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ABSTRACT
Introduction: Chronic musculoskeletal pain is very prevalent, and accounts for major health-care 
expenses. Many of the present therapeutic modalities are only partially effective, and great interest is 
now posed on regenerative medicine.
Areas covered: The authors discuss the role of a variety of regenerative medicine options to induce 
and favor regeneration and healing of tendon tissue, focusing on the role of mesenchymal stem cell 
therapy and their derivatives.
Expert opinion: Stem cells, tissue engineering, and growth factors are new strategies for tendon repair 
and regeneration. MSCs not only can differentiate in tendon cells, but also secrete several cytokines that 
modulate inflammation and tissue healing. Future studies should be undertaken to overcome current 
obstacles to clinical translation. Further investigation of cell source, isolation, expansion, and differ
entiation methods, characterization of the tenogenic differentiation pathways, and clarifications of 
tendon-specific molecular markers are required. The role of donor variability, tendon type, and ana
tomic location also requires further understanding and research.
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1. Introduction

Chronic musculoskeletal pain accounts for major financial 
burden worldwide: the increase in life expectancy has induced 
a greater rate of chronic musculoskeletal pain [1,2]. A new 
modality which is producing increasing interest in the man
agement of chronic musculoskeletal pain is regenerative med
icine [3,4,5]. In general, the process of healing follows three 
steps, regardless of the cause of damage: inflammation, pro
liferation, and remodeling [6,7]. These processes are character
ized by complex biochemical interactions and signaling 
patterns between several cytokines, cells, and environment 
[8]. The remodeling stage results from the balance of regen
erative and fibrotic processes [9]. This balance often does not 
result in a restitutio ab integrum, but rather in a fibrotic scar [9]. 
Mesenchymal stem cells (MSCs) have been proposed as pos
sible treatment to shift the balance in favor of regeneration 
[5]. These cells can differentiate into any tissue, thus raising 
wide interests, broad researches, and applications in orthope
dic surgery and musculoskeletal medicine [10,11]. MSC thera
pies are multidisciplinary, involving engineering, molecular 
biology, and medicine [12,13] (Table 1).

2. Clinical relevance

Tendon damages are common in orthopedic surgery, and in 
sports and musculoskeletal medicine [14]. The regeneration 
balance of tendon injuries is highly in favor of fibrotic healing 

[15,16]. From a biomechanical point of view, a healed tendon 
is not as efficient as an uninjured one [10,17]. The fibrotic scar 
that forms from the healing process compromises the biome
chanical proprieties of the tendon, reducing its elasticity and 
promoting adherences [11,18]. Clinically, a higher risk of recur
rence and/or development of chronic degenerative tendino
pathies has been reported after tendon injuries [11,19,20]. 
Recovery time is often prolonged, thus considerably reducing 
recreational activities and quality of life [14,20]. Surgery is 
considered the ultimate intervention for tendinopathies 
[19,21]. However, up to 40% of the patients operated still 
experiences complications and functional limitations following 
tendon surgery [22,23]. The high rate of failure suggests that 
current surgical treatment is not sufficient and may not be 
appropriate, and further solutions are required. For chronic 
tendinopathy, local or systemic administration of anti- 
inflammatory agents, shock waves, physiotherapy, electro
magnetic field stimulation, hyaluronic acid, platelet-rich 
plasma, or other growth factors have been employed 
[24,25,26]. However, these treatments have not proven effec
tive for the definitive treatment of chronic tendinopathies [27].

Patients’ BMI and comorbidities are recognized as risk fac
tors for poor surgical outcome [28,29,30]. Female gender also 
represents a risk factor, with males reporting less symptoms, 
greater satisfaction, and better functional outcomes compared 
to females [31]. Age is also a well-known risk factor for poor 
outcomes after tendon repair surgery [32,33]. The elderly 
demonstrated impaired Achilles tendon healing after rupture, 
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a two-fold risk of rotator cuff tears, and a three-fold risk to 
suffer a massive rotator cuff tear compared to the younger 
population [34,35]. In diabetes mellitus type II patients, hyper
glycemia promotes collagen glycation and compromises the 
extracellular matrix (ECM) composition, with poor healing cap
abilities [36]. Hypercholesterolemia has also been associated 
with a higher risk of tendinopathy of the rotator cuff and 
Achilles tendons [37,38]. Smokers present thinner and harder 
tendons compared to nonsmokers, with increased risk of rup
ture and poor surgical outcomes [39,40]. Further, ovariecto
mized rats showed reduced Achilles tendon healing capability, 
evidencing that hormones may influence the healing pro
cesses in an animal model [41].

3. Tendon healing process

Hypovascularity and hypocellularity, along with minimal meta
bolic activity [42,43], may be related to the low healing 

capability of tendons, which involve both intrinsic and extrin
sic cell populations [44]. Epitenon, endotenon, and tendon 
parenchyma cells are all involved in the intrinsic processes, 
while circulating cells or those from adjacent tissues pertain to 
the extrinsic ones [45]. However, the processes of tendon 
healing have not yet been fully elucidated. This may also be 
caused by the lack of optimal in vitro experimental models, 
a consequence of several reason. First, experimental models 
originate mainly from acute tendon section models [46]. 
Furthermore, there are considerable differences in species- 
related healing processes [47,48]. Indeed, probably there are 
no two species with the exactly same features of tendon 
healing [48]. Non-human primates, such the macaques, repre
sent the gold-standard for tendon animal model, but are 
connected to high costs and ethical limitations [48]. 
Therefore, rats are widely used, but their tendon healing 
process is far different from the human one [48].

As all musculoskeletal structures, tendon healing runs into 
three main temporally and biochemically overlapping stages: 
inflammation, proliferation, remodeling [49,50]. The acute 
inflammation stage lasts up to three days. Acute tendon rupture 
provokes a bleeding that initiates inflammation (extrinsic path
way). Activated platelets release chemotactic and growth factors, 
which trigger the migration of inflammatory cells and activate 
the tenocytes [49,51]. Tenocytes are responsible for the synthesis 
of immature fibrous tissue, composed of fibronectin and 
Collagen (Col) type III [52]. Inflammatory cells secrete several 
cytokines, such as Insulin-Like Growth Factor 1 (IGF-1), Platelet- 
Derived Growth Factor (PDGF), Transforming Growth Factor-Beta 
(TGF-β) (Vascular Endothelial Growth Factor (VEGF), basic 
Fibroblast Growth Factor (bFGF), which promote capillary perme
ability, chemoattraction, angiogenesis, cell migration, and stimu
lation and proliferation of macrophages and fibroblasts 
[10,53,55,56]. During the proliferation stage, intrinsic tenocytes 
migrate from the endotenon to the injury site, along with fibro
blasts from the epitenon and the synovial sheath (intrinsic path
way). The latter, along with other smaller cells populations, is 

Article highlights

● The management of tendon healing is challenging and often leads 
tosuboptimal outcomes

● The regeneration balance of tendon injuries is highly in favor of 
fibrotic healing, compromising the biomechanical proprieties, elasti
city, and promoting adherences

● Mesenchymal stem cells yield growing interest for tendon repair and 
regeneration.

● MSCs not only can differentiate in tendon cells, but also secrete 
several cytokines that modulate inflammation, enhancing 
a regenerative tissue healing.

● Future studies should be undertaken to overcome current obstacles 
to clinical translation: (1) cells source, isolation, expansion and differ
entiation methods, (2) characterization of the tenogenic differentia
tion pathways, (3) clarification of tendon-specific molecular markers 
and (4) the role of donor variability, tendon type, and anatomic 
location.

This box summarizes the key points contained in the article.

Table 1. Clinical studies investigating MSC transplantation for tendon healing (VAS: Visual Analogic Scale; SPADI: shoulder pain and disability index; mMCPI: Mayo 
Clinic Performance Index; MRI: Magnetic Resonance Imaging; CS: Constant Score; Col I: Collagen Type 1; BM-MSCs: bone marrow-derived stem cells; AD-MSCs: 
adipose derived-mesenchymal stem cells).

Author, year Study Design Patients Cells Source Outcomes

Lee et al. 
2015 [21]

Prospective 
trial

Six patients suffering from 
chronic epicondylitis

Autologous AD-MSCs 
injections

At last follow-up, VAS decreased by 52%, while mMCPI increased by 26.6%, 
and on ultrasound examination a reduction in defect areas was observed. 
No adverse effect was recorded.

Jo et al. 
2018 
[120]

Prospective 
trial

18 patients with partial- 
thickness rotator cuff

Autologous AD-MSCs 
injections

At last follow-up, the SPADI decreased by 80% and 77% in the mid- and high- 
dose groups, respectively. The high-dose group reported a reduction of the 
VAS by 71%. At ultrasonography, the defect area significantly decreased in 
almost all the patients. No adverse effect was recorded.

Havlas et al. 
2015 
[121]

Prospective 
trial

10 patients with rotator 
cuff tears

Autologous BM-MSCs 
Injections

At six months, the VAS scored 0/100 and all other scores were also improved. 
MRI scans showed fully healed and well-integrated tissue of the rotator cuff 
tendon attachment in all patients. No adverse effect was recorded.

Lamas et al. 
2015 
[122]

Randomized 
controlled 
trial

13 patients with full- 
thickness rotator cuff 
tears

Autologous BM-MSCs 
implantation

At 12 months, the CS improved by 31% in the BM-MSCs group. Three patients 
in the BM-MSCs group and one in the control group (only Col I) underwent 
revision surgery because of swelling, recurrent tear symptoms and reduced 
range of motion.

Lamas et al. 
[123]

Randomized 
controlled 
trial

13 patients with full- 
thickness rotator cuff 
tendon tears

Autologous BM-MSCs 
embedded in 
scaffold

The trial was interrupted because of the high recurrence rate. However, the 
authors reported better CS in favor of the BM-MSCs group, and similar 
imaging findings in the two groups.

Hurd et al. 
2020 
[124]

Randomized 
controlled 
trial

20 patients with partial- 
thickness rotator cuff 
tears

Autologous ADMSCs 
injections

AD-MSCs were safe, and lead to improved shoulder function without adverse 
effects at one-year follow-up
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highly stimulated by immune cells, especially macrophages [51]. 
Cell migration, proliferation and phenotypical expression are 
stimulated by IGF-1, PDGF, TGF-β, and GDF [54,57,59,60]. This 
results in an early ECM composed mostly by fibronectin, proteo
glycans, and Col III [18,61,62]. The remodeling phase starts 
approximately after two months and lasts up to two years, and 
is characterized by a decrease in cellularity in favor of fibrosis. 
Cytokines such as IGF-1, TGF-β, and GDF are secreted mostly by 
intrinsic cells and act to promote these changes [58,60,63,,64,65]. 
Tendon fibroblasts differentiate in myofibroblasts to contract the 
granulation tissue produced during the proliferation stage, thus 
transforming it in a finite fibrous scar [66,67] Col III is replaced by 
Col I, the fibers of which align along the direction of prevalent 
strain, to build stiffness and strength [58]. During this phase, 
there is a reduction in tendon vascularization and tenocyte 
metabolism [46].

4. Regenerative medicine to enhance tendon 
healing: stem cells

Stem cells have been defined as cells capable of long-term 
division and self-renewal, not committed, which can differenti
ate in all cell lineages [20,68]. Stem cells have excised wide 
interests, with broad researches and applications to treat 
musculoskeletal diseases [69,70,71,72]. Current evidence sup
ports stem cell procedures for musculoskeletal disorders 
[73,74,75,76,77,78,79].

Stem cells are a population of non-committed cells able to 
differentiate into every cellular lineage; they have high prolif
eration potential, and can modulate the immune response and 
tissue tropism [80,81,82,83]. Stem cells have been hypothe
sized to promote regeneration in tendon healing process 
[84,85,86,87]. The goal of stem cell application is to modulate 
inflammation, organize ECM regeneration, and promote 
a tissue regeneration over scarring [7,88]. However, some 
differences in the various populations of stem cells must be 
pointed out.

Tendon stem/progenitor cells (TSPCs) are multipotent adult 
stem cells involved in healing process [89,90,91]. TSPCs have 
been reported to show clonogenicity, differentiation potential, 
and express specific stemness surface marks [92]. Moreover, 
these TSCs also express tenogenic markers, which make them 
a distinct stem cell population. The population of TSPCs reduces 
with aging, possibly accounting for the higher prevalence of 
tendinopathies in the elderly [92,93]. A recent study demon
strated that Bone Morphogenetic Proteins 12/13 (BMP12/13) in 
addiction with ascorbic acid activate the tenogenic differentia
tion of pluripotent stem cells in vitro [16]. The efficacy and 
feasibility of autologous tenocyte implantation are currently 
under clinical investigation (Phase 2–3 clinical trial, 
NCT01343836). TSPCs have been demonstrated to differentiate 
in tenocytes in vitro and in animal studies [94,95,96,97]. TSPCs 
account approximately for 4% of the tendon cellular population 
[98]: given this scarce number, in vitro expansion is required prior 
to injection to allow for therapeutic effects. This procedure is 
limited by the high risk of phenotype drift [99]. Recently, the use 
of epigenomic approaches has been proposed to address this 
issue (e.g. with inhibitors of histone deacetylase activity) and 
maintain a stable phenotype [100]. The epigenetic code is 

composed by highly complex biochemical mechanisms and 
pathways that control DNA accessibility (e.g. histone modifica
tions, methylation, non-coding RNA) [101,102,103,104]. This con
trol leads to an increased lineage commitment of the cell 
(differentiation), and can thus be used to limit phenotype drift 
during ex vivo expansion. Tenocytes have been demonstrated to 
express the thyroid hormone receptor [105]. The role of Thyroid- 
stimulating hormone (Tsh) has not been clearly defined. An 
overexpression of thyroid receptor isoforms is protective against 
tendon apoptosis and enhances proliferation in in vitro studies 
[106]. A further experimental study found that Triiodothyronine 
(T3) combined ascorbic acid enhanced the tendon regeneration 
during the healing process, demonstrating close to the physio
logical orientation of fibers and capillarity, along with improved 
Col I/III ratio.

Several harvest sources of MSCs have been described for 
tendon healing: bone marrow (BM-MSCs), adipose tissue- 
derived (AD-MSCs), and other less common sites. Bone mar
row cell population is composed by 0.01% to 0.001% of BM- 
MSCs [107], with a reduction in cell quantity and quality in the 
elderly [108]. These can be easily harvested via bone marrow 
aspiration (e.g. iliac crest). Further expansion and tenogenic 
differentiation can be obtained with several growth factors 
(e.g. Growth Differentiation Factors, GDF 5,6,7) [109,110]. The 
expression of tendon surface proteins (e.g. Tenomodulin) indi
cates tenogenic commitment [111,112]. This phase must be 
strictly controlled, as a longer expansion can induce an osteo
genic lineage differentiation growth [108]. BM-MSCs secrete 
grow factors and other soluble cytokines that induce cellular 
proliferation and control tissue signaling [113] and enhance 
tenogenic proprieties of tendon resident cells [113]. Compared 
to BM-MSCs, AD-MSCs have higher availability, reduced donor- 
site morbidity, and higher cellular content. Similar to BM- 
MSCs, AD-MSCs enhance the tenogenic properties of tendon 
resident cells [114,115], and play a role in preserving the 
native tendon architecture, expediting ECM remodeling, and 
improving Col I/III ratio [115,116]. AD-MSCs are easier to differ
entiate in tenogenic cells and express more tenogenic genes 
(e.g. Tnmd, TcC, Dcn) as well as Col I and III [117]. These 
features make AD-MSCs more promising for tendon healing 
compared to BM-MSCs [14,118,119].

5. In-human applications of MScs for tendon repair

Several protocols for clinical trials investigating the role of MSCs 
for tendon healing have been currently registered, and investi
gations are ongoing (NCT03688308, NCT01788683, 
NCT02484950, NCT03449082, NCT03279796, NCT03752827, 
NCT03454737). The current literature lacks in definitive human 
clinical trials. Lee et al. [21] treated six patients suffering from 
chronic epicondylitis with allogenic AD-MSCs injections. Patients 
were followed at 0.5, 2, 6, 12, 26, 52 weeks. The visual analogic 
scale (VAS) and the modified Mayo Clinic Performance Index 
(mMCPI) were used as clinical scores, along with an ultrasound 
examination of the tendon defect area. At last follow-up, VAS 
decreased by 52%, while mMCPI increased by 26.6%, and on 
ultrasound examination, a reduction in defect areas was 
observed. No adverse effect was recorded. Jo et al. [120] treated 
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18 patients with partial-thickness rotator cuff tear with 
autologous AD-MSCs injections and reported data regarding 
safety and tolerability of dose escalations along with clinical 
data on disability (shoulder pain and disability index, SPADI). 
The SPADI decreased by 80% and 77% in the mid- and high- 
dose groups, respectively. The high-dose group reported 
a reduction of the VAS by 71%. At ultrasonography, the defect 
area significantly decreased in almost all the patients. No adverse 
effect was recorded. Another study evaluating autologous BM- 
MSCs infiltrations for rotator cuff tears was performed by Havlas 
et al. [121]. The authors prospectively analyzed eight patients at 3 
and 6 months after the injection with the VAS, Constant Score 
(CS), and the University of California (UCLA) score. At six months, 
the VAS scored 0/100 and all other scores were also improved. 
MRI scans showed fully healed and well-integrated tissue of the 
rotator cuff tendon attachment in all patients. No adverse effect 
was recorded. Lamas et al. [122] performed a double-blind ran
domized placebo-controlled trial evaluating the safety and effec
tiveness of autologous MSCs implantation in patients with full- 
thickness rotator cuff tears. The study was performed on 13 
patients: five patients were treated with a Col I implant, while 
eight patients received a Col I membrane combined with auto
logous BM-MSCs. At 12 months, the CS improved by 31% in the 
BM-MSCs group. The rate of tear and repair integrity was similar 
in both groups. Three patients in the BM-MSCs group and one in 
the control group underwent revision surgery because of swel
ling, recurrent tear symptoms, and reduced range of motion. 
Chronic synovitis with granulomatous tissue was histologically 
evidenced, and symptoms disappeared after revision surgery. 
Recently, the same author [123] compared the safety and efficacy 
of autologous BM-MSCs embedded in a xenogenic scaffold for 
full-thickness rotator cuff tendon tears in a randomized, double- 
blind placebo-controlled trial. Thirteen patients were enrolled: 
recurrence of the rupture occurred in five of eight patients of the 
BM-MSCs group, and in three of five patients in the control 
group. The trial was interrupted because of the high recurrence 
rate. However, the authors reported better CS in favor of the BM- 
MSCs group and similar imaging findings in the two groups. 
A recent RCT [124] compared the efficacy of autologous 
ADMSCs to corticosteroid injections in 20 patients with partial- 
thickness rotator cuff tears. ADMSCs were safe, and lead to 
improved shoulder function without adverse effects at 12- 
month follow-up.

6. Expert opinion

Acute tendon rupture and chronic tendinopathies are highly 
prevalent, and represent a consistent burden for health-care 
systems worldwide. Overall, even surgery does not result in full 
restoration of function, and many acute injuries evolve into 
chronic tendinopathies. Stem cells, tissue engineering and 
growth factors are gaining attentions in the scientific community 
to meet the demand for new strategies for tendon repair and 
regeneration. The role of MSCs is controversial and unclear. In 
vitro and in vivo investigations clearly identified MSCs among 
resident tendon cells, proving their involvement in regenerative 
processes of the tendon. MSCs not only can differentiate in 
tendon cells, but also secrete several cytokines that modulate 
inflammation and tissue healing. A deeper understanding of 

intrinsic and extrinsic biomechanical pathways and signaling, as 
well as of molecular mechanisms, will help identify the best type 
of uncommitted MSC for transplantation and boost the use of 
these cells in regenerative medicine. This synergic ‘transplanta
tion – potentiation’ may offer new insights and prospective, 
reduce fibrosis, and improve regeneration. Future studies should 
be undertaken to overcome current obstacles to clinical transla
tion. MSCs can be directly injected or can be reprocessed, pur
ified, expanded, and then injected. This would lead to a more 
homogeneous population and higher concentration. However, 
these processes are controversial and no consensus has been 
reached. Further investigation of cell source, isolation, expansion, 
and differentiation methods, characterization of the tenogenic 
differentiation pathways, and clarifications of tendon-specific 
molecular markers are required. This reflects the limitations on 
tendon cell isolation and characterization. As the molecular mar
kers to characterize tenocytes are still unclear, the definition of an 
exact lineage differentiation is not completely possible, thus 
considerably restricting the development of effective cell-based 
therapies. Initially, tendon cells were isolated following collage
nase digestion in explanted tissues. In the past few years, several 
protocols for cell isolation have been developed, but no con
sensus has been reached. This process is further complicated by 
lack of molecular markers for the clear definition of tenocytes. 
Further, deeper understanding of the interactions between MSCs 
and tendon cells of their signaling pattern and influence on the 
regenerative cascade is required to develop appropriate thera
peutic protocols. The role of donor variability, tendon type, and 
anatomic location also requires further understanding and 
research.

Funding

This paper is not funded.

Declaration of interest
The authors have no relevant affiliations or financial involvement with any 
organization or entity with a financial interest in or financial conflict with 
the subject matter or materials discussed in the manuscript. This includes 
employment, consultancies, honoraria, stock ownership or options, expert 
testimony, grants or patents received or pending, or royalties.

Reviewer disclosures
Peer reviewers on this manuscript have no relevant financial relationships 
or otherwise to disclose.

References

Papers of special note have been highlighted as either of interest (•) 
or of considerable interest (••) to readers.

1. Yelin E, Weinstein S, King T. The burden of musculoskeletal dis
eases in the United States. Semin Arthritis Rheum. 2016;46 
(3):259–260.

2. Torres-Torrillas M, Rubio M, Damia E, et al. Adipose-derived 
mesenchymal stem cells: a promising tool in the treatment of 
musculoskeletal diseases. Int J Mol Sci. 2019;20(12). DOI:10.3390/ 
ijms20123105

3. Migliorini F, Rath B, Tingart M, et al. Autogenic mesenchymal stem 
cells for intervertebral disc regeneration. Int Orthop. 2019;43 
(4):1027–1036. 

1376 F. MIGLIORINI ET AL.

https://doi.org/10.3390/ijms20123105
https://doi.org/10.3390/ijms20123105


• This study systematically analyses and discuss the potential of 
mesenchymal stem cells for intervertebral disc regeneration in 
the clinical practice. Results from this study encourage the use 
of mesenchymal stem cells, with a minimal complications rate.

4. Migliorini F, Rath B, Colarossi G, et al. Improved outcomes after 
mesenchymal stem cells injections for knee osteoarthritis: results at 
12-months follow-up: a systematic review of the literature. Arch 
Orthop Trauma Surg. 2019. DOI:10.1007/s00402-019-03267-8. 

• This study systematically analyses and discuss the regenera
tive potential of mesenchymal stem cells for knee ostearthritis 
in the clinical practice. Results from this study encourage the 
use of mesenchymal stem cells, with a minimal complications 
rate.

5. Migliorini F, Berton A, Salvatore G, et al. Autologous chondrocyte 
implantation and mesenchymal stem cells for the treatments of 
chondral defects of the knee- a systematic review. Curr Stem Cell 
Res Ther. 2020. DOI:10.2174/1574888X15666200221122834

6. Mendes BB, Gomez-Florit M, Babo PS, et al. Blood derivatives 
awaken in regenerative medicine strategies to modulate wound 
healing. Adv Drug Deliv Rev. 2018;129:376–393.

7. Nichols AEC, Best KT, Loiselle AE. The cellular basis of fibrotic 
tendon healing: challenges and opportunities. Transl Res. 
2019;209:156–168.

8. Stadelmann WK, Digenis AG, Tobin GR. Physiology and healing 
dynamics of chronic cutaneous wounds. Am J Surg. 1998;176(2A 
Suppl):26S–38S.

9. Atala A, Irvine DJ, Moses M, et al. Wound healing versus regenera
tion: role of the tissue environment in regenerative medicine. MRS 
Bull. 2010;35(8). DOI:10.1557/mrs2010.528

10. Guevara-Alvarez A, Schmitt A, Russell RP, et al. Growth factor 
delivery vehicles for tendon injuries: mesenchymal stem cells and 
platelet rich plasma. Muscles Ligaments Tendons J. 2014;4 
(3):378–385.

11. de Aro AA, Carneiro GD, Teodoro LFR, et al. Injured achilles tendons 
treated with adipose-derived stem cells transplantation and GDF-5. 
Cells. 2018;7(9). DOI:10.3390/cells7090127

12. Pecina M, Vukicevic S. Biological aspects of bone, cartilage and 
tendon regeneration. Int Orthop. 2007;31(6):719–720.

13. Lind M, Bunger C. Orthopaedic applications of gene therapy. 
Int Orthop. 2005;29(4):205–209.

14. Schneider M, Angele P, Jarvinen TAH, et al. Rescue plan for achilles: 
therapeutics steering the fate and functions of stem cells in tendon 
wound healing. Adv Drug Deliv Rev. 2018;129:352–375.

15. Zhang B, Luo Q, Halim A, et al. Directed differentiation and para
crine mechanisms of mesenchymal stem cells: potential implica
tions for tendon repair and regeneration. Curr Stem Cell Res Ther. 
2017;12(6):447–454.

16. Dale TP, Mazher S, Webb WR, et al. Tenogenic differentiation of 
human embryonic stem cells. Tissue Eng Part A. 2018;24 
(5–6):361–368. 

•• This study analises whether human embryonic stem cells 
(hESC) could be induced to differentiate into tendon-like cells 
by the addition of exogenous bone morphogenetic protein 12/ 
13 (BMP12/13). They concluded that directed in vitro genera
tion of tenocytes from pluripotent stem cells may facilitate the 
development of novel repair approaches for this difficult to 
heal tissue and human embryonic stem cells are responsive to 
tenogenic induction via BMP12/13 in the presence of Ascorbic 
Acid.

17. Lin TW, Cardenas L, Soslowsky LJ. Biomechanics of tendon injury 
and repair. J Biomech. 2004;37(6):865–877.

18. James R, Kesturu G, Balian G, et al. Tendon: biology, biomechanics, 
repair, growth factors, and evolving treatment options. J Hand Surg 
Am. 2008;33(1):102–112.

19. Ahmad Z, Wardale J, Brooks R, et al. Exploring the application of 
stem cells in tendon repair and regeneration. Arthroscopy. 2012;28 
(7):1018–1029.

20. Lui PP, Wong OT. Tendon stem cells: experimental and clinical 
perspectives in tendon and tendon-bone junction repair. Muscles 
Ligaments Tendons J. 2012;2(3):163–168.

21. Lee SY, Kim W, Lim C, et al. Treatment of lateral epicondylosis by 
using allogeneic adipose-derived mesenchymal stem cells: a pilot 
study. Stem Cells. 2015;33(10):2995–3005.

22. Stoll LE, Huang JI. Surgical treatment of distal biceps ruptures. 
Orthop Clin North Am. 2016;47(1):189–205.

23. Gilmore JH, Clayton-Smith ZJ, Aguilar M, et al. Reconstruction 
techniques and clinical results of patellar tendon ruptures: evi
dence today. Knee. 2015;22(3):148–155.

24. Aspenberg P. Stimulation of tendon repair: mechanical loading, 
GDFs and platelets. A mini-review. Int Orthop. 2007;31(6):783–789.

25. Childress MA, Beutler A. Management of chronic tendon injuries. 
Am Fam Physician. 2013;87(7):486–490.

26. Reed SA, Leahy ER. Growth and development symposium: stem cell 
therapy in equine tendon injury. J Anim Sci. 2013;91(1):59–65.

27. Andres BM, Murrell GA. Treatment of tendinopathy: what works, 
what does not, and what is on the horizon. Clin Orthop Relat Res. 
2008;466(7):1539–1554.

28. Zhou B, Zhou Y, Tang K. An overview of structure, mechanical 
properties, and treatment for age-related tendinopathy. J Nutr 
Health Aging. 2014;18(4):441–448.

29. Franceschi F, Papalia R, Paciotti M, et al. Obesity as a risk factor for 
tendinopathy: a systematic review. Int J Endocrinol. 2014; 
(2014):670262.

30. O’Neill S, Watson PJ, Barry S. A Delphi study of risk factors for 
achilles tendinopathy- opinions of world tendon experts. 
Int J Sports Phys Ther. 2016;11(5):684–697.

31. Silbernagel KG, Brorsson A, Olsson N, et al. Sex differences in out
come after an acute achilles tendon rupture. Orthop J Sports Med. 
2015;3(6):2325967115586768.

32. Albers IS, Zwerver J, Diercks RL, et al. Incidence and prevalence of 
lower extremity tendinopathy in a Dutch general practice popula
tion: a cross sectional study. BMC Musculoskelet Disord. 2016;17:16.

33. de Jonge S, van den Berg C, de Vos RJ, et al. Incidence of midpor
tion Achilles tendinopathy in the general population. Br J Sports 
Med. 2011;45(13):1026–1028.

34. Gumina S, Carbone S, Campagna V, et al. The impact of aging on 
rotator cuff tear size. Musculoskelet Surg. 2013;97(Suppl 1):69–72.

35. Nestorson J, Movin T, Moller M, et al. Function after Achilles tendon 
rupture in the elderly: 25 patients older than 65 years followed for 
3 years. Acta Orthop Scand. 2000;71(1):64–68.

36. Snedeker JG, Gautieri A. The role of collagen crosslinks in ageing 
and diabetes - the good, the bad, and the ugly. Muscles Ligaments 
Tendons J. 2014;4(3):303–308.

37. Abboud JA, Kim JS. The effect of hypercholesterolemia on rotator 
cuff disease. Clin Orthop Relat Res. 2010;468(6):1493–1497.

38. Tsouli SG, Kiortsis DN, Argyropoulou MI, et al. Pathogenesis, detec
tion and treatment of Achilles tendon xanthomas. Eur J Clin Invest. 
2005;35(4):236–244.

39. Agladioglu K, Akkaya N, Gungor HR, et al. Effects of cigarette 
smoking on elastographic strain ratio measurements of patellar 
and achilles tendons. J Ultrasound Med. 2016;35(11):2431–2438.

40. Baumgarten KM, Gerlach D, Galatz LM, et al. Cigarette smoking 
increases the risk for rotator cuff tears. Clin Orthop Relat Res. 
2010;468(6):1534–1541.

41. Fryhofer GW, Freedman BR, Hillin CD, et al. (2016) Postinjury bio
mechanics of Achilles tendon vary by sex and hormone status. 
J Appl Physiol. 1985;121(5):1106–1114.

42. Benjamin M, Ralphs JR. Tendons and ligaments–an overview. Histol 
Histopathol. 1997;12(4):1135–1144.

43. Heinemeier KM, Schjerling P, Heinemeier J, et al. Lack of tissue 
renewal in human adult Achilles tendon is revealed by nuclear 
bomb (14)C. Faseb J. 2013;27(5):2074–2079.

44. Kajikawa Y, Morihara T, Watanabe N, et al. GFP chimeric models 
exhibited a biphasic pattern of mesenchymal cell invasion in ten
don healing. J Cell Physiol. 2007;210(3):684–691.

45. Loiselle AE, Frisch BJ, Wolenski M, et al. Bone marrow-derived matrix 
metalloproteinase-9 is associated with fibrous adhesion formation 
after murine flexor tendon injury. PLoS One. 2012;7(7):e40602.

46. Sharma P, Maffulli N. Basic biology of tendon injury and healing. 
Surgeon. 2005;3(5):309–316.

EXPERT OPINION ON BIOLOGICAL THERAPY 1377

https://doi.org/10.1007/s00402-019-03267-8
https://doi.org/10.2174/1574888X15666200221122834
https://doi.org/10.1557/mrs2010.528
https://doi.org/10.3390/cells7090127


47. Carpenter JE, Thomopoulos S, Soslowsky LJ. Animal models of 
tendon and ligament injuries for tissue engineering applications. 
Clin Orthop Relat Res. 1999;367 Suppl:S296–311. DOI:10.1097/ 
00003086-199910001-00029

48. Warden SJ. Animal models for the study of tendinopathy. Br 
J Sports Med. 2007;41(4):232–240.

49. Yang G, Rothrauff BB, Tuan RS. Tendon and ligament regeneration 
and repair: clinical relevance and developmental paradigm. Birth 
Defects Res C Embryo Today. 2013;99(3):203–222.

50. Hope M, Saxby TS. Tendon healing. Foot Ankle Clin. 2007;12 
(4):553–567.

51. Voleti PB, Buckley MR, Soslowsky LJ. Tendon healing: repair and 
regeneration. Annu Rev Biomed Eng. 2012;14:47–71.

52. Fenwick SA, Hazleman BL, Riley GP. The vasculature and its role in 
the damaged and healing tendon. Arthritis Res. 2002;4(4):252–260.

53. Manning CN, Havlioglu N, Knutsen E, et al. The early inflammatory 
response after flexor tendon healing: a gene expression and histo
logical analysis. J Orthop Res. 2014;32(5):645–652.

54. Thomopoulos S, Harwood FL, Silva MJ, et al. Effect of several 
growth factors on canine flexor tendon fibroblast proliferation 
and collagen synthesis in vitro. J Hand Surg Am. 2005;30 
(3):441–447.

55. Tsuzaki M, Brigman BE, Yamamoto J, et al. Insulin-like growth 
factor-I is expressed by avian flexor tendon cells. J Orthop Res. 
2000;18(4):546–556.

56. Berglund M, Hart DA, Wiig M. The inflammatory response and 
hyaluronan synthases in the rabbit flexor tendon and tendon 
sheath following injury. J Hand Surg Eur. 2007;32(5):581–587.

57. Klein MB, Yalamanchi N, Pham H, et al. Flexor tendon healing 
in vitro: effects of TGF-beta on tendon cell collagen production. 
J Hand Surg Am. 2002;27(4):615–620.

58. Dahlgren LA, Mohammed HO, Nixon AJ. Temporal expression of 
growth factors and matrix molecules in healing tendon lesions. 
J Orthop Res. 2005;23(1):84–92.

59. Mikic B, Rossmeier K, Bierwert L. Sexual dimorphism in the effect of 
GDF-6 deficiency on murine tendon. J Orthop Res. 2009;27 
(12):1603–1611.

60. Yu Y, Bliss JP, Bruce WJ, et al. Bone morphogenetic proteins and 
Smad expression in ovine tendon-bone healing. Arthroscopy. 
2007;23(2):205–210.

61. Garner WL, McDonald JA, Koo M, et al. Identification of the 
collagen-producing cells in healing flexor tendons. Plast Reconstr 
Surg. 1989;83(5):875–879.

62. Kanazawa T, Soejima T, Noguchi K, et al. Tendon-to-bone healing 
using autologous bone marrow-derived mesenchymal stem cells in 
ACL reconstruction without a tibial bone tunnel-A histological 
study. Muscles Ligaments Tendons J. 2014;4(2):201–206.

63. Chan KM, Fu SC, Wong YP, et al. Expression of transforming growth 
factor beta isoforms and their roles in tendon healing. Wound 
Repair Regen. 2008;16(3):399–407.

64. Liu X, Joshi SK, Ravishankar B, et al. Upregulation of transforming 
growth factor-beta signaling in a rat model of rotator cuff tears. 
J Shoulder Elbow Surg. 2014;23(11):1709–1716.

65. Carvalho Ade M, Badial PR, Alvarez LE, et al. Equine tendonitis 
therapy using mesenchymal stem cells and platelet concentrates: 
a randomized controlled trial. Stem Cell Res Ther. 2013;4(4):85.

66. Hou Y, Mao Z, Wei X, et al. Effects of transforming growth factor-beta1 
and vascular endothelial growth factor 165 gene transfer on Achilles 
tendon healing. Matrix Biol. 2009;28(6):324–335.

67. Hou Y, Mao Z, Wei X, et al. The roles of TGF-beta1 gene transfer on 
collagen formation during Achilles tendon healing. Biochem 
Biophys Res Commun. 2009;383(2):235–239.

68. Chu CR, Rodeo S, Bhutani N, et al. Optimizing clinical use of 
biologics in orthopaedic surgery: consensus recommendations 
from the 2018 AAOS/NIH U-13 conference. J Am Acad Orthop 
Surg. 2019;27(2):e50–e63.

69. Tetta C, Consiglio AL, Bruno S, et al. The role of microvesicles 
derived from mesenchymal stem cells in tissue regeneration; 
a dream for tendon repair? Muscles Ligaments Tendons J. 2012;2 
(3):212–221.

70. Keramaris NC, Kaptanis S, Moss HL, et al. Endothelial progenitor 
cells (EPCs) and mesenchymal stem cells (MSCs) in bone healing. 
Curr Stem Cell Res Ther. 2012;7(4):293–301.

71. Andia I, Maffulli N. New biotechnologies for musculoskeletal 
injuries. Surgeon. 2019;17(4):244–255. 

• This article describes the state of art of the new biotechnolo
gies and frontieres of regenerative medicine technologies, 
including cellular therapies, gene therapies and multimolecu
lar preparations of growth factors and cytokines, which are 
expected to advance the field of orthopaedics and sports 
medicine.

72. Andia I, Maffulli N. Biological therapies in regenerative sports 
medicine. Sports Med. 2017;47(5):807–828.

73. Centeno C, Sheinkop M, Dodson E, et al. A specific protocol of 
autologous bone marrow concentrate and platelet products ver
sus exercise therapy for symptomatic knee osteoarthritis: 
a randomized controlled trial with 2 year follow-up. J Transl 
Med. 2018;16(1):355.

74. Hernigou P, Auregan JC, Dubory A, et al. Subchondral stem cell 
therapy versus contralateral total knee arthroplasty for osteoarthri
tis following secondary osteonecrosis of the knee. Int Orthop. 
2018;42(11):2563–2571.

75. Zhao L, Kaye AD, Abd-Elsayed A. Stem cells for the treatment of 
knee osteoarthritis: a comprehensive review. Pain Physician. 
2018;21(3):229–242.

76. Chakravarthy K, Chen Y, He C, et al. Stem cell therapy for chronic 
pain management: review of uses, advances, and adverse effects. 
Pain Physician. 2017;20(4):293–305.

77. Navani A, Manchikanti L, Albers SL, et al. Responsible, safe, and 
effective use of biologics in the management of low back pain: 
American Society of Interventional Pain Physicians (ASIPP) 
guidelines. Pain Physician. 2019;22(1S):S1–S74.

78. Ha CW, Park YB, Kim SH, et al. Intra-articular mesenchymal stem 
cells in osteoarthritis of the knee: a systematic review of clinical 
outcomes and evidence of cartilage repair. Arthroscopy. 2019;35 
(1):277–288 e272.

79. Law L, Hunt CL, van Wijnen AJ, et al. Office-based mesenchymal 
stem cell therapy for the treatment of musculoskeletal disease: 
a systematic review of recent human studies. Pain Med. 2019;20 
(8):1570–1583.

80. Xi S, Geiman TM, Briones V, et al. Lsh participates in DNA methyla
tion and silencing of stem cell genes. Stem Cells. 2009;27 
(11):2691–2702.

81. Bariar B, Vestal CG, Richardson C. Long-term effects of chromatin 
remodeling and DNA damage in stem cells induced by environ
mental and dietary agents. J Environ Pathol Toxicol Oncol. 2013;32 
(4):307–327.

82. Baker N, Boyette LB, Tuan RS. Characterization of bone marrow-derived 
mesenchymal stem cells in aging. Bone. 2015;70:37–47.

83. Murray IR, Corselli M, Petrigliano FA, et al. Recent insights into the 
identity of mesenchymal stem cells: implications for orthopaedic 
applications. Bone Joint J. 2014;96-B(3):291–298.

84. Durant TJ, Dyment N, McCarthy MB, et al. Mesenchymal stem cell 
response to growth factor treatment and low oxygen tension in 
3-dimensional construct environment. Muscles Ligaments Tendons 
J. 2014;4(1):46–51.

85. Ruzzini L, Longo UG, Rizzello G, et al. Stem cells and tendinopathy: 
state of the art from the basic science to clinic application. Muscles 
Ligaments Tendons J. 2012;2(3):235–238.

86. Chaudhury S. Mesenchymal stem cell applications to tendon 
healing. Muscles Ligaments Tendons J. 2012;2(3):222–229.

87. Filomeno P, Dayan V, Tourino C. Stem cell research and clinical 
development in tendon repair. Muscles Ligaments Tendons J. 
2012;2(3):204–211.

88. Galatz LM, Gerstenfeld L, Heber-Katz E, et al. Tendon regeneration 
and scar formation: the concept of scarless healing. J Orthop Res. 
2015;33(6):823–831.

89. Yang J, Zhao Q, Wang K, et al. Isolation and biological characteriza
tion of tendon-derived stem cells from fetal bovine. In Vitro Cell 
Dev Biol Anim. 2016;52(8):846–856.

1378 F. MIGLIORINI ET AL.

https://doi.org/10.1097/00003086-199910001-00029
https://doi.org/10.1097/00003086-199910001-00029


90. Lui PP. Markers for the identification of tendon-derived stem cells 
in vitro and tendon stem cells in situ - update and future 
development. Stem Cell Res Ther. 2015;6:106.

91. Popov C, Kohler J, Docheva D. Activation of EphA4 and EphB2 
reverse signaling restores the age-associated reduction of 
self-renewal, migration, and actin turnover in human tendon 
stem/progenitor cells. Front Aging Neurosci. 2015;7:246.

92. Ruzzini L, Abbruzzese F, Rainer A, et al. Characterization of 
age-related changes of tendon stem cells from adult human 
tendons. Knee Surg Sports Traumatol Arthrosc. 2014;22 
(11):2856–2866.

93. Giai Via A, McCarthy MB, de Girolamo L, et al. Making them 
commit: strategies to influence phenotypic differentiation in 
mesenchymal stem cells. Sports Med Arthrosc Rev. 2018;26 
(2):64–69. 

•• This article describes the different strategies to differentiate 
MSCs into tenocytes with related challenges and limitations on 
the use of MSCs in vivo and in clinical practice.

94. Ekwueme EC, Shah JV, Mohiuddin M, et al. Cross-talk between 
human tenocytes and bone marrow stromal cells potentiates extra
cellular matrix remodeling in vitro. J Cell Biochem. 2016;117 
(3):684–693.

95. Veronesi F, Salamanna F, Tschon M, et al. Mesenchymal stem cells 
for tendon healing: what is on the horizon? J Tissue Eng Regen 
Med. 2017;11(11):3202–3219.

96. Luo Q, Song G, Song Y, et al. Indirect co-culture with tenocytes 
promotes proliferation and mRNA expression of tendon/ligament 
related genes in rat bone marrow mesenchymal stem cells. 
Cytotechnology. 2009;61(1–2):1–10.

97. Wu T, Liu Y, Wang B, et al. The use of cocultured mesenchymal 
stem cells with tendon-derived stem cells as a better cell source for 
tendon repair. Tissue Eng Part A. 2016;22(19–20):1229–1240.

98. Bi Y, Ehirchiou D, Kilts TM, et al. Identification of tendon stem/ 
progenitor cells and the role of the extracellular matrix in their 
niche. Nat Med. 2007;13(10):1219–1227.

99. Vermeulen S, Vasilevich A, Tsiapalis D, et al. Identification of topo
graphical architectures supporting the phenotype of rat tenocytes. 
Acta Biomater. 2019;83:277–290.

100. Zhang C, Zhang E, Yang L, et al. Histone deacetylase inhibitor 
treated cell sheet from mouse tendon stem/progenitor cells pro
motes tendon repair. Biomaterials. 2018;172:66–82.

101. Zheng Y, Huang X, Kelleher NL. Epiproteomics: quantitative analy
sis of histone marks and codes by mass spectrometry. Curr Opin 
Chem Biol. 2016;33:142–150.

102. Li X, Harris CJ, Zhong Z, et al. Mechanistic insights into plant SUVH 
family H3K9 methyltransferases and their binding to 
context-biased non-CG DNA methylation. Proc Natl Acad Sci USA. 
2018;115(37):E8793–E8802.

103. Guintivano J, Kaminsky ZA. Role of epigenetic factors in the devel
opment of mental illness throughout life. Neurosci Res. 
2016;102:56–66.

104. Braun PR, Han S, Hing B, et al. Genome-wide DNA methylation 
comparison between live human brain and peripheral tissues 
within individuals. Transl Psychiatry. 2019;9(1):47.

105. Oliva F, Berardi AC, Misiti S, et al. Thyroid hormones enhance 
growth and counteract apoptosis in human tenocytes isolated 
from rotator cuff tendons. Cell Death Dis. 2013;4:e705.

106. Oliva F, Piccirilli E, Berardi AC, et al. Influence of thyroid hormones 
on tendon homeostasis. Adv Exp Med Biol. 2016;920:133–138. 

• This study investigate the role of triiodothyronine (T3) and 
thyroxine (T4) as antiapoptotic hormones for tenocytes, pro
moting cells vitality and collagen production.

107. Pittenger MF, Mackay AM, Beck SC, et al. Multilineage potential of 
adult human mesenchymal stem cells. Science. 1999;284 
(5411):143–147.

108. Bara JJ, Richards RG, Alini M, et al. Concise review: bone 
marrow-derived mesenchymal stem cells change phenotype fol
lowing in vitro culture: implications for basic research and the 
clinic. Stem Cells. 2014;32(7):1713–1723.

109. Hoffmann A, Pelled G, Turgeman G, et al. Neotendon formation 
induced by manipulation of the Smad8 signalling pathway in 
mesenchymal stem cells. J Clin Invest. 2006;116(4):940–952.

110. Alberton P, Popov C, Pragert M, et al. Conversion of human bone 
marrow-derived mesenchymal stem cells into tendon progenitor 
cells by ectopic expression of scleraxis. Stem Cells Dev. 2012;21 
(6):846–858.

111. Tan SL, Ahmad RE, Ahmad TS, et al. Effect of growth differentiation 
factor 5 on the proliferation and tenogenic differentiation potential 
of human mesenchymal stem cells in vitro. Cells Tissues Organs. 
2012;196(4):325–338.

112. Haddad-Weber M, Prager P, Kunz M, et al. BMP12 and BMP13 gene 
transfer induce ligamentogenic differentiation in mesenchymal 
progenitor and anterior cruciate ligament cells. Cytotherapy. 
2010;12(4):505–513.

113. Baberg F, Geyh S, Waldera-Lupa D, et al. Secretome analysis of 
human bone marrow derived mesenchymal stromal cells. Biochim 
Biophys Acta Proteins Proteom. 2019;1867(4):434–441.

114. Veronesi F, Torricelli P, Della Bella E, et al. In vitro mutual interac
tion between tenocytes and adipose-derived mesenchymal stromal 
cells. Cytotherapy. 2015;17(2):215–223.

115. Costa-Almeida R, Calejo I, Reis RL, et al. Crosstalk between adipose 
stem cells and tendon cells reveals a temporal regulation of teno
genesis by matrix deposition and remodeling. J Cell Physiol. 
2018;233(7):5383–5395.

116. Costa-Almeida R, Berdecka D, Rodrigues MT, et al. Tendon explant 
cultures to study the communication between adipose stem cells 
and native tendon niche. J Cell Biochem. 2018;119(4):3653–3662.

117. Goncalves AI, Gershovich PM, Rodrigues MT, et al. Human adipose 
tissue-derived tenomodulin positive subpopulation of stem cells: 
A promising source of tendon progenitor cells. J Tissue Eng Regen 
Med. 2018;12(3):762–774.

118. Costa-Almeida R, Calejo I, Gomes ME. Mesenchymal stem cells 
empowering tendon regenerative therapies. Int J Mol Sci. 2019;20 
(12). DOI:10.3390/ijms20123002

119. Usuelli FG, D’Ambrosi R, Maccario C, et al. Adipose-derived stem 
cells in orthopaedic pathologies. Br Med Bull. 2017;124(1):31–54. 

•• This article describes the potential of adipose-derived stem 
cells (ADSCs) and their application in the orthopaedic surgery. 
ADSCs reported excellent clinical results and minimal compli
cations rate. They also underline that the length and modal
ities of follow-up in the different conditions are extremely 
variable.

120. Jo CH, Chai JW, Jeong EC, et al. Intratendinous injection of auto
logous adipose tissue-derived mesenchymal stem cells for the 
treatment of rotator cuff disease: a first-in-human trial. Stem Cells. 
2018;36:1441–1450.

121. Havlas V, Kotaska J, Konicek P, et al. [Use of cultured human 
autologous bone marrow stem cells in repair of a rotator cuff 
tear: preliminary results of a safety study]. Acta Chir Orthop 
Traumatol Cech. 2015;82(3):229–234.

122. Lamas JR, Tornero-Esteban P, García Fernández C, et al. A 
double-blind, randomized, placebo-controlled trial of mesenchy
mal stem cells for the treatment of patients with full-thickness 
rotator cuff tears [abstract]. Arthritis Rheumatol. 2015;67 [cited 
2020 Apr 26]. Available from https://acrabstracts.org/abstract/ 
a-double-blind-randomized-placebo-controlled-trial-of- 
mesenchymal-stem-cells-for-the-treatment-of-patients-with-full- 
thickness-rotator-cuff-tears/

123. Lamas JR, Garcia-Fernandez C, Tornero-Esteban P, et al. Adverse 
effects of xenogenic scaffolding in the context of a randomized 
double-blind placebo-controlled study for repairing full-thickness 
rotator cuff tears. Trials. 2019;20(1):387.

124. Hurd JL, Facile TR, Weiss J, et al. Safety and efficacy of treating 
symptomatic, partial-thickness rotator cuff tears with fresh, uncul
tured, unmodified, autologous adipose-derived regenerative cells 
(UA-ADRCs) isolated at the point of care: a prospective, rando
mized, controlled first-in-human pilot study. J Orthop Surg Res. 
2020;15(1):122.

EXPERT OPINION ON BIOLOGICAL THERAPY 1379

https://doi.org/10.3390/ijms20123002
https://acrabstracts.org/abstract/a-double-blind-randomized-placebo-controlled-trial-of-mesenchymal-stem-cells-for-the-treatment-of-patients-with-full-thickness-rotator-cuff-tears/
https://acrabstracts.org/abstract/a-double-blind-randomized-placebo-controlled-trial-of-mesenchymal-stem-cells-for-the-treatment-of-patients-with-full-thickness-rotator-cuff-tears/
https://acrabstracts.org/abstract/a-double-blind-randomized-placebo-controlled-trial-of-mesenchymal-stem-cells-for-the-treatment-of-patients-with-full-thickness-rotator-cuff-tears/
https://acrabstracts.org/abstract/a-double-blind-randomized-placebo-controlled-trial-of-mesenchymal-stem-cells-for-the-treatment-of-patients-with-full-thickness-rotator-cuff-tears/

	Abstract
	1.  Introduction
	2.  Clinical relevance
	3.  Tendon healing process
	4.  Regenerative medicine to enhance tendon healing: stem cells
	5.  In-human applications of MScs for tendon repair
	6.  Expert opinion
	Funding
	Declaration of interest
	Reviewer disclosures
	References



