sulfite-free Brucella broth containing 5% FBS at 371C

under microaerophilic conditions. VacA was purified from broth

culture supernatants according to our previously published

procedures [14]. The purification of VacA protein was kindly

supported by Professor Patrice Boquet at Laboratoire de

Bacteriologie, l’Hopital de l’0Archet 2, France [42]. The purified
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protein was activated immediately before use on cells; 250 mM

HCl was added to the purified VacA until a pH of 2.0 was reached

[43]. NH4Cl (5 mM) was also added to the medium to enhance

the VacA activity [22].

Isolation of PBE and cell cultures

Eosinophils were isolated from the peripheral blood of volunteers

using a magnetic cell separation system (Miltenyi Biotec), as

described previously [14]. The Hanyang University College of

Medicine Review Board approved the protocol used to obtain

blood from volunteers. The purity of eosinophils counted by

Randolph’s stain was 498%. Purified eosinophils were used

immediately for experiments using RPMI 1640 medium. The

human eosinophil cell line, EoL-1, was grown (106 cells/mL) in

RPMI 1640 medium containing 10% FBS, penicillin (100 U/mL),

and streptomycin (100 mg/mL) [14].

Analysis of apoptosis

For morphologic assessment of apoptotic cells, cells were stained

with the DNA dye Hoechst 33258 (5mg/mL) and examined by

epifluorescence microscopy (Axiophot, Carl Zeiss, Oberkochen,

Germany) [18]. TEM was conducted using JEOL JEM-100 CX, as

described previously [44]. A mitochondrial staining kit (CS0390,

Sigma) was used to detect morphologic changes of the

mitochondrial inner-membrane electrochemical potential [21].

To assess numbers of cells undergoing apoptosis, eosinophils

were incubated with FITC-conjugated annexin V and PI (Apop-

tosis Detection Kit; R&D Systems, Minneapolis, MN, USA). They

were then analyzed by flow cytometry (Becton Dickinson, San

Jose, CA, USA), as previously described [21]. The mitochondrial

transmembrane potential was assessed using TMRE and flow

cytometry, as previously described [23]. To assess DNA frag-

mentation, oligonucleosome release into the cytoplasm was

assayed with the Cell Death Detection ELISAPLUS kit (Roche

Diagnostics, Mannheim, Germany), as described previously [21].

Caspase-3 activity was assayed with a colorimetric assay kit

according to the manufacturer’s instruction (R&D Systems) [21].

The amount of cytosolic cytochrome c in the cell lysates was

quantified using an ELISA-based cytochrome c assay kit according

to the manufacturer’s instructions (Quantikine, R&D Systems).

Quantitative RT-PCR and real-time PCR

Cells were stimulated with VacA, after which total cellular RNA

was extracted using Trizol. Reverse transcription and PCR

amplification were performed as previously described [45]. The

sequences of each primer, annealing temperatures, cycle

numbers, and PCR product sizes have also been previously

described [21, 46]. Real-time PCR for c-IAP1 (GenBank accession

number: NM_001166) and c-IAP2 (GenBank accession number:

NM_001165) was performed using SYBR green PCR mix and an

ABI Prism 7000 sequence detection system (Applied Biosystems,

Foster City, CA, USA) [47].

Immunoblot analysis

Cell lysates from VacA-treated cells were obtained using lysis

buffer (150 mM NaCl, 20 mM Tris, pH 7.5, 0.1% Triton X-100,

1 mM PMSF, 10mg/mL aprotinin). For the preparation of

cytosolic and mitochondrial protein, cells were collected and

washed twice in ice-cold PBS, resuspended in buffer A (20 mM

HEPES, pH 7.5, 10 mM KCl, 1.9 mM MgCl2, 1 mM EGTA, 1 mM

EDTA, mixture of protease inhibitors), and incubated on ice for

20 min. The cells were then homogenized with a 26-G needle

syringe for 50 strokes. Cell homogenates were spun at 1000� g to

remove unbroken cells, nuclei, and heavy membranes. The

supernatant was spun again at 14 000� g for 30 min to collect

the mitochondria-rich (pellet) and cytosolic (supernatant) frac-

tions. The mitochondria-rich fraction was washed once with the

extraction buffer, followed by a final resuspension in buffer B

(150 mM NaCl, 50 mM Tris, pH 7.4, 1% Nonidet P-40, 0.25%

sodium deoxycholate, 1 mM EGTA, mixture of protease inhibi-

tors) for immunoblot analysis, as described previously [48, 49].

Transfection

A Bax-specific siRNA was constructed as described by Yamasaki

et al. [22]. siRNA against c-IAP2 (Birc3) was purchased from

Gibco-Invitrogen (Stealth Select RNAiTM siRNA, HSS100562,

Carlsbad, CA, USA) [50]. Transfection was performed according

to the procedure described previously [27, 51].

pGL3-c-IAP2-WT-Luc (1931 to 127) and pb-actin-luciferase

transcriptional reporter were supported by Dr. Shinae Kizaka-

Kondoh, Department of Molecular Oncology, Kyoto University

Graduate School of Medicine, Kyoto, Japan [46],] and by Dr.

Kagnoff of the University of California, San Diego, respectively.

Luciferase assay was performed in accordance with the manu-

facture’s instructions (Tropix, Bedford, MA, USA) [14, 21].

Recombinant adenovirus containing a dominant-negative p38a
mutant (ADV-105) was obtained from Cell Biolabs (San Diego,

CA, USA) [26].

Confocal microscopy for Bax and cytochrome c

Freshly isolated eosinophils or EoL-1 human eosinophil cell lines

were seeded (5� 104 cells in 0.2 mL of RPMI 1640/well) on

8-well poly-D-lysine-coated culture microslides (Santa Cruz)

overnight. After treatment with VacA for the indicated time

period, cells were incubated with 100 nM Mitotracker RED

CMXRos for 15 min at 371C and fixed with 4% paraformaldehyde

in PBS. For permeabilization, cells were treated with 0.2% Triton

X-100 in PBS for 10 min at room temperature and blocked with
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5% normal goat serum in PBS/Triton X-100 for 1 h, after which

the cells were incubated with anti-Bax, the active form of specific

anti-Bax-NT, or anti-cytochrome c antibodies for 3 h. Cells were

then treated with Alexa fluor 488-conjugated secondary antibody

against rabbit IgG for 1 h. Vectashield mounting medium with

DAPI was applied to the cells and images were captured using a

Confocal Laser Scanning Microscope LSM 5 Exciter (Carl Zeiss)

independently with 488 (green)- and 543 (red)-nm lasers.

Statistical analyses

A Wilcoxon’s rank sum test was used for statistical analysis and

p-values less than 0.05 were considered statistically significant.
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inflammasome: a caspase-1-activation platform that regulates immune

responses and disease pathogenesis. Nat. Immunol. 2009. 10: 241–247.

21 Kim, J. M., Lee, J. Y. and Kim, Y. J., Inhibition of apoptosis in Bacteroides

fragilis enterotoxin-stimulated intestinal epithelial cells through the

induction of c-IAP-2. Eur. J. Immunol. 2008. 38: 2190–2199.

22 Yamasaki, E., Wada, A., Kumatori, A., Nakagawa, I., Funao, J.,

Nakayama, M., Hisatsune, J. et al., Helicobacter pylori vacuolating cytotoxin

induces activation of the proapoptotic proteins Bax and Bak, leading to

cytochrome c release and cell death, independent of vacuolation. J. Biol.

Chem. 2006. 281: 11250–11259.

23 Dewson, G., Cohen, G. M. and Wardlaw, A. J., Interleukin-5 inhibits

translocation of Bax to the mitochondria, cytochrome c release,

and activation of caspases in human eosinophils. Blood 2001. 98:

2239–2247.

24 Shen, Z. J., Esnault, S., Schinzel, A., Borner, C. and Malter, J. S., The

peptidyl-prolyl isomerase Pin1 facilitates cytokine-induced survival of

eosinophils by suppressing Bax activation. Nat. Immunol. 2009. 10:

257–265.

25 Sheng, G., Guo, J. and Warner, B. W., Epidermal growth factor receptor

signaling modulates apoptosis via p38alpha MAPK-dependent activation

of Bax in intestinal epithelial cells. Am. J. Physiol. Gastrointest. Liver Physiol.

2007. 293: G599–G606.

Eur. J. Immunol. 2010. 40: 1651–1662 Immunity to infection 1661

& 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu

 15214141, 2010, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eji.200939882 by H

anyang U
niversity L

ibrary, W
iley O

nline L
ibrary on [24/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



26 Lee, J. Y., Park, H. R., Oh, Y. K., Kim, Y. J., Youn, J., Han, J. S. and Kim, J. M.,

Effects of transcription factor activator protein-1 on interleukin-8

expression and enteritis in response to Clostridium difficile toxin A.

J. Mol. Med. 2007. 85: 1393–1404.

27 Lee, J. Y., Kim, H., Cha, M. Y., Park, H. G., Kim, Y. J., Kim, I. Y. and Kim,

J. M., Clostridium difficile toxin A promotes dendritic cell maturation and

chemokine CXCL2 expression through p38, IKK, and the NF-kappaB

signaling pathway. J. Mol. Med. 2009. 87: 169–180.

28 Wilson, K. T. and Crabtree, J. E., Immunology of Helicobacter pylori:

insights into the failure of the immune response and perspectives on

vaccine studies. Gastroenterology 2007. 133: 288–308.

29 Bergsbaken, T., Fink, S. L. and Cookson, B. T., Pyroptosis: host cell death

and inflammation. Nat. Rev. Microbiol. 2009. 7: 99–109.

30 Brito, G.A., Fujji, J., Carneiro-Filho, B. A., Lima, A. A., Obrig, T. and

Guerrant, R. L., Mechanism of Clostridium difficile toxin A-induced

apoptosis in T84 cells. J. Infect. Dis. 2002. 186: 1438–1447.

31 Yang, Y. and Yu, X., Regulation of apoptosis: the ubiquitous way. FASEB J.

2003. 17: 790–799.

32 Vaux, D. L. and Silke, J., IAPs – the ubiquitin connection. Cell Death Differ.

2005. 12: 1205–1207.

33 Adams, J. M., Ways of dying: multiple pathways to apoptosis. Genes Dev.

2003. 17: 2481–2495.

34 Antignani, A. and Youle, R. J., How do Bax and Bak lead to permeabiliza-

tion of the outer mitochondrial membrane? Curr. Opin. Cell. Biol. 2006.18:

685–689.

35 Er, E., Oliver, L., Cartron, P. F., Juin, P., Manon, S. and Vallette, F. M.,

Mitochondria as the target of the pro-apoptotic protein Bax. Biochim.

Biophys. Acta 2006. 1757: 1301–1311.

36 Knudson, C. M. and Brown, N. M., Mitochondria potential, bax ‘‘activa-

tion,’’ and programmed cell death. Methods Mol. Biol. 2008. 414: 95–108.

37 Kroemer, G., The proto-oncogene Bcl-2 and its role in regulating

apoptosis. Nat. Med. 1997. 3: 614–620.

38 Nakayama, M., Kimura, M., Wada, A., Yahiro, K., Ogushi, K., Niidome, T.,

Fujikawa, A. et al., Helicobacter pylori VacA activates the p38/activating

transcription factor 2-mediated signal pathway in AZ-521 cells. J. Biol.

Chem. 2004. 279: 7024–7028.

39 Gomez-Lazaro, M., Galindo, M. F., Melero-Fernandez de Mera, R. M.,

Fernandez-Gómez, F. J., Concannon, C. G., Segura, M. F., Comella, J. X.

et al., Reactive oxygen species and p38 mitogen-activated protein kinase

activate Bax to induce mitochondrial cytochrome c release and apoptosis

in response to malonate. Mol. Pharmacol. 2007. 71: 736–743.

40 Van Laethem, A., Van Kelst, S., Lippens, S., Declercq, W., Vandenabeele,

P., Janssens, S., Vandenheede, J. R. et al., Activation of p38 MAPK is

required for Bax translocation to mitochondria, cytochrome c release and

apoptosis induced by UVB irradiation in human keratinocytes. FASEB J.

2004. 18: 1946–1948.

41 Li, D. W., Liu, J. P., Mao, Y. W., Xiang, H., Wang, J., Ma, W. Y., Dong, Z.

et al., Calcium-activated RAF/MEK/ERK signaling pathway mediates p53-

dependent apoptosis and is abrogated by alpha B-crystallin through

inhibition of RAS activation. Mol. Biol. Cell. 2005. 16: 4437–4453.

42 de Bernard, M., Papini, E., de Filippis, V., Gottardi, E., Telford, J., Manetti,

R., Fontana, A. et al., Low pH activates the vacuolating toxin of Helicobacter

pylori, which becomes acid and pepsin resistant. J. Biol. Chem. 1995. 270:

23937–23940.

43 Gauthier, N. C., Monzo, P., Kaddai, V., Doye, A., Ricci, V. and Boquet, P.,

Helicobacter pylori VacA cytotoxin: a probe for a clathrin-independent and

Cdc42-dependent pinocytic pathway routed to late endosomes. Mol. Biol.

Cell. 2005. 16: 4852–4866.

44 Kim, J. M., Kim, J. S., Jung, H. C., Oh, Y. K., Chung, H. Y., Lee, C. H. and

Song, I. S., Helicobacter pylori infection activates NF-kappaB signaling

pathway to induce iNOS and protect human gastric epithelial cells

from apoptosis. Am. J. Physiol. Gastrointest. Liver Physiol. 2003. 285:

G1171–G1180.

45 Kim, J. M., Oh, Y. K., Kim, Y. J., Oh, H. B. and Cho, Y. J., Polarized

secretion of CXC chemokines by human intestinal epithelial

cells in response to Bacteroides fragilis enterotoxin: NF-kappaB plays a

major role in the regulation of IL-8 expression. Clin. Exp. Immunol. 2001.

123: 421–427.

46 Nishihara, H., Kizaka-Kondoh, S., Insel, P. A. and Eckmann, L., Inhibition

of apoptosis in normal and transformed intestinal epithelial cells by

cAMP through induction of inhibitor of apoptosis protein (IAP)-2. Proc.

Natl. Acad. Sci. USA 2003. 100: 8921–8926.

47 Kempkensteffen, C., Hinz, S., Christoph, F., Köllermann, J., Krause, H.,
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