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Summary

 

Helicobacter pylori

 

 infection is associated with gastric epithelial damage, including apoptosis, ul-
ceration, and cancer. Although bacterial factors and the host response are believed to contrib-
ute to gastric disease, no receptor has been identified that explains how the bacteria attach and
signal the host cell to undergo apoptosis. Using 

 

H. pylori 

 

as “bait” to capture receptor proteins
in solubilized membranes of gastric epithelial cells, class II major histocompatibility complex
(MHC) molecules were identified as a possible receptor. Signaling through class II MHC mol-
ecules leading to the induction of apoptosis was confirmed using cross-linking IgM antibodies
to surface class II MHC molecules. Moreover, binding of 

 

H. pylori 

 

and the induction of apop-
tosis were inhibited by antibodies recognizing class II MHC. Since type 1 T helper cells are
present during infection and produce interferon (IFN)-

 

g

 

, which increases class II MHC ex-
pression, gastric epithelial cell lines were exposed to 

 

H. pylori 

 

in the presence or absence of
IFN-

 

g

 

. IFN-

 

g

 

 increased the attachment

 

 

 

of the bacteria as well as the induction of apoptosis in
gastric epithelial cells. In contrast to MHC II–negative cell lines, 

 

H. pylori

 

 induced apoptosis in
cells expressing class II MHC molecules constitutively or after gene transfection. These data
describe a novel receptor for 

 

H. pylori

 

 and provide a mechanism by which bacteria and the host
response interact in the pathogenesis of gastric epithelial cell damage.
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H

 

elicobacter pylori

 

 is a gram-negative bacterium that col-
onizes human gastric epithelium and is strongly asso-

ciated with peptic ulceration, gastric lymphoma, and gastric
carcinoma (1–3). Several studies have suggested that spe-
cific virulence factors expressed by certain strains are more
likely to cause disease. Strains of 

 

H. pylori 

 

expressing the

 

cagA 

 

and 

 

vacA 

 

genes have been reported to have an associa-
tion with gastric disease (4–6), including peptic ulcers (4, 7)
and gastric cancer (3). More recently, 

 

cagA 

 

has been shown
to mark a “pathogenicity island” of genes (8), which may
encode virulence factors that contribute to the more severe
gastric diseases associated with 

 

H. pylori 

 

infection. How-
ever, the association between CagA and disease or gastric
inflammation has not been observed in all studies (9), indi-
cating that other environmental or host factors, including

the gastric immune and inflammatory responses, also con-
tribute to the pathogenesis of gastroduodenal disease associ-
ated with 

 

H. pylori

 

 infection.
Since infection with 

 

H. pylori 

 

persists for life, the host
immune and inflammatory responses to natural infection
appear to provide little protection. Moreover, the host re-
sponse has been implicated even in the pathogenesis of gas-
tric disease associated with 

 

H. pylori

 

. This notion was sup-
ported by studies reporting that patients infected with
strains expressing 

 

cagA

 

, which may increase the risk of dis-
ease, produce increased levels of inflammatory cytokines (5,
10). In addition, autoantibodies are induced after infection
and contribute to gastritis (11, 12). Furthermore, increased
numbers of IFN-

 

g

 

–producing Th1 cells have been shown
to be present during infection (13, 14). As 

 

H. pylori 

 

bacteria
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are noninvasive and remain in the gastric lumen, a persis-
tent local Th1 response may inflict considerable tissue dam-
age via cell-mediated immune responses. Several changes
that have been observed in gastric epithelial cells, including
an increase in class II MHC expression (15–17) and IL-8
production (18), could be mediated in part by the cyto-
kines produced by Th1 cells. The increase in apoptosis re-
ported in gastric epithelial cells during infection with 

 

H.
pylori 

 

(19–22) could similarly be attributed to cellular im-
mune responses mediated by Th1 cells (23).

Class II MHC molecules are best known for their ability
to bind and present antigens to CD4

 

1

 

 T cells. However,
engagement of class II MHC by T cells also has functional
consequences for the antigen-presenting cell. For example,
cross-linking class II MHC molecules with molecules such
as microbial superantigens has been reported to induce ap-
optosis (24, 25). Thus, the attachment of 

 

H. pylori 

 

to class II
MHC molecules could explain the induction of apoptosis
in gastric epithelial cells.

Although infection with 

 

H. pylori 

 

is associated with sig-
nificant epithelial cell damage, including increased levels of
apoptosis, it is not clear how the bacteria bind to the host
cells and trigger the deleterious responses. Several receptors
for 

 

H. pylori 

 

have been described (26, 27), but no specific
molecule has yet been shown to bind the organism or sig-
nal any changes in gastric epithelial cells. In this report, we
used a strategy whereby 

 

H. pylori 

 

was used as “bait” to cap-
ture epithelial cell proteins that bind the bacteria. Class II
MHC molecules were shown to be capable of binding 

 

H.
pylori

 

 and necessary for the induction of apoptosis in gastric
epithelial cell lines. The effect of IFN-

 

g

 

 on the attachment
and induction of apoptosis provides additional insight into
the interactions between the bacteria and host response that
have implications for bacterial colonization and the patho-
genesis of epithelial cell damage.

 

Materials and Methods

 

Bacterial Culture

 

H. pylori

 

, strain LC-11 (28), was grown at 37

 

8

 

C as described
previously (28). A nongastric pathogen, 

 

Campylobacter jejuni

 

, orig-
inally obtained from the American Type Culture Collection
(33291; Rockville, MD), was provided by the Microbiology Lab-
oratories in the Department of Pathology at University of Texas
Medical Branch. Both species of bacteria were grown on blood
agar base (Becton Dickinson, San Jose, CA) at 37

 

8

 

C under mi-
croaerobic conditions and harvested on day 3 into PBS. After
centrifugation at 2,500 

 

g

 

 for 15 min, bacteria were resuspended in
sterile PBS (pH 7.4) to a concentration of 2 

 

3

 

 10

 

8

 

 bacteria/ml.
The estimation of bacterial number was determined by measuring
the absorbance (at 530 nm) using a spectrophotometer (DU-65;
Beckman Instruments, Inc., Fullerton, CA), and comparing the
value to a standard curve generated by quantifying viable organ-
isms from aliquots of bacteria at varying concentrations that were
also assessed for absorbance. The motility of both organisms was
confirmed by phase–contrast microscopy before experimental
use. In some experiments, 

 

H. pylori

 

 or 

 

C. jejuni 

 

were killed by
heat (5 min at 100

 

8

 

C) before use.

 

Cell Lines and Hybridomas

 

The Kato III, NCI N87, and AGS gastric epithelial cell lines
were obtained from the American Type Culture Collection and
maintained in RPMI 1640 medium supplemented with 10%
FCS. Additional cell lines differing in their expression of class II
MHC molecules were also used: COS-1 cells (provided by Dr.
M. Falzon, Department of Pharmacology and Toxicology, Uni-
versity of Texas Medical Branch), and class II–expressing cells, in-
cluding Jesthom B cells (29) and COS-1 cells transfected with the
gene encoding DR1 (ID12; provided by Dr. M. Xu, Antigen
Express, Inc., Worcester, MA) (29). To compare the effect of dif-
ferent isoforms encoded by genes within the subregions of the
class II MHC region, the binding of 

 

H. pylori 

 

and the induction
of apoptosis were compared in bare lymphocyte syndrome–de-
rived cells (BLS-1) before or after transfection (30). These cells
included BLS-DR4 (BLS-1 transfected with the gene encoding
DR4) and BLS-DQ2 (transfected with the gene encoding DQ2).
The BLS cell lines were provided by Dr. Gerald Nepom (Virginia
Mason Research Center, Seattle, WA) and maintained in RPMI
1640–Hepes (20 mM) medium supplemented with 10% FCS
with 1 mM sodium pyruvate. The hybridomas HB55, HB145, and
HB180 (American Type Culture Collection) were used as the
source of anti–human class II MHC antibodies (L243, IVA12,
and 9.3F10, respectively). Antibodies were purified from mouse
ascites fluid over a protein G–Sepharose column.

 

Stimulation of Gastric Epithelial Cell Lines

 

To study the induction of apoptosis, we determined an opti-
mal bacteria to epithelial cell ratio and concentration of IFN-

 

g

 

for the stimulation of epithelial cells. Subsequently, cells were ex-
posed to 

 

H. pylori

 

 (

 

z

 

300 bacteria/epithelial cell) or IFN-

 

g

 

 (100
U/ml; R&D Systems, Minneapolis, MN) either alone or in com-
bination. After

 

 

 

incubation for varying lengths of time, the cells
were

 

 

 

harvested, and cell recovery was assessed by counting the
cells and evaluating their viability by

 

 

 

trypan blue exclusion. Cells
were evaluated for the presence of DNA fragmentation as described
below. In some experiments, gastric epithelial cells were exposed
to IgM anti-class II MHC (RFD1; Serotec, Inc., Raleigh, NC) at
10 

 

m

 

g/ml for 72 h or an IgM isotype control. To block the induc-
tion of apoptosis by 

 

H. pylori

 

 without cross-linking, Fab fragments
were prepared from the IVA12 antibody using standard techniques.

 

Detection of DNA Fragmentation

 

ELISA.

 

DNA fragmentation was measured using a commer-
cially available ELISA assay (Boehringer Mannheim Biochemi-
cals, Indianapolis, IN). This assay detects small molecular weight
nucleosome fragments in the cytoplasmic fractions of affected
cells that arise during apoptosis but not as a result of necrosis. The
absorbance was measured at 405 nm by Multiskan

 



 

 (model MCC/
340; Titertek Instruments, Inc., Irvine, CA) and compared with
substrate solution as a blank. The apoptotic index was calculated
according to the manufacturer’s instructions by dividing the ab-
sorbance of stimulated cells by the absorbance for control cells.

 

Gel Electrophoresis.

 

Agarose gel electrophoresis to detect DNA
fragmentation was conducted according to a standard procedure
for assaying fragmentation in total genomic DNA (31). In brief,
cells were harvested from different culture conditions and pel-
leted by centrifugation at 400 

 

g

 

 for 5 min. Subsequently, 10

 

6

 

 epi-
thelial cells were washed with PBS, pelleted, and resuspended in
sample buffer comprised of Tris-buffered glycerol with 1.4 mg/
ml ZnSO

 

4

 

, bromphenol blue, and RNase (Sigma Chemical Co.,
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St. Louis, MO) at 10 mg/ml. Nucleosomal ladders were visual-
ized in 2% agarose gels in TBE buffer (0.09 M Tris, 0.09 mM bo-
ric acid, 0.24 M EDTA, pH 8.0). Cells were lysed by 2% SDS
and 53 

 

m

 

g/ml of proteinase K (Sigma Chemical Co.) contained
within a 1% agarose gel slice above the wells. The gel was run for
10–14 h at 30 V, stained with 2 

 

m

 

g/ml ethidium bromide for 1 h,
and washed overnight with a large volume of distilled water to
remove excess stain. Gels were illuminated with UV light to visu-
alize DNA fragments that were photographed and their migration
compared with the fX174 HaeIII standard (Promega Corp.,
Madison, WI).

 

Binding of H. pylori to Gastric Epithelial Cells

 

Binding to Solubilized Epithelial Membrane Proteins.

 

Solubilized
membrane proteins were prepared as described elsewhere (29). In
brief, Kato III cells were incubated in methionine and cysteine–
free RPMI 1640 medium and then metabolically radiolabeled
with [

 

35

 

S]methionine and cysteine (0.5 mCi/10

 

8

 

 cells). Cells were
then washed and lysed in ice-cold 10 mM Tris-HCl buffer, pH
8.1, containing protease inhibitors (2 mM PMSF and 1.0 mM

 

N

 

-ethyl maleimide) for 30 min on ice. Nuclei were removed by
centrifugation at 500 

 

g

 

 for 10 min. This process was repeated
once to ensure all cells were lysed. Microsomal membranes were
obtained from the supernatants by ultracentrifugation at 100,000 

 

g

 

for 45 min. The membrane pellet was solubilized in the lysis
buffer containing 0.5% Triton X-100, followed by a second cen-
trifugation at 100,000 

 

g

 

 for 45 min to remove the unsolubilized
material. Membranes were precleared by incubation with normal
rabbit serum, followed by three passages over 

 

Staphylococcus aureus

 

beads and one passage over protein A–Sepharose beads (Sigma
Chemical Co.). 

 

H. pylori

 

 was then incubated with Kato III cell
membrane proteins or affinity-purified class II MHC (32) for 2 h
at 4

 

8

 

C in the presence of the protease inhibitor PMSF (2 mM).
After incubation, the bacteria were washed with PBS five times
at 17,000 rpm for 10 min until the cpm of the wash reached
background levels. The protein bound to the bacteria was eluted
with either 0.1 M citrate (Sigma Chemical Co.) buffer, pH 3.0,
or 0.1 M glycine (Sigma Chemical Co.) buffer, pH 2.2. The
eluted proteins were run on 12% SDS-PAGE and analyzed by
autoradiography.

 

Binding to Epithelial Cell Surface.

 

Binding of 

 

H. pylori 

 

to the
surface of epithelial cells was evaluated by flow cytometry using a
modification of a technique described elsewhere (33). In brief,
gastric epithelial cell lines were cultured in the presence or ab-
sence of IFN-

 

g

 

 (100 U/ml) for 48 h and then washed twice with
PBS containing sodium azide (0.02%). The cells were then incu-
bated for 30 min on ice with a cocktail of the anti–MHC II anti-
bodies IVA12, L243, and 9.3F10 or an isotype control. Cells
were subsequently incubated with 

 

H. pylori 

 

for an additional 30
min in ice. After washing with PBS, bound bacteria were stained
with human anti–

 

H. pylori

 

 serum or isotype controls followed by
FITC-conjugated rabbit anti–human IgG. In some experiments,
class II MHC expression was measured simultaneously with bind-
ing of 

 

H. pylori

 

, bacteria were harvested from broth culture,
washed with PBS, and labeled with the PKH26 Red Fluorescent
Cell Linker kit according to the manufacturer’s instructions
(Sigma Chemical Co.). Subsequently, both the bacterial and eu-
caryotic cells were incubated separately with isotype control IgG
to prevent nonspecific binding. Cells were then incubated with
anti–class II MHC antibody (IVA12) or an isotype control for 45
min on ice, followed by FITC-conjugated goat anti–mouse IgG,
then were incubated with fluorochrome-labeled bacteria for 10

min at 37

 

8

 

C, washed with PBS three times, and fixed with 2%
paraformaldehyde. Finally, the cells were resuspended and ana-
lyzed by flow cytometry (FACScan

 



 

; Becton Dickinson) (34).

 

Evaluation of Class II MHC Antigen Expression by
Flow Cytometry

 

To evaluate the expression of class II MHC, cells treated with
100 U/ml of IFN-

 

g

 

 or media alone were grown as described
above, and 10

 

6

 

 cells were harvested, washed, and stained with an
optimal amount of mouse anti–human class II MHC (1 

 

m

 

g, clone
L243) or an appropriate isotype control. Subsequently, cells were
washed with PBS with 0.1% BSA and incubated for 30 min at
4

 

8

 

C with 10 

 

m

 

l FITC-conjugated anti–mouse IgG1 (clone ZAP1;
Chemicon International Inc., Temecula, CA). After incubation,
cells were washed and fixed in 1% paraformaldehyde in PBS, and
specific fluorescence was measured using a FACScan  after cor-
recting for nonspecific fluorescence using the appropriate isotype
controls.

Studies on Gastric Epithelium from Freshly Isolated Tissue
Class II MHC expression was also assessed in gastric tissue by

immunohistochemistry. Biopsy specimens of the gastric antrum
were obtained from consenting patients undergoing esophagogas-
troduodenoscopy for various clinical indications using a protocol
approved by the Institutional Review Board at the University of
Texas Medical Branch. Subjects were considered infected if H.
pylori was detected in gastric biopsy samples by a rapid urease test
or by histopathology. At least two biopsies were collected, fixed
in buffered formalin, cut, and processed by the immunohis-
tochemistry service in the Department of Pathology at University
of Texas Medical Branch. Subsequently, slides were put through
an automated staining process in which they were labeled with
mAbs recognizing human class II MHC molecules or an appro-
priate isotype control (Ventana Medical Systems, Tucson, AZ) as
described elsewhere (34). Slides were then counterstained with
hematoxylin and eosin.

In other studies, gastric epithelial cells were partially enriched
using a modification of previously described techniques (34, 35).
In brief, biopsy specimens from subjects infected with H. pylori
were collected into sterile collection medium (calcium and mag-
nesium–free HBSS with 5% FCS and penicillin plus streptomy-
cin). Biopsy specimens were rinsed with HBSS medium contain-
ing 1 mM dithiothreitol and 1 mM ethylenediamine tetraacetic
acid (Sigma Chemical Co.). The specimens were agitated for 1 h
at 378C to obtain epithelial cells. The resulting cell suspensions
were washed, and the viability of the gastric epithelial cells was
determined by trypan blue exclusion. Cells were not used if via-
bility did not exceed 80%. The yield from a single subject varied
from 0.5–1 3 106, which precluded further purification by den-
sity gradients. To determine the purity, freshly isolated cells were
stained for epithelial specific antigen using an FITC-conjugated
mAb (clone Ber-EP4; Dakopatts A/S, Glostrup, Denmark) as de-
scribed previously (34). Purity ranged from 50 to 80%, epithelial
lymphocytes being the major contaminating cell (35). Cells
stained by the epithelial cell antigen were selected by electronic
gating, and this population was examined by flow cytometry for
the expression of class II MHC and the binding of H. pylori as de-
scribed above.

Statistical Analyses
Results are expressed as the mean 6 SEM. The binding of H.

pylori as well as the induction of apoptosis were compared using a
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two-tailed Student’s t test and considered significant if P values
were ,0.05. Correlation of the binding of H. pylori and class II
MHC expression was evaluated by multiple regression analysis.

Results

Induction of Apoptosis in Gastric Epithelial Cells Is Mediated
through Class II MHC. To determine whether MHC II
on the surface of human gastric epithelial cells could trigger
apoptotic signals, Kato III cells were exposed to anti–human
class II MHC (IgM, RFD1) antibody. As shown in a repre-
sentative experiment (Fig. 1), antibodies to class II MHC
induced DNA degradation, whereas the isotype control did
not. Cross-linking with anti–MHC II mAb also resulted in
decreased cell viability (data not shown).

To determine if the interaction between H. pylori and
class II MHC was directly responsible for apoptosis, Kato
III cells were stimulated with H. pylori either in the pres-
ence or absence of noncross-linking Fab fragments gener-
ated from antibodies (IVA12) recognizing various class II
MHC isoforms (DR, DP, and DQ). Whereas H. pylori
stimulated significant apoptosis of Kato III cells, the induc-
tion of cell death was blocked by noncross-linking Fab
fragments recognizing class II MHC (Fig. 1).

Binding of Purified Class II MHC Molecules by H. pylori.
To confirm that class II MHC proteins may be candidates
for a receptor for H. pylori, freshly grown bacteria were
used as bait to bind solubilized membrane proteins from a
gastric epithelial cell line (Kato III). H. pylori bacteria were
incubated with metabolically labeled Kato III cell mem-
brane proteins and washed, and bacteria-associated Kato III
proteins were eluted and separated by gel electrophoresis.
Solubilized membrane proteins from gastric epithelial cell
lines that bound to H. pylori were separated by SDS-PAGE
and yielded bands that coincided in size with MHC II a
and b chains (data not shown). To examine whether H. py-

lori binds selectively to MHC II molecules from gastric epi-
thelial cells, we incubated H. pylori with metabolically la-
beled, affinity-purified MHC II complexes from a gastric
epithelial cell line (Kato III) and a B cell line. Gel electro-
phoresis analysis of the eluted material confirmed the pres-
ence of MHC II a and b chains among the proteins bound
to H. pylori and not to a related bacteria, C. jejuni (Fig. 2).

Class II MHC Expression Is Associated with Binding of H.
pylori to Gastric Epithelial Cells. Since H. pylori binds puri-
fied class II MHC, we postulated that the regulation of sur-
face class II MHC expression would affect binding of the
bacteria to gastric epithelial cells. To pursue this possibility,
we used three gastric epithelial cell lines, two of which ex-
press class II MHC (Kato III and N87) and one, a variant of
the AGS line, that does not. Class II MHC expression was
increased significantly in response to treatment of the Kato
III and N87 cells with IFN-g, whereas AGS cells contin-
ued to express very little (Fig. 3 A). As shown in Fig. 3 B,
there was a significant increase in binding of H. pylori by
the IFN-g–treated Kato III and N87 cells relative to the
same cells treated with media alone. In contrast, IFN-g had

Figure 1. Induction of gastric epi-
thelial cell apoptosis by cross-link-
ing with anti–class II MHC. DNA
degradation in Kato III cells grown
in RPMI 1640 media alone or with
anti–class II MHC (RFD1) at 10
mg/ml for 72 h was confirmed by
low molecular weight DNA ladders
resolved on a 2% agarose gel (left).
The treatment conditions were as
indicated above the figure. Data pre-
sented are representative of one of
four separate experiments. In an-
other series of experiments, the level
of apoptosis in Kato III cells exposed
to H. pylori (Hp) was measured by
ELISA and compared with cells
stimulated with H. pylori in the pres-
ence of varying concentrations of
Fab fragments recognizing class II
MHC. The Fab fragments decreased
the induction of apoptosis relative to
the positive control in a concentra-
tion-dependent manner (right).

Figure 2. H. pylori binds to
MHC II. H. pylori or C. jejuni
were incubated with affinity-
purified [35S]methionine and cys-
teine–labeled class II MHC (32)
purified from Kato III gastric ep-
ithelial cells or Jesthom B cells as
described in Materials and Meth-
ods. The bound MHC II mole-
cules were eluted before bacte-
ria-associated proteins were run

on a 12% SDS-PAGE gel and detected by autoradiography. MWS, Mo-
lecular weight standards. a and b, a and b chains of class II. Class II, Im-
munoprecipitated class II MHC. Hp, Purified class II MHC eluted from
H. pylori. Cj, Purified class II MHC adherent to C. jejuni.
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little effect on bacterial binding to the class II MHC-defi-
cient AGS cells. In the absence of bacteria, control or IFN-
g–treated cells did not bind significant amounts of the anti–
H. pylori antisera or secondary antibody, indicating that the
assay was specific for the detection of bound H. pylori. The
role of class II MHC molecules as a receptor for H. pylori
was further supported by the fact that mAbs recognizing
class II MHC blocked the binding of H. pylori to Kato III
cells (Fig. 3 C).

Correlation of Class II MHC Expression and Binding of H.
pylori on Freshly Isolated Gastric Epithelial Cells. To confirm
that class II MHC molecules had the potential to serve as
receptors in vivo, sections obtained from biopsy specimens
of gastric antrum isolated from an infected subject were ex-
amined for class II MHC expression by immunohistochemis-
try. Fig. 4 A shows that class II MHC molecules are not
only expressed by the epithelial cells in situ, but can also be
observed on the apical surface, where they could be in
contact with luminal bacteria. To confirm that the gastric
epithelium could bind H. pylori, partially purified prepara-
tions of epithelial cells were isolated from biopsy specimens
obtained from an infected subject. The purity of the epi-
thelium was determined using an antibody to an epithelial
specific antigen as described in Materials and Methods. Pu-
rity ranged from 50 to 80%. Simultaneous two-color flow
cytometry detecting class II MHC expression and binding
of H. pylori on the gated gastric epithelial cells showed that
the cells were usually positive for both parameters (77% 6
4.0, n 5 4). Moreover, regression analysis comparing the
mean fluorescence intensity for class II MHC and binding
of H. pylori showed a strong correlation for both variables
(Fig. 4 B). Using forward scatter as an estimate of size, it
was shown that the correlation between class II MHC ex-
pression and binding was independent of the size of the
cells. These data suggest that binding of H. pylori to gastric
epithelial cells is associated with class II MHC expression.

Induction of Apoptosis Is Mediated by a Specific Interaction be-
tween H. pylori and Class II MHC. In light of the data that
class II MHC molecules bind H. pylori but not C. jejuni and
that cross-linking class II MHC molecules leads to apopto-
sis, we postulated that the induction of apoptosis would be
restricted to H. pylori. As IFN-g can enhance the expres-
sion of class II MHC molecules, gastric epithelial cells were
stimulated with H. pylori or C. jejuni, either alone or in
combination with IFN-g before being assayed for DNA
fragmentation. Fig. 5 A shows that both live and killed H.
pylori stimulated apoptosis in Kato III cells relative to cells
treated with media alone (P ,0.05), whereas C. jejuni
alone had no effect. Apoptosis was enhanced approximately
fourfold when H. pylori and IFN-g were applied simulta-
neously. This increase in apoptotic index (mean 6.7) was
significantly greater (P ,0.05) than the index (mean 1.5)

with a cocktail of anti–MHC II antibodies (Blocked) or an irrelevant anti-
body (Unblocked), and evaluated for H. pylori. Isotype, The background
fluorescence of Kato III cells with H. pylori and the isotype control for the
binding assay. Representative of two separate experiments.

Figure 3. Binding of H. pylori to the surface of gastric epithelial cells.
To determine if the binding of H. pylori was associated with the increased
expression of class II MHC molecules, Kato III, N87, and AGS cells were
assayed for class II MHC expression before (filled curves) or after (open
curves) stimulation with IFN-g (A). Subsequently, Kato III, N87, and
AGS cells were cultured with or without IFN-g (100 U/ml) for 48 h,
washed, and incubated with H. pylori for 2 h at 48C. Cells were then la-
beled with anti–H. pylori antisera as described in Materials and Methods
and evaluated by flow cytometry. Data (B) are presented as the percent
mean fluorescence intensity of cells treated with IFN-g compared with
those treated with media alone. There was significantly increased fluores-
cence, indicating more H. pylori binding to Kato III and N87 (*P ,0.05
compared with control cells) but not to AGS cells. Inset, Fluorescence his-
togram that was typical for the binding of bacteria to Kato III or N87
cells. The results are representative of three separate experiments. (C)
Kato III cells were cultured with IFN-g (100 U/ml) for 48 h, pretreated
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observed with either stimulus alone. Moreover, IFN-g was
capable of synergistically increasing the level of apoptosis
that was induced with different strains of H. pylori (unpub-
lished observations). The level of apoptosis induction ob-
served in the cells treated with C. jejuni and IFN-g was no
greater than that observed with IFN-g alone (see below).

One possible explanation for the synergy in the induc-
tion of apoptosis between IFN-g and H. pylori could be the
enhanced bacterial binding attributed to the increase in ex-
pression of class II MHC. To evaluate this, the effect of H.
pylori on apoptosis was studied using the two gastric epithe-
lial cell lines that express class II MHC molecules (Kato III
and N87) and the one that does not (AGS). As shown in
Fig. 5 B, apoptosis was induced only in the lines expressing
class II MHC molecules. To evaluate the interaction be-

Figure 5. IFN-g promotes the induction of apoptosis by H. pylori. (A) Kato III cells were exposed to live or heat-killed H. pylori (Hp) or live C. jejuni
(Cj), either alone or in the presence of 100 U/ml IFN-g. After 48 h, apoptosis was evaluated by ELISA. Both live and killed H. pylori induced apoptosis (*P
,0.05 compared with cells in media alone), whereas IFN-g enhanced the induction of apoptosis relative to the bacteria alone (**P ,0.05). Treatment of
Kato III cells with live C. jejuni did not induce apoptosis; however, when combined with IFN-g, C. jejuni induced apoptosis to the same degree as IFN-g
alone (***P ,0.05 compared with media controls). (B) To compare the ability of H. pylori to induce apoptosis in gastric cells lines that differed in relative
expression of class II MHC molecules, Kato III, N87, and AGS cells were treated as described for A. Both H. pylori and IFN-g alone induced significant
levels of apoptosis in Kato III and N87 cells compared with cells treated with media alone (*P ,0.05). The effects of H. pylori were enhanced by IFN-g
in Kato III and N87 compared with control cells (**P ,0.05). Data presented are the mean apoptotic index 6 SEM of three (C. jejuni) or four (H. pylori)
experiments. Absolute values for nucleosomal DNA detection in all three cell types stimulated with media alone were comparable (OD 5 0.100–0.250
for Kato III, N87, and AGS).

Figure 4. Binding of H. pylori to gastric epithelium correlates with class
II MHC expression. Sections obtained from gastric antral biopsy from H.
pylori–infected subjects were examined for the expression of class II MHC
molecules by immunohistochemistry or the appropriate isotype control as
described in Materials and Methods. Although no staining was detected
with the isotype control, the photomicrograph in A demonstrates that
specific antibodies detect class II MHC on gastric epithelial cells and that
staining can be detected on the apical surface (arrows in lumen). Examples
of the lumen are indicated (L); 3400. To document the correlation be-
tween class II MHC expression and the binding of H. pylori, gastric epi-
thelial cells were isolated from biopsy specimens collected from an in-
fected subject. Subsequently, class II MHC expression and H. pylori
binding were measured simultaneously by flow cytometry. The data in B
show the correlation of the fluorescence intensity for the two parameters
(r2 = 0.93, P ,0.05). Representative of four separate experiments.
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tween H. pylori and IFN-g in the induction of apoptosis in
gastric epithelial cells, the recovery of viable cells and DNA
fragmentation were examined by ELISA assay in Kato III
cells at different times after exposure. Compared with cells

maintained in media alone, exposure to H. pylori decreased
viability significantly as measured by trypan blue exclusion
(61.5% of control, P ,0.05) by 48 h, and this was associ-
ated with a progressive increase in the apoptotic index as-
sayed by ELISA (1.47 by 48 h; Fig. 6 A). IFN-g also de-
creased the recovery of viable cells (70% of controls) and
induced DNA fragmentation (1.9 by 48 h; Fig. 6 B). How-
ever, when epithelial cells were exposed to both H. pylori
and IFN-g, as occurs in vivo, there were more marked
changes in cell viability (,40% of controls) and apoptotic
index (2.8) by 48 h (Fig. 6 C). To confirm that the detec-
tion of nucleosomes by ELISA was associated with DNA
fragmentation, the effects of H. pylori and IFN-g alone or
in combination were detected by gel electrophoresis. Low
molecular weight DNA was formed in cells stimulated with
H. pylori and IFN-g either alone or in combination (Fig. 6,
bottom), as occurred when cells were exposed to cross-link-
ing antibodies to class II MHC (Fig. 1).

Using a complementary approach to implicate the ability
of H. pylori to bind class II MHC molecules and stimulate
the induction of apoptosis, cells lacking class II MHC were
compared with the same lines transfected with genes en-
coding different class II MHC molecules. Using flow cy-
tometry, H. pylori was shown to bind modestly to class II–
deficient COS-1 or BLS-1 cells (Fig. 7 A). However, BLS-1
cells transfected with the gene encoding HLA-DR4 or -DQ2
as well as COS-1 cells transfected with the gene encoding
HLA-DR1 (ID12) bound H. pylori at higher levels. Simi-
larly, transfected cells expressing class II MHC became sus-
ceptible to apoptosis (Fig. 7 B). Thus, consistent with the
results shown in Fig. 3, apoptosis occurred only in the class
II MHC–bearing cell lines. Moreover, apoptosis was asso-
ciated with a decrease in viability, whereas class II MHC2

cell lines did not undergo any change in viability. This re-
sponse was not restricted by the different alleles or isoforms
tested.

Discussion

H. pylori induces functional changes in gastric epithelial
cells, although a specific receptor that binds and induces
these changes has not yet been identified. The data re-
ported here suggest that H. pylori can bind either purified
or cell surface–associated class II MHC molecules. More-
over, class II MHC molecules are expressed in vivo, where
they can act as functional receptors. While H. pylori may
use other receptors to bind to gastric epithelial cells that
lack class II MHC molecules, the data in this report suggest
that class MHC molecules must also be considered as par-
ticipants in the attachment of H. pylori. Importantly, the re-
sults presented suggest that the binding of H. pylori to class
II MHC molecules is necessary for the transduction of sig-
nals leading to apoptosis.

Bacteria and viruses are known to produce proteins that
can bind to class II MHC molecules directly. Some of these
proteins are referred to as “superantigens” due to their af-
finity for class II MHC and their effect on T cell prolifera-

Figure 6. The kinetics for the
induction of apoptosis by H. py-
lori and IFN-g. Viability was
measured by trypan blue exclu-
sion (circles, solid lines), and DNA
fragmentation was examined by
ELISA (triangles, dashed lines) in
Kato III cells at different times
(from 6 to 48 h) after exposure.
(A) Kato III cells were exposed to
H. pylori (z300 bacteria/epithe-
lial cell) for 6–48 h. (B) The re-
sults when Kato III cells were

exposed to IFN-g (100 U/ml) for 6–48 h alone. In both A and B, there
was a significant decrease in cell viability by 48 h associated with an in-
crease in the apoptotic index as evaluated by ELISA. (C) By 24 h, there
was an enhanced induction of cell death when H. pylori was combined
with 100 U/ml of IFN-g compared with treatment with either stimulus
alone. Data presented are from one representative experiment. To con-
firm that the detection of nucleosomes by ELISA was associated with
DNA fragmentation characteristic of apoptosis, low molecular weight
DNA from treated Kato III cells was separated on agarose gels (bottom).
Lane 1, Molecular weight standards; lane 2, the degradation of DNA in
Kato III cells grown in media alone; lane 3, in the presence of H. pylori
plus IFN-g (100 U/ml) for 48 h; lane 4, in the presence of H. pylori plus
IFN-g for 24 h; lane 5, H. pylori alone; lane 6, in the presence of IFN-g
alone. The gel is representative of five separate experiments.
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tion. Based on the observation that H. pylori can bind class
II MHC, it is possible that these bacteria express superanti-
gen-like proteins. Indeed, preliminary experiments indicate
that outer membrane proteins from H. pylori are capable of
binding directly to class II MHC and may be responsible
for the attachment described in this report. Moreover, H.
pylori can bind to all of the isoforms and alleles of class II
MHC tested, thereby leading to apoptosis. However, H.
pylori binding to human class II MHC molecules and the
subsequent signaling may differ depending on the haplo-
type of the host, as has been observed with other microbial
superantigens. This could lead to variations in the host re-
sponse to H. pylori that affect the manifestation of gastric
disease in an infected individual (36). Furthermore, as mi-
crobial superantigens have been implicated in the patho-
genesis of chronic inflammatory diseases, adhesins of H.
pylori that bind class II MHC molecules may represent vir-
ulence factors which contribute to both colonization and
the pathogenesis of epithelial damage. Further studies into the
interactions of the various domains of class II MHC and the
H. pylori proteins that bind to class II will help elucidate
the genetic events that determine colonization, persistence
of the infection, and the diseases associated with this preva-
lent human pathogen.

Apoptosis is believed to be essential in the regulation of
epithelial cell number in the mammalian gastrointestinal
tract (37–39). It has also been shown that bacteria can in-
duce apoptosis in intestinal epithelial cells (40) or mono-
cytes (41). Previous studies suggest that apoptosis is in-
creased in the gastric epithelium during infection with H.
pylori (19–21), indicating that this process may play an im-
portant role in the regulation of gastric epithelial cell func-
tion. Apoptosis is also widely recognized as one of the
major mechanisms by which immune and inflammatory re-

sponses can damage or eliminate host cells. For example,
apoptosis of epithelial cells can be triggered through surface
receptors for Fas ligand (42) or by cytokines (38). In fact,
data presented in this report and elsewhere (43) show that
IFN-g alone is capable of stimulating apoptosis. Evidence is
also provided showing that H. pylori is capable of inducing
apoptosis in gastric epithelial cells and that this response is
augmented by IFN-g. The role of IFN-g is significant,
since it is one of the major cytokines produced by the T cells
recruited to the gastric mucosa during infectious and non-
infectious gastritis (14, 44). Recently, Jones and colleagues
have reported that apoptosis of gastric epithelial cells is also
increased in graft-versus-host disease as well as H. pylori–
induced gastritis (22). These findings support the notion that
apoptosis may be regulated locally by inflammatory media-
tors as well as by H. pylori.

H. pylori does not invade gastric epithelial cells, including
Kato III cells (28, 45, 46), suggesting that invasion is not
involved in the induction of the changes observed in the
epithelium. This notion is supported by the fact that killed
H. pylori, as well as the secreted vacuolating toxin encoded
by the vacA gene, are capable of damaging epithelial cells
through the induction of vacuolization (47, 48). As indi-
cated in this report, killed bacteria also induce apoptosis of
gastric epithelial cells, while other results suggest that soni-
cates of H. pylori, as well as both vacA2 strains and an
isogenic mutant of H. pylori that lacked a functional vacA
gene, were still capable of triggering apoptosis in different
gastric epithelial cells lines (reference 43, and unpublished
observations). Thus, the mechanism whereby H. pylori
binds to gastric epithelial cells and signals them to undergo
apoptosis does not require invasion and appears to differ
from that associated with vacuolization.

Other studies have suggested that the binding of H. py-

Figure 7. Different alleles and isoforms of HLA bind H. pylori and signal the induction of apoptosis. As human class II MHC is represented by different
isoforms as well as distinct allelic forms, the interaction between H. pylori and different class II MHC was compared. (A) H. pylori only bound modestly to
class II–deficient cells (BLS-1 and COS-1). However, BLS-1 cells, a B cell line, transfected with the gene encoding HLA-DR4 or -DQ2 as well as COS-1
cells transfected with the gene encoding HLA-DR1 (ID12) bound H. pylori at significantly higher levels. (B) Similarly, transfected cells expressing class II
MHC became susceptible to apoptosis. Thus, class II MHC enhanced binding, while apoptosis was dependent on the presence of these molecules. This
response was not restricted by the different alleles or isoforms tested. *P ,0.05 compared with class II–deficient cells.
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lori to host cells stimulates tyrosine phosphorylation of host
proteins (49) and that IL-8 is induced via a tyrosine kinase–
dependent pathway that leads to the activation of activator
protein-1 and nuclear factor-kB transcription factors (50).
As the induction of apoptosis and IL-8 in epithelial cells are
often linked (40), one might predict that the phosphoryla-
tion of host proteins regulating IL-8 expression plays a role
in the induction of apoptosis. However, previous data sug-
gest that viable H. pylori bacteria were necessary for the in-
duction of IL-8 in gastric epithelial cells (46), whereas this
report demonstrated that both live and killed bacteria in-
duced apoptosis. Moreover, the induction of IL-8 produc-
tion by epithelial cells appears to be limited to strains of H.
pylori bearing the Cag pathogenicity island (8, 51), but the
level of apoptosis in vivo is not elevated in proportion to
the presence of Cag-bearing strains (21). The fact that the
viability of H. pylori and the reported strain variations may
differentially affect apoptosis and IL-8 induction would
agree with other reports that the mechanisms responsible
for the induction of these responses in epithelial cells can
differ (38). Thus, H. pylori may interact with different sur-
face molecules in order to stimulate the various responses in
gastric epithelial cells.

Previous studies have reported the presence of H. pylori–
specific T cells in the gastric mucosa during infection with
H. pylori (52) and an increase in T cell numbers in response
to infection (16, 17, 53). Several reports suggest IFN-g is
induced by H. pylori (44, 53, 54), and our own results show
that Th1-like cells producing IFN-g and IL-2 but not IL-4
or IL-5 predominate in the gastric mucosa during infection
(14, 35). Since the H. pylori infection resides in the lumen,
a Th1 cell–mediated immune response is counterintuitive
and may in fact account for the life-long persistence of the
infection. In addition, local cell-mediated immune re-
sponse could contribute to epithelial cell death through ap-
optosis. It is possible that numerous interactions between
the host and the organism, including those governed by
hormones, inflammatory mediators, and the expression of
bcl-2 or related proteins, may be important in the eventual
outcome in vivo. This would be consistent with other re-
ports on the differential expression of bcl-2 in intestinal ep-
ithelium and the lack of apoptosis in cells expressing this
molecule (55). Thus, in addition to an interaction between
H. pylori and class II MHC, our ability to detect apoptosis

in vitro may have been similarly affected by differences in
the susceptibility of the different cell lines due to factors
such as the expression of bcl-2.

The expression of class II MHC molecules is largely re-
stricted to the epithelial cells of the neck region of the gas-
tric glands in the antrum of the noninflamed stomach, and
spreads throughout the gastric glands and into the body
during infection with H. pylori (15–17). Infection with H.
pylori is believed to commence in the antrum and then
spread throughout the gastric body. T cells are also more
numerous in the neck of the antral gastric pits, where one
might predict that the release of IFN-g would stimulate the
increased levels of class II MHC molecules. These observa-
tions suggest a model by which IFN-g–producing T cells
play a role in increasing the expression of a cellular receptor
for H. pylori and in so doing, contribute to the induction of
apoptosis. Given that the kinetics of apoptosis induction in
vitro was maximal at 24–48 h, one might predict that the
apoptosis in vivo would be detected in the superficial epi-
thelium after the cells have migrated from the proliferative
zone. This prediction fits with the reported data showing
that the preponderance of cells stained by the TUNEL (ter-
minal deoxynucleotidyl transferase–mediated dUTP nick
end labeling) method were, in fact, located in the superfi-
cial epithelium of the gastric pit (19, 20).

Although apoptosis may play a constructive role in bal-
ancing increased cellular proliferation and the prevention of
gastric cancers, excessive disruptions that increase apoptosis
could overwhelm mechanisms of epithelial cell restitution.
This could predispose the host to peptic ulceration or, as a
consequence of aberrant cellular repair mechanisms or mu-
tations that lead to apoptosis resistance, result in the devel-
opment of atrophy and intestinal metaplasia. This associa-
tion between Th1 cells, H. pylori attachment, and epithelial
damage provide a novel opportunity to control the infec-
tion through immunization. Vaccines that induce Th2-like
cytokine responses antagonizing these effects could de-
crease colonization and epithelial damage, thereby creating
a unique opportunity for therapeutic vaccination. Future
studies will determine if receptor expression, bacterial
binding, and signaling via class II MHC molecules can be
attenuated by cytokines, thereby providing a novel mecha-
nism for antimicrobial immunity.
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