
Abstract The human pathogen Helicobacter pylori

expresses two dominant adhesins; the Lewis b blood

group antigen binding adhesin, BabA, and the sialic

acid-binding adhesin, SabA. These adhesins recognize

specific carbohydrate moieties of the gastric epithe-

lium, i.e. the Lewis b antigen, Leb, and the sialyl-Lewis

x antigen, sLex, respectively, which promote infection

and inflammatory processes in the gastroduodenal

tract. To assess the contribution of each of BabA,

SabA and the neutrophil activating protein (HP-NAP)

in a local inflammation, we investigated the traits of

H. pylori mutants in their capacity to interact with and

stimulate human neutrophils. We thence found that the

SabA adhesin was not only the key inducer of

oxidative metabolism (Unemo et al. J Biol Chem

280:15390–15397, 2005), but also essential in phagocy-

tosis induction, as evaluated by flow cytometry,

fluorescence microscopy and luminol-enhanced

chemiluminescence. The napA deletion resulted in

enhanced generation of reactive oxygen species and

impaired adherence to the host cells. In conclusion, the

SabA adhesin stimulates human neutrophils through

selectin-mimicry. Interestingly, HP-NAP modulates

the oxidative burst, which could tune the impact of the

H. pylori infection for establishment of balanced and

chronic inflammation of the gastric mucosa.
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Introduction

Infections by Helicobacter pylori are well established

as the major cause of chronic gastritis, peptic ulcer

disease, gastric lymphoma, and gastric carcinoma [21,

23, 36, 54]. The rate of infection in different popula-

tions ranges from 25 to 90%. The highest infection

rates, i.e. 50% and above have predominantly been

shown in studies carried out in countries belonging to

the developing world [41, 44, 69]. In industrialized

countries the infections often result in a symptom-free

form of gastritis (type B gastritis). Among these car-

riers 10–20% develop more severe diseases, such as

gastric MALT lymphoma and gastric adenocarcinoma
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e-mail: chrpe@imk.liu.se

M. Forsberg Æ T. Forslund Æ K.-E. Magnusson Æ C. Petersson
Department of Molecular and Clinical Medicine, Division of
Medical Microbiology, Faculty of Health Sciences,
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[10, 21, 31, 64]. Although, H. pylori is one of the most

common infectious agents in humans seen worldwide,

the pathogenic mechanisms that promote gastric dis-

ease to the host are still not fully understood.

Helicobacter pylori is commonly considered to be a

non-invasive enteropathogenic bacterium. Nonethe-

less, intracellular H. pylori have on several occasions

been spotted in cultured epithelial cells, animal models

and human gastric biopsy specimens [2, 5, 17, 35, 37, 49,

52, 57, 74].

Helicobacter pylori infections are characteristically

associated with a dense infiltration of mainly neutro-

phils into the epithelial surface layer [15, 18, 60], which

correlates with the severity of mucosal damage, and

subsequent development of gastroduodenal diseases

[72, 73]. The NADPH oxidase in neutrophils is the

major generator of oxidative metabolites, which pro-

motes local tissue damage. The NADPH-derived oxi-

dants could, however, also play a protective role.

Keenan et al. [32] recently found that there was a

dramatic increase in tissue damage and neutrophil

infiltration in chronic granulomatous disease mice with

a targeted disruption of the gp91phox subunit of the

NADPH oxidase.

A direct physical interaction in vivo in between

H. pylori and leukocytes has been disputed [e.g., 17, 49,

61, 76]. The exact mechanisms for recruitment of

neutrophils to the H. pylori-infected gastric mucosa

and the interplay between bacteria, neutrophils and

mucosal chemokine responses remain to be delineated

[4, 11]. However, the mucosal mediated response has

been linked to the cytokine C-X-C subfamily, and

especially to interleukin 8, IL-8 [11, 58]. Tight binding

of H. pylori to the epithelium triggers the secretion of

IL-8, which in its extension elicits chemotaxis and

activation of neutrophils [12, 28, 50, 59].

There are furthermore strong implications that

bacteria-host cell surface carbohydrate molecule

interactions play a crucial role in activation of neu-

trophils [3, 31, 66, 7]. Interestingly, bacterial adhesion

mediated by BabA adhesin to Leb in the human gastric

epithelium has been shown to give strong IL-8 release,

as evaluated by the in vitro explant culture technique

[53].

Recently, we also reported that sialylated carbohy-

drates are up-regulated in inflamed gastric epithelium,

and that sialyl-Lewis x (sLex)-gangliosides are utilized

by H. pylori for adhesion and tight membrane appo-

sition [43]. Thus, BabA and SabA adhesins of H. pylori

likely act synergistically with chemical gradients of

bicarbonate/CO2 or urea/ammonium [56] to furnish

binding and bacterial orientation in the gastric mucosa.

The present study was undertaken to assess the role

of the SabA adhesin binding to sialyl-Lewisx glyco-

conjugates on human neutrophils [62, 63], in bacterial

adhesion and initiation of an inflammatory response.

Previous reports suggest that sLex on leukocytes

facilitates binding of H. pylori [46] and possibly also a

modulation of a prolonged and sustained inflammation

[31]. HP-NAP is a dodecameric protein formed from

17 kDa monomers [70], which affects neutrophil

recruitment and is considered to be highly involved in

H. pylori-associated disease processes [16, 75]. Purified

HP-NAP protein has been shown to bind to sialylated

and sulphated glycolipids and glycans [68].

By the use of babA, sabA and napA deletion mu-

tants of H. pylori we have been able to address the role

of these traits in the interaction with human neutro-

phils. Our results unequivocally strengthen, that the

SabA adhesin is the key molecule in the activation of

human neutrophils. The triggering effect is tuned by

HP-NAP, which might balance the inflammatory re-

sponse. Giving rise to a persistent bacteria infection,

ensuing a smouldering chronic inflammation of the

gastric mucosa.

Materials and methods

Reagents

PolymorphprepTM and LymphoprepTM were obtained

from Axis-Shield PoC AS (Oslo, Norway). Horseradish

peroxidase (HRP) was purchased from Boeringer-

Mannheim (Mannheim, Germany). Superoxide

dismutase (SOD) and catalase were obtained from

Roche Diagnostics (Mannheim, Germany). Unless

otherwise noted, other reagents and chemicals were

purchased from Sigma-Aldrich (St Louis, MO, USA).

Bacterial strains and growth conditions

The bacterial mutant strains of H. pylori used in this

study were based on the reference strain J99 [1],

belonging to the special group of disease-promoting

strains, the so-called ‘‘type I strains’’. They harbour the

virulence-associated genes: vacuolating cytotoxin

activity (vacA), and the cytotoxin-associated gene A

(cagA). Four mutant strains were constructed from this

strain, previously described in detail [43, 71]. Briefly,

these four J99 derivatives have the following charac-

teristics: the SabA adhesin knockout mutant, denoted

J99sabA; the BabA adhesin mutant, denoted J99babA;

the double-mutant in SabA and BabA adhesins, here
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denoted J99sabAbabA; and a mutant in the neutrophil-

activating protein of H. pylori (HP-NAP), here

abbreviated J99napA. In the construction of the

J99napA::kan mutant, the napA gene was amplified by

PCR, using the napA1F (forward) and napA1R (re-

verse) primers. The PCR fragment was cloned into the

pBluescriptSK+/– EcoRV site (Stratagene, La Jolla,

CA, USA).

The resulting plasmid was linearized with primers

napA2F (forward) and napA2R (reverse), ligated with

the kanamycin resistance (KanR) cassette from

pILL600 [65], and then used to transform the J99

strain. For transformation, strains were grown for 24 h

on agar plates before addition of 2 lg of plasmid DNA.

After transformation they were cultivated on non-

selective plates for 48 h to allow unrestrictive growth,

and then transferred to kanamycin-containing plates.

The transformants were analyzed by PCR using

primers napA3F and napA4R, which verified that the

KanR cassette was inserted into the napA gene. Wes-

tern blot analysis of napA mutants using anti-NapA

antibodies show that the mutant strains were devoid of

HP-NAP expression [71].

The H. pylori strains were maintained as frozen

glycerol stocks and were cultured on GC II agar base

plates (Becton-Dickinson; Mountain View, CA,

USA), supplemented with: 2.5% (w/v) Lab M agar no.

2 (Topley House; Bury, UK), 7% (v/v) horse blood

citrate, 8% (v/v) heat-inactivated horse serum, 0.03%

(v/v) Iso-Vitalex, 12 lg/ml Vancomycin, 2 lg/ml

Amphotericin B, 20 lg/ml nalidixic acid, and a final

concentration of HCl to 2.5 mM.

For the growth of the J99sabA and J99babA strains,

the plates were also supplemented with 20 lg/ml

chloramphenicol. For the J99napA-mutant strain the

plates were supplemented with 25 lg/ml kanamycin,

and for the J99sabAbabA-mutant the plates were

supplemented with both 20 lg/ml chloramphenicol and

25 lg/ml kanamycin, to secure the selective growth of

the specific mutants. The bacteria were incubated at

37�C, 5% O2, 85% N2 and 10% CO2 for 2 days prior to

use.

Preparation of human neutrophils

Peripheral venous blood was drawn from non-medi-

cated healthy blood donors at Linköping University

Hospital, and anti-coagulated with 5 U/ml heparin.

Neutrophils were separated and isolated as previously

described elsewhere [7, 22]. In brief, the blood was

layered over a density gradient consisting of Lympho-

prepTM layered over PolymorphprepTM, and centri-

fuged at 480g for 40 min at room temperature.

The band rich in polymorphonuclear cells was col-

lected, and contaminating erythrocytes were removed

by hypotonic lysis. Neutrophils of about 95% purity

were resuspended in Krebs-Ringer phosphate buffer

containing 120 mM NaCl, 1.2 mM MgSO4 Æ 7H2O,

1.7 mM KH2PO4, 8.3 mM Na2HPO4 Æ 2 H2O, 1 mM

CaCl2, 4.9 mM KCl and 10 mM glucose (KRG, pH

7.3). Total cell count was calculated in a Channelyzer

256 (Beckman Coulter Inc., Fullerton, CA, USA).

Viability of the cells was >98% as assessed by Trypan

blue exclusion. The cells were kept on ice until use.

FITC-labeling of H. pylori

The different mutants and the parent strain of H. pylori

J99 were grown as described above, and harvested

from the agar plate and suspended in PBS pH 7.3

supplemented with 0.05% Tween 20. After centrifu-

gation (3,500g, 4 min) and resuspension three times in

PBS pH 7.3 with 0.05% Tween 20, the optical density

(OD) was calibrated to 2.0 at a wavelength of 650 nm

using PBS, pH 7.3. This OD corresponded to a con-

centration of bacteria to 5 · 108/ml, verified by optical

quantification in a counting chamber.

The suspension was centrifuged (3,500g, 4 min), and

after discarding the supernatant the pellet was resus-

pended in 2 ml bicarbonate buffer (0.1 M NaHCO3,

pH 9.6) containing 0.1 mg/ml FITC. The solution was

incubated for 1 h at RT under constant rotation in

dark. After three resuspension and washing steps in

PBS, pH 7.3, bacteria were resuspended in KRG, pH

7.3, and divided into aliquots. Before freezing, the

tubes were sonicated at 80 W for 3 · 30 s to disperse

aggregates of H. pylori. Aliquoted bacteria were stored

frozen at –80�C until used.

Phagocytosis measurement with fluorescence

microscopy

A fluorescence-quenching method [25] that distin-

guishes between extracellularly and intracellularly lo-

cated bacteria was used to determine phagocytosis.

Neutrophils and bacteria were prepared as previously

described. Prior to use the thawed vials of H. pylori

strains were sonicated to disrupt clusters of bacteria.

FITC-labeled H. pylori were incubated with neutro-

phils at various bacteria-to-PMN ratios; 10:1, 25:1, 50:1

and 100:1 for 30 min at 37�C. One drop of the neutro-

phil-bacteria mixture and one drop of Trypan blue

(2 mg/ml in 25 mM citrate–phosphate buffer and

25 mM NaCl, pH 7.4) were placed on a microscopic

slide. The procedure was also supplementary performed
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with ethidium bromide (10 lg/ml) as the quenching

agent [26].

The fraction of cells containing fluorescent bacteria,

i.e. ingested bacteria, was determined and used as a

measure of phagocytosis (phagocytic index). Usually

80–100 cells in each sample were counted, this out of a

randomized field of vision in the fluorescence micro-

scope. Fluorescence microscopy was performed using a

Zeiss Axioskop microscope equipped with a 50 W

mercury vapour lamp fitted with standard filter sets for

viewing FITC-fluorescence, i.e. with excitation and

emission maxima at 488 and 523 nm, correspondingly

(Carl Zeiss, Jena, Germany).

Phagocytosis measured with flow cytometry

To further quantify the phagocytosis of bacteria, we

used FACS technology. The method applied is a

modification of a previously described protocol [24, 26,

39]. FITC-labeled strains of H. pylori were thawed at

room temperature, declumped by sonication and ad-

ded to freshly prepared neutrophils. The assay was

carried out in 2 ml Eppendorf tubes with a final vol-

ume of 500 ll.

The samples were incubated in KRG supplemented

with 0.1% human serum albumin (HSA). Phagocytosis

was allowed to proceed in dark for 30 min at 37�C with

periodic agitation and placing the tubes on ice termi-

nated phagocytosis. Different multiplicities of infection

(MOI) were used; 25:1, 50:1 and 100:1 (bacteria:neu-

trophils).

The suspension was centrifuged (400g, 4 min), and

after discarding the supernatant, the pellet was resus-

pended in ice-cold KRG, pH 7.3. Samples were then in

addition resuspended, centrifuged and washed three

times with ice-cold KRG to remove excess of FITC-

labelled bacteria. Finally, the pellet of washed cells was

resuspended in 500 ll of ice-cold KRG and split into

two samples. One half of the suspension was used for

measuring phagocytosis, the other half for quantifying

the quenching capacity of sample. The mean fluores-

cent value (MFV; FL1) was determined in each case.

Between the sequential steps, the test tubes were

maintained on ice, and kept in dark. To make a dis-

tinction between extracellularly adhering bacterial

cells and those that had been phagocytosed, we used

ethidium bromide, at a final concentration of 50 lg/ml,

as quenching agent for the FITC. To verify efficient

quenching of adherent bacteria, both 10 lM cytocha-

lasin D and 10 lM cytochalasin B were separately used

to inhibit phagocytosis.

All measurements were performed using a FAC-

SCalibur (Becton Dickinson, San Jose, CA, USA)

equipped with an argon laser operating at an excitation

wavelength of 488 nm. Collected data was evaluated

using the CellQuest version 3.1f software (Becton

Dickinson). For each sample 10,000 events were col-

lected. Events were gated to discard signals that did

not qualify as mammalian cells, representing dead cells

(high red fluorescence), or big aggregates of bacteria

and cells. The average number of cells analyzed was

4,000 in each sample.

The percentage of MFV for FITC (green) out of

four independent experiments was used as measure for

the activity. Percent ingestion was determined as

100 · [(FL1 after quenching of mutant strain)/(FL1

after quenching of wild type strain)]. The percent

adhesion was determined as 100 · [(FL1-before

quenching of mutant strain)-(FL1 after quenching of

mutant strain)/(FL1-before quenching of wild type

strain)-(FL1 after quenching of wild type strain)].

The neutrophil respiratory burst activity

The respiratory burst in neutrophils was determined by

luminol-enhanced chemiluminescence (CL) that allows

measurement of released reactive oxygen species

(ROS). Both extra- and intracellular CL were analyzed

in a six-channel Bioluminat LB 9505 instrument

(Berthold Co., Wildbad, Germany), using disposable

4 ml polypropene tubes. Neutrophils (1 · 106) were

allowed to equilibrate for 5 min at 37�C in KRG,

luminol (20 lM), HRP (4 U/ml), thereafter the light

emission was recorded continuously for 60 min. After

achieving a baseline, the various strains of H. pylori

was added in different ratios (25:1, 50:1, 100:1) to the

neutrophils. To measure intracellularly produced ROS

only, tubes containing SOD (200 U/ml) and catalase

(2,000 U/ml) were used instead of HRP to scavenge

the extracellularly released superoxide anion and

hydrogen peroxide [13, 30].

To rule out the possibility that a soluble component

in the supernatant gave the observed results, neutro-

phils were also incubated with 200 ll of the superna-

tant from each mutant remaining after the first washing

step in the FITC-labelling procedure of the bacterium.

Agglutination of RBCs by SabA and HP-NAP

mutants

To test for sialic acid-specific binding characteristics of

the bacteria, human red blood cells (RBC) were pre-

pared in the following way. They were treated with

bovine pancreas trypsin at a concentration of 0.05 mg/

ml [6], or with PBS buffer only, pH 7.4. After this
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treatment the cells were incubated with 1 mM phen-

ylmetylsulfonylfluoride (PMSF), followed by a three-

fold wash in PBS, pH 7.4, and then an incubation with

different concentrations (0.02, 0.1, or 0.2 U/ml) of

Clostridium perfringens neuraminidase type VI. In

parallel, agglutination without neuraminidase treat-

ment was also tested.

The basal density of bacteria used in the assay was

1 · 108 bacteria/ml. A 0.75% RBC suspension was

used for the hemagglutination assay and for assessment

of the protease/neuraminidase effect. Twenty-five mi-

crolitre of bacterial suspension was mixed with the

same volume of 0.75% RBCs in round-bottom ELISA

plates, and the state of aggregation was visually read

after 1 h incubation in RT.

Measurement of binding activity of the strains

of H. pylori

The binding assay was performed as previously de-

scribed [20, 29] with minor modifications. The Lewis b

and sialyl-dimeric-Lewis x glycoconjugates (IsoSep

AB, Tullinge, Sweden) were labeled with 125I by the

chloramines-T method. Bacteria were harvested from

agar plate in PBS, pH 7.3. One ml of bacterial sus-

pension (optical density at 600 nm = 0.1) was incu-

bated with 300 ng of 125I-labeled conjugate for 2 h in

PBS containing 1% albumin and 0.05% Tween 20. The

bacteria were pelleted by centrifugation and the

amount of bound radio-labeled conjugates bound to

the bacterial pellet was measured by gamma scintilla-

tion (1282 Compugamma CS; LKB Wallac, Oy, Fin-

land). Binding experiments were performed in

duplicates.

Results

Analysis of expression of the different adhesins by

H. pylori wild type and mutants strains

The strain J99 and series of mutants were analyzed

for their glycoconjugate binding properties by using

soluble neoglycoconjugates, i.e. 125I-labeled semi-syn-

thetic glycoproteins based on albumin were used in

RIA-assays [29, 43]. Figure 1a illustrates that the

J99babA-mutant and sabAbabA-mutant did not rec-

ognize the Leb antigen, since they are devoid of the

BabA adhesin. Similarly, in Fig. 1b, the J99sabA-

mutant and J99sabAbabA-mutant did not bind their

cognate SabA receptor, the sLex antigen. The parent

strain J99 binds both antigens, although it binds Leb

the best due to the high binding affinity of BabA [43].

Interestingly, the J99 napA-mutant is associated with

both Leb and sLex similar to the J99 parent strain,

which suggests that the HP-NAP protein does not

constitute a part of or else have an exert influence on

the BabA or SabA adhesin.

Effect of MOI on the kinetics of generation of ROS

By analyzing the pattern of luminol-enhanced chemi-

luminescence (CL) in the absence and presence of

extracellular SOD and catalase, we can distinguish

between total and intracellular production of ROS in

the neutrophils. Figure 2 illustrates the rapid kinetics

of total CL generation for wild-type H. pylori J99. The

kinetics was less sustained when the MOI was in-

creased, which indicates expedient degranulation and

activation of the NADPH-oxidase. In contrast, negli-

gible effects were obtained when supernatants of the

Fig. 1 a, b Bacterial binding to soluble neoglycoconjugates. The H. pylori strains were incubated with 125I-labeled Lewis b (a) and
sialyl-dimeric-Lewis x glycoconjugates (b), reflecting relative adhesion by wild-type and mutant H. pylori bacteria. Data are presented
as mean percent of bound conjugate added
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bacterial cultures were used for priming of hyper-

responsiveness. This suggests a low impact of released

chemoattractants, such as N-formylated bacterial pep-

tides. Only, some small initial peaks were seen in all

instances within the first few minutes of the interaction,

superimposed on the general strong CL-signals

(Fig. 2).

Total ROS production by H. pylori

and corresponding series of mutants

Total response in ROS comprises both intracellular

release and extracellular discharge of ROS. In general,

either the peak or integral value of CL-response can be

taken as a quantitative measure of ROS production.

They presumably reflect two distinct capacities of the

neutrophils, i.e. to mount a rapid response and a sus-

tained reaction, respectively. Either aspect may be

important for killing the intruding microorganisms.

The total amount of ROS released intra- and extra-

cellularly is reflected by the integral under the curve.

Figure 3a, displaying the integral value, based on at

least three separate experiments, reveals several

interesting features. First, the J99sabA-mutant and the

‘‘double mutant’’ J99sabAbabA produced the lowest

responses. Second, the J99babA-mutant was slightly

more effective than the J99 wild-type, which binds both

Leb and sLex. It is noteworthy that supportive data for

expression of Lewis b on neutrophils is not available.

Third, and surprisingly enough, for the J99napA-mu-

tant, i.e. a bacterium devoid of HP-NAP expression,

the response was more enhanced than for wild-type

bacteria (P < 0.01). This might suggest that HP-NAP

might exert a ‘‘quenching’’- rather than a ‘‘priming’’-

type of activity on neutrophil CL-generation.

The subsequent analysis of peak values for ROS

production (Fig. 3b) disguised a similar pattern for the

J99sabA-mutant and the J99sabAbabA-mutant. How-

ever, here the J99napA-mutant did not differ in CL-

reactivity from the J99 wild-type strain by the peak

value. The similar response for the parent strain and

the J99napA-mutant, indicate that the adhesin-glycan

interaction triggers an initial fast response in the neu-

trophils, followed by a slower, probably intracellular

process. This implies that HP-NAP could help balance

the ROS production. Other MOIs were also tested in

the CL-experiments, but only a representative range is

displayed.

Fig. 2 Kinetics of the reactive oxygen species (ROS) production
in human neutrophils challenged with strain H. pylori J99 at
indicated bacteria-to-neutrophil ratios, alternatively to superna-
tants from both strain J99 and the full series of mutants. The
ROS production was measured using a luminol-enhanced
chemiluminescence (CL) system. The cells (1 · 106) were
incubated for 10 min at 37�C prior to adding supernatants or
respective bacteria. The supernatants were obtained as described
in experimental procedures. One representative experiment out
of at least five independent experiments is displayed

Fig. 3 The production of ROS in human neutrophils in response
to activation with strain H. pylori J99 and different mutants.
Neutrophils (1 · 106) were preincubated at 37�C prior to
stimulation with bacteria, at a bacteria-to-cell ratio of 100:1.
The ROS-production was measured by luminol-amplified CL.
The bars represent either the integral values (a) or peak values

(b) in percent of the wild-type ROS-production. Data are given
as mean ± SEM (standard error of the mean) of at least five
independent experiments. Statistical significance versus control
(i.e. wild-type J99): **P < 0.001; *P < 0.01, by unpaired, two-
tailed Student’s t test
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By selective scavenging of the extracellularly re-

leased ROS with SOD and catalase, intracellular gen-

eration of respiratory burst products can be analyzed.

Only small differences between the bacterial strains

regarding the ‘‘integral’’ and ‘‘peak’’ CL of intracel-

lular generated ROS were detected (data not shown).

The signal is dominated by approximately 70% intra-

cellular release. The maximum reduction was seen for

the two mutant strains J99sabA and J99napA, i.e. to 63

and 83%, respectively, of the total ROS production

elicited by the wild type J99.

Phagocytosis of wild-type and mutant H. pylori by

neutrophils analyzed by flow cytometry

The interaction between the bacteria and neutrophils

was studied at three relative infection ratios, i.e. at

MOIs of 10:1, 25:1 and 100:1. In all three cases the

J99sabA-mutant, and the combined J99sabAbabA-

mutant showed the lowest relative values (Table 1).

This observation underscores that SabA is a critical

mediator of H. pylori host cell-contact and subsequent

activation of human neutrophils, i.e. is decisive in the

generation of ROS (Fig. 4).

Pretreatment of the neutrophils with cytochalasin B

or D, at final concentrations of 10 lM, substantially

lowered the total neutrophil-associated fluorescence at

all three investigated ratios (data not shown). These

results verify the expected inhibition of phagocytosis,

and also serve as a validation of the accuracy of the

chosen method.

Worth noting, is that the effects conferred by the

mutant phenotypes were most pronounced at the

highest MOI, where the J99napA-mutant displayed a

distinct behaviour regarding both adherence and

ingestion (Table 1). At the lowest MOI (10:1), the

J99napA-mutant interestingly had a stimulating effect.

These results suggest that the functional phenotypes

of the series of adhesin mutants, including the napA-

mutant, are distinct during conditions of bacterial

competition for their tropic binding sites, i.e. when

approaching MOI ratios of 50:1–100:1. Less discrimi-

nating binding modes, especially displayed here at low

MOI, tends to level out these typical binding charac-

teristics and related CL-responses (data not shown) for

the mutant phenotypes. The relative errors were in a

large range, probably due to the individual variation

among blood donors, with regard to antigen exposition

and excitation states. Moreover, neutrophils having

phagocytosed an excessive amount of H. pylori, so

called ‘‘frustrated phagocytosis’’, ensue an overall in-

creased signal in the flow cytometry assay. The degree

Table 1 Relative adherence
(%), ingestion (%) and total
interaction (MFV) of
Helicobacter pylori J99 and its
specific deletion mutants with
human neutrophils

Results are shown as relative
percentage versus the wild-
type strain. Four independent
experiments with new batches
of neutrophils derived from
different blood donors were
analysed (n = 4). Values are
given as mean ± SEM

MFV total mean fluorescent
value (FL1) of four separate
experiments

Bacteria:neutrophil
ratio

Adherence percentage;
mean ± SEM

Ingestion percentage;
mean ± SEM

Total interaction;
MFV

10:1
J99 100 100 106
J99babA 86 ± 46 109 ± 36 64
J99sabA 63 ± 23 67 ± 16 37
J99sabAbabA 75 ± 56 74 ± 32 38
J99napA 120 ± 62 105 ± 52 50

25:1
J99 100 100 420
J99babA 51 ± 8 66 ± 10 262
J99sabA 27 ± 5 36 ± 8 151
J99sabAbabA 14 ± 4 22 ± 3 128
J99napA 43 ± 18 49 ± 17 109

100:1
J99 100 100 1717
J99babA 43 ± 12 54 ± 12 810
J99sabA 28 ± 9 24 ± 3 536
J99sabAbabA 17 ± 4 26 ± 4 465
J99napA 37 ± 12 40 ± 6 471

Fig. 4 Internalization of the wild-type H. pylori J99 strain (thick
curve) and the mutant strain J99sabA (thin curve) analyzed by
flow cytometry. The phagocytosis curves representing the
relative value of neutrophils ingesting FITC-labelled bacteria
after quenching with ethidium bromide. A shift to the right
indicates a higher total mean fluorescent value (MFV; FL1). The
graph shows results of a representative single experiment out of
four independent experiments performed (Table 1 )
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of frustrated phagocytosing neutrophils can also vary

between donors.

Phagocytosis of wild-type and mutant H. pylori by

neutrophils assessed with fluorescence microscopy

The difference between the parent H. pylori J99 strain

and the J99sabA-mutant in their direct interaction with

isolated neutrophils was here visualized by fluores-

cence microscopy (Fig. 5). It is interesting to notice

that in all cases except for the J99sabA-mutant, and the

J99sabAbabA-mutant, there was a massive aggregation

of bacteria and neutrophils, especially at the highest

MOI of 100:1. All the same, the phagocytic index

clearly distinguishes the role of the SabA adhesin in

the bacteria–cell interaction (Table 2). Very similar

results were received from the three strains expressing

the SabA adhesin, again stressing how important this

lectin is for the physical interaction between H. pylori

and human neutrophils.

Thus, the SabA molecule displays a key role for

targeting of bacterial cells to the neutrophils. The

massive co-aggregation could also indicate that sialy-

lated receptors are further up-regulated on the neu-

trophil membrane due to the tight interaction. The

signal as such does not tend to require viable bacterial

cells, since both frozen-thawed and freshly prepared

FITC-labelled bacteria yielded the same effects, i.e.

tight neutrophil interaction and aggregation (data not

shown).

Analyzes of the influence of HP-NAP on bacterial

binding to host cells by use of neuraminidase and

protease treated red blood cells

The ROS production proposes a plausible way to as-

sess the contribution of HP-NAP in bacterial interac-

tion with neutrophils. To analyze whether the protein

positively or negatively modifies the efficiency of the

adhesins to bind and interact with the host cell, a

modified hemagglutination method was used. Since the

SabA adhesin binds to sialylated antigens, in particular

to the sLex glycan, neuraminidase treatment was em-

ployed to reduce or remove the surface-presented

sialylated residues from the human RBC, thereby

abolishing the sialic acid-dependent hemagglutination

(sia-HA).

The regular hemagglutination activity was strong for

the J99 wild-type strain, and so for both the J99napA-

and the J99babA-mutants (Table 3). It was in all in-

stances very sensitive to neuraminidase treatment,

where sia-HA was already eliminated at concentra-

tions of 0.1 U/ml, which points to sialic acid-dependent

binding mode.

The sia-HA was further analyzed by titration of the

neuraminidase at 0.02 U/ml. The sia-HA titres was

reduced from 1:8 till 1:4, i.e. conferred a twofold

reduction in sia-HA for the J99 wild-type and the

babA-mutant. In contrast, a full eightfold reduction in

sia-HA was found for the napA-mutant; results pro-

posing that the HP-NAP could facilitate SabA-medi-

ated binding to sialylated antigens on host cells

surfaces, especially during conditions of limited avail-

ability of sialylated binding sites.

Protease treatment of RBC did not interfere with

sialic acid-dependent binding. On the contrary, lim-

ited protease treatment fully regained the sia-HA

Fig. 5 Fluorescence microscopy of human neutrophils after
phagocytosis of the wild-type H. pylori J99 strain (a) and the
J99sabA-mutant (b). FITC-labelled bacteria and non-phagocy-
tosed bacteria were quenched with ethidium bromide or Trypan
blue, which may give some red background staining at the cell
membranes. Note the large sialic acid-mediated aggregates
between the wild-type strain and the neutrophils (a) and in
contrast the solitary neutrophils associated with the lectin-
deficient J99sabA-mutant (b). White arrowheads indicating
ingested H. pylori. Bars 10 lm
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properties for the napA-mutant. In terms of a limited

host cell sialylation, as in the case with a low degree

of mucosal inflammation, this trait could facilitate

SabA-mediated binding of H. pylori. Speculatively, it

suggests, that HP-NAP provides a stimulatory mod-

ulating effect during less sialylated conditions,

whereas HP-NAP instead would confer a quenching

mechanism to down-regulate sustained signals when

sialylation turns abundant, as suggested by the results

on generation of ROS production in Fig. 3.

Discussion

We have recently reported that the SabA adhesin is a

key-element in the non-opsonic local immune response

in the gastric epithelium [71]. This response is mainly

characterized by the recruitment, accumulation and

infiltration of activated neutrophils and monocytes in

the gastric mucosa. Undoubtedly, such engagement of

the leukocytes is an essential step in the initiation and

maintenance of the gastric inflammatory process [18].

In the present investigation, we have also further

tried to disclose the relative contribution of another

virulence trait of the H. pylori, i.e. the neutrophil

activating protein (HP-NAP). This molecule is known

to be involved in the interaction with and activation of

human neutrophils [19, 48, 55], as well as in the scav-

enging of ROS [9].

How the combined expressions of the virulence

proteins help H. pylori to survive in the epithelium lin-

ing in the stomach has so far not been resolved. The HP-

NAP is considered to be chemotactic, pro-inflammatory

and promotes release of nutrients from the mucosa, thus

supporting the growth of the bacteria [47, 16].

Recent studies have shown convincingly that

H. pylori adhesins BabA and SabA are critical for

the establishment of H. pylori locally in normal and

inflamed tissue, respectively [29, 43, 71].

We now demonstrate that SabA alone, but not

BabA (Fig. 2; Tables 1 and 2) is essential for attach-

ment and activation of human neutrophils by the

H. pylori strain J99. The present investigation does not

support that the HP-NAP, as a component in a water-

soluble extract, promotes ROS generation in neutro-

phils (Fig. 2). In contrast to our results, Kim et al. [34]

have earlier reported activation of the neutrophils by

crude water supernatant preparations. On the other

hand, this could point towards the highly variable

ability of extracts from different H. pylori to stimulate

neutrophils [38], or methods chosen for analysis.

Neither did bacteria-associated HP-NAP impel the

activation of the oxidative metabolism (Figs. 3a and

3b). Rather, it modified the pattern of generation and

total magnitude of respiratory burst products. Further

experiments are however, needed for a final assess-

ment of the role of HP-NAP, previously suggested as

an important chemoattractant [8, 13, 68]. Could for

example HP-NAP through ROS inhibition or modu-

lation (present study) actually promote cell motility?

The ability of the different bacterial strains to elicit

an oxidative burst in the neutrophils [32], is clearly

reflected in the total chemiluminescence production,

comprising both intracellular and extracellular forma-

tion of ROS, whether judged by peak or integral values

(Figs. 3a and 3b).

To study adherence/phagocytosis of the bacteria, we

used both fluorescence microscopy and flow cytometry.

By modifying the method described by Heinzelmann

et al. [26], flow cytometry was used as an objective mea-

sure of phagocytosis [33, 42]. By doing this, we wanted to

circumvent the drawbacks with traditional microscopy,

which is laborious and sensitive to variations in observer

Table 2 Phagocytosis of wild-type and mutant strains of H.
pylori

Bacteria Fraction of phagocytosing
neutrophils (Mean ± SEM)

J99 0.70 ± 0.05
J99sabA 0.04 ± 0.03
J99sabAbabA 0.08 ± 0.03
J99babA 0.70 ± 0.05
J99napA 0.70 ± 0.05

Neutrophils were prewarmed for 5 min at 37�C prior to addition
of either wild-type H. pylori J99 or the series of J99 mutants
(sabA, sabAbabA, babA or napA), at a bacteria-to-cell ratio of
100:1, the phagocytosis was allowed to proceed for 30 min.
Samples were put on ice and evaluated by fluorescence micros-
copy as described in experimental procedures. A phagocytic in-
dex is given, obtained from the fraction of phagocytosing
neutrophils of four separate experiments ± SEM

Table 3 Hemagglutination assay titres of RBC by the J99 strain
and the corresponding napA-mutant and babA-mutant

RBC treatment Bacterial strain

J99 J99napA J99babA

0 mg trypsin/0 U Neu 1:8 1:8 1:8
0 mg trypsin/0.02 U Neu 1:4 1:1 1:4
0 mg trypsin/0.1 U Neu 0 0 1:1
0 mg trypsin/0.2 U Neu 0 0 1:1
0.05 mg trypsin/0 U Neu 1:8 1:8 1:8
0.05 mg trypsin/0.02 U Neu 1:4 1:4 1:4
0.05 mg trypsin/0.1 U Neu 1:1 1:1 1:1
0.05 mg trypsin/0.2 U Neu 0 0 1:1

The erythrocytes were pre-treated with either trypsin or neur-
aminidase, or a combination there-of as displayed in the check-
erboard. ‘‘0’’ refers to no hemagglutination, while the titres are
given for the bacterial dilution steps where no losses of aggluti-
nation were shown

Med Microbiol Immunol (2006) 195:195–206 203

123



interpretations. Scientifically, results presented in

Table 2 fall under a binominal categorisation, in com-

parison to Table 1 which classifieds as numerical cate-

gorisation, based on the 4000 number of cells counted per

determination [51].

We were able to consolidate quantitatively the

trends in ingestion and adherence between the differ-

ent bacterial traits (Table 1). At all ratios between

bacteria and neutrophils, the SabA adhesin seems to

promote the interaction further than any of the other

bacterial proteins investigated here. Envisioning that

the MOI, i.e. the relative number of intruding H. pylori

and host defence cells, reflects conditions that can oc-

cur in inflamed tissue, its effect of the magnitude and

rate of ROS generation is of specific interest to address

(Fig. 2 and Table 1).

The finding of the HP-NAP-mutant phenotype is of

principal interest, since both bacterial adherence and

ingestion by the leukocytes decreased with higher

proportion of bacteria (Table 1). We suggest this is a

specific consequence of the loss of the HP-NAP and

not due to altered expression of another surface

appendage, e.g. SabA; the HP-NAP-mutant and the

wild-type strain display similar results in the regular

sia-HA analysis, where unlimited neuraminidase was

used. The binding results of white blood cells (Table 1)

and RBC during limited sialic-acid levels (Table 3)

strengthen a concept that HP-NAP participated in

adherence to host cells during conditions of limited

sialylation. This could be the case in initial and low-

grade gastritis, or in situations of competition between

bacteria, as modelled in the situation with high MOI

series in the flow cytometry analysis (Table 1).

Our results further strengthen the central role of the

SabA adhesin in provoking an inflammatory response,

which is dependent on the bacterial load. This also

supports previous findings of the expression of SabA

binding sites and bacterial association with inflamed

gastric tissue [43].

In summary, present and previous findings speak for

the following model of H. pylori colonization and dis-

ease promotion: (1) the BabA adhesion is a pre-

requisite for the initial colonization [29, 40]; (2) the

HP-NAP helps recruit inflammatory cells [16, 47, 55]

and protects bacteria from ROS [9] by regulating the

amount of ROS generated (this study), and (3) SabA,

together with the bacterial load determine the magni-

tude of the inflammatory response [71, this study], and

(4) HP-NAP might facilitate SabA-mediated binding

when sialylated antigens are less expressed such as

during low-grade inflammation (this study).

The impact of slow and balanced versus rapid and

fulminate sLex-mediated binding for development of

disease remains to be assessed. So, H. pylori might

have dual systems for initiation and termination of

leukocyte activity, thereby optimizing its interaction

with labile and sensitive immunological cells in the

local and inflamed mucosa.
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