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Multidifferentiation potential of human
mesenchymal stem cells from adipose tissue
and hamstring tendons for musculoskeletal
cell-based therapy

Aim: Adipose-derived stem cells (ASCs) have been deeply characterized for their
usefulness in musculoskeletal tissue regeneration; recently, other mesenchymal stem
cell (MSC) sources have also been proposed. This study compares for the first time
human tendon stem/progenitor cells isolated from hamstring tendons with human
ASCs. Materials & Methods: Human TSPCs and ASCs were isolated from hamstring
tendon portions and adipose tissue of healthy donors undergoing ACL reconstruction
or liposuction, respectively (n = 7). Clonogenic ability, immunophenotype and multi-
differentiation potential were assessed and compared. Results: Both populations
showed similar proliferation and clonogenic ability and expressed embryonic stem
cell genes and MSC surface markers. Tendon stem/progenitor cells showed lower
adipogenic and osteogenic ability, but after the chondrogenic differentiation, they
produced more abundant glycosaminoglycans and expressed higher levels of aggrecan
with regards to ASCs. The tenogenic induction with BMP-12 upregulated SCX and
DCN gene expression in both populations. Conclusion: Our results demonstrate that
waste hamstring tendon fragments could represent a convenient MSC source for

musculoskeletal regenerative medicine.

Keywords: adipose-derived stem cells ¢ bone morphogenetic protein-12
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Although bone marrow is still the most
common source of mesenchymal stem cells
(MSCs), in recent years, driven by a con-
stant quest for the ‘most convenient’ source,
researchers have demonstrated that these
cells can be identified in several alternative
sites. In particular, MSCs have been found in
tissues that are discarded after surgical inter-
ventions, including adipose tissue, periodon-
tal ligaments and deciduous teeth. Many
studies have been performed to compare the
features of MSCs from different origins, with
the final aim of identifying the best possible
MSC tissue source for a given clinical situa-
tion. The choice of the most appropriate cell
type is crucial since, although MSCs deriving
from different tissues share common prop-
erties, it is known that they are influenced
by the surrounding microenvironment and

tissue-specific characteristics that, ultimately,
may influence the final treatment outcome.
Moreover, age, site, gender and pathologi-
cal conditions have been shown to affect the
number, proliferation potential and differ-
entiation capacity of MSCs [1-4]. Recently,
it has been shown that discarded tendon
fragments derived from knee ligament recon-
struction [5] or tendon cuff repair [6] also con-
tain MSC populations, named tendon stem/
progenitor cells (TSPCs) [7); this observa-
tion has enabled remarkable advancements
in understanding the physiopathology of
this tissue, as well as the possibility of using
this cell source as a potential tool for tendon
regenerative treatments.

In this study, the /7 vitro immunophe-
notype, embryonic stem cell marker expres-
sion, clonogenic and proliferation ability and
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multilineage differentiation potential, including the
tenogenic potential, of TSPCs and adipose-derived
stem cells (ASCs) were compared for the first time.
Indeed, ASCs have already been well characterized
and demonstrated to be potentially useful in mus-
culoskeletal cell-based therapy, but to date, very few
in vitro studies have investigated their iz vitro teno-
genic potential [8-10]. Thus, the main aim of this study
was to provide further knowledge regarding the poten-
tial use of TSPCs in musculoskeletal tissue regenera-
tion strategies, and our hypothesis was that it would be
more advantageous to use this cell source for tendon
regenerative purposes in comparison with ASCs.

Materials & methods
TSPC & ASC isolation & culture
All of the procedures were carried out at Galeazzi
Orthopedic Institute (Italy) with Institutional Review
Board approval (M-SPER-014.ver7 for the use of surgi-
cal waste). All of the donors gave their written consent
for the use of their surgical waste material for research
purposes. TSPCs were isolated from discarded frag-
ments of semitendinosus and gracilis tendons collected
from seven donors (mean age: 33 + 14 years) who
underwent anterior cruciate ligament reconstruction;
ASCs were isolated from raw lipoaspirates of seven
donors (mean age: 47 + 14 years) who underwent
esthetic liposuction (Table 1). The samples of tendon
tissue were minced into small pieces (0.5-0.8 cm),
placed in 100-mm Petri dishes and covered with con-
trol medium (CTRL medium; Table 2). During the
first 10 days in culture, tendon cells migrated from tis-
sue and started to proliferate [11,12]; at approximately
3 weeks later, they reached 80-90% confluence.
ASCs were isolated as previously described [2].
Briefly, adipose tissue was washed with phosphate-
buffered saline and digested with 0.075% type I col-
lagenase (Worthington Biochemical Corp., NJ, USA)
at 37°C for 30 min. The stromal vascular fraction was
centrifuged (1200 g, 10 min) and then filtered through
a 100-pum nylon cell strainer (Becton, Dickinson and
Co., NJ, USA); the collected stromal vascular fraction

cells were plated in CTRL medium at 107 cells/cm? of
density and reached 80-90% confluence in approxi-
mately 7 days. TSPCs and ASCs were maintained in
culture, changing the medium every 3 days.

Cell doubling time

For TSPCs and ASCs, cell doubling time (DT) was
calculated from passages 2 to 4. The cells were plated at
a density of 3 x 10° cells/cm? in CTRL medium. Fresh
medium was supplied every 3 days, and at 80-90%
confluence, the cells were split using trypsin/EDTA
(0.5% trypsin/0.2% EDTA; Sigma-Aldrich (MO,
USA). DT was calculated according to the following
formula: DT = CT/In(N-N)/In2, where CT is the cell
culture time (hours), N, is the final number of cells and
N, is the initial number of cells 13].

Fibroblast colony forming unit assay

The clonogenic ability of ASCs and TSPCs from pas-
sages 2 to 4 was evaluated by colony forming unit assay
as previously described [2]. Briefly, cells were plated
in six-well plates at low density by limiting dilution
(starting dilution: 100 cells/cm?; ending dilution:
13 cells/cm?) and cultured in CTRL medium supple-
mented with 20% fetal bovine serum for 14 days. Then,
the cells were fixed with 4% paraformaldehyde solu-
tion and counted after 2.3% Crystal Violet staining
(Sigma-Aldrich) for 10 min at room temperature. The
frequency of CFU-F (colony forming unit-fibroblasts)
was established by scoring the individual colonies com-
posed of at least 30 cells and expressed as a percentage
relative to the number of the initial seeded cells.

Cell metabolic activity

For both TSPCs and ASCs, 1.5 x 10% cells at pas-
sage 4 were seeded into 96-well plates and the cell
metabolic activity assay was performed at 1, 3, 7 and
14 days. Briefly, a final concentration of 0.5 mg/ml
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; Sigma-Aldrich) was added to the
culture medium and incubated for 4 h at 37°C. After
medium removal, 100% DMSO was added to each

Table 1. Characteristics of patients and cellular yields at passage 1.

TSPCs ASCs
Number of patients 7 (two female, five male) 7 (six female, one male)
Age (years) 33+14 47 + 14
Tissue from each donor (g) 1.7 £ 0.9%* 21.5+13.3
Number of cells at passage 1/gram 2.2 + 1.8 x 10%” 0.7 +0.5 x 10°
of tissue
*p < 0.05; **p < 0.01 vs ASCs.
ASC: Adipose-derived stem cell; TSPC: Tendon stem/progenitor cell.
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Table 2. Composition of differentiation media.

Medium Main components Serum Supplements
CTRL HG-DMEM, 100 U/ml penicillin, 10% FBS -
100 pg/ml streptomycin, 0.29
mg/ml -glutamine
Adipogenic
— Induction CTRL 10% FBS  1uM dexamethasone, 10 pg/ml insulin, 500
uM IBMX, 200 uM indomethacin
— Maintenance CTRL 10% FBS 10 ug/ml insulin
Osteogenic CTRL 10% FBS 10 nM dexamethasone, 10 mM glycerol-
2-phosphate, 150 uM t-ascorbic acid-2-
phosphate, 10 nM cholecalciferol
Chondrogenic  CTRL 1% FBS 1 mM sodium pyruvate, 1% ITS+1, 0.1 uM
dexamethasone, 0.1 mM L-ascorbic acid-2-
phosphate, 10 ng/ml TGF-B1
Tenogenic CTRL 1% FBS 50 ng/ml BMP-12
CTRL: Control; FBS: Fetal bovine serum; HG-DMEM: High-glucose Dulbecco’s Modified Eagle’s Medium; IBMX: 3-isobutyl-1-methyl-
xanthine; ITS+1: 1.0 mg/ml insulin from bovine pancreas, 0.55 mg/ml human transferrin, 0.5 pg/ml sodium selenite, 50 mg/ml bovine serum
albumin and 470 pg/ml linoleic acid.

well in order to solubilize the formazan precipitate.
The absorbance of this solution was read at 570 nm
(Victor™ X3 microplate; Perkin Elmer, MA, USA).

Fluorescence-activated cell sorting analysis

TSPCs and ASCs at passage 4 were detached and
washed twice in cold fluorescence-activated cell sorting
buffer (phosphate-buffered saline without Ca/Mg?**,
2% fertal bovine serum and 0.1% NaN,). A rtotal of
2.5 x 10’ cells were incubated with the antihuman pri-
mary monoclonal antibodies: fluorescein isothiocya-
nate-conjugated CD90, CD13, CD31, CD44, CD45
and CD166 (Ancell Corp., MN, USA) ; biotinylated-
conjugated CD29, CD34, CD54, CD71 and CD105
(Ancell Corp.); and phycoerythrin-conjugated CD73
(Miltenyi Biotec, Germany). After incubation, strep-
tavidin—phycoerythrin and fluorescein isothiocyanate-
conjugated goat antimouse antibodies (Ancell Corp.)
were used as secondary antibodies for cells stained with
biotinilated antibodies. Background fluorescence was
established by negative controls and data on 10,000
cell fluorescence events were acquired by flow cytom-
etry using a FACSCalibur™ flow cytometer (BD
Bioscences, NJ, USA) and analyzed by CellQuest™

software (BD Bioscences).

Adipogenic differentiation

Both cell populations at passage 4 were seeded at 10*
cells/cm? and then induced to differentiate towards
an adipogenic lineage for 21 days using a repeated
pulsed protocol, consisting of 3 days in adipogenic
induction medium followed by 3 days in adipogenic
maintenance medium (ADIPO medium; Table 2). To

quantify the lipid vacuoles, cells were rinsed and fixed
in 10% neutral buffered formalin for 1 h, stained
with Oil Red O (Sigma-Aldirch) for 15 min, then
unstained with 100% isopropanol. Absorbance was
read at 490 nm.

Osteogenic differentiation
Cells at passage 4 seeded at 107 cells/cm? were dif-
ferentiated into an osteogenic lineage by culturing in
osteogenic medium (OSTEO medium; Table 2). Cells
were assessed for alkaline phosphatase (ALP) activity
and extracellular calcified matrix deposition [2]. Briefly,
after 14 days of differentiation, cells were lysed with
0.1% Triton™ X-100 (Sigma-Aldrich) and the enzy-
matic ALP activity was determined by incubating cel-
lular lysates at 37°C with 1 mM p-nitrophenylphos-
phate (Sigma-Aldrich) in alkaline buffer (100 mM
diethanolamine and 0.5 mM MgClL, pH 10.5). The
absorbance was read at 405 nm (Victor X3 microplate
reader) and the ALP activity was normalized against
the determined total protein content (Pierce™ BCA
protein assay kit; Pierce Biotechnology, IL, USA).
The extracellular calcified matrix deposition was
evaluated after 21 days of differentiation. Briefly, the
cells were stained with 40 mM Alizarin Red S (pH 4.1;
Fluka-Sigma Aldrich, MO, USA) for 15 min. The dye
was extracted with 10% cetylpyridinium chloride
monohydrate (Sigma-Aldrich) in 0.1 M phosphate
buffer (pH 7.0) and the absorbance was read at 550 nm.

Chondrogenic differentiation
At passage 4, 5.0 x 10° TSPCs and ASCs were centri-
fuged (250 g, 5 min) in order to obtain cell pellets. Pel-
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lets were cultured in chondrogenic medium (CHON-
DRO medium; Table 2) for 21 days. For histological
analysis, pellets were fixed for 24 h in 10% neutral
buffered formalin, embedded in paraffin and sec-
tioned at 4 pm. Sections were stained with hematoxy-
lin—eosin (Sigma-Aldrich) and safranin O in order to
evaluate the extracellular matrix and glycosaminogly-
can (GAG) deposition [14]. GAGs were also quantified
by digesting the pellets (16 h, 60°C) in 500 ul of PBE
buffer (Phosphate Buffer/EDTA; 100 mM Na HPO,,
10 mM NaEDTA, pH 6.8) containing 1.75 mg/ml of
L-cystein (Sigma-Aldrich) and 14.2 U/ml of papain
(Worthington). Samples were incubated with 16 mg/l
dimethylmethylene blue (Sigma-Aldrich) and absor-
bance was read at 500 nm (Victor X3 microplate
reader). The same samples were used for DNA quan-
tification using a CyQUANT® Kit (Life Technologies,
NY, USA). The amount of GAG produced for each
sample was normalized against the DNA content and
expressed as micrograms of GAG per microgram of

DNA.

Tenogenic differentiation

Both TSPC and ASC populations were seeded at pas-
sage 4 and at a cell density of 10 cells/cm?. After 7 and
14 days of tenogenic differentiation in an inductive
medium (Table 2), the expression of tendon-related
genes was assessed by real time-PCR.

Gene expression

The total RNA was purified from the cell lysates using
the RNeasy® Mini Kit (Qiagen, Germany) and reverse
transcripted to cDNA (5 min at 25°C, 30 min at 42°C
and 5 min at 85°C) using an iScript™ ¢DNA Synthesis
Kit (Bio-Rad Laboratories, CA, USA). A total of 10 ng
of cDNA were incubated with a PCR mix (50°C for
2 min, 95°C for 10 min, 40 cycles at 95°C for 15 s and
60°C for 1 min) containing TagMan® Universal PCR
Master Mix and Assays-on-Demand Gene expression
probes (Life Technologies) for the following genes:
LEP (Hs00174877_ml), RUNX2 (Hs00231692_
ml), COLIAI (Hs01076777_m1), COL3A1
(Hs00943809_m1), SOX9 (Hs00165814_m1), ACAN
(Hs00153936_m1), SCX (Hs03054634_gl), DCN
(Hs00370385_m1), POUS5FI (Hs04260367_gh) and
KLF4 (Hs00358836_m1). Reactions were performed
with Applied Biosystems® StepOnePlus™ (Life Tech-
nologies). The fold change in expression was nor-
malized against the expression of the housekeeping

GAPDH gene (Hs99999905_m1).

Statistical analysis
Data are expressed as means + standard deviations. The
normal distribution of values was assessed by the Kol-

mogorov—Smirnov normality test. Statistical analyses
were performed using the Student’s t-test for data with
a normal distribution and the Wilcoxon test for data
with a non-normal distribution (GraphPad Prism®
v5.00; GraphPad Software, CA, USA). The level of
significance was set at p < 0.05 (*p < 0.05; **p < 0.01;
***p < 0.001). The correlation between age and each
parameter was assessed by Pearson’s correlation test.

Results

Undifferentiated TSPCs & ASCs show similar
stem cell features

TSPCs and ASCs were harvested from seven different
donors each (Table 1). The mean donor ages of the two
cell populations were different, but the large variability
within each group makes this difference not significant
(NS). A regression analysis was performed to assess the
possible correlation between age and all of the param-
eters evaluated and revealed no significant correlations
(data not shown).

Although the weight of the starting tendon frag-
ments was significantly lower with respect to lipoaspi-
rates (p < 0.001), the numbers of cells at passage
1 normalized per gram of tissue was 2.2 + 1.8 x 10°
and 0.7 + 0.5 x 10’ for TSPCs and ASCs, respec-
tively (p < 0.05). During passages in culture, TSPCs
showed a typical fibroblastic-like morphology and pro-
liferated with a rate that was similar to that of ASCs
(Figure 1A & B). Indeed, at passage 2, the average DT
was 87.0 + 7.6 h for TSPCs and 70.8 + 23.6 h for ASCs
(NS); then, the TSPC and ASC proliferation rates
progressively decreased until reaching average DTs of
176.7 £ 108.1 hand 190.3 + 65.8 h at passage 4, respec-
tively (NS). The clonogenic ability was also similar
between the two cell populations in all of the passages
analyzed; in particular, the highest number of colonies
was observed at passage 4 for TSPCs (4.4 + 1.9%) and
at passage 3 for ASCs (3.5 + 1.9%; Figure 1C). In order
to evaluate the in vitro cell viability of TSPCs and
ASCs, which is considered to be an important param-
eter concerning primary cell survivorship after isola-
tion and during culture, we observed their metabolic
activity using the MTT assay. No significant differ-
ences were observed in terms of cell metabolic activity
at passage 4 between TSPCs and ASCs (Figure 1D).

The expression of stemness-specific transcription
factors KLF4 and POUSFI of TSPCs was also compa-
rable to that observed for ASCs (NS; Figure 1E). The
cell size and granularity of both populations were also
similar (Figure 2). Moreover, TSPCs were found to
possess the characteristic mesenchymal immunophe-
notypic profile, without any significant difference with
regards to ASCs. Indeed, they were both highly posi-
tive for CD13, CD73, CD90, CD29, CD44, CD105,
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CD166 and CD54, and both cell populations did not
express hematopoietic markers such as CD31, CD34,
CD45 and CD71 (Figure 2).

TSPCs have a lower adipogenic potential

than ASCs

TSPCs cultured for 14 days in adipogenic medium
only showed a slight intracellular lipid vacuole increase
compared with cells maintained in noninductive
medium (+40.3%, NS; Figure 3A & B). The lipid
vacuole content observed in TSPCs was significantly
lower than that observed in ASCs (p < 0.05) and,
when cultured in adipogenic medium, they showed a

significant increase in comparison with control ASCs
(+136.3%; p < 0.05). However, both differentiated
cell populations expressed significantly higher levels of
LEP in comparison with their respective control cells
(p < 0.05) and without any differences between them
(Figure 30Q).

TSPC osteogenic potential is lower than

that of ASCs

After 14 days of culture in osteogenic medium, both
TSPCs and ASCs showed significant increases in
terms of ALP activity of 173 and 177%, respectively
(p < 0.05) in comparison with control cells (Figure 4A).
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Figure 1. Features of tendon stem/progenitor cells and adipose-derived stem cells. (A) Cells in culture at passage
4 (optical microscopy: 10x; scale bar: 200 um). (B) Proliferation ability during passages in culture expressed as
mean of doubling times. (C) Percentage of clonogenic cells from passages 2 to 4 (scored colonies were normalized
against number of seeded cells) and representative images of stained colonies for both cell population at
passage 4. (D) Cell viability of tendon stem/progenitor cells and adipose-derived stem cells at passage 4 at several
time points (1, 3, 7 and 14 days of culture). (E) Evaluation of KLF4 and POU5F1 gene expression determined

by quantitative real-time PCR in both cell populations. Data were normalized against the expression of the

housekeeping GAPDH gene.
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Figure 2. Mesenchymal stem cell surface marker patterns of expression (see facing page and above). Tendon
stem/progenitor cell and adipose-derived stem cell distribution based on forward scatter and side scatter and the
representative expression of the typical mesenchymal stem cell surface markers and hematopoietic markers for
both populations at passage 4 (markers are represented as gray histograms and isotype control antibodies are

represented as white histograms).

Significant upregulation of RUNX2 expression was
observed in both osteogenic-differentiated TSPCs
(+35%; p < 0.05) and ASCs (+113%; p < 0.05) in com-
parison with the respective control cells. Comparing
the two cell types, significantly higher mRNA lev-
els of RUNX2 were observed in differentiated ASCs
compared with TSPCs (+136% for ASCs vs TSPCs;
p < 0.01; Figure 4B). After 21 days of culture in osteo-
genic medium, the calcified matrix deposition, as
revealed by Alizarin Red S staining and extraction,
was significantly higher in comparison with control
cells for both TSPCs and ASCs (+46 and +410%,
respectively; both p < 0.05; Figure 4C & D). However,
the amount of calcified matrix produced by differenti-
ated TSPCs was very similar to that of undifferentiated
ASCs, which, after the osteogenic induction, produced
significantly higher amounts of calcified matrix com-
pared with TSPCs (+ 411%; p < 0.001). All of these
darta suggest a lower capacity of TSPCs to differentiate
towards the osteogenic lineage.

TSPC chondrogenic potential is higher than
that of ASCs

Both cell populations were cultured in pellets in chon-
drogenic medium for 21 days. As revealed by the histo-
logical evaluation, the pellets cultured in noninductive
medium were smaller and less organized in compari-
son to those cultured in chondrogenic medium for

both types of cells (Figure 5A). Moreover, only the
chondrogenic-differentiated pellets of TSPCs showed
a marked extracellular matrix production, which was
intensively stained by Safranin O dye. Chondrogenic-
induced TSPCs also showed a significant increase in
terms of GAG deposition compared with undifferen-
tiated cells (+83%; p < 0.01); however, undifferenti-
ated ASCs showed significantly higher levels of GAG
in comparison with undifferentiated TSPCs (+96%;
p < 0.05). Both SOX9 and ACAN were strongly upreg-
ulated in chondrogenic-induced pellets (+251 and
+44% for SOX9 and +1279 and +145% for ACAN in
terms of TSPCs and ASCs, respectively; Figure 5C & D)
in comparison with control pellets. Moreover, both
undifferentiated and differentiated TSPCs showed
higher ACAN expression compared with ASCs (+1208
and +7256% increases for undifferentiated and dif-
ferentiated TSPCs vs the respective ASCs). However,
all of these differences, due to the wide interdonor
variability, were NS.

BMP-12 increases SCX & DEC expression in both
TSPCs & ASCs
The BMP-12 dosage used in this study (50 ng/ml) was
chosen according to previously experiments carried on
ASCs (data not shown).

The gene expression of specific tendon markers was
evaluated after 7 and 14 days in undifferentiated and
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(C) Gene expression of LEP normalized against GAPDH.
*p < 0.05.

differentiated cells in both cell populations. In undif-
ferentiated cells, SCX was more expressed in TSPCs
than in ASCs (+461% [p < 0.05] and +344% at 7 and
14 days, respectively; Figure 6A, left column). The teno-
genic medium was able to induce a further increase in
the expression of this transcription factor in both popu-
lations; indeed, differentiated TSPCs and ASCs showed
higher levels of SCX in comparison with undifferenti-
ated cells both at 7 days (+86 and +89%, respectively)
and at 14 days of culture (+50 and +24%, respectively),
although these differences were not statistically sig-
nificant (Figure 6A, right column). Gene expression of
DCN, COLIAI and COLIA3, components of the ten-
don extracellular matrix, were evaluated . After 7 days
of culture in undifferentiated medium, TSPCs showed
higher levels of DCN in comparison with ASCs (+93%;
NS); however, at 14 days of culture, this difference was
not present anymore, as ASC DCN expression increased
with time in culture (Figure 6B, left column). Tenogenic
medium induced a significant upregulation of this
marker in both populations already at 7 days of differ-
entiation compared with undifferentiated cells (+50%),
p < 0.05 and +164%, p < 0.01, respectively). However,
after 14 days of differentiation, the DCN expression in
ASCs significantly decreased compared with the previ-

ous time point, whereas TSPCs maintained a similar
expression level (Figure 6B, right column). Unexpect-
edly, undifferentiated ASCs showed much higher levels
of COLIAI and COL3AI expression compared wtih
TSPCs (+1296%, p < 0.01 and +1279%, p < 0.0,
respectively; Figure 6C &D, left column). Moreover, both
cell populations did not show any further increase after
tenogenic induction compared with undifferentiated
cells (Figure 6C & D, right column).

Discussion
To the best of our knowledge, this is the first study
comparing stem cell properties and the multilineage
differentiation potential of human TSPCs and ASCs.
The main finding of our study is that TSPCs and ASCs
show similar cell proliferation, viability and clonogenic
ability, as well as stem cell marker expression. On the
other hand, although both MSC populations showed
multidifferentiation potential, some significant differ-
ences were observed that were partially related to their
tissue origin, supporting the idea that a given MSC
tissue source could be more appropriate for a given
clinical situation.

Little is known about tendon biology, and there is
also scarce knowledge of the cell populations that are
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resident in tendon tissue. It has recently been dem-
onstrated that tendons contain stem/progenitor cells
(i.e., TSPCs) that can provide a new tool for study-
ing tendon physiology, pathology and possible inno-
vative tendon therapies based on their properties (7).
Indeed, TSPCs are supposed to play a primary role
in maintaining tissue homeostasis and in promot-
ing repair after injury, and they could be addressed
as a new potential therapeutic target. In particular,
TSPCs could be the main effector of iz vitro biophysi-
cal stimuli, such as pulsed electromagnetic fields and
extracorporeal shock waves that have been proposed
as promising alternatives for the treatment of tendi-
nopathies [15-17]. Another perspective might involve
the use of TSPCs as a cell source for cell-based therapy
approaches to improve the regeneration of tendons or
of other tissues of mesodermal origin, such as bone and
cartilage. Currently, adipose tissue is considered to be
one of the best and most convenient sources of MSC
isolation due to its wide availability as surgical waste
material [18], and for this reason, in recent years, several
cell/tissue banks have focused their activity on adipose
tissue preservation and of its related MSC population.
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Similarly, as already demonstrated and confirmed by
this study, it is possible to efficiently isolate TSPCs
from surgical waste tendon fragments, including
hamstring tendons that are used in ligament recon-
struction. Considering that each year approximately
200,000 anterior ligament reconstruction procedures
are performed worldwide [19], it could be noteworthy to
ameliorate the knowledge of the potential of these cells
to possibly exploit them for future allogeneic applica-
tions [20]. In this study, we have compared the in vitro
behavior and the stemness features and multidifferen-
tiation potential of human TSPCs with those of ASCs.
The number of cells is crucial for some regenerative
medicine applications; in our study, the cellular yield
of TSPCs was higher compared with ASCs. Since in
the first passages in culture the tendon cell population
is composed not only of TSPCs, but also of terminally
differentiated tenocytes, the yield could have been
influenced by this factor. However, tenocytes lose their
phenotype in vitro with time and passages in culture
and, although specific markers have yet to be found,
they differ from TSPCs in terms of morphology, pro-
liferation potential and expression of stem cells mark-
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Figure 4. Osteogenic differentiation. (A) Alkaline phosphatase activity determined at 14 days of culture in
undifferentiated (CTRL) and osteogenic-differentiated (OSTEO) cells. (B) Gene expression of RUNX2 normalized
against GAPDH at 14 days of culture. (C) Micrographs of CTRL and OSTEO cells stained by Alizarin Red S (scale
bars: 200 um). (D) Quantification of calcified matrix deposition by Alizarin Red S staining and extraction.

*p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 5. Chondrogenic differentiation. (A) Histological evaluation using hematoxylin—eosin and Safranin

O staining in undifferentiated (CTRL) and chondrogenic-differentiated (CHONDRO) pellets of both tendon
stem/progenitor cells and adipose-derived stem cells (scale bars, 200 um). (B) DNA and GAG content in tendon
stem/progenitor cell and adipose-derived stem cell pellets. (C & D) Gene expression of SOX9 and ACAN normalized

against GAPDH.
*p < 0.05; **p < 0.01.

ers such as OCT4 (POUSFI) [20-24]. For all of these
reasons, the experiments were performed starting from
cells at passage 4 (after ~5 weeks of culture), when it
was observed that the cell population possessed fea-
tures that were peculiar to progenitor cells, including
the expression of transcription factors that are essen-
tial for self-renewal maintenance and pluripotency in
embryonic stem cells, such as POU5FI and KLF4 [25)
and, in agreement with the minimal criteria for defin-
ing multipotent MSCs [26], the expression of specific
MSC markers in standard culture conditions, without
any difference with ASCs. Clonogenic assays for fibro-
blast-like colonies revealed a very similar frequency of
cells able to form colonies in TSPCs to that observed
in ASCs. All TSPC and ASC populations did not
show differences in cell metabolic activity, suggesting
similar cell viability when they are cultured in vitro.
Moreover, we also observed that TSPCs and ASCs
possessed a comparable DT of approximately 3 days
at passage 2. These results are consistent with previ-

ous results indicating that human and mouse TSPCs
proliferated faster than bone marrow stromal cells
(BMSC:s) [7.27], which have been demonstrated to pos-
sess a lower proliferation ability than ASCs [28,29], thus
explaining the comparable behavior observed between
ASCs and TSPCs.

The in terms of multidifferentia-
tion potential of MSCs from different sources have
been deeply investigated: previous studies reported

differences

a higher multidifferentiation potential of mouse
and rat TSPCs compared with BMSCs [7.27]; oth-
ers found that human ASCs were able to more effi-
ciently differentiate into the adipogenic lineage, but
not into the chondrogenic lineage in comparison
with BMSCs [28-30]. In our study, TSPCs and ASCs
also presented some differences in terms of multi-
differentiation potential. In particular, although
adipogenic- and osteogenic-differentiated TSPCs
showed significant increases in the related tissue-
specific marker expression compared with undiffer-
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entiated cells, they possessed lower adipogenic and
osteogenic potential compared with ASCs The more
pronounced adipogenic potential of ASCs could
be attributed to their precommitment, whereas the
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more marked osteogenic potential is also indicated
by the very high type I collagen expression that we
observed in undifferentiated ASCs, as has already
been reported in previous studies [31.32]. Quite unex-

Fold increase vs CTRL Fold increase vs CTRL Fold increase vs CTRL

Fold increase vs CTRL

7 days

7 days

Tenogenic
SCX

EZ== TENO TSPCs
[1 TENO ASCs

7 days

14 days

E=3 TENO TSPCs
[1 TENO ASCs

COL1A1

14 days

EZ= TENO TSPCs
[1 TENO ASCs

7 days

COL3AT1

14 days

E=3 TENO TSPCs
[ TENO ASCs

14 days

Figure 6. Tenogenic differentiation. (A-E) Gene expression of SCX, DCN, COLTAT and COLTA3 normalized

against GAPDH in undifferentiated (CTRL, left panel) and tenogenic-differentiated (TENO, right panel) tendon
stem/progenitor cells and adipose-derived stem cells at 7 and 14 days of culture. Data for the TENO cells are
expressed as average fold increase + standard deviation compared with undifferentiated cells (fixed line set at 1).

*p < 0.05, **p < 0.01 for adipose-derived stem cells versus tendon stem/progenitor cells.
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pectedly, TSPCs seemed to be more susceptible to
chondrogenic medium in comparison with ASCs,
above all in terms of GAG production, although they
were already high in undifferentiated ASCs. The
more dramatic difference observed between TSPCs
and ASCs that underwent the chondrogenic differen-
tiation protocol was that of ACAN gene expression.
Aggrecan is a proteoglycan that is present in cartilage
as well as in compressed tendon regions. Thus, the
already very high expression of this marker in undif-
ferentiated TSPCs could be partially related to their
tissue origin and consequently to their precommit-
ment. In any case, as articular cartilage has only a
poor capacity for self-repair [33], it could be important
to further investigate this aspect, as hamstrings can
be easily harvested during knee surgery, causing min-
imal additional morbidity to patients who possibly
require autologous regenerative treatment for knee-
concomitant chondral defects. Collectively, all of
these data confirm that MSCs from different sources
can respond differently to stimuli, posing the ques-
tion of whether optimal conditions of differentiation
should be properly adapted to the specific MSC type.
In order to achieve a more efficient iz vitro differen-
tiation protocol, it could be useful to further inves-
tigate the cell niche factors, as it is widely accepted
that several different environmental factors contrib-
ute to the overall control of stem cell activity. As little
is known about the maturation of tendons and the
related tendon cell niche factors, little information
is available for developing an efficient tenogenic dif-
ferentiation medium. In previous in vitro studies on
embryonic stem cells, ASCs and BMSCs, the teno-
genic induction has been attempted using a variety
of growth factors, including bone morphogenic pro-
teins (BMP-2 and -5, as well as BMP-12, -13 and -14,
also known as GDF-7, -6 and -5, respectively), IGF-1,
TGF-B1 and TGF-B3 [8-10,34-37]. The influence of
BMP-12 on tenogenic differentiation was evaluated
in several types of MSCs [3738], but only a few studies
were conducted on ASCs [8,10] and, to our knowledge,
none were conducted on human cells. Here, for the
first time, we evaluated the effect of BMP-12 on the
tenogenic induction of human ASCs and TSPCs.
Regarding tendon-related marker expression, our
results demonstrated that SCX, a transcription fac-
tor involved in tendon development, and DEC, a
proteoglycan that stabilize and aligns collagen type I
and III fibrils [15,2439], were more expressed in undif-
ferentiated TSPCs compared with undifferentiated
ASCs, in this case probably due to their precommit-
ment. However, BMP-12 was able to induce a strong
upregulation of SCX expression in both populations,
as well as a significant increase of DEC. On the

other hand, tenogenic induction did not affect either
COLIAI and COL3Al expression in both TSPCs
and ASCs, suggesting that BMP-12 alone is not able
to induce a complete upregulation of tendon extra-
cellular matrix markers. Our data on ASC tenogenic
differentiation confirm what was observed by Shen
et al., who demonstrated that BMP-12 is capable of
inducing tenogenic differentiation in canine and
mouse ASCs [8], but our hypothesis that it could be
more advantageous to use TSPCs for tendon regen-
erative applications in comparison with ASCs was
not confirmed, at least with the protocol used here.
Other tenogenic factors, such as GDF-5/BMP-14,
should been tested on human ASCs and TSPCs in
order to assess whether they are able to induce a more
evident tenogenic induction, although previous stud-
ies reported that GDF-7/BMP-12 induced the teno-
genic differentiation of canine ASCs more efficiently
in comparison with GDF-5/BMP-14 [3]. Moreover,
the identification of more specific targets could
enable the development of new factors that are able
to induce cells towards tendon differentiation more
efficiently.

Since tendon is a mechanoresponsive tissue, it can
be speculated that, together with biochemical stim-
uli, appropriate mechanical loads would be helpful
for improving the tenogenic differentiation of pro-
genitor cells, in particular of TSPCs, as the modula-
tion of physical stress response is part of their physio-
logical role in tendon tissue; indeed, external physical
stimuli seem to enhance or accelerate the differen-
tiation into tenocyte-like cells [40]. For this reason,
further studies are needed in order to clarify the cell
response to mechanical stimuli and also how they are
able to influence the fate of MSCs. Another criticism
in this research field is that the markers usually used
to assess tenogenic differentiation are not strictly spe-
cific for tendons, as they can be also found in other
tissues and cells. For this reason, the evaluation can
sometimes be misleading, and thus in order to obtain
more reliable results, the identification of more spe-
cific tendon markers may provide better insights into
in vitro tenogenesis.

One of the limitations of this study is the lack of a
donor-matched comparison that could have partially
reduced the high interdonor variability that often
represents a critical point when dealing with primary
cells. However, in this case, the use of donor-matched
cells would have involved ethical issues, since part of
the collected tissue should have been intentionally
harvested, whereas in our study, all of the samples
used to isolate cells were from surgical waste. Nev-
ertheless, the possibility to obtain data form a donor-
matched comparison study could be considered in

10.2217/RME.14.92

Regen. Med. (Epub ahead of print)

fsg

future science group



Tendon stem/progenitor cells for musculoskeletal regenerative medicine

future studies in order to better characterize MSCs
from different sources. Another limitation of this
study is the use of the differentiation protocols that
were previously developed and adapted for ASCs, and
this could have disadvantaged the TSPC differentia-
tion ability. Moreover, the assessment of only tendon-
specific gene expression without the related protein
expression and the testing of a single growth factor
without any mechanical stimulation to induce the
tenogenic differentation represent further limitations
of this study. Further comparative studies of MSC
immunogenicity could be useful in order to better
identify the best cell type for allogeneic use.

Conclusion

Taken together, our results demonstrated that TSPCs
do not significantly differ from ASCs in term of clo-
nogenic ability, proliferation and immunophenotypic
profile. In comparison with ASCs, TSPCs are less
prone to differentiating into adipogenic and osteo-
genic lineages using our protocols, but are more able
to differentiate into chondrogenic- and tenogenic-
like cells, potentially opening up the possibility of
using TSPCs as a new cell type in some regenerative
medicine applications in the musculoskeletal field.

Future perspective

Preclinical studies have shown the possibility of
exploiting the properties of ASCs and BMSCs in order
to manage tendon disorders. Our findings, together
with others concerning TSPCs, allow us to speculate

that, in the future, tendons could represent an appeal-
ing and sustainable cell source for isolating MSCs for
musculoskeletal regenerative purposes. Moreover,
thanks to the low immunogenicity of MSCs, it could
be possible to preserve TSPCs isolated from surgical
waste material for allogeneic use, as is currently done
for other MSC types, including umbilical cord- and
adipose tissue-derived MSCs.
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musculoskeletal tissue regeneration strategies.
Materials & methods

and ASCs were compared.
Results

Discussion

confirmed, at least with the protocol used here.

e Adipose tissue is one of the most common source of mesenchymal stem cells for regenerative purposes;
however, the search of the ‘most convenient’ mesenchymal stem cell source is still ongoing.

¢ In this study, tendon stem.progenitor cells (TSPCs) and adipose-derived stem cells (ASCs) were compared
for the first time, with the aim of providing further knowledge regarding the potential use of TSPCs in

e The in vitro immunophenotype, embryonic stem cell marker expression, clonogenic and proliferation ability
and multilineage differentiation (adipogenic, chondrogenic, osteogenic and tenogenic) potential of TSPCs

e TSPCs and ASCs show similar in vitro proliferation, clonogenic abilities and expression of stem cell markers.

e Upon specific stimulation, TSPCs show lower adipogenic and osteogenic differentiation potential, but higher
chondrogenic differentiation potential compared with ASCs.

e BMP-12 is able to upregulate the expression of tendon markers in both TSPCs and ASCs.

e Our results demonstrate that TSPCs do not significantly differ from ASCs, potentially opening up the
possibility of using TSPCs as a new cell type for musculoskeletal regenerative medicine.

e As ASC and TSPC tenogenic differentiation abilities were not noticeably different, our hypothesis that it could
be more advantageous to use TSPCs for tendon regenerative applications in comparison with ASCs was not
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