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Laminin-Dependent Manner

A. M. Terrés,'* H. J. Windle,! E. Ardini,” and D. P. Kelleher!

Department of Clinical Medicine and Dublin Molecular Medicine Centre, Trinity College, Dublin, Ireland,"
and Division of Experimental Oncology, Istituto Nazionale Tumori, Milan, Italy*

Received 29 October 2002/Returned for modification 24 December 2002/Accepted 22 April 2003

Helicobacter pylori colonizes the stomach at the interface between the mucus layer and the apical pole of
gastric epithelial cells. A number of secreted and shed products from the bacteria, such as proteins and
lipopolysaccharide, are likely to have a role in the pathogenesis at the epithelial level. To determine the
physiological response of transporting polarized epithelia to released soluble factors from the bacterium, we
used the T84 cell line. Monolayers of T84 cells were exposed to soluble extracts from H. pylori. The extracts
induced rapid “dome” formation as well as an immediate decrease in transepithelial electrical resistance.
Domes are fluid-filled blister-like structures unique to polarized epithelia. Their formation has been linked to
sodium-transporting events as well as to diminished adherence of the cells to the substrate. H. pylori-induced
dome formation in T84 monolayers was exacerbated by amiloride and inhibited by ouabain. Furthermore, it
was associated with changes in the expression of the laminin binding «634 integrin and the 67-kDa laminin
receptor. Domes formed primarily on laminin-coated filters, rather than on fibronectin or collagen matrices,
and their formation was inhibited by preincubating the bacterial extract with soluble laminin. This effect was
specific to H. pylori and independent of the urease, vacA, cagA, and Lewis phenotype of the strains. These data
indicate that released elements from H. pylori can alter the physiological balance and integrity of the epithe-
lium in the absence of an underlying immune response.

The gastrointestinal epithelium represents the first cellular
barrier against intraluminal insults. In the stomach, the in-
terface between the epithelial cells and the gastric mucus
represents the ecological niche for the gram-negative bacte-
rium Helicobacter pylori. The intimate association between the
microorganism and the epithelium initiates a pathological re-
sponse at the host epithelial surface which subsequently results
in a specific local immune response (reviewed in reference 6).
The direct effects in epithelial cells upon stimulation with H.
pylori have been widely studied in vitro, and effects such as loss
of epithelial barrier function (42, 55), cytoskeletal rearrange-
ments (2), apoptosis (14), and induction of nuclear factor
kappa B (39), interleukin 8, and cyclooxygenase-2 (22) have
been reported. Upon onset of the infection, the subsequent
inflammatory response, in particular to CagA™ strains, also has
an important effect in the epithelium, due to neutrophil trans-
epithelial migration and associated releases of reactive oxygen
intermediaries (41, 49).

The loss of epithelial homeostasis and integrity are likely to
be the first in the cascade of events that leads to H. pylori-
associated gastrointestinal pathogenesis. The enterocytes per-
form the barrier function by maintaining their polarity and
tightly associating with each other through lateral adherents
and tight junctions (35, 59). These cells also maintain a stable
connection to basement membranes through adhesive interac-
tions between the cells and extracellular matrix proteins (51),
and the principal agent mediating the integration of the cy-
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toskeleton and extracellular matrix is the integrin heterodimer
abB4 (16, 51).

The human intestinal epithelial cell line T84 differentiates in
vitro into polarized monolayers with functional tight junctions
which maintain an ion-transporting phenotype (28), represent-
ing a good in vitro model for the study of the physiological
response to the gastrointestinal pathogen H. pylori.

It has been previously shown that sonicates and bacterial
extracts from H. pylori can alter the paracellular barrier func-
tion (55), and Papini et al. (42) have shown that the bacterial
vacuolating toxin can selectively increase the permeability of
this cell line. These data indicate that H. pylori epithelial
pathogenesis may be mediated not only by direct interaction
with the organism, but also by released bacterial elements such
as lipopolysaccharide (LPS) or secreted proteins. Since alter-
ations of the epithelial physiology could contribute to the onset
of H. pylori-associated disease, we aimed to study the physio-
logical response of intestinal epithelial cells to soluble factors
readily shed or secreted by the bacterium.

Although the understanding of how epithelial cells regulate
tight junction-mediated permeability is still incomplete, the
process of epithelial homeostasis control has been clarified
(24). The lining of the intestine maintains cell volume and
hydration as a result of ion transport processes involving a
well-balanced control of CI~ and Na™* secretion and absorp-
tion (24). These cells have a polarized phenotype that facili-
tates a differential expression of ionic channels, pumps, and
transporters in the apical or basolateral membrane domains
(46). This is the case for the Na*/K™ ATPase, expressed ba-
solaterally, or the Na*/H" electrogenic epithelial sodium
channel (ENaC), expressed only apically in colonic and small
intestine epithelial cells (24). Important human diseases, such
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as cystic fibrosis or secretory diarrhea, result when regulated
ionic transport malfunctions (4).

A variety of epithelial cell lines that retain their transepithe-
lial transport properties are able to form “domes” in vitro.
Domes are localized blister-like areas of fluid accumulation
between the cultured monolayer and the impermeable sub-
strate (47) which have been interpreted as indicative of fluid
transport (25), weak attachment to the substrate (52), and a
sign of epithelial differentiation (26). Their presence demon-
strates the maintenance of a differentiated polarized pheno-
type and the presence of functional tight junctional complexes.
Some cell lines develop domes spontaneously upon reaching
confluence, but others only develop them upon exposure to
various stimuli, including cyclic AMP (cAMP) analogs, di-
methyl sulfoxide (26), and retinoic acid (53).

In this study we show for the first time that apical stimulation
of T84 monolayers with H. pylori extracts (HPE) induces the
formation of domes. We set out to identify the molecular
mechanism involved in the formation of these structures.

MATERIALS AND METHODS

Bacterial preparations. H. pylori reference strains NCTC 11637 and NCTC
11638 were obtained from the National Collection of Type Cultures (NCTC;
Colindale, United Kingdom). The clinical isolates MI300, MI270, MI299, and
MI215, used in comparative studies, have been previously characterized in terms
of their Lewis x, Lewis y, vacA, and cagA phenotypes and association with
disease (33). The following parental wild-type strains and isogenic mutants were
also used: 60190 (ATCC 49503), 60190 vacA::km (20), 60190 cagA::km (43),
84183, 84183 vacA::km (constructed by R. Tomas, Nottingham University Hos-
pital, as described in reference 10), N6, N6 ureB::km (15), and N6 ureG::km (13).
Gram-negative bacteria, processed in the same fashion and used as controls,
included Escherichia coli DH5a and the reference strain Serratia marcescens
NCTC 11935 (NCTC) as well as a wild-type strain of E. coli isolated from a
patient with a urinary tract infection. H. pylori was grown on blood agar plates for
72 h in a microaerobic and humidified atmosphere at 37°C. E. coli and S.
marcescens cells were grown in blood agar plates at 37°C overnight. Bacteria were
harvested into ice-cold tissue culture medium (see below) without fetal calf
serum, unless indicated otherwise (1 ml/plate). Suspended bacteria were adjusted
to an optical density at 600 nm of 2.9, placed on ice for 20 min, and then
centrifuged (15,000 X g; 15 min; 4°C). The supernatant (HPE) was stored at
—20°C until required. H. pylori NCTC 11638 was used for all experiments except
where indicated.

Epithelial cell cultures. The epithelial cell line T84, obtained from the Euro-
pean Collection of Animal Cell Culture (ECACC; Salisbury, United Kingdom)
was used in this study and cultured in Dulbecco’s Ham’s F12 medium (Sigma,
Dorset, United Kingdom) as previously described (55). Only T84 cells between
passages 60 and 75 were used in this study. The cell lines Caco-2 (human colonic,
polarized), AGS (human gastric, nonpolarized), HCT116 (human colonic, non-
polarized), and MDCK (canine renal, polarized), all from ECACC, were also
used for comparative purposes.

T84 cells were grown on semipermeable tissue culture inserts of uncoated
polyethylene terephthalate (PET) plastic trace-etched membranes (Falcon;
Beckton Dickinson, Oxford, United Kingdom), and cells were fed both apically
and basally. For some experiments collagen I-, fibronectin-, or laminin-coated
PET membrane cell culture inserts (area, 0.565 cm?; pore diameter, 0.45 pwm;
Falcon; Beckton Dickinson) or uncoated transwell clear polyester membrane
inserts (Costar, Cambridge, Mass.) were used. PET uncoated inserts were always
used unless indicated otherwise.

Cell confluence was assessed by phase-contrast microscopy. Polarization and
differentiation were monitored by measuring transepithelial electrical resistance
(TER) as described previously (55). The resistance, monitored at 24-h intervals,
increased progressively over 10 to 15 days when cells formed high-resistance
polarized monolayers with stable TER values (~1,500 to 2,000 (/cm?). At this
stage the apical or basolateral cell culture medium, where appropriate, was
substituted with HPE, incubated for various periods of time, and monitored or
processed for immunofluorescence staining.

Antibodies and chemicals. The antibodies GoH3 rat anti-a6 integrin, (Serotec,
Oxford, United Kingdom); rat anti-B4 integrin (Serotec); mouse anti-B1 integrin
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(Serotec); and MIuCS$, rabbit anti-67-kDa laminin receptor (34) were used in this
study.

All chemicals used were from Sigma except for cyclosporine (Calbiochem,
Nottingham, United Kingdom), staurosporine (Calbiochem), and acrylamide
(BDH Laboratories, Poole, United Kingdom). All inhibitors were preincubated
with the cells for 30 min before incubation with HPE, followed by coincubation
with HPE during 1 h.

Immunofluorescence. Monolayers growing in transparent semipermeable tis-
sue culture inserts (Falcon) were washed and fixed with 4% paraformaldehyde at
room temperature for 30 min. Monolayers were permeabilized with 0.5% Triton
X-100 and incubated in blocking solution (phosphate-buffered saline [PBS] con-
taining 3% nonfat dry milk) followed by the primary antibody for 1 h. Cells were
then washed and incubated with the appropriate fluorescein isothiocyanate-
conjugated secondary antibody in blocking solution (PBS containing 0.05%
Tween 20 and 3% nonfat dry milk). After incubation, the filters were washed,
punched out, and mounted on glass slides.

All images were acquired with a Nikon Diaphot (Nikon Europe, Badhoeve-
dozp, The Netherlands) inverted phase-contrast and fluorescence microscope.
Processing of acquired photographic images was performed using Adobe Pho-
toshop software (San Jose, Calif.).

Measurement of I,.. Confluent monolayers of T84 cells were grown on colla-
gen-coated permeable supports and maintained until steady-state transepithelial
resistance (>1,000 {/cm?) was achieved. To measure short-circuit currents (I,.),
transepithelial potentials, and resistance, a commercially available voltage clamp
(Iowa Dual Voltage Clamps, Bioengineering, University of Iowa) interfaced with
an equilibrated pair of calomel electrodes and a pair of Ag-AgCl electrodes was
utilized, as described in detail elsewhere (11). Using these values and Ohm’s law
(voltage = current X resistance), tissue resistance and transepithelial current
were calculated. Fluid resistance within the system accounts for less than 5% of
total transepithelial resistance. For experimentation, HPE or control media were
diluted 1:2 in Hank’s balanced salt solution and exposed to the apical and
basolateral epithelial surfaces. I, was monitored over 20 min, and to demon-
strate that monolayers were capable of /. monolayers were exposed to forskolin
(3 pM; Calbiochem) and monitored for .. All experiments were performed in
a 37°C room to ensure that epithelial monolayers, solutions, plasticware, etc.,
were maintained at a uniform 37°C temperature. Tissue culture supplies were
obtained from Gibco Laboratories (St. Lawrence, Mass.) and Costar (Cam-
bridge, Mass.).

LPS and protein quantification. The protein concentration in HPE (0.5 mg/
ml) was determined by the Bradford method (5). Quantification of endotoxin
units in HPE (5.7 X 10 = 0.593 X 10° endotoxin units/ml) was performed by Bio-
Whittaker (Berkshire, United Kingdom) using the Limulus amebocyte lysate assay.

Electron microscopy. Filters were carefully cut out from their plastic supports
and processed according to the method of Orzech et al. (40). Briefly, cells were
fixed for 30 min at room temperature with a mixture of 2% (wt/vol) paraform-
aldehyde, 1% (vol/vol) glutaraldehyde dissolved in phosphate buffer (0.1 M
NaH,PO,, 0.1 M Na,HPO,; pH 7.4). Postfixation was performed in a mixture of
osmic acid tetroxide (1%, vol/vol) and potassium ferricyanide (1.5%, wt/vol) in
5 mM cacodylate buffer, pH 7.0, for 1 h. After washing in cacodylate buffer,
sections were dehydrated in ascending grades of alcohol and treated with pro-
pylene oxide for 45 min before embedding in Epon resin at 60°C overnight.
Ultrathin sections were cut with a glass knife ultramicrotome (Reichert OMU3)
and stained with uranyl acetate and lead citrate. Sections were analyzed under a
Hitachi-7000 transmission electron microscope.

Apoptosis detection and assessment of cell viability. The ApopTag in situ
apoptosis detection kit (Intergen Company) was used according to the manu-
facturer’s instructions. Cell viability in HPE-treated T84 monolayers was as-
sessed by staining with fresh 50 mM ethidium bromide and 10 mM acridine
orange in PBS and subsequent examination under an inverted fluorescence
microscope.

Data analysis. For clarity, TER data are expressed in time course format
graphics as the percentage of the control value at the beginning of each experi-
ment. Detachment was quantified by calculating the total number of domes as a
percentage of the control. This quantification method was appropriate, since
within each experiment domes had a homogeneous size. All experiments were per-
formed individually and repeated at least three separate times. Graphs and fig-
ures show data from a representative experiment except when indicated otherwise.

RESULTS

Stimulation of polarized epithelial monolayers with HPE
induces the formation of domes in a laminin-dependent man-
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FIG. 1. HPE induce epithelial dome formation. T84 monolayers
were grown in semipermeable tissue culture PET inserts and apically
stimulated with HPE for 1 h at 37°C. Numerous circular structures
appeared in the treated monolayers (A) but not in the controls (B).
These structures could be seen with the naked eye. Images shown are
from a real-time video recording (A and B) and a phase-contrast image
of HPE-treated unfixed cells taken with an inverted microscope (C).
Bar = 0.2 mm.

ner. To determine the response of polarized epithelia to HPE,
the T84 colonic epithelial cell line growing in semipermeable
tissue culture inserts was used. The apical bathing medium was
substituted with HPE, and monolayers were examined in situ
under a phase-contrast microscope. After 30 to 50 min of in-
cubation at 37°C, numerous circular structures appeared
evenly spread across the monolayers (Fig. 1). Phase-contrast
microscopic observations indicated that each one of these
structures corresponded to epithelial blisters due to cell-ma-
trix, but not cell-cell, detachment (Fig. 2), and their formation

H. PYLORI INDUCES DOME FORMATION IN T84 MONOLAYERS 4069

was associated with a significant decrease in the TER (Fig.
3A). As previously shown with bacterial sonicates (55), baso-
lateral exposure of polarized T84 monolayers to HPE did not
alter TER values (data not shown), nor did it induce cell
detachment (Fig. 3B). These blisters have been previously de-
scribed in transporting epithelia and referred to as domes (25).

The influence of different extracellular matrix substrates on
HPE-induced dome formation and TER drop was assessed
by growing T84 cells on fibronectin-, collagen-, and laminin-
coated inserts, as well as in polyester plastic semipermeable
membranes. In all cases, apical stimulation with HPE induced
a significant drop in TER (Fig. 3C). Dome formation, however,
was dependent upon the biochemical composition of the
extracellular matrix (Fig. 3D). A large number of domes was
observed in cells growing on PET plastic and the laminin-
coated insert, but domes were absent in monolayers on poly-
ester plastic or on collagen-coated inserts. Cells grown in fi-
bronectin-coated inserts developed domes, although to a much
lesser extent than PET- or laminin-grown cells. Furthermore,
preincubation of HPE with soluble laminin abolished the abil-
ity of HPE to induce dome formation (Fig. 3E). When cells
were incubated with soluble laminin, washed, and then stimu-
lated with HPE, dome formation occurred as before (Fig. 3F).
This indicates that laminin binds to elements in HPE rather
than to cellular receptors.

HPE-induced domes occur only in human intestinal trans-
porting epithelia, and they are not associated with apoptosis
or cell death. T84 cells cultured under the conditions defined
above differentiate in vitro into polarized monolayers with
two domains, apical and basolateral, which have very different
membrane compositions (28). To determine if the state of dif-
ferentiation of the cells influenced HPE-induced epithelial
dome formation, T84 cells at different stages of maturation
were analyzed. TER drop and dome formation only occurred
after 13 and 15 days in culture, respectively (Fig. 4A and B), at
which stage the cells are fully confluent, have reached stable
TER values, and are polarized and differentiated (29). We
used various epithelial cell lines to investigate cell-type-specific
responses to HPE. HPE failed to induce domes in monolayers
of the nontransporting epithelial cell lines AGS (gastric) and
HTC116 (colonic) or in the canine renal cell line of transport-
ing epithelial cells, MDCK. Caco-2-transporting epithelia (co-
lonic) responded to HPE stimulation, as T84 did, by forming
domes (Fig. 4C).

HPE-induced dome formation was not associated with cell
death, since staining of treated monolayers with ethidium bro-
mide-acridine orange up to 6 h after cell-matrix detachment
indicated that all cells were viable (data not shown), and re-
placement of HPE with fresh medium for 24 h facilitated
reattachment and recovery of normal TER levels (Fig. 4D).
Furthermore, microscopic observation upon monolayer stain-
ing with the ApopTag in situ apoptosis detection kit confirmed
that the cells were not apoptotic (data not shown).

Epithelial detachment is specifically caused by H. pylori. To
determine strain and species specificities associated with the
formation of domes, we used extracts from different strains of
H. pylori whose phenotypes and associations with disease are
known (33) as well as two gram-negative bacteria, E. coli and
S. marcescens (Fig. SA). In all cases, cells were apically stim-
ulated with 0.5 ml of extract per cm? of monolayer. As shown
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FIG. 2. Phase-contrast microscopy of epithelial-matrix, but not cell-cell, detachment in HPE-treated monolayers. (A) Magnified dome as seen
with an inverted phase-contrast microscope. Domes correspond to areas in which the monolayer is detached from the substrate. (B to D) Sequence
of images of the monolayer taken as it is focused from the bottom to the top of the dome. The diagrams represent a transverse section of panels
A to D. Arrows in the diagrams correspond to the asterisks in the photographs. Sequential focusing shows the porous support (B), the attached
monolayer above it (C), and then the detached cells at the top of the dome (D). Bar = 300 pm.

in Fig. 5B, all strains of H. pylori tested induced blisters inde-
pendently of their cagA, vacA, or Lewis x or y phenotype, while
extracts from neither E. coli nor S. marcescens induced signif-
icant detachment. Furthermore, HPE-induced dome formation
was dose dependent (Fig. 5C). Since urease, vacA, and cagA are
some of the major determinants in H. pylori pathogenesis and
they can have significant effects in cell physiology (reviewed in
reference 38), we further studied the capacity of HPE from iso-
genic mutants for these proteins to induce dome formation. We
used HPE from two different vacA™ isogenic mutant strains,
60190 and 84183, one CagA™ isogenic mutant strain, and iso-
genic mutants for ureB and ureG, which are essential for

urease expression (13, 15). HPE from both the wild type and
mutants were able to induce dome formation (Fig. 5D).
Dome formation involves epithelial basolateral separation
between neighboring cells due to cell shrinkage. Ultrastruc-
tural analysis by transmission electron microscopy showed
deep morphological changes in HPE-treated monolayers com-
pared to controls (Fig. 6A and B). In control monolayers, the
cells appeared tightly joined to each other, maintaining their
tight junctions and with their apical and basolateral domains
well differentiated (Fig. 6A, C, and E). At the domes, the cells
also maintained their polarity, with the apical microvillae and
the nucleus in a basal position, but there was extensive baso-
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FIG. 3. Dome formation is accompanied by a decrease in TER and is inhibited by soluble laminin. Monolayers were grown in PET semi-
permeable inserts and stimulated with HPE for 1 h. (A and C) TER was measured with an Endhom electrode and is represented as the percentage
of control values at the beginning of the experiment. (B to D) Epithelial detachment was quantified by the number of domes and is represented
as a percentage of the positive control (monolayer apically treated with HPE for 1 h) of every experiment. HPE-treated monolayers had a reduced
TER (A), independent of the nature of the substrate on which they were grown (PET or polyester plastic, laminin, fibronectin, or collagen) (C).
However, they primarily developed domes when grown on PET or laminin (D) and only when they were apically, but not basally, stimulated with
HPE (B). (E) The effect of soluble laminin in HPE-induced dome formation was subsequently assessed. HPE was preincubated for 10 min with
three concentrations of soluble laminin as indicated and then used to apically stimulate the cells for comparison with untreated HPE. (F) Alter-
natively, monolayers were treated with 10 pg of soluble laminin (L) diluted in tissue culture medium for 30 min, then washed and incubated with
HPE, and compared to monolayers only treated with HPE and without laminin preincubation (HPE).

lateral separation between neighboring cells (Fig. 6F), proba-
bly due to obvious cell shrinkage.

Influence of ENaC and Na*/K* ATPase inhibition on the
formation of domes. Dome formation has been associated with
the occurrence of Na™-transporting events in electrically tight
epithelia (25, 61). In addition to electroneutral absorption by
parallel exchange of Na*/H" and C1-/HCO; ", epithelial cells
possess a mechanism for electrogenic uptake of Na™. The
ENaC, which is located in the apical membrane and is potently
inhibited by amiloride, is responsible for this electrogenic
transport. Intracellular sodium ions are pumped out again at
the basolateral side by the Na™/K* ATPase, which is inhibited
by ouabain (reviewed in reference 24). This pump generates
the driving force for the luminal Na* uptake by lowering in-

tracellular Na* concentration. To determine the association of
HPE-induced dome formation with Na™-transporting events,
monolayers were preincubated with both inhibitors, amiloride
and ouabain, for 30 min prior coincubation of the inhibitor
with HPE for a further hour. Apical treatment with 0.5 mM
amiloride alone induced the formation of a small number of
domes even before stimulation with HPE. Addition of HPE
further exacerbated the formation of domes in an amiloride
dose-dependent manner (Fig. 7A). On the contrary, ouabain
inhibited HPE induction of dome formation, also in an oua-
bain dose-dependent manner (Fig. 7B). The fact that amiloride
can by itself induce the formation of domes indicates that these
structures form as a consequence of intracellular Na™ deple-
tion, which would be driven by the Na*/K* ATPase in the
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FIG. 4. Dome formation is reversible and only occurs in transporting epithelia. Cells were grown and analyzed as indicated in the legend for
Fig. 3. (A and B) The effect of monolayer age on HPE-induced TER decrease and dome formation was assessed. (C) HPE-induced dome
formation was also assessed in different cell lines, as indicated. (D) Reversibility of dome formation and TER decrease was assessed by replacing
HPE with normal tissue culture medium (arrow) and culturing the cells overnight.

absence of Na™ intake. Hence, HPE could be inducing intra-
cellular Na* depletion, which would in turn cause cellular
shrinkage, as determined by electron microscopy.

Dome formation is not accompanied by chloride secretion.
Na™ depletion could be generated by direct or indirect inacti-
vation of ENaC or the electroneutral Na™ channels (Na*/H"
exchangers, NHE2 and -3). ENaC has been shown to be neg-
atively regulated by activation of the cystic fibrosis transmem-
brane conductance regulator (CFTR). After stimulation of
wild-type CFTR by cAMP, amiloride-sensitive Na™ absorp-
tion is inhibited (24, 31). Hence, we measured electrogenic
Cl™ secretion upon stimulation of T84 monolayers with
HPE to determine if HPE would cause intracellular sodium
depletion by acting as a secretagogue. However, HPE did not
induce Cl™ secretion above that of the control monolayers
(Fig. 8), although both control and treated cells retained CI™
secretion capacity as shown by stimulation with forskolin (Fig.
8).

HPE-induced dome formation is inhibited by cytoskeletal
disruption, is energy dependent, and is not inhibited by block-
age of protein synthesis. The cytoskeleton is composed of actin
filaments, microtubules, and intermediate filaments and is vi-
tal for many cellular processes, including mechanical strength,
movement, adhesion, polarity, and intracellular trafficking
(58). Cytochalasin B, colchicine, taxol, and acrylamide were
used to evaluate the involvement of the actin cytoskeleton,
microtubule, and intermediate filament networks, respectively,
in HPE-induced dome formation. All cytoskeletal disrupters
inhibited HPE-induced dome formation in a concentration-
dependent manner (Fig. 9A) with the exception of cytochalasin
D, which was inhibitory at all concentrations tested (Fig. 9A).

Metabolic inhibition with sodium azide also prevented the
formation of domes in a concentration-dependent manner
(Fig. 9B), indicating that the process is energy dependent and
supporting the involvement of Na*/K* ATPase. The process,
however, was independent of protein synthesis, as pretreat-
ment of monolayers with cycloheximide did not have any sig-
nificant effect on dome formation (Fig. 9B).

H. pylori-induced dome formation is inhibited by stauro-
sporine and herbimycin A. The ENaC has been shown to be
regulated also by intracellular signaling pathways involving dif-
ferent kinase families in different cell types, such as protein
kinase C (PKC) (3), Src (18), or SGK (21). A series of inhib-
itors were used to determine the involvement of general sig-
naling pathways in H. pylori-induced dome formation. Mono-
layers were preincubated with the inhibitors for 30 min and
then coincubated with HPE for a further hour. Staurosporine
is a relatively nonselective kinase inhibitor which blocks many
kinases to at least some degree, while herbimycin A is a potent
and cell-permeable inhibitor of tyrosine kinases. Both kinase
inhibitors greatly inhibited the formation of domes (Fig. 9C),
while neither pertussis toxin, a trimeric G protein inhibitor, nor
cycloporin, an inhibitor of phosphatase 2B, had any significant
influence in HPE-induced dome formation (Fig. 9C).

HPE-induced cell-matrix detachment is associated with
anomalous expression and relocation of a6 and (34 integrins
and the nonintegrin monomeric 67-kDa laminin receptor
(67LR) in confluent monolayers. It has been postulated that
domes are areas in which an epithelium attaches weakly to the
substratum (52). Since the a6 integrin subunit, coupled to B1
or B4 integrin, is the main integrin involved in mediating gas-
trointestinal epithelial cell-matrix attachment (reviewed in ref-
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FIG. 5. HPE specifically induces dome formation in a concentration-dependent manner and is independent of the urease, VacA, CagA, and
Lewis x and y phenotypes of the strains. (A) The capacity to induce domes was tested with extracts from H. pylori strains of defined phenotype (26).
NUD, nonulcer dyspepsia; DU, duodenal ulcer; Rex, reflux esophagitis; Rs, reference strain; UTI, urinary tract infection; Le x, Lewis x; Le y, Lewis y.
(B) Dome formation was assessed with extracts from H. pylori reference strains NCTC 11637 and 11638, as well as clinical isolates MI 215, 229, 300, and
270. Extracts from E. coli (wt = wild type clinical isolate; DHS« = cloning vector) and S. marcescens were used for comparative purposes. (C) Monolayer
stimulation with serial dilutions of HPE from NCTC 11638 showed that dome formation was concentration dependent. The number of domes
(detachment) is expressed as a percentage of the number of domes induced by undiluted HPE from strain NCTC 11638. (D) The specific in-
volvement of urease, VacA, and CagA in dome formation was assessed by stimulating T84 monolayers with HPE from parental wild-type strains (84183,
60190, and N6) and the corresponding isogenic mutants for vacA, cagA, ureB, and ureG under kanamycin (km) selection. Normalization between
strains (B and D) was achieved by adjusting the bacterial solution to an optical density at 600 nm of 2.9 before removing cells by centrifugation.

erence 21), we utilized immunofluorescence microscopy to vi-
sualize any changes in the expression of these integrins upon
dome formation. Although the expression of all three mole-
cules was altered in HPE-treated monolayers, the most signif-
icant changes were observed on the a6 and B4 subunits.

B1 integrin was expressed in a net-like pattern in control
cells which was slightly disrupted in HPE-treated cells (Fig.
10A and B). The a6 and B4 integrins were expressed in fiber-
like patches at the base of the control cells (Fig. 10C and E),
which were severely disrupted upon HPE treatment. Severe
loss of B4 integrin expression was observed in treated mono-
layers (Fig. 10D), although no intracellular granularization was
observed. HPE treatment also induced significant changes in
the expression of a6 integrin, which appears to redistribute
toward the cell edges (Fig. 10F). Intracellular granulariza-
tion was observed at the blistered area (data not shown).

Ardini et al. (1) have previously shown that the 684 inte-
grin physically associates and is coregulated with the mono-
meric 67LR in the epidermoid carcinoma cell line A431. The

67LR was expressed in control T84 cells in a footprint-like
pattern (Fig. 10G) which was mainly preserved in the treated
monolayers (Fig. 10 H, panel 1). However, intracellular granu-
larization was observed at the blisters (Fig. 10H, panel 2),
where the footprint-like pattern was lost (Fig. 10H, panel 3).

Dome formation only occurred in mature monolayers grown
over 15 days. To determine if integrin downregulation was a
cause or a consequence of dome formation, we also assessed
integrin expression by immunofluorescence in nonconfluent
monolayers growing on glass coverslips for 2 days. After 1 h of
stimulation with HPE, there were no significant changes in the
expression of a6, 1, or B4 integrin (data not shown). This
indicates that integrin downregulation occurs as a consequence
of dome formation in mature monolayers.

DISCUSSION

The pathological response of epithelial cells to extraluminal
insults is likely to represent the initial step in the sequence of
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FIG. 6. Ultrastructural analysis of HPE-treated and control mono-
layers by transmission electron microscopy. Ultrastructural analysis by
transmission electron microscopy was performed in control (A, C, and
E) and treated (B, D, and F) monolayers. A full-width monolayer (A
and B), apical domain (C and D), and basolateral domain (E and F)
are represented. Bars: 5 pm (A and B), 0.5 pm (C and D), and 1 pm
(E and F). n, nuclei; bl sp, basolateral space; tj, tight junctions.

events ultimately leading to the onset of H. pylori-associated
pathogenesis. The epithelium is responsible for maintaining
barrier function and homeostasis, limiting the indiscriminant
flow of ions and macromolecules from the lumen to the lamina
propria. In an in vitro model with T84 polarized epithelial
monolayers, it has been previously shown (55) that sonicates
and soluble extracts from the bacterium can increase epithelial
permeability. More specifically, Papini et al. (42) have shown
that the vacuolating toxin from H. pylori can increase the epi-
thelial permeability of T84 and MDCK monolayers, indepen-
dently of its vacuolating activity (44).

In this study, we showed that stimulation of T84 monolayers
with H. pylori soluble extracts has dramatic effects on the epi-
thelial physiological balance and integrity. Apical, but not ba-
solateral, exposure of confluent monolayers of T84 cells to
HPE induced a rapid decrease in TER as well as the formation

INFECT. IMMUN.

of domes. Domes are fluid-filled blister-like areas which form
due to separation of the monolayer from the substrate, while
the cells remain attached to each other (47). Domes are char-
acteristic of transporting, tight junction-forming epithelia, and
they can form to a certain extent in untreated cultures after
they have reached confluence in an impermeable substrate.
The exact mechanism of dome formation is poorly understood.
In polarized epithelial monolayers with tight junctions, domes
appear to be sites of amiloride-sensitive transepithelial sodium
transport (25, 61). Sugahara et al. (52) postulated that domes
form due to a decreased attachment of the monolayer to the
substrate. Finally, domes have also been described as a sign of
differentiation in the cell culture system (26, 60).

Na™ enters enterocytes electroneutrally, by luminal Na*/H™"
and C1I"/HCO;~ exchange, or electrogenically, due to absorp-
tion via luminal ENaC. Sodium is then extruded from the cell
by the Na*/K* ATPase at the basolateral membrane. Coordi-
nate activities of apical sodium channels and the basolateral
sodium pump allow efficient transcellular sodium transport
without affecting cell sodium concentration (24). We have
shown that HPE-induced dome formation is exacerbated by
amiloride, which is a potent inhibitor of ENaC. This contrasts
with other reports, in which addition of amiloride has been
shown to reduce the formation of domes in several cell lines (7,
12). Since domes developed spontaneously upon treatment
with amiloride alone, we postulate that dome formation in this

Detachment (%)

C HPE 01 05 Hg’II:J HPE/

0.5

Detachment (%)

0.5 HPE/ HPE/
01 03

FIG. 7. Dome formation is inhibited by ouabain but exacerbated by
amiloride. The effect of amiloride (A) and ouabain (B) on HPE-
induced dome formation was assessed. Monolayers were pretreated
with 0.1 and 0.5 mM amiloride (apical) or ouabain (basal) for 30 min
prior to incubation with HPE for a further hour (HPE/0.1 and HPE/
0.5) and compared to untreated controls (C), HPE-treated cells
(HPE), and cells treated with the same concentrations of amiloride or
ouabain alone (0.1 and 0.5).
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FIG. 8. Dome formation is not associated with chloride secretion.
T84 intestinal epithelial monolayers were examined for induction of
electrogenic Cl~ secretion by HPE. Shown here are time course curves
of CI” secretion (measured as /) for HPE and control. To demon-
strate that cells were capable of I, the cAMP-mediated agonist fors-

s
kolin (3 nM) was added at 20 min. TER and /. were measured as
indicated in Materials and Methods. Data were pooled from six to nine
individual monolayers for each condition, and results are expressed as
the mean peak /. * the standard error of the mean.
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cell line could be due to intracellular Na™* depletion, driven
by the basolateral Na*/K* pump in the absence of an active
ENaC. HPE-induced domes are accompanied by cellular
shrinking, as observed by electron microscopy, which would
support the association between HPE-induced domes and in-
tracellular sodium depletion. Furthermore, the fact that the
formation of HPE-induced domes is inhibited by ouabain in-
dicates the requirement of the Na*/K™ ATPase and, there-
fore, Na™ extravasation from the cell for the domes to occur.

We postulate that a component within HPE could be inhib-
iting ENaC, either directly or indirectly. ENaC inactivation by
pathogens has only been shown for the influenza virus (23),
which inhibits epithelial Na™ channels in the respiratory epi-
thelium and seems to be the only described pathogen which
modulates epithelial Na™ channels rather than Cl~ channels.
ENaC regulation can be achieved at three different levels:
open channel probability, channel density at the plasma mem-
brane, and regulation of protein expression. These channels
are tightly regulated by hormones such as aldosterone, vaso-
pressin, and insulin, as well as PKA/cAMP, PKC, Ca**, and G
proteins (17). The absence of Cl™ secretion upon cell stimu-
lation with HPE indicates that PKA/cAMP is not involved in
dome formation. However, the inhibition of HPE-induced
dome formation by staurosporine and herbimycin A indicates
the involvement of intracellular kinase pathways in this pro-
cess. H. pylori-induced dome formation is not associated with
cell death or apoptosis. Furthermore, the cells are able to re-
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attach upon exposure to fresh medium. This indicates that in
the absence of HPE the cells can restore the physiological
balance of the monolayer, probably by restoring the number or
activity of the appropriate channels at the plasma membrane.
This would reduce the amount of accumulated fluid between
the monolayer and the semipermeable substrate, facilitating
cell-matrix reattachment.

The vacuolating cytotoxin from H. pylori is believed to be a
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FIG. 9. Dome formation is sensitive to cytoskeletal disruption and
inhibitors of phosphorylation-mediated signaling pathways. Inhibitors
and disrupters were added to the cells for 30 min prior to incubation
with HPE for a further hour; detachment was quantified by counting
the number of domes and is represented as a percentage of the positive
control treated with HPE alone within each experiment. Experiments
were performed in individual inserts and repeated three separate
times. The graph represents the results from a typical experiment.
Cytochal. D, cytochalasin D; NaAz, sodium azide; PT, pertussis toxin;
cyclosp., cyclosporine; Staur., staurosporine; Herb. A, herbimycin A.
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FIG. 10. Modulation of basolateral epithelial integrin distribution upon exposure to HPE. Immunofluorescence staining of control (A, C, E,
and G) and HPE-treated (B, D, F, and H) monolayers for 81 integrin (A and B), a6 integrin (C and D), B4 integrin (E and F), and the 67LR (G
and H). T84 polarized monolayers grown in 1-cm? PET tissue culture inserts were apically stimulated for 1 h with HPE. Control monolayers were
maintained in medium alone. The monolayers were subsequently fixed and stained by indirect immunofluorescence with anti-B1, anti-p4, GoH3,
and MluC5 antibodies and analyzed under an inverted fluorescence microscope. Bar = 30 pm.

major causative factor in the development of gastroduodenal
ulcers. The toxin is secreted by the bacterium (8), forms anion-
selective channels upon insertion into planar bilayers (56), and
mimics CFTR-mediated chloride conductance (9). Further-
more, VacA induces a decrease in TER in T84 monolayers and

an increase in paracellular permeability (42). Hence, we con-
sidered this toxin as a potential candidate which could be
involved in the formation of domes. However, HPE from two
different VacA mutant strains also induced dome formation,
ruling out the involvement of this protein in the process.
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We also considered the potential involvement of urease and
CagA in dome formation, since they also have important phys-
iological effects in epithelial cells. On the one hand, urease
catalyzes the hydrolysis of urea, yielding ammonia, which pro-
duces severe cytotoxic effects within gastric epithelium (re-
viewed in reference 50). Furthermore, this enzyme is com-
monly found in association with the bacterial surface (32). On
the other hand, CagA induces cytoskeletal rearrangements in
epithelial cells (reviewed in reference 36), and the bacterium
can induce the activation of matrix metalloproteinase-9, an
enzyme capable of degrading extracellular matrix components,
in a pathogenicity island-dependent way (37). Despite repre-
senting likely candidates, HPE from CagA™ as well as from
urease  UreB and UreG isogenic mutants were also able to
induce the formation of domes, which indicates that these
proteins are not involved in dome formation.

The formation of domes has been associated not only with
sodium transporting events but also with decreased epithelial
adherence to the substrate (52, 54). A number of observations
indicate that this could be the case for HPE-induced dome
formation. Firstly, dome formation was dependent upon the
composition of the extracellular matrix, as it occurred mainly
in those cells grown on laminin or fibronectin rather than on
those grown on collagen I. Furthermore, dome formation was
inhibited by HPE preincubation with soluble laminin. Since H.
pylori LPS has been shown to bind laminin (57) and to inhibit
up to 96% of the binding of laminin to the 67LR (48), the LPS
component of HPE could have an important role in HPE-
induced dome formation.

Long-term exposure of MDCK epithelial monolayers to reti-
noic acid also induces the formation of domes (54). The for-
mation of domes in this experimental model is preceded by up
to 70% inhibition of laminin biosynthesis, as well as by inhibi-
tion of synthesis of the 67LR. The 67LR has been shown to be
coregulated and to associate physically with a6p34 integrin in
A431 cells, where it acts as an auxiliary molecule involved in
regulating or stabilizing the interaction of laminin with the
integrin (1). The integrin a6B4 is the principal agent for ac-
complishing integration of the cytoskeleton with laminin in the
extracellular matrix (51), and changes in its expression or li-
gand affinity lead to extensive blistering or exfoliation (45).
HPE-induced dome formation is associated with dramatic
changes in the pattern of expression of a6, B4, and B1 inte-
grins, as well as the 67LR. Strikingly, B4 integrin expression
was completely lost in confluent monolayers upon exposure to
HPE, which indicates that dome formation associates with
decreased epithelial adherence to the substrate. In nonconflu-
ent, undifferentiated monolayers of T84 cells, short-term treat-
ment with HPE did not lead to changes in expression of these
integrins, which indicates that integrin downregulation occurs
as a consequence of dome formation, and not vice versa.

H. pylori-induced epithelial disengagement from the lamina
propria could contribute to the development of gastric or du-
odenal ulceration in conjunction with other factors which are
well known to be involved in this process, such as alterations of
the gastrin-somatostatin balance and a subsequent increase
in acid secretion (19, 27), or the underlying inflammatory
response (30). The release of reactive oxygen intermediaries
from transmigrating neutrophils at the epithelium (41, 49) as
well as alterations of the proliferative-apoptotic balance of
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epithelial cells (38) are also factors which have been postulated
to contribute to epithelial denudation and therefore could
facilitate the ulceration process.

In summary, these data indicate that intestinal epithelial
cells develop a pathophysiological response upon treatment
with soluble components from H. pylori which involves alter-
ation of barrier function, changes in the physiological balance
of electrolyte transport, and diminished adherence to the ex-
tracellular matrix. These effects, which are only apparent when
using polarized transporting gastrointestinal epithelia as a
model, represent a novel perspective for the understanding of
H. pylori-associated pathogenesis and highlight the importance
of the physiological consequences of the bacterium-epithelium
interaction.
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