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StMsaRY

A method is described for the three-dimensional (3-D) in vitro culture of nontransformed gastrointestinal epithelial cells
from the human duodenal mucosa. Biopsies obtained from human duodenum were finely minced. The tissue fragments were
suspended in culture medium supplemented with 5% fetal calf serum and the appropriate antibiotics. The suspended
mucosal fragments generated spheroid-like multicellular vesicles consisting of highly prismatic absorptive and goblet cells
retaining most of the histological features of the tissue in vivo. We performed immunocytochemical studies to determine
the origin of the vesicles using monoclonal antibodies against EP4. The histochemistry of the vesicles showed alkaline
phosphatase activity. Ultrastructural studies revealed that these cells exhibit characteristics of normal duodenal cells in
vivo: apical microvilli, glycocalyx, tight junctions and desmosomes. lateral membrane interdigitations, mucous droplets.
and a well-developed Golgi apparatus. An overgrowth of the vesicles by fibroblasts was not seen during cultivation. In
contrast with the two-dimensional cell cultures grown on artificial supports. the vesicle cells show organization similar to
that of natural epithelia. The polarization and eytoarchitecture of normal gastrointestinal epithelial cells cultured as 3-D
vesicles are comparable to those known for the native tissue. This study was undertaken to provide a morphological baseline
for subsequent infection experiments.

Key words: duodenum; spheroid-like vesicles; polarization: human gastrointestinal epithelium: three-dimensional cell cul-
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INTRODUCTION

Because the microaerophilic bacterium Helicobacter pyviori, usu-
ally detected in the antrum but also in the duodenal cap (Prewett et
al.. 1992), is accepted as the main precursor for gasiric and duodenal
ulceration (Bayerdériter et al., 1992) increasing interest has focused
on the interactions between H. pylori and the human gastrointestinal
mucosa. To this end, cultures of normal primary epithelial cells are
indispensable in studying H. pylort colonization in different func-
tional areas of the gasiric as well as the duodenal epithelium. Al-
though the small intestinal mucosa represents one of the most rapidly
proliferating cell populations in the body (Cairnie et al.. 1965:
Weiser, 1972), epithelial cells from normal duodenal tissue have
proven rather resistant to in vitro culture.

Several investigators attempting to develop in vitro culture systerns
have emphasized the difficulties of maintaining the typical differ-
entiated functions of duodenal villous cells. Many studies have been
performed with cells of murine origin (Harrison and Webster. 1969:
Lichtenberger et al., 1973; Raul et al., 1978; Tsuchiya and Okada.
1982; Négrel et al., 1983; Kondo et al., 1984; Quaroni, 1985; Ked-
inger et al., 1986; Tait et al., 1992) but only a few with cells of human
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origin (Mover, 1983: Gibson-D"Ambrosio et al., 1986). However, most
of these in vitro studies of small intestinal epithelium have been
limited by rapid autolysis, dedifferentiation, fibroblastic overgrowth,
and the loss of specific intestinal features (Raul et al., 1978; Négrel
et al.. 1983; Kondo et al.. 1984: Quaroni, 1985; Gibson-D’Ambrosio
et al., 1986). although organ culture has been described (Trier, 1976).

Although the potential of epithelial cells to polarize is genetically
determined. the expression of polarized organization of organelles.
cvtaskeleton. and enzvme activity, as well as the asymmetric distri-
bution of membrane components, depends on specific external con-
ditions (Nelson and Veshnock, 1987: Rodriguez-Boulan and Nelson.
1989). Likewise, the formation of cell contact structures and cell—
substratum interactions plays a critical role in the development of
epithelial cell polarity (Streuli et al., 1991). In other words, the cul-
ture conditions determine the degree to which tissue characteristics
are expressed in primary epithelial cells grown in vitro.

Common methods of cell culturing are limiting because they do
not allow the spatial arrangement of intact epithelial linings in live
organisms to be reproduced (Rodriguez-Boulan and Nelson, 1989).
To circumvent the drawbacks of two-dimensional (2-D) cultures and
to maintain the original epithelial structure and morphology, we es-
tablished a multicellular vesicle culture system for normal epithelial
cells from the human duodenal mucosa (HDEC) that avoids contact
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between the cells and any artificial supports, as well as enzymatic
disaggregation of the epithelial cell sheet. Therefore, this three-di-
mensional (3-D) in vitro model is a considerable improvement over
the conventional monolayer techniques. It represents a useful and
reproducible tool for a wide range of studies on basic biological
mechanisms, including metabolic measurement. lumen formation.
iranscytosis, and a variety of pathogenic processes such as the col-
onization and invasion of normal human mucosal cells by microor-
ganisms. '

MATERIALS AND METHODS

Preparation of human duodenal tissue. Sixty patients presenting for routine
upper gastrointestinal endoscopic assessment were selected as donors. The
study was approved by the hospital ethics committee. All patients gave their
informed consent to the biopsies. Subjects with known malignancy were ex-
cluded. Biopsies obtained for this study revealed no alterations in duodenal
morphometry or histology. From these volunteers, biopsy specimens (100 mg
wet wt each) were obtained from different sites of the duodenal cap. The
tissue samples were collected in wash medium (as will be described) and
transported to the cell culture laboratory for further preparation within 2 to
3 h. The biopsies were rinsed several times with fresh wash medium. clipped
free of loose adventitial connective tissue, and placed in a plastic Petri dish
{Falcon, Becion Dickinson, Lincoln Park, NJ) containing 10 m! of wash me-
dium for further processing.

Cell culture media. The wash medium initially used to kill indigenous
bacteria was RPMI (Biochrom. Berlin, Germany) containing 25 m¥ HEPES
buffer (GIBCO, Paisley, Scotland), 5% fetal calf serum (FCS; Biochrom). 100
U penicillin (GIBCO) per ml. 100 pg streptomycin (GIBCO} per ml. and 50
ug gentamicin (Sigma, St. Louis, MO) per ml. Two to 4 ug Fungizone (GIBCO)
per ml was added to prevent yeast contamination. Alternatively, we used a
mixture of DME (Biochrom) and Ham's F12 (Vitromex. Vilshofen. Germany)
medium (1:1) supplemented with the same ingredients just mentioned. The
same mixture without antibiotics was used as growth medium. To dissolve the
newly produced mucus, the growth medium was supplemented with 5 to 50
pg mucomyst (V-acetyl L-cysteine; Fluka, Buchs, Switzerland) per ml (Buset
et al., 1986).

Culture of normal human duodenal epithelial cells (HDEC). HDEC were
grown both as 2-D cell layers and as 3-D vesicle cultures. Small intestinal
scrapings for conventional cell culture were prepared according to the method
described by Kondo and colleagues (1984). Briefly, using sterile techniques.
we dissected the biopsies into small fragments which were rinsed again with
fresh wash medium. Usually, the fragments of one biopsy were introduced
into a small, 3.5-mm-diameter culture dish (Falcon) containing 1 ml of wash
medium. The cultures were grown in a humidified incubator at 37° C con-
taining 5% CO, for 12 h to allow initial attachment.

After the attachment phase, the wash medium was removed and replaced
by 1.25 ml of growth medium. During the 2- to 3-d period permitted for
adhesion, the cultures were handled very gently to prevent detachment of the
mucosal fragments. The medium was changed three times per week. Every
third day we removed the newly produced mucus by gently rinsing the ad-
hered explants with warm phosphate-buffered saline (PBS). Cells obtained
by this method were shown by microscopical techniques to be epithelial and
were not contaminated with fibroblasts. We have not attempted to subculture
these cells.

As an alternative to culiure on artificial substrata. HDEC were grown on
bovine lens capsules. These natural laminae densae were jsolated by a mod-
ification of the technique of Starkey and coworkers (1984). washed with sterile
Ca**- and Mg?*-free PBS, and mounted under sterile conditions in teflon
Combi-ring dishes (Renner, Dannstadt, Germany) to create a basement mem-
brane chamber (Boxberger et al., 1989).

The duodenal epithelial vesicles were prepared and maintained as de-
scribed (Moyer, 1983) with the following modifications: the mucosa was sepa-
rated from the underlying submucosa by our gently scraping off coherent cell
clusters with a blunt scalpel. The isolated cell clumps were rinsed twice in
fresh wash medium and transferred to small petri dishes (Falcon). each con-
taining 3 ml of wash medium. The vesicles were routinely examined by phase-
contrast microscopy to assess morphology. After 24 to 48 h they were col-
lected with a sterile Pasteur pipette and cultured separately in Millicell

inserts with a pore size of 3 pm (Millipore. Bedford, MA) which were placed
in six-well tissue culture plates (Nunc. Roskilde. Denmark).

The impermeability of the vesicles was tested with trypan blue (Merck,
Darmstadt, Germany) as a tracer according to the method of Herzog and Miller
(1981). The epithelial nature of the vesicle was confirmed both by electron
microscopy and histochemical procedures.

Immunodetection of laminin and collagen tvpe IV, The presence of a basal
lamina was assessed by immunofluorescent staining. HDEC vesicles were
embedded in 1% agarose (Seakem. FMC, Rockland, ME) and fixed in 4%
formalin (Merck). The samples were then dehvdrated with isopropanol
(Merck) for 20 min at 60° C, embedded in paraffin (Merck) for 20 min at 80°
C. sectioned at a thickness of 3 to 4 um with an HM 400 microtome (Microm,
Heidelberg. Germany). and mounted on glass slides. Sections were then
cleared in xvlene (Merck) for 15 min and hvdrated to water in an ethanol
series (100% . 96%. 80%, 70%). After being rinsed in Tris-buffered balanced
salt solution (TBS) at pH 7.6, the sections were incubated in mouse-derived
primary antibodies to laminin (1:30: Dako. Hamburg, Germany) or to collagen
tvpe IV (1:40; Dianova, Hamburg. Germany) for 1 h. This incubation was
followed, after a TBS rinse. with exposure to rabbit anti-mouse IgG (Dako)
for 30 min. After a further rinse in TBS. the Sireptavidin/Biotin Complex
(Dako) was added. The chromagen (100 mg diaminobenzidine tetrachloride
diluted in 200 ml of TBS with 100 ul 30% hvdrogen peroxide) was applied
to the sections for 30 min and again rinsed with TBS. Controls were labeled
with a second antibody only. Finally. the sections were stained with hema-
toxvlin (as will be described) before being mounted with Eukitt (Kindler,
Freiburg. Germany} on glass coverslips.

The sections were examined at 450 to 490 nm with a Nikon Microphot-Fx
microscope (Nippon Kokagu K.K.. Tokvo, Japan) equipped with PSM-1 and
HB 10101 high pressure mercury lamps (Nikon). Photographs were taken
with an FX-35a camera (Nikon) on Kodak TMax 400 or Ektachrome 160 T
film.

Hematoxylin/eosin (HE) staining. The specimens were embedded in par-
affin as just described and thick sections were stained with HE before being
observed with a light microscope: after hydration to water (described earlier),
the sections were stained with hematoxylin (Merck) and rinsed with hot tap
water (5 min) and cold distilled water. After being counterstained with eosin
(Sigma) for 5 min, the sections were rinsed once again with distilled water,
dehydrated both with ethanol (70%. 96%. 100%) and xylene (5 min). and
finally mounted as described earlier.

Viability assay. To assess the viability of the HDEC in 3-D culture, the
vesicles were treated with the Eukolight Viability/Cytotoxicity Kit (Molecular
Probes. Inc.. Eugene. OR). After being rinsed with PBS, the vesicles were
incubated in 5 pM calcein AM and 5 uM ethidium homodimer-1 for 2 h at
37° C in the dark. The cells were examined at 450 to 490 nm with the Nikon
microscope mentioned earlier. Photographs were taken on Kodak Elite 400
film.

Proof of alkaline phosphatase (AP). AP activity was localized as follows:
the HDEC vesicles were embedded in paraffin (Merck) and sectioned as
described. The sections were stained both with Neufuchsin (Fluka) and he-
matoxylin (Merck).

Alternatively, 5-um-thick crvosections were treated with Alkaline Phos-
phate Substrate Kit-Vector® Blue according to the protocol of Vector Labo-
ratories, Peterborough, England. Incubation time was 2 h at pH 8.2.

Identification of epithelial antigens. To determine the expression of the
epithelial cell antigen EP4 on HDEC grown as 3-D cultures, multicellular
vesicles were digested with 0.25% trypsin (Merck) for 10 min at room tem-
perature. Single cell suspensions were washed with ice-cold PBS and incu-
bated with mouse anti-EP4 (1:20: Dako, Hamburg, Germany) or isotype-
matched control for 30 min at 4° C. followed by incubation with fluorescein
isothiocvanate (FITC)-conjugated rabbit anti-mouse (1:200; Dako). This
monoclonal antibody. Ber-EP4. stains a partially formol-resistant epitope on
the protein moiety of two glycopolypeptides expressed on the cell surface as
well as in the cytoplasm of a wide range of human epithelial cells (Latza et
al.. 1990). Cells were analyzed with a FACSort (Becton Dickinson, Mountain
View. CA) equipped with Cellquest Software. In each individual analysis,
20.000 cells derived from four to six vesicles were counted.

Light microscopy (LM}, scanning electron microscopy {SEM), and trans-
mission electron microscopy (TEM}. LM was performed with a Zeiss Axiovert
10 photomicroscope equipped with phase contrast (Carl Zeiss, Oberkochen,
Germany). Specimens for SEM and TEM were prepared as previously de-
scribed (Boxberger et al., 1989).
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REsULTS

Primary cultures were made with mucosa from normal human du-
odenal cap obtained from 60 donors. The use of high antibiotic levels
at the beginning of the cultures reduced the possibility of infection
by microorganisms and prevented subsequent contamination. Soeme
primary cultures were lost due to overgrowth of bacteria and/or fungi,
but most of the conventional cell cultures could be maintained for
more than 30 d until cell degeneration became evident.

2-D culture of HDEC on different supports. In the case of the ex-
plant cultures, the mucosal cells were grown on plastic supports and
bovine lens capsule. The viable cells migrated out of the periphery
of the explants after 5 to 12 d following attachment to the plastic.
The HDEC growing out from explants were irregular in shape and
showed nuclei containing one to three nucleoli (Fig. 1 A). The culture
of HDEC on artificial supports led to single clusters of flattened cells.
After 15 to 20 d, they displayed a loose-packed pattern that could
be taken as indicative of an epithelial layer (Fig. 1 A). Confluent
monolayers which covered the entire surface of the supports were not
found.

The 2-D cultures grown on artificial substrates could be main-
tained for more than 30 d without signs of deterioration. Fibroblasts
appeared, if at all, only after 20 d of cultivation. If present, the
fibroblasts grew from the explants after the epithelial cells. The pres-
ence of contaminating fibroblasts was indicated by the appearance
of clusters containing spindle-shaped cells. As the culture time pro-
gressed, the fibroblastic cell clusters increased while the epithelial
areas became more restricted. In general. fibroblasts did not produce
significant populations of contaminating cells under these conditions.

Conventional culture of HDEC was considerably more in vivo-like
when the cells were grown on lens capsules. Following attachment
to the natural substratum, the cells migrated to form colonies which
subsequently coalesced. Within a week the epithelial cells formed
continuous sheets which persisted as monolayers up to 30 d without
degenerating. Due to the lens capsule’s transparency, light micro-
scopical inspection was always possible.

Cross sections for TEM showed that the HDEC cultured under
2-D conditions developed some but not all of the characteristics of
dunodenal epithelium in vizo. The cells on artificial substrata all dis-
played an extremely flattened appearance (3—6 um) but not the char-
acteristic columnar morphology that is usually observed in vivo. TEM
analysis revealed that the thickness of cells on bovine lens capsules
ranged from 5 to 12 pm. Adjacent cells were joined by tight junc-
tions, desmosomes, and membrane interdigitations. The major part
of the cells displayed only a few very short microvilli on the apical
site (Fig. 1 B). Mucus production could be seen for up to 2 wk.

Culture of HDEC as muldticellular, spheroid-like vesicles. Fragments
of the duodenal mucosa, when scraped from the underlying submu-
cosa and suspended in culture medium, were reproducibly capable
of regenerating complex vesicles consisting of highly prismatic epi-
thelial cells often associated with newly produced mucus. This pro-
cess was completed in 1 10 2 d, followed by the reconstitution of an
epithelial surface of regularly shaped cells (Fig, 1 € and D). Only a
low percentage of the fragments formed either solid cell aggregates
or attached to the bottom of the culture vessel creating cell layers.

Three hundred milligrams wet wt duodenal tissue (3 biopsies de-
rived from the same person) yielded approximately 11 * 2.7 vesicles
ranging from 100 to 300 pm in diameter. Most of the vesicles attained
stable, regular shape and cellular organization which could be main-

tained for 9.3 * 4.2 d in culture. Fragments of a larger original area
produced irregularly shaped vesicles up to 600 um in diameter. The
released vesicles were composed of cell types resembling the typical
simple epithelium of the small intestinal tract {as will be desecribed).
The vesicles were often observed to enclose a blood vessel inside the
central lumen (not shown). The total number of cells in a vesicle
could not be ascertained.

Analvsis of HDEC derived from trypsinized vesicles by flow cy-
tometry revealed two major cell populations in the forward versus the
side scatter plot. In five different experiments 28.2 = 94% of cells
displayed morphologic features characteristic of lymphocytes
whereas 69.8 + 12.2% of cells resembled intestinal epithelial cells
morphologically. Furthermore, 68.7 + 10.1% of all vesicle-derived
cells and 89.8 = 13.3% of cells in the epithelial cell gate expressed
the EP4 antigen which is found on human intestinal epithelial cells
(Fig. 2 4-C).

Although most of the HDEC vesicles did nat attach to the bottom
of the cell culture dish. they could be maintained in ritro for 17 d
(the longest period observed). Vesicles exposed to the Eukolight Vi-
ability/Cytotoxicity Kit showed extensive, uniform staining tvpical of
live cells (Fig. 3 4). After longer periods signs of degeneration oc-
curred. probably as a result of the accumulation of metabolic waste
products in the centers of the vesicles. During cultivation, neither
an overgrowth of the external surface of the vesicles by fibroblasts
was observed. nor was any sign of vesicle enlargement noticed. Met-
aphases could not be identified by LM.

Further examination by LM showed that the epithelial cells grown
as vesicles were impervious to trvpan blue {not shown). Furthermore,
the epithelial cells of the vesicles showed expression of AP activity
at their apical surfaces. Positive staining for AP activity was observed
in sections treated with Neufuchsin (Fig. 3 B), as well as in sections
stained with Alkaline Phosphate Substrate Kit-Vector® Blue (not
shown).

Antibodies against laminin and collagen type IV were used to
identify the basal lamina within the vesicles. Positive staining for
collagen tvpe 1V (Fig. 3 €} and laminin {(not shown) which appeared
only basally was observed. At the TEM level, however, alterations in
continuity with frequent breaks of the basal lamina were observed.

As judged by SEM/TEM, the vesicles were mainly composed of a
single layer of columnar or cuboidal cells similar to those of native
duodenal cells. Cells undergoing cell division could not be detected.
Two main types of epithelial cells could be distinguished which ex-
hibited characteristic features, suggesting that they. although not
characterized by immunological criteria, are absorptive and goblet
cells. The apical membrane of the absorptive cells was lined by typ-
ical microvilli (Fig. 1 D) characteristic of the so-called striated or
brush border. which is associated with a thick glycocalyx. All cells
were joined near their apices by well-developed junecticnal struc-
tures. The basolateral membranes of adjacent cells were held in close
juxtaposition by several elaborate interdigitations and a series of
desmosomes. Sometimes. the innermost cell membrane showed signs
of an in situ-like organization of the basal lamina, but in some ves-
icles a continuous basal lamina underlay the basal surface of the
cells. A loose layer of mesenchymal cells and small capillaries im-
mediately underneath the basal surface of the epithelial cells, as well
as reticular fibrils belonging to the lamina propria, underlay the basal
lamina. However, direct contacts between the epithelial cell layer
and the mesenchymal cells via cytoplasmic projections were not ob-
served. The central lumens of the vesicles were always filled with
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Fic. 1. A, LM micrograph of a 10-d-old primary 2-D culture of epithelial cells on a plastic support. The cell sheet is derived from a
mucosal explant of a human duodenum. The HDEC contain nuclei with one to three nucleoli in their cytoplasm. Huge pleomorphic cells
(PC) can be seen scattered in the monolayer. Bar: 60 um. B, TEM micrograph illustrating the ultrastructural morphology of a 23-d-old
culture of HDEC growing out from a human duodenal explant resting on a lens capsule (LC). The cells are polarized with few short and
irregular apical microvilli. They are connected near their apices by a junctional complex (arrow), a desmosome (arrowhead), and by
prominent membraneous infoldings (thick arrows). The cvtoplasm contains Golgi profiles (GP), dense granules, and membraneous vesicles.
A basal lamina is lacking. NU = nucleus. Bar: 1.1 pm. C, A small fragment of the duodenal mucosa 48 h after mincing. The fragmented
mucosa cultured in suspension is forming a spheroid-like vesicle which is floating in the medium. The inside of the central lumen (CL)
is filled with amorphous material. The upper part of the LM micrograph is depicted as a cross-section showing columnar-shaped epithelial
cells (arrowheads) which border the vesicle, whereas the lower portion of the micrograph shows the apical “cobblestone™ pattern of the
sheet of HDEC at the surface of the vesicle {compare with 1 D). Bar: 20 pm. D, Portion of a HDEC multicellular vesicle similar to that
depicted in C. The SEM micrograph shows the high degree of epithelial organization. The average diameter of the cells is 6 to 8 pm. The
apical surface of the cells expresses typical brush border-type microvilli. Bar: 15 pm.
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b Gate 1: 2.6% (dotted line)

Gate 2: 89.3% (plain line)

EP-4 FITC

c ungated: 72%

EP-4 FITC

Fi6. 2. Typical example for the cellular composition of multicellular ves-
icles derived from endoscopic biopsies of human duodenal mucesa. Analysis
was by flow cytometry after digestion of vesicles with trypsin. a. 21.4% of all
cells morphologically resemble lymphocvtes (gate 1) whereas 68.2% mor-
phologically resemble epithelial cells (gate 2). B, 89.3% of cells within the
epithelial cell gate (gate 2) are in fact epithelial cells, whereas EP4 is ex-
pressed on 2.6% of cells in the lymphocyte gate (gate 1). c. In contrast. EP4
is expressed on 72% of all vesicle-derived cells.

amorphous material that was composed of cell debris and collagen
fibers. Remnants of a lymphatic vessel (lacteal) could be frequently
observed within the lumen.

The goblet cells were scattered among the absorptive cells. They
contained a well-developed supranuclear Golgi apparatus as well as
numerous membrane-bound mucous droplets (Fig. 3 D). Each cell
contained well-developed intracvtoplasmic organelles such as dic-
tvosomes. mitochondria. bundles of filaments. and prominent. basally
located nuclei (Fig. 4 A).

Our studies show that the HDEC grown as multicell vesicles as-
sumed a nearly column-like shape similar to that known for native
cells (Fig. 4 B). SEM investigation revealed that the apical diameter
of the cells was dramatically reduced compared to that of the flat
cells of the conventional cultures. The average size of the tightly
packed apical cell membrane was 7 pm in diameter. The morphology
of a HDEC vesicle is depicted in Fig. 1 C. The shape and polarization
of the cells, organelles. and cell contact structures are shown in
Fig. 5.

Discussion

In vivo. epithelia are organized as natural barriers which separate
compartments of the bodv from the organism’s exterior. Owing to their
exposed location. epithelial borders are subject to a range of patho-
genic processes such as bacterial infections. Because Helicobacter
pilori (formerly Campvlobacter pylori) was isolated from chronically
inflamed gastrointestinal mucosa (Marshall et al., 1984). this field
has developed with enormous speed. Much evidence has been ac-
cumulated showing the pathogenic role of H. pylori in active chronic
gastritis and duodenal ulcer. However, a number of questions about
the histological and topographical features of chronic gastrointestinal
ulceration remain unanswered. The majority of studies have heen
based on histological investigations using biopsy specimens (Bay-
erdorffer et al.. 1992: Prewett et al.. 1992; Rugge et al.. 1993). In
vitro culture systems. extensively used for many cell and tissue types
other than intestine. would be useful in that respect.

Investigations using human normal tissues and cells are suggested
to provide more relevant information on human pathogenic processes
than cells derived from other species (Gibson-D’Ambrosio et al.,
1986). To obtain a large number of viable. functionally active cells
for primary cultures. human fetal intestine from abortions was used
(Mover. 1983; Gibson- D" Ambrosio et al.. 1986). To avoid such eth-
ically questionable methods, we used mucosal biopsies from normal
adults. As there is a high risk of damaging the cells during proteolytic
disaggregation (Freshney. 1987), we chose the alternative of me-
chanical techniques. The present study was undertaken to develop
an in ritro model which could be used to studyv the interactions of
H. pviori and other intestinal pathogens with human normal mucosal
cells derived from the duodenum.

Conventional 2-D culture of HDEC used here for comparison be-
tween monolavers and vesicle cultures is limited by both rapid de-
terioration of the cells and loss of many tvpical cytological charac-
teristics of the native mucosa. such as the highly polarized
phenotype. the nonrandom arrangement of organelles and cytoskel-
etal elements, the large number of cell-cell contacts. the expression
of correct membrane domains, the specific intestinal enzymatic ac-
tivity. and the loss of membrane potential. This lack of morphological.
phvsiological. and biochemical features is a commonly lamented dis-
advantage of the conventional 2-D cell culture on a rigid substratum
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F1G. 3. 4. HDEC bordering a 3-D vesicle (arrous) exposed to the Viahility/Cytotoxicity Kit display an extensive. uniform {original green)
staining typical for live cells. Bar: 60 pm. B. LM micrograph of HDEC grown as a 3-D vesicle and processed with Neufuchsin for the
detection of alkaline phosphatase (AP). observed as a deposit at the apical surface {arrows). Bar: 20 pm. C. Indirect immunofluorescent
staining with antibodies specific for hasal lamina constituents showed that HDEC vesicles in 3-D culture continued to express collagen
tvpe IV. Note the presence of dense. dark staining at the basal surface of the epithelial cell laver (arrowcheuds). Bar: 40 pm. D. Portion of
a HDEC multicell vesicle. Note the overall columnar appearance of the enterocytes which are connected by tight junctions. desmosomes,
and membraneous infoldings (compare with 1 B). The apical membrane domains display microvilli and a glycocalyx. The cytoplasm
encloses elongated mitochundria. a number of secretory droplets. and extensive supranuclear Golgi profiles (GP). The nuclei (NU) are
situated in the lower part of the cell body. Arrowheads indicate a discontinuous basal lamina between the residual callagen fibers filling

the central lumen and the basal cell membranes. Bar: 2.5 pim.

(Raul et al.. 1978: Tsuchiva and Okada. 1982; Kondo et al.. 1984:
Quaroni, 1985: Minuth et al.. 1992). We thus used lens capsule
basement membrane as a more flexible support with which cells
could interact to enhance their differentiation and polarization.

The basement membrane and some of its individual components
are important factors for the expression of the polarized and differ-
entiated phenotype of epithelial cells in vitro (McDonald. 1989: Rod-
riguez-Boulan and Nelson. 1989; Timpl, 1989: Hohn and Denker,
1994). Indeed. the culture of HDEC cells on this material has led to
both a more prismatic phenotype and a higher cell density as com-
pared with the cell culture on solid, artificial supports. Our obser-
vation was in accordance with previous findings (Boxberger et al..
1995) and similar results obtained by others (Starkey et al.. 1984:
Mackenzie et al., 1993; Kubat, 1994) which suggest that the base-

ment membrane could affect the degree of morphological and phys-
iological differentiation of epithelial cells. possibly via interaction
with transmembrane integrins (Ekblom et al.. 1986; Burridge et al..
1988: Watt et al.. 1988: Aggeler et al.. 1991: Streuli et al., 1991;
Schmidt et al., 1993). In the long term, however, even on lens cap-
sules the HDEC could not preserve their polarized state. To approx-
imate the physiology of the in wivo situation, we developed the 3-D
multicell vesicle culture system for normal primary epithelial cells.

Our studies of the HDEC multicellular vesicles emphasize the
histophysiological and morphological similarities of the 3-D cultured
epithelial cells to those of the native tissue. The most remarkable
features of this method are its high reproducibility and the highly
prismatic nature of the mucosal cells in the vesicles. Their columnar
shape was in sharp contrast to the flattened morphology observed
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FIG. 4. A, Ulirastructure of HDEC grown as 3-D spheroid-like vesicles.
A junctional complex at the site of cell—cell contact (arrow) and desmosomes
connecting the lateral cell membranes (arrowheads) are present. The apical
poles of the cells demonstrate brush border microvilli associated with a con-
spicuous fuzz-like coat reminiscent of a glycocalyx (G). Membraneous inter-
digitations (thick arrows) are also visible (compare with 3 D). Clusters of
mitochondria (MI7), endoplasmic reticulum (ER). and a dictyosome (open
arrows) inside the cells can be seen. TEM micrograph; Bar: 0.6 um. B, TEM
micrograph depicting the ultrastructural appearance of the control epithelial
cells from human duodenum. This oblique section displays the typical brush
border-type microvilli covered by a thick glycocalyx (G). Tight junctions (ar-
rows), desmosomes (arrowheads), and membraneous interdigitations (thick ar-
rows) are present. Bar: 1.1 pm.

when the cells were cultured on plane substrata. In comparison with
the 2-D culture, the multicell vesicles presented also strong evidence
of cytological differentiation which was manifested by the lack of
cells in metaphase. The reason little proliferation and only differ-
entiated function is obtained is that only the digitiform villi of the
tunica mucosa were scraped off. Due to this technique, the isolated
vesicles consisted mainly of cut off and resealed villi which were
bare of proliferative cells.

In rivo. the tight interaction of the intestinal epithelial cells both
facilitates the potential replacement of a wounded epithelium by an
intact cell sheet and may serve as a spatial organizer of their highly
polarized cytoarchitecture and histophysiological qualities (Nelson
and Veshnock, 1986). The remodeling of an intact epithelial cell
sheet is thought to be initiated by the release of growth factors which
could trigger repair activities such as cell proliferation and locomo-
tion (reviewed in McNeil, 1993). Our data indicate that the HDEC
vesicles both retain and restore the original intimate contact that is
necessary for the epithelial remodeling of in vivo- like structures and
functions after mechanical disruption.

The examination of the HDEC vesicles further revealed high cell
density and maintenance of mucus production. The appearance of
absorptive and goblet cells containing characteristic mucous gran-
ules as well as the expression of EP4 and AP activity again reflects
both the preserved functional polarity of the multicell vesicles and
the different physiological functions of the two epithelial subtypes.
The AP activity at the apical surfaces of the vesicles was also a
reliable, positive marker in our 3-D cultured cells. Corresponding to
our data, Walling et al. (1991) have shown that columnar and polar-
ized murine adenocarcinoma cells (MAC 15j) grown on free-floating
collagen gels displaved expression of AP, whereas cells grown on the
plastic substratum showed no evidence of AP activity. Furthermore,
the morphological features of our 3-D cultured cells. such as the
typical brush border-type microvilli covered by a glycocalyx, junc-
tional complexes. membrane infoldings at the lateral cell borders.
basal lamina, and the distribution and orientation of intracellular
organelles, closely resembles those noted in the native duodenal tis-
sue. In addition, the presence of loose mesenchymal cells, capillar-
ies. and the lacteal inside the central cavity emphasizes the intact-
ness of the complete mucosa composed of the epithelial cell sheet
and the underlying lamina propria. These observations are in accor-
dance with the finding of others (Tsuchiya and Okada, 1982; Quaroni,
1985) who observed spherical bodies consisting of a single laver of
fetal rat intestinal epithelium in organ culture.

Yet, a few differences still exist between the in vitro 3-D organi-
zation of the HDEC and the native epithelium. In vivo, epithelial
cells receive nutrients from the basolateral side facing the blood
supply. In a multicellular vesicle, the apical cell poles face the nu-
tritive environment. whereas the basolateral surface has access only
to the material that fills the central cavity. Obviously. the lifespan of
the 3-D cultured cells is strongly connected with the limited passage
of metabolic waste products out of the epithelial vesicles as well as
the hindered diffusion of nutrients and growth factors into the vesi-
cles (Mueller-Klieser, 1987; Sutherland, 1988). During cultivation,
an overgrowth of the external surface of the HDEC vesicles by fibro-
blasts was never observed, whereas in a few explant cultures. con-
taminating fibroblasts could be observed. We suggest that the sub-
mucosal tissue including the fibroblasts has been entrapped during
resealing of the epithelium and the process of vesicle formation, re-
spectively.

In former studies (Quaroni, 1985; Kedinger et al.. 1986; Tait et
al.. 1992; Mackenzie et al., 1993) it was suggested that the main-
tenance of interepithelial and epithelial-mesenchymal cell interac-
tions that persist in “organoid” cultures plays an important role in
proliferation of gut epithelium. We have made similar observations
in cocultures consisting of 3-D duodenal epithelial vesicles and sub-
epithelial fibroblasts. In these cultures we were able to prolong the
viability of the epithelial cells up to 23 d (unpublished result).
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F16.5.  Schematic drawing of a small HDEC spheroid-like vesicle. This represents a model that is reconstructed from the data obtained
by light microscopy, TEM, and SEM. Ounly the typical features of each cell type are noted. The right portion of the vesicle is depicted as
a longitudinal section, whereas the left portion shows the vesicle in a 3-D view. The vesicle is bordered by a sheet of columnar-shaped
absorptive enterocytes, with single basophilic goblet cells in between. The apical poles of the cells bear a multitude of microvilli forming
the typical brush border. Both cell types are held together by tight junctions, desmosomes, and membraneous interdigitations between the
lateral membranes. On their basal sides the epithelial cells are in contact with a basal lamina which is present in fragments only. These
fragments are marked as thick lines facing the central lumen. The central lumen (CL) is filled with amorphous material which contains
collagen fibers. blood capillaries, and the lacteal belonging to the lamina propria that was entrapped during vesicle formation. Bar: 25

pm.

Spherical aggregates have been widely used for many years (for
further details see Mueller-Klieser, 1987; Sutherland, 1988; Kniichel
and Sutherland, 199G). Herzog and Miller (1981) and Espanet et al.
{1992) reported multicellular follicles from pig thyroid gland cells.
It was also reported that fragments of fetal rat intestine evolved into
globular structures which were bordered by a single columnar epi-
thelium similar to villous cells (Tsuchiya and Okada, 1982; Quaroni,
1985). To our knowledge, spheroid-like in vitro models of HDEC
have not been described before. In agreement with other reports (Tsu-
chiya and Okada, 1982; Moyer, 1983; Négrel et al., 1983; Quaroni.
1985), the use of nondissociated, mechanically removed mucosal
fragments as starting material is essential for the successful estab-
lishment of HDEC in culture. The treatment of intestinal tissue with
disintegrating proteases such as collagenase or trypsin leads to re-
duced brush border enzyme activity (Kedinger et al., 1986) and is
also known to cause shape and polarity changes (Lichtenberger et
al.. 1973; Raul et al.. 1978).

Our study with the HDEC multicell vesicles supports the notion
that for an in vitro model to reflect the normal histophysiology of an
epithelium, preservation of its cellular structure and marphology is

essential (Jackson and Newport, 1981). This means the differences
in composition between the apical and basolateral cell membrane
domains must be maintained. Furthermore, the accurate reorienta-
tion of the cytoskeletal elements plays an important role in the po-
larization of epithelial cells (Nelson and Veshnock, 1986, 1987).
Following the concept that a change in cell shape may initiate a
corresponding change in cell function, the principal advantage of the
3-D technique appears to be the striking improvement in both cell
morphology and polarity over that of conventional cultures. Recent
investigations demonstrated that epithelial cell differentiation in vitro
was greater when the cells were grown in 3-D cultures (Walling et
al., 1991; Chevillard et al., 1993; Boxberger and Meyer, 1994; Ya-
manari et al., 1994; Boxberger et al., 1995).

Qur in vitro system, which combines the advantages of cell lines
and organ cultures, features the use of small vesicles of cultured
epithelial cells which appear to possess the original tissue architec-
ture. HDEC vesicles were chosen because they originate from a nat-
ural site of H. pylori infection. We have developed this model to
identify potential virulence factors (adhesins). Besides an N-acetyl-
neuraminvllactose-binding hemagglutinine (HpaA) one postulates
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further H. pylori adhesins which bind specifically to components of
the extracellular matrix. Such adhesins could play an important role
after the destruction of the epithelium in the late infection phase.
Therefore, in our opinion the 3-D vesicle model represents a valuable
tool with the potential to give us more insights into the highly com-
plex mechanisms of bacterial-host cell interactions than does the
2-D monolayer cell culture system.
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