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Abstract: Tendon disorders represent a very common pathology in today’s population, and tendinopathies
that account 30% of tendon-related injuries, affect yearly millions of people which in turn cause huge
socioeconomic and health repercussions worldwide. Inflammation plays a prominent role in the
development of tendon pathologies, and advances in understanding the underlying mechanisms
during the inflammatory state have provided additional insights into its potential role in tendon dis-
orders. Different cell compartments, in combination with secreted immune modulators, have shown
to control and modulate the inflammatory response during tendinopathies. Stromal compartment
represented by tenocytes has shown to display an important role in orchestrating the inflammatory
response during tendon injuries due to the interplay they exhibit with the immune-sensing and
infiltrating compartments, which belong to resident and recruited immune cells. The use of stem
cells or their derived secretomes within the regenerative medicine field might represent synergic
new therapeutical approaches that can be used to tune the reaction of immune cells within the
damaged tissues. To this end, promising opportunities are headed to the stimulation of macrophages
polarization towards anti-inflammatory phenotype together with the recruitment of stem cells, that
possess immunomodulatory properties, able to infiltrate within the damaged tissues and improve
tendinopathies resolution. Indeed, the comprehension of the interactions between tenocytes or stem
cells with the immune cells might considerably modulate the immune reaction solving hence the
inflammatory response and preventing fibrotic tissue formation. The purpose of this review is to
compare the roles of distinct cell compartments during tendon homeostasis and injury. Furthermore,
the role of immune cells in this field, as well as their interactions with stem cells and tenocytes during
tendon regeneration, will be discussed to gain insights into new ways for dealing with tendinopathies.

Keywords: tendinopathies; inflammation; immune cells; immune modulators; innate immune
response; adaptive immune response; stem cells; regenerative medicine

1. Introduction

Tendons are strands of fibrous connective tissues with a great tensile strength that
connect muscles to bones and allow force transfer [1]. Although tendon structure and
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characteristics let them endure different loadings, rapid changes or increasing of the loading
forces acting on tendons can cause microtraumas and lead to tendinopathies and tendon
ruptures. Tendons’ injuries are extremely frequent and the difficulty in their management
represents a great worldwide medical, social, and economic challenge. In fact, ~30 million
patients refer to musculoskeletal practitioners each year, with a forecast of over 25% over
the next five years, because of the variations in life expectancy and lifestyle and the absence
of an efficacious therapeutic solution [2].

Independently of the underlying cause of tendon disorders, it is generally accepted
that a state of inflammation is frequently associated to such condition which is responsible
for a poor prognosis. The core role of inflammation in tendinopathies [3] has also influenced
the tissue pathology classification: ‘tendinitis’ and ‘tendinosis’ have been now recognized
as an oversimplification, and actually tendinopathy is the best generic descriptive term for
the clinical conditions in and around tendon disorders [4].

Inflammation can occur in tendons because of mechanical insults and other multi-
factorial co-triggering factors including genetic, epigenetic, systemic diseases, drugs, and
in particular aging and metabolic diseases, that play a role in defining the severity of the
pathological pattern and its resolution [5,6]. The disruption of normal homeostasis of
tendon physiological system due to an inflammation state [3], often results in irreversible
alterations of the native tendon extracellular matrix (ECM) architecture and mechanics [7].
Indeed, spontaneous adult tendon repair leads to scar tissue and fibrosis affecting hence
the functionality of a tendon in terms of movement and strength [7]. Adhesion process
represents another frequent complication that might occur in tendon lesions. Generally,
adhesions develop as a result of inflammation which are caused by surgery or trauma [8].
In the case of tendinopathies, adhesion processes cause biomechanical disfunctions such
as loss of gliding features, range of movement, and delayed healing [9–11]. An imbalance
between fibrin deposition during the coagulation process and fibrin resolution driven
by the fibrinolytic system is thought to be responsible for the creation of adhesions in
tendons [9,11,12]. During tendon healing, mechanical loads play an important role in
the prevention or promotion of adhesions’ development [13]. In detail, low mechanical
force that accompanies limb immobilization has been proven to increase the likelihood of
adhesion formation [14], whereas an increased mechanical load might provoke delayed
healing [15].

Adult tendons have a limited natural healing potential which is ascribable to the
peculiar tissue biology characterized by a low cellularity, hypo-vascularity and low tendon
metabolism [7,16], and current treatments focusing on medication administration, exercise
and surgical procedures frequently fail [7]. One of the principal reasons could be due
to the fact that insights into inflammation processes in tendinopathy remain limited and
researchers are still trying to comprehend the complex interaction between immune and
somatic cells and the molecular systems involved, such as pro- and anti-inflammatory
cytokines, growth factors and enzymes [17].

Until now, no successful targeted treatments have been developed, but it is generally
accepted that understanding the key inflammatory pathways affecting tendon ECM regula-
tion and homeostasis are critical in designing future targeted therapies for tendinopathy [3].
An innovative approach to blunt the pro-inflammatory response and accelerating tendon
regeneration is represented by stem cells transplantation and/or by the injection of their
immune-modulating secretomes [18–21]. Indeed, cell-based therapy and tissue engineering
approaches are now being studied as promising approaches to manage the immune cells
response and avoid the procrastination of the inflammatory condition to treat tendon
disorders. Although, to efficaciously reach this target, it is crucial to understand how the
interactions between immune cells and stem cells would impact subsequent host responses.

According to these premises, this review aims to compare the role of different tendon
cell compartments in tendon homeostasis and during tendon injuries. Moreover, the role of
immune cells in this field and their crosstalk with tenocytes and stem cells during tendon
regeneration will be discussed to acquire insights on novel strategies applied to deal with



Cells 2022, 11, 434 3 of 30

tendon inflammatory state. It is of great importance to evaluate the interplay between the
injured/healing tendon and the immune system as a model to study and better understand
inflammatory processes and in particular understanding this special constellation to further
expand the knowledge about other inflammatory diseases.

2. Tendon Structure and Homeostasis

Tendon by its nature is exposed to many mechanical loads throughout the whole life.
It is characterized by a hierarchical and anisotropic structure, which allows the tendon to
perform its mechanical function without breaking down. This feature is thought to be the
reason due to which tendons evolve low demand for cellular and matrix turnover [22].
Collagen fibril, made up of a triple helix of polypeptides, is considered the smallest tendon
functional unit that allows the tendons to exert their mechanical functions [23,24]. Tendon
function depends strongly on collagen elongation and orientation. During elongation, the
helix may lengthen, leading to expanding the gaps between adjoining collagen molecules,
or slipping them between laterally adjacent molecules [22].

Stromal, immune-sensing, and infiltrating compartments represent three different cell
compartments that contribute each to a complex milieu of tendon homeostasis (Figure 1A) [3].

Figure 1. Schematic presentation of tendon immunobiology which describes the different role of cell
compartments during (A) homeostasis and (B) inflammation.
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2.1. Tendon Stromal Compartment

The stromal compartment includes matrix components (i.e., collagen, ECM proteins,
interfascicular matrix and small leucine-rich proteoglycans), tenoblasts, and mostly teno-
cytes. Recent studies have highlighted the concept of tendon cells heterogeneity [24–29]
and to date, these cells cannot be uniquely identified by a specific marker [30]. Tenocytes
and tenoblasts, that represent around the 90–95% of tendon cell population in mature
tendons, can be mainly distinguished on the basis of their different shapes [7,30]. Tenocytes
are fibroblast-like spindle-shaped cells with elongated nuclei and thin cytoplasm, while
tenoblasts, immature tenocytes predominant in young tendons and mostly observed in
the endotenon, are approximately round cells with ovoid nuclei [31–34]. In tendon tissue
of various species, resident tendon stem/progenitor cells (TSPCs) have been also recently
identified [35–37]. TSPCs constitute 1–4% of tendon resident cells which express positiv-
ity to CD44 and exhibit similar characteristics to mesenchymal stem cells (MSCs) [35,38].
Moreover, the concept of tenocytes heterogeneity has been recently explored further. For
example, De Micheli et al. isolated Achilles tendons from C57BL/6J mice, and using single-
cell RNA sequencing they identified 11 different types of cells, including 3 new populations
of tenocytes (tendon fibroblasts 1 and 2, and junctional fibroblasts), according to relatively
different expression of ECM proteins, including COL1A1 which is expressed at a moderate
to high level [25]. Furthermore, Luesma et al. recently explored tendon tissue heterogeneity
showing the presence of telocytes in the equine inter-fascicular tendon matrix near blood
vessels. Telocytes could represent a subpopulation of mesenchymal progenitor cells and
a source of tenoblasts [26]. In fact, it has been demonstrated that telocytes express stem
cell markers such as CD34 and CD44 and it has been found to be similarly localized near
the tendon stem cell niche [26,39]. This tenocyte heterogeneity, as well as the relationships
between distinct cell types in tendon tissue, must be understood. Indeed, broaden the
knowledge on these aspects will help researchers to better understand how tendon tissues
are maintained and repaired whether during homeostasis and tendinopathies. Moreover,
evolving new studies to find specific tendon cells markers will contribute to acquiring a
clear view of the physiological differences between these distinct tendon cells populations.

Tissue-resident tenocytes sense mechanical stimuli and translate them into molecular
response. This leads to the modulation of ECM synthesis and its remodeling due to the
changes in protein and gene expression and brings the tendon to its new homeostatic
setpoints, allowing it to adapt to its function within the new environment (Figure 1A) [22].
Tenocytes together with the molecules present in tendon ECM, may respond to strategies
that address new mechanical and biomechanical needs of the micro-environment [22].
Latest research concerning the molecular mechanisms of tendon homeostasis has shown
several signaling pathways and feedback loops demonstrating hence that the cellular
response in tendon exhibits a pivotal role in preserving homeostasis. Feedback loop is the
main signaling pathway for tendon homeostasis that allows the regulation of turnover
ECM levels [22].

2.2. Tendon Immune-Sensing Compartment

Resident cells of the tendon immune-sensing compartment express immune-cell-
related markers (i.e., CX3CR1, CD68, CD163) [40]. They comprise tendon-resident immune
cells such as tissue-resident macrophages (M) and mast cells (Figure 1A) [3]. Tissue-
resident macrophages, classified as M2 (i.e., CD163+, CD206+), have shown to exhibit
a role in maintaining tendon homeostasis and resolving inflammation [41]. Moreover,
Lehner et al. recently identified in healthy rodent and human tendon tissue, the presence of
macrophage-like tendon-resident cells “tenophages”, which express immune cell markers
including CX3CR1, CD68 and CD163. These newly identified cell population potentially
accomplish a surveillance function, being activated in case of tendon tissue injury or stress,
and contribute in the maintenance of tissue homeostasis [40]. Homeostatic and adaptive
response are also modulated by resident mast cells, oval or irregularly shaped immune
cells of the myeloid lineage, mostly identifiable by CD63 and CD203 surface markers [42].
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These cells can be found in the tendon tissue or within the connective tissue nearby the
paratenon, and both muscle-tendon and bone-tendon junctions and that characteristically
contain 50–200 secretory granules that store inflammatory mediators [43,44]. In tendon
tissue, they exhibit a role in regulating collagen turnover due the fact that these cells secrete
TGF-β and fibroblast growth factor (FGF-2), which in turn stimulate the production of
collagen by the tenocytes [45].

2.3. Infiltrating Compartment

Finally, the infiltrating compartment cells are recruited through the activation of
stromal and resident immune cells that, in normal circumstances, represents a homeostatic
inflammatory response (Figure 1A) [3].

Tendon homeostasis is achieved by a continuous remodeling process facilitated by
matrix metalloproteases (MMPs) and matrix metalloprotease inhibitors (TIMPs), which
involves the deposition by tenocytes, belonging to the stromal compartment, of new ECM,
including the synthesis of collagen type I (COL1), decorin, biglycan, versican, scleraxis
(Scx), tenascin C, and aggrecan (Figure 1A) [7,46,47]. Tenocytes may be stimulated through
various mechanisms by applying different mechanical signals such as tension, compression,
shear, and hydrostatic pressure to tenocytes [22]. Tension is the most common load that
tendons are subjected to. It represents a crucial factor for preserving homeostasis. A certain
level of loading is needed to maintain homeostasis and unloading can negatively affect
tendon function [22]. In particular, mechanical stimuli can also activate a physiological
response involving a complicated network of pathways connecting the components of cell
surface which include ion channels, focal adhesion kinases, integrins, and cytoskeleton
to the nucleus [48]. Collagen synthesis is noticed to augment within tendons subjected
to high mechanical loads while reduced loads is accompanied by a decrease in collagen
synthesis [22]. Moreover, the tendon transcriptor factor Scx, involved in tendon develop-
ment and ECM synthesis, has been noticed to increase in loaded tendons while decrease
in unloaded ones correlated to the reduction in ECM synthesis [49]. Additionally to Scx,
Early Growth Response-1 (EGR1), a zinc finger transcription factor, has been recognized
to be involved in both pre- and post-natal tendon formation [50–52]. Even if EGR1 is not
specific for tendons, it has been demonstrated its ability in promoting sufficiently tendon
gene expression such as Scx and COL1A1, during development [52]. Although its role
in tendon development, transforming growth factor-β (TGF-β) has shown to be also an
essential factor in mature tendon homeostasis since it induces the expression of Mohawk
(Mkx) [53] and Scx [54] which in turn promote collagen synthesis [55,56]. TGF-β is active
at all stages of tendon healing in which it showed to be upregulated in differentiated
tendon cells [57–59]. TGF-β promotes collagen formation, controls proteinases and cell
proliferation, and induces extrinsic cell migration. Additionally, the pathway of TGF-β
expression in the human tendon is critical in the adaptability of tendon to mechanical
loading [60]. TGF-β stimulates extrinsic cell migration, controls proteinases and cell prolif-
eration, and induces collagen production. In addition, in the human tendon, the expression
pathway of TGF-β is critical for tendon’s adaptability to mechanical strain [60]. It has
been demonstrated that while TGF-β-Scx pathway plays a vital role in the early stage
of tendon differentiation, TGF-β-Mkx pathway exhibits an essential role during the ten-
don maturation stage [61]. On the other hand, it has been demonstrated that individuals
who spend almost their time sedentary showed increased levels of pro-inflammatory cy-
tokines including tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and vascular
endothelial growth factor (VEGF) accompanied whit a low level of COL1 favoring hence
the state of inflammation and activating MMPs belong to MMP-2, MMP-9 and MMP-13,
which may lead to an elevated risk of tendon rupture [62]. Moreover, it has been demon-
strated that macrophage phenotype alters TGF-β expression levels, showing an increase
on its production by M2 polarized macrophages [63–68] and TGF-β inhibition by M1
macrophages [69,70]. It has been demonstrated that priming molecules such as platelet
lysate or IL-1R, that induced a polarization towards anti-inflammatory M2 phenotype,
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promoted TGF-β up-regulation [63,64]. In particular, Scopelliti et al. observed a significant
up-regulation of TGF-β after pro-inflammatory M1 macrophages were polarized into M2
phenotype through a preconditioning with platelet lysate [63]. On the other hand, TGF-β
was inhibited when M2 macrophages were primed either with miRNA-33 or miRNA-130
enriched-exosomes switching towards their pro-inflammatory M1 macrophages [67,68].
Oishi et al. [69] have also shown a higher TGF-β gene expression induced by M2 in compar-
ison with M1 macrophages [69]. Moreover, other studies have shown lower concentration
levels of TGF-β in M1 compared with M0 macrophages, suggesting the inhibitory effect of
TGF-β expression by the pro-inflammatory phenotype [69,70]. Hence, these findings might
indicate that uniquely the anti-inflammatory M2 macrophages have a stimulatory effect on
this molecule.

3. Inflammatory Response Occurring during Tendon Injuries

During tissue injury, the activation of inflammatory mechanisms and the innate im-
mune system is evident within the tendon matrix microenvironment and probably assist
in dysregulated homeostasis. The three cellular compartments participating in tendon
homeostasis, listed in the previous paragraph, contribute each to a complex milieu of
inflammatory mechanisms during tendinopathies (Figure 1B). After tendon injury, the
distinguishment between reparative versus inflammatory healing is affected by crossroads
that interact between the changes occurred within the tissue microenvironment and the
activation of the innate immune system.

The influential stromal compartment that contains the centrally resident tenocytes is
accountable for tissue remodeling and repair. Due to the presence of immune receptors on
their cell-surface, resident tenocytes secrete cytokines and chemokines in both autocrine
or paracrine manner and can be driven toward an activated inflammatory phenotype
(Figure 1B) [71]. The immune-sensing cells react during tendon inflammation as sentinels
to respond to initial tissue insult through damage-associated molecular patterns (DAMPs)
(Table 1). Alarmins represent a category of DAMPs proteins, including high-mobility group
box protein 1 (HMGB1), heat shock proteins (HSPs) and S100 proteins, involved in tendon
inflammation and promptly secreted into the ECM during tendinopathies [72]. HMGB1 can
be released whether from the dying cells or activated stromal and immune cells and acts
thanks to receptor for advanced glycation endproducts (RAGE), toll-like receptor 2 (TLR-2),
TLR-4, TLR-9 and forms also heterocomplexes with IL-1ß, CXCL12 or lipopolysaccharide
(LPS) [72,73]. In addition, hypoxia and mechanical stress considered crucial in starting
tendon injuries seem to be key factors in HMGB1 release [72]. HMGB1 induces the upreg-
ulation of pro-inflammatory cytokines and stromal cell compartments responses. These
immune-sensing cells become then activated via downstream cytokine signaling and are in-
volved in removing cell debris and initiating inflammatory response (Figure 1B) [3]. Due to
their essential function in caspase-dependent apoptotic cell signaling, HSPs may be present
in rat and human models of tendinopathy and could trigger cytokine and chemokine
release as well as NK cell activation [74]. S100A8 and S100A9 are low-molecular-weight
calcium-binding proteins that act through the TLR-4 receptor and attract T cells, neutrophils,
and macrophages [74]. These last can be distinguished based on their cell surface markers,
function, and cytokine release into M1 (i.e., nitric oxide synthase (iNOS+), CD68+) and M2
macrophages. While M1 macrophages, classically activated, are considered as phagocytic
and pro-inflammatory, M2 macrophages, alternatively activated, possess a critical role
in suppressing the inflammation by releasing anti-inflammatory cytokines such as IL-1
receptor antagonist (IL-1RA), IL-4, IL-10 and IL-13 [3,75–77]. Distinct stimuli can cause
the production of different subtypes of M2 macrophages: M2a, M2b and M2c [78]. M2a
macrophages, also known as wound-healing macrophages, are induced by IL-4 and IL-13
and express high levels of CD206, decoy IL-1 receptor (IL-1R), and C-C motif chemokine
ligand 17 (CCL17), as well as secrete pro-fibrotic factors such as TGF- β and fibronectin,
leading to tissue repair. M2b macrophages, also known as regulatory macrophages, exhibit
high levels of CCL1 and TNF superfamily member 14 (TNFSF14). Moreover, they produce
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and release considerable amounts of the anti-inflammatory cytokine IL-10 and modest
levels of IL-12 and control the breadth and depth of the immune and the inflammatory
responses. Finally, M2c macrophages subtype, stimulated by IL-10 via the activating signal
transducer and activator of transcription 3 (STAT3), exhibit anti-inflammatory and pro-
fibrotic activity by secreting high levels of IL-10 and TGF- β. In addition, M2c macrophages
express high levels of Mer receptor tyrosine kinase (MerTK), involved in the phagocytosis
of apoptotic cells [78]. The aberrant activation of stromal and resident-immune cells during
tendinopathy contributes probably to the recruitment of infiltrating compartment cells,
which include an influx of T cells, mast cells, and macrophages within the damaged area
(Figure 1B) [3].

Table 1. DAMPs and their implications in tendinopathy.

DAMPs Receptors Biological Activity Reference

HMGB1 RAGE, TLR-2, TLR-4, TLR-9 ↑ Pro-inflammatory cytokines and stromal cell
compartments responses [3,72]

HSPs TLR-4 Cytokine and chemokine release and activation of NK cells [74]

S100A8/A9 TLR-4 Attraction of T cells, neutrophils, and macrophages [73]

HMGB1: high-mobility group box protein 1; HSPs: heat shock proteins; RAGE: receptor for advanced glycation
end products; TLR-2, -4, -9: toll-like receptor-2, -4, -9; ↑: increase

The interplay between the inflammatory response and the ECM in diseased ten-
dons is affected by these cell compartments. In addition, the interactions between resi-
dent/infiltrating immune cells and resident stromal cells exhibit central roles in switching
a spontaneously resolving inflammatory response into a chronic disease with ultimate
tissue degeneration within tendon tissue [3]. Indeed, when the number of inflammatory
cells becomes significant, there is an imbalance between pro-inflammatory factors with
the degradation of ECM [46]. Endogenous agents produced by tenocytes and infiltrating
immune cells provoke inflammation due to the activation of inflammatory mediators’
pathways, comprising cytokines (e.g., TNF-α, IL-1-β, IL-6) and prostaglandins (PGE2),
promoting pro-inflammatory macrophage (M1) and T cell activity. These inflammatory
cytokines have some effects, including the up-regulation of VEGF production together with
the enhancement of the synthesis of MMPs, including MMP-1 MMP-3, MMP-8, MMP-9,
and MMP-13, whose role is inducing matrix destruction. They alter ECM homeostasis, fos-
ter remodeling, increase biomechanical adaptiveness, and stimulate tenocyte apoptosis [79].
For instance, proline-glycine-proline (PGP) tripeptide represents the smallest sequence
released from collagen under the action of MMP-8 and MMP-9 together with the serine
protease prolyl endopeptidase. The signaling induced by PGP represents a feed-forward
inflammatory signal in which their binding to CXCR1 and CXCR2 triggers the influx of
neutrophils within the damaged tissues and drives them to release MMP-9 inducing the
cleavage of more collagen and causing the liberation of further PGP and subsequent influx
of neutrophils [79,80].

Indeed, there is a strong interplay concerning tendon ECM production and cytokines,
catabolic mediators as Cyclooxygenase 2 (COX-2), PGE2, VEGF, and nitric oxide (NO) [17].
These complicated interactions can either impede or promote healing and restoration.
Patients with tendinopathy frequently have new vessel development, usually followed by
neural ingrowth [17]. It could be caused by hypoxia, which occurs frequently in metabolic
illnesses and in exercise. VEGF, secreted by macrophages, has a pro-inflammatory effect
additionally to other mechanisms by which tendons might be damaged, such as the over-
expression of MMPs, and TIMP downregulation [17].

Evidence suggests that tenocytes, belong to resident stromal compartment, are in-
volved in the switch from an acute to chronic inflammation [81]. The changes in the
tendon microenvironment, occurred during inflammation, allow tenocytes to acquire an
inflammatory phenotype by which they displayed an activated state and demonstrate
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their capabilities for inflammation memory [82,83]. In a series of studies conducted by
Dakin et al. [83–86], they demonstrated that the markers belonging to the activated stromal
fibroblasts were upregulated in the diseased human tendons compared to the healthy ones.
Moreover, stromal cells collected from diseased supraspinatus human tendons have shown
an elevated gene expression of interferons (IFN) and nuclear factor-kappa B (NF-κB) after
being treated with lipopolysaccharides or IFNγ when compared to stromal cells belong
to healthy tendons [84]. Additionally, it has been proved that the incubation of stromal
cells collected from diseased and healthy human tendons in specialized pro-resolving
lipid mediators (SPM) stimulated the synthesis of more pro-resolving mediators thereby
suppressing the expression of pro-inflammatory molecules such as PGE2, IL-6, signal
transducer and activator of transcription 1 (STAT-1), and podoplanin (PDPN) [85]. In
another study conducted by Stolk et al. [71], the authors demonstrated that tenocytes de-
rived from human ruptured supraspinatus tendon altered their surface markers and boost
the secretion of IL-6, IL-8 and monocyte chemoattractant protein 1 (MCP-1) when being
stimulated with activated mononuclear cells [71]. These findings imply that the insistent
activation of stromal fibroblasts is implied in the development of chronic inflammatory
tendinopathy [71].

Moreover, when immune-sensing cells are overstimulated, tissue breakdown and
degeneration occur [87]. The activated mast cells react by their degranulation allow-
ing the release of secretory granules composed of proteoglycans (serglycin), mast cell
specific proteases (chymase, tryptase, and carboxypeptidase A3: CPA3), non-mast cell
specific proteases (MMP-9, active caspass 3, renin), biogenic amines (histamine, serotonin,
dopamine, and polyamines), lysosomal enzymes (β-hexosaminidase, arylsulphatase A,
cathepsin C), growth factors and certain cytokines such as TNF-α, IL-4, TFG-β, IL-5, IL-6,
and VEGF [45,88]. It has been demonstrated that some molecules secreted by activated
mast cells could greatly affect both inflammatory and proliferative phases after tendon
injury. For example, neo-angiogenesis and nerve ingrowth might be affected by VEGF and
nerve growth factor (NGF). Although its contributing role in collagen synthesis, mast cells
might assist in the degradation of collagen due to the activity of released proteases [45].

Infiltrating-immune cells exhibited critical role during inflammation. In a study
conducted by Marsolais et al., they induced an injury in Achilles tendons in rats to assess
the time course of immune cell accumulation [89]. They found that tendon defect is
accompanied by a classic immune cell infiltration characterized by an increased neutrophil
and CD68+ macrophage population at day 1, followed by their decrease at 7 and 14 days
post-injury and accompanied by the increase of CD163+ macrophages after 28 days [89].
Additionally, it has been highlighted that infiltrating leukocytes exert a key role in tendon
disease [5,90]. It has been suggested that T cells and innate lymphocytes are beyond
the secretion of IL-17A, a pro-inflammatory cytokine, found in early human rotator cuff
tendinopathies [90]. The study conducted by Millar et al. demonstrates that IL-17A might
induce the release of other inflammatory cytokines (IL-6 and IL-8), which in turn affect the
reparation-degeneration balance [90].

Moreover, supporting tissues including vascular and nervous ones play an important
role in modulating the inflammatory response of the injured tissue. The presence of neural
sprouting with angiogenesis is significant when assessing the role of inflammation [91]. In
addition, the neurological system is significant in tendon homeostasis and pain modulation.
Indeed, opioids, neuroregulators, autonomous, and excitatory glutamatergic neurotransmit-
ters, operate in neuronal control in healthy and damaged tendons through the modulation
of cell proliferation, cytokines and growth factors expression, immunological responses,
and hormone release [92]. ‘Neurogenic inflammation’—the release of pro-inflammatory
mediators such as Substance P, calcitonin gene-related peptide (CGRP), and calcitonin and
endothelin—might assist to the progression and the pain of tendinopathy [91]. However,
the neuronal dysregulation in tendinopathy, characterized by an excess in sensory and glu-
tamatergic neurotransmitters and for a long time, is thought to trigger pain signaling and
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hyper-proliferative/degenerative events, followed by abnormal augmentation of sprouting
sensory nerves and Substance P expression [93,94].

In addition, tendinopathies are multifactorial diseases where aging and simultaneous
metabolic diseases may have a role. Advanced Glycation End-products (AGEs) belong
to other endogenous inflammatory initiators, which are observed in aging and in Type I
and Type II Diabetes. The precise mechanism by which these endogenous factors activate
inflammation is still unknown. In diabetes mellitus, it is hypothesized that when blood
glucose availability is elevated, the synthesis of AGEs is markedly elevated [17]. These are
associated with protein degradation, nitric oxide destruction, and growth factor inhibition,
augmenting apoptosis via oxidative stress and increased activity of pro-apoptotic and
pro-inflammatory cytokines [17]. Moreover, it is now accepted that “inflammageing”, the
age-related rise in the systemic pro-inflammatory condition, occurs in aging tendons, and
that older people displayed a diminished ability to resolve this process. Therefore, aging
might lead to deregulated tendon repair via IL-1β induced PGE2 pathways [17] and by a
reduced tendon resolution response that decreases with age [95].

Tendon overuse together with the different contributing conditions that lead to the per-
sistence of inflammation affect the tendon resolution state whether towards a regenerative
or degenerative one. Indeed, the persistence of inflammatory mechanisms and of innate
immune system activation within fibrotic tendon matrix microenvironment is indicative
of the loss of tissue homeostasis and the interplays between the different cell compart-
ments determine if the inflammatory response within tendon tissue follow a reparative or
degenerative chronic state.

It is of great importance to build a tendinopathy targeted therapy whose role relied on
the modification of pro-inflammatory response and the promotion of regeneration. Despite
advances in insights into the molecular mediators implicated in tendon disease, successful
focused therapeutics have eluded the research thus far. The information collected from the
preclinical studies offer interesting cues to define molecular mechanisms implied in the
modulation of the inflammatory response and its guidance towards an anti-inflammatory
role. Thus, it is of great interest to identify highly specific molecules whose aim is to
modulate the inflammatory signaling of immune cells by reprogramming their phenotype
towards a pro-regenerative one together by using the immuno-modulatory paracrine factors
produced by stem cells which have shown a great potential on inducing macrophage shift
from a pro-inflammatory to pro-regenerative phenotype allowing a reduction in immune
cells infiltration and deposition of an organized ECM [20,96]. Indeed, the crosstalk between
stem and immune cells during tendon regeneration will be discussed in the paragraph 6.

Inflammation suppression has therefore been proven to ‘turn off’ the activation of
important inflammation-resolving pathways. However, while the inflammatory compo-
nent of tendinopathy has gotten a lot of attention, pro-resolving pathways in wounded
tendons haven’t gotten nearly as much attention. Employing the potential of pro-resolving
mediators, to lead the resolution of tendon inflammation, represents a new way to lead the
resolution of tendon inflammation, rather than just passive cessation of inflammation [97].
The discovery of specific pro-resolving mediators (SPM), which include lipoxins such as
lipoxin A 4 (LXA 4) that operate on the formyl peptide receptor 2 (FPR2/ALX), adds an
exciting new aspect to inflammation [95]. Indeed, during the early stages of tendon damage,
Dakin et al. found an increased expression of the pro-resolving receptor FPR2/ALX, as well
as a transition from pro-inflammatory prostaglandins to pro-resolving lipids synthesis such
as LXA 4 [97]. Moreover, FPR2/ALX is expressed by monocytes and macrophages and is
important for limiting the length and amplitude of the inflammatory response by giving
endogenous stop signals. Therefore, resolution pathways are pre-programmed responses
that are engaged during inflammation, promoting hence inflammation resolution and tissue
restoration to its normal homeostatic state. Furthermore, phagocytosis of apoptotic cells,
modification of inflammatory cell infiltration to the inflamed region, and manipulation
of vascular permeability are all part of the inflammation resolution process [95]. Thus,
understanding the key inflammatory pathways influencing tendon ECM modulation and
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homeostasis is crucial when developing future targeted therapeutics for tendinopathy.
Understanding these pathways may aid in defining the molecular checkpoints that direct a
homeostatic inflammatory response toward an abnormal inflammatory tendon milieu that
leads to clinical tendinopathy.

4. Crosstalk between Tenocytes and Immune Cells during Tendon Regeneration

As in depth described in the previous paragraph, platelets, polymorphonuclear leuko-
cytes, macrophages, and other inflammatory cells belonging to the immune-sensing or
infiltrating compartments produce growth factors and cytokines in response to wounding
and inflammation [7]. In return, tenocytes which represent the stromal compartment inter-
act with these immune cells in an inflammatory environment, thus influencing the surface
markers of both compartments, as well as cytokine and collagen synthesis [71]. In fact, the
research performed in the last decade have demonstrated the important role that immune
cells play in tendinopathies, taking into account their interactions with tenocytes [71,84,98].
Specifically, tenocytes do respond to pro-inflammatory cytokines stimulation and other
signals released from immune cells already present or recruited at the injury site by switch-
ing their phenotype towards an activated inflammatory one, thus altering the expression
of their surface markers and secreting cytokines and chemokines [84,99] such as IL-6 and
MCP-1, respectively [71,84,98]. Additionally, tenocytes are thought to multiply and become
more metabolically active in response to inflammatory cytokines and growth factors in-
cluding the platelet-derived growth factor (PDGF), insulin-like growth factor 1 (IGF-1), and
TGF-β, which in turn can shift towards hyperplasia and hypertrophy [100]. Going more
in depth in the crosstalk between tenocytes and immune cells as well as identifying the
key molecular factors involved in vitro (Figure 2A) and in vivo (Figure 2B) might help to
comprehend the processes that delay immunological and therapeutical resolution following
tendon damage [71,101–103].

In vitro studies have concentrated on the effects of immune cell-released cytokines on
the expression of tendon ECM genes and proteins in healthy, diseased, and damaged human
and animal tendons, as well as their subsequent effects on tenocytes. In this context, several
cytokines have been proposed to be involved in the inflammatory response after tendon
injury, in particular IL-1β, IL-6, and TNF-α being the most studied in tendinopathies [104].
Al-Sadi et al. demonstrated, in vitro, the presence of a soluble mediator-dependent re-
lationship between peripheral blood mononuclear cells (PBMCs) and neutrophils with
tenocytes, that results in the production of numerous pro-inflammatory cytokines, out of
which IL-1β, TNF-α, and IL-6, and other substances, including MMP-1 [98]. These soluble
compounds exhibit multiple roles in the mechanism of the post-injury reaction inside the
tendon. Indeed, several researchers described these biomolecules as stimulators that initiate
inflammation, cell death and ECM degradation within damaged tendons [71,105]. More-
over, in a research performed on tenocytes exposed to IL-1β, a pro-inflammatory cytokine
essential for the organism response and cell recruitment [106], it has been demonstrated
the presence of catabolic effects such as enhanced matrix MMPs production [104] and that
tenocytes previously activated with IL-1β, in vitro, can promote the migration of activated
T cells by upregulating intercellular adhesion molecule 1 (ICAM-1), a gene involved in
the inflammation and T cell recruitment [101]. In a study conducted by Garcia-Melchor
et al., the authors demonstrated that the direct interaction between T cells and tenocytes
contributes to further stimulation of T cells, which in turn upregulate the expression of
inflammatory messenger molecules represented by an increase in IL-6, IL-8, COX-2, CCL2,
CCL5 and CXCL10 gene expression [101]. Furthermore, the T cell activation increased the
ratio between COL3 and COL1 in the stromal compartment, forming an interplay that
could contribute to the establishment of a chronic inflammatory response, accompanied
by changes in biomechanical properties of the tendons [101]. Interestingly, two co-culture
systems were used within the same study to determine the difference between the results
obtained in direct contact versus trans-well system. The obtained results demonstrated an
increase in CD69 and IFN-γ expression specifically within T cells when exposed to direct
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contact with tenocytes as opposed to trans-well indirect contact experiments, meaning
a significant increase in T cells’ activation [101]. Indeed, CD69 works as a costimulatory
molecule for T cell activation and proliferation [107]. Multiple subtypes of T cells, including
CD4+ and CD8+ T cells also synthesize and express IL-17 (IL-17A), a pro-inflammatory
cytokine often found at the injury site [108]. Millar et al. proposed that IL-17A may serve
as a cytokine modulator of early tendinopathy, describing it in in vitro studies [90]. Even
though lymphoid lineages, especially T cells and innate lymphocytes, are noticeably crucial
IL-17A producers, mast cells [109], macrophages [110], and neutrophils [111] may also
contribute to the local cytokine pool, either by synthesis or receptor-mediated absorption
and subsequent release [90]. IL-17A has a number of actions that contribute to tissue dam-
age and disintegration during inflammation. It specifically stimulates the production of
cytokines such as IL-1, IL-6, TNF-, chemokines, and MMPs [112]. During the experiments,
tenocytes were shown to be less pro-inflammatory when IL-17A was inhibited [90].

Figure 2. Representation of the prevalent immunomodulatory crosstalk between tenocytes and
immune cells during tendon healing tested (A) in vitro and (B) in vivo.

The interactions of tenocytes with immune cells does not limit to lymphocytes and
leukocytes but they also interact with macrophages and mast cells [71]. In the event of
macrophages, tenocytes secrete molecules that change the polarization markers expres-
sion in macrophages during the early stages of inflammation and upregulate IL-6, IL-8,
MCP-1 in a co-culture system [71]. In detail, in an experiment conducted by Stolk et al.,
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they co-cultured M0 macrophages with pre-stimulated tenocytes to assess their crosstalk
in vitro. The obtained results showed a significant increase in cytokine expressions under
both direct cell and trans-well co-culture system conditions. Interestingly, it has been
observed a significant increase in CD80 expression, simultaneously with a decrease in
HLA-DR expression, which are both typical M1 polarization markers [71]. Thus, it can be
supposed based on the obtained results that pre-stimulated tenocytes and macrophages
co-culture induced a partial activation of macrophages. Moreover, in response to teno-
cyte activation, M1 macrophages start to express and release numerous pro-inflammatory
cytokines, specifically TNF-α, IL-1, IL-6 and iNOS or change their phenotype towards
an anti-inflammatory M2 one [113]. TNF-α presents the capabilities to affect tenocytes
matrix synthesis catabolically, and activating them in other to produce cytokines and
matrix-degrading enzymes [114] and also to decrease COL1 expression [114,115]. In a
series of studies, Behzad et al. observed the impact of mast cells on tenocytes’ function and
secretory activity [116]. The study aimed at determining the mechanism involved in the
tenocytes stimulation by the mast cells inducing the release of soluble molecules that affect
tissue remodeling and the biomechanical properties of the tendon [116]. Firstly, tenocytes
exposed to mast cell line conditioned media presented a higher viability rate compared
to the control sample during the in vitro studies [116]. Additionally, the obtained results
showed that the contact with mast cells conditioned media stimulated human tenocytes to
increase the levels of COX-2, which resulted in an increase in the PGE2 levels [117]. This
upregulation of PGE2 resulted in a decrease of the COL1A1 mRNA levels, thus affecting
the biomechanical properties of the tendon [116,118].

M2 macrophages [119] and Th0, Thl and Th2 cell subsets [120] also produce IL-10,
which has a regulatory function on several cytokines, including IL-1, IL-2, IL-8 and TNF-
α [121]. IL-10 can also coordinate connective tissue remodeling and suppression of the
production of pro-inflammatory cytokines such as TNF-α in immune cells, due to their
anti-inflammatory capabilities and their possible role in extracellular matrix remodel-
ing [114,121]. IL-10 levels can be influenced by IL-6, other cytokine subtype produced by
M1 macrophages [122,123]. It has been demonstrated that IL-6 promoted the acute phase
protein synthesis as well as neutrophil formation in the bone marrow [123]. It has been pro-
posed by Qi et al. that animals lacking the pro-inflammatory cytokine IL-6 during tendon
healing express less inflammation and complete greater collagen synthesis, organization
and higher material properties, and therefore, the presence of this cytokine secreted by
tenocytes causing delayed healing [124].

Although many studies have been conducted to assess the crosstalk between tenocytes
and different immune cells in vitro, few studies have been performed in vivo and in clinic in
this regard in terms of the interaction and effect of immune cells and the soluble molecules
released on the tendon and the mechanism of tendinopathy. For instance, Reitamo et al.
used transgenic mice models expressing the human elastin gene chloramphenicol acetyl-
transferase (CAT) in order to observe the effect of IL-10 on elastin gene expression, in vivo.
IL-10 was administered subcutaneously at a concentration range between 1–100 ng. They
discovered that recombinant human IL-10 can upregulate elastin gene expression in vivo
demonstrated by the increased levels of CAT, indicating the role that IL-10 might play in
the production and degradation of extracellular matrix [121]. Jelinsky et al. and Millar et al.
both conducted research on human models of tendinopathy [90,125]. The study conducted
by Jelinsky et al. was performed on tendon biopsy samples which were obtained from a
diverse group with variations in age, gender, symptoms, illness stage, and physical activity.
The aim of the study was to determine what cytokines are upregulated or downregulated
and quantify MMP and collagen in human tendinopathy samples compared to normal ten-
dons. After analyzing the gene expressions, they have observed that mRNA levels COL1A1,
COL1A2, and COL3A1 were elevated in the diseased tendon samples compared to healthy
ones. Moreover, pro-inflammatory cytokine levels were not upregulated, thus confirm-
ing the hypothesis that they lack implication in the later stages of tendinopathies [125].
Millar et al. directed an experiment in which they aimed to demonstrate the role IL-17
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plays in the inflammation response and tissue remodeling. Numerous torn supraspinatus
human samples were examined from different age groups in patients already showing
different levels of symptoms, and to compare with early stages of inflammation, biopsies
were extracted from intact subscapularis muscle as well. Results have shown a difference
between the levels of IL-17 mRNA levels in the suprascapularis samples as compared to
supraspinatus and control group samples, which suggests the implication of IL-17 in the
early stages of tendinopathies. Moreover, IL-17A not only enhanced total collagen produc-
tion, but it also appeared to shift collagen production from type I to type III. Therefore,
the presence of IL-17A might result in negative mechanical alterations in the extracellular
matrix of the tendon [90].

Taking together, tenocytes play a crucial role in modulating the gravity of tendinopathies
due to their influence on the reactions that submerge after tendon damage by commu-
nicating with immune-sensing cells, attracting, and activating the infiltrating immune
cells into the injury site, or modulating the secreted implicated cytokines. These solu-
ble molecules not only activate and boost tenocytes to proliferate, but also shift them
towards an inflammatory phenotype, and thus secreting more molecules to continue the
inflammation process. Understanding the crosstalk between tenocytes and immune cell
compartments can allow further comprehension of the mechanisms taking place during
all stages of tendinopathies to develop new strategies aim at blunting the inflammation
process. Regenerative medicine represents an emerged strategy implies the use of stem cells,
characterized by their anti-inflammatory properties, or their secretome, allowing the shift
of tendon cell compartments towards an anti-inflammatory phenotype thus ameliorating
tendon regeneration.

5. Crosstalk between Stem Cells and Tenocytes to Modulate Their
Inflammatory Phenotype

Tenocytes, as described in paragraph 3, during tendon inflammation can be acti-
vated towards an inflammatory phenotype and start secreting chemokines and cytokines
to modulate the immune response and ECM remodeling within the damaged tendons
(Figure 3) [71]. Different in vitro studies have demonstrated that the treatment of tenocytes
with inflammatory factors such as IL-1β or IL-6 induced a significant upregulation in matrix
degradation (MMP-1, MMP-3, and MMP-13) and inflammation related factors including
TNF-α, COX-2 and cytosolic phospholipase A2 (cPLA2) accompanied with a downreg-
ulation of ECM related markers [47,114,126]. To blunt the pro-inflammatory phenotype
of tenocytes, novel strategies have been applied in the field of regenerative medicine by
using stem cells and/or their secretomes. These strategies aim at the use of mesenchymal
stem cells (MSCs), the most studied to date, for review [127,128], and amnion derived
cells [18,20,129–133], which have, together with their derivatives including secretomes and
exosomes, immunomodulatory properties able to modulate the inflammatory response
in-vivo and improve tendon regeneration and ECM remodeling, as described in detail in
paragraph 6 [18,19,127–129,134]. Thus, understating how stem cells and/or their deriva-
tives can modulate the inflammatory phenotype of tenocytes represents a crucial aspect to
be considered in tendon regeneration.

Although the existence of several publications concerning the tenogenic differenti-
ation of stem cells by expressing tendon-related markers and their role on improving
ECM deposition, few studies have concentrated on the role of stem cells and/or their
derivatives on blunting tenocytes’ inflammatory phenotype. In particular, Manning et al.
examined the ability of adipose-derived mesenchymal stem cells (ASCs) on modulating
the inflammatory phenotype of tenocytes subjected to macrophages in a tri-culture sys-
tem [135]. When tenocytes were co-cultured with three different macrophages phenotypes
(M0, M1, and M2), there was an upregulation of pro-inflammatory factors (TNF-α, IL-1β,
and COX-2) and matrix degradation related markers (MMP-1, MMP-3, and MMP-13) by
tenocytes. Instead, when tenocytes were co-cultured with IFN-γ activated ASCs, there was
a downregulation in the gene expression of TNF-α, IL-1β, and MMP-1. Thus, exposing
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tenocytes-macrophage co-culture to activated ASCs blunted the inflammatory phenotype of
tenocytes by downregulating pro-inflammatory mediators. Moreover, tenocytes modulated
their responses on M1 macrophages when cultured with ASCs [135], in which it has been
noticed a downregulation of inflammatory mediators (TNF-α and COX-2) by tenocytes
within the tri-culture system compared to normal co-culture between tenocytes and M1
macrophages [135]. Additionally, exposing the co-culture system between tenocytes and
different macrophage phenotypes (M0, M1, and M2) to ASCs led to a change in macrophage
phenotypes in which M0 and M1 macrophages showed an increase in the expression of
CD206 and CD301, two cell surface marker specific for M2 macrophages [135]. Indeed,
the obtained results demonstrated that ASCs could suppress the negative effects of pro-
inflammatory M1 macrophages by shifting their phenotypes towards anti-inflammatory
M2 macrophages. Another study conducted by Viganò et al. aimed at evaluating the
ability of ASCs extracted from microfragmented adipose tissue (µFAT) to counteract the
inflammatory phenotype of tenocytes stimulated by IL-1β [136]. The subjection of tenocytes
to IL-1β induced an upregulation in the COL3, MMP-1, MMP-3, and COX-2. Instead, the
co-culture of IL-1β activated tenocytes with ASCs resulted in a downregulation in MMP-1
with an enhanced production of IL-6, IL-1Ra, and VEGF. Thus, the paracrine action of ASCs,
exercised by the secreted anti-inflammatory mediators, modulated tenocytes’ inflammatory
phenotype and inhibited the expression of fibrosis and catabolic markers [136].

Figure 3. Schematic representation of the potential crosstalk between stem cells tenocytes on modu-
lating tenocytes’ inflammatory responses in vitro.

Other studies were not limited to the effects of stem cells on modulating the inflam-
matory phenotype of tenocytes, but they also evaluated the effects of stem cells’ paracrine
factors including microvesicles (MVs) and conditioned media (CM) on tenocytes’ behavior.
In two studies conducted by Lange-Consiglio et al., they demonstrated that the use of MVs
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secreted by amniotic mesenchymal stem cells (AMSCs) induced a downregulation in the ex-
pression of pro-inflammatory markers by tenocytes with no effect on the proliferation of pe-
ripheral blood mononuclear cells (PBMCs) [137,138]. In detail, Lange-Consiglio et al. stud-
ied the effect of AMSCs MVs on equine lipopolysaccharide (LPS) activated tenocytes [138].
The obtained results showed that MVs counteracted in vitro inflammation of LPS activated
tenocytes by downregulating their expressions of MMP1, MMP9, MMP13, and TNFα with
no effect on PBMCs proliferation, in contrast to CM [138]. The above-mentioned results
demonstrated that MVs were able, due to their content of anti-inflammatory mediators, to
target tenocytes and modulate their inflammatory phenotype.

Taking together, the rescue of tenocyte resident cells from acquiring an inflammatory
phenotype can counteract the release of pro-inflammatory mediators within the damaged
tendon tissues under the effect of stem cells and their derivatives, including MVs and CM,
which in turn can start ECM synthesis and remodeling driven by tenocytes.

6. Crosstalk between Stem Cells and Immune Cells during Tendon Regeneration

The tissue regenerative advances provided by stem cells and/or their secretomes are
to be mediated by their role in suppressing the proinflammatory response and improving
the resolution of tendon disease. This novel approach could spare inflammation-induced
healing moieties and stimulate robust and rapid ECM repair.

Regenerative medicine comprehends all biological therapeutic strategies to improve
tissue lesion and disfunction [139]. For example, stem cells are able to promote cells homing
of progenitor cells involved in regenerative process as demonstrated by the recruitment
of CD45+ positive cells by ADSCs seeded on biomimetic hybrid nanocomposite scaffolds
engrafted into chest defect as a chest wall graft [140]. Concerning tendon regenerative
medicine, the most used strategies to improve healing and regeneration are stem cells- based
therapies [141,142], injections of platelet rich-hemoderivatives (PRHd) such as platelet-rich
plasma (PRP) [143,144], gene therapy [145] as well as biomaterial-based strategies [146]
and TE approaches [24,147,148].

In order to define the ideal stem cell to stimulate tendon healing, in vitro protocols
have been attempted to test the tenogenic plasticity of different stem cell source sometime in
combination with in vivo preclinical studies [24,149]. The rationale behind the use of stem
cells in regenerative medicine is to promote regeneration limiting scar tissue formation,
exploiting the tendon differentiation potential of stem cells as well as by taking advantage
of their paracrine influence on host tissue in orchestrating the ECM remodeling and in
modulating the inflammatory reaction through the production cytokines able to modulate
inflammation [150]. As stem cell therapy seems to be a promising treatment for tendon
injuries and tendinopathies [151,152], investigating how transplanted stem cells interact
with the inflammation and immune host cells is a crucial argument. In fact, the acute phase
of tendon injury is characterized by high level of inflammation and by the presence of
inflammatory cytokines such as IFN-γ, TNF-α and IL-1β [153,154].

MSCs are largely used in tendon regeneration as they have proven to have regenerative
potential [155]. MSCs can be harvested from tendon tissue as tendon stem cells (TSCs)
or from other tissue such as the bone marrow (BM) or the adipose tissue [96]. Their pro-
regenerative abilities are due to MSCs effect on macrophages and influence on the immune
response [156], inflammation and tissue repair [157]. In fact, MSCs can release cytokines
that influence the macrophage polarization and function [158,159]. These cytokines released
by MSC can recruit macrophages and endothelial cells to repair injuries and stimulate
wound healing [160].

PGE2, which is generally considered a proinflammatory lipid mediator, also exhibits
powerful and context-dependent anti-inflammatory effects [161]. In vitro experiments
showed that MSCs can produce PGE2 that could be able to switch M1 macrophages into
M2 or improve the selective activation of M2 [162] with anti-inflammatory properties
that suppresses immune activity by interacting with natural killer (NK) cells, cytotoxic
T lymphocytes (CD8+) cells and regulatory T cells (TREGS) [163]. PGE2 is produced
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through a COX-2-dependent Prostaglandin E synthase (arachidonic acid pathway) [164].
By co-culturing M1 macrophages with COX-2 knockdown (COX-2KD) MSCs, these last
were incapable of attenuating the pro-inflammatory cytokine TNF-α. Moreover, COX-2KD
MSCs were not able to induce M1 to M2 switch. Hence, these findings suggest that the
COX-2-dependent production of PGE2 in MSCs plays a significant role in macrophage
polarization/metabolic changes [162]. These studies are consistent with the findings of
Digiacomo et al., who found that PGE2 synergizes with colony stimulating factor (CSF-1),
resulting in CSF receptor transactivation, which supports monocyte/macrophage survival,
differentiation, and motility [165]. Moreover, it has been demonstrated by Rossi et al. that
PGE2 contained within CM, obtained from human amniotic membrane (hAM) and human
amniotic MSCs (hAMSCs), is involved in the immunomodulatory activity of hAM and
hAMSCs. In addition, this study revealed that the exposition of PGE2 to T cells induced a
slight reduction in their proliferation together with an inhibition of PBMCs proliferation
confirming hence its anti-inflammatory role [166].

In vivo experiments demonstrated that MSCs can influence M2 polarization also by
secreting the paracrine IL-1Ra [167] and by micro-RNAs [168]. In addition, MSCs exosome
can influence the immune response as C-C chemokine receptor type 2 (CCR2) positive
exosomes influence CCL2 recruiting and activating macrophages [169]. Transplanted
MSCs can influence T cells migration avoiding the infiltration of immune cells at the
site of inflammation [170]. MSCs can recruit T cells and regulate their activation and
differentiation, overexpressing chemokine (C-X-C motif) ligand 9 and 10 (CXCL9 and
CXCL10, respectively), when stimulated by inflammatory factors (such as IFN-γ and
TNF-α) [171]. MSCs can produce immunomodulatory factors, such as induced iNOS,
indoleamine 2,3-dioxygenase (IDO), TGF-β, and PGE2 that inhibit T cell proliferation [172].
In fact, during inflammation, IDOs modulate the T cells response [173]. Moreover, MSCs
secrete heme oxygenase-1 (HO-1) that suppresses T cells [174]. MSCs inhibit T cell activation
through different pathways. For example, MSCs may secrete Fas ligand (FasL) and tumor
necrosis factor-related apoptosis inducing ligand (TRAIL), which induce apoptosis and
inhibit the activity of T cells [175,176]. MSCs can regulate inflammatory response enhancing
Treg cell differentiation and inhibit T helper (Th) 17 by the action of their secreted factors
TGF-β, PGE2, Notch1, and IL-10 [177]. MSCs can also influence innate T cells [159,178]
as they have an impact on the level of costimulatory ligands in antigen-presenting cell
(APCs) [179] needed for the activation of T cells [178]. In addition, the MSC secreted
factors influence the expression of IL-12, TGF-β, IL-1 and IL-10, in APCs that control the
differentiation of T cell subsets [172,180].

The immunomodulation of MSCs in tendons has not been largely investigated. How-
ever, an in vitro study on adipose derived mesenchymal stem cells (ADMSCs) demon-
strated their ability to modulate the immune response during tendon inflammation [135].
In this study, mice tendon fibroblasts (TF) were cultured in different condition with and
without IL-1β, macrophages (M0, M1, M2) and/or ADMSCs to test their reaction after
induced inflammation and to assess the crosstalk between different cells type [135]. Results
demonstrated that IL-1β had a negative effect on TF contributing to decreased viability,
upregulation of inflammation related genes, matrix degradation and downregulation of
ECM remodeling factors [135]. The co-culture of TF with macrophages generally demon-
strated a negative effect especially caused by that M1. In TF+M1 co-culture, the addition of
ADMSCs resulted in downregulation of IL-1β and TNF gene expression by TF compared
to TF+M1 alone, after 5 days. On the other hand, co-culture of ADMSCSs with TF+M0
promoted their polarization towards M2 phenotype as demonstrated by the upregulation
of the marker CD206 and CD301 [135]. Moreover, M2 phenotype markers increased after
1 day, when M0 cells were cultured with ADMSCSs. This study represents a valid in vitro
model to study the crosstalk between resident tendon fibroblast cells, immune and stem
cells, demonstrating that ADMSCSs modulated the negative effect of M1 and promoted the
M0 polarization towards M2 [135].
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MSC immunomodulation after transplantation has been investigated in different body
districts such as bone [181] and liver [182].

Evidence reported the in vivo healing effects of untreated and TNF-α primed MSCs
derived from BM in rat Achilles segmental defect model [183]. Rat Achilles tendons,
subjected to a unilateral segmental defect, were repaired with either MSC or TNF-α-
primed MSC seeded on poly(lactic-co-glycolic acid) (PLGA) scaffold. In vivo, both treated
and untreated MSCs, augmented IL-10 production and diminished the inflammatory
factor, IL-1 α. TNF-α-primed MSCs downregulate IL-12 synthesis and the number of
M1 macrophages, along with increased the percent of M2 macrophages, and synthesis of
the anti-inflammatory factor IL-4. The effect of BM-MSCs was also reported in ligament
regeneration. In this research the right number of cells to be inoculated to have the optimum
results was also studied [184]. In particular, 4 × 106 cell density was compared to 1 × 106.
Surprisingly, the lower concentration resulted the best to induce regeneration and decrease
inflammation. The high dose of MSCs resulted in increased pro-inflammatory cytokines
at day 5 (IL-1β, IFN-γ, IL-2) and increased expression of IL-12 at day 14 after injury and
transplantation. On day 14, M1 macrophages were present in the wounded site treated
with high dose of MSCs while a sensible decrease of M2 was detected compared to controls.
The low dose of MSCs resulted in a small wound size after injury and MSCs inoculation.
These results, together with the significant changes in procollagen I, proliferating cells, and
endothelialization suggests that MSCs can affect the cellular response during healing in a
dose-dependent manner [184].

Currently the most promising stem cells source for tendon TE are the tendon stem
cells (TSCs) that were discovered in several species as human, horse, rabbit, rat, and
mouse [34,185–187] and conserved the ability to spontaneously differentiate into teno-
cyte [188].

However, even if TSC may represent the ideal therapeutic stem cell source, their
effect is poor in term of cells availability, in vitro expansion without phenotypic drift [189]
and in immunomodulatory property evidence collected to date. Nevertheless, it was
demonstrated that they have low immunogenicity and allogeneic transplantation could
be recommended [190]. In fact, allogenic TSCs from rat patellar tendon provoked a feeble
lymphocyte proliferation, and they could escape from the lymphocyte mediated cytotox-
icity [190]. Moreover, the anti-inflammatory role of TSCs was previously demonstrated
by the decreased number of lymphocytes upon allogenic TSC delivered via silk–collagen
scaffold for rotator cuff repair in rabbits [191].

It was proposed a role of TSCs in modulation of inflammation and matrix metallopro-
teinase (MMP) activities during tendon healing. TSCs treated with connective tissue growth
factor (CTGF) express anti-inflammatory IL-10 and TIMP-3 through c-Jun N-terminal ki-
nase (JNK) and signal transducer and activator of transcription 3 (STAT3) signaling, that
play essential roles in tendon healing [192]. In samples inoculated with CTGF there was a
significantly reduced number of iNOS+ M1 cells in the early healing phase was detected,
while the CD146+ TSCs increased correlated to an increased IL-10 expression. IL-10 has a
crucial anti-inflammatory role in tendon healing inhibiting the release and the action of
proinflammatory cytokines and monocytes/Mfs [193]. In addition, in vitro CD146+ TSCs
when primed with IL-1β and CTGF displayed a higher expression of IL-10 that reduced the
proinflammatory M1 cells during the tendon healing phase. Curiously, in CTGF delivery
tendons, the pro/anti-inflammatory IL-6 showed a temporal expression and appeared
reduced by 1 week after surgery [194,195]. Without CTGF, MMP-3 expression was localized
on the healing junction and could be associated with matrix degradation, whereas in CTFG
treated samples MMP-3 expressions was along with reorienting collagen fibers and could
be associated with matrix remodeling. Transcriptional factor STAT-3, that has roles in
mediating inflammation, regulating the expression of cytokines such as IL-10 [196–198],
was significantly upregulated in CTGF treated samples compared with the untreated ones
as well as JNK [199] ant TIMP3. Furthermore, the activation of STAT3 is required for IL-10
anti-inflammatory effects and subsequent IL-10 synthesis. This data suggests a novel JNK
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and STAT3 signaling axis in CTGF-induced IL-10 and TIMP-3 expression of CD146+ TSCs
useful to understand the immune regulation in tendon regeneration.

Amniotic epithelial Stem cells (AECs) are recently emerging as a new source of stem
cells to be used for tendon regeneration [19,20,200].

Their teno-regenerative role has been rigorously demonstrated by combining in vitro
with ex vivo evidence [19,129,200]. The peculiarity of AECs resides in their innate ability to
modulate the immune response, contrarily to MSCs that need to be stimulated to induce an
efficient effect in term of immunomodulation [166]. The AECs innate immune-regulative
properties derives by their physiological role during pregnancy as they mediate the immune
interface between the mother and the fetus through the production of cytokines [201].

Ovine AECs (oAECs) demonstrated to have immunomodulatory properties in vitro
inhibiting lymphocyte proliferation both in transwell co-culture or in cell-to cell contact
systems in vitro [202,203]. Their immunomodulatory effect was tested also in vivo after
transplantation in tendon where oAECs inhibited the recruitment of leukocytes mediated
by secretion factors and influenced the in-situ macrophages activation and polarization [20].
In particular, the tendon regeneration mediated by oAECs displayed centripetal character-
ization that begin from the healthy portion of the tendon and progressively invade that
wounded part injected with oAECs [19]. In this situation, oAECs migration into the tendon
defects seems necessary to drive the tendon healing centripetal progression and M recruit-
ment and activation. M-derived anti-inflammatory cytokines and collagen breakdown
enzymes are typically implicated in tissue healing [204]. oAECs transplantation stimulate
an anti-inflammatory and antifibrotic mechanism demonstrated also in other tissue such
as lung and liver [130,205–207], that contribute to M2 polarization thanks to interleukins
such as IL-4, IL-10 and IL-13 [208,209] that can be produced by fetal membranes [210,211].
In the study of Mauro et al., after 14 days from oAECs transplantation, a reduced pres-
ence of pro-inflammatory M1, usually present during the acute phase of inflammation in
response to stimuli such as IFN-g and TNF-α [20,208], was detected. Contextually, the
activation of M2 phenotype population was present only in the area actively involved in
ECM deposition and remodeling. At day 14, IL-10 expression was higher compared to the
other time points and to the control sample, representing a positive repairing effect as IL-10
prevent the production of IL-1, TNF-α, IL-12 and other proinflammatory factors [212–215].
On day 28, oAECs treated tendons acquired a healthy-like structure with a decrease in M2
phenotypic cells and associated markers, indicating that their pro-regenerative action had
ended. Interestingly, control tissue presented a high degree of disorganization and pro-
inflammatory M1 markers. The low IL-12β and IL-10 ratio detected in oAEC transplanted
tendons, indicated a M shifting towards M2 phenotype [130]. oAECs were able to decrease
inflammation during tendon healing promoting M2 polarization and releasing TGF-β
and VEGF [19,216] as well as IL-10 influencing MMPs and TIMPs inhibitors activity [217].
Even if the molecular mechanism between oAECs and macrophages during tendon repair
remains to be clarified, these results suggest a role of oAECs in guiding the macrophage
polarization promoting the regeneration and decreasing inflammation.

According to the evidence described above, stem cells such as MSCs or AECs can
influence the immune response during tendon healing prevalently modulating the M1
to M2 switch, secreting anti-inflammatory cytokines (IL-4, IL-10, IL-13), preventing the
production of pro-inflammatory molecules (iNOS, IDO, TGF-β, PGE2) and cytokines,
avoiding the proliferation of T cells and recruitment of lymphocytes, as summarized in
Figure 4.

Stem cells free regenerative approaches involved bioactive secretomes collected from
stem cells as well as hemo-derivate were used in tendon TE [218,219]. Conditioned media
(CM) consist in the secretome produced by stem cells and it is composed by multiple
factors such as soluble factors and extracellular vesicles [220]. It represent a novel alter-
native to stem cells therapy that appears to be a promising approach to improve tendon
regeneration [219].
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In vitro experiment demonstrated the ability of CM collected from oAECs to drive
tendon differentiation [221]. Moreover, CM collected from human AEC (hAECs) was
proven to have immunomodulatory properties in vitro as it was able to promote the
metabolic switch from M1 to M2 [203]. Moreover, a further in vitro study on hAECs CM
demonstrated its immunomodulatory properties as it was able to decrease the lymphocyte
proliferation [166].

In vivo experiment on 13 horses, demonstrated that tendon healing can be improved
by horse AECs CM injection in spontaneous tendon defect [137]. After the confirmation of
the immunomodulatory properties of AECs CM obtained in vitro, showing an inhibition of
peripheral blood mononuclear cells (PBMCs) proliferation in direct or indirect co-culture,
the CM was injected in vivo. The clinical outcomes were encouraging, with the horses ex-
periencing a significantly decreased rate (15.38%) of reinjuries when compared to untreated
animals [137].

The efficacy of CM collected from AECs was demonstrated also in comparison with
CM collected from MSCs [222]. After injection of the different CM in horse’s tendon lesion,
the animals treated with AECs CM displayed a more rapid resuming of activity and a
lower rate of re-injury. This evidence demonstrated that conditioned media can be used to
improve tendon healing and that the ones collected from AECs can be more effective.

Figure 4. Schematic representation of the prevalent immunomodulatory activities of stem cells during
tendon healing tested in vitro and in vivo. The image was adapted from Plock et al. [223].

The platelet rich plasma (PRP) therapy was also proven to exhibit a positive effect in
tendon healing [224]. In the study of Nishio et al., leukocyte-rich (LR) PRP and leukocyte-
poor (LP) PRP were inoculated into mice patellar tendons defect. Results demonstrated
that LP-PRP promoted the best tendon healing compared to LR-PRP. It was found that after
4 days of surgery the M1 were higher in both cases, but at day 7 and 14, M2 significantly
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increased in the LP-PRP group compared to the control groups. PRP improved the tendon
healing and stimulated the recruitment of M to the injured tissue. The M typologies
differed based on the types of PRPs, implying that leukocytes in PRP alter the efficacy of
PRP therapy [224].

The gene therapy can be considered in order to enhance the immunomodulatory
properties of stem cells [225,226]. Studies demonstrated that BM-MSCs treated with
CRISPR/Cas9 technique to overexpress IL-10, restrict the immune cell accumulation, and
pro-inflammatory response in the diabetes-associated myocardial infarction model [227].

Moreover, BM-MSCs genetically modified to overexpress prostaglandin I synthase
(PGIS) protected damaged heart and restored cardiac function in a mouse model [228]
and modification to enhance therapeutic genes such as IL-4, IL-10, TGF-β1, and GATA-4
demonstrated to increase cell survival and therapeutic effects [229]. Even if this technique
has not been used in tendon to date, it could represent a valid approach to modulate the
inflammatory response which in turn promote tendon healing and regeneration.

The immunomodulatory properties of stem cells have a fundamental importance
in tendon regenerative medicine, but literature lacks on this argument. Certainly, more
investigations are needed to deeply comprehend the influence of different stem cells sources
on the regenerative process, to choose the suitable type to be used in vivo.

Taking all together, although the promising results obtained with the use of stem cells
in vivo in preclinical studies, their translation into the clinic often is difficult to achieve.
Considering the complexity and functionality of tendon tissue, the main cause could be
due to the fact that the experimental induced tendon injury (i.e., mechanical injury, enzyme
and cytokines introduction) does not represent in full a tendinopathy model and this
can explain the different outcomes between the preclinical in vivo studies and clinical
trials [230]. Additionally, most of the preclinical studies of injured tendons’ models were
conducted for a short-term period to verify the underlying mechanisms and the changes
occurring within the non-treated and stem cells-treated tendons in contrast to clinical trials
that requires a long-term follow up [230]. The different sources of stem cells used for
tendon regeneration together with their diverse properties imply to take into consideration
different issues that are still not answered including stem cell origin, their transplantation
number, the administration technique, and timing [96].

7. Conclusions

Inflammation is rapidly becoming recognized as a significant factor in tendon illnesses.
Advances in understanding the inflammation’s underlying the cellular mechanisms and the
molecular pathways involved have given more insights into tendon illness, as well as the
circumstances that may aggravate it, but this information could lead to the development of
new therapeutical approaches to be applied for tendinopathies.

Regenerative medicine represents an innovative strategy to deal with tendinopathies
and the resulting inflammation. The application of stem cells or their derived secretomes
has shown a great potential in improving tendon regeneration allowing to hypothesize
the development of cell-based and cell-free strategies to modulate the immune response
in tendon injuries. Indeed, it has been demonstrated that different immune cells together
with secreted immune modulators participate to control and promote tissue regenera-
tion. Understanding the crosstalk between the host tissue, stem and immune cells might
greatly modulate the immune reaction resolving hence the inflammatory response and
avoiding the formation of fibrotic scar tissue. Therefore, a prolonged inflammation could
be avoided by modulating the immune cells either with bioactive immunomodulating
molecules, such as the stem cells’ secretomes, or by directly applying stem cells with an
immunomodulatory potential, as AECs, which in turn might lead to an improved tendon
regeneration. Encouraging prospects in this field are represented by stimulating whether
macrophage polarization towards anti-inflammatory phenotype whether stem cell recruit-
ment and penetration within the damage tissue accompanied with an enhancement of their
immunomodulatory properties. Taking together, understanding the interplay between dif-
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ferent tendon cell compartments together with the potential role of stem cells in modulating
the inflammatory response due to their immunomodulatory properties helps to develop
new innovative strategies to deal with tendinopathies. Evaluating the immune-related
mechanisms within healthy and injured tendon tissues serves to clearly assess the different
inflammatory processes for further targeted strategies to deal with tendinopathies.
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119. Rőszer, T. Understanding the Mysterious M2 Macrophage through Activation Markers and Effector Mechanisms. Mediators
Inflamm. 2015, 2015, 816460. [CrossRef] [PubMed]

120. Brown, W.C.; Woods, V.M.; Chitko-McKown, C.G.; Hash, S.M.; Rice-Ficht, A.C. Interleukin-10 Is Expressed by Bovine Type 1
Helper, Type 2 Helper, and Unrestricted Parasite-Specific T-Cell Clones and Inhibits Proliferation of All Three Subsets in an
Accessory-Cell-Dependent Manner. Infect. Immun. 1994, 62, 4697–4708. [CrossRef] [PubMed]

121. Reitamo, S.; Remitz, A.; Tamai, K.; Ledo, I.; Uitto, J. Interleukin 10 Up-Regulates Elastin Gene Expression In Vivo and In Vitro at
the Transcriptional Level. Biochem. J. 1994, 302, 331–333. [CrossRef]

122. Kishimoto, T.; Akira, S.; Narazaki, M.; Taga, T. Interleukin-6 Family of Cytokines and Gp130. Blood 1995, 86, 1243–1254. [CrossRef]
123. Ropelle, E.R.; Flores, M.B.; Cintra, D.E.; Rocha, G.Z.; Pauli, J.R.; Morari, J.; de Souza, C.T.; Moraes, J.C.; Prada, P.O.; Guadagnini,

D.; et al. IL-6 and IL-10 Anti-Inflammatory Activity Links Exercise to Hypothalamic Insulin and Leptin Sensitivity through IKKβ

and ER Stress Inhibition. PLoS Biol. 2010, 8, e1000465. [CrossRef]
124. Lin, T.W.; Cardenas, L.; Glaser, D.L.; Soslowsky, L.J. Tendon Healing in Interleukin-4 and Interleukin-6 Knockout Mice. J. Biomech.

2006, 39, 61–69. [CrossRef] [PubMed]
125. Jelinsky, S.A.; Rodeo, S.A.; Li, J.; Gulotta, L.V.; Archambault, J.M.; Seeherman, H.J. Regulation of Gene Expression in Human

Tendinopathy. BMC Musculoskelet. Disord. 2011, 12, 86. [CrossRef] [PubMed]
126. Tsuzaki, M.; Guyton, G.; Garrett, W.; Archambault, J.M.; Herzog, W.; Almekinders, L.; Bynum, D.; Yang, X.; Banes, A.J. IL-1β

Induces COX2, MMP-1, -3 and -13, ADAMTS-4, IL-1β and IL-6 in Human Tendon Cells. J. Orthop. Res. 2003, 21, 256–264.
[CrossRef]

127. De Castro, L.L.; Lopes-Pacheco, M.; Weiss, D.J.; Cruz, F.F.; Rocco, P.R.M. Current Understanding of the Immunosuppressive
Properties of Mesenchymal Stromal Cells. J. Mol. Med. Berl. Ger. 2019, 97, 605–618. [CrossRef]

128. Burk, J. Mechanisms of Action of Multipotent Mesenchymal Stromal Cells in Tendon Disease. In Tendons; Sözen, H., Ed.;
IntechOpen: London, UK, 2019; ISBN 978-1-83962-985-3.

129. Barboni, B.; Russo, V.; Gatta, V.; Bernabò, N.; Berardinelli, P.; Mauro, A.; Martelli, A.; Valbonetti, L.; Muttini, A.; Di Giacinto,
O.; et al. Therapeutic Potential of HAECs for Early Achilles Tendon Defect Repair through Regeneration. J. Tissue Eng. Regen.
Med. 2018, 12, e1594–e1608. [CrossRef] [PubMed]

130. Manuelpillai, U.; Lourensz, D.; Vaghjiani, V.; Tchongue, J.; Lacey, D.; Tee, J.-Y.; Murthi, P.; Chan, J.; Hodge, A.; Sievert, W. Human
Amniotic Epithelial Cell Transplantation Induces Markers of Alternative Macrophage Activation and Reduces Established Hepatic
Fibrosis. PLoS ONE 2012, 7, e38631. [CrossRef]

131. Miki, T. A Rational Strategy for the Use of Amniotic Epithelial Stem Cell Therapy for Liver Diseases. Stem Cells Transl. Med. 2016,
5, 405–409. [CrossRef]

132. Miki, T. Amnion-Derived Stem Cells: In Quest of Clinical Applications. Stem Cell Res. Ther. 2011, 2, 25. [CrossRef]
133. Liu, Q.-W.; Huang, Q.-M.; Wu, H.-Y.; Zuo, G.-S.-L.; Gu, H.-C.; Deng, K.-Y.; Xin, H.-B. Characteristics and Therapeutic Potential of

Human Amnion-Derived Stem Cells. Int. J. Mol. Sci. 2021, 22, 970. [CrossRef]
134. Lange-Consiglio, A.; Lazzari, B.; Perrini, C.; Pizzi, F.; Stella, A.; Cremonesi, F.; Capra, E. MicroRNAs of Equine Amniotic

Mesenchymal Cell-Derived Microvesicles and Their Involvement in Anti-Inflammatory Processes. Cell Transplant. 2018, 27, 45–54.
[CrossRef]

135. Manning, C.N.; Martel, C.; Sakiyama-Elbert, S.E.; Silva, M.J.; Shah, S.; Gelberman, R.H.; Thomopoulos, S. Adipose-Derived
Mesenchymal Stromal Cells Modulate Tendon Fibroblast Responses to Macrophage-Induced Inflammation in Vitro. Stem Cell Res.
Ther. 2015, 6, 74. [CrossRef]

136. Viganò, M.; Lugano, G.; Perucca Orfei, C.; Menon, A.; Ragni, E.; Colombini, A.; De Luca, P.; Randelli, P.; de Girolamo, L.
Autologous Microfragmented Adipose Tissue Reduces the Catabolic and Fibrosis Response in an In Vitro Model of Tendon Cell
Inflammation. Stem Cells Int. 2019, 2019, 5620286. [CrossRef] [PubMed]

137. Lange-Consiglio, A.; Rossi, D.; Tassan, S.; Perego, R.; Cremonesi, F.; Parolini, O. Conditioned Medium from Horse Amniotic
Membrane-Derived Multipotent Progenitor Cells: Immunomodulatory Activity In Vitro and First Clinical Application in Tendon
and Ligament Injuries In Vivo. Stem Cells Dev. 2013, 22, 3015–3024. [CrossRef]

138. Lange-Consiglio, A.; Perrini, C.; Tasquier, R.; Deregibus, M.C.; Camussi, G.; Pascucci, L.; Marini, M.G.; Corradetti, B.; Bizzaro, D.;
De Vita, B.; et al. Equine Amniotic Microvesicles and Their Anti-Inflammatory Potential in a Tenocyte Model In Vitro. Stem Cells
Dev. 2016, 25, 610–621. [CrossRef]

139. Berthiaume, F.; Maguire, T.J.; Yarmush, M.L. Tissue Engineering and Regenerative Medicine: History, Progress, and Challenges.
Annu. Rev. Chem. Biomol. Eng. 2011, 2, 403–430. [CrossRef]

140. Buschmann, J.; Yamada, Y.; Schulz-Schönhagen, K.; Hess, S.C.; Stark, W.J.; Opelz, C.; Bürgisser, G.M.; Weder, W.; Jungraithmayr,
W. Hybrid Nanocomposite as a Chest Wall Graft with Improved Integration by Adipose-Derived Stem Cells. Sci. Rep. 2019,
9, 10910. [CrossRef]

141. Gaspar, D.; Spanoudes, K.; Holladay, C.; Pandit, A.; Zeugolis, D. Progress in Cell-Based Therapies for Tendon Repair. Adv. Drug
Deliv. Rev. 2015, 84, 240–256. [CrossRef]

http://doi.org/10.1002/jor.22742
http://doi.org/10.1007/BF03402050
http://doi.org/10.1155/2015/816460
http://www.ncbi.nlm.nih.gov/pubmed/26089604
http://doi.org/10.1128/iai.62.11.4697-4708.1994
http://www.ncbi.nlm.nih.gov/pubmed/7927745
http://doi.org/10.1042/bj3020331
http://doi.org/10.1182/blood.V86.4.1243.bloodjournal8641243
http://doi.org/10.1371/journal.pbio.1000465
http://doi.org/10.1016/j.jbiomech.2004.11.009
http://www.ncbi.nlm.nih.gov/pubmed/16271588
http://doi.org/10.1186/1471-2474-12-86
http://www.ncbi.nlm.nih.gov/pubmed/21539748
http://doi.org/10.1016/S0736-0266(02)00141-9
http://doi.org/10.1007/s00109-019-01776-y
http://doi.org/10.1002/term.2584
http://www.ncbi.nlm.nih.gov/pubmed/29024514
http://doi.org/10.1371/journal.pone.0038631
http://doi.org/10.5966/sctm.2015-0304
http://doi.org/10.1186/scrt66
http://doi.org/10.3390/ijms22020970
http://doi.org/10.1177/0963689717724796
http://doi.org/10.1186/s13287-015-0059-4
http://doi.org/10.1155/2019/5620286
http://www.ncbi.nlm.nih.gov/pubmed/31885616
http://doi.org/10.1089/scd.2013.0214
http://doi.org/10.1089/scd.2015.0348
http://doi.org/10.1146/annurev-chembioeng-061010-114257
http://doi.org/10.1038/s41598-019-47441-9
http://doi.org/10.1016/j.addr.2014.11.023


Cells 2022, 11, 434 27 of 30

142. Gonçalves, A.I.; Costa-Almeida, R.; Gershovich, P.; Rodrigues, M.T.; Reis, R.L.; Gomes, M.E. Cell-Based Approaches for Tendon
Regeneration. In Tendon Regeneration; Elsevier: Amsterdam, The Netherlands, 2015; ISBN 978-0-12-801590-2.

143. Kaux, J.-F.; Crielaard, J.-M. Platelet-Rich Plasma Application in the Management of Chronic Tendinopathies. Acta Orthop. Belg.
2013, 79, 10–15.

144. Filardo, G.; Di Matteo, B.; Kon, E.; Merli, G.; Marcacci, M. Platelet-Rich Plasma in Tendon-Related Disorders: Results and
Indications. Knee Surg. Sports Traumatol. Arthrosc. 2018, 26, 1984–1999. [CrossRef] [PubMed]

145. Tang, J.B.; Zhou, Y.L.; Wu, Y.F.; Liu, P.Y.; Wang, X.T. Gene Therapy Strategies to Improve Strength and Quality of Flexor Tendon
Healing. Expert Opin. Biol. Ther. 2016, 16, 291–301. [CrossRef] [PubMed]

146. Freedman, B.R.; Mooney, D.J. Biomaterials to Mimic and Heal Connective Tissues. Adv. Mater. 2019, 31, e1806695. [CrossRef]
147. Lin, J.; Zhou, W.; Han, S.; Bunpetch, V.; Zhao, K.; Liu, C.; Yin, Z.; Ouyang, H. Cell-Material Interactions in Tendon Tissue

Engineering. Acta Biomater. 2018, 70, 1–11. [CrossRef] [PubMed]
148. Lim, W.L.; Liau, L.L.; Ng, M.H.; Chowdhury, S.R.; Law, J.X. Current Progress in Tendon and Ligament Tissue Engineering. Tissue

Eng. Regen. Med. 2019, 16, 549–571. [CrossRef]
149. Lui, P.P. Stem Cell Technology for Tendon Regeneration: Current Status, Challenges, and Future Research Directions. Stem Cells

Cloning Adv. Appl. 2015, 2015, 163–174. [CrossRef] [PubMed]
150. Galatz, L.M.; Gerstenfeld, L.; Heber-Katz, E.; Rodeo, S.A. Tendon Regeneration and Scar Formation: The Concept of Scarless

Healing. J. Orthop. Res. 2015, 33, 823–831. [CrossRef]
151. Im, G.-I.; Kim, T.-K. Stem Cells for the Regeneration of Tendon and Ligament: A Perspective. Int. J. Stem Cells 2020, 13, 335–341.

[CrossRef] [PubMed]
152. Migliorini, F.; Tingart, M.; Maffulli, N. Progress with Stem Cell Therapies for Tendon Tissue Regeneration. Expert Opin. Biol. Ther.

2020, 20, 1373–1379. [CrossRef]
153. Hosaka, Y.; Kirisawa, R.; Yamamoto, E.; Ueda, H.; Iwai, H.; Takehana, K. Localization of Cytokines in Tendinocytes of the

Superficial Digital Flexor Tendon in the Horse. J. Vet. Med. Sci. 2002, 64, 945–947. [CrossRef] [PubMed]
154. Clegg, P.D.; Strassburg, S.; Smith, R.K. Cell Phenotypic Variation in Normal and Damaged Tendons. Int. J. Exp. Pathol. 2007, 88,

227–235. [CrossRef]
155. Han, Y.; Li, X.; Zhang, Y.; Han, Y.; Chang, F.; Ding, J. Mesenchymal Stem Cells for Regenerative Medicine. Cells 2019, 8, 886.

[CrossRef]
156. Cao, W.; Cao, K.; Cao, J.; Wang, Y.; Shi, Y. Mesenchymal Stem Cells and Adaptive Immune Responses. Immunol. Lett. 2015, 168,

147–153. [CrossRef]
157. Davies, L.C.; Boberg, E.; Le Blanc, K. Commentary: Role of Mesenchymal Stromal Cell–Mediated Crosstalk with Macrophages in

Graft-versus-Host Disease and Tissue Repair. Biol. Blood Marrow Transplant. 2017, 23, 861–862. [CrossRef]
158. Cho, D.-I.; Kim, M.R.; Jeong, H.; Jeong, H.C.; Jeong, M.H.; Yoon, S.H.; Kim, Y.S.; Ahn, Y. Mesenchymal Stem Cells Reciprocally

Regulate the M1/M2 Balance in Mouse Bone Marrow-Derived Macrophages. Exp. Mol. Med. 2014, 46, e70. [CrossRef]
159. Geng, Y.; Zhang, L.; Fu, B.; Zhang, J.; Hong, Q.; Hu, J.; Li, D.; Luo, C.; Cui, S.; Zhu, F.; et al. Mesenchymal Stem Cells Ameliorate

Rhabdomyolysis-Induced Acute Kidney Injury via the Activation of M2 Macrophages. Stem Cell Res. Ther. 2014, 5, 80. [CrossRef]
[PubMed]

160. Chen, L.; Tredget, E.E.; Wu, P.Y.G.; Wu, Y. Paracrine Factors of Mesenchymal Stem Cells Recruit Macrophages and Endothelial
Lineage Cells and Enhance Wound Healing. PLoS ONE 2008, 3, e1886. [CrossRef]

161. Scher, J.U.; Pillinger, M.H. The Anti-Inflammatory Effects of Prostaglandins. J. Investig. Med. 2009, 57, 703–708. [CrossRef]
162. Vasandan, A.B.; Jahnavi, S.; Shashank, C.; Prasad, P.; Kumar, A.; Prasanna, S.J. Human Mesenchymal Stem Cells Program

Macrophage Plasticity by Altering Their Metabolic Status via a PGE2-Dependent Mechanism. Sci. Rep. 2016, 6, 38308. [CrossRef]
163. Taylor, A.; Verhagen, J.; Blaser, K.; Akdis, M.; Akdis, C.A. Mechanisms of Immune Suppression by Interleukin-10 and Transforming

Growth Factor-Beta: The Role of T Regulatory Cells. Immunology 2006, 117, 433–442. [CrossRef] [PubMed]
164. Ackermann, P.W.; Hart, D.A. (Eds.) Metabolic Influences on Risk for Tendon Disorders; Advances in Experimental Medicine and

Biology; Springer International Publishing: Cham, Schwitzerland, 2016; Volume 920, ISBN 978-3-319-33941-2.
165. Digiacomo, G.; Ziche, M.; Dello Sbarba, P.; Donnini, S.; Rovida, E. Prostaglandin E2 Transactivates the Colony-stimulating Factor-1

Receptor and Synergizes with Colony-stimulating Factor-1 in the Induction of Macrophage Migration via the Mitogen-activated
Protein Kinase ERK1/2. FASEB J. 2015, 29, 2545–2554. [CrossRef] [PubMed]

166. Rossi, D.; Pianta, S.; Magatti, M.; Sedlmayr, P.; Parolini, O. Characterization of the Conditioned Medium from Amniotic Membrane
Cells: Prostaglandins as Key Effectors of Its Immunomodulatory Activity. PLoS ONE 2012, 7, e46956. [CrossRef]

167. Lee, K.-C.; Lin, H.-C.; Huang, Y.-H.; Hung, S.-C. Allo-Transplantation of Mesenchymal Stem Cells Attenuates Hepatic Injury
through IL1Ra Dependent Macrophage Switch in a Mouse Model of Liver Disease. J. Hepatol. 2015, 63, 1405–1412. [CrossRef]

168. Wang, X.; Gu, H.; Qin, D.; Yang, L.; Huang, W.; Essandoh, K.; Wang, Y.; Caldwell, C.C.; Peng, T.; Zingarelli, B.; et al. Exosomal
MiR-223 Contributes to Mesenchymal Stem Cell-Elicited Cardioprotection in Polymicrobial Sepsis. Sci. Rep. 2015, 5, 13721.
[CrossRef]

169. Shen, B.; Liu, J.; Zhang, F.; Wang, Y.; Qin, Y.; Zhou, Z.; Qiu, J.; Fan, Y. CCR2 Positive Exosome Released by Mesenchymal
Stem Cells Suppresses Macrophage Functions and Alleviates Ischemia/Reperfusion-Induced Renal Injury. Stem Cells Int. 2016,
2016, 1240301. [CrossRef]

http://doi.org/10.1007/s00167-016-4261-4
http://www.ncbi.nlm.nih.gov/pubmed/27665095
http://doi.org/10.1517/14712598.2016.1134479
http://www.ncbi.nlm.nih.gov/pubmed/26853840
http://doi.org/10.1002/adma.201806695
http://doi.org/10.1016/j.actbio.2018.01.012
http://www.ncbi.nlm.nih.gov/pubmed/29355716
http://doi.org/10.1007/s13770-019-00196-w
http://doi.org/10.2147/SCCAA.S60832
http://www.ncbi.nlm.nih.gov/pubmed/26715856
http://doi.org/10.1002/jor.22853
http://doi.org/10.15283/ijsc20091
http://www.ncbi.nlm.nih.gov/pubmed/33122471
http://doi.org/10.1080/14712598.2020.1786532
http://doi.org/10.1292/jvms.64.945
http://www.ncbi.nlm.nih.gov/pubmed/12419874
http://doi.org/10.1111/j.1365-2613.2007.00549.x
http://doi.org/10.3390/cells8080886
http://doi.org/10.1016/j.imlet.2015.06.003
http://doi.org/10.1016/j.bbmt.2017.04.006
http://doi.org/10.1038/emm.2013.135
http://doi.org/10.1186/scrt469
http://www.ncbi.nlm.nih.gov/pubmed/24961539
http://doi.org/10.1371/journal.pone.0001886
http://doi.org/10.2310/JIM.0b013e31819aaa76
http://doi.org/10.1038/srep38308
http://doi.org/10.1111/j.1365-2567.2006.02321.x
http://www.ncbi.nlm.nih.gov/pubmed/16556256
http://doi.org/10.1096/fj.14-258939
http://www.ncbi.nlm.nih.gov/pubmed/25757564
http://doi.org/10.1371/journal.pone.0046956
http://doi.org/10.1016/j.jhep.2015.07.035
http://doi.org/10.1038/srep13721
http://doi.org/10.1155/2016/1240301


Cells 2022, 11, 434 28 of 30

170. Watanabe, Y.; Tsuchiya, A.; Seino, S.; Kawata, Y.; Kojima, Y.; Ikarashi, S.; Starkey Lewis, P.J.; Lu, W.-Y.; Kikuta, J.; Kawai, H.; et al.
Mesenchymal Stem Cells and Induced Bone Marrow-Derived Macrophages Synergistically Improve Liver Fibrosis in Mice. Stem
Cells Transl. Med. 2019, 8, 271–284. [CrossRef]

171. English, K. Mechanisms of Mesenchymal Stromal Cell Immunomodulation. Immunol. Cell Biol. 2013, 91, 19–26. [CrossRef]
172. Chiossone, L.; Conte, R.; Spaggiari, G.M.; Serra, M.; Romei, C.; Bellora, F.; Becchetti, F.; Andaloro, A.; Moretta, L.; Bottino, C.

Mesenchymal Stromal Cells Induce Peculiar Alternatively Activated Macrophages Capable of Dampening Both Innate and
Adaptive Immune Responses: MSC-Induced Macrophages Inhibit NK and T Cells. Stem Cells 2016, 34, 1909–1921. [CrossRef]

173. Su, J.; Chen, X.; Huang, Y.; Li, W.; Li, J.; Cao, K.; Cao, G.; Zhang, L.; Li, F.; Roberts, A.I.; et al. Phylogenetic Distinction of INOS
and IDO Function in Mesenchymal Stem Cell-Mediated Immunosuppression in Mammalian Species. Cell Death Differ. 2014, 21,
388–396. [CrossRef]

174. Chabannes, D.; Hill, M.; Merieau, E.; Rossignol, J.; Brion, R.; Soulillou, J.P.; Anegon, I.; Cuturi, M.C. A Role for Heme Oxygenase-1
in the Immunosuppressive Effect of Adult Rat and Human Mesenchymal Stem Cells. Blood 2007, 110, 3691–3694. [CrossRef]
[PubMed]

175. Akiyama, K.; Chen, C.; Wang, D.; Xu, X.; Qu, C.; Yamaza, T.; Cai, T.; Chen, W.; Sun, L.; Shi, S. Mesenchymal-Stem-Cell-Induced
Immunoregulation Involves FAS-Ligand-/FAS-Mediated T Cell Apoptosis. Cell Stem Cell 2012, 10, 544–555. [CrossRef] [PubMed]

176. Lee, R.H.; Yoon, N.; Reneau, J.C.; Prockop, D.J. Preactivation of Human MSCs with TNF-α Enhances Tumor-Suppressive Activity.
Cell Stem Cell 2012, 11, 825–835. [CrossRef] [PubMed]

177. Del Papa, B.; Sportoletti, P.; Cecchini, D.; Rosati, E.; Balucani, C.; Baldoni, S.; Fettucciari, K.; Marconi, P.; Martelli, M.F.; Falzetti,
F.; et al. Notch1 Modulates Mesenchymal Stem Cells Mediated Regulatory T-Cell Induction. Eur. J. Immunol. 2013, 43, 182–187.
[CrossRef]

178. Lever, M.; Maini, P.K.; van der Merwe, P.A.; Dushek, O. Phenotypic Models of T Cell Activation. Nat. Rev. Immunol. 2014, 14,
619–629. [CrossRef]

179. Le Blanc, K.; Mougiakakos, D. Multipotent Mesenchymal Stromal Cells and the Innate Immune System. Nat. Rev. Immunol. 2012,
12, 383–396. [CrossRef] [PubMed]

180. Le Blanc, K.; Davies, L.C. Mesenchymal Stromal Cells and the Innate Immune Response. Immunol. Lett. 2015, 168, 140–146.
[CrossRef] [PubMed]

181. Ouyang, L.; Cao, J.; Dai, Q.; Qiu, D. New Insight of Immuno-Engineering in Osteoimmunomodulation for Bone Regeneration.
Regen. Ther. 2021, 18, 24–29. [CrossRef]

182. Liu, J.; Feng, B.; Xu, Y.; Zhu, J.; Feng, X.; Chen, W.; Sheng, X.; Shi, X.; Pan, Q.; Yu, J.; et al. Immunomodulatory Effect of
Mesenchymal Stem Cells in Chemical-Induced Liver Injury: A High-Dimensional Analysis. Stem Cell Res. Ther. 2019, 10, 262.
[CrossRef] [PubMed]

183. Aktas, E.; Chamberlain, C.S.; Saether, E.E.; Duenwald-Kuehl, S.E.; Kondratko-Mittnacht, J.; Stitgen, M.; Lee, J.S.; Clements, A.E.;
Murphy, W.L.; Vanderby, R. Immune Modulation with Primed Mesenchymal Stem Cells Delivered via Biodegradable Scaffold to
Repair an Achilles Tendon Segmental Defect. J. Orthop. Res. 2017, 35, 269–280. [CrossRef] [PubMed]

184. Saether, E.E.; Chamberlain, C.S.; Leiferman, E.M.; Kondratko-Mittnacht, J.R.; Li, W.J.; Brickson, S.L.; Vanderby, R. Enhanced
Medial Collateral Ligament Healing Using Mesenchymal Stem Cells: Dosage Effects on Cellular Response and Cytokine Profile.
Stem Cell Rev. Rep. 2014, 10, 86–96. [CrossRef]

185. Rui, Y.-F.; Lui, P.P.Y.; Li, G.; Fu, S.C.; Lee, Y.W.; Chan, K.M. Isolation and Characterization of Multipotent Rat Tendon-Derived
Stem Cells. Tissue Eng. Part A 2010, 16, 1549–1558. [CrossRef]

186. Zhang, J.; Wang, J.H.-C. Characterization of Differential Properties of Rabbit Tendon Stem Cells and Tenocytes. BMC Musculoskelet.
Disord. 2010, 11, 10. [CrossRef]

187. Lovati, A.B.; Corradetti, B.; Lange Consiglio, A.; Recordati, C.; Bonacina, E.; Bizzaro, D.; Cremonesi, F. Characterization and
Differentiation of Equine Tendon-Derived Progenitor Cells. J. Biol. Regul. Homeost. Agents 2011, 25, S75–S84.

188. Guo, J.; Chan, K.-M.; Zhang, J.-F.; Li, G. Tendon-Derived Stem Cells Undergo Spontaneous Tenogenic Differentiation. Exp. Cell
Res. 2016, 341, 1–7. [CrossRef] [PubMed]

189. Mazzocca, A.D.; Chowaniec, D.; McCarthy, M.B.; Beitzel, K.; Cote, M.P.; McKinnon, W.; Arciero, R. In Vitro Changes in Human
Tenocyte Cultures Obtained from Proximal Biceps Tendon: Multiple Passages Result in Changes in Routine Cell Markers. Knee
Surg. Sports Traumatol. Arthrosc. 2012, 20, 1666–1672. [CrossRef] [PubMed]

190. Lui, P.P.Y.; Kong, S.K.; Lau, P.M.; Wong, Y.M.; Lee, Y.W.; Tan, C.; Wong, O.T. Immunogenicity and Escape Mechanisms of
Allogeneic Tendon-Derived Stem Cells. Tissue Eng. Part A 2014, 20, 3010–3020. [CrossRef]

191. Shen, W.; Chen, J.; Yin, Z.; Chen, X.; Liu, H.; Heng, B.C.; Chen, W.; Ouyang, H.-W. Allogenous Tendon Stem/Progenitor Cells in
Silk Scaffold for Functional Shoulder Repair. Cell Transplant. 2012, 21, 943–958. [CrossRef]

192. Tarafder, S.; Chen, E.; Jun, Y.; Kao, K.; Sim, K.H.; Back, J.; Lee, F.Y.; Lee, C.H. Tendon Stem/Progenitor Cells Regulate Inflammation
in Tendon Healing via JNK and STAT3 Signaling. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2017, 31, 3991–3998. [CrossRef]

193. Sabat, R.; Grütz, G.; Warszawska, K.; Kirsch, S.; Witte, E.; Wolk, K.; Geginat, J. Biology of Interleukin-10. Cytokine Growth Factor
Rev. 2010, 21, 331–344. [CrossRef]

194. Opal, S.M.; DePalo, V.A. Anti-Inflammatory Cytokines. Chest 2000, 117, 1162–1172. [CrossRef]
195. Legerlotz, K.; Jones, E.R.; Screen, H.R.C.; Riley, G.P. Increased Expression of IL-6 Family Members in Tendon Pathology. Rheumatol.

Oxf. Engl. 2012, 51, 1161–1165. [CrossRef]

http://doi.org/10.1002/sctm.18-0105
http://doi.org/10.1038/icb.2012.56
http://doi.org/10.1002/stem.2369
http://doi.org/10.1038/cdd.2013.149
http://doi.org/10.1182/blood-2007-02-075481
http://www.ncbi.nlm.nih.gov/pubmed/17684157
http://doi.org/10.1016/j.stem.2012.03.007
http://www.ncbi.nlm.nih.gov/pubmed/22542159
http://doi.org/10.1016/j.stem.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/23142520
http://doi.org/10.1002/eji.201242643
http://doi.org/10.1038/nri3728
http://doi.org/10.1038/nri3209
http://www.ncbi.nlm.nih.gov/pubmed/22531326
http://doi.org/10.1016/j.imlet.2015.05.004
http://www.ncbi.nlm.nih.gov/pubmed/25982165
http://doi.org/10.1016/j.reth.2021.03.003
http://doi.org/10.1186/s13287-019-1379-6
http://www.ncbi.nlm.nih.gov/pubmed/31443686
http://doi.org/10.1002/jor.23258
http://www.ncbi.nlm.nih.gov/pubmed/27061844
http://doi.org/10.1007/s12015-013-9479-7
http://doi.org/10.1089/ten.tea.2009.0529
http://doi.org/10.1186/1471-2474-11-10
http://doi.org/10.1016/j.yexcr.2016.01.007
http://www.ncbi.nlm.nih.gov/pubmed/26794903
http://doi.org/10.1007/s00167-011-1711-x
http://www.ncbi.nlm.nih.gov/pubmed/22005966
http://doi.org/10.1089/ten.tea.2013.0714
http://doi.org/10.3727/096368911X627453
http://doi.org/10.1096/fj.201700071R
http://doi.org/10.1016/j.cytogfr.2010.09.002
http://doi.org/10.1378/chest.117.4.1162
http://doi.org/10.1093/rheumatology/kes002


Cells 2022, 11, 434 29 of 30

196. Murray, P.J. The Primary Mechanism of the IL-10-Regulated Antiinflammatory Response Is to Selectively Inhibit Transcription.
Proc. Natl. Acad. Sci. USA 2005, 102, 8686–8691. [CrossRef]

197. Staples, K.J.; Smallie, T.; Williams, L.M.; Foey, A.; Burke, B.; Foxwell, B.M.J.; Ziegler-Heitbrock, L. IL-10 Induces IL-10 in Primary
Human Monocyte-Derived Macrophages via the Transcription Factor Stat3. J. Immunol. 2007, 178, 4779–4785. [CrossRef]
[PubMed]

198. Hutchins, A.P.; Diez, D.; Miranda-Saavedra, D. The IL-10/STAT3-Mediated Anti-Inflammatory Response: Recent Developments
and Future Challenges. Brief. Funct. Genomics 2013, 12, 489–498. [CrossRef] [PubMed]

199. Wang, F.; Murrell, G.A.C.; Wang, M.-X. Oxidative Stress-Induced c-Jun N-Terminal Kinase (JNK) Activation in Tendon Cells
Upregulates MMP1 MRNA and Protein Expression. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 2007, 25, 378–389. [CrossRef]
[PubMed]

200. Muttini, A.; Valbonetti, L.; Abate, M.; Colosimo, A.; Curini, V.; Mauro, A.; Berardinelli, P.; Russo, V.; Cocciolone, D.; Marchisio,
M.; et al. Ovine Amniotic Epithelial Cells: In Vitro Characterization and Transplantation into Equine Superficial Digital Flexor
Tendon Spontaneous Defects. Res. Vet. Sci. 2013, 94, 158–169. [CrossRef] [PubMed]

201. Wassmer, C.-H.; Berishvili, E. Immunomodulatory Properties of Amniotic Membrane Derivatives and Their Potential in Regener-
ative Medicine. Curr. Diab. Rep. 2020, 20, 31. [CrossRef]

202. Barboni, B.; Russo, V.; Curini, V.; Martelli, A.; Berardinelli, P.; Mauro, A.; Mattioli, M.; Marchisio, M.; Bonassi Signoroni, P.;
Parolini, O.; et al. Gestational Stage Affects Amniotic Epithelial Cells Phenotype, Methylation Status, Immunomodulatory and
Stemness Properties. Stem Cell Rev. Rep. 2014, 10, 725–741. [CrossRef]

203. Magatti, M.; Caruso, M.; De Munari, S.; Vertua, E.; De, D.; Manuelpillai, U.; Parolini, O. Human Amniotic Membrane-Derived
Mesenchymal and Epithelial Cells Exert Different Effects on Monocyte-Derived Dendritic Cell Differentiation and Function. Cell
Transplant. 2015, 24, 1733–1752. [CrossRef]

204. Wynn, T.; Barron, L. Macrophages: Master Regulators of Inflammation and Fibrosis. Semin. Liver Dis. 2010, 30, 245–257. [CrossRef]
205. Cargnoni, A.; Gibelli, L.; Tosini, A.; Signoroni, P.B.; Nassuato, C.; Arienti, D.; Lombardi, G.; Albertini, A.; Wengler, G.S.; Parolini, O.

Transplantation of Allogeneic and Xenogeneic Placenta-Derived Cells Reduces Bleomycin-Induced Lung Fibrosis. Cell Transplant.
2009, 18, 405–422. [CrossRef]

206. Abumaree, M.H.; Al Jumah, M.A.; Kalionis, B.; Jawdat, D.; Al Khaldi, A.; Abomaray, F.M.; Fatani, A.S.; Chamley, L.W.; Knawy,
B.A. Human Placental Mesenchymal Stem Cells (PMSCs) Play a Role as Immune Suppressive Cells by Shifting Macrophage
Differentiation from Inflammatory M1 to Anti-Inflammatory M2 Macrophages. Stem Cell Rev. Rep. 2013, 9, 620–641. [CrossRef]

207. Tan, J.L.; Chan, S.T.; Wallace, E.M.; Lim, R. Human Amnion Epithelial Cells Mediate Lung Repair by Directly Modulating
Macrophage Recruitment and Polarization. Cell Transplant. 2014, 23, 319–328. [CrossRef]

208. Mosser, D.M.; Edwards, J.P. Exploring the Full Spectrum of Macrophage Activation. Nat. Rev. Immunol. 2008, 8, 958–969.
[CrossRef]

209. Labonte, A.C.; Tosello-Trampont, A.-C.; Hahn, Y.S. The Role of Macrophage Polarization in Infectious and Inflammatory Diseases.
Mol. Cells 2014, 37, 275–285. [CrossRef] [PubMed]

210. Williams, T.J.; Jones, C.A.; Miles, E.A.; Warner, J.O.; Warner, J.A. Fetal and Neonatal IL-13 Production during Pregnancy and at
Birth and Subsequent Development of Atopic Symptoms. J. Allergy Clin. Immunol. 2000, 105, 951–959. [CrossRef] [PubMed]

211. Bowen, J.M.; Chamley, L.; Keelan, J.A.; Mitchell, M.D. Cytokines of the Placenta and Extra-Placental Membranes: Roles and
Regulation during Human Pregnancy and Parturition. Placenta 2002, 23, 257–273. [CrossRef] [PubMed]

212. Fiorentino, D.F.; Zlotnik, A.; Vieira, P.; Mosmann, T.R.; Howard, M.; Moore, K.W.; O’Garra, A. IL-10 Acts on the Antigen-Presenting
Cell to Inhibit Cytokine Production by Th1 Cells. J. Immunol. 1991, 146, 3444–3451.

213. D’Andrea, A.; Aste-Amezaga, M.; Valiante, N.M.; Ma, X.; Kubin, M.; Trinchieri, G. Interleukin 10 (IL-10) Inhibits Human
Lymphocyte Interferon Gamma-Production by Suppressing Natural Killer Cell Stimulatory Factor/IL-12 Synthesis in Accessory
Cells. J. Exp. Med. 1993, 178, 1041–1048. [CrossRef] [PubMed]

214. Hedrich, C.M.; Bream, J.H. Cell Type-Specific Regulation of IL-10 Expression in Inflammation and Disease. Immunol. Res. 2010,
47, 185–206. [CrossRef]

215. Li, J.; Koike-Soko, C.; Sugimoto, J.; Yoshida, T.; Okabe, M.; Nikaido, T. Human Amnion-Derived Stem Cells Have Immunosup-
pressive Properties on NK Cells and Monocytes. Cell Transplant. 2015, 24, 2065–2076. [CrossRef]

216. Ariel, A.; Timor, O. Hanging in the Balance: Endogenous Anti-Inflammatory Mechanisms in Tissue Repair and Fibrosis. J. Pathol.
2013, 229, 250–263. [CrossRef]

217. Mantovani, A.; Biswas, S.K.; Galdiero, M.R.; Sica, A.; Locati, M. Macrophage Plasticity and Polarization in Tissue Repair and
Remodelling. J. Pathol. 2013, 229, 176–185. [CrossRef]

218. Zhou, Y.; Wang, J.H.-C. PRP Treatment Efficacy for Tendinopathy: A Review of Basic Science Studies. BioMed Res. Int. 2016,
2016, 9103792. [CrossRef]

219. Rhatomy, S.; Prasetyo, T.E.; Setyawan, R.; Soekarno, N.R.; Romaniyanto, F.; Sedjati, A.P.; Sumarwoto, T.; Utomo, D.N.; Suroto, H.;
Mahyudin, F.; et al. Prospect of Stem Cells Conditioned Medium (Secretome) in Ligament and Tendon Healing: A Systematic
Review. Stem Cells Transl. Med. 2020, 9, 895–902. [CrossRef]

220. Pinho, A.G.; Cibrão, J.R.; Silva, N.A.; Monteiro, S.; Salgado, A.J. Cell Secretome: Basic Insights and Therapeutic Opportunities for
CNS Disorders. Pharmaceuticals 2020, 13, 31. [CrossRef]

http://doi.org/10.1073/pnas.0500419102
http://doi.org/10.4049/jimmunol.178.8.4779
http://www.ncbi.nlm.nih.gov/pubmed/17404258
http://doi.org/10.1093/bfgp/elt028
http://www.ncbi.nlm.nih.gov/pubmed/23943603
http://doi.org/10.1002/jor.20294
http://www.ncbi.nlm.nih.gov/pubmed/17106880
http://doi.org/10.1016/j.rvsc.2012.07.028
http://www.ncbi.nlm.nih.gov/pubmed/22954787
http://doi.org/10.1007/s11892-020-01316-w
http://doi.org/10.1007/s12015-014-9519-y
http://doi.org/10.3727/096368914X684033
http://doi.org/10.1055/s-0030-1255354
http://doi.org/10.3727/096368909788809857
http://doi.org/10.1007/s12015-013-9455-2
http://doi.org/10.3727/096368912X661409
http://doi.org/10.1038/nri2448
http://doi.org/10.14348/molcells.2014.2374
http://www.ncbi.nlm.nih.gov/pubmed/24625576
http://doi.org/10.1067/mai.2000.106211
http://www.ncbi.nlm.nih.gov/pubmed/10808176
http://doi.org/10.1053/plac.2001.0782
http://www.ncbi.nlm.nih.gov/pubmed/11969336
http://doi.org/10.1084/jem.178.3.1041
http://www.ncbi.nlm.nih.gov/pubmed/8102388
http://doi.org/10.1007/s12026-009-8150-5
http://doi.org/10.3727/096368914X685230
http://doi.org/10.1002/path.4108
http://doi.org/10.1002/path.4133
http://doi.org/10.1155/2016/9103792
http://doi.org/10.1002/sctm.19-0388
http://doi.org/10.3390/ph13020031


Cells 2022, 11, 434 30 of 30

221. Citeroni, M.R.; Mauro, A.; Ciardulli, M.C.; Di Mattia, M.; El Khatib, M.; Russo, V.; Turriani, M.; Santer, M.; Della Porta, G.; Maffulli,
N.; et al. Amnion-Derived Teno-Inductive Secretomes: A Novel Approach to Foster Tendon Differentiation and Regeneration in
an Ovine Model. Front. Bioeng. Biotechnol. 2021, 9, 649288. [CrossRef] [PubMed]

222. Lange-Consiglio, A.; Tassan, S.; Corradetti, B.; Meucci, A.; Perego, R.; Bizzaro, D.; Cremonesi, F. Investigating the Efficacy of
Amnion-Derived Compared with Bone Marrow–Derived Mesenchymal Stromal Cells in Equine Tendon and Ligament Injuries.
Cytotherapy 2013, 15, 1011–1020. [CrossRef] [PubMed]

223. Plock, J.A.; Schnider, J.T.; Solari, M.G.; Zheng, X.X.; Gorantla, V.S. Perspectives on the Use of Mesenchymal Stem Cells in
Vascularized Composite Allotransplantation. Front. Immunol. 2013, 4. [CrossRef] [PubMed]

224. Nishio, H.; Saita, Y.; Kobayashi, Y.; Takaku, T.; Fukusato, S.; Uchino, S.; Wakayama, T.; Ikeda, H.; Kaneko, K. Platelet-Rich Plasma
Promotes Recruitment of Macrophages in the Process of Tendon Healing. Regen. Ther. 2020, 14, 262–270. [CrossRef]

225. Lee, B.-C.; Kang, K.-S. Functional Enhancement Strategies for Immunomodulation of Mesenchymal Stem Cells and Their
Therapeutic Application. Stem Cell Res. Ther. 2020, 11, 397. [CrossRef] [PubMed]

226. Seo, Y.; Kang, M.-J.; Kim, H.-S. Strategies to Potentiate Paracrine Therapeutic Efficacy of Mesenchymal Stem Cells in Inflammatory
Diseases. Int. J. Mol. Sci. 2021, 22, 3397. [CrossRef]

227. Meng, X.; Zheng, M.; Yu, M.; Bai, W.; Zuo, L.; Bu, X.; Liu, Y.; Xia, L.; Hu, J.; Liu, L.; et al. Transplantation of CRISPRa System
Engineered IL10-Overexpressing Bone Marrow-Derived Mesenchymal Stem Cells for the Treatment of Myocardial Infarction in
Diabetic Mice. J. Biol. Eng. 2019, 13, 49. [CrossRef]

228. Lian, W.-S.; Cheng, W.T.-K.; Cheng, C.-C.; Hsiao, F.S.-H.; Chen, J.-J.; Cheng, C.-F.; Wu, S.-C. In Vivo Therapy of Myocardial
Infarction with Mesenchymal Stem Cells Modified with Prostaglandin I Synthase Gene Improves Cardiac Performance in Mice.
Life Sci. 2011, 88, 455–464. [CrossRef] [PubMed]

229. Yang, J.-X.; Zhang, N.; Wang, H.-W.; Gao, P.; Yang, Q.-P.; Wen, Q.-P. CXCR4 Receptor Overexpression in Mesenchymal Stem Cells
Facilitates Treatment of Acute Lung Injury in Rats. J. Biol. Chem. 2015, 290, 1994–2006. [CrossRef] [PubMed]

230. Meeremans, M.; Van de Walle, G.R.; Van Vlierberghe, S.; De Schauwer, C. The Lack of a Representative Tendinopathy Model
Hampers Fundamental Mesenchymal Stem Cell Research. Front. Cell Dev. Biol. 2021, 9, 651164. [CrossRef] [PubMed]

http://doi.org/10.3389/fbioe.2021.649288
http://www.ncbi.nlm.nih.gov/pubmed/33777919
http://doi.org/10.1016/j.jcyt.2013.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23602577
http://doi.org/10.3389/fimmu.2013.00175
http://www.ncbi.nlm.nih.gov/pubmed/23888159
http://doi.org/10.1016/j.reth.2020.03.009
http://doi.org/10.1186/s13287-020-01920-3
http://www.ncbi.nlm.nih.gov/pubmed/32928306
http://doi.org/10.3390/ijms22073397
http://doi.org/10.1186/s13036-019-0163-6
http://doi.org/10.1016/j.lfs.2010.12.020
http://www.ncbi.nlm.nih.gov/pubmed/21219910
http://doi.org/10.1074/jbc.M114.605063
http://www.ncbi.nlm.nih.gov/pubmed/25492872
http://doi.org/10.3389/fcell.2021.651164
http://www.ncbi.nlm.nih.gov/pubmed/34012963

	Introduction 
	Tendon Structure and Homeostasis 
	Tendon Stromal Compartment 
	Tendon Immune-Sensing Compartment 
	Infiltrating Compartment 

	Inflammatory Response Occurring during Tendon Injuries 
	Crosstalk between Tenocytes and Immune Cells during Tendon Regeneration 
	Crosstalk between Stem Cells and Tenocytes to Modulate Their Inflammatory Phenotype 
	Crosstalk between Stem Cells and Immune Cells during Tendon Regeneration 
	Conclusions 
	References

