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Helicobacter pylori-Induced Disruption of Monolayer Permeability and
Proinflammatory Cytokine Secretion in Polarized Human Gastric
Epithelial Cells
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Helicobacter pylori infection of the stomach is related to the development of diverse gastric pathologies. The ability of H. pylori
to compromise epithelial junctional complexes and to induce proinflammatory cytokines is believed to contribute to pathogene-
sis. The purpose of this study was to use an in vitro human gastric epithelial model to investigate the ability of H. pylori to affect
permeability and the extent and polarity of the host inflammatory response. NCI-N87 monolayers were cocultured with live or

heat-killed H. pylori or culture supernatants. Epithelial barrier function was measured by transepithelial electric resistance
(TEER) analysis, diffusion of fluorescein isothiocyanate (FITC)-labeled markers, and immunostaining for tight junction pro-
teins. Supernatants from both apical and basolateral chambers were tested for cytokine production by multiplex analysis. H.
pylori caused a significant decrease in TEER, an increased passage of markers through the infected monolayer, and severe disrup-
tion and mislocalization of ZO-1 and claudin-1 proteins. Cell viability was not altered by H. pylori, indicating that loss of barrier
function could be attributed to a breakdown of tight junction integrity. Significantly high levels of cytokine secretion were in-
duced by either viable or heat-killed H. pylori. H. pylori affects monolayer permeability of polarized human gastric epithelial
cells. Proinflammatory cytokines were secreted in a polarized manner, mostly basolaterally. Live bacteria are required for dis-
ruption of tight junctions but not for the induction of cytokine secretion. The NCI-N87 cell line provides an excellent model for
the in vitro study of H. pylori pathogenesis and the epithelial cell host response to infection.

Gastric epithelial barrier function is essential for preventing
potentially dangerous organisms present in the lumen from
accessing the gastric mucosa. Epithelial cells lining the stomach
represent the first line of defense against pathogens. Tight junc-
tions located apically at cell-cell contacts play critical roles in pre-
serving epithelial monolayer barrier integrity and function, cell
polarity, and intercellular adhesion. Disruption of tight junction
complexes is associated with a variety of human diseases, includ-
ing cancers of the gastrointestinal tract (1).

Helicobacter pylori is a Gram-negative microaerophilic, spiral
bacterium that specifically colonizes the gastric mucosa (2). Over
half of the human population is infected with H. pylori. Itis usually
acquired in childhood and, when left untreated, generally persists
for the host’s life span (3). Chronic infection causes only superfi-
cial or asymptomatic gastritis in most cases, but bacterial interac-
tion with the host can evolve into more serious and acute pathol-
ogies such as peptic ulcer disease, mucosa-associated lymphoid
tissue (MALT) lymphoma, or gastric adenocarcinoma (4-6). Be-
cause epidemiological studies have determined that the attribut-
able risk for gastric cancer conferred by H. pylori is approximately
75%, the World Health Organization (WHO) has classified H.
pylori as a type 1 carcinogen (7). The ability of H. pylori to induce
superficial gastritis suggests that this organism—or the host in-
flammatory response to it—could play a pivotal role in the initi-
ation and promotion of gastric neoplasia (8).

H. pylori interacts closely with epithelial cells, eliciting a variety
of responses via distinct molecular interactions. The type IV se-
cretion system (T4SS) transfers the CagA oncoprotein into the
host cell cytoplasm, where it becomes phosphorylated and influ-
ences several distinct cellular processes (9—13). It is the direct con-
tact of the T4SS with the epithelial cell membrane, however, that is
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believed to be primarily responsible for induction of the secretion
of interleukin-8 (IL-8) and other host immune response events
(14-17). Epithelial a5B1 integrin has been implicated as one of
the host receptors for this activity (18-21). Expression of these
integrins, however, is limited to the basolateral membranes. An in
vitro epithelial cell monolayer model with tight junction integrity
and measurable barrier function would facilitate the study of H.
pylori-host cell interactions and allow for detailed examinations of
the molecular events that occur apically and basolaterally during
H. pylori infection.

A simple monolayer system would also eliminate potential in-
fluence from lamina propria cells and/or the enteric nervous sys-
tem on epithelial cell function and enable the study of host-patho-
gen interaction in isolation. The lack of human gastric cell lines
capable of establishing normal gastric epithelial barrier function
has limited the application of a cell culture system as a model of H.
pylori-infected gastric mucosa. The NCI-N87 cell line is one of the
few human gastric epithelial cell lines demonstrated to form tight
and coherent monolayers (22).

The aim of this study was to evaluate the effects of H. pylori on
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polarized gastric epithelial monolayers with respect to compro-
mising barrier function and also addressing the host cell inflam-
matory response mechanisms involved. We now report that a co-
culture system of live H. pylori and polarized NCI-N87 cell
monolayers can be used to demonstrate loss of barrier function in
viable epithelial cell monolayers through the disruption of barrier
proteins ZO-1 and claudin-1 and that this impairment of epithe-
lial barrier integrity is independent of the main individual H. py-
lori virulence factors. We also report that both live and heat-killed
H. pylori bacteria induce an IL-8-dominant inflammatory cyto-
kine response predominantly at the basolateral cell surface and
that the ability of heat-killed bacteria to induce strong cytokine
production in the absence of transepithelial electric resistance
(TEER) reductions suggests that cytokine production and epithe-
lial barrier disassembly are unrelated.

MATERIALS AND METHODS

Cell culture. The human NCI-N87 gastric cell line was purchased from
ATCC (Manassas, VA). Cells were cultured at 37°C in Dulbecco modified
Eagle medium (DMEM)-F12K (1:1) medium (Invitrogen, Camarillo, CA)
supplemented with 10% fetal bovine serum (FBS). Monolayers were grown
to confluence on 1.12-cm? permeable polyester filters with a 0.4-pum pore size
(Corning, Lowell, MA) and tested for barrier formation prior to use.

Bacterial strains and growth conditions. H. pylori strain 26695 was
purchased from ATCC (Manassas, VA). Pathogenicity island-deficient
(CagPAI") and VacA-deficient (VacA™) derivative strains of H. pylori
26695 were obtained from Ellen Beswick (University of New Mexico,
Albuquerque, NM). H. pylori strains M5 and HpM5ureB were generated
by our laboratory as described previously (23). All H. pylori strains were
grown on Columbia blood agar (Difco, Detroit, MI) containing 7% defi-
brinated horse blood (Hemostat Laboratories, Dixon, CA), amphotericin
B (2.5 pg/ml), and the selective antibiotics trimethoprim (20 pg/ml),
vancomycin (6 wg/ml), and cefsulodin (16 pg/ml). Antibiotics were pur-
chased from Sigma-Aldrich (St. Louis, MO). Cultures were grown in a
designated CO, incubator with a humidity tray at 37°C and 10% CO, for
72 to 96 h. In preparation for coculture assays with epithelial cell mono-
layers, bacteria were transferred to 10 ml Brucella broth (Difco) contain-
ing 10% FBS plus antibiotics in 25-cm? tissue culture flasks overnight.
Bacterial density was determined by obtaining readings at an optical den-
sity at 450 nm (OD,s,) and comparing them to a standardized growth
curve.

Generation of conditioned media and heat-killed cultures. Aliquots
of overnight precultured H. pylori strain 26695 were grown as liquid cul-
tures to a final OD,5, of 0.1. Conditioned media (culture supernatants)
were prepared after bacteria were removed by centrifugation. The super-
natants were filter sterilized by passage through a 0.22-wm-pore-size filter
and used immediately. Heat-killed bacteria were prepared by growing H.
pylori 26695 in liquid cultures as described above and placing the culture
tubes in a boiling water bath for 30 min.

Measurement of TEER. Transepithelial electric resistance (TEER) was
used to monitor the integrity of the epithelial monolayer and was deter-
mined using a Millicell ERS volt-ohm meter (World Precision Instru-
ments, New Haven, CT) according to the manufacturer’s instructions.
TEER values were calculated as ohms X cm?. Monolayers reaching TEER
values between ~800 to 1,400 () - cm” were considered to have an appro-
priate barrier function and were used for further study. Cells were gently
washed, incubated with DMEM-F12K (1:1) deprived of antibiotics, and
allowed to equilibrate at 37°C for 1 to 2 h before bacterial infection. Bac-
terial suspensions, heat-killed bacteria, or bacterial supernatants were ad-
ministered apically at an inoculation ratio (multiplicity of infection
[MOI]) of 50:1 bacteria/epithelial cell and incubated at 37°C. TEER was
measured at 24 and 48 h postinfection.

Cell viability. The viability of monolayers after infection with H. pylori
was assessed using the CytoTox 96 lactate dehydrogenase (LDH) secretion
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assay (Promega, Madison, WI) to evaluate supernatants according to the
manufacturer’s instructions. Monolayers were infected with viable, killed, or
filtered bacterial cultures, and the supernatants were collected apically after 48
h postinfection. Lysis of the cells with 1% Triton X-100 served as a positive
control.

Assessment of NCI-N87 cell monolayer permeability. The permea-
bility of the gastric cell monolayer was evaluated by measuring the diffu-
sion of fluorescein isothiocyanate (FITC)-dextran and FITC-bovine se-
rum albumin (BSA) with molecular masses of 4.0 and 40 kDa (Sigma),
respectively, from the apical to the basal medium compartments. FITC-
dextran and FITC-BSA were dissolved in P buffer (10 mM HEPES [pH
7.4], 1 mM sodium pyruvate, 10 mM glucose, 3 mM CaCl,, 145 mM
NaCl) or P/EGTA buffer [10 mM HEPES (pH 7.4), 1 mM sodium pyru-
vate, 10 mM glucose, 145 mM NaCl, 2 mM ethylene glycol-bis(B-amino-
ethyl ether)-N,N,N',N’-tetraacetic acid (EGTA)]. The apical surface of
NCI-N87 cell monolayers was infected with live, heat-killed, or condi-
tioned medium from H. pylori 26695 cultures (MOI of 50:1) for 48 h. The
cells were then washed and treated with gentamicin to eliminate extracel-
lular bacteria. In order to measure the paracellular flux, the apical cell
culture media were replaced with P buffer containing FITC-dextran (10
mg/ml) or FITC-BSA (10 mg/ml), whereas the basolateral reservoirs were
filled with P buffer alone. P/EGTA buffer containing FITC-dextran (10
mg/ml) or FITC-BSA (10 mg/ml) was used as a positive control. After
incubation for 4 h, the amounts of FITC-dextran and FITC-BSA in the
basolateral media were measured with a fluorometer (excitation at 492
nm, and emission at 520 nm).

Multiplex cytokine assays. To determine the cytokine response of
NCI-N87 cell monolayers cocultured with H. pylori, cells were incubated
with bacteria (strain 26695) at an MOI of 50:1. After 48 h of incubation,
supernatants in the apical and basolateral compartments were collected
and cytokine levels were measured. Cytokines (IL-6, IL-8, IL-10, tumor
necrosis factor alpha [TNF-a], IL-12p70, IL-13, and gamma interferon
[IFN-vy]) were quantified using the Human ProInflammatory 7-plex ul-
tra-sensitive kit from MSD (Gaithersburg, MD). MSD plates were ana-
lyzed for electrochemiluminescence with an MS2400 imager (MSD). The
assay was performed according to the manufacturer’s instructions. All
standards and samples were measured in duplicate.

Immunostaining. Uninfected monolayers and H. pylori strain 26695-
infected monolayers were washed three times with phosphate-buffered
saline (PBS) at 48 h postinfection and fixed in 4% paraformaldehyde
(PFA) or in methanol for 20 min at room temperature or —20°C, respec-
tively. Cells were then blocked with 5% normal goat serum in PBS (block-
ing solution) for 30 min and incubated with primary antibodies diluted in
blocking solution overnight at 4°C (anti-ZO-1, 1:100, catalog number
339100; anti-claudin-1, 1:1,000, catalog number 51-9000). Cells were
then washed three times with PBS and incubated with tetramethyl rhoda-
mine isocyanate (TRITC)-conjugated or FITC-conjugated secondary an-
tibody (1:100 in blocking solution) at room temperature for 1 h in the
dark. Monolayers were washed with PBS, and nuclei were stained with
DAPI (4',6-diamidino-2-phenylindole; 1:1,000 in PBS) solution for 2 min
at room temperature. Tissue culture filters housing the epithelial cell
monolayers were then carefully detached from their support and
mounted on coverslips. Immunostaining was analyzed with a Nikon
Eclipse TE2000-E fluorescence microscope.

Antibodies. Rabbit polyclonal anti-claudin-1 and mouse monoclonal
anti-ZO-1 were purchased from Invitrogen (Camarillo, CA). TRITC-
conjugated anti-mouse and FITC-conjugated anti-rabbit secondary anti-
bodies were obtained from Sigma.

Statistics. Data were analyzed with GraphPad (San Diego, CA) software.
One-way analysis of variance (ANOVA) multiple pairwise comparisons test
and Tukey’s posttest were used to determine statistical significance. A Pvalue
of <0.05 was significant. Data are expressed as means * standard errors of the
means (SEM) of triplicate samples for all conditions tested.
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FIG 1 H. pylori disrupts tight junction proteins ZO-1 and claudin-1. Fluores-
cence microscopy of NCI-N87 monolayers labeled with antibodies specific for
claudin-1 (A, B) or ZO-1 (C, D). NCI-N87 polarized monolayers were infected
with H. pylori (MOI, 50:1) for 48 h, washed with PBS, fixed, and stained, along
with uninfected controls. (A) Claudin-1 staining in uninfected monolayers
displayed the characteristic chicken wire patterning. (B) Claudin-1 staining in
H. pylori-treated monolayers. Claudin-1 appears completely removed from
the cell-cell boundary and is localized in the cytoplasm, visible as punctuate
staining. (C) Highly organized ZO-1 chicken wire pattern staining in unin-

fected monolayers. (D) Disrupted ZO-1 organization in H. pylori-infected
monolayer. Bar, 10 pm.

RESULTS

H. pylori infection induces loss of NCI-N87 cell monolayer
transepithelial resistance. NCI-N87 cells are human gastric epi-
thelial cells that form confluent monolayers. To evaluate their
potential for use in coculture studies with H. pylori, we tested their
ability to form tight junction complexes and develop barrier func-
tion. Cells were allowed to grow on membrane inserts to reach
confluence, and TEER was measured at intervals over 2 to 3 days.
We observed an increase in TEER over time, suggesting that these
cells gradually formed functional tight junctions (data not
shown). Immunostaining of confluent monolayers was per-
formed to visualize the tight junction proteins ZO-1 and clau-
din-1. Both proteins were observed in the typical “chicken wire
pattern” at cell-cell contact points (Fig. 1A and C), confirming the
ability of NCI-N87 to form a tight monolayer under our growth
conditions.

To evaluate the potential effect of H. pylori on barrier function,
NCI-N87 monolayers were grown until TEER values reached 800
to 1,400 - cm®. Monolayers were infected via the apical chamber
with either the wild-type H. pylori strain 26695 or its VacA™ or
CagPAI™ isogenic mutants or the wild-type M5 or HpM5ureB ata
multiplicity of infection (MOI) of 50:1. Bacterial infection caused
a progressive decrease in TEER over time (Fig. 2). H. pylori strain
26695 and the VacA™ and CagPAI™ isogenic mutants (Fig. 2A)
induced a significant TEER decrease at both 24 h (691 + 21.7 Q) -
cm?, 742 £17.3 Q- cm? and 776 = 25.9 Q) - cm?, respectively; P <
0.0001) and 48 h (436 * 9.94 Q) - cm?, 469 * 14.5 () - cm’, and
519 = 7.0 Q) - cm?, respectively; P < 0.0001) postinfection com-
pared to uninfected monolayers (1,110 * 38.1 () - cm? and 1,096 =
38.8 () - cm?, respectively). Similarly, when NCI-N87 monolayers
were infected with H. pylori strain M5 or its isogenic mutant de-
prived of urease B activity (Fig. 2B), we observed a progressive and
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FIG 2 H. pylori-induced decreases in transepithelial electric resistance (TEER) of
NCI-N87 cell monolayers. (A) Monolayers were incubated with live or heat-killed
H. pyloristrain 26695 or the VacA™ or CagPAI ™ isogenic mutantatan MOI of 50:1
for 48 h. (B) Monolayers incubated with live H. pylori M5, isogenic M5:UreB ™, or
26695 as a control at an MOI of 50:1 for 48 h. Data are expressed as means = SEM
of triplicate samples for all conditions tested. Statistical comparison with unin-
fected control at the same time point: **, P < 0.01; ***, P < 0.0001.

significant decrease in TEER, reaching values of 783 = 14.2 () -
cm” and 846 = 20.3 () - cm?, respectively, at 48 h postinfection (P
< 0.0001) compared to the uninfected control (1,391 = 26.0 () -
cm?). Monolayers incubated with heat-killed H. pylori did not
display significantly reduced TEER levels (1,008 *+ 22.2 ) - cm®
compared to uninfected controls (1,096 * 38.8 {1 - cm®) at 48 h
postinfection (Fig. 2A). No effect on TEER was observed when
culture supernatant from strain 26695 was applied to NCI-N87
cell monolayers (data not shown) as well. Our data show that
infection with live H. pylori and all mutant strains applied leads to
a significant TEER loss at both 24 h and 48 h postinfection, show-
ing not only that viable bacteria were required in order to induce
barrier function alterations but also demonstrating that these
changes in epithelial barrier integrity were independent of the H.
pylori main virulence effectors, such as VacA, urease B, or the
entire pathogenicity island.

NCI-N87 gastric cell monolayer viability is not affected by
infection with H. pylori. In order to establish whether TEER loss
was the result of alterations in the viability of the epithelial cell
monolayer upon bacterial infection, we analyzed NCI-N87 cell
viability by measuring the release of LDH. The LDH assay mea-
sures LDH activity present in the supernatants due to cells whose
cell membrane integrity has been seriously compromised. There
was no increase in LDH activity in monolayers incubated with
conditioned medium, heat-killed H. pylori (not shown), or viable
H. pylori strain 26695 compared to unstimulated cells (Fig. 3A).
Similarly, no LDH increase was observed on monolayers infected
with H. pylori 26695 isogenic mutants or with M5 or HpM5ureB.
Therefore, H. pylori infection did not significantly alter cell viabil-
ity, indicating that its effect on cellular permeability is likely the
result of modulation of tight junction barrier function.
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FIG 3 Coculture of NCI-N87 monolayers with H. pylori does not decrease cell
viability. (A) LDH release from NCI-N87 monolayers treated with viable H. pylori
strain 26695 or heat-killed bacteria (MO], 50:1) or an equivalent volume of bac-
terial culture supernatants for 48 h. (B) LDH release was measured in monolayers
treated with H. pylori strain 26695 and its VacA™ and CagPAI ™ isogenic mutants
and strain M5 and its M5:UreB isogenic mutant (MOI, 50:1) for 48 h. Apical media
was collected at 48 h postinfection for LDH release measurement. Results are
shown as percentage of those for the positive control (Triton X-100-treated mono-
layers).

H. pylori infection increases paracellular permeability
through modulation of the tight junctional complex. Tight junc-
tions play a critical role in preventing the leakage of compounds
across the epithelial layer. They are essential for the tight sealing of
the cellular sheets, thus controlling paracellular ion flux and
maintaining tissue homeostasis. To confirm that the altered func-
tion of tight junctions upon infection with H. pylori is responsible
for reductions in TEER, we analyzed monolayer paracellular per-
meability by measuring the apical-to-basolateral flux of 4-kDa
FITC-dextran and 40-kDa FITC-BSA (Fig. 4A and B). In unin-
fected, heat-killed, or conditioned medium-treated NCI-N87
cells, we observed only a very small amount of paracellular diffu-
sion of these tracers across the monolayer. When live bacteria were
apically applied to the cells, a considerably larger amount of both
dextran (P < 0.05) and BSA (P < 0.0001) diffused across the
monolayer than the uninfected controls, thus confirming the in-
volvement of the paracellular pathway during H. pylori infection
of NCI-N87 cell monolayers.

The dysregulation of tight junction proteins concomitant with
the severe effects of H. pylori on cellular permeability was further
demonstrated by immunofluorescence of infected monolayers. As
shown in Fig. 1A and C, in uninfected controls, both claudin-1
and ZO-1, respectively, display a typical chicken wire pattern of
distribution and are localized at the cell boundary. Upon infection
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FIG 4 Paracellular permeability in NCI-N87 cell monolayer increases after infec-
tion with H. pylori strain 26695. H. pylori strain 26695, heat-killed bacteria (MOI,
50:1), or an equivalent volume of culture supernatant was used to inoculate NCI-
N87 cells for 48 h. FITC-labeled markers were added to the apical medium reser-
voir. After 3 h, aliquots of the basolateral medium were removed and the amount
of labeled markers that passed through the monolayer was determined. (A) FITC-
dextran (4 kDa) net transport after infection with H. pylori. (B) FITC-BSA (40
kDa) net transport after infection with H. pylori. Calcium-free medium supple-
mented with EGTA to disrupt TJs served as a positive control. Results are ex-
pressed as means = SEM of triplicate samples for each condition. Statistical com-
parison with uninfected control: *, P < 0.05; ***, P < 0.001.

with H. pylori, the distribution of both proteins is severely disrupted.
Claudin-1 association with cell membranes is completely lost, and the
protein is mostly observed in the cytoplasm in a punctuate distribu-
tion pattern (Fig. 1B). Regarding ZO-1, although it appears still asso-
ciated with the plasma membrane in a few sections of the cell bound-
ary, most of its highly organized distribution is severely disrupted
with large cell-cell contact areas where ZO-1 localization is com-
pletely misplaced (Fig. 1D). These data show that H. pylori strongly
affects the highly organized structure of tight junctions.

H. pylori elicits the release of cytokines in NCI-N87 gastric
cell monolayers. The secretion of immune mediators by NCI-
NB87 gastric epithelial cells was analyzed by measuring the secre-
tion level of six proinflammatory cytokines (IL-8, IL-6, TNF-a,
IEN-v, IL-12p70, and IL-1B) and one anti-inflammatory cytokine
(IL-10) in media collected from both the apical and basolateral
compartments of untreated monolayers and of viable or heat-
killed H. pylori strain 26695- or culture supernatant-treated
monolayers. The results are shown in Fig. 5. Cytokine production
was uniformly higher in the basolateral compartment, although
significant secretion was measured in the apical side as well. Even
though similar profiles were observed for all seven cytokines/
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FIG 5 H. pylori triggers cytokine secretion from NCI-N87 monolayers into basolateral culture supernatants. H. pylori strain 26695, heat-killed bacteria (MOI,
50:1), or an equivalent volume of culture supernatant was used to inoculate NCI-N87 cells. Media were collected to quantify the amounts of IL-8, IL-12p70, TNF,
IEN, IL-6, IL-10, and IL-1 in the apical and basolateral compartments. Results are representative of means = SEM of triplicate samples for each condition.
Statistical comparison with uninfected control: ***, P < 0. 0001; **, P < 0.001; *, P < 0.05.

chemokines, the dominant cytokine was IL-8, with over 2,000
pg/ml secreted protein. H. pylori-infected cells exhibited an ap-
proximately 4-fold increase in production of IL-8 compared to
uninfected cells (P < 0.0001) in the basal side. Interestingly, heat-
killed bacteria induced the highest release of IL-8 and other cyto-
kines in the two compartments. In the basolateral compartment,
the level of IL-8 measured following treatment with heat-killed
bacteria was about 50% higher than for live-H. pylori-infected
cells. In NCI-N87 monolayer supernatants, we detected measur-
able levels of all cytokines included in the 7-plex assay, although
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they were considerably lower than that of IL-8. Nevertheless, the
level of cytokines detected in H. pylori-infected samples was sig-
nificantly higher than the control for all cytokines tested and fol-
lowed the same pattern of IL-8, with heat-killed bacteria eliciting
the highest response in both compartments. Immune responses
triggered by heat-killed bacteria were statistically significantly
higher than those triggered by wild-type H. pylori for IL-8 (P <
0.01) and IL-6 (P < 0.05) in the apical side and for IL-8, IL-6, and
TNF-a (P < 0.0001) and IL-10 and IL-1f (P < 0.05) in the baso-
lateral compartment. Our data show that NCI-N87 epithelial cells
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secrete immune mediators when infected with H. pylori and that
heat-inactivated bacteria are capable of eliciting the strongest re-
lease of inflammatory molecules.

DISCUSSION

In the present study, we demonstrated polarized secretion of IL-8
and other proinflammatory cytokines in response to H. pylori in-
fection using a gastric epithelial cell monolayer model that forms a
functional barrier with high TEER values. We demonstrated dis-
ruption of tight-junction (TJ) integrity following coculture with
live H. pylori. This was evidenced by significant increases in mono-
layer permeability within 24 h by a drop in TEER values and in-
creased diffusion of a 40-kDa FITC-BSA conjugate. The increased
permeability was associated with severe disruption in the distri-
bution of both claudin-1 and ZO-1 proteins and it was not the
result of epithelial cell death.

Several epithelial cell culture systems have been used to dem-
onstrate the ability of H. pylori to increase monolayer permeability
and to describe the molecular mechanisms involved. In vitro stud-
ies to assess the relationship of H. pylori to gastric epithelial cells
have relied predominantly on the AGS human gastric cancer epi-
thelial cell line (24-27). Although injected CagA has been demon-
strated to associate with the tight junction scaffolding protein
Z0-1 in these cells, AGS cells do not form tight junctions or form
a functional barrier (28). Nonhuman cell culture systems employ-
ing MDCK cells, or a nontumorigenic duodenal epithelial cell line
(SCBN), have been used as alternatives since they do form tight
junctions and establish TEER sufficient to form functional barri-
ers (28, 29).

More recently, Wroblewski et al. utilized the MKN28 human
gastric epithelial cell line to establish a useful polarized monolayer
system (30). They showed that coculture with H. pylori increased
permeability through a bacterial urease-dependent mechanism
that dysregulated TJs and increased phosphorylation of myosin
light chain (MLC) through the activation of MLC kinase. The
cellular inflammatory response was not evaluated, however, and
although TEER values were prolonged and consistent, they aver-
aged approximately 100 () - cm”. Our studies demonstrate that the
NCI-N87 cell line routinely generated TEER values of 800 to 1,400
Q) - cm? above background, although, in general, these cells grew
slowly. These monolayers could be used to analyze the cytokine
profile and the polarity of the response upon coculture with H.
pylori, and therefore, these monolayers serve as a useful model for
the study of the host inflammatory responses to H. pylori.

The measurement of IL-8 and other cytokines in the superna-
tants of AGS cells cocultured with H. pylori has been well demon-
strated and has been important in assessing the cellular response
to virulence factors such as the type IV secretion system (T4SS)
(9-13). An evaluation of the host immune response in polarized
human gastric epithelial cells, however, has not been previously
performed, largely due to the lack of suitable cells with the ability
to establish T7J integrity in monolayers. Jung et al. employed the
NCI-N87 cell line to form monolayers and evaluate H. pylori-
associated reductions in TEER values in a limited study using H.
pylori strain 60190 (31). IL-8 production was significantly in-
creased, but the relative amounts between apical and basolateral
supernatants were difficult to discern, and the amount produced
was less than a third of the IL-8 produced in response to IL-1a. As
described above, gastric MKN28 cells have been used to describe
the ability of H. pylori to increase membrane permeability via
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myosin II activation and cytoskeletal rearrangement through the
activity of bacterial urease (30). More recently, Lapointe et al.
employed the HGE-20 human gastric epithelial cell line to de-
scribe the role of Rho kinase activation and IL-1R1 phosphoryla-
tion in disrupting TJs as measured by the distribution of claudin-4
within the cells (32). The HGE-20 cell line is a derivative of the
NCI-N87 cells employed in the present study (33). Although
HGE-20 cells have been shown previously to be capable of form-
ing polarized monolayers, no analysis was performed to demon-
strate polarization and the establishment of transmembrane elec-
trical resistance. Additionally, while conditioned media from H.
pylori HGE-20 cocultures were used as a potential source of IL-1a,
IL-1B, and IL-18, these cytokines could not be detected.

The present study demonstrates that H. pylori-induced IL-8
production is consistent with studies in AGS cells but that apical
and basolateral production can be differentiated. IL-8 is the most
prevalent cytokine, and there was an almost 4-fold-higher basal
secretion than apical secretion. This phenomenon is consistent
with the role of IL-8 in recruiting white blood cells to the lamina
propria of the mucosa. Interestingly, whereas heat-killed H. pylori
failed to increase monolayer permeability, it induced twice as
much IL-8 production and as significantly high levels of IL-6,
TNF-a, and 1I-1B as did live H. pylori in basal supernatant.

The ability of heat-killed H. pylori to induce the highest levels
of cytokine production in basolateral supernatants in the absence
of TEER reduction demonstrates that cytokine production is in-
dependent of TJ dysregulation. Additionally, the reduced
amounts of cytokine that resulted when live H. pylori that signif-
icantly reduced TEER values was used indicate that whatever dys-
regulation H. pylori induces in TJ proteins, such events do not
contribute to cytokine production beyond what is induced simply
through the contact of H. pylori components with the epithelial
cell membrane.

The mechanisms by which heat-killed H. pylori induces higher
levels of cytokine than the live organism are unknown. These ob-
servations are consistent with previous studies demonstrating that
certain T4SS proteins having contact with epithelial cell mem-
branes are primarily responsible for inducing IL-8 production
(14-17). H. pylori strain 26695 is a potent inducer of IL-8, and the
T4SS proteins responsible for this biological effect may be present
in a functional state in the heat-killed H. pylori preparations. It is
also possible that Toll-like receptor (TLR) ligands such as H. pylori
peptidoglycans may be released or more accessible as a result of
heat killing. TLR2 and NOD1 have been shown to be primarily
responsible for the IL-8 production that results from H. pylori
infection (27, 34).

Relatively small amounts of IL-8 and other cytokines were
measured in the apical media. Whether this represents actual api-
cal secretion or “leakage” due to H. pylori-induced increases in
monolayer permeability remains to be determined; however, the
presence of apical IL-8 when using heat-killed H. pylori that fails to
compromise TEER values suggests the former. Since TLR expres-
sion is generally limited on the apical surface of gastrointestinal
epithelial cells, the predominant expression at the basolateral sur-
face would be expected. There is also limited utility to the host in
secreting IL-8 into the lumen unless such a function contributes to
crypt abscess formation, a phenomenon that is not unusual with
H. pyloriinfection of the gastric mucosa. Significant reductions in
TEER values were observed at 24 h. Since our cytokine analysis
was performed on supernatants collected at 48 h, it is possible that
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the presence of these cytokines at the apical surface is due to in-
creased monolayer permeability. Indeed, the diffusion of FITC-
labeled dextran and BSA indicates that cytokines should be leaking
readily into the apical supernatant. The dominant presence of IL-8
and the other cytokines in the basolateral supernatant reinforces
the possibility that the basolateral surface is the primary site of
cytokine release.

Moreover, we have demonstrated that H. pylori infection of
NCI-N87 gastric cell monolayers affects paracellular permea-
bility most likely via dysregulation of TJs and independent of
the individual effectors VacA and urease B and other effectors,
such as CagA and the T4SS encoded by the Cag pathogenicity
island. We could not establish if these factors operate in concert
to affect barrier function because of a lack of a CagPAI/VacA/
UreB deletion mutant. Also, if this dysregulation is directly
induced by still-unidentified bacterial pathogenic compounds,
it is not known at present. We have proven that H. pylori in-
duces polarized IL-8 secretion from epithelial cells that is in-
dependent from the microorganism viability. Conversely, we
have demonstrated that H. pylori causes TJ disassembly inde-
pendently of virulence factors, such as VacA, urease B, and
CagA, previously described by other investigators to be in-
volved in this mechanism. Taken together, these data indeed
suggest that these responses are rather host driven than micro-
organism induced.

Our hypothesis is further supported by our recent data show-
ing that unrelated pathogens such as Shigella (35) and Salmonella
M. Fiorentino, K. M. Lammers, M. M. Levine, S. B. Sztein, and A.
Fasano, submitted for publication induce similar responses in ep-
ithelia from different regional districts of the gastrointestinal tract
(small intestine and colon). It is well established that an increased
permeability in the presence of pathogenic microorganisms is an
attempt of the host to “fight the enemy,” i.e., to dilute harmful
toxins secreted by pathogens or flush them away (i.e., cholera
toxin [36] and/or Shigella [35] in the intestine). Similarly, in-
creased paracellular permeability might also lead to neutrophil
efflux into the lumen and/or to the host luminal secretion of an-
timicrobial compounds, actions that epithelial cells, as the first
line of defense against harmful microorganisms, would take, aim-
ing at preventing pathogens in the lumen from gaining access to
the lamina propria and eventually causing a systemic disease. It is
plausible to assume that pathogens are apically sensed by specific
receptors that, through basolateral IL-8 secretion, attract immune
cells in the lamina propria, getting them ready to face a possible
passage of the pathogen through the epithelial barrier. At the same
time, the increased gastrointestinal epithelial permeability and
polarized apical IL-8 secretion could lead to neutrophil transmi-
gration from the lamina propria to the gastrointestinal lumen, a
phenomenon already described for other enteric pathogens
(37, 38).

The establishment of this cell model will be useful for addi-
tional studies designed to evaluate the mechanisms of induc-
tion of cytokines, chemokines, and other immune mediators
(e.g., IL-8), the breadth of the inflammatory response, the im-
pact of H. pylori bacteria and bacterial factors when exposed to
the apical and basolateral membranes, and the relationship of
H. pylori-activated epithelial cells to granulocytes, monocytes,
and lymphocytes when added to the basal chamber. H. pylori
remains an important and widespread bacterial pathogen. The
use of NCI-N87 cells to form polarized monolayers with high
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TEER values will provide a means of studying the potential
contribution of increased monolayer permeability to H. pylori-
induced inflammatory events and increase our understanding
of bacterial pathogenesis.
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