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Helicobacter pylori is known to induce a local immune response, which is characterized by activation of
lymphocytes and the production of IFN-y in the stomach mucosa. Since not only T cells, but also natural killer
(NK) cells, are potent producers of gamma interferon (IFN-vy), we investigated whether NK cells play a role in
the immune response to H. pylori infection. Our results showed that NK cells were present in both the gastric
and duodenal mucosae but that H. pylori infection did not affect the infiltration of NK cells into the gastro-
intestinal area. Furthermore, we could show that NK cells could be activated directly by H. pylori antigens, as
H. pylori bacteria, as well as lysate from H. pylori, induced the secretion of IFN-y by NK cells. NK cells were
also activated without direct contact when separated from the bacteria by an epithelial cell layer, indicating
that the activation of NK cells by H. pylori can also occur in vivo, in the infected stomach mucosa. Moreover,
the production of IFN-y by NK cells was greatly enhanced when a small amount of interleukin-12 (IL-12) was
added, and this synergistic effect was associated with increased expression of the IL-12 receptor 32. It was
further evident that bacterial lysate alone was sufficient to induce the activation of cytotoxicity-related mole-
cules. In conclusion, we demonstrated that NK cells are present in the gastroduodenal mucosa of humans and
that NK cells produce high levels of IFN-y when stimulated with a combination of H. pylori antigen and IL-12.

We propose that NK cells play an active role in the local immune response to H. pylori infection.

Natural killer (NK) cells are important components of the
innate immune system and are phenotypically identified by the
expression of an adhesion molecule, CD56. It has been shown
in peripheral blood that an abundant NK cell subset expresses
low levels of CD56 (and is therefore referred to as CD56%™
NK cells), while ~6% of the NK cells express CD56 at high
density (CD56"€") (8, 11). The main function of NK cells has
been described as acting as effective killers of virus-infected
cells early in the course of infection, before the specific CD8™
T cells have emerged (34, 45). NK cells can also kill certain
tumor cells and thereby suppress cancer development (16, 24).
Apart from their cytotoxic capacity, NK cells are important
producers of gamma interferon (IFN-v), a cytokine that can
activate many parts of the immune system, including phagocy-
tosis and antigen presentation (6, 55). Classically, NK cells
have been regarded as activated either by virus-infected or
cancer-transformed cells that lack major histocompatibility
complex class I expression or by activating cytokines, like in-
terleukin-12 (IL-12) or type I interferons produced during
acute infections (9, 34, 44). Recently, however, evidence has
accumulated showing that NK cells also can be activated in
bacterial infections, preferentially by phagocyte-derived IL-12
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(29) but possibly also by direct action of bacterial products
(30).

Helicobacter pylori is a gram-negative bacterium that colo-
nizes the human gastric and duodenal mucosa and causes life-
long infection. H. pylori infects the stomachs of >50% of the
human population worldwide. The infection invariably induces
a chronic and active inflammation of the antral mucosa, with
influx of B cells, T cells, and neutrophils. By as yet unknown
mechanisms, the infection is also a risk factor for the develop-
ment of peptic ulcer disease and gastric adenocarcinoma (5,
15, 37). It is known that the local immune response to H. pylori
in both humans and experimental animals is characterized by
increased production of Th1-type cytokines, such as IFN-y and
IL-12 (36, 46). In a mouse model, it was recently demonstrated
that IL-12 and IFN-y are crucial for H. pylori-specific protec-
tive immunity (1, 25). Furthermore, it appears that IL-12 re-
sponses with IFN-y predominate and play a role in the patho-
genesis of H. pylori infection and the development of
ulceration (25). Since not only T cells but also NK cells are
potent producers of IFN-y, we have investigated whether NK
cells may play a role in the immune response to H. pylori
infection.

MATERIALS AND METHODS

Bacterial preparation. H. pylori (strain Hel305, isolated from a duodenal ulcer
patient; cagA™ vacA™) from —70°C stock cultures was grown on Columbia
isoagar plates, followed by brucella broth liquid culture. The bacteria were
diluted in appropriate cell culture medium to an optical density at 600 nm of 1
(equal to 5 X 10° bacteria/ml) and used for further experiments. Lysates of H.
pylori strain Hel305 and Escherichia coli (E11881/9; ST* LT™") were prepared as
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TABLE 1. Primer pairs used in RT-PCR

Accession

Gene o Forward primer Reverse primer Size (bp)
GAPDH M17851 TCACCATCTTCCAGGAGCGA AGTGATGGCATGGACTGTGG 325
IFN-y X01992 GCATCGTTTTGGGTTCTCTTGGCTGTTACTGC CTCCTTTTTCGCTTCCCTGTTTTAGCTGCTGG 427
Granzyme B BC030195 AGGAAGATCGAAAGTGCGAA AGGTGTTTCATTACAGCGGG 282
Granulysin =~ NT015805 GAAGATGGTGGATAAGCCCA ACAAGGTGAGAGGGCTCAGA 223
Perforin X13224 ACTCACAGGCAGCCAACTTT GGGTGCCGTAGTTGGAGATA 213

previously described (40), and lipopolysaccharides (LPS) were purified using
phenol-water extraction (52). The protein contents were determined by spec-
trometry. Each lysate was snap frozen in liquid nitrogen and stored in aliquots at
—70°C until it was used.

Purification of NK cells. To purify peripheral blood NK cells, buffy coats
enriched in leukocytes were obtained from healthy blood donors. Mononuclear
cells were isolated from the buffy coats by using a Histopaque-1077 gradient, and
NK cells (CD56" CD3™) were isolated and purified by negative selection using
a magnetic bead isolation kit (Human NK isolation kit; Miltenyi Biotech, Ber-
gisch Gladbach, Germany) according to the recommendations of the manufac-
turer. These semipurified (>90% pure) NK cells were further purified, after
being stained with anti-CD56 and anti-CD3 antibodies, using a flow cytometry
cell sorter (FACSVantage SE; BD Biosciences, San Jose, Calif.). The sorted NK
cells were routinely >99% pure as estimated by fluorescence-activated cell sorter
analysis. The H. pylori infection status of each blood donor was determined by
enzyme-linked immunosorbent assay (ELISA) as previously described (24).

NK cell stimulation. To stimulate NK cells, 50,000 viable NK cells were
initially cultured in the absence or presence of antigenic stimulants (bacterial
lysates in 0.2, 2, or 20 wg/ml concentrations or inactivated or live bacteria at 104,
10°, or 10%well) with or without IL-12 (50, 500, or 1,000 pg/ml) in X-vivo 15
(BioWhittaker, Verviers, Belgium) in round-bottom 96-well plates. In experi-
ments in which the synergistic effects of lysate and IL-12 were studied, the NK
cells were stimulated with bacterial lysate (2 wg/ml) and IL-12 (50 pg/ml).
Antibiotic-free X-vivo 15 was used when NK cells were stimulated with live
bacteria. Supernatants were taken at designated time points and were kept at
—80°C until they were analyzed for cytokine content.

AGS cells (a human gastric carcinoma cell line) were obtained from the
American Type Culture Collection and used in transwell coculture experiments
with NK cells. AGS cells were placed in filter inserts (pore size, 3 pm) of six-well
plates and cultured to confluence in X-vivo 15. Then, the cells were given fresh
medium and stimulated with 107 live H. pylori bacteria. At the same time, NK
cells (10%well) were added to the bottom wells. In control wells, either AGS cells,
H. pylori, or NK cells were omitted. All of the cells were cultured for 48 addi-
tional hours, supernatants were taken from the top and bottom wells, and the
concentration of IFN-y was measured using ELISA.

Human volunteers and collection of samples. For analysis of the presence of
NK cells in the gastroduodenal mucosa, six adult Swedish volunteers infected
with H. pylori but without any subjective symptoms (Hp™; 23 to 58 years old) and
six healthy, uninfected volunteers (Hp~; 24 to 40 years old) were recruited for
the study. The study was approved by the Ethical Committee for Human Re-
search, Goteborg University, and informed consent was obtained from each
volunteer before participation.

The asymptomatic carriers were identified by screening of healthy blood do-
nors for elevated immunoglobulin G (IgG) antibody titers against H. pylori by
using an in-house ELISA (22), and their H. pylori infection status was confirmed
either by culturing of H. pylori bacteria from antral biopsy specimens or by a urea
breath test. None of the volunteers had a previous history of gastrointestinal
symptoms or illnesses or was under medication during the 3 weeks before
recruitment for the study. Gastroduodenal endoscopies were performed, and
biopsy specimens were obtained from the antrum and duodenum. The epithe-
lium and the intraepithelial lymphocytes were removed by stirring the biopsy
specimens four (duodenal specimens) or six (antral specimens) times for 15 min
each time in Hank’s balanced salt solution without calcium or magnesium and
containing 1 mM EDTA and 1 mM dithiothreitol, followed by two incubations in
Hank’s balanced salt solution without EDTA at room temperature. Lamina
propria lymphocytes were isolated from the remaining tissue by stirring the
biopsy specimens in 5 ml of collagenase-DNase solution (100 U of collage-
nase/ml [Sigma C-0255] and 0.1 mg of DNase/ml [Sigma D-5025]) for 2.5 h at
37°C. The resulting suspension was filtered through a nylon mesh, and the cells
were counted under the microscope. Preliminary experiments showed that this

cell isolation regimen gave the maximal yield of cells with very little of the
epithelium remaining in the lamina propria fraction.

Cytokine assays. Supernatants from duplicate or triplicate samples were fro-
zen at —80°C until the cytokine content was determined using ELISA for IFN-y,
as previously described (31), and for IL-12p40 (R&D Systems) according to the
instructions of the manufacturer. Samples were thawed only once for the anal-
ysis. The minimum detectable cytokine concentrations were 3 pg/ml for IFN-y
and 25 pg/ml for IL-12.

Flow cytometry analysis. Fluorescein isothiocyanate-conjugated anti-CD3 and
phycoerythrin (PE)-conjugated anti-CD56 antibodies were used for the detec-
tion of NK cells in biopsy samples and for the purification and confirmation of
the purity of NK cells. PE-conjugated anti-CD25 and PE-conjugated anti-CD69
were used to study the changes of cell surface expression in the NK cells with or
without stimulation with bacterial antigens and/or IL-12. The flow cytometry
analysis was performed with a FACSCalibur (BD Biosciences), using the analysis
software FlowJo (Treestar Inc., San Carlos, Calif.). All antibodies were obtained
from BD Biosciences.

Quantification of mRNA levels using reverse transcription (RT)-PCR analy-
sis. Total RNA was isolated from NK cells using a Total RNA Extraction kit
(Sigma Aldrich, St. Louis, Mo.) and was then subjected to DNase treatment with
the DNase Amp grade kit (Invitrogen, Carlsbad, Calif.). The concentration and
integrity of the RNA were measured spectrophotometrically at 260 and 280 nm
and by gel electrophoresis in 1% agarose gels. Thereafter, cDNA was synthesized
by using an oligo(dT) primer and the Omniscript RT-PCR kit (QIAGEN,
Hilden, Germany), as described by the manufacturer, and adjusted to a concen-
tration of 0.2 or 1 ug/pl. PCR was performed in 25-ul reaction volumes con-
taining 200 nM (each) primer sets for IFN-vy, granzyme B, perforin, or granulysin
coamplified with 200 nM (each) primer for the GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) housekeeping gene, 1 U of Taq polymerase, 1 X PCR
buffer and 2 mM MgCl, (Sigma Aldrich), 200 nM deoxynucleoside triphosphate
(Roche, Mannheim, Germany), and 1 pl of cDNA. All PCR products were
initially denatured at 94°C for 5 min before amplification. The PCRs of granzyme
B, perforin, and granulysin were amplified at 94 (30 s), 55 (30 s), and 72°C (30
s) for 22 or 25 cycles, followed by final elongation of the products at 72°C for 5
min. IFN-y was amplified as described for the other genes but with 22 or 27
cycles and an elongation time of 90 s. The primer set used for PCR is shown in
Table 1. The PCR products were run on 3% agarose gels, stained with ethidium
bromide, and visualized under UV light. Quantification of the PCR products was
performed with ScionImage software (Scion Corp., Frederick, Md.). Similar
results were obtained when the PCR was performed with 22 and 25 or 27 cycles,
and also using different concentrations of input cDNA (0.2 and 1.0 pg/pl).

Statistical analysis. Comparative data were analyzed using Student’s ¢ test,
with a P value of <0.05 considered statistically significant.

RESULTS

NK cells are present in the gastrointestinal mucosa. In
order to analyze whether NK cells are present in the gastroin-
testinal mucosa, biopsy specimens were collected by gastrodu-
odenal endoscopy from H. pylori-infected and uninfected vol-
unteers, and the presence of CD3~ CD56" NK cells was
analyzed by flow cytometry. In uninfected individuals, there
was a substantial percentage of NK cells in the gastric mucosal
area, with ~15% of the lymphocytes being NK cells (Table 2
and Fig. 1), whereas in H. pylori-infected individuals, ~6% of
the lymphocytes were NK cells.
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TABLE 2. Percentages of NK cells and CD4" and CD8" T cells in
gastric biopsy specimens from H. pylori-positive or -negative subjects

% T Cells*
Subject
NK? CD4*¢ CD8 "
H. pylori* (n = 6) 59 +20 59.7 = 8.7 36.4 9.1
H. pylori~ (n = 6) 14.6 = 9.3 40.3 £17.0 51.2 = 18.7

“ Data are expressed as mean percentage of lymphocytes * standard error.
bp =0.04.
P =0.03.
4p=0.11.

NK cells produce IFN-vy after stimulation with H. pylori. In
order to further investigate whether NK cells could be acti-
vated by H. pylori, NK cells were purified from peripheral
blood mononuclear cells and stimulated with different doses of
H. pylori lysate. The results showed that NK cells produced
IFN-y after stimulation with H. pylori, and the secretion of
IFN-v increased in a dose-dependent manner with increasing
concentrations of H. pylori lysate (Fig. 2A). The levels of IFN-y
produced in NK cells obtained from H. pylori-infected and
uninfected individuals were similar (data not shown). In an
attempt to investigate whether NK cells can be activated by H.
pylori in a more in vivo-like situation, NK cells and the gastric
epithelial cell line AGS were cocultured in a transwell system,
with AGS cells with or without live H. pylori in the insert filter
(top well) and NK cells in the bottom well. Using this system,
it could be shown that although the H. pylori bacteria and the
NK cells were separated by an epithelial cell layer, as in the
infected gastric mucosa in vivo, the NK cells could respond
with IFN-y production to H. pylori lysate (Fig. 2B).

Synergistic activation of NK cells by H. pylori antigens and
IL-12. In the H. pylori-infected mucosa, there is chronic inflam-

A. Non-infected
PBM

Antrum Duodenum

CDh56 >

B. H. pylori infected

PBMC Antrum Duodenum

FIG. 1. NK cells in peripheral blood mononuclear cells (PBMC)
and in the gastrointestinal mucosa. Cells were obtained from biopsies
of the antrum and duodenum of noninfected healthy (A) or H. pylori-
infected (B) volunteers. Lamina propria cells were obtained by treat-
ment with EDTA and collagenase, and the cells were stained with
anti-CD56 and anti-CD3 antibodies and analyzed for the presence of
NK cells. Each plot shows at least 5,000 lymphocytes gated based on
forward and side scatter characteristics.

INFECT. IMMUN.

>

400 _l*_
E 300 -
=3
£
> 200 1
Z
L
100 - T
]
0.0 0.2 2.0 20.0
H. pylorilysate {ng/ml)
400 -
T Top well
'5300 ] I Bottom well
2
~200 -
3
Z
L
100 4
0 .
- + + Top well; H. pylori
+ - + Top well; AGS
+ + + Bottom well; NK cells

FIG. 2. IFN-y secretion by NK cells stimulated with H. pylori anti-
gens. (A) NK cells were stimulated with different concentrations of H.
pylori lysate (0, 0.2, 2, or 20 pg/ml) for 48 h, the supernatants were
removed, and the concentration of IFN-y was measured using ELISA.
The results are expressed as the mean plus standard error of the mean
of six independent experiments. *, P < 0.05 compared to unstimulated
cells. (B) NK cells were stimulated in an epithelial cell transwell sys-
tem. AGS cells were placed in the top wells of six-well plates and
cultured to confluence. Then, the cells were fed with new medium and
stimulated with 107 live H. pylori bacteria. At the same time, NK cells
(10%well) were added to the bottom wells. The cells were cultured for
48 additional hours, the supernatants were taken from the top and
bottom wells, and the concentrations of IFN-y were measured using
ELISA. The results are expressed as means of quadruplicates plus the
standard error of the mean. The experiment was performed four times
with similar results. +, present; —, absent.

mation and production of different cytokines that activate cel-
lular immunity, such as IL-12 (1). Since IL-12 is known to
induce IFN-y production by NK cells, we wanted to investigate
whether IL-12 could influence the H. pylori-induced activation
of NK cells. Therefore, NK cells were stimulated with a com-
bination of low levels of H. pylori lysate (2 wg/ml) and IL-12 (50
pg/ml)—neither of these concentrations induced any signifi-
cant production of IFN-y when used separately (Fig. 2A and
3A). Under these conditions, there was a strong synergistic
effect of IL-12 on the H. pylori-induced IFN-y production by
the cells. Approximately ninefold-higher IFN-y production by
NK cells stimulated with H. pylori lysate and IL-12 than by cells
stimulated with lysate alone was observed (Fig. 3B). The syn-
ergistic effect was also confirmed by mRNA analysis (Fig. 3C).
Similar synergistic effects were also seen in NK cells stimulated
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FIG. 3. IFN-y secretion from NK cells stimulated with H. pylori antigens. NK cells were stimulated with different concentrations of IL-12 (0,
50, 100, or 500 pg/ml) (A), with H. pylori lysate alone (open bar) or together with 50 pg of IL-12/ml (closed bar) (B), or with live or
formalin-inactivated H. pylori or E. coli (10%well) in the absence (open bars) or presence (closed bars) of IL-12 (50 pg/ml) (D) for 48 h, and the
supernatants were removed and assayed for IFN-y concentration using ELISA. The results are expressed as the mean plus standard error of the
mean of six independent experiments (A and B) or shown as representative of four experiments (D). **, P < 0.01; ***, P < 0.001 compared to
relevant control wells. (C) NK cells were stimulated (+) for 2 or 15 h with H. pylori lysate and/or IL-12. No stimuli were added in the control. Total
RNA was extracted from NK cells, reverse transcribed, and amplified using an IFN-y-specific primer set. Amplified products were separated by
electrophoresis and stained with ethidium bromide. On the left panel are the gel images; on the right, the ratio of staining intensity between IFN-y
and GAPDH is shown. The results shown are representative of three independent experiments. (E) NK cells were stimulated with H. pylori antigens
and 50 pg of IL-12/ml for 24 h. The cells were stained with anti-CD56 antibody, followed by intracellular anti-IFN-y antibody staining. The numbers
show the percentages of CD56" IFN-y™ double-positive cells. The experiment was performed four times with similar results.

with live or inactivated H. pylori bacteria, together with IL-12
(Fig. 3D).

There was no detectable level of IL-12 in wells containing
NK cells stimulated with H. pylori lysate only (data not shown),
showing that the synergistic effect was not due to lysate-in-
duced IL-12 production by NK cells or contaminating cells.
Analysis using intracellular flow cytometry showed that a large

fraction of the NK cells (ranging from 12 to 25%) were pro-
ducing IFN-vy after H. pylori stimulation and that the cells
producing the highest levels of IFN-y were NK cells expressing
high levels of CD56 (CD56""€" NK cells) (Fig. 3E). In addi-
tion to IFN-y secretion, there was a marked increase in the
expression of the activation markers CD25 and CD69 after
stimulation with H. pylori lysate and IL-12 (Fig. 4). CD69 was
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FIG. 4. Flow cytometry analysis of activation markers on NK cells
stimulated with H. pylori lysate and IL-12. NK cells were purified from
buffy coats and stimulated with H. pylori lysate and IL-12 for 15 h.
Expression of surface molecules (CD25 and CD69) was analyzed using
flow cytometry. The figure shows composite contour-dot plots, in
which areas of infrequent events are shown as individual dots and
higher-density areas are shown as concentric probability contours with
each successive layer depicting an increased frequency of events. The
numbers in the boxed areas show the percentages of events contained
within the boxes.

predominantly expressed by CD564™ NK cells (~85%), and
CD25 was preferentially expressed by CD56"78" NK cells.
Increase in cytotoxicity-related molecules after stimulation
with H. pylori lysate. Since there was an increase in cellular
activation markers and in production of IFN-y following stim-
ulation of NK cells with bacterial antigens and IL-12, the
expression of cytotoxicity-related molecules after stimulation
was also studied. Flow cytometry analysis of the IgG receptor
CD16, which is involved in antibody-dependent cellular cyto-
toxicity, did not reveal any increase after stimulation of the NK
cells (data not shown). On the other hand, there were in-
creased levels of mRNA for granzyme B and perforin, but not
granulysin, in NK cells stimulated with bacterial lysate, IL-12,
and lysate plus IL-12 (Fig. 5). However, no synergistic effect of
IL-12 on granzyme B or perforin expression could be seen.
The activation of NK cells by H. pylori is independent of
LPS. One possible mechanism by which NK cells recognize H.
pylori lysate is by binding of LPS to toll-like receptors on the
surfaces of target cells. In order to investigate whether such
recognition of H. pylori-related molecules takes place, we stim-
ulated NK cells with different concentrations (10 pg, 10 ng, or
10 pg/ml) of purified LPS from both H. pylori and E. coli. The
results showed that in contrast to lysate, neither H. pylori LPS
nor E. coli LPS could activate NK cells in the absence of IL-12
(Fig. 6A). When IL-12 was added to the cultures, H. pylori LPS
was ~1,000-fold less effective than E. coli LPS in inducing
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FIG. 5. RT-PCR analysis of granzyme B, perforin, and granulysin
mRNA expression in NK cells stimulated with H. pylori lysate and/or
IL-12. (A) NK cells were stimulated (+) for 2 or 15 h with H. pylori
lysate, IL-12, or H. pylori lysate and IL-12. No stimuli were added in
the control. Total RNA was isolated from NK cells, reverse tran-
scribed, and amplified using specific primer sets. Amplified products
were separated by electrophoresis and stained with ethidium bromide.
(B) The intensity of staining was analyzed using computer software,
and the ratio between the target genes and GAPDH was calculated.
The ratios of the different stimulations were then divided by the ratio
of unstimulated cells. The results shown are representative of three
independent experiments.

IFN-y. In order to get IFN-y production in the presence of
IL-12 similar to 2 ng of protein/ml of H. pylori lysate, LPS from
H. pylori had to be added in a concentration of 10 wg/ml.
Furthermore, when high concentrations (2 pg/ml) of poly-
myxin B, an inhibitor of LPS, were used to block the effects of
LPS in the different antigen preparations, only partial (30%)
inhibition of lysate-induced IFN-y could be seen, while the
inhibition of pure LPS-induced IFN-y was more profound
(80%) (Fig. 6B). Taken together, these results indicate that the
activation of NK cells by H. pylori is largely independent of
LPS.

Activation of NK cells by H. pylori lysate precedes the syn-
ergistic effect of IL-12. To investigate the mechanism behind
the synergistic effects of H. pylori antigens and IL-12 in further
detail, time delay experiments were performed in which IL-12
or lysate was first added to the cultures, followed by the recip-
rocal stimulus 15 h later. The results showed that in order to
get the synergistic effect, H. pylori lysate had to be added
before IL-12 (Fig. 7). Thus, while the protein level of IFN-y
was high in cultures where lysate was added before IL-12, it
was very low in cultures where IL-12 had been added first,
followed by lysate stimulation. However, this was not the case
for E. coli lysate, since there was high IFN-y production re-
gardless of whether IL-12 or E. coli lysate was added first (Fig.
7).
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FIG. 6. Induction of IFN-y in NK cells by LPS from H. pylori or E.
coli. (A) NK cells were stimulated with different concentrations (0,
open bars; 10 pg/ml, hatched bars; 10 ng/ml, horizontally lined bars; 10
pg/ml, closed bars) of pure LPS with (+) or without (—) IL-12 (50
pg/ml) for 48 h. The supernatants were taken, and the amount of
IFN-y was measured by ELISA. (B) Ten micrograms of H. pylori lysate
or H. pylori LPS per milliliter was pretreated with 2 pg of polymyxin
B/ml for 2 h. Then, NK cells were stimulated with bacterial antigen
(untreated [open bars] or pretreated [closed bars] with polymyxin B)
with IL-12 for 48 h. The supernatants were taken, and the amount of
IFN-y was measured by ELISA. The data are expressed as the mean
plus standard error of the mean of four wells. The experiment was
repeated six times with similar results.
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FIG. 8. Flow cytometry analysis of IL-12 receptor expression in NK
cells stimulated with H. pylori lysate and/or I1L-12. Purified NK cells
were stimulated with H. pylori lysate and/or 1L-12 for 15 h. Expression
of IL-12 receptors was analyzed using flow cytometry. The figure de-
picts the histograms for the expression of IL-12 receptors (IL-12RB1
and IL-12RB2) in CD56P " NK cells. The solid black shaded area
shows isotype control, the gray shaded area shows unstimulated con-
trol, and the bold line shows the indicated stimulation.

H. pylori lysate up-regulates IL-12R32 expression on NK
cells. Since we observed that activation of NK cells by H. pylori
lysate precedes the synergistic effect of 1L-12, we analyzed
whether H. pylori lysate induced any changes in IL-12 receptor
expression on NK cells. IL-12RB1 was highly expressed in both
resting CD56"" (Fig. 8A) and resting CD56%™ (data not
shown) NK cells, and the pattern did not change over time with
H. pylori and/or IL-12 treatment. In contrast, there was no
detectable expression of the IL-12RB2 chain in either resting
CD56"eht or CD569™ NK cells prior to stimulation (Fig. 8B).
However, after stimulation with H. pylori lysate or IL-12, there
was a marked increase in the expression of this receptor by
CD56 e cells (Fig. 7). This IL-12RB2 expression in
CD56"" " NK cells could be detected ~24 h after stimulation
with H. pylori lysate alone, while it was detected in <12 h with
IL-12 treatment.
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FIG. 7. IFN-vy secretion in NK cells stimulated with bacterial lysate and/or IL-12 at different time points. NK cells were stimulated with medium
(A), 2 pg of bacterial lysates/ml (B and D), or 50 pg of IL-12 (C and E) or IL-12 plus bacterial lysates (F)/ml for 15 h, and then the same amounts
of IL-12 or bacterial lysates were added (D) and (E) and all the cells were incubated for another 58 h. The supernatants were removed and assayed
for IFN-y concentration using ELISA. The data are expressed as the mean plus standard error of the mean of four experiments. *, P < 0.05.
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DISCUSSION

We demonstrated in the present study that NK cells are
present in the gastroduodenal mucosa of humans, in both H.
pylori-infected and uninfected individuals. The percentage of
NK cells in the antrum in infected individuals was lower than
in infected subjects. However, it is important to note that the
absolute number of cells in the antra of infected individuals is
higher than in the tissues of uninfected subjects (47). This was
due to a significantly higher infiltration of B cells and CD4" T
cells in the antra of infected patients than in those of healthy
individuals (data not shown). Therefore, the relative decrease
in NK cell frequency was due to the influx of other cells and
not to an actual decrease in absolute numbers of NK cells. The
present study further shows that NK cells from peripheral
blood produced high levels of IFN-y when stimulated with a
combination of H. pylori antigens and IL-12. Although there
are two other reports of IFN-y production in NK cells after
stimulation with H. pylori antigens in lymphocyte cultures (21,
50), our study is the first to demonstrate that highly purified
NK cells can be activated by H. pylori antigens to produce
IFN-y and that H. pylori and IL-12 can cooperate synergisti-
cally to increase the IFN-y production. Although for practical
reasons the present study was performed by stimulating pe-
ripheral blood NK cells with H. pylori antigens, we argue that
the results also hold true for mucosal NK cells. As shown in
Fig. 1, gastrointestinal NK cells are enriched in CD56""€"
cells, which are the primary source of IFN-vy (Fig. 3E) (2).
Preliminary data from our laboratory also indicate that NK
cells purified from gastric biopsy specimens indeed produce
IFN-vy after stimulation with H. pylori lysate and IL-12 (data
not shown). Furthermore, previous studies have shown that
CD56% NK cells purified from human intestinal mucosa ex-
hibit functions similar to those of peripheral blood NK cells
(51).

One could argue that the effect of H. pylori stimulation on
the NK cells was caused by IL-12 production by contaminating
myeloid cells in the cultures. However, we ruled out this pos-
sibility by using flow cytometry-sorted NK cells with very high
purity (>99%). We also analyzed the supernatants from lysate-
treated cells and were not able to detect any IL-12 production.
Therefore, we are confident that H. pylori antigen and IL-12
act synergistically in stimulating NK cells to produce IFN-y.
Our results are well in line with the recent study by Hafsi et.al.,
which showed that IFN-y production was induced in NK cells
stimulated by H. pylori-pulsed dendritic cells; these pulsed den-
dritic cells were shown to produce large amounts of IL-12 (21).

A number of studies have shown synergistic effects of cyto-
kines, such as IL-12 plus IL-2 (13), IL-12 plus IL-4 (7), IL-12
plus IL-18 (18, 38), or combinations of other cytokines (14, 17),
on the activation of NK cells, mainly on the induction of IFN-y
and enhancement of cytotoxicity. All these studies, however,
demonstrated synergistic effects by combinations of different
cytokines and not by combinations of cytokines and microbial
antigens. We showed that bacterial lysate from H. pylori alone
induced moderate levels of IFN-y from highly purified NK
cells. Stimulation of NK cells with E. coli lysate showed a
similar pattern, indicating that IFN-y production by NK cells is
not specific for stimulation with H. pylori but can be induced by
other bacterial species. The ability of NK cells to be activated
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by a combination of different cytokines allows them to react
early in the course of infection without the need for direct
pattern recognition. However, since the present study shows
that highly purified (>99%) NK cells do respond to bacterial
lysate alone or in combination with IL-12, NK cells probably
possess the ability to recognize the bacterial products directly
as well.

Other studies (12, 39, 41) have shown that human NK cells
express different densities of CD56, CD56"" €™ and CD56™,
These subpopulations possess distinct phenotypic properties,
such as different CD16 (FCvy receptor III) and CD62L (L-
selectin) expression levels. The CD56°"€" NK cells are the
major IFN-y-producing populations, while CD56“™ NK cells
have more cytotoxic activity (11, 28). Here, we studied the
changes in the expression of surface molecules by these NK
cell populations after stimulation with H. pylori lysate and
IL-12. Our studies have shown that CD25 was up-regulated in
both CD56%™ and CD56""€" NK cell populations, whereas
CD69 was up-regulated only in CD56%™ NK cells, with no
change in CD69 expression by CD56""#™ cells. By intracellular
IFN-vy staining of the activated NK cells, we could confirm the
previous studies by showing that the cells that produce the
highest IFN-y levels were indeed CD56""" cells. Therefore,
one should be cautious in using CD69 as an activation marker,
since CD69 is not up-regulated in CD56""&" NK cells, yet
these cells actively produce IFN-y both in response to the
bacterial lysate, as shown in the present study, and in response
to cytokines (11, 12).

Classically, NK cells have been known to be activated in two
different ways apart from cytokine activation: via the IgG re-
ceptor CD16 (32), which can bind antibody-coated target cells,
or via a combination of the lack of inhibitory signals detected
by major histocompatibility complex class I-binding inhibitory
receptors and of activating signals, such as NKG2D, which can
bind ligands presented by stressed, virus-infected, or tumor-
transformed cells (4, 19, 23, 48). However, it is unlikely that
any of these interactions is involved in the recognition of H.
pylori lysate and the further enhancement by IL-12, since our
system was devoid of both antibodies and target cells. Instead,
it is more plausible that the activation of NK cells by H. pylori
is mediated by the engagement of pattern recognition recep-
tors, such as toll-like receptors (TLRs). This is supported by a
recent study, which demonstrated that resting NK cells express
mRNA for several TLRs (26, 35). Since we showed that the
activation was not mediated by H. pylori LPS, TLRs other than
TLR4 are likely involved. This is in line with the results from
another study, which showed that the response to H. pylori
stimulation by epithelial cells is dependent on TLR2 and TLRS
but not TLR4 (43). However, studies of the activation of dif-
ferent cell types by H. pylori are contradictory (20), and so far
the molecular mechanisms of NK cell activation have not been
studied.

Although the details of how the recognition of H. pylori
components takes place are still unknown, our results suggest
that the mechanism behind the synergistic effect of H. pylori
lysate and IL-12 involves IL-12 receptors. Since we demon-
strated that the H. pylori lysate-NK cell interaction needs to
precede the NK cell-IL-12 interaction in order to produce
enhanced IFN-y production, it could be hypothesized that
bacterial lysate up-regulates the IL-12 receptors on NK cells.
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Flow cytometric analysis showed that IL-12RB1 is highly ex-
pressed in both CD56""&" and CD56™ resting cells, and the
pattern did not change after stimulation. However, the expres-
sion of IL-12RB2 was undetectable in resting cells but in-
creased in the CD56""€" cells after stimulation with H. pylori
lysate and/or IL-12, whereas no changes were found in the
CD56%™ NK cells. This increase in receptor expression might
allow CD56""¢" NK cells to respond more vigorously to a
given IL-12 concentration, which would lead to a high level of
production of IFN-y. Since IL-12Rp1 is shared with IL-23 (33)
and both heterodimer chains (IL-12RB1 and IL-12RB2) are
required to produce high affinity to IL-12, it is likely that
up-regulation of IL-12RB2 will induce a specific increase in
affinity to IL-12. This notion was supported by findings in a
mouse model, where IL-12Rp2-deficient mice were defective
in IL-12-mediated signaling (10, 54). Our results, combined
with those of others (10, 53), show that although IL-12RB1 is
the subunit primarily responsible for the binding of IL-12,
IL-12RB2 plays an essential role in mediating the biological
functions of IL-12.

Our study further shows that IL-12-activated NK cells re-
spond to E. coli lysate but not to H. pylori products. Thus, in
contrast to stimulation with H. pylori lysate, E. coli lysate en-
hanced IFN-vy production by NK cells when IL-12 was added to
the cells first. One possibility that could explain this intriguing
finding is that IL-12 induces an up-regulation of some recep-
tors that can interact with E. coli lysate but not with H. pylori
lysate. Since E. coli LPS is 1,000-fold more potent than H.
pylori LPS in inducing IFN-vy production by NK cells, we be-
lieve that the receptors that might be up-regulated by IL-12 are
TLR4, nucleotide-binding oligomerization domain protein 1
(NOD1), or NOD2 (27), which are the receptors responsible
for the recognition of bacterial LPS and other cell wall con-
stituents. TLR4 has been shown to be expressed on resting NK
cells, but at considerably lower levels than on monocytes (35),
and IL-12 has been shown to be involved in the regulation of
TLR4- and NOD1-dependent IFN-y production (2). There-
fore, it is possible that the expression of TLR4 and/or NOD1
is increased after IL-12-induced NK cell activation and conse-
quently that NK cells respond more vigorously to LPS-induced
activation. This will be investigated in future studies.

Based on the results presented here, we propose that NK
cells may play an active and important role in the immune
response to H. pylori infection. We showed that NK cells can be
activated by H. pylori components across an epithelial layer. In
the stomach mucosa of an infected individual, most likely H.
pylori antigens are transported across the epithelium and re-
leased on the basolateral side or diffuse through the tight
junctions that become loosened by the local inflammation. This
is confirmed by previous studies in which H. pylori antigens
have been visualized in the lamina propria by immunohisto-
chemical staining of H. pylori-infected stomach mucosa (42,
49). Furthermore, upon encountering H. pylori, monocytes and
dendritic cells in the stomach mucosa will release IL.-12, which
can activate other cells in the vicinity. This is supported by a
study of cultured human gastric biopsy specimens that demon-
strated a spontaneous release of IL-12 from biopsy specimens
from H. pylori-infected subjects (3). The synergistic activation
of NK cells by H. pylori components and physiological concen-
trations of IL-12 ensure an efficient activation and production
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of IFN-y by the NK cells, which can potentiate antigen pre-
sentation to T cells and increase the activation of resident and
recruited phagocytes. The importance of IL-12 and IFN-y pro-
duction in the stomach was recently shown in a mouse model
of H. pylori infection in which mice that were either IL-12 or
IFN-y deficient failed to clear the infection (1).

In conclusion, we have shown that NK cells become acti-
vated by a combination of H. pylori lysate and IL-12 in vitro,
and we believe that local activation of NK cells in the H.
pylori-infected mucosa may have the ability to decrease the
bacterial load and that it is therefore an important component
of the defense against H. pylori infection.
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