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Infection with Helicobacter pylori is chronic despite a vigorous mucosal immune response characterized by
gastric T-helper type 1 cell expansion and gamma interferon (IFN-y) production. IFN-y signals by activation
and nuclear translocation of signal transducer and activator of transcription 1 (STAT1); however, the effect of
H. pylori infection on IFN-y-STAT]1 signaling is unknown. We infected human gastric (MKN45 and AGS) and
laryngeal (HEp-2) epithelial cell lines with type 1 and type 2 H. pylori strains and then stimulated them with
IFN-vy. Western blotting of whole-cell protein extracts revealed that infection with live, but not heat-killed, H.
pylori time-dependently decreased IFN-y-induced STAT1 tyrosine phosphorylation. Electrophoretic mobility
shift assay of nuclear protein extracts demonstrated that H. pylori infection reduced IFN-y-induced STAT1
DNA binding. STAT1 was unable to translocate from the cytoplasm to the nucleus in H. pylori-infected HEp-2
cells examined by immunofluorescence, and reverse transcription-PCR showed that IFN-y-induced interferon
regulatory factor 1 expression was inhibited. These effects were independent of the cagA, cagE, and VacA status
of the infecting H. pylori strain. Furthermore, neither H. pylori culture supernatants nor conditioned medium
from H. pylori-infected MKN45 cells inhibited IFN-y-induced STAT1 tyrosine phosphorylation, suggesting that
inhibition is independent of a soluble epithelial or bacterial factor but is dependent on bacterial contact with
epithelial cells. H. pylori disruption of IFN-y-STAT1 signaling in epithelial cells may represent a mechanism

by which the bacterium modifies mucosal immune responses to promote its survival in the human host.

Helicobacter pylori is a gram-negative, spiral-shaped organ-
ism that is adapted to survive in the microenvironment of the
human stomach. It is estimated that the bacterium chronically
colonizes the stomachs of approximately 50% of the human
population (41). Most infected individuals develop an asymp-
tomatic chronic gastritis; however, between 3 and 25% develop
peptic ulceration (54). There is increasing evidence that H.
pylori infection also is a major risk factor for the development
of gastric adenocarcinoma (56) and gastric mucosa-associated
lymphoid tissue lymphoma (40).

Both microbial and host factors influence the pathogenesis
of gastro-duodenal disease. Putative bacterial virulence factors
include the presence of the cag pathogenicity island (cag PAI),
a horizontally acquired 40-kilobase segment of DNA (6) which
defines type 1 (cag PAI™) versus type 2 (cag PAI™) strains. The
cag PAI encodes a type and secretion system. The proteins
CagA, CagE, and CagF (47) and others that are still unchar-
acterized. The CagA protein is translocated into host epithelial
cells by the type IV secretion system, where it is phosphory-
lated and induces cytoskeletal reorganization (46), while the
CagE protein is integral to the activation of NF-kB and inter-
leukin-8 (IL-8) secretion after infection (12, 24). Non-cag PAI
products, such as the vacuolating cytotoxin A (VacA), which
activates host signaling molecules Rab7 (39) and Racl (28) to
cause vacuolation of epithelial cells, may also be important for
virulence.
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On the host side, evidence from genome-wide linkage stud-
ies suggests that gamma interferon (IFN-y) receptor a chain
polymorphisms influence H. pylori colonization of the stomach
and the subsequent risk of developing gastric adenocarcinoma
(55). Epidemiological studies show that individuals with ge-
netic polymorphisms resulting in increased IL-13 production
and who are infected with H. pylori have an increased risk for
hypochlorhidria, gastric atrophy, and gastric adenocarcinoma
(17). Thus, both microbial and host factors likely contribute to
disease progression.

The uninfected stomach has a relatively small T-cell popu-
lation biased towards a helper T-cell type 1 (Thl) response
(27), and this bias is maintained in the inflammatory cell infil-
trate in response to H. pylori infection (5). IFN-vy is a charac-
teristic cytokine of the Th1 response (33) and signals largely via
signal transducer and activator of transcription 1 (STAT1).
This pathway is activated when IFN-y binds to its receptor a
subunit, inducing receptor assembly from two « and two B
subunits. Next, Janus kinases 1 and 2 (Jakl and -2), which are
constitutively associated with the « and B subunits, respec-
tively, phosphorylate each other and a functionally critical ty-
rosine (Y,4,) residue on the o receptor chains to form a paired
set of STAT1 docking sites. This allows two STAT1 molecules
to dock and become phosphorylated on a tyrosine (Y,) res-
idue (4). The phosphorylated STAT1 molecules are released
and form homodimers that translocate to the nucleus and bind
specific DNA sequences to modulate gene transcription (11).

H. pylori can modulate the host immune response; for ex-
ample, VacA impairs antigen presentation (37), H. pylori in-
fection induces T-cell death through Fas-FasL interactions
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(60), and H. pylori arginase inhibits macrophage nitric oxide
production (25). Since H. pylori elicits and yet evades a Thl
response (5) and since gastric epithelium may play a role in
innate and adaptive immunity (14), the aim of this study was to
determine whether H. pylori infection disrupted IFN-y—STAT1
signaling in human epithelial cells.

MATERIALS AND METHODS

Eukaryotic cell culture. The transformed gastric epithelial cell line MKN45
(58) was cultured in RPMI 1640 medium supplemented with 10% (vol/vol)
heat-inactivated fetal bovine serum (FBS) and 2.5% penicillin-streptomycin. The
transformed human gastric epithelial cell line AGS (American Type Culture
Collection [ATCC], Manassas, Va.; CRL-1739) (31) was cultured in Ham’s F-12
medium supplemented with 10% FBS, 0.1% sodium bicarbonate, and 1% pen-
icillin-streptomycin. The transformed human laryngeal epithelial cell line HEp-2
(ATCC; CCL-23) (8, 19) was cultured in minimum essential medium supple-
mented with 10% FBS, 1% sodium bicarbonate, and 1% penicillin-streptomycin
(all media and supplements were obtained from Life Technology, GIBCO BRL,
Grand Island, N.Y.). Cells were maintained in 75-cm? tissue culture flasks (Corn-
ing Inc., Corning, N.Y.) at 37°C in 5% CO, and were seeded onto 60-mm-
diameter petri dishes (Falcon) for whole-cell or nuclear protein extracts. Prior to
bacterial infection and subsequent protein or RNA extraction, cells were incu-
bated in antibiotic-free, reduced-serum (1% FBS) medium overnight at 37°C in
5% CO,.

Bacterial growth and conditions of infection. The H. pylori strains employed in
this study included the clinical isolates LC11 (cagA * cagE™ VacA™), LC20 (cagA
cagE VacA™), and LC14 (cagA™ cagE VacA™) (12, 35); strain 60190 (ATCC
49503) (cagA™ cagE™ VacA™) (32); and the murine-adapted strain SS1 (cag4™
cagE™ VacA™) (13). Bacteria were cultured on Columbia agar plates containing
5% sheep blood and incubated at 37°C under microaerophilic conditions (5%
oxygen, 85% nitrogen, and 10% carbon dioxide) for 72 h. The bacteria were then
inoculated into brucella broth supplemented with 10% heat-inactivated FBS and
grown overnight with shaking (120 rpm) under microaerophilic conditions at
37°C. One milliliter of bacteria from overnight growth in broth was pelleted,
washed, and resuspended in phosphate-buffered saline (PBS) to measure growth
spectrophotometrically at 550 nm, where an optical density of 1.0 = 2 x 10®
bacteria/ml. Prior to infection, bacteria were washed and resuspended in a total
volume of 0.05 ml of antibiotic-free tissue culture medium. Epithelial cells were
then infected at a multiplicity of infection (MOTI) of 100 bacteria to 1 eukaryotic
cell for various time periods. After infection, the cell monolayer was rinsed and
medium alone or medium containing IFN-y was added to the remaining adher-
ent cells. Viability of bacteria at the conclusion of experiments was confirmed by
visualizing their motility under light microscopy and by microaerobic culture on
Columbia blood agar plates. In some experiments H. pylori was heat killed by
boiling for 15 min in a sealed sterile tube. Lack of growth on Columbia blood
agar plates confirmed heat killing.

Immunoblotting. (i) Whole-cell protein extraction. Epithelial cell monolayers
were washed three times with PBS at 4°C. The remaining adherent cells were
scraped with a rubber policeman into 1 ml of PBS and pelleted by centrifugation
at 12,000 rpm for 10 s (Microfuge 18; Beckman Coulter). The cell pellet was
resuspended in radioimmunoprecipitation assay buffer (1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS] in PBS) supplemented
with 50 mM NaF, 150 mM NaCl, 1 mM Na;VO,, 20 ug of phenylmethylsulfonyl
fluoride per ml, 15 pg of aprotonin per ml, 2 ng of pepstatin A per ml, and 2 ng
of leupeptin per ml (all from Sigma Chemical Co., St. Louis, Mo.) by vortexing.
The volume of radioimmunoprecipitation assay buffer was 0.15 ml for MKN45
cells, 0.1 ml for HEp-2 cells, and 0.05 ml for AGS cells. The cells were then left
on ice at 4°C for 30 min, followed by centrifugation at 12,000 rpm for 10 min at
4°C (Sorvall SS34 rotor and Sorvall RC-5B centrifuge). Supernatants were stored
at —70°C for use as whole-cell protein extracts (10).

(ii) SDS-polyacrylamide gel electrophoresis. Equal volumes of whole-cell pro-
tein extracts were mixed with 2X SDS-polyacrylamide gel electrophoresis load-
ing buffer, boiled for 5 min, and then electrophoresed through a 7.5% Tris-HCl
polyacrylamide gel (Bio-Rad) (90 min, 111 V, room temperature). Next, proteins
were electrophoretically transferred onto a nitrocellulose membrane (BioTrace
NT; Pall Corp., Ann Arbor, Mich.) at 100 V for 60 min at 4 °C and then blocked
with 5% milk-0.05% Tween 20 in Tris-buffered saline (TBST-M) for 30 min at
room temperature. The membranes were then probed with either polyclonal
rabbit anti-human phosphotyrosine (Y701) STATI (1:1,000) (Upstate Biotech-
nology, Lake Placid, N.Y.) or polyclonal rabbit anti-human p84/p91 STAT1
(1:4,000) (Santa Cruz Biotechnology, Santa Cruz, Calif.) in 10 ml of TBST-M at
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4°C overnight with shaking. Membranes were then washed three times with
TBST, rinsed with distilled water, and incubated with horseradish peroxidase-
conjugated donkey anti-rabbit antibody (1:1,000 to 1:4,000) (Santa Cruz) in 10 ml
of TBST-M at room temperature for 1 h. Following TBST washes and rinsing in
water, membranes were incubated with enhanced chemiluminescence (Western
blotting luminol reagent; Santa Cruz) and then developed with Biomax MR film
(Kodak, Rochester, N.Y.).

Electrophoretic mobility shift assay (EMSA). (i) Nuclear protein extraction.
Adherent epithelial cells were washed with cold PBS three times, harvested with
a rubber policeman in 1 ml of PBS, and pelleted (12,000 rpm, 10 s; Beckman
Coulter Microfuge 18). Nuclear proteins were collected by the method of An-
drews and Faller (2) with the addition of 10 wg of aprotonin per ml, 2 pg of
pepstatin per ml, 2 pg of leupeptin per ml, and 0.5 mM phenylmethylsulfonyl
fluoride (all from Sigma) to the extraction buffer (8). The protein concentration
of each sample was determined by using the Bio-Rad assay, and extracts were
stored at —70°C.

(ii) EMSA. EMSA was performed as previously described (7). Briefly, binding
buffer containing 250 mM Tris-Cl (pH 7.5), 40 mM NaCl, 10 mM EDTA, 2.5 mM
dithiothreitol, 10 mM spermidine, 25% glycerol, 1 pg of poly(dI-dC) per pl and
5 g of calf thymus DNA per pl was mixed with 15 pg of nuclear protein extract.
Samples were incubated for 15 min on ice, and approximately 3 X 10° cpm of
[a-32P]dCTP end-labeled double-stranded oligonucleotides bearing the STAT1
and STAT3 binding sites (59) was then added to each sample and incubated for
a further 20 min at room temperature. Indicator dye (2 wl of 0.25% [wt/vol]
bromophenol blue and 5% [wt/vol] glycerol) was added to each sample, which
was then electrophoresed through a 5% polyacrylamide gel at 100 V for 3 h at
room temperature. Gels were then dried and visualized by autoradiography with
Kodak Biomax MR film. Controls included nonradiolabeled double-stranded
oligonucleotides as a cold competitor (25 times molar excess) and polyclonal
rabbit anti-human p84/p91 STAT1 antibody for supershift, while both an irrel-
evant DNA probe (STATG6) and an isotype-matched irrelevant polyclonal rabbit
anti-human STATS5 antibody (Santa Cruz) served as negative controls.

RNA extraction and reverse transcription-PCR (RT-PCR). Total RNA was
extracted from cells by using the Trizol reagent (Life Technology, Gibco) ac-
cording to the manufacturer’s instructions. Reverse transcription was carried out
with 5 ng of total RNA and the oligo(dT) random primers. cDNA products were
amplified by using specific primer pairs for interferon regulatory factor 1 (IRF-1)
(Primer3  software  [http://www-genome.wi.mit.edu/genome_software/other
/primer3.html) (IRF-1 sense, 5'-CGA TAC AAA GCA GGG GAA AA-3;
IRF-1 antisense, 5'-TAG CTG CTG TGG TCA TCA GG-3') and human B-actin
(3) (B-actin sense, 5'-GTG GGG CGC CCC AGG CAC CA-3’; B-actin anti-
sense, 5'-CTC CTT AAT GTC ACG CAC GAT TTC-3’). PCR products were
resolved by agarose (2%) gel electrophoresis and visualized with UV light after
staining with ethidium bromide.

Collection and use of bacterial culture supernatants and conditioned medium.
H. pylori strain LC11 grown in brucella broth overnight was used to inoculate
antibiotic-free MKN45 cell medium containing 1% FBS with the same number
of bacteria used to infect cells at a MOI of 100:1. After 6 h, bacteria were pelleted
(3,000 rpm, 5 min; Beckman GPR centrifuge), and the supernatant was passed
twice through 0.2-wm-pore-size sterile syringe filters (Pall) and stored at —70°C
until use as bacterial culture supernatants (i.e., containing secreted bacterial
factors). Lack of growth on Columbia blood agar plates was used to determine
that culture supernatants were sterile. Control culture supernatant was produced
by similarly incubating and processing uninfected culture medium. Conditioned
medium was obtained from either uninfected or infected (MOI, 100:1; 6 h)
confluent MKN45 cell monolayers and centrifuged (3,000 rpm, 5 min; Beckman
GPR centrifuge), and the supernatant (i.e., containing secreted bacterial and/or
epithelial factors) was passed twice through 0.2-wm-pore-size sterile syringe
filters (Pall) and stored at —70°C until use. Confluent MKN45 cell monolayers
were then serum starved overnight, incubated with either culture supernatant or
conditioned medium (50 to 100% [vol/vol], 6 h), and subsequently stimulated
with either medium only or IFN-y (1 ng/ml, 30 min) before whole-cell protein
extraction.

Immunofluorescence. HEp-2 cells (10*) were seeded onto four-well slide
chambers (Nalge Nunc International, Naperville, Ill.) and cultured in antibiotic-
free, serum-starved (1% FBS) medium overnight prior to infection with H. pylori
(MOI, 100:1; 24 h). HEp-2 cells were then washed twice and incubated with
sterile medium or IFN-y (5 ng/ml, 30 min). The cells were then washed three
times with cold PBS, fixed in 10% paraformaldehyde for 20 min, rinsed with PBS,
and permeabilized with 0.1% Triton X-100 in PBS for 4 min. Nonspecific binding
was blocked with 2% bovine serum albumin in 0.1% Triton X-100-PBS for 30
min, followed by incubation with polyclonal p84/p91 STAT1 antibody (1:250
dilution) in 2% BSA-0.1% Triton X-100-PBS at 4°C overnight. After rinsing with
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FIG. 1. IFN-vy activates STAT] tyrosine phosphorylation in a dose-
dependent manner in MKN45 cells. Confluent MKN45 cells were
serum starved overnight and stimulated with different doses of IFN-y
for 30 min, and whole-cell protein extracts analyzed by immunoblot-
ting. (Upper panel) Low levels of constitutive pYSTAT1 were present
in untreated MKN45 cells (lane 1). Treatment with IFN-y increased
the level of pYSTAT1 in a dose-dependent manner (lanes 2 to 7).
(Lower panel) Nonphosphorylated STATT1 levels are similar between
samples (n = 2 or 3).

PBS, STAT1 was visualized by treatment with rhodamine-conjugated goat anti-
rabbit secondary antibody (1:250 dilution) (Jackson ImmunoResearch, West
Grove, Pa.) for 60 min at room temperature. Cells were rinsed with PBS,
Vectashield (Vector Labs, Burlingame, Calif.) mounting medium for fluores-
cence was added, and slides were sealed with coverslips and examined under
fluorescence microscopy (Dialux 22; Leica Canada, Willowdale, Ontario, Can-
ada) (8).

RESULTS

H. pylori infection decreases levels of IFN-y-induced
pYSTAT1. Whole-cell protein extracts from MKN45 gastric
epithelial cells analyzed by immunoblotting demonstrated low
constitutive levels of tyrosine-phosphorylated STATI1
(pYSTATI1) (Fig. 1), whereas stimulation with IFN-y in-
creased pYSTAT1 in a dose-dependent manner, with a maxi-
mal response at between 1 and 5 ng/ml. Thus, a dose of 1 ng of
IFN-y per ml was chosen for our further experiments with
MKN45 cells.

Infection with H. pylori strain LC11 (MOI, 100:1) alone did
not increase pYSTATT after 2, 4, or 6 h of infection. However,
H. pylori infection diminished both constitutive and TFN-vy in-
duced pYSTATI after 4 and 6 h, but not 2 h, of infection,
indicating a time-dependent mechanism (Fig. 2, upper panel).
This effect was not due to decreased expression of nonphos-
phorylated STAT1 (Fig. 2, lower panel).

The suppressive effect was reproducible in different epithe-
lial cell lines and with strains of H. pylori differentially express-
ing CagA, CagE, and VacA. Infection of MKN45 cells with
either a type 1 H. pylori strain (LC11) or a type 2 H. pylori
strain (LC20) (MOI, 100:1; 6 h) did not increase pYSTAT1 but
prevented the IFN-y-induced (1 ng/ml, 30 min) increase in
PYSTAT1 (Fig. 3A). Inhibition of STAT1 signaling was also
observed in HEp-2 cells infected with strain LC11, LC20 (Fig.
3B), or LC14 and the mouse-adapted strain SS1 and in
MKN45 cells infected with strain 60190 (data not shown).
Gastric AGS epithelial cells infected with H. pylori strain LC11
or LC20 yielded equivalent findings (Fig. 3C). These results
indicate that suppression of STAT1 signaling was independent
of the cag PAI and VacA production and was reproducible in
different epithelial cell lines.

H. pylori infection decreases IFN-y-induced STAT1 DNA
binding. Nuclear protein extracts from uninfected and un-

HELICOBACTER PYLORI AND STAT1 539

IFN-y: - + - + - + - + - + - +
prstatt [0 "W e[~ -

Stat1 | " g .J M---‘l
Time(hr): 2 4 6

FIG. 2. H. pylori infection decreases IFN-y-induced tyrosine phos-
phorylation of STAT1 in a time-dependent manner. Confluent
MKN45 cells were serum starved overnight, infected with H. pylori
strain LC11 (MOI, 100:1) for different time periods, rinsed, and stim-
ulated with IFN-y (1 ng/ml, 30 min), and whole-cell protein extracts
were analyzed by immunoblotting. (Upper panels) MKN45 cells dis-
played low levels of constitutive pYSTATI. Infection with H. pylori
strain LC11 (MOI, 100:1) did not itself increase levels of pYSTAT1
but did decrease the levels of constitutive pYSTAT1 and prevent the
IFN-v-induced increase in pYSTAT1 by a time-dependent mecha-
nism. The effect was absent at 2 h, apparent at 4 h, and well established
at 6 h. (Lower panel) Nonphosphorylated STAT1 levels are compara-
ble between samples (n = 1 to 3).

stimulated MKN45 cells demonstrated constitutive DNA bind-
ing to STAT1 and STAT3 homodimers and STAT1-STAT3
heterodimers. IFN-y stimulation (1 ng/ml for 30 min) in-
creased DNA binding to STAT1 (Fig. 4A, lanes 1 and 2). The
controls confirmed the specificity of the band as STAT1 by
supershift of the IFN-y-induced STAT1 homodimer band by
anti-STAT1 antibody but not by an anti-STATS5 antibody (Fig.
4A, lanes 7 and 8). Abolition of the STAT1 homodimer band
following preincubation with a nonradiolabeled STAT1 DNA
probe (cold competitor) but not with a STAT6 cold competitor
also demonstrated the specificity of the probe (Fig. 4A, lanes 9
and 10).

Infection with H. pylori strain LC11 or LC20 (MOI, 100:1;
6 h) alone did not activate DNA binding to STAT1. However,
in cells first infected with H. pylori strain LC11 or LC20 and
then treated with 1 ng of IFN-y per ml for 30 min, DNA
binding to STAT1 was completely abolished (Fig. 4A, lanes 4
and 6).

Nuclear protein extracts from uninfected and unstimulated
HEp-2 cells had no constitutive DNA binding to STAT1 (Fig.
4B, lane 1). IFN-y stimulation increased DNA binding to
STATI (Fig. 4B, lane 2). Infection with H. pylori strain LC11 or
LC20 inhibited IFN-vy-induced STAT1 DNA binding (Fig. 4B,
lanes 4 and 6). Controls confirmed the specificity of the band
and the probe (data not shown).

H. pylori inhibits IFN-y-induced nuclear translocation of
STAT1. Immunofluorescence analysis of HEp-2 cells was em-
ployed to determine the subcellular localization of STAT1
after H. pylori infection. In uninfected HEp-2 cells, STAT1 was
distributed throughout the cytoplasm (Fig. 5A) and translo-
cated to the nucleus following IFN-y stimulation (5 ng/ml, 30
min) (Fig. 5B). Infection with H. pylori strain LC11 (Fig. 5C)
alone did not cause redistribution of STAT1, whereas H. pylori
infection prevented the IFN-y-induced nuclear translocation
of STAT1 (Fig. 5D). Inhibition of STAT1 nuclear transloca-
tion was comparable following infection with H. pylori strains
LC20, LC14, and SS1 (data not shown), indicating that the
effect was independent of the cag PAI and VacA production.
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FIG. 3. H. pylori infection decreases IFN-y-induced tyrosine phos-
phorylation of STAT1 in multiple epithelial cell lines. Epithelial cell
lines were grown until confluent, serum starved overnight, infected
with different H. pylori strains, rinsed, and stimulated with IFN-y.
Whole-cell protein extracts were analyzed by immunoblotting.
(A) MKN45 cells. Upper panel, MKN45 cells showed low levels of
constitutive pYSTAT1 (lane 1). IFN-y stimulation (1 ng/ml, 30 min)
increased pYSTAT1 (lane 2). Infection of MKN45 cells with H. pylori
strains LC11 and LC20 (MOI, 100:1; 6 h) followed by treatment with
medium alone did not cause an increase in pYSTAT1 (lanes 3 and 5).
However, infection with both strains prevented the IFN-y-induced
increase in pYSTAT1 (lanes 4 and 6 versus lane 2). Lower panel,
nonphosphorylated STAT1 levels are similar between samples (n = 3).
(B) HEp-2 cells. Upper panel, HEp-2 cells displayed increased
pYSTAT1 after IFN-y stimulation (20 ng/ml, 30 min) (lane 2 [upper
band, STAT1 alpha isoform; lower band, STAT1 beta isoform]). In-
fection with H. pylori strain LC11 or LC20 (MOI, 100:1; 24 h) followed
by treatment with medium alone did not increase pYSTAT1 (lane 3
and 5), but infection did prevent the IFN-y-induced increase in pYS-
TAT1 (lanes 4 and 6 versus lane 2). Lower panel, nonphosphorylated
STATT1 levels are comparable between samples (n = 3). (C) AGS cells.
Upper panel, AGS cells lack constitutive pYSTAT1 (lane 1). IFN-y
stimulation (5 ng/ml, 30 min) increased pYSTAT]1 (lane 2). Infection
with H. pylori strain LC11 or LC20 (MOI, 100:1; 12 h) followed by
treatment with medium alone did not increase pYSTAT1 (lanes 3 and
5). Infection with both strains prevented the IFN-y-induced increase of
pYSTAT1 (lanes 4 and 6 versus lane 2). The arrow shows a nonspecific
band. Lower panel, nonphosphorylated STAT1 levels are comparable
between samples (n = 3).

H. pylori inhibits STAT1-dependent gene expression. IRF-1
is a gene induced by IFN-vy in a STAT1-dependent manner
(48). HEp-2 cells showed constitutive expression of IRF-1
mRNA, as assessed by RT-PCR. Peak IRF-1 mRNA expres-
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FIG. 4. H. pylori decreases IFN-y-induced DNA binding to STAT1
in epithelial cells. Confluent MKN45 and HEp-2 cells were serum
starved overnight, infected with H. pylori strains LC11 and LC20,
rinsed, and stimulated with IFN-y. Equal amounts of nuclear protein
extracts were then analyzed by EMSA. (A) MKN45 cells exhibited
constitutive DNA binding to STAT1 (lower left arrow) and STAT3
(upper left arrow) homodimers and to STAT1-STAT3 (middle left
arrow) heterodimers (lane 1). DNA binding to STAT1 homodimers
was increased following stimulation with IFN-y (1 ng/ml, 30 min) (lane
2). Infection with H. pylori strains LC11 and LC20 (MOI, 100:1; 6 h)
decreased constitutive (lanes 3 and 5) and IFN-y induced (lanes 4 and
6) DNA binding to STAT1 (n = 3). The identity of the band as STAT1
was confirmed by supershift of the band with a STAT1 (S1) antibody
(Ab) (right arrow) but not with a STATS (S5) antibody. The specificity
of the radiolabeled double-stranded DNA oligonucleotide was con-
firmed by competition of the band with a nonradiolabeled STAT1
(25X molar excess) cold competitor (cc) but not with a STAT6 cold
competitor (mcc). (B) HEp-2 cells demonstrated inducible STAT1
DNA binding in response to stimulation with IFN-y (20 ng/ml, 30 min)
(arrow, lane 2). Infection with H. pylori strains LC11 and LC20 did not
induce STAT1 DNA binding (lanes 3 and 5). IFN-y-induced DNA
binding to STAT1 was decreased by infection with LC11 and LC20
(lanes 4 and 6) (n = 3).

sion occurred after 3 h of IFN-y stimulation (20 ng/ml). Infec-
tion with either H. pylori strain LC11 or strain LC20 alone for
24 h did not increase expression of IRF-1 mRNA. However,
the increase in IRF-1 mRNA levels following IFN-y stimula-
tion was inhibited in H. pylori-infected epithelial cells (Fig. 6).
These results indicate that H. pylori infection inhibited IFN-y-
induced gene transcription of a STAT1-dependent gene.
Decrease in pYSTAT1 requires infection with viable H. py-
lori. MKN45 cells infected with live H. pylori strain LCI11
(MOI, 100:1; 6 h) showed decreased levels of constitutive and
IFN-y-induced pYSTATI, but this did not occur following
incubation with heat-killed H. pylori strain LC11 (Fig. 7A).
Similarly, AGS cells infected with heat-killed H. pylori strain
LC11 or LC20 had levels of IFN-y-induced pYSTAT1 compa-
rable to those in uninfected IFN-vy-treated cells (Fig. 7B).
These findings indicate that a heat-labile, lipopolysaccharide-
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FIG. 5. H. pylori inhibits IFN-y-induced nuclear translocation of STAT1. Arrows indicate nuclei in representative cells for each treatment condition. (A) STAT1 was distributed evenly
throughout the cytoplasm but not the nuclei of unstimulated cells. (B) IFN-y stimulation (5 ng/ml, 30 min) induced translocation of STAT1 into the nucleus. (C) Infection with H. pylori strain
LC11 (MOI, 100:1; 24 h) did not affect the distribution of STAT1. (D) Infection with H. pylori strain LC11 followed by IFN-y stimulation (5 ng/ml, 30 min) inhibited IFN-y-induced STAT1
nuclear translocation. Approximate magnification, X400; n = 3.
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FIG. 6. H. pylori infection inhibits transcription of the IFN-y-in-
duced, STAT1-dependent IRF-1 gene. HEp-2 cells display constitutive
expression of IRF-1 mRNA (lane 1) that is increased by IFN-y stim-
ulation (20 ng/ml for 3 h) (lane 2). Infection with H. pylori strain LC11
or LC20 (MOI, 100:1; 24 h) decreased constitutive IRF-1 mRNA
levels (lanes 3 and 5 versus lane 1). The increase in expression of IRF-1
mRNA following IFN-y stimulation was inhibited following H. pylori
infection (lanes 4 and 6 versus lane 2). The B-actin gene was employed
as a housekeeping gene (LC11, n = 2; LC20, n = 1).

independent H. pylori-derived factor is required to achieve the
inhibitory effect on STAT]1 signaling.

Inhibition of IFN-y-induced STAT1 activation is indepen-
dent of a soluble factor. To determine if a secreted bacterial
factor was responsible for disrupting STAT1 activation,
MKN45 cells were incubated with culture supernatant pre-
pared from H. pylori strain LC11 (100%, 6 h) followed by
stimulation with IFN-y (1 ng/ml, 30 min). Figure 8A shows that
culture supernatant did not inhibit STAT1 activation, suggest-
ing that a soluble bacterial factor is unlikely to mediate the
disruption of STAT1 signaling.

To determine whether a soluble factor produced as a result
of interactions between bacteria and epithelial cells was in-
volved, MKN45 cells were incubated with bacterium-free con-
ditioned medium (100%, 6 h) collected from MKN45 cells with
or without H. pylori infection (MOI, 100:1; 6 h). Figure 8B
shows that conditioned medium did not inhibit STATI activa-
tion, indicating that a soluble factor released after bacterium-
epithelial cell interaction is unlikely to explain the disruption
of STAT1 signaling. Taken together with the lack of inhibition
with heat-killed H. pylori, these results suggest that host epi-
thelial cell interactions with viable bacteria are required to
inhibit IFN-y STAT]1 signaling.

DISCUSSION

This study demonstrates the activation of IFN-y-STAT1
signaling in human epithelial cell lines (gastric MKN45 and
AGS cells and laryngeal HEp-2 cells) by using complementary
techniques, including immunoblotting, EMSA, immunofluo-
rescence, and RT-PCR. Furthermore, we determined, for the
first time, that H. pylori infection inhibits this signaling pathway
in epithelial cells. Inhibition of STAT1 activation was time
dependent, was independent of a soluble bacterial or epithelial
factor, and required eukaryotic cell interaction with live bac-
teria. This disruption may represent a bacterial adaptation to
modulate the host gastric mucosal immune response to pro-
mote bacterial survival.

Studies of knockout mice confirm the importance of IFN-
v-STAT1 signaling in the host response to microbial infec-
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FIG. 7. Heat-killed H. pylori does not decrease IFN-y-induced
pYSTAT1I. H. pylori was heat killed by boiling for 15 min and incu-
bated with (MOI, 100:1) confluent MKN45 and AGS cells after serum
starvation overnight. The cells were then rinsed and stimulated with
IFN-y. Whole-cell protein extracts were analyzed by immunoblotting.
(A) MKN45 cells. Upper panel, MKN4S5 cells incubated for 6 h with H.
pylori strain LC11 exhibited decreased levels of constitutive and IFN-
v-stimulated (1 ng/ml, 30 min) pYSTATT1 (lanes 3 and 4) compared to
uninfected controls (lanes 1 and 2). Incubation with heat-killed LC11
(hkLC11) did not decrease levels of pYSTAT1 (lanes 5 and 6) com-
pared to uninfected controls. Lower panel, nonphosphorylated STAT1
levels are similar between samples (n = 3). (B) AGS cells. Upper
panel, AGS cells incubated for 12 h with heat-killed H. pylori strains
LC11 (lanes 3 and 4) and LC20 (lanes 5 and 6) showed no reduction
of IFN-y-induced pYSTAT1 compared to noninfected cells (lanes 1
and 2). Lower panel, nonphosphorylated STAT1 levels are similar
between samples.

tions. For example, studies with both IFN-y receptor and
STAT1 gene knockout mice show that IFN-y-mediated pro-
tection is important for the control of infection with microbial
pathogens such as Mycobacterium species (57), Chlamydia
pneumoniae (44), and Listeria monocytogenes (36). Further-
more, humans with IFN-y receptor a or B chain deficiencies
are particularly vulnerable to disseminated mycobacterial in-
fections (15). Two infants with a homozygous STAT1 mutation
developed disseminated infection after Mycobacterium bovis
bacillus Calmette-Guérin (BCG) vaccination (16). Thus, alter-
ation of the IFN-y response in the host significantly affects the
outcome of microbial infections.

H. pylori infection of IFN-y knockout mice results in reduced
gastric inflammation and increased H. pylori colonization in
comparison with wild-type mice. Also, a more diverse array of
H. pylori strains are able to colonize IFN-y knockout mice
compared with wild-type littermates (45, 49). Furthermore, H.
pylori-infected IFN-y knockout mice show reduced expression
of proinflammatory mediators such as macrophage inflamma-
tory protein 2, the mouse homologue of human IL-8, and the
inducible form of nitric oxide synthase (iNOS) in comparison
to controls (38). These studies indicate that inhibition of IFN-
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v-STAT1 signaling in response to H. pylori infection may result
in increased bacterial colonization while decreasing mucosal
inflammation.

IFN-vy stimulates Jak1 and -2-dependent phosphorylation of
tyrosine residues on the cytoplasmic tail of the IFN-y receptor
a chain, which allows docking of monomeric STAT1 protein
and tyrosine phosphorylation by Jaks, with subsequent STAT1
dimerization and translocation to the nucleus to bind DNA
and modulate transcription (4). In the present study, disrup-
tion of this signaling pathway in epithelial cells by H. pylori was
demonstrated at multiple levels. First, immunoblotting showed
decreased levels of pYSTAT1 without a decrease in expression
of nonphosphorylated STAT1. As tyrosine phosphorylation is
a prerequisite for nuclear translocation and DNA binding of
STATI1, nuclear protein extracts were next examined by
EMSA, and decreased IFN-y-induced STAT1 DNA binding
was observed. Fluorescence microscopy studies corroborated
this finding by showing inhibition of STAT1 translocation to
the nucleus following H. pylori infection. A functional conse-
quence of STATI inhibition was confirmed by using RT-PCR
to show decreased transcription of IRF-1 mRNA following H.
pylori infection.

Inhibition of the IFN-y-STAT1 pathway is also observed in
macrophages infected with L. monocytogenes (51) and in epi-
thelial cells infected with enterohemorrhagic Escherichia coli
O157:H7 but not enteropathogenic E. coli (8). Possible mech-
anisms of inhibition include decreased expression of signaling
cascade components, such as the decrease in Jakl and Jak2
expression caused by membrane vesicles of Porphyromonas
gingivalis (50), or the induction of inhibitory proteins, such as
suppressor-of-cytokine-signaling proteins (51).

The gut epithelium plays an important role in both innate
and adaptive immune responses to microbes (14). IFN-y alters
human epithelial cell function by increasing expression of ma-
jor histocompatibility complex class IT (20), intercellular adhe-
sion molecule 1 (9), IRF-1 (43), and iNOS (22); therefore, the
modulation of IFN-vy signaling by H. pylori infection likely has
biological significance. This study demonstrates an inhibitory
effect of a number of H. pylori strains on IFN-y—STAT1 sig-
naling in two gastric epithelial cell lines. However, other in
vitro studies demonstrated that H. pylori infection and IFN-y
act synergistically, for example, to induce apoptosis (29) and
increase major histocompatibility complex class II (20) and
iNOS (34) expression. One possible explanation for this dis-
crepancy is that in other models IFN-y was introduced prior to
or simultaneously with bacterial infection (20, 34) rather than,
as in this study, after a period of infection. Whether the effect
of H. pylori infection on IFN-vy-dependent cell functions in vivo
is synergistic or inhibitory ultimately may also depend on the
balance between STAT1 and non-STAT1 IFN-y signaling (23,
42) and on the influence of other cytokines, such as tumor
necrosis factor alpha and IL-1B, secreted by immune cells in
the gastric mucosa (61).

Neither heat-killed H. pylori, culture supernatant, nor con-
ditioned medium inhibited IFN-y—STAT1 signaling, suggest-
ing that direct interaction between bacteria and eukaryotic
cells, independent of lipopolysaccharide, is required to inhibit
signal transduction events. The inhibition occurs independent
of the presence of the cag PAI, ruling out as a mechanism the
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FIG. 8. Neither H. pylori culture supernatant nor conditioned me-
dium decreases levels of IFN-y-induced pYSTAT1. Confluent MKN45
cells were serum starved overnight and incubated for 6 h with either H.
pylori strain LC11 culture supernatant (A) or conditioned medium
from MKN45 cells infected with H pylori strain LC11 (B). Monolayers
were then rinsed and stimulated with IFN-y (1 ng/ml, 30 min), and
whole-cell protein was extracted and analyzed by immunoblotting.
Upper panels, MKN45 cells incubated with culture supernatant or
conditioned medium did not change the levels of constitutive or IFN-y
induced pYSTAT1 compared to those incubated with control culture
supernatant or conditioned medium. Lower panels, nonphosphory-
lated STAT1 levels are comparable between samples (n = 3).

translocation of prokaryotic effector molecules into epithelial
cells via the bacterial type IV secretion system.

Adherence of H. pylori to host epithelial cells is a critical step
in virulence (18). H. pylori binds to a variety of host molecules,
including phosphatidylethanolamine (26), Lewis® antigen (53),
major histocompatibility class II antigens (21), and Toll-like
receptor 4 (52). However, it is not clear what events occur
downstream of these interactions. On the bacterial side, ge-
nome sequencing has identified genes encoding a large family
of outer membrane proteins (1). Functional studies have de-
fined the roles of some of the outer membrane proteins; for
example, BabA appears to be involved in mediating adherence
(30). The product of the HP0638 gene (outer inflammatory
protein [0ipA] gene) induces an increased epithelial IL-8 re-
sponse (62) and is expressed in both typel and type 2 H. pylori,
consistent with a cag PAl-independent factor. Our data, which
demonstrate that a heat-labile and contact-dependent factor
inhibits IFN-y-STAT1 signaling, suggest that an outer mem-
brane protein could be a candidate to consider. Future studies
should define the role of H. pylori adhesins in the modulation
of IFN-y-STAT1 signaling.

In summary, this study demonstrates, for the first time, that
H. pylori infection disrupts IFN-y-induced STAT1 signaling in
host epithelial cells. Such disruption of a key signal transduc-
tion cascade could represent bacterial adaptation for modulat-
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ing the host mucosal immune response to promote bacterial
survival in the stomach.
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