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Abstract

Tendons are dense connective tissues with a hierarchical polarized structure that respond to and adapt to the transmission
of muscle contraction forces to the skeleton, enabling motion and maintaining posture. Tendon injuries, also known as
tendinopathies, are becoming more common as populations age and participation in sports/leisure activities increases.
The tendon has a poor ability to self-heal and regenerate given its intrinsic, constrained vascular supply and exposure to
frequent, severe loading. There is a lack of understanding of the underlying pathophysiology, and it is not surprising that
disorder-targeted medicines have only been partially effective at best. Recent tissue engineering approaches have emerged
as a potential tool to drive tendon regeneration and healing. In this review, we investigated the physiochemical factors
involved in tendon ontogeny and discussed their potential application in vitro to reproduce functional and self-renewing
tendon tissue. We sought to understand whether stem cells are capable of forming tendons, how they can be directed
towards the tenogenic lineage, and how their growth is regulated and monitored during the entire differentiation path.
Finally, we showed recent developments in tendon tissue engineering, specifically the use of mesenchymal stem cells
(MSCs), which can differentiate into tendon cells, as well as the potential role of extracellular vesicles (EVs) in tendon
regeneration and their potential for use in accelerating the healing response after injury.
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Tendons are well-organized, dense connective tissues
that respond and adapt to the transmission of contrac-
tion forces by muscles to the skeleton, allowing motion
and maintenance of posture.! Tendinopathies are com-
mon musculoskeletal disorders that affect a wide spec-
trum of society.

In tendinopathy, the pathological changes can be inter-
preted as a failure in the homeostatic response of the ten-
don? to adapt to altered mechanical loading, resulting in
permanent changes in the native tendon structures and
mechanics.>? At least three phases of tendinopathy have
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been hypothesized: reactive tendinopathy, tendon disrepair
(failed healing) and degenerative tendinopathy. The con-
tinuum model for the pathogenesis of tendinopathy
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describes load-induced tendinopathy as a continuous evo-
lution and readaptation of the tendon structure to the
applied load.*

In the reactive phase, short-term adaptation to the over-
load results in an increase in the size of the tendon, thus
reducing stresses and increasing stiffness. The preliminary
engagement of ground substance in this process explains
the potentially temporary nature of this first adaptation.
During the disrepair phase, the tendon tissue attempts to
repair increasing the number of cells and consequently the
production of proteins; the increase of proteins, such as
proteoglycans and collagen, induces disassembling of the
matrix. The terminal degenerative phase results in an irre-
versible stage of pathology in which the major structural
and compositional changes, cell death, tissue breakdown
and loss of function with the predisposition of the tendon
to further injury and rupture occur.’ The three main actors
involved in tendon degeneration are mechanical overuse
applied on the matrix, neo-vascularization via exogenous
cells, and endogenous cell ageing.’

Tendon healing is a complex coordinated event orches-
trated by numerous biologically active proteins.” Adult
tendons have a limited natural healing capacity and often
respond poorly to current treatments focused on exercise,
drug delivery, and surgical procedures. The incapacity of
complete healing derives from the nature of the tendon
with its low cellularity, low metabolism, and limited vas-
cularization, which hamper the synthesis of extracellular
matrix (ECM)?® and results in scar tissue formation and
fibrosis, accompanied by alterations in the biomechanical
properties of the tissue.’

The cellular component of the tendon is limited, and
with age, it tends to diminish and change in morphology,
with loss of stemness markers'® as also seen with tendi-
nopathy or acute trauma. Tenocytes are responsible for
homeostasis and the maintenance of tendon structure and
functionality. The resident stem cell population are called
tendon stem cells (TSCs) and lie parallel to collagen fibrils
surrounded by the extracellular matrix proteins fibromod-
ulin and biglycan.!" As the tendon is a mechanosensitive
tissue and extracellular matrix (ECM) remodelling is
influenced by mechanical stimulation, prolonged rehabili-
tation is considered a valid alternative to surgery, as it
offers great support and is more efficient than pharmaco-
logical therapy.'? Therefore, it is of great importance to
identify key molecular and cellular processes involved in
the progression of tendinopathies and in tendon response
to them to develop effective therapeutic strategies and
drive the tissue towards regeneration.'’ Unfortunately, the
structural complexity and lack of understanding of this
healing mechanism have been major obstacles to the
development of current surgical methods and therapies.

The current promising approach to the development of
therapeutics has been influenced by key principles from a
variety of fields, such as biomechanics, developmental

biology, cell and growth factor therapy, and tissue engi-
neering.'? It aims to reproduce a safe and successful long-
term solution for full microarchitecture and biomechanical
tissue recovery. These ‘biological’ treatments likely stimu-
late the repair and regeneration of damaged structures,
limit scar tissue formation, and improve recovery and
healing times. Commonly explored therapies for tendi-
nopathies include platelet-rich plasma (PRP), stem cells/
stromal cells treatments with the addition of soluble sig-
nals like growth factors, and most recently extracellular
vesicles (EVs).!4

This review will cover the literature surrounding recent
advances in tendon repair. It will transversally analyse the
cause-and-effect relationship among biochemical, biologi-
cal and structural properties of tendon development, pro-
viding a complete insight into the aspect to consider during
the process of tissue engineering. It will first provide a
general overview of tendon structure and function to be
able to understand the physiological processes involved in
tendinopathies. Then, current approaches for tendinopa-
thies treatment will be shown, highlighting the future
promise for tissue engineering in tendon regeneration. In
this article, we focus on the potential of MSCs cells to dif-
ferentiate into tendon cells and on the therapeutic roles of
EVs for the promotion of tendon repair.

Tendon ontogeny

The ECM experiences limited turnover during the life span
of an individual.'> With age, aerobic energy production
and synthesis of ECM components decrease. The shift to
anaerobic metabolism allows tendons to tolerate low oxy-
gen levels, reducing the risk of ischaemia and necrosis
during extended periods of stress but also resulting in a
poor and slow healing capacity.

To generate functional and self-renewing tendon tissue,
it is necessary to understand the normal processes of ten-
don development. In particular, we need to understand
which stem cell populations in the body are able to form
tendons, how they can be directed to do so in culture
excluding any other possible differentiation, and how their
growth is controlled and monitored during the whole dif-
ferentiation path.

Developmental biology of the tendon

Axial tendon progenitors and progenitors of the limb tendons
develop differently. The vertebrate axial musculoskeletal
system originates from somites: dorsally located segmental
blocks of mesoderm in the embryo that lie adjacent to the
natural tube and notochord.'® The differentiation of the ten-
don in the somite depends on the combination of both acti-
vating and repressing signals from its different regions. Brent
et al. localized a fourth region of the somite for the first time,
between the sclerotome and the dermomyotome, which
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Figure |I. Trunk tendon differentiation model. In the axial tendon, signals from the myotome are essential for the initiation of
tendon progenitor cells, whereas signals from the sclerotome, which are activated by the ventral midline sonic hedgehog signal, in
turn, play an opposite role. Scx and Mkx promote axial tendon differentiation by activating extracellular matrix molecules.

locates the basic-helix-loop-helix transcription factor
Scleraxis (Scx)!” As determined from previous studies,!”!$
removing the dermomyotome before myotome formation or
silencing the myogenic genes, such as MyoD and Myf5,
which hamper muscle formation, abolish Scx expression.
Therefore, myotome signals are relevant for the activation of
tendon differentiation in the syndetome. Nevertheless, sev-
eral fibroblast growth factors (FGFs), are expressed in the
myotome resulting in the activation of the mitogen-activated
protein kinase pathway, transformation-specific sequence
(Ets) transcription factors, Phosphatidylinositol-4-phosphate
S-kinase (Pea3) and Ezrin/radixin/moesin (Erm), all respon-
sible for Scx upregulation.'” The muscle precursor region of
the somite is therefore essential for the initiation of tendon
differentiation (Figure 1).

Conversely, the cartilage precursor cells of the scler-
otome have an opposite role in controlling the specifica-
tion of the tendon progenitors. The signal from the
sclerotome activated by Sonic Hedgehog (SHH) expres-
sion, blocks Scx expression directly, through Pax1 activity,
or indirectly by means of Sox5 and Sox6, which in turn, is
induced by Sox9 (Figure 2). These genes are also essential
in cartilage formation, with the Scx*/Sox9* pool essential
for the formation of the chondro-tendinous/ligamentous
junction, which further develops into the osteo-tendinous/
ligamentous junction, providing anchorage of the tendon
to the muscles (Figure 3).

Although the progenitors of muscle, cartilage and ten-
don arise in different compartments of the somite, the dif-
ferentiation of tendons depends on a combination of both
activating and repressing signals from the other two com-
partments. Progenitors of the limb tendons develop differ-
ently from the cells that give rise to axial tendons because
they are not localized within a specific subdomain in the
somite (Figure 3). The initiation of Scx expression in ten-
don progenitor cells in the limbs does not require signals
from myogenic cells (including FGFs), but they are neces-
sary for their continued differentiation.”! Both FGF and
TGFp can induce tendon development.??> In particular,
TGFp signalling is important for the maintenance and
recruitment of tendon progenitors in a paracrine or auto-
crine manner.”> Moreover, mechanical forces maintain the
expression of Scx through TGFp/Smad2/3 mediated sig-
nalling.?* Scx and Mkx play a pivotal role in providing the
starting impulse for limb tendon formation. The expres-
sion of Mkx is detectable after the emergence of Scx, and
its strongest expression is recognized in the sheath cells.?*
The role of Mkx is essential for tendon growth regulation
after tendon progenitor initiation during embryogenesis
and is relevant for the regulation of the postnatal growth
and maturation of collagen fibrils and other tendon-related
proteins such as decorin, fibromodulin and lumican.?

Bone morphogenetic protein (BMP) family members,
including growth and differentiation factors (GDF)
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Figure 2. Development of limb tendon in embryogenesis. In the limb, Scx and Sox9 are the first signals for tendon progenitor
cell initiation, whereas Mkx and early growth response | and 2 are the second signals for tendon differentiation and maturation.
Sox9 is involved in the initial stage and changes to play an opposite role subsequently. Both are synergically involved in limb tendon
development by interacting with related growth factors.
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Figure 3. Expression of tendon markers in tenocytes during tendon development. (a) Mesenchymal cells differentiate into
Scx-expressing tendon progenitor cells, which also partially express Sox9. Scx+Sox9+ progenitor cells differentiate into the
tenocytes which are located near the bone in the enthesis. (b) In mouse limbs, Scx expression begins to increase at E9.5 and
continues to increase until tenocyte maturation. Slight Mkx expression is detectable in the tendon at E12.5, after the emergence
of Scx and robust Mkx mRNA expression at E13.5 and E14.5, stages at which the tendon progenitors undergo condensation and
differentiation. Egrl transcripts are first expressed at EI12.5 in Scx domains forming tendons, and then they are expressed in long
tendons at E16.5. Egr2 is first detectable in EI4.5 limb tendons and is generally expressed in all limb tendons by E16.5. Tnmd is
highly expressed in E14.5 and is considered a late tendon marker. Adapted from He et al.?
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isoforms GDF5, 6 and 7, also known as BMP14,13 and 12,
have been implicated in tendon development?® and heal-
ing. The absence of these factors directly affects the bio-
logical and biomechanical cues of the neo-tendon. Of
relevant importance is the mutual antagonism between
BMP and FGF signalling: the activation of FGF inhibits
BMP consequently promoting tendon formation, whereas
the activation of BMP induces the FGF inhibition, result-
ing ultimately in chondrogenesis.?!

These studies have highlighted specific growth factors
and transcription factors involved in tenogenesis (Table 1)
during developmental and repair processes. Although
mechanical factors also seem to be essential for tendon
development, understanding the link between the mechan-
ical and biological parameters involved in tendon develop-
ment, homeostasis and repair is a prerequisite for the
identification of effective treatments for chronic and acute
tendon injuries.

Tendon structural and functional
relationship

Tendon histology

Tendons possess the mechanical strength and flexibility
required to perform their pivotal role as active elements
in joint stability during movement and physical exercise.
The ability of tendon tissues to bear these loads origi-
nates from a hierarchical structural organization able to
adapt to different mechanical stimuli. Mechanical load-
ing can thus be viewed as a switch factor between func-
tional tissue remodelling and the development of chronic
tendon disease.>

The tendon is composed of two, not always physically
distinct, tissue compartments. The first extrinsic compart-
ment is a family of synovium-like fascias, that comprise
the paratenon (tendon sheath), epitenon (sub-tendon
sheath) and endotenon (fascicular sheath). These tissues
include differentiated and progenitor cell populations
related to the mesenchyme as well as the nervous, immune,
and vascular system. The extrinsic compartment envelops
the intrinsic one, defined as the tendon core.*® The tendon
core is constituted of 65%—-80% type I collagen. Its supra-
molecular assembly gives rise to fibrils, fibres, and bun-
dles. In each stage of the organization, new features of
mechanical properties are acquired. For this reason, it is
important to clearly distinguish between fibrils, the basic
subcellular collagen building block, and fibres, the rele-
vant cell-scale structural units with which cells physically
interact.’” At higher hierarchical levels, collagenous subu-
nits are interspersed with a less fibrous, hydrated matrix,
traditionally referred to as ground substance.>

The core tendon fibres, which feature interspersed teno-
cytes, are surrounded by fascicles, the fundamental func-
tional unit within the intrinsic tendon. This structure is

considered the first synovial tissue barrier (endotenon)
between the intrinsic and extrinsic tendons. The capability
oftendons to heal is strictly related to the interplay between
the intrinsic compartment, defined by tendon cells and the
multiscale arrangement of collagen assemblies, and the
extrinsic compartment, which consists of synovium-like
tissues connecting the immune, vascular and nervous
systems.?’

Type III collagen is the second most abundant tendon
collagen, comprising up to 10% of total collagen content.>
It plays an important role in the development of fibrils
used as a template for the rearrangement of tenocyte-syn-
thesized fibronectin. Two types of collagens sustain type |
collagen self-assembly, namely type IV collagen and type
V collagen.?3% The last fibrillar component is elastin, a
glycoprotein involved in the recoil of the matrix after
repetitive mechanical loading. Elastin is closely connected
with collagen fibres: especially when fibres are subjected
to load, they stretch and carry with them the elastic fibres.*
Once the external load has been removed, collagen fibres
do not have intrinsic elasticity, so their recoil must be sup-
ported by elastin. The mechanical crosslink between the
fibrillar components and the other molecules of the ECM
is provided by Fibrillar Associated Collagens with
Interrupted Triple Helices (FACIT).

Proteoglycans are the most abundant non-fibrous pro-
teins in tendons, making up 1%—5% of tendon dry weight.
Proteoglycans are a class of glycoproteins, consisting of a
core protein attached to one or more polysaccharide
chains.*” These side chains are termed glycosaminoglycan
(GAGsS) side chains and are negatively charged, so they
tend to attract water contributing to the resistance against
compressive mechanical forces and facilitating nutrient
and metabolite diffusion. Finally, decorin as a major pro-
teoglycan contributor to the tendon, together with bigly-
can, lumican and fibromodulin, belongs to the
Small-Leucine rich proteoglycan class (SLRP). SRLPs
have a critical time-dependent role in tendon development.
In tissues such as tendons, fibromodulin may be required
early in collagen fibrillogenesis to stabilize small-diameter
fibril-intermediates, and lumican may be needed at a later
stage, primarily to limit lateral growth of fibrils.®! Another
aspect of no less importance is their capability to bind to
growth factors, establishing a chemical interaction with
the main collagen bundles.

In tendons, cell-ECM interactions maintain tissue
homeostasis by generating cell signals that affect cell pro-
liferation, differentiation, migration and adhesion.
Nonetheless, the ECM plays a major role in the regulation
and transmission of growth factors (TGFB1, GDF-5/6/7,
FGF).%>% Hence, both the mechanical support of the ECM
and the presence of specific growth factors contribute to
the maintenance and differentiation of tendon stem cells,
important factors to consider in tissue engineering
applications.®
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Tendon Stem cells (TSCs) type |
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Figure 4. Location of different cells in tendon tissue. TSCs type | (orange) reside in the outer layer of the tendon (paratenon),
TSCs type Il (purple) reside in a niche in the inner part of tendons, and TNCs (brown) are aligned between fibres. Some of these
subpopulations might overlap with each other, and perivascular TSCs may be present in the endotenon and peritenon (image

partially created with https://www.biorender.com/).

Tendon cells

Mature tendons are normally characterized by a low cel-
lular density. Approximately 90%-95% of the cellular
content of tendons comprises tendon-specific cell types
described in the literature as tenocytes and tenoblasts.”®

Tenocytes, which are tendon-specific terminally differ-
entiated fibroblasts, are spindle-shaped, with elongated
nuclei and thin cytoplasmic protrusions anchoring the col-
lagen fibres. They are laid between collagen fibrils and
oversee the production of extracellular matrix (ECM) as
well as the maintenance, repair, and remodelling of ten-
dons. Tenogenic differentiation markers are commonly
used for the identification of tenocytes. Tenoblasts are rela-
tively round cells with large ovoid nuclei. Tenoblasts seem
dominant in young tendons, and they transform into teno-
cytes during maturation and ageing. Interconversion
between tenoblasts and tenocytes might occur, and their
ratio in tendons may govern the tissue responses to various
stimuli such as exercise and trauma.”® Tenoblasts are some-
times regarded as an activated form of tenocytes, such as in
intrinsic healing of tendon injuries; the discrimination
between tenocytes and tenoblasts, which is based on cell
shape appearance, lacks precise molecular separation via
marker gene expression.”! The remainder of cells in the ten-
don are mainly composed of chondrocytes at the pressure
and insertion sites, synovial cells of the tendon sheath, cap-
illary endothelial cells and smooth muscle cells of
arterioles.”!

Tendon cells synthesize all components of the tendon
ECM with peak activity during growth and a gradual
decrease during ageing.” It is thought that low metabolic
rates associated with anaerobic energy production which is

typical of mature tendon cells can reduce the risk of ischae-
mia and necrosis, especially during the extended periods
of tensional stresses to which tendons are usually sub-
jected. On the other hand, this feature is a disadvantage for
tendon recovery and healing.®

Tendons also contain a pool of stem and progenitor
cells. In 2007, Bi et al.,’* identified within human ham-
string tendons a novel cell population of resident tendon
stem/progenitor cells (TSPCs). TSPCs exhibit classical
adult mesenchymal stem cell (MSC) criteria such as the
presence of specific surface antigens, self-renewal, clono-
genicity and three-lineage differentiation (adipogenic,
osteogenic and chondrogenic),”® and they express tendon-
related genes such as scleraxis (Scx) and tenomodulin
(Tnmd) and can form tendon and enthesis-like tissues
when implanted in vivo.® Recently, it was proposed that
there is a regional distribution of different stem/progenitor
cells within the tendon, namely in the outer tendon sheet
(TSPC type I) and within the tendon proper (TSPC type
1I)"?(Figure 4). Comparison between these subpopulations
revealed that the peritenon-derived cells have increased
vascular and pericyte markers, while the tendon-proper-
derived cells are more proliferative and exhibit higher lev-
els of Scx and Tnmd.”* TSPCs can also be positive for
some common stem cell markers, which can also be found
on the surface of other mesenchymal stem cell (MSCs)
types. They express Sca-1, CD44, CD90, CD90.1, CD105,
CD146, Stro-1, nucleostemin, Oct-4 and SSEA-1 but not
CD18, CD31, CD34, CD45, CD106, CD117, CD144 or
Flk-1.75 Since there are no molecular markers that allow
discrimination between TSPCs, tenoblasts and tenocytes
(Figure 5), it is not easy to isolate pure subsets of cell pop-
ulations from these differentiation stages.” Ruzzini et al.”®
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Figure 5. Differentiation of a TSPC to a tenocyte. The expression profile of a TSPC changes during differentiation to a tenocyte.
Tenogenic differentiation is mostly driven by TGF-$2/3 and BMP12/13. Adapted from Schneider et al.”? (image partially created with
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isolated tendon-derived CD44 + cells, which were positive
for the stem cell markers CD146 and STRO1 and reported
them to be TSPCs.”” The exact role of TSPCs in tendon
maintenance and healing is not completely understood.
Hence, there is a great need for in vitro and in vivo studies
demonstrating their role and precise locations.”

Tendon mechanical properties

The characteristic tendon fibrillar ECM has distinct struc-
tural and biomechanical properties that facilitate the effec-
tive transmission and absorption of cyclical tensile forces
while avoiding injury. These properties arise from the spe-
cialized axial and longitudinal structural organization of the
collagen fibre hierarchy, which provides a scaffold for cell
and macromolecule attachment. The tendon is primarily a
uniaxial force-transmitting connective tissue consisting of
bundles of parallel fibrillar ECM and resident tenocytes,
which connect bone to muscle.”’ Both the structure and the
function of this fibrillar ECM provide biochemical and
mechanical signals that cooperate in the integrated regula-
tion of tenocyte proliferation, survival, differentiation and
migration, which ultimately feedforward to maintain physi-
ological ECM synthesis and assembly. The main purpose of
collagen fibres is to resist tension, while the proteoglycans
provide viscoelastic properties for the tendon. In addition to
binding the fibres together, the endotenon enables fibre
groups to glide over each other and carries blood vessels,
nerves, and lymphatics to deeper portions of the tendon.

The initial portion of the stress-strain curve of a tendon
is highly viscoelastic with a high viscous dissipation
occurring during collagen fibril alignment.! Depending
on the type and anatomical location of the tendon, this
wavy fibril pattern results in different initial mechanical
properties arising from the varying angle and length of
‘crimping’.”® When the tendon is stretched to higher strain
levels, the stiffness of the material increases rapidly as the
collagen fibres are recruited, straightened, and begin to
carry a major part of the load; the tendon demonstrates the
transition from the toe region to the linear region in which
the strain is kept below 4% and the slope of the curve is
defined by Young’s modulus, which represents tendon
stiffness. In the linear region of the stress-strain curve, the
tendon extension and force are directly proportional to one
another. The stress generated by the fibre is a function of
the number of fibres available to share the load. In the third
phase, all collagen fibres are straight, and the system
exhibits its highest stiffness. After this stage, a decrease in
the stiffness of tissue is observed, the result of a gradual
mechanical failure of the collagen fibre (Figure 6).

Tissue substructures across size scales have been
investigated to evidence their mechanical properties.
However, the characterization of these structures outside
the body, in a laboratory setting, reduces the clinical
applicability of the results obtained.” The fact that fibres
are not stress-free constitutes an additional difficulty in
the modelling of soft tissues since the strain is measured
with respect to a stress-free configuration that does not
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Figure 6. Stress—strain relationship in tendons. At low levels of stress, tendons stretch relatively easily. This is called the ‘toe’
portion of the stress—strain curve, a consequence of straightening of crimped collagen fibrils and orientation of fibres along the
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The slope of the linear region represents the elastic modulus of the tendon. Continuing increases in the level of stress applied to
tendons and ligaments lead to irreversible changes at the interface between collagen fibres in the structure.

exist physiologically.’’ This stress is developed in the
absence of external loads, and it is known as residual
stress. Modelling residual stresses is challenging, but it is
of great importance, as the material and structural proper-
ties of soft tissues can be under or over-estimated.?'-%2

The development of residual stresses is linked to cellu-
lar processes.®> These biological processes are a conse-
quence of the continuous interplay between genetics and
epigenetic factors. Epigenetic changes are related to the
cell’s environment, and they include chemical agents and
mechanical loading. Although cells contain genetic infor-
mation about the structural patterns of the tissue, mechani-
cal stimuli can condition the genetic instructions stored in
the cells.®

Cyclic uniaxial mechanical loading of TSCs has dem-
onstrated that proliferative capability increases and a
loading magnitude-dependent differentiation effect has
been observed, promoting either symmetric or asymmet-
ric division.®> In the symmetric division, TSCs divide
into two identical daughter cells, in the asymmetric one
instead, one daughter cell is identical to the original one
(self-renewal) while another becomes specialized. These
observations can potentially explain how TSCs play a
key role in tendinopathy development by undergoing
aberrant, non-tenocyte differentiation under excessive
mechanical loading conditions.®® When considering the

uniaxial loading conditions of tendons, it has been dem-
onstrated that tenocytes increase proliferation as well as
tenogenic gene expression and protein production (Col I,
Col III, TNMD, TNC-C, MMPs) in a stretching magni-
tude-dependent manner.3%87:88

Scx has a well-defined role in the development of ten-
dons during embryogenesis as a promoter of type I col-
lagen production. A further key protein involved in
various processes, such as tenocyte proliferation, colla-
gen organization and fibril maturation is Tnmd.
Mechanical forces regulate the expression of Scx through
activation of the TGF-B-/Smad2/3-mediated pathway,
which, in turn, is required for the maintenance of tendon-
specific ECM.% In contrast, the expression of tendon-
associated markers may not be influenced by applied
loading protocols.”® In particular, there were no signifi-
cant changes in Scx and Tnmd expression after loading
conditions. Instead, an unexpected expression of Runt-
related transcription factor 2 (Runx2), which is associ-
ated with osteogenic differentiation, has been observed.
Moreover, the expression of CollAl, Col3Al and
MMP2/3 was not upregulated in loading conditions. The
resulting discrepancy can potentially be attributed to the
different loading regimens used in the respective proto-
cols. Indeed, the response of tendon cells to adapt by ana-
bolic or catabolic processes depends on the applied
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frequency, magnitude, duration, and direction, all param-
eters applied differently by different authors.

To test whether mechanical loading of the tibia-induced
molecular processes can lead to degeneration, the expres-
sion of the differentiation markers Lpl, Sox9 and Runx2
were examined as surrogates for adipogenic, chondrogenic
and osteogenic differentiation, respectively.”! In mice,
treadmill running accelerates TSC proliferation in an
intensity-dependent manner. However, although the
expression of Tnmd and CollAl was not significantly
increased in the intensive and moderate treadmill running
groups, the intensive running group showed up-regulation
of non-tenocyte-related genes Lpl, Sox9 and Runx2. The
in vivo results were confirmed also by the in vitro experi-
ments: after 8% stretching, up-regulation of the non-teno-
cytes-related gene was evident. This study analysed the
gene expression of MGF, an Eb form of OGF-1, a growth
hormone that promotes tissue growth. A higher level of the
MGF gene was expressed in tendons after moderate load-
ing, and more after intense activity, probably related to the
higher mechanical load and larger extent of “micro-injury’.
These findings indicate that more TSCs are generated for
the repair and/or remodelling of tendons in response to the
demands of mechanical loads. Specifically, under mechan-
ical loading conditions, the TSCs population in the tendon
grows, providing progenitors for tenocytes and enhancing
the remodelling of tendons. This may explain why appro-
priate moderate exercise induces anabolic effects on the
tendons, including enlarged cross-sectional area, increased
tendon stiffness, and enhanced tendon tensile strength. On
the other hand, intense mechanical loading still enhanced
MGEF expression, TSCs proliferation, and increased teno-
cyte-related gene expression, but it can also induce degen-
erative changes by inducing aberrant differentiation of
TSCs into non-tenocytes, which, at later stages, manifests
as lipid deposition, increased number of proteoglycans,
and calcified tissue in the affected tendon.*?

Other important actors in tenocyte mechano-transduc-
tion are cytokines and integrins. Cytokines, such as inter-
leukins (IL), tumour necrosis factor-o (TNF-a), and
interferon-gamma (IFN-y) are known to be key players in
tendon disorders.”>°® They are released by the tendon
stroma or immunoregulatory cells in response to mechani-
cal stress or tissue injury, alter the cellular phenotype and
induce changes in matrix production.”’® Adequate
mechanical stimuli play an essential role in tendon homeo-
stasis, regular function, tenocyte survival and tendon heal-
ing and mechanical factors influence tendon cytokine
profile.”” An increased amount of pro-inflammatory
cytokines such as IL-la, IL-1b, TNF-o and IFN-y was
demonstrated in inflamed native equine tendon.!” Over-
mechano-stimulation of tendon and tenocytes leads to
cytokine release such as IL-1b.'%" Stress deprivation and
absence of mechano-stimuli induced cytokine over-
expression (particularly that of IL-1b, TNF-o. and other

cytokines such as TGF[) and mechanical deterioration of
the tissue in the patellar tendon.'”> Ruptured tendons
revealed less TNF-o expression when naturally loaded
during the healing process compared with unloaded rup-
tured tendons in a rat Achilles tendon healing model.'*
Integrins are cell surface receptors known to connect
the ECM to the actin cytoskeleton and transmit mechanical
stimuli into the cell to evoke different cell responses. The
collagen-binding Itgal and Itga2 were both downregulated
in vivo following 8% mechanical loading,'** confirming
the key role of these molecules in mechano-transduction.

Tendon injury and healing

When a tendon is injured, its structure is disrupted, and
proper function can be compromised. Unfortunately, ten-
don injuries are a common clinical problem, and they are
broadly categorized as chronic tendinopathies or acute
ruptures. %

On one end of the spectrum is chronic tendinopathy,
initiated by biological and physical factors that include
ageing, oxidative stress, and repetitive loading during
intensive exercise.'’ Indicators of chronic tendon injury
range from pain, inflammation, and increased cross-sec-
tional area to histologically observable changes including
increased proteoglycan content, increased cellularity,
hypervascularity, ectopic bone, cartilage nodules and dis-
organization of the collagen-fibril network.'?!% On the
other end of the spectrum lie tendon ruptures.'® Although
this type of injury may be spontaneous or induced by direct
trauma and/or excessive loading, most tendon tears are
preceded by histological changes consistent with chronic
tendinopathy, suggesting that tendon rupture is closely
associated with degeneration,''* though in these patients
the tendinopathic changes generally remain clinically
silent until the condition is manifested through an acute
rupture. Investigations of tendon healing have been pre-
dominantly undertaken on transected animal tendons, and
it is unclear how relevant they are to the healing of tendi-
nopathic or ruptured human tendons.

The response to a tendon injury and healing is classi-
cally considered to occur through extrinsic and intrinsic
healing.!"" In intrinsic tendon healing, the proliferation of
epitenon and endotenon tenocytes takes place — Healing of
the defect involves an exudative and a formative phase
which, overall, are very similar to those associated with
wound healing.!"? Extrinsic healing occurs through chem-
otaxis of the specialized fibroblasts into the defect from
the ends of the surrounding tendon sheath and, if present,
synovium.'"® The process can be divided into three over-
lapping phases: inflammation, repair and organization or
remodelling''*!"! (Figure 7).

In the inflammatory stage, which typically spans a few
days after the injury, the wound site is infiltrated by red
blood cells, white blood cells (leucocytes), and platelets
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secreting growth factors and endothelial chemoattract-
ants.'!? Cells migrate from the extrinsic peri-tendinous tis-
sue such as the tendon sheath, periosteum, subcutaneous
tissue and fascicles, and from the epitenon and endote-
non.!'* A fibrin clot provides temporary stiffness and bio-
mechanical stability, macrophages digest necrotic debris
and tenocytes are recruited to the wounded area and stimu-
lated to proliferate, particularly in the epitenon.''

The second stage, the proliferative stage, begins roughly
2 days into the injury response.!!® This phase of healing is
characterized by profuse synthetic activity and is directed
by macrophages and tenocytes. Macrophages, whose role
shifts from phagocytic to reparative a few days after
injury,!!® release growth factors and direct cell recruit-
ment."'%!"” Meanwhile, tenocytes deposit a temporary,
mechanically inferior matrix composed mostly of type II1
collagen. Tenocytes become the main cell type, and colla-
gen is continuously synthesized over the next 5weeks.
During the fourth week, a noticeable increase in the prolif-
eration of fibroblasts of intrinsic origin, mainly from the
endotenon, takes place. These cells take over the main role
in the healing process, and both synthesize and reabsorb
collagen. The newly formed tissue starts to mature, and the
collagen fibres increasingly align themselves along the
direction of force through the tendon. This phase of repair
continues for 2 months after the initial injury.!'%!!!

In the third and final stage, the remodelling phase,
type I collagen synthesis begins to dominate, and the
ECM becomes better aligned. In addition, cell density
and general synthetic activity are gradually decreased.
This phase begins 1-2months after injury and can last
more than a year.!!?

Numerous bioactive molecules are involved in orches-
trating the cellular response during tendon repair.''® A vari-
ety of growth factors are markedly upregulated following

a tendon injury and are active at multiple stages of the
healing process, including insulin-like growth factor-1
(IGF-I), TGFpB, bFGF, platelet-derived growth factor
(PDGF), vascular endothelial growth factor (VEGF), BMP
and connective tissue growth factor (CTGF).!%

Despite intensive remodelling over the following
months, complete regeneration of the tendon is never
achieved.'!” The tissue replacing the defect remains hyper-
cellular. The diameter of the collagen fibrils is altered,
favouring thinner fibrils with a reduction in the biome-
chanical strength of the tendon. The repaired tissue appears
scar-like, and never completely regains its pre-injury bio-
mechanical properties.!'? In tendinopathic and ruptured
Achilles tendons, there is a reduction in the proportion of
type I collagen, and a significant increase in the amount of
type III collagen,'? responsible for the reduced tensile
strength of the new tissue as a result of a reduced number
of cross-links compared with type I collagen.'?! Recurring
micro-injuries lead to the development of hypertrophied
biologically inferior tissue replacing the intact tendon.'!!

Current status for enhancement of
tendon healing and replacement

First-line therapeutic options differ for chronic and acute
tendon injuries. The primary goal of tendinopathy treat-
ment is to reduce pain, with a combination of exercises,
physical therapy modalities and local and systemic phar-
macological agents,'?>!23 whereas surgical techniques aim
to repair ruptured tendons.”®!124

The approach to treatment in acute soft tissue trauma
relies heavily on the patient’s history, signs, and symptoms
including the grade of injury, and their physical and work
activities goals after therapy. Initially, clinical evaluation
determines the grade of injury and the level of instability
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in the joint. Imaging (ultrasound and magnetic resonance
imaging) assists in the diagnosis, after which the patient is
considered for conservative or surgical treatment.'?

In the case of surgical treatment, the outcomes of recon-
structive surgery differ depending on the type and location
of the injury. The type of suture may also play a critical role
in the strength of repair and tendon autografts may be used
to facilitate tendon reconstruction, particularly in cases
involving tendon loss or retraction.'”® Autografts have
many advantages, such as the absence of immunological
complications, rapid incorporation, and good remodelling.
However, autografts also present some disadvantages, such
as increased duration of operation given the time necessary
for graft harvest and preparation; limited donor tendon
sources; and sacrifice of the function of the donated tendon.
Moreover, the neo-tendon repaired by autograft is not iden-
tical to the normal tendon and may take a long time to
remodel.'?’ It should be acknowledged, however, that ten-
don appearance post-operatively may well exert no influ-
ence on its function.'?®

For both chronic and acute tendon injuries, exercise-
based rehabilitation is indicated.” Eccentric exercise ther-
apy (involving active lengthening of muscle and tendon)
has become the first-line treatment and is considered the
most efficient for tendinopathy (e.g. Achilles and patellar
tendon). Good-quality randomized controlled trials indi-
cate that eccentric strengthening programmes provide
60%-90% improvement in pain and function.'?’

Mechanical loading is also integrated into clinical post-
operative rehabilitation protocols. The mechanical stimu-
lation from controlled mobilization is suggested to enhance
tendon repair and remodelling by stimulating tenoblast
activities (such as fibroblast proliferation and collagen
synthesis and realignment), leading to increased tensile
strength, increased tendon diameter and fewer adhesions
compared with immobilized healing tendons.'**'3 In con-
trast, immobilization following tendon injury may have a
negative effect on tendon healing, as evidenced by lower
tensile strength and lower strain at failure compared with
control samples.'3! Immobilization also reduces the water
and proteoglycan content of tendons and increases the
number of reducible collagen cross-links.!3?

The use of autologous growth factors is another thera-
peutic approach, which is gaining popularity in the treat-
ment of tendon injury. Platelet-rich plasma (PRP) is a
blood derivative containing high levels of growth factors,
known to promote tissue healing.'** Because PRP is read-
ily available and autologous, PRP therapy is considered
safe and has been introduced into a clinical therapy for ten-
dinopathy and acute tendon injury. However, the benefits
of PRP injection for tendon recovery remain controver-
sial.'** Extracorporeal shockwave therapy has demon-
strated efficacy in randomized controlled trials'3>!3¢ and
register studies'®’; less conventional procedures, such as
phonophoresis, therapeutic ultrasonography or low-level

laser therapy, are other options for the treatment of tendon
injuries. 24138

Consequently, surgery, specific exercise-based therapy,
and autologous growth factor injections are the main cur-
rent treatments for tendon injuries. Unfortunately, inde-
pendently of the procedure of management of tendon
injury, the outcomes of both conservative treatments and
surgical repair require long healing time, high re-rupture
rate and scar tissue formation.® In addition to being moder-
ately effective or controversial, the underlying mecha-
nisms of these treatments are not fully understood.'>’

Future prospective in regenerative
medicine of the tendon

Tissue engineering has now emerged as a potential alterna-
tive to tissue or organ transplantation, which involves
delivering cells or therapeutics to diseased or damaged tis-
sue to restore tissue or organ function.'* With this technol-
ogy, tissue loss or organ failure can be treated by
implantation of a tissue-engineered graft composed of
some or all the three major components: cells, biomateri-
als/scaffold, and biomolecules (e.g. growth factors,
cytokines, nucleic acids, etc.) into sites of need.'?’

A key factor in the tissue engineering approach to
repair and regeneration is the availability of appropriate
cells. Cell availability is crucial to access their prolifera-
tion potential, cell-to-cell signalling, bio-molecule pro-
duction, and formation of extracellular matrix. Stem cells
have attracted great interest in tissue engineering given
their intrinsic differentiation capacity and expansion
potential.'*

Of the various stem cell types that are available for ten-
don and tendon-bone junction repair, mesenchymal stem
cells (MSCs) are an attractive cell source as they have high
proliferative potential and can differentiate into various
cell types of the mesodermal lineage.'*! The transplanta-
tion of mesenchymal stem cells (MSCs) has been reported
to improve tendon, ligament and tendon-to-bone junction
repair.'414 MSC therapeutic area of the tendon has been
focusing on specific tendon sites including the rotator cuff
tendon and superficial digital flexor tendon (SDFT).
Intervention through direct injection of umbilical cord-
derived MSCs (UC-MSCs) has been shown to promote the
healing of rotator cuff tears in rabbit.!*> Furthermore, a sin-
gle administration of adipose tissue-derived MSCs
(AT-MSCs) also positively affects the collagen crosslink-
ing and remodelling of scar tissue in SDFT lesions.'%®
Improved neovascularization during tendon healing could
also be observed when horses were injected with AT-MSCs
for SDFT repair.'4’

However, MSCs-like populations have now been iden-
tified from tendon tissues of various species including
humans, rabbits, rats, and horses, in vitro.”>!*8-15% These
tendon stem cells (TSCs) largely meet the MSC definition
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of the International Society for Cellular Therapy (ISCT),!!
which is based on three criteria: adherence to plastic, spe-
cific antigen (Ag) surface expression (CD73, CD105 and
CD90) and multipotent differentiation potential (through
trilineage differentiation). TSCs can effectively promote
the repair and regeneration of injured tendons.’%!144152.153
Isolated from tendon tissue, the use of tendon stem cells
for tendon and tendon-bone junction repair'** might be
advantageous since the tendon milieu is the originating
environment, which may promote engraftment and differ-
entiation of the transplanted cells.'*!

Stem cells retain self-organization capabilities.'*® Self-
organization depends on cells’ intrinsic ability to recog-
nize, process, and react to a wide range of global and local
cues, such as morphogen gradients,'>® mechanical bound-
ary conditions'*” or cellular proliferation and environmen-
tal remodelling."*® As a result, self-organization is
stimulated by developing microscale interactions that
together lead to macroscale alterations. This suggests that
it should also be possible to use the cell’s self-organization
capacity outside of an organism, that is, in vitro, by provid-
ing an ideal and permissive environment and by including
crucial spatiotemporal cues to drive multicellular
responses. '*° Together with self-organization, the ability of
stem cells to self-renew and differentiate into distinct cell
types from various lineages is a special quality that has
been used to mimic the characteristics of organogenesis in
cell culture. However, exogenous signals, like inductive
growth factors, such as bone morphogenetic proteins®®!1%
(BMPs), transforming growth factor (TGF)-f and basic
fibroblast growth factor'®' (bFGF), are still required to
guide cell self-organization and differentiation to obtain
proper patterning. For this reason, the employment of spe-
cifically engineered cell instructive materials can be
extremely beneficial. Indeed, the incorporation of adhe-
sion ligands, such as RGD and YIGSR, within a number of
hydrogel matrices (e.g. alginate, collagen, fibrin or PLA/
PLGA'® and PCL) has provided the capacity to enhance
certain cell-material responses and to increase cell survival
and differentiation.'®3

Moreover, it appears that the effects of MSCs are
mainly mediated by paracrine mechanisms and by the
secretion of extracellular vesicles (EVs). Consequently,
there is a growing interest in the clinical applications of
EVs,'* which have the potential to be used clinically in a
variety of different ways such as pharmacological delivery
agents, non-invasive biomarkers for early diagnosis, and
biological reagents to treat diseases as well as to enhance
tissue repair and regeneration.'®

A biophysical approach to induce
MSC:s differentiation into tenocytes

Hierarchical anisotropy structures directing 3D cellular
orientation play a crucial role in designing tendon tissue

engineering scaffolds. As previously reported, surface
nanopatterning can control the initial assembly of focal
adhesions, hence guiding human mesenchymal stem cells
(hMSCs) through the process of self-organization and dif-
ferentiation.'>® This process self-sustains, leading to the
development of macroscopic tissues with molecular pro-
files and microarchitecture reminiscent of embryonic
tendons.

Autologous or allogenic tendons for tendon reconstruc-
tion have routinely been applied for medical treatment,
with relatively good outcomes: however, these materials
encounter several problems.'*? For this reason, a medical
strategy able to reconstruct tendon ruptures involving the
development of artificial tendon-like tissue with tendon-
like mechanical and histological properties from human
tendon cells in vitro is required. Among the multiple bio-
chemical and biophysical cues of the tendon niche, the
ECM architecture plays a key role in governing tendon cell
behaviour.'*® This underlines the importance of tendon
mimetic topography on mesenchymal stem cell commit-
ment towards a tenogenic phenotype.

While a variety of stem cells have been investigated for
biomedical applications, Mesenchymal Stromal/Stem
Cells are of particular interest. MSCs are multipotent stro-
mal cells able to differentiate into several cell types.
Additionally, MSCs have excellent accessibility and plas-
ticity and promote paracrine effects. Since they can be
extracted from adult tissue, mainly bone marrow and adi-
pose tissue, they are free from ethical concerns.'” Bone
marrow is the most widely recognized source of MSCs,
but recent research has identified alternative sources of
MSCs-like cells, and it has been suggested that MSCs may
be present virtually in any vascularized tissue throughout
the whole body.'®”

MSCs are considered immunoprivileged, given their
lack of expression of several surface antigens important
for T- and B-cell recognition and their capability to sup-
press lymphocytes.'*® Another benefit of MSCs is that they
can exert a positive influence on various blood cell types
leading to an anti-inflammatory milieu during tissue repair
by suppressing tissue necrosis factor (TNF)-a and inter-
feron (INF)-y, while stimulating the expression of suppres-
sive cytokines like interleukin (IL)-10.' hBM-MSCs
displayed tenogenic differentiation under the combination
of bone morphogenetic proteins and/or mechanical
stimulation.®’

However, as stated, BMSCs also have some limitations,
such as painful harvesting procedures and a frequent low
cell yield, reduced MSCs quality with advanced donor age,
ectopic ossification, and higher risk of adhesion formation
when transplanted in vivo.!”” As the bone marrow niche
contains numerous differentiated and progenitor cell types,
studying the properties of MSCs in vivo is challenging. In
addition to the contamination of other cell types, there is
wide variation among donors, and even between different



14

Journal of Tissue Engineering

harvesting sites in the same donor. Primary MSCs cultures
often display differing growth kinetics and variations in the
proportion of cell populations therein. Such variability
produces challenges in obtaining consistent phenotypic
and functional results and may lead to incorrect interpreta-
tion of data.'”! It should always be considered that, depend-
ing on the desired use of MSCs in distinct tissue injury
treatments, the isolation protocol would need to be set up
and specifically optimized to obtain MSCs with the most
optimal biological properties and therapeutic potential.
This should be considered in the context of the immu-
nomodulatory properties of MSCs cultured in different
microenvironments. The application of MSCs is still lim-
ited, considering, for example, the need to produce enough
cells from a single donor, avoiding the senescence of the
cells and the loss of therapeutic efficacy. Therefore, the
promotion of cell proliferation while retaining MSC
stemness in the early stages of primary cultivation is cru-
cial. To address this issue, attempts have been made to
simulate the stem cell niche in vitro.

One of these approaches has been the application of
what is frequently termed reduced oxygen or hypoxia dur-
ing MSC culture.!”>!73 More specifically, we can use the
term physoxia to refer to the natural level of oxygen pre-
sent under in vivo conditions. Physoxia could be applied to
MSC:s in vitro to recapitulate the influence of native local
signals on the differentiation or proliferation of these.'™ In
certain types of adult stem cells (human urine stem cells,
dental pulp stem cells, amniotic fluid stem cells and bone
marrow stromal cells), a low oxygen concentration in vitro
promotes the proliferation and maintenance of a multipo-
tent state.!”*!7> Conversely, other investigators have dem-
onstrated hypoxia to be a potent stimulus for differentiation
into specific cell lines.!”*!”7 Independently, alteration in
the oxygen concentration represents a physiological stimu-
lus, which triggers intracellular mechanisms responsible
for cell death, differentiation, or cell adaptation to new
environmental conditions.

Hypoxia canonically leads to the stabilization and
induction of Hypoxia-inducible factor 1-o within the cells.
This protein strongly influences the metabolism, prolifera-
tion, and multipotency of MSCs. It rapidly degrades upon
removal of the hypoxic condition, as the degradation of the
protein is oxygen dependent, with a half-life of less than
1 min. This short half-life affects the stability and expres-
sion levels during exposure to ambient air oxygen concen-
tration and, also, during the usual cell culture routine.
Moreover, hypoxic cell culture conditions may lead to a
decrease in the extracellular pH (extracellular acidosis).
The latter can lead to the maintenance of stemness and
attenuation of the differentiation potential of MSCs.!”®

Analysis of the metabolic activities of MSCs under
hypoxic conditions indicates an increase in the consump-
tion of glucose and glutamine and the production of lactate
as a consequence of switching cell metabolism from

oxidative phosphorylation to anaerobic glycolysis.'” This
shift is associated with a reduced mitochondrial transmem-
brane potential.'® A direct consequence of this metabolic
activity is the increase in proliferative activity and the
enhanced ability to form CFU-F. Further, an up-regulation
of stemness gene expression is observed, such as Oct-4,
C-myc, Nanog, Nestin and HIF-1c..!7+'8! Thus, it is pos-
sible that long-term in vitro hypoxia enhances a genetic
programme that maintains the MSCs in an undifferentiated
state and in parallel stimulates the expression of genes
involved in the development of various cell lines.

In vivo, MSCs are integrated into specific tissue niches
where their homeostasis is regulated by a balanced set of
physiochemical factors,'$>!83 while in vitro only a small
number of these can be simultaneously replicated. In this
context, hierarchical anisotropy structures directing 3D
cellular orientation play a crucial role in designing tendon
tissue engineering scaffolds. As previously reported, sur-
face nanopatterning can control the initial assembly of
focal adhesions, hence guiding human mesenchymal stem
cells (hMSCs) through the process of self-organization
and differentiation.!* This process self-sustains, leading to
the development of macroscopic tissues with molecular
profiles and microarchitecture reminiscent of embryonic
tendons.

The role of EVs in tendon healing

Extracellular vesicles (EVs) are diverse, nanoscale mem-
brane vesicles actively released by cells of all tissues and
organs in both health and pathologies.'®* Similar-sized vesi-
cles can be further classified (e.g. exosomes, microvesicles)
based on their biogenesis and biophysical properties.
Although initially thought to be cellular debris, and thus
under-appreciated, EVs are now increasingly recognized as
important vehicles of intercellular communication and cir-
culating biomarkers for disease diagnoses and prognosis.'®®

EVs are produced by all cell types and cross biological
membranes/barriers to deliver payloads to target cells and
organs. EVs contain surface receptors, membrane and sol-
uble proteins, lipids, ribonucleic acids (mRNA, micro-
RNA, tRNA, rRNA, small nucleolar RNA, small circular
nucleolar RNA, piRNA, scaRNA, viral RNA, Y RNA and
long non-coding RNA),'$¢1% and even genomic and mito-
chondrial DNAs.'3%1%° The native cargo delivery capacity
of EVs has been exploited for use as drug delivery vehi-
cles, as they are immune-compatible, noncytotoxic and
non-mutagenic compared with existing viral or cellular-
based therapies.'”® EVs are highly dependent on the origin
and functional status of the parent cell since they reflect
their phenotypic state.'*!*! For example, EVs derived from
umbilical progenitor cells have proangiogenic effects,'?
while platelet-derived EVs are most abundant in circula-
tion and help to activate platelets and the formation of
fibrin clots.'”
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healing. Adapted from Fang et al.'*

Recent investigations revealed the potential therapeutic
benefits of using MSC-derived EVs for tendinopathies and
tears.>'%* The use of MSC-EVs as a potential therapeutic
strategy for the treatment of tendon and ligament disorders
has many advantages compared to cell-based therapies,
including low immunogenicity, removal of the need to
maintain cell viability, removal of the risk of uncontrolled
proliferation and differentiation of implanted cells, and no
risk of persistence from permanent grafts upon the cessa-
tion of therapy. Furthermore, MSC-EVs can be used
directly, either alone or in combination with other pharma-
cological agents, to enhance treatment effects. The cell-
targeting effects of MSC-EVs also distinguish them from
other synthetic nano-vesicles and thus potentiate their role
as a drug delivery nano-platform.® A better understanding
of the mechanisms underlying the actions of MSC-EVs on
the promotion of tendon repair would facilitate the devel-
opment of MSC-EVs as a new therapeutic strategy for the
treatment of tendon disorders.®

The literature displays three prevailing methods of
healing'*: increased proliferation, migration and tenogenic
differentiation of tendon stem cells (TSCs) and teno-
cytes,'” attenuating inflammatory responses,'®® and
improving the tendon-bone interface.'”” The EVs act by
the following mechanisms'* (Figure 8).

Increase of the proliferation and migration of
tenocytes/tendon stem cells

Tendon healing response depends on the recruitment of
tenocytes and other cells from the tendon surfaces around
the injured site. These tenocytes contribute to the prolifer-
ative or reparative stage of healing where they migrate,
proliferate and synthesize a temporary ECM to regenerate
the injured tissue.'

EVs derived from BM-MSCs increase cell proliferation
of tenocytes in vitro, and both mRNA and protein levels of
TGF-B1 are significantly higher in BMSC-derived EVs
than in BMSC.'”* Another study showed that EVs isolated
from TSCs exerted wound-healing properties in vitro
through the proliferation and migration of TSCs from a
TGF-B pathway.'”® Indeed, TGF-B carried by TSC-EVs,
the level of which was first measured as higher than that in
TSCs by immunoblotting experiments, activated the TGF-
B-Smad2/3 signalling pathway and the extracellular sig-
nal-regulated kinase (ERK)1/2 signalling pathway of
TSCs. The investigation of tenocyte-derived EVs reported
similar results, since they contained higher protein levels
of TGF-B, measured through western blotting, than their
host cells and their administration facilitated the tenogenic
differentiation of MSCs in a TGF-B-dependent way.!”®
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The application of BMSC-derived EVs was also reported
to promote the proliferation, migration and tenogenic dif-
ferentiation of TSCs in vitro.'** The BMSCs-EVs were co-
cultured with TSPCs at different concentrations for 12h
and the proliferation and migration ability of TSPCs
treated with BMSCs-EVs was then detected. Consistent
results through EdU+TSPCs staining, CCKS8 assay,
mRNA level of PCNA and wound healing assay showed
that the proliferation and migration of TSPCs were signifi-
cantly promoted by EVs-treated groups of cells. Moreover,
BMSCs-EVs led to the induction of tendon-related genes
including Tnmd, Mkx and Collal. Similar results were
observed in vivo in the same study. The BMSC-derived
EVs were embedded in fibrin hydrogels to test their repair
effect on a rat patellar defect model, and 52 rats were ran-
domly divided into 2 groups: (a) fibrin-EVs and (b) fibrin-
vehicle-control of BMSCs-EVs. At histology, the
fibrin-EVs group had considerably more type I collagen
deposition than the fibrin-vehicle group. These results
were confirmed by immunohistochemical staining of type
I collagen, where the fibrin-EVs group displayed signifi-
cantly higher expression of type I collagen and of Tnmd.
Furthermore, the cell density, alignment, and mechanical
properties in the defect region of fibrin-EVs groups were
also much closer to the native tendon. BMSCs-EVs could
promote the proliferation, migration and tenogenic differ-
entiation of TSPCs.

Attenuation of inflammatory response

Inflammation is a crucial part of wound healing and
inflammatory cytokines are thought to start and maintain
the injury-repair mechanism. However, ongoing inflam-
mation results in discomfort, the creation of scar tissue, a
loss of ECM organization, and deterioration of the tendon
tissue,200-201

MSC-EVs promote tendon repair by reducing the
inflammatory duration after tendon injury. EVs polarize
macrophages from a pro-inflammatory M1 phenotype to a
pro-regenerative M2 phenotype and attenuate the mac-
rophage inflammatory response.?>24 In a mouse Achilles
tendon model,>> EVs-educated M2-like macrophages
(EEM) showed a significant improvement in tendon heal-
ing. The wound site for the EEM therapy group displayed
improved biomechanical characteristics, increased tendon
angiogenesis, higher numbers of endothelial cells, and
improved M2/M1 macrophage ratio after 14days. EVs
also reduced the activity of nuclear factor kappa B (NFkB)
at the site of tendon damage and repair, which dampens the
early inflammatory response.?”> Clinical studies showed
that NF-kB is elevated in the early stages of tendinopathy
and drives degeneration through mediating pro-inflamma-
tory mediators and cytokines. In a mouse tendon-bone
reconstruction model,”** the transplantation of BMSC-
derived Ex increased the number of M2 macrophages,

anti-inflammatory and chondrogenic-related factors, while
it decreased the number of M1 macrophages and related
proinflammatory factors. Furthermore, human BMSC-
EVs reduce the expression of pro-inflammatory cytokines
such as IL-1PB, IL-6 and TNFo as well as stimulate the
expression of anti-inflammatory I1L-10%% and TGF-B1 in
monocytic cells.?%

Improving the tendon-bone interface (enthesis)

The area where a tendon, ligament, or joint capsule joins to
the bone is known as the enthesis. Without surgical inter-
vention, tears or tendinopathies caused by overuse inju-
ries, trauma, or inflammation have poor healing
outcomes.'* However, surgery can restore function by
physically reattaching tendons to the enthesis, but this pro-
cess can initially be fibrous.?’” Furthermore, the reattached
tendons take longer to recover, are of lower quality, and
are more susceptible to tearing or damage again.?"’

Cui et al."”” showed that the administration of EVs from
bone marrow-derived macrophages increased the miR-
21-5p gene, subsequently increasing the growth of periten-
dinous fibrosis and pro-fibrotic activity around the repaired
tendon. These findings identified prospective targets for
the prevention and therapy of tendon adhesion by showing
that macrophage-derived miR-21-5p-containing EVs
mediate fibrotic repair.

In a different study,’®* BMSC-EVs were loaded on
hydrogels and implanted on a mouse’s Achilles tendon
injury to investigate their effects on tendon-bone healing.
BMSC-EVs hydrogels increased the number of M2 mac-
rophages and reduced the number of M1 macrophages and
related proinflammatory factors (TNF-a, IL-13 and IL-6)
compared to the control group. Moreover, biomechanical
testing revealed that the hydrogel + BMSC-EVs group had
considerably higher maximum force, strength, and elastic
modulus. Similarly, adipose stem cell (ASC) EVs
decreased fatty infiltration in a rabbit model of acute rota-
tor cuff tears and improved histological and mechanical
integrity, with more regenerated fibrocartilage.?’® This
study proved the anti-inflammatory actions of ASC-EVs,
which reduced the infiltration of inflammatory cells,
decreased the creation of fibrous scar tissue, and promoted
the regeneration of the wound site.

These studies support the rationale for the develop-
ment of an EV-based therapeutic approach that is highly
effective for the treatment of tendon injury. Thus, the
emerging role of EVs will improve the development of
mechanisms, diagnoses, and therapeutic research of joint
diseases. However, some challenges still exist related to
the clinical applications of EVs, such as the sample size
and long-term storage, the validation of the local and sys-
temic therapeutic dose of EVs and the development of
methods for selective extraction of EVs with tendon
regenerative potential.
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Conclusion

Tendon injuries are a common clinical problem that results
from overuse, genetic predisposition, tears, or ageing.
More than 30 million tendon injuries occur annually
worldwide.?” Tendon injury is currently managed by two
approaches: (1) conservative treatment which aims to
relieve pain and (2) surgical exploration, with excision
and/or repair. Irrespective of the approaches used, the full
restoration of tendon functions is challenging considering
the high mechanical loads they are subjected to and the
low cell density and vascularization that hamper the syn-
thesis of extracellular matrix. Repeated ruptures, joint
stiffness, and restricted movement are common problems
encountered even after repair.'4

The inability of the tendon to self-repair and the ineffi-
ciency of current treatment regimens have sparked the
exploration of alternative treatment strategies.'4? Biological
augmentation and tissue engineering approaches are prom-
ising avenues of nonsurgical treatment presently
explored.'* They consist mainly of applying growth fac-
tors, singly or in combination, stem cells in native or
genetically modified form, and biomaterials, alone or cell-
loaded, at the site of tendon damage’® to try to regain origi-
nal tissue or organ structure and function. From the
biological point of view, the implementation of a tissue-
engineered tendon is based on two main steps: the finding
of precursors/progenitors based on their origin and locali-
zation and the commitment and differentiation based on
pivotal signalling cascades. Mesenchymal stem cells have
shown great potential within regenerative medicine exhib-
iting differentiation capability when exposed to soluble
signals like growth factors.®6-210-212

There are mainly two problems that researchers face
during the regeneration of tendinous tissues. One is to
achieve the generation of a highly specialized and three-
dimensional organized matrix, whose formation implies
not only biological but also mechanical constraints. The
second challenge is to prevent inappropriate plasticity of
exogenous cells, or trans-differentiation of the local teno-
cytes into undesirable lineages leading to, for example, in
situ adipose, cartilaginous, or bone tissue formation.” To
facilitate the transmission of the right signal to cells,
researchers are increasingly studying the potential of
EVs, which perform the role of mediators of intercellular
communication by conveying biological information
between cells.

Tendon tissue engineering seeks to provide alternatives
to autograft by exploiting a biocompatible material that
acts as a scaffold for cell reprogramming and in vivo tis-
sue remodelling to fabricate a tendon-like tissue.?!?
Implementing EVs enriched three-dimensional scaffolds
could aid in guiding and controlling cell orientation, ulti-
mately enabling to obtaining of anisotropic tissues in
vitro. Therefore, cell response results from the elaboration

of multiple signals that come from the material and the de
novo synthesized matrix whose structure and composition
constantly change in time and space owing to cell activity.
Engineering artificial platforms intended to sustain tissue
production in vitro must consider the dynamic structural
and compositional changes of the system. The array of
signals embossed on the material surface constitutes the
initial condition from which cell-cell and cell-matrix
interactions establish and guide the evolution of the cells’
differentiation path.

Through examination of the results of in vivo and in
vitro experiments, stem cell EVs can be considered as
early diagnostic and prognostic biomarkers, as well as
novel, targeted therapeutics, and drug carriers for various
diseases, such as myocardial infarction, burns, and pulmo-
nary fibrosis, with superior results, compared to using
stem cells exclusively.®?'* Furthermore, bone marrow
MSCs, TSCs and tenocytes EVs can promote macrophage
polarization at the site of tendon-bone injury to eliminate
inflammation, strengthen the formation of fibrocartilage to
improve biomechanical properties and enhance cell prolif-
eration, migration and tenogenic differentiation of tendon
stem cells and tenocytes.?"
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