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Abstract

Diseases that jeopardize the musculoskeletal system and cause chronic impairment are prevalent throughout the Western
world. In Germany alone, ~1.8 million patients suffer from these diseases annually, and medical expenses have been reported
to reach 34.2bn Euros. Although musculoskeletal disorders are seldom fatal, they compromise quality of life and diminish func-
tional capacity. For example, musculoskeletal disorders incur an annual loss of over 0.8 million workforce years to the German
economy. Among these diseases, traumatic skeletal muscle injuries are especially problematic because they can occur owing
to a variety of causes and are very challenging to treat. In contrast to chronic muscle diseases such as dystrophy, sarcopenia, or
cachexia, traumatic muscle injuries inflict damage to localized muscle groups. Although minor muscle trauma heals without
severe consequences, no reliable clinical strategy exists to prevent excessive fibrosis or fatty degeneration, both of which oc-
cur after severe traumatic injury and contribute to muscle degeneration and dysfunction. Of the many proposed strategies,
cell-based approaches have shown the most promising results in numerous pre-clinical studies and have demonstrated success
in the handful of clinical trials performed so far. A number of myogenic and non-myogenic cell types benefit muscle healing,
either by directly participating in new tissue formation or by stimulating the endogenous processes of muscle repair. These cell
types operate via distinct modes of action, and they demonstrate varying levels of feasibility for muscle regeneration depend-
ing, to an extent, on the muscle injury model used. While in some models the injury naturally resolves over time, other models
have been developed to recapitulate the peculiarities of real-life injuries and therefore mimic the structural and functional im-
pairment observed in humans. Existing limitations of cell therapy approaches include issues related to autologous harvesting,
expansion and sorting protocols, optimal dosage, and viability after transplantation. Several clinical trials have been performed
to treat skeletal muscle injuries using myogenic progenitor cells or multipotent stromal cells, with promising outcomes. Recent
improvements in our understanding of cell behaviour and the mechanistic basis for their modes of action have led to a new
paradigm in cell therapies where physical, chemical, and signalling cues presented through biomaterials can instruct cells and
enhance their regenerative capacity. Altogether, these studies and experiences provide a positive outlook on future opportu-
nities towards innovative cell-based solutions for treating traumatic muscle injuries—a so far unmet clinical need.
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Introduction

Orthopaedics and traumatology departments in hospitals
around the world are increasingly encountering patients suf-
fering from traumatic skeletal muscle injuries. Skeletal muscles
make up roughly 40–45% of the total human body mass and
are essential to sustaining life. Their proper function permits
mobility, joint stability, and postural maintenance, as well as
breathing, metabolic control, thermoregulation, and energy
storage.1 Skeletal muscle injuries span a broad spectrum of
causes, severities, and various treatment modalities (Figure
1). Sports-related injuries, for instance, in soccer players, typi-
cally occur in the lower limbs affecting the hamstring (37%),
adductor (23%), quadriceps (19%), and calf (13%) muscles
and range from minor strains and bruises to partial or com-
plete muscle tears.2 Strains can potentially be complicated to
treat if a tear occurs at the myotendinous junction, as is often
the case in injuries of the rotator cuff or lower limb muscles.3

Muscle injuries comprise nearly a third (20–37%) of all injuries
sustained by soccer players and as such represent a significant
economic health care burden.4 Military personnel having to

keep up with a physically demanding and rigorous workload
are especially prone to musculoskeletal injuries that require
hospitalization. Furthermore, soldiers who are injured in
combat often suffer from volumetric muscle loss and high-
impact trauma that may lead to long-term immobilization, dis-
ability, or infection.5 Post-partum damage and subsequent
weakening of pelvic floor and external sphincter skeletal
muscles can contribute to urinary and faecal incontinence,
causing social anxiety and isolation. Incontinence affects
>200 million people globally,6,7 and places a significant eco-
nomic burden ($16bn in the USA alone) on patients and na-
tional health care systems.8,9 Patients undergoing surgical
interventions such as tumour ablation, soft tissue reconstruc-
tion, or joint arthroplasty almost inevitably sustain iatrogenic
muscle injuries.10Many of these debilitating conditions drasti-
cally impair muscle function, leading to intense physical pain,
negatively affecting mental health, and compromising the
quality of life of patients. Despite the high incidence rate,
treatment of severely injured muscles and the restoration of
their original structure and function remain an unmet clinical
challenge.

Figure 1 Traumatic muscle injuries represent a heterogeneous spectrum of causes, severity, and intervention options. Whereas muscle groups in the
lower extremities are more prone to sports-related strains, tears, and bruises, other injuries like iatrogenic trauma, contusions, and volumetric muscle
loss can occur in any part of the body. A common feature of severe muscle injuries is the pathological observation of haematoma, muscle atrophy,
fibrotic scar tissue, and fatty infiltration, with associated physical disabilities like functional impairment, limping, soreness, and pain. These pathological
features have been replicated in small animal injury models using various approaches and techniques. Cell therapies using MSCs, myoblasts, or MDSCs
have shown apparent benefit in pre-clinical settings, and some have been tested in human clinical trials with promising outcomes. Although few in
number, these clinical studies demonstrate the potential to accelerate and significantly improve the healing of traumatic muscle injuries through au-
tologous or allogeneic cell-based solutions.
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In contrast to other tissues, injured skeletal muscles have
an intrinsic capacity to adapt and initiate a synchronized bio-
logical response to prevent further muscle loss and eventually
lead to regeneration. Minor injuries (e.g. muscle strains and
contusions) heal spontaneously in healthy adults. External
physical stimulation can support the intrinsic endogenous
healing potential such as in sports medicine, where physicians
employ training regimes and rehabilitation strategies to en-
able muscle repair and permit recovery in relatively short
time periods (weeks to months). Although regimes such as
cryotherapy, physical massage, and dedicated resting periods
allow athletes to resume professional sport with restored
muscle functionality, their efficacy is based largely on empir-
ical evidence.11 Similarly, exercise protocols targeting specific
muscle groups in the pelvic region exist that help patients to
partially overcome urinary and faecal incontinence.

Beyond a certain injury severity threshold, the endogenous
process of muscle repair proves insufficient, leading to loss of
contractile tissue, fatty degeneration, and fibrotic scar tissue
formation, which can cause long-term deficits in muscle
structure and strength. Severe muscle injuries do not just
include complete muscle tears, volumetric muscle loss, or
high-impact trauma. Iatrogenic muscle damage can also occur
during various surgical interventions. Consequences for the
affected patients are often detrimental, causing severe phys-
ical impairment that leaves the patient in extreme pain and
discomfort.12,13

Thus, regeneration of severe muscle injuries is an unsolved
medical need and is a topic of considerable scientific interest.
Biomedical scientists in different areas of research have pro-
posed various cellular and molecular approaches as potential
therapeutic strategies. Many of these have shown beneficial
effects in pre-clinical muscle injury models. However, transla-
tion to the clinic and successful demonstration of efficacy in
humans has been lacking either owing to regulatory issues,
appropriateness of the pre-clinical model, the selected pa-
tient cohorts, or low confidence in the therapeutic benefit.
Consequently, this has limited the transfer of novel treatment
options to the clinical and medical communities. More recent
pre-clinical and some first clinical data give the impression
that cell therapy might provide a treatment option with a rel-
evant potential for reaching the clinical routine in treating
skeletal muscle injuries. The promising outlook of this rapidly
developing area of translational research has motivated the
preparation of the current review.

Biological characteristics of muscle
homeostasis, injury, adaptation, and
regeneration

Skeletal muscle is a hierarchically organized tissue that con-
sists of muscle fibres, a laminin-rich and collagen-rich

extracellular matrix (ECM), and distinct cellular popula-
tions.14,15 Satellite cells (SCs) are a rare population of
muscle-specific progenitor cells (2–7% of all muscle cells)
but play a central role in muscle maintenance and regenera-
tion.16,17 Under homeostatic conditions, SCs reside in a quies-
cent state between the sarcolemma and the basal lamina of
myofibers and are characterized by the expression of the
transcription factor paired box protein 7 (Pax7).18,19 Injury
causes activation of these cells, which then re-enter the cell
cycle, proliferate, and subsequently differentiate into myo-
blasts. The myoblasts further extensively proliferate and
migrate towards the site of injury where they undergo myo-
genic differentiation to fuse with new or existing myofibers.
In parallel to producing myoblasts, SCs also self-renew via
asymmetric cell division and maintain the stem cell pool in
the skeletal muscle.20 Recent reports have provided conclu-
sive evidence that SCs are essential to the regeneration pro-
cess,21,22 but their optimal function is dependent on the
properties of the microenvironmental niche. Muscle resident
fibroblasts and fibro/adipogenic progenitor (FAPs) cells de-
posit the ECM that also acts as a conducive niche, allowing
SCs and their progeny to participate in regeneration.

In skeletal muscles, a highly orchestrated series of biologi-
cal processes make up the endogenous response to injury or
trauma. These processes occur regardless of the type or se-
verity of injury.

(1) The degenerative and inflammatory phase: This initial
phase is characterized by rupture and necrosis of
myofibers and surrounding blood vessels, leading to
haematoma formation and triggering a pro-
inflammatory injury response. Neutrophils are the first
cells to invade the site of injury (typically within 2 h)
where they enzymatically degrade muscle membranes
and produce free radicals that target tissue debris for
macrophage-mediated phagocytosis.23

(2) The repair and regeneration phase: Both pro-
inflammatory M1 (CD68+/CD163�) and anti-
inflammatory M2 (CD68�/CD163+) macrophages play
important roles during this phase.24,25 M1 macrophages
remove debris, execute structural degradation, and se-
crete cytokines that stimulate the proliferation and mi-
gration of SCs.26 A timely switch in the expression of
signalling molecules triggers the polarization of M1 into
M2 macrophages, which persist in the muscle for a num-
ber of days during which they inhibit the deposition of
excessive ECM by FAPs, while stimulating the fusion of
myoblasts into multinucleated myotubes.27

(3) The remodelling andmaturation phase: The final phase in-
volves the maturation of myotubes into functional, con-
tractile myofibers, remodelling of the connective tissue
ECM, and establishment of neuromuscular junctions.28

While this endogenous process can achieve complete regen-
eration after minor injury, the natural healing cascade is
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unable to meet the demands created by severe trauma. This
can at least partially be attributed to an impaired SC function
and dysregulated FAP cell activity, leading to excessive ECM
deposition and near-irreversible scarring.29,30 Scar tissue hin-
ders the fusion of newly formed and existing myofibers and
negatively affects the muscle’s contractile function. It is im-
portant to acknowledge that not all cases of skeletal muscle
injuries exclusively occur in the muscle belly, but many also
cause damage to the myotendinous junction (muscle–tendon
interface) and the associated tendon. Regeneration after
such injuries can be especially problematic because the ten-
don and muscle each have distinct characteristics including
endogenous cell types, repair mechanisms, ECM composi-
tions, and mechanical properties.31

Clinical options for treatment

Clinical options for the treatment of skeletal muscle injuries
can be categorized into conservative management practices
or invasive surgical procedures.32 On clinical presentation, a
number of factors need to be carefully considered to deter-
mine which treatment strategy to pursue. These include type
and severity of injury, muscle groups affected, and general
health status of the patient.

Conservative treatment

The RICE principle

Athletes who sustain minor muscle tears with associated pain
during mobility are typically administered first aid following
the RICE principle that consists of rest, ice, compression,
and elevation. Although lacking a thorough scientific basis,
the RICE principle aims to reduce blood flow through the in-
jured muscle tissue, thereby reducing the size of the
haematoma and preventing the extension of the actual
trauma into adjacent muscle regions. Questions revolving
around the duration of the immobilization and the right time
point for the mobilization of the patient are still controversial.
While a short period of immobilization or resting time imme-
diately after injury allows the scar tissue to develop enough
strength to withstand local contraction forces,32 prolonged
inactivity is known to lead to excessive fibrosis, compromising
biomechanical tissue properties.33 On the other hand, early
mobilization of the patient and exertion of local contraction
can increase the chances of secondary rupture at the site of
injury.34 A recent randomized, controlled trial suggests that
a brief initial immobilization period (~2 days) followed by a
gradual increase in mobilization support repair and
recovery.35

Medication
Pharmaceutical approaches primarily address the initial pro-
inflammatory response in the early phase of muscle healing.
Non-steroidal anti-inflammatory drugs (NSAIDs) are widely
used to treat patients with minor muscle damage and to alle-
viate post-traumatic pain.36 However, experimental evidence
suggests that an early and short-term use of such anti-
inflammatory drugs only moderately reduces the extent of
muscle damage,37–39 while persistent use of NSAIDs nega-
tively influences muscle regeneration and contractile func-
tion.40 This could be due to the broad effects of these drugs
on the immune system, potentially interfering with its central
role in the progression of the healing process or final resolu-
tion of muscle injury.41,42 Furthermore, a study by Rahusen
et al. questioned the exclusivity of using NSAIDs because they
did not demonstrate a superior effect than do low-cost pain-
killers and analgesics.43 Despite lack of supportive evidence
from human clinical trials and known negative side effects,44

NSAIDs continue to be a popular medication among athletes,
and further investigation is needed to elucidate the local ef-
fects of these drugs on the healing cascade of skeletal
muscles.45

Surgical treatment

Surgical intervention is normally recommended for patients
suffering from volumetric muscle loss that requires soft tissue
reconstruction.46–48 The current clinical standard for treating
volumetric defects is the replacement of lost tissue by muscle
flaps.49 This involves the autologous transfer and engraft-
ment of healthy, innervated, and vascularized muscle tissue
either from the direct vicinity of the injured area or from a
distant site of the body as a free flap. The biggest drawback
of the muscle flap procedure is donor site morbidity that fur-
ther prolongs patient recovery time.50

A ubiquitous cause of severe muscle trauma is iatrogenic
injury. These injuries occur during almost any invasive surgical
procedure including aggressive tumour ablations and joint re-
vision arthroplasties. Among orthopaedic procedures, total
hip arthroplasty (THA) is known to cause severe muscle dam-
age mainly due to lacerations or crush trauma, procedures
that are necessary to gain access to the hip joint.51 The fre-
quency of joint replacement surgeries has reached many hun-
dreds of thousands per year in accordance with the desire of
an ageing population to improve their quality of life.52,53 An
overwhelmingly large proportion of these patients shows
signs of impaired muscle functionality, fatty degeneration,
and scar tissue formation in their yearly follow-ups.54,55 The
gluteus minimus, gluteus medius, the abductor, and adductor
muscle groups are affected the most by trauma due to
THA.51,56 Gradual muscle degeneration after the surgical pro-
cedure not only causes pain and irritation but also predis-
poses the patient to limping, hip dislocation, and re-injury.57
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It is pertinent to note that these iatrogenic injuries and con-
sequential pathologies even occur after what is commonly
considered as a successful primary or revision THA procedure.
In case of surgical complications such as an infected joint or
prosthetic component failure, a last resort is sometimes mus-
cle flap transfer, which despite its invasiveness is unable to
restore the original function of the joint.58

Advances in treatment of local muscle
injuries

Muscle injury models

Although a number of small animal injury models have been
reported in literature to evaluate muscle regeneration, there
is a large variability in the choice of the muscle group and the
mode of injury.59 The most commonly used routes of induc-
ing injury are myotoxin injection (e.g. cardiotoxin),60

freeze/cryoinjury (liquid nitrogen-cooled metal rod),61

chemical injury (e.g. barium chloride),62 and physical injury
(e.g. crush, laceration, denervation, and ischaemia).63 Hardy
and colleagues published a study comparing four commonly
used injury models in mice. This study revealed that despite
similar initial necrosis and complete regeneration 1 month
post-injury in all models, the cellular composition, re-
vascularization, and immune profile varied significantly
among the groups over the time course of regeneration.64

The fact that the injury was resolved without any intervention
also indicates that those may not be appropriate models to
study severe clinically relevant injuries. Surprisingly, it seems
that in most pre-clinical work, the injury model has been cho-
sen on the basis of convenience, or experience with certain
protocols, and not necessarily because the model mimics a
human pathology. For example, cardiotoxins are usually de-
rived from snake venom. Their use to induce tissue injury
mimics nothing but a snakebite, which as such constitutes
its own pathomechanism and is a rather rare event in the
Western world. However, cardiotoxins are used in the vast
majority of in vivo muscle regeneration studies. Moreover,
the arbitrary use of injury models in different laboratories
and research groups leads to different observations and out-
comes, which makes it difficult to compare results and derive
conclusions about the efficacy of a particular therapy.

Despite the high prevalence of studies that use chemical or
toxin injuries, efforts have been made to develop patient-
relevant injury models that mimic the pathophysiology of tis-
sue damage observed clinically. Athletes commonly endure
strains and contusions to their lower limb muscles. Strain in-
juries usually occur owing to excessive tensile stretching and
lead to shear rupture, small haematoma formation, and dam-
age to both the muscle and its associated tendon. It is repli-
cated in animal models typically by electrical stimulation of

the tissue or via tissue elongation by pulling on the
tendon/muscle using weights.65 In contrast, contusions occur
owing to a rapid and high-impact compressive force, which
causes haematoma formation in the muscle tissue. This limits
mobility and causes pain and soreness to the patient. The
blunt, non-penetrating impact model has been widely used
to mimic contusion injuries and involves the dropping of a
metallic object (usually spherical or cylindrical) of a defined
mass from a certain height guided by a hollow tube directly
onto the exposed muscle tissue.66,67 Laceration is another
type of muscle injury that is conveniently replicated in animal
models.68,69 A laceration injury occurs owing to a direct, pen-
etrating trauma to the tissue by a sharp object and is usually
associated with accidents, collisions, and military injuries.70

This injury essentially splits the muscle tissue, causing dam-
age to myofibers, blood vessels, nerves, and connective tis-
sue and is accompanied by a large haematoma formation
and substantial fibrosis. Clinical situations involving severe
trauma associated with surgical interventions often lead to ir-
reversible fatty degeneration and fibrosis in the muscle, and
any new therapy for this indication must use a model that
mimics this situation. The crush trauma model was developed
to mimic the characteristics (no spontaneous regeneration,
gradual decline in muscle function, and persistent fibrosis)
of clinically encountered iatrogenic muscle injuries.71 Fatty
degeneration is also typically observed in patients with rota-
tor cuff injuries, which affects the muscles that surround
and dynamically stabilize the shoulder joint.72,73 Surgical re-
pair of such injury is advised, even though it is increasingly ac-
knowledged that this procedure not only is unable to restore
normal function and strength in most cases74 but also causes
further damage to the muscle fibres.75

Molecular therapies

Molecular approaches to treat skeletal muscle injuries pre-
dominantly consist of growth factor therapy. Growth factors
secreted by cells or liberated from their sequestered state
from the damaged ECM play important signalling roles during
the endogenous phases of healing after trauma.76 In acute in-
juries, weak or muted growth factor signalling can either dis-
rupt or aggravate downstream cellular events that direct the
muscle tissue away from regeneration and towards scar-
ring.77 Several growth factors have been delivered intramus-
cularly, systemically, or via biomaterial carriers to aid
muscle healing. These include among others, hepatocyte
growth factor (HGF), insulin-like growth factor (IGF), vascular
endothelial growth factor (VEGF), and fibroblast growth fac-
tor.78–80 HGF is known to stimulate the activation of quies-
cent SCs,81,82 promoting their proliferation and migration
while inhibiting their premature differentiation.83 Grasman
et al. reported that the rapid but prolonged release of HGF
from a fibrin-based biomaterial improves muscle contractility
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and remodelling in a volumetric muscle loss injury model.84

Some muscle injuries such as contusions and lacerations
may also lead to ischaemia in parts of the tissue. Therefore,
the delivery of angiogenic factors such as VEGF has also been
investigated. Shvartsman and colleagues reported that VEGF
promotes innervation and re-perfusion of ischaemic limbs
via nerve growth factor signalling.85 Using biomaterials to
provide temporal release of VEGF can retain the bioactivity,
ensure targeted delivery, and enhance the potency of the
growth factor.86 IGF-1 is perhaps the most relevant growth
factor that acts directly on muscle cells to stimulate hypertro-
phy in vivo and myogenic differentiation in vitro.87,88 Owing
to the complexity of the healing cascade and its precise spa-
tiotemporal regulation, it is unlikely that a single molecular
factor is able to rescue a tissue from degeneration. Thus,
the timed delivery of multiple growth factors could be re-
quired.89 In this regard, Borselli et al. have shown that the si-
multaneous delivery of myogenic (IGF-1) and angiogenic
growth factors (VEGF) can promote functional regeneration
of ischaemic muscle tissues.90 However, it is pertinent to note
that while this combination of growth factors demonstrated
significant benefit in ischaemia, no apparent benefit was ob-
served with the same dose of growth factors in a crush mus-
cle injury model.91 This underlines the importance of
choosing the animal model according to the human pathol-
ogy and thus to consider the distinct complexities among
the different types of muscle injuries. In fact, very few studies
have investigated the efficacy of growth factor delivery in
acute and severe models of muscle injury or have reported
negative results, which limits the potential clinical application
of these approaches. A further drawback is that growth fac-
tors have short half-lives and are rapidly cleared by the circu-
latory system. These issues can be circumvented by using
sophisticated biomaterials that enable tunable release of sev-
eral growth factors, but receiving the relevant regulatory ap-
proval for the biomaterial is an additional factor that may
limit growth factor-based approaches from clinical
translation.92

Growth factors can be potent mediators of biological pro-
cesses that constitute tissue regeneration; their spatiotempo-
ral release via biomaterials is challenging and yet to be
optimized. However, in recent years, cells have been used
as vehicles to deliver growth factors, either by genetically
overexpressing one or several proteins or by employing cells
that naturally secrete numerous cytokines and growth factors
in response to environmental cues. These novel approaches
have further propelled the field of cell therapy.

Cellular therapies

A central goal of all approaches for muscle regeneration is to
re-establish the structural integrity and functionality of the
tissue. This includes stimulating the formation of contractile

muscle fibres, re-populating the SC niche, and promoting vas-
cularization of the injured area. In this context, soluble cues
such as growth factors play only a supporting role to the var-
ious cellular populations that are of central importance to
muscle regeneration. Several cellular candidates with myo-
genic or non-myogenic origins have been proposed for skele-
tal muscle regeneration, and their transplantation has
therefore been a widely investigated therapeutic strategy
(Figure 2).

Cells with myogenic origin
Cells utilized for regenerating skeletal muscle either directly
participate in the formation of new myofibers or indirectly
support this process by signalling mechanisms. SCs have been
widely used owing to their central role in muscle endogenous
repair, regeneration, and commitment to the myogenic line-
age. As already mentioned, SCs make up only a small propor-
tion of the muscle cell population (2–7%) and can be isolated
using defined surface markers in combination with fluores-
cent activated cell sorting.93,94 Once transplanted, SCs can
give rise to a large number of progeny, which can form
myofibers and engraft into the defective region.95 SC trans-
plantation has been shown to improve contractile function
and repopulate the SC niche in host muscles.96 A further ad-
vantage of using SCs is the relatively low dose required to
achieve a desirable regenerative response. Collins et al.
showed that the transplantation of as few as seven functional
SCs can directly contribute to the formation of a hundred
multinucleated myofibers, while also undergoing self-renewal
to sustain the endogenous stem cell pool.97 Sacco and col-
leagues further strengthened this observation by reporting
that a single transplanted SC can undergo vigorous prolifera-
tion, contribute to myofiber formation, and populate the
in vivo niche.98 This finding has been encouraging for a num-
ber of reasons. First, freshly isolated SCs mount a more po-
tent response in vivo than do culture-expanded cells.99

Second, ex vivo expansion of SCs on non-physiologically stiff
and inert plastic flasks causes spontaneous differentiation of
Pax7+ SCs into committed myoblasts that have a lower regen-
erative potential.100 However, even with improved sorting
techniques, heterogeneity in regenerative potential and pro-
liferation kinetics exists within the SC population with reports
of only a subpopulation exhibiting stem cell-like proper-
ties.101,97 Despite experimental evidence of SC activation
and subsequent repair of injured muscles after contusion in-
juries,102 there has been a lack of studies involving SC trans-
plantation in clinically relevant muscle injury models. Rossi
et al. reported a muscle laceration injury model that
benefited from the transplantation of culture-expanded SCs
encapsulated in a hydrogel.103 The dearth of studies with
SCs may be explained by the fact that autologous transplan-
tation is not possible owing to tissue harvesting and cell iso-
lation protocols, making it an unfeasible option for clinical
translation in patients. An alternative approach could be the
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generation of myogenic progenitor cells from other types of
adult cells via genetic approaches. In a recent study, Bar-
Nur et al. reported a robust approach for the direct conver-
sion of adult mouse fibroblasts to myogenic progenitor cells
via ectopic overexpression of the transcription factor
MyoD.104

Satellite cells are committed to the myogenic lineage, but
other populations of muscle resident cells with multi-lineage
potential have been identified that can contribute to muscle
repair.105 Among these are muscle-derived stem cells
(MDSCs) and CD133+ mesoangioblasts that closely resemble
pericytes.106,107 MDSCs are not terminally committed to the
myogenic lineage and can differentiate into the mesodermal
lineages as evidenced by their myogenic, osteogenic, and
chondrogenic potential.108–110 Transplantation of MDSCs into
severe muscle injury models has improved muscle repair and
reduced fibrosis,111,110,112 with some of the observed effects
being attributed to their secretome.113,114 While MDSCs have
demonstrated clear benefit in models of muscular dystrophy,
there is still a lack of studies using acute muscle injury
models. Unless these are performed in sizeable numbers, it

is difficult to regard any cell type as a reliable and potent
source for different muscle injuries. For example, MDSCs
have stimulated muscle regeneration in hindlimb muscles115

yet have failed to replicate this effect in a cryoinjury of the ex-
ternal anal sphincter muscles in rats despite using a higher
dose.116 One area of application where multipotent myogenic
cells could be useful is injury that affects two adjacent tissues,
as is the case with myotendinous junction injury. Indeed, Ha-
shimoto and colleagues reported that the structure and func-
tion of myotendinous junction could be reconstituted in an
acute mice hindlimb injury model after the application of
multipotent MDSCs.117 Interestingly, the cells were applied
as sheet-like structures that contained cell-secreted ECM,
and multiple vasculogenic and neurotrophic factors formed
over 7 days of in vitro culture. The authors observed the en-
graftment of the cells and subsequent differentiation into
various lineages, along with formation of connective tissue
that bridges the muscle–tendon interface.

Pericytes or mesoangioblasts are cells that are closely asso-
ciated with blood vessels in tissues including cardiac and skel-
etal muscle and are believed to play key roles in tissue

Figure 2 Cell therapy for muscle regeneration has involved the use of several cell types with myogenic or non-myogenic origins. Regeneration of in-
jured muscle ultimately requires the formation of contractile muscle fibres, which makes myogenic cells obvious candidates for cell therapy. These
include SCs, which can be isolated in a quiescent or activated state and can simultaneously replenish the host tissue niche and give rise to committed
progeny. Myoblasts, already committed to differentiating down the myogenic lineage, are another cell type that has been isolated from autologous
muscle tissues and re-applied to injured sites after ex vivo expansion. Muscle-derived stem cells (MDSCs) can be useful if the injury affects the
myotendinous junction and the muscle associated tendon, as these cells are multipotent and can potentially differentiate into fibroblasts or tenocytes.
Pericytes and mesoangioblasts are associated with vasculature running through the muscle tissue and can differentiate into muscle fibres as well as act
via paracrine mechanisms. Cells with a non-myogenic origin can be equally beneficial for muscle regeneration. Mesenchymal stromal cells from bone
marrow (BM-MSCs) or adipose tissue (ASCs) can stimulate regeneration via paracrine signalling and/or immune modulation, whereas induced plurip-
otent stem cell (iPSC) technology has enabled the reprogramming of adult somatic cells and their subsequent commitment towards the myogenic
lineage.
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homeostasis.118,119 Dellavalle et al. reported that isolated
pericytes not only can be expanded ex vivo while retaining
their potency but also can spontaneously differentiate into
multinucleated myotubes. However, their kinetics of myo-
genic differentiation vary significantly than that of SCs, only
expressing myogenic markers at the onset of terminal differ-
entiation.120 In a mouse cryoinjury model, intramuscular
transplantation of muscle-derived CD133+ cells re-populated
the SC niche, and these donor cells were observed to mount
a potent regenerative response after subsequent re-injury.121

Cells with non-myogenic origin
Given that severe injury disrupts the endogenous cascade of
muscle repair, it has been hypothesized that the transplanta-
tion of cells that naturally secrete bioactive factors can locally
augment and stimulate these biological processes via signal-
ling mechanisms. Therefore, various types of cells have been
investigated that do not necessarily possess myogenic differ-
entiation capacity or are a muscle-specific population but
which can nevertheless indirectly support regeneration.
Among these, mesenchymal stem/stromal cells (MSCs) have
been the most abundantly used. MSCs have multi-lineage dif-
ferentiation potential and can be isolated from various tissue
sources including bone marrow, adipose tissue, and umbilical
cord.122,123 In addition to their osteogenic, chondrogenic, and
adipogenic differentiation potential, MSCs can orchestrate
the function of other cells by paracrine signalling or even en-
docrine mechanisms.124 MSCs are known to secrete a variety
of cytokines and growth factors that can promote angiogene-
sis, cell recruitment, migration, proliferation, and differentia-
tion. MSCs are also known to be immunomodulatory, which
may allow it to exert beneficial effects on the local immune
cell population at the site of muscle injury.125 A further ad-
vantage is that MSCs can easily be harvested without
destroying source tissue and can rapidly be expanded in cul-
ture. In vitro, MSCs from the bone marrow can modulate
the function of myoblasts such as their fusion into myotubes,
and their migration and proliferation kinetics.126 A few in vivo
studies have been performed using MSCs from different
sources to treat various muscle injury models. For example,
intramuscular as well as intra-arterial transplantation of
autologous bone marrow-derived MSCs (BM-MSCs) improved
contractile muscle function after severe crush trauma,
without any teratoma formation.127–129 BM-MSCs also im-
proved muscle contractility by promoting new myofiber for-
mation in a sphincterotomy injury model in rats, indicating
their potential utility in treating incontinence.130,131 In sepa-
rate studies, Oh et al.132 and Gumucio et al.133 have reported
the potential efficacy of adipose-derived MSCs in repairing
supraspinatus and subscapularis muscle tears and attenuat-
ing fibrosis in models of rotator cuff injury. In injury models
of volumetric muscle loss, improved muscle function (con-
tractility) and structure (myofiber formation, reduction of
scar tissue, increased blood vessel density) have been

observed using MSCs from adipose tissue,134,135 bone mar-
row,136 cranial neural crest,137 and tonsil.138 The consensus
on the mode of action of MSCs is on their
paracrine/endocrine properties, but it is unclear whether
the secreted factors act directly on muscle cell populations
or locally/systemically modulate the immune environment.139

Drawbacks and limitations
Although cell therapy has clearly demonstrated its potential
for treating traumatic skeletal muscle injuries, overcoming
existing limitations and optimizing variables will be key for
clinical translation. In general, pre-clinical work has been lim-
ited to a few specific muscle groups and have almost exclu-
sively been carried out in small rodent animal models.
Muscles of the hindlimb including the gastrocnemius, tibialis
anterior, and soleus have been the most widely studied,
whereas some studies also focus on the external sphincter
muscles. Large variability exists in these muscles with regard
to fibre-type composition, size, and cellular populations. Dis-
crepancies in reported results from groups that use the same
cell population in different injury models likely arise owing to
these inherent biological peculiarities. Determining the opti-
mal cell dosage needs to be addressed and will be dependent
on the extent of trauma and size of the muscle group. This
can have important implications for cell source and prepara-
tion protocols. For example, although MDSCs and SCs have
demonstrated outstanding engraftment efficacy and im-
provement in muscle function, one major limitation of their
clinical application will be the availability and sparse presence
in muscle tissues.140 Harvesting these cells requires the ex-
traction and enzymatic or mechanical degradation of the
muscle tissue, which automatically disqualifies autologous
use especially in aged or frail patients who have the highest
need for such therapies. Even if donor tissue is available,
the ex vivo proliferation of SCs is currently problematic owing
to their well-known mechanical and chemical sensitivity to
the in vivo niche.141

The same hurdle affects the application of non-myogenic
cells, which are also needed in large quantities to produce sig-
nificant biological effects. For example, MSCs show a dose-
dependent response in stimulating muscle contractile func-
tion after severe crush trauma in rat soleus muscles (up to
1 × 106 cells), with no additional benefit occurring at higher
doses (up to 10 × 106 cells). Even though MSCs can be effi-
ciently harvested from various tissues, their clinical applica-
tion requires significant expansion under laboratory
conditions, which precludes autologous approaches for the
treatment of acute muscle injuries. Allogeneic strategies,
such as off-the-shelf cell products,142,143 can evade the time
problem, but the expansion process itself has been shown
to induce senescent behaviour and loss of phenotype.144

Thus, appropriate protocols for cell isolation, expansion, and
cryopreservation, ensuring the maintenance of cellular prop-
erties, are mandatory for all cell-based strategies and their
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translation into the clinic.145–147 Successful first-in-human tri-
als with allogeneic MSCs demonstrate the general feasibility
of cell therapy approaches under clinical conditions.

Other approaches to overcome problems associated with
expansion to large cell numbers could be the usage of myo-
genic and non-myogenic cells derived from embryonic stem
cells (ESCs) or induced pluripotent stem cells (iPSCs).148–151

These cells can be maintained in their unspecialized states
for virtually indefinite periods and maintain their ability to dif-
ferentiate into functional cells of all three germ layers in vitro
and in vivo.152 Whereas ethical concerns might restrict the
use of ESCs, iPSCs can be derived via reprogramming from
any adult tissue cell from human donors of any age.152 So-
matic cell reprogramming using the induction factors Oct4,
Klf4, Sox2, and c-Myc enables the generation of patient-
specific cells in large quantities for autologous transplanta-
tion.153,154 However, it should be noted that the pluripotency
of these cells implies that their allogeneic use inevitably en-
tails the risk of teratoma formation. Therefore, a variety of
protocols have been developed to differentiate these cells
under controlled conditions. For example, transient induction
of Pax3 and Pax7 can lead to the generation of a large num-
ber of muscle progenitors from iPSCs that can engraft into
host tissue and improve contractile function after in-
jury.155,156,151,157 Despite the fact that the usage of iPSC-
derived cells to improve the healing of traumatic muscle inju-
ries is still far from clinical application, these initial results are
very encouraging.

Beyond the importance of the cell type, technical consider-
ations for optimization of cell therapy include timing, mode,
and location of delivery. Studies with MSC transplantation
have indicated the existence of a relatively wide time window
of 7 days for cell delivery to still be beneficial.158,159 This may
simultaneously dispel doubts about administering cells intra-
operatively in case of iatrogenic injury and allow surgeons
to carefully consider their treatment options. In the vast ma-
jority of pre-clinical and clinical studies, cells have been ad-
ministered by intramuscular injection. There has been much
debate surrounding the shear pressures involved in injecting
a viscous suspension of cells through a narrow needle that
may cause irreversible cell damage, and the secondary injury
caused by the needle puncturing the tissue.160 In case of
large haematomas or widespread injury, cells may need to
be injected at multiple points. Another drawback of cell deliv-
ery via injection is substantial cell death that occurs owing to
anoikis (lack of engraftment)161 or the harsh immune envi-
ronment that may either cause immune rejection or cause in-
flammatory cytokine-mediated cell death.162 The failure of
early clinical trials with myoblasts was partly caused by mas-
sive cell death after transplantation,163,164 and this has been
attributed to host immune cells such as CD8+ T lympho-
cytes.165 The regular use of immunosuppressive drugs such
as cyclosporine in subsequent trials bypassed this problem,
although a big drawback is their potentially harmful side

effects.166,167 Immunosuppressants may not be required if
transplanted cells are either immune privileged or autologous
or have inherent immunomodulatory potential such as
MSCs.168

Instructing cells: a new paradigm in cell therapies
While the choice of cell type may primarily be dictated by its
inherent regenerative potential, some cell types are known to
be responsive to external physical and chemical cues. This has
enabled studies on how external factors can enhance cell
function and guide their regenerative response. It is known
that SCs are sensitive to physicochemical cues. Their engraft-
ment and subsequent in vivo function can be impaired or im-
proved depending on the properties of ex vivo culture
substrates.169,170 Davoudi et al. reported that using an inject-
able hyaluronan-based and methyl cellulose-based hydrogel
for intramuscular delivery significantly improved proliferation
of MDSCs, retained their presence at the site of injury, and
showed a significant benefit over injection-based administra-
tion.171 In another study, Sleep and colleagues utilized a
nanofiber-containing self-assembled hydrogel to guide the
alignment and engraftment of SCs into injured tissue.172 Ex-
ternal stimulation of cell function especially holds true for
MSCs, which respond to a variety of biophysical cues.173 For
instance, a three-dimensional culture of MSCs on biomate-
rials that promote cell–cell interactions was shown to en-
hance the paracrine effects of MSCs on cultured
myoblasts.174 MSCs also enhance their secretory properties
when stimulated with growth factors such as IGF-1 and
VEGF.175 When delivered in vivo using a biomaterial scaffold
that released these factors, MSCs showed a tremendous po-
tential to resolve severe muscle injury by reducing scar tissue,
promoting angiogenesis, and stimulating the formation of
new myofibers.91

Enhancing cellular function via physical, chemical, biologi-
cal, or structural cues is a relatively new paradigm in cell ther-
apy. Basic research on understanding cell–matrix interactions
that either impair or stimulate vital signalling pathways in
cells to boost their function have led to the design and devel-
opment of synthetically modified materials that act as in-
structive niches to the cells. In the future, these
developments are expected to reduce cell doses required
for regeneration, lower the costs of therapeutic interven-
tions, and accelerate muscle regeneration even after severe
injuries.

Translating pre-clinical promise into
clinically successful applications

The number of completed or planned clinical trials for cell-
based approaches to treat Duchenne muscular dystrophy is
justifiably high owing to its wide prevalence, socio-economic
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implications, and fatal nature.176–178 In comparison, trau-
matic skeletal muscle injuries may not be perceived by the
general population as being a major health care issue, but
as we have described in this review, they frequently occur
directly (sports, military, accidents) or indirectly (iatrogenic,
invasive surgeries) across all age groups. Currently, makes it
a major unmet clinical need and one that demands the de-
velopment of new regenerative strategies. Cell therapy,
with its demonstrated pre-clinical success and promise for
further optimization, is a frontrunner for clinical translation
and success. However, only a handful of clinical trials have
been performed to assess its benefits in human muscle in-
juries to date (Table 1). Surprisingly, it is the urologists
who have performed the majority of trials on patients suf-
fering from urinal or faecal incontinence as a result of

trauma to the external sphincter skeletal muscles. It should
be noted that incontinence can also be caused in the ab-
sence of traumatic injury to the external sphincter muscles.
Here, we have only included studies where the regeneration
of the external skeletal muscle promised restoration of con-
tinence to patients. Two types of cells—muscle-derived
myoblasts and adipose tissue-derived MSCs—have been
used. Park et al. reported the safety and tolerability of allo-
geneic adipose tissue-derived MSCs with doses of 30–
90 × 106 cells after injection into the anal sphincter muscles
but did not report whether any functional or structural ben-
efits were observed.179 The group of Sarveazad and col-
leagues reported no significant functional improvement
but observed structural replacement of scar tissue with
muscle fibres in faecal incontinence patients.180 The lack

Table 1 List of clinical trials involving cell therapy to treat skeletal muscle injury

Clinical trial identifier/phase Status Cell type Indication Application Dosage Observations

NCT03332238
Phase II

Planned Autologous
stromal vascular
fraction cells

Rotator cuff tear Injection into
supraspinatus
muscle and
tendon

Not available Not available

NCT03068988
Phase I

Planned Mesenchymal
stem cells

Rotator cuff
tear and
rupture

Injection into
supraspinatus
muscle and
tendon

Not available Not available

NCT03451916
Phase III

Planned Allogeneic human
placenta-derived
stromal cells
(PLX-PAD)

Muscle injury
after hip
fracture
arthroplasty

Injection into
gluteus
medius muscle

150 × 106 Not available

NCT02384499
Phase I

Completed Allogeneic
adipose derived
mesenchymal
stem cells

Faecal
incontinence

Injection into
anal sphincter

30 × 106

60 × 106

90 × 106

Safe.
Efficacy of
therapy not
reported.179

IRCT2016022826316N2 Completed Human adipose
tissue derived
stromal/stem
cells (hADSCs)

Faecal
incontinence
due to injured
sphincter

Injection into
external anal
sphincter muscle

6 × 106 Replacement
of fibrous tissue
with muscle tissue.
No significant
improvement in
Wexner score.180

NCT01523522
Phase II/III

Completed Autologous
myoblasts

Faecal
incontinence
due to
injured sphincter

Injection into
external anal
sphincter muscle

100 × 106 Clinical benefit
after 12 months.
Reduction of
Cleveland Clinic
Incontinence score.
Safe, well tolerated.181

NCT00847535
Phase II
NCT01008943
Phase II NCT01382602
Phase III

Completed Autologous
muscle-derived
cells (AMDC-USR)

Stress urinary
incontinence

Injection into
external striated
sphincter

10 × 106

50 × 106

100 × 106

200 × 106

Statistically
significant reduction
of stress leaks in
all dose groups
compared with
baseline between
1 and up to 12
months.182,183

NCT01525667
Phase I/II

Completed Allogeneic human
placenta-derived
stromal cells
(PLX-PAD)

Muscle injury
after total hip
arthroplasty

Injection into
gluteus medius
muscle

150 × 106

300 × 106
Increase in muscle
volume after cell
therapy.
Increase in muscle
contraction force.
Better outcomes
with lower dose.184
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of any functional improvement may be attributed to the
relatively low dosage (6 × 106 cells) administered. Boyer
et al. reported the functional efficacy of injecting
100 × 106 autologous myoblasts in patients suffering from
faecal incontinence in a Phase II study.181 Interestingly,
there was no difference in functional outcome between
the myoblast and placebo groups at the 6 month follow-
up, but a significant difference was observed after
12 months. This may either be indicative of time taken for
engraftment and maturation of myofibers into contractile
units or suggest that the bulking effect due to injection also
aids in ameliorating continence in the placebo group for a
short time period (6 months). The group of Peters and col-
leagues also reported the safety and significant efficacy of
autologous muscle-derived cells in a dose escalation study
(range, 10–200 × 106 cells) in patients with stress urinary in-
continence.182 A statistically significant reduction of stress
leaks in all dose groups was observed compared with base-
line.183 In the first clinical study of its kind, skeletal muscle
injury associated with hip arthroplasty surgeries was treated
by local administration of allogeneic placenta-derived MSCs
in a small cohort of patients.184 Cells were delivered intra-
operatively after thawing. Interestingly, patients who re-
ceived the lower dose (150 vs. 300 × 106) showed a
significant improvement in contractile function and muscle
volume, which was in part attributed to a systemically ob-
servable immunomodulatory effect of the cells. A Phase
III, multi-centre trial has been planned to further investigate
the efficacy of these cells in a larger cohort of patients.

Despite the broad success of cell therapies in relevant
muscle injury models, there is a large gulf between pre-
clinical work and translating these therapies to humans.
We propose that this may be due to a multitude of poten-
tial reasons including (i) discrepancy in outcomes with dif-
ferent injury models, (ii) lack of sufficient studies in large
animal models, (iii) difficulties in the selection of appropri-
ate patient cohorts, (iv) indecision on cell dosage and asso-
ciated issues in cell expansion, (v) funding and regulatory
issues, or (vi) a lack of confidence in the translational po-
tential of the therapy. Nevertheless, a number of successful
clinical trials have been performed in recent years, and
more are planned in the near future—encouraging signs in
the quest to bring efficacious cell therapies to the clinical
routine.

Conclusions

Severe traumatic injuries of skeletal muscles are responsible
for discomfort, degeneration, dysfunction, and even disabil-
ity in patients. Owing to the wide prevalence of these inju-
ries and the associated socio-economic implications, muscle
regeneration has been a topic of scientific and clinical

interest. While some injuries can be effectively managed
by conservative treatments, many severe ones show signs
of permanent structural and functional degeneration
(Figure 1). The most pressing issues relate to remodelling
scar tissue, promoting myofiber regeneration, and reversing
fatty deposits that plague the muscle after severe injury. A
strategy to address all three challenges at once is likely to
result in the most benefit. Another challenge that has not
received enough scientific attention is the repair of
myotendinous junctions and composite muscle–tendon inju-
ries that are quite commonly damaged in strain injuries.
Molecular therapies such as growth factor delivery may
have utility in repairing ischaemic muscle tissues but have
not been as effective in severe injury models. Sustained de-
livery of several growth factors over well-defined periods is
challenging and thus an area of ongoing research in the
field of controlled drug release. Cell therapy has been, by
far, the most promising approach to treat skeletal muscle
injuries in pre-clinical settings. Several cellular candidates
have been identified that operate via distinct modes of ac-
tion and contribute to the restoration of muscle structure
and function. Because optimal dosage is still widely de-
bated, the ex vivo expansion of cells is a technical issue that
is yet to be optimized, especially with regard to mainte-
nance of their potency. Allogeneic cells, such as MSCs,
mount a potent regenerative effort and can be purchased
off the shelf from industrial partners with the resources to
expand cells in large batches. Recent clinical trials have
demonstrated that allogeneic cell therapy can be useful,
but unforeseen observations warrant a deeper unravelling
of the mechanism of action. Recently, innovative ap-
proaches have been proposed to further enhance the effi-
cacy of cell-based therapy. These include re-engineering a
sufficient niche, improving biomaterial design to deliver
and retain viable cells near the site of injury in a minimally
invasive manner, and modifying physical and chemical prop-
erties of biomaterials to improve cellular function. Contin-
ued innovations along with the improvement of pre-
clinical study design, including larger patient cohorts, make
cell therapies a promising candidate for traumatic muscle
injury treatment.
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