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Multipotent Mesenchymal Stem Cells From
Adult Human Synovial Membrane

Cosimo De Bari, Francesco Dell’Accio, Przemyslaw Tylzanowski, and Frank P. Luyten

Objective. To characterize mesenchymal stem
cells (MSCs) from human synovial membrane (SM).

Methods. Cell populations were enzymatically re-
leased from the SM obtained from knee joints of adult
human donors and were expanded in monolayer with
serial passages at confluence. Cell clones were obtained by
limiting dilution. At different passages, SM-derived cells
were subjected to in vitro assays to investigate their
multilineage potential. Upon treatments, phenotypes of
cell cultures were analyzed by histo- and immunohisto-
chemistry and by semiquantitative reverse transcription—
polymerase chain reaction for the expression of lineage-
related marker genes.

Results. SM-derived cells could be expanded ex-
tensively in monolayer, with limited senescence. Under
appropriate culture conditions, SM-derived cells were
induced to differentiate to the chondrocyte, osteocyte,
and adipocyte lineages. Sporadic myogenesis was also
observed. Five independent cell clones displayed multi-
lineage potential. Interestingly, only 1 clone was myo-
genic. Donor age, cell passaging, and cryopreservation
did not affect the multilineage potential of SM-derived
cells. In contrast, normal dermal fibroblasts under the
same culture conditions did not display this potential.

Conclusion. Our study demonstrates that human
multipotent MSCs can be isolated from the SM of knee
joints. These cells have the ability to proliferate exten-
sively in culture, and they maintain their multilineage
differentiation potential in vitro, establishing their pro-
genitor cell nature. SM-derived MSCs may play a role in
the regenerative response during arthritic diseases and
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are promising candidates for developing novel cell-
based therapeutic approaches for postnatal skeletal
tissue repair.

Joint destruction represents the consequence of
most inflammatory and degenerative rheumatic dis-
eases, leading to severe functional disability. Their high
prevalence and heavy impact on working capacity, cou-
pled with the high costs of the therapeutic procedures,
make joint diseases a major social issue.

Tissue damage results from an imbalance be-
tween two components, injuring factors (inflammatory/
immunologic, traumatic/mechanical) and reparative
processes. So far, a great effort has been made to
develop therapeutic approaches aimed at removing/
controlling the former component, but very little has
been done to modulate the latter. In addition, patients
with late-stage diseases are often seen in daily practice in
rheumatology, when the tissue damage is already estab-
lished. In these circumstances, tissue repair represents
an important therapeutic goal. Regenerative medicine
opens to the rheumatologist the opportunity not only to
control the progression of diseases, but also, for the first
time, to promote repair through tissue regeneration.
This is a complex process of events encompassing cell
differentiation and tissue patterning with architectonic
organization. In this context, the use of the proper cell
populations appears to be crucial for optimal tissue
repair.

Stem cells are promising candidates for the re-
generation of tissue and organ systems. Stem cells are
generally defined as highly clonogenic cells capable of
both self renewal and multilineage differentiation. Dur-
ing embryonic development, in a cascade of hierarchical
events that remains to be elucidated, stem cells from the
blastocyst give rise to cell progenies that become pro-
gressively restricted in their differentiation potential to
eventually generate the specialized cells of the mature
tissues (1). Increasing evidence supports the hypothesis
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that multipotent stem cells are available postnatally in
different organs and tissues. These cells could contribute
to postnatal growth and participate in tissue homeostasis
by replacing differentiated cells lost to physiologic turn-
over, injury, and senescence.

Mesenchymal stem cells (MSCs) have the poten-
tial to differentiate into lineages of mesenchymal tissues,
including cartilage, bone, fat, and muscle. Isolation and
characterization of MSCs from bone marrow have been
described (2). Indeed, marrow-derived cells seem to
retain a remarkable plasticity, since they have much
wider differentiation potential than previously thought.
Marrow cells have been reported to contribute to angio-
genesis (3,4), somatic muscle development (5,6), liver
regeneration (7,8), and the formation of central nervous
system cell types (9,10). Increasing evidence suggests
that postnatal stem cells are not exclusive to bone
marrow, but are also present in various tissues and
organs. Periosteum is known to contain cells with
chondro-osteogenic potential (11-13). Somatic muscle
satellite cells, progenitors of myocytes and myotubes
(6,14), have been shown to contribute to the regenera-
tion of the entire hematopoietic system in lethally irra-
diated mice (15).

In the present study, we characterized MSCs
from human synovial membrane (SM). We show that
SM-derived cells from adult human donors of various
ages can be expanded in vitro over at least 10 passages,
with limited cell senescence. We provide data demon-
strating that SM-derived cells can be induced consis-
tently into multilineage differentiation pathways in vitro,
regardless of donor age. We prove that individual SM-
derived cell clones conserve this multilineage potential
in vitro.

MATERIALS AND METHODS

Harvest of synovial tissue and isolation of the cells.
Random biopsies of SM (wet weight 10-50 mg) were obtained
aseptically from the knee joints of human donors of various
ages (mean 41 years, range 18-65 years), either postmortem
within 12 hours of death or at the time of surgical knee
replacement for degenerative osteoarthritis. SM specimens
were rinsed twice with Hanks’ balanced salt solution (HBSS;
Life Technologies, Merelbeke, Belgium) supplemented with
antibiotic-antimycotic solution (100 units/ml penicillin, 100
pg/ml streptomycin, and 0.25 pg/ml amphotericin B; Life
Technologies), finely minced, and digested with 0.2% collage-
nase (Life Technologies) in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM,; Life Technologies) containing 10%
fetal bovine serum (FBS; BioWhittaker, Verviers, Belgium)
and antibiotics. Following overnight incubation at 37°C, cells
were collected by centrifugation, washed twice, resuspended in
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high-glucose DMEM supplemented with 10% FBS and anti-
biotics (growth medium), plated in a T25 culture flask, and
allowed to attach for 4 days. Nonadherent cells were removed
by changing the medium.

Cell expansion and cryopreservation. For expansion,
cells were cultured in monolayer in growth medium at 37°C in
a humidified atmosphere of 5% CO,. The medium was
replaced every 3 days. After 10-25 days of primary culture,
when the sparsely attached cells reached confluence, they were
washed twice with calcium and magnesium—free phosphate
buffered saline (PBS), harvested by treatment with trypsin—
EDTA (0.25% trypsin, 1 mM EDTA; Life Technologies), and
replated at a 1:4 dilution for the first subculture. Cell passages
were continued in the same way with a 1:4 dilution when cells
reached confluence. At passage 3 (P3), aliquots of trypsin-
released cells in DMEM with 20% FBS and 10% DMSO
(Sigma, Bornem, Belgium) were cryopreserved in liquid nitro-
gen, thawed after variable times (range 3-24 months), re-
plated, and expanded for the in vitro assays.

Cloning of SM-derived cells. Cell cloning was per-
formed by limiting dilution. First passage SM-derived cells
from a 42-year-old donor were suspended in growth medium at
a density of 1 X 10*/ml. One hundred microliters of the cell
suspension was plated in each well of the first row of a 96-well,
flat-bottomed culture plate. Twofold dilution series were car-
ried out in the adjacent wells throughout the plate. A total of
8 2-fold dilution series were obtained. The following day, the
well with the highest dilution that contained a single cell was
identified within each series by careful microscopic examina-
tion. Cell populations arising from single cells in these wells
were considered mono/oligoclonal and were subcultured as
described above. Eight independent clones were obtained.

Senescence-associated B-galactosidase (SA-pB-gal)
staining. SA—B-gal staining was performed as described (16).
At different passages during expansion, SM-derived cells from
all donors were plated in chamber slides and allowed to attach
in growth medium. Cells were washed in PBS, fixed for 5
minutes at room temperature in 3% formaldehyde, washed,
and incubated overnight in a humid chamber at 37°C with fresh
B-gal staining solution (1 mg/ml X-Gal [Duchefa, Haarlem,
The Netherlands], 40 mM citric acid/sodium phosphate [pH
6.0], 5 mM potassium ferrocyanide, S mM potassium ferricya-
nide, 150 mM NaCl, and 2 mM MgCl,). Senescent human
dermal fibroblasts were used as a positive control.

Telomerase activity. Telomerase activity was deter-
mined semiquantitatively in P3 SM-derived cells from all donors
by the Telomerase polymerase chain reaction (PCR) enzyme-
linked immunosorbent assay (ELISA) kit (Roche Molecular
Biochemicals, Brussels, Belgium), following the manufacturer’s
instructions. Briefly, lysates from 3 X 10° cells were used to
perform the telomeric repeat amplification protocol (TRAP)
assay (17). The substrate for telomerase was a biotin-labeled
synthetic primer. The telomeric sequence was amplified by a
30-cycle PCR using a Perkin Elmer Thermal Cycler 9600
(Applied Biosystems, Lennik, Belgium). The biotinylated PCR
product was semiquantified by ELISA. Absorbance was mea-
sured at 450 nm, with a reference wavelength of 690 nm.
Samples were regarded as telomerase positive when the dif-
ference in absorbance was >0.2 A 5o nm — Agoo nm Units. P3
human dermal fibroblasts and human embryonic kidney 293
cells were used as cell negative and positive controls, respec-
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tively. For a telomerase-negative control, 293 cell lysate was
heat-treated prior to the TRAP reaction.

In vitro chondrogenesis. The in vitro chondrogenesis
assay was performed as described elsewhere (13). After expan-
sion in monolayer, SM-derived cells were released by trypsin
treatment, counted, tested for viability by trypan blue exclu-
sion, and resuspended in growth medium at a density of 2.0 X
107 viable cells/ml. Micromass cultures were obtained by
pipetting 20-ul droplets of cell suspension into individual wells
of 24-well plates. After cells were allowed to attach without
medium for 3 hours, a chemically defined serum-free medium
(18) was added.

The day of plating in micromass culture was designated
as day 0. Starting on day 1, when the culture medium was
changed, recombinant human transforming growth factor g1
(TGFB1; R&D Systems, Abingdon, UK) dissolved in 4 mM
HCI containing 1 mg/ml bovine serum albumin (BSA; Serva,
Heidelberg, Germany) was added to the culture medium every
other day at a final concentration of 10 ng/ml. Identical
amounts of 4 mM HCI containing 1 mg/ml BSA were added to
parallel cultures as controls for the treatment. For a cell
negative control, human dermal fibroblasts (kindly provided by
S. Tejpar, Centrum Menselijke Erfelijkheid, Leuven, Belgium)
were kept under identical conditions. After 6 days, micromass
cultures were rinsed twice with PBS, fixed with methanol for 30
minutes at —20°C, washed with distilled water, and covered
with Alcian blue (pH 0.2) (0.5% Alcian blue 8 GS [Carl Roth,
Karlsruhe, Germany] in 1IN HCI). After overnight staining,
cultures were washed extensively with distilled water.

For histologic and immunohistochemical analysis, 100
wul of SM-derived cell suspensions was plated in micromass in
individual wells of a 12-well plate. Micromasses were treated
either with 10 ng/ml TGFB1 or with the same amount of
TGFpB1 carrier solution in the chemically defined serum-free
medium. After 3 weeks, micromasses were peeled off the wells,
fixed with 10% formalin, embedded in paraffin, and sectioned
at 5 um. For histologic evaluation, sections were deparaf-
finized and stained with Safranin O or toluidine blue according
to standard protocols. For immunohistochemical analysis, after
deparaffinization, sections were predigested with chondroiti-
nase ABC (Sigma) at 50 mU/ml in PBS at room temperature
for 1 hour to facilitate antibody access, then post-fixed in
buffered 4% paraformaldehyde for 10 minutes at room tem-
perature. Endogenous peroxidase was quenched by incubating
the sections at room temperature in 3% hydrogen peroxide for
10 minutes. Nonspecific antibody binding was blocked by
incubating the slides with normal goat serum (Dako, Glostrup,
Denmark) diluted 1:5 in PBS containing 0.2% Triton X-100
(Bio-Rad, Nazareth Eke, Belgium) for 20 minutes.

Sections were incubated for 30 minutes at room tem-
perature with a mouse anti-human type II collagen monoclonal
antibody (Chemicon International, Hofheim, Germany) di-
luted 1:5 in 0.5% BSA in PBS. Slides were then incubated for
30 minutes at room temperature with biotinylated goat anti-
mouse IgG diluted 1:500 in 0.5% BSA in PBS. The antibody—
biotin conjugates were detected with a streptavidin-biotin—
horseradish peroxidase complex (StreptABComplex/HRP;
Dako) applied for 20 minutes at room temperature, using
diaminobenzidine (Dako) as a substrate. Nuclei were counter-
stained with Carazzi’s hematoxylin. Negative controls were
sections of untreated micromasses incubated with primary
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antibody and sections of TGFB1-treated micromasses incu-
bated with normal mouse IgG (R&D Systems) instead of
primary antibody.

In vitro osteogenesis. The in vitro osteogenesis assay
was performed as described elsewhere (19). SM-derived cells
were plated in growth medium at 3 X 10%*/cm? in 12-well tissue
culture plates. The following day, fresh growth medium was
provided, and the cells were subsequently cultured for 4 weeks
in the presence of 100 nM dexamethasone, 10 mM
B-glycerophosphate, and 50 uM ascorbic acid (all from Sigma).
The osteogenic medium was changed twice a week. Controls
for the osteogenic treatment were cells cultured in growth
medium supplemented with vehicle solutions of the com-
pounds of the osteogenic medium. For a cell negative control,
human dermal fibroblasts were kept under identical conditions.

To determine alkaline phosphatase activity, cells were
washed twice with PBS and disrupted by freezing at —80°C for
20 minutes in 300 wl/well of PBS containing 0.05% Triton
X-100. Aliquots of 20 ul were assayed for enzyme activity using
a commercially available kit (Kirkegaard & Perry, Guildford,
UK), according to the manufacturer’s instructions. Protein
content was determined with the Bradford protein assay
(Bio-Rad), using BSA as standard. The experiment was per-
formed in quadruplicate. Alkaline phosphatase activity was
expressed as arbitrary units per microgram of protein content.

For histochemical analysis, cells were rinsed twice with
PBS, fixed with 10% formalin for 10 minutes, and washed with
distilled water. Alkaline phosphatase histochemistry was per-
formed using the nitroblue tetrazolium/BCIP tablets (Roche
Molecular Biochemicals), according to the manufacturer’s
instructions. Cultures were then rinsed with distilled water and
air-dried prior to viewing. To stain calcium deposits, after
fixation, cells were covered with alizarin red S solution (2%
aqueous solution [pH 4.2]; Sigma) for 3 minutes. Cultures were
then washed thoroughly with distilled water.

In vitro myogenesis. The in vitro myogenesis assay was
performed as described elsewhere (20). Briefly, SM-derived
cells were seeded into 35-mm dishes at a density of 5,000/ml in
growth medium supplemented with 5% horse serum (Life
Technologies). Beginning 24 hours after seeding, cultures were
treated for 24 hours with 10 uM 5-azacytidine (Sigma). Cul-
tures were then washed twice with HBSS, and the medium
changed to growth medium containing 5% horse serum, 50 uM
hydrocortisone (Sigma), and 4 ng/ml basic fibroblast growth
factor (Creative BioMolecules, Hopkinton, MA). The medium
was changed twice a week for 3 weeks until the experiment was
terminated. Controls for the myogenic treatment were cells
cultured in growth medium supplemented with horse serum
and vehicle solutions of the compounds of the myogenic
medium. For a cell negative control, human dermal fibroblasts
were kept under identical conditions. Experiments were car-
ried out in triplicate.

To perform immunostaining for skeletal muscle—
specific myosin heavy chain (SkM-MHC), cells were rinsed
twice with PBS and fixed with methanol at -20°C for 30
minutes. Cells were incubated twice in 50 mM ammonium
chloride in PBS for 10 minutes to quench autofluorescence.
Nonspecific antibody binding was blocked by incubating the
cells in 5% BSA in PBS for 1 hour. Cells were then incubated
for 1 hour with a mouse anti-SkM-MHC monoclonal antibody
(Zymed, South San Francisco, CA) diluted 1:5 in 0.5% BSA in



Table 1. Primers used for reverse transcription—polymerase chain reaction (PCR) analysis and expected sizes of PCR products*

Gene Sense primer Antisense primer Product, bp
B-actin 5'-TGACGGGGTCACCCACACTGTGCCCATCTA-3' 5'-CTAGAAGCATTTGCGGTGGACGATGGAGGG-3’ 661
CD45 5'-AACCTGAAGTGATGATTGCTG-3’ 5'-TACCTCTTCTGTTTCCGCAC-3’ 500
CD36 5'-GTTTCTCTCTGGCCTGGTAC-3’ 5'-AGAAGACTCCCAAAGCAAGG-3’ 356
CD20 5'-TGTGACTGTGTGGTACCCTCTC-3' 5'-CGTCTCTGTTTCTTCTTCTTCC-3’ 589
PECAM-1 5'-TCAAGAAAAGCAACACAGTCC-3' 5'-ACTCCGATGATAACCACTGC-3’ 652
CD14 5'-CTGCGTGTGCTAGCGTACTC-3’ 5'-CGTCCAGTGTCAGGTTATCC-3' 655
FLK-1 5"-TGTTGTTCTTTCCACCAGCAG-3' 5'-ACGGTCTGGAAGGAACTCTC-3' 646
Vimentin 5'-AGATGCGTGAAATGGAAGAG-3’ 5'-AAATCTATCTTGCGCTCCTG-3' 498
VCAM-1 5'-GACCTTCATCCCTACCATTG-3’ 5'-ATACTCCCGCATCCTTCAAC-3’ 593
CD44 5'-TTGGAGATGGATTCGTGGTC-3’ 5'-GGACTCTTGGACTCTTCTGG-3' 661
av integrin 5'-AATGTGTAAAATCAGTCTCGGC-3’ 5'-ATACCTCAACTAAATGTGCTCC-3' 483
al(I) collagen 5'-CGTGGTGACAAGGGTGAGAC-3’ 5'-TAGGTGATGTTCTGGGAGGC-3’ 827
FGFR-1 5'-ACTCCACCGTCAGCTGTAAC-3' 5'-CACTGACCTCCCTACTGCTG-3’ 419
Wnt5a 5'-CCACCTTCCTCTTCACACTG-3’ 5'-CGAACAAGTAATGCCCTCTC-3’ 770
GDF-5/CDMP-1 5'-GCCCTGTTCCTGGTGTTTGG-3' 5'-GCTGTGTAGATGCTCCTGCC-3’ 595
al(II) collagen 5'-CTGCTCGTCGCCGCTGTCCTT-3’ 5'-AAGGGTCCCAGGTTCTCCATC-3’ 432 (Col2A)

225 (Col2B)
al(IX) collagen 5'-ACTGGGTTCTCTGGGTAGCC-3' 5'-ATGTGCTGATCTGTCGGTGC-3' 363
al(X) collagen 5'-AATCCCTGGACCGGCTGGAATTC-3' 5'-TTGATGCCTGGCTGTCCTGGAACC-3’ 267
LBK-AP 5'-CTGGACCTCGTTGACACCTG-3’ 5'-GACATTCTCTCGTTCACCGC-3’ 546
Osteopontin 5'-GCTAAACCCTGACCCATCTC-3' 5'-ATAACTGTCCTTCCCACGGC-3' 543
SkM-MHC 5'-ATAGGAACACCCAAGCCATC-3' 5'-TTTGCGTAGACCCTTGACAG-3’ 599
aP2 5'-TATGAAAGAAGTAGGAGTGGGC-3' 5'-CCACCACCAGTTTATCATCCTC-3’ 290
PPARY2 5'-AGGAGCAGAGCAAAGAGGTG-3’ 5'-AGGACTCAGGGTGGTTCAGC-3’ 474

* PECAM-1 = platelet endothelial cell adhesion molecule 1; FLK-1 = fetal liver kinase 1; VCAM-1 = vascular cell adhesion molecule 1; FGFR-1 = fibroblast growth factor
receptor 1; GDF-5/CDMP-1 = growth differentiation factor 5/cartilage-derived morphogenetic protein 1; Col2A = type IIA collagen; LBK-AP = liver-bone-kidney alkaline
phosphatase; SkM-MHC = skeletal muscle-specific myosin heavy chain; aP2 = fatty acid-binding protein aP2; PPAR+y2 = peroxisome proliferator—activated receptor 2.
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PBS. This antibody reacts with both human and mouse SkM-
MHC. Reactivity was detected with fluorescence microscopy
after incubation for 1 hour with a Cy2-conjugated secondary
antibody (goat anti-mouse IgG; Kirkegaard & Perry) that had
been diluted 1:200 in 0.5% BSA in PBS. Nuclei were counter-
stained with 4’,6-diamidino-2-phenylindole (ICN, Asse-
Relegem, Belgium). Green and blue images were superim-
posed using SPOT software (Diagnostic Instruments, Sterling
Heights, MI). Negative controls were untreated cells incubated
with primary antibody and treated cells incubated with normal
mouse IgG instead of primary antibody. For a cell positive
control, myotubes derived from C2C12 mouse myoblasts were
used.

In vitro adipogenesis. The in vitro adipogenesis assay
was performed as described elsewhere (2). SM-derived cells
were allowed to become confluent and were cultured for an
additional 5 days. Adipogenic induction medium was then
added, consisting of growth medium supplemented with 1 uM
dexamethasone, 0.5 mM methyl-isobutylxanthine, 10 pg/ml
insulin, and 100 mM indomethacin (all from Sigma). After 72
hours, the medium was changed to adipogenic maintenance
medium (10 pg/ml insulin in growth medium) for 24 hours.
Cells were treated 4 times with adipogenic induction medium.
The cultures were then maintained in adipogenic maintenance
medium for 1 week before fixation. Controls for the adipogenic
treatment were cells cultured in growth medium supplemented
with vehicle solutions of the compounds of the adipogenic
media. For a cell negative control, human dermal fibroblasts
were kept under identical conditions. Experiments were per-
formed in triplicate. After 3 weeks, cells were rinsed twice with
PBS, fixed with 0.2% glutaraldehyde (Sigma) for 5 minutes,
washed with distilled water, rinsed in 60% isopropanol, and
covered with oil red O solution (0.1% oil red O [Sigma] in 60%
isopropanol). After 10 minutes, cultures were briefly rinsed in
60% isopropanol, washed thoroughly in distilled water, and
counterstained with Carazzi’s hematoxylin.

Total RNA extraction and semiquantitative reverse
transcription (RT)-PCR analysis. Total RNA from synovial
tissue and SM-derived cells was extracted using a commercially
available kit (S.N.A.P.; Invitrogen, Groningen, The Nether-
lands), according to the manufacturer’s instructions. Comple-
mentary DNA (cDNA) were obtained by RT of 1 ug total
RNA (Thermoscript; Life Technologies) with oligo(dT),, as
primer. PCR was performed in a volume of 10 ul. Comple-
mentary DNA were added to the following PCR mixture: 0.5
units Taq polymerase (Eurogentec, Seraing, Belgium), 0.2 mM
dNTP, 0.5 uM specific primers, and 1.5 mM MgCl,. Negative
controls were either RT without enzyme or PCR with Milli-Q
(Millipore, Brussels, Belgium) ultrapure water instead of
cDNA. PCR reactions were carried out in a Perkin Elmer
Thermal Cycler 9600. After denaturation at 95°C for 1 minute,
cycles were 10 seconds at 94°C, 10 seconds at the optimal
annealing temperature, and 30 seconds at 72°C. Cycling was
followed by 10-minute elongation at 72°C.

Primer pairs were designed using Vector NTI software
(InforMax, North Bethesda, MD). The sequences of the
primers and the sizes of the PCR products are shown in Table
1. Before marker analysis, cDNA were equalized for the
expression of the housekeeping gene B-actin. PCR products
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were electrophoresed in 1.5% agarose gel in Tris-borate—
EDTA electrophoresis buffer, stained with ethidium bromide,
visualized by ultraviolet transillumination, and analyzed by
densitometry using the Image Master software (Amersham
Pharmacia Biotech, Roosendaal, The Netherlands).

RESULTS

In vitro expandability, with limited senescence,
of SM-derived cells. SM-derived cell cultures were initi-
ated as primary cultures of cells that grew out of
SM-derived cell suspensions by selectively attaching to
tissue culture plastic. After the first passage and
throughout in vitro expansion, SM-derived cells ap-
peared microscopically to be a relatively homogeneous
population of fibroblast-like cells.

Stem cells display a long-term self-renewal capac-
ity. We investigated the in vitro expandability of SM-
derived cells from donors of various ages. Starting from
the first passage, we analyzed the kinetics of growth of
SM-derived cells from all donors tested. Figure 1A
shows that although no significant telomerase activity
was detected, the growth curve of SM-derived cells from
2 donors was linear up to 30 population doublings
(Figure 1B). In all donors tested, SM-derived cells were
expanded over at least 10 passages, with a similar
kinetics of growth (data not shown).

Cell senescence, a common phenomenon occur-
ring to various degrees in many somatic cells during in
vitro culture expansion, is known to induce phenotypic
and functional changes (21). Therefore, we analyzed
SA-B-gal activity in SM-derived cells from all donors
during expansion. At early passages (before P6), <1% of
the cells displayed detectable SA—B-gal activity. Weak-
to-moderate [-gal staining of a few scattered cells
(10-20%) was observed at late passages (after P10)
(Figure 1C). To test whether cryopreservation could
affect cell senescence, SA—B-gal activity of SM-derived
cells that had been cryopreserved was compared with
that of passage-matched cells that had never been
frozen. No apparent differences were detected between
cryopreserved and noncryopreserved cells (not shown).

Characterization of the SM-derived cells during
the in vitro isolation and expansion procedure. To
evaluate possible contamination by cells belonging to the
hematopoietic and/or endothelial lineages and to char-
acterize in vitro—expanded SM-derived cells, RT-PCR
gene expression analysis was performed on samples at
different steps of the isolation and expansion procedure.
We compared the expression of several marker genes by
SM as a tissue, by isolated cells immediately after
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Figure 1. Extensive in vitro expandability, with limited senescence, of synovial membrane (SM)—derived cells. A, Telomerase activity in passage 3
(P3) SM-derived cells from donors of various ages. Human embryonic kidney 293 cells (293) and P3 human dermal fibroblasts (DF) are positive and
negative controls, respectively. B, Kinetics of growth of SM-derived cells from 2 donors of different ages. The kinetics of growth were analyzed
starting from the first passage. Cells were expanded in monolayer with serial 1:4 dilution passages every time they reached confluence. Although no
significant telomerase activity was detected, the growth curve was linear up to 30 population doublings. C, Senescence-associated B-galactosidase
staining. SM-derived cells at P3 and P12 from a 65-year-old donor are shown. Counterstaining is with neutral red. SM-derived cells can be expanded
for many passages with no significant senescence (<1% of the cells). Few positive SM-derived cells (~10-20%) are visible at late passages (after

P10). Bars = 50 pm.

overnight collagenase digestion, by adherent confluent
primary SM-derived cells (P0), and by cells at P3 and
P10. PO cells were analyzed because they were used for
the cell cloning, while P3 and P10 cells were included
because all the in vitro experiments for multilineage
potential were carried out within this range of passages.
During this time, SM-derived cells constituted a
homogeneous-appearing cell population (ref. 22 and the
present study). The gene expression analysis included

hematopoietic and endothelial markers, as well as genes
previously reported to be expressed by synovial tissue
(23) or synovial cells in vitro (22). In addition, we
screened for a number of genes known to have a role in
skeletal development and maintenance (24).

The genes analyzed are listed in Table 2. Figure 2
shows a representative panel of the genes tested. During
the cell isolation procedure and subsequent expansion in
monolayer, a rapid disappearance of hematopoietic and
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endothelial markers occurred. The monocyte marker
CD14 (25) and the endothelial marker fetal liver kinase
1 (26) were barely detectable in PO SM-derived cells,

Table 2. Molecular characterization of adult human synovial
membrane—derived mesenchymal stem cells, as determined by reverse
transcription—polymerase chain reaction®

Matrix molecules Receptors
Positive Positive
Aggrecan ALK-1
Link protein ALK-2
al(I) collagen ALK-3
Lumican ALK-4
Versican ALK-5
Fibromodulin ALK-6
Biglycan BMPRII
Decorin FGFR-1
Negative FGFR-2
al(IT) collagen Patched
al(IX) collagen Smoothened
al(X) collagen Negative
Adhesion molecules FGFR-3
Positive Transcription factors
B1 integrin Positive
B5 integrin Sox9
av integrin Cbfal
CD44 Negative
VCAM-1 Pax3
Negative Others
PECAM-1 Positive
Hematopoietic/endothelial markers Smad-1
Positive Smad-2
- Smad-5
Negative Smad-7
CD45 Osteonectin
CD36 LBK-AP
CD20 Vimentin
CD14 a-actin
FLK-1 Negative
Ligands Osteopontin
Positive Osteocalcin
BMP-2 Myogenin
BMP-4 SkM-MHC
BMP-6 aP2
GDF-5/CDMP-1 PPAR~2
TGFp1
TGFpB2
TGFB3
Wnt5a
Negative
BMP-3
BMP-5
BMP-7
GDF-6/CDMP-2
IHH

*The analysis included expanded cells between passage 3 (P3) and
P10. Positive or negative = presence or absence, respectively, of the
given matrix or adhesion molecule, hematopoietic/endothelial marker,
ligand, receptor, or transcription factor between P3 and P10; BMP =
bone morphogenetic protein; TGFB = transforming growth factor S;
IHH = Indian hedgehog; ALK = activin receptor-like kinase;
BMPRII = BMP receptor type II (see Table 1 for other definitions).
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Figure 2. Characterization of the SM-derived cells during the in vitro
isolation and expansion procedure. Semiquantitative reverse
transcription-polymerase chain reaction (PCR) analysis was per-
formed for the expression of a large number of genes (see text for
details). Shown is a representative panel of the genes tested. During
the cell isolation procedure and subsequent expansion in monolayer,
the hematopoietic and endothelial markers tested rapidly disappear,
becoming undetectable after P3. Between P3 and P10, the molecular
profile of the SM-derived cells remains stable. Complementary DNA
are equalized for B-actin expression. Lane 1, Synovial tissue; lane 2,
cells after overnight collagenase digestion; lanes 3-5, confluent mono-
layer cells at different passages (P0, P3, and P10); lane 6, Milli-Q water
negative control. The numbers of PCR cycles are shown. PECAM1 =
platelet endothelial cell adhesion molecule 1; FLK1 = fetal liver
kinase 1; VCAM1 = vascular cell adhesion molecule 1; Collal = a1(I)
collagen; FGFR1 = fibroblast growth factor receptor 1; GDF5/
CDMP1 = growth differentiation factor 5/cartilage-derived morpho-
genetic protein 1. See Figure 1 for other definitions.

while they could not be detected in P3 and P10 cells even
after 35 PCR cycles (Figure 2).

The molecular profile of the SM-derived cells
was stable during expansion from P3 up to at least P10
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Figure 3. Chondrogenic differentiation of SM-derived cells. A, Safranin O (a and b) and toluidine blue (¢ and d) stainings of paraffin sections of
micromasses either treated (b and d) or not treated (a and ¢) with 10 ng/ml transforming growth factor p1 (TGF-B1) for 3 weeks. e and f,
Immunohistochemical analysis of paraffin sections with anti-type II collagen antibody. e, Untreated micromass. f, Micromass treated with TGF-1
for 3 weeks. Nuclei were counterstained with hematoxylin. Findings indicate the presence of cartilage differentiation in the micromasses treated with
TGF-B1. Bar = 50 wm. B, Semiquantitative reverse transcription (RT)-PCR analysis for cartilage markers. SM-derived cells were subjected to the
chondrogenesis assay. The levels of collagen types IX (Col9), IIA (Col2A), IIB (Col2B), and X (ColX) mRNA expressed by SM-derived cells in
micromass culture treated for 3 weeks with TGF-B1 (lane 2) were comparable with those expressed by freshly isolated normal human articular
chondrocytes (AC) (lane 4). Untreated SM-derived cells were negative (lane 1). Lane 3, RT negative control. Complementary DNA were equalized
for B-actin expression. C, Chondrogenesis was obtained in all TGF-B1-treated donor samples tested. After expansion in monolayer, SM-derived cells
from all donors were plated in micromass culture and were either treated or not treated with TGF-B1. After 6 days, micromasses were fixed and
stained with Alcian blue. For each donor, the experiment was performed in triplicate. Controls were untreated SM-derived cells in micromass culture
in the presence of the carrier solution used for TGF-B1. See Figures 1 and 2 for other definitions.

(Figure 2) and was independent of the age of the donors
(data not shown). To test whether cryopreservation
could affect the phenotype of SM-derived cells, cells that
had been cryopreserved were compared with passage-
matched cells that had never been frozen for their
expression of the same panel of markers. No phenotypic

differences were detected between cryopreserved and
noncryopreserved cells (data not shown).
Chondrogenesis. TGFB1-treated micromasses
displayed cartilage-specific metachromasia with tolu-
idine blue and Safranin O staining. Safranin O staining is
specific for highly sulfated proteoglycans, a unique bio-
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Figure 4. Osteogenic differentiation of synovial membrane (SM)-derived cells. A, Monolayer SM-derived cells were either treated (b and d) or not
treated (a and c) with osteogenic medium. After 2 weeks, cells were fixed and stained for alkaline phosphatase (a and b) or with alizarin red for
calcium deposits (¢ and d). In a and b, nuclei were counterstained with hematoxylin. Bar = 50 um. B, Alkaline phosphatase activity. After a 2-week
treatment, alkaline phosphatase activity was determined and expressed as arbitrary units per microgram of protein content. Data were expressed as
the mean and SD of 4 wells. C, Osteogenesis was obtained in all osteogenic medium—treated donor samples tested. SM-derived cells from all donors
were either treated or not treated with osteogenic medium. After 4 weeks, cultures were fixed and stained with alizarin red. For each donor, the
experiment was performed in triplicate. Controls for the osteogenic treatment were SM-derived cells cultured in growth medium supplemented with

vehicle solutions of the compounds of the osteogenic medium.

chemical feature of cartilage proteoglycans (27). The
detection of type II collagen protein by immunostaining
and of collagen types IIA, IIB, IX, and X messenger
RNA (mRNA) by semiquantitative RT-PCR further
confirmed the cartilage phenotype of the tissue gener-
ated in vitro. Untreated micromasses were negative
(Figures 3A and B). Chondrogenesis, as evaluated by
Alcian blue staining, was obtained in all TGFg1-treated
donor samples tested (Figure 3C).

Osteogenesis. SM-derived cells treated with os-
teogenic medium underwent a change in their morphol-
ogy from spindle shaped to cuboidal, and formed large

nodules that stained for alkaline phosphatase and with
alizarin red (Figure 4A). This process was associated
with a significant increase in alkaline phosphatase activ-
ity (Figure 4B). Calcium deposits, detected by alizarin
red staining, were evident after ~10 days and increased
over time. Osteogenic differentiation, as determined by
alizarin red staining, was achieved in all osteogenic
medium-treated donor samples tested (Figure 4C).
Myogenesis. Myogenesis was demonstrated by
the induction of SkM-MHC mRNA, as determined by
RT-PCR, in SM-derived cells cultured under myogenic
conditions (Figure 5A). In addition, long multinucleated
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Figure 5. Myogenic differentiation of SM-derived cells. A, Semiquantitative RT-PCR analysis for skeletal
muscle—specific myosin heavy chain (SkM-MHC). SM-derived cells were subjected to the myogenesis assay.
SkM-MHC mRNA was induced in treated cells (+Myo; lane 2), while untreated cells were negative (—Myo; lane
1). Lane 3, RT negative control. Complementary DNA were equalized for p-actin expression. B and C,
Immunostaining for SKkM-MHC in SM-derived cells and C2C12 cells, respectively. Myotubes obtained from
SM-derived cells were smaller and less uniform in shape than those obtained from C2C12 cells. Bar = 50 um.

See Figures 1-3 for other definitions.

cells, reminiscent of myotubes, which stained positively
with the antibody to SkM-MHC, were detected in all
treated samples (Figures 5B and C). They were isolated
and scattered, with a frequency of ~1/10°. Their number
remained stable over a period of 3 weeks. Untreated
cells did not form myotubes and were negative for
SkM-MHC (Figure 5A). Neither the myotubes obtained
from SM-derived cells nor those from C2C12 cells
exhibited discernible striations under the conditions
employed in this study.

Adipogenesis. Adipogenic differentiation was
demonstrated by the accumulation of lipid vacuoles and
by the expression of adipose-specific genes. In all sam-
ples, lipid vacuoles were already observed after the first
induction treatment and increased over time in both size

and number until they underwent coalescence. Such
lipid vesicles stained with oil red O, while untreated
cultures were negative (Figure 6). Four induction treat-
ments resulted in ~30-80% of the cells committing to
this lineage, depending on the sample. No apparent
correlation was observed with donor age or cell passage
number.

Treatment-induced in vitro differentiation is a
lineage-specific event. To investigate whether differen-
tiation to a certain lineage was specific to each treat-
ment, cultures from cach treatment were cross-stained
with oil red O, Alcian blue, or alizarin red, or were
immunostained for SkM-MHC. Stainings were preceded
by the appropriate fixation procedures. Cultures were
positive only with the staining specific to the desired
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Figure 6. Adipogenic differentiation of synovial membrane—derived cells. Oil red O staining of cultures that
were either B and D, treated or A and C, not treated with adipogenic media for 3 weeks. D, Morphologic details
of a treated culture. C, Parallel control. Nuclei were counterstained with hematoxylin. Bars = 50 um.

lineage, while the other stainings were all negative (not
shown), indicating that differentiation was specific to the
treatment.

To further test the possibility that a small cell
subpopulation could differentiate to lineages other than
those desired in the in vitro assays, after 3-week treat-
ments, cultures were subjected to semiquantitative RT-
PCR analysis for the expression of selected marker
genes of the lineages examined. RT-PCR is known to be
highly sensitive for gene expression detection. Neither
the adipogenic, the osteogenic, nor the myogenic cul-
tures contained cells of multiple lineages. The chondro-
genic cultures expressed osteopontin, which was also
detected at comparable levels in normal articular chon-
drocytes, and displayed a slight increase in alkaline
phosphatase. The osteogenic cultures showed strong
up-regulation of osteopontin and alkaline phosphatase
(Figure 7).

Multilineage potential of SM-derived cells is
independent of cell passage number, donor age, or
cryopreservation, and is conserved in clonal cells. At
different passages (from P3 up to P10), we tested
SM-derived cells from adult donors of various ages
under conditions favorable for chondrogenic, osteo-
genic, myogenic, or adipogenic differentiation in vitro.
Cells differentiated into the specific phenotype induced,
regardless of cell passage number or donor age, within
the ranges examined (not shown). Importantly, no ap-
parent impairment of the multilineage potential of SM-
derived cells was evident after cryopreservation (data
not shown). In contrast, under the same culture condi-
tions, normal dermal fibroblasts, which are cells of
mesenchymal lineage, failed to undergo any such differ-
entiation (data not shown).

We wished to determine whether individual SM-
derived cell clones could differentiate to all lineages, or
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Figure 7. Differentiation in vitro is restricted to the directed lineage,
as shown by reverse transcription—polymerase chain reaction (RT-
PCR). Cultures of synovial membrane—derived cells treated in each
differentiation condition (+Adipo, +Chondro, +Osteo, +Myo) for 3
weeks, as well as parallel controls, were subjected to semiquantitative
RT-PCR to analyze the expression of lineage-related marker genes
and to reveal whether any cells differentiated to lineages other than
the one related to the treatment. Freshly isolated human articular
chondrocytes and human trabecular osteoblasts were used as positive
controls for chondrogenic and osteogenic markers, respectively. Com-
plementary DNA were equalized for B-actin expression. The numbers
of PCR cycles are shown. aP2 = fatty acid-binding protein aP2;
PPARY2 = peroxisome proliferator-activated receptor y2; LBK-
ALP = liver-bone-kidney alkaline phosphatase. See Figures 3 and 5
for other definitions.

whether cell precursors specific to each lineage were
present. SM-derived cells were subjected to classical
limiting dilution, yielding 8 independent clones. Three
clones stopped growing very early, either in the 96-well
tissue culture plate or when transferred to a 24-well
tissue culture plate. In these 3 cell clones, SA-B-gal
staining was strongly positive (data not shown). The
remaining 5 clones could be sufficiently expanded to
perform the in vitro differentiation assays. As shown in
Table 3, upon treatment, all clones underwent chondro-
genic, osteogenic, and adipogenic differentiation. Myo-
genic differentiation was obtained in only 1 clone. A few
scattered, rudimentary myotubes were observed, with a
frequency similar to that reported in parental cells. Such
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myotubes stained positively with the antibody to SkM-
MHC.

DISCUSSION

MSCs are defined as highly clonogenic cells
capable of both self renewal and multilineage differen-
tiation (2). In the present study, we characterized a
population of MSCs derived from adult human SM.
These cells possessed high self-renewal capacity over at
least 10 passages, with limited senescence. We demon-
strated that expanded SM-derived cells under appropri-
ate culture conditions can be induced to differentiate in
vitro toward chondrogenesis, osteogenesis, myogenesis,
and adipogenesis, independently of donor age, within
the ranges examined. We proved that the multilineage
differentiation potential is inherent in individual cell
clones.

The self-renewal capacity of SM-derived MSCs is
remarkable. The activity of telomerase, a ribonucleopro-
tein polymerase that regulates cell proliferative life span
(28), was not detected under our experimental condi-
tions. These data are in keeping with reports in the
literature (29,30). Telomere elongation by telomerase is
thought to be necessary to guarantee a high number of
cell divisions (28). Despite the lack of detectable telom-
erase activity, SM-derived MSCs maintained a linear
growth curve over at least 30 population doublings. This
high self-renewal capacity might be attributable to the
length of telomeres in the original cell population within
the synovial tissue, which would counterbalance the
undetectable telomerase activity (31). Telomerase-
independent mechanisms to preserve the telomere
length have also been postulated (28). Alternatively, a
small subpopulation of cells possessing significant telom-
erase activity could be responsible for this self-renewal

Table 3. Differentiation potential of synovial membrane-derived
cell clones*

Phenotype
Clone Chondrogenic ~ Osteogenic ~ Myogenic  Adipogenic
1 + + - +
2 + + + +
3 + + - +
4 + + - +
5 + + - +

*The differentiation potential of synovial membrane—derived clonal
cells was assessed as indicated in Materials and Methods. All clones
displayed the potential to differentiate toward the chondrogenic,
osteogenic, and adipogenic lineages, as revealed by histochemical
stainings. Myogenesis was observed in only 1 clone.
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capacity. Scattered phenomena of cell senescence,
known to be related to telomere shortening (28), were
observed in late passage (after P10) SM-derived cells.
Taking into consideration the high number of cells
already obtainable after a few passages (about 1 billion
cells after 6 passages, starting with 10-50 mg synovial
tissue from the knee joint), senescence may not repre-
sent a significant factor limiting cell expansion.

The chondrogenic potential of synovium and
early-passage SM-derived cells has been previously de-
scribed in rabbits (32,33). In the present study, we
confirm that chondroprogenitor cells are also present in
the adult human SM. Importantly, the chondrogenic
potential of these cells seems to be independent of
donor age, retained throughout expansion over at least
10 passages and after cryopreservation. An age-related
decrease in the chondrogenic differentiation potential
has been reported in rabbit periosteum (34) and syno-
vium (33) in an ex vivo organ culture (12). In our study,
the absence of a significant decline in chondrogenic
potential of SM-derived cells from older donors may be
due to enrichment in progenitor cells by the cell isola-
tion technique. The subsequent expansion of this se-
lected cell subpopulation would most probably equalize
the possible differences in the numbers of progenitor
cells present in the original tissue samples.

Progenitor cells present in the SM could be
responsible for the cartilaginous metaplasia observed in
synovial chondromatosis, characterized by the formation
of cartilage nodules within the SM (35,36). Although
TGFpB1 has been detected in synovial chondromatosis
(37), its role in the pathogenesis of this process remains
unclear.

Multiple injections of TGFg1 into murine knee
joints cause the formation of osteophytes, which have
been interpreted as being of periosteal origin (38—40).
The chondro-osteogenic potential of periosteum is
known (11-13). However, progenitor cells present in the
SM might contribute to the process of osteophyte for-
mation observed in TGFB1-injected joints.

SM-derived MSCs have the capacity to differen-
tiate in vitro into the myogenic phenotype. Marrow-
derived MSCs have been reported to form groupings of
large myotubes (20). In the present study, SM-derived
cells formed sporadic atypical myotubes that stained
positively for SkKM-MHC. The observation that, under
our experimental conditions, myogenesis occurred in a
very limited number of SM-derived cells could be ex-
plained by factors related to the culture conditions.
Alternatively, it would indicate the existence of a sub-
population of cells with broader differentiation poten-
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tial. The finding that myotubes formed in 1 of the 5
independent cell clones tested would corroborate this
hypothesis. In the clone with myogenic potential, how-
ever, the number of myotubes observed was very limited.
A possible explanation is that during expansion, cells
would undergo a “desynchronization” process of their
spontaneous differentiation stages. Hence, at the time of
treatment, a subpopulation of cells would be more
competent to a certain signal for a specific lineage than
other cell subpopulations. The focal distribution of the
adipogenic differentiation observed in both parental and
clonal cells would lend support to this interpretation.
However, the clonal cell isolation and extensive expan-
sion may have caused some loss of multilineage potential
that was originally present in these cells, as has been
suggested for bone marrow—derived MSCs (41).

To respond to inductive signals, competent cells
must be surrounded by similar cells (42). This phenom-
enon, the “community effect,” has been described in the
mammalian embryo as a prerequisite for mesodermal
cells to undergo differentiation into skeletal muscle (43).
The failure by SM-derived cells to achieve, under our
experimental conditions, the minimal size of such a
“community” necessary to permit myogenic differentia-
tion would explain, at least in part, the formation of
rudimentary myotubes.

The presence of foci of differentiation, especially
in myogenic and adipogenic cultures, suggests that dif-
ferentiation is not achieved uniformly by all cells. There
is indeed the possibility that only a subpopulation of
cells undertakes differentiation. In the absence of MSC-
specific markers, we can only argue that cells not
recruited into the specific lineage program were retain-
ing the undifferentiated multipotent phenotype.

The multilineage potential of SM-derived MSCs
can be explained either by the presence of multipotent
individual cells or by the coexistence of distinct cell
precursors specific for each mesenchymal lineage. Our
cell cloning data support the former hypothesis. The
prevalence of multipotent clones is not representative of
the original number of progenitor cells in the synovial
tissue. Instead, it is the result of a selection and subse-
quent enrichment of MSCs during the in vitro manipu-
lations. Our data suggest that a small population of
multipotent, highly clonogenic cells in the native syno-
vial tissue is selected and eventually prevails throughout
the isolation procedure and subsequent expansion in
vitro. Indeed, most hematopoietic markers disappear
during cell release and attachment. A further enrich-
ment appears to occur throughout in vitro expansion,
probably due to MSCs overgrowing other cell types.
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However, we cannot exclude the possibility that the
disappearance of hematopoietic and endothelial mark-
ers is due to phenotypic rearrangements.

Three cell clones underwent growth arrest and
therefore could not be characterized. They were senes-
cent, as determined by SA—B-gal staining. At PO, when
the cell cloning was performed, hematopoietic/
endothelial markers were still detectable. Therefore, the
3 cell clones either were contaminating non-MSCs or
were senescent MSCs.

Therapeutic use of progenitor cells involves the
potential risk of unintended differentiation and forma-
tion of tissues inappropriate for the specific application
(44). To test the possibility that a small cell subpopula-
tion could differentiate to lineages other than those
desired in the in vitro assays, all cultures were subjected
to semiquantitative RT-PCR analysis for the expression
of selected marker genes of the lineages examined.
RT-PCR is known to be a sensitive assay for gene
expression detection. The differentiation was found to
be restricted to the lineage specific to the treatment,
with no apparent contamination by the other lineages
examined. The detection of osteopontin in chondrogenic
cultures is not at odds with this finding, since osteopon-
tin is also expressed at comparable levels by normal
human articular chondrocytes, as evaluated by RT-PCR.
The slight up-regulation of alkaline phosphatase in
chondrogenic cultures is most likely due to some degree
of hypertrophy, as documented by the appearance of
type X collagen (Figure 7).

In the absence of a marker specific to MSCs, it is
currently not possible to address the topographic distri-
bution of these cells inside the synovial tissue. There-
fore, we can only speculate about the origin of SM-
derived MSCs. They might be derived from precursor
cells that enter the joint from the circulation. The
identification of stem cells in the blood would support
this hypothesis (45). Alternatively, they might move
directly from the marrow into the joint cavity. Vascular
channels that connect the bone marrow to the SM have
been identified in rats with collagen-induced arthritis
(46). It remains to be seen if similar anatomic structures
exist in humans and are also operating in nonpathologic
conditions. The origin from pericytes represents an
alternative, since vascular pericytes have been reported
to have osteochondral potential (47).

The availability of MSCs in adult human SM
opens important therapeutic options in regenerative
medicine. Arthroscopy is a routine procedure for trau-
matic and nontraumatic joint conditions. A small SM
biopsy represents an easily accessible source of autolo-
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gous MSCs in the context of an explorative or therapeu-
tic arthroscopy. These cells can be subsequently used for
the regeneration/repair of skeletal tissues. The preser-
vation of their biologic characteristics after storage in
liquid nitrogen guarantees a versatile availability of
autologous progenitor cells, even after years.

Joint surface defect repair represents a potential
application. The most widely used technique, autologous
chondrocyte transplantation (48), is limited by the avail-
ability of cells, particularly in elderly individuals, and by
the well-known dedifferentiation events associated with
chondrocyte expansion (49). In addition, the cartilage
biopsy necessary for autologous chondrocyte prepara-
tion itself represents an additional injury, and may be
detrimental to the surrounding healthy articular carti-
lage (50). The SM may be an optimal alternative source
of chondrogenic cells for joint surface defect repair.
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