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Persistent colonization of the human stomach by Helicobacter pylori is a risk factor for the development of
gastric cancer and peptic ulcer disease. H. pylori secretes a toxin, VacA, that targets human gastric epithelial
cells and T lymphocytes and enhances the ability of H. pylori to colonize the stomach in a mouse model. To
examine how VacA contributes to H. pylori colonization of the mouse stomach, we investigated whether murine
T lymphocytes were susceptible to VacA activity. VacA inhibited interleukin-2 (IL-2) production by a murine
T-cell line (LBRM-33), similar to its effects on a human T-cell line (Jurkat), but did not inhibit IL-2 production
by primary murine splenocytes or CD4™ T cells. VacA inhibited activation-induced proliferation of primary
human CD4* T cells but did not inhibit the proliferation of primary murine CD4* T cells. Flow cytometry
studies indicated that the levels of VacA binding to primary murine CD4™ T cells were significantly lower than
levels of VacA binding to human CD4™ T cells. This suggests that the resistance of primary murine CD4" T
cells to VacA is attributable, at least in part, to impaired VacA binding to these cells.

Helicobacter pylori persistently colonizes the stomach in
about 50% of the global human population. In response to H.
pylori infection, the human host mounts a mucosal inflam-
matory response, termed superficial gastritis. H. pylori-in-
duced gastric inflammation does not cause symptoms in
most infected persons. However, H. pylori infection is a risk
factor for development of duodenal ulcer disease, gastric
ulcer disease, gastric adenocarcinoma, and gastric lym-
phoma (reviewed in reference 26).

An important virulence factor produced by H. pylori is a
secreted toxin, VacA. When added to epithelial cells in vitro,
VacA causes swelling of late endosomal compartments and can
increase mitochondrial membrane permeability (reviewed in
reference 3). Many different types of epithelial cells are sus-
ceptible to VacA (6, 14, 23). VacA can also have effects on
human T cells, B cells, macrophages, and mast cells (2, 11, 19,
28, 29). VacA inhibits the activation and nuclear translocation
of NFAT (nuclear factor of activated T cells) in Jurkat cells (a
transformed human T-cell line) (2, 11), an effect similar to that
of cyclosporine A, a drug that inhibits the NFAT phosphatase
calcineurin. Treatment of Jurkat cells with VacA results in the
altered expression of many proteins, including interleukin-2
(IL-2), CD25, and CD69 (2, 11). VacA can also induce the
activation of p38 mitogen-activated protein kinase in Jurkat
cells (2). In comparison to the inhibitory effect of VacA on
IL-2 production in Jurkat cells, VacA has a relatively weak
inhibitory effect on IL-2 production by primary human CD4*
T cells (28). However, VacA inhibits the activation-induced
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proliferation of primary human CD4 " T cells (28). The process
by which VacA inhibits the proliferation of primary human
CD4™" T cells is somewhat different from what is observed in
Jurkat cells and is not dependent on the inhibition of NFAT
activation (22, 28). Inhibition of T-cell function by VacA may
be one of the mechanisms by which H. pylori resists immune
clearance.

The vacA alleles found in different strains of H. pylori are
characterized by a high level of genetic diversity, and several
different families of vacA alleles have been recognized. The
regions of maximum diversity are located near the 5’ end of
vacA (type sl and s2) and in the midregion of the gene (types
ml and m2) (1). Type slml, s1m2, and s2m?2 vacA alleles are
all found commonly in H. pylori isolates, whereas type s2ml
alleles are relatively rare. Type s1 forms of VacA are active in
many in vitro assays of toxin activity, whereas type s2 forms of
VacA lack detectable activity in most in vitro assays (1, 4, 16).
Type slm1 and type s1m?2 forms of VacA exhibit different cell
type specificities (1, 5, 13, 23). Infection with H. pylori strains
containing type sl forms of vacA is associated with an in-
creased risk of gastric cancer or peptic ulcer disease compared
to infection with strains containing type s2 forms of vacA4 (1, 9).
Similarly, infection with H. pylori strains containing type ml
forms of vacA is associated with an increased risk of gastric
cancer compared to infection with strains containing type m2
forms of vacA (9).

Animal models have been utilized to gain further insight into
the role of VacA in vivo. H. pylori vacA null mutant strains can
successfully colonize the stomachs of several animal models,
including gnotobiotic piglets, Mongolian gerbils, and mice (8,
21, 32). However, one study reported that a VacA-expressing
wild-type strain had a competitive advantage over a vacA null
mutant strain in the colonization of the mouse stomach (25).
Several studies have reported that VacA can cause gastric
injury in animal models (10, 21, 30).

To gain further insight into how VacA contributes to H.
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pylori colonization of the mouse stomach and the genesis of
gastric damage in this model, we investigated the effects of
VacA on murine T lymphocytes. We show that in comparison
to human and murine T-cell lines and primary human T cells,
primary murine T cells are relatively resistant to VacA.

MATERIALS AND METHODS

Cell lines. Jurkat lymphocytes (clone E6-1) were obtained from the American
Type Culture Collection (ATCC TIB-152) and were cultured in RPMI 1640
medium containing 2 mM L-glutamine, 1.5 g/liter sodium bicarbonate, 4.5 g/liter
glucose, 10 mM HEPES, and 1.0 mM sodium pyruvate supplemented with 10%
fetal bovine serum (FBS). LBRM-33 lymphocytes (clone 4A2) were obtained
from the American Type Culture Collection (ATCC TIB-155) and were cultured
in RPMI 1640 medium containing 0.05 mM 2-mercaptoethanol, 2 mM L-glu-
tamine, 1.5 g/liter sodium bicarbonate, 4.5 g/liter glucose, 10 mM HEPES, and
1.0 mM sodium pyruvate supplemented with 10% FBS.

H. pylori strains and purification of VacA. The H. pylori strains used in this
study included strain 60190, which secretes a type slml VacA protein (5), and
three strains derived from strain 60190. Strain AV452 secretes a mutant VacA
protein known as VacAA(6-27), which lacks 22 amino acids near the amino
terminus of VacA (31). This mutant protein [VacA(A6-27)] is defective in mem-
brane channel-forming activity in planar lipid bilayer assays, does not cause
vacuolation of HeLa cells, and does not inhibit activation-induced proliferation
of primary human T cells (28, 31). H. pylori strains G119 and VMO083 were
engineered to secrete chimeric toxins (16). Strain G119 secretes a type slm2
VacA protein, and strain VMO083 secretes a type s2m1 VacA protein. H. pylori
strains were cultured in broth, and oligomeric forms of each VacA protein were
purified from culture supernatants as described previously (17, 31). All experi-
ments were performed using acid-activated preparations of VacA (7, 18) or
acidified buffer control (phosphate-buffered saline [PBS]) unless otherwise
stated. The final VacA concentrations were 10 pg/ml for all experiments unless
otherwise stated. In all experiments, cells were treated with VacA or control
additives for 30 min prior to activation, and the additives remained in place
throughout the experiment unless otherwise stated.

Analysis of IL-2 production by Jurkat cells and LBRM-33 cells. Jurkat T cells
were stimulated with anti-human CD3 (OKT3; American Type Culture Collec-
tion) and anti-human CD28 (BD Biosciences, Franklin Lakes, NJ) antibodies
(hereafter termed T-cell-receptor/CD28 stimulation) (27) or were stimulated
with phorbol myristate acetate (PMA) (50 ng/ml; Sigma) and ionomycin (500
ng/ml; Sigma) and maintained in RPMI medium 1640 containing 10% FBS for
24 h. LBRM-33 cells were stimulated with PMA and ionomycin. To inhibit
activation, Jurkat or LBRM-33 cells were treated with cyclosporine (50 nM;
Alexis Biochemicals, Lausen, Switzerland). IL-2 was measured using a human or
mouse IL-2 Quantikine enzyme-linked immunosorbent assay (ELISA) kit (R&D
Systems, Minneapolis, MN) according to the manufacturer’s instructions.

Immunoblot analysis of p38 activation. LBRM-33 cells (1 X 10° cells per
condition) were cultured in serum-free medium for 8 h and then treated with
medium alone, acid buffer, VacA, or PMA-ionomycin for the specified times.
The cells were then pelleted, washed, and lysed in 8% sodium dodecyl sulfate in
0.25 M Tris base in the presence of complete mini protease inhibitors (Roche),
sodium fluoride (10 mM) and sodium orthovanadate (2 mM). Samples were
boiled for 10 min with intermittent vortexing and were stored at —80°C prior to
subsequent analysis. Protein extracts were then mixed with 6X sodium dodecyl
sulfate loading buffer, electrophoresed on a 4 to 20% gradient precast acrylamide
gel (Bio-Rad, Hercules, CA), and transferred onto polyvinylidene difluoride
membranes. Membranes were immunoblotted with antibodies against phospho-
rylated p38 (Thr180/Tyr182) (Cell signaling Technology, Beverly, MA) or Stat5
(Cell signaling), followed by horseradish peroxidase-conjugated secondary anti-
bodies (Bio-Rad). Immune complexes were revealed by using SuperSignal West
Pico chemiluminescent substrate (Pierce Biotechnology, Rockford, IL).

Primary mouse splenocyte preparation and CD4" splenocyte purification.
Spleens were harvested from FVB/N, C57BL/6, or BALB/c mice, and splenocytes
were obtained by mechanical cell dissociation of the spleens using a 70-pm cell
strainer (BD Falcon, Fisher, Pittsburgh, PA). Red blood cells were lysed by
treatment of the cell suspension with red blood cell lysis buffer (0.17 M Tris-0.16
M ammonium chloride). CD4* T cells were purified from mouse splenocytes
using a FACSAria cell-sorting system (BD, San Alto, CA). Briefly, mouse
splenocytes were stained with anti-CD4 phycoerythrin (PE)-Cy5 (BD) for 30 min
at 4°C. Cells were washed and resuspended in 5% FBS-1 mM HEPES in PBS
and then purified by cell sorting. Purification led to the isolation of approxi-
mately 20 million CD4" cells per spleen with a purity of greater than 95%.
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Following overnight incubation in RPMI 1640 medium containing 5% FBS, 1
mM HEPES, and 20 U/ml IL-2, CD4" T cells were washed prior to use in
subsequent assays.

Activation of mouse splenocytes for studies of IL-2 secretion. For assays
designed to monitor IL-2 production, mouse splenocytes were plated at a con-
centration of 1 X 10° cells/ml (1 X 10° cells/well). Cells were then stimulated with
either PMA-ionomycin or anti-mouse CD3/anti-mouse CD28 antibodies for
24 h. At 24 h after stimulation, cell supernatants were collected for analysis of
IL-2 by using a mouse IL-2 Quantikine ELISA kit.

Analysis of primary murine splenocytes and CD4™ T cells in proliferation
assays. To monitor the proliferation of cells, mouse splenocytes or purified
mouse CD4™ T cells were labeled with 5 pM carboxyfluorescein succinimidyl
ester (CFSE) (Molecular Probes) prior to activation. The CFSE-labeled cells
were activated by one of two different methods. In one approach, cells were
activated with plate-bound anti-mouse CD3/anti-mouse CD28 antibodies (clones
500A2 and 37.51; BD) for 48 h, and the cells were then removed from stimulation
for an additional 48 h while cultured in the presence of 20 U/ml recombinant
murine IL-2 (Peprotech, Rocky Hill, NJ). In the second approach, cells were
treated for 8 h with PMA (50 ng/ml; Sigma) and ionomycin (500 ng/ml;
Sigma), washed, and then incubated for an additional 3 days. Whole spleno-
cytes were costained with anti-CD4 PE-Cy5 and anti-CD3 PE antibodies
(BD) and fixed, and purified CD4" splenocytes were simply fixed prior to
subsequent flow cytometry analysis (FACSCalibur system; BD, San Alto,
CA).

Analysis of primary human CD4™ T cells. Resting human CD4* T cells were
purified from healthy adult donors as described previously (27). The purified
cells were 99% CD3* CD4" as assessed by flow cytometric analysis. Cell pro-
liferation was monitored by labeling T cells with 5 WM CFSE (Molecular Probes)
before stimulation with anti-human CD3/anti-human CD28 antibodies. Activa-
tion of primary human T cells was accomplished by using anti-human CD3
(OKT3; American Type Culture Collection) and anti-human CD28 (BD Bio-
sciences, Franklin Lakes, NJ) antibodies (27). T cells were removed from the
activation signals after 48 h, expanded in medium supplemented with recombi-
nant human IL-2 (200 units/ml; Chiron), and then cultured and analyzed by flow
cytometry as described previously (27).

Analysis of VacA binding to cells. VacA binding was assessed using a flow
cytometric assay. Cells (100,000 cells in a concentration of 1 X 10° cells/ml) were
treated with acid-activated VacA (at various concentrations), acidified buffer, or
no additives for 1 h at 4°C. Cells were then washed three times in cold PBS
containing 2% FBS. Cells were incubated with a polyclonal rabbit anti-VacA
antibody (958, at a 1:2,000 dilution) for 0.5 h at 4°C and were then washed twice
in cold PBS containing 2% FBS. The secondary antibody, anti-rabbit immuno-
globulin G-fluorescein isothiocyanate (Sigma), was added at a final dilution of
1:250 for 0.5 h at 4°C. Cells were washed twice and then fixed in 2% parafor-
maldehyde. The cells were collected using a flow cytometer (LSR II system; BD,
San Alta, CA), and the flow cytometric analysis was performed using FCS
Express 2.0 (DeNovo Software, Ontario, Canada).

Statistics. For analysis of IL-2, proliferation, and binding data, an analysis of
variance test was conducted using the SAS Statistical Software package (SAS
Institute Inc., Cary, NC). The Student Neuman Keuls method for multiple
comparisons was then applied.

RESULTS

VacA inhibits IL-2 production by Jurkat cells and LBRM-33
cells. Previous studies have shown that VacA can inhibit IL-2
expression in Jurkat cells, a transformed human T-cell line
(11). We sought to determine whether VacA had similar ef-
fects on LBRM-33 cells, a murine T-cell line. In initial studies,
we tested the effects of type slml VacA (purified from H.
pylori strain 60190) on these two cell lines. Cells were pre-
treated with VacA, cyclosporine, or buffer control and stimu-
lated for 24 h with PMA-ionomycin, and levels of IL-2 in the
cell supernatants were then measured by ELISA. As expected,
treatment of Jurkat cells or LBRM-33 cells with cyclosporine
suppressed IL-2 production. Similarly, intoxication of Jurkat
cells with sIm1 VacA also suppressed IL-2 production (Fig. 1A).
Intoxication of LBRM-33 cells with sim1 VacA resulted in a
modest reduction in IL-2 production (Fig. 1B). The ability of
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FIG. 1. Effect of VacA on IL-2 secretion by Jurkat and LBRM-33
T cell lines. Jurkat cells (A) or LBRM-33 (B) cells were pretreated
with medium alone, acidified buffer, several different types of acid-
activated VacA (10 pg/ml), or cyclosporine and then stimulated with
PMA-ionomycin. After 24 h, the cells were pelleted, and the superna-
tants were analyzed in a human or mouse IL-2 ELISA. Results rep-
resent the means = standard deviations of triplicate determinations
and are representative of three independent experiments. *%%, P <
0.001; #**, P = 0.01 (compared to acidified buffer). No Stim., no
stimulation.

VacA to suppress IL-2 secretion by Jurkat and LBRM-33 cells
was dependent on the acid activation of VacA prior to the addi-
tion to cells and was dose dependent. In Jurkat cells, 5 pg/ml
VacA inhibited IL-2 secretion by 50%, whereas in LBRM-33
cells, 10 pwg/ml VacA inhibited IL-2 secretion by 50% (data not
shown). A mutant form of VacA [VacA(A6-27)] had no detect-
able effects on IL-2 production by either cell line (Fig. 1).

We next compared the effects of three different forms of
VacA (slml, sim2, and s2m1) on Jurkat and LBRM-33 cells.
Type slml VacA inhibited the production of IL-2 by both
Jurkat and LBRM-33 cells. Type slm2 VacA had a modest
inhibitory effect on IL-2 secretion by Jurkat cells but had no
detectable effect on LBRM-33 cells (Fig. 1). Type s2m1 VacA

INFECT. IMMUN.

did not have any detectable effect on either cell type. Thus, of
the three different forms of VacA tested, the slm1 form caused
the most pronounced inhibition of IL-2 production.

VacA does not inhibit IL-2 production by primary murine T
cells. We next investigated the susceptibility of primary murine
T cells to VacA. The data presented in Fig. 1 indicated that
type slm1 VacA had the most pronounced inhibitory effects on
IL-2 production by mouse LBRM-33 cells, and therefore, we
initially selected type slm1 VacA for use in these studies. As a
first step, we tested the effects of slm1 VacA on IL-2 produc-
tion by splenocytes from FVB/N mice. In contrast to what was
observed in experiments with Jurkat and LBRM-33 cells (Fig.
1), type slml VacA did not have any detectable inhibitory
effect on IL-2 production by mouse splenocytes from FVB/N
mice (Fig. 2). The primary murine splenocytes intoxicated with
slm1 VacA secreted high levels of IL-2 regardless of whether
they were stimulated with PMA-ionomycin or with anti-CD3
and anti-CD28 antibodies (Fig. 2A and B). We also tested the
effects of slm1 VacA on a preparation of CD4 ™ cells purified
from FVB/N mouse spleens, and we did not detect any strong
inhibitory effects of VacA on IL-2 secretion by these cells (Fig.
2A and B).

To determine whether the results obtained in experiments
with splenocytes from FVB/N mice were generalizable to
splenocytes from other strains of mice, we tested the ability of
slml VacA to inhibit IL-2 production by splenocytes from
BALB/c and C57BL/6 mice. VacA did not have any detectable
inhibitory effect on IL-2 production by PMA-ionomycin-stim-
ulated splenocytes from these mouse strains (Fig. 2C). We also
tested the effects of the s2m1 and slm2 isoforms of VacA on
PMA-ionomycin-stimulated splenocytes from BALB/c, C57BL/6,
and FVB/N mice and did not detect any inhibitory effects on IL-2
secretion (Fig. 2C). Thus, VacA inhibited the production of IL-2
by Jurkat cells and LBRM-33 cells but did not inhibit IL-2 pro-
duction by primary murine T cells.

VacA induces p38 activation in LBRM-33 cells but not pri-
mary murine T cells. It was previously reported that VacA
could induce tyrosine phosphorylation of p38 MAP kinase in
several cell types, including AZ-521 epithelial cells (20), Jurkat
cells, human peripheral neutrophils, and macrophages (2).
Therefore, we investigated whether VacA was able to activate
p38 in LBRM-33 cells. LBRM-33 cells were treated for 5 or 30
min with wild-type slml VacA, a mutant form of VacA
[VacA(A6-27)], or various controls. Western blot analyses
showed that, as expected, PMA-ionomycin induced the activa-
tion of p38 (Fig. 3A). Both wild-type VacA and VacA(A6-27)
induced p38 activation (Fig. 3A). As shown in Fig. 3B, the
ability of wild-type VacA and VacA(A6-27) to activate p38 was
dependent on the acid activation of the VacA protein prior to
cell intoxication.

We next compared the abilities of three different forms of
VacA to induce the activation of p38. Both slml and s2ml
VacA proteins induced the activation of p38 in LBRM-33 cells
(Fig. 3C). In contrast, we did not detect p38 activation when
cells were intoxicated with type slm2 VacA (Fig. 3C). Thus,
VacA stimulated the activation of p38 MAP kinase in a murine
T-cell line, similar to its reported effects on Jurkat cells (2), and
VacA-induced activation of p38 was observed with the type m1
form of VacA but not type m2 VacA.

To investigate whether VacA was able to activate p38 in
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FIG. 2. Effect of VacA on IL-2 secretion by primary murine T cells. Splenocytes or purified murine CD4" T cells from FVB/N mice were
pretreated with medium alone, acidified buffer, acid-activated sIm1 VacA (10 pg/ml), or cyclosporine and then stimulated with PMA-ionomycin
(A) or anti-CD3/anti-CD28 antibodies (B). After 24 h, the cells were pelleted, and the supernatants were analyzed in a mouse IL-2 ELISA. Results
represent the means =+ standard deviations of triplicate samples from a single experiment and are representative of three independent experiments.
(C). Splenocytes from BALB/c, C57BL/6, or FVB/N mice were pretreated with medium alone, acidified buffer, several different types of
acid-activated VacA (10 pg/ml), or cyclosporine and then stimulated with PMA-ionomycin. IL-2 secretion was analyzed as described above. No

Stim., no stimulation.
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FIG. 3. Effect of VacA on p38 MAP kinase activation. (A) Serum-
starved LBRM-33 T cells were treated with PMA-ionomycin (PMA/
Tono) (positive control), acidified buffer, acid-activated wild-type (WT)
slm1 VacA, or acid-activated VacA(A6-27) for 5 or 30 min. (B) Se-
rum-starved LBRM-33 T cells were treated with wild-type slm1 VacA
or VacA(A6-27) (acid activated or nonactivated) for 5 min. (C) Serum-
starved LBRM-33 T cells were treated with the indicated acid-acti-
vated VacA proteins for 5 min. After treatment, cells were lysed, and
protein samples were then analyzed by immunoblotting to detect phos-
phorylated p38 (p-p38). Stat5 was used as a loading control. This blot
is representative of three independent experiments.

primary murine T cells, CD4" T cells were isolated from
BALB/c, C57BL/6, and FVB/N mice. The purified CD4" T
cells were treated for 5 min with slm1 VacA, sIm2 VacA, or
s2ml VacA; a mutant form of VacA [VacA(A6-27)]; or various
controls. Western blot analyses showed that, as expected,
PMA-ionomycin induced the activation of p38 in these cells. In
contrast, we did not detect p38 activation when the cells were
intoxicated with the VacA preparations (data not shown).
Thus, in comparison to LBRM-33 cells, primary murine CD4*
T cells were resistant to the p38-activating effects of VacA.
VacA inhibits proliferation of primary human T lympho-
cytes but not primary murine T lymphocytes. We previously
showed that VacA can inhibit the activation-induced prolifer-
ation of primary human CD4™" T cells (28). Therefore, we next
investigated whether VacA was able to inhibit the activation-
induced proliferation of primary murine splenocytes or pri-
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FIG. 4. Effect of VacA on activation-induced proliferation of pri-
mary CD4" human T lymphocytes and primary murine T lymphocytes.
Cells were isolated, labeled with CFSE, and then treated with acid-
activated sIml VacA (10 wg/ml), VacA(A6-27), or acidified buffer
(PBS), followed by T-cell-receptor/CD28 stimulation. Activated T cells
were expanded in IL-2-containing medium, and T-cell proliferation
was analyzed at day 5 postactivation by flow cytometry. Panels show
experiments with primary human CD4™ T cells (A), mouse splenocytes
(B), and primary CD4" T cells purified from mouse spleens (C).
PBMC:s, peripheral blood mononuclear cells.

mary murine CD4™ T cells. Primary human CD4™" cells were
tested as controls. Cells were isolated and labeled with CFSE
as described in Materials and Methods. CFSE-labeled cells
were pretreated with wild-type slm1 VacA, a mutant form of
VacA [VacA(A6-27)], or buffer control, followed by stimula-
tion using anti-CD3 and anti-CD28 antibodies for 48 h. After
stimulation, cells were expanded in IL-2-containing medium
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FIG. 5. VacA binding to human and murine T cells. (A) T cells were treated with either acid-activated or nonacidified sIm1 VacA for 1 h. After
washing, cells were incubated with an anti-VacA primary antibody followed by a secondary anti-rabbit immunoglobulin G conjugated to fluorescein
isothiocyanate (FITC). Cells were then analyzed by flow cytometry. Representative histograms of VacA binding to LBRM-33 T cells and primary
murine CD4" T cells are shown. (B) Graphical representation of VacA binding to different lymphocyte populations. Results represent the means =+
standard deviations of triplicate samples from a single experiment, which was representative of two independent experiments. (C) Graphical
representation of VacA binding to lymphocyte populations from different strains of mice. Results represent the means * standard deviations of

triplicate samples from a single experiment.

for an additional 3 days. As expected, wild-type VacA inhibited
the proliferation of primary human CD4" T cells (Fig. 4A)
(28). In contrast, VacA did not inhibit the proliferation of
splenocytes or CD4" T cells from FVB/N mice (Fig. 4B and
C). Similar results were obtained regardless of whether the
murine cells were stimulated with anti-CD3 and anti-CD28
antibodies or with PMA-ionomycin (data not shown). More-
over, VacA did not inhibit the proliferation of splenocytes
derived from BALB/c or C57BL/6 mice (data not shown).
Thus, VacA inhibited the activation-induced proliferation of
primary human CD4™" T cells but did not have any detectable
effect on the proliferation of primary murine CD4™ T cells.
Analysis of VacA binding to human and murine lympho-
cytes. To investigate a possible mechanistic basis for the resis-

tance of primary murine lymphocytes to VacA, we analyzed
the ability of sim1 VacA to bind to primary murine lympho-
cytes versus several susceptible types of T cells. Cells were
incubated with VacA for 1 h at 4°C, and the binding of VacA
to cells was quantified using a flow cytometry-based assay.
Representative histograms illustrating the results of VacA
binding assays are presented in Fig. SA, and quantification of
the levels of VacA binding to different types of lymphocytes is
shown in Fig. 5B. VacA bound to Jurkat cells, LBRM-33 cells,
and primary human CD4" T cells, and the binding of VacA to
these cells was acid and dose dependent (Fig. 5B). Notably, the
levels of VacA binding to these cell types were significantly
higher than levels of VacA binding to primary murine spleno-
cytes and purified murine CD4™ T cells from FVB/N mice
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(Fig. 5B). The relatively weak binding of VacA to primary
murine splenocytes and purified murine CD4" T cells was
observed regardless of whether the cells were isolated from
BALB/c, C57BL/6, or FVB/N mice (Fig. 5C). These data sug-
gest that the resistance of primary murine lymphocytes to
VacA activity is due at least in part to the impaired binding of
VacA to these cells.

DISCUSSION

Several previous studies have reported that H. pylori VacA
can inhibit the activation and proliferation of human T lym-
phocytes (2, 11, 28). In the current study, we investigated the
effects of VacA on murine T cells. VacA inhibited the produc-
tion of IL-2 by a murine T-cell line (LBRM-33 cells), similar to
its effects on a human T-cell line (Jurkat), and the binding of
VacA to LBRM-33 cells induced the activation of p38 MAP
kinase, similar to its previously reported effects on Jurkat cells,
AZ-521 cells, and primary human neutrophils and macro-
phages (2, 20). A striking finding in the current study is that
primary murine T cells were relatively resistant to VacA im-
munomodulatory activity. Specifically, VacA did not inhibit
IL-2 production by mouse splenocytes or primary murine
CD4™" T cells, and VacA did not inhibit the activation-induced
proliferation of primary murine splenocytes or CD4" T cells.
Flow cytometry studies indicated that VacA bound weakly to
primary murine CD4" T cells compared to primary human
CD4™" T cells, and this provides a possible explanation for the
different susceptibilities of these cells to VacA activity. We
speculate that primary human CD4" T cells express one or
more cell surface receptors that can mediate VacA binding and
that primary murine T cells either fail to express these recep-
tors or express forms of the receptors that have a low affinity
for VacA.

VacA is capable of causing vacuolation of many different
types of cells (6, 14, 23). Previous studies have shown that
VacA can induce vacuolation of primary murine gastric epi-
thelial cells (10), can bind to a murine epithelial cell line (NIH
3T3 cells) (15), and can increase the permeability of monolay-
ers formed by polarized murine epithelial cells (epH4) (24). In
addition, VacA can cause gastric mucosal damage if it is ad-
ministered directly into the stomachs of mice (10, 30). These
previous findings, as well as our current results using LBRM-33
cells, suggest that mouse cells are not universally resistant to
VacA, but instead, there seems to be a specific resistance
exhibited by primary murine CD4* T cells.

Several different isoforms of VacA have been described, and
these isoforms differ in their cell type specificities (1, 5, 13, 23).
Most epithelial cell lines are sensitive to the vacuolating cyto-
toxicity of type slml VacA toxins (1, 5, 13, 23). RK-13 and
primary human gastric epithelial cells are susceptible to the
vacuolating activity of type sIm?2 toxins, whereas several other
cell lines (including Hel a) are relatively resistant to type slm2
toxins (23). Data presented in the current study suggest that
different isoforms of VacA differ in their abilities to modulate
T-lymphocyte function. Specifically, by testing standardized
concentrations of purified VacA toxins, we found that type
sIlm1 VacA was more potent than slm2 VacA in the ability to
inhibit IL-2 secretion by Jurkat or LBRM-33 T-cell lines, and
a type s2m1 form of VacA lacked detectable inhibitory activity.
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These results are consistent with results of a previous study,
which concluded that H. pylori strains producing m1 forms of
VacA had a stronger inhibitory effect on IL-2 secretion by
Jurkat cells than did strains producing m2 forms of VacA (11).
Another finding in the current study was that VacA toxins
containing an m1 region (slml or s2m1l) were able to induce
p38 activation in LBRM-33 cells, whereas a type slm2 form of
VacA was not. We speculate that type m1 VacA and type m2
VacA toxins might bind to different receptors on the surface of
these cells. Finally, the current results indicate that primary
murine T cells are relatively resistant to all forms of VacA
tested.

VacA has been reported to enhance the ability of H. pylori to
colonize the mouse stomach (25). Since VacA is a multifunc-
tional toxin that can affect the activities of many different types
of cells, there are potentially many mechanisms by which VacA
could contribute to gastric colonization (3). For example,
VacA on the surface of H. pylori (12) could contribute to
bacterial adherence to gastric epithelial cells in the mouse
stomach. The secreted VacA protein is likely to cause multiple
alterations in the function of gastric epithelial cells and several
types of immune cells. Our current results, demonstrating re-
sistance of primary murine CD4 ™" T cells to VacA, suggest that
VacA enhances the ability of H. pylori to colonize the mouse
stomach by a mechanism other than intoxication of murine
CD4™" T cells. This conclusion is consistent with the observa-
tion that VacA expression contributes to gastric colonization
during the first 2 weeks of infection (25), before a strong
adaptive immune response to H. pylori would be elicited. It has
been suggested that immunosuppressive effects of VacA on
human T cells may be one of the factors that account for the
persistence of H. pylori infection and its evasion of host im-
mune responses (2, 3, 11, 28). We speculate that this may
indeed be true in the setting of persistent human colonization
that occurs over a period of decades. However, based on the
current results, we hypothesize that the persistence of H. pylori
infection in the mouse model occurs by mechanisms that do
not require VacA effects on murine T cells.

The mouse model and other animal models can provide
valuable insights into mechanisms by which H. pylori colonizes
the stomach. However, as illustrated by the results of this
study, there are important differences between H. pylori-mouse
interactions and H. pylori-human interactions. In future stud-
ies, it will be important to define the molecular basis for the
resistance of primary murine T cells to VacA activity.
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