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Abstract

Aim: To investigate the co-culture of established intestinal epithelial cell lines and stromal cells in
a series of collagen-based environments for production of tissue engineered intestinal epithelium
for /n vitro investigations.

Materials & methods: Intestinal epithelial cells were co-cultured with fibroblasts on a range of
supporting collagen matrices, including commercially available Promogran and on collagen-based
gels.

Results: Epithelial growth was achieved with one combination of vimentin-expressing stromal
and cytokeratin-expressing intestinal epithelial cells grown on collagen gels supplemented with
Matrigel, and held at an air-liquid interface.

Conclusions: Collagen-based gels can support the co-culture of intestinal epithelial and stromal
cells which results in the growth of an epithelium that has some morphological similarity to
normal intestinal tissue.
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Introduction

To begin to investigate the possibility of developing a tissue engineered model of intestinal
tissue, we have investigated the co-culture of intestinal epithelial cell lines and stromal cells
in a series of collagen-based environments, as a first step towards developing a tissue
engineered intestinal construct for /n vitro investigations.

With respect to producing intestinal tissue for future clinical use, two approaches have been
used [1]. Firstly, to introduce a prosthetic scaffold into the damaged or diseased tissue, on
which new tissue then grows /1 vivo. Secondly, to engineer intestinal tissue on an
appropriate scaffold /n vitro, which can then subsequently be introduced into the individual
[2,3]. For this latter approach, cells are taken from the intestinal crypts (which contain
multipotent cells) and then cultured [1]. This was first done in rats, where a method was
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developed that successfully established primary cultures of intestinal epithelial and
associated mesenchymal cells, so called “intact organoids’ [4,5].

Our motivation for beginning this work is to try and develop tissue engineered intestinal
tissue, which can then be used to maintain gastro-intestinal parasitic nematodes /n vitro, to
facilitate laboratory work on these species and to reduce the use of experimental animals.
The future development of a physiologically relevant model of intestinal tissue would also
have a range of other biomedical applications, such as drug uptake, metabolism and toxicity
investigations. The work presented here is thus a first-step towards these applications.

Materials and Methods

Cell lines and culturing

The following cell lines were used: Rat-2, a cell line of fibroblast-like cells derived from rat
embryo; IEC 6, a rat small intestinal epithelial cell line [6], IPI-21, a miniature male boar
ileum epithelial cell line [7] and CRL-2102, a human epithelial cell line derived from
colorectal adenocarcinoma. Rat-2, IEC 6 and IP1-21 were obtained from the European
Collection of Cell Cultures; CRL-2102 was obtained from the American Type Culture
Collection. Rat-2 was grown in culture medium consisting of Dulbecco's modification of
Eagle's medium (DMEM) Glutamax (Invitrogen, UK) supplemented with 5% v/v fetal calf
serum (FCS) (Invitrogen, UK); IEC 6 was grown in the same medium as for Rat-2 but
additionally supplemented with insulin (Sigma, UK) to a final concentration of 1mg/mL;
IP1-21 was grown in culture medium consisting of DMEM Glutamax supplemented with
10% v/v FCS; CRL-2102 was grown in DMEM supplemented with transferrin (Sigma, UK)
to a final concentration of 10ng/mL and 10% v/v FCS. All culture media were additionally
supplemented with penicillin, streptomycin and fungizone (all Sigma, UK) to final
concentrations of 5,000U/mL, 5mg/mL and 250 mg/mL, respectively. All cell lines were
maintained in adherent cultures on standard tissue culture plastic by sequential passage.
Cells were harvested for passage or for experiments (below) with 0.05% w/v trypsin, 0.02%
w/v EDTA solution (Invitrogen, UK). All cells used (below) were passaged less than ten
times.

Immunohistochemistry

Monocultures of the cell lines and co-cultures of mixtures of two cell lines were grown on
positively charged 75um capillary gap microscope slides (Dako, UK) held inside 90mm
diameter Petri dishes with 25mL of culture medium. In monocultures, cells were seeded at a
density of < 2.4 x 10% cells/mL and grown until the cells were confluent. At this point, the
medium was removed and the slides were rinsed in phosphate buffered saline (PBS, pH 7.4,
0.1M), the PBS removed and the slides fixed in an excess of 10% v/v neutral buffered
formalin. Cell lines IEC 6, IPI-21 and CRL-2102 were each separately co-cultured with
Rat-2, seeded at a density of 6.4 x 102 cells/mL, at ratios of 1:1, 1:4, 1:10 and 1:20
(epithelial : Rat-2), and grown until the cells were confluent and then fixed, as above. Fixed
mono- and co-cultures were subject to immunohistochemical labeling to determine
expression of cytokeratin and vimentin. All immunohistochemistry was performed by a
commercial laboratory (Animal Health Trust, Newmarket, UK). To do this, slides were re-
hydrated through an alcohol gradient (100%, 90% and 70%) to water. The samples were
pre-treated with heat in a microwave oven in 10% v/v citrate retrieval buffer (pH 9.0 for
cytokeratin and pH 6.0 for vimentin) to unmask target antigenic epitopes. Samples were
immunolabelled using an automated two-layered, indirect technique using the Dako REAL
Detection Kit (Dako, UK). Vimentin was detected with mouse anti-pig vimentin; cytokeratin
was detected with mouse anti-human cytokeratin (both Dako, UK). The second antibody
was horseradish peroxidase conjugated goat anti-rabbit/mouse EnVision (Dako REAL, UK)
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which was visualised with 3,3”-diaminobenzidine. Slides were counterstained with
haematoxylin and then de-hydrated through an alcohol gradient (70%, 90%, 100%), cleared
in Histoclear (National Diagnostics, UK) and mounted under DPX (Raymond A. Lamb,
UK).

3D co-culture on Promogran collagen supports

Cell lines IEC 6, IPI-21 and CRL-2102 were each separately co-cultured with Rat-2 in equal
mixtures on Promogran (Johnson and Johnson, UK) collagen matrices. To do this,
Promogran circles were cut to fill the bottom of wells of 24-well (¢.17mm diameter) culture
dishes and these circles pre-wetted with a small volume (< 500p.L) of culture medium
appropriate to the epithelial cell line being used. When the Promogran had been successfully
wetted, mixtures of the cells (3 x 10° per cell line) were added to the wells in a small
volume (< 1mL), left for 30 minutes, and then additional medium added as appropriate. In
these experiments the culture medium used was that appropriate to the epithelial cell line
(IEC 6, IP1-21 and CRL-2102) used in the co-culture; the medium was changed as required.
In some experiments, after one day of culture, the Promogran disk was brought to the air-
liquid interface. The rationale for this was that it would promote epithelial cell
differentiation, as has been observed for non-intestinal epithelia [e.g. 8]. This was done with
the use of a disk of polypropylene (thickness 2mm, hole diameter 3mm, 33% open area)
(RA Components Ltd., Northamptonshire) onto which the Promogran disk was placed,; this
polypropylene disk (and the Promogran) then floated on the medium. Control cultures
consisting of 3 x 10° Rat-2, IEC 6, IPI-21 or CRL-2102 cells only on Promogran were also
prepared. In some experiments ratios other than 1 : 1 of epithelial cells : Rat-2 were used. At
the end of these experiments the media were removed and the Promogran disks rinsed in
PBS, the PBS removed and the Promogran disks fixed in an excess of 10% v/v neutral
buffered formalin. These fixed samples were processed for standard histological analysis
and the sections stained with haematoxylin and eosin. Sections of these samples were also
immunolabelled for vimentin and cytokeratin. To do this, sections were placed on positively
charged 75um capillary gap microscope slides (Dako, UK), held overnight at 56°C, cleared
in Histoclear and then processed as described above for the immuohistochemical labelling.

3D co-culture on collagen gels

Rat-2 cells were embedded in collagen gels, over which epithelial cells were laid. To do this,
a 5 mg/mL collagen solution (rat tail type 1) (Sigma, UK) was added to a 2.9-times
concentrated modified Eagles' medium (MEM) containing antibiotics, and the pH adjusted
to neutral (as judged by the color change of the medium) with the addition of a small volume
of sodium hydroxide. Rat-2 cells were suspended in FCS and this was added to the mixture
of collagen and medium to achieve a final concentration of 2.7mg/mL collagen, 13.6% v/v
FCS in 0.9-times MEM containing 1 x 10° cells/mL. 600u.L of this mixture was placed into
individual wells of a 24-well culture dish and maintained at 37°C until the gel had solidified.
Cells of the appropriate epithelial cell line (IEC 6, IPI-21 or CRL-2102) were prepared and 6
x 10° of each epithelial cell line were added to each well in their respective culture medium,
the cultures left for 20 minutes, to allow the epithelial cells to settle onto the collagen
surface, after which additional medium was added to each well. After one day of culture, the
collagen gels were released from the edge of the wells. This was done by placing a
micropipette tip between the edge of the collagen gel and the wall of the well and moving
this through the circumference of the well. For all cultures the medium was changed when
required. At the end of the experiment the medium was removed and the cultures rinsed in
PBS, the PBS removed and the cultures fixed in an excess of 10% v/v neutral buffered
formalin. These fixed samples were processed for standard histological analysis and stained
with haematoxylin and eosin.
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3D co-culture on collagen-Matrigel gels

Results

These cultures consisted of a thin, basal collagen gel, overlaid with a mixed collagen-
Matrigel gel in which Rat-2 cells were embedded, and over which epithelial cells were laid.
This method was in part derived from methods described previously [8]. To do this, a 5 mg/
mL collagen solution (rat tail type I) (Sigma, UK) was added to 2.9-times concentrated
MEM medium, and the pH adjusted to neutral, as above, and mixed with FCS to make a
solution with a final concentration of 0.75mg/mL collagen, 10% v/v FCS in 2.2-times MEM.
350pLL of this solution was placed into individual wells of a 24-well culture dish and
maintained at 37°C until the gel had solidified. To prepare the second layer, Rat-2 cells were
suspended in FCS and added, as above, to a mixture of collagen, concentrated MEM and
Matrigel (BD Biosciences, UK), to achieve a solution with a final concentration of 0.5mg/
mL collagen, 10% v/v FCS in 1.8-times MEM containing 6 x 10° cells/mL. 1mL of this
mixture was placed on top of the basal collagen gels within individual wells of a 24-well
culture dish and maintained at 37°C until the gel had solidified, after which the gels were
overlaid with DMEM medium supplemented with 10% v/v FCS. On day 1 of culture (gel
preparation, above, was day 0), the gels were released from the edge of the wells, as
described above. On day 6 of culture, the culture medium was removed and replaced with
culture medium appropriate to the epithelial cell line to be used (below), supplemented with
0.1% v/v chelated newborn calf serum (NCS) and incubated for one hour. Meanwhile
epithelial cells (IEC 6, IP1-21, CRL-2102) were prepared and resupended in culture medium
appropriate to the epithelial cell line supplemented with 0.1% v/v chelated NCS, and a small
volume containing 5 x 10° cells added to each well, incubated for two hours after which
more of the same culture media was added. On day 8 of culture, the culture medium was
removed and replaced with the culture medium appropriate to the epithelial cell line,
supplemented with 0.1% v/v NCS. On day 10 of culture, the culture medium was removed
and replaced with the culture medium appropriate to the epithelial cell line, supplemented
with 2% v/v NCS. At the same time the gels were moved to the air-liquid interface. This was
done by placing a disk of perforated polypropylene (as above) approximately 30mm in
diameter within individual wells (diameter ¢. 34mm) of 6-well culture dishes. The collagen-
Matrigel gels were removed from their wells with a spatula and then transferred to the top of
the 30mm diameter plastic disks. Medium was then added to the well to a level such that the
top of the gels was at the air-liquid interface. At the end of the experiment (usually day 15)
the medium was removed and the gels rinsed in PBS, the PBS removed and the gels fixed in
an excess of 10% v/v neutral buffered formalin. These fixed samples were processed for
standard histological analysis and the sections stained with haematoxylin and eosin. To
generate chelated NCS, 100mL of NCS was mixed with 20g Chelex 100 (Sigma, UK) for
one hour at room temperature, after which the NCS was decanted and stored at —20°C.

Characterization of the cell lines

The morphology of Rat-2 cells grown in submerged monoculture was that typically seen for
cultured fibroblasts (Figure 1a), and they grew rapidly with a cell doubling time of ¢.20
hours. Cells of line IEC 6 and IP1-21 each had homogenous cell morphology (Figure 1b, c).
Line IEC 6 grew as tessellated-like sheets of cells, whereas IP1-21 cells grew with a looser
arrangement. The estimated cell doubling time was ¢. 23 and 31 hours for IEC 6 and IPI-21,
respectively. Cells of line CRL-2102 appeared to have a diversity of sizes and shapes with a
heterogeneous morphology (Figure 1d). Cells commonly appeared to contain vacuoles and
refractile inclusions. The cells appeared to strongly adhere to each other, which was
apparent when they were being released from their growth substrate. Cell doubling time was
¢.51 hours.
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The results of the immunohistochemical labelling of monolayers of Rat-2, IEC 6, IP1-21 and
CRL-2102 for cytokeratin and vimentin are summarized in Table I. This shows that Rat-2
expressed vimentin but not cytokeratin, as would be expected for stromal cells.
Analogously, CRL-2102 expressed cytokeratin but not vimentin, as would be expected for
epithelial cells. In contrast the lines of putative epithelial cells IEC 6 and IP1-21 appeared to
express both vimentin and cytokeratin.

2D co-culture of cell lines

Co-culture of IEC 6, IPI1-21 and CRL-2102 separately and with Rat-2 at different ratios, and
subsequent immunohistochemical detection of cytokeratin showed that cells of each of the
three epithelial cell lines grew at all ratios. At ratios in which the fibroblast line dominated,
the epithelial cells grew as focal islands within the majority fibroblast population (Figure 2).
Note, the density at which these co-cultures were initiated, required that all cells had to
undergo substantial growth until the cells were confluent. Therefore this observed
morphology is a result of cell growth rather than the initial starting ratios per se.

3D co-culture on Promogran collagen supports

Cell lines IEC 6, IPI-21 and CRL-2102 grew as monocultures and as co-cultures with Rat-2
on Promogran collagen supports. The growth of cells on the surface of the Promogran was
better when the Promogran co-cultures were held at the air-liquid interface. In the IEC 6 and
Rat-2, and IPI-21 and Rat-2 co-cultures held at the air-liquid interface, cells (presumably
Rat-2 fibroblasts) were scattered throughout the matrix and there was a monolayer of
presumed epithelial cells on the Promogran surface (Figure 3a, b). This surface growth was
better in co-culture compared with IEC 6 and IPI-21 monoculture. For cells both within the
matrix and at the surface, there was histological evidence of nuclear condensation and
fragmentation within individual cells consistent with the characteristic morphological
appearance of apoptosis. Comparison of 7- and 14-day-old cultures showed that the
epithelial layer was often thicker in 7-, compared with 14-day-old, cultures. When the
cultures were initiated with 1 : 5or 1 : 10 IEC 6 or IPI-21 : Rat-2 there was no obvious
difference in cell and tissue growth compared with 1 : 1 ratios (data not shown).

The CRL-2102 and Rat-2 co-cultures on Promogran held at the air-liquid interface also had
cells (presumably Rat-2 fibroblasts) scattered throughout the matrix. This was overlaid by a
CRL-2102 epithelial surface layer often more than one cell thick. In places an acinar
arrangement of the cells was be observed (Figure 3c). Immunohistochemical labelling for
cytokeratin and vimentin expression showed that the surface epithelial layer expressed
cytokeratin (consistent with these consisting of CRL-2102 cells, Table I) while the non-
epithelial cells in the Promogran expressed vimentin (consistent with Rat-2 cells) (Figure
3d). There was no observed difference in cell and tissue growth between cultures in which
the Rat-2 cells were at ratios of 1, 5 or 10 of the CRL-2102 cells (data not shown). In
summary, good epithelial cell growth over a fibroblast layer was achieved by co-culture of
Rat-2 and CRL-2102 on a Promogran collagen matrix held at the air-liquid interface for six
days.

3D co-culture on collagen gels

The IEC 6 cells grew as a monolayer on the surface of the collagen (containing Rat-2
fibroblasts) (Figure 4a). IP1-21 grew as a multi-cell deep epithelial layer on the collagen;
there was substantial cell death morphologically consistent with apoptosis (Figure 4b).
CRL-2102 also grew as a multi-layered epithelium (Figure 4c). The depth of this epithelial
growth of CRL-2102 was often thickest at the edges of the collagen disk. For all epithelial
cell lines, there was no clear difference in the cell growth in the presence or absence of
Rat-2 cells within the collagen gels.
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3D co-culture on collagen-Matrigel gels

The IEC 6 and IP1-21 cell lines grew as a mono- or oligo-layer on top of the gel (Figure 5a,
b). The IP1-21 cells also grew as multi-cell deep foci on the gel. In 15 day old cultures the
CRL-2102 cells grew as a multi-cellular layer across the entire gel, with a substantial
epithelial layer commonly up to 3-4 cells deep, and deeper still in places (Figure 5c), with
evidence of acinar growth reminiscent of aspects of the morphology of intestinal epithelium.
Substantially greater epithelial growth was often observed in isolated areas (Figure 5d) and
there was occasional putative invasion by the CRL-2102 cells into the collagen-Matrigel gel
(possibly due to imperfections etc. within the gel) appearing as space lined by CRL-2102
cells. The cultures could successfully be maintained until days 20 (Figure 5e) and 25 (data
not shown).

Discussion

We have investigated the co-culture of three different intestinal epithelial cell lines with a
stromal fibroblast cell line using a range of collagen-based supports for the 3D cultures. The
most extensive epithelial growth was achieved by the cell line CRL-2102 on both
Promogran held at the air-liquid interface and on collagen-Matrigel gels. This epithelial
growth of CRL-2102, compared with that of IEC 6 and IP1-21, in these co-cultures was
consistent with the typical epithelial cell-like immunohistochemical characterization of
CRL-2102 as an epithelial cell line (Table I). This is in contrast to the lines IEC 6 and IPI-21
which showed an immunohistochemical profile not always typical of epithelial cells, and
which resulted in no, or poor, epithelial growth in co-culture. Vimentin expression by
putative epithelial cell lines has been observed before [4,7]. Specifically, rat intestinal
epithelial cell primary cultures could be stained for cytokeratin, but with increasing time of
culture these cells also began to express vimentin [4]. Freshly isolated human retinal
pigment epithelial cells could not be labelled for vimentin, but this was detected when cells
were seeded in culture [9]. Analogous observations were made during the isolation of
bovine epithelial cell cultures [10], but it was also observed that the epithelial cell
expression of vimentin was constitutive. In further support of this, cells of rabbit intestinal
Peyer's patches, as well as other some other intestinal cells also constitutively express
vimentin [11]. Epithelial cells can also revert to a more fibroblast-like state (so called
epithelial-mesenchymal transition) during normal morphogenesis and epithelial repair, such
that vimentin is expressed in epithelial cells [12, 13, 14]. Therefore, the observation that two
of the epithelial cell lines used here expressed vimentin is in fact consistent with these cells
being of epithelial origin, but perhaps subsequently losing this identity, at least in part.

The growth of CRL-2102 on Promogran at the air-liquid interface and in collagen-Matrigel
gels was typically characterized by the formation of a continuous epithelial layer, which was
often more than one cell thick and which showed heterogeneous morphology. The
CRL-2102 cells often grew in an acinar-like arrangement, reminiscent of true intestinal crypt
epithelium. This degree and nature of the growth of CRL-2102 required the presence of the
Rat-2 stromal cells seeded together onto the Promogran matrix. Immunohistochemical
analyses of the cultures of CRL-2102 and Rat-2 on Promogran show that these two cell
types self-organize within the matrix. This results in the vimentin-expressing Rat-2 cells
growing predominantly within the matrix while the cytokeratin-expressing CRL-2102 cells
grow predominantly on the matrix surface. Together these observations imply that there may
be some chemical and, or physical interaction between the stromal and epithelial cells,
which promotes the epithelial-like growth of the CRL-2102 cells. The 2D co-culture
experiments showed that each of the epithelial cells lines grew successfully with the stromal
Rat-2 cells, even when the former were in the numerical minority. A priori, this is somewhat
surprising given the far greater growth rate of the Rat 2 cells in monoculture, compared with
all of the epithelial cell lines. Based on a simple comparison of the growth rates of the lines,
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the Rat 2 cells may be expected to outgrow and overgrow the epithelial cells when in co-
culture. The fact that this does not occur, is consistent with the idea that there is cross-talk
between the two cell populations and that the epithelial cell lines may slow the growth of the
stromal cells.

Proliferation and differentiation of cultured cells in artificial 3D environments are affected
by cellular and physical stimuli. For example, co-cultures of keratinocytes and fibroblasts
are able to proliferate and segregate into epithelial and stromal components when cultured
on polystyrene fibres at an air liquid interface [15]. Such a physical promoter of epithelial
formation has been exploited for many years in the production of human skin equivalents
[16, 17] and other epithelia [18, 19]. Overall, this has shown the need for
mesenchymalepithelial interaction coupled to some physical promotion of epithelial
formation [20]. In the co-culture work presented here there is no native basement membrane.
However, collagen is present, which will aid attachment; further, these co-cultures contain
cells which may, given time, produce basement membrane proteins [21], which could
significantly promote the development of a functional epithelium as observed elsewhere [22,
23]. In the small intestine, stem cells are in the villus crypts. Their division and
differentiation to transit amplifying cells and onwards to become differentiated cells of the
villi have been shown to be under the control of multiple signalling pathways involving
multiple villus cell types [24, 25].

Overall, our results are therefore in agreement with other work based on co-culturing
epithelial and stromal cells using collagen gels for the /n vitro growth of other epithelia,
such as lung [26] and mammary tissue [27]. It is of note that in our work established cell
lines were used.

This study has shown that it is possible to produce a 3D construct with some intestinal-like
epithelial-type features using a combination of two established epithelial and stromal cell
lines and commercially available collagen. These are promising steps towards producing an
in vitro model which, with further development, may prove useful for a range of biomedical
studies.

Executive Summary

Introduction

Methods

Results

e There are few existing /n vitro engineered intestinal tissue models.

»  Such models would aid many /n vitro investigations of intestinal epithelium.

» Established lines of intestinal fibroblasts and epithelial cells were co-cultured.

e These cells were co-cultured on Promogran and on collagen-based gels under a
wide range of conditions.

»  Tissue constructs were immunohistochemically labelled for vimentin and
cytokeratin.

»  Some intestinal epithelial cell lines examined showed both vimentin and
cytokeratin expression.
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«  Optimal tissue growth was achieved when fibroblasts were embedded in a collagen
gel supplemented with Matrigel, over which cytokeratin-only expressing epithelial
cells were layered, and the whole construct held at an air liquid interface.

» Inthese constructs there was a continuous epithelial layer, including acinar-like
arrangement of cells reminiscent of normal intestinal crypt epithelium.

»  This work has shown that tissue engineered multi-cellular intestinal epithelial
constructs can be produced by co-culture of established intestinal epithelial and
stromal cell lines.

»  These engineered constructs may have a range of /n vitro applications spanning, for
example, /n vitro drug toxicity testing through to the /n vitro maintenance of
intestinal pathogens which cannot survive outside of an animal host.
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Figure 1.
The morphology of (a) Rat-2, (b) IEC 6, (c) IPI1-21 and (d) CRL-2012 when grown in
submerged monoculture. Bar = 10m.
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The morphology of 2D co-cultures of Rat-2 with (a) IEC 6, (b) IPI-21 and (c) CRL-2102 at
different epithelial cell : Rat-2 ratios, immunolabelled for cytokeratin expression. Bar =

10pm.
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The morphology of seven-day-old 3D mono- and Rat-2-co-cultures of (a) IEC 6, (b) IPI-21

and (c) CRL-2102 on Promogran held at the air-liquid interface and (d)
immunohistochemical labeling for vimentin and cytokeratin of (c). Bar = 10um.

Regen Med. Author manuscript; available in PMC 2010 May 13.



siduosnue Joyiny sispund DN edoin3 g

siduasnuel Joyiny sispund DA edoin3 g

Viney et al.

a) b)

c)

Figure 4.

Page 13

The morphology of 3D co-cultures on collagen gels of Rat-2 with (a) IEC 6, (b) IPI-21 and

(c) CRL-2102. Bar = 10pm.
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Figure5.
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The morphology of 3D co-cultures on collagen-Matrigel gels of Rat-2 with (a) IEC 6, (b)
IP1-21, and CRL-2102 at (c) and (d) 15 and (e) 20 days. Bar = 10pm.
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Table |

Immunohistochemical expression of vimentin and cytokeratin by cell lines Rat-2, IEC 6, IPI1-21 and
CRL-2102.

Cdl line | Vimentin | Cytokeratin
Rat-2 + -
IEC 6 + +
IP1-21 + +
CRL-2102 - +
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