1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Bone Miner Metab. Author manuscript; available in PMC 2020 September 01.

-, HHS Public Access
«

Published in final edited form as:
J Bone Miner Metab. 2019 September ; 37(5): 759-767. doi:10.1007/s00774-019-01013-z.

Therapeutic Potential of Exosomes in Rotator Cuff Tendon
Healing

Denton E Connorl, Jordan A Paulus?, Parinaz Jila Dabestanil, Finosh K Thankam?,
Matthew F Dilisiol:2, R. Michael Gross12, Devendra K Agrawall”

1Department of Clinical & Translational Science, Creighton University School of Medicine,
Omaha, NE 68178 USA

2Department of Orthopedic Surgery, Creighton University School of Medicine, Omaha, NE 68178
USA

Abstract

Rotator cuff tears are common musculoskeletal injuries that can cause significant pain and
disability. While the clinical results of rotator cuff repair can be good, failure of tendon healing
remains a significant problem. Molecular mechanisms underlying structural failure following
surgical repair remain unclear. Histologically, enhanced inflammation, disorganization of the
collagen fibers, calcification, apoptosis and tissue necrosis affect the normal healing process.
Mesenchymal stem cells (MSCs) have the ability to provide improved healing following rotator
cuff repair via the release of mediators from secreted 30—100nm extracellular vesicles called
exosomes. They carry regulatory proteins, mRNA and miRNA and have the ability to increase
collagen synthesis and angiogenesis through increased expression of MRNA and release of
proangiogenic factors and regulatory proteins that play a major role in proper tissue remodeling
and preventing extracellular matrix degradation. Various studies have shown the effect of
exosomes on improving outcome of cutaneous wound healing, scar tissue formation, degenerative
bone disease and Duchenne Muscular Dystrophy. In this article, we critically reviewed the
potential role of exosomes in tendon regeneration and propose the novel use of exosomes alone or
seeded onto biomaterial matrices to stimulate secretion of favorable cellular factors in accelerating
the healing response following rotator cuff repair.
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Introduction

The rotator cuff is a group of 4 muscles and their tendons that are essential for the strength
and stability of the shoulder joint (Figure 1) [1]. Rotator cuff (RC) tears are one of the most
common shoulder injuries that impede daily activity, cause pain, and reduce functionality
[1,2]. In the United States, over 270,000 rotator cuff repairs are performed annually [3].
Tears are caused by a number of intrinsic and extrinsic factors [4]. Ruptured tendons show
collagen degeneration and a disordered arrangement of collagen [4]. In larger tears, there is a
greater degree of reduction in fibroblast population which contributes to reduced healing [4].
A high percentage of tendons fail to heal back to bone properly, and often resulting in worse
outcomes [5]. Due to the hypocellular nature of tendon, tissue regeneration is limited
following repair. After surgery, scar tissue is laid down at the site of healing and is a major
contributing factor to the high re-tear rate due to its weak mechanical properties.

Tendon to bone union occurs at a specialized structure called the enthesis. It marks the
transition between the soft tendinous tissue and hard bony tissue [6,7]. There are four
continuous but distinct regions: tendon, non-mineralized fibrocartilage, mineralized
fibrocartilage, and bone. These regions increase in mineralization and decrease in collagen
fiber organization in the transition from tendon to bone. The enthesis distributes the
mechanical strain along the transition to strengthen the bond between tendon and bone [8].
Following RC repair, healing of the enthesis occurs through scar tissue formation as opposed
to regeneration of the transitional tissue [9]. The scar tissue lacks the gradient of mineral
distribution and collagen fiber organization leading to weaker tissue and a greater re-tear rate
[10]. There is currently no strategy to promote anatomic regeneration of the enthesis because
it generally heals with scar-like tissue. However, recent literature has begun to focus on
mesenchymal stem cells (MSCs) to promote proper regeneration. Regenerative medicine in
orthopedic surgery is a young and challenging field. We have yet to completely understand
the healing pathway of RC injuries. In particular, we need to achieve a greater understanding
of stem cell biology and growth factor pathways to minimize the re-tear rate associated with
RC repair.

Stem cells are found in nearly every adult tissue and are multipotent in nature. Mesenchymal
stem cells are capable of self-renewal and differentiation into a wide variety of cell
phenotypes including chondrocytes, tenocytes and osteoblasts. In addition, MSCs have the
ability to secrete growth factors to induce soft and hard tissue growth (Figure 2) [11]. While
Figure 2 shows factors released specifically from placental MSCs, further investigations are
warranted to examine if MSCs of different origins release shared factors or if they are tissue
specific and to what extent they vary. The traditional approach of /n vitro stem cell
expansion on a plastic media provides difficulty in clinical translation due to phenotypic
drift and senescence [12]. /n vivo, stem cells are located within specialized
microenvironments maintaining a balance between quiescence, self-renewal and
differentiation.

MSCs may be obtained from bone marrow, adipose tissue, umbilical cord blood, Wharton’s
jelly, and synovial fluid (Figure 3) [13]. Bone marrow-derived MSCs are easily obtained
during anchor hole placement in human arthroscopic rotator cuff repair [14]. Human studies
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using bone marrow-derived MSCs indicate improved functionality when applied to rotator
cuff tear repair [15].

Sevivas et al. [16] demonstrated the benefit of bone marrow derived MSC’s in RC repair by
culturing tenocytes in a human MSC secretome that contains cytokines, growth factors and
vesicles released from the MSCs. The cultured tenocytes increased in density and viability in
vitro. However, in vivo tenocytes also displayed greater tendon maturing, elongation to
rupture and lower stiffness, as evidenced by improved biochemical and histological
properties. A study by Kim et al. [17] compared conventional RC repair vs. those who
received RC repair with an injection of adipose-derived MSCs. The 12-month follow up
demonstrated a retear rate of 28.5% in the conventional group and 14.3% in the MSC treated
group. These two studies demonstrate that MSCs do potentially have a role in improved RC
repair healing and that the substances secreted from MSCs may lead to increased tenocyte
proliferation and differentiation via paracrine mechanisms. It is also likely that MSCs lead to
increased mechanical properties and improved tissue morphology by modulating the local
immune and bioactivity environment. However, this hypothesis warrants careful studies.
Further exploration into how the MSC secretome may cause cellular differentiation could
prove useful. Do MSCs differentiate into tendon cells or do they signal some other unknown
local cell to do so? Perhaps there are several different kinds of cells involved in the enthesis
healing, such as bone, cartilage and ligament, that can be used as a therapeutic tool to
improve outcomes. However, the published reports demonstrate that MSCs have the
potential to be used as a therapeutic tool yet the exact mechanism has not been elucidated.

Anatomy of the healthy tendon

Tendon is an anatomical structure connecting muscle to bone and transmitting the force from
the muscle to the bone allowing movement of the structure. The basic elements of tendons
are collagen (primarily type I collagen), cells and ground substance. Collagen provides
tensile strength to the tendon and are arranged into primary, secondary, and tertiary bundles
to form the tendon. In a normal healthy tendon, collagen type | is the most abundant,
however collagen type I1l can be found in trace amounts. As the tendon degenerates, there is
an increase in collagen type 11 [4].

The ground substance of the tendon provides structural support for the collagen fibers and is
composed of glycosaminoglycans (GAG), proteoglycans and glycoproteins. In rotator cuff
tendons, there is a higher amount of GAG and proteoglycans compared to purely tensional
tendons. Rotator cuff tendons are also found to have higher concentration of hyaluronic acid.

Normal tendon tissue undergoes continuous remodeling. This process is under the control of
matrix metalloproteinases (MMPs) that degrade collagen and the extracellular matrix
(ECM). Subsequently, tenocytes will synthesize collagen for the remodeling process. No
studies to date have identified definite stem or progenitor cells for tendon tissues. However,
Bi et. al [18] isolated cells from mouse and human tendons and found that they possess
criteria of stem cells but the population showed heterogeneity. Zhang et. al [19]
demonstrated that tendons under stress from exercise increase collagen production and
proliferation rates of tendon stem cells. It can be inferred that highly stressed tendons, such
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as the supraspinatus tendon, show higher levels of collagen remodeling than those under low
stress.

The rotator cuff is unique and is composed of 4 muscles, each with a tendon that forms a
collagen aponeurosis over the humeral head. It has been identified that each different tendon
fuses to form one structure near the insertion to the humeral tuberosities [4].

Tendon Healing

The pathogenesis of rotator cuff tears is considered to be a combination of extrinsic
impingement from structures surrounding the shoulder cuff and intrinsic degeneration from
within the tendon [4]. Following a rotator cuff tear, the rotator cuff undergoes either intrinsic
or extrinsic healing. Intrinsic healing occurs by the proliferation of tenocytes and results in
better biomechanics. In the case of rotator cuff tears, extrinsic healing dominates. This
involves the invasion of cells from the surrounding sheath and synovium resulting in scar
tissue formation [4]. Following injury, collagen type 111 is prevalent in the healing process.
Collagen type Il is composed of smaller diameter fibrils than collagen I, resulting in weaker
tensile strength. Eventually, collagen I11 switches to collagen I to complete the healing
response [4]. However, this process usually takes about 6-12 months and the chance of re-
tear during the first postoperative year is 15%-45% [11]. Additionally, co-morbidities often
significantly delay the healing process.

Exosome Implication

Exosomes are a class of extracellular vesicles that are released by various cell types and
have been found in cell cultures and body fluids [20,21]. Exosomes are 30-100 nm vesicles
that are released by cancer cells, endothelial cells, immune cells and various other cells of
the body including skeletal muscle [22,23]. Exosomes are recognized as potent vehicles for
intracellular communication and can transfer messages encoded in protein, lipids, mRNA
and miRNA enclosed within a lipid bilayer acting in an autocrine and paracrine manner. The
contents of exosomes are regulated by the cells producing them in response to activation and
stress inducing stimuli. [21] Exosomes derived from different tissues of origin influence
various cellular properties due to their unique contents. Therefore, it is crucial to understand
the tissue specific contents of exosomes to elucidate the manner in which they trigger a
target cell effect. MSC-derived exosomes (MSC-exos) carry regulatory proteins (Figures 4—
5), mRNA and miRNA which are delivered to various cells including fibroblasts altering the
phenotype and function [24]. While research into exosomes role in post-operative rotator
cuff enthesis is lacking, the indirect role of exosomes via MSC action (as discussed above)
and the function of exosomes in other processes have been examined. Recent studies
demonstrated that exosomes can regulate many biological processes including cancer
progression, immune response, cell proliferation, cell migration and angiogenesis [25]. As a
result, exosomes have become a novel topic for wound healing.

As demonstrated in Figure 2, MSCs release proangiogenic and angiostatic factors via
exosomes. Due to the hypocellular nature of native RC healing, scar tissue formation occurs
leading to the high re-tear rate. The mediators contained in exosomes will in theory lead to
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revascularization of the tissue following RC repair resulting in better tissue perfusion,
wound healing and ultimately lower chance of retear.

Several studies have been conducted to analyze the effect of MSC-exos on cutaneous wound
healing in murine models. Studies with adipose derived MSC exosomes and induced
pluripotent MSC exosomes have demonstrated the ability of MSC-exos to facilitate
cutaneous wound healing through promation of collagen synthesis and angiogenesis in vivo
and in vitro [26-32]. Exosomes were found to promote fibroblast proliferation in a dose
dependent manner and increase mRNA expression of collagen 1 and elastin leading to
significantly faster wound healing [27]. MSC-exos increase the mRNA expression of the
stemness-related gene OCT4, in fibroblasts suggesting they also regulate the responsiveness
of endothelial cells to proangiogenic factors and cause vasodilation in existing blood vessels
[33]. It is believed that the underlying mechanism of stem cell transplantation therapy is due
to the paracrine activity of exosomes [28]. If so, exosomes could provide similar outcomes
to stem cell therapy without the ethical concerns. Indeed, MSCs-derived exosomes act as
paracrine mediators in the vicinity of transplantation site and recapitulate the regenerative
functions of parental MSCs. This suggests that MSCs and MSC-exo display similar
regenerative functions.

Even though studies have shown improved or similar regenerative effects of MSC-exo as
with MSCs, the limiting factors such as lack of appropriate control, lack of appropriate dose,
alterations in the end point of diseases, batch-to-batch variations of exosomal contents and
the lack of knowledge regarding the off target effects of the exosomal mediators offers
serious challenges to draw meaningful comparisons [34]. Thus, it is reasonable to consider
MSC-exo as therapeutic biomaterial, however, warrants a more vivid definition for exosome-
based biomaterials.

Further, scar tissue results from loss of function in cutaneous wounds and is due to
disorganization and misalignment of collagen fibers [35]. Wang et al. [32] analyzed the
effect of intravenous injection of adipose exosomes on scar tissue healing in a murine model.
MSC-exos decreased the size of scars and increased the ratio of collagen 111 to collagen 1.
Additionally, exosomes increased that ratio of TGF-B3 to TGF-p1, important cell signals for
collagen formation. There was also upregulation of matrix metalloproteinases-3 (MMP3)
and tissue inhibitor of matrix metalloproteinases-1 leading to remodeling of the ECM and
decreased scar formation. Further studies into the effect of MMPs and exosomes found that
many exosomes carry MMP9 which transforms the collagen matrix from laminar to a
fibrillar architecture [36]. This study also found that activation of MMP9 is more efficient on
a 3D culturing medium compared to a 2D medium. A study on scleroderma dermal
fibroblasts also found that there are reduced serum exosomes in diseased fibroblasts leading
to down regulation of collagen and increased susceptibility to pitting scars, further
confirming the effects of exosomes on scar formation [37].

Degenerative bone conditions are a major challenge in orthopedic surgery. MSC’s have been
extensively investigated in regenerative medicine but further insight into the role exosomes
play in degenerative bone diseases is needed. In osteoporotic rat models, MSC-exos
enhanced cell proliferation and alkaline phosphatase activity as well as up-regulated mRNA
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and protein expression of osteoblast related genes, in vitro. In vivo, MSC-exos dramatically
stimulated bone regeneration and angiogenesis in ovariectomized rats in a concentration-
dependent manner [38]. Another study focused on the role of exosomes in alleviating
osteoarthritis in mice following double medial meniscus destabilization surgery. Intra-
articular injection of exosomes 4 weeks post-surgery-maintained chondrocyte phenotype by
increasing collagen type 11 synthesis and decreasing ADAMTSS5 expression in the presence
of IL-1B, showing a beneficial therapeutic effect [39]. Tao et al. [40] utilized exosomes
derived from miR-140-5p-overexpressing synovial mesenchymal stem cells in the treatment
of osteoarthritis. This study found that Wnt5a and Wnt5b are carried by the exosomes and
activate YAP via the alternative Wnt signaling pathway to enhance proliferation and
migration of chondrocytes, in turn slowing the progression of early osteoarthritis and
preventing severe damage to the knee articular cartilage [40].

Exosomes have also proved useful in the alleviation of muscular degeneration. Bier et al.
[41] studied the effects of placenta derived MSCs and exosomes on Duchenne Muscular
Dystrophy (DMD) patient’s myoblasts and mouse myoblasts. It was found that the MSCs
increased differentiation of the myoblasts soaked in MSC medium, decreased the
fibrinogenic gene expression typical of DMD myablasts and increased expression of
utrophin, which is expressed in high levels in developing muscle [42]. Intramuscular
transplantation of MSCs in mice resulted in decreased creatinine kinase, significantly
decreased expression of TGF-p and fibrosis in cardiac and diaphragm muscles, inhibited
inflammation and increased utrophin expression [41]. Further, using a quantitative miR-29¢c
reporter demonstrated that the effect of the MSCs was partly due to the transfer of miR-29c
via secreted exosomes.

It is known that exosomes contain numerous miRNAs with diverse effects. Feng et al. [43]
demonstrated that MSCs release exosomes containing miR-22 to protect cardiomyocytes
from ischemia by reducing apoptosis and fibrosis. A recent study by Ferguson et al. [44]
further explored the use of MSC exosomes and miRNA in the use of cardiac regeneration
following myocardial infarction. Using nanoparticle analysis, they found that many miRNAs
are released in exosomes from MSCs but the top 23 are responsible for 79.1% of miRNA
found in exosomes. The miRNAs are involved in several processes in cardiovascular
development, angiogenesis, cellular proliferation, and fibrosis. The exosomes mediate
angiogenic, antifibrotic and antiapoptotic phenotypes and can be altered with a virus-free
approach to enhance these phenotype effects. This data demonstrates that the miRNA found
in MSC-exos play a major role in the regenerative property post-myocardial infarction.
Further exploration into the use of these miRNA and the role they may play in angiogenesis,
antifibrosis and anti-apoptosis following RC repair may provide avenues for therapeutic
manipulation utilizing their favorable effects.

Several different origins of MSCs have been explored including placental, adipose, bone
marrow, synovial fluid, etc. It is not currently understood if MSCs of different tissue origins
release shared factors or if the secretions are tissue specific. Perhaps isolation of MSCs and
exosomes from specific tissues can alter cellular functioning and manifest in better healing
outcomes. Additionally, MSCs and therefore exosomes are secreted by the cells of muscle,
tendon, and surrounding tissue when a rotator cuff tear has occurred. Xu et. al [45] found
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that MSCs in proximity to tenocytes would undergo tenogenic differentiation via paracrine
mechanisms involving TGF-p existing in tenocyte derived exosomes. Further, Tokunaga et
al. [46,47] also demonstrated that fibroblast growth factor-2 (FGF-2) promotes growth of
tenogenic progenitor cells resulting in biomechanical and histologic improvement of RC
repair. Perhaps utilization of tenocyte derived exosomes in RC repair would lead to better
outcomes if used in conjunction with MSCs. Inquiry into the use of tendon and muscle cell
derived exosomes as therapy following RC repair may prove beneficial due to the shared
tissue origin allowing for more tissue specific wound regeneration. Currently, there is no
optimal tissue of origin yielding better outcomes in RC repair, however further insight into
origin specific differences in secretion pattern may provide a superior source of isolation.

A recently published article by Cui et al. [48] demonstrates that not all exosome function is
beneficial to wound healing, and some may actually contribute to fibrotic tendon healing.
This study found that macrophage depleted mice had less peritendinous fibrosis following
hand tendon injury. When these mice were then treated with bone marrow macrophage
derived exosomes fibrogenesis of tendons occurred. Exosomal miR-21-5p leads to
fibrogenesis of tendons, demonstrating that miR-21-5p contained in exosomes controls the
fibrotic healing response.

While research into the effect exosomes have on rotator cuff healing is currently lacking,
exosomes have been demonstrated to play a significant role in cutaneous wound healing and
scar formation, alleviating osteoporosis and osteoarthritis, and increasing healthy myoblast
expression in DMD patients. Many studies suggest that the function of MSCs is partly
executed through exosome secretion. Further research is needed into the application of
exosomes in rotator cuff healing to gain a more complete understanding of possible
implications of exosomes for future therapeutic treatments, including a more detailed
analysis of which miRNA carry out the function of exosomes.

Exosomes with Biomaterials

There is limited literature regarding the use of stem cells seeded onto various biomaterial
matrices and how this can improve tissue healing compared to a single method used in
isolation. A recent article discussed the use of endothelial progenitor cells (EPCs) and MSCs
as cell therapy in ischemic heart disease [49,50]. In a rat model, the group was able to
increase engraftment and retention of EPCs in the myocardium and improve left ventricular
end diastolic function (LVEF). While there isn’t current data on the effect of this
methodology in a more clinically relevant model, success in larger mammals could lead to
extension into human trials. It also raises the question if the use of exosomes seeded in
matrices will produce a similar effect as EPCs and MSCs in the heart tissue and if this can
be translated to utilization with rotator cuff matrices.

A limited number of studies have explored the use of stimuli and the role it plays in the
maintenance of human tissues [51,52]. Further studies were conducted to analyze the effects
of uniaxial stretching on MSCs and found that increased strain improved MSC
differentiation and enhancement of tissue [53]. This brings up the question of what specific
mediators are released from MSCs when stretched and if these factors can be loaded into

J Bone Miner Metab. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Connor et al.

Page 8

exosomes and directly implanted into the rotator cuff repair to improve tissue regeneration.
Additionally, is it possible to manipulate MSCs to release exosomes containing desired
cytokines and growth factors that will aid the healing process?

Further exploration is needed regarding the best method of delivery of exosomes to rotator
cuff healing. Is it directly injected to the site or loaded on a biomaterial to enhance healing?
What other methods of delivery can prove useful? Additionally, can exosome effect be
enhanced with the addition of various medications? Is it possible to manipulate exosomes by
adding specific cytokines and growth factors to improve enthesis healing and limit re-tear?
Greater investigation and understanding of exosomal function will answer these questions
and lead to improved efficacy of tissue healing and regenerative medicine.

Conclusions

At this current, early stage of exosome studies, we do not have a complete understanding of
the potential therapeutic applicability. However, since the function of MSCs are carried out
by paracrine mechanisms, exosomes provide a promising avenue to achieve similar
outcomes. Due to the exosome’s properties of increased stability in circulation,
biocompatibility, low immunogenicity and toxicity, they are an attractive delivery system for
therapeutics [54]. Additionally, exosomes do not require engraftment, which is a common
barrier for classic cell-based therapies, and they have the potential to undergo large scale
production and manufacturing [55]. These characteristics provide an advantage over
traditional stem cell-based therapies, providing a more complete understanding of exosomal
function can be achieved.

Rotator cuff tears are a common problem that account for a significant amount of morbidity
in the adult population. By furthering our understanding into the process of enthesis healing,
we can reduce the high recurrence rate. Various studies have been conducted using MSCs
and their effect on wound healing, however, there are various obstacles to their use. Recent
insight has shown that exosomes may carry out the wound healing benefit of MSCs.
Exosomes are found to increase collagen synthesis and angiogenesis through increased
expression of MRNA of collagen 1 and elastin as well as proangiogenic factors, resulting in
reduced scar formation and improved tissue regeneration. Limited research has been
conducted into exosome function and the role they can play in wound healing, but they may
be responsible for the underlying mechanisms of MSC healing properties. Therefore, further
examination of their ability to improve healing of the enthesis in rotator cuff models is
needed.
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Key points

Ruptured supraspinatus tendons show collagen degeneration and disordered
arrangement of collagen.

In larger tears of the supraspinatus, there is a reduction in fibroblast
production resulting in decreased healing and scar tissue formation.

Treatment of rotator cuff with MSCs is safe, increases the rate of healing, and
decreases the rate of re-tear, but are accompanied with ethical concerns.

Exosomes cause increased collagen synthesis and angiogenesis through
increased expression of mMRNA of collagen 1, elastin and release of
proangiogenic factors.

Exosomes reduce scar formation via upregulation of TGF-p and matrix
metalloproteinases.

Exosomes enhanced cell proliferation and alkaline phosphatase activity and
upregulate expression of osteoblast genes in osteoporotic rats.

Exosomes dramatically stimulated bone regeneration and angiogenesis in
ovariectomized rats.

Exosomes enhance proliferation and migration of chondrocytes to slow
progression of early osteoarthritis and prevent severe knee articular cartilage
damage.

Intramuscular transplantation of MSCs in DMD mice resulted in decreased
fibrosis in cardiac and diaphragm muscles and inflammation via exosome
function.

Exosomes may be the underlying mechanism of stem cell therapy, providing
similar results with reduced ethical concerns.
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Schematic representation of the four muscles comprising the rotator cuff in both anterior and
posterior views. These include Supraspinatus (most frequently torn), Infraspinatus, Teres

Minor, and Subscapularis.
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HGF
G-CSF
IGFBP2*
GM-CSF
IGFBP3
IGFBP6
B-NGF
VEGFR2
EGF
FGF6/7
Bold: Predominant factors that have angiogenic or angiostatic effects
*IGFBP2: has the greatest angiogenic effect of the factors released from Pla-MSC
Figure 2:

Schematic diagram showing proangiogenic factors and angiostatic factors released from
Placental Mesenchymal Stem Cells (Pla-MSC) via exosomes, and the effect of these
mediators on revascularization of the tissue contributed to wound healing. It is not currently
understood if MSCs from different tissue origins release shared factors, or if the secretions
are tissue specific. The bolded factors have a predominant effect on vacularization3!
Angiogenic factors include: heparin binding EGF like growth factor (HBEGF),
neurotrophin-3 (NT-3), platelet derived growth factor BE(PDGF-Bp), placental growth factor
(PLGF), stem cell factor (SCF), vascular endothelial growth factor (VEGF), human growth
factor (HGF), insulin like growth factor binding protein 2 and 3 (IGFBP2 and IGFBP3),
basic fibroblast growth factor (B-FGF), beta nerve growth factor (B-NGF), epidermal growth
factor (EGF), and fibroblast growth factor 6 and 7 (FGF6/7). The angiostatic growth factors
include: granulocyte-colony stimulating factor (G-CSF), granulocyte-macrophage colony
stimulating factor (GM-CSF), insulin like growth factor binding protein 4 and 6 (IGFBP4
and IGFBP6), and vascular endothelial growth factor receptor 2 (VEGFR2).
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Schematic diagram showing the sources, fates of differentiation, and primary mediators
responsible for paracrine effect of mesenchymal stem cells that are responsible for improved
tissue healing. Mesenchymal stem cells release Human Growth Factor (HGF), Transforming
Growth Factor 1 (TGF-p1), Interleukin 10 (IL-10), and prostaglandin-E2.
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Figure 4:
Schematic diagram showing the major regulatory growth factors released by exosomes and

the changes in tendon that occur aiding the healing process. Blue boxes indicate critical
mediators for normal healing and tissue remodeling.23 Growth factors released by exosomes
include: insulin like growth factor 1 (IGF1) which mediates the protein kinase B (PKB/
AKT) pathway, forkhead box (FoxO) and mammalian target of rapamycin (mTOR).
Transforming growth factor (TGF) activates mothers again decapentaplegic homolog 2 and 3
(SMAD 2/3), P38 mitogen-activated protein kinases (P38-MAPK), signal transducer and
activator of transcription 6 (STAT6) and inhibit fibroblast activation protein (FAP) mediated
apoptosis. Vascular endothelial growth factor (VEGF) alters transcription of VEGFa,
VEGFc, angiopoietin-like 4 (ANGPTL4), TGFa, sphingosine kinase 1 (SPHK1) and
cyclooxygenase 2 (COX2). Platelet derived growth factor BB (PDGF-BB) and basic
fibroblast growth factor (b0FGF). Wnt family member 5 a/b (Wnt5a/b) activate the yes
associated protein pathway (YAP).
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Figure 5:
Schematic diagram showing the major factors involved in metalloproteinase regulation

released by exosomes and the changes in tendon that occur aiding the healing process. Blue
boxes indicate critical mediators for normal healing and tissue remodeling.2% Exosomes
release matrix metalloproteinases (MMP) and tissue inhibitor of metalloproteinase (TIMP).
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