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Helicobacter pylori is one of the most common bacterial pathogens, infecting up to 50% of the world’s
population. The host is not able to clear the infection, leading to life-long chronic inflammation with contin-
uous infiltration of lymphocytes and granulocytes. The migration of leukocytes from the blood into inflamed
tissue is dependent on adhesion molecules expressed on the vascular endothelium. The aim of this study was
to characterize the effect of H. pylori-induced gastritis with regard to the expression of endothelial adhesion
molecules in the gastric mucosa and compare this to other types of chronic mucosal inflammations. Our results
demonstrate an increased level of expression of the adhesion molecule E-selectin, but not of intracellular
adhesion molecule 1, vascular adhesion molecule 1, or vascular adhesion protein 1, in H. pylori-induced
gastritis but not in gastritis induced by acetylsalicylic acid or pouchitis. The upregulated E-selectin expression
was determined to be localized to the gastric mucosa rather than being a systemic response to the infection.
Moreover, the H. pylori type IV secretion system encoded by the cag pathogenicity island (cagPAI) was found
to be an important determinant for the upregulation of human endothelial E-selectin expression in vitro, and
this process is probably dependent on the CagL protein, mediating binding to �5�1 integrins. Thus, endo-
thelial E-selectin expression induced by H. pylori probably contributes to the large influx of neutrophils and
macrophages seen in infected individuals, and our results suggest that this process may be more pronounced
in patients infected with cagPAI-positive H. pylori strains and may thereby contribute to tissue damage in these
individuals.

Helicobacter pylori is a gram-negative, microaerophilic rod
and one of the most common bacterial pathogens, colonizing
the stomach epithelium of up to 50% of the world’s population
(7, 8). The prevalence of infection varies among geographic
regions and ethnicities and can be correlated with a low socio-
economic status (23). Once the bacterium has colonized the
mucosa, chronic inflammation with a characteristic histological
profile involving the degeneration of the surface epithelium
and infiltration of acute and chronic inflammatory cells into
the gastric mucosa will develop (7). Although an immune re-
sponse is evoked in the host, the infection is not eradicated but
usually persists throughout life. Virulent H. pylori strains har-
bor a type IV secretion system (T4SS) encoded by the cag
pathogenicity island (cagPAI), with CagA being the only
known effector protein (3). Within the CagPAI, CagL is a
protein that is highly conserved among pathogenic H. pylori
strains. It was recently demonstrated that CagL is targeted to
the pilus surface and that it is involved in triggering the injec-
tion of CagA upon contact with host cells. CagL interacts with
host cells through �5�1 integrin, most likely in an arginine-
glycine-aspartate (RGD)-dependent manner (21).

The transendothelial migration of lymphocytes is essential in
steady state as well as for inflammation, and interactions be-

tween leukocytes and epithelial cells play an important role in
H. pylori-associated gastric inflammation (26). The recruitment
of leukocytes from the bloodstream into tissues is a multistep
process involving selectins, chemokines, and integrins in a co-
ordinated fashion (37). Selectins are a family of adhesive re-
ceptors expressed on platelets, leukocytes, and endothelial
cells (6). E-selectin is normally expressed on endothelial cells
following exposure to inflammatory chemokines but not on the
surface of resting endothelial cells (6, 27). Other adhesion
molecules exposed by the activated endothelium include vas-
cular adhesion molecule 1 (VCAM-1) and intracellular adhe-
sion molecule 1 (ICAM-1), which are members of the immu-
noglobulin superfamily and are expressed on the endothelium
as a response to the exposure of proinflammatory cytokines
(39).

The endothelial expression of VCAM-1 and ICAM-1 is up-
regulated in the acute phase of H. pylori infection, and neu-
trophils may be recruited to the mucosa via binding to these
adhesion molecules. Previous studies have shown elevated lev-
els of VCAM-1 and ICAM-1 in H. pylori-associated gastritis in
patients with dyspepsia compared to levels in H. pylori-unin-
fected individuals (15). Vascular adhesion protein 1 (VAP-1) is
another endothelial molecule that supports the binding of leu-
kocytes to the endothelium (33). The surface expression of
VAP-1 is upregulated after prolonged chronic inflammation in
the gut (2, 34). In addition, VAP-1 also seems to play a major
role in determining the flux of lymphocytes in healthy vascular
beds (42). Another recently described adhesion molecule,
common lymphatic endothelial receptor 1 (CLEVER-1), is a
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glycoprotein that mediates the binding of lymphocytes to the
surface of both the lymphatic endothelium and high endothe-
lial venules (18). However, the expressions of VAP-1 and
CLEVER-1 have not yet been examined with regard to gastric
inflammation.

We have previously shown that only H. pylori-infected indi-
viduals mount a vaccine-specific immune response in the gas-
tric mucosa following oral immunization. Duodenal B-cell re-
sponses are similar in H. pylori-infected and -uninfected
individuals, while gastric responses have been reported only for
patients with H. pylori-induced gastritis (24, 29). This effect is
dependent on the migration of effector B cells from the circu-
lation, rather than local antigen uptake and B-cell differenti-
ation, and cannot be mimicked by chemical gastritis induced by
acetylsalicylic acid (ASA) (29). Since the level of expression of
the immunoglobulin superfamily member mucosal addressin
cellular adhesion molecule 1 is not changed by H. pylori infec-
tion (28), we hypothesized that other adhesion molecules may
contribute to lymphocyte recruitment in H. pylori-induced gas-
tritis.

We therefore investigated the effect of chronic H. pylori-
induced inflammation on the expression of endothelial adhe-
sion molecules in the gastrointestinal mucosa and compared
that to data for chemical gastritis induced by ASA and to data
for patients suffering from pouchitis. We show that the expres-
sion of E-selectin but not those of ICAM-1, VCAM-1, and
VAP-1 is selectively upregulated on endothelial cells in the
human gastric mucosa following infection with H. pylori and
that an increased level of E-selectin expression is a local effect
of the H. pylori infection rather than a systemic response.
Finally, a functional cagPAI with CagL is necessary for H.
pylori-induced E-selectin expression on human endothelial
cells in vitro.

MATERIALS AND METHODS

Volunteers and collection of specimen. This study was performed following
approval from the human ethics committee of the Medical Faculty at the Uni-
versity of Gothenburg, and all volunteers gave informed consent to participate in
the study. Sixteen H. pylori-infected volunteers (6 females and 10 males aged 26
to 67 years) and 17 uninfected individuals (eight females and nine males aged 24
to 54 years) were recruited from among blood donors at Sahlgrenska University
Hospital. Helicobacter infection was confirmed or excluded by culture on Scirrow
agar plates as well as serology and pathology reports. Ten antrum biopsy spec-
imens were taken from each volunteer by endoscopy. Three of the biopsy spec-
imens were embedded in optimal cutting temperature, snap-frozen, and stored at
�70°C for subsequent immunohistochemical analyses. Three biopsy specimens
were snap-frozen and stored in �70°C for subsequent protein extraction. An
additional three biopsy specimens were put in RNA Later (Ambion) overnight
and then moved to �70°C until RNA isolation. One biopsy specimen from each
volunteer was also formalin fixed, paraffin embedded, and analyzed by an expe-
rienced histopathologist for grade of gastritis as well as the presence of Helico-
bacter-like organisms (HLOs) using the updated Sydney system (9). Two weeks
later, the uninfected volunteers received a 3-day treatment with ASA (1.5 g/day).

In addition, plasma samples from 14 H. pylori-infected individuals (3 females
and 11 males aged 21 to 69 years) and 14 uninfected individuals (3 females and
11 males aged 24 to 69 years) were collected from among blood donors at
Sahlgrenska University Hospital.

In the second part of the study, patients (two women and three men aged 43
to 52 years) who had undergone colectomies due to ulcerative colitis were
recruited from the follow-up program at the Department of Surgery at Sahlg-
renska University Hospital. The patients had undergone continence surgery 5 to
12 years prior to this study by the construction of a pelvic pouch with an ileoanal
anastomosis. The maximal extent of the small-bowel resection was 10 cm of the
distal ileum. None of the participating patients had episodes of acute pouchitis
or extraintestinal manifestations of ulcerative colitis during the 3 years prior to

the study. Subclinical pouchitis, however, results in neutrophil-mediated inflam-
mation with no need for medication, and all participating patients were in good
general health. Five biopsy specimens were collected from the ileal pouch and 12
pinch biopsy specimens were collected from the duodenum from each patient
(20).

Immunohistochemistry. The expression of the adhesion molecules ICAM-1
(clone 6.5B5; Dako), VCAM-1 (clone 51-10C9; BD Pharmingen), E-selectin
(clone 1.2B6; Dako), CLEVER-1, and VAP-1 (clones 3-266 and 2D10 SFS,
respectively [kindly provided by professor S. Jalkanen, University of Turku]) as
well as the endothelial marker Von Willebrand factor were detected using
immunohistochemical staining. Cryo-cut tissue sections (8 �m) were fixed in
ice-cold acetone and air dried. Endogenous peroxidase was blocked with glucose-
oxidase (Sigma-Aldrich). The slides used for ICAM-1 and VAP-1 staining were
also blocked with 1% dry milk in phosphate-buffered saline (PBS) for 30 min at
room temperature, and these antibodies were also diluted in 1% dry milk in PBS.
All slides were incubated with optimal dilutions of the respective primary anti-
body determined from pilot experiments or with mouse immunoglobulin G1
(IgG1) isotype control (Dako) in PBS at room temperature for 1 h, followed by
a 30-min incubation with horseradish peroxidase-conjugated rabbit antibodies to
mouse IgG1 in PBS complemented with 5% human AB� serum. Signal was
detected by use of an AEC detection system (Vector, United Kingdom), and the
sections were then counterstained with Mayer’s hematoxylin and mounted. The
total number of vessels, as well as expressing adhesion molecules, was deter-
mined using a Zeiss Axioskop 2 apparatus (Carl Zeiss). The area of each tissue
section was measured using Zeiss AxioVisoin (Carl Zeiss), and staining was
expressed as the number of positive vessels/total number of vessels per �m2.
There was no difference in the total numbers of vessels between H. pylori-
infected and -uninfected volunteers or before and after ASA treatment.

H. pylori strains and culturing conditions. The following isogenic mutants of
cagPAI-positive strains P1 and P12 were produced by the insertion of a chlor-
amphenicol or kanamycin resistance gene cassette: P1�virD4, P1�virB10,
P1�cagA, P1�napA, P1�vacA, P1�ureA, and P12�cagL (21, 35). All H. pylori
strains were cultured on Columbia ISO-A plates in a microaerophilic milieu at
37°C with the addition of 6 �g/ml chloramphenicol or 12 �g/ml kanamycin. After
4 days, bacteria were scraped off the plates and resuspended in 600 �l PBS, and
the optical density (OD) of the suspension was determined at 600 nm. The final
working solution was adjusted to an OD of 1.0 in PBS, which corresponds to
approximately 5 � 109 H. pylori bacteria/ml.

Subculture and stimulation of human endothelial cells. Human umbilical vein
cells (HUVECs) from the first passage were grown in M200 medium supple-
mented with a Low Serum Growth supplement kit (all from Cascade Biologics
Inc.) containing penicillin, streptomycin, amphotericin B, fetal bovine serum,
hydrocortisone, human epidermal growth factor, basic fibroblast growth factor,
and heparin. Cells were incubated in a humidified atmosphere of 5% CO2 and
95% air at 37°C with a change of medium every 48 h. In passage 4, cells were
frozen in fetal calf serum containing 10% dimethyl sulfoxide and stored in liquid
nitrogen. Cells were used within passages 4 to 7 in all experiments.

HUVECs were diluted to a concentration of 50,000 cells/ml in supplemented
M200 medium. Two milliliters of this suspension was then added to each well of
a 12-well plate (Nunc, Roskilde, Denmark) and incubated for 48 h at 37°C in 5%
CO2. Before stimulation, old medium was removed, and 1 ml fresh medium was
added to each well. Fifty microliters of live bacteria at an OD of 1.0, 50 �l of
PBS, or 100 ng of tumor necrosis factor alpha (TNF-�) (Peprotech, United
Kingdom) in a volume of 50 �l PBS was added. Plates were then incubated for
6 h at 37°C in 5% CO2. The incubation time had been optimized for studying the
expression of E-selectin in preceding pilot experiments (data not shown).

FACS analysis of E-selectin, ICAM-1, and VCAM-1 expression in HUVECs.
After stimulation, culture medium was removed, and cells were washed with PBS
three times. HUVECs were detached by using 300 �l trypsin-EDTA solution/
well, and 1 ml of trypsin neutralizer solution (both from Cascade Biologics Inc.)
was then added to neutralize the enzyme. Cell suspensions were added to 1.5-ml
tubes and centrifuged at 1,500 rpm for 10 min. Supernatants were discarded, and
cells were resuspended in fluorescence-activated cell sorter (FACS) wash buffer
(PBS containing 1.46 g of EDTA/liter, 2.5 g of serum albumin/liter, 0.2 g of
NaN3/liter, and 2% AB� human serum), divided into six aliquots, and incubated
with mouse IgG1 monoclonal antibody to human E-selectin (CD62E), phyco-
erythrin-conjugated anti-VCAM-1, fluorescein isothiocyanate-conjugated anti-
ICAM-1, isotype control mouse IgG1, or phycoerythrin- or fluorescein isothio-
cyanate-conjugated mouse negative controls (both from DakoCytomation)
diluted in FACS wash buffer for 30 min at 4°C. After incubation, cells were
washed once in FACS wash buffer, and a rat antibody to mouse IgG1 (Becton
Dickinson) diluted 1:50 in FACS wash buffer was added to wells previously
incubated with E-selectin-specific or isotype control mouse IgG1. After incuba-
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tion for 30 min at 4°C, cells were washed and finally fixed using 150 �l Cellfix
(Becton Dickinson, Belgium) and then analyzed for adhesion molecule expres-
sion by flow cytometry (FACSCalibur; Becton Dickinson).

Protein extraction. Three biopsy specimens from each volunteer (eight H.
pylori-infected and nine uninfected volunteers) were incubated in PBS containing
saponin, soybean trypsin inhibitor, Pefabloc, and bovine serum albumin over-
night at 4°C as previously described (5). Each suspension was then centrifuged,
and supernatants were collected for detection of E-selectin. Total protein con-
centrations in the extracts were measured using the BCA protein assay (Thermo
Scientific) following desalting on Zeba Micro Desalt spin columns (Pierce).

Detection of soluble E-selectin in plasma and protein extracts. The concen-
trations of soluble E-selectin in the plasma and protein extracts of H. pylori-
infected and -uninfected individuals (eight and nine samples, respectively, for
saponin and 14 samples each, respectively, for plasma) were determined by using
a Duoset enzyme-linked immunosorbent assay (ELISA) (R&D Systems, Abing-
don, United Kingdom) according to the manufacturer’s instructions. Serum
samples were diluted 10-fold prior to analysis, and protein extracts were diluted
3-fold. The detection limit of the assay was 42 pg/ml. E-selectin concentrations in
protein extracts were adjusted to total protein concentrations.

RNA isolation. Biopsy specimens collected from H. pylori-infected and -unin-
fected individuals (eight and nine individuals, respectively) were homogenized
using a tissue lyser (TissueLyserII; Retsch, Qiagen) in the presence of lysis buffer
(RNeasy minikit; Qiagen, Germany), and total RNA was extracted according to
the manufacturer’s descriptions. Extracted RNA was run on a 1% agarose gel to
check RNA integrity, and the concentration was measured using NanoDrop
ND-1000 spectrophotometer software, version 2.5.1. Extracted RNA was stored
at �70°C until further use.

DNA isolation. H. pylori strains were available from five of the infected vol-
unteers and were grown for 3 days on Columbia ISO-A plates. If the strains were
not available, frozen biopsy specimens of antrum tissue were used. DNA was
extracted from bacterial centrifugal pellets or from frozen biopsy specimens. A
Qiagen DNeasy tissue kit was used according to the manufacturer’s instructions, with
pretreatment for gram-negative bacteria, and eluted in 100 �l elution buffer. DNA
was kept at �20°C until further use.

Quantitative real-time reverse transcription (RT)-PCR. To detect E-selectin
expression in gastric tissue, preparation of cDNA was performed using the
Omniscript kit (Qiagen, Germany). For each 20-�l reaction mixture, 500 ng total
RNA was used. The gene expression assay for E-selectin was obtained from
Applied Biosystems. The relative-quantification PCR mixtures, with a total vol-
ume of 20 �l, were run in 96-well plates using standard amplification conditions
for the 7500 real-time PCR system (Applied Biosystems). Each reaction mixture
contained 1 �l cDNA (25 ng), 2� universal PCR master mix (Roche), RNase-
free water, and 1 �l primer. All reactions were run in duplicate, and the hypo-
xanthine phosphoribosyltransferase (HPRT) housekeeping gene was used as a
reference gene throughout the entire experiment. For calculating the difference
in expression levels, we used the comparative threshold cycle method, also called
the 2���CT method. Data are presented as the change in mRNA expression
normalized to the sample expressing the smallest amounts of E-selectin.

To determine the presence of the cagPAI in H. pylori strains, absolute-quan-
tification real-time PCRs were run in 96-well plates with a total volume of 20 �l
in each reaction mixture. The PCR mix contained 10 �l SYBR green real-time
PCR master mix (Applied Biosystems), 10 pmol of each primer, 2 �l of sample,
and 6 of �l DNase-free water. Primers for cagA and hpaA were obtained from
Applied Biosystems. A negative control as well as a standard curve made from
RNase-treated genomic DNA extracted from H. pylori strain J99 were included
in each run. The standard curve ranged from 101 to 105 copies per �l. Analysis
was performed by use of a 7500 real-time PCR system (Applied Biosystems)
using the default settings, with the modification that 45 cycles were run. The
program ended with a dissociation step for melting-temperature analysis of each
product to confirm amplification specificity. Analysis and quantification were
performed using the instrument’s software.

Statistics. All statistical analyses were carried out with SPSS 14.0 using a
Wilcoxon or a two-tailed Mann-Whitney test. P values of less than 0.05 were
considered to be significant.

RESULTS

Inflammation and bacterial load. Biopsy samples from un-
infected subjects were histologically normal without inflam-
mation or HLOs. In contrast, active chronic inflammation
and HLOs were observed in biopsy specimen samples from all H.

pylori-infected subjects. The chronic inflammation score accord-
ing to the updated Sydney system was 1.88 � 0.46 (mean �
standard deviation), and the active inflammation score was
1.0 � 0.93. The HLO score was 1.75 � 0.46. No athrophy or
intestinal metaplasia was seen in any of the subjects (data not
shown).

Adhesion molecule expression by vessel endothelium in H.
pylori-induced gastritis. In a first set of experiments, we aimed
to examine differences in expression levels of inflammation-
related adhesion molecules on endothelial cells in H. pylori-
infected individuals and healthy volunteers. For this purpose,
cryo-cut sections of gastric biopsy specimens collected from
individuals with H. pylori-induced gastritis as well as healthy
volunteers were analyzed using immunohistochemistry. The
level of expression of E-selectin was low in most uninfected
volunteers, while H. pylori-infected individuals had a signifi-
cantly higher level of expression of E-selectin (Fig. 1 and 2). In
contrast, the levels of expression of ICAM-1 varied consider-
ably in the group of uninfected volunteers, as did VCAM-1 and
VAP-1 expression levels although to a somewhat lesser extent,
and H. pylori infection did not result in any major changes in
this pattern (Fig. 2).

Adhesion molecule expression by vessel endothelium in
jejunal pouchitis. To examine the levels of expression of ad-
hesion molecules on the surface of the vascular endothelium
during another chronic mucosal inflammation, tissue speci-
mens from colectomized patients with jejunal pouchitis were
compared to healthy duodenum samples from the same indi-
viduals. We found that there was no change in levels of ex-
pression of any of the adhesion molecules ICAM-1, VCAM-1,
E-selectin, VAP-1, or CLEVER-1 as a result of jejunal pou-
chitis (Fig. 3A).

E-selectin expression by vessel endothelium in ASA-induced
gastritis. Next, we wanted to investigate if upregulated E-
selectin expression was specific to H. pylori-induced gastritis or
if it could be mimicked by chemically induced gastritis. We
used ASA to induce gastritis in the same healthy volunteers 2
weeks after the initial endoscopy with biopsy specimen sam-
pling. ASA treatment leads to a relatively mild gastritis asso-
ciated with a high level of production of proinflammatory cy-
tokines and recruitment of neutrophils (13). This is not a
replicate of H. pylori-induced gastritis: the cytokines produced
differ partly but represent a possibility for the investigation of
another type of gastric inflammation. Immunohistochemistry
was performed on cryo-cut sections from healthy volunteers
before and after ASA-induced gastritis. Our results revealed
that the level of expression of E-selectin was not significantly
changed during chemical gastritis (Fig. 3B).

Gastric and serum levels of E-selectin in H. pylori-infected
and -uninfected volunteers. Since immunohistochemistry data
showed an increased level of expression of E-selectin in H.
pylori-infected individuals, we wished to verify and better quan-
titate the level of gastric E-selectin expression. We first used
saponin-extracted biopsy specimens from the antrum of H.
pylori-infected and -uninfected individuals to determine gastric
E-selectin protein levels using ELISA. The amount of E-selec-
tin in the gastric samples was generally low, and in two sam-
ples, it was below the detection limit (Fig. 4). We could not
detect any significant difference in the amounts of E-selectin
between the two groups, but the data were nevertheless skewed
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toward an increased concentration of E-selectin in the H. py-
lori-infected individuals compared to that in uninfected indi-
viduals (means, 39.7 and 56.3 ng/mg total protein, respectively)
(Fig. 4).

We also investigated whether the increased level of expres-
sion of E-selectin seen on the endothelial cells of H. pylori-
infected individuals was a local response or if there was a
general upregulation of E-selectin in a systemic response to the
infection. H. pylori-infected and healthy volunteers were re-

cruited among blood donors, and the serum levels of E-selectin
were determined by ELISA. The mean serum concentration of
E-selectin for the H. pylori-infected group was 18.8 ng/ml
(range, 11.5 to 31.5 ng/ml), and that for the uninfected group
was 18.9 ng/ml (range, 9.4 to 49.3 ng/ml), and there was no
statistically significant difference in the concentrations of E-
selectin between the groups (data not shown). These results
clearly indicate that the increased level of expression of E-
selectin is restricted to the endothelium in the gastric mucosa
upon H. pylori infection rather than a systemic response to the
infection.

Expression of E-selectin mRNA in H. pylori-infected and
-uninfected mucosa. Given that E-selectin expression was se-
lectively upregulated on the gastric blood vessel walls of H.
pylori-infected individuals, we also examined whether this in-
crease was caused by a parallel increase in E-selectin mRNA
levels. The levels of E-selectin mRNA in H. pylori-infected and
uninfected mucosa were analyzed using relative-quantification
real-time RT-PCR. The mean change was standardized to an
endogenous reference gene (HPRT) and then normalized to
the lowest value of E-selectin expression. HPRT expression as
well as blood vessel density were not influenced by H. pylori
infection (data not shown), while there was a statistically sig-
nificant difference in the levels of expression of E-selectin
between the groups (P 	 0.0048), indicating that the increase
in levels of E-selectin was indeed due to an increased level of
transcription of the E-selectin gene (Fig. 5).

Adhesion molecule expression on human endothelial cells
after H. pylori stimulation. With the knowledge that H. pylori is
able to induce endothelial E-selectin expression in vivo, we
wanted to investigate if the bacteria are able to directly induce

FIG. 1. Expression of E-selectin in gastric mucosa. Von Willebrand factor and E-selectin expression levels were determined by immunohis-
tochemistry, and sections were counterstained with hematoxylin. (A) Total number of vessels in a noninfected individual as determined by Von
Willebrand factor. (B) Expression of E-selectin in a noninfected individual. (C) Total number of vessels in an H. pylori-infected individual as
determined by Von Willebrand factor. (D) Expression of E-selectin in an H. pylori-infected individual. Arrows indicate examples of E-selectin-
positive blood vessels. Magnification, �20.

FIG. 2. Endothelial expression of adhesion molecules in individu-
als with H. pylori-induced gastritis (H. pylori positive [Hp�])and
healthy noninfected individuals (H. pylori negative [Hp�]). ICAM-1,
E-selectin, VAP-1, and VCAM-1 expression levels were determined by
immunohistochemistry and are presented as the proportions of posi-
tive vessels compared to all vessels (stained with Von Willebrand
factor). The box represents the middle 50% of the data, and the line
represents the median. The difference of the end of the whiskers is the
range, and the circles are outliers. ***, P 
 0.001.
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E-selectin expression on cultured human endothelial cells and
to identify the bacterial factor(s) mediating the effect. For this
purpose, HUVECs were incubated with cagPAI-positive H.
pylori strains P1 and P12 for 6 h, and the levels of expression of
E-selectin, ICAM-1, and VCAM-1 were analyzed by flow cy-
tometry. H. pylori strains P1 and P12, as well as the positive
control TNF-� (100 ng/ml), always induced a significantly in-
creased level of expression of E-selectin compared to that for
the unstimulated control (PBS), even though the levels of
expression of E-selectin varied between experiments and
strains (Fig. 6A). We then used the isogenic mutants P1�vacA,
P1�cagA, P1�napA, P1�ureA, P1�virD4, and P1�virB10 of
strain P1 and P12�cagL of strain P12 to stimulate human
endothelial cells in parallel with wild-type (wt) strains P1 and
P12. Stimulation with the P1�vacA mutant induced E-selectin
expression to the same extent as did stimulation with wt P1,
demonstrating that the VacA cytotoxin is not involved in the
induction of E-selectin expression on human endothelial cells
(Fig. 6B). Furthermore, the isogenic mutants P1�cagA,
P1�napA, and P1�ureA were all able to induce a significant
level of expression of E-selectin but to a somewhat lesser

extent than did wt P1 (Fig. 6B). In contrast, the P1�virD4 and
P1�virB10 mutants, which carry mutations in two of the struc-
tural proteins of the T4SS in the cagPAI, totally abolished
E-selectin expression on endothelial cells (Fig. 6B). Also, the
P12�cagL mutant was unable to induce E-selectin expression
on HUVECs, while a significant upregulation was detected by
parental wt strain P12 (Fig. 6A and B). Taken together, these
results imply that a functional cagPAI expressing CagL is im-
portant for the H. pylori-induced endothelial upregulation of
E-selectin.

Unstimulated HUVECs did not express VCAM-1, and the
stimulation of HUVECs with any of the H. pylori strains used
in the study did not upregulate the expression of VCAM-1,
whereas TNF-� induced a high level of expression of VCAM-1
(data not shown). On the other hand, when examining ICAM-1
expression levels, we saw that this more or less correlated with
the level of expression of E-selectin for the isogenic mutants
tested (data not shown), with the exception that untreated
HUVECs already expressed some ICAM-1.

FIG. 4. Expression of E-selectin in gastric tissues. The levels of
E-selectin (E-sel) in saponin-extracted gastric biopsy specimens were
measured by ELISA and adjusted to total protein levels in the extract.
Symbols represent individual values, lines represent the means, and
the dotted line represents the detection limit. Hp, H. pylori.

FIG. 3. (A) VCAM-1, ICAM-1, E-selectin, VAP-1, and CLEVER-1 expression in jejunal pouchitis (Pouch) and healthy duodenum (Duo).
Adhesion molecule expression was determined by immunohistochemistry and is presented as the proportion of positive vessels out of all vessels
(stained with Von Willebrand factor). The box represents the middle 50% of the data, and the line represents the median. The difference of the
end of the whiskers is the range, and the circles are outliers. (B) Expression of E-selectin in gastric mucosa of healthy individuals before and after
treatment with ASA. E-selectin expression levels were determined by immunohistochemistry and are presented as the percentage of E-selectin-
positive vessels out of all vessels (stained with Von Willebrand factor). Circles show individual values before and after ASA treatment.

FIG. 5. E-selectin mRNA levels in gastric tissues. The mRNA lev-
els of E-selectin in the mucosa of H. pylori-infected and -uninfected
individuals were measured by relative-quantification real-time RT-
PCR. The E-selectin mRNA expression level is presented as the
change standardized to an endogenous reference gene (HPRT) and
then normalized to the sample expressing the smallest amount of
E-selectin mRNA. Symbols represent individual values, and lines rep-
resent the means. **, P 
 0.005. Hp, H. pylori.
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Detection of CagA DNA in mucosa and clinical isolates from
H. pylori-infected and -uninfected individuals. Since a func-
tional cagPAI was important for H. pylori to be able to induce
E-selectin expression in vitro, the next step was to see if the H.
pylori strains from our clinical specimens express CagA, which
is used as a marker for the cagPAI. The presence or absence of
the CagA gene was analyzed using absolute-quantification re-
al-time RT-PCR on DNA from five clinical isolates and four
antrum biopsy specimens collected from volunteers when no
H. pylori isolates were available. We were able to retrieve
bacterial DNA from all clinical isolates and three of the biopsy
samples as indicated by our positive control, hpaA (data not
shown). Out of these eight specimens, all were positive for the
cagA gene, indicating that the E-selectin expression which we
demonstrated in vivo may indeed be a result of a functional
cagPAI.

DISCUSSION

During infections, endothelial cells have a key function in
promoting leukocyte entry into inflamed areas. This is depen-
dent largely upon the expression of several adhesion molecules
on endothelial cells in the vascular system. In this study, we
show that H. pylori-induced gastritis results in a selective up-
regulation of the adhesion molecule E-selectin, while other
adhesion molecules remained at the same levels as those seen
in healthy gastric mucosa. This was further confirmed at the
mRNA level, showing that H. pylori-induced inflammation in-

duces substantially increased levels of transcription of E-selec-
tin mRNA. The increased E-selectin expression level was spe-
cific for H. pylori-induced inflammation and could not be seen
for chemical gastritis or jejunal pouchitis. When we examined
the sera of H. pylori-infected and -uninfected volunteers for
soluble E-selectin, we could not record any difference between
the two groups, suggesting that the upregulation of E-selectin
is a local effect rather than part of a systemic response to H.
pylori infection.

E-selectin is present on endothelial cells and plays a central
role in the interaction with carbohydrates expressed on the
leukocyte surface during the recruitment of leukocytes to in-
flamed tissue. It is not present on unstimulated endothelial
cells, but levels of gene transcription and protein expression
are rapidly increased upon activation by proinflammatory mol-
ecules such as TNF-� and lipopolysaccharides (19, 37). In
addition, our results from this study also show that endothelial
E-selectin expression can be directly induced by live H. pylori
bacteria. In vivo, however, other factors like cytokines may also
influence the expression of E-selectin. Sialyl� Lewisx and
sialyl� Lewisa are ligands for E-selectin and are expressed on
both neutrophils and monocytes (22). Previous studies have
also shown that the lipopolysaccharides of H. pylori strains
contain sequences that are related to the sialyl� Lewisx and
sialyl� Lewisa antigens and that the bacteria are in fact able to
bind E-selectin (1, 12). Increased levels of endothelial expres-
sion of E-selectin would probably lead to an increased recruit-
ment of neutrophils and monocyte-derived macrophages to the

FIG. 6. Expression of E-selectin in HUVECs after stimulation with H. pylori bacteria. The expression of E-selectin was evaluated on HUVECs
by flow cytometry after 6 h of stimulation with a 50-�l H. pylori suspension (OD of 1.0), 100 ng/ml of TNF-�, or PBS (unstimulated control).
(A) E-selectin (solid lines) and isotype control (dashed lines) expression levels on HUVECs incubated with PBS (negative control), TNF-�
(positive control), and H. pylori wt strains P1 and P12. (B) E-selectin (solid line) and isotype control (dashed line) expression levels on HUVECs
after stimulation with H. pylori isogenic mutants P1�vacA, P1�cagA, P1�napA, P1�ureA, P1�virD4, and P1�virB10. The results shown are from
one representative experiment out of three to six experiments.
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tissue. In fact, this correlates well with the histological changes
seen in H. pylori-induced gastritis, which are characterized by a
large influx of neutrophils and mononuclear cells and an in-
crease in the macrophage population (3, 11). These cells are
likely to contribute to tissue damage by their production of
reactive oxygen species and matrix-degrading enzymes (4, 30).
It is less likely, though, that E-selectin is involved in the re-
cruitment of effector B cells to the gastric mucosa, since lym-
phocytes lack the expression of sialylated Lewisx or Lewisa

unless they are transformed by Epstein-Barr virus infection
(25). Instead, other factors such as chemokine production may
contribute to B-cell accumulation (14).

In contrast to our findings, a study reported previously by
Hatz et al. (15) showed increased levels of expression of the
adhesion molecules VCAM-1 and ICAM-1 but no significant
increase in the level of expression of E-selectin in H. pylori-
induced gastritis. Also, Higuchi et al. previously found an in-
crease in levels of ICAM-1 expression but almost no expres-
sion of E-selectin in the lamina propria of H. pylori-infected
individuals (16). The difference between the studies may be
caused by the recruitment of volunteers donating specimens or
possibly by the use of different antibody clones to detect en-
dothelial adhesion molecules. In our study, all participants
were asymptomatic, even those with H. pylori-induced gastritis,
whereas in the study described previously Hatz and coworkers,
the participants were recruited among patients suffering from
dyspepsia. Furthermore, our previous in vitro studies showed
that different clinical isolates of H. pylori influence the expres-
sion of adhesion molecules unequally even if they all express
the major virulence factors cagPAI and VacA similarly (17).
Differences in H. pylori strains may also affect the results in
different studies.

In a previous in vitro study, we demonstrated that live H.
pylori cells stimulate HUVECs to upregulate the expression of
the adhesion molecules VCAM-1, ICAM-1, and E-selectin
(17). There was a large variation in the levels of expression of
E-selectin induced by the different clinical isolates used in the
previous study, but we were unable to identify any specific H.
pylori factors regulating E-selectin expression. In the current
study, however, the use of isogenic H. pylori strains deficient in
selected bacterial virulence factors enabled the identification
of the T4SS encoded by the cagPAI and, in particular, the
CagL protein as being the most important E-selectin inducing
H. pylori components. These findings are in agreement with
our previous findings that the �virD4 and �virB7 mutants also
had a reduced ability to activate endothelial cells to support
T-cell transendothelial migration (10). Interestingly, the CagA
protein was not necessary for increased levels of E-selectin
expression, suggesting a mechanism other than CagA phosphor-
ylation for signal transduction. A strong candidate is the CagL
protein, which is the only product encoded by the cagPAI that
contains an arginine-glycine-aspartate (RGD) motif (21), en-
abling it to serve as a site of recognition for integrins (32).
CagL has recently been shown to be targeted to the pilus
surface, where it interacts with integrin �1, leading to the
activation of Src and FAK, which in turn activates JUN N-
terminal kinase (JNK). Recent studies also prove that CagL
indeed activates JNK and downstream signaling via integrin �1
in gastric epithelial cells (36). This signal pathway is most likely
to participate in H. pylori-induced E-selectin expression since

JNK is necessary for the endothelial expression of E-selectin
(31, 36, 41). In addition, part of the cagPAI-dependent signal-
ing may be mediated by Nod1, reacting with peptidoglycan
introduced by the T4SS, as previously described by Viala et al.
(40). Nod1 activation will result in the activation of NF-�B as
well as mitogen-activated protein kinase and JNK (38), which
are all involved in the endothelial expression of E-selectin (31).
Our hypothesis that the cagPAI is important for inducing E-
selectin expression on human endothelial cells is further sup-
ported by the demonstration that all H. pylori strains isolated
from volunteers with increased E-selectin expression levels in
vivo were positive for cagA, which was used as a marker for the
presence of the cagPAI.

We could not detect any significant differences in the levels
of expression of E-selectin on endothelial cells in tissues with
chemically induced gastritis compared to those in normal mu-
cosa or for jejunal pouchitis. These are both conditions char-
acterized by a preferential recruitment of neutrophils and the
production of proinflammatory cytokines. They were, however,
not used as models for H. pylori gastritis but rather for two
other types of mucosal inflammation in order to determine
specific components of H. pylori-induced inflammation. The
large influx of neutrophils in chemical gastritis and pouchitis
may lead one to anticipate a high level of expression of E-
selectin. Instead, H. pylori-induced gastritis, which also involves
a large accumulation of mononuclear cells in the gastric mu-
cosa, shows a higher level of E-selectin expression. These find-
ings indicate that E-selectin and its ligands are preferentially
mediating mononuclear cell extravasation and migration into
inflamed tissues in the setting of mucosal inflammation. The
specific upregulation of E-selectin and the relative inability of
the host to respond with significantly increased VCAM-1,
ICAM-1, and VAP-1 levels in H. pylori-induced gastritis may
contribute to the persistence of the bacterium at the epithelial
cell surface.

In conclusion, we show that endothelial E-selectin is signif-
icantly and exclusively upregulated in H. pylori-induced gastri-
tis, most likely in a cagPAI-dependent manner. Our findings
implicate E-selectin as being an important mediator of the
continuous recruitment of inflammatory cells during H. pylori-
induced gastritis and emphasize the importance of the cagPAI
in the maintenance of the inflammatory response.
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