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Abstract

Our study examined whether human bone marrow-derived MSCs are able to differentiate, in vitro, into function-
al epithelial-like cells. MSCs were isolated from the sternum of 8 patients with different hematological disorders.
The surface phenotype of these cells was characterized. To induce epithelial differentiation, MSCs were cultured
using Epidermal Growth Factor, Keratinocyte Growth Factor, Hepatocyte Growth Factor and Insulin-like growth
Factor-Il. Differentiated cells were further characterized both morphologically and functionally by their capacity
to express markers with specificity for epithelial lineage. The expression of cytokeratin 19 was assessed by
immunocytochemistry, and cytokeratin 18 was evaluated by quantitative RT-PCR (Tag-man). The data demon-
strate that human MSCs isolated from human bone marrow can differentiate into epithelial-like cells and may
thus serve as a cell source for tissue engineering and cell therapy of epithelial tissue.
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Introduction

All body surfaces and cavities, such as the skin,
gastrointestinal tract, uro-genital system and breast
ducts are lined by epithelial tissue, providing a
protective barrier. Cell loss from this tissue barrier
must be precisely balanced by cell production, main-
taining epithelial homeostasis. The source of the
cells involved in tissue repair after an injury remains
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controversial and poorly defined. One possible cell
source is stem-like progenitor cells, probably the most
important, but rare components of the proliferative
compartment of an epithelial tissue. These cell types
have been identified in a variety of tissues including
neural [1], vascular [2], hepatic [3], pancreatic [4] and
epidermal [5]. A second possible source of stem-like
progenitor cells, which migrate to the injured tissue, is
bone marrow that contains at least two major kinds of
stem cells: hematopoietic stem cells (HSCs), which
give rise to the red cells and white cells of the blood,
and mesenchymal stem cells (MSCs), which can be
reproducibly isolated and expanded in vitro, and that
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can differentiate in vitro into cells with properties of
cartilage, bone, adipose, and muscle cells [6]. MSCs
can be isolated from various sources and were char-
acterized by their ability to proliferate in culture with
an attached well-spread morphology, and by the
presence of a consistent set of marker proteins on
their surface [7,8]. Several studies have shown that
MSCs, HSCs and also unfractionated bone-marrow
derived cells can give rise, in vivo, to epithelial cell
types in lung and other tissues [9-12].

The aim of this study was to examine the differen-
tiation potential of human MSCs toward the epithelial
lineage. We suggested that a pure population of
MSCs isolated from the bone marrow are capable of
in vitro differentiation to functional epithelial-like cells.

Materials and methods

Isolation and culture of human MSCs

The marrow aspirates for the isolation of human MSC were
obtained from the sternum of eight patients with different
hematological disorders. Signed, informed consent was
obtained from each patient and the protocol was accepted by
the local Ethics Committee of the University of Medicine and
Pharmacy “Victor Babes” Timisoara. Human MSCs were iso-
lated by adherence on plastic [6]. The mononuclear cell
(MNC) fraction from the bone marrow was isolated by densi-
ty gradient centrifugation. After isolation, the MNC were culti-
vated at a density of 5 x 10* cells/cm? in uncoated flasks on
DMEM low-glucose medium (1 g/l, Stemcell Technologies,
Inc.), supplemented with 10% FBS (Promocell, Germany).
The media were changed every 3 days. After 14—21 days of
plating, cells were harvested with 0.25% trypsin and 1 mM
EDTA (Invitrogen Life Technologies, Scotland) and replated in
uncoated flasks, at a density of 3 x 10° ceIIs/cmz, using the
same culture media. After another 7—14 days, when cells
reached 50-70% confluence, the cells were analysed for the
following markers: CD45, CD34, CD29, CD73 and CD105
and CD14. For flowcytometric analysis, 50 x 10° cells were
incubated with 10 pl fluorescence-conjugated antibodies
(CD45, CD34, CD73, CD90, GlyA from BD Biosciences,
Heidelberg, Germany, and CD105 from Serotec, UK) for 20
min in the dark. After 2 washing steps with PBS, cells were
acquired using a FACSCalibur (Becton Dickinson) flow
cytometer using CellQuest software and analysed with Paint-
A-Gate software.

These cells were self-regenerating cells, and were able to
differentiate to various cell lines. If necessary two passages
were performed in order to obtain a pure population of MSC.
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Morphologically, in the cell culture flask, a purity of 95% of
the MSC population was considered satisfactory, a number
also confirmed by flow cytometry. Contamination with other
cells was not an issue: the only two other cell types besides
the MSCs that could be accidentally found in the cell culture
system were monocytes/macrophages (characterized by
CD14 expression) and/or hematopoietic stem cells (charac-
terized by CD34 expression). Both these markers were
expressed below 1%, as revealed by flow-cytometry.

Differentiation of MSCs to
epithelial-like cells

Human MSCs obtained as described above were plated in
uncoated flasks and entered into the differentiation process
at the second passage (usually 35—42 days from the initial
isolation). The culture medium was DMEM low-glucose
(1 g/l) with 10% FBS, initially supplemented with 10 ng/ml
keratinocyte growth factor (KGF, Peprotech Inc., Rocky Hill,
NJ), and 20-30 ng/ml epidermal growth factor (EGF,
Peprotech Inc., Rocky Hill, NJ, USA). After 3 days of cul-
ture, 10 ng/ml hepatocyte growth factor (HGF, Peprotech
Inc., Rocky Hill, NJ, USA), and 60 ng/ml insulin-like growth
factor-2 (IGF-2; Human Recombinant, Peprotech Inc.,
Rocky Hill, NJ, USA) were added. After 7—14 days from
the initial plating, when the cells acquired a rounded or
polygonal shape, the expression of two epithelial markers,
cytokeratin 19 and 18, was assessed.

Characterization of epithelial-like cells
by immunocytochemistry—cytokeratin
19 expression

DAKO-EPOS (Dako Corporation, Sweden) method was per-
formed in order to detect the expression of cytokeratin 19 in
differentiated cells. Before detection the cells were washed
twice with PBS and fixed with 4% paraformaldehyde for 10
min. The fixed cells were washed twice with PBS and then
incubated for a 5-10 min period in 0.1% hydrogen peroxide
in PBS, to quench endogenous peroxidase activity.
Incubation at room temperature with primary antibodies was
performed for 60 min. The specimens were washed with
0.01 mol/l PBS for 15 min. The reaction product was devel-
oped with 0.5 g/l 3'3-diaminobenzidine tetrahydrochloride
(DAB). After counterstaining with hematoxylin, the result was
observed microscopically. Pure MSCs were used as negative
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controls, and a spontaneously immortalized, nontumourigenic
human skin keratinocyte cell line (HaCaT) as positive control.

Relative quantification of epithelial
marker cytokeratin 18 mRNA using
real-time RT-PCR (Tag-man)

Detection of cytokeratin 18 transcripts in MSC differentiat-
ed to epithelial phenotype was performed by reverse tran-
scriptase-polymerase chain reaction (RT-PCR). Total RNA
from the cultured cells was extracted using TRIzol reagent
(Invitrogen, Karlsruhe, Germany). RNA was reverse tran-
scribed by using the Omniscript Reverse Transcription Kit
(Qiagen, Hilden, Germany) according to the manufacturer's
recommendations. RT was carried out at 42°C for 60 min.
Thermal cycling involved 50 cycles of 95°C for 15 s, 60°C
for 30 s, after initial denaturation for 10 min at 95°C in an
ABI PRISM® 7000 Sequence Detection System (Applied
Biosystems, Germany). Fluorescence was measured after
each cycle of PCR. To standardize the amount of RNA
applied, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as endogenous control. Primers
(Biospring, Germany) were as follows: GAPDH (sense) 5'-
GAAGGTGAAGGTCGGAGTC-3';(antisense), 5'-GAAGC-
CCATCACCATCTTC-3' (amplicon length: 226 bp),
Cytokeratin 18 (sense) 5'-CAAGGAGGAGCT-
GCTCTTCATG-3', (antisense), 5'-TGGTGCTCTCCT-
CAATCTGCTG-3'. For positive control, cDNA from human
liver was used. To confirm the quality of isolated RNA and
to standardize the amount of RNA applied, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as
endogenous control. Relative cytokeratin-18 expression
levels were measured by AACT method (PE-Applied
Biosystems; Sequence Detector User Bulletin) (Table 1).
The “Primer Express” software, supplied by Perkin-Elmer,
Weiterstadt, Germany, was used for oligonucleotide design.

Results

Biological properties of
bone marrow-derived human MSCs

The flow cytometric analysis of the mononuclear cell
suspension showed a heterogeneous mixture of
cells with different forward and sideward scatter pro-
files. No staining with anti-CD34 antibody was noted,
suggesting a primitive population of hematopoietic
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cells. Most of the cells expressed CD45 and
Glycophorin A. The typical MSC markers, CD105 and
CD73 (SH-2 and SH-3) were not expressed (Fig. 1A).

After 14-21 days of culture, the cells had
acquired three different phenotypes: (1) spindle-
shaped cells, which were the most abundant, (2) thin
star-shaped cells and (3) large flattened cells. After
passage, almost all cells displayed a fibroblastic
elongated phenotype (Fig. 2A and B).

In this phase, the flow cytometric analysis revealed
no positive staining for CD45 or Glycophorin A. The
SH-2 (CD105) and SH-3 (CD73) markers were now
expressed at higher levels. CD34 was not expressed,
and CD90 became positive (Fig. 1B).

Differentiation of human MSCs to
epithelial-like cells

After 14 days of MSC culture in a differentiating medi-
um containing 10 ng/ml KGF, 20-30 ng/ml EGF, 10
ng/ml HGF and 60 ng/ml IGF-2, 20-30% of the cells
acquired a rounded/polygonal shape. These cells were
proliferating, forming an adherent monolayer and were
organized in cobblestone pattern clusters (Fig. 2C).

While pure populations of MSCs did not express
cytokeratin 19 (CK19), the immunohystochemical
analysis of the differentiated cells from cobblestone
pattern clusters showed that they were positive for CK
19 (Fig. 2D and E), in a proportion of about 40% of the
total cells, as revealed by microscopic analysis using
Lucia software (Nikon Corporation Co., Kanagawa,
Japan). Comparative to our positive controls using
HaCaT cells, the expression of this marker was higher
in the middle of the clusters, while in the peripheral
regions was reduced (Fig. 2F).

During the epithelial differentiation of the MSCs,
the level of some specific markers determined by flow
cytometric analysis was decreased (Fig. 3) and this
could be due to a phenotypic alteration of the MSCs
entering the epithelial-like differentiation program.

The RT-PCR assessed the expression of cytokeratin
18 (CK18, an epithelial cell marker) in two samples of
cultured epithelial cells. For positive control, cDNA from
human liver was used. A strong expression of CK18
was detected in the cultured cells (Fig. 4 and Table 1).

To confirm the epithelial nature of these cells, RT-PCR
amplification of cytokeratin 18 was performed with RNA
isolated from induced and non-induced MSC.
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Discussion A

Many reports have raised the idea of the pluripotecy of
adult stem cells that might be used for the regeneration
and repair of damaged tissues. Although this property
of adult stem cells may be controversial, bone marrow ks GG FITC Eavee
derived cells are reported to have potential to con- -

tribute to tissue repair in both physiological and patho-
logical conditions, in different non-hematopoietic tis-
sues, including various types of epithelia. - - -

Some reports explored the capacity of adult stem COM5PE CO34PE Zpsore
cells to promote restoration of airway epithelium:
Bone marrow-derived cells have been detected in
the lung tissue as fibroblast-type cells [12], and as
differentiated bronchial epithelium and alveolar type :

Il pneumocytes [9, 13]. Bone-marrow derived cells COABFTTC AL P
were detected in the recipient’s lung parenchyma as

cells with morphological and molecular phenotype of

type | pneumocytes of the alveolar epithelium [10]. In B

another experimental setting, human MSCs were co-

cultured with heat-shocked small airway epithelial [ e——y
cells. A subset of the hMSCs rapidly differentiated ol
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monolayer. Immunocytochemistry and microarray R R wm—
analyses show that the cells had the phenotypic pro- rs 19G-PE
file and gene expression of normal small airway iy » [
epithelial cells [14]. All these data raise the possibili- E § | E
ty of utilizing marrow to generate lung epithelium for 3Q o% o % o Enmw
the therapy of lung diseases associated with exten- i L
sive bronchial and alveolar damage. cos-PE cossFme cove-pE

Other studies examined the potency of mouse bone |

marrow cells to differentiate into cells comprising skin 5 £
tissues using a skin reconstitution assay. Bone marrow © 9,63% © | 83,45%

cells from adult GFP-transgenic mice were transplant- = L S—

ed in a mixture of embryonic mouse skin cells onto skin cobs-Frre co73-FE

defects made on the backs of nude mice. Within 3 T

weeks, fully differentiated skin with hair was reconsti- 9 ' Suspensi{m: (A) after Jlensity gradient cen-

tuted. The localization and morphology of the GFP- i gation and (B) after 21 days of culture.

positive cells confirmed that the bone marrow cells had

differentiated into epidermal keratinocytes, sebaceous . .

gland cells, follicular epithelial cells, dendritic cells, and ~ Table 1. Cytokeratin 18 expression levels were measured

endothelial cells [15]. by AA CT method and normalized to GAPDH expression
Since the endometrium is an epithelial tissue that

regenerates after each menstrual cycle, the possibility

probe 1 probe 2 probe 3 pos. contr.

: . ) GAPDH 28.9903 28.45 28.0668  36.4619
of repopulating the endometrium with cells of
extrauterine origin was studied by evaluating for CK18 SRR | 0RO Zefsn | Zsly
donor HLA expression the endometrium from 4 HLA- ACT -8.7764 -8.4192 -1.6128  -11.941
mismatchgd bone marrow transplant reC|p|ent§. AACT 31646 35218 10.3282 0
Donor-derived endometrial cells were detected in . P e Iy
endometrial biopsy samples from all recipients and 2 e = el PUEH
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Fig. 2 (A and B) Bone marrow-
derived human MSCs—microscop-
ical analysis at day 21.
Magnification: 40x (A) and 200x
(B). (C) Adherent cells with a
rounded or polygonal shape
placed on the top of a
mesenchymal stem cells’layer.
Magnification: 400x. (D and E)
Cytokeratin 19-positive cells with
an epithelial-like morphology.
Magnification: 40x (D) and 400x
(E). (F) Cytokeratin 19-positive
imunohistochemical reaction on
HaCaT cell lines, used as positive
control. Magnification: 200x.
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Fig. 3 Flow cytometric assessment of different MSCs Fig. 4 Expression of cytokeratin 18 assessed by quan-
surface antigens during their differentiation (day 7, 14 titative RT-PCR (Tag-man) performed on epithelial-like
and 28). cells derived from human MSCs.
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accounted for 0.2-48% of epithelial cells and
0.3-52% of stromal cells [16].

The potential of adult stem cells to differentiate
into renal epithelial cells has been studied exten-
sively. Bone marrow derived cells expressing
epithelial cell markers were detected in histological-
ly normal mouse kidneys [17]. In men who received
a kidney transplant from female donors, Y chromo-
some containing cells expressing renal tubular cell
markers were observed in the kidneys after injury.
Similarly, in men who received female kidneys, 1%
of the tubular cells were Y chromosome positive
after the kidneys had recovered from acute tubular
necrosis [18]. Lin-Sca-1" bone marrow cells
differentiate into renal proximal tubular cells in
ischemically injured mouse kidneys [19]. Injection of
mesenchymal stem cells of male bone marrow origin
remarkably protected cisplatin-treated syngeneic
female mice from renal function impairment and
severe tubular injury. In fact, mesenchymal stem cells
markedly accelerated tubular proliferation in response
to cisplatin-induced damage, whereas hematopoietic
stem cells failed to exert such beneficial effects [20].

In addition to tubular epithelial cells, differentia-
tion of bone marrow cells into glomerular mesangial
cells has been reported in a rat model of glomeru-
lonephritis [21].

Several lines of evidence suggest that bone mar-
row cells may represent a source for digestive
epithelial regeneration. In human beings, bone mar-
row-derived epithelial cells contributed to the
regeneration of the damaged epithelia after graft
versus-host disease (GVHD) [22]. Also, the contri-
bution of bone marrow-derived epithelial cells was
observed to accelerate regeneration in the epithelia
of gastric ulcer [22]. In fact, this was the first report
showing clinical evidence that bone marrow cells
might be a source of epithelial regeneration in
human beings. In mice, similar results have been
reported, using experimental colitis [23]. These
reports support the strategy of using bone marrow
cells for regeneration of damaged intestinal epithe-
lia. Other investigations supported the hypothesis
that bone marrow could represent a potential
source of hepatic oval cells [11], and esophageal
squamous epithelium [24].

Most of the above presented data are the result of
systemically injected marrow-derived cells, indicat-
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ing the importance of local environmental factors for
homing, engraftment and further differentiation of
these cells.

Our experiment demonstrates that human bone mar-
row-derived MSCs, under appropriate conditions, in
vitro, may differentiate into epithelial cells. One criticism
of papers describing the plasticity of adult stem cells is
that of heterogenous cells’ preparations. In our study,
we performed two passages of the isolated MSCs in
order to obtain a pure, homogenous cellular population.

In our experimental set-up, human MSCs were cul-
tured in a media containing several growth factors,
namely KGF, EGF, HGF, and IGF-2. These four factors,
gradually added in the basal medium, without any
gene manipulation or co-culture with epithelial cells,
are responsible for MSCs differentiation to the epithe-
lial-like lineage. This mixture could be considered the
appropriate environment required for the activation of
MSCs differentiation into epithelial-like cells.

The fibroblastic morphology of MSCs gradually pro-
gressed toward the rounded or polygonal shape of
epithelial-like cells, in a time-dependent manner and
became apparent after 10—14 days post-induction with-
in the differentiation medium. The functional analysis of
the differentiated cells revealed a higher expression
of epithelial markers in the central region of
cobblestone-pattern clusters that decreased at the
periphery, suggesting an asymmetric division and differ-
entiation of the cells. Therefore, we suggest that only
cells from the ‘inner zone’ differentiate toward the
epithelial lineage, probably due to paracrine effects [25],
perhaps mediated directly by the growth factors [26]

This study provides preliminary results indicating
that the acquisition of an epithelial phenotype may be
possible starting with human MSCs and using a spe-
cific differentiation protocol. These epithelial cells are
likely to be amenable to further genetical engineering
to fit different medical or research needs. Another pos-
sibility is to investigate the de-differentiation/trans-dif-
ferentiation potential of these cells.
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