
Summary. The molecular characterization of
mechanisms involved in the gastrointestinal tract
disorders needs an in vitro 3D culture model able to
mimic the in vivo gastric microenvironment. Herein, we
propose a 3D coculture system where gastric epithelial
and stromal cells are grown together building spherical
and solid structures using the NASA bioreactor - cell
culture system (RCCS), a bioreactor. Epithelial and
stromal cells from human antral gastric mucosa were
isolated from endoscopic gastric biopsies. Thereafter,
these cells were mechanically and enzymatically
dispersed by treatment with dispase and collagenase,
respectively. Using specific culture procedures, these
cells formed 3D structures by using a RCCS, named
“gastrospheres”. Briefly, gastrospheres were obtained by
initial seeding of 2.5x104 cells/well in 96 well culture
plates. At 24 h after their formation, they were
transferred into RCCS, and maintained for 7, 14, 21, and
28 days. The gastrospheres were morphologically
characterized by immunocytochemisty to evaluate
extracellular matrix (ECM), and by electron microscopy.
These analysis of gastrospheres revealed that the
epithelial cells were cytokeratin (CK) and lectin reactive
and were arranged in the outer layer; stromal cells

presented long cytoplasmic processes and were localized
inside the gastrosphere. They were vimentin (VIM) and
α-smooth muscle actin (α-SMA) positive and expressed
ECM components such as laminin (LN), fibronectin
(FN), and type IV collagen (CIV). Electron microscopy
revealed groups of cohesive gastric cells surrounded by
complex stromal structures, with multiple microvilli, and
tight cellular junctions interspersed with extracellular
matrix fibrils and fibers. The presence of some nestin-
positive cells was observed in the inner region of the
gastrospheres, suggesting an intermediary localization
between epithelial and stromal cells. Altogether, our data
suggest that in vitro gastrospheres recapitulate the in
vivo gastric niche microenvironment.
Key words: Gastrospheres, Human gastric stromal and
epithelial cells, Nestin-positive epithelial cells

Introduction

The epithelial cells of the gastrointestinal system
have a high turnover, being renewed every 2-7 days
under normal conditions, with an accelerating of the
renewal under stress (Brittan and Wright, 2002). This
process is regulated by stem cells, which give rise to all
the gastrointestinal epithelial lineages and can regenerate
all the intestinal crypts and gastric glands (Karam, 1995;
Brittan and Wright, 2002). With some exceptions,
epithelial stem cells are considered to be develop-
mentally committed, forming the differentiated cells of
their own tissue type, but not those of other tissues
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(Slack, 2000; Stange et al., 2013; Ritsma et al., 2014). In
regard to stomach anatomy, three regions are
distinguished: the forestomach (in mice) or fundus (in
human beings), the corpus, and the pyloric antrum. The
human stomach lumen is lined with a epithelial cell
monolayer that is organized in flask-like invaginations,
each of which consist of several glands that feed into a
single luminal pit (Bartfeld et al., 2015). The epithelium
constantly renews itself and the stem cells that maintain
this process reside in the gastric glands (Karam end
Leblond, 1993; Bjerknes and Cheng, 2002; McDonald et
al., 2008; Barker et al., 2010). More specifically, the
immature cells of the gastric unit are located in the
isthmus region, and they include undifferentiated stem
cells that undergo frequent asymmetric mitosis to
reproduce themselves and give rise to two partially
committed precursors: prepit and preneck cell precursors
(Karam, 1995). On the other hand, very little is known
about the regeneration of epithelial cells after origin and
the pathogenesis of common gastric diseases. This may
be the result of the lack of basic information on stem cell
biology and committed precursor cells of the gastric
epithelium (Karam, 1995). Over the last years, studies
involving in vitro characterization of gastric epithelial
stem cells are not conclusive, since there are many
problems concerning their accessibility and segregation
for experimentation, and the absence of specific gastric
stem epithelial cell markers. Recently, in vivo studies
have made a large contribution to identification of
gastric stem cells. These studies have suggested
important markers that have allowed the identification of
cells with the capacity to self-renew and to generate the
different lineages of the stomach (Stange et al., 2013;
Ritsma et al., 2014), permitting the access of these cells
in more in vitro studies and new systems of cell culture
model such as the three dimensional cultures.

The existence of endogenous processes of tissue
repair in most epithelia suggests that there is an
unexplored area of potentially novel therapies based on
the stimulation of these regenerative mechanisms (Slack,
2000). To achieve this goal a better characterization of
epithelial stem cells is needed in terms of molecular
markers and in the establishment of more in vitro culture
systems (Barker et al., 2010), such as those used for
epidermis (Watt, 1998; Whitehead at al., 1999), in which
the control of stem cell behavior can be investigated in
detail. Perhaps the most important advance will be the
identification of the unexplained environmental factors
that control stem cell behavior, both with regard to the
self-renewal potential and ability to form particular types
of differentiated cells (Slack, 2000). The extracellular
matrix (ECM) components should be important
candidates due to their support for cell survival or
growth beyond the first passage (Hakala et al., 2009).
Genetic mouse models have allowed the visualization,
isolation, and genetic marking of Lgr5ve and Lgr6ve cells
and provided evidence that they are stem cells. Lgr5ve
cells were found to occupy locations not commonly
associated with stem cells in the stomach, small

intestine, colon, and hair follicles (Barker and Clevers,
2010). Currently, several studies have also reported on
the long-term cultivation of gastric primary cells and
their use in infection experiments carried out by
injection of Helicobacter pylori into the lumen of the 3D
structures (Bartfeld et al., 2014; Schlaermann et al.,
2016); other studies have related the generation of
gastric organoids from murine gastric glands
(Wroblewski et al., 2014) and from human induced
pluripotent stem cells (McCracken et al., 2014).
Organoids formed primitive gastric gland- and pit-like
domains, proliferative zones containing LGR5-
expressing cells, surface and antral mucous cells, and a
diversity of gastric endocrine cells (McCracken et al.
(2014). Herein, we report a new in vitro generation of
three-dimensional human gastric spheroids obtained
through spontaneous epithelial and stromal cell
interaction by using a simple culture medium (DMEM
and KM-F12) and a few biomarkers. We were able to
maintain and identify differentiated and undifferentiated
epithelial cells-like in 2D and 3D culture system,
suggesting also an in vitro reconstruction of the gastric
epithelial stem cell niche. Although the presented 3D
culture system needs more investigation for more
specific characterization, it has already show a great
potential for future research, especially regarding the in
vitro molecular aspect of the cell-cell interaction and
cell-H. pylori infection.
Materials and methods

This study was approved by the Ethic Committee for
Research of the Hospital Universitário Clementino Fraga
Filho under protocol number 150/01. The normal gastric
mucosa biopsies were obtained from 10 elected normal
adult patients admitted in the Gastroenterology Service
of the hospital. The gastric biopsies were taken from
areas of grossly normal gastric antral mucosa, confirmed
by negative urease test and the histological absence of
Helicobacter pylori (H. pylori). One or two fragments
measuring approximately 3 mm3 each were collected for
cell culture. Cases associated with gastritis or infections
were discarded.
Cell culture

The gastric fragments were collected in flasks
containing culture medium, i.e., (Dulbecco’s Modified
Eagle’s Medium - DMEM, Sigma Chemical Co.)
supplemented with 5% fetal bovine serum (FBS), and
Penicillin-Streptomycin solution (P-0906, Sigma). 
Isolation and establishment of epithelial and stromal cell
populations

To isolate epithelial cells, normal human gastric
mucosa biopsies were mechanically fragmented into
pieces of approximately 1 mm3, put in flasks containing
6 mL of enzymatic solution (0,125% dispase/EDTA w/v
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in DMEM without FBS), and incubated for 16 h at 4°C.
This step was important to detach epithelial cells.
Thereafter the fragments were shaken for 1 h at room
temperature, and the obtained supernatant was collected
in a complete culture medium and centrifuged to 400xg
for 5 min. The pellet was resuspended in DMEM
supplemented with 10% FBS, 10 µg of penicillin/ml, 10
µg streptomycin/ml (Invitrogen, Grand island, NY), and
plated in 25 cm2 tissue culture dish for 2 to 6 h in
humidified air with 5% CO2 at 37°C. The nonattached
cells were collected and centrifuged. The pellet was
resuspended in the culture medium for keratinocyte
(KM-F12), plated on 25 cm2 tissue culture dishes
precovered with irradiated stromal cells (3T3 cells), and
cultivated at 37°C in humidified air with 5% CO2 for 12
days. The culture medium was changed every 3 days.
The epithelial cells were then trypsinized (0.3%
tripsin/EDTA solution) and cultivated in other culture
dishes without 3T3 cells in KM-F12 with 10% FBS. The
homogeneous epithelial cell cultures obtained were
named HGE3 cells. To obtain stromal cell culture,
normal human gastric mucosa biopsies were
mechanically dispersed and incubated twice in a medium
containing 0.1% collagenase (Worthington Bio-
chemicals, Lakewood, NY, USA) for 1 h at 37°C. The
dispersed cells were centrifuged at 400xg for 5 min and
resuspended in DMEM supplemented with 10% FBS
containing penicillin / streptomycin. The cells were
plated in flasks and cultivated in a humidified
atmosphere of 95% air-5% CO2 at 37°C. At confluence,
cells were detached using 0.25% trypsin/EDTA (Sigma)
and replated in a ratio of 1:3 into new flasks. After one
or two weeks, the same procedure was realized; the cells
were detached and replated. In each passage, the cell
morphology was analyzed under phase contrast
microscopy, and characterized by immunocytochemistry.
The cell passage and characterization were continued
until the twelfth passage, where homogeneous
connective tissue cell culture, named HGS12 cells, was
obtained. Later, the confluent monolayers were more
rapidly established and the cells were cultivated in
DMEM with 10% FBS.
Co-culture assays and gastrosphere organization

To obtain the three-dimensional structures (the
gastrospheres) the homogeneous populations of stromal
(HGS12) and epithelial (HGE3) cells were cultivated in
a 1:1 ratio (1.5x104 cells), in 96-well tissue culture
plates (round bottom) (SARSTEDT, USA) previously
covered with 1% agarose gel, and containing KM-F12
culture medium with 10% FBS. After 72 h, the cellular
gastrospheres were removed and approximately 30
gastrospheres per 12 mL of KM-F12 culture medium
introduced into the rotary cell culture system (RCCS-4)
(Synthecon, Inc., USA), and maintained in humidified
air at 37°C and atmosphere of 5% CO2. The RCCS-4
system was developed by NASA and it allows the
formation of an atmosphere of only microgravity,

working with low turbulence and lower heating,
minimizing mechanical damage and allowing
association of different cellular types in structures of 3D
with several millimeters of diameter. It is an optimized
form of cultivating adherent cells and suspension,
promoting high mass transfer with appropriate nutrition
and oxygenation. To maintain individual gastrosphere
aggregates in suspension, rotation speed was fixed at 35
rpm. The gastrospheres were monitored daily by
observations of pH, dissolved CO2 and O2, and bubble
formation. Every 48 h, approximately 90% of the total
culture medium volume was changed by fresh medium.
The gastrospheres were cultured for 21 days under these
conditions in the RCCS-4 prior to their characterizations.
Immunocytochemistry

Indirect immunofluorescence was performed to
characterize the HGS12 stromal cells and the HGE3
epithelial cells using antibodies against cytoskeleton
filaments, extracellular matrix components, and
proliferation (e.g. PCNA) and markers of pluripotency
(e.g. nestin, oct-4). HGS12 cells were fixed in situ in 4%
paraformaldehyde (PFA) plus 4% sucrose in Sorensen’s
phosphate buffer (0.1M, pH 7.4) at room temperature for
30 min and washed in 0.01 M phosphate buffer saline
(PBS) pH 7.5. After washing, cells were incubated in 50
nM NH4Cl in PBS for 30 min, and then permeabilised
with 0.05% saponin in PBS for 30 min. The cells were
pre-incubated with 0.2% gelatin in saponin-PBS for 30
min. For staining, cells were incubated with primary
antibodies against cytokeratin 7 (CK-7) (clone ov-tl
12/30; DAKO Corp., USA), cytokeratin 8 (CK-8) (clone
35βH11; DAKO Corp.), type IV collagen (CIV) (clone
COL-94; Sigma, St Louis, USA), laminin (LN) (clone
LAM-89; Sigma), fibronectin (FN) (clone FN-15;
Sigma), chondroitin sulfate (CS) (clone CS-56; Sigma),
vimentin (VIM) (clone LN-6; Sigma), α-smooth muscle
actin (α-SMA) (clone 1A 4; Sigma), nestin (BD
Transduction Laboratories, Lexington, USA), Oct-4
(MAB4305, Chemicon, USA), and the proliferating cell
nuclear antigen (PCNA, clone PC10; Dako) at 40°C
overnight (all the dilutions of antisera (1/100) and
subsequent washings were performed in gelatin-saponin-
PBS). After that, cells were washed with gelatin-
saponin-PBS several times and then reacted with
biotinylated anti-mouse and anti-rabbit secondary
antibodies (LSAB kit, DAKO) for 30 min at room
temperature, washed, and incubated with streptavidin
Cy3 (Sigma, USA; 1:1000) for 90 min. After washing,
the nuclei of cells were stained with 5 μm/mL 4’, 6-
diamidino-2-phenylindole (DAPI) diluted in PBS and
the cover slips were mounted with n-propylgallate. For
negative controls normal non immune sera of the animal
species of the primary antibody or the primary antibody
dilution buffer were incubated onto cover slips instead of
the antibody. The cells were observed and recorded
using a Nikon Eclipse E 800 epifluorescence microscope
connected to a digital camera (Evolution, Media
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Cybernetics, USA). Images of high quality were
captured (204861536 pixels buffer).
Characterization of HGE3 cell glycoconjugates 

To evaluate the presence of carbohydrate residues in
the epithelial cells, lectins were used to identify the
epithelial mucous cells. The HGE3 cells were fixed in
acetone for 5 min at 4°C and rinsed with phosphate-
saline buffer (PBS) three times for 10 min, followed by
an incubation step with PBS containing 1% bovine
serum albumin (BSA) pH 7.4, for 1 h at room
temperature. Subsequently, they were incubated for 1 h
at 25°C with biotinylated lectins (Vector Laboratories,
CA, USA) (Table 1), diluted to a final concentration of
10 μg/ml. Thereafter, the cover slips were washed in
PBS-0.25% tween 20, and incubated for 30 min at 25°C
with streptavidin-Cy3 conjugated (SIGMA; 1:1000),
rinsed once in PBS and three times in deionized water.
Nuclear staining was performed with DAPI, as
previously described and the cells were observed by
Zeiss microscope with epifluorescence. 
Scanning electron microscopy 

HGS12 and HGE3 cell gastrospheres were fixed
with a 2.5% glutaraldehyde solution in 0.1 M/L
Sorensen’s phosphate buffer (pH 7.4) for 2 h and rinsed
in 0.1 M cacodylate buffer (pH 7.4). The cells were
postfixed with a 1% osmium tetroxyde solution
containing 0.8% potassium ferrocyanide solution, and 5
mM calcium chloride solution in 0.1 M cacodylate
buffer for 30 min, dehydrated in graded alcohol solutions
and critical-point drying (Baltec CPD 030). They were
then sputter-coated with gold and examined by scanning
electron microscopy (JEOL 5310).
Transmission electron microscopy 

HGS12 and HGE3 cell gastrospheres were fixed and
postfixed as described above for scanning electron
microscopy. Then they were rinsed in the same
cacodylate buffer, stained with 1% uranyl acetate for 2 h
at 4°C, dehydrated with graded acetone solutions and

embedded in Epon 812 resin (EMBed - 812). Ultrathin
sections were prepared with an Ultramicrotome RMC-
MT 6000 - XL, double-stained with 5% uranyl acetate
and lead citrate (Reynolds), and examined using electron
microscopy (1200 JEOL and 268 Morgagni, FEI).
Colorimetric MTT assay

Cell viability was assessed using the MTT [3-(4,5-
dimetihylthiazol-2-yl)-5-(3-carboxy-methoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium] assay. Briefly, HGE3
and HGS12 cells were seeded, isolated, and co-cultured,
in duplicate, in 96-microwell plates at a concentration
8x102 cells/well containing 200 μL of medium
(DMEM). Experiments were performed 48 h after
seeding to ensure the uniform attachment of the cells.
The plates were then incubated for 3 h with MTT (5
mg/mL) in the dark at 37°C and 100 µL of DMSO were
added in each well to dissolve the formazan crystals.
Finally, the optical density was measured at 570 nm
using an ELISA plate reader (Dynatech MR580
Microelisa Reader; absorbance, reference filter, 655 nm).
Each experiment was repeated at least three times using
triplicate samples. Viability assay was analyzed by
ANOVA and by the Student-Newman-Keuls test.
Differences were considered significant at the level of
P<0.05
Results

Morphological characterization of HGE3 and HGS12
cells and gastrospheres 

Epithelial and stromal cell populations obtained
from human gastric mucosa primary culture were quite
homogeneous. The epithelial cells displayed a rounded
and flattened morphology (Fig. 1A) and were called
HGE3 cells. These cells were immunolabelled with
cytokeratin antibodies (CK7 and CK8) (Fig. 1B,C),
indicating to be originated from epithelium.

Stromal cell population, called HGS12 cells,
presented fibroblastoid characteristics. They were
elongated cells with many cytoplasmic prolongations
(Fig. 1D). They were immunopositive for fibroblast and
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Table 1. Trivial name of lectins, their abbreviated carbohydrate structure and cellular specificity.

Trivial name Structure carbohydrate Cellular specificity Authors

Con A Concanavalin A (αDMan, αDGlc) Mucous neck cells and cells of pyloric gland Tsutsumi et al., 1983 
DBA Dolicos biflorus agglutinin(αGalNAc) Endocrine cells Thompson et al., 1990
SBA Glycine max (D-GalNAc) 
PNA Arachis hypogaea (β-D-Gal(1-3)GalNAc) Surface mucous cells Giebel et al., 1995
WGA Triticum vulgaris (Wheat germ) (DGlcNAc)2, NeuNAc Mucous cells and Mucus neck cells Giebel et al., 1995; Fischer et al., 1984
PHA-L Phaseolus vulgaris (complex type of carbohydrate) Parietal cells Giebel et al., 1995
RCA-I Ricinus communis I (Gal) Mucous cells antral gland and parietal cells Lueth et al., 2005
LCA (Lens culinaris) Lentil agglutinin (D-Man, D- GlcNAc) Chief cells and Antral mucous cells Fischer et al., 1984; Baczako et al., 1995 

Man, manose; Gal, Galactose; GalNac, N-acetyl-galactosamine; GlcNac, N-acetyl-glucosamine; Glc, Glucose; NeuNAc, Sialic acid
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Fig. 1. Examining morphological characteristics of gastric epithelial and stromal cells isolated from human gastric mucosa using phase-contrast and
epifluorescence microscopy. Gastric epithelial HGE3 (A-C) and stromal HGS12 (D-F) cells are grown as monolayers on glass cover slips for 7 days.
Three-dimensional HGE3/HGS12 (G-I) coculture model (gastrosphere) is initially grown as 3D in 96 well plates for 48 h, then removed from plate and
injected in the RCCS bioreactor and cultured for 21 days, allowing gastrosphere development and forming isolated cellular spheroids. Phase-contrast
images of HGE3 (A), HGS12 (D) cells and gastrosphere (G). Immunofluorescence staining with antibodies against cytokeratin 7 (CK7) (B, H),
cytokeratin 8 (CK8) (C), vimentin (VIM) (E, I), and α-smooth muscle actin (α-SMA) (F) were showed in monolayer cultured cells and in gastrosphere.
Scale bars: 25 µm
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Fig. 2. MTT assay is used to measure HGE3 epithelial and HGS12 stromal cell viability. Human gastric cells were seeded in a 96 well plate with culture
media for a period of 96 h at 37°C. Following assay, media was removed and the MTT assay was performed to measure cellular viability. HGE3 cells
(A) have a high proliferation degree when compared to HGS12 cells (B). In the coculture (C), the proliferation capacity of HGE3 cells was increased, as
shown in the histogram (D), although their fast growth only began after 75 h of culture. In the monolayer culture of HGE3 cells after 96 h of culture (E),
a great amount of nuclei stained positively for nuclear antigen of cellular proliferation (PCNA) and co-localized with DAPI nuclear marker. In the
gastrosphere of 21 days of culture (F), the PCNA positive cells are concentrated in the external surface. Scale bars: E, 10 µm; F, 50 µm.
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Fig. 3. Fluorescence microscopy analysis of
HGE3 cells stained with 6 biotinylated lectins
(SBA, PNA, LCA, WGA, Con A and RCA) in
monolayer cultures (A-F) and in gastrospheres
(G-K). Observe that in both culture conditions,
most cells present stained cytoplasm, although
there are between the lectins a heterogeneous
staining pattern. Scale bars: 25 µm.
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Fig. 4. Examining morphological characteristics of epithelial and stromal cells in gastrospheres using epifluorescence microscopy. Epifluorescence
microscopy images of gastrosphere immunostained with antibodies against IV collagen (A, B), fibronectin (C, D), laminin (E, F) and chondroitin sulfate
(G, H). In general these components are in the cell cytoplasm, extracellular space (A, C, E, G) and the external surface (B, D, F, H) of gastrosphere of
21 days of culture. Observe that type IV collagen is more concentrated in the external region of gastrosphere, when compared to the fibronectin which
is more present in the inner region. Laminin and chondroitin sulfate are visualized in both regions of the gastrosphere. Scale bars: 50 µm.



myofibroblast markers such as vimentin and α-smooth
muscle actin (Fig. 1E,F). Gastrospheres obtained from
coculture of HGE3 and HGS12 cells were observed after
20 days of culture and had a constant spherical form
(280-320 μm diameter), globular cells were present in
the extern surface of gastrosphere (Fig. 1G). Immuno-
staining of cytoskeletal filaments CK 7 and vimentin
revealed that in the gastrospheres HGE3 cells
(cytokeratin 7 positive) were concentrated peripherally
while HGS12 cells (vimentin positive) were located
centrally (Fig. 1H,I).
HGE3 and HGS12 cell viability 

The results of the MTT assay with HGE3 cells
showed a linear growth in time while HGS12 cells did
not change during the time period of analysis (100 h).
When the cells were co-cultivated there was significant
growth only after 75 h of culture (Fig. 2A-D). PCNA
immunodistribution was also investigated in HGE3 cells
cultivated in either monolayer or gastrospheres. In
monolayer culture, a great number of cells presented a
nuclear immunoreactivity (Fig. 2E); in gastrospheres
positive cells were present in the peripherical region
(Fig. 2F). 
Lectins characterization in HGE3 cells

Mucins containing N-acetylgalactosamine, N-
acetylglucosamine and mannose were investigated in
HGE3 cells, cultured either in monolayer or
gastrospheres. In monolayer culture, cells were reactive
for all lectins but with different patterns of reactivity.
ConA (Fig. 3A) and RCA (Fig. 3B) lectins stained
mainly the perinuclear zone of cytoplasm while SBA
stained cells showed a focal, granular citoplasmic
reactivity (Fig. 3C), similar to the reactivity to LCA (Fig.
3D). Reactivity to PNA (Fig. 3E) was found diffusely in
the cytoplasm. WGA stained focally the cytoplasm
(Golgi region) (Fig. 3F). In the gastrospheres SBA (Fig.
3G), and LCA (Fig. 3H) showed a preferentially intense
reactivity while ConA stained cells (Fig. 3I) were
concentrated in the core of the gastrospheres; PNA
membrane reactivity (Fig. 3J) and SBA (Fig. 3G) were
similar. WGA stained cells were also located in the
peripheral region with focal citoplasmic reactivity (Fig. 3K). 
Extracellular matrix components characterization in the
whole gastrospheres

The gastrospheres cultivated during 3, 7, 14 and 21
days showed reactivity for all tested antibodies. They
were positively immunostained with antibodies against
the extracellular matrix components type IV collagen,
fibronectin, laminin, and chondroitin sulfate. In general,
these components were observed in the intra and
extracellular region of the HGE3 and HGS12 cells,
without significant difference between the periods of
culture (Fig. 4A-H). Type IV collagen was more

concentrated in the periphery of gastrospheres,
fibronectin in the interior, and laminin and chondroitin
sulfate similarly distributed in both regions. 
Scanning and transmission electron microscopy analysis
of gastrospheres

Epithelial monolayer cell culture exhibited flattened
cuboidal cells with a smooth surface. The cells were
loosely disposed, presenting some filamentous and
round structures on them, contrasting with the stromal
cell monolayer which showed elongated shape, and also
a smooth surface (not shown). Coculture of epithelial
and stromal cell formed a compact layer of cells with
either fusiform or flattened shapes. The gastrospheres in
the culture at 3, 7, and 14 days exhibited flattened
cuboidal cells with a smooth surface in contrast with the
culture at 21 days that exhibited an irregular surface
represented by the presence of globular cells,
reminiscent of a polarized epithelial phenotype (Fig.
5A). On the surface of these cells, a great number of
round and filamentous structures were observed (Fig.
5B,C). The interior of the gastrospheres showed an
abundant extracellular material (Fig. 5D-F). 

Semithin sections of gastrospheres showed the
presence of a variety of cells, with different intensities of
toluidin blue staining, including, some big and
peripheral cells with vesicular cytoplasm (Fig. 6A,B).
Transmission electron microscopy observations of
gastrosphere surface revealed the presence of well-
polarized epithelial cells indicated by the adequate
intracellular localization of basal nuclei, abundant
heterogeneous secretory granules and microvillus (Fig.
6C-E). Another cell group presented a great number of
mitochondria (Fig. 6F,G) or homogeneous electron
dense granules (Fig. 6H) in the cytoplasm. The interior
of gastrospheres displayed less-polarized epithelial cells,
with few secretory granules; cells that look like poorly
differentiated epihelial cells (Fig 6I-K). In the
transversal section of gastrospheres, in the inner region
epithelial cells with characteristics of undifferentiated
cells, with electron dense cytoplasm and few organelles,
were observed; whereas in the peripheral region larger
cells were identified, having characteristics of
differentiated cells due to the presence of abundant
secretory granules (Fig. 7). 
Nestin immunodistribution

Immunocytochemistry for nestin in monolayer
HGE3 cell culture indicated the presence of nestin-
positive filaments, strongly distributed in the cytoplasm
of the majority of the cells (Fig. 8A). Instead, in
gastrospheres, the presence of some nestin-positive cells
was observed in the inner region (Fig. 8B), suggesting
an intermediary localization between epithelial and
stromal cells as represented in the schematic model of
the gastrosphere (Fig. 8C,D). That observation was
reinforced by transmission electron micrographs of the

887
Gastropheres constitute an in vitro 3D culture model that reconstructs gastric stem cells niche



888
Gastropheres constitute an in vitro 3D culture model that reconstructs gastric stem cells niche

Fig. 5. Examining morphological and ultrastructural characteristics of epithelial and stromal cells in gastrospheres using electron microscopy. Scanning
electron micrographs of external (A, B, C) and internal (D, E, F) surfaces of gastrosphere. The gastrosphere external surface is covered by round
epithelial cells (]) containing a quite number of vesicles (u) and filamentous structures (r)associated tocell membrane. The interior structure of the
gastrosphere is compact and shows a close interaction between the cells („) and the cells with the ECM elements ().
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Fig. 6. Examining morphological and ultrastructural characteristics of epithelial and stromal cell gastrosphere using electron microscopy. Light
microscopy analysis of semi-fine sections stained with toluidin blue (A, B), and transmission electron microscopy micrographs of gastrospheres (C-K).
Observe in (A, B) that the cells present a variety of size and a heterogeneous intensity of toluidin blue staining in the cellular cytoplasm. Transmission
electron microscopy images show cell types at different states of differentiation: polarized epithelial cells with basal nuclei and abundant secretory
granules () in the gastrosphere surface (C); epithelial cell with numerous apical microvilli („) (D); mucous secreting cells with numerous secretory
granules () in different maturation phases (E); parietal-like cell with numerous mitochondria (u), Golgi vesicles and endoplasmic reticule cisternae ()
scattered throughout the cytoplasm (F, G); pepsinogen-like cell with dense secretory granules () in the cytoplasm (H) and two epithelial cells strongly
adhered (I). In the interior of gastrosphere, the cells show undifferentiated cell characteristics: few secretory granules and organelles (J, K). Scale bars:
A-B, 25 µm; C, 4 µm; D, I, 0.5 µm; E, F, J, K, 2 µm; G, H, 2 µm.



gastrosphere region that showed epithelial cells involved
and in close relationship with stromal cells (Fig. 8E). In
all conditions of culture, the absence of HGE3 cells
immunolabeled with Oct-4 antibody was noticed.

Discussion

In human gastric mucosa, the epithelium is
composed of continually renewing cells organized in
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Fig. 7. Examining morphological and ultrastructural characteristics of epithelial and stromal cells gastrosphere using electron microscopy. Transmission
electron microscopy images show the cells in the external (right side) and in the internal (left side) surface of gastrosphere. Lines indicate the cellular
membrane limit of some cells. Observe that the cells localized in the external surface of gastrosphere present a cytoplasm with abundant secretory
granules () and organelles, when compared to the cytoplasm of the cells in the interior surface (). Scale bars: 5 µm.
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Fig. 8. Nestin immunodistribution in HGE3 epithelial cells in monolayer culture (A) and in gastrosphere (B). Note the intense immunofluorescence in the
cytoplasm of the cells cultivated in monolayer culture (A). In the gastrosphere, there are few nestin-positive cells distributed in the gastrosphere interior
(B). The double lines inserted in B and in the phase contrast microscopy image of gastrosphere (C) indicate the possible epithelial stem cell
localization. A schematic illustration of gastrosphere (D) shows cytoplasmic projections of HGS12 stromal cells involving HGE3 epithelial stem cells, as
suggested by the transmission electron microscopy image (E) showing a close association between HGS12 and HGE3 cells in the inner gastrosphere.
Scale bars: A-C, 50 µm; E, 5 µm.



distinct cell lineages (Karam et al., 2003). It has been
suggested by Modlin et al. (2003) that a single stem cell
in every gastric gland indirectly gives rise to a clone of
all differentiated cells, by production of committed
progenitor cells, and that multipotential cells produce
new crypts by crypt fission. Recent studies have showed
that human gastric body units are clonal and contain
multiple multipotential stem cells, and provide definitive
evidence for how mutations spread within the human
stomach (McDonald et al., 2008). Although the nature of
gastric stem cells is as yet undefined, elucidation of the
nature of the gastric stem cell lineages as well as
regulators of phenotype expression of this system may
yield considerable biological information and
subsequently open the door to the identification of areas
of therapeutic relevance.

The capacity of different types of human cells to
form and grow as spheroids was tested by other authors,
but in vitro isolation and interaction of epithelial and
stromal cells harvested from human gastric mucosa to
obtain spheroids were not conclusively established. In
our study the epithelial and stromal cell populations
could be isolated from the primary culture of human
gastric mucosa harvested by endoscopic biopsy. These
established HGE3 epithelial and HGS12 stromal cells
have been grown in the absence of added biological
matrix and survived in basic culture medium for many
passages without phenotype alteration. More
interestingly, these cell types could interact and form
spheroid structures, named gastrospheres, thus
reproducing an in vitro niche of gastric mucosa
epithelium cell differentiation. Although several
methods exist for obtaining immortalized mammalian
cells (i.e. viral transformation), none of these was used
in our study. The morphology of HGE3 cells did not
show a great cellular variety and the majority of the cells
were rounded and distributed in aggregates in the
culture. All these cells were of epithelial origin
(presence of CK-7 and -8 filaments); they produced
different glycoconjugates (reactive to several lectins)
and extracellular matrix compounds (laminin,
fibronectin, type IV collagen and chondroitin sulfate). In
the gastrospheres, these cells were able to differentiate in
different morphological cell types. Studies developed by
Yang et al. (2007) showed gastric epithelial cell clones
that retained high differentiation potential, being capable
of giving rise to many morphologically different cell
types (i.e. epithelial-like, glial or neuron-like, round and
various peculiar-shaped cells). Although these results
were obtained in monolayer cultures, they support the
capacity of HGE3 cells to differentiate into different
gastric epithelial cell types. In other nongastric studies a
high capability of progenitor cells to proliferate and
differentiate was reported. Studies have identified in
normal renal tissue a population of CD133+ stem cells
able to differentiate in vitro and in vivo into endothelial
and epithelial cells (Bussolati et al., 2005). Primary
human oligoastrocytoma tissue was found to contain
nestin+ /CD133+ stem cell-like precursors. These cells

differentiated into tumor cells with both oligodendroglial
and astrocytic characteristics and formed tumor spheres
in vitro. These were progeny cells capable of
proliferation and differentiation, and upon implantation
in nude mice, of growing into tumor nodules containing
nestin+ /CD133+ cells at levels higher than in the
primary tumor tissues (Yi et al., 2007).

In monolayer culture, cell proliferation activity was
significantly higher in HGE3 epithelial cells than in
HGS12 stromal cells; HGE3 epithelial cells presented an
intense immunoreactivity to PCNA proliferation marker.
In contrast, that characteristic was not observed in
gastrosphere cell growth that maintained a constant
diameter in both short- and long-term cultivation. In 3D
coculture models, it has been reported that spheroids
from adult rat primary hepatocytes (Ichihara et al., 1990)
and bovine endometrial cells (Yamauchi et al., 2003)
present a lower cell proliferation capacity. These results
could indicate a negative influence of stromal cell on
epithelial cell proliferation. Markers of undifferentiated
epithelial cells were also investigated. In monolayer
HGE3 epithelial cell culture, numerous positive cells to
nestin were observed; in contrast, Oct-4 positive cells
were not present. Currently, nestin intermediate filament
has been widely proposed in several models as a stem
cell marker, including human pancreatic stem cells
(Meier et al., 2009), mouse neural stem and progenitor
cells in the central neural system (Bao-Feng et al., 2006),
tumor-initiating stem cell population in human renal
carcinomas (Bussolati et al., 2008) and tumor stem cell-
like precursors (Yi et al., 2007). The absence of nestin
on human bulge cells may be exploited as negative
markers (Kloepper et al., 2008). HGE3 cells expressed
strongly nestin filaments, which have also been
optimized for adult human epithelial cells as an
undifferentiated cell marker (Hunzinger and Stein, 2000;
Zulewski et al., 2001; Zhang et al., 2005). The
expression of nestin and CD133, two key markers of
neural stem cells in the neurosphere has provided
evidence for the existence of stem cell-like precursors in
human oligoastrocytoma (Yi et al., 2007). Gastrospheres,
unlike monolayer culture, showed afew immunostained
cells to PCNA and also to nestin; the nestin HGE3
positive cells were localized innermost in the
gastrospheres, close to HGS12 stromal cells, and the
PCNA positive cells were localized in the more external
layer of HGE3 cells. These observations could imply
that HGE3 cells have their proliferation and
differentiation activity directly influenced by HGS12
cells. Recently, the expression of Oct-4, common in
embryonic stem cells, has been demonstrated to be
expressed also in undifferentiated tumor cells (Bussolati
et al., 2008), and in many adult stem cells (Tai et al.,
2005). Instead, only a weak expression of Oct 4 was
determined in human pancreatic stem cells (Meier et al.,
2008) and in gastric epithelial cells (Yang et al., 2007).
However, in contrast to these results, HGE3 cells in
monolayer did not express the marker. Gastrospheres of
HGE3 and HGS12 cells showed a fully compact

892
Gastropheres constitute an in vitro 3D culture model that reconstructs gastric stem cells niche



structure and higher degree of differentiation, as
revealed by electron microscopy methods. The epithelial
cells in the external surface of the gastrosphere showed
ultrastructural characteristics of differentiated cells, in
contrast to that observed in the internal regions, where
morphology of immature cells was present. These
aspects were not observed in gastrospheres composed of
only HGE3 cells and also in monolayer culture; HGS12
cells did not form a compact spherical structure. These
data suggest that HGS12 cells present contact inhibition
when they are cultured in the gastrosphere model and
their aggregation seems to require a direct interaction
with HGE3 cells and/or the expression of factors and
molecules of ECM by these epithelial cells. Expression
of nonfunctional adhesion molecules, the lack of cross
talk between different adhesion receptor, and disruption
of adhesion-mediated signal transduction might inhibit
homotypic cell-to-cell interaction necessary for spheroid
formation (Mayer et al., 2001). These data suggest that
both cell morphology and functional differentiation can
be speculated in the gastrosphere cellular interaction
between epithelial and stromal cells. Epithelial cell-cell
interactions are a prerequisite for epithelial differen-
tiation in vitro and single cells never polarize (Stallmach
et al., 1989). Modlin et al. (2003) affirm that stem cells
occupy a niche in the gastric mucosa gland isthmus, and
the microenvironment composed of mesenchymal cells
and extracellular matrix factors regulates the function of
epithelial stem cells via mesenchymal-epithelial cross
talk. It is quite evident that HGE3 cells in gastrosphere
surface are differentiated into mucous secreting cells,
while undifferentiated HGE3 cells are arrested by
HGS12 cells in the more internal gastrosphere surface.
Although several gastric cell culture methods have been
reported using different gastric cell lines (Ootani et al.,
2000) or primary culture of gastric epithelial cells
(Ogura et al., 1998), this is the first study that establishes
a coculture model of human gastric mucosa epithelial
and stromal cells in the effort to recompose the normal
gastric mucosa in vivo . The difficulty to obtain
undifferentiated gastric epithelial cells may be one of the
limitations for establishing good culture models. It is
known that advanced gastric cancer has a poor
prognosis, and many chemotherapeutic drugs have been
tried using different combinations and therapeutic
regimens in clinical trials over the last 2 decades (Mayer
et al., 2001). Beyond the development of alternative
treatment strategies, the new coculture model may prove
itself of great importance in regard to the understanding
of molecular expression in gastric cancer. Cell surface
markers such as epithelial cell adhesion molecule
(EpCAM) and CD44 have been used for isolation of
stem cells from human gastric cancer tissues (Han et al.,
2011). In this context, our 3D human gastric cell
coculture model, the gastrosphere, represent a very
interesting model to evaluate not only the phenotype and
genetic potency of epithelial and stromal cells, but also
to study the factors and ECM molecules implicated in
the organization of the glandular microenvironment. In

our study, gastrospheres were easily generated in dishes
coated with non-adesive substrate, similar to those that
have been used to generate other different study models
(Carlsson and Yuhas, 1984; Lung-Johansen et al., 1992).
In gastrospheres, HGE3 epithelial cells were situated in
the outer layer and HGS12 stromal cells in the inner one.
These results confirmed a cellular segregation in which
HGE3 cells characteristically cover the gastrosphere
outer surface; this segregation has been demonstrated in
other spheroid coculture models (Kunz-Schughart et al.,
2001; Yamauchi et al., 2003). However, the segregation
was not observed in coculture of fibroblasts or
hepatocytes, which were randomly distributed in
spheroids (Takezawa et al., 1992). On the gastrosphere
surface, the presence of various epithelial cell lectins
was confirmed by transmission electron microscopy
assays, which showed that gastrosphere surfaces are
composed by mucus-secreting cells. Furthermore, the
gastrosphere interior and exterior contained abundant
ECM components, including type IV collagen,
fibronectin, laminin and chondroitin sulfate, which are
molecules implicated not only in basement membrane
structure, but also are evenly distributed in gastric
mucosa architecture in vivo. The biology of the
epithelium is directly influenced by reciprocal
stromal/epithelial interaction, which has a key role in
cell differentiation (Kitaday et al., 1996). The exterior
HGE3 cell and interior HGS12 cell localization in the
gastrosphere, and the presence of ECM components
could mimic the microenvironment of human gastric
mucosa in vivo. Potten et al. (1997) related that the
ability of a stem cell to remain anchored at the crypt
base, or a daughter cell to move away from this position,
must result from increased or, respectively, decreased
affinity for one or more of these molecules. The altered
affinity may be due to changed expression/availability
levels of either the ECM molecule or its cellular receptor
(integrins). In addition, it was shown that ECM
molecules localized in the epithelial/mesenchyme
interface play an important role in epithelial
differentiation during human small intestine
development (Beaulieu et al., 1991). 

The present study demonstrated that epithelial and
stromal cells can be isolated from human gastric mucosa
and, in a gastrosphere coculture model, they can
reconstruct the niche of gastric mucosa, recapitulating
cell morphology, differentiation, and physiology of the
stomach in vivo. The most important advantage of the
gastrosphere culture system is the communication
between two cellular types to guarantee the structural
organization and expression of different substances that
influence both cell genetics and their microenvironment,
which are required to modulate cell proliferation and
differentiation. However, the exact mechanism involved
remains unclear and requires further studies. In
conclusion, it was demonstrated that a homogeneous
population of epithelial and stromal cells were isolated
from biopsies of human gastric mucosa obtained from
selected patients. These cells showed peculiar
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morphologic and phenotypic characteristics when they
were cultured in our new model of 3D coculture system,
the gastrosphere, that recapitulates the gastric niche
microenvironment in vivo, and gave rise to several
gastric differentiated cellular types. Furthermore, for the
first time in the scientific literature, it was proved that
epithelial cells in gastrospheres were constituted of
undifferentiated and differentiated cells with potential
for self-renewing, high proliferation, differentiation, and
specific cell interaction with stromal cells.
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