
Stimulation of dendritic cells with Helicobacter pylori vacuolating
cytotoxin negatively regulates their maturation via the
restoration of E2F1cei_4447 34..45

J. M. Kim,* J. S. Kim,† D. Y. Yoo,*

S. H. Ko,* N. Kim,† H. Kim‡ and
Y.-J. Kim§

*Department of Microbiology, Hanyang

University College of Medicine, †Department of

Internal Medicine, Seoul National University

College of Medicin, ‡Department of Food and

Nutrition, Yonsei University, Seoul, and
§Department of Biotechnology, Joongbu

University, Choongnam, Korea

Summary

Helicobacter pylori induces an infiltration of dendritic cells (DCs) into the
infected gastric mucosa. Although DCs play an important role in the regula-
tion of inflammation, the effects of H. pylori vacuolating cytotoxin (VacA) on
DC maturation process have not yet been elucidated. The role of VacA in DC
maturation following co-exposure to Escherichia coli lipopolysaccharide
(LPS) was investigated. The treatment of immature DCs with LPS
up-regulated the expression of surface molecules [e.g. CD40, CD80, CD86 and
major histocompatibility complex (MHC) class II], as well as the production
of cytokines [e.g. interleukin (IL)-1b, IL-12p70 and tumour necrosis gactor
(TNF)-a] compared with those of unstimulated controls. Co-stimulation
with H. pylori VacA significantly reduced the up-regulated DC maturation
markers induced by LPS. In addition, VacA sustained the immature state of
DCs with high endocytosis and low migratory capacity. The LPS-induced
down-regulation of E2F1 expression in DCs was recovered by co-stimulation
with VacA. Moreover, suppression of E2F1 by small interfering RNA resulted
in a significant recovery of the inhibited DC maturation by VacA. In contrast,
VacA did not affect nuclear factor (NF)-kB responses to LPS and the NF-kB
signal was not associated with VacA-induced inhibition of DC maturation.
These results suggest that the exposure of DCs to H. pylori VacA negatively
regulates DC maturation via the restoration of E2F1. The immunomodula-
tory action of VacA on DCs may contribute to the ability of VacA-producing
H. pylori to establish a persistent infection in the gastric mucosa.
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Introduction

Helicobacter pylori is a Gram-negative bacterium that colo-
nizes the mucus layer of the stomach and is the causative
agent of diseases such as chronic gastritis, peptic ulcers,
gastric cancers and gastric mucosa-associated lymphoid
tissue (MALT) lymphoma [1]. Although the bacteria do not
invade the gastric lamina propria, they can induce severe
infiltrations of neutrophils and lymphocytes. In addition,
many dendritic cells (DCs) are observed in human gastric
mucosa infected with H. pylori [2].

The majority of H. pylori-infected patients show lifelong
persistence of infection [3]. The inability to eliminate
H. pylori may be due to immune-evasive strategies of the
bacteria. Several mechanisms of immune evasion have been
proposed, including antigenic and phase variations, modu-
lation of adhesion molecules and immune inhibition by

H. pylori vacuolating cytotoxin (VacA) [4–6]. Recently, a
study demonstrated that adoptive transfer of H. pylori-
pulsed DCs skewed regulatory T cells (Treg) and reduced the
ratio of gastric interleukin (IL)-17/forkhead box P3 (FoxP3)
mRNA expression [7]. These results suggest that DCs may
play a role in the suppression of effective immunity against
H. pylori infection.

DCs are potent antigen-presenting cells (APCs) [8]. In
the resting state, the majority of immature DCs exist within
peripheral tissues where they continuously incorporate
antigens from the environment via endocytosis. Thus,
contact with pathogens and/or proinflammatory mediators
induces DCs to undergo a complex transformation
process termed ‘DC maturation’. The remarkable features
of DC maturation contain the up-regulation of sur-
face co-stimulatory (e.g. CD40, CD80 and CD86) and
major histocompatibility complex (MHC) molecules, the
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activation of lysosomal antigen-processing mechanisms, the
production of cytokines and the acquisition of the capacity
to migrate to secondary lymphoid organs [8–10]. Upon
arriving at the secondary lymphoid organs, mature DCs
present antigenic peptides to naive T cells using surface
MHC molecules. The antigen presentation leads to the ini-
tiation of antigen-specific T cell immune responses. These
processes are a unique to mature DCs. Therefore, control-
ling DC maturation is critical for regulation of adaptive
immune responses [11].

Vacuolating cytotoxin (VacA) is one of the major viru-
lence factors in the pathogenesis of H. pylori-related dis-
eases [12,13]. VacA has a high potency for negatively
regulating the proliferation of lymphocytes in vitro
[14–19]. The bacterium H. pylori itself is reported to be a
stimulus to the maturation of human monocyte-derived
DCs [20], although the CagA protein of H. pylori inhibits
the maturation of DCs [21]. Based on these data, there is a
possibility that VacA may have an effect on the regulation
of DC functions.

Nuclear factor (NF)-kB activation is known to be an
important event underlying DC maturation [22,23]. Tran-
scription factor E2F1 is also involved in the regulation of DC
maturation [11]. Although H. pylori can activate NF-kB sig-
nalling pathways in several cells such as monocytes and
gastric epithelial cells [24,25], little information is available
on DC maturation in response to stimulation with H. pylori
VacA. The goal of this study was to investigate the role of
VacA in modulating the maturation process of mouse bone
marrow (BM)-derived DCs. H. pylori VacA is shown herein
to suppress DC maturation through a restoration of E2F1
signalling.

Materials and methods

Reagents

Murine recombinant granulocyte–macrophage colony-
stimulating factor (GM-CSF), murine recombinant IL-4 and
CCL21 (SLC) were obtained from PeproTech (Rocky Hill,
NJ, USA). RPMI-1640, lipopolysaccharide (LPS)-free fetal
bovine serum (FBS), antibiotics, l-glutamine and Trizol
were obtained from Gibco BRL (Gaithersburg, MD, USA).
Red blood cell (RBC) lysing buffer, 2-mercaptoethanol, LPS
from Escherichia coli (serotype O55:B5) and fluorescein
isothiocyanate (FITC)-conjugated dextran (40 000 MW)
were provided by Sigma Chemical Co. (St Louis, MO, USA).
FITC-conjugated monoclonal antibodies (mAbs) against
murine CD11c, CD40, CD80, CD86 and MHC class II (I-A/
I-E) were obtained from BD Pharmingen (San Diego, CA,
USA). Antibodies against IkBa and actin were acquired from
Cell Signaling Technology, Inc. (Beverly, MA, USA), and
the antibody against E21b was obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Hoechst
33258 [2′-(4-hydroxyphenyl)-5-(4-methyl-piperazinyl)-2,5-

bi-1H-benzimidazole] was purchased from CalBiochem
(San Diego, CA, USA).

Purification of H. pylori VacA

VacA-producing H. pylori strain 60190 (American Type
Culture Collection, Manassas, VA, USA; ATCC 49503, CagA+,
vacA s1a/m1) was grown in sulphite-free Brucella broth con-
taining 5% FBS at 37°C under microaerophilic conditions.
VacA was purified from broth culture supernatants accord-
ing to our previously published procedures [26,27]. The
purification method of VacA protein was kindly supported
by Professor Patrice Boquet at Laboratoire de bacteriologie,
Hopital de l’Archet 2, France [28]. Immediately before use in
cells, the purified VacA protein was activated through the
addition of 250 mM HCl until the pH reached 2·0 [29].
NH4Cl (5 mM) was also added to the medium to enhance
the VacA activity [30].

Generation of BM-derived DCs and culture conditions

Femurs and tibias of specific pathogen-free C57BL/6 or
NF-kB knock-out mice (4–12 weeks old; Jackson Laboratory,
Bar Harbor, ME, USA) were removed and BM cells were
obtained, as described previously [23]. Cells were depleted of
RBCs using RBC lysing buffer and then cultured in ultra-low-
adherence 24-well plates (Costar, Corning, NY, USA) in com-
plete DC media. Cultures were fed every 2 days by removing
and replacing half the supernatant with fresh media. RPMI-
1640 media supplemented with 10% heat-inactivated FBS,
1% antibiotics, l-glutamine (2 mM), 2-mercaptoethanol
(55 mM), murine recombinant GM-CSF (10 ng/ml) and
murine recombinant IL-4 (10 ng/ml) was used. After 6 days
of culture, DCs were harvested and stimulated with VacA
or Escherichia coli LPS for the indicated times. All animal
procedures were approved by Hanyang University College of
Medicine. On day 6 of the culture, ~80% of the harvested
cells expressed CD11c assessed by flow cytometry.

DC2·4, an immature murine DC cell line, was cultured in
RPMI-1640 supplemented with 10% FBS, 1% antibiotics,
l-glutamine (2 mM), sodium pyruvate (1 mM) and non-
essential amino acids (2 mM), and were grown at 37°C with
5% CO2, as described previously [31].

Immunophenotypic analysis for DC maturation

Cells were washed and resuspended in phosphate-buffered
saline (PBS) containing 3% FBS and 0·09% NaN3. Cells were
then incubated with a panel of FITC-conjugated mAbs.
Isotype-matched antibodies were used as a background
control. Cells were analysed with flow cytometry (FACSCali-
bur cytometer; Becton Dickinson, San Jose, CA, USA),
including 20 000 cells per sample. The expression levels of
each antigen were expressed as mean fluorescence intensity
(MFI), as described previously [23].
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Quantification of endocytosis

DCs (1 ¥ 106) were pulsed with FITC-conjugated dextran
(40 000 MW, 1 mg/ml) and were incubated for 60 min at
37°C or 4°C. Cold staining buffer was added to stop the
reaction, after which the cells were washed three times at
4°C, stained with phycoerythrin (PE)-conjugated anti-
CD11c antibody, and then analysed using flow cytometry.
Non-specific binding of dextran to DCs was determined by
incubating DCs with FITC-conjugated dextran at 4°C. This
value was subtracted to determine the levels of specific
binding, as described previously [32].

Migration assay

For an in vitro study, DCs (5 ¥ 105) in serum-free medium
were placed in a transwell migration chamber (Costar 3421)
and allowed to migrate through a polycarbonate membrane
(pore size, 5 mm) at 37°C, as described previously [11].
Briefly, secondary lymphoid-tissue chemokine CCL21 (SLC,
100 ng/ml) was added to the lower chamber to induce cell
chemotaxis. After 6 h, the wells were removed and the cells at
the top of the membrane were removed with a cotton swab.
Cells at the bottom of the membrane were fixed with 3·7%
formaldehyde, stained with the DNA dye Hoechst 33258
(5 mg/ml) and counted using epifluorescence microscopy
(Axiophot, Carl Zeiss, Oberkochen, Germany).

Transfection and NF-kB-luciferase reporter assay

Small interfering RNA (siRNA) against E2F1 was con-
structed as described by Bukur et al. [33]. The specific oli-
gonucleotide sequence for the E2F1 gene was 5′-CCU GGA
GCA AGA AGC AGU AUU GCC A-3′. Negative control non-
silencing RNA (NS-RNA) was purchased from Invitrogen.
Transfection was performed according to the procedure
described previously [23,27]. Briefly, DC2·4 cells were trans-
fected in 24-well plates with HiPerFect transfection reagent
(Qiagen, Valencia, CA, USA), according to the manufactur-
er’s instructions. siRNAs were diluted in a final volume of
100 ml of OptiMEM medium, to which 6 ml of HiPerFect
reagent was added, and the mixture was incubated for
15 min for complex formation. The transfection mixture was
added dropwise to the culture, and the cells were incubated
at 37°C in a 5% CO2 environment for 48 h until used in the
indicated experiments.

The p2x NF-kB-, pb-actin- and pRSV-b-galactosidase
transcriptional reporters were kindly provided by Dr Martin
F. Kagnoff of the University of California, San Diego [34].
Immature DCs were transfected at day 5 with 1·5 mg of
plasmid DNA using FuGene6 transfection reagent (Roche,
Mannheim, Germany). The transfected cells were incubated
for 24 h at 37°C in a 5% CO2 incubator and were then treated
with LPS and/or VacA. Luciferase activity was determined in

accordance with the manufacturer’s instructions (Tropix
Inc., Bedford, MA, USA). Light release was quantitated for
10 s using a luminometer (MicroLumat Plus, Berthold
GmbH & Co. KG, Bad Wildbad, Germany), as described
previously [35].

Quantitative reverse transcription–polymerase chain
reaction (RT–PCR) and enzyme-linked
immunosorbent assay (ELISA)

Total cellular RNA was extracted using an acid
guanidinium–phenol–chloroform method (Trizol). Quanti-
tative RT–PCR using an internal standard was used to quan-
tify mouse E2F1 and b-actin mRNA levels. Standard RNA for
mouse E2F1 was generated by in vitro transcription using T7
RNA polymerase, as described previously [36] and encoded
5′ and 3′ priming sites in E2F1. PCR amplification consisted
of 35 cycles of 1 min denaturation at 95°C, and 2·5 min
annealing and extension at either 50°C (E2F1) or 72°C
(b-actin). The primers were 5′-TAG CCC TGG GAA GAC
CTC AT-3′ (sense) and 5′-CCC CAA AGT CAC AGT CAA
AGA G-3′ (anti-sense) for E2F1 [11] and 5′-GTG GGC CGC
TCT AGG CAC CAA-3′ (sense) and 5′-CTC TTT GAT GTC
ACG CAC GAT TTC-3′ (anti-sense) for b-actin. The PCR
product sizes for the target RNA were 368 base pairs (bp)
(E2F1) and 540 bp (b-actin) and those of the standard RNA
were 310 bp (E2F1) and 746 bp (b-actin).

The amounts of cytokines in triplicate cell culture super-
natants were measured using commercially available ELISA
kits (R&D Systems, Minneapolis, MN, USA), according to
the manufacturer’s instructions. Prior to performing ELISA,
supernatants were filtered through a 0·22-mm filter to
remove any contaminants. To measure the levels of
phospho-IkBa, an IkBa ELISA kit (Active Motif, Carlsbad,
CA, USA) was used in accordance with the manufacturer’s
directions [24].

Electrophoretic mobility shift assay (EMSA)

Cells were harvested and nuclear extracts prepared as
described previously [35]. Protein concentrations in the
extracts were determined according to the Bradford assay
(Bio-Rad, Hercules, CA, USA), and EMSA was performed
according to the manufacturer’s instructions (Promega,
Madison, WI, USA). In brief, 5 mg of nuclear extract was
incubated for 30 min at room temperature with a g32P-
labelled oligonucleotide probe (5′-AGT TGA GGG GAC
TTT CCC AGG C-3′ for the NF-kB binding site). After incu-
bation, both bound and free DNA were resolved on 5%
polyacrylamide gels, as described previously [35,37].

Immunoblot analyses

DCs were washed with ice-cold PBS and lysed in 0·5 ml/well
lysis buffer (150 mM NaCl, 20 mM Tris, pH 7·5, 0·1% Triton

J. M. Kim et al.

36 © 2011 The Authors
Clinical and Experimental Immunology © 2011 British Society for Immunology, Clinical and Experimental Immunology, 166: 34–45



X-100, 1 mM phenylmethylsulphonyl fluoride (PMSF),
10 mg/ml aprotonin), as described previously [23]. Protein
concentrations in the lysates were determined using the
Bradford assay. Fifteen to 50 mg of protein/lane was size-
fractionated on 6% polyacrylamide minigels (Mini-
PROTEIN II; Bio-Rad) and transferred electrophoretically to
a nitrocellulose membrane (0·1-mm pore size). The immu-
noreactive proteins using primary mAbs were visualized
using goat anti-rabbit or anti-mouse secondary antibodies
conjugated to horseradish peroxidase (Transduction Labo-
ratories, Lexington, KY, USA), followed by enhanced chemi-
luminescence (ECL system; Amersham Life Sciences,
Buckinghamshire, UK) and exposure to X-ray film (XAR5;
Eastman Kodak Company, Rochester, NY, USA).

Statistical analyses

Data are presented as the mean � standard deviation (s.d.)
or mean � standard error of the mean (s.e.m.). Wilcoxon’s
rank sum test was used for statistical analysis.

Results

H. pylori VacA reduces the maturation of E. coli
LPS-treated DCs

Immature DCs were generated from murine BM cells by
culturing with GM-CSF and IL-4 for six days. The generated
DCs were incubated with VacA (10 mg/ml) in the presence or
absence of E. coli LPS (200 ng/ml) for 24 h, and the effect of
VacA on DC maturation was evaluated. As shown in Fig. 1,
the addition of LPS significantly increased the number of
cells with DC maturation markers, including CD40, CD80,
CD86 and MHC class II, compared with that of the unstimu-
lated control. In contrast, the number of cells with DC matu-
ration markers was reduced significantly in the combined
treatment with VacA and LPS compared with that of LPS
alone. Stimulation of immature DCs with increasing con-
centrations of VacA led to a dose-dependent decrease in the
surface expression of CD40 molecules. At VacA concentra-
tions of 0·1, 1, 10 and 50 mg/ml, the co-stimulation with
VacA and LPS (200 ng/ml) reduced the MFI of CD40 by 3%,
20%, 42% and 51%, respectively, relative to that of LPS-
stimulated cells alone (mean value, n = 3). Significant sup-
pression of CD40 expression was first apparent 24 h after
co-stimulation with VacA and LPS and continued to sup-
press over the ensuing 48 h compared with LPS alone
(Fig. 2a).

H. pylori VacA inhibits cytokine production in E. coli
LPS-stimulated DCs

After DCs were incubated with LPS in the presence or
absence of VacA, production of cytokines in the culture
supernatants was measured using ELISA. LPS-treated DCs

produced high amounts of IL-1b, IL-12p70 and TNF-a, and
the combined treatment with LPS and VacA decreased
cytokine production significantly compared with that of LPS
alone (Fig. 2b).

H. pylori VacA sustains the immature state of DCs with
high endocytosis and low migratory capacity

DC maturation is accompanied by the reduced capacity for
antigen-uptake and enhanced migration [8,9]. To investigate
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the effects of VacA on antigen-uptake in LPS-treated DCs,
a mannose receptor-mediated endocytosis assay was per-
formed using FITC-conjugated dextran internalization. As
shown in Fig. 3a, the cell population with CD11c+ and FITC–
dextran+ (area R1) was higher in the untreated control than
it was in the LPS-treated group. However, the combined
treatment with LPS and VacA increased the numbers of
CD11c+ and FITC–dextran+ cells compared with those of
LPS alone. The quantitative data for area R1 obtained from
several independent experiments are presented in Fig. 3b. To
examine the effect of VacA on DC migratory capacity, DCs
stimulated with VacA and/or LPS were examined with regard
to migration in response to CCL21. A migration assay
revealed that CCL21 increased the migration of LPS-treated
DCs, and that the combined treatment with LPS and VacA
reduced the migration of DCs significantly (Fig. 3c). These
data suggest that VacA may sustain DCs in the immature
state.

VacA attenuates the LPS-induced down-regulation of
E2F1 activity in DCs

Because E2F1 is reported to be a critical regulator of DC
maturation [11], we assessed whether E2F1 expression could
be altered in the course of DC maturation due to treatment
with LPS. The kinetics of E2F1 expression in DCs was exam-

ined using quantitative RT–PCR analysis with standard
RNA, which showed that DCs treated with LPS exhibited a
time-dependent change in E2F1 mRNA expression. Thus,
E2F1 expression began to decrease in as little as 3 h after LPS
treatment and continued to decrease over the next 24 h
(Fig. 4a). In this system, the co-stimulation of DCs with
VacA and LPS significantly attenuated the down-regulation
of E2F1 at 12–24 h compared with that of LPS alone. The
b-actin mRNA levels in stimulated and unstimulated DCs
remained relatively constant throughout the same period
(~5 ¥ 106 transcripts/mg of total RNA). Immunoblot analysis
confirmed that the LPS-induced down-regulation of E2F1
expression at the protein level in DCs was recovered by the
addition of VacA (Fig. 4b).

Restoration of E2F1 activity by H. pylori VacA is
associated with inhibition of LPS-induced DC
maturation

We next asked whether the change of E2F1 expression could
affect the maturation of DCs stimulated with LPS and VacA.
In this experiment, siRNA against E2F1 and the DC2·4 cell
line were used. DC2·4 cells transfected with E2F1 siRNA
exhibited a significantly lower E2F1 protein level in a resting
state (Fig. 5a). In this experimental system, co-stimulation
with both LPS and VacA showed higher MFI values of
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surface molecules such as CD40 and CD80 in E2F1 siRNA-
transfected cells compared to those in untransfected or
non-silencing RNA (NS-RNA)-transfected cells (Fig. 5b).
However, there was no significant difference in the MFI
values between the LPS alone and LPS + VacA group in the
E2F1 siRNA-transfected cells.

Transfection with siRNA against E2F1 decreased the
endocytotic capacity of DCs; however, significant differences
in endocytosis were not observed between LPS alone and
LPS + VacA in siRNA-transfected cells (Fig. 6a). In untrans-
fected cells, a migration assay showed that CCL21 increased
the migration of LPS-treated DCs, but that the addition of
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VacA reduced their migration significantly (Fig. 6b). In E2F1
siRNA-transfected cells, the migratory capacity of DCs due
to co-stimulation with LPS and VacA was enhanced com-
pared with that of untransfected cells. However, significant
differences in migration were not shown between LPS alone
and LPS + VacA in siRNA-transfected cells. Similar results
were also observed with regard to cytokine production such
as those of IL-12p70 and TNF-a (Fig. 6c). These results
suggest that H. pylori VacA can attenuate the LPS-induced
down-regulation of E2F1 activity, and that the restoration of

E2F1 may play a role in the inhibition of LPS-induced DC
maturation.

NF-kB signals are not associated with the inhibition of
DC maturation in response to VacA stimulation

NF-kB is a well-known transcriptional factor that plays an
important role in DC maturation [23,38,39]. We determined
whether H. pylori VacA affected activated NF-kB signals in
DCs stimulated with E. coli LPS. As shown in Fig. 7a, there
was a remarkable increase in DNA binding activity of NF-kB
when DCs were treated with LPS. The combination of both
LPS and VacA did not affect NF-kB response to stimulation
with LPS alone. Consistent with this, degradation of IkBa by
LPS was not recovered significantly after co-stimulation with
VacA, as determined by immunoblot analysis. Levels of
phospho-IkBa were measured using a commercial phospho-
IkBa ELISA kit, and the results showed that the combined
treatment with LPS and VacA did not change the levels of
phospho-IkBa significantly, while LPS alone did increase
these levels (Fig. 7b). To confirm these results, a reporter
gene assay was performed. As shown in Fig. 7c, no significant
difference in NF-kB activity was observed between LPS alone
and LPS + VacA.

We next determined whether suppression of NF-kB activ-
ity could influence DC maturation in VacA-treated imma-
ture DCs. For this experiment, BM-derived DCs from NF-kB
wild-type and knock-out mice were used. In wild-type mice-
derived DCs, increased MFI values of CD40 molecules due
to treatment with LPS was reduced significantly by
co-treatment with VacA. In knock-out mice-derived DCs,
the MFI of CD40 was decreased by ~ 53% compared with
that of wild-type mice-derived DCs after exposure to LPS
alone. In this experimental system, combined treatment with
LPS and VacA significantly decreased the MFI of CD40 com-
pared with that of LPS alone (Fig. 8a). Similar results for
IL-12p70 production were noted following LPS and VacA
stimulation of DCs derived from NF-kB knock-out mice
(Fig. 8b). These results suggest that H. pylori VacA does not
affect NF-kB responses to LPS, in which NF-kB signalling
may not be associated with the inhibition of DC maturation
in response to VacA stimulation.

Discussion

During the DC maturation process induced by exogenous
and endogenous stimulators, DCs display high levels of
surface molecules, including CD40, CD80, CD86 and MHC
[40]. DC maturation also promotes the acquisition of addi-
tional functional features such as high cytokine production,
low antigen-uptake and high migratory capacity [8–10]. The
present study demonstrated that the positive regulation of
those surface molecules and their functional features by
E. coli LPS decreased after co-exposure to H. pylori VacA.
Moreover, the down-regulation of DC maturation by VacA
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with monoclonal antibodies against CD40 or CD80, and were

analysed using flow cytometry. The data represent the mean

fluorescence intensity � standard error of the mean of five
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was mediated via the restoration of E2F1 but not NF-kB
signals. These results may indicate a possible mechanism of
immune inhibition by VacA-producing H. pylori strains
through the prevention of DC maturation, which precludes
defensive immune activities against bacterial clearance. Con-
sidering that VacA has a high potency for inhibiting prolif-
eration of lymphocytes in vitro [16–19], VacA-induced
negative regulation of DC maturation may be a plausible
mechanism. However, this hypothesis has not yet been veri-
fied, as this is the first report concerning the effects of puri-
fied H. pylori VacA protein on DC maturation via E2F1.

Mucosal CD11c+ DCs are located near the surface of
normal gastric epithelium, and their numbers increase after
H. pylori infection [7]. Wild-type H. pylori bacteria pro-
moted the maturation of DCs, in which DC maturation was
independent of the cag PAI and VacA statuses of H. pylori
[20]. In contrast to the presence of whole bacteria, CagA
protein of H. pylori negatively regulated the maturation
functions of DCs [21]. The levels of CagA or VacA proteins
that DCs encounter may be low when exposed to intact
H. pylori. Thus, non-physiological levels of purified antigens
are required to observe inhibitory effects on DC maturation
in several studies, and the difference between virulent pro-
teins and intact H. pylori may therefore lead to the disparity.

Although the transcription factor E2F1 is a promoter of
S-phase transition in the cell cycle, E2F1 is an important
regulator of DC maturation [11]. Our study showed that
LPS, a stimulator of DC maturation, down-regulated E2F1
expression in DCs. In an LPS-treated state, suppression of
E2F1 by siRNA resulted in the significant recovery of the
down-regulated DC maturation with co-treatment of VacA.
Thus, the DC maturation features caused by LPS treatment
(e.g. increased expression of surface molecules, increased

production of cytokines, low antigen-uptake function and
high migratory capacity) were not decreased significantly
after co-exposure to VacA in E2F1 siRNA-transfected cells,
indicating that these results were due to the disappearance of
the suppressive effect of E2F1. In contrast, the DC matura-
tion features induced by LPS were reduced after co-exposure
to VacA in untransfected cells. These results suggest that
H. pylori VacA can attenuate the LPS-induced down-

Fig. 6. Effects of E2F1 suppression on endocytosis, migration and

cytokine production in DC2·4 cells stimulated with lipopolysaccharide

(LPS) and vacuolating cytotoxin (VacA). (a) DC2·4 cells were

transfected with siRNA against E2F1 as described in the Materials

and methods. The transfected or untransfected cells were stimulated

with VacA (10 mg/ml) and LPS (200 ng/ml) for 24 h. Fluorescein

isothiocyanate (FITC)–dextran was analysed on

CD11c-phycoerythrin-positive cells using flow cytometry. Values

represent the percentages of cells with CD11c+ and FITC–dextran+ at

37°C � standard deviation of five independent experiments. The

percentage of cells with CD11c+ and FITC–dextran+ at 4°C remained

relatively constant in each experimental group (~7%). (b) Cell culture

conditions were identical to those in (a). DC2·4 cells (5 ¥ 105/well)

were placed in a transwell migration chamber, with chemokine CCL21

(100 ng/ml) in the lower chamber, as described in the Materials and

methods. Values represent the mean of the migrated cells � standard

error of the mean (s.e.m.) of five independent experiments. (c) The

transfected or untransfected cells were incubated with VacA

(10 mg/ml) in the presence or absence of LPS (200 ng/ml) for 24 h.

Concentrations of cytokines in the culture supernatants were

determined using enzyme-linked immunosorbent assay

(mean � s.e.m., n = 5). *, P < 0·05; n.s.: non-significant.
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regulation of E2F1 activity, in which the restoration of E2F1
may play a role in the inhibition of DC maturation. Fang
et al. [11] reported that blocking the E2F1 molecule can, by
itself, induce a significant DC maturation, indicating that
this is contrast with our results. Thus, in the present study,
the increased cell maturation was not observed in unstimu-
lated DCs that were transfected with E2F1 siRNA. Further
study will be needed to evaluate clearly the roles of

E2F1 suppression in DC maturation under unstimulated
conditions.

It is not possible to make an assumption regarding the
mechanism of how VacA is able to restore the LPS-induced
down-regulation of E2F. The over-expression of E2F1 was
demonstrated to inhibit the NF-kB-mediated transcription
of MnSOD in murine fibroblasts by interacting with RelA,
disrupting the RelA-p50 dimer and therefore inhibiting the
DNA-binding activity of NF-kB [41]. In addition, the depen-
dence of NF-kB activation for LPS-inducible E2F1 binding,
as well as the physical association of E2F1 with NF-kB in
THP-1 (human acute monocytic leukaemia cell line) cells,
suggests that NF-kB recruits E2F1 to these LPS-responsive
loci [42]. Thus, LPS-induced E2F1 suppression appears to
lead to the relatively increase of DNA-binding activity of
NF-kB. However, when considering that the stimulation
with both LPS and VacA did not affect the NF-kB response
to the challenge with LPS alone, VacA does not seem to affect
the physical association of LPS-induced E2F1 with NF-kB.
The precise role of E2F1 in the course of DC maturation
remains to be established in VacA-stimulated DCs.

The activation of macrophages induced by LPS is accom-
panied by the recruitment of E2F1 to the promoters of many
NF-kB-regulated genes [43]. In addition, DC maturation
processes are driven by gene programmes triggered by
transcription factors such as NF-kB [23,38,39]. Therefore, a
possible relationship between NF-kB activation and E2F1
restoration during the DC maturation process is suggested.
In a resting state, inactive NF-kB dimers are sequestered in
the cytoplasm by inhibitory protein IkBs. Upon stimulation
through Toll-like receptors (TLR) or cytokine receptors, IkB
proteins are phosphorylated on specific serine residues by
IkB kinase (IKK). Free NF-kB dimers then translocate to the
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nucleus where they can bind to several gene promoters. In
the present study, co-stimulation of DCs with LPS increased
the NF-kB DNA binding activity; however, the addition of
VacA did not affect the increased NF-kB signals. Consistent
with this, the combined treatment with LPS and VacA did
not change the phospho-IkBa signals significantly, while
LPS increased the levels of phospho-IkBa in DCs. Further-
more, the up-regulated DC maturation due to LPS was
attenuated after co-exposure to VacA in both NF-kB wild-
type mice- and knock-out mice-derived DCs. These results
suggest that H. pylori VacA does not affect NF-kB responses
to LPS, in which NF-kB signals seem to not be associated
with the inhibition of DC maturation in response to VacA
stimulation.

A major attribute of mature DCs is the synthesis and
release of cytokines with important modulatory functions in
inflammation and T cell differentiation. In particular, IL-12

plays an important role in the activities of natural killer cells
and T lymphocytes. Thus, DCs treated with LPS produce
IL-12 to regulate T helper type 1 (Th1) responses [44]. Con-
sidering that VacA inhibited the IL-12 expression in DCs,
VacA seems to play a role in the negative regulation of Th1
responses.

As E2F1 plays a role in a suppressor of DC maturation, it
is possible that E2F1 may act as an anti-inflammatory or
immunosuppressive transcription factor. Consistent with
this, a report demonstrated that E2F1 suppressed TNF-a-
induced activation of human aortic endothelial cells by
inhibiting NF-kB activation and translocation [45]. There-
fore, restoration of E2F1 by VacA may lead to the inhibition
of NF-kB signalling. The present study demonstrated that
co-stimulation with VacA in DCs did not affect LPS-induced
NF-kB activation, in which assays were performed 1 h after
stimulation with LPS and VacA. Considering that the signifi-
cant restoration of E2F1 transcripts first appeared 12 h after
stimulation, the irrelevance of VacA to LPS-induced NF-kB
activation may be due to the time interval. However, further
study would be needed to clarify the relationship between
E2F1 restoration and NF-kB-dependent proinflammatory
cytokine gene activation pathway.

In summary, H. pylori VacA may play a negative role in
DC maturation, in which the maturation process may be
associated with the restoration of E2F1 signals. Based on
these findings, we propose a possible mechanism of immune
escape; the inhibition of DC maturation by VacA exposure
may lead to distorted clearance of H. pylori, although many
DCs exist in gastric mucosal layers infected with VacA-
producing toxigenic H. pylori.
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