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Abstract Traditionally, tendons are considered to only
contain tenocytes that are responsible for the maintenance,
repair and remodeling of tendons. Stem cells, which are
termed tendon-derived stem cells (TDSCs), have recently
been identified in tendons. This review aims to summarize
the current information about the in vitro characteristics of
TDSCs, including issues related to TDSC isolation and
culture, their cell morphology, immunophenotypes, prolif-
eration and differentiation characteristics and senescence
during in vitro passaging. The challenges in studying the
functions of these cells are also discussed. The niche where
TDSCs resided essentially provides signals that are condu-
cive to the maintenance of definitive stem cell properties of
TDSCs. Yet the niche may also induce pathologies by
imposing an aberrant function on TDSCs or other targets.

P. P. Y. Lui - K. M. Chan

Department of Orthopaedics and Traumatology,

Faculty of Medicine, The Chinese University of Hong Kong,
Hong Kong, SAR, China

P. P. Y. Lui - K. M. Chan

The Hong Kong Jockey Club Sports Medicine and Health
Sciences Centre, Faculty of Medicine,

The Chinese University of Hong Kong,

Hong Kong, SAR, China

P.P. Y Lui

Program of Stem Cell and Regeneration,
School of Biomedical Science,

The Chinese University of Hong Kong,
Hong Kong, SAR, China

P. P. Y. Lui (<)

Rm. 74025, 5/F, Clinical Sciences Building,
Prince of Wales Hospital,

Shatin,

Hong Kong, SAR, China

e-mail: pauline@ort.cuhk.edu.hk

The possible niche factors of TDSCs are herein discussed.
We presented current evidences supporting the potential
pathogenic role of TDSCs in the development of tendinop-
athy with reference to the recent findings on the altered
biological responses of these cells in response to their
potential niche factors. The use of resident stem cells may
promote engraftment and differentiation of transplanted
cells in tendon and tendon—bone junction repair because the
tendon milieu is an ideal and familiar environment to the
transplanted cells. Evidences are presented to show the
potential advantages and results of using TDSCs as a new
cell source for tendon and tendon—bone junction repair.
Issues pertaining to the use of TDSCs for tissue repair are
also discussed.
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Introduction

Tendons are traditionally considered to contain only
tenocytes, for the maintenance, repair and remodeling of
tendons. Despite this, scientific studies have long suggested
that there might be a special cell population inside tendons
that possesses self-renewal and multi-lineage differentiation
potentials [1-5]. However, it was not until 2007 that Bi et
al. [6] directly demonstrated the existence of stem cells in
tendon tissue. Bi et al. [6] showed that human and mouse
tendons contained a minor cell population that exhibited
universal stem cell characteristics, including clonogenicity,
self-renewal and multi-lineage differentiation capacities
even after extended expansion in vitro and in vivo. Since
then, there has been extensive progress and interest in the
study of these cells in tendon physiology, pathology and
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tendon tissue engineering. This review therefore aims to
present the current evidences about the in vitro character-
istics of TDSCs and the challenges in studying the
functions of these cells. TDSCs, similar to other stem cells,
require the interplay of their local micro-environment
(‘niche”) to participate in tissue regeneration, maintenance
and repair. The in vivo niche of TDSCs is not clearly
understood at present. Evidences about the possible niche
factors of TDSCs are herein presented. The niche may go
wrong and induce aberrant functions of TDSCs. Evidences
supporting the potential pathological role(s) of TDSCs and
their potential in vivo niche factors in the development of
tendinopathy are discussed. The potential use and issues
pertaining to the use of TDSCs as a new cell source for
tendon and tendon—bone junction repair are also presented.

Slightly different terms have been used in the literature
to describe these stem and progenitor cells isolated from
tendons. In this review, we will use the term tendon-derived
stem cells (TDSCs) to represent this cell population.

In Vitro TDSC Characteristics
TDSC Isolation and Culture

TDSCs have been isolated and cultured from adult human
[6], mouse [6], rabbit [7], rat [8] and fetal human [9]
tendons. To isolate TDSCs, the tendon tissue is minced and
digested with collagenase type 1. The isolated nucleated
cells are then plated at an optimal low cell density. TDSCs
attach to the plate and remain quiescent for several days
before they divide rapidly to form colonies [9]. The current
stem cell culture method depends on the selection and
enrichment of stem cells during sub-culture. Zhang and
Wang et al. [7, 10, 11] removed tenocytes by picking
TDSC colonies by local application of trypsin. The TDSC
colonies were pooled and sub-cultured for experiments.
This method has the advantage of reducing the contamina-
tion by tenocytes but the efficiency of getting a pure TDSC
culture needs more experimentation. The selection of an
optimal seeding density is a critical issue in successful
TDSC culture. TDSCs, like other stem cells, grow faster at
a very low seeding density [8, 12, 13]. There are species-
specific and tissue origin-specific differences in the optimal
initial seeding density [8, 14, 15].

The size and density of the TDSCs colonies were mixed,
suggesting a large variation of cell proliferation among
colonies [7, 8]. The chondro-, osteo- and adipogenic
differentiation potentials of TDSC colonies also varied
[6]. The TDSCs obtained from tendon tissues are therefore
most likely a mixture of stem cells and progenitor cells,
which are heterogeneous in self-renewal potential, prolifer-
ation and multi-lineage differentiation potentials.
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The age of the animal or the individual might affect the
success of obtaining TDSCs; indeed, Zhou et al. [16]
reported that there was a depletion of the TDSCs pool in
aged tendon tissues, with a 70% reduction in the number of
TDSCs isolated from aged (24-26 months) (0.171£0.06%)
compared to young (3—4 months) tendons (6.26+0.55%).
As a result, the isolation of TDSCs from young individuals
is preferred. Human hamstring tendons and mouse patellar
tendons contain 3-4% of TDSCs [6]. Rat flexor tendons
contain about 1-2% of TDSCs [8]. About 5-6% of human
fetal Achilles TDSCs at passage 2 were able to form
colonies [9]. While it only represents a very small fraction
of total nucleated cells, the value has already exceeded the
percentage of stem cells in human bone marrow aspirates
by at least three orders of magnitude (0.001-0.01% of total
nucleated cells) [17, 18]. There is currently a lack of
uniformity on the appearance of TDSCs, and the shape is
largely dependent on the species, tissue origins, cell
passages and confluence of the culture. Figure 1 summa-
rizes the different morphologies of TDSCs isolated from
different species and tissue origins.

Immunophenotypic Prolife

Phenotypically, TDSCs share some common stem cell
markers as identified on the cell surface of other MSCs.
They were reported to express Sca-1, CD44, CD90,
CD90.1, CD90.2, CD105, Stro-1, CD146, nucleostemin,
Oct-4 and SSEA-4, but were negative for CD31, CD34,
CD18, CD117, CD45, Flk-1, CD144 and CD106 [6-11,
16]. There were differences in the expression of stem cell
markers in young and aged rat TDSCs [16]. Whereas nearly
100% both of young and aged rat TDSCs expressed
nucleostemin, Oct-4 and SSEA-4, aged TDSCs expressed
a lower level of CD90.1 than young cells but a higher level
of CD44 [16]. The authors hypothesized that the increase in
CD44 expression in aged TDSCs might contribute to
reduced repair capacity of TDSCs with age as CD44
knock-down was reported to improve healing tendon
mechanics, and to increase matrix and cytokine expression
in a mouse patellar tendon injury model [16]. Table 1
summarizes the expression of phenotypic markers in
TDSCs isolated from different species.

Although MSCs expressed a number of phenotypic
markers such as CD44 and CD90, none of which
unfortunately is specific to MSCs. The expression of a
unique and definitive surface antigen on MSCs that
supports the specific identification of MSCs is yet to be
identified. The isolation of MSCs, including TDSCs,
remains largely dependent on a selection and enrichment
approach. Whereas TDSCs expressed many of the same
markers as BMSCs, the expression patterns were not
identical (see also Section “Potential Applications of
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Fig. 1 Photographs showing the different morphologies of TDSCs
isolated from different species and tissue origins. a Rabbit patellar
TDSCs and b rabbit Achilles TDSCs at P10 were reported to be
cobblestone-like in confluence culture (Bar: 50 pm). (Reprinted from
Zhang. J,, Wang, J. H. C. Characterization of differential properties of
rabbit tendon stem cells and tenocytes. BMC Musculoskeletal
Disorder, 11, 10, 2010, with permission under terms of the Creative
Commons Attribution License for Open Access article). ¢ Human fetal
hamstring TDSCs at P2 were reported to be fibroblast-like in culture
(Bar: 200 um) (Reprinted from Yin, Z., Chen, X., Chen, J. L., et al.
The regulation of tendon stem cell differentiation by the alignment of
nanofibers. Biomaterials, 31(8), 2163-2175, 2010, with permission
from Elsevier). d Rat flexor TDSCs at PO-P3 were reported to exhibit
different morphologies at different passages. At PO, large polygonal
and star-shaped cells were observed while flat cells and slender
fibroblast-like cells were observed at P1. At P3, homogeneous
populations of fibroblast-like cells were observed. Magnification:
x100; Stain: crystal violet (Reprinted from Rui, Y. F., Lui, P. P. Y., Li,

TDSCs in Musculoskeletal Tissue Repair”). Both mouse
and human TDSCs lacked CD18 which was reported to be
expressed by BMSCs [6, 9]. On the other hand, over 60%
of mouse TDSCs expressed CD90.2, whereas CD90.2 was
absent in mouse BMSCs in Bi et al.’s study [6]. CD106 was
reported not to express in human and rat TDSCs [6, 8, 9,
16] but it was reported to express in human and mouse
BMSCs in other studies [19, 20]. These data suggested that

. hBMS(Cs

hTSPCs

G., Fu, S. C,, Lee, Y. W., Chan, K. M. Isolation and characterization
of multi-potent rat tendon-derived stem cells. Tissue Engineering Part
A, 16(5), 1549—-1558, 2010. No permission required from Mary Ann
Liebert, Inc. publishers for reusing authors’ own content). ¢ Mouse
patellar TDSCs (called mTSPCs in the original article [6]) were
reported to be displayed five different morphologies and were
morphologically different from that of BMSCs, whereas human
hamstring TDSCs (called hTSPCs in the original article [6]) were
relatively homogeneous and were morphologically similar to that of
human BMSCs (Bar: 100 pum) (Reprinted by permission from
Macmillan Publishers Ltd: Nature Medicine, Bi, Y., Ehirchiou, D.,
Kilts, T. M., et al. Identification of tendon stem / progenitor cells and
the role of the extracellular matrix in their niche. Nature Medicine, 13
(10), 1219-1227, 2007.) f Two types of cells were identified during in
vitro culture of patellar TDSCs from P5 to P30. One of them was
spindle-shaped, showing a fibroblastic appearance while the other one
displayed an enlarged and triangular morphology. Magnification:
x100; Stain: crystal violet (unpublished result)

TDSCs are closely related to BMSCs, but not identical to
them. However, the possibility that TDSC and BMSC are
different stages of a common MSC cannot be disregarded.

The markers that can differentiate TDSCs and tenocytes
also remain largely undefined. Zhang and Wang [7, 10]
reported that TDSCs expressed Oct-4, SSEA-4 and nucle-
ostemin, whereas tenocyes expressed none of these
markers. While TDSCs possess multi-lineage differentia-
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Table 1 The expression of phenotypic markers in TDSCs isolated from different species

Phenotypic markers
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CD144 References

Flk-1

CD18 CD45 CDI117 CD34 CD106 CD3l1

CD90.2 nucleostemin Oct-4 SSEA-4 Sca-1

CD44 CDI146 CDI105 CD90 CD90.1

Stro-1

Species

[6, 9]

Human +
Rat

8, 16]
[6, 10]
[7, 11]

Mouse

Rabbit

tion potential, tenocytes did not show such differentiation
potential [7]. The identification of a minimum set of criteria
that can differentiate TDSCs from BMSCs and tenocytes
would facilitate the study of their in vivo niche, roles in
tendon physiology and pathology as well as applications in
tissue engineering.

Cell Proliferation

TDSCs, similar to other MSCs, proliferated faster than the
terminally differentiated cells in culture [7]. Young TDSCs
were also reported to proliferate faster than aged TDSCs,
which might be caused by cell cycle arrest at the G2/M
phase in aged TDSCs [16].

Differentiation Potential

TDSCs were able to differentiate into adipocytes,
chondrocytes and osteocytes in vitro [6-9] and formed
tendon-like, cartilage-like, bone-like and tendon—bone
junction-like tissues in nude mouse/rat models [6, 7].
There were age-related declines in the mRNA expressions
of scleraxis (Scx) and tendmodulin (7nmd), two tendon
lineage-related molecular markers in TDSCs both at basal
level and upon induction by TGF-beta3 [16]. As the
specificity of these markers for tenocyte identification
remains unclear, whether their decreased expression
indicated reduced tenogenic differentiation ability of aged
TDSCs to tenocytes compared to young TDSCs needs
further study. While aged TDSCs showed no difference in
osteogenic and chondrogenic differentiation potentials
compared to their young counterpart, they formed adipo-
cytes more readily and expressed higher levels of
adipogenic markers including PPARy2, C/EBPa and
leptin than the young TDSCs following induction [16].
MSCs are initially defined as multi-potent adult stem
cells that can differentiate into different tissues originated
from the mesoderm. However, recent data showed that
MSCs could be pluripotent and could differentiate into
tissues and cells of non-mesodermic origin, such as
hepatocytes, neurons, cardiomyocytes and epithelial cells
[21-27]. Whether TDSCs can also differentiate into cells of
non-mesodermic origin or are developmentally adapted to
differentiate into tissue in which they resided need further
study. This information is important for gaining further
insight into the lineage hierarchy of stemness property of
TDSCs and hence has important implications in the
application of this new cell type for tissue engineering.

Senescence During In Vitro Passaging

Although MSCs show remarkable self-renewal potential,
and can be readily expanded in vitro by serial passaging,
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they are vulnerable to replicative senescence [28—35]. The
population doubling time of rabbit patellar and Achilles
TDSCs increased at the late passages (>P12), suggesting
senescence of the cells during sub-culture [7]. Although the
colony numbers and the proliferative rate of rat patellar
TDSCs increased during sub-culture (up to P30), their
senescence associated [3-galactosidase activity increased
while their stem cell-related marker expression and multi-
lineage differentiation potential decreased with in vitro
passaging [36, unpublished result].

Physiological Niche

Adult stem cells have limited functions without the niche.
An example is haematopoietic stem cells (HSCs) which
function to regenerate the blood and the immune system.
They have little function outside their specific anatomic
locations and their functions are constantly modulated by
niche signals under conditions of physiological challenge to
meet the needs of an organism [37]. The interplay between
stem cells and their niche creates a dynamic system
necessary for sustaining tissues. However, the niche may
also induce pathologies by imposing an aberrant function
on stem cells or on other targets. By modifying the stem
cell niche or by replicating the in vivo stem cell niche
during in vitro stem cell culture, we may be able to design
new stem cell therapeutics for the treatment of disease.
Understanding the stem cell niche is therefore crucial in
stem cell biology because it contributes both to tissue health
and diseases.

The same probably also applies to TDSCs which also
require the niche to maintain their definitive stem cell

Fig. 2 Schematic diagram
showing the potential niche
factors regulating TDSC fate.
Erroneous differentiation of
TDSC as a result of change in
its niche may detour the fate of
TDSC from tenogenesis and
affect the size of TDSC pool for
tendon repair

properties. As stem cells residing in tendons, TDSCs are
expected to play a primary role in maintaining tissue
homeostasis and repair after injury. Diseases, such as
chronic tendinopathy, therefore, may occur if the control
of renewal and differentiation of these resident stem cells
becomes aberrant. The organization and exact niche signals
which regulate TDSC fate are not clearly understood at
present. However, mechanical loading, composition and
nano-/micro-structure of extracellular matrix (ECM), bio-
logical factors, tenocytes, neural input, vascular input,
physiological factors such as oxygen tension and metabolic
products of tissue activity, among others, are likely to be
important niche components which regulate TDSC fate
(Fig. 2). Studies on the effects of niche factors on TDSC’s
renewal, proliferation and differentiation will therefore
provide important information about tendon physiology,
pathology and also allow us to recapitulate the condition for
expansion of TDSCs in vitro for tissue engineering. In this
regard, TDSCs are sensitive to mechanical loading, which
features an inherent part of the tendon environment [14, 38,
39]. While the exact composition of ECM of TDSCs
remained unclear, a previous study has shown that slow
cycling cells, supposed to be TDSCs, are resident in-
between long parallel collagen fibrils containing biglycan
and fibromodulin [6] because the depletion of biglycan
and fibromodulin in a double knock-out animal model
impaired tendon formation, which was more translucent,
significantly thinner and more cellular than the wild-type
patellar tendon. The tendon tissue also showed disorga-
nized collagen fibers with large gaps and pathological
ossification within the tendon tissue [6]. The interaction of
TDSCs with an aligned versus random nanofibrous
scaffold was reported to control their tenogenic versus

Biological factors from local and distant sources

: Physiological factors
L 0o such as metabolic

(] ()] [ products, oxygen
tension and pH

TDSC-tenocyte interaction

Neural input
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osteogenic lineage commitment [9], suggesting that
TDSCs are sensitive to topographical cues from the
ECM. The cytoskeletal structure of TDSC may mediate
its interaction with the ECM, as shown in Yin et al.’s
study [9]. We have previously reported the clustering of
oval-shaped cells in tendons which displayed high prolif-
erative index and apoptotic index as well as expressed
high levels of pro-collagen type 1, TGF beta 1, hsp47,
BMP-12 and BMP-13 [40]. We termed this cell cluster as
an active remodeling site in tendons; and we also
suggested that it served as the nucleus for intrinsic healing
responses in normal tendons in response to micro-injuries
from daily activities. Whether this active remodeling site
is TDSCs needs further study [40]. The TDSC fate is also
likely to be controlled by the BMP signaling pathway; this
is because TDSCs isolated from the biglycan and
fibromodulin double knock-out animal model displayed
increased sensitivity to BMP-2 signaling [6]. A molecular
defense mechanism against the BMP signaling pathway to
prevent chondro-osteogenesis in tendon mid-substance is
therefore likely to be in place [41, 42]. Tenocytes are the
major cell type in tendon and form a three-dimensional
network of cell processes throughout tendon [43]. It is
therefore likely that TDSCs interact with tenocytes which
modulate their cell fate. Indirect co-culture of rat BMSCs
and tendon fibroblasts was reported to promote the
proliferation and mRNA expression of tendon/ligament-
related genes in BMSCs [44]. Whether tenocytes will also
regulate the self-renewal, proliferation and differentiation
of TDSCs needs further study. The tendon milieu is
hypoxic. Comparison of rat TDSCs cultured in hypoxic
(2%) versus normoxic conditions (20% oxygen) showed
that their clonogenicity and cell number were higher in the
former, suggesting that hypoxia enhanced the recruitment
and proliferation of TDSCs (unpublished results). Previous
studies suggested that the perivascular niche is a source of
stem cells. Perivascular cells were reported to express both
pericyte and MSC markers in situ, exhibit clonogenicity and
multi-lineage differentiation potential [45]. Some researchers
suggested that all MSCs were pericytes that gradually
assumed tissue-specific phenotypes under the influence of
the local niche [46] because the characteristics of MSCs
originating from different tissues were found to be very
similar but with varied growth kinetics and functional roles
[47]. Perivascular cells of human supraspinatus tendon
capillaries expressed both tendon cell markers (Scx, collagen
type 1, Collagen type III, smad8) and stem/precursor cell
markers (CD133, Musashi-1, Nestin, CD44, CD29) in
addition to the pericyte-associated marker o«-SMA,
suggesting that the perivascular niche is a source for
tendon precursor cells [48]. BMP-13, a growth factor that
could induce the formation of tendon and ligament tissues
in an animal study [49], was detected exclusively in active
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tenoblasts in active remodeling sites and perivascular
mesenchymal cells, but not in interstitial tenocytes of
human patellar tendons, and it showed similar distribution
as proliferating cell nuclear antigen (PCNA) and pro-
collagen type I in the tissue [50]. Whether TDSCs are
pericytes or resident at the perivascular niche need further
study. Rat TDSCs expressed «x-SMA, suggesting their
possible relationship to perivascular cells [8]. However, it
should be noted that tendon is relatively avascular and
receives its blood supply mainly from the endotendon and
paratendon [51], whereas TDSCs were isolated from the
tendon mid-substance after removing all the peritendinous
connective tissues [8, 14]. Indeed, the stem/precursor cell-
related markers such as nestin and Musashi-1 were
expressed in tendon cells embedded in the dense ECM
besides the perivascular region [48].

Below we will present the current evidences supporting
the role(s) of TDSCs and their potential niche factors in
chronic tendinopathy, the application of these cells in tissue
engineering and the opportunities for mass expansion or
tenogenic differentiation of TDSCs through the incorpora-
tion of these potential in vivo niche factors in the in vitro
culture system.

TDSCs in Chronic Tendinopathy

Evidence for Erroneous Differentiation of TDSCs
in the Pathogenesis of Chronic Tendinopathy

Chronic tendinopathy refers to a broad spectrum of
pathological conditions in tendons and their insertions,
with symptoms including tenderness, swelling and
activity-related chronic pain. Its underlying pathogenesis
is poorly understood and treatment is usually palliative.
A change of tendon loading caused by mechanical
overload, compression or disuse has been implicated as
the possible etiologies [52], but they do not completely
explain the failed healing responses, cellular and molec-
ular alternations seen in the diseased tendon, including
hypercellularity, hypervascularity, matrix disturbance with
an increase in proteoglycan deposition, particularly the
oversulfated form, ECM degradation, rounding of cell
nuclei and acquisition of chondrocyte phenotypes, occa-
sional adipose and bony metaplasia [53—61]. The produc-
tion of abnormal matrix components (e.g., fatty
degeneration, glycosaminoglycan accumulation with cell
rounding and acquisition of chondrocyte phenotypes and
calcification) in tendinopathic tendons suggested either
that non-tenocytes migrated to the injury site; or that
endogeneous or exogeneous stem cells possessing multi-
lineage differentiation potential differentiated into non-
tenocytes. The current evidence supported the latter
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because stem cells possess migratory abilities. Because
TDSCs are isolated from tendons and tenocytes were
demonstrated not to possess differentiation potential [7],
the erroneous differentiation of TDSCs, because of
alteration of their in vivo niche as a result of changes of
tendon loading, to non-tenocytes, might result in lipid
accumulation, ectopic chondro-ossification and mucoid
degeneration as well as depletion of the TDSCs pool for
tendon repair. Consequently, it might result in pain and
failed healing, and it might also predispose the injured
tendon to rupture, as seen in tendinopathy. This hypothesis
is accepted by the scientific community [62] and is also
supported by other groups [6, 7, 38]. Indeed, the ectopic
chondro-ossified deposits in the tendon mid-substance
appeared in a process resembling endochondral ossifica-
tion as shown by immunohistochemical staining of
collagen type X in our collagenase-induced failed healing
animal model of tendinopathy [63]. This is similar to the
endochondral ossification process observed in Achilles
and patellar tendinopathies [61]. We also observed an
earlier expression of chondrogenic markers (collagen type
IT and Sox9) in the healing tendon fibroblasts prior to their
expression in the chondrocyte-like cells and ossified
deposits which appeared later in the tendon mid-
substance in our animal model [63]. The hypothesis was
further supported by the fact that TDSCs which were
isolated from the tendon mid-substance in our animal
model at week 2 exhibited lower proliferative potential,
higher yield and higher basal and induced osteogenic
differentiation potentials when compared to TDSCs iso-
lated from healthy tendons [64], although the source of
stem cells contributing to the altered functions can be
endogeneous or exogeneous as there was no specific
markers for TDSCs. Bi et al. [6] also reported that TDSCs
isolated from the biglycan and fibromodulin double
knock-out animal model showed higher clonogeneity and
proliferation. TDSCs isolated from the double knock-out
animals expressed collagen type II and aggrecan, which
were not observed in wild-type TDSCs [6]. There was
decreased protein expression of collagen type I and
mRNA expression of Scx in TDSCs isolated from double
knock-outs compared to TDSCs isolated from wild-type
animals. Moreover, TDSCs isolated from the double
knock-out animals formed bone in addition to tendon-
like tissue in vivo, whereas wild-type TDSCs only formed
tendon-like tissue [6]. Overuse was also reported to
upregulate the expression of cartilage-associated genes
and downregulate the expression of tendon-associated
genes in rat supraspinatous tendons [65] and in horse
superficial digital flexor tendons [66]. Indeed, aberrant
differentiation of stem cells is also seen in the pathogen-
esis of arterial calcification [67], skin calcification [68],
skeletal calcification [69] and fracture nonunion [70].

Alteration of Potential TDSC Niche Factors

Other supportive evidences for the role(s) of erroneous
differentiation of TDSCs in the pathogenesis of chronic
tendinopathy come from altered biological responses of these
cells in response to mechanical loading, biological factors,
composition and micro-/nanostructure of ECM, which are
potential important niche factors of TDSCs in vivo.

Mechanical Loading

TDSCs were sensitive to repetitive tensile mechanical
loading in vitro. Cyclic uniaxial stretching was reported to
align the cells along the direction of mechanical load dose-
dependently [14, 38] and increase the proliferation of
TDSCs seeded in microgrooves in a stretching magnitude-
dependent manner [38]. Treadmill running at 13 m/minute
for 50 min a day, 5 days a weeks for three weeks doubled
the proliferation rates (shortened population doubling time
and increased nucleostemin expression) and hence expanded
the pool both of mouse Achilles TDSCs and patellar TDSCs
as well as increased the production of collagen in Achilles
TDSCs- and patellar TDSCs-tenocytes co-cultures [10].
However, large mechanical loading might be detrimental
because 8%, but not 4%, stretching directed the differenti-
ation of TDSCs into non-tenocyte lineages [10]. This finding
provides a possible mechanistic link between erroneous
differentiation of TDSCs and mechanical overloading, a
commonly suggested etiological factor of chronic ten-
dinopathy. However, the loading conditions tested were
limited in all the previous studies. Whether mechanical
strain, frequency or duration is more important in
defining mechanical overload and hence more detrimen-
tal to tendon homeostasis remains unclear. Future
studies should test a wider range of loading conditions
to define more precisely how different loading regimens
influence TDSCs proliferation, differentiation and self-
renewal. There is a lateral compressive component
while applying uniaxial tensile loading during stretching
of plates or tendon loading. Therefore, it is not
absolutely clear if it is the tensile or compressive strain
which TDSCs are responding. Future study is required
to find out the exact signal that TDSCs are responding.
The response of stem cells in 3D culture was different
[71]. The stretching of TDSCs in 3D culture embedded in
different extracellular matrices should be investigated in
order to more closely examine the mechanobiological
responses of TDSCs. The inclusion of tenocyes will
produce a more physiologically relevant experimental
condition for evaluating the responses of TDSCs in
response to mechanical loading. The mechanotransduc-
tion mechanism leading to altered TDSC differentiation
should also be investigated.
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Biological Factors

Previous literature has shown that there was an increased
expression of COX-2 and PGE2 in clinical samples of
tendinopathy [55]. Moreover, the production of PGE2
increased in tendons during exercise in animals [72, 73]
and the production of COX-1, -2 and PGE2 also increased
in human tendon fibroblasts after repetitive mechanical
loading in vitro [74, 75]. Repeated intratendinous injection
of PGE2 was reported to lead to focal hypercellularity and
matrix degeneration in the patellar tendon of rabbits similar
to those seen in tendinopathy [75]. As such, PGE2 might be
a possible contributor to the pathogenesis of tendinopathy.
Indeed, a recent study has shown that PGE2 dose-
dependently reduced the proliferation while it increased
both adipogenesis and osteogenesis of TDSCs, as shown by
the accumulation of lipid droplets and calcium deposits,
respectively [72]. However, the fact that PGE2 production
was increased by physical activity does not necessarily
imply that it plays a role in the pathogenesis of tendinop-
athy. In Zhang and Wang’s study [72], although there was
an increased production of PGE2 in tendons after exercise,
the mice were run only once until exhausted (mean time:
212450 min.) and hence could not represent the chronic
mechanical loading condition as observed in tendinopathy.
Moreover, running at the same speed for 3 weeks was
reported to show beneficial effects on TDSCs in another
study by the same group [10].

Chondro-osteogenic BMPs, such as BMP-2, BMP-4,
BMP-6 and BMP-7, are growth factors belonging to the
TGF-f3 superfamily and have been used in many studies to
promote cartilage, bone and tendon—bone junction repair [5,
76-81]. Because of the role of these BMPs in bone and
cartilage formation, it is usually found in bone and cartilage
and is generally absent in soft tissue such as tendons.
However, ectopic expression of chondro-osteogenic BMPs
could occur in pathological conditions and lead to chondro-
ossification of soft tissues including ligaments and tendons
[67, 82-85]. Injection of rhBMP-2 induced ectopic bone
formation in tendons [5]. By using the collagenase-induced
failed healing animal model of tendinopathy, we reported
formation of ectopic tendon—bone junction in the tendon
mid-substances with high levels of expression of chondro-
osteogenic BMP-2, -4, -7 [63, 86, 87]. Ectopic over-
expression of these BMPs was also observed in our clinical
samples of patellar tendinopathy [88]. Indeed, the chondro-
osteogenic BMPs appeared at the healing tendon fibroblasts
prior to their expression at the pathological chondro-
ossification sites in the tendon mid-substance, similar to
the spatial and temporal expression patterns of chondro-
genic markers in the same animal model [87]. When mouse
TDSCs were treated with BMP-2 and then transplanted
subcutaneously into immunocompromised mice, structures
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similar to osteotendinous junctions (termed entheses) were
formed [6], which were similar to the ectopic chondro-
ossified structures observed both in our animal model [63]
and in clinical samples of tendinopathy [88]. These data
suggested a potential role of these chondro-osteogenic
BMPs in chondro-ossification and failed healing process
of tendinopathy although no causal relationship could be
demonstrated, similar to the case of PGE2. The change of
tendon loading might contribute to the ectopic expression
of chondro-osteogenic BMPs in tendinopathy. In vitro
cyclic tensile loading increased the expression of BMP-2
which promoted osteogenic differentiation of TDSCs [14].
This study provided insights about the potential targets and
actions of chondro-osteogenic BMPs in response to
mechanical load in the pathogenesis of tendinopathy [14].
In addition to tensile loading, the expression of BMPs was
reported to be regulated by hydrostatic pressure, shear
stress and compression in other cell types [89-91]. Whether
there will be increased ectopic expression of chondro-
osteogenic BMPs in TDSCs under compressive loading in
vitro, which has also been suggested as an etiological factor
of tendinopathy as a result of tendon overuse [52], needs
further study.

Composition and Micro-/Nanostructure of Extracellular
Matrix

The changes in the composition of ECM might also affect
the cellular response of TDSCs and promote their aberrant
differentiation into non-tenocytes. We have reported
changes in the ECM composition with an increase in
proteogylcans (PG) content in the collagenase-induced
failed healing animal model of tendinopathy and an
increase in sulphated glycosaminoglycans (GAGs) content
in clinical samples of tendinopathy [60, 92]. GAGs have
been implicated in the modulation of osteogenic bioactivity
of BMPs and the reduction of sulphated GAGs in PG on
BMSCs surface reduced the effect of endogenous BMPs
and exogenous BMP-2 on osteogenic gene expression and
alkaline phosphatase (ALP) activity of BMSCs [93].
Whether the increase in GAG content in tendinopathy will
increase the effect of endogenous and exogenous BMPs on
osteo-chondrogenic differentiation and reduce their effect
on tenogenic differentiation of TDSCs need to be investi-
gated. TDSCs isolated from biglycan and fibromodulin
double knock-out mice which showed tendon ossification
were more sensitive to BMP-2 stimulation with increased
phosphorylation of Smad1/5/8 and more abundant nuclear
localization of phosphorylated Smad1/5/8 than that in wild
type cells [6]. It is known that decorin, fibromodulin and
biglycan could modulate the activity of resident cell
population by binding to and sequestering growth factors
such as TGF-beta [94, 95] and there was an increase in the
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expression of TGF-beta in clinical samples of patellar
tendinopathy [55]. The release of growth factors from the
damaged ECM may potentially affect TDSC fate. ECM
degradation is observed in tendinopathy [96]. Homeostasis
of the native mechanical properties and composition of the
matrix are important in maintaining stemness properties of
stem cells. Whether and how the loss of ECM alignment
and hence mechanical loading on the cells will negatively
affect the self-renewal and differentiation of TDSCs need
further research [9].

Other Potential Niche Factors

TDSCs are unlikely to be the only cell type involved in
the pathogenesis of tendinopathy. Despite the fact that
tenocytes were not capable of differentiating into non-
tenocyte lineages [7], they might also be involved in the
development of tendinopathy through direct interaction
with TDSCs or production of inflammatory mediators [74,
97, 98] and tissue degradative enzymes (matrix metal-
loproteinases, MMPs) [99], which might in terms affect
TDSC functions. The interaction between TDSCs and
tenocytes remains undefined. Better understanding about
their interaction, under various conditions, will improve
our understanding of tendon homeostasis and the devel-
opment of tendinopathy.

Nociceptive substances including substance P (SP) and
calcitonin gene-related peptide (CGRP) were reported to
increase in clinical specimens; and they were implicated in
the pathogenesis and origin of pain in tendinopathy [100—
102]. We reported increased expression of SP and CGRP in
chondrocyte-like cells and ossified deposits, in addition to
healing tendon fibroblasts, in our collagenase-induced
failed healing animal model of tendinopathy. Therefore,
both might have roles in ectopic chondro-ossification in
addition to pain mediation [94]. This was supported by
previous studies showing that SP and CGRP promoted
osteogenic differentiation of bone marrow cells and
osteoblasts [95, 103]. Whether they have any direct effect
on TDSCs differentiation requires further experimentation.

TDSCs for Tissue Repair

Potential Applications of TDSCs in Musculoskeletal Tissue
Repair

Both acute and chronic tendon injuries are very common
during sports activities [104]. Injured tendons heal slowly
and often result in the formation of inferior fibrotic scar
tissue or fibrous adhesions, which compromise the structure
and function of healed tendons and increase the risk of re-
injury at the repair site [105-107]. The restoration of

normal tendon structure and function after injury represents
a challenging area in orthopedic and sports medicine.
Recent studies have used stem cell therapy for tendon
repair and have shown positive results [108—117]. However,
the use of embryonic stem-cells-derived MSCs (ESCs-
MSCs) [117] for tendon repair may have the risk of terotama
formation, while the use of BMSCs for tendon repair may
have the risk of ectopic bone [109, 118] and tumor formation
under special circumstances [119].

Although stem cells isolated from different tissues share
many important stem cell characteristics including adherence
to plastics, clonogenicity and multi-lineage differentiation
potentials, the degrees of proliferation and differentiation
potentials of stem cells can be affected by their origins [120,
121]. This has implications in the selection of an appropriate
cell source and conditions for engineering of specific tissue
type [122—131]. Indeed, TDSCs retain some tissue-specific
differentiation properties in addition to the universal stem
cell characteristics, which may make them more advanta-
geous than BMSCs in musculoskeletal tissue engineering. Bi
et al. [6] reported that mouse TDSCs expressed higher
mRNA levels of Scx, Comp, Sox9 and Runx2 as compared to
mouse BMSCs, whereas human TDSCs expressed a higher
level of tenomodulin (TNMD) than human BMSCs. We also
reported higher mRNA expression of tenogenic, chondro-
genic and osteogenic markers in rat TDSCs compared to
paired rat BMSCs at basal level [132].

We further showed that TDSCs excelled BMSCs in
osteogenesis, chondrogenesis and tenogenesis upon induc-
tion [132, unpublished results]. Bi ef al. [6] also reported
that murine and human TDSCs accumulated Ca®" more
rapidly (about four times) and formed more calcium
nodules compared to BMSCs upon osteogenic induction.
Oil red O staining of lipid droplets within the adiopocytes
was also greater in human and mouse TDSCs compared to
that in BMSCs after adipogenic induction.

Moreover, TDSCs exhibited higher clonogenicity and
proliferated faster compared to paired BMSCs [132]. Bi et
al. [6] also reported that both human and mouse TDSCs
proliferated faster than BMSCs isolated from the same
patient or animal. The number of population doublings in
mouse TDSCs was also higher than that in BMSCs, but this
was not observed for human TDSCs [6].

These results thus suggested that TDSCs may be a
promising therapeutic cell source for better and earlier
musculoskeletal repair, including tendon repair, compared
to BMSCs. Indeed, we found that TDSCs promoted earlier
and better tendon repair histologically, biomechanically and
ultrasonographically, compared to the fibrin-glue only
controls, up to week 4 in a patellar tendon window injury
rat model [133]. No ectopic bone formation was observed
up to week 4 [133]. Preliminary results showed that the
histological and biomechanical healing outcomes at week 4
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were at least as good as the case with BMSC transplanta-
tion [134]. More studies are required to understand the
long-term effect of TDSCs compared to BMSCs and also
the fate of the transplanted TDSCs during tendon repair.
Because TDSCs showed higher levels of chondrogenic and
osteogenic markers as well as chondrogenic and osteogenic
differentiation potentials, compared to BMSCs, they are
also a potential attractive candidate for tendon—bone
junction regeneration. We reported that TDSCs expressed
higher protein and mRNA levels of BMP receptors 1A, IB
and II compared to BMSCs [15]. They also exhibited
higher osteogenic activity with and without BMP-2
induction compared to BMSCs [15]. Therefore, TDSCs
with/without BMP-2 might be an appealing approach for
tendon—bone junction repair. Bi et al. [6] reported that
treatment of mouse TDSCs with BMP-2 followed by
subcutaneous transplantation of the cells in hydroxylapa-
tite/tricalcium phosphate (HA/TCP) scaffold into immuno-
compromised mice led to the formation of tendon—bone
junction-like structure. The effect of TDSCs, with or
without BMP-2, in the promotion of tendon—bone junction
repair should be studied in an injury animal model.

Tendons are relatively cell-poor. An efficient, high-yield
process is required to obtain enough TDSCs for tissue
engineering. Strategies to promote the in vitro expansion of
TDSCs are therefore essential. Exploring the TDSC niche
factors will provide opportunities for replicating the in vivo
niche for the optimal culture of TDSCs in vitro for
regenerative therapies.

Tenogenic Differentiation of TDSCs

Because ectopic bone and tumor formation were reported in
previous studies with BMSC transplantation [109, 118,
119], the in vitro differentiation of stem cells towards
tenogenic lineage before transplantation might be a good
strategy to promote tendon healing while minimizing the
chance of ectopic bone and tumor formation in tendons.
However, a method of controlling the differentiation of
MSCs to tendon-forming cells and avoiding ectopic bone
and tumor formation remains a great challenge which
hinders their application. Platelet-rich plasma-clot releasate
(PRCR) was reported to dose-dependently promote the
tenogenic differentiation of rabbits TDSCs and activate the
resultant cells as shown by the decrease in nucleostemin
protein expression, the increase in mRNA and protein
expressions of tenocyte-related markers (collagen type I,
collagen type III and tenascin C), the increase in total
collagen production as well as the increase in mRNA and
protein expressions of x-SMA [11]. The culture of human
fetal TDSCs in an aligned nanofibrous scaffold drove their
tenogenic commitment through an integrin- and myosin-
mediated mechanotransduction pathway while suppressed
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their osteogenic differentiation [9]. It is not clear whether
tenogenic differentiation of TDSCs in vitro will promote
better tendon healing compared to undifferentiated TDSCs;
experiments are now underway.

Conclusion

In conclusion, we have summarized the in vitro character-
istics of TDSCs. The identification of a panel of unique and
definitive markers for TDSCs is essential to differentiate
them from other stem cells and tenocytes. The spectrum of
differentiation potential of TDSCs needs to be further
investigated, which may intensify their use in tissue
engineering. TDSCs are unlikely to function alone. The
stem cell niche regulates how TDSCs participate in tissue
regeneration, maintenance and repair. Yet the niche may
also induce pathologies by imposing aberrant functions on
TDSCs or other targets. The organization and exact niche
signals regulating TDSC function are not clearly under-
stood at present. We presented evidences suggesting the
erroneous differentiation of TDSCs, as a result of change in
the potential niche signals, may contribute to the patho-
genesis of chronic tendinopathy. Further investigations of
what is the anatomical location of TDSCs, what are the
niche signals and how do the niche signals regulate the fate
of TDSCs in normal condition and in response to tendon
injury will confirm this speculation and provide new
treatment directions. TDSCs possess many excellent prop-
erties compared to BMSCs. They may be used as a new cell
source for musculoskeletal repair, including tendon and
tendon-bone junction repair. More studies are required to
understand the healing outcome and fate of TDSCs after
transplantation in different animal models. Issues pertaining
to the use of TDSCs for tissue engineering including cell
number and tenogenic differentiation need to be tackled. By
replicating the in vivo TDSC niche during in vitro cell
culture, we may be able to optimize the culture of TDSCs
in vitro for regenerative therapies.
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