In vitro characterization of stem/progenitor cells from
semitendinosus and gracilis tendons as a possible new tool
for cell-based therapy for tendon disorders
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Abstract

Purpose: this study was conducted to characterize ten-
don stem/progenitor cells (TSPCs) isolated from
human semitendinosus and gracilis tendons in terms
of stemness properties and multi-differentiation
potential.

Methods: TSPCs were isolated from waste portions of
semitendinosus and gracilis tendons from three donors
who underwent anterior cruciate ligament reconstruc-
tion. TSPCs were plated in culture until passage 4,
when experiments to assess cell proliferation, viability
and clonogenic ability were performed. The immuno-
phenotype of TSPCs was evaluated by cytofluorimetric
analysis. The in vitro osteogenic, chondrogenic, adipo-
genic and tenogenic potential was evaluated using bio-
chemical, histological and gene expression analysis to
detect specific differentiation markers. Statistical analy-
sis was performed using Student’s t-test.

Results: after a few passages in culture the cell popula-
tions showed a homogeneous fibroblast-like morpho-
logy typical of mesenchymal stem cells. The average
doubling time of TSPCs increased from 52.4+4.8 at
passage 2 to 100.8+23.4 hours at passage 4. The
highest percentage of colonies was also found at passa-
ge 4 (4.7£2.3%). TSPCs showed the typical mesenchy-
mal phenotype, with high expression of CD73, CD90
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and CD105 and no expression of CD34 and CD45.
Cells induced to differentiate toward osteogenic linea-
ge showed significant upregulations of ALP activity
(+189%, p<0.05) and calcified matrix deposition
(+49%, p<0.05) compared with undifferentiated cells;
culture in chondrogenic medium also provoked a signi-
ficant increase in glycosaminoglycan levels (+108%,
p<0.05). On the other hand, TSPCs were not able to
respond to adipogenic stimuli. Scleraxis gene expres-
sion and decorin gene expression, considered tenogenic
markers, were already very high in control cells, and
culture in tenogenic medium further increased these
values although not significantly.

Conclusions: our data show that it is possible to isola-
te TSPCs from very small fragments of tissue and that
they show the typical features of MSCs and multi-dif-
ferentiation potential, above all toward osteogenic and
chondrogenic lineages.

Clinical relevance: this study can be considered one of
the first attempts to clarify the biology of tendon cell
populations, focusing in particular on the potential
applicability of this cell source for future regenerative
medicine purposes.

Key Words: tendon, stem/progenitor cells, multi-dif-
ferentiation potential, tenogenic differentiation, ten-
don markers.

Introduction
Tendon injuries range from acute traumatic ruptures

to chronic overuse and degenerative tendinopathies
and the healing process is rarely able to restore tissue
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showing normal physiology. For this reason, despite
improvements in therapeutic strategies (both conser-
vative and surgical), outcomes often remain unsati-
sfactory (1, 2). The poor cellularity of tendon tissue is
one of the main reasons for its limited regenerative
capacity; indeed, tendon cells named tenocytes
account for only 5% of the tissue and are responsible
for the synthesis of all the extracellular matrix (ECM)
components. For this reason, enrichment with an
appropriate cell population through a regenerative
medicine approach may enhance the healing response
and prevent the degenerative process. Mesenchymal
stem cells (MSCs), due to their availability, stable
phenotype, low immunogenicity and ability to diffe-
rentiate into several cell lineages according to envi-
ronmental stimuli, are an ideal cell population for
regenerative medicine and tissue engineering approa-
ches. Although MSCs from different adult tissues
have been extensively investigated (3-6), to date few
in vivo and in vitro studies have considered the resi-
dent progenitor cells in tendon tissue. It was quite
recently shown that tendon tissue contains not only
tenocytes, but also a tendon stem/progenitor cell
(TSPC) population (7, 8); this observation has allo-
wed remarkable advances in understanding the
physiopathology of this tissue, and also contributed
to the search for a new potential tool for the regene-
rative treatment of tendon disorders.

In the orthopedic field the differentiation potential of
MSC:s into osteogenic and chondrogenic lineages has
been extensively studied (9, 10); on the contrary few

data concerning their tenogenic differentiation are
available.

The purpose of the present study was to characterize
in vitro TSPCs isolated from human hamstring ten-
dons (semitendinosus and gracilis tendons) in term of
their clonogenic and proliferation ability, immuno-
phenotype profile and multi-lineage differentiation
potential, including their ability to differentiate
toward the tenogenic lineage. The hypothesis of the
study was that TSPCs isolated from human ham-
strings have multi-differentiation potential.

Methods

Isolation and culture of TSPCs and adipose-derived stem cells
All the procedures were carried out at the Galeazzi
Orthopaedic Institute, Milan, Italy with Institutional
Review Board approval (M-SPER-014.ver 7 for use of
surgical waste). TSPCs were isolated from discarded
fragments of semitendinosus and gracilis tendons col-
lected, under written consent, from three donors who
underwent anterior cruciate ligament (ACL) recon-
struction (Fig. 1). The tendon tissue samples were min-
ced into small pieces (0.5 - 1 cm), placed in 100 mm
Petri culture dishes and covered with control medium
consisting of high glucose DMEM (HG-DMEM),
10% fetal bovine serum (FBS; Sigma-Aldrich, Saint
Louis, MO, USA), 100U/ml penicillin, 100 pg/ml
streptomycin, 0.29 mg/ml L-glutamine (Life

Technologies, Carlsbad, CA, USA). During the first 10

J

Fig. 1. Surgical harvesting of hamstring tendons; after the preparation of the pro-ACL graft, the remnant portions of both semitendinosus and
gracilis tendons were collected and sent to the laboratory for cell isolation.
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days in culture, the tendon cells migrated out of the tis-
sue and started to proliferate, reaching confluence after
about three weeks. TSPCs were kept in culture, chan-
ging the culture medium every three days; when they
reached 80-90% of confluence, cells were detached by
incubation with trypsin/EDTA (0.5% trypsin/0.2%
EDTA; Sigma-Aldrich) and plated at a density of 3 x

102 cells/cm? for the further experiments.

Proliferation ability

Cell-doubling time (DT), an indicator of cell prolife-
ration rate, was analyzed from passage 2 up to passage
4. DT was calculated according to the following for-
mula:

DT = CT/In (N-N,)/In2

where DT is the cell-doubling time, CT the cell cul-
ture time (hours), N, the final number of cells, and N,
the initial number of cells.

Cell viability

Cell viability assay was performed at 1, 4 and 7 days of
culture on cells at passage 4. Briefly, a final concentra-
tion of 0.5 mg/mL MTT [3-(4,5-dimethylthi azol-2-
y1)-2,5-diphenyltetrazolium bromide, Sigma-Aldrich]
was added to the culture medium and incubated for
four hours at 37° C in 96-well plate (1.5x10% cells per
well); the medium was removed and 100% DMSO
was added to each well to solubilize the precipitate.
Absorbance was read at 570 nm.

Clonogenic ability

Colony-forming unit fibroblast (CFU-F) assay was
performed on TSPC populations from passage 2 to
passage 4 as previously described (11). Briefly, the cells
were plated at low density by limiting dilution (star-
ting dilution: 100 cells/cm?, ending dilution: 15
cells/em?) and cultured in HG-DMEM supplemented
with 20% FBS for 14 days. The cells were then fixed
with methanol, stained with crystal violet staining
(Sigma-Aldrich) and then counted. The CFU-F fre-
quency was calculated by scoring the individual colo-
nies composed of at least 30 cells and expressed as a
percentage of the initial number of seeded cells.

Immunophenotype
Cytofluorimetric analysis (fluorescence-activated cell
sorting, FACS) was used to characterize the immuno-

phenotype of the TSPCs. The cells were detached and
washed twice in cold FACS buffer (PBS w/o
Ca/Mg**containing 2% FBS and 0.1% NaN). 2.5x10°
cells were incubated with anti-human primary monoclo-
nal antibodies raised against CD13, CD29, CD31,
CD34, CD44, CD45, CD54, CD71, CD73, CD90,
CD105 and CD166 (MiltenyiBiotec, Bergisch-
Gladbach, Germany; Ancell Corporation, Bayport,
MN, USA). Where needed, streptavidin-PE and FITC-
conjugated goat anti-mouse Abs (Ancell Corporation)
were used as secondary antibodies. Data were acquired
by FACS Calibur flow cytometer and analyzed by Cell
Quest software (BD Bioscences, San Jose, NJ, USA).

Adipogenic differentiation

Cells at passage 4 were induced to differentiate toward
adipogenic lineage by using a repeated pulsed protocol
(4) consisting of three days in adipogenic induction
medium (control medium supplemented with 1 uM
dexamethasone, 10 ug/mL insulin, 500 uM 3-iso-
butyl-1-methylxanthine and 200 uM indomethacin),
followed by three days in maintenance medium (con-
trol medium supplemented with 10 pug/mL insulin).
The total duration of the differentiation treatment was
21 days. Lipid vacuoles were stained with Oil Red O
(Sigma-Aldrich), then unstained with 100% isopropa-
nol. The absorbance of the resulting solution was read
at 490 nm using a spectrophotometer (VictorX3,
Perkin Elmer microplate, MA, USA).

Osteogenic differentiation

Cells at passage 4 were differentiated into osteogenic
lineage in osteogenic medium (control medium sup-
plemented with 10 mM glycerol-2-phosphate, 10 nM
dexamethasone, 150 uM l-ascorbic acid-2-phosphate
and 10 nM cholecalciferol) as previously described
(12). After 14 days of differentiation, cells were asses-
sed for alkaline phosphatase (ALP) activity which was
determined by enzymatic assay incubating cellular
lysates at 37° C with 1 mM p-nitrophenyl phosphate
in alkaline buffer (100 mM diethanolamine and 0.5
mM MgCl,, pH 10.5). Absorbance was read at 405
nm. ALP activity was then normalized for total pro-
tein content determined using a BCA protein assay kit
(Pierce Biotechnology, Rockford, IL, USA).
Extracellular calcified matrix deposition was also evalua-
ted after 21 days of differentiation. Briefly, cells were
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fixed with ice-cold 70% ethanol for 1 h, and stained
with 40 mM Alizarin Red S (Fluka Sigma-Aldrich) (pH
4.1) for 15 min. The dye was extracted with 10%
cetylpyridinium chloride monohydrate (CPC; Sigma-
Aldrich) in 0.1 M phosphate buffer (pH 7.0) and the

absorbance of the resulting solution was read at 550 nm.

Chondrogenic differentiation

The chondrogenic induction was performed using the
so-called pellet-culture system, which is able to give cells
a three-dimensional microenvironment that is known
to promote the chondrogenic process (10) (Fig. 2).
TSPCs (5.0 x 10°) were centrifuged (250 g, 5 min) in
centrifuge tubes to obtain cell pellets. Pellets were then
cultured for 21 days in chondrogenic medium consi-
sting of HG-DMEM supplemented with 100 U/ml
penicillin, 100 pg/ml streptomycin, 0.29 mg/ml L-glu-
tamine, 1 mM sodium pyruvate, 1.25 mg/ml human
serum albumin (HAS; Sigma-Aldrich), 1% ITS+1 (con-
taining 1.0 mg/ml insulin from bovine pancreas, 0.55
mg/ml human transferrin, 0.5 ug/ml sodium selenite,
50 mg/ml bovine serum albumin and 470 ug/ml lino-
leic acid (Sigma-Aldrich), 0.1 pM dexamethasone, 0.1
mM L-ascorbic acid-2-phosphate, and 10 ng/ml TGE-
B1 (PeproTech, Rocky Hill, NJ, USA) (13). For histo-
logical analysis, pellets were fixed for 24 h in 10% neu-
tral buffered formalin, embedded in paraffin and sectio-
ned at 4 um. Sections were stained with hematoxylin-
eosin (Sigma-Aldrich) and safran in order to evaluate
deposition of ECM and glycosaminoglycans (GAGs).
For quantification of GAGs, pellets were digested (16 h,
60° C) in 500 pl of PBE buffer (100 mM Na2HPO4, 10
mM Na EDTA, pH 6.8) containing 1.75 mg/ml L-
cystein  (Sigma-Aldrich) and 14.2 U/ml papain
(Worthington,  Lakewood,
NJ, USA). Samples were incu-
bated with 16 mg/l dimethyl-
methylene  blue  (Sigma-
Aldrich) and absorbance was
read at 500 nm (Perkin Elmer
Victor X3 microplate reader).
The same samples were used
for DNA quantification,
Fig. 2. Cell micromass or pellet lying
on the bottom of the centrifuge tube.
Pellet-culture system was used to
increase the chondrogenic differen-
tiation of the cells as promoted by the

three-dimensional mi-
croenvironment.

expression of the cell proliferation rate, by CyQUANT
Kit (Life Technologies). The amount of GAGs produ-
ced for each sample was then normalized for DNA con-
tent and expressed as pg of GAGs per pg of DNA.

Ienogenic differentiation

Cells at passage 4 were induced to differentiate toward
tenogenic lineage for 14 days in inductive medium
consisting of HG-DMEM supplemented with 1% FBS
(Sigma-Aldrich), 100 U/ml penicillin, 100 pg/ml
streptomycin, 0.29 mg/ml L-glutamine, and 50 ng/ml
BMP-12 (PeproTech). Evaluation of the expression of
tendon-related genes was assessed at 7 and 14 days by
RT-PCR (14). Briefly, total RNA was purified from cell
lysates (RNeasy Mini kit, Qiagen, Germany) and rever-
se-transcripted to ¢cDNA using the iScriptc DNA
Synthesis Kit (Bio-Rad Laboratories, CA, USA). 10 ng
of cDNA were incubated with a PCR mix containing
TagMan Universal PCR Master Mix and Assays-on-
Demand Gene expression probes (Life Technologies)
for the following genes: collagen type I alpha 1
(COLI1AI), collagen type III alpha 1 (COL3A1I), scle-
raxis (SCX), decorin (DCN). The reaction was perfor-
med with Applied Biosystems Step One Plus (Life
Technologies). The fold change in the expression was
normalized for the expression of the housekeeping gene

glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Statistical analysis

Data are expressed as mean values + standard deviation
(SD). Normal distribution of values was assessed by
the Kolmogorov-Smirnov normality test. Statistical
analysis was performed using Student’s t-test for data
with a normal distribution and the Wilcoxon test for
data with a non-normal distribution (Graph Pad
Prism v 5.00; Graph Pad Software, San Diego, CA,
USA); p<0.05 was considered statistically significant.

Results

TSPCs were harvested from hamstring tendons of
three donors as listed in Table 1. The number of cells
calculated at passage 1 was 6.4 = 0.4 X 10° per gram of
tissue. During passages in culture, the cell population,
initially heterogeneous and composed of both tenocy-
tes and TSPCs, progressively became more homoge-
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nous, with a net prevalence of TSPCs (Fig. 3a), as ter-
minally differentiated tenocytes are known to be unsta-
ble in culture and slower to grow. The TSPCs showed
the fibroblastic-like morphology typical of these cells.

Stemness features

At passages 2 and 3 cells showed an average DT of 52.4
+ 4.8 and 55.9 £ 17.3 hours, respectively, whilst at pas-
sage 4 the average DT was higher (100.8 + 23.4 hours),
although the difference with regard to the previous pas-
sages was not statistically significant (Fig. 3b). At pas-
sage 4 all the TSPC populations possessed similar via-
bility characterized by a slightly increasing trend with

Table 1. Donor and tissue characteristics of TSPCs.

Gender  Age Tissue weight N° cells/g

(M/F) (years) (g of tissue
TSPC1 M 44 2.6 0.5x 10°
TSPC2 M 20 3 0.3 x 10°
TSPC3 F 27 1.6 1.0 x 10°
Mean+SD  30+12  2.4:0.7  0.60.3 x 10°

Table 2. Surface marker expression of TSPCs.

time spent in culture (Fig. 3¢). Similarly to the prolife- g Positive cells (%)
ration rate, the clonogenic ability of TSPCs increased =~ MSC markers CD13 99.5:0.6
with passages, with the highest value being observed at CD44 99.1£1.0
passage 4 (4.7 + 2.3%), although this increase did not gg;g ggiféz
represent a statistically significant difference compared CD29 90.4113.8
with the previous passages (Fig. 3d). At passage 4 the CD105 86.4:11.3
phenotype of TSPCs was homogeneous as a high per- gg ;26 gigfi?g
centage of them expressed the MSC-specific surface B
antigens CD13, CD44, CD73, CD90, CD29, Hematopoietic markers CD34 6.1£6.5
CD105, CD166 and CD54. Moreover, they were CD31 1.4+0.9
negative for the hematopoietic cell markers CD34, ggg ééfgg
CD31, CD71 and CD45 (Tab. 2). T
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Fig. 3. a: Morphology of a representative TSPC population at passage 4 in culture. Scale bar=200 ym; b: Proliferation ability of TSPCs from pas-
sage 2 to 4, expressed as doubling time (hours). Both proliferation trend of the single populations and the mean value are shown; c: Viability of
TSPCs at passage 4 assessed by MTT assay at 1, 4 and 7 days. Both viability of the single populations and the mean value are shown; d:
Representative cell sample stained with Crystal Violet to assess colony formation and relative mean(xstandard deviation) clonogenic ability of
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In vitro multi-differentiation potential
The in vitro multi-differentiation potential of | &
TSPCs was also assessed. After 14 days of adi-
pogenic induction, cells progressively lost
their fibroblast-like morphology and started
to produce intra-cytoplasmic lipid vacuoles, as
shown by Oil Red O staining (Fig.4a). The
dye extraction revealed a 57% increase in lipid
vacuole content in differentiated cells in com-
parison with cells cultured in control
medium, although this difference was not
significant (Fig. 4b). On the other hand,
TSPCs were able to differentiate toward the
osteogenic lineage when cultured for 14 and
21 days in osteo-inductive medium, as shown

CTRL ADIPD

by the significant upregulation of ALP activity
(+189%; p<0.05) and calcified matrix deposi-
tion (+49%, p<0.05), compared with control
cells (Fig. 5). After 21 days of chondrogenic
induction in pellet culture conditions, histolo-
gical evaluation revealed larger dimensions of the pel-
lets cultured in chondrogenic medium as well as supe-
rior deposition of GAGs in differentiated TSPCs com-
pared with controls (Fig. 6a). According to the histolo-
gical results, a significantly higher amount of GAGs
was measured by biochemical assay in TSPC pellets
cultured in chondrogenic medium compared with con-

trol pellets (+108%; p<0.05) (Fig. 6b).

Fig. 4. a: Lipid vacuole production of a representative TSPC population cultured in
control (CTRL) or in adipogenic (ADIPO) medium and stained with Oil Red O for 21
days. Scale bar=200 ym; b: Quantification of the Oil Red O dye extraction from both
control and adipogenic TSPCs. Data are expressed as mean values * standard
deviation (n=3).

The gene expression of specific tendon markers was eva-
luated in TSPCs cultured for 7 and 14 days in tenoge-
nic inductive medium and compared with that of con-
trols. The transcription factor scleraxis (SCX) gene
expression was not significantly upregulated by the
tenogenic induction either at 7 or 14 days of culture
with respect to control cells (+32%, +60%, respectively,
n.s.) (Fig. 7a). Differentiated cells showed higher levels

ALP activity
150+

100+

CTRL OSTEO

Calcified Matrix

E 0.3

5”‘ T

CTRL OSTEO

Fig. 5. a: Alkaline phosphatase activity of TSPCs cultured in control (CTRL) or in osteogenic (OSTEO) medium for 14
days. The values were normalized for the total protein content; b: Calcified matrix formation of a representative TSPC
population cultured in control (CTRL) or in osteogenic (OSTEO) medium for 21 days and stained with Alizarin Red S
(scale bar=200 pym). Quantification of the Alizarin Red S dye extraction from both control and osteogenic TSPCs. All
data are expressed as mean values * standard deviation (n=3); *p<0.05 OSTEO vs CTRL.
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of SCX at 14 days compared with 7 days of

a b culture, indicating a time-dependent profile
S GAGs content even though this difference was not statistically
VIR §4 significant due to the high inter-donor variabi-

u_‘ ,. - . lity. Decorin expression was upregulated in

e 3 tenogenic-differentiated TSPCs compared

with control samples (+50% and +40% after 7
and 14 days of differentiation, respectively),
although in this case, too, the difference was
not statistically significant (Fig. 7a). On the
other hand, COLIAI and COL3AI gene
expression levels in differentiated and undiffe-
rentiated TSPCs were comparable (Fig. 7b),
with a more pronounced (although not signi-
ficant) decrease in collagen I expression in dif-

ferentiated TSPCs after 7 days of culture in
Fig. 6. a: Histological section of a representative TSPC population cultured in pellet

form in control (CTRL) or chondrogenic (CHONDRO) medium for 21 days and stai- COMparison with control cells. The feSUltlng

ned with Safranin O (Scale bar=200 ym). b: Glycosaminoglycan content (normalized 101
for DNA) assessed by dimethylmethylene blue assay in control or chondrogenic COL3A1/COLIAI ratio increased after 7 days

ISPCs cu(lture)d for 21 C(I?I-‘I%IN I)Agodatacgl!'sLexpressed as mean values = standard and 14 days of tenogenic differentiation in
eviation (n=3); *p<0.05 vs . .
TSPCs (+53% and +117%, respectively).
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Fig. 7. a: Scleraxis and decorin gene expression of TSPCs cultured for 7 and 14 days in both control (CTRL) and tenogenic (TENO) medium, nor-
malized for housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. b: Collagen type | (COL1A1) and collagen type
Il (COL3AT1) gene expression of TSPCs cultured for 7 and 14 days in both control (CTRL) and tenogenic (TENO) medium, normalized for house-
keeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. The ratio between collagen type lll and type | is also shown. All
data are expressed as mean values * standard deviation (n=3).
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Discussion

Despite advances in the treatment of tendinopathies,
several aspects of tendon pathophysiology, which is
complex, remain unclear (15). In particular the debate
over the mechanism responsible for the activation of
the processes that gradually produce degenerative chan-
ges in tendon structure and that results in qualitative
and quantitative alteration of tenocytes is still open.
The discovery of a sub-population of progenitor cells
among the tendon cell populations (16) has opened up
new perspectives for understanding of tendon physio-
logy and pathophysiology, but above all it has opened
new potential doors on alternative approaches for the
treatment of tendon disorders. Indeed, TSPCs are sup-
posed to play a primary role in maintaining tissue
homeostasis and in promoting repair after injury and
thus they could be addressed as a new potential thera-
peutic target, as well as used for regenerative purposes.
In recent decades MSCs have been extensively studied
for their ability to differentiate into different cell linea-
ges of mesodermal origin, including bone- and cartila-
ge-like cells that are of particular interest for the ortho-
pedic surgeon (6). Thanks to this property and to other
features, such as their simple availability, isolation and
expansion procedures, they have been considered to be
among the most suitable cell sources for use in regene-
rative medicine and tissue engineering approaches.
MSCs have often been tested in association with seve-
ral types of scaffold; together they constitute a biologi-
cal construct that can be surgically implanted in the
lesion site. Several scaffolds have been developed and
tested for cartilage and bone regeneration, whereas for
tendon and ligament reconstruction far fewer attempts
have been made. Synthetic polymers and natural ECM
components including silk fibroin, poly(e-caprolacto-
ne) (PCL), PCL/poly(DL-lactide) (PLA), poly(DL-lac-
tide-co-glycolide) (PLGA), poly-glycolic acid (PGA)
and polysaccharides such as chitosan or various colla-
gen derivates, seem to be the most promising scaffolds
for this purpose (17-19). Decellularized tendon matrix
has also been investigated as natural scaffold for tendon
regeneration (20, 21). But all these scaffolds have resul-
ted in neo-tendons or ligaments with lower biomecha-
nical properties in comparison with native ones. Thus,
the use of cells in association with scaffolds has been
seen as a possible tool to ameliorate the outcome of
these regenerative approaches, as cells could help to

produce tendon-specific ECM. Moreover, it has been
demonstrated that MSCs are able to home to sites of
inflammation or tissue injury and secrete massive levels
of both immunomodulatory and trophic agents. This
means that their therapeutic capacities are not only
limited to the ability of MSCs to differentiate into the
different end-stage mesenchymal cell types, as traditio-
nally thought. Indeed, more recently their therapeutic
effect has been attributed, in particular, to their para-
crine function, exerted through the secretion of a broad
range of immunomodulatory, angiogenetic, chemoat-
tractive, anti-inflammatory, anti-scarring and anti-
apoptosis molecules, together with an effect of growth
and differentiation support provided by local progeni-
tor cells (22, 23). This evidence allows a significant
increase in the range of therapeutic applications of
MSCs, including the treatment of tendon disorders,
where the release of pro-healing factors could contribu-
te to the achievement of satisfactory results. Moreover,
due to their low immunogenicity — although this is yet
to be studied in TSPCs —, MSCs may be used for allo-
genic applications, where they may play a role in the
process of tendon regeneration, stabilizing or reducing
the degeneration of the tendon fibers (24).

Although MSCs from adipose tissue and bone marrow
have already been well characterized, little is known
about their 77z vitro tenogenic potential (25). The few
findings deriving from animal models showed positive
effects of MSCs on tendon repair (17, 26, 27). In view
of this, the aim of our study was to assess the progeni-
tor cell population resident in tendons, in order to
propose their possible use in regenerative medicine
and tissue engineering approaches. In autologous
applications the advantage of this cell source would lie
in the prevention of further donor site morbidity, whe-
reas in case of allogenic use TSPCs could be isolated
from surgical waste material.

As shown by our data, TSPCs can be isolated from
very small fragments of semitendinosus and gracilis
tendons and can efficiently proliferate and differentia-
te in standard culture during passages in culture.
Indeed, as shown by the CFU-E as well as by the
immunophenotype analysis, the cell population, ini-
tially non-homogeneous, was almost completely
homogeneous at passage 4 and presenting mesenchy-
mal-specific features, thus confirming that tenocytes
are not able to maintain their phenotype in culture for
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long periods. Both the clonogenic capacity and the
immunophenotype of these cells was comparable to
that of other MSCs (12): all the MSC-specific markers
were highly expressed and, on the other hand, the
hematopoietic-specific ones were absent.

In the presence of the adipogenic medium, which was
previously developed for adipogenic induction of adi-
pose-derived stem cells (4), TSPCs did not show a
marked ability to differentiate into the adipogenic
lineage. On the other hand, when exposed to osteoge-
nic stimuli, a noteworthy ability to differentiate into
osteoblast-like cells was observed, as revealed by the
significantly higher values of both ALP and calcified
matrix production compared to the values for control
cells. Very surprisingly, TSPCs also possessed a remar-
kable chondrogenic potential, as shown by the signifi-
cant increase in GAGs, a typical marker of cartilage-
like cells.

Conversely, pre-commitment of TSPCs toward the
tenogenic lineage was not observed; indeed, after the
tenogenic induction treatment the cells, compared
with control cells, were not able to express higher
levels of the tendon-specific markers. Nevertheless, it
is possible that the levels of scleraxis and decorin, as
well as of type I collagen, were already high in the con-
trol cells, and this could have partially concealed the
potential effect of the treatment on upregulation of
these markers. Another possible explanation concerns
the tenogenic medium composition; as tenogenic
induction has been not adequately investigated yet,
other tests should probably be performed to find a bet-
ter-performing induction medium. Indeed, the use of
bone morphogenic proteins (BMPs) such as BMP-12,
BMP-13 and BMP-14, members of the transforming
growth factor-f (TGF-P) gene superfamily, has been
found to induce the differentiation of MSCs toward
tendon-like cells, as these factors are able promote the
ECM synthesis typical of connective tissue. However,
different and sometimes conflicting medium composi-
tions containing BMPs can be found in literature, thus
indicating that the most efficient one has still to be
found. Moreover, while several markers indicating
osteogenesis and chondrogenesis processes have been
found and accepted by the scientific community, ten-
don-specific markers remain to be properly identified.
In particular, no reliable histological or biochemical
assays to detect tenogenic differentiation have been

developed, and thus gene expression or protein expres-
sion are still the tools most used for this purpose.
However, these evaluations are time consuming and
expensive, thus preventing the testing of the many
possible combinations of growth factors or of other
culture parameters that could ultimately identify the
most efficient ones.

The limitations of this study include the small number
of cell donors, as the large inter-donor variability
could have affected the average results. Moreover, a
direct comparison with another source of MSCs could
have provided more information on their real stem-
like phenotype and in particular on their tenogenic
potential.

In conclusion, this study showed that human ham-
string tendons contain a sub-population of TSPCs
that are able to grow in cell culture and show the typi-
cal features of MSCs, such as specific MSC marker
expression, clonogenic ability and multi-differentia-
tion potential, above all toward osteogenic and chon-
drogenic lineages. Although the clinical relevance of
this study is not direct, it should be considered as one
of the first attempts to clarify the biology of tendon
cell populations, focusing in particular on the poten-
tial applicability of this cell source for regenerative
medicine purposes, both in surgical or in conservative
treatments for tendon disorders.
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