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This article will review myogenic cell transplantation for congenital and acquired diseases of skeletal muscle. There are already a number of excellent reviews on this topic, but they are mostly focused on a specific disease, muscular dystrophies and in particular Duchenne Muscular Dystrophy. There are also recent reviews on cell transplantation for inflammatory myopathies, volumetric muscle loss (VML) (this usually with biomaterials), sarcopenia and sphincter incontinence, mainly urinary but also fecal. We believe it would be useful at this stage, to compare the same strategy as adopted in all these different diseases, in order to outline similarities and differences in cell source, pre-clinical models, administration route, and outcome measures. This in turn may help to understand which common or disease-specific problems have so far limited clinical success of cell transplantation in this area, especially when compared to other fields, such as epithelial cell transplantation. We also hope that this may be useful to people outside the field to get a comprehensive view in a single review. As for any cell transplantation procedure, the choice between autologous and heterologous cells is dictated by a number of criteria, such as cell availability, possibility of in vitro expansion to reach the number required, need for genetic correction for many but not necessarily all muscular dystrophies, and immune reaction, mainly to a heterologous, even if HLA-matched cells and, to a minor extent, to the therapeutic gene product, a possible antigen for the patient. Finally, induced pluripotent stem cell derivatives, that have entered clinical experimentation for other diseases, may in the future offer a bank of immune-privileged cells, available for all patients and after a genetic correction for muscular dystrophies and other myopathies.
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INTRODUCTION

Cell and stem cell therapies have been in the clinics for more than a century, starting with blood transfusion, bone marrow transplantation, and epidermal transplantation for large burns. They have saved millions of lives and all are consolidated therapies, since a time when the concept of stem cells did not exist, at least in its modern meaning (Cossu et al., 2018).

However, it was the explosion of stem cell biology around the beginning of this century that fueled work into clinical translation, with premature enthusiasm based on the unproven assumption that they would be a magical tool to heal virtually any yet untreatable disease. Instead, recent history of stem cell therapy has taught us several lessons and provided us with evidence that could have been predicted. Unfortunately, the enthusiasm for this new therapeutic avenue and the pressure from patients, in a long and often desperate wait for a lifesaving or life-changing therapy, forced research toward clinical experimentation. It is, however true that, although pre-clinical work in small and large animal models is indispensable to predict the possible efficacy of a given experimental strategy, the final and definitive answer is only provided by clinical trials; therefore, a difficult equilibrium has to be found between the need to accumulate sufficient evidence and the risk of delaying trials that may be successful.

We know now that stem cells have produced dramatic clinical results only in diseases affecting epithelia, such as epidermis and cornea, and hematopoietic tissues. This is due to several reasons including the constant self-renewal that only occurs in these tissues, their unique physical nature (a liquid suspension or a bi-dimensional sheet) but the most relevant is the possibility of ablating the majority or the totality, for epithelia, of diseased cells so that engraftment of donor cells may easily attain 80–100% of the cells, virtually replacing the large majority of the resident tissue cell population (Cossu et al., 2018). For comparison, intra-arterial transplantation of donor mesoangioblasts in patients with Duchenne muscular dystrophy (DMD) resulted in 0.7% of engraftment in the muscles of the youngest patient, clearly insufficient to detect any clinical benefit, even though donor derived dystrophin was clearly detected (Cossu et al., 2015). In reality other genetic diseases have been successfully treated, such as lysosomal storage diseases, but also in this case the strategy has relied upon the transplantation of HSC genetically corrected to over-express the product of the mutated gene in HSC-derived phagocytes (Staal et al., 2019).

While the advantage of life-long self-renewing stem cells is obvious for the above-mentioned tissues, skeletal muscles are believed to renew only a few times in a life-time under physiological conditions and adjust to increasing demand by hypertrophy rather than by hyperplasia. Maybe this is at least one reason why there are stem/progenitor cells in skeletal muscle with a limited self-renewal capacity, at least when compared with HSC (Rocheteau et al., 2012). The biology of muscle stem cells is now a heavily investigated field, though mainly in rodents, but also increasingly in human cells (Marg et al., 2014, 2019; Snijders et al., 2015); moreover, in muscle diseases with continuous cycles of degeneration/regeneration, such as DMD, regeneration after a while essentially ceases due to the exhaustion of the resident muscle stem cells/satellite cells and the tissue is progressively replaced by fat and connective tissue (Lu et al., 2014). It has also been shown that fibro-adipogenic progenitors play a complex role in regeneration by promoting satellite cell activation even if their fate is to produce fat and fibrotic scar tissue (Joe et al., 2010). In general, dealing with fibrosis is crucial for any specific therapeutic strategy. Whichever the case, one lesson learned from many other genetic diseases is that intervention must be as precocious as possible or hope of efficacy will essentially vanish.

In this review we will start with a brief history of cell transplantation for diseases of skeletal muscle, followed by a description of different types of progenitor cells for transplantation. These include several “non-myogenic” cell types, such as mesenchymal stromal (often referred as “stem”) cells or hematopoietic stem cells, based on the fact that these cells produce growth factors and cytokines thus eliciting some paracrine beneficial effect. Recent history of cell transplantation for heart diseases, not to be reviewed here, has clearly shown that a paracrine effect alone is not sufficient to guarantee significant and long-lasting clinical efficacy.

We then will examine in detail cell transplantation for DMD, other forms of muscular dystrophies and mitochondrial myopathies, inclusion body myositis, sphincter incontinence, sarcopenia, cachexia and volumetric muscle loss (VML) (Figure 1). By comparing these different muscle diseases, we aim to learn common rules and peculiarities, reasons for failure or incomplete success and set the basis for a new phase of cell therapy which will also capitalize from the impressive new knowledge recently acquired on satellite and other myogenic cells.
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FIGURE 1. A simplified scheme of the different cell types (only few examples are shown) available for transplantation in different muscle disorders.




BRIEF HISTORY OF CELL THERAPY FOR MUSCLE

The pioneering work of Partridge et al. (1989) performed in mdx mouse model for DMD confirmed the ability of injected myoblasts to colonize striated muscle and restore function. This stimulated the use of allogeneic myoblasts in clinical trials to restore muscle function in DMD (Huard et al., 1992; Karpati et al., 1993; Tremblay et al., 1993; Mendell et al., 1995). These first trials were followed by other pilot investigations in DMD or Becker muscular dystrophy (BMD) (Gussoni et al., 1997; Miller et al., 1997; Neumeyer et al., 1998). These pioneering studies unfortunately resulted in limited or no clinical effect, mostly because of immunological incompatibility and massive death of transplanted cells, which led to a diffuse skepticism that this strategy may work in the future. However, they established the feasibility of cell therapy in human skeletal muscle and revealed many bottlenecks that were totally unexpected. Many questions were raised and discussed within the scientific community following these early trials, such as local vs. systemic delivery, allografts vs. autologous transfer (and the necessity to correct the implanted cells), the state of the target muscle(s) and the impact of fibrosis, among many others (Negroni et al., 2016). Since then, and in response to these debates, several stem cell candidates with a myogenic potential have been tested, either in animal models, or more rarely (such as mesoangioblasts or CD133 cells) in clinical trials. The rationale behind this was directly derived from the experience gained in the field of gene therapy for congenital immune deficiencies. As long as lymphocytes were genetically corrected, the clinical benefit remained linked to the survival of transduced cells, whereas when long-term self-renewing stem cells were transduced, the clinical benefit appeared to be long-lasting, as genetically corrected lymphocytes were continuously produced and there is today a thirty-year follow up of the first treated patients none of whom has had any relapse of the original disease (Ferrua and Aiuti, 2017). As mentioned above, the characterization of muscle stem/progenitor cells is still ongoing; however, several trials with satellite cells and other progenitors have been carried out and are described in the following paragraphs.

In general, cell therapy to treat muscular dystrophies has been based on a trial-and-error strategy, and while very few recent trials have shown some clinical benefit, each trial has brought a significant load of information that is instrumental to increase future chances of success.



DIFFERENT TYPES OF PROGENITOR CELLS FOR TRANSPLANTATION

Ideally, progenitors for muscle cell therapy should be endowed with the following properties: (1) high muscle regenerative capacity upon delivery; (2) contribution to the muscle stem cell pool, essential for long-term homeostasis; (3) ability to maintain regenerative properties upon in vitro culture, which is necessary for expansion from a small biopsy; (4) amenability for genome engineering; (5) extravasation potential following systemic delivery (for widespread muscle diseases); (6) muscle tropism following delivery, such as few/no cells will be retained by the liver, lung or other organs; (7) elicit low to no immune response, which is particularly relevant for sustained expression of the therapeutic gene over a long period of time; (8) simple and robust manufacturing. Over the past three decades, many studies have attempted to identify cell populations that could be effectively used to promote skeletal muscle repair in a clinical setting (reviewed in Martin et al., 2019; Ortiz-Vitali and Darabi, 2019; Biressi et al., 2020; Łoboda and Dulak, 2020; Sun et al., 2020). Here we provide a brief overview of these efforts and discuss novel technologies that could improve or complement future cell-based interventions. Table 1 shows a synthetic overview of the different cell types.


TABLE 1. A simplified scheme of most common cell types used for transplantation, with features, limitations and current use in trials.
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Satellite Cells

Skeletal muscle homeostasis is ensured by a tissue-resident stem cell population referred as satellite cells. These cells are located beneath the sarcolemma and express the transcription factor Pax7 (Mauro, 1961; Seale et al., 2000). In adult healthy muscle, satellite cells are in a quiescent state, characterized by low transcriptional and metabolic activities. In response to various cues, these cells quickly exit quiescence, increase their cellular activities and generate a population of transient amplifying progenitors, referred as myoblasts or myogenic progenitor cells, which ultimately fuse to and repair the damaged myofibers (Scharner and Zammit, 2011). Importantly, each activation cycle is also associated with the replenishment of the muscle stem cell pool, which involves the concerted action of several effectors controlling symmetric and asymmetric satellite cell division (Feige et al., 2018). Various studies have demonstrated that satellite cells are endowed with a high regenerative capacity upon intramuscular injection in murine models. While this property makes satellite cells the obvious candidate population for cell therapy, their clinical use is still problematic. In fact, satellite cells quickly lose their regenerative potential following in vitro culture (Montarras et al., 2005; Sacco et al., 2008), thus implying the requirement of a substantial amount of donor muscle tissue to obtain sufficient numbers of these progenitors for downstream applications. Furthermore, satellite cells show no muscle homing ability upon systemic delivery (Choi et al., 2020), which represents a significant limitation for the treatment of pathologies affecting multiple muscle types. Efforts over the past few years have identified critical aspects regulating satellite cell maintenance and quiescence: substrate rigidity, niche components, signaling pathways, and many more (reviewed in Feige et al., 2018). An increasing number of reports are now focusing on the characterization of human satellite cells, which can be prospectively isolated using various surface markers (CD56, CD82, β1-Integrin, EGFR) (Charville et al., 2015; Alexander et al., 2016; Uezumi et al., 2016). Combined to advanced culture systems, these ongoing studies may enable the effective therapeutic application of human satellite cells to treat skeletal muscle degenerative disorders.



Myoblasts

Myoblasts constitute the committed derivative of satellite cells, which ultimately fuse to and, if necessary, repair the myofiber (Forcina et al., 2020). At the molecular level, myoblasts are defined by the expression of the muscle regulatory factors (MRFs) Myf5 and MyoD, which are induced following satellite cell activation (Buckingham and Rigby, 2014). Myoblast-mediated muscle repair involves cell cycle exit and differentiation into myocytes, processes controlled at the molecular level by two distinct MRFs: Myogenin and Myf6. As myoblasts transit into myocytes, additional key steps are required for myofiber formation, including cell fusion and sarcomere formation, among others (Buckingham and Rigby, 2014; Petrany and Millay, 2019). Although myoblasts display lower regenerative potential compared to satellite cells and limited migration from the injection site, there are advantages, such as easy collection and expansion. Accordingly, myoblast cultures, defined as CD56+ cells, are established by digesting muscle biopsies followed by in vitro expansion (Blau and Webster, 1981). Several methods to enrich for “stem cell-like” myogenic progenitors have been reported (Deasy et al., 2001; Hashimoto et al., 2004; Alonso-Martin et al., 2016; Maesner et al., 2016; Hicks et al., 2018). For example, myoblasts, expanded after a period of hypothermia without enzymatic digest give rise to pure myogenic cell populations with high regenerative capacity that repopulate the stem cell niche (Marg et al., 2014). Injection of myoblasts in non-human primate models provided important preclinical data about host-mediated immune rejection, immunosuppression regimen, number of injections, delivery system, and migration from the injection site (Skuk et al., 2011, 2014; Skuk and Tremblay, 2012, 2017, 2020).



Side Population and Interstitial Muscle Cells

Additional myogenic cell populations have been identified in the skeletal muscle, including side population cells, PW1+ cells and TWIST2+ cells. Originally identified in the hematopoietic system, side population cells express the ABCG2 transporter, which accounts for the dye-exclusion properties exhibited by these cells (Gussoni et al., 1999). Side population cells have been reported to home to skeletal muscles upon systemic delivery but, unfortunately, possess limited regenerative properties (Muskiewicz et al., 2005). PW1+ and TWIST2+ cells are myogenic cells located within the muscle interstitium. PW1+ cells are endowed with in vitro and in vivo myogenic potential and can contribute to the satellite cell pool (Mitchell et al., 2010). TWIST2+ cells contribute mainly to type IIb/x fibers in vivo, and genetic ablation of these cells results in wasting of type IIb myofibers (Liu et al., 2017).



Mesoangioblasts (MABs)

These progenitors, initially identified in the dorsal aorta of developing embryos (Minasi et al., 2002), are also present in post-natal skeletal muscle as a vessel-associated cell population. MABs have similar properties to and likely represent the in vitro derivative of adult pericytes (Dellavalle et al., 2007); they are capable of differentiating into several mesodermal lineages when derived from embryonic tissues, including skeletal and cardiac muscle, bone, and cartilage (Cossu and Bianco, 2003). Human skeletal muscle derived MABs are defined by the expression of the pericyte markers NG2 proteoglycan and alkaline phosphatase (ALP) and absence of endothelial markers. This enabled their prospective isolation from freshly dissociated ALP+ cells (Dellavalle et al., 2007). Their differentiation potency is restricted to skeletal and smooth muscle in vitro and in vivo (Dellavalle et al., 2011). Importantly, MABs can be genetically manipulated in vitro and, following intra-arterial injection, they efficiently home to skeletal muscle, contributing to regeneration in both murine and canine DMD models (Sampaolesi et al., 2003, 2006; Tedesco et al., 2011). Analysis of MAB-transplanted muscles showed that these cells also contribute, though to a limited extent, to the satellite cell pool, which represents an important aspect for ensuring long-term muscle homeostasis (Tedesco et al., 2011). Lastly, in vitro studies demonstrated that human MABs can also act as immunomodulatory cells, through an Indoleamine 2,3-dioxygenase (IDO) and prostaglandin E-2 (PGE)-mediated suppression of T cell proliferation (English et al., 2013).



Bone Marrow Derived-Hematopoietic Stem Cells and CD133+ Cells

Cells endowed with myogenic potential have also been identified in the hematopoietic system (Ferrari et al., 1998). While bone marrow transplantation showed inefficient muscle regeneration (Ferrari et al., 2001), promising results were obtained using circulating CD133+ cells, also defined as CD133+ cells (Torrente et al., 2004). These cells display: (i) robust in vitro and in vivo myogenic properties; (ii) skeletal muscle homing capability upon intra-arterial delivery; (iii) ability to restore dystrophin expression; and (iv) contribution to the satellite cell pool (Torrente et al., 2004; Negroni et al., 2009). CD133+ cells can be expanded and genetically manipulated in vitro, thus enabling their application for autologous transplantations (Benchaouir et al., 2007). Preclinical studies in dystrophic dogs demonstrated that CD133+ cells can provide long-term muscle benefits in a large animal model and provided important data regarding the immune response toward the exon-skipped dystrophin produced by the donor cells (Sitzia et al., 2016).



Mesenchymal Stromal Cells

Mesenchymal stromal cells (MSCs), also defined as mesenchymal stem cells, were originally identified in the bone marrow stroma and subsequently in multiple different tissues. These cells display self-renewing potential and the ability to differentiate into bone, cartilage, adipocyte and fibroblasts (Sacchetti et al., 2007; Bianco et al., 2013). Within the bone marrow, MSCs are located in a subendothelial position on the outer surface of sinusoids, a characteristic type of blood vessels (Bianco et al., 2013). In human, prospective isolation of perisinusal MSCs was demonstrated using CD146, CD105, ALP, STRO-1 and VCAM1 (Chan et al., 2009), in contrast to CD105, CD90, and VCAM1 used for their murine counterpart (Vieira et al., 2012). As there are contradictory results regarding the myogenic differentiation potential of MSCs (Gang et al., 2009; Vieira et al., 2010, 2012), it has been proposed that MSCs exert their function mainly through paracrine/secretory activity, supporting the idea that they have immune-modulatory properties (Ichim et al., 2010).



Pluripotent Stem Cell-Derived Myogenic Progenitors

Given their ability to generate all of the cell types within an organism, pluripotent stem cells (PSCs) are an attractive potential source of myogenic progenitors for both basic and translational studies (for a comprehensive review, please see Magli and Perlingeiro, 2017). Derivation of myogenic cells from PSC cultures can be achieved using transgene-, growth factor- or teratoma-based differentiation systems (Magli et al., 2017).

Constitutive or inducible expression of the myogenic transcription factors MyoD, Pax3 or Pax7 is sufficient for driving specification of the myogenic lineage in both murine and human PSCs (Darabi et al., 2008, 2012; Albini et al., 2013; Maffioletti et al., 2015). Myogenic progenitors generated using this method display robust in vitro differentiation, contribute to muscle regeneration in vivo, and are able to replenish the satellite cell pool. Transcriptomic analysis of PAX7-inducible human PSC-derived myogenic progenitors revealed these cells are defined by the expression of CD54 (ICAM1), Syndecan 2 and Integrin α9β1 (Magli et al., 2017). Although PSC-derived progenitors display properties exhibited by embryonic cells, exposure to the in vivo muscle environment is sufficient to induce a molecular switch to a postnatal phenotype (Incitti et al., 2019).

Myogenic specification of PSCs can also be achieved by sequential modulation of signaling pathways controlling embryonic patterning and muscle development (Borchin et al., 2013; Chal et al., 2015; Choi et al., 2016; Xi et al., 2017; Wu et al., 2018). In general, these differentiation protocols involve the specification of a paraxial mesoderm intermediate, which is then directed toward the myogenic lineage. These cells can be prospectively isolated using a subset of surface markers (ERBB3, NGFR, CXCR4, MET, CD24, CD10) (Borchin et al., 2013; Hicks et al., 2018; Wu et al., 2018), and express the transcription factor Pax7 (Borchin et al., 2013; Chal et al., 2015; Hicks et al., 2018; Wu et al., 2018). The combination of directed differentiation and MYOD expression has also been applied to generate MABs from human PSCs (Tedesco et al., 2012). Similar to their muscle-derived counterparts, these cells display robust in vitro and in vivo myogenic properties.

Recent studies have shown that teratomas represent potential sources of muscle and other lineage-specific progenitors (Suzuki et al., 2013; Chan et al., 2018). Myogenic cells were derived from murine teratomas induced by injecting PSCs in immunodeficient mice and purified using murine satellite cell markers (Chan et al., 2018). While murine teratoma-derived myogenic cells are endowed with myogenic regenerative potential, future studies are needed in order to validate this finding in human teratomas and to assess their safety for potential clinical application.

In combination with gene delivery (Tedesco et al., 2012; Filareto et al., 2013) or gene editing technologies (Young et al., 2016), and clinically compatible purification strategies (Magli et al., 2017), PSCs provide the opportunity to produce autologous or allogeneic myogenic progenitors for regenerative medicine applications. A critical aspect for the effective application of PSC-derived cells is their safety (Andrews et al., 2017). Since, the presence of undifferentiated cells may result in tumor formation, and both PSC reprogramming and genomic engineering may result in the acquisition of chromosomal abnormalities. While these potential issues are relevant, ongoing technological advances will likely produce novel solutions that will enhance the safety of PSC-derived cells. These include strategies aimed at generating myogenic progenitors (not myocytes) through direct reprogramming from fibroblasts (Ito et al., 2017; Bar-Nur et al., 2018; Sato et al., 2019), and inclusion of suicide genes for elimination of potential donor-derived tumors (Liang et al., 2018).



Novel Technologies That Could Improve Cell Therapy of Muscle Disorders

An important aspect to take into consideration in regenerative medicine is the potential immune response toward proteins expressed by the transplanted progenitor cell population. This becomes more relevant in the case of genetic disorders due to mutations/lack of specific genes. Current efforts aimed at minimizing this issue include the generation of cells capable of evading immune surveillance. This can be achieved by manipulating genes underlying antigen presentation (HLA I and II), or by expressing genes that repress T cell stimulation (e.g., CTLA and PD-L1) or regulate immune function (e.g., CD47 and CD200) (Lanza et al., 2019).

In addition to these various strategies aimed at generating healthy muscle fibers, there have been attempts to intervene on the muscle environment by reducing fibrosis (Cordova et al., 2018). An interesting approach for targeting specifically fibrotic tissue was documented in murine hearts using engineered T cells recognizing proteins specifically expressed in cardiac fibroblasts (Aghajanian et al., 2019). While there are no data regarding the application of these cells in the context of skeletal muscle disorders, it is possible that future therapeutic interventions in dystrophic muscles will utilize a combination of strategies aimed at both promoting muscle repair while decreasing fibrosis using chimeric antigen receptor (CAR)-T cells.




CELL TRANSPLANTATION IN DUCHENNE MUSCULAR DYSTROPHY

DMD (OMIM#310200) is a severe X-linked neuromuscular disorder with childhood onset that causes progressive muscle weakness and degeneration resulting in functional decline, loss of ambulation and early death from cardiac or respiratory failure. DMD is caused by mutations in the DMD gene, which encodes for one of the largest human proteins called dystrophin that links the actin cytoskeleton to the extracellular matrix through the dystrophin-glycoprotein complex (DGC) thus regulating the proper function of skeletal muscle fibers (Hoffman et al., 1987).

The lack of dystrophin leads to progressive muscle degeneration as the consequence of membrane instability, defects in maintaining calcium homeostasis, neuronal nitric oxide synthase (nNOS) activity and NO signaling. DMD is characterized by continuous cycles of muscle degeneration and regeneration, inflammation, fibrosis and oxidative stress, which lead to progressive muscle weakening and loss of muscle fibers (Carpenter and Karpati, 1979; Allen et al., 2015). The idea of cell-based therapy has therefore been one of the logical attempts to treat DMD and was pioneered in the 1990s using myoblast transplantation, as previously described in this review. The advent of stem cell research renewed the interest in cell-based therapy for DMD in the 2000s. Here we will describe the application of muscle specific stem/progenitor cells (MPSCs) and induced pluripotent stem cells (IPSCs) for the treatment of DMD.


Myoblasts

Although the early myoblasts trials in DMD or BMD generally resulted in limited or no clinical effect, the intramuscular injection of myoblasts always resulted in localized tissue repair at the site of injection (Skuk and Tremblay, 2014). Many years of work aimed at improving protocols of transplantation (Zhu et al., 2007; Gargioli et al., 2008; Gilbert et al., 2010; Morgan et al., 2010; Liu et al., 2012) led to significant dystrophin expression in rodents, non-human primates and patients (Skuk et al., 2004, 2006), although expression remained invariably confined to the sites of injection. During the follow-up visits, which in some cases were performed more than 20 years after the procedure, no significant myoblast-related adverse effects were reported. Observed complications were mostly due to immunosuppression when this was used. This reinforced the idea that myoblast and in particular autologous myoblast transplantation could be developed as a therapeutic approach for muscular dystrophies, especially for localized forms, where intra-muscular injection may elicit a significant benefit. This will be described in relation to Oculo-Pharyngeal Muscular Dystrophy (OPMD).



Mesoangioblasts (MABs)

MABs have been considered highly attractive for the treatment of muscular dystrophies as they can be systemically delivered and egress blood vessels to colonize the “inflamed” dystrophic muscles. Several studies have shown safety and efficacy in different animal models of muscular dystrophy, including DMD (Sampaolesi et al., 2003, 2006; Díaz-Manera et al., 2010; Tedesco et al., 2011; Domi et al., 2015). Preclinical results encouraged a phase I/IIa clinical study in humans. Allogenic intra-arterial HLA-matched donor cell transplantation in five DMD patients under immunosuppression (8–12 years; 3 ambulant and 2 non-ambulant; total infused dose 0.23 × 108/Kg to 0.97 × 108/Kg; EudraCT 2011-000176-33) was performed (Cossu et al., 2015). The study was relatively safe, as only one patient developed a clinically mute thalamic stroke possibly due to the angiographic procedures and/or intercurrent atrial fibrillation (1 event out of 23 total infusions). Functional measures were transiently stabilized in 2 out of 3 ambulant patients, muscle biopsy revealed some donor-derived dystrophin in one of them, but general low level of donor DNA was detected. Follow-up visits 5 years later did not reveal any further side effects or abnormal findings in these patients (Previtali, Torrente, Cossu, unpublished results). Critical re-evaluation of results suggested that low efficacy might have been due to the advanced age of the patients and consequent fibrosis, steroid therapy (reducing MABs extravasation) and insufficient number of infused cells. A new study involving intramuscular injection of autologous lentiviral-modified MABs to promote exon skipping of exon 51 is currently underway in Manchester and will confirm the level of efficiency of MABs integration and function in human skeletal muscle.



Bone Marrow Derived-Hematopoietic Stem Cells (HSCs)

Although initial studies raised excitement regarding the possibility to treat DMD using bone marrow transplantation (Ferrari et al., 1998; Bittner et al., 1999), later reports demonstrated that HSC transplantation in mdx mice contributed to <1% of total muscle fibers, with no increase in dystrophin expression (Ferrari et al., 2001). Negative results have also been reported upon delivery of HSCs in dystrophic dogs (Dell’Agnola et al., 2004), and in DMD patients (Gussoni et al., 2002; Kang et al., 2010).



CD133+ Cells

These multipotent stem cells have been shown to ameliorate dystrophic phenotype and dystrophin expression in mdx mice (Torrente et al., 2004). These cells have also been validated in the context of genetic correction by exon skipping strategy, suggesting their utility in the autologous transplantation setting (Benchaouir et al., 2008). More recent studies in GRMD dogs confirmed positive results in transplanted animals (Sitzia et al., 2016), while studies in humans suggest reduced regenerative capacity when these cells are harvested from DMD patients (Meng et al., 2018). Consistent with this, a clinical trial of intramuscular transplantation of CD133+ showed no integration of the donor cells in the muscle fibers (Torrente et al., 2007).



Mesenchymal Stromal Cells (MSCs)

MSCs are endowed with immune-evasive and anti-inflammatory properties that could be useful for treating secondary processes caused by the lack of dystrophin (Ichim et al., 2010). A number of studies have investigated the role of MSCs in DMD mouse models, either by intramuscular or systemic administration, showing modest engraftment but no significant improvement of muscle contractile force nor of dystrophin expression (De Bari et al., 2003; Chan et al., 2007; Liu et al., 2007; Feng et al., 2008; Shabbir et al., 2008; Gang et al., 2009).

Human adipose-derived stromal cells (hASCs), characterized by the 12 cell surface proteins HLA-DR, HLA-ABC, CD13, CD29, CD31, CD34, CD44, CD45, CD73, CD90, CD105, and CD11, have also been reported to have some beneficial effects. hASCs were systemically administered in the DMD mouse (mdx) and dog (GRMD) models and were shown to be well-tolerated, with good muscle engraftment and some human dystrophin expression (Rodriguez et al., 2005; Vieira et al., 2012; Pelatti et al., 2016). Similarly, human pulp derived stromal cells showed significant engraftment in GRMD dogs but modest dystrophin expression after systemic administration (Kerkis et al., 2008), whereas intramuscular injection of human microfragmented fat into mdx mice exhibited anti-fibrotic and anti-inflammatory properties with minimal force improvement (Bouglé et al., 2019). More recently, adipose tissue-derived CD146+ cells, representing a pericyte subpopulation with myogenic potential, also showed some beneficial effects in double dystrophin-utrophin knock-out mice by promoting survival, but only during the treatment period, suggesting that these cells have only a short-term effect (Gomes et al., 2018).

Wharton’s jelly (WJ)-derived MSCs (human umbilical cord) showed significant anti-fibrotic and anti-necrotic activity when injected into mdx mice possibly through metalloproteinase-1 release (Choi et al., 2020). Umbilical cord-MSCs have also been tested in humans through the intravenous infusion of three patients with BMD (apparently 1 × 107 cells). The authors reported safety, anecdotal gait improvement only in the pediatric patient and no changes in the pathology (Li et al., 2015). Intra-arterial and intramuscular administration of allogenic WJ-MSCs were subsequently investigated in nine DMD (8–14 years; 4 ambulatory and 5 non ambulatory; 16 × 106 cells/kg) patients (NCT02484560). Again, the procedure was reported safe, promoted improvement in pulmonary tests, some dystrophin expression and CK reduction, but no improvement in motor outcomes (Dai et al., 2018).

Finally, recent intramuscular injection of allogenic HLA-matched bone marrow-MSCs and skeletal muscle-derived PSCs has been performed in three DMD patients (11, 22, and 12 years; 700–860 × 106 cells in 9–18 cm2), with short-time immunosuppression (Klimczak et al., 2020). Pathology and motor functions did not change, reduction in CK levels is questionable while some anti-inflammatory effects and minimal dystrophin expression is reported.



Pluripotent Stem Cell-Derived Myogenic Progenitors

Intramuscular transplantation of both mouse and human IPSC-derived myoblasts into mdx mice showed contribution to muscle formation and dystrophin expression (Mizuno et al., 2010; Darabi et al., 2012), even in the absence of a pre-treatment damage due to cardiotoxin injection (Zhao et al., 2020). Similar findings have been achieved with direct reprogramming of IPSCs into myogenic progenitors (Bar-Nur et al., 2018), even when obtained with small molecules and thus avoiding problems related to gene infection (He et al., 2020). Subsequent studies showed that myogenic progenitors derived from genetically corrected dystrophic PSCs can promote muscle regeneration when administered to mdx mice (Filareto et al., 2013; Young et al., 2016; Hicks et al., 2018). Similarly, genetically corrected PSCs can be differentiated into MABs, which are endowed with muscle homing potential upon systemic delivery (Tedesco et al., 2012). Further studies are necessary to assess if these cells can be used in human clinical practice due to possible risk of tumor formation. Strategies aimed at promoting the bed-to-bedside transition of PSC-derived myogenic progenitors include the identification of surface markers enabling purification and successful in vivo engraftment in mdx mice (Magli et al., 2017).




OCULO-PHARYNGEAL MUSCULAR DYSTROPHY

As mentioned above, myoblasts may not be the ideal candidate to treat muscle diseases which affect the majority of the body musculature, such as DMD, but they are the ideal candidate for treatment of muscle diseases affecting selectively small muscles such is the case in OPMD. In fact, while cell therapy protocols usually involve transplantation of gene-corrected autologous cells or a combination of heterologous cells and immune suppression, some muscular dystrophies with only a few affected muscles, such as OPMD, can benefit from autologous transplantation of autologous, non-modified cells from a non-affected muscle.

OPMD is an autosomal dominant genetic disease characterized by a late onset. The mutation that causes OPMD is an abnormal trinucleotide repeat expansion in the PABPN1 gene, which affects primarily a small group of specific muscles (eyelid and pharyngeal), leading to ptosis and dysphagia (Banerjee et al., 2013).

When myoblasts were isolated from the unaffected muscles of OPMD patients, they were shown to have the ability to proliferate and differentiate in a manner identical to cells isolated from normal control muscle (Périe et al., 2006). This suggested that the autologous transplantation of myoblasts isolated from the unaffected muscles of OPMD patients and transplanted into the affected pharyngeal muscles could be a possible therapy to restore muscle function and improve swallowing and quality of life. Based on these results a phase I/IIa clinical study (ClinicalTrials.gov, NCT00773227) was carried out using autologous myoblasts isolated from clinically non-affected muscles, expanded in vitro in GMP conditions. A median of 178 million myoblasts were injected into 12–20 different sites in the upper pharyngeal muscles of 12 patients. Improvement in the quality of life was observed in all 12 patients. The results of the trial demonstrated safety and good tolerance of the procedure with no adverse side effects. A cell dose dependent functional improvement in swallowing was even observed in this safety study. This trial supports the hypothesis that autologous myoblast transplantation into the pharyngeal muscles of OPMD patients is a safe and efficient therapeutical procedure to alleviate dysphagia (Périé et al., 2014).



OTHER MUSCULAR DYSTROPHIES

Until now, DMD and OPMD are the only two forms of muscular dystrophy for which cell-based clinical trials have been performed. In OPMD, muscle stem cells from unaffected muscle were transplanted into diseased pharyngeal muscle and indeed improved swallowing. However, OPMD is a localized disease. Limb Girdle MDs would not profit from an autologous setting in which a population of mutated muscle stem cells is transplanted from one muscle to another. The possibility to repair mutations in muscle stem cells has become a realistic perspective due to the introduction of the CRISPR/Cas9 system into clinical medicine. Indeed, it can be shown that primary human muscle stem cells can be genetically corrected with almost 100% efficiency (Escobar et al., 2021). An autologous transplant of corrected muscle stem cells has developed into a realistic perspective. With this, all the monogenic recessive muscular dystrophies are in principle amenable to cell transplantation in patients, once the problems of delivery to many different muscles and of low engraftment will have been solved. Indeed, also dominant forms would be treatable, but the approach would require silencing of the mutated, dominant allele while guaranteeing expression of the wt allele at sufficient levels to avoid haploinsufficiency.

Congenital muscular dystrophies are severe, early onset, rapidly lethal diseases. They represent a dramatic unmet clinical need and, ethically, would be compatible with a more aggressive therapeutic approach (e.g., chemotherapy to kill diving myogenic progenitors and thus enhancing engraftment of genetically corrected cells). In these cases, there is no time to wait for future alternative strategies. It should be noted though that gene therapy for myotubular myopathy resulted in the death of two patients following AAV administration (Wilson and Flotte, 2020).

Pre-clinical evidence of efficacy in mouse models has accumulated over the last 20 years (Vilquin et al., 1999; Leriche-Guérin et al., 2002; Sampaolesi et al., 2003; Tedesco et al., 2012; Meregalli et al., 2013; Domi et al., 2015; Frattini et al., 2017; Azzag et al., 2020). Nonetheless, it should be remembered that results obtained in mice are usually superior to what later observed when the same approach is tested in large animal models (almost exclusively the dog in the case of MD) and in patients. It this thus probable that these other muscular dystrophies will have to wait the successful completion of work on DMD.



MITOCHONDRIAL MYOPATHIES

Skeletal muscles are high energy requiring tissues and this energy is predominantly produced by the mitochondrial oxidative phosphorylation (OXPHOS) system. Impaired OXPHOS functioning can result in a mitochondrial myopathy (MM), which is one of the most common manifestations of adult-onset mitochondrial disorders. Mitochondrial disorders are both clinical and genetically heterogeneous and often involve multiple organ systems. MM patients commonly present chronic progressive external ophthalmoplegia (CPEO), either as an isolated symptom or in combination with proximal myopathy, exercise-induced muscle pain and/or fatigue (Greaves et al., 2010; Ahmed et al., 2018). In contrast to muscular dystrophies, MM is generally slowly progressive and is not associated with severe muscle wasting (Shieh, 2013; de Barcelos et al., 2019). MM has a large impact on the patient’s quality of life and no effective treatment is currently available. Dietary supplements, aimed at improving mitochondrial function, are often prescribed, but the long-term efficacy has not been demonstrated (Pfeffer et al., 2012; Ahmed et al., 2018; de Barcelos et al., 2019).

The mitochondrial OXPHOS system is under control of both the nuclear and the mitochondrial genome. Nuclear encoded genes include subunits and assembly factors of the OXPHOS system, as well as proteins for mtDNA maintenance, and large number of mutations have been identified in >250 of the ∼1,500 nuclear encoded genes linked to OXPHOS functioning (Lightowlers et al., 2015; Alston et al., 2017). In addition, disease-causing point-mutations and large-scale deletions have been identified in the 16,569 bp circular mitochondrial DNA (mtDNA). Since each cell has multiple mtDNA copies, a mtDNA mutation can be present in all mtDNA copies, called homoplasmy, or there can be a mixture of both wild-type and mutated mtDNA copies in a cell, which is called heteroplasmy. In contrast to nDNA mutations, in which the amount of wild-type protein is either reduced by 50% or is completely absent, the effect of a heteroplasmic mtDNA mutation on mitochondrial functioning depends on the percentage of mutated copies present, ranging between 0 and 100%, and on the tissue specific threshold. In skeletal muscle of 40 MM patients with either a mtDNA point-mutation or a large-scale deletion, a negative correlation has been identified between the mtDNA mutation load and OXPHOS functioning (Taivassalo et al., 2003), and a positive relation has been shown between the skeletal muscle mtDNA mutation load and exercise intolerance in 51 m.3242A>G mutation carriers (Jeppesen et al., 2006). Increasing the total mtDNA copy number demonstrated to alleviate symptoms in mice with a pathogenic heteroplasmic mtDNA mutation encoding tRNA alanine (Filograna et al., 2019), suggesting that either a partial reduction in mtDNA mutation load or an increase in the number of mtDNA copies per cell would facilitate normal OXPHOS functioning and could potentially result in clinical improvement. In line with this, increasing mitochondrial biogenesis by endurance exercise training has been successfully applied in mtDNA mutation carriers (Taivassalo et al., 2001; Jeppesen et al., 2009), but is often not feasible because of exercise-induced lactate production or due to other clinical symptoms. Also, preferential replication of the mutated mtDNA can occur, which will worsen OXPHOS function (Taivassalo et al., 2001). In addition to endurance exercise training, a 12-week resistance-type exercise training program, aimed at inducing myogenesis, resulted in increased muscle strength, muscle regeneration, improved oxidative capacity, and increased number of NCAM+ satellite cells in carriers of a sporadic large-scale mtDNA deletion (Murphy et al., 2008). Given the fact that satellite cells of sporadic large-scale mtDNA deletion carriers have been demonstrated to contain either a low or absent level of deleted mtDNA (Moraes et al., 1989; Spendiff et al., 2013), and the observation that resistance-type exercise resulted in a small yet non-significant reduction in heteroplasmy level (Murphy et al., 2008), suggests that satellite cell activation is a valid therapeutic approach in order to induce muscle regeneration and improve mitochondrial function. Moreover, mtDNA mutation free satellite cells have been identified in carriers of a sporadic mtDNA point-mutation (Fu et al., 1996; Shoubridge et al., 1997; Taivassalo et al., 1999), and Shoubridge et al. (1997) demonstrated by repeating biopsies at the damaged muscle site, that the regenerating fibers contained solely wild-type mtDNA copies, suggesting the incorporation of satellite cells can improve muscle function in carriers of a sporadic mtDNA deletion. Since most mtDNA mutation carriers display systemic muscle weakness, satellite cells’ requirement for intra-muscular injection strongly limits their application due to requirement of the large amounts of injections (Morgan et al., 1993). Alternatively, MABs have the ability to be systemically delivered via intra-arterially transplantation. Transplantation of donor MABs has been shown to result in functional improvement of multiple muscular dystrophy animal models (Sampaolesi et al., 2003, 2006) and was found to be relatively safe in children with DMD (Cossu et al., 2015). The identification of mutation-free satellite cells in mtDNA mutation carriers, prompts the question if MABs of these patients also display low or absent mutation load. A study of 19 patients with maternally inherited mtDNA point mutations and six carriers of a sporadic large-scale mtDNA deletion, demonstrated that all of the large-scale mtDNA deletion carriers displayed wild-type MABs and nearly half of the point mutation carriers display a mtDNA mutation load below <10%. All mtDNA-mutation free MABs displayed normal mitochondrial function, demonstrating their suitability for therapeutic application (van Tienen et al., 2019). Currently, a phase I clinical study (EudraCT 2016-001258-16) is ongoing in which autologous mtDNA-mutation free MABs are intra-arterially delivered in m.3243A > G mutation carriers, which will provide insights into the safety and potential of autologous MABs cell therapy for MM. The application of autologous cell therapy would be beneficial over allogeneic stem cell therapy, as it does not require the use of immunosuppressive agents. This would be beneficial for the patient, as an immunosuppressive regimen makes them more vulnerable to infections (Porrett et al., 2014; Halter et al., 2015). Moreover, for intra-arterial MABs transplantation, inflammation is required for skeletal muscle engraftment, which might be impaired by the use of immunosuppressive agents (Cossu et al., 2015). It should be noted that MM patients generally do not display significant muscle inflammation and inflammation needs to be induced prior to intra-arterial delivery of MABs. This can be induced by a bout of maximal eccentric exercise that results in upregulation of inflammation markers, such as SDF1α and TNFα, which are associated with increased migration of MABs (Galvez et al., 2006; Valero et al., 2012; Nederveen et al., 2018).

In contrast to mtDNA mutation carriers, MM patients with a nDNA mutation will always require genetic correction in order to obtain nDNA-mutation free autologous stem cells for therapy. In recent years, CRISPR-Cas9 based genetic correction strategies are quickly emerging for numerous diseases (Sharma et al., 2021). For correction of MM-causing nDNA mutations, strategies will likely need to be tailored for each MM patient individually, as most patients present a unique mutation. This will be challenging, as it requires the development of a modular procedure for stem cell isolation and expansion, and inclusion of a tailored correction procedure. In line with this, for mtDNA-mutation carriers that do not display mtDNA-mutation free stem cells, lowering of the mtDNA mutation load needs to be achieved. To this end, degradation of the mutant mtDNA using mitochondrial-targeted TALEN or CRISPR/Cas9 (Bacman et al., 2013; Jo et al., 2015), and replication inhibition of the mutant mtDNA using peptide nucleic acids (PNAs) have been explored (Chinnery et al., 1999). However, given the multiple copies of mtDNA in all mitochondria per cell, all strategies require effective delivery of the components into the majority of the mitochondria in each cell. To this end, liposome-based carrier systems are being developed, such as the MITO-porter and nanosome systems (Yamada et al., 2008; Bae et al., 2017), but require further research before they can be applied to correct stem cells for clinical application.

In conclusion, (autologous) myogenic stem cell therapy for MM has not been applied yet, but the road to clinical application appears to be most straightforward for mtDNA mutation carriers, as mtDNA-mutation free stem cells can be directly obtained from a number of these patients. For MM patients with nDNA mutations and mtDNA mutation carriers that do not display mtDNA-mutation free myogenic stem cells, further research will be required in order to safely and effectively perform ex vivo genetic correction in a GMP-compliant procedure.



INCLUSION BODY MYOSITIS

The idiopathic inflammatory myopathies (IIMs) are a group of acquired autoimmune diseases where skeletal muscle inflammation is the predominant clinical feature (Oldroyd et al., 2017). Proximal limb weakness, myalgia, and fatigue are core symptoms, often with co-existing extra-muscular involvement, such as interstitial lung disease. The IIMs are rare with a prevalence of 2.4–33.8 per 100,000 (Meyer et al., 2015). Initially segregated into only polymyositis and dermatomyositis, increased heterogeneity within the IIM spectrum is evident, with immune mediated necrotizing myopathy, inclusion body myositis (IBM), anti-synthetase syndrome and overlap syndrome recognized subtypes. Each IIM subtype has well-defined clinical characteristics, histopathological findings on muscle biopsy, and serum autoantibody associations (Mariampillai et al., 2018; Betteridge et al., 2019). Most of IIMs respond to steroids and/or immune suppression and for this reason they are not of primary relevance for cell transplantation (Oldroyd et al., 2017).

IBM is the most common acquired myopathy in those aged >50 years. Compared to the other IIMs, IBM differs in terms of its pathological phenotype, where mitochondrial dysfunction and protein aggregation (e.g., amyloid, p62, TDP-43) are prominent clinical features, where focal involvement of forearm flexors and knee extensors is typical, as well as lack of response to conventional immunosuppression (Greenberg, 2019). There are no effective disease modifying treatments for IBM and as such, patients suffer from relentless accumulation of disability, including grip weakness, knee instability, falls, and dysphagia (Rose et al., 2015). This deterioration is accompanied by progressive, focally severe, atrophy and fatty replacement of skeletal muscle. Overall, IBM behaves clinically more like a late-onset muscular dystrophy rather than an inflammatory myopathy. Whilst such tissue damage can be seen in other IIM subtypes, it can usually be avoided with early and appropriately aggressive immunosuppressive therapy.

The strikingly focal muscle involvement seen in IBM means that of the IIMs is the most amenable to a cell therapy approach for treatment, rescuing tissue by targeted delivery of cells to the affected areas. For example, long finger flexor muscles could be targeted directly using an intramuscular injection technique or affected muscle groups could be targeted using a segmental intra-arterial injection of myogenic progenitors with potential for vessel wall migration, such as MABs (Sampaolesi et al., 2003). With similarity to targeted botulinum toxin injections for treating dysphagia, targeting specific diseased muscles could ameliorate important aspects of the disease (e.g., grip weakness), without requirement for systemic treatment administration and associated adverse effects (Schrey et al., 2017).

Despite the potential for myogenic cell therapy to offer a new therapeutic option for IIM, there has been very little research or progress in this area. One study has described the apparent beneficial effects of transplantation of adipose derived stem cells into a mouse model of IBM, but this has been published in abstract form only (Fabry et al., 2017). It should also be noted that whilst transplantation of such cells may have an anti-inflammatory effect, they do not have myogenic potential.

Regarding intra-arterial cell delivery, the inflammatory milieu in IBM muscle is expected to facilitate movement of MABs across the vessel wall if an intra-arterial delivery strategy is developed (Sampaolesi et al., 2003). As compared to SCs, MABs have better survival and migration capacity, and express adhesion molecules which enable them to traverse the vascular endothelium. Furthermore, MABs potently suppress human CD4 and CD8 T-cell proliferation and effector function in vitro (English et al., 2013). This may have relevance in terms of the populations of highly differentiated CD28null T-cells found in IBM muscle, known to be resistant to conventional immunosuppression and likely to be a key factor explain the treatment refractory nature of IBM (Greenberg et al., 2016; Pandya et al., 2016).



SPHINCTER INCONTINENCE

Sphincter muscles are other defined, functionally highly relevant muscles, well-suited for autologous transplantation.

Anal sphincter muscle anomalies result in fecal incontinence (FI) with devastating physical consequences and psychosocial dysfunction. FI causes major embarrassment and may lead to social exclusion. Population surveys suggest FI prevalence ranging from 2 to 17% (Perry et al., 2002; Kuehn, 2006; Siproudhis et al., 2006; Parés et al., 2015). However, the majority of affected persons do not consult a physician (Lam et al., 1999). In the French population for instance, 1 million people are concerned by FI, 350,000 of whom suffer from severe incontinence (more than once a week). This disease not only concerns the elderly (30% of people over 70 years living in long-term care institutions) but also significantly affects young women following delivery (Denis et al., 1992). A high frequency of postpartum FI has been reported following vaginal birth (4–38%) (LaCross et al., 2015). This frequency renders the disease a public health concern and a personal, social and economic handicap. FI still is confronted significant therapeutic management difficulties today despite the various existing treatments: drugs to regulate intestinal transit, anoperineal rehabilitation with biofeedback, surgical treatment by various techniques such as: sphincterorrhaphy or submucosal injections, sacral nerve stimulation and colostomy which is the last possible alternative.

Cell therapy by injection of autologous myoblasts would have many advantages over most alternative methods. A first pilot study of myoblast transplantation for the treatment of FI was carried out by an Austrian team who demonstrated the tolerance of the product (Frudinger et al., 2010). Rouen University Hospital then performed a randomized double-blind placebo-controlled phase II clinical trial (ClinicalTrials.gov, NCT01523522, MIAS-01, 24/24 patients included, autologous myoblasts produced by Rouen UH cell therapy facility) (Boyer et al., 2018). Results at 12 months post treatment demonstrated that injection of autologous myoblasts (AM) into the striated sphincter of patients with FI provides a clinical benefit, with a much higher benefit at 12 months in the treated arm than in the placebo arm (58 vs. 8%, P = 0.03). A positive response to autologous myoblast cell therapy was defined as a reduction of 30% in the Cleveland Clinic Incontinence CCI. Similar results were also found after the injection of frozen AM in patients initially in the placebo group, with a response rate of 60% (6/10) at 12 months (Boyer et al., 2018). It should be noted that at 6 months, transient not persistent placebo effect was observed.

In other strategy, Thin et al. (2013) reported similar results with sacral nerve stimulation (SNS), with response rates between 58 and 63%. Response was defined on the basis of a standardized stool diary with a reduction of more than 50% of FI episodes over a period of 3 weeks at 12 months post treatment. However, regular replacement of the pacemaker is required (approximately every 5 years) and in the long run it remains expensive.

Together these results strongly support the therapeutic efficacy and justify conducting a phase III multicenter trial: a multicenter randomized phase III clinical trial (MIAS-02, Myoblasts for Insufficient Anal Sphincter-02). The purpose of this study is to compare two surgical treatments of severe FI. The hypothesis of this “non-inferiority” trial is that injection of myoblast is clinically as effective as SNS in managing FI and could be proposed as an alternative therapy for these patients. The trial is currently being planned, with some (from PHRC, French National Research Program 2017) but non all needed funds yet secured.

In addition to FI, sphincter deficiencies comprise the urinary incontinence (UI) syndrome. UI is a widespread disease, affecting more than 200 million people worldwide (Norton and Brubaker, 2006). However, this subsumes different clinical forms and pathophysiology.

Stress urinary incontinence is the most common form of UI; the etiology involves a weakness of the urethral sphincter muscle. Animal models do not accurately mimic the distinct human conditions. Preclinical efficacy studies involving artificial damage of the rat urethral sphincter and consecutive autologous myoblast injection into the defect site indicate significant therapeutic potential (Chermansky et al., 2004). In line, muscle-derived cells have been investigated in numerous studies to regenerate the sphincter and improve continence function in stress UI (Aragón et al., 2018). The characterization of the cell products used as well as the mode of application, dosing and outcome measures differ. Yet, the feasibility of cell production, administration as well as safety are evident. While first efficacy data have appeared promising, the high importance of the rigorous, high-quality study design (control arm, blinding, stringent outcome measures) emerges. Interim analysis of a recent double-blinded, randomized, placebo-controlled design revealed a high placebo response rate evaluating the safety and efficacy of autologous muscle derived cells in stress UI (Jankowski et al., 2018). Post-hoc analyses suggested that the efficacy endpoint had not been defined restrictively enough.

Due to the heterogeneity of the UI patient population, trials focusing on defined disease etiologies and thus clinically homogenous patient subgroups are highly relevant to consider for the evaluation of the therapeutic potential of myoblasts. The exstrophy-epispadias complex (EEC) is an orphan, prenatal developmental disorder of the lower abdominal wall, bladder, and genitalia. EEC results from mechanical disruption or enlargement of the cloacal membrane (Ebert et al., 2009). Reconstructive surgery is the main treatment with relevant functional and cosmetic outcome. However, lifelong urinary incontinence remains a major medical problem. The incomplete development of the urethral sphincter leads to a small, circumscribed muscular defect (few mm). At the defect site muscle is replaced by vascularized and innervated connective tissue; the urothelium is intact (Canon et al., 2008). Current interventions primarily aim to establish social continence (def: dry interval of more than 3 h during the day; Chan et al., 2001). Bladder neck reconstruction (BNR) is a major surgery with the goal of forming a passive increase in bladder outlet resistance through irreversible anatomical reconstruction in the bladder neck region (Mollard and Mure, 2001). BNR results in social continence in half of the children (Shoukry et al., 2009). Seventy-five percentage of patients are lifelong dependent on catheterization or other non-physiologic urinary drainage (Maruf et al., 2020). Complications include recurrent infections, urinary stones, dilatation of the upper urinary tract, urinary retention, renal impairment, metabolic complications, increased risk of cancer, revision surgery, hospitalization, as well as wide-ranging limitations in daily life and severe psychological distress (Mouriquand et al., 2003; Surer et al., 2003; Ebert et al., 2020).

Treatments to establish physiologic continence are required. In a single-arm study autologous muscle cells were injected into the urethral sphincter defect of eight children with EEC (Kajbafzadeh et al., 2008). All boys included in the trial showed improvement of continence function after 6 months as measured by urodynamics (increased bladder capacity, leak point pressure, maximum urinary flow). In the 4-year follow-up, safety-related complications were not reported. Quality of life improved significantly. Five of the seven boys were reported to be physiologically continent, two socially continent (Elmi et al., 2011). These data reinforce the need for subsequent controlled studies involving international cooperation in this rare disease (in preparation: NCT04729582).

To conclude, the early implementation of the randomized and placebo-controlled clinical trial design is critical to investigate the clinical efficacy of autologous myoblast transplantation, particularly in rare diseases. Large-scale phase III trials are pending.



VOLUMETRIC MUSCLE LOSS, SARCOPENIA, AND CACHEXIA

Skeletal muscle has a remarkable capacity to regenerate upon injury; however, when muscle repair fails scar tissue replaces the damaged area with resultant functional impairment as seen in myopathies, muscle denervation, muscle ablation upon surgery but also in cachexia and sarcopenia. The rapid and focal loss of skeletal muscle with resultant functional impairment has been defined as VML (Minetto et al., 2021), while the progressive loss of muscle mass and function observed in elderly people or in patients affected by cancer or chronic diseases is referred to sarcopenia and cachexia, respectively (Cassano et al., 2009; Berardi et al., 2014). The current procedure for severe VML injuries involves muscle flap transplantation, generally autologous muscle flaps containing proper vasculature. Similar to muscle flaps, clinically relevant skeletal muscle tissue engineering constructs are developed in preclinical studies and they include vascular networks to improve cell survival deeper than a few hundred micrometers within the tissue, which is the limit of passive diffusion. Alternative strategies include the use of fibrin hydrogels in combination with muscle-derived stem cells or iPSC-derived myogenic progenitors (Matthias et al., 2018; Wu et al., 2021), which are associated with an improvement in muscle contractility in a murine VML model. In sarcopenic and cachectic conditions, dysregulated hormones, cytokines and mechanic loading facilitate protein degradation while impairing protein synthesis and affecting muscle fiber size and contractile functions. In particular, tumor necrotic factor alpha (TNFα) or interleukin 1 (IL-1) trigger their receptors TNFR1 and IL-1R, respectively and promote the translocation of NF-κB into the nucleus and the induction of gene transcription factors, including MuRF1 with the consequent muscle atrophy (Cai et al., 2004). Thus, it is not surprising that the majority of translational research studies explored pharmacological protocols to invert the balance between protein synthesis and degradation. Indeed, anti-inflammatory drugs to target pro-inflammatory cytokines elevated in plasma of patients with muscle wasting conditions have been extensively used albeit with mixed success (Furrer and Handschin, 2019).

More recently, independent groups have reported that muscle progenitor cells are impaired in muscle wasting conditions and in particular they accumulate in atrophic muscles without proceeding further toward myogenic differentiation. In this pathological muscle condition, the activation of NF-κB in myogenic progenitors maintains persistent expression of PAX7 that prevents the expression of late transcription factors necessary for myogenic maturation (He et al., 2013; Brzeszczyńska et al., 2016). Moreover, cell autonomous intrinsic changes due to aging affect the myogenic differentiation potential of human muscle progenitors and cannot be reversed when they are exposed to a young environment in xenotransplantation experiments (Rotini et al., 2018). BMPs and myostatin pathways are also implicated in the age-related muscle degeneration (Scimeca et al., 2017) and in general BMP-SMAD signaling blockade improves myogenic differentiation of muscle progenitors (Ono et al., 2011; Costamagna et al., 2016). Similar to satellite cells, MABs accumulated in cachectic muscles and when they are isolated from the atrophic muscles are still able to directly contribute to myogenesis in vivo. In C26 colon carcinoma-bearing mice the function of muscle stem cells can be preserved by the administration of interleukin 4 (IL-4) that acts as anabolic agent to skeletal muscle, reducing also systemic inflammation and increasing muscle protein synthesis (Costamagna et al., 2020). Commonly, IL-4 as well as IL-1 are considered cytokines promoting oncogenesis; however, IL-4 induces muscle regeneration and function. In addition, the presence of large necrotic regions enriched with type II macrophages and CD8+ lymphocytes in IL4-treated tumors suggests a relevant cytotoxic effect. Thus, the role of the IL-4 in cancer associated cachexia is currently ill defined and may provide the bases for the development of new therapeutic strategies combatting both tumor and cachexia.

Thus, it seems that muscle stem cell populations are still present in muscle wasting, however, they are unable to counteract the pathological condition, and some of them cannot complete the differentiation process despite maintaining their intrinsic myogenic potential. Although lineage tracing studies show that satellite cells fuse into myofibers in sedentary mice throughout the lifespan (Keefe et al., 2015), loss of function experiments provide evidence that lifelong genetic depletion of satellite cells in transgenic mice did not increase the severity of sarcopenia (Fry et al., 2015). In this view, genetic and/or pharmacological interventions to interfere with myogenic stem cell activation, autophagy or muscle protein turnover may offer preferential treatments for cachectic and sarcopenic muscles. In addition, an appealing solution for severe VML injuries is the use of stem cells combined with bio-scaffolds, fibrin gel among others, to promote muscular and vascular regeneration and limit fibrosis and scar tissue formation.



CONCLUSION

By summarizing all the information described above, we may conclude:


1.Muscle diseases are diverse: hereditary or acquired, generalized or local. Pathological muscle weakness has enormous implications for the affected individual and for society as a whole, considering that certain diseases are very common. Major therapeutic breakthroughs have not reached clinical routine.

2.A complex and diversified methodological approach still needs to be optimized for the various myogenic progenitors to allow long term expansion in vitro with maintenance of self-renewal and differentiation potency.

3.Promising preclinical studies led to the early translation into clinical application and have demasked the related challenges and bottlenecks. Today, we can benefit from the insights of this pioneering work. This urges for further developments.

4.A variety of different approaches of cellular therapies are under development. In this review, we outline core strengths and limitations for different cell types. First promising clinical results not only have proved safety but also efficacy in localized muscle impairment (Kajbafzadeh et al., 2008; Périé et al., 2014; Boyer et al., 2018), point toward the indispensability of the precise identification and matching of biological and pharmacological properties of the used cell drug to the underlying disease to be treated. Emerging evidence will identify optimal therapeutic strategies, likely involving combinatorial therapy.

5.Cell therapies for muscle diseases need to be implemented and adequately funded. These gene and cell therapeutics are classified as Advanced Therapy Medicinal Products (ATMPs), a distinct class of drugs that was first legally defined in 2007/(REGULATION (EC) No 1394/2007 OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 13 November 2007 on advanced therapy medicinal products and amending Directive 2001/83/EC and Regulation (EC) No 726/2004). Well-established principles in classical drug development are transferable to these ATMPs only to a limited extent, due to the nature of cells and their mode of action. Recently, the EMA has invested significant effort in the standardization of distinct ATMP-related sub-aspects (European Medicines Agency, 2019) EMA/CAT/499821/2019. A muscle-specific addendum is pending. The pooling of expertise of basic scientists and clinicians from multiple disciplines, regulators, and drug manufacturers, offers the opportunity of facilitating the herewith described efforts and comparability. This will require the harmonization of the preclinical characterization of the investigational medicinal product. As an example, the standardization will mutually accelerate dose finding strategies.

6.Analysis of ATMP related clinical trials and potential later marketability highlight the importance of the early implementation of a randomized and controlled clinical trial design to investigate the clinical efficacy (Elsallab et al., 2020). In rare diseases, such as muscular dystrophies, highly innovative study designs must be implemented (Chow and Huang, 2020). A mutli-center collaboration may advance outcome measurements impacting patients’ everyday life. A lack of larger scale trials ultimately delays clinical readiness of innovation.

7.The ATMP status is associated with high upfront costs in developing the pharmaceutical manufacturing process and to produce the cell product for clinical trials. The innovative power in academic institutions for the emergence of these new therapies in predominantly rare disease, necessitates public funding of such studies as a vehicle for success and for clinical translation of these valid therapeutic options for today’s unmet medical needs.

8.We encourage the scientific, pharmaceutical and regulatory communities to join forces and work together to produce mutual guidelines for preclinical core requirements and on innovative strategies for clinical trial conduction in advancing cell therapies for muscle diseases and to strengthen the efforts for effective treatments.





MEMBERS OF THE STUDY GROUP

H. Aldearee, Division of Cell Matrix Biology and Regenerative Medicine, The University of Manchester, United Kingdom; A. Bisson, Department of Immunology & Biotherapy, Rouen University Hospital, Normandy University, Inserm U1234, Rouen, France; L. Bragg, Division of Cell Matrix Biology and Regenerative Medicine, The University of Manchester, United Kingdom; V. Bridoux, Department of Digestive Surgery, Rouen Univesrity Hospital, Rouen, France; R. Duelen, Translational Cardiomyology Laboratory, Department of Development and Regeneration, KU Leuven, Leuven, Belgium; A. Farini, Unit of Neurology, Stem Cell Laboratory, Department of Patophysiology and Transplantation, Centro Dino Ferrari, Università degli Studi di Milano, Fondazione IRCCS Cà Granda Ospedale Maggiore, Policlinico, Milan, Italy; E. Gazzero, Muscle Research Unit, Experimental and Clinical Research Center, a Cooperation between Max-Delbruck-Center for Molecular Medicine in the Helmholtz Association and the Charitè Universitadmedizin Berlin, Berlin, Germany; N. Giarratana, Translational Cardiomyology Laboratory, Department of Development and Regeneration, KU Leuven, Leuven, Belgium; C. Giverne, Department of Immunology & Biotherapy, Rouen University Hospital, Normandy University, Inserm U1234, Rouen, France; L. Meggiolaro, Division of Cell Matrix Biology and Regenerative Medicine, The University of Manchester, United Kingdom; E. Negroni, Sorbonne Université, Inserm, Institut de Myologie, Centre de Recherche en Myologie, Paris, France; E. Porrello, INSpe and Division of Neuroscience, IRCCS Ospedale San Raffaele, Milan, Italy; R. Tonlorenzi, INSpe and Division of Neuroscience, IRCCS Ospedale San Raffaele, Milan, Italy; C. Villa, Unit of Neurology, Stem Cell Laboratory, Department of Patophysiology and Transplantation, Centro Dino Ferrari, Università degli Studi di Milano, Fondazione IRCCS Cà Granda Ospedale Maggiore, Policlinico, Milan, Italy; L. Yedigaryan, Translational Cardiomyology Laboratory, Department of Development and Regeneration KU Leuven, Leuven, Belgium; A. Zamboni, INSpe and Division of Neuroscience, IRCCS Ospedale San Raffaele, Milan, Italy.



AUTHOR CONTRIBUTIONS

All authors contributed to choice of the topics, literature search, writing, and revision of the text.



FUNDING

Work in the authors laboratories was supported by grants from PHRC National Research Program (P020908/AOM02100), Association Française contre les Myopathies (GB-B, VM, and OB); Fondation de l’Avenir (OB); NIHR Manchester Biomedical Research Centre Funding Scheme (HC); ERC AIG 844952, EC H2020-MSCA-ITN-2019 860034, UMIP No. 20150256, MRC MR/S015116, Duchenne Parent Project (Italy), GOSH V4618, Wellcome Trust HICF 107572 (GC); NIHR Clinical Lecturship MWN/006/025/A (JL); Greg Marzolf Junior Foundation Award (AM); NIH R01AR071439, Department of Defense MD160035, Duchenne UK 2019-08 (RCRP); Fondazione Regionale per la Ricerca Biomedica FRRB CP2_10/2018, EJPRD19-118, Telethon GGP17009, Ministry of Health RF-2016-02361246 (SCP); INTERREG—Euregio Meuse-Rhine, GYM—Generate your muscle 2020-EMR116, FWO (G0D4517N and G066821N), C1-KU Leuven grant 3DMUSYC, C14/17/111 (MS); Deutsche Forschungsgemeinschaft (DFG) KFO192, DFG IGK1631: MyoGrad, the Helmholtz Validation Fund/Helmholtz Association, SPARK-Berlin Institute of Health Validation Fund, the Foundations Gisela Krebs and Else Kröner-Fresenius (VS-W); French Telethon AFM 21104, Ricerca Finalizzata 2016 (YT); Interreg EMR 116, Metakids “ING goede doelen fonds” (2014-055), and the Prinses Beatrix Spierfonds (PBS W.0R15-09) (HS and FV).



REFERENCES

Aghajanian, H., Kimura, T., Rurik, J. G., Hancock, A. S., Leibowitz, M. S., Li, L., et al. (2019). Targeting cardiac fibrosis with engineered T cells. Nature 573, 430–433.

Ahmed, S. T., Craven, L., Russel, O. M., Turnbull, D. M., and Vincent, A. E. (2018). Diagnosis and treatment of mitochondrial myopathies. Neurotherapeutics 15, 943–953. doi: 10.1007/s13311-018-00674-4

Albini, S., Coutinho, P., Malecova, B., Giordani, L., Savachenko, A., Forcales, S. V., et al. (2013). Epigenetic reprogramming of human embryonic stem cells into skeletal muscle cells and generation of contractile myospheres. Cell Rep. 3, 661–670. doi: 10.1016/j.celrep.2013.02.012

Alexander, M. S., Rozkalne, A., Colletta, A., Spinazzola, J. M., Johnson, S., Rahimov, F., et al. (2016). CD82 is a marker for prospective isolation of human muscle satellite cells and is linked to muscular dystrophies. Cell Stem Cell 19, 800–807. doi: 10.1016/j.stem.2016.08.006

Allen, D. G., Whitehead, N. P., and Froehner, S. C. (2015). Absence of dystrophin disrupts skeletal muscle signaling: roles of Ca2+, reactive oxygen species, and nitric oxide in the development of muscular dystrophy. Physiol. Rev. 96, 253–305. doi: 10.1152/physrev.00007.2015

Alonso-Martin, S., Rochat, A., Mademtzoglou, D., Morais, J., de Reyniès, A., and Auradé, F. (2016). Gene expression profiling of muscle stem cells identifies novel regulators of postnatal myogenesis. Front. Cell Dev. Biol. 4:58.

Alston, C. L., Rocha, M. C., Lax, N. Z., Turnbull, D. M., and Taylor, R. W. (2017). The genetics and pathology of mitochondrial disease. J. Pathol. 241, 236–250. doi: 10.1002/path.4809

Andrews, P. W., Ben-David, U., Benvenisty, N., Coffey, P., Eggan, K., Knowless, B. B., et al. (2017). Assessing the safety of human pluripotent stem cells and their derivatives for clinical applications. Stem Cell Rep. 9, 1–4. doi: 10.1016/j.stemcr.2017.05.029

Aragón, I. M., Imbroda, B. H., and Lara, M. F. (2018). Cell therapy clinical trials for stress urinary incontinence: current status and perspectives. Int. J. Med. Sci. 15, 195–204. doi: 10.7150/ijms.22130

Azzag, K., Ortiz-Cordero, C., Oliveira, N. A. J., Magli, A., Selvaraj, S., Tungtur, S., et al. (2020). Efficient engraftment of pluripotent stem cell-derived myogenic progenitors in a novel immunodeficient mouse model of limb girdle muscular dystrophy 2I. Skelet. Muscle 10:10.

Bacman, S. R., Williams, S., Pinto, M., Peralta, S., and Moraes, C. T. (2013). Specific elimination of mutant mitochondrial genomes in patient-derived cells by mitoTALENs. Nat. Med. 19, 1111–1113. doi: 10.1038/nm.3261

Bae, Y., Jung, M. K., Song, S. J., Green, E. S., Lee, S., Park, H. S., et al. (2017). Functional nanosome for enhanced mitochondria-targeted gene delivery and expression. Mitochondrion 37, 27–40. doi: 10.1016/j.mito.2017.06.005

Banerjee, A., Apponi, L. H., Pavlath, G. K., and Corbett, A. H. (2013). PABPN1: molecular function and muscle disease. FEBS J. 280, 4230–4250. doi: 10.1111/febs.12294

Bar-Nur, O., Gerli, F. M., Di Stefano, M. B., Almada, A. E., and Galvin, A. (2018). Direct reprogramming of mouse fibroblasts into functional skeletal muscle progenitors. Stem Cell Rep. 10, 1505–1521. doi: 10.1016/j.stemcr.2018.04.009

Benchaouir, R., Meregalli, M., Farini, A., D’Antona, G., Belicchi, M., and Goyenvalle, A. (2008). Restoration of human dystrophin following transplantation of exon-skipping-engineered DMD patient stem cells into dystrophic mice. Med. Sci. 24, 99–101.

Benchaouir, R., Meregalli, M., Farini, A., D’Antona, G., Belicchi, M., Goyenvalle, A., et al. (2007). Restoration of human dystrophin following transplantation of exon-skipping-engineered DMD patient stem cells into dystrophic mice. Cell Stem Cell 1, 646–657. doi: 10.1016/j.stem.2007.09.016

Berardi, E., Annibali, D., Cassano, M., Crippa, S., and Sampaolesi, M. (2014). Molecular and cell-based therapies for muscle degenerations: a road under construction. Front. Physiol. 5:119.

Betteridge, Z., Tansley, S., Shaddick, G., Chinoy, H., Cooper, R. G., New, R. P., et al. (2019). Frequency, mutual exclusivity and clinical associations of myositis autoantibodies in a combined European cohort of idiopathic inflammatory myopathy patients. J. Autoimmun. 101, 48–55. doi: 10.1016/j.jaut.2019.04.001

Bianco, P., Cao, X., Frenette, P. S., Mao, J. J., Robey, P. G., Simmons, P. J., et al. (2013). The meaning, the sense and the significance: translating the science of mesenchymal stem cells into medicine. Nat. Med. 19, 35–42. doi: 10.1038/nm.3028

Biressi, S., Filareto, A., and Rando, T. A. (2020). Stem cell therapy for muscular dystrophies. J. Clin. Invest. 130, 5652–5664. doi: 10.1172/jci142031

Bittner, R. E., Schöfer, C., Weipoltshammer, K., Ivanova, S., Streubel, B., and Hauser, E. (1999). Recruitment of bone-marrow-derived cells by skeletal and cardiac muscle in adult dystrophic mdx mice. Anat. Embryol. 199, 391–396. doi: 10.1007/s004290050237

Blau, H. M., and Webster, C. (1981). Isolation and characterization of human muscle cells. Proc. Natl. Acad. Sci. U. S. A. 78, 5623–5627.

Borchin, B., Chen, J., and Barberi, T. (2013). Derivation and FACS-mediated purification of PAX3+/PAX7+ skeletal muscle precursors from human pluripotent stem cells. Stem Cell Rep. 1, 620–631. doi: 10.1016/j.stemcr.2013.10.007

Bouglé, A., Rocheteau, P., Briand, D., Hardy, D., Verdonk, F., Tremolada, C., et al. (2019). Beneficial role of adipose-derived mesenchymal stem cells from microfragmented fat in a murine model of duchenne muscular dystrophy. Muscle Nerve 60, 328–335. doi: 10.1002/mus.26614

Boyer, O., Bridoux, V., Giverne, C., Bisson, A., Koning, E., and Leroi, A. M. (2018). Autologus Myobalst for the Treatment of fecal incontinence: results of phase 2 Randomized Placebo-controlled study (MIAS) the study group of myoblast therapy for faecal incontinence. Ann. Surg. 267, 443–450. doi: 10.1097/sla.0000000000002268

Brzeszczyńska, J., Johns, N., Schilb, A., Degen, S., Degen, M., Langen, R., et al. (2016). Loss of oxidative defense and potential blockade of satellite cell maturation in the skeletal muscle of patients with cancer but not in the healthy elderly. Aging 8, 1690–1702. doi: 10.18632/aging.101006

Buckingham, M., and Rigby, P. W. (2014). Gene regulatory networks and transcriptional mechanisms that control myogenesis. Dev. Cell 28, 225–238. doi: 10.1016/j.devcel.2013.12.020

Cai, D., Frantz, J. D., Tawa, N. E., Melendez, P. A., Oh, B. C., et al. (2004). IKKbeta/NF-kappaB activation causes severe muscle wasting in mice. Cell 119, 285–298. doi: 10.1016/j.cell.2004.09.027

Canon, S., Reagan, R., and Koff, S. A. (2008). Pathophysiology and management of urinary incontinence in case of distal penile epispadias. J. Urol. 180, 2636–2642. doi: 10.1016/j.juro.2008.08.048

Carpenter, S., and Karpati, G. (1979). Duchenne muscular dystrophy: plasma membrane loss initiates muscle cell necrosis unless it is repaired. Brain 102, 147–161. doi: 10.1093/brain/102.1.147

Cassano, M., Quattrocelli, M., Crippa, S., Perini, I., Ronzoni, F., and Sampaolesi, M. (2009). Cellular mechanisms and local progenitor activation to regulate skeletal muscle mass. J. Muscle Res. Cell Motil. 30, 243–253. doi: 10.1007/s10974-010-9204-y

Chal, J., Oginuma, M., Al Tanoury, Z., Gobert, B., Sumara, O., and Hick, A. (2015). Differentiation of pluripotent stem cells to muscle fiber to model Duchenne muscular dystrophy. Nat. Biotechnol. 33, 962–969.

Chan, C. K., Chen, C. C., Luppen, C. A., Kim, J. B., DeBoer, A. T., and Wei, K. (2009). Endochondral ossification is required for haematopoietic stem-cell niche formation. Nature 457, 490–494. doi: 10.1038/nature07547

Chan, D. Y., Jeffs, R. D., and Gearhart, J. P. (2001). Determinants of continence in the bladder exstrophy population: predictors of success? Urology 57, 774–777. doi: 10.1016/s0090-4295(00)01102-x

Chan, J., Waddington, S. N., O’Donoghue, K., Kurata, H., Guillot, P. V., Gotherstrom, C., et al. (2007). Widespread distribution and muscle differentiation of human fetal mesenchymal stem cells after intrauterine transplantation in dystrophic mdx mouse. Stem Cells 25, 875–884. doi: 10.1634/stemcells.2006-0694

Chan, S. S., Arpke, R. W., Filareto, A., Xie, N., Pappas, M. P., Penaloza, J. S., et al. (2018). Skeletal muscle stem cells from PSC-derived teratomas have functional regenerative capacity. Cell Stem Cell 23, 74–85.e6.

Charville, G. W., Cheung, T. H., Yoo, B., Santos, P. J., Lee, G. K., et al. (2015). Ex vivo expansion and in vivo self-renewal of human muscle stem cells. Stem Cell Rep. 5, 621–632. doi: 10.1016/j.stemcr.2015.08.004

Chermansky, C. J., Tarin, T., Kwon, D. D., Jankowski, R. J., Cannon, T. W., de Groat, W., et al. (2004). Intraurethral muscle-derived cell injections increase leak point pressure in a rat model of intrinsic sphincter deficiency. Urology 63, 780–785. doi: 10.1016/j.urology.2003.10.035

Chinnery, P. F., Taylor, R. W., Diekert, K., Lill, R., Turnbull, D. M., and Lightowlers, R. N. (1999). Peptide nucleic acid delivery to human mitochondria. Gene Ther. 6, 1919–1928. doi: 10.1038/sj.gt.3301061

Choi, A., Park, S. E., Bin Jeong, J., Choi, S. J., Oh, S. Y., and Ryu, G. H. (2020). Anti-fibrotic effect of human Wharton’s Jelly-derived mesenchymal stem cells on skeletal muscle cells, mediated by secretion of MMP-1. Int. J. Mol. Sci. 21:6269. doi: 10.3390/ijms21176269

Choi, I. Y., HoTae, L., Estrellas, K., Mula, J., Cohen, T. V., Zhang, Y., et al. (2016). Concordant but varied phenotypes among duchenne muscular dystrophy patient-specific myoblasts derived using a human iPSC-based model. Cell Rep. 15, 2301–2312. doi: 10.1016/j.celrep.2016.05.016

Chow, S. C., and Huang, Z. (2020). Innovative design and analysis for rare disease drug development. J. Biopharm. Stat. 30, 537–549. doi: 10.1080/10543406.2020.1726371

Cordova, G., Negroni, E., Cabello-Verrugio, C., Mouly, V., and Trollet, C. (2018). Combined therapies for duchenne muscular dystrophy to optimize treatment efficacy. Front. Genet. 9:114.

Cossu, G., and Bianco, P. (2003). Mesoangioblasts–vascular progenitors for extravascular mesodermal tissues. Curr. Opin. Genet. Dev. 13, 537–542. doi: 10.1016/j.gde.2003.08.001

Cossu, G., Birchall, M., Brown, T., De Coppi, P., Culme-Seymour, E., Gibbon, S., et al. (2018). Lancet commission: stem cells and regenerative medicine. Lancet 391, 883–910.

Cossu, G., Previtali, S. C., Napolitano, S., Cicalese, M. P., Tedesco, F. S., Nicastro, F., et al. (2015). Intra-arterial transplantation of HLA -matched donor mesoangioblasts in Duchenne muscular dystrophy. EMBO Mol. Med. 7, 1513–1528. doi: 10.15252/emmm.201505636

Costamagna, D., Duelen, R., Penna, F., Neumann, D., Costelli, P., and Sampaolesi, M. (2020). Interleukin-4 administration improves muscle function, adult myogenesis, and lifespan of colon carcinoma-bearing mice. J. Cachexia Sarcopenia Muscle 11, 783–801. doi: 10.1002/jcsm.12539

Costamagna, D., Quattrocelli, M., van Tienen, F., Umans, L., de Coo, I. F., Zwijsen, A., et al. (2016). Smad1/5/8 are myogenic regulators of murine and human mesoangioblasts. J. Mol. Cell Biol. 8, 73–87. doi: 10.1093/jmcb/mjv059

Dai, A., Baspinar, O., Yesilyurt, A., Sun, E., Inci Aydemir, C., and Oztel, O. N. (2018). Efficacy of stem cell therapy in ambulatory and nonambulatory children with Duchenne muscular dystrophy; Phase I/II. Degener. Neurol. Neuromuscul. Dis. 8, 63–77. doi: 10.2147/dnnd.s170087

Darabi, R., Arpke, R. W., Irion, S., Dimos, J. T., Grskovic, M., and Kyba, M. (2012). Human ES- and iPS-derived myogenic progenitors restore DYSTROPHIN and improve contractility upon transplantation in dystrophic mice. Cell Stem Cell 10, 610–619. doi: 10.1016/j.stem.2012.02.015

Darabi, R., Gehlbach, K., Bachoo, R. M., Kamath, S., Osawa, M., Kamm, K. E., et al. (2008). Functional skeletal muscle regeneration from differentiating embryonic stem cells. Nat. Med. 14, 134–143. doi: 10.1038/nm1705

de Barcelos, I. P., Emmanuele, V., and Hirano, M. (2019). Advances in primary mitochondrial myopathies. Curr. Opin. Neurol. 32, 715–721. doi: 10.1097/wco.0000000000000743

De Bari, C., Dell’Accio, F., Vandenabeele, F., Vermeesch, J. R., Raymackers, J. M., and Luyten, F. P. (2003). Skeletal muscle repair by adult human mesenchymal stem cells from synovial membrane. J. Cell Biol. 160, 909–918. doi: 10.1083/jcb.200212064

Deasy, B. M., Jankowski, R. J., and Huard, J. (2001). Muscle-derived stem cells: characterization and potential for cell-mediated therapy. Blood Cells Mol. Dis. 27, 924–933. doi: 10.1006/bcmd.2001.0463

Dell’Agnola, C., Wang, Z., Storb, R., Tapscott, S. J., Kuhr, C. S., and Hauschka, S. D. (2004). Hematopoietic stem cell transplantation does not restore dystrophin expression in Duchenne muscular dystrophy dogs. Blood 104, 4311–4318. doi: 10.1182/blood-2004-06-2247

Dellavalle, A., Maroli, G., Covarello, D., Azzoni, E., Innocenzi, A., Perani, L., et al. (2011). Pericytes resident in postnatal skeletal muscle differentiate into muscle fibres and generate satellite cells. Nat. Commun. 2:499.

Dellavalle, A., Sampaolesi, M., Tonlorenzi, R., Tagliafico, E., Sacchetti, B., and Perani, L. (2007). Pericytes of human skeletal muscle are myogenic precursors distinct from satellite cells. Nat. Cell Biol. 9, 255–267. doi: 10.1038/ncb1542

Denis, P., Bercoff, E., Bizien, M. F., Brocker, P., Chassagne, P., and Lamouliatte, H. (1992). Prevalence of anal incontinence in adults. Gastroenterol. Clin. Biol. 16, 344–350.

Díaz-Manera, J., Touvier, T., Dellavalle, A., Tonlorenzi, R., Tedesco, F. S., and Messina, G. (2010). Partial dysferlin reconstitution by adult murine mesoangioblasts is sufficient for full functional recovery in a murine model of dysferlinopathy. Cell Death Dis. 1:e61. doi: 10.1038/cddis.2010.35

Domi, T., Porrello, E., Velardo, D., Capotondo, A., Biffi, A., and Tonlorenzi, R. (2015). Mesoangioblast delivery of miniagrin ameliorates murine model of merosin-deficient congenital muscular dystrophy type 1A. Skelet. Muscle 5, 1–17.

Ebert, A. K., Reutter, H., Ludwig, M., and Rösch, W. H. (2009). The exstrophy-epispadias complex. Orphanet J. Rare Dis. 4, 1–17. doi: 10.1007/978-1-4757-3056-2_1

Ebert, A. K., Zwink, N., Reutter, H. M., Jenetzky, E., Stein, R., and Hölscher, A. C. (2020). Treatment strategies and outcome of the exstrophy–epispadias complex in germany: data from the german CURE-Net. Front. Pediatr. 8:174.

Elmi, A., Kajbafzadeh, A. M., Tourchi, A., Talab, S. S., and Esfahani, S. A. (2011). Safety, efficacy and health related quality of life of autologous myoblast transplantation for treatment of urinary incontinence in children with bladder exstrophy-epispadias complex. J. Urol. 186, 2021–2026. doi: 10.1016/j.juro.2011.07.029

Elsallab, M., Bravery, A. C., Kurtz, A., and Abou-El-Enein, M. (2020). Mitigating deficiencies in evidence during regulatory assessments of advanced therapies: a comparative study with other biologicals. Mol. Ther. Methods Clin. Dev. 18, 269–279. doi: 10.1016/j.omtm.2020.05.035

English, K., Tonlorenzi, R., Cossu, G., and Wood, K. J. (2013). Mesoangioblasts suppress T cell proliferation through IDO and PGE-2-dependent pathways. Stem Cells Dev. 22, 512–523. doi: 10.1089/scd.2012.0386

Escobar, H., Krause, A., Keiper, S., Kieshauer, J., Müthel, S., García, et al. (2021). Base editing repairs an SGCA mutation in human primary muscle stem cells. JCI Insight 13:145994.

European Medicines Agency (2019). Guideline on Quality, Non-Clinical and Clinical Requirements for Investigational Advanced Therapy Medicinal Products in Clinical Trials. Available online at https://www.ema.europa.eu/en/documents/scientific-guideline/draft-guideline-quality-non-clinical-clinical-requirements-investigational-advanced-therapy_en.pdf

Fabry, V., Sastourné-Arrey, Q., Girousse, A., Jeanson, Y., Uro-Coste, E., Cintas, P., et al. (2017). Impact of adipose-derived stem cells injection in a mouse model of inclusion body myositis. Neuromuscul. Disorder. 27:S155.

Feige, P., Brun, C. E., Ritso, M., and Rudnicki, M. A. (2018). Orienting muscle stem cells for regeneration in homeostasis, aging, and disease. Cell Stem Cell 23, 653–664. doi: 10.1016/j.stem.2018.10.006

Feng, S. W., Lu, X. L., Liu, Z. S., Zhang, Y. N., Liu, T. Y., and Li, J. L. (2008). Dynamic distribution of bone marrow-derived mesenchymal stromal cells and change of pathology after infusing into mdx mice. Cytotherapy 10, 254–264. doi: 10.1080/14653240802020381

Ferrari, G., Cusella-De Angelis, G., Coletta, M., Paolucci, E., Stornaiuolo, A., and Cossu, G. (1998). Muscle regeneration by bone marrow-derived myogenic progenitors. Science 279, 1528–1530. doi: 10.1126/science.279.5356.1528

Ferrari, G., Stornaiuolo, A., and Mavilio, F. (2001). Failure to correct murine muscular dystrophy. Nature 411, 1014–1015. doi: 10.1038/35082631

Ferrua, F., and Aiuti, A. (2017). Twenty-five years of gene therapy for ADA-SCID: from bubble babies to an approved drug. Hum. Gene Ther. 28, 972–981. doi: 10.1089/hum.2017.175

Filareto, A., Parker, S., Darabi, R., Borges, L., Iacovino, M., and Schaaf, T. (2013). An ex vivo gene therapy approach to treat muscular dystrophy using inducible pluripotent stem cells. Nat. Commun. 4:1549.

Filograna, R., Koolmeister, C., Upadhyay, M., Pajak, A., Clemente, P., Wibom, R., et al. (2019). Modulation of mtDNA copy number ameliorates the pathological consequences of a heteroplasmic mtDNA mutation in the mouse. Sci. Adv. 5:eaav9824. doi: 10.1126/sciadv.aav9824

Forcina, L., Cosentino, M., and Musarò, A. (2020). Mechanisms regulating muscle regeneration: insights into the interrelated and time-dependent phases of tissue healing. Cells 9:1297. doi: 10.3390/cells9051297

Frattini, P., Villa, C., De Santis, F., Meregalli, M., Belicchi, M., Erratico, S., et al. (2017). Autologous intramuscular transplantation of engineered satellite cells induces exosome-mediated systemic expression of Fukutin-related protein and rescues disease phenotype in a murine model of limb-girdle muscular dystrophy type 2I. Hum. Mol. Genet. 26, 3682–3698. doi: 10.1093/hmg/ddx252

Frudinger, A., Kölle, D., Schwaiger, W., Pfeifer, J., Paede, J., and Halligan, S. (2010). Muscle-derived cell injection to treat anal incontinence due to obstetric trauma: pilot study with 1 year follow-up. Gut 59, 55–61. doi: 10.1136/gut.2009.181347

Fry, C. S., Lee, J. D., Mula, J., Kirby, T. J., Jackson, J. R., Liu, F., et al. (2015). Inducible depletion of satellite cells in adult, sedentary mice impairs muscle regenerative capacity without affecting sarcopenia. Nat. Med. 21, 76–80. doi: 10.1038/nm.3710

Fu, K., Hartlen, R., Johns, T., Genge, A., Karpati, G., and Shoubridge, E. A. (1996). A novel heteroplasmic tRNAleu(CUN) mtDNA point mutation in a sporadic patient with mitochondrial encephalomyopathy segregates rapidly in skeletal muscle and suggests an approach to therapy. Hum. Mol. Genet. 5, 1835–1840. doi: 10.1093/hmg/5.11.1835

Furrer, R., and Handschin, C. (2019). Muscle wasting diseases: novel targets and treatments. Annu. Rev. Pharmacol. Toxicol. 59, 315–339. doi: 10.1146/annurev-pharmtox-010818-021041

Galvez, B. G., Sampaolesi, M., Brunelli, S., Covarello, D., Gavina, M., Rossi, B., et al. (2006). Complete repair of dystrophic skeletal muscle by mesoangioblasts with enhanced migration ability. J. Cell Biol. 174, 231–243. doi: 10.1083/jcb.200512085

Gang, E. J., Darabi, R., Bosnakovski, D., Xu, Z., Kamm, K. E., and Kyba, M. (2009). Engraftment of mesenchymal stem cells into dystrophin-deficient mice is not accompanied by functional recovery. Exp. Cell Res. 315, 2624–2636. doi: 10.1016/j.yexcr.2009.05.009

Gargioli, C., Coletta, M., De Grandis, F., Cannata, S. M., and Cossu, G. (2008). PlGF-MMP9 expressing cells restore microcirculation and efficacy of cell therapy in old dystrophic muscle. Nat. Med. 14, 973–978. doi: 10.1038/nm.1852

Gilbert, P. M., Havenstrite, K. L., Magnusson, K. E., Sacco, A., Leonardi, N., et al. (2010). Substrate elasticity regulates skeletal muscle stem cell self-renewal in culture. Science 329, 1078–1081. doi: 10.1126/science.1191035

Gomes, J. P., Coatti, G. C., Valadares, M. C., Assoni, A. F., Pelatti, M. V., and Secco, M. (2018). Human adipose-derived CD146+ stem cells increase life span of a muscular dystrophy mouse model more efficiently than mesenchymal stromal cells. DNA Cell Biol. 37, 798–804. doi: 10.1089/dna.2018.4158

Greaves, L. C., Yu-Wai-Man, P., Blakely, E. L., Krishnan, K. J., Beadle, N. E., Kerin, J., et al. (2010). Mitochondrial DNA defects and selective extraocular muscle involvement in CPEO. Invest. Ophthalmol. Vis. Sci. 51, 3340–3346. doi: 10.1167/iovs.09-4659

Greenberg, S. A. (2019). Inclusion body myositis: clinical features and pathogenesis. Nat. Rev. Rheumatol. 15, 257–272. doi: 10.1038/s41584-019-0186-x

Greenberg, S. A., Pinkus, J. L., Amato, A. A., Kristensen, T., and Dorfman, D. M. (2016). Association of inclusion body myositis with T cell large granular lymphocytic leukaemia. Brain 139, 1348–1360. doi: 10.1093/brain/aww024

Gussoni, E., Bennett, R. R., Muskiewicz, K. R., Meyerrose, T., Nolta, J. A., and Gilgoff, I. (2002). Long-term persistence of donor nuclei in a Duchenne muscular dystrophy patient receiving bone marrow transplantation. J. Clin. Invest. 110, 807–814. doi: 10.1172/jci0216098

Gussoni, E., Blau, H. M., and Kunkel, L. M. (1997). The fate of individual myoblasts after transplantation into muscles of DMD patients. Nat. Med. 3, 970–977. doi: 10.1038/nm0997-970

Gussoni, E., Soneoka, Y., Strickland, C. D., Buzney, E. A., Khan, M. K., Flint, A. F., et al. (1999). Dystrophin expression in the mdx mouse restored by stem cell transplantation. Nature 401, 390–394. doi: 10.1038/43919

Halter, J. P., Michael, W., Schupbach, M., Mandel, H., Casali, C., Orchard, K., et al. (2015). Allogeneic haematopoietic stem cell transplantation for mitochondrial neurogastrointestinal encephalomyopathy. Brain 138, 2847–2858.

Hashimoto, N., Murase, T., Kondo, S., Okuda, A., and Inagawa-Ogashiwa, M. (2004). Muscle reconstitution by muscle satellite cell descendants with stem cell-like properties. Development 131, 5481–5490. doi: 10.1242/dev.01395

He, R., Li, H., Wang, L., Li, Y., Zhang, Y., and Chen, M. (2020). Engraftment of human induced pluripotent stem cell-derived myogenic progenitors restores dystrophin in mice with duchenne muscular dystrophy. Biol. Res. 53:22.

He, W. A., Berardi, E., Cardillo, V. M., Acharyya, S., Aulino, P., Thomas-Ahner, J., et al. (2013). NF-κB-mediated Pax7 dysregulation in the muscle microenvironment promotes cancer cachexia. J. Clin. Invest. 123, 4821–4835. doi: 10.1172/jci68523

Hicks, M. R., Hiserodt, J., Paras, K., Fujiwara, W., Eskin, A., and Jan, M. (2018). ERBB3 and NGFR mark a distinct skeletal muscle progenitor cell in human development and hPSCs. Nat. Cell Biol. 20, 46–57. doi: 10.1038/s41556-017-0010-2

Hoffman, E. P., Brown, R. H., and Kunkel, L. M. (1987). Dystrophin: the protein product of the duchenne muscular dystrophy locus. Cell 51, 919–928. doi: 10.1016/0092-8674(87)90579-4

Huard, J., Bouchard, J. P., Roy, R., Malouin, F., Dansereau, G., Labrecque, C., et al. (1992). Human myoblast transplantation: preliminary results of 4 cases. Muscle Nerve 15, 550–560. doi: 10.1002/mus.880150504

Ichim, T. E., Alexandrescu, D. T., Solano, F., Lara, F., Campion, R. D. N., and Paris, E. (2010). Mesenchymal stem cells as anti-inflammatories: implications for treatment of Duchenne muscular dystrophy. Cell. Immunol. 260, 75–82. doi: 10.1016/j.cellimm.2009.10.006

Incitti, T., Magli, A., Darabi, R., Yuan, C., Lin, K., Arpke, R. W., et al. (2019). Pluripotent stem cell-derived myogenic progenitors remodel their molecular signature upon in vivo engraftment. Proc. Natl. Acad. Sci. U. S. A. 116, 4346–4351. doi: 10.1073/pnas.1808303116

Ito, N., Kii, I., Shimizu, N., Tanaka, H., and Takeda, S. (2017). Direct reprogramming of fibroblasts into skeletal muscle progenitor cells by transcription factors enriched in undifferentiated subpopulation of satellite cells. Sci. Rep. 7:8097.

Jankowski, R. J., Carlson, C., Robert, M., Carlson, K., Quinlan, D., and Eisenhardt, A. (2018). A double-blind, randomized, placebo-controlled clinical trial evaluating the safety and efficacy of autologous muscle derived cells in female subjects with stress urinary incontinence. Int. Urol. Nephrol. 50, 2153–2165. doi: 10.1007/s11255-018-2005-8

Jeppesen, T. D., Duno, M., Schwartz, M., Krag, T., Rafiq, J., Wibrand, F., et al. (2009). Short- and long-term effects of endurance training in patients with mitochondrial myopathy. Eur. J. Neurol. 16, 1336–1339. doi: 10.1111/j.1468-1331.2009.02660.x

Jeppesen, T. D., Schwartz, M., Frederiksen, A. L., Wibrand, F., Olsen, D. B., and Vissing, J. (2006). Muscle phenotype and mutation load in 51 persons with the 3243A>G mitochondrial DNA mutation. Arch. Neurol. 63, 1701–1706. doi: 10.1001/archneur.63.12.1701

Jo, A., Ham, S., Lee, G. H., Lee, Y. I., Kim, S., Lee, Y. S., et al. (2015). Efficient mitochondrial genome editing by CRISPR/Cas9. Biomed. Res. Int. 2015:305716.

Joe, A. W., Yi, L., Natarajan, A., Le Grand, F., So, L., Wang, J., et al. (2010). Muscle injury activates resident fibro/adipogenic progenitors that facilitate myogenesis. Nat. Cell Biol. 12, 153–163. doi: 10.1038/ncb2015

Kajbafzadeh, A. M., Elmi, A., Payabvash, S., Salmasi, A. H., Saeedi, P., and Mohamadkhani, A. (2008). Transurethral autologous myoblast injection for treatment of urinary incontinence in children with classic bladder exstrophy. J. Urol. 180, 1098–1105. doi: 10.1016/j.juro.2008.05.057

Kang, P. B., Lidov, G. W., White, H. A. J., Mitchell, M., Balasubramanian, A., and Estrella, E. (2010). Inefficient dystrophin expression after cord blood transplantation in duchenne muscular dystrophy. Muscle Nerve 41, 746–750. doi: 10.1002/mus.21702

Karpati, G., Ajdukovic, D., Arnold, D., Gledhill, R. B., Guttmann, R., and Holland, P. (1993). Myoblast transfer in Duchenne muscular dystrophy. Ann. Neurol. 34, 8–17.

Keefe, A. C., Lawson, J. A., Flygare, S. D., Fox, Z. D., Colasanto, M. P., Mathew, S. J., et al. (2015). Muscle stem cells contribute to myofibres in sedentary adult mice. Nat. Commun. 6:7087.

Kerkis, I., Ambrosio, C. E., Kerkis, A., Martins, D. S., Zucconi, E., Fonseca, A. S. S., et al. (2008). Early transplantation of human immature dental pulp stem cells from baby teeth to golden retriever muscular dystrophy (GRMD) dogs: local or systemic? J. Transl. Med. 6:35. doi: 10.1186/1479-5876-6-35

Klimczak, A., Zimna, A., Malcher, A., Kozlowska, U., Futoma, K., and Czarnota, J. (2020). Co-transplantation of bone marrow-MSCs and Myogenic stem/progenitor cells from adult donors improves muscle function of patients with duchenne muscular dystrophy. Cells 9:1119. doi: 10.3390/cells9051119

Kuehn, B. M. (2006). Silence masks prevalence of fecal incontinence. JAMA 295, 1362–1363.

LaCross, A., Groff, M., and Smaldone, A. (2015). Obstetric anal sphincter injury and anal incontinence following vaginal birth: a systematic review and meta-analysis. J. Midwifery Womens Health 60, 37–47. doi: 10.1111/jmwh.12283

Lam, T. C. F., Kennedy, M. L., Chen, F. C., Lubowski, D. Z., and Talley, N. J. (1999). Prevalence of faecal incontinence: obstetric and constipation-related risk factors; a population-based study. Colorectal Dis. 1, 197–203. doi: 10.1046/j.1463-1318.1999.00044.x

Lanza, R., Russell, D. W., and Nagy, A. (2019). Engineering universal cells that evade immune detection. Nat. Rev. Immunol. 19, 723–733. doi: 10.1038/s41577-019-0200-1

Leriche-Guérin, K., Anderson, L. V., Wrogemann, K., Roy, B., and Goulet, M. (2002). Tremblay Dysferlin expression after normal myoblast transplantation in SCID and in SJL mice. Neuromuscul. Disord. 12, 167–173. doi: 10.1016/s0960-8966(01)00254-1

Li, P., Cui, K., Zhang, B., Wang, Z., Shen, Y., Wang, X., et al. (2015). Transplantation of human umbilical cord-derived mesenchymal stems cells for the treatment of Becker muscular dystrophy in affected pedigree members. Int. J. Mol. Med. 35, 1051–1057. doi: 10.3892/ijmm.2015.2084

Liang, Q., Moretti, C., Shutova, M. V., Neely, E. J., Hacibekiroglu, S., Yang, H., et al. (2018). Linking a cell-division gene and a suicide gene to define and improve cell therapy safety. Nature 563, 701–704. doi: 10.1038/s41586-018-0733-7

Lightowlers, R. N., Taylor, R. W., and Turnbull, D. M. (2015). Mutations causing mitochondrial disease: what is new and what challenges remain? Science 349, 1494–1499. doi: 10.1126/science.aac7516

Liu, N., Garry, G. A., Li, S., Bezprozvannaya, S., Sanchez-Ortiz, E., Chen, B., et al. (2017). A Twist2-dependent progenitor cell contributes to adult skeletal muscle. Nat. Cell Biol. 19, 202–213. doi: 10.1038/ncb3477

Liu, W., Wen, Y., Bi, P., Lai, X., Liu, X. S., Liu, X., et al. (2012). Hypoxia promotes satellite cell self-renewal and enhances the efficiency of myoblast transplantation. Development 139, 2857–2865. doi: 10.1242/dev.079665

Liu, Y., Yan, X., Sun, Z., Chen, B., Han, Q., and Li, J. (2007). Flk-1+ adipose-derived mesenchymal stem cells differentiate into skeletal muscle satellite cells and ameliorate muscular dystrophy in MDX Mice. Stem Cells Dev. 16, 695–706. doi: 10.1089/scd.2006.0118

Łoboda, A., and Dulak, J. (2020). Muscle and cardiac therapeutic strategies for Duchenne muscular dystrophy: past, present, and future. Pharmacol. Rep. 72, 1227–1263. doi: 10.1007/s43440-020-00134-x

Lu, A., Poddar, M., Tang, Y., Proto, J. D., Sohn, J., Mu, X., et al. (2014). Rapid depletion of muscle progenitor cells in dystrophic mdx/utrophin-/- mice. Hum. Mol. Genet. 23, 4786–4800. doi: 10.1093/hmg/ddu194

Maesner, C. C., Almada, A. E., and Wagers, A. J. (2016). Established cell surface markers efficiently isolate highly overlapping populations of skeletal muscle satellite cells by fluorescence-activated cell sorting. Skelet. Muscle 6:35.

Maffioletti, S. M., Gerli, M. F., Ragazzi, M., Dastidar, S., Benedetti, S., Loperfido, M., et al. (2015). Efficient derivation and inducible differentiation of expandable skeletal myogenic cells from human ES and patient-specific iPS cells. Nat. Protoc. 10, 941–958. doi: 10.1038/nprot.2015.057

Magli, A., and Perlingeiro, R. C. R. (2017). Myogenic progenitor specification from pluripotent stem cells. Semin. Cell Dev. Biol. 72, 87–98. doi: 10.1016/j.semcdb.2017.10.031

Magli, A., Incitti, T., Kiley, J., Swason, S. A., Darabi, R., Rinaldi, F., et al. (2017). PAX7 Targets, CD54, integrin alpha9beta1, and SDC2, allow isolation of human ESC/iPSC-derived myogenic progenitors. Cell Rep. 19, 2867–2877. doi: 10.1016/j.celrep.2017.06.005

Marg, A., Escobar, H., Gloy, S., Kufeld, M., Zacher, J., Spuler, A., et al. (2014). Human satellite cells have regenerative capacity and are genetically manipulable. J. Clin. Invest. 124, 4257–4265. doi: 10.1172/jci63992

Marg, A., Escobar, H., Karaiskos, N., Grunwald, S. A., Metzler, E., Kieshauer, J., et al. (2019). Human muscle-derived CLEC14A-positive cells regenerate muscle independent of PAX7. Nat. Commun. 10:5776.

Mariampillai, K., Granger, B., Amelin, D., Guiguet, M., Hachulla, E., Maurier, F., et al. (2018). Development of a new classification system for idiopathic inflammatory myopathies based on clinical manifestations and myositis-specific autoantibodies. JAMA Neurol. 75, 1528–1537. doi: 10.1001/jamaneurol.2018.2598

Martin, I., Galipeau, J., Kessler, C., Le Blanc, K., and Dazzi, F. (2019). Challenges for mesenchymal stromal cell therapies. Sci. Transl. Med. 11:eaat2189. doi: 10.1126/scitranslmed.aat2189

Maruf, M., Manyevitch, R., Michaud, J., Jayman, J., Kasprenski, M., and Zaman, M. H. (2020). Urinary continence outcomes in classic bladder exstrophy: a long-term perspective. J. Urol. 203, 200–205. doi: 10.1097/ju.0000000000000505

Matthias, N., Hunt, S. D., Wu, J., Lo, J., Smith Callahan, L. A., Li, Y., et al. (2018). Volumetric muscle loss injury repair using in situ fibrin gel cast seeded with muscle-derived stem cells (MDSCs). Stem Cell Res. 27, 65–73. doi: 10.1016/j.scr.2018.01.008

Mauro, A. (1961). Satellite cell of skeletal muscle fibers. J. Biophys. Biochem. Cytol. 9, 493–495. doi: 10.1083/jcb.9.2.493

Mendell, J. R., Kissel, J. T., Amato, A. A., King, W., Signore, L., Prior, T. W., et al. (1995). Myoblast transfer in the treatment of Duchenne’s muscular dystrophy. N. Engl. J. Med. 333, 832–838.

Meng, J., Muntoni, F., and JMorgan, J. (2018). CD133+ cells derived from skeletal muscles of Duchenne muscular dystrophy patients have a compromised myogenic and muscle regenerative capability. Stem Cell Res. 30, 43–52. doi: 10.1016/j.scr.2018.05.004

Meregalli, M., Navarro, C., Sitzia, C., Farini, A., Montani, E., Wein, N., et al. (2013). Full-length dysferlin expression driven by engineered human dystrophic blood derived CD133+ stem cells. FEBS J. 280, 6045–6060. doi: 10.1111/febs.12523

Meyer, A., Meyer, N., Schaeffer, M., Gottenberg, J.-E., and Geny, B. (2015). Incidence and prevalence of inflammatory myopathies: a systematic review. Rheumatology 54, 50–63. doi: 10.1093/rheumatology/keu289

Miller, R. G., Sharma, K. R., Pavlath, G. K., Gussoni, E., Mynhier, M., Lanctot, A. M., et al. (1997). Myoblast implantation in Duchenne muscular dystrophy: the San Francisco study. Muscle Nerve 20, 469–478. doi: 10.1002/(sici)1097-4598(199704)20:4<469::aid-mus10>3.0.co;2-u

Minasi, M. G., Riminucci, M., De Angelis, L., Borello, U., Berarducci, B., and Innocenzi, A. (2002). The meso-angioblast: a multipotent, self-renewing cell that originates from the dorsal aorta and differentiates into most mesodermal tissues. Development 129, 2773–2783. doi: 10.1242/dev.129.11.2773

Minetto, M. A., Busso, C., Gamerro, G., Lalli, P., Massazza, G., and Invernizzi, M. (2021). Quantitative assessment of volumetric muscle loss: Dual-energy X-ray absorptiometry and ultrasonography. Curr. Opin. Pharmacol. 57, 148–156. doi: 10.1016/j.coph.2021.02.002

Mitchell, K. J., Pannerec, A., Cadot, B., Parlakian, A., Besson, V., Gomes, E. R., et al. (2010). Identification and characterization of a non-satellite cell muscle resident progenitor during postnatal development. Nat. Cell Biol. 12, 257–266. doi: 10.1038/ncb2025

Mizuno, Y., Chang, H., Umeda, K., Niwa, A., Iwasa, T., and Awaya, T. (2010). Generation of skeletal muscle stem/progenitor cells from murine induced pluripotent stem cells. FASEB J. 24, 2245–2253. doi: 10.1096/fj.09-137174

Mollard, P., and Mure, P. Y. (2001). Young-dees-leadbetter variants: mollard bladder neck repair. Atlas Urologic Clinics 9, 9–16. doi: 10.1016/s1063-5777(05)70073-6

Montarras, D., Morgan, J., Collins, C., Relaix, F., Zaffran, S., Cumano, A., et al. (2005). Direct isolation of satellite cells for skeletal muscle regeneration. Science 309, 2064–2067. doi: 10.1126/science.1114758

Moraes, C. T., DiMauro, S., Zeviani, M., Lombes, A., Shanske, S., Miranda, A. F., et al. (1989). Mitochondrial DNA deletions in progressive external ophthalmoplegia and Kearns-Sayre syndrome. N. Engl. J. Med. 320, 1293–1299. doi: 10.1056/nejm198905183202001

Morgan, J. E., Pagel, C. N., Sherratt, T., and Partridge, T. A. (1993). Long-term persistence and migration of myogenic cells injected into pre-irradiated muscles of mdx mice. J. Neurol. Sci. 115, 191–200. doi: 10.1016/0022-510x(93)90224-m

Morgan, J., Rouche, A., Bausero, P., Houssaini, A., Gross, J., and Fiszman, M. Y. (2010). Alameddine, H.S., MMP-9 overexpression improves myogenic cell migration and engraftment. Muscle Nerve 42, 584–595. doi: 10.1002/mus.21737

Mouriquand, P. D., Bubanji, T., Feyaerts, A., Jandric, M., Timsit, M., Mollard, P., et al. (2003). Long-term results of bladder neck reconstruction for incontinence in children with classical bladder exstrophy or incontinent epispadias. BJU Int. 92, 997–1001. doi: 10.1111/j.1464-410x.2003.04518.x

Murphy, J. L., Blakeley, E. L., Schaefer, A. M., Langping, H., Wyrick, P., Haller, R. G., et al. (2008). Resistance training in patients with single, large-scale deletions of mitochondrial. DNA Brain 131, 2832–2840. doi: 10.1093/brain/awn252

Muskiewicz, K. R., Frank, N. Y., Flint, A. F., and Gussoni, E. (2005). Myogenic potential of muscle side and main population cells after intravenous injection into sub-lethally irradiated mdx mice. J. Histochem. Cytochem. 53, 861–873. doi: 10.1369/jhc.4a6573.2005

Nederveen, J. P., Joanisse, S., Snijders, T., Thomas, A. C. Q., Kumbhare, D., and Parise, G. (2018). The influence of capillarization on satellite cell pool expansion and activation following exercise-induced muscle damage in healthy young men. J. Physiol. 596, 1063–1078. doi: 10.1113/jp275155

Negroni, E., Bigot, A., Butler-Browne, G. S., Trollet, C., and Mouly, V. (2016). Cellular therapies for muscular dystrophies: frustrations and clinical success. Hum. Gene Ther. 27, 117–126. doi: 10.1089/hum.2015.139

Negroni, E., Riederer, I., Coaouch, S., Belicchi, M., Razini, P., Di Santo, J., et al. (2009). Mol. Ther. 17, 1771–17778. doi: 10.1038/mt2009.157

Neumeyer, A. M., Cros, D., McKenna-Yasek, D., Zawadzka, A., Hoffman, E. P., Pegoraro, E., et al. (1998). Pilot study of myoblast transfer in the treatment of Becker muscular dystrophy. Neurology 51, 589–592. doi: 10.1212/wnl.51.2.589

Norton, P., and Brubaker, L. (2006). Urinary incontinence in women. Lancet 367, 57–67.

Oldroyd, A., Lilleker, J., and Chinoy, H. (2017). Idiopathic inflammatory myopathies – a guide to subtypes, diagnostic approach and treatment. Clin. Med. 17, 322–328. doi: 10.7861/clinmedicine.17-4-322

Ono, Y., Calhabeu, F., Morgan, J. E., Katagiri, T., Amthor, H., and Zammit, P. S. (2011). BMP signalling permits population expansion by preventing premature myogenic differentiation in muscle satellite cells. Cell Death Differ. 18, 222–234. doi: 10.1038/cdd.2010.95

Ortiz-Vitali, J. L., and Darabi, R. (2019). iPSCs as a platform for disease modeling, drug screening, and personalized therapy in muscular dystrophies. Cells 8:20. doi: 10.3390/cells8010020

Pandya, J. M., Loell, I., Hossain, M. S., Zong, M., Alexanderson, H., Raghavan, S., et al. (2016). Effects of conventional immunosuppressive treatment on CD244+ (CD28null) and FOXP3+ T cells in the inflamed muscle of patients with polymyositis and dermatomyositis. Arthritis Res. Ther. 18:80.

Parés, D., Martinez-Franco, E., Lorente, N., Viguer, J., Lopez-Negre, J. L., and Mendez, J. R. (2015). Prevalence of fecal incontinence in women during pregnancy: a large cross-sectional study. Dis. Colon Rectum 58, 1098–1103. doi: 10.1097/dcr.0000000000000471

Partridge, T. A., Morgan, J. E., Coulton, G. R., Hoffman, E. P., and Kunkel, L. M. (1989). Conversion of mdx myofibres from dystrophin-negative to -positive by injection of normal myoblasts. Nature 337, 176–179. doi: 10.1038/337176a0

Pelatti, M. V., Gomes, J. P., Vieira, N. M., Cangussu, E., Landini, V., Andrade, T., et al. (2016). Transplantation of human adipose mesenchymal stem cells in non-immunosuppressed GRMD dogs is a safe procedure. Stem Cell Rev. Rep. 12, 448–453. doi: 10.1007/s12015-016-9659-3

Périe, S., Mamchaoui, K., Mouly, V., Blot, S., Bouazza, B., Thornell, L. E., et al. (2006). Premature proliferative arrest of cricopharyngeal myoblasts in oculo-pharyngeal muscular dystrophy: therapeutic perspectives of autologous myoblast transplantation. Neuromuscul. Disord. 16, 770–781. doi: 10.1016/j.nmd.2006.07.022

Périé, S., Trollet, C., Mouly, V., Vanneaux, V., Mamchaoui, K., et al. (2014). Autologous myoblast transplantation for oculopharyngeal muscular dystrophy: a phase I/IIa clinical study. Mol. Ther. 22, 219–225. doi: 10.1038/mt.2013.155

Perry, S., Shaw, C., McGrother, C., Matthews, R. J., Assassa, R. P., Dallosso, H., et al. (2002). MRC incontinence study team. prevalence of fecal incontinence in adults aged 40 years of more living in the community. Gut 50, 480–484. doi: 10.1136/gut.50.4.480

Petrany, M. J., and Millay, D. P. (2019). Cell fusion: merging membranes and making muscle. Trends Cell Biol. 29, 964–973. doi: 10.1016/j.tcb.2019.09.002

Pfeffer, G., Majamaa, K., Turnbull, D. M., Thorburn, D., and Chinnery, P. F. (2012). Treatment for mitochondrial disorders. Cochrane Database Syst. Rev. 4:CD004426.

Porrett, P. M., Hashmi, S. K., and Shaked, A. (2014). Immunosuppression: trends and tolerance? Clin. Liver Dis. 18, 687–716.

Rocheteau, P., Gayraud-Morel, B., Siegl-Cachedenier, I., Blasco, M. A., and Tajbakhsh, S. (2012). A subpopulation of adult skeletal muscle stem cells retains all template DNA strands after cell division. Cell 148, 112–125. doi: 10.1016/j.cell.2011.11.049

Rodriguez, A. M., Pisani, D., Dechesne, C. A., Turc-Carel, C., Kurzenne, J. Y., Wdziekonski, B., et al. (2005). Transplantation of a multipotent cell population from human adipose tissue induces dystrophin expression in the immunocompetent mdx mouse. J. Exp. Med. 201, 1397–1405. doi: 10.1084/jem.20042224

Rose, M. R., Jones, K., Leong, K., Walter, M. C., Miller, J., Dalakas, M. C., et al. (2015). Treatment for inclusion body myositis. Cochrane Database Syst. Rev. 6:CD001555.

Rotini, A., Martínez-Sarrà, E., Pozzo, E., and Sampaolesi, M. (2018). Interactions between microRNAs and long non-coding RNAs in cardiac development and repair. Pharmacol. Res. 127, 58–66. doi: 10.1016/j.phrs.2017.05.029

Sacchetti, B., Funari, A., Michienzi, S., Di Cesare, S., Piersanti, S., Saggio, I., et al. (2007). Self-renewing osteoprogenitors in bone marrow sinusoids can organize a hematopoietic microenvironment. Cell 131, 324–336. doi: 10.1016/j.cell.2007.08.025

Sacco, A., Doyonnas, R., Kraft, P., Vitorovic, S., and Blau, H. M. (2008). Self-renewal and expansion of single transplanted muscle stem cells. Nature 456, 502–506. doi: 10.1038/nature07384

Sampaolesi, M., Blot, S., D’Antona, G., Granger, N., Tonlorenzi, R., Innocenzi, A. P., et al. (2006). Mesoangioblast stem cells ameliorate muscle function in dystrophic dogs. Nature 444, 574–579. doi: 10.1038/nature05282

Sampaolesi, M., Torrente, Y., Innocenzi, A., Tonlorenzi, R., D’Antona, G., and Pellegrino, M. A. (2003). Cell therapy of α-sarcoglycan null dystrophic mice through intra-arterial delivery of mesoangioblasts. Science 301, 487–492. doi: 10.1126/science.1082254

Sato, T., Higashioka, K., Sakurai, H., Yamamoto, T., Goshima, N., Ueno, M., et al. (2019). Core transcription factors promote induction of PAX3-positive skeletal muscle stem cells. Stem Cell Rep. 13, 352–365. doi: 10.1016/j.stemcr.2019.06.006

Scharner, J., and Zammit, P. S. (2011). The muscle satellite cell at 50: the formative years. Skelet. Muscle 1:28. doi: 10.1186/2044-5040-1-28

Schrey, A., Airas, L., Jokela, M., and Pulkkinen, J. (2017). Botulinum toxin alleviates dysphagia of patients with inclusion body myositis. J. Neurol. Sci. 380, 142–147. doi: 10.1016/j.jns.2017.07.031

Scimeca, M., Piccirilli, E., Mastrangeli, F., Rao, C., Feola, M., Orlandi, A., et al. (2017). Bone morphogenetic proteins and myostatin pathways: key mediator of human sarcopenia. J. Transl. Med. 15:34.

Seale, P., Sabourin, L. A., Girgis-Gabardo, A., Mansouri, A., Gruss, P., and Rudnicki, M. A. (2000). Pax7 is required for the specification of myogenic satellite cells. Cell 102, 777–786. doi: 10.1016/s0092-8674(00)00066-0

Shabbir, A., Zisa, D., Leiker, M., Johnston, C., Lin, H., and Lee, T. (2008). Muscular dystrophy therapy by nonautologous mesenchymal stem cells: muscle regeneration without immunosuppression and inflammation. Transplantation 87, 1275–1282. doi: 10.1097/tp.0b013e3181a1719b

Sharma, G., Sharma, A. R., Bhattacharya, M., Lee, S. S., and Chakraborty, C. (2021). CRISPR-Cas9: a preclinical and clinical perspective for the treatment of human diseases. Mol. Ther. 29, 571–586. doi: 10.1016/j.ymthe.2020.09.028

Shieh, P. B. (2013). Muscular dystrophies and other genetic myopathies. Neurol. Clin. 31, 1009–1029. doi: 10.1016/j.ncl.2013.04.004

Shoubridge, E. A., Johns, T., and Karpati, G. (1997). Complete restoration of a wild-type mtDNA genotype in regenerating muscle fibres in a patient with a tRNA point mutation and mitochondrial encephalomyopathy. Hum. Mol. Genet. 6, 2239–2242. doi: 10.1093/hmg/6.13.2239

Shoukry, A. I., Ziada, A. M., Morsi, H. A., Habib, E. I., Aref, A., and Badawy, H. A. (2009). Outcome of complete primary bladder exstrophy repair: single-center experience. J. Pediatr. Urol. 5, 496–499. doi: 10.1016/j.jpurol.2009.03.015

Siproudhis, L., Pigot, F., Godeberge, P., Damon, H., Soudan, D., and Bigard, M. A. (2006). Defecation disorders: a Frencj population survey. Dis. Colon. Rectum 49, 219–227. doi: 10.1007/s10350-005-0249-8

Sitzia, C., Farini, A., Jardim, L., Razini, P., Belicchi, M., and Cassinelli, L. (2016). Adaptive immune response impairs the efficacy of autologous transplantation of engineered stem cells in dystrophic dogs. Mol. Ther. 24, 1949–1964. doi: 10.1038/mt.2016.163

Skuk, D., and Tremblay, J. P. (2012). Necrosis, sarcolemmal damage and apoptotic events in myofibers rejected by CD8+ lymphocytes: observations in nonhuman primates. Neuromuscul. Disord. 22, 997–1005. doi: 10.1016/j.nmd.2012.05.005

Skuk, D., and Tremblay, J. P. (2014). First study of intra-arterial delivery of myogenic mononuclear cells to skeletal muscles in primates. Cell Transplant. 23, S141–S150.

Skuk, D., and Tremblay, J. P. (2014). Clarifying misconceptions about myoblast transplantation in myology. Mol. Ther. 22, 897–898. doi: 10.1038/mt.2014.57

Skuk, D., and Tremblay, J. P. (2017). De novo circulating Antidonor’s cell antibodies during induced acute rejection of allogeneic myofibers in myogenic cell transplantation: a study in nonhuman primates. Transplant. Direct 3:e228. doi: 10.1097/txd.0000000000000740

Skuk, D., and Tremblay, J. P. (2020). Human muscle precursor cells form human-derived myofibers in skeletal muscles of nonhuman primates: a potential new preclinical setting to test myogenic cells of human origin for cell therapy of myopathies. J. Neuropathol. Exp. Neurol. 79, 1265–1275. doi: 10.1093/jnen/nlaa110

Skuk, D., Goulet, M., and Tremblay, J. P. (2011). Transplanted myoblasts can migrate several millimeters to fuse with damaged myofibers in nonhuman primate skeletal muscle. J. Neuropathol. Exp. Neurol. 70, 770–778. doi: 10.1097/nen.0b013e31822a6baa

Skuk, D., Goulet, M., and Tremblay, J. P. (2014). Intramuscular transplantation of myogenic cells in primates: importance of needle size, cell number, and injection volume. Cell Transplant. 23, 13–25. doi: 10.3727/096368912x661337

Skuk, D., Goulet, M., Roy, B., Chapdelaine, P., Bouchard, J. P., Roy, R., et al. (2006). Dystrophin expression in muscles of duchenne muscular dystrophy patients after high-density injections of normal myogenic cells. J. Neuropathol. Exp. Neurol. 65, 371–386. doi: 10.1097/01.jnen.0000218443.45782.81

Skuk, D., Roy, B., Goulet, M., Chapdelaine, P., Bouchard, J. P., Roy, R., et al. (2004). Dystrophin expression in myofibers of Duchenne muscular dystrophy patients following intramuscular injections of normal myogenic cells. Mol. Ther. 9, 475–482. doi: 10.1016/j.ymthe.2003.11.023

Snijders, T., Nederveen, J. P., McKay, B. R., Joanisse, S., Verdijk, L. B., van Loon, L. J., et al. (2015). Satellite cells in human muscle plasticity. Front. Physiol. 6:283.

Spendiff, S., Reza, M., Murphy, J. L., Gorman, G., Blakeley, E. L., Taylor, R. W., et al. (2013). Mitochondrial DNA deletions in muscle satellite cells: implications for therapies. Hum. Mol. Genet. 22, 4739–4747. doi: 10.1093/hmg/ddt327

Staal, F. J. T., Aiuti, A., and Cavazzana, M. (2019). Autologus stem-cell-based gene therapy for inherited disorders: state of the art and perspectives. Front. Pediatr. 7:443.

Sun, C., Serra, C., Lee, G., and Wagner, K. R. (2020). Stem cell-based therapies for Duchenne muscular dystrophy. Exp. Neurol. 323:113086. doi: 10.1016/j.expneurol.2019.113086

Surer, I., Ferrer, F. A., Baker, L. A., and Gearhart, J. P. (2003). Continent urinary diversion and the exstrophy-epispadias complex. J. Urol. 169, 1102–1105. doi: 10.1097/01.ju.0000044921.19074.d0

Suzuki, N., Yamazaki, S., Yamaguchi, T., Okabe, M., Masaki, H., Takaki, S., et al. (2013). Generation of engraftable hematopoietic stem cells from induced pluripotent stem cells by way of teratoma formation. Mol. Ther. 21, 1424–1431. doi: 10.1038/mt.2013.71

Taivassalo, T., Dysgaard Jensen, T., Kennawat, N., DiMauro, S., Vissing, J., and Haller, R. G. (2003). The spectrum of exercise tolerance in mitochondrial myopathies: a study of 40 patients. Brain J. Neurol. 126(Pt 2), 413–423. doi: 10.1093/brain/awg028

Taivassalo, T., Fu, K., Johns, T., Arnold, D., Karpati, G., and Shoubridge, E. A. (1999). Gene shifting: a novel therapy for mitochondrial myopathy. Hum. Mol. Genet. 8, 1047–1052. doi: 10.1093/hmg/8.6.1047

Taivassalo, T., Shoubridge, E. A., Chen, J., Kennaway, N. G., DiMauro, S., Arnold, D. L., et al. (2001). Aerobic conditioning in patients with mitochondrial myopathies: physiological, biochemical, and genetic effects. Ann. Neurol. 50, 133–141. doi: 10.1002/ana.1050

Tedesco, F. S., Gerli, F. M., Perani, M. L., Benedetti, S., Ungaro, F., and Cassano, M. (2012). Transplantation of genetically corrected human iPSC-derived progenitors in mice with limb-girdle muscular dystrophy. Sci. Transl. Med. 4:140ra89. doi: 10.1126/scitranslmed.3003541

Tedesco, F. S., Hoshiya, H., D’Antona, G., Gerli, F. M. M., Messina, G., Antonini, S., et al. (2011). Stem cell-mediated transfer of a human artificial chromosome ameliorates muscular dystrophy. Sci. Transl. Med. 3:96ra78. doi: 10.1126/scitranslmed.3002342

The European Parliament and the Council of the European Union (2007). Regulation (EC) No 1394/2007 of the European parliament and of the Council of 13 November 2007 on advanced therapy medicinal products and amending Directive 2001/83/EC and regulation (EC) No 726/2004. Official J. Eur. Union.

Thin, N. N., Horrocks, E. J., Hotouras, A., Palit, S., Thaha, M. A., and Chan, C. L. (2013). Systematic review of the clinical effectiveness of neuromodulation in the treatment of faecal incontinence. Br. J. Surg. 100, 1430–1447. doi: 10.1002/bjs.9226

Torrente, Y., Belicchi, M., Marchesi, C., D’Antona, G., Cogiamanian, F., and Pisati, F. (2007). Autologous transplantation of muscle-derived CD133+ stem cells in Duchenne muscle patients. Cell Transplant. 16, 563–577. doi: 10.3727/000000007783465064

Torrente, Y., Belicchi, M., Sampaolesi, M., Pisati, F., Meregalli, M., D’Antona, G., et al. (2004). Human circulating AC133+ stem cells restore dystrophin expression and ameliorate function in dystrophic skeletal muscle. J. Clin. Invest. 114, 182–195. doi: 10.1172/jci20325

Tremblay, J. P., Malouin, F., Roy, R., Huard, J., Bouchard, J. P., Satoh, A., et al. (1993). Results of a triple blind clinical study of myoblast transplantations without immunosuppressive treatment in young boys with Duchenne muscular dystrophy. Cell Transplant. 2, 99–112. doi: 10.1177/096368979300200203

Uezumi, A., Nakatani, M., Ikemoto-Uezumi, M., Yamamoto, N., Morita, M., Yamaguchi, A., et al. (2016). Cell-surface protein profiling identifies distinctive markers of progenitor cells in human skeletal muscle. Stem Cell Rep. 7, 263–278. doi: 10.1016/j.stemcr.2016.07.004

Valero, M. C., Huntsman, H. D., Liu, J., Zou, K., and Boppart, M. D. (2012). Eccentric exercise facilitates mesenchymal stem cell appearance in skeletal muscle. PLoS One 7:e29760. doi: 10.1371/journal.pone.0029760

van Tienen, F., Zelissen, R., Timmer, E., van Gisbergen, M., Lindsey, P., Quattrocelli, M., et al. (2019). Healthy, mtDNA-mutation free mesoangioblasts from mtDNA patients qualify for autologous therapy. Stem Cell Res. Ther. 10:405.

Vieira, N. M., Valadares, M., Zucconi, E., Secco, M., Bueno, Jr., Cr, et al. (2012). Human adipose-derived mesenchymal stromal cells injected systemically into GRMD dogs without immunosuppression are able to reach the host muscle and express human dystrophin. Cell Transplant. 21, 1407–1417. doi: 10.3727/096368911x

Vieira, N. M., Zucconi, E., Bueno, C. R., Secco, M., Suzuki, M. F., Bartolin, P., et al. (2010). Human multipotent mesenchymal stromal cells from distinct sources show different in vivo potential to differentiate into muscle cells when injected in dystrophic mice. Stem Cell Rev. Rep. 6, 560–566. doi: 10.1007/s12015-010-9187-5

Vilquin, J. T., Guérette, B., Puymirat, J., Yaffe, D., Tomé, F. M., Fardeau, M., et al. (1999). Myoblast transplantations lead to the expression of the laminin alpha 2 chain in normal and dystrophic (dy/dy) mouse muscles. Gene Ther. 6, 792–800. doi: 10.1038/sj.gt.3300889

Wilson, J. M., and Flotte, T. R. (2020). Moving forward after two deaths in a gene therapy trial of myotubular myopathy. Hum. Gene Ther. 14, 695–696. doi: 10.1089/hum.2020.182

Wu, J., Matthias, N., Bhalla, S., and Darabi, R. (2021). Evaluation of the therapeutic potential of human iPSCs in a murine model of VML. Mol. Ther. J. 29, 121–131. doi: 10.1016/j.ymthe.2020.09.012

Wu, J., Matthias, N., Lo, J., Ortiz-Viali, J. L., Shieh, A. W., Wang, S. H., et al. (2018). A myogenic double-reporter human pluripotent stem cell line allows prospective isolation of skeletal muscle progenitors. Cell Rep. 25, 1966–1981 e4.

Xi, H., Fujiwara, W., Gonzalez, K., Jan, M., Liebscher, S., Van Handel, B., et al. (2017). In vivo human somitogenesis guides somite development from hPSCs. Cell Rep. 18, 1573–1585. doi: 10.1016/j.celrep.2017.01.040

Yamada, Y., Akita, H., Kamiya, H., Kogure, K., Yamamoto, T., Shinodara, Y., et al. (2008). MITO-Porter: a liposome-based carrier system for delivery of macromolecules into mitochondria via membrane fusion. Biochim. Biophys. Acta 1778, 423–432. doi: 10.1016/j.bbamem.2007.11.002

Young, C. S., Hicks, M. R., Ermolova, N. V., Nakano, H., Jan, M., and Younesi, S. (2016). A single CRISPR-Cas9 deletion strategy that targets the majority of DMD patients restores dystrophin function in hiPSC-derived muscle cells. Cell Stem Cell 18, 533–540. doi: 10.1016/j.stem.2016.01.021

Zhao, M., Tazumi, A., Takayama, S., Takenaka-Ninagawa, N., Nalbandian, M., and Nagai, M. (2020). Induced fetal human muscle stem cells with high therapeutic potential in a mouse muscular dystrophy model. Stem Cell Rep. 15, 80–94. doi: 10.1016/j.stemcr.2020.06.004

Zhu, C. H., Mouly, V., Cooper, R. N., Mamchaoui, K., Bigot, A., and Shay, J. W. (2007). Cellular senescence in human myoblasts is overcome by human telomerase reverse transcriptase and cyclin-dependent kinase 4: consequences in aging muscle and therapeutic strategies for muscular dystrophies. Aging Cell 6, 515–523. doi: 10.1111/j.1474-9726.2007.00306.x


Author Disclaimer: The views expressed in this publication are those of the authors and not necessarily those of the funding bodies.

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Boyer, Butler-Browne, Chinoy, Cossu, Galli, Lilleker, Magli, Mouly, Perlingeiro, Previtali, Sampaolesi, Smeets, Schoewel-Wolf, Spuler, Torrente, Van Tienen and Study Group. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Myogenic Cell Transplantation in Genetic and Acquired Diseases of Skeletal Muscle



		INTRODUCTION



		BRIEF HISTORY OF CELL THERAPY FOR MUSCLE



		DIFFERENT TYPES OF PROGENITOR CELLS FOR TRANSPLANTATION



		Satellite Cells



		Myoblasts



		Side Population and Interstitial Muscle Cells



		Mesoangioblasts (MABs)



		Bone Marrow Derived-Hematopoietic Stem Cells and CD133+ Cells



		Mesenchymal Stromal Cells



		Pluripotent Stem Cell-Derived Myogenic Progenitors



		Novel Technologies That Could Improve Cell Therapy of Muscle Disorders







		CELL TRANSPLANTATION IN DUCHENNE MUSCULAR DYSTROPHY



		Myoblasts



		Mesoangioblasts (MABs)



		Bone Marrow Derived-Hematopoietic Stem Cells (HSCs)



		CD133+ Cells



		Mesenchymal Stromal Cells (MSCs)



		Pluripotent Stem Cell-Derived Myogenic Progenitors







		OCULO-PHARYNGEAL MUSCULAR DYSTROPHY



		OTHER MUSCULAR DYSTROPHIES



		MITOCHONDRIAL MYOPATHIES



		INCLUSION BODY MYOSITIS



		SPHINCTER INCONTINENCE



		VOLUMETRIC MUSCLE LOSS, SARCOPENIA, AND CACHEXIA



		CONCLUSION



		MEMBERS OF THE STUDY GROUP



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Genetics










OPS/images/fgene-12-702547-t001.jpg
Cell type

Satellite cells

Myoblasts

Mesoangioblasts

Muscle interstitial populations

Mesenchymal stromal cells

CD133+ cells

iPSC-derived myogenic progenitors
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e Banking may allow use of HLA-matched
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o Myogenic potential is preserved during in vitro
expansion and genetic manipulation.
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homing potential
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e Potential immunomodulatory function

e Easy isolation and manufacturing following a
small muscle biopsy

e Muscle homing upon systemic delivery

e Myogenic potential is preserved during in vitro
expansion and genetic manipulation

e Amenable to genome editing prior to
specification of the myogenic lineage

e Banking may allow use of HLA-matched
preparations

e Maybe genetically corrected

e Myogenic potential is preserved during in vitro
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e Muscle homing upon systemic delivery
(demonstrated for murine cells)

Limitations

o Stem cell properties are not preserved upon
in vitro culture

e Isolation of a therapeutically relevant number of
satellite cells requires a substantial amount of
muscle tissue

e Large numbers are required for extensive
muscle regeneration
e Low survival post-injection

e Large numbers are required for extensive
muscle regeneration
e Myogenic potency lower than in myoblasts.

e Autologous transplantation requires muscle
tissue biopsy

e Undefined muscle regenerative potential

o Undefined cell manufacturing process

e Conflicting data in terms of in vivo muscle
regenerative potential

e Large numbers required for extensive muscle
regeneration are difficult to be reached.

e Large numbers are required for extensive
muscle regeneration

o Potential risk of teratogenicity if residual
pluripotent stem cells are present in the
myogenic cell preparation
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